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Structurally efficient and cost-effective solutions are needed to extend the service-life of 

deficient and aging highway infrastructure around the world. One critical need is to 

increase the flexural strength of older reinforced concrete (RC) structures to carry heavier 

and more frequent loads. Titanium alloy bars (TiAB) offer a new opportunity to strengthen 

such existing structures that has not previously been explored. Research on strengthening 

existing civil infrastructure using titanium alloy bars was undertaken in the laboratory 

through tests of full-scale RC bridge girders using two alternative strengthening techniques 

for flexure: near-surface mounting (NSM) and external unbonded reinforcement. The goals 

of this research were to determine fatigue effects and environmental durability of NSM 

TiABs and to investigate the behavior of RC girders strengthened with external unbonded 

TiAB reinforcement. 



The NSM retrofit technique involved cutting grooves into the concrete surface and bonding 

specially fabricated titanium alloy bars inside the grooves using structural epoxy. Original 

investigation of this novel technique was undertaken during previous research at Oregon 

State University and has since been installed on an existing bridge in the USA over a major 

interstate highway. However, the effects of long-term fatigue loading and environmental 

exposure on this technique are unknown and thus were investigated for this study by 

testing a similar retrofitted, full-scale RC girder as in the prior work but subjected to 

simultaneous fatigue and freeze-thaw cycles. It was determined that no significant changes 

in strength or stiffness were observed due to the combined fatigue and environmental 

effects compared to the companion specimen. 

 

The external unbonded reinforcement technique requires only drilling holes into the girder 

web. Smooth as-rolled TiABs with 90
o
 hooks fabricated on the ends are not bonded along 

the length of the girder. To attach the bars to the girder, the hooks were anchored using one 

of two methods: epoxy bonded in the hook holes, or inserted entirely through the web and 

held in place with prestressing chucks. To investigate the effectiveness of the technique, 

two full-scale concrete girders were strengthened in the laboratory. Compared to a 

numerically modeled control specimen, strengthened girders exhibited significant increases 

in both ultimate strength and ductility with the prestressing chuck anchoring method 

showing considerable improvement over the epoxied hooks. However, due to the relatively 

low stiffness which results  in large displacements and wide cracks, the technique is more 

suited for temporary strengthening necessitating rapid installation, such as after a seismic 

event, vehicle impact, or other such event. 
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1 

 

1 INTRODUCTION 

 

1.1 Background 

 

Reinforced concrete bridge girders may require flexural strengthening for several reasons: 

change in design requirements, increased load demands, deterioration caused by 

environmental exposure and deficiency resulting from natural disasters, impact, fire, or 

overloading events. Compared to the cost of replacement or load limit posting, 

strengthening offers a significant cost-savings alternative which is an important 

consideration given the large number of existing deficient highway bridges in the United 

States alone. To address the current and future state of disrepair, many strengthening 

techniques have been studied and implemented: increasing section size, external 

posttensioning, externally bonded steel plates or carbon fiber-reinforced polymer (CFRP) 

sheets, and NSM CFRP bars/strips, among others. However, their effectiveness and cost-

efficiency varies. Increases in self-weight, requirements of skilled labor and complicated 

stressing procedures, careful and lengthy surface preparation, as well as non-ductile failure 

modes are all drawbacks with some of these techniques. The need remains for a cost-

effective, ductile, predictable, and long-lived strengthening technique which can be rapidly 

installed without highly skilled labor and is durable enough to withstand extended service 

life under environmental exposure. Research conducted at Oregon State University by 

Amneus (2014) and Barker (2014) developed such a technique – NSM with titanium alloy 

bars – for strengthening full-scale bridge girders with a flexural anchorage deficiency.  

 



2 

 

Titanium alloy bars (TiAB) offer a combination of strength, ductility, durability, and 

ability to form mechanical anchorages that are essential characteristics for effective repair 

and retrofit applications. Advantages of using titanium with NSM include less labor cost 

for cutting grooves (fewer grooves), lower epoxy costs, and higher design stresses 

compared to stainless steel. The ability to fabricate hooks at the ends of the bars for 

mechanical anchorage, increased warning of potential failure, and less field labor costs 

make it competitive compared with FRP. However, while the technique proved to be 

effective in the laboratory, no data exists on the long-term performance of the technique 

under exposure to simultaneous fatigue and freeze-thaw cycles. While the titanium alloy 

itself does not corrode, with such exposure comes the potential for degradation of the 

concrete and or epoxy bond, which could impair the performance of the system. 

Determining the fatigue effects and environmental durability of the system was of 

particular interest to this study. In addition, a bond and anchorage study 

using inverted half-beams was incorporated to improve understanding of the bond stress 

transfer of the NSM TiAB system. 

 

Following the success of NSM-TiAB in strengthening girders for flexure, it was decided to 

investigate the application using the same bars in an externally unbonded reinforcement 

technique. This application would allow significant labor and material cost savings by 

eliminating cutting grooves and epoxy required for NSM. Further, this method would 

allow application in all exposure conditions. While the technique has been previously 

studied, drawbacks of proposed techniques include fabrication of extra hardware, the use of 

steel which can corrode, and a reduction in ductility. The variation of the technique 

proposed for this study requires short installation time, and can be completed using 
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standard contracting tools, equipment and labor. The speed of the repair also reduces costs 

beyond labor by decreasing costs associated with the economic impact of long-term lane 

closures and low bridge ratings. Investigation of the behavior of bridge girders 

strengthened with external unbonded TiABs was of particular interest to this study. 

1.2 Research Significance / Objective 

This research investigates the application of TiABs for strengthening reinforced concrete 

bridge girders deficient in flexure. It tries to accomplish this in two different ways. First, it 

is imperative to understand the performance of the TiABs installed by the NSM technique 

when subjected to high-cycle fatigue and freeze-thaw environmental exposure to ensure the 

long-term success of field applications. Second, to study an alternative installation method 

that uses unbonded TiABs to provide a rapid, simple, less expensive, and structurally 

effective approach for flexural strengthening. 

2 LITERATURE REVIEW 

A summary of previous studies investigating near-surface mounting and external unbonded 

reinforcement strengthening techniques is provided in this chapter. Specifically, 

performance of hooked anchorages, as well as fatigue and environmental effects on NSM 

were of particular interest (Bond strength of NSM bond has already been thoroughly 

reviewed by Amneus (2014), Barker (2014) and Knudtsen (2016)). Research on non-

prestressed, external unbonded reinforcement for conventionally reinforced concrete beams 

arose in the late 1990s.  
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2.1 Near-surface Mounting for Flexure 

2.1.1 Hooked Bar Anchorages 

End anchorage behavior of hooked deformed rebar in concrete has been well understood 

since the 1970s. A brief summary of the literature involving hooked anchorage behavior 

(with the inclusion of high-strength reinforcement) was conducted to highlight important 

characteristics which can be applied to better critique the performance of hooked TiABs 

used in the present study. 

 

Jirsa and Marques (1972) investigated the effect of varying degrees of confinement on bent 

bar anchorage performance in a beam-column joint. Nineteen full-scale column specimens 

were built with bars protruding at a single face mimicking adjoining beam tension 

reinforcement. Confinement was produced from column axial load, longitudinal column 

reinforcement, side cover and column ties at the joint. Columns were either 12 x 12 in. 

(305 x 305 mm) or 12 x 15 in. (305 x 381 mm) with either #7 or #11 (22M or 36M) beam 

bars with standard (ACI 318-71) hook details (recommended tail length of 12db and bend 

radius of 3db for #7 and 4db for #11 bars). Stress-slip and slip-strain measurements were 

used for specimen comparison. Results showed that neither column axial load nor concrete 

cover greatly influenced anchorage performance. Further, concrete cover was seemingly 

unimportant as long as enough was present to prevent localized failure inside the hook 

bend. This was because spalling side cover (caused by large slip and hook bearing stress) 

still governed the failure of most specimens (no matter the cover thickness).  Only a slight 

difference in capacity was noted between 90° and 180° hooks where 180° hooks showed 

greater slip at a given stress. The lead-in embedment length of the hooks was found to be a 
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critical factor in the anchorage capacity.  Lastly, under increased loading it was observed 

that the bar stress, which is zero at the tail end, increased most dramatically around the 

bend and further increased along the straight embedded length. 

 

Minor and Jirsa (1975) studied several factors affecting anchorage performance of hooked 

deformed reinforcement: bond length, bend angle, radius of bend, and bar diameter. Slip 

between the bar and concrete was measured and used for specimen comparison. The study 

tested 37 rebar configurations with 80 pullout block specimens (with no transverse steel) 

varying in depth and length from 12 to 16 in. (305 and 406 mm) and width 8 to 12 in. (203 

to 305 mm), respectively.  Grade 60 (414 MPa) rebar sizes of #5, #7 and #9 (16M, 22M 

and 29M) were used with normal strength concrete. Bars were bonded from the tangent 

point at the start of the bend to the end of the tail only. For specimens with 90° hooked #5 

bars, tail lengths varied from 1.0db to 5.8db while bending radii varied from 1.6db to 4db. 

The main conclusion of interest was that greater slip will occur for larger bend angles and 

smaller ratios of bend radii to bar diameter given equal bond length to bar diameter ratio. 

For practical purposes, in order to minimize slip and maximize stiffness it was 

recommended that bars be anchored with a 90° bend angle and the largest practical bend 

radius. Additionally, it was observed that under increased loading crushing of concrete at 

the inner radius of the bend begins resulting in a loss of bond along the outer radius. This 

loss of bond places additional demands on the remaining bonded portions as well as 

bearing stress inside the hook.  

 

Ehsani et al. (1995) completed a comparison study to Minor and Jirsa (1975) with 36 

similar pullout specimens containing 90° hooked bars of varying geometric configurations 
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with the exception of using glass FRP (GFRP) bars instead of steel. Bars had helical lug 

deformations with ultimate stresses of 77, 93, and 135 ksi (530, 641, and 930 MPa) for the 

#9, #6, and #3 (29M, 19M, and 10M) bars, respectively, and average modulus of elasticity 

of 7050 ksi (48.5 GPa). A larger lead-in embedment length was shown to increase tensile 

stress and reduce slip, whereas concrete strength showed little effect in the results. 

Additionally, strength and stiffness were greater for specimens with a larger bend radius 

(3db) but no benefit was seen for tail lengths exceeding 12db.   

 

Hamilton et al. (2008) investigated the applicability of standard hook design dimensions to 

high-strength, corrosion resistant steel bars. Block pullout specimens, similar to those 

tested by Minor and Jirsa (1975), were constructed to produce a strut and tie model C-C-T 

node at the hook creating in-service loading conditions. The two bar types tested were a 

low-carbon stainless steel and a low-carbon steel with added chromium which had average 

yield strengths of 99 and 125 ksi (683 and 862 MPa), respectively. Diameters were #5 and 

#7 (16M and 22M). Results showed that bars in all but three of the 44 unconfined 

specimens reached yield with standard hook details and development lengths prescribed by 

ACI 318-05 (bend radius of 3db and tail length of 12db).   

 

Titanium alloy bars were hooked and bonded to two specimens for the present study: one 

each for the NSM and external unbonded reinforcement strengthening techniques. These 

hooks used a bending radius which met the ACI 318-11 recommended bend radius of 3db 

for #5 bars. Tail lengths for the external unbonded specimen also followed the 

recommended 12db length (which results in an out-to-out dimension of 16db) but the NSM 
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bars necessitated a shorter-than-recommended tail length of 5.6db. A shorter tail length was 

used to prevent conflict between opposing hooks inside the web (equivalent to 22.4db). By 

following ACI guidelines, the bend radius to bar diameter ratio conforms to the 

conclusions drawn by Minor and Jirsa (1975) and Ehsani et al. (1995). However, the tail 

length for the NSM specimen does not. Ehsani et al. (1995) determined that increases in 

capacity can be realized with an increase in tail length up to 12db which implies the 

dimension in the present study could be increased. This is further supported by conclusions 

made by Jirsa and Marques (1972) and Hamilton et al. (2008) which noted the lead-in 

embedment length was a critical factor in the resulting anchorage strength. These 

conclusions are relevant due to the nature of progressive debonding of the NSM system 

with increased loading. This is to say, the hooks will not be largely employed until greater 

applied loads at which point significant debonding of the bars will have occurred leading 

up to the hooks resulting in greater dependence on other critical factors (i.e. tail length) to 

resist further load increases. Observations by Jirsa and Marques (1972) and Minor and 

Jirsa (1975) suggest further consequence on the shortened tail length of the NSM bars and 

the lack of a lead-in embedment length for the external unbonded bars (bonded only at the 

tails by epoxy). For a bar that has no lead in length or bond along the outer radius, 

considerable demand will be placed on the remaining bonded portions and concrete bearing 

inside the hook which has not been shown to be substantially improved by increases in 

concrete strength. This suggests that without ample confinement, yielding of the titanium 

bars at the hooks is unlikely with the short tail lengths and lack of lead-in embedment. 

Hamilton et al. (2008) provides hopeful results that high-strength anchorages in the present 

study can achieve yield stress if all ACI recommended guidelines are utilized.  
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2.1.2 Fatigue 

Yost et al. (2007) compared fatigue effects between 8 beam specimens strengthened in 

flexure using NSM with either CFRP bars or strips. Fatigue testing lasted for 2 million 

cycles with a load range of 5% to 50% of unstrengthened static capacity. Specimen span, 

height, and a/d ratio were 108 in. (2740 mm), 7.25 in. (185 mm) and 8.8, respectively. Bars 

were 0.25 in. (6.4 mm) in diameter and rectangular strips were of equivalent area. The 

ultimate strength ratio between fatigue and monotonic specimens was 1.01 and 0.95 for the 

bars and strips, respectively, concluding no appreciable change in strength (or loss of bond) 

due to fatigue loading (for the given load range). 

 

Johnson (2011) tested the fatigue performance of 2 full-scale inverted T-beams (same type 

as the ones used for the present study) strengthened in shear with NSM CFRP strips spaced 

every 6 in. (152 mm). The first specimen was subjected to 1 million cycles at a load range 

of 11.7-26.0% of the strengthened static capacity and the second specimen was subjected 

to simultaneous freeze-thaw cycles and 2.4 million fatigue cycles at a range of 11.7-21.4%. 

Both specimens were tested monotonically to failure after fatigue cycles. The results 

showed no observed reduction in strength or stiffness due to fatigue or combined freeze-

thaw and fatigue effects. The ultimate strength ratios between fatigue and monotonic 

specimens for the first and second specimen were l.07 and 1.16, respectively. 

 

Wahab et al. (2011) tested the bond of 28 specimens strengthened with NSM CFRP bars 

for flexure under various ranges of fatigue load. The presence of internal steel, the 

deformation type of the CFRP bar and range of applied fatigue load as a percentage of the 



9 

 

static capacity (from 10% up to 75%) were the parameters studied. Specimens were 9.8 in. 

(250 mm) deep with a span of 6.5 ft (2000 mm) (a/d ratio of 3.0) with a single CFRP bar 

installed at soffit level. Bars were 0.375 in. (9.5 mm) in diameter. For both bar types, most 

specimens observed a bond failure of the NSM where the mechanics of the failure were the 

same as specimens subject to only static loads. Debonding began near the loading point 

and progressed towards the supports with increasing cycles. The results indicated that 

fatigue life of the NSM bond was sensitive to even minor changes in the load range. 

 

Sena-Cruz et al. (2011) investigated the effects of fatigue loading on three beam 

specimens, each strengthened in flexure with a different type of FRP system: external 

bonded reinforcement (ERB), mechanically fastened and externally bonded reinforcement 

(MF-ERB), and NSM. Beams were tested monotonically to failure after fatigue loading of 

1 million cycles at a load range of 25% to 55% of static ultimate and then compared to 

companion specimens tested monotonically only. Specimen span and height dimensions 

were 6.5 ft (2000 mm) and 11.8 in. (300 mm) (a/d ratio 3.3), respectively. The NSM 

specimens had four CFRP strips that were 0.6 x 0.06 in. (15 x 1.4 mm). Compared to their 

companion specimens, each strengthening method achieved greater ultimate capacities 

after fatigue loading with no decreases in stiffness. In particular, the ultimate strength ratio 

between fatigue and monotonic specimens for the NSM method was l.09. 

 

Fernandes et al. (2014) used 9 direct pull-out tests and 6 slab specimens to study the bond 

and flexural behavior of NSM CFRP strips subjected to fatigue loading. The only 

parameter of the study was the applied load level as a percentage of the static capacity. For 
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pull-out tests this was either 23-50% or 26-60% and for slab specimens was 26-48%, 51-

71%, or 62-83%. Pull-out specimens were (200 mm) cubes with a 2.4 in. (60 mm) bond 

length and slab specimens were 79 in. long (2000 mm), 11.8 in. (300 mm) wide and 3.1 in. 

(80 mm) thick (a/d ratio of 10). Strip dimensions were 0.4 x 0.05 in. (10 x 1.4 mm). The 

load levels for the pull-out tests were chosen so that they would fail in fatigue, however, 

only the higher load level specimens failed this way (debonding) before reaching 3 million 

cycles. Failure of the lower level load specimens during post-fatigue testing showed no 

change in peak bond stress but did have a 6% reduction in failure load on average. 

Specimens of both load ranges exhibited continual loss of bond stiffness with increasing 

cycles. As for the slabs, none of the specimens failed in fatigue after 2 million cycles but 

showed reductions in stiffness in the first cycles. Post-fatigue testing of the slabs resulted 

in a 1.08 average ultimate strength ratio between fatigue and monotonic specimens for all 

load levels. The authors concluded that fatigue cycles had no effect on the ultimate 

capacity or failure mode of the slab specimens. 

 

While the long-term fatigue effects of NSM FRP for flexure strengthening has been 

previously researched on scaled specimens, few studies have done post-fatigue tests to 

failure, and almost no research used full-scale bridge girders. Additionally, as NSM with 

titanium alloy bars is a novel retrofitting method, there is no data supporting its longevity. 

Therefore, research investigating the fatigue effects on full-scale bridge girders 

strengthened using NSM titanium alloy bars is needed. 
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2.1.3 Freeze-thaw Exposure 

Micelli et al. (2003) were one of the first to study environmental durability of the NSM 

technique. They constructed and strengthened 6 scaled beams with a single rod of either 

GFRP or CFRP and exposed four of them to alternating environmental conditions for a 

total of 200 freeze-thaw cycles, 600 high temperature cycles and 480 high relative 

humidity cycles. Specimens had a span and height of 33 in. (838 mm) and 12 in. (305 mm) 

(a/d ratio of 1.4), respectively. Grooves for the NSM ran the entire length of the beams and 

were cast in the forms rather than sawcut. Groove dimensions were 3d in height and width. 

End anchors were provided for the FRP rods that extended past the beam extents. Beams 

were pre-cracked prior to environmental cycles. Freeze-thaw cycles consisted of 50 min of 

freezing and thawing periods at -0.4°F (-18°C) and 39°F (4°C), respectively, with 30 min 

ramp times. No significant change in strength was observed for either the GFRP or CFRP 

specimens which on exhibited an average change in ultimate strength of 3% and 0%, 

respectively. While the authors concluded there was no adverse effect on the NSM 

technique, their study showed slight bias; the end anchors could potentially eliminate 

effects of debonding and bar slip; a a/d ratio less than three results in more of the applied 

load travelling directly to the supports, therefore putting less tensile demand on the rods 

and epoxy-concrete bond. 

 

Mitchell (2010) investigated effects of freeze-thaw and combined sustained load and 

freeze-thaw on 16 C-shaped pull-out tests and 21 slab strips strengthened with NSM CFRP 

strips. Adhesive type (cement-based and epoxy) and temperature/load conditions were the 

variables studied. Slabs were 60 in. (1524 mm) long, 10 in. (254 mm) wide and 4 in. (102 

mm) thick and strengthened with one CFRP strip. A sustained load of 3.4 kips (15 kN) was 
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applied to 5 of the 10 slab specimens that underwent 300 wet freeze-thaw cycles with the 

ambient temperature ranging from -22°F (-30°C) to 68°F (20°C). A 27% decrease in 

ultimate load for pull-out specimens with epoxy was exhibited after 150 cycles of freeze-

thaw exposure. Freeze-thaw slab specimens with epoxy observed a 3% decrease in ultimate 

load while combined freeze-thaw and sustained load slabs observed an 8% decrease. No 

mentioned was made about pre-cracking pull-out specimens or the slab specimens subject 

to freeze-thaw cycles only. 

 

Soliman (2011) tested freeze-thaw effects on NSM FRP with 80 C-shaped pull-out 

specimens. Several parameters were of interest for the study: bonded length (ranging from 

6d to 48d), carbon versus glass FRP, bar size (10 and 13 mm), groove width (1.5d and 

2.0d), adhesive type (epoxy and cement-based), and environmental exposure. Of the 80 

specimens, 60 were tested at room temperature and the remaining 20 exposed to 200 

repeated freeze-thaw cycles. Prior to freeze-thaw cycles, specimens were cracked at 30% 

of their failure load. Temperature and moisture conditions in the environmental chamber 

ranged from -4°F (-20°C) for 12 hours at 80% relative humidity to 77°F (25°C) for 6 hours 

at 100% relative humidity. Compared to room temperature tests, freeze-thaw specimens 

with epoxy exhibited 8-14% decrease in failure load, with no correlation between groove 

width, bar size, or bond length. 

 

Johnson (2011) tested the environmental durability of a single full-scale, inverted T-beam 

(same type as the ones used for the present study) strengthened in shear with NSM CFRP 

strips spaced every 6 in. (152 mm), as discussed previously. The specimen was subjected 
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to simultaneous fatigue cycles and 400 freeze-thaw cycles with the ambient temperature 

ranging from -4.0°F (-20°C) and 61°F (16°C) with 1 hour soak/freeze durations and 30 min 

ramp times. The beam was tested monotonically to failure after combined cycles and 

compared to a companion specimen subjected to fatigue loads only. An increase in strength 

was observed for this specimen, indicating no loss of bond capacity for the NSM system 

due to freeze-thaw effects.  

 

Little research has been completed on the freeze-thaw durability of NSM FRP. Of the 

research that has been done, few studies had simultaneous load cycles, and with the 

exception of Johnson (2011), no studies involved full-scale bridge girders. Additionally, 

the novel method of NSM using titanium alloy bars has never been done before. Therefore, 

evidence supporting the durability of full-scale bridge girders strengthened with NSM 

titanium alloy bars subject to long-term environmental exposure with repeated loading is 

needed. 

 

2.2 External Unbonded Reinforcement 

The modern advent of non-prestressed, external unbonded reinforcement used to 

strengthen conventionally reinforced concrete beams in flexure was prompted after 

observation by Cairns and Zhao (1993) on the behavior of reinforced concrete beams with 

exposed longitudinal reinforcement while under repair. Their observations concluded that 

even with large portions of unbonded flexural reinforcement, beams were able to retain 

much of their strength. 
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Cairns and Rafeeqi (1997) first strengthened beams with external unbonded reinforcement 

during a preliminary study on 21 specimens. They investigated loading arrangement, 

effective depth of external reinforcement and geometric ratio of bonded reinforcement. 

Specimens were 11.5 ft (3500 mm) long with heights of either 11.8 or 15.7 in. (300 or 400 

mm) and tested with a/d ratios ranging from 3.1 to 5.49. Depth of the external bars (of 

which there was only two) ranged between 58 and 88% of the total beam depth with the 

bars anchored only at the ends of the beams by a transverse yoke made of a hollow steel 

section. Bars ends were threaded which allowed them to be lightly prestressed (1.1 kip or 5 

kN) to overcome sag, and then held in place with a nut. Diameter of the external bars was 

0.95 in. (24 mm). It was found that although all specimens exhibited increased capacity, 

lightly reinforced sections saw the most benefit at 85% increase. Also observed was a 

reduction in ductility (yet maintaining ductile failures), as well as marginal enhancements 

at ultimate (10-20% reduction in deflection) but with little change in serviceability 

performance. 

 

Cairns and Rafeeqi (2003) followed up their initial study with a more extensive 

investigation of 27 strengthened specimens of similar size. Part of the investigation was to 

determine what improvements, if any, were exhibited by the addition of midspan deviators 

which allowed the external reinforcement to follow the deflected shape of the beam and 

maintain their effective depth. External reinforcement used during the original study was 

replaced with threaded Dywidag bars (for simplicity) with a yield strength of 72 ksi (500 

MPa). External bars were installed after applying two load cycles to 65% of ultimate 

capacity of the beam. This investigation supported their previous findings concluding that 

lightly reinforced sections achieve greater strength increases and that improved 
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serviceability behavior is marginal. Based on the lack of composite action between the 

concrete and external bars, the enhancements in flexural strength could not exceed the 

strength of the same section where all the reinforcement was bonded. Deviators resulted in 

15% greater capacity on average compared to no deviators, whereas they only improved 

stiffness by 18% compared to 15% for specimens without. Based on the limited results, it 

was stated that deviators may only be necessary for a/d ratios greater than 12.  

 

Shin et al. (2007) investigated external unbonded strengthening using midspan deviators 

and high-strength steel rods with the capability to be posttensioned, providing active 

strengthening. Their study consisted of nine specimens strengthened with equivalent Grade 

80 steel anchored in the upper portion of the web near support centerlines and attached to 

either one or two midspan soffit deviators forming a “U” and “V” shape respectively. The 

bars (with threaded ends) were anchored to the upper web via a pin extending entirely 

through the web, which then had holes for the bars to pass through and be secured and 

posttensioned with a nut. Bars were posttensioned to 30% of yield stress. Specimens had a 

clear span of 19.7 ft (6000 mm) and height of 23.6 in. (600 mm) (a/d ratio of 5.4). 

Independent variables of the study included external bar size, as well as depth and number 

of deviators. It was found that efficiency of the technique was made by inclusion of 

deviators and that greater ultimate strength could be achieved with two deviators (17% 

average increase over one deviator). Depth of the deviators had little effect on stiffness but 

greater depth did attribute to 13% average greater increase in strength over lower depth 

specimens.  External bars exceeded yield stress prior to ultimate load for all specimens.  

 

Shin and Lee (2010) further explored their V-shaped external post-tensioning system on 
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ten more specimens of the same type described previously. Each bar was initially 

posttensioned to 40% of the yield strength for all specimens. The main variables of interest 

were the external bar diameter and ratio of bonded reinforcement. It was found that with an 

initial posttensioning of 40%, the external bars would consistently reach yield strength at 

ultimate capacity. All strengthened specimens observed deflections under 54% of the 

serviceability deflection limit (L/300). 

 

Kothandaraman and Vasudevan (2010) attempted to simplify all previous external 

unbonded strengthening techniques by eliminating both yokes and deviators and installing 

the bars at the beam soffit. Bar ends were hooked and installed into holes drilled vertically 

into the web at the soffit and anchored using a chemical adhesive. Bars were then able to 

follow the curvature of the beam and maintain their effective depth. However, they found 

during their initial attempt that due to inherent slack using a continuous bar, the external 

reinforcement did not resist any tension demand until enough deflection had occurred. This 

issue was resolved by installing the bars in two pieces and then lap welding them together. 

Two bars of equivalent Grade 60, 0.5 in. (12 mm) diameter were used for external 

reinforcement. The revised technique using lap welded bars was installed on two 

specimens tested with a clear span of 6.5 ft (2000 mm) which had a height of 10 in. (250 

mm) (a/d ratio of 4.4). The authors concluded that elimination of initial slack in the 

external bars is critical for reaching the strengthening potential of the technique and that by 

doing so a 70% increase in capacity of lightly reinforced sections was achieved. 

Strengthened specimens exceeded the calculated flexural capacity of the same section with 

all reinforcement bonded by installing the bars at the soffit. In addition, strengthened 

specimens exhibited smaller crack widths and greater deflection recovery. 
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Vasudevan and Kothandaraman (2014) completed a more comprehensive study of their 

previously described strengthening technique of installing bars in two pieces at soffit. An 

additional 20 specimens (with 8 in. (200 mm) shorter span) of varying internal and external 

bar ratios were tested where external bars diameters were either 0.40, 0.50, or 0.63 in. (10, 

12, or 16 mm). Results showed that greater percentage increase in capacity (up to 140%) 

was achieved when using larger external bars for a given internal reinforcement ratio. 

However, the same trend seen in their previous study was supported in that lighter 

reinforced sections see greater capacity increases. Of the 20 specimens, 9 failed either 

partially or wholly due to an anchorage failure of an external bar which was later 

concluded to be the likely failure mode for larger spans. 

 

2.2.1 Summary: External Unbonded Reinforcement 

Encouraged by the results of Cairns and Zhao (1993), Cairns and Rafeeqi (1997) 

developed a novel technique for strengthening conventionally reinforced concrete beams in 

flexure using non-prestressed, external unbonded reinforcement. Their simple-to-install, 

yoke and threaded bar technique added appreciable capacity without the concern of surface 

preparation or debonding failures, as may be the case with alternative strengthening 

techniques (FRP, bonded steel plates). Acknowledging a potential for improvement by 

maintaining a constant effective depth of the external reinforcement, Cairns and Rafeeqi 

(2003) investigated the efficacy of deviators. Noting the benefits of external unbonded 

reinforcement made by Cairns and Rafeeqi, Shin et al. (2007) and Shin and Lee (2010) 

developed their own variation with the ability to posttension the external bars (while they 
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had no comparison specimen without initial posttensioning, it is reasonable to assume that 

the active strengthening improved the cracking moment and deflection). Their technique, 

which anchored high-strength bars into the web enabling application to continuous spans, 

also demonstrated that multiple and deeper deviators increase both strength and stiffness. 

Kothandaraman and Vasudevan (2010 and 2014) sought to further simplify these previous 

techniques by eliminating anchoring pins and deviators. Their minimalist approach of 

anchoring hooked bars at soffit level produced comparable results but did experience 

anchorage failures. Table 2-1 summarizes information of interest from the literature 

discussed. 

 

Each of the studies had multiple commonalities that are of interest: they noted marginal 

improvement for heavily reinforced sections, they required additional anchorage hardware 

(except Kothandaraman and Vasudevan), their techniques employed only two external 

bars, said bars were mild steel, said bars exceeded yield stress, yield stresses were below 

90 ksi (620 MPa). First, it is important to emphasize the first similarity: the external 

unbonded technique is feasible for improving only flexurally deficient members and is 

therefore not a panacea for strengthening. Second, the remaining similarities indicate room 

for improvement with a variation of the technique which does not require excessive 

anchorage accessories, is more environmentally durable, and has the capacity to develop a 

greater resultant tensile force (via greater yield stress, additional external bars, or both). 
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Table 2-1: Summary of literature: external unbonded reinforcement 

 

3 EXPERIMENTAL PROGRAM 

 

This chapter illustrates the experimental means for strengthening full-scale vintage RCDGs 

deficient in flexure using titanium alloy bars: design, details, construction, instrumentation 

and testing protocols. Since two separate strengthening techniques were tested, two 

experimental programs were carried out. The first was to assess the fatigue effects and 

environmental durability of TiAB NSM flexure bars and the second to assess the behavior 

of external unbonded TiAB reinforcement. 

 

3.1 Specimen Design 

Constructed specimens were full-scale replicas of vintage T-shaped RCDGs commonly 

built in the United States during the 1950s. Dimensions and steel reinforcement details are 

based on a decade of previous research completed using full-scale, T-shaped girders 

no 

deviators

w/ 

deviators
Cairns and 

Rafeeqi (1997)
Transverse yoke

3.1 - 

5.5
0.94     [24] 2 0.5

79                     

[544]
yes 58 -

Cairns and 

Rafeeqi (2003)

Transverse yoke 

and deviators

3.1 - 

5.5

0.63     [16]       

0.79     [20]        

0.98     [25]

2 3.0
83                     

[574]
yes 42 57

Shin et al. (2007)
Anchor pins and 

deviators/saddle
5.4

0.70     [18]                  

0.87     [22]
2 30

88                     

[606]
yes - 64

Shin and Lee 

(2010)

Anchor pins and 

saddle
5.4

0.70     [18]                  

0.87     [22]           

1.10     [28]

2 40
86                     

[596]
yes - 28

Kothandaraman 

and Vasudevan 

(2010)

Checmical 

adhesive
4.4 0.47     [12] 2 -

82                     

[568]
yes 73 -

Vasudevan and 

Kothandaraman  

(2014)

Checmical 

adhesive
4.0

0.39     [10]              

0.47     [12]                

0.63     [16]

2 -
78                     

[534]
yes 80 -

* Listed values are averaged

*Capacity Increase                       

(%)
Author Description

av/d 

Ratio

Ext. Bar 

Diameters 

(in)    [mm]

Bars 

Yielded at 

Ultimate?                

*Ext. Bar 

Yield 

Strength        

(ksi)             

[MPa]

Initial Post-

tensioning (% 

yield)

No. 

Ext. 

Bars
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designed to be representative of a database of existing vintage girders (Higgins et al., 

2005). Specimens had a length of 26 ft (7.92 m), flange thickness of 6 in. (152 mm), stem 

height of 42 in. (1067 mm), flange width of 36 in. (914 mm) and stem width of 14 in. (355 

mm). For these experimental programs, standard reinforcing for positive moment was five 

(5) #11 (36M) steel bars placed in two layers at the bottom of the stem for tension and two 

(2) #11 (36M) steel bars in the flange for compression. For negative moment, six (6) #11 

(36M) steel bars were placed in the flange for tension and three (3) #11 (36M) steel bars in 

the stem for compression. Transverse stirrups for shear reinforcement were placed with a 6 

in. (152 mm) spacing on one half of the beams and had either a 10 in. (254 mm), 12 in. 

(305 mm), or 16 in. (406 mm) spacing on the remaining half. This was done intentionally 

to force the beam to fail at a predetermined location. The NSM program was completed 

with one beam containing positive moment reinforcing (T-beam), whereas the external 

unbonded experimental program used two beams with negative moment reinforcing details 

(also known as inverted-T, or IT beams). A summary of all the specimens referenced in 

this research are listed in Table 3-1 with a labeling convention provided in Figure 3-1. The 

naming convention from Amneus (2014) was kept for the NSM specimens for convenience 

and cohesiveness.  

Table 3-1: Specimen summary 

 

Specimen ID Strengthening Technique Year Tested

T.45.Ld3(10) - 2010

T.45.Ld3(10).Ti NSM 2014

T.45.Ld3(10).Ti.FT/FTG NSM 2016

T.E.16.EUR External Unbonded 2016

T.PC.12.EUR External Unbonded 2016
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Figure 3-1: Specimen naming convention 

 

3.1.1 NSM 

 

The beam constructed for the NSM technique was a replication of specimen 

T.45.Ld3(10).Ti, tested by Amneus (2014). With standard positive moment reinforcement 

in the T position, the beam was intentionally weakened by creating an anchorage 

deficiency common in vintage RCDG. This was accomplished by creating a pre-formed 

45° diagonal crack in the web and then cutting off two of the five #11 (36M) steel bars in 

the stem at a distance equal to one third of their code prescribed development length past 

their intersection with the pre-formed crack. A non-strengthened baseline specimen, 

T.45.Ld3(10), tested by Triska (2010) was incorporated for comparison with both the 

original T.45.Ld3(10).Ti and its replica, T.45.Ld3(10).Ti.FT/FTG which was further 

subjected to  high-cycle fatigue and freeze-thaw environmental exposure . 
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3.1.2 External Unbonded 

In consideration of time and economy, two existing IT specimens constructed during a 

previous research program (Schumacher, 2008) were modified and tested using the 

external unbonded reinforcement technique. From a design standpoint, the technique is 

better suited to strengthening a beam in positive bending. As such, despite being reinforced 

as IT beams, they were tested in the T position with two of the three #11 (36M) steel bars 

in the stem intentionally cut at midspan. By cutting internal reinforcement, a flexural 

deficiency was created at midspan to investigate the influence of the addition of external 

TiAB reinforcement. Since there are no comparison specimens with this reinforcement 

detailing, Response 2000 (R2K) (Bentz 2004), a sectional analysis program, was used to 

determine the strength of the non-strengthened base specimen.  

 

3.2 Specimen Details 

3.2.1 Reinforcing Steel and NSM Details 

Compression and flexural steel reinforcement in all specimens were #11 (36M) bars. All 

transverse reinforcing steel was open leg #4 (13M) stirrups. 

 

3.2.1.1 NSM 

For specimen T.45.Ld3(10).Ti.FT/FTG, two continuous compression bars were placed in 

the flange and five flexural bars in two layers in the stem. The bottom layer consisted of 

three continuous bars with 90° hooked ends terminating past the bearings. The top layer 

was anchored past the support on the beam end with 6 in. (152 mm) stirrup spacing but 

was terminated within the stem containing the 10 in. (254 mm) stirrup spacing. The cutoff 
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bars extended only 20.4 in. (118 mm) past the preformed 45° angle crack — a third of their 

code prescribed development length — thereby creating an anchorage deficiency.  

 

Four (4) 5/8 in. (16 mm) diameter deformed TiABs of length 12.5 ft (3.81 m) out-to-out 

were installed on the specimen. Bar ends had 90° hooks of length 6 in. (152 mm) out-to-

out with a bend diameter of 3.75 in. (95 mm) corresponding to CRSI detailing 

requirements. The bend diameter of the specimen was larger than the one used by Amneus 

which used a 2 in. diameter.  Bars were fixed to the beam inside 1 in. (25 mm) square 

grooves cut into the surface of the web using structural epoxy. See Figure 3-2 and Figure 

3-3 for specimen details. 

 

Figure 3-2: Cross section of T.45.Ld3(10).Ti.FT/FTG 

 



24 

 

 

Figure 3-3: Elevation of T.45.Ld3(10).Ti.FT/FTG 

 

3.2.1.2 External Unbonded 

Specimens T.E.16.EUR and T.PC.12.EUR were used for the external unbonded technique.  

There was one layer of six (6) flexural bars in the flange which were continuous along the 

length of the specimen. The three bars located over the stem had 90
o
 hooked ends whereas 

the two exterior bars were straight. One layer of three (3) continuous bars comprised the 

compression steel in the stem. Stirrups were spaced at 6 in. (152 mm) on one half of each 

beam and at 16 in. (406 mm) and 12 in. (305 mm) on the other half for T.E.16.EUR and 

T.PC.12.EUR specimens, respectively. A tighter spacing on one half ensured it was over 

reinforced, to produce failure in the highly instrumented half of the specimen. While the 

stirrup spacing is not important for tests of the external unbonded strengthening technique 

due to the flexural deficiency located at midspan, it is relevant for 

T.45.Ld3(10).Ti.FT/FTG where the wider stirrup spacing coincides with the anchorage 

deficiency due to the cutoff bars.  

 

As shown in Figure 3-4and Figure 3-5, four (4) 5/8 in. (16 mm) diameter smooth (with the 

exception of the tail portion for epoxied hooks) TiABs were externally anchored to beams 
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T.E.16.EUR and T.PC.12.EUR with two bars located on each web face. Center-of-hook to 

center-of-hook design lengths of the bottom and top layer bars were 144 in. (3.65 m) and 

62 in. (1.57 m), respectively for specimen T.E.16.EUR and 93 in. ( 2.36 m) and 62 in. 

(1.57 m) for T.PC.12.EUR. All bars had 90° hooked ends of either 10 in. (254 mm) long 

out-to-out for T.E.16.EUR or 20-5/8 in. (524 mm) long out-to-out for T.PC.12.EUR. 

Hooks were bent around a 3.75 in. (95 mm) diameter bending pin as recommended by the 

Concrete Reinforcing Steel Institute (CRSI) for #5 (16M) steel reinforcing bars. Structural 

epoxy was used to anchor the hooks into 3/4 in. (19 mm) diameter holes for specimen 

T.E.16.EUR. The holes were produced with a hammer drill. The hooks for specimen 

T.PC.12.EUR were anchored with prestressing chucks attached to the tails which extended 

through hammer drilled holes beyond the face of the web. Near midspan, the bars were 

pulled downward to apply an initial tension into the bars and then were held in the 

deformed position using 1 in. (25.4 mm) diameter steel pins placed inside holes that were 

hammer drilled through the width of the web. 
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Figure 3-4: Cross section of T.E.16.EUR 

 

Figure 3-5: Cross section of T.PC.12.EUR 
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Figure 3-6: Elevation of T.E.16.EUR 

 

Figure 3-7: Elevation of T.PC.12.EUR 
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Figure 3-8: Elevation of installed external reinforcement: (left) T.E.16.EUR; (right) 

T.PC.12.EUR 

3.2.2 Construction 

This section describes the means and methods used for constructing the five T-specimens 

discussed in both NSM and external unbonded experimental programs. While only one 

specimen needed to be constructed during the course of these programs (specifically 

T.45.Ld3(10).Ti.FT/FTG), the construction practices for all five followed similar 

procedures. Therefore, all descriptions will be in terms of building 

T.45.Ld3(10).Ti.FT/FTG. As noted previously, specimens T.E.16.EUR and T.PC.12.EUR 

were existing laboratory specimens and adapted for the external unbonded TiAB 

experimental program. 

 

3.2.2.1 Internal Steel Reinforcing Cage 

Prior to cage assembly, selected longitudinal and transverse reinforcing bars were 

instrumented with strain gages for data collection during testing. All internal 

instrumentation is described in detail in section 3.4.1 Strain Gages. 
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Assembling the steel reinforcing cage started with placing two #11 (36M) compression 

bars on top of the cage supports. Stirrup locations at every 6 in. (152 mm) on one half and 

10 in. (254 mm) on the other were marked along the length of both compression bars prior 

to hanging and tying all of the #4 (13M) open leg stirrups. Next, the three hooked #11 

(36M) flexural bars were placed inside the stirrups and tied. Following that was the top 

layer of two, straight #11 (36M) which were tied at a center-to-center spacing of 3.75 in. 

(95 mm) above the bottom layer. These full-length bars were later cut at a distance of 1/3 

of their theoretical development length past the location where they crossed the installed 

polycarbonate sheet that produced a preformed diagonal crack in the cross section. Two 

layers of straight #4 (13M) bars were used as transverse flange reinforcement and were tied 

last. The top layer was tied to the compression bars approximately every 12 in. (305 mm). 

The bottom layer, also at 12 in. (305 mm) spacing, was first placed on top of two 

longitudinal #6 (19M) bars and tied approximately 6.25 in. (159 mm) below the center of 

the compression bars. A longitudinal #4 (13M) bar was then laid across each end of the 

bottom layer flange bars and tied in place. This floating layer would naturally position 

itself at the proper depth once the cage was lowered into the formwork. Coil-threaded 

lifting inserts were tied at the top and bottom of the cage at each end to allow for later 

lifting of the cured concrete beam. Figure 3-9 shows the test region of the reinforcing steel 

cage for specimen T.45.Ld3(10).Ti.FT/FTG. 
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Figure 3-9: Reinforcing cage for T.45.Ld3(10).Ti.FT/FTG 

 

Two cylindrical ports, extending outward from the cut ends of the two cutoff bars, were 

fastened in place to create access to the end of the bars where a nut had been welded to the 

side. The ports were made of polyvinyl chloride (PVC) pipe and facilitated measurement 

of bar end slip once threaded rods were attached to the bars via the nuts. The ports are 

shown in Figure 3-10. 

 

Figure 3-10: Cutoff bar slip sensor port 
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3.2.2.2 Preformed Diagonal Crack 

A 1/16 in. (1.6 mm) thick polycarbonate sheet was used to produce a preformed diagonal 

crack in the test section of the specimen. It was tied inside the rebar cage along a 45° 

diagonal line extending downward from the projected intersection of the edge of the 

loading plate to the bottom layer of flexural bars. This was installed to examine the 

influence of an existing wide diagonal crack on the anchorage performance of the cutoff 

bars and was quantified by attaching strain gages at all locations where the crack crossed 

stirrups or the cutoff bars. This fully instrumented area was used to assess the demands on 

the NSM bars due to the diagonal crack and flexural anchorage deficiency. The 

intentionally made crack also ensured that additional tensile demand due to diagonal 

cracking would be produced on the cutoff bars. To prevent premature failure of the 

compression block, the preformed crack did not cross through the flange but rather started 

at the underside of it. The details of this feature are shown in Figure 3-11. 
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Figure 3-11: Preformed diagonal crack 

 

3.2.2.3 Concrete Casting and Curing 

Once the cage was assembled, plastic rebar spacers were attached to the cage at strategic 

locations to ensure proper clear cover depth of 1.5 in. (38 mm). The cage was lifted with a 

20 Ton (18 Metric Ton) overhead crane and placed into custom made formwork capable of 

casting two specimens simultaneously. A volume of 5.75 yd
3
 (4.40 m

3
) of concrete was 

ordered for the beam specimen and 15 cylinders that were produced per ASTM 

C31/C31M-12; twelve (12) 4 x 8 in. (102 x 203 mm) compressive test cylinders for 7, 14, 

28, and test day strengths; three (3) 6 x 12 in. (152 x 305 mm) split-tensile strength 

cylinders for test day strength only. The target slump of 5 in. (127 mm) was verified and 

adjusted at the time of delivery by adding additional water to ensure ease of placement. 

Concrete was placed in multiple lifts using a 2.0 yd
3
 (1.53 m

3
) concrete bucket with a side 

chute attachment. The lifts were consolidated using a mechanical vibrator. Once placed, 
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the top of the beam was screeded and finished with wood, steel and magnesium floats as 

shown in Figure 3-12. After initial hardening at the surface, a layer of wet burlap and 

plastic sheeting was used to retain moisture during the curing process. The burlap was 

sprayed with water once a day for seven days before the specimen was removed from the 

formwork.  

 

Figure 3-12: Casting and finishing concrete 

 

 

3.2.3 Strengthening Technique Design and Installation 

 

3.2.3.1 NSM 

Original design of the NSM strengthening technique using TiABs is covered by Amneus 

(2014) but is summarized below for completeness. 

 

The intent of the NSM technique in flexural strengthening was to reduce or eliminate 

anchorage deficiencies due to prematurely cutoff flexural reinforcement. By bonding NSM 

“staples” to the specimen across the deficient region, the internal flexural reinforcement 

can be effectively extended to withstand the otherwise unaccounted flexural tension 
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demand due to the presence of diagonal cracks. Supplemental reinforcing is no longer 

needed when the tension capacity exceeds the tension demand on the internal steel flexural 

bars. Figure 3-13 shows the tension demand and capacity for a strengthened and non-

strengthened specimen following the same approach as Amneus (2014). Worthy of note is 

the 36 kip (160 kN) exceedance of the tension demand at the cutoff location based on the 

nominal yield strength of four (4) #5 (16M) titanium alloy bars. 

 

Figure 3-13: AASHTO Tensile demand and capacity of NSM T-beam 

 

TiABs were chosen as the optimal NSM reinforcement material for their high strength, 

environmental durability, ductility and ability to fabricate mechanical hooks. Based on the 

magnitude of unaccounted tension demand and the material properties of the titanium 

alloy, a minimum area equal to four (4) #5 (16M) bars was calculated to compensate for 
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the two (2) cutoff #11 (36M) grade 60 reinforcing bars. Accounting for an assumed NSM 

development length of 12 in. (305 mm), 12.5 ft. (3.7 m) out-to-out titanium alloy bars were 

required. The cutoff location for the internal steel was based on the work by Triska (2010) 

which noted the likelihood of anchorage failures when diagonal cracks crossed terminated 

bars within 1/3 of their code specified development length. Using ACI 318-11 

development length equation for straight bars, Amneus (2014) calculated a minimum 

development length of 61.2 in. (1554 mm) resulting in the cutoff bars being extended 20.4 

in. (518 mm) past the preformed diagonal crack. 

 

Design of the NSM details was based on ACI 440.2R-08, a design guide for FRP bonded 

systems. Chapter 13 of the design guide specifies minimum groove dimensions based on 

dimensions of the NSM bar being used. For the case of round bars, the groove depth and 

width must be greater than or equal 1.5db, where db is the bar diameter. Practical 

limitations, such as cover depth, clear groove spacing and clear edge distance, were 

important factors affecting the groove size and therefore bar size. For the vintage T-shaped 

girders in question, the cover depth of 1.5 in. (38 mm) and available clear edge distance 

limited the bar size to a #5 (16M) and a 15/16 in. (23.8 mm) square groove to ensure the 

underlying transverse reinforcing steel would not accidently be cut during sawcutting. Due 

to the width of the web, the end hooks were limited to 6 in. (152 mm) (out-to-out) to 

prevent hooks from conflicting at coincident termination points. 

 

Installation of the NSM strengthening technique for T.45.Ld3(10).Ti.FT/FTG began after 

the specimen was removed from the formwork. Based on the location of the cutoff bars 

(found using the side port blockout made to measure cutoff bar end slip), the outer extents 
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of the grooves were marked. The side port also helped marking centerline locations of the 

grooves. Grooves were marked on both sides of the web (two on each) and then the beam 

was placed horizontally on the side of the flange with the web supported by blocking. This 

was done for ease of cutting grooves and installation of the bars. Grooves were saw cut by 

a local contractor (all on the same day), as seen in Figure 3-14.  

 

Figure 3-14: Saw cutting NSM grooves 

 

Meanwhile, the four titanium alloy bars, with continuous deformations along the length, 

were cut to length using a bandsaw and bent using a rebar bending machine around a 3.75 

in. (95 mm) diameter pin. This is in contrast to the bend diameter of the comparison 

specimen by Amneus (2014), specimen T.45.Ld3(10).Ti, which was 2 in. (51 mm). The 

larger bend diameter was selected to correspond with CRSI detailing practice, which have 

a familiarity for designers. As discussed later in 3.6 Active Bond Length Study, the 

behavior of NSM end hooks with a 3.75 in. bend diameter was studied. Bending the bars 

required warm working which was accomplished by heating them to approximately 900°F 

using an acetylene torch. Bars were considered sufficiently heated based on criteria 

provided by monitoring the color indication of the TiABs during heating. Deformations at 

the inside of the bend were removed to prevent localized stress concentrations that could 
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lead to premature fracture of the hooks (Barker, 2014). The fabricated bars were then used 

to mark locations inside the grooves for the 0.75 in. (19 mm) diameter, 6-5/8 in. (161 mm) 

deep hook holes. A rebar locator was used to verify stirrups would not interfere with the 

hammer drilled holes in the web. 

 

After the grooves and hook holes were adequately cleaned using bottle brushes, 

compressed air and a vacuum, the grooves and holes were filled with MasterEmaco ADH 

1420 structural epoxy. The TiABs were placed with a conscious effort to keep the bars 

centered in the grooves. Epoxy was smoothed over with plastic trowels and left to cure for 

at least seven days (under manufacturer recommended environmental conditions) before 

the specimen was flipped to install the remaining bars. See Figure 3-15 for installation 

process. 

 

 

Figure 3-15: NSM installation steps: (left) cut grooves and drill hook holes; (center) clean 

grooves and fill with epoxy; (right) insert bar, smooth over epoxy and let cure 
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3.2.3.2 External Unbonded 

As noted by Cairns and Rafeeqi (1997), the addition of external unbonded reinforcement 

changes the behavior of a simply supported beam from that of flexure to a flexure/tied arch 

hybrid. Also, due to the inherent nature of external reinforcement, a modification to the 

strain compatibility relationship used for standard flexure analysis is required, where, in 

addition to assuming a linear strain distribution through the depth of the section (which 

applies to internal steel only), the total strain along the beam length where external 

reinforcement is present must be equal for each force component. For the case where 

external reinforcement extends along the entire beam length, this is written mathematically 

as: 
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   Eqn. 1-1 

where εint, εext  and εconc are the strains in the internal reinforcement, external reinforcement 

and concrete (at the level of reinforcement), respectively, and L is the length of the beam. 

For unbonded reinforcement, the strain will be constant between the end anchor points and 

will be lower than the bonded strain value at midspan. Meanwhile, the bonded 

reinforcement strain follows the moment demand curve, which for four point bending will 

be greatest at midspan. This means, in order to satisfy Eqn. 1-1, the strain in the bonded 

reinforcement must exhibit larger strain range compared to the case where all 

reinforcement is bonded. The larger internal reinforcement strains result in a reduction in 

the neutral axis depth followed by a corresponding increase in maximum compressive 

strain. The larger compressive strains thus ultimately lead to a reduction in capacity 
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compared to the completely bonded scenario. Greater efficiency of external reinforcement 

can be made by maximizing the constant strain, accomplished by imposing that the bars 

follow the deflected shape of the beam using deviators. Doing so further couples the bar 

strain with beam deflection whereby satisfying Eqn. 1-1 becomes an iterative process.  

 

Following a similar approach in design as with the NSM technique, predicted nominal 

tension force demand and capacity was plotted for the given specimens, shown in Figure 

3-16. This plot was used to determine the magnitude of additional capacity and the length 

over which it was required.  

 

Figure 3-16: External unbonded nominal tension force demand and capacity 

 

As shown by the unstrengthened capacity curve, there is a large reduction in capacity at 
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midspan from termination of two (2) of the three (3) internal #11 (36M) bars. If the bars 

were not severed, the capacity would intersect the 225 kip (1000 kN) AASHTO demand 

curve. To provide enough additional capacity to exceed that demand, it was determined 

that six (6), 12 ft. (3.65 m) long, 5/8 in. (16 mm) diameter titanium alloy bars at yield stress 

(assumed as 145 ksi or 999 MPa) would be necessary (represented by the “Unstrengthened 

Capacity w/ 6 bars” curve). However, during installation of the external bars for 

T.E.16.EUR, it was realized that the bars to be located at beam soffit were not stiff enough 

to be placed without substantial sag and were thus removed from the design. This lead to 

the retrofitted capacity curve based on just four external bars which intersects a demand 

curve of 175 kip (778 kN).  

 

To maximize external bar strain, it was determined that the bars should be placed at the 

lowest depth possible through midspan in order to produce a larger moment arm. However, 

it was not feasible to place both bars on each web face at the same depth. Since the bars 

had to be at different depths, they could not achieve equal strain given they were equal in 

length. This leads to different lengths for the top and bottom bars, with the longer bar on 

bottom based on the notion that a longer bar would require greater elongation to reach a 

given level of strain compared to a shorter bar, which would be easier to accumulate at a 

greater depth. The lower bar length of 12 ft. (3.65 m) was based on the tension demand 

curve (after assessing the results of T.E.16.EUR this length was shortened for 

T.PC.12.EUR to increase bar strain). The upper bar length was chosen to be approximately 

equal to the standard ACI 318-11 development length for straight bars. This was done with 

the assumption that the development length equation had a built-in safety factor of two, 

meaning the expected capacity deficit was not as wide as depicted in Figure 3-16. This 



41 

 

successfully allowed the use of shorter bars which required less elongation.  

 

Detailing of the hooked ends followed CRSI recommended dimensions for a #5 (16M) bar. 

Because the 10 in. (254 mm) out-to-out length of the hook would result in conflicts 

between opposing bar hooks (as with the NSM technique) the bars had to be longitudinally 

offset, resulting in asymmetry about the longitudinal axis yet maintaining global symmetry 

of the girder. Between hook locations, inherent slack in the bars was removed by deflecting 

the bars around pins inserted through the web to act as deviators. Doing so also produced 

an initial prestressing in the bars resulting in an active strengthening technique whereby 

additional demand after installation would immediately be resisted by the external bars. 

 

Installation of the external unbonded reinforcement first required cutting and bending the 

TiABs to their design length. Lengths were based on the design center-to-center distance 

between hook holes and respective out-to-out hook length (10 in. and 20.6 in. out-to-out 

for T.E.16.EUR and T.PC.12.EUR, respectively). As a practical note, the design length 

may be dependent on interference with stirrup locations which should be verified prior to 

cutting. For specimen T.E.16.EUR, the distance between holes and length of the smooth 

portion of the bar needed to coincide such that the deformed portion was only along the tail 

of the hooks for bonding with epoxy. To guarantee that hooks for T.E.16.EUR were the 

correct length, the bars were first bent so that the deformations started at the tangent point 

corresponding with the start of the tails. Tails were then trimmed to the desired length 

(regardless, two cuts are required so that the smooth portion stays centered within the 

length of the bar). For T.45.Ld3(10).Ti.FT/FTG, bars were entirely smooth and therefore 

simply needed to be cut to length and then bent with the proper hook length. Bars were cut 
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to length using a bandsaw. Bending the bars required warm working by heating them to 

approximately 900°F (482°C) with an acetylene torch. The color change was used to 

monitor the surface temperature. The bend diameter of all hooks was 3.75 in. (95 mm). 

Figure 3-17 shows a completed hook with color changes at the surface of the bend and 

deformations along the tail. 

 

Figure 3-17: Unbent smooth bars with deformed ends (above); hooked smooth bar with 

deformed tail (below) 

 

Once hooks were fabricated, hook holes could be marked and drilled into the girder web. 

Elevation of the holes was measured from the soffit of the web and marked at the designed 

height. To avoid interference between opposing hooks, bars in the same vertical and/or 

horizontal plane were offset from one another. This offset also prevented large stress 

concentrations from being localized in a given section. T.E.16.EUR had a horizontal offset 

of 3 in. (76 mm) for top and bottom bars but did not need a vertical offset. For 

T.PC.12.EUR, the top and bottom bars were horizontally offset 4 in. (102 mm) and 5 in. 
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(127 mm) respectively, with a vertical offset of 2 in. (51 mm). A vertical offset of the bars 

was required for T.PC.12.EUR since the hooks protruded from the web face and would 

otherwise conflict with the bar on the other side of the web until draped. With the elevation 

and offsets determined, the fabricated bars were held by hand against the web face to mark 

the outer extents of the bar, from which centers of hook holes could be found. All hook 

holes were 0.75 in. (19 mm) in diameter and drilled to a depth of 9.5 in. (241 mm) for 

epoxy anchored hooks or entirely through the web for hooks anchored with prestressing 

chucks. Epoxy anchored hook holes were thoroughly cleaned with bottle brushes and a 

vacuum prior to filling with epoxy and installation of the bars. 

 

The next phase was drilling holes for the through-pins which acted as deviators, 

maintaining a deflected state of the bars with an initial prestress force prior to loading. For 

T.E.16.EUR, downward deflection of the bars was limited due to the potential of damaging 

the epoxy-concrete interface of the hooks from torsion. As such, hooks had to first be 

epoxied so that the bars could be pulled downward (as far as possible without causing 

damage) allowing pin hole locations to be accurately marked. Hook holes were sufficiently 

filled with structural epoxy, MasterEmaco ADH 1420, after which hooks were completely 

inserted and the bars clamped in place. The epoxy was allowed to cure for three days 

(within manufacturer recommended conditions) before bars were deflected and seven days 

before T.E.16.EUR was tested. Pin holes 1 in. (25 mm) in diameter were drilled while the 

epoxy cured. For T.PC.12.EUR, hooks were anchored via prestressing chucks which 

allowed unrestrained rotation of the hooks as opposed to fixed conditions created by the 

epoxy bond. To this end, the deflection and pulldown force required to achieve a given 

prestress force could be approximated using a point-loaded, pin-pin restrained, cable 
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model. Locations for the pins were based on a target prestress value of 40 ksi (276 MPa) – 

which equates to 12 kips (53 kN) – and were drilled prior to pulling down on the bars. 

 

Bars were deflected using two 12 ft. (3.65 m) lifting slings (12.8 kip capacity in basket 

configuration), and two 6 Ton (5.4 Metric Ton) capacity bottle jacks with a 6 in. (152 mm) 

stroke. Figure 3-18 shows the set up used for deflecting the titanium alloy bars. The straps 

were tied in a loop around both bars of the same type (top or bottom), fitting the strap 

between the web face and bar. Resting a bottle jack on the straps and reacting off of the 

beam soffit provided a simple and safe method for pulling on the bars. 
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Figure 3-18: Pulldown of external titanium bars: (above) T.E.16.EUR before pins; (below) 

T.PC.12.EUR with pins 

 

Strain in the titanium bars and the required force to deflect the bars was measured during 

each pulldown event using strain gages installed on the bars (as discussed in 3.4.1 Strain 

Gages) and a 5 kip capacity (22 kN) doughnut load cell between the soffit and end of each 

bottle jack. Once sufficiently deflected, the through-pins were installed and the bottle jacks 

released, allowing the bars to engage the pins. Both bottom bars were pulled down first 

(with both jacks at third points) followed by both top bars (using only one bottle jack near 

bar-center). Resulting pulldown forces and prestressing forces for bottom and top bars of 

both specimens are listed in Table 3-2. Due to variability in the angles of the pins (i.e. pin 
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holes drilled at an angle relative to horizontal) the bar deflections on each web face were 

not always equal. Therefore, deflections listed in the table are averages, along with the 

prestress values. 

Table 3-2: Unbonded Titanium Pulldown Results 

 

 

3.3 Material Properties 

3.3.1 Concrete 

To represent in-service vintage concrete used in the construction of RCDG bridges, a 

custom mix design was used for all specimens in the present and previous experimental 

programs. The mix had a specified design compressive strength of 3000 psi (20.7 MPa) 

with minimal admixtures and was produced by a local ready-mix supplier. The complete 

mix design is listed in the Appendix. Since concrete continues to gain strength over time, it 

is reasonable to have present day in-situ strengths upwards of 4000 psi (27.6 MPa), 

meaning test day compressive strengths for T.45.Ld3(10).Ti.FT/FTG at or below that were 

acceptable. As beams T.E.16.EUR and T.PC.12.EUR were existing specimens without 

Specimen Bars

Deflection 

(in)               

[mm]

Pulldown Force 

per Bar             

(kip)                   

[kN]

Prestress 

(ksi) 

[MPa]

Prestress Force 

(kip)                  

[kN]

Top
0.5                             

[12.3]

0.54                                 

[2.4]

4.9                           

[33.8]

1.5                                  

[6.5]

Bottom
2.5                            

[63.1]

0.46                            

[2.1]

9.9                            

[68.2]

3.0                                            

[13.2]

Top
1.8                                   

[44.5]

0.77                             

[3.4]

15.5                            

[107]

4.7                             

[20.7]

Bottom
3.0                                

[74.6]

2.2                                   

[9.7]

19.7                                         

[135.7]

5.9                                    

[26.3]

T.PC.12.EU

T.E.16.EU
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respective compressive cylinders, six concrete cores were taken from each one after they 

were tested to acquire the test day compressive and split-tensile strengths. These cylinders 

were tested, along with the 15 cylinders for T.45.Ld3(10).Ti.FT/FTG, as per ASTM 

C39/C39M-15a for compressive strength, and ASTM C496/C496-11 for splitting tensile 

strength. Average test day strengths for compressive and splitting tensile tests are recorded 

in Table 3-3. 

Table 3-3: Concrete Properties 

 

3.3.2 Reinforcing Steel 

As a result of the reinforcing bars specified in vintage 1950s girders no longer being 

commercially available, comparable replacements were made. The ASTM A305-50 

Intermediate Grade billet steel was replaced with smaller, higher grade, A615 Grade 60 for 

longitudinal bars whereas A615 Grade 40 for transverse reinforcing was used as 

representative of the Intermediate Grade steel in the original designs. All reinforcing bars 

Specimen

fc'                 

(psi)      

[Mpa]

Standard 

Deviation 

(psi)    

[MPa]

fct                        

(psi)      

[Mpa]

Standard 

Deviation 

(psi)    

[MPa]

Concrete 

Age 

(days)

T.E.16.EUR
4217    

[29.1]

68.1    

[0.47]
- - 56

T.PC.12.EUR
4427    

[30.5]

48.7    

[0.34]
- - 56

T.45.Ld3(10).Ti.FTG/FT
4547    

[31.3]

218    

[1.50]

365    

[2.5]

17.6    

[0.12]
264

T.45.Ld3(10).Ti
3712    

[25.6]

169    

[1.17]

418    

[2.9]

17.8    

[0.12]
36

T.45.Ld3(10) 
3302    

[22.8]

373    

[2.57]

272    

[1.9]

28.0    

[0.19]
30
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were supplied by a local reinforcing steel fabricator. Coupon tests were completed as per 

ASTME8 for the #11 (36M) and #6 (19M) longitudinal bars and #4 (13M) transverse steel. 

Results are listed in  

Table 3-4. 

Table 3-4: Internal steel measured material properties for current and previous specimen 

  

 

Bar Size Type

fy               

(ksi)   

[MPa]

Standard 

Deviation            

(ksi)               

[MPa]

fu             

(ksi)   

[MPa]

Standard 

Deviation 

(ksi)                      

[MPa]

#4    

[13M]
Transverse

49.8         

[343]

0.05         

[0.34]

78.8         

[543]

0.29         

[1.99]

#6   

[19M]

Constr. 

Steel

65         

[448]

1.64         

[11.3]

93.5         

[644]

1.37         

[9.44]

#11    

[36M]
Flexural

69.6         

[480]

0.36         

[2.49]

102         

[700]

0.51         

[3.52]

#4    

[13M]
Transverse

52          

[358]

2.08          

[14.3]

82.6          

[569]

2.02          

[13.9]

#6   

[19M]

Constr. 

Steel

70.5          

[486]

0.29          

[2.00]

109          

[751]

0.26          

[1.79]

#11    

[36M]
Flexural

70.7          

[487]

1.01          

[6.96]

111          

[765]

1.47          

[10.1]

#4    

[13M]
Transverse

50.2     

[346]

0.12                        

[0.83]

79.6       

[549]

0.17                       

[1.17]

#6   

[19M]

Constr. 

Steel

72.2       

[498]

0.14                       

[0.96]

107              

[735]

0.06                         

[0.41]

#11    

[36M]
Flexural

71.6     

[494]

1.26       

[8.68]

107        

[738]

0.93         

[6.41]

Specimen T.45.Ld3.10.NSM.FTG/FT

Specimen T.45.Ld3.10.NSM

Unbonded Specimens
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3.3.3 Titanium Alloy Bars 

Aircraft grade, Ti-6Al-4V, titanium alloy bars (6% aluminum and 4% vanadium) were 

used for both strengthening techniques and were supplied by a national titanium 

manufacturer. Smooth as-rolled bars were installed for the external unbonded technique, 

whereas the NSM bars required a custom deformation pattern (spiral groove) to ensure 

adequate bonding to the epoxy. Both bar types were equivalent to #5 (16M) reinforcing 

bars in diameter. Figure 3-19 shows both bar types for comparison. 

 

Figure 3-19: Deformed and smooth TiAB types used for strengthening techniques 

 

Coupon tests were completed for the deformed bars to account for influence on strength 

resulting from the deformation pattern with results listed in Table 3-5. All tests used a 2 in. 

(51 mm) gage length. The yield stress was determined using a 0.2% offset method as no 

well-defined yield plateau was present. Previous work by Barker (2014) tested the effect of 

the groove deformation on hook strength and deformation capacity and determined that in 

order to achieve ductile behavior once the hook is stressed, the grooves on the inside of the 

bend should be removed to eliminate the stress concentrations caused by deforming the 

spiral grooves during the bending process.   

 



50 

 

 

 

Table 3-5: Titanium measured material properties for current and previous specimen 

 

Deformations on the bar prevented direct measurement of the cross-sectional area of the 

deformed bars. Instead of directly measuring the bar diameter to calculate the area, samples 

from three different and untested bar specimens were cut to a specific length and then 

weighed. An equivalent area was then calculated using the density of the Titanium alloy. 

This resulted in an equivalent measured diameter. Measured cross-sectional area and 

diameter for each TiAB type is provided in the Appendix.  

3.3.4  Epoxy 

Only one epoxy, MasterEmaco ADH 1420 (formerly Concresive 1420), a general-purpose 

gel epoxy adhesive, was used for the NSM flexure technique and anchoring the hooks for 

T.E.16.EUR. A second epoxy, UNITEX Pro-Poxy 400, was tested for the active bond 

length study (3.6 Active Bond Length Study) as a comparison for NSM of titanium stirrups 

(Knudsten, 2016). Material properties for ADH 1420 and Pro-Poxy 400 are listed in Table 

3-6. 

fy              

(ksi)           

[MPa]

fu            

(ksi)           

[MPa]

Elongation 

%

#5    

[16M]

Titanium 

(deformed)

130.0         

[896]

0.51         

[3.52]

146.0         

[1006]

0.46         

[3.2]
19.0

132.7         

[915]

149.1         

[1028]
19.0

#5    

[16M]

Titanium 

(smooth)

132.1         

[911]

1.83         

[12.6]

148.6         

[1024]

0.72         

[4.96]
21.0

134.0         

[924]

150.2         

[1035]
19.0

#5   

[16M]

Titanium 

(deformed)

145.4     

[1002]

1.56     

[10.75]

158       

[1090]

0.35        

[2.41]
11.3 - - -

TypeBar Size

Manufacturer Measurements

Specimen T.45.Ld3(10).Ti

Elongation 

%

Standard 

Deviation 

(ksi)                      

[MPa]

fu             

(ksi)   

[MPa]

Standard 

Deviation            

(ksi)               

[MPa]

fy               

(ksi)   

[MPa]
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Table 3-6: Epoxy manufacturer listed material properties for 7 day curing period 

 

3.4 Specimen Instrumentation 

Specimens were instrumented both internally and externally to measure local and global 

member responses throughout the experimental phases. All measurements were recorded at 

a rate of 10 Hz. Strain gages installed at specific locations on internal steel and titanium 

bars measured local responses while external displacement sensors measured key 

displacements to provide a global response.  

 

3.4.1 Strain Gages 

General purpose linear pattern foil strain gages with a 0.125 in. (3 mm) gage length were 

attached per manufacturer’s instructions on internal steel bars prior to casting and on the 

titanium alloy bars prior to installation. For specimen T.45.Ld3(10).Ti.FT/FTG, gages 

were placed on nine stirrups within the deficient half of the beam:  five stirrups at mid-

height and four at locations coincident with the preformed diagonal crack. In addition, 20 

gages were installed on two of the three hooked tension bars (ten gages each) at locations 

coincident with the ends of the NSM bars as well as the end of the cutoff bar. Finally, 

gages were placed on one of two cutoff bars in spots matching the hooked bars. Similarly, 

gages were installed on multiple stirrups and along longitudinal flange bars for specimens 

T.E.16.EUR and T.PC.12.EUR. Since these specimens were originally constructed as IT 

Epoxy Type

Tensile 

Strength 

(ksi)   

[MPa]

Elongation 

at Break 

(%)

Compressive 

Yield Strength 

(ksi)                    

[MPa]

Bond Strength 

(2 day cure) 

(ksi)               

[MPa]

E1: MasterEmaco ADH 1420 4    [27.6] 1 12.5   [86.2] >2  [13.8]

E2: UNITEX Pro-Poxy 400 Not Listed 1.3 >10  [68.9] 2.8 [19.3]
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beams, the strain gages on the internal longitudinal flange bars became less beneficial 

when tested in the T orientation.  Further, as the specimens were tested for midspan flexure 

and were severely flexurally deficient such that the shear response was not relevant to the 

behavior and not monitored.  Figure 3-20 and Figure 3-21 depict strain gage locations for 

the specimens.  

 

Figure 3-20: Strain gage locations for T.45.Ld3(10).Ti.FT/FTG 
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Figure 3-21: Strain gage locations for unbonded specimens: 

 (above) T.E.16.EUR; (below) T.PC.12.EUR 

 

Local strains for two of four NSM titanium alloy bars were also measured and recorded 

with the same gages. To track development of the bars, three gages were placed on each 

end within the development length. Increased tensile demand of the section where the 

cutoff bars terminated was determined using strains from four gages within the cutoff bar 

development length region.  
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All four external unbonded titanium alloy bars were also strain gaged with three on the 

shorter, top bars and four on the longer, bottom bars. Since the bars were symmetric over 

the centerline of the beams, only one end of the bars was instrumented.  As seen in Figure 

3-21, gages were located directly at midspan, at the tangent point of the hooked ends, and 

in the middle of the sloped region between the hooks and through pins. The bottom bar has 

an additional gage to coincide with the termination of the top bar.  

 

3.4.2 Displacement Sensors 

Linear displacement sensors were installed to measure vertical displacement of the 

specimens at the supports, midspan, diagonal displacement across the web, and horizontal 

slip of the internal cutoff bars.  

 

3.4.2.1 Vertical Displacement 

Midspan displacement was measured on each side of the beam with 5 in. (127 mm) and 10 

in. (254 mm) stroke string potentiometers resting on the ground with the strings attached to 

dowels fixed to the beam web. Reported midspan displacements were taken as the average 

of the two measurements to account for uneven displacement due to rotation. Rigid body 

deformation was removed from the midspan measurements by subtracting the support 

displacements which were averaged for each support. Support displacement sensors of 1 

and 2 in. (25 and 51 mm) capacity reacted off of angles fixed to the web above each line of 

support and were situated to measure displacement relative to the strong floor.  Figure 3-22 

shows typical setup to measure midspan and support displacement. 
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Figure 3-22: Vertical displacement sensors: (left) midspan; (right) supports 

 

3.4.2.2 Diagonal Displacement  

Six string potentiometers with a 2 in. (51 mm) measurement range were fixed to points at 

the top and bottom of the web along half of the specimen length. Their strings were then 

extended either diagonally upward or downward to the adjacent line of sensors. Due to the 

direction (left or right) that the top and bottom sensors were pulled in conjunction with the 

diagonal crack angles, the bottom sensors would extend, while the top sensors would 

retract. The measurements could then be used to estimate crack widths and average strains 

in the web. Figure 3-23 shows typical diagonal sensor setup. 
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Figure 3-23: Diagonal displacement sensors 

 

3.4.2.3 Bar Slip 

Displacement sensors were also used to measure end slip of the cutoff bars. This was 

accomplished by reacting the sensors off of an angle fixed to a threaded rod that was 

attached to the bar ends via a nut welded to the side. Access to the bar was created via PVC 

tube blockouts installed during cage construction as described previously. See Figure 3-24. 

 

Figure 3-24: Bar slip displacement sensor 
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3.5 Test Protocols 

All specimens in this experimental program were tested in the Structural Engineering 

Research Laboratory at Oregon State University from 2015 to 2016. Each specimen 

underwent monotonic cycles of increasing load until ultimate failure. Additionally, prior to 

monotonic cycles, T.45.Ld3(10).Ti.FT/FTG was tested under continuous fatigue cycles 

while simultaneously exposed to continuous freeze-thaw cycles to investigate fatigue 

effects and environmental durability of NSM flexure bars.  

 

3.5.1 Ultimate Strength  

Specimens were tested under four-point bending using a 24 in. (610 mm) spreader beam 

attached to a hydraulic actuator. The 500 kip (2224 kN) servo-hydraulic actuator reacted 

off of a load frame anchored to the strong floor. Supports (consisting of 4 in. (102 mm) 

wide steel plates and 2 in. (51 mm) diameter captivated steel rollers) were positioned to 

provide a 24 ft. (7.31 m) clear span and 11 ft. (3.35 m) shear span. See Figure 3-25 for the 

load set up. Load was applied at 25 kip (111 kN) increments for T.E.16.EUR and 50 kip 

(222 kN) increments for T.45.Ld3(10).Ti.FT/FTG and T.PC.12.EUR and reduced to 5 kips 

(22 kN) between cycles until eventual failure. After each load increment was achieved, the 

applied actuator load was reduced by 25 kips (111 kN) to prevent creep effects and any 

newly developed cracks would be traced and photographed. Load was applied using 

displacement control at a pseudo static rate of 0.01 in/sec (0.254 mm/sec) for all three 

specimens. 
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Figure 3-25: T-beam ultimate strength test set up 

 

3.5.2 Fatigue Cycles 

Specimen T.45.Ld3(10).Ti.FT/FTG was subjected to fatigue loading as a means to 

simulate service-level traffic conditions which produces high-cycle fatigue (HCF). 

Previous work by (ACI Committee 215) determined an equivalent constant amplitude 

stress-range of approximately 20 ksi (138 MPa) to be the upper bound for maintaining 

long-life of internal steel reinforcement. Testing at this limit (for internal tension bars at 

midspan) maximized the stress conditions in the TiABs without risk of cracking the 

internal longitudinal steel. For the given fatigue stress range, a corresponding maximum 

number of cycles of 1,600,000 was calculated using Miner’s Rule to produce an equivalent 
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service life of 50 years for a typical RCDG bridge with a 55 ft (16.8m) main span 

assuming cracked concrete at loaded with a 80,000 lb. semi-truck. The minimum stress 

used in the testing protocol for the steel reinforcing bars was less than that for the 

prototype vintage RCDG bridge but was justified for two reasons; stress range, rather than 

the mean stress affects fatigue life; strain gage data from monotonic cycles showed no 

effect of crack decompression beyond 30 kip (133 kN) of applied load. The mean load and 

load range for the cycles are listed in Table 3-7.  

 

Table 3-7: Fatigue Testing Program 

 

In comparison to fatigue tests of IT beams completed by Johnson (2011) that experienced 

an equivalent of 50 years of traffic-induced damage (using a load range of 74 kips (329 

kN) and 50 kips (222 kN) for 1,000,000 and 2,400,000 cycles respectively), it can be 

concluded that specimen T.45.Ld3(10).Ti.FT/FTG experienced greater than 50 years of 

equivalent damage. The 1,600,000 load cycles were applied using a sinusoidal loading 

function at a rate of 1.2 Hz. Prior to testing, and at every 250,000 cycles, three pseudo 

static cycles were run from 3 kips (13.3 kN) to the full capacity of the actuator, 210 kips 

(934 kN), at a rate of 1 kip/sec (4.4 kN/sec). The first set of pseudo static cycles was to 

develop cracks in the specimen to ensure the flexural reinforcing (both internal steel and 

retrofitted TiABs) experienced the full intended stress range during fatigue cycles. All 

Specimen Cycles

Stress 

Range 

(ksi)             

[Mpa]

Mean 

Load 

(kip)                   

[kN]

Load 

Range             

(kip)                       

[kN]

Pseudo Static 

Mean Load              

(kip)                      

[kN]

Pseudo Static   

Load Range               

(kip)                        

[kN]

T.45.Ld3.10.NSM.FTG/FT 1,600,000
20                         

[138]

80                            

[355]

100                           

[444]

106.5            

[474]

103.5                   

[460.4]



60 

 

external and internal instrumentation was installed to record baseline response data for 

comparison to subsequent pseudo static cycles. External instrumentation was removed 

during fatigue cycles so as not to be damaged during simultaneous freeze-thaw cycles. The 

beam was tested in three-point bending with a shear span of 11 ft. (3.35 m) inside of an 

environmental chamber. Figure 3-26 shows the beam inside of the chamber.  

 

 

Figure 3-26: Environmental chamber set-up 

 

 

3.5.3 Freeze-thaw Exposure 

In addition to fatigue cycles, specimen T.45.Ld3(10).Ti.FT/FTG was simultaneously 

subjected to freeze-thaw cycles in an environmental chamber. Running the cycles together 

was most representative of field damage from to freeze-thaw as the opening and closing of 

cracks due to loading allowed further penetration of available moisture. Ambient 

temperatures inside of the chamber cycled between 45°F (7°C) and 21.2°F (-6°C) with the 

temperature holding for 60 min. during the freeze and thaw portions of the cycle with 30 
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min. of ramp time. This permitted 8 freeze-thaw cycles per day. Type-T thermocouples 

were imbedded at depths of 0.5 in. (13 mm), 1.5 in. (25 mm), and 3 in. (76 mm)) along the 

web where the NSM bars were installed to track the temperature of the concrete and ensure 

freezing of the full groove depth during soak times at 21.2°F (-6°C). Surface saturation of 

the specimen was achieved by spraying water over the beam during a thaw cycle once each 

day during testing. This ensured sufficient moisture to freeze and cause potential damage 

(Powers, 1975). Temperature data were actively monitored during testing using embedded 

thermocouples to ensure the target temperatures were achieved during the exposure test. 

Example temperature data taken from otherwise similar specimens in this test program 

(Knudtsen 2016) is provided for reference showing the temperature cycling.  

 

Figure 3-27: Freeze-thaw cycles data sample [Knudtsen (2016)] 
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Climate data of four distinct regions in Oregon were collected during previous research by 

Higgins et al. (2009) to relate damage from freeze-thaw cycles in the chamber to the 

number of equivalent years of accumulated freeze-thaw damage to in-service bridge 

girders found in the four climate regions. The data, listed in  

Table 3-8, includes freeze-thaw cycles (based on recorded surface temperatures) under 

both wet and dry conditions despite damage only occurring when moisture is present. 

 

Table 3-8: Freeze-thaw cycles for climate regions in Oregon [Adapted from Higgins et al., 

2009] 

  

Based on the necessity of freezing temperatures coincident with surface moisture to cause 

freeze-thaw damage to concrete, it was determined that the coastal and eastern regions 

from  

Table 3-8 were unrepresentative of wet freeze-thaw cycle durations: the coastal region 

because it has so few freeze cycles, and the eastern region because it receives little in terms 

of precipitation. More representative values were found by determining the number of 

coincident events of freeze-thaw temperatures with the presence of what was judged as 

Location
Freeze-Thaw 

Cycles

Period of 

Temperature 

Record 

(Years)

Freeze-Thaw 

Frequency 

(Cycles/Year)

Tillamook 

(Coast)
8 11 0.73

Stayton              

(Valley)
45 12 3.75

Tumalo Ridge 

(Central)
243 6 40.5

Sage Hen 

(Eastern)
868 22 39.5
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sufficient moisture to saturate the surface of girders and cause damage. This was done for 

locations in the Willamette Valley (Eugene, OR) and Central Oregon (Bend, OR) regions 

which more consistently have coincident freezing and precipitation events. A freeze-thaw 

cycle was only counted if three conditions were met: the highest and lowest air 

temperatures recorded for a given day were above and below (or equal to) freezing 

(assumed to be 32°F, or 0°C) respectively, the average of the daily high and low 

temperatures was between 28°F and 36 °F (-2.2°C and 2.2°C) (to ensure the concrete did 

not get too warm or cold to the point where it could not freeze or thaw before the 

temperature reversed), and precipitation amounting greater than or equal to 0.2 in. (5.1 

mm) was recorded within 48 hours prior to a freezing event with at least half that amount 

occurring within 24 hours. Table 3-9 lists the resulting number of freeze-thaw cycles under 

wet conditions for each location and equivalent number of years of freeze-thaw cycle 

damage. Supporting data were acquired online through the National Oceanic and 

Atmospheric Administration (NOAA) website for the most recent 12 years through May 

2016. The data show that 200 freeze-thaw cycles under “wet” conditions can represent 

service life of over 50 years for most regions in Oregon.  

Table 3-9: Wet freeze-thaw cycles for representative regions in Oregon 

  

Location
Wet Freeze-

Thaw Cycles

Period of Daily 

Weather Record 

(Years)

Wet Freeze-

Thaw Frequency 

(Cycles/Year)

200 Cycle 

Duration 

Equivalent 

(Years)

Eugene              

(Valley)
29 12 2.4 83

Bend           

(Central)
41 12 3.4 59
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3.6 Active Bond Length Study  

A study investigating the active bond length of NSM titanium alloy bars in concrete using 

epoxy was carried out in order to supplement the understanding of stress transfer between 

concrete-epoxy-titanium interfaces for consideration in NSM design. Ultimate strength 

performance of the titanium alloy bars with hooked ends was also tested. The study was 

divided into two (2) phases to examine two different TiAB sizes that have been 

implemented in research for strengthening RCDG bridges at Oregon State University: 5/8 

in. (16 mm) bars for flexure and 1/4 in. (6 mm) bars for shear (Knudtsen,  2016). The only 

independent variable assessed for the 5/8 in. (16 mm) bar was length of epoxy bond which 

ranged from 4 in. (102 mm) to 12 in (305 mm). Other variables, such as the groove size 

and epoxy type were constant and corresponded to the detailing and materials specified for 

specimen T.45.Ld3(10).Ti.FT/FTG. In contrast, a constant bonded length of 6 in. (152 

mm) was used for each 1/4 in. (6 mm) bar specimen and instead epoxy type was taken as 

the independent variable. Each specimen type had three replicates. 

 

3.6.1 Inverted Half-Beam Test 

For the bond study, 15 inverted half-beams (IHB) were designed, constructed, and tested 

for a total of 21 tests investigating bond lengths of 4 in. (102 mm), 6 in. (152 mm), 8 in. 

(203 mm), and 12 in. (305 mm), two epoxy types, and performance of hooked ends. The 

two epoxies chosen for study were MasterEmaco ADH 1420 (E1) and UNITEX Pro-Poxy 

400 (E2) which are both commercially available (epoxy properties discussed in section 3.3 

Material Properties). Table 3-10 presents the test matrix of specimens detailing the bar 

size, epoxy type, bond length, and presence of a hooked end. Beams were 56 in. (1422 
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mm) long, 14 in. (356 mm) tall, and 6 in. (152 mm) wide with a shear span of 40 in. (1016 

mm) and constant moment region of 12 in. (305 mm), as shown in elevation and section 

drawings of Figure 3-28 and Figure 3-29. A photograph of the setup is shown in Figure 

3-30. 

 

Table 3-10: Inverted half-beam test matrix for bond characterization 

 

 

Figure 3-28: Section view of inverted half-beams: (left) 5/8 in. bar specimens; (right) 1/4 

in. bar specimens 

 

Bar Size, 

in.               

(mm)

Bonded 

Length, 

in.                

(mm)

Epoxy 

Type

Hooked 

Bar?

No. of 

Specimen

s

12  (305) 3

8  (203) 3

6  (152) 3

4  (102) 3

12  (305) 1

8  (203) 1

6  (152) 1

6  (152) E1 3

6  (152) E2 3
1/4  (6) No

5/8  (16) E1 No

5/8  (16) E1 Yes
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Figure 3-29: Elevation view of inverted half-beam test set-up 

 

Figure 3-30: Elevation photo view of IHB set-up 

 

Inverted half-beams were chosen as test specimens for their economy (compared to full-

length beams), and their ability to be representative of the stress state in the surrounding 

concrete (as compared to pullout tests). The beams were designed to exhibit slender 

flexural response under four-point bending with a span-to-depth ratio (a/d) of three (3) and 

are tension-controlled sections as per ACI 318-14. In order to accurately test the full range 

of bond lengths, a constant moment region of 12 in. (305 mm) was employed so that the 

tensile demand was constant throughout the entire bonded length. The width of the section 

was based on the center-to-center spacing, 3.75 in. (95 mm), of the NSM bars in the 
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T.45.Ld3(10).Ti.FT/FTG specimen and the width of available concrete to transfer stress 

without the influence of an adjacent NSM bar. In addition, it was the narrowest feasible 

width with regard to constructability (i.e. size of stirrups, minimum clear spacing of 

internal longitudinal steel). Beam statics was simplified with a constant moment arm, z, 

between the compression and tension force couple be equal in length to the constant 

moment region. To prevent premature failure of the section in tension, headed bars were 

used for the internal tension steel (two #6 (19M)), sufficiently reducing the required 

distance to fully develop and withstand the theoretical yield force of a single, 5/8 in. (16 

mm) TiAB. Material tests were performed for the reinforcement used in the bond beams 

and the measured properties are listed in Table 3-11. 

Table 3-11: Measured reinforcing steel material properties in bond beams. 

 

A 16 in. (406 mm) long longitudinal groove was cut down the centerline of the tension face 

of each beam starting from the end with the headed internal bars. The groove was cut 

sufficiently long to provide room for installation of instrumentation. Depth and width of 

the grooves were determined from ACI 440.2-08 guidelines for NSM using round bars 

which recommends a depth and groove equal to 1.5db, where db is the NSM bar diameter 

Bar Size Type

fy               

(ksi)   

[MPa]

Standard 

Deviation            

(ksi)               

[MPa]

fu             

(ksi)   

[MPa]

Standard 

Deviation 

(ksi)                      

[MPa]

#3    

[10M]
Transverse

72.2         

[498]

2.77         

[19.1]

107         

[740]

0.96         

[6.62]

#6   

[19M]
Flexural

66         

[457]

3.04         

[20.96]

98.2         

[677]

9.31         

[64.18]

#5    

[16M]

Titanium 

(deformed)

130         

[896]

0.51         

[3.52]

146         

[1006]

0.46         

[3.2]
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(resulting in 15/16 in. (24 mm) and 3/8 in. (10 mm) square grooves for 5/8 in. and 1/4 in. 

bars, respectively). In the case of 1/4 in. bars used for shear strengthening, the groove 

depth was increased to 1/2 in. (13 mm) to ensure the bars did not protrude outside the 

grooves. During installation, grooves were cleaned with bottle brushes and then filled 

halfway with epoxy (E1 or E2) prior to centering the bars within the groove. The epoxy 

was then troweled over the bars.  Epoxy was allowed to cure for at least seven days (7) 

under the manufacturer recommended conditions prior to testing.  

For hooked specimens, a 3/4 in. (19 mm) hole was drilled at the end of the groove to 

accommodate the 90° hook of the titanium alloy bar. It was important that the surface 

deformations on the bar at the inside of the bend be removed via sanding to eliminate the 

potential for fracture of the hook due to stress risers created by sharpening the spiral 

grooved deformation pattern during the bending process, as cited previously. Hooked bars 

were installed with the same means and methods as the straight bars.  

 

3.6.1.1 Instrumentation 

Bond stress was characterized using general purpose linear pattern foil strain gages with a 

0.125 in. (3 mm) gage length attached at equal intervals to the TiABs. For the 5/8 in. 

diameter specimens, one, two, and three gages spaced at 3 in. (76 mm) were used for the 6 

in., 8 in. and 12in. bond length specimens, respectively as illustrated in Figure 3-31. Two 

gages at 2 in. (51 mm) intervals were used for the 1/4 in. bar specimens.  
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Figure 3-31: 12 in. bond length specimen with strain gages 

 

In addition, global displacements were measured with external displacement sensors 

positioned at the pulled and embedded ends of the bar, and vertically above the embedded 

end to measure free end displacement, embedded end slip, and vertical displacement, 

respectively. Typical setup for the displacement sensors is shown in Figure 3-32 for both 

bar size specimens. For the 4 in. (102 mm) bond length specimens, strain gages were not 

used in order to avoid affecting the bond strength over a shorter length. Rather, the external 

displacements were used to calculate average strain and average bond stress over the 

bonded length.  

                                                                                                     

Figure 3-32: IHB typical external instrumentation: (left) embedded end and vertical 

displacement; (right) free end displacement  
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For the hooked bar specimens, a strain gage was positioned at the tangent point of the 90° 

hooked end of the bar to establish the bar strain prior to the hook. In addition, a second 

gage was placed halfway along the bond length of each bar for comparison to other hooked 

specimens as well as non-hooked specimens of equivalent bond lengths.  

 

To verify global equilibrium of the system, two 25 kip (111 kN) capacity button load cells 

were placed within the load path to measure compressive force at centerline of the 

compression block. Applied tension force was measured using an in-line 50 kip (222 kN) 

capacity load cell. 

 

3.6.1.2 Test Protocol 

Each specimen was placed on plate and roller supports with the TiAB placed through a 

steel collar attached to a 55 kip (222 kN) capacity servo-hydraulic actuator. A prestressing 

chuck was used to fasten the TiAB to the actuator clevis. On the other end of the beam, a 

channel section anchored by two (2) 1.25 in. (31 mm) diameter high-strength threaded rods 

provided a downward reaction force opposing the upward force generated from pulling on 

the TiAB.  

 

Load  was induced in the TiAB via displacement control at a pseudo-static displacement 

rate of 0.010 in/sec (0.254 mm/sec) for the 12 in. bond and hooked bar specimens, and 

0.005 in/sec (0.127 mm/sec) for all other specimens. All specimen instrumentation was 

recorded at 10 Hz (0.1 sec).  
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Increasing displacement at the loaded end of the TiAB was continuously applied until 

failure was observed. Failure was defined as loss of load carrying capacity. Various failure 

modes were possible: the titanium bar debonded from the epoxy and significantly slipped, 

the epoxy-concrete interface debonded and slipped, a concrete wedge extending 

approximately 45° downward from the embedded end of the TiAB cracked and completely 

separated from the section, or the TIAB yields. Loading of hooked specimens continued 

until either the bar yielded or the hook exhibited large slip from the drilled hole. 

4 EXPERIMENTAL RESULTS 

Chapter 4 details results for three (3) T-shaped specimens tested for the NSM and external 

unbonded experimental programs described previously. The detailed results include global 

specimen response, and local material strains, tensile forces, and active bond length study 

results from smaller specimens. All results not listed in this section are provided in the 

Appendix. As there was no comparison specimen for the unbonded TiAB specimens, the 

experimental results were compared to analytically predicted baseline specimens modeled 

in R2K. Comparison specimens for T.45.Ld3(10).Ti.FT/FTG include strengthened 

T.45.Ld3(10).Ti from Amneus (2014) and unstrengthened T.45.Ld3(10) from Triska 

(2010). 

4.1 Near-Surface Mounted Results 

This section summarizes the results of specimen T.45.Ld3(10).Ti.FT/FTG which was 

placed inside an environmental chamber and subjected to simultaneous, constant amplitude 

fatigue loading and freeze-thaw cycles prior to ultimate strength testing. The results 
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provide insight into the long-term durability of the TiABs used in the NSM configuration. 

 

4.1.1 Load-Deformation Response 

 

4.1.1.1 Fatigue and Freeze-thaw Cycles 

Specimen T.45.Ld3(10).Ti.FT/FTG was first cracked and tested monotonically up to 210 

kips (934 kN) before the start of environmental and fatigue cycles, as discussed in section 

3.5 Test Protocols. This served three purposes: that internal tension steel was exposed to 

applied moisture, ensured that the same steel was subjected to the full demand of the 

applied stress range, and provided a baseline comparison for subsequent monotonic cycles. 

Seven sets of three monotonic cycles were completed during the fatigue testing period. 

Midspan displacement at peak load as well as zero load (residual displacement) for each set 

of monotonic cycles is listed in Table 4-1. As the beam was tested on a shortened span (22 

ft. or 6.7 m) under three-point bending within the environmental chamber, there is no 

comparison to previous specimens. 

Table 4-1: Fatigue and freeze-thaw related monotonic midspan displacements 

 

 

Fatigue
Freeze-

thaw

Peak           

(in)

Residual 

(in)

Peak           

[mm]

Residual           

[mm]

0 0 0.43 0.10 [10.9] [2.5]

730 0 0.42 0.10 [10.7] [2.6]

135000 17 0.43 0.09 [10.8] [2.3]

281623 35 0.43 0.09 [11.0] [2.4]

538121 67 0.43 0.09 [11.0] [2.4]

776021 97 0.45 0.10 [11.3] [2.4]

1057373 132 0.40 0.10 [10.2] [2.5]

1600000 200 0.46 0.11 [11.6] [2.8]

Midspan Displacement# Cycles
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No appreciable changes were observed in the overall midspan displacement over the test 

period. A net increase of 7% (0.03 in. or 0.76 mm) from the initial test was observed at 1.6 

million cycles for peak displacement. The overall load-centerline displacement response 

for each of the tests is shown in Figure 4-1. 

 

Figure 4-1: Fatigue and freeze-thaw related monotonic midspan displacements 

 

From this figure, no appreciable differences are observed between the curves at different 

cycles (which were shifted to account for the residual displacement measured at the end of 

the previous overload test). Minor changes in stiffness were present but independent of the 

number of cycles and more likely due to reapplication of the sensors for each of the tests. 

These results do not indicate any appreciable change in the service level response of the 



74 

 

specimen after 1.6 million fatigue and 200 freeze-thaw cycles. 

 

4.1.1.2 Ultimate Strength 

After completion of the fatigue and environmental testing, T.45.Ld3(10).Ti.FT/FTG was 

moved to the strong floor and tested to failure on a 24 ft. (7.3 m) span under four-point 

bending. Capacity of the section was controlled by failure of the compression zone at the 

edge of the loading plate near midspan (shear-compression failure). Table 4-2 lists applied 

load, shear, VApp, shear from dead load, VDL, total shear, VEXP, as well as midspan 

displacement for T.45.Ld3(10).Ti.FT/FTG and both comparison specimens. Dead load 

shear was calculated based on the self-weight of concrete acting on the failure plane. 

Table 4-2: NSM capacity and displacement 

 

 

Compared to T.45.Ld3(10), the current specimen exhibited a 32% and 83% increase in 

capacity and midspan displacement at failure, respectively. Compared to T.45.Ld3(10).Ti, 

the current specimen exhibited an almost identical response with a 1% increase in capacity 

and 1% decrease in ductility with the only substantial difference being that the comparison 

specimen T.45.Ld3(10).Ti failed in shear-tension, likely due to the instrumentation 

Specimen

 Applied 

Load      

(kip)     

[kN]

VAPP      

(kip)     

[kN]

VDL       

(kip)      

[kN]

VEXP       

(kip)        

[kN]

Midspan 

Disp.    

(in)       

[mm]

Failure 

Crack 

Angle   

(deg)

T.45.Ld3(10)
299.5           

[1332]

149.8           

[666]

3.1           

[14]

152.9           

[680]

1.14           

[29]
33

T.45.Ld3(10).Ti
392.9           

[1748]

196.5           

[874]

3.5           

[16]

200           

[890]

2.11           

[54]
33

T.45.Ld(10).Ti.FT/FTG
395.5           

[1759]

197.8           

[880]

3.6           

[16]

201.4           

[896]

2.09           

[53]
33
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approach used for that specimen. The very similar response can be seen in Figure 4-2 

which compares load versus displacement curves for each specimen.  

 

Figure 4-2: NSM load vs displacement at ultimate 

 

A minor increase in stiffness and reduction in residual displacement was observed in 

comparison to the previously strengthened specimen. Comparatively, this did not affect the 

results. Both strengthened specimens had the same inelastic stiffness which was observed 

just after achieving 350 kips (1557 kN) of applied load. However, 

T.45.Ld3(10).Ti.FT/FTG became inelastic at a slightly lower displacement threshold and 

therefore exhibited a larger inelastic displacement. These results do not indicate reduction 

in ultimate capacity of the specimen due to combined fatigue and freeze-thaw exposure. 
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4.1.2 Crack Mapping 

After each load cycle during the initial monotonic test to 210 kips (934 kN), testing was 

paused to allow marking of cracks and photographic documentation of crack progression. 

This was also done for cycles during the ultimate load test. The photos were then used to 

compile crack maps which are shown in Figure 4-3. The top crack map in Figure 4-3 

represents cracking up to 210 kips for both 0 and 1.6 million fatigue cycles as no difference 

was observed from the start to the end of the exposure test. Figure 4-4 also shows crack 

maps from comparison specimens by Amneus and Triska. The bold black line indicates the 

failure crack where the non-bolded line is the pre-formed diagonal crack.  

 

Figure 4-3: T.45.Ld3(10).Ti.FT/FTG crack maps; (top) at 210 kips; (bottom) at failure 
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Figure 4-4: Crack maps for T.45.Ld3(10).Ti and T.45.Ld3(10) [Adapted from Amneus 

(2014) and Triska (2010)] 

 

While all three specimens had a pre-formed 45° diagonal crack that intersected at 1/3 of the 

calculated development length of the cutoff bars, it never became the failure crack. Rather, 

each specimen failed from diagonal tension behavior at a shallower angle that extended 

from the cutoff bar ends. Compared to T.45.Ld3(10), the strengthened specimens showed a 

greater distribution of cracking, especially at the cutoff region, as a result of the increased 

deformation capacity afforded by the TiABs. The two strengthened specimens exhibited 

nearly identical crack patterns. Pictures of T.45.Ld3(10).Ti.FT/FTG at failure are shown in 

Figure 4-5. 
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a)  

b)  

c)  

d)  

Figure 4-5: Specimen T.45.Ld3(10).Ti.FT/FTG at failure; (a) front; (b) back; (c) shear-

compression failure; (d) cracking along TiAB bond length 
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4.1.3 Anchorage Slip Response 

 

4.1.3.1 Bar Slip Due to Fatigue 

Cutoff bar slip was measured (relative to the web surface) and recorded during each 

monotonic cycle using the method described in 3.4.2.3 Bar Slip. Load versus slip for the 

west bar is plotted in Figure 4-6 for all of the fatigue related monotonic cycles with peak 

load slip summarized in Table 4-3.  

 

 

Figure 4-6: Cutoff bar slip for fatigue related monotonic cycles 
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Table 4-3: Bar slip at peak load for fatigue related monotonic cycles 

 
 

As expected, as load increased, so too did peak cutoff bar slip deformations, with little to 

no change in residual slip. Over the life of the experimental exposure, changes in slip 

deformation were not appreciable indicating no progressive debonding of the cutoff bars 

occurred due to the fatigue and freeze-thaw exposure regime. 

 

4.1.3.2 Bar Slip at Ultimate 

In similar fashion to the durability exposure related monotonic cycles, bar slip was 

recorded for ultimate load tests with results shown in Figure 4-7. Slip increased linearly 

with elastic behavior for each load cycle until 250 kips (1112 kN) for T.45.Ld3(10) and 

300 kips (1334 kN) for the TiAB strengthened specimens, after which progressive inelastic 

slip of the internal reinforcing steel bar took place. Only small increases in residual 

displacement were observed after each load cycle.  

 

Fatigue Freeze-thaw (in) [mm]

0 0 0.030 0.770

730 0 0.032 0.813

135000 17 0.027 0.681

281623 35 0.027 0.681

538121 67 0.027 0.688

776021 97 0.031 0.777

1057373 132 0.032 0.808

1600000 200 0.034 0.874

# Cycles Bar Slip at Peak
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Figure 4-7: Cutoff bar slip at ultimate strength 

 

Overall similar responses were exhibited by both strengthened specimens which delayed 

the onset of inelastic slip of the cutoff bar compared to the baseline specimen which was 

not retrofitted. Slip became inelastic at the same load but at larger displacement (as a result 

of residual fatigue cycle slip) indicating no deleterious effect of durability exposure on the 

slip response of the deficient anchorages. The decrease in peak slip is likely due to the 

different failure mode where T.45.Ld3(10).Ti failed at the anchorage location. Peak cutoff 

bar slip with associated applied load is listed in Table 4-4 for each specimen. 
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Table 4-4: Cutoff bar slip at ultimate strength 

 

 

4.1.4 Slip Strain Behavior 

To help describe the bond stresses in the cutoff bars, slip versus strain of the internal 

reinforcing steel bars along the development length was monitored. Strain gages within the 

development length of the bar were located at the intersection of the diagonal crack 

(labeled Cutoff 4) and then 7 and 14 in. (178 and 356 mm) away towards the bar end 

(Cutoff 5 and 6, respectively). With increased distance from the bar end, the strain is 

expected to increase. However, once the strain exceeded the bond strength capacity of the 

straight bar anchorage, considerable slip occurred resulting in a drop of the measured 

strain. This relationship is shown in Figure 4-8 for T.45.Ld3(10).Ti.FT/FTG  and Figure 

4-9 for T.45.Ld3(10).Ti. A similar relationship is shown in Figure 4-10 for T.45.Ld3(10). 

However, strain gages were not located in the same quantity or locations. Rather, one gage 

was located at the crack intersection (labeled Cutoff 4) and another 11.5 in. (292 mm) from 

the crack (labeled Cutoff 5.64 for its horizontal position relative to Cutoff 5 in the current 

program). The values are therefore not directly comparable but provide a reference to the 

general strain vs slip behavior of the unstrengthened specimen. 

Specimen

Bar Slip 

(in)            

[mm]

Applied 

Load 

(kip)         

[kN]

T.45.Ld3(10)
0.229         

[5.82]

299.5         

[1332]

T.45.Ld3(10).Ti
0.412         

[10.46]

387.6         

[1724]

T.45.Ld3(10).Ti.FT/FTG
0.374         

[9.5]

388.3         

[1727]
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Figure 4-8: T.45.Ld3(10).Ti.FT/FTG cutoff bar strain vs slip 

 

Figure 4-9: T.45.Ld3(10).Ti cutoff bar strain vs slip 
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Figure 4-10: T.45.Ld3(10) cutoff bar strain vs slip 

 

For both strengthened specimens, strain at locations 4 and 5 were similar in magnitude 

(until progressive slip occurred) despite the 7 in. (178 mm) length between them. This was 

possibly due to cracking in the same region which resulted in debonding along said length. 

Data for those locations were truncated for the current specimen due to damage of the 

gages from additional slip. In comparison, location 6 strains were about half that of 

location 4 for T.45.Ld3(10).Ti.FT/FTG and about a third for T.45.Ld3(10).Ti which is 

larger than expected for linear development of the bond stresses. As seen in Figure 4-10, 

strains for the unstrengthened specimen were comparable and in proportion to the 

strengthened cutoff strains, indicating that the NSM strengthening technique did not alter 

development of the cutoff bars, but did supplement the required tension force. However, 
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the technique did increase the slip capacity of the cutoff bars before the onset of 

progressive slip. 

While the strain at a specific location is representative of bar stress, the difference in strain 

between strain gages is representative of bond stress. Bond stresses between the strain 

gages and bar end are listed in Table 4-5 for the current and previous strengthened 

specimens at the 300 kip (1334 kN) load cycle and at the 250 kip (1112 kN) for the 

unstrengthened specimen. These load cycles were chosen as the point where inelastic slip 

behavior began for each specimen, as seen in Figure 4-7.  
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Table 4-5: Cutoff bar bond stress at onset of inelastic bar slip 

 
 

In comparing the values of Table 4-5, two observations were made: the development and 

maximum bond stress achieved by the cutoff bars at the point of inelastic slip was similar 

for all specimens but the NSM TiABs allowed this to occur at higher member load and the 

fatigue and freeze-thaw exposure did not reduce the maximum average bond stress 

compared to the similar specimen without exposure. 

 

Specimen

Strain 

Gage 

Location

Microstrain

Stress 

(ksi)      

[MPa]

µ avg          

Bond Stress       

(ksi)            

[MPa]

4 1033
30               

[207]

Bar end 0 0

4 1040
30.2               

[208]

Bar end 0 0

Bar end 0 0

0.303               

[2.089]

5

31.8               

[219]
10985

0.61               

[4.205]

T.45.Ld3(10).Ti.FT/FTG

21.9               

[151]
7565.64

33.1               

[228]
11414

0.668               

[4.605]

0.052               

[0.358]

18.9               

[130]
6526

0.055               

[0.379]
28.3               

[195]
976

0.706               

[4.867]

0.361               

[2.489]
T.45.Ld3(10)

0.358               

[2.468]

11.1               

[77]
3816

T.45.Ld3(10).Ti
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4.1.5 Steel and TiAB Strains 

Strain gages located along the flexurally deficient end of T.45.Ld3(10).Ti.FT/FTG allowed 

observation of localized strain behavior. As shown in Figure 3-20, strain gages were 

attached to both internal steel tension bars (hooked and cutoff), along the titanium alloy 

NSM bars and on the steel stirrups. Strain results for each bar type are shown in section 

4.1.5.1 Comparative Material Strains. Strain gages attached to longitudinal bars were 

placed at ten different cross-sections to verify strain compatibility at each section. These 

strain results are provided in 4.1.5.2 Cross-sectional Strains. All results in this section 

correspond to the ultimate strength test. 

 

4.1.5.1 Comparative Material Strains 

Figure 4-11through Figure 4-16 show the plotted results for strain gages attached at all 

reinforcing bar types. 

 

Figure 4-11: Stirrup strain along diagonal crack 
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Figure 4-12: Stirrup strain at mid-height 

 

 

Figure 4-13: Cutoff bar strain 
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Figure 4-14: Hooked bar strains 

 

 

Figure 4-15: Strain in top NSM titanium alloy bar 
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Figure 4-16: Strain in bottom NSM titanium alloy bar 

 

A thorough understanding of local strain behavior is prevented due to several damaged 

strain gages, mostly located on the hooked bar and stirrups. Based on the non-damaged 

gages, only one stirrup, two cutoff bar locations, two hooked bar locations and no titanium 

alloy bar locations indicated yielding. However, it is likely that additional locations 

achieved yield strain based on results from T.45.Ld3(10).Ti. Those results show that seven 

stirrups, three cutoff bar locations, six hooked bar locations, and one titanium alloy bar 

location yielded. Furthermore, local yielding could have been reached at non-instrumented 

locations where cracks occurred.  

 

4.1.5.2 Cross-sectional Strains 

To characterize the interaction between internal steel longitudinal bars and NSM titanium 

alloy bars, section strains at the design critical section of the current specimen are plotted 
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in Figure 4-18 through Figure 4-21. The critical section strain gage locations (between the 

preformed crack and cutoff bar end) are highlighted in Figure 4-17. The remaining cross-

sectional strains (shown in Figure 3-20) characterizing strain compatibility are listed in the 

Appendix. 

 

Figure 4-17: Critical section strain gage locations 

 

 

Figure 4-18: Section 4 strains 
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Figure 4-19: Section 5 strains 

 

 

Figure 4-20: Section 6 strains 
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Figure 4-21: Section 7 strains 

 

Section 4, at the crack location, was the baseline for comparing interactions observed at 

subsequent sections and where the cutoff bar ends. However, due to the large number of 

damaged strain gages along the critical section (possibly a result of the 1.6 million fatigue 

and 200 freeze-thaw cycles) insufficient data are available to fully assess the interactions 

between the longitudinal reinforcing bars. Especially as at any given section (besides 

section 4) only one internal steel bar gage and one titanium alloy bar gage were working. It 

is expected that with each step closer to the end of the cutoff bar, the cutoff bar strain will 

decrease linearly and the remaining longitudinal bar strains will increase as they take up 

the additional demand due to the loss in tension capacity. While the cutoff bar strains 

showed a gradual decrease with each section, the data do not conclusively support strain 

increases in the remaining bars. For example, in section 5 the top titanium alloy bar strain 

increased by approximately 600 microstrain at the 350 kip (1557 kN) load cycle compared 

to section 4 but there is no viable strain data showing that other bar strains increased as 
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well for that section. Further, it is not possible to say whether the top titanium alloy bar 

strain continued to increase with subsequent sections as the subsequent gages are damaged. 

In fact, strain in the bottom titanium alloy bar decreased slightly (100 microstrain) at the 

350 kip load cycle between sections 4 and 6. Verifying the feasibility of changes in strain 

between section 4 and 5, the decrease in cutoff bar strain nominally equates to 4.4 ksi (30 

MPa) while the increase in top titanium alloy bar strain nominally equates to 9.3 ksi (64 

MPa). Since any decrease in one cutoff bar would theoretically be taken up evenly between 

two of the four titanium alloy bars and 1.5 of the hooked steel bars, it is evident that the 

changes in stress do not correspond.  

 

4.1.6 Experimental Tension Forces 

To compare the predicted AASHTO tension demands from Figure 3-13 to the experimental 

capacity, the measured strain values at each of the ten instrumented sections along the 

beam span were converted to tension force using Hooke’s Law and the measured material 

properties. For convenience, a diagram of the strain gage locations is provided again in 

Figure 4-22. Locations with damaged strain gages are labeled but values are interpolated 

between active sensors.. Total tension force is shown for each 100 kip (445 kN) load step 

to failure as well as T.45.Ld3(10).Ti at failure for comparison. 
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Figure 4-22: Strain gage locations for T.45.Ld3(10).Ti.FT/FTG 

 

 

Figure 4-23: Experimental tension force for T.45.Ld3(10).Ti.FT/FTG 

 

The total tension force at each section increased with applied load. Between 12 and 18 ft., 

tension force decreased with the loss of development of the cutoff bars except at failure 
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where more demand is taken by the TiABs. At failure for both specimens, a peak in force 

can be seen at approximately 18 ft. (5.5 m) where the preformed diagonal crack crossed the 

longitudinal bars. The two specimens have similar tension capacities and show that the 

fatigue and environmental exposure did not reduce their strength. 

 

4.1.7 Maximum Measured Steel and Titanium Tension Forces  

Separated contributions of steel and titanium alloy tension reinforcing bars for each 

instrumented section are depicted in Figure 4-24. Based on measured material properties, 

the maximum force for reinforcing steel in sections 1-6 was 551 kips (2453 kN) and 331 

kips (1472 kN) for sections 7-10. The maximum TiAB contribution at any section was 155 

kips (689 kN). Sections with damaged strain gages are labeled where all but two sections 

have at least one damaged strain gage.  

 

Figure 4-24: Longitudinal bar tension force contributions for T.45.Ld3(10).Ti.FT/FTG 

 



97 

 

4.1.8 Superficial Damage: Fatigue and Freeze-thaw Cycles 

As a result of the fatigue and freeze-thaw cycles being applied simultaneously, it is not 

possible to draw conclusions about their individual effects on the global or local behavior 

of the current specimen. Such is also the case for any superficial damage to the specimen 

that occurred during simultaneous cycling, with the exception of efflorescence which is a 

well-known product of moisture exposure to concrete. The extent of the observed 

superficial damage, which was limited to minor efflorescence and surface scaling and 

minor surface spalling, particularly along cracks, are illustrated in Figure 4-25 and Figure 

4-26, respectively. Table 4-6 equates fatigue cycles to corresponding freeze-thaw cycles 

for reference. 

Table 4-6: Fatigue and corresponding freeze-thaw cycles 

 

Fatigue Freeze-thaw

0 0

730 0

135000 17

281623 35

538121 67

776021 97

1057373 132

1600000 200

# Cycles
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Figure 4-25: Efflorescence observed at 64 freeze-thaw cycles 

 

Efflorescence was observed at multiple locations along the beam length, mostly within the 

weakened shear span and lower on the web.  

 

Figure 4-26: Spalling along cracks observed at 96 freeze-thaw cycles 

 

Minor spalling at the underside of the web occurred along the over-strengthened shear 

span. The damage was not progressive. 
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4.2 Active Bond Length Study Results 

The active bond length of NSM titanium alloy bars in concrete was investigated for two 

different bar diameters and two epoxy types (only the bonded length was varied for larger 

diameter specimens whereas the smaller diameter specimens varied epoxy type with a 

constant bond length). Performance of hooked ends was also tested for the larger diameter 

bar. The intent of the study was to supplement understanding of bond stresses for TiABs in 

NSM applications to aid in design. Inverted half-beams were constructed for the study due 

to their economic advantage over full-scale specimens and that they enable the surrounding 

concrete to be in flexural tension (compared to standard pullout tests). A detailed test 

matrix is shown in Table 3-10 with specimen design, construction and instrumentation 

discussed in section 3.6. Each specimen type had three replicates for a total of 21 tests. 

Specimens were tested until failure which occurred when either the titanium bar debonded 

from the epoxy and large slip was observed, the epoxy-concrete interface debonded and 

slipped, a concrete wedge extending from the embedded end of the bar completely 

separated from the section, or a combination of the latter three scenarios. In the case of 

hooked specimens, the hook either pulled out of the hole or crushed the concrete inside the 

bend. 

 

4.2.1 Bond Length 

Bond lengths of 4, 6, 8 and 12 in. (102, 152, 203 and 305 mm) were tested with the 5/8 in. 

(16 mm) diameter spiral surface TiABs. Specimens of all bond lengths exhibited a similar 

failure mechanism: cracks developed near the embedded end of the bar and extended 
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downward toward the free face of the beam creating a wedge shape while a crack along 

one side of the groove (concrete-epoxy interface) also formed. In some cases, the specimen 

failed only at the wedge interface. Cracks in the epoxy during the test were not observed. 

The third 12 in. specimen failed differently due to a faster loading rate (0.100 in/sec or 

0.254 mm/sec) which resulted in failure along the concrete-epoxy interface and a smaller 

wedge. Due to the nonstandard loading rate, it was not included in the data analysis results, 

but is reported for completeness. Typical failure modes can be seen in Figure 4-27 while 

Table 4-7 summarizes average values for peak load and failure plane stress for each bond 

length. 

 

  
(a)      (b) 

  
(c)      (d) 

  

Figure 4-27: Typical failures for 5/8 in. bond length specimens: (a) wedge and groove 

failure top view; (b) wedge failure top view; (c) wedge and groove failure side view; (d) 

wedge failure side view 
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Table 4-7: Bond specimen results: peak load and failure plane stress 

 
 

Peak load increased linearly with increased bond length at an approximate rate of 1 kip of 

applied load per inch of bonded length (0.17 kN/mm). The maximum load for any given 

test was 12.9 kips (57.4 kN) which is approximately 1/3 of the yield force for the TiABs 

used in this study. Concrete failure plane stress was calculated using the peak load and 

failure plane area which was based on the failure angle (averaged between beam sides) and 

length of bond. The failure angle (relative to horizontal) decreased with increasing bond 

length, forming a shallower wedge. Peak stress at the failure plane was consistent and did 

not increase with bond length as the failure of each specimen ultimately became dependent 

on the concrete tensile strength. The concrete had a compressive and tensile strength of 

4.55 ksi and 0.365 ksi (31.3 and 2.5 MPa), respectively. No failures were observed to occur 

at the TiAB and epoxy interface. 

 

Strain penetration along the bar with increasing load was measured using strain gages 

attached at 3 in. (76 mm) intervals along the bar length within the bonded region. Strain at 

Bond 

Length

Average 

Peak Load 

(kip)                   

[kN]

Average Failure 

Plane Stress             

(ksi)                   

[MPa]

4 in.
4.88          

[21.72]

0.178                              

[0.791]

6 in.
6.93          

[30.8]

0.158                              

[0.705]

8 in.
8.79          

[39.1]

0.182                              

[0.81]

12 in.
12.6          

[55.9]

0.168                              

[0.746]
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the free end (pulled end) was based on the applied load whereas strain at the tail end was 

always considered zero. Strain values for the second 12 in. specimen became erratic after 6 

kips (26.7 kN) of applied load and thus were limited to the free end strain. Such values are 

labeled in Figure 4-28 which compares strain progression for each specimen. The 

magnitude of bond stress being transferred is proportional to the slope of the curves. A flat 

curve indicates that region of the bar has either debonded (only occurred for 12 in. 

specimens) or is not transferring bond stresses. 
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Figure 4-28: Comparison of strain progression for all bond lengths 
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Bar strain and bond stress increased with increasing load for each bonded length as 

evidenced by the increase in free end strain for each load curve and the change in slope 

between the free end and first strain gage location. On average for all three bond lengths, 

only the first half of the bond was engaged at 2 kips which was noted by the transition 

from a steep to nearly horizontal slope at either the first (6 and 8 in. specimens) or second 

(12 in. specimens) strain gage. However, at the point of failure the entire bond length is 

engaged for the 6 and 8 in. specimens with relatively constant bond stress marked by a 

constant slope between the free and embedded ends. This was not the case for the 12 in. 

specimens which exhibited either a shallow slope near the embedded end (unengaged 

length) at lower loads or have a shallow slope near the free end (debonded length) at larger 

loads. At the intermediate loads for each specimen, proportionally more bonded length was 

engaged as indicated by the increase in slope between strain gage locations with each load 

curve.  

 

From the changes in the TiAB strain along the length, average bond stress at the bar-epoxy 

interface was calculated using Eqn. 4-1, derived from force equilibrium: 

���� =
��

������
∗ ���     [4-1] 

 

where db is the nominal bar diameter, lbond is the bond length (the entire bonded length for 

mean average stress or the distance between strain gages for peak average stress), and ∆fb 

is the difference in bar stress between the desired bond length (entire bond length or 

distance between strain gages). Table 4-8 reports averages for the mean and peak µavg bond 

stresses at failure for all bond lengths. 
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Table 4-8: Mean and peak average bond stress at failure for all bond lengths with 5/8 in. 

diameter specimens. 

  

Average mean and peak bond stress results were comparable, regardless of bonded length. 

Mean stresses ranged from 0.5 to 0.6 ksi (3.4 to 4.1 MPa) and peak stresses from 0.7 to 0.9 

ksi (4.8 to 6.2 MPa). These results match the trend of increasing capacity with increasing 

bond length in that a longer bond takes proportionally more force to achieve the same bond 

stress before failing a concrete wedge.  

 

4.2.2 Epoxy Type 

In contrast to the 5/8 in. bar specimens which varied bond length, the 1/4 in. bar specimens 

used a constant 6 in. (152 mm) bond and instead compared epoxy types, E1 and E2. The 

bonded length was not varied due to evidence from full-scale shear strengthening tests 

(Knudtsen, 2016) which showed that the active bond length was less than 6 in. Instead, 

active bond length was confirmed using strain gages located at 2 and 4 in. from the pulled 

end (51 and 102 mm). The possible effect of epoxy type on the resulting active bond length 

Bond Length

Mean µavg              

Bond Stress             

(ksi)        [MPa]

Peak µavg               

Bond Stress            

(ksi)        [MPa]

4 in. 0.651        [4.49] NA

6 in. 0.579        [3.99] 0.837          [5.77]

8 in. * 0.605        [4.17] 0.737          [5.08]

12 in. ** 0.512        [3.53] 0.879          [6.06]

NA - Not applicable; No strain gages installed

* Failed 6 in. strain gage data linearly interpolated for 8 in. Specimen 2

** 12 in. Specimen 2 data not included for this table
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was studied by comparing results of E1 and E2 specimens. Epoxy material properties are 

listed in Table 3-6. 

 

Each epoxy type exhibited a different failure mechanism: E1specimens developed a failure 

wedge in the concrete (similar to 5/8 in. specimens), whereas E2 specimens slipped and 

failed at the bar-epoxy interface. Cracking of the epoxy and concrete occurred at 

approximately 4 kips (17.8 kN) of applied load located 1 to 2 in. (25 to 51 mm) from the 

pulled end for E1 specimens. E2 specimens also cracked (only the epoxy) within the first 2 

in. of bond but not until failure. Figure 4-29 shows typical failures for both epoxy types. 

 

 

Figure 4-29: Typical failure for 1/4 in. bars: (left) E1 fails in concrete wedge; (right) E2 

slips and fails epoxy 

 

As is noticeable in Figure 4-29, the E1 and E2 are visibly different. E1 cures with a hard, 

glossy finish and when mixed forms a homogeneous, smooth, sticky gel. In contrast, E2 

has a brittle, matte finish and when mixed is granular and less viscous. Physical differences 

in the bond properties of the different epoxies lead to the different failure mechanisms for 

each type. Specifically, E1 was able to flow inside the bar deformations whereas E2 was 
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too stiff to flow around the fine deformation pattern of the ¼ in. diameter TiAB. This 

poorer bond allowed E2 specimens to slip and fail at the bar-epoxy interface, instead of 

transferring stress into the concrete. Table 4-9 lists peak load and bar slip for each 

specimen.  

Table 4-9: 1/4 in. diameter bar specimen results 

 

Despite having a poorer bond at the titanium-epoxy interface, the E2 specimens reached a 

larger peak load on average. Expectedly, they experienced consistently larger bar slip at 

peak load. This may be due to slip along the bar length and friction along the debonded 

length that loads the epoxy groove farther back from the free edge of the concrete. 

 

As discussed in 4.2.1 Bond Length, progression of strain in the NSM bar with increasing 

load was measured using strain gages at 2 in. (51 mm) intervals. Strain gage values 

remained stable through 3 kips (13.3 kN) of applied load but became erratic once either the 

epoxy cracked (E1 specimens), or sufficient bar slip distorted the solder connections to the 

Type Specimen

Peak Load 

(kip)                   

[kN]

Peak Slip             

(in)                   

[mm]

1
4.36      

[19.4]

0.033      

[0.84]

2
4.43      

[19.7]

0.034      

[0.87]

3
5.43      

[24.1]

0.037      

[0.94]

1
5.32      

[23.7]

0.046      

[1.2]

2
5.19      

[23.1]

0.04      

[1.0]

3
4.05            

[18.0]

0.037      

[0.94]

E1

E2
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strain gages (E2 specimens). All erratic values were considered unreliable and those that 

were unrealistically large were manually limited to the free end strain. See Figure 4-30 for 

all specimen results. 
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Figure 4-30: Strain progression for E1 and E2 
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Comparing the 1, 2, and 3 kip (4.4, 8.9, and 13 kN) curves for E1 and E2 specimens, it is 

apparent that E1 specimens transferred bar stress more effectively starting at the free end of 

the beam. This is evidenced by the fact that nearly all of the strain is transferred within the 

first 2 in. (25 mm) with the remainder being transferred in less than 4 in. (51 mm). In 

contrast, the bars in E2 epoxy debonded from the free end and engaged the material farther 

back along the epoxy groove to transfer stress, as illustrated by the larger strains. 

Supported by the location of the epoxy cracks (between 1 and 2 in. or 25 and 51 mm) and 

magnitude of applied load at which they occurred (4 kips or 17.8 kN), as well as the fact 

that the concrete stress peaks halfway between peak and zero bar stress, the active bond 

length for 1/4 in. titanium alloy bars in E1 epoxy was estimated to be between 3 and 4 in. 

(76 and 102 mm). An active bond length for 1/4 in. bars in E2 epoxy cannot be estimated 

due to the failure mechanism of the specimens and there is a need to test longer bond 

lengths to determine these.  

 

Average bond stress at the bar-epoxy interface (at failure) was calculated using Eqn. 4-1 as 

previously described. Due to the erratic nature of the strain values beyond 3 kips, peak 

stress at failure was not considered reliable and therefore replaced with peak stress at 3 

kips. Averages for mean and peak µavg bond stresses for 1/4 in. diameter bar specimens are 

reported in Table 4-10. 
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Table 4-10: 1/4 in. diameter pullout specimens mean and peak bond stress 

 

Average bond stresses varied slightly due to E2 specimens having a slightly higher average 

peak load. On average, epoxy E1 was able to develop 0.65 ksi (4.5 MPa) more stress over a 

2 in. (51 mm) length than E2. At 3 kips, E1 was able to transfer 77% of the total applied 

stress within the first 2 in. compared to 47% for E2. This difference comes from the 

different stress transfer mechanisms exhibited by the different epoxies.  

 

4.2.3 Hooked Ends 

Inverted half-beams with 90° hooked, 5/8 in., NSM titanium alloy bars were tested to 

assess the behavior of the hooked ends when the TiAB is stressed near the hook 

termination. Additionally, the bonded length of the lead-in portion of the bar was different 

for each specimen to determine if the hook behavior is independent of the bonded length. 

Results for the three specimens, listed in Table 4-11, include peak load, peak bar stress, 

peak hook bearing stress, and the exhibited failure mechanism. Yield stress of the 5/8 in. 

deformed bars was measured as 130 ksi (896 MPa) which requires an applied load of 39.0 

kips (173 kN) based on a nominal area of 0.30 in
2
 (7.62 mm

2
). Typical failure modes are 

shown in Figure 4-31. 

 

Type

Mean µavg              

Bond Stress             

(ksi)        

[MPa]

* Peak µavg               

Bond Stress            

(ksi)        

[MPa]

E1
0.411      

[2.84]

1.61      

[11.1]

E2
0.421      

[2.9]

0.988      

[6.81]

* Peak stress at 3 kips applied load
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     Table 4-11: Hooked pullout specimen results 

 
 

  
(a)            (b) 

 

   

        (c)                  (d)  

Figure 4-31: Hooked bar failure modes: (a) pull-out wide view; (b) crushing wide view: (c) 

pull-out close-up; (d) crushing close-up 

 

 

Specimen

Lead-in 

Bond 

Length  (in)      

[mm]

Peak Load 

(kip)                   

[kN]

Peak Ti                

Bar Stress            

(ksi)        

[MPa]

Peak Hook 

Bearing Stress            

(ksi)        

[MPa]

Failure 

Mode

1
6                 

[152]

23.4      

[104]

78.1           

[347]

9.0            

[40]

Crushing/

Pull-out

2
8                 

[203]

22.9      

[102]

76.2             

[339]

8.8              

[39]

Pull-out/ 

Crushing

3
12                 

[305]

25.8               

[115]

85.9                  

[382]

9.9                 

[44]

Crushing/

Pull-out

Average -
24               

[107]

80                  

[356]

9.2                 

[41]
-
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Peak loads were comparable for each specimen (which exhibited similar, coupled failure 

modes) reaching over half of the titanium yield stress. The slightly different failure modes 

were likely due to differences in effectiveness of the epoxy-concrete bond along the tail. 

Specimen 1 crushed the concrete with minor slip but was prematurely ended after it was 

confirmed that a slow pull-out failure was imminent, indicated by the slow decrease in load 

and increasing bar slip. Specimen 2 was tested to failure and exhibited slow pull-out with 

minor crushing of the concrete while maintaining approximately 80% of the peak load until 

complete pull-out. Spalling of cover was also observed on one side of the beam near the 

hook location but did not reduce the capacity. The test of specimen 3 was terminated after 

the peak load dropped off by 20%, due to a pull-out failure. Termination of the tests at 

different stages provided a visual progression of unwinding of the hooks by comparing 

post-test hook details, seen in Figure 4-32. The innermost hook was untested and 

incorporated for comparison only. Of the remaining hooks, in order of outer to innermost 

bars is Specimen 2, 1 and 3, respectively, which corresponds to their level of testing 

(completely pulled out, partially pulled out, and only tested to peak load, respectively). 
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Figure 4-32: Post-test comparison of hook unraveling 

 

A black line was marked across the tail of each hook indicating the original tangent point 

of the bend. The post-test bend diameter of Specimen 3 was still 3.75 in. (95.3 mm) but 

had a small decrease in the bend angle. Specimen 1 resulted in an approximate post-test 

bend diameter of 6 in. (152 mm) while Specimen 2 was between 6 and 8.5 in. (152 and 216 

mm). 

 

Peak bearing stress was calculated based on peak load divided by a bearing surface equal 

to twice the bar diameter over the entire tangent-to-tangent bend length. This projected 

surface width is depicted in Figure 4-33. Using the peak load was justified as complete 

debonding of the straight bar length was observed at or prior to occurrence of the peak 

load. Stresses doubled the measured concrete compressive strength (4.55 ksi or 31.3 MPa), 

upholding that confinement of the concrete is mandatory to achieve larger peak loads. 

However, according to Maekawa et al. (2003), confinement with square ties often only 
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provides up to an additional 1 to 3 ksi (6.9 to 20.7 MPa) for typical confinement ratios and 

normal strength concrete. Given the lower confinement for the pullout specimens in 

comparison to hooks in the girder specimen T.45.Ld3(10).Ti.FT/FTG, crushing of the 

concrete in the hook bend exhibited by the three pullout specimens might not represent the 

failure mode of the NSM TiABs with the given hook detail..  

 

 

Figure 4-33: Plan view of hook stress bearing width 

 

4.3 External Unbonded Reinforcement Results 

4.3.1 External Unbonded Global Response 

Each of the external unbonded specimens was tested to failure which was controlled by 

crushing of the compression zone. Both specimens exhibited large ductility. Table 4-12 

lists applied load, shear, VApp, shear from dead load, VDL, total shear, VEXP, as well as peak 

midspan displacement for each specimen including the R2k predicted base specimen 

capacity. Dead load shear was calculated based on the self-weight of concrete acting on the 

failure plane.  
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Table 4-12: External unbonded specimen results 

 

 

Compared to the R2K predicted capacity without the TiABs, both specimens substantially 

increased the capacity of the unstrengthened specimen. Load capacity was increased by 

161% and 204% for T.E.16.EUR and T.PC.12.EUR, respectively. T.PC.12.EUR had a 

negligible effect on ductility whereas T.E.16.EUR exhibited a 0.36 in. (9.1 mm) decrease 

in deflection (7%) once adjusted for shear displacements. Both specimens developed a 

large flexural crack at midspan as a result of the midspan cutoff bars. T.E.16.EUR 

exhibited gradual slip of the TiABs at the hook anchorages which ultimately resulted in a 

softer response and reduced load capacity compared with specimen T.PC.12.EUR. 

Additionally, while the prestressing chucks prevented pull-out of the hooks and allowed 

T.PC.12.EUR to reach a larger applied load, local crushing of concrete at the hook bends 

was observed. Failure conditions of the specimens are depicted in Figure 4-34.  

 

Specimen

Peak 

Applied 

Load      

(kip)            

[kN]

VAPP      

(kip)     

[kN]

VDL       

(kip)      

[kN]

VEXP       

(kip)        

[kN]

Midspan 

Disp. at 

Failure     

(in)       

[mm]

Midspan 

Disp. 

Adjusted 

for Shear     

(in)       

[mm]

Failure 

Crack 

Angle   

(deg)

* R2K Base 

Specimen

106.1      

[472]

53.1      

[236]
0

53.1      

[236]
-

5.12      

[130]
90

T.E.16.EUR
171.3      

[762]

85.7      

[381]
0

85.7      

[381]

4.81      

[122]

4.76         

[121]
90

T.PC.12.EUR
216.3      

[962]

108.1      

[481]
0

108.1      

[481]

5.11      

[130]

5.06        

[128]
90

* Represents deflection due to flexure only
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(a)                (b) 

         

(c)                (d) 

Figure 4-34: External unbonded failure pictures: (a) T.E.16.EUR front; (b) T.PC.12.EUR 

front; (c) T.E.16.EUR anchorage slip; (d) T.PC.12.EUR crushing at anchorage
 

 

4.3.1.1 Load-Deformation Response 

The load-deformation response at midspan was recorded for each specimen. Midspan 

displacement was computed as the average of the two midspan displacement sensors less 

the average of the support displacement sensors. Figure 4-35 shows the response until 

failure for both specimens and the R2K base specimen failure point. Load and 

displacement results are summarized in Table 4-13. 
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Figure 4-35: Midspan load-displacement response for external unbonded specimens 

 

Table 4-13: Load and midspan displacement for external unbonded specimens 

 

 

As seen in Figure 4-35 and Table 4-13, both specimens exhibited increased load capacity 

with similar deformation capacity compared to the predicted R2K baseline response. 

Specimen

Peak 

Load    

(kip)     

[kN]

Midpan Disp. 

at Peak Load         

(in)          

[mm]

Peak 

Disp.        

(in)        

[mm]

Applied load 

at Peak 

Disp.      

(kip)         

[kN]

R2K Base 

Specimen

106.1      

[472]
-

5.12      

[130]
-

T.E.16.EUR
171.3      

[762]

2.97              

[13]

4.81      

[122]

167.6      

[745]

T.PC.12.EUR
216.3      

[962]

4.87              

[22]

5.11      

[130]

213.9      

[951]
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T.E.16.EUR maintained a near-peak load for over 2 in. (51 mm) of additional deflection 

while the hooks slipped before failing the compression zone at midspan. In contrast, 

T.PC.12.EUR continued to carry additional load until failure. It should be noted that due to 

the low reinforcement ratio (at midspan) of the unstrengthened specimen, the external 

unbonded technique would not exhibit similar capacity increases for more typical 

reinforcing ratios, as noted in the literature review.   

 

Comparing T.E.16.EUR and T.PC.12.EUR, the anchoring of hooks using prestressing 

chucks provided many advantages. First and most notably, was the improved performance 

due to prevention of hook slip. This resulted in a 45 kip (200 kN) increase in load capacity, 

0.30 in. (7.6 mm) increase in displacement and delayed yielding of the single #11 (36M) 

bar by 7.25 kips (32 kN) when compared to T.E.16.EUR. Additional advantages included 

the elimination of epoxy curing time, not requiring cleaned hook holes and being 

unaffected by ambient moisture or temperature. Another convenience worth noting is that 

while epoxy anchored hooks required deformed tail ends, prestressing chucks did not. For 

practical matters in regard to implementation, this would be an advantage as it eliminates 

needing a stockpile of bars with various lengths of deformed ends to then be trimmed to 

the design length. Requiring only completely smooth bars saves money by not needing 

deformations and minimizing material waste. 
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4.3.1.2 Crack Mapping 

After each load cycle, testing was paused to allow for marking of cracks and photographic 

documentation of crack progression. The photos were then used to compile crack maps at 

failure which are shown in Figure 4-36. The bold black line indicates the failure crack. 

 

 

 

Figure 4-36: Crack maps - external unbonded: (top) T.E.16.EUR; (bottom) T.PC.12.EUR 

 

Both specimens failed along a 90° degree crack at midspan. The cracks initiated from the 

region where concrete was removed to allow cutting of the two midspan flexure bars. 

Diagonal cracking occurred within the shear spans but was minor. There was a noticeable 

difference in the distribution of diagonal cracking between the two specimens. This 

difference was attributed to the effectiveness of the prestressing chucks from preventing 

slip and therefore increasing the load and deformation capacities. As a result of hook slip 
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being prevented in T.PC.12.EUR, greater bearing stresses were achieved inside the hooks 

as evidenced by increased cracking initiating at hook hole locations.  

 

4.3.2 External Titanium Bar Strains 

Titanium bar strains were measured and recorded for both specimens. Strain gages were 

attached to the bars on only one end of the beam due to global symmetry. However, due to 

local asymmetry resulting from the longitudinal offset of the bars, all four bars required 

instrumentation on the same beam end. East and West bar strains for each specimen are 

shown in Figure 4-37 through Figure 4-40. Strain gage locations are numbered 1-6 and are 

comparable between specimens. Strain gage 5 on the west side of T.PC.12.EUR was 

omitted due to sensor failure. Other gages that were suspected of being unreliable are 

labeled with a “*” in the legend. Sectional strain comparison plots are listed in the 

Appendix. 
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Figure 4-37: West bar strains - T.E.16.EUR 

 

 

Figure 4-38: East bar strains - T.E.16.EUR 
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Figure 4-39: West bar strains - T.PC.12.EUR 

 

 

Figure 4-40: East bar strains - T.PC.12.EUR 

 

For both specimens, strain gage locations 2 and 4 (near midspan) exhibited the largest 

positive (tension) strain, whereas locations 3 and 6 (at the hooks) exhibited the largest 
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negative (compression) strain. Since the bars were subjected to initial prestressing, 

negative strain behavior indicates local bending occurred, likely caused by increases in 

midspan deflection which would cause rotation of the bar about the hook location. 

 

None of the external titanium alloy bars reached yield except location 4 for T.PC.12.EUR, 

seen in Figure 4-40.  Strain at location 3 was on track to yield when it reversed just prior to 

8000 microstrain (84% of yield), possibly due to a bending induced strains as displacement 

increased.  

 

As discussed previously in Table 3-2, the external bars were given an initial average 

prestress of 7.4 and 17.6 ksi (51 and 121 MPa) for T.E.16.EUR and T.PC.12.EUR, 

respectively. This is equal to 508 and 1208 microstrain, respectively. These strain values 

are included in the above figures.  
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5 COMPARATIVE ANYALYSIS 

This chapter details the comparison of various specimen results and behaviors for both 

experimental programs. Comparison specimens for T.45.Ld3(10).Ti.FT/FTG include 

strengthened specimen T.45.Ld3(10).Ti from Amneus (2014) and unstrengthened 

specimen T.45.Ld3(10).Ti from Triska (2010). As there is no full-scale comparison for the 

unbonded specimens, results were compared to R2K predicted models. 

5.1 NSM Specimens 

5.1.1 Predicted Load, Shear and Moment Capacities 

5.1.1.1 Load Capacity 

Response 2000 was used to predict applied loads at failure for each specimen based on the 

observed failure crack angle to establish the shear-to-moment ratio. The failure angle was 

modeled by defining a corresponding moment-to-shear (M/V) ratio based on the horizontal 

location where the failure plane intersects the cutoff bars. For example, A 45° degree crack 

corresponds to a M/V ratio of 7.5/1 whereas a 33° angle is a ratio of 5.67/1. Partial 

development of the cutoff bars did not need to be accounted for since the failure angles 

crossed at the cutoff location (i.e. area of cutoff bars is zero). The strengthened specimens 

were replicate specimens that failed in nearly identical manners and were therefore 

modeled the same. Measured material properties were used in the analyses of the 

specimens. Results are provided in Table 5-1. 
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Table 5-1: R2K predicted failure load comparison  

 

 

R2K was able to predict the capacity of the unstrengthened specimen within 4% and the 

strengthened specimens within 1% of the actual applied failure loads. It is interesting to 

note that the average failure load of the strengthened specimens is 394.2 kip (1753.4 kN). 

Based on statics, yielding of all four titanium alloy bars was required to achieve the 

difference in the predicted capacities of the base and strengthened specimens.  

 

5.1.1.2 Shear Capacity 

Shear capacities were calculated using AASHTO-LRFD guidelines for nominal shear 

resistance and the measured material properties. The M/V ratio was taken at the distance 

dv from the edge of the loading plate. Applied shear was calculated as half of the applied 

load plus the contribution of self-weight acting across the failure plane. Results are 

compared in Table 5-2.  Except for the case of T.45.Ld3(10), the AASHTO-LRFD 

predicted capacities were less than the measured applied shear. This was because the 

contribution of the NSM bars increased the capacity of the section by resisting the 

increased demand on the flexural reinforcement. This was not the case for the 

Specimen

Failure 

Crack 

Angle, θ         

(deg)

Failure Mode

R2K Load 

for θ                   

(kip)                    

[kN]

Applied 

Load      

(kip)             

[kN]

R2K/Actual 

T.45.Ld3(10) 33
Shear-

tension

286.6           

[1275]

299.5           

[1332]
0.96

T.45.Ld3(10).Ti 33
Shear-

tension

394.0           

[1753]

392.9           

[1748]
1.00

T.45.Ld3(10).Ti.FT/FTG 33
Shear-

compression

394.0           

[1753]

395.5           

[1759]
1.00
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unstrengthened specimen which was limited by the poorly detailed flexural anchorage of 

the cutoff longitudinal bars. 

Table 5-2: AASHTO at dv away from load vs applied shear 

 

 

5.1.1.3 Moment Capacity 

Midspan moment capacities for each specimen were modeled in R2K and calculated 

manually per the AASHTO-LRFD moment design equations. Capacities were assuming 

fully developed steel and titanium alloy bars at midspan. All calculations used the 

measured material properties for the respective specimens. Results are shown in Table 5-3. 

 

Specimen

Vn per 

AASHTO    

(kip)              

[kN]

Applied 

Shear            

(kip)               

[kN]

AASHTO/

Actual

T.45.Ld3(10)
178         

[792]

152.9           

[680]
1.16

T.45.Ld3(10).Ti
174         

[774]

200           

[890]
0.87

T.45.Ld3(10).Ti.FT/FTG
188         

[836]

201.4           

[896]
0.93
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Table 5-3: R2K and AASHTO predicted midspan moment capacities  

 

 

In all cases, the moment capacities were predicted to be larger than the applied moment. 

This follows logically as the midspan sections did not control specimen capacities. 

Variation in predictions for the strengthened specimens results from slightly different 

material properties. 

 

5.1.2 Experimental Bond Stress 

5.1.2.1 Full-scale Specimens 

Mean µavg bond stress along the cutoff region (strain gage locations 4-7) for each 

reinforcing bar is compared for each specimen in Table 5-4. Bond stress, µavg ,was 

calculated using Eqn. 4.1 and measured strain at each location. Mean µavg bond stress was 

calculated as the average bond stress along the entire cutoff region. Results are compared 

only for the applied load where peak elastic bar slip occurred. This provides a normalized 

comparison. Peak elastic bar slip loads were identified in 4.1.4 Slip Strain Behavior. 

Specimen

Mn per 

R2K 

AASHTO           

(kip-ft)        

[kN-m]

Mn per 

AASHTO       

(kip-ft)           

[kN-m]

Applied 

Moment 

(kip-ft)        

[kN-m]

R2K/Actual AASHTO/Actual

T.45.Ld3(10)
1838           

[2490]

1896           

[2569]

1647           

[2232]
1.12 1.15

T.45.Ld3(10).Ti
2406           

[3260]

2459           

[3332]

2161           

[2928]
1.11 1.14

T.45.Ld3(10).Ti.FT/FTG
2309           

[3129]

2360           

[3198]

2175           

[2947]
1.06 1.09
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Table 5-4: Peak elastic cutoff bar slip and corresponding cutoff region bond stress 

 

For T.45.Ld3(10), while strain was lower overall in cutoff bar, the stress transferred over 

the 1/3 development length was larger (than the hooked bar) because all bar stress 

developed at the crack location was lost at the cutoff location. In comparison, the hooked 

bar had equivalent bar stress (to the cutoff bar) at the crack but increased in the direction of 

the cutoff location as the cutoff bar shed all of its developed stress. However, due to 

similar strain between gages near the cutoff location, the average hooked bar bond stress 

Peak 

Elastic 

Cutoff 

Bar Slip 

(in)       

[mm]

Load at 

Peak Slip 

(kip)          

[kN]

Reinforcing 

Bar

Mean 

µavg Bond 

Stress 

(ksi)  

[MPa]

Hooked*
0.102        

[0.703]

Cutoff
0.533        

[3.68]

Ti Top*
0.247        

[1.70]

Ti Bottom
0.169        

[1.16]

Hooked
0.604        

[4.16]

Cutoff
0.504        

[3.48]

Ti Top
0.178        

[1.22]

Ti Bottom
0.146        

[1.00]

Hooked
0.467        

[3.22]

Cutoff
0.581        

[4.00]

* Denotes damaged gage within cutoff region

250          

[1112]

0.017          

[0.44]

300          

[1334]

0.026          

[0.66]

300          

[1334]

0.052          

[1.32]

T.45.Ld3(10)

T.45.Ld3(10).Ti

T.45.Ld3(10).Ti.FT/FTG
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was lower than the cutoff bar over the same length. In other words, the cutoff bar exhibited 

greater bond stress while the hooked bar contributed greater tensile capacity to the section. 

 

As expected, both strengthened specimens delayed peak elastic cutoff bar slip (153% 

increase for T.45.Ld3(10).Ti and 306% for Ti.FT/FTG) and corresponding applied load 

(120% increase). The much larger increase in peak slip for T.FT/FTG is misleading as it is 

due to the accumulation of residual slip during fatigue cycling. Comparing cutoff  and 

hooked bar bond stress between specimens, the addition of NSM titanium alloy bars 

resulted in a slight decrease in cutoff bond stress and slight increase for hooked bar (for 

T.45.Ld3(10).Ti). However, it is difficult to conclude the change explicitly results from the 

NSM bars. For the cutoff bars, this is because the change in bond stress is within reason for 

experimental variability. For the hooked bars, T.45.Ld3(10).Ti.FT/FTG had damaged 

gages resulting in an incomparable value. The increase seen for T.45.Ld3(10).Ti goes 

against the expected trend (of no change) as the proportional increase in applied load at 

peak slip would be resisted by the NSM bars. 

 

Comparing strengthened specimens, the lack of large decreases in bond stress for any of 

the reinforcing bars (with the exception of the hooked bar, justified by damaged gages) 

suggests that the combined fatigue and freeze-thaw cycles did not result in any appreciable 

degradation of bond capacity.  
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5.1.2.2 Full-scale vs Bond Beam Specimens 

To validate the inverted half-beam pullout specimen data, average and peak bond stresses 

in the titanium alloy bars were calculated at failure and compared to the 6 in. (152 mm) 

bond length specimens. The 6 in. specimens were chosen for comparison as the distance 

between strain gages for the full-scale specimens ranged from 6 to 7 in. (152 to 178 mm).  

Table 5-5: Full-scale vs pullout bond stresses 

 

 

Mean µavg values for individual bars are comparable to the pullout results for all but the top 

bar from T.45.Ld3(10).Ti.FT/FTG. Peak  µavg values were consistently larger in the girder 

specimen than the pullout results. This suggests that the greater confinement and 

NSM Bar

Mean µavg 

Bond 

Stress (ksi)            

[MPa]

Peak µavg 

Bond Stress 

(ksi)              

[MPa]

6 in. 

Specimens

0.579     

[3.99]

0.837      

[5.77]

Ti Top 
0.271     

[1.87]

0.594           

[4.1]

Ti Bottom
0.603     

[4.16]

1.07             

[7.35]

Average
0.437     

[3.015]

0.830             

[5.73]

Ti Top 
0.538     

[3.71]

1.92             

[13.26]

Ti Bottom
0.780     

[5.38]

1.26              

[8.68]

Average
0.659     

[4.545]

1.59              

[10.97]

Bond Beam Pullout Tests

T.45.Ld3(10).Ti.FT/FTG

T.45.Ld3(10).Ti 
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reinforcing details present in the full-scale specimens allowed larger bond stresses to 

develop.  

 

As noted in 4.2.1 Bond Length, active bond lengths were not identified for the bond lengths 

tested. However, inspection of the girder specimens during testing showed cracking in the 

epoxy indicative of active bond length. As seen in Figure 5-1, vertical cracks in the epoxy 

were present and consistently spaced 1 to 2 in. (25 to 52 mm) apart. The presence of these 

cracks in the full-scale specimen, which experienced comparably larger bar strains, 

suggests that the pullout specimens may not fully represent the conditions of the girder 

specimens. 

 

 

Figure 5-1: Cracks observed in epoxy - T.45.Ld3(10).Ti.FT/FTG 

 



133 

 

5.1.3 Anchorage Detailing: Full-scale vs Bond Beam Specimens 

Results from the bond beam study discussed in 4.2.3 Hooked Ends, demonstrated that yield 

was not achieved in the TiABs for the given concrete strength, geometry, and amount of 

confinement for the specimens. It was expected that results from the full-scale ultimate 

strength test of  T.45.Ld3(10).Ti.FT/FTG would provide better insight into the hook 

behavior under representative installation conditions in a girder. The specimen capacity 

was limited by shear-compression failure and the bond along the length of the TiABs was 

sufficient to anchor the bars until specimen failure, thus the hooked ends were not fully 

stressed. No visible damage at the hook sites was observed in the girder specimen. 

 

5.1.4 Effect of NSM on Steel Stress Range 

To determine whether the addition of NSM TiABs affected the stress range observed by 

the internal longitudinal steel under service loads, results from T.45.Ld3(10) and the 

current specimen were compared. Specifically, the applied load at which 20 ksi (138 MPa) 

was measured at similar flexural reinforcing steel bar locations in the span. A stress range 

of 20 ksi (based on an initial value at the start of the test  of zero) represents the endurance 

limit stress range for reinforcing steel. As a result of the failure test data for specimen 

T.45.Ld3(10).Ti.FT/FTG needing to be shifted to account for residual deformation after 

initial monotonic cycles, the load at which 20 ksi (138 MPa) was achieved in the steel was 

much lower than its initial response. For this reason, the initial zero cycles monotonic 

response under three-point bending was used for comparison to T.45.Ld3(10). Despite the 

differences in clear span and loading configuration, their responses are still comparable as 

they have the same shear span. Four strain gage locations were compared with results listed 
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in Table 5-6. Locations are named based on the current specimen naming convention. All 

of the horizontal distances are relative to the location of a point load at an 11 ft. (3.35 m) 

shear span (to account for differences in clear span centerline between three and four-point 

bending). 

Table 5-6: Applied loads corresponding to 20 ksi in flexural reinforcing steel  

 

 

Given the lack of working strain gages near midspan, accurately comparing changes in 

stress between specimens at that location was not feasible. As for comparing bar stress at 

the intersection of the preformed crack, the bottom bar location (Hook 4) requires a 

substantially smaller applied load than the unstrengthened specimen. As expected, a larger 

load is required to reach the same stress at the same location but in the steel layer above 

(Cutoff 4). At this location the load is marginally greater than the comparison specimen.  

 

5.2 External Unbonded Reinforcement 

5.2.1 External Bars Embedded 

In addition to comparing strengthened and unstrengthened specimens, another metric for 

evaluating the effectiveness of external unbonded reinforcement is comparing to a 

theoretical best-case scenario: the capacity if the same area of external bars were 

0 cycles 

Ti.FT/FTG
T.45.Ld3(10)

0 cycles 

Ti.FT/FTG
T.45.Ld3(10)

Hook 3 -12 [-305] 5 [127] damaged 100 [445] point load

Cutoff 3 -12 [-305] 5 [127] damaged 133 [592] point load

Hook 4 43.5 [1105] 43.5 [1105] 125 [556] 150 [667] preformed crack

 Cutoff 4 43.5 [1105] 43.5 [1105] 155 [689] 150 [667] preformed crack

General Location

Dist. to Point Load (in) [mm] Load at 20 ksi (kip) [kN]

Strain Gage 

Location



135 

 

embedded. In theory, the addition of external bars will cause internal reinforcement to 

undergo greater strains at midspan for a given load, resulting in a reduced neutral axis 

depth. This reduced depth in turn increases the maximum compressive strain which is the 

limiting factor for all beam capacities. Therefore, it is reasonable to conclude that the 

capacity of a beam with external reinforcement will have a lower capacity than if all 

reinforcement were bonded. Load capacity and deflections for bonded and unbonded 

scenarios are listed in Table 5-7 with bonded results based on R2K and ACI analysis 

(which did not include prestressing forces). Deflections for T.E.16.EUR and T.PC.12.EUR 

were adjusted to remove deflection due to shear. 

Table 5-7: External unbonded comparison to bonded condition 

 
 

When the external titanium alloy bars are embedded (assuming perfect bond), the predicted 

specimen capacity increased by 75.6 kip (336 kN) and 73 kip (325 kN) for the ACI and 

Specimen

Applied 

Load    

(kip)     

[kN]

* Midpan 

Disp.         

(in)          

[mm]

Estimated 

Avg Ti 

Bar Stress    

(ksi)         

[MPa] 

Ti Bar 

Stress as 

% of 

Yield

B
as

e 
Sp

ec
im

en ACI
94.6       

[421]
- - -

R2K
104.0     

[462]

5.07      

[129]
- -

B
as

e 
Sp

ec
im

en

B
on

ded
ACI 

170.2    

[757]
-

132      

[910]
100

R2K 
177.0     

[787]

1.47      

[41]

99.1         

[683]
75.0

T.E.16.EUR
171.3      

[762]

4.65      

[118]

83.3       

[574]
63.1

T.PC.12.EUR
216.3      

[962]

4.92      

[125]

132      

[910]
100

* Displacements due to flexure only

B
on

ded



136 

 

R2K methods, respectively. For the case of the R2K response, this corresponds to an 

average TiAB stress of 91.1 ksi (683 MPa) (75% of yield). On the other hand, the ACI 

moment capacity approach assumed yield stress of all four TiABs. Results from both cases 

were similar to T.E.16.EUR which had a capacity of 171.3 kips and approximate average 

TiAB stress of 83.3 ksi (574 MPa). This suggests the epoxied hook method was able to 

provide the same or nearly the same capacity as if the bars were bonded. Interestingly, the 

applied load at failure for T.PC.12.EUR was greater than predicted by both the ACI and 

R2K fully bonded scenarios, suggesting that external unbonded reinforcement, when hook 

slip is prevented, can achieve at least the predicted strength assuming fully bonded bars. 

Worth noting is the significant decrease in midspan displacement between R2K responses, 

attributable to an increase in stiffness and strain compatibility with the titanium alloy bars. 

 

To account for the effect of prestressing induced in the TiABs during the pull-down and 

insertion of deviator pins for comparing bonded and unbonded scenarios, various levels of 

prestressing were modeled for the TiABs in the ACI and R2K analyses. This was 

accomplished by applying a constant axial compressive force to the section at mid-height. 

The magnitude of the force was equal to the total area of TiAB multiplied by the amount of 

prestressing stress. Increases in applied load capacity were calculated and listed in Table 

5-8 and illustrated in Figure 5-2. 
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Table 5-8: Effect of TiAB prestressing on bonded capacity 

 

 

 

Figure 5-2: Predicted effect of TiAB prestressing magnitude on flexural capacity of 

specimens 

ACI R2K

0             [0] 0            [0] 0           [0] 0           [0]

5          [34] 6             [27] 1           [6] 3           [43]

20          [138] 24             [107] 5           [23] 6           [58]

40          [276] 48             [214] 10           [44] 13          [87]

80         [552] 96            [427] 20           [88] 25           [143]

100         [689] 120          [534] 25           [110] 32           [172]

132          [910] 158          [703] 34           [150] 42           [217]

Increase in Applied Load                              

(kip)             [kN]
Avg Total TiAB 

Prestress Force      

(kip)        [kN]

Avg TiAB 

Prestress           

(ksi)     [MPa]
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These results suggest that when bonded TiAB bars are prestressed to their full yield stress, 

the resulting predicted capacities are at or just below the laboratory measured capacity for 

specimen T.PC.12.EUR. The effect of prestressing does not significantly impact capacity, 

but reduces deflections in the specimen at failure.  The effect of the prestressing in the 

present case was principally to ensure the TiABs begin to resist applied stresses 

immediately upon loading rather than requiring additional deformation to engage them.  

 

5.2.2 Hook Bearing Stress 

Ultimate capacity of the external unbonded specimens was dependent on the performance 

of the anchorage detail. For the case of T.E.16.EUR, ductile extraction of the hooks 

prevented higher capacity and produced softer deformation response. This same behavior 

was exhibited by the hooked bond beam specimens discussed in 4.2.3 Hooked Ends. The 

bond beam results showed that average hook bearing stresses were twice the measured, 

unconfined concrete compressive strength. This led to the conclusion that concrete strength 

could limit the non-standard hooked anchorage detail (having the shorter than CRSI 

recommended tail length to avoid conflict in the beam web). This is contrasted with the 

stronger, stiffer response exhibited by T.PC.12.EUR which eliminated hook slip. However, 

the capacity of T.PC.12.EUR was limited by concrete crushing within the hook anchorage. 

To confirm whether the same conclusion is appropriate for T.PC.12.EUR, hook bearing 

stresses were calculated based on estimated external bar stress at midspan. Assuming the 

#11 (36M) bar was at ultimate stress, the external bar stress was calculated from the 

remainder of the tension force demand required at the midspan section to achieve overall 
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member equilibrium. This resulted in TiAB stresses exceeding yield. Therefore, elasto-

plastic behavior was conservatively assumed for the TiABs. Following the same process 

used for the pullout specimens, a hook bearing stress of 15.2 ksi (105 MPa) was calculated. 

This equates to 3.5 times the unconfined concrete compressive strength and localized 

crushing was observed in the hook bearing areas.  

 

Besides maximizing concrete compressive strength, it is possible that employing a standard 

hook detail may better anchor the tail of the bar. Conclusions made by Minor and Jirsa 

(1975) claimed that increases in the ratio of length of hook to bar diameter improves 

strength up to a ratio of 15. Hooks used in this study (T.45.Ld3(10).Ti.FT/FTG and the 

pullout specimens) had a ratio of 10.3. A standard hook with a 10 in. (254 mm) out-to-out 

hook has a ratio of 16.7. However, these standard hooks were used for T.E.16.EUR and 

were limited by ductile hook extraction.  

6 Conclusions 

In this research program, two experimental programs were undertaken to investigate the 

application of TiABs for strengthening existing concrete bridge girders in flexure. The first 

program examined the durability of near-surface mounted bars subjected to simultaneously 

applied high-cycle fatigue and freeze-thaw cycles and the second program explored the 

viability of titanium alloy bars used as external unbonded reinforcement. Based on the 

experimental and analytical results, the following conclusions are presented: 
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6.1 NSM 

This experimental program involved the construction, strengthening, instrumentation and 

testing of a full-scale replica 1950’s T-shaped reinforced concrete deck girder. The 

specimen was constructed with a flexural anchorage deficiency and strengthened with 

near-surface mounted TiABs. Testing involved simultaneous application of high-cycle 

fatigue loading and freeze-thaw cycle exposure prior to loading the specimen to failure. 

Results were compared to a similar previously strengthened and tested specimen (Amneus, 

2014) that was not subjected to combined cycles. Comparison of the results leads to the 

following conclusion: 

Exposure to 1.6 million fatigue cycles (equivalent to more than 50 years 

of traffic loading) and 200 freeze-thaw cycles (equivalent to 59 and 83 

years of exposure in the central and valley locations of Oregon, 

respectively) had no considerable effect on the service level response or 

ultimate capacity of the specimen. 

This conclusion is supported by the following observations: 

• At the conclusion of the fatigue and freeze-thaw cycles, a negligible difference was 

observed for peak and residual midspan displacement and peak cutoff bar slip.   

• The current specimen exhibited a 2.6 kip (11.6 kN) increase in applied load at 

failure and a negligible difference in midspan displacement compared to the 

similar control specimen that was not subjected to durability exposures (specimen 

T.45.Ld3(10).Ti). 
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• No substantial changes in crack distribution, extension, or location were observed 

between strengthened specimens or between the start and end of the fatigue and 

freeze-thaw testing program. Both specimens exhibited similar failure modes and 

behavior. 

• A decrease in peak cutoff bar slip at failure was recorded as compared to 

T.45.Ld3(10).Ti.  

• Comparison of titanium alloy bar bond stresses between specimens showed no 

degradation of bond capacity. 

• No freeze-thaw damage was observed along the NSM bars. 

In addition to full-scale testing, a bond length and anchorage study was conducted on 

scaled, inverted half-beam pullout specimens. The following conclusions were made:  

• Capacity of the 5/8 in. (15.9 mm) diameter straight bar pullout tests was 

proportional to the bonded length and limited to the concrete tensile strength, not 

the epoxy strength. No slip was observed between the titanium-epoxy interface. 

• Comparison of strain progression and bond stress distribution between all bond 

lengths did not demonstrate active bond lengths in the specimens. However, full-

scale girder test results were indicative of active bond lengths and thus the bond 

beams may not adequately reflect the bond behavior in the full-size girders.  

• An active bond length between 3 and 4 in. (76 and 102 mm) was estimated for 

straight, 1/4 in. (6.4 mm) diameter TiABs in type E1 epoxy. An active bond length 

for E2 epoxy was inconclusive due to its less effective bond. 
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• The hooked TiAB pullout specimens failed from crushing of concrete inside the 

hook bend and hook extraction. Concrete compressive strength and confinement 

within the hook are important parameters for achieving desired hook performance. 

6.2 External Unbonded Reinforcement 

This experimental program involved the strengthening and testing of two full-scale 

reinforced concrete deck girders. The girders were originally constructed as IT specimens 

but then repurposed to have a midspan flexural deficiency in the T orientation. The 

specimens were strengthened with external unbonded TiABs. Each specimen was tested 

under monotonic loading with reversals until failure. Experimental results were compared 

with analytically predicted strength and deformation capacity of the specimens without 

TiABs usingR2K. The following conclusions are made based on experimental results: 

• Substantial increases in flexural capacity were observed for the very lightly 

reinforced beam by the addition of external TiABs compared to the R2K predicted 

base specimen strength. Marginal decreases in midspan ductility were observed. 

• Prevention of hook slip by using prestressing chucks for T.PC.12.EUR provided 

the greatest improvement in capacity. Additional increase in capacity was limited 

to concrete crushing inside the bend of the TiAB hooks. 

• Prevention of slip delayed yielding of the internal steel, enabled the external 

titanium alloy bars to reach yield and provided greater deformation capacity as 

evidenced by a larger crack distribution. 

• The use of prestressing chucks allowed for greater prestress of the external bars by 

accommodating rotations required to pull down the bars for installation of the 

deviator pins. 
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• The experimental specimens achieved higher moment capacity than predicted by 

R2K or ACI assuming that the TiABs are fully bonded. 

• While the external unbonded technique was shown to provide significant increases 

in capacity, the relatively low stiffness of the system and large crack widths limits 

its appropriateness for long-term strengthening applications. However, due to its 

simplicity and speed of implementation, the technique is an effective short-term or 

temporary repair option for mildly damaged structures weakened in flexure. 
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6.3 Recommendations 

The following is a list of recommendations for improving future iterations of the 

techniques discussed in this thesis: 

6.3.1 NSM 

• Use recommended CRSI or longer tail lengths on the hooked end details to 

minimize the chance of hook extraction. Avoid conflicts from opposing hooks by 

longitudinally offsetting bar locations.  

• It was discussed that “keeper” plates may not prevent pullout of the bars. Instead, it 

is feasible to extend the tail lengths of the bars and anchor them with prestressing 

chucks, as done for the external unbonded technique. This would require offsetting 

bar locations both longitudinally and horizontally. This technique would guarantee 

pullout is prevented. 

• Where required to prevent crushing of concrete inside the hook bends, attempt to 

reduce the local stress concentration. This could be accomplished by installing a 

bearing plate on or around the bar at the hook location. The plate would match the 

inside bend diameter and angle of the hooks, as well as the roundness of the bar, 

ultimately increasing the hook bearing surface area inside the bend. An increase in 

diameter of the hook hole would accommodate the space required for such a 

bearing plate. 

 

6.3.2 External Unbonded 

• Prevent local crushing of concrete at the hooks, as discussed for the NSM 

technique. 
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• Improve pulldown technique by using a spreader beam between straps 

when jacking. This will help prevent the tendency of the individual jacks 

to move out of plane, creating eccentricities at the load points, thus, 

increasing safety while stressing the TiABs. 

• If larger initial prestress in the external bars can be accomplished, install a 

sacrificial spacer between the bars and beam webs at locations where the 

straps wrap around the bars. This will allow the straps to be removed more 

easily once the TiABs are in place. 

 

6.4 Additional Research 

The following items are suggested research topics that would supplement the observations 

and conclusions drawn from this thesis: 

6.4.1 NSM 

• Test a girder requiring both shear and flexure strengthening. 

• Determine efficacy of smaller diameter titanium alloy bars to reduce costs. 

• Determine fatigue S-N curve for deformed titanium alloy bars in tension. 

6.4.2 External Unbonded 

• Install on a weakened girder that has been substantially overloaded to simulate a 

damage event to identify influences of prior damage on retrofit performance. 

• Find solution for preventing potential galvanic corrosion between titanium alloy 

bars and steel prestressing chucks, or find anchorage that would not experience 

galvanic corrosion. 
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• Identify beneficial effects of greater initial TiAB prestressing on behavior to 

optimize the service-level performance of girders with this strengthening 

technique. 

 

  



147 

 

REFERENCES 

 

American Association of State Highway Officials (2012). “AASHTO LRFD Bridge 

Design Specifications,” 6th edition, AASHTO, Washington, D.C.  

 

 

American Concrete Institute (2008). “ACI 440.2R-08: Guide for the Design and 

Construction of Externally Bonded FRP Systems for Strengthening Concrete Structures,” 

ACI Manual of Concrete Practice, Farmington Hills, Michigan.  

 

 

American Concrete Institute (2011). “ACI 318-11: Building Code Requirements for 

Structural Concrete and Commentary,” ACI Manual of Concrete Practice, Farmington 

Hills, Michigan. 

 

ASTM C39/C39M-13a. 2013. “Standard Test Method for Compressive Strength of 

Cylindrical Concrete Specimens,” ASTM International, West Conshohocken, 

Pennsylvania. 

 

ASTM C496/C496M-11. 2011. “Standard Test Method for Splitting Tensile Strength of 

Cylindrical Concrete Specimens,” ASTM International, West Conshohocken, 

Pennsylvania. 

 

ASTM E8/E8M-13a. 2013. “Standard Test Methods for Tension Testing of Metallic 

Materials,” ASTM International, West Conshohocken, Pennsylvania. 

 

Amneus, D. (2014). “Methods for strengthening flexural steel details in reinforced concrete 

bridge girders using a near-surface mounted retrofitting technique,” Masters Thesis, 

Oregon State University, Corvallis. 

 

Barker, L. (2014). “Flexural anchorage performance and strengthening o negative moment 

regions using near-surface mounted retrofitting in reinforced concrete bridge girders,” 

Masters Thesis, Oregon State University, Corvallis. 

 



148 

 

Bentz, E. C. (2000). Response-2000: Reinforced Concrete Sectional Analysis Using 

Modified Compression Field Theory (Version 1.05) [Computer Software]. University of 

Toronto. 

 

Cairns, J. and Zhao, Z. (1993). “Behaviour of concrete beams with exposed 

reinforcement,” Proc. Instn Civ. Engrs Structs & Bldgs, 99, 141-154. 

 

Cairns, J. and Rafeeqi, S. (1997). “Behaviour of concrete beams strengthened by external 

unbonded reinforcement,” Elsevier Journal of Construction and Building Materials, 11, 

309-317. 

 

Cairns, J. and Rafeeqi, S. (2003). “Strengthening reinforced concrete beams with external 

unbonded bars: experimental invesitgation,” Elsevier Journal of Construction and Building 

Materials, 156, 27-37. 

 

Concrete Reinforcing Steel Institute (2001). “Manual of Standard Practice.” 27
th
 Edition, 

CRSI, Schaumburg, Illinois. 

 

Dawson, M. (2008). “Scale effects on reinforced concrete beams strengthened for shear 

with discrete externally bonded carbon fiber-reinforced polymer U-wraps,” Masters Thesis, 

Oregon State University, Corvallis. 

 

Ehsani, M. R. and Saadatmanesh, H. and Tao, S. (1995). “Bond of hooked glass fiber 

reinforced plastic (GFRP) reinforcing bars to concrete,” ACI Materials Journal, 92, 391-

400. 

 

Fernandes, P. and Silva, P. and Sena-Cruz, J. (2014). “Bond and flexural behavior of 

concrete elements strengthened with NSM CFRP laminate strips under fatigue loading,” 

Elsevier Journal of Engineering Structures, 84, 350-361. 

 



149 

 

Hamilton, H. R. and Ciancone, G. and Michael, A. (2008). “Behavior of standard hook 

anchorage made with corrosion resistant reinforcement,” Department of Civil and Coastal 

Engineering, University of Florida, Gainesville. 

 

Higgins, C. and Miller, T. H. and Rosowsky, D. V., Yim, S. C., Potisuk, T., Daniels, T. K., 

Nicholas, B. S., Robelo, M. J., Lee, A., Forrest, R. W. (2005). “SPR 350 Assessment 

Methodology for Diagonally Cracked Reinforced Concrete Deck Girders,” Salem, Oregon: 

Oregon Department of Transportation. 

 

Higgins, C. and Lee, A. and Potisuk, T., Forrest T. K. (2007). “High-cycle fatigue of 

diagonally cracked RC bridge girders: Laboratory tests,” Journal of Bridge Engineering, 

12, 226-236. 

 

Higgins, C. and Dawson, M. R. and Mitchell, M. M., Sopal, G., Senturk A. E. (2009). 

“SPR 652 OTREC-RR-09-09, Environmental Durability of Reinforced Concrete Deck 

Girders Strengthened for Shear with Surface-Bonded Carbon Fiber-reinforced Polymer, 

Final Report,” Salem, Oregon: Oregon Department of Transportation. 

 

“Historical Weather.” National Oceanic and Atmospheric Administration: Centers for 

Environmental Information, https://www.ncdc.noaa.gov/cdo-web/datatools/records, (July, 

2016). 

 

Jirsa, J. and Marques, J. (1972). “A study of hooked bar anchorages in beam-column 

joints,” Department of Civil Engineering, Structures Research Laboratory, The University 

of Texas at Austin. 

 

Johnson, B. (2011). “Design and fatigue behavior of near-surface mounted CFRP bars for 

shear strengthening of RC bridge girders,” Masters Thesis, Oregon State University, 

Corvallis. 

 



150 

 

Knudtsen, J. (2016). “Shear Strengthening Reinforced Concrete Bridge Girders Using 

Near-Surface Mounted Titanium Alloy Bars,” Masters Thesis, Oregon State University, 

Corvallis. 

 

Kothandaraman, S., and Vasudevan, G. (2010). “Flexural retrofitting of RC beams using 

external bars at soffit level - An experimental study,” Construction and Building Materials, 

24, 2208-2216. 

 

Maekawa, A., Pimanmas, A., Okamura, H. (2003). “Nonlinear mechanics of reinforced 

concrete,” New York: Spoon Press. Print. 431-494. 

 

Micelli, F. and La Tegola, A. (2003). “Environmental effects on RC beams with near 

surface mounted FRP rods,” FRPRCS-6: Durability and Maintenance, Singapore, . 

 

Miner, M. A. (1945). “Cumulative damage in fatigue,” ASME Transportation Journal of 

Applied Mechanics, 12, 159-164. 

 

Minor, J. and Jirsa, J. (1975). “Behavior of bent bar anchorages,” ACI Journal, 72, 141-

149. 

 

Mitchell, A. (2010). “Freeze-thaw and sustained load durability of near surface mounted 

FRP strengthened concrete,” Masters Thesis, Queen's University, Kingston. 

 

Powers, T. C. (1975). “Freezing effects in concrete,” ACI Special Publication, 47, 1-11. 

 

Sena-Cruz, J. and Barros, J. A. O. (2004). “Modeling of bond between near-surface 

mounted CFRP laminate strips and concrete,” Journal of Composites for Construction, 

8(6), 519-527. 

 



151 

 

Shin, K. and Lim, J. and Moon, J. (2007). “An experimental study on the flexural 

behaviour of RC beams strengthened with high-strength bars,” Magazine of Concrete 

Research, 59, 469-481. 

 

Shin, K. and Lee, S. (2010). “Flexural behaviour of RC beams strengthened with high-

tension steel rod,” Magazine of Concrete Research, 62, 137-147. 

 

Soliman, S. and El-Salakway, E. and Benmokrane, B. (2011). “Bond performance of near-

surface mounted FRP bars,” Journal of Composites for Construction, 15, 103-111. 

 

Triska, M. A. (2010). “Flexural Steel Anchorage Performance at Diagonal Crack 

Locations,” Masters Thesis, Oregon State University, Corvallis. 

 

Vasudevan, G. and Kothandaraman, S. (2014). “Experimental investigation on the 

performance of RC beams strengthened with external bars at soffit,” Materials and 

Structures, 47, 1617-1631. 

 

Wahab, N. and Soudki, K. and Topper, T. (2011). “Mechanics of bond fatigue behavior of 

concrete beams strengthened with NSM CFRP rods,” ASCE J. Compos. Constr., 15, 934-

942. 

 

Yost, J. and Gross, S. and Deitch, M. (2007). “Fatigue behavior of concrete beams 

strengthened in flexure with near surface mounted CFRP,” FRPRCS-8, Patras, Greece. 

 

  



152 

 

APPENDIX A: NSM EXPERIMENTAL RESULTS 

 

 

Figure A-1: T.45.Ld3(10).Ti.FT/FTG midspan displacement at ultimate 

 

Figure A-2: T.45.Ld3(10).Ti.FT/FTG diagonal sensor displacement at ultimate 
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Figure A-3: T.45.Ld3(10).Ti.FT/FTG cross section 1 strains at ultimate 

 

 

Figure A-4: T.45.Ld3(10).Ti.FT/FTG cross section 2 strains at ultimate 
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Figure A-5: T.45.Ld3(10).Ti.FT/FTG cross section 3 strains at ultimate 

 

 

Figure A-6: T.45.Ld3(10).Ti.FT/FTG cross section 8 strains at ultimate 
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Figure A-7: T.45.Ld3(10).Ti.FT/FTG cross section 9 strains at ultimate 

 

 

Figure A-8: T.45.Ld3(10).Ti.FT/FTG cross section 10 strains at ultimate 
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Figure A-9: T.45.Ld3(10).Ti.FT/FTG diagonal disp. at zero cycles 

 

 

Figure A-10: T.45.Ld3(10).Ti.FT/FTG hooked bar strain at zero cycles 
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Figure A-11: T.45.Ld3(10).Ti.FT/FTG cutoff bar strain at zero cycles 

 

 

Figure A-12: T.45.Ld3(10).Ti.FT/FTG bottom TiAB strain at zero cycles 
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Figure A-13: T.45.Ld3(10).Ti.FT/FTG top TiAB strain at zero cycles 

 

 

Figure A-14: T.45.Ld3(10).Ti.FT/FTG stirrup strain at zero cycles 
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APPENDIX B: EXTERNAL UNBONDED EXPERIMENTAL RESULTS 

 

 

Figure B-1: T.E.16.EUR applied load vs displacement 

 

 

Figure B-2: T.PC.12.EUR applied load vs displacement 
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Figure B-3: T.E.16.EUR diagonal displacement 

 

 

Figure B-4: T.PC.12.EUR diagonal displacement 
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Figure B-5: T.E.16.EUR TiAB midspan strain gages for east and west bars 

 

 

Figure B-6: T.E.16.EUR TiAB intermediate strain gages for east and west bars 
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Figure B-7: T.E.16.EUR TiAB end strain gages for east and west bars 

 

 

Figure B-8: T.PC.12.EUR TiAB midspan strain gages for east and west bars 
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Figure B-9: T.PC.12.EUR TiAB intermediate strain gages for east and west bars 

 

 

Figure B-10: T.PC.12.EUR TiAB end strain gages for east and west bars 
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APPENDIX C: TENSILE TEST RESULTS 

 

Table C-1: Measured and calculated titanium alloy bar properties 

 

 

 

 

Figure C-1: Grade 60 #11 tensile test results 

 

TiAB Type

fy               

(ksi)   

[MPa]

MOE               

(ksi)   

[GPa]

Avg 

Measured 

Area  

(in
2
)       

[mm
2
]

Equivalent 

Diameter 

(in)       

[mm]

Avg 

Measured 

Diameter 

(in)       

[mm]

Equivalent 

Area           

(in
2
)       

[mm
2
]

deformed
130         

[896]

14576    

[100]

0.298     

[192.6]

0.616      

[15.65]
- -

smooth
132         

[911]

13863     

[95.6]
- - 0.625 0.307

deformed
145.4     

[1002]

15116      

[104]

0.297        

[191.9]

0.615       

[15.63]
- -

Specimen T.45.Ld3(10).Ti.
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Figure C-2: Grade 40 #4 tensile test results 

 

 

Figure C-3: Smooth 5/8 in. TiAB tensile test results 
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Figure C-4: Deformed 5/8 in. TiAB tensile test results 

 

 

Figure C-5: Grade 60 #6 bond beam tensile test results 
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Figure C-6: Grade 60 #3 bond beam tensile tests 

 

 

 

 


