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ABSTRACT

Key factors affecting the anchorage strength of hooked bars are investigated and design
guidelines for the development length of hooked bars that apply to both conventional and high-
strength steel and concrete are presented. In this study, 337 beam-column joint specimens were
tested. Parameters included number of hooks (2, 3, or 4), concrete compressive strength (4,300 to
16,510 psi [30 to 114 MPa]), bar stress at failure (22,800 to 141,600 psi [157 to 976 MPa]), bar
diameter (No. 5, 8, and 11 [No. 19, 25, and 36]), concrete side cover (1.5 to 4 in. [38 to 102 mm]),
quantity of confining reinforcement in the joint region, hooked bar spacing (3 to 11 bar diameters
measured center-to-center), hook bend angle (90° or 180°), placement of the hook (inside or
outside the column core, and inside or outside of the column compressive region), and embedment
length. Using a subset of 214 simulated exterior beam-column joints, expressions are developed
to characterize the anchorage capacity of hooked bars as a function of embedment length, concrete
compressive strength, bar diameter, and amount and orientation of confining reinforcement.

The results of this study show that front failure plays an important role in the behavior of
hooked bars, which contrasts with the findings of previous studies. The provisions in the 2014 ACI
Building Code become less conservative as the concrete compressive strength and bar diameter
increase. The contribution of concrete compressive strength to the anchorage capacity of hooked
bars can be represented by the concrete compressive strength to the 0.29 power, in contrast to the
0.5 power currently used in the ACI 318-14 Code. Confining reinforcement, expressed as the area
of confining reinforcement per confined hooked bar, provides in an incremental rather than
percentage increase in the anchorage capacity of hooked bars. Confining reinforcement parallel to

the straight portion of the hooked bars contributes to the anchorage capacity of both 90° and 180°



hooked bars. The contribution of confining reinforcement oriented perpendicular to the straight
portion of the hooked bar differs from that of confining reinforcement parallel to the straight
portion of the hooked bar and may be similar to the contribution of confining reinforcement to the
development and splice strength of straight bars. Hooked bars with 90° and 180° bend angles
produce similar anchorage capacities and can be used interchangeably. Increasing concrete side
cover from 2.5 to 3.5 in. (64 to 89 mm) does not increase the anchorage capacity of hooked bars.
These observations are incorporated into a new design equation that allows for the conservative
design of hooked bars at concrete strengths up to 16,000 psi and steel stresses up to 120 ksi, well

above current Code limits.

Key words: anchorage, beam-column joints, bond and development, concrete, high-strength concrete,

high-strength steel, hooks, reinforcement, reinforced concrete, side cover, bend angle, reliability,

variability



ACKNOWLEDGEMENTS

This report is based on a thesis presented by Jayne Sperry in partial fulfillment or the
requirements for the Ph.D. degree from the University of Kansas. Funding for the study was
provided by the Electric Power Research Institute (EPRI), Concrete Reinforcing Steel Institute
Education and Research Foundation, University of Kansas Transportation Research Institute,
Charles Pankow Foundation, Commercial Metals Company, Gerdau Corporation, Nucor
Corporation, and MMFX Technologies Corporation. Additional support was supplied by Dayton
Superior, Midwest Concrete Materials, and W. R. Grace Construction. Thanks are due to Ken
Barry and Mark Ruis, who provided project oversight for the Advanced Nuclear Technology
Program of EPRI, and to Neal Anderson, Cary Kopczynski, Mike Mota, Javeed Munshi, and

Conrad Paulson who served as industry advisors.



TABLE OF CONTENTS

A B ST R A C T ittt a e e et e e et e e bt e a e e a e e e e e naa e e rreeanns i
ACKNOWLEDGEMENTS ...ttt sttt sn e nenn e iv
LIST OF TABLES ...t sbe e e e e snaees viii
LIST OF FIGURES ..ottt bttt X
CHAPTER 1: INTRODUGCTION.....ciiiii ittt e s e s saa e snna e s nsaaeasnae s 1
1.1 GENERAL .ottt bttt 1
1.2  OVERVIEW OF PREVIOUS WORK ......cooiiiiiiiii ittt 3
121 BONA SEENQLN ..o 3
1.2.2  Standard HOOKEA BArS .........coooiiiiiiieiiee et 13
1.2.3  Reliability-Based DeSIGN .........ccceiuiiieiiieie e ese e e ee et e e reeeennees 30

1.3 DISCUSSION ....oiiitiiieitieietieie ettt sttt et e b e e s etesaesbesbesbeereeseeneenseneas 37
1.4 OBJECTIVE AND SCOPE .....cccoiitiiiieitieniees ettt st anas 38
15  REFERENCES.... .. ottt e e e e e rae e 39
CHAPTER 2: TEST RESULTS ..ottt 44
2.1 INTRODUCGTION. ...iiiiiie ittt ettt e e e e sb e e e sna e e s nnbeeaneaeanens 44
2.2 RESEARCH SIGNIFICANCE ..ottt 45
2.3 TEST PROGRADM ...ttt sttt e e a e e e e s e e s e e annns 45
2.3.1  TESESPECIMENS ...cvveeieeiiesieeie et e et e s e et e e e s teenteenaesseenbeeneenreeneenes 46
2.3.2  MALerial PrOPEITIES. ....ccueiieieiieiie sttt nre e enes 51
2.3.3  TESEPIOCRAUIE ....veeeieiieie ettt bbbt 53

2.4  TEST RESULTS ..ottt e e et e e nns 94
O R O - ot (110l o=V -] PSS 54
2.4.2  FAHUIE IMOUES .....ovienieiie sttt b et e e s 56
2.4.3  Comparison of Test Results with ACI 318-14.........cccoevviieiiieie e 60

2.5 SUMMARY AND CONCLUSIONS ...ttt 69
2.6 NOTATION .ottt sttt bttt s e be st e s e ebesbe e eresteneeneanas 71
2.7  REFERENCES. ... oottt e e a e e e e e nneaeannns 72
CHAPTER 3: ANALYSIS OF RESULTS......oo ittt 74
3.1 INTRODUCGTION. ...iiitie ittt e et e e ssb e e e s e e e nnaeeaneaeanses 74
3.2 RESEARCH SIGNIFICANCE ..ottt 77
3.3 TEST PROGRADM ...ttt sttt e e e s e e e s e e annns 77



3.4  ANALYSIS OF TEST RESULTS ..ot 79

3.4.1  Descriptive Equation for Hooked Bars without Confining Reinforcement............ 80
3.4.2  Descriptive Equation for Hooked Bars with Confining Reinforcement................. 88
3.5  SUMMARY AND CONCLUSIONS .....coiiiieieieesieieese e 102
K I N[O 2 2N 1 [ ] N I RS PRPPPR 103
3.7 REFERENCES.......coi ottt ettt sbe e 105

CHAPTER 4: EFFECTS OF BEND ANGLE, CONCRETE SIDE COVER, AND
CONFINING REINFORCEMENT ORIENTATION ON THE ANCHORAGE CAPACITY

OF HOOKED BARS ...ttt sttt e e e a e e st e e e ssa e e e naaeaanee s 107
41  INTRODUCTION. ..ottt sttt st sbe e e e 107
4.2 RESEARCH SIGNIFICANCE ...ttt naa e 108
4.3 EXPERIMENTAL INVESTIGATION ....ooiiiiiieiie e 108

4.3.1  TESt SPECIMENS ...cvviiiieiiieie ettt sttt st e st esbeesbe et e sbeesbeeneenreas 108
4.3.2  Material PrOPEItIES......ccveiieiieieeie ettt ne e aeeneenneas 112
4.3.3  TESEPIOCEUAUIE ....ooueiiiieiieie ettt bttt be e nreas 113
4.4 RESULTS AND ANALYSIS ...ttt 115
441  Effect 0Ff Bend ANQIE ..o 116
4.4.2  EFfeCt OF SIde COVEN.....oiiiiiiiiieiiee e 120
4.4.3  Effect of Orientation of Transverse Reinforcement.............ccoccovvevinieiieniiinnnns 125
45 SUMMARY AND CONCLUSIONS .....ccoiiiiiieieise e 133
4.6 NOTATION Lot e e e e e s e e e s b e e s ssaeeassaeeaseaeas 134
47  REFERENCES. ...ttt sttt sttt sbe e enas 135

CHAPTER 5: RELIABILITY-BASED STRENGTH REDUCTION FACTOR FOR

HOOKED BAR ANCHORAGE........ccoiiiieetce ettt 137
51  INTRODUCTION. ...iiiiiteiit ittt e et e e ssb e e e ssr e e s snaaeesaeeanes 137
5.2 RESEARCH SIGNIFICANCE ..ottt 139
5.3 HOOKED BAR ANCHORAGE EQUATIONS. ...t 139
54 CALCULATION OF STRENGTH REDUCTION FACTORS. ......cccccooeiiininerieenns 143

541  OVerall @pproacCh.......couo oo 143
542  Random Variables. ... 149
55 STRENGTH REDUCTION FACTORS. ...ttt 155
56 SUMMARY AND CONCLUSIONS ..ot 159
T A N[O B 2N 1 [ ] N S PRRPR 160

Vi



5.8  REFERENCES. ... ... 164

CHAPTER 6: SUMMARY AND CONCLUSIONS ... 166
6.1  SUMMARY .o 166
6.2 CONCLUSIONS. ... .ot s 167
6.3  FUTURE WORK ..o 169

APPENDIX A: NOTATION AND DATA TABLES. ..., 171

APPENDIX B: DATA TABLES OF SPECIMENS USED IN CHAPTER 4 ANALYSIS. 222

APPENDIX C: MONTE CARLO ANALYSIS. ... 257

vii



LIST OF TABLES

Table 2.1 Location Of reaction fOICES...........coiiiiiiiiieei e 51
Table 2.2 Concrete MiXtUre ProPOITIONS .......eiveiieeieiiesie e se et seeste e e e esee e sreeseeanes 52
Table 2.3 HOOKEd Dar Properties.........ooveiiiieiieieee s 53
Table 4.1 Location Of reaCtion FOICES.........ccciiiiiirieiciieecee e 111
Table 4.2 Concrete MiXtUre ProPOITIONS ........coviiieierieiieie et e e saeesee e 113
Table 4.3 HOOKEd Dar Properties........ciieiieieiie et nnees 113
Table 5.1 Statistical Parameters for Concrete Compressive Strength..........ccooevveieieiciinnnn, 153
Table 5.2 Strength reduction factors using EQ. (5.4) and (5.5) ....cccvvveiiveriiie e 157
Table 5.3 Strength reduction factors using provisions of ACI 318-14 ..........ccccevvevieiiiiiiennen, 159
Table A.1 Comprehensive test results and data for No. 5 specimens with two hooks .............. 173
Table A.2 Comprehensive test results and data for No. 8 specimens with two hooks .............. 182
Table A.3 Comprehensive test results and data for No. 11 specimens with two hooks ............ 198

Table A.4 Comprehensive test results and data for No. 5 specimens with multiple hooks....... 207
Table A.5 Comprehensive test results and data for No. 8 specimens with multiple hooks....... 211

Table A.6 Comprehensive test results and data for No. 11 specimens with multiple hooks..... 219

Table A.7 Test results for other researchers referenced in this study .........cccccevvveveiieniviiennn, 220
Table B.1 Test results for specimens used in bend angle analysis............ccocveiiiiinieniiinnnn, 222
Table B.2 Test results for specimens from previous studies used in bend angle analysis......... 233
Table B.3 Test results for specimens used in side cover angle analysis ..........cccccceveiieiininnnns 234
Table B.4 Test results for specimens with horizontal and vertical ties............ccccoveveiieiiiinnnen, 255
Table C.1 Hooked Bars without Confining Reinforcement............ccccoooeiiieiienenienieneeee s 257

Table C.2 Hooked Bars with 1 No. 3 Tie Oriented Horizontally as Confining Reinforcement 259

Table C.3 Hooked Bars with 2 No. 3 Ties Oriented Horizontally as Confining Reinforcement
..................................................................................................................................................... 261

viii



Table C.4 Hooked Bars with No. 3 Ties Spaced at 3dp Oriented Horizontally as Confining
L C 1] (0] (=] 1= | PR 263

Table C.5 Hooked Bars with No. 3 Ties Spaced at 3dp, Oriented Vertically as Confining
L C 1] (0] (=] 1 | PR 265



LIST OF FIGURES
Figure 1.1 Geometry of deformed reinforcing Dars ..o 4

Figure 1.2 ldealization of behavior of deformed reinforcing bars embedded in concrete and
subjected to tension (figure from Azizinamini et al. (1995)).......ccccovviiiiiineniiniee e, 9

Figure 1.3 Standard hook details (figure from ACI 318-14) ......ccccveiiiveiieeieee e, 14
Figure 1.4 Stresses in region of a hooked bar (figure adapted from Minor and Jirsa 1975) ....... 15
Figure 1.5 Failure modes for beam-column joints (figure from Joh et al. 1993).........c.cccccvvnnen. 24

Figure 1.6 Cracking pattern seen in tests by Joh et al. (1993) (figure from Joh and Shibata 1996)
....................................................................................................................................................... 25

Figure 1.7 Strut angle as defined by Joh et al. (1993) .......cocoiiiiiiii e, 25

Figure 1.8 Failure surface for specimens with large side cover tested by Joh and Shibata (1996)
....................................................................................................................................................... 27

Figure 2.1 Schematic of specimens (a) side view of specimen (b) cross-section of specimen with
hooks inside column core and without confining transverse reinforcement (c) cross-section of
specimen with hooks inside column core and with transverse reinforcement (d) cross-section of
specimen with hooks outside column core and without confining transverse reinforcement and (e)
cross-section of specimen with hooks outside the column core and with confining transverse
TERINTOTCEIMENT ...ttt st e et e s e e beebe e st e nbe e beenbesbeebeeneesreas 47

Figure 2.2 Cross-section of specimens (a) with cross-ties and no confining transverse

reinforcement and (b) without cross-ties and with confining transverse reinforcement .............. 48
Figure 2.3 Details of specimen with vertical ties (a) cross-section and (b) side view................. 50
Figure 2.4 Testing frame and forces applied to specimens during testing...........cccoccevvevereennnnn. 50
Figure 2.5 Front and side views of specimens indicating typical crack progression................... 55

Figure 2.6 Failure modes (a) front pullout, (b) front blowout, (c) side splitting, (d) side blowout,
AN () TAI KICKOUL ......eeeieieece ettt et e e te et esneenteeneenneas 58

Figure 2.7 Percent of hooked bars exhibiting each failure mode...........ccccooeiiiiiiiiicicicn 59

Figure 2.8 Ratio of test-to-calculated stress fsu/fsaci versus fem for hooked bars without confining
TraNSVErSE rEINTOICEIMENT . ... .. oottt sttt ne e b e e eeenes 64

Figure 2.9 Ratio of test-to-calculated stress fsu/fsaci versus fem for hooked bars 2 No. 3 ties as
confining transverse reiNfOrCEMENT.........ooi i 65



Figure 2.10 Ratio of test-to-calculated stress fsu/fsaci versus fcm for hooked bars No. 3 ties spaced
at 3dy as confining transverse reiNfOrCEMENT..........c.coveieiie e 66

Figure 2.11 Load at failure versus calculated failure load for hooked bars without confining
transverse reinforcement, with Tcac based on ACI 318-14 Section 25.4.3.1(2) ...coovevvvevverevervenne 68

Figure 2.12 Load at failure versus calculated failure load for hooked bars with confining transverse
reinforcement, with Tcaic based on ACI 318-14 Section 25.4.3.1() ....ccccvvevvvereeiieieeiesieneeieenens 69

Figure 3.1 Schematic of specimens (a) side view of specimen (b) cross-section of specimen with
hooks inside column core and without confining transverse reinforcement (c) cross-section of
specimen with hooks inside column core and with confining reinforcement..............ccccooovenenne. 78

Figure 3.2 Testing frame and forces applied to specimens during testing...........cccocevvverervennenn, 79

Figure 3.3 Average bar force at failure versus embedment length for hooked bars without
confining transverse reiNfOrCEMENT.........coviiiiiee e ae e nneas 81

0.29
Figure 3.4 Average bar force at failure normalized to fen versus embedment length for hooked
bars without confining transverse reiNfOrCeMENt. ........c.ouviieiiiie i 82

Figure 3.5 Ratio of test-to-calculated failure load versus concrete compressive strength for
specimens without confining transverse reinforcement, with Tcaic based on Eq. (3.3).....ccceeeeeee. 83

Figure 3.6 Average bar force at failure normalized to f>* versus embedment length and bar
diameter for hooked bars without confining transverse reinforcement ...........c.cccocvevevieivciennn, 84

Figure 3.7 Ratio of test failure load to calculated failure load based on Eqg. (3.4) versus concrete
compressive strength for beam-column specimens without confining transverse reinforcement 86

Figure 3.8 Ratio of measured to calculated bar force versus bar diameter for beam-column
specimens without confining transverse reinforCemMeNt............cocvevvveeie v 86

Figure 3.9 Measured versus calculated bar force at failure for hooked bars with confining
transverse reinforcement, with Tcaic based on EQ. (3.5) .cvveveiieii i 88

Figure 3.10 Front and side view of specimens indicating typical crack progression with respect to
confining reinforcement in joint region (lower shaded region indicates compression region) .... 91

Figure 3.11 Ratio of anchorage strength for hooks confined by confining reinforcement to
anchorage strength provided by concrete, with T based on EQ. (3.5)...ccccvvvevvvieiiveieiieneeienn, 93

Figure 3.12 Anchorage strength in excess of the concrete contribution versus amount of confining
reinforcement, with Tc based 0N EQ. (3.5) .ooveoiiieiieece e 93

Figure 3.13 Anchorage strength in excess of the concrete contribution versus amount of confining
reinforcement and hooked bar diameter, with Tc based on EQ. (3.5)...ccccoeiviiiiiiiiiieiecie e, 95

Xi



Figure 3.14 Test-to-calculated anchorage strength ratio versus bar diameter for hooked bars with
confining transverse reinforcement, with Tcac based on Eg. (3.5) and (3.6) ......cccccevvvverveinennen, 96

Figure 3.15 Test-to-calculated anchorage strength ratio versus concrete compressive strength for
hooked bars with confining transverse reinforcement, based on Eq. (3.5) and (3.6) ...........c....... 97

Figure 3.16 Anchorage strength in excess of the concrete contribution versus amount of confining
transverse reinforcement and hooked bar diameter, with T¢ based on Eq. (3.5).....ccccccvvvevvernenne. 98

Figure 3.17 Test-to-calculated anchorage strength ratio versus bar diameter for hooked bars with
confining transverse reinforcement, with Tcaic based on EQ. (3.8)..ccvevvviieiieiniiceee e, 99

Figure 3.18 Test-to-calculated anchorage strength ratio versus concrete compressive strength for
hooked bars with confining transverse reinforcement, with Tcac based on EqQ. (3.8) ................. 100

Figure 3.19 Measured versus calculated bar force at failure for hooked bars with confining
transverse reinforcement, with Tcaic based on EQ. (3.8) ..cvvevveieiieiiiie e 100

Figure 4.1 Schematic of specimens (a) side view of specimen (b) cross-section of specimen with
hooks inside column core and without confining transverse reinforcement (c) cross-section of

specimen with hooks inside column core and with transverse reinforcement...........c..ccccccove.ee. 109
Figure 4.2 Details of specimen with vertical ties (a) side view and (b) cross-section............... 111
Figure 4.3 Testing frame and forces applied to specimens during testing..........c.ccoecvvveevvernene 114

Figure 4.4 Bar force at failure normalized to 5,000 psi concrete versus embedment length for
hooked bars without confining transverse reinforcemMent............ccocvvveieiienenie e 117

Figure 4.5 Bar force at failure normalized to 5,000 psi concrete versus embedment length for
hooked bars confined by two NO. 3 (NO. 10) TIES ....cceeiiiiiiiiieeee e e 119

Figure 4.6 Bar force at failure normalized to 5,000 psi concrete versus embedment length for
hooked bars with confining reinforcement conforming to Section 25.4.3.2 of ACI 318-14...... 120

Figure 4.7 Bar force at failure normalized to 5,000 psi concrete versus embedment length for No.
5 (No. 16) hooked bars with different amounts of confining reinforcement and side cover ...... 122

Figure 4.8 Bar force at failure normalized to 5,000 psi concrete versus embedment length for No.
8 (No. 25) hooked bars with different amounts of confining reinforcement and side cover ...... 122

Figure 4.9 Bar force at failure normalized to 5,000 psi concrete versus embedment length for No.
11 (No. 36) hooked bars with different amounts of confining reinforcement and side cover.... 124

Figure 4.10 Ties placed (a) perpendicular to the bar being developed and (b) parallel to the bar
being developed in a cantilever beam (as shown for 90° hooks) (after ACI 318-14) ................ 126

Figure 4.11 Plan view of hooked bars with vertical ties satisfying maximum spacing requirement
in ACI 318-14 Section 25.4.3.2: (a) four No. 3 (No. 10) ties and (b) five No. 3 (No. 10) ties .. 127

Xii



Figure 4.12 Failure load for specimens containing No. 8 (No. 25) hooked bars with horizontal and
vertical confining reinforcement and 90° and 180° bend anglesS.........c.cccvvevvvieviveceiiieneereenn, 128

Figure 4.13 Ratio of anchorage strengths for No. 8 (No. 25) hooked bars with horizontal ties to
No. 8 (No. 25) hooked bars With Vertical tieS..........ccevviieiieie e 130

Figure 4.14 Ratio of anchorage strengths, No. 8 (No. 25) hooked bars with 90° bend angle to No.
8 (No. 25) hooked bars with 180° bend angle ...........cccovveiiiieiieie e 131

Figure 4.15 Horizontal ties pinning back concrete cone (Specimens 8-12-90-5#3-i-2.5-2-10 after
= UL LU =) O SPRSUSSSRSPR 132

Figure 4.16 Vertical tie being pulled from the front of the column (Specimen 8-12-90-5#3vr-i-
2.5-2-10 AftEr TAIUIE) ....ecveeeee et re e reenae e 133

Figure 5.1 Illustration of reliability index (taken from Darwin et al. 1998): f = number of standard

deviations between In(R/Q)=In(R/Q) and IN(R/Q) =0 ..cccccevmrririiriiiiiiiiriirissiisinns 145

Xiii



Xiv



CHAPTER 1: INTRODUCTION
1.1 GENERAL

In reinforced concrete structures, the embedded reinforcing steel and surrounding concrete
must be bonded together to transfer forces between the two materials. The bond between deformed
steel bars and concrete is the result of chemical adhesion, friction, and bearing. Chemical adhesion
results from the attraction of the cement paste to the reinforcing steel. Friction arises due to contact
between the reinforcing steel and concrete when the bar moves. Bearing is provided by the
deformations of the reinforcing bar bearing against the surrounding concrete. A loss in bond
between reinforcing steel and concrete can lead to sudden failure of the concrete member.

When reinforcing steel is terminated, adequate length must be provided to develop the yield
strength of the steel at the critical section. This development length is a function of the
characteristics of the reinforcing bar and surrounding concrete. In most cases, the development
length can be provided within the member. There are cases, however, where the straight bar
development length cannot be provided within the member, such as at an external beam-column
connection. In this case, the bar must be anchored by another means. This is generally
accomplished by the use of a hooked bar with a bend angle of either 90° or 180°. The anchorage
provided by a hooked bar is generally believed to be shared by the straight and bent portions of
the bar, but as the tensile load is increased and the bond along the straight portion is degraded, the
bent portion of the bar becomes increasingly more active in resisting the tensile load.

It is fairly well understood that the bond strength of straight deformed reinforcing bars is a
function of concrete cover, bar size, bar spacing, concrete compressive strength, confining

reinforcement, and relative rib area (ratio of area of projections to area of bar). For hooked bars,



the factors affecting bond strength are not as well understood. The bearing of the hook on the
concrete adds another level of complexity to the problem of hooked bar anchorage. Based on prior
studies, it is believed that the anchorage capacity of hooked bars is a function of embedment length,
concrete compressive strength, and bar size. Relatively little is understood, however, about the
anchorage of hooks in high strength concrete or of hooks made with high strength steel. The current
provisions of the ACI 318 Building Code, ACI 349 Code Requirements for Nuclear Safety-Related
Concrete Structures, and AASHTO Bridge Specifications for the development length of hooked
bars are based on tests reported in 1977. These tests involved reinforcing steel with yield strengths
of 64 and 68 ksi and concrete compressive strengths between 3,750 and 5,100 psi (26 and 35 MPa).
Since the time of those tests, the use of reinforcing steel with yield strengths of 75 and 80 ksi (517
and 552 MPa) has become common, as well as using concrete with compressive strengths between
10,000 and 15,000 psi (69 and 103 MPa). Bars with yield strengths up to 120 ksi (830 MPa) are
now available; however, the Code limits the yield strength to 80 ksi (552 MPa), except for steel
used as spiral reinforcement in columns, where the limit is 100 ksi (690 MPa). The design
expressions allow the use of steel strengths greater than those used to develop those design
expressions, but neither the accuracy nor the safety of those expressions have been validated for
high strength steel. In addition, the Code limits the use of high-strength concrete to 10,000 psi (69
MPa) for use in calculating straight and hooked bar development, but the safety of using higher-
strength concrete has not been validated for hooked bars. The use of high-strength concrete and
steel allows the reduction in member sizes and congestion of reinforcing steel, as well as a greater
useable floor space. Thus, it is important to understand the behavior of high-strength steel and

concrete, especially when developing reinforcing bars.



This project focuses on expanding the knowledge of hooked bar development. The effects
of high-strength steel and concrete are studied, as well as the effects of embedded length, concrete
cover, bend angle, bar size, confining reinforcement, hook placement (inside or outside the column
core or column compression region), and number and spacing of hooked bars. Equations that
characterize hook anchorage capacity are developed, and using probability techniques, an

appropriate capacity reduction factor (¢ ) is developed to formulate a design equation.

1.2 OVERVIEW OF PREVIOUS WORK

1.2.1 Bond Strength

The first documented study on bond of reinforcing bars was performed by Abrams (1913).
In his study, 1,500 pullout specimens and 110 beam specimens were tested. Abrams tested both
plain and deformed reinforcing bars. For plain bars, he found that bond is a combination of
adhesion prior to slipping and friction after slipping, with adhesion being the more significant
factor.

In his tests on deformed bars, Abrams found bond behavior to be very similar to that of
plain bars until the initial slip occurred. Once slip occurred, Abrams observed that the deformations
become active in resisting slip of the bar. Bond strength is then principally provided by bearing
between the projections and the concrete. The bearing stress is resisted by shear strength of the
concrete enveloping the projections. Abrams also found that spiral reinforcement surrounding the
bars being developed greatly increases the bond resistance of deformed bars. When adequate spiral
reinforcement is used to prevent splitting, the shearing resistance of the concrete key [the concrete

between the ribs (Figure 1.1)] becomes the limiting factor for bond resistance. A failure of this



type is known as bar pullout. The spacing, height, and angle of the ribs (Figure 1.1) are all
important in the bond resistance. These geometric properties help provide a good balance of

bearing to shear forces in the concrete. Abrams recommended a ratio of area of projections to area

of bar of 0.20 to 0.25.
Rib Spacing
/" )\~Rib Face Angle /\
/ _ﬁ s / \
r + \ 7
\/Rib Height \ /
L N/

f
Concrete Key

Figure 1.1 Geometry of deformed reinforcing bars

Abrams (1913) also tested pull-out specimens of plain bars with hooks. Two main groups
of hooked bars were used, % and 1-in. (19 and 25-mm) plain round bars with the free end bent to
Y4 or Y2 the circumference of a 3 in. (76 mm) diameter circle and 2-in. (51-mm) lengths at the free
end of a bar bent at 45°, 90°, 135°, or 180° angles with respect to the projected axis of the bar. The
specimens contained spiral reinforcement to prevent splitting. Abrams found that, when the load
reached 70 to 90% the maximum, there was evidence of the straightening out of the hooks, except
for those with 180° bends. The hooked bars had high resistance to pullout due to the bearing
stresses developed in the concrete ahead of the bends. Abrams found that, although the specimens
were reinforced against splitting, there was significant damage to the concrete resulting from high
bearing and bursting stresses at the bend of the hook. Abrams suggested the use of circular bends

with larger radii to help mitigate the effects of the bearing and bursting stresses.



Menzel (1939) used pullout tests to find the influence of a number of factors on the bond
strength of reinforcing bars. These factors include the bar surface, embedment length, type and
position of deformations, concrete cover, and position of bar with respect to placing of the
concrete. The major conclusions from Menzel’s study are that bond resistance increases with
increasing surface roughness, embedment length, and concrete cover. He also found that transverse
deformations (transverse to the longitudinal axis of the bar) provide greater bond resistance than
longitudinal ribs. The transverse deformations provide bearing area for mechanical interaction in
the direction of the pullout force. Menzel found that the casting position has an effect on the pullout
strength of deformed bars. Vertical bars were strongest when the direction of concrete flow during
casting was opposite to the direction of pull during testing and weakest when the direction of flow
and pull were the same. Thus, bars pulled vertically upward exhibited higher bond forces than bars
pulled vertically downward. The strength of the bars cast horizontally was intermediate to the
strength of the bars cast vertically. This difference in strengths is attributed to the settlement and
bleeding of concrete below the bar. The settlement and bleed water result in poorer quality concrete
just below the bar or deformations depending on casting position.

Clark (1946, 1949) performed pullout and beam tests on 17 deformed bars with different
deformation patterns. The variables were depth of concrete under the bar, embedment length,
concrete compressive strength, and bar diameter. His work is the basis for the deformation patterns
used in the United States today. Clark evaluated the bond characteristics by comparing the bond
forces developed at preselected values of bar slip for both the pullout and beam tests. Based upon
his work, tentative specification ASTM A305-47T was developed and later modified (ASTM

A305-49) to include maximum average spacing of the deformations of 70% of the nominal bar



diameter and a minimum height of deformations of 4% for bars with a nominal diameter of % in.
(13 mm) or smaller, 4.5% for bars with a diameter of °/ in. (16 mm), and 5% for larger bars. In
addition to his recommendations for rib spacing and height, Clark recommended a ratio of shearing
area between ribs (bar perimeter times distance between ribs) to a rib bearing area (projected area
of rib) of a maximum of 10 and optimally 5 or 6. The inverse of this criterion is used today and is
known as the relative rib area R,. Taking the inverse of Clark’s recommendations, the optimum
relative rib area is 0.17 to 0.20 with a minimum of 0.10. Clark’s recommendations for relative rib
area were not adopted in ASTM A305-49. Deformed bars today have relative rib areas from 0.057
t0 0.084 (Choi et al. 1990). The most significant impact of Clark’s work was to remove the weakest
deformation patterns rather than to find the optimum deformation patterns. In addition, Clark
concluded that top cast bars had lower bond strength than bottom cast bars.

Studies by Lutz, Gergely, and Winter (1966) and Lutz and Gergely (1967) on the bond
strength of deformed reinforcing bars indicate that the contributing factors to bond are chemical
adhesion, friction, and mechanical interaction between the concrete and steel. In these studies, tests
were performed on reinforcing bars with single and multiple ribs. According to Lutz et al. (1966),
increasing the height of the rib can cause an increase in the bond strength and slip resistance. This
is due to the reduction of the bearing pressure on the rib. Ribs with face angles (Figure 1.1) of 30°
to 40° will slip relative to the adjacent concrete by wedging action, whereas ribs with face angles
of 40° to 45° will slip by crushing the concrete under the rib. It was found that a reduction in the
rib spacing could significantly improve the bond strength and slip resistance. It was also found that
with increasing confinement, either by the use of stirrups or concrete cover, the ultimate bond force

per unit length of the bar depends increasingly on the bar diameter.



Skorobogatov and Edwards (1979) conducted a study on bars with rib face angles of 48.5°
and 57.8° with respect to the axis of the bar. The major conclusion of their study was that the rib
face angle does not affect the maximum bond strength due to the observation that the large face
angle will produce a wedge of crushed concrete that will reduce the effective face angle of the ribs.
This finding supports the work by Lutz et al. (1966).

Studies by Donahey and Darwin (1985) and Brettmann, Darwin, and Donahey (1986)
investigated the effect of concrete slump, consolidation practice, concrete cover, bar position, and
the use of superplasticizer on the bond capacity of reinforcing bars. They observed that for concrete
with the same compressive strength, an increase in slump led to a decrease in bond capacity for
top-cast bars, most likely due to increased bleed. They also observed that high-density internal
vibration improves the bond strength and that the amount of improvement increases with
increasing slump, suggesting that greater consolidation may overcome some of the extra settlement
that occurs with high slump concrete. Bars with a higher concrete cover had a higher bond strength,
which was found to be independent of bar size, slump, and vibration density. They observed that
as the amount of concrete below the bar increases, the bond strength decreases. They also found
that the effect of casting position on the bond strength was greatly influenced not only by the
amount of concrete below the bar but also above the bar. They refer to this as the upper surface
effect, which occurs when there is a small (< 3 in. [76 mm]) cover above the bar and more than 2
in. (51 mm) of concrete below the bar. Superplasticizer was used to obtain a high slump concrete
with temperatures of 53°F or 84°F (12°C or 29°C). Brettmann et al. (1986) found that the use of

concrete with superplasticizer, in general, decreases the bond capacity when compared with



concrete with medium-slump and no superplasticizer. This decrease in bond strength is
exaggerated when the concrete is not vibrated or the concrete temperature is low.

A study on the bond performance of reinforcing bars in high strength concrete was
performed by Azizinamini, Stark, Roller and Ghosh (1993) and Azizinamini, Chisala, and Ghosh
(1995). Azizinamini et al. (1993) hypothesized that the assumption that at ultimate strength the
bond stress distribution is uniform over the development length is incorrect when high strength
concrete is used. To test the bond performance in high strength concrete, twelve beam splice
specimens containing No. 11 (No. 36) reinforcing bars were tested. A failure hypothesis was
presented that explains the observed behavior of the tests with high strength concrete. This
hypothesis is shown graphically in Figure 1.2. As the bar is placed in tension, the first rib begins
to bear on the concrete. The horizontal component of this bearing force produces bond stress. As
the load increases (Figure 1.2b), crushing of the concrete in front of the ribs occurs and allows the
adjacent rib to start bearing on the concrete and resist the applied load. It is assumed that at the
ultimate applied load, the bond stress distribution is uniform, implying that all the ribs of the
reinforcing bar are active in bearing against the concrete (Figure 1.2c). Azizinamini et al. reasoned
that for normal strength concrete this is a rational assumption, but for high strength concrete, the
distribution of bond stress is not uniform because increasing the compressive strength of concrete
results in a greater increase in bearing capacity than tensile capacity. Thus, the higher bearing
capacity of the concrete keys (Figure 1.1) results in failure by splitting of concrete induced by ring
tensile stresses before uniform bond distribution can occur. Because of this non-uniform bond

stress distribution, a longer splice length may not work to develop the full yield strength of the bar



when high strength concrete and small cover are used. In this case, transverse reinforcement over
the splice region is needed to help confine the splitting stresses.

Azizinamini et al. (1993) found that top-cast bars in high-strength concrete have a slightly
higher bond capacity than bottom cast bars. This is in contrast to studies (Menzel 1939, Donahey
and Darwin 1985, and Brettmann et al. 1986) in which top-cast bars exhibited lower bond capacity.
A possible explanation given by Azizinamini et al. (1993) is that the bleeding of concrete under
the bar will result in lower quality concrete underneath the reinforcement that will limit the bearing
capacity of the concrete and allow more ribs to participate in resisting the tensile load. The increase

in bond capacity is produced by the participation of more ribs.
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Figure 1.2 Idealization of behavior of deformed reinforcing bars embedded in
concrete and subjected to tension (figure from Azizinamini et al. (1995))

Darwin and Graham (1993) used beam-end specimens (now described in ASTM A944-10)
to study the effect of deformation pattern on the bond strength of reinforcing bars. They tested 1-
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in. (25-mm) diameter machined bars with relative rib areas of 0.20, 0.10, and 0.05. Deformation
heights of 0.05, 0.075, and 0.10 in. (1.3, 2.0, and 2.5 mm) were used and deformation spacings
ranged from 0.26 to 2.2 in. (6.6 to 56 mm). They also tested conventional reinforcing bars with a
relative rib area of 0.07. Three levels of confinement were used: (1) 2-in. (51-mm) cover without
transverse stirrups, (2) 2-in. (51-mm) cover with confining transverse stirrups, and (3) 3-in. (76-
mm) cover without confining transverse stirrups. Darwin and Graham (1993) found that
independent of the specific combination of rib height and rib spacing, bond load-slip response is a
function of the relative rib area and that for all conditions of confinement, the initial stiffness of
the load-slip curves increases with increasing relative rib area. When splitting failure governs (that
is, in case of low confinement) bond strength is independent of the deformation pattern. When
additional confinement is provided either by transverse reinforcement or additional concrete cover,
bond strength increases relative to bars with less confinement, and the magnitude of the increase
in bond strength increases with the relative rib area.

Darwin, Zuo, Tholen, and Idun (1996) performed a statistical analysis of 133 splice and
development specimens in which the bars did not have confining transverse reinforcement and 166
specimens in which the bars were confined by transverse reinforcement to develop a design
expression for splice and development length. The design expression is a function of concrete
strength, cover, bar spacing, development/splice length, transverse reinforcement, and geometric
properties of the developed/spliced bars. The analyses demonstrated that the relationship between
development or splice length and bond force is linear but not proportional, meaning that to increase
the bond force by a given percentage, the development/splice length must be increased by more

than that percentage. Darwin et al. (1996) found that f/*? does not accurately represent the effect
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of concrete compressive strength on the bond strength, but rather the % power is a better
representation of the contribution of the concrete based on the analysis of concrete strengths
ranging from 2,500 to 16,000 psi (17 to 110 MPa). The effect of transverse reinforcement is a
function of the number of transverse reinforcing bars that cross the developed/spliced bar, the area
of the transverse reinforcement, the number of bars developed or spliced at one location, the
relative rib area of the developed/spliced bar, and the size of the developed/spliced bar. The effect
of transverse reinforcement, however, does not depend on the yield strength of the transverse
reinforcement. The design expressions developed by Darwin et al. (1996) apply to both
development length and splice length, which was a departure from ACI 318-95, as well as the
current ACI Code (ACI Committee 318 2014), where the development length is multiplied by 1.3
to find the splice length of Class B splices (splices in which the area of steel provided is less than
two times the area of steel required or where more than 50% of the steel is spliced).

Zuo and Darwin (2000) expanded on the work of Darwin et al. (1996). They investigated
the effects of concrete strength, coarse aggregate quantity and type, and reinforcing geometry on
splice strength. They tested 64 splice specimens with reinforcing bars with 10 different
deformation patterns with relative rib areas ranging from 0.069 to 0.141, concrete strengths
ranging from 4,250 to 15,650 psi (39 to 108 MPa), and quantities of basalt and limestone coarse
aggregate ranging from 1,586 to 1,908 Ib/yd® (941 to 1,130 kg/m®). Zuo and Darwin (2000) found
that for splices not confined by stirrups, the results showed a difference in splice strength based on
the type of coarse aggregate, regardless of coarse aggregate quantity or concrete strength. The
increase in splice strength with the higher strength aggregate was attributed to the higher fracture

energy provided by the basalt, which resulted in an increased resistance to crack propagation that
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delayed splitting failure and increased the splice strength (Kozul and Darwin 1997, Barham and
Darwin 1999). Like Darwin et al. (1996), Zuo and Darwin found that f/¥* accurately represents
the contribution of the concrete strength on bond strength in specimens with no confining
transverse reinforcement. For specimens with transverse reinforcement, it was found that the
quantity of coarse aggregate can have a significant effect on the contribution of the steel to the
bond strength, with higher quantities producing a greater contribution of the transverse
reinforcement to the splice strength. For splices with transverse reinforcement, f/ ¥4 characterizes
the contribution of the concrete strength on the additional strength provided by the reinforcement.
Zuo and Darwin (2000) also found that splice strength of bars confined by transverse
reinforcement increases with an increase in relative rib area and bar diameter.

Seliem et al. (2009) studied the bond characteristics of ASTM A1035 reinforcing bars
using large-scale beam-splice specimens with normal-strength concrete. The parameters studied
were splice length, bar size, concrete cover, concrete strength, and level of confining transverse
reinforcement. A total of 69 beam-splice specimens were tested. The results indicate that using
longer splice lengths without confining transverse reinforcement is not an efficient way to develop
high stress levels. The bond stresses at the lead end of a splice begin to drop off before the bond
along the rest of the splice can be fully developed. Thus, it is not possible to mobilize high bond
stresses along the entire length of a long splice. When transverse reinforcement is added, however,
higher stresses can be developed along the splice length. The addition of transverse reinforcement
also increases the ultimate load and corresponding deflection.

According to these studies on straight bar development, the major factors affecting the

bond between reinforcing steel and concrete are development/splice length, degree of confinement,
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concrete compressive strength, relative rib area, bar position, and degree of vibration, especially
for top bars and high slump concrete. Other factors not mentioned in these studies are the use of
epoxy coating for bars in concrete subject to corrosive environments and lightweight concrete.
Epoxy coating, in addition to reducing the friction between the concrete and steel, reduces the
effective rib height and spacing. This corresponds to a decrease in bond capacity. Lightweight
concrete is weaker in tension and shear than normalweight concrete with an equivalent

compressive strength. This reduced tensile and shear strength results in a lower bond capacity.

1.2.2 Standard Hooked Bars

Many times, for example at exterior beam-column joints, the member dimensions will not
be adequate for straight development to anchor a reinforcing bar. In many of these cases, hooks
are placed at the end of the bars to provide the required anchorage. Hooked bars achieve anchorage
through a combination of bond and direct bearing of the hook on the concrete.

The ACI Building Code provides standard dimensions for hooks with 90° and 180° bends,
shown in Figure 1.3. Throughout this report a hook that meets the dimensions specified in the ACI

Code will be referred to as a “standard hook.”
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A standard hook for deformed bars in tension includes the specific inside bend diameter and straight extension length. It shall
be permitted to use a longer straight extension at the end of a hook. A longer extension shall not be considered to increase the
anchorage capacity of the hook.

Figure 1.3 Standard hook details (figure from ACI 318-14)

The stresses in the region of a standard hook are shown in Figure 1.4. The concrete in front
of the hook is typically crushed at full development of the bar (Minor and Jirsa 1975). For 90°
hooks, the hook tends to be pulled straight through the bend of the bar; thus, it is important that
the tail of the hook be well confined to avoid spalling of the cover behind the hook, known as tail
kickout. For 180° hooks, the hook tends to be pulled forward as a unit without slipping around the
bend of the hook. According to studies on hooked bar anchorage, an anchorage failure of a hooked
bar typically involves spalling of the side concrete cover resulting from cracks that form in the
plane of the hook. Test results from the current study, however, suggest that the failure is more
three-dimensional in that cracks originating from a hooked bar are not only splitting cracks in the
plane of the hook but also form outside the plane of the hook so that the failure surface is a cone
of concrete being pulled out the front of the column. For small forces, the straight portion of the
bar is active and resists the tensile load in much the same way as straight bars. Once the splitting
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cracks develop along the straight length, the hook starts to engage the concrete and create the cone
shaped failure surface. This behavior under small loads was first recognized by Minor and Jirsa
(1975). Minor and Jirsa (1975) found that the initial force applied to a hooked bar is transferred to

the concrete by the lead end of the hook and anchorage stresses over the tail of the hook are

negligible.
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Figure 1.4 Stresses in region of a hooked bar (figure adapted from Minor and Jirsa 1975)

Minor and Jirsa (1975) tested a total of 80 specimens. The test parameters were bar size
(No. 5, 7, and 9 [No. 16, 22, and 29]), bend angle (0°, 45°, 90°, 135°, and 180°), and radius of
bend (1.0 in. to 5.0 in. [25 mm to 127 mm]). All specimens contained one bar in a concrete block
with no confining transverse reinforcement. Bond was prevented over a length ¢ by a loose-fitting
plastic tube that was sealed to prevent cement paste from entering the tube, with c equal to 6 in., 8
in., or 7.5 in. (152, 203, 191 mm) for No. 5, 7, or 9 bars (No. 16, 22, or 29), respectively. This
“bond breaker” started at the point of horizontal tangency of the bend of the hook and continued

along the straight portion of the bar to the edge of the concrete block. The concrete compressive
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strength for all specimens containing No. 5 (No. 16) bars ranged from 2,400 to 5,500 psi (17 to 38
MPa) and the bonded length ranged from 1.6 in. to 6.0 in. (41 to 152 mm). For the specimens
containing No. 7 (No. 22) bars, the range of the compressive strength of the concrete was 3,500 to
6,600 psi (24 to 46 MPa) and the bonded lengths ranged between 4.3 in. and 8.5 in. (109 mm and
216 mm). For the specimens containing No. 9 (No. 29) bars, the compressive strength ranged from
2,700 to 3,900 psi (19 to 27 MPa) and the bonded length was 8.3 in. (211 mm) for all specimens.
The bonded length was measured from the point of horizontal tangency of the bend of the hook
and followed the curve of the hook.

Minor and Jirsa (1975) found that for equal bond length to bar diameter ratios, both a larger
angle of bend and smaller ratio of radius of bend to bar diameter contribute to greater bar slip for
a given stress. These results show that it is better to use 90° hooks than 180° hooks in order to
reduce slip and maintain joint stiffness.

Marques and Jirsa (1975) tested 22 specimens that simulated a typical exterior beam-
column joint. Each specimen contained either two No. 7 (No. 22) or two No. 11 (No. 36) hooked
bars with 90° or 180° bend angles. The effects of axial load, hooked bar placement (inside or
outside the column longitudinal bars), concrete side cover, lateral confining transverse
reinforcement in the joint region, and embedment length of the hooked bar were investigated. The
specimens were cast in concrete with compressive strengths of 3,600 to 5,100 psi (25 to 35 MPa).
Nominal axial loads of 135, 270, 420, or 540 kips (600, 1,200, 1,870, or 2,400 kN) (corresponding
to a range in stress of 750 to 3,000 psi [5.2 to 21 MPa]) were used to investigate the effect of axial
confinement on the anchorage capacity of the hooked bars. For the specimens with transverse

reinforcement in the joint, No. 3 ties spaced at 2.5 in. or 5 in. (64 mm or 127 mm) were used. The
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hooked bars were tested both inside and outside the column longitudinal steel with either 1% or
27/gin. (38 or 73 mm) side cover. The clear spacing between the hooks ranged from 3.4 to 7.25 in.
(86 to 184 mm). Hydraulic jacks were used to apply the load for both the axial compression and
the hooked bars.

Cracking first occurred on the front face of the column with cracks radiating outward from
the hooked bars. Cracks on the sides of the specimen then appeared as loading was increased. In
general, failure was sudden and resulted in the entire side face of the column spalling. The slip
between the bar and the concrete produced splitting cracks, which progressively travelled
backward until reaching the bend of the hook. At failure, the straight lead embedment was not
active in transferring any stress to the concrete. This induced large compressive stresses at the
inside surface of the bend and produced a stress condition that tended to split the concrete, adding
to the splitting caused by the straight lead embedment. Near failure and as slip progressed, the
hook acted like a wedge forcing the concrete side cover to spall.

Marques and Jirsa concluded that variations in axial load make little difference in failure
load and behavior of hooked bars and that there are no significant differences in behavior between
hooks with 90° and 180° bend angles. The placement of the hooked bars (inside or outside the
column core) had very little influence on the type of failure or the stress at failure, but the thickness
of the concrete cover had a significant effect on the slip and stress at failure. If the hooked bars,
however, are placed inside the column core and a 1% in. (38 mm) clear cover on the column
reinforcement is maintained, the effect of concrete cover will not be as significant. It was found
that increasing the total embedment length increases the capacity of the hooked bar. For the

specimens with No. 11 (No. 36) hooked bars and ties through the joint, the stress reached yield
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before failure in all cases, indicating that closely spaced ties are especially beneficial for large
anchored bars. They also hypothesized that a combination of ties through the joint and column
bars outside the hooks would further increase the capacity of the hooks, but such a combination
was not tested.

Based on their findings, Marques and Jirsa proposed the following design equation:

f, =700(1-0.3d,)y,/f, < f, (1.1)
where fj is the tensile stresses developed in a standard hook in psi, dy is the diameter of the hooked
bar in in., and fy is the yield strength of the hooked bar in psi. The value of y ranges from 1.0 to
1.8 depending on the amount of lateral confining transverse reinforcement provided. If additional
development length is required, the straight lead embedment length 7/, measured from the critical

section to the beginning of the hook, can be calculated through Eq. (1.2):

f!

. _(0.04A\j(fy fh)]w w2
where ¢'is the greater of 4d, or 4 in. and Ay is the area of the hooked bar. The first term in Eq.
(1.2) is the length of straight bar needed to develop a stress of fy — f, in accordance with the
provisions of ACI 318-71. Thus, the calculated hooked bar anchorage length is a combination of
straight bar development length and the stress that can be developed by the hook.

Pinc, Watkins, and Jirsa (1977) tested 16 beam-column joint specimens, four with
normalweight concrete and No. 9 (No. 29) bar hooks, four with normalweight concrete and No.
11 (No. 36) bar hooks, two with lightweight concrete and No. 7 (No. 22) bar hooks, and six with

lightweight concrete and No. 11 (No. 36) bar hooks. Each specimen was cast with two hooked
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bars. The columns were 12 in. (305 mm) wide with different depths depending on the lead
embedment length of the hooked bar. For the No. 9 (No. 29) bar specimens, the column dimensions
varied from 12x12 in. to 12x21 in. (305x305 mm to 305533 mm), and for the No. 11 (No. 36)
specimens, the column dimensions varied from 12x15 in. to 12x24 in. (305381 mm to 305%610
mm). The column dimensions increased in 3 in. (76 mm) increments. No lateral confining
transverse reinforcement was used in the hook region for any of the specimens. Concrete strengths
ranged from 3,600 to 5,400 psi (25 to 37 MPa). A constant side cover of 2/s in. (73 mm) was used
for all specimens, and the clear spacing of the hooked bars ranged from 3.4 to 4.0 in. (86 to 102
mm). During the test, a constant axial load was applied to the specimen. The axial load varied from
108 to 230 kips (480 to 1,020 kN) depending on the specimen corresponding to a range in stress
of 640 to 800 psi (4.4 to 5.5 MPa).

The load transfer and failure patterns observed by Pinc et al. (1977) were very similar to
those observed by Marques and Jirsa (1975). Crack formation followed a similar pattern for all
specimens. As the tensile load was applied, the first crack appeared on the front face of the
specimen radiating from the anchored bars followed by vertical cracks that terminated in the
compression zone of the beam. Horizontal cracks also originated from the anchored bars, forming
a crack extending from the bars and out to the edges of the specimen. In all cases, failure was
sudden, with the load dropping immediately, accompanied by severe cracking and spalling of the
side cover. At failure, no stress was being transferred to the concrete by the lead embedment, but
rather all the stress was being transferred through the bend and tail of the hook, although the stress
in the tail of the hook was generally less than 20 ksi (138 MPa). Pinc et al. (1977) concluded that

failure of hooked bars was primarily the result of loss of side cover rather than by pulling a wedge
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of concrete out the front face of the column. Based on their work and the work done by Marques
and Jirsa (1975), Pinc et al. (1977) concluded that the principal factors affecting the strength of the
anchored bars are lead embedment and degree of lateral confinement of the joint. Pinc et al. (1977)
proposed a design equation for hooked bars that no longer considered the lead length as separate

from the hook. Their proposed equation is given by:
~0.02d,f,

L \V\/Tc’

where /qn is the development length of a hooked bar in in., dy is the diameter of the hooked bar in

(1.3)

in., fy is the yield strength of the hooked bar in psi, and f_is the concrete compressive strength in
psi. The value of y ranges from 1.0 to 1.8 depending on cover and transverse reinforcement
provided to the hooked bars.

Soroushian et al. (1988) tested seven beam-column joint specimens with 90° standard
hooks. The main parameters of the test were hooked bar diameter, confining transverse
reinforcement in the joint, and concrete compressive strength. One specimen contained two No. 6
(No. 19) hooked bars, five specimens contained two No. 8 (No. 25) hooked bars, and one specimen
contained two No. 10 (No. 32) hooked bars. All anchored bars were cast inside the column core in
specimens with 12x14 in. (305356 mm) cross sections. The concrete compressive strength ranged
from 3,780 to 6,050 psi (26 to 42 MPa). A plastic tube was used to prevent bonding of the concrete
to the anchored bar along the straight portion of the bar so that the tensile loads were only resisted
by the hooked portion of the bar. A plastic sheet was placed horizontally at the level of the hooked
bars to simulate the radial cracks that would have occurred if the straight portion of the bar had

been bonded to the concrete. Confining transverse reinforcement in the joint region consisted of
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No. 3 or No. 4 (No. 10 or 13) bars spaced at 3 or 4 in. (76 or 102 mm) in accordance with the
requirements in ACI 318-83 for reinforced concrete frames in high-seismic risk zones.

The load was applied using two hydraulic actuators bearing on the concrete column, with
one above and one below the anchored bars. Cracking patterns were similar for all specimens with
cracks starting in the plane of the two anchored bars at approximately half the ultimate load. The
cracks continued to grow and extend along the hooked bars as the load increased. Cracks normal
to the plane of the hooks appeared on the front face of the column at higher loads and as the
ultimate load was approached, the specimens exhibited a tendency to expand in the direction
normal to the plane of the hooks. Spalling of the concrete cover was determined to be the cause of
failure. Confining transverse reinforcement was also found to have increased the anchorage
capacity of the hooked bars. Soroushian et al. (1988) concluded that hook anchorage capacity
increases with increasing bar diameter and confining transverse reinforcement in the joint region.
They also concluded that the reduction of clear spacing between the bars might adversely affect
the anchorage strength of the hooked bars, and that concrete compressive strength did not
significantly influence the behavior or anchorage capacity of hooked bars.

Hamad et al. (1993) tested 24 beam-column joint specimens, 12 with epoxy-coated hooked
bars and 12 with conventional hooked bars. The specimens were similar to those tested by Marques
and Jirsa (1975), with two hooks cast in a short column. The main parameters were bar size (No.
7 and No. 11 [No. 22 and 36]), concrete compressive strength (2,570 to 7,200 psi [18 to 50MPa]),
concrete side cover (2'/s in. and 1/s in. [73 mm and 48 mm]), hook bend geometry (90° and 180°),
and amount of confining transverse reinforcement in the joint region (no reinforcement, No. 3 [No.

10] bars at 6 in. [152 mm] on center, and No. 3 [No. 10] bars at 4 in. [102 mm] on center). Two
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column sizes were used based on the embedment length of the anchored bars—12x12 in. and 12x15
in. (305x305 mm and 305%381 mm] Cracking patterns were similar for all specimens with the first
crack appearing in the vicinity of the assumed compression zone of the beam and extending
downward and upward at approximately 45° angles. Cracks also appeared in the side cover near
the bent portion of the hooked bar. Cracks were seen on the front face of the column spreading
horizontally and vertically from the hooked bars. At failure, the cracks widened and increased in
number. Failure was sudden with the load dropping immediately to a fraction of the ultimate level.
In specimens with 90° hooks, Hamad et al. reported the formation of horizontal cracks on the back
of the specimen near the tail of the hook. They felt that this was the result of the tendency of the
hooked bars to straighten and the tail of the hook to kick out. The cracks were small, however,
implying that a 2-in. (51-mm) cover on the tail of the hook is sufficient for design purposes. Hamad
et al. (1993) found that anchorage capacity increases with concrete compressive strength, side
cover, and amount of confining transverse reinforcement. They also observed that No. 7 (No. 22)
hooked bars consistently had less slip at a given stress than No. 11 (No. 36) hooked bars; 90°
hooked bars were found to have less slip at high loads than companion 180° hooked bars; and
when epoxy coating was used, the hooked bars consistently developed lower anchorage capacities
than uncoated hooked bars. Unlike Marques and Jirsa (1975) who found no significant difference
in capacity between 90° and 180° hooked bars, Hamad et al. (1993) found that 90° hooked bars
developed higher anchorage capacities than 180° hooked bars.

Joh, Goto, and Shibata (1993) performed tests on 19 beam-column joints. The main
variables were embedment length, distance to the reaction representing the compression zone of

the beam, column depth, spacing of the bars, concrete side cover, number of bar layers, lateral
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reinforcement ratio in the joint, column axial stress, loading type (cyclic or monotonic), and
concrete compressive strength. All hooked bars had a diameter of 19 mm (0.75 in.) and a bend
angle of 90°. Each specimen contained four bars in one layer, except for one specimen, which
contained eight bars in two layers of four. The center-to-center spacing of the bars ranged from
47.510 66.5 mm (1.87 to 2.62 in.), and the cover to the center of the bar ranged from 64.5 to 114.5
mm (2.54 to 14.5 in.). The embedment length ranged from 133 to 330 mm (5.24 to 13.0 in.). The
concrete compressive strength ranged from 316 to 754 kgf/cm? (4,490 to 10,720 psi). The distance
to the compression zone of the assumed beam ranged from 228 to 428 mm (8.98 to 16.9 in.), and
the transverse reinforcement ratio of the joint was either 0.2%, 0.4%, or 0.8%. The column axial
stress ranged from zero to 132.7 kgf/cm? (1,890 psi).

Joh et al. (1993) characterized beam-column joint failures under monotonic loading into
three main failure modes—*“side split failure,” *“local compression failure,” and “raking-out
failure.” A diagram of each failure mode is shown in Figure 1.5. A side split failure (Figure 1.5a)
will occur when the concrete cover on the side of the hooked bar is small enough that the cover
will spall off near the bend of the hook with the shape of a disk. This is the result of the wedging
action of the bend of the bar, which causes splitting stresses in the side cover. Joh et al. (1993)
classified the failure type of the specimens in the study by Pinc et al. (1977) as side split failures.
A local compression failure (Figure 1.5b) occurs when the side cover is large, there are only a few
hooked bars that are spaced far apart so that the raking out failure is prevented, and the radius of
the bend of the hook is “too small.” This is a gradual failure mode, and is prevented by the use of
minimum bend diameters. The final failure mode discussed by Joh et al. (1993) is the raking-out

failure (Figure 1.5c). A raking-out failure is caused by having several closely spaced hooked bars

23



and/or providing a short embedment length. In this failure mode, all hooked bars lose their
resistance at the same time. A crack will develop along the bend and tail of the hooked bars that
runs across the entire joint width, causing the whole joint to fail at once. All of the beam-column

joints in the study by Joh et al. (1993) were designed to have a raking-out type failure.
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o) Side split b) Local ¢} Raking out
failure compression failure
failure

Figure 1.5 Failure modes for beam-column joints (figure from Joh et al. 1993)

The cracking patterns were slightly different for each specimen; however, there were three
main cracks appearing on each specimen (Figure 1.6)—a diagonal crack starting at the end of the
bend of the hook and progressing to the compression zone of the assumed beam, a vertical crack
along the tail of the hook, and an inclined crack starting from the bend of the hook and continuing
away from the compression region. In all specimens, the concrete block formed by these three
cracks was pulled out and the anchorage failed at once without yielding of the hooked bars.
Generally, this concrete block was in the shape of a trapezoid, but it became more triangular with

a decrease in strut angle, which is shown as the angle 6 in Figure 1.7.
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Shibata 1996)

ﬁ«mz;;qgkﬁ*w-ﬂh

8 .

/ Jb
. |
l.-——th-—l

Figure 1.7 Strut angle as defined by Joh et al. (1993)

The main conclusions drawn from the study were that the force at failure is almost
proportional to the effective joint width (joint width minus the diameter of the hooked bars times
the number of hooked bars), axial stress increases the anchorage strength up to an axial stress of
one-sixth the concrete compressive strength, anchorage capacity is proportional to the square root
of the concrete compressive strength and the reciprocal of the sine of the strut angle (as defined in
Figure 1.7), and the addition of lateral reinforcement produces a proportional increase in anchorage
capacity.

Some of the findings of Joh et al. (1993) are similar to those of earlier studies (Marques
and Jirsa 1975, Pinc et al. 1977, Soroushian et al. 1988, and Hamad et al. 1983). However, unlike
Marques and Jirsa (1975), Joh et al. found that increasing axial stress does increase the anchorage

strength of hooked bars, at least over a small range. The specimens tested by Marques and Jirsa
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were vastly different in that Joh et al. (1993) tested multiple hooked bars that were closely spaced.
This caused the nature of the failure to change from that of side splitting to that of “raking-out.”
This change in failure type could result in different factors contributing to the failure of the hooked
bars.

Joh and Shibata (1996) expanded on the work done by Joh et al. (1993). In this study, 13
beam-column joints were tested, each containing four 19 mm (0.75 in.) 90° hooked bars. Of the
thirteen specimens, eight were used to further investigate the effect of column axial stress on the
anchorage capacity of the hooked bars, and five were used to investigate the effect of large side
covers on the anchorage capacity. The concrete compressive strength ranged from 238 to 567
kgf/cm? (3,380 to 8,060 psi). The spacing between the bars was 57 mm (2.24 in.), and the side
cover was varied from 64.5 to 264.5 mm (2.54 to 10.4 in.). The axial stress ranged from zero to
130.8 kgf/cm? (1,860 psi).

Cracking patterns were similar to those in the previous study (Joh et al. 1993) with three
main cracks forming a trapezoidal type failure surface (Figure 1.6). For specimens with large side
covers, however, the trapezoidal failure surface was not large enough to intercept the sides of the
column, as shown in Figure 1.8. The angle of the inclined cracks propagating from the hooked
bars are approximately 40° measured from the axis of the bar. Joh and Shibata found that transverse
reinforcement becomes less effective in increasing the anchorage capacity when the side cover is
so large that these cracks do not intersect the side of the column but surface on the face of the
column. In this configuration (Figure 1.8), the ties are so far away from the hooked bars that the

cracks never intercepted them and, thus, did not activate to help resist the crack propagation.
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Figure 1.8 Failure surface for specimens with large side cover tested by Joh and
Shibata (1996)

In addition, Joh and Shibata (1996) found that anchorage strength increases with an
increase in axial stress up to 8% of the concrete compressive strength, as opposed to one-sixth of
the compressive strength (Joh et al. 1993) and is constant thereafter. They proposed a relationship

describing the increase in anchorage capacity:

1+0.0200,, (1.4)

where, o, is the minimum of o, and 0.08 0, o, is the applied column axial stress in kgf/cm?,
and o is the concrete compressive strength in kgf/cm?. The greatest increase in capacity observed
in the study due to axial stress was approximately 50% from the case with no axial stress to an
axial stress of 0.08 o, . This effect of axial stress may be due to the fact that the hooks were not
anchored in the compression region of the column, as was the case for the hooks tested by Marques
and Jirsa (1975), Pinc et al. (1977), Soroushian et al. (1988), and Hamad et al. (1993).

Ramirez and Russell (2008) tested 21 beam-column joint specimens, 10 of which were

epoxy-coated hooked bars. The main variables were bar size (No. 6 and No. 11 [No. 19 and No.
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36]), concrete compressive strength (8,910 to 16,500 psi [61 to 114 MPa]), and amount of
confining transverse reinforcement in the joint region (no confinement and ties spaced at 3dp). The
specimens were similar to those tested by Marques and Jirsa (1975). The column size was 9x15
in. (229x381 mm) for specimens with No. 6 (No. 19) hooked bars and 15x15 in. (381x381 mm)
for specimens with No. 11 (No. 36) hooked bars. Loading differed from that used by Marques and
Jirsa (1975) in that the columns were tested as cantilevers without axial load.

The cracking patterns were similar for all specimens, with the first crack (horizontal
flexural crack) appearing on the back face of the specimen at the tail end of the hook. Inclined
shear cracks then appeared on the side of the specimen. At approximately 90% of the peak load,
vertical cracks appeared along the front column longitudinal steel. For specimens without
transverse reinforcement in the joint region, the failure was a pullout type failure with a block of
concrete being pulled out the front face of the column. For specimens with transverse
reinforcement, a pullout type failure occurred, combined with spalling of the concrete side cover.
At failure, the tail of the hook tended to kick out, splitting the concrete behind the hook. The
splitting cracks, however, were very small, and the cover of 2.5 in. (64 mm) over the tail was
deemed sufficient for design purposes. They further concluded that the tail cover could be reduced
to one bar diameter when transverse reinforcement is used.

Ramirez and Russell (2008) stated that the ACI 318 Code provisions could be extended to
include concrete compressive strengths up to 15 ksi (103 MPa) as long as ties spaced at 3dy are
provided. In a comparison with the provisions for hooked bar development length in ACI 318-05,
Ramirez and Russell (2008) found that 10 out of 11 specimens with No. 11 (No. 36) bar hooks had

test-to-calculated ratios (ratio of peak stress during the test to stress calculated using ACI 318-05
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provisions) less than 1.0, with a minimum of 0.83. They also found that the test-to-calculated ratio
decreases with an increase in concrete compressive strength, which does not support their
statement that the ACI 318 Code provisions could be extended to include greater concrete
compressive strengths. To increase the test-to-calculated ratios, they proposed a modification
factor of 0.8 instead of 0.7 be used for No. 11 (No. 36) and smaller 90° hooks with a minimum
side cover of 2.5 in. (64 mm) and tail cover of 2 in. (51 mm). As in previous research, they found
the anchorage strength of epoxy-coated hooks to be less than that of uncoated bars.

Shahrooz et al. (2011) tested eighteen ASTM A1035 hooked bar anchorage specimens. The
main variables were concrete compressive strength (6,020 and 9,710 psi [42 and 67 MPa]), bar
size (No. 4, No. 5, and No. 8 [No. 13, No. 16, and No. 25]), confining transverse reinforcement
(no confining reinforcement and ties spaced less than or equal to 3dy), and embedment length (6
to 25 in.[152 to 635 mm]). The No. 4 (No. 13) specimens had a bend angle of 180°, and the No. 5
and No. 8 (No. 16 and No. 25) specimens had a bend angle of 90°. Each specimen contained one
hooked bar placed in the middle of a 12-in. (305-mm) wide concrete block. The first 3 in. (76 mm)
of the hooked bar were wrapped with foam pipe insulation to mitigate the pullout of a cone of
concrete at the surface and provide additional concrete depth to preclude a shear failure.

In all cases where failure occurred, the failure of the specimens was bar rupture or concrete
shear failure(for some specimens, the test was stopped prior to failure due to safety considerations).
Shahrooz et al. (2011) concluded that present AASHTO requirements for hooked bar development
length can be extended to develop bar stresses up to 125 ksi (862 MPa) for concretes with strengths
up to 10,000 psi (69 MPa). They also recommended that confining reinforcement spaced less than

or equal to 3d, should always be used when developing, splicing, or anchoring ASTM A1035 steel.
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1.2.3 Reliability-Based Design

Reliability-based design was implemented by the American Concrete Institute in the 1956
and 1963 Building Codes (ACI 318-56, ACI 318-63). Reliability-based design uses the concepts
of probability to design a system or element to have a target reliability that takes into account
various sources of uncertainty. Load and strength reduction factors ( ¢ -factors) are used to provide
the target reliability. These factors account for the inherent variability in expected loads and
predicted strength of structural members and work in concert to increase the predicted loads and
reduce the predicted strength of elements.

The principal reasons why load and ¢ -factors are used instead of safety factors are (1)
variability in strength (the actual strength of a member is almost always different from the
predicted strength due to variation in nominal dimensions and/or variation in materials), (2)
variability in loads (actual loads can be significantly different from those used in design), and (3)
consequences of failure (potential loss of life and property). The variability of the applied load and
the variability of the actual strength of a member can lead to overload or understrength. To
minimize overload and understrength, load and resistance factors are used and result in structures
that are designed for greater than predicted loads and lower than predicted strength. The reliability
of the structure can be represented by the reliability index B, which is the number of standard
deviations separating the mean margin of safety from the value representing failure. In general,
the higher the value of the reliability index, the greater the reliability of the member. Typical values
for B for concrete structures are 3.0 to 3.5, which, if a normal distribution is assumed, correspond

to a probability of failure on the order of 0.1% for 8 of 3.0 and 0.02% for B of 3.5.
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There are different techniques for establishing load and strength reduction factors. One
technique that is widely used in structural reliability is Monte Carlo analysis. This tool is especially
useful for complex problems with many random variables that are related in a nonlinear fashion.
It is used to determine the approximate probability of a certain event that is the result of many
random variables. In a Monte Carlo simulation, a risk analysis is executed by substituting a range
of values for any factor that has an inherent uncertainty. The process is repeated, each time using
different values for the random variables based on their respective probability distributions. The
technique generates the variability associated with the event being investigated. An overview of
the development of load and resistance factors for the design of concrete structures follows.

Allen (1970) used probability techniques to find the ultimate moment and ductility ratio
(curvature at ultimate to curvature at yield) of reinforced concrete beams in bending. Using
probabilistic assumptions about material properties and dimensions, Allen (1970) used Monte
Carlo simulation to conclude that (1) the variability of the expected ultimate moment increases
when either the member is thin or the percentage of steel is high, (2) the variability of the ultimate
moment is highly dependent on depth to reinforcement and percentage of steel but not on the rate
of loading, and (3) the variability of the ductility ratio is high and greatly influenced by the
probability of the beam failing in compression even when the section is under-reinforced according
to ACI 318-63. The variability in ultimate moment and ductility ratio can be reduced considerably
by good workmanship.

MacGregor (1976) addressed the decision to adopt common load factors for all materials
and the need to develop new ¢ -factors to maintain an acceptable margin against failure. He studied

a number of different techniques for establishing safety provisions for structures and found that
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procedures based on probability of failure gave the most satisfactory results. MacGregor (1976)
also developed a probabilistic procedure for computing ¢ -factors and load factors based on an
appropriate reliability index .

Grant, Mirza, and MacGregor (1978) used Monte Carlo simulation to study the effects of
variations in concrete strength, steel strength, cross-sectional dimensions, and location of steel
reinforcement on the strength of short rectangular reinforced concrete tied columns. Grant et al.
(1978) assumed a beta distribution for the mill test yield strength of reinforcing bars, a normal
distribution for concrete strength and geometric imperfections, and a modified lognormal
distribution for the ratio of the specified area to required area of reinforcing steel. The lognormal
distribution was that proposed by Mirza and MacGregor (1979). The results of the study indicated
that concrete strength and steel ratio have the most significant impacts on the variability of the
strength ratios (theoretical strength to strength calculated according to the provisions of ACI 318-
71). For small changes in reinforcement ratio, however, they observed that the effect on the
strength ratio is insignificant. The variability of the concrete compressive strength is more
significant when the eccentricity is small and compression failure controls, and the variability in
steel strength is more significant when the eccentricity is large and tension failure dominates.

Mirza and MacGregor (1979) performed a study on the variability of dimensions of cast-
in-place and precast concrete members and proposed representative distributions for estimating
the effects of dimensional variability on the strength of the members. They also studied the effect
of the difference between required and specified areas of reinforcement on the variability of the
capacity of flexural and compression members. Mirza and MacGregor (1979) recommended

normal distributions for the probability models of all geometric imperfections. They proposed
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values for mean deviations from nominal dimensions and the corresponding standard deviations
for slabs, beams, and columns. They recommended that the probability model for the ratio of
specified area to required area of reinforcing steel be represented by a modified lognormal
distribution.

Mirza, Hatzinikolas, and MacGregor (1979) developed probabilistic descriptions of
concrete strength. The variability of concrete strength is caused by the variability in material
properties and proportions of the concrete mixture; the variability in transporting, placing, and
curing methods; the variability in testing procedures; and the variability due to concrete being in a
structure rather than in test cylinders. Mirza et al. (1979) studied the effects of these parameters on
the compressive strength, tensile strength, and modulus of elasticity in both tension and
compression of concrete and found that the probability distributions for all concrete properties can
be modeled using a normal distribution. Mirza et al. (1979) developed equations to describe these
probability distributions.

Ellingwood, Galambos, MacGregor, and Cornell (1980), Galambos, Ellingwood,
MacGregor, and Cornell (1982), and Ellingwood, MacGregor, Galambos, and Cornell (1982)
developed load factors and load combinations for the 1980 proposed version of American National
Standard A58. They also proposed the use of the reliability index [ for the development of
appropriate ¢ -factors. They found that the existing design criteria indicated that the reliability
index varied according to material, member type and failure mode, and load combination; and that
B associated with wind or earthquake load combinations was smaller than for gravity load

combinations. They recommended reliability indices for different structural members and
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presented charts for use in determining ¢ -factors for given values of § that would be consistent
with the recommended load factors.

Mirza and MacGregor (1986) and Mirza (1987) studied the effects of the variability of
concrete and steel strengths and steel placement on the bond strength of bottom tension reinforcing
bars in flexural members and, using Monte Carlo analysis, proposed probability distributions of
ultimate bond strength for use in calculating ¢ -factors for bond strength. They studied the effects
of side cover to the center of the tension steel, spacing and number of stirrups, concrete strength,
grade of flexural steel, quality of construction, and loading. Each of these parameters were varied
using a Monte Carlo simulation and compared to both the ACI 318-83 Building Code requirements
and the then ACI Committee 408 equation (ACI Committee 408 1979). It was found that the ACI
408 equation produced less variation in the mean ratios than did the ACI 318-83 equation. In
addition, the concrete cover, amount of confining steel, bar size, and the quality of construction
influenced the bond strength ratios (ratio of theoretical bond strength to bond strength computed
from the design expression in ACI 318-83 or the proposed expression in ACI Committee 408).
They also found that the effects of the concrete strength, steel grade, and seismic loading on the
strength ratios for bond strength may be neglected. Mirza (1987) presented suggested mean values
and coefficients of variation of bond strength ratios for typical beams.

Darwin, Idun, Zuo, and Tholen (1998) used the results of 133 development and splice tests
of bottom-cast bars without confining reinforcement and 166 tests with confining reinforcement
to develop strength-reduction factors for the development and splice length equations developed
in the study by Darwin et al. (1996). Using Monte Carlo simulation and a reliability index of 3.5,

Darwin et al. (1998) developed ¢ -factors using (1) nominal live-to-dead load ratios of 0.5, 1.0,
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and 1.5; (2) combinations of dead and live load factors of 1.4 and 1.7, respectively or 1.2 and 1.6,
respectively; (3) bars with relative rib areas of 0.0727 and 0.1275; and (4) members with and
without confining transverse reinforcement. The beams used in the Monte Carlo simulation had
variable widths, depths, concrete compressive strengths, number and size of bars being developed,
and size and spacing of stirrups. Darwin et al. (1998) found that an increase in the live load-to-
dead load ratio results in a reduction in the ¢-factor. A strength-reduction factor of 0.9 was
obtained for the design expressions of Darwin et al. (1996) using a probability of failure in bond
equal to one-fifth the probability of failure in bending or combined bending and compression. The
strength-reduction factor developed by Darwin et al. (1996) assumed a strength-reduction for
bending of 0.8 for the load case of 1.2 and 1.6 for dead and live load, respectfully. The actual
strength reduction factor that was used for bending when the ACI Building Code switched to the
new load factors is 0.9. This difference in strength-reduction factors for bending causes a decrease
in the strength-reduction factor associated with bond. This reduction is implemented in the ACI
408 equation (ACI 408R-03).

Nowak and Szerszen (2003) and Szerszen and Nowak (2003) recalibrated the ACI 318
resistance factors using Monte Carlo simulation to better represent the change in the variability of
material properties from the work done by Ellingwood et al. (1980). These resistance factors were
designed to be consistent with the load factors and combinations that were specified in ASCE 7-
98 and the reliability indexes already inherent in ACI 318-99. Three structural types were
considered—beams, structural slabs, and columns. The resistance factors were developed using
material strength variability of ordinary concrete, lightweight concrete, high-strength concrete

(6,000 psi to 12,000 psi [42 to 83 MPa]), reinforcing steel (No. 3 to No. 11 [No. 10 to No. 36]),

35



and prestressing strands. They updated the material factors using data gathered from associations
representing ready-mixed concrete and reinforcing steel fabricators from across the nation to
ensure a representative sample. The statistical factors for fabrication and professional analysis (the
ratio of actual to predicted behavior of structural elements) were taken from work done by
Ellingwood et al. (1980). Using these statistical parameters for material, fabrication, and
professional analysis, Szerszen and Nowak (2003) developed the resistance factors used in ACI
318-02. They determined that the variation in material strength was reduced when compared to the
work done by Ellingwood et al. (1980) and that the most significant differences between the two
data sets were the concrete strength and yield strength of reinforcing steel. It was observed that the
ratio of the mean to the nominal value for concrete compressive strength decreases for higher
values of concrete strength and that the reliability index varies for different design cases. They
also suggested that the number of different resistance factors in the Code be minimized.

Nowak et al. (2012) expanded the work done by Nowak and Szerszen (2003) to include
No. 3 to No. 14 (No. 10 to No. 43) Grade 60 (Grade 420) reinforcing bars. With the addition of
this data, Nowak et al. (2012) found that over the past 30 years [from the work done by Ellingwood
et al. (1980) to the work done by Nowak et al. (2012)] the bias factors (ratio of mean to nominal
value) have increased and the coefficients of variation (COV) have decreased. Nowak et al. (2012)
found that the flexural capacity of beams is affected by the strength of the reinforcing steel more
than the concrete compressive strength, and that the reinforcement ratio has a small effect on the
bias factor and COV of beam resistance. For shear resistance, the bias factor and COV decrease
with concrete strength, but for larger reinforcement ratios, the resistance is affected more by the

reinforcing steel properties than the strength of the concrete. The latter finding supports the results
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of Grant et al. (1978). Bearing capacity resistance parameters (bias factor and COV) decrease with
an increase in concrete compressive strength. They also found that the bias factor and COV of
flexural resistance of a one-way slab do not depend on the slab thickness, and the bias factor and
COV of shear resistance of a one-way slab increase with increasing concrete compressive strength.
In addition, the load-carrying parameters of concrete columns decrease with increasing concrete
compressive strength.
1.3 DISCUSSION

Prior to 1983, design methodology was based on calculating the anchorage strength of
hooked bars as a combination of the stress that could be developed by the straight lead embedment
and the hook. The stress developed in a hook was a function of bar size, yield strength, and bar
position (top bar or other bar). However, this produced inconsistent results for the same bar size
but different grades of steel, leading Marques and Jirsa to develop an alternative equation for the
stress developed by a hook f, for calculating hooked bar anchorage strength. However, the straight
bar length was still used to calculate the development length of the hook. Work by Pinc et al.
(1977) provided additional data and resulted in the design approach used today. This approach
uncoupled the hooked bar anchorage provisions from the straight bar development length
provisions and resulted in the total embedment length needed. The understanding of the behavior
of hooked bars was that the failure is due to splitting the concrete cover parallel to the plane of the
hook. The splitting originates at the inside of the bend where the local stress concentrations are
very high.

Since the work done by Pinc et al. (1977), there have been other studies conducted to find

the strength of epoxy-coated hooked bars, multiple hooked bars that are closely spaced, hooked
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bars in high-strength concrete, and high-strength hooked bars. Yet, despite these studies, relatively
little is known about the behavior of hooked bars, especially high-strength steel hooked bars,
hooked bars in high-strength concrete, or hooked bars with confining reinforcement. In addition,
there has been very little focus on improving the design expression for hooked bars in the ACI 318
Building Code. There have been numerous studies on the bond strength of straight deformed
reinforcing bars. For this reason, the causes of failure of straight bars are relatively well
understood. However, the low number of studies conducted on the bond strength of hooked bars
has led to more questions than answers.
1.4 OBJECTIVE AND SCOPE

Currently, the ACI Code provisions for the development of hooked bars are based on the
tests performed by Marques and Jirsa (1975) and Pinc et al. (1977). These tests included steels
with yield strengths of 64 and 68 ksi (441 and 469 MPa) and concrete compressive strengths
between 3,750 and 5,100 psi (26 and 35 MPa). The objective of this study is to expand the
knowledge of anchorage capacity of hooked bars to cover both high strength steels and high
strength concretes. Other variables include the amount of confining transverse reinforcement, side
concrete cover, bend angle (90° or 180°), number and spacing of hooked bars, and embedment
length. These variables are studied for hooked bars both inside and outside the column core. This
report covers the design and testing of 337 simulated beam-column joint specimens—276 with
two hooked bars and 61 with more than two hooked bars. Selected results of the 276 specimens
with two hooked bars are analyzed to determine the effects of embedment length, concrete side
cover, bend angle, and amount and orientation of confining reinforcement on the anchorage

capacity.
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The analytical portion of this study focuses on obtaining characterizing and design
expressions for hooked bar anchorage with and without transverse reinforcement. Linear
regression techniques are employed to determine these expressions based on the variables listed
above. Using Monte Carlo simulation, an appropriate ¢ -factor is determined for use with the

design equation for hooked bar development length.
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CHAPTER 2: TEST RESULTS
2.1 INTRODUCTION

In reinforced concrete members, reinforcement must be bonded or anchored to the concrete
so that it can develop its yield strength at sections subjected to maximum stresses. This is often
accomplished by embedding the reinforcement far enough on either side of the critical section so
that it is anchored by a combination of mechanical interlock and friction with the surrounding
concrete. In many cases, however, such as exterior beam-column joints, the concrete dimensions
are not adequate to fully develop the yield strength of the bar. In these cases, anchorage may be
obtained through the use of hooked bars. Hooked bars are commonly used in reinforced concrete
construction, but the anchorage strength of hooked bars has not been studied as extensively as
other aspects of reinforced concrete design. Current design provisions for reinforced concrete
including the ACI 318 Building Code Requirements for Structural Concrete (2014), ACI 349 Code
Requirements for Nuclear Safety-Related Concrete Structures (2006), and the AASHTO LRFD
Bridge Design Specifications (2012) have requirements for the development of bars with standard
hooks that are based on tests conducted by Minor and Jirsa (1975), Marques and Jirsa (1975), and
Pinc et al. (1977). These experimental studies included only a small number of specimens that
contained standard hooks, and the range of material properties used in the specimens was limited
and did not include high-strength steel bars or high-strength concrete. The main cause of failure
for the specimens was observed to be the loss of side cover.

The purpose of this and subsequent papers is to describe the findings of an investigation
into the key parameters affecting the anchorage strength of standard hooked bars (as defined in

Section 25.3 of ACI 318-14). This paper describes the test program and compares the results with
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the development length provisions for hooked bars in ACI 318-14. Part 2 of this paper describes
the analysis of the test results and the development of characterizing equations for hooked bar
development. Subsequent papers will examine specific parameters affecting hooked bar
anchorage, such as side cover and spacing of hooked bars, and develop proposed Code provisions.
2.2 RESEARCH SIGNIFICANCE

The use of high-strength steel and concrete has become increasingly preferred due to the
benefits of lower congestion, smaller member dimensions, and increased useable floor area.
Current Code provisions for hooked bar anchorage, however, are based on tests reported in 1975
and 1977 of Grade 60 (Grade 420) steel reinforcement used in conjunction with concrete with
compressive strengths between 3,600 and 5,400 psi (24.8 and 37.2 MPa); thus, there is no basis
for modifying them to include higher strength materials. This study includes a greatly expanded
database of test results that incorporates both conventional and higher-strength materials to
evaluate the accuracy and safety of the current Code development length provisions for hooked
bars over the full range of steel and concrete strengths currently used and planned for use in
reinforced concrete construction.
2.3 TEST PROGRAM

A total of 337 beam-column joint specimens, 276 with two hooked bars and 61 with more
than two hooked bars, were tested to investigate the anchorage capacity of hooked bars. The
parameters investigated were bar size, bar stress at failure, embedment length, side cover, amount
of transverse reinforcement, location of hook (inside or outside the column core and within the
depth of the member), concrete compressive strength, hooked bar size, hook spacing, number of

hooks, and hook bend angle. No. 5, 8, and 11 (No. 16, 25, and 36) hooked bars were tested in
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normalweight concrete with compressive strengths ranging from 4,300 to 16,510 psi (30 to 114
MPa). Nominal clear cover from the outside of the bar to the outside of the column (side covers)
ranged from 1.5 to 4 in. (38 to 102 mm) and hook center-to-center spacing ranged from 3 to 11 bar
diameters (dp). Bar stresses at failure ranged from 22,800 to 141,600 psi (157 to 976 MPa). The
results for these tests are reported and used in conjunction with results from previous studies to

develop descriptive equations relating the key parameters to anchorage strength.

2.3.1 Test Specimens

A diagram of a typical specimen simulating a beam-column joint is shown in Figure 2.1.
The specimens were designed to represent exterior beam-column joints and were cast without the
beam. For the standard two-hook specimens used in this study (the majority of specimens tested),
the out-to-out spacing of the bars was fixed for a given bar diameter—8 in., 12 in., and 16.5 in.
(203 mm, 305 mm, and 419 mm) for specimens with No. 5, No. 8, and No. 11 (No. 16, No. 25,
and No. 36) hooked bars, respectively. This spacing varied for specimens with more than two
hooked bars (multiple hook specimens) and for two-hook specimens where close hook spacing
was investigated. The column depth equaled the sum of the tail cover and the embedment length.
For this paper, embedment length Zen refers to the distance measured from the front of the column
face to the back of the tail of the hook, while development length /qn refers to the minimum length
of anchorage required by Section 25.4.3 of ACI 318-14 to ensure that a bar can develop its yield
strength. During specimen design, embedment lengths Zen were chosen to ensure anchorage failure
prior to bar failure. Early on in the testing program, this objective was accomplished by using an
embedment length equal to 80% of the development length defined in ACI 318-14; later specimens

were designed by extrapolating trends from prior test results.
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Figure 2.1 Schematic of specimens (a) side view of specimen (b) cross-section of specimen with
hooks inside column core and without confining transverse reinforcement (c) cross-section of
specimen with hooks inside column core and with transverse reinforcement (d) cross-section of
specimen with hooks outside column core and without confining transverse reinforcement and
(e) cross-section of specimen with hooks outside the column core and with confining transverse
reinforcement

After the dimensions of the specimen were selected, the maximum shear and moment in
the specimen were determined assuming all hooked bars reached their maximum failure load
simultaneously. These loads were used to proportion the column reinforcement. Preliminary
calculations showed that some specimens would be expected to have shear demands greater than
the combined capacity of the concrete and the transverse reinforcement in the joint (or the concrete
alone when there was no transverse reinforcement). For these specimens, cross-ties were placed in
the center of the column oriented in the direction of the beam longitudinal reinforcement, as shown
in Figure 2.2a. No. 3 (No. 10) longitudinal reinforcing bars were added to the column to hold the

crossties in place when the moment demand on the specimen was not large enough to require more
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than four longitudinal column reinforcing bars. The use of cross-ties was found to be unnecessary
and was discontinued in later tests to minimize interference of the ties with the expected failure
surface and to provide a more realistic column reinforcement configuration. A specimen without
cross-ties is shown in Figure 2.2b. Figures 2.1 and 2.2 are representative of typical two-hook
specimens. Multiple and closely-spaced hooked bar specimens will be discussed in a separate

paper and are described by Sperry et al. (2015).
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Figure 2.2 Cross-section of specimens (a) with cross-ties and no confining transverse
reinforcement and (b) without cross-ties and with confining transverse reinforcement

For the majority of the specimens tested, hooks were placed inside the column longitudinal
reinforcement (that is, within the column core). Some specimens were tested with hooks placed
outside the column core to simulate a hook in unconfined concrete, such as at the free end of a
cantilever beam. Figure 2.1 shows the differences between the two cases. The width of the
specimen, side cover, and hook spacing were kept the same; only the location of the column
longitudinal reinforcement changed between the specimens. The effects of hooked bar placement

will be addressed in a separate paper and are presented by Sperry et al. (2015).
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The majority of the specimens contained one of three quantities of transverse
reinforcement, oriented horizontally (parallel to the straight portion of the hook): (1) no transverse
reinforcement, (2) two No. 3 (No. 10) ties spaced at 8dy, for No. 5 (No. 16) and No. 8 (No. 25)
hooked bars and 8.5d, for No. 11 (No. 36) hooked bars, or (3) No. 3 (No. 10) ties spaced at 3dy
along the tail and the bend of the hook, where ds, is the diameter of the hooked bar. No. 3 (No. 10)
ties spaced at 3dp provide the minimum amount of transverse reinforcement required to allow the
use of the 0.8 reduction factor in development length of hooked bars in accordance with Section
25.4.3 of ACI 318-14. For No. 5 (No. 16) and No. 8 (No. 25) standard hooks, this is equal to five
No. 3 (No. 10) ties spaced along the length of the tail and bend, while for a No. 11 (No. 36) standard
hook, this is equal to six No. 3 (No. 10) ties. For cases (2) and (3), the first tie was placed 2d, from
the top of the hooked bar (1.5d» from the center of the hooked bar). Additional specimens were
fabricated with other transverse reinforcement configurations ranging from a single No. 3 (No. 10)
tie to confinement in accordance with ACI 318-14 Section 18.8.3 for joints in special moment
frames [four or five No. 4 (No. 13) ties with No. 4 (No. 13) crossties in both directions]. In addition,
six specimens were tested with vertical ties, such as shown in Figure 2.3. Of the six, two contained
two No. 3 (No. 10) ties, two contained four No. 3 (No. 10) ties, and two contained five No. 3 (No.
10) ties. Both of the latter two cases qualify for the 0.8 reduction factor in Section 25.4.3 of ACI

318-14. Full specimen details are presented in the Appendix B.
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Figure 2.4 Testing frame and forces applied to specimens during testing
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The heights of specimens were chosen so that the support reactions from the test frame did
not interfere with the hook region during testing, as shown in Figure 2.4. The column height was
52% in. (1340 mm) for the specimens with No. 5 (No. 16) or No. 8 (No. 25) hooked bars and 96
in. (2438 mm) for the specimens with No. 11 (No. 36) hooked bars. The distance to the bearing

member and upper compression member are given in Table 2.1.

Table 2.1 Location of reaction forces

No. 5 No. 8 No. 11
Hook Hook Hook
Height of Specimen, (in.) 52% 52% 96

Distance from Center of
Hook to Top of Bearing 5.25 10 195
Member Flange, hq (in.)!

Distance from Center of
Hook to Bottom of Upper
Compression Member
Flange, heu (in.)?

18.5 18.5 48.5

See Figure 2.4, 1 in. = 25.4 mm

2.3.2 Material Properties

Specimens were cast using non-air-entrained ready-mix concrete with nominal
compressive strengths of 5,000, 8,000, 12,000, and 15,000 psi (34.5, 55, 83, and 103 MPa). Actual
strengths ranged from 4,300 to 16,510 psi (30 to 114 MPa). The concrete contained Type I/II
portland cement, crushed limestone or granite with a maximum size of % in. (19 mm), Kansas
River sand, and a high-range water-reducing admixture. Pea gravel was incorporated in the 12,000
psi (83 MPa) concrete to improve the workability of the mix. Class C fly ash and silica fume were
added as supplementary cementitious materials for the 15,000 psi (103 MPa) concrete. ADVA 140

was used in the 5,000 and 8,000-psi (34.5 and 55-MPa) concrete and ADVA 575 was used in the
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12,000 and 15,000-psi (83 and 103-MPa) concrete; both products are produced by W.R. Grace.

Mixture proportions are listed in Table 2.2.

Table 2.2 Concrete mixture proportions

Material Quantity (SSD)

Design Compressive Strength 5,000 psi | 8,000 psi | 12,000 psi | 15,000 psi
Type I/11 Cement, Ib/yd? 600 700 750 760
Class C Fly Ash, Ib/yd® - - - 160

Silica Fume, lb/yd?® - - - 100
Water, Ib/yd? 263 225 217 233
Crushed Limestone, Ib/yd? 1734 1683 1796 -
Granite, Ib/yd® - - - 1693
Pea Gravel, Ib/yd® - - 316 -
Kansas River Sand, lb/yd? 1396 1375 1050 1138
Estimated Air Content, % 1 1 1 1
High-Range Water-Reducer, 0z (US) 30! 1711 1042 2052
w/cm ratio 0.44 0.32 0.29 0.24

ADVA 140, 2ADVA 575, 1 psi = 0.00689 MPa, 1 Ib/yd® = 0.593 kg/m?, 1 0z = 29.6 mL

Except for a few early tests that used ASTM A615 Grade 60 (420 MPa) reinforcement,
ASTM A615 Grade 80 (550 MPa) and A1035 Grade 120 (830 MPa) bars were used for the hooked
bars. To provide maximum flexibility in the tests, the majority of specimens were cast with hooked
bars made of A1035 steel to ensure that anchorage strength was not limited by steel strength. For
most specimens, the ancillary steel for column and transverse reinforcement consisted of ASTM
A615 Grade 60 (420 MPa) reinforcing bars. Some specimens had a greater flexural demand than
could be satisfied using ASTM A615 Grade 60 (420 MPa) reinforcing bars. For those specimens,
ASTM A1035 Grade 120 (830 MPa) bars were used as the column longitudinal steel. Yield
strength, nominal diameter, deformation spacing and height, gap width, and relative rib area for

the deformed steel bars used as hooked bars are presented in Table 2.3.
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Table 2.3 Hooked bar properties

Yield | Nominal | AVEr3%€ | Average Rib Height Gap Width Relative
Bar ASTM . Rib .
Size | Designation Strer]gth Diameter Spacing 2 (i 3 Side 1 Side 2 Rib
(ksi)* (in.) (in) AZ(in.) B3 (in.) (in) (in) Aread
5 A615 88 0.625 0.417 0.031 0.029 0.179 0.169 0.060
5 A1035 122 0.625 0.391 0.038 0.034 0.200 0.175 0.073
8 A615 88 1 0.666 0.059 0.056 0.146 0.155 0.073
8 A10352 120 1 0.686 0.068 0.065 0.186 0.181 0.084
8 A1035° 122 1 0.574 0.057 0.052 0.16 0.157 0.078
8 A1035°¢ 122 1 0.666 0.056 0.059 0.146 0.155 0.073
11 AB15 84 1.41 0.894 0.080 0.074 0.204 0.196 0.069
11 A1035 123 1.41 0.830 0.098 0.088 0.248 0.220 0.085

L From mill test report 2 Per ASTM A615, A706. ° Per ACI 408R-3
aHeat 1, " Heat 2, ¢ Heat 3, 1 in. = 25.4 mm, 1 ksi = 6.89 MPa

2.3.3 Test Procedure

Specimens were tested using a self-reacting system configured to simulate the axial,
tensile, and compressive forces in a beam-column joint (Figure 2.4). The test frame is a modified
version of the apparatus used by Marques and Jirsa (1975). The locations of reactions on the testing
apparatus can be altered to accommodate different-sized specimens, as listed in Table 2.1. The
flange width of the upper compression member and the bearing member were 6°/s-in. (168.3 mm)
and 8%/s-in. (212.7 mm), respectively.

For specimens with No. 5 and No. 8 (No. 16 and No. 25) hooked bars, a constant load of
30,000 Ib (133 kN) was applied to most of the specimens, corresponding to a range in axial stress
of 90 to 460 psi (0.621 to 3.17 MPa) (for early tests, a constant force of 80,000 Ib [356 kN] was
used, corresponding to a range in axial stress of 505 to 1,930 psi [3.48 to 13.3 MPa]). Specimens
with No. 11 hooked bars had a constant axial stress of 280 psi (1.93 MPa) applied. These axial

stresses were chosen based on the capacity of the axial load application system. Marques and Jirsa
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(1975) found that changes in axial stress up to 3,000 psi resulted in negligible changes in the
anchorage strength of the hooked bars.

Load was applied monotonically to the hooked bars using hydraulic jacks to simulate
tensile forces in the beam reinforcement at the face of a beam-column joint. The bearing member
located below the hooked bars simulated the compression zone of the beam and the horizontal
reactions at the top and bottom of the specimen were used to prevent overturning. A detailed
description of the test frame and testing procedure is provided by Peckover and Darwin (2013).

2.4 TEST RESULTS

2.4.1 Cracking Patterns

Figure 2.5 shows the typical crack progression observed in the specimens. Cracking almost
always began with a horizontal crack on the front face of the column at the level of the hooked
bars, slightly extending around the side of the column (Figure 2.5a). This cracking pattern is similar
to cracking observed with bond failures for straight bar reinforcement in reinforced concrete beams
and is likely associated with slip of the straight portion of the bar. As the load increased, the
horizontal crack continued to grow along the side face of the column until it reached a depth
approximately equal to the location of the bend of the hooked bar (Figure 2.5b), at which point
radial cracks formed on the front of the column starting from the hooked reinforcement. Vertical
and diagonal cracks also formed along the length of the horizontal crack on the side of the column.
These cracks continued to grow towards the front of the column (Figure 2.5c). Cracks below the
level of the hooked bar extended towards the compression reactions (Figure 2.5d), where the
bottom reaction represented the compression zone of the beam in a beam-column joint. Cracks

above the level of the hooked bar extended to a location just below the top reaction of the column.
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Near failure (Figure 2.5e), the inclined cracks on the side of the column extended across the front
of the column and widened as concrete pulled out of the front of the column. The amount of

cracking and spalling varied depending on the failure type, as described next.
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Figure 2.5 Front and side views of specimens indicating typical crack progression

55



2.4.2 Failure Modes

A front pullout failure (Figure 2.6a), represented by FP in the tables of the appendix, was
characterized by a mass of concrete being pulled forward with the hook from the front face of the
column. This failure mode was often coupled with side splitting or side blowout.

A front blowout (FB) failure (Figure 2.6b) was similar to a front pullout failure; front
blowout failures, however, were more sudden in nature, with a larger release of energy and bar
slip than in front pullout failures. Likewise, front blowout failures were associated with spalling
of the concrete on the front face of the column at failure. This failure mode was often coupled with
side blowout or side splitting. Both front pullout and front blowout failures suggest that the hooked
portion of the bar is providing the primary anchorage after slip has occurred along the straight
portion of the bar.

A side splitting (SS) failure (Figure 2.6¢) occurred when the concrete cover on the side of
the hooked bar cracked and separated from the column as the hooked anchorage lost strength. The
splitting plane for this failure mode was in line with the vertical plane passing through the hooked
bar. Often a long vertical crack on the back face of the column was observed at failure due to side
splitting, as shown in Figure 2.6¢. This failure type was often coupled with front pullout or front
blowout.

Side blowout (SB) (Figure 2.6d) is a more energetic form of side splitting in the same way
that front blowout is a more energetic form of front pullout. Side blowout failures were more
sudden in nature with a higher amount of energy released at failure than a side splitting failure.
Also, during a side blowout failure, there was often a loss of concrete side cover to the outside

reinforcement on the column (that is, if transverse reinforcement was present, the ties were exposed
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after failure; otherwise, the hooked bar was exposed after failure). This failure type was often
coupled with front blowout or front pullout. Both side splitting and side blowout suggest that the
hooked bar serves as a wedge, forcing a crack in the plane of the hook, as the bar undergoes slip.

Tail kickout (TK) (Figure 2.6e) was observed in a small number of specimens. This failure
occurred when the tail extension of 90° hooked bars pushed the concrete cover off the back of the
column, often exposing the tail of the hooked bar. It commonly occurred for hooked bars without
transverse reinforcement and was observed primarily for No. 8 or No. 11 (No. 25 or No. 36) 90°
hooked bars, although one No. 5 (No. 16) 90° hooked bar also exhibited tail kickout at failure. Tail
kickout was often sudden in nature and was observed in conjunction with other failure types—it
did not appear to be the main cause of failure for any specimen.

In addition to the failure modes just described, two other failure modes were observed—
bar yield (BY) and flexural failure of column longitudinal reinforcement (FL). Bar yield occurred
when the stress on the hooked bar approached the tensile strength of the steel. When this occurred,
tests were stopped as a safety precaution to ensure that the bars did not fracture. Flexural failure
occurred when longitudinal reinforcement on the tensile face of the column yielded prior to an
anchorage failure. These two failure modes were not considered an anchorage failure of the hook

and were not included in the analyses of the data.
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Figure 2.6 Failure modes (a) front pullout, (b) front blowout, (c) side splitting, (d) side blowout,
and (e) tail kickout

Figure 2.7 presents the percentage of hooked bars exhibiting the different failure modes
(excluding bar yield and flexural failures). The percentage is based on individual hooked bars
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rather than specimens since individual hooked bars in a specimen can exhibit different failure
modes. For simplicity, front pullout and front blowout are combined into “front failures;” side
splitting and side blowout are combined into “side failures.” When multiple failure modes were
involved, the dominant failure mode was distinguished based on the relative amount of cracking
and concrete movement observed on the side and front faces after failure. The dominant failure
mode was defined as a front failure if the front face of the column exhibited greater damage;
otherwise, the dominant failure mode was defined as a side failure. Due to the nature of the failures,

the distinction between a dominant front and a dominant side failure was subjective.
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Figure 2.7 Percent of hooked bars exhibiting each failure mode

For the majority of hooked bars (57%), both front and side failure were involved. Of that

57%, three quarters of the hooked bars exhibited front failure as the dominant failure mode. For
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hooked bars with only one failure mode, more hooked bars exhibited front failures (31%) than side
failures (12%).

For the No. 5 (No. 16) hooked bars, 81% of hooked bars exhibited front failure as the
primary failure mode (50% exhibited a front failure coupled with a side failure, and 31% exhibited
a front failure only), and 19% exhibited side failure as the primary failure mode. For the No. 8
(No. 25) hooked bars, 70% of the hooked bars exhibited front failure as the primary failure mode
(36% with front failure coupled with side failure, and 34% exhibited front failure only). For the
No. 11 (No. 36) hooked bars, only 52% of the hooked bars exhibited front failure as the primary
failure mode (29% exhibited front failure coupled with side failure, and 23% exhibited front failure
only). This indicates that the percentage of hooked bars exhibiting side failures as the primary
failure mode increased as the bar size increased. This behavior is likely due to the fact that side
cover was kept constant for the majority of the specimens; thus, the ratio of cover to bar diameter
decreased as bar size increased. For each bar size, however, failure involved front failure as the
primary failure mode coupled with a secondary side failure. Thus, front failure plays an important
role in the behavior of hooked bars. These observations are in contrast to the findings of Marques

and Jirsa (1975) and Pinc et al. (1977) in which all specimens failed due to side splitting.

2.4.3 Comparison of Test Results with ACI 318-14

Test results from this and earlier studies were compared with anchorage strengths derived
from the provisions for hooked bars in ACI 318-14. The data set used for this analysis includes
test results from this study as well as data from tests performed by Marques and Jirsa (1975), Pinc
etal. (1977), Hamad et al. (1993), Ramirez and Russell (2008), and Lee and Park (2010). Included

in this evaluation were specimens with two hooked bars cast inside the column longitudinal
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reinforcement with side cover ranging from 2.5 to 3.5 in. (64 to 89 mm). Excluded from the
analysis were specimens with more than two hooked bars, hooked bars cast outside the column
core (outside the longitudinal column reinforcement), hooked bars anchored outside the
compression region of the column (hooked bars anchored in the middle of the column), and hooked
bars anchored in columns with high reinforcement ratios (> 0.04); results for these test specimens
will be included in later papers. A regression analysis technique based on dummy variables (Draper
and Smith 1981), referred to in this paper as a dummy variables analysis, was used to identify
trends in the data. Dummy variables analysis is a least squares regression analysis method that
allows differences in populations to be taken into account when formulating relationships between
principal variables. For example, the effect of embedment length /en on bar force at failure T can
be found for different bar sizes based on the assumption that the effect of changes in /en 0n changes
in T is the same for the bar sizes considered, but that the absolute value of T for a given Zen will
differ for each bar size.

In Section 25.4.3.1(a) of ACI 318-14, the development length of a hooked bar /4n is
expressed as a function of the yield strength of the reinforcement fy, the compressive strength of
the concrete fc' , and the bar diameter dy. As shown in Eq. (2.1), the expression for /¢n also includes
factors for the effects of epoxy coating V., cover V., confining reinforcement V., and lightweight
concrete A. The development length /4n represents the minimum embedment length required to
develop the yield strength of the bar. While /4n is an important parameter in the context of design,
for the purposes of evaluating the test results it is more useful to derive the bar stress fsaci as a
function of the embedment length /Zen. To obtain fs aci, the development length Zgn in Eq. (2.1) is

replaced by embedment length Zen, yield strength fy is replaced by bar stress fsaci, the specified
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compressive strength fc' is replaced by the measured compressive strength fem, and the equation is
solved for fs aci, as shown in Eq. (2.2). Because all of the specimens in this study were constructed

with uncoated bars and normalweight concrete, Y, and A are taken as 1.0.

RTATATR
0y = [v—jdb (2.1)

504 ehV 1:cm (22)
WoWrdb

fs,ACI =

Figures 2.8 through 2.10 compare the ratio of measured average bar stress at failure fs, to
fsaci, as a function of the concrete compressive strength fem. Each data point represents an
individual test, and the trend lines are obtained using a dummy variables analysis with the data
separated based on the size of the hooked bar. Figure 2.8 shows the results for No. 5, No. 6, No.
7, No. 8, No. 9, and No. 11 (No. 16, No. 19, No. 22, No. 25, No. 29, and No. 36) bars without
confining transverse reinforcement in the joint region. Figure 2.9 shows the results for hooked bars
with two No. 3 (No. 10) ties as confining transverse reinforcement, and Figure 2.10 shows the
results for hooked bars with No. 3 (No. 10) ties spaced at 3dp as confining transverse
reinforcement.

The values for /en and fem used in Eq. (2.2) used to calculate fs aci were those measured, not
the nominal values. The figures include results for specimens with 2.5-in. (63.5-mm) or 3.5-in.
(88.9-mm) clear side cover along with hooked bars with 90° or 180° bend angles. As will be
described in a follow-on paper and as described by Sperry et al. (2015), the anchorage strength of
hooked bars is largely unaffected by differences in clear side cover between 2.5-in. (63.5-mm) and

3.5-in. (88.9-mm) or by the bend angle for 90° or 180° hooks. In these comparisons, the 100 psi
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(8.3 MPa) upper limit on \/fT' (10,000 psi (68.9 MPa) on fc') in Section 25.4.1.4 of ACI 318-14
was not applied.

The values of fs aci shown in Figures 2.8 through 2.10 include the cover factor Y, = 0.7 for
No. 11 bars and smaller with at least 2.5 in. (63.5 mm) of clear cover to the side of the hook and 2
in. (50.8 mm) of clear cover to the tail of the hook. The values of fs aci shown in Figure 2.10 include
the confining reinforcement factor Y, = 0.8 for hooked bars confined by stirrups or ties parallel or
perpendicular to the bar being developed and spaced no further than three bar diameters apart.
Because the nominal dimensions of the specimens provided at least a 2.5-in. (63.5 mm) side cover
and a 2-in. (50.8 mm) tail cover, the 0.7 factor was applied to all calculations of fs aci, although
some specimens, due to fabrication tolerances, had actual side and tail covers slightly less than 2.5
in. (63.5 mm) and 2 in. (50.8 mm), respectively.

Figure 2.8 includes results for 99 beam-column joint specimens without confining
transverse reinforcement in the joint region. Sixty-eight of the specimens are from the current
investigation. Although test data for high-strength concrete are not available for all bar sizes, the
trend lines from the dummy variables analysis indicate that the ratio fsu/fsaci decreases with
increasing compressive strength. The trend lines also show that fsu/fs aci decreases with bar size.
The trend line for the ratio of fsu/fsaci falls below 1.0 for No. 6 (No. 19) hooked bars at
approximately 13,500 psi (93.1 MPa), for No. 7 (No. 22) and No. 8 (No. 25) hooked bars at
approximately 11,500 psi (79.3 MPa), for No. 9 (No. 29) hooked bars at approximately 8,000 psi
(55.2 MPa), and for No. 11 (No. 36 ) hooked bars at approximately 6,000 psi (41.4 MPa). In the
last two cases, the concrete compressive strength at which the fsu/fs aci ratio drops below 1.0 occurs

below the 10,000 psi (68.9 MPa) limit on fc' in ACI 318-14. These results indicate that current

63



Code provisions for development length may result in unconservative designs for No. 9 (No. 29)
and larger bars when used with concrete with compressive strengths as low as 6,000 psi (41.4

MPa).
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Figure 2.8 Ratio of test-to-calculated stress fsu/fs ac1 versus fem for hooked bars without confining
transverse reinforcement

Figure 2.9 shows the experimental results from this study for 50 beam-column joints with
two hooked bars and two No. 3 (No. 10) column ties in the joint region. As for the hooked bars
without confining transverse reinforcement in the joint region, the ratio fsu/fs aci decreases as bar
size and concrete compressive strength increase. The values of fsu/fs act shown in Figure 2.9 are
higher than those shown in Figure 2.8, an indication that the two ties in the joint region contribute
to increased anchorage strength, an effect that is not accounted for in ACI 318-14 [Eq. (2.1) and

2.2)]
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Figure 2.9 Ratio of test-to-calculated stress fsu/fs,aci versus fem for hooked bars 2 No. 3 ties as
confining transverse reinforcement

As shown in Figure 2.9, the trend line for No. 8 (No. 25) bars drops below 1.0 for
compressive strengths above approximately 14,500 psi (100 MPa), and for No. 11 (No. 36) bars
for compressive strengths above approximately 9,000 psi (62.1 MPa). As with the hooked bars
without confining transverse reinforcement in the joint region, these results indicate that the
provisions for hooked bar development length in ACI 318-14 do not accurately reflect the effects
of concrete compressive strength and bar diameter on anchorage strength, and can lead to
unconservatively short development lengths for No. 11 (No. 36) hooked bars when used with
concrete with compressive strengths above 9,000 psi (62.1 MPa).

Figure 2.10 shows results for 59 beam column joints (53 from the current investigation)
with No. 3 (No. 10) ties spaced at 3dy or less within the joint region. The 3d, spacing of the
confining transverse reinforcement permits the use of the confining reinforcement factor yr = 0.8
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for development length in accordance with Section 25.4.3.2 of ACI 318-14. As in Figure 2.8, the
parallel trend lines from the dummy variables analysis have a negative slope and the intercepts of
the trend lines decrease as bar size increases. An exception to this trend based on bar size is the
line corresponding to a single data point for No. 7 (No. 22) bars from the study by Lee and Park

(2010), which is below the lines corresponding to No. 8 (No. 25) and No. 11 (No. 36) bars.
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Figure 2.10 Ratio of test-to-calculated stress fsu/fs aci versus fcm for hooked bars No. 3 ties spaced
at 3dp as confining transverse reinforcement

For the No. 6 (No. 19) hooked bars, the trend line for fsu/fs aci reaches a value of 1.0 at a
compressive strength of approximately 14,500 psi (100 MPa). For the No. 8 and 11 (No. 25 and
36) hooked bars, the trend lines reach a value of 1.0 at respective concrete compressive strengths
of approximately 11,000 and 5,000 psi (75.8 and 34.5 MPa). As previously stated, the development
length provisions for hooked bars in ACI 318-14 limit the value of concrete compressive strength
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used in the calculations to a maximum of 10,000 psi (68.9 MPa). Ramirez and Russell (2008)
recommended allowing the use of higher concrete compressive strengths in the calculations in
conjunction with the development length reduction factors that now appear in ACI 318-14 Section
25.4.3.2. The test results shown in Figure 2.10 indicate that this practice would produce unsafe
designs for No. 8 (No. 25) hooked bars with concrete compressive strengths greater than 11,000
psi (75.8 MPa). When the development length reduction factors are applied to No. 11 (No. 36)
bars, the provisions produce unconservative designs for concrete compressive strengths as low as
5,000 psi (34.5 MPa). This matches earlier results by Ramirez and Russell (2008) who also found
these reduction factors produce unconservative designs.

For specimens with No. 3 (No. 10) ties spaced at 3d, within the joint region, specimens
with two No. 3 (No. 10) ties in the joint region, and specimens without confining transverse
reinforcement, the trend lines for fsw/fsaci decrease with increasing bar size and concrete
compressive strength, and the current design provisions appear to result in unconservative designs
for No. 11 (No. 36) bars with concrete compressive strengths as low as 5,000 psi (34.5 MPa).
These observations indicate that the provisions in ACI 318-14 for the design of hooked bars should
be adjusted to more accurately represent the effects of concrete compressive strength and bar size.

Figures 2.11 and 2.12 compare the failure load Tiest with the calculated failure load Tcaic
based on the provisions of Section 25.4.3.1(a) of ACI 318-14 [and as Eq. (2.2) in this chapter] for
hooked bars without and with confining transverse reinforcement, respectively. Tcac incorporates
all reduction factors, as applicable, along with the limit of 10,000 psi (69 MPa) on the concrete
compressive strength. The results for the specimens with two hooked bars anchored inside the

column longitudinal bars are presented. The dashed lines in the figures represent cases in which
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the Ttest and Tcaic are equal, while the solid line represents the best fit line for the tests results. As
demonstrated in the figures, the ACI provisions are conservative (Ttest > Tcaic) for smaller bar sizes,
but unconservative (Ttest < Tcalc) for a significant number of specimens with No. 8 (No. 25) hooked
bars and the majority of specimens with No. 11 (No. 36) hooked bars. The ACI provisions become
increasingly unconservative as the failure load increases. The average, maximum, and minimum
values of Ttest/Tcaic Were 1.09, 1.64, and 0.68 for specimens with no transverse reinforcement and
1.24, 1.89, and 0.71 for specimens with transverse reinforcement. Figures 2.11 and 2.12 further
demonstrate that the effect of bar size is not accurately represented by the development length

provisions of ACI 318-14 Section 25.4.3.1(a).
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Figure 2.11 Load at failure versus calculated failure load for hooked bars without confining
transverse reinforcement, with Tcaic based on ACI 318-14 Section 25.4.3.1(a)
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2.5 SUMMARY AND CONCLUSIONS

In this study, 337 simulated exterior beam-column joints were tested to investigate the
anchorage capacity of hooked bars. Of the 337 beam-column joints, 276 contained two hooked
bars, and 61 contained more than two hooked bars. The beam-column joint specimens with two
hooked bars cast inside the column longitudinal steel were used to evaluate the applicability of the
current Code provisions to high-strength steel or concrete. The effects of concrete side cover to
the hooked bar, hook bend angle, hooked bar spacing, hooked bar placement, and transverse
reinforcement orientation are discussed by Sperry et al. (2015) and will be addressed in subsequent
papers. No. 5, No. 8, and No. 11 (No. 16, 25, and 36) hooked bars were tested with both 90° and
180° bend angles. The nominal clear concrete side cover ranged from 1.5 in. to 4 in. (38.1 to 101.6

mm), with most values in the 2.5 to 3.5 in. (63.5 to 88.9 mm) range, and the hook center-to-center
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spacing ranged from 3dy, to 11ds. The specimens were cast with normalweight concrete with
compressive strengths ranging from 4,300 to 16,510 psi (30 to 134 MPa). Bar stresses at failure
ranged from 22,800 to 141,600 psi (157 to 976 MPa). To determine the effect of transverse
reinforcement on joint capacity, specimens were constructed with either no transverse
reinforcement or transverse reinforcement ranging from 1 No. 3 (No. 10) tie to transverse
reinforcement in accordance with ACI 318-14 Section 18.8.3 for joints in special moment frames.
Data from prior studies were included in the analysis. Results were compared to the provisions of
ACI 318-14 Section 25.4.3 for hooked bar development length.

The following conclusions are based on the data and analysis presented herein:

1. Both a front and side failure were involved for the majority of hooked bars, with front
failure being the dominant failure mode in a greater percentage of the tests.

2. Of hooked bars exhibiting only one failure mode, a greater number exhibited front failure
than side failure.

3. Front failure plays an important role in the behavior of hooked bars, which is in contrast to
findings of previous studies.

4. As the bar size increases, the percentage of hooked bars exhibiting side failure as the
primary failure mode increases.

5. The provisions of ACI 318-14 overpredict the anchorage strength of larger hooked bars,
the effect of concrete compressive strength, and the effect of confining transverse
reinforcement on the anchorage capacity of hooked bars in tension.

6. The reduction factors as applied in Section 25.4.3.2 of ACI 318-14 for concrete cover and

confining transverse reinforcement are unconservative.
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26 NOTATION

db Nominal bar diameter of the hooked bar

f/ Specified concrete compressive strength

fon Measured average concrete compressive strength

fsaci  Stress in hook as calculated by Section 25.4.3.1 of ACI 318-14

fsu Average peak stress in hooked bars at failure

he Width of bearing member flange

hel Height measured from the center of the hook to the top of the bearing member flange

heu Height measured from the center of the hook to the bottom of the upper compression
member

Ldn Development length in tension of deformed bar with a standard hook, measured from the

outside end of hook, point of tangency, toward critical section

éeh

Tcalc

Ttest

A

Embedment length measured from the back of the hook to the front of the column
Calculated hooked bar strength
Measured load on hooked bar at failure

Modification factor to reflect the reduced mechanical properties of lightweight concrete

to normalweight concrete of the same compressive strength

Ve

Factor used to modify development length based on cover as defined in ACI 318-14

Section 25.4.3.2

Ve

Factor used to modify development length based on coating as defined in ACI 318-14

Section 25.4.3.2
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Yr Factor used to modify development length based on confining reinforcement in the hook
region as defined in ACI 318-14 Section 25.4.3.2
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CHAPTER 3: ANALYSIS OF RESULTS
3.1 INTRODUCTION

When reinforcing steel is terminated, such as in a splice or at an exterior beam-column
joint, an adequate length of bar must be embedded in the concrete to develop the yield strength of
the steel at the critical section. This development length is a function of the characteristics of the
reinforcing bar and surrounding concrete. In most cases, the development length can be provided
within the member with a straight length of bar. There are cases, however, where the straight bar
development length cannot be provided within the member, such as at an external beam-column
connection. In this case, the bar must be anchored by other means. One option is to use a hooked
bar with a bend angle of 90° or 180°.

Extensive research has been done on the development and splice strength of straight
deformed bars (Abrams 1913, Lutz and Gergely 1967, Azizinamini et al. 1993, Darwin and
Graham 1993, Darwin et al. 1996, Zuo and Darwin 2000, to name a few), which has resulted in
equations that accurately characterize bond over the full range of steel yield strengths and concrete
compressive strengths currently used and planned for use in concrete structures (Darwin et al.
1996, Zuo and Darwin 2000, ACI Committee 408R-03). Similar characterizing equations,
however, have yet to be formulated for hooked bars. When trying to describe the strength or
behavior of hooked bars, researchers typically compare test results with strengths calculated using
the provisions of the ACI Building Code (ACI 318-14) for hooked bar development length. This
approach is less than ideal, however, because the provisions in ACI 318 are based on a small data
set that does not include high-strength steel or high-strength concrete. In addition, the development

length equation is a design equation not meant to characterize the behavior of hooked bars but
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rather to provide a safe design. Thus, the actual behavior of hooked bars, especially when using
high-strength materials, cannot be accurately represented using the development length equation
of ACI 318-14, as demonstrated by Sperry et al. (2015, 201X). Thus, the need arises to develop an
expression that is applicable to the full range of concrete and steel strengths that are used in
practice, one that can ultimately be used to develop design provisions.

The equation for development length /4 in the ACI Code (ACI 318-14) [Eq.(3.1)] assumes
that the stress developed in a hooked bar is proportional to the square root of the concrete
compressive strength and inversely proportional to the bar diameter. This can be demonstrated,

starting with the equation in ACI 318-14 for /gn.
HRAATAS

ly, =| ———|d
dh (50Xﬁ]b

where /¢ = Development length in tension of a deformed bar with a standard hook, measured from

(3.1)

the outside end of hook, point of tangency, toward critical section, fy = Yield strength of hooked
bar, ye = Factor used to modify development length based on coating as defined in ACI 318-14
Section 25.4.3.2, y¢ = Factor used to modify development length based on cover as defined in ACI
318-14 Section 25.4.3.2, yr = Factor used to modify development length based on confining
reinforcement in the hook region as defined in ACI 318-14 Section 25.4.3.2, db = Nominal bar
diameter of hooked bar, A = Modification factor to reflect the reduced mechanical properties of
lightweight concrete to normalweight concrete of the same compressive strength, and f, =
specified concrete compressive strength.

Substituting the calculated stress fsaci for fy, the embedment length /en for /an, and the

measured concrete compressive strength fem for ., and taking v, and A = 1.0 gives
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foac = —5068h fen (3.2)
‘ Ve, dy,

In Chapter 2, it was shown that the assumptions in ACI 318-14 relative to compressive
strength and bar diameter produce unconservative designs; that is, as the concrete compressive
strength and bar diameter increase, the development length Eq. (3.1) becomes progressively
unconservative. Dealing first with compressive strength, these observations indicate that the square
root of the compressive strength overstates the effect of concrete compressive strength on the
anchorage strength. This matches observations for straight bars, where it has been found that the
stress developed in a bar is not proportional to the square root of the concrete compressive strength
but rather the fourth root, that is, the compressive strength raised to the quarter power (Darwin et
al. 1996, Zuo and Darwin 2000). The analysis in Chapter 2 also demonstrated that Eq. (3.1) and
(3.2) underpredict the stresses developed in small hooked bars and overpredict the stresses in larger
hooked bars, indicating that the assumption embodied in Eq. (3.1) and (3.2), that the stress that
can be developed in a hooked bar is inversely proportional to the diameter of the hooked bar dy, is
incorrect. Sperry et al. (2015, 201X) also observed that the reduction factors for side cover and
confining transverse reinforcement in Section 25.4.3.2 of ACI 318-14 (0.7 and 0.8, respectively)
are unconservative, especially when used with high-strength concrete and larger diameter bars.

In this chapter, equations will be developed that accurately characterize the effects of
concrete compressive strength, bar diameter, and confining transverse reinforcement on the
anchorage strength of hooked bars. The effects of hook bend angle, clear concrete side cover to
the hooked bar, hooked bar placement inside or outside the column core, as well as within the
depth of the member, and closely spaced hooked bars are covered by Sperry et al. (2015) and in

subsequent papers.
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3.2 RESEARCH SIGNIFICANCE

Equations have been developed that accurately characterize the development and splice
strength of straight deformed bars that apply equally well to conventional strength and high-
strength steel and concrete. There are, however, no such equations for hooked deformed bars. In
addition, prior to this study, the knowledge of the behavior of hooked bars has been limited due to
the low number of experimental studies. This paper focuses on characterizing the anchorage
strength of hooked bars across the full range of material strengths currently in use and planned for
use in concrete structures. The effects of key parameters on hooked bar development are analyzed
and used to develop characterizing equations.
3.3 TEST PROGRAM

A database of 214 test results was selected from a larger study of hooked bar anchorage
(Sperry et al. 2015) to study the following variables: reinforcing steel stress at hook failure,
embedment length, side cover, amount of confining reinforcement, concrete compressive strength,
hooked bar size, and hook bend angle. All specimens had two hooked bars cast inside the column
core. No. 5, 8, and 11 (No. 16, 25, and 36) hooked bars were tested in normalweight concrete with
compressive strengths ranging from 4,300 to 16,510 psi (29.6 to 113.8 MPa). The test specimens,
simulated beam-column joints, were cast as reinforced concrete columns without the beam, shown
in Figure 3.1. The longitudinal beam reinforcing bars protruded from the face of the column, and
the compression region of the beam was simulated using the testing frame (Figure 3.2). Nominal
clear cover from the outside of the bar to the outside of the column (side covers) ranged from 2.5
to 3.5 in. (64 to 89 mm) and hook center-to-center spacing was 11dy, where dy is the diameter of

the hooked bar. Bar stresses ranged from 33,000 to 137,400 psi (228 to 947 MPa). The results of
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these tests are used in conjunction with results from 31 exterior beam-column joint specimens from
previous studies to develop descriptive equations relating the key parameters to anchorage
strength. This paper describes the development of characterizing equations for hooked bar
anchorage. The details and results of the specimens used to develop the characterizing equations

were presented in Chapter 2 and by Sperry et al. (2015).
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Figure 3.1 Schematic of specimens (a) side view of specimen (b) cross-section of specimen with
hooks inside column core and without confining transverse reinforcement (c) cross-section of
specimen with hooks inside column core and with confining reinforcement
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Figure 3.2 Testing frame and forces applied to specimens during testing

3.4 ANALYSIS OF TEST RESULTS

A series of iterative analyses was conducted to determine the effects of key parameters
(embedment length, concrete compressive strength, hooked bar diameter, and quantity of
confining transverse reinforcement) on hooked bar anchorage strength using experimental results
from this and other studies. The effects of hook bend angle, side cover, and tie orientation (parallel
or perpendicular to the straight portion of the hooked bar) will be discussed in a follow-on paper.
Two cases were addressed throughout the analyses: hooked bars without confining transverse
reinforcement in the joint region and hooked bars with differing quantities of confining transverse
reinforcement within the joint region. All specimens used in these analyses contained two hooked
bars cast inside the column longitudinal reinforcement. In all analyses, the average bar force at

failure T was defined as the peak load on the specimen divided by the number of hooked bars, and
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the embedment length Zen was defined as the average distance from the front face of the column to
the back of the tail of the hooks within a specimen. In this paper, Zen refers to the embedded length
of the bar and is a measured property, whereas /qn refers to the minimum length of anchorage

required by ACI 318-14 Section 25.4.3 to ensure that a bar can develop its yield strength.

3.4.1 Descriptive Equation for Hooked Bars without Confining Reinforcement

Figure 3.3 shows the results for 99 beam-column joint specimens without confining
transverse reinforcement. The figure shows the average bar force at failure T as a function of
embedment length Zen. The average bar forces at failure T range from 19,200 to 213,300 Ib (85.4
to 949 kN), the bars stresses range from 30,800 to 136,700 psi (212 to 943 MPa), the embedment
lengths Zen range from 4.9 to 26.0 in. (124 to 660 mm), and the concrete compressive strengths
range from 2,570 to 16,510 psi (17.7 to 114 MPa). The general trend shows that an increase in
embedment length produces an increase in anchorage capacity. This representation of the data,
however, does not show the effects of concrete compressive strength.

Using a least squares regression technique known as dummy variables analysis (Draper
and Smith 1981) in which differences in populations can be compensated for when formulating
relationships between principal variables (described more fully in Chapter 2), the results shown in
Figure 3.3 were re-plotted with the load at failure normalized with respect to the compressive
strength to the power p1, T / f." . The value of p; was varied to obtain the linear relationship that
minimized the relative intercept. The relative intercept is defined as the difference in the maximum
and minimum intercepts of the dummy variables lines normalized to the difference in the
maximum and minimum values of T/ f.% . Using this method, the value of p1 was found to be 0.29.

The average intercept of the individual dummy variables lines was used to develop Eq.(3.3), where
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Figure 3.3 Average bar force at failure versus embedment length for hooked bars without
confining transverse reinforcement

Tc represents the calculated anchorage capacity of a hooked bar without confining transverse

reinforcement.

TC

0.29
fcm

= 430(,, — 460 (3.3)

Figures 3.4 and 3.5 show the results of this analysis. In Figure 3.4, T/ f. is plotted as a
function of embedment length. In Figure 3.5, the ratios of the bar force at failure to the bar force
calculated based on Eq. (3.3), Ttest/Tcaic, are plotted with respect to fem. The mean ratio is 1.0, with
a range of 0.681 to 1.49 and a standard deviation and coefficient of variation of 0.185. The

intercepts range from 0.812 to 1.20.
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A clear pattern in the dummy variable lines is observed in Figures 3.4 and 3.5, with the
larger bar sizes above the smaller bar sizes, indicating that, for a given embedment length, larger
hooked bars provide greater anchorage strength.

In Figure 3.5, the dummy variables lines are horizontal, showing that the ratio of test-to-
calculated failure load does not vary with concrete compressive strength. This consistency with

respect to concrete compressive strength indicates that p: = 0.29 appropriately captures the effect

of concrete compressive strength.
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Figure 3.4 Average bar force at failure normalized to versus embedment length for hooked
bars without confining transverse reinforcement
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Figure 3.5 Ratio of test-to-calculated failure load versus concrete compressive strength for
specimens without confining transverse reinforcement, with Tcac based on Eq. (3.3)

The fact that the power of fc', pz, is significantly less than % (the value used in the ACI
Code [ACI 318-14] to represent the contribution of the effect of concrete compressive strength on
bond and anchorage capacity) is in concert with observations of the effect of concrete compressive
strength on the development and splice strength of straight reinforcement, where a power of 0.25
has been found to provide a close match with experimental results (Darwin et al. 1996, Zuo and
Darwin 2000). Like the bond strength of straight reinforcement, hook strength is governed by the
combined effects of concrete tensile strength, which controls initial crack formation, and fracture
energy, which controls crack propagation. While the tensile strength of concrete increases with the
compressive strength to a power between %2 and /s, the fracture energy of concrete is independent

of compressive strength (Darwin et al. 2001). The combined effect is a power well below %.
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The next step in developing an equation to characterize hook strength was to determine the
effect of bar diameter on anchorage strength for hooks without confining transverse reinforcement.
To accomplish this, the average bar force T normalized to fC?n'zg was plotted versus embedment
length times the bar diameter raised to the p. power. Dummy variables lines were calculated for
each bar diameter, with the power p> = 0.47 minimizing the relative intercept (spread) of the
dummy variables lines; this result is shown in Figure 3.6. The resulting dummy variables lines are
closely spaced, indicating that d»>*’ reflects the contribution of bar diameter to anchorage force.
Using the average intercept of the dummy variables lines, the descriptive equation for hooked bars

without confining transverse reinforcement is

T
c 0.47
— £ =4220,.d0 - 417 (3.4)
cm
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Figure 3.6 Average bar force at failure normalized to fcﬂfg versus embedment length and bar

diameter for hooked bars without confining transverse reinforcement
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The intercepts of the trend lines for the bar sizes evaluated are —288 for No. 5 (No. 16)
hooked bars, —368 for No. 6 (No. 19) hooked bars, —698 for No. 7 (No. 22) hooked bars, —348 for
No. 8 (No. 25) hooked bars, =504 for No. 9 (No. 29) hooked bars, and —288 for No. 11 (No. 36)
hooked bars. These intercepts represent a major improvement when compared to those in Figure
3.4.

The ratios of the bar force at failure to the bar force calculated based on Eq. (3.4) are plotted
with respect to fem in Figure 3.7. The figure exhibits much less scatter than Figure 3.5 as a result
of including the effect of the bar size in Eq. (3.4). The mean ratio is 1.0, the coefficient of variation
is 0.121, and the ratios of test-to-calculated failure load range from 0.728 to 1.30. The slopes of
the dummy variables lines are approximately zero, confirming that with the inclusion of bar size,
fC?n'zg continues to capture the effect of concrete compressive strength on anchorage strength. The

intercepts of the individual trend lines range from 0.94 to 1.07.

Figure 3.8 shows the relationship between the ratio of test-to-calculated failure load [using
Eq. (3.4)] and bar diameter dy. The nearly zero slope of the dummy variables lines confirms that
the effect of bar diameter on anchorage strength T is reasonably represented by dt? ‘" The intercepts

of the dummy variables trend lines range from 0.93 to 1.06.

Up to this point, the analyses were based on the assumption that the relationship between
the anchorage strength of hooked bars and embedment length Zen is linear. There are several trends
in the data, however, that indicate a nonlinear relationship. For example, in Figure 3.6, three of the
four data points corresponding to the greatest embedment lengths and highest anchorage forces
deviate from the linear trend on the high side. In addition, the intercepts of the dummy variables

lines are negative, when they should actually be equal to zero. To capture this nonlinear behavior,
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Figure 3.7 Ratio of test failure load to calculated failure load based on Eq. (3.4) versus concrete
compressive strength for beam-column specimens without confining transverse reinforcement
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Figure 3.8 Ratio of measured to calculated bar force versus bar diameter for beam-column
specimens without confining transverse reinforcement
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the data were reanalyzed by raising /en and dy to the powers that minimized the sum of the squared

differences(1-T/T,)". The resulting equation is given by

-
Lo _33pp0gost (35)

0.29
cm

This nonlinear relationship, with a power of Zen slightly greater than 1.0, is in concert with
the failure modes, front breakout and blowout and side breakout and blowout, described in Chapter
2, that involve progressively more concrete as the embedment length increases. It should be noted,
however, that a power of 1.06 produces similar results to a power of 1.0. Thus, for design, it would
be justified to use the power of 1.0 for the embedment length. The experimental results are
compared with the failure loads calculated using Eq. (3.5) in Figure 3.9, where the dashed line is
the 45° line where the calculated failure load exactly equals the measured failure load and the solid
line is the best fit line for the data set. The fact that the two lines are very close indicates that Eq.
(3.5) provides a good estimate of anchorage strength for the entire range of test results.

The average test-to-calculated ratio based on Eq. (3.5) is 1.0 with a coefficient of variation
of 0.119. The maximum and minimum ratios are, respectively, 1.30 and 0.731. These compare to
the nearly identical respective values for Eq. (3.4) of 1.0, 0.121, 1.30 and 0.728.

Because Eqg. (3.5) provides a somewhat more accurate representation of the data than Eq.
(3.4), Eq. (3.5) was used in subsequent calculations to represent the contribution of the concrete to
the anchorage capacity of hooked bars Tc. The following section addresses the strength of

specimens that contain confining reinforcement in the region of the hook.
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Figure 3.9 Measured versus calculated bar force at failure for hooked bars with confining
transverse reinforcement, with Tcac based on Eq. (3.5)

3.4.2 Descriptive Equation for Hooked Bars with Confining Reinforcement

ACI 318-14 permits a reduction in the development length of hooked bars if the bars are
confined by No. 3 (No. 10) bars or larger spaced at 3dy or less; the confining reinforcement may
be perpendicular or parallel to the straight portion of the hooked bars for 90° hooks, but only
confining reinforcement perpendicular the straight portion of a hook may be used to reduce the
development length of 180° hooks. In the current analysis, confining reinforcement with both
orientations was found to contribute the anchorage capacity of both 90° and 180° hooked bars.

For specimens with confining transverse reinforcement within the joint region, the bar
force calculated with the equation characterizing the anchorage strength of specimens without
confining transverse reinforcement T [from Eqg. (3.5)] was subtracted from the measured bar force

at failure T. This difference was assumed to represent the contribution of the confining
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reinforcement Ts to the anchorage capacity of the hooked bars. On average, the value of T
represents 82 percent of the total capacity of the hooked bar. Due to the relatively small number
of specimens (12) containing standard hooks confined by confining reinforcement tested prior to
this study (Marques and Jirsa 1975, Hamad et al. 1993, Ramirez and Russell 2008, and Lee and
Park 2010) and the inherent variability in the contribution of the confining steel to the capacity of
the hooked bars and differences in specimen design, only specimens that were tested in this study
were used to develop an expression for Ts.

The difference between T and T¢ was plotted as a function of NA, / N, aterm representative
of the quantity of confining reinforcement effective in the hook region, where N is the number of
legs parallel to the straight portion of the hooked bar within 8dy of the top of the hooked bar for
No. 3 through No. 8 (No. 10 through No. 25) bars or within 10dy of the top of the hooked bar for
No. 9 through No. 11 (No. 29 through No. 36) bars (the out-to-out dimensions of a 180° hooked
bar under the provisions of ACI 318-14) or the number of legs perpendicular to the straight portion
of the hooked bar over the length being developed, A« is the area of a single leg of confining
reinforcement, and n is the number of hooked bars. For example, for a member with two hooked
bars and three No. 3 (No. 10) ties within 8dy or 10ds of the top of the hook, oriented parallel to the
straight portion of the bars (this would be provided by ties spaced at 3dp),
NA, /n :(6><0.11)/2:O.33 in”/hook (213 mm?hook). For the hooked bars discussed in this
section, the value of NA,/n ranges from 0.11 to 0.60 in.%hook (71 to 387 mm%hook) with a
maximum value of N equal to 6.

This definition of N differs from that used by Sperry et al. (2015) due to the observation

that some of the ties confining hooks are not in the region of the failure but rather in the region of
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the compression stress block of the beam, shown in Figure 3.10. Several definitions of N as applied
to NA, / N were systematically applied to the dataset. It was found that using the out-to-out
dimension of a 180° hook to define the region where ties are effective in resisting the pull-out
force of the hook (for both 90° and 180° hooks) resulted in the least scatter in the resulting
equation. This definition of N is also supported by observations of the specimens after failure. The
crack progression shown in Figure 3.10, particularly the crack patterns observed at failure,
demonstrate that the majority of the cracks were confined by the ties within 8d, or 10dy, as
appropriate, of the straight portion of the hooked bar. Some side cracks did extend through the ties
within the region of compressive stress, but the concrete failure cone on the front face did not
extend below the compression region. This crack behavior suggests that the majority of the
confining tensile force will be carried by the ties closest to the hook—that is, outside the
compression region.

Based on the cracking patterns and the observed failure modes described in Chapter 2, the
confining reinforcement not only prevents cracks in the plane of the hook from widening, but
appears to hold regions of the failing concrete together. The nature of the failures observed in the
tests suggests that horizontal confining reinforcement acts to anchor the failure cone that is pulled
out at failure by the hooked bars and, thus, that anchorage strength should be proportional to the
quantity of confining reinforcement in the direction of the bar being developed.

Confining reinforcement placed perpendicular to the bar over the length being developed
was also investigated. This orientation is required by ACI 318-14 for 180° hooked bars and

allowed for 90° hooked bars. Although this orientation also provides confinement to the hooked
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to confining reinforcement in joint region (lower shaded region indicates compression region)
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bars, it appears that its contribution to anchorage capacity differs from that of reinforcement
parallel to the straight portion of the hook, with behavior that is more akin to that of confining
reinforcement in the development of straight bars (Darwin et al. 1996, Zuo and Darwin 2000, ACI
Committee 408R-03). Thus, the two cases will be discussed in turn and handled separately in the
analysis.

Parallel Confining Reinforcement—Figure 3.11 shows the relationship between the ratio
of anchorage strength for hooks confined by confining reinforcement parallel to the straight portion
of the hooked bars to the calculated anchorage strength provided by concrete [Eq. (3.5)] T/T¢ and
the parameter NAr/ N. The strength in excess of the concrete contribution T — T¢ is compared to
the parameter NAr/n in Figure 3.12. The figures include the results from 140 specimens with
various quantities of confining reinforcement. The average bar forces at failure ranged from 18,700
to 209,600 Ib (83.1 to 932 kN) corresponding to a range in stress from 41,000 to 137,400 psi (283
to 947 MPa), the embedment lengths ranged from 3.75 to 23.5 in. (95.3 to 597 mm), and concrete
compressive strengths ranged from 4,300 to 16,180 psi (29.6 to 112 MPa). In the figures, values
of NAr/n of 0.33 in.%/hook (213 mm?/hook) correspond to No. 3 (No. 10) ties spaced at 3d, (which
qualify for a 0.8 reduction in development length in accordance with Section 25.4.3.2 in ACI 318-
14), and values of 0.4 in.?/hook (258 mm?/hook) for No. 8 (No. 25) bars and 0.6 in.2/hook (387
mm?/hook) for No. 11 (No. 36) bars correspond to the higher quantities of confining reinforcement
required by ACI 318-14 Section 18.8.3 for joints in special moment frames. The trend lines in

Figures 3.11 and 3.12 are, respectively, the best-fit and dummy variable lines based on bar size.
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Figure 3.11 Ratio of anchorage strength for hooks confined by confining reinforcement to

anchorage strength provided by concrete, with T¢ based on Eq. (3.5)

50,000
40,000 i
| . .
30,000 Hooked Bar Size:
-~ No. 11
—_ = No.8
éZ0,000 ¢ No.5
No. 11
Q
IT =--No. 8
k. 10,000
—No. 5
0
-10,000
-20,000 T T T
0.2 0.4 0.6 0.8
(NAtr/n)

Figure 3.12 Anchorage strength in excess of the concrete contribution versus amount of
confining reinforcement, with T based on Eq. (3.5)
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As shown in Figure 3.11, T/T¢ increases with an increase in NAr/n, with smaller bars
exhibiting a greater relative increase in anchorage strength than the larger bars. Based on this
comparison, it becomes clear that the increase in strength of hooked bars provided by confining
transverse reinforcement spaced at < 3d, cannot be expressed as a single percentage of the strength
without confinement T, for all bar sizes as is implied by the use of the 0.8 reduction factor for
development length in accordance with Section 25.4.3.2 of ACI 318-14.

Figure 3.12 shows that T — T increases with an increase in NA, /N. As can be seen, there
is a lot of scatter in T — Te¢. This is to be expected since there is scatter in T and T — T¢ is a small
portion (on average 18%) of T. The value of T — T¢ as a function of NAr/n is, in general, similar
for the three bar sizes, with No. 8 and No. 11 (No. 25 and No. 36) hooked bars exhibiting somewhat
more benefit from the confining reinforcement than No. 5 (No. 16) hooked bars. To determine the
effect of bar size on the increase in anchorage strength provided by confining reinforcement, an
analysis similar to that used for specimens without confining reinforcement was implemented. To
do this, the confining reinforcement parameter NAr/n was multiplied by the diameter of the
hooked bar dy to a power ps. A least-squares approach was used to find the value of the power ps3
(= 0.60) that minimized the range of intercepts of the trend lines on the T — T axis.

The results of this analysis are shown in Figures 3.13, 3.14, and 3.15. Figure 3.13 shows
the relationship between T — T¢ and(NA,/n)d,f‘ﬁo. The spread of the intercepts of the trend lines
corresponding to the individual bar sizes is smaller with the addition of the dp term, and the dummy
variables lines do not appear in order of descending bar diameter. Using the average intercept of

the dummy variables lines, the equation describing the effect of the confining reinforcement is

T - 55,5oo%d;3-6° 1,200 (3.6)
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Figure 3.14 shows the ratios of measured to the calculated bar force at failure Teest/Tcaic as
a function of the hooked bar diameter dy, where Tcac = Tc + Ts with T¢ from Eq. (3.5) and Ts from
Eq. (3.6). The values of Test/Tcaic range between 0.69 and 1.28. The intercepts of the trend lines
are 0.98 for specimens with No. 5 (No. 16) bars, 1.04 for specimens with No. 8 (No. 25) bars, and
0.98 for specimens with No. 11 (No. 36) bars. The nearly zero slope of the lines suggests that dfﬁo
captures the effect of the hooked bar diameter on the anchorage capacity provided by confining

transverse reinforcement. The mean value of Tiest/Tcaic IS 1.00, with a coefficient of variation of

0.122.
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Figure 3.13 Anchorage strength in excess of the concrete contribution versus amount of
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confining reinforcement and hooked bar diameter, with T based on Eq. (3.5)
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Figure 3.14 Test-to-calculated anchorage strength ratio versus bar diameter for hooked bars with
confining transverse reinforcement, with Tcac based on Eq. (3.5) and (3.6)

Figure 3.15 shows the relationship between Tiest/ Tcaic and concrete compressive strength fem
for the specimens with confining transverse reinforcement. The nearly zero slope of the trend lines
indicates that the effect of concrete compressive strength is accurately accounted for by the
parameter fcﬂfg for hooks confined by confining reinforcement, as it is for hooks without confining
reinforcement. For the test results shown in Figure 3.15, the concrete term T¢ represents (on
average) 82% of the capacity of the hooked bars. The intercepts of the trend lines are 0.99 for
specimens with No. 5 (No. 16) bars, 1.04 for specimens with No. 8 (No. 25) hooked bars, and 0.99

for specimens with No. 11 (No. 36) hooked bars.
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Figure 3.15 Test-to-calculated anchorage strength ratio versus concrete compressive strength for
hooked bars with confining transverse reinforcement, based on Eqg. (3.5) and (3.6)

As with the concrete contribution Te, the negative intercept of Eq. (3.6) suggests that the
relationship between Tsand NA, /n is not precisely linear. To capture this behavior, the data were
reanalyzed by raising NA, /n and dy to powers that minimized the sum of the squared differences

[(T —TC)—T5:|2 . The resulting equation is

1.06
T, =54,250 (%j d > (3.7)

As before, using a power of 1.06 on NA, /n produces results that are comparable to that
of using a power of 1.0, indicating that the relationship with respect to NA, /n is close enough to

linear to use a linear relationship for design.
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Figure 3.16 Anchorage strength in excess of the concrete contribution versus amount of
confining transverse reinforcement and hooked bar diameter, with T based on Eq. (3.5)

An equation for the anchorage strength of hooked bars with confining transverse
reinforcement in exterior beam-column joints was obtained by adding the terms corresponding to
the contributions of concrete and the confining transverse reinforcement given by Eq. (3.5) and

(3.7).

0.29 »1.06 4 0.54 NA " 0.59
T,=332f,“¢, d,~" +54,250 Tf d, (3.8)

Figure 3.17 shows Tiest/ Tcalc @s a function of hooked bar diameter dy based on Eq. (3.8). The
dummy variables trend lines are nearly horizontal and the intercepts for trend lines corresponding
to specimens with No. 5, 8, and 11 (No. 16, 25, and 36) bars are 0.97, 1.04, and 0.99, respectively.

The mean test-to-calculated strength ratio is 1.0, and the coefficient of variation and standard

deviation are 0.113. The test-to-calculated anchorage strength ratio ranges between 0.681 and 1.28.
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Figure 3.17 Test-to-calculated anchorage strength ratio versus bar diameter for hooked bars with
confining transverse reinforcement, with Tcac based on Eq. (3.8)

Trest/ Tcalc 1S plotted as a function of concrete compressive strength fcm in Figure 3.18.
Anchorage strength is calculated using Eq. (3.8) for the specimens with confining transverse
reinforcement. Once again, the dummy variables trend lines are nearly horizontal, showing that
the effect of concrete compressive strength is adequately represented by Eq. (3.8). The intercepts
of the trend lines corresponding to specimens with No. 5, 8, and 11 (No. 16, 25, and 36) bars are
0.97, 1.05, and 1.00, respectively.

Figure 3.19 compares the anchorage forces measured in the tests to those calculated using
Eq. (3.8). The dashed line represents cases in which the measured and calculated strengths are
equal, while the solid line represents the best fit line for the data set. The two lines nearly match
indicating that Eq. (3.8) provides an adequate estimate of anchorage strength over the entire range

of tests.
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Figure 3.18 Test-to-calculated anchorage strength ratio versus concrete compressive strength for
hooked bars with confining transverse reinforcement, with Tcac based on Eq. (3.8)
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Figure 3.19 Measured versus calculated bar force at failure for hooked bars with confining
transverse reinforcement, with Tcac based on Eq. (3.8)
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Perpendicular Confining Reinforcement—As mentioned earlier, confining reinforcement
oriented perpendicular to the straight portion of the hooked bar helps limit splitting stresses,
whereas confining reinforcement oriented parallel to the straight portion of the hooked bar helps
anchor the failure cone by resisting the direct tensile force. The role of perpendicular confining
reinforcement may be similar to the role of confinement provided by transverse reinforcement
when developing and splicing straight bars. This, in turn, suggests that the term representing the
contribution of confining reinforcement perpendicular to the straight portion of a hooked bar to
anchorage strength will be a function of NA, /N, dy, and fen (ACI 408R-03).

To investigate the validity of this assumption, twelve specimens were tested with confining
reinforcement oriented horizontally or vertically (that is, parallel or perpendicular to the straight
portion of the hooked bar, respectively). Each specimen with confining reinforcement oriented
horizontally had a companion specimen with confining reinforcement oriented vertically. The
details of this group of specimens can be found in Appendix A of Chapter 2 and in Sperry et al.
(2015).

Due to the limited number of specimens with vertical ties (six), it was not possible to
reanalyze the powers on NA, / N, dp, and fcm; therefore, the powers established for these variables
in Eq. (3.8) were used. To remain consistent, the equation representing the additional capacity for
these six specimens was fit to express the same average test-to-calculated ratio as those specimens
cast in the same group with horizontal ties. Based on Eq. (3.8), the average test-to-calculated ratio
for the specimens with horizontal ties is 0.94, reflecting the fact that this group of specimens was
among the weakest of all specimens tested in this study. Using this approach, the additional

capacity provided by confining reinforcement oriented vertically is given by
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1.06
Ty = 983(%) do* £ 2% (3.9)

The value 983 was obtained using an iterative analysis that resulted in an average test-to-calculated
ratio of 0.94 for the six specimens containing vertical ties. In principle, a larger database would

result in an average test-to-calculated ratio of 1.0.

Since the study of the contribution of confining reinforcement perpendicular to the straight
portion of the bar was limited in scope and no other research on vertical ties is available, it is clear
that more research is needed to confidently establish the contribution to anchorage strength of
confining reinforcement with this orientation.

Equations (3.5), (3.8), and (3.9) were developed to characterize the test results for
specimens containing two hooked bars without and with confining transverse reinforcement.
Analyses of other aspects, such as hooked bar spacing, hooked bar placement within a member,
and the use of more than two hooked bars within a section will be presented in follow-on papers.
3.5 SUMMARY AND CONCLUSIONS

Equations were developed to characterize the anchorage capacity of hooked bars with and
without confining transverse reinforcement. The equations are based on the test results for 245
beam-column joint specimens containing two hooked bars, 99 without confining transverse
reinforcement and 146 with confining transverse reinforcement. Results from studies by Marques
and Jirsa (1975), Pinc et al. (1977), Hamad et al. (1993), Ramirez and Russell (2008), and Lee and
Park (2010) were used in conjunction with tests reported by Sperry et al. (2015, 201X). Bar stresses
ranged from 30,800 to 137,400 psi (212 to 947 MPa), and concrete compressive strengths ranged
from 2,570 to 16,510 psi (17.7 to 114 MPa).

The following conclusions are based on the data and analysis presented in this paper:
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The contribution of concrete to the anchorage capacity of hooked bars can be represented
as a function of concrete compressive strength to the 0.29 power.

Confining reinforcement, expressed as the area of confining reinforcement per confined
hooked bar, provides an incremental rather than percentage increase in the anchorage
capacity of hooked bars.

For a given embedment length, the anchorage capacity of hooked bars without and with
confining transverse reinforcement increases as the bar diameter increases.

The contribution of confining reinforcement oriented perpendicular to the straight portion
of the hooked bar differs from that of confining reinforcement parallel to the straight
portion of the hooked bar and may be similar to the contribution of confining reinforcement

to the development and splice strength of straight bars.

3.6 NOTATION

db Nominal bar diameter of the hooked bar

f/  Specified concrete compressive strength

fo Measured average concrete compressive strength

fsaci  Stress in hook as calculated by Section 25.4.3.1 of ACI 318-14

fsu Average peak stress in hooked bars at failure

fy Yield strength of hooked bar

he Width of bearing member flange

hel Height measured from the center of the hook to the top of the bearing member flange

heu Height measured from the center of the hook to the bottom of the upper compression
member
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Ldn Development length in tension of deformed bar with a standard hook, measured from the
outside end of hook, point of tangency, toward critical section

Len Embedment length measured from the back of the hook to the front of the column

n Number of hooked bars confined by N legs

N Number of legs of confining transverse reinforcement in joint region
T Average peak load on hooked bars

Tc Contribution of concrete to hooked bar anchorage capacity

Tcac  Calculated hooked bar strength

Th Hooked bar anchorage capacity

Ts Contribution to hooked bar anchorage capacity of confining reinforcement in the joint
region oriented parallel to the straight portion of the hooked bar

Tsur Contribution to hooked bar anchorage capacity of confining reinforcement in the joint
region oriented perpendicular to the straight portion of the hooked bar

Twest  Recorded load on hooked bar at failure

A Modification factor to reflect the reduced mechanical properties of lightweight concrete
to normalweight concrete of the same compressive strength

Ve Factor used to modify development length based on cover as defined in ACI 318-14
Section 25.4.3.2

Ve Factor used to modify development length based on coating as defined in ACI 318-14
Section 25.4.3.2

WYr Factor used to modify development length based on confining reinforcement in the hook

region as defined in ACI 318-14 Section 25.4.3.2
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CHAPTER 4: EFFECTS OF BEND ANGLE, CONCRETE SIDE COVER,
AND CONFINING REINFORCEMENT ORIENTATION ON THE
ANCHORAGE CAPACITY OF HOOKED BARS

4.1 INTRODUCTION

Hooked bars are commonly used in reinforced concrete construction, but the anchorage
strength of hooked bars has not been studied as extensively as other aspects of reinforced concrete
design. Current design provisions (ACI 318-14, ACI 349-06, AASHTO 2012) for anchorage of
hooked bars in reinforced concrete are based on several assumptions about the behavior of hooks;
among others, hooks with 90° and 180° bend angles are assumed to have similar strength, hooks
with side cover of 2.5 in. (64 mm) or greater have similar strengths, and transverse reinforcement
oriented parallel or perpendicular to the straight portion of a 90° hook is assumed equally effective
at providing confinement, but only transverse reinforcement oriented perpendicular to the straight
portion of a 180° hook is assumed to be effective at providing confinement. The Code provisions
are based on 38 tests by Marques and Jirsa (1975) and Pinc et al. (1977) of beam-column joint
specimens containing Grade 60 (Grade 420) No. 7, No. 9, or No. 11 (No. 22, No. 29, or No. 36)
standard hooks and concrete with compressive strengths ranging between 3,600 and 5,400 psi
(24.8 and 27.2 MPa). Marques and Jirsa (1975) observed that the thickness of the concrete cover
had a significant effect on the slip and stress at failure but indicated no advantage for covers greater
than 2.5 in. (64 mm). None of the test specimens in the earlier studies contained transverse
reinforcement perpendicular to straight portion of the hooked bars.

To validate the applicability of the earlier findings, tests were performed to evaluate the

effects of hook bend angle, concrete clear cover, and orientation of confining reinforcement on
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hook anchorage capacity for a broader range of steel and concrete strengths than used in the earlier
studies. Additional results and analyses are presented by Sperry et al. (2015, 201Xa, 201Xb).
4.2 RESEARCH SIGNIFICANCE

The use of high strength steel and concrete has increased recently due to its ability to
provide lower congestion, smaller member dimensions, less material use, and increased useable
floor area. The current Code provisions for hooked bar anchorage make certain assumptions about
the effects of hook bend angle, side cover, and transverse reinforcement orientation on hooked bar
anchorage. Verifying the validity of these assumptions, especially when using high-strength
materials, is necessary to understand the behavior and strength of hooked bar anchorage and to
provide safe designs for the full range of material strengths used in practice.
4.3 EXPERIMENTAL INVESTIGATION

As part of a larger research program, tests of 166 specimens with two hooked bars were
used to investigate the effect of bend angle, side cover, and reinforcement orientation. No. 5, 8,
and 11 (No. 16, 25, and 36) hooked bars were tested in normalweight concrete with compressive
strengths ranging from 4,300 to 16,510 psi (29.6 to 114 MPa). Nominal clear cover from the
outside of the bar to the outside of the column (side covers) ranged from 2.5 to 3.5 in. (64 to 89
mm). Bar stresses ranged from 33,000 to 137,400 psi (228 to 947 MPa). The results of these tests
are reported and used in conjunction with previous studies to determine the effects of bend angle,

concrete side cover, and transverse reinforcement orientation.

4.3.1 Test Specimens
A diagram of a typical specimen simulating a beam-column joint is shown in Figure 4.1.

Specimens were designed to represent exterior beam-column joints and were cast without the
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beam. The specimens described in this paper contained two hooked bars cast inside the column
longitudinal reinforcement. The out-to-out spacing of the hooked bars was fixed for a given bar
diameter—8 in., 12 in., and 16.5 in. (203 mm, 305 mm, and 419 mm) for specimens with No. 5,
No. 8, and No. 11 hooked bars (No. 16, 25, and 36), respectively. The column depth equaled the
sum of the tail cover and the embedment length. As used in this paper, embedment length Zen refers
to the distance measured from the front of the column face to the back of the tail of the hook, in
contrast to the development length Zan, which refers to the minimum length of anchorage required
in Section 25.4.3 of ACI 318-14 to ensure that a bar can develop its yield strength. Column
reinforcement was provided to resist the shear and moment demand on the column assuming all

hooked bars reached their maximum failure load simultaneously.
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Figure 4.1 Schematic of specimens (a) side view of specimen (b) cross-section of specimen with
hooks inside column core and without confining transverse reinforcement (c) cross-section of
specimen with hooks inside column core and with transverse reinforcement
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The specimens contained one of three quantities of transverse reinforcement, in most cases
oriented horizontally (parallel to the straight portion of the hooked bar): (1) no transverse
reinforcement, (2) two No. 3 (No. 10) ties spaced along the length of the tail of the hook, or (3)
No. 3 (No. 10) ties spaced at 3dy along the tail and the bend of the hook, where d;, is the diameter
of the hooked bar. No. 3 (No. 10) ties spaced at 3d, represents the amount of transverse
reinforcement required to allow the use of the 0.8 reduction factor in development length of hooked
bars in accordance with Section 25.4.3 of ACI 318-14 and is provided by five No. 3 (No. 10) ties
for No. 5 (No. 16) and No. 8 (No. 25) standard hooks and six No. 3 (No. 10) ties for a No. 11 (No.
36) standard hooks. For case (3), the first tie was placed 2d, from the top of the hooked bar (1.5dy
from the center of the hooked bar). To evaluate the effect of reinforcement orientation, six
specimens were tested with vertical ties as shown in Figure 4.2. Of the six, two contained 2 No. 3
(No. 10) ties, two contained 4 No. 3 (No. 10) ties, and two contained 5 No. 3 (No. 10) ties. The

latter two cases both qualify for the 0.8 reduction factor in Section 25.4.3.2 of ACI 318-14.
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Figure 4.2 Details of specimen with vertical ties (a) side view and (b) cross-section

The heights of specimens were chosen so that the support reactions from the test frame did
not interfere with the hook region during testing, as shown in Fig. 3. The column height was 52%
in. (1340 mm) for the specimens with No. 5 (No. 16) or No. 8 (No. 25) hooked bars and 96 in.
(2438 mm) for the specimens with No. 11 (No. 36) hooked bars. The distance from the center of

the hooked bar to the bearing member and upper compression member are given in Table 4.1.

Table 4.1 Location of reaction forces

No. 5 No. 8 No. 11
Hook Hook Hook
Height of Specimen, (in.) 52% 52% 96

Distance from Center of
Hook to Top of Bearing 5.25 10 19.5
Member Flange, hq (in.)!

Distance from Center of
Hook to Bottom of Upper 185 185 485
Compression Member ' ' '
Flange, heu (in.)?
1See Fig. 4.3, 1in. = 25.4 mm
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4.3.2 Material Properties

Specimens were cast using non-air-entrained ready-mix concrete with nominal
compressive strengths of 5,000, 8,000, 12,000, and 15,000 psi (35, 55, 83, and 103 MPa). Actual
strengths ranged from 4,300 to 16,510 psi (29.6 to 114 MPa). The concrete contained Type I/II
portland cement, crushed limestone or granite with a maximum size of 0.75 in. (19.1 mm), Kansas
River sand, and a high-range water-reducing admixture. ADVA 140 was used in the 5,000 and
8,000-psi (34.5 and 55-MPa) concrete and ADVA 575 was used in the 12,000 and 15,000-psi (83
and 103-MPa) concrete; both products are produced by W.R. Grace. Pea gravel was incorporated
in the 12,000 psi (82.7 MPa) concrete to improve the workability of the mix. For the 15,000-psi
(103-MPa) concrete, silica fume and Class C fly ash were used as supplementary cementitious
materials. Mixture proportions are listed in Table 4.2.

Except for a few early tests that used ASTM A615 Grade 60 (420 MPa) reinforcement for
the hooked bars, ASTM A615 Grade 80 (550 MPa) and A1035 Grade 120 (830 MPa) bars were
used for the study to provide maximum flexibility in the tests. For most specimens, the ancillary
steel for column and transverse reinforcement consisted of ASTM A615 Grade 60 (420 MPa)
reinforcing bars. Some specimens had a greater flexural demand than could be satisfied using
ASTM A615 Grade 60 (420 MPa) reinforcing bars. For those specimens, ASTM A1035 Grade
120 (830 MPa) bars were used as the column longitudinal steel. Yield strength, nominal diameter,
rib spacing, rib height, gap width, and relative rib area for the deformed steel bars used as hooked

bars is presented in Table 4.3.
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Table 4.2 Concrete mixture proportions

Material Quantity (SSD)

Design Compressive Strength 5,000 psi | 8,000 psi | 12,000 psi | 15,000 psi
Type I/l Cement, Ib/yd? 600 700 750 760
Class C Fly Ash, Ib/yd? - - - 160

Silica Fume, lb/yd?® - - - 100
Water, Ib/yd? 263 225 217 233
Crushed Limestone, Ib/yd? 1734 1683 1796 -
Granite, Ib/yd® - - - 1693
Pea Gravel, Ib/yd® - - 316 -
Kansas River Sand, lb/yd? 1396 1375 1050 1138
Estimated Air Content, % 1 1 1 1
High-Range Water-Reducer, 0z (US) 301 1711 1042 2052
w/cm ratio 0.44 0.32 0.29 0.24

1 ADVA 140, 2ADVA 575, 1 psi = 0.00689 MPa, 1 Ib/yd® = 0.593 kg/m?, 1 0z = 29.6 mL

Table 4.3 Hooked bar properties

Yield | Nominal | AVéTa%8 | Average Rib Height Gap Width | Relative
Bar ASTM - Rib -
Size | Designation Strength | Diameter Spacing 20 3 Side 1 Side 2 Rib
(ksi)? (in.) (in) AZ(in.) B2 (in.) (in) (in) Area®
5 AG15 88 0.625 0.417 0.031 0.029 0.179 0.169 0.060
5 A1035 122 0.625 0.391 0.038 0.034 0.200 0.175 0.073
8 AG15 88 1 0.666 0.059 0.056 0.146 0.155 0.073
8 A1035? 120 1 0.686 0.068 0.065 0.186 0.181 0.084
8 A1035° 122 1 0.574 0.057 0.052 0.16 0.157 0.078
8 A1035¢ 122 1 0.666 0.056 0.059 0.146 0.155 0.073
11 A615 84 141 0.894 0.080 0.074 0.204 0.196 0.069
11 A1035 123 1.41 0.830 0.098 0.088 0.248 0.220 0.085

L From mill test report 2 Per ASTM A615, A706. * Per ACI 408R-3
aHeat 1, " Heat 2, © Heat 3, 1 in. = 25.4 mm, 1 ksi = 6.89 MPa

4.3.3 Test Procedure

Specimens were tested using a self-reacting system configured to simulate the axial,
tensile, and compressive forces in a beam-column joint (Figure 4.3). The test frame is a modified
version of the apparatus used by Marques and Jirsa (1975). The locations of reactions on the testing

apparatus can be altered to accommodate different-sized specimens as shown in Table 4.1. The
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flange width of the upper compression member and the bearing member were 6°/s-in. (168.3 mm)

and 8%/s-in. (212.7 mm), respectively.

External Axial Upper Compression Key:
Load System Member

Testing Frame Compression

Column = Tension

hey Stiffener
Plates
/ Hydraulic Ram
Hook he

Region —Bearing
‘=ﬂ[/ Member

Lower Tension
Member ,—/E[B:ﬁ |

N

Figure 4.3 Testing frame and forces applied to specimens during testing

For specimens with No. 5 and No. 8 (No. 16 and No. 25) hooked bars, a constant load of
30,000 Ib (133 kN) was applied to most of the specimens, corresponding to a range in axial stress
of 90 to 460 psi (0.621 to 3.17 MPa) (for early tests, a constant force of 80,000 Ib [356 kN] was
used, corresponding to a range in axial stress of 505 to 1,930 psi [3.48 to 13.3 MPa]). Specimens
with No. 11 hooked bars had a constant axial stress of 280 psi (1.93 MPa) applied. These axial
stresses were chosen based on the capacity of the axial load application system. Marques and Jirsa
(1975) found that changes in axial stress up to 3,000 psi (21 MPa) resulted in negligible changes

in the anchorage strength of the hooked bars.
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The load was applied monotonically to the hooked bars using hydraulic jacks to simulate
tensile forces in the beam reinforcement at the face of a beam-column joint. The bearing member
located below the hooked bars simulated the compression zone of the beam and the horizontal
reactions at the top and bottom of the specimen were used to prevent overturning. A detailed
description of the test frame and testing procedure is provided by Peckover and Darwin (2013).
4.4 RESULTS AND ANALYSIS

To evaluate the effect of hook bend angle, concrete side cover, and transverse
reinforcement orientation, results from 166 beam-column joint specimens with two No. 5, No. 8,
or No. 11 (No. 16, No. 25, and No. 36) hooked bars cast inside the column core were selected from
the data presented by Sperry et al. (2015, 201Xa). The test results of these specimens are presented
in Appendix B. These results were combined with selected test results from Marques and Jirsa
(1975), Pinc et al. (1977), Hamad et al. (1993), Ramirez and Russell (2008), and Lee and Park
(2010). The following sections present the effects of bend angle, side cover, and transverse
reinforcement orientation on hooked bar anchorage capacity.

To limit the effects of differences in concrete compressive strength and simplify the
comparisons, the average bar forces at failure were normalized with respect to a concrete
compressive strength of 5,000 psi by multiplying the average bar forces at failure T by
(5000/ fcm)pl to give normalized average failure loads Tn. The value of p1 was selected based on
the observation by Sperry et al. (2015, 201Xa) that the power of 0.5, as is currently used by ACI
318-14, overpredicts the effect of concrete compressive strength. Test results for straight bar

development indicate that a value of p1 = 0.25 adequately characterizes the effect of concrete
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compressive strength on the bond strength (Darwin et al. 1996, Zuo and Darwin 2000, ACI
Committee 408R-03). Thus, a value of p1 equal to 0.25 is used to normalize the failure loads.

In the comparisons that follow, a regression analysis technique based on dummy variables
(Draper and Smith 1981) was used to identify trends in the data. Dummy variables analysis is a
least squares regression analysis method that allows differences in populations to be taken into
account when formulating relationships between principal variables. For example, the effect of
embedment length /Zen on bar force at failure T can be found for different bar sizes based on the
assumption that the effect of changes in Zen on changes in T is the same for the bar sizes considered,

but that the absolute value of T for a given /en will differ for each bar size.

4.4.1 Effect of Bend Angle

Figure 4.4 shows the normalized average failure loads Tn as a function of embedment
length, and includes test results for 58 beam-column specimens (39 from the current study)
containing No. 5, No. 7, No. 8, and No. 11 (No. 16, No. 22, No. 25, and No. 36) hooked bars
without confining transverse reinforcement in the joint region, with bend angles of 90° and 180°.
The test results for the No. 7 (No. 22) hooked bars and some of the No. 11 (No. 36) hooked bars
were taken from studies by Marques and Jirsa (1975), Pinc et al. (1977), Hamad et al. (1993),
Ramirez and Russell (2008), and Lee and Park (2010). The solid lines correspond to trend lines
for 90° hooked bars while the broken lines correspond to 180° hooked bars. Both trend lines and
data points are color coded according to bar size. In this figure and those that follow, the order of
results in the legend coincides with order of the lines in the figure. For each bar size, the range of
embedment lengths is similar for 90° and 180° hooked bars. The embedment lengths /en ranged

from 6.31 to 21.1 in. (160 to 536 mm), and normalized average bar forces at failure ranged from
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19,300 to 114,400 Ib (84 to 509 kN). The measured concrete compressive strengths ranged from

2,570 to 16,510 psi (17.7 to 114 MPa).
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Figure 4.4 Bar force at failure normalized to 5,000 psi concrete versus embedment length for
hooked bars without confining transverse reinforcement

As shown in Figure 4.4, an increase in embedment length is associated with an increase in
the normalized average bar force at failure, as expected. The results in Figure 4.4 indicate that
there is no clear correlation between anchorage strength and bend angle. For No. 5, 7, and 11 (No.
16, 22, 36) hooked bars, the trend line corresponding to a 90° bend angle has a higher intercept
than the trend line corresponding to a 180° bend angle. The opposite trend is observed for No. 8
(No. 25) hooked bars. The magnitude of the difference in intercepts is greater for the No. 11 (No.
36) bars than for the smaller bar sizes. The results are compared using Student’s t-test to compare
intercepts with the Ty axis obtained by extending lines through each data point parallel to the
dummy variables trend lines. Student’s t-test indicates that none of the differences in anchorage
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strength between 90° and 180° hooked No. 5, No. 7, No. 8, and No. 11 (No. 16, No. 22, No. 25,
and No. 36) bars is statistically significant (o = 0.48, 0.44, 0.80, and 0.13, respectively) using o =
0.05 as the threshold for statistical significance.

Figure 4.5 compares the anchorage strengths of 26 beam-column specimens (all from the
current study) containing 90° and 180° No. 5 and No. 8 (No. 16 and 25) hooked bars with two No.
3 (No. 10) ties in the joint region as a function of embedment length. The two ties were placed in
the direction parallel to the straight portion of the hooked bars for both 90° and 180° hooks. Two
ties is insufficient to satisfy ACI Code (ACI 318-14) requirements for the use of a development
length reduction factor for hooked bars, and ties oriented parallel to the straight portion of the
hooked bar, regardless of number or spacing, are not considered by the Code to increase the
anchorage strength of 180° hooks. Contrary to this Code provision, the ties placed parallel to the
straight portion of the hooked bars provided similar increases in anchorage strength for both 90°
and 180° hooks.

The embedment lengths /en ranged from 5.6 to 13.75 in. (142 to 349 mm), the normalized
average bar forces sat failure Ty ranged from 20,000 to 78,300 Ib (89 to 348 kN), and the concrete
compressive strengths ranged from 4,300 to 15,800 psi (29.6 to 109 MPa). The figure shows that
the dummy variables trend lines for anchorage strength nearly coincide for the 90° and 180° No.
5 (No. 16) hooked bars, while the 180° No. 8 (No. 25) hooked bars had a slightly lower strength
than the 90° No. 8 (No. 25) hooked bars. The results of a Student’s t-test show that the differences
in anchorage strength between 90° and 180° No. 5 and No. 8 (No. 16 and 25) hooked bars are not

statistically significant, with . = 0.81 and 0.12, respectively.
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Figure 4.5 Bar force at failure normalized to 5,000 psi concrete versus embedment length for
hooked bars confined by two No. 3 (No. 10) ties

and 36) hooked bars with No. 3 (No. 10) ties spaced at 3d», which satisfies the requirements for
the use of the 0.8 development length reduction factor in ACI 318-14 Section 25.4.3.2. The results
represent 18 specimens tested in the current study. The embedment lengths /en ranged from 9.4 to
20.4 in. (239 to 518 mm), the normalized average bar forces at failure Ty ranged from 51,700 to
133,600 Ib (230 to 595 kN), and the concrete compressive strengths ranged from 5,420 to 15,800
psi (37.4 to 109 MPa). For both the No. 8 and No. 11 (No. 25 and 36) hooked bars, the anchorage
strength of the 180° hooks was slightly lower than the strength of the 90° hooks. The results of
Student’s t-test, however, show that the differences in anchorage strengths for No. 8 and No. 11

(No. 25 and 36) hooked bars are not statistically significant (o = 0.54 and 0.50, respectively).
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Figure 4.6 Bar force at failure normalized to 5,000 psi concrete versus embedment length for
hooked bars with confining reinforcement conforming to Section 25.4.3.2 of ACI 318-14

Overall, although there were minor differences between the anchorage strengths of 90° and
180° hooked bars, none of the differences are statistically significant, and for all other parameters

the same, hooked bars with either bend angle should be treated as having the same anchorage

strength, as reflected in the ACI Code (ACI 318-14).

4.4.2 Effect of Side Cover
This section describes the effect of side clear cover on the anchorage strength of hooked

bars. The results for No. 5, No. 8, and No. 11 (No. 16, No. 25, and No. 36) hooked bars tested in

this study are discussed in turn.

Figure 4.7 shows the test results from this study for 39 beam-column joint specimens

containing No. 5 (No. 16) hooked bars. The nominal side covers were 2.5 in. (64 mm) (solid lines)
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and 3.5 in. (89 mm) (broken lines). Three different quantities of confining transverse reinforcement
were investigated: no confining transverse reinforcement; two No. 3 (No. 10) ties within the joint
region; and No. 3 (No. 10) ties spaced at 3dy, (satisfying the requirements for the 0.8 development
length reduction factor in ACI 318-14 Section 25.4.3.2). The embedment lengths Zen ranged from
3.75in. to 10.5 in. (95 to 267 mm). The average bar forces at failure normalized to a concrete
compressive strength of 5,000 psi (34.5 MPa) Tn ranged from 14,000 to 41,500 Ib (62 to 185 kN),
and the concrete compressive strengths ranged from 5,190 to 15,800 psi (36 to 109 MPa). Figure
4.7 shows that, as expected, anchorage strength increased with increasing embedment length and
amount of confining transverse reinforcement. Regardless of the amount of confining transverse
reinforcement, the results indicate that there was a decrease in strength as the side cover increased
from 2.5 in. to 3.5 in. (64 to 89 mm). Student’s t-test, however, shows that this decrease is not
statistically significant either for specimens without confining transverse reinforcement or for
specimens with No. 3 (No. 10) ties spaced at 3d, (o = 0.72 and 0.30, respectively). The value of a
for specimens with two No. 3 (No. 10) ties is 0.08, just above the threshold value of 0.05 that
indicates statistical significance.

The results for 78 No. 8 (No. 25) hooked bar beam-column joint specimens from this study
are shown in Figure 4.8. The average embedment lengths /en ranged from 6.1 to 18.7 in. (155 to
475 mm), the concrete compressive strengths ranged from 4,300 to 16,510 psi (29.6 to 114 MPa),
and the normalized average bar forces at failure Tn ranged from 28,200 to 93,600 Ib (125 to 417

kN). Anchorage strength increases with increasing embedment length and amount of transverse
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Figure 4.7 Bar force at failure normalized to 5,000 psi concrete versus embedment length for
No. 5 (No. 16) hooked bars with different amounts of confining reinforcement and side cover
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Figure 4.8 Bar force at failure normalized to 5,000 psi concrete versus embedment length for
No. 8 (No. 25) hooked bars with different amounts of confining reinforcement and side cover
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reinforcement. For No. 8 (No. 25) bars, increasing side cover from 2.5 in. to 3.5 in. (64 to 89 mm)
led to increases in anchorage strength for specimens without confining transverse reinforcement.
For specimens with two No. 3 (No. 10) ties and No. 3 (No. 10) ties spaced at 3dy in the joint region,
the specimens with 3.5-in. (89-mm) side cover had anchorage strengths that were slightly lower
than those of specimens with 2.5-in. (64-mm) side cover. Student’s t-test shows that the differences
in anchorage strength associated with changes in cover for specimens with two No. 3 (No. 10) ties
and No. 3 (No. 10) ties spaced at 3dy are not statistically significant, with o equal to 0.32 and 0.47,
respectively. The difference in capacity between hooked bars with 2.5 and 3.5-in. (64 and 89-mm)
side cover, however, is statistically significant (oo = 0.03) for specimens without confining
transverse reinforcement.

Figure 4.9 shows the results for 43 No. 11 (No. 36) hooked bar beam-column joint
specimens. The average embedment lengths /Zen ranged from 9.5 to 26.0 in. (241 to 660 mm), the
concrete compressive strength ranged from 4,910 to 16,180 psi (33.9 to 114 MPa), and the
normalized average bar forces at failure Ty ranged from 39,800 to 174,400 Ib (177 to 776 kN). As
for the No. 5 (No. 16) and No. 8 (No. 25) hooked bars, anchorage strength increases with
embedment length and the amount of transverse reinforcement. For specimens without confining
transverse reinforcement and specimens with two No. 3 (No. 10) ties, there is little difference in
anchorage strength as side cover increases from 2.5 to 3.5 in. (64 to 89 mm). For specimens with
No. 3 (No. 10) ties spaced at 3dy, there is a slight decrease in anchorage strength as side cover
increases from 2.5 to 3.5 in. (64 to 89 mm). Student’s t-test indicates that the differences in
anchorage strength associated with the changes in side cover for specimens without confining

transverse reinforcement and specimens with two No. 3 (No. 10) ties are not statistically significant
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(o0 =0.56 and 0.82, respectively). Student’s t-test cannot be performed for the specimens with No.

3 (No. 10) ties spaced at 3dy because there was only one specimen with 3.5-in. (89-mm) side cover.
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Figure 4.9 Bar force at failure normalized to 5,000 psi concrete versus embedment length for
No. 11 (No. 36) hooked bars with different amounts of confining reinforcement and side cover

For the No. 5 and No. 8 (No. 16 and No. 25) hooked bar specimens, there was only one
instance in each case in which the value of o was indicative of a statistically significant difference
between the anchorage strength of specimens with 2.5-in. (64-mm) side cover and specimens with
3.5-in. (89-mm) side cover. These two instances were No. 5 (No. 16) hooked bars confined by two
No. 3 (No. 10) ties and No. 8 (No. 25) hooked bars without confining transverse reinforcement.
Of these two comparisons, the comparison for the No. 5 (No. 16) bars suggests that a hook with
3.5-in. (89-mm) side cover will have less capacity than a hook with 2.5-in. (64-mm) side cover
(o =0.08), while the No. 8 (No. 25) specimens suggest that a hook with 3.5-in. (89-mm) side cover
will have a greater anchorage capacity than a hook with 2.5-in. (64-mm) side cover (o = 0.03).
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These contradictory findings suggest that these differences carry little weight when considered in
the context of the total population and may be the result of the relatively small population sizes for
these two subsets of data. Overall, the results indicate that, in the current study, anchorage strength

was not affected by differences in side cover in the range of 2.5 to 3.5 in. (64 and 89 mm).

4.4.3 Effect of Orientation of Transverse Reinforcement

To take advantage of the 0.8 reduction factor for development length with 90° hooked bars,
ACI 318-14 Section 25.4.3.2 requires confining reinforcement spaced at < 3d, and placed
perpendicular or parallel to the straight portion of the bar being developed as illustrated for a
cantilever in Figure 4.10, while for 180° hooked bars the reduction factor can only be applied for
reinforcement oriented perpendicular (Figure 4.10a) to the straight portion of the bar being
developed. Because confining reinforcement parallel to hooked bars is more convenient in beam-
column joints, it is important to determine if a parallel orientation yields comparable increases in
anchorage strength to those provided by a perpendicular orientation for 180° hooks. This section
evaluates the strength of both 90° and 180° hooked bars within simulated beam-column joints
confined by ties oriented vertically and horizontally with respect to the straight portion of the
hooked bars. The term “ties” is used to describe confining reinforcement oriented in either
direction.

Test results for twelve beam-column joint specimens with 90° and 180° No. 8 (No. 25)
hooked bars that were cast in the same batch are compared. The respective cross-section
dimensions for the specimens with 10, 11, and 12.5-in. (254, 279, and 318-mm) embedment

lengths were 17x12 in., 17x13 in., and 17x14.5 in. (432x305 mm, 432x330 mm, 432x368 mm).
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Figure 4.10 Ties placed (a) perpendicular to the bar being developed and (b) parallel to the bar
being developed in a cantilever beam (as shown for 90° hooks) (after ACI 318-14)

The compressive strengths for the specimens in this test series ranged from 11,800 to 12,010 psi
(81.4 to 82.8 MPa). The average embedment lengths ranged from 9.4 to 12.8 in. (234 to 325 mm),
and the average failure loads ranged from 60,200 to 75,200 Ib (268 to 335 kN). Of the twelve
specimens, six contained hooks with a 90° bend angle and six contained hooks with a 180° bend
angle. For both sets of six, one specimen contained no confining transverse reinforcement, one
contained two No. 3 (No. 10) ties placed horizontally (parallel to bar being developed), one
contained two No. 3 (No. 10) ties placed vertically (perpendicular to bar being developed), one
contained No. 3 (No. 10) ties spaced at 3d, placed horizontally, and two contained No. 3 (No. 10)
ties spaced at less than 3dy, placed vertically.

To take advantage of the 0.8 development length reduction factor in Section 25.4.3.2 of
ACI 318-14, the maximum spacing for transverse reinforcement is 3dy, regardless of whether they
are placed horizontally or vertically (that is, parallel or perpendicular to the straight portion of the
bar). In the specimens with ties placed horizontally along the tail of the hook, a minimum of five
ties were needed to meet the 3dy spacing requirement. Given the configuration of the specimens

and the depth of the joint, only four ties were required to meet the 3dy, spacing requirement when
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the ties were placed vertically. To obtain an objective comparison between the effect of horizontal
and vertical tie placement, two different configurations were used for specimens with vertical ties
satisfying 3d, maximum spacing requirement—one with four No. 3 (No. 10) ties to meet the 3ds
maximum spacing requirement for vertical ties and one with five No. 3 (No. 10) ties to match the
area of transverse reinforcement used in the specimens with ties placed in the horizontal direction.
The difference between the two configurations is shown in Figure 4.11. For specimens with 180°
hook bend angles, the horizontal ties were placed throughout the hook region as defined by the

bend and tail of a 90° hooked bar, as shown in Figure 4.1.
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Figure 4.11 Plan view of hooked bars with vertical ties satisfying maximum spacing requirement
in ACI 318-14 Section 25.4.3.2: (a) four No. 3 (No. 10) ties and (b) five No. 3 (No. 10) ties

The test results for specimens with two No. 3 (No. 10) ties and specimens with No. 3 (No.
10) ties spaced at < 3dp are shown in the bar graph in Figure 4.12. Each bar in the figure represents
the average force in an individual hooked bar in a single specimen at the peak load sustained by
the specimen. The first set of four bars shows the average failure loads of the 90° and 180° hooked
bars confined by two No. 3 (No. 10) horizontal or vertical ties. As shown for these four specimens,
the 90° hooks confined by horizontal ties performed better than the 90° hooks with the vertical

ties—the average failure load for the hooked bars with horizontal ties was approximately 1.3 times
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the average failure load for the hooked bars with vertical ties. For the specimens with a 180° bend
angle, configurations with vertical and horizontal ties had comparable strengths—the average
failure load for the hooked bars with the vertical ties was 1.02 times the average failure load of the

hooked bars with the horizontal ties.
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Figure 4.12 Failure load for specimens containing No. 8 (No. 25) hooked bars with horizontal
and vertical confining reinforcement and 90° and 180° bend angles

The second and third sets of four bars in Figure 4.12 show the results for specimens with
ties spaced < 3dpb. Only two specimens were cast containing horizontal ties spaced < 3dp. For ease
of comparison, the first and third bars in these sets are duplicates and represent the same two
specimens. Trends for specimens with ties spaced < 3dp are similar to those observed for specimens
with two No. 3 (No. 10) ties. The 90° hooks with vertical ties failed at a lower load than those with

horizontal ties, although the difference is significantly smaller than that observed for the specimens
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with two No. 3 (No. 10) ties. The failure load of the specimen with five No. 3 (No. 10) horizontal
ties was, respectively, 1.09 and 1.07 times the failure loads of the specimens with four No. 3 (No.
10) vertical ties and five No. 3 (No. 10) vertical ties. For the 180° hook specimens, the opposite
was true. Specimens with vertical ties failed at a higher load than the companion specimens with
horizontal ties. The failure loads of the 180° hook specimens with four No. 3 (No. 10) vertical ties
and five No. 3 (No. 10) vertical ties were, respectively, 1.08 and 1.06 times the failure load of the
companion specimen with horizontal ties. The 180° hook specimen with five No. 3 (No. 10)
horizontal ties had nearly identical strengths to the 90° hook specimen with horizontal ties and
higher strengths than the 90° hook specimens with vertical ties, although current design provisions
for hooked bars do not allow the use of the 0.8 reduction factor for development length for 180°
hooks with horizontal ties.

Figure 4.13 shows the ratio of the anchorage capacity of the hooked bars confined by
horizontal ties to the anchorage capacity of hooked bars confined by vertical ties. This figure
indicates that for 90° hooked bars, horizontal ties had a greater effect on anchorage strength than
vertical ties, while for 180° hooked bars the opposite was true. The behavior of the 90° hooked
bars may result because horizontal ties act similar to anchor reinforcement for the hooked bars and
keep the concrete cone intact by carrying a direct tensile force, while vertical ties, whose
orientation does not allow a direct tensile force to develop, may not be as efficient as horizontal
ties in acting as anchor reinforcement. Vertical ties, however, may be more efficient in limiting
splitting of the concrete caused by slip of the hooked bars—splitting that may be greater for 180°
hooked bars than for 90° hooked bars. Greater slip was observed for 180° hooked bars by Marques

and Jirsa (1975) and Hamad et al. (1993). Splitting stresses are also key in straight bar

129



development, where the resistance to the wedging action of the bar due to slip is a function of the
amount of confining transverse reinforcement oriented perpendicular to the bar and the concrete
compressive strength. This suggests that the confinement provided by reinforcement oriented
perpendicular to the straight portion of a hooked bar may be similar to that of the confinement
provided by reinforcement perpendicular to straight bars (Darwin et al. 1996, Zuo and Darwin

2000, ACI Committee 408R-03).
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Figure 4.13 Ratio of anchorage strengths for No. 8 (No. 25) hooked bars with horizontal ties to
No. 8 (No. 25) hooked bars with vertical ties

Figure 4.14 shows the ratio of anchorage strength of hooked bars with a 90° bend angle to
that of hooked bars with a 180° bend angle with both tie orientations. The ratio for specimens with
horizontal ties ranges from 1.01 to 1.06, while the ratio for specimens with vertical ties ranges

from 0.80 to 0.89. For specimens with horizontal ties, the ratio of anchorage strengths is very close
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to 1.0, indicating that regardless of the number of ties in the specimens, placing the ties in the
horizontal direction provided similar capacity for hooked bars with 90° and 180° bend angles. For
specimens with vertical ties, the average anchorage strength ratio is approximately 0.85, showing
that when vertical ties are used, the anchorage capacity attained with 90° hooks is lower than that

attained with 180° hooks.
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Figure 4.14 Ratio of anchorage strengths, No. 8 (No. 25) hooked bars with 90° bend angle to
No. 8 (No. 25) hooked bars with 180° bend angle

Based on the observed failure modes, it appears that horizontal ties act to keep the concrete
intact, serving to keep the concrete from being pulled out the front of the column, similar to anchor
reinforcement. The force in the hooked bars tends to pull a section of concrete out the front of the
column as shown in Figure 4.15, but the ties act in direct opposition to that force. When vertical

ties are used to confine 90° hooked bars, they help keep the concrete intact but no longer act as
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anchor reinforcement and, thus, are pulled through the front of the column with the cone of
concrete, as shown in Figure 4.16.

Based on the results above, it can be concluded that the anchorage strength of 180° hooks
with either tie orientation is similar to that of 90° hooks with horizontal ties. Vertical ties are not
as effective for 90° hooks. Considering that this study is the first to address the effect on anchorage
capacity of transverse reinforcement perpendicular to the straight portion of a hooked bar, more

research on the effect of transverse reinforcement with this orientation is needed.

Figure 4.15 Horizontal ties pinning back concrete cone (Specimens 8-12-90-5#3-i-2.5-2-10 after
failure)
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Figure 4.16 Vertical tie being pulled from the front of the column (Specimen 8-12-90-5#3vr-i-
2.5-2-10 after failure)

45 SUMMARY AND CONCLUSIONS

In this study, the test results for 166 simulated exterior beam-column joints with two
hooked bars were used to investigate the effects of bend angle, concrete side cover, and transverse
reinforcement orientation on the anchorage of hooked bars. No. 5, No. 8, and No. 11 (No. 16, 25,
and 36) hooked bars were tested with both 90° and 180° bend angles. The clear concrete side cover
ranged from 2.5 in. to 3.5 in. (64 to 89 mm). The specimens were cast with normalweight concrete
with compressive strengths ranging from 4,300 to 16,510 psi (29.6 to 133.8 MPa). Bar stresses at
failure ranged from 33,000 to 137,400 psi (228 to 947 MPa). To determine the effect of orientation
of transverse reinforcement on joint capacity, a set of specimens contained either vertical or
horizontal ties in the joint region as all other parameters were held constant. Data from prior studies

were included in the analysis when applicable.
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The following conclusions are based on the data and analysis presented herein:

1. Hooked bars with 90° and 180° bend angles produce similar anchorage capacities. This
includes hooked bars with a 180° bend angle confined by transverse reinforcement parallel
to the straight portion of the bar spaced over the region required in Section 25.4.3.2 of ACI
318-14 to allow use of the 0.8 development length reduction factor for 90° hooks.

2. Increasing concrete side cover from 2.5 to 3.5 in. (64 to 89 mm) does not increase the
anchorage capacity of hooked bars.

3. For hooked bars with a 90° bend angle, confining transverse reinforcement placed
perpendicular to the straight portion of the bars results in lower anchorage capacity than
confining transverse reinforcement with a similar spacing placed parallel to the straight

portion of the bars.

4.6 NOTATION

db Nominal bar diameter of the hooked bar

f/  Specified concrete compressive strength

fo Measured average concrete compressive strength

he Width of bearing member flange

hel Height measured from the center of the hook to the top of the bearing member flange

heu Height measured from the center of the hook to the bottom of the upper compression
member

Ldn Development length in tension of deformed bar with a standard hook, measured from the

outside end of hook, point of tangency, toward critical section

éeh

Embedment length measured from the back of the hook to the front of the column
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T Average peak load on hooked bars
Tn Hooked bar anchorage capacity normalized to 5,000 psi concrete compressive strength

a Student’s t-test significance
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CHAPTER 5: RELIABILITY-BASED STRENGTH REDUCTION FACTOR
FOR HOOKED BAR ANCHORAGE

5.1 INTRODUCTION

Hooked bars are commonly used in reinforced concrete construction, but the anchorage
strength of hooked bars has not been studied as extensively as other aspects of reinforced concrete
design. Furthermore, very little research has been performed to determine the capacity of hooked
high-strength bars or hooked bars in high-strength concrete. Current design provisions for
reinforced concrete including the ACI 318 Building Code Requirements for Structural Concrete,
ACI 349 Code Requirements for Nuclear Safety-Related Concrete Structures, and the AASHTO
LRFD Bridge Design Specifications have requirements for the development of bars with standard
hooks that are based on tests conducted by Minor and Jirsa (1975), Marques and Jirsa (1975), and
Pinc et al. (1977). These experimental studies included only a small number of specimens that
contained standard hooks; in addition, the range of material properties used in the specimens was
very limited and did not include high-strength steel bars or high-strength concrete.

Chapter 2 and recent work by Sperry et al. (2015) has shown that the current provisions for
hooked bar development length overpredict the anchorage strength of larger hooked bars, the effect
of concrete compressive strength, and the effect of confining transverse reinforcement on the
anchorage capacity of hooked bars in tension. It was also observed that the factors applied in
Section 25.4.3.2 of ACI 318-14 for minimum values of concrete cover and confining transverse
reinforcement (0.7 and 0.8, respectively) are unconservative. In Chapter 3 equations were
developed to characterize the behavior of hooked bars both without and with confining

reinforcement based on tests with bar stresses at failure up to 137 ksi (945 MPa) and concrete
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compressive strengths up to 16 ksi (110 MPa). The characterizing equations were developed for
two hooked bars in a single plane cast inside the column longitudinal bars and in normalweight
concrete. Modification factors to account for more than two hooked bars and hooked bars cast
outside the column longitudinal bars were developed by Sperry et al. (2015) and will be addressed
in a follow-on paper.

The characterizing equations, however, are not safe for design in that they do not account
for the uncertainty in loading or material properties as well as the uncertainty in the equations
themselves. If these equations were used to calculate the development length of hooked bars, the
resulting designs would overpredict the strength of the hooked bars in approximately 50% of the
cases. This leads to the need for a strength-reduction factor that will provide a safety margin against
failure. It is desirable to determine the strength-reduction factor on a probabilistic basis, ensuring
not only that the resulting equation is safe, but also that the sudden nature of bond failure is
precluded. Such an approach was taken by Darwin et al. (1998) in the development of a design
equation for development length of straight bars; a similar approach will be applied in this paper
for hooked bars.

The purpose of this paper is to develop a strength-reduction factor for a design equation
derived from the characterizing equations developed in Chapter 3. A reliability analysis is
conducted accounting for the uncertainty in loading, member dimensions, material properties, and
the characterizing equations themselves. A similar analysis is conducted for the current ACI 318
(2014) design equation for hooked bars to compare the relative reliability of the current equation

with the proposed equation.
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5.2 RESEARCH SIGNIFICANCE

The current development length equation for hooked bars in tension is based on a relatively
small data set that does not include high strength materials. Recent work on the development length
of hooked bars including bar stresses up to 137 ksi (945 MPa) and concrete compressive strength
up to 16 ksi (110 MPa) produced expressions aimed to characterize the behavior of these members.
These characterizing equations are not suitable for use in design, leading to the need for
probability-based strength-reduction factors to provide a safe design equation.

5.3 HOOKED BAR ANCHORAGE EQUATIONS

Based on the analysis in Chapter 3, the best-fit equation for the anchorage strength of a

single hook in tension not confined by transverse reinforcement is

Tc — '% fs — 332 fc(r)r;Zggehl.OGdbO.SA (51)
where Ay is the area of the hooked bar, fs is the stress in the hooked bar, fom is the measured concrete
compressive strength, /en is the embedded length of the hooked bar measured to the back of the
tail of the hook, and dy is the diameter of the hooked bar.

Equation (5.1) is based on the analysis of 99 beam-column joint specimens containing two
hooked bars without confining transverse reinforcement from studies by Marques and Jirsa (1975),
Pinc et al. (1977), Hamad et al. (1993), Ramirez and Russell (2008), Lee and Park (2010), and the
tests reported in Chapter 2. The bar forces at failure T for this dataset ranged from 19,200 to
213,300 Ib (85 to 949 kN) corresponding to a range in stress from 30,800 to 136,700 psi (212 to
943 MPa), the embedment lengths /en ranged from 3.75 to 26.0 in. (95 to 660 mm), the hooked bar

size ranged from No. 5 to No. 11 (No. 16 to No. 36), and the concrete compressive strengths ranged
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from 2,570 to 16,510 psi (17.7 to 114 MPa). The average test-to-calculated ratio based on Eq. (5.1)
is 1.0 with a coefficient of variation Vr,c of 0.119.
For hooked bars confined by transverse reinforcement parallel to the straight portion of the

hooked bar, the best-fit equation for the anchorage strength of a single hook in tension is

1.06
T, =Af =332f2%¢ 1%d ** +54, 250[%} d,%° (5.2)

For hooked bars confined by transverse reinforcement perpendicular to the straight portion of the
hooked bar, the best-fit equation for the anchorage strength of a single hook in tension is
T,=Af, =332f22% 1% 0> +983(%T‘06 d, >0 £ 2% (5.3)
The amount of transverse reinforcement per hooked bar is NAr/n , where N is the number
of legs parallel to the straight length of the hooked bar within 8d, from the top of the bar for No.
3 through No. 8 (No. 10 through No. 25) bars or 10d, from the top of the bar for No. 9 through
No. 11 (No. 29 through No. 36) bars (the out-to-out dimension of a 180° hooked bar) or the number
of legs perpendicular to the bar over the length being developed, At is the area of one leg of
transverse reinforcement, and n is the number of hooked bars being developed. One major
advantage to this new definition of the contribution of confining transverse reinforcement is that
the designer can take advantage of smaller amounts of confining transverse reinforcement in the
joint region without being obligated to provide reinforcement spaced at 3dy, as is currently required
to use the 0.8 reduction factor for development length specified in ACI 318-14 Section 25.4.3.2.
This can lead to lower congestion in the joint region, especially when using smaller diameter bars.
Equations (5.2) and (5.3) are based on the analysis of 146 beam-column joint specimens
containing two hooked bars tested by Sperry et al. (2015) and presented in Chapter 2 with various

amounts of confining transverse reinforcement. The bar forces at failure for the 146 specimens
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ranged from 18,700 to 209,600 Ib (83 to 93 kN) corresponding to a range in stress from 41,000 to
137,400 psi (283 to 947 MPa), the average embedment lengths ranged from 3.75 to 23.5 in. (95 to
597 mm), the hooked bar size ranged from No. 5 to No. 11 (No. 16 to No. 36), and concrete
compressive strengths ranged from 4,300 to 16,180 psi (229.6 to 112 MPa). The mean test-to-
calculated strength ratio for Eq. (5.2) is 1.0, and the coefficient of variation V,c is 0.113. The mean
test-to-calculated strength ratio for Eqg. (5.3) is 0.94. A ratio of 1.0 was deemed inappropriate
because only six specimens from a single batch of 14 specimens were cast with vertical stirrups,
with the balance containing horizontal ties or no confining reinforcement; in general, the
specimens in this batch were among the weakest of all the specimens tested in the study. Specimens
from this batch with horizontal ties had an average test-to-calculated ratio of 0.94; thus, to be fair,
the equation for vertical ties was targeted to the same ratio. Since the equation for vertical ties was
based on such a small sample, the coefficient of variation Vr,c for Eq. (5.2) was used in the Monte
Carlo analysis.

Equations (5.1) through (5.3) are best-fit functions for the dataset used to develop the
equations. These equations do not address the effects of more than two hooked bars in a member
or closely-spaced hooked bars. Based on the observed failure modes [discussed in Chapter 2 and
by Sperry et al. (2015)], it can be assumed that placing additional hooked bars in a member or
having closely-spaced hooked bars will lead to a decrease in failure load per hooked bar. Members
with more than two hooked bars and members with closely-spaced hooked bars are under study
and will be addressed in a subsequent paper.

For use in design, several steps were taken to simplify the characterizing equations.
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1. The power of /len in Eqg. (5.1) through (5.3) is 1.06, indicating that the effect of /en on the
anchorage capacity of hooked bars does not deviate substantially from a linear relationship.
Consequently, the anchorage capacity of a hooked bar is assumed to be proportional to the
embedment length Zen.
2. The power of the concrete compressive strength is assumed to be 0.25. This value is reasonably
close to the value of 0.29 in the equations. This value also matches the power of concrete
compressive strength used in the descriptive equations for straight development and lap splices
(Darwin et al. 1996, Darwin et al. 1998, Zuo and Darwin 2000, ACI 408R-03).
3. The power for dy is assumed to be 0.5 as a reasonable representative value of the empirically
derived powers of 0.54 and 0.59 that appear in Eq. (5.1) through (5.3).
4. The power for the term NAw/n is assumed to be 1.0, because the power of 1.06 that appears in
Eqg. (5.2) and (5.3) indicates that the relationship is close to linear.

With these assumptions, the best-fit equation for hooked bars in tension with transverse
reinforcement parallel to the straight portion of the bar becomes

T, =Af =545f°%¢, d,°° +48,ooo%db°-5 (5.4)

For hooked bars with transverse reinforcement oriented perpendicular to the bar, the equation
becomes

T, =Af, =5451°%¢_d,°° +1,290%db°-5 £02 (5.5)

Equations (5.4) and (5.5) give the same result for cases without transverse reinforcement,

asNA, /n=o.
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Equation (5.4) provides a mean test-to-calculated ratio of 1.0 for specimens both without
and with confining transverse reinforcement. The coefficient of variation Vr,c for specimens
without confining reinforcement is 0.124 and for specimens with confining reinforcement is 0.122.

Equation (5.4) can be used to calculate the embedment length necessary to develop a stress

fs in the bar.
15
/,, =0.00144 fs(:szs -88 n[\flﬁ" (5.6)

For hooked bars with transverse reinforcement oriented perpendicular to the bar, Eqg. (5.5)

becomes:

15
0, =0.00144 0 "o 4 NA, (5.7)

0.25
cm n

Alternatively, Eq. (5.6) and (5.7) can be expressed as

0, = (0.00144 fv, ]d;'S (5.8)

0.25
fcm

where for hooked bars confined by transverse reinforcement parallel to the bar,
15
_ f.d,” —61100NA, /n <1.0

5.9a
v, fors (5.92)
and for hooked bars confined by transverse reinforcement perpendicular to the bar,
1,670 f 2P NA
=]--——0 I 5.9b
' nf 4 (5.9b)

54 CALCULATION OF STRENGTH REDUCTION FACTORS

5.4.1 Overall approach

The overall approach for the development of a strength reduction factor is similar to that
used by Darwin et al. (1998). The development of a design equation requires the application of a
strength reduction factor to Eq. (5.4) and (5.5) to ensure a sufficiently low probability of failure.

Hooked bar anchorage failures are brittle and sudden, thus, it is desirable that the probability of
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anchorage failure of the beam reinforcement be less than that of flexural failure of the beam. The
concepts of structural reliability are applied to ensure this safe behavior is incorporated into the
eventual anchorage design equation.

For a given load Q and resistance R, failure will not occur as long as the ratio R/Q > 1.
Reliability-based design uses the concepts of probability to design a system or element to have a
target reliability that takes into account the various sources of uncertainty in R and Q. Load and
strength reduction factors (¢-factors) are used to provide the target reliability. These factors
account for the inherent variability in expected loads and predicted strength of structural members
and work in concert to increase the predicted loads and reduce the predicted strength of elements.
The reliability of the structure can be represented by the reliability index B, which equals the
number of standard deviations separating the mean from the value representing failure. In general,
the higher the value of the reliability index, the greater the reliability of the member. Assuming
that R and Q have lognormal distributions (Fig. 1) and using small-variance approximations
(Ellingwood et al. 1980), In(R/Q)~In(R/Q) andc, .o ~VZ+VZ, where the overbar

indicates the average, ¢ is the standard deviation, and V is the coefficient of variation,

In(R/Q) In(R/Q)

B = ~
GIn(R/Q) JQRZ +VQ2

Figure 5.1 illustrates the relationship between the reliability index and the probability of failure.

(5.10)
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In(R/Q) In(R/Q)

Figure 5.1 lllustration of reliability index (taken from Darwin et al. 1998): p = number of
standard deviations between In(R/Q)=In(R/Q) and In(R/Q)=0

BOnwr/a) _

For reinforced concrete beams and columns with typical loading, B = 3.0 (Ellingwood et
al. 1980). As discussed earlier, it is desirable to have a lower probability of anchorage failure than
flexural failure; thus, the value of B must be greater than the typical value of 3.0. Assuming B =
3.5 for anchorage failures gives a probability of failure about one-fifth of that of a flexural failure
(for which B = 3.0), based on the assumed form of the distributions (Ellingwood et al. 1980). This
increased reliability is deemed sufficient by the authors and will be used in development of a
strength reduction factor for anchorage.

The reliability index can be used to calculate the appropriate strength-reduction factor for
hooked bar anchorage capacity. It must first be realized, however, that the bar force Tn = Apfs that
appears on the left side of Eq. (5.4) or (5.5) has already been increased by a factor of 1/¢, where
¢ is the strength reduction factor for the main loading (this would be flexure for anchorage of

tensile steel in a beam). This increase occurs before the development length for the hooked bar is
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calculated. Following the requirements of ACI 318-14, M, > My. The limiting case is My = My
or dAwfs(d — a/2) = My. Then Apfs = My /d(d — a/2) (where My, and My are the nominal and factored
moments, respectively, ¢ is the strength reduction factor for bending, d is the effective depth, and
a is the depth of the stress block). This demonstrates that Afs is greater by a factor of 1/¢ than that
corresponding to the value of the factored moment My. For hooked bar development, the right side
of Eq. (5.4) or (5.5) times ¢» will also equal My /(d — a/2). Setting the two design forces equal
gives
A, f, = ¢ [Right side of Eq. (5.4) or (5.5)] (5.11)
In most designs, the force provided by the tensile steel in a beam, Axfs, depends on the flexural
demand (as opposed to anchorage requirements). Therefore, the effective strength reduction factor
for hooked bar development length is ¢a = ¢n/d. Thus,
oA, f, = ¢, [Right side of Eq. (5.4) or (5.5)] (5.12)
The strength reduction factor against hooked bar failure ¢, can be calculated using Eq.
(5.10), but the random and uncertain nature of R and Q must first be characterized. To do so, data
collected by the authors and other researchers on the mean and variation of critical parameters is
applied using Monte Carlo analysis. The following derivations follow the procedure used by
Darwin et al. (1998) and Zuo and Darwin (1998).
Resistance and loading random variables—Determining ¢y requires several substitutions
to introduce ¢ into Eq. (5.10). These steps are outlined in Eq. (5.13) through (5.25).
The random variable for resistance R is given as

R=XR, (5.13)
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where X = test-to-calculated load capacity random variable and Rp = predicted capacity random
variable, dependent on material and geometric properties of member, which are also random
variables.

The random variable for dead load and live load Q is

Q=Qy,+Q., or (5.14)
[ Qo Q 5.15
Q [QDH+QDJQD” (5.15)

Where Qp = random variable representing dead load effects, Q. = random variable representing
live load effects, and Qpn = nominal dead load.

The ratios of Qp /Qon and Qv /Qon in Eq. (5.15) can be written as

Qp

=D _ ¥ 5.16

o X (5.16)
Q _Q Qu_ X{&J (5.17)
QDn QLn QDn QD n

where
Ln = nominal live load

X2, X3 = actual-to-nominal dead and live load random variables

(&j = nominal ratio of live load to dead load

D
Expression for strength reduction factor—In design, the strength reduction factor times
the nominal capacity should equal or exceed the factored load, as shown in Eqg. (5.18).
0.R, 27,Qp, +7.Q,, (5.18a)

In the limiting case,

0.R, =v,Qp, +7.Qy, (5.18b)
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where ¢ = strength reduction factor for the loading under consideration (in this case, ¢c = ¢n),
Rn = nominal resistance, and yp, y. = load factors for dead and live loads.

Factoring out Qpn on the right side of Eq. (5.18) and setting Qun /Qon = (QL /Qp)n gives

®.R, =Qp, [VD YL (&J ] (5.19)
Qo J,
Solving Eq. (5.19) for Qpn,
Qo = &R, 9 (5.20)
Yo V0L ((ngn

Eq. (5.16), (5.17), and (5.20) can be substituted into Eg. (5.15) to find the total load, Q:

¢c|:x2+x3(gl_} :an
Q= =

=¢.0R, (5.21)
Yot YL [QLJ
Q ),
where
X, + X, [QLJ
Q
YotV (Q; n
Let r be the ratio of random member resistance to nominal resistance:
X.R
AL (5.22)
R, R,
Solving Eq. (5.22) for R:
R= XlRp =IR, (5.23)

Substituting expressions for R [Eqg. (5.23)] and Q [Eq. (5.21)] into Eqg. (5.10) introduces d¢

into the expression:
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- In(R/Q) In(rR,/¢,0R,) _ In(r/$,q) N In(F/¢,T)

~ (5.24)
GIn(R/Q) cyln(ar/q)Can) cyln(rR/q;Cq) \/er +V¢i
where
- XR,
Rn

v, =2

r

Q J

X, + X, | =
q— _ [ i ’ [QD n

YotV ngjn

2\ Y2
[xQODT{x_{QLJ VQL}
_ %% 9y QD n

49 = T~

¢cq q VEEREVE

X2+ 3 &
Qb J,
Solving Eq. (5.24) for ¢ (and remembering that in this case ¢c = ¢b) gives
T _pg. 22
¢ =4 =ae A (5.25)

The solution of Eq. (5.25) requires knowledge of T and @ and the coefficients of

variation Vr and Vgq. This is discussed next.
5.4.2 Random Variables

In this section, the values of T, Vi, @, and Vgq are obtained. The discussion up to this
point [Eq. (5.25)] can be applied to any design problem (Darwin et al. 1998); however, proceeding

further requires the discussion to become specific to hooked bar development.
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Resistance random variable
The ratio of random to nominal resistance r is determined by using Eq. (5.22), which
requires the knowledge of the test-to-calculated random variable X1 and the predicted capacity
random variable Rp.
Test-to-calculated random variable, X;—The test-to-calculated load random variable X1 is
based on the actual variability of the hooked bar characterizing equation, Eq. (5.1) through (5.3).
X1 is assumed to be a random variable with a normal distribution and a mean of 1.0 [the mean test-
to-calculated ratio of Eq. (5.1) and (5.2)]. The coefficient of variation VXl is equal to the coefficient
of variation of the characterizing equations V. In addition to the variation in the characterizing
equations, the total variation in the test-to-calculated ratio V/c is also influenced by variations in
test parameters such as member geometry, material properties, and measured load; variation from
these sources is represented by Vis (Grant et al. 1978). Thus,
Ve =(V2+v2)” (5.26)
Solving for Vi gives,
v, = (V2. -v2)” (5.27)
Prior research (Grant et al. 1978) has found Vis = 0.07 for reinforced concrete structures.
Thus, for hooked bars not confined by transverse reinforcement,
V, =(Vc —Vz)]/2 =(0.119° —0.072)]/2 —0.096, and for hooked bars confined by transverse

ts

reinforcement, v, = (V7. -V )”2 =(0.113° —0.072)]/2 =0.089.
Predicted capacity random variable, R,—The predicted capacity random variable Ry is
itself a function of other random variables. Thus, the individual values of the predicted capacity

random variable are obtained for hypothetical beam-column joints using Monte Carlo analysis.
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The random variables that affect the value of R are the concrete compressive strength fc' (which
must be adjusted for loading rate) and the development length of the hooked bar /qn. Other aspects
of the member geometry, such as more than two hooked bars in a member and closely-spaced
hooked bars, may alter the capacity random variable if it is found that these factors affect the
capacity of the hooked bars. The predicted capacity Ry is calculated using Eq. (5.1) for hooked
bars not confined by transverse reinforcement or Eq. (5.2) or (5.3) for hooked bars confined by
transverse reinforcement. The individual values for R, are calculated by substituting values for
each of the random variables based on the nominal value (the value assumed in design) and
statistical properties associated with that variable.

Concrete compressive strength random variable, Xs—In addition to the mean strength and
variation in strength for a given specified compressive strength, the random variable for concrete
compressive strength X4 must consider the effect of the loading rate in the structure, as opposed to
the standard loading rate used in compression tests (35 psi/sec [0.24 MPa/sec]) (ASTM C39-15).

Using the relation proposed by Jones and Richart (1936), the concrete compressive strength
at a loading rate f can be obtained with Eq. (5.28):

f; =0.89f/(1+0.08log f ) (5.28)
mele%waSlQmOWMWJ&:mmm%mmﬂmwmoﬂmmmmm&mﬁmmf,
and fly = compressive strength of concrete at T = 35 psi/sec (0.24 MPa/sec).

It is assumed that failures in practice will rarely be the result of rapid loading; typical
failures are likely to be gradual. In this analysis, the loading rate is set equivalent to that which
would cause failure in one hour [Eq. (5.29)].

fl

cf
= 5.29
3600 (5.29)
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The values of f and f: are calculated iteratively by using Eq. (5.28) and (5.29), and
provide a lower compressive strength than indicated from a standard cylinder test. For example,
for concrete with fc'35 = 5,000 psi, the effective loading rate and compressive strength after
iteration are 1.25 psi/sec (8.6 kPa/sec) and 4,480 psi (30.9 MPa), respectively.

The value of fc'35 should be representative of in-situ concrete strength. True in-situ strength
is rarely obtained; field-cured cylinders provide a close, but still differing, approximation to the
strength in the member. Field-cured cylinders typically exhibit somewhat lower strength than
laboratory-cured cylinders, meaning the standard laboratory-cured cylinder test overestimates
compressive strength in the structure. However, when designing concrete mixtures for use in a
structure, engineers target a higher compressive strength than that used in design to ensure that a
sufficiently low percentage of batches produce strengths lower than the specified value. For
simplicity, these two effects are assumed to cancel each other out; therefore, the specified value of
fc' IS substituted into Eq. (5.28) for fc'35.

In Eq. (5.1) through (5.3), f, is replaced by the normally distributed random variable X4
with a mean value of f;. The standard deviation o, =V, f; is based on the list of standard
deviations for laboratory cured cylinders given in Table 5.1 (Nowak et al. 2012), and an assumed
variability for in-situ concrete (Mirza et al. 1979):

v, = V2, +0.0084 (5.30)
where Vcey = the coefficient of variation for laboratory cured cylinders (Table 5.1).
The values in Table 5.1 for Veey are taken from a study by Nowak et al. (2012). For f, =

4,000 psi (28 MPa), Ve = 0.176 and 0 =626 psi (4.32 MPa).
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Table 5.1 Statistical Parameters for Concrete Compressive Strength

! '
Eol Ve | e | ] o
(psi) (psi) (psi)
4,000 0.150 0.176 3,559 626
6,000 0.125 0.155 5,416 839
8,000 0.110 0.143 7,295 1,044
10,000 0.110 0.143 9,190 1,316
12,000 0.110 0.143 11,098 1,589
15,000 0.110 0.143 13,979 2,002
* Data from Nowak et al. (2012)
1 psi = 6.89 kPa

Geometric properties—the variability of the geometric properties of the member are based
on the tolerances for construction specified in ACI 117-14. A normal distribution is assumed to
represent the variability of the geometric properties of the concrete sections.

The development length of the hooked bar is represented by the random variable Xs, with
a mean value equal to the nominal value of Z4n. The tolerance for the embedded length of bars in
ACI 117-14 is -1 in. (25 mm) for No. 3 (No. 10) through No. 11 (No. 36) bars. With a lack of
more detailed information, it was assumed that 5 percent of bars will have a development length
shorter than (an — 1) in. [(4an — 25) mm]. For this assumption and if a normal distribution is
assumed for embedment length, then the value (Zanh — 1) in. [(Zah — 25) mm] will be 1.645 standard
deviations from the mean /qn. Thus, the random variable Xs has a standard deviation that is defined
by 1.6450,_=lin. (25 mm), or 6, =0.61in. (16 mm).

Nominal Strength, R—The nominal strength, Ry, is calculated using Eq. (5.4) or (5.5)
using the nominal dimensions of the member and the specified concrete compressive strength.

153



Monte Carlo simulation—The values of T and V. are obtained using Monte Carlo
simulations of a selected set of hypothetical beams. The concrete compressive strength and bar
size were chosen to be representative of those typically used in practice. Additional considerations,
such as number of hooked bars and spacing, will be addressed in a subsequent paper. These beams
have concrete compressive strength ranging from 4,000 psi to 15,000 psi (27.6 MPa to 103 MPa)
and Grade 60 to Grade 120 (Grade 420 to Grade 830) reinforcing steel.

For each beam and simulation, specific values are probabilistically chosen for X; and X4
through X7 using the mean and variation for each. To accomplish this, a random number generator
is used to produce a number between 0 and 1 for each variable; this random number is treated as a
probability in the cumulative distribution function, which, in turn, is used to determine the standard
normal random variable z (-0 <z <0). This value of z is used to determine the variation of X; from
the mean. For the variable i, X, = Z+ zo, . These values of X; are used to calculate r [Eq. (5.22)]
for the simulation. Each beam is simulated 10,000 times, resulting in an individual ¥ and V; for
each beam. The individual T and V. are then combined to get a cumulative T and V; for the
population.

Loading random variable

The term q is a function of the random variables X> and X3, ratios of actual-to-nominal dead
and live load, respectively, the nominal live-to-dead load ratio (QL/Qp)n, and the dead and live load
factors yp and y., respectively equal to 1.2 and 1.6. The values of (Q./Qp)n selected are 0.5, 1.0,
and 1.5. These values are typically used when evaluating the reliability of reinforced concrete
structures, with a nominal live-to-dead load ratio of 1.0 being the standard for calculating ¢-factors

or determining the reliability index f.
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For reinforced concrete structures, X_Z:Q_D/QDn =1.03 and V= 0.093 (Ellingwood et
al. 1980). The value of X_S:Q_L/QLn Is dependent on the value of mean and nominal live loads.

The fifty year mean live load can be represented by Eq. (5.31) (Ellingwood et al. 1980).

Q_L=[0.25+£J L, (5.31)

A

where A, = influence area, ft?> and L, = basic unreduced live load, psf.

The nominal live load Qvn is represented, according to ASCE 7-10, as

15
=|0.25 L .
Q. ( + KLLAJ o (5.32)

where K. = live load element factor (For interior beams K., = 2) and Ar = tributary area, ft2.

For typical values of Arand A, of 400 ft? and 800 ft?, respectively, the value of X_3 becomes
1.0. Vi, = 0.25 (Ellingwood et al. 1980).
55 STRENGTH REDUCTION FACTORS

Strength reduction (¢) factors are calculated for Eg. (5.4) and (5.5) for members without
and with confining transverse reinforcement using nominal live-to-dead load ratios of 0.5, 1.0, and
1.5. The members used in the calculations include 96 beams with hooked bars not confined by
transverse reinforcement and 384 beams (in four groups of 96) with hooked bars confined by
transverse reinforcement. Concrete compressive strength is either 4,000, 6,000, 8,000, 10,000,
12,000, or 15,000 psi (27.6, 41.4, 55.2, 68.9, 82.7, and 103 MPa). Hooked bars are either Grade
60, 80, 100, or 120 (Grade 420, 550, 690, or 830). No. 6, No. 8, No. 9, and No. 11 hooked bars
(No. 19, No. 25, No. 29, and No. 36) are used. For hooked bars confined by transverse
reinforcement, No. 3 (No. 10) ties are used with either 1 tie, 2 ties, or ties spaced at 3dy. For ties

spaced at 3dp, the ties are oriented both parallel and perpendicular to the straight portion of the
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hooked bars. For ties oriented parallel to the straight portion of the hooked bar, following the
maximum spacing allowed in ACI 318-14 Section 25.4.3.2, only three ties fall within the distance
8dy for No. 3 through No. 8 (No. 10 through No. 25) or 10d, for No. 9 through No. 11 (No. 29
through No. 36) hooked bars. For ties oriented perpendicular to the straight portion of the hooked
bar, however, the number of ties spaced at 3dy is dependent on the embedded length of the bar.
Thus, the orientation of the ties can lead to different amounts of confining reinforcement and
hooked bar anchorage capacity for a given embedded length. A summary of the beams used for
the analysis is presented in Appendix C.

Ten thousand Monte Carlo simulations are performed for each beam. In each simulation,
the predicted strength of the beam is calculated using Eq. (5.1), (5.2), or (5.3) as appropriate, based
on the amount and orientation of confining transverse reinforcement. The material and geometric
random variables described earlier are incorporated into the calculations. The results of the Monte
Carlo simulation (the strengths of each beam) are used to calculate the cumulative T and V;. The
load factors and live-to-dead load ratios are used to calculate @ and Vgq. The value of ¢ = ¢ is
then calculated from Eq. (5.25) using = 3.5. Finally, the value of ¢g = du/d is determined. The
results of the Monte Carlo simulations are presented in Table 5.2.

Using a live-to-dead load ratio of 1.0, ¢4 equals 0.810 for hooked bars without confining
transverse reinforcement, 0.820 for hooked bars confined by 1 No. 3 (No. 10) tie, 0.827 for hooked
bars confined by 2 No. 3 (No. 10) ties, 0.838 for hooked bars with ties spaced at 3d, oriented
parallel to the hooked bar, and 0.818 for hooked bars with ties spaced at 3dy oriented perpendicular
to the hooked bar. Selecting a value of ¢q = 0.81 will, thus, be slightly conservative for hooked

bars both with and without confining transverse reinforcement.
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Table 5.2 Strength reduction factors using Eq. (5.4) and (5.5)

Without Trans 1 No. 3 Parallel 2 No. 3 Parallel

r 1.00 0.99 1.00

Vry 0.125 0.118 0.116

(QL/Qp)n 0.5 1.0 1.5 0.5 1.0 1.5 0.5 1.0 1.5

a 0.765 | 0.725 | 0.703 | 0.765 | 0.725 | 0.703 | 0.765 | 0.725 | 0.703
Vg 0.103 | 0.132 | 0.153 | 0.103 | 0.132 | 0.153 | 0.103 | 0.132 | 0.153
b 0.740 | 0.729 | 0.711 | 0.751 | 0.738 | 0.719 | 0.758 | 0.744 | 0.725
dd 0.823 | 0.810 | 0.790 | 0.834 | 0.820 | 0.799 | 0.842 | 0.827 | 0.805

Table 5.2 Cont. Strength reduction factors using Eqg. (5.4) and (5.5)

Spaced at 3dy Parallel Spaced at 3dy Perpendicular

r 1.00 0.99

\ 0.113 0.120

(Qu/Qo)n | 05 1.0 1.5 0.5 1.0 1.5

] 0.765 | 0.725 | 0.703 | 0.765 | 0.725 | 0.703
Voq 0.103 | 0.132 | 0.153 | 0.103 | 0.132 | 0.153
db 0.769 | 0.754 | 0.734 | 0.748 | 0.736 | 0.717
dd 0.854 | 0.838 | 0.816 | 0.832 | 0.818 | 0.797

As demonstrated in Table 5.2, the values of ¢4 decrease as the live-to-dead load ratio
increases. This is the result of the increased variability that results from uncertainty in the live load.
Design expression—~For ease in application, ¢4 can be incorporated directly into the design
expression. Multiplying the right side of Eq. (5.4) by ¢4 = 0.81, setting fs = fy, fcm = fc', and len =

/dn, and solving for Zgn gives
15

f d,
¢, =0.0018—__ 88 NA, (5.33)

1 0.25 1 0.25
f. nf,

Multiplying the right side of Eq. (5.5) by ¢4 = 0.81 and solving for /an,
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15

f,dy" N
(4, =0.0018 fy, o —2.4 nA (5.34)

Taking the alternate form of the equation [Eq. (5.8)],
f
0, :(0.0018 hd jd;-*s (5.35)

10.25
fc

where, for hooked bars confined by confining reinforcement oriented parallel to the bar
f.d®—49,500NA, /n

= <1.0 5.36a
2 for (5.36a)
for hooked bars confined by confining reinforcement oriented perpendicular to the bar
1,300 f 2P NA
=]-2==—cm " 5.36b
v, o i (5.36b)

The development length of hooked bars obtained using Eq. (5.36) is compared with that
obtained using the provisions of ACI 318-14 in a companion paper.

For purposes of comparison, a similar analysis was performed using the current equation
for hooked bar development in ACI 318-14. Strength-reduction factors for one and two No. 3 (No.
10) ties and No. 3 (No. 10) ties spaced at 3d, were calculated. ACI 318-14, however, only considers
transverse reinforcement spaced < 3dy as contributing to the anchorage capacity. As a result, any
benefits from lesser amounts of confining reinforcement are not accounted for by the Code,
resulting in the same development length as hooked bars without confining reinforcement. The
results, presented in Table 5.3, show that the calculated strength-reduction factors ¢q associated
with the ACI equation range between 0.61 and 0.86. The ¢-factors associated with 1 No. 3 (No.
10) or 2 No. 3 (No. 10) ties are the highest, showing that as confining reinforcement is added, the
relative safety of the Code provisions increases. When the 0.8 reduction factor for ties spaced <
3dp is applied, however, the ¢-factor drops below that for hooked bars without confining

reinforcement, thus showing once again that the reduction factor for confining reinforcement is
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unconservative. Table 5.3 also shows that the Code provisions are sensitive to the orientation of

the confining reinforcement; ties spaced at 3dy oriented perpendicular to the bar had the lowest ¢-

factor. Thus, a reasonable strength-reduction factor for use with the provisions in ACI 318-14

would be 0.61 when the hooked bars are confined by reinforcement spaced < 3dp or 0.76 when the

hooked bars are not confined. It should also be noted that all ¢-factors are below 1.0, indicating

that the Code provisions are unconservative.

Table 5.3 Strength reduction factors using provisions of ACI 318-14

Without Trans 1 No. 3 Parallel 2 No. 3 Parallel

r 1.05 1.13 1.22

Vry 0.168 0.170 0.180

(QL/Qp)n 0.5 1.0 1.5 0.5 1.0 1.5 0.5 1.0 1.5

a 0.765 | 0.725 | 0.703 | 0.765 | 0.725 | 0.703 | 0.765 | 0.725 | 0.703
Vg 0.103 | 0.132 | 0.153 | 0.103 | 0.132 | 0.153 | 0.103 | 0.132 | 0.153
b 0.687 | 0.684 | 0.672 | 0.737 | 0.734 | 0.722 | 0.772 | 0.771 | 0.759
dd 0.763 | 0.760 | 0.747 | 0.819 | 0.815 | 0.802 | 0.858 | 0.856 | 0.844

Table 5.3 Cont. Strength reduction factors using provisions of ACI 318-14

Spaced at 3dy Parallel Spaced at 3dy, Perpendicular

r 1.09 0.86

Vy 0.203 0.174

(QL/Qo)n 0.5 1.0 15 05 1.0 15

o} 0.765 | 0.725 | 0.703 | 0.765 | 0.725 0.703
A 0.103 | 0.132 | 0.153 | 0.103 | 0.132 0.153
db 0.644 | 0.645 | 0.638 | 0.555 | 0.553 0.544
dd 0.715 0.717 0.709 0.616 0.614 0.605

5.6 SUMMARY AND CONCLUSIONS

This paper describes the development of a reliability-based strength reduction (¢) factor

for the development length of hooked bars. The analysis incorporates existing and new data on
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hooked bar anchorage in conventional and high-strength concrete and with conventional and high-
strength steel, and considers bar stresses between 60 and 120 ksi (414 and 827 MPa) and concrete
compressive strengths between 3,000 and 16,000 psi (21 and 110 MPa). The ¢-factor is calculated
for a representative series of beam-column joints using statistically-based expressions for hooked
bar anchorage strength and Monte Carlo simulations, following the procedures used by Darwin et
al. (1998) for spliced bars. The overall approach to calculating the ¢-factor is applicable to all types
of loading on reinforced concrete structures. This analysis did not consider factors such as more
than two hooked bars in a member, hooked bar spacing, or hooked bars cast outside the column
longitudinal bars. Such factors should be considered and will be addressed in a subsequent paper.
The analysis determined that a strength reduction factor of 0.81 would provide a reasonable
measure of safety against an anchorage failure (about one-fifth the probability of failure in
bending) when applied to Eq. (5.4) and (5.5). This reduction factor is incorporated into a design
equation for hooked bar development length. A similar analysis was performed using the
provisions of ACI 318-14. The strength-reduction factor for this analysis was found to be 0.61 for
hooked bars with confining reinforcement spaced <3dp or 0.76 for hooked bars without confining
reinforcement.
5.7 NOTATION
Ap = bar area, in.?
A = influence area, ft.2
Ar = tributary area, ft.2
Ay = area of a single leg of confining steel inside hook region, in.>

b = beam width, in.
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Cso = side cover of hooked bar, in.

d» = nominal bar diameter, in.2

f = stress rate, psi/sec

f. = specified concrete compressive strength, psi

f'e = concrete compressive strength at f = 35 psi/sec, psi

f: = concrete compressive strength at stress rate f psi
fem = measured average concrete compressive strength, psi
fs = steel stress at failure, psi
fy = yield strength of bars being developed, psi

h = beam depth, in.
ldn = development length of hooked bar, in.
len = embedment length of hooked bar, in.

Lo = basic (unreduced) live load

n = number of hooked bars confined by N legs

N = number of legs of confining reinforcement parallel to the straight length of the hooked bar
within 8dyp from the top of the bar for No. 3 through No. 8 (No. 10 through No. 25) bars or 10dp
from the top of the bar for No. 9 through No. 11 (No. 29 through No. 36) bars or the number of
legs perpendicular to the bar over the length being developed
Q = total load
Qo = random variable representing dead load effects
Qbn = nominal dead load

L = random variable representing live load effects
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Qvn = nominal live load

(QL/Qp)n = nominal ratio of live to dead load

g = random loading

R = random variable for resistance

Rn = nominal resistance

Rp = predicted capacity random variable

Ir = R/Rn = X1Rp/Rn

s = center-to-center spacing of hooked bars, in.

Tc = total force in hooked bars without confining transverse reinforcement at failure, Ib
Th = total force in hooked bars with confining transverse reinforcement at failure, 1b
V = coefficient of variation

Vr = coefficient of variation for random variable for resistance

Vq = coefficient of variation for random variable for total load

Ve=(V2, + 0.0084)]/2 , assumed coefficient of variation for in-place concrete

Veeyt = coefficient of variation for laboratory cured concrete cylinder

Vm = coefficient of variation associated with the predictive equation (or model) itself
VQD = coefficient of variation of random variable representing dead load effects

VQL = coefficient of variation of random variable representing live load effects

V' = coefficient of variation of resistance random variable r

V1,c = coefficient of variation of test-to-calculated ratio
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Vis = coefficient of variation of the predictive equation caused by uncertainties in the measured
loads and differences in the actual material and geometric properties of the specimens from values
used to calculate the predicted strength

Vxi = coefficient of variation of random variable X;

Veq = coefficient of variation of loading random variable g

X1 = test-to-calculated load capacity random variable

X2 = actual-to-nominal dead load random variable

X3 = actual-to-nominal live load random variable

X4 = concrete strength f. random variable

Xs = development length /¢n random variable

Xe = beam width b random variable

X7 = concrete side cover cso random variable

f = reliability index

¢ = strength reduction factor for the main loading

¢b = overall strength reduction factor against hooked bar anchorage failure

¢c = strength reduction factor for the loading under consideration

bd = du/d, effective strength reduction factor for use in calculating hooked bar development length
vo = load factor for dead loads

yL = load factor for live loads

ym = correction factor for closely spaced hooked bars

o = standard deviation

oceyl = Standard deviation for standard laboratory cylinders
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Overbar represents average value of the variable
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CHAPTER 6: SUMMARY AND CONCLUSIONS
6.1 SUMMARY

A total of 337 simulated exterior beam-column joints were tested to investigate the
anchorage capacity of hooked bars. Of the 337 beam-column joints, 276 contained two hooked
bars, and 61 contained more than two hooked bars. The simulated beam-column joints were cast
as reinforced concrete columns without the beam. The longitudinal beam reinforcing bars
protruded from the face of the column, and the compression region of the beam was simulated
using the testing frame. No. 5, No. 8, and No. 11 hooked bars were tested with both 90° and 180°
bend angles. The clear concrete side cover ranged from 1.5 in. to 4 in., with most values between
2.5 and 3.5 in., and the center-to-center spacing of the hooked bars ranged from 3d, to 11d,. The
specimens were cast with normalweight concrete with compressive strengths ranging from 4,300
to 16,510 psi. The hooked bars were located both inside and outside the column core (defined as
the area of concrete inside the column longitudinal reinforcement). Most hooked bars were
anchored on the far side of the column, but some tests included hooks that were extended only to
the middle of the column. Bar stresses at failure ranged from 22,800 to 141,600 psi. To determine
the effect of transverse reinforcement on joint capacity, specimens were constructed with either no
transverse reinforcement, 1 No. 3 tie, 2 No. 3 ties, 1 No. 4 tie, 2 No. 4 ties, 4 No. 3 ties, No. 3 ties
spaced at 3d, (which qualify for a 0.8 reduction in development length in accordance with ACI
318-14 Section 25.4.3.2), or transverse reinforcement placed in accordance with ACI 318-14
Section 18.8.3 for joints in special moment frames. Test results available in the literature were

included in the study.
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Using a subset of 214 simulated exterior beam-column joints, expressions were developed
to characterize the anchorage capacity of hooked bars as a function of embedment length, concrete
compressive strength, bar diameter, and amount and orientation of confining reinforcement. These
expressions were used, in turn, to develop design equations for hooked bar development length
using reliability-based techniques. The effects of casting position (inside or outside the column
core and within the depth of the column), spacing of hooked bars, and more than two hooked bars
in a member will be addressed elsewhere.

6.2 CONCLUSIONS

The following conclusions are based on the data and analysis presented in the report:

1. Both a front and side failure were involved for the majority of hooked bars, with front
failure being the dominant failure mode in a greater percentage of the tests.

2. Of hooked bars exhibiting only one failure mode, a greater number exhibited front failure
than side failure.

3. Front failure plays an important role in the behavior of hooked bars, which is in contrast to
findings of previous studies.

4. As the bar size increases, the percentage of hooked bars exhibiting side failure as the
primary failure mode increases.

5. The provisions of ACI 318-14 overpredict the anchorage strength of larger hooked bars,
the effect of concrete compressive strength, and the effect of confining reinforcement on
the anchorage capacity of hooked bars in tension.

6. The reduction factors as applied in Section 25.4.3.2 of ACI 318-14 for concrete cover and

confining reinforcement are unconservative.
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7.

10.

11.

12.

The contribution of concrete to the anchorage capacity of hooked bars can be represented
by the concrete compressive strength to the 0.29 power.

Confining reinforcement, expressed as the area of confining reinforcement per confined
hooked bar, provides in an incremental rather than percentage increase in the anchorage
capacity of hooked bars.

When ties are oriented parallel to the hooked bar, ties that are placed within approximately
8dp, of the top of the hooked bar for No. 3 through No. 8 (No. 10 through No. 25) hooked
bars or within approximately 10d, of the top of the hooked bar for No. 9 through No. 11
(No. 29 through No. 36) hooked bars are effective in resisting the pullout force of the
hooked bar. Ties located further away are largely ineffective.

For a given embedment length, the anchorage capacity of hooked bars without and with
confining reinforcement increases as the bar diameter increases.

For hooked bars with a 90° bend angle, confining reinforcement placed perpendicular to
the straight portion of the bars results in lower anchorage capacity than confining
reinforcement with a similar spacing placed parallel to the straight portion of the bars.
The contribution of confining reinforcement oriented perpendicular to the straight portion
of the hooked bar differs from that of confining reinforcement parallel to the straight
portion of the hooked bar and may be similar to the contribution of confining reinforcement
to the development and splice strength of straight bars. More research is needed to fully
understand the effect of the orientation of confining reinforcement on the behavior of

hooked bars.
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13

14.

15.

16.

colum

use of

. Hooked bars with 90° and 180° bend angles produce similar anchorage capacities and can
be used interchangeably. This includes hooked bars with a 180° bend angle confined by
transverse reinforcement parallel to the straight portion of the bar spaced over the region
required in Section 25.4.3.2 of ACI 318-14 to allow use of the 0.8 development length
reduction factor for 90° hooks.

Increasing concrete side cover from 2.5 to 3.5 in. (64 to 89 mm) does not increase the
anchorage capacity of hooked bars.

When applied to Eq. (5.4) and (5.5), a strength reduction factor of 0.81 will provide a
probability of an anchorage failure equal to approximately one-fifth of the probability of a
flexural failure for members designed in accordance with ACI 318-14.

When applied to the current hooked bar provisions in ACI 318-14, a strength reduction
factor of 0.61 for hooked bars with confining reinforcement spaced < 3dp or 0.76 for
hooked bars without confining reinforcement will provide a probability of anchorage
failure equal to approximately one-fifth of the probability of a flexural failure for members
designed in accordance with ACI 318-14.

FUTURE WORK

In addition to the factors influencing the anchorage strength of hooked bars addressed in this

report, other variables were investigated as part of this research study. These variables include the
spacing between hooked bars, use of more than two hooked bars in a joint, location of hooked bars

(inside or outside the column longitudinal reinforcement or within the depth of the column),

n longitudinal reinforcement ratio, the use of staggered hooked bars (multiple rows), and the

shallow embedment (such as hooked bars anchored in walls). The effects of these factors
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on hooked bar anchorage strength will be addressed in subsequent reports. In addition, the findings
of this study suggest that more research is needed to determine the effect of confining
reinforcement oriented perpendicular to the straight portion of the bar on the anchorage strength

of hooked bars.
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APPENDIX A: NOTATION AND DATA TABLES

An Bar area of hook
Ar Total area of transverse steel inside hook region
As Avrea of longitudinal steel in the column
Acii Total area of cross-ties inside the hook region
b Column width
Co Clear cover measured from the center of the hook to the side of the column
Ch Clear spacing between hooked bars, inside-to-inside spacing
Cso Clear cover measured from the side of the hook to the side of the column
Csoag  Average clear cover of the hooked bars
Cth Clear cover measured from the tail of the hook to the back of the column
db Nominal bar diameter of the hooked bar
deto Nominal bar diameter of cross-ties outside the hook region
dir Nominal bar diameter of transverse reinforcement inside the hook region
ds Nominal bar diameter of transverse reinforcing steel outside the hook region
fc' Specified concrete compressive strength
fon Measured average concrete compressive strength

fsact  Stress in hook as calculated by Section 25.4.3.1 of ACI 318-14
fsina  Stress in hook at failure

fsu Average peak stress in hooked bars at failure

fyt Nominal yield strength of transverse reinforcement

fys Nominal yield strength of longitudinal reinforcing steel in the column

he Width of bearing member flange

hei Height measured from the center of the hook to the top of the bearing member flange

heu Height measured from the center of the hook to the bottom of the upper compression
member

Len Embedment length measured from the back of the hook to the front of the column

lenavg  Average embedment length of hooked bars

n Number of hooked bars confined by N legs

N Number of legs of confining reinforcement in joint region

Neii Total number of cross-ties used as supplemental reinforcement inside the hook region

Ncto Number of cross-ties used per layer as supplemental reinforcement outside the hook
region and spaced at Ss

Nh Number of hooked bars loaded simultaneously

Nir Number of stirrups/ties crossing the hook

T Average peak load on hooked bars

Te Contribution of concrete to hooked bar anchorage capacity

Tealc Calculated hooked bar strength

Tind Peak load on the hooked bar at failure

Th Hooked bar anchorage capacity

Ts Contribution of confining steel in joint region to hooked bar anchorage capacity
Thest Recorded load on hooked bar at failure

Tww  Total peak load on hooked bars

Tn Load on hooked bar at failure multiplied by concrete compressive strength normalized to
5,000 psi

Rr Relative rib area

Scii Center-to-center spacing of cross-ties in the hook region

Str Center-to-center spacing of transverse reinforcement in the hook region

Ss Center-to-center spacing of stirrups/ties outside the hook region

o Student’s t-test significance

We Epoxy coating factor as defined in ACI 318-14 Section 25.4.3.2
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e Factor for cover as defined in ACI 318-14 Section 25.4.3.2

WYr Factor for transverse reinforcement in the hook region
Yo Factor for hooked bar location
W Hooked bar spacing factor

Failure types

FP Front Pullout

FB Front Blowout

SS Side Splitting

SB Side Blowout

TK Tail Kickout

FL Flexural Failure of column
BY Yield of hooked bars

Specimen identification

(A@B) C-D-E-F#G-H-I-J-Kx(L)

A Number of hooks in the specimen

B Clear spacing between hooks in terms of bar diameter
(A@B = blank, indicates standard 2-hook specimen)

C ASTM in.-Ib bar size
D Nominal compressive strength of concrete
E Angle of bend
F Number of bars used as transverse reinforcement within the hook region
G ASTM in.-Ib bar size of transverse reinforcement
(if D#E = 0 = no transverse reinforcement)
H Hooked bars placed inside (i) or outside (0) of longitudinal reinforcement
I Nominal value of cs
J Nominal value of c
K Nominal value of /en
X Replication in a series, blank (or a), b, c, etc.
L Replication not in a series
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Table A.1 Comprehensive test results and data for No. 5 specimens with two hooks

Specimen Hook Eend R; ;?gl?g:rﬁgnt HBoe?rk _eeh fe-h,avg fch Aoe _db Rr _b _hCI _hc
ngle | 5 rientation Type | in. | in. psi | days | in. in. | in. | in.
1 | 5-5-90-0-0-1.5-2-5" g 90° Horizontal A615 gg 5.0 4930 4 0.625 | 0.077 | 11 | 5.25 | 8.375
2 | 5-5-90-0-0-1.5-2-6.5" g 90° Horizontal A1035 gg 6.2 5650 6 0.625 | 0.073 | 11 | 5.25 | 8.375
3 | 5-5-90-0-0-1.5-2-81 i 90° Horizontal A1035 ZZ 7.9 5650 6 0.625 | 0.073 | 11 | 5.25 | 8.375
4 | 5-5-90-0-0-2.5-2-5 i 90° Horizontal A615 3(8) 4.8 4930 4 0.625 | 0.077 | 13 | 5.25 | 8.375
5 | 5-5-180-0-0-1.5-2-9.5 g 180° Horizontal A1035 gg 9.4 4420 7 0.625 | 0.077 | 11 | 5.25 | 8.375
6 | 5-5-180-0-0-1.5-2-11.25" A 180° Horizontal A1035 | 11.3 | 11.3 | 4520 8 0.625 | 0.077 | 11 | 5.25 | 8.375
7 | 5-5-180-0-0-2.5-2-9.5¢ g 180° Horizontal A1035 gg 9.5 4520 8 0.625 | 0.077 | 13 | 5.25 | 8.375
8 | 5-5-90-0-i-2.5-2-10 g 90° Horizontal A1035 gj 9.4 5230 6 0.625 | 0.073 | 13 | 5.25 | 8.375
9 | 5-5-90-0-i-2.5-2-7 g 90° Horizontal A1035 3(9) 6.9 5190 7 0.625 | 0.073 | 13 | 5.25 | 8.375
10 | 5-8-90-0-i-2.5-2-6" g 90° Horizontal A615 gg 6.8 8450 14 | 0.625 | 0.073 | 13 | 5.25 | 8.375
11 | 5-8-90-0-i-2.5-2-6(1) g 90° Horizontal A1035 gé 6.3 9080 11 | 0.625 | 0.073 | 13 | 5.25 | 8.375
12 | 5-8-90-0-i-2.5-2-8" g 90° Horizontal A1035 3(5) 7.8 8580 15 | 0.625 | 0.073 | 13 | 5.25 | 8.375
13 | (2@4) 5-8-90-0-i-2.5-2-6 g 90° Horizontal A1035 Zg 59 6950 18 | 0.625| 0.073 | 8 | 5.25 | 8.375
14 | (2@6) 5-8-90-0-i-2.5-2-6 g 90° Horizontal A1035 28 6.0 6950 18 | 0.625| 0.073 | 9 | 5.25 | 8.375
15 | 5-12-90-0-i-2.5-2-10 g 90° Horizontal A1035 128 105 | 10290 | 14 | 0.625 | 0.073 | 13 | 5.25 | 8.375
16 | 5-12-90-0-i-2.5-2-5 g 90° Horizontal A1035 ié 49 | 11600 | 84 | 0.625 | 0.073 | 13 | 5.25 | 8.375
17 | 5-15-90-0-i-2.5-2-5.5 g 90° Horizontal A1035 gé 59 | 15800 | 62 | 0.625 | 0.073 | 13 | 5.25 | 8.375
18 | 5-15-90-0-i-2.5-2-7.5 g 90° Horizontal A1035 ;g 7.3 | 15800 | 62 | 0.625 | 0.073 | 13 | 5.25 | 8.375
19 | 5-5-90-0-i-3.5-2-10 g 90° Horizontal A1035 18151 10.4 | 5190 7 0.625 | 0.073 | 15 | 5.25 | 8.375
20 | 5-5-90-0-i-3.5-2-7 g 90° Horizontal A1035 ;2 7.6 5190 7 0.625 | 0.073 | 15 | 5.25 | 8.375
21 | 5-8-90-0-i-3.5-2-6" g 90° Horizontal A615 gi 6.3 8580 15 | 0.625 | 0.073 | 15 | 5.38 | 8.375
22 | 5-8-90-0-i-3.5-2-6(1) g 90° Horizontal A1035 gg 6.6 9300 13 | 0.625 | 0.073 | 15 | 5.25 | 8.375
23 | 5-8-90-0-i-3.5-2-8" g 90° Horizontal A1035 gg 8.6 8380 13 | 0.625 | 0.060 | 15 | 5.25 | 8.375
24 | 5-12-90-0-i-3.5-2-5 g 90° Horizontal A1035 2451 54 | 10410 | 15 | 0.625 | 0.073 | 15 | 5.25 | 8.375
25 | 5-12-90-0-i-3.5-2-10 g 90° Horizontal A1035 igé 10.1 | 11600 | 84 | 0.625 | 0.073 | 15 | 5.25 | 8.375

*No failure of hook; equipment malfunction
" Specimens had constant 80 kip axial load

Specimen had full stirrups around the longitudinal bars in the hook region but not around the hooked bars
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Table A.1 Cont. Comprehensive test results and data for No. 5 specimens with two hooks

Specimen Hook | G0 | Goms [on | o [N | Two | Tww | T | fume | fu Fsgiﬁ’u":g Failure
in. | in. |in. | in. Ib Ib Ib Ksi Ksi in. Type
1 | 5-5-90-0-0-1.5-2-5! g ig 16 ;8 6.8 | 2 1351588 28140 | 14070 ggggg 45400 ] Eigg
2 | 5-5-90-0-0-1.5-2-6.5" g i: 16 gg 6.6 | 2 igggg 35630 | 17815 gggg 57500 ] FPF/F;B
3 | 5-5-90-0-0-1.5-2-8 i ;g 15 gi 6.6 | 2 igggg 23500 | 23500 ;gggg 75800 ] FPS/':D;B
4 | 55-90-0-0-2.5-2-5 i g: 25 ié 6.4 | 2 ggggg 38570 | 19285 ;;‘7‘88 62200 ] FZ/SB
5 | 5-5-180-0-0-1.5-2-9.5" g ig 16 gi 6.4 | 2 ggigg 58970 | 29485 19183150000 95100 ] FPF/F;B
6 | 5-5-180-0-0-15-2-11.25' A | 18| 18 | 23|66 | 2 | 32400 | 32400 | 32400 | 104500 | 104500 - FP/SB
7 | 5-5-180-0-0-2.5-2-9.5! g gg 25 ig 6.6 | 2 ggggg 60260 | 30130 17390530000 97200 ] Eﬁ
8 | 5-5-90-0-i-2.5-2-10 @ gg 2.7 gg 6.4 | 2 g;ggg 67170 | 33585 iggfgg 108300 ] Eﬁgg
9 | 5-5-90-0-i-2.5-2-7 g ;g 25 ;g 68| 2 ;gfgg 52530 | 26265 giggg 84700 | (1o, EEE:
10 | 5-8-90-0-i-2.5-2-6 g gg 2.7 ig 6.4 | 2 gigg 59140 | 29570 553050000 95400 ] ggﬁg
11 | 5-8-90-0-i-2.5-2-6(1) @ gg 25 gg 70| 2 géggg 44850 | 22425 ;gggg 72300 .33%%‘%20) EE
12 | 5-8-90-0-i-2.5-2-8 g gg 2.6 gg 6.6 | 2 géggg 63350 | 31675 ﬂéggg 102200 ] ggg
13 | (2@4) 5-8-90-0-i-2.5-2-6 @ g; 3.2 gg 1.9 g gi?gg 44700 | 22400 ;‘3‘288 72300 ] EE
14| @9)58900+2526 | g |70] 26 | 79| 81| 5| ey | 47900 | 24000 | e | 700 | 1| S
15 | 5-12-90-0-i-2.5-2-10 g g:g 2.4 ig 6.6 | 2 22288 83310 | 41655 g%igg 134400 | 019 FB/gngK
16 | 5-12-90-0-i-2.5-2-5 @ gg 2.6 gé 65| 2 ;g‘l‘gg 38440 | 19220 3421388 62000 ] FPF/F?S
17 | 5-15-90-0-i-2.5-2-5.5 g g:i 2.4 ig 6.6 | 2 ggigg 65000 | 32500 iéﬁggg 104800 ] EE
18 | 5-15-90-0-i-2.5-2-7.5 @ gg 25 gg 6.6 | 2 féggg 84400 | 42200 iggigg 136100 j FB
19 | 5-5-90-0-i-3.5-2-10 g gg 35 ig 65| 2 ﬁigg 83850 | 41925 ggggg 135200 ] ggg
20 | 5-5-90-0-i-3.5-2-7 g 2:;‘ 3.4 ﬁ 70| 2 32388 53030 | 26515 gggg 85500 ) FPS,SSS
21 | 5-8-90-0-i-3.5-2-61 g gg 36 ig 6.6 | 2 ;gigg 50950 | 25475 g;ggg 82200 ] EEE:
22 | 5-8-90-0-i-3.5-2-6(1) g gg 38 i; 6.9 | 2 5‘7‘;‘88 49080 | 24540 ;g;gg 79200 .17%%.51250) Eggg
23 | 5-8-90-0-i-3.5-2-8 @ gg 36 i;g 71| 2 3%88 65490 | 32745 ﬁgégg 105600 ] lesss
24 | 5-12-90-0-i-3.5-2-5 g gg 36 i; 70| 2 ggggg 44240 | 22120 ;iggg 71400 ] Eﬁ
25 | 5-12-90-0-i-3.5-2-10 g 22 35 ig 6.8 | 2 22888 46000 | 46000 iigjgg 148400 ) gz

*No failure of hook; equipment malfunction
" Specimens had constant 80 kip axial load
Specimen had full stirrups around the longitudinal bars in the hook region but not around the hooked bars
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Table A.1 Cont. Comprehensive test results and data for No. 5 specimens with two hooks

Specimen Hook I:yt. dr | A ;! Ner | Str | Aci | Neti | Sed | s S5 | deto | Noto .ASZ fys

S| n. n. n. n. n. n. n. n. n. ksi

1 | 5-5-90-0-0-1.5-2-5 g‘ 60 [ - | - | - | - 08| 4 |25[0375|250| - | - |1.27] 60
2 | 5-5-90-0-0-1.5-2-6.5" ';‘ 60 | - | - | - | - |088| 4 |25[0375|250| - | - |1.89 | 60
3 | 5-5-90-0-0-1.5-2-8' i 60 [ - | - | - | - 08| 4 |25[0375|250| - | - |1.27] 60
4 | 5-5-90-0-0-2.5-2-5 i 60 | - | - | - | - |088| 4 |25[0375|250| - | - |1.27| 60
5 | 5-5-180-0-0-1.5-2-9.5" g‘ 60 | - | - | - | - |022] 1* | 40| 0375|400 | - | - |1.27 | 60
6 | 5-5-180-0-0-1.5-2-11.25 A |60 ] -] - [ -] -TJo22[ 1 [40]0375[ 40 | - | - [127]60
7 | 5-5-180-0-0-2.5-2-9.5" g‘ 60 | - | - | - | - |022] 1* | 40| 0375|400 - | - |1.89 | 60
8 | 5-5-90-0-i-2.5-2-10 g‘ 60 | - | - | -] -]033] 3 |30[0375[300| - | - |1.89 | 60
9 | 5-5-90-0-i-2.5-2-7 g‘ 60 | - | - | -] -]08 | 4 |25[0500|350| - | - |1.27] 60
10 | 5-8-90-0-i-2.5-2-6 ';‘ 60 | - | - | - | - 08| 4 |40]0500|400| - | - |1.27] 60
11 | 5-8-90-0-i-2.5-2-6(1) g‘ 60 | - | - | - | -|066| 6 [30[0500|300| - | - |1.27] 60
12 | 5-8-90-0-i-2.5-2-8" ';‘ 60 | - | - | - | - 08| 4 |40[0500|400| - | - |1.27] 60
13 | (2@4) 5-8-90-0-i-2.5-2-6 g‘ 60| - | - | -1]-]| - - | - 10375(300| - | - |316]| 60
14 | (2@6) 5-8-90-0-i-2.5-2-6 g‘ 60 [ - | - | -1]-]| - - | - 10375(300| - | - |316]| 60
15 | 5-12-90-0-i-2.5-2-10 ';‘ 60 | - | - | - | -]011| 1 |70[0375|500| - | - |1.89 | 60
16 | 5-12-90-0-i-2.5-2-5 g‘ 60 | - | - | -] -|066| 6 |25[0500|300| - | - |1.27] 60
17 | 5-15-90-0-i-2.5-2-5.5 ';‘ 60 [ - | - | - |- - - | - 10375250 | - | - |127|60
18 | 5-15-90-0-i-2.5-2-7.5 g‘ 60 [ - | - | -1]-]| - - | - 1037535 | - | - |316| 60
19 | 5-5-90-0-i-3.5-2-10 g‘ 60 | - | - | - | -]033| 3 |[30[0375[300| - | - |1.89 | 60
20 | 5-5-90-0-i-3.5-2-7 g‘ 60 | - | - | - |- |08 | 4 |25[0375|350| - | - |1.27| 60
21 | 5-8-90-0-i-3.5-2-6 g‘ 60 | - | - | - | -]080 | 4 |40[0500|400| - | - |1.27] 60
22 | 5-8-90-0-i-3.5-2-6(1) ';‘ 60 | - | - | - | -|066| 6 [30[0500|300| - | - |1.27] 60
23 | 5-8-90-0-i-3.5-2-8" g‘ 60 | - | - | - | -]080 | 4 |40[0500|400| - | - |1.27] 60
24 | 5-12-90-0-i-3.5-2-5 g‘ 60 | - | - | - | -|066| 6 |25[0500|300| - | - |1.27] 60
25 | 5-12-90-0-i-3.5-2-10 g‘ 60 | - | - | - | -]011| 1 |70[0375|500| - | - |1.89 | 60

*No failure of hook; equipment malfunction
" Specimens had constant 80 kip axial load
Specimen had full stirrups around the longitudinal bars in the hook region but not around the hooked bars
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Table A.1 Cont. Com

prehensive test results and data for No. 5 specimens with two hooks

. Bend Transverse Hook Leh Lehavg fem Age db Rr b hei he
Specimen Hook Anale Reinforcement | Bar ) ) ) ) ) ) )
26 | 5-8-180-0-i-2.5-2-7 'g‘ 180° Horizontal A1035 ;‘11' 7.3 | 9080 | 11 | 0.625 | 0.073 | 13 | 5.25 | 8.375
27 | 5-8-180-0-i-3.5-2-7 ';‘ 180° Horizontal A1035 ;g 7.3 | 9080 | 11 | 0.625 | 0.073 | 15 | 5.25 | 8.375
28 | 5-5-90-1#3-i-2.5-2-81 'g‘ 90° Horizontal A1035 ?g 78 |5310| 6 |0.625 | 0.073 | 13 | 5.25 | 8.375
29 | 5-5-90-1#3-i-2.5-2-6" ';‘ 90° Horizontal A615 gg 51 |5800| 9 | 0.625 | 0.060 | 13 | 5.25 | 8.375
30 | 5-8-90-1#3-i-2.5-2-6" g‘ 90° Horizontal A615 22 6.1 | 8450 | 14 | 0.625 | 0.060 | 13 | 5.25 | 8.375
31 | 5-8-90-1#3-i-2.5-2-6(1) g‘ 90° Horizontal A1035 gé 59 | 9300 | 13 | 0.625 | 0.073 | 13 | 5.25 | 8.375
32 | 5-8-90-1#3-i-3.5-2-61 ';‘ 90° Horizontal A1035 28 6.0 | 8710 | 16 | 0.625 | 0.060 | 15 | 5.25 | 8.375
33 | 5-8-90-1#3-i-3.5-2-6(1) 'g‘ 90° Horizontal A1035 23 6.3 | 9190 | 12 | 0.625 | 0.073 | 15 | 5.25 | 8.375
34 | 5-5-180-1#3-i-2.5-2-8" ';‘ 180° Horizontal A1035 gg 79 | 5670 | 7 | 0.625 | 0.073 | 13 | 5.25 | 8.375
35 | 5-5-180-1#3-i-2.5-2-6" g‘ 180° Horizontal A615 28 6.0 |5800| 9 | 0.625 | 0.060 | 13 | 5.25 | 8.375
36 | 5-8-180-1#3-i-2.5-2-7 g‘ 180° Horizontal A1035 ;; 7.2 | 9300 | 13 | 0.625 | 0.073 | 13 | 5.25 | 8.375
37 | 5-8-180-1#3-i-3.5-2-7 ';‘ 180° Horizontal A1035 éé 6.9 | 9190 | 12 | 0.625 | 0.073 | 15 | 5.25 | 8.375
38 | 5-5-90-1#4-i-2.5-2-81 'g‘ 90° Horizontal A1035 ;g 76 |5310| 6 |0.625 | 0.073 | 13 | 9.25 | 8.375
39 | 5-5-90-1#4-i-2.5-2-61 ';‘ 90° Horizontal A615 gg 55 | 5860 | 8 | 0.625 | 0.060 | 13 | 5.25 | 8.375
40 | 5-8-90-1#4-i-2.5-2-6 'g‘ 90° Horizontal A1035 gg 6.0 | 9300 | 13 | 0.625 | 0.073 | 13 | 5.25 | 8.375
41 | 5-8-90-1#4-i-3.5-2-6 g‘ 90° Horizontal A1035 38 6.5 | 9190 | 12 | 0.625 | 0.073 | 15 | 5.25 | 8.375
42 | 5-5-180-1#4-i-2.5-2-81 'g‘ 180° Horizontal A1035 gg 80 |5310| 6 | 0.625 | 0.073 | 13 | 5.25 | 8.375
43 | 5-5-180-1#4-i-2.5-2-61 'g‘ 180° Horizontal A615 22 6.3 | 5670 | 7 | 0.625 | 0.060 | 13 | 5.25 | 8.375
44 | 5-5-180-2#3-0-1.5-2-11.25" ';‘ 180° Horizontal A1035 ﬁg 116 | 4420 | 7 | 0.625| 0.077 | 11 | 5.25 | 8.375
45 | 5-5-180-2#3-0-1.5-2-9.5" B 180° Horizontal Al1035 | 8.8 88 [4520 | 8 |0.625 | 0.08 | 11 | 5.25 | 8.375
46 | 5-5-180-2#3-0-2.5-2-9.5" 'g‘ 180° Horizontal A1035 g; 9.2 | 4420 | 7 | 0.625 | 0.077 | 13 | 5.25 | 8.375
47 | 5-5-180-2#3-0-2.5-2-11.25" ';‘ 180° Horizontal A1035 ﬁi 113 | 4520 | 8 | 0.625 | 0.077 | 13 | 5.25 | 8.375
48 | 5-5-90-2#3-i-2.5-2-8' 'g‘ 90° Horizontal A1035 ?g 78 | 5860 | 8 | 0.625 | 0.073 | 13 | 5.38 | 8.375
49 | 5-5-90-2#3-i-2.5-2-6' g‘ 90° Horizontal A615 gg 59 |5800| 9 | 0.625 | 0.060 | 13 | 5.25 | 8.375
50 | 5-8-90-2#3-i-2.5-2-61 'g‘ 90° Horizontal A1035 28 6.0 | 8580 | 15 | 0.625 | 0.073 | 13 | 5.25 | 8.375
51 | 5-8-90-2#3-i-2.5-2-8' g‘ 90° Horizontal A1035 gg 84 |8380| 13 | 0.625 | 0.073 | 13 | 5.25 | 8.375

*No failure of hook; equipment malfunction
T Specimens had constant 80 kip axial load
1Specimen had full stirrups around the longitudinal bars in the hook region but not around the hooked bars
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Table A.1 Cont. Comprehensive test results and data for No. 5 specimens with two hooks

Specimen Hook | €0 | Goma [ en | o [ No | Tino | Tew | T | fume | fu Fsgiﬁ’u":g Failure

in. | in. | in. | in. Ib Ib Ib Ksi Ksi in. Type

26 | 5-8-180-0-i-2.5-2-7 g‘ ;2 2.6 ;:i 63| 2 ggzgg 54220 | 27110 ;3163150000 87500 .1fé%.%ie) g;ﬁi
27 | 5-8-180-0-i-3.5-2-7 g‘ g:i 35 %g 71 2 iﬁgg 61510 | 30755 ié‘iggg 99200 2397'%%121) ﬁﬁgg
28 | 5-5-90-1#3-i-2.5-2-8' g‘ gg 25 g:g 6.9 | 2 2§288 66270 | 33135 iggégg 106900 ] SBF/F;B
29 | 5-5-90-1#3-i-2.5-2-6" g‘ ;g 25 gg 6.9 | 2 ggggg 39830 | 19915 gf’égg 64200 ] S;SFP
30 | 5-8-00-1#3-i-2.5-2-6" g‘ gg 25 ig 6.6 | 2 g?ggg 53150 | 26575 ggggg 85700 ] gz
31 | 5-8-90-1#3--2.5-2-6(1) g‘ ;g 2.7 ;é 65| 2 ggigg 50800 | 25400 2‘1‘288 81900 ] Eigg
32 | 5-8-00-1#3--3.5-2-6" g‘ gg 3.6 38 6.8 | 2 ;‘i‘z‘gg 60170 | 30085 iggggg 97000 ] Eﬁgg
33 | 5-8-90-1#3--3.5-2-6(1) g‘ gg 3.6 gj 6.8 | 2 ggggg 51810 | 25905 giggg 83600 gigg Eﬁgg
34 | 5.5-180-1#3-i-2.5-2-8" g‘ ;g 2.6 ;g 6.6 | 2 ggggg 72900 | 36450 Eg%gg 117600 ] S;SFP
35 | 5-5-180-1#3-i-2.5-2-6" g‘ gg 2.6 58 6.6 | 2 2%88 47830 | 23915 32288 77100 ] ﬁggg
36 | 5-8-180-1#3-1-2.5-2-7 g‘ ;g 25 ;:g 65| 2 g‘s‘igg 65820 | 32910 ﬁgggg 106200 2:1%25) Eigg
3 |see013i3527 | § |37 35 |5 70| 2 | S| 61000 | s0s00 | oy’ | o0 | gfa |
38 | 5-5-00-1#4-i-2.5-2-8' g‘ gg 25 g:i 6.9 | 2 g%gg 55070 | 27535 18185720000 88800 ] FZ’SS
39 | 5-5-00-1#4--2.5-2-6" g‘ ;g 25 ;2 6.6 | 2 géggg 42910 | 21455 gg;gg 69200 ] 22
40 | 5-8-00-1#4-i-2.5-2-6 g‘ gg 2.6 52 6.4 | 2 g?ggg 48580 | 24290 ;(7)(1)88 78400 ggg FPF/F;S
41 | 5-8-90-1#4-i-3.5-2-6 g‘ gg 3.6 28 6.8 | 2 ggggg 50480 | 25240 giggg 81400 ] Eigg
42 | 5-5-180-1#4-i-2.5-2-8" g‘ gg 25 38 6.6 | 2 ;‘Zigg 76840 | 38420 ggggg 123900 ) FF;/F?S
43 | 5-5-180-1#4-i-2.5-2-6" g‘ ;2 2.6 ;g 6.6 | 2 ggggg 45950 | 22975 %888 74100 ] FPF/F?S
w| P e teE B 08| 16 | 15| 66| 2 | yaeep | 86100 | 43050 | 200 smo0 | | DD
45 | 5-5-180-2#3-0-1.52.95' | B | 16| 1.6 | 24 | 6.6 | 2 | 20300 | 20300 | 20300 | 65500 | 65500 - FP/SB
46 | 5-5-180-2#3-0-2.5-2-9.5" g‘ ;g 25 ;(1) 6.6 | 2 féggg 87800 | 43900 ﬂ‘l‘ggg 141600 ] FPF/EB
47| a8 58] 28 | 5268 2 | apmo0 | 4650 | 42925 | 15igg | 1300 | T | e
48 | 5-5-00-2#3-i-2.5-2-8' g‘ gg 25 gg 6.6 | 2 g;ggg 74310 | 37155 ggggg 119900 ] gg;EE
%| 5502526 | § 70 26 | 55166 2 | S| om0 | 20aas | goge' | 95000 | T | DS
0| seoai2s26 | 5|70 28 |fgle1) 2 | o e1zs0 | sosa0 | g’ | ose0 | T | DS
51 | 5-8-00-2#3--2.5-2-8' g‘ ;g 2.6 ig 6.5 2 %ggg 80340 | 40170 iggggg 129600 ] Eigg

*No failure of hook; equipment malfunction
T Specimens had constant 80 kip axial load

1Specimen had full stirrups around the longitudinal bars in the hook region but not around the hooked bars
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Table A.1 Cont. Comprehensive test results and data for No. 5 specimens with two hooks

Hook |5 | i | me | | | |l | i | m || in |k
26 | 5-8-180-0-i-2.5-2-7 g 60 - - - - 022| 2 |40 0500 |3.00 | - - 1.27 | 60
27 | 5-8-180-0-i-3.5-2-7 g‘ 60 - - - - 022 2 |40 0500 | 3.00 | - - 1.27 | 60
28 | 5-5-90-1#3-i-2.5-2-8" g‘ 60 | 0.38 | 0.1 1 | 500|044 | 4 |6.0]|0375|4.00 | - - 1.27 | 60
29 | 5-5-90-1#3-i-2.5-2-6" g 60 | 038 | 0.1 1 |500|044 | 4 |6.0]|0375]|4.00 | - - 1.27 | 60
30 | 5-8-90-1#3-i-2.5-2-6" g‘ 60 | 038 | 0.1 1 |500|080| 4 |6.0]|0.500|4.00 | - - 1.27 | 60
31 | 5-8-90-1#3-i-2.5-2-6(1) g‘ 60 | 0.38 | 0.1 1 |{600|066| 6 |3.0]0500]|3.00]| - - 1.27 | 60
32 | 5-8-90-1#3-i-3.5-2-6" g‘ 60 | 038 | 0.1 1 |500|080| 4 |6.0]|0.500|4.00 | - - 1.27 | 60
33 | 5-8-90-1#3-i-3.5-2-6(1) g 60 | 0.38 | 0.1 1 |{600|066| 6 |3.0]0500]|3.00]| - - 1.27 | 60
34 | 5-5-180-1#3-i-2.5-2-8" g‘ 60 | 038 | 0.1 1 | 4.00 - - - | 0375|400 | - - 1.27 | 60
35 | 5-5-180-1#3-i-2.5-2-61 g 60 | 0.38 | 0.1 1 |4.00 - - - | 0375 | 4.00 | - - 1.27 | 60
36 | 5-8-180-1#3-i-2.5-2-7 g‘ 60 | 0.38 | 0.1 1 | 3.00 - - - 10375300 | - - 1.27 | 60
37 | 5-8-180-1#3-i-3.5-2-7 g‘ 60 | 038 | 0.1 1 | 3.00 - - - | 0375|300 | - - 1.27 | 60
38 | 5-5-90-1#4-i-2.5-2-8" g 60 | 05 0.2 1 |500|044| 4 |6.0]|0375|4.00 | - - 1.27 | 60
39 | 5-5-90-1#4-i-2.5-2-6" g‘ 60 0.5 0.2 1 |500|044 | 4 |6.0)|0375]|4.00 | - - 1.27 | 60
40 | 5-8-90-1#4-i-2.5-2-6 ';‘ 60 | 05 |02 | 1 |600|044| 4 |60[0500|300| - | - |1.27|60
41 | 5-8-90-1#4-i-3.5-2-6 g‘ 60 | 05 |02 | 1 |600|044| 4 |60[0500|300| - | - |1.27|60
42 | 5-5-180-1#4-i-2.5-2-81 g‘ 60 0.5 0.2 1 | 4.00 - - - | 0375|400 | - - 1.27 | 60
43 | 5-5-180-1#4-i-2.5-2-6' g‘ 60| 05 |02 | 1 |400| - | - | - [0375]400| - | - |127 |60
44 | 5-5-180-2#3-0-1.5-2-11.25" g‘ 60 | 0.38 | 0.2 2 | 200 - - - | 0375|400 | - - 1.89 | 60
45 | 5-5-180-2#3-0-1.5-2-9.5" B 60 | 0375|022 | 2 2.0 - - - | 0375 | 4.0 - - 1.27 | 60
46 | 5-5-180-2#3-0-2.5-2-9.5 g‘ 60 | 038 | 0.2 | 2 | 2.00 - - - | 0375 | 4.00 | - - 1.89 | 60
47 | 5-5-180-2#3-0-2.5-2-11.25" g‘ 60 | 0.38 | 0.2 2 | 200 - - - | 0375|450 | - - 1.89 | 60
48 | 5-5-90-2#3-i-2.5-2-8' g 60 | 038 | 0.2 | 2 | 4.00 - - - | 0375 | 4.00 | - - 1.27 | 60
49 | 5-5-90-2#3-i-2.5-2-6" g 60 | 0.38 | 0.2 2 | 4.00 - - - | 0375|400 | - - 1.27 | 60
50 | 5-8-90-2#3-i-2.5-2-6" g‘ 60 | 0.38 | 0.2 2 | 4.00 - - - | 0500 | 400 | - - 1.27 | 60
51 | 5-8-90-2#3-i-2.5-2-8' g 60 | 038 | 0.2 | 2 | 4.00 - - - | 0500 | 4.00 | - - 1.67 | 60

*No failure of hook; equipment malfunction

T Specimens had constant 80 kip axial load
1Specimen had full stirrups around the longitudinal bars in the hook region but not around the hooked bars
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Table A.1 Cont. Comprehensive test results and data for No. 5 specimens with two hooks

Specimen Hook ABend R; ;?gl?g:rﬁgnt HBoe?rk _eeh fe_h’avg fch Age _db R _b _hCI _hc
ngle | Srientation Type | in. | in psi | days | in. in. | in. | in.
52 | 5-12-90-2#3-i-2.5-2-5 g 90° Horizontal A1035 gg 58 | 11090 | 83 | 0.625 | 0.073 | 13 | 5.25 | 8.375
53 | 5-15-90-2#3-i-2.5-2-6 g 90° Horizontal A1035 gg 6.4 | 15800 | 61 | 0.625 | 0.073 | 13 | 5.25 | 8.375
54 | 5-15-90-2#3-i-2.5-2-4 g 90° Horizontal A1035 28 3.8 | 15800 | 61 | 0.625 | 0.073 | 13 | 5.25 | 8.375
55 | 5-5-90-2#3-i-3.5-2-6 g 90° Horizontal A1035 2(8) 5.9 5230 6 0.625 | 0.073 | 15 | 5.25 | 8.375
56 | 5-5-90-2#3-i-3.5-2-8 g 90° Horizontal A1035 ;g 7.7 5190 7 0.625 | 0.073 | 15 | 5.25 | 8.375
57 | 5-8-90-2#3-i-3.5-2-6" g 90° Horizontal A1035 gg 6.3 8580 15 | 0.625 | 0.073 | 15 | 5.25 | 8.375
58 | 5-8-90-2#3-i-3.5-2-8' g 90° Horizontal A1035 ;é 7.1 8710 16 | 0.625 | 0.060 | 15 | 5.25 | 8.375
59 | 5-12-90-2#3-i-3.5-2-5 g 90° Horizontal A1035 gg 54 | 10410 | 15 | 0.625 | 0.073 | 15 | 5.25 | 8.375
60 | 5-12-90-2#3-i-3.5-2-10 g 90° Horizontal A1035 182 10.7 | 11090 | 83 | 0.625 | 0.073 | 15 | 5.25 | 8.375
61 | 5-5-180-2#3-i-2.5-2-8' g 180° Horizontal A1035 28 8.0 5670 7 0.625 | 0.073 | 13 | 5.25 | 8.375
62 | 5-5-180-2#3-i-2.5-2-6" g 180° Horizontal A615 gg 5.6 5860 8 0.625 | 0.060 | 13 | 5.25 | 8.375
63 | 5-8-180-2#3-i-2.5-2-7 g 180° Horizontal A1035 ;g 7.1 9080 11 | 0.625 | 0.073 | 13 | 5.25 | 8.375
64 | 5-8-180-2#3-i-3.5-2-7 g 180° Horizontal A1035 gg 6.8 9080 11 | 0.625 | 0.073 | 15 | 5.25 | 8.375
65 | 5-8-90-4#3-i-2.5-2-8" g 90° Horizontal A1035 ;g 7.7 8380 13 | 0.625 | 0.060 | 13 | 5.25 | 8.375
66 | 5-8-90-4#3-i-3.5-2-81 g 90° Horizontal A1035 gg 8.4 8380 13 | 0.625 | 0.060 | 15 | 5.25 | 8.375
67 | 5-5-90-5#3-0-1.5-2-51 B 90° Horizontal A615 | 5.0 5.0 5205 5 0.625 | 0.077 | 11 | 5.25 | 8.375
68 | 5-5-90-5#3-0-1.5-2-8' g 90° Horizontal A1035 3(8) 7.9 5650 6 0.625 | 0.077 | 11 | 5.25 | 8.375
69 | 5-5-90-5#3-0-1.5-2-6.5" g 90° Horizontal A1035 gg 6.5 5780 7 0.625 | 0.073 | 11 | 5.25 | 8.375
70 | 5-5-90-5#3-0-2.5-2-51 g 90° Horizontal A615 gi 5.2 4903 4 0.625 | 0.077 | 13 | 5.38 | 8.375
71 | 5-5-90-5#3-0-2.5-2-81 A 90° Horizontal A1035 | 7.5 75 5650 6 0.625 | 0.077 | 13 | 5.25 | 8.375
72 | 5-5-90-5#3-i-2.5-2-7 g 90° Horizontal A1035 gg 6.3 5230 6 0.625 | 0.073 | 13 | 5.25 | 8.375
73 | 5-12-90-5#3-i-2.5-2-5 g 90° Horizontal A1035 gé 54 | 10410 | 15 | 0.625 | 0.073 | 13 | 5.25 | 8.375
74 | 5-15-90-5#3-i-2.5-2-4 g 90° Horizontal A1035 2? 40 | 15800 | 62 | 0.625 | 0.073 | 13 | 5.25 | 8.375
75 | 5-15-90-5#3-i-2.5-2-5 g 90° Horizontal A1035 gg 51 | 15800 | 62 | 0.625 | 0.073 | 13 | 5.25 | 8.375
76 | 5-5-90-5#3-i-3.5-2-7 g 90° Horizontal A1035 gg 7.1 5190 7 0.625 | 0.073 | 15 | 5.25 | 8.375
77 | 5-12-90-5#3-i-3.5-2-5 g 90° Horizontal A1035 1512 50 | 11090 | 83 | 0.625 | 0.073 | 15 | 5.25 | 8.375
78 | 5-12-90-5#3-i-3.5-2-10 g 90° Horizontal A1035 iig 11.1 | 11090 | 83 | 0.625 | 0.073 | 15 | 5.25 | 8.375

*No failure of hook; equipment malfunction

T Specimens had constant 80 kip axial load

Specimen had full stirrups around the longitudinal bars in the hook region but not around the hooked bars
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Table A.1 Cont. Comprehensive test results and data for No. 5 specimens with two hooks

Specimen Hook | €0 | Goma [ en | o [ No | Tiw | Tew | T | fuma | Fsgiﬁ’u":g Failure

in. | in. | in. | in. Ib Ib Ib Ksi Ksi in. Type

52 | 5-12-90-2#3-i-2.5-2-5 g‘ ;2 2.6 38 6.5 | 2 ;gigg 48700 | 24350 giggg 78500 ] FF;/F?S
53 | 5-15-90-2#3-i-2.5-2-6 ';‘ ;:i 2.4 13 6.6 | 2 23388 85300 | 42600 iggigg 137400 ] E;
54 | 5-15-90-2#3-i-2.5-2-4 g‘ gg 25 g? 6.8 | 2 ;%88 37300 | 18700 gg?gg 60300 ] EE
55 | 5-5-00-2#3-1-3.5-2-6 ';‘ g:i 3.4 ;g 6.5 | 2 gigg 42190 | 21095 ggggg esoo0 | 0183 ggﬁﬁ
56 | 5-5-00-2#3-i-3.5-2-8 g‘ g:g 3.4 gg 6.8 | 2 22;88 45660 | 22830 ﬂ%ﬁgg 73600 ] Eg
57 | 5-8-00-2#3-i-3.5-2-6" g‘ gg 36 ;g 6.4 | 2 53288 60070 | 30035 Z?igg 96900 ] FIL:/FéS
58 | 5-8-00-2#3-i-3.5-2-8" g‘ gg 35 ég 6.6 | 2 ggggg 57310 | 28655 192223%%0 92400 ] Eﬁ
59 | 5-12-90-2#3-i-3.5-2-5 g‘ gg 36 ;2 6.6 | 2 g;ggg 56730 | 28365 ggggg 91500 | 24 Eﬁ
60 | 5-12-90-2#3-i-3.5-2-10 ';‘ gg 36 ;j 6.8 | 2 22888 92000 | 46000 ijgjgg 148400 ] gi
61 | 5-5-180-2#3-i-2.5-2-8" g‘ gg 25 58 6.9 | 2 gjggg 68160 | 34080 ﬂ%gg 109900 ] Eggg
62 | 5-5-180-2#3-i-2.5-2-6" g‘ ;g 2.6 ;g 6.6 | 2 ;gggg 53460 | 26730 ggggg 86200 ] FF;/F?S
63 | 5-8-180-2#3-i-2.5-2-7 g‘ 32 25 gi 6.4 | 2 ggsgg 58460 | 29230 191216%%0 94300 | 400 01 Eﬁgg
64 | 5-8-180-2#3-i-3.5-2-7 g‘ g:g 3.4 g:g 70 | 2 32288 61860 | 30930 5;55205’0 99800 | 20 028) FF;/F?S
o [somwmizsze | B |25 o0 | 23] 0s] 2 | 200 sowo oo | 0B | o | - |
66 | 5-8-00-4#3-i-3.5-2-8' g‘ gg 35 i:g 6.9 | 2 ;‘Sggg 76960 | 38480 igg;gg 124100 ] SSF/PFP
67 | 5-5-90-5#3-0-1.52.5' B | 15| 15 |20 65| 2 | 22000 | 22000 | 22000 | 71000 | 71000 - FP/SB
68 | 5-5-00-5#3-0-1.5-2-8" ';‘ ig 15 ;g 6.4 | 2 ggigg 50220 | 25110 g;igg 81000 ] Eﬁgg
69 | 5-5-00-5#3-0-1.5-2-6.5" g‘ ig 16 58 6.5 | 2 ggggg 43420 | 21710 2‘71288 70000 ] EEEE
70 | 5-5-90-5#3-0-2.5-2-5" ';‘ ;g 2.6 ig 6.6 | 2 53288 45060 | 22530 ;gggg 72700 ] Eﬁgg
71 | 55-00-5#3-0252-8' | A | 2.6 | 26 | 2.1] 65| 2 | 28400 | 28400 | 28400 | 91600 | 91600 - FP
72 | 5-5-90-5#3-i-2.5-2-7 g‘ gg 2.8 gg 6.5 | 2 3388 63390 | 31695 igfggg 102200 ] FFT/PSS
73 | 5-12-90-543-i-2.5-2-5 ';‘ ;g 2.6 ié 6.5 | 2 32388 68840 | 34420 ﬂgggg 111000 8:38; ggﬁg
74 | 5-15-90-5#3-i-2.5-2-4 g‘ 3:2 2.4 ig 6.6 | 2 gggg 62600 | 31360 igiggg 101200 8;233 Eg
75 | 5-15-90-5#3-i-2.5-2-5 g‘ ;:g 2.4 i; 6.8 | 2 jgggg 78300 | 39200 ﬁgggg 126500 ] ;P(
76 | 5-5-00-5#3-1-3.5-2-7 ';‘ g:g 3.4 ;g 70| 2 g‘s‘ggg 72050 | 36025 iﬁ?gg 116200 ] Eﬁ
77 | 5-12-90-5#3-i-3.5-2-5 g‘ gg 33 ig 6.6 | 2 giggg 60880 | 30440 181888 98200 ] El'z
78 | 5-12-90-5#3-i-3.5-2-10 ';‘ gg 35 ig 6.9 | 2 22888 46000 | 46000 ijgjgg 148400 ] gi

*No failure of hook; equipment malfunction
T Specimens had constant 80 kip axial load

Specimen had full stirrups around the longitudinal bars in the hook region but not around the hooked bars
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Table A.1 Cont. Comprehensive test results and data for No. 5 specimens with two hooks

specimen | Hook | 4§ | i L ine | L | | L | in | e || e |
52 | 5-12-90-2#3-i-2.5-2-5 g 60 | 038 | 0.2 | 2 |330|033| 3 |33]0500]|3.00]| - - 1.27 | 60
53 | 5-15-90-2#3-i-2.5-2-6 g‘ 60 | 0.38 | 0.2 2 | 3.00 - - - | 0375 | 275 | - - 3.16 | 60
54 | 5-15-90-2#3-i-2.5-2-4 g‘ 60 | 038 | 0.2 | 2 | 3.00 - - - 10375 | 175 | - - 2.51 | 60
55 | 5-5-90-2#3-i-3.5-2-6 g 60 | 038 | 0.2 2 |35 |011] 1 {35]|0375|350]| - - 1.27 | 60
56 | 5-5-90-2#3-i-3.5-2-8 g‘ 60 | 038 | 0.2 2 | 3.50 - - - | 0375|400 | - - 1.27 | 60
57 | 5-8-90-2#3-i-3.5-2-6" g‘ 60 | 038 | 0.2 | 2 | 4.00 - - - | 0500 | 4.00 | - - 1.27 | 60
58 | 5-8-90-2#3-i-3.5-2-8" g‘ 60 | 038 | 0.2 2 | 4.00 - - - | 0500 | 400 | - - 1.67 | 60
59 | 5-12-90-2#3-i-3.5-2-5 g 60 | 038 | 0.2 | 2 |333|033| 3 |33]0500]|3.00]| - - 1.27 | 60
60 | 5-12-90-2#3-i-3.5-2-10 g‘ 60 | 038 | 0.2 2 | 330 - - - | 0375|500 | - - 1.89 | 60
61 | 5-5-180-2#3-i-2.5-2-8" g 60 | 038 | 0.2 | 2 | 250 - - - | 0375 | 4.00 | - - 1.27 | 60
62 | 5-5-180-2#3-i-2.5-2-6" g‘ 60 | 038 | 0.2 | 2 | 250 - - - | 0375 | 4.00 | - - 1.27 | 60
63 | 5-8-180-2#3-i-2.5-2-7 g‘ 60 | 0.38 | 0.2 2 | 200 - - - | 0375|300 | - - 1.27 | 60
64 | 5-8-180-2#3-i-3.5-2-7 g 60 | 038 | 0.2 | 2 | 2.00 - - - 10375 |3.00| - - 1.27 | 60
65 | 5-8-90-4#3-i-2.5-2-8" g‘ 60 | 0.38 | 0.4 4 | 2.00 - - - | 0500 | 400 | - - 1.67 | 60
66 | 5-8-90-4#3-i-3.5-2-8" g 60 | 0.38 | 04 | 4 | 2.00 - - - | 0.500 | 4.00 | - - 1.67 | 60
67 | 5-5-90-5#3-0-1.5-2-5" B 60 [ 0375|055 | 5 | 2.00 - - - | 0375|250 | - - 1.27 | 60
68 | 5-5-90-5#3-0-1.5-2-8' g‘ 60 | 0.38 | 0.6 5 | 250 - - - | 0375|250 | - - 1.27 | 60
69 | 5-5-90-5#3-0-1.5-2-6.57 g 60 | 0.38 | 06 | 5 | 250 - - - |1 0375|250 | - - 1.89 | 60
70 | 5-5-90-5#3-0-2.5-2-5" g 60 | 0.38 | 0.6 5 | 200 - - - | 0375|250 | - - 1.27 | 60
71 | 5-5-90-5#3-0-2.5-2-8' A 60 | 0375 | 055 | 5 | 250 - - - 10375250 | - - 1.27 | 60
72 | 5-5-90-5#3-i-2.5-2-7 g 60 | 0.38 | 06 | 5 | 175 - - - | 0500 | 350 | - - 1.27 | 60
73 | 5-12-90-5#3-i-2.5-2-5 g 60 | 0.38 | 0.6 5 | 167 - - - | 0500|300 | - - 1.27 | 60
74 | 5-15-90-5#3-i-2.5-2-4 g‘ 60 | 0.38 | 0.6 5 | 175 - - - | 0375 | 175 | - - 2.51 | 60
75 | 5-15-90-5#3-i-2.5-2-5 g‘ 60 | 038 | 06 | 5 | 175 - - - |1 0375|225 | - - 316 | 60
76 | 5-5-90-5#3-i-3.5-2-7 g‘ 60 | 0.38 | 0.6 5 | 175 - - - | 0500|350 | - - 1.27 | 60
77 | 5-12-90-5#3-i-3.5-2-5 g 60 | 0.38 | 06 | 5 | 1.70 - - - | 0500 | 3.00 | - - 1.27 | 60
78 | 5-12-90-5#3-i-3.5-2-10 g 60 | 0.38 | 0.6 5 | 170 - - - | 0375|500 | - - 1.89 | 60

*No failure of hook; equipment malfunction
T Specimens had constant 80 kip axial load
Specimen had full stirrups around the longitudinal bars in the hook region but not around the hooked bars
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Table A.2 Comprehensive test results and data for No. 8 specimens with two hooks

Specimen Hook ABend R;;?cr)]:(\:/:r?:nt |_|Boe?rk _eeh fe_h’avg fch Age _db R _b _hd _hc
ngle Orientation Type in. in. psi days | in. in. | in. in.
79 | 8-5-90-0-0-2.5-2-10a" g‘ 90° Horizontal A1035? igg 10.4 | 5270 7 1 {0084 | 17 | 105 | 8.375
80 | 8-5-90-0-0-2.5-2-10b° g 90° Horizontal A10352 190'?3 9.8 5440 8 1 10.084 | 17 | 105 | 8.375
81 | 8-5-90-0-0-2.5-2-10c' g‘ 90° Horizontal A1035? igg 10.6 | 5650 9 1 |0.084| 17 | 105 | 8.375
82 | 8-8-90-0-0-2.5-2-8 g 90° Horizontal A1035° gg 8.4 8740 12 1 10.078 | 17 | 105 | 8.375
83 | 8-8-90-0-0-3.5-2-8 g 90° Horizontal A1035° ;8 78 | 8810 | 14 1 {0078 | 19 | 105 | 8.375
84 | 8-8-90-0-0-4-2-8 g‘ 90° Horizontal A1035° g; 82 | 8630 | 11 1 ]0.078| 20 | 105 | 8.375
85 | 8-5-90-0-i-2.5-2-16" g 90° Horizontal A1035° igg 16.4 | 4980 7 1 10078 | 17 | 105 | 8.375
86 | 8-5-90-0-i-2.5-2-9.5 g‘ 90° Horizontal AB15 19693 9.6 | 5140 8 1 0078 | 17 | 105 | 8.375
87 | 8-5-90-0-i-2.5-2-12.51 g 90° Horizontal A615 gg 13.3 | 5240 9 1 10078 | 17 | 105 | 8.375
88 | 8-5-90-0-i-2.5-2-18 g 90° Horizontal A1035° igg 18.7 | 5380 | 11 1 {0078 | 17 | 105 | 8.375
89 | 8-5-90-0-i-2.5-2-13 g‘ 90° Horizontal A1035° igg 13.4 | 5560 | 11 1 {0078 | 17 | 105 | 8.375
90 | 8-5-90-0-i-2.5-2-15(1) g 90° Horizontal A1035° igg 149 | 5910 14 110073 | 17 | 105 | 8.375
91 | 8-5-90-0-i-2.5-2-15 g‘ 90° Horizontal A1035° iii 148 | 6210 8 1 {0073 | 17 | 105 | 8.375
92 | (2@3) 8-5-90-0-i-2.5-2-10* g 90° Horizontal A615 igg 105 | 4490 10 110073 | 9 | 105 | 8375
93 | (2@5) 8-5-90-0-i-2.5-2-10* g‘ 90° Horizontal AB15 igi 10.1 | 4490 | 10 1 {0073 | 11 | 105 | 8.375
94 | 8-8-90-0-i-2.5-2-8 g 90° Horizontal A1035° g?) 8.4 7910 15 1 10078 | 17 | 105 | 8.375
95 | 8-8-90-0-i-2.5-2-10 g 90° Horizontal A1035° gg 9.6 7700 14 1 10.078 | 17 | 105 | 8.375
96 | 8-8-90-0-i-2.5-2-8(1) g‘ 90° Horizontal A1035° gg 80 | 8780 | 13 1 ]0078 | 17 | 105 | 8.375
97 | 8-8-90-0-i-2.5sc-2tc-9* g 90° Horizontal A615 gg 9.5 7710 25 1 10073 | 17 | 105 | 8.375
98 | 8-8-90-0-i-2.5sc-9tc-9 g‘ 90° Horizontal AB15 gg 9.1 | 7710 | 25 1 {0073 | 17 | 105 | 8.375
99 | (2@3) 8-8-90-0-i-2.5-9-9 g 90° Horizontal A615 gg 9.1 7510 21 110073 | 9 | 105 | 8375
100 | (2@4) 8-8-90-0-i-2.5-9-9 g 90° Horizontal A615 196?0 9.9 7510 21 1 10.073 | 10 | 105 | 8.375
101 | 8-12-90-0-i-2.5-2-9 g‘ 90° Horizontal A1035° gg 9.0 | 11160 | 77 1 {0078 | 17 | 105 | 8.375
102 | 8-12-90-0-i-2.5-2-12.5 g 90° Horizontal A1035° gg 12.8 | 11850 | 39 110073 | 17 | 105 | 8.375
103 | 8-12-90-0-i-2.5-2-12 g‘ 90° Horizontal A1035¢ gi 12.1 | 11760 | 34 1 {0073 | 17 | 105 | 8.375
104 | 8-15-90-0-i-2.5-2-8.5 g 90° Horizontal A1035° gg 8.8 | 15800 | 61 110073 | 17 | 105 | 8.375

T Specimens had constant 80 kip axial load
* Specimen contained A1035 Grade 120 for column longitudinal steel

3 Heat 1, ® Heat 2, © Heat 3 as described in Table 2.3
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Table A.2 Cont. Comprehensive test results and data for No. 8 specimens with two hooks

Specimen ook | &0 | Gome | on | on [ No| Teo | Tew | T | fume | fa ?;ii'fu?,g Failure
in. | in. |in | in. Ib Ib Ib psi psi in. Type
79 | 8-5-90-0-0-2.5-2-10a g‘ ;2 26 ig 100 | 2 jgggg 84630 | 42315 g;ggg 53600 | 1o gg;ﬁﬁ
80 | 8-5-90-0-0-2.5-2-10b' ';‘ ;g 25 gg 100 | 2 ggggg 67300 | 33650 ggsgg 42600 ) gg;ﬁﬁ
81 | 8-5-90-0-0-2.5-2-10c" g‘ gg 25 ig 100 | 2 giggg 111950 | 55975 gg‘l‘gg 70900 | 4 1a0 SSF;/PS/?K
82 | 8-8-90-0-0-2.5-2-8 ';‘ ;g 2.6 ﬁ 90 | 2 gg‘z‘gg 66030 | 33015 igggg 41800 gﬁg gggﬁ
83 | 8-8-90-0-0-3.5-2-8 g‘ gg 36 g:g 98 | 2 iiggg 71740 | 35870 ggégg 45400 ) ggﬁﬁ
8 | 6690-0-0.4-28 8 lss| “L |5a] 98| 2 | see0 | 7520 | 97510 | yageo | 47500 | o | “ae
85 | 8-5-90-0-i-2.5-2-16' g‘ ;2 2.8 i:i 95 | 2 ggigg 166480 | 83240 iggggg 105400 ] E;ﬁﬁ
86 | 8-5-90-0-i-2.5-2-9.5! g‘ gg 26 fg 95 | 2 ggggg 88970 | 44485 ggggg 56300 ) gz
87 | 8-5-90-0-i-2.5-2-12.5" ';‘ ;2 2.8 ig 98 | 2 ggggg 131640 | 65820 ggggg 83300 ) SgéB
88 | 8-5-90-0-i-2.5-2-18 g‘ gg 25 g:ﬁ 105 | 2 17090820%0 161760 | 80880 ié?ggg 102400 | 7o Eggggﬁ
89 | 8-5-90-0-i-2.5-2-13 g‘ ;g 25 ig 98 | 2 gg;gg 131080 | 65540 Z;ggg 83000 ) FF?/SSS
90 | 8-5-90-0-i-2.5-2-15(1) g‘ 32 25 gg 96 | 2 g‘;ggg 127530 | 63765 5110650(?0 80700 ) FBS/SB
91 | 8-5-90-0-i-2.5-2-15 g‘ 52 26 gg 95 | 2 ;g?gg 150960 | 75480 190626205’0 95500 ggﬁﬁ
92 | (2@3) 8-5-90-0-i-2.5-2-10% ';‘ ;g 25 i:i 20 | 2 i?ggg 80600 | 40300 ‘s‘gsgé sto13 | O Eﬁ
93 | (2@5) 8-5-90-0-i-2.5-2-10% g‘ 52 2.4 ig 41 | 2 ;‘;Zgg 80100 | 40100 igggf 50759 0'33 FBF /PSS
94 | 8-8-90-0-i-2.5-2-8 g‘ ;g 2.8 ;é 86 | 2 iggg 90490 | 45245 g?;gg 57300 ) FF':,//E';
95 | 8-8-90-0-i-2.5-2-10 g‘ gg 2.8 gg 90 | 2 ggggg 102910 | 51455 23888 65100 gigg EE
96 | 8-8-90-0-i-2.5-2-8(1) g‘ ;2 2.8 ;g 95 | 2 ggggg 73640 | 36820 j%gg 46600 gggg Eigg
97 | 8-8-90-0-i-2.55¢-2tc-9* ';‘ ;g 2.6 ig 100 | 2 2451?88 70 | 35100 jgggz 44430 0'%)04 Eg
98 | 8-8-90-0-i-2.55c-Otc-9 g‘ gg 2.8 gg 100 | 2 ggggg 75 | 37700 2222‘2‘ 47722 g;g Eg
99 | (2@3) 8-8-90-0-i-2.5-9-9 ';‘ ;g 2.6 gg 20 | 2 2‘7‘288 61300 | 30700 gigg? 38861 ] Eﬁ
100 | (2@4) 8-8-90-0-i-2.5-9-9 g‘ gg 25 gé 31 | 2 ggggg 68400 | 34200 ﬁggg 43291 0'%18 EE
101 | 8-12-90-0-i-2.5-2-9 g‘ ;2 2.7 ;:2 96 | 2 ggggg 99850 | 49925 ggigg 63200 | 0219 gg;ﬁﬁ
102 | 8-12-90-0-i-2.5-2-12.5 ';‘ ;g 26 i; 101 | 2 33288 133900 | 66950 ggggg 84700 8;22 Eggg
103 | 8-12-90-0-i-2.5-2-12 g‘ g:i 25 ig 98 | 2 ggggg 131800 | 65900 ggggg 83400 | o010 ﬁggz
104 | 8-15-90-0-i-2.5-2-8.5 ';‘ ;g 25 ig 100 | 2 f&gg 87200 | 43600 g‘s‘ggg 55200 ) Eﬁ

T Specimens had constant 80 kip axial load

* Specimen contained A1035 Grade 120 for column longitudinal steel

3 Heat 1, ® Heat 2, © Heat 3 as described in Table 2.3
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Table A.2 Cont. Comprehensive test results and data for No. 8 specimens with two hooks

Specien ook | 5 | i | ine | L e | | | | || ine | e
79 | 8-5-90-0-0-2.5-2-10a' g‘ 60 - - - - 1310 5 35 | 0.63 | 3.50 - - 3.16 | 60
80 | 8-5-90-0-0-2.5-2-10bf ';‘ 60 - - - - 1310 5 35 | 0.63 | 3.50 - - 3.16 | 60
81 | 8-5-90-0-0-2.5-2-10c! g‘ 60 - - - - 1310 5 35 | 0.63 | 3.50 - - 3.16 | 60
82 | 8-8-90-0-0-2.5-2-8 g‘ 60 - - - - 1200 | 10 | 3.0 | 050 | 1.75 - - 3.16 | 60
83 | 8-8-90-0-0-3.5-2-8 g 60 - - - - 1200 | 10 | 3.0 | 050 | 1.75 - - 3.16 | 60
84 | 8-8-90-0-0-4-2-8 g‘ 60 - - - - | 200 | 10 | 3.0 | 050 | 1.75 - - 3.16 | 60
85 | 8-5-90-0-i-2.5-2-16" ';‘ 60 - - - - 1200 | 10 | 3.0 | 0.50 | 3.00 - - 3.16 | 60
86 | 8-5-90-0-i-2.5-2-9.51 g‘ 60 - - - - | 200 | 10 | 3.0 | 0.50 | 3.00 - - 3.16 | 60
87 | 8-5-90-0-i-2.5-2-12.51 ';‘ 60 - - - - 1200 | 10 | 3.0 | 0.50 | 3.00 - - 3.16 | 60
88 | 8-5-90-0-i-2.5-2-18 'g‘ 60 - - - - |110| 10 | 3.0 | 038|350 |0375| 1 |378| 60
89 | 8-5-90-0-i-2.5-2-13 g‘ 60 - - - - 1100 | 5 30 [ 050)300(0375| 1 |316| 60
90 | 8-5-90-0-i-2.5-2-15(1) ';‘ 60 - - - - | 110 | 10 | 3.0 | 0.38 | 3.50 | 0.375 2 3.16 | 60
91 | 8-5-90-0-i-2.5-2-15 g‘ 60 - - - - |110| 10 | 3.0 | 038|350 |0375| 2 |316| 60
92 | (2@3) 8-5-90-0-i-2.5-2-10¢ ';‘ 60 - - - - - - - 0.38 | 5.00 - - 3.16 | 120
93 | (2@5) 8-5-90-0-i-2.5-2-10* 'g‘ 60 - - - - - - - 0.38 | 5.00 - - 3.16 | 120
94 | 8-8-90-0-i-2.5-2-8 g‘ 60 - - - - 1160 | 8 40 | 050 | 1.75 - - 3.16 | 60
95 | 8-8-90-0-i-2.5-2-10 ';‘ 60 - - - - 1160 | 8 4.0 | 0.63 | 3.50 - - 3.16 | 60
96 | 8-8-90-0-i-2.5-2-8(1) g‘ 60 - - - - 1160 | 8 40 | 050 | 1.50 - - 3.16 | 60
97 | 8-8-90-0-i-2.5sc-2tc-9* ';‘ 60 - - - - - - - 0.38 | 4.00 - - 3.16 | 60
98 | 8-8-90-0-i-2.5sc-9tc-9 g‘ 60 - - - - - - - 0.38 | 4.00 - - 474 | 60
99 | (2@3) 8-8-90-0-i-2.5-9-9 g‘ 60 - - - - - - - 0.38 | 4.00 - - 474 | 60
100 | (2@4) 8-8-90-0-i-2.5-9-9 g 60 - - - - - - - 0.38 | 4.00 - - 474 | 60
101 | 8-12-90-0-i-2.5-2-9 g‘ 60 - - - - 1088 | 8 40 | 050 | 400 | 0375 | 2 |3.16| 60
102 | 8-12-90-0-i-2.5-2-12.5 ';‘ 60 - - - - - - - 0.50 | 2.25 - - 3.16 | 60
103 | 8-12-90-0-i-2.5-2-12 g‘ 60 - - - - - - - 0.38 | 4.00 - - 3.16 | 60
104 | 8-15-90-0-i-2.5-2-8.5 g‘ 60 - - - - - - - 0.38 | 4.00 - - 3.78 | 60

T Specimens had constant 80 kip axial load
* Specimen contained A1035 Grade 120 for column longitudinal steel
 Heat 1, ® Heat 2, © Heat 3 as described in Table 2.3
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Table A.2 Cont. Comprehensive test results and data for No. 8 specimens with two hooks

Specimen Hook | Bend R;;?gﬁzgrr::nt HBozfrk fon | fenawg | fom ] Age | O | Re b ha ] he
Angle | 5 entation Type | in | in psi | days | in. in. | in. | in.
105 | 8-15-90-0-i-2.5-2-13 g 90° Horizontal A1035¢ igg 12.8 | 15800 | 61 1 10073 |17 | 105 | 8.375
106 | 8-5-90-0-i-3.5-2-18 g\ 90° Horizontal A1035° 128 18.5 5380 11 1 | 0.078 | 19 | 105 | 8.375
107 | 8-5-90-0-i-3.5-2-13 g 90° Horizontal A1035P igj 13.4 | 5560 11 1 10078 |19 | 105 | 8.375
108 | 8-5-90-0-i-3.5-2-15(2) g\ 90° Horizontal A1035° iig 15.3 5180 8 1 | 0.073| 19 | 105 | 8.375
109 | 8-5-90-0-i-3.5-2-15(1) g\ 90° Horizontal A1035¢ igi 15.3 6440 9 1 10073 |19 | 105 | 8.375
110 | 8-8-90-0-i-3.5-2-8(1) g 90° Horizontal A1035P ;g 7.8 7910 15 1 10078 |19 | 105 | 8.375
111 | 8-8-90-0-i-3.5-2-10 g\ 90° Horizontal A1035° 18688 9.8 7700 14 1 | 0.078 | 19 | 105 | 8.375
112 | 8-8-90-0-i-3.5-2-8(2) g 90° Horizontal A1035P 2(5) 8.3 8780 13 1 10078 |19 | 105 | 8.375
113 | 8-12-90-0-i-3.5-2-9 g\ 90° Horizontal A1035° 38 9.0 11160 | 77 1 | 0.078 | 19 | 10.5 | 8.375
114 | 8-8-90-0-i-4-2-8 g\ 90° Horizontal A1035P ;g 7.8 8740 12 1 ]0.078 | 20 | 10.5 | 8.375
115 | 8-5-180-0-i-2.5-2-11" g 180° Horizontal A615 118 11.0 4550 7 1 ({0078 | 17 | 105 | 8.375
116 | 8-5-180-0-i-2.5-2-14" g\ 180° Horizontal A1035° iig 14.0 4840 8 1 | 0.078 | 17 | 10.5 | 8.375
117 | (2@3) 8-5-180-0-i-2.5-2-10* g 180° Horizontal A615 188 10.2 | 5260 15 110073 | 9 | 105 | 8375
118 | (2@5)8-5-180-0-i-2.5-2-10% g\ 180° Horizontal A615 188 10.0 5260 15 1 | 0.073| 11 | 105 | 8.375
119 | 8-8-180-0-i-2.5-2-11.5 g 180° Horizontal A1035P gg 9.3 8630 11 1 ]0.078 | 17 | 105 | 8.375
120 | 8-12-180-0-i-2.5-2-12.5 g 180° Horizontal A1035°¢ i;g 12.6 | 11850 | 39 1 | 0.073| 17 | 105 | 8.375
121 | 8-5-180-0-i-3.5-2-11" g\ 180° Horizontal A615 iig 11.6 4550 7 1 | 0.078 | 17 | 10.5 | 8.375
122 | 8-5-180-0-i-3.5-2-14" g 180° Horizontal A1035° igg 141 4840 8 1 ({0078 | 17 | 10.5 | 8.375
123 | 8-15-180-0-i-2.5-2-13.5 g\ 180° Horizontal A1035°¢ igg 13.6 | 16510 | 88 1 | 0.073| 17 | 105 | 8.375
124 | 8-5-90-1#3-i-2.5-2-16" g 90° Horizontal A1035° igg 15.6 4810 6 1 ({0078 | 17 | 10.5 | 8.375
125 | 8-5-90-1#3-i-2.5-2-12.51 g 90° Horizontal A1035° i;g 125 5140 8 1 | 0.078 | 17 | 10.5 | 8.375
126 | 8-5-90-1#3-i-2.5-2-9.57 g\ 90° Horizontal A615 gg 9.0 5240 9 1 | 0.078 | 17 | 10.5 | 8.375
127 | 8-5-180-1#3-i-2.5-2-117 g 180° Horizontal A615 iig 115 4300 6 1 ({0078 | 15 | 105 | 8.375
128 | 8-5-180-1#3-i-2.5-2-14" g\ 180° Horizontal A1035° igg 149 4870 9 1 | 0.078 | 15 | 10.5 | 8.375
129 | 8-5-180-1#3-i-3.5-2-117 g 180° Horizontal A615 iég 111 4550 7 1 ({0078 | 17 | 105 | 8.375
130 | 8-5-180-1#3-i-3.5-2-14" g\ 180° Horizontal A1035° iig 151 4840 8 1 | 0.078 | 17 | 10.5 | 8.375

T Specimens had constant 80 kip axial load
* Specimen contained A1035 Grade 120 for column longitudinal steel
 Heat 1, ® Heat 2, © Heat 3 as described in Table 2.3
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Table A.2 Cont. Comprehensive test results and data for No. 8 specimens with two hooks

Specimen ook | 60 | coma [en | on [ No | Twe | Twa | T | fume | fu Fsgiﬁ’u":g Failure
in. | in. |in | in. Ib Ib Ib psi psi in. Type
105 | 8-15-90-0-i-2.5-2-13 g‘ g:g 2.4 ;(1) 99 | 2 gggg 156200 | 78100 19070700000 98900 ) FBFISB
106 | 8-5-90-0-i-3.5-2-18 g‘ g:i 3.6 %Zi 94 | 2 50650103)0 190740 | 95370 igéggg 120700 | 281 FPF/S/SSQK
107 | 8-5-90-0-i-3.5-2-13 g‘ g:i 35 ig 94 | 2 gzggg 136200 | 68100 ggggg 86200 ) g:jﬁﬁ
108 | 8-5-90-0-i-3.5-2-15(2) g‘ gg 35 %:2 95 | 2 18056520%0 175420 | 87710 iggggg 111000 | S;SFP
109 | 8-5-90-0-i-3.5-2-15(1) g‘ gj 3.3 ;g 101 2 ;342188 141300 | 70650 5000150(?0 89400 Sg/BFP
110 | 66-90-0-1352:8(0) 5 |35 38 23] %0 | 2 | aaoo | 7690 | 43845 | oo | 55500 | giee | soee
111 | 8-8-90-0-i-3.5-2-10 g‘ gg 3.8 ig 90 | 2 ?iggg 111130 | 55565 giggg 70300 8;22 ggﬁﬁ
112 | 8-8-90-0-i-3.5-2-8(2) g‘ gg 3.7 gé 100 | 2 j;ggg 84070 | 42035 giggg 53200 g;gi EE
113 | 812:800435:2:9 B | 38| % |51 98| 2 | gsgo | 120480 | 60240 | (00 | 76300 | ooy | ppes
114 | 8-8-90-0-i-4-2-8 g‘ g:g 4.2 gg 95 | 2 i;ggg 74860 | 37430 gggg 47400 ) FPF/F?S
115 | 8-5-180-0-i-2.5-2-11" g‘ gg 2.9 ;8 98 | 2 ‘s‘gggg 92290 | 46145 Z;ggg ssa00 | 027° SSS/SFP
116 | 5:5-180.0-1-25214' 8 26| 27 |50| 98 | 2 | goao | %800 | 49150 | o | 62200 | gooe | oo
117 | (2@3) 8-5-180-0-i-2.5-2-10% g‘ g:i 2.4 ;g 20 | 2 ggfgg 103700 | 51800 ?%ig 65570 0?9 EE
118 | (2@5)8-5-180-0-i-2.5-2-10¢ g‘ g:g 2.4 ;8 41 | 2 giggg 106300 | 53200 ggggi 67342 Eﬁ
119 | 8-8-180-0-i-2.5-2-11.5 g‘ gg 3.0 j:g 95 | 2 géggg 125600 | 62800 170915505’0 79500 ) E';gg
120 | 8-12-180-0-i-2.5-2-12.5 g‘ gg 2.8 ;:i 96 | 2 ;‘z‘ggg 150400 | 75200 19146780000 95200 8;22 FBF/F?B
121 | 6:5-180.0-1-35241" B |35 38 |14|100] 2 | gonge | 18580 |se200 | Jerry | 7si00 | o0 | TESS
122 | 8-5-180-0-i-3.5-2-14" g‘ gg 3.8 ;‘; 98 | 2 ggggg 127010 | 63505 ggggg 80400 ) FS/SSS
123 | 8-15-180-0-i-2.5-2-13.5 g‘ gg 25 ;g 100 | 2 28188 179800 | 89900 ﬁ‘z‘ggg 113800 | FBISB
124 | 8500u3i25216 | B 30| 29 | 57) 95 | 2 | gao | 14060 | 7asto | o' | a0 | T | DS
125 | 8-5-90-1#3-i-2.5-2-12.5' g‘ gg 2.7 ;i 98 | 2 giggg 129670 | 64835 ggggg 82100 ) gg;ﬁﬁ
126 | 8-5-90-1#3-i-2.5-2-9.5! g‘ gg 2.7 gg 98 | 2 ggggg 98070 | 49035 ggggg 62100 ) Fﬁgs
127 | 8-5-180-1#3-i-2.5-2-111 g‘ ;g 25 ig 100 | 2 ggggg 99460 | 49730 gzgg 62900 822? ggg
126 | 8518044325204 | B |70 28 | 15| 99| 2 | ogy | 138040 | 69020 | gy | 87400 | ooy | Friee
120 | 8518044335211 | 37| 36 |54 |100 | 2 | pon | 110780 | 8300 | Jloo | 70100 | (T od
130 | 8-5-180-1#3-i-3.5-2-141 g‘ gg 3.6 gg 100 | 2 ;gggg 151990 | 75995 ggggg 96200 835 ggg

T Specimens had constant 80 kip axial load

* Specimen contained A1035 Grade 120 for column longitudinal steel

3 Heat 1, ® Heat 2, © Heat 3 as described in Table 2.3
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Table A.2 Cont. Comprehensive test results and data for No. 8 specimens with two hooks

Specimen Hook fyt_ fjtr Atr2 Nitr _Str Act2| Neti _Scti _ds _Ss qcto Neto _Asz fs_

ksi in. in. in. in. in. in. in. in. in. ksi
105 | 8-15-90-0-i-2.5-2-13 g 60 - - - - - - - 0.38 | 5.00 - - 4,74 | 60
106 | 8-5-90-0-i-3.5-2-18 g 60 - - - - 1.10 | 10 | 3.0 | 0.38 | 3.50 | 0.375 1 3.78 | 60
107 | 8-5-90-0-i-3.5-2-13 g 60 - - - - 100 | 5 3.0 | 0.50 | 3.00 | 0.375 1 3.16 | 60
108 | 8-5-90-0-i-3.5-2-15(2) g 60 - - - - 1.10 | 10 | 3.0 | 0.38 | 3.50 | 0.375 2 3.16 | 60
109 | 8-5-90-0-i-3.5-2-15(1) g 60 - - - - 1.10 | 10 | 3.0 | 0.38 | 3.50 | 0.375 2 3.16 | 60
110 | 8-8-90-0-i-3.5-2-8(1) g 60 - - - - 160 | 8 4.0 | 050 | 1.75 - - 3.16 | 60
111 | 8-8-90-0-i-3.5-2-10 g 60 - - - - 160 | 8 4.0 | 0.63 | 3.50 - - 3.16 | 60
112 | 8-8-90-0-i-3.5-2-8(2) g 60 - - - - 160 | 8 4.0 | 050 | 1.50 - - 3.16 | 60
113 | 8-12-90-0-i-3.5-2-9 g 60 - - - - 088 | 8 4.0 | 0.50 | 4.00 | 0.375 2 3.16 | 60
114 | 8-8-90-0-i-4-2-8 g 60 - - - - 160 | 8 4.0 | 050 | 1.75 - - 3.16 | 60
115 | 8-5-180-0-i-2.5-2-111 g 60 - - - - 044 | 4 3.5 | 050 | 3.50 - - 3.16 | 60
116 | 8-5-180-0-i-2.5-2-14% g 60 - - - - 044 | 4 3.5 | 0.50 | 3.50 - - 3.16 | 60
117 | (2@3) 8-5-180-0-i-2.5-2-10* g 60 - - - - - - - 0.50 | 4.00 - - 6.32 | 120
118 | (2@5)8-5-180-0-i-2.5-2-10% g 60 - - - - - - - 0.50 | 4.00 - - 6.32 | 120
119 | 8-8-180-0-i-2.5-2-11.5 g 60 - - - - 044 | 4 3.0 | 0.50 | 3.00 - - 3.16 | 60
120 | 8-12-180-0-i-2.5-2-12.5 g 60 - - - - - - - 0.50 | 2.25 - - 3.16 | 60
121 | 8-5-180-0-i-3.5-2-111 g 60 - - - - 044 | 4 3.5 | 0.50 | 3.50 - - 3.16 | 60
122 | 8-5-180-0-i-3.5-2-14" g 60 - - - - 044 | 4 3.5 | 050 | 3.50 - - 3.16 | 60
123 | 8-15-180-0-i-2.5-2-13.5 g 60 - - - - - - - 0.50 | 4.00 - - 474 | 60
124 | 8-5-90-1#3-i-2.5-2-16" g 60 | 0.38 | 0.1 1 1900|200 | 10 | 3.0 | 0.50 | 3.00 - - 3.16 | 60
125 | 8-5-90-1#3-i-2.5-2-12.5" g 60 | 0.38 | 0.1 1 1900|200 | 10 | 3.0 | 0.50 | 3.00 - - 3.16 | 60
126 | 8-5-90-1#3-i-2.5-2-9.57 g 60 | 0.38 | 0.1 1 1900|200 | 10 | 3.0 | 0.50 | 3.00 - - 3.16 | 60
127 | 8-5-180-1#3-i-2.5-2-11" g 60 | 0.38 | 0.1 1 350|044 | 4 45 | 050 | 3.50 - - 3.16 | 60
128 | 8-5-180-1#3-i-2.5-2-14" g 60 | 0.38 | 0.1 1 350|044 | 4 45 | 0.50 | 3.50 - - 3.16 | 60
129 | 8-5-180-1#3-i-3.5-2-11" g 60 | 0.38 | 0.1 1 350|044 | 4 45 | 050 | 3.50 - - 3.16 | 60
130 | 8-5-180-1#3-i-3.5-2-14" g 60 | 0.38 | 0.1 1 350|044 | 4 45 | 0.50 | 3.50 - - 3.16 | 60

T Specimens had constant 80 kip axial load

* Specimen contained A1035 Grade 120 for column longitudinal steel
 Heat 1, ® Heat 2, © Heat 3 as described in Table 2.3
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Table A.2 Cont. Comprehensive test results and data for No. 8 specimens with two hooks

Specimen Hook Eend R; ;?gﬁzgrl:eent HBoz;)rk _feh fe_h’avg fch Aoe _db R _b _hCI _hc
ngle Orientation Type | in. in. psi | days | in. in. | in. in.
131 | 8-8-180-1#4-i-2.5-2-11.5 g 180° Horizontal A1035P igg 12.1 | 8740 12 1 |0.078 | 17 | 105 | 8.375
132 | 8-5-90-2#3-i-2.5-2-16" Q 90° Horizontal A1035P igg 154 | 4810 6 1 (0078 | 17 | 105 | 8.375
133 | 8-5-90-2#3-i-2.5-2-9.5 g‘ 90° Horizontal A615 gg 9.1 | 5140 8 1 (0078 |17 | 105 | 8.375
134 | 8-5-90-2#3-i-2.5-2-12.5" Q 90° Horizontal A615 138 12.0 | 5240 9 1 (0078 | 17 | 105 | 8.375
135 | 8-5-90-2#3-i-2.5-2-8.5 g 90° Horizontal A1035° gg 9.3 | 5240 6 1 (0073 |17 | 105 | 8.375
136 | 8-5-90-2#3-i-2.5-2-14 g 90° Horizontal A1035° iig 138 | 5450 7 1 (0073 |17 | 105 | 8.375
137 | (2@3) 8-5-90-2#3-i-2.5-2-10* Q 90° Horizontal A615 18(5) 10.3 | 4760 11 1 (0073 | 9 | 105 8375
138 | (2@5) 8-5-90-2#3-i-2.5-2-10* g‘ 90° Horizontal A615 19060 9.8 | 4760 | 11 | 1 |0073 | 11 | 105 8.375
139 | 8-8-90-2#3-i-2.5-2-8 Q 90° Horizontal A1035P gg 8.3 7700 14 1 (0078 | 17 | 105 | 8.375
140 | 8-8-90-2#3-i-2.5-2-10 g 90° Horizontal A1035° gg 97 | 8990 | 17 | 1 | 0078 | 17 | 105 8.375
141 | 8-12-90-2#3-i-2.5-2-9 g 90° Horizontal A1035° gg 9.0 | 11160 | 77 | 1 |0078 | 17 | 105 8.375
142 | 8-12-90-2#3-i-2.5-2-11 Q 90° Horizontal A1035° 122 109 | 12010 | 42 1 (0073 |17 | 105 | 8.375
143 | 8-12-90-2#3vr-i-2.5-2-11 g‘ 90° Vertical A1035° 18?1 106 | 12010 | 42 | 1 |0.073 | 17 | 105 | 8.375
144 | 8-15-90-2#3-i-2.5-2-6 Q 90° Horizontal A1035° 22 6.1 | 15800 | 61 1 (0073 |17 | 105 | 8375
145 | 8-15-90-2#3-i-2.5-2-11 g 90° Horizontal A1035° iég 11.0 | 15800 | 61 1 |0.073 |17 | 105 | 8.375
146 | 8-5-90-2#3-i-3.5-2-17 g 90° Horizontal A1035P gg 17.3 | 5570 12 1 {0078 | 19 | 105 | 8.375
147 | 8-5-90-2#3-i-3.5-2-13 g 90° Horizontal A1035P igg 136 | 5560 11 1 {0078 | 19 | 105 | 8.375
148 | 8-8-90-2#3-i-3.5-2-8 g‘ 90° Horizontal A1035° 22 81 | 8290 | 16 | 1 |0.078 | 19 | 10.5| 8.375
149 | 8-8-90-2#3-i-3.5-2-10 Q 90° Horizontal A1035P gg 8.8 8990 17 1 (0078 | 19 | 105 | 8.375
150 | 8-12-90-2#3-i-3.5-2-9 g‘ 90° Horizontal A1035° gg 9.0 | 11160 | 77 | 1 |0.078 | 19 | 10.5| 8.375
151 | 8-5-180-2#3-i-2.5-2-11" g 180° Horizontal A615 182 10.6 | 4550 7 1 (0078 | 17 | 105 | 8.375
152 | 8-5-180-2#3-i-2.5-2-14" g 180° Horizontal A1035P iig 13.8 | 4870 9 1 (0078 | 17 | 105 | 8.375
153 | (2@3) 8-5-180-2#3-i-2.5-2-10* g‘ 180° Horizontal A615 igg 103 | 5400 | 16 | 1 0073 | 9 | 105 8.375
154 | (2@5) 8-5-180-2#3-i-2.5-2-10* Q 180° Horizontal A615 19083 10.0 | 5400 16 1 (0073 | 11 | 105 | 8375
155 | 8-8-180-2#3-i-2.5-2-11.5 g 180° Horizontal A1035P 182 10.4 | 8810 14 1 |0.078 | 17 | 105 | 8.375

T Specimens had constant 80 kip axial load
* Specimen contained A1035 Grade 120 for column longitudinal steel
2 Heat 1, ® Heat 2, ¢ Heat 3 as described in Table 2.3
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Table A.2 Cont. Comprehensive test results and data for No. 8 specimens with two hooks

Specimen hook | & | Gome [ on [ on [ No | Tee | Tww | T | fue | fa SPat | Eailure

in. | in. |in | in. Ib Ib Ib psi psi in. Type

131 | 8-8-180-1#4-i-2.5-2-11.5 g ;g 2.8 ig 95 | 2 ;gggg 144460 | 72230 giégg 91400 _(0_(')13) EEE?
132 | 8-5-90-2#3-i-2.5-2-16' g gg 2.8 ;i 95 | 2 ggggg 159260 | 79630 ig%ggg 100800 ] SSF/FTP
133 | 8-5-90-2#3-i-2.5-2-9.5 @ gg 25 gg 100 | 2 ggggg 107240 | 53620 23288 67900 ] EE
134 | 8-5-90-2#3-i-2.5-2-12.5" g gg 2.8 ;g 95 | 2 ;‘gégg 144130 | 72065 82288 91200 ] FI!‘:/';S
135 | 8-5-90-2#3-i-2.5-2-8.5 g 28 3.0 if 91 | 2 igigg 101100 | 50550 21288 64000 FF;/SSS
136 | 8-5-90-2#3-i-2.5-2-14 g gg 2.9 ;‘; 93 | 2 ;Zggg 153930 | 76965 g;igg 97400 ﬁﬁgg
137 | (2@3) 8-5-90-2#3-i-2.5-2-10¢ g gg 25 ig 23 | 2 22888 104000 | 46800 ;ggzg 59241 0'_21 Eﬁ
138 | (2@5) 8-5-90-2#3-i-2.5-2-10¢ @ gg 25 g:g 39 | 2 32‘6‘88 97000 | 48500 gig?g 61392 09'12038 ES
139 | 8-8-90-2#3-i-2.5-2-8 g gg 2.9 its) 90 | 2 ‘s‘gigg 95750 | 47875 ?gigg 60600 ) Eﬁgg
140 | 8890243:-25:2:10 B 28| 28 |55| 85 | 2 | guogy | 12090 | 61025 | gy | 720 | o1ep | g
141 | 8-12-90-2#3-i-2.5-2-9 g ;2 2.8 ;g 95 | 2 géggg 122030 | 61015 ;gggg 77200 gggi gzﬁﬁ
142 | 8-12-90-2#3-i-2.5-2-11 g gg 2.8 i:g 95 | 2 ?g;gg 137400 | 68700 1851200000 87000 gigé Eﬁ
143 | 8-12-90-2#3vr-i-2.5-2-11 @ gg 24 gé 98 | 2 ggggg 105300 | 52650 23288 66600 013 FF;/F?S
144 | 8-15-90-2#3-i-2.5-2-6 g g:i 2.4 ig 99 | 2 g;‘;gg 75100 | 37600 25388 47600 ] EE
145 | 8-15-90-2#3-i-2.5-2-11 @ gg 25 ;:Z 100 | 2 Zgggg 166600 | 83300 iggggg 105400 | o 15g ES
146 | 8-5-90-2#3-i-3.5-2-17 g gg 3.4 ;2 101 | 2 180826%%0 179830 | 89915 ﬁgggg 113800 ] ssS/SFP
147 | 8-5-90-2#3-i-3.5-2-13 g gé 3.4 ig 103 | 2 géggg 160720 | 80360 i%ggg 101700 ) ggﬁﬁ
148 | 8-8-90-2#3-i-3.5-2-8 g gg 3.7 ig 85 | 2 jgggg 97550 | 48775 g;igg 61700 _348'(?1147) EE
149 | 8-8-90-2#3-i-3.5-2-10 g gg 37 gg 85 | 2 ggggg 107770 | 53885 22‘1‘88 68200 ] ﬁﬁ
150 | 8-12-90-2#3-i-3.5-2-9 @ i:g 38 g:i 96 | 2 igggg 99550 | 49775 2247188 63000 0.15 Eggg
151 | 8-5-180-2#3-i-2.5-2-11" g gg 26 ;g 95 | 2 g‘l‘ggg 120470 | 60235 %igg 76200 00.62867 ggﬁﬁ
152 | 8-5-180-2#3-i-2.5-2-14" g gg 2.8 gg 98 | 2 %égg 152560 | 76280 19170330000 96600 ggg FE/F;S
153 | (2@3) 8-5-180-2#3-i-2.5-2-10¢ g ;g 25 ig 20 | 2 g;ggg 115300 | 57700 ;Zzgg 73038 0.088 EE
154 | (2@5) 8-5-180-2#3-i-2.5-2-10¢ g gg 25 %2 40 | 2 ggzgg 123800 | 61900 ?2832 78354 | s Eg
155 | 8-8-180-2#3-i-2.5-2-11.5 @ gg 2.8 gg 100 | 2 ggégg 116340 | 58170 32;88 73600 2%53217) EEE?

T Specimens had constant 80 kip axial load
* Specimen contained A1035 Grade 120 for column longitudinal steel
2 Heat 1, ® Heat 2, ¢ Heat 3 as described in Table 2.3
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Table A.2 Cont. Comprehensive test results and data for No. 8 specimens with two hooks

Specimen Hook fyt_ fjtr Atr2 Nir _Str Act2| Neti _Scti _ds _Ss qcto Necto 'ASZ fs_

ksi | in. | in. in. in. in. in. in. in. in. ksi
131 | 8-8-180-1#4-i-2.5-2-11.5 g 60 | 05 | 02| 1 [3.00|044 | 4 3.0 | 0.50 | 3.00 - - 3.16 | 60
132 | 8-5-90-2#3-i-2.5-2-16" g 60 | 038 | 02| 2 [3.00|200| 10 | 3.0 | 0.50 | 3.00 - - 3.16 | 60
133 | 8-5-90-2#3-i-2.5-2-9.57 g 60 | 038 | 02| 2 [3.00|200| 10 | 3.0 | 0.50 | 3.00 - - 3.16 | 60
134 | 8-5-90-2#3-i-2.5-2-12.57 g 60 | 038 | 02| 2 [3.00|200| 10 | 3.0 | 0.50 | 3.00 - - 3.16 | 60
135 | 8-5-90-2#3-i-2.5-2-8.5 g 60 | 038 | 02| 2 |750|200| 10 | 25 {050 |3.25| 0.5 1 3.16 | 60
136 | 8-5-90-2#3-i-2.5-2-14 g 60 | 038 | 02| 2 |6.00|088 | 8 3.0 | 050|350 | 05 1 3.16 | 60
137 | (2@3) 8-5-90-2#3-i-2.5-2-10* g 60 | 0.38 | 02| 2 | 3.00 - - - 0.38 | 4.00 - - 3.16 | 120
138 | (2@5) 8-5-90-2#3-i-2.5-2-10% g 60 | 038 | 02| 2 | 3.00 - - - 0.38 | 5.00 - - 3.16 | 120
139 | 8-8-90-2#3-i-2.5-2-8 g 60 | 038 | 02| 2 | 713|120 | 6 4.0 | 0.50 | 1.50 - - 3.16 | 60
140 | 8-8-90-2#3-i-2.5-2-10 g 60 | 038 | 02| 2 | 713|120 | 6 4.0 | 0.63 | 3.50 - - 3.16 | 60
141 | 8-12-90-2#3-i-2.5-2-9 g 60 | 038 | 02| 2 [ 800|088 | 8 4.0 | 0.50 | 4.00 | 0.375 2 3.16 | 60
142 | 8-12-90-2#3-i-2.5-2-11 g 60 | 0.38 | 02| 2 | 8.00 - - - 0.50 | 2.00 - - 3.16 | 60
143 | 8-12-90-2#3vr-i-2.5-2-11 g 60 | 038 | 02| 2 | 267 - - - 0.50 | 2.00 - - 3.16 | 60
144 | 8-15-90-2#3-i-2.5-2-6 g 60 | 038 | 02| 2 | 6.00 - - - 0.38 | 2.75 - - 6.32 | 60
145 | 8-15-90-2#3-i-2.5-2-11 g 60 | 038 | 02| 2 | 550 - - - 0.38 | 4.00 - - 6.32 | 60
146 | 8-5-90-2#3-i-3.5-2-17 g 60 | 038 | 02| 2 [ 800|080 | 4 4.0 | 0.50 | 4.00 | 0.375 1 3.16 | 60
147 | 8-5-90-2#3-i-3.5-2-13 g 60 | 038 | 02| 2 [ 800|044 | 4 4.0 | 0.50 | 3.00 - - 3.16 | 60
148 | 8-8-90-2#3-i-3.5-2-8 g 60 | 038 | 02| 2 | 713|120 | 6 4.0 | 050 | 1.50 - - 3.16 | 60
149 | 8-8-90-2#3-i-3.5-2-10 g 60 | 038 |02| 2 | 713|120 | 6 4.0 | 0.63 | 3.50 - - 3.16 | 60
150 | 8-12-90-2#3-i-3.5-2-9 g 60 | 038 | 02| 2 [ 800|088 | 8 4.0 | 0.50 | 4.00 | 0.375 2 3.16 | 60
151 | 8-5-180-2#3-i-2.5-2-111 g 60 | 038 02| 2 | 350 - - - 0.50 | 3.50 - - 3.16 | 60
152 | 8-5-180-2#3-i-2.5-2-14" g 60 | 038 | 02| 2 | 350 - - - 0.50 | 3.50 - - 3.16 | 60
153 | (2@3) 8-5-180-2#3-i-2.5-2-10% g 60 | 038 | 02| 2 | 3.00 - - - 0.50 | 4.00 - - 6.32 | 120
154 | (2@5) 8-5-180-2#3-i-2.5-2-10% g 60 | 0.38 | 02| 2 | 3.00 - - - 0.50 | 4.00 - - 6.32 | 120
155 | 8-8-180-2#3-i-2.5-2-11.5 g 60 | 038 | 02| 2 - - - 0.50 | 3.00 - - 3.16 | 60

T Specimens had constant 80 kip axial load

* Specimen contained A1035 Grade 120 for column longitudinal steel

2 Heat 1, ® Heat 2, © Heat 3 as described in Table 2.3
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Table A.2 Cont. Comprehensive test results and data for No. 8 specimens with two hooks

Specimen Hook Eend R;;?Q:’Zgr?:nt HBoz;)rk _eeh ee_h'avg fcn? Age _db R _b _hCI _hc
ngle Orientation Type | in in. psi | days | in. in. | in. in.
156 | 8-12-180-2#3-i-2.5-2-11 g 180° Horizontal A1035° iéi 10.8 | 12010 | 42 1 10.073 |17 | 105 | 8.375
157 | 8-12-180-2#3vr-i-2.5-2-11 g 180° Vertical A1035° igg 10.9 | 12010 | 42 1 10.073 |17 | 105 | 8.375
158 | 8-5-180-24#3-i-3.5-2-11" g 180° Horizontal A1035P igé 104 | 4300 6 1 10078 |17 | 105 | 8.375
159 | 8-5-180-2#3-i-3.5-2-141 g 180° Horizontal A1035° igg 13.6 | 4870 9 1 10078 | 17 | 105 | 8.375
160 | 8-15-180-2#3-i-2.5-2-11 g 180° Horizontal A1035° ﬁi 11.1 | 15550 | 87 1 ]0.073 | 17 | 105 | 8.375
161 | 8-8-90-2#4-i-2.5-2-10 g 90° Horizontal A1035° gg 8.9 8290 16 1 10078 | 17 | 105 | 8.375
162 | 8-8-90-2#4-i-3.5-2-10 g 90° Horizontal A1035P g(g) 9.4 8290 16 1 10078 |19 | 105 | 8.375
163 | 8-5-90-4#3-i-2.5-2-16" i 90° Horizontal A1035P igg 16.1 | 4810 6 1 10078 |17 | 105 | 8.375
164 | 8-5-90-4#3-i-2.5-2-12.5" g 90° Horizontal A1035° ﬁg 11.9 | 4980 7 1 10078 | 17 | 105 | 8.375
165 | 8-5-90-4#3-i-2.5-2-9.5" g 90° Horizontal A615 gg 9.5 5140 8 1 |0.078 |17 | 105 | 8.375
166 | 8-5-90-5#3-0-2.5-2-10a' g 90° Horizontal A10352 igg 10.4 | 5270 7 1 10084 | 17 | 105 | 8.375
167 | 8-5-90-5#3-0-2.5-2-10b" g 90° Horizontal A1035% igg 10.5 | 5440 8 1 |0.084 |17 | 105 | 8.375
168 | 8-5-90-5#3-0-2.5-2-10c" g 90° Horizontal A1035° iég 10.9 | 5650 9 1 10084 |17 | 105 | 8375
169 | 8-8-90-5#3-0-2.5-2-8 g 90° Horizontal A1035° gg 8.5 8630 11 1 10078 | 17 | 105 | 8.375
170 | 8-8-90-5#3-0-3.5-2-8 g 90° Horizontal A1035P 5733 7.9 8810 14 1 10078 |19 | 105 | 8.375
171 | 8-8-90-5#3-0-4-2-8 g 90° Horizontal A1035° 2(5) 8.3 8740 12 1 10078 | 20 | 105 | 8.375
172 | 8-5-90-5#3-i-2.5-2-10b" g 90° Horizontal A10357 igg 104 | 5440 8 1 |0.084 |17 | 105 | 8.375
173 | 8-5-90-5#3-i-2.5-2-10c’ g 90° Horizontal A10352 igg 10.5 | 5650 9 1 10084 | 17 | 105 | 8.375
174 | 8-5-90-5#3-i-2.5-2-15 g 90° Horizontal A1035° igg 155 | 4850 7 1 10078 | 17 | 105 | 8.375
175 | 8-5-90-5#3-i-2.5-2-13 g 90° Horizontal A1035° igg 13.6 | 5560 11 1 |0.078 |17 | 105 | 8.375
176 | 8-5-90-5#3-i-2.5-2-12(1) g 90° Horizontal A1035° ﬁi 11.3 | 5090 7 1 10073 |17 | 105 | 8.375
177 | 8-5-90-5#3-i-2.5-2-12 g 90° Horizontal A1035°¢ i;g 11.8 | 5960 7 1 |0.073 |17 | 105 | 8.375
178 | 8-5-90-5#3-i-2.5-2-12(2) g 90° Horizontal A1035° i;g 12.2 | 5240 6 1 10073 |17 | 105 | 8.375
179 | 8-5-90-5#3-i-2.5-2-8 g 90° Horizontal A1035¢ ;2 7.6 5240 6 1 10073 |17 | 105 | 8.375
180 | 8-5-90-5#3-i-2.5-2-10a' B 90° Horizontal A1035% | 10.5 | 105 | 5270 7 1 ] 008 |17 | 105 | 8375
181 | (2@3) 8-5-90-5#3-i-2.5-2-10* g 90° Horizontal A615 igg 10.3 | 4805 12 1 10073 9 | 105 | 8375

T Specimens had constant 80 kip axial load
* Specimen contained A1035 Grade 120 for column longitudinal steel

3 Heat 1, ® Heat 2, © Heat 3 as described in Table 2.3
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Table A.2 Cont. Comprehensive test results and data for No. 8 specimens with two hooks

Specimen Hook | G | Csoava | Cin ch | Nn | Tind Ttotal T fsu, ind fu E ;iiﬁ)uiz Failure
in. | in. |in | in. Ib Ib Ib psi psi in. Type

156 | 8-12-180-2#3-i-2.5-2-11 g g: 2.6 ;; 96 | 2 égggg 129300 | 64650 ggggg 81800 ) Eg
157 | 8-12-180-2#3vr-i-2.5-2-11 g gg 2.7 ;:i 98 | 2 g;igg 131600 | 65800 ffc?soooo 83300 | a0 §§gg
158 | 8-5-180-2#3-i-3.5-2-11' g g:g 3.4 ;:Z 98 | 2 gz;gg 111740 | 55870 é;ggg 70700 8% ggg
159 | 8-5-180-2#3-i-3.5-2-14" g gg 3.7 32451 98 | 2 ggigg 126930 | 63465 ffffooo 80300 ) Eﬁgg
160 | 8-15-180-2#3-i-2.5-2-11 g gg 2.8 gé 98 | 2 ;Zggg 157800 | 78900 19(;0180000 99900 ) FBF/PS S
161 | 8-8-90-2#4-i-2.5-2-10 g 28 3.0 gg 93 | 2 giggg 122720 | 61360 ;ggg 77700 _255'?71129) Eggg
162 | 8-8-90-2#4-i-3.5-2-10 g gg 3.8 gg 91 | 2 ggggg 138930 | 69465 ggggg 87900 .18(1"(?;30 " ﬁggg
163 | 8-5-90-4#3-i-2.5-2-16' i gg 2.9 iz 95 | 2 g%ggg 180860 | 90430 123588 114500 ) EEE:
164 | 8-5-90-4#3-i-2.5-2-12.5" g gg 25 38 100 | 2 ggégg 137170 | 68585 18%5820000 86800 ) Eﬁ
165 | 8-5-90-4#3-i-2.5-2-9.5" g gg 2.8 38 95 | 2 giggg 109830 | 54915 2841188 69500 ) FPF /PSS
166 | 8-5-90-5#3-0-2.5-2-10a' g gg 2.6 %g 9.9 | 2 ggggg 108510 | 54255 ;8288 68700 | 1 g;
167 | 8-5-90-5#3-0-2.5-2-10b" g gg 2.6 38 99 | 2 ggggg 131180 | 65590 ggégg 83000 gggg EE/IIS:E
168 | 8-5-90-5#3-0-2.5-2-10c" g ;g’ 2.6 ;g 9.9 | 2 ggggg 115400 | 57700 17032000000 73000 ) ggg
169 | 8-8-90-5#3-0-2.5-2-8 g gg 2.8 ig 93 | 2 22;88 115960 | 57980 573411288 73400 .2307%%333) Eggz
170 | 8-8-90-5#3-0-3.5-2-8 g gg 35 ;g 95 | 2 ggigg 109910 | 54955 gfggg 69600 | o ( 249) FFf /PSS
171 | 8-8-90-5¢3-0-4-2-8 g i:g 4.2 %(5) 100 | 2 iiggg 78140 | 39070 ggégg 49500 8??2 Si/g P
172 | 8-5-90-543-i-2.5-2-10b' g gg 2.7 ig 99 | 2 gg?gg 139430 | 69715 gizgg ss200 | 1% FPF/PS S
173 | 8-5-90-5#3-i-2.5-2-10c g gg 2.5 ;8 100 | 2 ggggg 137670 | 68835 g;igg 87100 ) Eggg
174 | 8-5-90-5¢3-i-2.5-2-15 g gg 2.6 i:i 99 | 2 Zégg 146750 | 73375 31888 92900 0'1_96 Eﬁgg
175 | 8-5-90-5¢3-i-2.5-2-13 g ;:i 2.4 ig 103 | 2 Zﬁgg 164750 | 82375 iégggg 104300 ) iﬁgg
176 | 8-5-90-5#3-i-2.5-2-12(1) g gg 25 gg 98 | 2 ggggg 132730 | 66365 32‘1‘88 84000 ) ggg
177 | 8-5-90-5¢3-i-2.5-2-12 g 2:451 2.4 28 98 | 2 ?‘Z‘ggg 156900 | 84900 19017150000 107500 gg
178 | 8-5-90-5¢3-i-2.5-2-12(2) g g: 2.6 %f 9.0 | 2 ;szgg 142940 | 71470 g;ggg 90500 Eggg
179 | 8-5-90-5¢3-i-2.5-2-8 g gg 2.8 ;g 90 | 2 23888 94960 | 47480 ggggg 60100 | 40y Eﬁ
180 | 8-5-90-5#3-i-2.5-2-10a' B | 25| 25 | 18] 98 | 2 | 82800 | 82800 | 82800 | 104800 | 104800 | 0.164 FP/SS
181 | (2@3) 8-5-90-5#3-i-2.5-2-10% g g:g 2.6 i(s) 20 | 2 g;ggg 119700 | 57900 Zg‘;’f 73291 82? Eggg

T Specimens had constant 80 kip axial load
* Specimen contained A1035 Grade 120 for column longitudinal steel
 Heat 1, ® Heat 2, © Heat 3 as described in Table 2.3
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Table A.2 Cont. Comprehensive test results and data for No. 8 specimens with two hooks

Specimen Mook |3 | im e | L e || i | | | e | e
156 | 8-12-180-2#3-i-2.5-2-11 g‘ 60 | 038 | 02 | 2 | 800 - - - | 050|200 - - | 316 | 60
157 | 8-12-180-2#3vr-i-2.5-2-11 ';‘ 60 | 038 | 02 | 2 |267| - - - | 050|200 - - | 316 | 60
158 | 8-5-180-2#3-i-3.5-2-11" g‘ 60 | 038 | 02 | 2 | 350 | - - - | 050|350 | - - | 316 | 60
159 | 8-5-180-2#3-i-3.5-2-14" g‘ 60 | 038 | 02 | 2 | 350 | - - - | 050|350 | - - | 316 | 60
160 | 8-15-180-2#3-i-2.5-2-11 g‘ 60 | 038 | 02 | 2 |500| - - - | 050 | 400 | - - | 474 | 60
161 | 8-8-90-2#4-i-2.5-2-10 g‘ 60 | 05 | 04 | 2 |713|120| 6 | 40 | 050|200 - - | 316 | 60
162 | 8-8-90-2#4-i-3.5-2-10 ';‘ 60 | 05 | 04 | 2 | 713|120 6 | 40 | 050|200 - - | 316 | 60
163 | 8-5-90-4#3-i-2.5-2-16" i 60 | 0.38 | 0.4 | 4 | 300|200 10 | 3.0 | 050|300 | - - | 316 | 60
164 | 8-5-90-4#3-i-2.5-2-12.5 g‘ 60 | 038 | 0.4 | 4 | 300|200 10 | 30 | 050|300 | - - | 316 | 60
165 | 8-5-90-4#3-i-2.5-2-9.5 g‘ 60 | 038 | 0.4 | 4 | 300|200 10 | 3.0 | 050|300 | - - | 316 | 60
166 | 8-5-90-5#3-0-2.5-2-10a' g‘ 60 | 038 | 06 | 5 | 300|110 10 | 3.0 | 063|500 | - - | 316 | 60
167 | 8-5-90-5#3-0-2.5-2-10b" ';‘ 60 | 038 | 06 | 5 | 300|110 | 10 | 3.0 | 063|500 | - - | 316 | 60
168 | 8-5-90-5#3-0-2.5-2-10c" g‘ 60 | 038 | 06 | 5 | 300|110 10 | 3.0 | 063|500 | - - | 316 | 60
169 | 8-8-90-5#3-0-2.5-2-8 g‘ 60 | 038 | 06 | 5 | 300|200 10 | 30 | 050|175 | - - | 316 | 60
170 | 8-8-90-5#3-0-3.5-2-8 g‘ 60 | 0.38 | 06 | 5 | 300|200 10 | 30 | 050|175 | - - | 316 | 60
171 | 8-8-90-5#3-0-4-2-8 g‘ 60 | 038 | 06 | 5 | 300|200 | 10 | 30 | 050|175 | - - | 316 | 60
172 | 8-5-90-5#3-i-2.5-2-10b' ';‘ 60 | 038 | 06 | 5 | 300|110 10 | 3.0 | 063|500 | - - | 316 | 60
173 | 8-5-90-5#3-i-2.5-2-10c" g‘ 60 | 038 | 06 | 5 | 300|110 10 | 3.0 | 063|500 | - - | 316 | 60
174 | 8-5-90-5#3-i-2.5-2-15 ';‘ 60 | 038 | 06 | 5 |300|05| 5 |30 |038|350|0375| 2 |316| 60
175 | 8-5-90-5#3-i-2.5-2-13 g‘ 60 | 038 | 06 | 5 |300|100| 5 |30 |050|300|0375| 1 |316/| 60
176 | 8-5-90-5#3-i-2.5-2-12(1) g‘ 60 | 038 | 06 | 5 |300|05| 5 | 30[038|35 | 05 [ 2 |316| 60
177 | 8-5-90-5#3-i-2.5-2-12 g‘ 60 | 038 | 06 | 5 |300|05| 5 | 30[038(35 | 05 | 2 |316]| 60
178 | 8-5-90-5#3-i-2.5-2-12(2) g‘ 60 | 038 | 06 | 5 |300|05| 5 |30 |038|350|0375| 1 |316| 60
179 | 8-5-90-5#3-i-2.5-2-8 ';‘ 60 | 038 | 06 | 5 |300|155| 5 |30 [050(300| 05 [ 1 |316| 60
180 | 8-5-90-5#3-i-2.5-2-10a" B 60 [0.375[055[ 5 [ 30 [110] 10 | 30 [063[350 [ - - [316] 60
181 | (2@3) 8-5-90-5#3-i-2.5-2-10* g‘ 60 | 038 | 06 | 5 | 300 - - - 1038|400 - - | 316 | 120

T Specimens had constant 80 kip axial load
* Specimen contained A1035 Grade 120 for column longitudinal steel
 Heat 1, ® Heat 2, © Heat 3 as described in Table 2.3
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Table A.2 Cont. Com

prehensive test results and data for No. 8 specimens with two hooks

Specimen Hook Eend R;;?(r)]?(\:/eerrnseent |_I|?>0z;)rk _eeh fe_h’avg fcn? Age _db R .b _hd _hc
ngle | S rientation Type | in in. psi | days | in. in. | in. in.
182 | (2@5) 8-5-90-5#3-i-2.5-2-10* g 90° Horizontal A615 gg 9.7 4805 12 1 ]0.073 |11 | 10.5 | 8.375
183 | 8-8-90-5#3-i-2.5-2-8 g 90° Horizontal A1035° ;2 7.3 8290 16 1 |0.078 |17 | 10.5 | 8.375
184 | 8-8-90-5#3-i-2.5-2-9* g 90° Horizontal A615 gg 8.8 7710 | 25 | 1 | 0.073 | 17 | 105 | 8.375
185 | 8-8-90-5#3-i-2.5-9-9* g 90° Horizontal A615 gg 9.1 7710 25 1 ]0.073 |17 | 10.5 | 8.375
186 | (2@3) 8-8-90-5#3-i-2.5-9-9 g 90° Horizontal A615 gg 9.4 7440 | 22 | 1 | 0.073| 9 | 105 | 8.375
187 | (2@4) 8-8-90-5#3-i-2.5-9-9 g 90° Horizontal A615 gi 9.0 7440 22 1 |0.073 | 10 | 10.5 | 8.375
188 | 8-12-90-5#3-i-2.5-2-9 g 90° Horizontal A1035° gg 9.0 |11160 | 77 | 1 | 0.078 | 17 | 10.5 | 8.375
189 | 8-12-90-5#3-i-2.5-2-10 g 90° Horizontal A1035° gg 94 | 11800 | 38 | 1 | 0.073 | 17 | 105 | 8.375
190 | 8-12-90-5#3-i-2.5-2-12* g 90° Horizontal A1035° igg 12.2 | 11760 | 34 1 ]0.073 |17 | 10.5 | 8.375
191 | 8-12-90-5#3vr-i-2.5-2-10 g 90° Vertical A1035° igg 102 | 11800 | 38 | 1 | 0.073 | 17 | 10.5 | 8.375
192 | 8-12-90-4#3vr-i-2.5-2-10 g 90° Vertical A1035° igg 10.4 | 11850 | 39 1 ]0.073 |17 | 10.5 | 8.375
193 | 8-15-90-5#3-i-2.5-2-6 g 90° Horizontal A1035° gi 6.3 | 15800 | 60 | 1 | 0.073 | 17 | 10.5 | 8.375
194 | 8-15-90-5#3-i-2.5-2-10 g 90° Horizontal A1035° 19(?'76 10.1 | 15800 | 60 | 1 | 0.073 | 17 | 10.5 | 8.375
195 | 8-5-90-5#3-i-3.5-2-15 g 90° Horizontal A1035° igg 15.8 | 4850 7 1 |0.078 |19 | 10.5 | 8.375
196 | 8-5-90-5#3-i-3.5-2-13 g 90° Horizontal A1035° 12(3) 131 | 5570 | 12 | 1 | 0.078 | 19 | 10.5 | 8.375
197 | 8-5-90-5#3-i-3.5-2-12(1) g 90° Horizontal A1035° igg 12.5 | 5090 7 1 ]0.073 |19 | 105 | 8.375
198 | 8-5-90-5#3-i-3.5-2-12 g 90° Horizontal A1035° ﬁg 12.1 | 6440 9 1 ]0.073 |19 | 105 | 8.375
199 | 8-8-90-5#3-i-3.5-2-8 g 90° Horizontal A1035° gg 8.0 7910 15 1 |0.078 |19 | 10.5 | 8.375
200 | 8-12-90-5#3-i-3.5-2-9* g 90° Horizontal A1035° 38 9.0 | 11160 | 77 1 |0.078 |19 | 10.5 | 8.375
201 | (2@5) 8-5-180-5#3-i-2.5-2-10* @ 180° Horizontal A615 igg 10.1 | 5540 17 1 /0073 | 11| 105 | 8375
202 | 8-12-180-5#3-i-2.5-2-10 g 180° Horizontal A1035° gg 9.8 | 11800 | 38 1 ]0.073 |17 | 10.5 | 8.375
203 | 8-12-180-5#3vr-i-2.5-2-10 g 180° Vertical A1035° 1(1)513 108 | 11800 | 38 | 1 | 0.073 | 17 | 10.5 | 8.375
204 | 8-12-180-4#3vr-i-2.5-2-10 g 180° Vertical A1035° igg 10.3 | 11850 | 39 1 ]0.073 |17 | 10.5 | 8.375
205 | 8-15-180-5#3-i-2.5-2-9.5 g 180° Horizontal A1035°¢ gg 9.7 | 15550 | 87 1 10073 |17 | 105 | 8375
206 | 8-5-90-4#4s-i-2.5-2-15 g 90° Horizontal A1035° igg 156 | 4810 6 1 ]0.078 | 17 | 105 | 8.375

T Specimens had constant 80 kip axial load
* Specimen contained A1035 Grade 120 for column longitudinal steel

2 Heat 1, ® Heat 2, © Heat 3 as described in Table 2.3
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Table A.2 Cont. Comprehensive test results and data for No. 8 specimens with two hooks

Specimen Hook | & | Ceaw | G | Ch | Nn | Tind Toonl T feu,ind fru Ileaiirl)u?fe Failure

in. | in. |in | in. Ib Ib Ib psi psi in. Type

182 | (2@5) 8-5-90-5#3-i-2.5-2-10% g g:i 2.3 gé 43 | 2 gg;gg 112400 | 56000 gg%g 70886 8:;3 Eg
183 | 8-8-00-5¢3-i-2.5-2-8 g gg 2.8 gg 85 | 2 giggg 100530 | 50265 égggg 63600 0.3733092) EE
184 | 8-8-00-5¢3-i-2.5-2-9% g 52 3.0 ;:3 98 | 2 gjggg 129 | 64390 258;2 81506 0'%47 Eg
185 | 8-8-90-5¢3-i-2.5-9-9% g gg 2.6 gg 100 | 2 ggggg 127 | 63290 ;ggg; 80114 0'85 Eg
186 | (2@3) 8-8-90-5#3-i-2.5-9-9 g gg 25 gg 20 | 2 gfggg 117600 | 58790 ;%iég 74418 0.082 EE
187 | (2@4) 8-8-90-5#3-i-2.5-9-9 g gg 25 2; 33 | 2 gg;gg 114900 | 57450 ;gggg 72722 0'%)17 Eg
188 | 8-12-90-5#3-i-2.5-2-9 g 32 26 gg 95 | 2 ggigg 129510 | 64755 ?gggg 82000 ggég E:Zgg
189 | 8-12-90-5#3-i-2.5-2-10 g ;g 2.4 gg 9.9 | 2 giggg 129100 | 64550 gfggg 81700 09'5";147 gg’ﬁf
190 | 8-12-90-5#3-i-2.5-2-12¢ g g:g 2.4 ig 100 | 2 ggggg 175400 | 87700 iégggg 111000 ] Zgﬁs
191 | 8-12-90-5#3vr-i-2.5-2-10 g g:i 2.4 i; 98 | 2 22‘1‘88 120400 | 60200 ;iigg 76200 8322 EE
192 | 8-12-90-4#3vr-i-2.5-2-10 g gg 25 ;i 9.0 | 2 ggggg 118500 | 59250 170511%%0 75000 gigi FF;/F?S
193 | 8-15-90-5#3-i-2.5-2-6 g gg 26 ;g 98 | 2 32388 97000 | 48500 giégg 61400 ] EE
194 | 8-15-90-5#3--2.5-2-10 g ;:i 2.4 ;:2 9.9 | 2 19101260000 180000 | 90000 i‘l‘}égg 113900 | o 40 Eggg
195 | 8-5-90-5¢3-i-3.5-2-15 g gg 35 ig 103 | 2 g%igg 160680 | 80340 iggggg 101700 '214(_'026) gg;EE
196 | 8-5-00-5#3-i-3.5-2-13 g g:g 3.4 ;:i 104 | 2 ?gggg 154140 | 77070 19%32‘:)%0 97600 ] S;SFP
197 | 8-5-90-543-i-3.5-2-12(1) g g:i 35 ;i 98 | 2 ;2388 152860 | 76430 ggigg 96700 ] Ssé/SFP
198 | 8-5-00-5¢3-i-3.5-2-12 g g:g 3.4 ;:Z 98 | 2 ;gggg 158300 | 79150 iggigg 100200 | 160 FPF/F;S
199 | 8-8-90-5#3-i-3.5-2-8 g gg 3.6 38 89 | 2 22‘2‘88 111620 | 55810 ;(ﬁgg 70600 ] Eﬁ
200 | 8-12-90-5#3-1-3.5-2-9* g g:i 33 gg 95 | 2 22288 135660 | 67830 50741;)3)0 85900 | 9415 Eggg
201 | (2@5) 8-5-180-543-i-2.5-2-10% g ;g 25 ig 40 | 2 ?g;gg 133300 | 66640 ;igg‘z‘ 84354 0411 Eg
202 | 8-12-180-5#3-i-2.5-2-10 g 32 25 gg 9.9 | 2 giggg 128200 | 64100 170937880 81100 0,339 FF;/F?S
203 | 8-12-180-5#3vr-i-2.5-2-10 g gg 25 ig 98 | 2 g;ggg 135600 | 67800 gg‘l‘gg 85800 0591 EE
204 | 8-12-180-4#3vr-i-2.5-2-10 g gg 2.6 ;g 98 | 2 gg;gg 138400 | 69200 ggigg 87600 ] Eﬁ
205 | 8-15-180-5#3-i-2.5-2-9.5 g gg 26 i; 100 | 2 22888 171900 | 86000 iggggg 108900 ) FPS/SSS
206 | 8-5-90-4#4s-i-2.5-2-15 g gg 2.9 ig 91 | 2 19037370000 187310 | 93655 Egégg 118600 | 02 ﬁﬁgg

T Specimens had constant 80 kip axial load
* Specimen contained A1035 Grade 120 for column longitudinal steel
2 Heat 1, ® Heat 2, © Heat 3 as described in Table 2.3
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Table A.2 Cont. Comprehensive test results and data for No. 8 specimens with two hooks

Tyt dir Atr | Nir Str Acii Neti Scti ds Ss deto Neto As fs

Specimen Hook | y6i | in. | in2 in. | in2 in. | in. | in. | in. in2 | ksi
182 | (2@5) 8-5-90-5#3-i-2.5-2-10¢ 60 | 038 | 06| 5 [300| - | - | - |038|400]| - - 1316120
183 | 8-8-90-5#3-i-2.5-2-8 60 | 038 | 0.6 | 5 [ 300|120 6 | 30 | 050|150 | - - 316 60
184 | 8-8-90-5#3-i-2.5-2-9* 60 | 038 | 06| 5 [300| - | - | - |038|400]| - - 316120
185 | 8-8-90-5#3-i-2.5-9-9* 60 | 038 | 06| 5 [300| - | - | - |038|400]| - - | 474|120
186 | (2@3) 8-8-90-5#3-i-2.5-9-9 60 | 038 | 06| 5 [300| - | - | - |038|400]| - - 474 60
187 | (2@4) 8-8-90-5#3-i-2.5-9-9 60 | 038 | 06| 5 [300| - | - | - |038|400]| - - | 474 60

188 | 8-12-90-5#3-i-2.5-2-9 60 | 038 | 06 | 5 [3.00]|088 | 8 40 | 050 | 400 | 0375 | 2 |3.16| 60

189 | 8-12-90-5#3-i-2.5-2-10 60 | 038 | 06 | 5 | 3.00 - - - 0.50 | 1.75 - - 3.16 | 60
190 | 8-12-90-5#3-i-2.5-2-12* 60 | 038 | 06 | 5 |3.00 - - - 0.38 | 4.00 - - 3.16 | 120
191 | 8-12-90-5#3vr-i-2.5-2-10 60 | 038 | 06 | 5 | 1.75 - - - 0.50 | 1.75 - - 3.16 | 60
192 | 8-12-90-4#3vr-i-2.5-2-10 60 | 038 | 04| 4 | 225 - - - 0.50 | 1.75 - - 3.16 | 60
193 | 8-15-90-5#3-i-2.5-2-6 60 | 038 | 06 | 5 | 3.00 - - - 0.38 | 2.75 - - 6.32 | 60
194 | 8-15-90-5#3-i-2.5-2-10 60 | 038 | 06 | 5 | 3.00 - - - 0.38 | 3.00 - - 6.32 | 60

195 | 8-5-90-5#3-i-3.5-2-15 60 | 038 | 06 | 5 [300|055]| 5 30 [ 038|350 0375 | 2 3.16 | 60

196 | 8-5-90-5#3-i-3.5-2-13 60 | 038 | 06 | 5 [3.00]|100| 5 30 [ 050)300(0375| 1 |316| 60

197 | 8-5-90-5#3-i-3.5-2-12(1) 60 | 038 | 06 | 5 [300|055]| 5 30 [ 038|350 | 05 2 316 | 60

198 | 8-5-90-5#3-i-3.5-2-12 60 | 038 | 06 | 5 [3.00]|055| 5 3.0 [ 038|350 | 05 2 | 316 | 60

199 | 8-8-90-5#3-i-3.5-2-8 60 | 038 | 06 | 5 (300|120 6 3.0 | 050 | 1.50 - - 3.16 | 60

200 | 8-12-90-5#3-i-3.5-2-9* 60 | 038 | 06 | 5 (300|088 | 8 4.0 | 050 | 400 | 0.375 | 2 3.16 | 60

201 | (2@5) 8-5-180-5#3-i-2.5-2-10% 60 | 038 | 06 | 5 | 3.00 - - - 0.50 | 4.00 - - 6.32 | 120
202 | 8-12-180-5#3-i-2.5-2-10 60 | 038 | 06 | 5 |3.00 - - - 0.50 | 1.75 - - 3.16 | 60
203 | 8-12-180-5#3vr-i-2.5-2-10 60 | 038 | 06 | 5 | 1.75 - - - 0.50 | 1.75 - - 3.16 | 60
204 | 8-12-180-4#3vr-i-2.5-2-10 60 | 038 | 04 | 4 | 225 - - - 0.50 | 1.75 - - 3.16 | 60
205 | 8-15-180-5#3-i-2.5-2-9.5 60 | 038 | 06 | 5 |3.00 - - - 0.50 | 4.00 - - 6.32 | 60

206 | 8-5-90-4#4s-i-2.5-2-15 60 | 05 | 08 | 4 | 400|088 | 8 40 | 038|350 |0375| 2 |316| 60

W>W>E>wW>W>E>E>E>E>E>w>wW>w>m>m>w>m>w>m>w>w>m W >’ >w >

T Specimens had constant 80 kip axial load
* Specimen contained A1035 Grade 120 for column longitudinal steel
2 Heat 1, ® Heat 2, © Heat 3 as described in Table 2.3
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Table A.2 Cont. Comprehensive test results and data for No. 8 specimens with two hooks

. Bend Transverse Hook Len Lehavg fem Age do Rr b hei he
Specimen Hook Anale Reinforcement Bar . . . . . . .
9 Orientation Type | in in. psi | days | in. in. | in. in.
207 | 8-5-90-4#4s-i-2.5-2-12(1) g 90° Horizontal A1035°¢ i;g 12.4 | 5180 8 1 |0.073| 17 | 105 | 8.375
208 | 8-5-90-4#4s-i-2.5-2-12 g 90° Horizontal A1035°¢ igg 12.3 | 6210 8 1 |0.073| 17 | 105 | 8.375
209 | 8-5-90-4#4s-i-3.5-2-15 g 90° Horizontal A1035° igi 15.3 | 4810 6 1 |0.078 | 19 | 105 | 8.375
210 | 8-5-90-4#4s-i-3.5-2-12(1) g 90° Horizontal A1035°¢ ﬁg 119 | 5910 | 14 1 |0.073| 19 | 105 | 8.375
211 | 8-5-90-4#4s-i-3.5-2-12 g 90° Horizontal A1035° i;g 12.3 | 5960 7 1 |0.073| 19 | 105 | 8.375
T Specimens had constant 80 kip axial load
* Specimen contained A1035 Grade 120 for column longitudinal steel
2 Heat 1, ® Heat 2, © Heat 3 as described in Table 2.3
Table A.2 Cont. Comprehensive test results and data for No. 8 specimens with two hooks
Slip at -
Specimen Hook Cso Cso,avg Cth Ch Nh Tind Ttotal T fsu, ind fsu Fai?ure F_Iellluge
in. in. in. | in. Ib Ib Ib psi psi in. yp
. A 25 2.1 100200 126800 - FP/SS
207 | 8-5-90-4#4s-i-2.5-2-12(1) B 26 2.6 19 100 | 2 90100 181630 | 90815 114100 115000 i FP/SS
. A 2.6 2.3 116400 147300 FP/SS
208 | 8-5-90-4#4s-i-2.5-2-12 B 25 2.6 16 95 | 2 99700 199510 | 99755 126200 126300 SS/FP
. A 4.1 1.8 106000 134200 - FP/SS
209 | 8-5-90-4#4s-i-3.5-2-15 B 40 41 21 95 | 2 90200 181730 | 90865 114200 115000 i SS/FP
. A 3.8 2.3 115200 145800 - SS
210 | 8-5-90-4#4s-i-3.5-2-12(1) B 35 3.6 24 98 | 2 97400 190910 | 95455 123300 120800 i FP/SS
. A 3.8 2.4 103900 131500 SS/FP
211 | 8-5-90-4#4s-i-3.5-2-12 B 35 3.6 19 9.0 | 2 96900 196310 | 98155 122700 124200 FP/SS
T Specimens had constant 80 kip axial load
* Specimen contained A1035 Grade 120 for column longitudinal steel
2 Heat 1, ® Heat 2, © Heat 3 as described in Table 2.3
Table A.2 Cont. Comprehensive test results and data for No. 8 specimens with two hooks
Specimen Hook l'(ryt_ _dtr Atr2 Nir _Str Act2| Neti _Scti _ds _Ss (EIcto Neto _Asz fs_
si | in. | in. in. in. in. in. in. in. in. ksi
207 | 8-5-90-4#4s-i-2.5-2-12(1) Q 60 | 05 | 0.8 | 4 | 400|160 | 8 4.0 | 050 | 350 | 05 1 |316| 60
208 | 8-5-90-4#4s-i-2.5-2-12 g‘ 60 | 05 | 0.8 | 4 | 400|160 | 8 4.0 | 050 | 350 | 05 1 |316| 60
209 | 8-5-90-4#4s-i-3.5-2-15 Q 60 | 05 | 0.8 | 4 | 400|088 | 8 40 | 038|350 (0375 | 2 | 316 | 60
210 | 8-5-90-4#4s-i-3.5-2-12(1) g 60 | 05 | 0.8 | 4 | 400|160 | 8 4.0 | 050 | 350 | 05 1 |316| 60
211 | 8-5-90-4#4s-i-3.5-2-12 g 60 | 05 | 08 | 4 | 400|160 | 8 40 | 050 | 350 | 05 1 |316| 60

T Specimens had constant 80 kip axial load
* Specimen contained A1035 Grade 120 for column longitudinal steel
2 Heat 1, ® Heat 2, ¢ Heat 3 as described in Table 2.3
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Table A.3 Comprehensive test results and data for No. 11 specimens with two hooks

Specimen Hook Eend R; ;Eflg?::/eerﬁgnt HBoe?rk {eh fe_h'm fch Age _db Re _b _hCI _hc
ngle Orientation Type | in in. psi | days | in. in. | in. in.
212 | 11-8-90-0-0-2.5-2-25 g‘ 90° Horizontal A1035 ggi 25.2 | 9460 9 | 1410085215 195 | 8.375
213 | 11-8-90-0-0-2.5-2-17 g 90° Horizontal A1035 12181 16.6 | 9460 9 141 | 0.085 | 21.5 | 195 | 8.375
214 | 11-12-90-0-0-2.5-2-17 g‘ 90° Horizontal A1035 i;é 16.9 | 11800 | 36 | 1.41 | 0.085 | 21.5 | 19.5 | 8.375
215 | 11-12-180-0-0-2.5-2-17 g 180° Horizontal A1035 isg 17.1 | 11800 | 36 | 1.41 | 0.085 | 21.5| 195 | 8.375
216 | 11-5-90-0-i-2.5-2-14 g 90° Horizontal A615 igg 144 | 4910 13 | 1.41 | 0.069 | 21.5 | 19.5 | 8.375
217 | 11-5-90-0-i-2.5-2-26 g‘ 90° Horizontal A1035 ;gg 26.0 | 5360 6 | 1410085215 195 | 8.375
218 | (2@5.35) 11-5-90-0-i-2.5-13-13 g 90° Horizontal A615 igg 13.9 | 5330 11 | 1410085 | 14 | 195 | 8375
219 | 11-8-90-0-i-2.5-2-17 g‘ 90° Horizontal A1035 1273(3) 17.6 | 9460 9 | 1410085215 195 | 8.375
220 | 11-8-90-0-i-2.5-2-21 g 90° Horizontal A1035 322 20.6 | 7870 6 141 | 0.085 | 21.5 | 195 | 8.375
221 | 11-8-90-0-i-2.5-2-17 g 90° Horizontal A1035 igi 17.2 | 8520 7 141 | 0.085 | 21.5 | 19.5 | 8.375
222 | 11-12-90-0-i-2.5-2-17 g‘ 90° Horizontal A1035 ig; 165 | 11880 | 35 | 1.41 | 0.085 | 21.5 | 19.5 | 8.375
223 | 11-12-90-0-i-2.5-2-17.5 g 90° Horizontal A1035 i;g 17.7 | 13330 | 31 | 141 | 0.085 | 215 | 195 | 8.375
224 | 11-12-90-0-i-2.5-2-25 g‘ 90° Horizontal A1035 gjz 246 | 13330 | 34 | 141 | 0085|215 | 195 | 8.375
225 | 11-15-90-0-i-2.5-2-24 g 90° Horizontal A1035 gjg 244 | 16180 | 62 | 1.41 | 0.085 | 21.5| 195 | 8.375
226 | 11-15-90-0-i-2.5-2-11 g‘ 90° Horizontal A1035 ﬁé 11.8 | 16180 | 63 | 1.41 | 0.085 | 21.5 | 19.5 | 8.375
227 | 11-15-90-0-i-2.5-2-10* g 90° Horizontal A615 gg 95 [ 14050 | 76 | 1.41 | 0.085| 215 | 19.5| 8.375
228 | 11-15-90-0-i-2.5-2-15* g 90° Horizontal A1035 128 14.0 | 14050 | 77 | 1.41 | 0.085 | 21.5| 195 | 8.375
229 | 11-5-90-0-i-3.5-2-17 g‘ 90° Horizontal A1035 igé 17.9 | 5600 | 24 | 1.41 | 0085|235 | 195 | 8.375
230 | 11-5-90-0-i-3.5-2-14 g 90° Horizontal A615 igg 15.0 | 4910 13 | 1.41 | 0.069 | 235 | 19.5 | 8.375
231 | 11-5-90-0-i-3.5-2-26 g‘ 90° Horizontal A1035 ggg 26.0 | 5960 8 | 1410085235 195 | 8.375
232 | 11-8-180-0-i-2.5-2-21 g 180° Horizontal A1035 ;33 21.1 | 7870 6 141 | 0.085 | 21.5 | 195 | 8.375
233 | 11-8-180-0-i-2.5-2-17 g 180° Horizontal A1035 1573(8) 17.9 | 8520 7 141 | 0.085 | 21.5 | 195 | 8.375
234 | 11-12-180-0-i-2.5-2-17 g 180° Horizontal A1035 igg 16.6 | 11880 | 35 | 1.41| 0.085| 21.5| 19.5 | 8.375
235 | 11-5-90-1#4-i-2.5-2-17 g 90° Horizontal A1035 i;g 17.7 | 5790 25 | 141 | 0.085 | 21.5 | 19.5 | 8.375
236 | 11-5-90-1#4-i-3.5-2-17 g 90° Horizontal A1035 gg 17.8 | 5790 25 | 141 0085|235 | 19.5| 8.375
237 | 11-5-90-2#3-i-2.5-2-17 g 90° Horizontal A1035 i;g 17.6 | 5600 24 | 141 | 0.085 | 21.5 | 19.5 | 8.375

* Specimen contained A1035 Grade 120 for column longitudinal steel
*No failure; load reached maximum capacity of jacks
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Table A.3 Cont. Comprehensive test results and data for No. 11 specimens with two hooks

Specimen took | @0 | Coma | G | on [No [ T | Trow | Tag | fu | fuag Sipat | eailure
in. | in. | in. | in. Ib Ib Ib psi psi in. Type
212 11-8-00-0-0-2.5-2-25 2 gg 238 gg 136 | 2 i%?gg 349400 | 174700 iggzgg 112000 | gg
213|11-8-00-0-0-2.5-2-17 2155 24 | 29 138 | 2 | joeao | 214400 | 107200 | [790 | es700 | ggﬁi
214 |11-12-90-0-0-2.5-2-17 2 gg 25 33 138 | 2 iggggg 210800 | 105400 g?ggg 67600 | 143 EE;IE
215 11-12-180-0-0-2.5-2-17 A 32 25 ig 134 | 2 ggigg 167000 | 83500 23388 53500 | SE/BFP
216 | 11-5-90-0-i-2.5-2-14 @ ;2 28 gg 133 | 2 gﬁgg 133180 | 66590 gg%gg a2700 | 0139 FPS/S?S
217 | 11-5-90-0-i-2.5-2-26 " gg 27 gi 133 | 2 iggggg 297450 | 148725 19‘16120000 05300 | FBF/'Z’SSEK
218((2@5.35) 11-5-90-0-2513-13 | & | 2| 26 | 150 | 62 | 2 | 2008 | 121200 | 60600 | Sio00 | 38846 | O it
219 | 11-8-90-0-i-2.5-2-17 " gg 25 ig 134 | 2 ﬁiggg 264100 | 132100 ggggg 84700 | E;ﬁﬁ
220 | 11-8-90-0-i-2.5-2-21 2052 26 | 57 130 | 2 | 120000 | 250250 | 125120 | £:800 | 80200 | FPF/;K
221 |11-8-90-0-i-2.5-2-17 @ ;g 25 ig 135 | 2 ﬁgi?g 209560 | 104780 %;gg 67200 | iﬁ
222 |11-12-90-0-i-2.5-2-17 A 32 26 g:i 133 ] 2 133388 239400 | 119700 33;88 76700 | SS/BFP
223|11-12-90-0-i-2.5-2-17.5 2038 81 | 20 138 | 2 | jooon | 249240 | 124620 | 220 | 70900 | o SSS/gK
224 | 11-12-90-0-i-2.5-2-25 " gg 25 g:g 131 2 iggigg 399490 | 199745 g%ggg 128000 | gg
225 | 11-15-90-0-i-2.5-2-24 2152 25 | 29 [ 135 | 2 | 222000 | 426500 | 213300 | [oooop | 136700 | gggﬁ
226 | 11-15-90-0-i-2.5-2-11 @ ;:g 26 ig 130 | 2 Z‘g?gg 96300 | 48100 géggg 30800 | 5 FPF/FT,K
227 | 11-15-90-0-i-2.5-2-10¢ A g? 27 gg 136 | 2 ggégg 103 | 51500 gggg; 33013 | it
228 | 11-15-90-0-i-2.5-2-15¢ L0158 28 | 30 1130 2 | oo | 184 | 92200 | 22500 | 0108 | o
229 | 11-5-90-0-i-3.5-2-17 " g:g 3.9 %g 131 ] 2 ﬁ?ggg 216240 | 108120 %288 69300 | 287 S‘ZgK
230 | 11-5-90-0-i-3.5-2-14 L0135 88 | 10133 | 2 | oo | 139030 | 69515 | 22000 | 44600 | FPF/Z/SSEK
231 | 11-5-90-0-i-3.5-2-26 " gg 338 gé 135 | 2 igfggg 364510 | 182255 ﬁggg 116800 | ﬁg;gg
232 |11-8-180-0-i-2.5-2-21 A g:i 27 ;g 130 | 2 iggggg 256250 | 128125 gfggg 82100 | chiog
233 11-8-180-0-i-2.5-2-17 @ ;:g 2.4 i:‘l‘ 138 | 2 igg%g 200910 | 100450 ???88 64400 | E;
234 11-12-180-0-i-2.5-2-17 " gg 238 gg 133 | 2 igg;gg 214900 | 107500 ggjgg 68900 | % S'z/SF P
235 | 11-5-00-1#4-i-2.5-2-17 2158 28 | 22 131 | 2 | [0 | 203000 | 101500 | ST | 65100 | ﬁggg
236 | 11-5-00-1#4-i-3.5-2-17 " gg 338 ig 131 ] 2 iggggg 212540 | 106270 g;ggg 68100 | SS/IEF?/TK
237 | 11-5-00-2#3-i-2.5-2-17 A 32 26 ig 134 | 2 iggggg 201390 | 100695 22288 64500 | gg;EE

* Specimen contained A1035 Grade 120 for column longitudinal steel

*No failure; load reached maximum capacity of jacks
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Table A.3 Cont. Com

prehensive test results and data for No. 11 specimens with two hooks

Specimen Hook |\ | i Line | | i | me | L | || || n? | ke
212 | 11-8-90-0-0-2.5-2-25 'é 60 - - - - - - - 1050 | 6.0 - - 1948 | 60
213 | 11-8-90-0-0-2.5-2-17 g‘ 60 - - - - - - - | 050 | 6.0 - - 9.48 | 60
214 | 11-12-90-0-0-2.5-2-17 'é 60 - - - - - - - 1050 |35 - - | 474 | 60
215 | 11-12-180-0-0-2.5-2-17 g‘ 60 - - - - - - - | 050 |35 - - 474 | 60
216 | 11-5-90-0-i-2.5-2-14 g‘ 60 - - - - 24 | 12 |40 050 |40|0375| 2 |474| 60
217 | 11-5-90-0-i-2.5-2-26 'é 60 - - - - 18| 6 |40 |050|40|0375| 1 |[632]| 60
218 | (2@5.35) 11-5-90-0-i-2.5-13-13 g‘ 60 - - - - - - - | 050 |70 - - 7.90 | 60
219 | 11-8-90-0-i-2.5-2-17 'é 60 - - - - - - - 1050 | 6.0 - - 1948 | 60
220 | 11-8-90-0-i-2.5-2-21 g‘ 60 - - - - - - - | 050 | 6.0 - - 9.40 | 60
221 | 11-8-90-0-i-2.5-2-17 g‘ 60 - - - - - - - 1050 |80 - - | 628 60
222 | 11-12-90-0-i-2.5-2-17 g‘ 60 - - - - - - - 1050 | 6.0 - - 1940 60
223 | 11-12-90-0-i-2.5-2-17.5 g‘ 60 - - - - 24 | 12 | 40| 050 | 4.0 - - 474 | 60
224 | 11-12-90-0-i-2.5-2-25 'é 60 - - - - 36 | 18 |40 | 050 |40 05 1 |632]| 60
225 | 11-15-90-0-i-2.5-2-24 g‘ 60 - - - - - - - | 050 |35 - - 6.32 | 60
226 | 11-15-90-0-i-2.5-2-11 g‘ 60 - - - - - - - 1050 |30 - - | 316 | 60
227 | 11-15-90-0-i-2.5-2-10* g‘ 60 - - - - - - - | 050 |45 - - | 694 120
228 | 11-15-90-0-i-2.5-2-15¢ g‘ 60 - - - - - - - | 050 |45 - - 6.94 | 120
229 | 11-5-90-0-i-3.5-2-17 'é 60 - - - - 24 | 12 | 40050 |40 |0375| 2 |474| 60
230 | 11-5-90-0-i-3.5-2-14 g‘ 60 - - - - 24 | 12 |40 050 |40|0375| 2 |474| 60
231 | 11-5-90-0-i-3.5-2-26 'é 60 - - - - 18| 6 |40 |050|40|0375| 1 |[632]| 60
232 | 11-8-180-0-i-2.5-2-21 g‘ 60 - - - - - - - | 050 | 6.0 - - 9.40 | 60
233 | 11-8-180-0-i-2.5-2-17 g‘ 60 - - - - - - - | 050 | 8.0 - - 6.28 | 60
234 | 11-12-180-0-i-2.5-2-17 'é 60 - - - - - - - 1050 | 6.0 - - 1940 60
235 | 11-5-90-1#4-i-2.5-2-17 g‘ 60 | 05 (02| 1 |875| 22 | 11 |40 (050 |40|0375| 2 |474| 60
236 | 11-5-90-1#4-i-3.5-2-17 'é 60 | 05 | 02| 1 |875]| 22 | 11 40| 050 |40|0375| 2 |474| 60
237 | 11-5-90-2#3-i-2.5-2-17 g‘ 60 | 0.38 | 0.2 | 2 | 8.00 2 10 | 40| 050 | 40| 0375 | 2 | 474 | 60

* Specimen contained A1035 Grade 120 for column longitudinal steel
*No failure; load reached maximum capacity of jacks
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Table A.3 Cont. Comprehensive test results and data for No. 11 specimens with two hooks

Specimen Hook ABend R;;?gﬁzgrﬁgnt HBoe?rk {eh ee_h'wg fch Age _db Re _b _hd _hc

ngle Orientation Type | in in. psi | days | in. in. | in. | in.

238 |11-5-90-2#3-i-2.5-2-14 g‘ 90° Horizontal AB615 igg 136 | 4910 | 13 | 1.41|0.069 | 21.5 | 19.5 |8.375
239 |(2@5.35) 11-5-90-2#3-i-2.5-13-13 g 90° Horizontal A615 igg 13.8 | 5330 11 | 1410085 | 14 | 195 [8.375
240 |11-12-90-2#3-i-2.5-2-17.5 g 90° Horizontal A1035 igg 178 | 13710 | 30 | 1.41 | 0.085 | 21.5 | 19.5 (8.375
241 111-12-90-2#3-i-2.5-2-25 g 90° Horizontal A1035 gig 248 | 13710 | 30 | 1.41|0.085 | 215|195 [8.375
242 |11-15-90-2#3-i-2.5-2-23 g‘ 90° Horizontal A1035 ;gg 235 | 16180 | 62 | 1.41 | 0.085 | 21.5 | 19.5 (8.375
243 |11-15-90-2#3-i-2.5-2-10.5 g 90° Horizontal A1035 iég 111 | 16180 | 63 | 1.41 | 0.085 | 21.5 | 19.5 (8.375
244 |11-15-90-2#3-i-2.5-2-10* g 90° Horizontal A615 188 10.0 | 14045 | 76 | 1.41 | 0.085 | 21.5 | 19.5 |8.375
245 |11-15-90-2#3-i-2.5-2-15* g 90° Horizontal A1035 ijg 141 | 14045 | 80 | 1.41| 0.085 | 21.5 | 19.5 (8.375
246 |11-5-90-2#3-i-3.5-2-17 g 90° Horizontal A1035 i;g 17.6 | 7070 28 | 1.41 | 0.085 | 23.5 | 19.5 |8.375
247 |11-5-90-2#3-i-3.5-2-14 g 90° Horizontal A615 igi 13.9 | 4910 12 | 1.41 | 0.069 | 235 | 19.5 (8.375
248 |11-5-90-5#3-i-2.5-2-14 g 90° Horizontal A615 igg 13.9 | 4910 12 | 1.41 | 0.069 | 21.5 | 19.5 (8.375
249 |11-5-90-5#3-i-3.5-2-14 g 90° Horizontal A615 ijg 146 | 4910 14 | 1.41 | 0.069 | 235 | 195 [8.375
250 |11-8-90-6#3-0-2.5-2-16 g‘ 90° Horizontal A1035 igg 16.2 | 9420 8 | 1410085 215|195 (8.375
251 |11-8-90-6#3-0-2.5-2-22 g 90° Horizontal A1035 g;g 219 | 9120 7 141 | 0.085 | 21.5 | 19.5 |8.375
252 |11-12-90-6#3-0-2.5-2-17 g‘ 90° Horizontal A1035 igg 164 | 11800 | 36 | 1.41 |0.085 | 21.5 | 19.5 |8.375
253 |11-12-180-6#3-0-2.5-2-17 g 180° Horizontal A1035 igi 16.5 | 11800 | 36 | 1.41 | 0.085 | 21.5 | 19.5 |8.375
254 |11-5-90-6#3-i-2.5-2-20 g 90° Horizontal A1035 18(5) 19.3 | 5420 7 141 | 0.085 | 21.5 | 19.5 |8.375
255 |(2@5.35) 11-5-90-6#3-i-2.5-13-13 g 90° Horizontal A615 igg 13.9 | 5280 12 | 1.41|0.085 | 14 | 195 (8.375
256 |(2@5.35) 11-5-90-6#3-i-2.5-18-18 g 90° Horizontal A1035 igg 19.4 | 5280 12 1141|0085 | 14 | 195 [8.375
257 |11-8-90-6#3-i-2.5-2-16 g‘ 90° Horizontal A1035 igi 159 | 9120 7 | 141]0.085| 215|195 |8.375
258 |11-8-90-6#3-i-2.5-2-22 g 90° Horizontal A1035 ;ig 214 | 9420 8 141 | 0.085 | 21.5 | 19.5 |8.375
259 |11-8-90-6#3-i-2.5-2-22 g 90° Horizontal A1035 ;;g 21.9 | 9420 8 141 | 0.085 | 21.5 | 19.5 |8.375
260 |11-8-90-6#3-i-2.5-2-15 g 90° Horizontal A1035 igg 155 | 7500 5 141 | 0.085 | 21.5 | 19.5 |8.375
261 |11-8-90-6#3-i-2.5-2-19 g 90° Horizontal A1035 igi 19.2 | 7500 5 141 | 0.085 | 21.5 | 19.5 |8.375
262 |11-12-90-6#3-i-2.5-2-17 g‘ 90° Horizontal A1035 i;é 168 | 12370 | 37 | 1.41|0.085 | 21.5 | 19.5 |8.375
263 |11-12-90-6#3-i-2.5-2-16 g 90° Horizontal A1035 igg 154 | 13710 | 31 | 1.41|0.085 | 21.5 | 19.5 |8.375

* Specimen contained A1035 Grade 120 for column longitudinal steel

*No failure; load reached maximum capacity of jacks
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Table A.3 Cont. Comprehensive test results and data for No. 11 specimens with two hooks

Specimen took | & [ Gomn | o | o [Nn| T | Trew | Tag | fu | fuae | ook 2| Failure
in. | in. | in | in. Ib Ib Ib psi psi in. Type
238|11-5-90-243-i-2.5-2-14 2 gg 2.8 32 133 | 2 ;;;88 154840 | 77420 28288 a9600 | 0206 FF;/S?S
239|(205.35) 115-90-243--251313 | & L[ 26 |57 | 62 | 2 | 55300 | 138200 | 69100 | 5002 | 44205 ) it
24011-12-90-2#3-i-2.5-2-17.5 2 gg 25 | 3% |133] 2 igg;gg 260780 | 130390 ggggg 83600 ] 22
241|11-12-90-243-i-2.5-2-25 A gg 2.8 gg 130 | 2 gﬁggg 422000 | 211000 iggggg 135300 | oy
242|11-15-90-243-i-2.5-2-23 @ ;g 2.8 ig 130 | 2 ;gé;gg 419200 | 209600 iggggg 134400 | S§/BFB
243|11-15-90-2#3-i-2.5-2-10.5 " gg 26 %g 138 | 2 igggg 100100 | 50100 giggg 32100 | 0249 erres
244|11-15-90-243-i-2.5-2-10 L5020 |20 [13a| 2 | 3500 | 128 | 63000 | 3020 | 40962 ] it
245|11-15-90-243-i-2.5-2-15 " gg 26 gg 136 | 2 ﬁiggg 230 | 115200 ;gégg 73846 ] Eggg
24611-5-90-243--3.5-2-17 £ ooo] 86 | 20 [13a| 2 | 10000 | 210200 | 109645 | S2100 | 70300 ] SS/ZZ/TK
247|11-5-90-243-i-3.5-2-14 @ gg 338 ;g 133 | 2 Zggg 164550 | 82275 ggjgg 52700 ) SSF/FF’/PS/?K
248[11:5-90-543-1-2.5-2-14 8 |5o| 28 | o5 |134] 2 | guop | 10030 | 05170 | g0 | etoo0 | o0 | SOE
249|11-5-90-543-i-3.5-2-14 £oloa] 39 | 18 1312 | DN | 105080 | 97900 | 2000 | 62800 ] gzﬁg
250|11-8-90-6#3-0-2.5-2-16 " g: 26 ig 136 | 2 ﬁi?gg 273500 | 136800 ggggg 87700 ] ggfig
251|11-8-90-6#3-0-2.5-2-22 2150 ] 26 | 27 [135 | 2 | 15000 | 337600 | 170200 | ;00000 | 100200 | orE
252|11-12-90-6#3-0-2.5-2-17 @ ;:i 2.4 gg 138 | 2 ﬂ?ggg 231800 | 115900 ;jigg 74300 ) ggﬁ;
253[11-12-180-613-0-2.5-2:17 8 |28 26 | 51 |135| 2 | 1isgn | 226200 | 113100 | 0| 72500 | o1y | ppreg
254|11-5-90-6#3-i-2.5-2-20 £oo0] 26 | 23 [ 120 | 2 | 10000 | 272540 | 136270 | gecoo | 87400 | O27 Ezgg
255((205.35) 11-5-90-643-1-25-13-13 | 1 g:g 26 ig:g 62 | 2 ggggg 179500 | 89700 :%%g 57500 ] it
256((205.35) 11-5-90-643-1-251818 | £ | oL | 26 |00 | 62 | 2 | 13000 | 243200 | 121600 | 292 | 77949 ] it
257|11-8-90-6#3-1-2.5-2-16 " gg 25 ig 134 | 2 ig;ggg 266000 | 133000 ggigg 85300 ] Eﬁgg
25811-8-90-6#3-i-2.5-2-22 A 32 2.6 gg 135 | 2 iggggg 369100 | 184600 ﬁ%ﬁgg 118300 | o
259|11-8-90-6#3-i-2.5-2-22 @ ;g 2.8 ;g 134 | 2 iggggg 382100 | 191000 ggégg 122400 | SBjFB
26011-8-90-6#3-i-2.5-2-15 " gg 26 | 50 |135] 2 iggggg 216600 | 108300 23588 69400 ] SSS/S;P
261|11-8-90-6#3--2.5-2-19 2150 ] 26 | 29 [13s | 2 | 192700 | 200900 | 145400 | 5T | 93200 ] Eggg
262|11-12-90-643-i-2.5-2-17 " gg 2.8 %g 130 | 2 iggggg 323300 | 161600 iéiggg 103600 | 033 gggg
263|11-12-90-643-i-2.5-2-16 A gg 25 gg 130 | 2 Eg;gg 230390 | 115195 ;iggg 73800 | oo SSS;EE

* Specimen contained A1035 Grade 120 for column longitudinal steel
*No failure; load reached maximum capacity of jacks
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Table A.3 Cont. Comprehensive test results and data for No. 11 specimens with two hooks

Specimen Mook |4 | in | ime || im Lt | L | | | || ne | ke
238 | 11-5-90-2#3-i-2.5-2-14 ';‘ 60 {038 | 02| 2 | 800 |24 | 12 |40|050|40|0375| 2 |474| 60
239 | (2@5.35) 11-5-90-2#3-i-2.5-13-13 g 60 (038 | 02| 2 8.00 - - - | 050 |70 - - 7.90 | 60
240 | 11-12-90-2#3-i-2.5-2-17.5 g‘ 60 [ 038 | 02| 2 | 1200 | 24 | 12 | 40| 050 | 4.0 - - 474 | 60
241 | 11-12-90-2#3-i-2.5-2-25 g 60 (038 02| 2 |1200| 32 | 16 | 40| 050 |40| 05 1 6.32 | 60
242 | 11-15-90-2#3-i-2.5-2-23 g 60 (038 | 02| 2 8.00 - - - | 050 ]| 3.0 - - 6.32 | 60
243 | 11-15-90-2#3-i-2.5-2-10.5 g‘ 60 [ 038 | 02| 2 | 8.00 - - - | 050 |28 - - 3.16 | 60
244 | 11-15-90-2#3-i-2.5-2-10* g 60 (038 | 02| 2 8.00 - - - | 050 |45 - - 6.94 | 120
245 | 11-15-90-2#3-i-2.5-2-15* ';‘ 60 [ 038 | 02| 2 | 8.00 - - - | 050 |45 - - 6.94 | 120
246 | 11-5-90-2#3-i-3.5-2-17 g 60 (038 | 02| 2 8.00 2 10 | 40| 0.50 | 4.0 | 0.375 2 474 | 60
247 | 11-5-90-2#3-i-3.5-2-14 g 60 {038 | 02| 2 | 800 |24 | 12 |40|050|40|0375| 2 |474| 60
248 | 11-5-90-5#3-i-2.5-2-14 g‘ 60 038 | 06| 5 | 438 |24 | 12 |40|050|40|0375| 2 |474| 60
249 | 11-5-90-5#3-i-3.5-2-14 g 60 038 | 06| 5 438 | 24 | 12 | 40 | 050 | 4.0 | 0.375 2 474 | 60
250 | 11-8-90-6#3-0-2.5-2-16 ';‘ 60 [ 038 | 0.7 | 6 | 4.00 - - - 1050 ]| 6.0 - - 9.48 | 60
251 | 11-8-90-6#3-0-2.5-2-22 g 60 038 | 07| 6 4.00 - - - | 050 ]| 6.0 - - 948 | 60
252 | 11-12-90-6#3-0-2.5-2-17 g 60 [ 038 | 0.7 | 6 | 4.00 - - - 1050 |35 - - 474 | 60
253 | 11-12-180-6#3-0-2.5-2-17 g‘ 60 [ 038 | 0.7 | 6 | 4.00 - - - 1050 |35 - - 474 | 60
254 | 11-5-90-6#3-i-2.5-2-20 g 60 038 | 07| 6 400 | 1.2 6 | 40050400375 2 474 | 60
255 | (2@5.35) 11-5-90-6#3-i-2.5-13-13 ';‘ 60 [ 038 | 0.7 | 6 | 4.00 - - - 1050 |70 - - 7.90 | 60
256 | (2@5.35) 11-5-90-6#3-i-2.5-18-18 g 60 038 | 07| 6 4.00 - - - | 050 |70 - - 7.90 | 60
257 | 11-8-90-6#3-i-2.5-2-16 ';‘ 60 [ 038 | 0.7 | 6 | 4.00 - - - 1050 ]| 6.0 - - 9.48 | 60
258 | 11-8-90-6#3-i-2.5-2-22 g 60 038 | 07| 6 4.00 - - - | 050 |25 - - 6.32 | 60
259 | 11-8-90-6#3-i-2.5-2-22 g 60 038 | 07| 6 4.00 - - - | 050 ]| 6.0 - - 948 | 60
260 | 11-8-90-6#3-i-2.5-2-15 g‘ 60 [ 038 | 0.7 | 6 | 4.00 - - - 1050 ]| 6.0 - - 9.40 | 60
261 | 11-8-90-6#3-i-2.5-2-19 g 60 038 | 07| 6 4.00 - - - | 050 ]| 6.0 - - 940 | 60
262 | 11-12-90-6#3-i-2.5-2-17 ';‘ 60 [ 038 | 0.7 | 6 | 4.00 - - - 1050 ]| 6.0 - - 9.40 | 60
263 | 11-12-90-6#3-i-2.5-2-16 g 60 038 | 07| 6 400 | 24 | 12 | 40 | 050 | 4.0 | 0.375 1 474 | 60

* Specimen contained A1035 Grade 120 for column longitudinal steel
*No failure; load reached maximum capacity of jacks
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Table A.3 Cont. Comprehensive test results and data for No. 11 specimens with two hooks

Specimen Hook ABend R;;?cr)]l?(\:/:r;s:nt |_I|30a0rk _&h ee_h'wg fcn? Age _db Re _b _hd _hc

ngle Orientation Type | In- in. psi days | in. in. in. in.
264 | 11-12-90-6#3-i-2.5-2-22 g‘ 90° Horizontal A1035 gig 217 | 13710 | 31 |1.41|0.085 | 215|195 | 8375
265 | 11-15-90-6#3-i-2.5-2-22 g 90° Horizontal A1035 ggi 223 | 16180 | 62 | 1.41 | 0.085 | 215 | 19.5 | 8.375
266 | 11-15-90-6#3-i-2.5-2-9.5 g‘ 90° Horizontal A1035 19003 9.6 | 16180 | 63 | 1.41 | 0.085 | 21.5 | 19.5 | 8.375
267 | 11-15-90-6#3-i-2.5-2-10a* g 90° Horizontal A615 19050 9.8 14045 | 76 | 1.41 | 0.085 | 21.5| 195 | 8.375
268 | 11-15-90-6#3-i-2.5-2-10b* g 90° Horizontal A615 gg 9.6 14050 | 77 | 1.41 | 0.085 | 21.5 | 19.5 | 8.375
269 | 11-15-90-6#3-i-2.5-2-15* g 90° Horizontal A1035 igg 148 | 14045 | 80 | 1.41 | 0.085 | 21.5 | 195 | 8.375
270 | 11-5-90-6#3-i-3.5-2-20 g 90° Horizontal A1035 382 20.4 5420 7 1.41 | 0.085 | 23.5 | 195 | 8.375
271 | 11-8-180-6#3-i-2.5-2-15 g 180° Horizontal A1035 igé 153 7500 5 1.41 ] 0.085 | 21.5| 195 | 8.375
272 | 11-8-180-6#3-i-2.5-2-19 g 180° Horizontal A1035 igg 19.8 7870 6 1.41 | 0.085 | 21.5 | 195 | 8.375
273 | 11-12-180-6#3-i-2.5-2-17 g 180° Horizontal A1035 igg 16.7 | 12370 | 37 | 1.41 | 0.085 | 21.5 | 19.5 | 8.375
274 | 11-12-180-6#3-i-2.5-2-17 g 180° Horizontal A1035 igg 16.8 | 12370 | 37 | 1.41 | 0.085 | 21.5 | 19.5 | 8.375
275 | 11-5-90-5#4s-i-2.5-2-20 g 90° Horizontal A1035 ggg 20.1 5420 7 1.41 | 0.085 | 21.5 | 195 | 8.375
276 | 11-5-90-5#4s-i-3.5-2-20 g‘ 90° Horizontal A1035 igg 195 | 5960 8 | 1410085 | 235|195 | 8375

* Specimen contained A1035 Grade 120 for column longitudinal steel

*No failure; load reached maximum capacity of jacks
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Table A.3 Cont. Com

prehensive test results and data for No. 11 specimens with two hooks

specimen took | @0 | Coma [ en | e [No | T | Trow | Tas | fu | fuae P at | Eailure

in. | in. | in | in. Ib Ib Ib psi psi in. Type

264 | 11-12-90-6#3--2.5-2-22 2 3? 3.0 g:g’ 133 2 igg%gg 402380 | 201190 i;g?gg 129000 | Si’BFB
265 | 11-15-90-6#3-i-2.5-2-22 250 28 || 185 | 2 | 220500 | 395600 | 197800 | 1oo000 | 126800 | ggﬁg
266 | 11-15-90-6#3-1-2.5-2-9.5 2 gg 238 ig 133 2 ggggg 114800 | 57400 gggg 36800 | 0308 it
267 | 111590643--252102° | 1 gg 27 gg 134 | 2 gfggg 165 | 82700 ggigg 53013 ] it
268 | 11-15-90-6#3-i-2.5-2-10b* ’; ;g 28 ;2 130 | 2 ;iggg 151 | 75600 j?égi 48462 ) Ei
269 | 11-15-90-6#3-i-2.5-2-15* 2 gg 26 3(5) 136 | 2 ﬂi;gg 201 | 145300 ggggg 93141 ] it
270 | 11-5-90-6#3-i-3.5-2-20 B35 38 |50 | 181 2 | ope | 271640 | 135820 | o000 | 87100 ] SSS/SFP
271 | 11-8-180-6#3--2.5-2-15 2 3? 3.0 ig 130 | 2 ﬁiggg 223400 | 111700 %gg 71600 ] 22
272 | 11-8-180-6#3--2.5-2-19 208 ] 29 [13]133] 2 | 170000 | 208000 | 149000 | 90 | 95500 ] Eggg
273 | 11-12-180-6#3-i-2.5-2-17 ’; ;g 27 gg 135 | 2 ﬁ?égg 232700 | 116400 ;gigg 74600 | oo FPF/:B
274 | 11-12-180-6#3-i-2.5-2-17 2 gg 26 gé 134 | 2 1‘7‘2388 297400 | 148700 19150490000 95300 ] g;jﬁ;
275 | 11-5-90-5¢45-i-2.5-2-20 200 26 | 25| 134 2 | 121900 | 282000 | 141045 | 000 | 90400 ] E:Zgg
276 | 11-5-90-5#45-i-3.5-2-20 2 gg 338 32 131 2 iggggg 305930 | 152965 1918%170000 98100 ] ﬁﬁ;gg

* Specimen contained A1035 Grade 120 for column longitudinal steel
*No failure; load reached maximum capacity of jacks
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Table A.3 Cont. Comprehensive test results and data for No. 11 specimens with two hooks

Specimen | Hook | & | v | ine | | i |t | L | | | || n? | ke
264 | 11-12-90-6#3-i-2.5-2-22 g‘ 60 {038 | 07| 6 | 400|306 | 12 |40 |050|40(0375| 2 |632| 60
265 | 11-15-90-6#3-i-2.5-2-22 '; 60 [ 0.38 | 0.7 | 6 | 4.00 - - - 1050 | 3.0 - - 6.32 | 60
266 | 11-15-90-6#3-i-2.5-2-9.5 g‘ 60 | 038 | 0.7 | 6 | 4.00 - - - | 050 |23 - - 3.16 | 60
267 | 11-15-90-6#3-i-2.5-2-10a* g‘ 60 [ 0.38 | 0.7 | 6 | 4.00 - - - 1050 |45 - - 6.94 | 120
268 | 11-15-90-6#3-i-2.5-2-10b* g 60 [ 0.38 | 0.7 | 6 | 4.00 - - - 1050 |45 - - 6.32 | 120
269 | 11-15-90-6#3-i-2.5-2-15* g‘ 60 | 038 | 0.7 | 6 | 4.00 - - - | 050 |45 - - 6.94 | 120
270 | 11-5-90-6#3-i-3.5-2-20 '; 60 (038 | 07| 6 |400| 12 6 |40 |050|4.0]0375 2 474 | 60
271 | 11-8-180-6#3-i-2.5-2-15 g‘ 60 | 038 | 0.7 | 6 | 4.00 - - - | 050 | 6.0 - - 9.40 | 60
272 | 11-8-180-6#3-i-2.5-2-19 '; 60 [ 0.38 | 0.7 | 6 | 4.00 - - - 1050 | 6.0 - - 940 | 60
273 | 11-12-180-6#3-i-2.5-2-17 g 60 [ 038 | 0.7 | 6 | 4.00 - - - | 050 |30 - - 474 | 60
274 | 11-12-180-6#3-i-2.5-2-17 g‘ 60 [ 038 | 0.7 | 6 | 4.00 - - - | 050 | 6.0 - - 9.40 | 60
275 | 11-5-90-5#4s-i-2.5-2-20 '; 60 | 05 1 5 | 5.00 4 10 | 5.0 | 0.50 | 5.0 | 0.375 2 474 | 60
276 | 11-5-90-5#4s-i-3.5-2-20 g‘ 60 | 0.5 1 5 | 500 4 10 | 501|050 |50|0375| 2 | 474 60

* Specimen contained A1035 Grade 120 for column longitudinal steel
*No failure; load reached maximum capacity of jacks
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Table A.4 Comprehensive test results and data for No. 5 specimens with multiple hooks

. Bend Transverse Hook Leh | Lehavg fem Age db Rr b hei he
Specimen Hook Reinforcement Bar

Angle | 3 entation Type | in-| in. psi | days | in. in. [ in. | in,

54
90° Horizontal A1035 ig 52 6430 11 | 0.625 | 0.073 | 13 | 5.3 | 8.375

5.3

277 | (4@4) 5-5-90-0-i-2.5-2-6

9.0
90° Horizontal A1035 gg 9.0 6470 12 | 0.625 | 0.073 | 13 | 5.3 | 8.375

9.9

278 | (4@4) 5-5-90-0-i-2.5-2-10

6.3
90° Horizontal A1035 gg 59 6950 18 | 0.625 | 0.073 | 13 | 5.3 | 8.375

6.0

279 | (4@4) 5-8-90-0-i-2.5-2-6

6.0
90° Horizontal A1035 gg 59 6693 | 21 | 0.625| 0.073 | 17 | 5.3 | 8.375

6.0

280 | (4@6) 5-8-90-0-i-2.5-2-6

6.3
90° Horizontal A1035 gg 6.3 6693 21 | 0.625| 0.073 | 17 | 5.3 | 8.375

6.3

281 | (4@6) 5-8-90-0-i-2.5-6-6

6.0
90° Horizontal A1035 |56 | 59 6950 18 | 0.625 | 0.073 | 11 | 5.3 | 8.375
6.0

282 | (3@4) 5-8-90-0-i-2.5-2-6

6.4
90° Horizontal Al1035 | 59| 6.0 6950 18 | 0.625 | 0.073 | 13 | 5.3 | 8.375
58

283 | (3@6) 5-8-90-0-i-2.5-2-6

6.3
90° Horizontal A1035 gé 6.3 6430 11 | 0.625 | 0.073 | 13 | 5.3 | 8.375

6.4

284 | (4@4) 5-5-90-2#3-i-2.5-2-6

8.4
90° Horizontal A1035 ;g 8.0 6430 11 | 0.625 | 0.073 | 13 | 5.3 | 8.375

7.8

285 | (4@4) 5-5-90-2#3-i-2.5-2-8

50
90° Horizontal A1035 | 6.3 | 55 | 10110 | 196 | 0.625 | 0.073 | 13 | 5.3 | 8.375
5.3

286 | (3@6) 5-8-90-5#3-i-2.5-2-6.25

6.0
90° Horizontal A1035 | 63| 6.1 6703 22 | 0.625| 0.073 | 11 | 5.3 | 8.375
6.0

287 | (3@4) 5-8-90-5#3-i-2.5-2-6*

6.0
90° Horizontal A1035 | 6.0 | 6.0 6703 | 22 | 0.625| 0.073 | 13 | 5.3 | 8.375
6.0

288 | (3@6) 5-8-90-543-i-2.5-2-6*

6.6
90° Horizontal A1035 ;g 7.1 6430 11 | 0.625 | 0.073 | 13 | 5.3 | 8.375

6.5

289 | (4@4) 5-5-90-5#3-i-2.5-2-7

6.0
90° Horizontal A1035 22 6.3 6430 11 | 0.625 | 0.073 | 13 | 5.3 | 8.375

6.3

290 | (4@4) 5-5-90-5#3-i-2.5-2-6

OOw>»PO00m>PO0OT>O>POT>PI0OO>I0O0T>O@>OT>I0OF>I0OO®>IOO>IOO >0 T >

* Specimen contained A1035 Grade 120 for column longitudinal steel
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Table A.4 Cont. Comprehensive test results and data for No. 5 specimens with multiple hooks

Specimen Hook Cso Cso,avg Cth Ch Nh Tind Ttotal T fsu, ind fsu lfgl?ual;z Failure

in. | in. |in. | in. Ib Ib Ib psi psi in. Type

A |24 28| 1.9 12200 39400 - FP

. B |49 29|19 16800 54200 - FP

277 | (4@4) 5-5-90-0-i-2.5-2-6 o ls1| 26 |34 18| 4 | 15500 | 58000 | 14500 [ 2o | 46800 ] o
D |28 2.9 13700 44200 - FP

A | 26 33|18 27900 90000 - FP

. B |50 4319 28600 92300 0.358 FP

278 | (4@4) 5-5-90-0-i-2.5-2-10 o ool 27 30|16 | 4 | aasoo | 113600 | 28400 [ ~rl | 91600 g e
D |28 24| - 27600 89000 - FP

A |25 1819 17300 55806 - FPISS

. B |50 23|16 17600 56774 - FP/SS

279 | (4@4) 5-8-90-0-i-2.5-2-6 o |eool 25 |53l 10| 4 | {4100 | 62900 | 15500 | ;2.0 | 50000 ] Fpjos
D |25 20| - 14100 45484 - FPISS

A |27 20 | 31 20600 66452 - FP

. B |65 20|31 22500 72581 - FP

280 | (4@6) 5-8-90-0-i-2.5-2-6 o les| 27 |53 la1| 4 | 5000 | 77200 | 19800 | 2o | 62258 ] o
D |27 20| - 15100 48710 - FP

A |25 58 | 3.1 16100 51935 - FPISS

. B |63 58 | 3.1 14700 47419 - FP/SS

281 | (4@6) 5-8-90-0-i-2.5-6-6 o lez| 26 |ogla1| 4 | 16500 | 64200 | 16200 [ oo o | 51935 ] s
D |27 58| - 16800 54194 - FP/SS

A | 26 20| 18 18500 50677 - FP

282 | (3@4) 5-8-90-0-i-2.5-2-6 B |56 26 24|19 3 | 17600 | 50400 | 16800 | 56774 | 54194 - FP
c |27 20| - 14700 47419 - FP

A |26 16 | 3.0 25500 82258 - FP

283 | (3@6) 5-8-90-0-i-2.5-2-6 B |62 26 |21|31| 3 |34900 | 74700 | 24900 | 112581 | 80323 - FP
c |27 23| - 23200 74839 - FP

A |25 1919 22400 72300 - FP

. B |50 20| 1.9 22200 71600 0.23 FP

284 | (4@4) 5-5-90-2#3-i-2.5-2-6 o lagl 25 [ Tol1e| 4 | 24000 | 85600 | 22400 [ 7o | 69000 ‘ o
D |25 18| - 21700 70000 0.484 FP

A |25 1819 24000 77400 - FP

. B |50 24|19 31200 100600 0.365 FP

285 | (4@4) 5-5-90-2#3-i-2.5-2-8 o laol 25 |51 118 4 | 36000 | 104000 | 26000 | 17| 83900 g o
D |25 24| - 23700 76500 0.398 FP

A |25 38 | 2.9 27100 87400 - FP

286 | (3@6)5-8-90-543-i-2.5-2-625 | B |54 | 25 |26 |3.0| 3 | 32400 | 77400 | 25800 | 104500 | 83200 - FP
c |25 36| - 26800 86500 - FP

A |25 20 | 2.1 35800 115484 - FP

287 | (3@4) 5-8-90-5#3-i-2.5-2-6¢ B |50 25 | 18|19 3 | 34700 | 104700 | 34900 | 111935 | 112581 | - FP
c |25 20| - 34400 110968 - FP

A |25 20 | 34 37800 121935 - FP

288 | (3@6) 5-8-90-5#3-i-2.5-2-6¢ B |50 25 20|31 3 | 34800 | 109300 | 36300 | 112258 | 117097 | - FP
c |25 20| - 37500 120968 - FP

A |25 25| 15 27300 88100 - FP

. B |46 13 | 2.0 37000 119400 - FP

289 | (4@4) 5-5-90-5#3--2.5-2-7 o lael 24 [ Tellel 4 | Sa500 | 108400 | 27200 [ o0 | 87400 ] e
D |24 26| - 23000 74200 - FP

A |25 25 | 2.0 24900 80300 - FP

. B |51 20|18 27200 87700 - FP

290 | (4@4) 5-5-90-543-i-2.5-2-6 o |eool 26 |Tol1a| 4 | 26s00 | 103600 | 25900 | oo | 83500 | oo, o
D |26 23| - 26600 85800 - FP

* Specimen contained A1035 Grade 120 for column longitudinal steel
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Table A.4 Cont. Comprehensive test results and data for No. 5 specimens with multiple hooks

Specimen Hook fyt. .dtr Atr2 Nir .Str /.A\cti Neti .Scti .ds .Ss (.jcto Ncto -Asz fys

ksi | in. | in. in. in. in. in. in. in. in. ksi
A

277 | (4@4) 5-5-90-0-i-2.5-2-6 E 60 | - 0 - - 1110 10 [ 20| 0375 |25|0375| 1 |1.27| 60
D
A

278 | (4@4) 5-5-90-0-i-2.5-2-10 g 60 - 0 - - 1.10 | 10 | 2.0 | 0.375 | 3.0 | 0.500 1 1.27 | 60
D
A

279 | (4@4) 5-8-90-0-i-2.5-2-6 g 60 0 NA | 0 | 0.0 - - - 0.375 | 3.0 - - 3.16 | 60
D
A

280 | (4@6) 5-8-90-0-i-2.5-2-6 2 60| 0O [NA| O |00 - - - 10375 |30 - - 3.16 | 60
D
A

281 | (4@6) 5-8-90-0-i-2.5-6-6 (B: 60| 0O [ NA| O |00 - - - 10375 |30 - - 474 | 60
D
A

282 | (3@4) 5-8-90-0-i-2.5-2-6 B 60 0 NA | 0 0 - - - 0.375 | 3.0 - - 3.16 | 60
C
A

283 | (3@6) 5-8-90-0-i-2.5-2-6 B 60| 0O [NA| O 0 - - - 10375 | 3.0 - - 3.16 | 60
C
A

284 | (4@4) 5-5-90-2#3-i-2.5-2-6 (B: 60 (04| 02| 2 [40|066| 6 |[40]|0375|30|0375| 2 |1.27]| 60
D
A

285 | (4@4) 5-5-90-2#3-i-2.5-2-8 (B: 60 (04| 02| 2 |[50|120| 6 |[25]|0375|30|0500| 2 |1.27| 60
D
A

286 | (3@6) 5-8-90-5#3-i-2.5-2-6.25 B 60 |04 | 06 | 5 2 - - - 050 | 3.0(0375| 1 |1.27| 60
C
A

287 | (3@4) 5-8-90-5#3-i-2.5-2-6* B 60 04| 06 | 5 2 - - - 0.38 | 3.0 - - 3.16 | 120
C
A

288 | (3@6) 5-8-90-5#3-i-2.5-2-6* B 60 | 0.4 | 0.6 5 2 - - - 0.38 | 3.0 - - 3.16 | 120
C
A

289 | (4@4) 5-5-90-5#3-i-2.5-2-7 g 60 | 0.4 | 0.6 5 118|055 5 1.8 | 0.375 | 2.8 | 0.500 2 1.27 | 60
D
A

290 | (4@4) 5-5-90-5#3-i-2.5-2-6 g 60 | 0.4 | 0.6 5 120|055 5 20| 0375 | 3.0 | 0.375 2 1.27 | 60
D

* Specimen contained A1035 Grade 120 for column longitudinal steel
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Table A.4 Cont. Comprehensive test results and data for No. 5 specimens with multiple hooks
. Bend Transverse Hook Leh | Lehavg fem Age db Rr b hei he
Specimen Hook Anal Reinforcement Bar ) ) ) ) ) ) )
ngle | Srientation Type | in- | in. psi | days | in. in. | in. | in.
A 6.0
291 | (4@6) 5-8-90-5#3-i-2.5-2-6* g 90° Horizontal A1035 28 6.0 6693 21 | 0.625 | 0.073 | 17 | 5.3 | 8.375
D 6.0
A 6.8
292 | (4@6) 5-8-90-5#3-i-2.5-6-6* g 90° Horizontal A1035 gg 6.4 6693 21 | 0.625 | 0.073 | 17 | 5.3 | 8.375
D 6.3
A 5.8
293 | (4@4) 5-8-90-5#3-i-2.5-2-6* (E; 90° Horizontal A1035 22 6.0 6703 22 | 0.625 | 0.073 | 17 | 5.3 | 8.375
D 6.5
A 6.3
294 | (3@6) 5-8-90-5#3-i-3.5-2-6.25 B 90° Horizontal Al1035 | 63| 6.3 | 10110 | 196 | 0.625 | 0.073 | 15 | 5.3 | 8.375
C 6.3
* Specimen contained A1035 Grade 120 for column longitudinal steel
Table A.4 Cont. Comprehensive test results and data for No. 5 specimens with multiple hooks
Speci men Hook Cso | Cso,avg | Cth Ch Nh Tind Ttotal T fsu fsu,avg E Eliliﬁ)u?'te F_?i | U(I;e
in. in. in. | in. Ib Ib Ib psi psi in. yp
A 2.7 20| 34 30300 97742 - FP
291 | (4@6) 5-8-90-5#3-i-2.5-2-6* E gg 2.7 38 gi 4 2(7)(1388 113300 | 28300 g;gg; 91290 EE
D 2.7 20| - 25300 81613 - FP
A 2.5 13|31 32100 103548 - FP
292 | (4@6) 5-8-90-5#3-i-2.5-6-6* E gg 2.6 ig g; 4 ggggg 124600 | 31200 ggggg 100645 EE
D 2.7 18| - 31800 102581 - FP
A 25 23|19 28000 90323 - FP
. B 5.0 25|19 27300 88065 - FP
293 | (4@4) 5-8-90-5#3-i-2.5-2-6 c 50 25 18| 19 4 28600 110000 | 27500 92258 88710 _ Fp
D 25 15| - 26200 84516 - FP
A 35 21|26 36100 116500 - FP
294 | (3@6) 5-8-90-5#3-i-3.5-2-6.25 B 66| 36 |21]|33| 3 | 33800 | 105900 | 35300 | 109000 | 113900 - FP
C 3.8 21| - 40800 131600 0.454 FP
* Specimen contained A1035 Grade 120 for column longitudinal steel
Table A.4 Cont. Comprehensive test results and data for No. 5 specimens with multiple hooks
Specimen Hook fyt. Sjtr Atr2 Nir .Str Acti Neti ?cti 'ds .Ss qcto Ncto 'Asz fys.
ksi | in. | in. in. | in. in. in. in. in. in. ksi
A
291 | (4@6) 5-8-90-5#3-i-2.5-2-6* g 60 | 04|06 | 5 | L7 - - - 10375 3.0 - - 3.16 | 120
D
A
292 | (4@6) 5-8-90-5#3-i-2.5-6-6* (E; 60 | 04|06 | 5 | L7 - - - 10375 3.0 - - | 474 | 120
D
A
293 | (4@4) 5-8-90-5#3-i-2.5-2-6* (E; 60 | 04|06 | 5 | L7 - - - 10375 3.0 - - 3.16 | 120
D
A
294 | (3@6) 5-8-90-5#3-i-3.5-2-6.25 B 60 | 04|06 | 5 2 - - - 050 [30(0375| 1 |127 | 60
C

* Specimen contained A1035 Grade 120 for column longitudinal steel
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Table A.5 Comprehensive test results and data for No. 8 specimens with multiple hooks

Bend Transverse Hook Leh feh,avg fem Age db Rr b hel he
Angle Reinforcement Bar

Specimen Hook . . . . . . .
Orientation Type in. in. psi days | in. in. | in. in.

16.5
90° Horizontal A1035° | 158 | 16.1 | 6255 13 1 |0.078 | 17 | 10.5 | 8.375
16.0

295 | (3@5.5) 8-5-90-0-i-2.5-2-16

9.0
90° Horizontal A1035° | 9.4 9.4 6461 14 1 |0.078 | 17 | 10.5 | 8.375
9.8

296 | (3@5.5) 8-5-90-0-i-2.5-2-10

7.5
90° Horizontal A615 8.0 7.8 5730 18 1 |0.073 |17 | 10.5 | 8.375
8.0

297 | (3@5.5) 8-5-90-0-i-2.5-2-8*

10.0
90° Horizontal A615 | 10.3 | 10.1 | 4490 10 1 ]0.073 |12 | 105 | 8375
10.0

298 | (3@3) 8-5-90-0-i-2.5-2-10*

10.3
90° Horizontal A615 | 10.1 | 10.1 | 4490 10 1 | 0073 | 16 | 10.5 | 8.375
10.0

299 | (3@5) 8-5-90-0-i-2.5-2-10°

7.8
90° Horizontal A1035° | 8.8 7.9 8700 24 1 |0.078 |17 | 10.5 | 8.375
7.3

300 | (3@5.5) 8-8-90-0-i-2.5-2-8

9.5
90° Horizontal A615 9.5 9.4 7510 21 1 ]0.073 |12 | 105 | 8.375
9.3

301 | (3@3) 8-8-90-0-i-2.5-9-9

9.3
90° Horizontal A615 9.3 9.3 7510 21 1 | 0073 | 14 | 10.5 | 8.375
9.3

302 | (3@4) 8-8-90-0-i-2.5-9-9

121
90° Horizontal A1035°¢ | 12.1 | 121 | 11040 | 31 1 |0.073 |12 | 105 | 8.375
12.2

303 | (3@3) 8-12-90-0-i-2.5-2-12*

12.9
90° Horizontal A1035¢ | 125 | 12.6 | 11440 | 32 1 |0.073 | 14 | 105 | 8.375
125

304 | (3@4) 8-12-90-0-i-2.5-2-12*

12.3
90° Horizontal A1035° | 12.0 | 12.2 | 11460 | 33 1 | 0073 | 16 | 10.5 | 8.375
12.3

305 | (3@5) 8-12-90-0-i-2.5-2-12*

9.4
90° Horizontal A615 gg 9.4 7510 21 1 |0.073| 15| 10.5 | 8.375

9.6

306 | (4@3) 8-8-90-0-i-2.5-9-9

9.4
90° Horizontal A615 gcl) 9.2 7510 21 1 |0.073| 18 | 10.5 | 8.375

9.1

307 | (4@4) 8-8-90-0-i-2.5-9-9

9.8
180° Horizontal A615 | 100 | 9.8 5260 15 1 |0.073 |12 | 10.5 | 8.375
9.8

308 | (3@3) 8-5-180-0-i-2.5-2-10°

10.0
180° Horizontal A615 | 10.0 | 10.0 | 5260 15 1 |0.073 | 16 | 10.5 | 8.375
10.0

309 | (3@5) 8-5-180-0-i-2.5-2-10*

14.6
90° Horizontal A1035° | 13.9 | 144 | 6460 14 1 |0.078 | 17 | 10.5 | 8.375
14.8

310 | (3@5.5) 8-5-90-2#3-i-2.5-2-14

9.8
90° Horizontal A1035° | 8.8 9.1 6460 14 1 |0.078 | 17 | 105 | 8.375
8.9

311 | (3@5.5) 8-5-90-243-i-2.5-2-8.5

OTPOT>OT>OT>I0OOT>IO0OOTSOTFZ>OT>PIOT>OT>OT>OT>O@>ODT>ON>O®E>O D>

* Specimen contained A1035 Grade 120 for column longitudinal steel
2 Heat 1, ® Heat 2, © Heat 3 as described in Table 2.3
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Table A.5 Cont. Comprehensive test results and data for No. 8 specimens with multiple hooks

Specimen Hook Cso | Csoavg | Cth Ch Nh Tind Trotal T fsu, ind fsu EBI.II?U?}B Failure

in. | in. | in. | in. Ib Ib Ib psi psi in. Type

A |26 16 | 44 65300 82700 - FP

295 | (3@5.5) 8-5-90-0-i-2.5-2-16 B [80| 27 |24 |45 3 | 103700 | 188400 | 62800 | 131300 | 79500 | 0.191 FP
c |28 21 - 46500 58900 - FP

A |26 32| 44 26800 33900 - FP

296 | (3@5.5) 8-5-90-0-i-2.5-2-10 B |79 26 | 28|44 3 | 57400 | 108300 | 36100 | 72700 | 45700 | - FP
c |25 24| - 26300 33300 - FP

A |25 25 | 45 30500 38608 FP

297 | (3@5.5) 8-5-90-0-i-2.5-2-8¢ B [80| 25 | 20|45 3 | 23300 | 73200 | 24400 | 29494 | 30886 FP
c |25 20 - 19500 24684 0.15 FP

A |26 20 | 2.4 30670 38800 0.09 FP

298 | (3@3) 8-5-90-0-i-2.5-2-10* B [55| 26 |18]23| 3 | 43700 | 85500 | 28500 | 55300 | 36100 | 0.12 FP
c |25 20| - 21400 27100 0 FP

A |23 18 | 40 56500 71500 0.015 FP

299 | (3@5) 8-5-90-0-i-2.5-2-10* B |73| 24 | 19|43 3 | 46300 | 96600 | 32200 | 58600 | 40800 | - FP
c |25 20| - 55000 69600 - FP

A |30 24| 43 41000 51900 - FP

300 | (3@5.5) 8-8-90-0-i-2.5-2-8 B [82| 29 | 14|34 3 | 41000 | 123000 | 41000 | 51900 | 51900 | - FP
c |28 29| - 41000 51900 - FP

A |25 85| 2.1 24600 31139 FP

301 | (3@3) 8-8-90-0-i-2.5-9-9 B [56| 25 85|21 3 | 25000 | 21300 | 47200 | 31646 | 59747 FP
c |25 88| - 14700 18608 FP

A |25 8.8 | 3.0 29400 37215 0.026 FP

302 | (3@4) 8-8-90-0-i-2.5-9-9 B [65| 25 88|31 3 | 27400 | 79100 | 26400 | 34684 | 33418 FP
c |25 88| - 22400 28354 FP

A |25 18| 21 56500 71500 0194 | SB

303 | (3@3) 8-12-90-0-i-2.5-2-12* B |54 25 | 19|20 3 | 46300 | 144100 | 48000 | 58600 | 60800 | - FP
C |24 18| - 55000 69600 - FP

A |25 13|29 56800 71900 0.255 | FP/SS

304 | (3@4) 8-12-90-0-i-2.5-2-12* B |64 25 | 16|30 3 | 76100 | 167500 | 55800 | 96300 | 70600 | - FP
c |25 16| - 57700 73000 - FP/SS

A | 24 18| 40 53300 67500 - FP

305 | (3@5) 8-12-90-0-i-2.5-2-12* B |74 24 20|40 3 | 66100 | 157100 | 52400 | 83700 | 66300 | - FP
c |25 18| - 60800 77000 - FP

A |25 86 | 2.0 22200 28101 FP

. B |55 8.8 | 2.0 21200 26835 FP

306 | (4@3) 8-8-90-0-i-2.5-9-9 o lonl 25 |gala0| 4 | T3 | 74600 | 18700 | 5002 | 23671 o
D |25 84| - 13100 16582 FP

A |25 86 | 3.1 20400 25823 FP

. B |66 89 |31 19000 24051 FP

307 | (4@4) 8-8-90-0-i-2.5-9-9 o les| 25 | g0la0| 4| 1aago | 72100 | 18000 | S0 | 22785 s
D |25 89| - 14300 18101 FP

A |24 23] 20 37000 46835 FP

308 | (3@3) 8-5-180-0-i-2.5-2-10° B [54| 23 20|20 3 | 59800 | 141700 | 47200 | 75696 | 59747 FP
c |23 23] - 44900 56835 FP

A |25 20 | 43 41500 52532 FP

309 | (3@5) 8-5-180-0-i-2.5-2-10° B |78 25 | 20|43 3 | 60400 | 137800 | 45900 | 76456 | 58101 FP
c |25 20| - 37900 47975 0.123 FP

A |28 15 | 44 66800 84600 - FP

310 | (3@5.5) 8-5-90-2#3-i-2.5-2-14 B [80| 26 |22|45| 3 | 65800 | 171900 | 57300 | 83300 | 72500 | - FP
c |25 13| - 62300 78900 - FP

A |25 09 | 43 25200 31900 0.215 FP

311 | (3@5.5) 8-5-90-2#3-i-2.5-2-8.5 B [78| 25 | 19|43 | 3 | 68700 | 122700 | 40900 | 87000 | 51800 | 0.285 FP
c |25 18| - 39200 49600 - FP

* Specimen contained A1035 Grade 120 for column longitudinal steel
@ Heat 1, ® Heat 2, © Heat 3 as described in Table 2.3
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Table A.5 Cont. Comprehensive test results and data for No. 8 specimens with multiple hooks

Speci men Hook fyt_ fjtr Atr2 Nir _Str Acti Neti ?cti _ds _Ss C_icto Ncto -Asz fys_

ksi in. in. in. | in. in. in. in. in. in. ksi
A

295 | (3@5.5) 8-5-90-0-i-2.5-2-16 B 60 - - - - 20 | 10 3 0.50 | 3.0 | 0.375 1 3.16 | 60
C
A

296 | (3@5.5) 8-5-90-0-i-2.5-2-10 B 60 - - - - 20 | 10 3 0.50 | 3.0 | 0.500 1 3.16 | 60
C
A

297 | (3@5.5) 8-5-90-0-i-2.5-2-8* B 60 - - - - - - - 0.50 | 4.0 - - 6.32 | 120
C
A

298 | (3@3) 8-5-90-0-i-2.5-2-10* B 60 - - - - - - - 0.38 | 3.0 - - 3.16 | 120
C
A

299 | (3@5) 8-5-90-0-i-2.5-2-10% B 60 - - - - - - - 0.38 | 4.0 - - 3.16 | 120
C
A

300 | (3@5.5) 8-8-90-0-i-2.5-2-8 B 60 - - 0 - 22| 20 3 050 | 1.8 - - 3.16 | 60
C
A

301 | (3@3) 8-8-90-0-i-2.5-9-9 B 60 - - - - - - - 0.38 | 4.0 - - 474 | 60
C
A

302 | (3@4) 8-8-90-0-i-2.5-9-9 B 60 - - - - - - - 0.38 | 4.0 - - 4,74 | 60
C
A

303 | (3@3) 8-12-90-0-i-2.5-2-12* B 60 | 0.375 - 0 - - - - 0.38 | 3.0 - - 3.16 | 120
C
A

304 | (3@4) 8-12-90-0-i-2.5-2-12* B 60 | 0.375 - 0 - - - - 0.38 | 3.0 - - 3.16 | 120
C
A

305 | (3@5) 8-12-90-0-i-2.5-2-12% B 60 | 0.375 - 0 - - - - 0.38 | 3.0 - - 3.16 | 120
C
A

306 | (4@3) 8-8-90-0-i-2.5-9-9 (E:’ 60 | 0.375 - 0 |30 - - - 10375 | 4.0 - - 6.32 | 60
D
A

307 | (4@4) 8-8-90-0-i-2.5-9-9 (E:’ 60 | 0.375 - 0 |00 - - - 10375 | 4.0 - - 6.32 | 60
D
A

308 | (3@3) 8-5-180-0-i-2.5-2-10% B 60 - - - - - - - 0.50 | 4.0 - - 6.32 | 120
C
A

309 | (3@5) 8-5-180-0-i-2.5-2-10¢ B 60 - - - - - - - 0.50 | 3.0 - - 6.32 | 120
C
A

310 | (3@5.5) 8-5-90-2#3-i-2.5-2-14 B 60 | 0375 | 0.2 | 2 8 | 20| 10 | 25| 0.38 | 3.0 | 0.500 2 3.16 | 60
C
A

311 | (3@5.5) 8-5-90-2#3-i-2.5-2-8.5 B 60 | 0.375 | 0.2 | 2 8 | 20| 10 | 25| 0.38 | 2.5 | 0.500 2 1.89 | 60
C

* Specimen contained A1035 Grade 120 for column longitudinal steel
2 Heat 1, ® Heat 2, © Heat 3 as described in Table 2.3
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Table A.5 Cont. Comprehensive test results and data for No

. 8 specimens with multiple hooks

Specimen

Hook

Bend
Angle

Transverse
Reinforcement
Orientation

Hook
Bar

Type

Leh

in.

feh,avg

in.

fem

psi

Age
days

do

in.

Rr

b

in.

el

he

312

(3@5.5) 8-5-90-2#3-i-2.5-2-14(1)

90°

Horizontal

A1035°¢

147
15.2
14.8

14.9

5450

7

0.073

17

10.5

8.375

313

(3@5.5) 8-5-90-2#3-i-2.5-2-8.5(1)

90°

Horizontal

A1035°¢

7.3
8.9
8.4

8.2

5450

0.073

17

10.5

8.375

314

(3@3) 8-5-90-2#3-i-2.5-2-10*

90°

Horizontal

A615

9.9
10.1
10.0

10.0

4760

11

0.073

12

10.5

8.375

315

(3@5) 8-5-90-2#3-i-2.5-2-10*

90°

Horizontal

A615

10.5
10.6
10.4

105

4760

11

0.073

16

10.5

8.375

316

(3@3) 8-5-180-2#3-i-2.5-2-10*

180°

Horizontal

A615

10.5
10.3
10.0

9.4

5400

16

0.073

12

10.5

8.375

317

(3@5) 8-5-180-2#3-i-2.5-2-10*

180°

Horizontal

A615

9.6
9.8
9.8

9.4

5400

16

0.073

16

10.5

8.375

318

(3@5.5) 8-5-90-5#3-i-2.5-2-8

90°

Horizontal

A1035°

8.0
8.1
7.8

8.0

6620

15

0.078

17

10.5

8.375

319

(3@5.5) 8-5-90-5#3-i-2.5-2-12

90°

Horizontal

A1035P

12.4
12.1
12.1

12.2

6620

15

0.078

17

10.5

8.375

320

(3@5.5) 8-5-90-5#3-i-2.5-2-8(1)

90°

Horizontal

A1035°¢

7.3
8.4
7.3

7.6

5660

0.073

17

10.5

8.375

321

(3@5.5) 8-5-90-5#3-i-2.5-2-12(1)

90°

Horizontal

A1035°¢

114
125
12.0

12.0

5660

0.073

17

10.5

8.375

322

(3@5.5) 8-5-90-5#3-i-2.5-2-8(2)*

Horizontal

A615

8.0
8.0
8.5

8.2

5730

18

0.073

17

10.5

8.375

323

(3@3) 8-5-90-5#3-i-2.5-2-10*

90°

Horizontal

A615

10.0
9.8
9.9

9.9

4810

12

0.073

12

10.5

8.375

324

(3@5) 8-5-90-5#3-i-2.5-2-10*

90°

Horizontal

A615

10.0
10.0
9.8

9.9

4850

13

0.073

16

10.5

8.375

325

(3@3) 8-8-90-5#3-i-2.5-9-9

90°

Horizontal

A615

9.5
9.0
9.5

9.3

7440

22

0.073

12

10.5

8.375

326

(3@4) 8-8-90-5#3-i-2.5-9-9

90°

Horizontal

A615

8.9
9.1
9.3

9.1

7440

22

0.073

14

10.5

8.375

327

(3@3) 8-12-90-5#3-i-2.5-2-12}

90°

Horizontal

A1035¢

119
11.9
11.6

11.8

11040

31

0.073

12

10.5

8.375

328

(3@4) 8-12-90-5#3-i-2.5-2-12*

OW>OT>OTZOT>OT>OT>OT>OT>IOT>OT>OT>OT>O@T>ODTD>OR>O®E>OD>

90°

Horizontal

A1035°¢

125
12.0
12.5

12.3

11440

32

0.073

14

10.5

8.375

* Specimen contained A1035 Grade 120 for column longitudinal steel

2 Heat 1, ® Heat 2, © Heat 3 as described in Table 2.3
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Table A.5 Cont. Comprehensive test results and data for No. 8 specimens with multiple hooks

Specimen Hook Cso | Csoavg | Cth Ch Nh Tind Thotal T fsu, ind fsu lfgl?ual;z Failure

in. | in. | in. | in. Ib Ib Ib psi psi in. Type

A |28 17| 42 58700 74300 - FPITK

312 | (3@55)8-5-90-2#3-i-2.5-2-14(1) | B | 79| 27 | 12|43 | 3 | 97100 | 196000 | 65300 | 122900 | 82700 | - FPITK
c |28 16| - 70200 88900 - FPITK

A |23 35| 45 36600 46300 - FP

313 | (3@55)8-5-90-2#3-i-2.52.85(1) | B | 79| 25 | 18|43 | 3 | 43600 | 97100 | 32400 | 55200 | 41000 | - FP
c |26 23| - 35200 44600 - FP

A |26 21|20 41000 51900 0.26 FP

314 | (3@3) 8-5-90-2#3-i-2.5-2-10° B [56| 26 | 19|20 3 | 41000 | 122200 | 40700 | 51900 | 51500 | 0.18 FP
c |25 20| - 37000 46800 - FP

A |25 15 | 45 43300 54800 0.26 FP

315 | (3@5) 8-5-90-2#3-i-2.5-2-10% B [80| 26 | 1439 3 | 54600 | 134000 | 44700 | 69100 | 56600 | 0.26 FP
c |28 16| - 42800 54200 - FP

A |25 15| 2.0 59800 75696 FP

316 | (3@3) 8-5-180-2#3-i-2.5-2-10 B [55| 26 | 18|20 3 | 56100 | 163700 | 54600 | 71013 | 69114 FP
c |28 20| - 47800 60506 0.32 FP

A |25 24 | 42 59300 75063 FP

317 | (3@5) 8-5-180-2#3-i-2.5-2-10° B |78 24 |23|42| 3 | 49300 | 154500 | 51500 | 62405 | 65190 FP
c |23 23| - 45800 57975 0.14 FP

A |25 22 [ 41 30600 38700 0.388 FP

318 | (3@5.5) 8-5-90-5#3-i-2.5-2-8 B [76| 25 |21 |45 3 | 47000 | 111300 | 37100 | 59500 | 47000 | 0.477 FP
c |25 24 | - 34100 43200 - FP

A |25 18 | 43 60300 76300 0.198 FP

319 | (3@5.5) 8-5-90-5#3-i-2.5-2-12 B |78 25 21|45 3 | 110800 | 198300 | 66100 | 140300 | 83700 | - FP
c |25 21 - 59300 75100 - FP

A |29 2938 29800 37700 - FP

320 | (3@5.5) 8-5-90-5#3-i-2.5-2-8(1) B |76 29 | 18|41 3 | 30200 | 94100 | 31400 | 38200 | 39700 | 0.297 FP
c |29 29| - 34700 43900 0.381 FP

A |25 28 | 43 55500 70300 - FP

321 | (3@55)8-5-90-543-i-2.5-2-12(1) | B |78 | 26 | 17|45 | 3 | 74600 | 143600 | 47900 | 94400 | 60600 | 0.435 FP
c |28 22| - 44400 56200 0.927 FP

A |28 20 | 45 57000 72152 FP

322 | (3@5.5) 8-5-90-5#3-i-2.5-2-8(2)* B [80| 25 |20 |45 3 | 43300 | 144000 | 48000 | 54810 | 60759 FP
c |23 15| - 43000 54430 0.54 FP

A |28 20 | 2.1 48000 60800 - FP

323 | (3@3) 8-5-90-5#3-i-2.5-2-10% B [59| 25 |23|21| 3 | 44000 | 141800 | 47300 | 55700 | 59900 | 0.13 FP
c |23 21| - 48000 60800 0 FP

A |25 20 | 40 58900 74600 - FP

324 | (3@5) 8-5-90-5#3-i-2.5-2-10° B |75 26 |20|40| 3 | 63400 | 183900 | 61300 | 80300 | 77600 | - FP
c |28 23| - 69400 87800 - FP

A |25 85| 2.0 43300 54810 FP

325 | (3@3) 8-8-90-5¢3-i-2.5-9-9 B [55| 25 90|20 3 | 49700 | 119300 | 39800 | 62911 | 50380 FP
c |25 85| - 37200 47089 FP

A |25 91|30 48500 61392 0.1 FP

326 | (3@4) 8-8-90-5¢3-i-2.5-9-9 B [65| 25 (89|30 3 | 38600 | 109700 | 36600 | 48861 | 46329 FP
c |25 88| - 32000 40506 FP

A |25 23| 2.0 70400 89100 0.302 FP

327 | (3@3) 8-12-90-5#3-i-2.5-2-12* B [55| 25 | 23|20 3 | 85000 | 186600 | 62200 | 107600 | 78700 | 0.256 FP
c |25 25| - 62100 78600 0.251 FP

A |25 18|28 70700 89500 0.262 FP

328 | (3@4) 8-12-90-5#3-i-2.5-2-12* B |63 25 23|30 3 | 100000 | 194800 | 64900 | 126600 | 82200 | - FP
c |25 18] - 63700 80600 0.205 FP

* Specimen contained A1035 Grade 120 for column longitudinal steel
2 Heat 1, ® Heat 2, ¢ Heat 3 as described in Table 2.3
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Table A.5 Cont. Comprehensive test results and data for No. 8 specimens with multiple hooks

S peci men Hook fyt_ fjtr Atr2 Nir _Str Acti Neti ?cti _ds _Ss qcto Ncto -Asz fys_

ksi in. in. in. | in. in. in. in. in. in. ksi
A

312 | (3@5.5) 8-5-90-2#3-i-2.5-2-14(1) B 60 | 0375 | 0.2 | 2 6 | 16| 8 3 1038 |25 |0.375 2 3.16 | 60
C
A

313 | (3@5.5) 8-5-90-2#3-i-2.5-2-8.5(1) B 60 | 0375 | 0.2 | 2 6 | 20| 10 3 | 050 (25| 0.375 1 3.16 | 60
C
A

314 | (3@3) 8-5-90-2#3-i-2.5-2-10* B 60 | 0375 |02 | 2 3 - - - 1050 |50 - - 4,74 | 120
C
A

315 | (3@5) 8-5-90-2#3-i-2.5-2-10% B 60 | 0375 | 0.2 | 2 3 - - - 1038130 - - 3.16 | 120
C
A

316 | (3@3) 8-5-180-2#3-i-2.5-2-10* B 60 | 0375 |02 | 2 3 - - - | 050140 - - 6.32 | 120
C
A

317 | (3@5) 8-5-180-2#3-i-2.5-2-10* B 60 | 0375 | 02 | 2 3 - - - 1050130 - - 6.32 | 120
C
A

318 | (3@5.5) 8-5-90-5#3-i-2.5-2-8 B 60 | 0375 |06 | 5 3 (20| 10 |3.3]0.38| 25 | 0.500 2 1.89 | 60
C
A

319 | (3@5.5) 8-5-90-5#3-i-2.5-2-12 B 60 | 0375 |06 | 5 3 120| 10 |3.2]0.38| 25| 0.500 2 1.27 | 60
C
A

320 | (3@5.5) 8-5-90-5#3-i-2.5-2-8(1) B 60 | 0.375| 06 | 5 3120 10 3 | 050 (25| 0.375 1 3.16 | 60
C
A

321 | (3@5.5) 8-5-90-5#3-i-2.5-2-12(1) B 60 | 0375 |06 | 5 3 110| 5 |28]050|35]|0.500 1 3.16 | 60
C
A

322 | (3@5.5) 8-5-90-5#3-i-2.5-2-8(2)* B 60 | 0375 |06 | 5 3 - - - | 050 |40 - - 6.32 | 120
C
A

323 | (3@3) 8-5-90-5#3-i-2.5-2-10% B 60 | 0375 |06 | 5 3 - - - | 050 1|40 - - 4,74 | 120
C
A

324 | (3@5) 8-5-90-5#3-i-2.5-2-10% B 60 | 0375 |06 | 5 3 - - - 1038130 - - 3.95 | 120
C
A

325 | (3@3) 8-8-90-5#3-i-2.5-9-9 B 60 | 0.375| 06 | 5 3 - - - 1038140 - - 474 | 60
C
A

326 | (3@4) 8-8-90-5#3-i-2.5-9-9 B 60 | 0.375| 06 | 5 3 - - - 1038140 - - 474 | 60
C
A

327 | (3@3) 8-12-90-5#3-i-2.5-2-12* B 60 | 0375 |06 | 5 3 - - - 1038130 - - 3.16 | 120
C
A

328 | (3@4) 8-12-90-5#3-i-2.5-2-12% B 60 | 0.375| 06 | 5 3 - - - 1038130 - - 3.16 | 120
C

* Specimen contained A1035 Grade 120 for column longitudinal steel
2 Heat 1, ® Heat 2, ¢ Heat 3 as described in Table 2.3

216




Table A.5 Cont. Comprehensive test results and data for No. 8 specimens with multiple hooks

_ Bend | _ rransverse | HOOK | gen | fenag | fom | Age | do| Re | b | ha | he
Specimen Hook Anale Reinforcement Bar ) ) ) ) ) ) )
g Orientation Type in. in. psi | days | in. in. | in. in.
A 11.9
329 | (3@5) 8-12-90-5#3-i-2.5-2-12% B 90° Horizontal A1035° | 12.4 | 12.2 | 11460 | 33 1 {0073 |16 | 105 | 8.375
C 12.3
A 9.3
330 | (4@3)8-8-90-5#3-i-2.5-9-9 (E:’ 90° Horizontal A615 g'g 9.3 7440 | 22 | 1 | 0.073 | 15| 105 | 8.375
D 9.3
A 9.5
331 | (4@4) 8-8-90-5#3-i-2.5-9-9 2 90° Horizontal A615 gg 9.5 7440 | 22 | 1 | 0.073 | 18 | 10.5 | 8.375
D 9.6
A 10.1
332 | (3@3) 8-5-180-5#3-i-2.5-2-10% B 180° Horizontal A615 | 9.9 99 | 5540 | 17 | 1 | 0.073 | 12 | 105 | 8.375
C 9.8
A 9.9
333 | (3@5) 8-5-180-5#3-i-2.5-2-10% B 180° Horizontal A615 9.8 9.7 5540 17 1 | 0073 | 16 | 10.5 | 8.375
C 9.5
* Specimen contained A1035 Grade 120 for column longitudinal steel
2 Heat 1, ® Heat 2, ¢ Heat 3 as described in Table 2.3
Table A.5 Cont. Comprehensive test results and data for No. 8 specimens with multiple hooks
Slip at .
Specimen Hook Cso | Csoavg | Cth Ch Nh Tind Thotal T fsu, ind fsu Fairl)ure F?I'U;e
in. | in. | in. | in. Ib Ib Ib psi psi in. yp
A 2.5 22140 59400 75200 - FP
329 | (3@5) 8-12-90-5#3-i-2.5-2-12% B 75| 25 1.7 140 | 3 | 85500 | 194300 | 64800 | 108200 | 82000 - FP
C 2.5 18| - 69200 87600 0.18 FP
A 2.5 8.8 |20 32900 41646 FP
. B 5.5 8.8 |23 38700 48987 FP
330 | (4@3)8-8-90-5#3-i-2.5-9-9 c 55 2.5 88 |20 4 27300 125800 | 31400 34557 39747 Ep
D 2.5 88 | - 26800 33924 FP
A 2.5 85| 3.0 33700 42658 FP
. B 6.5 85| 3.0 30700 38861 FP
331 | (4@4) 8-8-90-5#3-i-2.5-9-9 c 6.5 2.5 88 | 30 4 27900 117900 | 29500 35316 37342 P
D 2.5 8.4 | - 25700 32532 FP
A 2.8 19| 20 50300 63671 FP
332 | (3@3) 8-5-180-5#3-i-2.5-2-10% B 58| 2.8 211 20| 3 | 67400 | 176600 | 58900 | 85316 | 74557 FP
C 2.8 23| - 67000 84810 0.269 FP
A 2.3 21|38 55000 69620 FP
333 | (3@5) 8-5-180-5#3-i-2.5-2-10% B 70| 25 23140 | 3 | 60900 | 176000 | 58700 | 77089 | 74304 FP
C 2.8 25| - 59900 75823 0.382 FP

* Specimen contained A1035 Grade 120 for column longitudinal steel

3 Heat 1, ® Heat 2, © Heat 3 as described in Table 2.3
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Table A.5 Cont. Comprehensive test results and data for No. 8 specimens with multiple hooks

Specimen Hook fyt_ fjtr Atr2 Nir _Str Acti Neti _Scti _ds _Ss C_icto Ncto -Asz fys_

ksi in. in. in. | in. in. in. in. | in. in. ksi
A

329 | (3@5) 8-12-90-5#3-i-2.5-2-12% B 60 | 0.375| 06 | 5 3 - - - 038 | 30| - - 3.16 | 120
C
A

330 | (4@3)8-8-90-5#3-i-2.5-9-9 (E:’ 60 | 0375 |06 | 5 |3.0] - - - 10375 | 40| - - 4,74 | 60
D
A

331 | (4@4) 8-8-90-5#3-i-2.5-9-9 (B; 60 | 0375|106 | 5 |30 - - - 10375 | 40| - - 474 | 60
D
A

332 | (3@3) 8-5-180-5#3-i-2.5-2-10* B 60 | 0375 | 06 | 5 3 - - - 050 | 40| - - 6.32 | 120
C
A

333 | (3@5) 8-5-180-5#3-i-2.5-2-10% B 60 | 0375 | 06 | 5 3 - - - 050 | 3.0 - - 6.32 | 120
C

* Specimen contained A1035 Grade 120 for column longitudinal steel
2 Heat 1, ® Heat 2, ¢ Heat 3 as described in Table 2.3
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Table A.6 Comprehensive test results and data for No. 11 specimens with multiple hooks

_ Bend | _ Lransverse | HOOK | o | fehag | fom | Age | db | R | b | ha | he
Specimen Hook Angle Reinforcement | Bar ) ] ) ) ) ) )
Orientation Type in. in. psi | days | in. in. in. in.
A 138
334 | (3@5.35) 11-5-90-0-i-2.5-13-13 B 90° Horizontal | A615 | 143 | 13.8 | 5330 | 11 | 1.41 | 0.085 | 21.5 | 195 | 8.375
c 135
A 14.0
335 | (3@5.35) 11-5-90-2#3-i-2.5-13-13 | B 90° Horizontal | A615 | 14.0 | 13.9 [5330 | 11 | 1.41 | 0.085 | 21.5 | 195 | 8.375
c 138
A 135
336 | (3@5.35) 11-5-90-6#3-i-2.5-13-13 | B 90° Horizontal | A615 | 135 | 13.6 | 5280 | 12 | 1.41 | 0.085 | 21.5 | 19.5 | 8.375
c 138
A 186
337 | (3@5.35) 11-5-90-6#3-i-2.5-18-18 | B 90° Horizontal | A1035 | 18.6 | 18.6 | 5280 | 12 | 1.41 | 0.085 | 21.5 | 19.5 | 8.375
c 186
Table A.6 Cont. Comprehensive test results and data for No. 11 specimens with multiple hooks
Specimen Hook Cso Cso,avg Cth ch | Nn | Tind | Trotal T fsu, ind fsu gfliliﬁ)u?'te Failure
in. | in. | in. | in. b | Ib Ib psi psi in. Type
A | 26 123 6.6 45 29103 0.113 FP
334 | (3@5.35) 11-5-90-0-i-2.5-13-13 B |100| 26 |11.8|63| 3 | 50 | 155 | 51500 | 31987 | 33013 . FP
c | 26 125 | - 59 38013 - FP
A | 26 120 | 6.1 51 32628 - FP
335 | (3@5.35) 11-5-90-2#3-i-2.5-13-13 B |100| 26 |120|61| 3 | 59 | 174 | 57900 | 37500 | 37115 - FP
c | 26 123 - 65 41346 - FP
A | 26 125 | 6.0 60 38205 - FP
336 | (3@5.35) 11-5-90-6#3-i-2.5-13-13 B |100| 26 |125|58 | 3 | 66 | 199 | 66200 | 42308 | 42436 . FP
c | 27 123 - 72 46346 - FP
A | 25 174 | 6.1 103 66218 - FP
337 | (3@5.35) 11-5-90-6#3-i-2.5-18-18 B |100| 27 | 174 |56 | 3 | 148 | 336 | 111900 | 94744 | 71731 - FP
c | 28 174 | - 114 73013 - FP
Table A.6 Cont. Comprehensive test results and data for No. 11 specimens with multiple hooks
S peci men Hook l:yt_ _dtr Atr2 Nir _Str Acti Neti _Scti _ds _Ss C_icto Ncto -Asz fys_
Sl n. n. n. n. n. n. n. n. n. ksi
A
334 | (3@5.35) 11-5-90-0-i-2.5-13-13 B |60 - - | -] -1]-1-1]-]050]70| - | - |790] 60
c
A
335 | (3@5.35) 11-5-90-2#3-i-2.5-13-13 B |60|0375(|022| 2|8 - |- |-]05]70| -] - |790] 60
c
A
336 | (3@5.35) 11-5-90-6#3-i-2.5-13-13 B |60|0375|066| 6 |4 ]| - |- |-]05]70| -] - |790] 60
c
A
337 | (3@5.35) 11-5-90-6#3-i-2.5-18-18 B |60|0375|066| 6 |4 | - |- |-]05]70| -] - |790] 60
c
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Table A.7 Test results for other researchers referenced in this study

. Bend| Zen fom fy db b el he Cso Cth Ch Nh | An dir Av’ | Nir Str T
Specimen
Angle| i | psi psi in. |in. | in. |in. | in. | in. | in in2 | in. | in2 in. Ib
| 338 | J7-180-12-1H | 180° | 10.0 | 4350 | 64000 0.88 12 115 | 6 | 288 | 20 | 45 | 2 | 0.60 - - - - 36600
§ 339 | J7-180-15-1 H | 180° | 13.0 | 4000 | 64000 0.88 12 115 | 6 | 288 | 20 | 45 | 2 | 0.60 - - - - 52200
< | 340 | J7-90-12-1H 90° | 10.0 | 4150 | 64000 0.88 12 115 | 6 | 288 | 20 | 45 | 2 | 0.60 - - - - 37200
§ 341 | J7-90-15-1-H | 90° | 13.0 | 4600 | 64000 0.88 12 115 | 6 288 | 20 | 45 2 | 0.60 - - - - 54600
'_'2 342 | J7-90-15-1-L | 90° | 13.0 | 4800 | 64000 0.88 12 115 | 6 288 | 20 | 45 2 | 0.60 - - - - 58200
= 343 | J7-90-15-1M 90° | 13.0 | 5050 | 64000 0.88 12 115 | 6 288 | 20 | 45 2 | 0.60 - - - - 60000
@ | 344 | J11-180-15-1H | 180° | 13.1 | 4400 | 68000 1.41 12 113 | 6 288 | 15 | 34 2 | 1.56 - - - - 70200
3 | 345 | J11-90-12-1H | 90° | 10.1 | 4600 | 68000 1.41 12 113 | 6 288 | 15 | 34 2 | 1.56 - - - - 65520
g 346 | J11-90-15-1H | 90° | 13.1 [ 4900 | 68000 1.41 12 113 | 6 288 | 15 | 34 2 | 1.56 - - - - 74880
347 | J11-90-15-1L | 90° | 13.1 | 4750 | 68000 141 12 113 | 6 | 288 | 15 | 34 | 2 | 156 - - - - 81120
< | 348 9-12 90° | 10.0 | 4700 | 65000 1.13 12 * * | 2.88 2 4 2 1.0 - - - 47000
§ 349 9-18 90° | 16.0 | 4700 | 65000 1.13 12 * * | 2.88 2 4 2 1.0 - - - 74000
| 350 11-24 90° | 22.1 | 4200 | 60000 1.41 12 * * | 2.88 2 3.4 2 | 1.56 - - - 120120
g 351 11-15 90° | 13.1 | 5400 | 60000 1.41 12 * * | 2.88 2 3.4 2 | 1.56 - - - 78000
e | 352 11-18 90° | 16.1 | 4700 | 60000 1.41 12 * * | 2.88 2 3.4 2 | 1.56 - - - 90480
a | 353 11-21 90° | 19.1 | 5200 | 60000 141 12 * * | 2.88 2 34 | 2 | 156 - - - 113880
354 4-3.5-8-M 90° | 2.0 | 4500 | 67500 0.5 24 6 4 | 11.75| 1.5 - 1] 02 - - - - 4400
355 4-5-11-M 90° | 3.5 | 4500 | 67500 0.5 24 9 4 |11.75| 1.5 - 1 0.2 - - - - 12000
356 4-5-14-M 90° | 3.5 | 4500 | 67500 0.5 24 12 4 |11.75| 1.5 - 1 0.2 - - - - 9800
357 7-5-8-L 90° | 3.5 | 2500 | 67500 0.88 | 24 6 4 | 1156 | 1.5 - 1] 06 - - - - 13000
358 7-5-8-M 90° | 3.5 [4600| 67500 0.88 24 6 4 1156 | 1.5 - 1 0.6 - - - - 16500
359 7-5-8-H 90° | 3.5 [5450 | 67500 0.88 24 6 4 1156 | 1.5 - 1 0.6 - - - - 19500
360 7-5-14-L 90° | 3.5 [ 2500 | 67500 0.88 24 12 4 1156 | 1.5 - 1 0.6 - - - - 8500
361 7-5-14-M 90° | 3.5 [4100| 67500 0.88 24 12 4 1156 | 1.5 - 1 0.6 - - - - 11200
362 7-5-14-H 90° | 3.5 [5450| 67500 0.88 24 12 4 1156 | 1.5 - 1 0.6 - - - - 11900
363 7-7-8-M 90° | 5.5 [4480| 67500 0.88 24 6 4 1156 | 1.5 - 1 0.6 - - - - 32000
364 7-7-11-M 90° | 5.5 | 4480 | 67500 0.88 | 24 9 4 | 1156 | 1.5 - 1| 06 - - - - 27000
g 365 7-7-14-M 90° | 5.5 | 5450 | 67500 0.88 24 12 4 | 1156 | 1.5 - 1 0.6 - - - - 22000
3 366 9-7-11-M 90° | 5.5 | 4500 | 67500 1.13 24 9 4 (1144 | 15 - 1 1 - - - - 30800
o 367 9-7-14-M 90° | 5.5 | 5450 | 67500 1.13 24 12 4 (1144 | 15 - 1 1 - - - - 24800
-E 368 9-7-18-M 90° | 5.5 | 4570 | 67500 1.13 24 16 4 (1144 | 15 - 1 1 - - - - 22300
o | 369 7-8-11-M 90° | 6.5 | 5400 | 67500 0.88 | 24 9 4 | 1156 | 1.5 - 1 1 - - - - 34800
S | 370 7-8-14-M 90° | 6.5 [4100| 67500 0.88 24 12 4 1156 | 1.5 - 1 1 - - - - 26500
é 371 9-8-14-M 90° | 6.5 [5400| 67500 1.13 24 12 4 (1144 | 15 - 1 1 - - - - 30700
S | 372 11-8.5-11-L 90° | 7.0 [ 2400 | 67500 1.41 24 9 4 (1130 | 15 - 1 |1.56 - - - - 37000
373 11-8.5-11-M 90° | 7.0 [ 4800 | 67500 1.41 24 9 4 (1130 | 1.5 - 1 |1.56 - - - - 51500
374 11-8.5-11-H 90° | 7.0 [5450 | 67500 1.41 24 9 4 (1130 | 1.5 - 1 |1.56 - - - - 54800
375 11-8.5-14-L 90° | 7.0 [ 2400 | 67500 1.41 24 12 4 (1130 | 1.5 - 1 |1.56 - - - - 31000
376 11-8.5-14-M 90° | 7.0 | 4750 | 67500 1.41 24 12 4 |11.30| 1.5 - 1 | 156 - - - - 39000
377 11-8.5-14-H 90° | 7.0 | 5450 | 67500 1.41 24 12 4 |11.30| 1.5 - 1 | 156 - - - - 45500
378 7-7-11-M 90° | 5,5 |3800| 67500 |0.875| 72 9 4 | 2456 | 1.5 11 3 | 0.6 - - - - 24000
379 7-7-11-L 90° | 5,5 |3000| 67500 |0.875| 72 9 4 | 1406 | 1.5 22 3 | 0.6 - - - - 22700
380 | 11-8.5-11-M 90° | 7.0 | 3800 | 67500 141 | 72 9 4 | 2430 | 1.5 11 3 | 1.56 - - - - 38000
381 11-8.5-11-L 90° | 7.0 | 3000 | 67500 141 | 72 9 4 |13.80| 1.5 22 3 | 156 - - - - 40000
382 7-5-8-M 90° | 5.5 [ 3640 | 67500 0.88 24 6 4 1156 | 1.5 - 1 0.6 - - - - 14700
383 7-5-14-M 90° | 5.5 [ 3640 | 67500 0.88 24 12 4 1156 | 1.5 - 1 0.6 - - - - 11300

60,000 psi nominal yield strength for all transverse reinforcement

*Information not provided
2 Nominal value
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Table A.7 Cont. Test results for other researchers referenced in this study

. Bend Len fom fy db b ha | he | Cso | Cth Ch Nh An dir Ayl Ntr Str T
Specimen
Angle | i psi psi in. | in. |in. |in. | in. | in. | in. in2 | in. | in? in. Ib

= 384 7-90-U 90° | 10.0 | 2570 | 600002 | 0.88 | 12 | 11 | 6 3 2 |425| 2 |0.60 - - - - 25998
é:;' 385 7-90-U' 90° | 10.0 | 5400 | 600002 | 0.88 | 12 | 11| 6 3 2 1425| 2 |0.60 - - - - 36732
= 386 11-90-U 90° 13.0 | 2570 | 60000% | 1.41| 12 [ 11| 6 3 2 318 2 |1.56 - - - - 48048
g 387 11-90-U' 90° 13.0 | 5400 | 60000% | 1.41| 12 [ 11| 6 3 2 318 2 |1.56 - - - - 75005
2 388 |11-180-U-HS| 180° | 13.0 | 7200 | 600002 | 141 | 12 |11 | 6 3 2 318 2 |1.56 - - - - 58843
% 389 | 11-90-U-HS | 90° | 13.0 | 7200 | 600002 | 141 | 12 |11 | 6 3 2 | 318 | 2 | 156 - - - - 73788
T 390 | 11-90-U-T6 | 90° | 13.0 | 3700 | 600002 | 1.41 | 12 |11 | 6 3 2 | 318 | 2 | 156 | 0.375 | 0.88 4 6 71807
391 I-1 90° 6.5 | 8910 | 81900 [0.75| 15 |12 | 6 |25 |25 | 85 2 | 044 - - - - 30000

) 392 1-3 90° 6.5 | 12460 | 81900 [ 0.75 | 15 |12 | 6 |25 |25 | 85 2 | 0.44 - - - - 30000
§ 393 1-5 90° 6.5 | 12850 | 81900 [0.75 | 15 |12 | 6 |25 |25 | 85 2 | 044 - - - - 30500
E 394 1-2 90° | 125 | 8910 | 63100 | 141 | 15 |12 | 6 |25 |25 |7.18| 2 | 1.56 - - - - 88000
§ 395 1-2' 90° 155 | 9540 | 63100 | 141 | 15 |12 | 6 (25|25 |7.18| 2 | 1.56 - - - - | 105000
o 396 1-4 90° 125 | 12460 | 63100 | 141 | 15 |12 | 6 |25 |25 |7.18| 2 | 1.56 - - - - 99100
3 397 1-6 90° 125 | 12850 | 63100 | 141 | 15 |12 | 6 (25|25 |7.18 | 2 | 1.56 - - - - | 114000
"’E 398 111-13 90° 6.5 | 13980 | 81900 [ 0.75 | 15 |12 | 6 |25 |25 | 85 2 | 044 | 0375 | 0.44 4 7.5 | 41300
% 399 111-15 90° 6.5 | 16350 | 81900 [ 0.75 | 15 |12 | 6 |25 |25 | 85 2 | 044 | 0375 | 0.44 4 7.5 | 38500
o 400 111-14 90° | 125 | 13980 | 63100 | 141 | 15 |12 | 6 |25 |25 |7.18 | 2 | 1.56 | 0.375 | 0.66 6 7.5 | 105000
401 111-16 90° | 125 | 16500 | 63100 | 141 | 15 |12 | 6 |25 |25 |7.18 | 2 | 1.56 | 0.375 | 0.66 6 7.5 | 120000

F xS 402 H1 90° | 18.7 | 4450 | 87000 | 0.88 | 146 | * * 3 2 7 2 0.6 - - - - 86345
o S S| 403 H2 90° 119 | 8270 | 87000 | 0.88 | 146 | * * 3 2 7 2 0.6 - - - - 76992
488 404 H3 90° 15.0 | 4450 | 87000 | 0.88 | 146 | * * 3 2 7 2 0.6 | 0.375 | 0.55 4 2.63 | 53761

60,000 psi nominal yield strength for all transverse reinforcement
*Information not provided
2 Nominal value
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APPENDIX B: DATA TABLES OF SPECIMENS USED IN CHAPTER 4

ANALYSIS
Table B.1 Test results for specimens used in bend angle analysis
. Bend Transverse Hook Leh | Lehavg fem Age db Rr b hei he
Specimen Hook Anale Reinforcement | Bar ) ) ) ) ) ) )
5-5-90-0-i-2.5-2-7 g‘ 90° Horizontal A1035 ?g 6.9 | 5190 7 | 0.625 | 0.073 | 13 | 5.25 | 8.375
5-8-90-0-i-2.5-2-61 g 90° Horizontal A615 gg 6.8 | 8450 | 14 | 0.625 | 0.073 | 13 | 5.25 | 8.375
5-8-90-0-i-2.5-2-6(1) g‘ 90° Horizontal A1035 gé 6.3 | 9080 | 11 | 0.625 | 0.073 | 13 | 5.25 | 8.375
5-15-90-0-i-2.5-2-7.5 g‘ 90° Horizontal A1035 ;g 7.3 | 15800 | 62 | 0.625 | 0.073 | 13 | 5.25 | 8.375
5-5-90-0-i-3.5-2-7 g‘ 90° Horizontal A1035 ;2 7.6 | 5190 7 ]0.625 | 0.073 | 15 | 5.25 | 8.375
5-8-90-0-i-3.5-2-61 g‘ 90° Horizontal A615 gi 6.3 | 8580 | 15 | 0.625 | 0.073 | 15 | 5.38 | 8.375
5-8-90-0-i-3.5-2-6(1) g 90° Horizontal A1035 22 6.6 | 9300 | 13 | 0.625 | 0.073 | 15 | 5.25 | 8.375
5-8-90-0-i-3.5-2-81 g‘ 90° Horizontal A1035 gg 86 | 8380 | 13 | 0.625 | 0.060 | 15 | 5.25 | 8.375
5-8-180-0-i-2.5-2-7 g‘ 180° Horizontal A1035 ;i’ 7.3 | 9080 | 11 | 0.625 | 0.073 | 13 | 5.25 | 8.375
5-8-180-0-i-3.5-2-7 g‘ 180° Horizontal A1035 ;‘31 7.3 | 9080 | 11 | 0.625 | 0.073 | 15 | 5.25 | 8.375
5-5-90-2#3-i-2.5-2-81 g‘ 90° Horizontal A1035 3(5) 7.8 | 5860 8 |0.625 | 0.073 | 13 | 5.38 | 8.375
5-5-90-2#3-i-2.5-2-6" g 90° Horizontal A615 gg 59 | 5800 9 | 0.625 | 0.060 | 13 | 5.25 | 8.375
5-8-90-2#3-i-2.5-2-6" g‘ 90° Horizontal A1035 28 6.0 | 8580 | 15 | 0.625 | 0.073 | 13 | 5.25 | 8.375
5-8-90-2#3-i-2.5-2-81 g‘ 90° Horizontal A1035 gg 84 | 8380 | 13 | 0.625 | 0.073 | 13 | 5.25 | 8.375
5-12-90-2#3-i-2.5-2-5 g‘ 90° Horizontal A1035 gg 58 | 11090 | 83 | 0.625 | 0.073 | 13 | 5.25 | 8.375
5-15-90-2#3-i-2.5-2-6 g‘ 90° Horizontal A1035 gg 6.4 | 15800 | 61 | 0.625 | 0.073 | 13 | 5.25 | 8.375
5-5-90-2#3-i-3.5-2-6 g 90° Horizontal A1035 gg 59 | 5230 6 | 0.625 | 0.073 | 15 | 5.25 | 8.375
5-5-90-2#3-i-3.5-2-8 g‘ 90° Horizontal A1035 ;g 7.7 | 5190 7 |0.625 | 0.073 | 15 | 5.25 | 8.375
5-8-90-2#3-i-3.5-2-61 g 90° Horizontal A1035 gg 6.3 | 8580 | 15 | 0.625 | 0.073 | 15 | 5.25 | 8.375
5-8-90-2#3-i-3.5-2-81 g‘ 90° Horizontal A1035 ;é 71 | 8710 | 16 | 0.625 | 0.060 | 15 | 5.25 | 8.375
5-5-180-2#3-i-2.5-2-8" g‘ 180° Horizontal A1035 28 8.0 | 5670 7 | 0.625 | 0.073 | 13 | 5.25 | 8.375
5-5-180-2#3-i-2.5-2-6" g‘ 180° Horizontal A615 gg 5.6 | 5860 8 | 0.625 | 0.060 | 13 | 5.25 | 8.375
5-8-180-2#3-i-2.5-2-7 g‘ 180° Horizontal A1035 ;g 71 | 9080 | 11 | 0.625 | 0.073 | 13 | 5.25 | 8.375
5-8-180-2#3-i-3.5-2-7 g 180° Horizontal A1035 gg 6.8 | 9080 | 11 | 0.625 | 0.073 | 15 | 5.25 | 8.375

T Specimens had constant 80 kip axial load
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Table B.1 Cont. Test results for specimens used in bend angle analysis

Specimen Hook | & | Cooave | G | Cn | Nn | Tind | Teoa | T feu fouaug Ii’!lii?u?’te Failure

in. | in. [ in. | in, Ib Ib Ib Ksi ksi in, Type

5-5-00-0-i-2.5-2-7 B 123 25 | 281 6s| 2 | 20000 | 52530 | 26265 | 5000 | saroo | | EPISS
5-8-00-0-i-2.5-2-6 L1208 27 |13 ea| 2 | 2500 | 59140 | 20570 | 29000 | 95400 j R
5-8-90-0-i-2.5-2-6(1) B2 | 25 |25 70| 2 | 25000 | 44850 | 22425 | 1000 | 72300 .33%%%20) it
515900125275 | & | oo | 25 |2%] 66| 2 | $000 | 84400 | 42200 | (30000 | 136100 | FB
5-5-90-0-i-3.5-2-7 £33 a4 [ 1370 2 | 21200 | 53030 | 26515 | STI00 | 85500 ) oo
5-8-00-0-i-35-2-6 L1520 36 |15 66| 2 | 20100 | 50950 | 25475 | 02000 | 82200 j e
5-8-90-0-i-3.5-2-6(1) L0138 38 |20 69| 2 | 22200 | 40080 | 24540 | 19190 | 79200 .17%%.%0) e
5-8-90-0-i-3,5-2-8 B3] a6 | 1a| 71| 2 | o0 | 65490 | 32745 | 11000 | 108600 | o
5-8-180-0-i-2.5-2-7 £o1o0] 26 |57 63| 2 | 2700 | 54220 | 27110 | S| 87500 .14%%.%‘16) s
5-8-180-0-i-3.5-2-7 2138 a5 | 20| 7| 2 | 3500 61510 | 30755 | 10000 | 99200 .23?7'%%121) R
55902431252:8" | | oo | 25 | 29|66 | 2 | 300 | 74310 | a7ass | 22300 110000 | o
5590 2431252:6" | £ | oo | 26 | 50|66 | 2 | 5000 | 58890 | 20445 | 02000 | 95000 ] e
589024325260 | B | 50| 28 | 20 61| 2 | Soo0 | 61280 | 30640 | 0000 | 98800 j o
58.9024312528" | & | oo | 26 |10]65| 2 | S0 | 80340 | 40170 | 25900 | 100600 | e
512902432525 | & |50 | 26 | 30|65 | 2 | 2200 | 48700 | 24350 | 0900 | 78500 j PSS
5159026312526 | | o | 24 |15]66| 2 | 5000 | 85300 | 42600 | [Soo00 | 137400 | o
5-5-00-243-i-3.5-2-6 2138 sa | 236 | 2 | 200 | 42100 | 21005 | 92300 | egooo | 1% | 3P
5-5-00-243-i-3.5-2-8 L ooe] 3 |53 6s| 2 | 53700 | ase60 | 22830 | 51000 | 73600 j i
5890243135267 | & | oo | 36 | 20|64 | 2 | 2000 | 60070 | 30035 | o000 | 96900 j s
5890243135280 | & | o | 35 | 20|66 2 | S0 | 57310 | 28655 | ‘22000 | 92400 j it
5518026312528 | & | 50| 25 |20] 69| 2 | 3000 | 68160 | 34080 | (2000 | 100000 | e
5518026325260 | o | oo | 26 | 50|66 | 2 | 20000 | 53460 | 26730 | 50000 | 86200 ) PSS
5818021312527 | |57 | 25 | 37|64 2 | Jo | 58460 | 29230 | ‘o) | 94300 369(.081) oSS
5818020313527 | ¢ | 39| 34 | 35|70 2 | T | 61860 | 30930 | o | 99800 329(.028) e

T Specimens had constant 80 kip axial load
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Table B.1 Cont. Test results for specimens used in bend angle analysis

Specimen Hook fyt_ _dtr At; Ntr _Str Acti Neti _Scti _ds _Ss (:icto Ncto _Asz fys_

ksi in. |in. in. in. in. in. in. in. in. Ksi

5-5-90-0-i-2.5-2-7 g 60 - - - - 08| 4 |25|0500 (350 - - 1.27 | 60
5-8-90-0-i-2.5-2-61 g 60 - - - - 080| 4 |40 0500 4.00| - - 1.27 | 60
5-8-90-0-i-2.5-2-6(1) g 60 - - - - 066 | 6 |30|0500](3.00]| - - 1.27 | 60
5-15-90-0-i-2.5-2-7.5 g 60 - - - - - - - |1 0375|350 | - - 3.16 | 60
5-5-90-0-i-3.5-2-7 g 60 - - - - 08| 4 |25|0375(350]| - - 1.27 | 60
5-8-90-0-i-3.5-2-61 g 60 - - - - 080 | 4 |40 0500 4.00]| - - 1.27 | 60
5-8-90-0-i-3.5-2-6(1) g 60 - - - - 066 | 6 |3.0|0500](3.00]| - - 1.27 | 60
5-8-90-0-i-3.5-2-81 g 60 - - - - 080 | 4 |40 0500 4.00]| - - 1.27 | 60
5-8-180-0-i-2.5-2-7 g 60 - - - - 022| 2 |40|0500(3.00| - - 1.27 | 60
5-8-180-0-i-3.5-2-7 g 60 - - - - 022| 2 |40|0500(3.00]| - - 1.27 | 60
5-5-90-2#3-i-2.5-2-81 g 60 | 038 | 02| 2 | 4.00 - - - | 0375|400 | - - 1.27 | 60
5-5-90-2#3-i-2.5-2-61 g 60 [ 038 | 02| 2 | 4.00 - - - | 0375|400 | - - 1.27 | 60
5-8-90-2#3-i-2.5-2-6" g 60 | 038 | 02| 2 | 4.00 - - - | 0.500 | 4.00 | - - 1.27 | 60
5-8-90-2#3-i-2.5-2-81 g 60 [ 038 | 02| 2 | 4.00 - - - | 0.500 | 4.00 | - - 1.67 | 60
5-12-90-2#3-i-2.5-2-5 g 60 | 038 | 02| 2 |330(033| 3 [33]0500]|300]| - - 1.27 | 60
5-15-90-2#3-i-2.5-2-6 g 60 | 038 | 02| 2 | 3.00 - - - |1 0375|275 | - - 3.16 | 60
5-5-90-2#3-i-3.5-2-6 g 60 | 038 02| 2 |350(011| 1 (350375 |350]| - - 1.27 | 60
5-5-90-2#3-i-3.5-2-8 g 60 | 038 | 02| 2 | 350 - - - | 0375|400 | - - 1.27 | 60
5-8-90-2#3-i-3.5-2-61 g 60 [ 038 | 02| 2 | 4.00 - - - | 0.500 | 4.00 | - - 1.27 | 60
5-8-90-2#3-i-3.5-2-81 g 60 | 038 | 02| 2 | 4.00 - - - | 0.500 | 4.00 | - - 1.67 | 60
5-5-180-2#3-i-2.5-2-81 g 60 [ 038 | 02| 2 | 250 - - - | 0375|400 | - - 1.27 | 60
5-5-180-2#3-i-2.5-2-61 g 60 [ 038 | 02| 2 | 250 - - - | 0375|400 | - - 1.27 | 60
5-8-180-2#3-i-2.5-2-7 g 60 | 038 | 02| 2 | 200 - - - |1 0375|300 | - - 1.27 | 60
5-8-180-2#3-i-3.5-2-7 g 60 [ 038 | 02| 2 | 2.00 - - - |1 0375|300 | - - 1.27 | 60

T Specimens had constant 80 kip axial load
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Table B.1 Cont. Test results for specimens used in bend angle analysis

i Bend Transverse Hook Len | Lehavg fem Age db Re b hei hc
Specimen Hook Anal Reinforcement Bar ) ) ) ) ) ) )
N9 | Orientation Type | in- in. psi | days | in. in. [ in. | in.
8-5-90-0-i-2.5-2-9.51 g 90° Horizontal A615 19603 9.6 5140 8 1 |0.078 | 17 | 10.5 | 8.375
8-5-90-0-i-2.5-2-12.57 g 90° Horizontal A615 igg 13.3 5240 9 1 |0.078 | 17 | 105 | 8.375
8-5-90-0-i-2.5-2-13 Q 90° Horizontal A1035P 122 13.4 5560 11 1 |0.078 | 17 | 10.5 | 8.375
8-8-90-0-i-2.5-2-10 g 90° Horizontal A1035P gg 9.6 7700 14 1 |0.078 | 17 | 10.5 | 8.375
8-12-90-0-i-2.5-2-9 g 90° Horizontal A1035P gg 9.0 11160 77 1 |0.078 | 17 | 105 | 8.375
8-12-90-0-i-2.5-2-12.5 g 90° Horizontal A1035¢ igg 12.8 11850 39 1 |0.073| 17 | 10.5 | 8.375
8-12-90-0-i-2.5-2-12 g 90° Horizontal A1035¢ Ei 12.1 | 11760 34 1 |0.073| 17 | 105 | 8.375
8-15-90-0-i-2.5-2-13 g 90° Horizontal A1035¢ igg 12.8 15800 61 1 |0.073| 17 | 10.5 | 8.375
8-5-90-0-i-3.5-2-13 g 90° Horizontal A1035P igj 134 5560 11 1 |0.078 | 19 | 105 | 8.375
8-8-90-0-i-3.5-2-10 g 90° Horizontal A1035P 18688 9.8 7700 14 1 |0.078 | 19 | 105 | 8.375
8-12-90-0-i-3.5-2-9 g 90° Horizontal A1035P 88 9.0 11160 77 1 |0.078 | 19 | 10.5 | 8.375
8-5-180-0-i-2.5-2-111 g 180° Horizontal A615 ﬂg 11.0 4550 7 1 |0.078 | 17 | 10.5 | 8.375
8-5-180-0-i-2.5-2-141 g 180° Horizontal A1035P iig 14.0 4840 8 1 |0.078 | 17 | 10.5 | 8.375
8-8-180-0-i-2.5-2-11.5 g 180° Horizontal A1035P gg 9.3 8630 11 1 |0.078 | 17 | 105 | 8.375
8-12-180-0-i-2.5-2-12.5 g 180° Horizontal A1035¢ igg 12.6 | 11850 39 1 |0.073| 17 | 105 | 8.375
8-5-180-0-i-3.5-2-111 g 180° Horizontal A615 ﬁg 11.6 4550 7 1 |0.078 | 17 | 10.5 | 8.375
8-5-180-0-i-3.5-2-14" g 180° Horizontal A1035° igg 14.1 4840 8 1 |0.078 | 17 | 10.5 | 8.375
8-15-180-0-i-2.5-2-13.5 g 180° Horizontal A1035¢ igg 13.6 16510 88 1 |0.073| 17 | 10.5 | 8.375
8-5-90-2#3-i-2.5-2-12.57 g 90° Horizontal A615 Eg 12.0 5240 9 1 |0.078 | 17 | 105 | 8.375
8-5-90-2#3-i-2.5-2-14 Q 90° Horizontal A1035¢ 14318 13.8 5450 7 1 |0.073| 17 | 10.5 | 8.375
8-12-90-2#3-i-2.5-2-11 g 90° Horizontal A1035¢ 122 10.9 12010 42 1 |0.073| 17 | 10.5 | 8.375
8-15-90-2#3-i-2.5-2-11 g 90° Horizontal A1035¢ iég 11.0 15800 61 1 |0.073 |17 | 105 | 8.375
8-5-90-2#3-i-3.5-2-13 g 90° Horizontal A1035P igg 13.6 5560 11 1 |0.078 | 19 | 10.5 | 8.375
8-5-180-2#3-i-2.5-2-11" g 180° Horizontal A615 182 10.6 4550 7 1 |0.078 | 17 | 10.5 | 8.375
8-5-180-2#3-i-2.5-2-14" Q 180° Horizontal A1035P 14318 13.8 4870 9 1 |0.078 | 17 | 10.5 | 8.375

T Specimens had constant 80 kip axial load
a Heat 1, P Heat 2, ¢ Heat 3 as described in Table 3
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Table B.1 Cont. Test results for specimens used in bend angle analysis

specimen took | G | Goas | Go | e [No| Toa | Tow | T | fu | fuas | b2 | Failure

in. | in. |in | in. Ib Ib Ib psi psi in. Type

8-5-90-0-i-2.5-2-9.51 g ;g 2.6 ig 9.5 2 ggggg 88970 | 44485 ggggg 56300 : g:
8-5-90-0-i-2.5-2-12.5" g gg 2.8 ig 9.8 2 23388 131640 | 65820 2223;88 83300 : SgéB
8-5-90-0-i-2.5-2-13 g‘ gg 25 i:g 98 | 2 égigg 131080 | 65540 23288 83000 ] FF§/SSS
B-8-00-0-1-2.52-10 8 |29 28 |55| %0 | 2 | spaqe | 102900 | 515 | goong | 65100 | g |
8-12-90-0-i-2.5-2-9 g ;2 2.7 ;2 9.6 2 ggggg 99850 | 49925 23288 63200 0.219 gz;ﬁﬁ
8-12-90-0-i-2.5-2-12.5 g ;g 2.6 i; 101 | 2 33288 133900 | 66950 ggggg 84700 8322 Eggg
8-12-90-0-i-2.5-2-12 g 3‘51 2.5 ig 9.8 2 gg;gg 131800 | 65900 ggggg 83400 0.02].19 ﬁggz
8-15-90-0-i-2.5-2-13 g ;g 2.4 gé 9.9 2 ;;Sgg 156200 | 78100 19070700000 98900 : F?:/BSB
8-5-00-0-i-3.5-2-13 g‘ g:g 35 ig 94 | 2 ggggg 136200 | 68100 22288 86200 j gzﬁﬁ
8-8-90-0-i-3.5-2-10 g 32 3.8 ig 9.0 2 3?588 111130 | 55565 giggg 70300 g;zg g:;ﬁﬁ
8-12-90-0-i-3.5-2-9 g gg 3.6 gi 9.8 2 2;;‘88 120480 | 60240 ;2;88 76300 0434 FIL:/F;S
8-5-180-0-i-2.5-2-11" g‘ gg 2.9 gg 98 | 2 ggggg 92290 | 46145 2;;88 sa00 | O27° SSS/SFP
8.5-180-0-1-2.5.2-14' 2158 21 |20] 98 | 2 | goa | 98300 | 49150 | S2000 | 62200 | 000 | 32
8-8-180-0-i-2.5-2-11.5 g‘ 38 3.0 j:g 95 | 2 géggg 125600 | 62800 17(?1550000 79500 j Elzgg
8-12-180-0-i-2.5-2-12.5 g gg 2.8 gi 9.6 2 ;gggg 150400 | 75200 19f6780000 95200 g;zg F?:/F?B
351800135211 | ¢ | 3g| 38 | y|100] 2 | Geon | mase0 | o200 | JEC | 7sw00 | 30| PO
8-5-180-0-i-3.5-2-14" g‘ gg 3.8 ;f 98 | 2 ?gggg 127010 | 63505 ggggg 80400 j FE?/SSS
8-15-180-0-i-2.5-2-13.5 g ;g 2.5 gg 100 | 2 28188 179800 | 89900 iigggg 113800 : FB;SB
8590243252125 | & | 20| 28 |2%| 95 | 2 | 12001 140130 | 72085 | Jo000 | 91200 | oS
8-5-90-2#3-i-2.5-2-14 g 5(8) 2.9 gi 9.3 2 ;;(5)88 153930 | 76965 g;igg 97400 ﬁg;gg
8120026325211 | & || 28 | 79| 05 | 2 | 20000 | 137400 | 68700 | 200 | g7000 | 0101 | EP
8-15-90-2#3-i-2.5-2-11 g ;g 2.5 ;Z 100 | 2 Zgggg 166600 | 83300 iggggg 105400 0.i23 :zg
8-5-90-2#3-i-3.5-2-13 g gé 3.4 ig 103 | 2 géggg 160720 | 80360 iggggg 101700 : ggj:zﬁ
8-5-180-2#3--2.5-2-11" g‘ gg 2.6 gg 95 | 2 g‘l‘sgg 120470 | 60235 3;288 76200 0%2867 gg;EE
8-5-180-2#3-i-2.5-2-14" g ;2 2.8 gg 9.8 2 géégg 152560 | 76280 19170330000 96600 81;3 FI!’:/F;S

T Specimens had constant 80 kip axial load
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Table B.1 Cont. Test results for specimens used in bend angle analysis

Specimen Hook IIyt_ _dtr At; Nitr Str Actzl Neti Sct _ds Ss C:Icto Neto -Asz fS-

Sl | In. | iIn. In. | in. in. in. in. in. in.2 | ksi

8-5-90-0-i-2.5-2-9.51 g 60 - - - - 200 | 10 | 3.0 | 0.50 | 3.00 - - 3.16 | 60
8-5-90-0-i-2.5-2-12.5" g 60 - - - - |200| 10 | 3.0 | 0.50 | 3.00 - - 316 | 60
8-5-90-0-i-2.5-2-13 g 60 - - - - 100 | 5 3.0 | 0.50 | 3.00 | 0.375 1 3.16 | 60
8-8-90-0-i-2.5-2-10 g 60 - - - - 160 | 8 | 40 | 0.63 | 3.50 - - 316 | 60
8-12-90-0-i-2.5-2-9 g 60 - - - - 083 | 8 4.0 | 0.50 | 4.00 | 0.375 2 3.16 | 60
8-12-90-0-i-2.5-2-12.5 g 60 - - - - - - - 0.50 | 2.25 - - 3.16 | 60
8-12-90-0-i-2.5-2-12 g 60 - - - - - - - 1038 4.00 - - 316 | 60
8-15-90-0-i-2.5-2-13 g 60 - - - - - - - 0.38 | 5.00 - - 4.74 | 60
8-5-90-0-i-3.5-2-13 g 60 - - - - 100 5 | 30 |050|300|0375| 1 | 316 60
8-8-90-0-i-3.5-2-10 g 60 - - - - 160 | 8 4.0 | 0.63 | 3.50 - - 3.16 | 60
8-12-90-0-i-3.5-2-9 g 60 - - - - |08 | 8 | 40 | 050|400 |0375| 2 |316| 60
8-5-180-0-i-2.5-2-117 g 60 - - - - | 044 | 4 | 35 |050| 350 - - 316 | 60
8-5-180-0-i-2.5-2-14" g 60 - - - - 044 | 4 3.5 | 0.50 | 3.50 - - 3.16 | 60
8-8-180-0-i-2.5-2-11.5 g 60 - - - - | 044 | 4 | 30 | 050|300 - - 316 | 60
8-12-180-0-i-2.5-2-12.5 g 60 - - - - - - - 0.50 | 2.25 - - 3.16 | 60
8-5-180-0-i-3.5-2-117 g 60 - - - - | 044 | 4 | 35 |050| 350 - - 316 | 60
8-5-180-0-i-3.5-2-14" g 60 - - - - | 044 | 4 | 35 |050| 350 - - 316 | 60
8-15-180-0-i-2.5-2-13.5 g 60 - - - - - - - 0.50 | 4.00 - - 4.74 | 60
8-5-90-2#3-i-2.5-2-12.57 g 60 | 038 | 02 | 2 |[3.00|200| 10 | 3.0 | 050 | 3.00 - - 316 | 60
8-5-90-2#3-i-2.5-2-14 g 60 [ 038 | 02| 2 | 600|088 8 3.0 | 050|350 | 05 1 3.16 | 60
8-12-90-2#3-i-2.5-2-11 g 60 | 038 | 02 | 2 [800| - - - 1050|200 - - 316 | 60
8-15-90-2#3-i-2.5-2-11 g 60 | 0.38 | 0.2 | 2 | 550 - - - 0.38 | 4.00 - - 6.32 | 60
8-5-90-2#3-i-3.5-2-13 g 60 [ 038 | 02| 2 | 800|044 | 4 4.0 | 0.50 | 3.00 - - 3.16 | 60
8-5-180-2#3-i-2.5-2-11" g 60 | 038 | 02 | 2 [350| - - - 1050|350 - - 316 | 60
8-5-180-2#3-i-2.5-2-14" g 60 | 0.38 | 0.2 | 2 | 3.50 - - - 0.50 | 3.50 - - 3.16 | 60

T Specimens had constant 80 kip axial load
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Table B.1 Cont. Test results for specimens used in bend angle analysis

_ Bend | _ Transverse | HOOK | g | fehavg | fom | Age | do | R | b | ha | he
Specimen Hook Angle Rgn_forcer_nent Bar - - o dgavs | in. o | in, i
rientation Type psi y!
8-8-180-2#3-i-2.5-2-11.5 g 180° Horizontal A1035° 182 104 8810 14 1 0.078 | 17 | 105 | 8.375
8-12-180-2#3-i-2.5-2-11 g 180° Horizontal A1035¢ 13411 10.8 | 12010 | 42 1 0.073 | 17 | 105 | 8.375
8-5-180-2#3-i-3.5-2-111 g 180° Horizontal A1035° igé 104 4300 6 1 0.078 | 17 | 105 | 8.375
8-5-180-2#3-i-3.5-2-14" g 180° Horizontal A1035° 122 13.6 4870 9 1 0.078 | 17 | 105 | 8.375
8-15-180-2#3-i-2.5-2-11 g 180° Horizontal A1035° ﬂi 11.1 | 15550 | 87 1 0.073 | 17 | 105 | 8.375
8-5-90-5#3-i-2.5-2-10b" g 90° Horizontal A1035? 182 104 5440 8 1 0.084 | 17 | 105 | 8.375
8-5-90-5#3-i-2.5-2-10c’ g 90° Horizontal A10352 182 10.5 | 5650 9 1 0.084 | 17 | 105 | 8.375
8-5-90-5#3-i-2.5-2-10a" B 90° Horizontal A1035% | 105 | 105 5270 7 1 0.08 17 | 105 | 8.375
8-12-90-5#3-i-2.5-2-10 g 90° Horizontal A1035°¢ gg 94 11800 | 38 1 0.073 | 17 | 105 | 8.375
8-15-90-5#3-i-2.5-2-10 g 90° Horizontal A1035¢ 19076 10.1 | 15800 | 60 1 0.073 | 17 | 105 | 8.375
8-12-180-5#3-i-2.5-2-10 g 180° Horizontal A1035° gg 9.8 11800 | 38 1 0.073 | 17 | 105 | 8.375
8-15-180-5#3-i-2.5-2-9.5 g 180° Horizontal A1035°¢ gg 9.7 15550 | 87 1 0.073 | 17 | 105 | 8.375
11-5-90-0-i-2.5-2-14 g 90° Horizontal A615 igg 144 4910 13 1.41 | 0.069 | 215 | 195 | 8.375
11-8-90-0-i-2.5-2-17 g 90° Horizontal A1035 i;g 17.6 9460 9 141 | 0.085 | 21.5 | 19.5 | 8.375
11-8-90-0-i-2.5-2-21 g 90° Horizontal A1035 222 20.6 7870 6 1.41 | 0.085 | 21.5 | 19.5 | 8.375
11-8-90-0-i-2.5-2-17 g 90° Horizontal A1035 igi 17.2 8520 7 141 | 0.085 | 21.5 | 19.5 | 8.375
11-12-90-0-i-2.5-2-17 g 90° Horizontal A1035 igé 16.5 | 11880 | 35 141 | 0.085 | 215 | 195 | 8.375
11-12-90-0-i-2.5-2-17.5 g 90° Horizontal A1035 gg 17.7 | 13330 | 31 141 | 0.085 | 21.5 | 19.5 | 8.375
11-5-90-0-i-3.5-2-17 g 90° Horizontal A1035 igé 17.9 5600 24 141 | 0.085 | 23.5 | 19.5 | 8.375
11-5-90-0-i-3.5-2-14 g 90° Horizontal A615 igg 15.0 4910 13 1.41 | 0.069 | 235 | 195 | 8.375
11-8-180-0-i-2.5-2-21 g 180° Horizontal A1035 gég 21.1 7870 6 141 | 0.085 | 21.5 | 19.5 | 8.375
11-8-180-0-i-2.5-2-17 g 180° Horizontal A1035 i;g 17.9 8520 7 1.41 | 0.085 | 215 | 195 | 8.375

T Specimens had constant 80 kip axial load
aHeat 1, P Heat 2, ¢ Heat 3 as described in Table 3
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Table B.1 Cont. Test results for specimens used in bend angle analysis

Specimen ook | €0 | Goma | e | on [No | Tiea | Tow | T fu | fuane | oib 2| Failure

in. | in. |in | in. Ib Ib Ib psi psi in. Type

8-8-180-2#3-i-2.5-2-11.5 Q ;2 2.8 gg 100 | 2 ggégg 116340 | 58170 gg;gg 73600 22(2(?57) ';Egg
8-12-180-2#3-i-2.5-2-11 g 22 2.6 gé 9.6 2 gg;gg 129300 | 64650 Zgggg 81800 : EE
8-5-180-2#3-i-3.5-2-111 Q gg 3.4 3‘91 9.8 2 21388 111740 | 55870 égggg 70700 8;?; ggﬁg
8-5-180-2#3-i-3.5-2-14" g gg 3.7 g:i 9.8 | 2 ggigg 126930 | 63465 ffffgo 80300 ] Eﬁgg
8-15-180-2#3-i-2.5-2-11 g ;g 2.8 ;é 98 | 2 ;Zggg 157800 | 78900 Bogo;ao%o 99900 ] FBF/F?S
8-5-90-5#3-i-2.5-2-10b" Q ;2 2.7 ig 9.9 2 égggg 139430 | 69715 22188 88200 0.1:29 FT:/F?S
8-5-90-5#3-i-2.5-2-10c’ g gg 2.5 gg 100 | 2 ggggg 137670 | 68835 g;igg 87100 : EEgg
8-5-90-5#3-i-2.5-2-10a" B 2.5 2.5 18| 9.8 2 82800 82800 82800 | 104800 | 104800 0.164 FP/SS
B12005i3425210 | § | 79) 24 | 37109 | 2 | g | 120000 | 6ass0 | Gerr | w100 | g | (oe
3159051725210 | B |91 24 | 37| 99 | 2 | ooy | 180000 | 90000 | TS 113900 | o ar | pre
8-12-180-5#3-i-2.5-2-10 Q ;2 2.5 gg 9.9 2 giggg 128200 | 64100 170937(%)0 81100 0.3:39 FT:/F?S
8-15-180-5#3-i-2.5-2-9.5 g gg 26 i; 100 | 2 ggggg 171900 | 86000 iggggg 108900 ) FF?/SSS
11-5-90-0-i-2.5-2-14 Q ;2 2.8 (2)2 133 | 2 gﬁ,gg 133180 | 66590 gg;gg 42700 0'1:39 FF;/SSS
11-8-90-0-i-2.5-2-17 g gg 2.5 ig 134 | 2 iziggg 264100 | 132100 ggggg 84700 : Egﬂ—-lé
11-8-90-0-i-2.5-2-21 g gg 2.6 g:g’ 130 | 2 ii;ggg 250250 | 125120 giggg 80200 ) FPF/;K
11-8-90-0-i-2.5-2-17 Q gg 25 ig 135 | 2 iggfﬁg 209560 | 104780 %ggg 67200 ] ﬁﬁ
11-12-90-0-i-2.5-2-17 g 32 26 2:411 133 | 2 iggjgg 239400 | 119700 3%88 76700 ) SS/BFP
11-12-90-0-i-2.5-2-17.5 Q gg 3.1 ;é 138 | 2 i;gggg 249240 | 124620 ;gggg 79900 0'-25 SSS/-SI-K
11-5-90-0-i-3.5-2-17 g 3(9) 3.9 ;g 131 | 2 123288 216240 | 108120 ?;43188 69300 0'1:87 SSS/-SI—K
11-5-90-0-i-3.5-2-14 g gg 338 ig 133 2 25888 139030 | 69515 iiggg 44600 ] FPF/EISS;K
11-8-180-0-i-2.5-2-21 Q ;i 2.7 ;g 130 | 2 ig;ggg 256250 | 128125 g?ggg 82100 : FI'SZZB
11-8-180-0-i-2.5-2-17 g g:g 2.4 i;‘l‘ 138 2 igigg 200910 | 100450 ???88 64400 ) Eg

T Specimens had constant 80 kip axial load
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Table B.1 Cont. Test results for specimens used in bend angle analysis

Specimen Hook Il:yt_ _dtr Atr2 Nitr Sir Act2| Neti Sct _ds Ss C:Icto Neto -Asz fS-

Sl in. n. in. in. in. | in. in. in. in% | ksi

8-8-180-2#3-i-2.5-2-11.5 g 60 | 038 | 0.2 2 | 3.00 - - - | 050 | 3.00 - - 3.16 | 60
8-12-180-2#3-i-2.5-2-11 g 60 | 038 | 0.2 | 2 | 8.00 - - - | 0.50 | 2.00 - - 316 | 60
8-5-180-2#3-i-3.5-2-111 g 60 | 038 | 0.2 2 | 3.50 - - - | 050 | 3.50 - - 3.16 | 60
8-5-180-2#3-i-3.5-2-14" g 60 | 038 | 0.2 | 2 | 350 - - - | 050 | 350 - - 316 | 60
8-15-180-2#3-i-2.5-2-11 g 60 | 038 | 0.2 2 | 5.00 - - - | 0.50 | 4.00 - - 4.74 | 60
8-5-90-5#3-i-2.5-2-10b" g 60 | 0.38 | 0.6 5 ]300 |110| 10 | 3.0 | 0.63 | 5.00 - - 3.16 | 60
8-5-90-5#3-i-2.5-2-10c’ g 60 | 038 | 06 | 5 | 3.00 | 1.10 | 10 | 3.0 | 0.63 | 5.00 - - 316 | 60
8-5-90-5#3-i-2.5-2-10a' B 60 | 0375|055 | 5 | 3.00 | 1.10 | 10 | 3.0 | 0.63 | 3.50 - - 316 | 60
8-12-90-5#3-i-2.5-2-10 g 60 | 0.38 | 0.6 5 | 3.00 - - - 1050|175 - - 3.16 | 60
8-15-90-5#3-i-2.5-2-10 g 60 | 038 | 06 | 5 | 3.00 - - - 1038 | 3.00 - - | 63260
8-12-180-5#3-i-2.5-2-10 g 60 | 0.38 | 0.6 5 | 3.00 - - - 1050|175 - - 3.16 | 60
8-15-180-5#3-i-2.5-2-9.5 g 60 | 038 | 06 | 5 | 3.00 - - - | 0.50 | 4.00 - - | 63260
11-5-90-0-i-2.5-2-14 g 60 - - - - 24 | 12 | 40| 050 | 4.0 | 0375 2 4.74 | 60
11-8-90-0-i-2.5-2-17 g 60 - - - - - - - | 050 | 6.0 - - 1948 | 60
11-8-90-0-i-2.5-2-21 g 60 - - - - - - - | 050 | 6.0 - - 1940 | 60
11-8-90-0-i-2.5-2-17 g 60 - - - - - - - 1050 80 - - 6.28 | 60
11-12-90-0-i-2.5-2-17 g 60 - - - - - - - | 050 | 6.0 - - 1940 | 60
11-12-90-0-i-2.5-2-17.5 g 60 - - - - 24 | 12 140|050 | 4.0 - - 4.74 | 60
11-5-90-0-i-3.5-2-17 g 60 - - - - 24 | 12 | 40| 050 | 40 | 0375 | 2 | 474 60
11-5-90-0-i-3.5-2-14 g 60 - - - - 24 | 12 | 40| 050 | 40 | 0375 | 2 | 474 60
11-8-180-0-i-2.5-2-21 g 60 - - - - - - - 1050 6.0 - - 9.40 | 60
11-8-180-0-i-2.5-2-17 g 60 - - - - - - - | 050 | 80 - - | 6.28| 60

T Specimens had constant 80 kip axial load
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Table B.1 Cont. Test results for specimens used in bend angle analysis

Hook

Specimen Hook Bend R;rrw?(r)lit\:/gr?eent Bar for | fetas | Tem | Age | G R " ne n
Angle Orientation | Type | in- in. psi | days | in. in. | in. in.
11-12-180-0-i-2.5-2-17 g 180° Horizontal A1035 igg 166 | 11880 | 35 | 1.41 | 0.085 | 215 | 195 | 8.375
11-5-90-6#3-i-2.5-2-20 g 90° Horizontal A1035 ig:g 193 | 5420 | 7 | 1410085 215|195 |8.375
11-8-90-6#3-i-2.5-2-16 @ 90° Horizontal A1035 ig:i 159 | 9120 | 7 | 1410085 | 215|195 | 8375
11-8-90-6#3-i-2.5-2-15 g 90° Horizontal A1035 igg 155 | 7500 | 5 | 1.41|0.085 | 215|195 | 8375
11-8-90-6#3-i-2.5-2-19 g 90° Horizontal A1035 ig:}l 192 | 7500 | 5 | 1.41|0.085|215 | 195 |8.375
11-12-90-6#3-i-2.5-2-17 g 90° Horizontal A1035 igé 168 | 12370 | 37 | 1.41|0.085 | 215 | 195 | 8.375
11-12-90-6#3-i-2.5-2-16 g 90° Horizontal A1035 ig:g 154 | 13710 | 31 | 1.41|0.085 | 215 | 195 | 8.375
11-5-90-6#3-i-3.5-2-20 g 90° Horizontal A1035 gg:g 204 | 5420 | 7 | 1410085 | 235|195 | 8375
11-8-180-6#3-i-2.5-2-15 g 180° Horizontal A1035 igé 153 | 7500 | 5 | 1.41|0.085 | 215|195 |8.375
11-8-180-6#3-i-2.5-2-19 @ 180° Horizontal A1035 igg 198 | 7870 | 6 | 1.41|0.085 | 215|195 | 8.375
11-12-180-6#3-i-2.5-2-17 g 180° Horizontal A1035 igg 167 | 12370 | 37 | 1.41|0.085 | 215 | 195 | 8.375
11-12-180-6#3-i-2.5-2-17 g 180° Horizontal A1035 igg 168 | 12370 | 37 | 1.41|0.085 | 215 | 195 | 8.375
Table B.1 Cont. Test results for specimens used in bend angle analysis
Specimen Hook Cso | Csoavg | Cth | Ch | Nn | Tind Ttotal T fsu fsu,avg S ;ii[iu?-te Failure
in. | in. | in. | in Ib Ib Ib psi | psi in. Type
11-12-180-0-i-2.5-2-17 g gg 2.8 gg 133 | 2 igg;gg 214900 | 107500 ggjgg 68900 0'1_56 SBS/SF P
11-5-90-6#3-i-2.5-2-20 @ ;g 26 gg 129 | 2 iggégg 272540 | 136270 Zgégg 87400 0'2_74 Eigg
11-8-90-6#3-i-2.5-2-16 g gg 25 ig 134 | 2 ig;?gg 266000 | 133000 2;‘?88 85300 ] Eﬁgg
11-8-90-6#3-i-2.5-2-15 g gg 26 ;g 135 | 2 iggggg 216600 | 108300 2588 69400 ] SSS/SFP
11-8-90-6#3-i-2.5-2-19 g ;2 26 ig 135 | 2 iiézgg 290900 | 145400 22771()%0 93200 ] Eggg
11-12-90-6#3-i-2.5-2-17 g gg 2.8 ;2 130 | 2 i;g;gg 323300 | 161600 iéiggg 103600 0'3134 ZEE?
11-12-90-6#3-i-2.5-2-16 g ;g 25 ;g 130 | 2 Egégg 230390 | 115195 ;i?gg 73800 | ocs SSS;E';
11-5-90-6#3-i-3.5-2-20 g gg 38 ;g 131 ] 2 iggggg 271640 | 135820 22388 87100 ] SSS/SF P
11-8-180-6#3-i-2.5-2-15 @ gi 3.0 ig 130 | 2 ﬁiggg 223400 | 111700 ;ggg 71600 ] 22
11-8-180-6#3-i-2.5-2-19 g ;g 2.9 ig 133 | 2 ﬂgggg 298000 | 149000 20595%%0 95500 ] Eggg
11-12-180-6#3-i-2.5-2-17 g gg 2.7 gg 135 | 2 ﬁ%gg 232700 | 116400 ;gigg 74600 | 5o FPF/F;B
11-12-180-6#3-i-2.5-2-17 g ;2 26 gg 134 | 2 i;‘gggg 297400 | 148700 1915(;153)(;)0 95300 ] g;ﬁg

231




Table B.1 Cont. Test results for specimens used in bend angle analysis

specimen | Hook |y | G |t | M LR M S e e e e
11-12-180-0-i-2.5-2-17 g 60 - - - - - - - | 050 ]| 6.0 - - 9.40 | 60
11-5-90-6#3-i-2.5-2-20 g 601038 |07 | 6 |[400]|12| 6 |40|050(40|0375| 2 |474| 60
11-8-90-6#3-i-2.5-2-16 g 60 1038 |07 | 6 |400]| - - - |1 050 | 6.0 - - 9.48 | 60
11-8-90-6#3-i-2.5-2-15 g 60 (038 | 0.7 | 6 | 4.00 - - - | 050 ]| 6.0 - - 9.40 | 60
11-8-90-6#3-i-2.5-2-19 g‘ 60 1038 |07 | 6 |400]| - - - |1 050 | 6.0 - - 9.40 | 60
11-12-90-6#3-i-2.5-2-17 g 60 (038 | 0.7 | 6 | 4.00 - - - | 050 ]| 6.0 - - 9.40 | 60
11-12-90-6#3-i-2.5-2-16 g 601038 |07 | 6 |400]| 24| 12 | 40| 050 (4.0 (0375| 1 |474| 60
11-5-90-6#3-i-3.5-2-20 g 601038 |07 | 6 {40012 | 6 |40|050 (400375 | 2 |474| 60
11-8-180-6#3-i-2.5-2-15 g 60 (038 | 0.7 | 6 | 4.00 - - - | 050 ]| 6.0 - - 9.40 | 60
11-8-180-6#3-i-2.5-2-19 g‘ 60 1038 |07 | 6 |400]| - - - |1 050 | 6.0 - - 9.40 | 60
11-12-180-6#3-i-2.5-2-17 g 60 (038 | 0.7 | 6 | 4.00 - - - | 05030 - - 4.74 | 60
11-12-180-6#3-i-2.5-2-17 g‘ 60 1038 |07 | 6 |400]| - - - |1 050 | 6.0 - - 9.40 | 60
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Table B.2 Test results for specimens from previous studies used in bend angle analysis

S . Bend feh fcm fy db b
pecimen

Angle in. | psi psi in. in.

17-180-12-1-H 180° | 10.0 | 4350 | 64000 | 0.88 12

7-180-15-1-H 180° | 13.0 | 4000 | 64000 | 0.88 i

17-90-12-1-H 90° 10.0 | 4150 | 64000 | 0.88 12

17-90-15-1- H 90° 13.0 | 4600 | 64000 | 0.88 12

Marques and Jirsa (1975) | J7-90-15-1-L 90° 13.0 | 4800 | 64000 | 0.88 i

17-90-15-1-M 90° 13.0 | 5050 | 64000 | 0.88 i

J11-180-15-1-H 180° | 13.1 | 4400 | 68000 | 1.41 12

J11-90-15-1-H 90° 13.1 | 4900 | 68000 | 1.41 12

J11-90-15-1-L 90° 131 | 4750 | 68000 | 1.41 i

11-15 90° 13.1 | 5400 | 60000 | 1.41 12

Pinc et al. (1977) 11-18 90° 16.1 | 4700 | 60000 | 1.41 12

11-21 90° 19.1 | 5200 | 60000 | 1.41 12

7-90-U 90° 10.0 | 2570 | 60000° | 0.88 i

7-90-U' 90° 10.0 | 5400 | 60000% | 0.88 12

11-90-U 90° 13.0 | 2570 | 60000 | 1.41 12

AENTEG] ST () 11-90-U' 90° 13.0 | 5400 | 60000° | 1.41 i

11-180-U-HS 180° | 13.0 | 7200 | 600007 | 1.41 i

11-90-U-HS 90° 13.0 | 7200 | 60000 | 1.41 12

Ramirez & Russel (2008) 1-2' 90° 15.5 | 9540 | 63100 | 1.41 15

Lee & Park (2010) A2 90° 11.9 | 8270 | 87000 | 0.88 146

@Nominal value

Table B.2 Cont. Test results for specimens from previous studies used in bend angle analysis

Specimen hcl _hc _Cso Pth _Ch Nn _Ahz T

in. in. in. in. in. in. b
J7-180-12-1-H 11.6 6 288 | 20 | 45 2 | 0.60 36600
J7-180-15-1-H 11.6 6 288 | 20 | 45 2 | 0.60 52200
J7-90-12-1-H 11.6 6 288 | 20 | 45 2 | 0.60 37200
J7-90-15-1-H 11.6 6 288 | 20 | 45 2 | 0.60 54600
J7-90-15-1-L 11.6 6 288 | 20 | 45 2 | 0.60 58200
J7-90-15-1-M 11.6 6 288 | 20 | 45 2 | 0.60 60000
J11-180-15-1-H 11.3 6 288 | 15 | 34 2 | 1.56 70200
J11-90-15-1-H 11.3 6 288 | 15 | 34 2 | 156 74880
J11-90-15-1-L 11.3 6 288 | 15 | 34 2 | 156 81120
11-15 * * 288|195 | 34 2 | 156 78000
11-18 * * 288|195 | 34 2 | 1.56 90480
11-21 * * 288|195 | 34 2 | 1.56 113880
7-90-U 11 6 3 2 425 | 2 | 0.60 25998
7-90-U' 11 6 3 2 425 | 2 | 0.60 36732
11-90-U 11 6 3 2 318 | 2 | 156 48048
11-90-U' 11 6 3 2 318 | 2 | 156 75005
11-180-U-HS 11 6 3 2 318 | 2 | 156 58843
11-90-U-HS 11 6 3 2 318 | 2 | 156 73788
1-2' 12 6 25 | 25 7 2 | 156 105000
H2 & &3 3 2 7 2 | 0.60 76992

“Not specified
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Table B.3 Test results for specimens used in side cover angle analysis

Specimen Hook ABend R;;?gﬁt\:/:rl::nt |_I|30a0rk _eeh fe_h’avg fch Age _db Rr _b _hd _hc
ngle | S rientation Type | in. | in. psi | days | in. in. | in. | in.
5-5-90-0-i-2.5-2-10 g 90° Horizontal A1035 gj 9.4 5230 6 0.625 | 0.073 | 13 | 5.25 | 8.375
5-5-90-0-i-2.5-2-7 g\ 90° Horizontal A1035 3(9) 6.9 5190 7 0.625 | 0.073 | 13 | 5.25 | 8.375
5-8-90-0-i-2.5-2-6" g 90° Horizontal A615 gg 6.8 8450 14 | 0.625 | 0.073 | 13 | 5.25 | 8.375
5-8-90-0-i-2.5-2-6(1) g\ 90° Horizontal A1035 gé 6.3 9080 11 | 0.625 | 0.073 | 13 | 5.25 | 8.375
5-8-90-0-i-2.5-2-8" g 90° Horizontal A1035 3'(5) 7.8 8580 15 | 0.625 | 0.073 | 13 | 5.25 | 8.375
5-12-90-0-i-2.5-2-10 g 90° Horizontal A1035 128 105 | 10290 | 14 | 0.625 | 0.073 | 13 | 5.25 | 8.375
5-12-90-0-i-2.5-2-5 g\ 90° Horizontal A1035 ié 49 | 11600 | 84 | 0.625 | 0.073 | 13 | 5.25 | 8.375
5-15-90-0-i-2.5-2-5.5 g 90° Horizontal A1035 gé 59 | 15800 | 62 | 0.625 | 0.073 | 13 | 5.25 | 8.375
5-15-90-0-i-2.5-2-7.5 g\ 90° Horizontal A1035 ;g 7.3 | 15800 | 62 | 0.625 | 0.073 | 13 | 5.25 | 8.375
5-5-90-0-i-3.5-2-10 g 90° Horizontal A1035 igi 104 | 5190 7 0.625 | 0.073 | 15 | 5.25 | 8.375
5-5-90-0-i-3.5-2-7 g 90° Horizontal A1035 ;2 7.6 5190 7 0.625 | 0.073 | 15 | 5.25 | 8.375
5-8-90-0-i-3.5-2-6" g\ 90° Horizontal A615 gi 6.3 8580 15 | 0.625 | 0.073 | 15 | 5.38 | 8.375
5-8-90-0-i-3.5-2-6(1) g 90° Horizontal A1035 22 6.6 9300 13 | 0.625 | 0.073 | 15 | 5.25 | 8.375
5-8-90-0-i-3.5-2-8" g\ 90° Horizontal A1035 gg 8.6 8380 13 | 0.625 | 0.060 | 15 | 5.25 | 8.375
5-12-90-0-i-3.5-2-5 g 90° Horizontal A1035 2451 54 | 10410 | 15 | 0.625 | 0.073 | 15 | 5.25 | 8.375
5-8-180-0-i-2.5-2-7 g 180° Horizontal A1035 ;i 7.3 9080 11 | 0.625 | 0.073 | 13 | 5.25 | 8.375
5-8-180-0-i-3.5-2-7 g 180° Horizontal A1035 ;g 7.3 9080 11 | 0.625 | 0.073 | 15 | 5.25 | 8.375
5-5-90-2#3-i-2.5-2-81 g 90° Horizontal A1035 gg 7.8 5860 8 0.625 | 0.073 | 13 | 5.38 | 8.375
5-5-90-2#3-i-2.5-2-61 g\ 90° Horizontal A615 2(8) 5.9 5800 9 0.625 | 0.060 | 13 | 5.25 | 8.375
5-8-90-2#3-i-2.5-2-61 g 90° Horizontal A1035 28 6.0 8580 15 | 0.625 | 0.073 | 13 | 5.25 | 8.375
5-8-90-2#3-i-2.5-2-81 g 90° Horizontal A1035 gg 8.4 8380 13 | 0.625 | 0.073 | 13 | 5.25 | 8.375
5-12-90-2#3-i-2.5-2-5 g 90° Horizontal A1035 gg 58 | 11090 | 83 | 0.625 | 0.073 | 13 | 5.25 | 8.375
5-15-90-2#3-i-2.5-2-6 g 90° Horizontal A1035 gg 6.4 | 15800 | 61 | 0.625 | 0.073 | 13 | 5.25 | 8.375
5-15-90-2#3-i-2.5-2-4 g\ 90° Horizontal A1035 2(5) 3.8 | 15800 | 61 | 0.625 | 0.073 | 13 | 5.25 | 8.375
5-5-90-2#3-i-3.5-2-6 g 90° Horizontal A1035 gg 59 5230 6 0.625 | 0.073 | 15 | 5.25 | 8.375

T Specimens had constant 80 kip axial load
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Table B.3 Cont. Test results for specimens used in side cover angle analysis

Specimen Hook | & | Csoavg | Cth | Cn Nh | Tind Thotal T fsu fsu,avg lféiipl)u?'z Failure
in. | in. | in. | in. Ib Ib Ib Ksi Ksi in. Type
5-5-00-0-i-2.5-2-10 @ ;g 2.7 ;g 6.4 | 2 gzggg 67170 | 33585 iégigg 108300 ] EEE;
5-5-90-0-i-2.5-2-7 g gg 25 gg 68| 2 ggfgg 52530 | 26265 giggg 84700 | 7o) Eﬁgg
5-8-00-0-i-2.5-2-6" g gg 2.7 ig 6.4 | 2 g;igg 59140 | 29570 fOQS%OOOO 95400 ] ggﬁg
58900425260) | g |go| 25 | 55| 70| 2 | o | 44850 | 20605 | goreo | 72300 | saiinn | g
5-8-00-0-i-2.5-2-8' g gg 26 gg 66| 2 géggg 63350 | 31675 iggggg 102200 ) ggﬁ
5-12-90-0-i-2.5-2-10 @ ;:‘5‘ 2.4 ig 66| 2 jgggg 83310 | 41655 12%?88 134400 | 91 FB/gngK
5-12-90-0-i-2.5-2-5 g gg 26 gé 65| 2 ;2‘1“38 38440 | 19220 3421388 62000 ] FPF/PSS
5-15-90-0-i-2.5-2-5.5 g g:j 2.4 ig 66| 2 ggigg 65000 | 32500 132288 104800 ] Eg
5-15-90-0-i-2.5-2-7.5 g gg 25 gg 66| 2 féggg 84400 | 42200 ig?igg 136100 j FB
5-5-00-0-i-3.5-2-10 g gg 35 ig 65| 2 jﬁgg 83850 | 41925 iggggg 135200 ] ggiﬁ
5-5-90-0-i-3.5-2-7 @ g:g 3.4 ﬁ 70| 2 g;gg 53030 | 26515 g;ggg 85500 ] FF?/SSS
5-8-90-0-i-3.5-2-6' g gg 3.6 ig 66| 2 ggigg 50950 | 25475 g;ggg 82200 ] Eﬁgg
5-8-90-0-i-3.5-2-6(1) g gg 3.8 i; 69| 2 g‘;égg 49080 | 24540 ;g;gg 79200 .1%%.51250) Eggg
5-8-90-0-i-3.5-2-8' g gg 3.6 i:g 71| 2 giégg 65490 | 32745 ﬁgégg 105600 ] FZISSS
5-12-90-0-i-3.5-2-5 g gg 36 i; 70| 2 ggggg 44240 | 22120 ;411288 71400 ] Eﬁ
5-8-180-0-i-2.5-2-7 @ ;2 26 ;:i 63| 2 ggzgg 54220 | 27110 18163150000 87500 .126%.%16) g;ﬁi
5-8-180-0-i-3.5-2-7 g 2:3 35 ;g 71| 2 gﬁgg 61510 | 30755 13(1)288 99200 .2307'?2121) ﬁﬁgz
5-5-00-2#3-i-2.5-2-8" @ ;g 25 ;g 66| 2 g;ggg 74310 | 37155 ﬁgggg 119900 ] ggﬁg
5-5-90-2#3-i-2.5-2-6" g gg 26 gg 66| 2 géggg 58800 | 29445 19042260000 95000 ] EEE?
5-8-00-2#3-i-2.5-2-6" g gg 2.8 gg 61| 2 ggggg 61280 | 30640 19098710000 98800 ] Eggg
5-8-00-2#3-i-2.5-2-8" g gg 2.6 ig 65| 2 igggg 80340 | 40170 iggggg 129600 ] EEE?
5-12-90-2#3-i-2.5-2-5 g gg 26 28 65| 2 ggigg 48700 | 24350 giggg 78500 ) FPF/PSS
5-15-90-2#3-i-2.5-2-6 @ ;:2 2.4 i? 66| 2 ﬁggg 85300 | 42600 iggigg 137400 ] E;
5-15-00-2#3-i-2.5-2-4 g gg 25 gi 68| 2 %gg 37300 | 18700 ggggg 60300 ] EE
5-5-00-2#3-i-3.5-2-6 g 2:3 3.4 gg 65| 2 gigg 42190 | 21095 ggggg eso00 | 0183 22;;'3

T Specimens had constant 80 kip axial load
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Table B.3 Cont. Test results for specimens used in side cover angle analysis

speoimen | Hook |5 | i Line | ™| i |G | i | e || ne |
5-5-90-0-i-2.5-2-10 g‘ 60 - - - - 033 | 3 |30]0375]3.00| - - 1.89 | 60
5-5-90-0-i-2.5-2-7 g‘ 60 - - - - 080 | 4 | 250500350 | - - 1.27 | 60
5-8-90-0-i-2.5-2-6" g‘ 60 - - - - 080 | 4 |40 0500 | 4.00 | - - 1.27 | 60
5-8-90-0-i-2.5-2-6(1) g 60 - - - - 066 | 6 | 3.0 0500300/ - - 1.27 | 60
5-8-90-0-i-2.5-2-8' g‘ 60 - - - - 080 | 4 | 4.0 0500 400 | - - 1.27 | 60
5-12-90-0-i-2.5-2-10 g‘ 60 - - - - 011 1 | 70| 0375|500 | - - 1.89 | 60
5-12-90-0-i-2.5-2-5 g‘ 60 - - - - 066 | 6 |25 0500300 - - 1.27 | 60
5-15-90-0-i-2.5-2-5.5 g‘ 60 - - - - - - - |1 0375|250 | - - 1.27 | 60
5-15-90-0-i-2.5-2-7.5 g‘ 60 - - - - - - - 1 0375|350 | - - 3.16 | 60
5-5-90-0-i-3.5-2-10 g 60 - - - - 033| 3 | 300375300 - - 1.89 | 60
5-5-90-0-i-3.5-2-7 g‘ 60 - - - - 080 | 4 |25|0375|350 | - - 1.27 | 60
5-8-90-0-i-3.5-2-6" g‘ 60 - - - - 080 | 4 | 4.0 0500 400 | - - 1.27 | 60
5-8-90-0-i-3.5-2-6(1) g‘ 60 - - - - 066 | 6 |30/ 0500 3.00| - - 1.27 | 60
5-8-90-0-i-3.5-2-8' g‘ 60 - - - - 080 | 4 | 4.0 0500 400 | - - 1.27 | 60
5-12-90-0-i-3.5-2-5 g 60 - - - - 066 | 6 |25 0500 3.00| - - 1.27 | 60
5-8-180-0-i-2.5-2-7 g‘ 60 - - - - 022 | 2 |40 0500 3.00| - - 1.27 | 60
5-8-180-0-i-3.5-2-7 g‘ 60 - - - - 022 2 | 4.0 0500300 - - 1.27 | 60
5-5-90-2#3-i-2.5-2-8" g‘ 60 {038 | 02| 2 | 4.00 - - - |1 0375 | 4.00 | - - 1.27 | 60
5-5-90-2#3-i-2.5-2-6" g‘ 60 | 038 | 0.2 | 2 | 4.00 - - - | 0375|400 | - - 1.27 | 60
5-8-90-2#3-i-2.5-2-6" g‘ 60 {038 | 02| 2 | 4.00 - - - | 0500 | 4.00 | - - 1.27 | 60
5-8-90-2#3-i-2.5-2-8" g 60 | 038 | 0.2 | 2 | 4.00 - - - | 0500 | 400 | - - 1.67 | 60
5-12-90-2#3-i-2.5-2-5 g‘ 60 {038 02| 2 [330(033| 3 |33|0500]300]| - - 1.27 | 60
5-15-90-2#3-i-2.5-2-6 g‘ 60 {038 | 02| 2 | 3.00 - - - 10375 | 275 | - - 3.16 | 60
5-15-90-2#3-i-2.5-2-4 g‘ 60 | 038 | 0.2 | 2 | 3.00 - - - {0375 | 175 | - - 2.51 | 60
5-5-90-2#3-i-3.5-2-6 g‘ 60 (038 | 02| 2 [350(011| 1 |35]0375|350 | - - 1.27 | 60

T Specimens had constant 80 kip axial load
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Table B.3 Cont. Test results for specimens used in side cover angle analysis

Specimen Hook Eend R; ;?Ql?g:rﬁgnt HBoz;)rk _feh fe_h’avg fch Aoe _db Rr _b _hd _hc
ngle | 5 rientation Type | in. | in. psi | days | in. in. | in. in.
5-5-90-2#3-i-3.5-2-8 g 90° Horizontal A1035 ;g 7.7 5190 7 0.625 | 0.073 | 15 | 5.25 | 8.375
5-8-90-2#3-i-3.5-2-61 g 90° Horizontal A1035 gg 6.3 8580 15 | 0.625| 0.073 | 15 | 5.25 | 8.375
5-8-90-2#3-i-3.5-2-81 g 90° Horizontal A1035 ;é 7.1 8710 16 | 0.625 | 0.060 | 15 | 5.25 | 8.375
5-12-90-2#3-i-3.5-2-5 g 90° Horizontal A1035 gg 54 | 10410 | 15 | 0.625| 0.073 | 15 | 5.25 | 8.375
5-5-180-2#3-i-2.5-2-8" g 180° Horizontal A1035 28 8.0 5670 7 0.625 | 0.073 | 13 | 5.25 | 8.375
5-5-180-2#3-i-2.5-2-6" g 180° Horizontal A615 gg 5.6 5860 8 0.625 | 0.060 | 13 | 5.25 | 8.375
5-8-180-2#3-i-2.5-2-7 g 180° Horizontal A1035 ;g 7.1 9080 11 | 0.625| 0.073 | 13 | 5.25 | 8.375
5-8-180-2#3-i-3.5-2-7 g 180° Horizontal A1035 gg 6.8 9080 11 | 0.625 | 0.073 | 15 | 5.25 | 8.375
5-5-90-5#3-i-2.5-2-7 g 90° Horizontal A1035 ?g 6.3 5230 6 0.625 | 0.073 | 13 | 5.25 | 8.375
5-12-90-5#3-i-2.5-2-5 g 90° Horizontal A1035 gé 54 | 10410 | 15 | 0.625 | 0.073 | 13 | 5.25 | 8.375
5-15-90-5#3-i-2.5-2-4 g 90° Horizontal A1035 2? 40 | 15800 | 62 | 0.625 | 0.073 | 13 | 5.25 | 8.375
5-15-90-5#3-i-2.5-2-5 g 90° Horizontal A1035 gg 51 | 15800 | 62 | 0.625| 0.073 | 13 | 5.25 | 8.375
5-5-90-5#3-i-3.5-2-7 g 90° Horizontal A1035 gg 7.1 5190 7 0.625 | 0.073 | 15 | 5.25 | 8.375
5-12-90-5#3-i-3.5-2-5 g 90° Horizontal A1035 ig 50 | 11090 | 83 | 0.625| 0.073 | 15 | 5.25 | 8.375
8-5-90-0-i-2.5-2-16" g 90° Horizontal A1035° igg 16.4 | 4980 7 1 0.078 | 17 | 10.5 | 8.375
8-5-90-0-i-2.5-2-9.5" g 90° Horizontal A615 19003 9.6 5140 8 1 0.078 | 17 | 10.5 | 8.375
8-5-90-0-i-2.5-2-12.5" g 90° Horizontal A615 igg 13.3 | 5240 9 1 0.078 | 17 | 10.5 | 8.375
8-5-90-0-i-2.5-2-18 g 90° Horizontal A1035° i?g 18.7 | 5380 11 1 0.078 | 17 | 10.5 | 8.375
8-5-90-0-i-2.5-2-13 g 90° Horizontal A1035° igg 13.4 | 5560 11 1 0.078 | 17 | 10.5 | 8.375
8-5-90-0-i-2.5-2-15(1) g 90° Horizontal A1035° 14512 149 | 5910 14 1 0.073 | 17 | 10.5 | 8.375
8-5-90-0-i-2.5-2-15 g 90° Horizontal A1035° iii 14.8 | 6210 8 1 0.073 | 17 | 105 | 8.375
8-8-90-0-i-2.5-2-8 g 90° Horizontal A1035° 2(9) 8.4 7910 15 1 0.078 | 17 | 10.5 | 8.375
8-8-90-0-i-2.5-2-10 g 90° Horizontal A1035° gg 9.6 7700 14 1 0.078 | 17 | 10.5 | 8.375
8-8-90-0-i-2.5-2-8(1) g 90° Horizontal A1035° 28 8.0 8780 13 1 0.078 | 17 | 10.5 | 8.375
8-8-90-0-i-2.5-2-9* g 90° Horizontal A615 gg 9.5 7710 25 1 0.073 | 17 | 10.5 | 8.375

T Specimens had constant 80 kip axial load
* Specimen contained A1035 Grade 120 for column longitudinal steel
3 Heat 1, ® Heat 2, ¢ Heat 3 as described in Table 3
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Table B.3 Cont. Test results for specimens used in side cover angle analysis

Specimen Hook | O | Coaw | Gt | ch | Nn | Tind | Toota T fou fruaug Ii’!lii?u?’te Failure

in. | in. [in. | in. Ib Ib Ib Ksi Ksi in. Type

5-5-00-243-i-3.5-2-8 g‘ g:g 3.4 ;g 68 | 2 jg;gg 45660 | 22830 ij%ggg 73600 ] EE
5-8-90-243-i-3.5-2-6" g‘ 22 3.6 ;(5) 64 | 2 ggigg 60070 | 30035 ggigg 96900 ] FEIZS
5-8-00-243-i-3.5-2-8" g‘ gg 35 gg 66 | 2 ggggg 57310 | 28655 192223%%0 92400 ] E:Z
5129021313525 | 5 | 3¢| 36 | 55| 66 | 2 | S | 56730 | 28365 | gpg | 91500 | oo | g
5-5-180-2#3-i-2.5-2-8" g‘ gg 25 ;8 69 | 2 gjggg 68160 | 34080 1(1)%88 109900 ) Eﬁgg
5-5-180-2#3-i-2.5-2-6" g‘ §2 2.6 ;g 66 | 2 52388 53460 | 26730 ggggg 86200 ] FF;/F?S
5-8-180-2#3-i-2.5-2-7 g‘ gg 25 ;i 64 | 2 gg?gg 58460 | 29230 191216%%0 94300 | 400 01y Eﬁgg
5-8-180-2#3-i-3.5-2-7 g‘ g:g 3.4 g:‘s‘ 70 | 2 ggggg 61860 | 30930 5;55205’0 99800 | 20 028) FF;/PSS
5-5-90-543-i-2.5-2-7 g‘ gg 2.8 gg 65 | 2 giégg 63390 | 31695 igiggg 102200 ] FEIZS
5-12-90-5#3-i-2.5-2-5 g‘ gg 26 ié 65 | 2 giggg 68840 | 34420 ﬂgggg 111000 gggg ggﬁg
5-15-00-5#3-i-2.5-2-4 g‘ §;§ 2.4 ig 66 | 2 giggg 62600 | 31360 igiggg 101200 82(7)3 EE
5-15-00-5#3-i-2.5-2-5 g‘ g:g 2.4 ié 68 | 2 igggg 78300 | 39200 iigggg 126500 ] BFs
5-5-00-543-i-3.5-2-7 g‘ g:g 3.4 gg 70 | 2 ggggg 72050 | 36025 ﬁiggg 116200 ] E:Z
5-12-90-5#3-i-3.5-2-5 g‘ gg 3.3 ig 66 | 2 giggg 60880 | 30440 igiggg 98200 ] Eﬁ
8-5-90-0-i-2.5-2-16" g‘ gg 2.8 i:i 95 | 2 ggfgg 166480 | 83240 iggggg 105400 ] Egﬁi
8-5-90-0-i-2.5-2-9.5' g‘ §§ 26 ig 95 | 2 g‘s‘ggg 88970 | 44485 ggggg 56300 ] gg
8-5-00-0-i-2.5-2-12.5" g‘ gg 2.8 ig 98 | 2 23388 131640 | 65820 ggggg 83300 ) SgéB
8-5-00-0-i-2.5-2-18 g‘ 52 25 g:i 105 | 2 17090820%0 161760 | 80880 ié?ggg 102400 | oo Eggggi
8-5-90-0-i-2.5-2-13 g‘ gg 25 ig 98 | 2 ég;gg 131080 | 65540 23288 83000 ] Fffés
8-5-90-0-i-2.5-2-15(1) g‘ 22 25 gg 96 | 2 g‘;ggg 127530 | 63765 181106505’0 80700 ] leBSB
8-5-90-0-i-2.5-2-15 g‘ g: 2.6 ;g 95 | 2 ;g?gg 150960 | 75480 506262080 95500 g;ﬁﬁ
8-8-00-0-i-2.5-2-8 g‘ gg 2.8 ;é 86 | 2 iggg 90490 | 45245 g?ggg 57300 ) FF':,/,?S(
8-8-00-0-i-2.5-2-10 g‘ §§ 2.8 ;g 90 | 2 ggggg 102910 | 51455 g?ggg 65100 8132 EE
8-8-90-0-i-2.5-2-8(1) g‘ gg 2.8 ;2 95 | 2 ggggg 73640 | 36820 j%gg 46600 82% EEE?
8-8-00-0-i-2.5-2-9 g‘ gg 26 ig 100 | 2 gi?gg 70 | 35100 jgggz 44430 o.%)o4 ES

T Specimens had constant 80 kip axial load
* Specimen contained A1035 Grade 120 for column longitudinal steel
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Table B.3 Cont. Test results for specimens used in side cover angle analysis

5-5-90-2#3-i-3.5-2-8 g 60 (038 | 02| 2 | 350 - - - 0.375 4.00 - - 1.27 | 60
5-8-90-2#3-i-3.5-2-6" g‘ 60 | 038 | 0.2 | 2 | 4.00 - - - 0.500 4.00 - - 1.27 | 60
5-8-90-2#3-i-3.5-2-8" g 60 (038 | 02| 2 | 4.00 - - - 0.500 4.00 - - 1.67 | 60
5-12-90-2#3-i-3.5-2-5 g 60 {038 | 02| 2 |333| 033 3 3.3 0.500 3.00 - - 1.27 | 60
5-5-180-2#3-i-2.5-2-8' g‘ 60 {038 | 02| 2 | 250 - - - 0.375 4.00 - - 1.27 | 60
5-5-180-2#3-i-2.5-2-6" g 60 (038 |02 | 2 | 250 - - - 0.375 4.00 - - 1.27 | 60
5-8-180-2#3-i-2.5-2-7 g‘ 60 [ 038 | 0.2 | 2 | 2.00 - - - 0.375 3.00 - - 1.27 | 60
5-8-180-2#3-i-3.5-2-7 g‘ 60 (038 | 02| 2 | 200 - - - 0.375 3.00 - - 1.27 | 60
5-5-90-5#3-i-2.5-2-7 g‘ 60 {038 | 06 | 5 | 175 - - - 0.500 3.50 - - 1.27 | 60
5-12-90-5#3-i-2.5-2-5 g 60 (038 | 06 | 5 | 167 - - - 0.500 3.00 - - 1.27 | 60
5-15-90-5#3-i-2.5-2-4 g 60 (038 |06 | 5 | 175 - - - 0.375 1.75 - - 2.51 | 60
5-15-90-5#3-i-2.5-2-5 g‘ 60 {038 | 06 | 5 | 175 - - - 0.375 2.25 - - 3.16 | 60
5-5-90-5#3-i-3.5-2-7 g 60 (038 |06 | 5 | 175 - - - 0.500 3.50 - - 1.27 | 60
5-12-90-5#3-i-3.5-2-5 g‘ 60 {038 | 06 | 5 | 1.70 - - - 0.500 3.00 - - 1.27 | 60
8-5-90-0-i-2.5-2-161 g 60 - - - - 2.00 10 3.0 0.50 3.00 - - 3.16 | 60
8-5-90-0-i-2.5-2-9.5" g‘ 60 - - - - 2.00 10 3.0 0.50 3.00 - - 3.16 | 60
8-5-90-0-i-2.5-2-12.5" g‘ 60 - - - - 2.00 10 3.0 0.50 3.00 - - 3.16 | 60
8-5-90-0-i-2.5-2-18 g 60 - - - - 1.10 10 3.0 0.38 350 | 0375 | 1 3.78 | 60
8-5-90-0-i-2.5-2-13 g‘ 60 - - - - 1.00 5 3.0 0.50 3.00 | 0.375 1 3.16 | 60
8-5-90-0-i-2.5-2-15(1) g 60 - - - - 1.10 10 3.0 0.38 350 | 0375 | 2 3.16 | 60
8-5-90-0-i-2.5-2-15 g 60 - - - - 1.10 10 3.0 0.38 3.50 | 0.375 2 3.16 | 60
8-8-90-0-i-2.5-2-8 g‘ 60 - - - - 1.60 8 4.0 0.50 1.75 - - 3.16 | 60
8-8-90-0-i-2.5-2-10 g 60 - - - - 1.60 8 4.0 0.63 3.50 - - 3.16 | 60
8-8-90-0-i-2.5-2-8(1) g‘ 60 - - - - 1.60 8 4.0 0.50 1.50 - - 3.16 | 60
8-8-90-0-i-2.5s¢c-2tc-9* g‘ 60 - - - - - - - 0.38 4.00 - - 3.16 | 60

T Specimens had constant 80 kip axial load
* Specimen contained A1035 Grade 120 for column longitudinal steel
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Table B.3 Cont. Test results for specimens used in side cover angle analysis

_ Bend | _Transverse | HooK | gy | fonavg | fom | Age [ db | Rr | b | ha | he
Specimen Hook Angle Rgnforcement Bar - - | davs | in. i | in. i
rientation Type psi y!
8-12-90-0-i-2.5-2-9 g 90° Horizontal A1035° gg 9.0 11160 | 77 1 | 0.078 | 17 | 10.5 | 8.375
8-12-90-0-i-2.5-2-12.5 g 90° Horizontal A1035¢ igg 12.8 | 11850 | 39 1 10073 |17 | 105 | 8.375
8-12-90-0-i-2.5-2-12 g 90° Horizontal A1035°¢ igi 121 | 11760 | 34 1 | 0.073 | 17 | 10.5 | 8.375
8-15-90-0-i-2.5-2-8.5 g 90° Horizontal A1035° gg 8.8 15800 | 61 1 | 0.073 | 17 | 10.5 | 8.375
8-15-90-0-i-2.5-2-13 g 90° Horizontal A1035¢ igg 12.8 | 15800 | 61 1 10073 |17 | 105 | 8.375
8-5-90-0-i-3.5-2-18 g 90° Horizontal A1035° 128 18.5 5380 11 1 | 0.078 | 19 | 10.5 | 8.375
8-5-90-0-i-3.5-2-13 g 90° Horizontal A1035P igj 13.4 | 5560 11 1 10078 |19 | 105 | 8.375
8-5-90-0-i-3.5-2-15(2) g 90° Horizontal A1035° iig 15.3 5180 8 1 | 0.073| 19 | 10.5 | 8.375
8-5-90-0-i-3.5-2-15(1) g 90° Horizontal A1035¢ igi’ 153 | 6440 9 1 10073 |19 | 105 | 8.375
8-8-90-0-i-3.5-2-8(1) g 90° Horizontal A1035P ;g 7.8 7910 15 1 10078 |19 | 105 | 8.375
8-8-90-0-i-3.5-2-10 g 90° Horizontal A1035° 18088 9.8 7700 14 1 | 0.078 | 19 | 10.5 | 8.375
8-8-90-0-i-3.5-2-8(2) g 90° Horizontal A1035P 2(5) 8.3 8780 13 1 10078 |19 | 105 | 8.375
8-12-90-0-i-3.5-2-9 g 90° Horizontal A1035° gg 9.0 11160 | 77 1 | 0.078 | 19 | 10.5 | 8.375
8-5-180-0-i-2.5-2-11" g 180° Horizontal A615 ﬁg 11.0 4550 7 1 (0078 | 17 | 105 | 8.375
8-5-180-0-i-2.5-2-14" g 180° Horizontal A1035° ﬂg 14.0 4840 8 1 ({0078 | 17 | 105 | 8.375
8-8-180-0-i-2.5-2-11.5 g 180° Horizontal A1035° gg 9.3 8630 11 1 | 0.078 | 17 | 10.5 | 8.375
8-12-180-0-i-2.5-2-12.5 g 180° Horizontal A1035¢ igg 12.6 | 11850 | 39 1 10073 |17 | 105 | 8.375
8-5-180-0-i-3.5-2-11" g 180° Horizontal A615 ﬁg 11.6 4550 7 1 | 0.078 | 17 | 10.5 | 8.375
8-5-180-0-i-3.5-2-14" g 180° Horizontal A1035° igg 141 4840 8 1 (0078 | 17 | 105 | 8.375
8-15-180-0-i-2.5-2-13.5 g 180° Horizontal A1035° igg 13.6 | 16510 | 88 1 | 0.073 | 17 | 10.5 | 8.375
8-5-90-2#3-i-2.5-2-16" g 90° Horizontal A1035° igg 154 4810 6 1 | 0.078 | 17 | 10.5 | 8.375
8-5-90-2#3-i-2.5-2-9.5" g 90° Horizontal A615 gg 9.1 5140 8 1 ]0.078 | 17 | 105 | 8.375
8-5-90-2#3-i-2.5-2-12.51 g 90° Horizontal A615 igg 12.0 5240 9 1 | 0.078 | 17 | 10.5 | 8.375
8-5-90-2#3-i-2.5-2-8.5 g 90° Horizontal A1035¢ gg 9.3 5240 6 1 ]0.073 |17 | 105 | 8.375
8-5-90-2#3-i-2.5-2-14 g 90° Horizontal A1035° iig 13.8 5450 7 1 | 0.073 | 17 | 10.5 | 8.375

T Specimens had constant 80 kip axial load
a Heat 1, P Heat 2, ¢ Heat 3 as described in Table 3
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Table B.3 Cont. Test results for specimens used in side cover angle analysis

specimen bk | @0 | Come [ en | e [No| Tia | Tew | T | fu | fuag Sipat | Failure

in. | in. |in. | in. Ib Ib Ib psi psi in. Type

8-12-90-0-i-2.5-2-9 '; g:g 2.7 g:i 96 | 2 ggggg 99850 | 49925 ggigg 63200 | 0219 ggﬁﬁ
8-12-90-0-i-2.5-2-12.5 g gg 2.6 i; 101 | 2 33288 133900 | 66950 ggggg 84700 gggg Eg;gg
8-12-90-0-i-2.5-2-12 '; 3}51 25 i:g 9.8 | 2 ggégg 131800 | 65900 ggggg 83400 | oo ﬁg;gg
8-15-90-0-i-2.5-2-8.5 g gg 25 ig 100 | 2 343&88 87200 | 43600 ggggg 55200 ] Eg
8-15-90-0-i-2.5-2-13 g ;:‘5‘ 2.4 ;(1) 9.9 | 2 ;gggg 156200 | 78100 19070700000 98900 ) FBF/BSB
8-5-90-0-i-3.5-2-18 g 2‘81 3.6 ;i 9.4 2 19550]?000 190740 | 95370 ig;ggg 120700 0'1:81 FT:/;/SS/;—K
8-5-00-0-i-3.5-2-13 g g:i 35 ig 94 | 2 ggggg 136200 | 68100 22288 86200 ) ggﬁg
8-5-90-0-i-3.5-2-15(2) g gg 35 ;2 9.5 2 1805%20000 175420 | 87710 13‘8“2188 111000 : SSS/?:P
8-5-90-0-i-3.5-2-15(1) g 2:431 3.3 ;g 101 2 ;;42188 141300 | 70650 19(?0150000 89400 SleFP
8-8-90-0-i-3.5-2-8(1) g gg 3.6 ;g 9.0 2 22888 87690 | 43845 22388 55500 8132 ggj:zﬁ
8-8-90-0-i-3.5-2-10 g gg 3.8 ig 9.0 2 3?388 111130 | 55565 82(9)88 70300 8;‘912 ggﬁﬁ
88900135282 | | gg| 37 |5 |100| 2 | go | sa0r0 | 42035 | Jo | 5300 | ol |
8-12-90-0-i-3.5-2-9 g gg 3.6 ;i 9.8 2 géggg 120480 | 60240 ;g;gg 76300 0.434 FI!’:/ZS
8-5-180-0-i-2.5-2-11" g gg 2.9 38 9.8 | 2 ggggg 92290 | 46145 2;;88 saa00 | 027° SSS/SFP
851800125214 | § |70 27 | 70| 98 | 2 | (oo | 98300 | 49150 | grony | 62200 | ool | oo
8-8-180-0-i-2.5-2-11.5 g g:g 3.0 2:2 95 | 2 ggggg 125600 | 62800 17(?1550000 79500 ) EE@Z’
8121800252125 | & | 30| 28 |55 | 96 | 2 | 2900 | 150400 | 75200 | PO | os200 | 08 FBF/F?B
8518004352110 | § 30| 38 | 173100 | 2 | gof | 1uss80 | seee0 | jerey | Tsie0 | o0 | PO
8-5-180-0-i-3.5-2-14" g 22 3.8 ;? 9.8 | 2 Sgggg 127010 | 63505 ggggg 80400 ) FBS,SSS
8-15-180-0-i-2.5-2-13.5 '; gg 25 g:g 100 | 2 38188 179800 | 89900 ﬂgggg 113800 ) FBISB
8-5-90-2#3-i-2.5-2-16 g gg 2.8 gi 95 | 2 ggggg 159260 | 79630 ig%ggg 100800 ] SSF/PFP
8-5-00-243-i-2.5-2-9.5! g ;g 25 ;g 100 | 2 ggggg 107240 | 53620 23288 67900 ] Eﬁ
8-5-90-2#3-i-2.5-2-12.5! '; g:g 2.8 g:g 95 | 2 ;g;gg 144130 | 72065 32288 91200 ) FI!’:/ZS
8-5-90-2#3-i-2.5-2-8.5 g 28 3.0 if 9.1 | 2 451523?188 101100 | 50550 gzggg 64000 FZISSS
8-5-90-2#3-i-2.5-2-14 '; g:g 2.9 3:? 93 | 2 ;;ggg 153930 | 76965 g;igg 97400 ﬁﬁgg

T Specimens had constant 80 kip axial load
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Table B.3 Cont. Test results for specimens used in side cover angle analysis

Specimen Hook IIyt_ _dtr At; Nitr Str Actzl Neti Sct _ds Ss C:Icto Neto -Asz fS-

Sl | In. | iIn. In. | in. in. in. in. in. in.2 | ksi

8-12-90-0-i-2.5-2-9 g 60 - - - - 083 | 8 4.0 | 0.50 | 4.00 | 0.375 2 3.16 | 60
8-12-90-0-i-2.5-2-12.5 g 60 - - - - - - - 1050|225 - - 316 | 60
8-12-90-0-i-2.5-2-12 g 60 - - - - - - - 0.38 | 4.00 - - 3.16 | 60
8-15-90-0-i-2.5-2-8.5 g 60 - - - - - - - 1038 4.00 - - | 378 | 60
8-15-90-0-i-2.5-2-13 g 60 - - - - - - - 0.38 | 5.00 - - 4.74 | 60
8-5-90-0-i-3.5-2-18 g 60 - - - - 1.10 | 10 | 3.0 | 0.38 | 3.50 | 0.375 1 3.78 | 60
8-5-90-0-i-3.5-2-13 g 60 - - - - 100 5 | 3.0 |050|300|0375| 1 | 316 60
8-5-90-0-i-3.5-2-15(2) g 60 - - - - 110 | 10 | 3.0 | 0.38 | 3.50 | 0.375 2 3.16 | 60
8-5-90-0-i-3.5-2-15(1) g 60 - - - - 110 | 10 | 3.0 | 038|350 |0375| 2 | 316 60
8-8-90-0-i-3.5-2-8(1) g 60 - - - - 160 | 8 4.0 | 0.50 | 1.75 - - 3.16 | 60
8-8-90-0-i-3.5-2-10 g 60 - - - - 160 | 8 | 40 | 0.63 | 3.50 - - 316 | 60
8-8-90-0-i-3.5-2-8(2) g 60 - - - - 160 | 8 | 40 | 050 | 1.50 - - 316 | 60
8-12-90-0-i-3.5-2-9 g 60 - - - - 083 | 8 4.0 | 0.50 | 4.00 | 0.375 2 3.16 | 60
8-5-180-0-i-2.5-2-117 g 60 - - - - | 044 | 4 | 35 |050| 350 - - 316 | 60
8-5-180-0-i-2.5-2-14" g 60 - - - - 044 | 4 3.5 | 0.50 | 3.50 - - 3.16 | 60
8-8-180-0-i-2.5-2-11.5 g 60 - - - - | 044 | 4 | 30 | 050|300 - - 316 | 60
8-12-180-0-i-2.5-2-12.5 g 60 - - - - - - - 1050|225 - - 316 | 60
8-5-180-0-i-3.5-2-11" g 60 - - - - 044 | 4 3.5 | 0.50 | 3.50 - - 3.16 | 60
8-5-180-0-i-3.5-2-14" g 60 - - - - | 044 | 4 | 35 |050| 350 - - 316 | 60
8-15-180-0-i-2.5-2-13.5 g 60 - - - - - - - 0.50 | 4.00 - - 4.74 | 60
8-5-90-2#3-i-2.5-2-16" g 60 | 038 | 02 | 2 |[3.00|200| 10 | 3.0 | 050 | 3.00 - - 316 | 60
8-5-90-2#3-i-2.5-2-9.57 g 60 {038 | 02| 2 |300|200| 10 | 3.0 | 0.50 | 3.00 - - 3.16 | 60
8-5-90-2#3-i-2.5-2-12.57 g 60 {038 | 02| 2 |300|200| 10 | 3.0 | 0.50 | 3.00 - - 3.16 | 60
8-5-90-2#3-i-2.5-2-8.5 g 60 | 038 | 02| 2 [ 750|200 | 10 | 25 | 050|325 | 05 1 |316| 60
8-5-90-2#3-i-2.5-2-14 g 60 [ 038 | 02| 2 | 6.00|088| 8 3.0 | 050|350 | 05 1 3.16 | 60

T Specimens had constant 80 kip axial load
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Table B.3 Cont. Test results for specimens used in side cover angle analysis

_ Bend | _Transverse | Hook | gy | fonavg | fom | Age [ db | Rr | b | ha | he
Specimen Hook Angle Rgn_forcer_nent Bar - - | davs | in. i | in. i
rientation Type psi y!
8-8-90-2#3-i-2.5-2-8 g 90° Horizontal A1035° gg 8.3 7700 14 1 | 0.078 | 17 | 10.5 | 8.375
8-8-90-2#3-i-2.5-2-10 g 90° Horizontal A1035° gg 9.7 8990 17 1 ]0.078 | 17 | 105 | 8.375
8-12-90-2#3-i-2.5-2-9 g 90° Horizontal A1035° 38 9.0 11160 | 77 1 | 0.078 | 17 | 10.5 | 8.375
8-12-90-2#3-i-2.5-2-11 g 90° Horizontal A1035° igg 10.9 | 12010 | 42 1 | 0.073 | 17 | 10.5 | 8.375
8-15-90-2#3-i-2.5-2-6 g 90° Horizontal A1035¢ 22 6.1 | 15800 | 61 1 10073 |17 | 105 | 8.375
8-15-90-2#3-i-2.5-2-11 g 90° Horizontal A1035° iég 11.0 | 15800 | 61 1 | 0.073 | 17 | 10.5 | 8.375
8-5-90-2#3-i-3.5-2-17 g 90° Horizontal A1035P gg 17.3 | 5570 12 1 10078 |19 | 105 | 8.375
8-5-90-2#3-i-3.5-2-13 g 90° Horizontal A1035° igg 13.6 5560 11 1 | 0.078 | 19 | 10.5 | 8.375
8-8-90-2#3-i-3.5-2-8 g 90° Horizontal A1035P gg 8.1 8290 16 1 10078 |19 | 105 | 8.375
8-8-90-2#3-i-3.5-2-10 g 90° Horizontal A1035P gg 8.8 8990 17 1 10078 |19 | 105 | 8.375
8-12-90-2#3-i-3.5-2-9 g 90° Horizontal A1035° 88 9.0 11160 | 77 1 | 0.078 | 19 | 105 | 8.375
8-5-180-2#3-i-2.5-2-111 g 180° Horizontal A615 182 10.6 4550 7 1 (0078 | 17 | 105 | 8.375
8-5-180-2#3-i-2.5-2-141 g 180° Horizontal A1035° iig 13.8 4870 9 1 | 0.078 | 17 | 10.5 | 8.375
8-8-180-2#3-i-2.5-2-11.5 g 180° Horizontal A1035° 182 104 8810 14 1 (0078 | 17 | 105 | 8.375
8-12-180-2#3-i-2.5-2-11 g 180° Horizontal A1035¢ 131 10.8 | 12010 | 42 1 10073 |17 | 105 | 8.375
8-5-180-2#3-i-3.5-2-111 g 180° Horizontal A1035° igé 104 4300 6 1 | 0.078 | 17 | 10.5 | 8.375
8-5-180-2#3-i-3.5-2-14" g 180° Horizontal A1035P 122 13.6 | 4870 9 1 ]0.078 | 17 | 105 | 8.375
8-15-180-2#3-i-2.5-2-11 g 180° Horizontal A1035° ﬁi 11.1 | 15550 | 87 1 | 0.073 | 17 | 10.5 | 8.375
8-5-90-5#3-i-2.5-2-10b" g 90° Horizontal A1035? 182 104 5440 8 1 (0084 | 17 | 105 | 8.375
8-5-90-5#3-i-2.5-2-10c" g 90° Horizontal A1035? 182 10.5 5650 9 1 | 0.084 | 17 | 10.5 | 8.375
8-5-90-5#3-i-2.5-2-15 g 90° Horizontal A1035° igg 155 4850 7 1 | 0.078 | 17 | 10.5 | 8.375
8-5-90-5#3-i-2.5-2-13 g 90° Horizontal A1035P igg 13.6 | 5560 11 1 ]0.078 | 17 | 105 | 8.375
8-5-90-5#3-i-2.5-2-12(1) g 90° Horizontal A1035° ﬁi 11.3 5090 7 1 | 0.073 | 17 | 10.5 | 8.375

T Specimens had constant 80 kip axial load
2 Heat 1, P Heat 2, ¢ Heat 3 as described in Table 3
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Table B.3 Cont. Test results for specimens used in side cover angle analysis

specimen took | @0 | Como [en | oo [No | Tia | Tew | T fu | fag Sipal ) Faiture

in. | in. |in. | in. Ib Ib Ib psi psi in. Type

8-8-00-243-i-2.5-2-8 g‘ g:g 2.9 i:g 9.0 | 2 ggigg 95750 | 47875 ?gigg 60600 ) Eﬁgg
889021325210 | o | 7g| 28 | 75|85 | 2 | o | 122080 | 61025 | g | 77200 | i | g
8-12-90-2#3-i-2.5-2-9 g ;2 2.8 gg 9.5 2 23288 122030 | 61015 ;2288 77200 822? ggﬁg
8129021325201 | 5 |7g] 28 | g | 95 | 2 | fggeg | 137400 | 68700 | ey | 87000 | e |
8-15-90-243-i-2.5-2-6 g‘ ;:2 2.4 ig 9.9 | 2 g;‘;gg 75100 | 37600 25388 47600 ] EE
8159021325201 | g |52] 25 || 100 | 2 | gony | 168600 | 83300 | 1oce0 | 105400 | o n | g
8-5-00-243-i-3.5-2-17 g‘ gg 3.4 ;g 101 | 2 %0826%%0 179830 | 89915 ﬁgggg 113800 ) SSS/SFP
8-5-90-2#3-i-3.5-2-13 g gé 3.4 ig 103 | 2 géggg 160720 | 80360 123388 101700 : ggﬁg
B-6-00-26--352:8 B |3s| 37 19|85 | 2 | 0300 | 7550 | 48775 | cougy | U0 | sugiian | e
8-8-90-2#3-i-3.5-2-10 g gg 3.7 gg 8.5 2 ggggg 107770 | 53885 ggigg 68200 : ﬁi
8-12-90-2#3-i-3.5-2-9 g 22 3.8 gz 9.6 2 ‘51(9)288 99550 | 49775 23188 63000 0.15 EEgg
8-5-180-2#3-i-2.5-2-111 g gg 2.6 gg 9.5 2 giggg 120470 | 60235 ?éigg 76200 0962;7 ggﬁﬁ
8-5-180-2#3-i-2.5-2-141 g ;2 2.8 gg 9.8 2 gé;gg 152560 | 76280 19170330%0 96600 81;3 FI!’:/F;S
8-8-180-2#3-i-2.5-2-11.5 g‘ gg 2.8 gg 100 | 2 ggégg 116340 | 58170 ggggg 73600 2(5’(23;7) EEE?
8-12-180-2#3-i-2.5-2-11 g ;2 2.6 ;é 9.6 2 gg;gg 129300 | 64650 Zgggg 81800 : E;
8-5-180-2#3-i-3.5-2-111 g gg 3.4 gz 9.8 2 2471388 111740 | 55870 égggg 70700 8;?; 22;;2
8-5-180-2#3-i-3.5-2-141 g‘ gg 3.7 3:451 9.8 | 2 ggigg 126930 | 63465 ffffgo 80300 ) Eggg
8-15-180-2#3-i-2.5-2-11 g ;2 2.8 gé 9.8 2 ;2288 157800 | 78900 19090180%0 99900 : F?:/PSS
8-5-90-5#3-i-2.5-2-10b" g 22 2.7 ig 9.9 2 gg?gg 139430 | 69715 Zizgg 88200 0'1:29 FIID:/F?S
8-5-90-5#3-i-2.5-2-10c’ g ;g 2.5 38 100 | 2 ggggg 137670 | 68835 g;igg 87100 : Eﬁgg
8-5-00-5#3-i-2.5-2-15 ';‘ gg 26 i:i 9.9 | 2 Zégg 146750 | 73375 gzggg o2000 | 019 Eﬁgg
8-5-00-5#3-i-2.5-2-13 g‘ ;:2 2.4 ig 103 | 2 Zﬁgg 164750 | 82375 igggg 104300 ] ﬁﬁg:
8-5-90-5#3-i-2.5-2-12(1) g‘ gg 25 g:g 9.8 | 2 ggggg 132730 | 66365 ggigg 84000 ) ggﬁ

T Specimens had constant 80 kip axial load
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Table B.3 Cont. Test results for specimens used in side cover angle analysis

Specimen Hook fyt drr | Arr | Ner | Str Acti | Neti | Scti ds Ss deto Neto | As fs

ksi | in. | in.? in. | in? in. in. in. in. in2 | ksi
8-8-90-2#3-i-2.5-2-8 60 | 0.38 | 0.2 2 7.13 | 1.20 6 4.0 | 050 | 1.50 - - 3.16 | 60
8-8-90-2#3-i-2.5-2-10 60 | 0.38 | 0.2 2 7.13 | 1.20 6 40 | 0.63 | 3.50 - - 3.16 | 60

8-12-90-2#3-i-2.5-2-9 60 | 038 | 02| 2 (800|088 | 8 4.0 | 050 | 400 | 0.375 | 2 3.16 | 60

8-12-90-2#3-i-2.5-2-11 60 | 038 | 0.2 | 2 | 8.00 - - - 0.50 | 2.00 - - 3.16 | 60
8-15-90-2#3-i-2.5-2-6 60 | 038 | 02| 2 |6.00 - - - 0.38 | 2.75 - - 6.32 | 60
8-15-90-2#3-i-2.5-2-11 60 | 038 | 02| 2 |550 - - - 0.38 | 4.00 - - 6.32 | 60

8-5-90-2#3-i-3.5-2-17 60 | 038 | 02| 2 [800|080 | 4 40 | 050 | 4001|0375 | 1 |316| 60

8-5-90-2#3-i-3.5-2-13 60 | 038 | 02| 2 800|044 | 4 4.0 | 0.50 | 3.00 - - 3.16 | 60
8-8-90-2#3-i-3.5-2-8 60 {038 | 02| 2 |713]|120| 6 4.0 | 050 | 1.50 - - 3.16 | 60
8-8-90-2#3-i-3.5-2-10 60 |038| 02| 2 (713|120 | 6 4.0 | 0.63 | 3.50 - - 3.16 | 60

8-12-90-2#3-i-3.5-2-9 60 | 038 | 02| 2 |800|08 | 8 40 | 050 | 4001|0375 | 2 |316| 60

8-5-180-2#3-i-2.5-2-111 60 | 038 | 02 | 2 | 350 - - - 0.50 | 3.50 - - 3.16 | 60
8-5-180-2#3-i-2.5-2-14" 60 | 038 | 02| 2 |350 - - - 0.50 | 3.50 - - 3.16 | 60
8-8-180-2#3-i-2.5-2-11.5 60 | 038 | 0.2 | 2 | 3.00 - - - 0.50 | 3.00 - - 3.16 | 60
8-12-180-2#3-i-2.5-2-11 60 | 038 | 02| 2 |8.00 - - - 0.50 | 2.00 - - 3.16 | 60
8-5-180-2#3-i-3.5-2-111 60 | 038 | 02 | 2 | 350 - - - 0.50 | 3.50 - - 3.16 | 60
8-5-180-2#3-i-3.5-2-14" 60 | 038 | 0.2 | 2 | 350 - - - 0.50 | 3.50 - - 3.16 | 60
8-15-180-2#3-i-2.5-2-11 60 | 038 | 02| 2 |5.00 - - - 0.50 | 4.00 - - 474 | 60
8-5-90-5#3-i-2.5-2-10b" 60 {038 | 06 | 5 |3.00| 110 10 | 3.0 | 0.63 | 5.00 - - 3.16 | 60
8-5-90-5#3-i-2.5-2-10c" 60 | 038 | 06 | 5 300|110 10 | 3.0 | 0.63 | 5.00 - - 3.16 | 60

8-5-90-5#3-i-2.5-2-15 60 | 038 | 06 | 5 [3.00]|055 | 5 3.0 [ 038|350 |0375| 2 |316| 60

8-5-90-5#3-i-2.5-2-13 60 | 038 | 06 | 5 (300|100 | 5 3.0 | 050 | 3.00 | 0.375 1 3.16 | 60

8-5-90-5#3-i-2.5-2-12(1) 60 | 038 | 06 | 5 [300|055)| 5 30 {038 |35 | 05 2 316 | 60

W>W>wW>w>o>E>E>E>E>w>w>w>m>o>m>E >’ >m>wE>wm>m>m>w >

T Specimens had constant 80 kip axial load
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Table B.3 Cont. Test results for specimens used in side cover angle analysis

_ Bend | _Transverse | HOOK | g | fehawg | fom | Age | do | Re | b | ha | he
Specimen Hook Angle Reln_forcer_nent Bar ) ) o1 g ) ) ) )
Orientation Type | In in. psi ays | in. in. | in. in.
8-5-90-5#3-i-2.5-2-12 Q 90° Horizontal A1035°¢ i;g 11.8 5960 7 1 0.073 | 17 | 105 | 8.375
8-5-90-5#3-i-2.5-2-12(2) g 90° Horizontal A1035¢ igg 12.2 5240 6 1 0.073 | 17 | 105 | 8.375
8-5-90-5#3-i-2.5-2-8 Q 90° Horizontal | A1035° ;:i 76 | 5240 | 6 1 ]0073| 17 | 105 | 8.375
8-5-90-5#3-i-2.5-2-10a' B 90° Horizontal A1035% | 105 | 10.5 5270 7 1 0.08 17 1105 | 8.375
8-8-90-5#3-i-2.5-2-8 g 90° Horizontal A1035P ;g 7.3 8290 16 1 0.078 | 17 | 105 | 8.375
8-8-90-5#3-i-2.5-2-9* Q 90° Horizontal A615 gg 8.8 7710 25 1 0.073 | 17 | 105 | 8.375
8-12-90-5#3-i-2.5-2-9 g 90° Horizontal A1035P gg 9.0 11160 77 1 0.078 | 17 | 105 | 8.375
8-12-90-5#3-i-2.5-2-10 Q 90° Horizontal A1035¢ gg 9.4 11800 38 1 0.073 | 17 | 105 | 8.375
8-12-90-5#3-i-2.5-2-12* Q 90° Horizontal A1035°¢ i;g 12.2 | 11760 34 1 0.073 | 17 | 105 | 8.375
8-15-90-5#3-i-2.5-2-6 g 90° Horizontal A1035¢ gi 6.3 15800 60 1 0.073 | 17 | 105 | 8.375
8-15-90-5#3-i-2.5-2-10 Q 90° Horizontal A1035°¢ 199'76 10.1 | 15800 60 1 0.073 | 17 | 105 | 8.375
8-5-90-5#3-i-3.5-2-15 g 90° Horizontal A1035P igg 15.8 4850 7 1 0.078 | 19 | 105 | 8.375
8-5-90-5#3-i-3.5-2-13 Q 90° Horizontal A1035P igg 13.1 5570 12 1 0.078 | 19 | 105 | 8.375
8-5-90-5#3-i-3.5-2-12(1) Q 90° Horizontal A1035°¢ i;g 125 5090 7 1 0.073 | 19 | 105 | 8.375
8-5-90-5#3-i-3.5-2-12 g 90° Horizontal A1035¢ iig 12.1 6440 9 1 0.073 | 19 | 105 | 8.375
8-8-90-5#3-i-3.5-2-8 Q 90° Horizontal A1035° 28 8.0 7910 15 1 0.078 | 19 | 105 | 8.375
8-12-90-5#3-i-3.5-2-9* g 90° Horizontal A1035P gg 9.0 11160 77 1 0.078 | 19 | 105 | 8.375
8-12-180-5#3-i-2.5-2-10 Q 180° Horizontal A1035°¢ gg 9.8 11800 38 1 0.073 | 17 | 105 | 8.375
8-15-180-5#3-i-2.5-2-9.5 g 180° Horizontal A1035°¢ gg 9.7 15550 87 1 0.073 | 17 | 105 | 8.375
11-5-90-0-i-2.5-2-14 é 90° Horizontal A615 igg 144 4910 13 1.41 | 0.069 | 21.5 | 19.5 | 8.375
11-5-90-0-i-2.5-2-26 Q 90° Horizontal A1035 ;gg 26.0 5360 6 1411 0.085 | 21.5 | 195 | 8.375
11-8-90-0-i-2.5-2-17 g 90° Horizontal A1035 1573(3) 17.6 9460 9 141 | 0.085 | 21.5 | 19.5 | 8.375

T Specimens had constant 80 kip axial load

* Specimen contained A1035 Grade 120 for column longitudinal steel

aHeat 1, P Heat 2, ¢ Heat 3 as described in Table 3
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Table B.3 Cont. Test results for specimens used in side cover angle analysis

specimen took | G | Goaa | | on [No| T | Tww | T fu | fune | ool | Failure

in. | in. |in. | in. Ib Ib Ib psi psi in. Type

8-5-90-5#3-i-2.5-2-12 g‘ 3}51 2.4 3:8 98 | 2 ggggg 156900 | 84900 19017150%0 107500 ) 22
8-5-90-5#3-i-2.5-2-12(2) g‘ gg 2.6 ;f 9.0 | 2 ;ijgg 142940 | 71470 géggg 90500 ) Eggg
B590-543:12.5:28 8 l29] 28 29|99 | 2| aroeo | 24960 | 47480 | gospo | 60100 | oo | g
8-5-90-5#3-i-2.5-2-10a' B 2.5 2.5 1.8 | 9.8 2 82800 82800 82800 | 104800 | 104800 0.164 FP/SS
A 2.9 2.8 56000 70900 0.3 FP

8-8-90-5#3-i-2.5-2-8 B 28 2.8 28 8.5 2 51200 100530 | 50265 64800 63600 (g;g) Fp
8-8-90-5#3-i-2.5-2-9* g‘ g:g 3.0 g:g 98 | 2 gjggg 129 | 64390 ggggg 81506 0'947 Eg
8-12-90-5#3-i-2.5-2-9 g‘ gg 2.6 gg 95 | 2 ggigg 129510 | 64755 ?gsgg 82000 gggg Eggg
8120053425210 | § |77 24 |35 09 | 2 | gy | 120100 | easso | gion | mm0 | gl | 2P
8-12-90-5#3-i-2.5-2-12* 2 g:g 2.4 ig 100 | 2 ggggg 175400 | 87700 iégggg 111000 ] Egﬁﬁ
8-15-90-5#3-i-2.5-2-6 g‘ ;g 2.6 ;g 98 | 2 32388 97000 | 48500 2151588 61400 ] Eﬁ
8-15-90-5#3-i-2.5-2-10 g gi 2.4 %2 9.9 2 191612%%0 180000 | 90000 iiiggg 113900 0.4‘:07 Eggg
8-5-90-5#3-i-3.5-2-15 g‘ 22 35 ig 103 | 2 g%igg 160680 | 80340 i%ggg 101700 | -224(020) ggﬁg
8-5-90-5#3-i-3.5-2-13 g‘ g:g 3.4 3:411 104 | 2 ggggg 154140 | 77070 19%32%%0 97600 ) SSS/S;P
8-5-90-5#3-i-3.5-2-12(1) ';‘ 2:2 35 ;f 9.8 | 2 ;gggg 152860 | 76430 ggigg 96700 ] S‘ZSFP
8-5-90-5#3-i-3.5-2-12 g gg 3.4 ;Z 9.8 2 ;gggg 158300 | 79150 188288 100200 0162 FFI,:/I;S
8-8-90-5#3-i-3.5-2-8 g g: 3.6 ;8 8.9 2 22388 111620 | 55810 ;2188 70600 : Eg
8-12-90-5#3-i-3.5-2-9* g‘ 2:431 3.3 gg 95 | 2 ggggg 135660 | 67830 50741105’0 85900 | ,.c Eggg
8-12-180-5#3-i-2.5-2-10 g‘ g:g 25 3:2 99 | 2 giggg 128200 | 64100 1709378)3)0 81100 | o0 FF;/PSS
815-1805¢431252.95 | & |52 26 |27 |100| 2 | Sooo | 171900 | 86000 | 100000 | 108900 ] o
11-5-90-0-i-2.5-2-14 g ;g 2.8 gg 133 | 2 gﬁ,gg 133180 | 66590 gg;gg 42700 0'1:39 FF;/SSS
11-5-90-0-i-2.5-2-26 g gg 2.7 gi 133 | 2 122;88 297450 | 148725 19(116120%0 95300 : F;/ZISS/'SI'K
11-8-90-0-i-2.5-2-17 g‘ gg 25 ig 134 | 2 iﬁggg 264100 | 132100 ggggg 84700 ) Eggﬁ

T Specimens had constant 80 kip axial load
* Specimen contained A1035 Grade 120 for column longitudinal steel
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Table B.3 Cont. Test results for specimens used in side cover angle analysis

Specimen Hook IIyt_ _dtr At; Nir Str Actzl Neti Sct _ds Ss qmo Neto -Asz fS_

Sl n. in. n. in. in. in. in. in. in. ksi

8-5-90-5#3-i-2.5-2-12 g\ 60 | 0.38 | 0.6 5 300|055 | 5 3.0| 038 | 350 | 05 2 3.16 60
8-5-90-5#3-i-2.5-2-12(2) g‘ 60 | 038 | 06 | 5 |3.00|055| 5 (30038 |350(0375| 1 3.16 | 60
8-5-90-5#3-i-2.5-2-8 g 60 | 0.38 | 0.6 5 300|155 | 5 3.0| 050 | 3.00| 05 1 3.16 60
8-5-90-5#3-i-2.5-2-10a' B 60 | 0375|055 ] 5 |3.00|110| 10 | 3.0 0.63 | 3.50 - - 3.16 60
8-8-90-5#3-i-2.5-2-8 g‘ 60 | 038 | 06 | 5 |[3.00|120| 6 |30| 050|150 - - 3.16 | 60
8-8-90-5#3-i-2.5-2-9* g 60 | 0.38 | 0.6 5 | 3.00 - - - 0.38 | 4.00 - - 3.16 | 120
8-12-90-5#3-i-2.5-2-9 g‘ 60 | 038 | 06 | 5 |3.00088 | 8 |40 | 050 |4.00|0375| 2 3.16 | 60
8-12-90-5#3-i-2.5-2-10 g 60 | 0.38 | 0.6 5 | 3.00 - - - 0.50 | 1.75 - - 3.16 60
8-12-90-5#3-i-2.5-2-12% g\ 60 | 0.38 | 0.6 5 | 3.00 - - - 0.38 | 4.00 - - 3.16 | 120
8-15-90-5#3-i-2.5-2-6 g‘ 60 | 038 | 06 | 5 |3.00| - - - 1038275 - - 6.32 | 60
8-15-90-5#3-i-2.5-2-10 g 60 | 0.38 | 0.6 5 | 3.00 - - - 0.38 | 3.00 - - 6.32 60
8-5-90-5#3-i-3.5-2-15 g‘ 60 | 038 | 06 | 5 |3.00|055| 5 (30038 |350|0375| 2 3.16 | 60
8-5-90-5#3-i-3.5-2-13 g 60 | 0.38 | 0.6 5 300|100 | 5 3.0 | 0.50 | 3.00 | 0.375 1 3.16 60
8-5-90-5#3-i-3.5-2-12(1) g 60 | 038 | 06 | 5 |3.00|055| 5 (30| 038|350 | 05 2 3.16 | 60
8-5-90-5#3-i-3.5-2-12 g‘ 60 | 038 | 06 | 5 |3.00|055| 5 (30| 038|350 | 05 2 3.16 | 60
8-8-90-5#3-i-3.5-2-8 g 60 | 0.38 | 0.6 5 1300|120 6 3.0 | 0.50 | 1.50 - - 3.16 60
8-12-90-5#3-i-3.5-2-9* g‘ 60 | 038 | 06 | 5 |3.00 088 | 8 |40 | 050 |4.00|0375| 2 3.16 | 60
8-12-180-5#3-i-2.5-2-10 g 60 | 0.38 | 0.6 5 | 3.00 - - - 0.50 | 1.75 - - 3.16 60
8-15-180-5#3-i-2.5-2-9.5 g 60 | 038 | 06 | 5 |3.00| - - - | 0.50 | 4.00 - - 6.32 | 60
11-5-90-0-i-2.5-2-14 g‘ 60 - - - - 24 | 12 | 40| 050 | 40 | 0375 | 2 474 | 60
11-5-90-0-i-2.5-2-26 g\ 60 - - - - 186 | 6 |40 | 050 | 40 | 0.375 1 6.32 60
11-8-90-0-i-2.5-2-17 g‘ 60 - - - - - - - | 050 | 6.0 - - 9.48 | 60

T Specimens had constant 80 kip axial load

* Specimen contained A1035 Grade 120 for column longitudinal steel
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Table B.3 Cont. Test results for specimens used in side cover angle analysis

_ Bend | _ Transverse | HOOK | go, | fepag | fom | Age | do | R | b | ha | he
Specimen Hook Angle Rgn_forcer_nent Bar - - o |davs | in. . -
rientation | Type p y
11-8-90-0-i-2.5-2-21 g 90° Horizontal A1035 322 20.6 7870 6 141 | 0.085 | 21.5 | 19.5 | 8.375
11-8-90-0-i-2.5-2-17 g 90° Horizontal A1035 igi 17.2 8520 7 141 | 0.085 | 21.5| 195 | 8.375
11-12-90-0-i-2.5-2-17 g 90° Horizontal A1035 ig; 16.5 | 11880 | 35 1.41 | 0.085 | 21.5 | 19.5 | 8.375
11-12-90-0-i-2.5-2-17.5 g 90° Horizontal A1035 gg 17.7 | 13330 | 31 1.41 | 0.085 | 21.5 | 19.5 | 8.375
11-12-90-0-i-2.5-2-25 g 90° Horizontal A1035 gji 246 | 13330 | 34 | 141 0.085 | 215 | 195 | 8375
11-15-90-0-i-2.5-2-24 g 90° Horizontal A1035 ;jg 244 | 16180 | 62 1.41 | 0.085 | 21.5 | 19.5 | 8.375
11-15-90-0-i-2.5-2-10* g 90° Horizontal A615 gg 9.5 14050 | 76 1.41 | 0.085 | 21.5 | 19.5 | 8.375
11-15-90-0-i-2.5-2-15* g 90° Horizontal A1035 ijg 14.0 | 14050 | 77 1.41 | 0.085 | 21.5 | 19.5 | 8.375
11-5-90-0-i-3.5-2-17 g 90° Horizontal A1035 i?é 17.9 5600 24 | 141 | 0.085 | 23,5 | 19.5 | 8.375
11-5-90-0-i-3.5-2-14 g 90° Horizontal A615 igg 15.0 4910 13 1.41 | 0.069 | 235 | 195 | 8.375
11-5-90-0-i-3.5-2-26 g 90° Horizontal A1035 ;gg 26.0 5960 8 141 | 0.085 | 23.5 | 19.5 | 8.375
11-8-180-0-i-2.5-2-21 g 180° Horizontal A1035 gcl)g 211 7870 6 141 | 0.085 | 21.5 | 195 | 8.375
11-8-180-0-i-2.5-2-17 g 180° Horizontal A1035 i;g 17.9 8520 7 141 | 0.085 | 21.5 | 19.5 | 8.375
11-12-180-0-i-2.5-2-17 g 180° Horizontal A1035 igg 16.6 | 11880 | 35 1.41 | 0.085 | 21.5 | 19.5 | 8.375
11-5-90-2#3-i-2.5-2-17 g 90° Horizontal A1035 i;g 17.6 5600 24 | 141 0.085 | 215 | 19.5 | 8.375
11-5-90-2#3-i-2.5-2-14 g 90° Horizontal A615 igg 13.6 4910 13 141 | 0.069 | 21.5 | 19.5 | 8.375
11-12-90-2#3-i-2.5-2-17.5 g 90° Horizontal A1035 igg 178 | 13710 | 30 1.41 | 0.085 | 21.5 | 19.5 | 8.375
11-15-90-2#3-i-2.5-2-23 g 90° Horizontal A1035 ;gg 235 | 16180 | 62 1.41 | 0.085 | 21.5 | 19.5 | 8.375
11-15-90-2#3-i-2.5-2-10% g 90° Horizontal A615 igg 10.0 | 14045 76 1.41 | 0.085 | 21.5 | 19.5 | 8.375
11-15-90-2#3-i-2.5-2-15% g 90° Horizontal A1035 ijg 141 | 14045 | 80 1.41 | 0.085 | 21.5 | 19.5 | 8.375
11-5-90-2#3-i-3.5-2-17 g 90° Horizontal A1035 gg 17.6 7070 28 141 | 0.085 | 23.5 | 19.5 | 8.375
11-5-90-2#3-i-3.5-2-14 g 90° Horizontal AG15 igi 13.9 4910 12 | 1.41 | 0.069 | 235 | 19.5 | 8.375
11-5-90-6#3-i-2.5-2-20 g 90° Horizontal A1035 igg 19.3 5420 7 141 | 0.085 | 21.5 | 19.5 | 8.375
11-8-90-6#3-i-2.5-2-16 g 90° Horizontal A1035 igi 15.9 9120 7 1.41 | 0.085 | 21.5 | 195 | 8.375
11-8-90-6#3-i-2.5-2-22a g 90° Horizontal A1035 ;ig 214 9420 8 141 | 0.085 | 21.5 | 19.5 | 8.375

* Specimen contained A1035 Grade 120 for column longitudinal steel
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Table B.3 Cont. Test results for specimens used in side cover angle analysis

Specimen took | & | Gomn |G [ oo [No| T | Tew | T | fu | fwas | b2 | Failure
in. | in. |in | in. Ib Ib Ib psi psi in. Type
11-8-90-0-i-2.5-2-21 2 gg 26 g:g 130 | 2 ii;ggg 250250 | 125120 giggg 80200 ] FPF/;K
11-8-90-0-i-2.5-2-17 2102 25 | 39135 | 2 | 190050 | 200560 | 104780 | 57700 | 67200 ] >
11-12-90-0-i-2.5-2-17 2 g: 26 gj. 133 2 i‘z‘gjgg 239400 | 119700 3%88 76700 ] SS/BFP
11-12-90-0-i-2.5-2-17.5 A gg 3.1 gé 138 | 2 ggggg 249240 | 124620 ;gggg 79900 | e SS‘SgK
11-12-90-0--2.5-2-25 @ ;g 25 ;:g 131 2 iggigg 399490 | 199745 ig%ggg 128000 | gg
11-15-90-0-i-2.5-2-24 " gg 25 ig 135 | 2 giggg 426500 | 213300 ijgggg 136700 | gggﬁ
11-15-90-0-i-2.5-2-10¢ 2158 27 |22 136 | 2 | 200 | 103 | 51500 | So0T | 33013 ] s
11-15-90-0-i-2.5-2-15¢ " gg 2.8 38 130 | 2 giggg 184 | 92200 ggggg 59103 ] gg
11-5-90-0-i-3.5-2-17 £ olaa] 39 |50 181 2 | 195000 | 216240 | 108120 | S0 | 69300 | 1 SSS/gK
11-5-90-0-i-3.5-2-14 @ gg 338 ig 133 2 gsggg 139030 | 69515 iiggg 44600 ] FPF/';/SS;K
11-5-90-0-i-3.5-2-26 A gg 338 gé 135 | 2 igfggg 364510 | 182255 ﬁgégg 116800 | ﬁggg
11-8-180-0-i-2.5-2-21 Lo 27 |55 180 | 2 | I | 256250 | 128125 | o0 | 82100 ] chies
11-8-180-0--2.5-2-17 " g:‘s‘ 24 | 17138 2 igigg 200910 | 100450 33388 64400 ] o
11-12-180-0-i-2.5-2-17 2o 05a ] 28 |22 ] 133 ] 2 | 100700 | 214900 | 107500 | So000 | 68000 | O S%/SFP
11-5-90-243-i-2.5-2-17 @ ;g 26 ig 134 | 2 igg‘z‘gg 201390 | 100695 ggggg 64500 ] gg;EE
11-5-90-2#3-i-2.5-2-14 A gg 2.8 32 133 2 ;;;88 154840 | 77420 jgggg a9600 | 020 FF;/SSS
11-1200263252:075 | & | 22| 25 | 37| 133 | 2 | [eeo | 260780 | 130390 | 5200 | 83600 ] =
11-15-90-2#3-i-2.5-2-23 2 gg 28 |17 130] 2 gggégg 419200 | 209600 iggggg 134400 | SS/BFB
11-1500263252-00° | & | 25| 29 |20 134 | 2 | 2000 | 128 | 63000 | 57205 | 40062 ] s
11-15-90-243-1-252-15* | 4 gg 26 gg 136 | 2 ﬂiggg 230 | 115200 ;;‘égg 73846 ] Eﬁgg
11-5-90-243-i-3.5-2-17 A gg 36 gé 134 | 2 iﬂggg 219290 | 109645 ?iégg 70300 ] SS/Z';/TK
11-5-00-2#3-i-3.5-2-14 @ gg 38 ;g 133 2 gi;gg 164550 | 82275 ggjgg 52700 ] SSF;{,SEK
11-5-90-6#3-i-2.5-2-20 " gg 26 gg 129 | 2 iggégg 272540 | 136270 ggégg gra00 | 027 Eﬁgg
11-8-90-6#3-i-2.5-2-16 L5225 |25 134 | 2 | 15500 | 266000 | 133000 | ooopq | 85300 ] E:Zgg
11-8-90-6#3-i-2.5-2-22 " g: 26 gg 135 | 2 iggggg 369100 | 184600 ﬁ%jgg 118300 | o

* Specimen contained A1035 Grade 120 for column longitudinal steel
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Table B.3 Cont. Test results for specimens used in side cover angle analysis

specimen | Hook | | i e | M) B LA MR e ™ e e
11-8-90-0-i-2.5-2-21 g‘ 60 - - - - - - - | 050 | 6.0 - - 9.40 | 60
11-8-90-0-i-2.5-2-17 g 60 - - - - - - - | 050 | 80 - - 6.28 | 60
11-12-90-0-i-2.5-2-17 'g‘ 60 - - - - - - - | 050 | 6.0 - - 9.40 | 60
11-12-90-0-i-2.5-2-17.5 g‘ 60 - - - - 24 | 12 | 40| 050 | 4.0 - - 4.74 | 60
11-12-90-0-i-2.5-2-25 g 60 - - - - 36 | 18 40| 050 | 40| 05 1 6.32 | 60
11-15-90-0-i-2.5-2-24 g‘ 60 - - - - - - - |1 050 |35 - - 6.32 | 60
11-15-90-0-i-2.5-2-10% g 60 - - - - - - - | 050 | 45 - - 6.94 | 120
11-15-90-0-i-2.5-2-15* 'g‘ 60 - - - - - - - | 050 | 45 - - 6.94 | 120
11-5-90-0-i-3.5-2-17 g‘ 60 - - - - 24 | 12 | 40| 050 | 40| 0375| 2 |474]| 60
11-5-90-0-i-3.5-2-14 g 60 - - - - 24 | 12 | 40| 050 | 4.0 | 0.375 2 474 | 60
11-5-90-0-i-3.5-2-26 g‘ 60 - - - - 18 | 6 |[40|050|40|0375| 1 |632]| 60
11-8-180-0-i-2.5-2-21 g 60 - - - - - - - | 050 | 6.0 - - 9.40 | 60
11-8-180-0-i-2.5-2-17 g‘ 60 - - - - - - - | 050 | 8.0 - - 6.28 | 60
11-12-180-0-i-2.5-2-17 g‘ 60 - - - - - - - | 050 | 6.0 - - 9.40 | 60
11-5-90-2#3-i-2.5-2-17 g 60 (038 | 02| 2 8.00 2 10 | 40| 0.50 | 4.0 | 0.375 2 4.74 | 60
11-5-90-2#3-i-2.5-2-14 g‘ 60 | 038 |02 | 2 800 | 24 | 12 |40 | 050 |40 |0375| 2 |474]| 60
11-12-90-2#3-i-2.5-2-17.5 g 60 (038 | 02| 2 | 1200 | 24 | 12 | 40| 050 | 4.0 - - 474 | 60
11-15-90-2#3-i-2.5-2-23 g‘ 60 | 038 |02 | 2 8.00 - - - |1 050 | 3.0 - - 6.32 | 60
11-15-90-2#3-i-2.5-2-10* g‘ 60 | 038 |02 | 2 8.00 - - - | 050 | 45 - - 6.94 | 120
11-15-90-2#3-i-2.5-2-15* 'g‘ 60 (038 | 02| 2 8.00 - - - | 050 | 45 - - 6.94 | 120
11-5-90-2#3-i-3.5-2-17 g‘ 60 | 038 |02 | 2 8.00 2 10 | 40| 050 | 40| 0375 | 2 |474]| 60
11-5-90-2#3-i-3.5-2-14 g 60 (038 | 02| 2 800 | 24 | 12 | 40| 050 | 4.0 | 0.375 2 474 | 60
11-5-90-6#3-i-2.5-2-20 g‘ 60 | 038 |07 | 6 | 400 | 1.2 6 |40|050|40]0375| 2 |474]| 60
11-8-90-6#3-i-2.5-2-16 g 60 038 | 07| 6 4.00 - - - | 050 | 6.0 - - 9.48 | 60
11-8-90-6#3-i-2.5-2-22 'g‘ 60 038 | 07| 6 4.00 - - - | 050 |25 - - 6.32 | 60

* Specimen contained A1035 Grade 120 for column longitudinal steel
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Table B.3 Cont. Test results for specimens used in side cover angle analysis

_ Bend | _ Transverse | HOOK | go, | fepag | fom | Age | do | R | b | ha | he
Specimen Hook Angle Rgn_forcer_nent Bar - - i |davs | in. . -
rientation | Type p y

11-8-90-6#3-i-2.5-2-22b g 90° Horizontal A1035 3%8 219 9420 8 141 | 0.085 | 21.5 | 19.5 | 8.375
11-8-90-6#3-i-2.5-2-15 g 90° Horizontal A1035 igg 155 7500 5 141 | 0.085 | 21.5 | 195 | 8.375
11-8-90-6#3-i-2.5-2-19 g 90° Horizontal A1035 igi 19.2 7500 5 141 | 0.085 | 21.5 | 19.5 | 8.375
11-12-90-6#3-i-2.5-2-17 g 90° Horizontal A1035 12513 16.8 | 12370 | 37 1.41 | 0.085 | 21.5 | 19.5 | 8.375
11-12-90-6#3-i-2.5-2-16 g 90° Horizontal A1035 igg 154 | 13710 | 31 1.41 | 0.085 | 21.5 | 19.5 | 8.375
11-12-90-6#3-i-2.5-2-22 g 90° Horizontal A1035 gig 217 | 13710 | 31 1.41 | 0.085 | 21.5 | 19.5 | 8.375
11-15-90-6#3-i-2.5-2-22 g 90° Horizontal A1035 35431 223 | 16180 | 62 | 1.41 | 0.085 | 21.5 | 19.5 | 8.375
11-15-90-6#3-i-2.5-2-10a* g 90° Horizontal A615 196.50 9.8 14045 76 1.41 | 0.085 | 21.5 | 19.5 | 8.375
11-15-90-6#3-i-2.5-2-10b* g 90° Horizontal A615 gg 9.6 14050 | 77 1.41 | 0.085 | 21.5 | 19.5 | 8.375
11-15-90-6#3-i-2.5-2-15% g 90° Horizontal A1035 igg 148 | 14045 | 80 1.41 | 0.085 | 21.5 | 19.5 | 8.375
11-5-90-6#3-i-3.5-2-20 g 90° Horizontal A1035 382 204 5420 7 141 | 0.085 | 23.5 | 19.5 | 8.375
11-8-180-6#3-i-2.5-2-15 g 180° Horizontal A1035 igé 15.3 7500 5 141 | 0.085 | 21.5| 195 | 8.375
11-8-180-6#3-i-2.5-2-19 g 180° Horizontal A1035 igg 19.8 7870 6 141 | 0.085 | 21.5 | 19.5 | 8.375
11-12-180-6#3-i-2.5-2-17 g 180° Horizontal A1035 igg 16.7 | 12370 | 37 1.41 | 0.085 | 21.5 | 19.5 | 8.375
11-12-180-6#3-i-2.5-2-17 g 180° Horizontal A1035 igg 16.8 | 12370 | 37 1.41 | 0.085 | 21.5 | 19.5 | 8.375

* Specimen contained A1035 Grade 120 for column longitudinal steel
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Table B.3 Cont. Test results for specimens used in side cover angle analysis

Specimen toon | €0 | Gomn | Go [ oo [No| Too | Tew | T | fu | fuas | 2| Failure

in. | in. |in | in. Ib Ib Ib psi psi in. Type

11-8-90-6#3-i-2.5-2-22 2 gg 2.8 gg 134 | 2 iggggg 382100 | 191000 ggégg 122400 | BB
11-8-90-6#3-i-2.5-2-15 £ 158 26 | 5o ] 135 | 2 | 192300 | 216600 | 108300 | oioq | 69400 ] ol
11-8-90-6#3-i-2.5-2-19 2 gg 26 i‘; 135 | 2 iigzgg 290900 | 145400 19137710%0 93200 ] Eggg
11-12-90-6#3--2.5-2-17 A ég 2.8 ;2 130 | 2 igg;gg 323300 | 161600 iéiggg 103600 | 0334 ZEEE
11-12-90-6#3--2.5-2-16 g ;g 25 gg 130 | 2 Egégg 230390 | 115195 ;iggg 73800 | oo SSS;EE
11-12-90-6#3-i-2.5-2-22 " g? 3.0 g:g 133 2 iggigg 402380 | 201190 ggggg 129000 | SSF/EEB
11-15-90-6#3-i-2.5-2-22 L0150 28 |5 ]135 | 2 | 220500 | 395600 | 197800 | 1acoco | 126800 | gs;ﬁg
11-15-90-6#3-i-2.5-2-10a* " gg 2.7 gg 134 | 2 giggg 165 | 82700 ggigg 53013 ] it
11-15-90-6#3-i-2.5-2-10b* L1508 28 [ 23] 130 | 2 | I9900 | 151 | 75600 | joi00 | 48462 ] s
11-15-90-6#3-i-2.5-2-15¢ g ;g 26 ;g 136 | 2 if‘;gg 201 | 145300 gggg; 93141 ] EE
11-5-90-6#3-i-3.5-2-20 A gg 338 ;g 131 2 iggggg 271640 | 135820 gg?gg 87100 ] SSS/SFP
11-8-180-6#3-i-2.5-2-15 2150 80 |22 ] 130 2 | 112000 | 223400 | 111700 | 72209 | 71600 ] =
11-8-180-6#3-i-2.5-2-19 " gg 29 |13 133] 2 ﬂgggg 298000 | 149000 20595%%0 95500 ] Eggg
11-12-180-6#3-i-2.5-2-17 £oon ] 27 | 23] 135 | 2 | 123000 | 232700 | 116400 | T2000 | 74600 | 1o | cees
11-12-180-6#3-i-2.5-2-17 g ;Z 26 ;é 134 | 2 i;‘gggg 297400 | 148700 ff(f;g’o 95300 ] g;ﬁ;

* Specimen contained A1035 Grade 120 for column longitudinal steel
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Table B.3 Cont. Test results for specimens used in side cover angle analysis

specimen | Hook | & | 4 e | M B i MR e ™ e e
11-8-90-6#3-i-2.5-2-22 ';‘ 60 | 0.38 | 0.7 | 6 | 4.00 - - - 1050 | 6.0 - - 9.48 | 60
11-8-90-6#3-i-2.5-2-15 g 60 | 0.38 | 0.7 | 6 | 4.00 - - - | 050 6.0 - - 940 | 60
11-8-90-6#3-i-2.5-2-19 g 60 | 0.38 | 0.7 | 6 | 4.00 - - - | 050 6.0 - - 940 | 60
11-12-90-6#3-i-2.5-2-17 ';‘ 60 | 0.38 | 0.7 | 6 | 4.00 - - - 1050 | 6.0 - - 9.40 | 60
11-12-90-6#3-i-2.5-2-16 g 60 | 038 | 07| 6 |400| 24 | 12 | 40| 050 | 4.0 | 0.375 1 474 | 60
11-12-90-6#3-i-2.5-2-22 g‘ 60 | 038 |07 | 6 | 400|306 | 12 |40 |050|40|0375| 2 |632]| 60
11-15-90-6#3-i-2.5-2-22 g 60 | 0.38 | 0.7 | 6 | 4.00 - - - | 0501 3.0 - - 6.32 | 60
11-15-90-6#3-i-2.5-2-10a* g 60 | 0.38 | 0.7 | 6 | 4.00 - - - | 050 |45 - - 6.94 | 120
11-15-90-6#3-i-2.5-2-10b* g‘ 60 | 0.38 | 0.7 | 6 | 4.00 - - - |1 05045 - - 6.32 | 120
11-15-90-6#3-i-2.5-2-15* g 60 | 0.38 | 0.7 | 6 | 4.00 - - - | 050 |45 - - 6.94 | 120
11-5-90-6#3-i-3.5-2-20 ';‘ 60 | 038 | 07| 6 |4.00| 12 6 (40050 |40|0375| 2 |474] 60
11-8-180-6#3-i-2.5-2-15 g 60 | 0.38 | 0.7 | 6 | 4.00 - - - | 050 6.0 - - 940 | 60
11-8-180-6#3-i-2.5-2-19 g 60 | 0.38 | 0.7 | 6 | 4.00 - - - 1050 | 6.0 - - 9.40 | 60
11-12-180-6#3-i-2.5-2-17 g‘ 60 | 0.38 | 0.7 | 6 | 4.00 - - - 1050 | 3.0 - - 474 | 60
11-12-180-6#3-i-2.5-2-17 g 60 | 0.38 | 0.7 | 6 | 4.00 - - - | 050 6.0 - - 940 | 60

* Specimen contained A1035 Grade 120 for column longitudinal steel
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Table B.4 Test results for specimens with horizontal and vertical ties

Specimen Hook Bend R;;i‘gizsrrrfgnt |_|Bozfrk b | fona | Ten | Age | do ) Reo) b e
Angle | 5 tientation | Type | in | in. | psi | days | in. in. | in. | in.

8-12-90-0-i-2.5-2-12.5 g‘ 90° Horizontal A1035¢ gg 128 | 11850 | 39 | 1 |0.073 | 17 | 105 | 8.375
8-12-180-0-i-2.5-2-12.5 g‘ 180° Horizontal A1035¢ Eg 126 | 11850 | 39 | 1 |0.073 | 17 | 105 | 8.375
8-12-90-2#3-i-2.5-2-11 g‘ 90° Horizontal A1035¢ ﬂg 109 | 12010 | 42 | 1 |0.073 | 17 | 105 | 8.375
8-12-90-2#3vr-i-2.5-2-11 g‘ 90° Vertical A1035¢ igj 106 | 12010 | 42 | 1 |0.073 | 17 | 105 | 8.375
8-12-180-2#3-i-2.5-2-11 g‘ 180° Horizontal A1035¢ ié:i 108 | 12010 | 42 | 1 |0.073 | 17 | 105 | 8.375
8-12-180-2#3vr-i-2.5-2-11 g‘ 180° Vertical A1035¢ igg 109 | 12010 | 42 | 1 |0.073 | 17 | 105 | 8.375
8-12-90-5#3-i-2.5-2-10 g‘ 90° Horizontal A1035¢ gg 94 | 11800 | 38 | 1 |0.073| 17 | 105 | 8.375
8-12-90-5#3vr-i-2.5-2-10 g‘ 90° Vertical A1035¢ 182 102 | 11800 | 38 | 1 |0.073 | 17 | 105 | 8.375
8-12-90-4#3vr-i-2.5-2-10 g‘ 90° Vertical A1035¢ 182 104 | 11850 | 39 | 1 |0.073 | 17 | 105 | 8.375
8-12-180-5#3-i-2.5-2-10 g‘ 180° Horizontal A1035¢ gg 98 | 11800 | 38 | 1 |0.073| 17 | 105 | 8.375
8-12-180-5#3vr-i-2.5-2-10 g‘ 180° Vertical A1035¢ iéé 108 | 11800 | 38 | 1 |0.073 | 17 | 105 | 8.375
8-12-180-4#3vr-i-2.5-2-10 g‘ 180° Vertical A1035¢ 188 103 | 11850 | 39 | 1 |0.073 | 17 | 105 | 8.375

aHeat 1, ° Heat 2, © Heat 3 as described in Table 3

Table B.4 Cont. Test results for specimens with horizontal and vertical ties
Specimen Hook Cso | Csoavg | Cth | Ch | Nh | Tind Thotal T fsu fsuavg S ;ii[I)uall‘te Failure
in. | in. |in | in. Ib Ib Ib psi psi in. Type

8-12-90-0-i-2.5-2-12.5 @ gg 26 i; 101 | 2 ?gggg 133900 | 66950 ggggg 84700 gggg Eg;gg
8-12-180-0-i-2.5-2-12.5 g ;g 2.8 ;j 96 | 2 ;‘21288 150400 | 75200 19146780000 95200 8:;22 FBF/F?B
8-12-90-2#3-i-2.5-2-11 g gg 2.8 i:g 95 | 2 ?gégg 137400 | 68700 fc?fooooo 87000 812; Eﬁ
8-12-90-2#3vr-i-2.5-2-11 g ;g 24 ;é 98 | 2 ggggg 105300 | 52650 22288 66600 | g FF;’ES
8-12-180-2#3-i-2.5-2-11 g gg 26 gé 96 | 2 éggg 129300 | 64650 ggggg 81800 ] E;
8-12-180-2#3vr-i-2.5-2-11 @ gg 2.7 g:i 98 | 2 g;igg 131600 | 65800 ffc?soooo 83300 | 209 gg;g;
8-12-90-5#3-i-2.5-2-10 g gg 2.4 gg 99 | 2 giggg 129100 | 64550 giggg 81700 09'5":"7 Egﬁﬁ
8-12-90-5#3vr-i-2.5-2-10 @ 2:451 24 i; 98 | 2 gi‘l‘gg 120400 | 60200 ;iigg 76200 ggig EE
8-12-90-4#3vr-i-2.5-2-10 g ;g 25 ;f 90 | 2 ggggg 118500 | 59250 17%1160000 75000 8;15? FF;’ES
8-12-180-5#3-i-2.5-2-10 g gg 25 32 99 | 2 gfggg 128200 | 64100 1753700000 81100 | a9 FF;/F?S
8-12-180-5#3vr-i-2.5-2-10 @ gg 25 ig 98 | 2 g;ggg 135600 | 67800 22‘1‘88 85800 | 400 E;
8-12-180-4#3vr-i-2.5-2-10 g gg 26 ;2 98 | 2 ggggg 138400 | 69200 g?igg 87600 ] iﬁ
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Table B.4 Cont. Test results for specimens with horizontal and vertical ties

specimen | Hook |y | i |in | | it | | ||| ne e
8-12-90-0-i-2.5-2-12.5 g‘ 60 - - - - - - - 0.50 | 2.25 - - 3.16 | 60
8-12-180-0-i-2.5-2-12.5 g 60 - - - - - - - 0.50 | 2.25 - - 3.16 | 60
8-12-90-2#3-i-2.5-2-11 ';‘ 60 [ 038 | 02 | 2 | 8.00 - - - 0.50 | 2.00 - - 3.16 | 60
8-12-90-2#3vr-i-2.5-2-11 g 60 [ 038 | 0.2 | 2 | 2.67 - - - 0.50 | 2.00 - - 3.16 | 60
8-12-180-2#3-i-2.5-2-11 g 60 [ 038 | 02 | 2 | 8.00 - - - 0.50 | 2.00 - - 3.16 | 60
8-12-180-2#3vr-i-2.5-2-11 g‘ 60 [ 038 | 02 | 2 | 2.67 - - - 0.50 | 2.00 - - 3.16 | 60
8-12-90-5#3-i-2.5-2-10 g 60 [ 0.38| 06 | 5 | 3.00 - - - 0.50 | 1.75 - - 3.16 | 60
8-12-90-5#3vr-i-2.5-2-10 ';‘ 60 [ 038 | 06 | 5 | 1.75 - - - 0.50 | 1.75 - - 3.16 | 60
8-12-90-4#3vr-i-2.5-2-10 g 60 [ 0.38| 04 | 4 | 225 - - - 0.50 | 1.75 - - 3.16 | 60
8-12-180-5#3-i-2.5-2-10 g 60 [ 038 | 06 | 5 | 3.00 - - - 0.50 | 1.75 - - 3.16 | 60
8-12-180-5#3vr-i-2.5-2-10 g 60 [ 0.38| 06 | 5 | 1.75 - - - 0.50 | 1.75 - - 3.16 | 60
8-12-180-4#3vr-i-2.5-2-10 g 60 [ 0.38| 04 | 4 | 225 - - - 0.50 | 1.75 - - 3.16 | 60
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APPENDIX C: MONTE CARLO ANALYSIS

Table C.1 Hooked Bars without Confining Reinforcement

Beam No. N Lan” fs db Ao fe
1 2 7.06 60000 0.75 0.44 4000
2 2 10.87 60000 1 0.79 4000
3 2 13.03 60000 1.128 1 4000
4 2 18.20 60000 1.41 1.56 4000
5 2 6.38 60000 0.75 0.44 6000
6 2 9.82 60000 1 0.79 6000
7 2 11.77 60000 1.128 1 6000
8 2 16.45 60000 1.41 1.56 6000
9 2 5.94 60000 0.75 0.44 8000
10 2 9.14 60000 1 0.79 8000
11 2 10.95 60000 1.128 1 8000
12 2 15.31 60000 1.41 1.56 8000
13 2 5.62 60000 0.75 0.44 10000
14 2 8.65 60000 1 0.79 10000
15 2 10.36 60000 1.128 1 10000
16 2 14.48 60000 1.41 1.56 10000
17 2 5.37 60000 0.75 0.44 12000
18 2 8.26 60000 1 0.79 12000
19 2 9.90 60000 1.128 1 12000
20 2 13.83 60000 1.41 1.56 12000
21 2 5.07 60000 0.75 0.44 15000
22 2 7.81 60000 1 0.79 15000
23 2 9.36 60000 1.128 1 15000
24 2 13.08 60000 1.41 1.56 15000
25 2 9.42 80000 0.75 0.44 4000
26 2 14.50 80000 1 0.79 4000
27 2 17.37 80000 1.128 1 4000
28 2 24.27 80000 1.41 1.56 4000
29 2 8.51 80000 0.75 0.44 6000
30 2 13.10 80000 1 0.79 6000
31 2 15.69 80000 1.128 1 6000
32 2 21.93 80000 1.41 1.56 6000
33 2 7.92 80000 0.75 0.44 8000
34 2 12.19 80000 1 0.79 8000
35 2 14.60 80000 1.128 1 8000
36 2 20.41 80000 1.41 1.56 8000
37 2 7.49 80000 0.75 0.44 10000
38 2 11.53 80000 1 0.79 10000
39 2 13.81 80000 1.128 1 10000
40 2 19.30 80000 1.41 1.56 10000
41 2 7.15 80000 0.75 0.44 12000
42 2 11.02 80000 1 0.79 12000
43 2 13.20 80000 1.128 1 12000
44 2 18.44 80000 1.41 1.56 12000
45 2 6.77 80000 0.75 0.44 15000
46 2 10.42 80000 1 0.79 15000
47 2 12.48 80000 1.128 1 15000
48 2 17.44 80000 1.41 1.56 15000

“Values were calculated using Eq. (5.4)

257




Table C.1 Cont. Hooked Bars without Confining Reinforcement

Beam No. N Lan” fs db Ap fe
49 2 11.77 100000 0.75 0.44 4000
50 2 18.12 100000 1 0.79 4000
51 2 21.71 100000 1.128 1 4000
52 2 30.34 100000 1.41 1.56 4000
53 2 10.64 100000 0.75 0.44 6000
54 2 16.37 100000 1 0.79 6000
55 2 19.62 100000 1.128 1 6000
56 2 27.41 100000 1.41 1.56 6000
57 2 9.90 100000 0.75 0.44 8000
58 2 15.24 100000 1 0.79 8000
59 2 18.26 100000 1.128 1 8000
60 2 25.51 100000 1.41 1.56 8000
61 2 9.36 100000 0.75 0.44 10000
62 2 14.41 100000 1 0.79 10000
63 2 17.26 100000 1.128 1 10000
64 2 24.13 100000 1.41 1.56 10000
65 2 8.94 100000 0.75 0.44 12000
66 2 13.77 100000 1 0.79 12000
67 2 16.50 100000 1.128 1 12000
68 2 23.05 100000 1.41 1.56 12000
69 2 8.46 100000 0.75 0.44 15000
70 2 13.02 100000 1 0.79 15000
71 2 15.60 100000 1.128 1 15000
72 2 21.80 100000 1.41 1.56 15000
73 2 14.12 120000 0.75 0.44 4000
74 2 21.75 120000 1 0.79 4000
75 2 26.05 120000 1.128 1 4000
76 2 36.41 120000 1.41 1.56 4000
77 2 12.76 120000 0.75 0.44 6000
78 2 19.65 120000 1 0.79 6000
79 2 23.54 120000 1.128 1 6000
80 2 32.90 120000 1.41 1.56 6000
81 2 11.88 120000 0.75 0.44 8000
82 2 18.29 120000 1 0.79 8000
83 2 21.91 120000 1.128 1 8000
84 2 30.61 120000 1.41 1.56 8000
85 2 11.23 120000 0.75 0.44 10000
86 2 17.29 120000 1 0.79 10000
87 2 20.72 120000 1.128 1 10000
88 2 28.95 120000 1.41 1.56 10000
89 2 10.73 120000 0.75 0.44 12000
90 2 16.52 120000 1 0.79 12000
91 2 19.79 120000 1.128 1 12000
92 2 27.66 120000 1.41 1.56 12000
93 2 10.15 120000 0.75 0.44 15000
94 2 15.63 120000 1 0.79 15000
95 2 18.72 120000 1.128 1 15000
96 2 26.16 120000 1.41 1.56 15000

“Values were calculated using Eq. (5.4)
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Table C.2 Hooked Bars with 1 No. 3 Tie Oriented Horizontally as Confining Reinforcement

Beam No. N Lan” f db Ap fe A N/n
97 2 5.84 60000 0.75 0.44 4000 0.11 1
98 2 9.66 60000 1 0.79 4000 0.11 1
99 2 11.81 60000 1.128 1 4000 0.11 1
100 2 16.99 60000 1.41 1.56 4000 0.11 1
101 2 5.28 60000 0.75 0.44 6000 0.11 1
102 2 8.72 60000 1 0.79 6000 0.11 1
103 2 10.67 60000 1.128 1 6000 0.11 1
104 2 15.35 60000 1.41 1.56 6000 0.11 1
105 2 491 60000 0.75 0.44 8000 0.11 1
106 2 8.12 60000 1 0.79 8000 0.11 1
107 2 9.93 60000 1.128 1 8000 0.11 1
108 2 14.28 60000 1.41 1.56 8000 0.11 1
109 2 4.65 60000 0.75 0.44 10000 0.11 1
110 2 7.68 60000 1 0.79 10000 0.11 1
111 2 9.39 60000 1.128 1 10000 0.11 1
112 2 13.51 60000 1.41 1.56 10000 0.11 1
113 2 4.44 60000 0.75 0.44 12000 0.11 1
114 2 7.34 60000 1 0.79 12000 0.11 1
115 2 8.97 60000 1.128 1 12000 0.11 1
116 2 12.91 60000 1.41 1.56 12000 0.11 1
117 2 4.20 60000 0.75 0.44 15000 0.11 1
118 2 6.94 60000 1 0.79 15000 0.11 1
119 2 8.49 60000 1.128 1 15000 0.11 1
120 2 12.21 60000 1.41 1.56 15000 0.11 1
121 2 8.20 80000 0.75 0.44 4000 0.11 1
122 2 13.28 80000 1 0.79 4000 0.11 1
123 2 16.15 80000 1.128 1 4000 0.11 1
124 2 23.05 80000 1.41 1.56 4000 0.11 1
125 2 7.41 80000 0.75 0.44 6000 0.11 1
126 2 12.00 80000 1 0.79 6000 0.11 1
127 2 14.59 80000 1.128 1 6000 0.11 1
128 2 20.83 80000 1.41 1.56 6000 0.11 1
129 2 6.89 80000 0.75 0.44 8000 0.11 1
130 2 11.17 80000 1 0.79 8000 0.11 1
131 2 13.58 80000 1.128 1 8000 0.11 1
132 2 19.39 80000 1.41 1.56 8000 0.11 1
133 2 6.52 80000 0.75 0.44 10000 0.11 1
134 2 10.56 80000 1 0.79 10000 0.11 1
135 2 12.84 80000 1.128 1 10000 0.11 1
136 2 18.33 80000 1.41 1.56 10000 0.11 1
137 2 6.23 80000 0.75 0.44 12000 0.11 1
138 2 10.09 80000 1 0.79 12000 0.11 1
139 2 12.27 80000 1.128 1 12000 0.11 1
140 2 17.52 80000 1.41 1.56 12000 0.11 1
141 2 5.89 80000 0.75 0.44 15000 0.11 1
142 2 9.54 80000 1 0.79 15000 0.11 1
143 2 11.61 80000 1.128 1 15000 0.11 1
144 2 16.57 80000 1.41 1.56 15000 0.11 1

“Values were calculated using Eq. (5.4)
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Table C.2 Cont. Hooked Bars with 1 No. 3 Tie Oriented Horizontally as Confining

Reinforcement

Beam No. Nh Lan” fs db Ap fe A N/n
145 2 10.55 100000 0.75 0.44 4000 0.11 1
146 2 16.90 100000 1 0.79 4000 0.11 1
147 2 20.49 100000 1.128 1 4000 0.11 1
148 2 29.12 100000 1.41 1.56 4000 0.11 1
149 2 9.54 100000 0.75 0.44 6000 0.11 1
150 2 15.27 100000 1 0.79 6000 0.11 1
151 2 18.52 100000 1.128 1 6000 0.11 1
152 2 26.31 100000 1.41 1.56 6000 0.11 1
153 2 8.87 100000 0.75 0.44 8000 0.11 1
154 2 14.21 100000 1 0.79 8000 0.11 1
155 2 17.23 100000 1.128 1 8000 0.11 1
156 2 24.49 100000 1.41 1.56 8000 0.11 1
157 2 8.39 100000 0.75 0.44 10000 0.11 1
158 2 13.44 100000 1 0.79 10000 0.11 1
159 2 16.30 100000 1.128 1 10000 0.11 1
160 2 23.16 100000 1.41 1.56 10000 0.11 1
161 2 8.02 100000 0.75 0.44 12000 0.11 1
162 2 12.84 100000 1 0.79 12000 0.11 1
163 2 15.57 100000 1.128 1 12000 0.11 1
164 2 22.13 100000 1.41 1.56 12000 0.11 1
165 2 7.58 100000 0.75 0.44 15000 0.11 1
166 2 12.15 100000 1 0.79 15000 0.11 1
167 2 14.73 100000 1.128 1 15000 0.11 1
168 2 20.93 100000 1.41 1.56 15000 0.11 1
169 2 12.91 120000 0.75 0.44 4000 0.11 1
170 2 20.53 120000 1 0.79 4000 0.11 1
171 2 24.83 120000 1.128 1 4000 0.11 1
172 2 35.19 120000 1.41 1.56 4000 0.11 1
173 2 11.66 120000 0.75 0.44 6000 0.11 1
174 2 18.55 120000 1 0.79 6000 0.11 1
175 2 22.44 120000 1.128 1 6000 0.11 1
176 2 31.80 120000 1.41 1.56 6000 0.11 1
177 2 10.85 120000 0.75 0.44 8000 0.11 1
178 2 17.26 120000 1 0.79 8000 0.11 1
179 2 20.88 120000 1.128 1 8000 0.11 1
180 2 29.59 120000 1.41 1.56 8000 0.11 1
181 2 10.26 120000 0.75 0.44 10000 0.11 1
182 2 16.33 120000 1 0.79 10000 0.11 1
183 2 19.75 120000 1.128 1 10000 0.11 1
184 2 27.99 120000 1.41 1.56 10000 0.11 1
185 2 9.81 120000 0.75 0.44 12000 0.11 1
186 2 15.60 120000 1 0.79 12000 0.11 1
187 2 18.87 120000 1.128 1 12000 0.11 1
188 2 26.74 120000 1.41 1.56 12000 0.11 1
189 2 9.27 120000 0.75 0.44 15000 0.11 1
190 2 14.75 120000 1 0.79 15000 0.11 1
191 2 17.85 120000 1.128 1 15000 0.11 1
192 2 25.29 120000 1.41 1.56 15000 0.11 1

“Values were calculated using Eq. (5.4)
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Table C.3 Hooked Bars with 2 No. 3 Ties Oriented Horizontally as Confining Reinforcement

Beam No. N Lan” f db Ap fe A N/n
193 2 4.63 60000 0.75 0.44 4000 0.11 2
194 2 8.44 60000 1 0.79 4000 0.11 2
195 2 10.59 60000 1.128 1 4000 0.11 2
196 2 15.77 60000 1.41 1.56 4000 0.11 2
197 2 418 60000 0.75 0.44 6000 0.11 2
198 2 7.62 60000 1 0.79 6000 0.11 2
199 2 9.57 60000 1.128 1 6000 0.11 2
200 2 14.25 60000 1.41 1.56 6000 0.11 2
201 2 3.89 60000 0.75 0.44 8000 0.11 2
202 2 7.10 60000 1 0.79 8000 0.11 2
203 2 8.91 60000 1.128 1 8000 0.11 2
204 2 13.26 60000 1.41 1.56 8000 0.11 2
205 2 3.68 60000 0.75 0.44 10000 0.11 2
206 2 6.71 60000 1 0.79 10000 0.11 2
207 2 8.42 60000 1.128 1 10000 0.11 2
208 2 12.54 60000 1.41 1.56 10000 0.11 2
209 2 3.52 60000 0.75 0.44 12000 0.11 2
210 2 6.41 60000 1 0.79 12000 0.11 2
211 2 8.05 60000 1.128 1 12000 0.11 2
212 2 11.98 60000 1.41 1.56 12000 0.11 2
213 2 3.33 60000 0.75 0.44 15000 0.11 2
214 2 6.06 60000 1 0.79 15000 0.11 2
215 2 7.61 60000 1.128 1 15000 0.11 2
216 2 11.33 60000 1.41 1.56 15000 0.11 2
217 2 6.98 80000 0.75 0.44 4000 0.11 2
218 2 12.06 80000 1 0.79 4000 0.11 2
219 2 14.93 80000 1.128 1 4000 0.11 2
220 2 21.84 80000 1.41 1.56 4000 0.11 2
221 2 6.31 80000 0.75 0.44 6000 0.11 2
222 2 10.90 80000 1 0.79 6000 0.11 2
223 2 13.49 80000 1.128 1 6000 0.11 2
224 2 19.73 80000 1.41 1.56 6000 0.11 2
225 2 5.87 80000 0.75 0.44 8000 0.11 2
226 2 10.14 80000 1 0.79 8000 0.11 2
227 2 12.56 80000 1.128 1 8000 0.11 2
228 2 18.36 80000 1.41 1.56 8000 0.11 2
229 2 5.55 80000 0.75 0.44 10000 0.11 2
230 2 9.59 80000 1 0.79 10000 0.11 2
231 2 11.88 80000 1.128 1 10000 0.11 2
232 2 17.37 80000 1.41 1.56 10000 0.11 2
233 2 5.30 80000 0.75 0.44 12000 0.11 2
234 2 9.17 80000 1 0.79 12000 0.11 2
235 2 11.35 80000 1.128 1 12000 0.11 2
236 2 16.59 80000 1.41 1.56 12000 0.11 2
237 2 5.02 80000 0.75 0.44 15000 0.11 2
238 2 8.67 80000 1 0.79 15000 0.11 2
239 2 10.73 80000 1.128 1 15000 0.11 2
240 2 15.69 80000 1.41 1.56 15000 0.11 2

“Values were calculated using Eq. (5.4)

261



Table C.3 Cont. Hooked Bars with 2 No. 3 Ties Oriented Horizontally as Confining

Reinforcement

*

Beam No. Nh Lan fs dy Ap f'e Ar N/n
241 2 9.34 100000 0.75 0.44 4000 0.11 2
242 2 15.69 100000 1 0.79 4000 0.11 2
243 2 19.27 100000 1.128 1 4000 0.11 2
244 2 27.91 100000 1.41 1.56 4000 0.11 2
245 2 8.44 100000 0.75 0.44 6000 0.11 2
246 2 14.17 100000 1 0.79 6000 0.11 2
247 2 17.42 100000 1.128 1 6000 0.11 2
248 2 25.22 100000 1.41 1.56 6000 0.11 2
249 2 7.85 100000 0.75 0.44 8000 0.11 2
250 2 13.19 100000 1 0.79 8000 0.11 2
251 2 16.21 100000 1.128 1 8000 0.11 2
252 2 23.47 100000 1.41 1.56 8000 0.11 2
253 2 7.42 100000 0.75 0.44 10000 0.11 2
254 2 12.47 100000 1 0.79 10000 0.11 2
255 2 15.33 100000 1.128 1 10000 0.11 2
256 2 22.19 100000 1.41 1.56 10000 0.11 2
257 2 7.09 100000 0.75 0.44 12000 0.11 2
258 2 11.92 100000 1 0.79 12000 0.11 2
259 2 14.65 100000 1.128 1 12000 0.11 2
260 2 21.20 100000 1.41 1.56 12000 0.11 2
261 2 6.71 100000 0.75 0.44 15000 0.11 2
262 2 11.27 100000 1 0.79 15000 0.11 2
263 2 13.85 100000 1.128 1 15000 0.11 2
264 2 20.05 100000 1.41 1.56 15000 0.11 2
265 2 11.69 120000 0.75 0.44 4000 0.11 2
266 2 19.31 120000 1 0.79 4000 0.11 2
267 2 23.62 120000 1.128 1 4000 0.11 2
268 2 33.97 120000 1.41 1.56 4000 0.11 2
269 2 10.56 120000 0.75 0.44 6000 0.11 2
270 2 17.45 120000 1 0.79 6000 0.11 2
271 2 21.34 120000 1.128 1 6000 0.11 2
272 2 30.70 120000 1.41 1.56 6000 0.11 2
273 2 9.83 120000 0.75 0.44 8000 0.11 2
274 2 16.24 120000 1 0.79 8000 0.11 2
275 2 19.86 120000 1.128 1 8000 0.11 2
276 2 28.57 120000 1.41 1.56 8000 0.11 2
277 2 9.30 120000 0.75 0.44 10000 0.11 2
278 2 15.36 120000 1 0.79 10000 0.11 2
279 2 18.78 120000 1.128 1 10000 0.11 2
280 2 27.02 120000 1.41 1.56 10000 0.11 2
281 2 8.88 120000 0.75 0.44 12000 0.11 2
282 2 14.67 120000 1 0.79 12000 0.11 2
283 2 17.94 120000 1.128 1 12000 0.11 2
284 2 25.81 120000 1.41 1.56 12000 0.11 2
285 2 8.40 120000 0.75 0.44 15000 0.11 2
286 2 13.88 120000 1 0.79 15000 0.11 2
287 2 16.97 120000 1.128 1 15000 0.11 2
288 2 24.41 120000 1.41 1.56 15000 0.11 2

“Values were calculated using Eq. (5.4)
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Table C.4 Hooked Bars with No. 3 Ties Spaced at 3d, Oriented Horizontally as Confining
Reinforcement

Beam No. Nh Lan” fs db Ap fe A N/n
289 2 341 60000 0.75 0.44 4000 0.11 3
290 2 7.22 60000 1 0.79 4000 0.11 3
291 2 9.37 60000 1.128 1 4000 0.11 3
292 2 14.55 60000 1.41 1.56 4000 0.11 3
293 2 3.08 60000 0.75 0.44 6000 0.11 3
294 2 6.52 60000 1 0.79 6000 0.11 3
295 2 8.47 60000 1.128 1 6000 0.11 3
296 2 13.15 60000 1.41 1.56 6000 0.11 3
297 2 2.87 60000 0.75 0.44 8000 0.11 3
298 2 6.07 60000 1 0.79 8000 0.11 3
299 2 7.88 60000 1.128 1 8000 0.11 3
300 2 12.24 60000 1.41 1.56 8000 0.11 3
301 2 271 60000 0.75 0.44 10000 0.11 3
302 2 5.74 60000 1 0.79 10000 0.11 3
303 2 7.45 60000 1.128 1 10000 0.11 3
304 2 11.57 60000 1.41 1.56 10000 0.11 3
305 2 2.59 60000 0.75 0.44 12000 0.11 3
306 2 5.49 60000 1 0.79 12000 0.11 3
307 2 7.12 60000 1.128 1 12000 0.11 3
308 2 11.06 60000 1.41 1.56 12000 0.11 3
309 2 2.45 60000 0.75 0.44 15000 0.11 3
310 2 5.19 60000 1 0.79 15000 0.11 3
311 2 6.74 60000 1.128 1 15000 0.11 3
312 2 10.46 60000 1.41 1.56 15000 0.11 3
313 2 5.76 80000 0.75 0.44 4000 0.11 3
314 2 10.85 80000 1 0.79 4000 0.11 3
315 2 13.72 80000 1.128 1 4000 0.11 3
316 2 20.62 80000 1.41 1.56 4000 0.11 3
317 2 5.21 80000 0.75 0.44 6000 0.11 3
318 2 9.80 80000 1 0.79 6000 0.11 3
319 2 12.39 80000 1.128 1 6000 0.11 3
320 2 18.63 80000 1.41 1.56 6000 0.11 3
321 2 4.85 80000 0.75 0.44 8000 0.11 3
322 2 9.12 80000 1 0.79 8000 0.11 3
323 2 11.53 80000 1.128 1 8000 0.11 3
324 2 17.34 80000 1.41 1.56 8000 0.11 3
325 2 458 80000 0.75 0.44 10000 0.11 3
326 2 8.62 80000 1 0.79 10000 0.11 3
327 2 10.91 80000 1.128 1 10000 0.11 3
328 2 16.40 80000 1.41 1.56 10000 0.11 3
329 2 4.38 80000 0.75 0.44 12000 0.11 3
330 2 8.24 80000 1 0.79 12000 0.11 3
331 2 10.42 80000 1.128 1 12000 0.11 3
332 2 15.67 80000 1.41 1.56 12000 0.11 3
333 2 414 80000 0.75 0.44 15000 0.11 3
334 2 7.79 80000 1 0.79 15000 0.11 3
335 2 9.86 80000 1.128 1 15000 0.11 3
336 2 14.82 80000 1.41 1.56 15000 0.11 3

“Values were calculated using Eq. (5.4)
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Table C.4 Cont. Hooked Bars with No. 3 Ties Spaced at 3d, Oriented Horizontally as Confining
Reinforcement

Beam No. Nh Lan” fs db Ap fe A N/n
337 2 8.12 100000 0.75 0.44 4000 0.11 3
338 2 14.47 100000 1 0.79 4000 0.11 3
339 2 18.06 100000 1.128 1 4000 0.11 3
340 2 26.69 100000 1.41 1.56 4000 0.11 3
341 2 7.34 100000 0.75 0.44 6000 0.11 3
342 2 13.07 100000 1 0.79 6000 0.11 3
343 2 16.32 100000 1.128 1 6000 0.11 3
344 2 24.12 100000 1.41 1.56 6000 0.11 3
345 2 6.83 100000 0.75 0.44 8000 0.11 3
346 2 12.17 100000 1 0.79 8000 0.11 3
347 2 15.18 100000 1.128 1 8000 0.11 3
348 2 22.44 100000 1.41 1.56 8000 0.11 3
349 2 6.46 100000 0.75 0.44 10000 0.11 3
350 2 11.51 100000 1 0.79 10000 0.11 3
351 2 14.36 100000 1.128 1 10000 0.11 3
352 2 21.22 100000 1.41 1.56 10000 0.11 3
353 2 6.17 100000 0.75 0.44 12000 0.11 3
354 2 10.99 100000 1 0.79 12000 0.11 3
355 2 13.72 100000 1.128 1 12000 0.11 3
356 2 20.28 100000 1.41 1.56 12000 0.11 3
357 2 5.83 100000 0.75 0.44 15000 0.11 3
358 2 10.40 100000 1 0.79 15000 0.11 3
359 2 12.98 100000 1.128 1 15000 0.11 3
360 2 19.18 100000 1.41 1.56 15000 0.11 3
361 2 10.47 120000 0.75 0.44 4000 0.11 3
362 2 18.09 120000 1 0.79 4000 0.11 3
363 2 22.40 120000 1.128 1 4000 0.11 3
364 2 32.76 120000 1.41 1.56 4000 0.11 3
365 2 9.46 120000 0.75 0.44 6000 0.11 3
366 2 16.35 120000 1 0.79 6000 0.11 3
367 2 20.24 120000 1.128 1 6000 0.11 3
368 2 29.60 120000 1.41 1.56 6000 0.11 3
369 2 8.81 120000 0.75 0.44 8000 0.11 3
370 2 15.21 120000 1 0.79 8000 0.11 3
371 2 18.84 120000 1.128 1 8000 0.11 3
372 2 27.54 120000 1.41 1.56 8000 0.11 3
373 2 8.33 120000 0.75 0.44 10000 0.11 3
374 2 14.39 120000 1 0.79 10000 0.11 3
375 2 17.81 120000 1.128 1 10000 0.11 3
376 2 26.05 120000 1.41 1.56 10000 0.11 3
377 2 7.96 120000 0.75 0.44 12000 0.11 3
378 2 13.75 120000 1 0.79 12000 0.11 3
379 2 17.02 120000 1.128 1 12000 0.11 3
380 2 24.89 120000 1.41 1.56 12000 0.11 3
381 2 7.53 120000 0.75 0.44 15000 0.11 3
382 2 13.00 120000 1 0.79 15000 0.11 3
383 2 16.10 120000 1.128 1 15000 0.11 3
384 2 23.54 120000 1.41 1.56 15000 0.11 3

“Values were calculated using Eq. (5.4)
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Table C.5 Hooked Bars with No. 3 Ties Spaced at 3d, Oriented Vertically as Confining
Reinforcement

Beam No. Nh Lan” fs db Ap fe A N/n
385 2 6.67 60000 0.75 0.44 4000 0.11 1.5
386 2 10.48 60000 1 0.79 4000 0.11 1.5
387 2 12.50 60000 1.128 1 4000 0.11 2
388 2 17.68 60000 1.41 1.56 4000 0.11 2
389 2 6.12 60000 0.75 0.44 6000 0.11 1.5
390 2 9.43 60000 1 0.79 6000 0.11 1.5
391 2 11.37 60000 1.128 1 6000 0.11 1.5
392 2 15.92 60000 1.41 1.56 6000 0.11 2
393 2 5.67 60000 0.75 0.44 8000 0.11 1
394 2 8.75 60000 1 0.79 8000 0.11 1.5
395 2 10.56 60000 1.128 1 8000 0.11 1.5
396 2 14.91 60000 1.41 1.56 8000 0.11 1.5
397 2 5.35 60000 0.75 0.44 10000 0.11 1
398 2 8.25 60000 1 0.79 10000 0.11 1.5
399 2 9.96 60000 1.128 1 10000 0.11 1.5
400 2 14.08 60000 1.41 1.56 10000 0.11 1.5
401 2 5.10 60000 0.75 0.44 12000 0.11 1
402 2 8.00 60000 1 0.79 12000 0.11 1
403 2 9.50 60000 1.128 1 12000 0.11 1.5
404 2 13.44 60000 1.41 1.56 12000 0.11 1.5
405 2 481 60000 0.75 0.44 15000 0.11 1
406 2 7.55 60000 1 0.79 15000 0.11 1
407 2 8.96 60000 1.128 1 15000 0.11 1
408 2 12.69 60000 1.41 1.56 15000 0.11 1.5
409 2 8.89 80000 0.75 0.44 4000 0.11 2
410 2 13.97 80000 1 0.79 4000 0.11 2
411 2 16.71 80000 1.128 1 4000 0.11 25
412 2 23.61 80000 1.41 1.56 4000 0.11 25
413 2 8.11 80000 0.75 0.44 6000 0.11 1.5
414 2 12.57 80000 1 0.79 6000 0.11 2
415 2 15.17 80000 1.128 1 6000 0.11 2
416 2 21.27 80000 1.41 1.56 6000 0.11 2.5
417 2 7.52 80000 0.75 0.44 8000 0.11 1.5
418 2 11.66 80000 1 0.79 8000 0.11 2
419 2 14.08 80000 1.128 1 8000 0.11 2
420 2 19.75 80000 1.41 1.56 8000 0.11 2.5
421 2 7.09 80000 0.75 0.44 10000 0.11 1.5
422 2 11.00 80000 1 0.79 10000 0.11 2
423 2 13.28 80000 1.128 1 10000 0.11 2
424 2 18.77 80000 1.41 1.56 10000 0.11 2
425 2 6.76 80000 0.75 0.44 12000 0.11 1.5
426 2 10.62 80000 1 0.79 12000 0.11 1.5
427 2 12.67 80000 1.128 1 12000 0.11 2
428 2 17.91 80000 1.41 1.56 12000 0.11 2
429 2 6.37 80000 0.75 0.44 15000 0.11 1.5
430 2 10.02 80000 1 0.79 15000 0.11 1.5
431 2 12.08 80000 1.128 1 15000 0.11 1.5
432 2 16.91 80000 1.41 1.56 15000 0.11 2

“Values were calculated using Eq. (5.5)
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Table C.5 Cont. Hooked Bars with No. 3 Ties Spaced at 3d, Oriented Vertically as Confining
Reinforcement

*

Beam No. Nh Lan fs dy Ap f'e Ar N/n
433 2 11.11 100000 0.75 0.44 4000 0.11 2.5
434 2 17.33 100000 1 0.79 4000 0.11 3
435 2 20.92 100000 1.128 1 4000 0.11 3
436 2 29.42 100000 1.41 1.56 4000 0.11 35
437 2 10.11 100000 0.75 0.44 6000 0.11 2
438 2 15.71 100000 1 0.79 6000 0.11 2.5
439 2 18.96 100000 1.128 1 6000 0.11 2.5
440 2 26.62 100000 1.41 1.56 6000 0.11 3
441 2 9.37 100000 0.75 0.44 8000 0.11 2
442 2 14.58 100000 1 0.79 8000 0.11 2.5
443 2 17.60 100000 1.128 1 8000 0.11 2.5
444 2 24.72 100000 1.41 1.56 8000 0.11 3
445 2 8.83 100000 0.75 0.44 10000 0.11 2
446 2 13.88 100000 1 0.79 10000 0.11 2
447 2 16.60 100000 1.128 1 10000 0.11 2.5
448 2 23.47 100000 1.41 1.56 10000 0.11 2.5
449 2 8.42 100000 0.75 0.44 12000 0.11 2
450 2 13.24 100000 1 0.79 12000 0.11 2
451 2 15.84 100000 1.128 1 12000 0.11 2.5
452 2 22.39 100000 1.41 1.56 12000 0.11 2.5
453 2 8.06 100000 0.75 0.44 15000 0.11 1.5
454 2 12.49 100000 1 0.79 15000 0.11 2
455 2 15.07 100000 1.128 1 15000 0.11 2
456 2 21.14 100000 1.41 1.56 15000 0.11 2.5
457 2 13.33 120000 0.75 0.44 4000 0.11 3
458 2 20.82 120000 1 0.79 4000 0.11 35
459 2 25.13 120000 1.128 1 4000 0.11 35
460 2 35.35 120000 1.41 1.56 4000 0.11 4
461 2 12.10 120000 0.75 0.44 6000 0.11 2.5
462 2 18.86 120000 1 0.79 6000 0.11 3
463 2 22.62 120000 1.128 1 6000 0.11 35
464 2 31.97 120000 1.41 1.56 6000 0.11 35
465 2 11.22 120000 0.75 0.44 8000 0.11 2.5
466 2 17.49 120000 1 0.79 8000 0.11 3
467 2 21.11 120000 1.128 1 8000 0.11 3
468 2 29.69 120000 1.41 1.56 8000 0.11 35
469 2 10.57 120000 0.75 0.44 10000 0.11 2.5
470 2 16.63 120000 1 0.79 10000 0.11 2.5
471 2 19.93 120000 1.128 1 10000 0.11 3
472 2 28.16 120000 1.41 1.56 10000 0.11 3
473 2 10.20 120000 0.75 0.44 12000 0.11 2
474 2 15.86 120000 1 0.79 12000 0.11 2.5
475 2 19.13 120000 1.128 1 12000 0.11 2.5
476 2 26.87 120000 1.41 1.56 12000 0.11 3
477 2 9.62 120000 0.75 0.44 15000 0.11 2
478 2 14.97 120000 1 0.79 15000 0.11 2.5
479 2 18.06 120000 1.128 1 15000 0.11 2.5
480 2 25.37 120000 1.41 1.56 15000 0.11 3

“Values were calculated using Eq. (5.5)
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