Technical Report Documentation Page

1. Report No.
FHWA/TXDOT-96/1363-2F

2. Government Accession No.

3. Recipient's Catalog No.

4. Title and Subtitle

DEVELOPMENT OF BUNDLED REINFORCING STEEL

5. Report Date
December 1995

6. Performing Organization Code

7. Author(s)
J. O. Jirsa, W. Chen, D. B. Grant, and R. Elizondo

8. Performing Organization Report No.
Research Report 1363-2F

9. Performing Organization Name and Address

Center for Transportation Research
The University of Texas at Austin
3208 Red River, Suite 200

Austin, Texas 78705-2650

10. Work Unit No. {TRAIS)

11. Contract or Grant No.

Research Study 0-1363
13. Type of Report and Pericd Covered

12. Sponsoring Agency Name and Address

Texas Department of Transportation
Research and Technology Transfer Office
P. O. Box 5080

Austin, Texas 78763-5080

Final

14. Sponsoring Agency Code

15. Supplementary Notes

Study conducted in cooperation with the U.S. Department of Transportation, Federal Highway Administration.
Research study title: Anchorage and Development of Groups of Reinforcing Bars

16. Abstract

In the construction of reinforced concrete structures, it is sometimes advantageous or even
necessary to place reinforcement in bundles. Bundling may be required because of restrictions on
member dimensions. Bundling of bars may result in narrower, more graceful members, or allow for
easier placement and vibration of concrete.

Current codes and design recommendations allow as many as four bars to be placed in a group or
bundle. There are provisions for increasing development length based on the size of the bundle, but
in general there is litfle guidance fo aid the designer using bar bundles. The objective of this study
was to provide an understanding of the bond mechanics of bundles, and to provide test data for
improving development and detailing requirements for bundled bars.

Tests were conducted on two, three, and four bar bundles in an effort to understand behavior and
evaluate existing codes and specifications. Analysis of a spectrum of bundle sizes provided a
broad foundation for the investigation of behavior. It also aided in identifying those parameters that
have the greatest influence on bond strength. Tests included in the program on individual bars
having an area equivalent to the two- and fourbar bundles were to test the concept of an
"equivalent bar." The equivalent diameter has been introduced in codes for use in calculations for
spacing cover based on bar diameter.

18. Distribution Statement

17. Key Words

Bond, anchorage, development length,
reinfocement, bundled bars

No restrictions. This document is available to the
public through the National Technical Information
Service, Springfield, Virginia 22161.

19. Security Classif. {of this report]

Unclassified Unclassified

20. Security Classif. [of this page)

21. No. of Pages 22. Price

116

Form DOT F 1700.7 (872)

Reproduction of completed page authorized






DEVELOPMENT OF BUNDLED REINFORCING STEEL

J. O. Jirsa
W. Chen
D. B. Grant
R. Elizondo

Research Report 1363-2F

Research Project 0-1363

Anchorage and Development of Groups of Reinforcing Bars

conducted for the
TEXAS DEPARTMENT OF TRANSPORTATION
in cooperation with the

U.S. Department of Transportation
Federal Highway Administration

by the
CENTER FOR TRANSPORTATION RESEARCH

Bureau of Engineering Research
THE UNIVERSITY OF TEXAS AT AUSTIN

December 1995






IMPLEMENTATION STATEMENT

The results of a series of tests on two-, three-, and four-bar bundles in one or two layers were used to assess
the adequacy of current AASHTO design provisions. Modifications to these provisions are outlined to reduce the
uncertainty in application and the unconservative development lengths that may be computed for some bundled bar
arrangements.

Prepared in cooperation with the Texas Department of Transportation and the U.S. Department of Transportation,
Federal Highway Administration

DISCLAIMERS

The contents of this report reflect the views of the authors, who are responsible for the facts and accuracy
of the data presented herein. The contents do not necessarily reflect the official views or policies of the Federal
Highway Administration or the Texas Department of Transportation. This report does not constitute a standard,
specification, or regulation.

There was no invention or discovery conceived or first actually reduced to practice in the course of or under
this contract, including any art, method, process, machine, manufacture, design or composition of matter, or any new
and useful improvement thereof, or any variety of plant, which is or may be patentable under the patent laws of the
United States of America or any foreign country.

NOT INTENDED FOR CONSTRUCTION, BIDDING, OR PERMIT PURPOSES

James O. Jirsa, P.E. (Texas No. 31360)
Research Supervisor

ii






TABLE OF CONTENTS

CHAPTER 1 1
1.1 BACKETOUING.....ciceieirieiireiecieeeenteer ettt testsie sttt soeaesessemeses e saenessasasssessesesaasnesstone sasassassestasesasassensssasnerasnes 1
1.2 OBJECLIVE....cctereeieriiecenreeteieeee e s e e vt et et e ba s et et et e esass e s esebaasent st e sassaensaraessesasanstentansestasenteransntannsrensessrnsaens 1
1.3 SCOPE ettt e e et ae ettt e st et gt b et e b et e e e e be s s e st e st enneenes 3

CHAPTER 2 5
2.1 Stress Transfer MeChaniSIm........c.coiireieeninirienerartnre st see s e st a st eseasaestensteanssssaseaseasseseaseeneesones 5
2.2 Previous RESEATCH.....ccciiiireeireeert ettt sttt e eae st et e e seesu e ea s s asssaebensesraseenvasatesensensntan 7

2.2.1 BasiC BONA StUAIES .. .covvuierriereiinreienenenre e esteteste st stestet et e saresesenrsse st e st sastenesasentannentesessasnsesssentererasn 7
2.2.2 Bars il MUIHPLE LAYETS .......cccoeveieninrieiemriesee st eenaeseesesees st saetessssnsasssssassessnssnesssssossossesssesssnssstones 10
2.2.3 BUNALEA BATS.....ccoireireretrieiineceseereeseeeseneerreseesressssestosessensssensaasastssesatasessanssasessssesassssanesasanenseases 11
2.2.4 EPOXY-Coated Bars.......cocooreeeriniecitiee ettt et es e ta s et e sene s sessn e s 11
2.2.5 Shear and Bond INTEraCHION. ......c.cievertiiirie ettt re s et ese st eaessesres s e e staseesvassae e ras s sssesbssseaarasnsence 14
2.3 Current AASHTO and ACI 318-89 Code Provision Regarding the Bundled bars.......c..ccoovveerriererecencee 16
2.3.1 DELAIING ...overeerererernirieitetasesesaesestrasseeasasesassasssasssssesseseasasssssssssestenessssassassasesessastasansassosansssnensssassesaeses 16
2.3.2 Development Length........cc.oocoiiiieieceieeitientre s eseeste st e s e srne st ses sraesat e s saas s sase s san et annesnenes 16
2.3.3 Epoxy-Coated ReINfOTCEMENL......ccevrcrieiriteeeceerersste e senees et s s e e s e et eesresssesassansessessesssassesasessensen 17

CHAPTER 3 19

3.1 VATADLES ..ottt r et st st et sae st st be e s et e e s en et ve et e e R sen e e s et et eenenerenne 19
3.1.1 Two-Bar Bundles in One and TWO LAYETS. ....ccuvecevrrererercvressnsseersnssessarsseensessassasessssssansessassrnsssssasesess 19
3.1.2 Number of Bars in Bundle and Equivalent Bars............cocovereeeerererreniiecsneeneeneereesesesiesesseesenssesesaens 19
3.1.3 Transverse reiNfOTCEIMENL .......cccvceeuererririrrereeerterenisecrestenseteserenetessssesesssessessssessessenssseasssessssresncsaesseseres 22
3.1.4 CaStiNg POSIIION ....cieetierieiicrcerirte et ate st erte e e s eeer et arsentasa st et et aesessansasesassstassestasessersnessansasssassasbense 22
3.1.5 BONA FAUIUTE ..ottt sttt ses ettt eessen e e s e et e s b sanenesen et et e saesetaanane 23

3.2 Test Specimen Geometry and Loading.......c.oovecciviinirieioeiienieieetesternese s et eee e e saeeeeassssansss e s essssssaranses 23

3.3 Specimen DIMENSIONS. c....coverieireccrerentersstrretses et rerat et esaeber e e st aesasseeseassesassasssasostsenessessesssenseseses 24

34 MALETIALS ..ooceierie ettt e e et ce ettt sa e e st sae e s e et sre s e st e s b s nae s anse e e ba et enetesteraeatasbeassseraestersanes 27
34,1 COMEIELE ..ottt ettt e st st et e e e e es e e et e e et eba e sesant ernesaennsaeeneasaeebasssesanentennen 27
3.4.2 REINTOTCEIMIENL. ..eiiuieiiieirte e etertre s te et e re st e sae s e e ses e ses e ese s eresnsssseossansesnseansasssseaseaseossassenseronsessoses 27
3.4.3 EPOXY COBIING ....covreerereemcntieenrecnrenseataieiesssssssestesessssserssatasesasesesssssessesensasstesansmsensessnsesssssansassessessasen 27

3.5 Specimen CONSITUCHION ......ccomiiieiireicr ettt ettt ee sttt et st a b e s s st aressesssassasessaensensanensanens 27

3.6 INSIIUMIEILATION . ..o eeiiiaiecierrreet et s cee et v s tarre e s erbe st ars et e ar e st bes st e baaseeaeessanseassasssrssastassessssnssersrsensasseansanes 27

3.7 TeStING PTOCEAUIE .....coveiiiireceiectrcritrnitte et sen et sesae e saaseseasenesaest ssasesssanssssasasessasessansssenarsesnates 31
37 L LOAAINE .. cvvenerveeetieeeieneneete s reeeseseeete e siast et soes e ssseseseseesasestastsseansstonsantonsentensesesentenssssntsssssessansensans 31
3.7.2 Data ACQUISIEION 1.veuceirrerriereneerieernrrserieseaeteessssesssnsesassssrsesassesssessesessnsessesensassssesssssesesnessseessssesessesensas 34
3.7.3 TEStING PTOCEAULE ......coeveeieeiriririnceerecr et et sese s e sesee st ste e sre st et et st s e s ss s st e s et e saesne ssastensane 34



CHAPTER 4

CHAPTER 5

CHAPTER 6

CHAPTER 7

37

4.1 INELOQUCLION .vveeuerreenrrerteieetentetetete et eseet st e raseeneentasssstasasssensessasstestensantansansesstensassssensareensessnesnessssnssonts 37
4.2 Tests WIthOUL SHEaT.......cocceciiecrirrniiririienrceeesererrestesebrstest e e esbestessesbesresssssassesssesnsessorsessesssesnssssenne 37
4.2.1 Bar Stresses Within @ BUDAIE........couivreveveinriciereie i esteees e srtene et s s s eesansbeensessnesenans 37
422 ONE LAYET ..t riiecrte et v e steesetes e erte e sas e st e se e sse s ss e e ba st s e sneesar st snssassasssnstensssnssssenstesseererasens 37
4.2.3 TWO LAYETS ..ottt ettt see s s sat et et e et se e st s s e et e st e r et aenaease st easaasanansssbanasassnossesnesn 42
4.3 EPOXY-COALEA BAIS ......ecreererrirreeierierercrreeriitereetaseesessestesssasssessssesenssmessestsssasessassensessensansessessensastensensensenes 43
4.4 Tests with Shear..........ccceeeeereiveenrerecnns et teu e e ee ettt et et eaae e et a Sr b et e Rt et et e e st e re s e ba et enaaseanstentantansnon 48
4.4.1 Tests without Transverse ReINFOICEMENL..........c..ecviverivierinienirnieeireseenress e err e esbe e sses e s ressessnens 48
4.4.2 Tests with Transverse Reinforcement.........c.cccoeuieviiieniinccirnee st enesvenienie e eeseseses s e eessessessnans 54
57

5.1 INEFOAUCLION ....ueeereeeeeiieceerieeeseuneeraeststasieseasseasesassessasanesssasseasses satessesasesssessanesntesssasasessssssssesssnesssrenssensses 57
5.2 Bond Strength of Two-Bar Bundles — Without Shear, Uncoated ............ccereerereeeercenenrererirenseriessaseennns 60
5.3 Effect of Transverse REINFOTCEIMENL .........ccccceereeeeeereieeiiereesreseessresssnssaessessessarssesssnsseeseassssnssserssesesssssses 60
5.4 Influence of CastiNg POSILION.........ccccuieuiereerieirerriereeeresseessresesssessseseserssescessrasseassssnessesssnessesssssersnssssesssens 64
5.5 Influence of EPOXY COALINE .....cceiiieeiiirciicnie ettt ettt st s e e et sas et s s se s 64
5.6 INFTUENICE OF SHEAT ....viveeieeiieciee ettt e et s s s te st e s e se e ra s ee s ba st e be s b e e aaa st ansesssaasasssessansassasssnnsnis 66
5.7 The Mechanism of Bond Failure in Two Layers of Bundled Bars.......cc.cccccveeenienrenneienveencsceererssrenennes 67
73

6.1 BUNAIE SIZE.....ueeieereiiereeenieeeirntervteitesreseereaseeassssseesssrssseessaasssssesessesssassesssersessnsasssneassararenassasnsesronsessenranss 73
6.2 EQUIVALENT BATS ..ottt bbb bbb s e r s bes 73
6.3 Three-Bar BUNGIES .......cvocieeeieererceeterteneis ot arsetetcsaeastesse st sssasssrsnesssstsetansessesssensenseseassssrasessnannssasssssansssuenes 73
6.4 FOUr-Bar BUNAIES........coceeiieeeiriieeeeitreee i ereeestessesteesseesassanaesssasessssastsssnasstrsseorsesssseasssessssesssssnssarssesssanasare 74
6.5 SINGLE HB BAIS......coicieerteeerieniiicenieiicsiien et ee b erestere st s ese st s e sss b s b s s s se e R e s s s R s b b res e s sae b e bennabseas 75
6.6 SINEIE H11 BAIS....couecrereirrcrrieerreietretertcrereeeesseestes e et eseeessesessteses s oo sbesbenssbeessbsnnsssonesseensonsentontansenersesnrason 75
6.7 Effective Perimeter of Bundled Bars .........cccoccevnreeecinvrcensccieeniee e e snescec e nees eteerereraesreaesaneteeraen 75
6.8 MEASUTEd BONA SHESSES...ciivieireeriecererirrisieeaesieerriesesrseeserssessarasserseessanassossnassensssssssssssnsasssasssrrassresasrsnnrnne 76
6.8.1 Bundles Without Transverse Reinforcement ...........cccoeecroreviniieineecnncnniiniece e st ntes e e ssneneens 76
6.8.2 Bundles With Transverse ReinfOrcement ............cccevvveeerereisrerensieniesnereresnsessesorasessessiesssnsessesesessees 77
6.8.3 Effect of Perimeter on COMPULALION .......ccccvereeirrierinecirscnentenessererresereesesseseessesseeneesssessesesssessssassesens 77
6.8.4 Distribution of Stress Within @ Bundle .......cc.ovivoiiiereee e ee e 79
6.8.5 EQUIVALENT BAIS.......cccoiiiiiiicii it e e st bbb 80
83

7.1 Basic development LENGth. ..ottt sttt sttt st 83
7.2 Casting POSItION (Fp) ..uueueririieiiiniirineiieisiensntinrr sttt st s s 83
7.3 EPOXY COALING (FE).crrurreererreeiineeisinerresicisinicciesestresiesaesrsssaesestesonsasssssonesasstsssstsasssssessonsssenesessessesseseasonsass 83
T4 CONINEMENT (F ) iieeotiererirtenieertee et reeste e sate s st e svesee st e ateneste st sate e e st aacseseastasssararesssssnassesssensaseensans 84
7.5 Development LENGHH ... bbb e b s 85
7.6 Application to Bundled Bars...........cccoveiiiiniiiineiineiiiencrc s e e saebans 85
7.7 Calculated Bar Stresses Using AASHTO and ACI Procedures..........cocevveeereveerccriensrernvenieesencsessesssessnsseeses 85
7.8 Comparison of Calculated and Measured SIESSES .........cccviiiirviniirmiininiiceisneeereeseeseeseeseeneeessenesaces 87
7.9 Discussion of Design APPIOACHES .....cceviiiiciiiiiiirtiit ettt crer s e st saee st e st s b es s se st e sanens st enes 89

vi



CHAPTER 8 91
8.1 SUIMIIMAIY ...ccveiiieeiirerirreretrsteerrrestsraaaeeestas b e s saesssassasssanteessassraeasenensessssessseessstassessserssssssssssanssesnsessssnensrennses 91

B2 EffECt Of VAIADIES ........eeiieer ettt ettt ettt et vs st sssav s e eatss e s s s saasssssnsssesssssasssnassssnebssesnssssasasssssssnsn 91

8.2.1 Behavior 0f @ BUNAIE .........ooiiieeiiiiieeeeececrenieete s creeee e essses e s reesesee e s ssassasessesansaeessobssnanssassssnnesnsnseas 91

8.2.2 CaStiNG POSILION ...c.civeniieiierceieete ittt et et esae e tes e eresee st seassonesesasssesersesestenesssasereseens 9]

8.2.3 Transverse REIMNTOTCEIMEE . ... .coouiiiiieiiieeerieceiieeeecreeseeeseaessereeessaeesassressssesntesrsassassbesssstasssssnsesranesn 92

8.2.8 SHEAL ...ttt ettt ettt eae e e tbesasabesae e s b et e s s b e s be e eR e e s b e e et e e R e on b et et e ntesb s et s s ansesareraseers 92

8.2.5 Perimeter Of @ BUNAIE ........ooiiiieiie ettt etee e eer s se e s ase s st esseseareesbaes s nnessssnesssssanaensenens 92

8.2.6 EQUIVALIEIE BAIS......cciii ittt ettt se e s s st et e s s e e s 92

8.2.7 EPOXY COBLINE ..c.eeerieerircreeiteerteeserserreseese et seesesee st et e evesaesesaeseessassessasseseescasesesesanesensnenessnonsessencesenne 93

8.3 Design IMPICALIONS «....ccvvitiniiiniricrce et s e e st d bbb s b en bt 93
APPENDIX A 95
REFERENCES 101

vii






LIST OF FIGURES

Figure 2- 1 Forces between deformed bar and concrete (Ref. 1)....c.coeeeiievrineicirinicretctee e 6
Figure 2-2 Radial pressure acting on a thick-walled cylinder with inner diameter equal to d, and a thickness
EQUAL 10 € (REF. 2) ettt eeve st st et s e rrr e e se s sesbesst e e st e e s besae s e assestessansabaesessrnnnsasn 6
Figure 2- 3 Failure patterns of deformed bars (Ref. 2) .......cccouiiviriicieiicrnicnciree sttt resse e ssenn e es 8
Figure 2- 4 Definition of transverse reinforcement, A, by Orangun et BLZ oot 10
Figure 2- 5 Specimen of beam end support (Ref. 3)......cocoevrreiieiecisricereiecnise st e st saeesesne e seas s 10
Figure 2- 6 Beam specimen for comparable bundled bar test...........cooceeriireierieniineieeeee et eseeereeseeeesases 12
Figure 2-7 Side view of test specimen (load shown for top cast splice test (Ref. 16)........ccccurrerrevrrnreneruererrsaenns 15
Figure 2- 8 Geometry of beam specimens (Ref. 18): splice in constant moment region (top); splice in shear
TEZION (DOLEOIN)..ceveurieirieuiereneeeretetetetetasete st e resesteneeseaesseatastsssesassessetensasaetessnsarsansesessensssansasssnansensannan 16
Figure 3- 1 Design gUide XAMPIE ......cccoveovirieiirrnirrieseseestreeeseeseseassesesansseseeseseeessassansaseesassassessasesnssarsessasesseses 20
Figure 3- 2 Bar pattern and SPACING .......eevrveereetrrrreetreeteeteertrstertsretssassessesesssessssesssssssssssssssssssassesensssensesssnssseasens 21
Figure 3- 3 Single bar pattern and SPACIILY .........cceviererierierireriererereeerrtesiesereeesssessessessensesaanssseasenessessssessassaseasens 22
Figure 3- 4 SHITUDP LAYOUL...c.cieiirieerrrer ettt rteese et sessssast e s saresenessesra s sesasesssassnssesesansensasensesesssssansaseasess 22
Figure 3- 5 Confining effect 0f 10ad apPPlICALION.........ccoveeeerririecrerirenire st rreerets e s ses e st st n e sae e s 24
Figure 3- 6 Loading configuration 0f BENt CaPS........cccovvrererieiriricintiienencete sttt s te e e sassns e e as st e sss e snens 24
Figure 3- 7 BONd Breaker SYSIEIM ... .ueueiieieiirieecciiecennieeeesencnecrerieseesesessnsnesasnsessesasssassesesesssssssanssensasssosessesessases 25
Figure 3- 8 SPecimen dELailS....c..cuvceiiiereeririeterrrieeiereeetetrertet et ee e et s stesteses s ersssaesanssssassensssesteseasssessassensensane 26
Figure 3- 9 LoCation Of SIraiN SAZES .....ccccererirremirirmeieiencrnsiinentesesereerisessasnnsessasesasessessassasssssssssssonsnsssosesassessssses 28
Figure 3- 10 Typical CONcrete StreNgth-2Z€ CUIVE.......cceverririeeececieiriasseersastsssessesssssssssseseseseassesessssssesssesesnsssssssasens 29
Figure 3- 11 Microtest thiCKnNess SaZ€ .......coceevriririerretrierenterer et e sests st e e seetsaesessasste st e e snesessnssesasesstasassnnaone 29
Figure 3- 12 Measuring the coating thiCKNESS .........coccuuecvriirerinincctriecntriarnsveiecriesesenssssesssssssssoserssssssessessasessasen 30
Figure 3- 13 Distribution of measured coating thickness in bars.........c..ccocevireererecricerenrece e reeeeeeereeenereenenene 30
Figure 3- 14 Steel cage of the SPECIIMEN .....cocciiiiiierrietrerceter ettt see e s seesea st e s sresaceseseseeseossnasesncencne 31
Figure 3- 15 LoCation Of SITAIN RZES ...ccccouerterenectiiiriee ettt cetereenc et eeesasssecasesestasa st anssentasasssassrecssnssessssnsessansen 32
Figure 3- 16 Side view Of teSt ADPPATAMUS........ccceriiirteriiiiere ettt et se st ne st e e eseeot e et ees st naesaeesaassennanne 33
Figure 3- 17 Front VIEW Of tESt APPATALUS .......ceuevecereeermirereereseesenmamssssasessessssesasmsssssassesentrsssassassssmsssassasssssessesssseses 33
Figure 3- 18 Forces on specimen for different test SEMPS .......ccveerveerrerictireniecrenirerstsiessasessessseesessessssesssesssasessssns 35
FIgUIe 3- 19 TESE SEIUP «icvecvireeceerticrtieree it rctreesees e see st s soete e e et s s son st s se s et s e se st et e nes e sssaseoneenersenesnessnsnesseses 36
Figure 3- 20 Position of linear pots measuring beam end deflection and slip at the free end of anchor bars......... 36
FiGUIE 4= 1  KEY TOIIIIS cuereeeirieceeiee i eiere e eeecesraeesceraestesae e st aabeeesassreesaesanressesseeseasteesessssesasssaseesnressenssessasssessnnenssenes 37
Figure 4-2 Load-stress response of individual Dars ........cc.oceeceviirnirntinnceorenercecnricnserseeseseeesseseescsenssseraseesesaenes 38
Figure 4- 3 Failure mode for one layer of bundled bars without transverse reinforcement (Test 5:1-24-T) ........ 38
Figure 4- 4 Failure mode for one layer of bundled bars with transverse reinforcement (Test 13: 1-16-B)......... 39
Figure 4- 5 Load versus stress of bundled bars (Test 5: 1-24-T) ..cccoceveieiiirierinecieieenieesirresseesessesssasesrsessessnenes 40
Figure 4- 6 Load versus stress of bundled bars (Test 12:1-24-B)....ccccocceirvicnoeieniirrenresiesreesesressrereesessesvesssessenses 40
Figure 4- 7 Load versus stress of bundled bars (Test 9:1-16-T) ....cccevrrervrieiinieiesesirse s esesstessesasressessssseessnnee 41
Figure 4- 8 Load versus stress of bundled bars (Test 13:1-16-B) .....ccccceoirnieeriiienimienrereeieceeieresensesesseeseesseseneene 41
Figure 4- 9 Failure mode for two layers of bundled bars without transverse reinforcement (Test 6:2-24-B) ...... 42
Figure 4- 10 Failure mode for two layers of bundled bars without transverse reinforcement (Test 14:2-16-T) .... 43
Figure 4- 11 Load versus stress of bundled bars (Test 11:2-24-T) ......cccovvemrererrerrerresceereesesreeiessessesnesesssessesssasnens 44
Figure 4- 12 Load versus stress of bundled bars (Test 6:2-24-B)........ccocvicirmiinieceneniesenieeeeeeseeseeesensesessasens 45.
Figure 4- 13 Load versus stress of bundled bars (Test 14:1-16-T) ....c..cceeereecrrrirreeiiririeccriveesenseeeerassessessasssensaese 46
Figure 4- 14 Load versus stress of bundled bars (Test 10:2-16-B)........ccccoeimecreierinerinneeninecrnereeresssesassrsesssessasees 47

ix



Figure 4- 15 Concrete cover of epoxy-coated bars after test.........cceiveeiiiniivenrenrrnerennrceseesereeee st sessessesrsens 48

Figure 4- 16 Load versus stresses of bundled bars (Test 14E:E2-16-T)....cccceeererrirecrercricecieeeeee e esae e 49
Figure 4- 17 Load versus stress of bundled bars (Test 10E:E2-16-B)......cccceouemmvmrinriiieeeceereseeeesees e ssssesennns 50
Figure 4- 18 Load versus stress of bundled bars (Test 14R:R2-16-T).......ccecvvvevereruriinesriieceresiereereereesae e neesesenees 51
Figure 4- 19 Load versus stress of bundled bars (Test 10R:R2-16-B) .....ccccccereemrrcrvererrireireresinssessesessesssessnssesseens 52
Figure 4- 20 Cracking and failure in Test 7S:S1-24-T, one layer without transverse reinforcement...................... 53
Figure 4- 21 Failure mode for Test 158:28-24-B, two layers without transverse reinforcement..............cc.oou...... 54
Figure 4- 22 Failure propogating from separator, Test 8S:S1-16-T, one layer with transverse reinforcement....... 55
Figure 4- 23 Failure mode for Test 16S:2S-16-B, two layers with transverse reinforcement............cccoeeveeverenvenes 55
Figure 4- 24 Load versus stress of bundled bars (Test 16:2-16-B).......ccccceeivvererireniesrsneeseesenriereiniessessssssesssesssnenes 56
Figure 5-1 Measured stress distribtuion across section (Tests without transverse reinforcement) ............ccoeuuv.. 58
Figure 5-2 Measured stress distribtution across section (Tests with transverse reinforcement) ..............ccevn.eee. 59
Figure 5-3 Definition of A, area of transverse reinforcement .........ccocevrereeeiernrrreneieeriereseereeersaeeneseseseeseesens 62
Figure 5- 4 Comparison of stirrup stress for one and two layers of bundled bars ...........cccceecreeerienecrenveeineeenenn 63
Figure 5- 5 Inferior concrete below tOp CASHIZ DAIS .....co.ceveveeirverieserieecnireretite st st e e st e esene st see e sen b es 64
Figure 5- 6 Free-body diagram of end concrete block under the test without transverse reinforcement.............. 66
Figure 5- 7 Free-body diagram of end concrete block under the test with transferse reinforcement.................... 67
Figure 5- 8 The bond failure mechanism of two layers of bundled bars (with Teflon sheet)........ccccevvverrieenene 68
Figure 5- 9 Average stresses of outer and inner layer bars (two layers of bars without transverse

reinforcement, tOP CASL)......cociueiiiiiiiii it e s s s st e ca s sbese e s nees s aeaesaure s esemsesbos 69
Figure 5- 10 Average stresses of outer and inner layer bars (two layers of bars with transverse reinforcement,

LOP CASEY vttt ettt SR s GbeEses se st ot s e et e e st 69
Figure 5- 11 Average stresses of outer and inner layer of bars (two layers of bars without transverse

reinforcement, DOOIM CASL).......ccuererreeerirecreriesiesestessaesesreasaestassesseerssssrsssserssssssessossessesrsesanessnssrssnsrane 70
Figure 5- 12 Average stresses of outer and inner layer of bars (two layers of bars with transverse reinforcement,

DOLEOMI CASE) ...veivreeeeceesriecrrecrersnseraerssenaserssassrasssssaeaseessarsssastessessrsnesterssssstesssesasesasessessnssesnsesnsesesnsesssess 70
Figure 6- 1 Bl PAMEINS .ccoorriiircniiiiiiciiienis s bae s e bbb ir s b s e bbb s nee s s ae s bt sns 73
Figure 6- 2 Four-bar bundle after bond fAilure ...ttt e neeen 74
FIGUIE 6= 3 PEIIMETETS...ucviicrreeetereecceeriricetstieneten it oo s sucssres st er st et es saressstessteesesnestmteasententasensenaensensernesseenaesten 78
FIGUIE 6-4 .ottt st ae e st st st et st s s s s et e e et et et st sae et enteas st et e na et na st ereeutanrenneseees 78
Figure 6- 5 Stress distribution within @ bUNAIe ...........ccivvircvininninein ettt ee et sessarene 79
Figure 6- 6 Splitting planes of different Widths .........corire et 80
Figure 8- 1 RediStriDULION Of SITESS.....cccviicrnricrsrnterniireeseestreeereenriese s saeeaessseesesseeasesesseasessesensassentessesnssassanasens 92
Figure A- 1 Gap in cover after removal Of PLYWOOQ ........cocivieiinieicininciinictns sttt s seesaeseseene 96
Figure A-2 Concrete cover splitting after bond failure.........cc.ceeveeeeircrrcerrcncesecrierern ettt sae e aees 96
Figure A- 3 Bond failure mechanism of test region (Specimen #1). Plywood was used as separating material.. 97
Figure A- 4 Bar strain distribution across 1ayer.........c.coceuerieerrerinieinnrrie e rireereees et e eeesve e e s e seees 97
Figure A- 5 Second failure plane due to the release of energy at bond failure.......ocooevieoinnnninimniencenicecrneecenne 98



Table 3- 1
Table 5- 1
Table 6- 1
Table 6-2
Table 6- 3
Table 6- 4
Table 7- 1

LIST OF TABLES

As-built details Of teSt SPECIMENS ....ceccrviiviieeiiee e eierreeercrirrreeetrstrere e e teseesseessessresusssassesns et eesvensssnnenseenss 23
Comparison of measured load and the load calculated from strain gages.........cccocvvreverreriecerrnereecnseeens 57
Effect of bundle size. Ultimate bond stress of tests without transverse reinforcement...............oceernenne 76
Effect of transverse reinforcement on ultimate bond strength of bundled bars.........c.cccoceveevinereneenenne. 77
Comparison of measured and predicted bond Stress VAIUES .........coeccerurirenrrvencrenrereeenneccesnreesesnseesenns 79
Normalized bond stress for bundled vs. equivalent bars...........ccoecevreiiierreicinnececee et ereeeees 81
Comparison of measured and predicted stressesin bundled bars ...........coccvveereriecreieecnniicenrreceeeerenas 88

xi






SUMMARY

In the construction of reinforced concrete structures, it is sometimes advantageous or even necessary to
place reinforcement in bundles. Bundling may be required because of restrictions on member dimensions. Bundling
of bars may result in narrower, more graceful members, or allow for easier placement and vibration of concrete.

Current codes and design recommendations allow as many as four bars to be placed in a group or bundle.
There are provisions for increasing development length based on the size of the bundle, but in general there is little
guidance to aid the designer using bar bundles. The objective of this study was to provide an understanding of the
bond mechanics of bundles, and to provide test data for improving development and detailing requirements for
bundled bars.

Tests were conducted on two-, three-, and four-bar bundles in an effort to understand behavior and evaluate
existing codes and specifications. Analysis of a spectrum of bundle sizes provided a broad foundation for the
investigation of behavior. It also aided in identifying those parameters that have the greatest influence on bond
strength. Tests included in the program on individual bars having an area equivalent to the two- and four-bar bundles
were to test the concept of an “equivalent bar.” The equivalent diameter has been introduced in codes for use in
calculations for spacing cover based on bar diameter.



xiv



CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

In the design of reinforced concrete structures, particularly those for supports of bridges (pier caps, bents, etc.), a
great deal of reinforcement must be placed in areas where available space is limited. Congestion of reinforcement
and difficulty in placing and consolidating concrete often result. One way to solve this problem is to place the
reinforcing bars in bundles. Another solution is to arrange the bars in multiple layers. The clear spacing between
reinforcement groups will be increased considerably by using bundled bars. Larger spacing will greatly facilitate
concrete placement and insertion of spud vibrators and hence improve the gdality of the concrete.

Due to the complicated mechanism of force transfer between reinforcement and concrete, and the non-uniformity of
concrete, current specifications for bond strength in building codes are based on experimental data. Bond is further
complicated where epoxy-coated bars are used for corrosion protection. A great many experiments have been done
to study anchorage, development and splicing of deformed bars. However, most of the research involved was done
by testing non-bundled bars in the tension zone of structural members. While such tests provide much useful data
about anchorage and development of deformed reinforcement, the results may not represent situations where
bundled bars or multiple layers of reinforcement are used. Current codes allow as many as four bars to be placed in
a group or bundle. There are provisions for increasing the length of anchorage based on the size of the bundle, but
in general there is scant guidance in the code to aid the designer using bar bundles. Furthermore, very little
information is available in published literature on tests of bundled bar anchorages. There is a need for greater
understanding of the bond mechanics of bundles and test data to support code development length and detailing
specifications.

The purpose of this study is to examine experimentally the anchorage strength of two-bar bundles in one or two
layers and to evaluate the applicability of equations for non-bundled bars to two-bar bundles.

The test program is part of a project on anchorage and development of groups of reinforcing bars sponsored by the
Texas Department of Transportation (TxDOT). There are many cases where bundled bars are used in one layer or
multiple layers in TxDOT projects. The most typical applications are the reinforcement for inverse T-beams or
bents in highway bridges, as shown in Figure 1-1 and 1-2. The research work is based on typical TxDOT designs in
which two-bar bundles are placed in one layer or two layers. In order to determine bond strength, the specimens
were designed to fail in bond before the reinforcement yielded.

1.2 OBJECTIVE

The primary object of this study was to examine the effects of placing reinforcement in two-bar bundles, and in one
or two layers, on bond strength and development length. Emphasis was placed on evaluating the applicability of
previously established equations for estimating bond strength, which are based on tests of non-bundled bars in
single layer, to cases where bars are placed in bundles and multiple layers or are epoxy-coated. In addition, the
bond failure mechanism of bundled bars placed in one layer and two layers was compared with that of single bars
with the same areas as a bundle.
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Figure 1- 1 Inverse T-beam

Figure 1- 2 Reinforcement cage



1.3 ScorE

Pull-out tests were conducted using beam specimens to study the effects of a number of variables:
(1) Arrangement of bars; one layer and two layers
(2) Multiple bar bundies versus single bars with the comparable areas
(3) Casting position: top cast (more than 12 in. (305 mm) of fresh concrete below the bars) and bottom cast
(4) Effect of transverse reinforcement
(5) Epoxy coating
(6) Effect of shear acting along the anchorage zone

The other variables such as concrete strength, bar size in a bundle, anchorage length, face cover, and spacing were
kept constant.

The behavior of the specimens is described in terms of failure mode, crack pattern and bar stresses at various levels
up to bond failure. The results provide design guidance for bond strength (or development length) of bundles
arranged in one or two layers.






CHAPTER 2
BOND FAILURE HYPOTHESIS

2.1 STRESS TRANSFER MECHANISM

Bond stresses are assumed to represent the average shear stress between embedded reinforcement and the
surrounding concrete. Early practice in reinforced concrete design involved plain bars for reinforcement. For plain
bars, the bond strength is controlled mainly by a combination of chemical bond between the cement paste in
concrete and the bar surface, and friction between the reinforcement and adjacent concrete. Together chemical
bond and friction provide very little bond strength. For high strength reinforcement or large diameter bars, adhesion
and friction usually cannot provide enough anchorage force to yield the bar within a reasonable anchorage length.
For this reason, deformed reinforcement is used. In addition to adhesion bond and friction, there is mechanical
interlock between concrete and the lugs on the deformed reinforcement. Most of the bond strength is provided by
mechanical interlock. Although the deformed bar has higher bond strength, there is a greater tendency for failure to
be produced by concrete spitting between the bars or in the cover.

Mechanical interlock is determined by many parameters, including the height, the inclined angle and the spacing of
the lugs on bars, the concrete strength, and the amount of concrete or transverse steel surrounding the bars. Since
concrete is brittle and non-uniform material, stress transfer between reinforcement and concrete is not uniform. As
a result, the average bond stress (rather than the bond stress at a particular point along the embedded bar) is used to
assess the performance. By assuming bond stress is uniform along the anchorage length, the average bond stress
can be calculated by equating the tensile force in the bar to the bond force acting on the cylindrical surface area of
the anchored bar. The surface area is based on the nominal bar diameter, ignoring the extra surface area and bearing
resistance provided by the lugs, as indicated in Equation 2.1:

nd}
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where: T = the tension force on bar
d, = diameter of bar
f, = stress on bar
u = average bond stress along the anchorage length

Rearranging equation 2.1

S
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If the tensile force on the bar is called active force, the reactive force should be provided by the concrete on the lugs
of the bar. The reacting force, N, is inclined at an angle B to the axis of the bar as shown in Figure 2-1. The angle
of inclination B has been found to vary from 45° to 80°, depending on the rib geometry' . While U, the horizontal
component of the inclined reactive force N, balances the tensile active force on bar, the vertical component U’, like
~ water pressure, produces a radial pressure on the concrete cylinder. The radial pressure is balanced by the tensile
stress in the concrete surrounding the bar. As shown in Figure 2-2, the radial pressure can be considered as an
internal pressure acting against a thick-walled cylinder having an inner diameter equal to the bar diameter d, and
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Figure 2- 1 Forces between deformed bar and concrete (Ref. 1)
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F igure 2- 2 Radial pressure acting on a thick-walled cylinder with inner diameter equal to d, and a thickness
equal to C (Ref 2)



thickness parameter C. As shown in Figure 2-3, C is the smallest of 1) the thickness of face cover Cy; 2) half the
clear spacing between the adjacent bars C,; the side cover $'/2>. Depending on the concrete strength and the
parameter C, the concrete failure can be classified as

1. pull-out failure; reinforcement lugs shear off surrounding concrete, if C is large
2. splitting failure: concrete cove fails in tension and spalls

The mode of splitting failure depends on the values of Cy and C,, as shown in Figure 2-3. With C, > C,, horizontal
splitting develops at the plane of the bars, and this is termed “side-split failure.” With C, > C,, longitudinal cracks
through the cover form before splitting through the plane of the bars. Such a failure is termed a “face-and-side split
failure.” With C, >> Cy, a “V-notch failure” occurs with longitudinal cracking followed by inclined cracking’.

When bars are bundled, the “effective” surface area transferring bond is changed. No data was found in literature
for bond stresses of bundled bars or for the mechanism of bond failure in two layers of reinforcement.

2.2 PREVIOUS RESEARCH

2.2.1 Basic Bond Studies

Most of the literature dealing with bond strength is based on tests of single uncoated bars in one layer. Bond
strength is a function of the diameter of the bar, face and side concrete cover, clear spacing between bars, transverse
reinforcement, concrete strength, embedded length, and casting position. Based on 500 available tests on bond,
Orangun et al.’, derived an empirical equation using a nonlinear regression analysis. The bond strength is a
combination of the bond due to concrete around the bar and that due to transverse reinforcement confining the bar.

The total bond strength may be regarded as the combination of that due to concrete and transverse reinforcement.
Uegy = U, + Uy 2.3)

where u_ represents the bond stress contributed by the concrete, and u, represents the bond stress contributed by the
confinement of transverse reinforcement.

By using non-dimensional parameters u/ \/7;' , ¢/dy, and d,/,, the average bond strength contributed by concrete can
be expressed by formula (2.4):
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Transverse reinforcement increases the bond strength by the following factor:
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The total bond stress can be expressed in the following:
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where: Uy = calculated ultimate bond stress, psi

u, = portion of bond stress contributed by the concrete cover, psi

Uy = portion of bond stress contributed by the transverse reinforcement, psi

Ky = index of the strength provided along the anchored bars by the transverse reinforcement

C = minimum thickness of face cover and half spacing of adjacent bars, in.

dy = bar diameter, in.

A, = area of transverse reinforcement crossing the splitting plane through the anchored bars,
in’

£y = yield strength of transverse reinforcement, psi

s = spacing of transverse reinforcement, in.

1 = concrete compressive strength, psi

As ¢/d, increases the bond strength increases, and for large c/d,, ratios, direct pullout could occur. Test data
indicated that for a c/d, ratio of 2.5 or more, strength did not increase. Also, it was found that large amounts of
transverse reinforcement become ineffective since a splitting failure mode is no longer produced. To reflect this
observation, K, was limited to 3. It was also observed that bond strength was affected by the casting position of
the bar. In the relatively few tests with top bars, bond strength was about 82 to 88% of that for bottom bars.
However, as there were very few tests with top bars, it was recommended that for top bars the development
length be multiplied by 1.3. The last observation, based on the available data, was that the empirical equation
fits best when the factor c/(cy, dy) is less than 3. For values between 3 and 6 the equation is conservative and a
reduction factor in the splice or development length of 0.9 was proposed as well as a factor of 0.7 for ratios
higher than 6.

For transverse reinforcement to be effective in improving the anchorage strength, the legs of transverse
reinforcement should be adjacent to the longitudinal reinforcement and normal to the potential splitting cover.
The A, term can be regarded as the average effective transverse area for a single anchored bar (See Figure 2-4).

Za
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where ng = number of the enclosed bars in the section
a, = area of transverse reinforcement per leg

Equation (2.6) gives a good estimate of the relationship between anchorage strength and other parameters.
Setting equation (2.2) equal to equation (2.6), the relation between the anchorage length I, and the bar stress f;

can be found:
l = 2 At (2.8)
1.2+35 4 ol
d, 500sd,
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Rearranging Equation 2.8, f, can be expressed
in terms of L as follows:
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2.2.2 _Bars in Multiple Layers

There is little information in the literature covering
the bond behavior of multiple layers of bars. In
Reference 3 some tests are reported on the
anchorage behavior of multiple layers of
reinforcement at beam end support. As shown in
Figure 2-5, the dimension of the specimen and the
arrangement of the reinforcement can be
interpreted to more closely represent a vertical
layer of reinforcement rather than two horizontal
layers of reinforcement. The horizontal spacing
between the bars was 250 mm (10-in.), the vertical
spacing was only 30 mm (1-3/16 in.)). The
distance between two groups of bars was so large
that the interaction between the groups was small.
It is likely that the two bars on each side worked as

two single bars in a vertical orientation. The test results showed that most specimens failed due to the splitting of

corner concrete.

Strain Gage
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Figure 2- 5 Specimen of beam end support (Ref. 3)
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2.2.3 _Bundled Bars

In 1958, Hanson and Reiffenstuhl® reported the results of an investigation of the feasibility of using bundled bar
details in beams and columns (Figure 2-6). The first half of the program consisted of tests of pairs of beams. The
first beam of the pair had conventionally spaced reinforcement; the second, bundled reinforcement. The same
number of bars were used in each set of tests. Four bar bundles of #6 and #8 bars were tested, as well as three bar
bundles of #9 bar. The bundles were top cast in short, deep beams. Two types of steel were used: “intermediate”
grade steel, with a yield strength of approximately 47 ksi, and a high-strength steel, with a yield strength of
approximately 82 ksi.

All the beams with intermediate grade steel failed in yielding of the reinforcement. Three of the four tests with high
strength reinforcement failed in bond, the fourth failing in flexure after bond slip was recorded. The authors state
that, “...when only external bar perimeter was used to calculate bond stress, there was no systematic difference in
ultimate bond stress developed by spaced and bundled bars.” The authors’ conclusion was that bundling
reinforcement is a safe detailing practice, as long as each bar is “individually well anchored.” They also recommend
that bond stress for the bars be computed on the basis of the surface area of the bundle in direct contact with the
concrete. No specific recommendations for the design of embedments for bar bundles were made.

The literature search located two other papers dealing with applying code provisions for crack control when detailing
bundled bars. While perhaps not directly applicable to questions of development length, the discussions are still
interesting in that they involve questions about bundled bar behavior.

In 1972, Nawy® proposed a method for applying the crack control provisions of ACI 318-71 to bundled bars. The
concern was that there was no specific instruction in the code for interpreting the equations for bundled geometries.
Nawy proposed that designers modify the equation with parameters which account for the change in exposed bar
area when the bars are grouped together.

Lutz® presented a similar modification in 1974. He felt that Nawy’s modification was confusing. Instead, he
presented a different method of modifying the code equations, based on slightly different assumptions about how
grouping the bars changed their effective perimeter. The argument over which perimeter reflects behavior most
accurately is particularly interesting in that it points to a good deal of confusion over the issue: Lutz states, “There is
very little experimental information that could be used to aid in evaluating the expressions presented.”

2.24 Epoxy-Coated Bars

National Bureau of Standards. Mathey and Clifton’ reported the first study on bond of epoxy-coated bars. Bond
strength of epoxy-coated bars was compared with uncoated bars in pullout tests. The reinforcing steel used was all
#6, Grade 60 bars. Twenty-three bars with varying coating thicknesses, ranging from 1 to 11 mils, and two bars with
a coating thickness of 25 mills were used. The results from the coated bars were compared with five uncoated bars.
The variables studied were: coating thickness, deformation pattern, and the method for coating application. It was
found that the average value of the applied load corresponding to the critical bond strength in bars having epoxy
coating thicknesses between 1 and 11 mils was only 6% less than the average load applied to uncoated bars. Based
on this critical bond strength it was concluded that bars with coating 1 to 11 mils thick develop acceptable bond
strength. In these tests the critical bond strength was considered as the lesser of the bond stress corresponding to a
loaded-end slip of 0.01 in. or that corresponding to a free-end slip of 0.002 in. However, the critical bond computed
in this way does not give the actual bond strength of the bar. Most of the bars yielded in the tests. Only the two bars
having 25 mil coating thickness failed in bond. All other coated bars with 1 to 11 mil coating thicknesses, as well as
the uncoated bars, yielded in the tests. Based on this, it was recommended that bars with coating thickness greater
than 10 mills not be used.

North Carolina State University. Tohnston and Zia® reported a study in which three slab specimens with uncoated
#6 bars and three with coated #6 bars were used to compare strength, crack width and crack spacing width. In order
- to simplify the measurement of cracks, the slabs were tested as simply supported beams with the tensile surface at
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the top. Little difference in crack widths and spacing, deflections and the ultimate strength was found between
coated and uncoated specimens. The failure load of the epoxy-coated bar specimens was about 96% of that of the
uncoated specimens. Because of the test setup and the large deveiopment length used, the tests resulted in flexural
failure and the actual bond strength could not be measured.

Johnston and Zia also tested #6 or #11 bars with three different embedment lengths to compare strength under static
and fatigue loading. Steel grade and production heat, concrete mix, and epoxy coating thickness were kept constant.
In the beam end specimens the loads were applied directly to the reinforcing bar. Transverse reinforcement was
provided. Loading stopped when the bar reached 125% to 140% of the yield stress (long embedded lengths) or
when pullout occurred (short embedded lengths). Bond splitting cracks and flexural cracking were developed in
epoxy-coated bars at lower load levels than for specimens with uncoated bars. At the same level of stress the epoxy-
coated bar specimens recorded larger slips. Changing the embedment length or the bar size from #6 to #11 did not
influence the performance of the epoxy-coated bar specimens relative to the uncoated bar specimens: In tests that
failed in pullout, the epoxy-coated bars developed about 85% of the bond strength of the uncoated bars. Similar
results were found in fatigue and static tests. It was recommended that when using bars with epoxy coating, the
development be increased by 15%.

The University of Texas. Treece’ tested twenty-one beam specimens to determine the influence of epoxy coating
on bond strength, member stiffness and on the spacing and width of cracks. The variables were bar size, concrete
strength, casting position and coating thickness. All of the same sized bars were from the same heat of steel and no
transverse reinforcement was provided in the splice region. Different combinations of the variables were examined
in several series. In each series a control specimen with uncoated bars and a specimen with bars having a 12 mils
coating were included. Since a minimum of 5 mils and a maximum of 12 mils are specificed by ASTM A775/A
775M-88a, in some series a third specimen with a 5 mil coating was added. Bars were cast with bars in both top and
bottom position.

All tests resulted in a splitting failure at the splice region. Test results showed that only 67% of the bond strength of
the uncoated bars was developed in the epoxy-coated bars with an average thickness above 5 mils. This reduction
was consistent for all the variables studied. The only variable affecting the bond strength in companion specimens
was the presence of the epoxy coating. Little difference in flexural behavior was noted between specimens with and
without epoxy coating. It was also found that the specimen with epoxy coating had fewer, but wider cracks than the
uncoated specimen.

Based on the test results, Treece recommended a 50% increase in the basic development length where the concrete
cover is less than 3d, or the bar spacing is less than 6d,. Moreover, based on Johnston and Zia’s test results, it was
also recommended to increase the basic development length by 15% for all other cases where epoxy coating is used.
It was also suggested that the combination of factors for top reinforcement and epoxy coating be limited to 1.7. The
design recommendations made by Treece were later adopted by ACI 318 in the 1989 Building Code'® with the only
modification being an increase of 20% rather than 15% as originally suggested. Since tests did not consider the
effect of transverse reinforcement, it was also indicated that more research in this area must be done.

Hamad et al.!" tested twelve beams to determine the effect of coated transverse reinforcement on the bond strength of
epoxy-coated bar splices. All the specimens had bars only in a top cast position. A nominal concrete strength of
4,000 psi was used. The reinforcing steel was Grade 60, #6 and #11 bars. The nominal coating thickness on the
longitudinal steel was 8 mils while on the transverse reinforcement, the measured thickness was 9 mils. Again, it was
found that the epoxy-coated specimens had wider flexural cracks at larger spacings than with uncoated bars.
However, it was noted that the total width of all cracks in both type of specimens (with epoxy-coated and uncoated
bars) was about the same. The epoxy coating did not significantly affect the flexural cracking load.

The results showed a relative bond strength ratio of coated to uncoated bars in specimens without transverse
reinforcement of 0.74 for #11 bars and 0.67 for #6 bars. However, the bond capacity improved with the increase of
. transverse reinforcement. This improvement was greater for the epoxy-coated bar specimens. For uncoated #11
bars, thebond strength increased 8% using K, = 1.02, and 15% with K, = 2.04. On the other hand, for coated #11
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bars, thebond strength increased 8% using K, = 1.02, and 15% with K, = 2.04. On the other hand, for coated #11
bars, the bond strength increased 19% with K,; = 1.02 and 31% with K, = 2.04. In the case of #6 bars, the increase
in specimens without transverse reinforcement was 10% with K, = 1.02, while for specimens with transverse
reinforcement, it was 22%. The averge bond ratio for beams with ties in the splice region was 0.81.

Based on their results and on other available data, Hamad et al. suggested modifications to Code provisions.

Purdue University1 2 Cleary and Ramirez reported the results of an experimental program conducted to evaluate the
bond strength of epoxy-coated splices in constant moment regions of slab specimens. The influence of epoxy
coating on member stiffness and on the spacing and width of cracks was also studied. Four slab specimens
reinforced with epoxy-coated bars and four companion slabs with uncoated bars were tested. All the steel bars were
from the same heat and the average coating thickness was 9.0 mils. No transverse reinforcement was used.
Different concrete strengths (4 and 8 ksi) and embedded lengths were used.

In two of the four uncoated slab specimens the steel bars yielded, and the other two resulted in bond splitting failure.
Based on the two specimens that resulted in bond failure, the corresponding specimens with epoxy-coated bars
developed 97% and 65% of the bond strength. The former ratio was obtained from a specimen with 12-in. splices
and 4-ksi nominal concrete strength. The latter was obtained with 10-in. splices and 8-ksi nominal concrete
strength. The large difference was attributed to the concrete strength and to the number of flexural cracks.

As in Treece’s tests, it was also noted that there was no loss of slab stiffness due to the epoxy coating and that there
were fewer cracks but they were wider in specimens with epoxy-coated bars. Cleary and Ramirez also concluded
th =t there appeared to be no significant difference in the behavior of beams and slabs with epoxy coating designed
t¢ fail in a splitting mode of failure. Based on only two slab specimens with high strength concrete (8200 psi), they
concluded that there is a need in the design provisions to account for the effect of concrete strength on the reduction
of bond strength when epoxy-coated bars are used.

The University of California at Berkeley” DeVries and Moehle conducted an experimental program to examine
the effects of concrete strength, casting position, epoxy coating, and the presence of an anti-bleeding agent on the
bond strength of splices. Three nominal concrete strengths of 8, 10, and 15 ksi were tested. The reinforcing steel
bars were Grade 60, #6 and #9 bars. All the bars of the same size came from the same heat. The nominal thickness
of the epoxy coating was 8 mils. Some of the specimens had transverse reinforcement along the splice region.

The tests showed that bond strength was affected by the casting position and the presence of epoxy coating in the
bars. However, it was observed that the effects were not cumulative. DeVries and Moehle concluded that the
modification for top to bottom cast bars given in Section 12.2.4.3 of the 1989 ACI Code (ACI 318-89), was not
needed. The test results also showed that the bond strength of a splice in either top or bottom cast bars is not
significantly altered by the anti-bleeding agent.

2.2.5 _ Shear and Bond Interaction

The effect of a moment gradient along the embedment length of an anchored bar has been studied before, primarily
with regard to splices. Tests conducted under Texas Highway Department Project 113, by Ferguson and Briceno™*
and Ferguson and Krishnaswamy"’, the splice was in a region of varying moment (Figure 2-6). Ferguson and
Krishnaswamy suggested a modification of bond stress for splices in which one end of the splice was at a lower
stress using a factor of 2/(1-k), where k is the ratio of the smaller stress to the larger stress at the two ends of the
splice. In the work reported in Reference 16 (THD Report 154) it was found it could be assumed to coincide with
the failure by splitting of a “cylinder” of concrete surrounding the bar or bars. A moment gradient should have little
or no effect on the stress at failure. An anchored bar, either an individual bar or one bar in a splice, is subjected to
the same stresses at the boundaries — maximum at the lead end and zero at the tail end. The validity of the
“splitting cylinder” was examined considering the 28 splice tests conducted in Project 113. There was no tendency
~ for the bond stresses to change as k changed. It was concluded that Eq. (2.6) slightly underestimates the strength of
splices subjected to a moment gradient and did change the basic approach used in deriving Eq. (2.6) was not
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changed. It should be noted that in tests with the splice in the region of variable moment, the splices were subjected
to a fairly low constant shear force. The performance in actual design situations, high shears (or steep moment
gradients) are unlikely along short splice or development lengths and it is difficult to create such conditions in test
specimens without changing the boundary conditions and introducing loads that do not represent typical bridge
design conditions.

Jirsa and Breen'’ reported 24 tests on the influence of shear on lapped splices conducted as part of THD Project 242.
The test specimen is shown in Figure 2-7. A number of variables were considered including shear span (level of
shear along splice), transverse reinforcement, casting position, bar size (#9, #11), and splice location relative to
point of maximum moment. It was concluded that “the level of shear had an inconsequential effect on the strength
of lapped splices.” With substantial increases in the level of shear, only negligible changes in bond strength were
observed.

Lukose, Gergely and White'® tested splices in a region of varying moment and compared the results with four
similar splices in a region of constant moment (Figure 2-8). The tests showed that the performance of splices in the
presence of shear was always better than in a constant moment region. The reason is that splitting damage
progresses from both ends of the splice in a region of constant moment and primarily from the more highly stressed
end in a region where the moment varys. The greater the moment gradient (higher shear), the less is the damage
spreading from the end at lower stress. In effect, the tests confirmed the results and conclusions presented by
Orangun, Jirsa and Breen’.

It should be noted that Lukose, et al.'® did find that the region adjacent to the higher stressed end was critical. The
change in stiffness and stress concentrations due to the termination of a bar leads to a large transverse crack at this
location. The cracking and distress at this location was effectively controlled by well-detailed, closely spaced
transverse reinforcement (ties or stirrups) along the splice and continuing along the bar beyond the splices at the
highly stressed end.

#9 or #11 REINFORCING BARS SHEAR SPAN. a | -OAD. P
l—6-IN. MINIMUM

] )

I = 16 in. (#9) =16 in.

}_zs .I =22'in. (#11) i

— ] 2in. 2in. lt—
7 ft. 2in. . 8ft. Oin. ‘ 7ft 2in.
>

22 ft. 4in.

Figure 2- 7 Side view of test specimen (load shown for top cast splice test (Ref. 16)
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Figure 2- 8 Geometry of beam specimens (Ref. 18): splice in constant
moment region (top), splice in shear region (bottom)

2.3 CURRENT AASHTO AND ACI 318-89 CoDE PROVISION REGARDING THE BUNDLED BARS

23.1 _Detailing

The general detailing requirements for bundled bars in both AASHTO" and ACI 318-1989%° are identical.
AASHTO Section 8.21.5 specifies that the number of bars in a bundle is limited to four, and bars larger than #11 are
limited to bundles of two. It further states that when individual bars within a bundle are terminated within a span,
the cutoff points must be separated by 40 bar diameters. Finally, it requires that spacing limitations based on bar
diameter must be satisfied, in the case of bundles, on the basis of a single bar having area equivalent to that of the
bars in the bundle. These same requirements are found in ACI Section 7.6.6, with the exception that ACI does not
allow bundling of bars larger than #11 due to concerns of excessive crack widths.

2.3.2 _Development ength

The basic development length for #11 and smaller bars is:
;0044 1,
=——=
-f'cl
In the AASHTO specification, this equation is lengthened by factors for casting position, lightweight aggregate, and

epoxy coating. The value may be reduced if sufficient clear cover and spacing is provided, the bars are enclosed in
spiral reinforcement, or if reinforcement is provided in excess of that required for flexural capacity.

The ACI code (ACI 318-89) specifies factors to be used as multipliers of the basic equation, accounting for clear
spacing, cover, and transverse reinforcement, which may increase the development length. The AASHTO factors
for these parameters will only reduce length, if they apply. ACI also allows reductions for excess reinforcement,
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wide bar spacing and cover, and both spiral reinforcement and closely spaced sitrrups. The factors in the ACI code
are not all the same as those in AASHTO.

Presently, very little is said in addition to this in the codes regarding the development of bundled bars. AASHTO
Section 8.28 states:

The development length of individual bars within a bundle, in tension or compression, shall be
that for the individual bar, increased by 20 percent for a three-bar bundle, and 33 percent for a
Sfour-bar bundle.

The ACI code contains the same provisions in Section 12.4. These provisions are based on the amount of surface
area on the inside of the bundle, which does not have direct contact with the surrounding concrete and therefore
cannot transfer stress through bond.

2.3.3 _Epoxy-Coated Reinforcement

Section 12.2.4.3 of the 1989 ACI code™ specifies that for epoxy-coated bars with cover less than 3d, with clear
spacing between bars of 6d,, the development length should be multiplied by 1.5, and for all other conditions should
be multiplied by 1.2. It is also stated that the product of the factors for top casting and for epoxy coating needs not
to be taken greater than 1.7.

The 1992 AASHTO Speciﬁcationszo use the same criteria; however, the 1.2 factor for all other cases is taken as
1.15 as suggested by Treece.
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CHAPTER 3

EXPERIMENTAL PROGRAM

3.1 VARIABLES

The intent of this research was to explore the effect on development length of placing bars in groups or bundles. In
order to determine the required development length for bundled bars, tests were designed to fail in bond before the
longitudinal reinforcement yielded. If a given embedment length is long enough to yield reinforcement, the only
conclusion that can be reached is that the length provided is greater than or equal to the required development
length. It could be much longer than needed, or very near the minimum requirement. If, however, a test fails in
bond, and if the bar stress at failure is known, it is possible (assuming a linear relationship between bond and
development length) to extrapolate from the test embedment length the minimum length required to reach nominal
yield. The designer may then choose the margin of safety to be applied to that length.

The specimens were intended to model typical installations where bundled bars are used. For this reason, the
dimensions were based on a sample detail from the TxDOT Bridge Design Examplesn, shown in Figure 3-1. The
design selected includes bundles of #11 bars. The specimens were built at roughly half scale, using #6 bars which
represented the largest scale which could be tested conveniently with the facilities at Ferguson Laboratory.

The following items were considered in examining bundled bar behavior and anchorage:
¢  bundle size
* equivalent bars
¢ transverse reinforcement
s  casting position
®  epoxy coating

* moment gradient (shear)

3.1.1 Two-Bar Bundles in One and Two Layers.

Previous research on the bond of one layer of non-bundled bars showed that the bond strength was affected by
several parameters. The most important parameters were concrete strength, diameter of the rebar, confinement by
transverse reinforcement, concrete cover or clear spacing between bundles, and casting position. In this program
the concrete strength ( f =3500psi ), diameter of reinforcement (d, = 3/4-in., #6 bar), concrete face cover (C, = 1-
in.) and clear spacing of rebars (2C, = 2-5/8-in.) were kept constant, and the effect of the number of layers, the
confinement of transverse reinforcement, casting positions, epoxy coating, and influence of shear were examined.

3.1.2 Number of Bars in Bundle and Equivalent Bars

In order to investigate the bond mechanics of bundled bars, the full range of permissible bundle sizes were tested.
The bar arrangements shown in Figure 3-2 allow comparisons of bond for a variety of combinations to help explain
differences in bond mechanics and strength, for example, between four-bar bundles having no vertical spacing and
two layers of two-bar bundles having a vertical clear spacing of 1.33 d,.
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In addition, the concept of equivalent bars used in

the AASHTO"™ and AcCI” provisions for

development length were studied. For a bundle of < 22"

bars, the bar diameter is taken as the diameter of a 1" ‘
“round” bar having the same cross sectional area as

the bundle. Therefore, tests were done on bars O O O O O
with an area roughly equivalent to that of the two- 2058 1313

bar bund}e and }:he' fogr-bar bundle. The results typ. Single #8 Bars
should give an indication of the accuracy of the

equivalent bar concept.

Y

It was not possible to test bars of exactly
equivalent area because there was no exact match
in standard bar sizes. However, because ultimate
bond stress varies little with small changes in bar 22" >
size, it was assumed that tests on standard bars of 1" '

nearly the same dimensions as the equivalent bar

would provide an accurate basis for comparison. ——p '__p O O O

Two #6 bars have an equivalent bar area of 0.88 205" 273" .

square inches, which equates to an equivalent typ. Single #11 Bars
diameter of 1.06 inches. A #8 bar was substituted
for the equivalent bar, since the diameter of a #8
bar is 1.0 inches. This is a difference in diameter
of 5.7%. Similarly, the equivalent bar for four #6
bars has an area of 1.77 square inches and a Figure 3- 3 Single bar pattern and spacing
diameter of 1.50 inches. A #11 bar was used to

approximate this equivalent bar; it has a diameter

of 1.41 inches, a difference of 6.0%. Figure 3-3

shows the pattern and spacing of the “equivalent” bars.

A

3.1.3_ Transverse reinforcement

Specimens were fabricated with and without transverse
reinforcement. Tests without transverse reinforcement were
included to better understand bond mechanics of bundled
bars, even though a section with no transverse reinforcement
generally is not acceptable in practice. The amount of
transverse reinforcement was constant in every test with
transverse reinforcement: two pairs of #4 ties, arranged as
in Figure 3-4, were spaced at 5-1/3 inches. Tests with
transverse reinforcement are indicated in Table 3-1.

Figure 3- 4 Stirrup layout

3.1.4_ Casting Position

Casting position was considered for two reasons. First, casting position is very much a factor in the pier bent caps
which represent the prototype for the test. So, to determine if the detrimental effects of top casting are in any way
compounded by large bundle sizes, the four-bar bundles were top cast. Secondly, top casting was an unavoidable
result of economizing the construction of the test specimens by including multiple tests in each beam. Tests which
were to be directly compared were all cast in the same position to minimize this effect in the relationships between
these tests. For instance, both the single #11 bars and the bundle of four #6 bars, which were to be compared, were
top cast. Casting position is indicated in Table 3-1
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Table 3- 1 As-built details of test specimens

Test No. | Designation | No. of |Bars in | Casting | Trans. La Clear Face | Conc, Str. | Age at
Layers { Bundie | Position | Reinf. | Anch. Length | Cover, Cs 7 Testing] Comments
mm (in.) mm (in.) | MPa (ksi)
5 1-24-T Top _ No 609 (24) 25(1) | 20(2.9) 42
6 2-24-B Bot No 609 (24) 25(1) | 20(2.9) 47
7S $1-24-T Top _ No 609 (24) 25 (1) 18 (2.6) 37 Shear
8s S$1-16-T Top | Yes 406 (16) 25 (1) 18 (2.6) 41 Shear
9 1-16-T Top [ Yes 406 (16) 25 (1) 20 (2.9) 78
10 2-16-B Bot Yes 406 (16) 25(1) | 20(2.9) 83

Bot | Yes | 395 (15-1/2) | 32 (1-1/4) | 25(3.6) | 28 Replicate
Bot | Yes | 391(15-318) | 25(1) | 25(3.6) | 28 |Epoxy-coated

10R R2-16-B
10E E2-16-B

T T T T 1

11 2-24-T Top_ | No 406 (24) | 38(1-1/2) | 29(4.2) | 43
12 1-24-B Bot No | 597 (23-1/2) | 29 (1-1/8) | 29(4.2) | 49
13 1-16-B Bot_ | Yes | 391 (15-3/8) [ 29 (1-1/8) | 17 (2.5) 39
14 2-16-T Top | Yes | 381(15) 25(1) | 18(2.6) | 46
14R R2-16-T Top | Yes | (406 (16) 25(1) | 25(3.6) | 28 Replicate
14E E2-16-T Top | Yes | 406 (15-3/4) | 32 (1-1/4) | 25(3.6) | 28
155 52-24-B Bot No 609 (24) 25{(1) | 19(2.7) | 64 Shear
16S $2-16-B Bot | Yes | 406 (16) 25(1) | 19(2.7) | 66 Shear
17 3-16-B Bot | Yes | 406 (16) 25(1) | 25(3.7) | 28
KT 3-24-8 Bot No 609(24) 23(7/8) | 25(3.7) | 28
19 4-16-T Top | Yes | 406 (16) 20(3/14) | 25(3.7) | 28
[ 20 4-24-T Top_ | No 609 (24) | 32(1-1/4) | 25(3.7) | 28
21 L8-16-B Bot | Yes | 406(16) | 25(1) | 27(3.9) | 28 #8 bars
22 L8-24-B Bot No 609 (24) | 25(1) | 27(3.9) | 28 #8 bars

Top | Yes | 406(16) | 23(7/8) | 27(3.9) | 28 #11 bars
Top | No 609 (24) | 23(7/8) | 27(3.9) | 28 #11 bars

23 L11-16-T
24 111-24-T

Alajafalafa (22 NININININIS [N ININ N alaio ]
Sl AN IS IWIWININDINININININININININININ NI I

3.1.5 Bond Failure

The design for bond failure began with an estimation of development length for an individual bar. The goal was to
select a length which would fail in bond, but not before the bars reached a substantial fraction of their yield stress.
A moderate to high bar stress at failure is desirable because bond mechanics are likely to be similar to those at yield
stress. The mechanism of bond failure for extremely low values of stress might be different than for high stress.
Both the current ACI code equations and the equation developed by Orangun’, were used to estimate development
length required to develop yield in the bars. Based on these predictions, a test length of 24 inches was selected for
those sections without transverse reinforcement, and 16 inches for those with transverse reinforcement. The
selected lengths were used throughout the testing program, allowing for direct comparison between tests with the
same development length.

3.2 TEST SPECIMEN GEOMETRY AND LOADING

A particular difficulty in the design of the tests was determining a way to apply load to the specimens without
introducing confining forces to the embedment region. Figure 3-5 demonstrates the effect of confining force from
load application to counteract the splitting force in the plane of the bars, thereby artificially increasing the apparent
bond stress at failure. Note that in the typical pier caps used in TXDOT designs (Figure 1.1) and sketched in Figure
3-6, the loads from the precast girders do not directly confine the longitudinal reinforcement. Loads are applied
through the bottom flange of the concrete T-section. In order to develop the higher forces needed on the short
anchored bars in the test region, a decision was made to isolate the test section, employing a “bond breaker” to
prevent the transmission of confining stress to the embedment zone as illustrated in Figure 3-7. The bundles were
placed in metal ducts from the point of maximum moment to the “bond breaker.” The ducts served to prevent
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transfer of .sﬁess between the bars and compression force
concrete, with the result that all of the
embedment for the bars is limited to a well- =)
defined development length.

P

due to load application

The “bond breaker” was constructed by
epoxying thin (1/16-in.) sheets of Teflon to
sheet metal. The assembled sheets were
placed between the test region and the '
unbonded region. The bond breaker had l ‘L i l i i ii
two functions. It effectively isolated the > "

test section from the rest of the beam, Iconfining force Sp“ﬁ'“g force due
providing a well-defined embedment to tension

length, without introducing a gap or
discontinuity between the embedment block
and the adjacent concrete. Secondly, the
smooth Teflon surface did not bond to the
concrete, so confining forces from the
nearby applied load were not transferred
through to the embedment zone. As a
result, splitting of the concrete in the test
region was unrestricted by the applied
loads. Even though the test conditions do
not simulate exactly the condition in an
inverted T-section, they provide a means
for comparing results and allow
consideration of more variables within the
scope and budget of the project. It should 4
be noted that the four initial tests were Bent7
conducted using a plywood strip as the

“bond breaker.” However, that did not Figure 3- 6 Loading configuration of bent caps
work well and the Teflon sheets were

implemented.  Appendix A contains a

discussion of the problem.

rreerree

-
T

Figure 3- 5 Confining effect of load application

Bundled Bars\

8 ¢

Load application does
not confine negative
moment reinforcement

3.3 SPECIMEN DIMENSIONS

All beams were 22 inches wide and 30 inches deep. The beam cross section and the dimensions of cover and clear
spacing are shown in Figure 3-8. More than 25 inches of concrete were cast below the upper bars in the cage, so the
upper bars are top cast bars according to AASHTO requirements (more than 12 inches of concrete cast below). The
face cover was one inch thick, the side cover was two inches, and the clear spacing of longitudinal bars was 2-5/8
inches. The total length of the beams was 15 feet or 16 feet-3 inches.

Each specimen contained two test regions (Figure 3-8) with top and bottom bars tested separately to permit four
separate tests in each beam. Using this arrangement resulted in a more economical test program both in terms of the
amount of material required and in time to construct cages and cast concrete. More importantly, the concrete
characteristics were the same for a number of tests.

The first tests on two bar bundles demonstrated a tendency of the end block to rotate as the bars were stressed. The
rotation did not occur as long as the bars on the opposite face were still embedded in the concrete. For example, if
the bottom bar tests were completed, the bottom bars were no longer embedded in the concrete and there was no
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steel to restrain the end block from rotating when the top bars were tested. To restrain the rotation, crack control
bars were placed as illustrated in Figures 3-8 and 3-9.

3.4 MATERIALS

3.4.1 Concrete

The concrete strength was based on typical strength used by TxDOT. The nominal compressive strength at 28-days
was 24 MPa (3500 psi). The actual compressive strength from standard 6-in. x 12-in. cylinders ranged from 17
MPa (2500 psi) to 28 MPa (4100 psi). Because of the tight spacing of reinforcement, 3/8-in. coarse aggregate was
used and the slump of the concrete at placement was 6 to 8 inches to ensure good consolidation of concrete.
Usually, when the ready-mix truck arrived, the concrete had a slump less than 6 inches. Before concrete was
placed, water was added to produce the specified slump. The concrete was placed in three to four lifts. Each layer
was consolidated with hand-held vibrators.

Cylinder strengths were obtained at 7, 14 and 28 days. For those tests where the test was conducted at much later
date, additional cylinders were tested so that a strength curve could be developed. The concrete strength at the day
of testing was determined from this curve. A concrete strength curve for one concrete delivery is shown in Figure
- 3-10.

3.4.2 Reinforcement

The longitudinal reinforcement was Grade 60 with measured yield stress of 456 MPa (66.1 ksi) for the #4 stirrups,
422 MPa (61.2 ksi) for #6 bars, and 448 MPa (65 ksi) for the #8 and #11 bars.

3.4.3 Epoxy Coating

Epoxy patching material was applied to the #6 (19mm) bars on one end of the beam. The painted length was about
20 inches (508 m), but only a 16-inch (406-mm) length was used in the test region. Also, the stirrups to be placed
in this region were painted. The coating thickness of the epoxy-coated bars was measured using a Microtest
thickness gage. Three measurements were taken along each longitudinal bar and four in each stirrup (one on each
leg). Figures 3-11 and 3-12 show the coating thickness gage and the measurement procedure. The average coating
thickness for all the epoxy-coated bars was 4.74 mils with a standard deviation of 1.08 mils. Figure 3-13 shows the
distributjon of the average coating thickness measured.

3.5 SPECIMEN CONSTRUCTION

After strain gages were bonded to the reinforcement, light gage steel tubes were placed over the two-bar bundle in
regions where the bars were to be unbonded. Strain gages were covered by the tubes and gage wires were threaded
through holes in the tubes. Finally, silicon caulk was inserted to seal the gaps between bundles and the ends of the
tubes to prevent cement paste from getting into the tubes.

The bars were fixed in place while the cage was tied. First, the stirrups were placed on the cage, but left untied.
Plywood guides were placed around the bars at either end of the cage to fix the bars in proper pattern. After that, all
bundled bars and stirrups were tied. Diagonal bars were tied in the middle of the beam to help stabilize the cage.
Figure 3-14 shows a picture of the cage. The separators (plywood or Teflon) were positioned in the beam and the
whole cage was carefully lifted and placed in the form.

3.6 INSTRUMENTATION

Strain gages were placed on the longitudinal steel and transverse ties. The transverse ties were instrumented such
that the gage coincided with the plane of the bars where a splitting crack was anticipated. On the longitudinal bars,
the gages were placed in the unbonded region, about three inches from the bond breaker. Placing the gages outside
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Figure 3- 12 Measuring the coating thickness
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Figure 3- 14 Steel cage of the specimen

. the embedment zone eliminated any concerns about local variations in stress (due to cracking) affecting
measurements. The tubing around the bars also protected the gages during placement of concrete. Figure 3-15
shows the gaged bars in varjous specimens. In some of the tests on two-bar bundles, the entire section was gaged.
The results were nearly symmetric about the cross section, indicating that it was sufficient to gage only half the
section without sacrificing accuracy. For the three- and four-bar bundles, only half the bundles were instrumented,
through in both cases all the bars in a bundle were gaged, as indicated in the figure. In the single bar tests, each bar
was instrumented.

3.7 TESTING PROCEDURE

3.7.1 Loading

The load was applied to the beam in a simple three-point loading scheme. The apparatus is shown in Figures 3-16
and 3-17. The load was applied with a pair of 200-kip rams, which were connected in series to the hydraulic pump,
such that the load in the rams was equal. The load from the rams was carried to the reaction floor by high strength
steel rods anchored in the floor. A loading beam applied the load, via a roller support, to the beam. A roller support
was located at midspan on the reaction floor, and a second loading beam provided passive anchorage at the other
end of the span.

Figure 3-18 shows the forces in the loaded beam. The bars being tested in the diagram are those in the upper left
corner of the beam. This diagram illustrates again the function of the bond breaker system. The bonded region in
the center of the beam develops the tension force in the test bars through embedment to the right of the point of
maximum moment. Note from the bar force diagram that the force in the bars is constant over the unbonded region
since there is no contact between the bars and the concrete, and hence no transfer of stress. The force in the bars
only drops over the test region, where the bars are embedded. The central bonded region provided the necessary
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resistance to the test regions at either end of the beam. Figure 3-18 shows tests set up with and without a beam
shear force along the anchored bars. Figure 3-19 shows a photo of the test setup.

3.7.2 Data Acquisition

The data was collected by a computer-based data acquisition unit. The strain gages, pressure transducer, and linear
potentiometers (used to measure displacement during the test but not used for any computations) were connected to
the data acquisition system. At each load increment data channels were scanned and the readings recorded on disk.
A hard copy of each scan was printed providing instantaneous conversions of the readings to stresses and load.
These read-outs were useful in monitoring the test’s progress.

3.7.3 Testing Procedure

The load was applied manually to the beam via a hydraulic pump. The load on the beam was a direct function of
the pressure in the hydraulic lines: the pressure was monitored during the test by a dial gauge and a pressure
transducer. The individual operating the pump gauged the load interval using the readout on a voltmeter attached to
the pressure transducer.

Deformation transducers were placed at the end of the beam to measure the deflection and any twisting of the beam
during the test. In tests 1-4, the slip of the free end of anchored bars was measured as shown in Figure 3-20.
However, the data showed that the slip of the free end before the bond failure was so small that it was beyond the
accuracy of the testing method. Therefore, slip was not measured in later tests.

Readings were taken after each incremental application of load. The initial load steps were on the order of 10 kips.
The data acquisition system printed a copy of the stresses at each scan, and this information was used to determine
the appropriate load increment for the next step. The size of the step was reduced as the bars neared the expected
failure load. Regular inspection of the beam and the marking of cracks also provided a measure of the performance.
The load steps were reduced near the end of the test to a level which resulted in a change in bar stress of
approximately 1 ksi per increment.
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CHAPTER 4

TEST RESULTS — TWO-BAR BUNDLES

4.1 INTRODUCTION

Load stress relationships for sixteen tests are presented. The behavior of the bundled bars is described in terms of
the bar stresses, failure modes, and crack pattemns in the test region. Stresses were calculated from measured strains.
For clarity, some key terms used in the discussion are explained in Figure 4-1.

MPa
150 100 200 300
T /5 6h 3,404 1
2
4 600
120 //
4
2 90 ) 74 400
o
";,3 60 %
3 (Test 5) 1-24-T 1 200
123456
30 0 CO [ ]
0
0 10 20 30 40 50

Stress (ksi)
Figure 4- 1 Key terms

4.2 TESTS WITHOUT SHEAR

In eight tests, bundled bars were subjected to tension without shear acting along the test region. The data from these
eight tests were used to compare the bond behavior of two-bar bundles in one and two layers, cast in top and bottom
positions, with and without transverse reinforcement and coated with epoxy or uncoated.

4.2.1 Bar Stresses Within a Bundle

A typical load-stress relationship for individual bars is shown in Figure 4-2, The stresses of the two bars in a bundle
generally were close. After failure the concrete cover was removed. The splitting plane and cracking around the
bundled bars were examined. At failure, both bars in a bundle always slipped the same amount and there was no
observable relative movement between the two bars. In evaluating the data, stresses of bundled bars are taken as the

average measured stresses of two bars in a bundle.

4.2.2 OnelLaver

When the stresses in the bundled bars reached 90% of the peak stress, longitudinal cracks appeared over two corner
bundles. The cracks lengthened as the load increased. When the cracks were about two-thirds of the anchorage
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length, the bars failed in bond. The failure was a “side-and-face splitting” mode. The bond failure of bars without
stirrups was brittle and quite violent as the energy was released from the bundled bars. A typical failure mode is
shown in Figure 4-3

In the tests of bundled bars with stirrups, transverse reinforcement crossed the splitting plane and confined the bars.
Longitudinal cracks above the two corner bundles appeared very late in the test. Sometimes cracks were visible only
after failure. A third longitudinal crack appeared above the middle bundle since there was less confinement from the
stirrups at this location. The measured stress in the transverse reinforcement was around 34.5 MPa (5 ksi) at the
peak load. The low stress correlated with the absence of transverse cracks. The failure of bundled bars with stirrups
was less severe than that without stirrups. The failure mode could be termed a “side-and-face split” failure, as shown
in Figure 4-4,

Figure 4- 4 Failure mode for one layer of bundled bars with transverse reinforcement (Test
13: 1-16-B)

The load-stress relationship for four one-layer tests is shown in Figures 4-5 through 4-8. In Figure 4-7, the stirrup
stress is also included and shows that the stress in transverse reinforcement was low (less than 10 ksi) even at failure.
The curves show points up to load levels near failure. In most cases the failure was so sudden that only peak loads
could be determined; peak strains could not be monitored. The only test in this group that was difficult to interpret
was Test 12, 1-24-B (Figure 4-6), in which the strains for gages 1 and 2 were very large and inconsistent with
measured load levels or with the other gaged bars.
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Figure 4- 9 Failure mode for two layers of bundled bars without transverse reinforcement
(Test 6:2-24-B)

4.2.3 Two Lavers

Two longitudinal cracks appeared above the two comer bundles and the third crack appeared above the middle
bundle. As the load increased, the longitudinal cracks lengthened and bars failed suddenly when the cracks reached
about two-thirds of the anchorage length. Before failure, horizontal cracks along the plane of bundled bars could be
seen at the free end of the anchored bars. Usually the crack appeared first in the plane of inner bars. If the load was
maintained or increased a little, a second crack formed in the plane of outer bars just before the failure. The bond
failure of bars without stirrups was brittle and sudden. As shown in Figure 4-9, the side concrete cover spalled off.
The figure also shows that splitting was through both the outer and inner planes.

In the tests of two layers of bundled bars with stirrups, longitudinal cracks appeared first above the two corner
bundles, then were followed by a third longitudinal crack above the middle bundle. At about 90% of the peak load,
transverse cracks appeared in the cover directly above the stirrups. The failures were “side-and-face split” modes.
The same sequence of cracking occurred as in the tests without stirrups. At the free end of the anchored bars, the
horizontal crack appeared first in the plane of inner bars. Then a second crack appeared in the outer plane of bars.
As soon as the crack appeared in the plane of outer bars, the specimen failed. However, with the stirrups, the failure
process was more gradual and the crack in the plane of outer bars was more obvious than in the tests without
stirrups. The typical failure mode is shown in Figure 4-10.

Due to the large eccentric force applied to the beam end section from the two layers of bundled bars, some vertical
cracking at the bottom of the beam was noted (as was shown in Figure 3.9), even though additional reinforcement
was placed to control this cracking. The vertical cracks stopped below the test region and the rotation of the
concrete block was also small. The vertical cracks were not considered to affect the test results.
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Figure 4- 10 Failure mode for two'layers of bundled bars without transverse reinforcement
(Test 14:2-16-T)

Load versus stress relationships are shown in Figures 4-11 through 4-14. Stirrup stresses are also included in Figure
4-14. As shown in this figure, the stress in stirrups in the two-layer test was 128 MPa (20 ksi) at peak load, which
was more than twice that in the one-layer test.

4.3 EpPoxy-COATED BARS

It was observed that the presence of epoxy coating made no difference in the crack pattern or in the way cracks
develop. A few more cracks were seen in the top casting position than in the bottom position. However, crack
formation was nearly identical to that of the uncoated bars. First, longitudinal cracks appeared above the bundied
bars in both edges of the specimen. A third crack started above the middle bundle and, in the free end, transverse
cracks appeared across the inner layer of the bundled bars. As the load increased, transverse cracks appeared
directly above the stirrups and, in the free end, a second crack appeared in the outer layer of bars. The specimen
failed after the crack in the outer layer was formed. The failures were “side-and-face split” mode and led to spalling
of the concrete in the top of the test region.

After failure the concrete cover was removed to study the failure plane in the test region. The epoxy-coated bars
were clean with no concrete residue on the bar deformations. In some bars, small spots of the epoxy cover peeled
off. The concrete cover in the contact with the epoxy-coated bars had a smooth glassy surface and the pattern of the
bar deformations printed on the concrete were almost intact. There were no signs of concrete being crushed against
the bar deformations. Figure 4-15 shows the concrete cover in contact with the epoxy-coated bars. In uncoated
(black bar) specimens, the concrete surfaces in contact with the bar deformations were rough and signs of concrete
crushing against bar deformations was observed.
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Figure 4- 15 Concrete cover of epoxy-coated bars after test

Load-stress plots for the two tests with epoxy coating, Tests 14E and 10E, are shown in Figures 4-16 and 4-17, and
the uncoated bars tested at the same time, Tests 14R and 10R, are shown in Figures 4-18 and 4-19. Tests 14R and
10R are replicates of Tests 14 and 10 and can be compared with the plots in Figures 4-13 and 4-14. Gages 5 and 6
in Test 10R (Figure 4-19) exhibited low strains and either were not functioning properly as loads approached faiture
or splitting began quite early over the middle bundle and was not observed.

4.4 TESTS WITH SHEAR

Four tests were carried out with shear acting on the test region. For these four tests, load was moved to produce
shear in the test region, as indicated in Figure 3.18. Among these four tests, three tests failed in a2 manner other than
bond failure; only one test showed bond failure in the test region.

4.4.1 Tests without Transverse Reinforcement

There were two tests without transverse reinforcement. In the one with a single layer of top cast bundled bars (Test
7S: 1-24-T), the distance between the loading point and support (shear span) was 52 inches. The other test had two
layers of bottom cast bundled bars (Test 15S: 2-24-B) with a shear span of 68 inches. The results of these two tests
were similar. The presence of the Teflon sheet greatly reduced the shear capacity of the beam at that section. As
the load increased, diagonal shear cracks appeared first at the corner of the upper Teflon sheet and extended to the
corner of lower Teflon sheet as shown in Figure 4-20a. As a result, the end concrete block sheared from the beam.
Six #6 bars were provided to prevent the end region from failing before the bars in the test region failed. However,
as the diagonal shear crack widened and the load reached ultimate, the stress in the #6 longitudinal bars was much
lower than expected. An examination of the test region showed that concrete cover split in the one layer test and
part of the concrete cover split in the two layer test. The failure mode for one layer of bars is shown in Figure 4-20b
and the failure mode for two Jayers of bars is shown in Figure 4-21. The reason for the failure will be discussed in
Chapter 5.
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Figure 4- 20 Cracking and failure in Test 7S:S1-24-T, one layer without transverse
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Figure 4- 21 Failure mode for Test 15S:25-24-B, two layers without transverse reinforcement

4.4.2 Tests with Transverse Reinforcement

Two tests with transverse reinforcement in the test region were conducted. The first had one layer of top cast
bundled bars (Test 8S: S1-16-T) with a shear span of 52 inches. The second had two layers of bottom cast bundled
bars (Test 16S: S2-16-B) with a shear span of 68 inches. The results were quite similar to those without transverse
reinforcement, except that two diagonal shear cracks appeared in the test region, as shown in Figure 4-22. The
transverse reinforcement efficiently controlled the width of the shear crack. This was reflected in the test of two
layers of bundled bars in which the stress in the longitudinal bars and sturups was much higher than that in the test
without stirrups, and a bond failure was observed. In the test of one layer of bundled bars, the stress in the
longitudinal bars at failure was still much lower than expected. An inspection of the specimen after failure showed
that some of six #6 bars did not have sufficient development length to transfer the load. The second shear crack (the
one at the left in Figure 4-22) crossed the six #6 bars and reduced their development length. The section failed
when no more load could be transferred due to a bond failure of the added six #6 bars, included for continuity at the
loaded end block. The failure mode for two layers of bars is shown in Figure 4-23. Load-stress curves for Test
16S: S2-16-B are shown in Figure 4-24. No other curves are shown because the bars did not fail in anchorage.
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CHAPTERS

COMPARISON OF PERFORMANCE — TWO-BAR BUNDLES.

5.1 INTRODUCTION

Test results are summarized and compared in this chapter. The stress in bundled bars was determined from strain
gages on the bars. The load monitored by a pressure transducer and the load calculated using the measured bar
strains are compared in Table 5-1. Table 5-1 shows that the calculated load was very close to the measured load and
demonstrated the reliability of the strain gage data. Only the difference in values for Tests 12 and 10R could not be
explained.

Table 5- 1 Comparison of measured load and the load The measured bar stress was taken as the

calculated from strain gages average bond stress determined from
measured peak loads and was compared
with the values calculated using Equation

Loads (kips) 2.9. For top cast bars a factor of 1.3 was
Test No.| Designation | From Strain|Measured| Difference,% | ysed to account for casting position. The
Gages Meas/Str. Gage| cffects of transverse reinforcement, casting
5 1-24-T 140 142 1.4 position, multiple layers, epoxy coating,
12 1-24-8 163 135 -20.7 and shear were evaluated quantitatively.
9 1-16-T 127 132 4 .
13 116-B 170 168 1.2 To' compare the influence of these
11 2.24-T 269 256 5.3 variables, in some tests, the measured
6 2248 232 218 6.4 stresses of two-bar bundles in Table 3.1
14 2.16-T 205 220 6.1 were later adjusted by a factor based on
14E €2-16-T 220 231 4.7 Equation 2.9 to account for differences in
14R R2-16-T 200 208 3.7 the thickness of cover, anchorage length,
10 2-16-B 246 257 3.9 and concrete strength. The bond failure
10€ €2-16-B 223 220 -1.3 mechanism in two-layer arrangements is
10R R2-16-B 256 219 -14.3 discussed. Problems encountered in the
168 S§2-24-B 145 149 2.9 tests with shear are explained.

In all tests there were five two-bar bundles per layer. Stresses of the bundled bars varied across the section as
shown in Figures 5-1 and 5-2. The stress distribution is plotted for several different load levels. The X-axis denotes
the location of strain gages relative to the edge of the beam. The stress is the average of the measured stresses
within a bundle. The distribution across the section was assumed to be symmetric since only three bundles were
gaged.

There was no consistent pattern of stress distribution across the section. In some tests the stress in the corner
bundles was larger than the stress in the middle bundie, while in others the reverse was true. Generally, the stresses
were more uniform in the inner layer than in the outer layer. The confinement of the inner layer bars was relatively
uniform, and the layer was less affected by construction errors such as changes in cover or spacing between the
longitudinal bars and the transverse ties. The stresses were also more uniform at lower loads than at higher levels.
Usually, if the stress in one bundle was lower than other bundles initially, it remained lower throughout the test.
Failure in tests with no transverse reinforcement was brittle and there was no opportunity for stresses to be
redistributed among the individual bundles.
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5.2 BOND STRENGTH OF Two-BAR BUNDLES — WITHOUT SHEAR, UNCOATED

Test data and calculated values are summarized in Table 5-2. In this table the measured bond strength is compared
with the value computed using Equation 2.9 for individual #6 bars. The measured bond strength was based on the
average stress in the bars at measured peak load. The bond strength of one layer of bundled bars and the bond
strength of the outer layer of bundled bars in the two-layer case are comparable and are tabulated together. The
average ratio of measured bond strength to calculated bond strength is 0.98 with a standard deviation of 0.16.
Equation 2.9 provided an accurate estimate of the bond strength of single and the outer of two-bar bundles tested in
this program. The test results showed that the two bars in a bundle worked together and there was no relative
displacement between the bars. The stresses of the bars within a bundle were close enough to assume that the bars
worked as a unit and developed the same bond stresses as if they had been spaced apart. The results indicated that a
two-bar bundle is an efficient way of bundling.

For the inner layer of bundled bars in the two-layer case the average ratio of measured bond stress at peak load to
calculated bond stress is 0.9 with a standard deviation of 0.13. But this does not necessarily mean that the bond
strength of the inner layer of bundled bars is less than that of the outer layer of bars because bond failures did not
occur at the same time in the inner and outer layers, as will be explained in detail later, This large discrepancy can
be seen in the values for Specimen 10R where stress in the outer layer at failure was about half that of the inner
layer. However, Figure 4.19 shows that at peak load the stresses are transferring from the outer to the inner layer
very rapidly. At loads just below the peak, the stresses were about the same in both layers.

5.3 EFFECT OF TRANSVERSE REINFORCEMENT

Using Equation 2.3, the bond strength is determined by summing the contribution of concrete cover and transverse
reinforcement. The contribution of transverse reinforcement is a function of the area of transverse reinforcement
“Ay”, the spacing of the transverse steel “s”, and the bar diameter of the anchored bars. The calculation of “At,”, for
typical cases, is shown in Figure 5-3a. The factor u,” is expressed by the following:

lrf Py

5.1
500 sd, G-H

Uy, =

The force which can be developed by the ties is A.f,. Although it is assumed that the ties are at yield for simplifi-
cation in design, stresses in the stirrups are usually much lower than yield even at failure. Stirrups usually begin to
pick up stress near the point of bond failure as the concrete strain in the test region reaches the tension fracture
strain. The stress in the stirrups at the point of bond failure is limited by the strain at fracture of the concrete. For
example, if the strain at concrete fracture is about 0.0002, the corresponding stress in the stirrups would only be
about 5.8 ksi. To increase the contribution of transverse reinforcement to bond strength, the strain of the transverse
reinforcement at bond failure would have to be increased. For two layers of bundled bars, there are two potential
splitting planes crossed by transverse reinforcement. Therefore, the strain of the transverse reinforcement should be
at least doubled at failure. Actually, the transverse reinforcement should be more efficient in confining the inner
layer of bars as verified by the measured stress on the stirrups in the tests of one layer and two layers of bars (shown
in Figure 5-4). While the stress in the stirrups for one layer of bars was about 5 ksi at the peak load, the stress in the
stirrups for two layers of bars was about 20 ksi. In the test with two layers of bars, splitting in the planes of both
inner and outer layers was noted at failure. It should also be noted that after peak load was reached, stresses in the
outer layer of bars decreased while stresses in the inner layer increased as force was transferred from the outer to
inner layer. Similar rapid redistribution of stresses was noted for Test 10R (Figure 4.19).

Equation 2.9 is a regression formula based on test data. To include the confinement of transverse reinforcement on
two layers of bundled bars, Equation 5.1 was modified by changing the method of calculating A,. For data in thlS
test program, the value of A were defined as shown in Figure 5-3b.
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Table 5-02  Summary of Test Results

Outer Layer Inner Layer
Bar Stresses at Index of Test Bond] Calculated Test Bond] Calculated
Measured Peak Load |Trans. Rein{Bond Stress{ Factor [Bond Factoq Ratio of{Bond Stres;F Factor [Bond Factor] Ratio of
r ! c
Test No.|Designation| Outer Bar | Inner Bar Ke (:;'sTi) U, \/}: UrJf. Ur/u (FL),STi) UT\/T; Uy ‘\/f_c, Ur/U.
Tests without shear
5 1-24-T 42.4 331 6.1 5.2 1.18
12 1-24-8 51.4 410 6.3 7.3 0.87
9 1-16-T 371 3.0 435 8.1 8.1 1.00
13 1-16-8 54.1 3.0 660 13.2 11.0 1.20
6 2-24-B 47.0 379 367 6.8 6.8 1.01 296 5.5 6.8 0.81
11 2-24-T 52.2 42.7 408 6.3 6.7 0.93 334 5.2 6.7 0.76
10 2-16-B 47.0 43.7 3.0 551 10.2 10.5 0.97 512 9.5 10.5 0.90
10R R2-16-B 32.8 61.4 3.0 395 6.6 10.6 0.62 788 12.3 10.6 1.16
14 2-16-T 40.8 32.7 3.0 478 9.5 8.1 0.94 383 7.6 8.1 0.92
14R R2-16-T 46.3 40.5 3.0 9.0 8.1 1.11 7.9 8.3 0.95
Average = 0.98 Average = 0.92
Standard Deviation = 0.1d Standard Deviation=0.1
Tests with shear
7S $1-24-T 30.6 239 5.2
8S $1-16-T 22.3 3.0 261 8.1
158 $2-24-8 34.6 270 6.8 202 6.8
168 S$2-16-8 48.0 3.0 563 10.5 428 10.5
Tests with epoxy coating
10E E2-16-8 35.4 58.7 3.0 430 7.2 10.6 0.67 714 11.9 11.4 1.05
14E E2-16-T 48.1 54.8 3.0 571 9.5 8.3 1.14 651 10.9 8.5 1.27
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1. For one layer of bundled bars: A, is defined as the total area of transverse reinforcement divided by the
number of bundles which are enclosed by ties rather than the number of bars.

2. For two layers of bundled bars: A, is defined as the summation of the product of each leg area times the
number of splitting planes crossed by legs of transverse reinforcement, divided by the number of bundles which
are enclosed by transverse reinforcement.

The calculated values shown in Table 5-2 were based on these definitions.

5.4 INFLUENCE OF CASTING POSITION

Previous research'’ showed that poorer concrete below top cast bars will
be detrimental to bond strength. The low quality of the concrete below
the top cast bars is a result of segregation of aggregates, accumulation of
air voids, and bleed water below the top bars as shown in Figure 5-5 In
this program the beams were 30 inches deep. Both the outer and inner
layer of the upper bars in the beam had more than 12 inches of fresh
concrete placed below the bars and can be regarded as top cast

reinforcement according to AASHTO specifications. Each test geometry Weak Concrete

was cast in the top and bottom positions to provide a basis for evaluation.

In Table 5-3, the difference in bond strength of top and bottom cast bars Figure 5- 5 Inferior concrete be-
are compared. low top casting bars

Some values were modified to account for the difference in concrete

cover and embedded length. For example, the average measured stress of bundled bars is 54.1 ksi for Test 13. But
the concrete cover for this test is 1-1/8 inches. The stress of 54.1 ksi needs to be modified to correspond with the
one-inch cover. Using Equation 2.6, the bond factor is 11.04 for one-inch cover and 11.54 for 1-1/8-inch cover in
Test 13. The measured stress is modified by the ratio of 11.04 to 11.54:

11.04 :
(F o = 541 % Tisg =517 kst

The average ratio of bond strengths for bottom cast versus that for top cast bars is 1.23 (Table 5-3). The standard
deviation for the casting position factor is 0.23, which is quite large but typical of variations reported by other
investigators. In the AASHTO Code, the factor for top cast bars is 1.4 and is probably appropriate considering the
small number of two-bar bundles tested in this program and the large standard deviation.

5.5 INFLUENCE OF EPOXY COATING

Table 5-2 includes values for bond stresses (or bond factors) for the epoxy-coated bars. As can be seen in the table,
Test 14E developed higher bond than comparable uncoated bars (14 and 14R), especially for the inner layers of
bars. As indicated in Section 5.2, near the peak load the forces were shifting rapidly between inner and outer layers
in tests with two layers of bars. This redistribution was particularly dramatic in tests with transverse reinforcement.
The epoxy-coated top bars also exhibited higher bond stresses than the companion coated bottom bars of Test 10E.
Since only two tests of coated bars were conducted and since the values for the three bottom bar tests (10, 10E and
10R) were quite close considering the inner and outer layers together, the tests provide a good indication that the
bond of epoxy-coated bars confined by transverse reinforcement is nearly the same as that of uncoated bars. It
would be expected that if a larger number of tests had been conducted, the average results would not have had such
large variations.
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Table 5-3

Comparison of Casting Position

Anchor Length|Face Cover|Concrete Strength Stress of Bar'" U

Test No.|Designation| Casting La Co f Measured|Modified®| Bond U Bot

Position (in.) (in.) (ksi) (ksi) (ksi) |Factor®| TP

5 1-24-T Top 24 1 29 42.2 6.13 0.93
12 1-24-B Bottom 23.5 1-1/8 4.2 51.4 47.5 5.72

9 1-16-T Top 16 1 2.9 37.1 8.05 1.51
13 1-16-B Bottom 16 1-1/8 2.5 54.1 51.7 12.12

11 2-24-T Top 24 1-1/2 4.2 §2.2 40.2 4.85 1.04

6 2-24-B Bottom 24 1 29 47 6.8

14 2-16-T Top 16 1 2.6 40.8 9.47 1.08
10 2-16-B Bottom 16 1 2.9 47 10.2

Standard Deviation =0.23] Avg. 1.23

NOTE: (1) The stress of one layer of bars or the stress of the outer layer of bars in two layer case
(2) Bar stress normalized for cover thickness (1-in.), anchorage length (24 in.)

(3) Bond factor = (7
Vi




5.6 INFLUENCE OF SHEAR

Two tests (7S and 158) without transverse reinforcement were subjected to shear along the anchored bars: one with
one layer of top cast bundled bars (S1-24-T); and the other with two layers of bottom cast bundled bars (S2-24-B).
The measured bond strength in both tests was much lower than that calculated by Equation 2.9. As discussed in
Chapter 4, crack patterns and performance of the specimens indicated that the Teflon sheet at either end of the test
region probably triggered an early failure. The depth of the Teflon sheet was four inches. The Teflon sheet
significantly reduced the shear capacity of the beam at that section. When the load was applied, a diagonal shear
crack appeared first at the comer of the upper Teflon sheet and extended to the lower Teflon sheet. This caused the
end portion of the beam to be sheared off as shown in Figure 4.20a. The applied load then had to be transferred to
the beam by a group of six #6 bars which were added for flexure strength. Analyzing a free body diagram shown in
Figure 5-6, it was found that the stress in six #6 bars was close to yield at the peak load. The failure of these two
tests was caused by early development of a diagonal shear crack and subsequent yielding of the six #6 bars rather
than by bond failure of the anchored bars.

Two specimens reinforced with transverse ties
P| Teflon Sheet Anchor, involved shear. One was Test 8 with one layer
P N ; + of top cast bundled bars (S1-16-T) and the
= —— other was Test 16 with two layers of bottom

4 cast bundled bars (S2-16-B). As explained
7#6 bars above, the existence of the Teflon sheet
reduced the shear capacity of the beam at those
sections. The diagonal shear crack appeared
very early in the test, and the end block tended
to be sheared from the beam. In both tests, two
groups of transverse reinforcement cross the
shear crack. The transverse reinforcement
N controlled the shear crack and enabled the six
T #6 bars to transfer load to the beam as shown
*P in Figure 5-7. In Test 16, the stress in the
P = Th longitudinal bundled bars and transverse ties
T was much higher than that in the test without
f P transverse reinforcement, and a bond failure
T = _C was produced in the test region.

h o

* Support

Teflon Sheet
a

4

9_ Unfortunately, in Test 8, some of the six #6

o r = bars were shorter than others and they did not

= have enough development length when the

VvV unexpected cracks appeared early on the beam.

As shown in Figure 4.22, a second shear crack

Figure 5- 6 Free-body diagram of end concrete block under appeared in the test region. This crack

the test without transverse reinforcement extended to the anchorage zone of the six #6

bars and probably reduced the anchorage

length. The measured stress in the longitudinal bundled bars was very low at failure. In retrospect, elimination of

the Teflon sheet at the loaded end of the anchored bars might have enabled the bars to reach their bond strength
before a shear failure stopped the test.

In summary, only one of the four tests involving shear truly reflected the bond strength. In Test 16, the bond factor
for the outer layers of bars was 10.77, and the bond factor was 10.2 in the companion test (Test #10), without shear
(Table 5-2). Although there was only one reliable test involving shear, it was significant that shear did not seem to
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Figure 5-7 Free-body diagram of end concrete block under the test

with transferse reinforcement

affect the bond strength. It should also be noted that the test value of 10.77,/f, was almost equal to the calculated

bond stress of 11.04\[2 . The results of tests with shear demonstrated once again the importance of careful
detailing in regions of high shear and bond, and of the beneficial aspects of transverse reinforcement.

It is interesting to note that the results of the shear tests conducted in this study confirm the findings of early work
(Section 2.2.5) reported in References 16 and 17. The critical region'” was not along the bars but at the end where
the stress was high and where stress concentrations due to flexural cracking (and in this case the Teflon bond
breaker) led to failure modes that did not involve the anchored bar. As reported in References 16 and 17, transverse
reinforcement is critical and sufficient to control this undesirable failure mode.

5.7 THE MECHANISM OF BOND FAILURE IN TWO LAYERS OF BUNDLED BARS

In the two-layer case, the stress in the outer layer of bars was always greater than the stress in the inner layer of bars
from the beginning of the test to the peak load or just below. There was little effect of the inner layer of bars on
performance of the outer layer of bars. Furthermore, the bond strength of the outer layer of bars in the two-layer
case was close to the bond strength of one layer of bars. The failure mechanism of an outer layer of bundled bars
was the same as that of one layer of bundled bars and was caused by the radial pressure on the concrete due to the
tension force in the bundled bars.

However, to analyze the failure mechanism for the inner layer of bars, it may be helpful to review the failure
mechanism for tests 1 through 4 in which there was a piece of plywood sheet backing the test region as explained in
Chapter 3. Test results for Tests 1-4 are given in Appendix A. The reason that the bond strength in two-layer case
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Figure 5- 8 The bond failure mechanism of two layers of bundled bars (with Teflon sheet)

was much lower in these tests was that the tension force from the outer layer of bars had to be transferred across the
plane of the inner layer of bars. The combination of shear and radial pressure from the inner layer caused an early
failure in the plane of inner bars. In subsequent tests, the tension force in the outer layer of bars was carried by
bearing on the Teflon sheet as shown in Figure 5-8. There was much less, if any, shear stress transferred across the
plane of the inner bars. The splitting failure in the inner plane was due to the radial pressure caused by the inner
layer of bars alone.

The failure process may be explained more clearly by the load-stress relationship. The stress in the outer layer of
bars was about 20% higher than that in the inner layer. However, a horizontal crack always appeared first at the end
of the beam in the plane of the inner layer of bars. After that, a second horizontal crack appeared in the plane of the
outer layer. At first it was hard to explain this phenomenon because the stress in the outer layer of bars was higher
than that in the inner layer of bars. After carefully studying the stress history of the inner and outer layers of bars
from the peak load to failure, the crack in the plane of the inner layer of bars occurred after the peak load was
reached. The load-stress curves (Figures 5-9 through 5-12) for four tests showed that before the peak load was
reached, the stress in the outer layer of bars was always greater than the stress in the inner layer; after the peak load,
the stress in the outer layer of bars began to decrease and the stress in the inner layer of bars began to increase. The
same phenomena was exhibited by Tests 10R and 14R (see Figures 4.18 and 4.19).

At peak load, splitting cracks in the plane of the bars were not visible. Usually there were three longitudinal cracks
on the cover above the middle and two corner bundles. These three cracks weakened the confinement of the outer
layer of bars and relieved the stress in the outer layer of bars. To maintain the load at same level, stresses in the
outer layer of bars were transferred to the inner layer of bars so that the stresses in the inner layer of bars usually
were close to or exceeded the peak stresses in the outer layer of bars. As the force transfer occurred, a horizontal
crack developed in the plane of the inner layer of bundled bars.

The load dropped after the peak as stress was being transferred from the outer layer of bars to the inner layer of bars.
The moment arm of the outer layer of bars was larger than that of the inner layer of bars. To maintain load, the stress
on the inner bars would have to increase, and the results showed such an increase. The second crack that formed in
the plane of outer bars was likely due to the slip of bars rather than the initial splitting that resulted from radial
tension. This phenomenon was more obvious in the tests with transverse reinforcement (Tests 10, 14, 10R, 14R)
than in the tests without transverse reinforcement (tests 6 and 11). In tests without transverse reinforcement,
cracking among the inner and outer planes of bars and subsequent failure occurred almost simultaneously. For that
reason, stress transfer could not be monitored by the strain gages.
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The stress of bundled bars at first cracking may also help to explain some observations from the tests. Usually the
first longitudinal crack appeared just before bond failure; however, there were some differences in the stress level at
which the first longitudinal crack appeared for the different bar configurations. In general, the load at which the
first longitudinal cracks appeared was closer to the peak load in the tests with transverse reinforcement than in the
test without transverse reinforcement. Also, the load at which the first longitudinal cracks appeared was closer to
the peak load in the tests of one layer of bars than in two layers. Both observations show that longitudinal cracks
will result in stress transfer from the outer to the inner layer of bars.

To summarize, when the peak load was reached, the outer layer of bars were near bond failure due to longitudinal
cracking in the top or side face along the outer layer. However, the stress in the inner layer of bars was close to, or
exceeded, the maximum stress in the outer layer after load dropped below the peak. The progression of failure was
such that the plane through the inner layer failed first and promoted a failure in both planes. This leads to the
following two conclusions:

1. Tension in the outer layer of bars had little, if any, effect on the bond strength of the inner layer of bars. The
failure of the inner layer of bars is caused by radial pressure due to the tension force in the inner layer of bars
alone.

2. The bond strength of the inner layer of bars may even be a little higher than that of outer layer of bars due to the
additional confinement provided by the outer layer of bars.

The maximum stress in the outer and inner layer of bars does not occur at the same time. Therefore, slightly higher
bond strength in the inner layer of bars does not lead to an increase in strength at the section. In practice, design
must be based on the peak load. At peak load, the stress in the inner layer of bars is less than that of the outer layer.
Therefore, the stress levels at the peak load are relevant for design and were shown in Table 5-2.
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CHAPTER 6

TEST RESULTS — THREE- AND FOUR-BAR BUNDLES,
EQUIVALENT BARS

6.1 BUNDLE SIZE

In order to investigate the bond mechanics of
bundled bars, the full range of permissible bundle
sizes was considered. Figure 6-1 shows the bar
patterns. The two-bar bundle tests discussed in
Chapters 4 and 5 were complemented by tests of

€0 €0 00 & 2 Bar Bundle

o€ % @ 3 Bar Bundle

g 8

three- and four-bar bundies. The progression of @ 4 Bar Bundle
tests allows a comparison between the range of

two to four bars in a bundle. In addition, two-bar €@ ©© ©® ©® ©® 2 Bar Bundle
bundles in two layers provide the same area of GO €O €O €@ in2 Layers
steel (number of bars) as in the four-bar bundle

case. The four-bar bundles have no vertical @

spacing, the two layers of two-bar bundles have a
vertical clear spacing of 1.33 d, (See Figure 3.2
and Table 3.1).

Figure 6- 1 Bar patterns

6.2 EQUIVALENT BARS

The second area of investigation deals with the concept of equivalent bars used in design provisions for
development length or splices where spacings and cover must be satisfied on the basis of bar diameter. For a bundle
of bars, the bar diameter is taken as the diameter of a “round” bar having the same cross sectional area as the
bundle. Therefore, tests were conducted on single bars with an area roughly equivalent to that of the two-bar bundle
and the four-bar bundle to give an indication of the suitability of the equivalent bar concept. Even though it was not
possible to test bars of exactly equivalent area, ultimate bond stress varies little with small changes in bar size. Two
#6 bars have an equivalent bar area of 0.88 in” and an equivalent diameter of 1.06 inches. A #8 bar with a diameter
of 1.0 inches was used as the equivalent bar. The difference in diameter is 5.7%. Similarly, the equivalent bar for
four #6 bars has an area of 1.77 in.” and a diameter of 1.50 inches. A #11 bars with a diameter of 1.41 inches, was
used to approximate the four-bar bundle. In this case the difference is 6.0%. Figure 3.3 shows the pattern and
spacing of the “equivalent” bars. Figure 6-1 shows the equivalent single bars in comparison with the bundled bars.

6.3 THREE-BAR BUNDLES

In the three-bar bundle tests, five bundles of three #6 bars were embedded in the test zone. One test had no
transverse reinforcement, while the other had pairs of #4 ties, spaced at 5-1/3 inches. The bundles confined by ties
were tested first and nearly all the bars yielded. The specimen appeared to be near flexural failure: to avoid
damaging the beam and jeopardizing the remaining tests, the beam was unloaded. The section had some
longitudinal cracks, one over each of the outermost or comer bundles, but experience obtained in previous tests
indicated that the specimen was not near bond failure.

In order to obtain as much useful information as possible from this test, several bars were removed and tested to
determine yield strength. Measured yield was then used in the computation of maximum bond stress. The value of
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bond stress in cases where the bars yielded is therefore lower than the value that would correspond to strength ‘at
bond failure.

The three-bar bundles without any transverse reinforcement failed in bond. Cracks were first observed over the
comner bundles, beginning at the lead end of the embedded length (at the bond breaker), and extending toward the
end of the beam. When the cracks lengthened to roughly two-thirds of the development length, the specimen failed.
The concrete split in the plane of the bars, as well as longitudinally along the comner bars; a pattern that was typical
in tests of two-bar bundles. Three individual bars (of nine instrumented) reached strains in excess of that at yield.
In computing the average stress for all the bars in this test, these three bars were considered to be at yield.

6.4 FOUR-BAR BUNDLES

The largest bundles consisted of four #6 bars. There were two tests, each containing five bundles, one with and one
without transverse reinforcement. The transverse reinforcement consisted of two pairs of #4 ties, spaced at 5-1/3
inches. The four-bar bundles were placed in a top-cast position. The bars without transverse reinforcement were
tested first. The bundles failed in bond in a pattern typical of other tests in the program. The first longitudinal
cracks developed along the comer bars, beginning at the lead end of the embedment. The cracks extended to a point
two-thirds of the way along the bars, when the entire section failed.

There were some interesting aspects to the failure of the four-bar bundles without transverse reinforcement. The
failure plane passed through the bars as was expected, but close inspection indicated that there were two distinct
planes of splitting: one roughly corresponding to a plane through the upper bars in the bundle, and the second to a
plane through the inner or lower layer. In addition, the bundles themselves retained wedges of concrete between the
bars which gave the bundle a square appearance. It is possible that the actual failure surface was not the entire
exposed area of the bars, but rather that as the bars slipped, the concrete sheared off and left a square perimeter
behind. Figure 6-2 shows the test region after failure. This observation led to questions about the behavior of a
four-bar group, and in particular the effective perimeter of the bars. Assumptions regarding effective perimeter is
discussed in Section 6.7.

Four Ryr Bundles

Withynsg Transvirse Reetmpon
B

i

Four-bar bundle after bond failure
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The four-bar bundles with transverse ties also failed in bond. Cracks developed along the corner bars and, toward
the end of the test, a shorter longitudinal crack formed over the middle bundle. The bond failure in this test was not
as dramatic as the unreinforced case, and the cover did not actually spall off as in the previous test. At failure the
cover split over the ties as well as in the plane of the bars; and while the concrete was clearly debonded, it did not
come off cleanly or permit a clear determination of the failure surface. The confinement provided by the transverse
reinforcement contributed to the difficulty in inspecting and defining the failure surface. None of the bars in either
of the four-bar bundle tests reached yield.

6.5 SINGLE #8 BARS

The tests of single #8 bars were designed for comparison with bundles of equivalent area, two #6 bars in this case.
The specimen contained five #8 bars; one test region with transverse ties and one without. The bars in both tests
reached yield, and the tests had to be stopped to avoid excessive damage to the beam before the remaining tests
could be performed. The unreinforced case showed some slight cracking over the corner bars, but the section with
transverse ties showed no signs of distress when the test was terminated. A bar was removed from the specimen and
tested to determine yield strength for use in ultimate strength computations. Because of this, the tests in which the
bars yielded do not provide a measure of the strength at bond failure.

6.6 SINGLE #11 BARS

A single layer of five #11 bars was tested for comparison with bundles having four #6 bars. As with the other tests,
one test region was reinforced with transverse steel consisting of two pairs of #4 ties spaced at 5-1/3 inches, while
the other was unreinforced. The test region without any ties had a dramatic bond failure, with cracks once again
initiating at the lead end of the embedment and progressing longitudinally along the outermost (corner) bars until
the entire region suddenly split. The failure surfaces passed through the plane of the bars and included the
longitudinal cracks that formed around the corner bars.

The section reinforced with transverse steel also experienced a bond failure, although the ties kept the cover from
spalling suddenly. Cracks formed over the bars at the edge of the beam first, and over the middle bar and the ties at
failure. None of the bars in either test approached the nominal yield stress of the steel.

6.7 EFFECTIVE PERIMETER OF BUNDLED BARS

To make comparisons among the various test results, bar stresses determined from strains were converted to
uniform or average bond stresses. Bond stress is the shear stress at the interface of the rebar and concrete. It allows
force in the steel to be transferred to the surrounding concrete. To minimize the influence of concrete strength, the

bond strength was normalized by \/Tc’ . The equation for bond stress is:

A
where A = total area of steel in bundle
f, = steel stress at failure
Iy = anchorage length
Pe = effective perimeter of bundle

In order to perform the computation for bundled bars, an effective perimeter had to be defined.

Bond stress is defined as the force in a bar or bundle, divided by the surface area of the bar being developed.
Surface area for a single round bar is simply its length times its circumference, but the surface of a bundle is a less
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well-defined quantity. It would actually be more accurate to say that the effective surface of a bundle is a less well-
understood quantity in the context of its contribution to bundled bar behavior. The failure plane of a bundle may
comprise the entire contact surface of the bars within it, or the bundle may behave more like a single unit — a
single, round-cornered square bar, for instance, in the case of a four-bar bundle.

To help define surface area, the bond stress was calculated using two values for the perimeter of the bundles. The
perimeter was maximized by considering the bundle as a number of adjacent circles, excluding the section in the
interior of the bundle. The minimum perimeter is obtained if the shape is taken as a square, triangle, or rectangle,
with rounded corners. Figure 6-3 shows the shapes used in the calculations, and the relative differences between the
assumed perimeters are listed.

6.8 MEASURED BOND STRESSES

First, the behavior was evaluated on the basis of the number of bars in a bundle. The stress in the bars at bond

failure has been converted to an ultimate bond stress for each case, normalized by /f; to minimize the influence

of concrete strength. The ultimate bond stress is tabulated for the following progression of geometries: two-bar
bundles, three-bar bundles, two-bar bundles in two layers, and four-bar bundles.

6.8.1 Bundles Without Transverse Reinforcement

The values of bond stress for bars without transverse reinforcement are given in Table 6-1, both a maximum and
minimum bundle perimeter (defined in Figure 6-3). The casting position has significant effects on bond strength, so
direct comparisons should only be made between tests cast in similar positions.

There is no obvious difference in the ultimate bond stress for the top-cast bundles, except for the effect of the
definition of perimeter. The top-cast progression of tests includes two-bar bundles in one and two layers, and four-
bar bundles. The three-bar test was bottom cast and is compared to a two-bar bundle which was also bottom cast.
The three-bar bundle has a consistently and significantly higher bond stress than that of the two-bar bundle for each
definition of perimeter.

Table 6- 1 Effect of bundle size. Ultimate bond stress of tests without transverse reinforcement
u
f! .
Effective Transverse Casting Average of All Bars
Perimeter | Reinforcement Postion
2-bar bundles | 3-bar bundles | 2-bar bundles | 4-bar bundles
in 2 layers

Maximum No Top 6.3 - 6.5 5.6
Perimeter No Bottom 6.8 84 ———- ——-
Minimum No Top 7.7 - 7.9 7.4
Perimeter No Bottom 83 10.7 -—-- —--
Maximum Yes Top 8.0 - 9.2 8.2
Perimeter Yes Bottom 13.2 14.0 - ----
Minimum Yes Top 9.8 - 11.2 10.8
Perimeter Yes Bottom 16.1 17.9 - -—--
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Table 6- 2 Effect of transverse reinforcement on ultimate bond strength of bundled bars

u
—r 0,
1% % chance
Test Cast w/0 transverse w/ transverse (referenced to case w/o reinf.)
reinforcement reinforcement
2-bar bundle top 6.3 8.0 27.0
2-bar bundle bottom 6.8 13.2 94.0
3-bar bundle bottom 84 14.0 66.7
4-bar bundle top 5.6 82 46.4

6.8.2 Bundles With Transverse Reinforcement

The findings for the tests with transverse reinforcement are similar. The trend, as can be seen in Table 6-1, is an
essentially uniform ultimate bond strength for the top-cast bundles with a particular perimeter definition, regardless
of bundle size. The three-bar bundle strength is again higher than that of the two-bar bundles. The three-bar bundle
test in these tables is based on the yield strain of the bars, and therefore the bond stress in the table may be lower
than the ultimate bond stress. Still, the values are consistently above those of the corresponding two-bar bundle test.

The presence of transverse steel clearly leads to higher ultimate bond stress, as can be seen from Table 6-2. The
increase ranges from 33 to just over 100% of the unconfined value. This effect has been well documented in past
research.

6.8.3 Effect of Perimeter on Computation

Two values of ultimate bond stress were calculated for each test. This reflects the different effective perimeters
discussed in Section 6.7. The following comparisons were made in an effort to determine which perimeter most
accurately reflects behavior.

The change in the effective perimeter resulting from the different geometries is recorded as a percent of the
minimum value in Figure 6-3. The difference between maximum and minimum perimeter increases with the
number of bars in the bundle. Changes in the magnitude of the bond stress for the individual tests will be the same
as the changes in the magnitude of perimeter for the corresponding bundle geometry, since all other values are
constant within those calculations. An inspection of the relationships between the bond stresses for the range of
bundle sizes and perimeters is most useful.

The ultimate bond stress over a range of bundle sizes is graphed for the different effective perimeters in Figure 6-4.
All the tests shown in this graph were top cast — the three-bar bundle is not included in the progression because it
was bottom cast. There is no significant or consistent trend indicated by using different perimeters in the
computation of bond stress, as long as the same approach is used consistently for all the bundle geometries.

For further insight into which effective perimeter represents behavior more closely, comparison is made between the
test results and predicted values (Table 6-3) using Eq. 2.6. The predicted bond stress and that obtained from the test
results correlates very well with predicted values if the measured bond stress is stress based on the maximum
effective perimeter of the bundle. The ratios of the test values to the calculated values are shown in Table 6-3.
Values greater than 1.0 indicate that Eq. 2.6 is conservative. Using the maximum bundle perimeter in the
computation results in an average ratio of 1.15, with a standard deviation of 0.21. Computations using the
minimum value of perimeter give a mean ratio of 1.43, with a standard deviation of 0.24.
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Maximum

2-Bar
Bundle

3-Bar
Bundle

4-Bar
Bundle

2-Bar

Bundle
in 2 layers

Minimum

Bundle Size Maximum Perimeter Minimum Perimeter A {max-min/min)
(#6 bars) (in.) {(in.) %
2-bar 4.72 3.86 22.30
3-bar 5.90 4.61 28.00
4-bar 7.08 5.36 32.10
Figure 6- 3 Perimeters
—+—with transverse
<o 12 | reinforcement,
= \; 10 min. perimeter
5 8 — 1  —=—withtransverse
1 b ——— reinforcement,
=] 4 max. perimeter
n
< 4 -
g —— without
oe) 2 ‘L transverse
0 , reinforcement,
-+ . -
min. perimeter
L & = —o—without
° Pl ) o transverse
N 3= v reinforcement,
N max. perimeter
Figure 6- 4
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Table 6- 3

Comparison of measured and predicted bond stress values

Hiest HMea Y
-f;l -f::’ ucal
Test max. perimeter | min. perimeter max. min. perimeter
perimeter
2-16T 8.00 9.80 6.40 1.25 1.53
2-16B 12.60 15.40 11.20 1.13 1.38
2-24T 6.00 7.40 4.00 1.50 1.85
2-24B 6.10 7.50 7.30 0.84 1.03
3-16B 14.00 17.90 12.20 >1.15 >1.47
3-24B 8.40 10.70 6.30 1.33 1.70
4-16T 8.20 10.80 8.60 0.95 1.26
4-24T 5.60 7.40 6.00 0.93 1.23
2s2-16T 8.60 10.50 6.50 1.32 1.62
2 x 2-24T 5.80 7.10 5.15 1.13 1.38
Mean 1.15 1.43
Standard Deviation 0.21 0.24
*u,, for top cast bars reduced by a factor of 1.3

Maximum perimeter represents behavior as represented by Eq. 2.6 more accurately. While the appearance of the
four-bar bundle after failure appeared to be like a “square bar” (See Figure 6-2), corresponding to a minimum

perimeter, the failure mechanism involved
was not clear. The “wedges” of concrete
between adjacent bars which gave the bundle
a square appearance could have been
produced as the bars failed, and not part of
the failure mechanism itself.

6.8.4 Distribution of Stress Within a
Bundle

A significant aspect of the behavior of
bundles of bars is how the stresses are
distributed within the bundle. The data
collected in this program showed no
consistent trend in the distribution of stress
within a bundle between bars located in the
same plane — that is, bars at the same depth
within the section. In most cases, the stress
in two-bar bundles was distributed about

Three Bar Bundles

w/transv steel w/o transv steel

J 30.6ksi Outer Bars
60.0ksi Inner Bars

Ratio of Stress,

Outer to Inner: 84

Four Bar Bundles
w/transv steel w/o transv steel

R N

334 ksi Quter Bars
324 ksi Inner Bars

306ksi Quter Bars
32.5ksi Inner Bars

Ratio of Stress,

Outer to Inner: 1.03

Figure 6- 5 Stress distribution within a bundle

equally between the bars. However, there are some interesting effects in larger bundle sizes. Figure 6-5 shows the
three- and four-bar geometries, and the average stress for the bars at the same depth in the section. The three-bar
bundle exhibited a significant difference between the stress in the outer two bars and that in the inner bar. As
indicated, the ratio of the stress of the outer bars to that of the inner is about 0.8 in both test cases. Based on the

79



bars’ depth in the section and strain compatibility, the ratio  splitting plane
should be 1.03. Note that the four-bar bundle exhibits no \
such trend. —— —~— outer layer

The higher stress in the inner bar of the three-bar bundle is inner layer
probably a result of the fact that the inner bar effectively

has a larger clear spacing than the two outer bars. Two

splitting plane

splitting planes were observed in the failure of the four-bar '__ Wout —
bundles. In the four-bar geometry, the planes are identical.
But in the three-bar case, the planes are quite different. The Yin

clear spacing of the inner layer of bars (measured between
adjacent inner bars) is 3-3/8 inches, while the clear spacing
in the outer layer is 2-5/8 inches, a ratio, outer to inner, of 0.79. Figure 6-6 illustrates the difference in the width of
the splitting planes in the three-bar bundle test. The outer plane is much weaker than the inner plane, and therefore
a failure surface first develops there. More of the stress is distributed to the stronger, inner plane, leading to a
higher stress in the inner bars.

Figure 6- 6 Splitting planes of different widths

This observation begins to explain the difference in ultimate bond stress between the three-bar bundle and the other
geometries. Due to casting position effects, only the two-bar bundle is available for direct comparison. The
influence of the inner bar of the three-bar bundle can be reduced by re-computing ultimate bond stress, taking the
stress in the outer layer of bars as the average stress for all bars in the bundle. Since the test of three-bar bundles
with transverse reinforcement resulted in most of the bars yielding, the unreinforced case is the only one for which

this computation can be done confidently. In the latter case, the normalized bond stress becomes 7.7\[}2 (as

opposed to 8.4) for the three-bar bundle, while that of the two-bar bundle is 6.1,/f,. The three-bar bundle still
exhibits a higher bond stress, but the difference between the values drops from 37% to 26%.

6.8.5 Equivalent Bars

AASHTO and ACI design requirements are based on an “equivalent bar” for use in spacing provisions of bundled
bars. For example: a #6 bar has a diameter of 0.75 inches; a bundle of two has a cross-sectional area of 0.88
square inches. The “equivalent bar” would have the same area, but a diameter of 1.06 inches. Spacing
requirements would have to be satisfied on the basis of the 1.06-inch diameter. To study correlation between the
behavior of a bundle and a “round” bar of equivalent area, tests of the two-bar bundles and corresponding
equivalent bars were constructed with the same cover and center to center spacings. While these geometric
parameters were constant, the relative spacing in terms of d,, changed. The clear spacing of the two-bar bundles was
2.625 inches, which translates to 2.48 d, of the equivalent bar. In the comparison test, single #8 bars were placed on
the same centers as the bundles; the clear spacing of these bars was 3.12 equivalent bar diameters. The ultimate
bond stress for the equivalent #8 bar is compared with that of the two-bar bundles (Table 6-4) using maximum
perimeter. The bond stress of the equivalent bar is higher than that of the two-bar bundle in both cases. Because the
equivalent bar tests yielded, the ultimate bond stress of the equivalent bars will be even higher.

The four-bar bundles, and the #11 bars with which they were compared, had the same cover and center-to-center
distance as the bundles and bars in the other tests. The four-bar bundle, in terms of equivalent bar diameters, had a
clear spacing of 1.75 d,. The #11 bar had a spacing, based on the dimensions of the equivalent bar, of 1.81 d,. The
difference is not significant and the equivalent bar can be considered to have the same spacing, as well as area, as
the four-bar bundles. The ultimate bond stress of the four-bar bundles and the #11 bars is given in Table 6-4. As in
the previous case, the equivalent bars reach higher ultimate bond stresses than the bundled bars. The equivalent bar
had higher ultimate bond stress as in all cases. The amount of increase over the bundled bar geometries ranged
between 25 to 60%.
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CHAPTER 7

DESIGN CONSIDERATIONS

7.1 BASIC DEVELOPMENT LENGTH

Current AASHTO provisions are based on calculations of the required length of embedment to develop yield in a
bar. The basic development length, 1, in AASHTO Section 8.2.5 for #11 bars and smaller is

I 20.044,f, [/ f! (71.1)
but 1y is not less than 0.0004 d,f,

where A, = bar area, in’
d, = bar diameter, in.
f, = steel yield strength, psi
f: = concrete compressive strength, psi

The same equation has been included in ACI Codes; however, in the 1989 code a series of factors were included to
account for cover, spacing between bars, and transverse reinforcement. Factors for casting position and epoxy
coating are slightly different. In addition, the minimum length to avoid a pull-out failure rather than a splitting
failure is slightly different in ACI 318-89.

7.2 CASTING PosITION (F,)

AASHTO 8.25.2.1 — Top reinforcement so placed that more than 12 in. of concrete is cast below
TRE PEINFOFCEIMENL............ocoeeeeeeeerevieeeeteertevaeeaereeasessarsssestess s san e e essase st asnsest et essnsersensessabenns 1.4

ACI 12.2.4.1 — Top Reinforcement. Horizontal reinforcement so placed that more than 12 in. of

Jresh concrete is cast in the member below the development length or splice ..............ccccvueunee.. 13

7.3 EPOXY COATING (Fg)

AASHTO 8.25.2.3 — Bars coated with epoxy with cover less than 3d, clear spacing between bars
JESS BRAN 6 Gl ettt ettt et b ekt b st e ettt ene e et enbereans L5

AL OIREY CASES oottt ettt e e e et e e ar sttt e et e s et e e este e e e seteeanean 1.15

The product obtained when combining the factor for top reinforcement with the applicable factor for epoxy-coated
reinforcement need not be taken greater than 1.7

ACI 12.2.4.3 — Epoxy-Coated Reinforcement (same as AASHTO) except, all other cases.......... 1.2
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7.4 CONFINEMENT (F()

Both ACI 318 (Sec. 12.2.3.5) and AASHTO (Sec. 8.25.3.3) allow a reduction in l4, for the confinement provided by
reinforcement enclosed within spirals (1/4-in. diameter and 4-in. pitch) of using a factor 0.75. ACI 318 extends this
to include closely-spaced (not more than 4 inches) #4 or larger ties.

However, AASHTO includes no other factors for small covers, closely-spaced ties, or confinement by other
arrangements of transverse reinforcement. ACI 318 includes a series of factors for these conditions.

ACI 12.2.3.1 — For bars satisfying any one of the following conditions; (a), (b), (c), or (d) ..... 1.0
(a)  Bars in beams or columns with
(1)  minimum cover not less than required in 7.7.1
[Note: for most cases this would be 1-1/2 in.]

(2)  transverse reinforcement satisfying tie requirement of 7.10.5 [tied columns} or
minimum stirrup requirements of 11.54 and 11.5.5.3 [shear] along the development
length, and

(3)  clear spacing of not less than 3d,
()  Bars in beams and columns with
(1)  minimum cover as in (a-1) above, and

(2) enclosed within transverse reinforcement A,, along the development length
satisfying A, 2dy, s N [40, where d, is the diameter of the bar being developed.

(c)  Bars in the inner layer of slab or wall reinforcement and with clear spacing of not less than
34,

(d)  Any bars with cover of not less than 2 d,, and with clear spacing of not less than 3 d,
ACI 12.2.3.2 — For bars with cover of d,, or less or with clear spacing of 2 dy, or less............... 2.0
ACI 12.2.3.3 — For bars not included in 12.2.3.1 0r 12.2.3.2 ..c.ccooovvoeeiiieveiirseee e, 1.4

Both ACI 318-89 and AASHTO include a factor for widely spaced bars:

AASHTO 8.26.3.1 — Reinforcement being developed in the length under consideration is spaced
laterally at least six inches on center with at least three inches clear cover measured in the
AIreCtion Of the SPACING ......c.vc.eevcceeeiriiriceticieeeee ettt ettt a et st sa b e benens s snensen 0.8

ACI 318 has the same provision but limits its application to #11 or smaller bars, and expresses the spacings in terms
of d,. That is, 5d, clear spacing rather than six inches center to center, and 2.5d, clear cover rather than three
inches.

1t should be noted that the wide spacing and closely spaced spiral or tie factor can be used in addition to the factors
in ACI Sections 12.2.3.1, 12.2.3.2 and 12.2.3.3.
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7.5 DEVELOPMENT LENGTH

Combining all applicable factors with the basic development length equations and including the minimum length
requirements leads to the following equations

AASHTO
[y =14 x Fp x Fy x F 2000044, f, (7.2)
ACI 318-89
Iy =1y x Fp x Fi x I
and (7.3)
Ly x Fe 20.03d, f, /[,
where Fp = casting position factor: 1.3 for ACI; 1.4 for AASHTO
F = epoxy coating factor but F, x I need not be taken greater than 1.7 in both design
codes ’
Fe = confinement factor: 0.75 and/or 0.8 for AASHTO; 0.75 and/or 0.8 and 1.0, 1.4 or 2.0
for ACI

7.6 APPLICATION TO BUNDLED BARS

Both codes include provisions for development length of individual bars in a bundle.

AASHTO 8.28 and ACI 318 12.4.1 — Development of Bundled Bars — Development length of
individual bars within a bundle, in tension or compression, shall be that for the individual bar,
increased by 20 percent for three-bar bundles, and 33 percent for a four-bar bundle.

ACI 12.4.2 — For determining the appropriate factors in 12.2.3 and 12.2.4.3, a unit of bundled
bars shall be treated as a single bar of a diameter derived from the equivalent total area.

Both codes apply this provision to lap splices of bars in a bundle and stipulate that splices of individual bars in a
bundle shall not overlap. ACI 318-89 also prohibits lap splices of entire bundles.

It is interesting to note that neither code requires any special consideration for two-bar bundles but ACI 318-89 does
require an effective bar diameter to be used where d, enters the design equations — even for two-bar bundles. The
modification for bundles will be denoted as Fy with a value of 1.0 for two bars, 1.2 for three bars and 1.33 for four
bars.

7.7 CALCULATED BAR STRESSES USING AASHTO aANnD ACI PROCEDURES

Equation 7.1, 7.2 and 7.3 can be rewritten in terms of actual embedment length which was less than design
values in the tests, and steel tress f;. The predicted steel stresses are:

AASHTO

fi= AR x L b1 (7.4)
0.044,F,  F,F,F.F,  00004d, F,F.F.F,




ACI 318-89

f;_ ld\/—f? <ld\/—.751

" 0.044,F, ~ 0.03d,

or
_ W

*" 0044,F, F,F,F,

(7.5)

Measured stresses from tests in this study are compared with predicted values using both AASHTO and
ACI 318-89 provisions. For the AASHTO calculations, the confinement factor F, was not applicable
because the transverse reinforcement was not sufficient to permit use of the 0.75 factor nor was the spacing
wide enough to qualify for the 0.8 factor. For the ACI values, the confinement factor was either 2.0 or 1.4
because the transverse reinforcement was less than that needed and the spacing too close to permit a factor
of 1.0 to be used. Note that the critical splitting plane is determined by the value of the minimum cover
over bars, clear spacing between bars in a layer, or clear spacing between layers. For a two-bar bundle,
the effective d, is 1.06 in. It was assumed that all bars met the minimum cover requirements because the
test specimens were scaled.

For determining the confinement factor F_ according to ACI, the following values were obtained. In tests
with transverse reinforcement and one layer of five two-bar bundles, the nominal clear cover was 1.0 in. or
0.94 d, and the nominal clear spacing was 2.6 in. or 2.5 d, so that F = 2.0 using ACI 318 Section 12.2.3.
In tests with two layers of 5 two-bar bundles the clear spacing between layers was 1.25 in. or 1.2 d,, and
the factor F = 2.0 is used because clear cover controls.

In cases where transverse reinforcement is used, the value of A, must be calculated to determine if the
values meet the requirements of Sec. 12.73.1. In the case of bundled bars in multiple layers, the
definitions suggested in Chapter 5 were applied. for one layer of bars and cover controlling, A/N = 0.2 in®
/1 bundle = 0.2 in®>. From Sec. 12.2.3.1,

_A_U>E=1.O6in. x 8 1in.

N 40 40

which is larger than the transverse reinforcement provided so that F must be taken as 1.4.

=0.21in?

If two layers of bundled bars are used, A./N for a

.. splitting
splitting crack through bundles located one above cracks
the other is 0.2 in%2 bundles = 0.1in’. Once again )
Fe=14. LR O S GO I
In cases where the cover does not control and 1.25-in.

planes of splitting through the layers of bars may
be critical, the following calculations could be
made using the adjusted definition of A/N

A a,m
= Za,m (7.6)
N N
where ay; = the area of a leg of the transverse reinforcement
m; = the number of potential splitting planes crossed by that leg, and
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N = the number of bars or bundles enclosed by transverse reinforcement

For example, in the case of a layer of five two-bar bundles with two sets of #4 stirrups (4 legs) along a 16-
in. development length, the factor for use in ACI 318 Sec. 12.2.3.1(a) would be computed as follows using
the effective diameter of the bundles.

_Ai= 1.06 in x 8 in. ~0.14in
N 40
The reinforcement provided gives
- 2
Ay 02 x4 .0
N 5 bundles
splitting
cracks

stirrup legs
a,=0.2in.2

In this case a value of F = 1.0 could be used since the value of A./N is greater than the index value.

For a specimen with two layers of five two-bar bundles

A, 02in’x2x4

ot T =0.16 in?
N 10 bundles

as before for one layer. It should be noted, however, that the location of bundles and splitting planes must
be carefully considered to determine each case.

It should be noted that the ACI 318 procedure for the maximum stress (minimum development length for
f,) using Eq. 7.5 is intended to avoid a pull-out failure in the case of very short embedments. It is supposed
to be based on dy, the effective bar diameter the case of bundled bars. However, in computing the stresses

in bundles the diameter of individual bars was used in computing f- </, ‘/Tc’ /(0.0311,,) . This was done

because the intent of ACI 318 was to use the effective bar diameter for modifications to the basic
development lengths which involve cover or spacing but not modification of the basic development length
itself.

7.8 COMPARISON OF CALCULATED AND MEASURED STRESSES

In previous chapter the results of the tests were discussed. In Table 7-1 the values of measured bar stresses at failure
are listed. In the case of two layers, the average bar stresses are given. Similarly, in multiple bar bundles, the
average stresses in all bars are tabulated. Calculated bar stresses are also shown using current AASHTO provisions
and ACI 318-89 provisions. '
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Table 7- 1

Comparison of measured and predicted stressesin bundled bars

AASHTO (Eq. 7.4) ACI (Eq. 7.5)
Test fé Avg.. Fy Fc Fp Fg f,ksi | Mean Fe Fp Fe f, ksi | Mean
Ksi f,, ksi calc Calc calc Calc
mean
Without Transverse Reinforcement
12 42 514 1.0 NA 1.0 NA '61.2 | 0.84 2.0 1.0 NA 443 1.16
1-24-B
6 2.9 42.5 1.0 NA 1.0 NA '61.2 | 0.69 2.0 1.0 NA 36.8 1.16
2-24-B
5 2.9 42.4 1.0 NA 14 NA 52.4 0.81 2.0 1.3 NA 28.3 1.50
1-14-T
11 4.2 47.5 1.0 NA 14 NA *57.1 | 0.83 2.0 1.3 NA 34.0 1.40
2-24-T
18 3.7 55.0 1.2 NA 1.0 NA %61, 0.90 2.0 1.0 NA 30.6 1.80
3-24-B 2 :
20 3.7 33.0 1.33 NA 1.4 NA *43.0 | 0.74 2.0 1.3 NA 24.0 1.38
4-24-T
- AVG. | 0.80 Avg. 1.40
S.D. 0.07 S.D. 0.23
With Transverse Reinforcement
9 29 37.0 1.0 NA 14 NA 35.0 1.06 14 1.3 NA 26.9 1.38
1-16-T
13 2.5 54.1 1.0 NA 1.0 NA 454 1.19 14 1.0 NA 32,5 1.67
1-16-B |
10 2.9 453 1.0 NA 1.0 NA 49.0 0.92 1.4 1.0 NA 35.0 1.29
2-16-B
10R 3.6 47.1 1.0 NA 1.0 NA *533 | 0.88 1.4 1.0 NA 38.9 1.21
R2-16-B J
10E 3.6 46.7 1.0 NA 1.0 1.15 | *463 1.01 1.4 1.0 1.2 32.5 1.44
E2-16-B
14 2.6 36.8 1.0 NA 14 NA 331 1.11 14 1.3 NA 25.5 1.45
2-16-T J
14R 3.6 434 1.0 NA 14 NA *38.1 1.14 14 1.3 NA 30.0 145
R2-16-T
14E 3.6 51.5 1.0 NA 1.4 1.15 | *33.1 1.56 14 1.3 1.2 25.0 2.06
E2-16-T
16S 2.7 423 1.0 NA 1.0 NA 47.2 0.89 14 1.0 NA 337 1.26
S2-16-B :
17 3.7 '61.2 1.2 NA 1.0 NA *44.4 | 1.38 14 1.0 NA 21.9 1.86
3-16-B
19 3.7 32.0 1.33 NA 14 NA *28.6 | 1.12 14 1.3 NA 22.8 1.40
4-16-T
AVG. | 1.12 AVG. | 1.50
S.D. 0.20 S.D. 0.25
Y = Baratyield
* = Max. stress controls (pullout failure)
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For bundles without transverse reinforcement, the AASHTO provisions overestimated the strength of the anchored
bars (average rates of measured to calculated values = 0.80, standard deviation = 0.07) while the ACI 318
provisions were conservative (Avg: 1.40; Std. Dev.: 0.23). For bundles with transverse reinforcement, the
AASHTO provisions were reasonably close to measured values (Avg: 1.12; Std. Dev.: 0.20) but a number of tests
were lower than predicted. Calculated stresses using ACI 318 provisions were again conservative (Avg.: 1.50; Std.
Dev.: 0.25). If all tests are included, the average ratio of measured to computed stresses for AASHTO provisions
was 1.00 with a standard deviation of 0.22; and for ACI 318 provisions the average ratio was 1.46 and the standard
deviation was 0.25. It would appear that AASHTO provisions should be modified to include the effects of cover,
spacing and transverse reinforcement. The effect of bundling bars seems to be adequately handled in both
provisions using the suggested adjustments based on the number of bars in a bundle and basing factors involving
cover and spacing on the effective bar diameter of the bundle.

7.9 DiscussION OF DESIGN APPROACHES

Design provisions must be based on current understanding of the phenomena involved and on a necessary
compromise between accuracy and complexity in the selection of equations and specifications. Reliability comes
from an accurate representation of behavior and simplicity of application for the designer.

For bundled bars, the AASHTO specification seemed to be in error on the side of oversimplification, leading to
serious inaccuracies. Current specifications contain a basic design equation which, when applied to details of the
test specimens considered here, is not modified to account for confinement provided by cover, spacing between
bundles or layers, or transverse reinforcement. If effects of cover, spacing and transverse reinforcement were to be
included, AASHTO development length equations could be improved substantially.

The ACI code includes confinement effects. In the 1989 code, factors for cover, spacing and transverse
reinforcement are combined in a single step function. The step function is not ideal from a behavioral perspective;
real behavior is not constant over fairly broad ranges, with sudden changes in between. The location of the steps
may seem to be somewhat arbitrary, and more conservative at points where the step is selected. Also, the
combination of spacing, reinforcement, and cover into one function also tends to mask individual influences. For
instance, the ACI code specifies the same development length for the three bar bundle pattern used in this test,
regardless of how much transverse reinforcement is present. However, it must be noted that the procedure appears
to produce conservative designs without being overly cumbersome to apply. In the 1995 code some revisions have
been made but will not substantially change the computed stresses.
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CHAPTER 8

SUMMARY AND CONCLUSIONS

8.1 SUMMARY

Test Program. The primary objective of this test program was to examine the bond strength of multiple-bar bundles
considering the effect of the following variables: number of layers of bars, number of bars in a bundle, casting
position, amount of transverse reinforcement, level of shear in anchorage zone, and epoxy coating. The
configuration of reinforcement was based on typical TXDOT pier cap detail. Twenty-eight tests were conducted.

Mode of Failure. The measured stress in nearly all the bundled bars was below yield and all the bond failures were
face-and-side split modes. Longitudinal cracks always appeared first above the two corner bundles. In the tests
with transverse reinforcement, a third longitudinal crack appeared above the middle bundle since this bundle was
not confined by a stirrup leg. In the tests of two layers of bundled bars, a horizontal crack appeared first in the plane
of the inner layer of bars at the free end of the anchored bars. If the load was maintained, a second horizontal crack
formed in plane of the outer layer of bars. As soon as the second horizontal crack formed, the specimen failed.

In the two-layer case, the stress in the outer layer of bundled bars was higher than that in the inner layer. Since
bond failure was brittle, there was no stress redistribution between the two layers until the peak load was reached.
Near peak load the outer layer of bars was close to bond failure. If the load was maintained at that level, part of the
stress in the outer layer of bars was transferred to the inner layer as the confinement for the outer bars was lost due
to splitting. As the stress of inner layer of bars increased, bond failure in the inner layer was produced. Because the
moment arm of the inner layer of bars was smaller than that of the outer layer, load began to decrease as stress was
transferred from the outer layer to the inner layer. Bond failure occurred in both inner and outer planes. Failure
mechanisms in both planes were due to concrete splitting produced by tension in the anchored bars.

8.2 EFFECT OF VARIABLES

8.2.1 Behavior of a Bundle

Bars within a bundle acted as a single unit. Stress was distributed equally between bars within a bundle as long as
the potential splitting planes through the bars were identical. When the splitting planes were not equal, the failure
surface passed through the weaker plane; that is, the layer with smaller clear spacing. In asymmetrical geometries,
there was the potential for redistribution of stress to the bar or bars outside the splitting plane, as evidenced by the
three-bar bundle tests. It is possible to make use of this behavior, but a note of caution is in order. Figure 8-1
demonstrates that in the three-bar bundle, the bar outside the failure plane was located in monolithic concrete.
Stress can be redistributed from the weaker, outer plane by transferring force to the inner bar, which is bonded
directly to the rest of the beam. If the bundle is turned upside-down, then stress redistribution is no longer possible.
The splitting plane would then separate the bar in question from the rest of the concrete, and all the force in that bar
would have to be transferred through the weak plane to the rest of the beam, thereby increasing the stress on the
splitting plane.

82.2 Casting Position

The top-cast bars generally did not reach stresses as high as bottom-cast bars. There was considerable scatter in the
data but a 1.3 or 1.4 factor for top-casting seems appropriate.
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8.2.3 Transverse Reinforcement

The beneficial effects of transverse reinforcement were clearly illustrated in the tests. There were two potential
splitting planes crossed by the transverse reinforcement in the tests with two layers of bundled bars. Stirrups6 were
more effective in restraining splitting in the two-layer case than in the one layer case. The contribution of transverse
reinforcement to the bond strength of bundles can be determined by defining A/N as the summation of the products
of each leg area times the splitting planes crossed by each leg, divided by the number of bundles enclosed by the
transverse reinforcement.

8.2.4 Shear

Although four tests were constructed, difficulties with the test procedure led to premature shear failure before a
bond strength of the anchorage zone was reached. The remaining test revealed no measurable effect of shear on the
bond strength of bundled bars.

8.2.5 Perimeter of a Bundle

The tests conducted in this program indicate that the behavior of a bundle was best approximated by assuming a
uniform bond stress applied to the maximum effective perimeter of the bundle. The perimeter was taken as the
entire circumference of the bars exposed to direct contact with the concrete; or, stated another way, as the
circumference of all the bars minus that part occluded within the interior of the bundle. This is the approach
currently taken by both the AASHTO and ACI 318 documents. Development length is increased 20% for a two-bar
bundle and 33% for a four-bar bundle. This approximation seemed to reflect test results reasonably well.

8.2.6 Egquivalent Bars

Standard round bars consistently reached higher ultimate bond stresses than bar bundles of equivalent cross-
sectional area. The test results show that replacing a bundle with approximate bundled bar behavior does not appear

92



reasonable for calculating development lengths. However, present ACI 318 provisions specify use of an equivalent
bar in place of bundles when determining cover and spacing effects of confinement. ACI 318 uses these parameters
in computing modification factors for basic development length, so the influence of the equivalent bar is substantial.
The use of equivalent diameters gave satisfactory results when computing modification factors for stresses based on
ACI 318 provisions. The basic stress or basic development length was computed using the areas or diameters of the
individual bars in the bundle.

8.2.7 Epoxy Coating

The two tests with epoxy coating also included epoxy-coated transverse reinforcement. The coated bundles
performed very well and reached stresses equal to or higher than uncoated bars. Because only two tests were
performed, no modification to design procedure can be suggested but there does not appear to be a concern about
development of coated bundled bars if they are confined by adequate transverse reinforcement.

8.3 DESIGN IMPLICATIONS

In calculating the development lengths for bundled bars, the basic development length can be computed as for a
single bar on the bundle, but the modification factor for cover, spacing and transverse reinforcement should be
based on the effective diameter derived from the equivalent bundled bar area.

1t is strongly recommended that AASHTO provisions be updated to include effects of confinement (spacing, cover,
transverse reinforcement) on development length.
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APPENDIX A

SPECIMEN #1 — TESTS 1 THROUGH 4

Initially, this specimen was designed to provide four test regions. However, a plywood strip used as a bond breaker
between the test region and the loaded area changed bond behavior in the test region. As a result, the four tests were
repeated in Specimen #2, Tests 10 through 13.

The four tests carried out on Specimen 1 were as follows: one layer of bottom-cast bars with and without transverse
reinforcement; two layers of top-cast bars with and without transverse reinforcement. No shear acted on the test
region. The four tests are described in Table A-1 along with the companion repeated tests.

Because plywood was much softer than concrete, it formed a soft layer between the test region and the remainder of
the beam. Before testing, the outside part of the plywood was chipped off. This left a notch in the concrete cover
(Figure A-1) and resulted in a rotation of the concrete cover when splitting occurred, as shown in Figure A-2.
These factors changed the test conditions and lowered the bond strength. Table A-1 shows that the measured bond
strengths from Specimen #1 (Tests 1-4) were much lower than those from Specimen #2 (with Teflon backing, Tests
10-13). This phenomenon was more obvious in the two-layer test than in the single-layer test — in the two-layer
test the tension force in the outer layer of bars was not balanced by the bearing force from the concrete due to the
soft layer of plywood. Most of the tension force in the outer layer of bars was transferred to the inner layer of bars,
as shown in Figure A-3. This forced the concrete in the inner plane to resist not only the splitting force due to the
tension from the inner layer of bars, but also the shear stress from the outer layer of bars. The inner plane became a
critical plane and usually failed prematurely. The use of plywood changed the mechanism of bond failure and all
four tests had to be repeated.

Table 4- 1 Comparison of test results with and without Teflon sheet
Average Bar Stress'’ Bond
Factor
Test | Specimen | Bond | Anchor | Face | Concrete | Measured | Modified"” u Bond | Casting
No. Breaker | Length | Cover Strength = Strength | Position
Material | L, c° (ksi) /e Ratio® _
(in.) (in.)

1 1-24-B Plywood 24 | 3.7 48.6 6.21 1.09 Bottom
12 | 124B 7| Teflon | 235 | 1-18° | a2 | 514 | 475 | 572 ] [ Bottom |
| 3 _[ I16B JPlywood | 16 | 1 __| 37 [ 05 | _____ l_776 | 064 | Bottom

13 1-16-B Teflon 16 1-1/8 2.5 54.1 51.7 12.12 Bottom
| 2 [ 224T |Plywood | 24 | 1 | 37 | _ 254 ] | 324 | 067 | Top _

11 2-24-T Teflon 24 1-1/2 4.2 52.2 40.2 4.85 Top
| 4 | 226T | Plywood | 16 | 1 | 37 | 399 [ ____ | 764 | 08 | Top |

10 2-16-T Teflon 16 1 2.6 40.8 40.8 9.47 Top

(1) The outer layer of bars for the two-layer case
(2) Bar stress normalized for cover thickness (1-in.), anchorage length (24-in.)
e.g. fortest 13: measured stress = 54.1 ksi; calculated bond factor = 11.54 for 1-1/8 in cover; and
11.04 for 1-in. cover (Equation 2.9). Modified stress = 54.1 x 11.04 + 11.54 = 51.7 ksi
3) Bond strength ratio of the tests without teflon sheet to that with teflon sheet
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Figure A- 1 Gap in cover afier removal of plywood

Figure A- 2 Concrete cover splitting after bond failure
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Although the test results from this specimen did not reflect accurately the ultimate bond strength, the tests gave
some guidance.

1.
2.

The method of using partially unbonded bars to test the bond strength of multiple-bundled bars was practical.

The load calculated using the measured strains of the bundled bars was quite close to the load measured by the
pressure transducer. Most of the strain gages survived the test and indicated that the strain gage data was

reliable.

The measured strains along the cross section, shown in Figure A-4, are nearly symmetric. Therefore, in the
later tests, all the strain gages were placed on one-half of the cross section. The data showed that the relative
difference of the measured strain along the cross section was small. The strain distribution along the cross

section was uniform.
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Bar strain distribution across layer
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4. The measured slip at the free end of the
anchored bars was very small and inconsistent.
The only significant slip occurred at failure.
In the remaining tests, slip at the free end of
the anchored bar was not measured.

All the failure modes were “face-and-side
splitting.” For the test without transverse
reinforcement,  longitudinal cracks  always
appeared first above the two comer bundles. After
that, a third longitudinal crack sometimes appeared
above the middle bundle (more obvious in the test
of two layers of bars). At ultimate, splitting
occurred through the plane of the bundled bars and
the comer also separated from beam. The failure
for the bundled bars without transverse
reinforcement was sudden and brittle. At failure,



the energy stored in the bundled bars was suddenly released and caused a second failure in the middle of the
concrete block, as shown in Figure A-5.

For the test with transverse reinforcement, the crack patterns were different from those without transverse
reinforcement. In addition to the two longitudinal cracks, which appeared above the two corner bundles, a third
crack always appeared above the middle bundle. The middle bundle was not directly confined by a leg of the
transverse reinforcement at this location. Transverse cracks appeared directly above the stirrups at later stages of
the test. The transverse cracks appeared more obvious in the two-layer test in which the strain in the stirrups was
higher than that in one layer. The failure mode was “face-and-side splitting.” The failure occurred gradually and
after considerable bar slip was observed.

After the test of one layer of bundled bars was completed, the beam was tumed over and the two-layer tests were
conducted. Since the bar at the bottom of the beam had already been tested, there was no reinforcement to restrain
the end block rotation produced by the eccentric force from the two layers of bundled bars. A vertical crack formed
in the concrete block, as shown in Figure A-2. The rotation of the concrete block was felt to be detrimental to the
bond strength of untested bundled bars. In subsequent specimens a layer of additional reinforcement was
distributed below the single layer of bundled bars to control vertical cracking. '
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Figure A- 5 Second failure plane due to the release of energy at bond failure
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