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ABSTRACT

The bond strengths of uncoated and epoxy-coated high relative rib area (R,)
and conventional reinforcing bars are studied.  Equations for evaluating
development/splice strength and design criteria for development/splice lengths are
developed based on the test results from this study and a large data base. The bond
behavior of reinforcing bars under reversed cyclic loading is also investigated.

One hundred and forty beam-splice specimens are tested to study the effects of
bar placement, concrete properties, bar size and deformation pattern, transverse
reinforcement, and epoxy coating on splice strength. The test results are combined
with the previous results for analysis. The combined results include tests for No. 5,
No. 8, and No. 11 bars with R; ranging from 0.065 to 0.141. The results confirm the
observations of previous studies that splice strength is unaffected by R, for bars not
confined by transverse reinforcement, and that spiice strength increases with an
increase in bar size and R; for bars confined by transverse reinforcement.

The results show that the top-bar behavior of high R, bars is similar to that of
conventional bars. The average clear spacing between splices should be used in
design, whether the splices are arranged symmetrically or unsymmetrically.

The test results indicate that concrete containing stronger coarse aggregate
provides higher splice strength. For specimens with bars confined by transverse
reinforcement in the splice region, concrete with a higher coarse aggregate content
produces higher splice strength. For bars not confined by transverse reinforcement,
the 1/4 power of concrete compressive strength better characterizes the effect of
concrete strength on splice strength than the traditionally used 1/2 power. For bars

confined by transverse reinforcement, the 3/4 power of concrete compressive strength



i

better characterizes the effect of concrete strength on the contribution of transverse
reinforcement to splice strength than the 1/2 power.

The results of 62 matched pairs of uncoated and epoxy-coated splice
specimens show that epoxy coating is less detrimental to the splice strength of high R,
bars than to the splice strength of conventional bars. The relative splice strength of
epoxy-coated high R; bars is higher in normal-strength concrete than in high-strength
concrete.

The development/splice strength design criteria developed in this study
accurately represent the effects of bar size, relative rib area, transverse reinforcement,
and concrete strength. The new design criteria, which incorporate a reliability-based
strength reduction factor, are more economical and have a higher safety margin than
the design criteria in ACI 318-95. |

Under reversed cyclic loading, high R, bars exhibit lower slip and less

deterioration of bond than conventional bars,

Keywords: bond (concrete to reinforcement); building codes; deformed
reinforcement; development; epoxy coating; high-strength concrete; lap connections;

reliability; relative rib area; reversed cyclic loading; splicing; structural engineering



ACKNOWLEDGEMENTS

This report is based on a thesis submitted by Jun Zuo in partial fulfillment of
the requirements of the Ph.D. degree. Support for this research was provided by the
National Science Foundation under NSF Grants No. MSS-9021066 and CMS-
9402563, the U.S. Department of Transportation ~ Federal Highway Administration,
the Civil Engineering Research Foundation under CERF Contract No. 91-N6002, the
Lester T. Sunderland Foundation, ABC Coating, Inc., AmeriSteel (formerly Florida
Steel Corporation), Birmingham Steel Corporation, Chaparral Steel, Fletcher Coating
Company, Herberts-O’Brien Inc., North Star Steel Company, and 3M Corporation.
Epoxy coating was applied to the C bars by ABC Coating, Inc., to the F bars by
AmeriSteel, and to the N bars by Simcote, Inc. The basalt coarse aggregate was
supplied by Geiger Ready-Mix and Iron Mountain Trap Rock Company. Form release

agent, curing compound, and mounting hardware were supplied by Richmond Screw

Anchor Company.






v

TABLE OF CONTENTS

Page

ABSTRACT L i e et as i

ACKNOWLEDGMENTS ...t e e e iii

LIST OF SYMBOLS oottt e ee e s e e eae e vii

LISTOF TABLES ... e xii

LISTOF FIGURES ...t ettt e xvi

CHAPTER 1: INTRODUCTION ..ottt e e 1

LY General oo e 1

1.2 Previous Work ... 2

1.3 DIHSCUSSION t.iuiuiiiitii ittt v et vt e et e e a e eenaaas 21

1.4 Objective and SCOPE t.vvviiieiriniiririet et ieae v e 22

CHAPTER 2: BEAM SPLICE TESTS .. it 24

2.8 General «o.oei e 24

2.2 TeSt SPECIMIEIS .. vvirite vttt iaier e teeaeeraeaneenrensenranenenas 24

2.3 Materials ..o 26

2.4 Specimen Manufacture ..........ooeiiiiiiioiiiiii i 29

2.5 TeStProcedure «..ovuiniiiiiinie it e 31

2.6 Results and ODbSErvations ..........cceereiioiereeeneniareierneenensas 32
CHAPTER 3: EFFECTS OF SPLICE PLACEMENT AND

ARRANGEMENT ON SPLICE STRENGTH ........ccooeeenen.... 37

3oL General ..o 37

3.2 Top-cast High Relative Rib Area Reinforcing Bars ..................., 39

3.3 Unsymmetrical Arrangement of Splices .......ccooeiiiiiviiiniinnininn. 40

3.4 Multiple SpLCE IAYEIS ..ivivieiee i 42

3.5 Effect of Shear Force on Splice Strength ......oocoviiiiinciiin, 44



CHAPTER 4: EFFECTS OF CONCRETE AND REINFORCING BAR

PROPERTIES . ... i 47

4.1 General «.e e e et an 47

4.2 Effects of Concrete Properties ....oovevirieiiierieieeieiicie i eennnenn 49

4.3 Effects of Reinforcing Bars ....oveevicieniiiiieiieciiecereneiennennnn 54

CHAPTER 5: DEVELOPMENT LENGTH CRITERIA ........cicvvieiinnennn, 60

5.1 GeNEIAl .oent e e 60

5.2 Bars Not Confined by Transverse Reinforcement ..................... 61

5.3 Bars with Confining Transverse Reinforcement ............ocoeee.n. 68

5.4 Effect of Bar Stress on Development/Splice Strength e 83

5.5 Design Expression for Development/Splice Length ................... 84

5.6 Comparison to ACI318-95 Criteria ..........cooviiiiiivuiiiiniiaen,.. 92
CHAPTER 6: SPLICE STRENGTH OF EPOXY-COATED HIGH

RELATIVERIB AREA BARS ..o 101

6.1 General ..o e 101

6.2 Splice Strength Ratio, C/U .....ccoiiiviiiiii e 103

6.3 Effect of Concrete Properties .ovevvvriereiieririaierieneinereensnnnn 105

6.4 Effect of Relative Rib Area ......coooveiiiiiiiiiiiiii e 106

6.5 Flexural Cracking ....cvovviiriviriiiiiiiei e ce e e 107

6.6 Development Length Modification Factor for High R, Bars ......... 108

CHAPTER 7: REVERSED CYCLICLOADING TESTS ..., 110

T.1 GeNEIAL et et e 110

7.2 Test SPECIMENS «.ivviieii it iecie it et cr e ra e e e nen 111

7.3 Materials .o.vevniiniiris et e 111

7.4 Concrete Placement and COring ....o.covviiiiiniiiiiiiini e ceneenns 112

SR =i 0 (ol =Ts 11 g o AT 112



vi

8.3 Suggestion for Further Studies .......c.cvveeviiiiiiccniiiiniin,
REFERENCES ... ittt ettt et et e e

APPENDIX A: CALCULATION OF FLEXURAL STRESS OF
DEVELOPED AND SPLICED BARS ........c.coviiiiiienes

APPENDIX B: DATA FOR DEVELOPING DEVELOPMENT/SPLICE
LENGTH CRITERTIAIN CHAPTER 3 .o

APPENDIX C: DATA OF FLEXURAIL CRACK AND DENSITY FOR THE
MATCHED PAIRS OF SPECIMENS CONTAINING

EPOXY-COATED AND UNCOATED BARS ...................



Ag
A

Cso
Ch
Crmin
Crnax

Cs

cov
c/d

d

f7er

Vil
LIST OF SYMBOLS

= bar area, in in.2

- 2
= total steel area, in in.
= beam width, in in.

= Cpin + 0.5 dy, in in,

= distance from the extreme concrete compressive fiber to the neutral axis
of beams — used to calculate bar stress, i in.

= coefficients used to derive Eq. 3.3 (i=1t0 6)

= one-half clear spacing between bars, in in.

= side cover in same plane as ¢, in in.

= cover perpendicular to ¢g and ¢, in in.

= minimum value of c; or ¢, In in.

= maximum value of ¢, or ¢y, In in.

= minimum value of ¢y, and ¢ + 0.23 in., or ¢y, and cg, in in.
= ¢oefficient of variation

= relative bond strength of epoxy-coated bar to uncoated bar
= beam effective depth, in in.

= nominal bar diameter, in in.

= nominal stirrup diameter, in in.

= modulus of elasticity of concrete, in ksi

= modulus of elasticity of steel, in ksi

= modulus of elasticity of steel for strain hardening, in ksi

= concrete compressive strength, in psi

= concrete compressive strength to the power p (p = 1/4, 1/2, 3/4, and 1.0),
in psi

= bar yield strength, in psi
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fn = yield strength of transverse reinforcement, in psi

f; = bar stress at failure, in psi

fic = bar stress calculated using the moment-curvature method, in ksi

fow = bar stress calculated using the working stress method, i ksi

fon = bar stress calculated using the ultimate strength method, in ksi

HHB = high strength concrete containing a “high” quantity of basalt coarse
aggregate

HHL = high strength concrete containing a “high” quantity of limestone coarse
aggregate

HNL = high strength concrete containing a “normal” quantity of limestone
coarse aggregate

HSC = high strength concrete [f';> 8000 psi (55.2 MPa)]

h = beam height, in in.

Ki = constant in Eq. 53 or Eq. 5.12 (i=1t0 4)

Ke = term representing the effect of transverse reinforcement on bond

strength. The value depends on the stage of the analysis and the design
expression in which it is used. Kq = (0.518 ttqAq/sn)f’,% based on
initial analysis; K. = (0.52 tt3A4/sn)f’,* based on finial analysis

= 35.3 ttyAq/sn in the expressions developed by Darwin et al. (1995b,
1996b)

= Apfy/(1500 sn) in the expression for ACI 318-95

1 = beam length, in ft

ke = length of constant moment region, in ft

Iy = splice length, in in.

14 = development length, in in.

M = slope of the modified relationship in Eq. 5.7

MRr = 0075 — value of M at Rr =0.075
M, = moment at splice or development failure, in kip-in.

m = slope of the best-fit lines relating Ty/f'F with NA/n
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N = number of transverse reinforcing bars (stirrups or ties) along splice or
development length

n = number of spliced or developed bars

NHL = normal strength concrete containing a “high’ quaatity of limestone
coarse aggregate

NNB = normal strength concrete containing a “normal” quantity of basalt coarse
aggregate

NNL = normal strength concrete containing a “normal” quantity of limestone
coarse aggregate

NSC =normal strength concrete [f'; < 8000 psi (55.2 Mpa)]

P = total applied load at splice failure, in kips

Qp = random variable representing dead load effects

Qpa =nominal dead load

Qu = random variable representing live load effects

Qta = nominal live load

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

q = Ioading. random variable

R = random variable for resistance

Ra = nominal resistance

R, = predicted capacity random varniable

R, = relative rib area of bar (ratio of projected nb area normal to bar axis to
the product of the nominal bar perimeter and the center-to-center rib
spacing}

T = resistance random variable = R/R, = X(1)Ry/Ra

S = gpacing of transverse reinforcement, in in.

Se = rib center-to-center spacing, in in.

Th = total force in a bar at splice failure, in b

T. = concrete contribution to total force in a bar at splice failure, in 1b



Ts

b

Ve,
Ve
Vrp

Vxa

W,
X(1)
X(2)

X

= steel contribution to total force in a bar at splice failure, in Ib

= term representing the effect of bar size on T;. The value depends on the
power of f’; used in the analysis and the design expression in which it is
used. In the final analysis, ts = 0.78 dy, + 0.22 for p = 3/4. In the initial
analysis, t4 = 0.78 dy + 0.13 forp = 1/4, t4 = 0.83 dy, + 0.17 forp = 1/2,
andtg=0.73dp, + 027 forp=1.0

= (.72 dy, + 0.28 used in the design expressions developed by Darwin et al.
(1995a, 1995b)

= term representing the effect of relative rib area on T,. The value
depends on the power of f'; used in the analysis and the design
expression in which it is used. In the finial analysis, t, = 9.6 R, + 0.28
for p=73/4. In the initial analysis, t,=7.9 R, + 041 forp=1/4,,=8.8
R, +034 forp=1/2,andt, =103 R, +0.23 forp=1.0

=9.6 R, + 0.28 used in the design expressions developed by Darwin et al.
(1995a, 1996a)

= coefficient of variation for random variable for total load

= coefficient of variation associated with the predictive equation (or
model) itself

= coefficient of variation of random variable representing dead load
effects

= coefficient of variation of random variable representing live load effects

= coefficient of variation of relative rib area

= coefficient of variation of resistance random variable r

= coefficient of variation of test/prediction ratio

= coefficient of variation of the predictive equation caused by
uncertainties in the measured loads and differences in the actual
material and geometric properties of the spectmens from values used to
calcuiate the predicted strength

= coefficient of variation of random variable X(i)

= coefficient of variation of loading random variable g

= rib width {measured at 1/2 or 3/4 rib height), in in.

= test-to-predicted load capacity random variable

= aetual-to-nominal dead load random variable
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X(3) = actual-to-nominal live load random variable

B = reliability index

B = ratio of the average concrete compressive stress to the maximum
concrete stress used to calculate bar suress

£o = concrete strain at maximum concrete stress

Eet = strain at the extreme concrete compressive fiber of a beam at failure

Esh = steel strain at the initiation of strain hardening

) = strength reduction factor for the main loading

dv = gverall strength reduction factor against bond failure

dq = dp/, effective strength reduction factor for use in calculating

development/splice length
YD = Joad factor for dead loads

3 = load factor for live loads



Xil

LIST OF TABLES

Table Page
2.1 Splice specimen properties and test TeSUIS ....ocoeniiireniisvininnsen 133
2.2 Properties of reinforcing bars ..o e 139
2.3 Concrete mix proportions (1b/yd’) and properties ......c...covevevuesrerenens 140
2.4a  Number of cracks and crack widths at a bar stress of 20 ksi ............. 142
2.4b  Number of cracks and crack widths at a bar stress of 30 ksi .............. 144
2.4¢c  Number of cracks and crack widths at a bar stress of 40 ksi .............. 146
3.1  Comparison of bottom-cast and top-cast splice specimens ..........c..... 148
3.2 Comparison of symmetrical and unsymmetrical splice specimens .... 149
3.3 Comparison of splice strength between one spliced layer and

tWO SPLCEd JAVELS ..ovviiiiininiiiriir st e sre e 150
3.4  Effect of shear force on splice strength .....coeccnncinecciinennnncnnes 151
4.1  Splice specimen properties and test results from Darwin et al.

(19952, 19962) ...eoeevciremeeerrsvenmseseiosnesararisieseesniesasestssessssasiomsssnsnssassens 152
4.2  Splice specimen properties and test results from Hester et al.

(1991, 1993) oot e asen e e s sasna e sae s bans 156
43 Splice specimen properties and test results from Choi et al.

(1990, 1991) oot ecee e sserarse e errssesereeset s nename s sebeeasansanasen 158
44  Effect of concrete properties on splice strength of the splices

not confined by transverse reinfOrCement .......coveerererveeseerrsrensecsereene 159
4.5  Effect of deformation pattern on splice strength of the splices

not confined by transverse reinforcement .......cvvvvecvreirnesesicseecriessnans 159
4.6  Measurements of bar rib widths and rib width/spacing ratios ........... 160

4.7 Effect of rib width/spacing ratio on splice strength of the splices
not confined by SHITUPS .covvviverrriiiriiieniriecrvicen st resse s s siesnnensens 160

4.8  Comparison of flexural crack density and flexural crack width ata
bar stress of 40 ksi between high relative rib area and conventional

bars in matched pairs of SPECIMENS ....occvrevieiriineirne s 161



4.9

4.10

5.1
5.2
53

54

5.5

5.6

5.7

5.8

3.9

5.10

5.11

5.12

xiti

Comparison of flexural crack density and flexural crack width at a
bar stress of 20 ksi between high relative rib area and conventional
bars in matched pairs of SPECIMIENS ..ovvuevvieriricrceeeeerree s

Comparison of flexural crack density and flexural crack width ata
bar stress of 30 ksi between high relative rib area and conventional
bars in matched pairs Of SPECINENS .ovvvveeerieeeirrereiisresee e eneenersesans

Coefficients obtained in the derivation of Eq. 5.4 (p = 1/4) ..............
Coefficients obtained in the derivation of Eq. 5.5 (p = 1/2) ..ccn....

Summary of test/prediction ratios using Eq. 5.3 for different
powers of f'; and definitions of effective value of Cgi vvveevvneevreiivnennne,

Results of dummy variable analysis for Ayfy/f".? versus the right
side of Eq. 5.3 based on conerete strength ...oovevencveenvcccieniinnieneans

Data and test/prediction ratios for developed and spliced bars
without confining reinforcement ........ccoccevvevceereesecer e

Comparisons of the coefficients of determination for the best-fit
lines of T¢/f,"* versus NAy/n for bars in normal-strength concrete
using ¢y, ¢si + 0.25 in., and 1.6cg; as the effective value of ¢y ...........

Comparnsons of the coefficients of determination for the best-fit
lines of Ty/f",® versus NAy/n for high relative rib area and
CONVENLIONAL DALS .ooiveeeiirieerir e e cecve s e aee s e et e s ne s saeesneseveenans

Results of bezst~ﬁt lines for Ty £ versus NAw/n (T in Ib, £ in psi,
ANA Atr I11IIL) eeereceer e iries s srrerteraser s serne et e sresasssesasntesseasassessseransenn

Analysis of effects of relative rib area, R,, and bar diameter, dy, on
increase in splice strength, represented by Ty, provided b)/
transverse reinforcement, represented by NAgy/n (T, in Ib, £/.>% in
81, 80A A i1 I0.2) oo et

Summary of the expressions for t, and tg terms using different
D VAIUES (1ot et ettt s b e

Data and test/prediction ratios for developed and spliced bars
with confining reinforCemMent .......ccoveievevcnrerceerernc e rereesecrerees

Results of dummy variable analyses, based on study and bar size,
of increase in bond force due to transverse reinforcement, Ty,
normalized with respect to £';? versus t;t3NA/n for 163 beams
(Tsin 1b, £%P in, psi and Ay in FL2) e eeeseees st eeen e ;

162

163
164
165

166

168

169

172

173

173

174

174

175

180



Xiv

5.13  Results of dummy variable analyses, based on study, for
test/prediction ratio versus f'.” using Egs. 5.13a - 5.13d for 163
DBAIIIS c.eviviereetireeemtreeescrsitas e s sssnssaraneressesceseressanssananersssssnsaressnseassasnns 181

5.14  Test/predicted splice strength ratios, using Eqs. 5.13a - 5.13d,
for specimens tested by Kadoriku (1994) ..cooricvcniceenecceeeneneene 182

5.15  Results of dummy variable apalyses, based on study and bar size,
of increase in bond force due to transverse reinforcement, T,
normalized W1th respect to £ versus tit;NA/n for 196 beams
(Tsinlb, f’ * in, pst and Ay in in. ) .................................................. 183

5.16  Results of dummy variable analyses, based on study and bar size,
of increase in bond force due to transverse reinforcement, T,
normalized with respect to ', % versus ttNA ﬂln for 191 beams
with (¢ + Ka)/dy < 4 [Ker = (0. 518trtdA¢,/sn) £, (T in b, £7.7% 1

PS1 A0 At 10 I.2) oo eresserssrsesemmee s ees s esseoeesoemeemsesraes 184
5.17a Data for hypothetical beams without confining transverse

TEINTOTCEIMEII Louviririsves et eeeee et en et e e e e e e aas e e acaseneneaneananan 185
5.17b Data for hypothetical beams with confining transverse

reinforcement ......coceveriennne ettt e e e aaas 186
5.18 Strength reduction () factor for bond ......cccovvrveercveininircnnns 190

5.19 Data, development and splice lengths for hypothetical beams
without confining transverse reinforcement ........c.oeevvivivcnircivarinaenss 191

5.20 Test/prediction ratios for developed and spliced bars without
confining transverse reinforcement using Eq. 5.33 and the
ACT 318-95 CIIEIIA veovrereererreetereerscreenaraeseseeceraarassssnssassrsnrrasessnerassnns 193

5.21 Data, development and splice lengths for hypothetical beams
with confining transverse reinforcement . ....cocuvviererierreererscarecreranas 196

5.22 Test/prediction ratios for developed and spliced bars with
confining transverse reinforcement using Eq. 5.33 and the

ACT 318-95 CIItEIIA oovvurrrceerierierrerernseserecres e seestees st essasessensssesaesaens 202
6.1  Effect of epoxy coating on splice strength for high relative rib

BIEA DATS Lot ereer v et rt et e e sss s e ms s e 206
6.2  Effect of epoxy coating on splice strength for conventional bars ...... 208

6.3 Comparison of C/U ratio for using different types of coarse
AZETEZATE IM COMOTEIC 1 orirrerrcersrereserrerosirreissiestrassannessansasnseasonssssssrasan 210

6.4  Comparison of flexural crack density and flexural crack width ata
bar stress of 40 ksi between beams containing coated and uncoated
bars in matched pairs of SPECIMENS .coovvvvvviriivireceercieenenr e vaans 211



7.1
7.2
7.3
74
Al
B.1
B.2

B3

C.1

Cz2

XV

Properties of reinforcing bars .......eccevevveresiseerenvcreeine e sereese e
Concrete mix proportions (1b/yd’) and properties ......c.covveesrerresnenne.
Maximum slips under reversed cyclic loading at peak load ...............

Comparison of average maximum slips under reversed cyclic
loading at peak load for high R, and conventional bars: (a) loaded
end slips, (b) unloaded end SHPS ....ccovveecininrcniercrrcreene s

Data and bar stress for specimens containing developed and
SPHCEA DATS et crmee e seme s rertve e s san e st s e erresiente

Coefficients obtained in the derivation of Eq. 5.3 for different
powers of f';, p, and different effective values of g .ooevvvinvncnnicinnee

Test/prediction ratios using Eq. 5.3 for different powers of £,
and definitions of effective value ¢4 ......... ebereseretresanesiesiartaasartrennsn

Test/prediction strength ratios, using Egs. 5.13a - 5.13d, for 163
DBAIIS cueeueeraeierernrrecreensaranesssasetesasssessersensessnstessasesssacssassessasssasanssseonsorsans

Comparison of flexural crack density and flexural crack width at a
bar stress of 20 ksi between beams containing coated and uncoated
bars in matched pairs of SPECIMEDS ..ccvveererreerceereei e e

Comparison of flexural crack density and flexural crack width ata
bar stress of 30 ksi between beams containing coated and uncoated
bars in matched pairs of SPECIMENS ..coorvvvveiecririiriiireiicce e rarvacoas

213

213

214

219

318

336

338

341

347

349



4.6

4.7

4.8

4.9

4.10

5.1
52

5.3

5.4

5.5a

5.5b

5.6

Xviii

Increase in bond force, T, normalized with respect to, £.* versus
NAy/n for No. 8 (8NO) conventional bars in high-strength concrete
as affected by type of cOarse aggregate ... ereecennenireere e eenneneas

Increase in bond force, T, normalized with respect to £'."#, versus
NAw/n for No.8 conventional bars and the 8N3 and 11F3 high R, bars

as affected by concrete Strength ...cocceeveevieeccirccrir s

Increase in bond force, T, normalized with respect to £'.*¢, versus
NAg/n forbars in NNL concrete as affected by bar size and relative

TID ATBA .ooevveveesessieareirvsrsenssersrsssesessnessnsesssssessssessssnssestenrasnnsssssstassarssssssssras

Increase in bond force, Ts, normalized with respect to £ t V4 versus
NA/n forNo. 8 bars in NNB concrete as affected by relative

TID BTBH ooiiieeeeeeereeeesetensesesseseesaseseeassnnnnnssnsmnnsssnrbnnsnsssnsonssnsnsssnsssssanssessensanes

Companson of increase in bond force, T, normalized with respect to
f ./ for No. 8 high R, bars as affected by bar rib width/spacing

Bond cracks: (a) ¢g > Cp, (b) ¢q < ¢p (Darwin et al. 1995a, 1996a) ........

Experimental bond force, T. = Ayf;, normalized with respect to f ,cuz,
versus predicted bond strength determined using Eq. 5.5 as a function
of concrete strength for bars without confining transverse
TEINTOTCRIMEIE 1ovevivriiieririiieiesseoieresteeressrastassstinessssassearsasssssasessenenenrrassntans

Range of relative intercept obtained from dummy variable analyses
for experimental bond force, normalized with respected to £ versus
predicted bond strength determined using Eq. 5.3 and ¢ + 0.25 in.

as the effective value of ¢ as a function of the power of {'; for bars
without confinding transverse reinforcement ........ccooeviincincnencecnenene
Experimental bond force, T, = Ayf;, normalized with respect to { A
versus predicted bond strength determined using Eq. 5.4 as a function
of concrete strength for bars without confining transverse
PEINTOTCEIMENL L...vietiiuireeieinietesiierreraer e sarrvesaeessessesssesseessensssnsnresaesnssssen

Test/prediction ratio determined using Eq. 5.4 versus concrete
compressive strength, %, for bars without confining transverse

TEITILOTCEITIEIL 1eoeeiceciiteseercevm e stmmnassesnsmssnnnnnsnnmeseensasmnnnssnnnsanasesss mesas

Test/prediction ratio determined using Eq. 5.5 versus concrete
compressive strength, f',, for bars without confining transverse

TEINTOTCBITIBNL <ot eeeeeeetttectsessesn i seb s srrresesaareamtesnseeeesseassaassnansrnss

Increase in bond force due to transverse reinforcement, Ts, normalized
with respect to ', versus NA/n for the 8N3 bars,
()P =3/4, (D) P = L/ o s

248

249

250

251

252
253

254

255

256

257

258



Figure
2.1
22
2.3
24
2.5
2.6
2.7a
2.7b
2.7¢
2.7d
2.7e
2.7
2.7¢g
2.7h
2.7
2.7
2.7k
2.7
2.7m
2.7n
2.70
2.7p
2.7q
2.7t

xvi

LIST OF FIGURES

‘Typical bottom-cast beam splice SPECIMIENS .....o.covevrevreerssiimrrirneecenenens
Typical top-cast beam splice SPECIMENS ...ovvrvrvrirvreraressssnreririscirearinsenas
Beam splice specimens in test group 22 .....vcvvcecerernicroncnesnnssennsnenes
Beam splice specimens 23b.5 a.nd 23D.6 e
Beam splice specimens with two layers of bars .....cccvvevvviiiniccnieens
Schematic of SPlICe tESt SEMIP .ccovvvvrriiriniiriircccrr oo
Load-deflection curves for splice specimens in group 19 ....ieevcevvnrnnnene
Load-deflection curves for splice specimens in group 20 ........
Load-deflection curves for splice specimens in group 21 ...ocvvveenenee,
Load-deflection curves for splice specimens in group 22 .....c.coocecvvuvenn

Load-deflection curves for splice specimens in group 23a .....ccccorveneee.

Load-deflection curves for splice specimens in group 23b ....ccoveeeceen. .

Load-deflection curves for splice specimens in group 24 ....ccccoceerunnee.
Load-deflection curves for splice specimens int group 25 ....cccvveereeeenn.
Load-deflection curves for splice specimens in group 26 .....cocoeeeeeunen..
Load-deflection curves for splice specimens in group 27 .c.coeeveveenrnnnne.
Load-deflection curves for splice specimens in group 28 .....cccovvvrnene..
Load-deflection curves for splice specimens i group 29 ......ccocneenen.
Load-deflection curves for splice specimens in group 30 .....ccccevveneceee.
Load-deflection curves for splice specimens in group 31 ..o
Load-deflection curves for splice specimens in group 32 ....ccceeverveenene
Load-deflection curves for splice specimens in group 33 ..o
Load-deflection curves for splice specimens in group 34 ...

Load-deflection curves for splice specimens m group 35 ...



2.7s
2.7t
2.7
2.7v
27w
2.7x
2.7y
2.7z
2.8

2.9

2.10

2.11

4.1

4.2

4.3

44

4.5

Xvii

Load-deflection curves for splice specimens in group 36 .....occececvveenenee 235
Load-deflection curves for splice specimens in group 37 ...cccevrveeerevenne 235
Load-deflection curves for splice specimens in group 38 .....oovereveneenene 236
Load-deflection curves for splice specimens in group 39 ...c.ocoocveeeeenene. 236
Load-deflection curves for splice specimens in group 40 .....veeevecernnen. 237
Load-deflection curves for splice specimens in group 41 .....ceceeevvvvenenee 237
Load-deflection curves for splice specimens in group 42 ......ccceverenneeen, 238
Load-deflection curves for splice specimens in group 43 ....coccccvmuicenne 238

Cracked splice specimen cast with normal-strength concrete
after failure: (a) without stirrups, (b) With SHITUDS ..ccovcvveerenrrsvereraenes . 239

Cracked splice specimens cast with high-strength concrete
after failure: (a) without stirrups, (b) with StITUPS oo, 240

Flexural crack distribution on west side of splice region:
(a) uncoated bars, (b) epoxy-coated Bars .......oceemercenrvemnineneeiririenine 241

Cracked splice specimens with two-layer bars after failure: (a) one
spliced layre and one continuous layer, (b) two spliced layers .............. 242

Test/prediction ratio versus concrete compressive strength, f’., for
splices not confined by transverse reinforcement in concrete
containing basalt and limestone coarse aggregates .o everiecinervnriens 243

Test/prediction ratio versus concrete compressive strength, £, for

splices not confined by transverse reinforcement in concrete

containing basalt and limestone coarse aggregates, using dummy

variable analysis based on type of coarse aggregate ......cccevcvnvevevnninnen 244

Increase in bond force, Ts, normalized with respect to 114 versus

t.NA«/n for No. 8 conventional bars in NNL, NHL, HNL, and HHL
concretes, showing contributions to splice strength as a function of
concrete strength and quantity of coarse aggregate .........cccvvvvvnniniieninn 245

Increase in bond force, T, normalized with respect to, £ 1 versus

NAg/n for the 8N3 bars in NNL, HNL, and HHL concrete, showing
contributions to splice strength as a function of concrete strength

and quantity of Coarse aggregate .o it 246

Increase in bond force, T, normalized with respect to, £ 14 ersus
NA/n for No. 8 bars in normal-strength concrete as affected by type
of coarse aggregate and relative rib area ...



5.7

5.8

5.9

5.10

5.11

5.12

5.13

5.14a

5.14b

5.14c

Xix

Increase in bond force due to transverse reinforcement, T, normalized
with respect to f.? versus NAy/n for the 11F3 bars,
() D=3/, (D) P = 1/ e erens et s e

Increase in bond force due to transverse reinforcement, T, normalized
with respect to {'.° versus NAw/n for No. 8 conventional bars,

(AP =10, (D) D= 14 ettt e

Increase in bond f%ce due to transverse reinforcement, T, normalized
with respect to £ '3 , versus NA/n for bars in concrete containing
limestone coarse aggregate .....................................................................

Increase in bond f%'ce due to transverse reinforcement, T, normalized
with respect to £',”*, versus NA/n for bars in concrete containing
basalt coarse aggregate ...........................................................................

Mean slope from Eq. 5.7, M, for p = 3/4 versus relative rib area, R;,
for No. 5, No. 8, and No. 11 bars cast in concrete containing
limestone coarse aggregate and No. 8 bars cast in concrete

containing basalt COArse agEregate ...c.covvviirrerieccrrersirerscecvrssssiesensess s .

Factor representing effect of relative rib area on increase in bond
strength due to transverse reinforcement, M/Mg, =075, versus relative

pu Lo 3K (=T T U U U USSR OPUPTORRRIPORORt

Mean slope from Eq. 5.7, M, normalized with respect to t. = 9.6 R, +
0.28, versus nominal bar diameter, dy oovviveeriireeeccreir e rerenrenes

Increase in bond force due to transverse reinforcement, Ts, normalized
with respect to £, versus (ttqa NAq/n)o-y4 for 163 specimens with
l¢/dp 2 16 and (c + Kt,)/db < 4, [in this case, K = 35.3t4:NA/D, t. =

9.6 R, +0.28, and ty = 0.72 db +0.28, as developed by Darwmn et al.
(1995D, 1996D)] ..oerereeceriremeiieietersnrssessessenes s e s s sas e sne s besaenen

Increase in bond force due to transverse reinforcement, T, normalized
with respect to f'."?, versus (tts NAy/n)p-1/2 for 163 specimens with
l¢/ds = 16 and (¢ + K,r)/db 2 4, [in this case, K¢ = 353t4NAWR, &=

9.6 R, +0.28, and t; = 0.72 d,, + 0.28, as developed by Darwin et al.
(1995, 1996D)] ..ttt et na s

Increase in bond force due to transverse reinforcement, T, normalized
with respect to f'; 3/ , versus (ttg NA/n)p-34 for 163 specxmend with
lg/dy = 16 and (c 5 K&)/db <4, [in this case, Kq = 35.3ttgNAy/n, tr =
9.6R, +0.28, and t;=0.72 db +0.28, as dcveioped by Darwin et al.
(1995D, 1996D)] -oreerreeeienirree et ettt cr ettt ea e nn s

264



5.14d

5.15

5.16

5.17

5.18

5.19

5.20

5.21

522

523

XX

Increase in bond force due to transverse reinforcement, T, normalized
with respect to ', versus (tty NAy/n)p=1 0 for 163 specimens with ly/d,
>16and (c+ I{E,)/’chJ <4, {in this case, Ky = 35.3tt4sNAN, t, = 9.6 R,
+0.28, and tg = 0.72 d, + 0.28, as developed by Darwin et al. (1995b,

1996b)] ....................................................................................................

Test/prediction ratios determined using Eqs. 5.13a - 5.13d
corresponding to the powers of ', p = 1/4, 1/2, 3/4, and 1.0,
respectively, versus concrete compressive strength, £';, for 163
SPECIINIEIIS ..eenvirreiniiresssisstoreset i e rnsstesasersssser e s e s e stasaesessonnsstssresssssssanasaran

Test/prediction ratios determined using Eqgs. 5.13a - 5.13d
corresponding to the powers of f';, p = 1/4, 1/2, 3/4, and 1.0,
respectively, versus concrete compressive strength, f';, for

specimens tested by Kadoriktn (1994) ..o

Increase in bond force due to transverse reinforcement, T, normalized
with respect to 12 versus (titg NAw/n)p=34 for 196 specimend with
l¢/dy 2 16 and (c + Ky)/dy £ 4, [in this case, Ky = 35.3ttsNAW/D, t =
96R;+0.28, and t; = 0.72 d, + 0.28 as developed by Darwin et al.
(1995b, 1996D)] ..eeercerrirrrerie e rtr st rr e e sas e s st as e st e s

Test/prediction ratio Versus (c + Ky )/dp for 196 specimens
(K =(0.518tt5A/sn)f % t= 9.6 R+ 0.28, tg = 0.78 dy + 0.22] .........

Increase in bond force due to transverse reinforcement, T, normalized
with respect to f'; 3/4 , versus ttg NAy/n for 191 specimens with

1¢/dy > 16 and (¢ + Ku)/ds < 4, [in this case, Ki = (0.52ttNA/)F' M2,
t;=9.6 R, +0.28, and tg = 0.78 Ay F0.22] e

Test/prediction ratio using Eq. 5.18 versus (¢ +K¢r)/db for 213
specimens with 1¢/dp 2 16 [Ky = (0.52ttAr/sn) £, £, =9.6 R, + 0.28,
tg =078 dp + 0.22] ettt e e

Test/prediction ratio using Eq. 5.18 versus (¢ +Ky)/dy for 191
specimens with [a/dy 2 16 and (¢ + K¢)/dy < 4
[Ke=(0. 52‘£;tdsz\tr/sn)f’c1 , =96 R, +0.28,t4=0.78 d, + 0.22]} ..........

Test/prediction ratio using Eq. 5.20 versus (¢ + Ky)/dy, for 213
specimens with l4/dy = 16 and setting (¢ + K¢)/dy < 4
[Ke = (0.52ttqAn/sn)f .2, t=9.6 R+ 0.28, tg = 0.78 dy + 0.22] ..........

Experimental bond force, Ty = Apf;, normalized with respect to £/,
versus predicted bond strength determined using Eq. 5.18 for 191
specimens containing bars confined by transverse remfercement

with l¢/d, 2 16 and (¢ + Ke)/dy € 4 [Ki = (0.52tt0A,/sn)f "

=06 R, +0.28, t4=0.78 dy + 0.22] oot

277

278



5.24

5.25

5.26

5.27

528

5.29

6.1

6.2

6.3

6.4

7.1

7.2
7.3a

7.3b

xxi

Comparison of test/prediction ratio distribution using Eq. 5.33 and
ACT 318-95 for specimens containing bars without confining
Transverse reinfOrCement ... ieerreer e eeesve s raren s nenns

Comparison of test/prediction ratio distribution using Eq. 5.33 and
ACI 318-95 for specimens containing No. 7 and larger bars without
confining transverse reINfOrCEMENE .....oe e rrirrurinrescerreresersmsrneeaeisennseens

Comparison of test/prediction ratio distribution using Eq. 5.33 and
ACI 318-95 for specimens containing No. 6 and smaliler bars without
confining transverse remfOrcement ..ot erenircr e seseeessaeeneas

Comparison of test/prediction ratio distribution using Eq. 5.33 and
ACI 318-95 for specimens containing bars with confining
Transverse reinfOrCement ... i vioerivintieniincvirnensesssc s sssssensssssssassneses

Comparison of test/prediction ratio distribution using Eq. 5.33 and
ACI 318-95 for specimens containing No. 7 and larger bars with
confining transverse reinforCement .......covvivriuereeceoneerieeneermnissesennee o

Comparison of test/prediction ratio distribution using Eq. 5.33 and
ACI 318-95 for specimens containing No. 6 and smaller bars with
confining transverse reinforcement .......cvvrcennicrrncn s«

Normalized relative splice strength ratio, C/U, versus concrete
compressive strength, f';, for matched pairs of specimens

containing epoxy-coated and uncoated No. 8 conventional bars

and No. 8 and No. 11 high relative ribarea bars ..........covvivvnnnnnnn

Normalized relative splice strength ratio, C/U, versus concrete
compressive strength, £, for 62 matched pairs of specimens
containing epoxy-coated and uncoated Bars .......ccccoeveecereecmrereenieninnn,

Normalized relative splice strength ratio, C/U, versus relative rib area,
R,, for matched pairs of specimens cast with normal-strength concrete
containing epoxy-coated and uncoated bars ........cccocomvinrininncnirecenens

Normalized relative splice strength ratio, C/U, versus relative rib area,
R,, for matched pairs of specimens cast with high-strength concrete
containing epoxy-coated and uncoated bars ... .

Schematic of reversed cyclic loading SpECIMEN ...cccvvverecerercareeereennnass .
Schematic of reversed cyclic loading test SEMUP ..oovvervreceivccencrrecennnee. .

Load versus loaded end and unloaded end slips for bar 8COA-3 on
the left side of the SPECIMEN ..ovroiii e .

Load versus loaded end and unloaded end slips for bar 8COA-3 on
the right side of the SPECIMEN ..vviivciiiii s

280

281

282

283

284

285

286

287

288

289
290
291

292

293



7.3¢

7.3d

7.3e

7.3f

7.3g

7.3h

7.31

7.3i

7.3k

7.31

T3m

7.3n

730

7.3p

7.3r

7.4

xxii

Load versus loaded end and unloaded end slips for bar 8COA-5 on

the left side 0f the SPECIMEN ...cceevecieecceeece et rer e .

Load versus loaded end and unloaded end slips for bar 8COA-5 on

the right side of the SPECIMEN ....oovvvemrivcimecrie et et ranenae

Load versus loaded end and unloaded end slips for bar 8COA-7 on

the left side 0f the SPECIMEN ...vcvvivveevirriirincrerieseeereeeresreeereesssesssessneans

Load versus loaded end and unloaded end slips for bar 8C0A-7 on

the right side of the SPECIMEN .ovvveeccirirerecrere e

Load versus loaded end and unloaded end slips for bar 8C0A-9 on

the left side of the SPECIMEN ...oveeiiceericrrestire e ereeseeearans

Load versus loaded end and unloaded end slips for bar 8C0A-9 on

the right side of the SPECIMEn ...ccioiiivriecrre et

Load versus loaded end and unloaded end slips for bar 8CO0A-11 on

the left side of the SPeCIMEn ...

Load versus loaded end and unloaded end slips for bar 8CO0A-11 on

the right side of the SPECIMEN ...ovuieerciieniirreecccnrasce e

Load versus loaded end and unloaded end slips for bar 8N3-4 on

the left side of the SPECImEn ...vvvvevvervecrerreeceeenne ateereeseeeeieeesesasnarase

Load versus loaded end and unloaded end slips for bar 8N3-4 on

the right side of the SPeCIMEn .....coveciviecrircs e st enarens

Load versus loaded end and unloaded end slips for bar 8N3-6 on

the left side of the SPECIMEN .o.coceveieriee et

Load versus loaded end and unloaded end slips for bar 8N3-6 on

the right side of the SPECINEN ...cccvvvirveerieren st

Load versus loaded end and unloaded end slips for bar 8N3-8 on

the left side 0f the SPECIMENn .......ccovviieerieirccinire et s nesaasnranans

Load versus loaded end and unloaded end slips for bar 8N3-8 on

the right side of the SPECIMEN .....ccovvirceriecrr et

Load versus loaded end and unloaded end slips for bar §N3-10 on

the left side of the SPECIMEN ...oiviiiviicieirccrcerec s

Load versus loaded end and unloaded end slips for bar §N3-10 on

the right side 0f the SPECIMEN ..voceoveeivieiecrr e

Average slips of conventional bars 3, 5, 7, 9, and 11 and high
relative rib area bars 4, 6, 8, and 10 at peak loads versus number

of loading cycles for left side loading ...

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310



7.5

Al

A2

A3
Ad

AS

A6

AT

A8

A9

A10

XXiii

Average slips of conventional bars 3, 5, 7, 9, and 11 and high
relative rib area bars 4, 6, 8, and 10 at peak loads versus number
of loading cycles for right side loading ......cccccovvvvivevrvcmrercvnevec e

Typical compressive stress-strain curves for normal density
Concrete (NUSOR 1997) .o

Concrete compressive strain at maximum COmpressive stress, &,
versus concrete compressive strength, £, for normal density
concrete used in the current StAY ...coovviriiieiiiiii e

Typical stress-strain curves for remnforcing bars (Nilson 1997) ........

Ideal stress-strain curves for reinforcing bars used in the current
S oo e

Ratio of bar stress calculated using the working stress method, fiy,
to bar stress calculated using the moment-curvature method, f,
versus ratio of concrete strain at extreme compressive fiber to
concrete strain at maximum stress from concrete stress-strain curve

for bars with fio <fy ooovn i

Ratio of bar stress calculated using the working stress method, fiy,
to bar stress calculated using the moment-curvature method, fi,
versus concrete compressive strength, £, for bars with £, <f, ........

Ratio of bar stress calculated using the ultimate strength method, f;,,
to bar stress calculated using the moment-curvature method, £,
versus ratio of concrete strain at extreme compressive fiber to
concrete strain at maximum stress from concrete stress-strain curve
for bars with foe <y ..o

Ratio of bar stress calculated using the ultimate strength method, fa,
to bar stress calculated using the moment-curvature method, fs,
versus concrete compressive strength, £, for bars with fie <f; ........

Ratio of bar stress calculated using the working stress method, f;y,
to bar stress calculated using the moment-curvature method, f,
versus ratio of concrete strain at extreme compressive fiber to
congcrete strain af maximum stress from concrete stress-strain curve

forbars with fe > £y oovvein i

Ratio of bar stress calculated using the working stress method, f,,,
to bar stress calculated using the moment-curvature method, f,
versus concrete compressive strength, ', for bars with fic > £ ...

311

325

325
326

326

327

328

329

330

331

332



A.ll

Al2

XXiv

Ratio of bar stress calculated using the ultimate strength method, f,,
to bar stress calculated using the moment-curvature method, f,.,
versus ratio of concrete strain at extrerne compressive fiber to
concrete strain at maximum stress from concrete stress-strain curve

forbars with £ > £y oo 333

Ratio of bar stress calculated using the working stress method, f,,
to bar stress calculated using the moment-curvature method, f,,
versus concrete compressive strength, £, for bars with fic > £, ........ 334






CHAPTER 1: INTRODUCTION

1.1 General

Reinforced concrete consists of reinforcing steel bars embedded in concrete.
Concrete is strong in compression but weak in tension. Steel is strong in both
compression and tension. By combining the advantages of the two materials,
reinforced concrete has become widely used as a structural material.

In reinforced concrete structures, adequate bond must be developed to ensure
that reinforcing bars and concrete work together and that stress is transferred between
the two materials. The bond between reinforcing bars and concrete is provided by
chemical adhesion, friction, and mechanical interlock. For smooth bars, bond
strength is provided by chemical adhesion and friction. For deformed bars, bond
strength is higher than for smooth bars due to the mechanical interlock provided by
bearing of ribs on the bars against the surrounding concrete. Inadequate bond may
cause a reinforced concrete structure to fail.

In reinforced concrete structural design, reinforcing bars must be developed or
spliced where the bars are discontinued or cut off. Development and splice strength
is dependent on the bond characteristics of both reinforcing bars and concrete. It has
been demonstrated that the deformation properties of reinforcing bars, such as rib
height and rib spacing, as well as rib face angle, significantly affect bond strength.
Concrete strength aiso plays an important role in bond. Other parameters that affect
bond strength include bar size and spacing, placement of bars, coating of bars,
concrete cover, and confinement by transverse reinforcement. An accurate

representation for predicting development and splice strength should consider all of

these parameters.



This study is an extension of previous work at the University of Kansas to
improve the development characteristics of steel reinforcing bars. The previous
studies have shown that modified deformation patterns can improve the development
and splice strength of steel reinforcement. The current study includes experiments
and analyses focusing on the effects of high strength concrete, deformation properties
of reinforcing bars, placement of bars, and epoxy coating. The test results from this
study, along with results of previous studies, are used to establish accurate design
equations to predict the development/splice strength. A reliability analysis is used to

obtain the resistance factors for use with design equations.

1.2 Previous Studies

1.2.1 Effect of bar deformations

The earliest study on bond resistance of smooth and deformed reinforcing bars
was done by Abrams (1913). Both pullout and beam specimens were tested. The test
results showed that deformed bars produced higher bond resistance than smooth bars.
Abrams found that, in pullout tests of smooth bars, bond resistance reached its
maximum value at a loaded end slip of about 0.01 in. (0.25 mm). For deformed bars,
the load-slip performance was the same as for smooth bars until a slip corresponding
to the maximum bond resistance of the smooth bars. As slip continued, the
projections (ribs) on deformed bars provided a further increase in bond resistance by
direct bearing of the projections on the adjacent concrete. Abrams observed that the
ratio of the bearing area of the projections (projected area measured perpendicular to
the bar axis) to the superficial area (entire surface area) of the bar in the same length
could be used as criterion for evaluating the bond resistance of deformed bars. To

improve bond resistance, he recommended that the ratio not be less than 0.2, resulting



in closer spacings of the projections than were used in commercial deformed bars at
that time.

Over thirty years later, Clark (1946, 1949) investigated 17 commercial
deformation patterns using pullout and beam tests. The bond performance for each
pattern was evaluated based on the bond stress developed at predetermined values of
slip. Based on Clark’s investigations, standard deformation requirements were
introduced for the first time in the Tentative Specification ASTM A 305-47T (1947)
that was later modified to ASTM A 305-49 (1949). The requirements included a
maximum average spacing of deformations equal to 70 percent of the nominal
diameter of the bar and a minimum height of deformations equal to 4.5 percent of the
nominal diameter for bars with a nominal diameter of 5/8 in. or smaller and 5 percent
for larger bars. Forty seven years later, these requirements remain unchanged in the
current ASTM specifications for reinforcing bars (ASTM A 615/A 615M-95b, ASTM
A 616/A 616M-95b, ASTM A 617/A 617M-95b, ASTM A 706/A 706M-95b, ASTM
A 722-90).

In addition to the specification criteria, Clark found that bond performance
was improved for bars with lower ratios of shearing area (bar perimeter times center
to center distance between ribs) to bearing area (projected rib area normal to the bar
axis). The inverse of this ratio, the relative rib area, R,, is used most often today to
describe deformation geometry, Clark recommended that the ratio of shearing area to
bearing area be limited to a maximum of 10 and, if possible, 5 or 6, which, in turn,
become a minimum value of R, equal to 0.1 with desirable values of 0.2 or 0.17 {not
so different from Abrams (1913) recommendations]. These later recommendations

were not incorporated in ASTM requirements, so that typical values of relative rib



area of the bars currently used in U. S. range between 0.057 and 0.087 (Choi, Hadje-
Ghaffari, Darwin, and McCabe 1990a).

Rehm (1957, 1961) reported that one of two failure modes, splitting or
pullout, can occur when a reinforcing bar moves with respect to concrete, If the ratio
of rib spacing to rib height is greater than 10 and the rib face angle (the angle
between the face of the rib and the longitudinal axis of the bar) is greater than 40°, the
concrete in front of concrete crushes, forming wedges and then inducing tensile stress
perpendicular to the bar axis, which results in transverse cracking and splitting of
surrounding concrete. If the ribs have a spacing to height ratio less than 7, with a rib
face angle greater than 40°, the concrete in front of ribs gradually crushes, causing a
pullout failure.

Lutz, Gergely and Winter (1966) and Lutz and Gergely (1967) found that for
a deformed bar with a rib face angle greater than 40° slip occurs by progressively
crushing concrete in front of the ribs, producing a region of crushed concrete with a
face angle of 30° to 40°, which acts as a wedge. Lutz et al. also showed that no
crushing of concrete occurs if the rib face angle is less than 30°. These observations
were supported by Skorobogatov and Edwards (1979). Based on tests using bars with
face angles of 48.5° and 57.8°, Skorobogatov and Edwards showed that these
differences in face angle do not affect bond strength because the high face angle is
flattened by crushed concrete in front of the ribs.

Losberg and Olsson (1979) tested three commercial deformation patterns used
in Sweden, as well as some machined bars with different values of rib spacing and rib
height. They found that the bond forces produced by the three patterns were
obviously different in a pullout test in which a pullout failure governed. However, if

splitting failure governed, as in beam end and “ring pull out” tests, there was little



difference in the bond forces obtained using the three patterns. Losberg and Olsson
concluded that pullout tests are not suitable to study bond performance, since the state
of stress in a pullout test resulting from the additional confinement provided to the
concrete does not represent the state of stress in actual structures. In most structural
applications, a splitting failure is more common, while in pullout tests, a splitting
failure normally does not occur. Their test results also showed that the splitting force
is not sensitive to rib spacing and that transverse ribs (ribs oriented perpendicular to
the longitudinal axis of the bar) give slightly higher splitting force than inclined ribs.

Soretz and Holzenbein (1979) studied the effect of pattern parameters,
including r1b height and spacing, rib inclination, and the cross sectional shape of ribs.
Three bars were machined with different rib heights and spacings, but the same rib
bearing area per unit length. Soretz and Holzenbein found that, for the three patterns,
the bond forces showed no significant differences up to I mm of slip. However,
when the slip was greater than 1 mm, the bond force for the bar with the lowest rib
height was about 20 percent smaller than that of the other two patterns. They
recommended a combination of minimum rib height of 0.03 bar diameter and rib
spacing of 0.3 bar diameter as the optimum geometry for deformed bars to limit
splitting effect and to increase bond strength.

Darwin and Graham (1993a, 1993b) conducted 156 beam-end specimen tests,
studying the effect of deformation pattern on bond strength. The principal parameters
in the study were rib height, rib spacing, relative rib area, and degree of confinement
from concrete cover and transverse reinforcement. Specially machined I in. (25.4
mm) diameter bars were used in the study, along with conventional bars for
comparison. The machined bars had three different rib heights, 0.050, 0.075 and

0.100 . (1.27, 1.91, and 2.54 mm), with center-to-center rib spacings ranging from



0.263 to 2.2 in. (6.68 to 55.9 mm), producing relative rib areas of 0.20, 0.10 and 0.05.
Darwin and Graham concluded that bond strength is independent of deformation
pattern if the bar is under relatively low confinement (small concrete cover and no
transverse reinforcement) and bond strength is governed by a splitting failure of the
concrete., However, if additional confinement is provided by transverse
reinforcement, bond strength increases with an increase in relative rib area. They
found that the bond force-slip response of bars is related to the relative rib area of the
bars, but independent of the specific combination of rib height and spacing. The
initial stiffness of the load-slip curve increases with an increase in relative rib area.
Darwin and Graham also observed that, when tested in beam-end specimens, bars
with the longitudinal ribs oriented in a vertical plane (paralleled to the splitting
cracks) provide higher bond strength than bars with the longitudinal ribs oriented in a
horizontal plane (perpendicular to the splitting cracks).

Caimns and Jones (1995) investigated 14 different bar geometries using lapped
joint test specimens. The lapped joints were confined by stirrups. The relative rib
area of the tested bars ranged from 0.031 to 0.090. The inclination of the transverse
ribs varied from 40° to 90° and the rib face angle varied from 28° to 51°. Bars were
placed in two ways, either alignment A0 (with the plane of two longitudinal ribs
parallel to the concrete splitting face) or alignment A90 (with the plane of
longitudinal ribs perpendicular to the concrete splitting face). Cairns and Jones
reported that there were no significant effects of rib inclination and 1ib face angle on
bond strength, but that, as observed by Darwin and Graham (1993a, 1993b), the
alignment of ribs influenced bond strength: the bond force for alignment A0 was

higher than for alignment AS0. They found that relative rib area plays an important



role on bond strength. The test results indicated that doubling relative rib area could
reduce lap and anchorage length by 20 percent.

In a recent study by Darwin, Tholen, Idun, and Zuo (1995a, 1996a), Idun and
Darwin (1995), and Tholen and Darwin (1996}, 83 beam-splice specimens and 58
beam-end specimens were tested to study the effect of relative rib area on bond
strength., The tests involved commercially produced reinforcing bars with high
relative rib areas ranging from 0.101 to 0.140 and conventional bars with relative rib
areas ranging from 0.068 to 0.087. The tests also included some specimens to study
the effect of relative rib area on the splice strength of epoxy-coated bars. The test
results indicated that the splice strength of uncoated bars is not affected by the
deformation pattern if the bars are not confined by transverse reinforcement. For bars
confined by transverse reinforcement, splice strength increases with increases in bar
diameter and relative rib area. For coated bars, under all conditions of confinement,

splice strength increases with relative rib area.

1.2.2 Effect of Bar Position

As early as 1913, Abrams (1913) observed that bond strength could be
affected by bar position during concrete placement. The bond strength of bars with a
horizontal position during casting concrete was much lower than the bond strength of
bars with a vertical position due to settlement of concrete. Clark (1947, 1949) found
that the bond strengths of the beam and pull-out specimens were greater when the
bars were near the bottom than when they were near the top of the specimens. Top-
bar effects have also been reported by Collier {1947), Menzel (1952), Ferguson and
Thompson (1962, 1965), Thompson et al. (1975), Luke et al. (1981), Zekany et al.



(1981), Donahey and Darwin (1983, 1985), Altowaiji et al. (1984, 1986), Brettmann
et al. (1984, 1986), and DeVries et al. (1991).

The reduction of the bond strength of top-cast bars can be explained due to
bleeding and settlement of the concrete below the bar. The effects of the depth of
concrete under the bars and slump of concrete have been shown in several studies
{Menzel 1952, Ferguson and Thompson 1965, Luke et al. 1981, Zekany et al. 1981,
Brettmann et al. 1984, 1986). These studies have demonstrated that the bond strength
of top-cast bars decreases with increasing depth of concrete below the bar and
mcreasing concrete slump.

CUR (1963) found that the bond strength ratio of top-cast to bottom-cast bars
decreases significantly as cover decreases. The effect of cover was also reported by
Donahey and Darwin (1983).

In the study by Jeanty, Mitchell and Mirza (1988), the top-bar factor was
found to be about 1.22 for beam-development specimens. Zekany at al. (1981)
reported an average splice strength ratio of top-cast to bottom-cast bar as 0.9 with a
standard deviation of 0.08.

The top-bar effect was first introduced to ACI Building Code in 1951 (ACI
318-51). Top bars were defined as horizontal bars with more than 12 in. of fresh
concrete cast in the member below the bars. Based on the test results of Clark (1946),
a reduction factor of 0.7 was used for the allowable bond stress of top bars in ACI
318-51. In ACT 318-71 (1971), the top-bar effect was accounted for by multiplying
the development length by a factor of 1.4, the approximate inverse of the 0.7

reduction factor, This factor was reduced to 1.3 in ACI 318-89,



1.2.3 Effect of Epoxy Coating

The carliest study on bond of epoxy-coated bars was carried out by Mathey
and Clifton (1976). They investigated the effect of coating thickness on bond
strength using pullout tests. They found that, for bars with an epoxy coating between
1 to 11 mils (0.0254 to 0.279 mm) in thickness, bond strength was only about 6
percent lower than for the uncoated bars. However, for bars with a coating thickness
of 25 mils (0.635 mm), the bond force was considerably (56%) lower than for the
uncoated bars .

Johnston and Zia (1982} studied the effect of epoxy coating on bond strength
using slab and beam-end specimens. The coating thickness of the epoxy-coated bars
was between 6.7 and 11.1 mils (0.170 to 0.282 mm). The specimens were confined
by transverse reinforcement. They reported that the slab specimens with coated bars
had slightly larger deflection and wider cracks than those with uncoated bars.
Compared with the uncoated bars, the bond strength of coated bars was about 4%
lower for the slab specimens and 15% lower for the beam-end specimens. Based on
their test results, Johnston and Zia recommended an increase of 15% in the
development length when coated bars are used in place of uncoated bars.

Treece and Jirsa (1987, 1989) tested 21 beam-splice specimens without
transverse remnforcement in the splice region. They used 10 specimens with No. 6
bars and 11 specimens with No. 11 bars. Twelve of the specimens contained epoxy-
coated bars with coating thicknesses between 4.5 and 14 mils {0.114 to 0.356 mm).
Seventeen specimens contained top-cast bars; four contained bottom-cast bars.
Concrete strength ranged from 3860 to 12,600 psi (26.6 to 86.9 MPa). Four of the
No. 6 bar specimens had cover less than or equal to the maximum size of the

aggregate, which is believed to reduce bond strength (Donahey and Darwin 1985).
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An average bond strength reduction of 34% was obtained from the tests. The work
by Treece and Jirsa is the basis of the development length modification factor for
epoxy-coated bars in the ACI Building Code (1989, 1995) and AASHTO Bridge
Specification (1989, 1992, 1996). In the ACI Code, the development length is
multiplied by a factor of 1.5 for the epoxy-coated bars with a cover of less than 3d, or
clear spacing between the bars less than 6dy and 1.2 for other cases, with a maximum
of 1.7 for the product of top-cast bar factor and epoxy-coating factor. In the
AASHTO Bridge Specifications (1989, 1992), the three factors are 1.5, 1.15, and 1.7,
respectively.

Choi, Hadje-Ghaffari, Darwin, and McCabe (1990, 1991) investigated the
effect of epoxy coating on the bond strength, considering the roles of coating
thickness, bar size and deformation pattern. Beam-end and splice specimens
containing No. 5, No. 6, No. 8, and No. 11 bottom-cast bars with three deformation
patterns were used in the study. Coating thickness ranged from 3 to 17 mils (0.076 to
0.432 mm). Using the test results of beam-end specimens, Choi et al. observed that
coating thickness has little effect on the reduction of bond strength due to epoxy
coating for No. 6 and larger bars. However, for No. 5 bars, the C/U ratio decreases
with increasing coating thickness. The results of beam-end specimens also indicated
that, in general, C/U ratio decreases as bar size increases and epoxy coating is less
detrimental to bond strength of bars with higher relative rib areas. The average bond
strength ratio for epoxy-coated bars to uncoated bars, C/U, was observed to be 0.82
for 15 splice specimens.

Hester, Salamizavaregh, Darwin, and McCabe (1991, 1993) conducted 65
beam and slab splice tests. No. 6 and No. 8 bars with three deformation patterns were

used in this study. The average coating thickness ranged from 6 to 11 mils (0.152 to
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0.279 mm). The test results were analyzed, along with the results of an additional 48
splice specimens from other studies. They found a significant reduction in splice
strength due to epoxy coating. However, the extent of the reduction was less than
used to select the development and splice length modification factors in the 1989
AASHTO Bridge Specification and 1989 ACI Building Code. The results indicated
that the decrease in splice strength caused by epoxy coating is independent on the
degree of transverse reinforcement. They also observed that transverse reinforcement
improves splice strength for both uncoated and coated splices. This improvement is
approximately the same for both uncoated and coated bars. They recommended a
single development length modification factor of 1.35 for bars not confined by
transverse reinforcement and 1.2 for bars with a minimum amount of transverse
reinforcement.

DeVries, Moehle, and Hester (1991) tested 36 beam-splice specimens
containing top-cast and bottom-cast bars. Both coated and uncoated bars were used.
The ratio of bottom-cast to top-cast bar strength ranged from 1.01 to 1.3. DeVries et
al. concluded that the effects of casting position and epoxy coating appeared not to be
cumulative. They recommended the use of development length modification factors
of 1.3 for uncoated top-cast bars and 1.5 for epoxy-coated bars regardless of casting
position.

In a recent study by Idun and Darwin (1995), beam-end and beam-splice
specimens were used to study the effect of relative rib area on bond strength for both
uncoated and epoxy-coated bars. They found that epoxy coating has a less
detrimental effect on bond strength for high relative rib rear bars, matching the results
of the study by Choi et al. (1990a, 1990b, 1991). Idun and Darwin also conducted

coefficient of friction tests for both coated and uncoated reinforcing steel. The
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coefficients of friction obtained were 0.56 for uncoated steel and 0.49 for epoxy-
coated steel. Using the results of the coefficient of friction tests and a theoretical
relation between C/U ratio and rib face angle developed by Hadje-Ghaffari et al.
(1991), Idun and Darwin observed that epoxy coating should cause the least reduction
in bond strength for rib face angles greater than 43°. This finding was generally
supported by the results of their beam-end tests.

Tan, Darwin, Tholen, and Zuo (1996) extended the work of Idun and Darwin
(1995). They found that an increase in the relative rib area improves the relative
splice strength of epoxy-coated to uncoated bars, whether or not the splices are
confined by transverse reinforcement, i.e. transverse reinforcement does not affect
relative splice strength. Tan et al. recommended a development length modification

factor of 1.2 for epoxy-coated high relative rib area bars.

1.2.4 Effect of High-Strength Concrete

Azizinamini et al. (1993, 1995) studied the effect of high strength concrete on
bond strength using beam-splice tests. The tests included both bottom-cast and top-
cast bars with one bar diameter (dy,) of concrete cover. The test results indicated that
the bond stress, u (u = f;dv/4l;, where f; = stress, and |; = splice length), normalized
with respect to square root of concrete compressive strength, .ﬁf , decreases with an
increase in concrete compressive strength and that this rate of decrease increases as
splice length increases. Azizinammi et al. noted that the bearing capacity of concrete
is related to f';, whereas the tensile capacity is related to ﬁ'? . Therefore, the rate of
increase of the bearing capacity with an increase in concrete strength is greater than
the rate of increase of the tensile capacity. For high strength concrete, the higher
bearing capacity of the concrete prevents crushing of concrete mn front of bar ribs,

which reduces local slip. They concluded that, in the case of high strength concrete,
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fewer ribs participate in resisting applied forces than in the case of normal strength
concrete, which, coupled with small concrete cover, results in a splitting failure of the
concrete prior to achieving a uniform bond stress distribution at ultimate. Another
observation is that top-cast splices show slightly higher bond strength than bottom-
cast splices in high strength concrete. Azizinamini et al. believed that the later
observation is due to the lower quality of concrete underneath top-cast bars which
reduces the bearing capacity of concrete adjacent to the ribs of the bars, allowing
more crushing of concrete along the splice length, greater slip, and a more uniform
distribution of bond stress. The participation of more ribs along the splice length, in
turn, results in higher bond strength. Azizinamini et al. also concluded that, due to
the brittle failure behavior of splices in high strength concrete, a minimum stirrup
requirement is necessary for the splices in high strength concrete to ensure an
adequate level of ductility.

Esfzhani and Rangan (1995) investigated the influence of concrete strength on
bond strength using both beam-end and beam-splice tests. Concrete strengths ranged
from 26 MPa (3770 psi) to 75 MPa (10880 psi) for the beam-end specimens and from
66 MPa (9570 psi) to 98 MPa (14,210 psi) for the beam-splice specimens. No
confining transverse reinforcement was used. Esfahani and Rangan observed that the
extent of concrete crushing in front of ribs in beam-end specimens varied depending
on the concrete strength. For normal strength concrete [f. = 26 MPa (3370 psi)],
concrete crushing alv_vays occurred for both small and large concrete covers. For 50
MPa (7250 psi) concrete, concrete crushing only occurred for large concrete cover.
For 75 MPa (10,880 psi) concrete, no concrete crushing was observed. They also
found that, for the same C/d, ratio (C = minimum value of bottom cover, side cover,
and one-half of the center-to-center bar spacing), bond strength normalized with

respect to square root of the concrete compressive strength was, in contrast to
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Azizinamini et al. (1993, 1995), higher for high strength concrete than for normal

strength concrete.

1.2.5 Bond Behavior of Bars under Reversed Cyclic Lcading.

In a study of bond stress-slip behavior under repeated loading, Morita and
Kaku (1973) found that after loading in one directioﬁ, the bond stress-slip curve for
loading in the reverse direction is almost identical to the monotonic envelope (the
curve when loading the first time) in that direction. Once a peak slip is reached, a
considerable reduction in bond resistance is produced at lower slip values for
subsequent loading. They also found that, for a constant slip value, a moderate
deterioration of the peak bond stress occurs under cyclic loading, which is not
significantly affected by the loading history.

Eligehausen et al. (1983) studied the local bond stress-slip relationship of
deformed bars under monotonic and cyclic loading. Beam-column joint specimens
were used. The key parameters included bar size and spacing, confining
reinforcement, concrete strength, transverse pressure, and loading rate. As observed
by Morita and Kaku (1973), deterioration of bond strength and stiffness increases
with increasing peak slip values and number of cycles, and 1s larger for full reversals
of slip than for half cycles (loading in one direction only). The initial part of the
stress-slip curve for bars under reversed cyclic loading is similar to the monotonic
envelope. As the load increases and cycling progresses, the concrete in front of bar
ribs crushes and shears. When the load is reversed, large slip occurs before the ribs
bear against concrete in the other direction, resulting in a permanent slip. Cyclic
loading beyond the slip values corresponding to a bond stress of 80% of its ultimate

strength results in rapid deterioration of bond strength and stiffness.
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The slip of bars in beam-column joints under load reversals plays an
important role in the ability of reinforced concrete frames to resist seismic loading
{Durrani and Wight 1982, Zhu and Jirsa 1983, Ciampi et al. 1983). Based on “push-
pull” tests of bars embedded in beam-column specimens, Ciampi et al. found that, to
reduce the slip, an anchorage length of about 25 and 35 bar diameters is necessary for
Grade 40 and 50 deformed bars, respectively. Zhu and Jirsa (1983) reevaluated
available test results of beam-column joints under load reversals. They concluded
that ratios of column width to beam bar diameter of 20 to 22 are appropriate to avoid
bond damage with a relative interstory drift of 0.03. Based on their evaluations,
ratios of bar diameter to column dimension of 1/20 for normal weight concrete and

1/26 for lightweight concrete were chosen for beam-column joints subjected to

earthquake loading (ACI 318-95).

1.2.6 Design Equations

Expressions for development and splice strength have been empirically based.
Studies by Mathey and Watstein (1961) and Ferguson and Thompson (1962)
provided the basis for the 1963 ACI Building Code (ACI 318-63) expressions to
determine development length. Flexural bond was introduced to describe the bond
stress induced by force transfer between concrete and steel bars in tension. In the
studies, the ultimate bond stress was found to be a function of the ratio of the
development or embedment length to the bar diameter, ly/d,, and the square root of
concrete compressive strength, \/-ch— . In ACI 318-63 the uitimate bond stress, uy, for

both flexural and anchorage bond was limited to
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951"
. =

o === <800 psi (5.52 MPa) (1.1)
b

The equilibrium condition, Asf; = uyndsply, gives

fA
it R 1.2
u, , (1.2)

where f;= stress in the bar, in psi, and A = the area of the bar, in in?

Development and embedment Iengths were obtained using Egs. (1 1) and (1.2).
Beginning with the 197’) Building Code (ACI 318- 77) development length

could be calculated directly by assuming that bond stresses are uniformly distributed

along the bar and that, within the development length, the bar must develop 125

percent of its yield strength, which gives
uyntdplg = A (1.255) (1.3)

so that,

A,(125¢,) 0.04A.f,

s I

(1.4)

where f, = yield strength of the bar.
In a statistical study of the bond strength of reinforcing bars, Orangun, Jirsa,
and Breen (1975, 1977) developed an expression for development and splice strength

in terms of average bond stress :
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with the limit

AL

go—gs-é-’b— <3 (1.6)
in which C,, = smaller of the minimum concrete cover or one-half of the clear spacing
between bars, in mn.; Ay = area of the transverse reinforcement normal to the plane of
splitting through the anchored bars, in in?; fx = yield strength of transverse
reinforcement, in pst; and s = spacing of the transverse reinforcement, in in. Eq. (1.5)
was based on the test results of 62 beams, including 4 with side-cast bars, 1 with top-~
cast bars, and 57 with bottom-cast bars.

Based on the recommendations of ACI Committee 408, Bond and
Development of Reinforcement [which were based on the work of Orangun et al.
(1975, 1977)], the 1989 ACI Building Code (ACI 318-89) classified developed and
spliced bars into threée categories. Different equations and factors were used to
account for the effects of bar size, concrete cover and clear spacing of developed
bars, and confinement provided by transverse reinforcement. A maximum limit of
100 psi (0.69 MPa) for in was applied due to insufficient experimental data for
concrete strengths over 10,000 psi (69.0 MPa). The procedures used to determine
development lengths in ACI 318-89 were very complex because of multiple equations
and multiple categories based on concrete cover, clear spacing between developed
bars, and confinement by transverse reinforcement.

To reduce the complexity of development length design, the 1995 ACI

Building Code (ACI 318-95) offered simpler procedures for calculating development
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and splice length that, like the procedures in ACI 318-89, were based on the work by
Orangun et al. (1975, 1977). The new procedures not only simplify the design
process, but also reflect development and splice strength better than any previous
codes. In ACI 318-95, development and splice length can be calculated using either
simplified expressions or a more detailed equation. Two criteria are applied for
selecting the simplified equations to be used in design. If (1) neither the clear spacing
between bars nor the cover is less than dy and at least minimum stirrups or ties
required by the code are used throughout the development length, ly, or (2) the clear
spacing between bars is not less than 2 dy and the cover is not less than 1 dy, for
bottom-cast uncoated bars in normal weight concrete, li/dy = fy/(ZSJ-ff ) for No. 6
and smaller bars and lg/dy = fy/(ZO\/E ) for No. 7 and larger bars. For the cases that
do not meet either of the two criteria, ly/dy = 3 @/(SOE } for No. 6 and smaller bars
and ly/dy =3 £,/(40 /T, ) for No. 7 and larger bars.
The more detailed equation in ACI 318-95 is

1

4
dy

S S (1.7)

where A = 0.8 for No. 6 and smaller bars and 1.0 for No. 7 and larger bars, ¢ = smaller
of the distance from the center of the bar to the nearest concrete surface or one-half of
the center-to-center spacing of the developed or spliced bars, K = Auf/(1500sn), n =
the number of bars being developed or spliced, and (¢+Ky)/dy < 2.5. For a Class B
splice (area of reinforcing bars is not more than twice that required by analysis over

the entire splice length or more than one-half the total bars is spliced within the
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required splice length), 14 is multiplied by a factor of 1.3 to obtain the splice length,
the same factor used in ACI 318-89.

Using dummy variable regression techniques on the results of 147
development and splice tests, Darwin, McCabe, Idun, and Schoenekase (19924,

1992b) developed an equation for bars that are not confined by transverse

reinforcement.

Abfs
fl

[

= 6671,(c,, + o.sdb)(o.% +0.08 3%) +300A, (1.8)
o]

m

in which Ay = area of the developed or spliced bar, in in.z, 1 = development or splice
length, and ¢y and oy = minimum and maximum, respectively, of the concrete bottom
cover or, the smaller of one-half of the clear spacing between bars or the concrete
side cover. On the left side of Eg. (1.9), the total bond force is normalized with
respect to \[f.?: to take into account the effect of different concrete strength. Eq. 1.8
includes the parameters of development/splice length, concrete cover, bar spacing,
bar size, and cp/C. It has to be noted that, of the 147 specimens, 20 contained side-
cast bars and 33 contained top-cast bars.

In more recent studies, Darwin, Zuo, Tholen, and Idun (1995b, 1995¢, 1996b)
and Idun and Darwin (1995) used a large data base, including 133 splice and
development specimens in which the bars were not confined by transverse
reinforcement and 166 specimens in which the bars were confined by transverse
reinforcement, to develop the design criteria. Unlike the previous studies [Orangun et
al. (1975, 1977) and Darwin et al. (1992a, 1992b}], only bottom-cast bars were

. . . . L . L4
included in the analysis. One of the major observations in the studies was that ',
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better represents the effect of concrete strength on development and splice strength
than the more traditional f '01/2. Another major observation involved the role played
by the relative rib area, R., which was shown to have an important effect on the bond
strength of bars confined by transverse reinforcement. The analyses confirmed that
the relationship between bond force and development/splice length is linear but not
proportional and that the yield strength of transverse reinforcement does not play a
role in the effectiveness of the transverse reinforcement in development/splice
strength. By applying LRFD concepts and Monte Carlo techniques, reliability-based
strength reduction factors, ¢, were also obtained. Based on the studies, the best-fit
equation in terms of ultimate bond force, Ty, = Auf; in Ib, for the bars without
transverse reinforcement is

AT

e =[631,(0, +054,) +2130A, {0.19{;& + 0.9J: (1.9)

4

The equation for the bars with transverse reinforcement is

+ 66 (1.10}

‘;‘ﬁ,f: =[631,(c,, +05d,)+21304, ](0.19-&*- + 0‘9] +2226t ¢, N
Ch n

[+4

in which ¢y = maximum of ¢, and ¢, ¢ = minimum of ¢, and ¢, ¢, = bottom cover,
¢s = minimum of ¢g + 0.25 (in.) and cs,, ¢ = one-half of clear bar spacing, c,, = side
cover, n = number of developed or spliced bars along the plane of splitting, N =
number of transverse bars, t. = 9.6 R, + 0.28; and t4 = 0.72 dp, + 0.28. A design
equation to determine development and splice length was obtained by dropping the
final term of 66 in Eq. (1.10), setting f; = £, and applying the reliability-based

strength-reduction factor, ¢g = 0.9 (Darwin et al. 1995¢, Idun and Darwin 1995).
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d,

(1.11)

in which ¢ = (¢ + 0.5 dp)(0.1 cp/ c + 0.9), K = 35.5 titsAw/sn, and (c+Kq)/dy £ 4.0.

1.3 Discussion

The reinforcing bar deformation patterns currently used in the United States
were established in 1940°s based on the work of Clark (1946, 1949) and have not
changed since. To date, studies have addressed the effects of numerous parameters
on the bond strength, such as bar geometry, confinement by transverse reinforcement,
bar spacing, concrete strength, epoxy coating, and casting position. However, little
effort has been made to improve the bond strength by developing new deformation
patterns.

A large scale research program, underway at the University of Kansas since
1991, is the first major study aimed at developing new deformation patterns and
improving development characteristics of steel reinforcing bars since the work of
Clark (1946, 1949). In the first phase of the study, Darwin and Graham (1993a,
1993b) demonstrated that the relative rib area of deformed bars plays a significant
role in bond strength. Their work provided guidelines for designing bars with new
deformation patterns, i.e., with high relative rib areas.

In the second phase of the study, Darwin et al. (1995a, 1995b, 1995¢, 1996a,
1996b), Idun and Darwin (1995), and Tholen and Darwin (1996) tested 83 beam-

splice specimens and 58 beam-end specimens containing both coated and uncoated
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commercially produced conventional and high relative rib area bars. The studies
indicated that using high relative area bars can reduce splice lengths by up to 26
percent compared to those obtained with conventional bars when the bars are
confined by transverse reinforcement. The studies also showed that, under all
conditions of confinement, coated high relative rib area bars provide higher bond
strengths than coated conventional bars. Design equations were developed based on
a large data base to accurately represent the development and splice strength of

bottom-cast bars, including the effect of relative 11b area.

1.4 Objective and Scope

The objective of this study is to extend the research started by Darwin and
Graham (1993a, 1993b) and continued by Darwin et al. (1995a, 1995b, 1995¢, 16964,
1996b) to improve the development characteristics of reinforcing bars and to
complete the picture describing the performance of high relative rib area bars.

The experimental work involves beam-splice tests using No. 5, No. 8, and No.
11 conventional and high relative rib area bars and reversed cyclic loading tests using
No. 8 high relative rib area and conventional bars. The key parameters are relative
rib area, concrete properties {compressive strength, quantity and type of coarse
aggregate), bar position and bar arrangement, epoxy coating, and degree of
confinement. Concrete strengths range from 4000 psi to over 15,000 psi (27.6 to
103.4 MPa). The effects of top-cast reinforcement, unsymmetrically placed splices,
and multiple layers of bars are investigated. Matched coated and uncoated
conventional and high relative rib area bars are tested to evaluate the role played by

relative rib area on the development and splice strength of epoxy-coated bars.
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Conventional and high relative rib area bars are tested to understand the bond
behavior of high relative rib area bars under reversed cyclic loading.

Based on the splice test results and an increased data base, including results of
all available bottom-cast development and splice tests from North America, improved
design equations are developed using linear regression techniques. For evaluating the
effect of concrete strength, the power of {'; is tested to find the best-fit equations.
Monte Carlo techniques are applied to obtain reliability-based strength-reduction
factors. The strength reduction factor for high relative rib area epoxy-coated bars is

obtained using the test results from both this and previous studies at the University of

Kansas.



CHAPTER 2: BEAM SPLICE TESTS

2.1 General

This chapter describes the beam splice test program, including test specimens,
materials, procedures, and results. The purpose of the experiments is to evaluate
bond performance of high relative rib area bars. The key parameters are bar size,
relative rib area, ratio of rib width to rib spacing, bar surface condition (epoxy-coated
or uncoated), degree of confinement provided by transverse reinforcement, bar
placement and arrangement, concrete strength, and coarse aggregate type and
quantity. One hundred and forty beam-splice specimens were tested, including 94
specimens in which the splices were confined by stirrups and 46 specimens in which
the splices were not confined by stirrups. Ten deformation patterns were evaluated.
The specimens included 9 matched pairs containing top-cast and bottom-cast bars, 10
pairs containing symmetrically and unsymmetrically placed splices, 30 pairs

containing coated and uncoated bars, and 1 pair containing two layers of bars.

2.2 Test Specimens

Beam-splice specimens were cast in groups to investigate the key parameters.
The groups contained 2 to 6 specimens. The specimens were 16 ft (4.877 m) long,
with nominal widths of 12 or 18 in. (305 or 457 mm) and nominal depths of 15.5 or
16 in. (394 or 406 mm).

Splice lengths ranged from 16 to 40 in. (406 to 1016 mm). Except for the
specimens in group 22 and specimens 23b.5 and 23b.6, the beams contained two or
three No. 5, No. 8, or No. 11 bars spliced at the middle of the specimens and were

tested as inverted simply supported beam (Figs. 2.1 and 2.2). Distances between the
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ends of the splices and the supports were greater than the depth of the beams. The
specimens i group 22 and specimens 23b.5 and 23b.6 were tested as simply
supported beams, with one concentrated load at the middle of the span for group 22
(Fig. 2.3) and two concentrated loads in the span for specimens 23b.5 and 23b.6 (Fig.
2.4) to study the effect of shear force on splice strength. For these specimens, the
splices were shifted to one side, 17 in. (432 mm) away from the closest concentrated
load.

No. 3, No. 4, or No. 5 closed stirrups were evenly spaced in the splice region
for specimens used to study the effect of confinement by transverse reinforcement on
splice strength. No. 3 stirrups were placed at a 6 in. (152 mm) spacing outside of the
constant moment region to provide shear strength. Longitudinal No. 4, No. 5, and
No. 6 bars were used on the compression side of the beams to support stirrups for
specimens containing No. 5, No. 8, and No. 11 test bars, respectively.

Bottom cover and side cover on the spliced bars ranged from 1.25 to 2.5 in.
(32 to 64 mm) and from 1 to 3 in. (25 to 76 mm), respectively. Clear spacing
between splices ranged from 1 dy to 4 dp, except for the specimens with
unsymmetrically arranged splices. The unsymmetrical splice specimens contained
three bottom-cast splices; the middle splice was arranged to produce clear spacings of
2 dyand 6 dy or 1 dy, and 7 d;, for No. & bars, and 1 dy, and 2.5 dy, for No. 11 bars (Fig,
2.1).

Specimens 37.1 and 37.2 were designed to investigate the behavior of beams
with multiple spliced layers. The specimens contained two layers of bottom-cast bars
(Fig. 2.5). Each layer had two bars. The bottom and side covers were 2 in. {51 mm)
and the clear spacing between the two layers of bars was 1 . (25 mm). The two

specimens were identical, except that specimen 37.1 contained two spliced bars in the
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first layer and two continuous bars in the second layer, while both layers were spliced
in specimen 37.2. No stirrups were used in the splice region for the two specimens.

Actual specimen dimensions are given in Table 2.1.

2.3 Materials

2.3.1 Reinforcing Steel
All reinforcing bars were rolled deformed bars satisfying ASTM A 615. Ten

deformation patterns were evaluated, including 4 conventional patterns, designated
8COA, 8NO, 11NO, and 11B0, and 6 experimental patterns, designated 5C3, 8C1, 8F1,
8N1, 8N3, and 11F3. In bar designations, the first number of the designation (one or
two digits) is the bar size; the middle letter identifies the manufacturer [B =
Birmingham Steel Corporation, C = Chaparral Steel, N = North Star Steel Company,
and F = AmeriSteel (formerly Florida Steel Corporation and identified as such in the
balance of this report)]; the trailing number identifies the deformation pattern; and the
last letter is used if bars with the same deformation pattern are produced from
different heats of steel. The relative rib areas ranged from 0.065 to 0.087 for the
conventional patterns, and from 0.101 to 0.141 for the experimental patterns.
Reinforcing bars used as transverse reinforcement also met the requirements of
ASTM A 615. Bar properties for the test bars are given in Table 2.2. Yield strengths
for transverse reinforcement are reported in Table 2.1. Yield strengths are based on
an average of three tests.

Epoxy coatings were applied commercially in accordance with ASTM A 775
to bars from the same steel heat as the uncoated bars. Coating thicknesses were
measured at 20 points along the test bars within the splice length using a magnetic

pull-off gage (Mikrotest III Thickness Gage). The average coating thicknesses
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ranged from 6.3 to 16.8 mils (0.16 to 0.43 mm) and are reported in Table 2.2. The
bar surface condition of transverse reinforcing bars in the splice region matched the
surface condition of the spliced bars. Bar properties (steel heat, yield strength, and
deformation pattern) of spliced bars and transverse reinforcement were the same in

the matched pairs of coated and uncoated splice specimens.

2.3.2 Concrete

Concrete was supplied by a local ready-mix plant. Six series of concrete
mixes were used to study the effects of concrete properties (concrete strength and
type and quantity of coarse aggregate) on splice strength. The mixes are designated
as NNL, NHL, HNL, HHL, NNB, and HHB. in which the first letter indicates
concrete strength {N = normal strength [f'. < 8000 psi (55.2 MPa)], H = high strength
[f’: > 8000 psi (55.2 MPa)]}; the second letter indicates the amount of coarse
aggregate content (N = normal, H = high); and the last lefter indicates the type of
coarse aggregate (L = limestone, B = basalt).

For normal-strength concrete, the water-cement ratio (w/c) was 0.45 for NNL
concrete, and 0.44 for NHL concrete. For high-strength concrete, the water-
cementitious material ratio (w/cm) ranged from 0.22 to 0.40. Water reducing and
superplasticizing admixtures (ASTM C 494 Types A, F and/or G), silica fume and fly
ash were used in the high-strength concrete. Type I portland cement and Kansas river
sand were used in all concretes. The crushed limestone and basalt coarse aggregates
had a nominal maximum size of 3/4 in. (19 mm). Compressive strengths based on 1
in. (25 mm) square by 3 in. (76 mm) prisms were about 15,000 psi (103 MPa) for the
limestone and about 50,000 psi (345 MPa) for the basalt. The coarse aggregate
content ranged between 1586 and 1661 1b/yd’ (941 and 985 kg/m’) for the concretes
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with normal amounts of coarse aggregate, and were about 15 to 20 percent higher,
1803 to 1908 Ib/yd® (1070 to 1132 kg/m®), for the concretes with high amounts of
coarse aggregate.

All specimens in a test group were cast from the same batch of concrete. Air
contents ranged from 1.5% to 4.7%. Slumps ranged from 2.0 to 4.0 in. (50 to 100
mm) for beams with bottom-cast splices containing normal-strength concrete, from
5.0 to 11.0 in. (125 to 280 mm) for beams with bottom-cast splices containing high-
strength concrete, and from 3.0 to 6.0 in. (75 to 150 mm) for beams containing top-
cast splices. Compressive strengths ranged from 4250 to 6300 psi (29.3 to 43.4 MPa)
for normal-strength concrete, and from 8370 to 15,650 psi (57.7 to 107.9 MPa) for
high-strength concrete. Compressive strength was determined based on an average of
at least three 6 x 12 in. (152 x 304 mm) cylinders for strengths lower than 12,500 psi
(86.2 MPa), and at least three 4 x 8 in. {102 x 204 mm) cylinders for strengths higher
than 12,500 psi (86.2 MPa). Testing ages ranged from 7 to 30 days, except for
groups 31, 32 39, and 40 which had testing ages in excess of 120 days. Mix
proportions and concrete properties are summarized in Table 2.3.

To ensure both uniformity and workability of high-strength concrete, water,
cement, fly ash, and sand were loaded and mixed for 10 minutes in the truck at the
ready-mix plant, followed by the addition of superplacticizer and continued mixing
for about one minute. Silica fume was then added. After two minutes of mixing, the
coarse aggregate was added. Additional superplacticizer was added before casting if

the slump was not high enough.
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2.4 Specimen Manufacture
2.4.1 Formwork

Forms were made of 3/4 in. (19 mm) thick plywood, 2 x 4 studs, and all-
thread rods. The plywood (Driform 90 No-oil panels, manufactured by Champion
International Corp.) had a polymeric resin coating that did not require the use of a
release agent. The forms were held together using clip angles and bolts at end joints
and 2 x 4 studs with all-thread rods outside of the forms spaced at 3.2 ft (975 mm).
Some all-thread rods [1/4 in. (6 mm) diameter] extended through the forms to hold

the reinforcing cage in place. Joints in the forms were sealed with flexible caunlk to

prevent leakage.

2.4.2 Reinforcing Cage

The reinforcing cage consisted of top and bottom longitudinal bars and
transverse stirrups, and was assembled in the forms using wire tires. To prevent
interlock of the bar ribs, spliced bars were tired together using four to six wire tires in
such a way that one bar had longitudinal ribs horizontal while the other had
longitudinal ribs vertical. Markings on the bars were not included in the splice
region. Side cover and clear spacing between spliced bars were controlled by tiring
the bars to all-thread rods. For bottom-cast specimens, the bottom cover was
controlled by supporting the test bars on steel chairs at the bottom of the forms. For
top-cast specimens, test bars were tired on size-controiled stirrups located outside of
splice region which were supported on steel chairs at bottom of the forms. For two-
layer specimens, the second layer of test bars was tied to position-controlled all-
thread rods to keep the clear spacing between two layers constant. No supporting

rods or chairs were located closer than 6 inches (152 mm) to the splices. Two No. 8
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bars were transversely placed 4 ft (1219 mm) from the ends of the beams as lifting
bars. Bars were cleaned with acetone before being placed in the forms and again
prior to casting. Cover and bar spacings were measured before casting. The

measured covers and bar spacings are given in Table 2.1.

2.4.3 Concrete Placement and Curing

The casting procedure was followed to ensure that the concrete in the splice
region was as uniform in quality as possible between specimens in a group. Two
specimens in a matched pair were placed side by side. Concrete was placed in two
lifts, each approximately one-half of the beam depth. In the first lift, concrete was
placed in the end regions of all beams first, followed by the splice regions. In the
second lift, concrete was placed in splice regions first, followed by the end regions.
Each lift was consolidated using a 1.5 in. (38 mm) square internal vibrator.

After initial set of the concrete, the top surface of the beams was covered with
wet burlap and plastic. The burlap was kept wet until the forms were stripped when
the concrete strength had reached a strength of at least 3000 psi (20.7 MPa). Except
for the specimens in groups 31, 32, 39, and 40, specimens were then allowed to dry
until testing. Specimens with the highest strength mixes, groups 31, 32, 39, and 40,
remained covered with burlap and plastic sheets and were kept wet after the forms
were stripped. The burlap and plastic sheets were removed when the concrete had
reached the required strength, and the beams were left to dry until the time of test.

Test cylinders were cast in steel molds. Standard 6 x 12 in. (152 x 304 mm)
molds were used for normal-strength concrete, while both 6 x 12 in. (152 x 304 mm)
and 4 x 8 in. (102 x 204 mm) molds were used for high-strength concrete. The

cylinders were cured in the same manner as the test specimens.
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2.5 Test Procedure

Specimens were tested as inverted simply supported beams, with the splices
on the upper side. As shown in Fig: 2.6, the beams were supported on pin and roller
supports mounted on concrete pedestals. A 2/3 in. (17 mm) thick steel plate was
mounted on the bottom of the beam using high strength gypsum cement (Hydrostone)
at each support. Load was applied to each beam by two 60-ton hollow-cone
hydraulic jacks powered by an Amsler hydraulic testing machine. Load was
transferred from the jacks to the test beam at each load location using two 1 1/2 in.
(38 mm) diameter steel rods attached to a spreader beam mounted on the top of the
test beam. Semi-cylindrical rollers were used on the spreader beam to keep the
applied load vertical as the end of the test beam rotated. For the beams with splices
in the middle section, the supports were located 5 ft (1524 mm) from the ends of the
beams and downward loads were applied 6 in. (152 mm) from the ends of the beams
to produce a 6 ft (1.830 m) constant moment region (Figs. 2.1, 2.2 and 2.5). The
specimens in group 22 and specimens 23b.5 and 23b.6 were supported 6 in. (152 mm)
from the ends of the beams and downward loads were applied within the span to
produce shear force in splice region (Figs. 2.3 and 2.4).

Deflections were measured at each load point and the middle of the beam
using spring-loaded linear variable differential transformers (LVDTs), except for the
specimens in group 22 and specimens 23b.5 and 23b.6, where deflections were
measured at the middle of the beams only. The applied load was measured by load
cells consisting of four strain gauges mounted on each load rod in a full bridge
circuit. The number and width of flexural cracks were measured on the top of the

beams in the portion of the constant moment region away from the splices for test
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groups 28 through 43. Crack widths were measured using a crack comparitor at
estimated bar stresses of 20, 30, and 40 ksi (138, 207, and 278 MPa).

Readings from load cells and LVDTs were acquired using a Hewlett-Packard
data gcquisition system connected to a2 computer and stored on a hard disk.

The beams were loaded continuously at a rate of about 3 kips (13.3 kN) per
minute until failure, with tests lasting 15 to 20 minutes. All specimens in a group
were tested in a single day. The 6 x 12 in. (152 x 304 mm) or 4 x 8 in. {102 x 204

mm) cylinders were tested immediately after the tests were completed.

2.6 Results and Observations
2.6.1 Test Results

Load-deflection curves for all beams are shown in Figs 2.7a - 2.7z. The
deflection is the sum of the average deflection at the load points and the deflection at
midspan, except for the beams in group 22 and beams 23b.5 and 23b.6 for which only
the deflection at midspan was measured.

Moments, and maximum bar stresses in splices at splice failure are given in
Table 2.1. Beam self-weight and the weight of the loading system are used to
calculate the moment and bar stress. The number of flexural cracks, the maximum
crack widths along the cracks, and the crack widths cross the centerlines of the bearns
at bar stresses of 20, 30, and 40 ksi (138, 207, and 278 MPa) in the constant moment
region outside of splice region are given in Tables 2.4a-2.4c. In matched pairs of
specimens containing conventional and high relative rib bars confined by stirrups,
high relative rib area bars produced a higher bar stress at splice failure, except for
specimens containing 8N1 bars (see Chapter 4 for a discussion). Coated bars

produced a lower bar stress at splice failure than uncoated bars.
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2.6.2 Calculation of Bar Stress at Failure

For determining the experimental bar stress at development or splice failure,
working stress analysis has been used in many studies. In this study, an analysis is
carried out to compare the experimental bar stresses calculated using three analysis
methods: the moment-curvature method, the working stress method, and the ultimate
strength method. The specimens used for this analysis include the 299 beams
included in the study by Darwin et al. (1995a, 1996a) and the 140 beams tested in the
current study. Among the 439 beams, 60 beams contained bars that yielded and 379
beams contained bars that did not yield. Concrete strength for the specimens ranged
from 2000 to 16,100 psi (13.8 to 111 MPa). Yield strengths of the steel bars ranged
from 57.7 to 114.7 ksi (397.8 to 790.8 MPa). For the moment-curvature method, a
parabolic concrete stress-strain curve (see Eq. A.2) and steel stress-strain curves
(Figs. A.1 and A.3) are used in the analysis. The details of the analysis is described
in Appendix A.

The moment-curvature method should provides better results than the other
two methods since it considers the nonlinear behavior of the concrete. To evaluate
the relative accuracy of the three methods, bar stresses calculated using the moment-
curvature method, £, are compared with bar stresses calculated using the working
stress method, f., and the ultimate strength method, f;,. The analysis results and
comparisons are shown in Table A.1 and Figs. A.5, A.6, A.7, and A.8.

The comparisons indicate that, for the beams in which the bars did not yield,
the working stress method overestimates bar stresses for high-strength concrete and
underestimates bar stresses for normal-strength concrete, compared to the moment-

curvature method. The difference in the stresses obtained using the two methods



34

increases as the compressive strain in the extreme concrete fiber increases (Fig. A.5);
the fo/fic Tatios range from 0.940 to 1.010. As expected, in general, the ultimate
strength method underestimates the bar stresses for the beams in which the bars did
not yield, especially for the beams with high-strength concrete (Fig. A.6), compared
to the moment-curvature method; the f,,/f; ratios range from 0.909 to 1.025.

For the beams in which the bars yielded, the f,/f; ratios range from 0.970 to
1.056 (Fig. A.7) and the £,/ ratios range from 0.949 to 1.021 (Figs. A.8). Figs. A.7
and A.8 show that for the beams in this category containing high-strength concrete,
the working stress method overestimates and the ultimate strength method
underestimates the bar stresses, compared to the moment-curvature method. For 18
of the spectmens with bars that yielded, the experimental moments are greater than
the moment capacities determined by moment-curvature method. This difference is
possible because the yield strengths of bars can vary significantly. The comparisons
of the results of fi,/f;; and fu/fi. ratios in Appendix A (Fig. A.7 and Fig. A.8) indicate
that the ultimate strength method is more conservative than the working stress
method (see Appendix A for the details of the comparisons).

Based on these comparisons, the moment-curvature method is used to
calculate bar stresses at failure for the beams with experimental moments less than
the moment capacities obtained using the moment-curvature method, otherwise, the

bar stresses are determined using the ultimate strength method.

2.6.3 Failure Observations

Most of the specimens failed by splitting at the tension face within the splice
region. Specimens 22.1 and 22.3 failed by concrete crushing and specimen 22.5 was

not tested to failure due to the limited capacity of the load system.
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For members cast with normal-strength concrete, beams with splices that were
not confined by transverse stirrups failed suddenly, with a quick drop in load after the
peak load. Beams with splices confined by stirrups exhibited a more ductile
behavior, with a slow drop in load after the peak. Compared with normal-strength
concrete beams, the high-strength concrete beams failed in a more brittle manner.

Typical failures in the splice region for the beams with normal and high
strength concrete are shown in Figs. 2.8 and 2.9, respectively. In general, flexural
cracks formed initially on the tension face in the constant moment region. As the
load increased, transverse cracks formed at both ends of the splices and extended to
the sides of the beam. Longitudinal cracks formed in the splice region near ultimate
load. The longitudinal cracks ran along the length of splice above the spliced bars,
and formed on the sides of the beam near the level of the splices. Beams with stirrups
in the splice region exhibited more cracks in the splice. region than those without
stirrups.  Figs. 2.10 shows the distribution of the flexural cracks in the constant
moment region cutside of the splice region for beams containing uncoaéed and coated
bars, respectively. Generally, beams containing coated bars had fewer flexural cracks
with a larger crack width than beams containing uncoated bars (see Chapter 6 for a
discussion). The measured number of cracks and crack widths in the constant
moment region outside of the splice region at bar stresses of 20, 30, and 40 ksi (138,
207, and 276 MPa) are presented in Tables 4.4a, 4.4b, and 4 4c, respectively.

The failure modes of the unsymmetrical splice specimens were the same as
those of the symmetrical specimens. The beams containing two spliced layers failed
in a very brittle manner: the concrete bottom and side covers with a depth up to the
second splice layer split out at failure. However, for the beam containing one spliced

layer and one continuous layer, the failure mode was similar to that of specimens
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containing one-layer bars. The failures of the two-layer bar specimens are shown in
Fig. 2.11.

The extent of concrete damage at the steel-concrete interface varied,
depending on concrete strength (normal or high concrete strength), bar pattern
(conventional or high relative rib area bars), and bar surface condition (with or
without epoxy coating). For the normal-strength concrete specimens, the damage was
the same as observed by Idun and Darwin (1995) and Tholen and Darwin (1996): for
specimens with uncoated bars, concrete damage was more extensive near the
discontinuous ends of spliced bars; for conventional bars, the damage consisted of
crushed concrete between the bar ribs, while for high relative rib area bars, the
damage consisted of both crushing and shearing; and for epoxy-coated bars, concrete
at the interface had a smooth, glassy surface and exhibited little damage and, in
general, the higher the confinement provided by transverse reinforcement, the greater
the damage at the steel-concrete interface near the discontinuous ends of spliced bars.

For the high-strength concrete specimens, the concrete damage at the interface
was as follows: for uncoated bars without stirrups in the splice region, the interface
showed little or no concrete damage; for uncoated bars with stirrups (both
conventional and high relative rib area bars) concrete damage at the interface was
similar to that observed in normal-strength concrete beams, but the damage occurred
over a longer region (about 3/4 of the splice length); for the specimens containing
8N1 bars confined by stirrups, the concrete at the interface appeared to be crushed or
sheared off along almost the whole splice length (see Chapter 4 for a discussion); and
the damage for the epoxy-coated bars was the same as observed for epoxy-coated

bars in normal-strength concrete.



CHAPTER 3: EFFECTS OF SPLICE PLACEMENT AND ARRANGEMENT
ON SPLICE STRENGTH

3.1 General

In this chapter, the effects of splice placement and arrangement on splice
strength are evaluated. The evaluations are based on the test results of nine pairs of
bottom/top-cast specimens, ten pairs of symmetrical/unsymmetrical specimens and
one pair of two-layer bar specimens. The effect of shear force on splice strength is
addressed briefly.

For the evaluations, the bar stresses in the matched pairs of the specimens are
used to make the comparisons. The splice strength ratios for the matched pairs are
normalized with respect to Egs. 3.1 and 3.2 to eliminate the effects of minor
differences in concrete cover and bar clear spacing between the specimens. The
normalized splice strength ratio is obtained by dividing the ratio of experimental bar
stress by the ratio of predicted bar stress based on Eq. 3.1 and Eq. 3.2, as appropriate.
As described in Chapter 5, Eq. 3.1 and Eq. 3.2, respectively, were developed based on
a statistical analysis of 171 splice and development specimens in which the bars were
not confined by iransverse reinforcement in splice/development region and 245

specimens in which the bars were confined by transverse reinforcement.
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where Ay = single spliced bar area in in.?
£ = bar stress at failure in psi
. = concrete compressive strength in psi
ls = gplice length in in.

Crin, Cmax = IMNIimum or maximum value of ¢, or ¢y (Cmax/Cmin < 3.5) in,

Cs = min{cs,, Cs + 0.25 in.) in in.
tr =96R,+0.28
ty =(0.78 dy, +0.22

= number of stirrups in splice or region
Ay = area of each stirrups crossing the potential plane of splitting
adjacent to the reinforcement being spliced

n = number of bars being spliced along the plane of splitting

£ ,01/4 and f ,cuz are in psi.

The data base for Eq. 3.1 and Eq. 3.2 consists of specimens in which bottom-
cast spliced/developed bars were symmetrically placed with respect to the specimen
centerline. The equations take into account the effects of concrete strength, cover,
bar spacing, development/splice length, bar size, degree of confinement from
transverse reinforcement, and bar deformation pattern. Eq. 3.1 is similar to the
equation developed by Darwin et al. (1995b, 1996b) (see Eq. 1.10 in Chapter 1), with
slight differences in the coefficients of I and Ay. The major difference between Eq.
3.2 and the expression developed by Darwin et al. (1995b, 1996b) for bars confined
by transverse reinforcement (see Eq. 1.10 in Chapter 1) is that the contribution to

bond strength of transverse reinforcement is not only a function of relative rib area

(t;), bar size (t4) and degree of transverse reinforcement (NAy/n), but is more sensitive
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. 34, 1/4
to the concrete compressive strength (f'; instead of f'. ) than apparent from the

earlier analysis.

3.2 Top-cast High Relative Rib Area Reinforcing Bars

Top-cast bars are weaker than bottom-cast bars due to bleeding and settlement
of the concrete below the bar, which has been demonstrated in earlier studies (see
Chapter 1 for the references). In ACI 318-89, based on the studies by Jirsa and Breen
(1979) and Jeanty et al. (1988), the so-called top-bar effect is taken into account in
design by multiplying the development length for bottom-cast bars by the 1.3. This
design requirement remains unchanged in ACI 318-95, However, in the earlier
studies, only conventional bars were tested to determine the top-cast bar effect.

To study the relative bond strengths of top-cast high R, bars, nine matched
pairs of bottom/top-cast splice specimens containing either high R, or conventional
bars were tested in this study. In the nine pairs of specimens, 5 pairs contained
uncoated high R, bars (5C3, 8NI1, and 8F1), 2 pairs contained coated high R, bars
(5C3 and 8N1), and 2 pairs contained uncoated conventional bars (8NQ and 8COA).
Six pairs of specimens were not confined by stirrups in the splice region, including 3
pairs with uncoated high R, bars, 2 pairs with coated high R, bars, and 1 pair with
uncoated conventional bars. Three pairs were confined by stirrups, including 2 pairs
with uncoated high R, bars and 1 pair with uncoated conventional bars. Concrete
slumps ranged from 3.75 to 5.5 in. (95 to 140 mm). The test results and comparisons
are summarized in Table 3.1.

The test results show that, like conventional bars, top-cast high R, bars have a
lower splice strength than bottom-cast bars. In fact, the normalized splice strength

ratio of bottom-cast to top-cast bars (Bottom/Top) is quite similar for conventional
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and high R; bars. For high R, bars, the average Bottom/Top ratios are 1.026 and
1.198 for the specimens without and with stirrups, respectively, while for
conventional bars, the ratios are 1.033 and 1.138. The comparisons also indicate that,
for both high R, and conventional bars, the Bottom/Top ratios are lower for the
splices without stirrups than for the splices with stirrups. This may be the result of
greater support provided to top bars by reinforcing cages with stirrups in the splice
region than by cages without stirrups in the splice region. As a result, concrete
settlement would have affected the strength of top splices in beams with stirrups more
than top splices in beams without stirrups.

For coated bars, the Bottom/Top ratio is 1.059 for 5C3 bars without stirrups
and 1.035 for 8N1 bars with stirrups. Comparing the splice strength of uncoated
bottom-cast bars to coated top-cast bars in matched pairs (specimens 25.1 and 25.4
for 5C3 bar and 24.1 and 24.4 for 8N1 bar), it is noted that the normalized splice
strength ratio for uncoated bottom-cast bar to coated top-cast bars is 0.986 for 5C3
bar and 1.151 for 8N1. These values are much less than the upper limit of 1.7 in ACI
318-95 on the total development length modification factor for epoxy-coated top-cast
bars with concrete cover less than 3 d, or clear spacing less than that 6 dy. The
current results match conclusions by Treece and Jirsa (1987, 1989) and Hadje-
Ghaffari et al. (1992, 1994) that the effects of casting position and epoxy coating on

splice strength are not cumulative.

3.3 Unsymmetrical Arrangement of Splices
In earlier studies, including most of the tests in this study, developed bars and
splices were placed symmetrically across the width of the test specimens. The

development and splice design criteria in the ACI 318-95 were established based on
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symmetrically placed bars. In practice, however, bars are often placed
unsymmetrically or nonuniformly across the width of a beam to avoid interference
between beam and column bars at joints.

In design, the minimum clear spacing between bars is usually used to
determine the required development or splice length in the case of nonuniform bar
placement. However, questions have been raised as to the applicability of design
criteria based on uniform bar spacing test results to members with nonuniform bar
spacing, and no data exists on the bond behavior of unsymmetrically or nonumformly
placed bars (Lee 1993).

To study the behavior of nonuniformly placed splices, ten matched pairs of
specimens with symmetrical and unsymmetrical splice arrangements were tested. Of
the ten pairs of specimens, 5 contained bars that were confined by stirrups in the
splice region and 5 contained bars that were not confined by stirrups. All of the
specimens contained three bottom-cast splices. As shown in Fig. 2.1, the splices for
the unsymmetrical splice specimens were arranged with nominal clearing spacings of
1in/7 in. (25.4 mm/17% mm) or 2 in./6 in. (51 mm/152 mm) for No. § bars and 1.5
in./3.5 in. (38 mm/89 mm) for No. 11 bars, while the symmetrical specimens had
nominal clearing spacings of 4 in. (102 mm) for No. 8 bars and 2.5 in. (64 mm) for
No. 11 bars (see Fig. 2.2). Concrete strength ranged from 4250 to 10,500 psi (29.3 to
72.4 MPa). The test results and the comparisons are presented in Table 3.2.

The comparisons in Table 3.2 show that, for the splices not confined by
stirrups, the normalized strength ratios of unsymmetrical to symmmetrical splices
(US/S) range from 0.926 to 1.076, with an average of 0.986. For the splices confined
by stirrups, the US/S ratios range from 0.988 to 1.085, with an average of 1.023. The

average US/S ratio for all of 10 pairs of specimens is [.004. These values indicate no
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measurable effect of unsymmetrical bar placement on splice strength and suggest that
the average clear spacing across a section is the appropriate clear spacing parameter
for use in design. It has to be noted that, compared with the test results, using
minimum clear spacing in the design for the unsymmetrical splices is too
conservative.  Table 3.2 shows that, for the unsymmetrical specimens, the
test/predicted stress ratios (fy/fi) range from 0.921 to 1.058, with an average of 0.975,
if using the average clearing spacing of the bars across the width of the specimens.
The ratios (fi/fqr) range from 0.998 to 1.244, with an average of 1.151, if using the

minimum clearing spacing of the bars.

3.4 Multipie Splice Layers

Little information about the behavior of multiple splice layers exists in the
literature. In a study on the development of bundled reinforcing bars, Jirsa et al
(1995) tested and evaluated development specimens containing ong or two layers of
bundled bars. They found that the inner layer of bars had little effect on the
performance of the outer layer. The bond strength of the outer layer for the
specimens containing two layers of bars was close to the bond strength of a similar
specimen with one layer of bars. Splitting failure occurred for both of the one-layer
and two-layer specimens. For two-layer specimens, splitting occurred through both
the inner and outer (horizontal) layer planes. A transfer of stress from the outer layer
to the inner layer occurred near the peak load. ACI 318-95 requires the use of “clear
spacing of bars being developed” in development/splice design. In practice, however,
splice length is often determined based on clear spacing between splices in a layer,

instead of clear spacing between layers.
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In this study, specimens 37.1 and 37.2 were designed and tested to investigate
the splice strength of bars placed in two layers. The two specimens (Fig. 2.5) were
identical, except that specimen 37.1 contained one spliced layer (bottom layer) and
one continuous layer, while specimen 37.2 contained two spliced layers. The clear
spacing between the two layers was 1 in. (25.4 mm), which is less than the bottom
and the side covers {2 in. (30.8 mm)], and less than one-half of the clear spacing
between splices across the width of the specimens [2 in. (30.8 mm)].

As described in Chapter 2, both of the specimens failed by concrete splitting.
The failure mode for the beam containing one spliced layer and one continuous layer
(specimen 37.1) was similar to that for the beams containing only one layer of bars.
For the specimen containing two spliced layers (specimen 37.2), the failure was very
brittle, with concrete splitting on the bottom and side of the specimen up to the
second layer of bars, indicating that both spliced layers failed.

The limited test results and the comparisons, shown in Table 3.3, indicate no
significant difference in splice strength between the specimen containing two spliced
layers and the specimen containing one spliced layer and one continuous layer. The
bar stress in the bottom layer at failure is 61.40 ksi (423 MPa) for the specimen with
two spliced layers (Specimen 37.2) and 59.97 ksi (413 MPa) for the specimen with
one spliced layer and one continuous layer (specimen 37.1). The splice strength ratio
of specimen 37.2 to specimen 37.1 is 1.024. The comparison indicates that the splice
strength of beams with two-spliced layers is not affected by the inner spliced layer,
matching the observations by Jirsa et al. (1995).

In specimen 37.1, 50% of bars were spliced at a section (Class A splice
according to ACI 318-95), while all of the bars were spliced in specimen 37.2 (Class
B splice). ACI 318-95 requires an increase in splice length of 30%, based on the
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development length, for Class B splices. A comparison of specimens 37.1 and 37.2
shows that splice strength is not sensitive to the number of splices at a location, but
only to the geometry of the sections.

Table 3.3 shows that the use of clear spacing between two spliced layers as
the clear spacing parameter in Eq. 3.1 results in a test/predicted stress ratio of 1.172,
which is about 24% higher than the test/predicted stress ratio using the clear spacing
across the width of the specimen. However, the use of the clear spacing between the
splices in a single layer results in predicted splice strengths that are higher than the
experimental strengths for both specimens (14% higher for specimen 37.1 and 11%
higher for specimen 37.2). The observations indicate that, when the clear spacing
between layers is less than the clear spacing between splices in a layer, using the
clear spacing within a layer overestimates the splice strength, but using the clear
spacing between layers underestimates the splice strength. Since the number of the
tests is limited, more study is needed before the effects of multiple layer bars on

splice strength is understood.

3.5 Effect of Shear Force on Splice Strength

Splices subjected to shear (or moment gradient) occur commonly in real
structures. The effect of shear on splice strength has been studied before. Based on
24 tests on the influence of shear on splice strength, Jirsa and Breen (1981) concluded
that the level of shear along splices has an inconsequential effect on the splice
strength. Only negligible changes in splice strength were observed, with substantial
increases in the level of shear. Lukose et al. (1982) compared the behavior of splices
in a region with varying moment to the similar splices in a constant moment region.

They found that the strength of the splices in the region of varying moment was
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higher than that in the constant moment region. Their explanation for this
observation is that for splices in the constant moment region, splitting damage
progresses from both ends of splices. However, for splices subjected a varying
moment, splitting damage progresses from the more highly stressed end. Less
damage is expected near the end with the lower stress.

In this study, the specimens in test group 22 and specimens 23b.5 and 23b.6
were tested to evaluate the effect of shear on splice strength. Table 3.4 gives the test
results and comparisons for spectmens 22.3, 22.5, and 23b.5. These specimens
contained uncoated bars. Specimen 23b.6 contained coated bars and is not included
in Table 3.4. The results for specimen 22.1 are not included in Table 3.4 because the
specimen failed by crushing concrete at the middle of the beam span due to the poor
quantity of the concrete (honeycomb was found in the compression zone of the beam,
which was caused by poor vibrating during placement), but are given in Table 2.1.
Specimen 22.3 exhibited a flexural failure, with bar yielding and concrete crushing on
the compression face at the middle of the span, instead of a splitting failure.
Specimen 22.5 was not tested to failure because the loading capacity of the test
apparatus had been reached. Even so, the bar stresses of specimens 22.3 and 22.5
exceed the values predicted by Eq. 3.1 or Eq. 3.2. Specimen 23b.5 failed by splitting
concrete (splice failure), with a test/predicted bar stress ratio of 1.095. The ratios of
the minimum bar stress at the end of the splices closest to the reaction to the
maximum bar stress at the other end of the splices (closest to the applied load) at
failure ranged from 0.56 to 0.66. Table 3.4 shows that the bar stresses at failure are
higher than the stresses predicted by Egs. 3.1 or 3.2, with the test/prediction ratios

ranging from 1.046 (plus) to 1.126. The test results match the observation by Lukose
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et al. (1982) that the performance of splices in the presence of shear is always better

than in a constant moment region.



CHAPTER 4: EFFECTS OF CONCRETE AND REINFORCING
BAR PROPERTIES

4.1 General

In a previous study of high relative rib area (R,) bars, Darwin et al. (1995a,
1996a) evaluated the effects of type of coarse aggregate in concrete and confinement
provided by stirrups, as well as R., on splice strength. They found that the type of
coarse aggregate significantly affects splice strength for bars that are confined by
stirrups. However, due to the limited number of tests, their evaluations did not
address the effect of coarse aggregate type on splice strength for bars that are not
confined by transverse reinforcement, nor did they address the effect of coarse
aggregate quantity on splice strength under any condition of confinement.

Darwin et al. (1995b, 1996b) found that the 1/4 power of the concrete
compressive strength, ', successfully characterized the effect of concrete strength
on splice strength for bars both confined and not confined by transverse
reinforcement. Darwin et al. (1995a, 1995b, 1996a, 1996b) also found that the
additional strength provided by confining steel, Ty, normalized with respect to f A
is a function of the “effective transverse reinforcement”, NAy/n, in which N is the
number of transverse stirrups or ties in the splice region; Ay is the area of each stirrup
or tie crossing the potential plane of splitting adjacent to the reinforcing bars being
developed or spliced, in in’; and n is the number of reinforcing bars being developed
or spliced along the plane of splitting. The yield strength of the transverse
reinforcement was found to have no measurable effect on Ts (Darwin et al. 1995b &
1996b, Azizinamini et al. 1995, Sakurada et al. 1993, and Maeda et al. 1991). The

data base used by Darwin et al., however, included only a small number of specimens
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made with high-strength concrete (HSC). Thus, with more data available on HSC
specimens, the question arises as to whether or not the 1/4 power of ', is still
appropriate for characterizing the contribution of concrete strength to bond.

This chapter presents the evaluations of the test results for the effects of
concrete strength, quantity and type of coarse aggregate, bar size, relative rib area,
and rib spacing on splice strength. Ten deformation patterns, including conventional
and high relative rib area bars, are evaluated. Only specimens containing uncoated,
bottom-cast bars are included. For the evaluations, the current results are combined
with those reported by Darwin et al. (1995a, 1996a), Hester et al. (1991, 1993), and
Choi et al. (1990, 1991) on splice specimens similar to the current NNL concrete
(Normal strength concrete containing Normal quantity of Limestone coarse
aggregate) specimens. Specimens 8.3 and 10.5 tested by Darwin et al. (1995a,
1996a) contained NNB (B = basalt) concrete. The previous test results are
summarized in Tables 4.1, 4.2 and 4.3. The current test results are presented in Table
2.1.

The evaluations presented in this chapter are based on the assumption that the
total force in a bar at splice failure, Ty, equals the sum of a concrete contribution, T,

and a transverse reinforcement (steel) contribution, Ts.
T,=T+T, 4.1)

T, is determined using Eq. 3.1 (see derivation as Eq. 5.5 in Chapter 5), which is

L 15981, (c +05d,)+2350 A,] [o.zﬁﬁ% ¥ 0.9] (4.2)
c

4
¢ min
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As demonstrated in Chapter 5, Eq. 4.2 was developed based on a statistical analysis
of 171 development/splice specimens and accurately represents the splice strength for
the splices not confined by transverse reinforcement.

Test-to-prediction splice strength ratios are used to evaluate the effects of
concrete properties and reinforcing bars for bars that are not confined by transverse
stirrups, in which the test splice strengths are determined based on test results
(Aufy/f."*) and the predicted splice strengths are determined using Eq. 4.2, For bars
that are confined by stirrups, the evaluations are carried out using linear regression
techniques comparing Apfy/f’"" versus NAq/n.

The evaluations in this chapter will be used in Chapter 5 to determine the
appropriate power of f'; to characterize the effect of concrete strength on T, and Ts, to
develop expressions for the effects of R, and bar size on T, and to establish

development/splice design criteria based on a broadened data base.

4.2 Effects of Concrete Properties

As described in Chapter 2, six concretes, containing different types and
quantities of coarse aggregate (limestone or basalt and “normal” or “high” content)
and having different compressive strength levels (normal or high), were used to study
the effects of concrete properties on splice strength. Coarse aggregate contents
ranged from 1586 Ib/yd® (941 kg/m®) to 1661 Ib/yd® (985 kg/m’) for concrete
containing a “normal” quantity of coarse aggregate [NNL, NNB, or HNL in which
the first letter represents the concrete strength level (N = normal and H = high), the
second letter represents the quantity of coarse aggregate (N = normal and H = high),
and the last letter represents the type of coarse aggregate (L = limestone and B =

basalt)] and from 1803 Ib/yd® (1070 kg/m®) to 1908 Ib/yd® (1132 kg/m’) for concrete
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containing a “high” quantity of coarse aggregate (HHL, HHB, or HNL). Concrete
compressive strengths for the specimens used for the evaluation ranged from 3810 psi
(26.3 MPa) to 6450 psi (44.5 MPa) for normal-strength concrete (NSC) and from
8370 psi (57.5 MPa) to 15,640 psi (107.8 MPa) for high-strength concrete (HSC).

4.2.1 Splices without Transverse Reinforcement

The specimens that did not contain stirrups within the splice region include 35
containing NNL concrete [9 from the current study, 12 from Darwin et al. (1995a,
1996a), 8 from Choi et al. (1990, 1991), and 7 from Hester et al. (1991, 1993)], 2
containing NNB concrete [Darwin et al. (1995a)], 6 containing NHL concrete, 4
containing HHL concrete, and 9 containing HHB concrete.

Effects of coarse agpregate

Table 4.4 summarizes the range and mean of the test/prediction ratios for the
splices not confined by stirrups cast in specimens with NNL, NHL, HHL, NNB, and
HHB concretes. The results show no measurable difference m the test/prediction
ratios for concretes containing the same type of coarse aggregate, regardless of coarse
aggregate content or concrete strength, but do show a difference based on the type of
coarse aggregate. For concretes containing limestone, the average test/predication
ratios are 1.002, 1.007 and 0.963 for NNL, NHL and HHL concretes, respectively. In
contrast, for concretes containing basalt, the average test/prediction ratios, 1.107 and
1.133 for NNB and HHB concretes, respectively, are more than 10% higher. Thus
for the splices not confined by stirrups, concrete containing basalt aggregate produced
higher splice strengths than the concrete containing limestone aggregate. This
observation can be explained based on a study of Kozul and Darwin (1997) using the

same aggregate which showed that concrete containing basalt yields a similar flexural
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strength but a significantly higher fracture energy (two times plus) than concrete of

similar compressive strength containing limestone for all compressive strengths
evaluated [3670-13,970 psi (25-97 MPa)}].
Effect of concrete strength

Fig. 4.1 compares test/prediction ratio to concrete strength for splice
specimens with concretes containing limestone and basalt coarse aggregates. The
figure shows that concrete containing basalt coarse aggregate produces a higher
splice strength than concrete containing limestone aggregate. The figure also shows
that the test/prediction ratio increases slightly for concrete containing basalt and
decreases for concrete containing limestone as concrete strength increases. The
change in test/prediction ratios may be due to an insufficient number of tests for
specimens containing NSC with basalt (only 2 specimens) and HSC with limestone
[only 4 specimens including only 1 specimen with f; > 10,000 psi (69.6 MPa)]. In
Fig. 4.2, dummy variable regression is applied to the data shown in Fig. 4.1, based on
the assumption that the effect of concrete strength on splice strength is the same for
limestone and basalt aggregates, limiting the effect of the different number of tests for
normal and high strength concrete in each group. Fig. 4.2 shows that the best-fit lines
are virtually horizontal and that the intercept of the best-fit line for the specimens
with concrete containing basalt is about 15% greater than that for the specimens with
concrete containing limestone.

Since the “prediction” used is based on Eq. 4.1, these observations illustrate
that, for the splices not confined by stirrups, (1) £r,14 accurately characterizes the
effect of concrete strength on bond and (2) stronger coarse aggregates produce higher

splice strengths.
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4.2.2 Splices with Transverse Reinforcement

To investigate the effects of concrete properties on the strength of splices
confined by transverse reinforcement, the additional bond force due to the
confinement provided by transverse reinforcement, T, is obtained by subtracting the
bond force due to the concrete contribution, T, which is calculated using Eq. 4.2,
from the experimentally determined total bond force, Tp. Comparisons of Tyf'.'"*
with NAy/n are used in the following evaluations.

Effects of coarse aggregate

Fig. 4.3 compares Ty/f%""* with tNAg/a for No. 8 conventional bar splices in
normal and high strength concretes containing a “normal” or a *high” quantity of
limestone coarse aggregate; t; = 9.6 R, + 0.28, as obtained by Darwin et al. (1995a,
1996a) based on the tests and analyses of splice specimens using No. 5, No. 8, and
No. 11 conventional and high R, bars in normal-strength concrete. The reason for
using t. as a parameter is to eliminate the effect of differences in R, (R: ranges from
0.065 to 0.085) from the current analysis of the effects of concrete properties.

Ty/f. ", as shown in Fig, 4.3, is higher for normal and high strength concretes
containing a “high” quantity of coarse aggregate (NHL and HHL) than for concretes
containing a “normal” quantity of coarse aggregate (NNL and HNL), illustrating that
concrete containing a higher quantity of coarse aggregate produces higher additional
splice strength due to the confinement of transverse reinforcement. Thus, the current
analysis suggests that the quantity of coarse aggregate has a measurable effect on Ts.

Fig. 4.4 compares Ty/f'."* with NA/n for one high relative rib area bar, 8N3
(Rr=0.119), in NNL, HNL and HHL concretes. The term of t; is not used in Fig. 4.4
because only a single R, value is involved in the plot. As with conventional bars (Fig.

4.3), Fig. 4.4 shows that for high R, bars, the additional splice strength provided by
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stirrups is higher for concrete containing a higher coarse aggregate content than for
concrete containing a “normal” coarse aggregate content. The difference in this case
is less than observed for conventional bars.

T/, is compared with NAy/n in Figs. 4.5 and 4.6 for bars in NSC and HSC
containing different types of coarse aggregate (limestone and basalt). In Fig. 4.5, all
bars {(conventional No. 8 bars and 8N3, 8F1 high R; bars) were cast in NSC with a
“normal” quantity of coarse aggregate. To/f"."* is higher for all of the bar patterns
shown in Fig. 4.5 for concrete containing basalt than for concrete containing
limestone. A similar observation is obtained in Fig. 4.6 for conventional No. 8 bars
(8N0): concrete containing basalt aggregate produces substantially higher values of
TJ/f:.*, even though the concrete compressive strengths are the same. The

c

observations in Figs. 4.5 and 4.6 match those made by Darwin et al. (1995a, 1996a).
Effect of concrete strength

Figs. 4.3 and 4.4 show that for both conventional and high R, bars, Ty/f"."* is
higher for HSC than for NSC. Fig 4.7 compares Ty/f.'"* with NA«/n for No. 8
conventional bars and No. 8 and No. 11 high R, bars (8N3 and 11F3) in NSC and
HSC containing limestone coarse aggregate, ignoring the effects of coarse aggregate
content. For each bar pattern, the values of Ty/f 'c” * are greater for HSC than for NSC,
indicating that a higher power of f'; than 1/4 may be needed to characterize the effect
of concrete strength on Ts. Fig. 4.7 also shows that the difference in Ty/f%"* between
HSC and NSC for No. 8 conventional bars is greater than that for No. 8 high R, bars,
implying that concrete strength may affect T more for conventional bar than for high
R, bars.

The comparisons shown in Figs. 4.2 to 4.7 indicate that concrete properties

(especially compressive strength and type of coarse aggregate) have measurable
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effects on the bond strength provided by both the concrete, in absence of transverse
reinforcement, and by transverse reinforcement. These effects, in addition to
differences in R;, may be the reason why test results for specimens containing
developed or spliced bars confined by stirrups exhibit high scatter from study to

study.

4.3 Effects of Reinforcing Bars
Darwin et al. (1995a, 1996a) demonstrated that for splices not confined by

stirrups, splice strength is unaffected by relative rib area, while for splices confined
by stirrups, splice strength increases as relative rib area increases. Darwin et al. also
found that bar size affects the additional bond force, T, provided by transverse
reinforcement: the higher the bar size, the higher the value of T,. In this study, the
test results of Darwin et al. (1995a, 1996a) are combined with the current results to
examine the role played by R; on splice strength. The effect of the rib width/spacing
ratio on splice strength is also studied to determine the need for a limitation on the rib
width/spacing ratio for high R, bars. Flexural crack densities and crack widths for
high R. bars and conventional bars are compared to study the serviceability of

members containing high R, bars.

4.3.1 Effects of Relative Rib Area and Bar Size

Splices without transverse reinforcement
Table 4.5 summarizes the splice strength test/prediction ratios for high R, and

conventional bars not confined by stirrups. The test/prediction ratios are classified
into two categories based on the type of coarse aggregate (limestone or basalt). The

comparisons show that relative rib area does not affect splice strength for the splices
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not confined by stirrups, matching the observations of Darwin et al. (1995a, 1996a).
The average test/prediction ratio is 0.989 for high R, bars in concrete containing
limestone coarse aggregate, compared to 1.010 for conventional bars. The average
test/prediction ratio is 1.133 for high R, bars in concrete containing basalt coarse
aggregate, compared to 1.123 for conventional bars.

Splices with transverse reinforcement

Ty is compared with NAy/n in Fig. 4.8 for No. 5, No. 8 and No. 11 bars
in normal-strength concrete containing “normal” amounts of limestone coarse
aggregate (NNL). Fig. 4.8 shows that, as observed by Darwin et al. (1995a, 1996a),
relative rib area and bar size affect the additional splice strength due to confining
transverse reinforcement, with the value of Ty/f"; " increasing with an increase of R,
or bar size. The same observation can also been made in Fig. 4.7 for No. §
conventional bars and 8N3 and 11F3 high R, bars in high-strength concrete and in

Fig. 4.9 for 8NO, 8N3 and 8F1 bars in NNB concrete.

4.3.2 Limitation of Rib Width/Spacing Ratio

Studying the effect of rib width on bond strength is important for high R, bars
because the ribs of high R; bars are closer than those of conventional bars. In a study
using machined bars [bars fabricated from cold rolled steel with 1 in. (25.4 mm)
diameter, bamboo deformation pattern, flat top surface of ribs, and 60° deformation
face angle] in beam-end specimens, Tholen and Darwin (1996) observed a significant
reduction in bond strength if the rib width/spacing ratio is greater than 0.67 for the
bars not confined by stirrups and 0.45 for the bars confined by stirrups (in this case,
the rib width/spacing ratio represents the ratio of the width of rib top surface to

center-to-center spacing between ribs). Their observations indicate the following
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fact: if ribs are too close, not enough concrete will be between the ribs to resist the
shear force transferred from the ribs, resulting in pullout rather than splitting failure,
reducing the bond strength.

All of the bars tested in this study and by Darwin et al. (1995a, 1996a)] had
flat top rib surfaces. It has to be noted, however, that not all commercially produced
reinforcing bars have flat top surfaces. Many have rounded top rib surfaces, which
raises a question as to how to determine the rib width. From a practical point of
view, the argument can be made that rib width measured at a2 fraction of the rib height
(for example 1/2 or 3/4) would have more meaning than the width at the top of the
rib. In the current study, measurements are made at the top and bottom of the ribs.
The rib widths at 1/2 and 3/4 rib height are then determined based on interpolation.
The measurements of the rib widths and average rib width/spacing ratios for all of the
bars tested in this study and by Darwin et al. (19952, 1996a) are given in Table 4.6.

The effect of rib width on the splice strength of rolled bars is investigated
using the 8N3 and 8N1 bars. The bars have similar values of R, (R, = 0.119 for 8N3
bar and 0.121 for 8N1 bar), while the 8N3 bar has a smaller rib width/spacing ratio
than the 8N1 bar: the rib width/spacing ratios are .303 and 0.363 at 3/4 rib height for
the 8N3 and 8N1 bars, respectively, and 0.362 and 0.438 at 1/2 rib height.

Table 4.7 compares splice strength test/prediction ratios for N3 and &N1 bars
with splices not confined by stirrups in concrete containing limestone coarse
aggregate. The average test/predication ratio for six specimens containing 8N3 bars
is 0.980. The average test/prediction ratio for four specimens containing §N1 bars is
0.998. The comparison shows no measurable difference between the 8N3 and 8NI
bars. However, the picture changes for the splices confined by stirrups. As shown in

Fig. 4.10, the 8N1 bars show a significant reduction in the additional splice strength
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due to confinement by stirrups, compared to the 8N3 bars. In Fig. 4.10, the intercepts
of the best-fit lines (Ty/f"."* versus NAw/n) are forced to be zero for an easier
comparison. Although the relative rib area of the 8N1 bar is slightly greater than that
of the 8N3 bar, the slope of the best-fit line for 8N1 bars (2077) is 25% lower than
that for the 8N3 bars, indicating that the additional bond strength, Ty/f"."*, is 25%
lower for the 8N1 bars than for the 8N3 bars. In the tests, the concrete at the interface
was crushed and sheared off along the whole splice length for the N1 bars,
indicating a pullout failure. For the 8N3 bars, however, only the concrete near the
discontinuous ends of the spliced bars was crushed. This observation supports the
conclusion by Tholen and Darwin (1996) that a reduction of bond strength occurs if
bar ribs are too close, or more precisely if b width/spacing ratio is higher than a
certain limit.

It is noted that the rib width/spacing limit for high R, bars (0.45)
recommended by Tholen and Darwin (1996) is based on the tests of beam-end
specimens with machined bars. The rib widths of the machined bars are constant
around the ribs. For the commercially produced bars used in this study, however, the
rib widths vary around the ribs. The rib widths presented in Table 4.6 represent
average values. Table 4.6 shows that the 8N1 bar has the greatest rib width/spacing
ratio of the bars used in this study. The 5C3 bar has the next highest value of rib
width/spacing ratio (0.385 at 1/2 rib height and 0.318 at 3/4 rib height). However,
since no specimens with SC3 bars confined by stirrups were tested, this bar cannot be
used in the current evaluation. The next highest rib width/spacing ratio is 0.362 at
1/2 rib height and 0.303 at 3/4 rib height for the 8N3 bar or 0.358 at 1/2 rib height
and 0.314 at 3/4 rib height for the 5C2 bar. The test results (presented in Chapter 4)
indicate that, with the exception of the 8N1 bars, all of the high R, bars in Table 4.6
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exhibited good performance. Therefore, based on the bars tested in this study and by
Darwin et al. {1995a, 1996a), safe upper bounds on rib width/spacing ratio for high R,
bars appear to be 0.36 at 1/2 rib height and/or 0.31 at 3/4 rib height. Somewhat
higher limiting values on the rib width/spacing ratio may exist, but additional tests are

needed before those values can be established.

4.3.3 Flexural Crack Density and Width

Tholen and Darwin (1996) evaluated the load-deflection and moment-rotation
behavior of the beams containing continuous conventional and high R; bars. They
concluded that an increase in relative rib area does not affect the displacement and
moment-rotation behavior of beams. They also found that the crack patterns and
distribution of flexural cracks are nearly identical for matched pairs of beams
containing conventional and high R, bars.

To further understand the flexural crack behavior of members containing high
R, bars, the crack density, maximum flexural crack width along each crack, and the
sum of the crack widths on the center lines of the beams in the constant moment
region outside of the splice region were measured at estimated bar stresses of 20, 30,
and 40 ksi (138, 207, and 276 MPa). Fifteen matched pairs of specimens contained
high R; and conventional bars. The flexural crack density is obtained by dividing the
total number of cracks in the constant moment region outside of splice region by the
corresponding length. The concrete strength of the specimens ranged from 5230 to
15650 psi (36 to 108 MPa). The bars in the specimens included No. 8 and No. 11
high R; and conventional bars (8C1, 8F1, N1, 8N3, and I1F3 high R, bars and
8COA, 8NO, and 11B0 conventional bars). The flexural crack densities, maximum

crack widths, and sums of the crack widths at a bar stress of 40 ksi (276 MPa) are
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given in Table 4.8. The values at the bar stresses of 20 and 30 ksi (138 and 207 MPa)
are given in Tables 4.9 and 4.10.

The ratios of flexural crack density, maximum crack width, and sum of crack
widths of the specimens with high R, bars to the same properties of the specimens
with conventional bars for the matched pairs are used for comparison. As shown in
Table 4.8, at a bar stress of 40 ksi (276 MPa), the ranges of the flexural crack
densities are identical for high R; and conventional bars [from 1.615 to 3.692
cracks/ft (5.299 to 12.113 cracks/m)]. The maximum crack widths range from 0.006
to 0.013 in. (0.152 to 0.330 mm) for high R, bars and from 0.006 to 0.014 in. (0.152
to 0.356 mm) for conventional bars. The ranges of the sum of crack widths are also
identical for high R, and conventional bars [from 0.048 to 0.079 in. (1.129 to 2.007
mm)]. The comparisons show that, at a bar stress of 40 ksi (276 MPa), there is no
measurable difference in flexural crack density or maximum crack width between the
beams containing high R, and conventional bars; the average flexural crack density
ratio and the average maximum crack width ratio for the 15 matched pairs of
specimens are 1.019 and 0.999, respectively. However, the sum of crack widths is
slightly smaller for the beams with high R, bars than for the beams with conventional
bars, with an average ratio of 0.940. Similar observations can be obtained at the
lower bar stress levels [20 and 30 ksi (138 and 207 MPa), Tables 4.9 and 4.10].
These comparisons indicate that an increase in relative rib area may result in a small

reduction in total crack width, but does not otherwise affect the flexural crack

behavior of beams.



CHAPTER 5: DEVELOPMENT LENGTH CRITERIA

5.1 General

Darwin et al. (1995b, 1996b) carried out a statistical analysis, based on a data
base including 133 development and splice specimens in which the bars were not
confined by transverse reinforcement and 166 specimens in which the bars were
confined by transverse reinforcement, to develop tensile bond design criteria. The
expressions (Egs. 1.9 and 1.10) that were developed using regression techniques
accurately represent the development and splice strength of reinforcing bars. One of
the important observations from the analysis is that the 1/4 power of the concrete
compressive strength better represents the effect of concrete strength on the
development and splice strength than the 1/2 power which has been traditionally
used. The expression (Eq. 1.10) for the development and splice strength of bars
confined by transverse reinforcement includes the effect of the bar relative rib area.
The reliability-based strength reduction factor, ¢4 = 0.9, included in the design
equation for determining development/splice length (Eq. 1.11) was developed using
Monte Carlo analyses (Darwin et al. 1995¢, Idun and Darwin 1995).

The data base used by Darwin et al. {1995b, 1996b) included only a small
number of specimens containing high-strength concrete [HSC, {'; > 3000 psi (55.2
MPa)], 9 out of 133 specimens in which the bars were not confined by transverse
reinforcement and 11 out of 166 specimens in which the bars were confined by
transverse remforcement.

In this chapter, the design criteria for development and splice lengths are
reevaluated using techniques similar to those used by Darwin et al. (1995b, 1995¢,

1996b). The reevaluation is based on a larger data base that includes the test results
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used by Darwin et al (1995b, 1996b) plus additional test results from the current
study and elsewhere (Kadoriku 1994, Hatfield et al. 1996). The new data base
includes 171 specimens containing developed or spliced bars not confined by
transverse reinforcement and 245 specimens containing bars confined by transverse
reinforcement. All of the specimens in the data base are bottom cast. Compared to
the data base used by Darwin et al. (1995b, 1996b), the number of specimens
containing high strength-concrete has increased from 7% to 19% (32 out of 171) for
bars not confined by transverse reinforcement and from 7% to 25% (62 out of 245)
for bars confined by transverse reinforcement. The power of concrete compressive
strength (f'.), p, used to characterize the effect of concrete strength on the
development/splice strength is studied and a strength reduction factor, ¢, for a new
design equation is obtained using Monte Carlo simulation. The new expressions are

compared to the design expressions in ACI 318-95.

5.2 Bars Not Confined by Transverse Reinforcement
5.2.1 Development/Splice Strength Model and Variables

The development/splice strength model developed by Darwin et al. (1995b,
1996b) is used in this study. The model is obtained as follows.

At first, a dummy variable regression analysis (Draper and Smith 1981) based
on bar size is carried out comparing Aufy/f’s (test) versus ly(Cmiz + 0.5 dp). The slope
of the relationship (coefficient C,) and intercept at Ayfy/f’y = 0 (coefficient Cy) for
each bar size can then be determined. The values of C, are roughly proportional to
the bar area. Therefore, a weighted average multiplier for Ay, (Cs) is determined for

the full data set. Replacing C; by C;3A,, the expression becomes
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= - %_:;_ = Cyly(Cp +05 dy) + C4A, (5.1)
[+

<

Using the right side as the predicted strength, another dummy variable analysis based
on bar size is carried out for the test/prediction ratio, T/P, VErsus Cmax/Cmin. Cmin and
Cmax are the minimum and maximum of ¢, (bottom cover) and ¢, in which ¢ is
defined as the smaller value of ¢, (side cover) and the effective value of ¢y (one-half
of the clear spacing). The slope of the relationship (coefficient C4) and intercept at

T/P = 0 (coefficient Cs) for each bar size are then obtained. This gives an expression

of the form

Ioc,Sm s, (5.2)
P Cmin

Replacing the individual values of Cs by the weighted average intercept, Cs,
combining Eq. 5.1 with Eq. 5.2, and adjusting the coefficients C;, C;, C4, and Cg, s0

that the term (C4 Ciax/Cmin + Cs) = 1 at Crax/Cmin = 1, gives the final equation as

T, AL Crnax
..t;.'_% = ..E‘zf_ = [K lq(Cp, +0.5d,) +K,A, ] (K3 o + KJ (5.3)
[+ c min
in which
Ki = C1 (C4 + C6)
K; =C3 (C4 + Cg)
Ks = Cal(Ca + Cg)
Ky = C/(Cs + Ce)
Ay = single developed or spliced bar area, in in.?

f; = bar stress at failure, in psi
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£ = concrete compressive strength, in psi

la = development or splice length, in in.

Cmins Cmax = IMIMmuIm or maximum value of ¢, or ¢y

Cs = min(cs,, effective ¢ ), In in.

Te = Apf; in Ib, £7;°, in psi.

For illustration, the coefficients C; and K| are provided in Tables 5.1 and 5.2 for an
effective value of ¢y = ¢ + 0.25 in. and for p = 1/4 and 1/2, respectively.

The left side of Eq. 5.3 represents the experimental development/splice
strength, while the right side represents the predicted development/splice strength.
The relationship between development/splice strength and development/splice length
is linear, but not proportional. The power of {, p, should be suitable to characterize
the effect of concrete strength for both normal and high strength concrete.

Effect of concrete cover and bar spacing

Figs. 5.1a and 5.1b show the splitting failure modes for bond. In Fig. 5.1a, the
concrete bottom cover, Cy, is smaller than either the concrete side cover, ¢y, Or One
half of the bar clear spacing, ¢y, and, therefore, controls the splitting failure. In Fig.
5.1b, the side cover or one-half of the bar clear spacing is smaller than the bottom
cover and, therefore, controls the splitting failure. In AC]I 318-95, the effective value
of ¢y is equal to ¢g. In the Canadian code (CSA Standard A23.3-94), however, a
greater value (two-thirds of the center-to-center spacing of the bars being developed
minus one-half of the bar diameter = 4/3 ¢ + 1/6 dy) 1s used as the effective value of
csi. Darwin et al. (1995a, 1996a) found that using ¢ + 0.25 in. as the effective value
of ¢ gives a better match between test development/splice strength and predicted
strength than using the actual value of ¢, The fact that the effective value of ¢ is

greater than the actual value is most likely “due to the longer effective crack lengths

—
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that occur when concrete splits between the bars” (Darwin et al. 1995b, 1996b) (Fig.
5.1b).

In this study, two approaches are used to find the best definition for the
effective value of cg, (1) adding a constant value to cg and (2) multiplying ¢ by a
constant. A series of dummy variable analyses are carried out based on bar size,
using Eq. 5.3 and the 171 test resuits for the bars without confining transverse
reinforcement. Different values of the power of ', p, and different values of the
constants that are added to or multiplied by cy are evaluated. The coefficients, K;,
K3, K4, and K, for the different values of p (from 0.20 to 0.50) and different effective
values of ¢y {(from 1.0cg to 1.7¢cg and from ¢y + 0.24 in. to ¢y + 0.40 in.) are
surnmarized in Table B.1.

The analyses show that using 1.6c; as the effective value of cy; gives the best
match (smallest value of coefficient of variation, COV, for the test/prediction strength
ratios using Eq. 5.3) for the values of p evaluated. Table 5.3 gives the comparisons of
the overall test/prediction ratios for different powers of f’. and different effective
values of ¢y (¢, ¢ + 0.25 in., and 1.6¢g). The overall test/prediction ratios using all
definitions of the effective ¢y are given in Table B.2. Table 5.3 shows that, for each
definition of the effective ¢y, p = 0.25 gives the smallest COV. For p = 0.25, the
values of COV are 1.072, 1.043, and 1.026 for effective values of c; equal to cg, Csi +
0.25 in., and 1.6¢g, respectively, Table 5.3 also shows that for a given definition of
the effective value of ¢, the COV is largely msensitive to p for values between 0.24
and 0.26 (COV’s are between 0.1072 and 0.1073 for cg, , between 0.1043 and 0.1044
for ¢ + 0.25 in., and between 0.1026 and 0.1027 for 1.6¢g). When adding a constant

to cg, for the range studied, the COV decreases with an increase in the constant, but is

greater than the COV for 1.6¢y;.
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Although 1.6¢5 gives the best match for development/splice strength for bars
not confined by transverse reinforcement, it does not give the best results for bars
confined by transverse reinforcement. A later analysis for bars confined by
transverse reinforcement (Section 5.3) shows that 1.6¢y; overestimates the effective
crack length between confined bars. Using 1.6cg, the assumed splitting cracks
change from a horizontal plane (clear spacing between developed/spliced bars
controls, Fig. 5.1b) to a vertical plane (bottom cover controls, Fig. 5.1a) for some
specimens in which splitting was actually controiled by the clemigﬁ\/spacing. Based
on the observations described in Section 5.3, ¢ + 0.25 in. is selected as the effective
value of c¢gq for development/splice designs both with and without transverse

reinforcement.

For an effective value of ¢ = ¢y + 0.25 in. and p = 1/4, Eq. 5.3 becomes

PT;H - ?bﬂf; =[598 1,(cpy +05 d,)+2350 A,] [0.1"—“*—+ 0.9) (5.9)
Crnin

By way of comparison using the effective value of ¢y = ¢y + 0.25 in. along with the

more traditional value p = 1/2, Eq. 5.3 becomes

;},2 = ?bf;s =[845 1, (Cpyp +05d,)+1776 A, ] (0.179—% + o.ss} (5.5)
c Cmin

In Eqgs. 5.4 and 5.5, Cmax/Cmin < 3.5, since test data are not available for larger values.

Effect of concrete strength

The previous analysis shows that p = 1/4 gives the lowest COV for the beams
in the data base. The COV, however, only gives the relative accuracy of the

predicted results for the data base, as a whole. It does not represent a measure of



66

accuracy for specific values of f;. Darwin et al. (1995b, 1996b) found that the
traditional p = 1/2 gives a good representation of bond strengths for concrete
compressive strengths between 4500 and 7500 psi (31.0 and 51.7 MPa), while p = 1/4
gives a good representation for both normal and high strength concretes [f'; between
2160 and 15,120 psi (14.9 and 104.3 MPa)].

In this study, the test results of the 171 specimens containing bars without
transverse reinforcement are plotted versus the results predicted by Eq. 5.5 (p = 1/2,
and cy; + 0.25 in. as the effective value of ¢;), using dummy variable regression based
on concrete strength (Fig. 5.2). The concrete compressive strengths are classified
into eight groups, 2500 to 3500 psi (17.2 to 24.1 MPa), 3500 to 4500 psi (24.1 to 31.0
MPa), 4500 to 5500 psi (31.0 to 37.9 MPa), 5500 to 6500 psi (37.9 to 44.8 MPa),
6500 to 10,500 psi (44.8 to 72.4 MPa), 10,500 to 13,500 psi (72.8 to 93.1 MPa),
13,500 to 14,500 psi (93.1 to 100.0 MPa), and 14,500 to 16,100 psi (100.0 to 111.0
MPa).

As observed by Darwin et al. (19962, 1996b), in Fig. 5.2, the best-fit lines
representing the categories of concrete strength are scattered, and the intercepts of the
best-fit lines decrease as concrete strength increases, indicating that using p = 1/2
gives a biased prediction of development/splice strength.

Based on these observations, a series of dummy variable analyses is applied
for test versus predicted bond strength based on concrete strength, using cg + 0.25 in.
as the effective value of ¢y and different powers of {’, p. The range of the relative
intercepts is used to evaluate the spread of data for different values of p. A relative
intercept is obtained by dividing the intercept of the best-fit line representing each
concrete strength group by the range between the maximum and minimum predicted

bond strengths obtained for the data base using Eq. 5.3. A smaller range of the
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relative intercept represents a lower spread of the data. The analysis results are given
in Table 5.4, and the ranges of the relative intercepts are plotted versus the power of
. in Fig. 5.3. As shown in the figure, p = 0.24 gives the smallest range of the
relative intercepts, matching the results obtained by Darwin et al. (1995a, 1995b).
Considering the analysis results for the effect of concrete cover and bar spacing (p =
1/4 gives the lowest COV) and for convenience, p = 1/4 is selected for characterizing
the effect of concrete strength, as shown in Eq. 5.4.
Test bond strengths are plotted versus predicted bond strength using p = 1/4
(Eq. 5.4) and dummy variable analysis based on concrete strength in Fig. 5.4. The
best-fit lines for the different categories of concrete strength nearly coincide,
indicating that f,"* accurately represents the effect of concrete strength on the

development/splice strength of bars not confined by transverse reinforcement.

5.2.2 Comparison with Test Results

Specimen properties, test results and the predicted results using Eqgs. 5.4 and
5.5 for the 171 specimens are presented in Table 5.5. As shown in Table 5.5, the
mean ratio of test-to-predicted strength is 1.0 using both the 1/4 and 1/2 powers of ',
with a coefficient of variation (COV) of 0.104 using the 1/4 power of f'; and a COV
0f 0.152 using the 1/2 power of £.. The ratios of test-to-predicted strength using Eqs.
5.4 and 5.5 are plotted versus concrete compressive strength, f';, for the 171 test
specimens in Figs. 5.5a and 5.5b, respectively. Fig. 5.5a shows that the best-fit line
for the 1/4 power of f'; is virtually horizontal, indicating that there is no bias in the
predication of development/splice strength using Eq. 5.5 as a function of concrete
strength over the range of f'; evaluated (2610 to 15650 psi). However, as foretold by

Fig. 5.2, Fig. 5.5b shows that the test/prediction ratio decreases as concrete strength
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increases. The use of the 1/2 power of f’, obviously overestimates the
development/splice strength for high-strength concrete. This, again, indicates that the
1/4 power of . does a better job than the 1/2 power of f'. in characterizing the

contribution of concrete strength to bond.

5.3 Bars with Confining Transverse Reinforcement
The additional bond strength provided by transverse reinforcement can be
determined using Eq. 5.6, based on the assumption that the maximum bond force in a

bar at development/splice failure is expressed as the sum of a concrete contribution,

T, and a transverse reinforcement contribution, Ts.

Ts=Tp-Te (5.6)

in which, Ty is the experimental bond force and T, is determined using Eq. 5.4.

The test results of Hester et al. (1991, 1993) , Darwin et al. (1995a, 1996a)
and this study are used for the following analysis and the analyses presented in
Sections 5.3.1 through 5.3.3 because similar materials, test specimens, and test
procedures were used. The test results for the 8N1 bars confined by transverse
reinforcement are not used in this chapter because the 8N1 bars had a high ratio of rib
width to rib spacing, which increased the tendency for a pullout failure and caused a
reduced bond strength compared to that of bars with lower ratios of rib width to rib
spacing (see Chapter 4).

The analysis presented in Section 5.2.1 shows that using 1.6¢;; as the effective
value of ¢ gives the best match between test and predicted results for bars not
confined by transverse reinforcement. However, for bars confined by transverse

reinforcement, 1.6¢y; does not give good results. Comparisons of TJ/f%"* versus the
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effective transverse reinforcement, NAw/n [N = number of stirrups in the splice
region, Ay = area of each stirrup or tie crossing the potential plane of splitting
adjacent to the bars, and n = number of bars being developed or spliced; Darwin et al.
(1995b, 1996b) demonstrated that Ty/f." is a function of NAw/n], show that, in
general, ¢ + 0.25 in. produces a better match with test results (higher coefficient of
determination, r°, for Ty/f".""* versus NAy/n) than 1.6¢; or the other definitions of the
effective value of c. Table 5.6 gives the comparisons of the values of r* for
specimens with bars confined by transverse reinforcement in normal strength
concrete. In the 11 groups of bars, the values of r* are highest for 6 groups of bars
when using the effective value of ¢ = ¢ + 0.25 in. (SN0, 8C1, 8F1, 8N3, 11F3, and
conventional No. 11 in the concrete with limestone aggregate), The values of t* are
highest for two groups when using the effective value of ¢y = 1.6¢c; (5C2 and
conventional No. 8 bars in the concrete with limestone aggregate). One group has the
same value of r* when using cg + 0.25 in. or 1.6¢cy; (8F1 bars in the concrete with
basalt aggregate) and two groups have the highest r* when using the actual cg (8NO
and 8N3 bars in the concrete with basalt aggregate ~ in this case the values of r* are
higher when using csi + 0.25 in. than when using [.6cg). 1.6¢y overestimates the
effective crack length between confined bars, which, in turn, overestimates the
concrete contribution to bond strength. An another disadvantage of using the larger
effective value of ¢ is that the assumed splitting cracks change from a horizontal
plane to a vertical plane for some specimens in which splitting was actually
controlled by the clear spacing. This incorrectly changes the value of NAy/n for
beams with more than two spliced bars, resulting in a lower r* (8C1 and 11F3 bars;
see Table 5.6). Based on these observations, ¢g *+ 0.25 in. is used for both confined

bars and bars not confined by transverse reinforcement.
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5.3.1 Effect of Concrete Strength

The evaluations of the test results presented in Chapter 4 show that high
strength concrete (HSC) produces a higher additional bond force due to transverse
reinforcement normalized with respect to f%:"* (Ty/f."") than normal strength
concrete (NSC). Therefore, a value of the power of ', p, higher than 1/4 is expected
to characterize the effect of concrete strength on Ts.

To capture the main behavior of developed/spliced bars confined by
transverse reinforcement as a function of ', values of p equal to 1/4, 1/2, 3/4 and 1.0
are selected to evaluate the effect of concrete strength on T,. In this case,
comparisons are limited to members cast with concrete containing limestone coarse
aggregate. The concrete strengths for specimens with bars designated as 8N3 (R, =
0.119) and 11F3 (R, = 0.127) and No. 8 conventional bars ranged from normal to
high strength. Therefore, these three bar patterns are used in the first step of the
evaluation. For each bar, T; normalized with respect to f ’cp 18 plotted versus NAg/n.
Then the best-fit lines for each value of p are obtained. In general, the closer the
coefficient of determination, r%, is to 1.0, the better the correlation between Ty/f Al
and NAy/n, which, in turn, indicates the better value of p to characterize the effect of
concrete strength. The values of r* for the different values of p are summarized in
Table 5.7. The results show that p = 3/4 produces the highest r* for high relative rib
area (R,) bars: 7> = 0.9160 for the 8N3 bars and r* = 0.6554 for the 11F3 bars. For
No. 8 conventional bars, p = 1.0 produces the highest r* (0.7136). For all three bar
patterns, p = 1/4 produces the lowest r* values (0.7618 for the 8N3 bars, 0.5718 for
the 11F3 bars and (.5104 for No. 8 conventional bars).

The values of Ty/f".> are plotted versus NAy/n in Figs. 5.6a and 5.7a for 8N3
and 11F3 bars, respectively. The values of Ty/f’; are plotted versus NA./n in Fig.
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5.8a for No. 8 conventional bars. The figures show that when the additional bond
forces, Ts, are normalized with respect to £.>* for 8N3 and 11F3 bars and f”; for No.
8 conventional bars, the data points for HSC and NSC overlap, resulting in the higher
values of the coefficient of determination. For comparison, the values of Ty/f ' are
piotted versus NAy/n in Figs. 5.6b, 5.7b, and 5.8b for 8N3, 11F3, and No. 8
conventional bars, respectively. These figures show that the bond forces normalized
with respect to £/, are higher for HSC than for NSC.

These observations also suggest that the effect of R, on bond strength may be
less for HSC than for NSC, matching the observations described in Chapter 4. To
derive a single equation for both high R, and conventional bars, p = 3/4 is initially
selected for characterizing the effect of concrete strength on the additional bond
strength due to transverse reinforcement. This selection will be verified and the other
values of p (1/4, 1/2, and 1.0) will be used for further evaluation of the effect of
concrete strength and for comparisons in the later analyses, including a wider range
of test data.

Figs. 5.9 and 5.10 compare Ty/f’."* versus NAg/n for splices confined by
transverse reinforcement and cast in concretes containing limestone and basalt coarse
aggregates, respectively. The figures illustrate that, in general, TS/ increases with
increasing relative rib area, as well as with increasing bar size, matching observations
by Darwin et al. (19952, 1996a) for the bars cast in normal strength concrete and
using . to normalize T,. The slopes, intercepts, and coefficients of determination
of the best-fit lines for all of the test bars are given in Table 5.8. p = 1/4 gives the
highest r* for five bar sizes and patterns that were tested only with normal strength
concrete (No. 11 conventional, SC2, and 8C1 bars in the concrete with limestone and

8F1 and 8NN3 bars in the concrete with basalt. For two other bars cast only with NSC
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(No. 5 conventional and 8F! bars in the concrete with limestone) p = 1.0 gives the
highest r*. As described before, for high R, bars cast in both NSC and HSC (8N3 and
11F3) p = 3/4 gives the highest r?, while for conventional bars cast in both NSC and
HSC concrete (No. 8 conventional bars), p = 1.0 gives the highest r*. In the cases
where p = 1/4 gives the highest values of r, r* is not particularly sensitive to p, while
in cases where p = 3/4 or larger gives the highest values of I, 1 exhibits significant
sensitivity to p.

The next step of the analysis is to establish the relationship between the
additional bond strength due to transverse reinforcement, T, and parameters such as
relative rib area, R,, bar size, dy, effective transverse reinforcement, NAy/n, and
power of ', p. Procedures similar to those used by Darwin et al (1995a, 1996a) are
used in this study.

Based on the results of the best-fit lines for each group of data presented in
Table 5.8, the relationships between T¢/f’; and NAu/n are replaced with linear

functions that have zero intercept at NAy/n = 0 and cross the best-fit lines at NAy/n =

1.0, taking the form

TS
f

= (m+b) NA, _ M NA, (5.7)
n n

c

in which m and b are the slope and intercept of the best-fit lines, receptively,
corresponding to the values of p presented in Table 5.8. In Eq. 5.7, M is the modified
slope which combines the effects of relative rib area and bar size in one parameter.
The expression provides a conservative representation for the relationship between
Ty/f' and NAg/n for the test bars with a positive intercept, which is the case for most

of the bars (1 high R; and 1 conventional bar for p = 1/4 and 1/2, 2 high R, and 1
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conventional bar for p = 3/4, and 3 high R, and 1 conventional bar for p = 1.0 have
negative intercepts). It is found that using NAw/n = 1.0 to establish the modified
slope gives a better match with the test results. Therefore, M = m + b is used in Eq.
5.7. The differences in the procedures to establish Eq. 5.7 between this study and the
previous study (Darwin et al. 1995b, 1996b) are (1) different powers of ', are
evaluated in this study and (2) the modified slope, M, is obtained based on NAy/n =
1.0, M= m+ b, in this study, instead of NAy/n = 2.0, M= (2m + b) /2.

5.3.2 Effect of Relative Rib Area

To determine the effects of R, and bar size on T, it is first assumed that
changes in T; due to changes in R, are independent of bar size and concrete
properties. For p = 3/4, the values of M developed using Eq. 5.7 are plotted versus R,
in Fig. 5.11 for No. 5, No. 8, and No. 11 bars cast with concrete containing limestone
coarse aggregate and No. & bars cast with concrete containing basalt coarse aggregate
for the data provided in Table 5.8. In Fig. 5.11, each data point represents a single
value of R,, except that the weighted average values of R, are used for the

conventional No. 8 and No. 11 bars because a range of R, values was used for these

test bars.

The best-fit lines of M versus R, are obtained for each of the four groups of
test bars, as shown in Fig. 5.11, and the values of M corresponding to R, = 0.075
(My_.g075) are then determined using the best-fit equations, in which R = 0.075 is
the midway point in the range of conventional bars tested. The individual values of
M are normalized with respect to Mp _q;5 to obtain the factor t, =M/ My _qg7s
for each group of bars. This approach should, presumably, remove the effects of bar

size and concrete properties so that t; only represents the effect of R,.
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The values of t, are plotted versus R; in Fig. 5.12 for p = 3/4, and linear

regression yields the best-fit equation for p = 3/4 as
t, =9.6R, +028 (5.8)

with a coefficient of determination r* = 0.942,

Eq. 5.8 is identical to the equation developed by Darwin et al. {1995a, 1996a)
using test results for the bars in normal strength concrete and T, normalized with
respect to .. The strong correlation between t, and R, supports the initial

assumption of that the effect of R, on T, is independent of bar size and concrete

properties.

5.3.3 Effect of Bar Size

Once the effect of R, is determined, the effect of bar size on T can be
obtained by dividing the values of M by t, from Eq. 5.8. This step removes the effect
of R, from M and converts the original values of M to values corresponding to bars

with R, = 0.075. A linear regression of M/t, versus d, for the bars cast in limestone

concrete (Fig. 5.13) gives

M_ 20.7d, +5.77 (5.9)

T

with r* = 0.951.

Assuming that this expression can be generalized to the other concretes, Eq.
5.9 is normalized with respect to M/t, for dy = 1 in. to obtain an expression

representing the effect of bar size on Ts.



75

t, = 0.78d, +0.22 (5.10)

The values of m, b, M, Mg _q¢5, and M/t; using p = 3/4 are summarized in Table
5.9. Compared to the equation developed by Darwin et al. (1995a, 1996a) (t; =
0.72d;, + 0.28), the slope in Eq. 5.10 is slightly higher, while the intercept is slightly
lower.

For the other values of p (1/4, 1/2, and 1.0) the terms of t, and ty can be
obtained using the procedures described above. A summary of the best-fit equations
for t. and t4 terms using different values of p is presented in Table 5.10. It is noted
that using p = 1.0 produces the highest values of coefficient of determination, 1%, for t,
and t4 terms (r2 = 0.957 for t, and 1 = 0.970 for t4 as shown in Table 5.10). Lower
levels of r* for using p = 1/4 and 1/2 indicate less linearity in the relationships
between T, and the effects of R, and bar size. Although p = 1.0 appears to be the best
for the t, and ty terms, it is not selected for characterizing the effect of concrete
strength on T, because an analysis including a wider range of data (Section 5.3.4)
indicates that using p = 1.0 overpredictes T; for splices in high strength concrete.

For p = 3/4, the expression combining the effects of R,, dn, and NAy/n gives

t1sNAw/n = (9.6 R, + 0.28) (0.78dy + 0.22) NAw/n (5.11)

5.3.4 Expression for Development/Splice Strength
The additional bond strength contributed by transverse reinforcement

normalized with respect to f’cp (TS/f ’cp) can be expressed as a linear function of

ttaNAL/D.

FT*T=K,t t, N‘:" +K, (5.12)

T
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in which T, is in Ib; f%,” is in psi; t, and t, are given in Table 5.9 for each value of P;
for p = 3/4, the combined term of ttzNA/n is given in Eq. 5.11; and K, and K are
the slope and intercept that can be determined using regression techniques.

At first, a data base that includes 212 specimens containing uncoated bottom-
cast developed/spliced bars, including the 166 specimens used by Darwin et al.
{1995b, 1996b) and 46 specimens from the current study, is used to develop an
expression for T,. After the expression is developed, an independent set of tests from
Kadoriku (1994) is used to evaluate the appropriateness of the selected power of £,
and the accuracy of the expression. The independent set i1s then mcorporated in the
full data set to obtain an improved expression.

Darwin et al. (1995b, 1996b) found that specimens with lg/d, < 16 exhibit
especially low strengths and that the test/prediction ratios are consistently below 1.0
for the specimens with (c+Ky)/dy > 4.0 (see Eq. 1.12), in which Ky = 353 tt;NA/n,
tr = 9.6 R, + 0.28, and tg = 0.72 dp + 0.28. Their analyses showed that high values of
(c + Ky)/dp cause the mode of bond failure to change from splitting to pullout. With
pullout failure, bond strength is limited by the strength of the concrete between the
ribs of the bar rather than by the clamping forces provided by the surrounding
concrete and the transverse steel, which causes a drop in bond strength in relation to
the predicted strength. Therefore, the 49 specimens with l¢/d, < 16 and (¢ + Ky)/dy >
4.0 used by Darwin et al. are removed from the 212 specimens [Note: (¢ + Kq)/dy <
4.0 for all of the specimens containing splices confined by stirrups tested in the
current study].

With the data removed, a series of dummy variable analyses, based on study

and bar size, is applied using Eq. 5.12 for different values of p (1/4, 1/2, 3/4, and 1.0).
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The dummy variable regression technique is used to limit the effects on the analysis
of variations in concrete properties or other differences between test sites.

Of the remaining 163 specimens, R, is known for 152 specimens based on
measurements made on the bars or based on data provided in the original papers. The
other 11 specimens contained conventional bars for which R, is unknown and average
values of R,, obtained by Darwin et al. (1995b, 1996b) based on bar samples from
previous studies (Choi et al. 1990, 1991, Hester et al. 1991, 1993, Darwin et al.
1995a, 1996a, Rezansoff et al. 1991, 1993, and Azizinamini et al. 1995), are used.
For the 11 bars, the average values of R, are 0.0752 for No. 5 (16 mm) bars, 0.0748
for No. 6 (19 mm) bars, 0.0731 for No. 8 (25 mun) bars, and 0.0674 for No. 11 (36
mm) bars. For Canadian “metric bars” included in the data base (Rezansoff et al.
1991, 1993), the normal metric sizes are converted exactly to customary units for the
analysis. Concrete compressive strengths for the 163 specimens range from 1820 to
15,760 psi (13 to 109 MPa) [Note: specimen 15G-12B-P9 tested by DeVries (1991}
had the highest value of f';, 16,100 psi (111 MPa), in the data base. However, this
specimen is not used for the analysis because ly/dy is less than 16]. Values of R,
range from 0.059 to 0.140. Full data for the 163 specimens are included in Table
5.11.

The results of the dummy variable analyses are shown in Figs 5.14a-5.14d and
Table 5.12. Based on the dummy variable analyses and using weighted mean
intercepts at Ty/f "0 =0, the best-fit expressions are
forp=1/4,

T NA,

‘%7;5,—4 =1977(t b4 ) pmisa

c

with 2 = 0. 787;

+455 ‘ (5.13a)

n
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forp = 1/2,

ff;z = 247(t,ty ) or 3‘%—& +404 (5.13b)
with r* = 0.836;
forp=3/4,

Tim =30.9(t,ty )puya ﬁg& +359 (5.13¢)

with 2 = 0.858;
and forp = 1.0,

-gi- = 3823(t,ty ) puo ﬁﬁ-‘& +0322 (5.13d)
with 1* = 0.860,

Expregsions with higher values of * better represent the relationship between
Ty/f" and the selected combination of parameters. 1* is highest (0.860) for p= 10
For p = 3/4, I* (0.858) is just slightly lower. p = 1/4 produces the lowest value of
(0.786). The results indicate that, at this point, the selections of p = 1.0 and 3/4 give
the nearly same level of confidence.

Combining Eqs. 5.13a - 5.13d with Eq. 5.4, predicted strengths and
test/predicted strength ratios can be obtained for each value of p. The predicted
strength and test/predicted strength ratios for the 163 specimens are summarized in
Table B.3. The overall average of the test/predicted strength ratios is 1.0 for all of the
values of p evaluated. p = 3/4 provides the second lowest coefficient of variation,
COV (0.120), which is slightly higher than the lowest COV, provided by p = 1/2
(0.116). The COV is highest for p = 1.0 (0.132).

The COV values, however, only reflect the accuracy of the predictions for the
overall data base. The best value of p for éharacterizing the effect of concrete

strength should provide unbiased predictions for both NSC and HSC. This means
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that, for the appropriate value of p, the best-fit line of the test/predicted strength ratio
versus concrete compressive strength should be horizontal. To evaluate the power of
f'; that best characterizes the effect of concrete strength on T, 2 series of dummy
variable analyses is carried out, based on study, for test/prediction ratios versus f';
using Egs. 5.13a - 5.13d. The results of the dammy variable analyses are summarized
in Table 5.13 and Fig. 5.15. In Fig. 5.15, each line represents the best-fit line of
test/prediction ratio versus f%, with the slopes and weighted intercepts from the
analysis given in Table 5.13. The figure shows that the slope of the best-fit line
decreases with an increase of the value of p. p = 3/4 gives the smallest positive slope,
while p = 1.0 gives a negative slope. The best-fit line for p = 3/4 s virtually
horizontal. This indicates that, among the values of p evaluated (1/4, 1/2, 3/4, and
1.0), p = 3/4 gives the best predictions of bond strength for both NSC and HSC. The
use of p = 1.0 overestimates the bond strength for the bars in HSC. It seems that the
best value of p is between 0.75 and 1.0, (approximately 0.8, according to an
estimation based on the slopes of the lines shown in Fig. 5.15). For convenience, p =
3/4 is selected.

To evaluate the appropriateness of the selected value of p and the accuracy of
Eq. 5.13c, an independent set of 33 splice specimens tested by Kadoriku (1994) is
used to compare the test/prediction ratios for Egs. 5.13a - 5.13d and the
corresponding values of p. For this series, concrete compressive strength ranged from
3072 to 10,980 psi (21.2 to 75.7 MPa). A single bar size, 19 mm, was used. Since R,
was not reported, R, = 0.748 is used [the mean value for No. 6 (19 mm) conventional
bars (Darwin et al 1995b, 1996b)]. The specimen details are included in Table 5.11.
The test/prediction ratios using Egs. 5.13a - 5.13d are given in Table 5.14, The

comparisons indicate that Eq. 5.13¢ for p = 3/4 provides the lowest COV value
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(0.085) for the 33 specimens. The test/prediction ratios using different values of p
(1/4, 1/2, 3/4 and 1.0) are plotted versus f. in Fig. 5.16, showing the same
characteristics as in Fig. 5.15: p = 3/4 provides the smallest positive slope of the best-
fit lines and p = 1.0 gives a pegative slope. This analysis shows that, among the
values of p evaluated, p = 3/4 is the most appropriate for use in characterizing the
effect of concrete strength on Ts.

Adding the 33 specimens in the data base, a reanalysis is carried out using p =

3/4 for the 196 specimens, which yields

TS
4
c

NA,
n

=3098t.t, +391 (5.14)
with I = 0.855. The dummy variable analysis results are given in Table 5.15 and Fig,
5.17.

Combining Eq. 5.4 and Eq. 5.14, dropping the mean intercept, 3.91, replacing
N by l4/s, where s is the spacing of transverse reinforcement or ties, and solving for

the development/splice length, 14, gives

Ab[—;—j,—; - 2350[0.153-’fm + o.9ﬂ

c Crniu

(5.15)

I, =
59.8{(%“ +054,) [0.1°—M- + 0.9] + oszsmfc“]
(v

i sn

Modifying Eq. 5.15 to express lq in terms of dy by replacing A, by ndy,*/4 gives

{ f, -2350[0.1ﬁa-&+0.9)]
1 _ ' Cmin

14

L
4, 761 (”K“)
dy

(5.16)




81

in which ¢ = (Cmin + 0.5 d)(0.1Cmax/Cmin + 0.9) and Ke = (0.518 ttyAq/sn)f. 2. The
principal difference between the terms (¢ + Ky)/d, obtained in the current study and
the equation developed by Darwin et al. (1995b. 1996b) is that the K¢ from this study
includes the effect of concrete strength.

To examine the limits of (¢ + Kq)/dy using the new expression for K, the
test/prediction ratios based on the sum of Egs. 5.4 and 5.14 are plotted versus (¢ +
Kg)/dy in Fig. 5.18. The figure shows that the test/prediction ratios are below 1.0 for
the specimens with (¢ + Ky)/d, > 4.0. Based on this observation, a reanalysis is
carried out for the 191 specimens with (¢ + Ky)/dy, < 4.0. The results of the reanalysis

are given in Table 5.16 and Fig. 5.19. The best-fit expression changes only slightly
from Eq. 5.14.

[+

with * = 0.856.
Combining Eq. 5.4 with Eq. 5.17 gives the expression of total bond strength.

L _T*T _15981,(c,, +05d,)+2350 A, ] (0.19-“&+0.9)
C

T /4
', i min

+[31.14 tt, NA, +3.99] £\ (5.18)
n

Dropping the intercept 3.99 and solving for 1y in terms of A, and dy gives,

respectively,

¢ cmin

f; Cmax
Ab[wf' - 2350[0.1 Smex . 0.9”
(5.19)

I, =
5 0.9] +052 58 f‘j’zJ

sn

593[(%5,, +05d,) (0.1

Cmax
c
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Lo 2350[0.1 “mex 4 09)

— c

b 761 [ ct K“’)
d,

(5.20)

in which t, and tq are determined by Eqgs. 5.6 and 5.8, K = (0.52 tty/sn)f"."?, and (¢ +
;

Ky)/dpy < 4.0.

Egs. 5.18 - 5.20 are the final expressions for evaluating the bond strength of
bars confined by transverse reinforcement. The test/predicted strength ratios using
Eq. 5.18 and the new definition of K for the 213 specimens with lg/dy, > 16
[including 17 specimens with (¢ + Kg)/ds > 4.0, in which K¢ = 35.1 tt4As/sn
developed by Darwin et al. (1995b, 1996b)] are plotted versus (¢ + Ky)/dy in Fig. 5.20
to evaluate the test/predicted strength ratios versus {c + Ky)/d for all beams in the
data base with transverse reinforcement and lo/dy, > 16 . As before, the test/predicted
strength ratios for the additional 17 specimens are lower than 1.0. The test/predicted
strength ratios are plotted versus (¢ + Ky)/dy in Fig. 5.21 using Eq. 5.18 for the 191
specimens used to develop Eq. 5.18 and in Fig. 5.22 using Eq. 5.20, setting (¢ +
Ky)dy < 4.0, for all 213 specimens. The figures show that Eqs 5.18 - 5.20 provide
accurate predictions for specimens with (¢ + Ky) < 4.0 and the limit of (¢ + Ky)/dp <
4.0 is appropriate for development/splice designs.

The details for all 245 specimens with transverse reinforcement in the data
base, the predicted development/splice strengths using Eq. 5.18, and the
test/prediction ratios are given in Table 5.11. For the 191 specimens used to develop

Eq. 5.18, the average test/predicted strength ratio is 1.001 and the COV is 0.115. A
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comparison of the test and predicted results is shown in Fig. 5.23 for the 191

specimens.

For design purposes, Eq. 5.20 can be conservatively simplified by setting

Cmax/Cmin = | and dropping the 0.25 term in the definition of the effective ¢, (¢ + 0.25

in.), which gives

£
1 - 2350
o £ (5.21)
b 761 (”K*)
. db

in which ¢ = (Cuin + 0.5 db), Cmin = min (Cs, Cb), Cs = min (Cso, Csi). The definition of Ky

following Eq. 5.20 remains unchanged.

5.4 Effect of Bar Stress on Development/Splice Strength

An analysis by Darwin et al. (1995b, 1996b) demonstrates that yielding of
developed/spliced bars has no effect on the bond strength of bars not confined by
transverse reinforcement, and results in an increase in the bond strength of bars
confined by transverse reinforcement. Their conclusion does not support the concern
of others that yielding of developed/spliced bars will result in a reduction in bond
strength (Orangun et al. 1975, Harajli 1994). An evaluation of the test/prediction
results in the current study supports the conclusions of Darwin et al. (1995b, 1956b).

For the 19 specimens without transverse reinforcement that yielded prior to
bond failure [that is, the calculated bar stresses at the peak loads are greater than or
equal to the bar yield strengths (see Appendix A)], the test/predicted strength ratios
range from 0.754 to 1.262 with an average of 0.981, compared to the test/predicted
strength ratios for the 143 specimens that did not yield, which range from 0.732 to

1.317 with an average of 1.008. As before (Darwin et al. 1995b, 1996b), there is no
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significant effect of yielding on the bond strength of bars not confined by transverse
reinforcement.

Of the 191 specimens with bars confined by transverse reinforcement used to
develop Eq. 5.18, 43 specimens yielded prior to bond failure. The test/predicted
strength ratios range from 0.833 to 1.312 with an average of 1.088 for the 43
specimens and from 0.761 to 1.244 with an average of 0.971 for the 148 specimens
that did not yield. This comparison shows that yielding of bars with confining
transverse reinforcement results in an increase in bond strength, again matching the
observations of Darwin et al. (1995b, 1996b) and indicating that earlier concerns

about a reduction in bond strength due to yielding of bars were unwarranted.

5.5 Design Expression for Development/Splice Length
Egs. 5.18 - 5.21 provide predictions of development/splice strength. To

obtain design expressions, a strength reduction (¢) factor must be added to reduce the
level of risk caused by the variability in the applied loads and the resistance of the
members.

This section describes the calculation of a reliability-based ¢-factor for
developed/spliced high R, and conventional bars. Bars both with and without
confining transverse reinforcement are considered. A design expression for
development/splice length is obtained which incorporates the ¢-factor. The
development/splice lengths calculated for high R, bars are then compared to those
calculated for conventional bars. The design expression obtained from this study is

also compared to the expressions in ACI 318-95.
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5.5.1 Strength Reduction (¢) Factor
The approach used by Darwin et al. {(1995¢) to obtain the ¢-factor for boud,

by, is used in this study and is briefly described as follows.

Overall approach

Converting Eqs. 5.20 and 5.21 back to a form that can be used to predict Ty, =

Apf; gives, respectively,

T, =Af =" {[59.8 1,(c . +05d,)+2350A,] [o.lfa@- + 0.9)
C

+3114t t, Idﬁf'c“} (5.22)
sn
T, =Af =" {{59.3 1,(cy, +05d,)+2350A, ]+ 3114t t, Lﬁ&f’c‘“} (5.23)

in which t, and t4 are determined by Eqgs. 5.8 and 5.10, respectively; and ¢ (used to
determine Cmin and cmay) is defined appropriately in the expressions following Egs.
5.20 and 5.21, respectively. Eq. 5.23 is, in general, more conservative than Eq. 5.22,
but will provide the same strength as Eq. 5.22 when cyip = Crax.

It is noted that, in design, the bar force Auf; that appears on the left side of
Egs. 5.22 and 5.23, has already been increased by a factor of 1/¢, in which ¢ is the
strength reduction factor for the main loading, before development/splice design is
undertaken. So as not to double-count ¢-factors, the resistance to which the ¢y is
applied corresponds to ¢Ayf; (equivalent to the factored load) (Darwin et al. 1995¢).

That is,

dALf; > dp[right side of Eq. 5.22 or 5.23] (5.24)
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from which

Ayt > dbgfright side of Eq. 5.22 or 5.23] (5.25)

where ¢¢ = ¢u/0 is the effective ¢-factor for use in determining development/splice

lengths.
To obtain the value of ¢y, (and ultimately ¢a), 2 selection of the desired level of
reliability, represented by the reliability index (B), must be determined. The

expression of B for bond is obtained by Darwin et al. (1995c¢).

where

R X(DR,
_R_ 5.27
iy (5.27)

n

in which R is the random variable for resistance, X(1) is the test-to-predicted load
capacity random variable, and R, is the predicted capacity random variable; T and V;

are the mean and COV of'r, respectively; and q is loading random variable given by

QLJ'
X(DH)+X(3) =~
[(H ()(QD ]

(5.28)

13

in which X(2), X(3) = actual-to-nominal dead and live load random variables,

[%) = nominal ratio of live load (Qy) to dead load (Qp),
D/ 4



87

YD YL = load factors for dead and live loads,
q = mean value of g;
1 2
vt (3]
v, = P (5.29)
%0+ X5 2
Q./,

in which V,_ and V, are COV of Qp and Qr, respectively, X(2) and X(3) are

mean values of X(2) and X(3), respectively.

Solving for ¢, from Eq. 5.26 gives

Foov.2ave 2yl
By = e VTP - (5.30)

Resistance random variable

The resistance random variable, 1, is obtained from Eq. 5.27, in which X(1) is
based on a comparison of test results with Eq. 5.18. The mean of X(1), m, can be
obtained from the analyses presented in Sections 5.2 and 5.3: X(1) = 1.0 for bars
both with and without confining transverse reinforcement. The coefficient of
variation Vxq) is equal to the coefficient of variation associated with the predictive

equation (or model) itself, Vy, which can be represented as (Darwin et al. 1995c¢)

Vo= Vo' -V, =V, ? (5.31)

in which Vyp = COV obtained directly from the comparison of measured and
predicted bond strengths; Vs = COV representing uncertainties in the measured loads

and differences in the actnal material and geometric properties for the specimens
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from values used to calculate the predicted strength; and Vgp_= COV representing the
uncertainty due to the unknown values of R, for some members containing bars with
confining transverse reinforcement. For reinforced concrete, V, = 0.07 (Grant et al.
1978). Vy_ is zero for the members containing bars without confining transverse
reinforcement and is 0.02 for the bars with confining transverse reinforcement

(Darwin et al. 1995c). From Section 3.2, Vyp = 0.1043 for bars without confining

transverse reinforcement, resulting in V = J01043% ~0.07% = 0.077. From Section

5.3, Vop = 0.115 for bars with confining transverse reinforcement, resulting in

V., =~/0115% - 007% - 0.02% =0.089.
The individual values of the predicted capacity random variable, R,, are

obtained for hypothetical beams using the Monte Carlo method. R, can be

determined using Eq. 5.18 in terms of Apf;

R, =Af =" {[59.8 14(c i +05d, ) +2350A, ] (0.1 Cmex | 0.9]
c

min

+[31.14trtd N +3.99] f’cm} (5.32)
n _

The nominal strength, Ry, is calculated using Eq. 5.22 and 5.23 with the
specified concrete strength and the nominal dimensions of the member.

The expressions for the other variables included in R;, such as concrete
compressive strength, ', the developed/spliced length, 1, the member width, b, the
cover, ¢y, the side cover, ¢y, and the relative rib area R, are exactly the same as those

used by Darwin et al. (1995¢). These expressions are not repeated here.
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The mean values of r, T, and COV of r, V,, can be obtained using Monte

Carlo simulations of a selected number of beams. The normal distribution function is

used for all random variables.

Loading random variable
The term of q in Eq. 5.28 represents the loading random variable. It depends

on random variables X(2) and X(3), load factors for dead and live load, yp and ¥, and
the nominal live load-to-dead load ratio, (Qu/Qp)a. Yp and y. are selected as 1.4 and
1.7 as used for ACI 318-95 and AASHTO 1996, and as 1.2 and 1.6 as used for ASCE
7-97. Values of (Qu/Qp)n of 0.5, 1.0, and 1.5 are selected for evaluating the
reliability of reinforced concrete structures.

As with the study by Darwin et al. (1995¢), B = 3.5 is selected to ensure that
probability of a bond failure is lower than the probability of a failure in bending for
beams or in combined bending and compression for columns. It produces a
probability of failure equal to approximately 1/5 of that obtained with f=3.0 [B= 3.0
for reinforced concrete beams and columns (Ellingwood et al. 1980)].

For  reinforced  concrete, X(2)=Q,/Q,, =103, V,, =0.093,
X3)=Q,/Q, =0975, and V,_ =025 (Ellingwood et al. 1980 and Darwin et al.
1995¢), in which Q—D and 6,_ are the means of dead and live load random variables,
respectively, 69“ and am are the normal dead and live load random variables, and
Vo, and V,, are the COV’s of the dead and live load random variables.

Monte Carlo simulation

Sixty-three beams in which the bars are not confined by iransverse
reinforcement and 252 beams (in 4 groups of 63 each) in which the bars are confined
by transverse reinforcement are used for the simulations. The values of Iy for each

beam is calculated using Eq. 5.23, with the right side multiplied by an assumed initial
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value of 0.90 for ¢4 and f; = 60 ksi. Concrete strengths of 3000, 4000, 6000, 8000,
10,000, 12,000, 13,000, 14,000, 15,000, and 16,000 psi (21, 28, 41, 55, 70, 83, 90, 96,
103, and 110 MPa) are evaluated. The mean values of R;, 0.0727 and 0.1275, are
used for conventional and high R, bars, respectively, (Darwin et al. 1995¢). The data
for the beams used in the analysis are given in Tables 5.17a and 5.17b for bars not
confined and confined by transverse reinforcement, respectively.

One-thousand Monte Carlo simulations for each of the 63 beams without
transverse reinforcement and 250 simulations for each of the 252 beams with

transverse reinforcement are carried out, in which the predicted strengths are

calculated using Eq. 5.18.

Strength reduction factor
The individual predicted strengths are used to calculate the mean and COV of

r (T and V). § and Vi are calculated using Eq. 5.28 and Eq. 5.29 based on the
selected load factors (yp and y.) and live load-to-dead load ratios [(Qu/Qp)ul. b is
calculated using Eq. 5.30 and the value of ¢4 =¢/dp is then obtained. The results of
the analysis are presented in Table 5.18.
Load factors 1.4 and 1.7 - For Eq. 522 which is based on Eq. 520 (the more
accurate of the two equations), ¢y equals 0.975, 0.941, and 0.907 for bars without
confining transverse reinforcement at live-to-dead load ratios of 0.5, 1.0, and 1.5,
respectively, and 0.976, 0.950, and 0.921 (for R, = 0.0727) and 0.971, 0.944, and
0.914 (for R, = 0.1275) for bars with confining transverse reinforcement.

For the more simplified expression, Eq. 5.23 based on Eq. 5.21, ¢y equals
0.945, 0.923, and 0.897 for bars without confining transverse reinforcement at live-

to-dead load ratios of 0.5, 1.0, and 1.5, respectively, and 1.035, 1.012, and 0.985 (for
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R; = 0.0727) and 1.014, 0.990, and 0.962 (for R, = 0.1275) for bars with confining
transverse reinforcement.
Load factors 1.2 and 1.6 - The values of ¢4 increase slightly for load factors of 1.2
and 1.6 compared to load factors of 1.4 and 1.7 (Note: ending decreases to 0.8 from
0.9). The live-to-dead load ratio of 1.5 produces the lowest value of ¢4 using Eq.
5.22, ¢4 equals to 0.930 for bars without confining transverse reinforcement and
0.944 (for R, = 0.0727) and 0.937 (for R, = 0.1275) for bars with confining transverse
reinforcement. Using Eq. 5.23, the respective values are 0.920, 1.010, and 0.987.
Table 5.18 shows that the values of ¢q4 are greater for the bars with confining
transverse reinforcement than those without confining transverse reinforcement. An
increase in live-to-dead load ratio results in an decrease in ¢4 factors, matching the
observations of Darwin et al. (1995c). As with the results obtained by Darwin et al.
(1995¢), dq = 0.9 is generally conservative and satisfactory for application with Egs.

5.22 and 5.23 for both sets of load factors.

5.5.2 Design Expressions

Multiplying the right side of Eqgs. 5.22 and 5.23 by ¢q = 0.90, setting f; = £,

and solving for l¢/dy gives, respectively,

f, ¢
—r — 21001 01—+ 09
1 f'c Cmin

LI (5.33)
d, o [c+ Kkj
db
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1 2100
d c
faote (5.34)
d, 68 (C+K J
c,‘b

in which lg/dy > 16, ¢ = (Cpin + 0.5 ds) (0.1 Crmax/Cmin + 0.9) for Eq. 5.33 where ¢, =
min(Cs, ¢si + 0.25 in.) and ¢ = (cpin + 0.5 dy) for Eq. 5.34 where c¢; = min(¢s,, ¢si), Ker
= (0.52ttsAd/s0) £," < 4.0} O = min(Cs, C)s Crmae = MAX(Cs, O8), t = 9.6 Ry + 0.28,
andtdmo78db+02:>” g \j

Eq. 533 is sumlar to the equation developed by Darwin et al. (1995b, 1996b)
(Eq. 1.11 in Chapter 1), except that the constants in the denominator and numerator
are slightly different (2100 versus 1900 and 68 versus 72, respectively) and that the
definition of K, is different. In Eq. 1.11, the 1/4 power of f’; is used to characterize
the effect of concrete strength on T based on an analysis using a data base that
included only a small number of specimens cast with high strength concrete, which is
the same as the power used to normalize T,, the concrete contribution to bond
strength. Thus, Ky in Eq. 1.11 1s only a function of bar size, relative rib area, and
confining transverse reinforcement. In Eq. 5.33, the 3/4 power of f'; is used to
characterize the effect of concrete strength on T, based on the analysis of a larger data
base, including more specimens cast with high strength concrete. Therefore, K, in Eq.
5.33 is not only a function of bar size, relative rib area, and confining transverse

reinforcement, but also a function of 7,2

5.6 Comparison to ACI 318-95 Design Criteria

The major differences between Egs. 5.33 and 5.34 and the design criteria in

ACIT 318-95 are as follows.
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Eqgs. 5.33 and 5.34 are developed based on the data base containing 90%
splice specimens and 10% development specimens. Therefore, using Egs.
5.33 and 5.34 results in identical lengths for spliced and developed bars,
removing the requirement to multiply development lengths, 14, by 1.3 (ACI
318-95) to obtain splice lengths.

Development/splice length is a linear function of bar stress, f, or bar yield
strength, f, in Eqs 5.33 and 5.34, but not proportional to f; or fyas it is in ACI
318-95.

The effect of concrete strength is represented by f ,c1/4, instead of ,cuz’ for the
developed/spliced bars without confining transverse reinforcement and by
1.3 instead of f''? for the contribution to bond strength provided by
transverse reinforcement. The impact of these changes is greatest for high-
strength concrete. Eqgs. 5.33 and 5.34 can be applied for {%; up to 16,000 psi
(110 MPa). ACI 318-95 limits the value of £, to 100 psi [£, = 10,000 psi
(69.0 MPa)] due to a lack of data for high-strength concrete.

Egs. 5.33 and 5.34 take into account the effect of R, on development/splice
strength for bars confined by transverse reinforcement, producing shorter
development/splice lengths for high R, bars. R, 1s not considered in ACI 318-
95.

For the purpose of comparisons, the 63 hypothetical beams with bars not

confined by transverse reinforcement and the 252 beams with bars confined by

- transverse reinforcement used in Section 5.4.1 to determine the development/splice

strength reduction factor, as well as the data base used to develop Eqgs. 5.33 and 5.44,

are used to study the economy of conventional and high R, bars and the safety and

economy of the design criteria (1) developed in this study and (2) in ACI 318-95.
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Development/splice lengths are determined using Egs. 5.33 and 5.34 and the
“detailed” equation of ACI 318-95 (for development lengths, 14, and 1.3 14 for splice

lengths) which is (for bottom-cast uncoated bars in normal weight concrete)

L 35 v (5.35)
&)
db

where 13 (1) > 12 in. (305 mm); \/‘f.“: < 100 psi; ¥ = 0.8 for No. 6 and smaller bars
and 1.0 for No. 7 and larger bars; ¢ = min (Cy, Csp, Csi) + 0.5 dp; Kg = Agf/1500sn and
(c + Ko)fdy £ 2.5; 1 = yield strength of transverse reinforcement; s = spacing of

transverse reinforcement; and n = number of bars being developed along the plane of

splitting.

5.6.1 Bars not Confined by Transverse Reinforcement

Table 5.19 gives the calculated development and splice lengths and the
comparisons between Egs. 5.33 and 5.34 and the ACI 318-95 design criteria for the
63 hypothetical beams with bars not confined by transverse reinforcement. The
comparisons show that the ratios of development lengths obtained by Eq. 5.34 (the
more simplified expression) to those obtained using ACI criteria range from 1.061 to
1.407 for normal-strength concrete [f; < 8000 psi (55 MPa)], with an average of
1.165, and from 0.994 to 1.275 for high-strength concrete, with an average of 1.119.
The ratios of development lengths obtained by Eq. 5.33 to those obtained using ACI
criteria range from 0.796 to 1.194 for normal-strength concrete, with an average of
1.037, and from 0.874 to 1.275 for high-strength concrete, with an average of 1.047.
The ratios of splice lengths obtained by Eq. 5.34 to those obtained using ACI criteria

are between 0.816 to 1.082 for normal-strength concrete, with an average of 0.896,
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and between 0.764 and 0.980 for high-strength concrete, with an average of 0.861.
The ratios of splice lengths obtained by Eq. 5.33 to those obtained using the ACI
criteria are between 0.673 and 0.980 for normal-strength concrete, with an average of
0.806, and between 0.613 and 0.980 for high-strength concrete, with an average of
0.801. The comparisons indicate that Eqgs. 5.33 and 5.34 result in an increase in
development lengths and a decrease in splice lengths compared to the values obtained
under the provision of ACI 318-95. The comparison results are similar to those
obtained by Darwin et al. (1995b, 1996b).

Table 5.19 also compares development and splice lengths using different
equations for different bar sizes. The development lengths calculated using Eq. 5.33
is, on average, 6% and 10% longer than that calculated using the ACI criteria for No.
6 and No. 8 bars, respectively, but 2% shorter for No. 11 bars. Eq. 5.34 produces
11% to 15% longer development lengths than the ACI criteria for all bar sizes. Eqg.
5.33 produces 18% and 15% shorter splice lengths for No. 6 and No. 8 bars,
respectively, and about 25% shorter splice lengths for No. 9 and No. 11 bars
compared to the ACI criteria.

Table 5.20 and Figs. 5.24 through 5.26 compare test and predicted strengths
using Eq. 5.33 and the ACI criteria for specimens in the data base with bars not
coﬁﬁned by transverse reinforcement and Iy > 12 in. (305 mm) (137 specimens).
Using the ACI criteria, the factor of 1.3 is not applied for the spliced bars. The
comparisons show that Eq. 5.33 provides more accurate predictions than the ACI
criteria. The average test/prediction ratios using Eqg. 5.33 are 1.153, with a COV of
0.111, and 1.120, with an COV of 0.114 for No. 6 and smaller bars and No. 7 and
larger bars, respectively (Note: there are no specimens with No. 7 bars m the data

base), which are lower than those obtained using the ACI criteria, 1.219 with a COV
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of 0.264 for No. 6 and smaller bars and 1.219 with a COV of 0.291 for No. 7 and
larger bars, respectively.

The safety provided by Eq. 5.33 and the ACI criteria can be evaluated using
the percentage of the specimens with test/prediction ratios less than 1.0. The higher
the percentage is, the lower the safety margin. Fig. 5.24 compares the distributions of
test/prediction ratios using Eq. 5.33 and the ACI criteria for the specimens in Table
5.20. Using Eq. 5.33, 9% of the specimens have test/prediction ratios less than 1.0,
while using the ACI criteria, 18% of the specimens have test/prediction ratios less
than 1.0. Figs. 5.25 and 5.26 show the distributions of the test/prediction ratios for
the specimens with No. 7 and larger bars and with No. 6 and smaller bars,
respectively. For the specimens containing No. 7 and larger bars, 10% of the
specimens have test/prediction ratios less than 1.0 when using Eq, 5.33 versus 16%
when using the ACI criteria. For the specimens containing No. 6 and smaller bars,
the percentage decreases to 4% for Eq. 5.33, but increases to 32% for the ACI criteria
due to a use of the 0.8 factor for No. 6 and smaller bars. The latter percentage is
unireasonably high. Figs. 5.24 through 5.26 also show that the percentage of the
specimens with test/prediction ratios higher than 1.2 is higher when using the ACI
criteria than when using Eq. 5.33.

The comparisons indicate that, the new equations produce more accurate and
more economic results than the ACI criteria. A 10% or 20% percent saving can be
obtained for splice lengths using Eq. 5.34 or Eq. 5.33, compared to the ACI criteria.
The safety margin for the ACI criteria is lower than that for Eq. 5.33. Especially, for
No. 6 and smaller bars, the safety margin is much lower for using the ACI criteria

than for using the new equations.
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5.6.2 Bars Confined by Transverse Reinforcement
Comparison of high relative rib area bars with conventional bars

Table 5.21 compares the development and splice lengths calculated using Eq.
5.33, Eq. 5.34 and the ACI design criteria for the 252 hypothetical beams. The
average ratios of 1g for high R, bars to those for conventional bars are 0.862 and 0.835
using Eqs. 5.33 and 5.34, respectively, for normabstrengfh concrete and 0.958 and
0.900 for high-strength concrete. Similar to the observations by Darwin et al. (1995b,
1996b), average reductions of 14 and 16 percent in development and splice lengths
can be expected, depending on which of the expressions is used, with the use of high
R bars and normal-strength concrete. Using high-strength concrete, the reductions in
development and splice lengths using high R, bars decrease to 4 and 10 percent using
Eq. 5.33 and 5.34, respectively, because of the requirement that l4/dy, must be > 16.
Table 5.21 shows that, of the 112 beams with high-strength concrete,
development/splice lengths are limited to 16d, for 69 and 83 beams using
conventional and high R, bars, respectively, by Eq. 5.33 and 40 and 68 beams by Eq.
5.34. This results in the same development/splice lengths for both conventional and
high R, bars.
Comparison with ACI 318-95

As shown in Table 5.21, based on Egs. 5.33 and 5.34, development lengths for
conventional bars in normal-strength concrete, average 97 and 126 percent,
respectively, of those obtained using ACI 318-95, while splice lengths obtained with
the two expressions average 74 and 97 percent, respectively, of those obtained using
ACI 318-95; these percentages are reduced to 83 and 105 percent for development

lengths and 64 and 81 percent for splice lengths if using high R; bars.
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Using Egs. 5.33 and 5.34, development lengths for conventional bars in high-
strength concrete average 87 and 100 percent, respectively, of those obtained with
ACI 318-95, while the splice lengths average 67 and 77 percent, respectively, of the
splice lengths obtained using ACI 318-95; these percentages are reduced to 83 and
90 percent for development lengths and 64 and 69 percent for splice lengths if using
high R, bars.

Table 5.21 shows that the ratios of development/splice lengths calculated
using Eq. 5.33 or 5.34 to development/splice lengths calculated using the ACI criteria
are greater for small bars (No. 6) than for larger bars (No. 8, No. 9 and No. 11). On
average, the development lengths calculated using Eq. 5.33 are 4% longer than that
using the ACI criteria for No. 6 conventional bars, but about 10% shorter for No. 8
and larger conventional bars. The development lengths calculated using Eq. 5.34 are
39% and 8% longer than those obtained using the ACI criteria for conventional No. 6
and No. 8 bars. respectively, and 2% longer for conventional No. 9 and No. 11 bars.
For high R; bars the ratio of 14 (I5) calculated using Eq. 5.33 to that calculated using
the ACI criteria decreases significantly from 0.956 (0.735) for No. 6 bars to 0.778,
0.800, and 0.774 (0.599, 0.615, and 0.595) for No. 8, No. 9, and No. 11 bars,
respectively, and the ratio of 14 (I5) calculated using Eq. 5.34 to that calculated using
the ACI criteria decreases from 1.206 (0.928) for No. 6 bars to 0.929, 0.888, and
0.861 (0.715, 0.683, and 0.662) for No. 8, No. 9, and No. 11 bars, respectively. This
comparison not only indicates that, for high R, bars, the new equations produce
shorter development/splice lengths than the ACI criteria, but also raises a question as
to the safety of the ACI criteria and the new equations: for both conventional and
high R, bars, the ratios of l4 and 1, obtained using the new equations to those obtained

using the ACI criteria are higher for small bars (No. 6) than for larger bars (No. &,
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No. 9, and No. 11). The safety of the new equations and the ACI criteria is discussed
next.

Table 5.22 and Figs. 5.27 through 5.29 compare the test/prediction ratios
obtained using Eq. 5.33 and the ACI criteria for the specimens from the data base
containing bars confined by transverse reinforcement, with ly/dy, > 16 and 13 > 12 in.
(305 mm) (207 specimens). Table 5.22 shows that the average test/prediction ratio
using Eqg. 5.33 is greater for No. 6 and smaller bars (1.254, with a COV of 0.099) than
for No. 7 and larger bars (1.153, with a COV of 0.143), while the average
test/prediction ratio using the ACI criteria is smaller for No. 6 and smaller bars
{1.010, with a COV of 0.207) than for No. 7 and larger bars (1.357, with a COV of
0.270). The comparisons indicate that Eq. 5.33 provide a more accurate prediction
(smaller COV) than the ACI criteria. The difference between the test/prediction
ratios for No. 6 and smaller bars and those for No. 7 and larger bars is smaller when
using Eq. 5.33 than when using the ACI criteria. The average test/prediction ratio for
No. 6 and smaller bars is much smaller than that for No. 7 and larger bars when using
the ACI criteria.

Fig. 5.27 compares the distribution of the test/prediction ratios using Eq. 5.33
and the ACI criteria. Seven percent of the specimens have a test/prediction ratio less
than 1.0 when using Eq. 5.33. The number of the specimens with test/prediction
ratios less than 1.0 more than doubles to 16% when using the ACI criteria. Figs. 5.28
and 5.29 compare the distributions of the test/prediction ratios for No. 7 and larger
bars and for No. 6 and smaller bars, respectively. Fig. 5.28 shows that 7% of the
specimens containing No. 7 and larger bars have a test/prediction ratio less than 1.0
when using the ACI criteria, compared to 8% when using Eq. 5.33, indicating that,

for No. 7 and larger bars confined by transverse reinforcement, the safety margins of
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the ACI criteria and Eq. 5.33 are about the same. Fig. 5.29 shows that a whopping
56% of the specimens containing No. 6 and smaller bars have test/prediction ratios
less than 1.0 when using the ACI criteria, compared to 2% when using Eq. 5.33. The
ACI criteria are clearly unsafe for No. 6 and smaller bars. In practice, no failure has
been observed for No. 6 and smaller developed/spliced bars because other safety
factors are used in design. The fact is, however, that, compared to the other safety
factors used in design, the safety margin provided by the ACI criteria for No. 6 and
smaller bars is significantly lower than provided for No. 7 and larger bars.

Similar to the observations for bars without confining reinforcement, Fig. 5.28
shows that the number of the specimens containing No. 7 and larger bars with
test/prediction ratios greater than 1.2 is 75% greater when using the ACI criteria than
that when using Eq. 5.33. For obvious reasons, the same statement cannot be made
for No. 6 and smaller bars.

The comparisons indicate, in general, that use of the new expressions could
result in significant savings in development and splice lengths. More savings can be
expected when using the new expressions in conjunction with high R, bars.
Compared with ACI 318-95, the new expressions provide greater savings with high-
strength concrete than with normal-strength concrete. The new expressions also
provide more accurate predictions than the ACI criteria. The ACI criteria are more

conservative for No. 7 and larger bars than Eq. 5.33, and appear unsafe for No. 6 and

smaller bars.



CHAPTER 6: SPLICE STRENGTH OF EPOXY-COATED
HIGH RELATIVE RIB AREA REINFORCING BARS

6.1 General
Previous studies (Choi et al. 1991, 1992, Darwin et al. 1995a, 1996a, Tan et

al. 1996) have demonstrated that the relative bond strength of epoxy-coated
reinforcing bars increases as the relative rib area (R, increases and that the
detrimental effect of epoxy coating is lower for high R, bars than that for
conventional bars. Based on an evaluation of 10 matched pairs of splice specimens
containing bottom-cast epoxy-coated and uncoated high R, bars, Darwin et al, (1995a,
1996a} obtained a C/U ratio (splice strength ratio of epoxy-coated bars to uncoated
bars) of 0.88, compared to C/U ratio of 0.74, the average for conventional bars
(Hester et al. 1991, 1993). In an extension of the study by Darwin et al. (1995a,
1996a), Tan et al. (1996) evaluated 20 matched pairs of splice specimens containing
bottom-cast coated and uncoated high R, bars, including 10 pairs reported by Darwin
et al. (1995a, 1996a). They recommended that the development length modification
factor of 1.5 used in ACI 318-95 and the 1996 AASHTO Bridge Specifications for
epoxy-coated bars with a cover less than 3 bar diameters or a clear bar spacing less
than 6 bar diameters be reduced to 1.2 for epoxy-coated high R, bars. Tan et al. also
observed that fransverse reinforcement and total confinement provided by concrete
cover and transverse reinforcement have no effect on the C/U ratio, matching earlier
conclusions by Hester et al. (1991, 1993). The tests of high R; bars by Darwin et al.
(1995a, 1996a) and Tan et al. (1996) involved normal-strength concrete (NSC) for
most of the specimens. Other than 3 pairs of specimens reported by Tan et al., no

information exists for high R, bars in high-strength concrete (HSC).
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In this study, a total of 36 matched pairs of beam-splice specimens containing
epoxy-coated and uncoated bars in both NSC and HSC were tested to evaluate the
splice strength of epoxy-coated high R, bars. In the 36 pairs, 30 containing only
bottom-cast bars that failed with splitting of concrete are used for the evaluations [of
these, 8 pairs were previously reported by Tan et al. (1996)]. The remaining 6 pairs
are not included in the evaluations: 2 pairs previously reported by Tan et al. (1996)
contained top-cast bars; 1 pair contained the 8N1 bars confined by stirrups (the 8N1
bars had a high rib width/spacing ratio that caused a reduction in splice strength, as
described in Chapter 4); and the specimens containing uncoated bars in the other 3
pairs failed by crushing concrete at the compression face or did not fail due to limited
capacity of the loading system. In addition to the 30 pairs of specimens, test results
for 7 matched pairs of splice tests by Choi et al. (1990, 1991), 15 matched pairs of
splice tests by Hester et al. (1991, 1993), and 10 matched pairs of splice tests by
Darwin et al. (1995a, 1996a) are used for the overall evaluation. The specimens and
test procedures used in the previous studies (Choi et al. 1990, 1991, Hester et al.
1991, 1993, Darwin et al. 1995a, 1996a) were similar to those in the current study.
The test results of Darwin et al. (1995a, 1995b), Hester et al. (1991, 1993), and Choi
et al, (1990, 1991) are included in Tables 4.1, 4.2, and 4.3, respectively. The current
test results are included in Table 2.1.

Combining the test results of the current and previous studies provides 29
matched pairs of the specimens containing conventional bars and 33 matched pairs
containing high R, bars. The R, values range from 0.060 to 0.086 for conventional
bars and from 0.101 to 0.141 for high R, bars. Thirty five pairs contained normal-
strength concrete, with £, between 4000 and 6500 psi (27.6 and 44.8 MPa) and 27
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pairs contained high-strength concrete, with ', between 8000 and 16,000 psi (55.2
and 110 MPa).

The C/U ratios for high R; bars are compared to those for conventional bars.
The effects of concrete properties (compressive strength and type of coarse
aggregate) on the relative splice strength of epoxy-coated bars are evaluated.
Development/splice length modification factors are obtained for epoxy-coated high R,

bars in normal and high strength concrete.

6.2 Splice Strength Ratio, C/U

To eliminate the effects of minor differences in concrete cover and bar clear
spacing between the two matched specimens, the splice strength ratio of coated (C) to
uncoated (U) bars for each matched pair of specimens is normalized with respect to
Eq. 5.4 or 5.18 for uncoated bar splices not confined or confined by transverse
reinforcement, respectively. Therefore, the normalized splice strength ratio of coated
to uncoated bars, C/U, is obtained by dividing the experimental stress ratio of coated
to uncoated bars by the predicted stress ratio using Eq. 5.4 or 5.18.

As described in Chapter 5, Egs. 5.4 and 5.18 were developed to predict the
development/splice strength for the bottom-cast uncoated bars, based on the statistical
analyses of 171 development and splice specimens in which the bars were not
confined by transverse reinforcement and 245 specimens in which the bars were
confined by transverse reinforcement. Concrete compressive strengths for the
specimens ranged between 2500 and 16,000 psi (17.2 and 110.3 MPa). Egs. 5.4 and
5.18 take into account the effects of concrete strength, concrete cover, bar clear

spacing, development/splice length, transverse reinforcement, bar size, and relative

rib area of bars.
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Tables 6.1 and 6.2 present the C/U ratios for high R; and conventional bars,
respectively. As shown in Table 6.1, the C/U ratios for high R, bars range from 0.787
to 1.074, with an average of 0.889, for normal-strength concrete [f'; less than 8000 psi
(55.2 MPa); Note: the maximum compressive strength in this group was actually
5250 psi (36.2 MPa)], from 0.793 to 0.979, with an average of 0.889, for f’; between
8000 and 10,000 psi (55.2 to 65.0 MPa), and from 0.683 to 0.902, with an average of
0.796, for f'; greater than 10,000 psi (69.0 MPa). The overall average C/U ratio for
high R, bars is 0.843. The average C/U ratios for {; less than 8000 psi (55.2 MPa)
and between 8000 psi (55.2 MPa) and 10,000 psi (69.0 MPa) are the same and only
slightly higher than the average C/U ratios obtained by Darwin et al. (1995a, 1996a)
and Tan et al. {1996). The average C/U ratio for high R, bars in concrete with f';
greater than 10000 psi (69.0 MPa) is about 10% lower than the C/U ratios for lower
strength concrete.

Table 6.2 shows that the C/U ratios for conventional bars are between 0.611
and 0.941, with an average of 0.759, for normal-strength concrete [maximum
compressive strength was 6450 psi (44.5 MPa)] and between 0.668 and 0.893, with
an average of 0.776, for f'. greater than 10,000 psi (69.0 MPa) [there were no
matched specimens with f', between 8000 and 10,000 psi (55.2 and 69.0 MPa)]. The
average C/U ratios for f'; less than 8000 psi (55.2 MPa) and greater than 10,000 psi
(69.0 MP2) are very close and result in an overall C/U ratio of 0.763 for the evaluated
range of ', [4000-16,000 psi (27.6-110.3 MPa)]. This C/U value is slightly higher
than the overall average C/U ratio of 0.74 obtained by Hester et al. (1991, 1993)
using a data base including 113 splice tests.

The comparison between high R, and conventional bars shows that for

concrete compressive strength less 10,000 psi, the average C/U ratio of high R, bars
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(0.889) contrasts sharply with the average C/U ratio of 0.74 for conventional bars
obtatned by Hester et al. {1991, 1993) and the average C/U ratio of 0.66 for the 21
beam splices tests (Treece and Jirsa 1987, 1989) used to establish the current
development length modification factors for epoxy-coated bars (ACI 318-95,
ASSHTO 1996). For concrete with f'. > 10,000 psi (69.0 MPa), the average C/U
ratio for high R, bars decreases from 0.889 to 0.796, but is still higher than the C/U
ratio for conventional bars (7% higher cﬁmpared to 0.74). The comparisons indicate
that coated high R, bars require shorter development and splice lengths than
conventional bars when using normal-strength concrete. The advantage of coated

high R, bars is reduced when using high-strength concrete.

6.3 Effect of Concrete Properties
6.3.1 Type of Coarse Aggregate

Table 6.3 compares normalized C/U. ratios for No. 8 conventional bars in
HSC, No. 8 high R, bars in NSC and No. 11 high R, bar in HSC. Limestone and
basalt were used as coarse aggregates. The test results for the 18 matched pairs of
specimens show a consistent tendency for the concrete containing basalt coarse
aggregate to provide higher C/U ratios than the concrete containing limestone
aggregate. The average difference in C/U is 6%.

This observation indicates that a harder coarse aggregate may improve the
relative bond strength of epoxy-coated bars. The limited number of tests contributing

to the observation, however, indicate that more work is needed before this conclusion

can be firmly established.
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6.3.2 Concrete Strength

In the previous section, the observation was made that the C/U ratio of high R,
bars is lower for high-strength concrete than that for normal-strength concrete. In
Fig. 6.1, the values of C/U for different values of R, are plotted versus concrete
compressive strength, £ . The data include No. 8 conventional bars (R, = 0.06-0.086
with average of 0.071) and No. 8 and No. 11 high R, bars [8C1 (R, = 0.101), 8N3 (R,
=().119), and 11F3 (R, = 0.127)]. Concrete compressive strength ranges from 4090
to 15,650 psi (28.2 to 107.9 MPa). No. 11 conventional bars (R, = 0.071) and No. 5
and No. 6 bars are not included in Fig. 6.1 due to insufficient tests using high-strength
concrete. The figure shows that the slopes of the best-fit lines are negative for all
high R, bars plotted, but positive for No. 8 conventional bars. For the range of
concrete strengths studied, the slopes of the best-fit lines decrease (become more
negative) as R, increases. The best-fit lines indicate that as concrete compressive
strength increases from 4000 to 16,000 psi (27.6 to 110.3 MPa), C/U decreases from
0.809 to 0.779 for 8C1 bars, from 0.899 to 0.809 for 8N3 bars, and from 0.869 to
0.765 fér 11F3 bars, while increasing from 0.746 to 0.776 for No. 8 conventional
bars. N

Fig. 6.2 shows the general trends of C/U versus f . for all matched pairs of
specimens. The dashed line represents the best-fit line for all conventional bars and
the continuocus line represents all high R, bars, showing the same tendencies as
exhibited in Fig. 6.1. Fig. 6.2 also shows that there seems to be a sharp reduction in

C/U for high R, bars once f'; exceeds 10,000 psi (69 MPa).

6.4 Effect of Relative Rib Area

The effect of relative rib area on relative splice strength, C/U, is illustrated in

Figs. 6.3 and 6.4 for the splices in normal-strength and high-strength concrete,
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respectively. In the figures, dummy variable regression is applied based on bar size,
producing slopes of the best-fit lines of 2.37 for normal-strength concrete and 1.47 for
high-strength concrete. For normal-strength concrete, C/U increases by 0.17 as R,
increases from 0.07 to 0.14. For high~strength concrete, C/U increases by 0.10 as R,
increases from 0.07 to 0.14, indicating a reduction in the benefit of high R; bars on

the relative splice strength for the coated bars in high-strength concrete.

6.5 Flexural Cracking

Table 6.4 provides comparisons of maximum flexural crack widths, flexural
crack densities (number of cracks per foot), and sums of crack widths at the beam
centerline in the constant moment region outside of the splice region at a bar stress of
40 ksi for matched pairs of specimens containing epoxy-coated and uncoated bars.
Table 6.4 shows that, at a bar stress of 40 ksi, the beams with epoxy-coated bars had
larger crack widths and lower crack densities than the beams with uncoated bars,
while the sum of crack widths at the centerline of the beams are the same for the
beams containing coated and uncoated bars. C/U ratios for maximum crack width,
crack density, and sum of crack widths range from 1.158 to 1.579 with an average of
1.390, from 0.435 to 1.000 with an average of 0.766, and from 0.624 to 1.254 with an
average of 1.023, respectively. Table 6.4 also shows that there is no significant
difference in the ratios of crack density and maximum crack width between the beams
with high R; bars (1.367 and 0.767) and the beams with conventional bars (1.436 and
0.748). Since the sums of crack widths for only one pair of specimens containing
conventional bars were recorded, no comparison of the sum of crack widths can be
made between coated high R, and conventional bars. Observations made at bar

stresses of 20 and 30 ksi (see Table C.1 and C.2) are similar to those made at 40 ksi,
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except that at a bar stress of 20 ksi, the sum of crack widths is slightly greater

(averaging 8% higher) for uncoated bars than for coated bars.

6.6 Development Length Modification Factor for High R, Bars

The development and splice length of bottom-cast uncoated bars can be

determined using Eq. 5.19, repeated here as
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For grade 60 steel, concrete compressive strengths ranging from 4000 to
10,000 psi (27.6 to 69.0 MPa)}, and using C/U = 0.889 (average value for high R, bars,
see Table 6.1), Eq. 6.3 yields modification factors between 1.14 and 1.18. For
concrete compressive strengths ranging from 10,000 to 16,000 psi (69.0 to 110.3
MPa) and using C/U = 0.796 (average value, Table 6.1), Eq. 6.3 yields modification
factors between 1.42 and 1.46. Therefore, as recommended by Darwin et al. (1995a,
1996a) and Tan et al. (1996), the modification factor can be conservatively reduced
from 1.5 (the value used by ACI 318-95 and AASHTO 1996) to 1.2 for epoxy-coated
high R, bars in the concrete with f'; less than 10,000 psi (69.0 MPa). For f'; between
10,000 and 16,000 psi (69.0 and 110.3 MPa), the modification factor for the epoxy-

coated high R, bars should remain 1.5, as for epoxy-coated conventional bars.



CHAPTER 7: REVERSED CYCLIC LOADING TESTS

7.1 General

Reversed cyclic loading can produce severe deterioration of bond stiffness
(Ciampi et al. 1982, Balazs and Koch 1991, ACI Committee 408 1992). Earlier
studies have demonstrated that the behavior of beam-column joints plays an
important role in the ability of reinforced concrete frames to resist earthquake forces
(Meinheit and Jirsa 1977, Briss et al. 1978, Ehsani 1982, Durrani and Wight 1982,
Leon 1989). The slip of beam and column bars through the joints is one of the main
reasons for loosing stiffness in frames (Durrani and Wight 1982, Zhu and Jirsa 1983).
To reduce the slip, a ratio of bar diameter to column dimension of approximately 1/25
for Grade 40 steel or 1/35 for Grade 60 steel 15 necessary (Ciampi et al. 1982), which
would result in a very large joints. Based on an evaluation of available test results by
Zhu and Jirsa (1983), ratios of bar diameter to column dimension of 1/20 for normal
weight concrete and 1/26 for lightweight concrete were chosen for buildings subject
to seismic loading (ACI 318-95).

Darwin and Graham (1993a, 1993b) used beam-end specimens to evaluate the
bond strength of machined bars with different relative rib areas (R,) under monotonic
loading. They observed that the initial stiffness of the load-slip curves increases with
an increase in relative rib area. Thus, it can be reasoned that the bond behavior of
bars under cyclic loading should improve as the relative rib area increases.

This chapter presents the tests and evaluation of specimens used to study the
bond behavior of high R, bars under reversed cyclic loading. The behavior of high R,

bars is compared to that of conventional bars.
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7.2 Test Specimens

Six high R, and six conventional No. 8 (25 mm) reinforcing bars (2 dummy
and 10 test bars) were embedded in two concrete specimens (Fig 7.1). The concrete
specimens were 16 ft long, 16 in. (406 mm) high and 12 in. (305 mm) wide. The bars
were embedded horizontally through the middle of the specimens, at a spacing of 2.5
ft (762 mm). The bars had bonded lengths of 10 in. (254 mm). Two No. 5
longitudinal bars were placed at the bottom and the top of the specimens to provide

flexural strength for moving the specimens. No transverse reinforcement was used.

7.3 Materials

7.3.1 Reinforcing Steel
All bars met the requirements of ASTM A 615, except that the high R, bars

had no bar markings. The high R, bars, designated 8N3, have a relative rib area of
0.119 and a yield strength of 80.57 ksi (555.5 MPa). The conventional bars,
designated 8COA, have a relative rib area of 0.085 and a yield strength of 69.50 ksi
(479.2 MPa). Yield strengths were determined from tests of three samples of each

bar. Bar properties are given m Table 7.1.

7.3.2 Concrete

Air-entrained concrete was supplied by a local ready-mix plant. The concrete
contained Type I portland cement, 3/4 in. (19 mm) maximum size crushed limestone
coarse aggregate, and Kansas River sand. The water/cement ratio was 0.44. The
concrete compressive strength was 5170 psi (35.6 MPa) at the time of testing. The

test ages were 20 days for test bars 3 through 6 and 21 days for test bars 7 through 12.
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Bars | and 2 {as dummy bars) were tested at the ages of 18 and 19 days. Concrete

properties are given in Table 7.2,

7.4 Concrete Placement and Curing

The formwork for the specimens was the same as described in Section 2.4.
The test bars were placed through the forms horizontally. Polyvinyl chloride (PVC)
pipes were placed on both sides of the forms for each bar as bond breakers to produce
a 10 in. ( 254 mm) bonded length and to prevent a cone type failure at the concrete
surfaces.

The two specimens were cast from one baich of concrete. The concrete was
placed from one end of a specimen to the other end in two lifts. Each lift was
vibrated using a 1.5 in. (38 mm) square vibrator. -

The specimens were cured in the forms and covered with wet burlap and
plastic sheets for 7 days before the forms were removed. After the forms were
removed, the specimens were left to dry until the time of testing. Standard 6 x 12 in.

(152 x 304 mm) test cylinders were cast in steel molds and cured in the same manner

as the test specimens.

7.5 Test Procedures

The test setup is shown in Fig. 7.2. Load was applied to a bar by two 60 ton
jacks on opposite sides of the specimen. Loads were transferred to the specimen
through reaction frames. The frames had two supports spaced with a clear distance of
24 in. (607 mm), so that compressive struts originating at the loading apparatus
would not intersect the test region. As shown in Fig. 7.2, a 0.5 in. (13 mm) gap

between the jack and the anchor plate insured that when the load was applied to one
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side of the specimen, no load was applied to the other side of the specimen. Five
reversed cycles with peak loads of 10, 15, and 20 kips (44.5, 66.7, 89.0 kN) were
applied at a rate of about 5 kips (22.2 kN) per minute.

Bar slips were measured using two spring-loaded linear variable differential
transformers (LVDTs) on each side of the specimen. LVDTs were attached to the
bars and bore against the faces of the concrete specimen. Loads were measured using
load cells that were placed between the reaction frames and the jacks. Readings from
the load cells and LVDTs were acquired using a Hewlett-Packard data acquisition
system connected to a computer. Tests on bars 3 through 12 were completed within
36 hours. Bars 1 and 2 were used to evaluate the test apparatus and loading
procedure. Three 6 x 12 in. (152 x 304 mm) concrete cylinders were tested at the end
of each day’s tests. The reported concrete strength represents the average of the six
tests (note: the average of the three cylinders tested on day 20 was 5140 psi (35.4

MPa) and the average of the three cylinders tested on day 21 was 5200 psi (35.9
MPa).

7.6 Test Results and Evaluation

The loaded and unloaded end slips for each test bar at the peak loads [10, 15
and 20 kips (44.5, 66.7, 89.0 kN)] are summarized in Table 7.3, except for bar 12
which was overloaded {20 kips (89 kN)] during cycle 3, resulting in a flexural crack
at the bar and an unusually high value of slip. The elastic deformation of the bars at
the loaded end between the bonded length and the LVDT has been subtracted from
the recorded values to give the best estimate of the actual slips. The reported slips are

based on the average readings from the two LVDTs,
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The load-slip curves for the bars are shown in Fig. 7.3a to 7.3r. In the curves,
the slips of a bar on one side of the specimen are plotted in one figure, including the
loaded-end slips corresponding to the loading on one side of the specimen and the
unioaded-end slips corresponding to the loading on the other side, because these slips
were measured by the same LVDTs. Slip in the direction from the right to the left
side of the specimen is defined as “positive” slip, while slip in the opposite direction
is defined as “negative” slip. Loading on the bars on the left side of the specimen is
defined as “positive” loading, while loading on the right side is defined as “negative”
loading. ‘As expected, the unloaded end slips are smaller than the loaded end slips,
and the load-unioaded end slip curves are initially much steeper than the load-loaded
end slip curves. The curves show that bond stiffness decreases and slip increases as
the number of loading cycles increases. The magnitude of the slip increase is much
higher at the higher load levels [15 and 20 kips (66.7 and 89.0 kN)] than that at the
lowest load level [10 kips (44.5 kN)]. These observations indicate a deterioration of
bond under reversed cyclic loading. The load-slip curves exhibit pinching near zero
load. This phenomenon is mainly due to an rigid body movement of the bars, as
explained by Eligehausen et al. (1983). As the load increases and cycling progresses,
the concrete in the front of bar ribs crushes and shears. When the load is reversed,
large slip occurs before the bar bears against the concrete and bond stress again
increases, causing a rigid body movement of the bars.

The average loaded end and unloaded end slips at each peak load are
summarized in Table 7.4 for high R, and conventional bars (averages for 4 high R;
bars and for 5 conventional bars). The comparisons show that the maximum loaded
and unioaded end slips at peak loads for high R, bars are consistently smaller than

those for conventional bars. The loaded end slip of high R, bars averages 60 to 70
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percent of the slip of the conventional bars at all three load levels [10, 15, and 20 kips
(44.5, 66.7 and 89.0 kN)]. The unloaded end slip of high R, bars averages 30 percent,
40 percent, and 50 percent of the slip of the conventional bars at the peak loads of 10,
15, and 20 kips (44.5, 66.7, 89.0 kN), respectively.

In Figs. 7.4 and 7.5, the average slips of high R, and conventional bars at each
peak load are plotted as a function of the number of loading cycles. Fig. 7.4 shows
the loaded end slips on the left side and unloaded end slips on the right side of the
specimens under the loads applied on the bars on the left side of the specimens (left
loading case, see Fig. 7.2). Fig. 7.5 shows the loaded end slip on the right side and
the unloaded end slips on the left side of the specimens for the right side loading case.
The loads corresponding to unloaded end slips are multiplied by -1 for easier
comparison. Figs. 7.4 and 7.5 show that the loaded and unloaded end slips increase
as the peak load and number of load cycles increase for both high R, and conventional
bars and that the slips are greater for conventional bars than for high R, bars. At the
lowest peak load [10 kips (44.8 kN)], the increase in slip with an increase in loading
cycle is about the same for high R, and conventional bars [about 0.0002 in. (0.005
mm) increase in loaded end slip as the number of cycles increases from 1 to 5)].
However, at higher peak loads [15 and 20 kips (66.7 and 89.0 kN)], like the total
slips, the increases in slip with an increase in loading cycle are lower for high R, bars
than for conventional bars. At a peak load of 15 kips (66.7 kN), with an increase in
loading cycle from 6 to 10, the average increase in (left and right side) loaded end
slip for high R, bars is only 55 percent of that for conventional bars. At a peak load
of 20 kips (89.0 kN), with an increase in loading cycle from 11 to 15, the ratio of

incremental slips for high R, bars to those for conventional bars increases to 70

percent.
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The comparisons in Table 7.4 and Figs. 7.4 and 7.5 demonstrate that the slip
of high R, bars is significantly smaller than the slip of conventional bars under
reversed cyclic loading and that high R, bars exhibit less bond deterioration under
reversed cyclic loading than conventional bars. Therefore, it can be expected that
reinforced concrete members and frame joints that are affected by bond deterioration
under seismic loading will exhibit better performance if reinforced with high R, bars

than if reinforced with conventional bars.



CHAPTER 8: SUMMARY AND CONCLUSIONS

8.1 Summary

The bond strengths of uncoated and epoxy-coated high relative rib area (R,)
and conventional bars are studied. Development and splice design criteria are
developed using a large data base. The effect of deformation pattern on bond
behavior under reversed cyclic leading is investigated.

One hundred and forty beam-splice specimens are used to investigate the
effects of deformation properties, bar placement and arrangement, concrete
properties, and epoxy coating on development/splice strength. For analysis, test
results from this study are combined with results from the previous studies [15 tests
by Choi et al. (1990, 1991), 32 tests by Hester et al. (1991, 1993), and 83 tests by
Darwin et al. (19952, 1996a)]. Relative rib areas range from 0.065 to 0.141. Six
series of concrete mixes with compressive strengths ranging from 3400 to 15,400 psi
(23.4 to 106.2 MPa), quantities of coarse aggregate ranging from 1586 to 1908 Ib/yd’
(?fﬂ} to 1132 kg/m?), and two types of coarse aggregate (limestone and basalt) are
used to study the effects of concrete properties on bond strength. Limitations on the
ratio of bar rib width to rib spacing for high R, bars are obtained from the current test
results.

Development/splice design equations are developed based on a data base of
488 bottom-cast development/splice specimens, including 245 specimens containing
unccated bars confined by transverse reinforcement, 171 specimens containing
uncoated bars not confined by transverse reinforcement, and 62 specimens containing
epoxy-coated bars. The design equations account for the effects of bar size, relative

rib area, confinement provided by transverse reinforcement, epoxy-coating, and
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concrete strength. A reliability-based development/splice strength reduction ()

factor, obtained using LRFD concepts and Monte Carlo techniques, is incorporated in

the design expressions.

Specimens containing No. 8 (25 mm) conventional and high R, bars are used

to study the bond behavior of the bars under reversed cyclic loading.

8.2 Observations and Conclusions

The following observations and conclusions are obtained based on the results

and analyses presented in this report.

8.2.1 Effects of Bar Placement and Arrangement

1.

The “top-bar effect” of high relative rib area bars is simnilar to that of
conventional bars.

No significant difference exists between symmetrically and unsymmetrically
placed splices. The average clear spacing between developed/spliced bars
across a section should replace the minimum clear spacing for use in design.
For specimens with two-layers of bars, the bond strength of the specimen
containing two layers of spliced bars is similar to that of the specimen
containing one layer of spliced bars and one layer of continuous bars. More
study is needed to understand the effect of multiple layers of bars on
development/splice strength.

Bars spliced in a region of varying moment have a higher bond strength than

those spliced in a constant moment region.
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8.2.2 Effect of Concrete Properties

1.

The type of coarse aggregate in concrete has a significant effect on splice
strength under all conditions of confinement. Concrete with stronger coarse
aggregate provides higher splice strength.

For specimens with uncoated bars confined by transverse reinforcement, the
quantity of coarse aggregate in concrete has a measurable effect on bond
strength. For the range of coarse aggregate content investigated in this study
[1586 to 1908 1b/yd3 {914 to 1132 kg/m3)], the concrete with higher coarse
aggregate content produced the greater contribution to splice strength due to
the presence of transverse reinforcement.

For specimens containing spliced bars not confined by transverse
reinforcement, the compressive strength, f%, to the 1/4 power best
characterizes the effect of concrete strength on splice strength. f A
successfully characterizes the effect of concrete strength on the splice strength

provided by transverse reinforcement.

8.2.3 Effects of Bar Properties

1.

The splice strength of uncoated bars not confined by transverse reinforcement
is not affected by relative rib area of the bars. The splice strength of bars
confined by transverse reinforcement increases with an increase in relative rib
area.

Splice strength increases with an increase in bar diameter.

A reduction in splice strength will occur if the ratio of rib width to rib spacing
is too high. Limitations on the ratio of rib width to rib spacing of 0.36 at 1/2

rib height and/or (.31 at 3/4 rib height are suggested for high R, bars.
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The maximum flexural crack width and crack density are similar in beams
with high R, and conventional bars. The total width of flexural cracks is
slightly smaller in beams with high R; bars than in beams with conventional

bars.

8.2.4 New Design Expressions

1.

Egs. 5.18 through 5.20 accurately represent the development/splice strength

for bottom-cast uncoated bars. The equations include the effects of concrete

- strength, -relative rib area, bar size, and confinement provided by both

concrete and transverse reinforcement.

With the incorporation of a reliability-based strength reduction (¢) factor, the
new design expressions are identical for development and splice length,
removing the requirement to multiply development lengths, 13, by 1.3 (ACI
318-95) to obtain splice lengths.

The use of high R, bars, with an average R, of 0.1275, confined by transverse
reinforcement can provide a 14 to 17 percent decrease in development/splice
length for normal-strength concrete and a 5 to 10 percent decrease for high-
strength concrete when compared to conventional bars, depending on which
equation is selected (Eq. 5.33 or Eq. 5.34). The lower savings for high-
strength concrete are due to limitations on minimum development/splice
lengths, not lower efficiency in bond.

Compared to the design criteria in ACI 318-95:

(a) For bars not confined by transverse reinforcement, the new design
expressions (Eq. 5.33 or Eq. 5.34) provide, on average, an increase (5 or 14%,

depending on the expression selected) in development length, but a substantial
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decrease (20 or 12%) in splice length. The increase is higher and the decrease
1s smaller for small bars than for larger bars.

(b) For conventional bars confined by transverse reinforcement, depending on
the expression selected (Eq. 5.33 or Eq. 5.34), development lengths average 3
percent lower to 26 percent higher for bars cast in normal-strength concrete
and average up to 13 percent lower for bars cast in high-strength concrete.
However, splice lengths average 3 to 25 percent lower for bars cast in normal-
strength concrete and 23 to 33 percent lower for bars cast in high-strength
concrete. As for bars not confined by transverse reinforcement, the increase
in development length is smaller and the decrease in development/splice
length is greater for small bars than for larger bars.

(c) For high R, bars confined by transverse reinforcement, a greater saving is
obtained. Using the new expressions, the development lengths of high R, bars
average up to 36 percent lower than the development lengths of conventional
bars calculated using ACI 318-95 for both normal-strength and high-strength
concretes,

The safety margins provided by the new design expressions are higher than
those provided by the design criteria in ACI 318-95. ACI 318-95 appears to

be unsafe for No. 6 and smaller developed bars.

8.2.5 Effect of Epoxy Coating

1.

Epoxy-coated high R, bars provide higher splice strengths than epoxy-coated
conventional bars. Under all conditions of confinement, development/splice
lengths of coated high R, bars cast in normal-strength concrete average 20

percent shorter than those of conventional coated bars.
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2. The relative splice strength of epoxy-coated high R, bars cast in normal-
strength concrete is higher than that of the bars cast in high-strength concrete.
There is a sharp reduction in relative splice strength once concrete
compressive strength exceeds 10, 000 psi (69 MPa).

3. A development/splice length modification factor of 1.2 is suggested for use
with high R, bars cast in concrete with f'; < 10,000 (69 MPa). For coated high
R, bars cast in conmcrete with % > 10,000 (69 MPa), the same
development/splice length modification factor conventionally used for

conventional bars (1.5) should be used.

8.2.6 Reversed Cyclic Loading Tests

High R, bars exhibit lower slips and less deterioration of bond under reversed

cyclic loading than conventional bars.

8.3 Suggestions for Further Study

A principal goal of the current and earlier studies at the University of Kansas
(Darwin and Graham 1993a, 1993b, Brown et al. 1993, Darwin et al. 1995a, 1995b,
Darwin et al. 1995d, 1996b, Darwin et al. 1995¢, Idun and Darwin 1995, Tan et al.
1996, Tholen and Darwin 1996) has been to better understand the bond behavior of
reinforcing bars. While many aspects of the bond performance of both conventional
and high relative rib area bars have been addressed, further studies are needed in the
following areas.
1. Bond performance of multipie layer developed/splice bars.

2. Bond strength of conventional and high relative rib area bars cast in high-

strength concrete.
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Effect of rib width on bond strength and limitations of rib width/spacing for
high relative rib area bars.

Bond performance of epoxy-coated high relative rib area bars in high strength
concrete.

Effect of bar rib face angle on bond strength of epoxy-coated bars.

Fatigue behavior of high relative rib area bars.

Finite element analysis of spliced reinforcing bars.

Development of a rational rather than empirical design procedure for

development/splice length.
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Table 2.1

Splice specimen properties and test results

Specimen Bar n ol b h d Cao Cy Ch d . N d, £, P M, f+

Label + Designation {in) (in} {in} (in} (in) (in) (in} (in} {psi) {in) {ksi) (kips) (k-in)  (ksi)

19.1-B-8-U 8N3 3 36 18.14 16162 1.006 1954 1930 1961 1366 4250 O 38.18 2095 73.513
19.2-B-N-U 8NN3 3 36 18.06 16.129 1.000 2016 1.883 1929 1366 4250 1} 35.26 1937 67853
19.3-B-5-U 8N3 3 30 1810 16066 1.000 2063 (898 1903 13462 4250 3 0375 6455 37.02 2031 71.428
19.4-B-N-U 8N3 3 30 18.13 1607 1000 2032 1891 1897 1363 4250 3 0375 64.55 4004 2194 77276
20.1-B-8-U 11F3 3 40 1805 16.199 1410 2008 1313 1840 1361 5080 8 0300 8470 6984 3805 71.084
20.2-B-N-U 11F3 3 40 18.05 1615 1410 2000 1297 1.848 13356 5080 8 0500 8470 70,18 3824 7181

20.3-B-8-U 1iF3 3 40 18.07 16.151 1.410 2000 1313 1.822 1338 5080 3 0500 8470 6730 3668 68.515
20.4-B-N-U 11F3 3 40 18.10 16.258 1.410 2040 1297 1868 1364 5080 5 0500 8470 0682 3643 671647
20.5-B-5-C 8N3 3 40 1203 15631 1000 1500 0660 1243 1385 5080 0 25.87 1419 49.535
20.6-B-5-U 8N3 3 40 1208 15597 1.000 1.516 0672 1300 13.76 5080 0 2961 1621 57.149
21.1-B-8-U 8NN3 3 24 1205 15655 1.000 1766 0484 1470 1365 4330 6 0.625 6298 37.27 2033 73879
21.2-B-8-C 8N3 3 24 1213 15762 1.000 1.813 0492 1462 1376 4330 6 0625 6298 3515 1918 68769
21.3-B-5-U 8N3 30025 1210 16.134 1.000 1.655 0578 1492 13.65 4330 5 0625 6298 3843 2096 76,249
21.4-B-8-C 8N3 3 25 1206 16171 1000 1.524 0613 1850 1378 4330 5 0625 6298 3535 1929 69.103
21.5-B-8-U 8N3 2 25 1214 15544 1.000 1.641 2219 1421 1358 4330 5 0500 6492 2667 460 7135
21,6-B-8-C 8N3 2 25 1214 1313501 100G 1516 2172 1376 13539 4330 2 0500 6492 2249 1235 65.083
22.1-B-8-U* LiF3 2 32 1211 13685 L1410 2391 0703 1.413  13.53 6300 8 0375 7125 5646 2161 359465
22.2-B-8-C HIE3 2 32 1210 15671 1410 2313 0688 1436 1349 6300 g8 0375 7125 67.63 2569 71.351
22.3-B-S-U* 11F3 2 33 1198 15662 1.410 1,289 1234 1428 1349 6300 6 0375 7125 67.87 2577 71661
22.4-B-5-C 11F3 2 33 1206 15.647 1410 1.282 1250 1390 13.51 6300 6 0375 7L2I5 6566 2497 69.152
22 5-B-8-U** 1iF3 2 33 17.86 16.09 1.410 3422 2469 2767 1258 6300 0 8261 3149 62407
22.6-B-8-C LHIF3 2 33 17.87 16467 1410 3438 2172 2724 1300 6700 0 94.16 3536 67.548
23a,1-B-S-U 8N3 3 21 1828 1609 1.000 2164 1852 1931 1362 08¢ 4 0375 7125 4251 2326 78873
23a.2-B-8-C 8N3 3 21 1828 1609 1.000 2063 1.B39 1933 1369 9030 4 G375 7125 33.82 1857 62476
23a.3-B-N-U N3 3 21 1818 1817 1000 2055 1902 1902 13.66 9080 4 0375 7125 43.86 2399 80.57

23a.4-B-8-U 8N3 3 21 18.13 16103 1000 2008 1.898 1930 1369 9080 4 0375 7125 4288 2346 79133
23a5-B-5-U EN3 2 22 18.19 16163 1.000 2000 L1891 1938 13.63 9320 ¢ 22,72 1248 62.244
23a.6-B-S-U N3 2 29 1224 1611 1.000 2031 1875 1919 1367 9320 O 27.25 1493  75.467

EET



Table 2.1
Splice specimen properties and test results (continued)

Specimen Bar n i b b dy Ceo ey Cp d f, N dy Eq P M, £+

Label + Desipnation {(in) {im) {in) (in) (in) {in) (in) {in) (psi} (in) {ksi) (kips) (k-in) (ksi)
23b.1-B-S-U 8N3 318 1245 16215 000 1469 0711 1951 1373 8370 5 0.500 64.92 4187 228f  79.04
23b.2-83-5-C 8NN3 3 I8 1210 16108 1.000 1454 07 1 1903 13.67 8370 5 0500 9492 3721 2029 70.51
23b.3-B-8-U 8N3 2 20 1823 16321 1000 3.032 3859 3.057 1272 8379 ¢ 2402 1328 7164
23b.4-B-8-C N3 2 20 1818 16114 1000 3047 3813 3.041 1233 830 0O 2317 1282 70.24
23b.5-B-S-U HIF3 2025 1203 16244 1410 2032 L1125 1939 1356 4500 5 0500 64.92 3237 1954 54.80
23b.6-B-S-C 1iF3 2 25 1204 16.095 1410 2001 1.125 1905 1344 4500 5 0500 6492 2640 1605 4510
24.1-B-8-U 8N1 2 32 1214 16122 1000 2000 1875 1903 1369 4300 O 2154 1i85 6191
24.2-B-8-C 8Nl 2 32 1215 16172 1000 2000 1.875 L1878 1377 4300 O 1936 1067 5532
24 3-T-8-U 8N1 2 32 1208 16.043 1000 2000 1875 2000 1352 4300 4@ 20.56 1132 5993
24.4-T-8-C 8N1 2 32 1207 16044 10006 2000 1875 2102 1342 4300 ¢© 18.84 1039 5538
25.1-B-5-U 5C3 317 1219 16271 0.625 1985 1023 1556 1437 4490 O 1459 808 63.72
25.2-B-5-C 5C3 3 17 1216 16424 0625 2016 0992 1.530 1425 4490 0 1545 8542 61.58
25.3-T.8.U 3C3 3 17 12,12 16141 0625 2032 098 1460 1428 4490 O 14.65 8112 64.33
25.4-T-8-C 5C3 3 17 1228 1612 0.625 2047 0961 1422 1428 4450 0 $3.92 7721 6298
26,1-B-5-U 8N1 3 30 1203 16113 1.000 1.563 0656 1888 1377 4956 6 0375 7125 3338 1824 64.59
26.2-T-8-U 8N1 3 30 1208 16133 1000 1.578 0633 1969 13.64 4956 6 0375 7125 2843 1557 5543
26.3-B-S-U 8N 3 40 1211 16194 1.000 1.547 0.652 1.889 1378 4956 0 3234 1769 6251
26.4-T-8-U 8N 3 40 1203 1607 1000 1493 0.664 2047 13.30 4956 O 30,78 1685 60.83
26.5-B-5-U 8NO 3 40 1245 16.165 1.000 1500 0684 1.89F 1375 4956 0 3321 1816 64.35
26.6-T-5-U 8NO 3 40 12.06 16217 1.000 1500 0656 2.000 1369 4956 @ 32,13 1758 6253
27.1-B-8-U 8N1 3 23 1222 15584 1.000 19507 0484 1447 1361 10810 6 0375 7125 4327 2357 7998
21.2-B-5-U 8NG 3 023 1212 15515 LOOO 2000 0477 1415 1371 10810 6 0375 64.92 4270 2326 78.52
27.3-B-8-U 8N1 3 18 1206 15534 1000 1938 0461 1473 1353 10810 5 0500 64.92 4229 2303 79.21
27.4-B-8- &NOD 3 18 1215 15503 1.000 2000 0457 1442 1354 10810 5 0500 6492 4078 2222 7721
27.5-B-8-U &N1 3 18 1816 15612 1.000 4.016 0941 1427 13.66 10810 4 0.500 6492 41.74 2284 71.07
27.6-B-8-U ENO 3 18 1812 15619 1.000 4032 0930 1.442 1365 10810 4 0500 6492 4302 2353 7842
28.1-B-S-U iiF3 2 25 1171 16069 1410 2188 0766 1900 1342 12610 5 0375 7125 4863 2646 71.23

2 5

28.2-B-8-C 11F3 25 1213 16202 1410 2188 0734 1939 1352 12610 0375 71.25 3735 2038 54.17
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Table 2.1
Splice specimen properties and test results (continued)

Specimen

Bar

k

b

h

n dy Cso Cii Cp d £ N d. fy‘ P M, f+
Labe] + Designation {in} (in) (in}) {in) (in) {in) {in) {in} {psi) (in) {ksi) {kips)} (k-in) (ksi)
28.3-B-5-U 1iF3 3 28 1810 16094 1410 2172 1242 1901 1345 12610 4 0375 7125 6889 3752 67.03
28.4-B-8-C 1{F3 3 28 1809 16157 1410 2063 1211 1.893 1352 12610 4 0375 7125 4744 2577 4562
28.5-B3-5-U 1{F3 2 30 1809 16,198 1410 1977 40631 1999 1345 12610 @ 3540 1944 5089
28.6-B-5-C 11F3 2 30 1811 16215 1410 2016 3984 1946 1352 12610 0O 2913 1605 4176
29.1-B-8-U 8Ni 3 20 1206 15644 1000 1766 0492 1441 1368 10620 3 0375 7125 4426 24106 8098
29.2-B-S-U 8NO 3020 1214 15599 1.000 1875 0484 1478 1360 10620 3 0375 7525 46.07 2508 83.65
29 3-B-S-U 8Ni 3 18 1213 15638 1000 1859 0484 1470 13.64 10620 6 0375 7i.25 41.62 2267 7823
29.4-B-5-U SN0 3 I8 1217 156 1000 1938 0492 1418 1366 10620 o6 0375 7125 41.94 2284 7796
29.5-B-8-U 8N1 3 16 1810 156353 LO0G 3906 0965 1470 13.66 10620 4 0375 7125 41.02 2244 1579
29.6-B-8-U 8NO 3 16 1817 15648 1.000 3506 0.980 1414 1371 10620 4 03715 7125 4225 2310 7192
30.1-B-S-U 11F3 2 25 1219 16152 1410 2375 0688 1891 1351 13220 3 0375 7125 4563 2485 6607
30.2-B-58-C 1iF3 2 25 1207 16137 1410 2344 0734 1.847 1354 13220 3 0375 710,25 3528 1926 5100
30.3-B-5-U 11F3 3 28 1802 16105 1410 1953 1273 1889 1347 13220 2 0375 71.25 6897 3756 66.88
30.4-B-5-C 11F3 3 28 1804 16098 1410 2031 1227 1864 1349 13220 2 0375 7125 5587 3049 5409
30.53-B-8-U 11F3 2 30 1812 16146 1410 2063 4.0i6 1956 1344 13220 ¢ 46,72 2555 6693
30.6-B-5-C 11F3 2 30 1814 15999 1410 2141 3859 1988 1326 13220 O 37.42 2052 5447
J1-8-5-U BNI 2 16 1212 15483 1.000 2000 1875 1.522 1343 12890 2 0375 71.25 2432 1333 68.25
31.2-8-5-C 8N1 2 16 1220 15535 {.000 2000 1.813 1488 13.52 12890 2 0375 71.25 2039 1i21 5694
313-B-S-U 8NO 2 16 1215 15483 1000 1969 1938 1438 1352 12890 2 0375 7125 2339 1282 6524
3t.4-B-5-C 8NO 2 16 1208 15629 1.000 1969 1.875 1404 1370 12800 2 0375 7i.25 1942 1052 5272
31.5-B-5-U 8N1 3 022 1226 15584 1000 1,828 0508 1494 1356 128%0 O 3273 1787 6143
3t.6-B-S-U 8COA 3 022 1217 15485 1006 1719 0539 1492 1344 12890 ¢ 3347 1827 6342
32.i-B-S-U 11F3 2 32 1217 16169 L1000 2000 0984 1904 1352 14400 O© 43.86 2390 6333
322-B-S-U 1iBG 2 32 1214 1616 1000 2000 1.063 1916 1351 14400 0O 42,55 2319 6149
32.3-B-3-U 11F3 2 32 1814 16,146 1000 1969 4.016 1947 1345 14400 0 4241 2323 60.64
32.4-B-8-U HEBO 2 28 1820 16.173 1000 2031 4.047 1935 1350 14400 O 42.85 2346 6101
33.1-B-5-U 8Nt 3 18 1216 1603 1.000 2031 0426 1954 1355 5360 6 0500 64.92 3137 1714 6132
33.2-B8-8-U 8COA 3 18 1210 16024 1000 1953 0395 1913 1366 5360 & 0500 6492 3169 1732 6142
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Table 2.1
Splice specimen properties and test results (continued)

Specimen Bar no b h dy Coo 5 Cp d £, N d, T P M, ot
Label + Designation (in} (in) {in) (in) (in) {in) (in) {in}) (psi) (in} (ksi) (kips) (k-in)  (ksi)
33.3-3-5-U 8N 18 1814 16127 1.000 2070 1918 1.969 1363 5360 0375 7125 3027 1665 57.60
33.4-B-8-U 8C0A 18 1812 1613 1000 2063 1914 1936 1364 35360 0.375  71.25 30.67 1687 5832
33.5-B-S-U 8N1 22 1214 16326 000 2047 1875 1.928 13.87 5230 0375 7125 2012 1108 5646
33.6-B-8-U 8COA 22 1247 16261 1,000 2094 1.688 1.891 1382 3230 0375 7125 2057 1132 5794
34.1-B-8-U 8N1 24 1813 16123 1.000 2063 1938 1.941 1366 5440 3048 1677 57.88
34.2-B-N-U N1 24 1817 1605 1000 2070 1945 1918 13,61 5440 3252 1787 6197
34.3-B-8-U 8C0A 24 18,12 16022 1000 2080 1.844 1981 1349 5440 30,64 1685 5894
34.4-B-N-U 8C0A 24 1821 1602 10600 2045 1883 1936 1333 5440 3051 1679 58.49
35.1-B-8-U 8F1 20 1208 1617 1.000 1453 2375 1938 1369 5330 0375 7125 24.08 1321 68.44
35.2-T-S-U 8F! 200 1225 16.23 1,000 1422 2328 2159 1354 5330 0375 7125 1954 1076 5621
35.3-B-8-U 8C0A 20 1208 16.07 1000 1500 2266 1920 1360 5330 0375 7125 2158 1186 6L.77
35.4-7-S-U 8C0A 20 1216 16.24 1.000 1.640 2211 1938 1375 5330 0375 71.25 19.65 1082 55.61
36.1-B-S-U 8Nt 24 1216 15322 1000 1938 0.484 1446 1355 5060 0.625 6298 3921 2137 7139
36.2-B-5-U 8Ni 21 1213 153508 1.000 1969 0484 1.421 13.56 35060 0.500 64.92 34.50 1883 67.75
36.3-B-5-U 8C0A 26 1817 16102 1.000 2016 1.836 2000 1355 5060 3268 1796 62718
36.4-B-N-U 8CoA 26 1814 16101 1000 2031 1828 1988 13.56 5060

3135 1724 6017
3281 1794 5997
33.27 1818 61.40

37.1-B-D-Urx 8C0A
37.2-B-D-Urr 8CoA

32 1211 16261 1000 2,000 1813 1965 1270 4800
32 1214 16158 1.000 2000 1781 1954 1260 4800

W2 L RO OB G A0 W LD W W R0 0 W W W WM B RN W W W R e W W
A&NC\--.‘IO\OQ‘--&-JGGQOH&MMMMOQDQONNJ‘a-b-

37.3-B-5-C 8F1 21 1211 1552 L0000 1891 0469 1500 1343 4800 0.500 6492 3178 1736 6292
37.4-B-5-U 8F1 21 1207 15505 1.000 2000 0484 1503 1347 4800 0.500 o64.92 37.02 2019 73.78
38.1-B-N-U 8C0A 26 1825 1610F 1000 1938 1.953 1802 13795 35080 28.64 1578  54.18
38.2-B-5-U 3C0A 26 1817 16139 1.006 2125 1.844 2075 1351 5080 3141 1728 6051
38.3-B-5-U 8N1 24 1208 15442 1000 1938 0500 1446 1347 5080 0.625 6298 3482 1900 6893
38.4-B-5-U 8NI 21 1213 15492 1000 1.969 0484 1437 1353 5080 0.500 6492 3112 700 6l.12
38.5-B-8-U 8N1 24 12,16 15.624 1.000 2.047 1.875 14506 1365 5080 0375 7125 23.74 1302 6783
38.5-B-S-U 8l 26 1217 16098 1.000 1969 1938 1.754 13.64 5080 0375 71.25 2087 1094 35686
39.1-B-5-C 8Cl 16 1216 15527 1000 1.859 0469 1502 1351 14450 0.375 7125 3065 1675 5761
39.2-B-S-U 8C1 16 1218 1548 1000 1906 0516 1475 1349 14450 0375 7125 3859 2103 6974
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Table 2.1
Splice specimen properties and test results (continued)

Specimen Bar o b h d, Ceo Cq Cy d f, N d, T P M, £+
Label + Designation (in) (in) {in} {in) (in) {in) (in) (in) (psi) {in) (ksi) (kips} (k-in) (ksi)
39.3-B-8-U gNO 316 1217 15452 1.000 1.891 0488 1477 1345 14450 4 0375 7125 4143 2257 77.96
39.4-B-8-C 8NO 3 16 1209 15465 1.000 1813 0500 1470 1347 14450 4 0375 71.25 3004 1641  56.64
39.5-B-5-C 8CI 321 1215 15495 1000 1813 0.516 1.508 (3.47 14450 © 26.26 1438 4956
39.6-B-8-U 8Cl1 321 1219 15409 1000 1953 0508 1505 13.50 14450 @ 3610 1969 67.38
40.1-B-8-U 11F3 223 1216 13478 1410 2031 1000 1473 1326 15650 4 0375 7125 4538 2471 66.60
40.2-R-8-C 11F3 2 23 1216 1549 1410 2023 1023 1459 1328 15650 4 0375 7125 37.66 2053 55.16
40.3-B-8-C 1ING 2 23 1215 15484 1410 1953 1063 1435 1331 15650 4 0375 7125 2680 1467 3925
40.4-B-S-U 1iNG 2 23 1209 15521 1410 2000 1063 1451 1333 15650 4 0375 7125 4032 2197 S8.83
40.5-B-S-U &NO 2 17 1211 16.041 1000 2000 1.875 1.846 13.67 15650 & 24.00 1316 65.81
40.6-B-8-C 8N 2 17 1226 16231 L0DO 2000 1906 1.823 13.88 15650 O 2066 1190 58.53
41.1-B-8-U 8N3 2 16 1214 15552 1000 2000 1.844 1.522 1349 10180 2 0375 7125 23.52 1289 66.16
41.2-B-5-U 8N3 3 16 1216 15531 1.000 1875 0469 1.515 1338 10180 4 0625 6298 4434 2414 83.02
41.3-B-S-U 8N3 316 1241 16091 1.000 1.891 046F 1890 13.56 10180 4 0.500 64.92 41.87 2281 7935
41.4-B-S-U gNO 316 1220 15531 1.000 1906 0484 1476 1340 10180 4 0625 6298 4028 2194 7727
41,5-B-N-U 8C0A 3 16 1832 1604 1.000 2016 1.875 1977 1351 10500 2 0375 7125 34.86 1935 66.0I
41.6-B-S-U 8COA 3 16 1822 16167 1.000 2000 1.875 1.984 1363 0500 2 0375 7125 3526 1934 6538
42.1-3-8-U B8N0 2 16 1211 15986 1000 2000 1.85% 1.864 1350 11930 2 0375 7125 2297 1260 6432
42,2-B-§-C 8NGO 2 16 1209 15976 1.000 2016 1859 1.816 13.64 11930 2 0375 7125 17.12 944  47.64
42.3-B-8-C &8N0 316 1211 16007 1.000 1906 0500 1.848 1364 11930 4 0500 64.92 2799 1531 5245
42.4-B-5-U 8NO 3 16 1217 16091 1.000 1906 0500 1.829 1374 11930 4 0500 64.92 3807 2076  70.70
42.5-8-S-U 8NO 3 16 1218 15358 1.000 1906 0500 1476 13.62 11930 4 0625 6298 41.60 2266 77.92
42.6-B-5-C 8NO 3 16 1215 15516 1.000 1906 0.500 1456 13.53 11930 4 0.625 6298 3494 1906 65.90
43.1-B-8-C 8N3 2 16 1245 16072 1.000 2000 1844 1903 1363 11530 2 0375 7125 1868 1029 51.96
43.2-B-8-U aN3 2 16 1206 16059 1000 2031 1875 1.844 1368 (1530 2 0375 7125 2349 1288 6495
43.3-B-S-U 8N3 316 1222 16067 1000 1.844 0500 1.859 13.83 11530 4 0500 6492 4270 2326 78.8
43.4-B-8-C §N3 3 16 1209 16072 1.000 1828 0500 1956 1358 11530 4 0.500 6492 33.79 1844 63.63
43.5-B-8-C §N3 316 1207 15544 1.000 1875 0500 1464 1354 11530 4 0625 6298 3946 2150 74.50
43.6-B-8-U 8N3 3 16 1207 15484 1.000 1891 0500 1492 13.62 11530 4 0625 6298 45.16 2458 8273

Note: Refer to last page of table for footnotes.
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Table 2.1
Splice specimen properties and test results (continued)

Specimen Bar n g b h dy, Cso Cs ey d f. N d; fa P M, ft++
Label + Designation {in) (in) {in) {in) (in}) (in (in) {in} (psi) {in) (ksi) <{(kips) (k-in} (ksi)
+ Specimen label.

G.P-C-A-S, G = group number (19-43), P = casting order in the group (1-6), C = casting position of test bars {B = bottom cast bar, T = top cast bar),
A = bar arrangement (S = symmetrical splices, N = unsymmetrical splices, D = two layers of bars),
5 = surface condition of test bars (U = uncoated, C = epoxy coated)

+ Bar stress is computed using the moment-curvature method if M, does not exceed the moment capacity from moment-curvature analysis,
ptherwise f; is computed using the ultimate strength methed; M, and ] include effects of beam self weight and toading system,

* Beam failed by crushing concrete at middie section.

*#%  Beam did not fail due to the limited capacity of loading system.

*k¥

First layer contained spliced bars and second layer contained continuous bars,

¥+ Poth layers were spliced bars,

1in. =254 mm; 1 psi= 6.895 kPa; 1 ksi = 6.895 MPa; 1 kip=4.445 kN; 1 k-in. =0.113 kN-m
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Table 2.2
Properties of reinforcing bars

Bar * Yield Nominal { Weight | % Light Rib Rib Width** _Rib Width+ Rib Height ‘Relative | Coaling+++
Designation| Strength | Diameter or Heavy | Spacing H 11 Rib Spacing ASTM Avg++ | Rib Area | Thickness
(ksi) {in) (bl (in.) (in.) {in.) 1 I (in.) {in.) {mils)
5C3 6298 0.625 1.033 1.0%L 0.258 0.082 0.100 0318 0.38¢6 0.047 0.043 0.141 7.8
8COA 69.50 1.000 2615 2.1%L 0.598 0.145 0.173 (.243 0.288 0.066 0.063 0.085 -
END 77.96 1.000 2.594 2.8%L 0.650 0.138 0.165 0212 0.253 0.057 0.054 0.069 i0.1
8C1 67.69 1.000 2592 5.3%L 0.504 0.149 0.178 0.296 0.353 0.064 0.060 .10t i3.3
8F1 7542 1.000 2.600 2.6%L 0471 0.123 0.140 0.261 0.297 0.078 0.074 0.140 6.8
8MI 78,710 1000 | 4733 2.4%H 0.441 0.160 0.193 0.363 0.438 0.073 0.068 0.[21 0.2
8N3 80.57 1.666 | 2.730 2.2%H 0.487 0.148 0.177 0.303 0.3a62 0.072 0.068 0119 12.4
1iNO 65.54 1.410 5.157 2.9%L 0.911 0.194 0234 0.212 0.257 0.079 0.072 0.072 8.1
1iB0 66.69 1.410 5.102 4.0%L 0.825 0.156 0.187 0.188 0.226 0.070 0.070 0.070 -
11F3 77.77 1410 | 5.145 3.2%L 0.615 0.157 0.204 0.255 0.332 0.050 0.127 0.127 6.3
*  Bar Designation '
H#AAB, # = bar size (No. 5, No.8, or No.11}, AA = bar manufacturer and deformation pattem:
BO Conventional Birmingham Steel bars
Co Conventional Chaparral Steel bar

C1,C3 New Chaparral Steei bar

NG Conventignal North Star Steel bar
Fi,F3 New Florida Steel bar

NI, N3 New North Star Steel bar

B = different letter that is presented if the bar had the same deformation pattern as reported by

Darwin et ak. {1995a), but were produced from different steei heat.

**  Average rib widih at: I - 3/4 height of ribs
Il - 1/2 height of ribs

+  Ratio of rib width to #ib spacing corresponding to rib width [ and If
++  Average rib height between longitudinal ribs
+++  Average coating thicknesses for epoxy-coated bars belonging to bar designation

in. =254 mm; | ksi = 6.895 MPa, | 1/t = 149 kg/m, 1 mil = 0.0254 mm
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Table 2.3
Concrete mix proportions (Ib/yd®) and properties

Group Concrote wicm Cement Water Fine Coarse  Fly  Silica  Superplasticizer Retarder Shump  Concrete Air Test  Cylinder
Series¥ Ratio** Agg¥e*  Agp Ash  Fume® TypeF TypeG TypeA Temperature Content  Age Strength
(b/yd®) (bryd) (biyd®) (blyd®) (ibfyd®) (biyd®) (ozyd) (ozfyd®) (oz/yd®) (in)  (F°) O (days)  (psi)

19 NNL 044 511 225 1564 1661 ] 0 1] 0 0 2.00 59 33 . 4250
20 NNL 044 511 225 1564 1661 0 0 0 G 0 225 66 34 19 5080
21 NNL 044 511 225 1564 1661 0 0 0 ¢ 0 2.50 74 32 12 4330
22 MNNB 035 886 310 1209 1568 0 0 0 0 0 2.25 93 2.1 8 6300
14 6700

23a HHL 0.3 548 182 1427 1803 ¢ 83 132 44 0 3.50 66 19 8 9080
23b-1 HHL.  0.33 548 i82 1427 1803 4 83 132 44 ¢ 4.50 56 1.6 8 8370
23b-2++ NNL  0.33 511 225 1427 1661 0 0 ¢ g ¢ 3.00 51 30 10 4500
24 NNL 044 511 225 1564 1661 0 0 1] 58 0 4.00 87 2.6 9 4300
25 NNL 044 5t 225 1564 1661 0 1] ] 58 ] 3,75 90 39 i3 4490
26 NNL 044 602 265 1444 1661 0 0 0 0 0 5.00 65 24 19 4956
27 HHL 033 548 182 1427 1803 0 83 132 44 1] 5.50 47 13 27 10810
28 HHL 024 786 202 1030 1858 47 94 207 0 21 9.50 64 6.9 19 12610
29 HHB 031 561 170 1368 1908 0 99 381 0 16 5.25 50 2.4 23 10620
30 HHB 022 695 166 1282 1857 41 82 291 0 47 825 64 1.8 20 13220
31 HHB 022 773 180 1140 1857 45 91 283 ¢ 78 8.50 70 1.9 127 12850
32 HiB 022 713 180 1140 1857 45 91 283 (] 78 8.50 63 1.8 127 14400
33-1 NHL 045 605 272 1270 1849 1] ] ] t] 0 3.00 78 L6 8 5360
33-2++ NHL 045 605 272 1270 1849 0 0 1] it 5.50 82 1.7 8 5230
34 NHL 045 605 272 1270 1849 0 0 0 ] 0 2.25 84 1.6 12 5440
35 NNL 044 602 265 1444 1661 0 0 0 Q 0 5.50 75 3.0 13 3330
36 NHE 045 605 272 1270 1849 0 0 0 0 0 360 T 1.8 7 50606
37 NNL 044 511 225 1564 1661 ¢ 0 0 0 0 2.5¢ 78 4.5 22 4800
38 NNL 044 5H 225 1564 1661 0 0 1] 0 g 200 55 i4 15 5080
39 HHB 022 696 168 1283 1854 41 82 329 (] 47 7.00 56 18 119 14450
40 HHB 022 696 168 1283 1854 41 82 329 0 47 8.00 58 1.6 i35 15650
41-1 HHL 033 548 182 1427 18063 0 83 132 44 1] 4,00 33 2.0 25 L0186
41-2++  HHL 033 548 182 1427 1803 4] 83 132 44 0 8.00 62 2.0 15 10500
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Table 2.3
Concrete mix proportions (Ib/yd*) and properties (continued)

Group Conercte w/em Cement Water Fine  Coarse  Fly  Silica  Superplasticizer Retarder Slump  Concrete Air  Test Cylinder
Serics* Ruatio** Agg***  Agg Ash  Fume®™  TypeF Type G Type A Temporature Content Age  Strenglh
(tb/yd®) (Ibfyd®) (biyd®) (Ibyd®) (bryd®) (biyd®) (oziyd®) (oz/yd’) (ozfyd’} (in) (F°) (%)  (days)  {psi)
42 HNL 024 810 226 1155 1600 122 81 608 0 108 1100 56 1.9 13 11930
43 HNL  0.24 810 226 1155 1600 122 Bl 608 0 108 10.50 65 1.8 16 11530
¥ Series of Concrete, SCA:

S = Concrete Strength [N = normal strength (. < 8000 psi), H = high strength (f'; > 8000 psi}}
C = coarse aggregate content in concrete (N = normal content, H = high content)
A = type of coarse aggregate,
L - Crushed Limestone from Fogel's Quarry, Otiawa, KS
Bulk Specific Gravity (S88D) = 2.58; Absorption = 2.7%; Maximum Size = 3/4 ia.
Unit Weight =90.5 Ib/f°
B - Basalt from Iron Mountain Trap Rock Company
Bulk Specific Gravity (88D) = 2.64; Absarption = 0.44%,; Maximum Size = 3/4 in,
Unit Weight = 95.5 Ib/f®

i water-cement ratio or water-cementitious material ratio

A Kansas River Sand from Lawrence Sand Co., Lawrence, KS
+ Silica Fume from Master Buiiders Technologies, Inc.

++ For specimen No. 5 and No. 6 in the group

1 Ibfyd® = 0.5993 kg/m®; 1 oz =29.57 cm’; | psi = 6.895 kPa; | in. = 25.4 mm

vt
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Table 2.4a
Number of cracks and crack widths at a bar stress of 20 ksi

Specimen Bar Numbor of Cracks +  Max. Crack Width ++  Sum of Crack Widths **
Label* Designation East Side West Side EastSide WestSide FastSide  West Side
{in.) {in.) (in.} (in.)
28.1-B-8-U  HF3 4 4 0.004 0.003 0.013 0.011
28.2-B-5-C 11F3 3 3 0.003 0.003 0.008 0.009
28.3-B-5-U  11F3 4 4 0.003 0.003 0.011 0.011
28.4-B-5-C 11F3 3 3 0.005 0.004 0.010 4.010
28.5.B-8-UU  11F3 3 3 0.003 0.003 0.008 0.008
2%.6-B-5-C 11F3 2 3 0.004 0.004 0.008 0.009
29.1-B-3-U 8N1 7 4 0.002 0.001 0.009 0.004
29.2-B-5-1J  8NO 6 5 0.001 0.001 0.006 0.005
79.3-B-8-U 8Nl 5 5 0.001 0.001 0.005 0.005
29.4.B-S-U  8NO 6 7 0.001 0.001 .006 0.007
295-B-8-U  8NI1 3 4 0.001 0.001 0.003 0.004
29.6-B-5-U NG 3 4 0.001 0.001 0.003 0,004
30.1-B-S-U  11F3 4 3 0.002 0.003 0.007 0,008
30.2-B-3-C 11F3 3 2 0.003 0.003 0.008 0.005
30.3-B-3-U  1IF3 5 4 0.002 0.002 0.006 0.006
30.4-B.5-C 11F3 3 3 0.002 0.002 0.006 0.004
30.5-B-5-U  11F3 2 2 0.003 0.003 0.005 0.005
30.6-B-8-C 11F3 2 2 0.002 0.002 0.004 0.004
31.1-B-8-U BNl 2 2 0.002 0.002 0.004 0.004
31.2-B-8-C 8Nl 2 2 0.002 0.003 0.004 0.005
31.3-B-53-U 3ND 2 3 0.002 0.002 0.004 0.006
31.4-B-5-C SN0 pA 2 0.002 0.003 0.004 0.005
31.5-B-8-U 8Nl 4 4 0.002 0.002 0.006 0.008
31.6-B-S-U  8COA 3 3 0.002 0.002 0.006 0.006
32.1-B-5-1J  1iF3 3 3 0.005 0.003 0.009 0.009
322.B-8-U  1iBO 4 3 0.004 0.004 0.014 0.010
323-B-8-U  11F3 2 2 0.003 0.003 0.006 0.006
324-B-3-U 11BO 2 2 0.004 0.004 0.007 0.009
33.1-B-S-U  8NI 4 4 0.002 0.003 0.006 0.008
332-B-8-U  BCOA 4 4 0.002 0.002 0.008 0.008
333-B-3-U  BNI 2 2 0.002 0.003 $.005 0.004
334-8B-8-U  8C0A 2 2 0.002 0.002 0.004 0.004
33.5-B-3-U  8NI 3 2 0.002 0.002 0.006 0.004
33.6-B-5-U 8COA 4 2 0.003 0.003 0.008 0.005
34.1-B-5-U 8Nl 2 2 0.002 0.003 0.003 0.006
342-B-N-U  8NI 2 2 0.003 0.002 0.005 0.004
34.3.B-.8-U 8C0A 3 2 0.002 0.002 0.006 0.004
344.B.N-U  BCOA 2 3 0.002 0.002 (.004 0.005
35.1-8.8-U  BF1 3 2 0.002 0.002 0.006 0.004
352-T-8-U  &F1 3 2 0.002 0.002 0.006 ¢.004
353.B-8-U  8C0A 3 2 0.002 0.002 0.006 0.004
354-T-8-U 8C0A 3 2 0.002 0.002 0.006 0.004
36.1-B-5-U  8Ni 4 4 0.002 0.002 0.008 0.008
36.2-B-3-U 8N1 3 4 0.003 0.002 0.007 0.008
36.3-B-S-U 8COA 2 2 0.003 0.003 0.005 0.005
364-B-N-U  8C0A 2 2 0.002 0.003 0.004 0.005
37.1-B-B-U  3C0A 3 3 0.003 0.003 0.007 0.008
37.2-B-E-U 8C0A 4 3 0.002 0.002 0.008 0.006
37.3-B-8-C 8F1 5 5 0.002 0.003 0.008 0.011
37.4-B-8-UJ 8F1 4 4 0.003 0.003 0.009 0.009
33.1-B-N-U  8C0A 2 3 0.002 0.002 0.004 0.006
38.2-B-S-U  8C0A 3 3 0.003 0.002 0.008 0.006
33.3-B-5-U  8NI 4 4 0.002 0.002 0.008 0.008
38.4-B-3-U 8N1 5 4 0.003 0.002 0.010 0.007
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Table 2.4a

Number of cracks and crack widths at a bar stress of 20 ksi (continued)
Specimen Bar Number of Cracks +  Max. Crack Width ++  Sum of Crack Widths **
Label* Designation EastSide West Side EastSide WestSide EastSide — West Side

(in.) {in.) (in.) {in.)

38.5-8-3-U gN1 2 3 0.002 0.002 0.004 0.006
38.6-B-5-U 8N1 2 3 0.002 0.002 0.004 0.006
39.1-B-S-C  8NI 3 4 0.003 0.003 - .
39.2-B-5-U  8Cl 3 5 0.003 0.003 - -
39.3-B-5-U  8NO 3 3 0.003 0.003 - -
39.4-B-8-C  8NO 3 2 0.003 0.003 - -
395-B-8-C  8C1 3 3 0.004 0.004 - -
39.6-B-5-U  8Cl 4 4 0.003 0.003 - -
40.1-B-5-U0  11F3 4 3 0.003 0.005 - -
40.2-B-8-C 11F3 3 3 0.003 0.006 - -
40.3-B-5-C 1INO 3 2 0.006 0.006 - -
40.4-B-5-0  1INO 5 4 £.003 0.003 - -
405-B-S-U  8NO 1 0 0.003 0.000 - -
40.6-B-5-C  8ND 3 2 0.003 0.005 - -
41.1-B-S-U  8N3 2 3 0.001 0.002 - -
41.2-B-8-U  8N3 5 6 0.002 0.002 - -
41.3-B-5-U  8N3 5 5 0.002 0.002 - -
414-B-8-U  8NO 6 4 0.002 0.002 - -
415-B-N-U  8CO 1 2 0.002 0.004 - -
41.6-B-8-U  8C0 2 2 0.002 0.002 - -
42.1-B-S-U  8NO . . - - - -
422-B-3-C SN0 - - - - - -
423-B-5-C  8NO - - . - - -
424-B-5-U  8NO - - - - - -
42.5-B-5-U  8No - - - - - -
42.6-B-S-C  8NO - - - - - -
43.1-B-3-C 8N3 4 3 0.004 0.003 - Lo
43.2-B-S-U 8N3 3 3 0.004 0.003 " -
433-B-8-1]  8N3 4 5 0.002 0.003 - -
43.4-B-S8-C 8NN3 3 4 0.005 0.005 - -
43.5-B-8-C  8N3 3 5 0.003 0.003 - -
43.6-B-S-U EN3 4 5 0.003 0.002 - -
* See Table 2.1 for notation of the specimen label
ok Sum of flexural cracks width on east and west sides of splices in constant moment

region, but outside of splice region, at a bar stress of 40 ksi

+ Number of flexural cracks in the constant moment region, but outside splice region,
at a bar stress of 40 ksi;
West Side = west side of splice region; Ease Side = east side of splice region

+ Maximum flexural crack width in the constant moment region, but outside splice
region, at a bar stress of 40 ksi

1in. =25.4 mm; 1 psi = 6.895 kPa; 1 ksi = 6,895 MPa
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Table 2.4b
Number of cracks and crack widihs at a bar stress of 30 ksi

Specimen Bar Number of Cracks +  Max. Crack Width +  Sum of Crack Widths **
Labet* Designation BastSide WestSide East Side West Side  EBastSide  West Side

{in.) (in.) (in.} {in.}
28.1.B-5-U 11F3 5 5 0.007 0.007 0.025 0.026
28.2.B-5-C 11F3 4 4 0.012 0.012 0.035 0.034
28.3.B-5-U 11F3 5 4 0.006 8.007 0.022 0,026
28.4-.8-3-C 11F3 5 3 0.006 0.009 0.031 0.028
28.5-B-8-U 11F3 3 3 0.009 0.009 0.023 0.024
28.6-B-3-C 11F3 2 3 0.013 0.012 0.026 0.032
259.1-B-5-U N1 8 § 0.004 0.003 0.017 0.016
28.2.B-5-U N0 8 7 0.003 0.003 0.019 0.014
29.3-B-8-IJ 8Nl 7 7 0.003 0.004 0.016 0.016
29.4.B-5-U ENO 7 8 0.003 0.003 0.016 0.019
29.5-B-5-U N1 7 6 0.003 0.003 0.014 0.011
29.6-B-5-U ENO & 8 0.003 0.003 0.012 0.014
30.1-B-S-U 11F3 5 5 0.005 {.006 0.020 0.020
30.2-B-8-C 11F3 4 3 0.008 0.008 0.022 0.018
30.3-B-8-U HIF3 5 5 0.006 0.005 0.020 0.018
30.4-B-5-C 11F3 4 4 0.007 4.007 0.019 0.021
30.5-B-3-U 11F3 2 3 0.008 0.009 0.015 0.019
30.6-B-3-C 11F3 3 2 0.008 0.009 0.016 0.017
31.1-B-8-U 8Nl 5 6 0.005 0.0035 0.018 0.020
31.2-B-8-C 8N1 4 4 0.0607 0.007 0.022 0.020
31.3-B-8-U §N0 3 4 0.005 0.008 0.014 0.018
31.4-B-S-C ENO 4 4 0.006 0.007 0.022 0.023
31.5-B-3-U 8Nt 5 3 0.006 0.006 0.024 0.023
31.6-B-8-UJ  8CoA 5 6 0.007 0.006 0.021 0.023
32.1-B-3-U 11F3 4 4 0.007 0.008 0.018 0.021
32.2-B-5-U 11B0O 4 4 0.008 0.008 0.029 0.022
323-B-8-U 11F3 3 4 0.009 0.008 0.022 0.022
32.4-B-8.U 1180 3 3 (.009 0.009 0.025 0.023
33.1-B-8-U EN1 4 4 0.007 0.606 0.016 0.01¢9
33.2-B-3-U SCOA 4 4 0.006 0.006 0.023 0.022
33.3-B-5-UJ 8N1 4 4 0.008 0.006 0.020 0.018
33.4-B-5-U RCOA 4 4 0.005 0.0065 0.018 0.018
33.5-B-5-U gN1 4 4 0.005 0.005 0.017 0.018
33.6-B-5-U 8COA 4 4 0.006 0.006 0.017 0.020
14,1-B-S-UJ gN1 4 3 0.005 0.005 0.018 0.013
34.2-B-N-U 8N1 4 4 0.006 0.005 0.019 0.017
34.3-B-3-U 3COA 4 3 0.008 0.007 0.017 0.018
34.4-B-N-U 8COA 4 4 0.006 0.007 0.017 6.023
35.1-B-S-U 8F1 3 4 0.006 0.006 0.017 0.015
352-T-8-U 8F1 4 3 0.007 0.009 0.024 0,020
35.3-B-3-U SCOA 4 4 0.006 0.006 0.019 0.021
35.4-T-5-U 8C0A 4 4 £.007 0.007 0.022 0.021
36.1-B-S5-U aN1 4 4 0.005 0.005 0.020 0.019
36.2-B-S-U 3N1 4 6 0.007 0.005 0.021 0.023
36.3-B-S-U 2COA 2 4 0.007 0.006 0.013 0.017
36.4-B-N-U 8COA. 3 4 0.006 0.006 0.013 0.017
37.1-B-D-U 8COA 4 3 0.006 0.007 0.016 0.020
37.2-B-E-U 8C0A 4 3 0.006 0.006 0.020 0.018
37.3-8-8-C 8F1 5 5 0.004 0.003 0.018 0.012
37.4.B-§-U 8F1 6 6 0.005 0.005 0.023 0.022
38.1-B-N-U 3COA 3 3 0.006 0.006 0.017 0.016
313.2-B-5-U 3C0oA 3 3 0.008 0.008 0.022 0.019
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Table 2.4b

Number of cracks and crack widths at a bar stress of 30 ksi (continued)
Specimen Bar Number of Cracks +  Max. Crack Width ++  Sam of Crack Widths **
Label* Designation East Side WoestSide EastSide WestSide EastSide — West Side

{in.) (in.) (in.) {in.)

383-B-S-U  8NI 4 5 0.006 0.005 0.020 0.018
384-B-5-U  8NI 5 3 0.006 0.007 0.025 0.023
385-B-5-U  8NI 4 4 0.005 0.005 0.016 0.017
38.6-B-3-U 8Nl 4 4 0.006 £.005 0.018 0.015
39.1-B-5-C  8NI 4 5 0.009 0.009 - -
39.2-B-S-U 8C1 & 6 0.008 0.006 - -
39.3-B-8-U  8NO 7 7 0.009 0.007 - -
39.4-B-S-C  8NO 5 5 0.008 0.009 . -
39.5-B-8-C  8C1 5 5 0.009 0.009 - -
39.6-B-S-U 8C1 5 3 0.008 0.007 - -
40.1-B-5-U 11F3 5 3 0.007 0.00% - -
40.2-B-8-C 11F3 4 4 0.009 0.009 - -
40.3-B-5-C 1IN0 4 3 0.009 0.009 - -
40.4-B-8-U 1IN0 5 5 0.008 0.009 - -
40.5-B-5-U0  8NO 4 5 0.007 0.007 - -
40.6-B-S-C B8N0 4 3 0.009 0.009 - -
41.1-B-S-U 8N3 5 4 0.006 0.006 - -
41.2-B-S-U  8N3 7 7 0.008 0.005 - - -
41.3-B-5-U  8N3 6 7 0.005 0.005 - -
41.4-B-5-U 8NO 6 6 0.006 0.004 - -
415-B-N-U  8C0 5 4 0.005 0.006 - -
41.6-B-5-U  8C0 5 5 0.005 0.005 - -
42.1-B-8-U  8NO 5 4 0.007 0.007 - -
42.2-B-S-C 8NO 3 4 0.009 0.009 - -
42.3-B-8-C B8N0 5 5 0.008 0.007 - -
42.4-B-8-U  8NO 5 5 0.006 0.007 - -
42.5-B-5-C 8NO 6 6 0.005 0.005 - -
42,6-B-5-C &8N0 7 5 0.006 0.009 - -
43.1-B-8-C  8N3 5 5 0.009 0.008 - .
43.2-B-8-U 8N3 5 5 0.008 0.007 - -
43.3-B-8-U  8N3 6 5 0.006 0.006 - -
43.4-B.8-C gN3 3 5 0.008 0.010 - -
43.5-8-8-C 8NN3 5 6 0.007 0.009 - -
43.6-B-5-17  8N3 5 6 0.007 0.006 - -
* See Table 2.1 for notation of the specimen label
** Sum of flexural cracks width on east and west sides of splices in constant moment

region, but outside of splice region, at a bar stress of 40 ksi

+ Number of flexural cracks in the constant moment region, but outside splice region,

at a bar stress of 40 ksi;
‘West Side = west side of splice region; Ease Side = east side of splice region

+5 Maximum flexural ¢rack width in the constant moment region, but outside splice
region, at a bar stress of 40 ksi

1in. =254 mm; 1 psi = 6.895 kPa; 1 ksi = 6.895 MPa
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Table 2.4¢
Number of cracks and crack widths at a bar stress of 40 ksi
Specimen Bar Number of Cracks + Max. Crack Width++  Sum of Crack Widths **
Label* Designation EastSide WestSide EastSide WestSide East Side  West Side
{in.) {in.) {in.) {in.)

28.1-B-8-U 11F3 5 [ 0.013 0.013 0.048 0.053
28.2-B-S-C 11F3 4 4 0.018 0.018 0.049 0.050
28.3-B-8-U 11F3 5 6 0.009 0014 0.034 0.042
28.4-B-5-C 11F3 5 3 0.018 0.m7 0.046 0.043
28.5-B-8-U 11F3 3 4 0.015 0.015 0.038 0.037
28.6-B-3-C 11F3 2 3 - - . -
29.1.B-8-U 8N1 8 8 0.067 0.005 0.024 0.024
29.2-B-8-1J 8NO 8 8 0.006 0.006 0.032 0.022
29.3-B-8-U 8NI 7 2 0.007 0.007 0.033 0.026
25.4-B-5-U ENO 8 8 0.007 0.007 0.028 0.030
29.5-B-8-U gN1 8 8 0.006 0.006 0.025 0.026
29.6-B-5-U 8NO 7 8 0.006 0.006 0.023 0.024
30.1-B-5-U 11F3 5 5 0.009 0.009 0.03 0.029
30.2-B-3-C 11F3 4 3 0.013 0.013 0.038 0.036
30.3-B-8-UU 11F3 & 5 0.019 0.009 0.031 0.030
304-B-3-C 11F3 4 4 0.015 0.015 0.037 0.039
30.5-B-8-U 11F3 3 3 0.016 0.015 0.031 0.035
30.6-B-S-C 11F3 2 3 0.018 0.018 0.033 0.027
31.1-B-S-U 8N1 6 & 0.009 0.009 0.036 0.039
31.2-B-8-C 8N1 4 4 0.011 0.011 0.036 0.036
31.3-B-8.U 8NO 5 6 0.010 0.009 0.033 0.035
314-B-8-C gNO 4 4 8.011 0.011 0.04 0.041
31.5-B-S-U 8N1 5 & 0.010 0.010 0.042 0.037
31.6-B-S-U 8COA 5 & 0.010 0.010 0.034 0.036
32.1-B-8-U 11F3 4 4 0.012 0.013 0.028 0.037
32.2-B-8-U 11B0 4 4 0.012 0.013 0.041 0.035
32.3-B-8-U 11F3 3 4 0.012 0.011 6.033 0.041
32.4-B-3-U 11B0 4 4 0.015 0.016 0.044 0.041
33.1-B-8-U 8N1 5 4 0.010 0.010 0.031 0.033
33.2-B-8-U 8C0A 4 4 0.010 0.010 0.039 0.036
33.3-B-8-U 8N1 4 4 - 0,009 0.009 0.029 .030
33.4-B-8-U 8COA 4 5 0.009 0.00% (.035 0.033
33.5-B-8-U gN1 5 4 0.010 0.010 0.038 0.032
33.6-B-5-U 8CoA 4 4 0.010 0.010 0.035 0.036
34.1-B-S-U N1 4 4 0.009 0.010 0.038 0.031
342-B-N-IJ BNl 4 4 0.010 0.010 0.035 0.037
343.B-5.U  3C0A 4 4 0.013 0.010 0.031 0.036
34.4-B-N-U  8C0A 5 5 0.012 6.010 0.035 0.036
35.1-B-5-U 8F1 4 5 0.010 0.010 0.031 G.031
35.2-T-3-U 8F1 4 3 0.013 0.015 0.042 0.037
35.3-B-8-U 8COA 4 4 0.010 0011 0.036 0.039
354-T-8-U 8CRA 4 3 0.013 0.013 0.041 0.037
36.1-B-8-U 8N1 4 4 0.009 0.009 0.032 0.030
36.2-B-S-U 8N1 5 6 0.010 0.00% 0.033 0.035
36.3-B-5-U 2COA 3 4 0.010 0.009 0.028 0.034
36.4-B-N-U 3C0A 3 4 0.010 0.008 0.026 0.029
37.1-B-D-U  8ChA 4 3 0.010 0.010 0.031 0.030
372-B-E.U 8COA 4 3 0.010 0.010 0.033 0.029
37.3-B-8-C 8F1 5 4 0.011 0.011 0022 0.021
37.4-B-5-U 8F1 6 6 0.009 0.010 0.042 0.043
38.1-B-N-1J  8COA 3 4 0.010 0.010 0.030 0.031
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Table 2.4¢
Number of cracks and crack widths at a bar stress of 40 ksi (continued)

Specimen Bar Number of Cracks +  Max. Crack Width ++  Sum of Crack Widths **
Label* Designation East Side West Side EastSide WestSide EastSide  West Side

(in.) {in.) (in.) {in.)
38.2-B-5-U 8C0A 3 3 0010 0.810 0029 6.030
38.3-B-5-U  8NI 5 6 0.009 0.008 0.029 0.026
384-B-8-U  8NI 5 6 0.010 0.010 0.039 0.038
38.5-B-5-U  8NI 5 4 0.010 0.010 0.034 0.035
38.6-B-3-U  8NI 4 4 0.010 0.009 0.031 0.034
39.1-B-5-C 8N1 5 6 0016 0.013 - -
39.2-B-5-U  8C1 7 6 0.010 0.010 - -
39.3.B-8-U ENO 7 6 0.011 0.009 - -
39.4.B-5-C  8NO 6 5 0.016 0.013 - -
39.5-B-5-C 8Ct 5 5 0.016 0.014 - -
39.6-B-S-U  8Cl b1 5 0.011 0.010 . -
40.1-B-5-U 11F3 5 6 0.011 0.013 - -
40.2-B-8-C HF3 4 5 0.016 0.015 - -
40.3-B-8-C 1ING 4 3 0.010 0.009 - -
40.4-B-8-U  1INO 5 5 0.013 0.012 - -
40.5-B-8-U  8NO 5 5 0.010 0.010 - .
40.6-B-S-C SNO 4 3 0.016 0.015 - -
41.1-B-5-U 8N3 6 5 0.010 0.010 - -
4}.2-B-S-U 8N3 7 8 0.009 0.009 - -
41.3-B-8-U  8N3 ) 2 0.010 0.009 - -
41.4.B-8-U  8NO 7 g 0.009 0.009 - -
41.5-B-N-UJ  8CO 5 5 0.009 0.009 - -
41.6-B-5-U 3CH 3 & 6.009 0.009 - -
42.1-B-5-U SN0 6 6 0.010 0.010 - -
42.2-B-5-C  8§NO 4 4 0.016 0.015 - -
423.B-8-C &8N0 5 5 0.016 0.016 - -
42.4-B-3-U B8N0 6 7 0.011 0.010 - -
42.5-B-5-U  8NO 7 6 0.010 0.010 - -
42.6-B-3-C  8NO 7 5 0.012 0.016 - -
43.1-B-3-C  8N3 5 5 0.015 0.013 - -
43.2-B-8-UJ  BN3 6 6 0.010 0.011 - -
433-B-8-U  8N3 6 6 0.010 0.010 - -
43.4-B-S-C 8N3 5 5 0.013 0.015 - -
43.5-B-8-C 8N3 5 6 0.013 0.015 - -
43.6-B-8-1 N3 7 & 0.010 0.010 - -
* See Table 2.1 for notation of the specimen [abel
** Sum of flexural cracks width on east and west sides of splices in constant moment

region, but outside of splice region, at a bar siress of 40 kst

+ Number of flexural cracks in the constant moment region, but outside splice region,
at a bar stress of 40 ksi;
West Side = west side of splice region; Ease Side = east side of splice region

++ Maximum flexural crack width in the constant moment region, but outside splice
region, at & bar stress of 40 ksi

1in, =254 mm; | psi= 6.895 kPa; | ksi = 6,895 MPa
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Table 3.1
Comparison of bottom-cast and top-cast splice specimens
Specimen Bar Cast Surface Concrete Transverse f; f,* Bottom**

Label” Designation Position Condition Shlump  Stirrups  (Test) (Prediction) Top
(im) (ksi) (ksi)

24.1-B-5-17 &NI ‘Boitom uncoated  4.00 W0 6178 07.23 1.058
24.3-T-8-U  8N1 Top  uncoated  4.00 wio 59.83 68.91

24.2.B-3-C 8N1 Bottomm  coated 4.00 wio 55.21 66.82 1.035
24.4.T-8-C 8Nl Top coated 4.00 w/fo 55.27  69.26

25.1-B-8-J  5C3 Bottom uncoated  3.75 w/o 63.73 61.98 0.975
25.3-T-8-U 5C3 Top  uncoated 3.75 wio 6432 61.00

25.2-B-8-C  5C3 Bottom  coated 3.75 w/o 67.59  61.21 1.059
254-T-3-C  5C3 Top coated 3.7s wio 62.98 60.39

26.3-B-S-U  8NI Bottom uncoated  5.00 w/o 62.34 61.46 1.046
26.4-T-5-U  8NI Top  uncoated  5.00 w/o 60.74 62.62

26.5-B-8-U  8NO Bottom wuncoated  5.00 wlo 64.24 62.01 1.033
26.6-T-8-U  BNO Top  uncoated  5.00 w/lo 62.41 62.21

26.1-B-S-U  8NI Bottom uncoated  5.00 wi 64.74 66,79 1.172
26.2-T-S-U  BNI Top uncoated  5.00 w/ 55.35 66.94

35.1-B-8-U  8F1 Bottom uncoated  5.50 w/ 68.24 68.53 1.224
35.2-1-5-U  8F1 Top  uncoated 35,50 w/ 56.07 68.91

35.3-B-8-U 8CLA Bottom uncoated  5.50 w/ 61.54 61.06 1.138
35.4-T-S-17  8COA Top  uncoated  5.50 w/ 5540  62.55

For 3 patrs of uncoated high R, bars w/o stirrups: Max. 1.058

Min. 0.975

Avg. 1.026

For | pair of uncoated conventional bars w/o stirrups: 1.033

For 2 pairs of uncoated high R, bars w/ stirrups Max, 1.224

Min. 1.172

Avg, 1.198

For 1 pair of uncoated conventional barg w/ stirrups: 1.138

For all 5 pairs of uncoated high R, bars: Max. 1.224

Min. 0.975

Ave, 1.095

For all 2 pairs of uncoated conventional bars : Max. 1.033

Min. 1.138

Avg, 1.085

For 2 pairs of coated high R, bars w/o stirrups: Max. 1.035

Min, 1.059

Avg. 1.047

+ See Table 2.2 for specimen label notation

*  Predicted bar stress using Eq. 3.1 and Eq. 3.2 for the splices not confined and confined

by stirrups in splice region, respectively.

**  Normalized sphice strength ratio of Bottom-cast to Top-cast splice specimens

Iin. =254 mm; | psi= 6.895 kPa; | ksi = 6.895 MPa
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Table 3.2
Comparison of symmetrical and unsymmetrical splice specimens
Specimen Bar , f, |Clear Spacing® |Avg. ¢ {Min. ¢;[Transversel f, |Predicted Stress**[ US™| Test/Prediction
i Label ™ Designation Smaif | Large } Sticrups [{Test)| & fq 5 £ f,
()} s | () | Gm) | (o) | (in) (isi) | Gesi) | Gksi) P
19.1-8-5-U | 8N3 1360} 4250 | 3.875 | 3.844 | 1.930 wio | 73.53] 73.03 0,925
192B-N-U | 8N3  [36.0| 4250 2.000 { 5.531 | 1.883 | 1.000 | wio |67.86| 72.82| 6092 0.932 L.114
34.1.B-S-U | 8N1  |24.0{ 5440 ] 3.813 | 3.938 | 1.938 wio  [57.78] 58.70 1.075
34.2-B-N-U | SN |24.0{ 5440 | 1.938 | 5.844( 1945 | 0969 | wio [61.86] 58.44| 49.97 10S8  1.238
343.B-8-U | 8C0A {24.0f 5440 3.563 | 3.813 | 1.844 wio |58.70{ 59.25 1.004
M4BNU | 8COA [24.0| 5440 | 2.031 | 5.500{ 1.883 | 1016 | wio |58.29) 58.58 | 50.52 0.995 LI54
363-B-5-U | 8CDA |26.0] 50601 3.578 { 3.766 | 1.836 wio  [62.53] 61.41 0.960
36.4-B-N-U | 8COA |26.0|5060| 1125 [ 6.188| 1.828 | 0.563 | wio |59.94| 61.30| 48.20 0978 1244
38.2-B-S-U | 8COA |26.0] 5080 | 3.688 | 3.688 { 1.844 wio | 60.54| 62.73 0.958
38.1-8-N-U | 8COA [26.0f 5080| 1.000 | 6.813| 1.953 | 0.500 | wio |54.17| 58.60 | 46.85 | 0.924 1156
19.3-B-5-U 8N3 30.0f 4250 | 3.750 | 3.844 | 1.898 w/ 71461 75.50 1.08%
19.4-B-N-U | 8N3  [30.0{ 4250 | 2.000 | 5.563] 1.891 | 1000 | w/  [77.31] 7531 | 6245 1026 1.238
0.0-B-SU | 1IF3  [40.0] 5080 2.625 | 2.625 | 1313 wi | 71.08] 7641 | 1011
202-B-N-U | 11F3  |40.0{ 5080 | 1.531 | 3.656 | 1297} 0.766 | w/  [7L79} 7629 { 71.91 0.941 0.998
203-B-S-U | 11F3  |40.0] 5080 | 2.625 | 2.625{ 1313 w 16853 66.99 0.987
204-B-N-U | 11F3 |40.0f 5080 | 1.531 | 3.656| 1297 | 0.766 | wr  |67.67) 66.98 | 62.62 1010 1.081
23a1-B-5-U{ 8N3  }21.0{ 9080 | 3.688 [ 3.719 | 1.852 w/ | 78.64{ 87.96 1.031
233-BN-Uf  8N3  [21.0] 9080 1.984 | 5.625| 1.902| 0992 wr  |80.57} 87.45 | T1.85 092t 1121
416-B-3-U | 8COA |16.0]10500f 3.750 | 3.750 | 1.875 wi | 63538] 68.63 LOi0
41.5-B-N-U | 8C0A |16.0110500] 1.000 | 6.500{ 1.875 | 0.500 | w/  166.0t] 68.60 | 56.61 | 0.962  1.166
For 5 pairs w/o stirrups: Max. 1.075 1.058 1.244

Min. 0.925 0924 © 1,114
Average 0985 0977 181

For 5 pairs w/ stirrups: Max. 1.0BS 1.026 1238
Min. 0,987 0921 0998
Average 1025 0972 1121

For all 10 pairs: Max 1.085 1.058 1.244
Mia. 0.925 0921 0998
Average 1.005 0.975 1,151
Std 0,050 0.047 0.678

Cov 0.050 0.048 0.068

+  See Table 2.2 for specimen label notation

++ Normalized splice strength ratio of unsymmetrical to symmetrical splice specimens based on f;

*  Clear spacing between splices

**  Predicted bar stress using Eq. 3.1 and Eq. 3.2 for the specimens not confined or confined

by stirrups in splice region;
f; = predicated bar stress using average clear bar spacing
fu1 = predicted bar stress using minimum clear bar spacing for unsymmetrical specimens only

I in.=25.4 mm; 1 psi = 6.895 kPa; 1 ksi = 6.895 MPa



Table 3.3: Comparison of splice strength between one spliced layer and two spliced layers

Specimen [N dy Cso Cp Cy Csi f'. f. Predicted  Predicted Test/Prediction Ratio .31

Label H*  V** (Test) " futt T/ £/ LG7.D
{in.} (in.) (in.) {in.) {(in.) (iny (psi)  (ksi) {ksi) {ksi)

37.1-B-D-Uw** 32 1.000 2000 1965 1.813 - 4800 5997 69.39 - 0.864

37.2-B-D-1J¥*¥* 37 1.000  2.000 1954 1781 0.500 4800 61.40 69,21 52.40 0.887 1.172 1.024

* One haif of clear spacing (horizonal) between splices in one layer

** One half of clear spacing (vertical) between two spliced layers

ork The bottom layer was spliced and the second layer consisted of continuous bars
b Both layers were spliced

+ Bar stress calculated using Eq. 3.1 and cg H

++ Bar stress calculated using Eq. 3.1 and ¢y V

bt Ratio of test bar stress of specimen 37.2 to specimen 37.1

Iin =254 mm; 1 psi = 6.895 kPa; 1 ksi = 6.895 MPa

051
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Table 3.4
Effect of shear force on splice strength

Specimen Bar I f.  Transverse Max f+ Minf,++  f 4 Test

Na. Designation Stirrups (Test) Max f, (Predicted) Prediction
(in) {psi) (ksi) (ksi)

223 11F3 33.0 6300 wi 71.66* 0.56 63.64 1.126

22.5 11E3 33.0 6300 w/o > 62.41%* 0.57 59.68 > 1046

23b.5 11F3 25.0 4500 w/ 54,80 0.66 50.04 1.095

+ Maximum bar stress at the end of the splices closest

to the applied load (see Figs. 2.3 and 2.4)

= Ratio of minimum to maximum bar stresses in splices; the minimum stress
occurred at the end of the splice closest to the reaction support

A Predicted bar stress determined using Eqs. 3.1 and 3.2 for the splices that
were not confined and confined by stirrups, respectively -

* Specimen exhibited flexural failure, with bar yielding and concrete
crushing at the middle section of the beam; splices did not fail

*E Beam was not tested to failure due to capacity of loading system

lin. =254 mm, ! psi=6.895 kPa, | ksi = 6.895 MPa



Table 4.1
Splice specimen properties and test results from Darwin et al. (1995a, 1996a)

Specitmen Bar ++ R,' n I dy b h Cey &g S 1 i d f. N 4, £, | M, iL*
No,+  Designation (in} (n) {(n) ({n) (iny (in) (in) {in) (in) (in) (psi) (in) (ksi) (ksi) (kan} (ksi)
i 8C1 01061 2 1600 1.000 1608 17322 2969 2938 2938 13.00 400 13,76 5620 - - 67.69 - 1621 5178
iz gCi 0108 2 1600 1006 2406 1625 2032 2281 1038 i3.00 400 137 5020 - - 67.6% - 1146 4417
1.3 8C1 {0.101 3 600 1.000 16.07 16.21 2,032 1438 1938 13.00 400 13.78 5020 - - 67.69 - 13160 4522
14 8C1* 0.101 3 1600 1.000 16.11 1620 2032 1375 1938 1300 400 1374 5020 - - 67.69 - 10719 3715
L5 8C1 0.101 31600 1000 1607 1619 2063 1375 1938 13.00 400 13.74 5020 5 0300 6769 7095 1518 5254
16 8Ci (.10 3 1600 1000 1605 1619 2063 1438 1938 13.00 4.00 1374 5020 3 0500 67.69 70,75 1511 52.30
2.1 850 0.071 2 2400 1000 1212 1556 2250 L1706 1328 1600 600 1376 5250 7 0375 6452 6992 1214 628l
22 8F1 0,140 2 2400 10006 1212 1552 2,125 1.801 1406 1600 6.00 13.58 5250 7 0375 7541 6992 1526 T1.18
2.3 8Ft 0.140 2 2400 1000 12.31 1606 2125 1.780 1.969 1600 6.00 13.56 5250 4 0375 7542 6992 1413 1452
2.4 8F1 0140 2 2400 1.000 1203 1564 2000 1914 1313 16400 600 13.79 5250 - - 75.42 - 1039 5429
2.5 8F1 0140 2 2400 1000 1213 16001 20683 1.856¢ 1813 1680 600 13.67 5250 - - 7542 - 1138 58.97
2.6 BFI** 0140 2 2400 1000 1212 1619  2.000 1.917 1938 1600 600 13.67 5250 - - 75.42 “ 4961 49.52
34 8Co 0085 2 2400 1.000 12.34 1626 2.110 1857 2000 1600 600 13.73 5110 4 0375 6472 6992 1087 56.07
3.5 8CO 0085 3 2800 1000 1217 1617 LO0L  0565 1906 1600 600 1374 38H0 8 Q375 6472 6992 1476 5305
4.1 850 0.071 2 2400 1600 1216 1549 2062 1.926 1.250 1600 6,00 1372 4090 & 0,500 6452 7075 121} 63.33
42 8F1 0.440 2 2400 1000 1217 1559  2.094 1.848 1313 1606 600 1374 4090 & 0375 7542 6992 403 73.54
4.4 8C1 48.3101 2 2400 1000 1213 1547 2032 1.978 1,219 1600 600 13.73 4090 4 0375 6769 6992 114} 59.55
4.5 8CI .10} 2 2400 1000 1212 1645 2063 1936 1.844 1600 6060 13.79 405% - - 67.69 - 094 51,50
4.6 BCi** 0.10% 2 2400 1,000 1246 1623 2094 1526 2000 1600 600 13.79 4090 - - 67.69 - 808 41.97
51 BSHO 0065 3 2400 1000 1822 1557 2016 1914 1.250 1600 600 1379 4190 7 0375 6576 6992 1888 6543
§2 8F1 0.140 3 2400 1000 (816 1562 2078 1867 1359 1600 600 1373 4196 7 0375 1542 6992 1902 66.26
53 8F1 0140 2 2400 1.000 1211 15.50 2,063 1.849 1.28F 1600 600 13.68 4190 7 0375 7542 6992 1301 68.83
3.4 85HO 0065 2 2400 1.060 1212 1546 1.985 1980 1.250 1600 600 1368 4190 7 0375 6570 6992 1137 59.50
55 8C0O 0085 2 2400 1000 1212 1560 2063 1904 1406 1600 600 13.67 4190 4 0375 6472 6992 896 46,74
3.6 8F1 0.140 2 2200 1000 1211 15.69 2.094  1.807 1313 1600 600 13.8¢ 4190 35 05086 7542 .15 1297 67.22
6.1 8SHO G065 30 2400 1000 1208 1612 2063 0422 1906 1600 600 1369 4220 8§ 065086 6570 6642 1797 64.74
6.2 8F1 0.140 3 2400 L1000 1211 16.15 2.000 0438 2000 16.00 600 13.62 4220 § 0500 7542 6642 2415 76.21
6.3 &F1 g.140 2 1600 1000 1213 1551 2600 1906 1344 1600 600 1363 4220 2 0375 7542 64,55 887 46.3%
6.4 8C0 0085 2 1600 1800 1211 1545 2094 |.B4d 1344 1600 600 1358 4220 2 0375 64.72 6455 703 36.83
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Table 4.1
Splice specimen properties and test results from Darwin et al. (1995a, 1996a) (continued)

Specimen  Bar++ R, n L dy b h €50 Cy Ty i i d £ N d, £, £ M, 'f,'*
No. +  Desigoation (in) (n) (in) {im) (in) (in) {in) {in) (in) (in) (psi} (ing  (ksi)  (ksi) (k-in)  (ksi)
6.5 BF1 0140 2 2400 1.000 }2.10. 1613 2000 1906 1.969 16.00. 6.00 13.63 4220 - - 75.42 - 1031 34,06
6.6 8F1** 0,440 2 2400 1000 1215 16,13 2032 1875 1969 1600 600 1363 4220 - - 75.42 - 955 50.01
71 8Ci 0040 2 1660 1.060 1200 1648 2079 1797 1875 1600 600 1377 4160 2 0375 6769 6455 908 47.05
72 8CI 0.101 2 1860 LOG0 1206 1545 1469 2531 P1.313 1600 6060 1372 4160 5 0500 67469 8470 1081 56.37
7.5 BFi 0.140 3 2400 1000 197 1617 2.032 0399 2400 1600 6.00 1364 4160 8§ 03500 7542 B4.70 2068 7542
1.6 gCt .10 2 1600 1000 120j 1622 2032 1969 1938 1600 600 1377 4160 2 0375 6769  64.55 862 44.62
8.1 8N0 0069 3 2400 1006 213 1623 2037 0453 1953 1600 600 1376 3830 8 0500 7796 8470 1983 72.14
8.2 8NN3 011% 3 24060 1600 1216 1620 2047 0430 1969 1600 600 13.69 3830 & (500 8057 8470 2247 85.08
8.3 8NG 0.072 2 2400 1000 1Z21) 16.05 2.000 1953 2080 1600 600 13.53 31830 - - 77.96 - 1171 62.38
8.4 B8N3 6.11% 2 1600 1000 1210 1635 2063 1.894 1906 1600 600 13.9] 3830 2 G375 BOST 6455 959 49.37
9.1 N3 0119 2 2400 1000 1214 16.19 2032 1875 1954 1600 600 1370 4230 2 0375 BOS57T  64.55 1126 64.16
9.2 8F1 0.140 2 1800 1.000 12310 1567 2063 1844 1290 1600 600 13,84 4230 & 4375 1542 6455 135t 70.02
93 8NO 0069 2 2400 1.000 12,19 16,12 2094 1907 1818 1600 6.60 13.78 4230 2 0375 7196 64.55 1076 55.75
94 8F1 0.140 2 2400 1.000 12,11 16.17 2016 1891 1.915 1606 600 13,72 4230 2 0373 7542 6455  i259 65.82
10.1 BN3** 0119 2 2600 1000 1215 16.16 2016 1907 1896 1606 6400 1378 4250 - - 80.57 - 1120 58.36
10.2 8N3 0.419 2 2600 1000 1213 1625 2.063 1.815 1933 1600 6.00 1398 4250 - - 80.57 - 119} 61.84
10.3 8NO 0069 2 2600 1000 1211 1609 2094 1844 L7188 16060 6.00 P77 4250 2 9375 7795 6455 li44 5945
10.4 8NO 0069 2 2000 1000 1207 16.19  2.079 1875 L9l6 1600 660 1375 4250 53 0500 7796 8470 1204 62.68
1.1 8F1 0.140 3 18060 1.000 1220 1614 2000 0453 1928 1600 600 1368 4380 & 9500 7542 8470 1962 68.52
1.2 8NO 0069 2 1800 1.000 1219 1613 2099 1844 1881 1500 600 1372 4380 4 0500 7796 8470 1202 62.58
11.3 8N3 0119 2 1800 L0006 (213 1608 2063 1844 1943 1600 600 1360 4380 4 0500 8057 8470 i200 63.11
1i4 8Fi 0.140 2 2400 1000 1215 1623 2094 1844 1928 1600 6.00 1377 4380 2 Q375 7542 6455 127 6315
12.1 SNO 0082 4 1000 0625 1207 15.56 1.875  0.521 1.335  13.00 460 13.90 4420 2 0500 6639 84.70 708 45.63
122 5C2 0409 4 10060 0625 1212 15.57 1.953 6516 1297 13.80 4.00 13.94 4120 2 0500 6LB3 8470 71 45.68
123 SNO 6082 3 1000 0625 1214 15.50 2032 1.03%  1.291 1300 4060 13.88 4120 1 0375 6639 6455 573 48.67
124 5C2 0.109 3 1000 0.625 1212 1556 2063 1032 1264 13.00 400 1396 4120 I 0375 6183 6453 618 5221
13.% 5C2 0.169 3 1200 0625 (218 15.51 1.532 1.28% 1303 13.080 4.00 13.88 4110 1 0375 6183 6455 659 56.06
13.2 5NO 0082 3 12006 0625 121 1550 1563  1.266 1315 13.00 400 13.86 4110 1 0375 6639 64.55 661 56.35
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Table 4.1
Splice specimen properties and test results from Darwin et al. (1995) (continued)

Specimen  Bar ++ R, n N d, b h Cyn &y o i 1, d f, N4 f, £, M, £i*
No.+  Designalion (n) (n) (n) (Op) (o) (in) (in} (G(n) (in) {in} A{psi) (in) (ksi} (ksi) (k-in) (ksi)
133 S5C2** 0109 3 1600 0.625 1215 1552 2047 1000 1325 1300 400 1392 4110 - - 61.83 - 661 54.13
13.4 52 0109 3 1600 0625 12,19 1560 2094 1016 1354 13.00 400 1392 4110 - - 61.83 - 7H 60.26
14.1 B8CI 0.101 3 3600 L000 1212 1626 2032 0484 1877 i13.00 400 13.86 4200 3 0375 4769 6455 1725 6119
14.2 8C1 6.10F 3 2100 1000 219 1613 2016 0469 1.897 13.00 400 1372 4200 7 0500 6769 8470 788 6424
14.3 5C2 6109 3 17.00 0625 1234 1551 2032 1031 1295 13.00 4060 1389 4200 - - 61.83 - 743 6183
14.4 SC2r* 6109 3 1700 0.625 1234 1559  2.063 100G 1320 13.00 400 13.89 4200 - - 61.83 - 537.58
14.5 5p0 0.082 2 120060 06625 1213 15.45 1.594 3156 1.210 1360 4.00 13.91 4206 2 0375 6639 64.55 482 60.29
14.6 5C2 108 2 12006 6625 1208 1549 1532 31188 1277 13400 400 1389 4200 2 0375 683 6455 507 61.83
15.1 11F3 0127 2 2700 1410 1211 16,11 1516 1500 1902 1600 6.00 .46 5250 9 0500 7LV B4 2449 6944
152 11NO 0672 2 27460 1410 1211 1632 1610 1469 1924 1600 600 1346 5250 9 0500 6554 8470 2287 64.28
15.3 1INO 00672 2 4600 1410 1204 16.1% L3516 1.531 1.820 1600 6060 12.63 5250 10 Q375 6554 6455 2287 63.40
154 11F3 0427 2 4000 14186 1208 1643 1563 1469 1,884 1600 600 1356 5250 L0 0375 7777 6455 2808 78.9¢
155 11E3 G127 2 4000 1410 1805 1612 3083 2984 1908 1600 600 13.47 5250 - - 77.77 - 2013 54.5t
15.6 11F3** 0.127 2 4000 1410 1807 1610 2922 3063 1932 1600 600 1342 5250 - 7197 ~ 1787 4846
16.1 T1F3** 0.127 2 4000 1.410 1804 1593 3063 2906 1833 1600 .00 i3.35 5180 - . 7177 - 1799 49.13
16.2 1iF3 0127 2 4000 1410 1807 1628 3.016 2969 1LBBS 1600 600 1364 5180 - - YN - 1974 5275
16.3 1iF3 0127 2 4000 1410 1803 16.16  3.047 2969 1791 1600 600 13,62 5180 4 0375 7R77 6455 2312 62.06
16.4 11B¢ 0070 2 4000 1410 (8.06 16.086 3063 3000 1846 1600 600 1345 5180 4 0375 6669 6455 2272 61.84
ir3 1iF3 0.127 2 3860 1410 1303 1612 3047 2984 1888 1600 6.00 1348 4710 8 0375 7177 6455 2558 7066
17.4 1iBo 0.076 2 3800 1410 1807 1609 3094 3000 1866 1600 600 1352 4710 B8 0375 66.69 6455 2451 66.69
i7.5 1130 0076 2 3600 1410 1809 1669  3.079 3006 1907 1600 6.060 1348 4716 7 06500 66.69 8470 2175 59.30
176 1EF3 0.127 2 3000 1410 18407 16.20 3.063 296% 1911 1600 6.00 13.5¢ 4716 7 0500 77,77 840 2312 76.42
i8.1 11F3 G827 2 4600 1410 1805 16.11 1485 4506 1845 1600 600 1352 4700 10 0375 7177 6455 3007 86.90
18.2 11F3** 0.127 2 4000 1416 J8.07 1614 2984 3000 1922 1600 600 1348 4700 6 0375 7777 64.55 2434 5847
8.3 11F3 0127 2 4000 1410 1805 1608 3032 3600 1911 1600 600 1343 4700 & 0375 7177 6455 2564 7058
18.4 1180 0070 2 4000 1410 1808 1623 3016 3031 1871 1600 600 1362 4700 6 0375 6669 6455 2791 66.69
Note: Refer to Iast page of the table for footnotes.
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Table 4.1
Splice specimen properties and test results from Darwin et al. (1995a, 1996a) (continued)

-+ Specimen No.:

G.P, G = group number (1-18), P = casting order in the group (1-6); Note: Groups 8-11 cast in concrete containing a "normal" quantity of
basali coarse aggregate and the other groups cast in concrete containing a "noninal” quantity of limestone coarse aggregate.

++ Bar Designation:
#AA, # = bar size (No. 5, No.8, or No.11), AA = bar manufacturer and deformation pattern:
BO Conventional Birmingham Steel bars
Co Conventional Chapamal Steel bar
NO Conventional North Star Steel bar
S0 Conventional Structural Metals, Inc, bar
SHO  Conventional Sheffield Steel Bar
Cl, C2 New Chaparral Steel bars
Fi,F3 New Florida Steel bars
N3 New North Star Steel bar

Bar stress is computed using moment-curvature method if M, does not excess the moment capacity from moment-curvature analysis,
otherwise f, is computed using ultimate strength method; M, and f; include effects of beam self weight and loading system,

** Spliced bars were coated

1 in. = 25.4 mm; 1 psi = 6.895 kPa; | ksi = 6.805 MPa; 1 kip =4.448 kN; 1 k-in. =0.113 kN-m
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Table 4.2
Splice specimen properties and test results from Hester et al. (1991, 1993)

Specimen  Bar ++ R, n 1, dy Ceu Cl & b h d f, i b N d, fy s M, f,*
Mo, +  Besignation {in.) (in)  (in)  in)  (in)  (in)  (in)  {in)  (psi) {in) (in.} (in)  (ksi)  (ksi) (k-in)  (ksi)
il NG 06078 3 1600 1000 2000 1500 2000 1600 1600 1350 5990 13.60 4,00 - - 63.80 - 1433 50.13
1.2 8NO 0078 3 16.00 1.006 2000 1500 2000 1600 1600 1350 55990 13.00 460 2 0375 6380 7130 1604 56.18
1.4 ENO** 0078 3 16.00 1000 2000 1500 2000 16060 1600 13.50 5990 13.00 400 2 0375 6380 7130 1214 4240
2.1 8C0o 0.071 3 16.00 1000 20060 1500 1.840 1660 1633 1399 6200 13,00 4.00 - - 69.00 - 1376  46.25
22 8CO 007 3 16.00 1.006 2000 1.500 1.830 16060 1628 1395 6200 13.00 400 2 0375 6900 354.10 1305 4198
23 BCO** 0.071 3 16.00 LOgd 2000 L5060 L7950 1600 1639 1414 6208 13.00 4.00 - - 64.00 - M6 38.04
24 BCO** 0071 3 16.00 1.00G  2.000 L1500 1780 1500 1631 403 6200 £3.00 400 2 0375 5900 5410 {j24 376}
31 3350 8070 3 16,60 1600 2000 1.500 2040 1609 1623 13.69 6020 13.00 4.00 - - 71.10 - 1361 46.86
32 850 0070 3 16.00 1000 2000 1500 2080 1606 1624 13.66 6020 13.00 400 2 0375 7110 6890 1348  46.5t
33 850+ 0.070 3 16,00 1.000 2000 1500 2060 1609 1653 1397 6020 13.00 4.00 - “ 7110 - 911 30.61
34 BS0** 0.07¢ 3 16,00 1.600 2000 1.500 2070 1609 1608 1361 6020 13.00 400 2 03715 7110 68.90 921 3181
4.1 8BS0 0.076 3 16,00 1.000 2000 L5060 2100 1608 1622 13162 6450 13.00 4.00 - - 71,00 - 1228 42.36
432 850 0070 3 16.00 1006 2000 1500 2040 1609 1636 1382 6450 13.00 400 2 0375 7110 6890 1384 47.05
4.3 850 0070 3 16.00 1.000 2000 1500 2,100 1609 1628 13.68 6450 13.00 400 3 03715 TLID 6890 1456 5006
44 8S0** 001 3 16.00 1000 2,000 1500 2110 1605 1622 13.61 6450 13.00 4.00 - B 71.00 - 884 30.45
4.5 BS0** 0070 3 16.00 1.000 2000 1500 2.000 1665 1627 13777 6450 13.00 460 3 0375 7110 6890 932 3L72
4.6 8S0** 0070 3 16.00 1000 2000 1500 2030 1663 1618 13.65 6450 13.00 400 3 0375 TLi0 6890 887 3646
5.1 8C6 607y 3 16,00 1000 2.000 L5060 2,050 1609 1627 1372 549 13.00 4.00 - - 69.00 - 158 39.86
5.2 8CO 0.071 3 16.06 1.000 2000 1.500 2.060 1610 1642 13.86 5490 13.00 400 2 0375 6900 5416 1367 46.62
53 8CO 0071 3 16.00 1.600 2000 1500 2060 1609 1612 1356 5490 13.00 400 3 4375 6900 5410 1244 4339
54 BCO** 0071 3 16.00 1.006 2000 1500 2010 1609 1628 1377 5490 13.00 4.00 - - 69.00 - 931 31.87
5.5 BCO** 007 3 16.00 1006 2000 1500 20680 1606 1644 1388 5490 13.00 400 3 0373 69.00 5410 1024 3479
6.1 8Co 007t 3 22.75 1.006 2000 1.500 2150 1606 1619 1354 5850 13.00 4,00 - - 69.00 - 1489 5199
6.2 8CO 07t 3 2275 1.006 2000 L1560 2470 1606 1620 1353 5830 13.00 400 3 0375 69.00 5410 1620 56.66
6.3 8CG 0071 3 2275 1006 2000 1500 2,160 1603 1617 1351 5850 13.00 400 4 0375 6900 540 1595 5587
6.4 BLO** 00671 3 22,75 L0060 2000 1500 2000 1606 1616 13.66 5850 {3.00 4.00 - - 69.60 - 952 32.80
6.5 BCo** 6071 3 22.75 1.000 2000 1500 23130 1606 1625 13.62 5850 13,00 400 3 0375 6300 35410 1027 3551
6.6 BCO** 0071 3 22.75 1000 2.000 1500 2,180 1609 1622 1354 3850 13.00 400 4 0375 6900 5410 1112 3871
7.1 8Co 0071 2 16.00 1000 2000 4000 2120 1603 1620 1358 5240 13.00 4.00 - - 69.00 - 885 45.40
1.2 BCO 0.071 2 16.00 1000 2000 4.000 2030 1600 1630 1377 5240 13,00 400 3 8375 6500 5410 1819 5157
73 BCO*+* 0071 2 16.00 1.000 2000 4000 21020 1600 1622 1360 5240 13.00 4.060 - - 69.00 - 759 38.78
7.4 §CO*+ 0071 2 16.00 1.060 2000 40600 2080 1600 1620 1362 5240 13.00 400 3 0375 69.00 5410 759 38.78

Note: Refer to last page of the table for footnote
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Table 4.2 (continued)
Splice specimen properties and test results from Hester et al. (1991, 1993)

-

Specimen No.:

G.P, G = group number (1-7), P = casting order in the group {1-3); Note: All groups cast in concrete containing a “normal” quantty of limestone coarse
aggregate.

Bar Desipnation:

#AA, # = bar size (No.8), AA = bar manufacturer and deformation patten;
co Conventional Chaparral Steel bar

NO Conventional North Star Steel bar

S0 Coaventional Structural Metals, Inc, bar

Bar stress is computed using moment-curvature method if M, does not excess the moment capacity from moment-curvature analysis,
otherwise f; is computed using ultimate strength method; M, and f; include effecis of beam self weight and loading system.

Spliced bars were coated.

iin. =254 mm; i psi = 6.895 kPa; 1 ksi = 6.895 MPa; 1 kip = 4.447 kN; 1 k-in. = 0,113 kN-m
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Splice specimen properties and test results from Chei et al. (1990, 1991)

Table 4.3

*¥

#HAA, # = bar size (No.8), AA = bar manufacturer and deformation pattem:
Conventional Chaparral Steel bar
Conventional North Star Steel bar
Conventicnal Structural Metals, Inc, bar

Cco
NO
S0

Bar stress is computed using moment-curvature method if M, does not excess the moment ¢apacity from moment-curvature analysis,

otherwise f; is computed using ultimate strength method; M, and f; include effects of beam self weight and loading system.

Spliced bars were coated.

1 i =254 mm; 1 psi = 6.895 kPa; 1 ksi = 6.895 MPa; I kip =4.448 kN; 1 k-in. =0.113 kN-m

Specimen Bar ++ R, n ks dp Ty Cy =% b h d i 1 ke N dy i £, M, f*
No. + Designation {in.) (in.} {in.) (in.} (in) (in.}  (injy  {im)  {psi) (in.)} {in.) {in.} (ksi)  {(ksi) (k-in) (ksi}
¥ SNO 0.086 2 12.00 0.625 2000 20060 1.000 150 1600 14.69 5360 12,00 4.00 - - 63.80 - 21 61.51
i.2 SNO 0.086 3 1200 0625 2000 2000 41.000 1575 1600 1469 35360 12.00 400 - - 63.80 - 813 64.00
1.3 SNO** 0.086 3 1200 0625 2000 20060 1000 1575 1600 14.69 35360 12.06 460 - - 63.80 - 609 47.93
2] 680 0.060 2 12.00 0750 2000 2000 1.000 31160 1601 1463 6010 12,08 400 - - 63.80 - 543 45.75
22 650** 0060 2 1200 0750 2000 2000 1.000 1LO0C 1601 1463 601 12.00 400 - - 63.80 - 511 43.06
23 6CO 6.079 2 12.00 0750 2000 2000 1000 1100 160} 1463 60610 12,00 4.00 - - 70.94 - 610 5140
2.4 GCO¥* 0.079 2 12.00 0750 2000 2000 1000 1500 1601 1463 6010 12.00 4.00 - - 70.96 - 466 39.26
il 880 0064 2 16.00 1.060 2060 20060 1500 1200 1600 J14.00 5980 1200 400 - - 67.00 - 834  42.82
12 8BS0+ 0.064 2 16.00 1.060 2000 2000 1500 12,00 1600 1400 5980 1200 400 - B 67.00 768 4337
33 BNO 0.080 2 16.00 1.000 2,000 2000 L300 1200 1600 1400 5980 1200 400 - - 63.80 858 4302
34 NG 0.086 2 16.00 LOOO 2000 2000 1500 12.00 1600 14.00 35980 1200 406 - - 63.80 - 737 36906
4.1 11580 6071 2 24.00 1410 2000 2000 2060 13.65 16401 1330 5850 1500 600 - - 64.60 - 1459 46,22
42 1150++ 0.07F 2 24.00 1410 2000 2000 2.000 1365 1601 1336 5830 1500 606 - - 64.60 - 153 29.03
43 TiCo 0.069 2 2400 410 2000 2000 2000 1365 1607 1330 5850 1500 6.G0 - - 63.10 - 13712 3782
4.4 11C0 0009 2 24.00 1410 2000 20600 2000 1365 1601 1330 5850 15.00 600 - - 63.10 - 1§28 31.09
+ Specimen No.: )
G.P, G = group number (1-4), P = casting order in the group (1-4); All groups cast in concrete containing a “normal” quantity of limestone coarse aggregale.
++ Bar Designation:
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Tabie 4.4

Effect of concrete properties on splice strength of the

splices not confined by transverse reinforcement

Concrete +f  Number Test/Prediction Ratio ++
of Tests Maximum Minimum Average

NNL 35 1.251 0.895 1.002
NHL 6 1.060 0.982 1.007
HHL 4 0.996 0.882 0.963
NNB 2 1.150 1.064 1.107
HHB 9 1.274 0.986 1.133
+ See Table 2.3 for the notation

/4

++ Test-to-predicted splice strength ratio; test strength = Apf/f, ",
determined from the test results; predicted strength is determined
using Eq. 4.2; predicted strengths for individual specimens are
presented in Table 5.5
Table 4.5 _
Effect of deformation pattern on splice strength for the
splices not confined by transverse reinforcement
Coarse Bar+  {Number Test/Prediction Ratio
Aggregate | Deformation| of Tests{ Maximum Minimum Average
Limestone [Conventional 22 1.251 0.895 1.010
High R, 23 1.069 0.882 0.989
Basalt ‘Conventional 5 1.206 1.068 1.123
High R, 6 1.274 0.986 1.133
+ Conventional bars: R, = 0.06% - 0.087

High R, Bars: R, =0.101 - 0.141




Table 4.6
Measurements of bar rib widths and rib width/spacing raties

Bar

R, Avg. Spacing

Avg. Top Avg. Bottom | Avg. Width I * [Avg. Width I #* Width I ‘Width I

S; Width Width at 1/2 Height at 3/4 Height S, 5,
{in.) {in.) (in.) (in.) {in.)
5C2 0.109 0.275 0.074 0.123 0.098 0.086 0.358 0314
5C3 0.141 0.258 6.064 0.134 0.099 0.082 0.385 0.318
8COA 0.085 0.598 0.106 0.239 0.173 0.139 0.289 0.233
8NO 0.069 0.650 0.111 0.217 0.164 0.138 0.252 0.212
8Ci1 0.101 0.504 0.120 0.237 0.178 0.149 0.354 0.296
8F1 0.140 0.471 0.106 0.174 0.140 0.123 0.298 0.262
8N1 0.121 0.441 0.127 0.260 0.193 0.160 0.438 0.363
8N3 0.119 0.487 0.119 0.234 0.176 0.148 0.362 0.303
11B0 0.072 0.825 0.124 0.249 0.187 0.156 0.226 0.189
11NO 0.070 0.911 0.153 0.316 0.234 0.193 0.257 0.212
11F3 0.127 0.615 0.110 0.298 0.204 0.157 0.3132 0.255
*

*k

Interpolation at 1/2 rib height based on measurements on top and bottom rib width
Interpolation at 3/4 rib height based on measurements on top and bottom rib width

Table 4.7
Effect of rib width/spacing ratio on splice strength for the splices not confined by stirrups
Bar R, WJ/S* No. of Test/Prediction Ratio
Deformation Tests Maximum Minimum Average
8N3 0.119 0.362 6 1.607 0.932 0.98
8N1 0.121 0.438 4 1.06 .93 0.996
* W, = rib width at 1/2 height of ribs

S, = cenler-to-center rib spacing
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Table 4.
Comparison of flexural crack density and flexural crack width at a bar stress

8

of 40 ksi between high relative rib area and conventional bars
in matched pairs of specimens

Specimenj Bar+ | Length Outside jTotal No. fAvg. Max. | Crack * | Sum P 1 Ratios of High R /Cony,***
Mo Designation| of Splice Region| of Cracks [Crack Widthj Density {Crack Widths| Crack Max. Crack] Sum of
(it) (in.) (cracks/ft {in.) Density  Width  [Crack Widths
29.1 8N1 4.33 16 0.0060 3.692 0.048 1.000 1,000 0.339
2%2 8NO 4,33 i6 0.0060 3.692 0.054
29.3 8N1 4.50 t5 0.0070 333 0.055 0,938 £.000 0.948
290.4 END 4,50 16 0.0070 3.556 0.058
29.5 gN1 4.67 16 0.0060 l429 0.051 1067 1.000 1063
29.6 8NO 4.67 15 0.0060 3214 0,048
3L.5 N1 417 1 0.0100 2.540 0,073 1.000 1.600 1071
318 3C0A 4.17 il 2.0100 2.640 0.070
321 1iF3 3.33 8 00125 2.400 0.065 1.000 [.000 0.890
32.2 [1BO 333 3 0.0125 2,400 6.073
331 Mt 4.50 9 0.0100 2.000 0.064 1.125 1.000 0.853
33.2 8COA 4,50 3 0.0100 1.778 0.075
333 8N 4,50 8 00099 1,778 0.059 0.389 1.000 0.868
33.4 8C0A 4.50 9 0.0090 2.000 0.068
333 3Nl 417 9 .0100 2.160 0.070 1.125 1.000 0.986
33.6 3C0A 4.17 8 Q.0t00 1,920 0.071
351 8F1 4,33 2 0.0100 2077 0.062 1E25 0,952 0.827
353 8COA 4,33 8 0.0105 1.848 0.075
352 8F1 4.33 7 0.0140 1615 0.079 1.000 1.077 1000
354 8CoA 4.33 7 0.0130 L615 0.079
39.2 8C: 4.67 i3 0.0100 2.186 - i.000 1.000
39.2 NG 4.67 13 0.0100 2.786 -
40,1 LIF3 4.08 11 00820 2.694 - 1.100 0.950
40.4 1IN0 4.08 10 0.0123 2.449 -
43.2 8N3 4.67 12 0.6105 .57 n 1.000 1.050
42,1 ND 4.67 12 0.0100 2571 -
43.3 8N3 4.67 12 0.0100 2571 - 0.923 0.952
424 SNO 4.67 3 0.0105 2786 -
43.6 8N3 4.67 13 0.0100 2.786 - 1.000 1000
42.5 SN0 4.67 13 0.0100 2.786 -
Average 1.019 0.999 0.940
Max. 1,125 1.077 1071
Min. 0.889 0.952 0.827
St.Dev. 0.075 0.032 0.087
+ 8COA, 8NO, and 11N are conventional bars (R, = 0.069 - 0.085).
8C1, 8F1, 8N1, 8N3, and 11F3 are high relative rib area (R,) bars (R, = 0.101 - 0.140).
++ Total number of flexural cracks in constant moment region outside of splice region
Hebee Average maximum flexural crack width on east and west sides of splice region in constant moment
region
* Number of flexural cracks in unit foot length
e Sum of flexural crack widths cross the center of the beam on the gast and west sides of
splices in constant moment region outside of splice region
hi Ratios for crack density or maximum erack width or sum fo crack widths of high R,

to conventional bars

Pin, =254 mm. 1 ft=0.305m, | ksi=6.895 MPa
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Table 4.9
Comparison of flexural erack density and flexural crack width at a bar stress
of 20 ksi between high relative rib area and conventional bars
in matched pairs of specimens

Specimen] Bar+ | Length Cutside jTotal No. jAvg. Max. | Crack * | Sumof** | Ratios of High R /Conv, ***
No Designationf of Splice Region} of Cracks [Crack Width| Density [Crack Widthg Crack Max. Crack{  Sum of
(i (in.) {cracks/ft {in.} Densityl  Width | Crack Widths

20.1 L H 4.33 11 0.0015 2.538 0.013 1.000 1.000 1.182

29.2 INO 4.33 11 0.0015 2.538 0.011

293 BNT 4.50 10 0.0010 2222 0.011 0.769 1.000 0.846

29.4 SNO 4,50 13 0.0010 2.889 0.013

29.5 8N1 4.67 7 0.0010 1,500 0.004 1000 1,000 8571

29.6 NG 4.67 7 0.0010 1.500 0.007

315 §N1 4,17 8 0.0020 1.820 0.014 1333 1.000 1273

3Lé 3COA 4.17 6 0.0020 1.440 0.011

321 [IF3 3.33 5 0.0040 1.800 0.018 0.750 1.000 0.783

32.2 | 11BO 3.33 8 0.0040 2.400 0.023

33.1 - BN1I 4.50 g 0.0020 1778 0.014 " L.00G L.000 0.875

332 8CO0A 4.50 8 0.0020 LY78 0.016

333 8N1 4.50 4 0.0025 0.889 0.009 1.000 1.250 1123

334 8COA 4.50 4 0.0020 0.88% 0.008

313 8NI 4.17 5 0.6020 1.200 0.010 0.833 0.667 0.769

33.6 8C0A 417 3 0.0030 1.440 0.013

35.1 8F1 4.33 5 0.0020 1.154 0.008 1.000 1.000 0.800

353 3C0A 4.33 5 £.0020 1.154 0.00

352 8rt 433 5 0.0020 1.154 0.040 1.000 1.600 1.600

354 3C0A 4.33 5 (.0020 1.154 0.040

39.2 8C1 4.67 8 0.0039 1.714 . 1333 1.000

39.3 8NGO 4.67 6 0.0030 1.286 -

40,1 11F3 408 7 0.0040 1.714 - 0.778 1.333

40.4 1INO 4.08 % 0.0030 2.204 -

43.2 8N3 4.67 3 (.0035 1.286 - £.000 1000

42.1 8N 4.67 6 0.0035 1.286 -

433 NG 4.67 9 0.0025 1.929 - 1000 0.833

42.4 NG 4.67 9 0.0030 1.929 -

43.6 8N3 4.67 8 0.0030 1.714 - 0.667 1.000

42.5 ENO 4.67 12 0.0030 2,571 -
Average 0.964 1.006 3522
Max. 1333 1333 1.273
Min. 0.667 0.667 0,571
St.Dev, 0.190 0.149 0.218

+ 8C0A, 8NO, and 1IN0 are conventional bars {R, = 0.069 - 0.085),

8Cl, 8F1, 8N1, 8N3, and 11F3 are high refative rib area (R,) bars (R, = 0.101 - 0.140).

Total number of flexural cracks in constant moment region outside of splice region

¥

i Average maximum flexural ¢rack width on east and west sides of splice region in constant moment

region
* Number of flexural cracks in unit foot length
** Sum of flexural crack widths cross the center of the beam on the east and west sides of

splices in constant moment region outside of splice region

i Ratios for crack density or maximum crack width or sum of crack widths of high R,
to conventional bars lin.=234mm, 1 £=0.305m, 1 ksi = 6.895 MPa
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Table 4.10
Comparison of flexural crack density and flexural crack width at a bar stress

of 30 ksi between high relative rib area and conventional bars
in matched pairs of specimens

Specimen] Bar+ | Length Outside |Lotat No, JAvg. Max. " Crack* | Sumof** | Ratios of High R/Conv.***
No Designation of Sphice Region| of Cracks [Crack Width| Density {Crack Widthd Crack Max. Crack{  Sum of
(1) (in.) {eracks/ft {in.) Density} Width  Crack Widths
29.1 8Nt 4.33 i6 40035 3692 0.033 1,067 1.000 1.000
29.2 ENO 4.33 1$] 0.0035 3462 0.033
29.3 N1 4.50 14 0.0040 31 0.035 0.933 1.000 1.129
20.4 SND 4.30 15 0.0040 3.333 0.031
29.5 N1 4.67 13 0.0030 2.786 0.025 0.929 1,000 0,962
296 N0 4.67 14 0.0030 3.000 0.026
315 BN 4.11 10 0.0055 2400 0.047 1000 | 0.846 L.068
316 8CBA 417 10 0.0065 2.400 0.044
321 {1F3 3.33 8 0.0075 2.400 0.043 £.000 0.938 0.768
32.2 1180 333 g 0.0080 2.400 0.056 !
331 N1 4.50 8 0.0065 1.778 0.035 1.000 1.083 0.778
332 $Co0A 4,50 8 0.0060 1.778 0.045
333 N1 4.50 8 0.0055 1778 0.038 1006 } 110D 0.927
334 8CoA 4.50 8 0.0050 1778 0.041
33.3 N1 4.17 8 £.0050 1.920 0.035 1000 | 0833 0.833
33.6 8C0A 417 8 ¢.0060 1.920 0.042
35.1 8F1 4.33 7 0.0060 1.615 0.032 0.875 1.091 0.800
353 8C0A 4.33 8 0.0035 1.846 0.040
352 8F! 4.33 7 0.06080 1.615 0.044 1167 1.143 1,023
354 8C0A 433 6 0.0070 1.385 0.043
392 sct 4.67 12 0.0079 2571 - 0923 | 0875 -
393 NG 4,67 13 0.0080 2.786 -
40.1 1163 4.08 8 0.0080 1.959 - 0.800 | 0.941 -
40.4 1IND 4.08 10 0.0085 2.449 -
43.2 N3 4.67 iz 0.0075 2571 - 1333 Lon -
42.1 NG 4.67 9 0.0070 1.929 -
43.3 8N3 4.67 11 0.0060 2.357 - 1.100 0.923 -
42.4 8NGO 4.67 18 0.0055 2.143 -
43.6 N3 4.67 10 0.0065 2.143 - 0.833 1.000 -
42.5 SNO 4.67 12 0.0065 2.571 -
Average 0.997 0.990 3.929
Max, 1.333 1,143 1129
Min. 0.300 | 0833 0.768
St.Dev. 0.134 { 0,096 0,129
+ RCOA, 8NO, and 11N0 are conventional bars (R, = 0.069 - 0.085).
8Ct, 8F1, 8N1, 8N3, and 11F3 are high relative rib area (R,) bars (R, = 0.101 - 0.140).
++ Total pumber of flexural cracks in constant moment region outside of splice region
++  Average maximum flexural crack width on east and west sides of splice region in constant moment
region
* Number of flexural cracks in unit foot length
*x* Sum of flexural crack widths cross the center of the beam on the east and west sides of
splices in constant moment region outside of splice region
i Ratios for crack density or maximum crack width or sum of crack widths of high R,

to conventional bars

1in=254mm, | ft=0.305m, ! ksi =6.805 MPa
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Table 5.1

Coefficients obtained in the derivation of Eq. 5.4 (p = 1/4)
Bar Size No. of Specimens C,** CylAy Cs™
No. 3 2 431.5 3922.8 1.0419
No. 4 16 541.3 2706.6 0.8763
No. 5 5 944.1 3045.6 0.9524
No. 6 33 1066.4 2423.6 0.8069
No. 8 63 1845.0 2335.4 0.8472
No. 9 3 3396.4 3396.4 0.9813
No. 11 47 3864.3 2477.1 0.8232
No. 14 2 5076.3 2256.1 0.8590
Slope, C;* 63.22
Weighted Average, C; 2483.1
Slope, Cs 0.103
Weighted Average Intercept, Cs 0.843
K= C{Cy+Cq) = 59.85 K, = C3(Cyq+Cs) = 2350.9
Ky = Co/(Ci+C) =0.10 Ka = Ce/(Cy+Ce) = 0.90

* Slope of the best-fit lines of Ayfy/f," versus ly{cgi+0.5dp) from dummy
variable regression based on bar size

*E Intercepts of the best-fit lines of AL/ versus 14(c+0.5dy) from dummy
variable regression based on bar size

* Slope of the best-fit lines of T/P versus Cpa/Cmin) from dummy variable
regression based on bar size, where
T =TJf. " = A LA P = Cilg(Cmnt0.5dp)+CaAy

H Intercepts of the best-fit lines of T/P versus Cmux/Cmin from dummy variable
regression based on bar size, where ¢y, = min (Cy, C5), Cmax = max(cy, Cs),
and ¢; = min{Cg, Cy + 0.25 in.)
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Table 5.2
Coefficients obtained in the derivation of Eq, 5.5 (p = 1/2)

Bar Size No. of Specimens Cy** Ci/Ay Cs
No.3 2 45.5 413.7 1.0182
No. 4 16 53.3 266.7 0.8898
No. 5 5 81.8 264.0 0.8783
No. 6 33 102.6 2332 0.7982
No. 8 63 1212 1534 0.7429
No. 9 3 336.9 336.9 0.9594
No. 11 47 249.3 159.8 0.6844
No. 14 2 578.8 257.2 0.9022
Slope, C* 9.13
Weighted Average, C; 191.9
Slope, Cs 0.162

0.764

Weighted Average Intercept, Cs

K1 = C](C4+C6) =8.45
K; = C/(CetC) = 0.17

Kz = C3(C4+C6) =177.6
Ka= Ce/(Cy+Cg) =0.83

* Slope of the best-fit lines of Auf/f. 1 versus ly(Cpig+0.5 dy) from dummy
variable regression based on bar size

*k Intercepts of the best-fit lines of Ayfy/f,"? versus l4(c+0.5dy) from dummy
variable regression based on bar size

regression based on bar size, where

T =TJf? = Apfy/f.'%, P = Cily(Caint0.5dp)+C3A,

Slope of the best-fit lines of T/P versus Cyay/Cmin) from dummy variable

++  Intercepts of the best-fit lines of T/P Versus Cpay/Cmin from dummy variable
regression based on bar size, where Cpyp = min (Cy, Cs), Cmax = MaX{C, Cs),
and ¢, = min{c,, ¢y + 0.25 in.)
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Table 5.3
Summary of test/prediction ratios using Eq. 5.3 for different powers of ',
and definitions of effective value of ¢

Effect Value Test/Predication ratio

of ¢ Cqj cq+0.25 1.6 ¢y
p 0.0
Max 1.3046 1.3259 1.3353
Min 0.7001 0.7036 0.7105
Mean 1.0002 1.0001 0.9999
St. Dev. 0.1099 0.1069 0.1052
cov 0.1099 0.1069 0.1053
fc0.22 .
Max 1.3137 1.3027 1.3128
Min 0.7103 0.7142 0.7215
Mean 0.9992 0.9989 0.9990
St. Dev. 0.1081 0.1052 0.1033
Cov 0.1082 0.1053 0.1036
PES
Max 1.3189 1.3060 1.3042
Min 0.7158 0.7199 0.7273
Mean 1.0001 1.0600 0.9999
5t. Dev, 0.1076 0.1047 0.1030
cov 0.1076 0.1047 (.1030
P02
Max 1.3236 1.3104 1.2941
Min 0.7211 0.7254 0.7330
Mean 1,0000 0.9999 0.9999
St. Dev. 0.1073 0.1044 0.1027
COv 0.1073 0.1044 0.1027
f,cn.zs
Max 1.3323 1.3150 1.2936
Min 0.7286 0.7310 0.7386
Mean 1.0029 1.0000 0.9999
St. Dev. 0.1075 0.1043 0.1026
cov 0.1072 0.1043 0.1026
p 0%
Max 1.3331 1.3193 1.2993
Min 0.7318 0.7365 0.7434
Mean 1.0000 1.0000 0.9998
St. Dev. 0.1072 0.1044 0.1027
cov 0.1072 0.1044 0.1027
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Table 5.3 (continued)
Summary of test/prediction ratios using Eq. 5.3 for different powers of f,
and definitions of effective value of ¢

Effect Value Test/Predication ratio

of Cef Csi 0514'0.25 i.6 Cqy
p 027
Max 1.3377 1.3239 1.3030
Min 07371 0.7352 0.7345
Mean 1.0000 1.0000 0.9998
St. Dev. 0.1074 0.1047 0.1030
Ccov 0.1074 0.1047 0.1030
p.03
Max 1.3515 1.3370 1.3132
Min 0.7178 0.7083 0.7137
Mean 1.0000 (.9999 0.9997
St. Dev. 0.1093 0.1068 0.1036
Cov 0.1093 0.1068 0.1037
P04
Max 1.3951 1.3783 1.3475
Min 0.6326 (.6245 0.6242
Mean 0.9996 0.9994 0.9992
St. Dev. 0.1257 ' 0.1243 0.1229
Cov 0.1258 0.1243 0.1230
PES
Max 1.4354 1.4162 1.3779
Min 0.5561 0.5491 0.5491
Mean 0.9952 0.9990 0.9987
St. Dev. 0.1524 0.1522 0.1515
COov 0.1525 0.1523 0.1517




Table 5.4
Results of dummy variable analyses for A,f/f'." versus the right side of Eq. 5.3
based on concrete compressive strength

[ No. of] p=0.2 p=0.22 | p=0.23 p=0.24 p=0.25 p=0.26 p=0.27 p=0.3 p=0.4 p=0.5

{ksi) Testsf K | KR K K/R K KR K | KR K 1 XR K 1 KR K K/ K K/R K { KR K K/R
2535 21 {256,0]0.0096¢ 336.8 |0.0147} 361.1 [0.0171] 382.2 }0.0196] 357.6 10.022}] 408.5 }0.0246] 415.0 10.0270] 415,51 0.0343 | 3160 | 0.0576 1 196.6 | 0.0792
3545 57 §264.310,0099] 271.8 |0.0119} 267.5 {0.0127] 265.0 [0.0136] 261.0 [0.0145] 256.1 |0.0154] 250.1 §0.0163] 228.6 | 0.0189] 1472 | 00268 { 83.7 | 0.0337
4.5-5.5 39 {161.0{0.0060] 179,7 }0.0079} 175.5 {0.0083] 176.6 {6.0091} 176.0 [0.0098] 174.6 |0.0105] 171.9 |0.0112] 160.2 | o.0132] 105.2 | 0.0192] 593 | 0.0239
5.5-6.5 20 1297.4]0.0111] 281.6 |0.0123] 264.6 |0.0126] 253.3 ]0.0130] 241.8 10.0134} 230.7 [0.0139} 219.5 |0.0143} 187.71 0.0§55 ] §03.5 { 0.0189¢ 52.8 | 0.0213
6.3-10.5 5 1413.510.0t55] 3309 10.0145] 282.9 10.01341 248.5 10.01281 217.5 {00121} 1904 {0.01158 166.0 10.0108} 10871 000901 188 {00034} -3.6 |-0.0015
10.5-13.5 7 1 724.4]0.02711 546.9 ]0.0239] 453.5 |0.0215] 384.3 |0.G197] 323.3 {0.6186] 270.7 {0.0163] 2243 [0.0146] 119.4 | 00099 | -20.6 | -0.0038f -36.4 {-0.0146
13.5-14.5 12 F218.5[0.0306] 580.8 j0.0254] 461.7 10.0219] 372.6 {0.0191] 295.1 {0.0164] 229.1 j0.0138] 171.8 |0.0112| 46.8 | 00033 -93.0 |-0.0170{ -82.4 {-0.0332
14.5-16.0 10 ]760.9|0.0285} 495.0 |0.0216] 362.0 {0.0172} 264.7 10.0136] 180.9 10.0101] 110.8 10.0067] 50.8 J0.0033] -74.8 | -0.0062] -181.5 | -0.033L} -134.1] -0.0540
Slope 0.955 {.948 0.947 0.945 0.942 0.940 4.937 0,929 0.9024 0.8751
P 0.971 0971 0970 0.970 0.969 0.969 0.968 0.967 0.9599 0.9514
Max. Prediction 27641 23646 21785 20123 18584 17166 15855 12494 5647.5 2552.2
Min. Prediction 914 7722 706.9 648.8 3933 546.4 5014 387.66 164.45 69.785
Range of Prediction, R 25727 22874 21078 19475 17989 16620 15353 12107 5483 2482 4
Max. of K/R 6.0306 0.0254 $.0219 {.0197 0.0221 0.0246 00276 0.0343 0.0576 0.0792
Min. of KR 0.0066 0.0079 0.0083 0.0091 €.0098 0.0067 0.0033 -0.0062 -0.0331 -0.0540
Range of K/R 0.0246 0.0175 0.0136 0.0107 3.0123 0.0479 0.0237 00405 0.0907 0.1332

K = Intercept

Prediction = predicted bond strength = right side of Eq. 5.3 using ¢ + 0.25 in. as the effective value of ¢
R = Range of Prediction = Max. Prediction - Min, Prediction

K/R = relative intercept

Range of K/R = Max. K/R - Min. K/R

891
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Table 5.5
| Data and test/prediction ratios for developed and spliced bars
% without confining reinforcement

Test No. a4 4 G & & b B 4 & § £ TAUTESTUES TAM Tew Tem
: Test Test Eq.5.57 Eq.5.4" Eq. 5.5Eq. 5.4
in) (in) {in) (in) (o) (o) o) @m) fpsid (ksi) dsi) {nd @@ (oY) Gnd)

Chin (19567
D3t 1 550 0375 1470 0B30 368 - - 4700 7900 6070 98 g0 76 640 1297 1265
D36 1 550 0375 1470 0560 369 - - 4410 79.00 4921 42 667 & 588 5180 L35
Do 1 700 0750 L0S0 1480 362 . - 4370 57.00 2641 176 1429 14 1699 1010  0.341
D30 I 700 0750 1125 1420 315 - - 4230 5700 272 183 1479 T4 1765 1052 0.867
o 1 700 0950 1,095 0800 369 - < 4480 SP.00 2397 158 1289 £33 1582 1.004 0815
. D13 { 1100 0750 2905 1440 731 - - 4820 ST.00 4904 311 2595 290 2455 1076 1057
: D14 1 1LO0 0750 1095 0830 360 - - 4820 5700 3182 208 1733 200 885 1038 0919
: [ H Io1LB0 0750 1ETS 0620 735 - - 4290 57.00 4245 185 308 276 2303 1033 LOO2
D2t IOILO0 0750 2905 4 13 - - 4480 5700 43.53 285  234F 291 2467 0983 0.949
D29 1 1L30 0750 1.095 13%0 369 - - 7480 57.00 4462 227 Il 235 2055 LoIt 1027
D3 2 1100 0750 LS00 Q500 1500 900 . © 4350 5T00 3705 248 20013 24 193t LESS 1031
D32 1 1L 0950 2878 L410 125 - - 4700 ST.00 4624 29T 2457 290 2462 1023 0998
D38 1 1100 0750 1.560 1520 462 - - 350 5700 2850 33 1673 258 2787 0873 0932
03% 1 ILO0 G750 1095 1,560 369 - - 3160 5700 21845 0 1646 230 086 0951 0.789
s 1O1L00 0TS0 2000 1500 550 - - 4180 5700 4476 305 2449 267 2343 E142  LO4S
D6 2 100 0750 1500 0.625 L1S0 725 - - 4340 5700 3348 124 1815 205 1987 LOBO  0.947
foe) 1 100 0750 1060 1270 163 - - 4450 5700 34015 235 1840 219 017 L030 0912
D8 2 1100 0750 LS00 0625 1480 75 - - 4570 ST.00 3628 236 1942 7 1985 1087 0978
i 1 1100 0.750 1.060 1440 362 - - 4380 5700 3533 235 1911 224 M9 1047 0933
D34 I 1250 0750 L.06O 1490 362 . . 3800 5700 346 257 2099 246 292 1089 0958
D12 | 1600 0750 L1125 1620 3115 - . 4830 ST00 4637 303 2487 302 2578 1004 0965
D17 1 1600 0750 1.095 0800 389 - - 3580 5700 40.56 98 2307 82 2238 L184  L.O3T
Dig*= 1 1600 0750 2905 1700 73t - - 4230 5700 5760 390 3142 4 3233 09 0972
D23 11600 0750 1060 0.780 362 - - 3450 5700 3970 262 2130 249 216 1053 0965
D2 {1600 0.750 2875 0810 125 - - 50 5700 4337 286 1336 142 2720 0337 0.859
D3 11660 D750 1.095 1560 369 - - 7480 57.00 5304 270 2509 197 2544 0909 0986
D4 2 1600 0750 1.500 0500 1500 500 - - 4470 5700 4740 312 2550 169 I LIS8 1099
D40 1 1600 0750 2940 o750 13 - - 5280 ST00 S0.69 30T 2617 345 2727 0891 0.960
D25 1 2400 0750 1.060 1530 162 - - 5100 5700 5700 351 2968 397 3231 0885 0919
D% I 400 0750 1095 0750 369 - -~ Sl00 5700 S6.82 350 2959 330 2776 1060 1068
D35 1 2400 0750 1060 1450 162 - - 3300 5100 5691 488 M9 %2 3207 1036 0.994
D33 1 2025 1410 1990 1550 630 - . 4830 5700 2860 642 5352 695 6578 0924 0314
Chamberiin (1956}
Sit1s GO0 0500 0500 LD 600 600 475 4470 - 3455 103 B45 8 813 L2001 1040
Su16 I 600 0500 0750 LD 600 600 475 s47¢ - RET 1K 934 91 BS6 1253 1090
! SHI3E 1 600 0500 0.500 1000 600 600 475 5876 - 3960 103 905 2 813 1200 LI3
SI32 1 600 0500 0.750 1000 800 600 475 5870 - 4633 12t 1059 91 856 1318 1236
SIu33 1 600 D500 1,000 L000 GO0 600 475 S8T0 - 4843 126 1LO7 99 919 1218 1.205
SIIt 11067 0300 0.500 000 500 600 475 3680 - 4139 136 1063 121 1043 1131 LOI9
sH27 I 1067 0500 0.500 Lo06 500 600 475 5310 - 4640 121 1060 12t 1043 LOG4 1016
SHEZR | IDG7 0.500 0.750 1.006 600 500 475 5870 - 4930 129 1126 133 1145 0968 0.584
SEE29 1 1067 0300 1.000 LO00 600 600 475 3870 - 4930 129 1126 148 1267 0868 0,389
SIVSY {1200 03500 2000 0300 1000 600 600 475 4540 - 4743 41 1156 145 1227 0973 0942
S 11600 0750 0.750 1000 9.00 9.00 753 4470 - 4893 I16 2256 243 2188 Li34 1035
Chamberlin (1958)
Ja 2 500 0500 0500 1500 1000 600 600 475 4450 3000 3294 99 207 2% 813 L8 o9m2
k1 2 600 0500 0500 1000 1000 600 600 475 M50 50.00 3Li6 99 812 86 813 1156 0999
3 2 500 0500 0500 0500 LO0OO 600 600 475 4450 5000 3365 101 8 36 23 LITZ 1014
4a { 600 0500 2.500 L0 600 600 475 4370 5000 4275 129 1052 124 1056 1042 0,996
ab 1 600 0500 Z.250 LO00 600 600 475 4370 S0.00 4402 133 1083 120 1033 LiIL 1048
4c i 600 0300 2000 1000 600 600 475 4370 50.00 4344 13 1069 116 10 LE36 1058
Ferguson and Breen {1565)
~  $Ri%a 2 1800 1.000 3250 3265 1750 17.03 [497 LL72 3470 99.00 40.60 558 4282 353 4645 1009 0922
-~ $R24a 2 2400 1000 3250 330 L6 1712 1503 (286 3530 99000 30.53 792 6t0) 674 5441 L1150 LI2t
~ EFi0a 2 3000 1000 3250 3.295 1530 17.00 1497 1294 3030 7400 5348 TEB 5695 O 6116 0984 0931
3F36a*s 2 3600 1000 3250 1330 1410 17.16 1500 13.09 4650 63.50 6622 767 6335 88l 6747 0870 0939
-~ RF36b 2 3600 (000 3250 3220 1400 1694 1503 1LI3 3ITTD 400 6150 796 6241 330 6733 0905 0827
— 8F36k 203600 LOO0 LAZ0 1425 L38O 9.69 1509 1320 3460 7400 3584 750 5782 16 5921 LO48 Q971
8F3%a%> 2 3900 LOOD 3250 3280 L.S530 17.86 15.09 13.06 3650 63.50 7150 953 409 064 73312 6989 1.011
8F42a** 2 4200 LDOD 3250 3345 L500 179 1509 13.09 2660 6350 6593 1010 7253 119 7682 09YL 0944
3E42b*r 2 4200 1000 3250 3330 1450 1706 1503 13.08 3830 6350 7354 939 7385 1008 7S93 0931 0973
o BRd2a 2 4200 1000 3250 3345 1360 1709 1500 1294 I3E0 9900 221 992 TSZL 1032 TI2 0961 0965
- BR48a 2 4800 1.000 3250 3.265 1480 17.03 1500 1302 3040 99.00 7443 1066 7919 1135 8442 0939 0938
SR64a I 6400 1DOD 3250 3.295 1520 17.09 1500 298 3550 99.00 9170 iZl6 9IS 1471 10679 0826 OB
SRR 2 2000 1000 3250 3265 L300 17.03 1503 (3.03 3740 99.00 961 (274 9961 {788 12757 0732 0.781
~ 11R24n 2 3300 1410 4590 4635 1670 2409 1809 1572 320 9300 5230 338 10447 1219 9813 1098  L.065
~ {1R30a 2 4125 1410 4590 4635 1310 2400 1200 1608 4030 9300 5903 451 LiS30 1396 10789 L.039  L.O70
.-11F36a 2 4950 1410 4590 4.635 L300 24.00 1B00 1579 4570 TA00 6466 1492 12Z68 1619 12293 0921 0998
11F36h 1 49350 t4I0 4590 4605 1470 2403 1300 1583 3350 65.00 60.09 1620 12321 1615 12249 1003 LODG
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Table 5.5 (continued)
Data and test/prediction ratios for developed and spliced bars
without confining reinforcement

Test No. a g d o ¢ o b b 4 £ f £* THAPTHE™ T T Test Test
Test Test Eq.5.5" Eq.54" Eq. 5.5Eq. 54

¢im) {m) (in) (s} (in) (in) (o) {in) (psi) (ksi) (ksi) (in®) (in®) (o’ (n?)
5775 LAID 4590 4590 1480 2400 18.00 1582 3530 6500 6457 1695 13067 1823 13568 0.93¢ 0,963

T 1iFdla 2

© t1F48a** 2 6600 1410 4.590 <4620 1530 2436 18.03 i5.80 3140 7300 7391 0SB 15402 2042 14985 1,008 1028 :
LiFddb** 2 6600 L4E0 4.590 4665 1580 2415 18322 E5.93 3330 6500 224 1953 4835 2054 151 0951 0.982

~~ 1iR48a 1 6600 L1410 4590 4670 LS00 2415 1803 [583 5620 9300 8281 17X3 4920 2034 14917 0.B47 1000

~ 11R48b 2 6600 1,410 4.590 4700 2060 2432 1819 1543 300 9300 720 2051 15303 2199 16369 0933 0935

- 11F&0s** 2 8250 1410 4590 4575 1590 2397 (%.09 1533 2610 7300 34.80 1580 1BS0B MY 17816 1045 1039
11FG0h** 2 8250 1410 4590 4550 LS00 2400 18.09 1592 4090 65.00 7R02 1903 152)% 2430 E7541 077 0888
11R60a 2 8250 (410 4590 4550 1410 24.00 1REZ 1601 2690 93.00 779 1322 16720 2423 {7280 0958 0.968
11R605 1 8250 410 4500 4575 1750 24.00 13.03 1538 3460 9300 9035 396 18378 2537 18338 0944 1002
Toompson et al. {1975}
6-12.4/212-6/6 & 12,00 0750 2.000 2000 2000 3300 1300 #0.63 3130 GLT0 5796 418 3263 ne 2738 1369 Q092
8-18-4 12606 ¢ 18.00 LOOO 2000 2.000 3.000 3600 13.00 950 47t 5230 57.00 656 5435 568 4775 1162 1138
-184rVL5-46 6 (800 1000 2500 2.000 3.000 3600 1300 950 2920 5930 50.86 744 5466 390 4977 L2600 1098
8-24-4/212-6i6 6 2400 1000 2000 2000 2000 36.00 13.00 LGSO 3105 5930 S18R 736 5491 &47 5445 L.136  1.009
11-25-6/2/3-3/5 5 2500 1410 3000 3000 2000 4406 1301 1030 3920 6630 4500 l12F 3873 921 8095 L2138 L.096
H-30420-6/6 6 3000 1410 2.000 2000 2000 40.83 1301 1030 2865 60.50 3956 153 8436 963 2519 1198 0990
11-30-4/2/4-6/6 § 3000 1410 4,000 2000 2000 44.83 13.0] 1030 3350 6340 4590 1237 %41 983 8625 1258 1691
11-30-4/2/2.7546 4 3000 (410 2700 2,000 2.000 44.88 13.01 1030 4420 6330 5348 (372 11189 983 8625 1396 1.297
11.45.4/1/2-6/6 6 4500 1410 2000 2000 1000 40.88 1301 1130 3320 6050 4672 1228 9462 1083 o080 1135 1.042
14-60-4/2/2-5/5 5 6000 1693 2,000 2.000 2.000 37.50 1615 13.30 2865 57.70 4813 1023 14801 1843 15501 1098 0955
E4-60-472/4-515 5 6000 L693 4000 2000 2000 4150 {600 1315 3200 S7.70 5664 1253 16944  1R82 15695 1197 1080
Zekany {1981}
9.53-8-N 51600 L1128 2000 423 2000 2723 1600 I3.44 5650 6230 4777 636 3510 496 4578 1281 1204
N-N-20B 4 2200 1410 2000 1849 2000 27.2% 1601 1330 3825 6010 38353 972 7642 780 7225 L2246  1.058
Choi et al. {1990, 1991}
1.4 2 1200 0625 2000 2.000 1000 1050 1600 1469 5360 6380 6L51 160 2239 paii] §837 1183 1213
La** 3 1200 0625 2000 2.000 EGO0 1575 1600 [4.69 5360 63.80 6400 271 2319 228 1837 1231 1262
23 2 1200 0750 2000 2000 000 1100 1601 1463 6010 7090 SL34 291 2566 255 2223 LS 1154
21 1 1200 0750 2000 2000 L1000 {100 1600 1463 6010 6380 4367 259 2282 255 2221 LeI8 1027
33 2 1600 L1000 2000 2000 L1500 12.00 1600 14.00 S980 6380 43.00 439  3B63 434 3896 1012 0992
31 2 1600 1000 2000 2.000 1500 12.00 (400 1200 5980 67.00 4281 437 3Bd6 434 389 1008 0087
43 2 2400 1410 2000 2.000 2.000 13.65 1601 330 SBSG 63.0 3793 TH4 4765 426 7548 0.937  0.8%6
4.F 2 2400 L4I0 2000 2.000 2.600 (365 1601 330 3B50 6460 4037 B2 7201 826 7548 1997 0954
Hester et al. (1991, 1993)
A 31600 LOGO 2000 1500 2000 1660 1600 I3.50 5990 63.80 3013 512 4301 455 4067 L1244 1,107
21 i 3 1600 1000 2000 1500 LB4D 1600 31633 13.99 6200 6900 4625 464 4118 448 4030 LO3S 022
3 3 Ot600 1000 2000 1500 2040 1609 1623 13.69 6020 7110 4686 477 4202 457 4076 1044 103t
41 3 1600 1000 000 LS00 100 1608 1622 13,62 6450 VLID 4236 417 3734 460 4089 0507 0913
51/ 3 1600 1000 2.000 L5900 2080 (609 1627 1372 3490 69.00 3986 425 3658 457 4078 0929 0.897
6.5 7 3 2275 1000 2006 LS00 2150 1606 16.i9 1354 5850 6900 5199 537 44656 393 3630 0502 4934
1.2 2 1600 1000 2000 4000 2120 1603 1620 1358 5240 £9.00 4540 495 4215 483 4274 1.025 0.986
Rezensoff et al, (1993)
2a 3 2953 0992 1827 0994 008 (358 1299 (049 1958 6432 6024 T4r 5885 631 5194 E175 1,133
2b 3 2951 0592 1827 0994 2008 1358 1299 1049 3799 6452 6048 60 5970 631 5194 1204 1149
Sa 3 3543 L177 L8319 LIZ3 2008 1543 2000 1740 4031 6887 3696 973 7756 852 7187 1142 L.09t
55 3 4429 L177 1.819 L1183 2008 1543 2000 1740 37256 6887 67.50 1200 9IM 1Gt4 8221 LIS L1480
Azizinamigi et al, (1993}
BB-8-5-23 2 2300 1000 LO0D 1500 L1000 9.00 1400 :2.50 5290 77.85 4730 S14 4381 432 3920 L1%0 1118
ABE3-8-15.4] 2 4100 1000 LO0G L5CO 1000 9.00 14,00 15D 15320 YIRS Y267 467 5177 660 5534 0707 0936
BB-11-5-24 2 MO0 1410 14H) 770 1410 1200 1500 13.89 5080 70.80 29.82 453 5511 706 4701 0925 0822
BH-11-5-40 I 4000 E410 1400 LYV0 1410 12,00 1600 1389 5080 TO.B0 43.44 951 8026 992 8725 0958 0920
BB-11-12-24 2 2400 1410 1410 1770 1410 12,00 1600 1389 12730 7080 440 634 6521 796 8701 0870 0973
B-11-12.40 2 4000 1410 1410 L770 1410 1200 600 13.89 13000 7080 3847 300 543 992 8725 0807 0979
8B-11-1143 3 4500 1410 1410 1680 1410 18.00 1200 1580 10900 70.80 4863 127 14233 1081 9357 G612 0793
BB-11-15-36 3 3600 1410 1410 LGB0 1410 1800 18.00 1589 14550 7080 5695 737 8090 920 2219 0800  0.984
BB-11-5-36 3 3600 1410 1410 L1680 1410 IRO0 1800 1589 6170 7332 4693 932 3260 920 8219 1013 1L.00S
BB-11-i3-40 3 4060 1410 1410 LS80 1AR0 800 1800 1589 13600 7072 5734 767 8284 592 8725 0773 0.849
BR-11-13-13 2 1300 1410 1410 L1770 1410 1200 1600 13.8% 14330 7372 2976 388 4243 309 5319 0781 0.799

AB33-11-15-57.5 1 5750 1410 1410 (770 L410 1200 1600 13.8% 1387¢ 73.72 7139 946 10262 1308 10938  0.725 0938
ADR-11-15-80%" 2 BO00 1410 1410 1,710 L4100 1200 1600 1339 15120 V72 TIEB 937 103%4  LTO7 13784  0.54%  Q.754

Hatfield et al. (1996)
3600 1000 2,000 2000 2.000 1200 16,00 13S0 14450 7215 7119 507 5562 961 7239 Q.56 (.768

BB2-8-15-36**

BB3.8-15-36** 3600 1000 LO0O 1000 1.000 12.00 1600 i4.50 14450 7215 7175 478 5242 397 5086  0.80t  1.03%
BB3-B.13-30 000 LO00 LOOO 1000 160G 1200 16.00 i4.50 15040 VA5 6674 430 4761 521 4548 0.826 1.047
BB2-8-15-20 20,00 {060 2,008 2,000 2000 1200 1600 (350 15040 7145 T0.61 455 3037 563 4847  0.808  1.039

BB3-11-15.36 3500 L410 1375 1.688 1375 (B0 18.00 [592 (4450 7145 5723 743 8143 NG 8144 0816 1000
BB2.11-15-28 2800 1410 3.000 3188 3.000 18.00 1300 1430 (5040 7145 69.46 84 9784 1154 9870 0766 0991
BB2-11-15-42"= 42,00 1410 3.000 1188 1.000 1800 iS00 1430 [S040 7145 7348 935 10351 1592 1297t 0.587 0798
BB2-11-15-458** 4500 L4310 1373 L7500 1375 1200 1600 1392 (5520 T1.45 7621 954 10652 1068 9263 0.8%4 L1350

2
3
i}
2 -
BB2-11.15-36 2 3600 1410 3000 3.188 3000 [R.00 18.00 1430 {4450 7145 7035 913 10010 4G4 11642  0.650 0.860
3
2
2
2
BBZ-11-15-45D%** 2 4500 1410 1375 L1750 1395 12.00 1600 13,92 15520 TJ08D 7706 66 10785 1068 9263 0905 L1164
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Table 5.5 (continued)
Data and test/prediction ratios for developed and spliced bars
without confining reinforcement

Test No. a2 4 d e & o b ko4& £ £ £* TAPTAM T TA™ Test Test
Test Test Eq. 5.5 Eq.5.4" Eq. 5.5Eq. 5.4

() (in) (in) (in) (in) (n) (in) (in) (ps)) (ksi) (ks)) (n?y (n’) () @i
Darwn et a. {19953, 19963)

[ 2 1600 1000 2969 2938 2938 1608 1722 13.76 5020 67.69 5178 577 4859 6506 5151 0952 0943
12 2 1600 LOOO 032 2281 1938 2406 1625 1379 35020 67.6% 4477 499 4202 474 4209 1.os4 G998
1.3 3 1600 100D 2032 1406 1,938 1607 16321 1375 5020 67.6% 4522 S04 4244 44 3986 L135  L065
24 2 2400 1000 2.000 16814 1313 1213 1564 1379 5250 7542 5429 592 3039 553 4692 LT 1074
5 2 2400 1,000 20535 L[B56 LBE3 12.M3 160k 13.67 5250 Tid2 5897 643 473 624 5247 1031 1043
4.5 2 2400 1000 2063 L936 134 124 1415 1379 4090 6769 5150 636 5088 528 5282 LO13 0963
6.5 T 2300 000 2000 1906 1.969 12.1G i6.13 I3.63 4220 7542 54.06 657 5299 643 5409 1.023  0.980
83 2 2400 LODO 2 L9S3 2000 1211 6,05 13.53 3830 7796 6138 796 6264 547 3445 1230 L1st
o 2 2600 1000 2063 [.875 1933 1213 1625 13.78 4250 8057 6134 748 605t 583 56T 1Lees 1066
13 1 1660 G625 2094 LOIS 1354 [219 1540 1392 4110 61,83 8026 294 2333 72 2254 1LeT 1035
14.3%* 317060 0625 2032 1.03F 1295 1214 1551 1389 4200 6183 6183 296 2381 285 k21 1,640 1,013
16 2 4000 1410 3063 1984 1,908 [B.05 1532 1347 5256 TV7T 5451 1174 9989 1280 10516 0,917 0.950
H Z 4000 1410 Q416 2969 1895 18.07 1628 13.64 5180 TLY? 575 1143 9700 1212 0470 0899 0.526
Current Study
2510 3 1650 0.625 1985 1023 L5556 1209 1627 1437 4400 4298 6372 295 2413 287 1344 £929 1029
9.4 3 3600 1.000 1953 [.930 [.961 18.14 16.16 13.66 4250 B80.57 7351 391 7:93 887 T4 Loo4  1.007
192 1 3600 1000 2.0i6 1.883 1.929 18.06 1513 1366 4250 8057 6785 312 6639 886 Tt17 0928 0.933
2046 3 4000 1000 L3516 0.672 1300 1208 i5.60 1376 5080 80.57 5715 633 5348 564 5473 0054 0977
IS 2 2200 LODO 2000 1891 1,938 1B.19 16,16 13.63 9320 BOST 6224 509 3005 597 5080 0.854 0983
23a.6 2 2500 LODO 2031 LA7F LO1% 1224 1611 13.67 9320 BO.ST 7347 618 6068 40 6086  0.834 0997
23b.3 2 19.50 LOOG 3031 3859 3.057 223 1632 1272 3370 ED5T 7164 619 7 723 5979 9.855 0.990
4.1 2 3200 1000 2000 1875 L1903 (214 1612 13.69 4300 7970 619t 746 504G 797 5488 0.936 0.93E
26.3 3 4000 LOOO  n34Y 0652 LRBY 1301 169 1378 4960 7070 6252 701 3885 ke 5781 0.963 1,018
26,5 3 4000 1000 1,500 0.684 1351 LIS 1617 13.75 4960 77.96 64.36 722 6058 734 5828 0984  1.0a0
.S 3 2208 1000 1.828 0508 1494 1226 1558 1336 12890 7970 6143 427 4535 436 3852 G981l t.a82
He 1 2200 1000 L7i9 0539 1492 1217 1549 1144 [2890 6050 6342 440 4702 437 3869 1.009 1215
341 3 2400 LOOF 2063 [938 1.541 1813 16.12 13.66 5440 79.70 57.38 620 5324 542 5394 0965 0947
342 3 2400 1000 200 1945 L9t8 I817 1605 1361 3440 TR0 6197 664 576t 439 5369 1.039  L062
343 3 2400 L1000 2080 1.B44 1981 1812 1602 1349 3440 6950 SB.O94 631 5422 649 5444 0.973  0.996
344 3 2400 1000 2045 1883 1936 1821 1602 13.533 5440 69.50 3848 626 3380 640 5383 0978 1000
363 3 2600 1000 2816 1.B36 2000 1817 1610 1355 5060 6950 6278 697 5881 650 5748 Lote 5023
364 3 2600 1000 2031 1828 i.9B8 1814 16.10 13.56 5060 60.50 60.17 G668 5636 689 5737 0959 0982
38.1 3 2600 LOGO L9383 1953 1802 18285 1610 1375 5080 69.50 5396 598 5049 654 5477 6914 0922
382 3 2600 1000 2325 L84 2.075 1807 1614 1351 5080 6%.30 6030 688 5543 07 3863 0845 0962
i 3 O2L00 1000 1953 0516 LS50S 1219 1541 1359 L4500 67.69 6738 443 4355 425 3779 1.043 L2385
0.5 2 U000 LOO0 2000 LB75 1846 12,11 16.04 13.67 15650 7756 6581 416 AG49 484 4277 0.859 1.087
2B.5 2 30,00 L4100 LITT 4031 1.95% 1809 16.20 1345 12610 TLIT 5089 V07 7497 959 3486 0.738 0.883
305 2 3000 1410 2063 4016 1956 812 1615 1344 13220 7777 6655 M4 M0 960 8486 D946 11438
2 2 3200 1410 2000 0984 1904 1217 1627 13.52 14400 TTT 6333 B23 2019 875 718 0.940 L1600
22 2 3200 L4E0 000 1063 L9I6  1Li4 1606 13,31 14400 6669 6149 799 8757 3387 7873 0801 112
323 2 3200 1410 L1969 4.016 L1947 1814 1615 1345 14400 7MTT G064 788 3635 996 8750 0791 0987
32.4 2 2800 1410 2031 4047 1035 1820 1517 13.50 14400 6669 6101 793 3688 208 8127 0.872 1069
Forall 17! specimens : Max. 1396 1.297
Mia. 0,549 0732

Mean 1901 1005
St.Dev. 0152 0105
cov 0152 0.104

For 152 specimens with £ < £, : Max, 1396  1.207
Min. 0650 0.732
Mean .04 LOOS

StDev. 04 0201
cov 0.142  0.100

For 19 specimens with £, > £, Max. 1231 1262
Min, 0545 0754
Mesn 0896 0.981

St Dev, 0177 0130
cov 0.197 0132

* Bar stress is computed using the moment-curvature method if M, is not in excess of the
moment capacity from moment-curvature analysis; otherwise f; is computed using the
ultimate strength method
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Table 5.5 (continued)
Data and test/prediction ratios for developed and spliced bars
without confining reinforcement

ke : ;
specimens with £ > f,

+ Eq. 5.4= ;-f;; x%ﬁ%qsg.szd(cm +05d, )+2350A, ] (0.1%-“%1»0.9)

- Bq.5.5= F%? - ‘;f; = [845L,(c,, +05d,)+1776A, ] [o. 17em 0.83}_

] &

1 in. =25.4 mm; 1 psi = 6.895 kPa; | ksi=6.895 MPa

Table 5.6
Comparisons of the coefficients of determination for the best-fit lines
of T,/f",* versus NA/n for bars in nermal strength concrete
using ¢y, ¢, + 0.25 in., and 1.6¢; as the effective values of ¢

Bar* R

Cy oz +0.25 in. 1.6¢
SNO(L) 0.200 0.742 0.688
5C2(L) 0.079 0.427 0.501
Conv. No. 8(L) 0.598 0.661 0.713
8NO(B) 0.854 0.781 0.780
8CI(L) 0.620 0.731 0.382
8N3(L) 0.943 0.948 0.941
8N3(B) 0.833 0.794 0.793
8F1(L) 0.821 0.841 0.840
8F1(B) 0.865 0.963 0.963
11F3(L) 0.509 0.568 0.316
Conv. No. 11{L) 0.782 0.797 0.794
* (L) = Bars in the concrete containing limestone coarse aggregate

(B) = Bars in the concrete containing basalt coarse aggregate

o Coefficient of determination for £, versus NA/n
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Table 5.7
Comparisons of coefficients of determination for the best-fit lines of
TJ/f'." versus NA,/n for high relative rib area and conventional bars
(T, in Ib, £ in psi, and A, in in.)

[Bar * : No. of Tests T

Designation NSC + HSC ++ p=t4 p= /2 p=3/4 p=1
Conv. No. 8 23 9 0.483% 0.5816 0.6607 07112
8N3 3 10 0.7618 0.8968 09160 0.8679
11F3 11 2 9.5718 0.6348 0.6553 0.6551

* Notation of bar designation is the same as in Table 2.2

**  Coefficient of determination for the best-fit line of T/F.F versus NA/n

‘

+  Normal strength concrete containing limestone coarse aggregate;
f. < 8000 psi

++  High strength concrete containing limestone coarse aggregate;
8000 psi < f, < 16,000 pst

1lb=4448N; 1 psi=6,895 kPa; ! in. =254 mm

Table 5.8
Results of best-fit lines for T/f'.” versus NA,/n
(Tsin Ib, £',” in psi, and A, in in.”)

Bars * No. of | Weighted p=1/4 p=1/2 p=3/4 p=10
Test | MeanR, | m SRS BT T om' B [ m | b™ i AT

1IR3 (L 13 0.127 2419 | 1551 {05718 3185 | 1459 | 0.6348] 40.75 | 13.76 [ 0.6553| 5.11 1.302 | 0.6551
8F1 (L) 12 0.140 2814 75 [ 0.8412} 352.1 34 [0.8641] 4400 | 026 [ 0.8804] 5.50 ] -0.113 | 0.8907
8N3 (L) 15 0.0 19 2476 628 {07617 3107 | 419 | 08968 38.87 | 1.62 | G.OL60| 4.85 | -0.156 ) 0.8678
Conv. No. 11 (L) 6 0.071 1871 460 | 07875 218.5 | 59.2 | 0.7854| 2551 | 7.58 | 0.7816| 2.98 | 0.966 | 0.7758
8CL (L) 7 AL 1869 130 [ 0.7304 | 326t 147 07219 2894 | 165 [0.7T126 3.60 | 0.185 | 0.7029
Conv. No. 8 {L) 32 0075 | 2303 | -89 |05104| 2648 | -16.9 [ 0.6021] 30.81 | -2.70 106735} 3.62 | -0.396 | 0.7136
SC2{L) 4 0.109 I408 | 133 104273 1738 | 168 |D4263| 2145 | 213 | 04252| 2.65 | 0.269 | 04240
Conv, No, 5 (L} 4 0.082 1282 103 FO.74161 1587 [ (2.9 [0.7440] (9.65 1 L1.63 [0.74641 243 | 0.206 | 0.7486
Conv. No. & (B) 10 0.069 1076 | 1235 | 0.1210( 1861 | 97.4 [ 0.3041| 2825 | 668 | 0.4993| 4.02 | 6.303 | 0.6403
8N3 (B) 4 0.119 3471 -i05 | 0.7938| 440.2 § -15.2 }0.7831| 55.84 [ -2.16 | ©.7727| 7.08 [ -0.302|0.7625
8F1 (8Y 4 £.140 3769 121 [09611] 4643 ¢+ 155 10.9576| 57.19 | 1.97 | 0.9539 . 7.05 | 0.252 | £.9501

*  (L): bars in concrete containing limestone coarse aggregate
(B): bars in concrete containing basalt coarse aggregate

Slope of the best-fit line

Intercept of the best-fit line

Coefficient of determination of the best-fit line

1lb=4448N; | psi=6.805 kPa; I in. =254 mm
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Table 5.9

strength, represented by TP, provided by transverse reinforcement,

represented by NAq/n (T, in Ib, . in psi, and A, in in.})

Bars * No. of |Weighted| m" b™ | Mean™ IM;", s B | ty= MR
Tests { Mean R, Slope, M
Conv. No. 3 (L) 4 0.082 19.66 1.6327 21.290 20.70 1.029 19.69
5C2 (L) 4 0.109 21.45 21281 23.577 1139 17.55
Conv. No. 8 (L) 32 ] 0075 30.81 -2.695] 28.118 26.92 1.045 27.74
8C1 (L) 7 0.101 28.94 1.652; 30.591 1.137 24,17
8N3 (L) 15 0.119 38.87 1.617¢  40.485 1.504 28.12
8F1 (L) 12 0.140 44,01 -0.259] 43.747 1.625 26.62
Conv.. No. 11 (1) 6 0.071 25.51 7.58¢| 33.093 34.62 0.956 33.85
HF3 (L) 13 0.127 | 40.75 13.760; 54.508 1.574 3592
Conv. No. & (B) 10 0.069 28.25 6.678] 34.928 37.33 0.936 36.56
8F1 (B) 4 0.140 37.19 1.973] 5%.163 1.585 36.00
N3 (B} 4 0.119 55.84 -2.156] 53.686 1.438 37.28
* (L): bars in concrete containing Hmestone coarse aggregate

(B): bars in concrete containing basalt coarse aggregate

% 3k -
t=M Mg .o0rs

ko

* Slope of the best-fit line
= Intercept of the best-fit line

e

A

M= (m+b)
Based on best-fit line for each bar size and concrete type

t.=9.6 R +0.28 (used to calculate t,)

11b=4.448N; | psi=46.895 kPa; 1 in. =254 mm

Table 5.10
Summary of the expressions for t, and {; terms using different p values
p* Expression of t, Expression of
t = Rk ty= e
1/4 79R,+0.41 0.764 0.87 dy +0.13 0.828
12 38R, +0.34 0.882 0.83 d, +0.17 0.902
3/4 96R +0.28 0.942 0.78 d, + 0.22 0.951
1.0 103 R, +0.23 0.957 0.73 d, +0.27 0.970
* Power of concrete compressive strength, f',, used to normalize the additional

bond force provided by transverse reinforcement, T,

ok Coefficient of determination of the best-fit line
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Table 5.11

Data and test/prediction ratios for developed and spliced bars
with confining reinforcement

Specimen No. a L b B & ¢ w b B & 4 N A4 £ b TR TRt Tem
Test Eq, 518 Prediction
find _ (in) {in) (in) f4n) @n) o) (in) fin) s} Gesi)  Gesi)  (ksid (e’ (i)
Mathey and Waistein (196§}
4720 1 780 050 00960 175 L75 %00 1800 1600 050 2 4210 8871 11470 1470 2102 2306 4955
ERSLL 1 700 050 00960 375 175 800 1300 1600 050 2 4265 9231 11470 11470 2282 2N 0987
41053 I 1056 0.50 00960 175 175 8.00 18.00 1600 G350 3 3675 113,70 11470 L470 2921 2992 0976
410,520 1 1050 0.50 00960 175 175 8.00 18.00 1600 050 3 4035 11526 [1470 11470 2889 3046 0948
4eldugnnn 1 1400 050 0950 175 1,75 B.00 IR00 1600 D.50 4 3710 10068 11470 11470 2580 341 (690
LRI 1 2000 1,00 0.0880 3.50 150 800 800 1600 050 5 4235 6L16 900 11470 4087 7482 0813
22814 {2300 100 0.0880 350 150 800 (800 1600 050 T 4485 T7I9 9700 {1470 7509 944D 0,795
52820 1 2800 1.0¢ 00880 350 1.50 800 1800 1600 050 7 3700 7259 97.00 11470 7353  S115 0807
3-34-1%"* 1 3400 100 00880 3.50 150 £00 1800 1600 0.50 9 3745 9363 9700 11470 9455 (0803 O.875
Boldai®* 1 1400 100 00830 3.50 150 3.00 13.00 1600 030 4 3585 3351 97.00 1470 3421 913 0579
§.34-277 1 3400 100 00880 1.50 150 R.00 18.00 1600 050 9 3765 9LI0 97.00 11470 9188 10814 0.850
B-14.27# 1 1400 100 0.0830 3.50 .50 B.00 1800 1600 050 4 4035 263 9700 M40 3220 6035 0499
g-7-1% 1700 100 00880 3.5 1,50 800 12.00 [6.00 0.50 2 4005 28.63 9700 [I470 2843  di8% 0679
BT 1 2100 100 00880 350 150 B0 18.00 1600 050 5 3495 5362 9700 (470 3509 7251 0760
Freguson and Breen (E965)™
8F36¢ 2 3600 1000 00731 1250 3205 1470 1709 1487 1300 0252 6 174D 6256 TAO0 5200 GEFE 7523 0.508
8F36d" 33600 LOOG 00731 1350 3280 L3I0 17.06 1500 1297 D352 10 31580 747§ 400 5200 7533 8077 0.945
8F36e” 2 3600 LOOG 0073 3250 3310 1470 1713 1451 1294 0252 6 4% TRIE 400 5200 TS 7684 0989
SFI61° 2 3600 LODO 0.073! 3250 32BU 1300 1706 1509 1304 0252 10 3ITER YT T400 5200 S22 RO63 0970
$F36g 1 3600 LOO0 00731 3250 3265 1530 1003 1497 1254 0252 6 3070 7534 7400 5200 TIE  TeS4 1045
8F36h 7 3600 1000 00731 3350 3265 L3S0 1703 1509 1300 0252 14 1930 S7RE  T400 5200 6T RI26 2.851
8F136 1 3600 1000 00731 3250 3310 1,500 (7.2 1563 13.03 0252 14 1820 6658 V400 5200 81 7961 1018
SFI0b 2 3000 1000 00731 31250 3270 1500 1704 1503 1303 0:252 6 260 SES2  TAD0 5200 K9 6751 0.950
11RI6a 2 1950 1410 00674 4590 4620 2020 2406 1805 1533 0375 FL 3020 $536 9300 4200 17941 ISYM0 1423
Thompsonet af, (1975
11-30-5/72/2-6/6-55 6 3000 141G 00674 2000 2000 2000 4088 13.00 1030 0375 6 3063 4906 6500 6BOO 10287 10327 1OI6
1820472206/6-5P% 6 2200 LAI0 0.0674 2000 2000 ZO0D 4288 13.00 03¢ 03¥5 7 3620 4361 6736 730§D NS 095t
1LI0-ML2-6/6-55% 6 1500 1410 0.0574 2000 2000 2000 4088 13.00 1030 0375 4 3400 4182 6730 6730 8565 7300 1173
F-15-4/272-6/6-85"" & 1500 1000 00727 2000 ZOO0 2000 3600 1300 1050 0375 3 3507 SBSS  6Li0  GLE0 60T 4939 1222
Zekany ot al. (LI
9-53.5** 5 1600 LIZ8 00727 2000 (500 2000 2725 1600 1344 0236 4 5700 5779 6230 00D 6651 5107 1302
L1-40-B-A"* 4 2200 1410 00674 000 2000 2000 2725 1600 1330 G236 5 5425 4528 600 000 81 81N L0z
2-4,5-80-B% 4 2200 1410 00674 2000 2000 2000 2725 1600 1330 0236 5 4200 4316 6000 7450 8363 30X 1.043
T-5-40-B(a)** 4 2200 L410 00674 2000 2000 2000 I7.25 1660 1330 0236 4 380 4231 6010 000 19 78RS 1.063
35530 4 2200 E4I0 QOGT4 2000 2000 2000 TS5 1800 1NI0 0I5 4 ITIS 4009 6000 60D IO B49T 0939
24.5-53-Be* 4 2200 1410 GO0ST4 2000 2000 2000 2725 1600 1330 D236 5 4125 4262 66 7450 B29T  BOES 1035
115387 4 2200 140 00674 2000 2000 2000 2725 1600 1330 0236 5 4025 4300 60.10 Y000 843t 3005 1.052
1140-B*™ 4 2200 1410 00674 2000 2000 2000 2735 600 1330 0236 5 $DSD 4603 6020 L0 8518 3099 1652
115380 4 2200 1410 00674 2000 2000 2000 2735 (600 1330 0236 5 4125 3423 600 Y000 6652 80IS 0831
35408 4 2200 1410 00674 2000 2000 2000 2725 1600 1230 0375 4 3750 3842 6040 6030 7T M9 0911
De¥ries et at. (15913
30-98-PE*= 2 900 0750 80799 1875 1135 1125 1100 1606 1450 €375 3 8850 76 7663 TRSE 1B} 352 1010
EN.9B-PE** 2 900 070 0099 L6 2438 1250 ILID 1600 1438 0375 3 E300 5634 7663 TESE 2597 3il6 0.834
BG-2IB-PY 2 2200 LI28 00727 LS00 1748 1325 1100 1600 1431 0375 4 7460 5274 $640 T8S8 5675 6338 0.895
EN-18B-Py 31300 LI28 00727 L1315 1932 1500 1400 1600 13.94 0375 3 660 5163 TR35  TRSE S5ty 579 0.953
8G-16B-p*e 2 1600 1,028 GO727 1375 LEAY 1063 1300 1600 14.37 0375 3 7460 4234 6640 7858 4556 3R 0.857
26G-188P* 2 1340 LI28 00727 1588 L5ST 1250 ILOD 1600 1419 0375 3 RGO 5235 1035 185§ 5424 5846 0928
10NAF2B-Po™* 2 1200 108 00727 1938 130T LISE ILOO 1600 1425 0375 3 9780 3733 0I5 7RSE ITSE 5204 a721
10G-12B-Pg=" 7 1200 LI2B OOTIT 1625 1619 1250 ELOO 1600 419 0375 3 96ED 3732 7035 78S 3762 238 0718
15G-12B-Py** 2 1200 L8 00727 (375 £931 LISE ILI0 1600 14325 0375 I (6100 4BS5 7035 7BSE 4319 $560 0776
I15N-128-P9*~ 7 1200 1138 00727 1300 LBDT 1250 LLIO 1600 1419 0375 3 [3440 5042 7035 TESE 4683 3468 0.857
Hester et af, ([99], 1993)"
1z 31600 1000 0.0YB0 2000 1300 2000 1600 1600 1L50 0375 2 SMO  S6I3 6130 TTID  5D45 4TS 1065
12 11600 1000 00710 2000 1,500 [830 1600 1628 1395 0375 2 6200 4198 5900 541D IPI6 <687 0.836
12 3 1600 1000 00700 2000 1500 2080 1606 1624 1366 0375 2 G020 4AS1  TLIO RS0 1M &THI 0.882
42 31600 LOOC 00700 2000 LS5O0 2040 1609 1536 (3.3 £.375 2 6450 708 FLIG 6850 43 4744 0874
43 31600 LO0G 00700 2000 LS00 2100 1609 1628 1368 0375 3 6450 5006 THIO  6R90 4403 4932 0.895
52 35600 1000 0010 2000 1500 2060 1610 1642 1386 0375 2 5490 4662 6900 5410 3982 4863 0.819
53 33600 1000 04710 2000 1,500 2060 1609 1612 1356 0375 3 5490 4339 6900 5400 4279 4700 0910
82 3 2275 1000 04710 2000 1500 2170 1606 1620 1351 0375 3 5850 5666 6900 5410 SGA7 6008 0.340
63 32275 1000 00710 2000 LSOO 2160 1603 1647 1151 D35 & SBSO  S587 6900  SKi0 S5HIR 5843 0.876
7.2 2 1600 1000 GOTID 2000 4000 2030 600 1630 577 0375 3 5240 SL5T 6000 SEI0 4788 5257 0811



176

Table 3.11 (continued)
Data and test/prediction ratios for developed and spliced bars
with confining reinforcement

Specimen No, a4y b R & & 5% bk 4 d N R L fy Tul," Tyfe"  Test
Test Eq.5.18" Prediction
{in} (in) (o) (ny (in) Gn) (i) (o) i)  (ped  (ksid (i) (i) (inh  (in)
Rezansoff ol sl {I990)™
20642 T eSS 068 00799 LO0D 1980 1000 10X 289 1161 6313 5 421 077 TS0 G208 4069 1324 1,155
20-6-3" 2 1539 4758 0799 LO00 1RO 1000 1187 1299 (161 0313 6 B8 7523 M0 6208 444 3319 L3
20-6.1" 2 3209 6768 0.0799 1000 2980 1000 (102 1299 1161 €313 3 4045 TIBS T30 6208 4519 3564 1.274
20-8.117 2 1634 0992 GO7IT 100G 2530 1000 1102 1300 1L30 0313 13 4466 7SO0 6554 4208 7M10 5569 127
20-8-9 T 1370 0992 0OTIE 1300 2030 1500 1102 1300 1400 0313 9 4205 6LI0 6534 G208 SEBD 5653 1.037
20-B-10r 2 1542 0992 0073t 1500 Ze30 £3500 1LOZ 1300 11.00 033 12 4408 6516 6554 5208 6193 3143 1.079
2048t 2 1874 0992 00731 LOO0 1530 5000 1102 1300 41,58 0313 13 5120 TIOF 6554 6208 473 5966 1.086
0812 2 1634 06992 04731 1500 630 500 1102 1300 1106 O03E3 1 4356 4538 6554 SR04 6230 3721 1.091
082 X LTy 0892 00731 Lood 2530 1.000 1EOZ £300 1150 0313 1 5742 6536 6554 6208 SR1Y 6009 0.968
20-8-3 2 2610 4592 GO731 LO0OD 2530 1000 ILOZ (300 1150 G313 9 5510 5459 6554 6208 SBIO 6006 0.967
20-8-6" 2 3610 9992 0.0731 L0090 2530 1.000 LOX 1300 (150 D313 9 4T 7537 6554 6208 YoM 381 1.196
20-8-7 1 2610 0592 0.073F L500 2030 1500 (102 1300 1500 0313 & 4405 6230 6554 6208 S5EOT 5828 1.0:2
2088 2 2377 0992 00730 1500 2030 1300 1102 1300 1100 0313 T 4350 6052 6354 6208 SVIG 5v8Y 1.003
20-8-5" 2O 0992 040731 L0OC 2.530 0007 1102 1300 1150 03E3 11 4776 7601 6554 6208 7088 5B 120
20.8-4" 2 1870 0992 0073 1000 2530 L0OC 1102 1300 L0 0313 I3 4338 7194 6594 6208 6ETL 5147 1196
20-8-21*= 1 1335 0992 0073 1360 2170 L300 ILOY (300 1100 0313 T 1378 4658 090 21 4735 4832 4.950
20-8-12 2 2370 0597 0073 LI30 2350 1000 il42 1300 1550 0313 4 1509 SLIT 6438 5233 5254 5158 1.000
20-8-14 3 000 0992 0073 LISO 1350 100G 1102 1300 L3O 0313 6 3277 5451 643% sy 3584 4986 1.320
20-8-15 2 031 0992 00731 LIBD 2350 1000 1102 1360 14,50 0213 7 3625 S5.74 6438 5231 5567 4924 1131
20:8-16 7 3870 0992 0TI Ligp 2350 1000 1L02 13.00 1LSG 03i3 4 3291 5614 6090 S231  SMA 5230 LO9E
20-8.18 2 1744 099 00731 Lis0 2350 L0000 1102 13.00 1150 0313 § 3349 5647 6050 5231 STIR 4730 1203
23819 2 lb6S 0992 0073 1260 227 500 1102 13.00 {100 0313 4 3219 4540 6090 s L3 4927 0.948
20:817" 2 31 0992 00731 LISD 2350 1000 1LOZ p3A0 1LSD 0313 7 3480 5090 6090 5231 6M45 4900 1254
20-8-20 2 0732 0992 Q0737 L2668 2270 1.500 (10X (300 1800 0313 6 3291 4ASTE 4090 522t 4684 719 0.988
20-9-1 2 1969 1177 007I 2000 2.140 1300 1299 2072 1791 0444 T 3538 5966 672 4005 RI9I 7641 1098
20.9-2 2 2559 11W 00727 2000 140 13500 1299 2403 1791 0448 5 3378 GAUF 6728 6005 9di4 ke 1219
-l 2 1850 406 00674 2000 LETO LSDR 1299 2000 1779 0444 19 4350 4803 662 3340 9567 10275 0.892
201127 2 2657 1406 00674 2020 1670 2395 1299 2000 1700 0444 11 4335 6992 603 8340 13336 12477 1,071
Wrag" 2 319 1406 0.0674 2020 1670 2295 1299 2000 100 0444 5 4TI 6002 69.02 8140 12872 12091 1.065
20-11-3 2 2661 L406 00574 2020 1670 K502 1299 2000 (779 D444 T MGG $301 G612 B14D 10053 10369 0.970
20458 2 3429 1408 00574 2000 1690 1000 (289 2270 1830 0444 10 349 6330 6642 6005 12896 11432 i,128
0-13.3 2 2701 L4DE 00674 2000 690 2000 1299 2127 1130 0444 O 3625 6582 6612 6005 13448 11356 k158
0116 2 W77 L4806 00674 2000 1.600 2000 1299 2406 1730 0444 & 3525 5580 6612 6005 11147 11319 0,958
W0-15-7 2 1720 1406 00674 2000 L690 1.000 1299 2154 1830 D444 12 32T 5259 6612 6008 10762 11285 0.954
Reznsoff et al. (1993
3 3 2205 0.8 00731 1827 0.502 2008 11.6F 1299 3049 0313 8 3623 S350 6452 sdUD 5243 5032 042
Ha 2 2953 0992 00731 1.BAT G520 2.008 B66 1299 1049 0230 & 3789 46982 6457 6380 6892 5505 L.252
fa 1 7953 0992 0.0731 1.BIY 0520 2008 3.66 1299 1049 0250 6 395E 7405 6451 63RO 1235 3521 1310
Fand 3 1476 0992 0.073% LE2T 0502 2008 L6} $2.9% 1049 0,630 ¢ 3625 4793 6451 GRS 4787 5788 2827
" 3 2953 0992 0.073 L.BI7 0S50 2008 IEGL 299 104% 0250 6 3958 5976 6452 6380 6BIS 532 1.2a81
kL) 3 2953 09927 0473 (827 G502 2.00B ILGI1 I299 1049 0250 6 3799 SLSF 6452 6380 6078 5310 1,145
Eiad 3 1531 G992 00731 1327 0594 Z00B 135R 1299 1049 0.630 3 3625 3450 6452 685 3446 967 0.694
4p" 3 4429 LI177 040727 1819 (571 008 1299 2000 1749 0250 5 3726 6387 6B.S7 6380 9564 183 1219
9" 3 346 LITY G077 1319 0573 2008 299 20.00 1740 0445 19 3BBE  TE40  6REY  GERTY 1499 8630 1217
10* 3 205 LITT 00727 1.BI9 0573 2008 1299 2000 1740 0530 7 4082 0.9 GE3T GRS 9632 8515 L3t
43 3 3543 LI7T GOTIT LRI 0573 2008 1299 2000 1740 (250 4 4031 6256 6887 61ED  BSI% 6879 1.238
Azizingmini ef al. (1995 at CTL™
ABB3-11-15-57.58-50" 2 5730 1410 00674 14K 1770 141D 1200 164G 1389 0252 6 15120 7596 TRT0 5394 10686 12830 0.833
Azizinamini ot al. (1999 al LNLY™
ABS-11-15-455-60 3 4500 1410 00590 1410 1630 L4149 3800 1800 (537 0375 4 4890 J04E  T0.50 TLE0 99s3 {1707 G.850
ABS-17-15-458.100" 3 4500 1410 09590 L4100 1.680 1410 800 IBO00 1589 0375 & idRS0 A% 0.5 7130 1085t 12634 0,359
ABS-]§-15-405-150" 3 4000 1410 00590 1410 1630 1410 (800 RGO 1589 0375 8§ IST6C 906 WG Tige 11007 13058 1 %:23]
Drarwin et ak. (199%2, 19962)
2.1 4 Moo 06525 0820 LBYS 0521 L335 1207 1556 1390 0300 2 4120 45463 6639 B0 176 2014 0.868
122 4 1000 0625 GI090 LO5I 4516 1297 1202 1557 1394 G500 2 20 4588 SLEY MW 1768 2009 0.842
123 3 1006 0.4625 C.O0B20 2037 1039 13%]1 1214 1550 1388 0373 1 4120 4867 8639 4455 1883 2053 0917
124 31000 0625 G090 2063 1032 1264 1212 15356 1196 G375 1 4120 S22t 6183 &d55 0 2138 0.946
131 3 12p0 0625 Q.09 1532 1289 1303 1208 551 1388 G375 ! 4110 3A06 6183 6455 2171 2332 .91l
13.2 3 100 0625 0026 1563 1266 1315 1201 iS50 13.86 0575 1 4110 5635 66390 G455 2182 2146 0.930
i4.5 I 1200 0625 00820 :5%4 3,156 (210 1233 1545 139 0375 1 4000 6029 6639 &35 2321 2472 0.939
14.67 I 1200 0625 O.10% L33T 3088 L2¥F 1205 1549 (389 0375 1 4200 6345 ALE3 6455 2443 2580 0,947
1.5%%* 3 1800 1000 2053 1375 1938 1607 1374 0500 5 3020 5254 6769 7030 494 6079 081t
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Table 5.11 (coatinued)
Data and test/prediction ratios for developed and spliced bars
with confining reinforcement

Specimen No. an L, & R ¢ & & b s d 4 N OB [4 [ L TR TR Test
Test  Eq. 5.187 Prediction
(in} _¢in) (in)} (in) {in) {in) (i} (in) (in} (psi)  Gesi) (ks (ksi)  (in®) (in%)

3 1600 1000 0000 2063 1438 1933 1605 1619 1374 0500 3 5020 5230 6769 050 4908 S39%  0.911
2 2 2400 1000 0OTI0 2350 LI06 1328 ILIZ 1556 1370 0375 7 SIS0 6281 6452 6982 5829 6847 0877
22 1 2400 1000 00400 2125 1801 1406 122 3552 1358 0375 7 53S0 TR0 TRéT 6992  TMZ 1903 8911
13 2 2400 1000 04400 2135 780 1960 1211 1606 1356 9375 & 5250 4T 7542 692 6E19 T3N3 0.941
14 2 2400 1000 00850 2010 1357 2000 IL)4 1636 1373 0375 &SI 56T 647 4992 59 6829 0767
35 32800 LOOO 00850 LOOI D965 1906 1217 1647 174 0375 B 3Bl0 5305 SeT2 6992 5134 6243 0.854
43 2 3400 LO00 Q0710 2063 L9265 LSO [216 1549 137 0500 & 4090 6333 G452 TOTF 6256 7199 0.869
430 2 3400 1000 G.1400 2094 1848 1313 1207 1559 (R4 G375 8 4090 TIS4 7542 6982 TS 7815 0.930
44 2 2400 1000 01050 2032 1978 L2I9 ILIS 1547 I373 0375 & 4050 5955 6769 6992  SEEZ 5958 (.0B7
51 3 2400 LOO0 00650 2016 19N 1250 122 1557 LTS D375 7 4E00 6543 6570 5982 4425 6293 1021
52 3 2400 1000 01400 2078 LE67 1359 1506 1562 1373 0375 7 4190 6636 7542 9692 6506 7534 0884
5.3 2 2400 1000 00400 2063 1849 1281 1210 1530 1368 0375 7 4190 6R83  TS4  SG9T 4759 T4SZ 0.507
34 2 MO0 1000 00650 1985 1980 1250 1212 [546 1368 O3S 7 4190 S59.50 6576 6992 SB43 6282 £.930
55 2 2400 L1000 00850 2063 1.904 1406 ILIZ 1560 1367 0375 4 490 46T4  BETT 6B92 4590 6034 0.761
580 2 2200 LDO0 01400 0% 1.BOT 31T LLIL 1569 1184 0500 5 4190 6732 7542 7075 6600 B8OOI 0.825
6.1 3 2400 1000 0.0650 2063 0427 1906 1213 1612 349 0500 B S22 6ETL 65T 6642 6342 6393 0.992
&3 3 2400 LO00 00400 2000 0.438 2000 121 1615 362 0500 8 4220 7757 7542 6642 7803 Te92 0951
53 2 1600 1000 0.1400 2000 1906 1344 (243 1551 1563 0375 1 4220 4639 7542 6455 aseT  4TIT 04952
64 2 1600 LOOD D085 1004 L84 1344 1210 1545 1338 0375 2 4220 3683 6472 5455 3610 4568 0.790
71 21600 LOOO 0400 2079 LT97 L1875 1200 3518 1377 0375 2 4160 4705 TSAZ 6485 4628 5139 0901
7aves 2 IR0 1000 10100 1469 2331 1313 1206 1613 (3.2 0300 5 4150 3637 6769 840 545 66I2 0.839
75" 3 2400 LOOG 03400 2032 0399 2000 19T 1637 1364 0.500 § 4160 TR 7542 BID M50 7960 0936
75 21600 LOOG 01010 2032 1969 L93E [200 1622 137 075 2 il60 A 6769 6ESS 4389 5017 0875
L 32400 1000 0.0690 2002 G453 1BST 1213 1623 1376 0500 & 30 TN TIO6 MI0 NM 6% 1132
82 32400 LO00 01190 2047 0430 LUE9 236 1620 1369 DSO0 5 3EID 8508 SRST 8470  E344 TIE4 1,157
8.4 2 1600 1000 0.1190 2063 $.891 1906 1210 1635 1391 0375 2 1830 4937 7796 6455 4958 5041 0.983
21 2 2600 1000 01190 2032 L875 1954 I2i4 1619 1370 0375 I 4230 6406 BOST 6455 685 6291 0.999
9.2 2 1800 1000 00400 2063 1348 1290 1210 (567 1384 0375 6 4230 TROZ 7542 6455 6859 6433 1.066
2.3 2 2400 1000 0060 2094 1907 818 ILI9 1642 1378 0375 2 4230 5575 TTH6 6455 5461 5940 0919
9.4 2 2400 1000 01400 2016 1391 1915 (201 1607 1372 6375 2 4230 6582 T5A2 645 67 6311 1.018
103 7 2600 [.000 0069 2094 B4 1798 1211 1609 1377 0375 2 4250 5945 7756 6455 ST 6199 0938
104vee 3 000 1000 GO 2479 1875 LOI6 1207 1619 L5 D500 5 4250 6268 7796 S4T0 5i33 6954 0882
1l 3 1200 LA0O (L1400 2000 0453 1928 (230 1614 1368 0.500 6 4380 GBS2 7542 8470 6654 6633 1.003
2 2 1300 1000 00690 2004 1844 LERL 1210 1613 1372 0500 4 4380 6258 Y96 BT 6077 6283 0.967
11.3% 7 300 LDO0 01190 2063 1344 1343 IZI3 J6DE 1360 0500 4 4380 6LH1 &0.57  B4JO 6129 futs 0.861
L4 2 2400 LOOO 01400 2004 LE44 1928 ILIS 1623 I3TT Q375 2 4380 GRS 7542 S455 6132 63BS 0.960
id1 3 3600 100D 0010 2032 0484 1877 112 1626 1386 0375 3 4200 SLIF 6769 6455 4005 6017 0.996
142 3 2100 1000 00010 2016 0469 1897 1L19 1613 INT2 0500 7 4200 624 6769 340 6304 6547 0.963
15,10 2 3700 1410 01270 L516 1.500 1902 i1 1611 1346 0500 #5250 6911 TRIT MO 12665 15134 0.805
15.20wn 1300 1410 0070 LEI0 1469 L9 ELI1 1603 1346 0500 § 5156 6428 6554 BATC 11780 13027 0904
154" 2 4000 L4310 0270 1563 1469 L824 1208 1613 13.50 D.3U5 10 5250 TBSG  TIIT 6455 1459 1446l 1000
153 7 4000 1430 00720 (516 1531 LE20 1204 1619 £3.63 035 10 5250 6340 6554 5455 11619 12620 0921
163 T 4000 1410 01270 3047 2969 L791 (B03 16156 L6 0375 4 SIS0 6106 FLTT 6455 112 12544 0910
[64 2 4000 (410 00700 3063 3.000 1846 1506 1600 1345 0375 4 SI80 6184 6669 6455 I1ESTL 11935 0983
174 2 3800 1410 00700 1004 3000 1366 1807 1609 1352 0375 8 4710 G669 6669 6455 12558 12764 0.9%4
115 2 3000 1410 00700 1079 3000 1907 18.09 1609 1348 0500 7 4718 5930 G669 3470 1167  IZRBT  O.867
173 2 3500 1410 01270 3.047 298¢ 1LBEE 1803 1617 1348 0375 & 4710 TO06 7IIT 6455 13193 14127 0934
17.6%** 23000 1410 QU270 1063 2969 LU 807 1620 1334 050 7 4710 T0I2 7RIT BTG 13205 15037 0878
1=l 2 4000 LA10 D270 1485 4500 LB4S IBA5 1631 (352 0375 10 4700 80.90 TRIT 6455 1542 14024 1087
123 2 4000 1410 0.127¢ 3002 100G LYI1 805 1608 (343 0375 6 4700 058  TRIT 6455 13298 13557 DSK
184" T 4000 1410 00700 3016 303 LETL 1808 1633 1362 0375 6 S700 6569 6669 6455 12865 12468 L.OOB
Currem Study™
193 33000 1000 0090 2063 1393 1903 IRI0 1607 362 0375 3 4250 TL46 0.7 4S5 6w 749 0.941
194 3 3000 1000 01790 2031 LM 1897 1813 1607 1363 0375 3 4250 TI31  S0.57 6455 TS84 TAWD HOH]
211 3 400 1000 01190 1766 O.68¢ 1470 (205 1566 1365 0.625 6 4330 7338 %057 6298 195 7855 0915
213 3 2500 1000 00190 609 0578 1942 1210 1613 1365 0625 5 4350 7625 8057 6298 4 7623 0474
75 7 2500 1000 01190 1641 2319 1421 12,14 1554 142 0500 5 43310 I35 8057 645 7SI 7968 0.945
2381 3OB00 LOOO 0190 2017 1852 1931 BB 1609 1366 0375 4 GORD TRBT 3057 TII5 M3 TIM4  0.889
233 32000 LOO0 Q1190 2055 1902 L90Z IBI3 1617 1370 6375 4 9080 3057 8057 7125 6520 Ti43 2913
2lad 3 2.080 1000 G.I190 2.003 1398 1.930 8.3 1630 137} G375 4 9080 .15 8057 TNIS G406 7159 0895
2ib.|eee 31750 1000 G.1I90 1469 O71F L9S55 1205 1622 1377 0500 5 B30 7904 057 6492 65 67! 0561
nz F 1250 L0G0 00890 2000 04T L4IS 1213 1552 13.60 0375 6 I0BI0 7852 TIS6 6442 5083 $592 1083
7.4 3 OIT50 1000 00600 2000 0457 1442 1LI15 1550 13.56 0500 5 L0BI0 TRIE TT96 6492 598 S3EY 1818
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Table 5.11 (continued) .
Data and test/prediction ratios for developed and spliced bars
with confining reinforcement

Specimea No. n L 4 R &% & & bk d 4 N L L L G Lo RS Tet
Test  Eg. 5.18" Prediction
fim} (in.) (o) (im} {in) (in} (in) {in) (ia) fpsiy | (kei)  fksi) (ks {in)  {in)
6 3 1800 OO0 00690 S031 0930 1442 $B.42 1562 1368 9500 4 10810 7BAZ TN96 6492 6075 5783 1.051
92" 3 1000 1000 9.0690 1875 (484 1478 1204 1560 1362 O3V 3 10620 B36S  TROS 7135 6510 5187 1255
4t 3 1800 1000 0.069%0 1938 4492 L4IE 1217 1560 1368 0375 & 106820 TIHE  TRO6 7125 6067 5222 1.162
06 31500 1000 00690 3906 0980 1414 1817 1565 1333 075 4 \DE20 TRIY TI06 TIZS 6049 4860 1344
13 1 1600 L0O0 00690 1.969 L93B 1438 1215 (548 1352 0375 I 128%0 6520 TIO6 TS5 4835 5032 0.96¢
312 3 1300 LOOD Q0BS5S0 1953 0395 1943 110 16X 1371 Q.508 6 5360 HE4Z  6%50 8492 5671 583% 0.95%
334 1 1300 1000 0.0850 2063 1914 1936 12.127 1613 1369 0375 4 5360 5832 6950 125 5334 5829 4.924
Jis 3OO0 106G 00350 2,094 1.BBR 1891 1217 1626 1387 QI 1 5230 5704 6950 TRIS 5382 3B1E 2926
351 2 2000 1000 01400 1453 2275 1938 12,08 16E7 1373 0375 5 5330 6844 7542 YIS 6328 6647 0.952
353 I 2000 1000 00850 150G 1266 1,920 1208 1607 1368 0375 5§ $330 6177 6950 M2S M 5941 0.961
4 3 2L00 1000 0.1400 2.000 0.484 1503 1207 1551 1347 0500 T 480G YRI8 Y542 6492 002 798 0.95%
02" 3 1600 1000 G030 L1906 050F 475 12,18 1548 [34% 0375 4 L1M450 6974 6769 TL2S 5023 5197 0.967
9.3 3 1600 1000 00690 1.891 048R L[477 12,17 1545 1345 0305 4 144350 TIOE  TI96  TL25 5617 4857 1157
4L 2 1600 L1000 {1390 2000 1844 1832 1204 1585 1349 0375 2 1080 6615 80.57  71aS 5203 5292 3983
4l aeves 3 1600 1000 00190 L875 0.469 515 1206 1553 1352 0.625 4 0180 8307 BOST 6298 6519 1442 0817
41.3 3 1600 1000 0.419¢ 1.891 04601 LESO 1211 1609 (392 0500 4 ID130 7935 5057 6492 6240 6293 0,992
414 31600 LODO 00690 1906 0484 1476 1220 i5.53 1355 0375 4 10180 TI2?  TIO6 6298 6077 8187 0982
435 3 1600 1.000 00250 2016 187F L977 1832 1604 1341 40375 2 10500 8601 4950 7125 SiSt 5364 9.960
416 3 1600 1000 00850 [.87% 1984 18.22 1617 1353 0375 2 10500 6538 6950 725 slo2 5365 0.95¢
42,1 2 1600 1000 Q0690 2000 L85% 1364 (211 1599 1360 037F 2 11930 432 TISE TL2S 4BA2 5287 0.920
424 3 1600 1900 0.0690 1906 0.500 LE29 1L17 1509 1374 G300 4 13930 Y070 7796 6492 S3M 5832 0,949
42,5%en. 3 600 1000 00590 1906 0500 1476 1218 1536 1335 0625 4 11936 TM2  TIO6 6298 S5RMD £436 0917 H
432 2 1600 1000 C.T190 2031 1B75 1344 1206 (6056 1368 0375 3 11530 6495 BOSY  TI2S 4982 5612 0.882 ¢
433w 3 1600 1000 00190 LB44 0500 859 1222 1607 13.67 0500 4 51530 7881 BOST 6492 6DOB 5360 0.930
4L.G%mem ¥ 1500 1000 Q1190 LB9L G500 492 1207 1548 1345 0625 4 11530 EXT3 8057 6298 6307 TI02 0,819
0.1 3 4000 L0 0270 2608 1313 134D [ROF 1620 1365 0500 8 5080 MIAR MTIT RATG M laad 0.925
202 3 4000 L1410 0220 2000 297 1348 18.05 165 1356 0500 8 5080 ISt FATY 3470 E3289 1481 0,936
ik 34000 1410 G270 2000 L3F3 LEFY 1R07 1615 1362 0500 5 5080 6852 TRIT BATO 12660 12443 1.017
4 3 3000 1419 00270 2039 (297 1358 1B.10 16325 1364 0500 5 5080 STSS TIIT BATD 13500 12442 1005
281 2 2500 1410 00270 2,188 0766 ES00 117D 1607 1346 DATS 5 12610 7123 TRIT TL2S 10486 1i0i2 0.9%4
83 3 200 1410 01270 17D 1242 L0 (810 1609 1349 0375 4 12610 6703 TLIT 7125 9367 10017 0.98%
6.1 A 200 1410 0127¢ 2375 0688 LBYl 1219 615 1356 Q375 3 1320 6607 TIIT 1S 961D 9533 1.008
0.3 3 00 L4 0270 1953 1273 1889 1802 611 1351 0375 2 {3220 66RR TRYT TIaS Iny 9065 1.073 H
40,1 I B0 140 04270 2031 LOOD 1473 1216 1548 126 0375 4 15630 &6.60 TRYT TLIS 9289 10147 0.898
40.4 2 2300 1410 00720 2000 LOS3 LAST 12,09 1552 1333 0375 4 15650 SRE} 6554 TS 8205 9158 0.892
Kadoriku {1994y
PB-H 2 1496 0743 0074R 1421 298 L1122 1:80 9.84 B35 0370 2 B932 4356 10268 5095 WM 3384 11i6
PBOZ 2 144 0748 00748 1421 2988 Liz2 1Bl 984 835 0370 3 E332 10059 10268 59295 4547 4132 1475
PB-04 2 2244 0748 00748 1421 T9ER Liz2 (LRl 9B4 835 0370 3 3243 6341 (0268 53295 3693 37%0 6973
PBAOF 2 2992 0748 00748 1421 2988 LI2Z 1LE: 984 835 0370 4 3243 8208 L0268 59295 4780 4574 L.045
PR.O6" 2 3740 0748 00748 421 2988 11227 1181 984 235 0370 5 3243 10593 10263 59295 6i69 5357 1.152
PBis" I 44 GME 008 1421 2988 il 1131 986 835 0370 3 10980 i07.64 505 59295 4621 4352 1.062
PB-t6 1 44 0.748 00748 1421 2988 L2 1131 984 B35 0370 3} BE32 QLGS 9514 59295 4155 4225 4,983
rB-19 2 R4 0748 00748 1421 2988 LI72 1181 984 835 0370 3 4087 8696 10515 59295 474l 3872 1.235
PB.20° 2 244 0748 00748 1421 2988 1122 1EBL 984 335 0370 3 4082 7802 687 59295 4290 3872 1.108
PR-21 2 06 0748 00748 (421 2988 1122 JLB1 984 835 0370 2 4082 5904  TEET  5929F 2246 T 1055
PB.23 2 2244 0748 0Gv8 1471 2938 LiT2 1Bl 984 B35 GIT0 3 307z 5891 7687 53295 3300 m D.B75
PB-24 2 2244 GM8 00748 1421 2938 LI22 1181 984 835 DJAT0 ¥ 3072 6003 G400 59295 1543 73 0.93%
PB-25 1 1495 0.748 00748 {420 298% LI (18! 984 835 037 I 072 4405 &40 59295 2600 1992 0.869
PB-27 1 R4 0748 00748 142D 2201 LU22 1024 984 835 4370 3 BEIT MM 95M4 59205 4250 5192 1014
PB.31 2 4% 0748 00748 142t 2988 1022 1R81 984 B35 0370 4 B83Z 7285 YGBT 50295 3303 3379 o9
51 2 2144 0.748 OQOVAR 3543 4803 1122 1969 E1BE 1031 0252 T 9216 11319 i2223 1994 5077 1914 £.033
Sid2 1 2244 0948 0078 3543 4803 1122 1969 118F 1031 0352 7 9216 |$3,70 2223 19942 5100 1514 1.038
Si-03 2 244 0748 00T4B 1.543 4803 Li22 1969 (L8F 1031 €251 7SS 1SS 12233 19912 4555 4514 a.9:7
Sk 3 244 0748 C0V48 1543 4BDI 1122 (9.69 1L 1031 0252 7 9216 8443 12223 1912 37ET 014 0.771
§201 2 44 0B GOT4E 3543 4803 LE3Z 1989 1181 1631 0252 7 6500 I0L3Y 12223 19912 5080 719 1.072
Sag2 I 2244 0748 00748 3343 4803 1122 1969 1181 1031 0252 7 &S00 30336 12223 19942 5083 4719 1.077
5203 T 44 0748 0.0TR 3.54F 4803 1122 1969 {131 031 0252 7 6500 10293 1223 19942 5038 A9 1.06%
204 3 1244 074R 00748 1543 4803 LI22 1969 T1LEY WJT 0252 7 8500 I0LSR 12223 1993 4969 $719 E053
8205 2 2344 0748 00748 1543 1803 1322 1969 118 1030 0252 7 S500 10078 12223 199.52 9% 1719 1.045
530t 1 244 0T 0074R 3543 4803 L322 1969 (LEL 1031 0252 T 4007 9209 12233 19942 4335 4385 L.055 .
8303 I 2244 0T4E DOTAE 1543 4803 LETD 1969 1260 1035 0252 7 4907 10920 12223 19902 STM 5194 .08
5305 2 2244 04R 00748 3543 4863 Li2r 1969 1102 953 0252 7 4007 8747 (2223 194z 4572 4388 0.997
FB-10 I 244 0748 00748 L1142 3268 L1222 (1B 984 835 0236 6 BBI2 102466 10505 6030 4654 041 1.152
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Table 5.11 (continued)
Data and test/prediction ratios for developed and spliced bars
: with confining reinforcement

Specimen No. Y Re w Sy % B h 4 & N* L, 3 £, £, TOH T Test
Test Eq. 5.187 Prediction
{in (in} {in) (in) {in)} {in) (in) (iny (in) (psit _ Cksid  (ksi)  (siy  (in)}  (in%)

PB-16 2 2344 0748 00748 L1421 3268 L2 1181 984 §35 0% 2 8832 9185 954 6030 4155 404t 1028

PELL° 2 1244 0748 00N L1427 3268 LI 1031 984 235 0304 5 8332 10508 10515 6030 4804 466l 1031

PE-13 2 24 048 00748 1042 3268 1122 181 984 835 0236 & 077 G239 10515 6030  J6B3 3633 LOM4

! PB4 2 2044 0748 D07 LI42 3268 LIZD LLED 984 B35 0354 2 J0TT 6003 6400 S030  IMT 363 0975

PB-14 2 244 08 GOV4R 1342 1288 1123 EIEI 984 RIS 9393 § 3072 7049 10515 $0.30 4181 3968 1.041

; For all 245 specimens: Max, L3N

Mits, 0.579

Mean 0579

i StDev. 0128

cov 0.131

For the 191 spsecimens with l/d, > 16 and Max, L3z

; e+ KWy S40 Ko = (@52t AAn " Min 0761

Mean 1.001

! SLDev.  O.1L5

cov 0.L1$

: For the 43 specimens with f, > f, and Max. L3t
1 »

with 1/d, > 16 and (¢ + K. }/d, < 4.0 Min. 0,833

H

‘ (K, = {0.52 L, Ansn)f, ) Mean 1088

SLDev. 0136

cov .25

For the 148 specimens with f, < f, and Max, 1244

with Lydy, > 16 and {c + K, )/d, <4.0 Min, 0.76¢

{Ky = (0.52 1A, /sm)f, ] Mess 0978

SLDev.  0.095

cov 0.097

*  Number of transverse stirrups crossing |y with 2 legs per stirrups, except for Thompson et al. {1975) [6 legs.]

**  Specimens with l/dy, < 16 which are removed from the 245 specimens

#»»  Specimens with (¢ +K)/d, > 4.0 which are removed from the 245 specimens,
where K, = 31.51tt;A/sn and ty = 0.72d, + 0.28 developed by Darwin et al. (1995a, 1895b)]

*e+» Specimens with (¢ + K,)7dy > 4.0 which are removed from the 196 specimens,
where K, = 0.518t,t,A,/sn and t; = 0.78d, + 0.22 developed in the current study

Specimens with ;> £,

T, T.+T, € NA
+ Eq. 5.18= F%“' == {5981, (c s +05d, ) +2350A,) [0.1 =+ 09) +[3 Ldt 1, —= +399) £
< i

c

™ R, is known based on measurements made on the bars or based on data provided in the original papers

™ R, is determined based on Darwin et al. (1995b, 1996b)

lin. =254 mm; 1 psi = 6.895 kPa; 1 ksi = 6.895 MPa
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Table 5.12
Results of durnmy variable analyses, based on study and bar size, of increase
in bond force due to transverse reinforcement, T, normalized with respect to

f'.F versus t,t;NA/n for 163 beams (T;in Ib, {'.” in psi, and A in in.2)

Study Bar No. of Intercept
Size Tests p=1/4 p=1/2 p=3/4 p=1.0
Freguson and BreenNo. 8 8 -248.80 -24.85 -2.09 -0.11
(1965) No. 11 1
Thompsonetal. No. 11 1
(1975)
DeVries et al. No. 9 1
(1991)
Hester et al. No. 8 10 -177.23 2441 326 -0.43
{1991, 1993)
Rezansoff etal. No.20M 3 113456 141.04 1758 2.20
(1991) No. 25M 19 808.89 9830 12.14  1.51
No. 30M 2 1273.90 17840 25.08  3.51
No. 35M 7 56547 8456 1291 1.93
Rezansoff No. 25M 5 134559 17160 2195 281
(1993) No. 30M 4 1818.77 23196 2980 3.84
Azizinamini et al. No. 11 1
(1995 at CTL)
Azizinamini et al. No. 11 3 -90.20 -57.79 -11.02 -1.69
(1995 at UNL)
Darwin et al. No.5L 8 86.56 9.43 1.01 0.11
(19952, 1996a) No.8L 53 242.37 455 -1.96 -0.49
and Current Stady No. 11 L 16 298.49 6.11  -2.18 -0.56
No.8B 17 814.81 77.27 737 071
No. 11 B 4 1232.21 71.95 1.64 -045
Weighted Average Intercept 455.34 4042 3.5 032
Slope 1977.76  247.57 3090 3.82
2 0.787  0.837 0.858 0.860

1b=4.448 N, 1 psi=6.895 kPa, | in. =25.4 mm
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Table 5.13
Results of dummy variable analyses, based on study, for test/prediction ratio
versus f'; using Eqgs. 5.13a - 5.13d for 163 tests

Study No. of Intercept

Tests | p=1/4" p=12" p=34" p=10""
Freguson and Breen 9 0.872 0.926 0.976 1.023
(1965)
Thompson et al. 1
(1975)
Devries et al. I
(1991
Hester et al. 10 0.757 0.821 0.885 0.948
(1991, 1993)
Rezansoff etal. 31 0.981 1.042 1.101 1.157
(1991)
Rezansoff et al. 9 1.083 1.145 1.203 1.259
(1993)
Azizinamini 1
(1995 at CTL)
Azizinamini 3 0.641 0.732 0.824 0.917
(1995 at UNL)
Darwin et al. (L)* 77 0.834 0.882 0.929 0.976
(19954, 1996a)
Darwin et al. (B)* 21 0.907 0.968 1.027 1.084
(1995a, 1996a)
Weighted Average Intercept 0.880 0.935 0.989 1.041
Slope | 2.04E-05 1.155E-05 2.01E-06 -8.05E-06
* Bars in concrete containing limestone coarse aggregate
**  Bars in concrete containing basalt coarse aggregate
* Power of f'; used to normalize T, in Eq. 5.13a
e

Power of f'; used to normalize T in Eq. 5.13b
™ Power of £, used to normalize T, in Eq. 5.13¢

T Power of ', used to normalize T, in Eq. 5.13d
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Table 5.14
Test/predicted splice strength ratios, using Eqs. 5.13a - 5,134,
for specimens tested by Kadoriku (1994)

Specimen + f, Test/Predicted Splice Strength Ratio**
Label (psi) p = 1/4* p=1/2 p=3/4 p=1.0
PB-01 8932 1.157 1.148 1.130 1.102
PB-02 §932 1.121 1.108 1.086 1.055
PB-04 3243 0.911 0.950 0.981 1.004
PB-05 3243 0.986 1.023 1.051 1.073
PB-06 3243 1.094 1.130 1.157 1.179
PB-15 10980 1.140 1.112 1.074 1.025
PB-16 8832 ' 1.025 1.013 0.993 0.966
PB-19 4082 1.179 1.216 1.244 1.264
PB-20 4082 1.058 1.091 1.116 1.134
PB-21 4082 0.995 1.035 1.065 1.087
PB-23 3072 0.814 0.852 0.881 0.903
PB-24 3072 0.874 0.214 0.946 0.970
PB-25 3072 0.797 0.842 0.876 0.903
PB-27 8832 1.054 1.043 1.024 0.998
PB-31 8832 1.012 1.005 0.990 0.966
S1-61 9216 _ 1.083 1.067 1.043 1.011
51-02 9216 1.088 1,071 1.047 1.015
S51-03 9216 0.972 0.957 0.935 4.907
51-04 9216 0.808 0.796 0.778 0.754
52-01 6500 1.079 1.083 1.081 1.073
52-02 6500 1.084 1.088 1.086 1.078
52-03 6500 1.075 1.079 1.076 1.068
S2-04 6500 1.060 1.064 _ 1.061 1.054
S2-05 6500 1.052 1.056 1.053 1.046
$3-01 4907 1.032 1.050 1.062 1.069
53-03 4907 1.062 1.079 1.090 1.096
§3.05 4907 0.975 0.993 1.004 1.011
PB-10 8832 1.191 1.182 1.164 1.137
PB-16 8832 1.063 1.055 1.039 L5
PB-11 8832 1.114 1.082 1.041 0.992
PB-13 3072 0.942 _ 0.987 1.021 1.046
PB-24 3072 0.907 ' 0.950 0.982 1.007
PB-14 3072 0.964 1.011 1.048 1.078
Max. 1.191 1.216 1.244 1.264
Min. 0.797 0.796 0.778 0.754
Mean 1.023 1.034 1.637 1.033
St. Dev. 0.103 0.093 0.089 0.091
COV 0.101 0.090 0.085 0.088
* Power used to characterize T,

i Predicted strength = Eq. 5.13a forp=1/4
=Eq.513bforp=1/2
=Eq.5.13c forp=3/4
= fq. 5.13d forp=1.0

+ Specimen details are given in Table 5.11.

1 psi = 6.895 kPa



183

Table 5.15
Results of dummy variable analysis, based on study and bar size, of increase in
bond force due to transverse reinforcement, T, normalized

with respect to 1.7 versus t.t;NA/n for 196 beams
(T, in Ib, " in psi, and A,, in in.})

Study Bar Size No. of Specimens Intercept

Freguson and Breen No. 8 8 -2.127

(1965) No. 11 1

Thompson et al. No. 11 1

(1975)

DeVries et al. No. 9 1

(1991)

Hester et al. No. 8 10 -3.281

(1991, 1993)

Rezansoff et al. No. 20M 3 17.552

(1991) No. 25M 19 12.082
No. 30M 2 24.994
No. 35M 7 11.769

Rezansoff No. 25M 5 21.923

(1991) No. 30M 4 29.729

Azizinamini et al. No. 11 1

(1995 at CTL)

Azizinamini et al. No. 11 3 -11.086

(1995 at UNL)

Darwin et al. No.5L g 1.001

(1995a, 1996a) No.8L 52 -2.023

and Current Study No. 11 L 17 -2.312
No.8B 17 7.322
No. 11 B 4 1.590

Kadoriku (1994) No. 19M 33 5.750

Weighted Average Intercept 3.912

Slpoe 30.99

i 0.8550

11b=4448 N, 1 psi = 6.895 kPa, 1 in. =25.4 mm



184

Table 5.16
Results of dummy variable analysis, based on study and bar size, of
increase in bond force due to transverse reinforcement, T, normalized

with respect to f'cm versus t.t;NA./n for 191 beams with (¢ +K,)/d, <4
(K, = (0.518t, t,A /sm)f "] (T, in b, £, in psi, and A, in in.})

Study Bar Size No. of Specimens Intercept

Freguson and Breen No. 8 8 -2.196

(1965) No. 11 1

Thompson et al. No. 11 1

(1975}

DeVries et al. No. 9 1

(1991)

Hester et al. No. 8 10 -3.311

(1991, 1993)

Rezansoff et al No. 20M 3 17.503

(1991) No. 25M 19 11.986
No. 30M 2 24.831
No. 35M 7 12.515

Rezansoff No. 25M 5 21.880

{1991) No. 30M 4 29.607

Azizinamini et al. No. 11 1

(1995 at CTL)

Azizinamini et al. No. 11 3 -11.202

(1995 at UNL)

Darwin et al. No.5L 8 0.980

(1995a, 1996a) No.8L 49 -2.069

and Current Study No. 11 L 16 -2.541
No.8B 17 7.236
No. Il B 4 1.496

Kadoriku (1994) No. 19M 33 5.709

Weighted Average Intercept 3.988

Sipoe 31.14

r 0.8556

11b=4.448 N, 1 psi = 6.895 kPa, 1 in. =25.4 mm
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Table 5.17a
Data for hypothetical beams without confining transverse reinforcement

Beam No. n Tar dy B h T ot Teo Ch

{in.) (in.} (in.) (in.) {psi) {in.) (in.) (in.)
T 3 3292 0,730 30 120 3600 0300 2000 2.000
2 2 19.24 0,750 120 12.0 4000 2.500 2.000 2.000
3 2 32,81 1.000 120 120 4000 2.000 2,000 2000
4 2 54.99 1.270 128 120 4000 1460 2.000 2.000
5 2 72.02 1.410 120 120 4000 1.130 2,000 2.000
5 2 19.24 0.750 40 12.0 4000 8500 2.600 2.000
7 4 19.24 0.750 249 12.0 4000 2.333 2.000 2.000
8 8 24.87 0.750 24.0 120 000 1.100 2,000 2.000
9 8 3184 0.750 240 120 4000 0.571 2.000 2.000
10 2 32.81 1.000 24.0 120 4000 8.000 2.000 2.000
1 4 32.81 1.000 40 12.0 4000 2.000 2.600 2.000
12 ] 47.10 1.000 240 12.0 4000 0.800 2000 2.000
13 2 50.05 1270 24.0 120 4000 7.460 2.000 2,000
14 4 51.83 1270 24.0 120 4000 1.640 2.000 2.000
15 2 59.89 1410 240 120 4000 7.180 2.000 2.000
16 4 §5.74 1410 240 120 4000 1453 2.000 2.000
17 2 .14 0.750 12.0 24.0 3000 2.500 2.000 2.000
18 2 19.24 0.750 12.0 24.0 4000 2,500 2.000 2.000
19 2 16.78 0.750 120 240 000 2.500 2.000 2.000
20 2 15.18 0.750 120 24.0 8000 2.500 2.000 2,000
p31 2 14,02 0.750 12.0 4.0 10000 2.500 2.000 2.000
n 2 13.11 0.750 12,0 240 12000 2.500 2.000 2,000
3 2 12.73 0.750 12.0 240 13000 2.500 2.000 2.000
24 2 12.38 0.750 120 240 14000 2500 2.000 2.000
5 2 12.06 0.750 120 24.0 15000 2.500 2.000 2.000
26 2 11.77 0.750 12.0 4.0 16000 2.500 2.000 2,000
27 2 36.06 1.000 12,0 24.0 3000 2.000 2.000 2.000
28 2 32.81 1.000 120 24.0 4000 2.000 2.000 2.000
29 2 28.62 1.000 12.0 24.0 6000 2.000 2,060 2.000
30 2 25.89 1.000 120 240 8000 2.000 2.080 2,000
31 2 23.91 1.000 120 240 10000 2.000 2.000 2.000
32 2 22.37 1.000 120 240 12000 2.000 2.600 2.000
33 2 2171 1.000 120 24.0 13000 2.000 2.000 2.000
34 2 2112 1.000 120 240 14600 2.000 2.000 2.000
35 2 20.57 1.000 120 24.0 15000 2.000 2.000 2.000
36 2 20.07 1.000 12.0 240 16000 2.000 2.000 2.000
3 2 60.46 1270 12.0 24.0 3000 1.460 2660 2.000
38 2 54.99 1.270 120 240 2000 1.460 2.000 2.000
39 2 47.93 1270 12,0 24.0 6000 1460 2.000 2.000
40 2 43.33 1270 12.0 240 8000 1460 2.000 2,000
41 2 39.99 1270 120 24.0 10000 1.460 2.000 2.000
a2 2 37.39 1270 120 240 12000 1.460 2.000 2000,
43 2 36.29 1270 120 24.0 13000 1.460 2,000 2.000
44 2 35.28 1.270 120 24.0 14000 1.460 2.000 2,000
45 2 3437 1270 12.0 24.0 15000 1.460 2.600 2,000
46 z 33.52 1270 12.0 24.0 16000 1.460 2.000 2.000
47 2 79.23 1410 120 24.0 3000 1.180 2.000 2,000
48 2 72,02 1410 120 240 4000 1.180 2.000 2.000
49 2 62.69 1.410 12.0 24.0 5000 1.180 2.000 2,000
50 2 56.63 1.410 120 240 8600 1.180 2.000 2.000
51 A 52,22 1.410 120 24.0 10000 1.180 2.000 2.000
52 ) 48.79 1410 120 240 12000 1.1%0 2.000 2.006
53 2 47.33 1410 120 24.0 13000 1.150 2.000 2,000
54 2 46.01 1410 120 24.0 14000 1.180 2.000 2.060
58 2 44.80 1.410 120 24.0 15000 1.180 2.000 2.000
56 2 43.69 1410 120 240 16000 1.180 2.600 2.000
57 4 22.54 0.750 18.0 24.0 4000 1333 2.600 2.000
sg 6 32.92 0,750 18.0 24.0 4000 0.500 2,000 2.000
59 2 3281 1.000 18.0 240 4000 5.000 2.000 2.000
60 4 43.36 1.000 18.0 4.0 4000 1.000 2.000 2.000
61 2 50.05 1.270 180 24.0 4000 4460 2.000 2.000
62 4 73.77 1270 18.0 240 4000 0.640 2000 2,000
3 2 50.89 1.410 18.0 24.0 4000 4.180 2.000 2.000
* Predicted devetopment/splice length based on Eq. 5.33, usingy = 0.9 and £, = 60 ksi

1in =254 mm; | psi=6.895 kPa; I ksi=6.895 MPa
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Table 5.17b
Data for hypothetical beams with confining transverse reinforcement
Beam No. n 4 b h f, i Gy G d s Agn
R=0.1275 R=~0.0727

(in.) (in)  (n) (in) (in) (psi) (im) (iny @in) (in) (in) (in.")
Group | )
1 2 13,89 18.57 0.7 800 1200 4000 050 2400 206 0375 481 0.110
2 2 12.80 12,91 0,75 1200 12,00 4000 256 200 200 0375 481 a.110
3 2 18.65 2097 100 1200 1200 4000 200 200 200 0375 475 n.li0
4 2 28.67 32.99 1.27 1200 12400 4000 146 200 200 0375 468 0110
3 z 3520 4115 1L4F 1200 1200 4000 1,18 200 200 0373 465 0.110
3 2 12.80 12.9¢ 0.7% 2400 12.00 4000 850 200 200 0375 481 0.110
7 4 13,54 14.35 075 2400 1200 4000 233 200 200 0375 481 0.055
8 ] 17.75 18.71 078 2400 1200 4000 110 200 200 0375 481 0.037
9 8 2246 23.65 075 2400 12.00 4000 057 200 200 0375 481 0028
10 2 18.65 2097 100 2400 12,00 4000 8.00 200 200 0375 475 0.110
1t 4 2216 2372 1.06 2400 12.00 4000 200 200 200 0375 475 0.055
2 & L5 nn 100 2400 12.00 4000 080 200 200 0375 475 0.037
13 2 71 30.91 12T 2400 12.00 4000 746 200 200 0375 468 0.110
4 4 33.76 36.56 127 2400 1200 4000 164 200 200 0375 448 0.055
15 3 El i) 36.45 14t 2400 12.00 4000 7.18 200 200 0375 4.6% 0.110
16 4 41.64 45,50 141 2400 1200 4000 145 200 200 0375 465 0.955
17 2 15,58 16,33 075 1200 24.00 3000 250 2060 200 0375 1081 0.110
18 2 13,78 i4.53 075 1200 24.00 4000 250 2.0 200 0375 1081 0.110
19 2 12.00 12.22 075 1300 24.00 6000 250 200 200 0375 1081 0.110
20 2 12.00 12.00 075 1200 24.00 3000 2,50 200 200 0375 1081 Q.10
2t 2 12.00 12.00 075 12060 2400 10000 250 200 200 0375 1081 0210
2 2 12.60 12.00 075 1200 2400 12000 256 200 2.00 0375 081 O.EL0
23 2 1250 12.00 875 12.00 24.00 13000 250 200 200 0375 1081 0110
H 2 12.60 12.60 8,15 1200 2400 14000 250 200 200 0375 1681 6110
5 2 1200 1200 835 1200 2400 15000 250 200 200 0375 1981 01
6 2 12.00 £2.00 0,75 EL00 24.00 16000 250 200 200 0375 1081 0110
27 b 2570 13 06 1200 24.00 3000 200 200 200 0375 1075 LD
28 2 22.66 24.09 1.0p 1200 24.00 4600 200 2080 200 0375 75 O.ELD
29 2 877 20.18 100 1200 24.00 5090 200 200 200 0375 IS OELD
30 2 16,27 17.66 OO 1200 24.00 B000 200 200 200 0375 7% 0110
31 2 16.00 16.00 100 1200 2400 10000 200 200 200 0375 1075 Q.10
3z 2 16.00 16.00 LOG  12.00 2400 12000 200 200 200 0375 1075 Q010
33 2 1660 16.00 1.0 12,00 2400 13006 200 200 2.00 0375 @75 1D
34 2 16,00 16.00 .00 1200 24060 14000 200 200 200 0375 1475 O.LIG
335 2 16.00 16.00 Lo 1200 2400 15000 200 200 200 0375 1475 0110
36 2 16.00 16.00 100 1200 2400 15000 200 200 200 0375 1075 GllG
37 2 41.41 44,28 127 1200 24.00 3000 146 200 200 0375 1068  0.1i0
33 2 1630 39.14 127 1200 2400 4000 146 200 200 0375 1068 0.110
19 2 28.79 32.56 1.27 1200 2400 6000 146 200 200 0375 1068 GIID
Ll 2 25.64 2832 127 1200 2400 8000 146 200 200 0375 1068 O.E10
4] 2 22,69 23.28 127 1200 2400 10000 146 200 200 0375 1068 QLD
42 2 20.43 22.54 127 1200 2400 12000 L46 200 200 0375 0.68 O.ELD
43 2 20.32 2196 1,27 1260 2400 13000 146 200 200 0375 068 G110
44 2 032 2107 127 1200 2400 14000 146 200 200 0375 068 011D
45 2 2032 20.32 127 12,00 2406 15000 146 200 200 0375 068 G010
46 2 20.32 20,32 127 1200 2400 (6000 146 200 200 0375 (068 G.I10
47 2 j2.62 56.80 141 1200 2400 3500 118 200 200 0375 1065 411G
48 2 45.89 50.01 140 1200 2400 4000 118 200 200 0373 1065 0110
49 2 37.37 41,33 141 1200 24.00 6000 118 208 200 0375 1065 0110
50 2 3198 3577 141 1200 24.00 8000 118 200 200 0375 1065 0110
51 2 28.15 IL7e t41  12.00 2400 16000 .18 200 200 0375 1065 0110
52 2 35.24 28,74 141 1200 2400 12000 1,18 200 200 0375 1065 0.1:0
53 2 24.03 17.46 4t 1200 2400 13000 1.18 2.00 200 0375 063 0.1i0
34 2 12.94 26.30 L.4p .00 24.00 14000 1.18 200 200 0375 063 0.110
35 2 22.56 25.23 141 E200 2400 13000 118 200 200 0375 1065 O.1L0
36 2 12,56 24.2% 141 1200 2400 16000 L8 200 200 0375 065 O.ELD
57 4 15.92 16.84 075 E8.00 24.00 4000 133 2,00 200 0500 081 G500
33 ] 274 24.08 0.75  1B.00  24.00 4000 050 200 200 0500 0Bl 0067
59 2 19,89 1197 100 1800 24.00 4000 560 200 280 0500 1075 0.200
60 4 28.6t 30.77 1.00 18.00 24.00 4000 1.0 200 200 Q500 1075 0.100
61 2 2819 32.63 127 1800 24.00 4000 446 200 200 0500 1068 0200
62 4 45.50 49.84 127 1800 24.00 4000 464 200 200 0300 (068 0000
63 2 34.38 38.63 1.4f 1800 24,00 4000 4.18 2,04 200 0500 1065  0.200
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Table 5.17b (continued)
Data for hypothetical beams with confining transverse reinforcement

Beam No, n I dy b h P, Cq Gy Cp d 5 Agm
R=0.1275 R=0.0727

{in.) {in.) {in) {in) (in) (psi}  (n) (in) (in}) {in} {in) ¢ in.”)

“Group 2
| 2 12.83 15.36 075 230 1200 4000 075 200 200 4500 600 0200
ol 2 12.83 15.36 075 850 1200 4000 075 200 200 0500 600 0200
{ 3 2 18.83 22.58 100 1000 1200 4000 10O 200 200 0500 600  0.200
; 4 2 15.56 30,67 127 1162 1200 4000  1L27 200 200 0500 600 0.200
5 2 29,1t 34.95 1.41 1246 1200 4000 141 200 200 0500 600  0.200
6 2 12.83 15.36 075 850 1200 4000 075 2060 200 0500 600 0.200
7 4 16.78 18.80 075 1450 1200 4000 075 200 200 G500 600 0.100
8 é 18.70 20.32 075 2050 1200 4000 D75 200 200 0500 600 0067
g 8 19.83 2118 075 2650 1200 4000 475 200 260 0.500 600  0.050
10 2 18.83 22.58 100 1060 1200 4000 100 200 260 0500 600  0.200
1 4 24.68 21.6% 100 1800 200 4000 100 200 200 4.500 600  0.100
12 6 27,53 1995 100 2600 1200 4000 100 200 200 0500 600 0067
13 2 25.56 30.67 127 1162 1300 4000 127 200 200 05060 600  0.200
! 14 4 33.55 37.67 127 2178 1206 4800  L3T  200 200 0500 600 0.i00
15 2 29.11 14,95 L4l 1246 1200 4000 141 200 200 0500 600  0.200
16 4 3824 42,95 L4l 2374 1200 4000 14F 200 200 03500 600  (.100
17 2 15.25 17.98 075 850 2400 3000 075 208 260 2500 600  0.200
13 2 12.83 15,36 075 850 2400 4000 075 200 200 G500 400 D200
19 2 12.00 12.11 075 8350 2400 6000 075 200 0500 600 0200
20 2 12.00 12,00 075 850 2400 8000 075 200 200 0500 640 0200
21 P 12,00 12.50 075 8.50 2400 10000 075 200 200 0500 600 0200
22 2 12.00 12,00 075 230 2400 12000 075 100 200 0500 600 0200
: 23 2 12.00 12.00 075 250 2400 13000 075 260 200 0500 600 0200
‘ 24 2 12.00 12.00 075 850 2400 14000 075 200 200 0500 680 0200
25 2 12.00 £2.00 075 850 2400 15000 075 200 200 0500 600 0200
26 2 12,00 12.00 075 850 2400 16000 075 200 200 4500 600  0.200
27 2 2235 26.40 1.00 1000 2400 3000 10D 200 200 0500 600 0200
28 2 18.83 22.58 100 1000 24.00 4000 100 208 200 0500 600 0200
: 29 2 16.00 17.85 106 1000 2400 6000 100 200 200 0300 600 0200
30 2 16.00 16.00 100 1000 2400 8000 1060 200 200 0560 600 0200
31 2 16.00 16.00 1.00 1000 2400 10000 LO0 200 200 9500 600 0200
32 2 16.00 16,00 100 1000 2400 12000 100 200 200 0500 600 0200
: 33 2 16.00 16.00 LOG 1000 2400 13000 LOO 200 200 0500 690 0200
34 2 16.00 16.00 100 1000 2400 14000 100 200 200 0300 600 0200
a5 2 16.00 16.00 100 1000 2400 15000 100 200 200 0500 600 0.200
36 2 16.00 16.00 100 1000 2400 16000 100 200 200 0500 6460 0.200
37 2 30.30 15.82 127 1162 2400 3000 127 208 200 0500 600 0200
33 2 25.56 30.67 127 1162 2400 4000 127 200 200 0500 600 0200
39 2 2032 24.29 127 1162 2400 6000 127 200 200 0500 600  0.200
49 2 20.32 2035 127 1142 2400 8000 127 200 200 0500 600 0200
at 2 20,32 20.32 127 1L52 2400 10000  L27 200 200 0500 600 0.200
42 2 20.32 20.32 127 1162 2408 12000 127 200 200 0560 600  0.200
43 2 20.32 2032 127 1162 2400 13000 127 200 200 0500 600 0200
44 2 2032 20.32 127 jL62 2400 14000 127 200 200 0500 600  0.200
45 2 20.32 20.32 127 1162 2400 15000 127 206 200 0500 600  0.200
45 2 20,32 20.32 127 1162 2400 16000 127 200 200 4500 600 0200
a7 2 34.50 40.80 141 1246 2400 3000 141 2060 200 0500 600 0.200
48 2 29.11 34.95 141 1246 2400 4000 4l 200 200 0500 600 0200
49 2 22.57 27.69 141 1246 2400 6000 14l 200 200 DSOR 600 (200
50 2 22.56 23.21 141 1246 2400 8000 141 200 200 0500 600 0200
51 2 22.56 22.56 141 (246 2400 10006 L4l 200 200 0500 600 0200
52 2 22.56 12.56 141 1246 2400 IZ000 141 200 200 0500 600  0.200
53 2 22.56 22.56 141 246 2400 13000 L4l 200 200 0300 600 D200
54 2 22.56 22.56 141 1246 2400 14000 B4l 200 2086 D300 600 0200
55 2 22.56 22.56 141 1246 2400 15000 L4l 200 290 0500 600  0.200
56 2 22.56 22.56 141 1246 2400 16000 L4 200 200 0508 600 0200
57 4 16.78 18.80 0.75 1450 2400 4000 075 200 200 0500 600 0.100
58 6 18,70 2032 675 2050 2400 4000 075 200 200 0500 600  0.067
59 2 18.83 22.58 100 1000 2400 4000 100 200 200 0500 6.00 0200
60 4 2468 27.69 140 $800 2400 4000 100 200 200 03500 600 0100
61 2 25.56 10.67 127 1162 2400 4000 1327 200 200 0500 600 0,200
62 4 33.55 1167 127 72178 2400 4000 127 206 200 0500 600  0.100
63 2 29.11 1495 L4l 1246 2400 4000 141 200 100 0500 600 _ 0.200
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Table 5.17b (continued)
Data for hypothetical beams with confining transverse reinforcement

Beam No. n Iy b h f. i - Cp d, 5 Ayin
R=0.1275 R=00727

(in.} {in.) (in) (in) (in) (ps)) (in) (in) (in) (in) (in) _(in%)
Group J
1 2 15.29 18.04 075 200 1200 4000 650 200 2006 0500 800 0200
2 2 15.29 18.04 07s 800 1200 4000 050 200 206 0500 800 0.200
3 2 2328 2.7 100 9.00 1200 4000 050 200 200 0500 800 0200
4 2 3216 38.48 177 1035 1200 4000 064 200 200 0500 BO0 0200
5 2 16.90 44.22 {41 11.05 12,00 4000 on 200 200 0500 3.00 0.200
6 2 15.29 18.04 075 800 1200 4000 O30 200 200 0500 360 0200
7 4 19.54 21,64 075 1300 1200 4000 DSO 200 200 0500 8.0 0100
8 & 21.53 23.19 0.75 I8.00 12.60 4000 0.50 2.00 200 0500 800 0,067
9 8 22.69 24.04 075  Fioe 1200 4000 0.30 .00 100 0500 8.00 0.050
10 2 23.28 27.76 100 900 1200 4000 050 200 200 0500 800  0.200
i 4 30.27 33.83 106 1500 1200 4000 650 200 206 0500 800  0.100
12 § 33.64 36,48 100 2100 1200 4000 050 200 200 0500 800  0.067
13 2 32.16 3848 127 1035 1200 4000 064 200 200 0500 800  0.200
14 4 42.03 47,00 127 1797 1280 4000 064 200 200 0500 §00  0.100
15 2 36,90 43 L4l 1105 1200 4000 071 200 200 0500 800  0.200
15 4 48.34 54,71 L41 1951 1200 4000 01 200 200 0500 800  ¢.100
7 2 18.14 21.08 075 K00 2400 3000 050 200 200 0500 800 0200
18 2 15.29 18.04 075 800 2400 4600 0S50 200 200 0500 800 0200
19 2 12,00 14.24 075 800 2400 600 050 200 200 0.500 800 0200
20 2 12.00 12.00 875 800 2400 8000 050 200 200 0500 300 0200
1 2 12.00 12.00 075 8500 2400 10000 0.50 200 200 0500 8§00 0200
2 2 12,00 12.60 075 800 2400 12000 050 200 200 0500 200 0200
23 2 12.00 12.60 .75 B.00  24.00 13000 0.50 2.00 200 0500 8.00 0.200
24 2 12.00 12.00 0.75 800 2400 14000 0.50 2.00 200 0500 8.00 0.200
25 2 12.00 12,00 0.75 800  24.00 15060 .50 2.00 200 0500 8.00 0.200
2 2 12.00 12,00 075 800 2400 (6000 050 200 200 0.500 800 0200
2 2 2772 32.58 100 900 2400 3000 050 200 200 0500 800 0200
28 2 23.28 27.76 100 0.00 2400 4000 050 200 2.00 0560 800  0.200
29 2 17.89 21.80 100 .00 2400 6000 050 200 200 0500 800 0200
30 2 16.00 18.13 100 000 2400 000 0350 200 200 0500 800 0200
3 2 16.00 16.00 100 900 2400 10000 050 200 200 0500 800 0200
32 2 16.00 156.0¢ .00 000  24.00 12000 0.50 2.00 200 0500 800 0.200
3 2 16,00 16.00 100 500 2400 13000 0S50 200 200 0500 800 0200
34 2 16.00 16.00 100 800 2400 14000 050 200 200 0500 860 0200
35 2 16,00 16,00 100 900 2400 15000 050 200 200 0500 800 0.200
36 2 16.00 16.00 100 200 2400 16000 050 200 200 0500 800 0.200
17 2 38.26 45.11 127 1035 2400 3000 064 200 200 8500 800 0200
38 2 32,16 38.48 127 1035 2400 4000 064 200 200 0500 800 0200
39 2 24,77 30.28 1.27 1035 2400 6000 0.64 2.00 200 4500 800 0,200
40 1 20.32 2523 127 035 2400 000 064 200 280 4500 200  0.200
a1 2 20.32 21,73 127 [035 7400 10000 064 200 200 0500 800  0.200
42 2 20.32 2032 127 1935 2400 12000 064 250 200 0506 E.00 0.200
43 2 20.32 20,32 127 1035 1400 13000 064 200 200 0500 800  0.200
44 2 20,32 2032 127 1035 2400 14000 064 200 200 0500 500 0.200
45 2 20.32 20.32 t27 1035 2400 15000 064 200 200 0500 800  0.200
46 2 2032 20,32 127 1035 2400 16000 064 200 200 0500 800  0.200
47 Y 43.89 51.82 t4F 1105 2400 3000 071 200 200 0500 800  0.200
48 2 36.90 44.22 L4l  1L05 2400 4000 071 200 200 0500 8006  0.200
49 2 28.44 34.82 141 1105 2400 6000 071 200 200 0500 800  0.200
50 2 23.35 29.03 141 1u05 2400 s0e0 071 200 200 0500 800 0.200
51 2 22.56 2502 14l 1LO5 2400 10000 07% 200 200 0.500 800  0.200
52 2 22.56 22,56 L4l 1L05 2400 12000 07% 200 200 6.500 800 0.200
53 2 22,56 22.56 141 1105 2400 13000 071 200 200 0500 800  0.200
54 2 22.56 22,56 141  1L0S 2400 14000 077 200 200 0.500 800 0.200
55 2 22.56 22.56 141  1L0§ 2400 15000 0.7F  2.00 200 0500 800 0200
56 1 72.56 22.56 141 ILOS 2400 16000 0TI 200 200 0500 800 0200
57 4 19.54 21,64 075 13.00 2400 4000 050 200 200 0500 800  0.100
8 6 21.53 23.19 075 1800 2400 4000 050 200 200 0500 800  0.067
59 2 23.28 27.76 100 9006 24006 4000 030 200 200 0.500 800 0.200
80 4 30.27 33.83 100 1500 2400 4000 050 200 200 0500 800  0.100
61 2 3216 1848 127 1035 2400 4000 064 200 200 0500 800 0.200
62 4 42.03 41.09 127 1797 2400 4000 064 200 200 0.500 800 0.100
63 2 36.90 4422 141 1105 2400 4000 071 2.00 200 £.500  $00  0.200
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Table 5.17b (continued)
Data for hypothetical beams with confining transverse reinforcement

Beam No. =n I4 dy, b h T, S Cso Cy d, s Ay/n
R=0.1275 R.=0.0727

(i) {in.} {iny f{in} (in) (psi} {in) (in) (in) {in) ({in) (in%
Group &
1 2 12.00 13.53 0.75 .00 12.00 4000 0.50 .00 200 0500 400 0.200
2 2 12.00 13.53 0.75 B840 1200 4500 .50 2.00 200 0300 400 0.200
3 2 16.00 20,44 Lo 9.00 1200 4000 0.50 2.00 00 G300 400 0.200
4 2 2138 28.1% 127 1035 1200 4000 0.54 1060 200 0500 4.00 {.200
5 2 25.05 i 141 1L05 1200 4000 0.7t .00 200 4500 400 0.200
5 2 12,00 13.53 075 8.00 12.00 4000 .50 2.0 200 0500 400 0.200
7 4 15.2% 1804 075 13.00 1300 4000 0.50 2.00 .00 0500 4.00 0.100
8 [ 17.38 20.29 075 1800 1200 4000 0.50 2.00 200 0500 400 0.067
9 8 19.54 21.64 0,75 2300 12.00 4000 .50 .00 Z.00  0.500 4,00 0.050
H 2 16.00 20.44 LoD 904 .00 4000 0.50 200 2.00 0300 400 0.200
it 4 328 2776 106 E5.00 12,00 4000 (.50 2.00 200 0560 400 0.100
12 6 21,51 3153 Lo0  2L00 1200 4400 .50 .00 200 0300 4400 0.067
13 2 21.88 28.18 1.27 1035 12.00 4000 0.64 208 280 0500 400 0.200
i4 4 32.16 38.48 127 1797 12.00 4000 0.64 2.00 200 0.500 400 0.100
i5 2 25,05 2 i4b 1145 1200 4000 0,71 2.00 200 0500 400 0.200
16 4 36.90 44,22 41 1951 12.00 4000 0.7 200 200 0300 400 0.100
17 2 13.22 16,20 0,75 8.00 24.00 3060 0.5¢ 2.00 206 0300 400 0.200
18 2 12.00 13.53 0.75 8.00 24.00 4000 0.5¢ 2.00 200 0500 400 0.200
i9 e 12.00 12.00 075 300 24.00 6000 0.50 2.00 200 05060 400 (200
i1 2 12.00 12.00 475 800 2400 3000 0.50 2.00 200 0500 4.00 0.200
2! 2 12.00 i2.00 015 800 2400 10004 0.50 200 200 93500 4.00 0.200
2 3 12.00 12.00 075 8.00 2400 12000 0.50 2.0 200 0500 4.00 0.200
13 2 12.00 12,00 0.75 .00 24.00 13000 0.50 2.00 206 03500 4.00 0.200
24 2 12.00 12,00 0.75 3.00 2400 14000 0.50 2.00 200 03500 400 0.200
25 2 12.00 12.00 0.75 3.00 4.00 15000 0.50 2.00 200  0.500 400 ¢.200
26 z 12,00 12.00 0.75 300 2400 16000 04.50 pALH 200 G500 400 1200
27 2 19.43 24,57 100 9.00 24.00 3000 0.50 2.00 200 G500 408 0.260
28 2 16.00 20.44 Loo 9.00 2400 4000 .50 .00 200 0500 400 0.200
29 2 16.00 16.00 100 900 2400 6000 0.30 2,08 280 6500 4.00 0,200
i 2 16.00 16.00 100 5.00 24.00 3000 0.50 250 2.00 0500 4.00 0.200
n 2 16.00 16,00 1.00 %00  24.00 10000 0.50 2.00 200 0500 400 2.200
32 2 16.00 16.00 100 %00 24.00 12000 0.50 2.0 200 0500 400 3.200
33 2 16.00 16,00 100 9.00 2400 3000 0.50 2.00 200 03500 4.00 0.200
34 2 16.00 16.00 LOO  9.00  24.00 14000 0.50 .00 200 05086 4.00 0.200
35 2 16.00 16.00 1.06 960 2400 15000 0,50 2.00 200 0500 4.00 0.200
36 2 16,40 16.00 Loe  9.400 2400 16000 958 200 200 0500 400 4.200
37 2 26.67 33.84 127 1035 2400 000 0.64 2,00 2600 0500 400 0,200
38 2 21.88 28.18 127 1435 24.00 4000 0.54 2.60 2.00 0.500 4.00 0.200
39 2 20.32 242 1,27 1035 2400 6000 0.64 2.00 200 0500 4.00 0.200
40 2 26.32 20.32 1.27 1035 24.00 8000 0.64 200 200 0500 4.00 0,200
41 2 20.32 2032 127 1035 2400 10000 0.64 2.00 200 0500  4.00 0.200
42 2 10.32 20.32 £27 1035 2400 12000 0.64 2.00 200 0500  4.00 0.200
43 2 2032 2032 27 1035 24.00 13000 0.64 2.00 200 0500 400 0.200
44 2 20,32 20.32 127 1035 24.00 14000 0.64 2.00 200 0368 400 0.200
45 2 20.32 20.32 127 1035 2400 15000 0.54 .00 200 0500 400 0.200
46 Z 20.32 2032 127 1035 2400 16000 0.64 2.00 200 0300 4.00 €.200
47 2 30.53 38,79 141 [LDS 24.00 3000 471 2.00 2080 03500 400 0.2600
48 2 25.05 3231 141 1105 2400 4000 4.7 .00 200 0.500 400 0.200
49 2 22.56 24,57 141 1105 24.00 64300 071 2.00 200 0500 4.00 0.200
50 2 2032 20.32 1.27 1035 24.00 3000 054 200 200 0500 4.00 0.200
51 2 20.32 2032 127 1035 2400 10000 0.64 2.00 200 0.500 400 0.200
52 2 D32 ~0.32 £27 0 1035 24.00 12000 0.64 2.00 200 0508 400 0.200
53 2 2032 20.32 127 1035 24.00 13000 0.64 2.00 200 0300 400 0.200
54 4 2032 20.32 127 1035 2400 £4000 0.64 2.00 200 0500 400 0.200
55 pA 20.32 2032 127 1035 24.00 £5000 0.64 2.00 200 0500 400 0,200
56 z 2032 20.52 127 #0.35  24.00 16000 0.64 .00 2.08 0300 4.00 0.200
57 4 1529 18.04 075 13.00 2400 4000 0.50 .00 2086 0500 400 0.100
58 [ 17.88 20.29 4.75  [8.00 24.00 4000 .50 Lo 280 0500 4.00 3.067
39 2 16.00 20.44 100 9.00 2400 4G00 {.50 2.00 200 0500 400 0.200
60 4 23.28 27.76 140 15.08 2400 4400 0.50 2.00 200 8500 400 0.100
61 2 21.88 28.18 127 1035 28400 4400 0.64 2.0¢ 200 035060 4.00 0.200
62 4 3216 38.48 127 1797 2400 4000 064 2.00 300 0500 400 0.100
63 2 25.05 32,3t 14F 1105 2400 4000 0.71 2.00 100 0.500  4.00 0.200
. Predicted development/splice {ength based on Eq. 5.33, using ¢, = 0.9 and £, = 60 ksi

1 in. =25.4 mm; 1 psi=6.895 kPsa; | ksi = 6.895 MPa



190

Table 5.18
Strength reduction () faccor for bond

(a8) vy, =14 v =17 &, 4, =09 B=3.5

‘Without Stirrups With Stirrups
Eq. 5.22
Avg. R, N/A 0.0727 0.1275
T 0.962 1.029 1.015
Vv, 0.094 0.120 0.117
Qp/Qu, | 0.5 1.0 1.5 0.5 1.0 1.5 0.5 1.0 1.5
q 0.675 0.647 0.631 0.675  0.647 631 0.675 0.647 0.631
Via 0.102  0.131 0.152 0.102  0.131 0.152 { 0.102 0.131 0.152
1 0.877 0.847 0.816 0.879  0.835 0.829 | 0.874 0(.849 0.823
P4 0.975 0.941 0.907 | 0976 0.950 0.921 0.971 0.944 0.914
Eq. 5.23
Avg R, N/A 0.0727 0.1275
¥ 1.035 1.152 1.110
v, 0.134 0.14 0.134
(Qu/Qy, | 05 1.0 1.5 0.5 1.0 1.5 0.5 1.0 1.5
q 0.675 0.647 0.631 0.675  0.647 631 0.675 0.647  0.631
Vi 0.102 0.131 3152 0102 0.131 0.152 | 0.102 0.131 0.152
i 0.851 0.831 0.808 4.931 0.511 0.886 | 0.912 0.866 0.851
P4 0.945 0.923 0.897 1.035 1.012 0985 1.014 0990 0.962

My, =12 y_ =16 ¢bmm = (.8 B=35

Without Stirrups With Stirrups
Eg. 5.22
Avg. R, N/A 0.0727 0.1275
r 0.962 1.029 1.015
v, 0.094 0.120 0.117
(Qx/QL), | 0.5 1.0 1.5 05 1.0 1.5 0.5 1.0 1.5
q L 0,759 0716 0.693 0.759 0.716 0.693 0.759 0.716 0.693
Viq 0.102  0.131 0.152 0.102  0.131 0.152 | 0102 0.131 0.152
Py, 0.780 (Q.765 0.744 | 0.781 07172 0755 | 0717 0_.767 0.750
B4 0.975 0.956  0.930 0.976 0965 (944 | 0971 0.959 0.937
Eq. 5.23
Avg. R, N/A 0.0727 0.1275
T 1.035 1.152 1.110
' 0.134 0.14 0.134
(Qp/Qu)x 0.5 1.0 1.5 0.5 1.0 1.5 0.5 1.0 1.5
g 0.75¢ 0.7i6  0.653 0.759 0,716 0.693 0.759 0.716 0.693
Vi 0.102 0.131 0.152 0,102 0131 0.152 | 0.102 0.131 0.152
Oy, 0.736  0.751 0.736 { 0.828 0.823 0.808 | 0.811 0.805 0.78%
Py 0.945  (.938 0.920 1.035 1.029 1.010 1.014 1.006  0.987
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Table 5.19
Data, development and splice lengths for hypothetical beams
without confining fransverse reinforcement

Beam| n | dy [ D | h | fo | s | Co | & |EQ333 Eq.5.34""| ACI318-95 | £q.5.33{ Ea.5.34| Eq.5.33 | Eq.5.34
No. L 4 g t, | AClY, { ACIl | ACIL | ACII,
Gin) | Gin) | Gno {(psid] (0 ) Gnd | oy b Ga) ind ] (in) | (in)

t 21075 8.0 { 120 {4000 0.50 | 200 | 2.00 kER Y 5147 36,59 | 47.57 0.877 1407 0.675 1.082
b4 21 0753 120§ 120 [ 4006 2.50 | 2,00 | 2.00 i8.96 18.96 17.08 | 22.20 1111 1. 0.854 0.854
3 2| 100120} 120 [ 40001 2.60 | 2.00 { 2.00 32,03 32.03 2846 { 37.00 1125 1,125 0.866 0.866
4 2] L27} 120 12.0 14000 146 | 2.00 | 2.00 53.30 6L64 54,78 1 71.21 0.982 1.125 0,755 0.866
3 2 f 14131207 12,0 [ 4000 LI8 ] 2007 2.00 70.60 84.45 75.04 | 97.56 ¢.941 1.125 0.724 0.864
6 2 [ 075 240 120 | 4000] 850§ 2,00} 2.00 18.96 18.96 17.08 { 22.20 L1t JERE! 0.854 0.854
7 4 {075 | 24.0| 2.0 14000t 233 [ 2.00 | 2.00 18.96 i8.96 17.08 { 22.20 Lin 1,iti 0.854 0.354
8 61075 240 120 140000 1.0 ) 200 | 2.00 2445 306.53 21,71 § 2822 1.126 1.407 0,866 1.082
9 810752401 12.0 | 4000 0.57 ] 2.00 { 200 3110 47.59 33.83 | 4398 3919 1.407 0.707 1082
19 2| 100 240 12.0 | 40001 8.00 | 2.00 | 2.00 32.03 3203 | 2846 | 37.00 1125 1.i25 0.866 0.856
u 4] oo | 240 12.0 {4000 200 | 2,00 | 2.00 32.03 32,03 2846 1 37.00 1125 12§ 0.866 0.866
B2 61 100} 2401 12,0 14000 080 § 2.00 | 2.00 4572 41.59 5473 F IS 0.835 1125 0.843 0.866
13 2812712401 120 | 4000] 746 § 2.00 | 2,00 49.01 49.01 43,55 | 56.62 1125 1,125 0.866 0.366
14 4| 127 240 120 | 40001 154 | 200 [ 200 50.73 56,37 50.44 | 65.38 1.006 1.128 0.774 6.866
15 2| 14t | 240 12,0 | 4000} T8 | 200 | 2.00 58.85 58.85 52,29 | 67.98 1.125 1,128 0.866 {.866
16 4 14112401 120 {4000l 1451 2001 200 6453 1375 5554 § 3520 0985 1.125 4.757 9.866
1% 2 10751 120 ¢ 240 | 30001 250 ; 200§ 2.00 2092 2092 19.72 | 25.63 1.061 1.061 0.816 0.816
18 2 1 075§ 12.0 | 24.0 { 4000 2.50 | 2.00 | 2.00 18.96 18.96 17.08 | 22.20 L 1L 0.854 3.854
19 2 | 075 | 120 24.0 | 6000 | 2.50 | 2.00 | 2.00 16,43 16.43 13.94 ¢ 18.13 1,178 1178 4,906 0.906
r 2007511201 240 1 80004 250 | 2,00 | 2.00 14.78 12,00 12.07 t 15.70 1,224 0.994 0.942 0,764
21 2 Lo7st120f 240 {10006 250 | 2.00 | 2.00 13.58 12.00 12.00 { 15.60 1132 1.600 0.871 4.768
22 1| 975 | 20| 24.0 {12000} 2.50 | 200 | 2.00 12.65 1200 1200 { 15.60 1,054 £ 000 0.811 0.76%
23 2| 0751 12.0 | 24.0 13000 2.50 | 2.00 | 2.00 12,26 12.04 12,00 | 15.60 1.021 1000 0.786 0.76%
24 210751 120 24.0 {14000 2.50 | 2.00 | 2.00 12.060 1200 | 1200 | 1560 [ELe 1,004 0.769 0,769
25 2 10757 1201 240 | 150008 2.50 | 2.00 | 2.00 12.00 1200 | 12,00 { 1560 1.000 1.000 0.76% 0,769
26 2 {075 | 120 | 24.0 [16000f 2.50 | 2.00 [ 2.00 12.00 12.00 12.00 § 15.60 1.00¢ 1,000 0769 0,769
27 2 | 100 | 1201 24.0 [ 3000] 2,00 | 2.00 | 2.00 3534 35.34 3286 | 4272 1075 1075 0.827 0.827
28 s toe | 120 240 [ 4060 2.00 | 2.00 | 200 32.03 32.03 2846 | 3700 1125 1125 0.866 0.866
29 2] t00] 1207 240 | 6000] 2.00 f 2.00 } 2.60 2775 275 2324 1 3021 1194 1.194 0,919 3919
30 2 1 L0001 12.0 240 | 8000} 2.00 | 200 | 200 24.97 24.97 2042 | 2616 1,241 1.24% 0.954 0.954
31 2 1 100|120 | 240 {10000} 2.00 [ 2.00 | 2.00 22,94 22.94 18.00 { 23.40 1,275 1275 0.980 0.930
32 2 | Loo | 12.0 | 24.0 {12000} 2.00 | 2.00 | 2.00 2137 2L37 18,00 § 23.40 1.187 1,187 0913 0.913
33 2 | 100 { 120§ 240 [13000] 2.00 | 2.00 ) 2.00 20.7¢ 20.70 £8.00 | 23.40 1.150 1.150 0,885 0.88%
34 2 1 100§ 120 [ 24.0 |14000F 200§ 2.00 | 2.00 20.09 20,09 18.00 | 2340 1116 LI16 (.859 3.85%
35 2} 100 120 | 24.0 [15000] 200 | 2,00 | 2.00 19.54 $9.5¢ 18.00 7 23.40 1.085 1.085 0.835 0.835
36 2 | LO0 | 2.0 24.0 |16000] 2.00 | 2.00 | 2.00 159.03 £9.03 18.060 | 2340 1.057 1037 0.813 0.813
37 2 12y i1z0f 240 |3000F 146 | 2001 2.00 £9.39 68.01 63.25 | 82.23 0.939 1.073 0.722 4.827
32 211278120 24.0 14000 1.46 | 200 | 2.00 53.80 51.64 54,78 { 71.21 0.982 1,125 0,755 0.866
30 2 | 1271 12.0] 24.0 | 6000 | 1.46 | 2.00 | 2.00 46.56 53.41 44,73 | 58.14 1.044 1.194 0.80§ 0919
40 2| 127 | 12.0] 240 | 8000 1.46 | 2.00 | 2.00 41.86 48.05 38.73 ¢ 5035 1.081 1.241 3,831 0.954
41 2 | w27 ] 2.0 F 24.0 |tooo0l 146§ 200 7 2.00 38.44 44.15 34.64 | 45.04 L1069 1.275 0.853 04.980
42 2 1127 {120} 240 1120000 146 | 2.00 | 2.00 1578 41.13 34.64 | 45.04 1.033 1.187 0.794 {4,913
43 2 1 127 81201 24.0 [13000f 146 | 2.00 | 2.00 34.65 39.84 34,64 | 45.04 1,000 1,150 G769 0.885
44 2 b 12| 12.0] 24.0 [14000f L46 | 2,060 | 2.00 33.62 38.67 | 34.64 § 4504 0.970 i.116 0.747 0.859
45 2] 127 ] 1201 24.0 }15000] .46 3 2.00 ] 2.08 3268 3761 3464 | 45.04 4.943 1.085 0.726 9.835
A6 2 ] b27 1 120 24.0 [16000f 146 | 2,00 § 2.00 11,82 16.62 34,64 | 45.04 0.918 1.057 0.707 9.813
47 201 L4120 240 13000} L1B [ 200 2.00 T78.01 93.17 86.65 | 112.65¢ 0.900 1,075 0.692 0.827
48 28141 f 120 240 | 4000 1.18 | 2.00 | 2.00 10,60 84.45 75.04 { 37.56 (.941 1,125 0724 0.866
40 2 1 L41] 12.01 240 | 6000 | 1.18 | 2.00 | 2.00 6102 73.17 61.27 | 79.65 0.996 1.194 0.766 4919
50 21 t41 | 120} 240 [ 8000 ] £.18§ 2.00 | 2.00 54,79 65.83 53,06 | 68.98 1.033 1.241 6.794 0954
5t 2 1 141 { 120} 240 {10000} 1.18 | 2.00 | 2.00 50.26 60,49 4746 | 6L70 1.059 1.275 0.815 0.980
52 21 Lt 1120 240 j12c00f L8| 200 | 200 46,74 56.34 4746 | 61.70 0.985 1,187 0.757 0.913
53 2 1 14171 120 ] 24.0 LE3000) 1,18 ) 2,00} 2.0¢ 45.24 54.58 47.46 | 61.70 0.953 1.150 0,733 0.885
34 2 1 141 | 126 24.0 [ 140001 118 | 200 | 2.00 43.88 52.98 4746 1 6170 0.925 L1186 0711 0.859
53 2 | a1 | 1203 24.0 [t5000] 418 { 2.00 ] 2.00 42,64 3152 47,46 | 61.70 .898 1.085 0,69 0.835
36 2 | .41 | 12,01 24.0 | 16000 .18 § 200 ] 2.00 41.56 50,17 47.46 | 6170 9874 1.057 0.673 0813
57 4 10751807 240 | 4000% 133§ 2007 2.00 2218 26.36 18,74 | 24.36 1.183 1407 0910 1.082
58 6 | 075 | 180 | 24.0 14000 0.56 | 100 | 200 31 5147 36.59 | 47.57 0.8727 1.407 0.675 1.082
50 21 1.00 | 180 24.0 { 4000 5.00 { 2.00 { 2.00 32.03 32.03 2846 | 3700 £.125 1.325 0.866 0.866
60 4 1100180/ 240 {4000 100 | 2.00 | 2.00 42,16 53.38 4743 | 6L66 0.889 1.125 0.684 0.866
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Table 5.19 (continued)
Data, development and splice lengths for hypothetical beams
without confining transverse reinforcement
Besmi n| d | b | & | . | cg | 6o | ¢ |EaS5.33"[BqS5.3477 ACI318-95 | Eq.5.33 | Eq.5.34| Eq.5.33| Eq.5.34

No. Iy I s | L | ACIly | ACIL | ACII, | ACI,
n) | (0 | (n) | (psid] Gind {6 { Go) | (o) | () | Gn) | (in) _
&1 2| 1271 180 | 24.0 | 4000 | 4.46 | 2.00 | 2.00 49.0% 49.01 4355 | 56.62 1,125 1.125 0.866 0.356

62 4 [ 127 | 18.0 ] 24.0 [ 4000 ] 0.64 | 2.00 | 2.00 T1.67 10129 | 9001 | 11701 0.796 1125 04.613 0.856
63 2 1141 ] 1804 240 | 4000 4.18 | 2.00 | 2.00 58.83 58.85 32.29 1 67.98 1.125 1.125 0.866 0.866

For fe<8000psi: [Max. 1,194 1.407 0.919 i.082

f, c
\ F—w =2100 (O.IEH-+ 09) Min. 0.796 1061 | 0.613 0.816
+ Eg 533=-t=2t — = Averagel _1.037 1165 ¢ 0798 0.895
b i
o5

d, Forfo>8000psic |Max. 1275 | 1275 | 0980 | 0.9%0
£ Min, 0.874 | 099 | 0673 | 0.76¢
—--2100 Averagel 1047 | 1119 | 0.806 | 0861

+  Eq S3d4=-Ll= L '
dy o erK, For all: Max. | 1275 | rdo7 | oss0 | 1082
. Min. 0796 | 0994 | 0613 | o784
Average| 1.042 1.144 0.801 0.880

For No. & Bars Max. 1.224 1407 0.942 1.082
Min. 0.877 0.594 0.675 0,764
Average] 1,061 1,150 { 0818 0.885

For No. 8 Bars Max. 1.275 1.275 0.980 0580
Min, 0.835 1957 0.643 0.313
Averagef  1.108 1.141 0.852 0.878

For No. 9 Bars Max, 1125 1.278 0.866 0.980
Min, 07946 1.05% 0.613 0.813
Average|  1.007 1115 0,775 0.858

For No. i1 Bars Max, 1125 1275 0.866 0.980
Min. 0.874 LO57 0.673 0,813
Average!  0.981 [.143 0.755 0.880

1in. = 25.4 mm, Ipsi= 6.895 kPa
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Test/prediction ratios for developed and spliced bars without
confining transverse reinforcement using Eq. 5.33 and ACI 318-95 criteria

Test No.* I4 dy, f, £, f, {Prediction} Test/Prediction Ratio
Test Eq. 5.33+ ACli+ | Test Test
(in.) {in.} (ss() {ksi) (ksi} (ksi) Eq, 5.33 ACI
Chinn {1956}
D34 12.50 0,750 R 37.45 34.37 2621 1.074 1.429
D1z 16.00 0.750 4530 46,37 4284 4786 1.083 0.969
D7 16.00 0,730 3580 .56 35.07 33.33 E1ST L2117
Dt9 16,60 4,750 4230 57.60 52.8¢ 57.81 1.091 0.996
523 16.00 0,756 4450 39.70 36.67 i 36.53 1.083 1.087
D24 16.00 0.750 4450 43.37 45.02 37.48 0,963 1.157
D30 16.60 0.750 1480 53.04 4797 60,27 L1o7 0.880
Dé 16.00 0750 4470 47.40 3345 1173 1232 1.709
D40 16.00 0.750 5280 50.69 4109 3875 1.076 1308
D25 24.00 0.750 S100 5700 5528 72.87 1831 0.782
026 24.00 0.750 5100 56.82 4741 5713 1.198 0.995
D35 24.00 0.756 3800 56.91 50.99 62.90 1116 0.905
D33 20,25 1410 4830 28.60 339 26.60 .01l 1.075
Chamberiin (1956}
SIVS3 12.00 0,500 4549 4743 45.50 3234 1.042 1.466
S1123 16.00 0.750 4470 4193 16,13 335466 1.161 1.176
Fargruson and Breen (1965)
8R18a 18.00 1.060 3470 41.60 40.45 39.76 1.028 1,046
8R24a 24.00 1.008 3530 59.53 47.60 3 41.26 1.251 1.443
§F10a 30.00 1.000 3036 53.48 §1.51 44.70 1.038 1.197
4F316a 36.00 1.000 4650 66.22 63.25 62.52 1.047 1.059
§F36b 36.00 1.000 3770 61.9¢ 59.89 56.00 1.034 1.105
2E36k 36.00 1.000 3469 55.84 51358 53,08 1.083 1.052
8F3%a 39.00 {.000 3650 7290 [ =% 5] 63.77 1127 1.143
8Fd42a 42,00 1.000 2660 65.93 62.65 51.76 1852 1.14}
B3F4Zb 4200 1.000 3830 73.54 §7.82 6758 1.084 1.038
8R42a 42,00 1.000 3316 .3 67.11 6637 1.076 1.088
§R48a 48,00 1.600 3040 74.43 719 69.87 1046 1.065
JRG4a 5400 1,000 3550 91.70 93.64 162,70 4.979 0,853
SR8%a 80.00 1.000 3140 98.61 11335 [3H.47 0.87¢ 0.756
[1R24a 33.00 1.410 3720 52,30 43.86 32.06 1.192 1.631
11R30a 41,25 1.410 4030 59.03 49.24 15.39 1.199 1.668
1IF36a 49.50 1410 4570 64.66 57.84 49.48 1.118 [ 1.307
FIF36b 49.50 1410 3350 §0.09 53.33 41.79 1127 1.438
1iF42a 57,75 1.410 3530 54,57 59.85 50.28 1.079 1.284
11F48a 66.00 1410 3140 3ol 64.19 5544 t.151 1.333
EIF48b 66,00 1.410 3330 1224 65.64 58.37 E1G1 1.238
11R48a 66.00 1.410 5620 82.81 73.50 37 5120 1132
11R48b 66.00 1.410 3100 73.20 69.89 68.14 1.047 1.074
11F66a 82.50 1410 2610 84,80 72.86 64.87 1164 1.307
L 1F60b 82,50 1410 4090 78.02 §0.26 78.62 0972 1.000
11R602 32.50 1410 2690 7.19 Tr21 60.69 1.084 1.272
11R60b 82.50 1410 3450 90,35 80.47 79.%0 1.123 1,131
Thompson et al. {1575}
61247112516 12.09 .750 3730 57.56 41,34 32.57 1338 1.780
8-18-4/3/2-6/6 18.60 1.060 4T10 57.00 44 88 51.47 1.27% 1.107
B-18-4/312.5-46 18.00 1.000 2920 50.86 41.52 32.42 1.225 1.569
8-24-4/2/2.56/5 24,00 1.0060 3165 51.89 46.13 44,58 {128 1164
F1.25-6/2/3.5/5 25.08 1.410 3920 45.00 36.66 28.40 1227 1.585
11-30-4/272-6/6 30.00 1.4i0 2865 39.56 35.67 29.13 i.109 1.358
113047214616 30.00 1410 1350 45.90 37.56 f 35150 1.222 i.457
E1-30-4/200.7-46 30.00 1410 4420 58.48 40.25 i 36.18 1.453 E616
11-45-4/1/2-6/6 45,00 1410 3520 46,72 40.03 30.53 1167 1530
14-60-8/272-5/5 60.00 1693 2865 48.13 45,01 42.53 1.065 1132
14-60-4/2/4.515 50.00 693 32080 56.64 46.85 44,94 1.209 1.260
Zekany (1981)
.53-B-N 16.00 1.128 5650 47,7 3547 25.04 1,347 1.908
N-N-8GB 22,00 1.410 3825 3853 j2.52 23.30 .185 1.653
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Table 5.20 (continued)
Test/prediction ratios for developed and spliced bars without
confining transverse reinforcement using Eq. 5.33 and ACI 318-95 criteria

Test No.* Iy dy [ f f, {Prediction) TestPrediction Ratio
Test Eq. 533+ AClH++ Test Test
(in.) (in,) (psi) (kst) {ksi} (ksi} £q. 5,33 ACI
Choi et al. {1990, 1991)
1.5M0 120U 13.00 0.625 5360 61.51 45.57 39.38 £330 1563
1-5N0120U 12.00 0.625 5360 64,00 45.57 48,20 1405 1301
260012018 12.00 0.150 6010 51.34 39.66 EyRi] 1.295 1.355
2-650120U 12.00 4.750 5010 45.67 39.66 3790 1152 1.205
3-§NGIS0U 15.00 1.000 5980 43.00 18.36 41.24 1.107 1.043
38501600 16,00 1.000 5980 42,81 38.86 32.99 £.102 4.297
4-11C0240U 24.00 £410 5859 3193 nnm 3330 [.004 [.139
4-1150240U 24.00 1410 5850 46.37 3179 33,30 1.068 1212
Hester et al. {1991, 1993) |
{-8§N3 160U 16,60 1.008 5990 9,13 40,58 33.02 1235 i £.518
2.8C3160U 16.00 1,000 4200 46.25 40.56 33.60 E.140 1377
3-853160U 16.00 1.000 6020 46.86 3,72 33,10 L.151 1.415
4-853160U 16.00 1.000 6450 42.36 41.57 34.27 £O19 1.236
5-8C3160U 16.00 | Reii] 5499 39.86 19.82 31.61 1.001 1.261
6-8C3220U 2275 L.000 3850 5198 49.52 46,40 1.641 1.120
7.8C3160U 16.60 1.000 5240 43.44 41,26 38.61 1.100 1.176
Rezansoff et al. ({963}
pid 20.53 0.992 938 50.24 47.56 31.50 1,266 1.606
b 28.53 0.992 3799 60.48 47.08 36.73 1.283 1.646
Sa 35.43 LITT 4031 56.96 46.54 3835 1.224 1.485
b 44.29 L17? 3ITs 67,50 52.77 46.69 1.279 1.465
Azizinamini et al. (1993)
BB-8-3-23 23.00 1000 5290 47.30 3792 1346 1.247 414
AB83-8-15-41 4500 1.000 15120 T2.67 59.66 82.00 £.043 0.886
BB-11-5-24 24.00 1.410 5080 20.82 3233 24.26 0921 1.229
BB-11-5-40 40.00 1410 5080 43.44 42,186 40.44 1.030 1.074
BB~11-12-24 24.00 1410 12730 44.40 40,75 34.04 1.0%0 1.304
B-11-12-40 40.00 410 £3006 58.47 5332 56.74 1.097 1.03t
BB-11.1]-d5 45.00 1410 16906 438.63 54.72 63.83 0.889 0,762
BB-11-15-36 36.00 1.410 14550 56.95 51.67 51.06 1,102 1.115
BB-11-5-36 36.00 1.410 4170 46.93 41.69 40,11 L.126 1.170
BB-1E-13.40 406.00 1.410 13600 57.34: 53.93 36.74 1063 (0L
BB-11-15-13 13.00 14106 14330 29.76 33.27 18.44 0895 1.614
AR83-11-15-57.5 57.50 1.410 13870 7138 67.93 3136 1,051 0.875
AB89-11-15-80 20.00 E410 15126 73.88 87.46 112.48 0.845 0.651
Hatfield et al. (1996)
BB2-8-15-36 36.00 3.000 14450 77319 90.12 120.00 856 9.643
np3-8-13-36 3600 £.000 14450 72,75 63.28 72.00 1.150 Lore
BB3-8-15-30 30.00 1.000 E5040 66.74/ 5114 60.06 1.168 1112
BB2-8-15-20 20.00 LGOD 15040 70,61 60.91 66.67 1.E59 1.05%
BB2-11-15-36 36.00 1.410 14450 .35 73.04 B5.1t 2.963 0.827
BA3-1i-15-36 36.00 1410 14450 57.22 SL10 5022 1.120 1.140
[ BB2-11-15-28 28.00 1.410 15040 69.46 62.5% 66.19 1.116 1.049
BHEZ-F1-1542 42,90 1410 15040 73.48 B2.20 99,29 0.894 0,740
BR2-11-15458B 45.00 1.410 15520 76.21 59.17 62.77 1.288 1214
BB2-11-15-45D 45.00 1.410 15520 7716 59,17 62.77 1.304 1.229
Darwin et al. (19952, 1996z}
1 16.00 1.000 5020 51.78 4821 3178 1.052 1.370
Lz 16.00 1.000 5020 44,77 40.20 36.85 1.H4 1215
1.3 16.00 1,000 5020 4522 38.06 28.81 1.188 1.570
2.4 24.00 1,000 5250 54.29 45.31 42.04 1.198 1.292
2.5 24.90 1.080 3250 58.97 50,70 53.63 1.163 £.100
4.5 24.00 1.000 4090 51.50 47.95 47.97 1.674 £.074
6.5 24.00 1.000 4220 54.06 49.48 5002 1.093 £.081
8.3 24.00 £.000 3830 62.38 48,62 A8.58 1283 284
1.2 26.00 £.000 4250 61.84 52.03 53.67 i.138 152
134 16,00 0.625 4E10 60,26 5237 45.50 15 1296
14.3 17.00 0.625 4200 &1.83 54.93 63,17 1126 0.979
15.5 40.00 1410 5250 54,51 51,23 6349 1064 0.859
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Table 5.20 (continued)
Test/prediction ratios for developed and spliced bars without
confining transverse reinforcement using Eq. 5.33 and ACI 318-95 criteria

Test No.* Iy dy e f, £, (Prediction) TesvPrediction Ratio
Test Eq. 533+ ACE++ Test Test
(in.) {in.} {psi} (ksi) (ksi) (ksi) Eq. 533 ACT
162 40.00 1410 S180 52.715 4978 50.20 1060 1.051
Currens Study
25.1 16.50 0.625 4490 63,72 55.68 50.40 L.144 1.264
19.1 36.00 1.006 4250 73.51 65,47 95.04 1123 6,774
'!9.2 36.00 1.000 4250 67.85 65.26 T4.56 1.040 4910
20.6 40.60 1600 5080 57.15 5244 44,55 1.090 1.283
23a.5 22,00 1.600 2320 62.24 56.64 51.70 1099 0919
2326 29.00 1.000 9320 75.47 67.89 83.66 L2 0.851
23b.3 19.50 1,000 8370 71.64 64,93 59,47 E.103 £205
241 32.00 1.000 4300 6191 59.65 56.45 1038 0.932
263 40.00 1.006 4960 62.52 5506 43.28 1,135 1.444
26.5 40,00 1.006 4960 64.36 55.51 44,45 1.159 1.448
31.5 22,00 1.000 12850 6143 46.54 29.56 1.320 2.078
316 2200 1.60¢ 12890 63.42 46.75 30.48 1,357 2.084
34.1 24,00 L.60a 5440 5738 52.58 57.53 L1 1.006
342 24.00 1.000 5440 51.97 5233 $1.06 1184 £.086
34.3 24.00 1,000 5440 58.94 53.07 5532 L.IE] 1.066
134.4 24,00 1.000 5440 5849 5247 56.24 L1135 1.040
36.3 26.60 t.000 5060 62,78 5503 57.60 1.i4t 1.0%0
36.4 26.00 1.000 5060 60.17 54.93 5744 1.095% 1.048
38.1 26.08 100D 5680 53.96 5248 56.88 1.028 0.949
3182 26.00 1.060 5080 56.30 3621 5T 1.073 1041
396 21.00 1.060 14450 67.38 46.98 28.44 L434 2370
40.5 17.00 1.006 L5650 65.81 54.27 53.18 L.213 1.238
28.5 30.00 1410 12640 50.89 51,47 53.95 0.989 4,943
30.5 30.00 1410 13220 66.95 52,08 33.54 1286 1.250
32.1 300 1.410 14400 £3.33 48,77 36.26 1.299 1747
322 32400 1.410 14400 6549 49.38 3753 1.246 1.62t
32.3 3200 1450 14406 60.64 54.86 56,91 i.105 L0865
324 28.00 1.410 14400 61.01 30.95 49.57 1,197 1.231
For No, 6 and smaller bars Max, 1.405 1,780
Min, 0.963 0,782
Average 1153 1219
St.Dev, 0111 0.264
cov 0.0%6 G2E7
% of specimens with test/prediction ratio < 1.0 4.5% 31.8%
For No, 7 and larger bars Max, [.453 2.370
Min. 0.845 0.643
Average 1,120 1.219
St.Dev. 0114 0.291
cov 0102 0.239
% of specimens with test/prediction ratio < 1.0 10.4% 15.7%
For all Max, 1.453 2370
Min. 0.845 0.643
Average 1.125 [.219
St.Dev. 0.114 0.286
cov 0.10t 0.234
Y% of specimens with test/prediction ratio < 1,0 9.5% 18.2%
* Specimens with ;> 12 in.
: ?E'"’“‘" - 2100(0.1 %w + 0.9)
+ Eq. 5337tz =t S

-4
db

68(C+K"J
d

b

++  ACI 318-95 "detailed” Equation; the factor of 1.3 is not applied for spliced bars
Pin=254mm, 1 psi= 6.895 kPa, 1 ksi = 6,885 MPa
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Table 5.21
Data, development and splice lengths for hypothetical beams
with confining transverse reinforcement

Beam| 4 DY 5. 5.3+ |k by Eq. 3.34+4 ACI 31895 1, (High Ry Eq. 5.33| Eq. 5,54} Eq. 533 | Eq. 5.34} Eq, 5.33| Eg, 5.34] Eq. 5331 Eq. 5,34
No.* {Conv.=“*[High B,*% Conv. [High %] L L 1y (Conv.) ACTl, | ACILF ACIL F ACLL [ ACIL | ACLL | ACTL | ACTL
{in.) (in,) {im) {in,) (in) | Gn. [Eq.533]Fq.3.34] Conv. | Conv. | Conv. | Conv. | HighR | HighR | HighR | HighR,
Group 1 |
i 113 F oagos Vsoge | 2523 L17se 2326 o857 { om22 | 1237 | 176 | 995t | L1320 | LD6D | L1410 { 0815 | 1685
¥4 15.18 1371 {2623 | 2213 170822200 0903 | 0.844 | 0.889 | 1.536 | 0.684 | 1132 ] 0803 | LX96 | 0.618 | 0997
3 2448 2186 | 3567 | 3027 [ 2032 35.42) 0890 | 0549 | 084) | 1216 | 0647 | 0936 { 0749 | 1032 | 0576 | 0794
4 1R.88 3384 14580 3900 (40345244 0.870 | 0851 § 0964 | 1435 ] 0741 ] 0873 | 0.839 | 0967 | 0.645 | 0.744
5 48.50 4183 5509 | 4641 | 4995 | 6404} 0.856 | 0.842 § 0.973 1103 § 0.748 0.343% 0.833 0929 | D641 0715
[ 15.18 13.7¢ 2623 | 2213 | 17.08 ZOF 0903 | 0.844 G.E89 1536 | G684 1182 0.803 1296 | D.6(8 | 0997
7 16.86 155t 3170 [ 2850 | 17.08 | 22,20 0.94¢ | 0.39% | 0987 1.856 | G.760 1428 | 0932 1.66% | 0.7Y7 1.284
) 2204 2093 | 3406 § 3053 [ 22390 20.01) 0950 | 0926 | 0984 | L2 | 0757 { LIT0 | 0935 | L40R | 0719 | 1.0B3
g 28.06 1666 [ ALts | 3836 | 272513542 o950 ] 0932 | 1030 | 1510 | 0792 | 1162 | 0879 | 1408 | 0753 | LOR3
10 24,68 2196 § 3567 | 3027 {2932 38.12] 0890 | 0849 | G4l | 1216 | G647 | 0936 | 0749 | 1032 | 0.576 | 0.794
It 2787 26,06 3276 | 3865 [ 29323852 6935 0.903 £.951 1458 | 0.73f 122 0.889 1317 | 0634 1.013
12 39.86 3729 | 5170 | 4761 [ 492357300 0936 ] 0921 | G901 | 1169 | 0693 1 0899 [ G343 | 1.076 | 0.649 | 0.328
i3 3638 1195 | 4580 1 3000 | 40.34 | 52.44( 0878 | 0831 | 0902 | 1135 | 0.6%4 | 0873 | 0792 | 0967 | 0609 | 0744
14 42.99 3973 | 5467 | 49.51 | 4832 62.82] 0.9%4 | 0906 | 0.8%0 | LiI3t | 0684 | 0870 | 0822 | (025 { 0632 | 0738
13 4291 174 | 51.03 | 4340 {4620] 6006) 0873 | ogs2 | 0529 | Lio4 | 0714 | 0.850 | 0.3 | 0941 | 0624 | 0724
16 5355 1906 | s0.82 | 5512 | see5]71.05) o9t6 | 0906 | 0980 | 1113 | 0754 | 0.856 | 0.858 | 1.00% | 0691 [ 0.776
17 19.09 1823 | 3672 | 3367 {24.0303137] 0955 | 0917 | 0791 | 1522 | 0608 | LITI | 0755 ] 1395 | 0.581 1073
18 17.07 1620 | 2244 1 2044 {2090 27177 os4ae | 0907 | 0817 | 1552 | 0628 | 1194 | 0775 | 1408 | G396 | 1.083
19 14.47 1159 2696 1 28,67 {1747 22.18] 0940 [ 0893 0.848 1.580 | 04652 1.21% 0,796 1411 0.613 1085
20 1278 1200 | 344 ] 2068 ] 1478 1921] 0939 | 0882 | 0865 | 1.586 | 0.665 | 1220 | QBI2 | 1399 0.625 | 1076
21 12.00 1200 | 2093 1827 | 1322117.18] 1000 | 0.873 | 0908 | 1.583 | 0698 | 1218 § 0.508 | 1382 | 0.698 E083
22 12.60 1200 | 1900 ] 1845 [ r322f17.18] 1000 | 0.866 { 0908 | 1438 | 0698 | 1106 | 0.508 [ 1245 | 0.698 0,957
23 12.00 1200 1201 1569 tazatiras] 1000 | 0862 | os08 | 1377 | 0698 | 1055 | 0508 [ LIB7 | 0.698 | 0513
24 12.00 o6 | 1747 | 1501 [ 132211708 Looo | 0859 | 0508 | 1321 | 0.698 | 1016 | G908 | 1135 } 0.698 0.873
25 1200 12.00 1680 | 1439 | 132231712 1000 { 0.8§6 | 0.908 | 1.27¢ | D698 | 0978 | 0.908 | 1,080 | 0.698 | 0.837
26 1240 12.00 1620 | 1383 [1322]17.i8] 1.000 | 0854 | DSOR [ 1226 | 0.658 [ 0.943 | 0.508 [ 1.046 | 0.698 | 0.805
27 3172 3007 § 4949 | 4558 43035564 0048 | 0821 | 0737 | 1156 | 0.567 | 0.885 | 0.699 [ 1.05% | 0537 | 0.815
28 2830 2663 | 43971 3991 | 37271 4845) o941 | 0912 | 07589 ¢ 1175 | 0584 | 0804 | 0715 ¢ LO70 | 0550 0.824
29 350 2224 | 3645 | 3272 [ 304312956) 0931 § 0898 | 0785 [ 1198 | 0604 | 0922 | 0731 [ 1.076 | D562 | 0.827
30 2108 9.4 3176 | 2837 | 26.35{ 3426 0922 | ose7 | 0799 | 1205 | 0614 | 0.927 | 0737 | 1069 | G.567 | 0822
3t 1899 1738 | 2839 [ 2493 | 2357]30.64) 0915 | 0878 | 0.806 { 1204 | 0620 | 0927 | 0737 | 1.058 1567 | 0.814
32 17.40 1600 | 2581 | 2248 | 2557 3064) 0019 | 0871 | 0738 | 1095 | 0568 | 0.842 | 0.679 | 0954 G522 | 0734
33 16.73 1600 | 2872 | 2145 | 23573064 ] 0956 | 0368 | 0710 | 1.04% [ 0546 | G807 | 0679 1 0910 | 0522 | 0700
34 16,42 1600 | 2374 | 2053 {2357 3064 0992 | 0865 | o684 | 1007 | 0526 | 0775 | 0679 | 0.871 | 0522 | 0670
35 16.00 1600 | 2285 | 1970 | ;3s7) 3064 1000 § 0862 [ 0679 § 0970 | 0522 | 0746 | 0679 | 0836 | 0522 | 0643
36 16.00 1600 | 2204 | 1304 I msrb3064] 1000 | o859 [ o6vs | 0935 | 0522 | 0719 | 0679 { 003 | 0522 | 0618
37 51.8% atss | 6326 | s8.42 1579 7435{ 0936 | 0923 | 0906 § 1106 | 0.697 | 0851 | 0.84% | 1021 | 0.653 | 0.786
33 46.06 4275 | 5600 | 5121 |4953f64.39] 0028 | 0514 [ 0930 | 1131 | 0715 | 0.870 | 0863 | 103 0664 | 0795
39 3861 1537 | 4670 | 4206 | 404dfs258{ 0916 | 0501 | 0955 | 1155 | 0724 | 0.838 | 0874 | 1040 | 0673 | 0.800
40 33.82 3068 | 4072 | 3625 {3so2f45.53] o006 | 0890 | 0966 | 1163 | 0743 | 0.8%4 | 0875 [ 1035 | 0673 § 0796
41 30,36 378 | 36531 3202 13133 F4072] 0808 | 0882 [ 0969 | 1163 | 0746 | 0.895 | 0.87F | 1025 | 0670 } 0739
42 2178 24.71 .15 | 2898 {3133 40.72] 0892 | 0874 | 0.384 | 1058 [ O06ED | 0.814 0789 | 0925 | 0.607 | 0712
43 26.59 2363 | 3176 ] 2767 121334072 0889 | 08371 | 0.849 | 1014 | 0653 | 0780 | 0754 | 0.883 | 0.580 0.679
44 25.58 are6 | 20521 2649 [ 31337 4072] o886 | 0.868 [ 0.816 | 0974 | 0628 | 0.749 § 0.723 | 0846 | 0.536 | 0850
45 24.66 2176 | 2938 1 2342 [ 3033l d072] 0883 | 0865 [ 0787 | 0938 | 0.605 | 0.721 | 0495 | 0812 0.535 | 0.624
46 23.81 2097 [ 2835 | 2445 | 31331 40.72] 0881 | 0.863 | 0.760 | 0.905 | 0585 | 0.696 ; 0.670 | 0.730 0515 | 0.600
47 66.61 176 | 7788 | 7163 | 7070239 o927 | 0917 | 0937 | 1091 | 0720 | 0839 | 0869 | 1001 0.668 | 0.770
43 5805 | sais | 6B.S1 | s2.49 | 61.55{80.01] 0918 { 0908 | 0858 | 1,113 | 0.737 | 0856 | 0.8%C { 1D ¢ | 0677 | 0777
£h) 4903 | 1s47 | 5694 | s087 | s025{6533] 0505 | 0893 | 0978 | 1133 | 0.752 | 0.872 | 0.885 | 1012 0681 | 0779
50 4z8s | 3833 | 4953 | 4371 [43.52] 56587 0395 | 0.882 | 0.984 1 1133 0757 | 0875 | 0881 | 1.004 | 067 | 03
51 3830 | 3398 | 422 | 3863 | 38930 s061] 0387 | 0874 | 0984 | 1136 | 0757 [ 0874 | 0872 | 0992 | G6TI 0.763
52 jag2 | 3062 | w16 | 3479 |3893{s061| 0.87% | 0.866 | 0.895 | 1.032 | 0.688 | 0794 0.787 | 0.894 | 0.605 | 0.687
53 3336 | 2023 [ 3845 | 338 |3893]s0.61] 0876 | 0863 | 0857 | 0988 [ 0655 ¢ 0.760 0751 | 0.8%2 | 0378 | 0556
54 32.04 avop | 3692 | 3174 | 3893 s0.61| 0873 | 0.860 | 0.823 | 0548 | 0.633 | 0729 | 0739 § OBI5 | 0553 0527
55 30.84 a585 | 3552 | 3042 |3803]s061] 0870 | ogs7 | 0792 | 0512 | 0609 | 0702 | 0.690 § 0.782 | .53 | 0501
56 2975 | 2581 3424 | 2925 {3893{s061] o962 | 0854 | 0.764 | 0880 | 0.588 | 0677 | 0.663 | 0751 | 0.510 | 0578
57 19.82 12875 | 3501 | 30.46 | 214227841 0546 | 0914 | 0925 | 184t [ 072 | 386 | 0875 § 1.008 | G673 | 1083
b1 2363 | 2705 | 4353 ) 409 [2mss{37.011 o4 § 0923 | 1003 | 1525 | 077U | LI73 | 0.948 | 1408 | G729 | 1.083
5% 2584 | 2351 3816 | 33.08 | 31.70(4122] 0906 | 0367 0.815 1204 | 0.627 | 0.926 0138 1.043 0.568 1.803
60 3631 | 3378 | 4450 | 40.85 | 38.01]4941] 0930 | 0918 | 0955 } 1LI™ 0735 ¢ 0901 [ 0.889 | 1.075 | 0.684 | 0.827
61 3839 3438 §9.03 | 42,68 | 4324 { 36.21] 0.896 | 0.570 (838 134 | 0.683 0.872 0.795 9987 | G612 0.75%
62 39.11 3402 1827 1 7035 | 69.571 9045 0.944 0.893 0.830 1,132 | 0.654 0.871 C.776 1.011 0.597 0.778
63 4545 5049 | 5666 | 4764 | 49351 64.16| 0391 | 0872 | 0521 | 1108 | 0708 | 0.852 | 0820 | 0.965 | 0631 9,143
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Table 5.21 (continued)
Data, development and splice lengths for hypothetical beams
with confining transverse reinforcement

ool LeEa s3me | Lo Eg. 5340w | SCI31898 | L HishR) | Ea.5.33| Eg.534) En 533} B, 5,54) Ea.533) Fg. 5.34} Eg. 3,33{ Fg 534
No» | Conv,e*e [HighR"+] Conv. | HighR,| L | 1, L(Convy | ACTL | ACIL | ACIL | aCIL | ACIL [ ACH, | ACIL § ACTL
o - (i) (E._)____Ll.) finy | tin} | (in) Eq. 5.331F9g. 5.4 Conv. | Conv, : Conv. | Conv High R, | Itich R. ] Hiph B, High Ry
roup 2

1 i 1 1525 [ wes 1 1837 L17os| 22200 oss? | ossy | 1067 1 1327 [ os21 | oz | 093 | rers | 0687 | 0827
2 1823 | 1525 | 2265 | 1837 [ 17.08| 2220 0837 | o811 | 1067 | 1327 [ o2 | RO21 | 0893 | 1076 | D687 | 0.627
3 ssma | maz | 3113 | 2543 Fassslaroo] asss | omy | 0939 | 1094 { 0722 | 0841 | 0784 | 0893 | 0603 | 0.6B7
4 1623 | 3024 | 4032 3300 [ 3604 ] 4699 0835 | os21 | 1002 | LUk | 07N | 0858 | 0837 [ G516 | 0643 | 0.705
3 43128 3441 45.10 | 37.19 [ 4102[5333§ 0834 0,523 1.006 1.099 0.774 0.846 0.839 0,904 0.645 0.696
5 1 ] 1525 | 22651 1937 | 1708 2220) 037 | oan | 1067 | 1327 | o821 | 1021 § 0.893 | 1076 | 0.687 | 0827
7 aavr § 1990 | 2894 2508 [ 1787 2323 093 | og70 | 1246 | 1619 ) 0.959 | 1246 | L1I3 | 1409 | 0857 | 104
H se0s | s | 3tes | 2373 [ 2040) 26552] o921 | ogor | 1470 | 1563 | 0907 | 1202 | 1086 | 1408 | 03835 | 1.083
9 2505 1348 33.50 | 3092 | 21.96] 2854] 0937 0.5920 1.i41 1.530 0.878 1177 1.069 1408 0.823 1.683
10 w72 1 232 | 3ta3] 2543 | 2846|3700} o835 | 08i7 | 0539 | 1094 | 0.722 | 0843 | 0784 | 0393 | 0603 | 0687
1 5211 1 so0s | 3933 | 3448 | 3284 ]4269] 0a92 | 0876 | 0995 | 1198 | 0765 | 092t | 0889 | 1040 ] 0.684 § 0807
12 3535 | 1253 | anp1 | 3907 {36590 4757 050 | oses | o966 | 1078 | 0743 | 0006 | 0889 | 1068 | 0684 | D.B21
13 3623 .24 4032 | 33.10 | 36.14 f 46,09 0,835 0.821 1003 1118 077 0.858 0.837 0.915 0.643 0,705
14 w442 | 3060 | 5057 | 4449 | 4a6z|seor| osoz | osso | 0995 | 1133 | o766 | 0872 | asEs | 0997 | 0623 | 0767
15 si2s 1 3l §asio | 3700 |ar0z|s335) 0834 | 0823 | 1006 | 1009 | 0774 | 0845 | 0835 | 0.904 | 0645 | 0.69 §
16 s060 1 asio [ 5640 | <970 | 5085 es1tf ossr | o881 | 0995 | 1109 | 0765 | 0.853 | 0887 | 0977 | 0687 | 0.752
17 2122 | sl | 2654 ] 2185 | 19720 2563] osee | o3 | 1e76 | 1346 | 0828 | 1035 | 0914 | 1108 | 0703 | 0.852
18 w1 o1sas L oassd 1sas i7ostooet canr | osen | otoe7 § 1327 §oeszr | 1o2n |ocs9s | 1075 | 0687 | 0827
19 1451 1200 1 17.88 | 1459 [ xoaf saa] o2y | egen | toer | 1283 | 0801 | 0987 | 0.861 | LDiB | 0.662 | O.7E3
20 221 | 12e0 114971 1200 | 1207 15.70] 0583 | esoz | ro1n | 1240 | 0778 | 0954 | 0994 [ 0994 | 0.764 | 0.764
12t 1200 | 1200 | 1296 | 12.00 | 12.00{ 15601 too0 { co2s | 1000 | roso § 0769 | 0.831 | L000 [ 1000 | 0.769 | 0.769
22 1200 | 1200 | 1200 ] 1200 | 1200 1560f oo | tooo | Looo | roco | 0769 | 0760 § 14000 | 1600 | 0.769 | 0.769
23 1200 1 oo | 1200 ] 1200 | 1200 1560} 1000 | toee | 1000 § 1000 | 0789 | 0769 § 3000 | 1600 | 0769 | 0769
24 1200 | 1200 1 1200 | 1200 | [200] 15601 1000 | £0OD | 1000 | L000 J 0.76% |} 0769 | 1000 | LO0G | 0769 } 0.76%
25 1200 | 1260 | 1200 | 1200 | 1z00] tsen] to00 | rooo | tooo | 1000 | 0769 § 0769 | L0GO [ LOOD | 0.769 | 0.765
26 200 | 1200 12001 1200 [ 12.00] 15607 t.000 | Looo | 1000 | 1000 | 0769 | 0769 | 1000 | 1000 | 0.769 | 0.769
27 107 | 2635 | 3638 | 3007 | 5285|4272} oses | 0829 | 0846 | Lio7 | 0727 | 08st | 0.802 | 0918 | 0617 | 0.706
28 27 b oonm | 3LIs i 2543 | 2846 3700] va3s | o7 | 0939 [ 1094 | 0722 | 0441 | 0784 | 0897 § 0603 | 0.697
129 st | otra | 2466 | 197 {ms2¢d3021] osme [ omes { o9t | 1061 | 0706 | 016 | 0750 | apdg § 0577 | 0653
30 1797 | 1600 | 20691 1620 [20.02 [ 26.16] 081 | o787 | 0s93 | Lezs | 0687 | 0791 | 0795 | 0809 | 0612 | 0.62
31 1600 1 1500 | 1795 1600 | 1800] 2340 000 | 0891 | 0@89 | 0997 | 0684 | 0767 ] 0839 | 0889 | 0.684 | 0684
32 1600 | 1eoo | 1600 16.00 | 1200 2340] 1ooo | 1000 | 0889 | 0389 | 0.684 | 0684 | 0.889 | 0889 | 0.684 | 0.684
33 1600 1 1600 | 1600 ] 1600 | 1800 23401 1000 | 1000 | 0.889 | 0.889 | 0.68¢ | 0.684 | D889 | 0.389 | 0684 ] 0684
34 1600 | 1600 | 1600 | 1500 | 18.00] 23.40{ 1ovo | 1600 | 0.889 | 0889 | 0.684 | 0684 | 0.889 | 0889 | 0484 | 0684
35 1600 © 1600 } ts00 | 1600 118.00) 2340} 1000 | rooo | c8Ey | 0889 ) 0.684 | 0.684 | 0.889 | 0349 | 0634 | 0684
36 500 1 1500 | 1600 | 1600 | 18.00(2340] 1000 | 1000 | 0.889 | 0889 | 0684 [ 0684 | 0.889 | 0889 | 0634 | 0684
37 4210 | 1566 | 4704 | 3021 {4174 sa2s) ess7 | o34 | Lo09 | a2z | 0376 | 0.867 | 0.854 | 0940 | 0657 | 0723
38 1623 | 3024 | 4032 ] 330 | 36.44 ] 4699] 0835 | oz | 100z | Lu16 | 0771 | 0358 | 0837 | 0916 | 0.643 | 0705
19 2394 21.53 3302 F 2572 | 29.51 ) 3837 0817 0.803 4.980 1.085 0.754 0,835 0.801 9872 0,616 .67t
40 sa4z | 200 | 268t} 2129 |2556{33.22) vssz | oot | ogss | nos3 | 0735 [ ogi0 | 0795 | 0.833 | 0612 | 0.641
41 2127 | 2002 | 23381 2032 | 2286 2972] o955 | osse | oes0 | no23 | o716 | 0787 | 0889 | 0889 | 0.684 ( 0634
42 2032 1 70m | 2075 | 2032 | 22.85] 2972 vooo | ogvo | vaes | o008 | 0684 | 0.698 | 0.689 | 0889 | 0684 | 0684
43 soaz b o0 | 2002 f 2032 | 2285|2072 1000 | rooo | 0829 | 0885 | 0684 | 0.634 | 0889 | 0.889 | 0.634 | 0684
44 2032 | 2032 | 2032} 2002 {22.86]29.72| 1000 | 1000 ] 0889 | 0B39 | 0.68¢ | 0.684 | 0.880 | 0889 | 0684 ; 0.684
45 Som | aoa2 | 2032 zos2 {2286 2992 1000 | 1000 { 0889 | 0.889 | 0684 | 0.684 | 0889 | 0.889 | 0584 | 0684
46 s0s2 | 2032 | 2002 | 2002 || 2972 1000 | 1000 | os30 | osee | 0684 | o624 | 0289 | 08e9 § 0684 | 0624
47 w792 | 057 | s2s8 | a391 | 4737 6rse) ossv | osas | rnouz | orare b oo7ve | 0854 | 0857 | 0927 | 0639 | 0713
48 +£.28 1441 4510 | 3730 4102 53331 04834 0.823 F006 1.09¢ 07714 0.345 0.839 { 0.904 § 0645 0.696
49 1296 2691 35.84 | 28.85 | 33.49|43.54] 0515 0.805 0.984 1070 0757 0823 0.803 0.861 0618 0.663
50 5782 1 1ms6 | 30,45 ] 2390 | 20013771} 0811 | 0793 | 0959 | 1039 | 0.738 | 0799 | 0778 | 0824 | 0508 | 0634
51 3435 | a6 | 2620 ] 7286 [2594]3373F 0930 | 0.8a1 | 0935 | 110 | 0719 | 0777 | 0870 | 0870 | 0669 | 0.669
52 2256 | 2256 ] 2326 | 2256 | 2594§35.73] 1000 | 0970 | O.70 | 0397 | 0.669 | 0.690 | 0870 § 0870 | 0669 | 0669
53 3156 | 2356 1 2256 | 2256 [2594]33.73] 1000 | vooo [ o870 | 0870 | 0669 | 0660 | 0.870 | 0870 | 0.669 | 0.669
54 w56 | omse | 2256 22.56 | 2594} 33937 1000 | tooo | 0470 | 0870 | 0.669 | 0669 | 0.870 | 0.870 | 0.66% | 0.669
55 s1ss | 2256 | 22.56 | 2256 | 25943373} to0o | rooo | 0.870 [ v.8v0 | 0.669 | 0.669 | 0.870 | 0870 | 0.669 | 0669
56 136 | 26 | 22361 7256 | 25943373 1000 | 1ooo | 0870 | 0870 | 0.669 [ 669 | 0.876 | 0.870 | 0.669 | 0.66°
57 327 § raon | 28941 25.48 | 1747|2325} ose3 | oavo | v2es | rerv | 09se [ 1246 | 1013 | 1409 | 0857 | 1084
5% 2a05 | 2115 | 3188 ] 2873 F20.40]3632] o92e | oot | 117 | 1ss3 | 0807 | 1202 | 1086 | 1408 [ 0835 | 103
59 367 | w1 {3113 2543 [2846] 3700f 0835 | o817 | 0939 | 1094 | 0722 | 0.R41 [ 0784 § 0893 | 0503 | 0687
50 3271 [ 915 | 3933 | 3445 | 3284 fazce| omoz | o876 | 0995 | 1198 | 0766 | 0921 | 038y | 1049 | 0684 | 0807
61 36.23 30,24 4032 | 33,10 | 36.14 | 46.981 0.835 0.82t 1,062 1116 0771 0.85% 0.837 § 0916 0.543 Q.70
62 4442 39.60 50,57 | 4349 | 4462} 58.01] 0.892 0.880 0.995 £133 0,766 0.872 0.888 0.997 0.683 0.767
53 5135 | mar [asao | 3700 |etonbsaas] omsa | osza | 1005 | 1ove | 0774 | 0ses | 0839 [ 0504 | 0.645 | 0.6%
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Table 5.21 (continued)
Data, development and splice Iengths for hypothetical beams
with confining transverse reinforcement

[Boam |__LbvEq.s33r | uwwEas34rs | ACI3iE0s | L(HighR) |Eq.5.331Be.5.34|Be 3331 Fe 3.34| Fq. 3.33) Ba 5041 B, 5,03 1 Fa. 5.04
No,* | Conv.s*s |HighR**| Conv. | High®,] % | & 1 (Coav.) | ACLly | ACIL | ACEL | ACIL | ACIl | ACTL, | ACIL | ACIY
e nd | cind { nd | Gn) } gind § Gn) {%a 3331 Bq, 5341 Comv. | Conv. | Conv. | Conv. | HighR| HishR, | High R, | Hish R
Toup
1 2150 | 1826 129590 2408 Lirosizzzo| osae | omia § r2s9 | 1733 | 0969 | 1333 L 1069 | 1410 | 0.823 & 1.085
2 aise | 1826 | 2959 | 2408 {1708 | 22201 o840 | 0314 | 1239 | 1733 | 0969 | 1333 § 1,069 | 1410 | 0823 | 1088
3 3309 | 2780 | 4438 3580 {35581 4625) 0839 | 0807 | 0931 | 528 | 0716 | 0.960 | 0781 | 1006 § 0.661 | 0774
4 596 | w29 | 5757 | 4567 {soss{esy2] 0437 | 0811 | 0908 | ti39 | 0.696 [ 0876 | 0.757 | 0523 | 0.583 | 0710
5 sasz | a3se | 64z | 5233 1ss7017630) 0836 | 0%z | 0895 | 1097 | 0.688 | 0844 { OB | 0892 | 0575 | 0686
3 2150 | 1826 | 2999 | w0 [ro0s{2220] 0849 | 0814 | 1259 | L33 | 0969 | 1333 | 1069 | 1410 | 0823 | 1085
7 2576 | 2328 | avs7 | 3me 23290 3027) 0904 | 0873 | 1106 | L614 | 0BSL | 1241 | 1000 | 1409 | 0769 | 1084
8 7758 | 2563 | 4129 | 3732 [ 2650 3445] 0929 | 0904 | 1061 | 1558 | 0801 | 1199 | 0967 | 1408 | 0.744 | 1083 '
] 5858 | 2699 | 434¢ | 4007 [ 284613700} 0944 | o523 | to04 | 1526 | 0773 F LI74 | 0548 | 1408 | 0730 | 1.083
16 g302 | a180 | 4438 | 3580 353814625 o390 | 0307 | 0931 | 1248 | 0716 | 0960 | 0731 | 1.006 | 0601 | 0.774 )
] 2027 | 608 | 5111 | 4948 {4743 {6166 0396 | 0366 | 0849 | 1304 | 0653 | 0926 | 0761 | 1043 | 0385 | 0,802
12 4340 | a00s | 6314 | 5670 §s336{6v37) 0923 | 0898 | 0813 | 138} | 0626 | 0910 | 0351 | 1062 | 0.577 | 0817
13 4576 | 1820 | 5757 | 4667 |s0s55{65 72| 0837 | 0811 | 0505 | t339 | 069 | 0876 § 0757 | 0923 | 0383 { 0.710
14 ss80 | 4995 | 73.51] 6308 |eanafmano| o8os | 0870 | 0862 | Li3s | 0663 | 0872 | 0.J70 | 0987 | 0.593 | 0759
15 5252 | s3.89 | 6s4z | 5233 |se70} 7630} 0836 | o812 | 0.895 | 1097 | 0688 | 0844 [ 0748 | 0392 | 0575 § 0.886
16 sa27 | 5137 18203 ) 715t 1 7a06) 9628 0893 | 0872 | 0868 | 1108 | 0668 | QES2 | 0775 | 0966 | 0.59 } 0.743
17 s408 | 215z | 362 286t {1972 (2563 ] 0851 | 0826 | 1267 | 1756 | 0975 | 1350 { 1091 | 1451 § 0840 | LII6
13 2156 | 1826 | 2959 | 2408 | 1708§2220| o849 | o814 | 1255 | 1733 | 0569 | 1333 | 1069 | 1410 | 0823 | 1.085
19 1746 | 1427 | mao| 863 [r39s{1813] 0832 | 0796 | 1238 | 1678 | 0.947 | 1291 | 1023 | 1336 | 0787 | 1028
20 a6 | 1200 | to61 | 1538 [1zo7{ 50| osse | o4 | 1097 | aas | 0920 | 1249 § 0994 | 1274 | 0764 | 0.980
21 1257 | izoo 1 16s9 | 1317 [1200f i5.60] 0955 1 0775 | 1048 | 1416 [ 0806 | 1,089 | 1000 | 1098 ; 0769 | 0.844
22 oo | rzoo ] 1sos| 1200 [1z00f 1550y 1000 | 0797 | to00 | 1255 | 0769 | 0965 [ 1000 | 1000 | 0769 { 0969
23 200 | 1200 ] 1426 1200 {12000 ts.60] 1000 { osez | 1000 | vasg | 0769 | 0914 | 1000 | LOW | 0769 | 0.76%
24 200 | 1200 | 1355 ] 1200 {1200 15.60] 1000 | 0886 | 1000 | 1139 | 6769 | 0368 | 1.000 | 1000 | 0.769 | 0769
25 1200 | 1200 | 12911 1200 | s200{1560] 1000 | 0930 | 1000 | 1076 | G769 | 0.828 { 1.000 | 100G j 0769 | O.769
26 1200 | 1200 | 233 5200 | 12000 15.60] 1000 | 0573 | 1000 { 1028 | 0769 | 0791 [ 1000 | 1000 | 0769 y 0.769
27 3861 | 3289 | 5208 | 4266 | 4108 53.40( 0852 | 0819 | o940 | 1268 | 0723 | 0975 | 080l | 1038 | 0615 f 0.799
28 3502 | 2780 | 4438 | 3580 [35.58{4635| 0839 | 0807 | 0931 | L3dg [ 0716 | 0960 | 0781 | 1006 ; 0601 | QI
29 2620 | 2060 | 3495 | 27.59 | 2005 | 37.76{ o2z | 0789 | 0905 | 1203 | 0696 | 0926 | 0744 | 0950 | 0.572 | 0731
30 2207 | 1786 | 2ot | 227 | 2si6|3z70] 0809 | 0777 | 0877 | Li6k | 0675 | 0893 | G710 | 0903 | 0546 | 0.694 ;
3t 1933 ] 1600 | 2525 | 1941 [2250]2925] 0837 | 0769 | 0.850 ] 1122 | 0:654 | 0363 | 0711 | O.BGY | 0547 § 0664
32 w6 | 1600 12233 | 1700 22500 2925| gsas | o7z | 0753 § oger | 0579 | 0763 | 071 | 0756 | 0547 | DSt :
33 w603 | 1600 12003 | 1605 |2250) 2925] o098 | 0759 | o2 | og3e | 0.548 | 0722 | 0711 | 0712 | 0547 | G548
34 1600 | 1600 12006 1600 | 2250]2025] tooo | 0798 | oir | omen | 0547 | 0686 | 0711 | 0711 | 0.547 | G347
15 1600 | 1600 1940 | 1600 | 2250|2025 1000 | 0.838 | 0711 | 0845 | 0547 | 0.653 | GYIL | 0711 | 0.547 | 0547
36 1600 | 1600 | 1824 | 1600 | 2250 2025] 1000 { 0877 | votl | oste | 0587 | 062¢ | 0711 | 0711 | 0.547 | 0547
37 5332 | 4528 | 6743 | 5552 {5838 | 75801 0849 | 0823 | 0913 | L1355 | 0703 | 0889 [ 0776 | 0951 | 0.597 | &7
38 as76 § saze | osrsr | dee7 {soss| ezl osar §oosur §ooses | 1139 | oge6 | 0476 | 0757 | 0923 | 0383 | 0710
19 637 | 2979 | 4544 | 3608 | 42w ss66| 0o | 0793 | o381 | w101 | 0678 | 0847 | 0722 | 0873 | 0535 | 0672
40 3057 | 2466 | 3804 | 2072 | 3575|4647 0307 | 0.781 | 0.855 { 1064 | 0658 | 0819 | 0.690 | 0831 | 0531 | 0640
41 2653 | 2014 ] 3293 | 2543 | 397fns7] o797 | o772 | 0830 | 5030 | 0.638 | 0792 | 0661 | 0795 | 0.509 | 0612
42 2351 | 2032 | 208 | 2231 [ane7f41s7] omes | o765 | 0735 | 0912 | 0566 | 0701 | 0636 | 0698 | (489 | 0537
43 2257 | 2032 § 2760 | 2003 | 3197 a1s7] 0912 | 0762 | 0.697 | 0.863 | D536 | 0.664 | 0.636 | 0658 | 0489 | 0.506
44 2116 1 2002 12621 | 2032 | 3197)ars7] osco | 0775 | 062 | 0820 | 0509 | 0631 [ 0.636 | 0636 | 0489 | 0.489
45 032 1 2002 | 97| 2032 | 31971 ars7) 1000 | o814 | 0636 | 078t | 0489 | 0501 | 0.636 | 0636 | 0.489 | 0489
46 2032 | 203z | 2385 | 7032 | 3197} 41.57) 1000 | 0852 | 0.636 | 0746 | 0489 | 0574 | 0636 | 0636 | 0489 | 0489
47 6119 | sisy | 7541 | 6221 {6778 f8sat] 0ses | oa2s | 0503 | 1113 | 0694 | 0856 | 0766 | 0918 [ 0.589 § 0706
48 5352 | 4389 ] 6e42 | 5233 |se70}7630] 0836 | 0812 | 0.895 | 1097 { 0688 [ 0844 | 0.743 | 0892 | 0575 | 0.686
49 4177 | 3446 | 5090 | 40.4s | 792162307 0818 | 0795 [ 0.872 | 1062 | 0670 | 0817 § 0713 | 0844 | 0348 | 0649
50 3502 | 2828 | 4263 | 3337 | 4150 5306] 0805 | 0.783 | 0.8¢6 | 1027 ] 0651 | 0790 | 0481 | 0.804 [ 0.524 { 0619
51 3049 | 2427 1 3693 | 2857 |37i21e826] 0796 | 0774 | 0821 | 0995 | 0632 | 0765 | 0454 | 6770 | 0503 | 0592
52 2704 | 2236 | 3270 | 2507 | 5702} 4826] 0834 | 0767 | 0728 | 0881 | 0.560 | 0.678 § 0808 | 0.675 [ 0467 | 0.519
53 2561 | 2256 | 3096} 264 |37.12148.26] 0881 | 0754 | 0.690 | 0.834 | 0531 | 0642 | 0608 } 0.637 | 0467 | 0490
34 2434 | 2256 | 2041 | 2256 [3naz{es26] ooz7 | 0767 | 0ess | 0792 | 0504 | 0610 | 0.608 | 0608 | 0467 | 0.467
55 7320 | 2256 | 2803 | 2256 [37.t2]4826] 0972 | 0803 | 0625 | 0755 | 0481 | 0581 | Q608 | 0.608 | 0467 | 0467
56 1256 | 2256 | 2677 7256 | 3712 4826] 1.000 | 0.843 | 6.608 | 0721 | 0467 | 0.555 | 0.608 | 0.608 | 0467 | 0467
57 v576 | 2328 | 3787 s | 2329 3027] 0904 | 0873 | Lios | 1614 | 0851 § €241 | 1000 | 1409 | 0769 | 1.03
58 2758 | 2563 | atzo ) 3732 2650} 3445 0529 | o904 | Lodt | 1558 | 0801 | L1199 | 0.967 § 1408 | 0744 | 1.08
59 Jax2 | 27s0 |asss| 350 | 3556 fa625| 089 | 0807 | o931 | 1258 | 0736 | 0960 [ 078t | 1006 | 0501 | 0.774
60 w27 | 3608 | 57410 94 Lazaslerss| oses | oses | oses | 1205 { 053 b oosas § ozt [ oneas | oses | oe2
6t 4576 | 3820 | 57571 4667 [s0ssfesy2| 037 | 0813 | os0s | 1439 | 0.696 | 0876 | 75T | 0923 | 03583 | 0.710
62 5589 | -amos | 7351} 6398 | 6484 {8420} 0894 | 0470 | 0882 [ 1134 | 0.663 | 0872 | 0770 | 0.887 | 0593 | 0,759
63 s253 | 4389 | eeaz | 5233 [ser0]{7630] os36 | 02 ] o895 | 1097 | 0688 | 0844 | 0748 | 0.892 | 0575 | 0686
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Table 5.21 (continued)
Data, development and splice lengths for hypothetical beams
with confining transverse reinforcement

Beam 1, by Eg, 5,33+ i bv Bg, $.34+ | AC[315.95 Ly (itivn R) Bo. 3.33[Eq. 3.54| Bg 3331 Eq 3541 Eq. 5.33| Bq. 5.341 €g, 333{EFq.5.34
Noo* | Conv.** | High R**] Conv. | HighR,} L [N L Conv.y ACT 3 ACTL b ACTL | ACTY | ACKE | ACTY, | ACTL | ACTE
= T {im.} tny 4 (e (in.} finy 1 (in} [Eq 533 £q. 534} Conv, | Conv. | Conv. | Conv. | HighR. | High R, | Hish R, | Hish Ry
roup
1 15,17 1276 | 2076 b 1572 P 1ras 22304 0789 | 0757 | 0947 | 1216 | 0728 | 0935 | 0.747 | 0820 | 6575 | 0.708
; 2 16,17 12796 | 2076 1 1572 } 1708|2220 o789 | 0757 | 0.947 | :316 | 0728 | 0935 | 0747 | 0920 | 0.575 | 0.708
3 2443 w906 | 3070 205 28460 3700] o7a0 1 0751 | 0838 | 1079 | G660 | 0.830 | 0.670 | OK10 | 0515 | 0423
H 4 33,59 2611 005 | 1029 13614 F 46994 o777 | 0754 | 0929 | L1111 | 0.5 | 0.854 | 0722 | 0838 [ 0556 | 0.645
) 5 1R.46 19.86 | 45.06 | 34.06 [ 4048{ 53990 0776 | 0756 | 0927 | 1.086 | 0713 | 0.836 | 0.720 | 0821 | 0554 | 0632
11 16.17 1276 1 2076 | 1572 [1708] 2230 o780 | 0757 | 0947 | 1216 | 0728 | 0935 | 0747 | 0.920 | 0575 | 0.708
7 21.50 1825 1 1950} 2a08 L eronl 2220 0840 | 0834 § 1259 7 1733 ] 0969 | 1333 ] 1069 | 1410 | 0823 | LOBS
: 8 24.16 2133 | 3447 2027 [oor[ 2700 0883 | 0849 | 1164 | 1660 | 0895 | 1277 { 1027 | 1409 | 0790 | 1084
i 9 2876 a3ag | 4757 | 3281 {2329]3027) 0904 | 0873 | 1106 | 1614 | 0851 | 124F | 1000 | 1409 | 0760 | 1084 i
10 2443 19,66 3070 | 23.05 | 2846 37.00} 0.780 | 0751 0.858 1079 | oes0 | o830 0.570 0.310 a.5i5 0.623
il 3312 2780 | 4438 | 35.80 | 3558 4625] o839 [ osor | 0931 | 1248 § 0.716 | 0960 | 0981 | 1.006 | 0.601 | 0974
12 37.57 32.82 | 5203 | 4389 [4269f3550] 0874 | 0842 | 0880 | 1221 | 0677 | 0539 § 0769 | 1028 | 0591 | 079!
13 13.59 26.t1 1 a00s | 3020 [3s14f4699fF 0777 | 0754 { 0920 | ra11 | 0715 | 085 § 0722 | 0338 | 0.556 | 0.645
! 14 45,76 1820 | 5757 | ags7 | sussies7a| o837 | 08nt | 0905 | 1339 | 0696 | 0876 | 0757 { 0923 | 0583 | 0710
15 3846 1986 1 4506 | 34.06 | 4148 5393} 0.776 | 0756 | 0927 [ 1086 | 0713 | 0.336 | 0720 { 0.82! 0.554 | 0.632
16 5252 43.89 | 6442 | 5233 PsE70] 7630 0836 | 0812 | 0895 | 1097 | 0688 | 0.844 | 0.748 | 0392 ®575 | G.686
i 17 19.23 1541 289 | 1o42 Loy | 25.63) oso1 | o768 | 0975 | 1263 | 0750 | 0971 | 0782 | 570 | 0601 | G746
18 1617 1276 | 2026 | 1572 {17080 2220 o780 | 0757 | 0.947 | w216 | 9728 | 0935 { 0747 [ 0920 | 0.575 | 0.708
i 19 1247 2.00 1586 | 12.06 | 13.94] 18.13F 0063 | 0757 | 0.894 | 1137 | 0688 | 0875 | O86F | 0.861 | 0.662 | D.662
20 1200 1266 1294 1200 {12071 15708 1000 | 9925 0994 1675 0,764 | 0.827 0994 0.9%4 0.764 0.764
21 12,00 12.00 io00 | 1200 |1206] t5.60f 1000 [ 1.000 | 1000 § 1000 | 0769 | 0.769 | 1000 | 1.000 | 0769 | 0.76%
22 £2.00 12.00 w206 | 1200 [1200] 15601 tooo | 1060 § 1000 | 1000 | 0769 | 0769 | 1.000 | LOOO | 0769 | 0.769
23 12,00 12.00 1290 | 1200 | 1200 15.60f 1000 | 1000 § 1000 [ LODO § 0769 | 0769 | 1000 | L0GO | 0769 | 0.769
24 1200 | 1200 1200 1 12.00 | 1260} E560] 1.000 1.00¢ £.000 L.o06 | 0769 | 0769 000 1.000 0.769 0.769
25 200 12.00 1200 | 12,00 | 12,00 1560} 1000 L0 1.000 1000 | 9.769 0.769 1.000 1000 0.76% 0.769
) 25 12,00 12,60 1200 | 1200 | 12.00]15.60] 1000 | 1.000 { 1.000 | 1000 [ 0769 | 0.769 | 1000 | 1.060 | 0.769 | 0.769
: 27 .18 231 3692 | 2832 | 3286} 4272 0.792 | @762 | 0.888 L.E24 { 0683 | 0864 | 0703 0.850 0.541 0,658
i 28 24.43 1906 | 3070 | 2305 | 2846 37.00| o780 | 0751 | 0858 | 1079 | 0650 | 0.830 } 0.67C | 0.810 0315 {1 0623
29 i8.74 16.60 2361 1722 | 232413021 0854 7 0737 0.806 1.005 | o620 § 0773 0589 | 0741 0530 0,57
10 16.00 16.00 19.06 | 1600 | 20.t2]26.16¢ 1.000 | 0.339 | 0.795 0947 1 0612 | 0729 0,793 0,795 0,612 Q.62
31 16.00 15.00 16,19 | 1600 | 1800 | 2340 1,000 | 09388 0.889 | 0899 | 0.584 | 0.692 0.839 0389 { 0.684 0.684
{ 32 16.00 16.00 16001 1600 | 180042340 1.000 | 1000 | 0889 | 0589 | 0.684 | 0684 | 0.889 | 0889 | 0684 | 0634
: 33 16.00 1600 | 1600 ] 1500 {1800{ 23,40 Looo { 1000 | 088y | 0489 | 0684 | 0684 | 0889 [ 0889 | 0.684 | D684
34 1600 16.00 w600 | 1600 | 1300|2340} rooo | 1.000 1 0889 | 0.889 | 0.684 | 0.684 | 0,839 | 0.839 | 0684 | 0.684
15 16.00 1500 1600 | 1600 | 18.00] 2340{ 1000 | 1.000 | 0889 | 0889 | 0.684 | 0.584 | 0.889 | 0.88% 0584 { 0684
36 16.00 16.00 1600 | 1600 | 18.00{ 2340 1600 | 1000 | 0889 | 0.385 | 0.68¢ | 0.6B4 [ (G385 | O.889 0.684 { 0.684
37 40,69 3164 | 4820 1 3689 {41741 5426] 0789 | 0765 | 0961 | 1155 | 0.739 | 0888 | 0758 | 0884 (.583 | 0.680
i 38 33.59 261 b o405 | 3020 136041 46.99] e7rr | 0754 ) 0829 | 1111 § 0715 § 0854 | 0722 | 0.838 0,556 | 0645
39 25.79 2032 | 30621 2266 | 2951 (38371 0788 | 0740 | 0874 | 1038 | 0672 | 0.798 | 0.68% [ 0.768 0.530 { 0.59t
40 21,14 2032 | 2502 1 2032 ] 2sss{33.23] 0961 | o812 | 027 | ogro | 0636 ] 0753 | G795 | 0.795 | 0612 1 G612
41 . 2032 a3y | 21271 2032 122868 2972] 1000 | 0955 | 0889 | 0931 | 0.634 | 0.7i6 | 0.88% | .89 0.684 | 0,684
! 42 2037 | 032 2032 F 2032 F2286: 29721 1000 100 0.889 | 0889 [ 0684 [ 0684 | 0389 | 0.889 | 0.684 2684
43 2032 3032 | 2042 | 2032 | 2286129.72] 1000 | 1.000 | 0889 | 0899 { 0684 | 0684 [ 0389 | 0.889 | 0684 | 0.684
44 20,32 2032 | 2032 | 203z {2286129.72| 1.000 | 1000 | 0.88% | 0.839 | 0.634 | 0.684 | 0.329 | 0889 0,684 | 0.684
45 2032 2032 | 2032 | 2032 {2286{29.72{ 1.000 | 1000 | 0389 | 0.889 | 0684 | 0.684 | (.889 | 0.389 G684 | 0.684
46 2032 2032 | 2032 | 2032 P2zesi2072{ 1000 | 1000 | 0389 | 0389 | 0.684 | 0.68¢ | 0889 } 0.889 | 0684 | 0.684
a7 4590 3618 54.07 | 4145 | 4700 6227) 0.788 | 4.767 0.958% t.a20 | 0737 | 0868 | 0755 0.865 0.58¢1 0.666
48 3846 2986 | 45.06 1 34.06 141.4815393| 0.776 | 0756 | 0927 | 1086 | 0.713 { 0836 | 0720 | 0.821 | 0.554 | 0.632
49 2954 12.56 3440 { 25.50 §233.87 f44.03] 0764 | 0.741 0.872 1016 { 0.4671 0.781 0.666 0.753 0512 0.379
50 21,14 2032 | 2502 1 2032 {25564 3323 0961 | o812 | o827 | 0979 [ 0636 | 0753 | 0795 | 0795 0612 | 0612
51 032 2032 L2127t 2032 12286120721 1000 § 0955 | 0389 | 093t | 0684 | 0716 ; 0389 ) 0389 0684 | 0684
52 2032 2032 | 20321 2032 |2286)2972) 1000 | 1000 | 0885 | 0889 | 0684 | 0634 § 0.88% | 0.B39 0.684 | 0684
53 2032 2032 | 2032 | 20032 | 22.86129.72] 1.000 | 1000 | 0889 | 0.889 | 0.584 | 0584 | 0.889 0.889 | 0.684 ; 0.684
54 2032 w3 | 2032 ] 2032 {286]29.72| 1000 [ 1.000 | 0.88% | 0389 | 0.684 | 0.584 | 0.889 § 0.889 0584 | 0.484
53 2032 2032 | 2032 | 2032 {2235029.72f 1000 | 1006 | 08B | 0289 | 0.584 [ 0684 | 0.889 | 0.889 [ 0684 § OGB4
56 203 | 2032 | 2032 | 2032 | 2286) 2072 to00 | 1.000 | 0.389 | 0889 | 0.684 | 0684 | 0889 0.389 | 0.684 | 0.684
37 2150 1826 | 2950 | 2408 | 17.08| 22201 0840 | 0.814 | 1259 | 1733 | 0969 | 1333 4 1069 | 1410 0,823 | 1.085
58 24.26 2133 | 3447 | 2927 | 2077 | 27.00{ ©383 | 0.849 | 1.164 | 1660 | 0895 | 1277 § 1027 | 1409 0790 | 1.084
59 24.43 19.06 3010 | 23.05 {2846 | 37.00] 0780 | 0751 0858 1019 | 0660 | 0830 | 0670 0.810 0518 0.623
60 3312 27.30 4438 | 15.80 | 35.58| 4625} 0.839 | C.807 0.931 1.248 | 0786 | 0.960 | 0.781 1.006 0.601 2.774
61 3359 | 2601 3005 | 3029 | 3604 | 46991 077 | 0754 | 0929 | 1111 | 0715 | 0854 | 0722 | O.838 0,556 | 0.645
52 45.75 38.29 57.57 | 46.67 | 50.55 | 65721 0.837 | 0.811 0.905 1.139 | 0696 | 0876 | 0.757 0,922 0.583 2710
£3 38,46 2986 | 4506 | 3406 | 41481 33.93] 0776 0756 | 0927 | 1086 | 0713 | 0336 | 0.720 § 0.R2: | 9.554 | 0.632
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Data, development and splice lengths for hypothetical beams
with confining transverse reinforcement

Beam | bvEe S3% |l bvEq S.34k | ACIZI8:95 | | (WHiehR) ]Eg.533|Eq 5.34]Eg £33/ Eq. 5.34| Fa. 535} Fa 5,341 Fo 533 Eq. 532
No.* | Comv.*** [HighR**{ Conv, | HighR| L | & 1, (Conv. ACIL | ACLL | ACHL | ACLY, | ACLE, | ACIL | ACIL | ACEL
(in.) o} 2 Gn) | e | Gnd ] {in) |Bq 533[Fq 534} Conv. | Cony. | Conv. | Conv. |HighR | HichR | HishR, | HiehR
For Group 1: Max, 1000 § 0932 | 1337 [ 1856 | 0.95F | L42B | LOSC | 1565 | 0.815 { L3184
Min. 0856 | 0822 | 0.679 | 0280 | 0522 | 0677 | 0663 | 0751 | os10 | 0378
Average | 0973 | o.ss0 | osg1 | 1217 | 0677 | 0936 | 0812 | 1.073 | 062 | osos
For Group 2: Max. 100D | oLoon | 1246 | L1619 | 0959 | 1246 | L1e3 | 1409 | 0857 | 1084
Min. 0811 | 0787 | 0870 | 0870 | 0669 | 0669  0.750 | 0809 | 0577 | 0.623
Average 0911 030 0,980 1,100 0.754 0.846 1,890 0,971 {.685 0,747
For Group 3: Max. Lo00 | 0973 | 1267 | 1736 | 0575 | 1350 § 1001 | 1451 | o8d0 | 1118
Min. o706 | orso | oeos | 0721 § o467 | 0555 | 0608 | 0608 | 0467 | 0467
Average | 0290 | 0821 | 0903 | 1170 § 069 | 0900 | 0.800 | 0.964 i 0615 | 0.742
For Group 4: Max. 1000 § 1000 | 1259 | 1733 | 0969 | 1333 § 1.069 | 1410 | 0.823 | 1.088
Min. 0764 | 0137 | 0795 | 0889 | 0612 | 0684 | 0566 | 0741 | 0512 | 0570
Average | o895 | 0865 § 0932 | 1086 | 0737 | 0.835 | 0833 | 0928 | 0641 | 0714
For alt 252 beams:
f, < 8000 psi- Max. 0963 | 0932 | 1267 ] 1856 | 0975 | r4ze | L113 | 1669 | 0.857 | 284
Min, 0764 F B3 | 0737 ] 1005 | 0567 | 0773 ) 0666 | 0741 | 0512 | 0570
Average | 0352 | 0835 { 0968 | 1258 | 0744 | oses | 0834 | 1054 | 064z | oslL
fic > 8000 psi - Max, 1000 | 1000 | 1197 | 1624 | 0821 | 1240 | OO0 | L399 | 0769 § 1076
Min. 879 | 0752 | 0608 | 0.771 | 0467 | 0555 | 0608 | 0608 | 0467 | 0467
Average | 0953 | 0900 | 0.869 | 1.000 | 0669 | 0770 | 0334 | 0897 | 0641 | 0690
Whole range of f'_ - Max. LO00 | 1000 | 1267 | 1856 | 0975 | 1428 { 1183 | 1.669 | 0.857 | 1284
Min. 0764 1 0737 | 0608 | 0720 | 0467 | 0555 | 0.603 | 0.608 | 0.467 | 0467
Averagc 0.505 0.854 (1L.924 1143 0711 0.380 0.834 0,984 0.641 0.757
For No. 6 Bars Max. 1000 | 1000 | 1267 | 1856 | 0975 | 1428 | 113 | 1669 | es&sy | 1284
Min, 0789 | 0.757 | 0.791 | 1000 | 0508 | 0.769 { 0.747 | 0.861 | 0.575 | 0562
Average 0.624 0.874 1.039 1389 0.79% 1.069 (1.956 1.206 0.735 0.928%
For No. 8§ Bars Max, 1000 | 1000 | 099 | 1458 | 0766 | 1122 ] 0.889 | 1317 | 0684 | 1013
Min 0730 | 0737 { 067 | 0311 | 0522 | 0624 | 0670 | 0711 | 0515 | 0547
Average | 0010 | 0962 | 0858 | 1082 | 0660 | 0833 | 0778 | 0929 | 0599 | 0.715
For No. % Bars Max. 1000 | 1000 | 1009 | 1163 | 077 | oa9s | asso | rode | csss | 0800
Min. 6777 | 0740 | 0636 | 0.746 | 0489 | 0.574 | 0636 | 0636 | 0489 | 0.489
Average 0.903 0.871 0,888 1.025 0.683 0.788 9.800 1.888 0.615 0.683
For No. 1 Bars Max. 1000 | 1000 | 1012 § 1138 ] o778 | 0875 | oss® | 1912 | 0691 | 07
Min. 0.764 | 0741 | 0608 | 0721 | o4s7 | 0555 | 0608 | 0.608 | 0.457 | 0467
Average | 071 ] 0842 1 0.891 | 1.624 | 0685 | 0788 | 0774 | 0861 | 0595 | 0.662

Mote: Refer to last page of the table for footnote

]
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Table 5.21 (continued)
Data, development and splice lengths for hypothetical beams
with confining transverse reinforcement

*  See Table 5.17b for the data of the heams
**  High R, bars; R, = 0.1275

*w* Conventional bars; R, = 0.0727

£
L2100 (0.13‘“—”"—+0.9J
£

* g 5=t L Cot
d, 68(C+K"J
dy,
£
r~2100
he e 1d f'
Eq. 5.34 =& = 1
d d, 68[C+K“)
db

1m =254 mm
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Test/prediction ratios for developed and spliced bars with confining
transverse reinforcement using Eq. 5.33 and ACI 318-95 criteria

ISpecimen No.* I dy, R. [ £, £, £, (Prediction) Test/prediction Ratio
Test | Eg 333+ | ACIH | _ Test Test
{in.) {in.} {psi} {ksi) {ksi} Eq. 5.33 ACI
Mathey and Watstein (1961}
41422 14.00 | 0.50 0.0960 310 11670 | 00.69 70 11.06 1.296 1.417
8214 21.00 1.00 01880 4738 11490 | 6216 6528 45558 0952 1.364
3.28-1 26.00 1.00 0.0880 4485 11470 | 7179 §1.80 62.51 0,951 1.244
8.28.2 28.00 | 1.00 0.0880 3700 11479 | 7259 7196 38,77 0.931 1279
§-34-1 14.00 Lo 0.0880 1745 11470 | 93.63 90.96 69.36 1.029 1.350
8.34-2 3400 | 100 00880 3765 11470 | 91.10 9108 69.54 1.000 1310
8212 21.00 1.60 0.0880 3495 11470 | 53.62 911 T 4138 0.907 1.296
Freguson and Breen {1965) [
SF36c 600 | 1000 | 007N 2740 5200 62.56 60.08 56.74 o4l B L1m
8F36d 3600 | 1000 ] 00731 3580 52.00 74,74 58.84 71.30 1.086 1041
8F36e 36.00 1.000 2.0731 4170 52.00 77.28 6176 59,99 1.14t 1104
SE36F 3600 | L1000 | 0073 3780 52.00 7164 £9.60 73.20 1115 1061
8F36g 3600 | LG00 | 00731 3070 52.00 75.34 62.82 61.65 1199 1222
SF36h | 3600 1 1000 | 0073 1910 52.00 57.88 56.59 52.44 0.970 1104
8F36) 3660 1.000 9.0731 1820 52.00 56.98 3778 5119 i.139 1,308
SFI0L 30.00 1.000 0.0731 2610 52.00 58.62 53.12 47,94 k104 1.223
11R36a 4950 | 1410 | 0.0674 3020 42.00 85,26 66.83 62,20 1276 1378
Thompmj;: al. (1975) |
11-30-4/272-6/6-55 L 3000 1 1410 1 00674 3063 68.00 49.06 42,18 39.25 1.163 1250
DeVries et al. {1991)
$G-22B-P9 2200 | 1028 | 0.0727 7460 78.58 $2.14 49.79 54,49 1.059 0.968
Hestet ot al. {191, 1993)
1.2 1600 1 1000 | 0.0780 5990 77.30 56,18 44,22 40.82 1271 1.376
22 1600 | LOGO | 00710 6200 54.10 43.98 4394 | 3945 L.oot 1123
3.2 1600 | LOGD | 0.0700 6020 68.50 46.51 44,19 40.07 1053 | L16l
4.2 16.00 | LOOO0 | 0.0700 6430 63.50 4105 44.9% 41.48 1046 | n1d4
4.3 1600 1 1000 | 00700 6450 68.90 $0.06 46.90 42.83 1067 1.16%
5.2 1500 | L000 | 0.071 5490 54.10 46.62 43.02 36.84 1,084 1,265
5.3 16.00 | 1000 | 0.0710 5490 54.10 43.39 44.61 1945 0.973 £.100
6.2 22,75 1.600 4070 5850 54.10 56,66 54.98 5449 1.031 1040
5.3 22,75 ¢ 1000 § 00710 5850 54.40 55,87 56.62 57.19 0.987 0.977
7.2 1660 | 1000 § 007VIO 5240 54.10 5157 4798 3861 1.075 1.335
Rezansoff et al, (1991}
20-6-2 18,15 | 0768 { 0.0799 Q77 62.08 70.77 50.86 51.54 1.392 1373
20-6-3 [ 1539 { 0768 § 00799 1886 62.08 75.23 47.64 41.66 1.579 1.806
20-6-1 | 22.09 0.768 0.0799 4045 62.08 786 50.88 57.69 1,530 1350
20-8-1¢ 16.34 49,992 0,071 4466 62.08 75.00 50,08 36.68 £.498 2044
20-8-9 1890 | 099z | 00731 4205 62.08 4114 50.32 40,74 1214 1.500
20-8-1 180 1 0992 | 0073 5220 §2.08 71.05 55.75 45,39 1274 1.565
20-8-12 1634 § 0992 i 0.0731 4350 62.08 65,38 5120 3620 1217 1.806
20-8-2 2177 | 0992 | 0.0731 5742 62.08 65.36 5739 | 5543 1139 L1T0
20-8-3 26.10 0.992 0.0731 5510 62.08 54,59 36.82 65,10 1.137 (992
20-8-5 2610 | 0992 | 00731 4770 62.08 75.37 5377 60.57 1.462 1.244
20-8-7 26,10 0.992 00731 4495 62.08 42,30 52.57 58.30 1.185 1.060
20-8-8 2177 | 0992 ) 06731 4350 62.08 §6.52 3152 4824 L.175 1.255
20-8.5 2177 | 0992 | 0.6731 4770 62.08 16.01 51,14 50.52 1430 1.504
2084 1870 | 0992 | 00731 4335 62.08 71.94 51.4] 41.37 1.399 1.739
20-8.13 2870 { 0992 | 0.073i 3509 52.21 5217 44.60 43.03 1.170 1213
20-8-14 2301 1 0992 3 00731 1217 5221 54.51 4156 39.24 1312 1.389
20-8-15 2031 | 0992 | 00731 36325 s2.21 35,74 4197 40.04 1328 £392
20-3-16 2870 | 0992 | 0.0731 329t 52.21 56.14 4314 41.67 £.283 1.347
20-8-18 1744 | 0992 | 0.0731 3349 5221 56.07 39.70 33.91 L4142 1.653
20-8-19 2165 | 0992 | 00731 3219 52.21 45,41 40.88 17.44 113l 1.213
20-8+17 203F | 0992 | 0073 3480 5221 60.50 41.37 39.23 1472 1.552
20-8-20 1732 | 0992 | 0073 3261 5121 45.78 39.44 33.39 1.161 1371
20-9-1 1966 | 1177 | 0017 3538 §0.05 59.66 46.94 3116 1.27% 1.799
20-9-2 25.5¢ | LI77 | 0.0727 3378 £0.05 66.15 46.95 4212 1.409 1.570
20-11-2 26.57 | 1406 | 00674 4335 83.40 60.92 5714 41.50 1224 1.685
20-13-1 3799 | 1406 | 00674 4TI 3140 69.02 56.57 62.10 1.220 LIl
20-11-3 2661 | L1406 | 0.0674 4456 33.40 53.02 47.58 42.18 1114 1.257
20-11-8 3429 | 1406 | 00674 3349 60.05 63.30 49.10 47.03 1.289 1,346
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Test/prediction ratios for developed and spliced bars with confining
transverse reinforcement using Eq. 5.33 and ACI 81395 criteria

|Specimen No.* Ig dy R, fe fa E f, (Prediction} Test/prediction Ratio
Test | Eg.5.33+ | ACHH+ Test Test
{in.) {in.) {psi) {ksi) (ksi} Eg. 5.33 ACI
20-11-3 7.01 1.406 0.0674 3625 60.08 63.82 49.59 38.56 1.324 L7007
20-11-6 3472 1.406 9.0674 3625 60.05 55.80 50.42 43.38 Li07 1.142
20-E1-7 27.20 1406 0.0674 1291 60.05 52.5% 48.26 37.02 1.090 1421
Rezaasoff et al. {1993)
6 2105 0.992 3.0731 3625 2410 52.50 4293 36.66 1.223 1,432
b 29.53 2.992 2.0731 3799 £3.80 £9.82 AT.67 35.51 1.465 1.966
la 29.53 4.992 00731 3pse 63,80 74.05 38,27 36.25 1.534 2.043
Ia 19.53 4.992 0.0731 3958 63.30 69.76 4644 32.23 1.502 2,164
3b 29.53 0592 0.0731 3799 63.80 61.57 45.90 3i.58 1.342 1950
4b 44.29 177 0.0727 A2e 63,80 68.87 4841 343 1.423 2,008
9 33.46 1177 0.0727 3886 68.87 76.40 54,39 51.85 1.405 1.473
10 22.03 L7 0.0727 4089 68,15 7099 54.30 39.92 1.307 1778
4a 3543 LI77 0.6727 4031 63,80 62.56 43.40 28.54 1.442 2.192
Azizinaming et al, {1995 at CTL)
AB83.11.15.57.58-50 $7.50 1410 .0674 15420 58.98 1596 78.2% 89.45 0.970 0.849
Azizinamini et ak. {1995 ag UNL)
ABS-11-15-455-60 45.00 1.410 9.0590 14890 71.80 70.43 7094 77.98 0.993 0.904
ABRS-11-15-455-100 45.00 1.410 0.0590 14350 Ti.80 76.79 16,76 35.02 1.000 .903
ABS-E1-15-408-130 40.00 1.410 0.0590 15760 7180 75.06 80.54 84.99 0.982 0,930
Darwin et al, {{995a. 1996a)
13.1 12.00 0.625 0.1090 4110 6455 56.06 +9.40 51.2% 1.135 1.093
132 12.00 {.625 0.0820 41310 6455 56,35 48.57 51.29 1.160 1099
14.5 12.00 525 0.0820 4200 64,55 60.29 51.70 5185 L.166 1163
14.6 12.0¢ 0.625 0.10%0 4200 64.55 6343 54.26 51.85 1.169 1.224
1.3 16,00 1.030 0.1010 3620 70.50 52.54 54.65 17.79 0.961 £.3%¢
L6 16.00 1.000 01010 5020 030 5230 48.81 3779 EOT1 | 1384
2.1 24.00 1.000 00710 5250 69.92 62.8¢ §l.46 51.97 1.022 | 1.084
22 24,00 1.000 0,400 5250 69.92 77.60 73.656 57.97 1.053 1339
2.3 24.00 {.060 0.1400 5250 69.92 74.12 6792 57.97 1.091 1.279
34 24.00 £.000 0.0850 bERL 69.92 56,67 62.84 57.1% 0.892 0981
3.5 28.00 1.000 0.0850 IB10 5992 53.05 5200 56.27 1.020 0.943
4.1 24.00 1600 00710 4090 70.75 63.33 £3.08 51,16 1.004 £.2138
4,2 400 1.000 0.£400 4090 69.92 1.54 58,71 51.16 1.070 £.437
4.4 24.00 1.000 0.1010 4090 62.92 59.35 5E.79 51.16 £.150 1.i64
5.1 24.00 1.000 00650 4190 69.92 65.43 55.14 51.78 1.187 1.264
52 4.00 1.000 0. 1400 4190 96.92 66.26 65.62 51.78 1,010 £.280
5.3 24.00 1.000 0.1400 4190 69.92 68.83 65,77 5178 1.047 1329
5.4 24.00 [.960 0.0650 4190 54.92 39,50 55.03 5178 1,081 1.149
5.5 24.00 1.0G0 0.0859 4190 69,92 46,74 53,76 35178 0885 0.903
5.6 22,00 1.000 0.5400 4190 0.75 6722 56.00 4747 LO18 1.4i6
6.1 24.00 1.000 0.0650 4220 6642 6471 56,13 5197 1.153 1245
6.2 24.00 £.000 0.1400 4220 66.42 77.57 T0.83 51.97 1.095 £.493
6.3 16.00 1.060 0.1400 4320 64.55 46.39 41,33 3376 1,123 1.374
6.4 15.00 LO0O 0.0850 4220 64.55 36,83 3941 3376 9,935 1.091
7.1 16.00 E000 £.1400 4160 &4.55 47.05 44.51 34.40 1057 £.368
72 18.00 1.000 10100 4160 84,70 5637 36,19 38.70 1.003 L4537
7.5 24,00 1.000 0.1400 4160 84,70 7573 70.38 51.60 1,077 1.468
7.6 1500 1.000 0.1010 4160 64.55 44,62 4339 34.40 1.028 1.297
8.1 24.00 1.000 0.0690 3830 B4.70 14 3495 49.51 £33 1.457
832 24.00 1.000 0.1180 3330 84.70 25.08 63.79 49.51 1334 1718
8.4 16.00 LOG0 01180 3830 54.55 49.37 42.81 33.01 1.153 i.496
4.1 24.00 1.009 0.1199 4230 64.55 64,15 5523 32,03 1162 1.233
9.2 13.00 1.000 81400 4239 64.55 70.02 36,56 30.02 1.238 1794
9.3 24.00 1.600 0.06%¢ 4230 64.55 55.75 52.01 52.03 1.072 L4073
9.4 24.00 1.000 0,1400 4230 64.55 65.82 35.60 52.03 £.184 1.265
103 2600 £.000 0.06%0 4250 64,55 5945 3444 5650 1092 1.052
1.4 20.08 1,000 0.0690 4250 84.70 62.63 61.02 4346 1.027 1.442
A 18.00 1.000 0.1400 4380 84.70 68.52 58.86 39.78 1,164 1.725
182 18.00 1.000 0.0650 4380 34.70 62.58 55.61 35.7¢ 1.125 1.576
113 i8.00 1.000 1150 4380 34,7 63,11 57.02 19.71 11ty 1.58¢
11.4 24.00 1,000 £.1400 4380 64.55 63.15 56,55 52.95 117 1.193
14,] 36.00 1,000 a.1010 4200 64,55 61,19 2.1 3879 116 1L.577
4.2 21.00 1.000 0.1010 4200 84.70 5424 57.50 4537 Lit? 1.4t6
151 27.00 L4l0 0.1270 3250 84.70 6911 62.67 44,25 1.103 1.494
15.2 27.00 1.410 06720 5250 84,70 64.28 62.08 46.25 1,035 £,3%90
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Test/prediction ratios for developed and spliced bars with confining
transverse reinforcement using Eq. 5.33 and ACIAKJ)-QS criteria

|Specimen No.* L dy R, £, £, f, f, (Prediction) Test/precicrion Ratio
Test | Eq. 533+ | ACH+ Temt Test
{in.} (in.) (psi) {ksi) (ksi} Bq. 5.33 ACE
£5.4 443,00 1410 0.127¢ 5250 64.55 18.90 69.07 45.26 1142 1,209
£53 4000 HEHY 00720 5250 54.55 63.40 60.08 66.17 1055 0.958
163 40,00 1410 0.4270 5180 64.55 62,06 59.52 51.33 1.043 1.083
16.4 40.00 1.410 0.0100 5180 64.55 61.84 56.55 58.39 1.093 1,059
114 38.60 1410 0.0700 4710 64.55 66.69 5923 61.65 1,126 1.082
£7.5 30.00 1410 0.0760 4710 84.70 59.30 3875 48.67 L.o09 1.218
173 38.00 1.410 0.1270 4710 64,55 70.06 5.1 | 6165 1.066 1.136
[7.6 36.00 1416 0.1270 47110 84,70 70.12 6639 48.67 1.056 1.441
18.1 40.00 1410 0.1270 4700 64.55 80,90 65.19 62,03 1241 1.304
183 40,60 1.410 01270 4100 64.55 70.58 6295 61.17 £321 f.154
[18.4 40.60 i.410 00796 4700 64.55 66.69 51.79 60,43 1154 1104
Cuerent Study
19.3 30.00 £.000 8.1190 4250 64.55 71.46 63,74 65.19 1.087 1.096
19.4 30.00 1000 6.1190 4250 64.55 7731 65,57 65.19 1.17% 1.186
21.1 24.00 1.000 2.1190 4330 62.98 73.88 001 5264 1,053 1.403
21.3 25.00 1.000 01190 4330 62.93 16,25 67.84 54.84 1124 1.391
21.5 25.00 1,060 0.1£90 4330 64.92 77.35 71.04 54.84 1.089 1411
2321 21.00 1.000 0.1190 2080 71.25 78.87 1545 66.70 1.045 [.182
233.3 2100 1000 0.11%0 2080 .25 80,57 15.60 66,70 1.074 1.208
a4 2100 £.000 0.1190 S080 7125 1943 7517 66.70 1.653 1.187
23b.1 £7.50 1.000 0.1:90 8370 64.92 79.04 47.68 53.37 1.168 1481
212 22.30 1.000 0.06%9¢ 10810 64.92 78.52 59.93 54.69 1310 1.436
27.4 17.59 1.000 00650 L08iD 64.92 7721 63.38 58.33 1219 £.324
27.6 18,00 1.000 0.0650 10810 64.92 78.42 62.16 §0.00 1.262 £307
29.2 20.60 i.000 G.0650 10620 .25 83.65 55.03 49.47 1520 1691
20.4 18.00 1000 0.0690 10620 7E28 77.96 55.44 51.68 1.406 1.509
2045 16.00 [ 1000 0,0690 10620 TL25 TR 51.26 50.16 1.515 1,549
31.3 16.00 1.000 00690 12390 7125 65.21 55.37 53.33 1.178 1.223
332 18.00 1.000 0.0850 3360 §4.92 61.42 58.27 43.93 [REE! 1398
33.4 18.00 1.000 0.0850 5360 71,25 5832 $4.44 43.93 1.071 1328
13.6 22.60 1.000 0.0850 5230 .25 57.94 $364 | 5303 1.080 1.092
35.1 20,00 1000 0,1400 5330 7125 68.44 61.70 48.67 1.10% 1.406
353 2004 1.080 0.0856 5330 TEIY 61,77 5563 48.67 1.110 1.269
37.4 2100 1,600 0.1400 §. 4800 64.92 73.78 66,42 48.50 Lin k321
39.2 16.00 1.000 01610 | " 14450 .25 69.74 58.71 40.08 1.188 1.740
39.3 16.60 £.000 0.0699 14450 Mn2s 77.96 54.46 39.66 1.432 1.966
41,k 16.00 [£1,0] 0.1190 10180 7125 66.16 5576 5333 1.187 1.240
41.2 16,00 1.000 0.1190 18180 62.98 33.02 57.14 53.33 1.236 1.557
[41.3 16.00 1.000 0.1190 10180 64,92 73.35 47.20 5128 1.18% 1.547
41,4 16.00 1,600 0.0690 10189 6298 7127 47.98 3741 1.610 2.065
41,5 15.00 1.000 0.0850 10500 71.25 66.0F 5748 5333 1,148 1.238
41.6 16.60 1.00¢ 0.0850 {0560 71,25 65.38 57.50 5333 1137 1.226
42.1 16.00 L.000 0.0690 11330 71.25 64,32 57.55 5333 1118 £.206
42.4 i6.00 1000 00690 11930 64.92 70.79 61.63 3211 1.147 1.357
42,5 16.00 1.000 0.0690 11930 62.98 77.92 69.55 53.33 1120 1.461
43.2 15.00 1.600 0.1190 11530 71.25 64,95 50.99 5333 1065 1.218
43,3 16.00 | 1.000 01150 11530 64.92 78.81 70.08 52.11 1.125 1.582
43.6 16.00 1.000 01190 11538 62.98 82.73 §9.01 53.33 1.199 1.551
20.1 40.00 1410 01270 5080 84,70 71.08 67,29 87.37 1.056 1,055
26.2 40.00 1.410 0.1270 5088 84.70 71.81 67.18 67.07 1.069 1.07%
203 40.00 1.410 01270 5080 84.70 68.52 58.77 56.57 1,166 1.211
20.4 40.00 1410 0.1270 5080 84.70 67.63 38.76 56.27 1.151 1.202
28.1 2500 1.410 01270 12610 7125 71.23 64.17 42,18 1.110 1.689
283 28.00 1.410 04270 I26:0 7125 47.03 5806 45,94 1.155 1,460
30.1 25.00 L410 0.£270 13220 71,23 66.07 55,72 33,86 1.186 1,951
303 28.00 1410 0.1270 13220 71.25 66.82 52,86 41.82 1265 1.599
40,1 23400 1.410 a.1270 15650 71.25 66,60 63.08 40.32 L0356 1,652
40.4 23.00 1.410 0.0720 13650 71.2% 58.83 55.71 41.28 L.056 1.425
Kedoriku {1994)
PB01 14,96 0.748 0.0748 8932 5929473 83.56 59.44 8.6 1.406 1.061
PB-OZ 22.44 0.743 0.0748 8932 5929473 100.59 76.18 1114 1.320 0851
PB-G4 22.44 0,748 0.0748 3243 59.29473] 63.41 34.65 71.18 1.160 0.891
PB-05 29.92 0.748 0.0748 3243 59294737 82,08 46.68 94.91 1.23t 0.865
PB-6 3740 0,748 0.0748 3243 59.29473: 10393 8.70 i18.64 1,346 0891
PB-15 22.44 6748 00748 10980 59.29473f 107.64 §1.88 £25.00 {315 0861
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Table 5.22 (continued)

Test/prediction ratios for developed and spliced bars with confining
transverse reinforcement using Eq. 5.33 and ACI 813-95 criteria

Specimen No.* lg dy R, [ £ [ £, {Prediction) Testprediction Ratio
] Test | Eq. 5333+ ACH+ Test Tast
(in) (in.} {psi) (ksi) ksi) | Eg. 5.33 ACI
PB-16 2344 0,748 0,06748 8832 59294731 91.65 1539 | 11748 1.208 0.78¢
PB.19 22.44 0.748 0.0748 4082 59294730 36.56 5878 | T79.86 1479 1.089
PB-20 22,44 0.748 0.0748 4082 $5.20473F 78.02 3878 79.86 1327 0.977
PB-2] 14.96 0.748 0.0748 4082 59294731 39.4 45.86 5324 1.288 1109
PB-23 2244 0,748 0.0748 3072 5625473 5591 53.75 69.28 1,040 0,807
PB-24 22,44 0,748 0.0748 3072 5929473 60,03 33.78 69.28 i.117 0.866
PB-25 14.96 0.748 0.0748 012 59.29473] 44.05 41.93 46.19 L.051 0.954
PR.27 22.44 0.748 0.0748 8832 59.204731 9374 75.23 117.48 1.248 0.798
PB-31 14.96 0.748 0.0748 2832 59.294731 7286 59.21 78.32 1.230 0.930
SE-0t 22.44 0.748 0.0748 9216 159.12] 11549 .26 120,00 1.254 0.943
51-02 22,44 0.748 00748 9216 199,120 11370 90.26 120.00 1.260 0.947
51-03 22.44 0748 0.0748 9216 199,12F 10435 90.26 12006 11258 09.846
$1-04 2244 0,748 0.0748 2216 190,121 84.43 20.26 120.00 0.935 0.704
g2-01 22,44 0.748 0.0743 5500 199.12] 103.39 20,27 108,78 1.288 1.026
52-02 22.44 0.748 0.0748 5500 199.121 103.86 80.27 100,78 1294 431
52-03 f 22,44 0.748 0.0748 6500 199.12f 10293 | %0.27 100.78 t.282 1.021
§2-04 .44 0,748 Q0.0748 6500 199.12 | 10052 { 8027 | 10078 1.265 1.067
[52-05 22,44 0.748 00748 4500 199,12 | 10075 8027 | 10078 1.255 1.600
S3-01 22,44 0748 040748 4907 199,12 | 92.09 73.26 87.56 1,257 1052
53.03 2244 0.748 0.0748 4907 199,12 109.20 85.32 &7.56 1280 1.247
$3-05 22.44 0.748 0.0748 4007 199.12 87.07 73.26 37.56 1,189 0.994
PB-1¢ 22.44 0.748 0.0748 8332 |. 6030 102.66 72.25 117.48 1.42t 0.874
PB-16 22,44 0.748 0.0748 88312 60.30 91.65 72.25 11148 1.268 0.730
PB-11 22.44 0.748 9.0748 8832 §0.30 105,98 34.49 11748 £.254 0.902
PB-13 22,44 (LT48 0.0748 w7z 60,30 62.29 51.63 69,28 [.208 0,900
PB-24 22.44 0,748 0.0748 30n 60,30 60.03 51.63 69.28 1.163 G866
PR-14 22.44 0.748 0.0748 3072 68,33 70.49 37.18 69.28 1.233 1.017
For No. 6 and smaller Bars Max. L3 1.306
Mit. 0.835 0.704
Average i.254 LB
Stlev, 0.125 6.207
cov 0.009 0.205
% of specitiens wilh test/orediction ratio < 1.0 2.4% 56.1%
For No. 7 and larger bars Max. L.6i0 2,192
Min. 0.386 0.849
Average 1,153 1387
St.Dev. 0.143 0.279
Cov 0.124 G.199
% of speci with test/prediction rativ < 1.0 8.4% 8.6%
For 2il bars Max. 1610 2,192
Min. £.886 0.704
Average 1173 1.289
StDev. 0.145 0.293
cov 0.124 0.227
% of specimens with test/prediction ratio < £ 0 7.2% 16.4%
- Specimens with Iy/dy > 16 and [y > 12 in.
L;“u 2100(0.1fﬂ£+0.9)
+ Eq533 = -Ei- T - Cai -
d, c+K
68 ——=
b
+ ACT 318-95 "detailed” equation; the factor of 1.3 is not applied for spliced bars

1 in =254 mm, 1 psi= 6.895 kPa, [ ksi = 6.895 MPa
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Table 6.1
Effect of epoxy coating on splice strength for high relative rib area bars
Study Bar | Specimen| Surface* | Coarse** | R, f, £ cuT
Size | No.™ |Condition| Aggregate Test | Pred.
(psi) | (ksi) | (ksi)
Darwin et al. No.5(| 134 U L 0.109 | 4110 | 6026 | 5823 | 0.905
(19954, 1996a) 13.3 C 4110 | 5413 | 5177
and Current 14.3 U L 0.109 | 4200 | 61.83 | 61.05 | 0.940
14.4 C 4200 | 57.58 | 60.50
2517 U L 0.141 | 4490 | 6372 | 61.89 | 1.074
2527 C 4490 | 67.58 | 61.12
No. 8] L3 U L 0.101 | 5020 § 4522 | 4271 } 0.831
1.4 o 5020 | 37.15 | 4224
45 U L 0101 | 4090 | 5150 | 53.48 | 0.787
46 C 4090 | 41.97 | 5537
392 U B 0.101 | 14450 ] 69.74 | 72.15 | 0.826
39.1 C 14450 | 5761 | 7216
39.6 U B 0.101 | 14450 | 6738 | 5239 | 0.734
39.5 C 14450 1 49.56 | 52.46
10.2 U B 0.119 | 4250 | 61.84 | 5802 | 0.954
10.1 C 4250 | 5836 | 5741
2067 u L 0.119 | 5080 | 57.15 | 5849 | 0875
20,57 C 5080 | 49.53 | 57.93
211 U L 0319 | 4330 | 73.88 | 80.66 { 0.931
2107 C 4330 | 68.77 | 80.67
2137 U L 0.119 | 4330 | 7625 | 76.13 | 0.884
214 c 4330 | 69.10 | 78.08
2157 U L 0.119 1 4330 { 7735 | 81.82 | 0.851
2167 c 4330 | 6508 | 80.87
23a.1™ U L 0119} 9080 | 78.87 | 8877 | 0.793
2327 C 9080 | 6248 ! 88.47
236,17 U L 0.119 | 8370 | 79.04 | 82.23 | 0.894
23p277 C 8370 | 70.51 | 82.02
23,37 u L 0.119 | 8370 | 71.64 | 7240 | 0.979
234 C 8370 | 724 | 7249
43,2 U L 0.119 | 11530 | 64.95 | 73.61 | 0.795
43,1 C 11530 | 51.96 | 74.08
43.3 U L 0.119 | 11530 | 78.81 | 8474 | 0.802
43.4 C 11530 | 63.63 | 8526
43.6 U L 0.119 1 115301 8273 | 101.02 | 0.902
435 C 11530 | 7450 | 100.87
2417 U L 0.121 | 4300 | 61.91 | 66.50 | 0.899
243 C - 4300 | 5532 | 66.10
2.5 U L 0.140 | 5250 | 5897 | 56.54 | 0.820
2.6 C 5250 | 4952 | 57.89
6.5 U L 0.140 | 4220 | 54.06 1 5518 | 0.923
6.6 C 4220 | 5001 | 3527
374 U L 0.140 1 4300 | 7378 | 7689 | 0.854
37.3 C 4800 | 62.92 | 76.81
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Effect of epoxy coating on splice strength for high relative rib area bars

Study Bar | Specimen| Surface* | Coarse**| R, f. £ cuT
Size | No.™ |Condition Aggregate Test Pred.
(psi) { (ksi) | (ksi)
No, 11l 135 U L 0.127 1 5250 54.53 5738 0.891
15.6 c 5250 4846 57.21
16.2 U L 0.127 1 5180 52.75 56.94 0.939
16.1 C 5180 49.13 56.50
18.3 U L 0.127 § 4700 70.58 71.96 0.825
18.2 C 4700 58.17 71.93
23657 u L 0.127 | 4500 54.80 60.06 | 0.824
236677 C 4500 45.10 59.98
281 U L 0.127 | 12610 71.23 74.87 0.760
28.2 C 12610 | 54.17 | 7494
283 u L 0.127 | 12610 67.03 68.04 0.683
284 Cc 12610 45.62 67.79
28.5 U L 0.127 | 12610 50.89 57.65 0.824
28.6 c i2610 | 41.76 5741
30.1 u B 0327 ¢ 13220 | 66.07 65,532 1 0.773
302 c 13220 51.00 65.45
303 U B 0.127 | 13220 | 66.88 6234 | 0.815
304 C 13220 3409 61.89
30.5 u B 0.127 | 13220 | 66.95 58.33 0.806
30.6 C 13220 54.47 58.86
40.1 U B 0.127 | 15650 66.60 74.19 0.827
40.2 C 15650 55.16 74.27
For f', < 8000 psi: Avg. C/lU= 0.889
For 8000 < £, <10000 psi: Avg. C/U= 0.889
For f'. > 10000 psi: Avg, ClU= 0.796
For AlL: Avg C/U= 0.843
* U = uncoated; C = coated
** L = limestone
B = basalt
* Test - bar stress determined from test

Pred. - bar stress determined using Eq. 5.4 or 5.18 for the splices not confined or

confined by transverse reinforcement, respectively

- Normalized splice strength ratio of coated to uncoated bars
- Specimens in groups from 1 to 18 were tested by Darwin et al. (199352, 1995b).
vepradeat

1 psi=6.895kPa; | ksi

= 6,895 MFPa

Specimens previously reported by Tan et al. (1996)
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Table 6.2
Effect of epoxy coating on splice strength for conventional bars
Study Bar |Specimen| Surface* [Coarse **| R, £ £ cu™
Size | No.™ |[ConditionjAggregate; Test | Pred.
(in.) (psi) | (ksi) | (ks
Choi et al. No. 5 1.2 U L 0.086] 5360 | 63.99 { 5071 | 0.749
(1991, 1992) 1.3 C 5360 1 47.93 | 50.71
No. 6 2.1 u L 00601 6010 | 45.75 | 44.48 | 0.941
2.2 C G010 | 43.06 | 4448
2.3 U L 0.079] 6010 | 51.40 | 4448 | 0.704
2.4 C 6010 | 39.26 | 44.48
No. 8 i1 U L 0.064} 5980 | 42.82 | 43.37 | 0.899
3.2 C 3980 | 38.51 | 43.37
33 8] L 00801 5980 | 43.02 | 4337 | 0.859
34 C 5980 | 36.96 { 43.37
No. 11 4.3 U L 0.0661 5850 | 37.82 | 42.32 | 0.822
4.4 C 5850 | 31.09 { 42.32
4.1 9] L 0.0711 5850 | 40.22 | 42.32 | 0.722
4.2 C 5850 | 29.03 1 4232
Hester et al. No.8 31 U L 0.07 1 6020 | 46.86 | 45.44 | 0.652
(1991, 1993) 33 C 6020 { 30.61 | 45350
4.1 U L 0.07 | 6450 | 4235 | 4639 | 0.719
4.4 C 6450 | 3045 | 4642
32 U L 0.07 | 6020 | 46.52 | 52.75 { 0.684
34 C 6020 | 31.81 | 52.92
4.2 U L 0.07 | 6450 | 47.05 | 53.82 | 0.676
4.5 C 6450 | 31.72 | 53.71
43 U L 0.07 | 6450 | 50.06 | 5595 | 0.611
4.6 C 6450 | 3046 | 5577
2.1 U L 0.071] 6200 | 46.26 | 4527 | 0.827
2.3 C 6200 | 38.04 | 45.03
5.1 8] L 0.071] 5490 | 39.86 | 44.43 | 0.301
54 C 5490 | 31.87 | 44.33
6.1 u L 0.071} 5850 | 51.99 | 55.68 | 0.636
6.4 C L 5850 | 32.80 | 5522
7.1 ] L 0.071| 5240 | 4539 | 46.03 | 0.854
7.3 C 5240 | 38.78 | 4603
2.2 U L 0.071] 6200 | 43.58 | 32.64 | 0.857
2.4 C 6200 | 37.61 | 52.51
53 J L 0.071] 35450 | 43.39 | 52.98 | 0.802
5.5 cC 5490 1 3479 | 5298
6.2 U L 0.071] 5850 | 56.67 | 64.68 | 0.628
6.5 C 5850 | 35.51 1 64.56
6.3 U L 0.0711 5850 | 55.87 | 66.51 | 0.692
6.6 cC 5850 | 38.71 | 66.57
T2 U L 0.071| 5240 | 51.57 | 56.61 | 0.750
7.4 C 5240 { 38.78 § 56.73
1.2 U L 0.078¢ 5990 | 56.19 | 52.76 | 0.755
1.4 C 5000 | 42.40 | 52,76
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Table 6.2 (continued)

Effect of epoxy coating on splice strength for conventional bars

Study Bar |Specimen| Surface* |Coarse **| R, £, £ cu™
Size | No.™ |Condition|Aggregate| Test | Pred.
{in.) (psi) {ksi) {ksi)
Current No. 8| 31.3 8] B 00691 12890 | 85.21 | 87.86 T D312
314 C 12890 1 52,72 1 67.57
39.3 U B 0.0691 14450 { 77.96 | 6740 | 0.726
394 C 14450 | 56.64 | 67.40
40.5 9, B 0.069! 15650 | 65.81 | 60.55 | 0.893
40.6 C 15650 } 58.53 § 60.29
42.1 U L 0.0691 119301 6432 | 69.94 | 0.745
422 C 11930 | 47.64 | 65.53
42.4 u L 0.069| 11930 | 70.70 | 74.51 | 0.741
42.3 C 119304 5245 | 74.60
42.5 U L 0.0691 119301 77.92 | 85.00 | (.847
42.6 C 11930 | 65.50 | 84.90
No. LI| 404 8] B 0.072} 15650 | 58.83 § 65.95 | 0.668
40.3 C 15650 | 39.25 | 65.89
For £, <8000 psi: Avg. CU= 0.759
For 8000 < f, < 10000 psi: Avg. C/U= -
For £, > 10000 psi: Avg. C/U= 0.776
For All: Avg, C/U= 0.763
* 1J = uncoated ; C = coated
ek L = limestone
B = basalt
* Test - bar stress determined from test
Pred. - bar stress determined using Eq. 5.4 or 5.18 for the splices not confined or
confined by transverse reinforcement, respectively
b Normalized splice strength ratio of coated to uncoated bars
g

Specimens in groups 1 to 18 were tested by Darwin et al. (1995a, 1996a).

I psi= 6.895 kPa; 1 ksi = 6.895 MPa
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Table 6.3
Comparison of C/U ratio for using different types
of coarse aggregate in concrete

Bar * Concrete ** Coarse + No. of ++ Average +++
Designation Strength Level  Aggregate Tests C/U
gNO High L 3 0.778
High B 3 0.811
8N3 Normal L 4 0.885
Normal B 1 0.954
11F3 High L 3 0.756
High B 4 0.805
* See Table 2.2 for the bar designation
** High = high strength, compressive strength = 11,930 -15,650 psi

Normal = normal strength, compressive strength = 4250 - 5080 psi

+ L =limestone
B = basalt
++ Number of matched pair tests
++ Average normalized splice strength ratio of coated to uncoated bars;

the splice strength ratio is normalized with respect to Eq. 5.4 or 5.18
for the splices not confined or confined by transverse reinforcement.

1 psi=6.985 kPa
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Tabie 6.4
Comparison of flexural crack density and flexural crack width at 2 bar stress
of 40 ksi between beams centaining coated and uncoated bars

in matched pairs of specimens

|Specimen Surface” Bar Length outside | Totat No.”] Avg. Max."™"] Crack*] Sum of** Ratios of C/U***

No. iConditiod Designationlof Splice Regiod of Cracks | Crack Width { Density Crack Widthd Max. Crack | Crack Sum of
(fy {in.) (in./f1} {in.) Width Dlensity | Crack Widths

28.1 U tIF3 3.92 1 0.0t30 2809 | 0101

28.2 C 11F3 3.92 8 G.0180 2.043 0.099 1.385 0.727 0.980

283 U 11F3 1.67 1k 0.0115 3.000 0.076

284 [ LIF3 3.67 ) 0.0175 2.182 0.039 1.522 0.727 L7

28.5 U 11F3 3.50 7 0.0150 2.000 0.675

28.6 C 1}F3 575 5 - 0.870 - - 0.435 -

30.1 u 11F3 3.9 10 0.0050 2.553 0.059

30.2 C [IF3 3.92 7 B.0130 1.787 0.074 {.444 0.700 1254

30.3 13§ 11F3 3.67 11 0.0095 3.000 0.061

30.4 c 11F3 367 8 3.0130 2,182 0.076 1.579 0.727 1.246

30.5 u [IF3 3.50 6 0.0155 1714 0.066

30.6 C L1F3 3.50 5 0.0130 1.429 0.060 116t 0.833 0.909

311 u §N1 4.67 12 0.0090 2571 $5.075

312 C gN} 4.67 3 0.01:0 1714 0.072 1.222 0.667 0.968

313 U NG 4.67 11 0.0095 2,357 0.078

314 o gNO 4.67 8 0.02:0 [ 1714 3081 1158 .27 1.038

374 U 8F1 4,25 12 0.0095 2.824 0.085

37.3 Cc 8F1 4325 9 0.0110 2.118 0.0353 1.158 0.750 0.624

39.2 u gNL 4.67 13 00100 | 2.786 - :

351 C 8N1 4.67 11 0.0145 2357 - 1.450 0,346 -

393 U 8NO 4.67 13 0.0100 2.786 -

394 C aNo 4.67 11 0.0145 2357 § - 1.450 0.845 -

39.6 U 8Cl1 4,67 |34 00105 2.143 -

39.5 [ 8Cl 4.67 18 0.0150 2.143 - 1.429 1.060 -

40.1 U 11F3 4,08 11 0.0120 2.694 -

40.2 C [1E3 408 [ 0.0155 2.204 - 1.292 0818 -

40.4 4] 11IND 4.08 10 0.0125 2.449 -

40.3 C FINO 4.08 7 - 1714 - - 0.700 -

40.5 u N0 4,58 10 0.0100 2.182 -

40.6 C §ND 4.58 7 0.0155 1.527 - 1.550 0.760 -

42.1 u 8NO 4.67 12 0.0100 2571 -

42.2 C 8NOo 4.67 g 0.0155 [.714 - 1.530 0.667 -

42.4 u 8NO 4.67 13 0.0165 2,786 -

42.3 c 8NGO 4.67 i0 0.0160 2.143 - 1.524 0.769 -

42.5 U N0 467 I3 0.0100 1,786 -

42.6 c 8NO 4.67 12 $.0140 2571 " i.400 0.923 “

43.2 H 8N3 4.67 12 0.0105 2.571 -

431 C N3 4.67 10 0.0540 2.143 - 1333 0.833 -

_43.3 U 8N3 4.67 12 0.0100 2,57t -

434 C N3 4.67 10 0.0140 2.143 - £, 400 0.833 -

43.6 U N3 4,57 13 0.0100 ~786 -

43.5 _ C §N3 4.67 11 0.0140 [ 2.357 - 1.400 0.846 -
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Table 6.4 (continued)

Comparison of flexural crack density and flexural crack width at a bar stress

of 40 kst between beams conizining coated and uncoated bars

in matched pairs of specimens

Specimen Surfzce” Bar | Length ouside [Total No."} Avg. Max. ™| Crack*| Sumof** | Ratios of C/U"*=
No. Conditio Designationfof Splice Regiony of Cracks | Crack Width | Density}Crack Width] Max. Crack | Crack Sum of
{ft} {in.) {in/ft} fin} Width Density {Crack Widths:
For beams with high R, bars: Max 1.57% 1.000 1.254
Min. 1.158 0.435 0.624
Average 1.367 0,767 1.021
For beams with conventional bars: Max. 1.550 0.923 1.038
Min, 1158 0.667 1.038
[Average 1.436 0.748 1.038
For all:
Max. 1.579 1.000 1.254
Min. 1.158 0433 0.624
Average 1,350 0.766 1.023
F U = Uncoated, C = Coated
4 Total number of flexural cracks in the constant moment region outside of the splice region

Enad Average maximum flexural crack width on the west and east sides of splices in the constant moment region

* Number of flexural cracks in unit foot length

** Sum of flexural crack widths cross the centerline of the beam on the cast and west sides of
splices in the constant moment region outside of the splice region

ok Ratios for crack density or maximum crack width or sum of crack widths of beams
with coated bars to beams with uncoated bars

lin. =254 mm 1 £t =305 mm, I ksi = 6.895 MPa




Table 7.1

Properties of reinforcing bars

Dor *

Yicld Nominal Weight % Light Rib Rib Width** Rib Width+ Rib Height Relative
Blesignation] Strength § Diameter or Heavy Spacing I T Rib Spacing ~ASTM Avg.tt Rib Arca
(ksi) (in)) L) (in) (in.) (in) I H () (in)
8C0A 69.50 1.600 2,613 2.1%L 0.598 0.146 0173 0.243 0.288 0.066 0.063 0.085
_BiN3 80.57 1.600 2.130 2.2%H 0487 0.148 0.177 0.303 0.362 0.072 0.068 0119

3ar Designation

#AAB, # = bar size (No. 5, No.8, or No.11}, AA = bar manufacturer and deformation pattern:

Co
N3

Conventional Chaparral Steel bar
New North Star Sicel bar

B = different letter that is presented if the bar had the same deformation pattern as reported by
Darwin et al. {1995a), but were produced from different steel beat.
lin.=25.4mm; 1 ksi = 6.89 MPa, 1 Ib/it = 1.49 kg/m

Table 7.2
Concrete mix proportions (lb/yd3) and properties

** Average nib width at:

I - 3/4 height of ribs
11 - 172 height of ribs

+ Ratio of rib width to rib spaciug corresponding to rib width I and U

++ Average rib height between longitudinal ribs

wic

Cement

waler Fine Coarse Stomp Concrete Air Test Cylinder

Ratio Aggrepate.® Aggregate ** TFemperature  Content Age Streagth
(biyd’y  (biyd®) (blyd®) (Ibfyd®) (in.) (F%) (%) (days) {psi)
044 54 225 1564 1661 325 6i 36 20-21 5170

Ak

Kansas River Sand from Lawrence Sand Co., Lawrence, KS

L - Crushed Limestone from Fogel's Quarry, Ottawa, KS
Bulk Specific Gravity (3SD) = 2.58; Absorption =2.7%,; Maximum Size =3/4 in.

Unit Weight = 90.5 [b/ft®
I tbryd® = 0.5993 kg/in’; | oz = 29.57 cm’; 1 psi = 6.89 kPa; 1 in. = 25.4 mm

£1e



214

Table 7.3 Maximum slips under reversed cyclic loading at peak load

Specimen [Cycle No} Peak Loading from Left Loading from Right
Label + Load {Loaded End|Unloaded End|Loaded End{Unloaded End
(kips) | Slip (in.) Slip (in.) Slip (in.) | Slip (in.)
8COA-3 I 10 0.00182 0.00010 0.00210 0.00031
2 10 0.00182 0.00011 0.00227 0.00031
3 10 0.00180 0.00012 0.00228 0.00041
4 10 0.00179 0.00014 0.00227 0.00044
5 10 0.00181 0.00016 0.00233 0.00049
6 15 0.00299 0.00050 0.00359 0.00098
7 15 0.00312 0.00064 0.00362 0.00109
8 15 0.00323 0.00075 0.00367 0.00121
9 15 0.00331 0.00083 0.00379 0.00130
10 IS5 0.00336 0.00089 0.00385 0.00137
Il 20 0.00536 0.00167 0.00600 0.00239
12 20 0.00598 (0.00216 0.00699 0.00311
13 20 0.00651 0.00261 0.00771 0.00363
14 20 0.00693 0.00291 0.00808 0.00407
15 20 0.00715 0.00323 0.00841 0.00432
8N3-4 1 10 0.00075 0.00006 0.00189 0.00017
2 10 0.00080 0.00009 0.00194 0.00022
3 10 0.00091 0.00019 0.00188 0.00017
4 10 0.00099 0.00017 0.00190 0.00011
5 10 0.00103 0.00015 0.00187 0.00007
6 15 0.00179 0.00026 0.00318 0.00052
7 15 0.00192 0.00044 0.00323 0.00060
8 15 0.00200 0.00050 0.00328 0.00068
9 15 0.00203 0.00055 0.00329 0.00072
10 15 0.00204 0.00059 0.00331 0.00075
i1 20 0.00340 0.00126 0.00488 0.00131
12 20 0.00378 0.00156 0.00518 0.00153
13 20 0.00394 0.00176 0.00539 0.00173
14 20 0.00428 0.00208 0.00579 0.00203
15 20 0.00443 0.00225 0.00600 0.00224
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Table 7.3 Maximum slips under reversed cyclic loading at peak load (continued)

Specimen [Cycle No| Peak Loading from Leit Loading from Right
Labe] + Load |Loaded End|Unloaded End|Loaded End|Unloaded End
(kips) | Slip (in.) Slip (in.) Slip (in.) Slip (in.)

8COA-5 1 10 0.00110 | 0.00100 0.00113 0.00028
2 10 0.00119 0.00107 0.00112 0.00028

3 10 0.00126 0.00113 0.00109 0.00031

4 10 0.00126 0.00119 0.00110 0.00034

5 10 0.00131 0.00124 0.00106 0.00035

6 15 0.00245 0.00173 (.00232 0.00079

7 15 0.00266 0.00195 0.00243 0.00089

8 15 0.00281 0.00209 0.00252 0.00098

9 15 0.00283 0.00220 | 0.00258 0.00105

10 15 0.00295 0.00227 0.00267 0.00107

11 20 0.00458 0.00299 0.00435 0.00177

12 20 0.00490 0.00325 0.00466 0.00204

13 20 0.00511 0.00344 0.00487 0.00224

20 0.00532 0.00359 0.00507 0.00239

20 0.005535 0.00371 0.00516 0.00255

8N3-6 10 0.00027 0.00009 | 0.00116 0.00015

10 0.00031 0.00009 0.00128 0.00014
10 0.00035 0.00010 0.00125 0.00015
10 0.00035 0.00009 0.00129 0.006015
10 0.00040 0.00009 0.00136 0.00014
15 0.00097 0.00017 0.00233 0.00027
15 0.00107 0.00016 0.00242 0.00031
15 0.00110 0.00019 0.00253 0.00037
15 0.00114 0.00024 0.00248 0.00039
15 0.00117 0.00025 0.00245 0.00046
20 0.00257 0.00083 0.00361 0.00084
20} 0.00302 0.00112 0.00385 0.00099
20 0.00327 0.00132 0.00399 0.00109
20 0.003438 0.00146 0.00412 0.00117
20 0.00377 0.00161 0.00423 0.00123

[RPEERA
pir sl w e~ t- - RN BE- N VRN VAR SR e




216

Table 7.3 Maximum slips under reversed cyclic loading at peak load (continued)

Specimen [Cycle No] Peak Loading from Left Loading from Right
Label + Load |Loaded End|Unloaded End{Loaded End|Unloaded End
(kips) | Slip (in.) Slip (in.) Slip (in.) Ship (in.)
8COA-7 1 10 0.00081 0.00020 0.00219 0.00035
2 10 0.00082 0.00031 0.00238 0.00039
3 10 0.00082 0.00035 0.00243 0.00043
4 10 0.00082 0.00035 0.00249 0.00047
5 10 0.00082 0.00036 0.00255 0.00049
6 15 0.00172 0.00048 0.00356 0.00075
7 15 0.00192 0.00060 0.00374 0.00085
3 15 0.00201 0.00065 0.00390 0.00090
9 15 0.00215 0.00071 0.00398 0.00097
10 15 0.00217 0.00073 0.00401 0.00102
11 20 0.00397 0.00149 0.00569 0.00161
12 20 0.00459 0.00186 0.00605 0.00184
13 20 0.00494 0.00215 0.00633 0.00196
14 20 0.00520 0.00236 0.00658 0.00210
15 20 0.00541 0.00254 0.00690 0.00232
8N3-8 1 10 0.00110 0.00009 0.00148 0.00020
2 10 0.00115 0.00005 0.00164 0.00018
3 10 0.00117 0.00003 0.00171 0.00020
4 10 0.00112 0.00003 0.00175 0.00021
5 10 0.00114 0.00003 0.00176 0.00020
6 15 0.00173 0.00020 0.00273 0.00039
7 15 0.00184 0.00020 0.00289 0.00042
8 15 0.00196 0.00022 0.00298 0.00053
9 15 0.00195 0.00023 0.00303 0.00053
10 15 0.00200 0.00024 0.00310 0.00056
11 20 0.00335 0.00086 0.00468 0.000%4
12 20 0.00365 0.00106 0.00496 0.00110
13 20 0.00387 0.00123 0.00526 0.00124
14 20 0.00423 0.00145 | 0.00555 0.00136
15 20 0.00446 0.00162 0.00582 | 0.00146
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Table 7.3 Maximum slips under reversed cyclic loading at peak Ioad (continued)

Specimen [Cycle Noj Peak Loading from Left Loading from Right
Label + Load {Loaded EndlUnloaded End|Loaded EndiUnloaded End
(kips) | Slip (in.) Slip (in.) Slip (in.) Slip (in.)
8COA-9 1 10 0.00169 0.00013 0.00167 0.00017
2 10 0.00179 0.00013 0.00176 0.00013
3 10 0.00192 0.00013 0.00185 0.00013
4 10 0.00199 0.00018 0.00189 0.00013
5 10 0.00200 0.00022 0.00193 0.00012
6 15 0.00344 0.00095 0.00298 0.00044
7 15 0.00374 0.00109 0.00309 0.00041
8 i5 0.00385 0.00110 0.00343 0.00054
9 15 0.00367 0.00111 0.00362 0.00058
10 15 0.00410 0.00112 0.00343 0.00062
11 20 0.00564 0.00189 0.00493 0.00111
12 20 0.00603 0.00214 0.00525 0.00130
13 20 0.00632 0.00235 0.00551 0.00141
14 20 0.00652 | 0.00251 0.00551 0.00149
15 20 0.00672 0.00262 0.00574 0.00162
8N3-10 1 10 0.00068 0.00021 0.00042 0.00025
2 10 0.00077 0.00019 0.00060 0.00021
3 10 0.00088 0.00022 0.00078 0.00023
4 10 0.00090 0.00024 | 0.00086 0.00024
5 10 0.00095 0.00026 0.00095 0.00030
6 15 0.00241 0.00108 0.00153 0.00073
7 15 0.00241 0.00113 0.00177 0.00082
8 15 0.00251 0.00118 0.00194 0.00090
9 15 0.00262 0.00133 0.00201 0.00097
10 15 0.00277 0.00136 0.00211 0.00105
11 20 0.00405 0.00209 0.00338 0.00174
12 20 0.00448 0.00242 0.00395 0.00207
13 20 0.00485 0.00271 0.00456 0.00243
14 20 0.00524 0.00303 | 0.00499 0.00273
15 20 0.00559 0.00327 0.00528 0.00285
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Table 7.3 Maximum slips under reversed cyclic loading at peak load (continued)

Specimen {Cycle No{ Peak Loading from Left Loading from Right
Label + Load |Loaded End|Unioaded End|Loaded End|Unloaded End
(kips) { Slip (in.) Slip (in.) Slip (in.) Slip (in.)
8COA-11 1 10 0.00099 0.00083 0.00274 0.00154
2 10 0.00107 0.00087 0.00280 0.00156
3 10 0.00112 0.00089 0.00284 0.00161
4 10 0.00117 0.00095 0.00293 0.00165
5 10 0.00130 0.00098 0.00297 0.00164
6 15 0.00274 0.00169 0.00451 0.00233
7 15 0.00298 0.00191 0.00484 0.00262
8 15 0.00309 0.00203 0.00536 0.00294
9 15 0.00320 0.00211 0.00536 0.00301
10 15 0.00330 0.00216 0.00554 0.00308
11 20 0.00517 0.00311 0.00833 0.00469
12 20 0.00603 0.00376 0.00962 0.00585
13 20 0.00676 0.00434 0.01040 0.00659
14 20 0.00729 0.00482 0.01103 0.00707
15 20 0.00766 0.00510 0.01154 0.00750
+ Specimen Label: #AAB-P

#AAB = bar designation (see Table 7.1)
P = Test order (1 to 12)

1 in. =254 mm; 1 kips = 4.448 kN
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Table 7.4

Comparisons of average maximum slips under reversed cyclic lading
at peak load for high R, and conventional bars: (a) loaded end slips,
(b) unloaded end slips

@)
Cycle | Peak | Left Loaded End Slip+ | Ratio of ++ | Right Loaded End Slip+] Ratio of ++

Load High R, Conv. |High R/Conv.! HighR, Conv. [High R/Conv.
(kips) fin.) {in.) {in.) (in.)

1 10 0.000670 | 0.00128 0.547 0.00124 0.00197 0.630

2 10 0.00076 | 0.00134 0.567 0.00137 0.00207 0.661

3 10 |} 0.60083 | 0.00138 0.597 0.00140 0.00210 0.669

4 10 0.00084 | 0.00141 0.598 0.00145 0.00214 0.679

5 10 0.00088 | 0.00145 0.609 0.00148 0.00217 0.685

6 15 0.00173 | 0.00267 0.648 0.00244 0.60339 0.719

7 15 0.00181 8.00289 0.628 0.00258 0.00354 0.728

8 15 0.00190 | 0.00300 0.633 0.00268 0.00378 0.710

9 15 0.00193 | 0.00309 0.626 0.00270 0.00387 0.659

10 15 0.00199 |} 0.00317 0.628 0.00274 0.00390 0.702

11 20 0.00334 | 0.004%4 0.676 0.00414 0.00586 0.706

12 20 0.00373 | 0.00551 0.678 0.00448 0.00652 0.688

13 20 0.60398 | 0.00593 0.672 0.00480 0.00697 0.689

14 20 0.00431 | 0.00625 0.689 0.00511 0.00725 0.705

15 20 | 0.00456 | 0.00630 0.703 0.00533 0.00755 0.706

(b)
Cycle | Peak [Left Unloaded End SiipH Ratio of ++ [Right Unloaded End Slip# Ratio of ++

Load | HighR, Conv. |{HighR/Conv.| HighR, Conv. {High R/Conv.
{(kips) (in.) (in.) (in.} {in.)

1 10 0.00019 | 0.00053 0.359 0.00011 0.00045 0.250

2 10 0.0001% | 0.00053 0.353 0.00011 0.00050 0.213

3 10 0.00019 | 0.00058 0.323 0.00013 0.00052 0.253

4 16 | 0.00018 | 0.00060 0.292 0.00013 0.00056 0.233

5 10 0.00018 | 0.00062 0.287 0.00013 0.00059 0.222

6 15 0.00048 | 0.00106 0.451 £.00043 0.00107 0.399

7 15 0.00054 | 0.00117 0.460 0.00048 0.00124 0.389

8 15 0.00062 | 0.00131 0.472 0.00052 0.00132 0.395

9 5 0.00065 | 0.00138 0.470 0.00059 0.00139 0.422

10 15 0.00070 | 0.00143 0.490 0.00061 0.00144 0,424

11 20 0.00121 | 0.00231 0.521 0.00126 0.00223 0.564

12 20 0.00142 | 0.00283 0.503 0.00154 0.00263 0.585

13 20 0.00162 | 0.00317 0.513 0.00175 0.00298 0.589

i4 20 0.00182 | 0.00343 0.532 0.00200 0.00324 0.619

15 20 0.00194 | 0.00366 0.531 0.00219 0.00344 0.636

+ Average stips from 4 tests for high Rr bars and 5 tests for conventional bars, respectively.
++ Ratio of slip of high R, bar to that of conventional bar

lin. = 24.5 mm; | kips = 4.448 kN
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Fig. 2.7v Load-deflection curves for splice specimens in group 39
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Fig. 2.7x Load-deflection curves for splice specimens in group 41
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Fig. 2.7y Load-deflection curves for splice specimens in group 42
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(a)

(b)

Cracked specimens cast with normal-strength concrete after failure: (a)
without stirrups, (b) with stirrups
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Fig. 2.9 Cracked specimens cast with high-strength concrete after failure: (a) without
stirrups, (b) with stirrups
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(b)

Fig. 2.10 Flexural crack distribution on west side of splice region: (a) uncoated bars,
{(b) epoxy-coated bars
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(b)

Fig. 2.11 Cracked specimens with two-layer bars after failure: (a) one spliced layer
and one continuous layer, (b) two-spliced layers
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Fig. 5.1 Bond cracks: (a) csi > o, (b) ¢ < ¢y (Darwin et al. 1995a, 1996a)
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APPENDIX A: CALCULATION OF FLEXURAL STRESS OF
DEVELOPED AND SPLICED BARS

General

The working stress method has often been used in studies to determine the
experimental bar stresses at failure for developed and spliced bars. In this appendix,
the calculations of bar stresses using three methods, the working stress method, the
ultimate strength method, and the moment-curvature method, are described. The data
base for the calculations includes 439 development/splice specimens. The stresses
calculated using the working stress method and the ultimate stress method are
compared with those calculated using the moment-curvature method to study the
relative values of bar stresses obtained using the different methods. The comparisons
show that, for beams in which the bars did not yield, the working stress method, in
general, overestimates the bar stresses for beams made with high-strength concrete
and underestimates the bar stresses for beams made with normal-strength concrete
when compared to the moment-curvature method. This is especially true for conerete
strengths lower than 3000 psi (20.7 MPa). For beams in which the bars did not yield,
the ultimate strength method overestimates bar stresses when compared to the
moment-curvature method. For beams cast with high strength concrete with bars that
yielded, the working stress method overestimates bar stresses, while the ultimate
strength method underestimates bar stresses. The comparisons described in this
appendix are used to choose the methods for calculating bar stresses in this study.
Test Data

Four hundred thirty nine beams containing developed/spliced bars are used in

this analysis, including 299 specimens tested in previous studies (Chinn et al. 1955,
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Chamberlin 1956, 1958, Mathey and Watstein 1961, Ferguson and Thompson 1965,
Ferguson and Breen 1965, Thompson et al. 1975, Zekany et al. 1981, Choti et al.
1990, 1991, DeVries et al. 1991, Hester et al. 1991, 1993, Rezansoff et al. 1991,
1993, Azizinamini et al. 1993, 1995, Darwin et al. 1995a, 1996a) and 140 specimens
tested in this study. The specimens include 63 beams in which the bars yielded prior
to failure and 376 beams in which the bars did not yield. Concrete strengths ranged
form 1000 to 16100 psi (6.9 to 111.0 MPa). The yield strengths of bars ranged from
50.0 to 114.7 ks1 (398 to 791 MPa). Specimen properties are summarized in Table
A.l. More complete information about the specimens is presented in Tables 5.5 and
5.10.

Calculation Methods

For the calculations in this study, the expression in ACI 318-95 is used to

determine the modulus of elasticity of concrete.
E, = 57,000,/f, (A.1)

in which £, the concrete compressive strength, and ‘/E are expressed in psi.
A modulus of elasticity (E;) of 29,000 ksi (200,000 MPa) is used for steel bars. For
all three methods, concrete is treated as a no-tension material and the area of steel, A,
is taken as the area of the bars assuming that they are continuous rather than spliced.
Working stress method

The basic assumption of the working stress method is that strains vary linearly
over the depth of the member and that stress is a linear function of strain (o = Eg).
The stress in the concrete and steel bars can be determined based on static

equilibrium and compatibility of strain using a transformed section by replacing the
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area of steel with an equivalent area of concrete, nA,, in which n = EJ/E; and A, =

total steel area.
Ultimate strength method

An average concrete compressive stress of 0.85f"; is assumed to be uniformly
distributed over a stress block of a depth a = B¢, in which By is equal to 0.85 for f', <
4000 psi (27.6 MPa) and 0.85-0.05f"; > 0.65 for £, > 4000 psi (27.6 MPa), and ¢ is
the distance from the extreme concrete compressive fiber to the neutral axis (ACI
318-95). The bar stress can be calculated based on these assumptions.
Moment-curvature method

The moment-curvature method is based on flexural theory and an assumed
nonlinear stress distribution in the concrete. The applied moment can be expressed as
a function of beam curvature which is related to concrete strain. A parabolic equation

{Hognestad 1951) is used for the relationship between concrete stress, f,, and strain,

E¢

2€ ?
£ = f{ : _(i} } (A.2)
80 80
where g, is concrete strain at maximum concrete stress. The concrete stress-strain
curves (Fig. A.1) shown by Nilson (1997) are used to obtain the values of g, for £, of
3000, 4000, 5000, 6000, 8000, 10,000, and 12,000 psi (20.7, 27.6, 34.5, 41.4, 55.2,
69.0, and 82.7 MPa). For this data, ¢, is nearly a linear function of f’; for high
strength concrete [f', > 8000 psi (55.2 MPa)]. Therefore, values of g, for £, > 12,000

psi (82.7 MPa) are obtained by extrapolation of the best-fit line for f'; of 8000,
10,000, and 12,000 psi (55.2, 69.0, and 82.7 MPa). For concrete compressive
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strength less than 3000 psi (20.7 MPa), the values of g, are determined using Eq. A.3
(Bashur and Darwin 1976, 1978). '

f1
g = : A.
° 363000+ 400f"_ (A-3)

The curve of g, versus {'; used in this study is shown in Fig. A.2.

Due to a lack of information about the stress-strain curves of the bars in the
specimens, the stress-strain curves (Fig. A.3) adopted by Nilson (1997) are used in
the current study as a basis for establishing stress-strain curves for use in the moment-
curvature calculations. A modulus of elasticity of 29,000 ksi (200,000 MPa) is used
before bars vield. The steel strain at the initiation of strain hardening (eq,) is 0.0086
for grade 60 steel and 0.0035 for grade 75 and above. There is no flat portion in the
stress-strain curve for fy > 101.5 ksi (700 MPa). The modulus of elasticity for
hardening (Eu) is 614 ksi (4244 MPa) (0.021E;) for f;, = 60 ksi (414 MPa), 713 ksi
(4916 MPa) (0.025E;) for f, = 75 ksi (517 MPa), and 1212 ksi (8357 MPa) (0.042E;)
for £, > 90 ksi (620 MPa). The values of g, and E;, for £, between 60 and 90 ksi (411
and 620 Mpa} are obtained using linear interpolation. The steel stress-strain curves
used in the current study are shown in Fig. A.4.

Calculation Results

Bar stresses calculated using the three methods are given in Table A.1. The
applied moments for 18 specimens with bars that vielded are greater than the moment
capacities calculated using the moment-curvature method, preventing the calculation
of bar stresses using this method. This can happen as the result/ff of variability in

yield strengths of bars.
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Comparisons

The moment-curvature method is believed, in general, to be better than the
other two methods to calculate bar stresses since it considers the nonlinear stress-
strain behavior of the concrete. Therefore, the bar stresses calculated using the
working stress method, f, and the ultimate strength method, f,, are compared to
those calculated using the moment-curvature method, f, to study the relative values
of the stresses obtained using the three methods.

Fig. A.5 shows the ratio of f,y, to fic as a function of e./¢, for the bars with fi;
< f,, in which g is the strain at the extreme concrete compressive fiber at failure
based on the moment-curvature method. The figure shows that f,./f;; decreases with
an Increase in €./8,. fow 18 within 1% of £ for ex/e. < 0.4, More than 50 percent of
the beams with f; < f, have e4/e, > 0.4. Fig. A.6 shows that, compared to the
moment-curvature method, the working stress method overestimates bar stresses for
high strength concrete, and underestimates bar stresses for normal strength, especially
for £, < 3000 psi (20.6 MPa). The values of fyw/fsc range from 0.940 to 1.002 for
normal strength concrete and from 0.996 to 1.010 for high strength concrete.

The ratios of £, to fi are plotted versus &./g, in Fig. A.7 for beams with f, <
f,. The figure shows that, in general, fu/f; increases with an increase in &c/€o,
especially when g/, 15 greater than 0.4. Fig. A.8 shows the plot of £,/f;; versus f”.
As expected, for beams with f; < fy, the ultimate strength method underestimates bar
stresses, compared to the moment-curvature method. The values of f/f;; range from
0.909 to 1.025 for normal strength concrete and from 0.919 to 0.960 for high strength
concrete. fy/fy is below 1.0 for more than 98% of the beams.

The values of fg./f5. are plotted versus e./e, and f'; in Figs. A.9 and A.10,

respectively, for beams with £ > f;. The figures show that the working stress method
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consistently overestimates the bar stresses for high-strength concrete, compared to the
moment-curvature method. The values of f/fic range from 0.970 to 1.040 for
normal-strength concrete and from 1.007 to 1.056 for high-strength concrete. fo./fec
is greater than 1.0 for bars with ;. > f, in all cases for beams made with high-strength
concrete and in 55 percent of the beams made with normal-strength concrete. As can
be observed in Figs. A.9 and A.10, the ratio f/f;c exhibits significant scatter.

Figs. A.11 and A.12 compare f/fic versus g./g, and f',, respectively, for
beams with f. > f,. Contrary to the results for the working stress method (Figs. A.9
and A.10), the ultimate strength method underestimates the bar stresses for high-
strength concrete, as well as many specimens cast with normal-strength concrete.
The values of {;,/f, range from 0.956 to 1.021 for normal-strength concrete and from
0.949 to 0.997 for high-strength concrete. f,/f, is less than 1.0 for all of the beams
made with high-strength concrete and 41 percent of the beams made with normal-
strength concrete. For the beams with f,; > £, the ultimate strength method produces

a more conservative prediction of bond strength than the working strength method.
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Table A.1
Data and bar stress for specimens containing developed and spliced bars
Study Specimen b d A M, fio f, efe* Lot Lt Lt
No. (in)_{in) (o) (in-kips) (psi)  ({ksi) (ksi)  (ksi)  (ksi}
Chiaz {1955) D31 360 630 0310 4001 4700 7900 0.286  60.70 6035 5763
D36 369 650 010 3242 410 7900 0240 4921 4895 4648
D 362 650 0440 6483 4370 STO0 0304 2641 2627 2403
D20 175 650 0440 6638 4230 5700 033 2792 2695 2483
D22 3.69 650 0440  S9.06 4480 5706 0265 2397 2339 2180
D13 731 650 0440 12563 4820 5700 0347 494 4893 4636
Di4 369 650 0440 S0B4 4820 5700 0351 3282 3263 3032
Dis 735 650 0440 0801 4250 §T00 0325 4245 4224 39.83
D21 731 650 0440 H1L11 4480 ST.00 0322 4353 4335 4088
D29 369 650 D440 UILE7 7480 ST.00 0345 4462 4460 416
B3 900 650 O.BS0 13417 4350 5700 03B 3715 3636 3464
D32 725 650 0440 11842 4700 $7.00 0333 4624 4605 43.51
D38 462 650 0440 6982 3160 5700 0361  2RS0  2B16 2630
D3 369 630 0440 6757 3160 5700 0416  2BOS 2762 2592
Ds 550 650 0440 11186 4180 57.00 0422 4476 4434 4219
Ds 725 650 0880  163.68 4340 5700 0395 3343 3317 3106
b7 362 650 0440 8357 4450 5700 0396 2415 3385 31T
D8 725 650 0880 17767 4570 5700 0414 3628 3595 3381
Dy 362 650 0440 8632 4380 5700 0417 3533 3498 3290
D34 362 650 0440 9058 3800 5700 0501 3746 368G 3527
Di2 175 650 0440 11332 4530 5780 0538 4637 4570 4402
Di7 369 650 0440 9760 3580 5700 0571 4056 394 3862
Dt9 731 650 0446 15339 4230 ST.00  LIIB  S57.60  S993  57.96
P23 382 6350 040 9686  4sSD 5700 0469 3970 3923 331 %
D24 725 650 044D 11062 S0 5700 0324 4337 4338 402
D30 369 630 0440 3263 480 S700 0417 5304 52BE 4998
D4 900 650 0880 2341 4370 ST.00 0490 4740 4684 4494
D4t 738 650 0420 1302 5280 5700 0332 5069 5055 4784
D23 362 650 0440 14440 5100 ST00 L1LL 5700 5825 57.66
D26 369 650 0440 13364 5100 5700 0624 5682 §587 5484
D35 362 650 0440 3513 3800 5700 0836 5691 5499 5649
D33 680 650 1560 23777 4830  $7.00 0483 2860 2820 2646
Chamberlin (1956} §11s 600 4TS 0200 2976 4470 5000 0212 3435 3452 3229
sis 600 475 0200 3285 4470 5000 0236 3817 3R 3576
st 600 475 0200 3438  5B70 5000 0200 3960 3966 3716
sis2 600 475 D200 4020 5870 500G 0236 4633 4637 4366
STI33 600 475 0200 4200 5870 5000 0247 4843  4B45 4568
st 600 475 0200 3534 3680 5000 0296 4139 4117 3890
Shiivy) 600 475 0200 4025  SET0 5000 0236 4640 4643 4372
smzs 600 475 0200 4276 5370 5000 0252 4930 4932 4653
suze 600 475 0200 4276 5810 5000 025 4930 4932 4653
Stvs3 600 475 0400  TB31 4540 5000 0461 4743 4695 4488
stz 9.00 763 0440 12802 4470 5000 0246 4193 409 3947
Chamberlin (1958) 3a 600 475 0400 5464 4450 S0.0C 0314 3294 3278 3048
3b 600 475 0400 5501 4450 SD.00 0316 3306 3300 3070
3e 600 475 0400 5581 4450 5000 0321 3365 3348 3118
4 600 475 9200 3674 4370 5000 0270 4275 4264 4020
b 600 475 0200 3787 437 5000 0279 4402 4389 4143
4c 600 475 0200 I733 4370 5000 0275 4344 4332 4087
Ferguson and Breen (1565} 8Riga 1703 1272 1580 74808 3470 9900 0319 £160 41327 3901
8R24s 1712 1286 1580 107894 3530  99.00 0462 5951  SBB8  S698
8F30s 17.09 1294 1580 569.59 3030 7400 0460 5348 5278 5106
8F36a 116 1309 1580 129105 4650 6350 0953 6622 6874 6634
8F36b 1694 1313 LS80 114908 370 7400 0455 6190 6130 5929
8F36k 969 1321 1380 100052 3460 7400 0638 5584 5465 5400
§F39a 1706 306 1580 137895 3650 6350 - - 7400 7250
8F42a* .19 1309 1580 122398 2660 6350 - - 6598 6593
8F4a2be 1716 13.08 1580 139897 3830 6150 - - 7486 T334
8R42a 1718 1294 1580 130841 3310 9900 0602 7221 TLOT 700
8R43a 17.03 1302 1580 134753 3040 9900 0671 7443 7288 72.84
8R6da 17.08 1298 1530 165999 3550 9900 0759 9LTO  ERTI 9064
8R%0a 1703 1303 LS80 179295 T4 99400 0794 9861 9641 9180
11R24a 2409 1572 3120 227993 370 9300 0420 SZ30  SL81 4970
1IR30 2409 1608 3120 264093 4030 9300 0445 5903 5850 568

T1F36a 2409 1579 31200 28489% 4570 7100 0452 6466 G616 61,90
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Tabie A.1
Dara and bar stress for specimens containing developed and spliced bars (continued)

Study Specimen b d A M, i £ BalEe*™ Lt Lt ek
No. (i) (n) _ (in)) (in-kips) (psi) _(ksi) (ksi)  (ksi)  (ksi)
13F36b 2603 1583 3.020 261743 3330 6500 0532 6009 5920 5781
11F42a 2400 1582 3120 281387 3530 6500 0555 6457 6361 6233
11F43a 2416 1530 3320 325590 3140 7300 L1059 39l 73 7456
11F:gb* 2445 1593 3420 321886 3330 6500 - - 7232 7.4
FEEN 2416 1583 3120 367004 5620 9300 0504  82§1  B222 7995
L1R48b 2422 1543 3020 307000 3100 §3.00 0727 7320 7143 7198
L1FE0a* 2397 1583 3120 153006 2610 700 - . 8034  84.80
LiFG0b* 2400 1592 3020 352020 409 6500 - . 7878 7802
HR60a 2400 1601 3.120 332010 2690 22.00 0.866 77.19 T4.61 771.00
11R6CD 24.00 1558 3120 382044 3460 93.60 0.862 90.35 87.80 90.11
8F36¢ 17.09 13.00 1.580 1130.00 2740 74.00 0.594 62.56 61.33 50.63
8F36d 1706 1297 15RO 1390.00 3580 7400 0.800 7474 7431 7431
8F36e 1712 129¢ 1580 146000 470 7400 0944 TIZE T4 7744
SF36f 1706 13,04 1.580 147100 3780 7400 1.071 77.64 79.H 78.15
8F36g 17.03 1254 £.580 1388.00 3070 7400 1.003 753.34 75.51 7578
8F36h 1703 1300 1.580 1023.00 96 7400  0.743 57.88 56.02 56.93
8F36) 1742 1303 1580 117200 1520 7400 0339 6698 6409 6730
8F30b 1704 1303 LSBO 106000 2610 7400 0573 SBE2 5747 $6.63
11R36a 2406 1533 3420 351200 3020 93.00 0918 8536 8235 8546

Thempson et al. (1975) 6-12-412/2-6/6 3300 1063 2640 (45140 370 6LY0 0443 5796 STHD 5536
8-18-4/3/2-616 3600 950 4740 222764 4710 5930 0546 5700 5626 $4.64
8-18-3/3/2.5-4/6 3600 950 4740 192754 2920 5930 0723 S0.86 4933 4970
8-24.412/2-606 3600 1050 4746 W18 3105 5030 0649 S1EY 5064 5027
11-25-6i2/3-5/5 4406 1030 78O0 306858 3920 6630 0.567 4500 4419 4295
11-30-4/2/2-6/6 4088 1030 9360 308599 2865 6050 0795 3556 3799 3893
11-30-4/2/4-6/6 4488 1030 8360 364528 3350 6340 0764 4590 4439 4502
1-30-H2/2.74%6 4488 1030 6240 325377 4420 6330 0383 SB4E 5789 5632
11-45-4/1/2-6/6 4088 1130 9360 408546 3520 6050 0746 4672 4528 4570
14-60-42/2-5/5 1750 1330 11250 569683 2865 ST.T0 1070 413 4523 4936
1460-4/2/4-5/5% 4150 {315 1L250 THISU2 3200 ST - - s664 6331
11-30-4/2/2-6/6-85 4088 1030 9360 378098 3063 6500 1003  49.06 4647  49.85
1L-20-4/2/2/-6/6-5F 4088 1030 9360 346163 3620 67.30 4719 4361 4232 4243
[1-20-4/202-6/6-85  40.88 1030 9360 331519 3400 6730 0726 4192 4060 4081
8-15-4/2/2-6/6-85 3600 1050 4740 250169 3507 6LID 0677 5R66  ST3L 5703

Mathey and Watstein 412 8O0 1680 0200  269.84 4210 11470 0248 2871 8860 8594

(1961} 47-1 800 1600 0200  280.54 4265 11470 0356 9221 S2i0 8939
41053 800 1600 0200 34451 3675 11470 0355 113T¢ 11330 11073
410.5-2 800 1600 0200 35009 4055 11479 0339 11526 11508 11226
4142 800 1600 0200 30532 3710 1470 0310 10065 10040 9778
8-24-1 3.00 16.00 0750 711.86 4233 97.00 0382 62.16 61.80 59.34
8-28-1 800 1600 0790 89029 4485 9700 0468 TRTY 720 7499
8-28-2 8.00 1600  0.790 824.72 36 57.00 0.503 1259 71.80 70.06
8-34-1 8.00 1600 0790 105816 3745 97.0¢ 067 93.63 92.10 51.90
8141 §00 1600 0790 38339 3585 STOP 0223 3351 3340 3132
8-34.2 800 1600 0790 103090 3765 9700 0646 9LI0 897 $922
8-14-2 B.00 16.00 099 489.F1 4035 97.00  0.263 42.63 42.50 40.14
8-7-1 8.00 1600  0.790 329,66 4005 97.60 0.175 28.63 28.60 26.68
8212 800 1600 0790 61033 3495 9700 0376 362 5320 5099

Hester etat, (1991, 1993} 1-8N3160U 1600 1350 2370 143292 5990 6380 9333 503 5003 4718
2:8C3160U 1600 1399 2370 137587 6200 69.00 0291 4625 4624 4339
3-883160U 1609 1369 2370 135099 6020 7110 0305 4686 4681 4398
4-853160U 1608 1362 2370 IZRIZ 6450 TLID 0261 4236 4240 39.59
S-8C3160U 1600 1372 2370 1ISTBT 5400 6900 0275 396 3982 37.20
68032200 1606 1354 2370 148908 5850  69.00 0352 5199 5185 49.04
T8C3 180U 1603 1358 L3580 88507 5240 6900 0257 454D 4537 4274
7-8C3-16-3-U 1600 1377 L3580 101902 5240 69.00 02917  S1ST 5149 4875
4-883-16.2-U 1609 1382 2370 138410 6450  TLI0 02890 4705 4706 445
4-853-16-3-U 16.09 1368 2370 1456.14 6450 TLID 03108 5006 50.04 47.09
$5-8C3-16-2-U 16,10 1386 2370 136690  S490  69.00 (03232 4662 4651 4350
6-8C3-223/4-3-U 1606 1353 2370 161993 S8S0  69.00 03866 5666 5645 5368
1-BN3- 16-2-U 600 1350 2370 160391 S9%0  63B0  0I7T3 $608 5600 5318
6-8C3-22 344U 1603 1351 2370 159493  SBS0  69.00 OJBIS  $587 5567 S2.89
5-8C3-16.3.5 1603 13.5¢ 2370 1243.96 54%0 69,00 90,3035 43.38 43.3 40.63
3-883-16-2-U 686 1366 2370 134788 6020 710 03034 4651 46.47 43.65
1-8C3-16-2-U 1600 1395 2370 1305.00 5200 69.00 0.2765 43.98 #3.99 41.18
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Table A.1
Data and bar stress for specimens containing developed and spliced bars (coatinued)

Study Specimen b d A M, o £, ealte**t £t fatt fuFHe
No. (in) (n)  (in) (in-kips) (psi) (ksi) (ks (ksi)  (ksi) :

Choi et a. (1990, 1991) T-5N0120U 10.50 1465  0.620 52100 5360 63.80 0248 6151 6151  58.73
1-SNO120U 1575 1469 6930  §13.00 5360 63.80 0267 6400 6399  6LI6
2-6C0120U 1100 1463 0880 61004 6010 T0.90 0223 5134 5140 4868
2-650L20U 1100 1463 0880 54298 6010 S3ED 0297 4567 4575 437
3-ENO166U 1200 1400 1580  §5793 5980 6380 0287 43.00 4302 4029
38301600 1200 1400 1580 85400  S9B0  6V.00 0256 4284 4282 40.09
4-11C02400 365 1330 3420 (37199 5850 6300 6337 3793 3782 35
4-1180240U 13.65 1330 3120 145906 5850 6460 0360 4037 4022 3761

Rezansoff et al. (1991) 2062 102 1161 0930 68532 427743 7150 0486 077 7002 6Bl
20-6-3 1102 1161 0530 74792 388594 7250 0997 7523 7669 7555
20-6-1 1L02  1L61 0830 TI726 404543 7250 1238 776 T9.E2 7850
20-8-11* 102 IL50  I550 117534 446593 6554 - - 7460 75.00
20-3.9 (.02 LU0 LS50 90143 420493 6554 0616 6LIO 6005 592
20.3-10 FLOZ 1100 1550 96237 4407.93 6554 0539 6526 6403 6328
20.8-1* 1102 1156 1550 114244 321991 6534 - . 12 TS
20:8-12 1102 ELOG 1550 96439 434993 6554 0649 £538 6420 63.56
20-82 1102 1150 L350 L0281 57419 6554 0497 6536 6484 6250
20-3-3 1102 1150 1.550 101406 550091 6554 0507 6459 6407 6189
20-8.6* 102 1150 1550 119075 477042 6554 - - 7545 7537
2087 182 1100 LS50 92257 449493 65.54 0595 6230 6135 6047
20-8-4 102 1160 1550 89518 432993 6554 0597 602 5958 58.40
20-8-5* 1.02  IL50  L55E 119955 477042 6554 - - 7801 7601
20-8-4* 102 1150 1SS0 112923 433543 6554 - - N 7194
20821 1102 1106 1550 68287 337844 6090 0539 4658 4576 4445
20-8-13 1L02 1156  1.550  80L36 350894 6438 0S77  S2T 5L 5004
20.8-14 1102 iL50 1550 83256 327695 6438 0645 5451 5328 5284
0815 1102 1130 L3550 85677 362494 6438 0607  S574 5468 5381
20-8-16 102 150 13S0 85673 329145 6090 0666 5604 5482 5457
20.8-18 102 1150 1550 856.82 334944 6090 0655 5607 5480 5443
20-8.19 1102 3100 1550 66408 321895 6090 0545 4541 2456 4334
20-8-17 1102 1150 1550 95131 347934 6050 0930 6080 6078 6LOR
20-8-20 1102 [LOD 1,550 67031 329145 6050 0540 4STE 4495 4367
20941 12,99 1791 2170 203365 353794 6728 0552 5966  SB74 ST44
20.9:2 1299 1751 2170 224159 337844 6728 0648 6615 6482 6442
20114 1299 1779 3100 230303 434993 6612 0469 4803 4751 4552
20-11-2 1299 1700 3100 323223 433543 6002 1380 6997 6995 7091
20-11-1 1299 1700 3000 317735 4THAZ 6002 0793 6902 6859  6B3D
20113 1299 1779 3100 254041 446593 6612 0514 $307 5237 5059
20-11-8 1299 1830 3100 304267 334944 6612 0801 6330 6136 6261
20-11-5 1299 1730 3.J00 298849 342494 66.12 0819 6582 6381 6526
20.11-6 1299 1736 3100 255434 362494 66.62 0665 5580 5454 5421
20-13-7 1299 1830 3.100 254656 329045 66.2 0646 5259 5138 5004

Rezansoff et al, (1993} Za 1358 1049 2325 123853 3958 6452 0772 6024 5856 5931
b 1358 1049 2325 1238354 3199 6452 0807 6048  SB63 5983
sa 1543 1740 3255 280117 4031  68.87 0565 5696 5608 5476
b 1543 1740 3255 328136 3726 6887 0743 6750 6583 6637
6 161 1049 2325 106092 362494 6452 080F 5250 5077 5183
ibe 866 1049 1550 92563 39894 6452 - - 659F 6982
ta* 866 1049 1550 97175 395843 6452 - - 6954 7403
7 IL6E 1049 2325 9737E 362494 6452 0713 4793 4660  46.68
3a° 1.6t 1049 2325 136448 395843 6452 - - 8812 6976
3b 1L6F 1049 2325 123527 379854 6452 0950 6LST 5903 6203
8 1358 1049 1325 TI8I3 362494 6452 0431 3450 3405 3220
b 1299 1740 3255 334138 372644 6887 1209 6887 6765 70,17
ge 1299 1740 3255 360750 398594 6887 - - 7295 7640
10* 1259 1740 3255 343035 408853 6887 - - 6927 7099
da [299 1740 3.255 302347 403093 68.87 0720 6256 6108 6125

Zekany etal. (1981) 9-53-B-N 2735 1344 5000 282603 5650 6280 0382 4777 4756 4492
N-N-808 2725 1330 6240 272075 3825 6010 0485 3853 3796 3627
§-53-B 2725 1344 5000 340845  ST00 6280 0469  ST7%  §7.36 5499
11-40-B-A 2725 1330 6240 3ISZI3 5425 6010 D435 4528 4494 4239
2-4.5-80-B 2725 1336 6240 305612 4200 610 0510 4306 4254 4087
2-5.40-B¢4) 2725 1330 6240 29803t 3850 6010 0337 4231 4139 407
3.553.B 2725 1330 6240 282660 3775 6040 0513 4009 3944 3790

2-4.5-53-B 2728 1330 6240 3GISTS {25 6010 051 42,62 42.00 40,35
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Tabie A.1
Data and bar stress for specimens containing developed and spliced bars (continued)

Study Specimen b d A M, . f,  eale** Lot Lt L
No. (in)  (in)  (in) (in-kips) (psd) (ks {ksi)  (ksi}  (ksi)
T1-53-B T7.25 1330 6240 303656 4023 60.10 0527 4300 4232 4079
11-40-B 2725 1330 6240 320082 SOS0 6010 0471 4603 4558 4347
11-83-B-D 2725 1330 G240 243342 4125 6000 0399 3423 3389 3182
3.5.40.8 2725 1330 6240 273599 3750 60.10 0497 3882 3821 3680

DeVries et al. (1991) 8G-9B-P6& 1.0 1450 0.880 £33.43 8850 76.63 2,234 70.16 70.39 66.96
BN.9B.P6 1110 1438 6.880 663.07 8300 76.63 0,i95 56,34 56,55 53.54
8G-228-P9 1100 1431 2000 134942 7460 6640 0326 5274 5276 4961
EN-1§B-P9 {110 1394 2000 128689 7660 7035 0316 5163 SL6B 4RSI
8G-16B-P9 1800 1437 L0000 109040 7460  66.40 0257 4234 4244 1049
8G-188P9 1100 1419 2000 133199 8610 7035 0291 5225 5238 4905
10N-12B-P9 11,00 1425 2000 96414 9780 7035 0I88 3733 3763 1476
10G-12B-P9 1L00 1419 2.000 959.02 9680 70.3% 0,190 37.32 37.61 34.74
15G-12B-P¥ 1L:0 1425 2000 127235 16100 7035 0066 4RAS 4900 4560
15N-12B-P9 1LI0 1410 2000 130468 13440 7035 0497 5042 5077 4722

Azizinamini ¢ al. (1993 BB-8-5-23 900 1250 1580 81835 5290 7B 0406 4730 4N01 4453
AB§3-8-15-41 200 1230 1580 130464 15130 7785 G280 Y267 TIOT  68.53
BB-11-5-24 1200 1380 3120 111604 5080 7080 0308 2982 2973 2739
BB-11-5-10 1200 13.89 3020 16517 5080  70.80 0466 4344 4303 4091
BB-11-12-24 1200 1389 3120 72104 12730 7080 0228 4440 4472 4120
B-11-12-40 1200 13.89 3120 226317 13000 TDRO 0300 5847  SE7S 5478
BB-11-11-45 18.00 1589 4680 323839 10900 7080 026  48.63 4890 4538
BB-11-15-36 18.00 1580 4680 382383 14550 TOR0 0245 5695 ST.34 5332
BB-11-5-36 1200 1589 4680 3050.83 6170 7372 0394 4693 4675 4447
BB-11-13.40 1800 1539 4.680 31841.90 13600 73.72 0.260 57.24 5170 33.72
BB-11-i5-13 12,00 13.39 3420 116008 4330 13N 9.137 29.76 30.06 2735
ABE3-11-15-57.5 1200 1339 3.120 276353 13870 732 4353 1139 11.66 67.40
ABEY-11-15-80 1200 13.89 3120 292322 15120 7372 0426  7I88 Y564 TLIY

Azizinamini et al, (1995) AB83-11-15-57.55-50 1200 1389 3120 304501 15120 7370 0544 7596 7882 7434
ABS-11-15-455-60  18.00 1589 4680 472579 14890 7050 0301 7048 7083 6642
ABS-11-15-4558-100 860 1589 4.680 537579 14850 70.50 0,713 76,59 80.57 16,06
ABS-11-15-408-150 1800 15.89 4.680 5181 15766 7058 0.738 79.06 £3.46 78.79

Darwin et al. {19953, [996a) 1.1 1608 13.75 1.580 102500 5020 67.69 0.302 5178 51.66 48.97
12 2406 1379 3160 174600 5020  67.69 0309 4477 4465 4204
13 1607 13,75 2370 131000 5020 67.69 0337 4522 4505 4247
2.4 1213 1379 1380  [05R.95  S250 7542 0366 5429 5408 5140
25 1213 1367 1580 113837 5250 7542 0403 5897 SBET  S6.06
45 1202 1379 1580 99389 4090  67.69 0420 5150 5106  48.86
6.5 1200 13.63 1580 103E15 4220 7542 0.437 5406 5359 SL4)
83 1241 1353 1580 117100 3830 7796 0527 6238 5864 57.08
102 1213 1378 1580 119093 4256 BDST 0500  6L84 6147 6013
134 1218 1392 0930 71033 410 6183 0350 6026  S0.96 5746
143 1214 13.89 0930 74298 4200 61.83 0485 6183 6284 6033
15.5 1805 1347 3120 201300 5250 777 0450 5451 5410 SLYS
16.2 807 1364 3020 197432 5180 7R7T 0435 5275 5238 4998
12.1 1207 1390 1240 70752 4120 6639 0312 4563 4542 43.00
123 [2.14 1388 0930  573.07 4120 6639 0279 4867 4852 4606
132 121t 1386 0930 66045 4110 6639 0328 5635 5610 5359
122 1202 1394 1240 71072 4120 6L83 0311 4568 4548 4306
124 1202 1356 0938 618.00 4120 6183 0300 5221 5002 4953
13.1 1218 13.88 0930 559.29 4110 61.83 0325 56.06 55.82 330
14.5 12,83 1391 04629 481.99 4200 66.39 0.27t 50.29 6G.15 57.58
14.6 12.05  13.89 0.620 ki 4200 61.83 0434 6l.83 63,45 &0.85
L3 1607 1374 2370 1517.96 5020 67.6% 0397 5254 3224 4972
L6 1608 1374 2370 151100 5020 67.69 0306 5230 S200 4948
21 1212 1370 1580 121406 5250 6452 0432 6281 6243 5991
22 1212 1358 1580 152604 5250 7542 0848 TT7E 7920 TR0
23 121F 1356 1580 (41304 5250 7542 G524 7412 TI4S TL46
34 1214 1373 LS80 108782 S1i0 6472 0388 5607 5580  53.20
35 1207 1374 2370 147904 380 6472 0612 5305 5202 5135
41 1206 1392 1580 121107 4090 6452 4531 6333 5254 6092
42 1247 1374 1580 140304 4080 7542 063} 7TAS4 7234 7159
44 1245 1373 1580 114102 4090 6767 0495  59.55  SB88 5703
5.1 1822 1379 2379 1888.06 4190 £5.70 0.5339 £3.43 64.62 53.03
52 18.16 13.713 2370 190213 4190 15.00 0.550 46.26 65.41 63.%0
53 1211 1368 1580 131097 3190 7500 0576 6883  67RE 6659
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Table A.l
Data and bar stress for specimens containing developed and spliced bars (continued)

Study Specimen b d A M, fe £ safa*™ fgb Lt Lt
No. (in} (in) (inD (in-kips) (psi) (ksi) {ksiy  (ksty (ks
54 1212 13.68 1580 1137.00 4190 6452 0487  39.30  5B.87 5694
55 1212 13.67 1580 89605 4190 6472 0373 4674 4643 4403
56 2.1 1384 1580 129693 4190 7542 0556 6722 6634 6488
6.1 1258 1369 2370 179697 4230 6570 0713 64.71 63.26 63.33
62 1201 1362 2370 21148t 4220 7542 L190 7621 7488 7757
63 12J3 1363 1580 98695 4220 7542 D368 4639 4608 4373
6.4 1211 1358 158 70309 4220 6472 0288 3683 3668 3435
7.1 1200 1377 1580 S07.97 4160 7542 0378 4705 4672 4440
72 (206 1372 1580 10B0SS 4160 6769 0462 5637 5582 5LT7
15 1197 1364 2370 06767 4160 7542 0932 T542 TRET 7573 )
.6 1201 I377 1680 86175 4160  67.69 0357 4462 4434 4L
8.1 243 1376 2330 198397 3830 TT86 0800 TL14 6967 7221
8.2* 1206 1369 2370 224695 3830 8057 - . 7932 85.08
g4 1200 1390 1580 98893 3830 8057 0420 4937 4890 4679
9.1 1204 1370 1580 122675 4230 8057 0526 6416 6340 6LTO
9.2 1210 1384 1580 135636 4230 7542 9579 7002 6906 6178
9.3 1209 1398 1530 107581 4238 7796 0445 5575 5525 5310
9.4 11 1372 1580 125948 4230 7542 0542 6582 6500 6342
10.3 12011 1377 LS80 114480 4250 7796 0479 5945 5885 5686
104 {207 1375 1580 120386 4250 7756 OSI1 6268  6L9B  60.1B
1L (230 1368 2370 190214 4380 7542 0740 6852 6694 6731
112 1219 1372 1580 120157 4380 7786 0495 6258 6194  60.00
113 1203 1360 1580  1159.89 4380 8057 0304 6311 6244 6056
114 1205 ELTT 1580 121668 4380 7542 DS00 6315 6249 6058
14 1212 1386 2370 172485 4200 67.69 0665 6119 5996  59.51
142 1219 1372 2370 178525 4200 6769 0708 6424 5181 6283
15.1 111 1346 3020 244940 5250 7T 0802 6941 6733 6834
152 1201 1346 3020 228705 5250 6554 0731 6428 6287 6296
153 12,04 1363 3120 228746 5250 6554 0714 63.40 62.07 61.97
154 1208 1350 1120 280704 5250 TI77 1338 7B90 793 BO.SS
163 1803 1362 320 31pat S188 77T 0S5M 6206 6l 5930
164 1806 1345 3120 227256  SI80 6669 0525 6184 6L19 5028
173 1805 1348  3.020 255652 4710 77T 0660 7006 6885  68.26
174 1807 1352 3120 245193 4710 66.69 0636 6669  65B2 6483
175 1808 1348 3120 217518 4710 6669 0540 5930 5857 5689
17.6 107 1354 3020 257148 4710 TT.77 0657 0.2 6892 68.30
18.1 1805 1352 3120 300664 4700 7777 1342 8090 8072 8205
183 1805 1343 3120 256431 4700 7RI7 0668 7058 6933 6883
18.4 18.08 1362 1120 249009 4700 66.69 0.68% €669 6633 6538

Carrent Study 19.1 1814 1366 2370 209488 4250 8057 0.6l6 7RSI 7239 7146
19.2 1806 1366 2270 153699 4250 8057 0563 6785 6696 6554
193 1810 1362 2370 203072 4250 80.57 0598 T4l 039 69.28
19.4 1813 1363 2370 219387 4250 8057 0655 7728 JSH8 7545
201 1805 1361 4680 380541 080 7777 0856  TLOB  69.60  70.78
202 1805 13.56 4680 382367 3080 7777 0871 7181 60.64  TLED
203 1807 1358 4680 366318 S080 7777 081§ 6857 6666 6788
20.4 1810 1364 4680 364281 3080 7777 0798 6765 6388 66.86
205 1203 1385 2370 141906 S0BO  BOST 0445 4951 4914 4685
20.6 1208 1376 2370 162105 5080 BO.ST 0525 S5 5651 54.65
211 (205 1365 2370 203263 4330 3057 083¢ 7188 LT 7340
212 1213 1376 2370 19184z 4330 8057 0951 6877 6104 6765
213 1210 1365 2370 200580 4330 8037 0866 7625 7337 7604
214 1206 1398 2370 192946 4330 80.57 0758 6500 6743 68.03
215 1214 1358 1580 146033 4330 8057 0645 7735 Tedl 784S
216 1214 1350 n380 123456 4330 05T 0527 6508 6433 626
22 1211 1353 3120 216145 6300 717 DS63  S946  SBED 5700
22.2 1200 1349 3120 2569.05 6300 7777 Q702 71,35 F0.14 £§9.72
223 1198 1349 3020 257704 6308 TITT 071 TI66 7036 700
224 1206 1351 3120 249688 6300 TI77 D676 6915 6802 6734
2.5 1786 1258 4700 314881 6300 7IYT 0639 624 6146 6037
26 1787 13.00 4700 353622 6700  FIIT 0649 6755 66ST  65.52
2. 1828 1362 2370 232592 9080 3057 0378 7887 7924 7557
2322 1828 1360 2370 85666 9080  80.57 0293 6248 6289 3937
223 1818 1366 2370 739885 9080 8157 0425 5057 8148 773

2324 1842 1369 2370 234643 908G 8057 038G T79.15 79.51 1585
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Table A.1
Data and bar stress for specimens containing developed and spliced bars (continued)

Study Specimen b d AT M, s £, eofe™ ft Lt ft
No. (in} in) (in® (inkips) (psi)  (ksi) (ks)  (ksD)  (ksi)
FEPY] 1808 1363  1.3580 124793 9320 8057 0237 6223 6271 5937
2386 1226 1367 1580 149252 9320 BOST 0352 7547 7590 7248
23b.1 12.15 1373 2378 228134 8370  80.57 0.500 79.04 78.69 15.88
2352 1210 1367 2370 202948 8370 BOST 0442 050 03¢ 6728
23h.3 1823 1272 1580 132807 8370 8057 0282 7164 7180 6829
23b.4 18128 1253 1580 128169 8370 8057 0219 024 040 669
2305 1203 1356 LI20 195435 4500 YRTT 0691 5480 5357 s3de
23b.6 1204 1334 3120 160517 4500 7RI 0S50 4510 4440 4291
241 1214 1360 1SR 118490 4300 7907 0498 6LO1 6125 5935
42 1215 1377 LS80 166727 4300 7907 0437 5532 5485 5265
1.3 1208 13.52 1.580 113178 4300 79.07 0486 53.93 59.32 57.35%
244 1297 1342 1.580 1038.88 4300 79.07 0447 5538 54.88 5272
25.1 12.19 1437 0930 808.01 4490 6298 0.679 63.72 65.86 63.23
252 1216 1425 0930 85421 4490 6298 0949 6758 7025 67.67
253 1212 1438 0530 81124 4490 6298 0727 6433 6659 6398
254 1228 14328 0830 172,05 4490 62,98 0.382 6258 63.33 60.68
26,1 1203 1377 2370 1823.88 4960 79.07  0.620 64.59 53.59 62.53
262 1208 1364 2370 155660 4950 7907 0520  $543 5481 5295
263 1211 1338 2370 176937 4960 907 0593 6L5L  6L62  60.32
264 1203 1350 2370 168455 4960 7907 0585 6083 5998 5B.61
26.5 1218 1395 23570 IRIG4D 4960 7796 0613 6435 6338 6226
2656 1206 1369 2370 175771 4960 7796 0.597 6253 6163 6036
1 1222 1361 2370 235661 10810 79.07 ©SI6 7998 8l4E  7MIS
12 1202 1371 2370 232569 10810 7796 0490  78.52 7934 76.07
73 1206 1353 2370 230327 10810 7907 9471 7921 0.6 7642
17.4 1205 1354 2370 222080 10B10 7796 0389 TRl 7T T340
215 1816 1366 2370 2283.52 10810 7907 0308 7707 7731 T334
76 18,12 1365 2370 235252 10B10 7796 0377 7842 7968 7569
8.1 171 1342 3120 264609 12610 TTIT 0395 7123 TI36 6739
282 1213 1352 320 203794 12610 TRTT 0286 5407 5446 5060
283 18,10 1345 4680 3TSLID 12610 7777 D362 67.03 6721 6320
54 18.09 13.52 4680 257720 12610 7777 0.239 45.62 45.92 42.34
28.5 1809 1345 3120 194403 12610 7777 4210 50.89 5123 47.68
286 1811 1352 3020 160527 13610 7777 0470 ALT6 4207 3895
2. 1206 1368 2370 240970 10620 7907 0589 2098 8299 7934
292 1214 1360 2370 250747 10620 7796 0809 8365 8686 8335
293 1213 1364 2370 226734 10620 7907 0409 7RI TR2T 7454
294 1217 13.66 2370 228436 10620 7796 0453 7796 RIS 7502
25 1800 1366 2370 224400 10620 7907 0307 TSI 7602 7209
2.6 1817 13,71 2370 231082 10620 7796 03l4 77T TT96  T400
30.1 1219 1351 3120 248477 13220 7777 4340 6607 6632 6119
302 12.67 1354 3120 192592 13220 7177 0259 5190 5131 4749
303 1802 1347 468 3755.66 13230 7177 0348 6688 671t 6298
304 1804 1349 4680 304865 13220 7TIT 0277 5409 5435 50.48
30.5 12 [3.44 3120 255485 13220 7137 0270 6695 6730 6319
306 1814 1336 3420 205236 13220 TR77 0219 5447 5482 5130
311 1212 1343 L1380 133279 12890 79.07 0238 6825 6861 6464
312 1220 1352 1580 12076 12890 79.07 0195 5694 5730 S372
33 1215 13.52 1.580 128240 12880 7796 0.225 65.21 65.58 6170
314 1208 1370 1580 1051.88 12890 7796 0.180  S2IT 5306 4966
3.8 1226 1386 2370 178742 12890 7907 0268 6143 6LI6  STTY
316 EL17T 1344 2370 182694 12890 6950 0280 6342 6375 5970
k¥ E2.17  13.82 3420 239041 iH00 7777 0303 63.33 63.65 5941
322 12,14 13.5 3026 231928 14400 6669 0294 6149 61.82 57.62
323 18,14 1345 3120 232262 14400 7177 0227 6084 6102 5704
324 1830 1350 3120 234568 14400 6669 0227 6100 6139  $T40
330 12,16 1355 2370 171432 3360 7947 0547 6132 6062  SBES
332 1210 13.66 2370 173168 5360 69.50 0547  6L42 6072 3895
333 1814  13.63 2370 166460 5360 7907 0388  ST60 5734 5467
334 1812 1364 2370 158666 5360  69.50 0393 5832 5805 5539
335 1214 1387 1580 F107.51  $230 7907 0382 5646 5621 5356
3.6 1217 1382 1580 113160 5230 6350 0393 5794 5766 5503
343 113 1366 2370 167671 544D 7907 0385 STER 5764 5493
342 1807 1361 Z3T0 178685 5430 7907 041§ 6197 6LES  59.03
343 18,12 1349 2370 1685.25 5440 69.50 0396 58.94 58467 56.00
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Table A.1
Data and bar stress for specimens contzining developed and spliced bars (continued)

Study Specimen b d  AM* M, e £ EafB* fgr  But fut
No. (i) (i) (in®) (in-kips) (psi) (ksi} {ksD)  {ksi) (ksi)
344 1821 13.53 2370 167859  S44l 6950 0391 5849 5823 5584
351 1208 13.69 1580 I320.85 5330 7542 0471 6B44 6796  65.60
352 1225 1356 LS80 107602 5330 7542 0378 5631 5598 5330
153 1208 1360 1580 118568 5330 6950 0422 477 6143 5886
54 206 1335 1580 10BL.BO 5330 €950 9372 5561 5540 5270
38.1 1216 1355 2370 213729 5060 7%07 6752 7739 TS0 769
62 1213 1336 2370 1882.6¢ 5060 7907 0448 6775 6663 6534
36.3 IBI7 1355 2310 179633 5060 6950 0448 6278 6234 59.96
364 1814 1356 2370 172414 506D 6950 0427 607 579 5732
371 1211 1270 3160 179361 4300 6950 0650 5997 SBE3  60.8R
372 1204 1260 3160 181837 4800 6950 0671 6140 5995 6235
173 1211 1348 2370 173581 4800 7542 0625 6292 5190 6093
374 1207 1347 2370 201869 4800 7542 0762 LB 7210 7270
38.1 1825 1375 2370 157830 508G 6950 0375 5408 5393 513
382 1817 1351 2370 172778 5080 6950 0420 6051 603 5766
383 1208 1347 2370 1900489  S080  79.07  0.665 6893 6774 47.3
384 1213 1353 2370 170010 5080 7907 0573 6112 6031 588l
385 1216 1365 1580 130230 5080 7907 0483  67.83 6728 6506
86 1217 1364 1580 1093.89 5080 7907 0397 5686 5656 5399
39.1 1206 1350 2370 167451 14450 6769 0230 5761 5798 5402
392 128 1349 2370 210324 14450 6769 0.522 6974 7293 6855
393 1217 1345 2370 225655 14450 71796 0327 7796 7848 7401
354 1209 1347 2370 164138 (4450 7796 0228 5664 5701 5308
9.5 1215 1347 2370 143777 14450 6769 0197 4956 4993 4630
396 1219 1359 2370  1969.08 14450 6769 0270 6738 6776 63.49
40,1 206 1326 3120 247052 15650 7RIT 0304 6660 6700 6257
402 1216 1328 3120 205349 15650 T7IT 0249 S5.16  S558 5147
403 1215 1331 3020 146731 15650 6554 Q174 3925 39.63 3628
40.4 1209 1333 3120 219701 13650 6554 D267 5883 5935 5502
40.5 201 1367 LS80 131594 15650 7796 L196 6581 6628 6232
40.6 1226 1388 1380 139021 15650 7796 0471 3BS3 5897 5532 :
4Ll 1214 1349 1580 128949 OIEG 8057 0275 6616 6640 6268 v
412 1216 1338 2370 241364 10180 BO.ST 0653 B302 8512 BLYE
413 1211 1356 2370 2280.88 10180 8057 G432 7935 7931 7575
414 1220 1340 2370 219443 10180 7796 0421 72T 7T26 7366
413 832 1351 2370 193531 10500 6950 0267 6601 6628 6153
416 1822 1363 2370 193431 10500 69.50 0264 6538 6565 5192
421 1211 1350 1580 126005 1830 7796 0237 6432 6466 6085
422 1209 1364 1580 94433 11930 7796 G.U72 4764 4795 4478
423 1211 13.64 2370 153138 11930 7796  0.243 5245 S.75 4900
414 1217 1374 2370 207550 11930 7796 0331 DJ0 7094 6689
42.5 1218 1362 2370 226596 11930 7796 0369 7792  TRID 7404
426 1215 1353 2370 190613 11930 7796 0310 6550 6616 6217
43.1 1215 1363 1580 102857 11530 80.57  0.193 5196 5227 4893
432 1206 13.68 1580 128847 11530 8057 0244 6495 6527  6l4%
433 1222 1383 2370 232636 11530 8057 0380 7881 7895 7497
434 1200 1358 2370 184442 11530 BO.ST 0307 6363 6388 50.97
3.5 1207 1354 2370 214992 11530 8057 D365 7450 7467 7069
3.6 1287 1362 2370 245831 11530 $0.57 0567 8273 B4.86 8099

* Experimental moment was greater than the moment capacity caleulated using the moment-curvature method

**  Ratio of strain at concrete extreme compressive fiber to the concrete strain at raximum stress in concrete
stress-strain curve

**%  Total area of steel bars

+ Bar stress calculated nsing the moment-curvature method
4+  Bar stress calculated using the working stress method
+++  Bar stress calculated using the ultimate sirength method

1in.=25.4 mm; | psi=6.895 kPa; 1 ksi = 6.895 MPa
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Fig. A.1 Typical compressive stress-strain curves for normal density concrete
(Nilson 1997)
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current study .
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Fig. A.3 Typical stress-strain curves for reinforcing bars (Nilson 1997)
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Fig. A.4 Ideal stress-strain curves for reinforcing bars used in the current study
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APPENDIX B: DATA FOR DEVELOPING DEVELOPMENT/SPLICE
LENGTH CRITERIA IN CHAPTER 5

Table B.1 gives the coefficients obtained in the derivation of Eq. 5.3 for
different powers of f’, p, and different effective values of ¢ Table B.2 shows
test/prediction ratios for 171 specimens containing bars not confined by transverse
reinforcement using Eq. 5.3 for different powers of powers of {';, p, and different
effective values of ¢g. Table B.3 shows test/prediction ratios for 163 specimens
containing bars confined by transverse reinforcement, with lg/dy > 16 and {c + Ky)/dp
< 4 {in this case, Ky = 35.31t4NAy/n, t; = 9.6 R+ 0.28, and t4 = 0.72 dy + 0.28, as
developed by Darwin et al (1995b, 1996b)], using Eq. 5.13a -5.13d corresponding to
the powers of £, p, equal to 1/4, 1/2, 3/4, and 1.0, respectively.
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Table B.2
Test/Prediction ratios using Eq. 5.3 for different powers of f',
and definitions of effective value c;

£ Test/Predication Ratio

Total 171 tests e 025 1.7cy;  Lecy  1.5cy  Ldc; 13c; 12¢;  Lleoy 1.0oy

Max. 1.3027 13065 13128  1.3165 13169 13121 13010 13042 13137
Min. 07142 07224 07215 07205 07196 0.7182 07161 0.7140  0.7103
Mean 09989  0.9989 09390 0.5990 09990 0.9991 09991 0.9990 0.9992
St Dev. 0.1052  0.1034 0.1035 0.1037 @.1040 0.1046 0.1053 0.1065 0,108]
cov 0.1053 01036 0.1036 0.1038 0.1041 01047 0.1054 0.1066 0.1082
#.<6000 psi, 131 tests

Max, | 1.3008 12853 1.2833 12812 1.2789 12827 12929 13042 1.3137
Min. - 07142 07224 07215 07205 07196 07182 07161 07140 0.7103
Mean 09918 09913 09912 0.9910 09910 0.9912 09914 09915 0.9924
81, Dev. 00980 0.0939 0.0954 0.0952 0.0954 0.0%5 0.0982 0.1008 0.1043
cav 0.0588 0.0967 0.0962 0.0961 0.093 0.0974 00991 0.1017 0.105]
£ ~6000-10000 psi, 11 tests

Max. 1.1417 11622 1.1582 1.1535 1.1482 1.1416 1.1337 1.1250 1.1153
Min. 0.9098 0.8823 0.8812 {.8302 0.8792 08850 0.9034 09203 0.9331
Mean [.0131 1.0143 10128 1.0113  LOG97 1.0093 1.0116 1.0147 1.0i81
St. Dev. 0.0534 00643 0.0635 0.0625 00614 0.0583 0.0524 00482 0.0467
cov 0.0527 00634 0.0627 0.0618 0.0608 0.0578 0.0518 00475 0.0459
£, =10000-15600 psi, 29 tests ‘

Max. 13027 13065 13128 LB3165 1.3169 13121 L3010 1.2832 12550
Min. 0.7816  Q.779%  0.7807  0.7818  0.7831 0.7850 07873 0.7904 0.7813
Mean 1.0257  1.0277 10290 1.0301 10308 10307 10292 10270 10224
St. Dev. 0.1430  0.[399 0.1416 0.142% 0.1437 01437 01425 0.1401 6.1370
cov 01394 0.1362 0376  0.1387 0.1394 0.1394 0.1385 0.1364 0.1340
o Test/Predication Ratio

Total 171 tests e 1025 17¢; 166y 15¢; ldc; 13¢; 12¢; Llcg; 1L0gy

Max. 13060 12979 13042 13081 13088 13042 1.2078 13092 13189
Min. 0.7199 0.7284 07273 07263 07254 0.7240 07217 0.7195 0.7158
Mean 10000 09999  0.9999 0.999% 10000 1.0001 1.0GO1 1.006F 1.0001
5t, Dev, 01047  0.1030 01030 03032 01035 0.1041 01048 01060 0.1076
cov 0.1047 0.1030 01030 01032 01035 0.104] 0.1048 0.1059 0£.1076
£.<6000 psi, 131 testg

Max. 13060 1.2902 1.2880 1.2859 12837 L1.2876 1.2978 13092 13189
Min. 0.7199 07284 0.7273 0.7263 0.7254 0.7240 0.7217 07195 0.7158
Mean 0.9950 09943 09942 0994F 09942 09944 0.9945 09948 0.9955
St. Dev. 0.0982  0.0961 009356 0.0954 0.0956 0.0966 0.0983 0.1009 0.1043
cov 0.0987 0.0967 0.0962 00960 0.0962 0.0972 0.098% 0.1014 0.1048
1, =6000-10000 psi, 11 tests

Max. 1.1439 11642 1,1601 1.1553 1.1504 1.1438 11358 Ll127t 11170
Min. 0.9105 0.8828 0.8817 08807 0.8797 0.8854 09040 0.9211 0.9340
Mean 10124 L0135 10119 10104 10088 1.0084 1.0167 1.0139 1.0172
St. Dev. 0.054%  0.0649 0.0640 0.0630 0.0619 0.0588 0.0529 0.0489 0.0470
COV 0.0535 0.0640 00633 0.0623 0.0613 0.0583 (.0524 0.0482 0.0463
. =10000-15600 psi, 29 tests

Max. 12945 1.2979 13042 13081 1.3088 1.3042 1.2933 12759 1.2510
Min. 0.7723 07707 014 07725 0.7738 07757 0.7779 07809 0.7794
Mean 1.0177 L0198 10210 1.0221 L0229 1.0228 1.0211 1.0190 10143
St Dev. 0.1425 01393 01410 0.1423  0.1432  (.1432  0.1420 0.1397  0.1363
Cov 0.1400  G.1366 0.1381 0.1393 0.1400 0.1400 0.1391 0.1371 0.1344
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Table B.2 (continued)
Test/Prediction ratios using Eq. 5.3 for different powers of f',

p 02 Test/Predication Ratio

Total 171 tests et025 1jeg  16c, 135c; ldc, 13ec; 12g;  Lleg 0oy
Max. 13104 12939 12941 12978 12982 1.2935 13020 13137 1.3236
Min. 0.7254 07340 07330 07319 07308 07294 07271 0.7249  0.7211
Mean 0.9999 09998 09999 0.9998 0.9998 0.999% 1.0001 1.0001 1.0000
$t. Dev. 0.1044 01027 0.1027 0.1028 01031 0.1037 0.1044 0.1056 0.1073
cov 0.1044 01028 0.1027 0.1028 0.1031 0.1037 01044 0.1056 0.1073
£,<6000 psi, 131 tests

Max. 13104 12939 1.2919 1.2896 1.2872 12913 13020 13137 1.3236
Min, [ 0.7254 07340 07330 07319 07308 0.7294 07271 0.7249  0.7211
Mean 0.9970 09962 09962 0.9960 09960 0.9962 09966 0.9968 0.9975
St Dev. 0.0984 0.0954 0.0959 0.0956 00058 00968 0.0985 0.1010 0.1044
cov 0.09087 0.0968 0.08962 00960 0.0962 00972 0.0988 0.1013  0.1047
£.,=6000-10000 psi, 11 tests

Max, 1.1439 1.1643 1.1603 1.1556 1.1503 1.1438 1.1360 11273 L1IT
Min. 0.9107 05829 08818 0.8807 0.8796 0.8854 0.904F 09213 0.9342
Mean L0108 1.0119 L0105 1.0089 1.0071 1.0067 10092 1.0123 1.0156
St. Dev, 00547 00652 00643 0.0633 00621 0.0590 00533 (.0494 0.0474
cov 0.0541 00644 00637 0.0627 00616 0.058 0.0528 0.0488 0.0467
f'. =10000-15600 psi, 29 tests

Max, 12841 12877 1294} 12078 12982 12935 1.2827 1.2653  1.2403
Min, 0.7628 07614 07621 0.763F 0.7642 07661 0.7683 0.7713 0.7734
Mean 1.0092  1.0114 10126 10136 1.0142 1.0141 10125 10103  1.0057
St. Dev. 0.1416 01385 0.1401 Q415 01423 0.1422 0.1411 0.1387  0.1353
cov 01403 ©0.1369 (1384 0.1396 0.1403 01403 01303 0.1373 0.134¢
0 Test/Predication Ratio

Total 171 tests ¢ 025 1.7¢, L6cy L5ey ldc; Licy L2¢; Lleg LOey
Max, 1.3150 12977 12956 12033 12911 1.2952 13062 13182 13323
Min. 0.7310 07397 0.7386 07375 07365 0.7349 07326 07303 0.7286
Mean 10000 00999 0.9990 (0.9998 1.0000 €.9999 10001 1.0001 1.0029
St. Dev. 01043 0.1027 0.1026 €.1027 0.1030 0.1035 01042 01054 0.1075
cov 0.1043 01027 0.1026 (.1027 0.1030 0.1035 0.1042 0.1054 0.1072
£.<6000 psi, 131 tests

Max. 13150 §.2077 12956 1.2933 12911 12952 13062 13182 1.3323
Min. 07310 0.7397 0.7386 0.7375 0.7365 07349 07326 0.7303  0.7285
Mean 0.5991 (.9982 0.9981 0.9980 0.9982 09982 09986 0.998% 1.0022
St. Dev, 0.0986 0.0967 0.0962 0.0959 0.096] 0.0971 00987 01012 0.1049
cov 0.0987 (.0969 0.0963 0.0961 00963 00972 00988 01013 0.1046
£ =6000-10000 psi, 11 tests

Max. 1.1441 11644 1.1604 1.1557 L1507 1.1440 11362 11275 1.1203
Miz, 0.9109 0.8831 0.8819 0.8808 0.8797 0.8854 05043 09215 0.9371
Mean 1.0093 10105 1.0089 1.0073 10057 1.0051 10076 1.0107 1.0169
St, Dev. 00554 0.0657 0.0647 0.0637 0.0625 0.0594 0.0538 0.0500 0.0481
cov 00549 00650 0.0642 0.0632 00621 00590 00534 00495 0.0473
. =10000-15600 psi, 29 tests

Max. 12741 12717 12839 12875 L2B8F 12831 12723 12548 1.2330
Min, 07536 0.7522 07528 0.7538 0.7550 07567 07589 07619 0.7662
Mean 1.0009 1.0031 1.0043 1.0052 1.0050 1.0056 1.0040 10018 1.0000
8t, Dev. 0.1407 0.1377 0.1393  0.1406 0.1415 0.1414 01402 0.1377 0.1346
Cov 0.1406  0.1372  0.1387 0.1399 01406 0.1406 0.1396 0.1375 0.1346
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Table B.2 {continued)
Test/Prediction ratios using Eq. 5.3 for different powers of ',
and definitions of effective value of ¢

plae Test/Predication Ratio

Total 171 tests c 025 17c; lbe; LScy l4c, Lic; L2cg; Llcg l0g,
Max. 1.3195 13014 1.2993 12972 12947 12980 13102 13226 13331
Min. 07365 07430 07436 07433 07421 0.7404 0.738] 0.7358 0.7318
Mean 1.0000 0.9998 09998 0.999% 09999 09998 L[.0000 1.0001  1.0000
St. Dev. 0.1044 01028 00027 01027 01030 0.1035 0.1042 0.1054 0.1072
cov 0.1044 0.1028 00027 01027 0.1030 0.1035 0.1042 0.1054 0,1072
£.<60600 psi, 131 tests

Max, 13195 13014  1.2993 12972 12947 1.2089 13102 1.3226 1.3331
Min. 07365 07454 07443 07433 07421 07404 0.7381 07358 0.7318
Mean F 1.0010  1.0001 10001 10061 L000F 1.0001 L0005 1.0008 10016
St. Dev. 0.0989 0.0971 0.0966 0.0963 0.0964 0.0974 00990 01014 (1047 |
cov 0.0988 0.0971 00965 0.0963 00964 00974 0.0989 0.1013 0.1046 |
£,=6000-10000 psi, 11 tests .
Max. 11442 L1644 11605 11560 11508 1.1441 1.1362 1.1277 11174 |
Min. 09111 08831 0.8819 0.8809 0.8797 0.8854 0.5042 09216 0.9346
Mean 1.0077 10089 1.0073 10058 10041 1.0034 10059 1.009¢ 1.0124
St. Dev. 0.0562 00662 0.0653 00642 00630 0.0598 00544 0.0509 0.0487
cov 0.0558 0.0657 0.0648 00638 0.0627 00596 0.0541 00504 0.0481
£, =10000-15600 psi, 29 tests

Max. 12639 12677 12738 12775 12778 12727 12619 12444 1.2195
Mg, 0.7443 07430 07436 07446 0.7457  0.7474 07495 07525 0.7545
Mean 0.9925 09948 0.5959 0.9970 09976 09971 09955 (9933 0.9885
St. Dev. 0.1398 0.1369 01385 01398 01406 0.1405 01393 0.1368 0.1334
CoOv 03409  0.1376 0.1391  0.1402 03410 0.1409 0.1399 0.1377  0.1349
Pcom Test/Predication Ratio

Total 171 tests 61025 17¢4y LE6cy 15c¢; ldc; 13c; 12¢qy Llegg Eley
Max, 1.3239 13051 13030 13007 12983 1.3029 13144 13270 13377
Min. 07352  0.7339 0.73d45 07354 07365 07383 0.7403 07412 0.7371
Mean 10000  ©.9998 0.9998 09998 09998 1.0000 1.0000 1.0000 1.0000
St. Dev, 0.1047 01031 0.1030 0030 01032 01037 01044 0.1057 0.1074
Cov 01047 06,1032 0.1030 01030 0.1032 0.1038 0.1045 0.1057 0.1074
<6000 psi, 131 tests

Max. 13239 13051 13030 L3007 12983 13029 13144 13270 13377
Min, 07420 07511 07500 07489  0.7477 07461 07436 07412 0.7371
Mean 1.003¢ 10020 10020 1.0019 10020 1.0023 1.0025 1.0027 1.0036
St. Dev. 0.0993  0.0976 0.0970 00967 00968 0.0978 0.0993 01017 0.1050
cov 0.0090 0.0974 0.0968 00965 0.0967 0.0975 0.0991 0.1014 0.1046
£ =6000-10000 psi, 11 tests

(Max 11443 11645 1.1606 11559 L1509 1.1444 1.1364 11277 L1i71
(Min 0.9112 0.8832 0.8820 0.8808 0.879¢ (.8855 0.9043 09217 0.9345
Mean 1.0062 10073 1.0057 1.0041 1.0024 1.0020 1.0043 1.0074 1.0107
St. Dev. 0.0572 00669 00660 0.0648 0.0636 0.0605 0.0552 0.0518 0.0494
cov 0.0568 0.0664 00656 0.0646 0.0634 0.0604 0.0550 00515 0.0489
£, =10000-15600 psi, 29 tests

Max. 12538  1.2577 12638 12672 12675 12627 12516 1.2340 12084
Min. 07352 07339 07345 0.7354 07365 07383 0.7403  0.7432  0.7456
Mean 0.9842 09866 09877 09886 09891 09889 0.9871 0.9847 0.979%
St. Dev. 0.13%0  0.1361 0.0377 01390 01398 0.1397 0.1384 0.1359 0.1323
cov 0.1413  0.1380 01394 0.1406 01413 0.1413 0.1402 0.1380 0.1350
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Table B.2 (continued)
Test/Prediction ratios using Eq. 5.3 for different powers of ',

and definitions of effective value of ¢

£ Test/Predication Ratio

Total 171 tests et0.25 1.7¢;  16cy  hScy  lde; 13cy 12cqy Lley 10

Max. 1.4162 13806 13779 13753 13721 13801 1.3989 14186 14354
Min. G.5491 (.5490 0.5491 05494 05498 0.5508 05523 0.5545 (.5561

Mean 0.99%0 0.9987 0.9987 09988 09987 0.9989 09990 0.9%90 0.9992
St, Dev. 0.1522  0.1521  Q.E515 01509 01506 01505  0.1506  0.1513  0.1524
cov 0.1523 0.1523 Q1517 01511 0.1508 0.1507 0.1508 0.1514 0.1525
£.<6000 psi, 131 tests

Max. 14162 13806 13779 13753 13721 L3801 13989 (14086 14354
Min. 07090 0.7008 07017 07028 07040 0.7067 07112 0.7167  0.7233
Mean | 1.0448 10435 10436 1.0437 10439 10443 1.0448 10452 10463
St. Dev. 0.1246  0.1265 0.1254 0.1244 0.1236 0.1232 0.1229 0.1235 0.124%

COov 0.1193 01213 0.120F 01192 01184 Q1180 G.1177 0.1182 01186
£,=6000-10000 psi, 1 tesis

Max. 1.1401 1.t608 1.1572 1.1532 1.1484 1.1421 11339 1.1248 1.1138
Min, 0.8339 (.8362 0.8359 0.8359 (.8359 (0.8366 0.8376 0.8395 (.857¢
Mean 0.9644 09638 0.9638 09619 09596 0.9588 0.9616 09649 0.9683
St. Dev. 0.0984 0.1024 0.10i4 01002 00987 0.0966 0.0948 00948 0.0917
COV 0.1020  ¢.1061 0.1052 0.1041 0.1029 O.1007 00986 0.0982 0.0947

1, =10000-15600 psi, 29 tests

Max. 1.0385 1.0435 1.0486 1.0516 10516 L1.0470 1.0362 L.0195 (.9958
Min. 0.5491  0.5490 05491 05494 0.5498 0.5508 0.5523 0.5545 0.5561

Mean 0.8049 08090 0.8094 0.8098 08096 (.8086 08063 0.8033 0.7981

St. Dev. 0.1252  0.1239 0.1252 01262 0.1267 0.1263 0.1245 0.1215 0.1174
COV 0.1555  0.1532  0.1547 0.1558 0.1565 0.1361 0.1544 0.1512 (.147%

£ 02 Test/Predication Ratio

Total 171 tests e 1024 ¢ +026 028 ct030 cH0.32 cgt0.34 036 o t0.38 c, +0.40
Max. 13150 13146 1.3140 13133 131290 L3123 13117 13112 13110
Min. 0. 7310 07312 07317  0.7321  G.7327  0.7332  0.7337 077342 0.7349
Mean 1.000G  1.000C  1.0000 10000 1.0000 1.0000 (.9999 09998 1.0000
St. Bev, 0.1043  0.1042 0¢.1041 01039  0.1038  0.1037 01035 0.1034 0.1034
cov 0.1043  G.1042 0.104F 0.193%9 0.1038 Q1037 01035 0.1035 0.1034
<6000 psi, 131 tests

Max. 13150 13146 13140  E.3133 13129 L3123 13117 L3112 13110
Mir, 0.7310  0.7312 07317 07321 07327 07332 07337 07342 0.7349
Mean 0.9991 09990 0.9991 09990 09991 09991 09990 0.999¢ (.9991
5t. Dev. 0.0986 00985 0.0983 0.0982 0.0980 0.0980 0.0979 0.097% 00979
Cov 0.0987 00986 0.0984 00983 00981 0.098t 0.0980 0.0980 00980
f=6000-10000 psi, 11 tests |

Max. | 1.1441 11451 11470 11489 L1508 11526 1.1541 1.1558 1.1576
Min. 09108 09098 0.9075 09051 0.9028 0.9005 0.8980 0.8955 (0.8933
Mean 10093 L0092  1.0090¢ 1.0088 1.0086 1.0084 10084 10084 1.0086
St. Dev. 0.0554  0.0558 0.0566 0.0574 0.0583 0.0592 0.0600 00509 0.0618
cov 0.0549 00552 00561 0.056% €0.0578 00587 00395 00604 0.0613
', =10000-15600 psi, 29 tests

Max. 12741 12738 12730 120117 12702 12683  1.2659 1.2633 1.2608
Min. 07536 0.7532  G.7527 07523 07519 QL7515 075K Q7508 07507
Mean 1.0009 L0008 1.000% 1.0008 1.0009 1.0008 1.0007 1.0006 1.0007
St. Dev. 0.1407  0.1466 0.1404 01461 0.1397  0.1393  0.1387 0.1382 0.1376
CoV 0.1406 _0.1405 0.1403  0.139¢  0.1366 (.1391 0.1386  0.1381 0.1376
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Table B.3
Test/prediction strength ratios, using Eqs. 5.13a - 5.13d,
for 163 specimens

Specimen No* f. Test/Prediction Strength Ratio+

{psi) p= 1/4%* p=1/2 p= 34 p= 10
Freguson and Breen (1965} '
8F36¢c 2740 0.868 0892 0911 0.925
8F36d 3580 0.914 0.933 0.949 0.961
8F36e 4170 0.965 0.981 0.993 £.001
8F36f 3780 0.942 0.960 0.974 0.985
8F36g 3070 1.004 1.029 1.048 £.063
8F36h 1910 0.783 0.822 0.854 0.879
8F36j 1820 0.932 0.981 1.021 1.052
8F30b 2610 0.910 0.940 0.963 0.980
t1R36a 3020 1.073 1.101 1.126 1.149
Thompson et al. (1975)
11-30-4/2/2-6/6-S5 3063 0.968 0.995 1.019 1.039
DeVries et al. (1991}
8G-22B-P9 7460 0.927 0916 0.902 0.883
Hester et al. (1991, 1593)
1.2 5390 1.047 1.062 1.972 1.078
22 6200 0.822 0.834 0.842 0.846
32 6020 0.866 4.879 0.888 0.894
4.2 6450 0.863 0.873 0.881 0.884
4.3 6450 0.850 0.897 0.901 0.901
52 5490 0.889 0.505 0916 0.924
5.3 5490 0.804 0.816 0.824 0.830
6.2 5850 0.866 0.875 0.881 0.884
6.3 5850 0.835 0.841 0.845 0.846
72 5240 0.897 0.909 0.917 6.921
Rezansoff et al. (1991)
20-6-2 4277 1.107 1.141 1.165 1.182
20-6-3 3886 1.240 1.287 1.323 1.350
20-6-1 4045 1.21¢ 1.252 1.284 1.307
20-8-11 4466 1256 1274 1.286 1.295
20-8-9 4205 1.007 1.028 1.044 1.056
20-8-1 5220 1,103 1101 1.094 1.084
20-8-12 4350 1.066 1.084 1.098 1,108
20-8-2 3742 0.995 0.987 0976 0.961
20-8-3 3510 0.978 0.978 0.974 0.967
20-8-6 4770 1.183 1.196 1.204 1.208
20-8-7 4495 0.985 1.004 1.017 1.027
20-8-8 4350 0.977 €.995 1.009 1059
20-8-5 4770 1212 1.222 1.228 1.230
20-8-4 4335 LI70 1.189 1.204 1215 :
20-8-13 3509 0.953 0.982 1.005 1.023 Lo
20-8-14 3z 1.053 1.094 [.126 1.153
20-8-15 3625 1.072 1.108 1.138 1.162
2(-8-16 3261 1.042 1.077 1.104 1.125
20-8-18 3349 1.124 117t 1.210 1.244
20-8-19 3219 0.895 0.928 0,953 0,873
20-8-17 3480 1.183 1.226 1.262 1.292
20-8-20 3291 0.927 0.964 (.994 1.018
20-9-1 3538 1.043 1.075 i.104 1.131
20-9-2 3378 1.159 1.194 1224 1251
20-13-2 4335 1.053 1.064 1.076 1.086

20-11-1 4770 1.057 1.063 1.068 1.072
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Table B.3 (continued)
Test/prediction strength ratios, using Eqs. 5.13a - 5,13d,

for 163 specimens

Specimen No.* f, Test/Prediction Strength Ratio+

(psi) p= H4r* p=12 p=3/4 p=10
20-11-3 ' 4466 1.955 0.965 0.974 0.982
20-11-8 3349 1.063 1.098 [.133 1.166
20-11-5 3625 1.107 1.135 1,163 [.18%
20-11-6 3625 (0.934 0.953 0.971 0.987
20-11-7 3291 0.388 0.923 0,958 0.992
Rezansoff et al. {1993)
1] 3825 0.991 1.023 1.048 1.068
Ik 3799 1.203 £.234 1,259 1.277
la 3958 1.262 1.293 1.317 . 1.335
3a 3958 1.232 1.264 1.287 1.305
3b 3799 1.099 1.128 1.15t 1.167
4b 3726 1193 1.216 1.233 1.246
9 3886 1.178 1.201 1.223 1.241
10 4089 1.101 1,129 £.138 1.154
4z 4031 1.202 1.226 £.243 1.256
Azizinamini et al. (1995 at CTL)
AB83-11-15-57.55-50 15120 0.880 0.861 0.837 0.806
Azizinamini et al. {1995 at UNL)
ABS-11-15-458-60 14850 0.918 0.890 0.855 0.812
ABS-11-15-458-100 14850 0.954 0911 0.861 0.803
ABS-11-15-408-150 15760 0.980 0918 0.848 0.769
Darwin et al. (1595a, 1995b})
£2.1 4120 0.798 0,845 0.880 0.906
12.2 4120 (0.782 0.823 0.854 G.875
12.3 4120 0.839 0.890 0.529 6.959
12.4 4120 0.873 0,922 0,958 0.985
13.1 4110 0.847 (.890 0.922 0.945
13.2 4110 0.861 0.906 0.940 0.966
14.5 4200 0.879 0.920 0.950 0.972
14.6 4200 0.894 0.931 0.958 0.976
1.6 5020 0.906 0914 0.917 0.916
2.1 5230 0.881 0.883 0.882 0.879
2.2 5250 0.953 0.936 0917 0.897
23 5250 0.957 0.953 0.946 0.936
34 5110 0.763 0.769 0.771 0.772
3.5 3810 0.825 0.844 0.859 0.872
4.1 4090 0.846 0.861 0.874 0.885
44 4090 0.962 0.980 0.993 1.603
5.1 4190 0.991 1.011 1.027 1.040
5.2 4190 (.865 0.868 0.869 0.869
53 4190 0.909 0912 0.913 0.913
54 4190 0.902 0.921 0.935 0.947
5.5 4190 0.741 0.754 0.765 0.773
6.1 4220 0.964 0.983 0.999 1.011
6.2 4220 0.964 0.962 0.958 0.954
6.3 4220 0.926 0.945 0.958 0.967
6.4 4220 0.761 0.780 0.795 0.8C6
1.1 4160 0.877 0.894 0.906 0.915
7.5 4160 0945 0.944 0.942 0.940
7.6 4160 0.346 0.866 0.880 0.891
8.1 3830 1.085 .14 1.139 1.161

82 3830 1137 1.152 1.165 1.176
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Table B.3 (continued)
Test/prediction strength ratios, using Eqgs. 5.13a - 5,134,
for 163 specimens

Specimen No.* f. Test/Prediction Strength Ratio+

(psi) p= L4 p=1/2 p=3M p=1.0
8.4 o 3830 0.947 0.971 0.989 1.003
LR: 4230 0.976 0.992 1.004 1.012
92 4230 1.065 1.o7t 1.073 14074
9.3 4230 0.891 0.910 0.924 0.934
9.4 4230 0.997 1013 1.023 1.03¢
10.3 4250 0.91% 0.929 0.943 0.953
Lt 4380 1.016 1.015 1.010 1.005
1.2 4380 0.946 0.961 0.973 0.982
L4 4380 0.943 0.956 0.965 6.971
14.1 4200 0.969 0.988 1.001 1.611
142 4200 0.953 0.962 0.969 0.974
152 5250 0.928 0.918 0.909 £.900
15.3 5250 0.931 0.928 0.925 0.920
15.4 5250 1.041 1.022 1.005 0,987
16.3 5180 0.918 0.916 0.913 0.909
16.4 5180 0.948 0.953 0.956 0,958
17.3 47190 0.947 0.942 0.938 0,933
174 47190 0.978 0.983 0.987 0.991
17.5 4710 0.865 0.867 0.870 0.872
18.1 4700 1.110 1.160 1.092 1.084
18.3 4760 0.988 0.987 0.984 0.982
18.4 4700 0999 1.006 1.01% 1.015
Current Study
193 4250 0.926 0.937 0.945 0.951
19.4 4250 1.004 1.0%7 1.025 1.031
211 4330 6.929 0.926 0,922 0.918
21.3 4330 0.982 0.982 0.980 0.978
215 4330 0,952 0.952 0.951 0.949
23a.1 9080 0.970 0.936 0.895 0.848
233 9080 0.997 0.962 0.920 0.871
2324 9080 0.977 0.943 0.901 0,854
23b. 8370 1.095 1.035 0.969 0.900
272 10810 1,188 1.147 1.098 1.039
27.4 10810 1.162 1.008 1.026 0.946
27.6 10810 1.168 1119 1,060 0.993
29.2 10620 1.353 1.315 1.267 1.209
29.4 10620 1.273 1.228 1173 1.108
29.6 10620 1324 1.295 1.257 1209
313 12890 1.025 1.002 0.571 0.931
33.2 5360 0.969 0.964 0.955 0.943
314 5360 0.913 0.918 0.919 0.917
336 5230 0.907 0.918 0.926 0.93¢
35.1 5330 0.984 0.973 0.958 0.942
353 5330 0.953 0.956 0.954 8.949
37.4 4800 0.999 0.984 0.966 0.949
39.2 14450 1116 1054 0.978 0.890
393 14450 1.201 1.237 1170 1.089
41.1 10180 1.051 1.026 0.992 0.951
41.2 10180 1.086 0.988 0.886 0.783
413 10180 1.158 1.084 1.001 0.912
414 10180 1.136 1.067 0.992 0.910

41.5 10500 0,999 0.983 0.960 0.931
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Table B.3 (continued)
Test/prediction strength ratios, using Eqs. 5.13a - 5,13d,
for 163 specimens

Specimen No.* fe Test/Prediction Strength Ratio+
(psi) p=1/4%* p=1/2 p=3/4 p=1.0
41.6 10500 0.989 0.973 0.951 0.922
42.1 11930 0.969 0.952 0,928 0.898
424 11930 1.080 1.024 0.958 0.684
42.5 1193¢ 1.100 1.017 0.926 0.829
432 11530 0.956 0.927 0.890 0.845
433 11530 1.117 1.033 0.939 0.839
43.6 11530 1.050 0.940 0.827 0.715
20.1 5080 0.956 0.942 0.920 0.916
202 3680 0.968 0.953 0.940 §.927
203 3080 1.036 1.029 1.022 1.013
20.4 5080 1,023 1.016 1.009 1.001
281 12610 1.126 1.046 0.958 0.863
28.3 12610 1.083 1.041 0.991 0.932
301 13220 1.138 1.082 1.015 0.939
30.3 13220 1133 F110 1.079 1.041
40.1 15650 1.082 0.999 0.904 0.800
40.4 15650 1.012 0.960 0.899 0.827
Max 1.353 1.315 1.323 1.350
Min 0.741 0.754 0.765 0.715
Mean 1.000 1.002 0.999 0.992
St.Dev. 0122 0.117 4120 0.131
cov 0.122 0.116 0.120 0.132
* Data of the specimens are given in Table 5.11.
*® Power used to characterize T,
+ Predicted strength = Eg, 5.13a forp=1/4

=Eq 5.13b forp=1/2
=Eq. 5.13c forp=3/4
=HEg.5.13d forp=1.0

1 psi = 6.895 kPa



APPENDIX C: DATA OF FLEXURAL CRACK AND DENSITY FOR THE
MATCHED PAIRS OF SPECIMENS CONTAINING

EPOXY-COATED AND UNCOATED BARS

Table C.1 and C.2 compare flexural crack density and flexural crack width at
a bar stress of 20 and 30 ksi (137.9 and 206.9 MPa), respectively, between beams

containing epoxy-coated and uncoated bars in matched pairs of specimens.
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Table C.1
Comparison of flexural crack density and flexural crack width at a bar stress
of 20 ksi between beams containing coated and uncoated bars
in matched pairs of specimens

Specimer| Surface” Bar Length ouiside | Total No.™| Avg. Max "'} Crack*| Sumof** | Ratios of C/*+*

No, iCondition Designationjof Splice Region of Cracks | Crack Width | Density|Crack Widthg Max. Crack 1 Crack Sum of
[41] (in) {in./ft) {in.) Width Density [ Crack Widths,

28.1 U 11F3 392 8 | 00035 |z2043| 0024

28.2 C 11F3 3.92 6 00030 1.532 6017 0.857 0.750 0.708

28.3 3} 11F3 3.67 8 0030 2.182 0.022

28.4 [ 11F3 3.67 6 (.0045 1.636 (.020 1.500 0.750 0.90%

285 u 11F3 3.50 [ 0.0030 1.714 0.016

28.6 C 11F3 575 5 0.0040 0.870 0.017 £.333 0.507 1.063

30,1 U 11F3 352 7 0.0025 £.787 0015

30.2 C 11F3 3.92 5 00030 1277 0.013 1.200 0714 | 0867

303 U 11F3 3.67 9 0.0020 2.455 0012

30.4 C 11E3 3.67 ] 0.0020 1.636 G.0t0 1.000 0.667 0.833

30.5 u [EF3 3.50 4 0.0030 1.143 0.010

30.6 C t1F3 350 4 0.0020 1.143 0.008 0.667 1.000 0.800

3t U 8N1 4.67 4 0.6020 0.857 0.008

312 C 8N1 4.57 4 0.0025 0.857 0.00% 1.25¢ 1,000 1.125

313 U B8N0 467 5 0.6020 1071 0.010

314 C &N 4.67 4 0.0025 0.857 0.069 1.250 0.800 0.500

37.4 u 8F1 4.25 8 0.0036 1.882 0018

[37.3 c 8F1 4.25 16 0.0025 2.353 0.019 0.833 1,250 1.056

192 u 8N1 4.67 3 0.9030 1.714 -

391 C 8N1 4.67 7 0.0030 L.50C - 1.000 0.875 -

393 1) ENO 4,67 6 (.0030 1.286 -

394 C ENO 4.67 5 0.0030 1.07§ - 1.000 0.833 -

39.6 U BC1 4.67 8 0.0030 1.714 .

39.5 C 8C1 4.67 [ 0.0040 1.286 “ 1.333 4.750 -

40.1 U [33 3} 4.08 7 0.0040 1.714 .

40.2 C 11F3 4,08 6 6.,0045 1.469 - | 1125 0.857 -

40.4 u HNO 4,08 9 0,0030 2.204 - ,

40.3 C TINQ 4.08 5 00060 1.224 - 2.000 0.556 -

40.5 u ENO 4.58 - - - -

40.6 C ENG 4.58 5 0.0040 LG91 - - - -

42.1 U ENO 4.67 - - - -

42.2 C N0 4.67 - - - - - - -

42.4 u SN 4,67 - - - - - -

433 C NG 4.67 - - - - - - -

42.5 U NG 4.67 - - - - - -

42.6 C 8NO 4.67 - - - - - - -

43172 U 8N3 4.67 6 0.0035 1.286 - " -

43.1 C 8N3 £.67 7 0.0035 1.500 - 1.600 1.167 -

43.3 u N3 4.67 9 0.0025 1.929 -

434 C 8N3 4.67 7 0.0050 1.500 - | 2.000 0.778 -

43.6 U 8N3 4.67 9 0.0025 1929 -

43.5 C N3 4.67 8 (}.0_030 1.714 - 1.200 _ 0.889 -
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Table C.2 (continued}
Comparisen of flexural crack density and flexural crack width at a bar stress
of 30 ksi between beams containing coated and uncoated bars
in matched pairs of specimens

Specimen Surface” Bar Length outside [Totat No.™] Avg. Max."™{ Crack*] Sum of** Ratios of C/U**+*
Mo, onditior Designationof Splice Region of Cracks | Crack Width { Density{Crack Widthg Max, Crack Crack Sum of
(ft) {in.) (in.fft) {in.) Width Density  1Crack Widths
For beams with high R, bars: Max 1.714 1.000 £.353
Min, 1.000 0.507 0.667
Average 1.316 0.85_1 _ 1.046
For beams with conventional bars: (Max. 1500 ] 1143 0.952
Min. 1.059 1 0700 0.952
[Average 1244 1 0900 0.952
For all; Max. [ 1.714 1.143 £.353
Min. 1.000 0.507 0.667
Average 1.284 0.859 1.056
+ 1) = Uncoated, C = Coated
++ Total number of flexural cracks in the constant moment region outside of the splice region

et Average maximum flexural crack width on the west and east sides of gplices in the constant moment region
* Number of flexural cracks in unit foot length

ok Sum of flexural crack widths cross the centerline of the beam on the east and west sides of
splices in the constant moment region outside of the splice region

kR Ratios for crack density or maximum crack width or sum of crack widths of beams
with coated bars to beams with uncoated bars

lin. =254 mm, 1 fi = 305 mm, 1 ksi = 6.895 MPa







