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ABSTRACT: Structural failures during recent earthquakes and terrorist attacks have demonstrated
shortcomings in the design procedures for reinforced concrete structures. Earlier research has demon-
strated that a major limitation of the Finite Element (FE) modeling of the response of reinforced concrete
is the accurate modeling of the interaction of the concrete with the steel reinforcement. Presently, there
are insufficient data on the dynamic nonlinear interaction between the concrete material and the steel
reinforcement to develop a numerical model of this interaction.

The primary objective of this study was to experimentally investigate the dynamic interaction (bond
slip) of reinforcement with concrete and gain a better understanding of the parameters that control this
interaction. Specifically, the effects of concrete confinement, bar deformation and bar diameter on the
bond slip, and the influence of loading rates - static to impact — on these effects were investigated. Addi-
tionally, the variation of the strain along the length of the steel bar and strain transfer to the concrete were
investigated. Finite Element analyses were performed using the experimental parameters to determine the
value of the chemical adhesion and to compare the experimental results with the analytical values.

To accomplish the research objectives, 33 pullout tests were performed. The test specimens were sub-
jected to quasi-static, dynamic, and impact loadings to investigate the influence of rebar size and shape,
confinement and loading rate on pullout resistance, and failure mode.

The results of the study have shown that, for the concrete and steel used in this investigation, the stress
resulting from static friction and chemical adhesion is 960 psi for quasi-static loading, 2,600 psi for
dynamic loading, and 3,200 psi for impact loading. The steel bar deformations accounted for 70 to
77 percent of the total resistance to pullout regardless of loading rate. Impact loaded specimens had
nearly twice the pullout resistance of the quasi-statically loaded specimens, and the development length
decreased as the loading rate or confinement increased. Bond stresses obtained for both smooth and
deformed bars were in good agreement with results obtained in earlier studies involving quasi-static tests.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not
to be construed as an official Department of the Army position unless so designated by other authorized documents.




ACKNOWLEDGEMENTS

I wish to thank Dr. Vijay Gopu, Professor Emeritus, Louisiana State University, for his
patient guidance and meticulous review of my work. This task would have been
insurmountable without his hard work, knowledge, and editing skills. I gratefully
acknowledge all who served on my committee: Dr. Roger Seals, Dr. Richard Avent,

Dr. Mark Levitan, and Dr. Richard Haymaker.

This research was funded by Headquarters, U.S. Army Corps of Engineers, under the
Discretionary Research Program. Technical supervision was provided by Dr. Reed
Mosher, Technical Director for Survivability and Protective Structures, Geotechnical and
Structures Laboratory (GSL), U.S. Army Engineer Research and Development Center
(ERDC), Vicksburg, MS, and Dr. Stanley Woodson, GSL, ERDC. A special thanks to
Ms. Pamela Kinnebrew, Chief, Survivability Engineering Branch, GSL ERDC, for her
support and encouragement throughout this endeavor. Thanks to Messrs. Donald Nelson
and Tommy Bevins and Dr. Jim O’Danial, GSL, for their assistance in the finite element

analysis.

il



TABLE OF CONTENTS

ACKNOWLEDGEMENTS ..ottt st il
TABLE OF CONTENTS ...ttt sttt sttt s v
LIST OF TABLES ...ttt sttt ettt st viii
LIST OF FIGURES ...ttt sttt st X
PREFACQCE ...ttt ettt ettt et e e st e e saeeaseenseeenseenseas XVvii
CONVERSION FACTORS, NON-SI TO SI UNITS OF MEASUREMENT .............. Xviii
CHAPTER 1 INTRODUCTION....c..ctitiiiiiintieieniienie ettt sttt 1
I.1 BacKround..........coooiiiiiiieiiie ettt et e e et et e e e e ennee s 1
L2 ODJECHIVE. c.eiiiiieiieeeit ettt ettt ettt ettt et e st e et e st e e bt e s sbeenbeeesaeenbeesnbeenseennreens 2
1.3 MethOdOLIOZY ...ccueieeiiieeiie ettt et et e e et e e et e e sera e e ebeeesnnee s 2
Lid  SCOPE ittt ettt et e et e st e e st e e st e e e bt e e eanee s 3
CHAPTER 2 LITERATURE REVIEW ....cccocoiiiiiiiiiniiiiiiiiieeeeeeeeee e 5
2.1  Static and Dynamic Bond-Slip EXperiments..........cccccccveeeviieeiiieeiiieeciee e, 5
2.2 Strain Rate Effects 0n CONCIEte........c.ocvuiiriieiiiiiiieiieeie ettt 9
2.3 Cracking of Concrete Around Deformed Bars..........ccccveeeiieeiiiieniee e, 10
2.4 Finite-Element Analysis of Bond SIp........ccooieriieiiiiiiiieceeeee e 15
CHAPTER 3  EXPERIMENTAL PROCEDURES ........ccooiiiiiiiieieeeeee e 19
3.1 Material PTOPETTIES ...cccviiieiieeiiie et ettt e et e e e st e e ensaeeenaeeeennee s 19
3.1.1  CONCIEte PrOPETLIES.....vieeieeiiieiieeiieeiie ettt ettt et ee et siee et essaeebeensaeens 19
3.1.2  StEel PrOPEILIES ...vveeeeiieeiieeeiie ettt ettt etee e s aee e e e saeeeeanee e 20

3.2 TSt SPECIMENS ...cuvieneieeiiieeiieeiteeiteetee ettt e steettesaaeeteesabeebeessseesaesnseenseesnseensnes 21
3.2.1  Sample DIMENSIONS ....cccvvieiiiieiiieeciieeciee et e eeiveeereeeaeeesareesaeeesveeensseeenns 21
3.2.2  Strain Measurements in Steel..........ccceevieriiiiiiniiieiieieeeeee e 22
3.2.3  Strain Measurements i CONCTELE ........ccueeruiiriieeniieiienie et 22
3.2.4  Final Specimen Preparation............cccceeveeriienieeiiienieeieesee et 29

3.3 Testing Equipment and Data ACqQUISTHION.........ccevveeeriieeriiieeiieeeiieeeieeeeiee e 38
3.3.1 200 Kip Dynamic Loader.........ccocieriiiiiiiiiiiiieeieceeee et 38
3.3.2  Data ReCOTAING ....ooooviieiiiieeiie ettt ettt et e e e are e s aae e saaeesnnee e 43
3.3.3  Still Photo@raphy .....cccueeiiieiiiiieiiece et 43

3.4 TeStING PrOGram ......ccoccuiiiiiieiiiie ettt e et eeae e et eeetae e ssraeessseeeennee s 44
341 TSt MALIIX ettt sttt ettt et 44
3.4.2  Test PrOCEAUIE ....oouiiiiiiiieeiiee et e 46
3.4.3  Results of Typical TSt ....ceecuiiiiiiiiieiiieiieeie ettt 48

v



CHAPTER 4 EXPERIMENTAL RESULTS ..ottt 57
4.1 Quasi-Static Loading of a #8 Deformed Bar Embedded in a 10-inch Diameter

CoNCTEte CYINAET ... coiuiiiiiiiiieiieeie ettt ettt et teeeteeaeeeaneenees 57
O U 1 RSP RRRS 58
B.1.2 TESE 2ttt et s 58
O U 11 TSP 60
4.1.4 Evaluation of Results of Tests 1, 2 and 3........cooovviiiiiiieiiiiiiiiiiiieeeeeeeeeeane 62

4.2 Impact Loading of a #8 Deformed Bar Embedded in a 10-inch Diameter

CoNCTEte CYINAET ... coiuiiiiieiiieiie ettt ettt ettt et ebe e b e easeenees 66
O T 1 SRS 67
2.2 TSt S ettt e s 68
B.2.3  TSE Ottt ettt ettt ettt e eneenae e 68
4.2.4 Evaluation of Results of Tests 4, 5, and O.........cooveeuvviiieiiiiiiiiiiiiieeeeeeeeeeans 69

4.3 Dynamic Loading of a #8 Deformed Bar Embedded in a 10-inch Diameter

CONCTEte CYINACT ... coiuiiiiieiiieiieeieee ettt ettt e et esate e b e enseesees 70
O T 1! USRS 72
B.3.2  TOSE 8ttt et es 72
N TG 11 L TSRS 73
4.3.4 Evaluation of Results of Tests 7, 8, and 9.........oooveeiviiiiiiiiiiiiiiiiieeeeeeeeeeans 73

4.4 Impact Loading of a #8 Deformed Bar Embedded in a 20-inch Diameter

CoNCTEte CYINAET ... eoiuiiiiiiiiieiie ettt et et ettt et e ste e b e enneenees 75
O <1t RSP RRRRS 76
4.2 TESE L1 77
B4.3 TSt 121ttt ettt ettt et ae e neenae e 77
4.4.4 Evaluation of Results of Tests 10, 11 and 12.....ccccovvveiveiiiiiiiiiiiiieeeeeeeeeae 78

4.5 Dynamic Loading of a #8 Deformed Bar Embedded in a 20-inch Diameter

CoNCIEte CYINAET .....coueiiiiiiiiiieiiceecctee ettt 81
.51 TeSt I3 ettt as 81
A.5.2 TSt 14ttt ettt ettt nbeenaenneenee 82
A.5.3 TSt 15 et 82
4.5.4 Evaluation of Results of Tests 13, 14 and 15.....ccccoviviiiiiiiiiiiiiiiiieeeeeeeeeeae 83

4.6  Quasi-Static Loading of a #8 Deformed Bar Embedded in a 20-inch Diameter

CoNCIete CYINAET .. ..couiiiiiiieiiiieeeeeee ettt e 83
4.0.1  TESE 10t 85
B.6.2 TSt 17 oottt ettt ettt et et te et e naenneenee 86
4.6.3 TSt 18ttt sttt et 86
4.6.4 Evaluation of Results of Tests 16, 17 and 18......ccccvvvvvviiiiiiiiiiiiiiieieeeeeeeene 87

4.7 Impact Loading of a 1-inch Smooth Bar Embedded in a 20-inch Diameter

CoNCIEte CYINAET .....coueiiiiiiiiiiiiceee ettt 90
AT.1 TS 19 et 90
O N N1~ USRS 90
4.7.3  Evaluation of Results of Tests 19 and 20.........c.ccooeevirieniiienieneceeee 90

4.8 Dynamic Loading of a 1-inch Smooth Bar Embedded in a 20-inch Concrete

CYINART 1.ttt e et e e s saeebeeetaeesbeessseensaesaneenseessneenseas 92
T R 11 RSP RUSP 93
B.8.2 TS 22ttt ettt et et ae e 93



4.8.3  Evaluation of Results of Tests 21 and 22..........ccccceevieevieniieiienieeeeeieeeen 94
4.9  Quasi-Static Loading of a 1-inch Smooth Bar Embedded in a 20-inch Concrete

(07251116 1<) SOOI 96
T B 11 TSRS 96
4.9.2  TSE 24 ettt st 97
4.9.3  Evaluation of Results of Tests 23 and 24..........ccooieiiiiiiiiiiiiiincceeeeee, 97

4.10 Impact Loading of a #10 Deformed Bar Embedded in a 20-inch Diameter

(01073163 (<1 (S 07411116 (<) oSSR 100
A0 T TS 25 ettt sttt 100
A.10.2  TSE 26ttt ettt ettt ettt ettt et ettt e ene e aeenteennen 101
A.10.3 TSt 27 ettt sttt 101
4.10.4 Evaluation of Results of Tests 25, 26 and 27......ccccvvvveeeieiiiiiiiiiiieieeeeeeeenns 102

4.11 Dynamic Loading of a #10 Deformed Bar Embedded in a 20-inch Diameter

(01073163 (<1 S 07411116 (<) oSS 105
ATT.T 0 TESE 28 ettt ettt ettt sttt ettt 105
A1T1.2 0 TSE 2ttt ettt ettt ettt ettt et eneen 106
A11.3 0 TSt 30ttt sttt 107
4.11.4 Evaluation of Results of Tests 28, 29, and 30.......ccccceeeveeviivicvieieiieeeeeenns 107

4.12 Quasi-Static Loading of a #10 Deformed Bar Embedded in a 20-inch Diameter

(01073163 (<1 (S 07411116 (<) o RS SS 110
A12.1T TS 3Lt sttt 110
B12.2 TSE 32ttt ettt ettt ettt ettt et e et enteeneen 110
A.12.3 TS 33ttt et 111
4.12.4 Evaluation of Results of Tests 31, 32 and 33.....ccccvvvvieiiiiiiiiiiieeeieee s 111

CHAPTER S EMPIRICAL ANALYSIS OF TEST DATA....ccoiiieieeeeeeeene 115

5.1  Effects of Loading Rate.........ccooviiiiiiiiiiiiee e 115
5.1.1  Effects of Loading Rate on Failure Mode..........c.ccccevvvieriiiiiiniiciicieeen. 115
5.1.2  Effects of Loading Rate on Failure Loads...........cccceeviiiiiiiinniiiieee, 116
5.1.3  Effects of Loading Rate on Steel Strains..........cccceeeveeveenciieiienieeieesieee, 117
5.1.4  Effects of Loading Rate on Concrete Strains.........coccceceeverevereeneenieneenens 118
5.1.5  Effects of Loading Rate on Development Length .............ccooevvieiiennnnnen. 119

5.2 Effects of Specimen DIameter.........cccoevieriiiiiniiniiiienienieenieeceeeeseeie s 120
5.2.1  Effects of Specimen Diameter on Failure Mode...........cccceevvevriinrennnnnen. 120
5.2.2  Effects of Specimen Diameter on Failure Loads ..........ccccooeviiniininncnnns 120
5.2.3  Effects of Specimen Diameter on Steel Strains..........cccoceveeveeeveecneenveennen. 121
5.2.4 Effects of Specimen Diameter on Concrete Strains..........ccoeeeveeeereeneeennens 122
5.2.5 Effects of Specimen Diameter on Development Length ............................ 122

5.3 Effects of Bar DIameter.........cccvieiuiiiiiiieciieeceece et e 123
5.3.1 Effects of Bar Diameter on Failure Mode...........ccceoceriiniininiiniinieeee 123
5.3.2  Effects of Bar Diameter on Failure Loads ...........cccoouveeeiieniiiieieceieee, 124
5.3.3  Effects of Bar Diameter on Steel Strains ..........cceceeveevereeneeiinieneeienene 124
5.3.4  Effects of Bar Diameter on Concrete Strains...........cceeeeeeeeeeneeeieeenieenneenen. 125
5.3.5 Effects of Bar Diameter on Development Length ...........cccocoveeiieiiennnnnen. 126

5.4  Effects of Bar Deformation ...........ccccoccvieeiiieeiiie et 126
5.4.1 Effects of Bar Deformation on Failure Mode...........cccceeiiniiiiininncnen. 126

Vi



5.4.2 Effects of Bar Deformation on Failure Loads..........eeeeeeeeeeeeieeeeeeeeeeeeeeannnn. 127

5.4.3  Effects of Bar Deformation on Steel Strains...........cccoeoeeeiiinieiiiiniinieenen. 128
5.4.4 Effects of Bar Deformation on Concrete Strains...........ccceveveeeveenveeneennee. 128
5.4.5 Effects of Bar Deformation on Development Length..............cccceeuneenneen. 129
CHAPTER 6 NUMERICAL ANALYSIS OF SPECIMENS ......cccooiiiiiirienieenee. 131
6.1  MeESh GENETAtION......ccuiiiieiieeiieciieeie ettt ettt ettt et e sabeeteeenaeenee e 133
6.1.1  SmO0oth Bar .....ooooiii e 133
6.1.2  Dynamic and Impact Loaded Deformed Bars ..........cccceevuivienenicnienennens 136
6.1.3  Quasi-Static Loaded Deformed Bars ............cccovviieiiiiiiiiiiiiccceecee. 137
6.2  1- Inch Diameter Smooth Bar Embedded in a 20-inch Diameter Concrete
(074 110 1< USSP 139
6.2.1  Quasi-Static Loading .........ccceevieiiiiiiieiiieiie ettt 139
6.2.2  Dynamic Loading.........cccoueeeiiiiiiiiieeiie ettt 140
6.2.3  ImpPact Loading ........cccvieriiieiieiiieieeie ettt 144
6.3  Analysis of a Number 8 Deformed Bar Embedded in a 20-inch Diameter
CoNCIEte CYINAET ... ceuiiiiieiiieiieeie ettt ettt ebeesaeenaeeaee e 147
6.3.1  Quasi-Static Loading .........cccoueeiiiieiiiieiie ettt 147
6.3.2  Dynamic Loading.........ccceevuiiriiiiiiiiieeiieie ettt 150
6.3.3  IMpPact Loading .......cceeeviiieiiiieciieecee e 154
6.4  Analysis of a Number 8§ Deformed Bar embedded in a 10-inch Diameter
(01073163 (<1 (S 07411116 (<) o USSP 155
6.4.1  Quasi-Static Loading .........ccceevieiiiiiiieiiieie et 155
6.4.2  Dynamic Loading.........ccooueeeiiiiiiiieeiie ettt 159
6.4.3  IMPact Loading ........cccvieiiiiiiieiiieiieee ettt e 162
CHAPTER 7 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS........ 165
B T 14114121 o USSP 165
7.2 CONCIUSIONS ..coueviieiiieeiiieeciee ettt e ettt e et e e et e e st e e eabeeesaaaeesaeesssaeesssseessseeesnseeennes 169
7.3 ReCOMMENAALIONS ......eoeiieiieeiieiieeieeiie ettt e eteesiee e esteesebeesaeeenseensaeenseessneenns 170
BIBLIOGRAPHY ..ottt sttt et 171
APPENDIX A: STRESS-STRAIN CURVES FOR STEEL AND CONCRETE ......... 174
APPENDIX B: SUMMARY OF TEST DATA......oooieieeeeeeee e 180
VT A ettt et ettt et h et et e e et et e et e sb e e bt et e sne e bt et e sne e 263

vii



Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 4.1

Table 5.1

Table 5.2

Table 5.3

Table 5.4

Table 5.5

Table 5.6

Table 5.7

Table 5.8

Table 5.9

Table 5.10

Table 5.11

Table 5.12

Table 5.13

Table 5.14

Table 5.15

Table 5.16

Table 5.17

LIST OF TABLES

CSPC MIX AESIZN .ttt ettt st 20
Physical dimensions of test SPECIMENS ........cccueerieiiiiieniieiienieeieeeee e 36
Complete teSt MALIIX ...eeuveeuririieierieeeee ettt 45
Calculation of engineering strain for fiber optic gage 8 test 18.........cccceeuenee 53
(07070010) (51T NS A0\ 13 0 . SRRSO 114
Failure MOde.......coiuiiiiiiiieeee e e 116
Average Failure Loads.........cccvieoiiiiiiieeiiccecce e 116
Average Steel Strains at Failure...........cccocveviiiiiiiiiiiceeeeee e 117
Average Concrete Strains at Failure ...........cccoveveiiiiiiiicciiccc e 118
Development Length...........occviiiiiiiiiiieeie e 119
Failure MOde.......ooouieiiiiiiee e e 120
Average Failure Loads..........ccveeiiiiiiiieeiicceece e 121
Average Steel Strains at Failure...........cccooeeiiiiiiiiiiiiceeeee e 121
Average Concrete Strains at Failure ...........cccoveeiieiiiiecciicc e 122
Development Length..........ccccvviiiiiiiiiiiiiecieeeeeee e 123
Failure MOde.......coouiiiiiiiieee e 123
Average Failure Loads..........cccevviiiiiiiiciieeceeccec e 124
Average Steel Strains at Failure............cccoveeiiiieiiiieiieeeeeee e 125
Average Concrete Strains at Failure ...........ccccveeecieeiiiiciiiecieeceeeeee, 125
Development Length..........coccviiiiiiiiiiiiiieeieeeeeee e 126
Failure MOde.......coouiiiiiiiiiiee e 127
Average Failure Loads..........cccveviiiiiiiiciieecee e 127



Table 5.18 Average Steel Strains at Failure..............
Table 5.19 Average Concrete Strains at Failure........

Table 5.20 Development Length and Bond Strength

iX



LIST OF FIGURES

Figure 3-1 Micro-Measurements foil Strain Gage ..........ccecueevieeiiieiieiiieenieecesee e 23
Figure 3-2 Steel bar prior to placement of Strain gages.........ccoeeveeevierieeciienieeieerieeneens 23
Figure 3-3 Test specimen and strain gage locations ............cccueeruieriiierienieeniiesieesiee e 24

Figure 3-4 Attaching instrumentation cables to the ends of the strain gage lead wires... 24

Figure 3-5 Fiber-Optic Strain Sage ........coceevueriirieiienieniieieeiesieeeenitesee et 26
Figure 3-6 Drawing of the silica capillary tube containing the input/output and

108 1 (G101 0] g 1 01 £SO P USRS 26
Figure 3-7 Attenuated FOSS T OUtPUL......ccouiiiiiiiieiieeiece e 27
Figure 3-8 Equations for calculating partial fringes .........cccceecvveeeiieecieeeciieeie e 28
Figure 3-9 A typical change in strain dir€Ction ............ccceveevierieneriiiniienieiesieneeieeene 29
Figure 3-10 Long grout tubes damaged after testing........c.cceecuveevveeeeieeecieeeiee e, 31
Figure 3-11 Placing the fiber-optic gage inside the grout tube form.........c.cccocoeveniennce. 31
Figure 3-12 placing grout in the tubes ..........cccvveeiiieiiiieciiece e 32
Figure 3-13 Grout tubes containing fiber-optic strain gages curing in racks .................. 32
Figure 3-14 Bottom of plywood form cut in half to facilitate form removal .................. 33
Figure 3-15 First plywood donut and spacer blocks in place .........ccccceceeveevierveneeniennnene 34
Figure 3-16 Split plywood donut and steel bar in place .........cccceeveeeeiieecieeeciee e, 34
Figure 3-17 Sono tub placed over plywood donuts ............ccceeevierieeiiienieeieniecieeee 35
Figure 3-18 Grout tubes placed in wire ladder ...........cccoevvieeiiieeiiieeieeeeeeeeee e, 36
Figure 3-19 Grout tubes placed inside concrete form............ccoeeueeviieiiieniieniienieeiieeens 37
Figure 3-20 Placing the CONCTELE .......cuuieeiuiiieiiieeieeeeee ettt e 37
Figure 3-21 Characteristics of 200-Kip Loader.........cccceeviieriieiiieniiiiieieeiecie e 38
Figure 3-22 Loading modes for 200-Kip Loader..........cccccvreeviieeiiieeiieeieeeieeeeeeeen 39
Figure 3-23 Old superstructure designed to hold long bar samples............cccccccuerrueennenn. 41

X



Figure 3-24 New superstructure designed to hold concrete sample. .........cccccecveveeeennnene 41
Figure 3-25 Rupture disk assembly .........ccccooiiiieiiiieiiieeie e 42
Figure 3-26 Fast 0pening ValVe........cccoociiiriiiiiiiiiiciece ettt 43
Figure 3-27 Spreading Sikadu on the plastic sheet...........cccoevvieieiiieciieeeeeeeeeen 46
Figure 3-28 Failure due to pullout of the smooth steel bar............ccccovceniiiiniininenn. 48
Figure 3-29 Failure due to the yielding of the steel bar..........c.ccoecvvvveiiieiiieeeiiecieee, 49
Figure 3-30 Failure due to radial cracking of the concrete..........ccccevevienieniniienienennens 49
Figure 3-31 Load vs. Time fOr test 18 .....cvviiiiiieiiieeiieeeee et e 50
Figure 3-32 Steel strain vs. Time for SS-03, test 18.......cooiriiiiiiiiiiniiiceeee 51
Figure 3-33 Raw fiber-optic output from the FOSS I for FO-02, test 18............c........... 52
Figure 3-34 Normalized FOSS I output for FO-02, test 18 ........cccooviiviininiiniineiienee 53
Figure 3-35 Reduced fiber-optic data showing strain vs. time for FO-02, test 18 .......... 54
Figure 3-36 Average concrete strains from test 18 ..........ccceeverieniiiiinienienienienceieene 55
Figure 3-37 Steel strains for tests 16, 17 and 18 showing linear regression of the data.. 55
Figure 3-38 Concrete strain for tests 16, 17 and 18 showing no regression of data........ 56
Figure 4-1 Specimen 1 POSt teST......uiiiiiieiiieeiiieeiiee et ete e et e e eee et eeere e evee e saeeeearee s 59
Figure 4-2 Adjusted steel Strains teSt 1 ......cocueeieriiriiriierieiieierieeee e 59
Figure 4-3 Adjusted concrete strains, teSt L.......ccccvveeciieeiieeeiiieeeiie e 60
Figure 4-4 Steel Strains, teSt 2......cc.eiiiiiiriiieriereeentese ettt 61
Figure 4-5 Adjusted concrete Strains, teSt 2........ccvieecuieeeiieeeiiieeeiieeeiee e eereeeevee e 61
Figure 4-6 Test SPecimen 3 POSE-LESt ......cvueriirieriiierierieeieeiierte et 62
Figure 4-7 Crushing of concrete on the leading edges of the steel deformations............ 63
Figure 4-8 Deformed steel bar pOSt-teSt.........coveriirieriiriiiirierieeeeseeeee e 63
Figure 4-9 Adjusted steel strains, teSt 3........ccciieiiieeiiieeiie e 64
Figure 4-10 Adjusted concrete strains, teSt 3........oecverieririirienieierieneeeeee e 64

xi



Figure 4-11 Adjusted steel strains, quasi-static loading, 10-inch diameter samples,

#8 deformed DATsS.......cooueiiiiiiiee e 65
Figure 4-12 Adjusted concrete strains, quasi-static loading, 10-inch diameter

samples, #8 deformed Dars.........ccccvveeiiiiiiiieie e 67
Figure 4-13 Test Specimen 6 POSE-tEST ......cc.eeiiierieriieiieeieeie et eree et et e ereeseeeebeesaee e 70
Figure 4-14 Adjusted steel strains, impact loading, 10-inch diameter sample, #8

Aeformed DAr ..........oouiiiiiiee e 71
Figure 4-15 Adjusted concrete strains, impact loading, 10-inch diameter sample, #8

deformed DAr ..........oouiiiiiiie e 71
Figure 4-16 Test Specimen 8 POSE-tEST ....ccuviieiiieeiiieeiieeeiieeeieeeeieeeereeeereeesereeeeeaeeesaree s 74
Figure 4-17 Adjusted steel strains, dynamic loading, 10-inch diameter sample, #8

defOrmed DAr ........coouiiiiiie s 75
Figure 4-18 Adjusted concrete strains, dynamic loading, 10-inch diameter sample,

#8 deformed DAT ........coiiiiiiiie e 76
Figure 4-19 Test specimen 10 POSt-TESt .......eeeiuierieeiiieeiieiieeie ettt 79
Figure 4-20 Adjusted steel strains, impact loading, 20-inch diameter sample, #8

Aeformed DAr ..........oouiiiiiiee e 80
Figure 4-21 Adjusted concrete strains, impact loading, 20-inch diameter sample, #8

deformed DAr ..........oouiiiiiiie e 80
Figure 4-22 Test specimen 13 POSt-TESt ....uiiiiiieeriieeeiie ettt 84
Figure 4-23 Adjusted steel strains, dynamic loading, 20-inch diameter sample, #8

defOrmed DAr ........ooouiiiiiie s 84
Figure 4-24 Adjusted concrete strains, dynamic loading, 20-inch diameter sample,

#8 deformed DAr ........coiiiiii e 85
Figure 4-25 Test specimen 17 POSt-TESt ........eevuiiriieiiieriieiieeie ettt 88
Figure 4-26 Adjusted steel strains, quasi-static loading, 20-inch diameter sample, #8

defOrmEd DAr ... ....ooiiiiieie e 89
Figure 4-27 Adjusted concrete strains, quasi-static loading, 20-inch diameter

sample, #8 deformed bar............coouiiiiiiiiiiii e 89
Figure 4-28 Test specimen 20 POSE-TESt .....ceierrieriieiiieriieiieeie e eieeiee e ereeere e eenaens 91

xii



Figure 4-29 Adjusted steel strains, impact loading, 20-inch diameter sample, 1-inch
SOOI DAT ... 92

Figure 4-30 Adjusted concrete strains, impact loading, 20-inch diameter sample, 1-
INCh SMOOth DAL ......oiiiiiiiiiiii e 93

Figure 4-31 Test specimen 22 POSt-TESt .....ccoueriirieriirierieieeie ettt 95

Figure 4-32 Adjusted steel strains, dynamic loading, 20-inch diameter sample, 1-
INCH SMOOtH DAT......ouiiiiiiiiiiiieie e 95

Figure 4-33 Adjusted concrete strains, dynamic loading, 20-inch diameter sample,

1-InCh SMOOth DAL ..ot 96
Figure 4-34 Test specimen 23 POST-TESt ...uviiiriiieiiieeeiieeriteeree e e eeae e e eeeees 98
Figure 4-35 Test specimen 23 POSE-TESt .....c.eeeiiieiiieiiieeieeiierieeite ettt ereeseeeeeens 98

Figure 4-36 Adjusted steel strains, quasi-static loading, 20-inch diameter sample, 1-
INCH SMOOth DAT......oiiiiiiiiiiiei et 99

Figure 4-37 Adjusted concrete strains, quasi-static loading, 20-inch diameter
sample, 1-inch SMOOth bar..........ccooviiiiiiiiiiii e 100

Figure 4-38 Test specimen 25 POSt-TESt ....uiieriiieriieeeieeciee ettt 103

Figure 4-39 Test specimen 25 post-test. Note crushing of concrete on leading edges
of the steel deformations..........cocccouieiiiiiiiiiiniieee e 103

Figure 4-40 Adjusted steel strains, impact loading, 20-inch diameter sample, #10

defOrmed DAr ........couiiiiiiie e 104
Figure 4-41 Adjusted concrete strains, impact loading, 20-inch diameter sample, #10

defOrmed DAr ........couiiiiie e 105
Figure 4-42 Test specimen 29 POSt-TESt .....c.eevvieiieriiieiieeieeieeeie et 108
Figure 4-43 Adjusted steel strains, dynamic loading, 20-inch diameter sample, #10

deformed DAr .........covuiiiiiiei s 109
Figure 4-44 Adjusted concrete strains, dynamic loading, 20-inch diameter sample,

H#10 deformed DAT .......cccuvieeiiieciie e 109
Figure 4-45 Test specimen 31 POSt-TESt ....cc.eeriieiieriieiieeieeieeeie et 112

Figure 4-46 Adjusted steel strains, quasi-static loading, 20-inch diameter sample,
#10 deformed Dar........c.cooeviiiiiiiii e 113

xiii



Figure 4-47 Adjusted concrete strains, quasi-static loading, 20-inch diameter

sample, #10 deformed bar............cceeeiiiiiiiicee e 113
Figure 6-1 Smooth bar showing Cartesian coordinates with projected outer surface

t0 fOrm the CYINAET........oieiiiieiii e e 133
Figure 6-2 Complete finite element model for smooth bar runs............ccccveeveniennnne. 134
Figure 6-3 Loads applied to the 133 nodes on the bottom of the steel bar.................... 135
Figure 6-4 Nodes on the bottom of the concrete restrained in the Z direction.............. 135

Figure 6.5 Deformed bar showing deformations deleted to model the strain gage

EIOOVE ..eeeuiiieeiieeetteeeiteestteeetteesatteeasaeeesateeeasseeesbeeensseesasseesnsseeenseeesnseeennseeennseeas 137
Figure 6-6 Larger mesh size used in the NIKE3D runs.........ccccoeeveeviiieniieeniieeeiee e, 138
Figure 6-7 Simplified deformation pattern used on the NIKE3D runs.........c.cccoceeueeeeee. 138

Figure 6-8 Composite steel strains, 1-inch smooth bar, 20-inch diameter sample,
Aynamic 10AAING........ccueieiiiiiiiiieie e e 141

Figure 6-9 Composite concrete strains, 1-inch smooth bar, 20-inch diameter sample,
Aynamic 10AAING.......cccueieiiiiiiiiieie et 142

Figure 6-10 Comparison of empirical and numerical steel strains, 1-inch smooth bar,
20-inch diameter sample, dynamic loading ............cccceeeveeviieiiieniieiienieeieeee 143

Figure 6-11 Comparison of empirical and numerical concrete strains, 1-inch smooth
bar, 20-inch diameter sample, dynamic loading .............ccoecueeriievienieenienieenen. 143

Figure 6-12 Composite steel strains, 1-inch smooth bar, 20-inch diameter sample,
IMPACE 10AAING.....eeeiiieiiieiiee e e et 144

Figure 6-13 Composite concrete strains, 1-inch smooth bar, 20-inch diameter
sample, IMPACt 10AdING ......cceeviiiiiiiiieiiee e 145

Figure 6-14 Comparison of empirical and numerical steel strains, 1-inch smooth bar,
20-inch diameter sample, impact 10ading ............ccoeeveeeiiieniieenieniieiecieeeeee 146

Figure 6-15 Comparison of empirical and numerical concrete strains, 1-inch smooth
bar, 20-inch diameter sample, impact loading............ccocceviieniiiiiiniiiieiee, 146

Figure 6-16 Composite steel strains, #8 deformed bar, 20-inch diameter sample,
QuAasi-StatiC L0AAING ......oeviiiiieiiieie e 148

Figure 6-17 Composite concrete strains, #8 deformed bar, 20-inch diameter sample,
QuAasi-Static L0AAING .......oeviiiiiiiieiee e 149

X1V



Figure 6-18 Failure due to excessive deformation of the concrete elements.................

Figure 6-19 Comparison of empirical and numerical steel strains, #8 deformed bar,
20-inch diameter sample, quasi-static 10ading...........cccceevevieiiieniieiienieeieeene

Figure 6-20 Comparison of empirical and numerical concrete strains, #8 deformed
bar, 20-inch diameter sample, quasi-static loading............cccceeeveevverciienienieennen.

Figure 6-21 Composite steel strains, #8 deformed bar, 20-inch diameter sample,
Aynamic 10AdING........ccueieiiiiiiiiieieeeee e e

Figure 6-22 Composite concrete strains, #8 deformed bar, 20-inch diameter sample,
Aynamic 10AAING........ccuiieiiiriiiiiieieeeee e

Figure 6-23 Comparison of empirical and numerical steel strains, #8 deformed bar,
20-inch diameter sample, dynamic loading ............cccceeevieviieiiieniieiienieeiee

Figure 6-24 Comparison of empirical and numerical concrete strains, #8 deformed
bar, 20-inch diameter sample, dynamic loading ...........cccoecvveviieiieniienieenieenen.

Figure 6-25 Composite steel strains, #8 deformed bar, 20-inch diameter sample,
IMPACE 10AAING.....eeeiiiiiieeiiee et e

Figure 6-26 Composite concrete strains, #8 deformed bar, 20-inch diameter sample,
IMPACE 10AAING.....eeeiiiiiiieiieie e et

Figure 6-27 Comparison of empirical and numerical steel strains, #8 deformed bar,
20-inch diameter sample, impact 10ading ............ccoeeeeriiieniieeiieniieieeieeee e,

Figure 6-28 Comparison of empirical and numerical concrete strains, #8 deformed
bar, 20-inch diameter sample, impact loading...........cccccceeeeeeerieeciienieceeeieee.

Figure 6-29 Composite steel strains, #8 deformed bar, 10-inch diameter sample,
QUASi-StAtiC L0AAING .......oeviiriieiiieiiece e

Figure 6-30 Composite concrete strains, #8 deformed bar, 10-inch diameter sample,
QUAsi-StatiC L0AAING .......eevieriieiiieiieee e

Figure 6-31 Failure due to excessive deformation of the concrete elements.................

Figure 6-32 Comparison of empirical and numerical steel strains, #8 deformed bar,
10-inch diameter sample, quasi-static 10ading.............ccceeveeeeiieniiecieniieeeeeeans

Figure 6-33 Comparison of empirical and numerical concrete strains, #8 deformed
bar, 10-inch diameter sample, quasi-static loading............cccceeevveviercrienienneenen.

Figure 6-34 Composite steel strains, #8 deformed bar, 10-inch diameter sample,
Aynamic 10AAING........cciieiiiiiieiieieeeee et

XV



Figure 6-35 Composite concrete strains, #8 deformed bar, 10-inch diameter sample,
dynamic 10adING........ccuiiiiiiieiiie e e s 161

Figure 6-36 Comparison of empirical and numerical steel strains, #8 deformed bar,
10-inch diameter sample, dynamic l0ading ...........ccccovveeiiieeiieeeiieeeieeeee e 161

Figure 6-37 Comparison of empirical and numerical steel concrete, #8 deformed
bar, 10-inch diameter sample, dynamic loading ............cccccueeevvieeciienciieniieene, 162

Figure 6-38 Composite steel strains, #8 deformed bar, 10-inch diameter sample,
1000 o161 B0 (0 16 112 Y0NS 163

Figure 6-39 Composite concrete strains, #8 deformed bar, 10-inch diameter sample,
1000 o - 161 B0 (0 16 111 Y0NS 163

Figure 6-40 Comparison of empirical and numerical steel strains, #8 deformed bar,
10-inch diameter sample, impact 10ading ...........ccceeeviieeiiieeiieeecieeceeeeeee e, 164

Figure 6-41 Comparison of empirical and numerical concrete strains, #8 deformed
bar, 10-inch diameter sample, impact loading............ccceevvveeiiieeciienieeeee e, 164

XVvi



PREFACE

The U.S. Army Engineer Research and Development Center (ERDC), Geotechnical
and Structures Laboratory (GSL), Vicksburg, MS, conducted this research project during
1997 through 2003. This final report details the results of that effort.

The research was conducted by Dr. John H. Weathersby, Survivability Engineering
Branch, Geosciences and Structures Division, ERDC, under the general supervision of
Dr. Reed Mosher, Technical Director; Ms. Pamela G. Kinnebrew, Chief, Survivability
Engineering Branch; Dr. Robert L. Hall, Chief, Geosciences and Structures Division; and
Dr. David W. Pittman, Acting Director, GSL. The POC at ERDC for this study was
Dr. Weathersby, (601) 634-3228. The research was funded by the Laboratory
Discretionary Research and Development Program, ERDC. This work was completed as
a dissertation in partial fulfillment to satisfy requirements for the degree of Doctor of
Philosophy from Louisiana State University, Baton Rouge.

At the time of publication of this report, Commander and Executive Director of ERDC

was COL James R. Rowan, EN, and Dr. James R. Houston was Director.

xviii



CONVERSION FACTORS, NON-SI TO Sl UNITS OF

MEASUREMENT
Multiply By To Obtain
degrees 0.01745329 radians
feet 0.3048 metres
gallon 3.79 liters
inches 25.4 millimetres
pounds (force) 4.448222 newtons
pounds (force) per square in. | 0.006894757 megapascals
pounds (mass) per cubic foot | 16.01846 kilograms per cubic metre

xviii




CHAPTER 1 INTRODUCTION

1.1 Background

Structural failures during recent earthquakes and terrorist attacks have demonstrated
shortcomings in the design procedures for reinforced concrete structures. Detailed first-
principle analyses requiring High-Performance Computing (HPC) resources are capable
of modeling the basic phenomenology that occurs during the events and has directed
researchers to an understanding of the critical parameters controlling the nonlinear
dynamic structural response of these structures.

The development of numerical procedures is needed to accurately predict the response
of reinforced concrete structures subjected to earthquake and shock loadings. Research
has been conducted to develop constitutive models for predicting the nonlinear response
of concrete (Papados 1997; Prinaris and Papados 1996; and Malvar and Simons 1996).
These concrete constitutive models have been validated with 1:6, 1:3, and full-scale
experiments (Papados et al. 1995). These experiments have also demonstrated that one
major limitation of the Finite Element (FE) modeling of the nonlinear response of
reinforced concrete is the accurate modeling of the interaction of the concrete with the
steel reinforcement (Prinaris et al. 1994 and Prinaris and Papados 1996).

Presently, there are insufficient data on the dynamic nonlinear interaction between the
concrete material and the steel reinforcement to develop a numerical model of this

interaction.



1.2 Objective

The primary objective of this study was to experimentally investigate the dynamic
interaction (bond slip) of reinforcement with concrete to determine for static and dynamic
loading conditions; a) the chemical adhesion between the smooth steel bars and concrete,
b) the increase in pullout resistance of smooth and deformed bars and c) the influence of
concrete confinement and bar diameter on pullout resistance. Additionally, the variation
of tensile strain along the length of the steel bar, and the strain in the concrete
surrounding the rebar will be investigated. A finite element analysis will be performed
using the experimental parameters to determine the value of the chemical adhesion and

the analytical results will be compared with the experimental values.

1.3 Methodology

A series of static and dynamic pullout tests was conducted. A single steel bar was cast
in the center of a concrete matrix. The concrete specimens were sized so that three
different failure modes could be investigated. These were radial cracking of the concrete,
yielding of the deformed steel bar and pullout of the smooth steel bar. The steel
reinforcing bar had two grooves 0.06-inches wide by 0.08-inches' deep machined along
its sides. The grooves were 180° apart and ran the entire length of the bar. Micro-
measurement EA-06-125BZ-350 with option W strain gages were mounted in the
grooves at various locations along the length of the bar to measure the strain distribution
along the bar. F & S, Inc., embeddable Extrinsic Fabry-Perot Interferometer (EFPI)

fiber-optic strain gages were used to determine the normal component of the strain

! A table for converting non-SI units of measurement to SI units is presented on page xviii.



distribution in the concrete. These strain gages were embedded in a specially designed
grout tubes that were placed in the concrete form prior to the placement of the concrete.
The grout was designed to match the modulus of elasticity and the compressive strength
of the concrete. The fiber optical signal was analyzed using an F & S FOSS I EFPI
measurement system. The concrete used in this investigation was a 5,000-psi
Conventional Strength Portland Cement (CSPC). This Waterways Experiment Station,
(WES), designed mix has been extensively tested, and its static and dynamic properties
are well documented. Both static and dynamic loads were generated using the WES 200-
kip dynamic loader. This machine is capable of generating loads of up to 200,000 1b with

rise times varying from 1 msec. to static loadings.

1.4 Scope

Thirty-three pullout tests were performed. The loading rates varied from static loadings
to dynamic loadings, with rise times of approximately 5 msec in order to include the full
spectrum of strain rates. Deformed #8 and #10 reinforcing bars and 1-inch smooth steel
bars were tested. The smooth bars were used as a benchmark to determine the values of
the adhesive and frictional forces. The #8 and #10 deformed bars were used to determine
the effects of bar diameter on the failure mode. Concrete cylinder diameters of 10-inches
and 20-inches were used to determine the effects of increased concrete confinement on
these failures. A depth of embedment of 10-inches for all steel bars was maintained in all
the tests.

A detailed Finite Element (FE) analysis of the dynamic interaction of the /concrete and
steel reinforcement was conducted using the program DYNA3D. This analysis was

conducted in two stages. First an analysis of the 1-inch smooth bars was conducted to



determine the values of the chemical adhesion between the cement and the steel bar under
both dynamic and static loadings. Once these values were determined, a detailed fine
grid analysis, which included modeling the individual deformations on the steel bar, was
conducted. Using the information gained on the first part of the FE analysis, the effects

of confinement and loading rates were investigated for the deformed bars.



CHAPTER 2 LITERATURE REVIEW

Although extensive research has been directed towards static bond slip, with literally
thousands of pullout tests performed on both smooth and deformed bars, relatively little
work has been performed in the dynamic arena. Most of the static work was performed
with the goal of determining the optimum deformation patterns and to quantitatively

determine the embedment length required to develop the full strength of the bar.

2.1 Static and Dynamic Bond-Slip Experiments

Menzel, 1939, conducted a series of tests to investigate the effects of surface condition
on smooth and deformed bar pull out. He also investigated the effects of cement ratio,
embedment length and position of the bar relative to placement direction of the concrete.
He found that the surface condition of the smooth bars had a very marked effect on the
pull out resistance. A polished bar had only about 7 the pull out resistance of a hot rolled
smooth bar. A 1-inch diameter hot rolled bar with an embedment length of 30-inches
produced a pull out resistance of 41,000 psi (based on the diameter of the bar). This
yielded an average bond stress of 342 psi. A 1-inch diameter deformed bar with an
embedment length of 20-inches produced a pull out resistance of 67,000 psi (based on the
diameter of the bar). This yielded an average bond stress of 840 psi. Menzel also
concluded that increased cement ratio or increased embedment resulted in increased pull
out resistance.

Furguson and Thompson, 1962, conducted a set of experiments to determine the
development length of high strength reinforcement in beam elements. Variables included

bar size (#3, #7 and #11) with and without stirrups, and with varying beam dimensions.



It was determined that bond was a function of development length, and not bar size.
Ultimate bond stress varied as Vfs. Bar cover and beam width were also important
factors.

Ferguson and Thompson, 1965, carried out a study on the development length of large
(#11 and #18) deformed bars. In the investigation, bar cover, beam width, stirrup ratio,
development length and depth of concrete cast below the bar were the primary variables.
They found that as in the previous work, increased embedment length lead to decreased
bond stresses. Also crack growth in the concrete tended to be more severe for the larger
bars than it was for the smaller bars. Finally, increased cover increased the bond
resistance, but was not helpful in reducing surface crack width.

McDermott, 1969, prepared a report for ACI Committee 439 that investigated the effect
of steel strength and of reinforcement ratio on the mode of failure and the strain energy
capacity of reinforced concrete beams. The committee concluded that within the ductile
range, the yield strength of the steel bars had no effect on the strain energy of beams of
equal static bending strength that were subjected to moderate strain rates. Therefore the
resistance to blast or other dynamic loads of beams reinforced with 60,000 psi or 70,000
psi bars would be as ductile as those containing 40,000 psi bars.

ACI Committee 408 investigated the effects that cyclic loading had on the concrete-
steel bond. In their report (Mitchell, et al., 1992), they stated that the average bond stress
for deformed bars ranged from 1500 psi to 3000 psi but that design requirements and
development length requirements usually limited this to 350 psi. They also stated that
bond forces were a combination of three components. These were the chemical adhesion

between the cement and the steel, which was a function of the shear strength of the



concrete, the mechanical interlocking of the steel deformations and the concrete, and the
friction between the concrete and the steel.

An in-depth study of bond slip under impact loading for plain, polypropylene fiber
reinforced and steel reinforced concrete was performed (Yan 1992). Dynamic loads were
generated using a 345-kg mass drop weight impact machine. The experiments consisted
of both pullout and push-in tests. For both types of tests, the experimental work was
carried out for three different types of loading: static, dynamic, and impact loading,
which covered a stress rate ranging from 0.5 x 10® to 0.5 x 102 Mpa/s. The other
important variables considered in the experimental study were: two different types of
reinforcing bars (smooth and deformed), two different concrete compressive strengths
(normal and high), two different fibers (polypropylene and steel), different fiber contents
(0.1 %, 0.5 %, and 1.0 % by volume), and surface conditions (epoxy coated and
uncoated). The load applied to the rebar and the strains along the rebar were measured
directly. The axial force in the concrete was determined from the difference between two
consecutive strain readings in the steel bar, and the normal force in the concrete was
calculated based on a static equilibrium analysis.

It was found that for smooth rebar, there existed a linear bond-slip relationship under
both static and high-rate loading. Different loading rates, compressive strengths, types of
fibers, and fiber contents were found to have no significant effect on the bond-slip
relationship.

For deformed bars, the shear mechanism due to the ribs bearing on the concrete was
found to play a major role in the bond resistance. The bond stress-slip relationship under

a dynamic loading changes with time and is different at different points along the



reinforcing bar. In terms of the average bond stress-slip relationship over the time period
and the embedment length, different loading rates, compressive strengths, types of fibers,
and fiber contents were found to have a great influence on this relationship. Higher
loading rates, higher compressive strengths, and steel fibers at a sufficient content
significantly increased the bond-resistance capacity and the fracture energy in bond
failure. All of these factors had a great influence on the stress distributions in the
concrete, the slips at the interface between the rebar and the concrete, and the crack
development. It was also found that there is always higher bond resistance for push-in
loading than for pullout loading.

In the analytical study, FE analysis with fracture mechanics was carried out to
investigate the bond phenomenon under high rate loading. The analytical model took
into account the chemical adhesion, the frictional resistance, and the rib-bearing
mechanism. In the analysis, solid isoperimetric elements with 20 nodes and 60 degrees
of freedom were employed for the rebar and concrete before cracking. After cracking,
the concrete elements were replaced by quadratic singularity elements, which were
quarter-point elements able to model curved crack fronts. A special interface element,
the “bond-link element,” was adopted to model the connection between the reinforcing
bar and concrete. It connected two nodes and had no physical thickness, therefore it
could be thought of conceptually as consisting of two orthogonal springs, which
simulated the mechanical properties in the connection, i.e. they transmitted the shear and
normal forces between two nodes

A set of dynamic experiments with the goal of quantitatively defining the bond-stress

relationship for inclusion in FE analyses was performed (Vos 1983). Vos used a Split



Hopkinson Bar test device to load his samples. In this work, only one bar diameter (10
mm) and one embedment length (3d = 30 mm) were used. Three different concrete
strengths (22, 45, and 55 N/mm?) were tested. Additionally, three types of steel
reinforcement (plain, deformed, and strands) were used. Vos reached conclusions similar
to those reached by Yan; namely, that the bond resistance of plain bars is independent of
loading rate and concrete strength. The deformed bar on the other hand showed a marked

increase in bond resistance with an increase in either loading rate or concrete strength.

2.2 Strain Rate Effects on Concrete

Bentur et al. 1986 and Banthia et al. 1988 conducted a series of experiments to
investigate the behavior of concrete under impact loading. Their work involved the
testing and analysis of both plain and conventionally reinforced beams subjected to
impact loads. The test specimens had a length by width by depth of 1,400 by 100 by 125
mm and a span length of 960 mm. The dynamic loads were generated by a drop weight
machine, which had the capability of dropping a 345-kg mass from a height of 3 m.
From these tests, it was determined that concrete can withstand a higher peak bending
load under impact than under static conditions. They concluded that concrete is a
significantly stress-rate dependent material that is stronger and more energy absorbing
under impact than static loading. Moreover, in the beams made with deformed bars, the
reinforcing bars frequently failed in a ductile mode of failure at the point of impact. This,
they concluded, was due to the fact that under impact loading, with the maximum load
being reached in less than 1 msec, there was not enough time for extensive bond slip to
occur along the length of the bar. Instead, the steel deformation was confined primarily

to the region, only a few centimeters long, beneath the point of impact, exceeding the



strain capability of the steel in this region. This was clearly related to strain rate; under
quasi-static loading, beams deflected to the same degree showed no evidence of steel
failure; instead, there were signs of cracking and de-bonding along a significant length of

the reinforcing bar.

2.3 Cracking of Concrete Around Deformed Bars

A set of experiments was performed to study the formation of cracks in concrete
surrounding a deformed reinforcing bar (Goto 1971). In these tests, a single deformed
reinforcing bar was encased in a long concrete prism, and an axial tension load was
applied to the exposed end of the bar. Ink was injected into the concrete to mark the
cracks, and the specimens were split longitudinally along the bar. The crack patterns
were then analyzed and recorded. Goto reported three different types of cracks: lateral,
internal and longitudinal. Lateral cracks are visible at the concrete surface and are at
right angles to the bar axis. Internal cracks form around the deformed bars shortly after
the formation of the lateral cracks. These small cracks do not appear at the concrete
surface. Longitudinal cracks are formed at high steel-stress levels. In this case, the
concrete adjacent to existing lateral cracks also cracks in the direction of the bar axis.

A series of pullout tests were performed to determine the effect the depth of cover had
on the bond stress and to determine the bond stress at different levels of concrete
cracking (Tepfers 1979). In these tests, a single reinforcing bar was cast eccentrically in
a concrete prism. The specimens were 200 mm by 150 mm with a depth of 3.13 bar
diameters. The bars were placed at distances varying from 16 mm to over 90 mm from
the edge of the sample. Equations were developed expressing the bond stress at three

different stages based on the crack condition of the concrete cover. These were the

10



un-cracked elastic stage, the plastic stage, and the partly cracked elastic stage. In the un-
cracked elastic stage, the bond force or stresses can be divided into radial and tangential
components. If the tangential bond stress is considered for an element, dx, of the
reinforcing bar, the tangential bond stress can be expressed as the change in stress in the
reinforcement over the length, dx (equation 2.1),

T—AS do, ddo,
wd dx 4 dx

2.1)

Where:

7=Dbond stress

A, = area of reinforcement

D = diameter of reinforcing bar

O, = stress in reinforcement

o = angle between the principle compressive bond stress and the axis of the
reinforcing bar.

When the load is first applied, the properties of concrete in tension and compression are
equal, and the angle, ¢, is therefore 45°. The magnitudes of the principal stresses are the
same. This will remain so until the principal tensile stress, ¢;, reaches the ultimate
tensile strength for the concrete, f.,, and then becomes zero. At this moment, the angle,
o, may change, and the radial stress, o;, develop. The radial bond component o; is
(equation 2.2)

0, =—0,sin’ @=rtan (2.2)
Where:

0 = principle compressive bond stress.

11



o, = radial bond stress

The radial stress, o;, due to bond action on the concrete can be regarded as a
hydraulic pressure acting on a thick-walled concrete ring. The concrete ring
approximates the effect of the surrounding concrete. Timosenko, (Popov 1976) gives a
solution for the stresses in a thick-walled cylinder that is subject to internal pressure. For

a cylinder subjected to internal pressure, the tangential stress, equation 2.3 is

0= > > > (2.3)
(c,+d/2)*—(d/2)

(d/2)*Ttan e {H (c, +d/2)2}
r
Where:
r = radius
o; = tangential ring stress
¢, = thickness of vertical concrete cover.

The stress, o;, equations 2.4 and 2.5, is always tensile and has a maximum at the inner

surface of the cylinder

(c.+d/2) +(d/2)

(0,),, =Ttanar—= 5 5 2.4)
(c,+d/2) —(d/2)

oy (c, +d/2)" —(d/2) )

' (cya’/2)2 +(a’/2)2
Where

febe = bond stress when the concrete cover cracks

fo = tensile strength of the concrete.

12



This equation shows that (0;),.. 1s always numerically greater than the internal
pressure, and approaches this quantity as the concrete cover, ¢, increases. Failure occurs
when (7)) max = fer

If the concrete behaves in a perfectly elastic manner, the ultimate load for the initiation
of longitudinal cracks occurs when the maximum tensile stress in the concrete cover,

(0 max, €xceeds the ultimate tensile strength of the concrete, f,.

The bond action in the plastic stage is analyzed on the same concrete ring model as in
the elastic stage. The plastic stage represents the highest possible bond resistance for the
model at the instant the longitudinal cover crack appears. The radial bond-stress
component, g, can be regarded as a hydraulic pressure on the inner surface of a thick-
walled concrete cylinder surrounding the steel bar. The concrete is assumed to act
plastically; that is, the cylinder will not break until the stress in the tangential direction at
every part of the cylinder has reached the ultimate tensile concrete strength, f.,. The

tangential stress in the cylinder can be expressed by equation 2.6.

o, =%7tana (2.6)

y

The concrete cylinder breaks and the longitudinal crack appears when o; exceeds the
ultimate tensile strength for the concrete, f;,. If we set o= 45°, we get the bond stress,
equation 2.7, when the cover cracks as

2c

Jeve = T 7y (2.7

In the elastic stage, the ultimate load on the concrete ring around the reinforcing bar is
reached very quickly because of the high tensile-stress peak in the concrete near the bar.

If the plastic behavior of the concrete is disregarded and it is assumed that the concrete is

13



a completely elastic material, an internal crack will start when the peak tensile stress
exceeds the ultimate tensile stress of the concrete. The longitudinal crack starting at this
point will not penetrate through the concrete cover if the load-carrying capacity of the
concrete ring has not yet been reached at that moment.

Consider a concrete ring loaded internally and radially by the radial bond-stress
components from a reinforcing bar. The ring has internal cracks where the
circumferential stresses have reached the ultimate tensile concrete stress. The bond force
is now transferred through the concrete teeth between the internal cracks to the un-
cracked part of the ring. The inner area of this ring is larger than that of the ring without
internal cracks. The pressure from the reinforcing bar on the inner area of the internally
cracked ring must be reduced in comparison with the pressure on the inner surface of the
un-cracked ring. The change in inner pressure is (equations 2.8 and 2.9)

p,d = p,x2e (2.8)
with p; = 0, = 7o introduced
p,=(d/2e)rtancx (2.9)

Where:
p: = internal pressure in the ring of radial component of the bond force
p2 = internal pressure on the ring perimeter corresponding to the depth of internal
cracks
e = radius of the perimeter corresponding to the depth of internal crack.
The circumferential stress distribution in the un-cracked part of the concrete ring of

inner radius, e, can be written as shown in equation 2.10.

14



(2.10)

r

e*(d/2e)rtaner| . (¢, +d/2)’
o, = — | 1+ 5
(c,+d/2) —e

and the maximum stress at the inner surface of the untracked part of the cylinder
of radius, e, is given by equation 2.11.

d (c, +d/2)* +¢’
(O-t)max =_—7Ttanx 2 2
2e (c,+d/2)" —e

2.11)

2.4 Finite-Element Analysis of Bond Slip

Numerous attempts have been made to model the steel concrete interface using FE’s; in
fact, several of the large FE codes have routines that were written to specifically handle
this problem. For instance, DYNA-3D has a one-dimensional slide line, which was
intended for use in modeling bond slip. In this model, the slave node of a string of beam
elements, modeling the rebar, is forced to slide along a master line of nodes embedded in
the solid mesh which models the concrete matrix. This kinematic constraint is applied
using a penalty function approach; fictitious springs are inserted between slave nodes and
their projections over the master lines. These springs produce internal forces normal to
the rebar and proportional to the distance between slave nodes and master lines.

Axial bond forces, which develop when the rebar is pulled from the concrete, depend
on the relative axial displacements (slippage) between rebar nodes and corresponding
locations along the concrete master line. Two models are available to calculate bond

forces from relative displacements.
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In the first model, the shear force, F, varies linearly with the relative displacement, d,
up to a maximum value, F,,,, and remains constant thereafter, except for elastic
unloading. F,,, is evaluated by equation 2.12.

Finax = Kttmax, (2.12)
Where:
K =27R.G; is the elastic stiffness of the bond per unit length of rebar
R, = radius of the rebar
G, = bond shear modulus
Umax = Maximum elastic slippage
This perfectly elasto-plastic relationship can be expressed by equation 2.13.
Fue1 =Fy + K Ad, Fyiep = min (Fuei, Fay), Fper = max (Fper, - Fpa)  (2.13)
Where:
F,+1 1s the bond force at the end of the step
Ad = slippage increment during the step
This equation implies that the bond can maintain its maximum strength regardless of
how much slippage takes place. However, previous test data show that the bond strength
decreases due to cracking in the concrete surrounding the rebar. This effect can be taken
into account by redefining the maximum bond force as a function of a suitable damage
parameter. The following expression, equation 2.14, for F,,,, was adopted:
Fax = Kttax (5 + (1- 9 ™) (2.14)
where the damage parameter, D, is defined as the sum of the absolute values of the plastic

displacement increments, Ad, equation 2.15.

Dy:1=D, + | Ad,| (2.15)
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and H is a decay parameter obtained from test datum, and &is the fraction of residual
strength after the bond is completely degraded.

The second model type was introduced to eliminate the corner that appears at the
largest value of /. Experimental pullout curves show a smooth transition from the
hardening part to the softening part as shown below. This was achieved by redefining the
end of step bond force as given by equation 2.16:

Fov1=Fy (Fpax - Fy) €4 (2.16)
Here too, Fu.y can be calculated as a function of the damage parameter, D.

Vervuurt, et al., 1993 and Vervuurt and Van Mier, 1995, devised a lattice approach for
analyzing the steel-concrete bond-slip layer. In this approach, the steel-concrete interface
fracture was modeled at the meso level. Vervuurt proposed that at this level, a simple
linear-elastic fracture law seems to be sufficient to explain global fracture mechanisms of
composite materials. Interfaces between the concrete matrix and the reinforcing bars
were simulated using a lattice model. In this model, the material is discretized as a lattice
of brittle breaking beam elements. Disorder of the material was implemented by
assigning different strength and stiffness properties to the beam elements. Cracking was
simulated by removing, in each time step, the element with the greatest stress-over-
strength ratio. Vervuurt reported that comparisons between the simulations presented in
his paper and experimental data show that the bond-displacement behavior was still too
brittle.

Filippou and Taucer, 1996, developed a fibre beam-column element for the non-linear
static and dynamic analysis of reinforced concrete frames. This model looked at

reinforced concrete at the macro level. The algorithm proved accurate and stable even in
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the presence of strength loss, thereby making it capable of modeling the highly non-linear

behavior of reinforced concrete members under dynamic loading.
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CHAPTER 3 EXPERIMENTAL PROCEDURES

A series of thirty-three dynamic and quasi-static experiments were conducted to
experimentally evaluate the effects that confinement, bar diameter, bar deformation and

loading rate had on the interaction of steel reinforcement and a concrete matrix.

3.1 Material Properties

The static and dynamic properties of the concrete and steel bars used in this
investigation were determined in order to provide material properties for the finite

element analysis.

3.1.1 Concrete Properties

The concrete selected for the experiment was a WES developed mix referred to as
Conventional Strength Portland Cement (CSPC). This mix was selected because its static
and dynamic properties are well documented and it is representative of the types of
concrete used in conventional construction. CSPC has a design compressive strength of
5,600 psi, direct tensile strength of 520 psi and a modulus of elasticity in compression
(Eo) of 6.1 x 10° psi. The mix design is shown in Table 3.1. The static and dynamic
properties of CSPC and its development are documented (Nealy, 1991).

Quality control specimens taken from the batches used in casting the test specimens
indicated that the actual compressive strength of the concrete was greater than the design
strength. The static compressive strength was 7,650 psi with a modulus of elasticity of
6.45 x 10° psi. The compressive strength decreased to 7,250 psi but the modulus of
elasticity increased to 6.95 x 10° psi as the loading rate was increased to 200 msec.

When the loading rate was further increased to 5 msec, the compressive strength returned

19



Table 3.1 CSPC mix design

Mixture Proportions

[tem Saturated Surface-Dry
Ib/yd’
Type I portland cement 553
3/8-in limestone 1,743
coarse aggregate
Limestone fine aggregate 1359
Water 315
WRA 44
Air-entraining agent 0.55
w/c 0.57

to near the static value at 7,633 psi, but the modulus of elasticity was half way between
the static value and the 200 msec value at 6.73 x 10° psi. The stress-strain curves and the

concrete cylinder test data are shown in Appendix A.

3.1.2 Steel Properties

The steel used in the experiment was a grade 60 #8 or #10 concrete reinforcing bar, for
the deformed bars, and 1-inch diameter hot rolled, grade 60 for the smooth bars. The #8
bars had static yield strength of 65,950 psi with a corresponding modulus of elasticity (E)
in tension of 3.1 x 10°. The yield strength increased to 74,700 psi when the specimen
was loaded in 500 msec. The modulus of elasticity, which is not rate dependent for steel,
remained constant. The #10 bars had a static yield strength of 71,100 psi with a
corresponding modulus of elasticity (E) in tension of 3.0 x 10°. The yield strength
increased to 73,550 psi when the specimen was loaded in 500 msec. The smooth bars
had a static yield strength of 91,200 psi and (E) of 30.2 x 10° psi. The yield strength
decreased to 85,050 psi when the specimen was loaded in 500 msec. For the yield

strength to decrease with increased strain rate is very unusual. Since there was only one
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statically loaded specimen, it is difficult to determine if this is an actual phenomena, or
experimental error. However, since the smooth bars fail at a stress well below the yield
stress, it is not important for this investigation Both the static and dynamic stress strain

curves for the steel bars is shown in Appendix A.

3.2 Test Specimens

Thirty-three test specimens were prepared and tested. These specimens were
dimensioned so that several failure modes would be bracketed during the investigation.
The specimens were instrumented with a combination of fiber optical and conventional
foil strain gages. The strain gages were used to determine the distribution of strain along
the length of the steel bars, and the strain in the concrete normal to the axis of the steel

bars.

3.2.1 Sample Dimensions

A series of pullout tests were conducted to determine the most practical physical
dimensions to be used in the experiment. It was desired to have as large of strains in the
concrete as possible and to have the predominant failure mechanism being radial cracking
of the concrete, and not yielding of the steel bar. The ACI code required a development
length of 28-inches for a #8 bar. Since the codes are conservative, and previous research
has indicated that full development might be obtained in only half this length, an
embedment lengths of 10-inches and 14-were used. Concrete confinements of 5-inches,
10-inches and 15-inches were tested. The specimens with 5-inches and 10-inches of
confinement and 10-inches embedment length failed due to radial cracking of the

concrete while the specimen containing the 15-inches of confinement or embedment
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lengths of 14-inches failed due to yielding of the steel bar. Since it was desirable to
investigate the interaction bond slip through a wide range of concrete and steel strains,
various failure modes, an embedment length of 10-inches was selected for use in all tests.
Depths of cover of 4-1/2-inches and 9-1/2 inches were chosen. “Sono-tubes” of 10 and
20-inch diameters were used as forms for casting the samples with the reinforcing bar

placed in the center and parallel with the axis of the tube.

32.2 Strain Measurements in Steel

The strain measurements in the steel were made with Micro-Measurements (MM) EA-
06-125BZ-350 with option W foil strain gages, Figure 3-1. These gages are 0.04-inches
wide and 0.06-inches long. They were mounted in a groove 0.06-inches wide and
approximately 0.04-inches deep machined along the longitudinal rib on both sides of the
reinforcing bar (Figure 3-2). The gages were located on the 0° and 180° azimuths
beginning 1-inch from the bottom of the specimen and located every 2-inches thereafter.
The gages were labeled SS-## where SS stood for steel strain and ## was a number from
01 to 10 beginning at the bottom and numbered consecutively to the tow with the odd
numbers on the 0° azimuth and the even numbers on the 180° azimuth (Figure 3-3). After
epoxying the gages to the bottom of this grove, the lead wires were placed in the groove
and both the lead wire and gage were covered with MM Gage Coat 5 protective coating.

The lead wires were run out the top of the sample (Figure 3-4).

323 Strain Measurements in Concrete

One of the major problems encountered during this investigation, was how to make

accurate, location specific strain measurements in concrete. There are several

22



commercially available concrete strain gages on the market; however, none were suitable
for this investigation. These gages ranged in size from 4 to 9 inches in length and were

designed to measure the average strain over that length. Since the concrete strain that

Figure 3-1 Micro-Measurements foil strain gage

LT A

i

Figure 3-2 Steel bar prior to placement of strain gages
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Figure 3-3 Test specimen and strain gage locations

Figure 3-4 Attaching instrumentation cables to the ends of the strain gage lead wires
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was of the most interest was the strain normal to the rebar, and this strain varies
according to the distance from the rebar, a gage that measured a direction specific strain
over a very short distance was required. A search of the different technologies available
indicated that the new fiber-optic strain gages showed the most promise. Of these gages,
the extrinsic Fabry-Perot interferometric (EFPI) fiber optic strain gage made by Fiber and
Sensor Technologies (F&S), Inc. was selected for this work. The EFPI strain gage
(Figure 3-5) is fabricated by inserting two optical fibers into a silica capillary tube. The
EFPI is a reflective-type fiber optic sensor meaning that the same optical fiber serves as
both input and output to the strain gage element. During fabrication, the input/output and
reflector optical fibers are fused to the inside of the silica capillary tube. The distance
between the input/output and reflector attachment points in the silica Capillary tube is the
gage length or gage factor (Figure 3-6).

The standard EFPI strain gage is covered by a thin polyimide coating similar to the
coatings used in foil strain gages. The polyimide increases the strength of the gage and
provides a very good stress/strain transfer interface between the silica of the sensor and
the host material.

Operation of the EFPI revolves around the air gap, which is the distance between the
input/output optical fiber and the reflector. The EFPI is operated by the Fiber Optic
Support System FOSS I which provides a voltage signal proportional to the “raw”
interferometric optical signal returned from the EFPI strain sensor. The output of the
FOSS I is a periodic (sinusoidal) function of changes in the distance between the two

optical fibers in the EFPI (air gap or sensor gap). The period of this function is 7 of the
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Figure 3-5 Fiber-Optic Strain gage

Alignment Sleeve
B

Reflector

Input/Output AN
Optical Fiber b Adhesive

Figure 3-6 Drawing of the silica capillary tube containing the input/output and

reflector fibers

source wavelength of 1310 nanometers, or 655 nanometers. The FOSSI is a differential
strain measurement system, and only measures changes in the gap separation of the EFPI.
Consequently, if the FOSS I is connected to an EFPI strain sensor that in not being
dynamically strained, a flat line will be outputted from the FOSS I. When the EFPI strain

sensor is strained, each time the gap displacements changes by 650 nanometers, an entire
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fringe will be outputted. Relative strain is then calculated by dividing the changes in gap
distance by the gage factor, or gage length, of the EFPI sensor.

To convert the FOSS I output into strain, the number of fringes and the gage length
(gage factor) are used. Each period of a fringe (one total period of the sinusoidal output)
indicates that the sensor gap (air gap) displacement has changed length corresponding to
> the wavelength of the laser in the FOSS I, which is 1310 nm. As a result, each fringe
means that the gap has changed 655 nm. To calculate strain, the change in sensor gap
displacement must be divided by the gage length of the sensor as shown in equation 3.1.

#ofFringes *.655(micrometers)

strain(microstrain) = *1000 (3.1)

gageFactor(mil lim eters)

Due to the physical properties of the FOSS I sensing system, the fringe contrast of the
sensor output is a dynamic quantity. Fringe contrast is the amplitude of the sinusoidal
varying output from the FOSS I system. As the distance between the fiber ends in the
sensor increase, the amplitude of the sinusoidal output signal is attenuated. This
consideration is important when counting partial fringes, due to the non-linearity of the
sensor output vs. strain relationship. Figure 3-7 shows an attenuated FOSS I output.
Equation 3.2 provides the needed relationship for the re-normalization of x, between the

values of —1 and +1.
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Figure 3-7 Attenuated FOSS I output
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In the normalized format, -1 corresponds to the bottom of a fringe and +1 corresponds to
the top of a fringe. To calculate partial fringes equation 3.3 and equation 3.4 can be used
with the data point x( as shown Figure 3-8. If the value of the data point is negative, the

absolute value of the number is used. AF is the partial fringe. AF =1 corresponds to a

full period of the fringe.
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Figure 3-8 Equations for calculating partial fringes
7 _sin(x,)
AF(x, — B)=AF(B — x,) = 22— (3.3)
/4
, sin”'(x,)
AF(a—)xO)zAF(xoﬁA)zz—O 3.4)
V1

Very important in reducing the output from the FOSS I is the detection of changes in
strain direction (compressive to tension and vise versa). A typical change in strain

direction is shown in Figure 3-9.
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Figure 3-9 A typical change in strain direction

As a backup to the experimental fiber optic strain gages, conventional foil strain gages
were also used to measure concrete strains. These gages were attached to the outside of
the grout tubes containing the fiber optic gages.

The concrete strains were labeled either FO-## or CS-##, where FO stood for Fiber
Optic concrete strain and CS for Concrete Strain and ## was a number from 01 to 08.
The gages were located on the 90° 270° azimuth and began 2-inches from the bottom of
the sample and were located every 2-inches there after. The odd numbers were located

on the 90° azimuth and the even numbers were located on the 270° azimuth (Figure 3-3)

3.24  Final Specimen Preparation

The test specimens were prepared in the following manner: First, the steel bar was cut
to length 16- inches, two grooves were machined along the side as described in section
3.2.1, and a threaded connector was welded to the end of the rebar with fillet welds above
and below the connector. This connector was a metal pipe 1-1/2-inches long with an

outside diameter of 2-inches and an inside diameter equal to the diameter of the steel bar.
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Next grout tubes containing the fiber optic gages were built. These tubes consisted of a
form made out of % inch PVC pipe. The pipe was cut to a length of 10-inches for test 1,
14-inches for test 2, and 6-inches for all remaining tests. The tubes were shortened
because the protruding grout tubes were difficult to install in the formwork and were
easily damaged (Figure 3-10). Once the tubes were cut to length, they were split
longitudinally with a band saw. A small groove was then cut about 0.04-inches from the
end and a piece of monofilament fishing line stretched across the tube and taped down
using Polyken® fabric tape. Thin pieces of this same tape were then placed in the middle
of the tube and then at the other end of the tube. The EFPI gage had a fiber that was
approximately 1-1/2-inches long, and attached to the far end of the silica capillary tube.
This fiber was shortened to approximately 0.04-inches and the EFPI was then placed in
the PVC pipe. The fiber extension was then attached to the monofilament line using
Micro Measurements M-Bond 200°Adhesive, and the gage cable was taped in place in
two locations along the length of the tube, Figure 3-11. The two halves of the PVC pipe
were then reassembled, and taped together. Tape was also used to seal the end of the
tube and the two seams. The tube was then placed in a rack and the rack placed on a
shaker table and a specially prepared grout poured into the tubes (Figure 3-12). Once the
tubes were filled, and as much air removed as possible, the exterior of the tubes were
washed off, and the tubes were allowed to cure for four days (Figure 3-13). At this time,
the tape was removed from the tubes, and the two halves of the PVC pipe were separated

and the grout tube containing the EFPI gage was removed.
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Figure 3-10 Long grout tubes damaged after testing

Figure 3-11 Placing the fiber-optic gage inside the grout tube form
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Figure 3-12 placing grout in the tubes

Figure 3-13 Grout tubes containing fiber-optic strain gages curing in racks
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To build the concrete forms, sono tubes were cut to a length of 15-1/4-inches and two
donuts were cut from ¥4-inch plywood. The outside of the donuts was the inside diameter
of the sono-tube. The inside diameter of one of the donuts was 2-inches (the diameter of
the threaded connectors) and the inside diameter of the other was the diameter of the
rebar. The latter was cut in half, and then refastened using two cleats to facilitate form
removal prior to testing (Figure 3-14). Spacer blocks that were 3-3/4-inches thick

separated the two donuts (Figure 3-15). The rebar was placed in the center of the two

donuts and the donuts placed inside the sono tube (Figure 3-16 and Figure 3-17).

Figure 3-14 Bottom of plywood form cut in half to facilitate form removal
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Figure 3-15 First plywood donut and spacer blocks in place

Figure 3-16 Split plywood donut and steel bar in place
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Figure 3-17 Sono tub placed over plywood donuts

On tests 1 through 9 (all 10-inch diameter specimens), a series of holes were drilled in
the side of the sono-tubes at 90° and 270 to accommodate the grout tubes. On all other
tests, the grout tubes were completely contained inside the concrete form, and all wires
run out of two small holes, also at 90° and 270° . On test 1 the free end of the grout tubes
was positioned 1/2-inch from the edge of the rebar and held in place by a vertical D-3 bar
to which each grout tube was wired. On shot two, a small “ladder” was made from the
D-3 bars, and the free end of the grout tubes was placed in this ladder. On all other tests,
two ladders 3-inches apart were constructed and the grout tubes placed in this ladder and
epoxyed in place (Figure 3-18). The ladder was then placed inside the form so that the
gage elements would be located 3/4-inch from the edge of the rebar, and the gage ladder
was epoxyed in place to prevent movement during concrete placement (Figure 3-19).

Once the forms were completed, concrete was placed in the forms on the 0° and 180"
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azimuths using a scoop and vibrated into place using a ¥-inch pencil vibrator to prevent
damage to the grout tubes (Figure 3-20). The test specimens were cured for a minimum
of 28 days before the forms were stripped off and the specimens tested. A total of 33 test
specimens were prepared. Nine specimens were 10-inch in diameter, and 24 had an
outside diameter of 20-inches. Six specimens contained 1-inch smooth bars, 9 specimens
contained #10 deformed bars, and the remaining 18 specimens contained #8 deformed

bars. The specimen types are summarized in Table 3.2.

Table 3.2 Physical dimensions of test specimens

Number of Test | Specimen Diameter | Specimen Height | Bar Diameter | Deformations
Specimens (inches) (inches)
9 10 10 #8 Yes
9 20 10 #8 Yes
6 20 10 1-inch No
9 20 10 #10 Yes

Figure 3-18 Grout tubes placed in wire ladder
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Figure 3-20 Placing the concrete
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3.3 Testing Equipment and Data Acquisition

Both static and dynamic loads were generated using the 200 Kip Dynamic Loader. The
electronic gages were recorded using Pacific Instruments digital recorders, and all

experiments were documented with digital photographs.

3.3.1 200 Kip Dynamic Loader

The 200-Kip Loader (Figure 3-21 and Figure 3-22) is a device capable of applying a
concentrated load in short times over a maximum stroke of 6 inches. The machine is
capable of loading rates varying from slow static loading to ones in which the maximum

load is reached in a very few milliseconds.
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"1. DETERMINATION OF DYNAMIC STRESS-STRAIN PROPERTIES
OF CONSTRUCTION MATERIALS.
2. DYNAMIC TEST OF STRUCTURAL ELEMENTS:
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Figure 3-21 Characteristics of 200-Kip Loader
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Figure 3-22 Loading modes for 200-Kip Loader
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The loader was designed to apply forces varying from 10,000 to 200,000 Ib. in either
tension or compression. The design of the device is such that loads as high as 400,000 1b.
may be possible; however, the maximum load capability of the device is dependent on
the use to which it is subjected.

The types and sizes of specimens that can be tested include beams up to 24 in. deep, 18
in. wide, and 144 in. long; columns with a maximum height of 6 ft and cross-section
diameter of 18 in.; circular specimens having a specimen diameter at the grips of 2-1/2 in.
and length of approximately 36 in. under tensile loading; and members requiring 2-point
loading with up to a maximum of 4 ft between points of load application. To produce a
static tensile load with this machine, the valve to the lower chamber is opened, and the oil
removed. Oil is then slowly pumped into the upper chamber until the desired load is
obtained. To produce dynamic tensile loads, both the upper and lower chambers, and the
area between the two-rupture disks are filled with oil. Oil is then pumped into both
chambers and the area between the two rupture disks maintaining a ratio of 91.5% of the
lower chamber pressure in the upper chamber and 2 of the lower chamber pressure
between the two-rupture disks. The pressure between the two rupture disks is then
released, causing failure of first the up-stream rupture disk followed by the failure of the
down stream disk. This quickly causes the loss of pressure below the piston, thereby
producing the tensile load. The rise time for the load can be controlled to some extent by
the size of the orifice plate placed just upstream of the first opening valve.

In order to perform the proposed pull-out test, it was necessary to redesign the

superstructure. The existing superstructure (Figure 3-23), which was designed to hold a
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10-ft-long reinforcing bar was removed and replaced with one design to hold the concrete

samples for this test. The new superstructure is shown in Figure 3-24.

Figure 3-24 New superstructure designed to hold concrete sample
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In order to gain better control over the loading function, and to reduce the set-up time
required for each test, the rupture disc assembly (Figure 3-25) was replaced with a fast
opening valve. Manifolds were constructed which attached the fast-opening valve to the
loader (Figure 3-26). The new valve, which merely replaced the rupture disk assembly,
was attached to the loader between the orifice plate expansion chamber. This cut the set-
up time for each experiment from 4 hours to 15 minutes. The manifolds were designed in
such a way that no permanent modifications were made to the loader in case it was

desired to return to the rupture disk assembly at a later time.

Figure 3-25 Rupture disk assembly
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Figure 3-26 Fast opening valve

3.3.2  Data Recording

Data were recorded using a Pacific Instruments 12 bit vertical resolution TDRs with a
recording frequency of 122.1 Hz for the static tests, 250.0 kHz for the 200 msec loadings,
and 500 kHz for the 5 msec loadings. The fiber-optic strain gage signals were pre-
processed using a FOSS I to convert the light input to a voltage output. The data were

analyzed and plotted using DPLOT.

333 Still Photography

All still photography was taken with a Kodak DC120 Zoom digital camera. All images

were taken at a resolution of 1280 x 960, true color in the Kodak native format. The
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images were then converted to tiff format, 256 colors, using Adobe PhotoShop, so the

images could be manipulated using MS word and MS Power Point software.

3.4 Testing Program

The testing program was designed to quantitatively investigate the phenomenon
associated with the interaction of reinforcement and concrete when subjected to a variety
of loading rates, and determine the effects that several parameters had on this interaction.
This would then be followed by a finite element analysis to gain a better understanding of

the physics behind this relationship.

34.1 Test Matrix

A total of thirty-three specimens were prepared. The baseline specimens consisted of a
#8 deformed bar cast in the center of a 20-inch diameter concrete cylinder. Nine of these
specimens were fabricated and tested. Three were loaded statically, three were loaded in
200 msec, and three were loaded to failure in approximately 5 msec. Three other
variables were investigated. These included: effects of concrete confinement, (i.e., 20-
inch diameter samples vs. 10-inch diameter samples); effects of bar diameter, (i.e., #8
deformed bar vs. #10 deformed bar); and the effects of bar deformation, (i.e., #8
deformed bar vs. 1-inch smooth bar). In each case multiple samples were loaded to
failure statically, in 200 msec and in 5 msec. For each variable and loading rate
combination, three samples were tested, except for the smooth bars where only two were
tested for each loading rate. This was done in order to determine the repeatability of the
experiments, and to obtain a better statistical basis for the data. The complete test matrix

1s shown in Table 3.3
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Table 3.3 Complete test matrix

Test Load Bar |Specimen/Deformation
Number| Rate |[Diameter|Diameter| Pattern
1 |Quasi-Static] #8 10" Deformed
2 |Ouasi-Static| #8 10" Deformed
3 Quasi-Static| #8 10" Deformed
4 Impact #8 10" Deformed
S Impact #8 10" Deformed
6 Impact #8 10" Deformed
7 Dynamic #8 10" Deformed
8 Dynamic #8 10" Deformed
9 Dynamic #8 10" Deformed
10 Impact #8 20" Deformed
11 Impact #8 20" Deformed
12 Impact #8 20" Deformed
13 Dynamic #8 20" Deformed
14 Dynamic #8 20" Deformed
15 Dynamic #8 20" Deformed
16  |Quasi-Static|  #8 20" Deformed
17 |Quasi-Static|  #8 20" Deformed
18 |Quasi-Static|  #8 20" Deformed
19 Impact #8 20" Smooth
20 Impact #8 20" Smooth
21 Dynamic #8 20" Smooth
22 Dynamic #8 20" Smooth
23 |Quasi-Static|  #8 20" Smooth
24 |Quasi-Static| #8 20" Smooth
25 Impact #10 20" Deformed
26 Impact #10 20" Deformed
27 Impact #10 20" Deformed
28 Dynamic #10 20" Deformed
29 Dynamic #10 20" Deformed
30 Dynamic #10 20" Deformed
31 |Quasi-Static| #10 20" Deformed
32 |Quasi-Static| #10 20" Deformed
33 |Quasi-Static/ #10 20" Deformed
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34.2 Test Procedure

The Standard Operating Procedure (SOP) for conducting the dynamic experiments was
as follows. First a sheet of 4-mil polyurethane plastic was placed on top of the reaction
frame. Sikadur® was then mixed and a thin layer spread over the plastic sheet (Figure
3-27) and covered with another sheet of plastic. An “X” was cut in the center of the
plastic sheets. The test specimen was then lowered into place with the protruding steel
bar and connector passing through the cut in the plastic sheets. The specimen was then
connected to the load cell, and the loader’s piston lowered to set the concrete specimen
firmly in the Sikadur® . The Sikadur® was then allowed to cure for approximately 20
hours. The Sikadur® ensured that the specimen had an even base and would be loaded
uniformly, while the plastic sheets prevented adhesion of the sample to the reaction
structure, thereby allowing expansion in the radial direction. While the Sikadur® was
curing, the instrumentation cables were connected to the Pacific Instruments recording

equipment and the gages checked and balanced.

Figure 3-27 Spreading Sikadur on the plastic sheet
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When the Sikadur® was completely cured, the fast opening valve was tested to ensure
proper function, and the upper and lower cylinders of the loader were bled to remove and
entrapped air bubbles. The piston control valve was then cycled to ensure that no loads
were being applied to the specimen. The load cell output was then set to zero and the
low-pressure valves on the loader closed. The high-pressure hydraulic pump was then
started, and the valve to the upper cylinder opened. The valve to the lower cylinder was
then opened and closed as necessary to maintain zero load on the test specimen.

When the prescribed hydraulic pressure had been obtained, 2250 psi for 200 msec
loadings and 3000 psi for 5 msec loadings, all valves closed, and the pump shut off.
When the instrumentation personnel indicated that they were ready, a 5-second count
down commenced. The fast opening valve was armed at T-4 seconds, the
instrumentation system was armed at T-3 seconds and the fast opening valve was fired a
T=0.

Immediately following the test, the data records were transferred from the system’s
RAM to the hard drive. Once this critical stage had been completed, the test specimen
was photographed and removed, the expansion chamber drained, and the loader prepared
for the next experiment.

The SOP for the static tests was identical to the dynamic test except for the loading
stage. Once the system had been bled and the lower pressure valves closed, the fast
opening valve was opened. Oil was then pumped into the upper cylinder while zero
pressure was maintained in the lower cylinder. The loading was continued until the

specimen failed. The remainder of the procedure was the same.
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3.4.3  Results of Typical Test

The data acquisition for a typical test consisted of a physical description of the failure
mode, the load cell time history, the steel strain records, concrete foil strain gage records
and, on some tests, the concrete fiber-optic strain gage records. All test records were
analyzed and plotted using a WES developed data analysis program called DPLOT. The
fiber optic strain records were reduced in accordance with the procedures outlined in
Section 3.2.3. All specimens in the test series failed in one of three failure modes; pull
out of the steel bar (Figure 3-28), yielding of the steel bar (Figure 3-29) or radial cracking

of the concrete cylinder (Figure 3-30).

Figure 3-28 Failure due to pullout of the smooth steel bar
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Figure 3-30 Failure due to radial cracking of the concrete
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A typical load cell record for a specimen that failed due to radial cracking of the
concrete is shown in Figure 3-31. The load cell provided not only the maximum load
applied to the sample, but also the time the load was applied, loading rate and the time of
failure. Most load cell records have a short non-linear loading rate at the beginning,
which is due to slight differential movement between the mechanical connectors, and
seating of the specimen on the reaction base. This is followed by a linear loading rate for

most of the record, followed by a short non-linear loading just prior to failure of the

system.
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Figure 3-31 Load vs. Time for test 18

The vast majority of the steel strains remained in the elastic range. Since the steel did

not go plastic, the steel strain records were similar to that of the load cell, with the
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maximum value occurring at the same time as the maximum load (Figure 3-32). The
maximum steel strains occurred at the bottom of the bar, where the load was applied, and

decreased linearly to 0 at the top of the bar.
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Figure 3-32 Steel strain vs. Time for SS-03, test 18

The concrete foil strain gage records tended to show large variation in strains. This can
be contributed to several factors. Concrete is a non-homogeneous, non-isotropic
material, it is therefore reasonable to expect larger variations than one would expect in a
homogeneous material such as steel. Also, on dynamic test, complex shock waves were
running through the concrete in both the vertical and radial directions. The shockwaves
originated along the steel bar and reaction base. They then propagate outward and

upward as compression waves. Once they reach the free surface, they reflect as a tension
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wave. The interaction of these shock waves can cause large and some times apparently
random variations in the strain data. All this aside, the radial concrete strains measured
in this test indicated radial compression of the concrete without significant variation from
top to bottom of the specimen.

To convert the sinusoidal output of the fiber-optic gages, Figure 3-33, to engineering
strain, it was first necessary to normalize the data so that the top and bottom of a typical
sine wave corresponded to +1 and —1 respectively. Once this was done, it was necessary
to count the number of sign waves and partial sign waves. These points are shown as * in
Figure 3-34. By counting the number of complete and partial waves, and properly
applying equations 3.1 through 3.4, the engineering strain was calculated (Table 3.4).
This data was then used in DPLOT to obtain a plot of engineering strain vs. time (Figure
3-35). The fiber-optic strain data was in good agreement with that obtained using the foil

strain gages.
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Figure 3-33 Raw fiber-optic output from the FOSS I for FO-02, test 18
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Figure 3-34 Normalized FOSS I output for FO-02, test 18

80,000

160,000

240,000

Time (msec)

320,000

Table 3.4 Calculation of engineering strain for fiber optic gage 8 test 18

Fiber Optic Gage 8, Test 18

Gage Factor= 4.04
Data Time Y Delta Sum Time Strain
Point| (msec) Value F Delta F (msec) (micro strains)

1 14.97461 -1.04681 0 0 14.97461 0

2 | 96680.59 | 0.895969 0 0 96680.59 0

3 158939.8 0.006502 | -0.17676 | -0.17676 | 158939.8 -28.6577

4 | 209730.2 -1 -0.25 -0.42676 | 209730.2 -69.1899

5 | 293288.6 | 0.953186 -0.5 -0.92676 | 293288.6 -150.254

6 | 330644.2 0.011703 -0.25 -1.17676 | 330644.2 -190.786

A statistical analysis was performed on all data. For each test, like measurements i.e.,

fiber-optic and foil concrete strains, 2-inches from the bottom on 90° and 270° (four total

measurements) were averaged and plotted as shown in Figure 3-36. The data from




repeated tests such as all 20-inch diameter samples containing #8 deformed bars loaded

statically (tests 16, 17 and 18) were analyzed. The average load applied to cause failure
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Figure 3-35 Reduced fiber-optic data showing strain vs. time for FO-02, test 18

was determined. Each specimen failed at a slightly different load, which would have
caused different strains in the steel and concrete. Since we wished to compare strains
under similar conditions, the smallest load, which caused failure of the group of
specimens, was chosen. The time that this load occurred in the other two specimens was
determined, and the steel and concrete strains at that time used for the statistical
comparison. These strains are referred to as adjusted strains. For the steel strain data, the
values at each location were averaged, and a linear regression fit to the data to show the

variation of strain along the length of the bar, Figure 3-37. For the concrete data, the
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values at each location were averaged. Since there did not appear to be any ordered
regression of the data, (Figure 3-38) the overall average concrete strain was calculated.

The complete statistical analysis of the data is shown in Appendix B.

0_‘
‘2 -100-
g
% -2001
o E 90-Deg Foil
2 -3001 H 270-Deg Foil
é 400- 0 90-Deg Fiber-optic
'§ @ 270-Deg Fiber-optic
@ -5007 H Average
-600 - - . .
2-Inch  4-Inch  6-Inch  8-Inch
Distance from Bottom (inches)
Figure 3-36 Average concrete strains from test 18
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Figure 3-37 Steel strains for tests 16, 17 and 18 showing linear regression of the data
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Figure 3-38 Concrete strain for tests 16, 17 and 18 showing no regression of data
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CHAPTER 4 EXPERIMENTAL RESULTS

This chapter presents the actual test data obtained from each test. A series of three
similar tests were conducted for each variable. Since failure for each specimen occurred
at slightly different loads, the smallest load that caused failure in the group was used as
the maximum load. The time that this load occurred in the other two tests was
determined, and the strain values at that time used in the comparisons. A complete
summary including post test pictures of the specimens, Summary graphs of the steel
strains and concrete strains for each test, and a statistical analysis of the data can be found

in Appendix B.

4.1 Quasi-Static Loading of a #8 Deformed Bar Embedded in a 10-inch Diameter
Concrete Cylinder

Tests 1, 2 and 3 consisted of a 10-inch diameter cylinder with a #8 deformed bar loaded
quasi-statically. Oil was pumped into the upper cylinder of the machine to create the
loads applied to the specimens. The rate at which the loads were applied was a function
of the rate that the oil was pumped. This could be affected by many variables such as the
manifold pressure or the temperature of the oil. The loads applied to each specimen were
slowly increased until failure occurred. The maximum loads applied to the three test
specimens before failure were 41,000 Ibs. at time t =417 sec. For test 1, 40,300 Ibs. att =
240 sec. for test 2 and 42,580 Ibs. at t = 713 sec. Since these were all quasi-static tests,
the differences in time had no effect on the results. In order to compare all data under
comparable loading conditions, a maximum load of 40,300 Ibs. will be used for these

three tests.
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4.1.1 Test 1

On test 1, a total of 27 channels of active instrumentation were used. Of these, twenty-
one returned useful data for a total data return of 77.8%. These consisted of one (1) load-
cell, successful, ten steel strains, all ten of which were successful, eight foil concrete
strains, seven of which were successful, and eight fiber-optic concrete strains, three of
which were successful. The adjusted maximum load of 40,300 Ibs. was reached at t =
412 sec, for a loading rate of 210 Ibs/sec. The two flat portions of the loading curve were
caused by ice forming in the main pump control valve. The sample, Figure 4-1, failed
due to radial cracking of the concrete, and broke into three pieces.

The steel strains varied from 1980 micro strains for SS-01 down to 270 micro strains
for SS-10. Figure 4-2 shows the individual and average values of strain at each of the
five positions. The foil concrete strains varied from —177 micro strains for CS-05 down
to —64 micro strains for CS-07. The three fiber-optic gages, which survived the test,
returned values ranging from —129 micro strains for FO-03 down to —97.8 micro strains
for FO-07. The individual and average concrete strains for each of the four positions are

shown graphically in Figure 4-3.

4.1.2 Test 2

On test 2, a total of 19 channels of active instrumentation were run, of which all 19
(100%) returned usable data. These consisted of one load-cell, ten steel strains and 8 foil
concrete strains. No fiber-optic gages were run on this test. The maximum load of
40,300 Ibs. occurred at t = 240 sec. The nonlinear portion of the load-cell record, t =0 to

60 sec. is due to slack in the system and the compression of tiny air bubbles in the
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Figure 4-2 Adjusted steel strains test 1
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Figure 4-3 Adjusted concrete strains, test 1

hydraulic oil. The remainder of the record shows a liner-loading rate of 200 lbs/sec. The
loading remains linear until brittle failure occurred at t=240 sec. As in test 1, the sample
failed due to radial cracking of the concrete and broke into three pieces.

The steel strains varied from 1960 micro strains for SS-01 to 425 micro strains for SS-
10. Figure 4-4 shows the individual and average steel strains for each of the five
positions. As shown in Figure 4-5 foil concrete strains varied from —260 micro strains at

CS-04 down to —20 micro strains at CS-08.

4.13 Test 3

Test 3 contained 19 channels of active instrumentation with 17 returning usable data for
a data return of 89.5%. These consisted of one load-cell (successful), ten steel strains
(ten successful) and eight foil concrete strains (six successful). No fiber-optic gages were

included in this test. The adjusted maximum load of 40,300 Ibs. occurred at t = 698 sec,
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Figure 4-5 Adjusted concrete strains, test 2

for a loading rate of 160 Ibs/sec. The load-cell record is similar to the record obtained
from shot 1 including two breaks in the loading. Once again, this was caused by ice
formation in the main pump control valve. A line heater was installed after this test to

prevent further occurrences of this problem. The sample (Figure 4-6), failed due to radial
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cracking of the concrete, and broke into three separate pieces. There was the typical
crushing of the concrete on the leading edges of the steel bar deformations, then clean
separation of the remainder of the concrete-steel interface (Figure 4-7 and Figure 4-8).
The steel strains varied from a maximum of 1,980 micro strains for SS-01 to a
minimum of 486 micro strains for SS-09. Figure 4-9 graphically shows the individual
and average steel strains. The foil concrete strains Figure 4-10 varied from —333 micro
strains at CS-02 to —42 micro strains at CS-05. There were no fiber-optic gages in this

test.

Figure 4-6 Test specimen 3 post-test

4.1.4 Evaluation of Results of Tests 1, 2 and 3

The average load applied to the three samples before failure was 41,300 Ibs. All three
samples failed due to radial cracking of the concrete and broke into three separate pieces.

There was crushing of the concrete on the leading edge of the deformations on the steel
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bar. This caused a wedging action, thereby inducing compressive stress in the concrete

normal to the axis of the steel bar (radial strain). This caused circumferential tensile

Figure 4-7 Crushing of concrete on the leading edges of the steel deformations

Figure 4-8 Deformed steel bar post-test
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stress in the concrete. When this stress reached the tensile strength of the concrete, radial

cracks formed, breaking the sample into three pieces, and the steel bar was released.

The average steel strains as we begin at the bottom of the sample were, 1,655 micro

strains a 1-inch, 1,533 micro strains at 3-inches, 1,088 micro strains at 5-inches, 758

micro strains at 7-inches and 372 micro strains at 9-inches. The average coefficient of

variation for this data was 18.2. If we plot the data (Figure 4-11) we find a linear

relationship as expressed by equation 4.1:

2,000
1,800
1,600
1,400
1,200
1,000
800
600
400
200

Strain (micro strains)

o
z.
*

4
>

~_ 3

— Linear (Average)

Test 1
Test 2
Test 3
Average

L

2 4 6 8 10

Distance from Bottom (inches)

y =-167x + 1920
R’ =0.9784

Figure 4-11 Adjusted steel strains, quasi-static loading, 10-inch diameter samples,

#8 deformed bars

Y=-167X+ 1920

(4.1)

with an R*=0.9784. By setting equation 4.1 equal to the yield stress of 2,000 micro

strains, we can calculate the embedment length required to develop the full yield strength

of the steel bar for this loading, bar and confinement combination. For a #8 deformed
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bar, embedded in a 10-inch diameter cylinder loaded quasi-statically, the required
embedment length is 10-1/2-inches.

Since only three of the fiber optic gages returned useful data, it is difficult to make any
definitive statements regarding the comparison of concrete strain measured with the fiber
optic gages vs. that measured with the foil gages, see. However, as shown in Appendix
B, there appears to be no significant variations between the two different types of gages.
The average concrete strains beginning at the bottom were —255.3 micro strains at 2-
inches, -152.7 micro strains at 4-inches, -69.8 micro strains at 6-inches, and —108.8 micro
strains at 8-inches, Figure 4-12. On this set of specimens, and as will be seen on the
remaining tests, there appears to be no relationship between strain and location. In fact,
there is more variation between strains at the same location and test i.e. test 2 CS-01 (-80
micro strains) and CS-02 (-667 micro strains) than there is between the average strains at
different locations i.e. —255.3 micro strains at 2-inches and —69.8 micro strains at 6-
inches. Although there is a very high variation in concrete strain, this is not unusual,
when you consider the non-homogenous nature of concrete, especially on the micro level.
This is caused by not only the variations in strength of the different basic materials, i.e.,
large aggregate vs. small aggregate vs. cement, but also on controllable variations in the
production process, i.e. entrapped air, aggregate separation, moisture evaporation rates,

etc. The average concrete strain was -147 micro strains.

4.2 Impact Loading of a #8 Deformed Bar Embedded in a 10-inch Diameter
Concrete Cylinder

Tests 4, 5, and 6 consisted of a 10 in. diameter cylinder with a number eight deformed

bar subjected to an impact loading. The maximum loads applied to the three specimens
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before failure were 71,300 Ibs. at time t=4.06 msec for test 4, 64,215 1bs. at time t=4.5

msec, and 77,980 1bs. at time t=3.92 msec. In order to compare all data under
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Figure 4-12 Adjusted concrete strains, quasi-static loading, 10-inch diameter
samples, #8 deformed bars
comparable loading conditions, a maximum load all of 64,2151bs. will be used for these

three tests.

4.2.1 Test 4

On test 4, a total of 27 channels of active instrumentation were run, of these, 21
returned useful data for a total data return of 77.8%. These consisted of one load-cell,
successful, ten steel strains, nine of which were successful, eight concrete strains, seven
of which were successful, and eight fiber optic concrete strains, four of which were

successful. The maximum load of 64,215 Ibs. was reached at t=3.72 msec for a loading
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rate of 32,000 lbs/msec. The sample failed due to radial cracking of the concrete and
broke into three pieces.

The steel strains varied from 2,919 micro strains for SS-01 down to 299 micro strains
for SS-09. The individual and average values of strain at each of the five positions can be
found in Appendix B. The foil concrete strains varied from -233 for CS-03 down to -21
for CS-07. The fiber optic gauges returned values ranging from -106 micro strains for

FO-0 1 down to -2 micro strains for FO-0 5.

422 Test 5

On test 5 a total of 19 channels of active instrumentation were run, of these, 11 returned
useful data for a data return of 57.9%. These consisted of one load sale, successful, ten
steel strains, all ten of which were successful, and eight fiber optic gages, none of which
were successful. The maximum load of 64,215 pounds was obtained in 2.77 msec. The
linear portion of the loading rate was 19,600 lbs./msec. The specimen failed due to radial
cracking of the concrete.

The steel strains varied from 2,930 micro strains for SS-02 down to 273 micro strains

for SS-10. There were no successful concrete strain records for this test.

423 Test 6

Test 6 contains 19 channels of active instrumentation with 15 returning usable data for
a data returned all 78.9%. These consisted of one load sale, successful, ten steel strains,
eight successful, and eight foil concrete strains of which six were successful. No fiber
optic gauges were included in this test. The maximum load of 64,215 pounds was

obtained in 2.77 msec, the linear portion of the record yielded a loading rate of
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31,000 lbs./msec. The sample failed due to radial cracking of the concrete, and broke
into four separate pieces. There was the typical crushing of the concrete on the leading
edges of the steel bar deformations, then clean separation of the remainder of the
concrete-steel interface.

The steel strains varied from 1,647 micro strains for SS-03 down to 283 micro strains
for SS-10. The foil concrete strains varied from -94 micro strains for CS-01 down to -3

micro strains for CS-08. There were no fiber optic gages in this test.

4.2.4 Evaluation of Results of Tests 4, 5, and 6

The average load applied to the three samples before failure was 71,165 1bs. All three
samples failed due to radial cracking of the concrete and broke into three or four separate
pieces, Figure 4-13. There was the usual crushing of the concrete on the leading edge of
the deformations on the steel bar.

The average steel strains beginning at the bottom of the sample were, 2,886 micro
strains at 1-inch, 1,928 micro strains at 3-inches, 1,350 micro strains at 5-inches, 734
micro strains at 7-inches and 307 micro strains at 9-inches. The average coefficient of
variation for this data was 8.1. The data (Figure 4-14) has a linear relationship expressed
by equation 4.2:

Y=-318X + 3030 (4.2)
with an R?=0.9945. Once again, if we set equation 4.2 equal to the yield stress of 2,000
micro strains, we can calculate the required embedment length as 6.75-inches.

Although, as in the earlier test, there was significant variation between the individual
concrete strains, there was no clear difference between the F.O. data and the foil gage

data. Also, there was no pattern to the average concrete strains at different locations
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(Figure 4-15). The average concrete strains beginning at the bottom were —94.6 micro
strains at 2-inches, -118.6 micro strains at 4-inches, -33 micro strains at 6-inches, and —20

micro strains at 8-inches. The average concrete strain was —61 micro strains.

Figure 4-13 Test specimen 6 post-test

4.3 Dynamic Loading of a #8 Deformed Bar Embedded in a 10-inch Diameter
Concrete Cylinder

Tests 7, 8, and 9 consisted of a 10 in. diameter cylinder with a #8 deformed bar loaded
dynamically. The maximum load applied to the three specimens before failure were
70,300 1bs. at time t= 117 msec for test 7, 69,050 Ibs. time t= 132 msec for test 8 and
66,350 Ibs. at time t= 93 msec for test 9. In order to compare all data under comparable

loading conditions a maximum load of 66,350 Ibs. will be used for these three tests.
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Figure 4-14 Adjusted steel strains, impact loading, 10-inch diameter sample, #8
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Figure 4-15 Adjusted concrete strains, impact loading, 10-inch diameter sample, #8
deformed bar
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431 Test 7

On test 7 a total of 27 channels of active instrumentation were run, of these, 24 returned
useful data for a total data return of 88.9%. These consisted of one load-cell, successful,
ten steel strains, eight of which were successful, eight foil concrete strains, all eight of
which were successful, and eight fiber optic concrete strains, seven of which were
successful. The adjusted maximum load of 66,350 Ibs. occurred at t= 93 msec. The
loading rate was linear from time t= 0 until t= 80 msec, with a loading rate of 790.
Ibs./msec. From time T. equals 80 msec until failure at t= 117 msec, the loading time
was non-linear. The sample failed due to radial cracking of the concrete, and broke into
three separate pieces.

The steel strains varied from 2,386 micro strains for S. S. for down to 367 micro strains
for SS-10. The foil concrete strains varied from -425 for CS-03 down to-5 micro strains
for CS-04. The fiber optic strains recorded values ranging from -317 micro strains for

FO-02 down to -90 micro strains for FO-05.

432 Test 8

On test 8 a total of 19 channels of active instrumentation were run, of these 16 returned
useful data for a data returned of 84.2%. These consisted of one load cell, successful, ten
steel strains seven of which were successful, eight foil concrete strains, all eight of which
were successful. There were no fiber-optic gages in this test. The maximum load of
66,350 Ibs. was obtained at 118 msec. The load cell record is very similar to the one
obtained on test 7. A linear loading rate of 740 lbs./msec was obtained from t= 0 msec
until t= 80 msec. The loading rate was nonlinear from t= 80 msec until failure at t= 132

msec. The sample failed due to radial cracking and broke into three pieces.
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The steel strains varied from a high value of 2,763 micro strains for SS-04 to a low
value of 386 micro strains for SS-10. The foil concrete strains varied from -167 micro

strains for CS-02 down to-6 micro strains for CS-07.

433 Test 9

On test nine a total of 19 channels of active instrumentation were run, of these, 16
returned useful data for a data return of 84.2%. These consisted of one load cell,
successful, ten concrete strains seven of which were successful, and eight foil concrete
strains, all eight of which were successful. The maximum load of 66,350 lbs. was
obtained in 92 msec. The loading rate of 825 Ibs./msec remained linear until t= 80 msec.
The sample failed due to radial cracking and broke into three pieces. The loading rate
was then nonlinear until failure at t= 92 msec.

The steel strains varied from 2,280 micro strains for SS-03 down to 545 micro strains
for SS-10. The foil concrete strains varied from a high value of -669 micro strains for

CS-04 to less than one micro strain for CS-07.

434 Evaluation of Results of Tests 7, 8, and 9

The average load applied to the three samples before failure was 68,566 lbs. All three
samples failed due to radial cracking of the concrete and broke into three separate pieces,
Figure 4-16. There was crushing of the concrete on the leading edge of the deformations

on the steel bar.
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The average steel strains beginning at the bottom of the sample were: 2,384 micro
strains at 3-inches, 1,645 micro strains at 5-inches, 966 micro strains at 7-inches and 566
micro strains at 9-inches. All gages at the 1-inch positioned failed. The average
coefficient of variation for this data was 21. The data (Figure 4-17) had a linear

relationship as expressed by equation 4.3:

Figure 4-16 Test specimen 8 post-test

Y=-307X + 3230 (4.3)

with an R*=0.9837. Using equation 4.3, the required embedment length is 6-inches.
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Figure 4-17 Adjusted steel strains, dynamic loading, 10-inch diameter sample, #8
deformed bar

Once again, there was larger variation between strains at the same location than there
were between the strains measured with the two different types of gages or the strains at
various locations. The average strains (Figure 4-18) beginning at the bottom were —123.3
micro strains at 2-inches, -227 micro strains at 4-inches, -51.5 micro strains at 6-inches,

and —57.6 micro strains at 8-inches. The average strain was -114.6 micro strains.

4.4 Impact Loading of a #8 Deformed Bar Embedded in a 20-inch Diameter
Concrete Cylinder

Tests 10, 11, and 12 consisted of a 20 in. diameter cylinder with a number eight
deformed bar subjected to an impact loading. The maximum loads applied to the three
test specimens before failure were 77,490 lbs. at t= 3.8 msec for test 10, 93,550 lbs. at t=

6.5 msec for test 11 and 87,240 1bs. at t= 7.4 msec. In order to compare all data under
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comparable loading conditions the maximum load of 77,490 lbs., which was obtained on

test number 10, will be used.
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Figure 4-18 Adjusted concrete strains, dynamic loading, 10-inch diameter sample,
#8 deformed bar

4.4.1 Test 10

On test 10, twenty-one channels of active instrumentation were run, of these, 17
returned good data for a data return of 81%. These consisted of one load cell, successful,
ten steel strains, eight of which were successful, eight foil concrete strains, seven of
which were successful, and two fiber-optic strains, one of which was successful. The
maximum load of 77,490 Ibs. was obtained and 3.8 msec. The test specimen failed when
the weld on the connection block broke. The data record indicates that the loading rate
was non-linear for approximately the first 1.5 msec, from 1.5 until 3.8 msec the loading

rate was linear with a loading of 32,700 1bs./msec.
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The steel strains varied from a maximum of 2,390 micro strains for SS-04 down to a minimum
of 390 micro strains for SS-10. The foil concrete strains varied from a maximum of -435 micro
strains for CS-05 down to a minimum of -82 micro strains for CS-01. The one successful fiber-

optic record was FO-01, which returned a peak value of -138 micro strains.

442 Test 11

On test 11, 27 channels of active instrumentation were run with 17 returning good data
for a data return of 63%. This consisted of one load cell, which was successful, ten steel
strains, two of which were successful, eight foil concrete strains, all eight of which were
successful, and eight fiber-optic gages, six of which were successful. The adjusted
maximum load of 77,490 lbs. was obtained in 4.79 msec. The data record shows the
customary two msec nonlinear beginning followed by a linear loading of 33,400
Ibs./msec until t= 3.3 msec. There is then a change in slope to 8,600 lbs./msec until
ultimate failure at t= 6.49 msec. The sample failed due to yielding of the weld joints on
the connection block.

The maximum steel strains recorded on this test was 754 micro strains for SS-09 and
the minimum was 487 micro strains for SS-10. The concrete foil gages recorded a
maximum strain of -479 micro strains for CS-01 to a minimum of -16 micro strains for
CS-04. The fiber-optic strains varied from a maximum of -429 micro strains for FO-07

to a minimum of -85 micro strains for FO-01.

443 Test 12

On test 12, a total of twenty-seven channels of active instrumentation were run with 20
channels returning usable data. This gave a data return of 74.1%. These consisted of one
load cell, which was successful, ten steel strains, five of which were successful, eight foil
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concrete strains, seven of which were successful and eight fiber-optic strains, seven of
which were also successful. The adjusted maximum load of 77,490 lbs. was obtained in
5.4 msec. The loading rate was nonlinear on both ends with a linear loading rate of
33,300 Ibs./msec between t= 2 msec and t=4 msec. The load then drops drastically to
around 12 msec, at which time it begins to rebound back to around 90,000 Ibs. This
second loading is not real but most likely caused by the loader abruptly reaching the
limits of its stroke. The sample had an identical failure to the samples in test 10 and 11.
The maximum steel strain recorded was 1,790 micro strains for SS-06 and the
minimum was 282 micro strains for SS-09. The foil concrete strains varied from a
maximum of -517 micro strains for CS-01, down to a minimum of -20 micro strains for
CS-05. The fiber optic strains varied from a maximum of -267 micro strains for FO-03,

to a minimum of -13.6 micro strains for FO-02.

444 Evaluation of Results of Tests 10, 11 and 12

The average load applied to the three samples before failure was 86,100 Ibs. All three
samples failed due to failure of the welds between the connecting block and the #8
reinforcing bar, Figure 4-19.

The average steel strains beginning at the bottom of the sample were 2,345 micro
strains at 3-inches, 1,655 micro strains at 5-inches, 1,020 micro strains at 7-inches and
478 micro strains at 9-inches. All gages at the 1-inch positioned failed. The average
coefficient of variation for this data was 22. The data (Figure 4-20) had a linear
relationship as expressed by equation 4.4:

Y=-312X + 3250 (4.4)
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with an R?=0.9972. Setting Y=2,000 micro strains, the embedment length required to

reach the yield limit of the steel is 6-inches.

Figure 4-19 Test specimen 10 post-test

The concrete strains showed the same large variations seen in the previous tests. The
average concrete strains beginning at the bottom were -192.3 micro strains at 2-inches,
-177.6 micro strains at 4-inches, -230.9 micro strains at 6-inches, and -220.6 micro strains
at 8-inches. These strains are summarized in Figure 4-21. The average concrete strain

was -208.4 micro strains.
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Figure 4-20 Adjusted steel strains, impact loading, 20-inch diameter sample, #8
deformed bar
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Figure 4-21 Adjusted concrete strains, impact loading, 20-inch diameter sample, #8
deformed bar
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4.5 Dynamic Loading of a #8 Deformed Bar Embedded in a 20-inch Diameter
Concrete Cylinder

Tests 13, 14 and 15 consisted of a 20 in. diameter cylinder with main #8 deformed bar
loaded dynamically. The maximum loads applied to the three test specimens before
failure were 86,770 1bs. at t= 200 msec for test 13; 72,750 1bs. at t= 121 msec for test 14;
and 85,130 Ibs. at t= 194 msec for test 15. The lower value of 72,750 obtained on test 14

will be used for these three tests.

4.5.1 Test 13

On test 13, 27 channels of active instrumentation were run with 18 channels returning
usable data for a return of 66.7%. These consisted of one load cell, successful, ten steel
strains, all of which were successful, eight foil concrete strains, all eight of which were
successful, and eight fiber-optic strains, five of which were successful. The adjusted
maximum load of 72,750 Ibs. was obtained and 115 msec. The loading remains linear at
800 Ibs./msec until t= 90 msec, at which time there is a change in slope until failure at t=
200 msec. The specimens failed by yielding of the steel bar. It is the yielding of the steel

bar which caused the change in slope at t= 90 msec.

The steel strains varied from a maximum 1,682 micro strains for SS-05 down to 282
micro strains for SS-09 the concrete foil strain gages varied from a maximum of -294 for
CS-01 down to a minimum of -48 for CS-04. The fiber optic strains varied from -280 for

FO-08 down to -88 for FO-05.
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4.5.2 Test 14

On test 14, a total of 27 channels were run with 20 returning good data for a total return
74.1%. These consisted of one load cell, ten concrete strains, five of which were
successful, eight foil concrete strains, all eight of which were successful, and eight fiber
optic strains, six of which were successful. The maximum load of 72,750 lbs. was
obtained in 121 msec. The loading rate remained linear at 780 Ibs./msec until t= 85
msec, at which time there is a change in slope until failure at 121 msec. The sample
failed due to yielding of the steel bar; it is this yielding which caused the change in slope.

The steel strains varied from 2,690 micro strains for SS-04 down to 420 micro strains
for SS-10. The foil concrete strains varied from a maximum of -331 micro strains for
CS-06 down to five micro strains for CS-07. The fiber optic strains varied from -328

mica strains for FO-05 down to -158 micro strains for FO-06.

453 Test 15

On test 15, a total of 27 channels of instrumentation were run, and 22 returned usable
data for a return of 81.5%. These consisted of one load cell, ten steel strains, eight of
which were successful, eight concrete strains, seven of which were successful, and eight
fiber optics strain gages, six of which were successful. The adjusted maximum load of
72,750 lbs. was obtained in 126 msec. The load cell data plot shows the customary linear
loading rate of 780 lbs./msec until t= 90 msec and then the reduction in slope until the
failure at t= 194 msec. Once again this change in slope is due to the yielding of the steel
bar.

The steel strains varied from a maximum of 3,600 into micro strains for SS-03 down to

270 mica strains for SS-09. The foil concrete strains varied from a maximum of -279

82



more strains for CS-05 to -29 micro strains for CS-04 the fiber optic readings varied from

a maximum of -384 micro strains for FO-01 to -&87 micro strains for FO-04.

454 Evaluation of Results of Tests 13, 14 and 15

The average load applied to the three samples before failure was 81,550 1bs. Samples
13 and 14 failed due to yielding of the steel bar above the connection block as shown in
Figure 4-22. Sample 15 failed due to the welds on the connection block breaking.

The average steel strains beginning at the bottom of the sample were, 3,074 micro strains at 3-
inches, 1,798 micro strains at 5-inches, 1066 micro strains at 7-inches and 434 micro strains at 9-
inches. All gages at the 1-inch positioned failed. The average coefficient of variation for this

data was 15.3. The data (Figure 4-23) had a linear relationship as expressed by equation 4.5:
Y=-433X + 4190 (4.5)
with an R*=0.9706. Setting Y=2,000 micro strains, we calculate the embedment length
required to reach the yield strength of the steel as 5-inches.
The average concrete strains beginning at the bottom were -184.6 micro strains at 2-
inches, -162.7 micro strains at 4-inches, -176.7 micro strains at 6-inches, and -167.4
micro strains at 8-inches (Figure 4-24). The average concrete strain was -171.9 micro

strains.

4.6 Quasi-Static Loading of a #8 Deformed Bar Embedded in a 20-inch Diameter
Concrete Cylinder

Test 16, 17 and 18 consisted of a 20 in. diameter cylinder with a number eight
deformed bar loaded statically. The maximum loads applied to the three test specimens
before failure were 71,770 Ibs. at t= 578 seconds for test 16, 60,600 lbs. at t= 288

seconds, for test 17, and 63,480 lbs. at t= 337 sec., for test 18. In order to compare all
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data under comparable loading conditions a maximum load of 60,600 Ibs. will be used for

these three tests.

Figure 4-22 Test specimen 13 post-test
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Figure 4-23 Adjusted steel strains, dynamic loading, 20-inch diameter sample, #8
deformed bar
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Figure 4-24 Adjusted concrete strains, dynamic loading, 20-inch diameter sample,
#8 deformed bar

4.6.1 Test 16

On test 16, a total of 27 channels of active instrumentation were run, of these 22
channels returned usable data for a data return of 81.5%. These consisted of one load
cell, successful, ten steel strains, nine of which were successful, eight foil concrete
strains, all eight of which were successful, and eight fiber optic concrete strains, four of
which were successful. The adjusted maximum load of 60,600 Ibs. was obtained in 491
seconds. The load cell indicated a linear loading rate of 210 Ibs./seconds until t= 480 at
which time there is a slight reduction in the loading rate until failure occurred at t= 578
seconds. The sample failed due to two radial cracks along the 0° - 180° azimuth. The

concrete showed the typical crushing on the leading edges of the steel deformations.
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The steel strains varied from a maximum of 7,500 micro strains for SS-01 to a
minimum of 268 micro strains for SS-09. The foil concrete strains varied from a
maximum of -744 for CS-01 to a minimum of -6 micro strains for CS-03. The fiber optic
concrete strains varied from a maximum of -193 for FO-05, to a minimum of -152 micro

strains for FO-08.

4.6.2 Test 17

On test 17, a total of 27 channels of active as instrumentation were run. Of these, 20
returned good data for a total data return of 74%. These consisted of one load cell,
successful, ten steel strains, all ten of which were successful, eight foil concrete strains,
seven of which were successful, and eight fiber-optic concrete strains, two of which were
successful. The maximum load of 60,600 Ibs. was obtained in 288 seconds. The load
cell showed a linear loading rate of 240 Ibs./seconds until failure at t= 288 seconds. The
failure mode for this test was identical to test 16 with radial cracks forming along the 0° -
180° degree azimuth.

The steel strains varied from a maximum of 8,000 micro strains for SS-02 to a
minimum of 388 micro strains for SS-09. The foil concrete strains varied from a
maximum of -286 micro strains for CS-01 to a minimum of -26 micro strains for CS-06.
The two successful fiber optic strains were -144 micro strains for FO-07 and -178 micro

strains for FO-08.

4.6.3 Test 18

On test 18, a total of 27 channels of active instrumentation were run with 23 returning

good data for a data return of 85.2%. These consisted of one load cell, successful, ten
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steel strains, all ten of which were successful, eight foil concrete strains, seven of which
were successful, and eight fiber optic concrete strains, five of which were successful.
The adjusted maximum load of 60,600 lbs. was obtained in 321 seconds. The load cell
showed a linear loading rate of 240 Ibs./seconds until t= 320 seconds at which time there
is a reduction in loading rate until failure at t= 337 seconds. The sample failed due to
radial cracking along the 0° - 180° azimuth.

The steel strains varied from a maximum of 13,340 micro strains for SS-02, to a
minimum of 275 micro strains for SS-10. The foil concrete strains varied from a
maximum of -515 micro strains for CS-03 to a minimum of -59 micro strains for CS-06.
The fiber optic concrete strains varied from a -203 for FO-06 down to -115 micro strains

for FO-04.

4.6.4 Evaluation of Results of Tests 16, 17 and 18

The average load applied to the three samples before failure was 65,300 lbs. All three
samples failed due to radial cracking of the concrete and broke into two separate pieces,
with the crack forming along the 0° — 180° azimuth, Figure 4-25. There was crushing of
the concrete on the leading edge of the deformations on the steel bar.

The average steel strains beginning at the bottom of the sample were, 9,022 micro
strains at 1-inch, 1866 micro strains at 3-inches, 1,327 micro strains at 5-inches, 866
micro strains at 7-inches and 356 micro strains at 9-inches. If we disregard the strain data
from the 1-inch position, which was clearly in the plastic range, we get an average
coefficient of variation for this data of 12 and a linear relationship (Figure 4-26)
expressed by equation 4.6:

Y=-250X + 2600 (4.6)
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with an R?=0.9992. The required development length required to reach the yield strength

of the bar is 7.6-inches.

Figure 4-25 Test specimen 17 post-test

The average concrete strains beginning at the bottom were —331.8 micro strains at 2-
inches, -160.7 micro strains at 4-inches, -136.9 micro strains at 6-inches, and —159.5
micro strains at 8-inches (Figure 4-27). The average strain was -180 micro strains.
Except for the 2-inch position on this group of tests, the concrete strains in the 20-inch
diameter samples were much more consistent than they were in the 10-inch diameter

samples.
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Figure 4-26 Adjusted steel strains, quasi-static loading, 20-inch diameter sample, #8
deformed bar
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Figure 4-27 Adjusted concrete strains, quasi-static loading, 20-inch diameter
sample, #8 deformed bar
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4.7 Impact Loading of a 1-inch Smooth Bar Embedded in a 20-inch Diameter
Concrete Cylinder

Tests 19 and 20 consisted of a 20-in.-diameter cylinder with a 1-in.-diameter smooth
steel bar subjected to an impact loading. The maximum load obtained on these two tests

was 25,908 1bs. at t= 2.5 msec.

4.7.1 Test 19

On test 19 the triggering device failed resulting in no data being recorded for this test.

4.7.2 Test 20

On test 20, 19 channels of active instrumentation were run, and 17 of these returned
good data for a data return of 89.5%. These consisted of one load cell, successful, ten
steel strains, all ten of which were successful, and eight foil concrete strains, six of which
were successful. There were no fiber optic gages on this test. The maximum load of
25,908 ten lbs. was obtained in 2.5 msec, the load decade to 0 by t= 8.4 msec. The
loading was fairly uniform with a loading rate of 19,400 lbs./msec. The sample failed
due to the smooth bar pulling out of the concrete.

The maximum steel strain was 1,000 micro strains for SS-02, and the minimum was
165 micro strains for SS-09. The concrete foil strain gages varied from -210 for CS-08

down to -39 for CS-01.

473 Evaluation of Results of Tests 19 and 20

Both samples failed due to the smooth steel bar pulling out of the concrete matrix,

Figure 4-28. The maximum resisting force developed was 25,908 Ibs.
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Figure 4-28 Test specimen 20 post-test

The average steel strains beginning at the bottom of the sample were 885 micro strains
at 1-inch, 731 micro strains at 3-inches, 570 micro strains at 5-inches, 356 micro strains
at 7-inches, and 173 micro strains at 9-inches. Due to the limited number of data points,
no reference can be made to the coefficient of variation, however, the available data does
show a linear relationship (Figure 4-29) expressed by equation 4.7

Y=-90X + 993 (4.7)
with an R*=0.9961. For the smooth bar to be able to develop its full yield strength, an
embedment length of 21-inches would be required.

There is very little data on the concrete strains for this set up since only two tests were
planned, and one of those failed. Therefore there are only six concrete strain readings
available. These tend to indicate a linear relationship to the data with the average strain

beginning at the bottom being —39 micro strains at 2-inches, -90 micro strains at 4-inches,
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-135 micro strains at 6-inches, and —210 micro strains at 8-inches (Figure 4-30).
However, due to the small number of samples, and the fact that none of the other concrete
data showed this relationship is probable due to variation in the small sample population
and would not be present in a larger population. The average concrete strain was -116.5

micro strains.
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Figure 4-29 Adjusted steel strains, impact loading, 20-inch diameter sample, 1-inch
smooth bar

4.8 Dynamic Loading of a 1-inch Smooth Bar Embedded in a 20-inch Concrete
Cylinder

Tests 21 and 22 consisted of a 20 in. diameter cylinder with a 1 in. diameter smooth
steel bar loaded dynamically. The maximum load obtained on these two tests was 24,670

Ibs. at t= 30.8 msec.
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Figure 4-30 Adjusted concrete strains, impact loading, 20-inch diameter sample, 1-
inch smooth bar

4.8.1 Test 21

On test 21 the concrete-steel bond was accidentally broken during the installation of the

test specimens. Therefore no useful data was obtained on this test.

4.8.2  Test22

On test 22, a total of 19 channels of active instrumentation were run with 18 channels
returning useful data for a data return of 94.7%. The maximum load of 24,670 lbs. was
obtained in 30.8 msec. The loading rate was 840 lbs./msec. The load cell also indicated
a nonlinear decay of the load, however, the data recording ended before the load returned

to 0. The sample failed due to the smooth steel bar pulling out of the concrete.
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The steel strains varied from a maximum of 1,126 micro strains for SS-01 to a
minimum of 89 micro strains for SS-10. The concrete foil strains varied from -131 micro

strains for CS-03 to -20 micro strains for CS-01.

483 Evaluation of Results of Tests 21 and 22

Both samples failed due to the smooth steel bar pulling out of the concrete matrix,
Figure 4-31. There was no indication of any cracking of the concrete. The maximum
resisting force developed was 24,670 Ibs.

The average steel strains beginning at the bottom of the sample were 980 micro strains
at 1-inch, 715 micro strains at 3-inches, 391 micro strains at 5-inches, 259 micro strains
at 7-inches and 96 micro strains at 9-inches. Due to the limited number of data points, no
reference can be made to the coefficient of variation, however, the available data do show
a linear relationship (Figure 4-32) expressed by equation 4.8:

Y=-111X+ 1040 (4.8)
with an R?=0.9715. This yields a required embedment length of 18.6-inches.

Once again there is very little concrete strain data available due to the limited number
of tests planned and the failure of one of these tests. However, from the data available
(seven records), there appears to be no relationship of strain to location. The average
strains beginning at the bottom are —24 micro strains at 2-inches, -131 micro strains at 4-
inches, -53 micro strains at 6-inches, and —47.5 micro strains at 8-inches (Figure 4-33).

The average concrete strain was -54.3 micro strains.
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Figure 4-31 Test specimen 22 post-test
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Figure 4-32 Adjusted steel strains, dynamic loading, 20-inch diameter sample, 1-
inch smooth bar
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Figure 4-33 Adjusted concrete strains, dynamic loading, 20-inch diameter sample, 1-
inch smooth bar

4.9 Quasi-Static Loading of a 1-inch Smooth Bar Embedded in a 20-inch Concrete
Cylinder

Tests 23 and 24 consisted of a 20 in. diameter cylinder with a 1 in. diameter smooth
steel bar loaded statically. The maximum loads applied to the two specimens before
failure were 14,100 lbs. at t= 87 seconds for test 23, and 16,000 Ibs. at t= 152 seconds for

test 24. The maximum adjusted load of 14,100 Ibs. will be used for these two tests.

49.1 Test 23

On test 23, a total of 19 channels of active instrumentation were run. All 19 channels
were successful for a data return of 100%. These consisted of one load cell, ten steel
strains and eight foil concrete strains. The maximum load of 14,100 lbs. was obtained in

87 seconds. The load cell indicated a linear loading rate of 230 lbs./sec until failure. The
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load decay was nonlinear with the data record ending before the load returned to 0. The
specimen failed due to the steel bar pulling out of the concrete.

The maximum steel strain was 681 micro strains for SS-01, and minimum was 60 micro
strains for SS-09. The concrete foil strains varied from a maximum of -77 micro strains
for CS-04, to a minimum of -15 micro strains for CS-02. There were no fiber-optic gages

in this test.

49.2 Test 24

On test 24, a total of 19 active channels of instrumentation were run with 18 channels
returning good data for a data return of 94.7%. These consisted of one load cell, ten steel
strains, and eight foil concrete strains. The CS-04 was the only gage, which did not
return good data. The adjusted maximum load of 14,100 Ibs. was obtained in 143
seconds. The load cell indicated a linear loading rate of 200 Ibs./seconds. The load
decay was nonlinear with a discontinuity occurring at approximately t= 340 seconds. The
cause of this discontinuity is not clear. The sample failed due to pull out of the smooth
steel bar.

SS-02 recorded the maximum steel strains with 608 micro strains, the minimum
occurred at SS-09 with 25 micro strains. The foil concrete strains varied from a

maximum of -53 micro strains for CS-01 to a minimum of -11 micro strains for CS-03.

493 Evaluation of Results of Tests 23 and 24

Both samples failed due to the smooth steel bar pulling out of the concrete matrix,
Figure 4-34 and Figure 4-35. There was no indication of any cracking of the concrete.

The average maximum resisting force developed was 15,050 Ibs.
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Figure 4-35 Test specimen 23 post-test
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The average steel strains beginning at the bottom of the sample were 558 micro strains
at 1-inch, 381 micro strains at 3-inches, 284 micro strains at 5-inches, 187 micro strains
at 7-inches, and 69 micro strains at 9-inches. The average coefficient of variation for this
data was 30.5. The data has a linear relationship (Figure 4-36) expressed by equation 4.9

=-58.6X + 589 (4.9)
with an R?*=0.9852. This yields a required embedment length of 34-inches.

On this set up, there was slightly more concrete strain data available with 15 recorded
strain readings from two tests. The strains appear to be relatively constant with an
average reading of -32.5 micro strains at 2-inches, -41.3 micro strains at 4-inches, -41.8
micro strains at 6-inches, and -25.3 micro strains at 8-inches (Figure 4-37). The average

strain was -34.8 micro strains.
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Figure 4-36 Adjusted steel strains, quasi-static loading, 20-inch diameter sample, 1-
inch smooth bar
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Figure 4-37 Adjusted concrete strains, quasi-static loading, 20-inch diameter
sample, 1-inch smooth bar

4.10 Impact Loading of a #10 Deformed Bar Embedded in a 20-inch Diameter
Concrete Cylinder

Tests 25, 26, and 27 consisted of a 20-inch diameter cylinder with a number ten
deformed bar subjected to an impact loading. The maximum loads applied to the test
specimens before failure were 111,340 Ibs. at t= 5 msec for test 25 and 120,260 lbs. at t=
4.04 msec test 27. No data was obtained on test 26. The fast-opening valve failed
causing failure of the specimen before the data recorder was armed. In order to compare

the data from the two remaining tests, a maximum load of 111,340 Ibs. will be used for

these tests.

4.10.1 Test25
On test 25 a total of 27 channels of active instrumentation were run of these 24 returned

good data for a data return of 88.9%. These included one load cell, successful, ten steel
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strains, all ten of which were successful, eight foil concrete strains, seven of which
successful, and eight fiber optic concrete strains, six of which were successful. The
maximum load of 111,340 lbs. was obtained in 5 msec. The linear portion of the loading
rate was 34,900 lbs./msec, until failure occurred at t= 5 msec. The sample failed due to
radial cracking along the 0° - 180° azimuth.

The concrete shows the typical crushing on the leading edges of the deformations.

The steel strains varied from a maximum of 6010 micro strains for SS-01 to 505 micro
strains for SS-09. The foil concrete strains varied from a maximum of -624 micro strains
for CS-for to a minimum of -38 micro strains for CS-03. The fiber optic strains varied

from a maximum of -305 micro strains for FO-02 to -119 micro strains for FO-03.

4.10.2 Test 26

No data were obtained on test 26. The sample prematurely failed due to a failure of the
fast opening valve. Test failure occurred before the data recorder was armed, resulting in

a loss of all data. The sample itself failed similar to test 25.

4.10.3 Test27

On test 27 a total of 19 channels of active instrumentation were run of these, 17 return
useful data for a data return of 89.5%. These consisted of one load cell, successful, ten
steel strains, nine of which were successful, and eight foil concrete strains, seven of
which were successful. There were no fiber optic gages on this test. The adjusted
maximum load 111,340 1bs. was obtained in 4 msec. The linear loading rate was 40,800

Ibs./msec until brittle failure occurred at t= 4.04 msec. The sample broke into three
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pieces, with the typical crushing of the concrete on the leading edges of the steel
deformations.

The steel strains varied from a maximum of all 3,151 micro strains for SS-01 to 475
micro strains for SS-10. The concrete strains varied from a maximum all -405 micro
strains for CS-06 to a minimum of -125 micro strains for CS-05. There were no fiber

optic gages in this test.

4.10.4 Evaluation of Results of Tests 25, 26 and 27

The average load applied to the two samples before failure was 115,800 Ibs. All three
samples failed due to radial cracking of the concrete and broke apart. Samples 25 and 26
broke into two separate pieces, with the crack forming along the 0° — 180° azimuth,
Figure 4-38. Sample 27 broke into three separate pieces, with one crack forming along
the 180" azimuth, and the other two cracks spaced evenly on either side of the 0" azimuth.

There was crushing of the concrete on the leading edge of the deformations on the steel

bar, Figure 4-39.
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Figure 4-38 Test

specimen 25 post-test

P X o

Figure 4-39 Test specimen 25 post-test. Note crushing of concrete on leading edges
of the steel deformations
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The average steel strains beginning at the bottom of the sample were 3,592 micro
strains at 1-inch, 2,403 micro strains at 3-inches, 1,719 micro strains at 5-inches, 1,157
micro strains at 7-inches and 498 micro strains at 9-inches. If we disregard the strain data
from the 1-inch position, where some strains were clearly in the plastic range, we get an
average coefficient of variation for this data of 7.7 and a linear relationship (Figure 4-40)
expressed by equation 4.10:

=-314X + 3330 (4.10)
with an R*=0.9987. To develop the full yield strength of the #10 bar, an embedment

length of 5.8-inches would be required.
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Figure 4-40 Adjusted steel strains, impact loading, 20-inch diameter sample, #10
deformed bar

The average concrete strains beginning at the bottom were -168.9 micro strains at
2-inches, -233.6 micro strains at 4-inches, -268.6 micro strains at 6-inches, and -199
micro strains at 8-inches (Figure 4-41). The average concrete strain was -215.8 micro
strains.
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4.11 Dynamic Loading of a #10 Deformed Bar Embedded in a 20-inch Diameter
Concrete Cylinder
Tests 28, 29, and 30 consisted of a 20- inch diameter concrete cylinder with a #10

deformed steel bar loaded dynamically. The maximum loads applied to the three test
specimens before failure were 105,000 at t= 157 msec for test 28, 82,990 Ibs. at t= 109
msec for test 29, and 76,788 Ibs. at t= 100 msec for test 30. A maximum adjusted load of

76,788 Ibs. will be used for these three tests.
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Figure 4-41 Adjusted concrete strains, impact loading, 20-inch diameter sample, #10
deformed bar

4.11.1 Test 28

On test 28, a total of 27 channels of active instrumentation were fielded. Of these, 23
channels returned useful data for a data return of 85.2%. These consisted of one load

cell, successful, ten steel strains, all ten of which were successful, eight foil concrete
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strains, seven of which were successful, and eight fiber optic concrete strains, five of
which were successful. The load cell indicated a slight non-linearity to the loading rate,
however, the average loading rate was 690 Ibs./msec. The sample failed due to radial
cracking and broke into three separate pieces. There was the usual crushing of the
concrete on the leading edges of the deformations.

The steel strains varied from a maximum of 2,590 micro strains for SS-03 to a
minimum of 278 micro strains for SS-10. The foil concrete strains varied from a
maximum of -161 micro strains for CS-08 to a minimum of -32 micro strains for CS-04.
The fiber optic concrete strains varied from a maximum of -295 micro strains for FO-07

to a minimum all of -86 micro strains for FO-06.

4.11.2 Test29

On test 29, a total of 19 channels of active instrumentation were run, of these 15
returned good data for a data return of 78.9%. These consisted of one load cell,
successful, ten steel strains, seven of which were successful, and eight foil concrete
strains, seven of which were successful. There were no fiber-optic gages on this test.

The adjusted maximum load of 76,788 1bs. was obtained in 96 msec. The load cell
showed the same nonlinear loading as observed on test 28. The average loading rate was
approximately 770 Ibs./msec. The sample failed in a brittle manner due to radial cracking
and broke into two separate pieces with the crack forming on the 0° - 180° azimuth. Once
again, the concrete was crushed on the leading edges of the steel deformations.

The steel strains varied from a maximum of 1,307 micro strains for SS-03 to a

minimum of 177 micro strains for SS-09. The concrete strains varied from a maximum
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of -163 micro strains for CS-08 to a minimum of -21 micro strains for CS-04. There

were no fiber optic gages on this test.

4.11.3 Test 30

On test 30 a total of 19 channels were run with 18 returning usable data for a return of
94.7%. These consisted of one load cell, successful, ten steel strains, nine of which were
successful, and eight foil concrete strains all eight of which were successful. There were
no fiber optic gages on this test. The maximum load of 76,788 lbs. was obtained in 100
msec and the loading rate was nonlinear, as was same on test 28 and test 29. The average
loading rate was 790 lbs./msec. The sample had a brittle failure due to radial cracking
and broke into two separate pieces. There was crushed concrete on the leading edges of
the steel deformations.

The steel strains varied from a maximum of 2,550 micro strains for SS-01, down to 443
micro strains for SS-09. The foil concrete strains varied from a maximum of -528 micro

strains for CS-02 to a minimum of -69 micro strains for CS-04.

4.11.4 Evaluation of Results of Tests 28, 29, and 30

The average load applied to the three samples before failure was 88,260 lbs. All three
samples failed due to radial cracking of the concrete. On test 28, the sample broke into
three pieces. On tests 29 and 30, the samples broke into two separate pieces, with the
crack forming along the 0° — 180° azimuth, Figure 4-42. There was crushing of the

concrete on the leading edge of the deformations on the steel bar.
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Figure 4-42 Test specimen 29 post-test

The average steel strains beginning at the bottom of the sample were 2,178 micro
strains at 1-inch, 1,667 micro strains at 3-inches, 1,059 micro strains at 5-inches, 683
micro strains at 7-inches, and 285 micro strains at 9-inches. The average coefficient of
variation for this data was 27.1. A plot of the data produced a straight line (Figure 4-43)
expressed by equation 4.11:

Y=-239X + 2370 (4.11)
with an R*=0.9911. This yields a required embedment length of 8.5-inches.

The average concrete strain beginning at the bottom was -206.3 micro strains at 2-
inches, -127.2 micro strains at 4-inches, -93 micro strains at 6-inches, and -170.2 micro

strains at 8-inches (Figure 4-44). The average concrete strain was -145.8 micro strains.
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Figure 4-43 Adjusted steel strains, dynamic loading, 20-inch diameter sample, #10
deformed bar

0-4
=501
=
‘s -100-
o
& -150-
§ =200 W Test 28
S 2501 B Test 29
£ -300- O Test 30
§ =350+ O Average
2400
-450

2-Inch 4-Inch 6-Inch 8-Inch

Distance from Bottom (inches)

Figure 4-44 Adjusted concrete strains, dynamic loading, 20-inch diameter sample,
#10 deformed bar
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4.12 Quasi-Static Loading of a #10 Deformed Bar Embedded in a 20-inch Diameter
Concrete Cylinder

Tests 31, 32, and 33 consisted of a 20- inch diameter cylinder with a #10 deformed
steel bar loaded statically. The maximum loads applied to the three test specimens before
failure were 57,320 lbs. at t= 254 sec. for test 31, 62,780 Ibs. at t= 201 sec. for test 32,
and 51,000 lbs. at t=267 sec. for test 33. The adjusted maximum load for these three

tests was 51,000 1bs.

4.12.1 Test 31

On test 31, a total of 27 channels of instrumentation were run with 22 channels
returning usable data for a return of 81.5%. These consisted of one load cell, successful,
ten steel strains, all ten of which were successful, eight failed concrete strains, all eight of
which were successful, and eight fiber optic concrete strains, three of which were
successful. The load cell indicated a linear loading rate of 240 Ibs./msec until failure.
The specimens failed due to radial cracking along the 0° — 180° azimuth. The steel bar
indicated the common crushing of the concrete on the leading edges of the deformations.

The steel strains varied from a maximum of 4,248 micro strains for SS-01 to a
minimum of 171 micro strains for SS-10. The foil concrete strains varied from a
maximum of -183 micro strains for CS-02 to a minimum of -24 micro strains for CS-05.
The fiber-optic concrete strains varied from a maximum all of -129 micro strains for FO-

03 to a minimum of -98 micro strains for FO-07.

4.12.2 Test 32

On test 32, a total of 19 channels of instrumentation were run with 18 channels

returning usable data for a data return of 94.7%. These consisted of one load cell,
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successful, ten steel strains, all ten of which were successful, and eight foil concrete
strains, seven of which were successful. There were no fiber optic gages on this test.
The adjusted maximum load of 51,000 Ibs. was obtained in 150 sec. The load cell
indicated a linear loading rate of 250 Ibs./msec. The failure of test specimen 32 was
similar to that of test 31 with the common radial cracking occurring along the 0° - 180°
azimuth and crushing of the concrete on the leading edges of the steel deformations.
The steel strains varied from a maximum of 1,164 micro strains for SS-01 to a
minimum of 128 micro strains for SS-09. The concrete strains varied from a maximum

of -145 micro strains for CS-04 to a minimum of -49 micro strains for CS-07.

4.12.3 Test 33

On test 33, 19 channels of active instrumentation were run with 17 channels returning
usable data for a return of 89.5%. These consisted of one load cell, successful, ten steel
strains, eight of which were successful, and eight foil concrete strains, all eight of which
were successful. There were no fiber optic gages on this test. The maximum load of
51,000 Ibs. was obtained in 267 sec. The load cell indicated a linear loading of 250
Ibs./msec. The specimens failed in the same manner as on tests 31 and 32.

The steel strains varied from a maximum of 3,400 micro strains for SS-01 to a
minimum all of 175 micro strains for SS-09. The Foil concrete strains varied from a

maximum of -150 micro strains for CS-05 to a minimum of -15 micro strains for CS-04.

4.12.4 Evaluation of Results of Tests 31, 32 and 33

The average load applied to the three samples before failure was 57,000 lbs. All three

samples failed due to radial cracking of the concrete and broke into two separate pieces,
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with the crack forming roughly along the 0° — 180° azimuth, Figure 4-45. There was
crushing of the concrete on the leading edge of the deformations on the steel bar.

The average steel strains beginning at the bottom of the sample were 2,233 micro
strains at 1-inch, 1,014 micro strains at 3-inches, 703 micro strains at 5-inches, 412 micro
strains at 7-inches and 191 micro strains at 9-inches. If we disregard the strain data from
the 1-inch position, where some strain readings were clearly in the plastic range, we get
an average coefficient of variation for this data of 17.9 and a linear relationship (Figure
4-46) expressed by equation 4.12

Y=-138X+ 1410 (4.12)
with an R?=0.9944. To develop the full yield strength of the #10 bar, a development

length of 14.25-inches would be required.

Figure 4-45 Test specimen 31 post-test
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Figure 4-46 Adjusted steel strains, quasi-static loading, 20-inch diameter sample,
#10 deformed bar

The average concrete strain beginning at the bottom was -119.6 micro strains at 2-
inches, -78.1 micro strains at 4-inches, -74.3 micro strains at 6-inches, -73.7 micro strains

at 8-inches (Figure 4-47). The average concrete strain was -84 micro strains.
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Figure 4-47 Adjusted concrete strains, quasi-static loading, 20-inch diameter
sample, #10 deformed bar

113



Table 4.1 Complete Test Matrix

Test Load Bar Specimen| Failure | Failure Mode
Number Rate | Diameter and Type/Diameter|Load (Ibs)
Radial Cracking
1,2 and 3 |Quasi-Static/ #8 Deformed 10" 41,300 Of Concrete
Impact Radial Cracking
4,5and 6 #8 Deformed 10" 71,200 |Of Concrete
Radial Cracking
7,8and 9 | Dynamic #8 Deformed 10" 68,600 Of Concrete
Yielding of
10, 11 and 12| Impact #8 Deformed 20" 86,100 Steel Bar
Dynamic Yielding of
13, 14 and 15 #8 Deformed 20" 81,600 Steel Bar
Quasi-Static Radial Cracking
16,17 and 18 #8 Deformed 20" 65,300 Of Concrete
19 and 20 Impact #8 Smooth 20" 26,000 Bar Pull Out
21 and 22 | Dynamic #8 Smooth 20" 24,700 Bar Pull Out
23 and 24 |Quasi-Static #8 Smooth 20" 15,100 Bar Pull Out
Radial Cracking
25,26 and 27| Impact #10 Deformed 20" 116,000 | Of Concrete
Radial Cracking
28,29 and 30] Dynamic #10 Deformed 20" 88,200 Of Concrete
Radial Cracking
31, 32 and 33|Quasi-Static| #10 Deformed 20" 57,000 Of Concrete
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CHAPTER S EMPIRICAL ANALYSIS OF TEST DATA

An empirical analysis of the test data was performed. The effects that the loading rate,
specimen diameter, bar diameter and bar deformations had on the failure mode, the
failure load, the average steel strain, the average concrete strains and the development
length was addressed for static, dynamic and impact loadings. Static loadings were
actually quasi-static loadings, which brought the system to failure in 87 to 713 seconds.
Dynamic loadings induced failure in 30.8 msec to 200 msec, and impact loadings caused
failure in 3.92 msec to 7.4 msec.

In this chapter, the test data are evaluated on an empirical basis. Unusual variations in
the data that can be attributed to the testing procedure or the physical response of the

specimens are discussed in this chapter. Other effects are dealt within the next chapter.

5.1 Effects of Loading Rate

5.1.1 Effects of Loading Rate on Failure Mode

The loading rate had no effect on the failure mode of the 10-inch diameter test
specimens and the 20-inch diameter specimens with the #10 deformed bars. All of these
specimens failed due to radial cracking of the concrete and split into two or three pieces.
Likewise, the loading rate had no effect on the failure mode of the specimens with 1-inch
smooth bars; all of which failed due to bar pullout. However, the loading rate did have
an effect on the failure mode of the 20-inch diameter specimens with #8 deformed bars.
For the static and dynamic loadings, the steel bar failed due to yielding of the bar or

failure of the welds in the vicinity of the connection block. For the impact loading, the
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specimens failed due to radial cracking of the concrete. The failure modes for the test

specimens are summarized in Table 5.1.

Table 5.1 Failure Mode

10" Dia. 20" Dia. 20" Dia. 20" Dia.
Specimens with | Specimens with |Specimens with 17| Specimens with
#8 Bars #8 Bars Smooth Bars #10 Bars
: . Radial Cracking | Radial Cracking Radial Cracking
Static Loading of Concrete of Concrete Bar Pull-out of Concrete
Dynamic Radial Cracking Yielding of Bar Pull-out Radial Cracking
Loading of Concrete Steel Connector wod of Concrete
. Radial Cracking Yielding of Radial Cracking
Impact Loading of Concrete Steel Connector Bar Pull-out of Concrete
5.1.2  Effects of Loading Rate on Failure Loads

The failure loads applied to the specimens increased as the loading rate increased for all

specimens. This is summarized in Table 5.2.

Table 5.2 Average Failure Loads

10" Dia. 20" Dia. 20" Dia. 20" Dia.
Specimen with | Specimens with [Specimens with 1’| Specimens with
#8 Bars #8 Bars Smooth Bars #10 Bars
Static Loading 41,300 65,300 15,100 57,000
Dynamic Loading 68,600 81,600 24,700 88,200
Impact Loading 71,200 86,100 25,900 116,000

For the 10-inch diameter specimens, the maximum applied load increased by 66%

when loading types changed from quasi-static to dynamic, and another 4% when going

from dynamic to impact. For the 20-inch diameter specimens containing the #8 deformed

bars, the increase was 25%, as the loading rate went from quasi-static to dynamic, and a

further 6% as the loading rate was increased to impact. For the smooth bars, the failure
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load increased 64% from quasi-static to dynamic, and 5% for dynamic to impact. For the
20-inch diameter specimens containing the #10 deformed bars, the failure load increased
by 55% when the loading rate was increased from quasi-static to dynamic and by another
31% as the loading rate was increased to impact loading. This data indicates that the

majority of the rate effects occurred between the quasi-static and dynamic loadings.

5.1.3  Effects of Loading Rate on Steel Strains

As the loading rate increased from quasi-static to dynamic, the steel strains increased
for all of the specimens. However, as the loading rate was further increased to impact,
the steel strains decreased for all of the specimens except those containing the #10
deformed bars. This is slightly misleading. Due to the very fast loading rates, the strains
do not have sufficient time to distribute themselves along the length of the bar. This
would cause larger strains at the bottom of the bar (6-inches from the first strain gage),
which would induce failure before the larger strain readings were seen farther up the bar.
The equations defining the linear regression of strain along the length of the steel bars are
shown in Table 5.3. In these equations x represents the location along the steel bar, in
inches, with x=0 being the bottom of the steel bar and x=10 being the top of the bar; y

represents the strain in micro strains at location x.

Table 5.3 Average Steel Strains at Failure

10" Dia. 20" Dia. 20" Dia. 20" Dia.
Specimen with | Specimens with |Specimens with 1’| Specimens with
#8 Bars #8 Bars Smooth Bars #10 Bars
. | y=-167x + 1920 | y=-250x + 2600 | y=-58.6x + 589 | y=-138x + 1410
Static Loading ™ p2_ 9744 R*=.9992 R’=.9852 R*=.9944
Dynamic y=-307x + 3230 | y=-433x + 4190 | y=-111x+ 1040 | y=-239x + 2370
Loading R’=.9837 R’=.9706 R*=.9715 R’=.9911
| y=274x + 2720 y=-312x + 3250 | y=-90x + 993 | y=-314x + 3330
Impact Loading |~ p2_ 9945 R’=.9972 R*=.9961 R’=.9987
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Since all of the steel strains were linear with respect to the length of the bar, and were 0
at the top of the test specimen (x=10-inches), direct comparisons can be made with
respect to the maximum strain (y when x=0-inches). For the 10-inch diameter specimens,
the maximum strain increased 69%, as the loading rate increased from quasi-static to
dynamic. As the loading rate was further increased to impact, the maximum strain
decreased by 16%. For the 20-inch diameter specimens containing the #8 deformed bars,
the maximum strain increased 61% as the loading rate went from quasi-static to dynamic.
The impact loading yielded a maximum strain decrease of 23%. Likewise for the smooth
bars, the maximum strains increased 77% as the loading rate went from quasi-static to
dynamic. The maximum strain for the impact loading decreased by 5%. For the #10
bars, the maximum strain increased 68% and then increased another 41% as the loading

rates were increased from quasi-static to dynamic to impact.

5.1.4  Effects of Loading Rate on Concrete Strains

Since there is large variation in the concrete data, it is very difficult to draw definitive
conclusions. However, overall, the strain in the concrete tended to increase with an

increase in loading rates except for the 10-inch diameter specimens, Table 5.4.

Table 5.4 Average Concrete Strains at Failure

10" Dia. 20" Dia. 20" Dia. 20" Dia.
Specimen with | Specimens with |Specimens with 1’| Specimens with
#8 Bars #8 Bars Smooth Bars #10 Bars
Static Loading -147 -180 -35 -84
Dynamic Loading -115 -172 -54 -146
Impact Loading -61 -208 -116 -216
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For the #8 deformed bars in 10-inch diameter specimens, the concrete strains decreased
22% as the loading rate went from static to dynamic, and by another 47% as the loading
rate went from static to impact. For the #8 deformed bars in 20-inch diameter specimens,
the concrete strains decreased by 4% as the loading rate went from static to dynamic then
increased by 21% as the loading rate was increased to impact loading. The concrete
strains in the 20-inch diameter specimens containing the 1-inch smooth bars increased by
54% as the loading rate went from static to dynamic and increased another 115% as we
went from dynamic loading to impact loadings. Finally, for the #10 bars in 20-inch
diameter specimens, the concrete strains increased by 74% and 48% as the loading rates

went from static to dynamic to impact, respectively.

5.1.5  Effects of Loading Rate on Development Length

As the loading rate increased, from quasi-static to dynamic loading, the embedment
length required to develop the full yield strength of the steel bars, i.e. the development
length, decreased. However, as the loading rate was farther increased to impact loading,
the development length increased for all samples except for the specimens containing the
#10 deformed bars. This is the same phenomena that was seen in the steel strains, and is

a function of the test setup. The development lengths are summarized in Table 5.5

Table 5.5 Development Length

10" Dia. 20" Dia. 20" Dia. 20" Dia.
Specimen with | Specimens with |Specimens with 17| Specimens with
#8 Bars (in) #8 Bars (in) Smooth Bars (in) | #10 Bars (in)

Static Loading 10.5 7.6 34 14.25
Dynamic Loading 6 5.0 18.6 8.5
Impact Loading 6.75 6.0 21 5.8
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5.2 Effects of Specimen Diameter

To determine the effects that the diameter of the concrete cylinder had, and therefore
the effects of increased confinement on the system, we will compare the 10-inch diameter
specimens containing the #8 deformed bars with the 20-inch diameter specimens

containing the #8 deformed bars.

5.2.1 Effects of Specimen Diameter on Failure Mode

The specimen diameter affected the failure mode for the dynamic and impact loadings,
but had no effect on the failure mode for the static loadings. The 10-inch diameter
specimens all failed due to radial cracking of the concrete, as did the 20-inch diameter
specimens loaded statically. However, the 20-inch diameter specimens that were loaded
in dynamic and impact loading, all failed due to yielding of the steel bar or failure of the

steel bar connection device. This is summarized in Table 5.6.

Table 5.6 Failure Mode

10" Dia. Specimens |20" Dia. Specimens

with #8 Bars with #8 Bars

Pyt g R0 Conkie f | Vildne
g g | P Codaf | Yliof

5.2.2  Effects of Specimen Diameter on Failure Loads

The failure loads applied to the specimens increased as the specimen diameter increased for all
loading conditions. For the quasi-static loadings, the failure loads increased 58% from the 10-
inch diameter specimens to the 20-inch diameter specimens. For the dynamic loading rate, the

failure loads increased 19% from the 10-inch diameter specimens to the 20-inch diameter
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specimens. For the impact loading rates, the failure loads increased 21% from the 10-inch
diameter specimens to the 20-inch diameter specimens. These results are summarized in Table
5.7. This shows that regardless of the loading rate, increased confinement does increase the
strength of the concrete. This increase appears to be less pronounced at higher loading rates, but

this is most likely due to the shift in failure modes.

Table 5.7 Average Failure Loads

10" Dia. Specimens|20" Dia. Specimens| Percent

with #8 Bars with #8 Bars Change
Static Loading 41,300 65,300 58%
Dynamic Loading 68,600 81,600 19%
Impact Loading 71,200 86,100 21%

523 Effects of Specimen Diameter on Steel Strains

The steel strains showed the same relationship as the failure loads, with the maximum

steel strains increasing as the specimen diameter increased for all loading rates, Table 5.8.

Table 5.8 Average Steel Strains at Failure

10" Dia. Specimens [20" Dia. Specimens| Percent
with #8 Bars with #8 Bars Change
Static Loading y=—11{§1><947r814920 y=—§§2>;;922600 36%
: . =- + = +
Dynamic Loading y 13{(2)17(98337230 y fgixw 0461 20 30%
. = + = +
Impact Loading Y IZ{Zngg 425720 y g{zxg 9732250 19%

For the static loading, the maximum steel strain increased 36% as the specimen
diameter increased from 10-inches to 20-inches. Likewise, for the dynamic loading rate,
the maximum steel strain increased 30%. Finally, for the impact loading, the maximum
steel strain increased 19%. These results are summarized as was seen with the failure

loads applied to the specimens, increased confinement did increase the amount of strain
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in the steel bars regardless of loading rate. This effect became less noticeable as the

loading rate increased.

5.2.4  Effects of Specimen Diameter on Concrete Strains

The concrete strains increased from the 10-inch diameter specimens to the 20-inch

diameter specimens for all three loading rates. This is shown in Table 5.9.

Table 5.9 Average Concrete Strains at Failure

10" Dia. Specimens|20" Dia. Specimens| Percent

with #8 Bars with #8 Bars Change
Static Loading -147 -180 22%
Dynamic Loading -115 -172 50%
Impact Loading -61 -208 240%

For the static loadings, the concrete strains increased 22% from the 10-inch diameter
specimens to the 20-inch diameter specimens. For the dynamic loading, the concrete
strains increased 50% as the specimen diameter increased from 10-inches to 20-inches.
Finally, for the impact loading, the strains increased 240% from the 10-inch diameter
specimens to the 20-inch diameter specimens. As was stated earlier, due to the large
variation in the concrete strain data, care should be exercised in drawing any conclusive
thoughts on the concrete strains. However, the data does show that the concrete strains
increased with increased confinement, and that this effect became more pronounced with

increasingly faster loading rates.

5.2.5 Effects of Specimen Diameter on Development Length

Increased confinement resulted in decreased development lengths for all three loading
conditions. The reductions were 28% for the quasi-static loading, 17% for the dynamic
loading and 11% for the impact loading. This is summarized in Table 5.10
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Table 5.10 Development Length

10" Dia. Specimens|20" Dia. Specimens| Percent

with #8 Bars (in) | with #8 Bars (in) | Change
Static Loading 10.5 7.6 28%
Dynamic Loading 6 5 17%
Impact Loading 6.75 6 11%

5.3 Effects of Bar Diameter

To determine the effects that the bar diameter had on the tests, we will compare the 20-
inch diameter specimens containing the #8 deformed bars with the 20-inch diameter

specimens containing the #10 deformed bars.

5.3.1 Effects of Bar Diameter on Failure Mode

The bar diameter effected the failure mode for the dynamic and impact loadings, but
had no effect on the failure mode for the static loadings. All of the specimens containing
the #10 deformed bars failed due to radial cracking of the concrete as did the specimens
containing the #8 deformed bars loaded statically. The remaining specimens containing
the #8 deformed bars that were loaded dynamically or in impact all failed due to yielding
of the steel bars or failure of the welds on the connection blocks. These results are

summarized in Table 5.11.

Table 5.11 Failure Mode

20" Dia. Specimens|20" Dia. Specimens

with #8 Bars with #10 Bars
D Lot g ling o | Fobl kvt
o Lt | o line R Gl
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5.3.2 Effects of Bar Diameter on Failure Loads

The failure loads increased as the bar diameter increased for the dynamic and impact
loadings but decreased for the static loading. For the static loading, the failure loads
decreased by 13%. For the dynamic and impact loadings, the load increased by 8% and
by 35% respectively. These results are summarized in Table 5.12. The load decreased for
the static loading because both specimens failed due to radial cracking of the concrete,
and the specimen containing the #10 bar had less concrete cover due to the larger bar
diameter. Larger dynamic and impact loads were applied to the specimens containing the
#10 bar because of the increased cross-sectional area of the #10 bar. This additional

strength was sufficient to force the change in failure modes.

Table 5.12 Average Failure Loads

20" l?ia. ' 20" Dia. . Percent
Specimens with #8| Specimens with Change
Bars #10 Bars
Static Loading 65,300 57,000 -13%
Dynamic Loading 81,600 88,200 8%
Impact Loading 86,100 116,000 35%

5.3.3 Effects of Bar Diameter on Steel Strains

The steel strains were smaller in the #10 bars than they were in the #8 bars with the
exception of the impact loadings, which showed a very small increase for the #10 bars.
For the static loading, the maximum steel strains decreased by 46% from the #8 bars to
the #10 bars. This is slightly less than the ratios of the two cross-sectional areas and
reflects the slight decrease in confinement mentioned earlier. For the dynamic loading,

the maximum steel strains decreased by 43% from the #8 bars to the #10 bars. For the
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impact loading, the maximum steel strains increased by 3% from the #8 bars to the #10
bars. This small of an increase is not statistically significant. These results are

summarized in Table 5.13.

Table 5.13 Average Steel Strains at Failure

20" Dia. Specimens |20" Dia. Specimens| Percent
with #8 Bars with #10 Bars | Change
. . =- = -
Static Loading y 1252)(9;922600 y I?EX% 414400 -46%
Dynamic Loading y:_ligi);;otlgo y=—I2§2)<9;rlZl370 -43%
: = = +
Impact Loading y 13{2)(9;732250 y 13{%17(99837330 3%

534 Effects of Bar Diameter on Concrete Strains

The concrete strains increased slightly for the impact loading, but decreased for the

dynamic and static loading as the bar diameter increased from #8 to #10, Table 5.14.

Table 5.14 Average Concrete Strains at Failure

20" Dia. Specimens |20" Dia. Specimens|Percent
with #8 Bars with #10 Bars  |Change
Static Loading -180 -84 -53%
Dynamic Loading -172 -146 -15%
Impact Loading -208 -216 4%

For the static loading, the concrete strains decreased by 53% from the #8 bars to the
#10 bars. For the dynamic loading rate, they decreased by 15% as the bar diameter
increased from #8 to #10. For the impact loading, the concrete strains increased 4% from

the #8 bars to the #10 bars.
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5.3.5  Effects of Bar Diameter on Development Length

As the bar diameter increased, the development length increased for the quasi-static
loading (88%) and dynamic loading (70%). The development length decreased slightly
(3%) for the dynamic loading. Since the failure mode changed for the dynamic and

impact loadings, the percent change can be misleading. These values are summarized in

Table 5.15
Table 5.15 Development Length
20" Dia. 20" Dia. Percent
Specimens with #8| Specimens with Chanee
Bars (in) #10 Bars (in) g
Static Loading 7.6 14.25 88%
Dynamic Loading 5.0 8.5 70%
Impact Loading 6.0 5.8 -3%

5.4 Effects of Bar Deformation

To determine the effects that the bar deformation had on the test, we will compare the
20-inch diameter specimens containing the #8 deformed bars with the 20-inch diameter

specimens containing the 1-inch diameter smooth bars.

54.1 Effects of Bar Deformation on Failure Mode

The bar deformations effected the failure mode for all loading rates. As has been stated
earlier, the specimens containing the #8 deformed bars failed due to either the yielding of
the steel bars or connection device for the dynamic and impact loading rates or radial
cracking of the concrete for the static loading rates. However, all of the specimens
containing the smooth bars failed, as would be expected, due to pull out of the steel bar,

regardless of the loading rate. These results are summarized in Table 5.16.
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Table 5.16 Failure Mode

20" Dia. Specimens

20" Dia. Specimens

Dynamic Loading

with #8 Bars  |with 1” Smooth Bars
Static Loading Radl%glr;(:;ng of Bar Pull-out
Yielding of

Bar Pull-out

Steel Connector

Impact Loading

Yielding of
Steel Connector

Bar Pull-out

54.2

Effects of Bar Deformation on Failure Loads

The failure loads were always lower for the smooth bars than they were for the

deformed bars, for all three loading rates. For the static loading, the failure load

decreased by 77%. For the dynamic loading, the load decreased by 70%. Finally, for the
impact loading, the failure load decreased by 70%. This indicates that the chemical
adhesion accounts for only 23% to 30% of the total bar resistance to pullout while the
mechanical interlocking of the steel deformations with the concrete account for 70% to

77% of the resistance. Additionally, this ratio does not appear to have a strong rate

dependency. These results are summarized in Table 5.17.

Table 5.17 Average Failure Loads

20" Dia. Specimens| 20" Dia. Specimens | Percent

with #8 Bars  |with 1” Smooth Bars| Change
Static Loading 65,300 15,100 77%
Dynamic Loading 81,600 24,700 70%
Impact Loading 86,100 25,900 70%
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543 Effects of Bar Deformation on Steel Strains

The steel strains were always lower in the smooth bars than they were in the deformed
bars for all loading rates. For the static loading the maximum steel strains decreased by
77%. As the loading rate was increased to a dynamic loading, the maximum steel strains
decreased by 75%. As the loading rate was further increased to impact, the maximum

steel strains decreased by 70%. This is summarized in Table 5.18.

Table 5.18 Average Steel Strains at Failure

20" Dia. Specimens | 20" Dia. Specimens |Percent
with #8 Bars  |with 1” Smooth Bars|Change
Sttc Loading | ¥~ 230 F2000 | y=Sox t5 |,
. . =- + =_ +
Dynamic Loading y ;:‘ZXW 0461 20 Y 11{%:(97 115040 75%
: =- + =-90x +
Impact Loading 13{2)(99732250 R%gxgg 69193 70%

5.4.4 Effects of Bar Deformation on Concrete Strains

The concrete strains were also always lower in the specimens containing the smooth

bars than they were in the specimens containing the deformed bars. This is shown in

Table 5.19.
Table 5.19 Average Concrete Strains at Failure
20" Dia. Specimens| 20" Dia. Specimens | Percent
with #8 Bars  |with 1” Smooth Bars| Change
Static Loading -180 -35 80%
Dynamic Loading -172 -54 69%
Impact Loading -208 -116 44%

For the static loading, the concrete strains decreased by 80%. For the dynamic loading

rates, the reduction was 69%. Finally, for the impact loading, the concrete strains
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decreased by 44%. The large reduction in concrete strains induced by the static loadings

1s due to the fact that there is no means to transfer radial strains from the smooth steel bar

to the concrete as there are with the steel lugs on the deformed bars. The small radial

strains that were seen were probable due to Poisson’s effects. This became less obvious

for the dynamic and impact loadings since they induced shockwaves in the concrete that

could cause small radial strains.

545

Effects of Bar Deformation on Development Length

Bar deformations greatly reduced the development length required. Compared to the

smooth bars, the deformations reduced the required development lengths by 78% for the

quasi-static loading, 73% for the dynamic loading and 71% for the impact loading. This

1s summarized in Table 5.20.

Table 5.20 Development Length and Bond Strength

Loading | 20" Dia. Specimens with | 20" Dia. Specimens with Percent Reduction /
Rate 1” Smooth Bars #8 Bars (in) Increase
Development Bond Development Bond Development Bond
Length (in) |Strength (psi)| Length (in) |Strength (psi)| Length (in) |Strength (psi)
Static 34 480 7.6 2080 78% 433%
Dynamic 18.6 786 5.0 2600 73% 331%
Impact 21 824 6.0 2740 71% 333%

This work was in good agreement with previously conducted work. Menzel found that

for 3,000 psi concrete, the average bond strength for a 1-inch diameter smooth bar

subjected to static loading was 342 psi and for a 1-inch diameter deformed bar was 838

psi. Menzel also stated that the bond stress was dependent on Vf'. If we adjust Menzel’s

values for the increased concrete strength used in this investigation, we get a bond stress
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of 483 psi for the smooth bar and 1,200 psi for the deformed bar. This compares well
with 480 psi for the smooth bar and 1,310 psi for the deformed bar obtained for static

loading in this investigation and presented in Table 5.20.
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CHAPTER 6 NUMERICAL ANALYSIS OF SPECIMENS

Since the quasi-static loading of the smooth bars could be considered to be in static
equilibrium, a closed form solution was obtained for this configuration. However, since
the dynamic loadings and the quasi-static loadings of the deformed bars were much more
complex, and no closed form solution was available, a finite element analysis of the
dynamic loadings and quasi-static loadings of the deformed bars was conducted.

DYNA3D (Lin 1999) was chosen as the finite element code to be used in the dynamic
analysis. DYNA3D is a nonlinear, explicit, three-dimensional finite element code used
for solid and structural mechanics. Dr. John O. Halquist of Laurence Livermore National
Laboratories (LLNL) originated DYNA3D. Dr. Jerry L. Lin is now maintaining the
program.

The elements available within the program include one-dimensional truss and beam
elements, two-dimensional quadrilateral and triangular shell elements, and three-
dimensional continuum elements. Also, a wide variety of material models are available
including elastic, plastic, elastic-plastic, composite thermal effects, explosive detonations,
and rate dependence. Additionally, a variety of contact surfaces including frictional
sliding, tied, tied with breaking, and single surface contact are available.

NIKE3D (Puso 2001) was chosen for the quasi-static analysis. This program is a
general purpose, three-dimensional, non-linear finite element code designed for solving
problems in solid and structural mechanics. This program was also developed at LLNL.
It utilizes implicit time integration, making it most effective for static and low rate
dynamic problems. Unlike DYNA3D, NIKE3D utilizes a relatively small set of elements

and low order interpolation, requiring no mid- side node definitions. This approach
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appears to be robust enough for non-linear quasi-static loadings while greatly reducing
the computing resources required for the analysis.

The elements available within NIKE3D include solid, beam and shell. The program
includes 22 material models including elastic, elastic-plastic, thermo elastic-plastic, and
thermo elastic creep. As with the element selection, the slide lines available in NIKE3D
are more limited then those in DYNA3D. These include tied, sliding only, sliding with
gaps and friction, single surface and auto contact.

The program INGRID (Christon 1992) that was also developed at LLNL was used as
the pre-processor for DYNA3D and NIKE3D. INGRID is a generalized 3-D finite
element mesh generator used for modeling non-linear systems. It provides the capability
to generate complex geometric models using beam, shell, and hexahedral elements.
Additionally, boundary conditions, initial conditions, material properties and contact
surfaces can be specified.

Finally, post-processing was accomplished using the LLNL program GRIZ (Speck
1996). GRIZ is a general purpose, post-processor application supporting interactive
visualization of finite element analysis results on unstructured grids. In addition to basic
state variable display, GRIZ provides 3-D visualization techniques such as isocontours,
isosurfaces, cutting planes, vector field display and partial tracing.

All four of these programs are part of a set of public domain codes developed in the

Methods Development Group at LLNL.
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6.1 Mesh Generation

INGRID was used to generate the finite element mesh. Different INGRID models were
developed for the smooth bars, the dynamically loaded deformed bars and the quasi-

statically loaded deformed bars.

6.1.1 Smooth Bar

If cylindrical coordinates were used throughout the grid, multiple elements would have
one single node in the center. This would cause DYNA3D to go unstable. Therefore
Cartesian coordinates were used to model the steel bar. The four corners of the grid were
deleted, and the remaining elements projected onto a surface with a radius of 0.5-inches.
The result is shown in Figure 6.1. The remainder of the model was developed in
cylindrical coordinates. The concrete cylinder was modeled as three concentric rings that
were attached to each other using a tied slide line. The complete model is shown in

Figure 6.2.

Figure 6.1 Smooth bar showing Cartesian coordinates with projected outer surface
to form the cylinder
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Figure 6.2 Complete finite element model for smooth bar runs

The load functions were obtained from the load cell records from the experimental
work. The loads were applied to the 133 nodes on the bottom of the steel bar (Figure
6.3). The nodes on the bottom of the concrete cylinder were restrained in the Z direction
from a radius of 1.5-inches to the outside of the concrete cylinder (Figure 6.4).

The concrete was attached to the steel bar using a break slide line. This allowed a
sheering force, Os to be transferred across the slide line. Once osreached st the slide
line broke, and the steel bar was free to move. Solid element time history blocks were
inserted into the mesh to obtain strain vs. time plots at locations in the model

corresponding to the strain measurements made in the experimental portion of this
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Figure 6.4 Nodes on the bottom of the concrete restrained in the Z direction
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investigation. For the steel bar these were elements 1081, 1225, 1369, 1513 and 1657,
which corresponded to 1-inch, 3-inch, 5-inch, 7-inch and 9-inch from the bottom of the
sample respectively. In the concrete, they were elements 31297, 33985, 36673 and

39361, which corresponded to 2-inch, 4-inch, 6-inch and 8-inch from the bottom of the

sample respectively.

6.1.2  Dynamic and Impact Loaded Deformed Bars

The mesh for the dynamic and impact loaded deformed bars was generated similar to
the smooth bars except the individual deformations on the bar were also modeled. The
center of the steel bar was generated the same as the smooth bar except the radius was
0.25-inches. Another ring of steel was placed around the center ring and attached using a
tied slide line. The steel between the deformations was then deleted, and the nodes on the
remaining steel moved up or down to produce the sloped faces of the deformations. The
deformations were also deleted between 340° and 20° and between 160° and 200°, Figure
6.5. This represented the strain gage grooves that were machined on the steel bars. The
concrete was generated in three concentric rings as before except that parts of the inside
of the inner ring were deleted and the remaining nodes moved up or down to produce
voids for the steel deformations to fit into. The interface between the steel and concrete
was handled using the same tied slide line used in the smooth bar model. Solid element
time-history blocks were inserted in elements 10827, 10927, 11107, 11247 and 11587 for

the steel bar and elements 92675, 94733, 96693 and 98751 for the concrete.
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Figure 6.5 Deformed bar showing deformations deleted to model the strain gage
groove

6.1.3 Quasi-Static Loaded Deformed Bars

Since NIKE3D cannot handle as large of a problem as DYNA3D, the mesh size was
increased to reduce the number of nodes and elements (Figure 6.6). Since this is a quasi-
static analysis, the larger elements would not adversely affect the results. Additionally,
NIKE3D cannot handle the breaking slide line used in the previous analysis. Therefore,
this slid line was changed to a tied slide line, and the strain gage grooves were not
modeled (Figure 6.7). This greatly simplified the steel concrete interface. Solid element
time history blocks were inserted in elements 6641, 6653, 6665, 6677 and 6685 for the

steel and 14002, 14506, 15073 and 15640 for the concrete.
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Figure 6.6 Larger mesh size used in the NIKE3D runs
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Figure 6.7 Simplified deformation pattern used on the NIKE3D runs
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6.2 1-Inch Diameter Smooth Bar Embedded in a 20-inch Diameter Concrete
Cylinder

A set of calculations was performed to determine the value of the chemical adhesion of
the cement to the steel bar, and how this value varied with strain rate. A closed form
solution was obtained for the quasi-static loading, and a finite element analysis was

performed for the dynamic and impact loading.

6.2.1 Quasi-Static Loading

Since the load was applied to the steel bar, while the concrete cylinder was restrained,
and the system was in static equilibrium, a force equal to the static loading force was
transferred from the steel bar to the concrete. The only mechanism for this force transfer
was the sheering resistance of the chemical adhesion of the cement paste to the steel bar.
Knowing the total force applied and the diameter and embedment length of the steel bar,

the average sheering force Gsa can be calculated as (Equation 6.1).

_/
oy =" 6.1)

Using a total force of =15,050 Ibs (average quasi-static load applied to the smooth bars
before failure) and a diameter and length of 1-inch and 10-inches respectively, and
applying equation 6.1, we obtain

15,050/bs
Osq = : ;
7(linch)x(10inches)

=479.1psi = 480 psi

Since the strain decays linearly along the length of the steel bar, with its maximum value
at the bottom of the sample and 0 at the top of the sample, the shear transferred from the

steel to the concrete will have the same relationship. Therefore, the maximum shear

139



stress  Gst will occur at the bottom of the sample just prior to the bond failure, and will

decay linearly to 0 at the top of the sample. This leads to Equation 6.2.
Oy =20, (6.2)
Or for test 23 we obtain:
O = 2%x480 psi =960 psi
Since there are no means of transferring radial forces from the smooth steel bar to the

concrete, the radial strains will be very low. The small strains that were seen in the

experimental work (34.8 micro strains) were probably due to Poison’s effects

6.2.2  Dynamic Loading

A triangular loading function with a maximum value of 24,670 lbs and duration of 32
msec was used to simulate the average dynamic load applied to the smooth bars. An
initial estimate of 6st was made, and the input deck for DYNA3D generated. DYNA3D
was then run on a Silicon Graphics workstation. Iterative runs were made until
calculated steel strains were in close agreement with those obtained from equation 4.8.

For these runs, 6st was determined to be 2,600 psi. As the run progressed, the strains
in the steel bar increased until t=27 msec., at which time the slide line broke, and the steel
bar was released. The maximum steel strain at each of the element dumps is shown in
Figure 6.8.

The concrete strains, although very small as would be expected, show a very unusual
response. The concrete first went into radial tension, and then into compression, then

back into tension before the slide line broke. The readings closest to the bottom of the
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model showed the largest tensile strain while the readings at the top of the model showed

the largest compressive readings. This phenomenon is likely due to the boundary

Figure 6.8 Composite steel strains, 1-inch smooth bar, 20-inch diameter sample,
dynamic loading

conditions and the dynamic behavior of the concrete and steel materials themselves.
Remember that there are no radial forces being applied to the concrete, therefore the
radial strains are very small. The shock waves that are running through the system could

easily be numerically larger than any strains caused by Poisson’s effects. Also there is a
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very complex boundary condition at the bottom of the concrete cylinder, where part of
the concrete in the vicinity of the first gage is not supported in the Z direction. The

concrete strains are shown in Figure 6.9.

Figure 6.9 Composite concrete strains, 1-inch smooth bar, 20-inch diameter sample,
dynamic loading

When we compare the empirical and numerical steel strains, Figure 6.10, we see that
there is very close agreement in the data. Figure 6.11 shows the comparison between the

empirical and numerical concrete strains and the 95% confidence interval for the
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empirical data. The calculated strains fall slightly above the upper limits of the

confidence interval.
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Figure 6.10 Comparison of empirical and numerical steel strains, 1-inch smooth bar,
20-inch diameter sample, dynamic loading
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Figure 6.11 Comparison of empirical and numerical concrete strains, 1-inch smooth
bar, 20-inch diameter sample, dynamic loading
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6.2.3 Impact Loading

The input file used in the dynamic loading was modified by changing the triangular
loading function to a peak value of 25,908 Ibs and duration of 3.2 msec. Iterative runs
were then made varying the value of osr until the strains in the steel bar were in good
agreement with the experimental data. This yielded a value of 6sr =3,200 psi. As in the
dynamic run, the tensile strains increased until 65 =Ggst at which time (t=1.8 msec) the

slide line broke and released the steel bar. The maximum steel strains are shown in

Figure 6.12.

Figure 6.12 Composite steel strains, 1-inch smooth bar, 20-inch diameter sample,
impact loading

144



The concrete strains showed the same apparent variability that was seen in the dynamic
run. The lowest gage went from tension (2.0 micro strains at t=1.8 msec ) to compression
(-8.8 micro strains at t=1.8 msec) back to tension (5.1 micro strains at t= 1.9 msec).

The second gage location only went into tension (8.1 micro strains at t=1.5 msec). The
third gage location, 6-inches from the bottom, went into compression (-3.4 micro strains
at t=1.4 msec then into tension (6.9 micro strains at t=1.6 msec). The last location, 8-
inches from the bottom, went into compression —6.4 micro strains at t=1.5 msec then
rebounded slightly to a compressive strain of —2.5 micro strains at t=1.66 msec. The
average compressive strain measured in the experimental work under these loading
conditions was —54.3 micro strains, Figure 6.13 shows the concrete strain plots from the

numerical analysis.

Figure 6.13 Composite concrete strains, 1-inch smooth bar, 20-inch diameter
sample, impact loading
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The repeat reversal of strain along with the very small values clearly indicate that at
these loading rates, the concrete strains are dominated by shock waves traveling through
the concrete, reflecting off of the surface and returning back through the concrete.

When we compare the numerical and empirical work, we find the same relationship we
saw in the dynamic loading. The steel strains, Figure 6.14, are in very close agreement,
but the numerical concrete strains are slightly above the upper limits of the 95%

confidence interval for the empirical data, Figure 6.15
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Figure 6.14 Comparison of empirical and numerical steel strains, 1-inch smooth bar,
20-inch diameter sample, impact loading
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Figure 6.15 Comparison of empirical and numerical concrete strains, 1-inch smooth
bar, 20-inch diameter sample, impact loading
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6.3 Analysis of a Number 8 Deformed Bar Embedded in a 20-inch Diameter
Concrete Cylinder

NIKE3D was used to model the quasi-static loading while DYNA3D was used to
determine the strains present in the steel and concrete when it was subjected to a dynamic

or impact loading.

6.3.1 Quasi-Static Loading

A modified triangular loading function with a peak value of 65,283 Ibs in 288 seconds
was added to the Ingrid mesh file, and the input file for NIKE3D generated. Since this
program could not handle break slide lines, a tied slide line was used between the steel
and the concrete. As the load increased, the strains in the steel increased to a maximum
of 489 micro strains, which was obviously well within the elastic limits, Figure 6.16. The
concrete strains all went into compression until t=60 sec when the strains in element
14,002 changed direction and finally went into tension around t=120 sec. The rest of the
strains remained in compression, and increased until failure, Figure 6.17. In this model,
failure was caused by excessive deformation of the concrete elements in the vicinity of
the first steel deformation, Figure 6.18. As was mentioned earlier, the material used to
model the concrete was elastic-plastic. While this did a very good job of modeling the
elastic loading of the concrete, it did a very poor job of modeling the failure of the
concrete. While concrete has a very brittle failure mode, this material model had a very
ductile failure mode. This ductile failure caused the excessive deformations of the
concrete elements in the vicinity of the first steel deformation. The importance of the
model is that the concrete reached it’s plastic range, which would have represented the

beginning of cracking in the real concrete, long before the steel reached its elastic limit.
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This would indicate that the model would fail due to radial cracking of the concrete
before yielding of the steel, which is what was observed in the physical experiments for
this loading.

When we compare the numerical data with the empirical data, we see that NIKE3D
greatly underestimated the strains in both the steel, Figure 6.19and the concrete, Figure

6.20
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Figure 6.16 Composite steel strains, #8 deformed bar, 20-inch diameter sample,
quasi-static loading
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Y Strain

Figure 6.17 Composite concrete strains, #8 deformed bar, 20-inch diameter sample,

Figure 6.18 Failure due to excessive deformation of the concrete elements
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Figure 6.19 Comparison of empirical and numerical steel strains, #8 deformed bar,
20-inch diameter sample, quasi-static loading
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Figure 6.20 Comparison of empirical and numerical concrete strains, #8 deformed
bar, 20-inch diameter sample, quasi-static loading

6.3.2  Dynamic Loading
A modified triangular loading function with a maximum value of 81,550 Ibs and
duration of 122 msec was added to the Ingrid mesh file, and the input file for DYNA3D

generated. Since DYNA3D could handle breaking slide lines the value of 65t = 2600 psi

obtained from the smooth bar runs was used to model the chemical adhesion between the

150



steel and the concrete. As the load was applied, the strain in the steel increased until
around 50 msec. From 50 msec to 60 msec the strains in the steel continued to increase
for the 1-inch, 3-inch and 5-inch positions while decreasing for the 7-inch and 9-inch
positions. At this time the steel strains were 3,170 micro strains at 1-inch, 2,600 micro
strains at 3-inches, 1,010 micro strains at 5-inches, 1,120 micro strains at 7-inches and
720 micro strains at 9-inches, Figure 6.21. The run terminated normally at the end of the

load function.

Cursor X value: Cursor Y walue:

Figure 6.21 Composite steel strains, #8 deformed bar, 20-inch diameter sample,
dynamic loading
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The concrete strains all went into compression and continued to increase in the elastic
range until time t=50 msec. At this time, the concrete strains reached the elastic limit and
became plastic, Figure 6.22. The fact that both the steel and concrete strains went plastic
at the same time indicates that this combination of specimen and loading was on the edge

of the failure envelope for yielding the steel bar before the concrete broke.

Cursor X value: Cursor Y value:

Figure 6.22 Composite concrete strains, #8 deformed bar, 20-inch diameter sample,
dynamic loading
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From Figure 6.23 we see that there is very good agreement between the empirical and
numerical steel strains, but the numerical concrete strains, Figure 6.24, were much larger

than the empirical data.
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Figure 6.23 Comparison of empirical and numerical steel strains, #8 deformed bar,
20-inch diameter sample, dynamic loading
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Figure 6.24 Comparison of empirical and numerical concrete strains, #8 deformed
bar, 20-inch diameter sample, dynamic loading
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6.3.3 Impact Loading

The same input file used in the dynamic loading was used in the impact loading with
the exception of ost = 3,200 psi (impact loading smooth bar) and the load function was
changed to have a peak value of 86,093 Ibs and duration of 3.9 msec. The steel strains
increased in the elastic range until time t=3.3 msec, at which time the strains in the lower
part of the steel bar went plastic. The maximum strain in the steel at failure was 16,865
micro strains at 1-inch from the bottom of the bar, Figure 6.25. This is well in excess of
the plastic limit. The concrete strains showed a definite pattern with the largest strain
(-319 micro strains) occurring 2-inches from the bottom and decreasing to —82 micro
strains, 8-inches from the bottom, Figure 6.26. The concrete strains all remained in the
elastic range while the steel strains exceeded the plastic limit, indicating failure due to

yielding of the steel bar.

Figure 6.25 Composite steel strains, #8 deformed bar, 20-inch diameter sample,
impact loading
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Figure 6.26 Composite concrete strains, #8 deformed bar, 20-inch diameter sample,
impact loading

Once again, the numerical and empirical steel strains were in good agreement, with the
numerical values falling within the bounds of the 95% confidence interval, Figure 6.27.
This time, the numerical and empirical concrete strains were also in good agreement,
with the calculated values falling between the bounds of the 95% confidence interval,

Figure 6.28

6.4 Analysis of a Number 8 Deformed Bar embedded in a 10-inch Diameter
Concrete Cylinder

6.4.1 Quasi-Static Loading

The input file for this run was identical to the one in section 6.3.1 except the outer ring
of concrete was deleted to yield a 10-inch diameter specimen. As the load was applied,

the strain in the steel increased to a maximum of 492 micro strains 1-inch from the
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Figure 6.27 Comparison of empirical and numerical steel strains, #8 deformed bar,
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Figure 6.28 Comparison of empirical and numerical concrete strains, #8 deformed
bar, 20-inch diameter sample, impact loading

bottom to —11 micro strains 1-inch from the top as shown in Figure 6.29. All are
obviously well within the elastic limit of the steel. The concrete strains showed the same
behavior that was seen with the 20-inch diameter sample, in that all concrete strains were
initially in compression, but the strains 2-inches from the bottom changed direction and
finally became tensile, Figure 6.30. The run finally failed due to excessive deformation

of the concrete elements in the vicinity of the steel deformations as shown in Figure 6.31.
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As was stated in section 6.3.1, this indicated that the concrete reached its plastic limit and
failed due to radial cracking of the concrete before yielding of the steel bar.

As with the quasi-static loading of the 20-inch diameter sample, NIKE3D
underestimated both the steel stresses (Figure 6.32) and the concrete stresses (Figure

6.33).

Figure 6.29 Composite steel strains, #8 deformed bar, 10-inch diameter sample,
quasi-static loading
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Figure 6.30 Composite concrete strains, #8 deformed bar, 10-inch diameter sample,
quasi-static loading

Figure 6.31 Failure due to excessive deformation of the concrete elements
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Figure 6.32 Comparison of empirical and numerical steel strains, #8 deformed bar,
10-inch diameter sample, quasi-static loading
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Figure 6.33 Comparison of empirical and numerical concrete strains, #8 deformed
bar, 10-inch diameter sample, quasi-static loading

6.4.2  Dynamic Loading

This input file was the same as the one in Section 6.3.2 except that the outer ring of
concrete was removed to yield a 10-inch diameter model. The steel strains increased as

the load was applied until at time t=70 msec, the steel strains varied from a maximum of
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6,480 micro strains at 1-inch from the bottom to 43 micro strains 1-inch from the top, as
shown in Figure 6.34. At approximately the same time, the concrete strains all went
plastic, Figure 6.35. The run finally failed at time t=80 msec due to excessive
deformation of the concrete elements. As with the 20-inch diameter specimen, this seems
to be an almost balanced failure with both the concrete and steel strains becoming plastic

at the same time.

Cursor ¥ value: Cursor ¥ value:

Figure 6.34 Composite steel strains, #8 deformed bar, 10-inch diameter sample,
dynamic loading

When we compare the numerical and empirical data, we find that the numerical steel
strains are larger than the empirical strains at the bottom of the specimen, but come in
agreement at the top, Figure 6.36. The numerical concrete strains are larger than the

average empirical strains, but within the 95% confidence interval, Figure 6.37.
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Figure 6.35 Composite concrete strains, #8 deformed bar, 10-inch diameter sample,
dynamic loading
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Figure 6.36 Comparison of empirical and numerical steel strains, #8 deformed bar,
10-inch diameter sample, dynamic loading
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Figure 6.37 Comparison of empirical and numerical steel concrete, #8 deformed
bar, 10-inch diameter sample, dynamic loading

6.4.3 Impact Loading

This run was a repeat of the one in section 6.3.3, with once again, the outer ring of
concrete removed. The steel strains increased until time t=5 msec at which time there
was failure of the concrete elements which caused the break slide line to fail, giving the
clean failure mode. The steel strain prior to failure varied from a minimum of 6,121
micro strains at the bottom to a minimum of 41 micro strains at the top, as shown in
Figure 6.38. All of the concrete strains were in compression with the maximum value
occurring at time t=4.75 msec or .25 msec prior to the peek steel strains. The maximum
concrete strains (-341 micro strains) occurred at the bottom and decreased to the
minimum value of —87 micro strains at the top, Figure 6.39. The model failed due to

deformation in the concrete elements indicating failure due to radial cracking.
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Figure 6.38 Composite steel strains, #8 deformed bar, 10-inch diameter sample,
impact loading
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Figure 6.39 Composite concrete strains, #8 deformed bar, 10-inch diameter sample,
impact loading
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As with the dynamic loading, the numerical steel strains were larger than the empirical
strains at the bottom of the specimen, but came within the 95% confidence interval at the
top of the specimen, Figure 6.40. Likewise, the numerical concrete strains were larger
than the empirical strains at the bottom, but fell within the 95% confidence interval at the

top of the specimen, Figure 6.41.
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Figure 6.40 Comparison of empirical and numerical steel strains, #8 deformed bar,
10-inch diameter sample, impact loading
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Figure 6.41 Comparison of empirical and numerical concrete strains, #8 deformed
bar, 10-inch diameter sample, impact loading
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CHAPTER 7 SUMMARY, CONCLUSIONS AND
RECOMMENDATIONS

7.1 Summary

An experimental and analytical study was conducted to determine for static and
dynamic loading conditions; a) the chemical adhesion between the smooth steel bars and
concrete, b) the increase in pullout resistance of smooth and deformed bars, c) the
influence of concrete confinement and bar diameter on pullout resistance. Finite Element
Method of analysis was utilized to conduct the analytical study.

The experimental study involved the testing of 33 pullout specimens representing a
range of bar sizes, types and confinements. All the test specimens failed in one of three
modes: pullout of the steel bar, radial cracking of the concrete, and yielding of the steel
bar. Failure due to pullout of steel occurred only in test specimens with smooth bars, and
the failure mode was independent of the loading rate. The only resistance to the pullout
of the smooth bars was the static friction and chemical adhesion of the cement paste to
the steel bar, and the dynamic friction once this bond was broken. It was determined that
the strength of the chemical adhesion and static friction increased with increasing loading
rates. The combined static friction and chemical adhesion was 960psi for the quasi-static
loading, 2,600psi for the dynamic loading and 3,200 psi for the impact loading. The
static friction and chemical adhesion values obtained for the quasi-static loadings
compared well with the values estimated based on Menzel’s study, namely 900 psi. This
difference is due to the higher strength of the concrete (5,000 psi vs. 3,000 psi) used in
this investigation.

Failure due to radial cracking of concrete occurred in all of the 10-inch diameter

specimens, which had #8 deformed bars, and all 20-inch diameter specimens with #10
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deformed bars, regardless of the loading rates. It is pertinent to point out that the
deformations in the #8 rebars contributed to a 70% to 77% increase in pullout strength as
compared to the smooth bars and this increase was independent of loading rate.

Failure due to yielding of steel occurred in all the 20-inch diameter specimens with #8
deformed bars with the exception of the specimens subjected to quasi-static loading with
failure due to radial cracking.

The total load applied before failure increased as the loading rate increased for all test
specimens. The impact failure load increased between 70% to 100% over the quasi-static
failure load. It is very important to note that as long as the failure mode did not change,
the maximum loads applied to the specimens nearly doubled as the loading rates were
increased from quasi-static to impact loading. This doubling is in agreement with the
dynamic load factor of 2.0 used to increase the design strength of materials subject to
impact loading (Biggs 1964).

The steel strains increased as the loading rate went from quasi-static to dynamic, then
decreased as the loading rate went from dynamic to impact, due to the nature of the test
set up. As was stated in Chapter 5, this was slightly misleading, and the actual strains in
the bar were larger in the impact loading than in the dynamic loading. Even though there
were large variations in the concrete strains, they tended to increase as the loading rate
increased.

Increased concrete confinement increased the strength of the system for all loading
rates. This was especially true for specimens tested under quasi-static loadings that failed
due to radial cracking of the concrete. For this loading case, doubling the concrete

confinement increased the failure load by 58%. The increase was less (20%) for the
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dynamic and impact loadings, but this was partly due to the failure mode shifting from
concrete cracking to steel yielding.

Since both the concrete and steel materials are rate dependent and exhibit increased
strength with increased loading rate, it was not surprising that the test specimens all
showed an increase in strength with an increase in loading rate. The average bond stress
for the quasi-static loaded deformed bars was 1,310 psi for the 10-inch diameter
specimens, 2,080 psi for the 20-inch diameter specimens containing the #8 deformed bars
and 1,820 psi for the specimens containing the #10 deformed bars. This was in
agreement with the findings of ACI committee 408 which found that the average bond
stress for deformed bars ranged from 1,500 psi to 3,000 psi, but was often less due to
reduced concrete cover. It is also in agreement with Menzel’s work that found the bond
stress for a #8 deformed bar to be 838 psi for 3,000 psi concrete. Menzel also stated that
the bond stress was dependent on Vf.. If we adjust Menzel’s values for the increased
concrete strength, we get a bond stress of 1,200 psi.

DYNA3D was very effective in modeling the behavior of the test specimens
subjected to the dynamic and impact loadings, particularly where the failure was
controlled by pullout or yielding of the steel bar. The analysis results showed very good
agreement with the experimental data. The material type 10 (Isotropic-Elastic-Plastic-
Hydrodynamic) used to model the concrete, did a very good job in the elastic range, but
was not as good in the plastic range. The breaking slide line was very successful at
modeling the chemical adhesion of the cement paste to the smooth steel bars.

NIKE3D was not very successful at modeling the quasi-static loading cases. The lack

of a breaking slide line and a suitable material model for the concrete (material type 3
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Elastic-Plastic) caused the computer runs to fail prematurely and greatly underestimate
the strains in both the steel and the concrete. However, both programs were able to
determine the failure modes that occurred for each specimen and loading combination.

By extending the liner regression for the steel strains, the embedment length required to
develop the full yield strength of the steel bars (2000 micro strains) can be calculated.
Generally, the development lengths for the quasi-static loading was less than half that
required by the ACI code. This would be expected since under normal circumstances,
confinement would be much less, and the codes must contain a safety factor. The
development length also decreased as the loading rate was increased to dynamic then
increased slightly for the impact loading. As has been pointed out before, this is slightly
misleading, and is a result of the test setup. Increased confinement resulted in a decrease
in the development length, where as increased bar diameter resulted in increased
development lengths. Bar deformations were paramount in reducing the development
length for all loading rates. The deformations reduced the development lengths by 71%
to 78%.

This study has led to a greater understanding of the behavior of steel reinforcement and
concrete subjected to dynamic and impact loadings. In particular, the quantifying of the
chemical adhesion and the contribution of the steel deformations under dynamic and
impact loadings will allow researcher to develop more realistic models for predicting the
response and failure of reinforced concrete structures. Finally, these data could be used
to develop a concrete/steel reinforcement slide line capable of modeling the

concrete/reinforcement interaction under varying load conditions. This would allow
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designers the ability to do detailed models of concrete reinforcement systems without the

need to model each individual deformation on the reinforcement.

7.2 Conclusions

The study has led to the following conclusions:

e The bond stress, due to static friction and chemical adhesion, is 960 psi for quasi-
static loading, 2,600 psi for dynamic loading and 3,200 psi for impact loading for
the concrete and steel used in the test program. The values for quasi-static
loading compare well with results reported in earlier studies.

e The deformations on the steel bars account for 70% to 77% of the total resistance
to pullout regardless of loading rate.

e Increased concrete confinement increased the pullout resistance regardless of
loading rate. However, this increase in resistance dropped significantly with
increase in loading rate.

e As long as the mode of failure remained constant, the impact-loaded specimens
had nearly twice the pullout resistance of the quasi-statically loaded specimens.

e Bond stresses for both the smooth and deformed bars were in good agreement
with previous quasi-static work.

e The development length decreased as loading rates increased.

e Development length decreased as confinement increased.

e DYNA3D was capable of modeling the complex bond slip behavior between the
steel and concrete. The breaking slide line was very effective in modeling the

chemical adhesion of the cement paste to the smooth bars.
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7.3 Recommendations

This study has led to the following recommendations:

e Testing a larger number of specimens would yield a better statistical analysis of
the data.

e Measuring the circumferential concrete strains would probably yield better
results. Since the circumferential strain at any radius is constant, the
commercially available concrete embedment strain gages could be used. This
would have produced more consistent concrete strain data than the methods
used in this investigation.

e Another finite element program capable of handling the quasi-static loadings
could be identified, and these runs redone.

e The DYNA3D experimental material type 45 (DTRA Concrete/Geological
Material) could be modified to handle direct shear. This modified material

model might be able to handle the brittle failure of the concrete better.
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APPENDIX A: STRESS-STRAIN CURVES FOR STEEL AND
CONCRETE
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APPENDIX B: SUMMARY OF TEST DATA
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Figure B-1 Test 1 Post Test

Figure B-2 Test 1 Post Test
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Figure B-5 Test 2 Post Test

Figure B-6 Test Specimen 2 Post Test
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Figure B-9 Test Specimen 3 Post Test

Figure B-10 Test Specimen 3 Post Test
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Table B.1 Statistical analysis of steel strains for tests 1, 2 and 3

Test 01 Adjusted Steel Strains

Position 1-Inch | 3-Inch | 5-Inch | 7-Inch | 9-Inch
0-Deg Gage SS-01 | SS-03 | SS-05 | SS-07 | SS-09
Value 1941 | 1509 | 928 616 309

180-Deg Gage SS-02 | SS-04 | SS-06 | SS-08 | SS-10
Value 1,199 | 1,584 | 1,054 | 653 241

Average | 1,570 | 1,547 | 991 635 275

Test 02 Adjusted Steel Strains

Position 1-Inch | 3-Inch | 5-Inch | 7-Inch | 9-Inch
0-Deg Gage SS-01 | SS-03 | SS-05 | SS-07 | SS-09
Value 1,960 | 1,710 | 1,260 | 963 539

180-Deg Gage SS-02 | SS-04 | SS-06 | SS-08 | SS-10
Value 1,550 | 1,200 | 1,230 | 884 425

Average | 1,755 | 1,455 | 1,245 | 924 482

Test 03 Adjusted Steel Strains

Position 1-Inch | 3-Inch | 5-Inch | 7-Inch | 9-Inch
0-Deg Gage SS-01 | SS-03 | SS-05 | SS-07 | SS-09
Value 1,842 | 1,408 | 1,029 | 742 348

180-Deg Gage SS-02 | SS-04 | SS-06 | SS-08 | SS-10
Value 1,438 | 1,785 | 1,024 | 692 371

Average | 1,640 | 1,597 | 1,027 | 717 360

Average Adjusted Steel Strains for Tests 01, 02 AND 03

Position 1-Inch |3-Inch |5-Inch |7-Inch |9-Inch
Test 01 1,570 1,547 991 635 275
Test 02 1,755 1,455 1,245 924 482
Test 03 1,640 1,597 1,027 717 360
n 6 6 6 6 6
High 1,960/ 1,710/ 1,260 963 539
Low 1,199/ 1,200 928 616 241
Extreme Spread 761 510 332 347 298
Average 1,655 1,533 1,088 758 372
Variance 95,168| 44,905| 16,816| 18,740| 10,481
Standard Deviation 308 212 130 137 102
Coefficient of Variation 19 14 12 18 28
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Figure B-13 Test Specimen 4 Post Test
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Figure B-18 Test Specimen 5 Post Test
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Figure B-20 Test Specimen 6 Post Test
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Table B.2 Statistical Analysis of Steel Strains for Tests 4, 5 and 6

Test 04 Adjusted Steel Strains

Position 1-Inch | 3-Inch | 5-Inch | 7-Inch | 9-Inch
0-Deg Gage SS-01| SS-03 | SS-05|SS-07 | SS-09
Value 2919 | 2048 NA 639 | 299
180-Deg Gage SS-02 | SS-04 | SS-06 | SS-08 | SS-10
Value 2,863 | 2,150 | 1,234 | 716 | 320
Average | 2,891 | 2,099 (1,234 | 678 | 310
Test 05 Adjusted Steel Strains
Position 1-Inch | 3-Inch | 5-Inch | 7-Inch | 9-Inch
0-Deg Gage SS-01| SS-03 | SS-05|SS-07 | SS-09
Value 2,830| 2,012 {1,325 | 778 | 309
180-Deg Gage SS-02 | SS-04 | SS-06 | SS-08 | SS-10
Value 2,930 | 2,070 {1,360 | 820 | 273
Average | 2,880 | 2,041 | 1,343 | 799 | 291
Test 06 Adjusted Steel Strains
Position 1-Inch | 3-Inch | 5-Inch | 7-Inch | 9-Inch
0-Deg Gage SS-01| SS-03 | SS-05|SS-07 | SS-09
Value NA | 1,647 | 1,182 | 726 | 358
180-Deg Gage SS-02 | SS-04 | SS-06 | SS-08 | SS-10
Value NA | 1,638 | 1,175| 726 | 283
Average | NA | 1,643 | 1,179 | 726 | 321
Average Adiusted Steel Strains for Tests 04, 05 and 06
Position 1-Inch |3-Inch [5-Inch [7-Inch [9-Inch
Test 04 2,891 2,099 1,630] 678 310
Test 05 2,880 2,041 1,343] 799 291
Test 06 N/A 1,643 1,179 726 321
n 4 6 5 6 6
High 2,930 2,150| 1,360 820 358
Low 2,830 1,638 1,175 639 273
Extreme Spread 100 512 185 181 85
Average 2,886] 1,928/ 1,350 734/ 307
Variance 2,230| 50,793| 7,024 3,762 914
Standard Deviation 47 225 84 61 30
Coefficient of Variation 2 12 6 8 10
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Table B.3 Statistical Analysis of Concrete Strains from Tests 4, 5 and 6

Test 04 Adjusted Concrete Strains
Position 2-Inch 4-Inch 6-Inch 8-Inch
Gage CS-01 CS-03 CS-05 CS-07
Value -87 -233 -68 -21
90-Deg Gage FO-01 FO-03 FO-05 FO-07
Value -102.7 -2.0
Gage CS-02 CS-04 CS-06 CS-08
Value -106 -67 -39
270-Deg |Gage FO-02 FO-04 FO-06 FO-08
Value -65.4 -38.7
Average -94.9 -134.8 -43.9 -30.0
Test 05 Adjusted Concrete Strains (no data)
Position 2-Inch 4-Inch 6-Inch 8-Inch
Gage
Value
90-Deg |Gage
Value
Gage
Value
270-Deg |Gage
Value
Average
Test 06 Adjusted Concrete Strains
Position 2-Inch 4-Inch 6-Inch 8-Inch
Gage CS-01 CS-03 CS-05 CS-07
Value -94 -70 -18 -17
90-Deg |Gage
Value
Gage CS-02 CS-04 CS-06 CS-08
Value -4 -3
270-Deg |Gage
Value
Average -94.0 -70.0 -11.0 -10.0
Average Fiber-Optic and Foil Concrete Strains for Tests 04, 05 and 06
Position 2-Inch 4-Inch 6-Inch 8-Inch
Test 04 -94.9 -134.8 -43.9 -30.0
Test 05
Test 06 -94.0 -70.0 -11.0 -10.0
Average -94.6 -118.6 -33.0 -20.0
n 3 4 6 4
High -87.0 -65.4 -2.0 -3.0
Low -102.7 -233.0 -68.0 -39.0
Extreme Spread 15.7 167.6 66.0 36.0
Variance 62.2 6145.6 887.6 220.0
Standard Deviation 7.9 78.4 29.8 14.8
Coefficient of Variation -8.3 -66.1 -90.4 -74.2
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Figure B-23 Test Specimen 7 Post Test

Figure B-24 Test Specimen 7 Post Test
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Figure B-27 Test Specimen 8, Post Test

Figure B-28 Test Specimen 8, Post Test
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Figure B-31 Test Specimen 9, Post Test

Figure B-32 Test Specimen 9, Post Test
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Table B.4 Statistical Analysis of Steel Strains for Tests 7, 8 and 9

Test 07 Adjusted Steel Strains

Position 1-Inch| 3-Inch | 5-Inch| 7-Inch | 9-Inch
0-Deg Gage SS-01| SS-03 |SS-05| SS-07 | SS-09
Value N/A | 2,108 | 1,581 | 990 470

180-Deg Gage SS-02| SS-04 |SS-06| SS-08 | SS-10
Value NA | 2,386 | 1,544 | 950 367

Average | N/A | 2,247 {1,563 | 970 419

Test 08 Adjusted Steel Strains

Position 1-Inch| 3-Inch | 5-Inch| 7-Inch | 9-Inch
0-Deg Gage SS-01| SS-03 |SS-05| SS-07 | SS-09
Value N/A N/A 1,599 | 550 950

180-Deg Gage SS-02| SS-04 |SS-06| SS-08 | SS-10
Value N/A | 2,762 | 1,637 | 946 386

Average | N/A | 2,762 | 1,618 | 748 668

Test 09 Adjusted Steel Strains

Position 1-Inch| 3-Inch | 5-Inch| 7-Inch | 9-Inch
0-Deg Gage SS-01| SS-03 |SS-05| SS-07 | SS-09
Value N/A | 2,280 | 1,740 | 1,175 | 680

180-Deg Gage SS-02| SS-04 |SS-06| SS-08 | SS-10
Value N/A N/A (1,770 | 1,185 | 545

Average | N/A | 2,280 (1,755| 1,180 | 613

Average Adjusted Steel Strains for Tests 07, 08 AND 09

Position 1-Inch |3-Inch |5-Inch |7-Inch |9-Inch
Test 07 N/A 2,247 1,563 970 419
Test 08 N/A 2,762 1,618 748 668
Test 09 N/A 2,280 1,755 1,180 613
n 0 4 6 6 6
High N/A 2,762| 1,770 1,185 950
Low N/A 2,108 1,544 550 367
Extreme Spread N/A 654| 226 635 583
Average N/A 2,384| 1,645 966 566
Variance N/A 76,627| 8,225| 53,186| 48,422
Standard Deviation N/A 277 91 231 220
Coefficient of Variation N/A 12 6 24 39
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Table B.5 Statistical Analysis of Concrete Strains for Tests 7, 8 and 9

Test 07 Adjusted Concrete Strains
Position 2-Inch 4-Inch 6-Inch 8-Inch
Gage CS-01 CS-03 CS-05 CS-07
Value -39 -425 -99 -6
90-Deg Gage FO-01 FO-03 FO-05 FO-07
Value -113.2 -89.8 -194.6
Gage CS-02 CS-04 CS-06 CS-08
Value -260 -5 -16 -55
270-Deg Gage FO-02 FO-04 FO-06 FO-08
Value -316.9 -183.6 -109.905| -145.4
Average -205.3 -181.7 -78.7 -100.3
Test 08 Adjusted Concrete Strains
Position 2-Inch 4-Inch 6-Inch 8-Inch
Gage CS-01 CS-03 CS-05 CS-07
Value -63 -129 -12 -6
90-Deg |Gage
Value
Gage CS-02 CS-04 CS-06 CS-08
Value -167 -102 -10 -27
270-Deg |Gage
Value
Average -115.0 -115.5 -11.0 -16.5
Test 09 Adjusted Concrete Strains
Position 2-Inch 4-Inch 6-Inch 8-Inch
Gage CS-01 CS-03 CS-05 CS-07
Value -22 -189 -8 -0.7
90-Deg |Gage
Value
Gage CS-02 CS-04 CS-06 CS-08
Value 5 -669 -67 -26
270-Deg |Gage
Value
Average -8.5 -429.0 -37.5 -13.4
Average Fiber-Optic and Foil Concrete Strains for Tests 07, 08 and 09
Position 2-Inch 4-Inch 6-Inch 8-Inch
Test 07 -205.3 -181.7 -78.7 -100.3
Test 08 -115.0 -115.5 -11.0 -16.5
Test 09 -8.5 -429.0 -37.5 -13.4
Average -123.3 -227.0 -51.5 -57.6
n 7 8 8 8
High 5.0 -5.0 -8.0 -0.7
Low -316.9 -669.0 -109.9 -194.6
Extreme Spread 321.9 664.0 101.9 193.9
Variance 15923.8 46480.4 1972.3] 5284.3
Standard Deviation 126.2 215.6 44 .4 72.7
Coefficient of Variation -102.4 -95.0 -86.3 -126.2
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Figure B-36 Test Specimen 10, Post Test
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Figure B-39 Test Specimen 11, Post Test

Figure B-40 Test Specimen 11, Post Test
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Figure B-43 Test Specimen 12, Post Test

Figure B-44 Test Specimen 12, Post Test
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Table B.6 Statistical Analysis of Steel Strains for Tests 10, 11 and 12
Test 10 Adiusted Steel Strains

Position 1-Inch | 3-Inch | 5-Inch | 7-Inch | 9-Inch
0-Deg Gage SS-01|SS-03| SS-05 | SS-07 | SS-09
Value N/A 2,300 | 1,614 | 935 421

180-Deg Gage SS-02|SS-04 | SS-06 | SS-08 | SS-10
Value N/A 2,390 | 1,560 | 845 390

Average | N/A |2,345| 1,587 | 890 406

Test 11 Adjusted Steel Strains

Position 1-Inch|3-Inch | 5-Inch | 7-Inch | 9-Inch
0-Deg Gage SS-01|SS-03| SS-05 | SS-07 | SS-09
Value N/A | N/A N/A N/A 754

180-Deg Gage SS-02|SS-04| SS-06 | SS-08 | SS-10
Value N/A | N/A N/A N/A 487

Average | N/A | N/A N/A N/A 621

Test 12 Adjusted Steel Strains

Position 1-Inch | 3-Inch | 5-Inch | 7-Inch | 9-Inch
0-Deg Gage SS-01|SS-03| SS-05 | SS-07 | SS-09
Value N/A | N/A N/A | 1,168 | 282

180-Deg Gage SS-02|SS-04| SS-06 | SS-08 | SS-10
Value N/A | N/A | 1,790 | 1,132 | 534

Average | N/A | N/A | 1,790 | 1,150 | 408

Average Adiusted Steel Strains for Tests 10, 11 and 12

Position 1-Inch |3-Inch [5-Inch |7-Inch |9-Inch
Test 10 N/A 2,345 1,587 890 406
Test 11 N/A  |[NJA  |N/A N/A 621
Test 12 N/A  |N/A 1,790/ 1,150 408
n 0 2 3 4 6
High N/A 2,390, 1,790/ 1,168 754
Low N/A 2,300 1,560 845 282
Extreme Spread N/A 90 230 323 472
Average N/A 2,345 1,655 1,020 478
Variance N/A  |IN/A 14,465| 24,099| 25,760
Standard Deviation N/A  IN/A 120 155 161
Coefficient of Variation N/A  IN/A 7 15 34
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Table B.7 Statistical Analysis of Concrete Strains for Tests 10, 11 and 12

Test 10 Adjusted Concrete Strains
Position 2-Inch 4-Inch 6-Inch 8-Inch
Gage CS-01 CS-03 CS-05 CS-07
Value -82 -435 -182
90-Deg Gage FO-01 FO-03 FO-05 FO-07
Value -137.7
Gage CS-02 CS-04 CS-06 CS-08
Value -91 -100 -407 -239
270-Deg Gage FO-02 FO-04 FO-06 FO-08
Value
Average -103.6 -100.0 -421.0 -210.5
Test 11 Adjusted Concrete Strains
Position 2-Inch 4-Inch 6-Inch 8-Inch
Gage CS-01 CS-03 CS-05 CS-07
Value -479 -357 -147 -394
90-Deg Gage FO-01 FO-03 FO-05 FO-07
Value -84.7 -339.1 -429.1
Gage CS-02 CS-04 CS-06 CS-08
Value -145 -16 -226 -186
270-Deg Gage FO-02 FO-04 FO-06 FO-08
Value -215.9 -307.7 -228.6
Average -236.2 -196.3 -255.0 -309.4
Test 12 Adjusted Concrete Strains
Position 2-Inch 4-Inch 6-Inch 8-Inch
Gage CS-01 CS-03 CS-05 CS-07
Value -517 -110 -20 -53
90-Deg Gage FO-01 FO-03 FO-05 FO-07
Value -174.6 -266.6 -224.2 -188.3
Gage CS-02 CS-04 CS-06 CS-08
Value -198 -30 -41
270-Deg Gage FO-02 FO-04 FO-06 FO-08
Value -13.6 -172.8 -264.9
Average -225.8 -188.3 -111.7 -136.8
Average Fiber-Optic and Foil Concrete Strains for Tests 10, 11 and 12
Position 2-Inch 4-Inch 6-Inch 8-Inch
Test 10 -103.6 -100.0 -421.0 -210.5
Test 11 -236.2 -196.3 -255.0 -309.4
Test 12 -225.8 -188.3 -111.7 -136.8
Average -192.3 -177.6 -230.9 -220.6
n 10 6 10 10
High -13.6 -16.0 -20.0 -41.0
Low -517.0 -357.0 -435.0 -429.1
Extreme Spread 503.4 341.0 415.0 388.1
Variance 287914 15655.2 20624.0 15555.5
Standard Deviation 169.7 125.1 143.6 124.7
Coefficient of Variation -88.3 -70.5 -62.2 -56.5

210



Figure B-47 Test Specimen 13, Post Test

Figure B-48 Test Specimen 13, Post Test
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Figure B-51 Test Specimen 14, Post Test

Figure B-52 Test Specimen 14, Post Test
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Figure B-55 Test Specimen 15, Post Test

Figure B-56 Test Specimen 15 Post Test
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Table B.8 Statistical Analysis of Steel Strains for Tests 13, 14 and 15
Test 13 Adiusted Steel Strains

Position 1-Inch| 3-Inch |5-Inch|7-Inch| 9-Inch
0-Deg Gage SS-01| SS-03 |SS-05|SS-07| SS-09
Value N/A N/A [1,682| 980 282

180-Deg Gage SS-02| SS-04 |SS-06|SS-08| SS-10
Value N/A N/A N/A | N/A 567

Average | N/A N/A |1,682| 980 | 425

Test 14 Adjusted Steel Strains

Position 1-Inch| 3-Inch |5-Inch|7-Inch| 9-Inch
0-Deg Gage SS-01| SS-03 |SS-05|SS-07| SS-09
\Value N/A N/A (1,800|1,098| 551

180-Deg Gage SS-02| SS-04 |SS-06|SS-08| SS-10
Value N/A | 2,690 | N/A [1,070| 420

Average | N/A | 2,690 |1,800|1,084 | 486

Test 15 Adjusted Steel Strains

Position 1-Inch| 3-Inch |5-Inch|7-Inch| 9-Inch
0-Deg Gage SS-01| SS-03 |SS-05|SS-07| SS-09
\Value N/A | 3,602 (1,828 (1,130| 270

180-Deg Gage SS-02| SS-04 |SS-06|SS-08| SS-10
\Value N/A | 2,930 (1,880|1,052| 514

Average | N/A | 3,266 |1,854|1,091| 392

Average Adiusted Steel Strains for Tests 13, 14 and 15
Position 1-Inch |3-Inch  |5-Inch |7-Inch |9-Inch
Test 13 N/A  |N/A 1,682 980 425
Test 14 N/A 2,690 1,800/ 1,084 486
Test 15 N/A 3,266/ 1,854 1,091 392
n 0 3 4 5 6
High N/A 3,602 1,880 1,130 567
Low N/A 2,690 1,682 980 270
Extreme Spread N/A 912 198 150 297
Average N/A 3,074| 1,798 1,066 434
Variance N/A 223,488| 7,028 3,182 17,595
Standard Deviation N/A 473 84 56 133
Coefficient of Variation N/A 15 5 5 31
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Table B.9 Statistical Analysis of Concrete Strains for Tests 13, 14 and 15

Test 13 Adjusted Concrete Strains

Position 2-Inch 4-Inch 6-Inch 8-Inch
Gage CS-01 CS-03 CS-05 CS-07
Value -294 -147 -105 -106
90-Deg Gage FO-01 FO-03 FO-05 FO-07
Value -146.3 -87.7
Gage CS-02 CS-04 CS-06 CS-08
Value -56 -48 -106 -257
270-Deg |Gage FO-02 FO-04 FO-06 FO-08
Value -170.0 -108.9 -280.2
Average -175.0 -127.8 -101.9 -214.4
Test 14 Adjusted Concrete Strains
Position 2-Inch 4-Inch 6-Inch 8-Inch
Gage CS-01 CS-03 CS-05 CS-07
Value -179 -243 -195 5
90-Deg Gage FO-01 FO-03 FO-05 FO-07
Value -242 1 -327.7 -194.2
Gage CS-02 CS-04 CS-06 CS-08
Value -53 -138 -331 -94
270-Deg |Gage FO-02 FO-04 FO-06 FO-08
Value -433.7 -157.9 -315.7
Average -158.0 -271.6 -252.9 -149.7
Test 15 Adjusted Concrete Strains
Position 2-Inch 4-Inch 6-Inch 8-Inch
Gage CS-01 CS-03 CS-05 CS-07
Value -128 -279 -112
90-Deg Gage FO-01 FO-03 FO-05 FO-07
Value -383.5 -219.8 -218.2
Gage CS-02 CS-04 CS-06 CS-08
Value -41 -29 -69 -106
270-Deg |Gage FO-02 FO-04 FO-06 FO-08
Value -228.2 -86.7 -163.5
Average -217.6 -115.9 -174.0 -149.9
Average Fiber-Optic and Foil Concrete Strains for Tests 13, 14 and 15
Position 2-Inch 4-Inch 6-Inch 8-Inch
Test 13 -175.0 -127.8 -101.9 -214.4
Test 14 -158.0 -271.6 -252.9 -149.7
Test 15 -217.6 -115.9 -174.0 -149.9
Average -184.6 -162.7 -176.7 -167.4
n 8 11 10 11
High -41.0 -29.0 -69.0 5.0
Low -383.5 -433.7 -331.0 -315.7
Extreme Spread 342.5 404.7 262.0 320.7
Variance 15894.0 12234.1 10226.6| 9177.9
Standard Deviation 126.1 110.6 101.1 95.8
Coefficient of Variation -68.3 -68.0 -57.2 -57.2
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Figure B-59 Test Specimen 16, Post Test

Figure B-60 Test Specimen 16, Post Test
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Figure B-64 Test Specimen 17, Post Test
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Figure B-68 Test Specimen 18, Post Test
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Table B.10 Statistical Analysis of Steel Strains for Tests 16, 17 and 18

Test 16 Adjusted Steel Strains
Position 1-Inch 3-Inch | 5-Inch | 7-Inch|9-Inch
0-Deg Gage SS-01 SS-03 | SS-05 |SS-07|SS-09
Value 7,500 2136 | 1438 | 778 | 268
180-Deg Gage SS-02 | SS-04 | SS-06 [SS-08|SS-10
Value Broke 2147 | 1420 | 925 | 399
Average 7,500 2,142 | 1,429 | 852 | 334

Test 17 Adjusted Steel Strains
Position 1-Inch 3-Inch | 5-Inch | 7-Inch|9-Inch
0-Deg Gage SS-01 SS-03 | SS-05 |SS-07|SS-09
\Value 5,120 1,700 | 1,170 | 940 | 388
180-Deg Gage SS-02 SS-04 | SS-06 |SS-08|SS-10
Value 8,000 1,930 | 1,320 | 950 | 420
Average 6,560 1,815 (1,245 | 945 | 404

Test 18 Adjusted Steel Strains

Position 1-Inch 3-Inch | 5-Inch | 7-Inch|9-Inch
0-Deg Gage SS-01 SS-03 | SS-05 |SS-07|SS-09
Value 12,671 1,770 | 1,405 | 783 | 386

180-Deg Gage SS-02 SS-04 | SS-06 |SS-08|SS-10
Value 13,340 | 2,163 | 1,211 | 818 | 275

Average | 13,006 1,967 | 1,308 | 801 | 331

Adjusted Average Steel Strains for Tests 16, 17 and 18
Position 1-Inch 3-Inch [5-Inch |7-Inch |9-Inch
Test 16 7,500 1,815 1,429 852 334
Test 17 6,560 1,815 1,245 945 404
Test 18 13,006| 1,967| 1,308 801 331
n 5 6 6 6 6
High 13,340/ 2,163| 1438 950, 420
Low 5,120 1,700| 1,170, 778 268
Extreme Spread 8.220 463 268 172] 152
Average 9,022| 1,866| 1,327 866| 356
Variance 12,521,052/42,104| 13,041| 6,590| 4,435
Standard Deviation 3,539 205 114 81 67
Coefficient of Variation 39 11 9 9 19
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Table B.11 Statistical Analysis of Concrete Strains for Tests, 16, 17 and 18

Test 16 Adjusted Concrete Strains

Position 2-Inch 4-Inch 6-Inch 8-Inch
Gage CS-01 CS-03 CS-05 CS-07
Value -744 -6 -224 -74
90-Deg Gage FO-01 FO-03 FO-05 FO-07
Value -193.3| -186.7
Gage CS-02 CS-04 CS-06 CS-08
Value -295 -170 -28 -134
270-Deg Gage FO-02 FO-04 FO-06 FO-08
Value -176.8 -152.1
Average -519.5 -88.0 -155.5 -136.7
Test 17 Adjusted Concrete Strains
Position 2-Inch 4-Inch 6-Inch 8-Inch
Gage CS-01 CS-03 CS-05 CS-07
Value -286 -75 -96 -216
90-Deg Gage FO-01 FO-03 FO-05 FO-07
Value -144.2
Gage CS-02 CS-04 CS-06 CS-08
Value -49 -26 -53
270-Deg Gage FO-02 FO-04 FO-06 FO-08
Value -178.4
Average -286.0 -62.0 -61.0 -147.9
Test 18 Adjusted Concrete Strains
Position 2-Inch 4-Inch 6-Inch 8-Inch
Gage CS-01 CS-03 CS-05 CS-07
Value -270 -515 -226 -154
90-Deg Gage FO-01 FO-03 FO-05 FO-07
Value -195.4 -178.2
Gage CS-02 CS-04 CS-06 CS-08
Value -64 -59 -263
270-Deg Gage FO-02 FO-04 FO-06 FO-08
Value -114.8 -203.3 -180.5
Average -167.0 -275.1 -162.8 -193.9
Average Fiber-Optic and Foil Concrete Strains for Tests 16, 17 and 18
Position 2-Inch 4-Inch 6-Inch 8-Inch
Test 16 -519.5 -88.0 -155.5 -136.7
Test 17 -286.0 -62.0 -61.0 -147.9
Test 18 -167.0 -275.1 -162.8 -193.9
Average -331.8 -160.7 -136.9 -159.5
n 5 7 9 12
High -64.0 -6.0 -26.0 -53.0
Low -744.0 -515.0 -226.0 -263.0
Extreme Spread 680.0 509.0 200.0 210.0
Variance 62224.2 28780.2 7075.7 32194
Standard Deviation 2494 169.6 84 .1 56.7
Coefficient of Variation -75.2 -105.5 -61.4 -35.6
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Figure B-71 Test Specimen 20, Post Test
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Table B.12 Statistical Analysis of Steel Strains for Test 20

Test 19 Steel Strains (NO DATA)

Position 1-Inch | 3-Inch | 5-Inch | 7-Inch | 9-Inch
0-Deg Gage SS-01|SS-03|SS-05|SS-07 | SS-09
Value N/A N/A N/A | N/A N/A
180-Deg Gage SS-02 | SS-04 | SS-06 | SS-08 | SS-10
Value N/A N/A N/A | N/A N/A
Average | N/A N/A N/A | N/A N/A
Test 20 Steel Strains
Position 1-Inch | 3-Inch | 5-Inch | 7-Inch | 9-Inch
0-Deg Gage SS-01|SS-03|SS-05|SS-07 | SS-09
Value 770 716 590 360 165
180-Deg Gage SS-02 | SS-04 | SS-06 | SS-08 | SS-10
Value 1,000 | 745 | 550 352 180
Average | 885 | 731 570 356 173
Average Steel Strains for Tests 19 and 20
Position 1-Inch (3-Inch |5-Inch |7-Inch |9-Inch
Test 19 N/A N/A N/A  INJA  |N/A
Test 20 885 731 570 356 173
n 2 2 2 2 2
High 1,000 745 590 360 180
Low 770 716 550 352 165
Extreme Spread 230 29 40 8 15
Average N/A N/A N/A  IN/A  |N/A
Variance N/A N/A N/A  IN/JA  |N/A
Standard Deviation N/A N/A N/A N/A N/A
Coefficient of Variation N/A N/A N/A N/A N/A
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Table B.13 Statistical Analysis of Concrete Strains for Test 20
Test 19 Adiusted Concrete Strains (no data)

Position 2-Inch | 4-Inch | 6-Inch | 8-Inch
Gage CS-01 | CS-03 | CS-05 | CS-07
Value
90-Deg |Gage FO-01 | FO-03 | FO-05 | FO-07
Value
Gage CS-02 | CS-04 | CS-06 | CS-08
Value
270-Deg |Gage FO-02 | FO-04 | FO-06 | FO-08
\Value
Average

Test 20 Adjusted Concrete Strains

Position 2-Inch | 4-Inch | 6-Inch | 8-Inch
Gage CS-01 | CS-03 | CS-05 | CS-07
Value -39 -120 -102
90-Deg |Gage
Value
Gage CS-02 | CS-04 | CS-06 | CS-08
Value -60 -168 -210
270-Deg |Gage
\Value
Average -39.0 -90.0 -135.0 | -210.0
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Figure B-75 Test Specimen 22, Post Test

Figure B-76 Test Specimen 22, Post Test
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Table B.14 Statistical Analysis of Steel Strains for Test 22

Test 21 Steel Strains (Bond broke before test)

Position 1-Inch | 3-Inch | 5-Inch | 7-Inch | 9-Inch
0-Deg Gage SS-01|SS-03|SS-05|SS-07 | SS-09
Value N/A N/A N/A | N/A N/A
180-Deg Gage SS-02 | SS-04 | SS-06 | SS-08 | SS-10
Value 40 125 153 290 | 412
Average | N/A N/A N/A | N/A N/A
Test 22 Steel Strains
Position 1-Inch | 3-Inch | 5-Inch | 7-Inch | 9-Inch
0-Deg Gage SS-01|SS-03|SS-05|SS-07 | SS-09
Value 1,126 | 714 | 450 269 103
180-Deg Gage SS-02 | SS-04 | SS-06 | SS-08 | SS-10
Value 833 715 | 331 248 89
Average | 980 715 | 391 259 96
Average Steel Strains for Tests 21 and 22
Position 1-Inch (3-Inch |5-Inch |7-Inch |9-Inch
Test 21 N/A N/A N/A  INJA  |N/A
Test 22 980 715 391 259 96
Test 0 0 0 0 0
n 2 2 2 2 2
High 1,126| 7,500 2,060/ 1,420 560
Low 833 715 450, 269 103
Extreme Spread 293 714 331 248 89
Average 980 715 391 259 96
Variance N/A N/A N/A  IN/JA  |N/A
Standard Deviation N/A N/A N/A N/A N/A
Coefficient of Variation N/A N/A N/A N/A N/A
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Table B.14 Statistical Analysis of Concrete Strains for Test 22

Test 21 Adjusted Concrete Strains
Position 2-Inch | 4-Inch | 6-Inch | 8-Inch
Gage CS-01 | CS-03 | CS-05 | CS-07
Value
90-Deg |Gage
Value
Gage CS-02 | CS-04 | CS-06 | CS-08
Value
270-Deg |Gage
\Value
Average

Test 22 Adjusted Concrete Strains

Position 2-Inch | 4-Inch | 6-Inch | 8-Inch

Gage CS-01 | CS-03 | CS-05 | CS-07

Value -20 -131 -52 -74
90-Deg |Gage

Value

Gage CS-02 | CS-04 | CS-06 | CS-08

Value -28 -54 -21
270-Deg |Gage

\Value

Average -24.0 | -131.0 | -53.0 -47.5
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Figure B-80 Test Specimen 23, Post Test
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Figure B-83 Test Specimen 24, Post Test

Figure B-84 Test Specimen 24, Post Test
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Table B.15 Statistical Analysis of Steel Strains for Tests 23 and 24
Test 23 Adiusted Steel Strains

Position 1-Inch | 3-Inch | 5-Inch | 7-Inch | 9-Inch
0-Deg Gage SS-01 | SS-03|SS-05|SS-07 | SS-09
Value 681 369 | 265 167 60
180-Deg Gage SS-02 | SS-04 | SS-06 | SS-08 | SS-10
Value 458 N/A | 388 | 257 135
Average | 570 369 | 327 | 212 98

Test 24 Adjusted Steel Strains

Position 1-Inch | 3-Inch | 5-Inch | 7-Inch | 9-Inch

0-Deg Gage SS-01 | SS-03|SS-05|SS-07 | SS-09
Value 485 360 | 252 138 25

180-Deg Gage SS-02 | SS-04 | SS-06 | SS-08 | SS-10
Value 608 415 | 229 187 54
Average | 547 388 | 241 163 40

Average Adjusted Steel Strains for Tests 23 and 24

Position 1-Inch [3-Inch [5-Inch [7-Inch [9-Inch
Test 23 570 369 327 212 98
Test 24 547 388 241 163 40
n 4 3 4 4 4
High 681 415 388| 257 135
Low 458| 360 229 138 25
Extreme Spread 223 55 159 119 110
Average 558 381 284 187 69
Variance 10,986 870| 5,075 2,567| 2,199
Standard Deviation 105 30 71 51 47
Coefficient of Variation 19 8 25 27 68
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Table B.16 Statistical Analysis of Concrete Strains for Tests 23 and 24

Test 23 Adjusted Concrete Strains
Position 2-Inch 4-Inch 6-Inch 8-Inch
Gage CS-01 CS-03 CS-05 CSs-07
Value -26 -36 -23 -20
90-Deg |Gage
Value
Gage CS-02 CS-04 CS-06 CS-08
Value -15 =77 -61 -35
270-Deg |Gage
Value
Average -20.5 -56.5 -42.0 -27.5
Test 24 Adjusted Concrete Strains
Position 2-Inch 4-Inch 6-Inch 8-Inch
Gage CS-01 CS-03 CS-05 CS-07
Value -53 -1 -39 -13
90-Deg |Gage
Value
Gage CS-02 CS-04 CS-06 CS-08
Value -36 -44 -33
270-Deg |Gage
Value
Average -44.5 -11.0 -41.5 -23.0

Average Fiber-Optic and Foil Concrete Strains for Tests 23 and 24
Position 2-Inch 4-Inch 6-Inch 8-Inch

Test 23 -20.5 -56.5 -42.0 -27.5
Test 24 -44.5 -11.0 -41.5 -23.0
Average -32.5 -41.3 -41.8 -25.3
n 4 3 4 4
High -15.0 -11.0 -23.0 -13.0
Low -53.0 -77.0 -61.0 -35.0
Extreme Spread 38.0 66.0 38.0 22.0
Variance 260.3 1110.3 244.9 110.9
Standard Deviation 16.1 33.3 15.6 10.5
Coefficient of Variation -49.6 -80.6 -37.5 -41.7
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Figure B-88 Test Specimen 25, Post Test
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Figure B-92 Test Specimen 27, Post Test
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Table B.17 Statistical Analysis of Steel Strains for Tests 25 and 27
Test 25 Adiusted Steel Strains

Position 1-Inch | 3-Inch | 5-Inch | 7-Inch |9-Inch
0-Deg Gage SS-01 |SS-03|SS-05|SS-07 [SS-09
Value 6,010 | 2,396 | 1,714 | 1,144 | 505

180-Deg Gage SS-02 |SS-04 | SS-06 | SS-08 [SS-10
Value 2,340 |2,275| 1,890 | 1,345 | 535

Average | 4,175 |2,336| 1,802 | 1,245 | 520

Test 26 Steel Strains (NO DATA)
Position 1-Inch | 3-Inch | 5-Inch | 7-Inch |9-Inch
0-Deg Gage SS-01 | SS-03|SS-05|SS-07 [SS-09
\Value
180-Deg Gage SS-02 |SS-04 | SS-06 | SS-08 [SS-10
Value
Average 0 0 0 0 0

Test 27 Adjusted Steel Strains

Position 1-Inch | 3-Inch | 5-Inch | 7-Inch |9-Inch
0-Deg Gage SS-01 |SS-03|SS-05|SS-07 [SS-09
\Value 3,151 2,537 | 1,609 | 1,034 | 477

180-Deg Gage SS-02 |SS-04|SS-06|SS-08 (SS-10
\Value 2,867 N/A | 1,661 | 1,105 | 475

Average| 3,009 |2,537|1,635| 1,070 | 476

Average Steel Strains for Tests 25, 26 and 27
Position 1-Inch 3-Inch [5-Inch |7-Inch |9-Inch
Test 25 4,175 2,336| 1,802 1,245 520
Test 26 0 0 0 0 0
Test 27 3,009 2,537| 1,635 1,070 476
n 4 3 4 4 4
High 6,010/ 2,640, 1,910| 1,345 682
Low 2,340 2,275 1,714 1,144 505
Extreme Spread 3,670 365 196 201 177
Average 3,592 2,403| 1,719 1,157 498
Variance 2,711,445/17,194|14,910(17,782| 796
Standard Deviation 1,647 131 122 133 28
Coefficient of Variation 46 5 7 12 6
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Table B.18 Statistical Analysis of Concrete Strains for Tests 25 and 27

Test 25 Adjusted Concrete Strains

Position 2-Inch 4-Inch 6-Inch 8-Inch
Gage CS-01 CS-03 CS-05 CS-07
Value -180 -38 -278 -207
90-Deg Gage FO-01 FO-03 FO-05 FO-07
Value 2.3 -118.4 -164.8 -215.8
Gage CS-02 CS-04 CS-06 CS-08
Value -624 -370 -249
270-Deg Gage FO-02 FO-04 FO-06 FO-08
Value -304.7 -121.5
Average -160.8 -260.1 -270.9 -198.3
Test 26 Adjusted Concrete Strains (no data)
Position 2-Inch 4-Inch 6-Inch 8-Inch
Gage CS-01 CS-03 CS-05 CS-07
Value
90-Deg Gage FO-01 FO-03 FO-05 FO-07
Value
Gage CS-02 CS-04 CS-06 CS-08
Value
270-Deg Gage FO-02 FO-04 FO-06 FO-08
Value
Average
Test 27 Adjusted Concrete Strains
Position 2-Inch 4-Inch 6-Inch 8-Inch
Gage CS-01 CS-03 CS-05 CS-07
Value -192 -154 -125 -224
90-Deg |Gage
Value
Gage CS-02 CS-04 CS-06 CS-08
Value -170 -405 177
270-Deg |Gage
Value
Average -181.0 -154.0 -265.0 -200.5
Average Fiber-Optic and Foil Concrete Strains for Tests 25, 26 and 27
Position 2-Inch 4-Inch 6-Inch 8-Inch
Test 25 -160.8 -260.1 -270.9 -198.3
Test 26
Test 27 -181.0 -154.0 -265.0 -200.5
Average -168.9 -233.6 -268.6 -199.0
n 5 4 5 6
High 2.3 -38.0 -125.0 -121.5
Low -304.7 -624.0 -405.0 -249.0
Extreme Spread 307.0 586.0 280.0 127.5
Variance 12101.7 70094.2 15092.5 1993.5
Standard Deviation 110.0 264.8 122.9 44.6
Coefficient of Variation -65.1 -113.3 -45.7 -22.4
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Figure B-96 Test Specimen 28, Post Test
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Figure B-100 Test Specimen 29, Post Test
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Figure B-104 Test Specimen 30, Post Test
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Table B.19 Statistical Analysis of Steel Strains for Tests 28, 29 and 30
Test 28 Adiusted Steel Strains

Position 1-Inch | 3-Inch | 5-Inch | 7-Inch | 9-Inch
0-Deg Gage SS-01| SS-03 | SS-05|SS-07 | SS-09
Value 2,009 | 2,590 | 1,043 | 614 309

180-Deg Gage SS-02| SS-04 | SS-06|SS-08 | SS-10
Value 2,202 | 1,439 | 929 686 278

Average | 2,106 | 2,015 | 986 650 294

Test 29 Adjusted Steel Strains

Position 1-Inch | 3-Inch | 5-Inch | 7-Inch | 9-Inch

0-Deg Gage SS-01| SS-03 | SS-05|SS-07 | SS-09
Value N/A 1,307 848 465 177

180-Deg Gage SS-02| SS-04 | SS-06 | SS-08 | SS-10
Value N/A N/A 872 543 216
Average | N/A 1,307 860 504 197

Test 30 Adjusted Steel Strains

Position 1-Inch | 3-Inch | 5-Inch | 7-Inch | 9-Inch
0-Deg Gage SS-01| SS-03 | SS-05|SS-07 | SS-09
Value 2,550 | 2,060 | 1,320 | 885 443

180-Deg Gage SS-02| SS-04 | SS-06|SS-08|SS-10
Value 1,950 937 1,340 | 902 N/A

Average | 2,250 | 1,499 | 1,330 | 894 443

Average Adiusted Steel Strains for Tests 28, 29 and 30

Position 1-Inch [3-Inch [5-Inch |7-Inch |9-Inch
Test 28 2,106 2,015 986 650 294
Test 29 N/A 1,307 860 504 197
Test 30 2,250 1,499 1,330 894 443
n 4 5 6 6 5
High 2,550/ 2,590 1,340 902 443
Low 1,950 937 848 465 177
Extreme Spread 600 1,653 492 437 266
Average 2,178/ 1,667 1,059 683 285
Variance 73,168| 430,215| 48,745| 32,132| 10,503
Standard Deviation 270 656 221 179 102
Coefficient of Variation 12 39 21 26 36
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Table B.20 Statistical Analysis of Concrete Strains for Tests 28, 29 and 30

Test 28 Adjusted Concrete Strains
Position 2-Inch 4-Inch 6-Inch 8-Inch
Gage CS-01 CS-03 CS-05 CS-07
Value -49 -86 -65
90-Deg Gage FO-01 FO-03 FO-05 FO-07
Value -96.1 -295.4
Gage CS-02 CS-04 CS-06 CS-08
Value -90 -32 =77 -161
270-Deg Gage FO-02 FO-04 FO-06 FO-08
Value -172.8 -86.1 -121.4
Average -103.9 -59.0 -81.1 -192.6
Test 29 Adjusted Concrete Strains
Position 2-Inch 4-Inch 6-Inch 8-Inch
Gage CS-01 CS-03 CS-05 CS-07
Value -34 -46 -103 -146
90-Deg |Gage
Value
Gage CS-02 CS-04 CS-06 CS-08
Value -21 -126 -163
270-Deg |Gage
Value
Average -34.0 -33.5 -114.5 -154.5
Test 30 Adjusted Concrete Strains
Position 2-Inch 4-Inch 6-Inch 8-Inch
Gage CS-01 CS-03 CS-05 CS-07
Value -364 -180 -122 -137
90-Deg |Gage
Value
Gage CS-02 CS-04 CS-06 CS-08
Value -528 -398 -69 -168
270-Deg |Gage
Value
Average -446.0 -289.0 -95.5 -152.5
Average Fiber-Optic and Foil Concrete Strains for Tests 28, 29 and 30
Position 2-Inch 4-Inch 6-Inch 8-Inch
Test 28 -103.9 -59.0 -81.1 -192.6
Test 29 -34.0 -33.5| -114.5 -154.5
Test 30 -446.0 -289.0 -95.5 -152.5
Average -206.3 -127.2 -93.0 -170.2
n 6 6 8 7
High -34.0 -21.0 -65.0 -121.4
Low -528.0 -398.0 -126.0 -295.4
Extreme Spread 494.0 377.0 61.0 174.0
Variance 39487.8 20950.6 529.1 3313.6
Standard Deviation 198.7 144.7 23.0 57.6
Coefficient of Variation -96.3 -113.8 -24.7 -33.8
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Figure B-107 Test Specimen 31, Post Test
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Figure B-108 Test Specimen 31 Post Test
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Figure B-112 Test Specimen 32, Post Test
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Figure B-116 Test Specimen 33, Post Test

259



Strain (micro strains)

Strain (micro strains)

3,500
3,000
2,500
2,000
1,500
1,000+

500

1-Inch 3-Inch S5-Inch 7-Inch 9-Inch

From the Bottom

Figure B-117 Adjusted Steel Strains, Test 33

=20
-40-
-607]
-80
-100-
-120
-140-

_1 60 _“
2-Inch 4-Inch 6-Inch 8-Inch

From the Bottom

E 0-Deg
H 180-Deg
O Average

E 90-Deg Foil
H 270-Deg Foil
H Average

Figure B-118 Adjusted Concrete Strains, Test 33

260




Table B.21 Statistical Analysis of Steel Strains for Tests 31, 32 and 33

Test 31 Adjusted Steel Strains
Position 1-Inch | 3-Inch |5-Inch|7-Inch|9-Inch
0-Deg Gage SS-01 | SS-03 |SS-05(SS-07(SS-09
Value 4,248 986 | 699 | 411 | 232
180-Deg Gage SS-02 | SS-04 |SS-06({SS-08({SS-10
Value 1,262 971 712 | 481 171
Average | 2,755 979 | 706 | 446 | 202

Test 32 Adjusted Steel Strains
Position 1-Inch | 3-Inch |5-Inch|7-Inch|9-Inch
0-Deg Gage SS-01 | SS-03 |SS-05(SS-07(SS-09
Value 1,164 824 | 585 | 381 128
180-Deg Gage SS-02 | SS-04 |SS-06({SS-08({SS-10
Value 1,090 811 767 | 335 | 183
Average 1,127 818 | 676 | 358 | 156

Test 33 Adjusted Steel Strains
Position 1-Inch | 3-Inch |5-Inch|7-Inch|9-Inch
0-Deg Gage SS-01 | SS-03 |SS-05(SS-07(SS-09
Value 3,400 1,480 | 707 | 392 | 175
180-Deg Gage SS-02 | SS-04 |SS-06|{SS-08({SS-10
Value N/A N/A | 750 | 470 | 258
Average | 3,400 1,480 | 729 | 431 | 217

Average Adiusted Steel Strains for Tests 31, 32 and 33
Position 1-Inch 3-Inch |5-Inch |7-Inch |9-Inch
Test 31 2,755 979 706| 446| 202
Test 32 1,127 818/ 676| 358 156
Test 33 3,400| 1,480, 729 431 217
n 5 5 6 6 6
High 4,248 1,480 750 470 258
Low 1,090 811| 585 335 128
Extreme Spread 3,158 669 165 135 130
Average 2,233| 1,014, 703 412 191
Variance 2,203,541\ 74,274| 4,068| 3,083| 2,172
Standard Deviation 1,484 273 64 56 47
Coefficient of Variation 66 27 9 13 24
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Table B.22 Statistical Analysis of Concrete Strains for Tests 31, 32 and 33

Test 31 Adjusted Concrete Strains
Position 2-Inch 4-Inch 6-Inch 8-Inch
Gage CS-01 CS-03 CS-05 CSs-07
Value -151 -49 -24 -119
90-Deg Gage FO-01 FO-03 FO-05 FO-07
Value -129.0 -97.8
Gage CS-02 CS-04 CS-06 CS-08
Value -183 -58 -28 -32
270-Deg Gage FO-02 FO-04 FO-06 FO-08
Value -104.8
Average -167.0 -85.2 -26.0 -82.9
Test 32 Adjusted Concrete Strains
Position 2-Inch 4-Inch 6-Inch 8-Inch
Gage CS-01 CS-03 CS-05 CS-07
Value -141 -96 -74 -49
90-Deg |Gage
Value
Gage CS-02 CS-04 CS-06 CS-08
Value -145 -50 -88
270-Deg |Gage
Value
Average -141.0 -120.5 -62.0 -68.5
Test 33 Adjusted Concrete Strains
Position 2-Inch 4-Inch 6-Inch 8-Inch
Gage CS-01 CS-03 CS-05 CSs-07
Value -47 -28 -150 -65
90-Deg |Gage
Value
Gage CS-02 CS-04 CS-06 CS-08
Value -76 -15 -120 -65
270-Deg |Gage
Value
Average -61.5 -21.5 -135.0 -65.0
Average Fiber-Optic and Foil Concrete Strains for Tests 31, 32 and 33
Position 2-Inch 4-Inch 6-Inch 8-Inch
Test 31 -167.0 -85.2 -26.0 -82.9
Test 32 -141.0 -120.5 -62.0 -68.5
Test 33 -61.5 -21.5 -135.0 -65.0
Average -119.6 -78.1 -74.3 -73.7
n 5 8 6 7
High -47.0 -15.0 -24.0 -32.0
Low -183.0 -145.0 -150.0 -119.0
Extreme Spread 136.0 130.0 126.0 87.0
Variance 3158.8 2263.2 2616.7 889.2
Standard Deviation 56.2 47.6 51.2 29.8
Coefficient of Variation -47.0 -60.9 -68.8 -40.5
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