
EFFECTS OF VARIATION IN LOAD HISTORY 
ON 

CYCLIC RESPONSE OF CONCRETE FLEXURAL MEMBERS 

BY 

TZE-HOW HWANG 

and 

C. F. SCRIBNER 

A Report on a Research Project Sponsored by the 
NATIONAL SCIENCE FOUNDATION 

Research Grant No. CME - 8006711 

University of Illinois at Urbana-Champaign 
Urbana, Illinois 

September 1982 

REPRODUCED BY 

NATIONAL TECHNICAL 
INFORMATION SERVICE 

u.s. DEPARTMENT OF COMMERCE 
SPRINGFiElD, VA. 22161 

PB83-153403 





50272 -101 

REPORT DOCUMENTATION /1. !EPORT NO. 
PAGE UILU-ENG-82-20l3 

4. Title and Subtitle 5. RepOrt o.t. 
/ 

Effects of Variation in Load History on Cyclic Response of September 1982 
Concrete Flexural Members 

--_._---------------
7. Author(.) 

------------.-------------- I---------------..j a. P.rformln. O .... nlz.tlon Rept. No. 

Tze-How Hwang and C. F. Scribner 
!-~p.tformin. Or •• nlz.tlon Name and·-;A;-:;d::dr=e-:::.s:------------------------+-IO-.-P-ro-j-ect-/T-.-S-k/-W-O-rk-U-n-It-N-Q-,.---~ 

University of Illinois at Urbana-Champaign 
Department of Civil Engineering 
208 N. Romine St. 
Urbana, IL 61801 

12. Sponsorln8 O .... nb;.tlon Nem. and Addre .. 

National Science Foundation 
Washington, DC 20550 

15. Supplement.ry Note. 

11. Contrac:t(C) or Grant(O) No. 

(C) 

(G) CME-8006711 
11. Type of Report & Period Covered 

14. 

1-:----------------.---------- -.----.---.---.- .... , .. 
-16. Abetrac:t (LImit: 200 wordll) 

-- .. -- .... ----------------1 

Eleven reinforced concrete cantilever beam specimens were constructed and subjected 
to different load histories to study the·. effect of load history on the total energy 
dissipation capacity of flexural members under inelastic cyclic loading. Major variables 
included in this study were load history and maximum shear stress applied to the members. 
Four different load histories and three levels of maximum shear stress were used. Both 
variables were found to significantly affect the total amount of energy a specimen was 
able to dissipate prior to failure. The results of these tests indicated that. if member 
maximum displacement did not exceed 2 percent of its shear span length, severe 
deterioration of member shear strength would not take place within the number of cycles 
of load that a structural member could reasonably be expected to experience during a 
severe earthquake. 

r-----------------------------------------------------------------------..j 17. Document Anelysl. •• Oesc:rlptors 
Cyclic Loading, Displacement History, Ductile Moment Frames, Dynamic Response, Earthquake 
Resistant Design, Energy Dissipation Capacity, Inelastic Response, Reinforced Concrete 
Stiffness Deterioration 

b. Id.ntifiers/Open·Ended Terms 

c. COSATI Field/Group 

~-----------------------------~-------------------------._-------------------------r----------------~ 
19. Security Cle .. (Thi. Report) 21. No. of P •••• 18. Avalleblllty Statement 

Release Unlimited 

(Se. ANSI-Z39.18) 

Unclass~i=f=i~e~d~ ________ 1-----2-3-1------.---
20. Security Cless (This Pase) 

Unclassified 
Saa Instructions on Reverse 

22. Pric. 

OPTIONAL FORM 272 (4-77) 
(Formerly NTIS-·35) 
Department of Commerce 





ACKNOWLEDGMENT 

This report was prepared as a doctoral dissertation by Tze-How Hwang 

under the supervision of C. F. Scribner, Assistant Professor of Civil 

~ Engineering, and was submitted to the Graduate College of the University 

of Illinois ,at Urbana-Champaign in partial fulfillment of the requirements 

for the Ph.D. degree. Support for this work was provided by the National 

Science Foundation under grant CME-8006711. All opinions expressed in 

this report are solely those of the authors and do not necessarily 

represent the views of the National Science Foundation. 

The authors would like to thank Professors Gamble, Pecknold and 

Schnobrich for their suggestions and assistance. The experimental work 

was conducted at the Nathan M. Newmark Civil Engineering Laboratory of 

the University of Illinois at Urbana-Champaign. Help from Mr. G. H. 

Lafenhagen, Mr. O. H. Ray and his staff for setting up instrumentation, 

data recording circuits, and for fabricating test specimens and hardware 

is gratefully acknowledged. 





iv 

TABLE OF CONTENTS 

CHAPTER Page 

1. 

2. 

3. 

INTRODUCTION ....................................... 
1.1 GENERAL ........................................ 
1.2 OBJECTIVES AND SCOPE ........................... 

.................... 1.3 REVIEW OF PREVIOUS RESEARCH 

OUTLINE OF EXPERIMENTAL WORK ....................... 
2.1 INTRODUCTION ................................... 
2.2 DESCRIPTION OF THE SPECIMENS ................... 
2.3 VARIABLES ...................................... 

2.3.1 LOAD HISTORY ............................. 
2.3.2 SHEAR STRESS LEVEL ....................... 

2.4 DATA ACQUISITION ............................... 
2.5 TEST SET UP AND TEST PROCEDURES ................ 
TEST RESULTS ....................................... 
3.1 

3.2 

INTRODUCTION ................................... 
RECORDED DATA ••••••••••••••••••••••••••• . . . . . . . 
3.2.1 LOAD-DEFLECTION CURVES ................... 

1 

1 

3 

4 

8 

8 

8 

9 

9 

12 

13 

14 

15 

15 

15 

15 

3 .2 .2 STRAIN· IN REINFORCEMENT •••••••••••••••••• 18 

3.2.3 READINGS FROM LVDTs OVER THE HINGING ZONE 22 

3.3 OBSERVATIONS OF SPECIMEN BEHAVIOR •••••••••••••• 22 

3.3.1 CRACK PATTERN 

3.3.2 FAILURE MODES 

............................ 

............................ 
22 

25 

3.4 DESCRIPTION OF INDIVIDUAL SPECIMEN BEHAVIOR •••• 27 



4. FLEXURAL AND SHEAR DISPLACEMENT IN THE HINGING 

5. 

ZONE ............................................... 
4.1 INTRODUCTION · ................................. . 
4.2 FLEXURAL AND SHEAR DISPLACEMENT •••••• 

4.3 COMPARISON OF CALCULATED AND MEASURED 

. . . . . . . . . . 

DEFLECTIONS .................................... 
4.4 GENERAL BEHAVIOR CHARACTERISTICS ............... 

4.4.1 ONE-DIRECTION LOADING .................... 
4.4.2 LOADING REVERSAL ......................... 

4.5 EFFECTS OF SHEAR STRESS LEVEL .................. 
4.6 EFFECTS OF LOAD HISTORY 

BOND AND ANCHORAGE BEHAVIOR 

· ...................... . 
· ...................... . 

5.1 

5.2 

INTRODUCTION · ................................. . 
BOND STRES S •••••••••••••••••••••••••••••• . . . . . . 

v 

Page 

41 

41 

42 

43 

45 

45 

47 

51 

54 

57 

57 

57 

5.3 ELONGATION OF LONGITUDINAL REINFORCEMENT ••••••• 61 

6. 

7. 

5.4 FIXED END ROTATION ............................. 
ENERGY DISSIPATION CAPACITY · ...................... . 
6.1 INTRODUCTION 

6.2 WORK INDEX 

6.3 ENERGY INDEX 

· ................................. . 
................................ 

· ................................. . 
6.4 FACTORS AFFECTING ENERGY INDEX ................. 
6.5 SUMMARY ........................................ 

............................. SUMMARY AND CONCLUSION 

7.1 OBJECT AND SCOPE ............................... 
7.2 SUMMARY ........................................ 

7.2.1 OUTLINE OF EXPERIMENTAL WORK ............. 

67 

70 

70 

72 

74 

76 

79 

80 

80 

80 

80 



7.2.2 OBSERVED SPECIMEN BEHAVIOR •••••••••••• 

7.2.3 FLEXURAL AND SHEAR DEFORMATION OF THE 

. . . 

HINGING ZONE ............................. 
7.2.4 BOND AND ANCHORAGE BEHAVIOR · ............ . 
7.2.5 ENERGY DISSIPATION CAPACITY · ............ . 

7.3 CONCLUSION ..................................... 
TABLES ................................................. 
FIGURES 

APPENDIX 

A. 

B. 

C. 

................................................ 

. .......................... . MATERIAL PROPERTIES 

SPECIMEN DESIGN . .............................. . 
SPECIMEN FABRICATION & TEST SETUP · ............ . 

D. CALCULATION OF FLEXURAL AND SHEAR 

DEFORMATION OF A HINGING ZONE .................. 
REFERENCES ............................................. 

vi 

Page 

82 

83 

84 

86 

87 

89 

100 

202 

214 

217 

225 

227 

VITA •••••••.••••••••••••••••••••••••••••••••••••••••••• 232 



vii 

LIST OF TABLES 

Page 

Reinforcement Details ........................... 89 

Table 

2.1 

2.2 Design Shear Stress, and Testing Schedule ••••• 89 

3.1 Calculated and Measured Yield Moments ••••••••••• 90 

3.2 

3.3 

4.1(a) 

4.1(b) 

4.1(c) 

Shear Strength of Specimens ..................... 
Selected Testing Parameters and Test Results 

Calculated Deflection Components for First 

Quarter-Cycle of Load - Specimen Sl-4 · .......... 
Calculated Deflection Components for First 

Quarter-Cycle of Load - Specimen S2-2 · .......... 
Calculated Deflection Components for First 

Quarter-Cycle of Load - Specimen S3-2 · .......... 
5.1 Comparison of Maximum Average Bond Stress First 

Reached in Region II and Region III During the 

91 

92 

93 

94 

95 

First Quarter-Cycle of Load ••••••••••••••••••••• 96 

5.2 Comparison of the Beam Total Displacement and 

Beam Displacement due to Fixed End Rotation, 

and due to Flexural Deformation ••••••••••••••••• 97 

6.1 Energy Dissipation Capacity ••••••••••••••••••••• 98 

6.2 Test Results from Three Sources •.••••••••••••••• 99 

A.l Measured Properties from Steel Coupon ••••••••••• 204 

A.2 Measured Average Concrete Properties •••••••••••• 205 



viii 

LIST OF FIGURES 

Figure Page 

2.1 Specimen Configuration and Dimension ••••••••••• 100 

2.2 

2.3 

2.4 

2.5 

3.1(a) 

3.1(b) 

3.1(c) 

3.1(d) 

3.1(e) 

3.1(f) 

3.1(g) 

3.1(h) 

3.1(i) 

3.1(j) 

3.1(k) 

3.1(1) 

Relationship Between Story Drift and 

Structural Member Displacement ••••••••••••••••• 101 

Deflection Schedule •••••••••••••••••••••••••••• 102 

LVDTs Positioned Over Beam Hinging Zone •••••••• 103 

Strain Gage Locations •••••••••••••••••••••••••• 104 

Load-Deflection Relationship, Specimen Sl-l 105 

Load-Deflection Relationship, Specimen Sl-l 106 

Load-Deflection Relationship, Specimen Sl-2 

Load-Deflection Relationship, Specimen Sl-4 

Load-Deflection Relationship, Specimen S2-l 

Load-Deflection Relationship, Specimen S2-l 

Load-Deflection Relationship, Specimen S2-2 

Load-Deflection Relationship, Specimen S2-3 

Load-Deflection Relationship, Specimen S2-4 

Load-Deflection Relationship, Specimen S3-l 

Load-Deflection Relationship, Specimen S3-l 

Load-Deflection Relationship, Specimen S3-2 

· ... 
· ... 

· ... 

107 

108 

109 

110 

III 

112 

113 

114 

115 

116 

3.l(m) Load-Deflection Relationship, Specimen S3-3 117 

3.l(n) Load-Deflection Relationship, Specimen S3-4 118 

3.2 Applied Load vs. Strain at the Face of the 

Enlarged End Block in Top Longitudinal 

Reinforcement, Specimen Sl-4 ••••••••••••••••••• 119 



ix 

Page 
3.3 Applied Load vs. Strain at the Face of the 

Enlarged End Block in Bottom Longitudinal 

Reinforcement, Specimen S3-1 ••••••••••••••••••• 120 

3.4(a) Applied Load vs. Strain in Top Longitudinal 

Reinforcement in Hinging Zone, Specimen S3-4 ••• 121 

3.4(b) Applied Load vs. Strain in Bottom 

Longitudinal Reinforcement in Hinging Zone, 

Specimen 83-4 .....•............................ 122 

3.5(a) Applied Load vs. Strain at the Beginning of 

the Hook in Top Longitudinal Reinforcement, 

Specimen S2-3 .................................. 123 

3.5(b) Applied Load vs. Strain at the Beginning of 

the Hook in Bottom Longitudinal 

Reinforcement, Specimen S2-3 ••••••••••••••.•••• 124 

3.6(a) Load-Point Deflection vs. Stirrup Strain, 

Specimen 52-1 ........•......................... 125 

3.6(b) Load-Point Deflection vs. Stirrup Strain, 

Specimen S2-1 .................................. 126 

3.6(c) Load-Point Deflection vs. Stirrup Strain, 

3.7 

3.8(a) 

Specimen S2-1 .................................. 127 

Formation of Cracks During the First Cycle 

Typical Crack Pattern of Group I Specimens 

128 

at Conclusion of Test •••••••••••••••••••••••••• 129 

3.8(b) Typical Crack Pattern of Group II Specimens 

at Conclusion of Test •••••••••••••••••••••••••• 129 

3.8(c) Typical Crack Pattern of Group III Specimens 



x 

Page 

at Conclusion of Test ••••••••••••••••••••.••••• 130 

3.9 Specimen Sl-l at Conclusion of Test ............ 
3.10 Strains Along the Top Longitudinal 

Reinforcement in the Enlarged End Block 

130 

after 50 Cycles of Load, Specimen Sl-l ••••••••• 131 

3.11 Specimen Sl-2 During the First Load Cycle •••••• 132 

3.12 Specimen Sl-2 at Conclusion of Test •••••••••••• 132 

3.13 Applied Load vs. Strain at the Beginning of 

the Hook in Top Longitudinal Reinforcement, 

Specimen 81-2 .................................. 133 

3.14 Specimen Sl-4 at the Maximum Positive 

Displacement of Tenth Load Cycle ••••••••••••••• 134 

3.15 Specimen S2-1 at the Conclusion of First 

Load Cycle ...................•................. 134 

3.16 Specimen S2-1 at the Conclusion of Tenth 

Load Cycle ..................................... 135 

3.17 Specimen S2-2 at the Maximum Positive 

Displacement of First Load Cycle ••••••••••••••• 135 

3.18 Applied Load vs. Stirrup Strain, 

Specimen S2-3 .................................. 136 

3.19 Specimen S2-3 at Maximum Negative 

Displacement of 11th Load Cycle •••••••••••••••• 137 

3.20 Specimen S2-4 at Conclusion of First 

Load Cycle ..................................... 137 

3.21 Specimen S2-4 at Maximum Positive 

Displacement of Sixth Load Cycle ••••••••••••••• 138 



3.22 Specimen S3-l at the Conclusion of 

Tenth Load Cycle ............................... 
3.23 Specimen S3-1 at the Conclusion of 

xi 

Page 

138 

50th Load Cycle •••••••••••••••••••••••••••••••• 139 

3.24 Specimen S3-2 at the Maximum Negative 

Displacement of Second Load Cycle .............. 139 

3.25 Specimen S3-2 During the Fourth 

Load Cycle .•................................... 140 

3.26 Specimen 53-3 at the Maximum Negative 

Displacement of First Load Cycle ••••••••••••••• 140 

3.27 Applied Load vs. Stirrup Strain, 

Specimen S3-3 .................................. 
3.28 Specimen S3-4 at Maximum Positive 

Displacement of Second Load Cycle .............. 
3.29 Specimen S3-4 During Fourth Load Cycle 

3.30 Applied Load vs. Stirrup Strain, 

Specimen S3-4 .................................. 
4.1 Pure Flexural Displacement in the Hinging 

4.2 

4.3(a) 

4.3(b) 

4.3(c) 

Zone ........................................... 
Pure Shear Displacement of the Hinging Zone .... 
Components of Deflection During First 

Quarter-Cycle of Load, Specimen Sl-4 · .......... 
Components of Deflection During First 

Quarter-Cycle of Load, Specimen S2-2 · .......... 
Components of Deflection During First 

Quarter-Cycle of Load, Specimen S3-2 · .......... 

141 

142 

142 

143 

144 

144 

145 

146 

147 



xii 

Page 
4.4(a) Flexural and Shear Displacement in the 

Hinging Zone, Specimen Sl-4 •••••••••••••••••••• 148 

4.4(b) Flexural and Shear Displacement in the 

Hinging Zone, Specimen S2-2 •••••••••••••••••••• 149 

4.4(c) Flexural and Shear Displacement in the 

Hinging Zone, Specimen S3-2 •••••••••••••••••••• 150 

4.5 Relationship Between Applied Load and 

Shear Displacement in the Hinging Zone, 

Specimen Sl-4 ................................. . 

4.6 

4.7 

Shear-Carrying Mechanism of Test Specimen 

Assumed Hinging Zone Behavior Under 

...... 

Loading Reversal ••••••••••••••••••••••••••••••• 

4.8 Relationship Between Applied Load and 

Flexural Displacement of the Hinging Zone, 

151 

152 

153 

Specimen Sl-4 •••••••••••••••••••••••••••••••••• 154 

4.9 Assumed Flexure-Resisting Mechanism •••••••••••• 155 

4.10 Applied Load vs. Shear Displacement of 

the Hinging zone,Specimen Sl-4, S2-4, S3-4 ••••• 156 

4.11 Comparison of Hinging Zone Shear 

Displacement, Specimen Sl-4, S2-4, S3-4 •••••••• 157 

4.12 Displacement Components vs. Number of 

Load Cycles, Specimen Sl-l ••••••••••••••••••••• 158 

4.13 Displacement Components vs. Number of 

Load Cycles, Specimen S2-1 ••••••••••••••••••••• 159 

4.14 Displacement Components vs. Number of 

Load Cycles, Specimen S3-1 ••••••••••••••••.•••• 160 



xiii 

Page 

4.l5(a) Applied Load vs. Flexural Displacement of 

the Hinging Zone, Specimen S3-l · ............... 161 

4.l5(b) Applied Load vs. Shear Displacement of 

the Hinging Zone, Specimen S3-l · ............... 162 

4.l6(a) Applied Load vs. Flexural Displacement of 

the Hinging Zone, Specimen S3-2 · ............... 163 

4.l6(b) Applied Load vs. Shear Displacement of 

the Hinging Zone, Specimen S3-2 · ............... 164 

4.l7(a) Applied Load vs. Flexural Displacement of 

the Hinging Zone, Specimen S3-3 · ............... 165 

4.l7(b) Applied Load vs. Shear Displacement of 

the Hinging Zone, Specimen S3-3 · ............... 166 

4.l8(a) Applied Load vs. Flexural Displacement of 

the Hinging Zone, Specimen S3-4 · ............... 167 

4.l8(b) Applied Load vs. Shear Displacement of 

the Hinging Zone, Specimen S3-4 ••••••••••••.••• 168 

5.1 Strain and Stress Variation Along Top 

Longitudinal Reinforcement in the 

Enlarged End Block, Specimen Sl-4 .............. 
5.2 Strain and Stress Variation Along Top 

Longitudinal Reinforcement in the 

Enlarged End Block, Specimen S2-2 .............. 
5.3 Strain and Stress Variation Along Top 

Longitudinal Reinforcement in the 

Enlarged End Block, Specimen 83-2 

169 

170 

171 

5.4 Locations of Region I,II,III,IV •••••••••••••••• 172 



xiv 

Page 
5.5 Average Bond Stress vs. Load-Point 

Deflection, Specimen Sl-4 •••••••••••••••••••••• 173 

5.6 Average Bond Stress vs. Load-Point 

Deflection, Specimen S2-2 •••••••••••••••••••.•• 174 

5.7 Average Bond Stress vs. Load-Point 

Deflection, Specimen S3-2 •••••••••.•••••••••••• 175 

5.S Components of Anchorage Force During First 

Quarter-Cycle, Specimen Sl-4 ••••••••••••••••••• 176 

5.9 Components of Anchorage Force During First 

Quarter-Cycle, Specimen S2-2 ••••••••••••••••••• 177 

5.10 

5.11 

5.12 

Components of Anchorage Force During First 

Quarter-Cycle, Specimen S3-2 ••••••••••••••••••• 178 

Assumed Linear Strain Distribution for 

Determining Elongation of the Top 

Longitudinal Reinforcement •••••••••.••••••••••• 179 

Calculated Elongation of Top Longitudinal 

Reinforcement in the Enlarged End Block 

vs. Measured Steel Strain for No. 7 Bars ••••• ISO 

5.13(a) Applied Load vs. Top Longitudinal 

Reinforcement Elongation During First 

Cycle, Specimen S3-4 ••••••••••••••••••••••••••• 181 

5.13(b) Load-Point Deflection vs. Top Longitudinal 

Reinforcement Elongation During First 

Cycle, Specimen S3-4 ••••••••••••••••••••••••••• lS2 

5.14(a) Applied Load vs. Top Longitudinal 

Reinforcement Elongation, Specimen S3-4 •••••••• lS3 



5.14(b) Load-Point Deflection vs. Top Longitudinal 

5.15 

Reinforcement Elongation, Specimen S3-4 

Calculated Shortening of the Bottom 

Longitudinal Reinforcement in the Enlarged 

End Block vs. Measured Steel Strain 

xv 

Page 

184 

for No. 6 Bars ..•............................. 185 

5.16 Applied Load vs. Bottom Longitudinal 

Reinforcement Elongation, Specimen S3-1 •••••••• 186 

5.17 Location in the Load-Deflection Curve 

Where Residual Steel Elongation is Taken 

During Each Cycle •••••••••••••••••••••••••••••• 187 

5.18 Residual Elongation of the Top Longitudinal 

Reinforcement in the Enlarged End Block vs. 

Number of Cycles ••••••••••••••••••••••••••••••• 188 

5.19 Residual Elongation of the Top Longitudinal 

Reinforcement in the Enlarged End Block vs. 

Number of Cycles ............................... 
5.20 Residual Elongation of the Top Longitudinal 

Reinforcement in the Enlarged End Block vs. 

189 

Number of Cycles ••••••••••••••••••••••••••••••• 190 

5.21 Applied Load vs. Fixed End Rotation, 

Specimen S3-1 .................................. 191 

5.22 Applied Load vs. Fixed End Rotation, 

Specimen 83-3 ...........•.•.................... 192 

6.1 Test Results Compared to Results Obtained 

by Six Other Researchers ....................... 193 



6.2 Def ini tions for K ,K , I:!. 
Y n n 

, I:!. .................. 
Y 

xvi 
Page 
194 

6.3 Maximum Shear Stress vs. Normalized 

Energy Index ••••••••••••••••••••••••••••••••••• 195 

6.4 Transverse Reinforcement Ratio vs. 

Normalized Energy Index ........................ 196 

6.5 Vs/v'm vs. Normalized Energy Index ............. 197 

6.6 Shear Span to Depth Ratio(a/d) vs. 

Normalized Energy Index •••••••••••••••••••••••• 198 

6.7 p/Pb vs. Normalized Energy Index ••••••••••••• 199 

6.8 Maximum Shear Stress vs. Normalized 

Modified Energy Index •••••••••••••••••••••••••• 200 

6.9 P / Pb vs. Normal ized Modified Energy Index ••• 201 

A.l(a) Typical Stress-Strain Curves for 

No. 2 and No. 6 Bars ••••••••••••••••••••••••• 206 

A.l(b) Typical Stress-Strain Curve for No. 3 Bars 207 

A.l(c) Typical Stress-Strain Curve for No. 5 Bars · ... 208 

A.l(d) Typical Stress-Strain Curve for No. 7 Bars · ... 209 

A.l(e) Typical Stress-Strain Curve for No. 2 Bars · ... 210 

A.l(f) Typical Stress-Strain Curve for No. 6 Bars · ... 211 

A.1(g) Typical Stress-Strain Curve for No. 7 Bars 212 

A.2 Typical Stress-Strain Curve for Concrete ....... 213 

C.l Completed Reinforcement Cage ................... 222 

C.2 Reinforcement Cage in Plywood Form Ready 

for Casting .................................... 222 

C.3 Test Setup and Loading Frame ................... 223 

C.4 Holding Fixture of Test Specimen ............... 224 

D.l Deformation of Hinging Zone .................... 226 



NOTATIONS 

~ bar area 

Av area of shear reinforcement within a distance S 

A area of tension reinforcement s 

A' area of compression reinforcement s 

b width of beam 

xvii 

d distance from extreme compression fiber to centroid 

of tension reinforcement 

d-d' distance between top and bottom reinforcement 

bottom steel elongation inside the enlarged end block 

top steel elongation inside the enlarged end block 

concrete modulus of elasticity obtained from 

cylinder tests 

E energy dissipated during n-th cycle 
n 

f' specified compressive strength of concrete 
c 

fh tensile stress developed by a standard hook 

f yield strength of reinforcement 
y 

G
c 

concrete shear modulus = 0.4 Ec 

H beam hinging zone length 

IE energy index 

IE modified energy index 

I' modified work index 
w 

K stiffness as defined in Fig.6.2 
n 

Ky stiffness as defined in Fig.6.2 

t' distance between beam hinging zone and-loading point 



~ beam shear span length 

~ equivalent embedment length of a hook 
e 

n number of load cycles in which Pn / Py ~ 0.75 

P beam strength as defined in Fig.6.2 n 

P beam yield strength as defined in Fig.6.2 y 

S spacing of stirrups 

xviii 

Sx-y group x specimen subjected to type y deflection schedule 

u average bond stress 

v applied shear force 

V nominal shear strength provided by concrete c 

~ maximum force applied to the beam during first 

quarter-cycle 

Vs Av fy ( d / S 

~l beam displacement caused by flexural deformation in 

the hinging zone 
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It is recognized that a reinforced concrete structure will 

generally experience localized inelastic deformations when it is 

subjected to strong ground motion. Because a structure's 

strength and its mode of failure can in most cases be inferred 

from the mode of failure of its individual elements, reinforced 

concrete structural members subjected to cyclic inelastic 

deformation have been investigated experimentally by numerous 

researchers. Over the last two decades, many simple structural 

members and subassemblages have been tested, and important 

information has been obtained. 

The major difference between the behavior of monotonically 

loaded and cyclically loaded members, shear stiffness 

deterioration, has been discussed considerably. Most members 

would not suffer shear distress if loaded monotonically to 

failure. However, under repeated and reversed large 

deflections, shear distress may limit the ductility of these 

members. In order to have a reinforced concrete member 

withstand certain cyclic inelastic deformations, sufficient 

shear capacity and beam core confinement should be provided to 

insure the integrity and ductility of the beam hinging zone. 
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The behavior of a reinforced concrete member under cyclic 

inelastic deformation is complex and difficult to quantify. 

Total deformation includes the flexural deformation and 

deformations due to bond slip and shear, etc. Furthermore, the 

ramdomness of concrete cracking and shear capacity degradation 

add to the complexity of the problem. Several hysteresis models 

have been proposed to describe the load-deflection behavior of a 

reinforced concrete member in the inelastic range. The 

complexity of many argues against their use; the simplicity of 

others gives rise to questions concerning their accuracy in 

predicting actual structure response. 

Besides predicting the hysteretic behavior of reinforced 

concrete members, estimation of the damage of a member is a 

subject of recent interest. It has been found that member 

monotonic ductility capacity can not adequately describe the 

capacity of the member to successfully endure inelastic cyclic 

loading. An alternative has been suggested in the form of 

empirical prediction of a member's total energy dissipation 

capacity. However, the total energy dissipation capacity of a 

member not only is a function of the basic properties of the 

materials and of the reinforcement details, but also may be a 

function of the number of loading excursions and peak 

deformations. Although many researchers have considered the 

behavior of reinforced concrete members subjected to cyclic 

inelastic deformation, they have all used unique load histories. 
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Currently there is no agreement as to which load history is most 

representative of seismic demand of a structural member. For 

this reason, this investigation was proposed to study the effect 

that load history may have on the total energy dissipation 

capacity of a member. 

1.2 OBJECTIVES AND SCOPE 

The primary objective of this investigation was to study 

experimentally the relationship between load history and total 

energy dissipation capacity of reinforced concrete flexural 

members. The secondary objective was to study the behavior of 

reinforced concrete flexural members subjected to various 

combinations of reversed inelastic loading in which maximum 

member displacements were 2% or 4% of shear span length. 

A total of eleven cantilever beam specimens were tested. 

Major variables were load history and beam shear stress level. 

The load histories and range of the shear stress selected in 

this study are discussed in Chapter 2. The general test results 

and a description of each test specimen's behavior are presented 

in Chapter 3. A discussion of the change of load-carrying 

mechanism which was reflected in the nature of flexural and 

shear deformations in the beam hinging zone is given in Chapter 

4. The anchorage behavior of the longitudinal reinforcement, 

based on the average bond stress. bond force and residual steel 

elongation during each cycle, is discussed in Chapter 5. 



Finally, an empirical expression based on the present test 

results was used to consider the effect of load history on the 

total energy dissipation capacity of the members proposed. Test 

results from previous research efforts in this field are 

considered in light of the relationships indicated by these 

tests and a uniform method of evaluation of performance for 

reinforced concrete members is presented in Chapter 6. 

1.3 REVIEW OF PREVIOUS RESEARCH 

There has been considerable research on the behavior of 

reinforced concrete members under inelastic reversed loading 

since the early 1960's. Research which has lead to the present 

investigation is discussed briefly below. 

Burns and Siess ( 14 ) were among the first researchers to 

consider inelastic behavior of reinforced concrete flexural 

members. Their test of 18 specimens, 3 of which were subjected 

to reversed loading, demonstrated the need for closely spaced 

ties to confine the core concrete, to insure member flexural 

ductility, and to prevent buckling of compression reinforcement. 

Those specimens tested to reversed loading were first subjected 

to load cycles in the elastic range, and were then loaded to 

large deflection reversals which caused failure of the specimens 

within 2 or 3 cycles of load application. 

Brown and Jirsa 13 conducted tests of twelve 

reinforced concrete cantilever beams subjected to various 
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loadings. The main variable was loading history, which included 

(1) monotonic loading to failure, (2) repeated loading in one 

direction, and (3) reversed cyclic loading. The maximum 

displacement amplitudes used for reversed cyclic loading were in 

the order of 5 or 10 times the yield displacement. The test 

results indicated that the behavior of the specimens under 

reversed loading was influenced primarily by shear. Failure of 

the specimens was initiated by large shear deformations along 

nearly vertical planes which were not crossed by stirrups. The 

ability of the test specimens to maintain load and energy 

absorbing capacities was significantly improved by reducing 

stirrup spacings within regions of inelastic hinging. 

Krawinkler and Popov ( 27 ) reported results from tests of 

nine reinforced concrete cantilever beams subjected to reversed 

loading. Three kinds of beams were tested; slender rectangular 

beams, a slender beam with monolithic slab, and short 

rectangular beams with high shear( maximum gross shear stress of 

approximately 6 ~ ). c 
A loading history consisting of cycles 

of step-wise increasing symmetric displacement was used. The 

test results showed that pinching of the load-deflection curves 

near zero load positions was caused mainly by low shear 

stiffness. They concluded that, in order to reduce shear 

stiffness degradation, adequate shear reinforcement should be 

provided. In addition, they speculated that slippage of the 

reinforcement in the zone of anchorage may have lead to 
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significant decrease in stiffness of the members during cyclic 

loading. 

In order to improve the hysteretic behavior of flexural 

members with high shear stresses, special web reinforcement 

which contained diagonal bracing in the beam hinging zone was 

proposed by Bertero, Popov and Wang HI ). Their tests 

indicated that considerable improvements in delaying and 

reducing the degradation effects of the reversals of high shear 

was accomplished. The total energy dissipated by each member 

was used as one means of comparing the performance of the 

members considered in these tests. However, it was pointed out 

that the total energy dissipation measured for each specimen 

depended strongly on the loading program used, and comparison of 

energies dissipated by specimens was meaningful only when their 

loading programs were similar. 

Scribner and Wight 36 attempted to delay shear 

strength decay by using intermediate longitudinal reinforcement 

in the beam hinging zone. One of the main variables included in 

their study was the maximum gross shear stress, which varied 

from 2 If' c to 6 If' . 
c 

The test results indicated that 

maximum shear stress level was the main factor influencing the 

response of the test specimens. Questions as to the effect of 

different loading histories on specimen deterioration rate, and 

on specimen total energy dissipation capacity were raised, but 

could not be answered on the basis of their results. 
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A method to evaluate the performance of reinforced 

concrete members under reversed loading was first proposed by 

Gosain et al ( 19 ). They tried to compare results of tests in 

which different load or displacement histories had been used by 

formulating a nondimemsionalized member capacity called "work 

index". The work index was used as a substitute measure of the 

actual energy dissipation capacity of the members. However, 

because they did not consider effects of loading history on the 

work index significant scatter of the data remained in their 

work. Banon et ale 8) attempted to predict the damage 

within a reinforced concrete frame based on structural component 

energy dissipation test results. However, as in Gosain's study, 

possible effects of loading history were not considered in their 

work. 
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CHAPTER 2 

OUTLINE OF EXPERIMENTAL WORK 

2.1 INTRODUCTION 

A brief description of the experimental work is given in 

this chapter. A more complete discussion of details is given in 

the appendices. 

2.2 DESCRIPTION OF THE SPECIMENS 

To simplify consideration of the problem, a specimen of 

cantilever type was chosen. The specimen consisted of an 

enlarged end block and the beam itself. The enlarged end block 

supported the beam, and provided anchorage for longitudinal 

reinforcement. The general configuration and overall dimensions 

of a typical specimen are shown in Fig. 2.1. 

The ACI Building Code 318-77 and its Appendix A ( 1, 2 

were used as a guide for designing all the specimens. A 

complete description of the specimen design is given in Appendix 

B. 

Grade 60 deformed bars were used to fabricate 

reinforcement for all specimens, with the exception of the 

transverse reinforcement used in Group I and Group II specimens. 

For Group I and Group II specimens, grade 40 plain No. 2 bars 

were used as transverse reinforcement. Reinforcement details 

for all the specimens are given in Table 2.1. Type I cement was 
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used for all concrete. The concrete mix was designed to yield 

an average of 4000 psi compression strength at 28 days. Details 

of material properties and stress-strain curves for both 

concrete and steel are given in Appendix A. 

2.3 VARIABLES 

Variables considered in this investigation were load 

history and shear stress level imposed on the member. This 

section discusses how the values of the variables were chosen, 

and the range of the shear stress levels was studied. 

2.3.1 LOAD HISTORY 

The selection of a load history for use in testing 

structural components which most nearly approximates the forces 

which the component might experience during a severe earthquake 

has long been a subject of controversy. Because of economic and 

practical considerations, it is unlikely that reinforced 

concrete members can be studied as extensively in low cycle 

flexural fatigue as have steel components. Derecho et ale 

( 16 ) investigated isolated structural walls, and proposed a 

representive loading program for use in static simulated 

earthquake loading tests. For the most part however, selection 

of a loading program to be used for studying the hysteretic 

behavior of reinforced concrete members has been somewhat 

arbitrary. 
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The load history of a member, sometimes equally correctly 

referred to as its displacement history, comprises the sum total 

of cycles of displacement and displacement amplitude during each 

cycle which the member experiences. For the case of reinforced 

concrete members subjected to cyclic inelastic flexure, the 

effects of load history on overall performance may be discovered 

by considering: (1) effects of amplitude per cycle of loading 

and (2) effects of changes in member performance resulting from 

changes in the sequence in which different displacement 

amplitudes are applied to the member. 

For the last two decades, ductility factors have been used 

as a common measurement of the magnitude of displacement in a 

given load history. The use of ductility factors to 

displacement magnitudes is sometimes misleading or 

describe 

open to 

can be interpretation for a variety of reasons. Ductility 

defined as a function of the yield displacement, yield rotation, 

or yield curvature of a member at a particular section. The 

resulting values of "ductility" do not necessarily indicate 

equal amounts of displacement. In addition, the yield 

deformation of a member is difficult to determine for members 

containing longitudinal reinforcement whose yield point is 

poorly defined. Therefore, ductility does not explicitly 

indicate the absolute magnitude of displacement. 

Either implicitly or explicitly, 

designed structures in such a way that the 

engineers have always 

maximum deformation 
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of the structure would not exceed some arbitrary maximum 

allowable deflection criterion for a given loading. An 

allowable deformation criterion may be expressed as a percentage 

of overall structure height, a percentage of member span length, 

or as an absolute maximum displacement. 

In the recent Applied Technology Council recommendations 

for design to resist seismic forces 7 ), a lateral 

displacement of 2% of the story height has been recommended as 

the maximum allowable story drift for buildings subjected to 

earthquakes. It may be shown that story drift of a building may 

be directly related to the displacement of a structural 

component as a percentage of the components shear span length. 

The geometry of this relationship is shown in Fig.2.2. 

Percentages of a given length are terms that can be quantified 

and communicated easily. Therefore, the percentages of the 

shear span length were used to describe the displacement 

magnitude in a load history. 

In previous research, load histories containing maximum 

displacements of between 5% and 10% of beam shear span length 

have been used in the testing of structural components. It is 

apparent that those load histories are much more severe than 

generally accepted displacement criteria would mandate. As a 

result, conclusions based on previous research could be too 

conservative. In order to determine the behavior of the 

reinforced concrete members under reasonable cyclic reversed 
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displacement and also have connection with the previous 

research, 2% and 4% of the shear span length uniform 

displacement, Type I and Type II load histories, as shown in 

Figs. 2.3{a) and (b) were used to study the effect of 

displacement magnitude on the specimen. The Type III and Type 

IV load histories, illustrated schematically in Fig. 2.3{c) and 

(d), were used to study the effect of displacement sequence on 

the members. 

2.3.2 SHEAR STRESS LEVEL 

It has been shown in previous research that members 

subjected to maximum gross shear stress levels less than 3 If' c 

show primarily flexural response with little tendency to develop 

significant planes of shear slippage: members with maximum gross 

shear stress levels greater than 6 If' c 
react primarily in 

shear, and were not able to endure enough cycles of repeated 

reversed loading to satisfy a consensus of load-carrying 

criteria{ 36 ). 

Therefore, the members were designed such that the maximum 

gross shear stresses in the beams were in the range of 3 If' c 

to 6 It' 
c 

Group I specimens, designed to have a maximum gross 

shear stress of approximately 3 If' , were referred to as low 
c 

shear specimens: Group II specimens, designed to have a maximum 

gross shear stress of approximately 4.5 1fT ., were referred to 
c 

as moderate shear specimens; Group III specimens, designed to 
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have a maximum gross shear stress of approximately 6 /f~ , were 

referred to as high shear specimens. The design shear stress 

and actual maximum gross shear stress developed in each specimen 

are given in Table 2.2. 

Due to the nature of the variables used in this study, a 

mark of "Sx-y" was used to designate each specimen. The "x" 

variable indicated that the specimen was a Group x specimen; the 

"y" variable indicated that Type y load history was used in 

testing the specimen. 

2.4 DATA ACQUISITION 

Data from three sources were recorded during testing: (1) 

a load cell attached to the load ram, (2) four LVDTs over the 

hinging zone and one LVDT under the load application point, (3) 

thirteen electrical resistance strain 

longitudinal and transverse reinforcement. 

gages attached to 

Details of data 

acquisition equipment are given in Appendix C. 

The load being applied to the specimen was measured by 

means of a load cell attached between the load ram and specimen. 

Deflection of the specimen at the load application point was 

measured by an independent LVDT. Load and displacement were 

continously recorded by an X-Y plotter during testing. 

Four LVDTs were positioned over the beam plastic hinging 

zone, as shown in Fig. 2.4, to measure the shearing and 
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flexural deformation in this region. The plastic hinging zone 

was assumed to extend into the beam a distance from the face of 

the enlarged end block equal to overall beam depth. 

Thirteen electrical resistance strain gages were bonded to 

reinforcement at various points in the specimen. The locations 

and designations of the strain gages, shown in Fig. 2.5, were 

the same for all specimens. 

2.5 TEST SET UP AND TEST PROCEDURES 

Each specimen was held fixed at its enlarged end block 

while the beam tip was slowly deflected by a hydraulic acutator. 

The load versus deflection curves recorded during testing were 

used to monitor the progress of the testing. Motion of the ram 

was stopped at various times to allow reading of strain gages 

and LVDTs. The rate of loading was slow enough to allow the 

loading to be considered static. Each test was terminated when 

the specimen had lost essentially all ability to resist 

displacement. Additional details of the test set up and test 

procedures are given in Appendix C. 
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Typical examples of recorded data and a discussion of 

specimen behavior observed during testing are presented in this 

chapter. The recorded data included (1) applied shear force and 

load point displacement, (2) strains in the top and bottom 

longitudinal reinforcement and in selected stirrups in the 

hinging zone, and (3) shearing and flexural distortion of the 

beam as measured by four LVDTs positioned over the hinging zone. 

Discussion of individual member behavior will include a 

description of visual observations made during testing. 

3.2 RECORDED DATA 

3.2.1 LOAD-DEFLECTION CURVES 

The recorded beam tip load versus deflection curves for 

all specimens are shown in Figs.3.l(a) through 3.l(n). Because 

the rate of strength decay for specimens subjected to Type I 

load history is very low, it is not possible to show clearly all 

the load vs. deflection curves in one figure. Only selected 

load cycles are shown for these specimens, yet the selected load 

cycles still give enough indication of the hysteretic behavior 

of these specimens. As indicated in these figures, positive 

load and deflection have been assumed to correspond to load ram 

compression and to downward movement of the beam tip. 
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The load vs. deflection curves served as a guide for 

determining the points during loading at which time readings 

from LVDTs over the hinging zone and from strain gages on the 

reinforcement would be taken. 

For all specimens, the load vs. deflection relationship 

during the first quarter cycle of displacement was unique and 

was never duplicated during subsequent cycles of loading. 

Specimen load vs. deflection behavior was generally linear up 

to the point at which a load producing yield of longitudinal 

tension steel was reached. As load was increased beyond this 

yield load, relatively larger deformation resulted from slight 

increases in load up to the point of maximum positive 

displacement. 

The load vs. deflection curve between the point of 

maximum positive displacement during the first load cycle and 

the point of return to zero load had approximately the same 

average slope as had been seen between the point of initial zero 

load and the load at which longitudinal tension steel first 

yielded. As the applied load became negative, the slope of the 

load vs. deflection curve decreased gradually until it became 

approximately equal to the average slope which existed in the 

curve between the point of first tensile steel yield and the 

point of maximum positive displacement in the first quarter load 

cycle. There was no clearly defined point at which curve slope 

changed in response to yielding of longitudinal tension steel, 
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such as that which developed during the first quarter cycle of 

loading, during this loading. 

After sufficient negative shear had been applied to 

produce the desired maximum negative beam tip deflection, load 

was again removed and the beam was allowed to return to its 

unloaded position. This position was different than the 

position which the beam had assumed following removal of 

positive shear because of inelastic deformations which had 

occurred in the beam as a result of negative shear. As can be 

seen in the load vs. deflection curve described by the fourth 

quarter-cycle of loading, the stiffness of the beam during 

unloading from negative shear was not as great as that which had 

existed during unloading 

deflection which remained 

from positive shear. 

in the beam following 

As a result, 

removal of 

negative load was not as large as that which had remained in the 

beam after removal of positive load, assuming both deflection to 

have been measured from the original unloaded beam position. 

As positive loading was again applied to return the beam 

tip to its original unloaded position, the load vs. 

relationship changed gradually. Abrupt changes in 

deflection curve slope occurred only at points 

deflection 

load vs. 

of maximum 

positive and negative displacement as additional cycles of load 

were applied. As can be seen in Figs. 3.I(a) through 3.l(n), 

the slope of the load vs. deflection curves at points of zero 

load or small load decreased as the number of applied load 
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cycles increased, with the rate of which this slope decrease 

occurred being dependent on maximum displacement seen during 

loading and on the maximum shear stress experienced by the 

specimen. 

3.2.2 STRAIN IN REINFORCEMENT 

A total of 13 electrical resistance strain gages were 

attached to the reinforcement for each specimen. The locations 

of the strain gages are given in Fig.2.5. For all the gages, 

positive strain refers to tensile strain in the steel. 

(a) STRAINS IN LONGITUDINAL REINFORCEMENT 

It is possible to correlate ram load vs. deflection 

behavior with ram load vs. longitudinal steel strain behavior 

at any point at which ram load, specimen displacement, and steel 

strain were recorded. 

The relationship between applied ram load and strains in 

top reinforcement at the face of the enlarged end block is shown 

in Fig.3.2 for Specimen Sl-4. As shown in Fig.3.2, tensile 

steel strain increased almost linearly with increases in applied 

load up to the point at which yield strain in the steel was 

reached. Thereafter, small increases in ram load resulted in 

large increases in longitudinal strain. The point at which 

longitudinal tension steel first yielded was clearly indicated 

in the ram load vs. beam tip displacement curves previously 
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shown. The sharp break in slope of the load vs. deflection 

curve for Specimen Sl-4, designated as point A in Fig.3.l(d), 

indicated that tension steel had probably yielded at that point. 

The strain measured in longitudinal steel at that time point 

B, Fig.3.2 ) indicated that yield strain had indeed been reached 

in that steel. 

As the applied load was removed, the slope of the load vs. 

strain relationship at that point was approximately equal to the 

slope which the relationship had had during the initial loading. 

Residual strain remained in the steel at zero ram load. No 

obvious yield point was observed as negative shear loading was 

applied. The steeper slope of the load vs. strain relationship 

near the point corresponding to maximum negative ram load 

resulted from the compression which was being carried by 

longitudinal steel when cracks were open being transferred to 

the concrete as the previously formed cracks closed. 

The relationship of applied ram load to average strain in 

bottom longitudinal reinforcement at the face of the enlarged 

end block is shown in Fig.3.3 for Specimen S3-l. A small amount 

of compression was developed in this reinforcement during the 

first quarter cycle of loading. Negligible residual strain 

remained after first-cycle positive load was removed. As 

tensile ram load was applied, steel strain increased linearly 

with applied load until yield strain was reached. Thereafter, 

small increases in load ram tension caused large increases in 
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lower longitudinal steel strain. Following the occurrance of 

maximum tensile strain in this steel during the first load 

cycle, a residual tensile strain remained in the lower 

longitudinal steel for all loads during all subsequent cycles of 

loading. 

The relationships between applied ram load and strain 

measured in the longitudinal steel in the beam at a distance of 

10 in. from the face of the fixed support are shown in 

Fig.3.4(a) and (b). As is apparent from examination of these 

figures, the relationship of ram load to steel strain shown here 

are similar to those shown in Figs 3.3(a) and 3.3(b) and 

discussed previously. At corresponding load points strain 

readings in these gages were smaller than those in gages at the 

face of the enlarged block. 

The relationships between the applied load and the steel 

strains in the anchorage block are shown in Figs.3.5(a) and (b) 

for both top and bottom reinforcement. As indicated in Fig. 

3.5(a), strains at this location did not exceed the yield strain 

in the first load cycle. In successive cycles, the relationship 

between applied ram load and strain reading was quite stable. 

At the point of maximum negative load in each cycle, the load 

vs. strain relationship showed a larger slope than the slope in 

other parts of the curve. This behavior indicates that cracks 

previously formed along the member had closed and bonding 

between steel and concrete was effective. A qualitatively 
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similiar relationship between the applied load and the strain in 

the bottom reinforcement is shown in Fig. 3.5{b). 

(B) STRAINS IN TRANSVERSE REINFORCEMENT 

The relationship of load point displacement to strain in 

the transverse reinforcement in the hinging zone for Specimen 

82-1 is shown in Figs.3.6{a)-{c). The crack pattern which 

developed during the first quarter cycle of load is also shown 

in these figures. It is possible to speculate that the 

magnitude of strain readings was dependent on the location and 

pattern of crack formation during the first quarter cycle of 

load. Initial increases in beam deflection resulted in 

relatively small increases in strain measured by gage 13 and no 

increase in strain measured by gages 11 and 12. Further 

increase in the beam deflection up to maximum displacement point 

in the first quarter cycle of load resulted in a larger strain 

increase in gage 13 and a small strain reading in gages 11 and 

12. This behavior can be rationalized by considering the crack 

pattern which formed in the first quarter load cycle. The 

stirrups were placed at spacings of 2.5 in. starting lin. 

away from the face of the enlarged end block. As the beam-tip 

deflection increased, a vertical crack formed at the face of the 

fixed support. This crack did not cross any stirrup. Another 

crack formed at the opposite end of the hinging zone and first 

crossed the stirrup near the location of gage 13. The 

relationship between the load point deflection and strain 
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reading after the first load cycle indicates that the crack 

pattern and crack width remained more or less the same for many 

cycles. Most of the measured strains in transverse 

reinforcement did not exceed the yield strain in specimens 

tested in this program. 

3.2.3 READINGS FROM LVDTs OVER THE HINGING ZONE 

The position of the LVDTs over the hinging zone is shown 

in Fig.2.4. Deformations measured by these LVDTs were used to 

calculate shearing and flexural deformations in the hinging 

zone. The algorithms used to determine these deformation and a 

discussion of the implication of these deformation are given in 

Chapter 4. 

3.3 OBSERVATIONS OF SPECIMEN BEHAVIOR 

3.3.1 CRACK PATTERN 

Cracks in the concrete were considered to be an important 

indicator of damage level within a specimen. Cracking patterns 

indicated the type and extent of damage present in any specimen 

at any point in loading and mode of failure. For all the 

specimens tested in this program, cracks developed during the 

first two cycles of loading and remained basically the same 

until the end of each test. Each test was terminated when the 

specimen had lost its ability to resist displacement. Prior to 

termination of each test the following sequence of events had 

occurred in the beam hinging zone: crack widths had increased as 
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a result of abrasion during inelastic response, concrete cover 

had spalled off at various location, and longitudinal and 

transverse reinforcement had been exposed. 

A common crack pattern is illustrated in Fig.3.7. As the 

applied load and deflection exceeded the cracking load during 

the first quarter cycle of loading, vertical cracks formed near 

the face of the fixed support and in the hinging zone. Inclined 

cracks also developed between the end of the hinging zone and 

the load application point. As the deflection was increased 

beyond the yield deflection, cracks lengthened, and cracks in 

the hinging zone inclined toward the lower beam region near the 

enlarged block. Crushing of bottom concrete near the enlarged 

end block occurred in all specimens loaded to a deflection of 4% 

of their shear span length in the first quarter cycle; crushing 

of concrete was minor for specimens loaded to a deflection of 2% 

of their shear span length. Release of downward load from the 

maximum displacement of first quarter cycle did not cause any 

change in the crack pattern. A residual downward deflection 

remained at zero load. As the loading was reversed, the same 

sequence of events occurred, with the exception that vertical 

cracks did not originate at the bottom face of the specimen, and 

crushing of the concrete at the top of the beam near the 

enlarged end block did not occur in the first load cycle. 

Generally speaking, the number of the cracks in the hinging zone 

depended on the magnitude of the displacement imposed in the 
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beam during the first two cycles, with more cracks observed for 

specimens that were first deflected to 4% of beam shear span 

length deflection. 

After the second loading cycle, crack pattern consisted of 

a large number of intersecting vertical and inclined cracks, and 

a big chunk of concrete block was surrounded by these 

intersecting cracks. 

Although crack patterns were similar in the early stages 

of testing for all specimens, the final crack patterns were not 

the same. Variations in the crack patterns during the final 

stage of testing of each specimen appear to have been related to 

the magnitude of the shear stress imposed in the specimen and to 

the shear span length. High shear stress also appeared to have 

given rise to larger dowel force developed by longitudinal 

reinforcement and caused severe spItting of the concrete along 

the longitudinal reinforcement. Stirrup spacing was the same in 

all specimens, although stirrups were bent from No. 2 bars for 

specimens subjected to low and moderate shear stresses, and from 

No. 3 bars for specimens subjected to high shear stresses. 

The appearance of one specimen from each group of the 

three groups of specimens which made up the total test series at 

the conclusion of the testing is shown in Figs 3.8(a)-(c). As 

illustrated in these figures, spalling concrete in the hinging 

zone and splitting of the concrete cover along the longitudinal 
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reinforcement were more severe and extended fUrther along the 

beam in Group II specimens than in Group I specimens. In Group 

III specimens, the shear span length was so short, only twice 

the hinging zone length, that extension of cracks into the beam 

was limited by the confinement provided by the loading fixture, 

and spalling of concrete occurred only in the hinging zone near 

the enlarged block. 

3.3.2 FAILURE MODES 

In order to determine the total cyclic energy dissipation 

capacity of each specimen, a specific displacement history was 

applied until the specimen could not develop a force equal to 

fifty percent of the load required to cause first yield of 

tension reinforcement at the maximum deflection for its assigned 

load history. 

All but one of the specimens exhibited a gradual decrease 

of strength at the same maximum deflection until the the 

specimen was deemed to have failed. Specimen S2-3 failed 

suddenly at the maximum positive deflection of its eighth 

displacement cycle as a result of severe bond slip caused by 

spalling of concrete cover along the top reinforcement. 

During the first load cycle, all of the specimens were 

able to develop their flexural yield strength and to undergo 

inelastic deflections with no sudden decrease in load carrying 

capacity. In almost all cases, final failure resulted from 
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cracking and spalling of the concrete in the hinging zone, which 

gave rise to stiffness and strength decay. No buckling or 

failure in anchorage of the longitudinal reinforcement was 

observed. 

A failure criterion which defines the minimum required 

strength a member should have is dificult to determine. The 

fact that many specimens were subjected to displacement 

histories in which maximum displacement was not equal for all 

cycles of load made it impossible to arbitrarily consider the 

specimen to have been failed if it failed to attain a specified 

load at maximum displacement during each load cycle. In 

addition, a general failure criterion based on physical 

appearance of the specimen was found to be unreliable. Many 

specimens showed considerable strength and stiffness even after 

longitudinal reinforcement had been exposed as a result of 

spalling of cover concrete. However, if failure of the specimen 

was defined to have occurred when (1) the specimen had 

experienced a significant or sudden decrease in load carrying 

capacity or (2)the specimen was unable to resist a force equal 

to 75% of the force which was required to cause first yield of 

tensile steel at the maximum deflection of its given load 

history, then the total number of cycles of load reversals that 

a specimen had withstood prior to failure can be determined. 

The number of cycles of loading withstood by each specimen based 

on these criteria are given in Table 3.3. 
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3.4 DESCRIPTION OF INDIVIDUAL SPECIMEN BEHAVIOR 

The calculated and measured yield moments experienced 

during the first cycle of loading are given in Table 3.1 for all 

specimens. A comparison of measured maximum shear and allowable 

shear stress calculated according to ACI 318-77 is presented in 

Table 3.2. Parameters which were chosen as testing variables 

and which had a major effect on specimen behavior are listed in 

Table 3.3. For convenience, beam tip displacements of 4% and 2% 

of beam shear span length have been designated as simply 4% and 

2% displacements. The maximum gross shear stress measured in 

the first quarter load cycle as a multiple of If0I and the 
c ' 

designation for the assigned load history for each specimen are 

given to aid the discussion. 

Specimen Sl-l ( Shear Stress= 3.3, Type I loading schedule) 

The load-deflection curves for this specimen are plotted 

in two separate figures for clarity. Because the rate of 

strength decrease at maximum positive displacement is very low, 

it is not practical to show all the load-deflection curves in 

one figure. Selected load cycles 1-5, 10, 31, 61, 100, 101, 105 

and 106 are plotted and shown in Fig.3.1(a). The two curves 

shown dotted in this plot indicate two instances in which 

malfunction of the MTS ram control module caused larger than 

planned deflections, once each at the maximum positive 

deflections of load cycles 100 and 105. In Fig.3.1(b) the first 
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load cycle has been plotted along with load cycles 121-128 so 

that the deterioration of stiffness and strength of the specimen 

can be easily seen. 

The specimen was subjected to Type I loading for the first 

120 cycles of displacement. At that time, the strength of the 

specimen at the displacement of 2% of its shear span length had 

decreased to approximately 73% of its original yield strength. 

It was decided at that time that for practical application 

purposes, this specimen would survive any type of loading 

history as long as the maximum deflection was required to be 

less than 2% of its shear span length. In order to determine 

how much reserve cyclic strength remained in the specimen, the 

maximum positive and negative deflections were increased to 4% 

of shear span length. As shown in Fig.3.1(b), this specimen was 

able to develop its original yield strength at approximately 3% 

displacement after 121 cycles of displacement to 2% shear span 

length. This specimen was subjected to five more load cycles at 

the 4% displacement limit before the strength dropped below 75% 

of its original yield strength. 

The crack pattern of this specimen developed in the first 

load cycle and stablized in the second load cycle. Maximum 

crack width remained essentially unchanged until large 

deflections were imposed after 120 cycles of load. 

Deterioration of stiffness and strength resulted primarily from 

loss of interlock of the concrete along cracks during the Type I 
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loading schedule. Strain along the top longitudinal 

reinforcement during the fiftith load cycle, shown in Fig.3.l0, 

indicated that bond had deteriorated in the enlarged end block, 

and that anchorage of the top longitudinal reinforcement was 

being provided almost solely by the standard 90 degree hooks. 

Increases in the maximum deflection limits resulted in increased 

opening of cracks, and twisting of the beam in a clockwise ( as 

viewed from the beam free end ) direction. Also, spalling of 

the concrete in the hinging zone occurred when the larger 

maximum displacements-were imposed. The appearance of this 

specimen at the conclusion of testing is shown in Fig.3.9. 

Specimen Sl-2 ( Shear Stress = 3.6, Type II loading schedule) 

This specimen was able to withstand thirteen inelastic 

load cycles before the strength of the specimen at 4% 

displacement dropped to 78% of its original yield strength. The 

degradation of strength at maximum displacement increased after 

the thirteenth load cycle, as shown in Fig.3.l(c). The crack 

pattern which had developed during the first cycle of load is 

shown in Fig.3.1l. As shown in this figure, inclined cracks 

formed in the hinging zone, isolating a large block of concrete 

which remained intact until the end of testing, shown in 

Fig.3.l2. Vertical cracks also developed on both sides of the 

enlarged end block during the first two cycles of load, and 

remained unchanged for the remainer of the testing. Strain 

readings in the longitudinal reinforcement at the beginning of 
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the 90-degree hook, shown in Fig.3.l3, indicated that 

satisfactory anchorage was provided for longitudinal 

reinforcement by the enlarged block and by the development 

reinforcement length. Spalling of concrete in the beam hinging 

zone started during the twelfth load cycle, and both transverse 

and longitudinal reinforcement were exposed at that time. 

Specimen Sl-4 ( Shear stress = 3.5, Type IV loading schedule) 

The reinforcing steel used in this specimen showed a 

slightly lower yield stress than that used in Specimens Sl-2 and 

Sl-3. As a result, the yield load for this specimen was 

slightly lower than the yield loads of specimens Sl-2 and Sl-3 

had been. However, shear stress as a multiple of If' c remained 

approximately equal to that which had been present in Specimen 

Sl-2 because of the lower strength of the concrete used in this 

specimen. 

This specimen withstood only seven load cycles at 4% 

maximum displacement and six load cycles at 2% maximum 

displacement before the strength of the specimen at 4% positive 

displacement dropped below 75% of its original yield strength. 

The relationship of load vs. strain in the longitudinal 

reinforcement at the face of the enlarged block, shown in 

Fig.3.2, did not change greatly as the applied ram load changed 

after six cycles of load. This indicated that the bond between 

concrete and steel had deteriorated along the top reinforcement 
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during the first six load cycles. Anchorage of the longitudinal 

reinforcement was provided almost entirely by the standard 

90-degree hooks in the enlarged block. Wide cracks existed 

along both sides of the hinging zone at the maximum positive 

deflection in the tenth load cycle, as shown in Fig.3.l4. No 

spalling of concrete was observed until the twelfth load cycle. 

After the concrete in the hinging zone had spalled off, the 

specimen showed a large strength degradation in the subsequent 

cycles as indicated in the load vs. deflection relationship 

shown in Fig.3.l(d). 

Specimen S2-1 ( Shear stress = 5.1, Type I loading schedule) 

Displacement during the seventh cycle of load of this 

specimen was inadvertently allowed to exceed 2% of beam shear 

span length. As a result, strength at 2% displacement dropped 

significantly in the eighth load cycle. Nevertheless, the 

specimen was able to maintain its strength with only gradual 

degradation at the 2% displacement limit in subsequent cycles. 

As shown in Fig.3.l(e) the strength degradation at 2% 

displacement was very slow after the eighth load cycle, and only 

load cycles 50, 100, 200 and 230 had been plotted. The total 

number of cycles of load endured by this specimen prior to the 

tentatively defined failure criterion was approximately half of 

that endured by Specimen Sl-l. This indicated that higher shear 

stress level caused a reduction of total number of cycles before 

failure. 
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The specimen had withstood 230 cycles of load before its 

strength at the positive 2% displacement dropped to 47% of its 

original yield strength. In order to determine the remaining 

cyclic strength of this specimen, the maximum positive and 

negative displacements were increased to 4% of beam shear span 

length. Unlike the behavior of Specimen Sl-l, this specimen 

developed 70% of its original yield strength at 2.7% 

displacement and then the strength remained uniform until 4% 

displacement had been reached. The test was terminated after 

this load cycle. The load-deflection curve recorded during this 

cycle of displacement is shown in Fig.3.1(f). 

Nearly all cracks in the hinging zone were formed during 

the first cycle of load. Although a few more cracks developed 

in the next few cycles,the crack pattern remained virtually 

unchanged throughout testing. Cracks which had formed at the 

conclusion of one and ten load cycles are illustrated in Figs 

3.15 and 3.16. As shown in Fig.3.l5, the angles between the 

longitudinal axis and the inclined cracks were smaller in this 

specimen than those of the Group I specimens. 

Only minor crushing of concrete on the lower beam surface 

near the enlarged end block occurred at the maximum displacement 

in the first quarter cycle. After 100 cycles of load had been 

applied, concrete on both sides of the hinging zone had cracked 

badly, and transverse reinforcement was visible through the 

cracks. Concrete in the hinging zone did not begin to spall off 
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until 200th load cycles. 

Specimen S2-2 (shear stress = 5.2, Type II loading schedule) 

During the first quarter cycle of loading, concrete 

crushing on the beam bottom surface near the fixed support, as 

shown in Fig.3.17, was visible as the deflection exceeded 2% 

displacement and became severe as the deflection reached the 

maximum. 

Basically, the load vs. deflection relationship for this 

specimen was identical to that of Specimen Sl-2. Stiffness 

decreased more rapidly in this specimen than in Specimen Sl-2. 

Although crack patterns developed in this specimen in the same 

way as did the crack patterns in Specimen S2-1, more cracks were 

observed in the hinging zone in this specimen. During the 

fourth cycle of load, the 

concrete started spalling 

longitudinal reinforcement. 

hinging zone bulged severely and 

off exposing transverse and 

This beam twisted approximately 4.2 

degrees clockwise ( as viewed from the beam free end ) about its 

longitudinal axis at the maximum positive displacement of the 

seventh cycle. The total number of cycles of load endured by 

this specimen prior to a decrease to 75% of original yield 

strength at the maximum displacement was one third that of 

Specimen Sl-2. This indicated that the effects of shear stress 

levels were more severe when specimens were loaded to 4% 

displacements than when specimens were loaded to 2% 

displacements. 
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Specimen S2-3 ( Shear stress = 6.0, Type III loading schedule 

Because higher yield strength reinforcement was used in 

this specimen than in other specimens in this group, higher 

yield and maximum loads were observed in the first cycle of 

loading of this specimen than had been seen in the other 

specimens. As a result, the maximum shear stress in this 

specimen was higher than in the other specimens in this group. 

Concrete did not crush on upper or lower faces beam in the 

hinging zone during the first two cycles of displacement. This 

specimen was able to withstand inelastic loading at 4% 

displacement for three cycles and at 2% displacement for four 

cycles before its strength dropped below 75% of its original 

yield strength. The first two cycles of load at 2% displacement 

did not cause a reduction of the shear carrying capacity in the 

beam. As a result, the specimen was able to develop its yield 

strength at 3% positive displacement during the third cycle of 

loading. The top concrete cover split off along the top 

reinforcement as the beam was deflected to the maximum positive 

displacement during the eighth load cycle. As indicated in the 

load vs. deflection curve ( Fig.3.l(h) ),the specimen showed a 

uniform strength at the positive maximum deflection of the 

eighth load cycle, and the strength dropped dramatically in 

subsequent cycles having the same maximum displacement. The 

appearance of the specimen at the maximum negative displacement 

of the 11th load cycle is shown in Fig.3.l9. Severe cracks 
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extended along both the top and bottom longitudinal 

reinforcement from the face of the enlarged end block to the 

point of load application. 

As illustrated in Fig.3.l8 the strain in the fourth tie 

from the enlarged end block exceeded the yield strain during the 

third load cycle. The strains recorded in the other two 

stirrups, the second and third from the enlarged end block, were 

stable and remained less than the yield strain throughout the 

testing. 

Specimen S2-4 ( Shear stress = 5.6, Type IV loading schedule) 

This specimen showed severe strength decay after the first 

two 4% displacement load cycles had been imposed, and the 

strength at the 4% displacement dropped below 75% of original 

yield strength in the sixth load cycle. Similiar to Specimen 

S2-2, the basic crack pattern was formed during the first load 

cycle. The second load cycle caused extension and widening of 

the cracks formed during the first load cycle. As shown in 

Fig.3.20, the crushing of bottom concrete near the enlarged end 

block was more severe in this specimen than that which had taken 

place in Specimen S2-2. Concrete started spalling off and 

stirrups were exposed during the fourth load cycle. The 

appearance of the specimen at maximum positive displacement 

during the sixth load cycle is shown in Fig.3.2l. Severe cracks 

extending out of the hinging zone and debris of the concrete 

spalled from the hinging zone are evident in Fig.3.2l. 
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Strains in the third and fourth ties from the face of the 

enlarged end block exceeded yield strain as beam displacement 

reached the maximum positive displacement during the second load 

cycle. The strain recorded in the second stirrup from the face 

of the enlarged end block never exceeded the tie steel yield 

strain throurhout the testing. The strains recorded in the top 

and bottom longitudinal reinforcement near the hooks showed a 

stable behavior which indicated that anchorage provided by the 

hooks was effective throughout the testing. 

Specimen S3-1 ( Shear stress = 7.1, Type I loading schedule 

Although the maximum shear stress developed in this 

specimen was very high, the strength decay was slow during 

application of the Type I load history. The specimen was able 

to withstand fifty cycles of load before its strength at the 

maximum positive displacement was reduced to 75% of its original 

yield strength. The specimen was cyclically loaded until the 

strength at maximum positive displacement dropped below 50% of 

its original yield strength, at which time maximum positive and 

negative displacements were increased to 4% of beam shear span 

to determine remaining cyclic strength. 

The specimen was able to develop only 76% of its original 

yield strength at a positive 4% displacement during the 117th 

load cycle. Although this specimen was subjected to three more 

cycles of 4% displacement, it had lost essentially all ability 
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to resist displacement after the l17th cycle. Selected load vs. 

deflection curves for load cycles 1-4, 7, 10, 20, 30, 50, 70 and 

100 are shown in Fig.3.l(j). Load cycles 116-120 together with 

load cycles 1 and 30 are shown in Fig.3.l(k). Deterioration of 

the strength of the specimen is graphically illustrated in this 

figure. 

In comparing the load deflection curves of this specimen 

with those of Specimens Sl-l and S2-l, it is possible to 

speculate that shear stress level seems to be more important in 

reducing total number of cycles before failure in the range of 

3 Ii' 
c 

to 5 If' than in the range of 5 1ft to 7 If' 
c c c 

Total 

load cycle preceeding the point of tentative failure 110 cycles 

for Specimen Sl-l with a maximum shear stress of 3.3 IfJ 60 

cycles for Specimen S2-l with a maximum shear stress of 

5.1 Ifi 
c 

. , 50 cycles for Specimen S3-l with a maximum shear 

stress of 7.1 /1:' 
c 

Only very minor crushing of concrete 

occurred on the bottom face of the beam near the enlarged end 

block during the first load cycle. As shown in Fig.3.22 more 

cracks were formed in the hinging zone in this specimen than had 

been formed in Specimen S2-l after ten cycles of load. Severe 

spalling occurred near the enlarged block during the fiftith 

load cycle, as shown in Fig.3.23, and both transverse and 

longitudinal steel were exposed. The strength of the specimen 

dropped below 75% of its original yield strength after this 

cycle. 
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Specimen S3-2 ( Shear stress = 7.3, Type II loading schedule 

During the first quarter load cycle, crushing of the 

bottom face of the specimen near the enlarged end block began at 

a deflection of 1.5% of beam shear span length; spalling began 

at a deflection of 2.5% of beam shear span length. Only minor 

crushing occurred on the top surface near the fixed support 

after load reversal. After completion of the 2nd load cycle, 

the hinging zone swelled laterally and longitudinal cracks 

appeared on the bottom face of the specimen. Concrete on the 

bottom of hinging zone spalled off during the fourth load cycle. 

The strength of the specimen at the maximum positive 

displacement decreased at a rate of approximately five kips per 

cycle until the fifth load cycle. As shown in Fig.3.24, at 

maximum negative displacement during the second cycle, concrete 

in the hinging zone had cracked badly. The integrity of the 

hinging zone was lost during the fourth cycle of load, as shown 

. in Fig.3.25. Although the maximum shear stress developed in 

this specimen was 2.1 If' higher than that on Specimen S2-2, c 

this specimen had withstood the same number of cycles as 

Specimen S2-2 did, four cycles, before the strength at 4% 

displacement decreased to 75% of the original yield strength. 

Specimen S3-3 ( Shear stress = 7.0, Type III loading schedule) 

The specimen was able to develop its design moment 

capacity at a displacement of 2.6% of beam shear span length 
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during the third cycle of load. This indicated that the shear 

carrying capacity of the specimen had not been impaired during 

the first two cycles of load. The strain recorded in the fourth 

stirrup from the face of the enlarged end block ( Fig.3.27) 

indicated that the application of 4% displacement during the 

third cycle of load caused a large strain increase in the 

stirrup, and the relationship between the 

strain showed a large decrease in slope 

Unlike the situation which had existed 

applied load and 

after this cycle. 

in some Group II 

specimens, the stirrup strains in this specimen never reached 

the yield strain. 

Cracks in the specimen which formed in the first load 

cycle (Fig.3.26) were more widely spaced than those observed in 

Specimen S3-1. Longitudinal cracks were noted along the sides 

of the beam in the region of top reinforcement at approximated 

the yield load. Crushing of concrete was found at the beam 

bottom face near the enlarged block after the first cycle of 

load. 

The major difference between the load vs. deflection 

curves of this specimen and Specimen S2-3 was that this specimen 

showed a gradual strength decay at 4% displacement until the end 

of the testing. 

Specimen S3-4 (Shear stress = 7.4, Type IV loading schedule) 

The sequence of deterioration of this specimen followed 
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that seen during the testing of Specimen S3-2 for the first two 

cycles of load. However, crack openings were smaller in this 

specimen than in Specimen S2-2, as shown in Fig.3.28. Because 

the hinging zone of this specimen was not so badly cracked as 

that of Specimen S3-2 after the first two load cycles, the 

strength of this specimen at 2% displacement was higher than 

that in Specimen S3-2. During the fourth load cycle, concrete 

started spalling off and longitudinal and transverse 

reinforcement were exposed, as shown in Fig.3.29. Applied ram 

load vs. stirrup strain in the second tie from the enlarged 

block face was typical of the other load vs. stirrup strain 

relationships for all stirrups whose strain was measured and is 

shown in Fig.3.30. As shown in Fig.3.30, after the first two 

cycles of load, the relationship between the applied ram load 

and strain in the stirrup was quite stable and linear. Measured 

strain of all stirrups in the hinging zone never exceeded the 

steel yield strain. 
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CHAPTER 4 

FLEXURAL AND SHEAR DISPLACEMENT IN THE HINGING ZONE 

4.1 INTRODUCTION 

For a transversely loaded reinforced concrete beam, total 

beam deflection consists primarily of flexural and shear 

deformation. Under service loading conditions, cracks in the 

concrete are small and calculation of total beam deflection can 

be simplified by neglecting the deflection resulting from shear. 

If the beam is loaded beyond the elastic range, however, or 

loaded cyclically to maximum displacements as large as several 

times yield displacement, a large amount of beam deflection 

results from shear deformation and from severe cracking. 

For the cantilever beam specimens tested in this program, 

cracking and spalling of the concrete were concentrated mainly 

in the hinging zone, a region of the beam defined to be between 

the face of the enlarged end block and a section located a 

distance equal to overall beam depth from the face of the 

enlarged end block. As discussed in Chapter 3, the behavior of 

this region was pivotal in determining the overall behavior of 

the tested specimens. Four LVDTs were pOSitioned over the 

hinging zone, as shown schematically in Fig.2.4, to record the 

distortion of this region. Deformations measured by these LVDTs 

were used to calculate shear and flexural displacements in this 

region. A discussion of the change in flexural and shear 
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displacement and the associated failure mechanism is presented 

in this chapter. Also, a qualitative study of the effects of 

load history and shear stress level on member behavior is 

presented in this chapter. 

4.2 FLEXURAL AND SHEAR DISPLACEMENT 

A cantilever beam having only flexural deformation is 

shown in Fig.4.1. As shown in this figure, the elongation of 

the top fibers and shortening of the bottom fibers causes a 

rotation of an arbitrarily defined hinging zone end section. 

From geometry, the angle through which the hinging zone end 

section rotates is twice as large as the angle between the 

original longitudinal axis of the beam and the line connecting 

the mid points of the sections at the face of the enlarged end 

block and at the end of the hinging zone. The angle 9
f 

between 

these two lines is defined to be flexural rotation, and the 

displacement at the hinging zone end section, H X TAN ( 9f ), is 

called flexural displacement in the hinging zone. 

In a cantilever beam having only shear deformation in the 

hinging zone, as illustrated in Fig.4.2, enlongation of the top 

and bottom fibers is equal and there is no relative rotation of 

hinging zone end sections. But there is a angle between the two 

neutral axes before and after shear deformation. This angle 9s 

is defined to be shear rotation, and the corresponding 

displacement at the hinging zone end section, H X TAN(9s ), may 
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be defined to be hinging zone shear displacement. It must be 

noted that if the total displacement at the hinging zone end 

section is calculated by H X TAN(ef +es ), it will not be the 

same as that resulting from the calculation H X (TAN(ef ) + 

TAN(e )). For the specimens tested, the result as given by the 
s 

first calculation was less than 0.01% larger than that given by 

the second calculation at the maximum .displacement of a given 

load cycle. Therefore, H X (TAN ( ef ) + TAN ( es )) was used to 

calculate the total displacement of the hinging zone. 

4.3 COMPARISON OF CALCULATED AND MEASURED DEFLECTIONS 

Assuming shear and flexural displacement of the hinging 

zone to have been defined as discussed in the previous section 

and assuming linear elastic behavior of the beam between its 

hinging zone and point of load application, the beam deflection 

at several loading points was calculated. The calculated and 

measured deflections of the beam at the loading point were 

compared to verify the recorded deflection data. 

The total beam deflection at the loading point can be 

expressed as follows: 

where 
~T = ~l + ~2 + ~3 + ~4 

~l =beam displacement caused by flexural displacement 

of the hinging zone 

~2 =beam displacement caused by shear displacement in 

the hinging zone 



~3 =flexural displacement of the beam between the 

hinging zone and loading point 

~4 =shear displacement of the beam between the hinging 

zone and loading pOint 
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The quantity ~l included not only flexural deflection 

within the hinging zone, but also deflection at the beam loading 

point resulting from rotation of an assumed rigid beam extending 

from the hinging zone end section to the loading point. This 

latter quantity was calculated as £' X SIN( e ), where £' was 

the distance between the hinging zone and loading point, and e 

was the angle between hinging zone end sections of a given 

deformation. 

The quantity ~3 was calculated by using the moment-area 

theorem, assuming a cracked section and linear distribution of 

curvature between the hinging zone and the loading point. 

where 

The quantity ~4 was calculated using elastic analysis as 

y =elastic shear strain 

£' =distance between beam hinging zone and loading point 

G =concrete shear modulus = 0.4 E c c 

E =concrete modulus of elasticity obtained from 
c 

cylinder tests 
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The calculated deflection components and measured total 

deflections of one specimen from each group of specimens during 

the first quarter-cycle of load is given in Table 4.1. All 

these specimens were loaded to a displacement of 4% shear span 

length in the first load cycle. As given in this table, 

calculated deflections and measured deflections agree closely. 

The relationship between the various components of deflection 

and the total deflection is shown in Figs 4.3(a)-(c). As shown 

in these figures, the total beam deflection resulted primarily 

from deformations of the hinging zone. The following sections 

discuss the changes in the shear and flexural behavior in the 

hinging zone which took place as the tests proceeded. 

4.4 GENERAL BEHAVIOR CHARACTERISTICS 

4.4.1 ONE-DIRECTION LOADING 

The relationships between calculated beam hinging zone 

shear displacement, hinging zone flexural displacement and the 

applied ram load for specimens Sl-4, S2-2 and S3-2 during the 

first quarter cycle of load is shown in Figs 4.4(a)-(c). 

Several general observations can be made for the relationships 

shown in these figures. 

First, before flexural cracks were formed, the 

relationships of applied load to shear displacement and of 

applied load to flexural displacement were linear. This 

indicated that the hinging zone behaved elastically in both 
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flexure and shear. Because the applied shear force was resisted 

primarily by the uncracked concrete, the shear displacement was 

negligible due to high shear stiffness, and the hinging zone 

showed primarily flexural displacement. 

Second, as the flexural cracking load was exceeded, 

vertical cracks formed at the top of the hinging zone. These 

cracks resulted in small amounts of loss of flexural and shear 

stiffness in the hinging zone. The flexural stiffness decreased 

due to a reduction of moment of inertia of the sections as the 

applied load continued to increase. The shear stiffness 

decreased because part of the shear force previously carried by 

the uncracked concrete then now carried by dowel action, 

aggregate interlock and friction across the vertical cracks. As 

the applied load continuously increased, inclined cracks formed 

and further decreased the shear stiffness. As shown in these 

figures, the loss of both flexural and shear stiffness continued 

gradually up to the load at which longitudinal tension steel 

first yielded. 

Third, as the applied load produced a moment exceeding the 

yield moment at the face of the specimen's enlarged end block, 

the relationships between flexural displacement and shear 

displacement, and the applied load became abruptly nonlinear. 

Small increases in applied load then caused large increases in 

both flexural and shear displacements in the hinging zone. It 

is apparent that after the longitudinal steel yielded at the 
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face of the enlarged end block, small increases of applied load 

would result in large increases of strain in the steel and, 

consequently, large flexural displacement in the hinging zone. 

However, the large increases in the shear displacement which 

occurred as the yield load was exceeded may have been due to a 

change of shear-resisting mechanism( 42 ). It has been found 

that as the applied load increases beyond the yield load, most 

of the shear being carried by the compressed concrete, friction 

forces and dowel forces is transferred over to the stirrups. In 

addition, yielding of the longitudinal reinforcement resulted in 

large increases of the crack widths which would lead to large 

vertical slippage between crack surfaces and, consequently, 

large increases of shear displacement in the hinging zone. 

4.4.2 LOADING REVERSAL 

(a) SHEARING BEHAVIOR OF THE HINGING ZONE 

A typical relationship between applied load and shear 

displacement in the hinging zone for Specimen Sl-4 is shown in 

Fig.4.5. When load had been decreased from the maximum positive 

load in the first cycle to zero load, a residual shear 

displacement remained as a result of inelastic deformation which 

had occurred in the hinging zone during the first quarter-cycle 

of load. After the loading was reversed in direction, the same 

events described in the previous section were repeated. As 

shown in Fig.4.5, the slope of the load vs. shear displacement 

relationship after loading reversal was flatter than the slope 
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during initial loading in the first quarter load cycle. This 

occurred primarily because concrete in the hinging zone had been 

cracked and overall shear stiffness had been reduced during the 

first quarter cycle of load. 

After the beam had gone through several load reversals, an 

obvious 

of the 

applied 

"pinch" 

load vs. 

load 

in curves was shown near the zero load portion 

shear displacement relationship when the 

was reversed in direction. An assumed 

shear-carrying mechanism of a specimen having inclined cracks is 

shown in Fig.4.6. As illustrated in this figure, the total 

shear transferred across an inclined crack consisted of 

contributions from the uncracked compressed concrete, forces in 

stirrups crossed by inclined cracks, aggregate interlock or 

friction force along cracks, and dowel forces from the 

longitudinal reinforcement. The components of the 

shear-carrying mechanism did not change as the loading changed, 

but the magnitude of the shear carried by each shear-carrying 

element changed as the crack widths and material behavior 

changed. 

After the beam had gone through one cycle of load 

reversals, vertical and inclined cracks had been developed in 

the hinging zone. Along vertical cracks, shear was transferred 

by aggregate interlock, friction and dowel action. Along 

inclined cracks which crossed stirrups, shear was carried by 

stirrups as well as by aggregate interlock, friction and dowel 
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action. The shear carried by uncracked concrete was small 

because all sections in the hinging zone had been cracked. As 

the applied load was reduced from the maximum positive( and 

negative) loads, a large amount of shear displacement remained 

at points of zero load. At those times, cracks remained open in 

the upper ( lower) part of the hinging zone Fig.4.7(a». 

When the load was reversed in direction, the shear was resisted 

mainly by dowel action until cracks closed to allow aggregate 

interlock, friction between cracks, and stirrups to begin 

carrying load Fig.4.7(b) & Fig.4.7(c) ). During these 

periods, shear resistance was extremely low until cracks had 

been closed, and then shear stiffness increased as load was 

increased. As the number of load reversals which the beam had 

experienced increased, the shear-carrying capacity of aggregate 

interlock, friction, and dowel action of the longitudinal 

reinforcement became less effective as (1) crack widths and 

abrasion of concrete surfaces along cracks increased, and (2) 

concrete cover spalled off in the hinging zone. Also, 

additional minor cracks developed in the concrete, causing 

deterioration of the bond between stirrups and concrete. A 

decrease of the shear stiffness in the hinging zone and an 

increase in the shear displacement at the same level of applied 

load resulted in consecutive cycles. 

(b) FLEXURAL BEHAVIOR OF THE HINGING ZONE 

The relationship between applied load and flexural 
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displacement in the hinging zone for Specimen Sl-4 is shown in 

Fig.4.8. The relationship of the load vs. flexural displacement 

was more stable than that of load vs. shear displacement. 

Although there was slight "pinching" of the curve as loading was 

reversed in direction, the degree and severity of the "pinched" 

region was small compared to that shown in the relationship of 

load vs. shear displacement for this specimen in Fig.4.5. 

As mentioned in the previous section, 

inclined cracks had developed at the top and 

vertical 

bottom of 

and 

~e 

hinging zone after the first cycle of load. The moment produced 

by the applied loading was resisted primarily by the top and 

bottom longitudinal reinforcement before cracks closed. After 

cracks closed due to local compression and shearing deformation, 

part of the compressive force was transferred from the 

compressed reinforcement to the compressed concrete. The 

transition of the compression forces from steel to concrete 

during the process of crack closing did not cause increases in 

flexural stiffness. 

It has been shown from strain gage data that the standard 

90 degree hooks located inside the enlarged end block provided 

anchorage effectively for longitudinal reinforcement throughout 

testing for all specimens. A moment-resisting mechanism shown 

in Fig.4.9 was assumed to explain the behavior observed in the 

load vs. flexural displacement relationship. As the 

deterioration of bond along the straight development length 
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inside the enlarged end block increased, the length of unbonded 

longitudinal reinforcement increased and the displacement 

required to develop the strength of the member also increased. 

Consequently, at the same maximum displacements, the strength of 

the member decreased with increasing number of cycles. 

4.5 EFFECTS OF SHEAR STRESS LEVEL 

The relationships between applied load and shear 

displacement in the hinging zone for specimens Sl-4, S2-4 and 

S3-4 during the first quarter cycle are shown in fig.4.10 for 

comparison. The maximum displacement reached in these three 

specimens was 4% shear span length. The main differences 

between these specimens were the shear span length and the 

maximum shear force reached at the 4% shear span length 

displacement. 

Under monotonic loading, the shear stiffness was the same 

for all specimens as the load was initially applied. Because 

the shear span length of Specimen S3-4 was much shorter than 

that of specimens S2-4 and Sl-4, the moment at the face of the 

enlarged end block was higher in Specimens Sl-4 and S2-4 than in 

S3-4 for comparable amounts of applied load. As a result, 

flexural cracks would form at the lowest ram load in Specimen 

Sl-4, at a larger ram load in Specimen S2-4 and at the highest 

ram load in Specimen S3-4. The flexural cracks formed in the 

hinging zone reduced somewhat the shear stiffness in this 
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region. Therefore, the shear stiffnesses of the hinging zones 

of Specimens Sl-4 and S2-4 were lower than that of Specimen S3-4 

after their respective flexural cracking loads had been 

exceeded. However, once the yield load had been exceeded, the 

shear stiffnesses of all specimens were approximately the same 

until the maximum load was reached. Because the maximum shear 

forces were not the same in all specimens, the maximum shear 

displacements reached in each specimen were not the same at beam 

displacements of 4% shear span length. The change of shear 

stiffness accompanying the exceeding of yield loads can be 

easily seen in Fig.4.11 in which the applied load has been 

normalized with respect to the yield load. 

After the completion of a full inelastic load reversal, 

the crack "opening and closing" behavior (Fig.4.7) significantly 

affected in the shear-resisting mechanism in the hinging zone. 

Under Type I loading history, the maximum force reached in each 

cycle decreased with an increasing number of cycles. However, 

the maximum shear force experienced by the Group III specimen in 

each cycle was still much larger than those experienced by Group 

I and Group II specimens. The shear displacement in the hinging 

zone at the maximum positive displacement of each cycle for 

specimens subjected to Type I loading history shown in Figs 4.12 

to 4.14. The same general trends were shown in all these 

figures, and the effects of different maximum shear forces 

reached in each group of specimens with number of cycles may be 

seen by comparing the relationships shown in these figures. 
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As shown in Fig.4.12, the shear displacement in the 

hinging zone of Specimen Sl-l increased with the increasing 

number of cycles during the first few cycles and then remained 

almost constant in following cycles. This indicated that the 

deterioration of shear stiffness slowed down after the first few 

cycles. 

A similar trend was observed in Fig.4.13 for Specimen 

S2-1. However, the shear displacements of Specimen S2-1 were 

much larger than those of Specimen Sl-l in corresponding cycles, 

and the rate of increase of shear displacement was higher in 

Specimen S2-1 than in Specimen Sl-l during increasing numbers of 

cycles. Specimen S2-1 was inadvertently loaded to a maximum 

positive displacement of 2.47% of shear span length during the 

7th load cycle. The shear displacement in the following cycles 

at 2% shear span length displacement did not show much increase. 

However, the strength of the specimen dropped significantly in 

the following cycles at that displacement. It was shown in 

Chapter 5 that this strength drop resulted primarily from bond 

deterioration in the enlarged end block of the specimen. 

The rate of increase of shear displacement with increasing 

number of cycles for Specimen S3-1, shown in Fig.4.14, was the 

most pronounced one among these three specimens. The maximum 

gross shear stress experienced by Specimens Sl-l, S2-1 and S3-1 

were 3.3, 5.1 and 7.1 If1 c respectively, while the maximum 

shear displacement in the hinging zone of these specimen during 
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30th load cycle were approximately 16, 32 and 58 percent of the 

beam displacement at the loading point. 

Increases of shear displacement in the hinging zone 

resulted in less straining of the longitudinal steel at 

prescribed maximum displacements and eventually reduced the 

strength a specimen could develop at the same maximum 

displacement. As a result, Specimen S3-1 withstood the least 

total number of cycles of displacement of these three specimens 

before the strength at the maximum positive displacement dropped 

below 75% of its original yield strength. 

When specimens were subjected to displacement reversals 

with maximum displacements of 4% of shear span length, severe 

cracks in the concrete extended out of the hinging zone. As a 

result, methods used to measure the shear and flexural 

displacements in the hinging zone were inaccurate. Therefore, a 

comparison of deflection components based on these data is not 

appropriate and has not been shown here. 

4.6 EFFECTS OF LOAD HISTORY 

Because the cracking of concrete of Group III specimens 

took ~lace mainly within the hinging zone, and because specimens 

of different shear stress levels subjected to the same type of 

loading history exhibited similar relationships between applied 

load and displacements in the hinging zone, Group III specimens 

will be used to illustrate a general discussion of the effects 
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of load history on member behavior. Relationships between 

applied load and flexural displacement in the hinging zone as 

well as relationships between applied load and shear 

displacement in the hinging zone for Group III specimens are 

shown in Figs.4.l5 to 4.18. 

(1) Type I loading: As shown in Fig.4.l5, during the first 

load cycle, both relationships were unique and never reproduced 

again. After the first load cycle, flexural behavior in the 

hinging zone was extremely stable, and no severe "pinch" of the 

curves was observed. However, the relationship between applied 

load and shear displacement in the hinging zone exhibited a 

gradual increase of shear displacement at the same level of 

applied load with increasing number of cycles. A severe "pinch" 

of curves was shown whenever the applied load was reversed in 

direction. The gradual increases of shear displacement with 

increasing numbers of cycles resulted from degradation of 

concrete and from reduction of shear stiffness in the hinging 

zone. This "pinching" of curves also resulted from the crack 

"opening and closing" behavior shown in Fig.4.7. 

(2) Type II loading: Relationships between applied load 

and displacements in the hinging zone for Specimen S3-2 are 

shown in Fig.4.l6. Under uniform reversed displacements of 4% 

shear span length, both flexural and shear stiffnesses in the 

hinging degraded quickly with increasing number of cycles. As 

was the case for Specimen S3-l, severe "pinching" was observed 

in the relationship of applied load to shear displacement only. 



After only four cycles of load, the hinging zone lost almost all 

ability to resist applied shear force. 

(3) Type III loading: As shown in Fig.4.17, the flexural 

and shearing behavior in the hinging zone of Specimen S3-3 

exhibited similar overall relationships with the applied load 

during the first two cycls as have been shown in Fig.4.15 for 

Specimen S3-1. Once the maximum positive and negative 

displacements were increased to 4% shear span length during the 

third cycle, both flexural and shearing stiffnesses were reduced 

greatly during the following cycles. Another application of 

load cycle at 4% shear span length displacement limit resulted 

in another large reduction in shear stiffness while the flexural 

stiffness did not show as obvious a reduction as had been seen 

during the third load cycle. The degradation of both flexural 

and shear stiffnesses during the 5th and 6th load cycles at 2% 

shear span length limits was negligible compared to that which 

had been caused by load cycles at 4% shear span length limits. 

(4) Type IV loading: During the first two load cycles, the 

relationships shown in Fig.4.l8 for Specimen S3-4 are quite 

similar to those shown in Fig.4.l6 for Specimen S3-2. After the 

first two cycles, Specimen S3-4 was subjected to two cycles of 

maximum displacements of 2% shear span length. These two cycles 

did not show many differences between each other, and did not 

seem to affect the hinging zone behavior during the fifth cycle. 

Load cycles which contained maximum displacements of 4% shear 

span length contributed most of the degradation of stiffness of 

the member. 

56 
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CHAPTER 5 

BOND AND ANCHORAGE BEHAVIOR 

5.1 INTRODUCTION 

Previous investigations have shown that the nature of bond 

between concrete and a deformed reinforcing bar is dependant on 

bearing of the bar lugs on concrete, the strength of concrete 

between lugs, and to some extent the chemical adhesion and 

friction between the two materials( 3,30 ). Regardless of the 

components of the bond resisting mechanism, average bond stress 

has often been used as an index to evaluate anchorage 

performance. This chapter will discuss the performance of 

anchorage of longitudinal bars during the first quarter cycle of 

loading based on the calculated average bond stress between 

gages attached to the longitudinal reinforcement within the 

enlarged end block and the zone of plastic beam hinging. 

Elongation of the longitudinal reinforcement in the enlarged end 

block will be calculated and the results will be used to 

illustrate the effects of load history on the behavior of bond 

within the members. 

5.2 BOND STRESS 

The magnitude of average bond stress developed along 

longitudinal reinforcement between strain gages and the manner 

in which these stresses changed as the applied beam tip 

deflection was increased can be calculated by considering the 
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strain gage readings at various points along longitudinal 

reinforcement in conjunction with known stress-strain behavior 

of longitudinal bars(Fig.2.5). The strain and corresponding 

stress variations along the top longitudinal reinforcement of 

specimens Sl-4, S2-2 and S3-2 are shown in Figs 5.1-5.3. Two 

distinct behaviors were observed in these figures: (1) before 

the yield load was reached, increases of the strains along the 

bar were relative small, but the corresponding increases of 

stresses were large; (2) after the yield load was exceeded, 

small increases of the applied load resulted dramatic increases 

of the strains at the face of the enlarged end block, however, 

the corresponding increases of stress was small. This indicated 

that there were palpable changes in the bond mechanism as the 

applied load increased. The average bond stress was then 

calculated to show the changes of the bond resistance between 

gages. To calculate the average bond stress, u, the following 

expression was used 

where 

~b = bar area 

~as= difference in steel stress between gages 

Lo = bar perimeter 

~x = distance between gages 

As shown in Fig.5.4, the longitudinal reinforcement was 

segmented into four regions by the strain gages and the tangent 
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of the 90-degree hook. The calculated average bond stresses in 

regions II, III and IV during the first quarter cycle of load 

for specimens Sl-4, S2-2 and S3-2 have been plotted vs. the 

load point deflection and these relationships are shown in Figs 

5.5-5.7. Although there were variations of the average bond 

stresses in a given region between different specimens, similar 

general trends can be observed for all specimens in these 

figures. The changes of the average bond stress in each region 

due to increases in the applied deflection reflect changes in 

the bond resisting mechanism. 

The following general observations can be made for the 

relationships shown in Fig.5.6. First, the average bond 

stresses in Region II and III increased as the applied 

deflection increased. The rate of increase of average bond 

stress was higher in Region III than in Region II, indicating 

that during the initial loading stage, Region III was more 

effective in providing anchorage to the longitudinal steel than 

was Region II. Second, after the average bond stress in Region 

III reached a maximum the average bond stress in this region 

declined as the applied deflection was increased continuously. 

However, the average bond stress in Region II kept increasing 

with increasing applied deflection. This indicated that the 

bond resistance was deteriorating in Region III, and that Region 

II was becoming more effective in providing anchorage than was 

Region III. Third, as the deflection increased well beyond the 
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yield deflection, large straining of the longitudinal 

reinforcement in Region III produced wedge action in the 

surrounding concrete, producing increases in the average bond 

stress as the applied deflection was increased. However, the 

continuously decreasing average bond stress in Region II 

indicated that deterioration of bond was gradually extending 

further into the enlarged end block along the reinforcing bars. 

The relationship of average bond stress in region IV to 

the applied deflection showed behavior similar to that shown in 

region III. However, the average bond stresses in region IV 

were generally smaller than those in region III, partly because 

of the small moment gradient existing in this region, and partly 

because of the flexural-shear cracks which formed in this 

region. 

Because the top longitudinal reinforcement of both Group 

II and Group III specimens was fabricated from No. 7 bars from 

the same heat, the maximum average bond stresses first reached 

in Region II and Region III were calculated and are given in 

Table 5.1 for comparison. The maximum average bond stresses 

developed in Region II were more than twice as much as the 

maximum average bond stresses developed in Region III for all 

the specimens compared in Table 5.1. This indicated that the 

anchorage development length further away from the face of the 

enlarged end block was more effective than that closer to the 

face of the enlarged end block in providing anchorage to the 
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longitudinal reinforcement. The maximum average bond stress was 

lower in Group III specimens than in Group II specimens. This 

may have been due to the differences in the maximum gross shear 

force in the beam. Higher shear force caused higher dowel 

force, which tended to produce more local disruption of the bond 

near the face of the enlarged end block. 

To determine the proportion of the anchorage force 

provided by the standard 90-degree hook, by Region I, and by the 

straight development length in Regions II and III, the anchorage 

force in each region was calculated by a method similar to that 

used to determine bond stress. The relationships between the 

anchorage force in each region and the applied tensile force 

during the first quarter cycle of load are shown in Figs 

5.8-5.10 for specimens 81-4, 82-2 and 83-2. The nature of 

general behavior of anchorage forces shown in these figures 

indicates that the anchorage force provided by the standard 

90-degree hook, Region I, increased as the applied tensile force 

increased. At the maximum displacement, the percentage of total 

anchorage provided by the hooks was 54.8% in specimen Sl-4, 

77.2% in specimen S2-2, and 82% in specimen S3-2 respectively. 

Therefore, Region I's were the most important sources of 

anchorage for the longitudinal steel in all cases. 

5.3 ELONGATION OF LONGITUDINAL REINFORCEMENT 

After a specimen had been subjected to inelastic reversed 
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loading, the reinforcing bars had been subjected to cycles of 

inelastic strain. The calculation of the average bond stress 

between gages based on the strain readings in the bar and on the 

monotonic stress-strain relationship of the steel would be 

misleading. In an attempt to quantify bond deterioration 

resulting from cyclic loading, elongation of the longitudinal 

rein!orcement inside the enlarged end block was calculated and 

used as an alternative indicator of bond deterioration. 

To calculate the elongation of the longitudinal steel, a 

linear variation of strain along the bar was assumed as 

illustrated in Fig.5.11. Because of the large strains which 

developed in the longitudinal reinforcement at the face of the 

enlarged end block, strain gages were broken in some specimens 

after a few cycles of loading. As a result, the elongation of 

the longitudinal reinforcement could be calculated only for a 

limited number of the specimens and for a limited number of 

cycles. 

The relationship between the elongation of the top 

longitudinal reinforcement in the enlarged end block and the 

steel strain at the face of the enlarged end block is shown in 

Fig.5.l2 for Group II and Group III specimens. The elongation 

of the anchored steel increased approximately linearly with the 

steel strain up to the yield strain, and then the rate of 

increase in elongation decreased after the yield strain was 

exceeded. The rate of increase in steel elongation increased 
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again after the strain hardening strain was reached. The 

changes of the rate of increase in steel elongation resulted 

from the sequence of the bond deterioration along the steel 

discussed in the previous section. 

The elongation of the top reinforcement inside the 

enlarged end block for specimen S3-4 is plotted vs. applied 

load and load point deflection for the first cycle of load in 

Figs.5.13(a) and 5.13(b) respectively. As shown in Fig.5.13(a), 

the steel first yielded at the face of the enlarged end block 

between points A and B, and reached the strain hardening strain 

between points C and D. During unloading of the beam, the steel 

recovered elastic strain retained a residual elongation at zero 

load. when loading direction was reversed an almost linear 

relationship existed between the applied deflection and 

shortening of the steel from E to F as shown in Fig.5.13(b). 

Further increase in -negative loading caused small shortening of 

the top reinforcement because the flexural cracks previously 

formed in the top portion of the beam were then closed. 

Decreasing the negative beam load resulted in some recovery of 

the steel deformation between points G and H. The general 

relationships shown in Fig.5.13 are very much similar to the 

relationship between the applied ram load and the steel strain 

at the face of the enlarged block. This indicated that the 

steel strain at the face of the end block accounted for the 

majority of the elongation of the steel in the block. 
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The elongation of the top reinforcement inside the 

enlarged end block for all load cycles are plotted with respect 

to the applied load and load point deflection for Specimen S3-4 

in Figs 5.14(a) and (b) respectively. The relationships between 

the steel elongation and the applied load and deflection showed 

quite stable behavior after the first load cycle. 

The same assumptions and calculation procedure used to 

find the elongation of the top reinforcement can be employed to 

find the shortening of the bottom reinforcement. The 

relationship between the calculated shortening of the bottom 

steel and the measured compressive steel strain at the face of 

the enlarged end block during the first quarter-cycle of load is 

shown in Fig.5.15 for Group II and III specimens. The 

relationship was nearly linear up to a compressive strain of 

approximate 0.0015, and then the rate of increase in shortening 

decreased as the compressive strain continued to increase. 

However, the shortening of the bottom longitudinal reinforcement 

was quite small compared to the elongation of the top 

longitudinal reinforcement, and therefore compression 

reinforcement bond deterioration was not significant under 

monotonic loading. 

The relationship between the calculated shortening of the 

bottom longitudinal reinforcement in the enlarged end block and 

the applied load is shown in Fig.5.16 for Specimen S3-1. The 

general character of the relationship shown in Fig.5.16 is quite 
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similiar to that of the relationship between the applied load 

and the steel strain at the face of the enlarged end block. 

After completion of the first load cycle, bottom steel exhibited 

a residual elongation and retained net positive elongation for 

all loads during all subsequent cycles of load. 

The residual elongation of the top longitudinal 

the zero load point ( Fig.S.17) of each cycle reinforcement 

was plotted vs. 

S.lS to 5.20, 

at 

the number of load cycles, as shown in Figs 

to determine the effect of load history on the 

bond deterioration of reinforcement anchorage. The strain gages 

used in 8pecimen 82-2, 82-3, 82-4 and 83-2 at the face of the 

enlarged end block broke after the first cycle of load. As a 

result, elongation of the top reinforcment of these specimens 

could not be calculated and are not shown in these figures. 

As shown in Fig.S.IS, during the first 3 to 5 cycles of 

load, residual steel elongations increased with increasing 

number of cycles and then remained almost constant in the 

following cycles. The increases of residual steel elongation 

during the first few cycles resulted primarily from bond 

deterioration along the bar. Under loading to uniform 2% shear 

span maximum displacement limits, the longitudinal steel 

elongation did not increase significantly after the first few 

load cycles had been completed and shear deformation in the 

hinging zone dominated the response of the beam with increasing 

number of cycles. 
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Specimen S2-l was inadvertently loaded beyond the planned 

maximum positive displacement limit during the seventh load 

cycle. As a result, the residual steel elongation increased 

from 0.0318 to 0.0394 inches, and the elongation remained 

approximately constant after conclusion of the following cycles. 

This indicated that bond deterioration of the anchored 

reinforcement was more closely related to the maximum 

displacement than to the number of cycles the beam had 

experienced, and that the damage of bond was irreversible. 

The main difference between Specimens S2-l and S3-l were 

the maximum gross shear stresses and the size of the transverse 

reinforcement in the members. Had Specimen S2-l not been 

excessively deflected during the seventh load cycle, the 

residual steel elongation within Specimen S2-1 following all 

cycles but the first cycle would still have been much larger 

than those in Specimen S3-l. The difference of residual steel 

elongation may be speculated to have resulted from the 

differences between shear deformations in the hinging zones of 

the two specimens during cyclic loading which resulted in less 

straining of the longitudinal reinforcement and, consequently, 

smaller residual steel elongation remaining after cyclic loading 

in Specimen S3-l. 

Although the gross shear stress in Specimen Sl-l was much 

lower than in Specimens S2-l and S3-l, Specimen Sl-l was 

fabricated with No. 6 bars while No. 7 bars were used in the 
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other group of specimens. As a result, direct comparison can 

not be made between the two. However, satisfactory anchorage 

was provided to the longitudinal reinforcement as indicated by 

small residual elongation with cycling for No. 6 bar shown in 

Fig.S.lS. 

Residual steel elongations at zero loads for specimens of 

Groups I and III are shown in Figs 5.19 and 5.20 respectively. 

An irregular change of calculated residual steel elongation was 

observed in Specimen Sl-4 and S3-4. This may have been caused 

by the assumption of linear strain distribution between gages. 

Changes of the maximum displacements in the loading history from 

2% to 4% shear span length significantly affected bond 

deterioration and, as a result, the residual steel elongation 

seen in Specimen S3-3. Note that within each group of specimens 

having a common maximum gross shear stress, load histories which 

contained displacements to 4% of shear span length caused much 

larger amounts of residual steel strain than did histories which 

contained displacements of 2% of shear span length. 

S.4 FIXED END ROTATION 

Due to differential elongations of the top and bottom 

longitudinal reinforcement inside the enlarged end block, an 

angular rotation could be assumed to be concentrated at the face 

of the enlarged end block. This rotation may be referred to as 

"fixed end rotation", and is calculated as following 

~-~ 
eFE = d - d' 
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where 

e
t 

= top steel elongation 

~ = bottom steel elongation 

d-d'= distance between top and bottom steel 

The beam displacement at the load application point due to 

fixed end rotation can be determined as ~FE = 1 X SIN ( 8FE 

where 1 is the shear span length. In Chapter 4, 8FE and ~FE 

were included as flexural rotation in the hinging zone and 

flexural displacement at the loading point. Percentage of ~FE 

with respect to the flexural displacement at the loading point 

and total beam displacement is given in Table 5.2 for all 

spceimens at the maximum positive displacement of the first 

cycle. As shown in Table 5.2, ~FE actually was a major source 

of the total displacement. 

Calculation of 8FE required good strain readings from all 

strain gages inside the enlarged end block. For most of the 

specimens tested in this investigation, at least one strain gage 

broke during the first load cycle. Therefore, exact comparisons 

of the calculated fixed end rotation between specimens were not 

possible because of lack of data. However, useful information 

can be drawn from the relationships between applied load and 

fixed end rotation shown in Figs 5.21 and 5.22 for Specimen S3-l 

and S3-3, two specimens for which at least partial data was 

available. 

As shown in these figures, a slight "pinch" of the curves 
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resulting from Bauschinger effects was observed as applied load 

was reversed in direction. But the degree of the "pinch" was 

minor compared to what had been shown in Figs 4.l5(b) and 

4.l7(b) in the relationship between applied load and shear 

displacement in the hinging zone. The general configuration of 

Figs 5.21 and 5.22 is similar to that of the relationship 

between applied load and flexural displacement in the hinging 

shown in Figs 4.l5(a) and 4.l7(a). 

Two conclusion can be made as follows regarding behavior 

of anchorage of reinforcement: (1) anchorage of the longitudinal 

reinforcement was satisfactorily provided by the 90-degree hooks 

regardless of the bond deterioration which had occurred along 

the straight development length, (2) the low stiffness behavior 

visible near zero load points 

contributed mainly by the shear 

in load-deflection curves was 

stiffness decay in the beam 

hinging zone rather than by bond deterioration in the anchorage 

zone. 
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CHAPTER 6 

ENERGY DISSIPATION CAPACITY 

6.1 INTRODUCTION 

Due to practical and economic considerations, the 

possibility of structure inelastic deformation during the course 

of a severe earthquake must be anticipated during the designing 

of a reinforced concrete structure which is to be situated in a 

zone of seismic activity. If the structure is to survive, the 

individual structural components must be ductile and possess a 

reserve of energy dissipation capacity. Present design 

philosophy implicitly assumes that the larger the energy 

dissipation capacity a member has, the better the performance of 

the member and structure will be. To this end, code provisions 

specifically attempt to prevent non-ductile failure modes such 

as (1) sudden shear failure of members, (2) buckling of the main 

longitudinal reinforcement, and (3) loss of bond (bond slip) and 

of anchorage. These failure modes and their prevention have 

been the subjects of numerous research projects during the past 

decade. However, because of a lack of agreement as to what 

constituted a displacement history that was representative of 

what an actual structural member might be forced to endure 

during a severe earthquake, the loading history used in each 

project was somewhat arbitrary. A common criterion which could 

be used to evaluate and compare the test results from different 

sources to determine effects of a given parameter and the 
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overall ability of a given specimen to perform its structural 

function did not exist. 

Gosain et al.( 19 ) addressed this problem, and attempted 

to make a comparison of test results from different sources by 

formulating a measure of nondimensionalized component capacity 

which they termed "work index". However, the possible influence 

of loading history on the "work index" was not considered, and 

considerable scatter of the data remained in this work. 

In addition to the 

energy dissipation capacity 

damage of a member based 

evaluation and prediction of total 

of a member, estimation of the 

on the amount of energy dissipated 

before failure is a subject deserving consideration. It is 

reasonable to say that the more energy a member dissipates, the 

more damage the member will sustain, and the less energy 

dissipation capacity will remain in the member. Banon et 

ale ( 8 ) attempted to predict the damage within a reinforced 

concrete frame based on structural component energy dissipation 

test results. However, as in Gosain's study, possible effects 

of the loading history on the energy dissipation capacity of 

frame members were still not considered in their work. 

In order to consider the possible influence of loading 

history on the energy dissipation capacity of reinforced 

concrete members subjected to inelastic loading reversals, an 

"energy index" is proposed in this chapter. The formulation of 
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this index of member energy dissipation capacity is based on the 

results of the present test series and considers displacement 

history, stiffness degradation, and maximum gross shear stress 

experienced by each member. Because the present test series 

used only a narrow range of displacement histories for this 

empirical formulation, test results from other sources were also 

considered to verify the applicability of this energy index data 

treatment to specimens subjected to a wide range of displacement 

histories. 

6.2 WORK INDEX 

In an attempt to make comparisons of member cyclic 

inelastic capacity between test results from different sources, 

a "work index" was proposed by Gosain et ale (19) as a 

nondimensional measure of energy dissipation capacity of 

reinforced concrete members subjected to inelastic loading 

reversals. Instead of attempting to represent the actual area 

within member load-deflection curves, the work index approach 

used an empirical relationship based on displacement ductility 

D. / D. ), the ratio of maximum load in a given cycle to the n y 

section's monotonic flexural yield load ( Pn / Py )' the level of 

axial load carried by the section, and the member's shear span 

to depth ratio ( aid to predict member capacity. Because 

simplifications are made in calculating the work index, some 

obvious problems arise in the computation of work index. As 

pointed out by Gosain, the same value of work index would be 
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loaded 4 times to a displacement calculated for a specimen 

ductility of 5 as for one loaded twice to a displacement 

likelihood that ductility of 10. 

the loading to 

Neverthless, he admitted the 

a displacement of 10 times yield displacement 

would damage the member more severely. This prognosis has been 

verified by the test results of this investigation: specimens 

subjected to a loading history containing 4% shear span length 

displacements lost their ability to resist deformation in much 

fewer cycles than did those subjected to a load history 

containing only 2% shear span length displacements, and further, 

the "work indices" for two similar specimens so loaded were 

significantly different. 

In Fig.6.1, ~e test results obtained in this 

investigation are presented in a form identical to that used by 

Gosain et aI, ( see Gosain et ale Fig. 10). As shown in this 

figure, the work indices calculated for specimens considered 

here are far from the statistical mean work index for all 

specimens considered by Gosain. 

of specimens subjected to Type I 

Furthermore, the work indices 

loading history were always 

much larger than those of specimens subjected other than Type I 

loading history. Therefore, a better representation of the 

energy dissipation capacity of a member which can take the 

difference of loading history into account is needed when 

comparison is to be made between test results from different 

sources. 
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6.3 ENERGY INDEX 

The energy dissipated by a member subjected to inelastic 

loading reversals may be determined by measuring the area under 

the member's load-deflection curves. Because complete 

load-deflection curves were recorded for the specimens tested in 

this investigation, the energy dissipated during each load cycle 

by each specimen could be measured easily. The total energy 

dissipated by each member was calculated by summing the energy 

dissipated in each cycle for all cycles prior to the cycle in 

which the applied load at the maximum positive displacement of 

the assigned load history dropped below 75% of the load at which 

first yielding of the longitudinal reinforcement occurred. 

The total energy dissipated by each specimen is tabulated 

in Table 6.1. As indicated in this table, specimens subjected 

to Type I loading were able to dissipate much more energy than 

were specimens subjected to loading histories other than the 

Type I load history. In order to consider the difference of 

total energy dissipation between specimens resulting from 

differences of loading historys, an "energy index" is proposed 

and is defined as follows: 

where 

En= energy dissipated during nth cycle 

K , K = stiffnesses as def ined in Fig. 6.2 
y n 



75 

fln' fly = displacements as def ined in Fig. 6.2 

n= number of cycles in which P / P > 0.75 n y-

The "energy index" as calculated by this procedure for 

each of the specimen in this test series is given in Table 6.1. 

As shown in this table, differences between values for 

specimens within the same group are much smaller than are the 

differences between values of actual total energy dissipation 

for those same specimens. This indicates that this treatment of 

energy dissipation data, in conjunction with the known 

displacement history for the specimens in this investigation, 

has had the effect of compensating for differing displacement 

histories. 

As has been previously discussed, the displacement 

histories used in formulating the "energy index" approach varied 

within narrow limits of maximum displacement magnitude and 

variation of maximum displacement magnitude with respect to load 

cycle number. An important test of the proposed method of load 

history normalization was to determine whether or not it could 

be realistically applied to the results of tests in which 

maximum displacement amplitudes varied widely. Because 

calculation of energy index requires a knowledge of actual 

energy dissipation for each cycle of loading, only the results 

of tests which reported these data were used. Results of 

studies performed by Lee et ale (28) and by Scribner and 

Wight ( 36 ) were selected to serve as tests of the method. The 
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calculated energy index values for these tests are given in 

Table 6.2 and are plotted in normalized form against maximum 

first cycle shear stress experienced by each specimen in Fig. 

6.3. If the degree to which the relationship approaches 

linearity is taken as a verification of the acceptability of the 

data treatment, then that verification is evidenced by the small 

scatter of data present in Fig. 6.3. 

6.4 FACTORS AFFECTING ENERGY INDEX 

Using energy index as a measure of the energy dissipation 

capacity of members subjected to reversed inelastic loading, a 

study of factors which influence the energy index is given in 

this section by considering test results from different sources. 

"To compare the energy index of specimens which differed in size 

and flexural stiffness, the energy index of each specimen was 

normalized by dividing by the yield load and by the yield 

displacement of each specimen. The test results and relevant 

parameters considered in this study are listed in Table 6.2. 

Because a large range of energy index values was present for the 

specimens considered, the energy index has been plotted on a 

logarithmic scale when comparisons have been made between 

specimens. 

One of the most important factors which has been 

considered to affect the performance of a member subjected to 

loading reversals is the maximum shear stress level. Indeed the 
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linearity of this relationship has been used in this report and 

in previous investigations as a measure of data reduction method 

acceptability. In comparison with Fig.6.1 ( by Gosain ), the 

scatter of data is considerably reduced by uSe of the "energy 

index" reduction. In general, higher values of normalized 

energy index resulted from lower shear stress levels. A 

regression line based on the least squares method is also shown 

in the figure to represent the general trend. The sample 

correlation coefficient is -0.748, indicating reasonably good 

linearity of the relationship. 

The influence of the ratio of transverse reinforcement on 

the normalized energy index is shown in Fig.6.4. It is apparent 

that no defineable relationship exists between normalized energy 

index and the transverse reinforcement ratio. To investigate 

the influence of the transverse reinforcement further, the ratio 

of the shear capacity of the transverse reinforcement to the 

maximum applied shear Vs I Vrn is plotted against the index in 

Fig.6.S. The shear capacity of the transverse reinforcement Vs 

was calculated as A f (dis). Al though some scatter of the data v y 

exists, the general trend shown in this figure indicates that 

the normalized energy index 

increases. 

increases as the ratio V I Vrn s . 

Shear span to depth ratio (a/d) has also been considered 

to be a significant factor in influencing the ability of a 

member to withstand reversed loading. For any given member, an 
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increase of the aid ratio results in a decrease of the maximum 

shear stress and, consequently, a potential increase in the 

energy dissipation capacity for the member. The relationship 

between the normalized energy index and shear span to depth 

ratio, shown in Fig.6.6, does indicate a general trend of 

increasing normalized energy index with increasing shear span to 

depth ratio. 

It is required by Appendix A of the ACI code that the 

maximum tension reinforcement ratio of a section shall not 

exceed 50% of the balanced reinforcement ratio if the section is 

to be designed to withstand earthquake loading. The 

relationship of tension reinforcement ratio to normalized energy 

index can be observed in Fig.6.7. The linear regression line 

shown in Fig.6.7 has a correlation coefficient of -0.772, which 

indicates that a relationship exists between the normalized 

energy index and the ratio of p I Pb The general trend 

evident here is that an increase in energy dissipation capacity 

accompanys lower percentages of tension reinforcement. 

In an attempt to reduce further the scatter of the data, 

the shear span to effective depth ratio ( aid ) may be used to 

modify the energy index as: 

I~ = JE (1- dla 

The relationship between modified normalized energy index 

and the measured shear stress is shown in Fig.6.B. The data 
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still shows a scatter similar to that shown in Fig.6.3. 

However, the absolute value of the correlation coefficient of 

the data increases from 0.748 to 0.792 as a result of the 

modification. This indicates that the linearity of the 

relationship between the normalized energy index and shear 

stress has been somewhat improved. 

The relationship between modified normalized energy index 

and the ratio P / Pb is shown in Fig.6.9. The correlation 

coefficient of the regression for this relationship is improved 

from -0.772 to -0.784 as a result of the modification. 

6.5 SUMMARY 

It has been shown in the previous sections that loading 

history significantly affects the total energy dissipation 

capacity of a member subjected to loading reversals. An "energy 

index" evaluation has been proposed to take into account the 

effects of loading history, and has been used as a measure of 

normalizing energy dissipation capacity of members subjected to 

various magnitudes of inelastic loading reversals. Factors 

which influence the energy index have been found to be the shear 

stress level, shear span to effective depth ratio, the shear 

capacity of the transverse reinforcement, and the ratio of the 

percentage of the tension reinforcement to the balanced 

reinforcement ratio. 
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CHAPTER 7 

SUMMARY AND CONCLUSION 

7.1 OBJECT AND SCOPE 

The primary objective of this investigation was to study 

experimentally the effect of load history on the total energy 

dissipation capacity of reinforced concrete flexural members. A 

secondary objective was to study the hysteretic behavior of 

reinforced concrete flexural members under inelastic reversed 

loading whose displacement amplitudes were in the range of 2% or 

4% of the member's shear span length. To achieve the 

objectives, eleven reinforced concrete cantilever specimens were 

constructed and tested under various conditions of 'inelastic 

loading reversal. Variables included in this study were loading 

history and maximum shear stress level. 

7.2 SUMMARY 

7.2.1 OUTLINE OF EXPERIMENTAL WORK 

To make the specimen as simple as possible, a specimen of 

cantilever type was chosen. The specimen consisted of an 

enlarged end block and the cantilever beam itself. The enlarged 

end block provided anchorage for the beam longitudinal 

reinforcement and supported the beam. The ACI Building Code 

(318-77) and its Appendix A were used as a guide for designing 

all the specimens. 
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Loading history was considered to be the most important variable 

in this study. The displacement amplitude of each loading 

history was measured in terms of percentages of the beam shear 

span length. Loading histories which contained uniform 2% or 4% 

shear span length displacement amplitudes were used to study the 

effect of displacement magnitude on the specimen response; 

Loading histories which contained both 2% and 4% shear span 

length displacement amplitudes were used to study the effect of 

displacement sequence on the member behavior. The other 

variable considered was the maximum shear stress level. 

Specimens were divided into three groups on the basis of the 

maximum shear stress level. The maximum shear stresses applied 

to the specimens ranged from 3.3 If' c to 7.4 If'I C • 

During testing, each specimen was held fixed at its 

enlarged end block while the beam tip was slowly deflected by a 

hydraulic actuator. Data recorded included (1) load-deflection 

curves, (2) strains in the top and bottom longitudinal 

reinforcement and in selected stirrups in the beam hinging zone, 

and (3) shearing and flexural distortion of the beam hinging 

zone as measured by four LVDTs in this region. In order to 

determine the total energy dissipation capacity of each 

specimen, the specimen was tested until the strength of the 

specimen at the maximum displacement of its assigned load 

history dropped below fifty percent of its original yield 

strength. 
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7.2.2 OBSERVED SPECIMEN BEHAVIOR 

All specimens were able to develop their flexural yield 

strength and to undergo cyclic inelastic deflections with no 

sudden decrease in load carrying capacity. In almost all cases, 

final failure resulted from cracking and spalling of the 

concrete in the hinging zone, which gave rise to stiffness and 

strength decay. No buckling or failure in anchorage of the 

longitudinal reinforcement was observed. 

All specimens subjected to Type I loading history (Fig. 

2.3(a» exhibited extremely stable load-deflection behavior 

after the first few cycles regardless of the maximum shear 

stress level or the shear span to effective depth ratios. 

However, specimens subjected to lower shear stress were able to 

sustain more load cycles prior to failure than were specimens 

with high shear stress. Specimens subjected to Type II loading 

(Fig.2.3(b» showed strength and stiffness degradation with 

increasing numbers of cycles. The load-deflection curves of 

these specimens were never stablized. High shear stress 

aggravated the decay of both stiffness and strength of the 

specimen. Specimens subjected to Type III or Type IV loading 

history (Fig.2.3(a) & (b» showed behavior similar to that shown 

by specimens subjected to Type II loading history. Load cycles 

which contained maximum displacement amplitudes of 2% shear span 

length did very little damage to the specimen as compared to 

what was done by load cycles which contained displacement 
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amplitude of 4% shear span length. Specimens that were first 

subjected to 2% shear span length displacement load cycles 

retained the ability to develop a moment larger than the 

original yield moment when the specimens were loaded to a 4% 

shear span length displacement during the third load cycle. 

7.2.3 FLEXURAL AND SHEAR DEFORMATION OF THE HINGING ZONE 

During monotonic loading, the flexural and shear 

displacement of the hinging zone provided a good indication of 

changes of shear-resisting mechanism. First, before flexural 

cracks were formed, the applied shear was resisted primarily by 

the uncracked concrete. Because of the high shear stiffness of 

the uncracked concrete, shear displacement within the beam 

hinging zone was almost negligible and the hinging zone showed 

primarily flexural displacement. Second, as the flexural 

cracking load was exceeded, vertical and diagonal cracks formed 

in the hinging zone and inclined as the load was continuously 

increased. These cracks resulted in a change of shear-resisting 

mechanism: part of the shear force previously carried by the 

uncracked concrete then was carried by dowel action, aggregate 

interlock, stirrups, and friction across the cracks. Third, as 

the applied load produced a moment exceeding the yield moment at 

the face of the specimen's enlarged end block, small increases 

in the applied load caused large increases of the longitudinal 

reinforcement strain which resulted in large increases of the 

crack widths and, consequently, large increases in shear and 
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flexural displacements. 

When the applied load was reversed in direction, the crack 

"opening and closing" behavior affected in shear-resisting 

mechanisms. This behavior resulted in severe "pinching" in the 

applied load vs. hinging zone shear displacement relationship 

near the zero load beam position and in the "pinching" of load 

vs. deflection curves of the specimen at the same locations. 

As the number of load reversals the beam had experienced 

increased, the shear-resisting capacity of aggregate interlock, 

friction and dowel action of the longitudinal reinforcement 

became less effective as (1) crack widths and abrasion of 

concrete surfaces along cracks increased, and (2) concrete cover 

spalled off in the hinging zone. Also, additional minor cracks 

developed in the concrete, causing deterioration of the bond 

between stirrups and concrete. The shear stiffness decreased 

and the shear displacement in the hinging zone increased with 

increasing number of cycles at the same maximum beam 

displacement. Increases of shear displacement in the hinging 

zone allowed beam tip displacement to take place with decreasing 

amounts of total strain in longitudinal reinforcement. As 

avresult, the resisting force a specimen could develop at a 

given displacement diminished during cyclic load application. 

7.2.4 BOND AND ANCHORAGE BEHAVIOR 

The deterioration of bond along the top longitudinal 
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reinforcement in the enlarged end block during the first 

monotonic loading was discussed on the basis of average bond 

stresses and bond forces. The test results indicated that bond 

deterioration first started at the face of the enlarged end 

block, and then gradually extended into the enlarged end block 

along the longitudinal reinforcement. The straight portion of 

the longitudinal reinforcement at a distance from the face of 

the enlarged end block was able to develop higher average bond 

stress than was the portion closer to the face of the enlarged 

end block. The maximum average bond stress was lower in Group 

III specimens than in Group II specimens. This may have been 

due to the differences in the maximum shear forces in the beams. 

Higher shear force caused higher dowel force, which tended to 

produce more local disruption of the bond near the face of the 

enlarged end block. 

During loading reversals, the residual steel elongation 

resulting from each cycle of load was used as an alternative 

measure of the bond deterioration along longitudinal 

reinforcement in the enlarged end block. During the first few 

cycles, the total residual steel elongations increased with 

increasing number of cycles and then remained almost constant in 

the following cycles. After the first few load cycles had been 

completed, shear deformation in the hinging zone increasingly 

dominated the response of the beam with increasing numbers of 

cycles, and the rate of deterioration of bond became relatively 
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slower than had been the case during the first few cycles. The 

bond deterioration along reinforcement anchorage seemed to be 

more closly related to the beam maximum displacement than to the 

number of cycles the beam had experienced at a given 

displacement limit. Also, the bond deterioration over a certain 

length of longitudinal reinforcement was found to contribute 

little to the "pinching" of the load-deflection relationship 

near zero load points as long as the anchorage of the 

longitudinal reinforcement was satisfactorily provided beyond 

the location of bond deterioration. 

7.2.5 ENERGY DISSIPATION CAPACITY 

As indicated by test results, identical specimens 

subjected to different magnitudes of inelastic loading reversals 

showed different energy dissipation capacity. To take the 

effect of loading history on the total energy dissipation 

capacity of the specimen into account, an "energy index" was 

proposed and was used as a measure of normalized total energy 

dissipation capacity of reinforced concrete flexural members. 

Test results of other researchers were used to verify the 

applicability of the proposed "energy index" to members tested 

under a wide range of displacement histories. Factors which 

influenced the energy index were found to be (1) the maximum 

shear stress level, (2) shear span to effective depth ratio, (3) 

the shear capacity of the transverse reinforcement, and (4) the 

ratio of the percentage of the tension reinforcement to the 
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balanced reinforcement ratio. 

7.3 CONCLUSION 

Based on the results of tests discussed here and in 

conjunction with research done by others, the following 

conclusions can be drawn: 

1. The strength and stiffness degradation of reinforced 

concrete members during repeated reversed inelastic 

loading were closely related to the magnitude of the 

maximum displacement in each cycle and the maximum 

shear stress level experienced by the member. 

2. The total energy dissipation capacity of a reinforced 

concrete member depended strongly on the displacement 

history the member is to experience. Estimation of the 

damage or comparison of the performance of reinforced 

concrete member subjected to inelastic reversed loading 

based on energy the member had dissipated needed to 

consider the displacement history the member had 

experienced. 

3. Under maximum member displacement to 2% of the member's 

shear span length, the failure of the member was not 

likely to occur during the number of cycles of loading 

which might conservatively be expected to accompany a 

major earthquake. 
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4. As long as the maximum member displacement was kept in 

the range of 2% of the member's shear span length in 

cyclic reversed loading, the strength degradation of 

high shear flexural member designed in accordance with 

ACI Code (318-77) would not be excessive. 

5. An increase in gross shear stress in a flexural member 

caused a reduction in the total number of cycles to 

failure for any given load history. 

6. The degradation of bond resistance between 

reinforcement and concrete in the anchorage zone was 

more closely related to the beam maximum displacement 

than to the number of cycles the member has experienced 

at a given displacement amplitude. 
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TABLES 
Table 2.1 

Reinforcement Details 

Speimen Shear Span As AI A 
( IN) 

s v 

Group I 39 3- # 6 3- # 5 2 @ 2.5 n 

Group II 34 3- # 7 3- # 6 2 @ 2.5" 

Group III 25 3- # 7 3- # 6 3 @ 2.5" 

Table 2.2 
Design Shear Stress, and Testing Schedule 

Design * Measured * 
Specimen Shear Stress Shear Stress Load History 

81-1 3.0 3.3 I 

81-2 3.0 3.6 II 

81-4 3.0 3.5 IV 

82-1 4.5 5.1 I 

82-2 4.5 5.2 II 

82-3 4.5 6.0 III 

S2-4 4.5 5.6 IV 

83-1 6.0 7.1 I 

83-2 6.0 7.3 II 

83-3 6.13 7.0 III 

83-4 6.13 7.4 IV 

* Shear Stress is Counted As a Multiple of 
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Table 3.1 
Calculated and Measured Yield Moments 

Measured 
8pecimen Measured (k-in) Calculated (k-in) Calculated 

81-1 729 671 1.09 

81-2 724 674 1.07 

81-4 672 578 1.16 

82-1 881 777 1.13 

82-2 836 780 1.07 

82-3 881 924 0.95 

82-4 879 795 1.11 

83-1 888 804 1.10 

83-2 894 827 1.98 

83-3 860 804 1.97 

S3-4 999 818 1.10 
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Specimen 

S2-1 

S2-2 

S2-3 

S2-4 

mean 

S3-1 

S3-2 

S3-3 

S3-4 

mean 

Table 5.1 
Comparison of Maximum Average Bond stress 
First Reached in Region II and Region III 
During the First Quarter-Cycle of Load 

Maximum Average Bond stress 

Region II Region 

96 

III 
------- --------

u 
(psi) 

1189 

950 

1164 

9Hl 

1053 

658 

1112 

924 

1037 

933 

u 
~ c 
16.65 

12.94 

16.96 

13.16 

14.93 

9.39 

15.77 

13.09 

14.58 

13.21 

u 
(psi) 

443 

418 

477 

430 

442 

392 

329 

392 

430 

386 

_E--

~ 
6.20 

5.69 

6.95 

6.39 

6.31 

5.59 

4.67 

5.55 

6.04 

5.46 
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Table 5.2 
Comparison of the Beam Total Displacement 
and Beam Displacement due to Fixed End 
Rotation, and due to Flexural Deformation 

6pE 61 6T 6pE 6pE 

8pecimen ( in) (in) (in) -z; 6T 

81-1 0.284 0.665 0.78 0.43 0.36 

81-2 0.498 1.249 1.50 0.40 0.33 

81-4 13.480 1.3137 1.57 13.37 13.31 

82-1 13.2413 0.524 13.68 13.46 13.35 

82-2 13.548 1.1113 1.36 13.49 0.40 

82-3 0.245 13.4813 13.68 13.51 13.36 

82-4 0.358 1.1413 1.36 0.31 13.26 

83-1 0.194 13.375 0.50 13.52 0.39 

83-2 0.437 0.738 1.1313 13.59 13.44 

83-3 0.181 13.342 13.513 13.53 13.36 

83-4 13.477 13.793 1.1313 13.613 13.48 

6T = Beam Total Displacement at Loading Point 

61 = Beam Flexural Displacement at Loading Point 



Table 6.1 
Energy Dissipation Capacity 

Load 
Specimen History 

Sl-l I 

Sl-2 II 

Sl-4 IV 

S2-1 I 

S2-2 II 

82-3 III 

82-4 IV 

S3-1 I 

83-2 II 

83-3 III 

83-4 IV 

Total Energy 
Dissipation 

(in-kip) 

590 

343 

248 

360 

160 

171 

151 

320 

155 

196 

178 

* Modified Work Index = II = 
W 

see 

Total Energy 
Index, IE 

(in-kip) 

972 

1306 

879 

578 

620 

542 

557 

631 

683 

760 

750 

Modified * 
Work Index 

I I 
W 

169 

40 

31 

88 

11 

16 

13 

78 

11 

17 

14 

98 



b 

Specimen (in) 

Table 6.2 

Test Results from Three Sources 

d 

(in) 

fl 
C 

(ksi) 

a 
d 

v p 
5 y 

Vrn (kip) 

t, 
y 

(in) 

Hwang & Scribner 

Sl-l 

Sl-2 

Sl-4 

52-1 

S2-2 

52-3 

52-4 

S3-1 

S3-2 

S3-3 

S3-4 

8.0 9.9 

8.0 10.1 

8.0 9.9 

8.0 9.6 

8.0 9.6 

8.0 9.7 

8.0 9.6 

8.0 9.7 

8.0 9.8 

8.0 9.6 

8.0 9.7 

5.90 0.005 3.9 0.41 3.3 1.07 18.9 

5.88 0.005 3.9 0.40 3.6 0.97 18.6 

4.98 0.005 3.9 0.41 3.5 1.20 17.2 

5.10 0.005 3.5 0.49 5.1 0.73 25.9 

5.39 0.005 3.5 0.48 5.2 0.70 24.6 

4.71 0.005 3.5 0.55 6.0 0.71 25.9 

4.78 0.005 3.5 0.50 5.6 0.68 25.9 

4.91 0.011 2.6 0.50 7.1 1.68 35.8 

4.97 0.011 2.6 0.50 7.3 1.64 34.4 

4.98 0.011 2.6 0.51 7.0 1.68 35.5 

5.06 0.011 2.6 0.50 7.4 1.57 36.1 

0.41 

0.41 

0.40 

0.38 

0.37 

0.44 

0.37 

0.25 

0.25 

0.25 

0.25 

scribner & Wight 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Lee et al. 

1 

2 

3 

4 

5 

6 

7 

8 

8.0 8.6 4.97 0.006 4.8 0.24 2.1 1.85 8.9 0.39 

8.0 8.6 4.97 0.006 4.8 0.23 2.2 1.68 8.9 0.47 

8.0 10.1 4.97 0.005 4.1 0.29 3.1 1.01 14.4 0.54 

8.0 10.1 4.97 0.005 4.1 0.28 3.5 0.89 16.4 0.66 

8.0 8.6 3.98 0.006 3.6 0.30 3.4 1.29 11.6 0.43 

8.0 8.6 3.98 0.006 3.6 0.29 3.4 1.23 12.0 0.37 

8.0 10.1 3.98 0.011 4.1 0.36 3.6 3.72 15.3 0.70 

8.0 10.1 3.98 0.005 4.1 0.35 3.8 0.89 17.0 0.80 

10. 12.1 4.94 0.007 5.0 0.55 4.9 1.14 34.2 1.10 

10. 12.1 4.94 0.007 5.0 0.53 5.1 1.12 35.8 1.07 

10. 12.1 4.94 0.007 4.0 0.55 6.2 0.92 41.0 0.72 

10. 12.1 4.94 0.007 4.0 0.53 6.9 0.81 46.0 0.90 

8.0 

8.0 

8.0 

8.0 

8.0 

8.0 

8.0 

8.0 

8.0 

8.0 

8.0 

8.0 

8.0 

8.0 

8.0 

8.0 

3.70 0.006 5.8 0.29 2.1 1.98 6.8 0.54 

3.70 0.006 5.8 0.29 1.9 2.17 6.4 0.56 

3.70 0.003 5.8 0.29 1.7 1.22 6.0 0.53 

3.70 0.003 5.8 0.29 1.8 1.04 6.6 0.53 

4.20 0.003 5.2 0.32 2.2 1.70 7.9 0.52 

4.20 0.006 5.2 0.32 2.2 0.88 7.5 0.50 

4.20 0.003 5.2 0.31 2.1 0.90 7.5 ~.47 

4.20 0.003 5.2 0.29 2.1 0.93 7.4 J.46 

IE 

(in-kip) 

972 

1306 

879 

568 

620 

542 

557 

631 

683 

760 

750 

2656 

2486 

945 

1770 

1282 

1827 

1450 

1171 

5291 

6047 

3060 

2663 

531 

1281 

340 

1120 

1544 

1358 

1072 

866 

99 
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Fig. 2.1 Specimen Configuration and Dimension 
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(d) Deflection Schedule IV 
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Fig. 2.3 Deflection Schedule 
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Fig. 2.4 LVDTs Positioned Over Beam Hinging Zone 



,-
-

,
?
 

/ 1\2
 

'-
-

I 
5"

 
I 

5"
 

I 
1

0
" 

I 
' 

"
,
:
t
)
C

 
> 

1 

1 
2 

.~
 

5 
.. 

-
I
B

 
..

 ,. 
11

 
12

 
13

 ~ 

9 .. 
-

~
 

-
II

1
II

 
7 

8 
10

 

F
ig

. 
2

.5
 

S
tr

a
in

 G
ag

e 
L

o
ca

ti
o

n
s 

I
-

I
-

I-
' 

o "'" 



20
 

15
 
l-

10
 1

-

5 
~
 

r-
-.

 
If

) P
i 

.r
! 

.!<
: 

0 
'-

-"
 

"C
I ul
 

0 H
 

"C
I 

-5
 

Q
) 

.r
l 

r
l P
i 

p.
, 

.:r
; 

-1
0

 

-1
5 

-2
0 

.... 
" 

~ 
)/1

 
/ 

I 

I 
/ 

/ 
/ 

/ 
/ 

I 
/ 

/$
II

J
//

/ 
/ 

I 
I 

/ 

/ 
/ 

//
//

/ /
' /1

1'
// !

 / 
I 

/ 
/ 

I 
/ 

/ 
/ 

I 
/ /

 
E

E
//

E
 f

l~
/;

 / 
~
A
~
/
 

-0
.5

 
o 

0
·5

 
1

.0
 

L
o

ad
-P

o
in

 t 
D

e
fl

e
c
ti

o
n

 
(i

n
) 

F
ig

. 
3

.1
(a

) 
L

o
a

d
-D

ef
le

ct
io

n
 

R
e
la

ti
o

n
sh

ip
, 

S
p

ec
im

en
 
S

l-
l 

I-
' 

o U
1 



2
0

 

15
 

10
 

,....
.. R
 

5 
.,

; 
.!>

4 
'-

"
 

aJ o H
 

'd
 

(J
) 

.,
; 

r-
I g: <:
 

0\
 

=
.
.
.
.
-
z
~
 
~
 

-5
 

-1
0

 

-1
5 

-2
0

 

o 
L

o
ad

-P
o

in
t 

D
ef

le
ct

io
n

 
(i

n
) 

F
ig

. 
3

.1
{

b
) 

L
o

a
d

-D
e
fl

e
c
ti

o
n

 
R

e
la

ti
o

n
sh

ip
, 

S
p

ec
im

en
 
S

l-
l 

~
 

a en
 



.--
-..

 
en p

, 
'M

 
~
 

'
-
'
 

~
 

0 H
 

'd
 

<lJ
 

'M
 

r-
i 

P
, 

p
, 
~
 

2
0

 

15
 

1
0

 5 0 -5
 

-1
0

 

-1
5 

-2
0

 I 
~
!
.
 

" 
• 

r
' 

L
o

ad
-P

o
in

t 
D

ef
le

ct
io

n
 

F
ig

. 
3

.1
{
c
) 

L
o

a
d

-D
e
fl

e
c
ti

o
n

 
R

e
la

ti
o

n
sh

ip
, 

S
p

ec
im

en
 
S

l-
2

 
.....

 
o -...

.J 



..-.
... U
l P
i 

.r-
! 
~
 

'-
.
.
/
 

] a H
 

'd
 

Q
) 

.r-
! 

r-
l P
i 

P
i 

<1
! 

20
 

15
 

10
 5 0 -5
 

-1
0

 

-1
5 

A~
 

~
 

o 
L

o
ad

-P
o

in
t 

D
e
fl

e
c
ti

o
n

 

F
ig

. 
3

.l
{d

) 
L

o
a

d
-D

ef
le

ct
io

n
 R

e
la

ti
o

n
sh

ip
, 

S
p

ec
im

en
 

S
1

-4
 

.....
 

o 0
0

 



----
-. 

(/
) p.
, 

·r
l 
~
 

~
 

0 H
 

'd
 

Q
) 

·r
l 

r
l p.
, 

p.
, 

<c
l! 

2
8

 

21
 

11
-J- 7 0 -7
 

-1
4

 

-2
1 8

1 
I 

I 
! 

~ 
I 

-2
 

~ 
~~

 
0 

2 
C

;
)
 

()
 

c:; 
()

 •
 s

O
 

L
o

ad
-P

o
in

t 
D

ef
le

ct
io

n
 

(i
n

) 

F
ig

. 
3

.1
(e

) 
L

o
a

d
-D

ef
le

ct
io

n
 R

e
la

ti
o

n
sh

ip
, 

S
p

ec
im

en
 

S
2

-1
 

.....
 

o U
) 



,.-
...

. 
UJ

 
P<

 
·n

 
~
 

.....
..., ~
 a H
 

'd
 

Q
) 

.n
 

r-
l P<

 
P<

 
~
 

28
 

21
 

14
 7 0 -7
 

-1
1-

/-

-2
1 

-2
8

 
-0

.5
0

 
-0

.2
5

 
0 

0
.2

5
 

0
.5

0
 

L
o

ad
-P

o
in

t 
D

ef
le

ct
io

n
 

(i
n

) 

F
ig

. 
3

.1
(f

) 
L

o
a

d
-D

e
fl

e
c
ti

o
n

 
R

e
la

ti
o

n
sh

ip
, 

S
p

ec
im

en
 

S
2

-1
 

I-
-' 

I-
-' o 



r-
...

. 
(J

) p.
, 

• .
-1

 
~
 

.....
.....

. 

~
 

0 H
 

'0
 

(\
) 

• .-
1 

r-
I p.
, 

p.
, 

<t
: 

2
8

 

21
 

ill
- 7 0 -7
 

-l
h

 

-2
1

 I 
I 

I 
I 

I 
-2

8
 

~ 
~~

 
~ 

,..,.
... 

0 
0

.2
5

 
0

.5
0

 
L

o
ad

-P
o

in
t 

D
ef

le
ct

io
n

 
(i

n
) 

F
ig

. 
3

.1
(g

) 
L

o
a

d
-D

ef
le

ct
io

n
 R

e
la

ti
o

n
sh

ip
, 

S
p

ec
im

en
 

S
2

-2
 

I-
' 

I-
' 

I-
' 



.--
... U
l p.
. 

.r
! 

.!<
! 

'-
"
 

~
 

0 H
 

'L
l 

Q
) 

.r
! 

,..
; p.
. 

p.
. 

~
 

3 2 2
1

 

1I
 QI 

-1
1 

-2
 8 

I 
I 

I 
-2

 
0 

(\ 
? 

c:. 
(\

 
c:.

n 

L
o

ad
-P

o
in

t 
D

ef
le

ct
io

n
 

F
ig

. 
3

.1
(h

) 
L

o
a

d
-D

ef
le

ct
io

n
 
R

e
la

ti
o

n
sh

ip
, 

S
p

ec
im

en
 

S
2

-3
 

I-
' 

I-
' 

tv
 



~
 

OJ
 

P<
 

.r
l 
~
 

'-
--

' 

~
 

0 H
 

'(
j 

(j
) 

.r
l 

r-
i P<

 
P<

 
~
 

2
8

 

21
 

1f
} 7 0 -7
 

_
1
1
~
 

-2
1

 I 
I 

I 

-2
8

 
-0

.5
0

 
-0

.2
5

 
0 

" 
r
,,

..
 

r
I
 

m
 

L
o

ad
-P

o
in

t 
D

ef
le

ct
io

n
 

F
ig

. 
3

.l
(i

) 
L

o
a

d
-D

ef
le

ct
io

n
 
R

e
la

ti
o

n
sh

ip
, 

S
p

ec
im

en
 

S
2

-4
 

.....
 

.....
 

w
 



~
 

en
 

P<
 

·r
l 
~
 

'-
-
' 

~
 

0 H
 

rc:
J 

(!
) 

·r
l 

r-
l P<

 
P<

 
...:

 

4
0

1
1

 -
-
-
-
-
.
r
-
-
-
-
-
.
-
-
-
-
-
-
,
-
-
-
-
-
-
,
-
-
-
-
-
-
.
-
-
-
-
-
-
r
-
-
-
-
-
-
.
-
-
-
-
-
-
.
-
-
-
-
-
-
.
-
-
-
-
-
-
.
-
-
-
-
-
-
r
-
-
-
-
~
 

32
 

24
 

16
 8 0 -8
 

-1
6

 

-2
4

 

-3
2 

-0
.5

0
 

-0
.2

5
 

0 
0

.5
0

 
L

o
ad

-P
o

in
t 

D
ef

le
ct

io
n

 

F
ig

. 
3

.1
(j

) 
L

o
a

d
-D

e
fl

e
c
ti

o
n

 
R

e
la

ti
o

n
sh

ip
, 

S
p

ec
im

en
 

S
3

-1
 

I-
' 

I-
' 
~
 



,.
--

-.
."

 

C/
) P
i 

·r
l 

.-"
'! 

'-
-
' 

~
 

0 H
 

'd
 

<l
l 

·r
l 

.-
I P
i 

P
i 

~
 

lj
{)

 I 

32
 

24
 

16
 8 0 -8
 

-1
6 

-2
4 

-]
2

 

-0
.5

0
 

-0
.2

5
 

0 
0

.2
5

 
0

.5
0

 
L

o
ad

-P
o

in
t 

D
ef

le
ct

io
n

 
(i

n
) 

F
ig

. 
3

.1
(k

) 
L

o
a

d
-D

ef
le

ct
io

n
 

R
e
la

ti
o

n
sh

ip
, 

S
p

ec
im

en
 

8
3

-1
 

.....
 

.....
 

U
1 



r-
..

 
(/

) P
i 

.r
-!

 
..!X

: 
'-

"
 

'-g
 

0 H
 

'd
 

0
) 

.r
-!

 
r
l P
i 

P
i 

<t
! 

hO
 

30
 

2
0

 

1
0

 

0 

-1
0

 

-2
0 

-3
0 

I 
I 

J 
I 

I 
....

 
,...

. 
o

J
 

-4
0

 
-0

.5
0

 
-0

.2
5

 
0 

L
o

ad
-P

o
in

t 
D

ef
le

ct
io

n
 

F
ig

. 
3

.1
(1

) 
L

o
a

d
-D

e
fl

e
c
ti

o
n

 
R

e
la

ti
o

n
sh

ip
, 

S
p

ec
im

en
 

S
3

-2
 

.....
. 

.....
. 

0
'\

 



..--
... U
l p.
. 

'M
 

~
 

'-
--

'"
 

~
 

0 H
 

'd
 

il
l 

'M
 

r
l p.
. 

p.
. 

<>
: 

40
 

30
 

20
 

10
 0 

-1
0

 

-2
0

 

-3
0 40

1 
1 

1 
~ 

~ 
t 

-
,.

..
. 

..
..

 "
 

r
'\

 
"

e 
Ii

 
/ 

E. 
n

t
\
 

L
o

ad
-P

o
in

t 
D

ef
le

ct
io

n
 

(i
n

) 

F
ig

. 
3

.1
(m

) 
L

o
a

d
-D

ef
le

ct
io

n
 R

e
la

ti
o

n
sh

ip
, 

S
p

ec
im

en
 

S
3

-3
 

I-
' 

I-
' 

-...
.J 



ltO
 

JO
 

20
 

,.
-.

..
 

U
l 

P
I 

'M
 
~
 

10
 

~
 

0 H
 

0 
'd

 
(!

) 

'M
 

r-
f P
I 

P
I 

<C
 

-1
0

 

-2
0

 

-JO
 

_1
}0

 
-0

·5
0

 
-0

.2
5

 
0 

L
o

ad
-P

o
in

t 
D

ef
le

ct
io

n
 

0
.2

5
 

(i
n

) 
0

.5
0

 

F
ig

. 
3

.l
(n

) 
L

o
a

d
-D

ef
le

ct
io

n
 
R

e
la

ti
o

n
sh

ip
, 

S
p

ec
im

en
 

S
3

-4
 

I-
' 

I-
' 

0
0

 



,....
.. en P
i 

:Q
 

I 
'-

"
 

~ 0 H
 a1 OM
 

..-
-l P
i 

P
i 

<:
 

I 

2
0

 

B
 

1
5

 

1
0

 

5 0 

0/. 
5

. 
1

0
. 

1 
k. 

J t1
N5

. 
1.)

.£1
)10

. 
2-

/.1
15

. 
2

7
.5

 
3

0
. 

2
.5

 
7

.5
 

-
5

 

-
1

0
 

~.
 

-
1

5
 

-
2

0
 

S
tr

ai
n

 (
in

/i
n

) 
X

 0
.0

01
 

F
ig

. 
3

.2
 

A
p

p
li

ed
 

L
oa

d 
V

B
. 

S
tr

a
in

 
a
t 

th
e
 

F
ac

e 
o

f 
th

e
 

E
n

la
rg

ed
 

E
nd

 
B

lo
ck

 
in

 
T

op
 
L

o
n

g
it

u
d

in
a
l 

R
ei

n
fo

rc
em

en
t,

 
S

p
ec

im
en

 S
l-

4
 

f-
' 

f-
' 
~
 



,..
---

. 
fJJ

 
A

 
oM

 
..!0

4 
'-

"
 

~
 o H
 

'd
 

Q
) 

.r
! 

r
l g; -<
 

4
0

 
~
 

I 1 I 

--I-
-

I
-
-

-
2

 
2 

1
4

 
4 

1
2

 

-
2

0
 

-
3

0
 

-
4

0
 

st
ra

in
 (

in
/i

n
) 

X
 0

.0
0

1
 

F
ig

. 
3

.3
 

A
p

p
li

ed
 

L
oa

d 
v

s.
 

S
tr

a
in

 a
t 

th
e
 F

ac
e 

o
f 

th
e
 

E
n

la
rg

ed
 

E
nd

 
B

lo
ck

 
in

 
B

o
tt

o
m

 
L

o
n

g
it

u
d

in
a
l 

R
ei

n
fo

rc
em

en
t,

 
S

p
ec

im
en

 S
3

-l
 

I-
' 

IV
 

o 



,-
..

 
!I.

l P<
 

oM
 

~
 

'-
'"

 

~
 

0 H
 

't1
 

Q
) 

oM
 

r-
I P<

 
P<

 
<t

! 

5
0

 

4
0

 

3
0

 

2
0

 

1
0

 

0 

f 
4 

/ 
8 

/ 
/ I

 /1
/ 

/
/
/
/
 

1
2

 
2 

6 
I 
-1

0
 

-2
0

 

-
3

0
 

-
4

0
 

S
tr

ai
n

 
(i

n
/i

n
) 

X
 0

.0
01

 

F
ig

. 
3

.4
(a

) 
A

p
p

li
e
d

 
L

o
ad

 
v

s
. 

S
tr

a
in

 
in

 
T

o
p

 
L

o
n

g
it

u
d

in
a
l 

R
e
in

fo
rc

e
m

e
n

t 
in

 
H

in
g

in
g

 
Z

o
n

e,
 

S
p

ec
im

en
 

S
3

-4
 

1
6

 

I-
-' 

N
 

I-
-' 



,.-
...

 
III

 
P

I 
.r

-!
 

..!4
 

'-
' -g o H
 

'd
 

Q
) 

..-
t 

M
 P
I 

P
I 

<
 

-
2

 

5
0

 

3
0

 

2 

-1
0

 

-
2

0
 

-
3

0
 

-
4

0
 

st
ra

in
 (

in
/i

n
) 

X
 0

.0
0

1
 

F
ig

. 
3

.4
(b

) 
A

p
p

li
ed

 
L

oa
d 

v
s.

 
S

tr
a
in

 
in

 B
o

tt
o

m
 

L
o

n
g

it
u

d
in

a
l 

R
ei

n
fo

rc
em

en
t 

in
 

H
in

g
in

g
 

Z
o

n
e,

 
S

p
ec

im
en

 S
3

-4
 

I-
' 

N
 

N
 



,,-
...

 
II

I P
i 

..-
I 
~
 
~
 

~
 

0 H
 

'd
 

Q
) 

..-
I 

r-
I P
i 

P
i 

« 

3
5

 

3
0

 

2
5

 

2
0

 

1
5

 

1
0

 

5 

-
.5

 
.5

 
1 

• 
1 

• 
5 

2
. 

.7
5

 
1 

. 2
5

 
1 

. 
7

5
 

2
.2

5
 

I 

Jl 
l
-

i-
-
,
-
-

\..:
 

I 
-2

5
 

S
tr

a
in

 (
in

/i
n

) 
X

 0
.0

0
1

 

F
ig

. 
3

.5
(a

) 
A

p
p

li
e
d

 
L

o
ad

 
v

s
. 

S
tr

a
in

 
a
t 

th
e
 

B
e
g

in
n

in
g

 
o

f 
th

e
 

H
oo

k 
in

 
T

o
p

 
L

o
n

g
it

u
d

in
a
l 

R
e
in

fo
rc

e
m

e
n

t,
 

S
p

e
c
im

e
n

 
S

2
-3

 
f-

' 
I\

.)
 

w
 



~
 

If.
) p.
, 

oM
 

..!>
o:: 

'
-
J
 

~
 o ~
 al oM
 

.-
t p.
, 

p.
, 

« 
-

1 
• 

3
5

 

I 
n. 

\ 
/.

 

I 

1 
• 

2
. 

3
. 

-
.
5

 
1 

.5
 

2
.5

 
-
5

 

-
1

0
 

-
1

5
 

-
2

0
 

-
2

5
 

st
ra

in
 (

in
/i

n
) 

X
 0

.0
01

 

F
ig

. 
3

.5
(b

) 
A

p
p

li
ed

 
L

oa
d 

v
s.

 
S

tr
a
in

 a
t 

th
e
 

B
eg

in
n

in
g

 
o

f 
th

e
 

H
oo

k 
in

 
B

o
tt

o
m

 
L

o
n

g
it

u
d

in
a
l 

R
e
in

fo
rc

e
m

e
n

t,
 

S
p

ec
im

en
 

S
2

-3
 

I-
' 

IV
 ..,. 



.--
... s:: or
l 

'-
' s:: 0 or
l 

.p
 

0 Q
) 

r-
I 

Cr
t 

Q
) 

~
 

.p
 s:: or

l 0 p.
. I 11 0 H
 

.8
 

.6
 

.4
 

.2
 

0
. 

'l
 
.
1
~
~
~
.
5
 

.6
 

,8
 

1 
• 

.7
 

.9
 

1
-
.2

 

I 
-
.4

 

-
.
6

 

-
.
8

 

S
tr

ai
n

 (
in

/i
n

) 
X

 0
.0

01
 

F
ig

. 
3

.6
(a

) 
L

o
a
d

-P
o

in
t 

D
e
fl

e
c
ti

o
n

 
V

S
. 

S
ti

rr
u

p
 
S

tr
a
in

, 
S

p
e
c
im

e
n

 
S

2
-1

 
I-

' 
tv

 
U

1 



....
....

.. s:: oM
 

.....
..., s:: 0 oM

 
+3

 
0 Q

) 
r
l 

'H
 

Q
) 

t=
l 

+3
 s:: oM
 

0 P-
t I ~
 

0 H
 

.8
 

.6
 

.4
 

.2
 

0. 
01' 
~
 ~
 

.8
 

1 
.2

 
.6

 
1 

• 

1
-
.2

 

-
.
4

 

I 

-
.
6

 

-
.
8

 

st
ra

in
 

(i
n

/i
n

) 
X

 0
.0

0
1

 

F
ig

. 
3

.6
(b

) 
L

o
a
d

-P
o

in
t 

D
e
fl

e
c
ti

o
n

 
v

s
. 

S
ti

rr
u

p
 
S

tr
a
in

, 
S

p
ec

im
en

 
S

2
-1

 1 
.4

 

.....
.. 

tv
 

0'
1 



r-
..

. 
~
 

oM
 

'-
"
 

~
 

0 oM
 

+>
 

t)
 

Q
) 

.....
. 

'H
 

Q
) 

~
 

+>
 
~
 

oM
 

0 il-
t , 1t 0 H
 

.8
 

.6
 

.4
 

.2
 ~l

 
~
.
4
/
 

.8
 

1 
.2

 
.6

 
1 

• 
1 

.4
 

1
-
.2

 

-
-
-
-
, 

-
.
4

 
{ 

I 

//
 

, 

-
.
6

 
-

r
-

~
 

-
.
8

 

S
tr

a
in

 (
in

/i
n

) 
X

 0
.0

01
 

F
ig

. 
3

.6
(c

) 
L

o
a
d

-P
o

in
t 

D
e
fl

e
c
ti

o
n

 
v

s
. 

S
ti

rr
u

p
 
S

tr
a
in

, 
S

p
ec

im
en

 
S

2
-1

 1 
.6

 

.....
 

IV
 

--
.! 



128 

) ) 
1 

(a) 

1 

(b) 

r 
(c) 

Fig. 3.7 Formation of Cracks During the First Cycle 



Fi g. 3 . 8(a) Typical Crack Pattern of Group I Specimens 
at Concl usion of Test 
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Fig. 3 . 8(b) Typical Crack Pattern of Group II Specimens 
at Conclusion of Test 
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Fig. 3.8(c) Typical Crack Pattern of Group III Specimens 
at Conclusion of Test 

Fig. 3. 9 Specimen Sl-l at Conclusion of Test 
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Fig . 3 .1 0 Stra i ns Along the Top Longitudinal Reinforcement i n the 
Enlarged End Block after 50 Cyc l es of Load, Specimen Sl - l 
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Fig. 3.11 Specimen S1-2 During the First Load Cycle 

Fig. 3.12 Specimen Sl-2 at Conclusion of Test 
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Fig. 3.14 Specimen Sl-4 at the Maximum Positi ve 
Displacement of Tenth Load Cycle 

Fig. 3.15 Specimen 52-1 at the Conclusion of First 
Load Cycle 
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Fig. 3.16 Specimen S2-1 at the Conclusion of Tenth 
Load Cycle 

r' . . ':. . ~ . '14. 
I • ., 

Fig. 3.17 Specimen S2-2 at the Maximum positive 
Displacement of First Load Cycle 
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Fig. 5.1 Strain and Stress Variation Along Top Longitudinal 
Reinforcement in the Enlarged End Block, Specimen Sl-4 
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(A) REINFORCEMENT 

APPENDIX A 

MATERIAL PROPERTIES 
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Reinforcement used in this investigation was obtained from 

two sources. One ordered from a steel company was used in all 

specimens execpt specimens Sl-4 and S2-3. Reinforcement used in 

specimen Sl-4 and S2-3 was from the steel storage room in the 

University of Illinois. The coupon test of the reinforcement 

from each source showed that all bars of each size in either 

source had approximately the same stress-strain curves. 

Three or more 13-inch long coupons were taken from each 

size bar to determine the properties of the reinforcement. 

Coupons were tested uniaxially in tension using an MTS universal 

testing machine. A one-inch extensometer was attached to the 

bar coupon to measure the strain. Both applied load and 

measured strain were plotted using an X-Y plotter during each 

test. Nominal bar area was assumed when converting the measure 

load-strain curve to a stress-strain curve for all 

reinforcement. A summary of the results of these coupon tests 

is given in Table A.I. A typical stress-strain curve for each 

size bar is shown in Fig.A.I(a) to A.l(g). 

(B) CONCRETE 

Normal strength ( Type I ) portland cement and limestone 
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with a maximum size of 3/4 inch were used for all specimens. 

The concrete mix design was chosen to provide approximately 4000 

psi compressive strength at 28 days. Based on two trial mixes, 

the ratio of mix by weight was I : 3~67 : 3.83 : 0.80 ( cement: 

sand : limestone : water ). 

Although the concrete mix used for all specimens was the 

same, the ultimate strength for each batch of concrete varied. 

It is believed that this difference was due to inescapable 

variations in water-cement ratios resulting from variations in 

material water content and concrete batching procedures. 

Four 6xl2 in. and two 6x6 in. cylinders were cast from 

each concrete batch, cured simultaneously with each specimen, 

and tested on the same day the cantilever beam specimen was 

tested. Stress-strain curves for the concrete were obtained 

from compression tests of 6xl2 in. cylinders. A mechanical 

dial gage was used to measure cylinder longitudinal deformation 

over a six-inch gage length. The uniaxial compression load was 

read from the gage of the Riehle machine used to test the 

cylinders. A typical stress-strain curve for concrete is shown 

in Fig.A.2, and a summary of concrete strengths is given in 

Table A.2. The tensile strength of the concrete was obtained 

from splitting tests of 6x6 in. cylinders and the results are 

given in Table A.2. 
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Table A.l 
Measured Properties from Steel Coupon 

Stress,ksi Strain 
Bar size Yield Ultimate Yield Ultimate 

2 53.4 72.7 0.0016 0.1635 

2+ 58.1 83.1 0.0020 0.1465 

3 75.5 107.1 0.0050* 0.0985 

5 72.4 106.9 0.0050* 0.0967 

6 63.7 96.9 0.0022 0.1317 

6+ 62.1 92.8 0.0021 0.1500 

7 59.3 101.3 0.0020 0.1350 

7+ 71.8 115.1 0.0050* 0.105 

+ Reinforcement used in specimens Sl-4 and S2-3 

* No Well Defined Yield Point in Stress-Strain Curve 
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Table A.2 
Measured Average Concrete Properties 

Slump Age Compressive SpItting 
Strength Strength 

Specimen (in) (day) (psi) (psi) 

51-1 2.8 78 5900 592 

51-2 2.8 69 5880 ,584 

51-4 2.3 63 4980 435 

52-1 2.8 83 5100 392 

52-2 2.8 70 5390 468 

52-3 2.4 56 4710 376 

52-4 7.5 91 4780 425 

53-1 4.8 54 4910 403 

S3-2 4.8 62 4970 442 

S3-3 5.3 75 4980 455 

53-4 1.3 43 5060 440 
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APPENDIX B 

SPECIMEN DESIGN 

The ACI Building Code (318-77) and its Appendix A were 

used as a guide for specimen design. References given in 

parentheses in the following discussion of design procedures 

refer to the applicable paragraph in the ACI code. 

The overall dimensions of the specimen were selected for 

compatibility with available testing equipment. Beam 

longitudinal reinforcement was chosen so that the maximum 

predicted moment would induce the desired maximum shear stress 

in the beam. Shear span to effective depth ratio was 

constrained to be greater than two. Specimens were designed to 

have maximum gross shear stresses of from 3 to 6 If' c • 

Transverse reinforcement was designed to resist the 

expected maximum shear in each specimen at the ultimate design 

beam moment. The allowable shear stress for concrete was taken 

as 2 If! or 126 psi for the design concrete compressive 
c ' 

strength of 4000 psi. Using Group III specimens as an example, 

beam shear stress was designed as 6 ~ , which required a force 

of: 

6 If' * b * d = 29450 lb = 29.5 kips c 

Because the section nominal moment was calculated to be 833 

in-kips, the selected shear span was (833x0.9)/29.5=25.4 inches. 

Required transverse reinforcement was calculated as 

(11.7) 



A =0.15A (S / d) 
s (A.I) 
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Using a Grade 60, No. 3 deformed bar for stirrups and 

solving for required spacing: 

A f d 
S = v y 

V-V c 

= (0.22) (60) (9.69) 
(29.5 - 9.8) = 6.5 in. 

A d v 
S = 0.15 A = 

s 

(0.22) (9.69) = 10.8 . 
0.15 (1.32) Ln. 

other provisions of the design code (A. 5.11) required a 

tie spacing in the beam no greater than d/4 within a distance of 

4d from the enlarged block face, so the spacing for transverse 

reinforcement in the hinging zone in this and all other 

specimens was chosen as d/4. 

Because the shear span length of this specimen was less 

than 4d, it was not necessary to place close stirrups at d/4 

spacing beyond the load application point. Because the uniform 

Building Code and SEAOC code require close spacing of ties in 

beams for a distance of only 2d from the face of the column, it 

was decided that d/4 spacing would be used for only a distance 

of 2d from the face of the enlarged end block. All lateral 

reinforcement consisted of closed, one-piece ties as required by 

ACI 318-77. Stirrups were placed at a distance of 1 in. from 

the face of the enlarged end block and thereafter at a spacing 

of 2.5 in. for a distance of 2d. In the enlarged end block, 

three stirrups were placed starting at a distance of 3 in. from 

the face of the enlarged end block at a spacing of 5 inches. To 
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insure that all inelastic deformation took place in the beam 

section of the specimen, three additional large stirrups were 

added in the enlarged end block adjacent to the stirrups 

mentioned above (Fig.C.l). 

DEVELOPMENT OF LONGITUDINAL REINFORCEMENT 

All longitudinal reinforcement was anchored in the 

enlarged end block by 90 degree standard hooks. The tensile 

stress which the hook would be expected to developed was 

calculated as (12.5.1) 

f =t; /fT 
h c 

where 

f h= tensile stress developed by a standard hook, psi 

t; = constant for standard hook, ~ =360 for #:7 bars 

~ =450 for #6 bars 

The equivalent embedment length t of the standard hook 
e 

was calculated as (12.5.2) 

where 

(A5 .8) 

If' 
c 

t = equivalent embedment length of a hook e 

A = area of an individual bar s 

The required development length specified by the code 

was 2/3 t e or 16 inches, where t e is calculated in 

accordance with section 12.2.2. 
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APPENDIX C 

SPECIMEN FABRICATION & TEST SETUP 

SPECIMEN FABRICATION 

All test specimens were constructed in the Civil 

Engineering Structural laboratory of the University of Illinois. 

Fabrication sequence was the same for all specimens. 

Reinforcing steel was first cut into pieces and bent in 

the laboratory using a DI-ACRO bender. Bending technique was 

supervised by a technician and the dimensions of the finished 

products conformed to applicable specifications of Chapter 7 of 

the ACI Building code. Beam main reinforcement was hung on two 

steel supports and then stirrups were fastened in position using 

eighteen gage annealed wire to complete fabrication of the steel 

cage. A complete steel cage is shown in Fig.C.l. 

Specimens were cast in a horizontal position in plywood 

forms. Three forms were constructed to allow casting of three 

specimens simultaneously. Forms were constructed of 3/4 in. 

exterior grade plywood which was reinforced with 2x2 in. square 

fir wales and waterproofed with orange shellac. Form section 

were joined with 1/4 in. 

specimen, forms were oiled to 

finished specimens. 

machine bolts. Before casting of 

allow their easy removal from 

Steel cages were placed in the forms and supported with 
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small concrete cubes. This insured proper concrete cover and 

held steel cages in position during casting. The assembled form 

with steel cage in place is shown in Fig.C.2. Concrete was 

mixed by a CYCLO-MIXER (Model 170 ) according to the mix design 

specified in Appendix A. Concrete was placed in the forms and 

consolidated with a hand vibrator. Excess concrete was struct 

off with a wooden screed and smoothed with a metal float. The 

concrete attained its initial set in approximately five hours 

and it was then covered with wet burlap and plastic sheeting to 

retain moisture. Forms were removed on the day following the 

day of casting and specimens were maintained in a wet condition 

for at least seven days before the plastic sheeting and burlap 

was removed. Specimens were then allowed to cure uncovered 

until they were tested. 

Standard 6 x 12 in. concrete test cylinders were cast at 

the same time each series of three specimens was cast. 

Cylinders were removed from the steel cylinder forms on the day 

following the day of casting and then moved to the site of the 

test beams where all were cured under like conditions until 

testing occurred. 

TEST SET UP AND TEST PROCEDURES 

(A) HOLDING FIXTURE 

The enlarged end block of the specimen was clamped between 

two lx16x20 in. steel plates with ten high strength steel rods. 
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The top plate was reinforced by four C-3x6 steel channels. The 

bottom plate was welded to a steel W-section which in tUrn was 

bolted to the laboratory floor. A concrete block was used to 

elevate the W-section to allow easy inspection of the specimen 

during the test. 

(B) LOADING FIXTURE 

A 100 kip capacity hydraulic ram was used to apply 

vertical load to the specimen. The ram was supported by an 

external frame, shown in Fig.C.3, and attached to the specimen 

by a greased spherical connection. A loading area of 8x8 in. 

was obtained by using 3/4 x 8 x 8 in. plates on top and bottom 

of the beam at the location of the loading point. The holding 

fixture is shown schematically in Fig.A.6. 

TEST PROCEDURE 

The specimen was held fixed at its enlarged block. Data 

acquistion equipment and loading fixture were in turn attached 

to the specimen. Before applying the designated load history, 

shown in Fig.2.3, a load of approximate 1/4 of the yield load 

was applied in the positive displacement direction and then 

removed to check the security of the attachments between the 

specimen and the testing frame. After the first cycle of load, 

bolts were checked and re-tightened if necessary. The recorded 

load deflection curves were used to monitor the progress of the 

test. Motion of the ram was stopped at various times to allow 
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readings from strain gages and LVDTs to be recorded. Test was 

terminated when the specimen had essentially lost its ability to 

resist displacement. 

DATA ACQUISTION 

The data acquisition equipment included: (1) an MTS ram 

and the control console ( MTS Model 661.22 ), (2) Five LVDTs 

manufactured by Collins company, (3) a Hewlett Packard X-Y 

plotter, (4) thirteen strain gages manufactured by 

Micro-Measurement company (Type EA-06-250BG-120 strain gages for 

longitudinal steel; Type EA-06-125BG-120 strain gages for 

transverse steel), (5) an Endevco signal conditioning module 

(Model 4470 ), (6) a Vidar scanner (Model 610), (7) a Vidar 

digital voltmeter (Model 521), and (8) a Teletype printer. 

A steel frame made from 1 x 1 x 1/8 in. steel angles was 

attached to the enlarged end block to provide fixture for the 

LVDTs in the hinging zone and at the load application point. 

This device was used so that the displacement of the loading 

point was measured with respect to the enlarged end block, in 

other words, the rigid body motion of the whole specimen would 

not be included in the recorded loading point displacement. 

The applied load was measured by a 100 kip capacity load 

cell attached between the specimen and the MTS ram. Deflection 

of the ram end was measured by an LVDT built in the loading ram 

and by an independent LVDT attached underneath the beam at the 
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load application point. The readings from the LVDT in the 

l oading ram were not used. Readings from the independent LVDT 

and load cell were continuously recorded by a Hewlett Packard 

X-y plotter during the test. Four LVDTs were positioned over 

the beam hinging zone as shown in Fig.2.4. to measure the 

shearing and flexural deformation in this region. The hinging 

zone was assumed to extend into the beam a distance equal to the 

overall beam depth from the face of the enlarged end block. 

Thirteen electrical resistance strain gages were bonded to 

reinforcement at locations shown in Fig.2.5 in the specimen to 

record the strains in the reinforcing steel. Signals from LVDTs 

and strain gages were channeled through Endevco signal 

conditioning modules, a Vidar scanner, and a Vidar digital 

voltmeter. A Teletype printer printed the readings and punched 

them on a tape. The data from the paper tape was read into the 

Cyber computer in the University of Illinois, and a computer 

program was developed to convert the voltage signals into 

corresponding load, deflection and strain readings. 
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Fig. C.l Completed Reinforcement Cage 

Fig. C.2 Reinforcement Cage in Plywood Form 
Ready for Casting 
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Fig. C.3 Test setup and Loading Frame 
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APPENDIX D 

CALCULATION OF FLEXURAL AND SHEAR DEFORMATION OF A HINGING ZONE 

A deformed hinging zone of one of the specimen tested is 

shown in Fig D.l. Using the flexural and shear, and total dis

placement in the hinging zone defined in Chapter 4 and notation 

shown in Fig. D.l, let 

L1 = AB 61 
= BAC 

L2 = BC 62 = ABD 

L3 = AD 6
3 

= BAF 

L4 = AF 64 
= FAE 

L5 = EF 65 
= AEF 

(H/2) = AE = EC = BF = FD, and n/2 = AEG = GEC. 

Then from trigonometry 

g4 = gl - g3 

2 2 1/2 
L5 = ( L4 + (H/2) - 2 L4 (H/2) COS g4 ) 

L2 + (H/2)2 _ L2 
g = COS-1( 5 4 ) 

5 2 L5 (H/2) 

Flexural Rotation = ~ ('IT - gl - g2 ) 

Shear Rotation = g5 - 'If 12 - (Flexural Rotation) 
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