
PERFORMANCE CRITERIA FOR REINFORCED
CONCRETE BEAM-COLUMN CONNECTIONS.

Item Type text; Thesis-Reproduction (electronic)

Authors Yacoub, Mohamad Toufic, 1957-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:20:26

Link to Item http://hdl.handle.net/10150/275564

http://hdl.handle.net/10150/275564


INFORMATION TO USERS 

This reproduction was made from a copy of a document sent to us for microfilming. 
While the most advanced technology has been used to photograph and reproduce 
this document, the quality of the reproduction is heavily dependent upon the 
quality of the material submitted. 

The following explanation of techniques is provided to help clarify markings or 
notations which may appear on this reproduction. 

1.The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. This 
may have necessitated cutting through an image and duplicating adjacent pages 
to assure complete continuity. 

2. When an image on the film is obliterated with a round black mark, it is an 
indication of either blurred copy because of movement during exposure, 
duplicate copy, or copyrighted materials that should not have been filmed. For 
blurred pages, a good image of the page can be found in the adjacent frame. If 
copyrighted materials were deleted, a target note will appear listing the pages in 
the adjacent frame. 

3. When a map, drawing or chart, etc., is part of the material being photographed, 
a definite method of "sectioning" the material has been followed. It is 
customary to begin filming at the upper left hand corner of a large sheet and to 
continue from left to right in equal sections with small overlaps. If necessary, 
sectioning is continued again—beginning below the first row and continuing on 
until complete. 

4. For illustrations that cannot be satisfactorily reproduced by xerographic 
means, photographic prints can be purchased at additional cost and inserted 
into your xerographic copy. These prints are available upon request from the 
Dissertations Customer Services Department. 

5. Some pages in any document may have indistinct print. In all cases the best 
available copy has been filmed. 

University 
Microfilms 

International 
300 N. Zeeb Road 
Ann Arbor, Ml 48106 





1327757 

Yacoub, Mohamad Toufic 

PERFORMANCE CRITERIA FOR REINFORCED CONCRETE BEAM-COLUMN 
CONNECTIONS 

The University of Arizona M.S. 1986 

University 
Microfilms 

International 300 N. Zeeb Road, Ann Arbor, Ml 48106 





PLEASE NOTE; 

In all cases this material has been filmed in the best possible way from the available copy. 
Problems encountered with this document have been identified here with a check mark V 

1. Glossy photographs or pages 

2. Colored illustrations, paper or print 

3. Photographs with dark background 

4. Illustrations are poor copy 

5. Pages with black marks, not original copy 

6. Print shows through as there is text on both sides of page 

7. Indistinct, broken or small print on several pages 

8. Print exceeds margin requirements 

9. Tightly bound copy with print lost in spine 

10. Computer printout pages with indistinct print 

11. Page(s) lacking when material received, and not available from school or 
author. 

12. Page(s) seem to be missing in numbering only as text follows. 

13. Two pages numbered . Text follows. 

14. Curling and wrinkled pages 

15. Dissertation contains pages with print at a slant, filmed as received 

16. Other 

University 
Microfilms 

International 





PERPORMRNCE CRITERIA FOR REINFORCED 

CONCRETE BEAM-COLUMN CONNECTIONS 

by 

Mohamad Toufic Yacoub 

A Thesis Submitted to the Faculty of the 

DEPARTMENT OF CIVIL ENGINEERING 
AND ENGINEERING MECHANICS 

In Partial Fulfillment of the Requirements 
For the Degree of 

MASTER OF SCIENCE 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

19 8 6 



STATEMENT BY AUTHOR 

This thesis has been submitted in partial fulfillment of 
requirements for an advanced degree at The University of Arizona and is 
deposited in the University Library to be made available to borrowers 
under rules of the Library. 

Brief quotations from this thesis are allowable without special 
permission, provided that accurate acknowledgment of source is made. 
Requests for permission for extended quotation from or reproduction of 
this manuscript in whole or in part may be granted by the head of the 
major department or the Dean of the Graduate College when in his or her 
judgment the proposed use of the material is in the interests of 
scholarship. In all other instances, however, permission must be 
obtained from the author. 

n*kJ 

APPROVAL BY THESIS DIRECTOR 

This thesis has been approved on the date shown below: 

3/^/fC, 
Dr. H. R. Ehsani, Assistant Professor 
Department of Civil Engineering and 
Engineering Mechanics 

Date 



ACKNOWLEDGMENTS 

I would like to express my sincere appreciation to Dr. H. R. 

Ehsani for his generous time, effort and invaluable guidance throughout 

this research. Special thanks are due Dr. E. A. Nowatzki for his 

encouragement and moral support during my graduate and undergraduate 

studies. Also, I would like to thank Dr. R. Bjorhovde for his review of 

the manuscript. 

I would like to thank my mother and sisters for their sacrifices 

in order to put me through school. I can but barely express my deep 

appreciation for their emotional, spiritual, and of course, financial 

support. 

I would like to thank my lovely wife, Abreeza, for her love, 

patience and support throughout my graduate study. Without her, none of 

this could ever be possible. 

Last but not least, I would like to thank everyone who 

contributed to this thesis, especially Cesar Vallenilla and Bob Vint. 

ttiis thesis is dedicated to my mother, sisters, wife and memories 

of my father. 

iii 



TABLE OF CONTENTS 
Page 

LIST OF ILLUSTRATIONS vi 

LIST OF TABLES viii 

ABSTRACT ix 

CHAPTER 
1. INTRODUCTION 1 

1.1 General 1 
1.2 Review of Previous Investigations 2 
1.3 Scope and Objectives 7 

2. DESIGN CONSIDERATIONS FOR REINFORCED 
CONCRETE CONNECTIONS 8 
2.1 General 8 
2.2 Earthquake Representation 11 
2.3 Force Mechanism 13 

2.3.1 Concrete Strut 15 
2.3.2 Truss Mechanism 15 

2.4 Plastic Hinges 17 
2.5 Bond and Anchorage 18 

2.5.1 Bond Mechanism 23 
2.5.2 Bond Models 25 
2.5.3 Detection of Slippage 27 
2.5.4 Anchorage and Development Length 27 

3. EVALUATION TECHNIQUES FOR REINFORCED 
CONCRETE JOINTS 32 
3.1 General 32 
3.2 Load vs. Displacement and Energy Dissipation 32 
3.3 Effect of Variables on the Behavior of 

Reinforced Concrete Joints 37 
3.3.1 Effect of Flexural Strength Ratio (MR) 49 
3.3.2 Effect of Joint Shear Stress ( y )  52 
3.3.3 Effect of Transverse Reinforcement Ratio (P^) 56 

3.4 Effect of Loading History on the Behavior of 
Reinforced Concrete Joints 59 

3.5 Effect of the Ratio of Conpression to Tension 
Reinforcement (Agi/Ag) 62 

iv 



V 

TABLE OF CONTENTS — Continued 

CHAPTER Page 

3.6 Evaluation Techniques For Ohe Behavior of 
Reinforced Concrete Joints 62 
3.6.1 General 62 
3.6.2 Values From Load vs. Displacement Diagram 63 
3.6.3 Work Index (I„) 74 
3.6.4 Energy Index (D^) 75 

3.7 Proposed Ehergy Index (IE) 79 
3.8 Hie Proposed Energy Index vs. the Primary Variables 81 

4. DESIGN RECOMMENDATIONS 96 
4.1 General 96 
4.2 ACI-352 Recommendations 96 
4.3 Design Simplifications 98 

4.3.1 Existing Design Chart 99 
4.3.2 Modified Design Chart 102 

5. SUMMARY AND CONCLUSIONS 107 
5.1 Summary 107 
5.2 Conclusions 108 

APPENDIX 110 
NOTATION 111 

LITERATURE CITED 114 



LIST OP ILLUSTRATIONS 

Figure Page 

2.1 Typical Interior Connections 9 

2.2 Typical Exterior Connections 10 

2.3 Origin of Most Test Specimens 12 

2.4 Forces Acting on the Joint 14 

2.5 Concrete Strut Mechanism 16 

2.6 Potential Plastic Hinges 19 

2.7 Relocating Plastic Hinges 20 

2.8 Equivalent Hook Length for Testing Purposes 22 

2.9 Mechanism of Bond Deterioration a) Gap behind 
the Lug (A^), and b) Gap ahead the lug (A2) 24 

2.10 Bond Stress Slip Model (Ref. 20) 26 

2.11 Load Point Displacement vs. Strain in the Beam 
Longitudinal Reinforcement - Specimen 9 (Ref. 2) 28 

2.12 Hooked Bar Development Length According to ACI-352 30 

2.13 Beam Stub to Accomodate Bar Anchorage 31 

3.1 Typical Load vs. Displacement Diagram-Specimen 4 (Ref. 2) 34 

3.2 Opening and Closing of Flexural Cracks 
a) Loading in the positive direction, b) Loading 
in the negative direction 36 

3.3 Pinching of Hysteresis Loops - Specimen 1 (Ref. 2) 38 

3.4 Quarter Load Cycle For: Well Detailed Specimen 
Curve (1) and Premature Shear or Bond Failure Curve (2) 39 

3.5 Dimensions of Test Specimens 41 

vi 



vii 

LIST OF ILLUSTRATIONS - Continued 

Figure Page 
a 

3.6 Load vs. Displacement Diagram - Specimen 3 (Ref. 2) 53 

3.7 Load vs. Displacement Diagram - Specimen 2 (Ref. 2) 55 

3.8 Load vs. Displacement Diagram - Specimen 11 (Ref. 2) 57 

3.9 Typical Loading History 61 

3.10 Parameters of the Proposed Ehergy Index 80 

3.11 Joint Shear Stress vs. Normalized Energy Index 84 

3.12 Flexural Strength Ratio vs. Normalized Ehergy Index 86 

3.13 Modified Reinforcement Ratio vs. Normalized 
Ehergy Index 87 

3.14 a) Joint Shear Stress vs. Total Energy Dissipated 89 
b) Flexural Strength Ratio vs. Ehergy Dissipated 90 
c) Modified Reinforcement Ratio vs. Energy Dissipated 91 

3.15 a) Joint Shear Stress vs. Total Displacement 
Ductility 92 

b) Flexural Strength Ratio vs. Total Displacement 
Ductility 93 

c) Modified Reinforcement Ratio vs. Total Displace
ment Ductility 94 

4.1 Suggested Design Chart for Exterior Beam-to-Column 
Connections by Ehsani (Ref. 2) 100 

4.2 Modified Design Chart for Comer Beam-to-Column 
Connections 104 

""Su 



LIST OF TABLES 

Table Page 

3.1 Dimensions of Specimens 42 

3.2 Values of Primary Variables 50 

3.3 Load vs. Displacement Characteristics 64 

3.4 Calculated Indices for All Specimens 76 

viii 



ABSTRACT 

Large inelastic deformations are always anticipated during most 

severe earthquakes. Reinforced concrete beam-to-column connection is 

perhaps the most important component in a ductile moment resisting 

frame. The three major parameters needed to be considered in designing 

a beam-to-column connection are: 1) flexural strength ratio, 2) joint 

shear stress, and 3) transverse reinforcement ratio in the joint. The 

amount of transverse reinforcement in the joint suggested by ACI-352 

Committee may create congestion of steel within the joint under certain 

circumstances. 

A consistent measure is needed in order to evaluate the 

performance of beam-to-column connections when they are subjected to 

cyclic loading. An energy index was proposed. The energy index relates 

strength, stiffness, and eliminates the difference of loading histories 

which have been used by different researchers. 

The three design parameters were combined and the results of the 

energy index were used to develop a design chart. Based on flexural 

strength ratio and joint shear stress, the amount of transverse 

reinforcement can be easily obtained from the chart. For high flexural 

strength ratio and low joint shear stress, the amount of transverse 

reinforcement obtained from the design chart is lower than that 

suggested by the ACI-352 Committee. 

ix 



CHAPTER 1 

INTRODUCTION 

Itl general 

The unpredictability of the forces caused by earthquakes is a 

major concern to structural engineers. Ihe large deformations caused by 

earthquakes may result in the collapse of structures. Highrise concrete 

buildings can generate large inertia forces during an earthquake due to 

the large mass of the structure. During the course of an earthquake, 

large inelastic deformations must be anticipated. Designing a structure 

to respond elastically to a severe ground motion is uneconomical and may 

not be feasible. However, the structural damage should be minimized and 

the loss of lives must be avoided. 

Since inelastic deformations will be anticipated, the ability of 

the structure to absorb and dissipate energy becomes very important. To 

ensure ductile behavior of the structure, it is important to prevent 

compressive and splitting failure of concrete, loss of anchorage of the 

main reinforcement, and shear failure. To avoid large lateral 

displacements of the building as a result of the formation of plastic 

hinges in the column, the philosophy of "strong column-weak beam" has 

been adopted (1). Hie above philosophy also results in a stabilization 
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of the load carrying capacity of the structure (2). The "strong column-

weak beam" philosophy is aimed at formation of the plastic hinges in the 

beam rather than in the column. 

Beam-to-column connections are perhaps the most important 

elements in a ductile, moment resisting concrete structure. 

Nevertheless, the connection is usually the weakest link of the 

connected members. To ensure integrity and confinement of the joint, 

closed stirrups or hoops are usually used. Hoops create the problem of 

congestion of steel and difficulty of construction in the field. 

Moreover, most failures of the beam-to-column connection are related to 

poor detailing of the joint. 

For economic reasons, most researchers have tested isolated beam-

to-column connections. These subassemblages are typically subjected to 

several cycles of inelastic deformations in the laboratories. 

1.2 Review of Previous Investigations 

The importance of beam-to-column connections in reinforced 

concrete frames has gained much attention in the past two decades. 

Hanson and Conner (3) were the pioneers in conducting full-scale tests 

of seven beam-to-column connections. These tests demonstrated that a 

moderate earthquake can be resisted by a well designed and detailed 

joint, without the loss of ductility or strength. Furthermore, they 

demonstrated the important role of hoops in providing confinement of the 

joint as well as resisting the shear forces. In later tests which were 

conducted by Hanson on five full-size assemblies (4), he concluded that 
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Grade 60 reinforcing bars can be used without jeopardizing behavior of 

the structure. 

Megget (5), Smith (6), Patton (7) and Renton (8) tested thirteen 

beam-to-column joints. Their exterior beam-to-column connections were 

taken from a typical two or three story commercial building designed 

according to the New Zealand common practice. They determined that 

successive loading cycles will result in reduction of the joint shear 

capacity, and gradual reduction of load in each cycle. They also 

ignored the role of concrete in resisting any shear forces and they 

disregarded the truss analogy, which was a common practice in the United 

States at that time. The truss analogy assumes a 45° crack in 

determining the shear strength of concrete. Instead, they assumed a 

diagonal crack between the corners of the joint in determining the shear 

strength of the joint. The importance of the hoops was recognized by 

all researchers as the most significant factor for confinement. Hoops 

placed far from the center of the joint were considered to result in a 

poorly detailed joint. The light circular spiral was also found 

ineffective in confining the core of the joint. 

Uzumeri and Seckin (9) conducted tests at the University of 

Toronto, on four comer joints and four isolated joints, They discarded 

the 45° truss analogy in predicting the behavior of the reinforced 

concrete joints. Instead, they used the same equation used by Hanson 

and Conner (3) in predicting the cracking load of the beam-to-column 

connection. They also recognized the importance of the proper anchorage 

of the reinforcement bars. It was also found that the loading history 
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does not affect the strength of the joint, but it does influence the 

stiffness of the subassemblage. In a more recent study, Hwang and 

Scribner (10) concluded that the loading history is the most important 

factor for affecting the strength and the stiffness of a subassemblage. 

Lee (11) tested eight subassemblages, and studied original and 

epoxy repaired specimens subjected to earthquake type loading. Epoxy 

was found to be effective if the damage was caused by flexure. It was 

also concluded that concrete carries a significant portion of the shear 

stresses. Che of the findings was that the repaired beams were stronger 

than the original ones due to strain hardening. It was also recognized 

that more energy is dissipated when ties are spaced more closely to each 

other, i.e. less than d/4. 

Scribner and Wight (12) tested twelve exterior beam-to-column 

connections and studied the effect of intermediate longitudinal 

reinforcement in delaying the deterioration of shear strength and 

stiffness. It was found that the shear stress level played an important 

role in determining the response of the specimen. When the joint shear 

stress was less than 3 the member showed flexural response, while 

for shear stress levels greater than 6 , the response of the member 

was dominated by shear. For shear stress levels between 3 and 6 /f£ 

the failure of the member was due to a combination of flexure and shear 

modes. It was also concluded that intermediate reinforcement placed 

closer to the mid depth of the beam will increase energy dissipation, 

and stabilize the hysteretic response. 
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Ehsani (2) tested twelve beam-to-column connections. He studied 

the effect of the flexural capacities of the columns to that of the 

beam; the percentage of the transverse reinforcement within the joint; 

the shear stress level within the joint; and the presence of transverse 

beams and slab. He concluded that the flexural strength ratio of a bare 

specimen should be kept above 1.4 and the shear stress level within the 

joint should be below 13 \/Q. In cases where a large flexural strength 

ratio and a low joint shear stress exist, the amount of the transverse 

reinforcement can be lowered from the amount suggested by ACI-ASCE 

Committee 352 (13). A design chart for an exterior beam-to-column 

connection was developed. Based on the flexural strength ratio and the 

shear stress level within the joint, the percentage of transverse 

reinforcement could be selected from this chart. 

Nmai and Darwin (14) tested seven beams with enlarged end blocks, 

and studied the behavior of lightly reinforced concrete beams subjected 

to large displacement excursions on the order of four to five times the 

yield displacement. It was concluded that the rate of degradation can 

be delayed by the use of a low reinforcement ratio. The energy 

dissipation can be increased by: 1) decreasing the stirrup spacing; 2) 

increasing the ratio of positive to negative steel; and 3) decreasing 

the maximum displacement ductility factor, v. An energy index, Di, 

based on the tests was proposed as a measure for comparing the behavior 

of the specimens. As shown in the following expression, the energy 

index is a function of the energy dissipated, the yield load, the yield 

displacement, and the ratio of positive to negative steel. 
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Energy Dissipated ,, _. 
Di = — (1.1) 

0.5Py fiy[l+(A|/Ag)2] 

In the above expression, energy dissipated is equal to the area under 

the load vs. displacement curves for all cycles during which the maximum 

load carried by the specimen was not less than 75% of the yield load of 

the specimen. Py and Ay denote the observed yield load and yield 

displacement during the test. As and Asi are the area of the tension 

and compressioiTreinforcing steel, respectively. A minimum value of Di 

= 35 was suggested as a satisfactory limit. 

In a recent study by Hwang and Scribner (10), eleven beams with 

enlarged end blocks were tested, and the effects of the shear stress 

level as well as the displacement history were studied. They concluded 

that the strength and stiffness degradation of reinforced concrete 

members were closely related to the magnitude of the maximum 

displacement in each cycle and the maximum shear stress level. They 

also noted that the total energy dissipation depends strongly on the 

maximum inflection-point displacement the members sustains. Moreover, 

they discredited the "work index" concept proposed by Go sain, Brown and 

Jirsa (15) as a poor measure for comparing different specimens, due to 

the lack of consideration given to the loading history. Hie work index 

approach used an empirical relationship based displacement ductility 

(Aj/Ay) and (Pj/Py). This method would result in same value of work 

index for a specimen loaded four times to a displacement ductility of 

5(4 x 5 = 20) as for one loaded twice to a displacement ductility of 

10(2 x 10 = 20). 
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1^3 Scope and Objectives 

Comparison of the performance of beam-column subassemblies can be 

best accomplished if the specimens are subjected to identical or similar 

loading histories. However, in the pastf different loading histories 

have been used in separate investigations. The purpose of this 

investigation is to define a failure criterion for evaluation of the 

behavior of the specimens which have been subjected to different loading 

histories. An energy index will be used as an indicator for accepting 

or rejecting the behavior of the subassemblages. ttie energy index takes 

into account strength, stiffness, and the loading history. The result 

of the defined failure criterion, will be used to modify the existing 

design chart proposed by Ehsani (2). This design chart simplifies the 

seismic recommendations for the beam-to-column connection. The chart 

indicate the minimum percentage of transverse steel needed to provide 

confinement and sufficient shear strength for various joint 

configurations subjected to reversal of loads. Hie justification and 

modification of the design diart will be based on the energy index. 



CHAPTER 2 

DESIGN CONSIDERATION FOR REINFORCED CONCRETE CONNECTIONS 

2.X General 

The determination of forces caused by gravity loads can be 

achieved without much difficulty, Therefore, the design of reinforced 

concrete structures for this type of loading is a rather simple task for 

most structural engineers. However, the design of elements for 

earthquake loading is a much more involved procedure. A major 

contributing factor here is the unpredictability of the magnitude and 

duration of the earthquake forces which cannot be accurately determined 

in advance. Severe deformations could cause excessive damage, which at 

times may lead to the collapse of the structure. The beam-to-column 

connection is an important link between the column and the beam, and 

usually is the weakest part of the frame. 

Beam-column connections can be classified into two categories: 

interior joints and exterior joints, ttiis classification is made based 

on the geometric configuration of the connection. Figures 2.1 and 2.2 

show various types of interior and exterior joints, respectively. For 

better understanding and economic reasons, most researchers have tested 

and studied the behavior of bare exterior specimens similar to that 

8 



9 

O 

( a )  (b) 

Figure 2.1 Typical Interior Connections 



(b) ( a )  

(d)  ( c )  

( e )  

Figure 2.2 Typical Exterior Connections 
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that shown in Fig. 2.2(d). The term "bare" in this context commonly 

refers to a specimen which does not include transverse beams or slab. 

The location of these subassemblages is shown in the concrete frame of 

Fig. 2.3. 

During an earthquake, the shear forces applied to the joint could 

be larger than the shear strength of the joint and thus failure of the 

joint may occur. In addition, after successive cycles of loading, 

plastic hinges could develop in the column or the beam. It is preferred 

to have the plastic hinges form in the beam as column hinging could 

result in instability or collapse of the structure. 

Bond between the steel and surrounding concrete is also 

vulnerable and could deteriorate due to cyclic loading. Loss of bond 

will allow slippage of longitudinal reinforcement in the beam or the 

column. Slippage of bars is a major contributing factor to the loss of 

stiffness of test subassemblies. 

2.2 Earthquake Representation 

Earthquake loading is a very complex phenomenon because it is 

dynamic in nature and it happens in a relatively short period of time. 

Response of reinforced concrete structures to this type of loading is 

particularly complex due to the non-linear behavior of concrete and 

steel at large displacements. Reproducing this pattern of loading in 

the laboratory can be very difficult. In addition, if real time testing 

of a component were to be performed in a laboratory, the short duration 

of the test could inhibit researchers from collecting sufficient data at 
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Figure 2.3 Origin of Most Test Specimens 
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different stages of the test. Therefore, pseudo equivalent static loads 

are often used in order to collect the necessary information during the 

test. One simple way to simulate earthquake loading on an isolated 

beam-to-column connection is to apply a constant axial load to the 

column, and subject the free end of the beam to positive and negative 

displacements through the use of a hydraulic actuator. Host researchers 

subject the specimen to a small displacement during the first cycle, 

followed by larger displacements in subsequent cycles of loading. The 

ratio of the maximum displacement in each cycle to the displacement at 

which longitudinal reinforcement in the beam yields is defined as the 

displacement ductility factor. The sequence of applying the load is 

known as the loading history. The ACI-ASCE Committee 352 (1) does not 

have any specifications for a preferred loading history. In fact, as 

mentioned earlier, each researcher has adopted a somewhat arbitrary 

loading history in the past. A fact that complicates comparison of 

existing performance data on beam-column connections. 

2.3 Force Mechanise 

Forces are transmitted to the joint from adjacent members. Such 

forces result in diagonal cracking and shear stresses in the joint. 

Forces acting on a joint are shown in Fig. 2.4. When the beam is 

loaded, diagonal cracking of the concrete in the joint will results. 

This cracking is the result of diagonal tension which connects the 

opposite corners of the joint. Diagonal tension may lead to shear 

failure of the joint after a few cycles. The compressive strength of 

I 

"""v. 
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Figure 2.4 Forces Acting on the Joint 
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the concrete in resisting such diagonal tension becomes very important. 

There are combined mechanisms in resisting the shear stresses being 

transferred to the joint. The stress in and around the joint determines 

the strength of each mechanism. The two most important mechanisms which 

resist the joint shear stresses are known as the "concrete strut" and 

the "truss mechanism." 

2.3.1 Concrete Strut 

When the beam longitudinal reinforcement yields; extensive 

flexural cracking will occur at the interface of the joint. 

Subsequently, all shear forces will be transmitted through regions under 

compression. The formation of the strut depends on these forces from 

the beam and the column. The magnitude and the distribution of the 

forces determine the orientation of the strut. Jirsa and Zhang (16) 

concluded that the larger the compression area bound in the joint, the 

larger the equivalent compression strut will be. Orientation and forces 

contributing to the strut are shown in Fig. 2.5 

For equilibrium, the forces at the corners must be balanced by 

the concrete strut, Dc. No hoops are required in carrying any shear 

forces, but they are placed to keep the integrity of the core. 

2.3.2 Truss Mechanism 

After yielding of the reinforcement in a doubly reinforced 

concrete beam, a moment will be introduced by the steel couple during 



Figure 2.5 Concrete Strut Mechanism 
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each inelastic cycle (17). The absence of the internal concrete 

compression forces at the face of the joint stops the development of the 

full strength of the concrete strut. Thus, the truss mechanism will be 

assumed in resisting shear forces. In the truss mechanism, diagonal 

compression forces are developed between the diagonal cracks in the 

joint. In this mechanism, both the horizontal forces and vertical 

forces must be applied for equilibrium. The hoops will resist 

horizontal shear forces. The compression forces from the column and 

tension forces of the vertical reinforcement in the joint resist the 

vertical shear forces. 

Scarpas (18) pointed out that the concrete strut, Dc, may be 

large, in which case the contribution from the truss mechanism is 

needed. The splitting of the concrete core can be avoided by the 

addition of transverse reinforcement. Many researchers (5, 6, 8) agree 

that the greater the amount of the transverse reinforcement in the 

joint, the greater the shear strength of the joint. 

2.4 Plastic Hinaes 

It is desired to design a connection such that it remains elastic 

during reversal of loads, in ordere to avoid inelastic deformations. 

However, due to strain hardening, after a few large cycles, the yielding 

of the beam reinforcement will penetrate into the joint and thus force 

the connection into the inelastic range. To delay this process during 

the earthquake, plastic hinges should be developed away from the column 

face. If the plastic hinge is developed in the column, failure of the 
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column under the action of axial load will ensue, ttiis may also result 

in undesirable permanent sway of the structure. Potential plastic 

hinges are shown in Fig. 2.6. According to the Code of Practice for The 

Design of ttie Concrete Structure in New Zealand (19), plastic hinges are 

relocated away from the face of the column by curtailing some of the 

reinforcement of the main beam at a distance equal to the depth of the 

beam or 20 inches, whichever is smaller, away from the face of the 

column, as shown in Fig. 2.7. In this special detailing of the 

reinforcement, the stress in the reinforcement will not exceed the yield 

stress at the face of the column. 

ACI-ASCE Committee 352 (13) recognized this problem and has 

therefore followed the philosophy of "strong column-weak beam" in its 

latest recommendations (1). According to these recommendations, minimum 

required ratio of the flexural strength of the column to that of the 

beam is 1.4. Ehsani (2) reported that even in specimens with a flexural 

strength ratio between 1.0 and 1.4, considerable damage of the joint 

took place at large displacement. Therefore, to ensure that the plastic 

hinges will develop in the beam rather than the column, he suggested the 

use of minimum flexural strength ratio of 1.4. 

2«5 Bond and Anchorage 

Forces are transferred to the joint from adjacent members via the 

bond between steel and the surrounding concrete. The ability of such a 

bond in resisting the imposed stresses is crucial to the structure, 

because if the bond is lost or damaged, slippage of the bar will occur. 
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Plastic 

Hinges 

Plastic Hinge 

. Figure 2.6 Potential Plastic Hinges 
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Figure 2.7 Relocating Plastic Hinges 
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Bar slippage leads to stiffness deterioration and reduction in energy 

dissipation of beam-to-column subassemblies. Concrete cracking and 

splitting along reinforcing bars are directly related to cyclic bond 

deterioration between reinforcing bars and the surrounding concrete. 

Moreover, the deterioration of the bond contributes to the opening of 

the cracks. During reversal of load, the shear at the crack portion is 

resisted by dowel action only which leads to splitting of concrete cover 

(20). The problem of slippage is more serious especially in the 

inelastic range because bond deterioration takes place at a faster rate. 

Host researchers studied the problem of anchorage and bond 

deterioration in an interior beam-to-column connection. Pull out of 

beam bars in an interior joint is more severe. Due to the development 

of cracks at the interface of the beam-to-column connection, beam bars 

are simultaneously pulled from one end and pushed from the other. Unless 

detailed properly, the required large bond stresses cannot be developed 

in the joint concrete which may, by this time, be cracked due to large 

shear stresses. 

Anchorage of the reinforcement terminating in an exterior beam-

to-column joint is different. Anchorage of main beam bars is achieved 

by using a 90° standard hook. The same analysis could be followed in 

analyzing the exterior joint as the interior one. The hook is replaced 

by an equivalent length of five times the diameter of the bar extending 

beyond the beginning of the hook (20) as shown in Fig. 2.8. 
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2.5.1. Bond Mechanism 

Transfer of forces from reinforcing bar to the surrounding 

concrete is strongly influenced by the loading history. During the 

beginning of loading, only slight damage occurs at the end of the bars, 

and no pull out is noticed. This is due to the large bond resistance 

present at the end of the hooked bar. As cyclic loading progresses, and 

the magnitude of deformations increase, the bond at the end is severely 

damaged. The mechanical interlocking between lugs and concrete is 

responsible for developing bar anchorage, while the adhesion and 

friction of rough bar contributes slightly to the bond resistance. 

Upon application of load in one-half cycle, a gap is being 

created behind the lug, Fig. 2.9 (a). When the load is reversed, the 

gap closes and a new gap ̂  is formed by crushing the concrete ahead of 

the lug Pig. 2.9 (b) (21). By repetition of reversal of the load, the 

bar moves freely without resistance. Breaking of the bond inside the 

joint allows the bar to move back and forth without resistance. 

This phenomenon is very undesirable because it leads to anchorage 

failure. Anchorage failure is complete damage of the bond within the 

joint. Anchorage failure leads to pinching of hysteretic loops, and 

thus the capacity of the subassemblage to absorb energy drops and the 

stiffness of the joint deteriorates rapidly. As such, the anchorage 

failure is responsible for the stability of the hysteretic behavior of 

the subassembly. 
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2.5.2 Bond Models 

The accurate prediction of the mechanical behavior of the bond 

during earthquake excitation depends on the development of reliable 

models representing the hysteretic behavior of the critical regions. 

This prediction prevents premature loss of strength and stiffness during 

earthquakes. Bond stress vs. slip is an important relationship, which 

is needed to accurately predict the hysteretic behavior of reinforced 

concrete members. 

Filippou.. et al. (20) showed the relationship between bond stress 

and slip. The result of the tests is reproduced in Fig. 2.10. As can 

be seen in Fig. 2.10, in monotonic loading the bond sustains large 

amounts of stress with relatively little slip, while for the case of 

cyclic loading, for the same amount of slip the stress of the bond 

dropped sharply. For cyclic loading an arbitrary point is chosen and 

the unloading takes place until the bond stress reaches a certain point. 

Reloading starts with little increase in the bond stress until the slip 

reaches the value of the previous cycle. Thereafter, the slip increases 

while bond decreases. 

An analytical model which predicts the bond stress-slip 

relationship is given in a reference by Filippou (22). The model 

requires solving four differential equations, by using the finite 

element method. A portion of the steel bar is analyzed between two 

adjacent cracks. This model takes into account steel stress, steel 

strain, concrete strain, reinforcing bar area and reinforcing bar 

circumference. The analytical model, and the experimental model showed 
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good agreement. It is noted, however, that due to the difficulties 

involved, the above models have not seen wide spread use. 

2.5.3 Detection of Slippage 

Since cracking contributed to the column bar slippage and to the 

beam bar pull out, detection of slippage would be helpful. The 

detection of beam pull out from the joint, and column bar slippage, can 

be achieved by comparing plots of load point displacement vs. strain in 

gages mounted on the beam or column longitudinal reinforcement located 

near the joint. During successive cycles of loading with increasing 

applied displacement, it is expected that the measured strains for any 

strain gage will also increase. If the strains remain the same or 

decrease, slippage of the reinforcement can be concluded. This is shown 

in Fig. 2.11, where the beam bar pull-out was observed after the first 

cycle of loading. 

Although the slippage and pull-out of reinforcement is in general 

undesirable, the small amount of slippage, which may occur in a well 

detailed joint with low shear stress and high flexural strength, can be 

tolerated (23). 

2.5.4 Anchorage and Development Length 

There is agreement among researchers that the bond between 

reinforcing steel and concrete in joints which are adequately confined, 

is improved. In addition, bond resistance increases proportionally to 
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Bond resistance will also increase with increase in bar spacing 

(24). Moreover, during moment reversal, cover concrete becomes 

ineffective for bar development. Therefore, all bar terminating in a 

joint should be anchored with a standard 90° hook. The development 

length is calculated according to the flCI-ASCE Committee as follows: 

o afy(Psi) db 

dh 75"75 ( * } 

viiere: 

= Development length of hooked bar as shown in Fig. 2.12 

(inches) 

fy = yield stress of steel, psi 

a = constant = 1.25 for seismic connections 

f£ = Concrete compressive stress (psi) 

= nominal diameter of beam bar. 

If the column section is small, anchorage of beam reinforcement 

may cause congestion within the joint. Since anchorage is important to 

the strength of the beam, the problem of congestion can be overcome by 

anchoring the beam bars in a beam stub outside of the exterior of the 

column, Pig. 2.13. Although not popular in the United States, this type 

of connection is commonly used in many countries like New Zealand. 
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Figure 2.12 Hooked Bar Development Length According to ACI-352 



Figure 2.13 Beam Stub to Acoonrodate Bar Anchorage 



CHAPTER 3 

EVALUATION TECHNIQUES FOR REINFORCED CONCRETE JOINTS 

3.1 General 

Defining failure criteria for beam-to-column connections tested 

in laboratories has been the center of attention for several 

researchers. Most investigators have defined failure criteria for 

evaluation of their own test specimens only. However, the validity of 

their criteria to other tests becomes questionable because in most cases 

they did not account for all variables. 

Some investigators (14, 15) did consider other researchers' test 

results, as well as their own, in order to define a more general failure 

criterion. However, the ability of the indices proposed by these 

investigators as being the absolute measure for judging the behavior of 

the beam-to-column connections is questionable. The performance of the 

specimens must be expressed in a dimensionless form so various strength, 

stiffness and loading histories can be directly related. 

3.2 Load YSi Pisplawirent and Energy Dissipation 

Prior to introducing any evaluation technique, an important 

aspect of the behavior, namely the dissipated energy, should be examined 

32 
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carefully. The ability of a reinforced concrete structure to dissipate 

the input energy is very crucial to the performance of the structure. 

The two main contributing factors in this regard are the ductility and 

the strength of the subassemblies. 

Satisfactory ductile behavior of subassemblies is desirable as 

the structure will be subjected to inelastic loading during most severe 

earthquakes. In addition, the rapid loss of strength of the 

subassemblies when subjected to inelastic deformations must be 

eliminated. Thus, structures which can maintain their ultimate load 

carrying capacities at larger inelastic displacements, are preferred. A 

sample plot of the load vs. displacement for one such subassembly is 

shown in Fig. 3.1. In this case, the specimen maintained its yield 

strength through the fourth cycle of loading at displacement 

considerably larger than the yield displacement. Therefore, any 

evaluation technique that does not include energy dissipation is 

meaningless. 

The load vs. displacement diagram is perhaps the most important 

finding of any test of beam-to-column connection. This diagram is the 

basic tool used in this study. Not only load and displacement for each 

cycle is given in this diagram, but the energy absorbed during each 

cycle of loading can be calculated. The area enclosed inside the load 

vs. displacement loops represent the amount of energy absorbed during 

the testing. The area per cycle is taken from zero displacement till 

the completion of the load cycle, i.e. zero displacement. 
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Figure 3.1 Typical Load vs. Displacement Diagram - Specimen 4 (Ref. 
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Stiffness degradation of the specimen can be detected from the 

pattern of the hysteresis loops. When the specimen is loaded in one 

direction a diagonal crack is formed from corner to corner of the joint 

while smaller cracks form parallel to this main crack. During load 

reversal, another major crack diagonal will develop between the other 

two corners in addition to smaller parallel cracks. Repetition of this 

process will turn the joint into small blocks of concrete. As a result 

of the disintegration of the concrete, the stiffness of the specimen 

reduces. 

Another cause of loss of stiffness is the formation of large 

cracks at the interface of the beam and the column. When the beam bar 

yields in tension, large cracks will form in the surrounding concrete, 

as shown in Pig. 3.2 (a). During loading in the reverse direction, 

similar cracks will form on the opposite face of the beam. If the areas 

of the tension and compression reinforcement are not equal, these cracks 

will remain open and their widths will gradually increase with 

additional cycles of loading as shown in Fig. 3.2 (b). This type of 

behavior has been verified in laboratory testing (2). In this case, the 

stiffness of the whole asssemblage is reduced. 

Slippage of column bar and pull out of the beam longitudinal 

reinforcement also result in loss of stiffness. As cyclic loading 

progresses, strain in the longitudinal reinforcement near or within the 

joint may be in excess of the yield strain. This will result in bond 

damage, and if the bond is lost, the ability of the steel to transfer 
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stress to the concrete joint is diminished. As a result, the specimen 

can exhibit relatively large displacement without resisting high loads. 

Stiffness degradation is reflected on the load vs. deflection 

diagram by what is known as "pinching." This occurs when the hysteresis 

loops are squeezed towards each other, especially near the zero load as 

shown in Fig. 3.3. Pinching causes substantial reduction in energy 

dissipation of the specimen. It is, therefore, clear from the load vs. 

deflection diagram that a well-detailed reinforced concrete specimen can 

dissipate higher amounts of energy than a poorly detailed one. The 

first curve in Fig. 3.4 shows the behavior of a well-detailed specimen 

during the first half cycle of loading, while curve 2 represents a 

premature shear failure or bond instability failure. 

3.3 Effect of Variables on The Behavior 
of Reinforced Concrete Joints 

In order to evaluate the performance of beam-to-column 

connections, there are several variables that need to be examined 

carefully. The primary variables which have the most effect on the 

overall behavior of the specimens are: (1) the flexural strength ratio, 

Mr, defined as the sum of the flexural strength of the columns at the 

joint to that of the beam, (2) the shear stress in the joint as a 

multiple of i/f£, y, and (3) the percentage of transverse reinforcement 

used within the joint, Pt. In addition, the effect of the ratio of the 

area of the compression steel to that of tension steel (Agi/Ag) will be 

considered. 

Data for this study is obtained from tests of beam-to-column 
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Figure 3.3 Pinching of Hysteresis Loops - Specimen 1 (Ref. 2) 
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connections conducted at different institutions in the United Statesf 

Canada, Japan and New Zealand. The conditions for each test are 

different since each researcher studied different aspects of the 

behavior of beam-to-column connections. However, in all the cases, the 

specimen were subjected to inelastic cyclic loading. 

For a better understanding of the critical region of the beam-to-

column connection, only one type of connection, as shown in Fig. 2.2 

(d), is considered in this study. This type of beam-to-column 

connection is referred to as a corner joint. This survey does not 

include interior beam-to-column connections such as those shown in Fig. 

2.1. As discussed in Section 2.5, the structural behavior of these 

connections is different from that of the corner joint; the fundamental 

difference being that the beam longitudinal bars pass through rather 

than terminate at the joint. 

In order to eliminate any errors in the analysis of the results 

caused by dissimilarity of the specimens, it was decided to limit this 

survey to the most basic and common type of corner connections tested 

shown in Fig. 2.2 (d). The majority of the specimens tested to date 

fall in that category. As a result, specimens which included special 

features, such as beam stubs, as shown in Fig. 2J.3, or transverse beams 

and slabs were excluded from the survey. 

Figure 3.5 shows the appropriate sections of the test specimens. 

Hie corresponding dimensions and reference numbers for all specimens 

investigated in this study are listed in Table 3.1 
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Table 3.1 Dimensions of Specimens 

Source 
Pef. No. 2 2 2 2 2 2 3 3 

Spec. No. 1 2 3 4 9 11 1 2 

bjjdn) 10.2 10.2 10.2 10.2 11.8 11.8 12.0 12.0 

hbdn) 18.9 17.3 18.9 17.3 18.9 18.9 20.0 20.0 

lb (in) 60 60 60 60 42 42 120 120 

hi 3#7 3#7 3#7 3*7 3*7 3*7 4*9 4*9 

*s2 3#6 3#6 3*6 3*6 3*7 2*6 — — 

KL 3#7 3#7 3*7 3*7 3*7 3*7 2*9 2*9 

^2 3#6 3#6 3*6 3*6 3*7 2*6 — — 

Ai 

b(in) 11.8 11.8 11.8 11.8 13.4 13.4 15.0 15.0 

hc(in) 11.8 11.8 11.8 11.8 13.4 13.4 15.0 15.0 

Lc(ln) 84 84 84 84 87 87 129.5 129.5 

^slc 3#6 4*6 3*6 4*6 4*8 3*6 3*8 3*8 

^s2c 2#6 2#6 2*6 2*6 2*6 2*6 2*8 2*8 

No. of 
Hoops 2 2 3 3 2 2 5 5 

Hoop Size #4 #4 *4 *4 *4 *4 *4 *3 



Table 3.1 Dimensions of Specimens - Continued 

Source 
Kef. No. 3 3 3 4 4 5 5 5 

Spec. No. 3 4 5 4 5 1 2 3 

bj^in) 12.0 12.0 12.0 12.0 12.0 10.0 10.0 10.0 

l\>(in) 20.0 20.0 20.0 20.0 20.0 18.0 18.0 18.0 

Lb (in) 120 120 120 120 120 70 70 70 

^sl 4*9 4*9 4*9 4*8 4*8 2*9 2*9 2*9 

As2 

*sl 2*9 2*9 2*9 2*8 2*8 2*9 2*9 2*9 

^2 

*L 

b(in) 15.0 15.0 15.0 15.0 15.0 13.0 13.0 13.0 

(in) 15.0 12.0 12.0 15.0 15.0 15.0 15.0 15.0 

Lc(in) 129.5 129.5 129.5 120 120 105 105 105 

^slc 2*8 2*8 2*8 3*11 3*11 2*7 2*7 2*7 

^20 2*8 — — 2*11 2*11 — — — 

No. of 
Hoops 5 5 5 4 6 3 3 4 

Hoop Size *4 *4 *4 *3 *3 *4 *4 *4 
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Table 3.1 Dimensions of Specimens - Continue 

Source 
Ref. No. 6 8 8 8 8 9 9 9 

Spec. No. 1 1 2 3 4 3 4 6 

bb(in) 10.0 12.0 12.0 12.0 12.0 12.0 12.0 15.0 

hb(in) 18.0 25.0 25.0 25.0 25.0 20.0 20.0 20.0 

lb (in) 70 128.5 128.5 128.5 128.5 120 120 120 

Asl 2#9 4#10 4#10 4#10 4#10 3#9 3#9 3#9 

*s2 -

*&L 2*9 4#10 4#10 4#10 4#10 2#9 2*9 2*9 

^2 

H 

b(in) 13.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 

hc(in) 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 

Lc(in) 96 129 129 129 129 120 120 120 

*slc 2#7 2*9 2#9 2#9 2t9 3*8 3#8 3*8 

^s2c 2#8 2*8 2*8 

No. of 
Hoops 5 5 7 9 9 4 4 8 

Hoop Size #4 *5 #5 #5 *5 *3 #4 *4 
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Table 3.1 Dimensions of Specimens - Continued 

Source 
Eef. No. 9 9 11 11 11 11 11 11 

Spec. No. 78123456 

bjjUn) 15.0 15.0 8.0 8.0 8.0 8.0 8.0 8.0 

hb(in) 20.0 20.0 10.0 10.0 10.0 10.0 11.0 11.0 

Ifc(in) 120 120 54 54 54 54 54 54 

^1 3#9 3*9 2*6 2*6 2*6 2*6 2*6 2*6 

^52 

^1 2*9 3#9 2#5 2*5 2*5 2*5 2*5 2*5 

^2 

b(in) 15.0 15.0 8.0 8.0 8.0 8.0 8.0 8.0 

(in) 15.0 15.0 11.0 11.0 11.0 11.0 11.0 11.0 

Lc(in) 120 120 65 65 65 65 65 65 

^slc 3t8 3*8 2*6 2*6 2*6 2*6 2*6 2*6 

^s2c 3#8 2#8 

No. of 
Hoops 4 8 4 4 2 2 4 2 

Hoop Size *4 #4 *3 *3 *2 *2 *3 *2 
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Table 3.1 Dimensions of Specimens - Continued 

Source 
Ref. Nb. 11 11 12 12 12 12 12 12 

S p e c .  N o .  7 8 1 2 3 4 5 6  

bfcdn) 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 

Vin) 11.0 11.0 10.0 10.0 12.0 12.0 10.0 10.0 

1^ (in) 54 54 54 54 54 54 54 54 

^1 2#6 2#6 2*6 2*6 3*6 3*6 2*6 2*6 

^s2 

^1 2#5 2#5 2#5 2*5 3*5 3*5 2*5 2*5 

^2 

*i — — — 4*2 — 4*3 — 4*2 

b(in) 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 

hc(in) 11.8 11.8 12.0 12.0 12.0 12.0 12.0 12.0 

Lc(in) 65 65 60 60 60 60 60 609.5 

^slc 2#6 2#6 2*6 2*6 2*6 2*6 2*6 2*6 

^s2c 

NO. Of 
Hoops 2 2 3 3 5 5 3 3 

Hoop Size *2 *2 *3 *3 *3 *3 *3 *3 
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Table 3.1 Dimensions of Specimens - Continued 

Source 
Ref. No. 12 12 12 12 12 12 18 18 

Spec. No. 7 8 9 10 11 12 1 2 

b^in) 8.0 8.0 10.0 10.0 10.0 10.0 14.0 14.0 

hb(in) 12.0 12.0 14.0 14.0 14.0 14.0 24.0 24.0 

Ifc(in) 54 54 96 96 96 96 93 93 

^sl 3*6 3#6 4#8 4#8 4*8 4*8 2.34in2 2.16in2 

^s2 1.17in2 2.16in2 

^1 3#5 3#5 4#7 4*7 4*7 4*7 2.34in2 2.16in2 

^2 1.17in2 2.16in2 

*L 
— 3#4 — 4#4 — 4*4 — — 

b(in) 8.0 8.0 12.0 12.0 12.0 12.0 18.0 18.0 

hc(in) 12.0 12.0 18.0 18.0 18.0 18.0 18.0 18.0 

Lc(in) 60 60 96 96 96 96 135 135 

^slc 216 2*6 2t9 2*9 2*9 2*9 1.95in2 1.95in2 

^20 — — 2#9 2*9 2*9 2*9 1.95in2 1.95in2 

No. of 
Hoops 5 5 4 4 4 4 4 4 

Hoop Size *3 *3 #4 *4 *4 *4 0.75in2 0.75in2 



Table 3.1 Dimensions of Specimens - Continued 

Source 
Fef. No. 18 25 26 

Spec. No. 3 j-1 E-3 

b^(in) 14.0 10.0 5.9 

^(in) 24.0 15.0 9.8 

Ifcdn) 93 66 44 

1.46in2 4#6 0.36in2 

Ag2 1.46in2 — — 

1.46in2 4#6 0.24in2 

A 2̂ 1.46in2 ~ — 

Ai - - -

b(in) 18.0 12.0 9.84 

h^in) 18.0 12.0 9.84 

Lc(in) 135 96 43 

Aglc 1.95in2 3#8 0.53in2 

Ag2c 1.95in2 2#8 0.24in2 

No. of 
Hoops 3 3 5 

Hoop Size 0.175in2 #4 0.044in2 



49 

3.3.1 Effect of Flexural strength Ratio (MR) 

Flexural strength ratio (MR) is an important parameter which 

affects the behavior of beam-to-column connections. In order to obtain 

the flexural strength ratio, calculation of the ultimate flexural 

capacity of the beam and that of the column corresponding to the applied 

axial load during the test is required. Calculation of the ultimate 

flexural capacity of the beam is based on the following assumptions: a) 

compression strain of concrete at the extreme fiber is 0.003, b) strains 

vary linearly throughout the section, and c) the concrete compressive 

stress is simplified by Whitney's stress block. These assumptions are 

according to the ACI 318-83 (27). Hie flexural capacity of each column 

is calculated by the aid of the interaction diagram for that column 

section. Table 3.2 contains the flexural strength ratios for all 

specimens surveyed in this study. 

Flexural strength ratio is the parameter which determines the 

location of the hinging region. When the flexural strength ratio is 

low, plastic hinges develop in the column and this may result in the 

collapse of the structure under the effect of axial loads. When the 

flexural strength ratio is very close to 1.0, the flexural hinging zone 

does not spread sufficiently away from the face of the column, and the 

load carrying capacity of the specimens drops sharply due to the 

deterioration of the joint region. When the flexural strength ratio is 

greater than 1.0, the hinging region spreads away from the face of the 

column into the beam, and the load carrying capacity is maintained in 
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Table 3.2 Values of Primary Variables 

Source Fef. No. Spec. No. MR y= ̂  j_ P^(%) ptm %̂̂  

Ehsani 2 1 1.01 14.20 0.87 1.10 
2 1.35 14.20 0.97 1.22 
3 1.07 12.84 1.3 1.64 
4 1.41 12.53 1.46 1.86 
9 1.93 8.79 0.74 0.93 
11 1.56 8.79 0.74 0.93 

Hanson 3 1 2.60 8.70 0.39 0.48 
2 2.48 8.80 0.71 0.83 
3 2.26 8.80 1.42 1.62 
4 1.96 9.80 0.71 0.82 
5 1.44 12.30 1.42 1.64 

Hanson 4 4 2.80 12.00 0.39 0.58 
5 2.93 12.10 0.58 0.70 

Megget 5 1 1.33 7.00 0.71 0.76 
2 1.33 7.20 0.71 0.76 
3 1.33 6.30 0.95 0.90 

Smith 6 4 1.33 8.30 1.18 1.26 

Renton 8 1 0.88 15.60 1.00 1.00 
2 0.89 12.60 1.40 1.51 
3 0.88 16.20 1.80 1.87 
4 0.89 14.60 1.80 1.87 

Uzumeri 9 3 2.60 8.70 0.39 0.48 
4 2.48 8.80 0.71 0.83 
6 2.26 8.80 1.42 1.62 
7 1.96 9.80 0.71 0.82 
8 1.44 12.30 1.42 1.64 

Lee 11 1 4.10 8.10 1.83 2.02 
2 4.10 7.50 1.83 2.02 
3 4.10 7.60 0.41 0.44 
4 4.10 7.70 0.41 0.44 
5 3.10 8.50 1.83 2.02 
6 3.10 8.60 0.41 0.44 
7 3.10 7.70 0.41 0.44 
8 3.10 7.40 0.41 0.44 

'N,. 
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Table 3.2 Values of Primacy Variables - continued 

Source Ref. No. 

Scribner 12 

Scarpas 18 

Durrani 25 

US-Japan 26 

v. 
Spec. No. «R Y - 3 

hh/rc 
1 4.40 6.10 1.13 1.55 
2 4.20 6.10 1.13 1.55 
3 2.50 9.00 1.65 2.30 
4 2.40 9.00 1.65 2.30 
5 2.15 7.40 1.13 1.55 
6 4.00 7.40 1.13 1.55 
7 2.50 11.00 1.65 2.30 
8 2.40 10.90 1.65 2.30 
9 3.40 12.40 1.30 1.74 
10 3.24 12.30 1.30 1.74 
11 3.40 12.40 1.30 1.74 
12 3.24 12.30 1.30 1.74 

1 2.03 6.54 0.81 0.88 
2 1.62 9.77 0.58 0.71 
3 1.62 6.00 0.41 0.50 

j-1 2.77 13.05 1.00 1.38 

E-3 5.62 3.75 0.96 1.04 
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subsequent cycles. Therefore, flexural strength ratio is one of the key 

factors for the stability of the hysteresis loops. 

The effect of flexural strength ratio on the hysteretic behavior 

is shown in Figs. 3.1 and 3.6 which are reproduced for Specimens 4 and 3 

of Reference 2. These two specimens almost have the same design 

parameters except for the higher flexural strength ratio of Specimen 4. 

It is clear that Specimen 4, with flexural strength ratio of 1.41, 

exhibits more stable hysteretic behavior than Specimen 3 which had a 

flexural strength ratio of 1.07. The load carrying capacity of Specimen 

4 does not drop after the first cycle of loading. As a matter of fact, 

the maximum load carried by the specimen increases in subsequent cycles 

of loading, and there is very little pinching in the hysteresis loops 

for this specimen. On the other hand, the load carrying capacity of 

Specimen 3, which had a flexural strength ratio of 1.07, drops sharply 

after the first cycle of loading and severe pinching occurs. 

To ensure the formation of plastic hinges in the beam rather than 

in the column, and stabilize the overall behavior of beam-to-column 

connection, it is important to follow the philosophy of "strong column-

weak beam" in designing such connections. The minimum requirements set 

by the ACI-ASCE Committee 352 (1) for flexural strength ratio is 1.4. 

3.3.2 Effect of Joint Shear Stress (y) 

Joint shear stress multiplier (Y) is defined as: 

Y = Vj/(b) (h) v/ff (3.1) 



 ̂ 2.0 3.0 4.0 5.0 
LOAD POINT DISPLACEMENT, INCHES 

Figure 3.6 Load vs. Displacement Diagram - Specimen 3 (Ref. 2) 
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where 

y = joint shear stress multiplier, 

b = total width of the column, 

h = total depth of the column 

f£ = concrete compressive strength, 

and Vj = horizontal joint shear force as shown in Pig. 2.4 

= T - (3.2) 

where, T = tensile force in beam longitudinal reinforcement. The value 

of T is increased by 10% above that calculated using the measured yield 

stress of the beam's longitudinal steel. This increase accounts for the 

fact that the main reinforcement of the beam may experience strain 

hardening. The shear in the column, vcoLr is calculated from 

equilibrium of forces, and is equal to the ultimate flexural capacity of 

the beam divided by the length of the column. 

The joint shear stress is another indicator of the severity of 

loading. Table 3.2 contains the values of shear stress in the joint as 

a multiple of </f£ for all previously tested specimens. The lower the 

shear stress factor (y), the less severe the loading of the specimen 

will be. 

In order to evaluate the severity of loading experienced by a 

specimen, it is helpful to compare the load vs. deflection diagrams of 

two specimens with different joint shear stresses. Specimens 2 and 11 

of Ehsani (2) were designed with approximately equal parameters except 

for their shear stress levels. Specimen 2 in Fig. 3.7 has a shear 

stress factor of 14.20 while that for Specimen 11 in Fig. 3.8 is 8.79. 
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I Q C.U 3.U *».U 

LOAD POINT DISPLACEMENT, INCHES 

Figure 3.7 Load vs. Displacement Diagram - Specimen 2 (Ref. 2) 
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It is clear that specimen number 11, which maintained its maximum first 

cycle load through the sixth cycle, behaved much better than specimen 

number 2. The continuation of cyclic loading for specimen number 2 was 

accompanied with a reduction of the load carrying capacity of the 

specimen after the first cycle of loading. 

3.3.3 Effect of Transverse Reinforcement Ratio (Pt) 

The percentage of transverse reinforcement used within the joint 

is defined as: 

p
t - (h) (Ash>/(b) (d-d") 

where, = area of transverse reinforcement in each layer 

b = total width of column, 

d-d' = distance between the centroid of tensile and ccnpressive 

steel in the beam, 

and n =number of sets or layers of transverse reinforcement in the 

joint. 

Table 3.2 contains the values of the transverse reinforcement 

ratio (Pfc) expressed as a percentage for all previously tested 

specimens. Transverse reinforcement is the main ingredient for 

confinement of the joint core which can also provide a force in 

resisting the imposed shear in the joint. 

Premature yielding of the hoops may occur when the area of the 

transverse reinforcement is insufficient. This results in expansion of 

the joint core and, in turn, fracture of the cover concrete above and 
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2.0 3.0 4.0 

LOAD POINT DISPLACEMENT, INCHES 

Figure 3.8 Load vs. Displacement Diagram - Specimen 11 (Ref. 2) 
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below the joint. The flexural capacity of the column will drop as the 

cover concrete spalls off. 

As mentioned earlier, after a few cycles, diagonal cracks develop 

throughout the joint. If the joint is not adequately confined, the 

cracks will widen and the few hoops which have been provided will yield. 

The yielding of the hoops will, in turn, result in widening of the 

cracks in the joint. Cracking of the concrete in the joint will lead to 

loss of anchorage of the beam and column bars in the joint. 

It is an established fact that the confinement of the joint core 

is directly proportional to the total area of the hoops as well as their 

yield strength. Thus, for the same yield strength and the same total 

area of hoops, the placement of several sets of hoops of a smaller bar 

diameter is more effective than the use of fewer sets of hoops 

constructed of a larger bar diameter. It is noted that the previously 

tested specimens were constructed with hoops having yield stresses of 40 

Ksi or 60 Ksi. Therefore, it is important to normalize the transverse 

reinforcement ratio with respect to the yield stress to provide a 

realistic comparison of the available data. The transverse 

reinforcement ratios were multiplied by s/f~^/A0, where fy^ is the 

actual yield stress of the hoops. These values are referred to as the 

modified transverse reinforcement ratio (Ptin). Table 3.2 also contains 

the values of the modified transverse reinforcement ratio for all 

previously tested specimens. 

Ehsani (2) compared the performance of two specimens, number 2 in 

Fig. 3.7 and number 4 in Fig. 3.1. The design parameters for each of 
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these specimens were similar except that a higher modified transverse 

reinforcement ratio was provided for Specimen 4. Load, point displace

ment vs. the beam bar strain as determined by strain gages mounted near 

the face of the column were compared, as were load point displacement 

vs. the column strain for strain gage near the joint. Beam bar pull out 

or column slippage is indicated when a reduction, or no change in strain 

is observed during two successive cycles of loading with increasing 

displacement. It was found that Specimen 2 exhibited a pull out of the 

beam bar after the first cycle of loading, while there was no indication 

of beam bar pull out until the end of the third cycle in Specimen 4. 

Slippage of the column bar was noticed after the first load cycle of 

Specimen 2, while there was no indication of column bar slippage until 

the fifth cycle for Specimen 4. The main reason for the delay in beam 

bar pull out and column bar slippage in Specimen 4 is the better con

finement of the joint core as a result of providing additional hoops. 

Techniques other than the use of hoops and cross ties have been 

shown to be ineffective in confining the core. Renton (8) concluded 

that light circular spirals are ineffective in confining the core. 

Unloaded transverse beams contribute to confinement of the joint. 

However, when these beams are loaded, the level of confinement is 

significantly reduced. 

3.4 Effect of Loading History on The Behavior 
of Reinforced Concrete Joints 

The specimens are usually loaded according to a specified 

displacement schedule. The magnitude and sequence of applying these 



60 

displacements define the loading history of the specimen. A typical 

loading history is shown in Fig. 3.9. Host investigators used different 

loading histories. In addition, building codes have different 

limitations on the allowables story drift. The Applied Technology 

Council (28) has established a story drift of 1.5% of the story height 

at ultimate capacity of the structure for reinforced concrete buildings 

situated in seismic regions. However, most specimens are subjected to 

displacements much higher than this limit in order to obtain as much 

information as possible. 

Ttie behavior of reinforced concrete structures depends strongly 

on the loading history. Strength and stiffness of the specimen are 

functions of the magnitude of maximum displacement of each cycle. 

Hwang and Scribner (10) tested eleven reinforced concrete cantilever 

beams and studied the effect of loading history. Little damage was done 

to specimens subjected to a displacement ductility of 2, while others at 

displacement ductility of 4 suffered strength and stiffness degradation. 

It was also found that the sequence of applying the load has no 

effect on the behavior of the specimen as long as the maximum 

displacements are the same. It should be mentioned that the performance 

of a specimen subjected to a large pulse is not superior to one 

subjected to an identical pulse followed with smaller pulses. The study 

also concluded thatf specimens subjected to a displacement ductility of 

two possessed larger energy dissipation capacities than specimens 

subjected to a displacement ductility of 4. 



DISPLACEMENT DUCTILITY S/6y 
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3.5 Effect of Hie Ratio of Compression to 
Tension Reinforcement ffts'/As) 

fflie ratio of the compression reinforcement (Agi) to the tension 

reinforcement (As) is an important factor affecting the energy 

dissipation of the specimen. As mentioned earlier, diagonal cracks will 

develop throughout the joint as the specimen is loaded in one direction. 

However, some of these cracks close as the load is reversed. If the 

amount of compression reinforcement is less than that of the tension 

reinforcement, the moment produced will not be large enough to close 

most of the previously formed cracks. 

In addition, if the amount of compression steel is decreased, an 

increase in the concrete compressive stresses will result under the 

effect of negative bending. The increase in compressive stress 

accelerates the compressive spalling of the concrete. Therefore, the 

stiffness of the specimen is reduced. Further, the capacity of the 

specimen to dissipate energy is reduced (29). 

It is recommended that the area of the compression and tension 

reinforcement be equal. This will allow the majority of the cracks at 

the face of the column to close as the loading is reversed. In turn, 

the loss of stiffness of the specimen will be reduced. 

3.6 Evaluation Techniques For The 
Behavior of Reinforced Concrete Joints 

3.6.1 General 

Any meaningful comparison of specimens tested at different times 
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and at various institutions can be made only if the test procedure are 

identical or at least very similar. One of the difficulties in 

comparing the performance of beam-to-column assemblies is the fact that 

the testing procedures used at different laboratories are not the same. 

In addition, each investigator uses an arbitrary loading history. Any 

proposed criterion must eliminate the difference between displacements 

imposed on the specimen in order to have a useful comparison. Moreover, 

any proposed index must relate strength, stiffness, and loading history 

in a nondimensional form. 

3.6.2. Values From Load vs. Displacement Diagram 

Before any attempt is made to evaluate the behavior of beam-to-

column connection, important parameters need to be extracted from the 

load vs. deflection diagram. The most important is the energy 

dissipated by the specimen during the course of testing. In order to 

calculate the amount of energy dissipated, a planimeter is used to 

measure the area inscribed within the hysteresis loops. Hie area within 

each cycle is converted to energy dissipated during each cycle (E^) 

according to the scale used for the load vs. displacement diagram. 

Table 3.3 contains the energy dissipated in each cycle by all the 

investigators who used load vs. displacement in their tests. Some 

investigators reported plots of load vs. rotation and thus the amount of 

dissipated energy could not be as easily calculated. 
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Table 3.3 Load vs. Displacement Characteristics 

Ref. No. Spec. No. cycle No. pmax^*n) Ei(Kin) 

2 1 Yield 1.20 32.60 19.56 
1 1.58 33.20 56.10 
2 2.53 27.70 64.10 
3 3.07 22.60 54.50 
4 2.93 20.00 57.70 
5 4.80 17.50 57.60 

Yield 1.23 28.70 17.65 
1 1.60 31.29 57.70 
2 2.20 27.10 51.30 
3 2.67 24.52 44.90 
4 3.20 21.94 57.70 
5 3.80 18.71 59.30 
6 4.40 16.13 60.90 

Yield 1.32 38.50 25.40 
1 2.11 40.80 91.10 
2 2.81 38.50 94.60 
3 3.52 34.60 89.30 
4 4.22 29.20 87.50 
5 4.92 24.60 80.30 
6 5.19 22.00 66.10 

Yield 0.90 32.20 14.49 
1 1.67 34.60 52.90 
2 2.22 35.90 70.50 
3 2.78 36.70 91.30 
4 3.30 38.15 104.20 
5 3.85 34.80 104.20 
6 4.33 29.25 52.80 

Yield 1.74 36.30 31.58 
1 1.80 36.70 66.00 
2 2.26 35.90 58.50 
3 2.79 34.74 76.50 
4 3.16 31.59 81.00 
5 3.58 29.21 93.00 
6 4.10 26.80 106.50 
7 4.53 24.47 64.50 



Table 3.3 Load vs. Dlsplacennent Characteristics - Continued 

Ref. No. Spec. No. 

2 11 

8 1 

2 

3 

4 

9 3 

cycle No. 

Yield 1.00 
1 1.65 
2 2.00 
3 2.40 
4 2.80 
5 3.20 
6 3.60 
7 4.00 

Yield 2.00 
1 5.20 
2 7.80 

Yield 1.40 
1 4.70 
2 4.50 
3 7.30 

Yield 1.70 
1 3.90 
2 7.75 

Yield 1.80 
1 2.70 
2 7.50 
3 9.00 

Yield 1.83 
1 3.00 
2 6.50 
3 9.10 

Yield 1.00 
1 1.50 
2 3.00 
3 1.90 
4 2.00 
5 6.20 
€ 6.40 
7 3.70 
8 3.90 
9 11.60 

pmax^^ (Kin) 

30.00 15.00 
33.00 57.00 
33.90 64.50 
34.50 84.00 
35.25 97.50 
35.25 111.00 
34.10 118.50 
29.25 58.50 

23.5 23.50 
21.5 153.10 
14.5 54.30 

25.00 17.90 
24.40 172.80 
20.50 69.10 
18.90 61.70 

27.00 18.70 
23.50 160.70 
17.80 81.50 

30.00 27.00 
32.30 100.40 
30.60 357.40 
21.80 100.40 

19.30 9.70 
22.00 10.00 
22.50 220.00 
9.30 320.00 

19.20 9.60 
19.20 10.00 
22.40 120.00 
15.20 205.00 
15.20 10.00 
24.80 20.00 
24.80 335.00 
14.40 390.00 
14.40 30.00 
27.20 15.00 
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Table 3.3 Load vs. Displacement Characteristics - Continued 

Pef. No. Spec. No. Cycle No. Amax n̂) pmax^^ Ej^Kin) 

Yield 1.00 16.80 8.40 
1 2.90 20.00 45.00 
2 5.00 24.80 250.00 
3 3.20 16.80 125.00 
4 3.80 17.60 45.00 
5 3.80 16.00 55.00 
6 3.80 16.00 55.00 
7 3.80 16.00 55.00 
8 3.80 16.00 55.00 
9 6.30 25.60 425.00 
10 7.50 26.80 320.00 
11 7.50 21.60 280.00 

Yield 1.20 18.60 11.20 
1 2.10 20.00 80.00 
2 5.20 26.40 40.00 
3 5.20 26.40 40.00 
4 5.20 26.40 40.00 
5 5.20 26.40 40.00 
6 5.20 26.40 360.00 
7 7.30 21.60 40.00 
8 9.00 15.20 190.00 

Yield 1.10 21.60 11.90 
1 2.50 28.80 175.00 
2 3.50 27.80 200.00 
3 2.00 13.60 15.00 
4 2.00 13.60 10.00 
5 5.50 28.00 10.00 
6 9.70 20.80 10.00 

Yield 0.50 6.70 1.80 
1 1.50 8.00 20.00 
2 1.50 6.93 13.20 
3 1.50 6.67 12.40 
4 2.23 8.00 24.00 
5 2.23 7.73 21.20 
6 2.30 7.46 20.80 
7 1.50 5.60 9.60 



Table 3.3 Load vs. Displacement Characteristics - Continued 

Ref. No. Spec. No. 

11 2 

3 

Cycle No. 

Yield 0.50 
1 2.25 
2 2.25 
3 2.35 
4 2.85 
5 2.85 
6 2.85 
7 2.80 
8 2.40 
9 2.35 
10 2.30 
11 2.30 

Yield 0.53 
1 1.10 
2 1.10 
3 1.10 
4 2.20 
5 2.20 
6 2.20 
7 1.10 
8 1.10 
9 1.10 

Yield 0.50 
1 2.15 
2 2.15 
3 2.15 
4 2.85 
5 2.85 
6 2.85 
7 2.85 
8 2.85 
9 2.20 
10 2.20 
11 2.20 
12 2.20 

Pj^fin) E^Kin) 

6.60 1.70 
7.40 32.80 
6.60 20.80 
6.20 19.60 
6.60 27.20 
6.20 25.20 
6.20 26.40 
5.80 28.80 
5.70 27.20 
5.20 20.00 
5.00 16.80 
5.00 17.60 

6.00 1.60 
6.40 10.80 
5.70 6.80 
5.47 6.40 
6.70 19.60 
6.30 19.60 
6.30 20.80 
4.00 3.60 
3.75 3.60 
3.73 3.60 

6.60 1.7 
7.60 30.40 
7.20 20.40 
6.80 19.20 
7.20 24.40 
6.80 26.80 
6.40 26.00 
6.20 26.00 
6.00 24.80 
5.10 13.60 
4.70 13.20 
4.40 13.20 
4.20 12.80 



Table 3.3 Load vs. Displacentent Characteristics - Continued 

Ref. No. Spec. No. 

11 5 

Cycle No. Austin) Pjpg^in) E^Kin) 

Yield 0.52 8.00 2.70 
1 1.95 9.20 35.60 
2 1.95 8.60 24.40 
3 1.95 8.50 20.40 
4 2.80 8.00 21.20 
5 2.80 9.20 36.40 
6 2.80 8.80 34.40 
7 2.80 8.20 32.40 
8 2.80 8.00 31.60 
9 2.80 7.80 30.80 
10 2.00 6.00 12.00 
11 2.00 5.90 14.40 
12 2.00 5.80 14.00 

Yield 0.50 7.50 3.50 
1 2.00 9.00 34.40 
2 2.00 8.40 23.20 
3 2.00 8.60 20.00 
4 2.00 7.70 18.40 
5 2.00 7.40 33.20 
6 2.85 8.20 30.40 
7 2.85 8.00 29.20 
8 2.85 7.60 26.00 
9 2.85 7.40 24.40 
10 2.8i> 6.80 9.60 
11 2.85 6.80 8.80 
12 1.95 4.80 8.40 
13 1.95 4.60 8.00 

Yield 0.48 7.6 1.9 
1 1.90 8.80 30.80 
2 1.90 7.60 21.20 
3 1.90 7.20 18.40 
4 1.90 7.10 16.80 
5 2.80 8.00 33.20 
6 2.80 7.00 31.60 
7 2.80 6.00 29.60 
8 2.80 5.00 22.80 
9 2.80 4.00 17.20 
10 1.95 2.40 6.40 
11 1.90 2.20 5.60 
12 1.90 2.00 5.60 
13 1.90 1.80 5.20 
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Table 3.3 Load vs. Displacenent Characteristics - Continued 

Ref. No. Spec. No. 

11 8 

cycle No. (Kin) 

Yield 0.46 7.4 1.9 
1 1.80 8.60 29.20 
2 1.80 7.80 20.40 
3 1.80 7.40 18.40 
4 1.80 7.00 16.80 
5 2.70 8.00 32.40 
6 2.70 7.60 30.80 
7 2.70 6.40 28.00 
8 2.70 5.00 24.00 
9 2.70 4.00 18.00 
10 1.80 2.80 5.20 
11 1.80 2.40 5.60 
12 1.80 2.30 5.60 
13 1.80 2.20 4.80 

Yield 0.40 8.60 1.72 
1 1.58 9.76 24.30 
2 1.56 10.56 20.20 
3 1.58 10.10 19.60 
4 1.54 9.28 16.30 
5 2.88 11.36 16.30 
6 2.81 11.20 14.60 
7 2.82 10.72 31.70 
8 2.82 10.56 33.50 
9 2.82 10.40 38.00 
10 2.82 10.10 30.00 
11 2.82 9.92 32.00 
12 2.82 9.44 27.60 

Yield 0.50 9.30 2.30 
1 1.58 10.90 23.20 
2 1.58 10.40 20.80 
3 1.58 10.13 18.40 
4 1.58 9.87 17.40 
5 1.58 9.60 17.40 
6 2.77 12.00 16.00 
7 2.77 10.90 38.60 
8 2.77 10.40 33.00 
9 2.77 10.30 35.00 
10 2.77 10.30 35.90 
11 2.77 9.87 34.80 
12 2.77 9.60 34.60 



70 

Table 3.3 Load vs. Displacement Characteristics - Continued 

Ref. No. Spec. No. Cycle No. Amax*in) pmax*ln) EA(Kin) 

12 3 Yield 0.54 15.10 4.10 
1 2.10 17.30 57.90 
2 2.20 16.57 38.20 
3 2.21 16.00 36.30 
4 2.25 14.86 35.60 
5 2.14 13.10 32.20 
6 2.20 11.40 32.00 
7 2.93 11.40 48.90 
8 2.93 8.30 35.50 
9 2.93 6.00 30.20 

Yield 0.70 15.80 5.53 
1 2.12 19.30 60.10 
2 2.12 18.24 40.40 
3 2.12 17.44 39.40 
4 2.12 16.96 38.90 
5 2.12 16.64 37.80 
6 2.12 16.64 37.40 
7 3.00 16.16 75.70 
8 3.00 18.50 73.70 
9 3.00 16.00 59.40 
10 3.00 12.64 53.20 
11 3.00 10.88 51.70 

Yield 0.45 11.70 2.63 
1 1.50 14.10 34.20 
2 1.50 13.30 24.90 
3 1.50 13.10 22.40 
4 1.50 12.50 18.70 
5 1.50 12.00 17.60 
6 1.50 12.00 17.00 
7 2.40 13.86 40.90 
8 2.40 12.50 38.50 
9 2.40 10.90 29.60 
10 2.40 9.10 25.90 
11 2.40 7.50 21.00 
12 2.40 6.10 17.70 
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Table 3.3 Load vs. Displacement Characteristics - Continued 

Ref. No. Spec. No. 

12 6 

Cycle No. ^max n̂̂  Pmax^*n) (Kin) 

Yield 0.39 11.40 2.23 
1 1.43 14.00 32.60 
2 1.43 13.20 21.70 
3 1.43 13.00 20.30 
4 1.43 12.80 19.00 
5 1.43 12.60 18.60 
6 1.43 12.20 17.00 
7 2.15 14.60 40.80 
8 2.15 13.60 37.60 
9 2.15 13.20 30.90 
10 2.20 12.00 28.60 
11 2.20 11.00 24.00 
12 2.20 9.00 23.20 

Yield 0.72 14.20 5.11 
1 2.20 18.20 58.80 
2 2.20 17.10 41.70 
3 2.20 16.50 35.40 
4 2.20 16.00 31.60 
5 2.20 15.60 26.60 
6 2.20 14.50 24.70 
7 2.77 16.00 49.60 
8 2.77 14.50 41.70 
9 2.77 12.50 33.50 
10 2.86 11.10 27.20 
11 2.86 9.45 21.20 
12 2.86 8.70 19.60 

Yield 0.80 17.30 6.92 
1 2.32 19.70 56.70 
2 2.32 18.30 42.80 
3 2.32 17.70 36.70 
4 2.32 17.00 32.80 
5 2.32 16.30 31.10 
6 2.32 16.00 28.30 
7 2.84 18.00 61.10 
8 2.84 16.70 52.80 
9 2.84 14.30 4.60 
10 2.84 12.70 31.80 
11 2.84 11.00 26.70 
12 2.84 9.30 23.30 

X 
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Table 3.3 Load vs. Displacement Characteristics - Continued 

Ref. No. Spec. No. Cycle No. A
max(in) pmax(in) E^Kin) 

12 9 Yield 1.00 36.70 18.35 
1 4.00 41.70 269.40 
2 4.00 41.70 205.50 
3 4.00 37.50 177.80 
4 4.00 35.80 160.00 
5 4.00 35.00 150.00 
6 4.00 31.70 140.60 
7 5.20 34.20 247.60 
8 3.20 12.50 195.50 

Yield 1.00 36.70 18.35 
1 4.00 44.60 248.30 
2 4.00 43.30 183.30 
3 4.00 42.10 168.70 
4 4.00 40.00 163.90 
5 4.00 38.30 152.80 
6 4.00 35.80 147.20 
7 5.80 37.50 305.30 
8 3.75 20.00 122.20 

Yield 0.74 39.00 14.43 
1 2.92 52.50 210.00 
2 2.92 51.67 157.00 
3 2.92 47.50 138.90 
4 2.79 39.20 113.90 
5 2.92 30.00 105.50 
6 3.00 20.00 38.90 

Yield 0.90 45.00 20.25 
1 2.67 57.50 210.00 
2 3.00 55.00 184.20 
3 3.00 51.70 148.60 
4 3.00 46.70 135.60 
5 3.00 38.30 128.70 
6 3.00 30.00 86.10 
7 3.00 22.50 66.70 
8 3.00 17.50 43.70 

"V 
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Table 3.3 Load vs. Displacement Characteristics - Continued 

18 

Cycle No. Aj^dn) (Kin) 

Yield 0.40 29.20 11.70 
1 0.79 30.60 45.30 
2 0.79 31.50 34.00 
3 1.60 31.90 99.10 
4 1.60 31.90 65.10 
5 2.40 32.40 177.80 
6 2.40 32.40 133.10 
7 2.70 35.10 246.40 
8 3.10 35.90 79.30 

Yield 0.63 41.40 13.10 
1 0.71 41.40 16.60 
2 0.79 41.40 9.90 
3 1.80 44.90 215.30 
4 1.80 42.30 79.50 
5 2.70 48.10 198.70 
6 3.50 49.40 202.10 
7 3.60 47.60 281.60 
8 3.70 41.40 231.90 

Yield 0.47 29.20 6.70 
1 0.71 30.50 39.60 
2 0.71 28.80 22.60 
3 1.40 31.50 99.10 
4 1.40 30.60 76.50 
5 2.00 35.10 144.40 
6 2.00 33.30 141.60 
7 2.70 36.90 201.00 
8 2.70 35.90 192.60 
9 3.60 39.10 235.10 
10 3.60 39.10 31.10 

Yield 1.54 18.80 14.50 
1 2.54 19.20 50.20 
2 3.00 20.00 53.50 
3 3.54 20.00 60.70 
4 4.00 20.00 78.00 

Yield 0.26 2.88 0.40 
1 0.35 2.83 1.10 
2 0.66 2.62 3.10 
3 0.66 2.62 2.20 
4 1.31 2.73 7.00 
5 1.31 2.68 5.90 
6 2.10 2.73 3.90 
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Another important parameter is the displacement corresponding to 

the initiation of the yielding of the specimen (/^). Most specimens do 

not exhibit a well defined yield point on the load vs. displacement 

curve. Judgment was made to take the yield at the point where a 

flattening of the load vs. displacement curve or a sudden decrease in 

the slope of the curve was observed. Values of the yield displacements 

with corresponding loads are also listed in Table 3.3. The first yield 

is important because in any evaluation technique, the maximum 

displacements at the end of each cycle will be normalized with respect 

to the yield displacement and the yield load. 

Another parameter which will be used in evaluating the behavior 

of the specimens is the Total Displacement Ductility (TDD), which is 

defined as the summation of the maximum displacement for each cycle 

divided by the yield displacement. The use of Total Displacement 

Ductility in evaluating the performance of a subassemblage will be 

discussed in more detail later in this chapter. 

3.6.3 Work Index (Iw) 

In an attempt to compare the behavior of different specimens 

tested by different investigators, Gosain, Brown and Jirsa (15) proposed 

the "work index" as a nondimensional measure of the energy dissipation 

capacity of the subassembly. Rather than computing the actual energy 

dissipated as the area inscribed within the hysteresis loops, an 

empirical relationship was developed based on displacement ductility 
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(Aj/^y), and the ratio of maximum load in a given cycle (P^) is that at 

the yield (Py). Therefore, the "work index" for each cycle is 

Iwi = PiA'y VAy (3*4) 

The work index can be calculated for all cycles for which the maximum 

load carried by the specimen does not drop below a certain percentage of 

the yield load. Jirsa calculated the work index for all cycles for 

which the ratio of Pj/Py was at least equal to 0.75. 

I„= P^y Ai/Ay (3.5) 

Due to the simplifications of this "work index" some problems 

arise as mentioned by Jirsa (15). For example, the same value of Iw 

would be calculated for a specimen loaded four times to a displacement 

ductility of five as for one loaded twice to a displacement ductility of 

10. It is also noted that loading a specimen twice to a displacement 

ductility of 10 will damage the specimen more severely. 

This "work index" was used to determine the severity of loading. 

Table 3.4 contains the values of the work index. The failure of this 

work index to define the contribution of each cycle indicates its major 

weakness. Therefore, it is appropriate to conclude that the work index 

values as calculated by Jirsa do not give a consistent prediction of the 

behavior of beam-to-column connection. 

3.6.4. Ehergy Index (D^) 

Another attempt to compare the performance of reinforced concrete 

members subjected to cyclic loading was made by Nmai and Darwin (14). 

The energy index takes into account the total amount of energy 
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Table 3.4. Calculated Indices for All Specimens 

Source 
Ref. Mo. 

Ehsani(2) 

Renton (8) 

Uzumeri (9) 

Lee (11) 

Schribner (12) 

iC. No. •^w Di IE Norm. Ij 

1 3.13 4.5 190 4.86 
2 6.95 4.9 367 10.39 
3 8.60 7.1 824 16.20 
4 21.36 16.2 1767 60.30 
9 7.10 5.9 544 8.60 
11 21.40 19.7 1902 63.00 

1 2.40 5.6 490 10.40 
2 5.80 9.6 976 27.40 
3 6.10 7.6 672 18.00 
4 5.90 11.1 1652 30.00 

3 6.00 52.4 3168 46.00 
4 46.50 136.6 5098 256.60 
6 63.70 128.0 10690 637.00 
7 45.80 66.8 6134 275.00 
8 22.00 34.4 1446 60.80 

1 27.80 46.2 520 155.20 
2 50.10 104.9 1225 371.20 
3 19.40 36.1 315 99.00 
4 45.60 84.3 1099 333.00 
5 48.70 67.0 1388 333.60 
6 50.50 48.0 1269 338.40 
7 32.10 32.2 941 258.00 
8 33.70 33.0 721 212.00 

1 86.40 119.8 2268 659.30 
2 61.00 95.8 1745 375.30 
3 28.00 46.5 995 122.00 
4 37.40 63.2 1839 166.30 
5 43.10 69.5 1234 234.40 
6 61.30 95.5 1784 401.20 
7 37.20 49.2 1360 133.00 
8 27.50 37.5 1208 87.30 
9 29.20 46.2 5764 157.10 
10 32.50 46.9 6584 179.40 
11 22.50 31.6 3353 116.20 
12 18.00 25.0 2949 72.90 



Table 3.4. Calculated Indices for All Specimens -Continued 

Source 
Ref. No. Spec. No. Di IE Norm. Ij 

Scarpas (18) 1 43.90 37.9 5677 486.00 Scarpas (18) 
2 32.40 49.1 6077 233.00 
3 54.20 88.8 7718 562.00 

Durrani (25) j-1 9.00 8.4 559.8 19.30 

U.S.-Japan (26) E-3 30.3 40.8 104.1 139.00 
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dissipated up to cycles for which the maximum load carried by the 

members was at least equal to 75% of the yield load. The elastic energy 

stored in the subassemblages was taken to be 0.5 Pŷ y. 

To account for the difference between the positive yield and 

negative yield which is caused by the presence of unequal amounts of 

compression and tension reinforcement, the total energy up to the yield 

for both directions of loading, Ej., is approximated by 

Et = 0.5 Py Ay[l + (Ag'/Ag)2] (3.6) 

The total energy dissipated was normalized with respect to the 

total elastic energy up to the yield for both direction of loading, thus 

D _ Ehergy Dissipated ^ ̂  

1 O.SPyAyll+fAg'/As)2] 

According to Darwin (14), a minimum value of D^ for satisfactory 

performance of the specimen is 35. Table 3.4 contains the energy index 

for all specimens considered in this study. 

There is a problem associated with the use of this energy index. 

The individual effect for each load cycle is not considered. The total 

energy dissipated was used rather than the use of the energy dissipated 

in each cycle with its corresponding displacement. The effect of 

displacement ductility was neglected. As discussed in section 3.4, the 

performance of specimens subjected to cyclic loading is highly dependent 

on the maximum displacement of each cycle. Therefore, it can be 

concluded that this energy index is not a good indicator for the 

performance beam-to-column connection. 
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3.7 Proposed Energy Ircfex figl 

Hwang (30) proposed an energy index (IE) to study the effect of 

cyclic loading on reinforced concrete beams in which strength, stiffness 

and loading history are related in order to make relevant comparisons. 

The effect of the maximum displacement in each cycle to that of the 

yield is taken into account. In addition, the energy index includes the 

effect of the stiffness in each cycle. 

A criterion based on displacement ductility alone is not 

acceptable. Hie specimen may have sufficient ductility, but it might 

suffer stiffness degradation as a result of reduction in its capacity to 

dissipate energy. As can be seen from Fig. 3.4, the two specimens reach 

the same displacement. However, the energy dissipated by the specimen 

represented by curve 2 is reduced as a result of premature shear or bond 

failure. Therefore, it is important to associate energy dissipation 

with displacement ductility. Thus, the energy dissipated in each cycle 

is included in the energy index. 

Hie energy index is expressed as follows: 

" Ki 
IE - S EI (AI/AY)2 (3.8) 

i=l Ky 

where 

= energy dissipated during the i**16 cycle, 

Ky,K^ = stiffness as defined in Fig. 3.10, 

A^,Ay = displacements as defined in Fig. 3.10, 

i = number of cycles in which Pj/ty 2 0.75. 
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The approximation for the half loading cycle was taken as 0.5Py4y and 

full yield cycle as PyAy. The actual energy dissipated in each cycle 

was used. Values of the energy index (IE) are presented in Table 3.4. 

To eliminate possible errors introduced due to the size and scale 

of the tested specimens, the energy index was normalized by dividing it 

by the yield load and the yield displacement. Values of normalized 

energy index are listed in Table 3.4. In order to use this energy index 

for evaluation of the performance of the subassemblies, it will be 

checked against the primary variables. 

3.8 The Proposed Energy Index vs. The Primary Variables 

Prior to studying the relationship between the energy index and 

the primary variables, a reference specimen was selected. Specimen 

4 of Ehsani (2) was chosen as the reference specimen. This 

specimen just satisfies the ACI-ASCE Committee 352 (1) specifications 

with little or no overdesign. ttie hysteretic behavior of this specimen 

was also satisfactory, alius, it is reasonable to use the performance of 

this specimen as a bench mark for evaluation of any proposed method. It 

is noted that the normalized energy index for this specimen was 60. 

The minimum requirement for flexural strength ratio is 1.4, 

Specimen 4 has a flexural strength ratio of 1.41. The amount of 

transverse reinforcement recommended by the ACI-ASCE 352 (1) is given by 

the following equations: 
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0.3Shh"fI(Ag/Ac-1) 
: 0.9) 
fyh 

but not less than 

0.09Shh"fI 
*sh = " <3-1°) 

fyh 
where: 

A^ = total cross-sectional area of all legs of hoop 

reinforcementr including cross tiesr crossing a section 

having a core dimension h", 

Ac = area of core of especially reinforced column measured to 

outside diameter of hoops, 

Ag = gross area of column section, 

f£ = specified compressive strength of concrete, 

fyjj = specified yield strength of hoop reinforcements, 

and h" = core dimension of tied column. 

The amount of transverse reinforcement (Asjj) provided for 

Specimen 4 is 0.68 in^ which satisfied the above two equations. 

The center to center spacing of hoops should be limited to the 

smallest of: one-quarter of the minimum column dimension, six times the 

diameter of longitudinal bars, or six inches. Die spacing of Specimen 

4 in 3.0 inches which satisfies these requirements. 

According to ACI-ASCE 352 (1) the total design shear force (Vu) 

is limited to 
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V ui 12 bh (3.11) 
i 

where 

Vu = total design shear force, 

f£ = specified compressive strength of concrete, 

b = depth of column. 

and h = width of column. 

The total design shear force for Specimen 4 is 12.5 bh which is 4% 

higher than the value specified by ACI-ASCE 352 (1). 

Joint shear stress has a great effect on the behavior of 

reinforced concrete beam-column subassemblies. The lower the shear 

stress, the better the behavior of the specimen. Figure 3.11 shows the 

relationship between the normalized energy index and the joint shear 

stress. The lower the shear stress the higher the energy index. 

A linear regression analysis based on the least square method for 

all the data points used in this study, showed a relatively good linear 

relationship among the data with a correlation coefficient of -0.686. A 

minimum value of 60 for the normalized energy index was selected. This 

value was based on the performance of Specimen 4 of Ehsani (2) having an 

energy index of 60. For the same reason, an upper limit of joint shear 

stress was specified as 12.5 /££ (the joint shear stress of specimen 

number 4). It is interesting to note that Specimen 8 of Uzumeri (9) 

having almost the same joint shear stress and the same flexural strength 

ratio as Specimen 4 of Ehsani (2), produced the same energy index of 60. 

According to this graph, any specimen located in the lower right 

quadrant, i.e. specimens with normalized energy index £ 60 and joint 
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shear stresser below 12.5 y/f£» are considered to have satisfactory 

behavior. The performance of the specimen shown in the lower left 

quadrant, having relatively low joint shear stress and low normalized 

energy index is attributed to the fact it has a low modified transverse 

reinforcement ratio. 

The effect of the flexural strength ratio on the performance of 

the specimen according to the energy index is not clear. However, a 

plot of normalized energy index vs. flexural strength ratio is presented 

in Fig. 3.12. No linearity exists for the data presented as such. 

The same analysis was used for evaluating the performance of the 

specimens with respect to flexural strength ratio. Again, Specimen 4 of 

Ehsani (2) was used as a reference for the lower limit of the flexural 

strength ratio. The value of 1.41 for this specimen was taken as the 

lower limit of satisfactory behavior. The same energy index of 60 was 

used as before. An interesting finding should be mentioned. Most of 

the specimens which performed poorly according to the upper limit of 

joint shear stress, also did poorly according to lower limit of flexural 

strength ratio. Therefore, it is safe to say that any specimen with 

flexural strength ratio of 1.4 or greater and a normalized energy index 

of 60 has an acceptable performance. The results from the specimens 

shown in the upper left quadrant have relatively high flexural strength 

ratios and low normalized energy indicies. This is attributed to the 

fact they have high joint shear stresses or very low modified transverse 

reinforcement ratio. 
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There is no relationship between the modified reinforcement ratio 

and the energy indexf as seen in Fig. 3.13. Hwang (30) also found that 

there is no definable relationship between the transverse reinforcement 

ratio of the beam and the beam, though the data used is that study was 

different. 

An attempt was made to see the effect of each component of the 

primary variables on the energy index. Plots of the primary variables 

vs. the total energy dissipated were prepared as Fig. 3.14a, b, c. It 

is apparent that there is no direct relationship or linearity between 

the primary variables and the total amount of energy dissipated. This 

would support the argument that a criterion that is based on energy 

dissipated alone is not acceptable. 

Another attempt was made to see the effect of the primary 

variables on the total displacement ductility of the specimen. Figures 

315a, b, and c show the relationships between the primary variables and 

the total displacement ductilities. It is clear that there are no 

direct relationships between the flexural strength ratio and the total 

displacement ductility, nor between the modified transverse 

reinforcement ratio and the total displacement ductility. However, 

there seems to be a relationship between the joint shear stress and 

total displacement ductility. The overall behavior is that a decrease 

of joint shear stress results in an increase of total displacement 

ductility. Based on linear regression analysis a correlation factor of 

-0.719 was found, indicating good linearity for the data points. It is 

worth mentioning that Specimen 4 of Ehsani (2) and Specimen 8 of Uzumeri 
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(9), having almost the same primary variables, have almost the same 

total displacement ductility. However, the total displacement ductility 

can not be used by itself as an indicator for the performance of the 

specimen. It must be accompanied by the energy dissipation. Two 

hysteresis loops of two different specimens might reach the same total 

displacement ductility, but they might not dissipate the same amount of 

energy. This is due to premature shear or bond failure, as can be seen 

in Fig. 3.4. 



CHAPTER 4 

DESIGN KEOOHMENDATIONS 

4.1 .general 

Different approaches for the design of the comer beam-to-column 

connections are presented in this chapter. The recommendations of the 

ACI-ASCE Committee 352 (1) referred to as "ACI-352" will be listed 

first. Next, the design chart developed by Etisani (2), which simplifies 

the existing design recommendations will be studied. Finally, 

modification and justification of the proposed design chart based on the 

energy index discussed in Chapter 3 will be developed. 

4.2 ACI-352 Recommendations 

These recommendations represent the minimum requirements for 

satisfactory performance of a corner beam-to-column connection subjected 

to load reversal. These requirements are meant to satisfy strength and 

ductility of the joint and are based on the "strong column-weak beam" 

philosophy. 

The minimum value of flexural strength ratio should be 1.4 to 

ensure the formation of plastic hinges in the beam rather than in the 

column. 

96 
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The requirement for the total design shear force (Vu) is given in 

Eg. 3.11. The nominal shear stress is limited to 12 (Psi units) for 

the corner joints. If the shear stress is higher than this value, the 

dimensions of the connection must be increased to reduce the shear 

stresses to a level below the allowable limit. Increasing the size of 

the connection has the added advantage that it reduces the problem of 

congestion of steel in the joint. 

A 25% increase in the nominal yield stress of longitudinal 

reinforcement is required in calculating forces or stresses transferred 

to the joint. This increase is intended to account for strain hardening 

of steel and the fact that the actual yield stress of the reinforcement 

is usually higher than the specified value. 

Hoops are required for confinement of the joint, regardless of 

the magnitude of the axial load. The amount of transverse reinforcement 

is calculated by Eqs. 3.9 and 3.10. The center to center spacing of 

hoops should be limited to the smallest of: one-quarter of the minimum 

column dimension, six times the diameter of the longitudinal bars, or 

six inches. 

Anchorage requirements are given for all longitudinal bars 

terminating in the joint with a standard ninety-degree hook. The 

development length is calculated by Eq. 2.1. To limit the slippage of 

the beam and column bars passing through the joint the following should 

be satisfied: 

hc/db (beam bars)^ 20 (4.1a) 

h^/d^ (column bars) i 20 (4.1b) 
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where: 

hc = full depth of column/ 

hjj = full depth of beam, 

and = the nominal diameter of the bar. 

4.3. Design Simplifications 

One of the problems that engineers encounter in designing beam-

to-column connections subjected to seismic lateral forces is the 

detailing of the joint. The amount of steel required in the joint 

usually creates the problem of congestion of steel. Most of the 

recommendations of ACI-352 are based on test results of concrete members 

subjected to combinations of compression, shear and flexural loading. 

These assumptions are conservative and thus the amount of transverse 

reinforcement in the joint is large. Such large amounts of transverse 

reinforcement has resulted in congestion of steel in the joint which 

makes it very difficult to construct. 

A major shortcoming of the specifications (1) is that there is no 

relaxation of the requirements when some of the design parameters have 

been satisfied quite conservatively. For example, when the flexural 

strength ratio is considerably larger than 1.4 or the design joint shear 

stress is significantly less than it would seem reasonable to 

assume that the joint reinforcement could be reduced without 

jeopardizing the performance of the frame. 

It was shown earlier that Specimen 4 of Ehsani (1), which 

satisfied all requirements of the recommendations (1) exactly, had a 
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normalized energy index of 60. It is, therefore, reasonable to assume 

that the intent of the current recommendations is to ensure that all 

connections have a normalized energy index of 60 or higher. Therefore, 

for a given connection having a flexural strength ratio greater than 1.4 

and a joint shear stress smaller than 12.5 the joint transverse 

reinforcement could be reduced provided that the energy index for the 

subassemblage remains greater than 60. The key issue is, of course, the 

reduction in the joint transverse reinforcement which can lead to ease 

and lower cost of construction for the joint. 

4.3.1 Existing Design Chart 

Ehsani (2) proposed a design chart for exterior beam-to-column 

connections in an attempt to simplify the design recommended by ACI-352. 

The design chart is based on experimental results of exterior beam-to-

column connections. A criterion based on displacement ductility was 

used to accept or reject the behavior of the specimens. The sum of 

displacement ductilities greater or equal to ten was selected as a lower 

limit for satisfactory performance. As an example, specimens with 

displacement ductilities of 10 or greater can sustain their yield load 

having four cycles of loading at a displacement ductility of 2.5. The 

solid symbols in Fig. 4.1 show the specimens which had acceptable 

behavior, while hollow symbols represent the specimens which did not 

perform satisfactorily according to this displacement criterion. 

Three important design parameters were accounted for in this 

chart: 1) the flexural strength ratio, 2) the joint shear stress, and 
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3) the modified transverse reinforcement ratio, ttie flexural strength 

ratio, and the joint shear stress are shown on the vertical and 

horizontal axes, respectively. The amount of transverse reinforcement 

is represented by using different symbols. Four different symbols were 

used for the modified transverse reinforcement ratios ranging between 

0.41 and 0.70 percent, 0.71 - 1.00 percent, 1.01 - 1.70 percent and 

greater than 1.70 percent. 

Among the specimens which performed satisfactorily, the lowest 

flexural strength ratio was 1.4. Thus, this value was selected as the 

lower limit for the flexural strength ratio. Similarly, some specimens 

with joint shear stresses greater than 12 >/f£ showed satisfactory 

behavior. Therefore, a maximum allowable joint shear stress of 13 

was recommended. As a result, the upper left part of the chart which is 

limited by the above two lines is the accepted region. Hie behavior of 

specimens which fall outside of this region is not acceptable. 

In order to give recommendations for the modified transverse 

reinforcement ratio, the range of the data was divided into four groups. 

First, line "A" connecting two solid symbols in the first range was 

drawn as shown in Fig. 4.1. It can be seen that all points with solid 

square symbol are located to the left of line "A." Therefore, line "A" 

defines the lower limit for satisfactory behavior of specimens having 

modified transverse reinforcement ratios between 0.41 and 0.7 percent. 

A modified transverse reinforcement ratio of 0.7% is recommended for the 

region to the left of line "A." 
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Line "B" was drawn parallel to "A" passing through a solid 

"hexagon" symbol furthest away from line "A." A recommendation of 1.0% 

for modified transverse reinforcement was given for specimens lying to 

the right of line "A" and to the left of line "B." A value of modified 

transverse reinforcement ratio equal to 2.0% was selected for specimens 

to the right of line "B," based on the performance of Specimen 4 (2) 

with ptm = 1.86%. 

The advantage of this design chart is its simplicity. Knowing 

the values of flexural strength ratio and joint shear stress, the amount 

of modified transverse reinforcement can be easily obtained. For 

example, a comer beam-to-column connection with flexural strength ratio 

of 2.5 and joint shear stress of 6 v^T (Psi units) will perform 

satisfactorily with at least 0.7% modified transverse reinforcement 

ratio. 

Recommendations were also made for using at least two sets of 

hoops in all joints regardless of the required percentage of 

reinforcement. It is mentioned that this design chart can be safely 

applied for specimens with transverse beams or slabs, as these elements 

improve the confinement of the joint. 

4.3.2 Modified Design Chart 

Hie design chart proposed by Ehsani (2) simplifies the design of 

the corner beam-to-column connection considerably. However, the 

criterion used to "accept" or "reject" the performance of the specimens 

was selected somewhat arbitrarily. The criterion used to accept or 
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reject the performance of the specimen is based on total displacement 

ductility alone. As mentioned earlier in this report, it is important 

to combine displacement ductility with energy dissipation. Therefore, 

in an attempt to modify the design chart, the energy index will be used 

for accepting or rejecting the performance of the specimens, and thus 

producing a more realistic comparison. 

In order to develop a design chart such that flexural strength 

ratio, joint shear stress, modified transverse reinforcement ratio, and 

the energy index can be related, the same technique used in the previous 

section will be followed. The horizontal and vertical axes represent 

joint shear stresses and flexural strength ratios, respectively. The 

amount of modified transverse reinforcement ratio is designated by 

different symbols. Three different symbols were used for modified 

transverse reinforcement ratio ranging between 0 - 0.5%, 0.5 - 1.00% and 

1.01 - 1.90%. Solid symbols represent acceptable behavior according to 

the energy index, while rejected specimens are represented by hollow 

ones as in Fig. 4.2. Specimens for which plots of moment vs. curvature 

were given and therefore no energy index could be calculated were 

excluded from this study. 

As stated earlier, a minimum energy of 60 was selected as the 

criterion for satisfactory behavior of a connection. This was believed 

to be consistent with the intent of the recommendations of committee 352 

(1). The only specimen which was constructed according to these 

recommendations, had an energy index of 60 (2). 
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Figure 4.2 Modified Design Chart for Corner Beam-to-Coluim Ccamections 
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An upper limit for the joint shear stress of 12.5 y/f£ (Psi 

units) was chosen, based on the satisfactory performance of Specimen 

4 of Ehsani (2). For the same reason, a lower limit 1.4 for the 

flexural strength ratio was selected. Hie performance of any specimen 

outside this region is unacceptable. A close look at the chart reveals 

that no solid symbols indicating satisfactory behavior can be found 

outside this region. 

In order to put the design chart into practical use, it must be 

divided into different regions. For any combination of flexural 

strength ratio and joint shear stress, a certain percentage of modified 

transverse reinforcement will be specified. 

First, the two points representing the maximum amount of modified 

transverse reinforcement in the first range were connected by the 

straight line "A." As can be seen from Fig. 4.2, all points with solid 

square symbols are located to the left of line "A." Therefore, line "A" 

defines the lower limit for acceptable behavior of specimens having 

modified transverse reinforcement less than 0.5 percent. A modified 

transverse reinforcement of 0.5% is recommended for the region to the 

left of line "A." 

Line "B" was drawn parallel to line "A" passing through a solid 

"hexagon" symbol furthest away from line "A." This point represents the 

minimum amount of flexural strength ratio and the maximum value of joint 

shear stress in the second range, therefore, line "B" defines the lower 

limit for satisfactory behavior of specimens having modified transverse 

reinforcement ratios between 0.51 and 1.00 percent. A value of modified 
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transverse reinforcement ratio 1.00% is recommended for the region to 

the right of line "A" and to the left of line "B." 

Due to the lack of data points to the right of line "A," and 

based on the performance of Specimen 4 of Ehsani (2) with Ptm = 1.86%, a 

value of 1.90% for the modified transverse reinforcement ratio is 

recommended for specimens located to the right of line "B." 

The advantage of this design chart is its simplicity for 

determination of the amount of modified transverse reinforcement. 

Knowing the values of joint shear stress and the flexural strength ratio 

of the connection, the amount of modified transverse reinforcement can 

be easily selected. For example, a corner beam-to-column connection 

with flexural strength ratio of 2.5 and joint shear stress of 6 /q (Psi 

units) will perform satisfactorily with at least 0.5% modified 

transverse reinforcement ratio. 

Hie amount of transverse reinforcement recommended by this chart 

is expected to provide adequate confinement to the joint during 

anticipated earthquake loading and displacement demands. For low joint 

shear stresses and high flexural strength ratios, the amount of modified 

transverse reinforcement according to the modified design chart can be 

lower than that suggested by the original chart developed by Ehsani (2), 

and of course lower than the amount recommended by ACI-352 (1). At 

least two hoops should be used as recommended before. If only one hoop 

is placed at the mid height of the joint, it will cross the two major 

diagonal cracks during load reversal, and the hoop becomes ineffective 

for confining the joint. 



CHAPTER 5 

SUMMARY AND CONCLUSIONS 

5.1 Sumrary 

Certain components of reinforced concrete frames will undergo 

cyclic deformations in the inelastic range when they are subjected to 

severe earthquakes. Ttie beam-to-column connection is an important part 

of a ductile moment resisting concrete structure, and the connection is 

usually the weakest link of the connecting members. 

Numerous tests have been conducted on the behavior of reinforced 

concrete beam-to-column connections for their response to cyclic 

loading. However, different researchers at different institutions have 

used different loading histories which makes the direct comparison of 

their test results a difficult task, ttius, in order to make use of all 

available data, a common failure criterion needs to be defined. 

The primary objective of this investigation was to define a 

failure criterion to judge the performance of the specimens tested in 

the laboratories. The failure criterion was to be used in developing a 

deign chart which would allow a reduction in the amount of joint 

transverse reinforcement for certain design conditions. 

An energy index was used to judge the hysteretic behavior of the 
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tested specimens. The energy index relates strength, stiffness and 

loading history in a nondimensional form. The results of the defined 

failure criterion were used to develop a design chart of beam-to-column 

connections. This design chart simplifies the design requirements set 

by flCI-ASCE Committee 352 (1). 

5.2 Conclusions 

Hie following conclusions are drawn based on the results of this 

analytical study. 

1. A value of 60 of the normalized energy index defines the 

lower limit for satisfactory performance of tested specimens. Specimens 

maintaining a normalized energy index of 60 or more did not suffer 

severe strength or stiffness degradation during cyclic loading. 

Meanwhile, specimens which maintained energy index less than 60 suffered 

strength and stiffness degradation during their response to cyclic 

loading. 

2. Flexural strength ratio (MR) is an important factor for 

stabilizing the cyclic response of beam-to-column connections. The 

flexural strength ratio should be kept above 1.4. By keeping the 

flexural strength ratio above 1.4r plastic hinges will develop in the 

beam rather than the column. Thus, the compressive failure can be 

avoided. 

3. 3he cyclic response of beam-to-column connections is directly 

related to the joint shear stress factor. The lower the joint shear 

stress, the better the behavior of the beam-to-column connection. Joint 



109 

shear stress should be kept below 12.5 SQ (Psl units). It was noticed 

that, the behavior of specimens with joint shear stresses below 12.5 

was more stable than those with joint shear stresses above 12.5 7^. In 

addition, the deterioration of the critical joint region can be delayed 

by keeping the joint shear stress below 12.5 

4. The higher the percentage of modified transverse 

reinforcement ratio (Ptni), the better the confinement of the joint. 

Well confined joints behaved in a manner superior to joints which were 

inadequately confined. Die beam bar pull put and the slippage of column 

longitudinal reinforcement was delayed as a result of better confinement 

of the joint. 

5. Based on the energy index, the design chart suggested by 

Ehsani (2) was modified. The modified design chart is a guide for 

designing beam-to-column connections. For a given flexural strength 

ratio and joint shear stress, the modified transverse reinforcement 

ratio can be easily obtained. The modified transverse reinforcement 

ratio obtained from the chart is expected to provide adequate 

confinement to the joint. For low joint shear stress and high flexural 

strength ratio, the amount of transverse reinforcement can be lower than 

that required by ACI-ASCE Committee 352 (1). 



APPENDIX 

NOTATION 
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NOTATION 

Aq = area of core of specially reinforced column measured to outside 

diameter of hoops (in2) 

Ag = cross sectional of column (in2) 

= intermediate longitudinal reinforcement in beam (in2) 

Agh = cross sectional area of hoop reinforcement (in2) 

= area of outer layer of tension reinforcement in beam (in2) 

Ag2 = area of inner layer of tension reinforcement in beam (in2) 

= area of outer layer of compression reinforcement in beam (inz) 

| « 
Aq2 = area of inner layer of compression reinforcement in beam (in^) 

Ag^c = area of tension reinforcement in column (in2) 

AS2C = area of intermediate longitudinal reinforcement in column (in2) 

b = width of column transverse to the direction of shear (in.) 

b^ = width of main beam (in.) 

Cc = concrete compression stress in beam (Ksi) 

Ccl = concrete conpressive stress in column (Ksi) 

Cs = steel conpressive stress in beam (Ksi) 

csl - steel conpressive stress ir. column (Ksi) 

d-d' = distance between the centroid of tensile and compressive 

reinforcement in beam (in.) 

cjb = nominal diameter of beam or column bar (in.) 

Dc = concrete strut force (Kips) 

«= enery index 

= energy dissipated during n^1 cycle (K-in) 
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E|. = total energy dissipated up to 0.75 of yield load (K-in) 

fy = specified yield strength of reinforcement IKsi) 

fyk = specified yield strength of hoop reinforcement (Ksi) 

f^ = conpressive strength of concrete (psi) 

= total depth of beam (in.) 

h=hc = total depth of column parallel to the direction of shear (in.) 

ft = core dimension of tied column measured to outside diameter of 

hoop (in.) 

IE = proposed energy index 

Iy, - total work index 

1^ = work index for n*-*1 cycle 

= stiffness for n^1 cycle 

Ky = stiffness for yield cycle 

Ljj = length of beam section of specimen between the beam loading 

point and the front face of column (in.) 

Lc = length of column portin of specimens held between simple 

support (in.) 

£3 = equivalent length for hooked bar (in.) 

= development length of hooked bars measured from the face of the 

column core to back side of the hook (in.) 

Mji = sum of the flexural capacity of columns to that of beam 

n = number of sets or layers of transverse reinforcement in the 

joint 

p = applied column axial load during testing (Kips) 

pi=pmax= maxiJnurn load in the nfc** cycle (Kips) 

v 
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Py = yield load of the yield cycle (Kips) 

Sjj = center to center spacing of hoops (in.) 

T = tension force in column reinforcenent (Kips) 

= tension force in column reinforcement (Kips) 

Vb = shear force applied to beam portion of specimen (Kips) 

Vc = shear force applied to column portion of specimen (Kips) 

Vj = joint shear force (Kips) 

Vu = total design shear force (Kips) 

a = stress multiplier for flexural reinforcement = 1.25 for 

earthquake loading 

Y = joint shear stress as a multiple of 

Ai=Amax= max:"nuin displacement in the n*-*1 cycle (in.) 

As = bond force transmitted from the column steel to the concrete 

(Kips) 

= radial compressive stress under the bend (Ksi) 

- gap ahead of the lug (mm.) 

A2 = gap behind the lug (mm.) 

Vfiy - displacement ductility 

y = ductility factor 

Pt = transverse reinforcement ratio (%) 

Pfcp = modified transverse reinforcement ratio (%) 
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