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ABSTRACT 
 
 

 A study was performed to investigate the effects of a floor slab on the seismic 

behavior of an interior moment connection between a pair of wide flange steel beams and 

a deep column. Emphasis was placed on a Reduced Beam Section (RBS) type of 

connection, because of its current popularity and the fact that recent research suggests the 

need for further investigations into the seismic behavior of RBS connections to a deep 

column. 

 The study involved three main tasks. These tasks included: (1) performing 

analytical parametric studies using nonlinear finite element models to evaluate the effect 

of various parameters on connection behavior; (2) conducting an experimental program 

with six full-scale test specimens to access the effects of selected parameters on 

connection performance and to examine whether RBS connections to a deep column can 

be qualified for seismic use in accordance with the standards in Appendix S of the 2002 

AISC Seismic Provisions; and, (3) use of the results from the analytical and experimental 

studies to assess current design criteria and develop new design procedures for moment 

connections to a deep column, if required. 

The finite element analysis results show that a composite floor slab provides 

restraint to the top flange of the beams, whereby the magnitude of beam top and bottom 

flange lateral movement in the RBS, as well as the column twist are reduced compared to 

when a slab is not present. Strength degradation due to beam instability in the RBS is also 

reduced by the restraint effect obtained from the floor slab. However, the floor slab 

increases the fracture potential of the connection, particularly at the end of the beam web-

to-column flange CJP groove weld. This increase is more pronounced in RBS 

connections to shallower columns. The finite element studies also indicate that RBS 

connections have less potential for ductile fracture in the connection region than Welded 

Unreinforced Flange (WUF) connections. It was found that the ductile fracture potential 

for RBS connections to a deep column is less than that in WUF connections to a 

shallower W14 column section. These WUF connections were tested in prior studies and 

found to meet the qualification requirements for seismic use per Appendix S of the 2002 
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AISC Seismic Provisions. The fracture potential and column twist in an RBS connection 

depends on the section modulus and torsional rigidity of the column section, where larger 

stresses in the column flange can lead to a higher ductile fracture potential in the 

connection, in addition to column twist. 

Six tests were conducted for the experimental program. The test results support 

the findings of the finite element study; all of the test specimens were found to have 

exceptional ductility and good performance to 4% story drift or beyond. The performance 

of the test specimens meet the requirements for seismic use that are stipulated in 

Appendix S of the 2002 AISC Seismic Provisions. Based on the test results it is 

concluded that an RBS connection with a floor slab or a supplemental lateral brace at the 

RBS will perform adequately if the column section size satisfies the weak beam-strong 

column criteria. Furthermore, an RBS connection to a deep column with a floor slab does 

not require any additional special considerations besides checking the column for 

torsional stresses.  

Both the finite element study and experimental results indicate that at 4% story 

drift the out-of-plane movement of the beam bottom flange in an RBS connection with a 

floor slab is less than the value of 20% of the beam flange width, which is the value used 

in current design procedures to determine the torque applied to the column for an RBS 

connection. As a result, when a floor slab is present in an RBS connection the current 

design procedure overestimates the torsion warping stresses developed in the column. 

Based on the stress distribution in the beam flange from the analytical and experimental 

results, a new procedure is given in this report. 

 



 Development of Seismic Guidelines for Deep-Column Steel Moment Connections 
 Ricles, Zhang, Lu, and Fisher 

iii 

ACKNOWLEDGMENTS 
 
 

This research project was co-funded by the American Institute of Steel Construction 

(AISC) and the Pennsylvania Department of Community and Economic Development 

through the Pennsylvania Infrastructure Technology Alliance (PITA) program. Mr. Tom 

Schlafly of AISC served as the project manager. The following companies donated 

materials for the experimental testing conducted in this research project: Arcelor 

International America of New York, NY (steel sections); Nucor Vulcraft Group of 

Chemung, NY (metal decking); and the Lincoln Electric Company of Cleveland, OH 

(welding wire). The Project Oversite Committee for this project consisted of the 

following members: Mr. Richard Drake; Mr. Lanny Flynn; Mr. Jim Malley; Mr. Hank 

Martin; Mr. Steven Powell; and Mr. Tom Schlafly. The funding by the project sponsors, 

material donations by the industry, and the helpful input from the Committee members 

and that provided by Dr. Chi-Ming Uang, Dr. Michael Engehardt, and Mr. Georges 

Axmann is greatly appreciated. 



 Development of Seismic Guidelines for Deep-Column Steel Moment Connections 
 Ricles, Zhang, Lu, and Fisher 

iv 

 
 
 
 
 
 
 
 
 
 
 
 

(This page left blank)



 Development of Seismic Guidelines for Deep-Column Steel Moment Connections 
 Ricles, Zhang, Lu, and Fisher 

v 

Table of Contents 
 
Abstract……………………………………………………………………………….. i 
 
Acknowledgments…………………………………………………………………… iii 
 
Table of Contents………………………………………………………………….….. v 
 
List of Tables………………………………………………………………….….. xi 
 
List of Figures………………………………………………………………….….. xiii 
 
Chapter 1  Introduction…………………………………………………………….… 1 

1.1 Welded Steel Moment Resisting Connections and Deep Columns…………… 1 

1.2 Objectives……………………………………………………………………… 2 

1.3 Scope…………………………………………………………………………… 3 

1.3.1 Analytical Studies……………………………………………………… 3 

1.3.2 Experimental Studies………………………………………………….. 4 

1.3.3 Development of Improved Design Procedures………………………. 4 

1.4 Organization of Report………………………………………………………... 5 

 
Chapter 2  Background……………………………………………………..……….… 7 

2.1 RBS and Relevant Prior Research ………………………………………………. 7 

2.1.1 SAC Phase II RBS Connection Studies………………………………. 7 

2.1.2 Cyclic Stability Criteria for RBS Connections………………………. 9 

2.1.3 Use of Deep Columns In Special Steel Moment Resisting Frame…… 9 

2.2 Relevant Current Seismic Design Criteria for RBS Connections to a Deep 

Column…………………………………………………………………………… 10 

2.2.1 Panel Zone Strength…………………………………………………… 10 

2.2.1.1 AISC Seismic Provisions …………………………………… 10 

2.2.1.2 FEMA 350…………………………………………………….. 11 

2.2.2 Continuity Plates………………………………………………………. 12 

2.2.3 Weld Access Hole……………………………………………………… 13 

2.2.4 RBS Design and Fabrication…………………………………………. 14 

2.2.4.1 Design…………………………………………………………. 14 



 Development of Seismic Guidelines for Deep-Column Steel Moment Connections 
 Ricles, Zhang, Lu, and Fisher 

vi 

2.2.4.2 RBS Connection Fabrication Requirements……………….. 15 

2.2.5 Weld Metal Toughness Requirement………………………………… 15 

2.2.5.1 AISC Seismic Provisions …………………………………….. 15 

2.2.5.2 FEMA 353 …………………………………………………….. 16 

2.2.5.3 Draft of AISC Prequalified Connections……………………. 16 

2.2.6 Design Procedure For RBS Connections to a Deep Column………… 16 

2.3 WF Section Torsional Characteristics………………………………………… 19 

 
Chapter 3  Finite Element Analysis Study………………………………….……….. 29 

3.1 General…………………………………………………………………………… 29 

3.2 Finite Element Models………………………………………………………… 29 

3.2.1 Global Model…………………………………………………………… 30 

3.2.2 Sub-model………………………………………………………………. 31 

3.2.3 Sub-Model Mesh Convergence Study………………………………… 32 

3.2.4 Column Bracing……………………………………………………….. 33 

3.2.5 Modeling of Floor Slab………………………………………………… 35 

3.2.6 Material Properties…………………………………………………….. 36 

3.2.7 Loading Protocol……………………………………………………….. 37 

3.2.8 Stress and Strain Indices……………………………………………… 37 

3.3 Model Verification…………………………………………………………….. 39 

3.3.1 WUF-W Connection Specimen T5…………………………………… 39 

3.3.2 RBS Connection Specimen DBBWC…………………………………. 40 

3.4 Parametric Studies…………………………………………………………….. 40 

3.4.1 Potential for Ductile Fracture………………………………………… 41 

3.4.1.1 Effect of Connection Type…………………………………... 41 

3.4.1.2 Effect of Panel Zone Strength………………………………. 44 

3.4.1.3 Effect of Column Section Size………………………………. 46 

3.4.1.4 Effect of Continuity Plate Thickness……………………….. 48 

3.4.1.5 Effect of Floor Slab………………………………………….. 49 

3.4.1.6 Effect of Axial Load…………………………………………. 50 

3.4.2 Cyclic Global Behavior……………………………………………….. 51 



 Development of Seismic Guidelines for Deep-Column Steel Moment Connections 
 Ricles, Zhang, Lu, and Fisher 

vii 

3.4.2.1 Effect of Panel Zone Strength………………………………. 51 

3.4.2.2 Effect of Floor Slab………………………………………….. 52 

3.4.2.3 Effect of Beam Web Slenderness…………………………… 54 

3.4.2.4 Effect of Axial Load………………………………………….. 55 

3.5 Summary and Conclusions……………………………………………………. 56 

 
Chapter 4  Experimental Study……………………………………………..……… 101 

4.1 Specimen Test Matrix………………………………………………………… 101 

4.2 Weld Procedure Specification………………………………………………... 104 

4.3 Specimen Material Properties………………………………………………… 105 

4.4 Test Setup, Instrumentation and Test Procedure…………………………… 107 

4.5 Measurements and Data Adjustments……………………………………….. 110 

 
Chapter 5  Experimental Results and Test Data Analysis…………………..….… 151 

5.1 Experimental Observations of Specimen Performance…………………….. 151 

5.1.1 SPEC-1………………………………………………………………… 151 

5.1.2 SPEC-2………………………………………………………………… 153 

5.1.3 SPEC-3………………………………………………………………… 155 

5.1.4 SPEC-4………………………………………………………………… 156 

5.1.5 SPEC-5………………………………………………………………… 158 

5.1.6 SPEC-6………………………………………………………………… 159 

5.2 Fracture Surfaces…………………………………………………………….. 162 

 
Chapter 6 Test Data Analysis………………………………………………………. 203 

6.1 Analysis of Test Data………………………………………………………….. 203 

6.1.1 Total and Plastic Story Drift………………………………………….. 203 

6.1.2 Story Drift Components………………………………………………. 204 

6.1.3 Energy Dissipation…………………………………………………….. 205 

6.1.4 RBS Lateral Movement and Column Twist…………………………. 207 

6.1.5 Beam Moment at Column Face and the Effect of Composite Action 209 

6.1.6 Beam and Column Flange Strain Profiles…………………………… 210 

6.1.7 Beam Web Strain……………………………………………………… 212 



 Development of Seismic Guidelines for Deep-Column Steel Moment Connections 
 Ricles, Zhang, Lu, and Fisher 

viii 

6.1.8 Bracing Force…………………………………………………………. 212 

6.2 Summary and Conclusions…………………………………………………… 213 

 
Chapter 7  Comparison of FEA Results with Specimen Test Results………...….. 259 

7.1 General……………………………………………………………………….. 259 

7.2 Predicted vs. Measured Specimen Response………………………………. 259 

 
Chapter 8  Design Recommendations………...…………………………………….. 271 

8.1 Introduction…………………………………………………………………... 271 

8.2 Beam Flange Stress and Strain Distribution……………………………….. 271 

8.2.1 Beam Flange Strain Distribution from Experimental Results………. 271 

8.2.2 Beam Flange Stress Distribution from FEA Results………………… 272 

8.3 Design Recommendations…………………………………………………… 274 

8.3.1 Assumptions……………………………………………………………. 274 

8.3.2 Design Procedure………………………………………………………. 276 

8.4 Verification of the Design Procedure……………………………………….. 278 

8.5 Summary……………………………………………………………………… 279 

 
Chapter 9  Summary and Conclusions…………………………………………..… 287 

9.1 Summary……………………………………………………………………… 287 

9.2 Conclusions…………………………………………………………………… 288 

9.2.1 Finite Element Study…………………………………………………… 288 

9.2.2 Experimental Study……………………………………………………. 290 

9.2.3 Overall Conclusions and Recommendations………………………… 292 

References…………………………………………………………………………… 295 

 
Appendix A  Specimen Test Summaries………………………………………..… A-1 
 
Appendix B  Weld Procedure Specifications………………………………..…… A-63 
 
Appendix C  Weld UT Inspection Reports…………………………………..…… A-69 
 
Appendix D  Specimen Material Tensile Coupon Stress-Strain Curves……..… A-77 
 
Appendix E  Weld Metal Charpy V-Notch Toughness Test Report………….… A-97 



 Development of Seismic Guidelines for Deep-Column Steel Moment Connections 
 Ricles, Zhang, Lu, and Fisher 

ix 

 
Appendix F  SPEC-1 and SPEC-2 Fracture Surface SEM Pictures………….… A-105 
 
Appendix G  Warping Normal Stress Calculation ………….……………………A-115 



 Development of Seismic Guidelines for Deep-Column Steel Moment Connections 
 Ricles, Zhang, Lu, and Fisher 

x 

 

 

 

 

 

 

 

 

(This page left blank)



 Development of Seismic Guidelines for Deep-Column Steel Moment Connections 
 Ricles, Zhang, Lu, and Fisher 

xi 

List of Tables  

 

3.1 Analysis matrix for calibration of composite floor slab model ………………… 59 

3.2 Analysis matrix to evaluate effect of connection type on ductile fracture 

potential …………………………………………………………………………… 60 

3.3 Analysis matrix to evaluate effect of panel zone strength on ductile fracture 

potential of an RBS connection to a deep column ……………………………… 60 

3.4 Analysis matrix to evaluate effect of column depth on ductile fracture potential 

of an RBS connection . . . . . . . . . . . . . . . . . . . . .  61 

3.5 Analysis matrix to evaluate effect of continuity plate thickness on ductile 

fracture potential of an RBS connection to a deep column . . . . .  61 

3.6 Analysis matrix to evaluate effect of floor slab on ductile fracture potential of an 

RBS connection to a deep column . . . . . . . . . . . . .  61 

3.7 Analysis matrix to evaluate effect of axial load on ductile fracture potential of an 

RBS connection to a deep column . . . . . . . . . . . . .  62 

3.8 Analysis matrix to evaluate effect of panel zone strength on cyclic global 

performance of an RBS connection to a deep column . . . . .  62 

3.9 Analysis matrix to evaluate effect of composite floor slab on cyclic global 

performance of an RBS connection . . . . . . . . . . . . . . .  62 

3.10 Analysis matrix to evaluate effect of beam web slenderness on cyclic global 

performance of an RBS connection to a deep column . . . . .  63 

3.11 Analysis matrix to evaluate effect of axial load on cyclic global performance 

of an RBS connection to a deep column . . . . . . . . . . . .  64 

 

4.1 Test specimen matrix . . . . . . . . . . . . . . . . . . . . . . . . . .  114 

4.2 Measured specimen dimensions for rolled sections . . . . . . . . . .  114 

4.3 Specimen column maximum normal elastic design stress per Chi and Uang 

(2002) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  115 

4.4 Material properties of test specimens . . . . . . . . . . . . . . . . . .  116 

4.5 Specimen measured beam moment capacity . . . . . . . . . . . . . .  117 



 Development of Seismic Guidelines for Deep-Column Steel Moment Connections 
 Ricles, Zhang, Lu, and Fisher 

xii 

4.6 Specimen measured floor slab concrete compressive strength on date of 

testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  117 

4.7 Specimen weld metal mechanical properties . . . . . . . . . . . . . .  118 

 

5.1 Summary of connection specimen performance . . . . . . . . . . . .  164 

 

6.1 Maximum cyclic drift achieved in test specimens prior to any fracture or 

strength deterioration below 80% of the nominal capacity of the 

specimen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  216 

6.2 Comparison of the design values and experimental results for the maximum 

beam moment at the column face . . . . . . . . . . . . . . . .  216 

6.3 Test specimen matrix by Engelhardt et al. (2000) . . . . . . . . . . .  216 

 

7.1 Comparison of test results and FEA results . . . . . . . . . . . . . . .  262 

 

8.1 Comparison between the FEA results and the beam flange stress distribution 

assumed for design…………………………………………………………….. 280 

8.2 Beam moment at column face at 4% story drift, Mf,exp4%.............................. 280 

8.3 Predicted and experimental column stresses . . . . . . ……………………….. 280 

8.4 Comparison of predicted and experimental column flange stress . . . .  281 



 Development of Seismic Guidelines for Deep-Column Steel Moment Connections 
 Ricles, Zhang, Lu, and Fisher 

xiii 

List of Figures  

 

1.1 Radius cut RBS moment connection . . . . . . . . . . . . . . . . . .  6 

 

2.1 Total story drift vs. column depth of past RBS connection tests . . . .  22 

2.2 Modified weld access hole (AISC 2002) . . . . . . . . . . . . . . . .  22 

2.3 Inclined angle of beam flange force . . . . . . . . . . . . . . . . . . .  23 

2.4 Beam compression flange lateral movement . . . . . . . . . . . . . .  23 

2.5 Variation of h/t3
cf with section weight . . . . . . . . . . . . . . . . .  24 

2.6 Column-to-beam flexural strength ratio vs. column section weight, 

column without axial force . . . . . . . . . . . . . . . . . . . . . . . . .  24 

2.7 Column-to-beam flexural strength ratio vs. column section weight, 

column with axial force . . . . . . . . . . . . . . . . . . . . . . . . . .  25 

2.8 Section flexural stiffness vs. column section weight . . . . . . . . . .  25 

2.9 Torsional response of WF section column . . . . . . . . . . . . . . .  26 

2.10 Warping stresses developed in a WF section subjected to torsion . . .  26 

2.11 Warping shear stresses developed in a WF section vs. section weight  27 

2.12 Warping normal stresses developed in a WF section vs. section weight  27 

2.13 Column torsional stiffness vs. section weight . . . . . . . . . . . . .  28 

 

3.1 Test set-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  65 

3.2 Global model span length and boundary conditions . . . . . . . . . .  65 

3.3 Three-dimensional connection finite element model . . . . . . . . . .  66 

3.4 Critical locations in connection where Rupture Index values were 

determined in sub-model . . . . . . . . . . . . . . . . . . . . . . . . .  66 

3.5 Mesh for convergence study of sub-model . . . . . . . . . . . . . . .  67 

3.6 Comparison of results for meshes with different number of elements 

through the beam flange thickness . . . . . . . . . . . . . . . . . . .  68 

3.7 Comparison of results for meshes with different number of elements 

across the beam flange width . . . . . . . . . . . . . . . . . . . . . .  69 

3.8 Column torsional bracing in test setup . . . . . . . . . . . . . . . . .  70 



 Development of Seismic Guidelines for Deep-Column Steel Moment Connections 
 Ricles, Zhang, Lu, and Fisher 

xiv 

3.9 Column bracing modeling in analysis . . . . . . . . . . . . . . . . .  70 

3.10 Effect of column torsional bracing stiffness . . . . . . . . . . . . . .  71 

3.11 Connection details of Specimen UTA-DBBWC . . . . . . . . . . . .  72 

3.12 Spring models for shear studs . . . . . . . . . . . . . . . . . . . . . .  73 

3.13 Comparison of analysis results for different modeling cases to develop 

the floor slab model . . . . . . . . . . . . . . . . . . . . . . . . . . .  73 

3.14 Nominal Gr. 50 steel stress-strain curve . . . . . . . . . . . . . . . .  74 

3.15 Nominal Gr. 50 steel cyclic stress-strain curve . . . . . . . . . . . . .  74 

3.16 E70T-6 electrode stress-strain curve . . . . . . . . . . . . . . . . . .  74 

3.17 Connection details and test set-up of SAC Specimen T5 tested by Ricles 

et al. (2002) . . . . . . . . . . . . . . . . . . . . . . . . . . . .  75 

3.18 Comparison of experimental and analytical (ABAQUS) results for 

lateral force vs. story drift of Specimen T5 . . . . . . . . . . . . . . . .  76 

3.19 First buckling mode of Specimen UTA-DBBWC . . . . . . . . . . .  76 

3.20 Comparison of experimental and analytical (ABAQUS) results for 

lateral force vs. story drift of Specimen UTA-DBBWC . . . . . . . . .  77 

3.21 Comparison of Rupture Index for RBS and WUF interior connections 

with a shallow column . . . . . . . . . . . . . . . . . . . . . . . . .  78 

3.22 Comparison of Rupture Index for RBS and WUF interior connection to 

a deep column . . . . . . . . . . . . . . . . . . . . . . . . . . . .  79 

3.23 Contour plots of sub-model at 4% story drift, with exposed cuts through 

the left-hand column flange . . . . . . . . . . . . . . . . . . . . . . .  80 

3.24 Contour plots of beam flange and weld access hole region of sub-model 

at 4% story drift . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  81 

3.25 Effect of panel zone strength on lateral load-story drift behavior of RBS-

to-deep column connection . . . . . . . . . . . . . . . . . . . .  82 

3.26 Comparison of Rupture Index for different panel zone strength cases   83 

3.27 Comparison of Rupture Index for different cases, RBS connection with 

selected column sizes . . . . . . . . . . . . . . . . . . . . . . . . . .  84 

3.28 Column total normal stress and warping normal stress vs. column 

section weight for RBS connection . . . . . . . . . . . . . . . . . . . .  85 



 Development of Seismic Guidelines for Deep-Column Steel Moment Connections 
 Ricles, Zhang, Lu, and Fisher 

xv 

3.29 Comparison of Rupture Index of continuity plate thickness effect on 

RBS connection to a deep column . . . . . . . . . . . . . . . . . . .  86 

3.30 Comparison of Rupture Index for cases without and with composite 

floor slab (W14x398 column, W36x150 beams) . . . . . . . . . . . . .  87 

3.31 Comparison of Rupture Index for cases without and with composite 

floor slab (W36x230 column, W36x150 beams) . . . . . . . . . . . . .  88 

3.32 Comparison of Rupture Index for cases without and with composite 

floor slab (W27x194 column, W36x150 beams) . . . . . . . . . . . . .  89 

3.33 Comparison of Rupture Index for cases with different values of axial load 90 

3.34 Hysteretic response for connections with different panel zone strength  91 

3.35 Deformed shape and panel zone local buckling of connection with weak 

panel zone, at 4% story drift . . . . . . . . . . . . . . . . . . .  91 

3.36 Column twist angle for connections with different panel zone strength  92 

3.37 Hysteretic response for RBS connection without and with a floor slab  93 

3.38 Column twist angle for RBS connection without and with a floor slab  94 

3.39 Column twist vs. elastic torsional stiffness . . . . . . . . . . . . . . .  95 

3.40 Column twist in RBS connections to W36x150 beams plotted against the 

torsional constant _ . . . . . . . . . . . . . . . . . . . . . . . . .  95 

3.41 Column twist in RBS connections to W36x150 beams plotted against the 

ratio h/t3
cf_ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  96 

3.42 Beam RBS bottom flange out-of-plane movement vs. beam web 

slenderness at 4% story drift . . . . . . . . . . . . . . . . . . . . . . . .  97 

3.43 Column twist vs. beam web slenderness at 4% story drift . . . . . . .  98 

3.44 Comparison of cyclic behavior for cases with different values of axial 

load . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  99 

 

4.1 Column maximum normal flange stress vs. section weight . . . . . .  119 

4.2 SPEC-1 connection detail . . . . . . . . . . . . . . . . . . . . . . . .  120 

4.3 SPEC-1 floor slab detail . . . . . . . . . . . . . . . . . . . . . . . . .  120 

4.4 SPEC-2 connection detail . . . . . . . . . . . . . . . . . . . . . . . .  121 

4.5 SPEC-2 floor slab detail . . . . . . . . . . . . . . . . . . . . . . . . .  121 



 Development of Seismic Guidelines for Deep-Column Steel Moment Connections 
 Ricles, Zhang, Lu, and Fisher 

xvi 

4.6 SPEC-3 connection detail . . . . . . . . . . . . . . . . . . . . . . . .  122 

4.7 SPEC-3 floor slab detail . . . . . . . . . . . . . . . . . . . . . . . . .  122 

4.8 SPEC-4 connection detail . . . . . . . . . . . . . . . . . . . . . . . .  123 

4.9 SPEC-4 floor slab detail . . . . . . . . . . . . . . . . . . . . . . . . .  123 

4.10 SPEC-5 connection detail . . . . . . . . . . . . . . . . . . . . . . . .  124 

4.11 SPEC-5 floor slab detail . . . . . . . . . . . . . . . . . . . . . . . . .  124 

4.12 SPEC-6 connection detail . . . . . . . . . . . . . . . . . . . . . . . .  125 

4.13 Modified weld access hole details . . . . . . . . . . . . . . . . . . .  126 

4.14 Photos of SPEC-1 connection prior to testing . . . . . . . . . . . . .  127 

4.15 Composite floor slab details . . . . . . . . . . . . . . . . . . . . . . .  127 

4.16 SPEC-1 slab prior to concrete placement . . . . . . . . . . . . . . . .  128 

4.17 Beam web and flange groove welds . . . . . . . . . . . . . . . . . .  129 

4.18 Specimen floor slab concrete strength . . . . . . . . . . . . . . . . .  130 

4.19 CVN test results for weld metal . . . . . . . . . . . . . . . . . . . . .  132 

4.20 Test setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  133 

4.21 Specimen test setup bracing details . . . . . . . . . . . . . . . . . . .  135 

4.22 Bracing details . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  136 

4.23 Photos of beam and column lateral bracing . . . . . . . . . . . . . . .  137 

4.24 SPEC-6 setup additional bracing details . . . . . . . . . . . . . . . .  138 

4.25 Photos of SPEC-6 bracing . . . . . . . . . . . . . . . . . . . . . . .  139 

4.26 Loading protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . .  140 

4.27 Strain gauge layout for SPEC-1 and SPEC-2 . . . . . . . . . . . . . .  141 

4.28 Strain gauge layout for SPEC-3 and SPEC-4 . . . . . . . . . . . . . .  143 

4.29 Strain gauge layout for SPEC-5 and SPEC-6 . . . . . . . . . . . . . .  145 

4.30 Voltage instruments layout . . . . . . . . . . . . . . . . . . . . . . .  147 

4.31 Strain gauge layout and Wheatstone bridge connection for the built-up 

load cell on supplemental brace of SPEC-6 . . . . . . . . . . . . . .  148 

4.32 Calibration curve for the axial load instrument on SPEC-6 supplemental 

bracing beam . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  148 

4.33 Illustration of actuator inclination due to test setup . . . . . . . . . . .  149 

4.34 Force components of measured beam reactions . . . . . . . . . . . .  149 



 Development of Seismic Guidelines for Deep-Column Steel Moment Connections 
 Ricles, Zhang, Lu, and Fisher 

xvii 

5.1 Test results of SPEC-1 . . . . . . . . . . . . . . . . . . . . . . . . .  165 

5.2 Photos of SPEC-1 at 4% story drift . . . . . . . . . . . . . . . . . . .  167 

5.3 Photos of SPEC-1 after testing . . . . . . . . . . . . . . . . . . . . .  168 

5.4 Test results of SPEC-2 . . . . . . . . . . . . . . . . . . . . . . . . .  170 

5.5 Photos of SPEC-2 at 4% story drift . . . . . . . . . . . . . . . . . . .  172 

5.6 Photos of SPEC-2 after testing . . . . . . . . . . . . . . . . . . . . .  173 

5.7 Test results of SPEC-3 . . . . . . . . . . . . . . . . . . . . . . . . .  175 

5.8 Photos of SPEC-3 at 4% story drift . . . . . . . . . . . . . . . . . . .  176 

5.9 Photos of SPEC-3 after testing . . . . . . . . . . . . . . . . . . . . .  178 

5.10 Test results of SPEC-4 . . . . . . . . . . . . . . . . . . . . . . . . .  180 

5.11 Photos of SPEC-4 at 4% story drift . . . . . . . . . . . . . . . . . . .  182 

5.12 Photos of SPEC-4 after testing . . . . . . . . . . . . . . . . . . . . .  183 

5.13 Test results of SPEC-5 . . . . . . . . . . . . . . . . . . . . . . . . .  185 

5.14 Photos of SPEC-5 at 4% story drift . . . . . . . . . . . . . . . . . . .  187 

5.15 Photos of SPEC-5 after testing . . . . . . . . . . . . . . . . . . . . .  188 

5.16 Test results of SPEC-6 . . . . . . . . . . . . . . . . . . . . . . . . .  190 

5.17 Photos of SPEC-6 at 4% story drift . . . . . . . . . . . . . . . . . . .  192 

5.18 Photos of SPEC-6 after testing . . . . . . . . . . . . . . . . . . . . .  193 

5.19 Lateral load vs. story drift curve of SPEC-6, continued testing as a one-

sided connection . . . . . . . . . . . . . . . . . . . . . . . . . .  195 

5.20 Photos of SPEC-6, after completion of testing as a one-sided connection  196 

5.21 SEM photographs of RBS flange fracture surfaces of SPEC-1 and 

SPEC-2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  198 

5.22 CVN toughness results of SPEC-2 after test . . . . . . . . . . . . . .  199 

5.23 Comparison of stress-stress curves of material in RBS after test and the 

original material before test for SPEC-2 . . . . . . . . . . . . . . . .  200 

5.24 Photographs of fracture surface of SPEC-6 . . . . . . . . . . . . . . .  201 

5.25 Photographs of SPEC-6 east beam flange near weld low cycle fatigue 

crack . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  202 

 

6.1 Total and plastic story drift achieved for specimens . . . . . . . . . .  217 



 Development of Seismic Guidelines for Deep-Column Steel Moment Connections 
 Ricles, Zhang, Lu, and Fisher 

xviii 

6.2 Drift components of test specimens . . . . . . . . . . . . . . . . . . .  218 

6.3 Summary of specimen plastic story drift components at selected drift 

levels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  221 

6.4 Energy dissipated by components of test specimens . . . . . . . . . .  223 

6.5 Summary of specimen components contribution to total energy 

dissipation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  225 

6.6 Magnitude of RBS beam flange out-of-plane movement . . . . . . . .  226 

6.7 Column twist . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  228 

6.8 Column twist vs. RBS lateral movement . . . . . . . . . . . . . . . .  230 

6.9 Beam moment at column face . . . . . . . . . . . . . . . . . . . . .  232 

6.10 Maximum beam moment achieved in test at column face . . . . . . .  238 

6.11 Strain profile across the beam top and bottom flanges of SPEC-1 . . .  239 

6.12 Strain profile across the beam top and bottom flanges of SPEC-2 . . .  240 

6.13 Strain profile across the beam top and bottom flanges of SPEC-3 . . .  241 

6.14 Strain profile across the beam top and bottom flanges of SPEC-4 . . .  242 

6.15 Strain profile across the beam top and bottom flanges of SPEC-5 . . .  243 

6.16 Strain profile across the beam top and bottom flanges of SPEC-6 . . .  244 

6.17 Strain profile across column flanges of SPEC-1 . . . . . . . . . . . .  245 

6.18 Strain profile across column flanges of SPEC-2 . . . . . . . . . . . .  246 

6.19 Strain profile across column flanges of SPEC-3 . . . . . . . . . . . .  247 

6.20 Strain profile across column flanges of SPEC-4 . . . . . . . . . . . .  248 

6.21 Strain profile across column flanges of SPEC-5 . . . . . . . . . . . .  249 

6.22 Strain profile across column flanges of SPEC-6 . . . . . . . . . . . .  250 

6.23 Beam web strains showing web local buckling of SPEC-1 . . . . . . .  251 

6.24 Beam web strains showing web local buckling of SPEC-2 . . . . . . .  252 

6.25 Beam web strains showing web local buckling of SPEC-3 . . . . . . .  253 

6.26 Beam web strains showing web local buckling of SPEC-4 . . . . . . .  254 

6.27 Beam web strains showing web local buckling of SPEC-5 . . . . . . .  255 

6.28 Beam web strains of SPEC-6 . . . . . . . . . . . . . . . . . . . . . .  256 

6.29 Axial force in the supplemental bracing beam of SPEC-6 . . . . . . .  257 

 



 Development of Seismic Guidelines for Deep-Column Steel Moment Connections 
 Ricles, Zhang, Lu, and Fisher 

xix 

7.1 Comparison between test and FEA results for lateral force-story drift of 

SPEC-1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . …………………………. 263 

7.2 Comparison between test and FEA results for lateral force-story drift of 

SPEC-2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ………………………….. 263 

7.3 Comparison between test and FEA results for lateral force-story drift of 

SPEC-3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . …………………………. 264 

7.4 Comparison between test and FEA results for lateral force-story drift of 

SPEC-4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ………………………… 264 

7.5 Comparison between test and FEA results for lateral force-story drift of 

SPEC-5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . …………………………. 265 

7.6 Comparison between test and FEA results for lateral force-story drift of 

SPEC-6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . …………………………. 265 

7.7 Beam local buckling, SPEC-2 at 4% story drift . . . . . . . . . . . . …………. 266 

7.8 Comparison of FEA results for SPEC-6 model with different values of ______ 

ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ………………………………. 266 

7.9 Comparison of test and FEA results for story drift components of SPEC-

1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . …………………………… 267 

7.10 Comparison of test and FEA results for column twist, SPEC-1 . . . . ….. 268 

7.11 Comparison of test and FEA results for story drift components of 

SPEC-6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . …………………… 269 

7.12 Comparison of test and FEA results for column twist, SPEC-6 . . . . … . 270 

 

8.1 Measured compressive strain distribution across the beam bottom flange at 

4% story drift. . ………………………………………………………………… 282 

8.2 Stress distribution from measured strains across the beam bottom flange at 

4% story drift. . ………………………………………………………………… 282 

8.3 Part of the FEA sub-model with a path across the beam bottom flange width 

near the column where the longitudinal stress is extracted and plotted . . . .  283 

8.4 Longitudinal stress distribution across beam compression flange from FEA 

sub-model results for a RBS connection. . . . . . . . . . . . . . . . …………………. 283 

8.5 Illustration of compressive stress redistribution across beam bottom flange  283 



 Development of Seismic Guidelines for Deep-Column Steel Moment Connections 
 Ricles, Zhang, Lu, and Fisher 

xx 

8.6 Longitudinal stress distribution across beam compression flange from FEA 

sub-model results for a RBS connection with supplemental bracing. . …… 284 

8.7 Longitudinal stress distribution across beam compression flange from FEA 

sub-model results for a WUF connection . . . . . . . . . . . . . . . . …………….. 284 

8.8 Idealized compression stress distribution across beam bottom flange 

recommended for design. . . ………………………………………………… 285 

8.9 Comparison of the predicted ftotal and the experimental fexp column 

maximum flange normal stresses . . . ………………………………………. 286 

 

 



 Development of Seismic Guidelines for Deep-Column Steel Moment Connections 
Ricles, Zhang, Lu, and Fisher 

 

 1

CHAPTER 1  INTRODUCTION 

 
1.1 Welded Steel Moment Resisting Connections and Deep Columns 

Steel special moment resisting frame (SMF) systems are designed for earthquake 

loading conditions using the concept of a weak beam-strong column configuration.  In the 

aftermath of the 1994 Northridge earthquake, damage to welded moment-resisting beam-

to-column connections was discovered, where brittle fractures in or around the groove 

weld between the beam flanges (primarily the bottom flange) and column flange were 

found in over 150 welded steel moment-frame buildings (Youssef et al. 1995). The 

connections were found not to perform as designed, with minimal yielding occurring in 

the beams framing into the moment connection. 

Following the Northridge earthquake, U.S. building codes have been revised to 

impose new requirements for moment connections in steel SMFs to ensure that they 

perform as designed. The 2002 AISC Seismic Provisions for Structural Steel Buildings 

(AISC 2002) require all moment connections be qualified for use in a seismic resisting 

system. Qualification typically involves testing the connection detail, where the specimen 

must successfully achieve at least 0.04 radians of inter-story drift during the test without 

fracture or significant strength degradation occurring  

Since the Northridge earthquake, a wide variety of new beam-to-column moment 

connection details have been developed for use in steel SMFs. The new connection 

details include:  the Reduced Beam Section connection (RBS); Welded Unreinforced 

Flange Welded-Web connection (WUF-W); Welded Unreinforced Flange Welded-Bolted 

connection (WUF-B); Free-Flange connection (FF); Welded Flange Plate connection 

(WFP); Bolted Flange Plate connection (BFP); and bolted fully restrained connections, 

which include the Bolted End Plate (BEP) connection. These connections were among 

those tested under Phase 2 of the SAC Steel Project (Roeder 2000). Additional studies 

were conducted under other research programs following the Northridge earthquake, in 

particular, studies on the RBS type of connection. 
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Figure 1.1 shows a radius cut RBS connection. This type of connection utilizes 

circular radius cuts in both the top and bottom flanges of the beam to reduce the flange 

width over a selected length of the beam near the column face. The beam flanges are 

welded to the column flanges with complete joint penetration (CJP) groove welds and the 

beam web is either welded to the column flange with a CJP groove weld or bolted to a 

shear tab. The shear tab is attached to the column flange by either CJP groove weld (for a 

bolted beam web) or fillet weld (for a welded beam web). The RBS connection is 

intended to force yielding and plastic hinge formation to occur within the reduced section 

of the beam, and thereby reduce any likelihood of fracture occurring at the beam flange 

groove welds and the surrounding base metal regions.  

The RBS connection detail has been demonstrated to be reliable in numerous 

tests, and consequently has become one of the more popular connections in the design of 

SMF systems. Prior tests on RBS connections were performed with columns that were 

shallow (the columns had a maximum depth equivalent to a W14 section). The results 

from these tests led to design recommendations for RBS connections (Engelhardt 1999, 

FEMA 350 2000). These design recommendations are limited to a W14 column section. 

To economically control seismic inter-story drift in an SMF, the use of deep 

columns has become increasingly more common. In a recent study involving the testing 

of an RBS connection to a deep column, a large amount of column twisting was observed 

(Chi and Uang, 2002). The specimen was a one-sided connection and had no floor slab. 

The specimen was not able to satisfy the AISC Seismic Provisions (AISC 2002) for pre-

qualified use of the connection detail in the design of a SMF. Hence, there is a need to 

perform further studies in order to evaluate the use of RBS connections in SMFs 

involving deep columns.  

1.2 Objectives 

The above needs served as the basis for the research study reported herein. The 

research presented in this report was conducted under AISC Project No. 2001 01-925 

710110 and is entitled Development of Seismic Guidelines for Deep-Column Steel 

Moment Connections. The main objectives of this research are:  
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1) To evaluate the effect of column depth on the seismic performance of moment 

connections and develop a more thorough understanding of the inelastic 

behavior of a moment connection to a deep column. 

2) To evaluate the effectiveness of a composite floor slab in providing restraint 

to lateral-torsional buckling of the beam and twisting of the column, and 

enhancing cyclic strength and ductility of a moment connection to a deep 

column. 

3) To evaluate the effectiveness of providing lateral bracing to the beam near the 

flexural plastic hinge to restrain the lateral-torsional buckling of the beam and 

twisting of the column, and promote the cyclic strength and ductility of a 

moment connection to a deep column. 

4) To provide seismic design recommendations for the use of a moment 

connection to a deep column in SMFs. 

The study included connections only to the strong axis of the column. Because of 

the current popular use of an RBS type of connection and the above concerns, the study 

focuses on RBS connections to a deep column. However, comparison between the 

expected behavior (from analysis) of an RBS connection and WUF-W connection are 

made. 

1.3 Scope 

To meet these objectives a study having three main tasks was conducted. These 

tasks included experimental and analytical studies, in addition to the development of 

design recommendations for RBS connections to deep columns. An overview of the three 

main tasks is given below. 

1.3.1 Analytical Studies 

Models of beam-to-column moment connections were developed using the 

general-purpose nonlinear finite element analysis program ABAQUS (HKS, 2001). The 
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models were used to conduct a parametric study to examine the effects of the connection 

type, column section size, beam section size, panel zone strength, continuity plate 

thickness, beam web slenderness, and composite floor slab on the cyclic behavior of the 

connection. The connection types included an RBS and WUF-W detail. Analysis 

involving the application of inelastic monotonic lateral load were initially conducted to 

calibrate the models and to perform part of the parametric study. Analyses with inelastic 

cyclic lateral load were also performed to further calibrate the models and complete the 

parametric study. Both geometric and material nonlinearities were included in the finite 

element models.  A sub-modeling technique was used to refine the mesh of the model in 

the local connection region in order to obtain a more accurate solution for the connection 

stress and strain states.  

1.3.2 Experimental Studies  

The experimental studies involve the full-scale testing of six RBS connection 

specimens. Each specimen represents an RBS connection to an interior column of a 

perimeter SMF. The details of the interior welded beam-to-column RBS connection that 

are shown Figure 1.1 are similar to those of the test specimens, where all of the 

specimens except for one had a composite floor slab. The column section sizes for the 

test specimens included W36x230, W27x194, W36x150, W27x146, and a W24x131. All 

columns were of A992 steel. The beam section sizes were a W36x150 and a W30x108. 

The beams for the specimens were of A572 Grade 50 steel, and A992 steel. The column 

and beam sizes were selected on the basis that torsional effects would have an influence 

on behavior accordingly to current design criteria proposed by Chi and Uang (2002). 

Specimens were fabricated using E70T-6 electrode for the beam flange complete joint 

penetration (CJP) groove welds and E71T-8 electrode for both the beam web CJP groove 

weld and supplemental fillet weld. 

1.3.3 Development of Improved Design Procedures 

In the third task the calibrated finite element models and test results were used to 

develop a new design procedure for an RBS and WUF connection to a deep column in an 

SMF. The procedure involves combining the column stresses due to flexure loading, axial 
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loading, and torsional loading due to connection behavior, where the combined stresses 

are limited to the column yield stress (i.e., consistent with the current provisions in the 

AISC LRFD Specification (AISC 2000), Equation H2-1). The new aspects of the 

procedure are associated with the method for determining the torsion applied to the 

column due to beam flange movement. A comparison of the column stress predicted by 

the design procedure and the test results for the RBS connections is made to illustrate the 

accuracy of the design procedure. 

1.4 Organization of Report   

The remaining chapters of this report include Chapters 2 through 9, as well as six 

appendices. Chapter 2 of this report presents relevant background information on prior 

and concurrent research and seismic design provisions for welded beam-to-column 

connections in SMFs. In Chapter 3 the development and calibration of the finite element 

models, along with the results of the parametric study are presented. A description of the 

experimental study is given in Chapter 4, which includes in Chapter 4 are the test matrix, 

connection fabrication details, specimen dimensions, material properties, test setup, 

instrumentation and test procedure. The observed specimen behavior during testing is 

given in Chapter 5, with a comparison and analysis of the test results given in Chapter 6. 

Chapter 7 compares the finite element predictions of specimen behavior with specimen 

measured response. A new design approach for RBS moment connection with a deep 

column is presented in Chapter 8. A summary and set of conclusions for the analytical 

and experimental studies are presented in Chapter 9. 

For each specimen a test summary is provided in Appendix A. The weld 

procedure specifications are given in Appendix B, and UT inspection reports are given in 

Appendix C. Stress-strain curves from tensile coupon tests for the steel material and weld 

metal of the specimens are provided in Appendix D. Weld metal CVN test reports are 

given in Appendix E. Scanning Electron Microscope pictures of the fracture surfaces for 

selected test specimens (SPEC-1, SPEC-2 and SPEC-6) are given in Appendix F. 

Appendix G introduces methods of calculating the warping normal stress for a wide 

flange section column subjected to torsional loading. 
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CHAPTER 2 BACKGROUND 

 

2.1 RBS and Relevant Prior Research  

There have been numerous research studies on RBS connections, both before and 

after the 1994 Northridge earthquake.  The SAC database (SAC 1999) reports the results 

of 95 RBS connection tests. The majority of the test specimens had a column depth of 14 

inches (i.e., a W14 section was the most common among the columns of the test 

specimens). Only 12 of these 95 specimens had a column section of W24 or deeper. 

Figure 2.1 shows the test results for the story drift capacity of these RBS connection 

specimens. Drift capacity is defined as the ability of the test specimen to achieve a story 

drift for at least one cycle with neither fracture nor strength degradation below 80% of 

the specimen nominal capacity occurring. Figure 2.1 shows a trend in the data where 

deep columns result in a reduced story drift capacity of the RBS connection. The research 

by Chi and Uang (2002) showed that column twist is the cause of the reduction in story 

drift capacity. 

This chapter presents a summary of the relevant prior research on RBS moment 

connections. 

2.1.1 SAC Phase II RBS Connection Studies  

Seventeen RBS connection specimens were tested under Phase II of the SAC 

Steel Project by Engelhardt et al. (2000), Yu et al. (2000), and Gilton et al. (2000). A 

summary of the test results is given in FEMA-355D (FEMA 2000c).  Most of the 

specimens were tested using the SAC loading protocol (SAC 1997), which now is 

adopted by the AISC Seismic Provisions (AISC 2002). Eight cruciform-shaped A572, 

Grade 50 steel interior connection specimens were tested by Jones et al. (2002), including 

four specimens with a bare steel connection (i.e., no floor slab) and four with a composite 

floor slab. The columns in the test specimens were either a W14x398 or W14x283, while 

the beams were all W36x150 sections. It was found that most of the specimens developed 

a degradation in strength of 20% or more below their nominal capacity due to beam 

instability. This beam instability consisted of web and flange local buckling in the RBS. 
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The composite floor slab delayed the deterioration of the specimen strength and improved 

the load and rotation capacity of the connection.  The test results suggested that the RBS 

segment of the beam is prone to earlier web local buckling compared to a connection 

with a prismatic beam. Connection specimens which had a weaker panel zone failed by 

fracture of the connection at a large story drift. 

Finite element studies by Jones et al. (2002) and Deierlein et al. (1999) showed 

that a significant reduction in inelastic strain demands at the beam flange CJP groove 

weld occurs in an RBS connection. The studies by Deierlein et al. indicated that 

connections with a weaker panel zone are more susceptible to fracture than connections 

with a stronger panel zone. Three deep column RBS moment connection tests were 

conducted by Chi and Uang (2002) under Phase II of the SAC Steel Project. The column 

sizes for the specimens included a W27x146 and W27x194 section while the beams were 

W36x150 and W27x194 sections. The specimens were of an exterior connection type 

where only one beam was attached to the column, and no floor slab was present. The test 

results showed that beam web local buckling occurred in the RBS, followed by beam 

flange local buckling and subsequent lateral-torsional buckling. The lateral-torsional 

buckling led to a strength degradation of the specimens. Two of the specimens reached 

3% plastic story drift while the other reached 2.8% plastic story drift. Column twisting 

was observed during the latter test, with an abrupt fracture occurring in the column k-

area. Chi and Uang attributed this fracture to the twisting of the column. Two factors 

were noted as as contributing towards the fracture. The first was that the RBS lateral-

torsional buckling causes torsional load and out-of-plane bending in the column. The 

second was that the torsional properties of deep wide flange sections tend to produce 

higher warping stresses in the column compared to a shallower column. Normal warping 

stress, when combined with bending normal stresses can cause overloading of the 

column. Chi and Uang correlated warping stresses to the large value for the ratio 3
cfth for 

the column, where h=dc–tcf, with dc and tcf equal to the section depth and flange thickness, 

respectively. A procedure for designing an RBS connection to a deep column was 

developed by Chi and Uang. The procedure is discussed in Section 2.2.6. 
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2.1.2 Cyclic Stability Criteria for RBS Connections 

Beam web stability plays a major role in the inelastic cyclic performance of an 

RBS connection. A statistical study was performed by Uang and Fan (2001) to evaluate 

web slenderness criteria of beams with an RBS connection to a column. Fifty five full-

scale RBS moment connection test specimens were used in the study. In addition to web 

slenderness, beam flange slenderness and unbraced length were included in the study. 

Uang and Fan concluded from their study that the beam web slenderness ratio has the 

most influential effect on the plastic rotation capacity and rate of strength degradation. A 

concrete slab was determined to increase the plastic rotation capacity of an RBS 

connection under positive bending but not negative bending. Based on their study, Uang 

and Fan suggested that a lower beam web slenderness ratio h/tw be considered for RBS 

connections than the value in the 1997 AISC Seismic Provisions (AISC 1997), which was 

yF520 , where Fy is the yield stress. Their recommendation was: 

 ksiinFFth yyw ,/418/ ≤  (2-1) 

The new AISC Seismic Provisions (AISC 2002) requires the following criteria for 

h/tw for all the members of a seismic load resisting system: 

 ysw FEth 45.2≤ ,   Es and Fy have the same units (2-2) 

Equation (2-2) is identical to Equation (2-1) when a value of Es = 29000 ksi is used for 

Young’s modulus, Es. 

2.1.3 Use of Deep Columns In Steel Special Moment Resisting Frames 

For economical reasons, design engineers tend to use deep columns in steel SMFs 

to meet story drift requirements. Some recent studies investigated the use of deep 

columns in steel SMFs (Shen et al. 2002). Two prototype moment frames were analyzed 

using inelastic time history analysis and the results compared. One frame utilized W14 

sections as columns while the other used W27 sections for the columns. Nonlinear finite 

element analyses were also conducted to investigate the effect of a deep column on the 

performance of an RBS connection. Based on their study, Shen et al. made the following 
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conclusions:  (1) there were no considerable reasons found to suggest preventing the use 

of deep column sections in moment frames, including the SMFs; (2) the analyses 

indicated that the deep column connections should be able to provide the required 

strength, and especially the rotational ductility in excess of those required by FEMA-350 

(FEMA 2000a) for pre-qualified connections; (3) the presence of a composite floor slab 

provided restraint to reduce column twist to insignificant and non-consequential levels; 

(4) the cyclic behavior of a RBS connection to a deep column was similar to the behavior 

of the same connections with W14 columns; (5) using deep columns in moment frames 

enable the drift limits to be satisfied with less steel tonnage compared to the use of 

shallower columns; and, (6) further experimental testing needs to be pursued involving 

specimens with RBS connections to deep columns with a composite floor slab. 

 

2.2 Relevant Current Seismic Design Criteria for RBS Connections to a Deep 

Column 

Current criteria contained in FEMA-350 (FEMA 2000a) and the AISC LRFD 

Seismic Provisions (AISC 2002) include provisions for panel zone strength, continuity 

plates, and the weld access hole size and geometry. These criteria are primarily for 

moment connections to column sections that do not exceed the depth of a W14. Below is 

a review of these criteria. 

2.2.1 Panel Zone Strength  

2.2.1.1 AISC Seismic Provisions  

The current AISC Seismic Provisions (AISC 2002) requires that the panel zone 

strength shall be determined in accordance with the method used in proportioning the 

panel zone of the connection specimen for qualifying the connection by testing. As a 

minimum, the required shear strength Ru of the panel zone shall be determined from the 

summation of the moments at the column faces as determined by projecting the expected 

moments at the beam plastic hinge points to the column faces. 

The design shear strength φvRv of the panel zone shall be determined using φv=1.0, 

with Rv as stated below. 
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When Pu ≤ 0.75 Py, where Pu is the column factored design load and Py is the 

column axial yield force, Rv is based on the following 
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where 

 tp = total thickness of panel zone including doubler plate(s), 

 dc  = overall column depth, 

 bcf = width of column flange, 

 tcf = thickness of column flange, 

 db = overall beam depth, 

 Fy = specified minimum yield strength of the panel zone steel. 

When Pu > 0.75 Py, Rv shall be calculated using LRFD Specification Equation 

K1-12 (AISC 2000), which states: 
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To prevent panel zone local buckling, the following must be satisfied: 

 t ≥ (dz + wz)/90 (2-5) 

where 

 t = thickness of column web or doubler plate, or if plug welds are provided, 
the total thickness of the panel zone in inches, 

 dz = panel zone depth between continuity plates in inches, 

 wz = panel zone width between column flanges in inches. 

2.2.1.2 FEMA-350  

FEMA-350 (FEMA 2000a) suggests that moment-resisting connections be 

proportioned either so that shear yielding of the panel zone initiates at the same time as 

flexural yielding of the beam elements, or so that all yielding occurs in the beam. The 

required thickness of the panel zone is calculated using the following equation: 
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where 

 Cy = ratio of yield moment capacity to the plastic moment capacity of the 
beam, which can be calculated by: 

 

b

be
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y

S
Z

C
C 1

=  (2-7) 

 Mc = moment at column centerline based on the beam plastic moment 
capacity projected from beam plastic hinge; the location of expected 
plastic hinge formation should be identified based on the data presented 
in FEMA-350 for prequalified connections, or data obtained from a 
qualification testing program for configurations that are qualified on a 
project-specific basis, 

 h = the average story height of the stories above and below the panel zone, 

 Ryc = the ratio of the expected yield strength of the column material to the 
minimum specified yield strength, 

 Cpr = a factor to account for the peak connection strength, which is given by: 

 
y

uy
pr F

FF
C

2
+

=  (2-8) 

 Sb = the elastic section modulus of the beam at the zone of plastic hinging, 

 Zbe = the effective plastic section modulus of the beam at the zone of plastic 
hinging. 

The recent draft of the document entitled Prequalified Connections for Special 

and Intermediate Steel Moment Frames for Seismic Applications by AISC (AISC 2003, 

hereinafter referred as Draft) adopted the above criteria. 

2.2.2 Continuity Plates 

For the design of continuity plates in seismic regions, the AISC Seismic 

Provisions (AISC 2002) states that continuity plates shall be provided to match the tested 

connection. In the commentary of the AISC Seismic Provisions, it refers to FEMA-350 

(FEMA 2000a) criteria which are based on research by Ricles et al. (2000). FEMA-350 

criteria state that unless project-specific connection qualification testing is performed to 
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demonstrate that beam flange continuity plates are not required, moment-resisting 

connections should be provided with beam flange continuity plates across the column 

web when the thickness of the column flange is less than the value given either by the 

following two equations: 

 
ycyc

ybyb
ffcf RF

RF
tbt 8.14.0<  (2-9) 

 
6

f
cf

b
t <  (2-10) 

where 

 tcf = minimum required thickness of column flange when no continuity 
plates are provided, in inches, 

 bf = beam flange width in inches, 

 tf = beam flange thickness in inches, 

 Fyb(Fyc) = minimum specified yield stress of the beam (column) flange, 

 Ryb(Ryc) = the ratio of the expected yield strength of the beam (column) material 
to the minimum specified yield strength. 

When continuity plates are required, the thickness of the plates should be 

determined per FEMA-350 according to the following: 

• For one-sided (exterior) connections, continuity plate thickness shall be at 

least one-half of the thickness of the beam flanges. 

• For two-sided (interior) connections, the continuity plates should be equal in 

thickness to the thicker of the two beam flanges on either side of the column. 

The Draft (AISC 2003) adopted the above Equations (2-9) and (2-10) for the 

design of continuity plates in a moment connection. 

2.2.3 Weld Access Hole 

A newly developed weld access hole geometry is recommended by FEMA-350 

(FEMA 2000a) for most welded moment-resisting connections. And the AISC Seismic 

Provisions (AISC 2002) requires that it be used in fully restrained (FR) moment 

connections for ordinary moment frames (OMF). These recommendations are based on 
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the research performed by Ricles et al. (2000). Figure 2.2 shows the geometry of the 

modified weld access hole. 

2.2.4 RBS Design and Fabrication 

2.2.4.1 RBS Design 

The location and proportion of the beam flange cut for RBS connections need to 

be optimized to obtain good performance from an RBS connection. Engelhardt (1999) 

developed a design approach based on prior studies, which is similar to the design 

procedures in FEMA 350 (FEMA 2000a).  Below is the FEMA 350 RBS connection 

design procedure. Except a few changes as noted below, the Draft (AISC 2003) adopted 

the same design procedure. 

(1) Determine the length and location of the beam flange reduction, based on 

the following 

 fb  a )75.0to5.0(≅  (2.11) 

 bd  b )85.0to65.0(≅  (2.12) 

where a and b are as shown in Figure 2.3, and bf and db are the beam flange 

width and beam depth, respectively. 

(2) Determine the amount of the flange reduction, c, (see Figure 2.3) according 

to the following 

a. Assume c = 0.20bf 

b. Calculate the plastic section modulus ZRBS at the center of the RBS 

c. Calculate the moment Mf at the column face  

 )
2

( baVMM pprf ++=  (2.13) 

where Mpr is the expected plastic moment at the RBS: 

 yRBSyprpr FZRCM =  (2.14) 
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and Vp is the shear force at the RBS, including both lateral and gravity 

load effects. The Draft recommends a value for Cpr equal to 1.15. 

d. If ybyprf FZRCM < , where Zb is the beam plastic section modulus, the 

design is acceptable. The Draft changes this criterion to pef MM < , 

where yybpe FRZM = . If Mf is greater than the limit, then increase c. The 

value of c should not exceed 0.25bf. 

Note that the effect of composite action on the RBS flexural capacity is ignored in 

this procedure. 

2.2.4.2 RBS Connection Fabrication Requirements 

FEMA 353 (FEMA 2000b) has several fabrication requirements for an RBS 

connection. These include that no holes may be drilled or punched in either flange of the 

beam within the length that has received the radius cut, or between the RBS cut and the 

column. Shear studs and mechanical deck fasteners to the beam flange within the length 

of the radius cut are also prohibited. 

After thermal cutting, the RBS surface shall have a surface roughness of no more 

than 500 micro-inches. Corners between the cut RBS surface and the top and bottom of 

the beam flanges shall be ground to remove sharp edges, but a minimum radius or 

chamfer is not required. 

2.2.5 Weld Metal Toughness Requirement 

2.2.5.1 AISC Seismic Provisions  

In accordance with the AISC Seismic Provisions (AISC 2002) all welds used in 

members and connections of a seismic load resisting system shall be made with a filler 

metal that can produce welds that have a minimum Charpy V-Notch toughness of 20 ft-

lbf at -20°F, as determined by AWS classification or manufacturer certification. 

For structures in which the steel frame is normally enclosed and maintained at a 

temperature of 50°F or higher, the following CJP welds in Special and Intermediate 

Moment Frames shall be made with filler metal capable of providing a minimum Charpy 
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V-Notch toughness of 20 ft-lbf at -20°F by AWS classification test methods and 40 ft-lbf 

at 70°F, as determined by AISC Seismic Provisions Appendix X (AISC 2002) or other 

approved method: 

(1) Welds of beam flanges to columns 

(2) Groove welds of shear tabs and beam webs to columns 

(3) Column splices 

2.2.5.2 FEMA 353  

In accordance with FEMA 353 (FEMA 2000b) all welds in members comprising 

the seismic force resisting system shall employ weld filler metals classified for nominal 

70 ksi tensile strength, referred to as E70 electrodes, meeting the following minimum 

mechanical property requirements: 

(1) CVN toughness of 20 ft-lbf at 0°F, using AWS A5 classification test methods 

(2) CVN toughness of 40 ft-lbf at 70°F, using the test procedures prescribed in 

Appendix A of FEMA 353. 

2.2.5.3 Draft of AISC Prequalified Connections  

The Draft (AISC 2003) states “All welds shall have a toughness of 20 ft-lbf at –

20-degrees F and welds designated as Demand Critical shall have a toughness of 40 ft-lbf 

at 70-degrees F.” 

2.2.6 Design Recommendations for RBS Connections to a Deep Column 

As aforementioned, Chi and Uang (2002) observed severe column twisting during 

testing, and consequently proposed a design procedure for RBS connections to a deep 

column. The procedure developed is based on the beam compression flange force F being 

orientated at the angle θ with respect to the longitudinal axis of the beam, as shown in 

Figure 2.4. The angle θ develops due to the lateral movement of the beam compression 

flange in the RBS. The beam flange force, F, can be estimated by multiplying the reduced 

beam flange area by the expected yield strength at section A-A in the RBS. As shown in 

Figure 2.4, the total torque imposed to the column is )sincos( θθ yx eeF + , where the 
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eccentricities ex and ey are defined in Figure 2.3. The stresses due to bending and torsion 

are subsequently calculated based on elastic theory. 

Using elastic torsion theory with some simplifications, Chi and Uang arrived at 

the following expression for column flange warping normal stress, fws: 

 


















+
=

ccf

ws

at
h

CT
f β

3
12

95.1  (2-15) 

where 

 T = applied torque 

 C1 = ratio between proportion of torsion resisted by column web and 
flanges (according to Chi and Uang, C1 remains relatively constant 
for a given column depth),  

 h = dc – tcf, 

 dc = column section depth, 

 tcf = column flange thickness, 

 β = 





 ××′′ ca

T
GJθ ,  where θ is the angle of rotation, measured in radians 

(see Seaburg and Carter, 1997), 

 ac = 
GJ

ECw , with E equal to the modulus of elasticity, G the shear 

modulus of elasticity, Cw the warping torsional constant of the column 
section, and J the torsional constant of the column section. 

For a given torque, the warping normal stress is considered by Chi and Uang to be 

proportional primarily to the ratio 3/ cfth . The variation of 3/ cfth  with weight for various 

wide flange shapes is shown in Figure 2.5. Deeper columns have a higher value for 3/ cfth  

than shallow columns, and in accordance with Equation (2-15) the warping normal stress 

in deep columns is larger.  

The design procedure developed by Chi and Uang (2002) for an RBS connection 

is given below. 

1. Assume that at 4% story drift that a lateral movement of the beam compression flange 

has occurred, where the eccentricity ex = 0.2bf, where bf is the beam flange width. 
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This assumption is based on observations from the three RBS connection-to-deep 

column tests conducted by Chi and Uang (2002). 

2. The inclined angle θ of the beam flange force due to the lateral movement of the 

beam compression flange is thus equal to 

 


















−−
= −

22

tan 1

baL
exθ  (2-16) 

 where a, b, and L are defined in Figure 2.3 (L is the clear span length of the beam). 

3. The beam flange force F is estimated as 

 yebff FtbF ′=  (2-17) 

 where fb′  is the beam flange width at the center of the RBS and Fye is the beam 

expected yield stress (AISC 2002). Strength degradation usually occurs at 4% story 

drift. Hence, no strain hardening effects are therefore considered in Equation (2-17). 

4. The torsional force T imposed to the column by F for a one-sided connection, or for a 

two-sided connection with a floor slab, is 

 )sincos( θθ yx eeFT +=  (2-18) 

5. The warping normal stress fws in the column flanges is calculated as 

 T
GJa

EW
f

c

n
ws

β0=  (2-19) 

 where Wn0, is equal to 
4

fhb
. For a two-sided connection without a floor slab the 

torque contributed by both beams is applied, whereby the torque T in Equation (2.19) 

needs to be doubled. 

6. The strong-axis bending stress fbx due to the in-plane bending moment of the column 

is 
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xc

col
bx S

M
f =  (2-20) 

where Mcol is the column moment acting about the column strong axis and Sxc is the 

column section modulus for the strong axis of bending. 

7. The weak-axis bending stress fby due to the out-of-plane bending of the column is 

calculated by applying the out-of-plane component of force F (i.e., Fsinθ) to the 

column at the beam compression flange level, and treating the column as simply 

supported at two inflection points located along the column span. 

8. The total stress ftotal is then computed, and checked to ensure that it complies with the 

limit of φFyn, as set forth by the permissible design stress formula (H2-1) in the AISC 

LRFD Specification (AISC 2000), where: 

 ftotal = fws + fbx + fby ≤ φFyn (2-21) 

In Equation (2-21) φ=0.9 and Fyn is the column nominal yield stress. 

2.3 WF Section Torsional Characteristics 

To evaluate the impact of using deep columns in SMF systems, an investigation 

was conducted to establish the relationship between column section size, properties, and 

their ability to satisfy design criteria. 

Modern building design codes require a weak beam-strong column criterion to be 

satisfied. Using a W36x150 section with a 50% RBS flange cut, all wide flange rolled 

sections in the AISC LRFD manual (AISC 2000) were studied for potential use as a 

column by evaluating whether they satisfied the weak beam-strong column criterion. 

Figures 2.6 and 2.7 show the column-to-beam strength ratio plotted against column 

section weight for an interior joint in an SMF. In the calculations a story height of 13 ft. 

and bay spacing of 29.5 ft. were assumed. In Figures 2.6 and 2.7, ∑M*
pc and ∑M*

pb are 

the sum of column nominal and beam expected plastic moment capacities, respectively, 

extrapolated to the intersection of beam and column centerline. Those sections with the 

column-to-beam strength ratio ∑M*
pc/∑M*

pb greater than 1.0 satisfy the weak beam-

strong column criterion in the AISC Seismic Provisions (AISC 2002). Figure 2.8 shows 
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the section flexural stiffness EI for various columns compared to a W14x398 column. For 

a given weight, the flexural stiffness is shown in Figure 2.8 to increase with column 

depth. The results in Figure 2.6 through 2.8 indicate that deeper columns are able to 

satisfy the weak beam-strong column criterion using a lighter section compared to a 

shallower column, while providing a larger flexural stiffness to control story drift. It 

therefore is apparent that it is more economical to utilize deeper column sections in the 

design of a SMF. 

The effect of torsion on wide-flange sections is well known (Seaburg and Carter, 

1997). Torque causes St. Venant shear stresses in addition to warping shear and warping 

normal stresses to develop in a wide-flange section. The section torsional characteristics 

for various columns sizes were therefore studied and compared. For the study, a column 

in a moment resisting frame was analyzed using the simplified model shown in Figure 

2.9. The model consists of the column between the floor below (floor level i-1) and above 

(floor level i+1) the floor that is of interest (i.e., floor level i), where a torque load (T) 

from a beam-to-column RBS connection is applied. The ends of the column are assumed 

torsionally fixed (i.e., the column is restrained at floor levels i-1 and i+1 from twisting 

relative to floor level i), consequently, the restraint of the floors at level i and i+1 cause 

warping stresses to develop at the ends of the column. The torque diagram, as well as the 

components of St. Venant torque and Warping torque that resist the total applied torque 

T, are also shown in Figure 2.9. At the connection region (i.e., at floor level i) the column 

resists the torque through warping torsion. Shear and normal warping stresses will 

consequently develop in the cross-section of the column at floor level i, as shown in 

Figure 2.10.  

The maximum shear and normal warping stresses were computed for various 

sections, and are shown normalized to the results for a W14x398 column in Figure 2.11 

and 2.12, respectively. Both the shear and normal warping stresses are shown to increase 

as the column section becomes lighter. The shear warping stresses in Figure 2.11 show a 

somewhat greater sensitivity to section size (i.e., column depth) compared to the normal 

warping stresses plotted in Figure 2.12. The latter is shown in Figure 2.12 to be almost 

insensitive to column depth, and primarily influenced by the column weight. A W27x146 

section would have an increase of about 6 times its normal warping stresses compared to 
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that of a W14x398, while the increase in shear warping stress between these two sections 

would be about 2. 

The model in Figure 2.9 was used to determine the column torsional stiffness (i.e., 

the amount of torque required to be applied at the connection at floor level i to cause a 

twist of one unit) for various column section sizes. These results are shown in Figure 

2.13, and include the effects of St. Venant and Warping torsional resistance. For a given 

column weight, it is apparent in Figure 2.13 that a deeper column has a larger torsional 

stiffness compared to a shallower column section, particularly for sections with a weight 

exceeding 200 lb/ft.  Lighter sections are shown to have a reduction in their torsional 

stiffness. 

The above analyses indicate that columns with a deeper section, but lighter in 

weight resulting in a larger value for the ratio 3/ cfth , are more susceptible to the effects of 

torsion. The torsional stiffness is reduced, while the warping stresses are increased. A 

reduced torsional stiffness will result in more twisting of the column. While the flexural 

stiffness and strength are enhanced by the use of a deeper column, the use of a deeper 

column (which results in a lighter column and larger value for the ratio 3/ cfth ) is likely to 

make the column more sensitive to the effects of torsion. 
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Figure 2.1 – Total story drift vs. column depth of past RBS connection tests 

 
 

 
 

Figure 2.2 – Modified weld access hole (AISC 2002) 
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Figure 2.3 – Inclined angle of beam flange force (after Chi and Uang, 2002) 
 
 
 

 
 

Figure 2.4 – Beam compression flange lateral movement (after Chi and 
Uang, 2002) 
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Figure 2.5 – Variation of 3
cft
h

 with section weight (after Chi and Uang, 2002) 

 
 
 

Beam: W36x150RBS  No Axial Force

0

1

2

3

4

5

6

7

8

9

0 200 400 600 800 1000

Weight  (lb/ft)

M
pc

/M
pb

W36
W33
W30
W27
W24
W21
W18
W16
W14

 
 

Figure 2.6 – Column-to-beam flexural strength ratio vs. column section weight, column 
without axial force 
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Beam: W36x150RBS  Nominal Axial Stress in Column: 8.3 ksi
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Figure 2.7 – Column-to-beam flexural strength ratio with vs. column section weight, 

column with axial force 
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Figure 2.8 – Section flexural stiffness vs. column section weight  
(Section flexural stiffness normalized by EI of W14x398) 
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Figure 2.9 – Torsional response of WF section column 
 
 

 
 

Figure 2.10 – Warping stresses developed in a WF section subjected to torsion 
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Figure 2.11 – Warping shear stresses developed in a WF section vs. section weight 

(Normalized by W14x398 result) 
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Figure 2.12 – Warping normal stresses developed in a WF section vs. section weight 

(Normalized by W14x398 result)  
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Figure 2.13 – Column torsional stiffness vs. section weight 
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CHAPTER 3 FINITE ELEMENT ANALYSIS 

 
3.1 General 

The finite element study involved modeling connections in order to evaluate the 

effect of various parameters on connection behavior. These included: (1) connection type; 

(2) column size; (3) beam size; (4) panel zone strength; (5) continuity plate thickness; (6) 

composite floor slab; and (7) axial load. The general-purpose nonlinear finite element 

analysis (FEA) program ABAQUS (HKS 2001) was used to develop 3-D nonlinear finite 

element models of connection subassemblies. The geometry (i.e., member span lengths) 

and boundary conditions of the connection subassemblies were based on the test setup 

used in the experimental study. The member section sizes for the models in the analysis 

matrix were based on representing the range of anticipated member section sizes for the 

test specimens. Furthermore, the beam section size was selected for each model to ensure 

a weak beam-strong column configuration, which is required by the AISC Seismic 

Provisions (AISC 2002). Unless otherwise noted, the continuity plates were Grade 50 

steel and nearly the same thickness as the attached beam flanges. For an RBS type of 

connection a 50% flange radius cut was used. Unless otherwise noted, the panel zone 

strength of each model was based on the required strength per AISC Seismic Provisions, 

i.e., Equation (2.3) in Chapter 2. 

The parameters were studied by varying details in a baseline model to create other 

finite element models. Both monotonic and cyclic loading analyses were performed. 

3.2 Finite Element Models 

Two types of models were developed, namely a global model and a sub-model. 

The global model was used to perform analysis of a connection subassembly in order to 

evaluate the global response, such as lateral load-story drift response and column twist-

story drift response. The sub-model was utilized to perform a local analysis of the 

connection in the region of a beam tension flange. The mesh sizes for both the global and 

sub-models were based on considering computer limitations that constrained the 

maximum number of degrees of freedom in a model, the need for greater accuracy near 
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the connection region, and mesh convergence. Geometric and material non-linearities 

were included in both models. Geometric non-linearities were accounted for using a 

small strain, large displacement formulation. A von Mises material with strain-hardening 

was used to account for material nonlinearities, and discussed more in detail below 

(Section 3.3.6).  

3.2.1 Global Model 

The test setup for the connection specimens is shown in Figure 3.1, where an 

interior connection exists between two beams and a column. An idealized model of the 

test setup for the interior connection specimen is shown in Figure 3.2. The span length 

from the column centerline to a beam reaction is 177 inches, and the length between the 

actuator at the top of column and the pin at the bottom of the column is 156 inches. 

Further details about the test setup will be discussed in detail in Chapter 4.  

A typical three-dimensional finite element global model of a connection 

subassembly is shown in Figure 3.3. The entire beam and column sections were included 

in the global model in order to include dissymmetry due to any imperfections in the 

model and local buckling. In the global models, the beams and the column, as well as the 

connection attachments (i.e., continuity plates, doubler plates and CJP groove welds) 

were modeled using a four-node shell element with standard integration (element S4 in 

the ABAQUS element library). In some models, to reduce computational effort, a four-

node shell element with reduced integration (element S4R in the ABAQUS element 

library) was used for the regions in the column where the results were not critical and the 

material remained elastic. A shell element was used to model the members in lieu of a 

solid element, since a shell element is more capable of properly capturing the effects of 

local buckling. Depending on the section sizes and connection details, the mesh for the 

various models had each a different number of elements, nodes, and degrees of freedom. 

The mesh for a typical global model (consisting of a W36x230 column and two W36x150 

beams) had a total of approximately 3,600 elements and 3,820 nodes, resulting in 22,566 

degrees of freedom.  
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The boundary conditions for a global model consisted of roller boundary 

conditions at the end of each beam as well as a pin boundary condition at the bottom of 

the column. The roller boundary condition allowed horizontal translation in the plane of 

the model (i.e., in the same plane as the beam and column webs) shown in Figure 3.2 and 

rotation about an axis that was normal to the plane of the model. At the pin boundary 

condition all displacements and rotation, except for the rotation about the axis normal to 

the plane of Figure 3.2, were restrained. Out-of-plane movement of the beam and column 

members was restrained at their flanges near the ends of the beams (at 177 inches from 

column center line), and at the top and bottom of the column to simulate the lateral-

torsional bracing for the experimental setup. For models with a composite floor, slab 

transverse floor beams at 10 ft (for W36x150 beams) and 9 ft (for W30x108 beams) from 

the column centerline braced the main beams, which is similar to how the specimens 

were braced in the test setup. The distances of 10 ft and 9 ft were based on the AISC 

Seismic Provisions bracing requirements for the W36x150 and W30x108 beams, 

respectively, used in the models. 

3.2.2 Sub-model 

The area of interest in the connection analyses is primarily near the column-beam 

flange interface, where fracture may occur in either the weld metal or base metal near the 

beam flange CJP groove welds. Three-dimensional sub-models of the beam bottom 

flange-to-column flange connection region were therefore generated to obtain more 

detailed and accurate information in order to evaluate the fracture potential in the 

connection region. The beam bottom flange was in tension under the monotonic loading 

imposed to the model (to be discussed later). The areas in the connection where the 

ductile fracture potential were evaluated included the weld access hole region, beam 

flange CJP groove welds, beam flange heat affected zone (HAZ), beam web-to-column 

flange CJP groove weld, continuity plates, and the column k-area. These areas of a 

connection are deemed to be critical, and are identified in Figure 3.4.  

The finite element model for a sub-model is included in Figure 3.3. The sub-

model contained: (1) the beam bottom flange-to-column flange CJP groove weld; (2) 

weld access hole at the beam bottom flange; (3) part of beam bottom flange; (4) part of 
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the beam web; (5) part of the column flange; (6) part of the column web; (7) part of the 

continuity plates; and (8) part of the beam web vertical CJP groove weld. The sub-models 

were composed of eight-node brick elements with standard integration (element C3D8 in 

the ABAQUS element library). The sub-model analysis utilized directly the results of the 

analysis from the global model as boundary conditions along the perimeter edges of the 

model. A shell element-to-solid element global to sub-model technique available in 

ABAQUS was used to drive the sub-model analysis. Several sub-models were developed 

in order to accommodate the geometry of the beam and column section sizes and 

parameters in the model. The mesh for each model varied slightly in the number of 

elements, nodes, and degrees of freedom and was established through mesh convergence 

studies (to be discussed later). The mesh for a typical sub-model (W36x230 column and 

W36x150 beam) consisted of approximately 3,800 brick elements, 5,000 nodes, and 

15,000 degrees of freedom. This sub-model had 18 elements and 6 elements through the 

width and thickness of the beam flange, respectively. Six elements were used through the 

thickness of the beam web and four elements through the thickness of the column flange.  

3.2.3 Sub-Model Mesh Convergence Study  

It is well known that finite element analysis results are sensitive to the type of 

elements as well as the mesh size and element orientation used in the model. Accurate 

results from the sub-model are required for evaluation of the connection performance. A 

mesh refinement inelastic convergence study was therefore performed to determine an 

adequate mesh density for the sub-models. Based on the research done by Ricles et al. 

(2000), the solid element C3D8 in the ABAQUS element library was shown to have good 

convergence properties and accuracy. Element C3D8 was therefore selected for the sub-

models and used in the convergence study. The convergence study included variations in 

the number of elements across the beam flange width as well as through the beam flange 

thickness. 

The sub-model for the inelastic convergence study was composed of a welded 

connection for a W36x150 beam and W36x230 column. The continuity plates in the 

model are one-inch thick. The displacements imposed at the boundaries of the sub-model 
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are from the results of a global model monotonic nonlinear analysis, where the 

connection subassembly was monotonically loaded to a story drift of 4%. 

A number of cases with different mesh densities used in the convergence study 

are shown in Figure 3.5. The mesh in the models in Figures 3.5(a) through (c) differed 

from each other by the number of elements through the beam flange thickness, while the 

mesh in the models in Figure 3.5(d) through (f) differed from each other by the number 

of elements across the beam flange width. 

Convergence was studied through an examination of stress and strain distributions 

along the beam flange width. The von Mises stress, the equivalent plastic strain (PEEQ), 

and hydrostatic stress (pressure) across the outer surface of beam flange HAZ adjacent to 

the groove weld are compared to each other for various cases in Figures 3.6 and 3.7 

(these quantities are defined later). The results in Figure 3.6 included models with four, 

six, and eight elements through the beam flange thickness with 18 elements cross the 

beam flange, while the results in Figure 3.7 included models with fourteen, eighteen, and 

twenty two elements across the beam flange width and 6 elements through the beam 

flange thickness. An examination of the results in Figures 3.6 and 3.7 shows that the 

stresses and strain are not symmetric about the beam centerline. This phenomenon is due 

to the occurrence of local buckling of the beam web and flanges and subsequent beam 

lateral buckling (in the global model).  

Figures 3.6 and 3.7 indicate that the mesh density used in the convergence study 

led to similar results. For computational efficiency the C3D8 element was therefore used 

in conjunction with the mesh size of eighteen elements across the beam flange width and 

six elements through the beam flange thickness for the sub-model in the parametric study. 

3.2.4 Column Bracing  

In the test setup bracing is required to stabilize the subassembly that is used to 

perform the experimental testing. This includes braces at both ends of the column. The 

effect of the stiffness of column lateral bracing, which also provided torsional restraint to 

the ends of the column in the subassembly, was investigated in order to ensure that it did 
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not influence the analysis results of the parametric study in such a way that they would 

not be representative of actual behavior.  

The column torsional bracing in the test setup is located near the ends of the 

column where the inflection points are assumed to be located at mid-height in the 

prototype column under lateral loading H, as illustrated in Figure 3.8. In the prototype 

building the portion of the column beyond the inflection point provides torsional restraint 

to the part within the distance of the inflection points of the column. To examine the 

effect of column torsional restraint, monotonic loading analyses were performed with a 

torsional spring placed at both ends of the column, where the spring stiffness was varied 

in the model among the analyses.  

The torsional spring can be represented by four linear springs of stiffness K, each 

attached to a column flange as shown in Figure 3.9. This representation is similar to the 

actual bracing provided in the test setup (to be discussed in Chapter 4). The spring 

stiffness K is determined from the torsional stiffness K’T of a section over half the story 

height: 

 ( )2
'

fc

T

td
KK
−

=  (3.1) 

In Equation (3.1) dc and tf is the column section depth and flange thickness, respectively. 

Four cases were run, each involving a model of an interior connection with a 

W36x230 column and W36x150 beams. The four cases had the following spring stiffness 

values: (1) K=0, representing no column bracing at all; (2) K=42 k/in., representing a case 

with the bracing stiffness based on simulating the torsional and lateral stiffness from a 

W36x230 column for the portion of the column removed on the test setup; (3) K=300 

k/in., the torsional restraint for this case corresponds to a W14x398; and (4) infinitely 

large torsional bracing stiffness (i.e., rigid bracing). 

The results of all four cases are compared in Figure 3.10. Figure 3.10(a) shows 

the lateral load vs. story drift response of the connection subassembly; and Figure 3.10(b) 

shows the response for column twist at the beam-to-column connection plotted against 

story drift. The results indicate that the column bracing is very important, where columns 
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with a lack of torsional bracing have a reduction in strength and ductility of the 

subassembly due to excessive twist that results in yielding of the column. On the 

contrary, torsional bracing with stiffness comparable to the portion of the column 

removed in the subassembly leads to better performance. Considering the results with the 

stiffness in the practical range (i.e., K = 42 k/in. to K=300 k/in.), similar results were 

obtained compared to the case with rigid bracing (where the springs are replaced with 

rollers). Hence, excessively stiff torsional bracing does not significantly affect the results. 

Therefore the use of rollers to laterally and torsionally brace the ends of the column in the 

finite element models as well as in the test setup appears to be reasonable. 

3.2.5 Modeling of Floor Slab  

The composite floor slab is an important parameter in this study. To investigate 

the effects of a composite floor slab, Specimen UTA-DBBWC tested by Jones et al. 

(2002) with a floor slab was modeled. Specimen UTA-DBBWC was tested under Phase 

II of the SAC Steel Project. The connection details and a plan view of Specimen UTA-

DBBWC are shown in Figure 3.11. The connection is an RBS type, and the composite 

floor slab has shear studs to affix it to the main beam as well as transverse floor beams 

(W14x22). Shell element type S4 in the ABAQUS element library was used to model the 

slab while beam element type B33 (a two-node three-dimensional cubic formulation 

beam element) was used to model the transverse floor beams. The model consisted of a 

total of 3,365 nodes, 3,112 elements and 19,476 degrees of freedom. Several cases were 

run, which are summarized in Table 3.1, to study the concrete material model, the shear 

stud model, slab reinforcement, and lateral bracing of the beam. 

When shear stud modeling was included in the model, spring element type 

SPRING2 in the ABAQUS element library was used to model the shear studs. The spring 

elements were put in both horizontal directions (i.e., longitudinal and transverse 

directions with respect to the beam axis), as shown in Figure 3.12, and displacement 

constraints were used in the vertical direction (3-3 in Figure 3.12) to avoid vertical 

separation between the beam and the floor slab. The shear stud model was based on that 

recommended by Lee and Lu (1989). Shear studs were placed at 12 inches on center, 
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with no shear studs located in the plastic hinge or RBS region of the beam. The first shear 

stud was thus located at one beam depth (i.e., 36 inches) from the column face. 

All the cases in Table 3.1 were analyzed under monotonic loading. A comparison 

of the analysis results is given in Figure 3.13, which shows the applied lateral load-story 

drift response of the connection subassembly with the various slab models. The modeling 

of the composite floor slab had effects on both the strength and deformation capacity. 

Models using the ABAQUS concrete material model (Cases 8 and 9) had difficulty to 

converge at larger deformations, for concrete cracking in tension caused a convergence 

problem. It can be seen in Figure 3.13 that with the reinforcement introduced in the 

concrete, Case 9 had better convergence than Case 8, yet not to as large a story drift as 

the other models with a floor slab. Because of this convergence problem, and the fact that 

the ABAQUS concrete material model is not applicable for cyclic loading analysis, an 

elastic-perfectly plastic model with a reduced stiffness and strength was used to model 

the floor slab in the parametric studies. Case 6, involving a floor slab with a reduced 

concrete stiffness and strength (to account for limited concrete tensile strength), and shear 

studs (with a 50% reduction in their shear stiffness) was judged to be the most accurate 

and feasible model. The verification of the slab model is presented later in Section 3.3.2. 

3.2.6 Material Properties 

Grade 50 steel was assumed for the beams, column, doubler plates and continuity 

plates. Figure 3.14 shows a stress-strain curve for nominal Gr.50 steel (Salmon et al. 

1996) that was used for the monotonic load analysis. The stress-strain curve for cyclic 

analyses is shown in Figure 3.15, which was obtained from Grade 50 material cyclic 

coupon tests conducted by Kaufmann et al. (1999). The monotonic stress-strain 

relationship for the E70T-6 filler metal used in the models is shown in Figure 3.16 and 

was obtained from tensile coupon material tests performed for this study.  

The stress-strain relationship was used in conjunction with the assumption that the 

material was a von Mises material and followed the associated flow rule. The hardening 

model used in the analysis included combined nonlinear isotropic and kinematic strain 

hardening. The stress-strain curve for the cyclic analysis was based on the Grade 50 steel 
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cyclic relationship, where the initial loading response and fully saturated condition was 

based on the properties displayed in Figure 3.15. The engineering stress-strain curves 

(Figures 3.14 through 3.16) were adjusted to establish the true stress-true plastic strain 

relationships, where:  

 )1( engengtrue εσσ +=  (3.2) 

 
E
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eng
pl

true
σεε −+= )1ln(  (3.3) 

In Equations (3.2) and (3.3), σ true  and pl
trueε  are the true stress (Cauchy stress) and true 

(logarithmic) plastic strain, respectively, and σeng and εeng are the engineering stress and 

strain (referred to as the nominal stress and strain in the ABAQUS manuals), 

respectively, and E is Young’s modulus. 

3.2.7 Loading Protocol  

The analyses are conducted by applying either monotonic increasing static 

displacement or cyclic variable amplitude displacement at the top of the column. The 

cyclic displacement amplitude followed the loading protocol in the AISC Seismic 

Provisions (AISC 2002), which is the same as the SAC loading protocol (1997). The 

loading protocol is shown in Figure 4.26. 

3.2.8 Stress and Strain Indices 

A number of different stress, strain, and combined stress-strain indices were 

computed using the finite element results in order to compare the behavior of the 

different connection configurations, and to access the effect of the parameters discussed 

in Section 3.1 on behavior. Some of the stress and strain indices used by El-Tawil et al. 

(1998) and Ricles et al., (2000) were used in the present study, and are described below.  

Hydrostatic (Pressure) Stress - the hydrostatic (or pressure) stress p is defined as: 

 iiijtracep σσ
3
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where σ ij  are the Cauchy stress tensor components, and i, j represent the global 

directions, i = 1, 2, 3, and j = 1, 2, 3. The hydrostatic stress has a negative value for 

tensile hydrostatic stress. A high tensile hydrostatic stress is usually accompanied by 

large principal stresses. When a crack or some other type of flaw exists, high principal 

stresses can result in large stress intensity factors at the crack tips, which increase the 

potential for brittle fracture. 

Von Mises Stress - the von Mises (or equivalent) stress q is defined as: 

 ijij SSq
2
3

=  (3.5) 

where Sij  are the deviatoric stress tensor components, with ijijij pS δσ += , p equal to the 

hydrostatic stress, and δij equal to the Kronecker delta. 

PEEQ Index - the PEEQ index is defined as the ratio of equivalent plastic strain PEEQ 

to the yield strainε y :  

 PEEQ Index = PEEQ y/ ε  (3.6) 

The equivalent plastic strain PEEQ that appears in the numerator of Equation 

(3.6) is defined as: 

 pl
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where εij
p  are the plastic strain components in directions i and j. The PEEQ index is a 

measure of local ductility. 

Rupture Index - defined as the ratio of the PEEQ index to the ductile fracture strain ε f  

multiplied by the material constant α, where: 

 Rupture Index (RI) 
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The quautities p and q were defined previously as the hydrostatic and von Mises stresses, 

respectively. The ratio of hydrostatic stress-to-von Mises stress (p/q) that appears in the 

denominator of Equation (3.8) is known as the triaxiality ratio, TR. 

Equation (3.8) can be used to compare values of the Rupture Index in order to 

evaluate the potential for ductile fracture of two locations in a finite element model or 

between two different models at the same location. Research by Hancock and Makenzie 

(1976) has shown that this criterion is accurate for the types of steels that they tested. The 

failure strain depends on the direction of rolling, initial imperfections, pre-straining, and 

accumulated strain at the potential failure point. 

3.3 Model Verification 

In order to verify the selected element type and mesh density for the global 

models, as well as the slab modeling technique discussed previously, finite element 

models were generated of specimens tested in prior researches and the analysis results 

compared to the test results. 

3.3.1 WUF-W Connection Specimen T5 

Specimen T5, which was an exterior welded unreinforced flange-welded beam 

web (WUF-W) to column connection tested by Ricles et al. (2002), was modeled using 

the techniques described previously. Specimen T5 was a specimen without a floor slab 

and consists of a W14x311 column and a W36x150 beam. The specimen details are given 

in Figure 3.17. The model consisted of 1154 elements, 1282 nodes and 7542 degrees of 

freedom. Initial imperfections were included in the analysis, and were based on a 

proportion of the amplitude of a lower buckling mode of the model. The buckling mode 

was determined by a linear eigenvalue buckling analysis. 

Figure 3.18 shows the comparison of the test and analysis results, where the 

lateral load-story drift response is plotted. The model properly predicted panel zone 

yielding, beam yielding, cyclic beam web and flange local buckling, and strength 

deterioration that occurred in the test specimen. The test results are considered to be in 

good agreement with the experimental results. The degradation in specimen strength seen 
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in Figure 3.18 is associated with the effects of local buckling in the web and flanges of 

the beam. 

3.3.2 RBS Connection Specimen DBBWC 

The calibrated slab model was verified by comparing the predicted cyclic 

behavior of Specimen UTA-DBBWC (Jones et al. 2002) with the test results. Specimen 

UTA-DBBWC was discussed previously, where the specimen details were given in 

Figure 3.11. The specimen was modeled using similar modeling methods as described 

previously. The model consisted of 3365 nodes, 3112 elements, and 19476 degrees of 

freedom. Figure 3.19 shows the model and the first buckling mode from an eigenvalue 

buckling analysis, where a proportion of the amplitude was used as the initial 

imperfection.  

The result of the nonlinear cyclic analysis is shown in Figure 3.20, where the 

lateral load-story drift response is plotted and compared with the test results. The model 

properly predicted panel zone yielding, beam yielding, cyclic beam web and flange local 

buckling in the RBS, and strength deterioration that occurred in the test specimen. The 

predicted response by the model is in good agreement with the experimental results. 

The comparison between the experimental results and finite element analysis 

indicates that the finite element modeling procedures produce an accurate model, which 

should lead to accurate response prediction in the parametric study. The finite element 

model is able to capture the effects of cyclic local buckling and predict the cyclic 

behavior of the specimens very well.  

3.4 Parameter Studies 

The results of the parametric study are presented below. The potential for ductile 

fracture is presented first, which is based on the maximum values of the Rupture Index in 

critical regions of the connection. The Rupture Index is computed using the stress and 

strain state determined from the sub-models subjected to monotonic loading. Although a 

connection is expected to be cyclically loaded during an earthquake, the Rupture Index 

under monotonic loading gives a good indication of expected inelastic cyclic 
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performance (Ricles et al 2000, El Tawil et al. 1998). The global behavior (from the 

global finite element models) under cyclic loading is then presented, where the effects of 

the parameters in the study on the lateral load-story drift response and column twist 

response are evaluated. 

3.4.1 Potential for Ductile Fracture  

3.4.1.1 Effect of Connection Type  

To examine the effect of connection type on ductile fracture potential, two types 

of connections were investigated. These included a WUF-W connection and RBS 

connection. The analysis matrix is given in Table 3.2, and included three column depths 

and one beam section size, resulting in a total of five cases. None of the cases include a 

floor slab. The values of the ratio of panel zone shear strength-to-panel zone shear 

(Rv/Vpz) are summarized in Table 3.2, where Rv is based on Equation (2.3) and Vpz on the 

expected plastic moment Mpr (Equation (2.14)) developing at the RBS. Except for Case 2, 

the panel zones for each case were based on a balanced design, where the current AISC 

seismic design procedure for panel zones discussed in Chapter 2 (using Equation (2.3)) 

was used. Case 2 had a stronger panel zone. Consequently, Case 3, 4 and 5 had a value of 

Rv/Vpz = 1.05 to 1.09, and Case 2 a value of 1.36. Case 1 had Rv/Vpz = 1.22 due to the fact 

that the column web alone was more than adequately thick enough. Panel zone strength 

effects will be discussed in Section 3.4.1.2. Cases 1 and 2 in Table 3.2 both include a 

W14x398 section for the column. Case 1 is an RBS connection while Case 2 is a WUF-

W connection. Cases 3 and 4 in Table 3.2 are an RBS and WUF-W connection type, 

respectively, where both cases have a deeper column section (W36x230). Case 5 is a 

deep column, but of smaller depth and weight (W27x194), with an RBS connection. Case 

5 is included in the analysis matrix because torsion was determined by Chi and Uang 

(2002) (see Chapter 2) to have a greater effect on a W27x194 section as a column in 

conjunction with an RBS connection. In addition, the W27x194 section matched the 

column section size in Specimen D3 tested by Chi and Uang that failed due to torsional 

effects. All cases in Table 3.2 had a W36x150 section for the beam, with no floor slab. 
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Cases 1 and 2 modeled specimen C2 and specimen UTA-DBBW tested by Ricles 

et al (2002) and Jones et al. (2002), respectively. During testing, both Specimen C2 and 

Specimen UTA-DBBW developed a total story drift that exceeded 4% and met the AISC 

Seismic Provisions (AISC 2002) for connection qualification. Case 5 had similar section 

sizes as Specimen D3 tested by Chi and Uang (2002) except that their specimen was a 

one-sided connection. 

The maximum values for the Rupture Index for Cases 1 and 2 are shown in Figure 

3.21 at 4% and 6% imposed story drift. Figure 3.21 indicates that the RBS connection to 

a W14x398 column has a lower Rupture Index, and thus fracture potential, than a WUF-

W connection to a similar column section. The cause for the higher value of the Rupture 

Index in the WUF connection is due to the larger plastic strains, and thus PEEQ Index, 

that develop in the connection region near the column face. The RBS connection 

concentrates the plastic deformations in the reduced beam sections, where the plastic 

hinges form. The maximum moment in the beam at the column face is smaller in the RBS 

connection than the WUF connection, where the latter has a considerable amount of 

strain hardening (Ricles et al, 2000). The maximum moment in the RBS connection 

typically develops at 2% to 4% story drift, with a subsequent deterioration in capacity 

occurring. As a result, no additional plastic deformations developed. Consequently, 

Figure 3.21 shows that there is a minimal increase in the maximum values for the 

Rupture Index in the RBS connection beyond 4% story drift. At 4% story drift the largest 

fracture potential is at the end of the beam web-to-column flange CJP groove weld in 

both connection types, where the WUF connection has a 27% greater value for the 

Rupture Index compared to the RBS connection. 

The maximum values for Rupture Index for Cases 3 through 5 are shown in 

Figure 3.22 at 4% and 6% imposed story drift. These cases involve a deeper column 

(W36x230 and W27x194 section). The results in Figure 3.22 also show a larger value for 

the Rupture Index for the WUF connection type (Case 4) throughout most regions of the 

connection compared to the RBS connection cases (Cases 3 and 5), and thus a greater 

fracture potential. As noted above, the cause of this is due to the larger plastic strains that 

develop in the connection near the column face in the WUF connection. However, the 

reduced strength of the W27x194 section compared to the W36x230 resulted in an 



              Development of Seismic Guidelines for Deep Column Steel Moment Connections 
Ricles, Zhang, Lu, and Fisher 

43 

increase in the Rupture Index throughout the RBS connection in Case 5 (W27x194) 

compared to Case 3 (W36x230), as well as in the most critical connection regions of Case 

1 (see Figure 3.21) involving a W14x398 column section. Similar to the above Cases 1 

and 2, for the deeper column cases (i.e., Cases 3, 4, and 5) the largest fracture potential is 

at the end of the beam web-to-column flange CJP groove weld. The value of the Rupture 

Index at this location is almost doubled in the RBS connection for the lighter W27x194 

column section (Case 5) compared to the W36x230 column section (Case 3). In addition, 

there is a noticeably increase in the Rupture Index in the beam flange CJP groove welds 

in Case 5. The larger value for the Rupture Index for Case 5 at the end of the beam web-

to-column flange CJP groove weld and the beam flange CJP groove weld is associated 

with a larger plastic strain that develops locally at these locations compared to the other 

cases.  

At the end of the beam web-to-column flange CJP groove weld of the WUF 

connection (Case 4, W36x230 column) the Rupture Index value is 221% greater 

compared to the RBS connection (Case 3) with the same column and beam section sizes 

as Case 4, and 63% greater compared to the RBS connection with a W27x194 column 

(Case 5). Similar to Cases 1 and 2, the results in Figure 3.22 for the RBS connections 

(Cases 3 and 5) show no appreciable increase in the Rupture Index beyond 4% story drift. 

The thinner flanges in the deeper columns resulted in a greater Rupture Index at 

the continuity plates, as evident by comparing the results in Figures 3.21 with 3.22 at this 

location. However, the values are not considered to be large. 

Shown in Figures 3.23 and 3.24 are the contour plots of the von Mises stresses, 

equivalent plastic strain (PEEQ), and hydrostatic stress for the connection region and 

beam tension flange region, respectively, for Cases 3 (W36x230 column) and 5 

(W27x194 column). These results are for 4% story drift. The column flange in the sub-

models of Cases 3 and 5 are seen in Figure 3.23(a) to have a von Mises stress larger than 

the yield stress of 50 ksi (due to yielding and strain hardening). However, it is more 

extensive and localized in the W27x194 column (i.e., Case 5) than in the W36x230 

column for Case 3, where in the former the yielding extends through the column flange 

thickness into the region adjacent to the beam web. The more extensive local yielding in 
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the column of Case 5 is due to the reduced section modulus and torsional resistance of the 

W27x194 section, resulting in larger column flange normal stresses. The plastic section 

modulus for the W36x230 section is 49% larger, and the warping normal stresses based 

on elastic theory (see Chapter 2) are about 50% less in magnitude compared to the 

W27x194 section.  

Figure 3.23(b) shows that the equivalent plastic strain is larger in Case 5 

(W27x194 column) than in Case 3 (W36x230 column), and concentrated at the toe of the 

beam web-to-column flange CJP groove weld, with the plastic strain extending into the 

column flange of the W27x194 section. The effective plastic strain is seen in Figure 

3.24(b) to be more extensive in the center of the beam tension flange for Case 5 (at the 

bevel and near the bottom surface of the flange), and is also caused by the column flange 

localized yielding near the column web. 

The results above indicate the RBS connections do not appear to have any greater 

potential for fracture than a WUF connection for various column depths. However, 

deeper columns with a smaller section modulus and torsional resistance result in the 

development of higher local plastic strains and an increase in the potential for ductile 

fracture of the connection compared to a connection to a deep column with a larger 

section modulus and torsional resistance.   

3.4.1.2 Effect of Panel Zone Strength  

A deep column RBS connection was modeled and analyzed to investigate the 

effects of panel zone strength on its behavior. The analysis matrix is given in Table 3.3, 

and included two column sizes and three different panel zone strength design conditions, 

resulting in a total of four cases. The section for the column was either a W36x230 

(Cases 1, 2, and 3) or a W27x194 (Case 4). All cases had a W36x150 section for the 

beam. None of the cases included a floor slab.  

The panel zone strength is expressed in the second-to-last column of Table 3.3, 

where values for the ratio of Rv/Vpz are tabulated. As indicated in Table 3.3, the panel 

zone strengths correspond to values of Rv/Vpz equal to 0.83 (Case 1), 1.09 (Case 2), 1.34 
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(Case 3), which are classified as a weak, balanced, and strong panel zone condition, 

respectively. Case 4 is also considered to be a balanced panel zone design, with Rv/Vpz = 

1.05. 

 The lateral load-story drift response for Cases 1, 2, and 3 is given in Figure 3.25 

for a story drift imposed to 6%. As noted above, these three cases had the same 

corresponding member sizes. The balanced and strong panel zone designs (Cases 2 and 3) 

develop beam local web and flange buckling in the RBS, causing a deterioration in 

strength beginning at a story drift of 2% to 3%. On the contrary, the weak panel zone 

design has yielding and plastic deformations concentrated in the panel zone, and as a 

result local web and flange buckling does not develop in the RBS and cause a 

deterioration in strength. For this latter case the maximum moment developed in the 

beam at the RBS was less than the nominal strength Mp,n. 

 A summary of the maximum values of the Rupture Index at locations throughout 

the connection is given in Figure 3.26 at 4% and 6% story drift. Considering the results 

for Cases 1, 2, and 3 in Figure 3.26, it is apparent that reduced panel zone strengths result 

in an increase in the Rupture Index. The panel zone design (Case 2) based on current 

AISC Seismic Provisions (AISC 2002), i.e., when Rv/Vpz is about equal to 1.0, shows a 

reduction in the Rupture Index by a factor of almost 2.0 throughout the connection 

compared to the weak panel zone (Case 1) at 4% story drift, with an even further 

reduction occurring at 6% story drift. The strong panel zone design (Case 3) results in a 

further reduction in the Rupture Index at the end of the beam web CJP groove weld by as 

much as a factor of 6.0 compared to the weak panel zone case. The reason for this is 

because in the weak panel zone case, the panel zone underwent excessive plastic 

deformation and developed a large concentration of local plastic strain at the beam-to-

column interface, particularly at the end of the beam web-to-column flange CJP groove 

weld, which results in a large PEEQ Index, and thus Rupture Index value. In the balanced 

panel zone case, the panel zone deformation was reduced, while in the strong panel zone 

case most of the plastic deformation develops in the RBS of the beam. The phenomenon 

of developing a large local plastic strain at the end of the beam web CJP groove weld in 
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weaker panel zones was also found in the studies by Ricles et al. (2000) on WUF 

connections to W14 column sections. 

Comparing Cases 2 and 4 in Figure 3.26, which both involve a balanced panel 

zone design, it is seen that the use of a W27x194 section for a column (i.e., Case 4) 

increases the Rupture Index throughout the connection, except in the continuity plates, 

compared to the use of the W36x230 section (Case 2). The reason for the larger value of 

Rupture Index is due to the higher local plastic strain that develops in the flanges of the 

W27x194 column, as noted previously. 

 In summary, a weaker panel zone in a deep column results in a significant 

increase in the potential for ductile fracture of the connection. The use of the current 

AISC Seismic Design Provisions (AISC 2002) results in an appreciable reduction in the 

fracture potential of the connection compared to cases where no doubler plates were used 

and the panel zone strength is such that the Rv/Vpz ratio is less than 1.0. The use of a 

deeper column section that results in larger total stresses due to flexure and torsion, and a 

higher local plastic strain, leads to an increase in the fracture potential of the connection 

with a balanced panel zone strength. 

3.4.1.3 Effect of Column Section Size  

To evaluate the effect of column section size on the performance of an RBS 

connection, the five analysis cases summarized in Table 3.4 were performed. For each 

case, the beam size was selected to ensure a weak beam strong column configuration, and 

the panel zone was designed in accordance with ASIC Seismic Provisions (AISC 2002), 

resulting in a balanced strength condition. Cases 1, 2, and 3 all were interior RBS 

connections with W36x150 beams, with the column sizes equal to a W14x398, 

W36x230, and W27x194, respectively. Case 4 consisted of an interior RBS connection 

with a W27x146 column and W30x108 beams. Case 5 was an exterior RBS connection 

(i.e., one-sided connection) with a W27x194 column and one W36x150 beam. The 

continuity plates were A36 steel for Case 5 (Gr. 50 was used for all the other cases). Case 

5 is identical to Specimen D3 that was tested by Chi and Uang (2002), where as noted 
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previously the performance of the RBS connection was found to be poor, and affected by 

the column twist that occurred. 

The elastic torsion analysis presented in Chapter 2 indicates that Case 1 is not as 

sensitive to torsional loading, for the W14x398 section is the heaviest column section in 

the analysis matrix. The W14x398 column has lower elastic warping stresses and a larger 

elastic torsional stiffness than the lighter W27x194 and W27x146 columns of Case 2 and 

3, respectively. According to the elastic torsion analysis in Chapter 2, the elastic warping 

normal stresses developed in the W27x146 section are about 2 times more compared to 

the W27x194 section, 3 times more compared to the W36x230 section, and 6 times more 

than a W14x398 column. 

The Rupture Index at the critical locations in the connection region for the various 

cases is summarized in Figure 3.27 at 4% and 6% story drift. It appears that the 

maximum Rupture Index value in each case again occurs at the end of the beam web-to-

column flange CJP groove weld. The Rupture Index in the column k-area and continuity 

plates is small for all cases. Case 3 (W27x194) has the largest value for the Rupture 

Index among all the cases. The increase in the value of the Rupture Index at the end of 

the beam web-to-column flange CJP groove weld and beam flange CJP groove welds in 

Case 3 compared to the other cases is due to the larger local plastic strain that develops in 

the column flange, as explained previously. Although the W27x146 column (Case 4) has 

a smaller section modulus and torsional resistance than the W27x194, the RBS 

connection to the W27x146 involves a smaller beam section (W30x108). As a result, in 

Case 4 the total stresses in the column are smaller than Case 3, as are the local plastic 

strains in the column flange and at the beam-column interface. Consequently, the Rupture 

Index is smaller in Case 4 than in Case 3. 

The RBS connection with a W36x230 column (Case 2) has lower values for the 

Rupture Index throughout the connection compared to the RBS connection to the 

shallower W14x398 column (Case 1). The reason for this is due to the smaller local 

plastic strains that develop at the interface between the beam and the W36x230 column. 

An exception is at the continuity plates. However, at this location the Rupture Index 

values are small for both cases. Case 5 (one-sided RBS connection to a W27x194 



              Development of Seismic Guidelines for Deep Column Steel Moment Connections 
Ricles, Zhang, Lu, and Fisher 

48 

column) has a noticeable larger value for the Rupture Index value in the continuity plates 

than the other cases. Because the continuity plates in the model for Case 5 are A36 steel, 

they yielded earlier and developed larger plastic strain compared to the other cases, 

leading to a larger PEEQ Index.  

In summary, it was found that the fracture potential does not necessarily increase 

in an RBS connection to a deeper column. Rather, the fracture potential of an RBS 

connection is highly dependent on the plastic strain that develops at the beam-column 

interface. For a given beam section size, a deeper column with a larger section modulus 

will have a lower fracture potential than one with a smaller section modulus, since in the 

latter case the flexural and torsional warping normal stresses are smaller, leading to 

smaller local plastic deformations at the beam-column interface. Smaller beams can 

reduce the fracture potential of the connection by imposing smaller forces on the 

connection and column, leading to reduced plastic deformations in the connection. 

Judging the performance based on the elastic total stress for an RBS connection 

with a slab, where the warping stresses are computed as recommended by Chi and Uang 

(2002) does not appear to be consistent with the trend in the values for the Rupture Index. 

As shown in Figure 3.28, the RBS connections with a W30x108 beam and W27x146 

column and a W36x150 beam and W36x230 column would have the second and third 

largest column total normal stress, respectively. The Rupture Index at the most critical 

location in the RBS connection with a W27x146 column (at the beam web-to-column 

flange CJP groove weld) was found to be the lowest among the two-sided connections in 

Figure 3.27, while the RBS connection to a W36x230 column had the second lowest 

maximum value for the Rupture Index in Figure 3.27. Thus, evaluating the performance 

of an RBS connection to a deep column based on total normal column elastic stress 

appears to need refinement. The values for the normal warping stress appear to be the 

cause for the discrepancy between the trend in total stress and the Rupture Index values. 

3.4.1.4 Effect of Continuity Plate Thickness  

The effect of continuity plate thickness on the fracture potential of an RBS 

connection to a deep column was investigated by performing the two analysis cases 
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identified in Table 3.5 as Cases 1 and 2, which had a balanced panel zone design. Both 

cases consisted of a W27x194 section for the column, which as reported above was found 

to result in the largest fracture potential for an RBS connection (see Figure 3.27). The 

beam for both cases was a W36x150 section. For Case 1, a one-inch thick set of 

continuity plates was included in the model (referred to as Full Thickness), where the 

continuity plates were as thick as the beam flanges. For Case 2, the continuity plates were 

reduced to half of this thickness (i.e., 0.5 inches), and referred to as Half Thickness.  

The results for the Rupture Index are given in Figure 3.29 at 4% and 6% story 

drift. The results in Figure 3.29 show an increase in the ductile fracture potential of the 

connection when the continuity plate thickness is reduced. The largest values for the 

Rupture Index are at the beam web-to-column flange CJP groove weld and the beam 

flange CJP groove weld. At a story drift of 4% the Rupture Index at these locations 

increases by 15% and 32% when the continuity plate thickness is reduced. These values 

are however less than that in the WUF connection to a W36x230 column section (see 

Case 4 in Figure 3.22), and therefore have a lower fracture potential than this WUF 

connection had with full thickness (one-inch) continuity plates. 

3.4.1.5 Effect of Floor Slab  

The effect of a floor slab on the ductile fracture potential of an RBS interior 

connection was investigated by performing the six analysis cases identified in Table 3.6. 

The two parameters varied in the analysis matrix included the column section size and the 

presence of the floor slab. All cases have a W36x150 beam. Cases 1 and 2 have a 

W14x398 column without and with a floor slab, respectively, while Cases 3 and 4 have a 

W36x230 column without and with a floor slab, respectively. Cases 5 and 6 have a 

W27x194 column without and with a floor slab, respectively. All cases had a balanced 

panel zone design. 

The results for the values of the Rupture Index at the connection are shown in 

Figures 3.30 through 3.32 for the various cases at 4% and 6% story drift. The floor slab is 

shown to increase the Rupture Index in all cases, where the maximum value for all cases 

occurs at the beam web-to-column-flange CJP groove weld. The increase in the Rupture 
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Index at this location when adding a floor slab to the RBS connection having a W14x398 

column (Case 2) is due to an increase in both the local plastic strain (by a factor of two) 

and the triaxiality ratio (by 25%). For the deeper columns the increase in the Rupture 

Index when adding the slab is less, and equal to 47% for the W36x230 column (Case 3 

vs. Case 4) and about 9% for the W27x194 column (Case 5 vs. Case 6). This modest 

increase in the Rupture Index for the RBS connections with a deeper column is due to the 

increase in the local plastic strain at the column-beam interface, with the triaxiality ratio 

not being affected as much by the presence of the floor slab. 

Thus, the floor slab appears to increase the fracture potential of an RBS 

connection, where the RBS connection to the shallower W14x398 RBS column with a 

floor slab has a greater potential for ductile fracture than the RBS connections to a deeper 

column. 

3.4.1.6 Effect of Axial Load  

To investigate the effect of axial load, analyses were done with the axial load 

imposed to the finite element models before applying the cyclic lateral loading. Three 

cases were analyzed as shown in Table 3.7. All three cases had a W27x194 column, 

W36x150 beams and a composite floor slab. The only varying parameter was the axial 

load. Case 1 had no axial load applied to the column, Case 2 had 285 kips of axial load 

applied to the column (resulting in a column stress of 5 ksi due to axial load), and Case 3 

had 570 kips of axial load applied to the column (resulting in a column stress of 10 ksi 

due to axial load). The stresses due to axial load in Cases 2 and 3 correspond to 10% and 

20% of the nominal yield strength of the column material, respectively. 

The results for the Rupture Index at the connection are given in Figure 3.33 for 

the various cases at 4% and 6% story drift. It can be seen from the figure that the axial 

load doesn’t increase the value of the Rupture Index in the connection at story drift of 

4%. In fact, at most locations the value of the Rupture Index remained basically 

unchanged with the presence of an axial load, regardless of the magnitude of the axial 

load; and at some locations, the value of the Rupture Index was even slightly reduced 

with the presence of axial load. However, at 6% story drift, the value of the Rupture 
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Index increased at most locations in a presence of the axial load. The maximum increase 

of the value of the Rupture Index caused by the axial load is less than 20%. 

It appears that the axial load does not have a significant effect on fracture 

potential at the connection region at 4% story drift. The axial load slightly increases the 

fracture potential at 6% large story drift level. 

3.4.2 Cyclic Global Behavior  

3.4.2.1 Effect of Panel Zone Strength 

The effect of panel zone strength on the cyclic behavior of an RBS connection 

was investigated by performing the analysis cases summarized in Table 3.8. The analysis 

included one column size (W27x194) and three different panel zone strengths (weak, 

balanced, and strong), resulting in a total of three cases (Cases 1, 2, and 3). The thickness 

of the doubler plate to achieve the different panel zone strengths is noted in Table 3.8. 

The section size for the beams in all cases was a W36x150. None of the cases included a 

floor slab. The panel zone strength is expressed in the second-to-last column of Table 3.8, 

where values for the ratio of Rv/Vpz are tabulated. Cases 1, 2, and 3 correspond to a weak 

panel zone (Rv/Vpz = 0.65), a balanced panel zone (Rv/Vpz = 1.05) and a strong panel zone 

(Rv/Vpz = 1.25), respectively. The W27x194 section was selected for this study on global 

behavior, in lieu of the W36x320 section used in the study of the effect of panel zone 

strength on ductile fracture potential, because it was found that the W27x194 is more 

effected by panel zone strength (see Figure 3.26). 

The lateral load-story drift hysteretic response for all three cases is shown plotted 

in Figure 3.34. Similar to the monotonic analysis results shown in Figure 3.25, the 

hysteretic response has the weak panel zone (Case 1) developing the lowest strength, but 

not degrade in capacity, while the balanced and strong panel zone cases (Cases 2 and 3, 

respectively) have a deterioration in capacity due to beam local web and flange buckling, 

as well as lateral flange movement in the RBS. The deterioration in capacity commenced 

between 2% to 3% story drift. The balanced and strong panel zone cases in Figure 3.34 

show an almost identical lateral load-story drift hysteretic response. The weak panel zone 
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design had yielding and plastic deformations concentrated in the panel zone, leading to 

local buckling in the panel zone as shown in Figure 3.35. 

The column twist for all three cases at selected story drifts is given in Figure 3.36. 

The case with a weak panel zone (Case 1) is shown to have minimal column twist, with 

significantly more twist developing in the models with a balanced and strong panel zone 

(Cases 2 and 3, respectively). The reason for this is because in the weak panel zone case 

the RBS did not develop significant yielding that would cause local buckling in the RBS. 

In the other two cases significant inelastic deformations developed in the RBS, leading to 

local buckling in the RBS and lateral beam flange movement. This local buckling and 

lateral flange movement lead to torsional loading and twisting of the column. 

In summary, the RBS connection with a weak panel zone had minimal column 

twist, while the balanced and strong panel zone cases had an increase, and similar amount 

of column twist. While beam instability, strength deterioration, and column twist are 

avoided in an RBS connection with a weaker panel zone, the overall strength of the 

connection is jeopardized. Furthermore, as noted in Section 3.4.1.2 the larger amount of 

plastic deformation that develops in weaker panel zones increases their potential for 

ductile fracture of the connection.   

3.4.2.2 Effect of Floor Slab  

To investigate the effects of a composite floor slab on the global performance of 

an RBS connection, models with a bare steel connection and with a composite floor slab 

were both analyzed and their results compared. The analysis matrix to investigate the 

effects of a floor slab consisted of the four cases given in Table 3.9. All cases had the 

same W36x150 beam size. Cases 1 and 2 both had a W14x398 column, with the former 

having no floor slab and the latter a floor slab. Cases 3 and 4 both had a W27x294 

column without and with a floor slab, respectively. 

The lateral load- story drift hysteretic response for all four cases is given in Figure 

3.37. Cases with the same column section size are superimposed in Figures 3.37(a) and 

(b), respectively. It is apparent in Figure 3.37(a) and (b) that the floor slab enhances the 

performance of an RBS connection to both a shallow and deep column, by stabilizing the 
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beam in the RBS region. The floor slab appears to increase the strength of the connection, 

delay the onset of strength degradation, and reduce the amount of strength degradation. 

The floor slab appears a somewhat greater effect on a shallower column section (Case 2 – 

W14x398) than a deeper W27x194 column section (Case 4), where in the former there is 

a greater increase in the strength and a reduction in the amount of strength degradation of 

an RBS connection. The increase in the maximum strength provided by the floor slab in 

Case 2 and 4 is 4% and 2%, respectively. The increase in strength at 4% story drift for 

Case 2 compared to the bare steel connection with a similar W14x298 column (Case 1) is 

18%, and 16% for Case 4 at 4% story drift compared to the bare steel connection with a 

similar W27x194 column (Case 3). The enhancement of the connection performance (i.e., 

reduction in the amount of strength degradation) is consistent with the finding in the 

study by Jones et al. (2002) on RBS connections to W14 column sections, who observed 

that the slab appears to have a stabilizing effect on the RBS moment connection, 

increasing the load and rotation capacity of the specimen. 

Figure 3.38 shows the column twist angle at selected story drift levels for the four 

analysis cases. The results show a greater column twist for a deeper column (i.e., Cases 3 

and 4), and a significant reduction in the column twist with the addition of the floor slab, 

particularly with a story drift up to 4%.  

The column twist for these four cases is plotted in Figure 3.39 against the elastic 

torsional stiffness from Chapter 2. Included in Figure 3.39 are the analysis results for an 

RBS connection to a W36x230 column, with and without a floor slab. The appreciable 

reduction in column twist when adding a slab to the model is apparent in Figure 3.39. The 

trend in the relationship between column twist and column elastic torsional stiffness is a 

straight line for cases with a floor slab, implying that the column is behaving in a global 

sense elastically. The localized flange yielding in the W27x194 column section without a 

floor slab led to an increase, not only in the Rupture Index but also in the column twist, 

where Figure 3.39 shows a deviation from a linear response. The column twist appears to 

be functionally related to neither the torsional constant J by itself (see Figure 3.40) nor 

the value for the ratio 3/ cfth  (see Figure 3.41), where in these figures there is a scatter in 



              Development of Seismic Guidelines for Deep Column Steel Moment Connections 
Ricles, Zhang, Lu, and Fisher 

54 

the data. Consequently, the section property J and the ratio 3/ cfth  cannot be used as a 

good indicator of column twist. Instead, the column elastic torsional stiffness is best used. 

3.4.2.3 Effect of Beam Web Slenderness 

The effect of beam web slenderness on the behavior of an RBS connection to a 

deep column was investigated by considering the 32 analyses summarized in Table 3.10. 

The parameters in the analysis matrix consisted of beam web slenderness (W36 sections 

ranging in weight from 135 lbs/ft to 256 lbs/ft), column section size (W36x230 and 

W27x194), and the floor slab. The proportioning of the beam and column sizes in all of 

the analysis cases in Table 3.10 satisfied the weak beam-strong column criteria in the 

AISC Seismic Provisions (AISC 2002).  

The out-of-plane (i.e., lateral) movement of the beam bottom flange at the center 

of RBS is plotted as a function of the beam web slenderness in Figure 3.42, where the 

results for the W36x230 column and W27x194 column are shown in Figure 3.42(a) and 

(b), respectively, at 4% story drift. The results from the analysis show that the movement 

of the beam flange increases with a reduction in beam web slenderness for the cases 

without a floor slab. Furthermore, cases with a W27x194 column develop more beam 

flange movement in the RBS than those with a W36x230 column. The reason for this is 

associated with the column torsional flexibility and yielding phenomena discussed 

previously. The addition of the floor slab is shown to significantly decrease the transverse 

movement of the beam flange at the RBS, where the transverse movement is less than the 

value of 0.2bf, (bf is the beam flange width), suggested by Chi and Uang (2002) in their 

design procedure.  

The increase in the beam flange transverse movement with a less slender beam 

web is due to the increase in beam flange force. The area of the beam flange increases in 

wide flange sections as the beam web slenderness is decreased. A larger beam flange area 

results in a larger flange compressive force, leading to a grater applied torque to the 

column by the RBS connection.  

The column twist developed in the models at 4% story drift is plotted against 

beam web slenderness in Figure 3.43, where the results without and with a floor slab are 
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shown in Figure 3.43(a) and (b), respectively. For the cases without a slab (Figure 

3.43(a)) it is seen that the increase in beam flange area offsets the reduction in beam web 

slenderness, leading to an increase in column twist. Because the W27x194 is more 

flexible in torsion compared to the W36x230 section, for the same beam section the RBS 

connection to the lighter column results in a greater amount of column twist, (see Figure 

3.43(a)). The results for analyses with a floor slab are shown in Figure 3.43(b) to have a 

significant reduction in column twist, with an almost constant value compared to the 

results plotted in Figure 3.43(a). Similar to the results in Figure 3.39, Figure 3.43 shows 

that the column twist for cases involving the W27x194 section is slightly more than that 

involving a W36x230 section when the floor slab is present. 

In summary, the restraint provided to the beam top flange in the RBS results in 

the column twist not being sensitive to the beam web slenderness, and significantly 

reduces the beam bottom flange movement and column twist compared to results from 

models without the floor slab. The column torsional rigidity appears to be the main 

variable in column twist when a floor slab is present. 

3.4.2.4 Effect of Axial Load  

The effect of axial load on the connection cyclic behavior was investigated by 

analyzing and comparing cases with different axial load levels. Table 3.11 summarizes 

the three cases that were studied. All three cases had a W27x194 column, W36x150 

beams and a composite floor slab. The only varying parameter is the axial load in these 

cases. Case 1 had no axial load on the connection, Case 2 had 285 kips of axial load on 

the column, resulting in a stress of 5 ksi due to axial load, and Case 3 had 570 kips of 

axial load on the column, resulting in a stress of 10 ksi due to axial load. Case 2 and 3 

correspond to an axial stress of 10% and 20%, respectively, of the column nominal yield 

stress. 

The comparison of the lateral load-story drift hysteretic response for the three 

cases is shown in Figure 3.44. The axial load has only a slight effect on the connection 

cyclic behavior, particularly after 3% story drift. This is associated with the P-∆ effect 
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The axial load is shown to slightly reduce the maximum capacity and result in a 

slightly greater amount of deterioration in capacity following the peak load. Cases 2 and 

3 have a 2.2% and 3.9% reduction in maximum load capacity compared to Case 1.  At 

5% story drift, Cases 2 and 3 developed 9.8% and 21.8% greater strength deterioration 

than Case1. 

3.5 Summary and Conclusions 

A parametric study was performed to investigate the ductile fractional potential 

and cyclic behavior of moment connections. The parameters in the study included: (1) 

connection type; (2) column size; (3) beam size; (4) panel zone strength; (5) continuity 

plate thickness; (6) composite floor slab; and (7) axial load. The major conclusions and 

recommendations based on the parametric study involving the finite element analysis are 

noted below.  

(1) The finite element studies indicate that RBS connections have less potential for 

ductile fracture at the connection region than WUF connections.  

(2) The fracture potential and column twist in an RBS connection depends on the section 

modulus and torsional rigidity of the column section, where larger stresses in the 

column flange can lead to a higher ductile fracture potential in the connection as well 

as column twist. An RBS connection with a deeper column can have a smaller ductile 

fracture potential than an RBS connection to a shallower column, if the deeper 

column has lower stresses in the column flanges. 

(3) Panel zone strength plays an important role in RBS connections to deep columns. 

Weaker panel zones have an increase in the ductile fracture potential in the 

connection. Stronger panel zones result in an increase in the column twist and 

degradation in connection capacity under cyclic loading due to beam local and lateral 

buckling in the RBS. A balanced panel zone strength design is recommended, using 

the current AISC Seismic Provisions (AISC 2002). 

(4) The finite element analysis results show that a composite floor slab provides restraint 

to the top flange of the beams whereby the magnitude of beam top and bottom flange 

lateral movement in the RBS, as well as the column twist are reduced. Strength 
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degradation due to beam instability in the RBS is also reduced by the restraint effect 

obtained from the floor slab. However, the floor slab increases the fracture potential 

of the connection, particularly at the end of the beam web-to-column flange CJP 

groove weld. This increase is more pronounced in shallower columns. 

(5) With the presence of a floor slab, out-of-plane movement of the RBS bottom flange 

and column twist are not sensitive to the beam section size and beam web 

slenderness. Without the floor slab, the RBS lateral movement and column twist tend 

to increase with an increase in beam section size. Heavier beam sections have a 

smaller web slenderness, which can improve the beam stability; but at the same time 

the driving force for the column twist gets larger since the beam flange area increases. 

The lateral movement of the beam bottom flange in the presence of a floor slab is less 

than the value of 20% of the beam flange width proposed by Chi and Uang (2002). 

(6) Reducing the thickness of the continuity plates increases the ductile fracture potential 

of an RBS connection to a deep column. The critical location with the largest Rupture 

Index remains at the end of the beam web-to-column flange CJP groove weld; 

however, there is an increase in the Rupture Index in the beam flange-to-column 

flange CJP groove welds when the continuity plate thickness is reduced. 

(7) The axial load has a slight effect on connection behavior, including both local fracture 

potential and global behavior. Applying practical values of the axial load on a 

perimeter moment frame column, the axial load will not significantly degrade the 

connection performance when the stress due to axial load is less than 20% of the 

column material yield strength. The axial load of 20% of the column nominal yield 

stress is well within the range of axial load applied to the columns in a perimeter 

SMF. 

(8) The total column normal elastic stresses based on the procedure proposed by Chi and 

Uang (2002) does not show consistent trends with the performance based on the 

Rupture Index for the RBS connections. The value of the elastic warping normal 

stress appears to be high based on the procedure proposed by Chi and Uang. 

(9) The best indicator for column twist is the column elastic torsional stiffness, 

considering both the effects of St. Venant and Warping Torsion. No clear trend was 
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found to exist between the column twist from the finite element analyses and the ratio 

of 3/ cfth  for the column. 
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Table 3.1 – Analysis matrix for calibration of composite floor slab model 

Case Comments 

1 Bare steel connection subassembly without a floor slab; laterally braced to 
prevent lateral-torsional buckling of the beams. 

2 
Connection subassembly with an elastic-perfectly plastic material model for the 
concrete floor slab, using 60% of the original concrete Young’s modulus and 2 
ksi for concrete yield stress. 

3 
Connection subassembly with an elastic-perfectly plastic material model for the 
concrete floor slab, using 30% of the original concrete Young’s modulus and 1 
ksi for concrete yield stress. 

4 
Connection subassembly with an elastic-perfectly plastic material model for the 
concrete floor slab, using 3% of the original concrete Young’s modulus and 0.1 
ksi for concrete yield stress. 

5 
Bare steel connection subassembly without a floor slab; laterally braced to 
prevent lateral-torsional buckling of the beams; beam local buckling restrained 
by excluding geometric nonlinearities. 

6 
Same as Case 3, with elastic-perfectly plastic spring elements added to model 
flexibility of the shear studs; shear studs were also assigned a 50% reduction in 
their elastic stiffness. 

7 
Same as Case 3, with elastic-perfectly plastic spring elements added to model 
flexibility of the shear studs; the full elastic stiffness of the shear studs were 
used. 

8 Connection subassembly with a floor slab; the concrete constitutive model in 
ABAQUS was used as the material model for the floor slab. 

9 Same as Case 8, with reinforcement added to the concrete floor slab. 
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Table 3.2 – Analysis matrix to evaluate effect of connection type on ductile fracture 
potential 

Case Column Beam 

Doubler 
Plate 

Thickness 
(in.) 

Continuity 
Plate 

Thickness 
(in.) 

Connection 
Type pz

v
V

R  

1 W14x398 W36x150 0 1 RBS 1.22 

2 W14x398 W36x150 2@¾ 1 WUF 1.36 

3 W36x230 W36x150 1@¼ 1 RBS 1.09 

4 W36x230 W36x150 1@⅝ 1 WUF 1.09 

5 W27x194 W36x150 1@½ 1 RBS 1.05 

Note:, Rv = Panel zone shear strength, Equation (2.3); 
Vpz = Panel shear force, based on beam moment from Equation (2.14). 

 
 

Table 3.3 – Analysis matrix to evaluate effect of panel zone strength on ductile fracture 
potential of an RBS connection to a deep column 

Case Column Beam 

Doubler 
Plate 

Thickness 
(in.) 

Continuity 
Plate 

Thickness 
(in.) 

pz

v
V

R  Comments

1 W36x230 W36x150 0 1 0.83 Weak panel 
zone 

2 W36x230 W36x150 1@¼ 1 1.09 Balanced 
panel zone 

3 W36x230 W36x150 1@½ 1 1.34 Strong panel 
zone 

4 W27x194 W36x150 1@½ 1 1.05 Balanced 
panel zone 

Note:, Rv = Panel zone shear strength, Equation (2.3); 
Vpz = Panel shear force, based on the beam moment from Equation (2.14). 
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Table 3.4 – Analysis matrix to evaluate effect of column depth on ductile fracture 
potential of an RBS connection 

Case Column Beam Doubler Plate 
Thickness (in.) 

Continuity 
Plate 

Thickness (in.) pz

v
V

R  

1 W14x398 W36x150 0 1 1.22 

2 W36x230 W36x150 1@¼ 1 1.09 

3 W27x194 W36x150 1@½ 1 1.05 

4 W27x146 W30x108 1@⅜ ¾ 1.05 

5 W27x194 W36x150 (1) 0 1 (2) 1.31 

Note:  1. All cases are interior connections, except Case 5, which is a connection to an exterior column; 
2. All cases have Gr. 50 steel continuity plates, except Case 5 which has A36 steel continuity 

plates; 
3. Rv = Panel zone shear strength, Equation (2.3); 

Vpz = Panel shear force, based on the beam moment from Equation (2.14). 
 

Table 3.5 – Analysis matrix to evaluate effect of continuity plate thickness on ductile 
fracture potential of an RBS connection to a deep column 

Case Column Beam 

Doubler 
Plate 

Thickness 
(in.) 

Continuity 
Plate 

Thickness 
(in.) 

pz

v
V

R  

1 W27x194 W36x150 1@½ 1 1.05 

2 W27x194 W36x150 1@½ ½ 1.05 

Note:, Rv = Panel zone shear strength, Equation (2.3); 
Vpz = Panel shear force, based on the beam moment from Equation (2.14). 

 
Table 3.6 – Analysis matrix to evaluate effect of floor slab on ductile fracture potential of 

an RBS connection to a deep column 

Case Column Beam 

Doubler 
Plate 

Thickness 
(in.) 

Continuity 
Plate 

Thickness 
(in.) 

Floor 
Slab pz

v
V

R  

1 W14x398 W36x150 0 1 No 1.22 

2 W14x398 W36x150 0 1 Yes 1.22 

3 W36x230 W36x150 1@¼ 1 No 1.09 

4 W36x230 W36x150 1@¼ 1 Yes 1.09 

5 W27x194 W36x150 1@½ 1 No 1.05 

6 W27x194 W36x150 1@½ 1 Yes 1.05 

Note:, Rv = Panel zone shear strength, Equation (2.3); 
Vpz = Panel shear force, based on the beam moment from Equation (2.14). 
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Table 3.7 – Analysis matrix to evaluate effect of axial load on ductile fracture potential of 
an RBS connection to a deep column 

Case Column Beam 

Doubler 
Plate 

Thickness 
(in.) 

Continuity 
Plate 

Thickness 
(in.) 

pz

v
V

R  
Stress due 
to Axial 

Load (ksi) 

1 W27x194 W36x150 1@½ 1 1.05 0 

2 W27x194 W36x150 1@½ 1 1.05 5 

3 W27x194 W36x150 1@½ 1 1.05 10 
Note: Rv = Panel zone shear strength, Equation (2.3); 

Vpz = Panel shear force, based on beam moment from Equation (2.14). 
 

Table 3.8 – Analysis matrix to evaluate effect of panel zone strength on cyclic global 
performance of an RBS connection to a deep column 

Case Column Beam 

Doubler 
Plate 

Thickness 
(in.) 

Continuity 
Plate 

Thickness 
(in.) 

pz

v
V

R  Comments 

1 W27x194 W36x150 0 1 0.65 Weak panel 
zone 

2 W27x194 W36x150 1@½ 1 1.05 Balanced 
panel zone 

3 W27x194 W36x150 1@¾ 1 1.25 Strong panel 
zone 

Note: Rv = Panel zone shear strength, Equation (2.3); 
Vpz = Panel shear force, based on beam moment from Equation (2.14). 

 
 

Table 3.9 – Analysis matrix to evaluate effect of composite floor slab on cyclic global 
performance of an RBS connection 

Case Column Beam 

Doubler 
Plate 

Thickness 
(in.) 

Continuity 
Plate 

Thickness 
(in.) 

Slab 
pz

v
V

R  

1 W14x398 W36x150 0 1 No 1.22 

2 W14x398 W36x150 0 1 Yes 1.22 

3 W27x194 W36x150 1@½ 1 No 1.05 

4 W27x194 W36x150 1@½ 1 Yes 1.05 
Note: Rv = Panel zone shear strength, Equation (2.3); 

Vpz = Panel shear force, based on beam moment from Equation (2.14). 
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Table 3.10 – Analysis matrix to evaluate effect of beam web slenderness on cyclic global 
performance of an RBS connection to a deep column 

Column Beam 

Beam Web 
Slenderness 

wt
h  

Doubler 
Plate  
(in.) 

*

*

pb

pc

M
M

Σ

Σ
 

pz

v

V
R

 Composite 
Floor Slab 

W36x135 54.1 1/8 2.28 1.08 
W36x150 51.9 1/4 2.03 1.09 
W36x160 49.9 1/4 1.91 1.01 
W36x170 47.7 3/8 1.79 1.06 
W36x182 44.8 1/2 1.66 1.08 
W36x194 42.4 1/2 1.55 1.01 
W36x210 39.1 5/8 1.42 1.01 
W36x232 37.3 7/8 1.28 1.05 
W36x256 33.8 1 1.14 1.01 

No 

W36x135 54.1 1/8 2.28 1.08 
W36x150 51.9 1/4 2.03 1.09 
W36x160 49.9 1/4 1.91 1.01 
W36x170 47.7 3/8 1.79 1.06 
W36x182 44.8 1/2 1.66 1.08 
W36x194 42.4 1/2 1.55 1.01 
W36x210 39.1 5/8 1.42 1.01 
W36x232 37.3 7/8 1.28 1.05 

Yes 

W36x230 

W36x256 33.8 1 1.14 1.01 
W36x135 54.1 1/2 1.58 1.16 
W36x150 51.9 1/2 1.39 1.05 
W36x160 49.9 5/8 1.32 1.07 
W36x170 47.7 5/8 1.23 1.01 
W36x182 44.8 3/4 1.15 1.01 
W36x194 42.4 7/8 1.07 1.02 
W36x210 39.1 1 0.98 1.00 

No 

W36x135 54.1 1/2 1.58 1.16 
W36x150 51.9 1/2 1.39 1.05 
W36x160 49.9 5/8 1.32 1.07 
W36x170 47.7 5/8 1.23 1.01 
W36x182 44.8 3/4 1.15 1.01 
W36x194 42.4 7/8 1.07 1.02 

W27x194 

W36x210 39.1 1 0.98 1.00 

Yes 

Note:   1. =Σ *
pcM sum of the column nominal plastic moment capacity extrapolated to the intersection of 

the beam and column centerlines; 
=Σ *

pbM sum of the beam expected plastic moment capacity extrapolated to the intersection of 
the beam and column centerlines. 

2. Rv  = Panel zone strength, Equation (2.3); 
Vpz  = Panel zone shear force, based on beam moment from Equation (2.14). 
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Table 3.11 – Analysis matrix to evaluate effect of axial load on cyclic global performance 
an RBS connection to a deep column 

Case Column Beam 

Doubler 
Plate 

Thickness 
(in.) 

Continuity 
Plate 

Thickness 
(in.) 

pz

v
V

R  
Stress due 
to Axial 

Load (ksi) 

1 W27x194 W36x150 1@½ 1 1.05 0 

2 W27x194 W36x150 1@½ 1 1.05 5 

3 W27x194 W36x150 1@½ 1 1.05 10 
Note: Rv = Panel zone shear strength, Equation (2.3); 

Vpz = Panel shear force, based on beam moment from Equation (2.14). 
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Figure 3.1 – Test set-up 

 
 
 

 
 
 

Figure 3.2 – Global model span length and boundary conditions 
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Figure 3.3 – Three-dimensional connection finite element model 
 
 

 
Figure 3.4 – Critical locations in connection where rupture index values 

were determined in sub-model 
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Figure 3.5 – Mesh for convergence study of sub-model 

 
 

(a)  4 elements through beam 
flange thickness, 16 elements 
across beam flange width 

(d)  6 elements through beam 
flange thickness, 14 elements 
across beam flange width 

(b)  6 elements through beam 
flange thickness, 17 elements 
across beam flange width 

(e)  6 elements through beam 
flange thickness, 18 elements 
across beam flange width 

(c)  8 elements through beam 
flange thickness, 16 elements 
across beam flange width 

(f)  6 elements through beam 
flange thickness, 22 elements 
across beam flange width 
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(a) von Mises Stress in HAZ across Beam Width
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Figure 3.6 – Comparison of results for meshes with different number of 

elements through the beam flange thickness 
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(a) Mises in HAZ across Beam Width 
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Figure 3.7 – Comparison of results for meshes with different number of 
elements across the beam flange width 
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Figure 3.8 – Column torsional bracing in test setup 
 
 
 
 

 
 

Figure 3.9 – Column bracing modeling in analysis 
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Figure 3.10 – Effect of column torsional bracing stiffness 
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(a) Connection details 

 

 
(b) Slab details 

 
Figure 3.11 – Connection details of Specimen UTA-DBBWC  

(after Jones et al. 2002) 
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Figure 3.12 – Spring models for shear studs 
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Figure 3.13 – Comparison of analysis results for different modeling cases (from Table 
3.1) to develop the floor slab model 
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Figure 3.14 – Nominal Gr. 50 steel stress-strain curve (Salmon et al. 1996) 

 

 
Figure 3.15 – Nominal Gr. 50 steel cyclic stress-strain curve (Kaufmann et al. 1999) 
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Figure 3.16 – E70T-6 electrode stress-strain curve 
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(a) Connection details 
 

 
 

(b) Test set-up 
 
 

Figure 3.17 – Connection details and test set-up of SAC Specimen T5 
tested by Ricles et al. (2002) 
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Figure 3.18 – Comparison of experimental and analytical (ABAQUS) results for lateral 

force vs. story drift of Specimen T5 
 
 

 
 

Figure 3.19 – First buckling mode of Specimen DBBWC (slab not shown for clarity) 
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Figure 3.20 – Comparison of experimental and analytical (ABAQUS) results for lateral 
force vs. story drift of Specimen UTA-DBBWC 

(Courtesy of Dr. Engelhardt for the experimental data) 
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(a) 4% Story Drift 
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(b) 6% Story Drift 

Figure 3.21 – Comparison of Rupture Index for RBS and WUF interior connections with 
a shallow column (W14x398 column; W36x150 beams; refer to Table 3.2 for case 

details) 
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(a) 4% Story Drift 
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(b) 6% Story Drift 

 
Figure 3.22 – Comparison of Rupture Index for RBS and WUF interior connections to a 

deep column (W36x150 beams; refer to Table 3.2 for case details)
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(a) von Mises Stress 

 

   
(b) PEEQ 

 

 
(c) Pressure 

Figure 3.23 – Contour plots of sub-model at 4% story drift, with exposed cuts through the 
left-hand column flange 
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Figure 3.24 – Contour plots of beam flange and weld access hole region of sub-model at 

4% story drift 
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Figure 3.25 – Effect of panel zone strength on lateral load-story drift behavior of RBS-to-
deep column connection 
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(b) 6% Story Drift 

Figure 3.26 – Comparison of Rupture Index for different panel zone strength cases (Refer 
to Table 3.3 for case details) 
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(b) 6% Story Drift 

Figure 3.27 – Comparison of Rupture Index for different cases, RBS connection with 
selected column sizes (Refer to Table 3.4 for case details) 
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Note: except for the connection to a W27x146 column with W30x108 beams, all 

other connections to the column involved W36x150 beams 
 

Figure 3.28 – Column total normal stress and warping normal stress vs. column section 
weight for RBS connections 
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(b) 6% Story Drift 

Figure 3.29 – Comparison of Rupture Index of continuity plate thickness effect on RBS 
connection to a deep column (Refer to Table 3.5 for case details) 
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Figure 3.30 – Comparison of Rupture Index for cases without and with composite floor 

slab (W14x398 column; W36x150 beams; refer to Table 3.6 for case details) 
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Figure 3.31 – Comparison of Rupture Index for cases without and with composite floor 

slab (W36x230 column; W36x150 beams; refer to Table 3.6 for case details) 
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Figure 3.32 – Comparison of Rupture Index for cases without and with composite floor 

slab (W27x194 column; W36x150 beams; refer to Table 3.6 for case details) 
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(b) 6% story drift 

Figure 3.33 – Comparison of Rupture Index for cases with different values of axial load 
(W27x194 column, W36x150 beams; refer to Table 3.7 for case details) 



              Development of Seismic Guidelines for Deep Column Steel Moment Connections 
Ricles, Zhang, Lu, and Fisher 

91 

 
 

-500

-400

-300

-200

-100

0

100

200

300

400

500

-6 -4 -2 0 2 4 6

Story Drift (% rad.)

La
te

ra
l F

or
ce

 (k
ip

s)

Weak PZ-Case 1
Balanced PZ-Case 2
Strong PZ-Case 3

 
Figure 3.34 – Hysteretic response for connections with different panel zone strength 

(Refer to Table 3.8 for case details) 
 
 

 
 

Figure 3.35 – Deformed shape and panel zone local buckling of connection with weak 
panel zone, at 4% story drift 
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Figure 3.36 – Column twist angle for connections with different panel zone strength 

(Cases refer to Table 3.8) 
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(a) W14x398 column; W36x150 beams 
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(b)  W27x194 column; W36x150 beams 

 
Figure 3.37 – Hysteretic response for RBS connection without and with a floor slab 

(Refer to Table 3.9 for case details) 
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(a)  W14x398 column; W36x150 beams 
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(b)  W27x194 column; W36x150 beams 

 
Figure 3.38 – Column twist angle for RBS connection without and with a floor slab 

(Refer to Table 3.9 for case details) 
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Figure 3.39 – Column twist vs. elastic torsional stiffness 
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Figure 3.40 – Column twist in RBS connections to W36x150 beams plotted against the 

torsional constant J 
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Figure 3.41 – Column twist in RBS connections to W36x150 beams plotted against the 

ratio 3
cfth
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Figure 3.42 – Beam RBS bottom flange out-of-plane movement vs. beam web 
slenderness at 4% story drift 
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Figure 3.43 – Column twist vs. beam web slenderness at 4% story drift 
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Figure 3.44 – Comparison of cyclic behavior for cases with different values of axial load 

(W27x194 column, W36x150 beams; refer to Table 3.11 for case details) 
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CHAPTER 4  EXPERIMENTAL STUDY 

 
The experimental program involved the testing of six full-scale RBS welded 

beam-to-deep column moment connection specimens. This chapter presents the details of 

the test matrix, connection detailing, specimen fabrication, test setup, instrumentation, 

and test procedure. The parameters investigated in the experimental program included:  

(1) column depth; (2) column weight; (3) beam size; (4) supplemental bracing; and (5) a 

composite floor slab.   

4.1 Specimen Test Matrix 

The specimen test matrix is given in Table 4.1. All specimens represented an 

interior RBS connection in a perimeter SMF. Each specimen had a composite floor slab 

except SPEC-6, the details of which are given later in this chapter. Each of the specimens 

was designed in accordance with the weak beam-strong column criteria in the AISC 

Seismic Provisions (AISC 2002). The values for the ratio of ΣM*pc/ΣM*pb are given in 

Table 4.1, where ΣM*pc and ΣM*pb are defined in Section 9.6 of the AISC Seismic 

Provisions (AISC, 2002). 

The columns for all specimens were fabricated from A992 steel. The column for 

SPEC-1 was a W36x230 section, while the columns for SPEC-2 and SPEC-3 were both a 

W27x194 section (from different heats). The column for SPEC-4 was a W36x150 section. 

The column for SPEC-5 was a W27x146 section and the column for SPEC-6 a W24x131 

section. The member section sizes for each specimen are included in Table 4.1. The 

beams for first-four specimens were fabricated from a W36x150 section. The beams for 

SPEC-1 and SPEC-2 were from the same heat of A572 Gr. 50 steel, while the beams for 

SPEC-3 and SPEC-4 were from the same heat of A992 steel. The beams for SPEC-5 and 

SPEC-6 were fabricated from the same heat of A992 steel of a W30x108 section. The 

average measured section dimensions of the specimens are given in Tables 4.2. 

In addition to the section dimensions, the out-of-flatness of the beam web in the 

RBS was measured. In this region of the web local buckling is expected to occur. The 
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measured maximum out-of-flatness was 0.13 inches, equivalent to 20% of the beam web 

thickness. 

The section sizes for each specimen were selected on the basis of inducing 

different degrees of torsional effects (as predicted by Chi and Uang’s procedure (Chi and 

Uang 2002)), while also satisfying weak beam-strong column criteria. The predicted total 

column maximum normal flange stress ftotal for each of the test specimens at 4% inter-

story drift is plotted in Figure 4.1, where they are compared to the predicted total 

maximum normal flange stresses developed in the column of an RBS connection for a 

range of column sections. The components of normal warping stress fws and flexural 

stress fbx for the test specimens are summarized in Table 4.3. The total column elastic 

normal stress ftotal in Figure 4.1, is based on Equation (2-21), where the column elastic 

normal warping stress fws is determined using the procedure of Chi and Uang (2002), i.e., 

Equation (2-19), to evaluate the torque applied by the RBS of the beam to the column. It 

is evident in Figure 4.1 and Table 4.3 that SPEC-2, SPEC-4 and SPEC-5 have a total 

elastic stress in the column that exceeds the nominal yield stress of 50 ksi, which violates 

the recommendation by Chi and Uang, who suggest that the column be designed to 

remain elastic with ftotal not to exceed φFy, where φ = 0.90. SPEC-3 has the lowest normal 

column stress (37.9 ksi) and SPEC-4 the highest normal column stress (88.3 ksi). SPEC-2 

has a column normal stress of 64.3 ksi, while the supplemental brace in SPEC-3 at the 

end of the RBS reduces the column normal stress to 37.9 ksi (it is assumed that the RBS 

is adequately braced from lateral movement by the supplemental brace in SPEC-3 that 

the RBS does not induce torsion to the column. The same assumption is also applied to 

SPEC-6).  

The connection and slab details for each specimen are shown in Figures 4.2 

through 4.12. The RBS connection was designed in accordance with the 

recommendations by Engelhardt (1999) and FEMA 350 (FEMA 2000a), as discussed in 

Chapter 2. The RBS cut for the W36x150 beams was a circular radius cut of 27 inches in 

length, with 50% of the beam flange removed at the center section of the RBS. The RBS 

cut for the W30x108 beams was a circular radius cut of 22.5 inches in length, with 48% 

of the beam flange removed at the center of the RBS. The RBS was flame cut, with the 

burned surface ground to a surface roughness of 500 micro-inches in the longitudinal 
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direction of the RBS, as recommended by FEMA 353 (FEMA 2000b). The edges of the 

flange within the RBS were also ground to remove sharp edges. The connection detail for 

each specimen included CJP groove welds between the beam flanges and the column, a 

beam web access hole geometry based on the modified weld access hole geometry shown 

in Figure 4.13 (Mao et al., 2001), and the beam web attachment consisting of a CJP 

groove weld between the beam web and the column flange with supplemental fillet welds 

around a shear tab. The shear tab was 5/8 inch thick, and was shop welded to the column. 

The shear tab served as an erection plate as well as a backing bar during erection. The 

beam web weld access hole was burned, and then ground to a surface roughness of 500 

micro-inches, as required by FEMA 353 (FEMA 2000b) and the AISC Seismic 

Provisions (2002).  

All specimens had A572 Grade 50 doubler plates whose design was based on the 

AISC Seismic Provisions (AISC 2002). The doubler plate was on only one side of the 

column web, and extended 3 inches above and below the beam. The values for the ratio 

of Rv/Vpz are given in Table 4.1, including both the nominal values for design and the 

values based on the measured dimensions and material properties. The top and bottom 

edges of the plate were fillet welded to the column web, where the fillet weld size was 

one-quarter inch, and the left and right vertical edges were groove welded to the column 

flanges (e.g., see Figure 4.2). All specimens had A572 Grade 50 full beam flange 

thickness continuity plates (one-inch thick for SPEC-1 to SPEC-4; three quarters of an 

inch thick for SPEC-5 and SPEC-6). The continuity plates were welded to the column 

flange using CJP groove welds and fillet welded to the column web. The fillet weld size 

was two-5/16 inches.   The sizes of the doubler plate and continuity plates are noted in 

Table 4.1. 

The beam-to-column CJP groove welds and supplemental fillet welds of each 

specimen were field welded in their normal upright position (to resemble prototype 

conditions). The welding details and procedure are discussed below in Section 4.2. A 

photograph of the connection region of SPEC-1 prior to testing is shown in Figure 4.14. 

The composite concrete floor slab had a total thickness of 5.25 inches, and 

consisted of concrete cast on metal deck. The intended slab thickness was 5.5 inches, 
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however, the availability of pour stops of 5.25 inch height necessitated the use of a 5.25 

inch thick slab. The width of the floor slab was 4 ft on one side with a 12-inch overhang 

on the other side to simulate a perimeter SMF. The ribs of the decking ran parallel to the 

main beam of the test specimen. The metal decking was zinc coated and had a thickness 

of 20-gage. A 12-gage zinc coated pour stop was used for the side of the overhang and 

16-gage zinc coated pour stops were used for the three remaining sides. To generate 

composite action, three-quarter inch diameter shear studs were placed at 12 inches on 

center to attach the deck to the main beams and W14x22 transverse floor beams placed 

perpendicular to the main beams, except for in the RBS region where no shear studs were 

located (see Figure 4.3). The floor slab had W4x4 welded wire mesh with the wire 6 

inches on center in both directions. The 12-inch overhang of the floor slab had No. 3 and 

No. 4 Grade 60 reinforcement bars with the deck spot welded to the beam flange, see 

Figure 4.15. Photographs of the slab prior to placing the concrete are shown in Figure 

4.16. The transverse No. 3 reinforcement bars were placed adjacent to the column flange 

for all specimens, as shown in Figure 4.16(b). 

To investigate the effect of a safety harness eyebolt hole in the beam top flange 

near the RBS, a 1” diameter hole was drilled in the top flange of the east side beam of 

SPEC-6. The hole was centered 1⅜” from the south edge of the beam flange and 4” from 

the end of the RBS. 

4.2 Weld Procedure Specification 

The Weld Procedure Specification (WPS) for the test specimens are given in 

Appendix B. The WPS used in the fabrication are prequalified in accordance with AWS 

D1.1/D1.1M:2002 (AWS 2002). All welds conformed to the AWS 5.20-95 Specification 

(AWS 1995) and Section 4.2 of AWS D1.1/D1.1M:2002 (AWS 2002), and were 

performed using the flux core arc welding procedure. Three different types of electrodes, 

all of which were manufactured by Lincoln Electric, were utilized in the fabrication of 

the test specimens: E70T-1 (Lincoln Outershield® XLH-70) for the shop welds; E70T-6 

(Lincoln Innershield® NR-305) for the beam flange-to-column flange CJP groove welds; 

and E71T-8 (Lincoln Innershield® NR-232) for the beam web-to-column flange CJP 

groove welds and beam web-to-shear tab supplemental fillet welds. The E70T-1 electrode 
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is a gas shielded electrode, while the E70T-6 and E71T-8 electrodes are self shielded 

electrodes. The E70T-6 and E70T-1 electrodes each had a wire diameter of 3/32-inches, 

and the E71T-8 electrode a diameter of 0.068-inches.  

The run-off tabs on the beam flanges were removed following placement of the 

CJP groove welds, and the weld at the edges of the beam flange were ground to a smooth 

transition (see Figure 4.17(a)). The backing bar of the beam top flange weld was left in 

place and a reinforcement fillet weld was provided between the bottom surface of the 

backing bar and the column flange using an E71T-8 electrode, see Figure 4.17(b). The 

beam bottom flange backing bar was removed using the air-arc process, back gouged, 

and reinforced with a fillet weld using an E71T-8 electrode. No run-off weld tabs were 

used for the vertical beam web CJP groove welds. Figure 4.17(c) shows a photograph of 

the end of the vertical beam web CJP groove weld, where the shear tab is shown 

extended beyond the beam web and served as a run-off tab. The ends of this weld were 

not ground.  

The CJP groove welds for the beam flanges and web were inspected using the 

ultrasonic test procedure. Welds were considered to pass inspection if they satisfied the 

AWS D1.1 static loading criteria (AWS 2002). The UT inspection reports are given in 

Appendix C. All CJP groove welds passed inspection except for the beam web-to-column 

flange vertical CJP groove welds for SPEC-4. Each beam web vertical CJP weld of 

SPEC-4 was found to contain one defect that was not acceptable by AWS D1.1 UT 

Acceptance-Rejection Criteria (AWS 2002). The defects were in the vertical direction 

and parallel to the welds, and located near the neutral axis (mid-depth) of the beam. The 

demand on the weld at this location is low. The welds were therefore considered not to be 

located in a critical region, and then not repaired.  These defects were subsequently found 

not to affect the performance of SPEC-4 during testing, which is reported in Chapter 5. 

4.3 Specimen Material Properties 

The mechanical properties of the steel sections and plates are given in Table 4.4. 

These properties were obtained from testing standard 8 inch gage length rectangular 

tensile coupons in accordance with ASTM standards E8-00 (ASTM 2000) and A370-97a 
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(ASTM 2002). The testing procedure was modified in accordance with Technical 

Memorandum No. 8 of the Guide to Stability Design Criteria for Metal Structures 

(Galambos, 1998) in order to measure the static yield stress. The static yield stress is a 

reliable and consistent measure of the value at which steel yields and is independent of 

testing procedures and testing machine behavior. It is typically less than the yield stress 

reported in mill reports, which are not static yield stress values.  

The material test results in Table 4.4 indicate that most of the steel had a typical 

yield stress for Gr. 50 steel that slightly exceeded the nominal value of 50 ksi. Most of 

the flanges and web of the sections had a yield stress between 50 ksi to 55 ksi and 55 ksi 

to 60 ksi, respectively. SPEC-1 and SPEC-2 had a beam flange with the lowest value of 

static yield stress of 49.7 ksi. The measured static yield stress of the A572 Gr. 50 steel 

plate material ranged from 46.7 ksi (0.5 inch thick doubler plate for SPEC-6) to 64.7 ksi 

(0.375 inch thick doubler plate for SPEC-4). 

The beam section flexural strength Mp is summarized in Table 4.5, and was 

calculated based on the measured section dimensions (Table 4.2) and the measured yield 

stress obtained from material tests (Table 4.4). Also included in Table 4.5 is the summary 

of the beam RBS flexural strength Mp,RBS, which was calculated based on the measured 

RBS section dimensions and the measured yield stress obtained from material tests 

(Table 4.4). Included in Table 4.5 are the nominal flexural capacity for the beam section, 

Mpn, and the RBS, Mpn,RBS. 

The concrete strength for the floor slab versus the slab age of each specimen is 

shown in Figure 4.18. A normal weight concrete with a nominal compressive strength of 

4 ksi was originally planned to construct the floor slab of each specimen. However, to 

expedite the test schedule in order that the specimens could be tested at 14 to 22 days 

(instead of 28 days) after placing of the concrete, a 28-day concrete compressive strength 

of 5 ksi was specified. The concrete compressive strength at the day of testing is given in 

Table 4.6 for each specimen, and ranged from 4.6 ksi to 5.6 ksi. 

The strength and toughness of all the various type of weld metal were investigated 

before specimen fabrication. AWS A5.20-95 (AWS 1995) standard test plate and 

connection mock-ups were made. Standard 0.500-in. round tension test specimens were 
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fabricated from the weld metal of the AWS standard test plate and tested in accordance 

with ASTM standards E8-00 (ASTM 2000). The mechanical properties from these 

coupon tests are reported in Table 4.7, where they are also compared to typical values. 

The stress-strain curves from the coupon tests are given in Appendix D. 

The CVN specimens were taken from both AWS standard test plates and 

connection mock-ups, and manufactured in accordance with AWS A5.20-95 (AWS 1995). 

The CVN toughness test results are given in Figure 4.19, where they are shown to satisfy 

the requirements of both FEMA 350 (FEMA 2000a) and the AISC Seismic Provisions 

(AISC 2002). As noted in Chapter 2 (see Section 2.2.5) FEMA-350 requires the weld 

metal toughness to be at least 20 ft-lb at 0°F and 40 ft-lb at 70°F. The AISC Seismic 

Provisions require the weld metal toughness to be at least 20 ft-lb at -20°F and 40 ft-lb at 

70°F. The results of numerous CVN toughness test for weld metal produced with 

different welding machine settings are given in Appendix E. It was found that care must 

be taken when adjusting the machine settings for applying E70T-6 electrode.  

4.4 Test Setup, Instrumentation and Test Procedure 

The specimens were tested in the setup shown in Figure 4.20. Each specimen 

represented a connection sub-assembly from a perimeter SMF where the ends of the 

members in the test setup were pin connected by using cylindrical bearing to simulate 

points of inflection in the prototype frame. The ends of each beam were supported by 

rigid links. The rigid links had pin connections at both ends that enabled horizontal 

movement of the end of each beam. In order to prevent out-of-plane movement of the 

beams and twisting near the ends of the column, lateral bracing was provided as shown in 

Figures 4.20 and 4.21. The beam bracing consisted of bracing at 10 ft (9 ft for SPEC-5 

and SPEC-6, which had W30x108 beams) on center from the column, where the lateral 

brace detail is shown in Figure 4.22(a). The 10 ft (9 ft) distance satisfied the required 

spacing specified by the AISC Seismic Provisions (AISC 2002). The mid-height of the 

column was braced by a composite transverse framing beam using the detail shown in 

Figure 4.22(b). At the top and base of the column, the column was braced by a pair of 

W18x55 sections and the column base plate bolted to the clevis, respectively. The 

column base bracing detail was analyzed in Chapter 3 using finite element models to 
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evaluate whether its rigidity would influence specimen behavior (see Section 3.2.4). As 

noted in Chapter 3, it was determined not to influence specimen behavior. Near the rigid 

links the beams were laterally braced in order to stabilize the rigid links from out-of-

plane movement. Photographs of the beam and column bracing are shown in Figures 4.23. 

SPEC-6 had no floor slab, with supplemental bracing placed at the end of the 

RBS. The test setup was modified to accommodate the lateral bracing, as shown in Figure 

4.24. The modifications consisted of adding two additional “bracing columns” (labeled as 

Columns A and B in Figure 4.24(a)), in addition to a W36x150 beam that was placed 

parallel to the test specimen main beams (see Figures 4.24(a) and (b)).  The far end of 

each transverse W14x22 bracing beam was connected to the W36x150 parallel beam 

using the detail shown in Figure 4.24(b). This parallel beam restrained the specimen’s 

main beam lateral bracing from out-of-plane movement, which allowing the specimen to 

develop drift (horizontal movement). The parallel W36x150 beam sat on specially made 

brackets which were mounted on the bracing columns, and Teflon was glued on all 

contacting surfaces to reduce the friction so that the beam could freely slide horizontally 

with the specimen during testing.  Photographs of the bracing are shown in Figure 4.25.   

SPEC-3 had supplemental bracing at the end of RBS and a composite floor slab. 

The far end of each transverse W14x22 bracing beam was not attached to any part of the 

test setup. The W14x22 transverse bracing beams were connected to the composite floor 

slab by the shear studs. And the modification of the test setup for SPEC-6 was therefore 

not applied to SPEC-3. 

Two parallel horizontal actuators were placed at the top of the column to impose 

story drift to the specimen. They were synchronized by the hydraulic control system. The 

story drift history followed the loading sequence given in Appendix S of the AISC 

Seismic Design Provisions (AISC 2002), which is the same as the SAC Protocol (SAC 

1997). The story drift history is shown in Figure 4.26. A test was terminated when either 

fracture occurred, resulting in a significant loss of capacity, or after reaching a story drift 

of 6%. 

The actuators and rigid links were both instrumented with calibrated load cells to 

enable the total applied load and reaction at the end of each beam to be measured. The 
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measurement of these forces enabled the beam and column moments, as well as panel 

zone shear, to be determined. 

Each specimen was carefully instrumented to also measure rotation, 

displacements, strain, and out-of-plane movement of the column and beam at the RBS. 

The general instrumentation layout for the strain gauges is shown in Figure 4.27 to Figure 

4.29 for the test specimens. High elongation strain gauges were mounted to measure the 

strain in the beam flanges and web at the center section of the RBS, where the strain was 

expected to be large due to local buckling. Strain gauges were also mounted on the beam 

top and bottom flanges at a distance of 3 inches from the column face, and on the bottom 

flange at both ends of the RBS. Strain gauges were mounted on both sides of the 

continuity plates of the beam top and bottom flanges. Rosette stain gauges were mounted 

on both sides of the center of the column panel zone (see Figures 4.27(b), 4.28(b) and 

4.29(b)). For SPEC-1 and SPEC-2 rosette strain gauges were also mounted on one side of 

the panel zone (on the doubler plate) near the column flange and the top continuity plate 

(see Figure 4.27(b)). Strain gauges were also mounted on the outside faces of the column 

flanges under the beam bottom flanges (see Figure 4.27(c)). For SPEC-3 and SPEC-4, as 

well as SPEC-5 and SPEC-6, additional strain gauges were placed on the column flanges 

above the beam top flanges (see Figures 4.28(c) and 4.29(c)). 

The general instrumentation lay out for voltage devices (i.e., load cells, 

inclinometers, plastic slides, string potentiometers, and linear variable displacement 

transducers) are shown in Figure 4.30. As noted above, load cells (LC-1 and LC-2, see 

Figure 4.30(a)) were used to measure the applied load at the top of the column and the 

beam reaction forces (LC-3 and LC-4) developed in both rigid links. A string 

potentiometer (SP-1) was used to measure the lateral displacement at the top of the 

column. The panel zone deformation was measured by four rotation inclinometers (RT-1, 

RT-2, RT-3, and RT-4) placed at the top, bottom, left and right sides of the panel zone. A 

pair of diagonal linear variable displacement transducers (LVDTs) (LVDT-1 and LVDT-

2) was also used to measure the panel zone deformation. Two string potentiometers (SP-2 

and SP-3) were used to measure the horizontal movement (i.e., in the plain of Figure 

4.30(a)) of the top and bottom of the panel zone. Two inclinometers (RT-5 and RT-6) 

were placed on the beam web at both ends of the RBS to measure the beam rotation over 
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the length of the RBS. Any slippage in the beam reaction rigid links and slippage of the 

column base plate were measured by LVDTs mounted alongside the rigid links (LVDT-5 

through LVDT-8) and in between the specimen column base plate and the clevis base 

plate (LVDT-9), respectively. These measurements were used to remove any rigid body 

motion from the measured story drift. 

For SPEC-6, a built-up load cell was installed in the floor beam (W14x22 section) 

at the end of RBS of the east side beam in order to measure the axial force in the 

supplemental lateral bracing beam at the RBS. The built-up load cell was a Wheatstone 

bridge, which consisted of four pairs of bi-axial strain gauges placed symmetrically on 

the outside surfaces of both flanges of the W14x22 section (see Figure 4.31). The strain 

gauges were arranged in such a way that the bending effects by both the strong axis and 

by the weak axis were eliminated and only the axial force was measured. The built-up 

load cell was calibrated in a SATEC 600 kip test machine up to 50 kips before the test. 

Figure 4.32 gives the calibration curve. A photograph of the instrumented supplemental 

brace is given in Figure 4.25(a). 

Prior to testing a specimen, the column, panel zone, and beams in the connection 

regions were white washed in order to provide visual evidence of any yielding during 

testing. 

4.5 Measurements and Data Adjustments 

The measured displacements and rotation enabled separate determinations of the 

panel zone deformation (γ), beam and column rotation (θbm and θcol) and the story total 

drift θtotal using the following expressions:  
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 colpztotalbm θθθθ −−=  (4.4) 

 htotaltotal /∆=θ  (4.5) 

where ∆+, ∆- are the displacements measured from the two LVDTs (LVDT-1 and LVDT-

2) located at the column panel zone, and dpz, bpz are the vertical and horizontal projection 

distances of the diagonal LVDTs in the panel zone (see Figure 4.30(d)), respectively. h is 

the distance between the column bottom pin center to the column top loading point, and L 

is the distance between two beam supports. dbm and dcol are the depth of beam and column, 

respectively. ∆total, ∆1 and ∆2 are the horizontal displacement at the top of the column 

(SP-1), beam top flange (SP-2), and beam bottom flange (SP-3), respectively. θ1 and θ2 

are the rotations at the top and bottom of the panel zone (RT-1 and RT-2). The total 

plastic drift (θp,total), plastic beam drift (θp,bm), column drift (θp,col) and panel zone drift 

(θp,pz,) were obtained by subtracting the elastic components from Equations (4.5) (4.4), 

(4.3) and (4.2). 

As an alternative to Equation (4.1), the panel zone deformation can be determined 

using: 
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where θRT-1, θRT-2, θRT-3, and θRT-4 are the rotations at the top, bottom, right and left edges 

of the panel zone, respectively. In this report the panel zone deformation are based on 

Equation (4.1). 

The rotation over the length of the RBS, θRBS, was determined by the following 

relationship: 

 56 −− −= RTRTRBS θθθ  (4.7) 

where θRT-5 and θRT-6 are the rotation at the ends of the RBS (see Figure 4.30(a)). 

As noted above, rigid body motions were removed by subtracting out the rigid 

body rotation of the specimen caused by any slippage in the beam reaction rigid links. 

The measured slip at the column base was found to be small and negligible. The rigid 
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body rotation was removed from the horizontal displacement at the top of the column by 

the following equation: 

 )( ewtotal L
h δδ −−∆=∆  (4.8) 

In Equation (4.8) ∆ and ∆total are the uncorrected lateral displacement and corrected 

lateral displacement, respectively, at the top of the column. δe and δw are the vertical 

motion (i.e., slippage in the beam reaction rigid links) at the east and west beam support, 

respectively. Both δe and δw are positive for upward motion, and ∆total and ∆ are positive 

when the column moves towards the east (to the right in Figure 4.30(a)). These 

movements were measured by LVDT-5 and LVDT-6 for the east beam support, and 

LVDT-7 and LVDT-8 for the west beam support (see Figure 4.30(a)). 

In the test setup there is a distance e between the pin at the end of the actuators 

and the column centerline (see Figure 4.33), which is caused by the assembly of 

components that connects the actuators to the column of the test specimen. As the column 

depth increases, this distance becomes larger. When the specimen undergoes lateral 

displacement (i.e., drift), the lateral actuators become inclined and a vertical component 

of force is produced (see Figure 4.33). This vertical component of the actuator force has a 

significant effect on the results. Therefore, the lateral force was corrected by the 

equilibrium of the test specimen using the following equation: 

 )( ew RR
h
LH −=  (4.9) 

where Re and Rw are the measured beam reaction forces from the east and west side beam 

reaction rigid links, respectively. Re and Rw are positive when the link force is tension, 

and H is positive when the actuator force is pointing to the east (to the right in Figure 

4.30(a)). 

To calculate the beam moment at the column face, the inclination of the beam 

reaction rigid links needs to be considered (see Figure 4.34). This was done by 

decomposing each force measured in the beam reaction rigid links into horizontal and 

vertical components. The following equations were used to compute the beam moment at 

the column face: 
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where Re, Rw, L and dcol are defined above. θ is the inclination angle of the beam reaction 

rigid link, and e2 is the distance between the center of the beam reaction rigid link top pin 

and the centerline of the beam (see Figure 4.34). 
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Table 4.1 – Test specimen matrix 

SPEC Conn. 
type 

Column 
size Beam size Doubler 

plate (in) 
Continuity 
plate (in) 

Floor 
slab 

Supp. 
lat. 

brace 
@ RBS

*

*

pb

pc

M

M

Σ

Σ
 pz

v
V

R

(nom.) 
pz

v
V

R  

(act.) 

1 RBS W36x230 W36x150 ¼x31½x42 1x6x333/8 Yes No 2.03 1.09 1.26 

2 RBS W27x194 W36x150 ½x24x42 1x6x25½ Yes No 1.39 1.05 1.14 

3 RBS W27x194 W36x150 ½x24x42 1x6x25½ Yes Yes 1.39 1.05 1.28 

4 RBS W36x150 W36x150 ⅜x32⅛x42 1x5½x34 Yes No 1.25 1.04 1.24 

5 RBS W27x146 W30x108 ⅜x24x36 ¾x6½x25½ Yes No 1.63 1.05 1.21 

6 RBS W24x131 W30x108 ½x21x36 ¾x6x22½ No Yes 1.32 1.05 1.03 

Note: 1.  All specimens were fabricated using FCAW (E70T-6 electrode) for the beam flange-to-column 
flange CJP groove welds; 

2. All columns are A992 steel; 
3. SPEC-1 and SPEC-2 are A572 Grade 50 steel beams; SPEC-3, SPEC-4, SPEC-5 and SPEC-6 

are A992 steel beams; 
4. ΣM*pc = sum of the column nominal plastic moment capacity extrapolated to the intersection of 

the beam and column centerlines; 
ΣM*pb = sum of the beam expected plastic moment capacity extrapolated to the intersection of 

the beam and column centerlines; 
5. Rv = Panel zone shear strength, Equation (2.3); 

Vpz = Panel shear force, based on beam moment from Equation (2.14); 
6. nom.: nominal values; act.: actual values based on measured dimensions and material properties. 

Table 4.2 – Measured specimen dimensions for rolled sections 

Section tw 
(in.) 

d 
(in.) 

tf 
(in.) 

bf 
(in.) 

Zx 
(in3.) 

W36x1501 0.607 35.987 0.928 11.995 567.1 

W36x1502 0.602 35.901 1.005 11.956 592.2 

W36x2303 0.768 36.078 1.213 16.531 916.4 

W27x1944 – Heat 1 0.775 28.313 1.302 14.023 621.2 

W27x1945 – Heat 2 0.783 28.365 1.330 14.133 637.4 

W30x1086 0.558 29.875 0.725 10.625 337.2 

W27x1467 0.598 27.625 0.964 14.063 459.9 

W24x1318 0.581 24.604 0.966 12.836 367.7 
Note: 1.  Beams for SPEC-1 and SPEC-2; 

2.  Beams for SPEC-3 and SPEC-4; column for SPEC-4; 
3.  Column for SPEC-1; 
4.  Column for SPEC-2; 
5.  Column for SPEC-3; 
6.  Beams for SPEC-5 and SPEC-6; 
7.  Column for SPEC-5; 
8.  Column for SPEC-6. 
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Table 4.3 – Specimen column maximum normal elastic 
design stress per Chi and Uang (2002) 

 Normal Stress 

Specimen Warping stress, fws 
(ksi) 

Flexural stress, fbx   
(ksi) 

Total stress, ftotal 
 (ksi) 

SPEC-1 16.9 26.9 43.8 

SPEC-2 26.4 37.9 64.3 

SPEC-3 0 37.9 37.9 

SPEC-4 42.0 46.3 88.3 

SPEC-5 24.1 31.2 57.3 

SPEC-6 0 38.5 40.8 
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Table 4.4 – Material properties of test specimens 

Yield stress 
(ksi) Tensile strength (ksi) Elongation 

(%) 
Material 

Mill Coupon 
(Static) Mill Coupon Mill Coupon 

Flange N.A. 49.7 N.A. 69.3 N.A. 27.7 
W36x150 1 

Web N.A. 54.8 N.A. 71.4 N.A. 24.8 
Flange 57.1 53.0 70.1 73.7 28.0 31.6 

W36x150 2 
Web 61.2 57.4 72.7 73.4 22.3 22.9 

Flange 51.6 71.9 28.5 
W36x230 3 

Web 
57.1 

57.0 
73.2 

74.5 
24.0 

25.6 
Flange 53.9 75.4 28.5 

W27x194 4 

Web 
57.5 

56.8 
74.0 

72.8 
24.0 

25.0 
Flange 51.7 72.1 29.4 

W27x194 5 

Web 
56.5 

58.5 
74.0 

75.6 
24.0 

24.3 
Flange 49.9 68.3 26.2 

W30x108 6 

Web 
55.0 

51.2 
70.0 

68.0 
25.0 

27.8 
Flange 52.7 72.5 28.0 

W27x146 7 

Web 
57.5 

57.8 
73.0 

74.4 
27.0 

25.0 
Flange 48.5 72.3 26.9 

W24x131 8 

Web 
56.5 

52.1 
72.5 

71.5 
26.4 

26.2 
SPEC-1 
SPEC-2 N.A. 52.6 N.A. 74.8 N.A. 24.1 

SPEC-3 N.A. 56.0 N.A. 80.7 N.A. 25.5 
Continuity 
plate (1”) 

SPEC-4 63.6 54.4 83.1 80.3 17.4 25.8 
Continuity 
plate (¾”) 

SPEC-5 
SPEC-6 N.A. 53.4 N.A. 78.4 N.A. 24.5 

Doubler plate 
(¼”) SPEC-1 N.A. 58.2 N.A. 82.5 N.A. 20.6 

SPEC-2 N.A. 47.5 N.A. 67.6 N.A. 24.8 
SPEC-3 63.0 59.3 73.0 75.6 20.0 19.9 Doubler plate 

(½”) 
SPEC-6 N.A. 46.7 N.A. 73.1 N.A. 25.5 
SPEC-4 61.0 64.7 86.0 92.7 21.0 18.8 Doubler plate 

(⅜”) SPEC-5 N.A. 57.7 N.A. 82.1 N.A. 22.3 

Note: 1.  Beams for SPEC-1 and SPEC-2; 
2.  Beams for SPEC-3 and SPEC-4 and column for SPEC-4; 
3.  Column for SPEC-1; 
4.  Column for SPEC-2; 
5.  Column for SPEC-3; 
6.  Beams for SPEC-5 and SPEC-6; 
7.  Column for SPEC-5; 
8.  Column for SPEC-6; 
9.  N.A.: not available. 
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Table 4.5 – Specimen measured beam moment capacity 

Specimen Mp (k-in) Mpn 
(k-in) 

Mp,RBS 
(k-in) 

Mpn,RBS 
(k-in) 

pn

p

M
M

 
RBSpn,

RBSp,

M
M

 

East 29,216 1.01 
SPEC-1 

West 29,203 
19,215 

1.01 
1.00 

East 29,326 1.01 
SPEC-2 

West 29,519 
19,846 

1.02 
1.03 

East 31,835 1.10 
SPEC-3 

West 32,060 
21,068 

1.10 
1.09 

East 32,363 1.11 
SPEC-4 

West 32,522 

29,050 

21,262 

19,205 

1.12 
1.10 

East 16,950 0.98 
SPEC-5 

West 16,997 
11,625 

0.98 
0.99 

East 17,001 0.98 
SPEC-6 

West 16,948 

17,300 

11,667 

11,775 

0.98 
0.99 

Note:  1.  Mp and Mp,RBS were calculated based on the measured dimensions and the 
material yield strength from tensile coupon test; 

2.  Mpn was calculated based on the Zx in AISC LRFD manual and the nominal 
yield strength of 50 ksi; Mpn,RBS was calculated based on the design ZRBS and 
the nominal yield strength of 50 ksi. 

 
 

Table 4.6 – Specimen measured floor slab concrete 
compressive strength on date of testing 

Specimen Compressive Strength, fc’ (psi) 

SPEC-1 5,270 

SPEC-2 5,430 

SPEC-3 4,646 

SPEC-4 4,828 

SPEC-5 5,593 

Note:  Concrete compressive strength on the date of testing was determined by 
interpolating between two concrete cylinder test results before and after specimen 
test. 
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Table 4.7 – Specimen weld metal mechanical properties 

Yield strength (ksi) Tensile strength (ksi) Elongation (%) 
Electrode 

Typical 1 Measured Typical 1 Measured Typical 1 Measured 

E70T-6 65.9 70.1 2 82.6 86.5 27 22.7 

E70T-1 77.3 78.5 83.5 93.1 28 26.2 

E71T-8 64.9 64.4 84.7 80.2 28 15.7 3 

Note:  1.  Based on test reports by Lincoln Electric; 
2. Yield strength of E70T-6 electrode were scattered, the results from three test 

plates were 70.3, 80.7 and 59.3, respectively; 
3. Defects were found in the tensile coupons after test, this might affect the 

elongation. 
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Figure 4.2 – SPEC-1 connection detail  
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Figure 4.3 – SPEC-1 floor slab detail 
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Figure 4.4 – SPEC-2 connection detail  
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Figure 4.5 – SPEC-2 floor slab detail  
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Figure 4.6 – SPEC-3 connection detail 
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Figure 4.7 – SPEC-3 floor slab detail 
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Figure 4.8 – SPEC-4 connection detail 
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Figure 4.9 – SPEC-4 floor slab detail  
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Figure 4.10 – SPEC-5 connection detail 
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Figure 4.11 – SPEC-5 floor slab detail 
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Figure 4.12 – SPEC-6 connection detail 
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Note:  all flame cut surface were ground smooth to a surface roughness 

of 500 micro-inches  
 

Figure 4.13 – Modified weld access hole details 

3⅛"

3⅛"

1½" 30

1"9/16"

1½" 

30

1 9/16"

3/4" Diam.
Burned Hole

3/4
"

3/4" Diam. 
Burned Hole

3/4" 



              Development of Seismic Guidelines for Deep-Column Steel Moment Connections 
Ricles, Zhang, Lu, and Fisher 

127 

 

 
(a) South side 

 
(b) North side 

 
Figure 4.14 – Photos of SPEC-1 connection prior to testing 

 
 

36"
Continuous

Overhang 
Pour Stop

Offset deck 1.5" so 
shear studs can go 
through the deck

Standard 
Hook

4"

W14x22

Side Pour Stop secured to deck
(Temporary support provided 

during construction)

1"2#4 12"

#3@18"

48"12"

 
 

Figure 4.15 – Composite floor slab details 
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(a) 

 

 
(b) 

Figure 4.16 – SPEC-1 slab prior to concrete placement 
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(c) End of beam web-to-column flange CJP groove weld 
 

Figure 4.17 – Beam web and flange groove welds 
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Figure 4.18 – Specimen floor slab concrete strength (Continued) 
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Figure 4.18 – Specimen floor slab concrete strength 
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Figure 4.19 – CVN test results for weld metal  

AISC Requirement 
at -20°F 

AISC Requirement 
at 70°F 



              Development of Seismic Guidelines for Deep-Column Steel Moment Connections 
Ricles, Zhang, Lu, and Fisher 

133 

Load Cell

Floor Slab

Beam (West)

14'-9"
29'-6"

10'

Setup Lateral Bracing

Load Cell

Actuator

131
2" 6'

-6
"

14'-9"

13
1 2

Beam (East)

Load Cell

6'
-6

"

10'

21
"

Column

SYM
CL

131
2"

W E

 
 (a)  South side 

 

Beam Web Stiffener with
Diagonal Brace to Floor Beam
(North Side Only)

Setup Lateral Bracing

29'-6"
14'-9"

6'
-6

"
6'

-6
"

Load Cell

131
2"

14'-9"

Beam (East)

13
1 2

Beam (West)

Load Cell

Actuator

LC
SYM

10'

21
"

(North Side Only)

Floor Slab

Floor Beam

10'

Load Cell

(North Side Only)
No Diagonal Bracing
Floor Beam

Column

131
2"

E W

 
Note: SPEC-3 had supplemental bracing at ends of both RBS (not shown) 

(b) North Side 
Figure 4.20 – Test setup (Continued) 
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(c) Photograph of south side 

 

 
(d)  Photograph of north side 

 
Figure 4.20 – Test Setup 
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(c)  Top view 
 

Figure 4.21 – Specimen test set-up bracing details 
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(a) Beam lateral bracing detail 
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(b) Column lateral bracing at mid-height 

Figure 4.22 – Bracing details 
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(a) Beam lateral bracing 
 (b) Test setup lateral bracing for beam 
 

 
 

(c)  Column lateral bracing 
Figure 4.23 – Photos of beam and column lateral bracing 
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(b) Section A-A: Additional bracing column 

Figure 4.24 – SPEC-6 setup additional bracing details 
(Bracing details in Figure 4.21 remained, not shown for clarity)
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(a) Overview 

 

(b) Bracket 

Figure 4.25 – Photos of SPEC-6 bracing
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Figure 4.26 – Loading protocol 
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Figure 4.27 – Strain gauge layout for SPEC-1 and SPEC-2 (Continued) 
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Figure 4.27 – Strain gauge layout for SPEC-1 and SPEC-2 
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Figure 4.28 – Strain gauge layout for SPEC-3 and SPEC-4 (Continued) 
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Figure 4.28 – Strain gauge layout for SPEC-3 and SPEC-4 
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Figure 4.29 – Strain gauge layout for SPEC-5 and SPEC-6 (Continued) 
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Figure 4.29 – Strain gauge layout for SPEC-5 and SPEC-6 
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Figure 4.31 – Strain gauge layout and Wheatstone bridge connection for the built-up load 
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Figure 4.32 – Calibration curve for the axial load instrument on SPEC-6 supplemental 

bracing beam
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CHAPTER 5  EXPERIMENTAL RESULTS 
 

The general behavior of each specimen is discussed in this chapter. 

5 .1 Experimental Observations of Specimen Performance  

 The discussion of the experimental observations of each test specimen utilizes 

five plots. These include plots of the relationships for: (1) lateral load-total story drift (H-

θtotal); (2) lateral load-total plastic drift (H-θp,total), (3) lateral load-panel zone drift (H-θpz), 

(4) lateral load-beam drift (H-θbm); and (5) lateral load-column plastic drift (H-θcol). 

Photographs and discussion of specimen performance at 4% story drift and at the end of 

the testing are included. A summary of measured specimen performance results is given 

in Table 5.1. The measured specimen performance includes maximum total drift, 

maximum plastic drift, and components of maximum plastic drift. These values of drift 

are based on the maximum values achieved during the testing of each specimen. The 

maximum values of drift associated with the last successfully completed cycle are 

reported in Chapter 6. The last successful cycle is defined as the last cycle completed 

with neither a fracture nor specimen strength deterioration below 80% of the nominal 

specimen capacity occurred. 

5.1.1 SPEC-1 

The lateral load-story drift (H-θ) and lateral load-plastic drift hysteretic response 

for SPEC-1 are shown in Figure 5.1. The value of 0.8 times nominal lateral load capacity 

Hpn is marked in Figure 5.1(a). Hpn was calculated based on the nominal flexural capacity 

of the beam section developing at the column face. A summary of measured performance 

quantities is included in Table 5.1. SPEC-1 was observed to develop first yielding in the 

beam bottom flanges in the RBS and in between the RBS and column face during the 

0.5% story drift cycles. Flexural cracking of the concrete in the floor slab also occurred. 

During the 1.0% story drift yielding of the doubler plate and column web in the panel 

zone occurred, and the beam flange yielding in the RBS had become more extensive. The 

concrete began crushing against the column flanges, both on the inside and outside faces, 

during the 1.5% story drift cycles. The damage to the floor slab in the vicinity of the 

column became more pronounced as the testing progressed. Initial beam web local 
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buckling was observed in the RBS during the second cycle of 2% story drift.  Minor 

beam flange local buckling occurred in the beam bottom flanges of the RBS during the 

first cycle of 3% story drift, which became more pronounced during the second cycle of 

3% story drift. The specimen maximum capacity of H= 411 kips (see Table 5.1) was 

achieved during the first half of the 3% story drift cycle. The beam web and flange local 

buckling in the RBS became more pronounced during the 3% story drift cycles, causing 

the beam bottom flanges (when in compression) to begin to move laterally in the RBS 

region. The beam bottom flange in the RBS region straightened out when it went into 

tension. The cyclic local buckling and beam lateral flange movement in the RBS caused 

the specimen to develop a deterioration in capacity, which continued with each 

subsequent cycle throughout the remaining cycles of testing. This is evident in Figure 5.1.   

During the 4% story drift cycles, the beam web and flange local buckling became 

more extensive, as did the lateral movement of the beam bottom flanges in the RBS 

region.  This local buckling and lateral movement continued to become more pronounced 

with each remaining cycle in the test.  Pinging sounds, indicating a possible shearing 

fracture of the shear studs attached to the beams, were heard during the cycles of 4% 

story drift. The beam top flanges in the RBS then began to also move laterally when in 

compression, and straighten out when in tension. The lateral movement was in the 

opposite direction of the other beam whose bottom flange was in compression. 

Photographs of the specimen at the end of the second cycle of 4% story drift are shown in 

Figure 5.2.  The specimen capacity H at the first cycle of 4% story drift had deteriorated 

by 67 kips. The reduction in capacity was 16% below the specimen maximum capacity. 

The specimen capacity at 4% story drift corresponded to 0.83 times the nominal lateral 

load capacity Hpn. The beam bottom flanges in compression had buckled out laterally 

around 2.5 inches. Very little column twisting was observed. 

A fracture occurred in the east side beam bottom flange of the RBS at the end of 

the first cycle of 5% story drift. The fracture occurred near the center of the RBS and 

extended completely across the beam flange. The fracture was due to low cycle fatigue as 

a result of the occurrence of repeated cyclic local flange buckling in the RBS. The test 

was terminated immediately after the fracture occurred. SPEC-1 had deteriorated to 38% 

below its maximum capacity of 411 kips, which is also equal to 0.62 times the nominal 
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capacity Hpn of SPEC-1.  Photographs of SPEC-1 after testing are shown in Figure 5.3.  

No cracks were found to initiate near the connection region, including the weld access 

hole. 

Following the completion of the test, the slab was removed from the specimen 

revealing that most of the shear studs connecting the floor slab to the main beams had 

fractured, while the shear studs connecting the floor slab to the transverse floor beams 

remained intact. 

The maximum total plastic drift achieved in SPEC-1 during the test was 0.043 

radians, with the beams contributing to the majority of the plastic drift (0.038 radians).  

The maximum panel zone plastic drift was 0.006 radians.  Although beam and panel zone 

yielding initiated about the same time, plastic deformation was concentrated in the beams, 

and primarily due to the buckling in the RBS.  The deterioration in specimen capacity 

resulted in the panel zone unloading elastically from its inelastic state as the beam plastic 

hinges formed.  The column slightly yielded, contributing 0.004 radians of plastic drift.  

The measured maximum total rotation across the east beam RBS was 0.043 radians, and 

was determined using Equation (4-7).  

5.1.2 SPEC-2 

The lateral load-story drift (H-θ) and lateral load-plastic drift hysteretic response 

for SPEC-2 are shown in Figure 5.4.  A summary of measured specimen performance 

results is included in Table 5.1.  Cracks in the concrete floor slab of SPEC-2 occurred 

near the column at the end the cycles of 0.375% story drift, and continued to develop and 

become more extensive near the column throughout the test.  Yielding initiated in the 

beam flanges of the RBS and near the column face and in the panel zone at 1% story drift.   

The concrete slab started crushing against the column flanges and in region between the 

column flanges during the cycles 1.5% story drift.  Minor column flange yielding below 

the beam bottom flange was observed during the 2% story drift cycles.  Beam web local 

buckling occurred in the RBS region during the first cycle of 2% story drift, which 

became more extensive in subsequent cycles.  Beam flange local buckling followed by a 

lateral movement of the beam bottom flange in the RBS (when in compression) was 

observed to initiate during the cycles of 3% story drift, and become more extensive in 
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latter cycles.  The beam flanges straighten out when in tension and buckled laterally 

when in compression.  During the 4% story drift cycles, the local buckling in the beam 

web became extensive, causing the beam top flange in the RBS (when in compression) to 

also begin to develop lateral movement. The lateral movement was in the opposite 

direction of the other beam whose bottom flange was in compression. The beam top 

flange in the RBS region also straightened out when tension.  Pinging sounds, indicating 

a possible shearing fracture of the shear studs attached to the beams, were heard during 

the cycles of 4% story drift.  SPEC-2 developed its maximum capacity of H= 412 kips 

during the first cycle of 4% story drift (see Figure 5.4), whereupon a deterioration in 

capacity occurred in the subsequent cycles throughout the remaining cycles of the test.  

During these subsequent cycles the amplitude of local buckling and lateral movement of 

the beam compression flange in the RBS grew as the story drift amplitude was increased. 

Photographs of SPEC-2 at the end of the second cycle of 4% story drift are shown 

in Figure 5.5. The specimen lateral load capacity at the end of the first cycle of 4% story 

drift had deteriorated by 22 kips. The reduction in capacity was 5% below the specimen 

maximum capacity, which corresponded to 0.96 times the nominal capacity. The beam 

bottom flanges in compression had buckled out laterally around 1.25-inches. Very little 

column twisting was observed. 

At the end of the first 5% story drift cycle a fracture occurred in the top flange of 

the west side beam near the center of the RBS.  The fracture went completely across the 

beam flange, and extended down into the beam web about 6.5-inch.  The fracture was due 

to low cycle fatigue as a result of the occurrence of repeated cyclic local flange buckling 

in the RBS.  The fracture initiated from a 0.0232-inch deep punch mark in the RBS that 

was placed during fabrication. The test was terminated immediately after the fracture 

occurred.  SPEC-2 had deteriorated to 27% below its maximum capacity of 412 kips, 

which is 0.79 times the nominal capacity of SPEC-2.  Photographs of SPEC-2 after 

testing are shown in Figure 5.6.  No cracks were found to initiate near the connection 

region, including the weld access hole. 

Following the completion of the test, the slab was removed from the specimen 

revealing that a number of the shear studs connecting the floor slab to the main beams 
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had fractured, while the shear studs connecting the floor slab to the transverse floor 

beams remained intact. 

The total plastic drift reached in the first 5% story drift cycle before fracture 

occurred was 0.04 radians. Similar to SPEC-1, the beams of SPEC-2 accounted for a 

majority of the specimen plastic story drift. The maximum beam plastic drift was 0.037 

radians. The column panel zone contributed more to the total plastic drift than in SPEC-1, 

with the maximum plastic drift in SPEC-2 equal to 0.013 radians. The column slightly 

yielded, developing a maximum plastic drift of 0.004 radians. The measured maximum 

total rotation across the east beam RBS was 0.05 radians. 

5.1.3 SPEC-3 

The lateral load-story drift (H-θ) and lateral load-plastic drift hysteretic response 

for SPEC-3 are shown in Figure 5.7.  A summary of measured specimen performance 

results is included in Table 5.1.  Cracking of the concrete floor slab of SPEC-3 occurred 

in the vicinity of the column at the end of 0.375% story drift cycles, which continued to 

develop and become more extensive throughout the test.  Yielding initiated in the beam 

bottom flanges and in the beam web near the flanges at the RBS at 1.0% story drift.  The 

concrete slab also began to crush against the face of the column flanges and in the region   

between the column flanges during the cycles of 1.0% story drift.  Panel zone yielding 

was observed to initiate during the story drift cycles of 1.5%.  Beam web local buckling 

occurred in the RBS region during the first cycle of 2% story drift.  During the first cycle 

of 3% story drift beam flange local buckling occurred in the RBS, as the maximum 

capacity of 407 kips was developed.  In the second cycle of 3% story drift the beam web 

local buckling became more extensive, causing the beam bottom flange when in 

compression to move laterally and deterioration in specimen capacity to occur.  During 

the cycles of 4% story drift the top flange of the beam at the RBS was observed to begin 

to move laterally when in compression. The lateral movement was in the opposite 

direction of the other beam whose bottom flange was in compression.  The amplitudes of 

buckling and lateral movement grew and the capacity of the specimen deteriorated further 

in the remaining cycles of the test.  Both the top and bottom flanges of the beam at the 

RBS would straighten out when in tension. 
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Photographs of SPEC-3 at the end of the second cycle of 4% story drift are shown 

in Figure 5.8.  The specimen lateral load capacity at the end of the first cycle of 4% story 

drift had deteriorated by 32 kips. The reduction in capacity was 8% below the specimen 

maximum capacity, with the capacity corresponding to a value of 0.93 times the nominal 

lateral load capacity Hpn. Although the beam bottom flanges in compression had buckled 

out laterally around 1.25 inches, very little column twisting was observed. 

During the first cycle of 5% story drift low cycle fatigue cracks were observed to 

initiate at the edge of the beam flange near the center of the RBS. Under repeated local 

beam flange buckling, the cracks steadily propagated across the beam bottom flanges of 

both beams during the remaining cycles of the test in a ductile manner. At the end of the 

first cycle of 6% story drift the fatigue cracks had caused a ductile tearing of the flange in 

the RBS of the east beam bottom, which extended almost complete across the flange and 

up into the web.  Ductile tearing also occurred in the bottom flange of the west beam at 

the RBS.  The ductile tearing of the beam flanges had caused the specimen capacity to 

deteriorate to 40% below its maximum capacity of 407 kips, which is 0.60 times the 

nominal capacity of SPEC-3.  As a result, the test was terminated. Photographs of SPEC-

3 after testing are shown in Figure 5.9.  No cracks were found to initiate near the 

connection region, including the weld access hole. The shear studs all appeared to remain 

intact. 

The total plastic drift developed in SPEC-3 during the test was 0.052 radians (see 

Table 5.1).  Similar to SPEC-1 and SPEC-2, the beam accounted for a majority of the 

plastic story drift.  The maximum plastic drift for the beam and panel zone were 0.051 

radians and 0.004 radians, respectively.  The column yielded slightly, developing 0.002 

radians of plastic drift.  The measured maximum total rotation across the east beam RBS 

was 0.056 radians. 

5.1.4 SPEC-4 

The lateral load-story drift (H-θ) and lateral load-rotation hysteretic response for 

SPEC-4 are shown in Figure 5.10. A summary of measured specimen performance results 

is included in Table 5.1. Cracking in the concrete floor slab initiated around the column 

of SPEC-4 at the end of the cycles of 0.375% story drift and become more extensive 
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throughout the test. At 0.75% story drift minor yielding initiated in the beam bottom 

flanges at the RBS and near the column face, as well as in the panel zone. The concrete 

slab started crushing against the faces of the column flanges and in the region between 

the column flanges at a story drift of 1.0%.  The yielding of the beam flange in the RBS 

and panel zone became more extensive.  Minor column flange yielding below the beam 

bottom flange was observed during the cycles of story drift of 1.5%.  Beam web local 

buckling occurred in the RBS region during the first cycle of 2% story drift, which 

became more extensive in subsequent cycles.  During the 3% story drift cycles beam 

flange local buckling occurred, as the specimen maximum capacity of 406 kips 

developed.  The beam web local buckling became extensive, causing the beam bottom 

compression flange to begin to move laterally in the RBS.  During the story drift cycles 

of 4% the beam top flange in the RBS were subsequently observed to begin to move 

laterally when in compression. The lateral movement was in the opposite direction of the 

other beam whose bottom flange was in compression.  Both the top and bottom flanges of 

the beam in the RBS would straighten out when in tension.  The amplitude of buckling 

and lateral flange movement grew in subsequent cycles, and the specimen capacity 

deteriorated. The metal decking was found to locally buckle beneath where extensive 

floor slab concrete crushing had occurred. 

Photographs of SPEC-4 at the end of the second cycle of 4% story drift are shown 

in Figure 5.11.  The specimen capacity at the end of the first cycle of 4% story drift had 

deteriorated by 32 kips. The reduction in capacity was 8% below the specimen maximum 

capacity, and equal to a capacity of 0.90 times the nominal lateral load capacity Hpn. The 

beam bottom flanges in compression had moved laterally about 1.25-inches. Very little 

column twisting was observed. 

Low cycle fatigue cracks were found to initiate in the beam flanges near the 

center of the RBS at 5% story drift. Ductile tearing of the west beam bottom flange at the 

RBS occurred near the end of the first half cycle of 6% story drift. The tearing occurred 

where severe local buckling had developed and led to low cycle fatigue. Upon 

completing the first half cycle of 6% story drift, the ductile tearing of the beam flange 

caused the specimen capacity to deteriorate to 48% below its maximum capacity of 406 

kips, which was equivalent to 0.51 times the nominal lateral load capacity Hpn of SPEC-4. 
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The test was then terminated. Photographs of SPEC-3 after testing are shown in Figure 

5.12. No cracks were found to initiate near the connection region, including the weld 

access hole. All of the shear studs appeared to remain intact. 

The total plastic drift reached when the ductile fracture occurred in the first 6% 

story drift cycle was 0.053 radians. The maximum beam plastic drift was 0.056 radians, 

and like the other specimens the beam accounted for a majority of the total plastic drift. 

The maximum plastic drift of the panel zone was 0.008 radians. The column slightly 

yielded, developing 0.008 radians of plastic drift.  The maximum total rotation across the 

beam in the RBS was 0.068 radians. 

5.1.5 SPEC-5 

The lateral load-story drift (H-θ) and lateral load-plastic drift hysteretic response 

for SPEC-5 are shown in Figure 5.13.  A summary of measured specimen performance 

results is included in Table 5.1.  Cracking of the concrete floor slab of SPEC-5 occurred 

in the vicinity of the column during the 0.375% story drift cycles, which continued to 

develop and become more extensive throughout the test.  Yielding initiated in the beam 

bottom flanges and in the panel zone at 0.75% story drift.  Yielding was observed in the 

beam top flanges and web at the RBS at 1% story drift. The concrete slab began to crush 

against the face of the column flanges and in the region between the column flanges 

during the cycles of 1.5% story drift.  Beam web local buckling occurred in the RBS 

region during the first cycle of 3% story drift, at which time the maximum lateral load 

capacity of 258 kips developed.  Minor column flange yielding was observed during the 

cycles of 3% story drift.  During the first cycle of 4% story drift beam flange local 

buckling occurred in the RBS.  The beam web local buckling then became more 

extensive, causing the beam bottom flange when in compression to move laterally and a 

deterioration in specimen capacity to occur. Local buckling of the panel zone doubler 

plate occurred between the plug welds at 4% story drift cycles. During the cycles of 5% 

story drift the top flange of the beam at the RBS was observed to begin to move laterally 

when in compression. The lateral movement was in the opposite direction of the other 

beam whose bottom flange was in compression.  Both the top and bottom flanges of the 

beam at the RBS would straighten out when in tension.  The amplitudes of buckling and 
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lateral movement grew, and the capacity of the specimen deteriorated further in the 

remaining cycles of the test.   

Photographs of SPEC-5 at the end of the second cycle of 4% story drift are shown 

in Figure 5.14.  The specimen lateral load capacity at the end of the first cycle of 4% 

story drift had deteriorated by 12 kips. The reduction in capacity was 5% below the 

specimen maximum lateral load capacity, with the capacity corresponding to a value of 

1.02 times the nominal lateral load capacity Hpn. Although the beam bottom flanges in 

compression had buckled out laterally to approximately 1 inch, very little column 

twisting was observed. 

During the first cycle of 5% story drift low cycle fatigue cracks were observed to 

initiate at the edge of the beam flange near the center of the RBS (where cyclic local 

flange buckling had been occurring). A fracture occurred in the east side beam bottom 

flange of the RBS at the beginning of second cycle of 6% story drift. The fracture 

occurred near the center of the RBS and extended completely across the beam flange. 

The fracture was due to low cycle fatigue crack growth as a result of the occurrence of 

repeated cyclic local flange buckling in the RBS. The test was terminated after the 

fracture occurred. The capacity of SPEC-5 had deteriorated to 36% below its maximum 

lateral load capacity of 258 kips, which is 0.69 times the nominal lateral load capacity 

Hpn of SPEC-5.  Photographs of SPEC-5 after testing are shown in Figure 5.15.  No 

cracks were found to initiate near the connection region, including the weld access hole. 

The shear studs all appeared to remain intact. 

The maximum total plastic drift developed in SPEC-5 during the test was 0.050 

radians (see Table 5.1).  Similar to other specimens, the beam accounted for a majority of 

the plastic story drift.  The maximum plastic drift for the beam and panel zone were 0.043 

radians and 0.013 radians, respectively.  The column yielded slightly, developing 0.002 

radians of plastic drift.  The measured maximum total rotation across the east beam RBS 

was 0.056 radians.  

5.1.6 SPEC-6 

The lateral load-story drift (H-θ) and lateral load-plastic drift hysteretic response 

for SPEC-6 are shown in Figure 5.16.  A summary of measured specimen performance 
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results is included in Table 5.1.  Yielding initiated in the beam flanges at the RBS and in 

the panel zone at 0.75% story drift. The yielding in the beam flanges spread over the 

length of the RBS region and in the region between the RBS and column flange at 1.5% 

story drift. The yielding in the panel zone became more extensive, and continued to do so 

throughout the remainder of the test. Yielding around the safety harness eyebolt hole was 

observed at 1.5% story drift. The column flanges began to yield at the 2% story drift 

cycles, with yielding occurring in the column web near the continuity plates during the 

3% story drift cycles. Minor beam web local buckling occurred in the RBS region during 

the first cycle of 3% story drift, however, the magnitude was small and remained so 

during the 4% story drift cycles. The lateral load continued to increase when the story 

drift was increased. Neither beam flange local buckling nor beam flange lateral 

movement were visible, and very little column twisting was observed. The panel zone 

had developed extensive yielding. Cracks were found to initiate at the root of the beam 

bottom flange reinforcement fillet welds during the 4% story drift cycles (see Figure 

5.17(d)). Yielding in the weld metal and in the HAZ at the ends of the beam web-to-

column flange CJP groove welds was observed during 4% story drift cycles.  

Photographs of SPEC-6 at the end of the second cycle of 4% story drift are shown 

in Figure 5.17.  The specimen developed a maximum lateral load capacity of 240 kips 

(during the first 5% story drift), which corresponded to a value of 1.01 times the nominal 

lateral load capacity Hpn. The specimen capacity did not deteriorate until the fracture 

occurred. The beam RBS bottom flanges in compression remained fairly straight, for 

beam web local buckling was minor and little column twisting was observed. 

A fracture occurred in the west side beam bottom flange HAZ near the weld root 

at the end of the first 5% story drift cycle. The fracture initiated from the crack at the 

center of the beam bottom flange reinforcement fillet weld root. The fracture went 

completely across the beam flange. 

As seen in the last column of Table 4.1, SPEC-6 had a weaker panel zone than all 

the other specimens (the measured value of Rv/Vpz was equal to 1.03). It was found in 

Chapter 3 from the finite element study that RBS connections with a weak panel zone 

will not develop beam web and flange local buckling, nor a deterioration in capacity. 
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However, a weak panel zone can raise the ductile fracture potential in the connection 

region. More discussion is presented in Chapter 7 regarding the effect of the weaker 

panel zone of SPEC-6 on the specimen performance. 

Because the beam local buckling and lateral buckling did not occur during the 

testing, large cyclic plastic strain demands were imposed on the connection, which 

caused low cycle fatigue cracks to develop and grow.  The lack of beam local and lateral 

buckling resulted in no deterioration in specimen capacity prior to fracture. The growth of 

the low cycle fatigue cracks and high stress in the beam flanges eventually caused the 

fracture. More details about the fracture are discussed in Section 5.2. 

The test was terminated at the end of first 5% story drift cycle after the fracture 

occurred. Photographs of SPEC-6 after testing are shown in Figure 5.18.  Low cycle 

fatigue cracks were also observed at the ends of the beam web CJP groove welds. No 

cracks were found to initiate in the weld access hole region. 

The total maximum plastic drift developed in SPEC-6 during the test was 0.040 

radians (see Table 5.1).  Unlike the other specimens, the panel zone accounted for a 

majority of the plastic story drift.  This was due to the fact that SPEC-6 had a weaker 

panel zone and plastic deformation was concentrated in the panel zone. The maximum 

plastic drift for the beam and panel zone were 0.017 radians and 0.024 radians, 

respectively.  The column yielded slightly, developing 0.004 radians of plastic drift.  The 

measured maximum total rotation across the east beam RBS was 0.014 radians, which is 

much smaller compared to the other specimens. 

After releasing the support and the bracing of the fractured west side beam, 

SPEC-6 was continued as a one-sided connection test for the remaining loading cycles of 

5% and 6% story drift. Figure 5.19 shows the lateral load-story drift hysteresis loops for 

the testing of SPEC-6 as a one-sided connection. Releasing of the west side beam 

reduced half of the panel force Vpz while the panel zone strength Rv remained unchanged. 

Hence, the panel zone became relatively stronger to the demand. The east side beam 

began to locally buckle in the web and flanges immediately after the one-sided 

connection test started and in the subsequent cycles to failure (see Figure 5.20(a)). The 

beam flanges developed out-of-plane movement after beam web and flange local 
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buckling (see Figure 5.20(b)). The lateral load capacity began to deteriorate due to the 

beam local and lateral buckling. The low cycle fatigue crack at the center of the east 

beam bottom flange reinforcement fillet weld, which was observed in earlier cycles 

(during the two-sided connection test), became stable and didn’t propagate to cause any 

fracture. Fracture occurred in the beam top flange near the center of the RBS and went 

across the width of the flange (see Figure 5.20(c)), and penetrated into the web about 1½”. 

This fracture was due to low cycle fatigue crack growth causing by cyclic local flange 

buckling in the RBS, similar to that observed in the other test specimens. 

The yielding around the safety harness eyebolt hole did not become any more 

extensive during the testing of SPEC-6 as a one-sided connection (see Figure 5.20(d)). 

This is due to the fact that the lateral load capacity of the specimen deteriorated, causing 

the stress around the safety harness eyebolt hole to reduce. 

5.2. Fracture Surfaces 

After the testing was completed, the fractured sections of the RBS of SPEC-1 

(east beam bottom flange), SPEC-2 (west beam top flange) and SPEC-6 (west beam 

bottom flange in HAZ near the beam flange CJP groove weld) were removed to examine 

their fracture surface under a scanning electron microscope (A summary of all 

photographs from this examination is given in Appendix F). Selected photographs of the 

fracture surfaces of SPEC-1 and SPEC-2 are shown in Figure 5.21.  

In SPEC-1, the fracture across the width of the beam flange was initiated from 

low cycle fatigue crack growth.  The crack length was rather small before the crack went 

into cleavage fracture.  In SPEC-2, a low cycle fatigue crack was initiated at a punch 

mark placed during fabrication.  After a small amount of crack growth, the crack went 

into cleavage fracture and abruptly propagated across the width of the beam flange. The 

Charpy V-notch toughness of the base metal in the RBS of SPEC-2 after testing is 

compared to the elastic material at the end of the beam near the reaction in Figure 5.22. 

The comparison shows that the toughness of the base metal has degraded due to the 

cyclic plasticity demand in the RBS, causing it to be more susceptible to cleavage 

fracture, particularly near the edge of the flange. A comparison of the measured stress-

strain relationships from coupon tests of the base metal in the RBS after testing with 
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virgin base metal from coupon tests is shown in Figure 5.23. The comparison shows that 

the steel in RBS region went through large amount of plasticity during the testing of 

SPEC-2, causing the steel ductility capacity in the RBS to be dramatically reduced. 

Photographs of the fracture surface in west side beam bottom flange of SPEC-6 

are shown in Figure 5.24. The fracture originated in the center of the weld root, where 

small weld defects (porosity, fish-eyes) were found (see Figure 5.24(e)). Low cycle 

fatigue cracks grew as the specimen was cyclically loaded. The fracture surface can be 

divided into two parts. One side appeared to be ductile fracture in the HAZ, see left-side, 

Figure 5.24(a). The fracture surface was inclined and parallel to the fusion line. The other 

side appeared to be a cleavage fracture which extended into the base metal, where the 

chevron marks were visible, see right side, Figure 5.24(b). The fracture surface was 

vertical and right to the principal stress in the flange. Part of the ductile fracture surface 

was removed (Figure 5.24(d)) and examined under the scanning electron microscope, 

SEM (Figure 5.24(f)), where the presence of small dimples shows the characteristics of a 

ductile fracture surface. 

After the completion of the test of the SPEC-6, the center portion of east side 

beam flange was removed (see Figure 5.25), and the cut section was polished and nital 

etched to investigate the crack growth. The beam local and lateral buckling that occurred 

resulted in a deterioration in specimen capacity, which arrested the crack growth. 

As noted in Chapter 4, the beam sections of SPEC-1 and SPEC-2 were both rolled 

from A572 Grade 50 steel, while the beams of the remaining specimens were fabricated 

from A992 steel. The A992 steel of the beams for SPEC-3 and SPEC-4 was produced 

from a different mill than the A572 Grade 50 steel of the beams for SPEC-1 and SPEC-2 

and the A992 steel of the beams for SPEC-5 and SPEC-6. The beams of SPEC-3 and 

SPEC-4 did not go into cleavage fracture. 
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Table 5.1 – Summary of Connection Specimen Performance 

Specimen SPEC-1 SPEC-2 SPEC-3 SPEC-4 SPEC-5 SPEC-6 
Peak Actuator Force 

 (kips) 411 412 407 406 258 240 

Maximum Total Drift  
 (% rad.) 5.0 5.0 6.0 6.0 6.0 5.0 

Maximum Total Plastic Drift   
(% rad.) 4.3 4.0 5.2 5.3 5.0 4.0 

Beam Maximum Plastic Drift  
(% rad.) 3.8 3.7 5.1 5.6 4.3 1.7 

Panel Zone Maximum Plastic 
Drift  (% rad.) 0.6 1.3 0.4 0.8 1.3 2.4 

Column Maximum Plastic Drift  
(% rad.) 0.4 0.4 0.2 0.8 0.2 0.4 

Accumulated Total Plastic Drift  
(% rad.) 78.4 66.6 109 98.0 107 60.7 

Maximum Total Rotation 
Across East Beam RBS (% rad.) 4.3 5.0 5.6 6.8 5.6 1.4 

East 
Beam 29,216 29,326 31,835 32,363 16,950 17,001 Beam Plastic 

Moment Mp
*  

(k-in.) West 
Beam 29,203 29,519 32,060 32,522 16,997 16,948 

East  
Beam 0.95 1.00 0.97 0.92 1.21 1.01 Maximum Mf/Mp

* 
(Mf at Column Face) West 

Beam 1.03 1.10 1.12 1.03 1.19 1.03 

Total Accumulated Dissipated 
Energy (k-in.) 29,536 27,203 40,086 36,621 28,230 16,232 

Location of Fracture 
(All fractures occurred in the 

RBS except SPEC-6) 

Beam 
bottom 
flanges 

Beam 
top 

flanges 

Beam 
bottom 
flange 

Beam 
bottom 
flange 

Beam 
bottom 
flange 

Beam 
bottom 
flange 
HAZ 

Note:  1.  Mf = Beam moment at column face; 
 Mp = Beam plastic moment capacity based on measured dimensions and material properties; 
 2.  Drift values are based on  measurements at the end of test. 
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Figure 5.1 – Test Results of SPEC-1 (Continued) 
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Figure 5.1 – Test Results of SPEC-1 
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(a) Yielding and buckling in connection region 

 

 
(b) RBS bottom flange out-of-plane movement 

 

 
(c) Slab concrete crushing near column flanges 

(Picture taken at 3% story drift, at 4% story drift slab damage was similar) 

Figure 5.2 – Photos of SPEC-1 at 4% story drift 
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(a)  Pronounced beam yielding and local buckling at RBS; fracture in the east beam 

bottom flange at center of RBS 

 

 
(b) Beam Web and Flange Local Buckling 

 
Figure 5.3 – Photos of SPEC-1 after Testing (Continued) 

Fracture
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(c) RBS bottom flange out-of-plane movement 

 

 
(d) Close-up of east beam flange fracture at RBS 

 

 
(e) Concrete composite floor slab cracking 

 
Figure 5.3 – Photos of SPEC-1 after Testing 
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Figure 5.4 – Test Results of SPEC-2 
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(a) Yielding and buckling in connection regions 

 
(b) RBS bottom flange out-of-plane movement 

 
(c) Slab concrete crushing near column flanges 

Figure 5.5 – Photos of SPEC-2 at 4% drift
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(a) Pronounced beam yielding and local buckling at RBS; fracture 
in the west beam top flange at center of RBS 

 
 
 

 
 

(b) Beam web and flange local buckling 
 

Figure 5.6 – Photos of SPEC-2 after Testing (Continued) 
 

Fracture
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(c) RBS bottom flange out-of-plane movement 

 

 
(d) Close-up of beam flange fracture at RBS 

 

 
(e)  Concrete composite floor slab cracking 

 
Figure 5.6 – Photos of SPEC-2 after Testing
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Figure 5.7 – Test Results of SPEC-3 (Continued) 
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Figure 5.7 – Test Results of SPEC-3 
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(a) Yielding and buckling in connection region 

 

 
(b) RBS out-of-plane movement 

 

 
(c) Slab concrete crushing near column flanges 

(Picture taken at 3% story drift, at 4% story drift slab damage was similar) 
Figure 5.8 – Photos of SPEC-3 at 4% story drift 
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(a)  Pronounced beam yielding and local buckling at RBS; Ductile 

tearing in the east beam bottom flange at center of RBS 
 

 
(b)  Beam web and flange local buckling 

 

 
(c) RBS bottom flange out-of-plane movement 

 
Figure 5.9 – Photos of SPEC-3 after Testing (Continued)

Ductile 
Tearing 
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(d)  Ductile tearing of east beam bottom flange at RBS 
 

    
 

(e)  Low cycle fatigue crack growth in west beam bottom flange at RBS 
 

 
 

(e)  Concrete composite floor slab cracking and crushing 

Figure 5.9 – Photos of SPEC-3 after Testing 
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Figure 5.10 – Test Results of SPEC-4 (Continued) 
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Figure 5.10 – Test Results of SPEC-4 
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(a) Yielding and local buckling in connection region 

 
(b) RBS bottom flange out-of-plane movement 

 
(c) Slab concrete crushing near column flanges 

 
(d) Deck local buckling 

Figure 5.11 – Photos of SPEC-4 at 4% story drift 
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(a)  Pronounced beam yielding and local buckling at RBS; Ductile tearing in the west 

beam bottom flange at center of RBS 
 

 
(b)  Beam web and flange local buckling 

 

 
(c) RBS bottom flange out-of-plane movement 

 
Figure 5.12 – Photos of SPEC-4 after testing (Continued) 

Ductile 
Tearing 
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(c)  Ductile tearing of west beam bottom flange at RBS 
 
 

 
 

(d)  Concrete composite floor slab cracking and crushing 
 

Figure 5.12 – Photos of SPEC-4 after testing 
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Figure 5.13 – Test results of SPEC-5 (Continued) 
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Figure 5.13 – Test results of SPEC-5 
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(a) Yielding and local buckling in connection region 

 
(b) RBS bottom flange out-of-plane movement 

 
(c) Floor slab concrete cracking and crushing 

Figure 5.14 – Photos of SPEC-5 at 4% story drift 
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(a) Pronounced beam yielding and local buckling at RBS; fracture in the east beam 

bottom flange at center of RBS 

 
(b) Beam web and flange local buckling 

 
(c) RBS bottom flange out-of-plane movement 

Figure 5.15 – Photos of SPEC-5 at the end of test (continued) 

Fracture 
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(d) Fracture of east beam bottom flange near the center of RBS  

 
(e) Overall view of floor slab after test 

Figure 5.15 – Photos of SPEC-5 at the end of test
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Figure 5.16 – Test results of SPEC-6 (continued) 
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Figure 5.16 – Test results of SPEC-6  
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(a) Yielding in the connection region 

 
(b) RBS bottom flange out-of-plane movement 

 
(c) Yielding around the safety harness eyebolt hole 

 
(d) Crack developing near the center of the beam bottom flange reinforced fillet weld root 

Figure 5.17 – Photos of SPEC-6 at 4% story drift 
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(a) Pronounced yielding in panel zone and connection region 

 
(b) Beam web and flange remained straight 

 
(c) Beam flange at RBS remained straight 

 
Figure 5.18 – Photos of SPEC-6 at the end of test (continued) 

Fracture 
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(d) Yielding around the safety harness eyebolt hole 

 
(e) Fracture in the west beam bottom flange HAZ and column flange adjacent to beam 

web CJP groove weld 
Figure 5.18 – Photos of SPEC-6 at the end of test 
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Figure 5.19 – Lateral load vs. story drift curve of SPEC-6, continued testing as a one-

sided connection 
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(a) East side beam yielding and local buckling 

 
(b) East side beam bottom flange out-of-plane movement 

 
(c) Fracture in east side beam top flange at the center of RBS 

Figure 5.20 – Photos of SPEC-6, after completion of testing as a one-sided connection 
(continued)
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(d) Safety harness eyebolt hole 

Figure 5.20 – Photos of SPEC-6, after completion of testing as a one-sided connection
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(a)  SPEC-1 
 

 
 

(b) SPEC-2 

Figure 5.21 – SEM photographs of RBS flange fracture surfaces of SPEC-1 and SPEC-2 
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Figure 5.22 – CVN toughness results of SPEC-2 after test 
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Figure 5.23 – Comparison of stress-strain curves of material in RBS after test and the 
original material before test for SPEC-2 
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(f) SEM photo of ductile fracture 

Figure 5.24 – Photographs of fracture surface of SPEC-6 
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(a) Low cycle fatigue crack observed near the center of weld root 

 
(b) Section cut at the center of the flange width 

 
(c) Crack under microscope 

Figure 5.25 – Photos of SPEC-6 east beam flange near weld low cycle fatigue crack 
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CHAPTER 6  TEST DATA ANALYSIS 
 

6.1 Analysis of Test Data 

Discussed in this chapter is the analysis and comparison of the data from the 

measurements of the testing, including: (1) total and plastic story drift; (2) story drift 

components by the beams, panel zone and column; (3) energy dissipation and its 

components; (4) RBS out-of-plane movement and column twist; (5) beam moment at the 

column face;  (6) beam and column flange strain profiles; (7) beam web strain; and (8) 

axial force in the supplemental brace at the RBS. 

6.1.1 Total and Plastic Story Drift  

Figure 6.1 shows the maximum total story drift θmax and the plastic story drift 

θp,max that each specimen achieved in a cycle prior to any fracture (i.e., the drift amplitude 

of the last successfully completed cycle prior to any fracture) or strength deterioration to 

below 80% of the nominal plastic moment of the beam at the column face. θmax and θp,max 

were controlled by strength deterioration to 80% Mpn of the nominal capacity, see Figure 

6.9, where the hysteretic relationship between the beam moment at the column face and 

the story drift is shown for each beam of all the specimens. The value of 80% of the beam 

nominal flexural capacity (i.e., 0.8Mpn) is identified in the figure.  The beam moment at 

the column face for each specimen will be discussed later in this chapter. These results 

are also summarized in Table 6.1. The AISC Seismic Provisions (2002) Section 9.2a, 

Item (2) states that: “The required flexural strength of the connection, determined at the 

column face, must equal at least 80 percent of the nominal plastic moment of the 

connected beam at an Interstory Drift Angle of 0.04 radians.” All six specimens thus met 

or exceeded the current AISC Seismic Provisions (AISC 2002) requirement for 

qualifying a connection for seismic use. The test results therefore indicate that the RBS 

connection to a deep column, where a floor slab or supplemental brace at the RBS is 

present, can be qualified for SMF applications.  
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6.1.2 Story Drift Components 

Figures 6.2 shows plots of the components of the story drift from the beams, panel 

zone, and column over the course of testing. The maximum values of each component are 

summarized in Table 6.1.  Near the end of the test (i.e., at 4% story drift and beyond) the 

column is seen to have the smallest contribution to the story drift for all of the specimens, 

with most of the contribution to story drift coming from the beams and the panel zone. 

This is due to the fact that the design of each specimen followed the weak beam-strong 

column philosophy. With the panel zones designed according to the AISC Seismic 

Provisions (AISC 2002), the panel zone contribution to total story drift during the test 

was relatively small in the specimens SPEC-1, SPEC-3 and SPEC-4,,somewhat larger in 

specimens SPEC-2 and SPEC-5, while in SPEC-6, the panel zone contribution to the total 

story drift exceeded that of the beam. 

Figure 6.3 shows a summary of the contribution of the beam, column and panel 

zone to the plastic story drift at selected story drift levels. Except for SPEC-6, Figure 6.3 

shows that the panel zone contributes a major portion to the plastic drift during the cycles 

2% and 3% story drift. For all the specimens except SPEC-6, with buckling in the RBS 

occurring followed by a deterioration in specimen capacity, the panel zone shear 

decreased and the panel zone deformation began to drop as most of the plastic rotation 

developed in the RBS. For SPEC-6, a majority of the plastic deformation was 

concentrated in the panel zone due to it having a weaker panel zone. 

Figure 6.2 shows that for all the specimens except SPEC-6, which didn’t have 

extensive beam local buckling, the panel zone deformation decreased after reaching a 

maximum value, typically either during the 3% story drift cycles (SPEC-1, SPEC-3, and 

SPEC-4) or 4% story drift cycles (SPEC-2 and SPEC-5), when severe beam local 

buckling began to deteriorate the beam flexural capacity and concentrate significant 

plastic deformations in the RBS.  

The values of the Rv/Vpz ratio calculated based on the measured dimensions and 

material properties are tabulated in the last column of Table 4.1. The portion of the panel 

zone contribution to the total story drift is related to the values of the measured Rv/Vpz 

ratio (see Table 4.1). SPEC-1, SPEC-3 and SPEC-4 had the largest values of Rv/Vpz ratio 
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among all the specimens, which is 1.26, 1.28 and 1.24, respectively. Hence, the 

contribution from the panel zone to the story drift was small in these specimens. On the 

contrary, SPEC-6 had the lowest value of Rv/Vpz ratio (and thus, had a weaker panel zone 

compared to the other specimens), so the panel zone contribution to the story drift is the 

largest among all the specimens. In SPEC-6, the panel zone contribution to the story drift 

is more than that of the beams. For SPEC-2 and SPEC-5, the values of Rv/Vpz ratio are 

intermediate, which are 1.14 and 1.21, respectively. Therefore, the panel zone 

contribution to the story drift for SPEC-2 and SPEC-5 is larger than that for SPEC-1, 

SPEC-3 and SPEC-4, but smaller than that for SPEC-6. 

For SPEC-5, because of the smaller depth of the beams, composite action have a 

greater effect on enhancing the RBS flexural capacity, and thus effectively reducing the 

value of Rv/Vpz. 

The ratio Rv/Vpz for SPEC-6 was considerably lower than that of the other 

specimens due to the actual yield stress and column thickness for the specimen. The static 

yield stress of the doubler plate for SPEC-6 was 46.7 ksi (see Table 4.4), less than the 

nominal yield stress of 50 ksi. The column web static yield stress for SPEC-6 was 52.1 

ksi, which is lower than all other specimens, and the column web thickness was 0.581 

inch (see Table 4.2), less than the nominal value of 0.605 inch. The column web yield 

stresses for all the other specimens were comparable, ranging in value from 56.8 ksi 

(SPEC-2) to 58.5 ksi (SPEC-3). The static yield strength of the doubler plate for SPEC-2 

was 47.5 ksi, also less than the nominal yield strength of 50 ksi. The doubler plates for 

the other specimens (i.e., excluding SPEC-2 and SPEC-6) ranged from 58.2 ksi (SPEC-1) 

to 64.7 ksi (SPEC-4). 

6.1.3 Energy Dissipation   

The accumulated energy dissipated by the components (i.e., column, panel zone, 

and the beam) of each specimen during testing is shown in Figure 6.4. A summary of the 

total accumulated energy dissipated by the components of each specimen is given in 

Figure 6.5, with specimen overall energy dissipation tabulated in Table 5.1. Among 

specimens with W36x150 beams, SPEC-3 dissipated the largest amount of energy, while 

SPEC-2 had the smallest amount of energy dissipation. Since these two specimens are 
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identical, except that SPEC-3 has a supplemental brace at the RBS, this observation 

indicates that the supplemental lateral bracing improves the energy dissipation capacity 

of the connection. SPEC-5 and 6 both had W30x108 section for the beams, with the 

former having a W27x146 column section and the latter a W24x131 column section. 

SPEC-5 had a stronger panel zone than SPEC-6, and greater lateral load capacity. 

Consequently, SPEC-5 is shown in Figure 6.5 to dissipate more total energy than SPEC-6, 

and dissipate more energy in the beams. 

For SPEC-1, SPEC-3 and SPEC-4, it is shown in Figure 6.4 that prior to the onset 

of the deterioration in specimen capacity (at 3% story drift) that the panel zone accounts 

for about 33% of the total energy dissipated by each specimen. SPEC-2, which had a 

panel zone with Rv/Vpz equal to 1.14, had the panel zone account for 65% of the energy 

dissipated by the specimen when its capacity began to deteriorate at 4% story drift. 

SPEC-5 had an intermediate value of the Rv/Vpz ratio, which was 1.21, and  a greater 

composite action of the floor slab (see Section 6.1.5). The panel zone thus contributed 

more to the energy dissipation, similar to SPEC-2. SPEC-6, which had a weaker panel 

zone (with the value of the Rv/Vpz ratio equal to 1.03) and the supplemental lateral bracing. 

SPEC-6 had 73% total dissipated energy in the panel zone at 4% story drift.  A major 

portion of the energy dissipated following the onset of the deterioration in specimen 

capacity occurs in the beams. At the end of testing, the panel zone and the beams of 

SPEC-2 dissipated 43% and 49% of the overall total energy, respectively, while the panel 

zone and the beams of SPEC-6 dissipated 70% and 26% of the total energy dissipation, 

respectively (see Figure 6.5). For the remaining specimens the beams accounted for a 

major portion of the overall total energy dissipated by the specimen at the end of testing. 

For these specimens the panel zone dissipated 10% (SPEC-3) to 30% (SPEC-5) of the 

total energy, while the beams dissipated about 69% (SPEC-5) to 86% (SPEC-3) of the 

total energy. For all specimens, the energy dissipated by the column was 1% (SPEC-5) to 

8% (SPEC-2) of the total energy dissipated. This is consistent with the weak beam-strong 

column design philosophy. 
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6.1.4 RBS Lateral Movement and Column Twist 

The measured RBS flange out-of-plane movement and column twist of each 

specimen are shown plotted against story drift in Figures 6.6 and 6.7, respectively. These 

quantities were measured at the elevations of both the beam top and bottom flanges (see 

Figure 4.30). The data is plotted at the peak story drift during each cycle. The measured 

relationship for column twist-RBS out of plane movement of the beam bottom flange are 

plotted in Figure 6.8 for each specimen. 

The beam bottom flange in the RBS of all the specimens except SPEC-6 is shown 

in Figure 6.6 to develop out-of-plane movement at 2% story drift, corresponding to about 

when beam web buckling initiated in the RBS. Because the composite floor slab 

restrained the top flange of the beam at the end of the RBS, the lateral movement of the 

beam bottom flange in the RBS was much larger than that of the top flange. For SPEC-1 

to SPEC-4, the beam top flange in the RBS did not develop an appreciable out-of-plane 

movement until a story drift of 3% was imposed, and the lateral movement of the beam 

top flange remained smaller than that of the bottom flange (by a factor of two or more). 

In the latter part of testing the out-of-plane movement tended to increase in the second 

cycle of each selected story drift compared to that measured during the first cycle.  

SPEC-5 had the same composite floor slab as the first four specimens, but a shallower 

and lighter beam (W30x108 compared to W36x150). The effect of the slab restraint on 

the beam top flange of SPEC-5 is seen in Figure 6.6(e) to be significantly enhanced. The 

movement of the top flange at the RBS was small. The difference in beam depth (W30 vs. 

W36) and in beam web slenderness ratio h/tw (49.0 for W30x108, 52.0 for W36x150) 

also reduced the RBS bottom flange out-of-plane movement for SPEC-5.  With the 

relatively stiffer lateral bracing and a weaker panel zone, SPEC-6 had little RBS out-of-

plane movement in both the beam top and bottom flanges (see Figure 6.6(f)). 

A comparison of the response of SPEC-2 with SPEC-3 indicates that the 

supplemental bracing reduced the out-of-plane movement of the beam bottom flange in 

the test specimen, but did not fully restrain the lateral movement of the beam flange at the 

middle of the RBS. However, by comparing the results of SPEC-5 and SPEC-6, it is seen 

that supplemental lateral bracing combined with a weaker panel zone can prevent beam 
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local and lateral buckling, and thus RBS out-of-plane movement. However, it also 

imposes additional demand on the connection, as discussed in Section 3.4.1.2. 

An examination of the out-of-plane movement of the beam bottom flange at 4% 

drift for all of the test specimens in Figure 6.6 indicates that the movement is less than 

20% of the beam flange width (i.e., 0.2bf), which is the value used in the design 

procedure proposed by Chi and Uang (2002) to determine the torque applied to the 

column. 

Figure 6.7 shows that the column twist developed in the specimens was less than 

0.012 radians before the story drift cycles of 4% were imposed. The columns continued 

to develop an increase in column twist as the amplitude of story drift was increased 

beyond 4%. This is due to the increase in the RBS out-of-plane movement and damage to 

the slab around the column (see Figure 6.8, where the measured column twist is shown to 

steadily increase with the development of RBS out-of-plane movement of the beam 

bottom flange). As seen in Figure 6.7, by the end of the test, SPEC-4 at 4% story drift had 

the largest amount of column twist (0.037 radians) among all of the specimens. This is 

attributed to the fact that the column for SPEC-4 (W36x150) is the one of the more 

torsionally flexible among the specimens, as well as being the most highly stressed. 

SPEC-1 had the smallest amount of column twist (0.02 radians) among the specimens 

with W36x150 beams and without a supplemental brace (i.e., SPEC-1, SPEC-2, and 

SPEC-4). This is attributed to the fact that the column for SPEC-1 (W36x230) has the 

largest torsional stiffness of all of the specimen columns. SPEC-3, which had a 

supplemental brace, had the smallest column twist (0.015 radians) among all the 

specimens with W36x150 beams. The maximum column twist in SPEC-3 was less than 

one-half the maximum column twist of 0.035 radians that developed in companion 

specimen SPEC-2, showing the effectiveness of the supplemental lateral bracing in 

reducing column twist. Although the column for SPEC-5 is lighter and has a smaller 

torsional stiffness compared to SPEC-1 to SPEC-4, SPEC-5 had less column twist than 

all of the first four specimens. This shows that column twist is not only related to the 

column torsional stiffness, but also related to the driving force (i.e., beam flange force). 

SPEC-6 had the smallest column twist due to the supplemental lateral bracing and lack of 

local and lateral buckling in the beams at the RBS. 
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6.1.5 Beam Moment at Column Face and the Effect of Composite Action 

Figure 6.9 shows the beam moment at the column face vs. total story drift for both 

beams of all six specimens. The value of 0.8Mpn is marked in the figures, which was used 

to examine the specimen flexural capacity deterioration, and thus to determine the last 

successfully completed cycle to achieve a capacity of 0.8Mpn. The results were reported 

in Section 6.1.1.  For all specimens except SPEC-6, the maximum moment when the 

beam top flange is in compression is slightly higher than the maximum moment when the 

beam bottom flange is in compression. This indicates that there is some composite action 

from the slab. Also, it is found that for specimens with a composite floor slab that when 

the beam top flange is in compression the beam moment at the column face didn’t 

deteriorate as quickly as when the beam bottom flange is in compression. This is due to 

the slab’s restraint on beam local and lateral buckling. The composite floor slab prevents 

the beam top flange in the RBS, when in compression, from laterally buckling and thus 

reduces the deterioration from occurring in the beam. SPEC-6 had a weaker panel zone, 

and as a result developed smaller beam moments. 

Figure 6.10 compares the measured beam maximum moment Mf,exp developed at 

the column face for all of the test specimens, where the ratio of Mf,exp to beam expected 

plastic flexural capacity Mpe is plotted. The beam expected plastic flexural capacity is 

based on the expected yield stress, where Mpe=ZbRyFy. Included are some RBS specimens 

tested by Engelhardt et al. (2000). Table 6.3 summarizes the beam and column sizes of 

the specimens tested by Engelhardt et al. Results are plotted in Figure 6.10. These 

specimens consisted of W14 column sections, including two specimens without a floor 

slab (Specimens DBBW and DBWW) and two with a floor slab (Specimens DBBWC 

and DBWWC). Figure 6.10 shows that the specimens with a composite floor slab (i.e., 

SPEC-1 to SPEC-5, DBBWC and DBWWC) developed a larger beam moment at the 

column face than those without a floor slab (i.e., SPEC-6, DBBW and DBWW), both for 

shallow and deep columns. This is attributed to the composite action by the floor slab. 

Table 6.2 shows the values for the ratios of Mf,design/RyZbFy, Mf,design/Mpn, 

Mf,exp/Mf,design, and Mf,exp/Mpn. Mf,design is the design value of the maximum beam moment 

developed at the column face, based on Equation (2.13). Mf,exp is the maximum beam 
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moment developed at the column face from test results. Mpn is the beam nominal flexural 

capacity, which is equal to ZbFy. The design of the RBS intended to have the beam 

develop 0.97Mpn at the column face, which corresponds to 0.88ZbRyFy. The RBS design 

complied with the design recommendation (Equation (2.13) in Section 2.2.4.1). As noted 

in Section 2.2.4.1, composite action is not considered in the design procedure. Based on 

the RBS design, the maximum beam moment at the face of the column should not exceed 

Mpn. However, the experimental results shown in Table 6.2 indicate that the maximum 

beam moment at the column face exceeds Mpn for all of the specimens except SPEC-6, 

whose maximum measured beam moment was equal to Mpn. Mf,exp exceeded Mf,design by 

average of 14%. SPEC-6, which did not have a floor slab, had the smallest value (1.03) of 

the ratio of Mf,exp/Mf,design. SPEC-5, which had a composite slab and W30x108 beams, had 

the largest value (1.23) for the ratio of Mf,exp/Mf,design. SPEC-5 appears to be more affected 

by the floor slab since it has the smallest beam section. 

It can be seen that the design procedure (Equation (2.13)) underestimates the 

maximum beam moment at the column face when a composite floor slab is present. The 

composite action from a composite floor slab increases the beam flexural capacity, 

causing the beam to become more inelastic at the column face. Composite action appears 

to become greater as the beams get smaller. The increase of the beam flexural capacity by 

the composite action also imposes more demand on the panel zone, thus making it 

weaker than designed (i.e., the Rv/Vpz ratio becomes smaller). 

6.1.6 Beam and Column Flange Strain Profiles   

Figures 6.11 through 6.16 show the longitudinal strain distribution across the 

beam top and bottom flanges at various story drift values. The results shown are related 

to the first cycle of the indicated story drifts of 1% through 5%. Due to a strain gauge 

malfunction, the strains for the beam top flange of SPEC-4 are only shown for story drift 

cycles of up to 3%. The strain gauges used to measure the strain were located on the 

beam flange outer surface, at three inches from the column face (see Figures 4.27 to 4.29). 

For SPEC-1 to SPEC-5, the strain plots show a concentration of strain to develop in the 

latter cycles at one edge of the bottom flange, where a strain gradient developed across 

the beam flange near the column face. This is due to the effects of beam bottom flange 
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local buckling and lateral buckling in the RBS. Compared to the beam bottom flanges, 

the beam top flange strains are more uniform, and is due to the top flange is more 

restrained by the composite floor slab from local and lateral buckling. It is also observed 

that the beam flange strains begin to decrease after the 3% or 4% drift cycles when the 

specimen capacity began to deteriorate due to local and lateral buckling in the RBS. Thus, 

it appears that this buckling reduced the strain near the interface of the weld and base 

metal. In all of the specimens except for SPEC-6, cracks were not found at the interface 

of the beam flange welds and base metal, and fracture of the beam flange occurred in the 

region of local buckling. The strain distribution in the beam flanges of SPEC-6 are shown 

in Figure 6.16. The strains are fairly uniform across the beam flanges, indicating that 

there was little local and lateral buckling in the beams. 

The longitudinal strain distribution across the column flange, just below the beam 

bottom flange, is shown in Figures 6.17 through 6.22 for the test specimens. Among the 

specimens having W36x150 beams, SPEC-1 had the stiffest and strongest column, and 

consequently the column flange strains are shown in Figure 6.17 to be the lowest among 

the specimens. On the contrary, SPEC-4 had the smallest value for column-to-beam 

flexural capacity ratio M*pc/M*pb (see Table 4.1) (i.e., the weakest column relative to the 

beams) and is shown in Figure 6.20 to have the largest column flange strain. SPEC-5 and 

SPEC-6 both had W30x108 beams. In Figures 6.21 and 6.22, it can be seen that SPEC-5 

has lower strains than SPEC-6 because the column of SPEC-5 (W27x146) has higher 

stiffness and strength than the column of SPEC-6 (W24x131), and therefore a larger 

value for the column-to-beam flexural capacity ratio (see Table 4.1). Except for SPEC-4 

and SPEC-6, the column flange strain for all specimens is rather small and barely exceeds 

the yield strain εy marked in Figure 6.17 through 6.22. The columns of SPEC-4 and 

SPEC-6 showed evidence of developing more appreciable yielding than the other 

specimens, locally beneath the beam flanges. In SPEC-4, this is due to the specimen 

having the smallest value of column-to-beam flexural capacity ratio (see Table 4.1), 

resulting in some column yielding from flexure. For SPEC-6, the significant panel zone 

deformation caused significant local bending (i.e., kinking) of the column flanges just 

outside the panel zone. 
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The measured column flange strain distribution for the specimens shows no 

strong evidence of the presence of any appreciable column torsional warping normal 

stress (strain) that is predicted by the design procedure of Chi and Uang (2002), where a 

stress (strain) gradient across the column flange would have been present. 

6.1.7 Beam Web Strain 

As discussed in Chapter 4, high elongation strain gauges were mounted on 

opposite sides of the web of the east beam (see Figure 4.27 to 4.29). Figures 6.23 through 

6.28 show for each specimen the beam web strains measured from each pair of these 

strain gauges during testing. For all the specimens except SPEC-6, a separation of strain 

is observed to occur between the two gages in the each pair of strain gages. This indicates 

that the occurrence of web local buckling observed in the test had commenced. The strain 

gage readings indicate that web local buckling started at a story drift of 2% for SPEC-1, 

SPEC-3, and SPEC-4, and 3% for SPEC-2 and SPEC-5. For SPEC-6, the strains in the 

beam web were very small compared to other specimens and no strain separation 

occurred (see Figure 6.28). This supports the observation made during testing that the 

beams of SPEC-6 did not have appreciable local buckling occur before the specimen 

failed. 

6.1.8 Bracing Force 

As noted in Chapter 4, the axial force in the east side supplemental brace (a 

W14x22 section) for SPEC-6 was measured. The relationship of measured axial force in 

the brace vs. specimen story drift is shown in Figure 6.29. The results in Figure 6.29 

show that the axial brace force increased as the story drift developed, and cyclically 

reversed signs (i.e., reversed from tension to compression as the cyclic drift 

displacements were imposed). The maximum value of the axial brace force was about 45 

kips, at 5% story drift as a two-sided connection. This amount of force corresponds to 

15.9% of the beam flange area at the RBS times its nominal yield stress (Aflg,RBSFy). The 

maximum value of the axial brace force at the end of the first 4% story drift cycle was 

about 37 kips. The value of 37 kips corresponds to 0.13Aflg,RBSFy, where Fy is the nominal 

yield stress. 
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In Section 9.8 of the AISC Seismic Provisions (AISC 2002), it is stated that: 

“…The Required Strength of lateral bracing provided adjacent to plastic hinges shall be 

at least 6 percent of the expected Nominal Strength of the beam flange computed as 

RyFybftf.” If the reduced flange width at the RBS is considered, the expected nominal 

strength of the beam RBS flange is 229 kips, and the required bracing strength shall be at 

least 13.7 kips. If the whole beam width is used, the expected nominal strength of the 

beam whole flange is 438 kips, and the required bracing strength shall be at least 26.3 

kips. 

The measured brace force in the supplemental brace of SPEC-6 thus exceeded the 

brace design force recommended by the AISC Seismic Provisions (2002). The maximum 

value of the measured axial force in the brace at 4% story drift is 2.7 times and 1.4 times 

the value using the beam RBS flange width and the beam whole flange width, 

respectively. 

6.2 Summary and Conclusions 

Based on the test results and evaluation of the data, the following conclusions are 

noted: 

(1) The deep column RBS connection test specimens, having a composite floor slab or a 

proper lateral bracing, have sufficient ductility for seismic application. The specimens 

meet the qualification criteria required by Appendix S of the AISC Seismic 

Provisions (AISC 2002) for use in SMFs in seismic regions.  

(2) The E70T-6 electrode appears to perform adequately when the AISC Seismic 

Provisions for weld metal toughness are satisfied. 

(3) The restraint by the concrete composite floor slab reduces the lateral movement of the 

beam bottom flange in the RBS. Hence it enhances the performance of the connection 

by reducing the strength deterioration due to lateral buckling of the beam top flange 

and the resulting twisting moment subjected to the column from this beam flange. It 

was shown that the same thickness composite floor slab had more restraint effect on 

shallower and ligher beams (W30x108) than deeper and heavier beams (W36x150). 
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(4) The observed out-of-plane movement of the beam bottom flange at 4% drift in the 

test specimens is less than the value of 0.2bf suggested by Chi and Uang (2002) to 

determine the torque applied to the column. 

(5) The beams in all the specimens except SPEC-6 accounted for most of the plastic drift 

and energy dissipation of the specimens. The panel zone designed according to the 

current AISC Seismic Provisions appears to work well, enabling the beams to fully 

develop plastic hinges in the RBS. In SPEC-6, due to the low yield stress of the 

doubler plate and undersize of the column web, the panel zone had a reduced strength, 

which resulted in a larger portion of the plastic deformation to be concentrated in the 

panel zone. 

(6) The supplemental bracing for SPEC-3 and SPEC-6 reduced the column twisting and 

out-of-plane movement of the beam bottom flange in the test specimens. In SPEC-3, 

which had a stronger panel zone and thereby local buckling in the RBS, the 

supplemental brace did not fully restrain the lateral movement of the beam flange at 

the middle of the RBS. 

(7) The current design recommendation for RBS connections to a deep column over-

estimates the column torsional warping stress due to twisting. 

(8) The current fabrication requirements for grinding the RBS in accordance with FEMA 

353 (FEMA 2000b) appear to be adequate for the specimens with A992 steel beams.  

The specimens with beams fabricated from A572 Grade 50 steel W36x150 sections 

(SPEC-1 and SPEC-2) and A992 steel W30x108 sections (SPEC-5) went into 

cleavage fracture in the RBS, while the specimens with beams fabricated from A992 

steel W36x150 sections (SPEC-3 and SPEC-4) developed ductile tearing in the RBS. 

Further studies are needed to understand all of the causes for this. 

(9) With a composite floor slab, the beams have developed a larger moment capacity and 

less deterioration when the beam top flange is in compression, compared to when the 

beam bottom flange is in compression. The RBS design procedure recommended by 

Engelhardt (1999) and that by AISC Draft of Prequalified Connections for Special 

and Intermediate Steel Moment Frames for Seismic Applications (2003) both 

underestimate the maximum moment developed in the beam at the column face when 
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a composite floor slab is present. This phenomenon is due to the increase in the RBS 

flexural capacity because of composite action. 

(10) The axial brace force in the supplemental brace at the RBS was found to be larger 

than the design value recommended by the AISC Seismic Provisions (2002). Further 

studies are needed to possibly consider whether to revise the brace design force. 
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Table 6.1 Maximum cyclic drift achieved in test specimens prior to any fracture or 
strength deterioration below 80% of the nominal capacity of the specimen 

SPEC θmax  
(% rad.) 

θp,max 
(% rad.)

θbm,pmax 
(% rad.)

θpz,pmax 
(% rad.)

θcol,pmax 
(% rad.) pz

v
V

R  

1 4.0 3.1 2.9 0.6 0.2 1.26 
2 4.0 2.9 1.4 1.3 0.6 1.14 
3 5.0 4.1 3.7 0.6 0.2 1.28 
4 4.0 3.0 2.7 0.8 0.1 1.24 
5 5.0 4.0 3.5 1.3 0.2 1.21 
6 4.0 2.6 0.8 1.9 0.2 1.03 

Note: The values of the Rv/Vpz ratio were based on the measured dimensions and material properties. 
 

Table 6.2 Comparison of the design values and experimental results for the maximum 
beam moment at the column face 

SPEC 
yby

designf

FZR
M ,  

pn

designf

M
M ,

designf

f

M
M

,

exp,  
pn

f

M
M exp,  

1 0.88 0.97 1.06 1.03 

2 0.88 0.97 1.17 1.13 

3 0.88 0.97 1.19 1.15 

4 0.88 0.97 1.14 1.11 

5 0.88 0.97 1.23 1.20 

6 0.88 0.97 1.03 1.00 

 
Table 6.3 Test specimen matrix by Engelhardt et al. (2000) 

Specimen Beam Column Floor slab 
DBBW W36x150 W14x398 No 

DBWW W36x150 W14x398 No 

DBBWC W36x150 W14x398 Yes 

DBWWC W36x150 W14x398 Yes 
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Figure 6.1 – Total and plastic story drift achieved for specimens (Based on 
last successfully completed cycle prior to any fracture or strength 

deterioration below 80% of the nominal capacity) 



              Development of Seismic Guidelines for Deep-Column Steel Moment Connections 
Ricles, Zhang, Lu, and Fisher 

218 

 
 
 

0

1

2

3

4

5

6

0 1 2 3 4 5 6

Story Drift Angle (% rad.)

To
ta

l S
to

ry
 D

ri
ft 

(%
 ra

d.
)

Column

Panel Zone

Beam

 
(a)  SPEC-1 

 
 
 

0

1

2

3

4

5

6

0 1 2 3 4 5 6

Story Drift Angle (% rad.)

To
ta

l S
to

ry
 D

ri
ft 

(%
 ra

d.
)

Column

Panel Zone

Beam

 
(b) SPEC-2 

 
Figure 6.2 – Drift components of test specimens (Continued) 
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Figure 6.2 – Drift components of test specimens (continued) 
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Figure 6.2 – Drift components of test specimens
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Figure 6.3 – Summary of specimen plastic story drift components at selected drift levels 

(continued) 
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Figure 6.3 – Summary of specimen plastic story drift components at selected drift levels 
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Figure 6.4 – Energy dissipated by components of test specimens (Continued) 
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Figure 6.4 – Energy dissipated by components of test specimens 
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Figure 6.5 – Summary of specimen components contribution to total energy dissipation 
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Figure 6.6 – Magnitude of RBS beam flange out-of-plane movement (Continued) 
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Figure 6.6 – Magnitude of RBS beam flange out-of-plane movement 
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Figure 6.7 – Column twist (Continued) 

 



              Development of Seismic Guidelines for Deep-Column Steel Moment Connections 
Ricles, Zhang, Lu, and Fisher 

229 

(d) SPEC-4

0

0.01

0.02

0.03

0.04

0.05

0 1 2 3 4 5 6
Story Drift (% rad.)

C
ol

um
n 

Tw
is

t (
ra

d.
) @Beam Top Flange

@Beam Bottom Flange

 

(e) SPEC-5

0

0.01

0.02

0.03

0.04

0.05

0 1 2 3 4 5 6
Story Drift (% rad.)

C
ol

um
n 

Tw
is

t (
ra

d.
) @Beam Top Flange

@Beam Bottom Flange

 

(f) SPEC-6

0

0.01

0.02

0.03

0.04

0.05

0 1 2 3 4 5 6
Story Drift (% rad.)

Co
lu

m
n 

Tw
is

t (
ra

d.
) @Beam Top Flange

@Beam Bottom Flange

 
Figure 6.7 – Column twist 
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Figure 6.8 – Column twist vs. RBS lateral movement (Continued) 
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Figure 6.8 – Column twist vs. RBS lateral movement 
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(a) SPEC-1 east beam moment at column face vs. story drift 
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(b) SPEC-1 west beam moment at column face vs. story drift 
 

Figure 6.9 – Beam moment at column face (continued)
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(c) SPEC-2 east beam moment at column face vs. story drift 
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(d) SPEC-2 west beam moment at column face vs. story drift 
 

Figure 6.9 – Beam moment at column face (continued)
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(e) SPEC-3 east beam moment at column face vs. story drift 
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(f) SPEC-3 west beam moment at column face vs. story drift 
 

Figure 6.9 – Beam moment at column face (continued)
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(g) SPEC-4 east beam moment at column face vs. story drift 
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(h) SPEC-4 west beam moment at column face vs. story drift 
 

Figure 6.9 – Beam moment at column face (continued)



              Development of Seismic Guidelines for Deep-Column Steel Moment Connections 
Ricles, Zhang, Lu, and Fisher 

236 

-40000

-30000

-20000

-10000

 0

 10000

 20000

 30000

 40000

-6 -4 -2  0  2  4  6

E
as

t B
ea

m
 M

om
en

t (
k-

in
)

Story Drift (% rad.)

0.8 Mpn

0.8Mpn

Top flange in compression

Bottom flange in compression

-40000

-30000

-20000

-10000

 0

 10000

 20000

 30000

 40000

-6 -4 -2  0  2  4  6

W
es

t B
ea

m
 M

om
en

t (
k-

in
)

Story Drift (% rad.)

0.8 Mpn

0.8Mpn

Top flange in compression

Bottom flange in compression

 
 

(i) SPEC-5 east beam moment at column face vs. story drift 
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(j) SPEC-5 west beam moment at column face vs. story drift 
 

Figure 6.9 – Beam moment at column face (continued)
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(k) SPEC-6 east beam moment at column face vs. story drift 
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(l) SPEC-6 west beam moment at column face vs. story drift 
 

Figure 6.9 – Beam moment at column face  
(Mpn: beam nominal flexural capacity)
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Figure 6.10 – Maximum beam moment achieved in test at column face 

(Data for the shallow column specimens are from Engelhardt et al. 2000)
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(a)  Beam Top Flange 
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(b)  Beam Bottom Flange 
 

Figure 6.11 – Strain profile across the beam top and bottom flanges of SPEC-1 
(εy= 1.714 x 10-3)
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(a)  Beam Top Flange 
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(b)  Beam Bottom Flange 
 

Figure 6.12 – Strain profile across the beam top and bottom flanges of SPEC-2 
(εy= 1.714 x 10-3)
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(b)  Beam Bottom Flange 
 

Figure 6.13 – Strain profile across the beam top and bottom flanges of SPEC-3 
(εy= 1.828 x 10-3)
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(b)  Beam Bottom Flange 
 

Figure 6.14 – Strain profile across the beam top and bottom flanges of SPEC-4 
(εy= 1.828 x 10-3)
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(a) Beam top flange 
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(b) Beam bottom flange 

 
Figure 6.15 – Strain profile across the beam top and bottom flanges of SPEC-5 

(εy= 1.721 x 10-3)
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(b) Beam bottom flange 

 
Figure 6.16 – Strain profile across the beam top and bottom flanges of SPEC-6 
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(a)  East Face Column Flange 
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(b)  West Face Column Flange 
 

Figure 6.17 – Strain profile across column flanges of SPEC-1 
(εy= 1.779 x 10-3)
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(b)  West Face Column Flange 
 

Figure 6.18 – Strain profile across column flanges of SPEC-2 
(εy= 1.859 x 10-3)

εy 

εy 

εy 

εy 



              Development of Seismic Guidelines for Deep-Column Steel Moment Connections 
Ricles, Zhang, Lu, and Fisher 

247 

 

-10000

-5000

 0

 5000

 10000

-6 -4 -2  0  2  4  6

S
tr

ai
n 

(m
ic

ro
st

ra
in

)

Distance across Column Flange (in)

+1%
-1%
+2%
-2%
+3%
-3%
+4%
-4%
+5%
-5%

 
 

(a)  East Face Column Flange 
 

-10000

-5000

 0

 5000

 10000

-6 -4 -2  0  2  4  6

S
tr

ai
n 

(m
ic

ro
st

ra
in

)

Distance across Column Flange (in)

+1%
-1%
+2%
-2%
+3%
-3%
+4%
-4%
+5%
-5%

 
 

(b)  West Face Column Flange 
 

Figure 6.19 – Strain profile across column flanges of SPEC-3 
(εy= 1.783 x 10-3)
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(b)  West Side Column Flange 
 

Figure 6.20 – Strain profile across column flanges of SPEC-4 
(εy= 1.828 x 10-3) 
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(b)  West Side Column Flange 
 

Figure 6.21 – Strain profile across column flanges of SPEC-5 
(εy= 1.817 x 10-3) 
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(b)  West Side Column Flange 
 

Figure 6.22 – Strain profile across column flanges of SPEC-6 
(εy= 1.672 x 10-3) 
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(c) BW-3 vs. BW-6 

 
Figure 6.23 – Beam web strains showing web local buckling of SPEC-1
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(c) BW-3 vs. BW-6 

 
Figure 6.24 – Beam web strains showing web local buckling of SPEC-2
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(c) BW-3 vs. BW-6 

 
Figure 6.25 – Beam web strains showing web local buckling of SPEC-3
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Figure 6.26 – Beam web strains showing web local buckling of SPEC-4 
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Figure 6.27 – Beam web strains showing web local buckling of SPEC-5 
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Figure 6.28 – Beam web strains of SPEC-6 
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CHAPTER 7 COMPARISON OF FEA RESULTS WITH 
SPECIMEN TEST RESULTS 

 

7.1 General 

This chapter discusses the comparison of the finite element analysis (FEA) and 

the test results in order to further evaluate the accuracy of the finite element models 

described in Chapter 3. Finite element models for all test specimens were developed and 

the specimens analyzed before the test to predict the test specimen behavior. For each test 

specimen, material tensile coupon test results were used to determine the material 

properties for the ABAQUS finite element models. In the cyclic analysis the 

displacement history applied at the top of column in the model was the same as that 

applied to the test specimen, except that the elastic test cycles prior to 1% story drift and 

two cycles of 1.5% story drift were omitted in the analysis. 

7.2 Predicted vs. Measured Specimen Response 

The comparison of cyclic behavior of specimen tests and finite element models is 

shown in Figures 7.1 to 7.6. Good agreement exists between the test and FEA results. 

Overall, it was determined that the finite element models correctly predicted the limit 

states and their sequence that occurred in the test specimens, which included: (1) yielding 

in the RBS beam web and flanges; (2) panel zone yielding; (3) local buckling of the beam 

web and flanges in the RBS; (4) lateral movement of the beam flanges in the RBS; (5) 

strength degradation following local buckling and lateral flange movement of the beam in 

the RBS; and, (6) column twisting due to torsional loading caused by buckling in the 

RBS. 

Values for the initial stiffness, peak loading, and connection strength degradation 

(as a percentage of the peak loading) at 4% story drift of each test specimen are 

summarized in Table 7.1. The initial stiffness, peak load, and strength degradation in the 

finite element model show good agreement with the test results. The initial stiffness from 

the FEA is slightly lower than the test results for all six specimens. However, the 
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difference is less than 4% for most cases and for SPEC-3 the difference is about 8%. The 

only exception is SPEC-5, which is about 19%. The peak loading predicted by the finite 

element models is within 4% of the test results for all specimens with the exception of 

SPEC-5, for which the difference is about 8%. SPEC-5 had the same composite floor slab 

system but shallower and lighter beams (W30x108) than SPEC-1 to SPEC-4 (W36x150). 

There was a greater degree of composite action in SPEC-5 than the other specimens with 

a floor slab. The finite element model for SPEC-5 is seen in Figure 7.5 to underestimate 

the stiffness and the strength of the test specimen at the early stage of the testing. 

The strength degradation starts after 3% story drift is reached (see Figures 7.1 

through 7.5) for SPEC-1 to SPEC-5. Specimen strength degradation occurred in the 

analysis, and shows good agreement with the test results. The strength degradation 

predicted by the finite element models at 4% story drift is within 3% of that which 

occurred in the test specimens. As noted in Chapters 3 and 5, the degradation of the 

strength is associated with beam local web and flange buckling and lateral movement of 

the beam flange in the RBS. 

Figure 7.7 shows the pattern of beam local buckling developed in the test 

specimen and finite element model for SPEC-2. SPEC-2 had a W27x194 column and 

W36x150 beams. It can be seen that the finite element analysis results resembles the test 

results very well, where both have the same buckling pattern. These results were typical 

for the analysis of the test specimens. The types of shell elements therefore used in the 

finite element model (S4 and S4R in the ABAQUS element library) are suitable for 

capturing local buckling and performing post-buckling analysis. 

As discussed in Chapters 5 and 6, SPEC-6 had little beam buckling and no 

strength deterioration before it fractured. This behavior was also captured in the FEA 

results (see Figure 7.6), and is attributed to the weaker panel zone of SPEC-6 (where the 

measured Rv/Vpz = 1.03). As noted in Chapter 6, the panel zone accounted for 80% of the 

inelastic story drift at a story drift of 0.04 radians. The larger plastic deformations 

developed in the region of the connection with a weaker panel zone may cause fracture in 

the connection, as occurred during the testing of SPEC-6. It was found through the finite 

element analysis that a ratio for Rv/Vpz of about 1.15 or greater is required to have more 
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equal balance of inelastic panel zone and beam plastic deformation. Figure 7.8 shows the 

comparison of the FEA results for the as-tested configuration and that of a model of 

SPEC-6 with Rv/Vpz = 1.13. For this latter model the beams developed local and lateral 

buckling, followed by strength deterioration. The panel zone in this latter model accounts 

for 37% of the inelastic story drift at a story drift of 0.04 radians. 

The contribution of the beams, panel zone, and column to the total drift of the 

model of SPEC-1 are shown in Figure 7.9, where they are compared to the test results. 

SPEC-1 had a W36x230 column and W36x150 beams. Good agreement is seen in Figure 

7.9 between the test and FEA results. Figure 7.10 shows a comparison of the column 

twist for SPEC-1 from test measurements and FEA results at selected story drift levels. 

Good correlation is again shown between the test and FEA results. The above same 

comparisons for SPEC-6 are shown in Figures 7.11 and 7.12, where as noted above 

SPEC-6 had a weaker panel zone. The finite element results and the experimental results 

for SPEC-6 agree very well, except for the last half cycle at 5% story drift, where the 

specimen developed a fracture during testing. The agreement of the FEA results with the 

test results shown in Figures 7.9 and 7.12 is typical for all specimens. 

Overall, the FEA results show good correlation with the test results. The 

comparison of the analysis and test results further verifies that the finite element 

modeling approach, described in Chapter 3 and used in the parametric study, provides 

reasonably accurate results. 
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Table 7.1 Comparison of test results and FEA results 

Specimen Initial stiffness 
(k/in.) 

Peak loading 
(kips) 

Strength 
degradation at 4% 
story drift (% of 
peak loading) 

Test 232.7 411 16 
SPEC-1 

FEA 225.4 406 15 
Test 202.1 412 14 

SPEC-2 
FEA 194.2 399 11 
Test 212.1 407 8 

SPEC-3 
FEA 194.3 415 9 
Test 211.0 406 16 

SPEC-4 
FEA 208.6 423 16 
Test 136.0 258 4 

SPEC-5 
FEA 109.6 235 5 
Test 102.0 240 0 

SPEC-6 
FEA 98.3 228 0 
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Figure 7.1 – Comparison between test and FEA results for lateral force-story drift of 

SPEC-1 
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Figure 7.2 – Comparison between test and FEA results for lateral force-story drift of 

SPEC-2 
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Figure 7.3 – Comparison between test and FEA results for lateral force-story drift of 

SPEC-3 
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Figure 7.4 – Comparison between test and FEA results for lateral force-story drift of 

SPEC-4 
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Figure 7.5 – Comparison between test and FEA results for lateral force-story drift of 

SPEC-5 
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Figure 7.6 – Comparison between test and FEA results for lateral force-story drift of 

SPEC-6 
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 (a) Photograph of test specimen (b) FEA model 

Figure 7.7 – Beam local buckling, SPEC-2 at 4% story drift 
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Figure 7.8 – Comparison of FEA results for different panel zone strength of SPEC-6
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(a) Panel zone contribution to story drift 
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(c) Column contribution to story drift 
Figure 7.9 – Comparison of test and FEA results for story drift components of SPEC-1 
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Figure 7.10 – Comparison of test and FEA results for column twist, SPEC-1 
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(c) Column contribution to story drift 
Figure 7.11 – Comparison of test and FEA results for story drift components of SPEC-6 
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Figure 7.12 – Comparison of test and FEA results for column twist, SPEC-6 
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CHAPTER 8 DESIGN RECOMMENDATIONS 
 

8.1 Introduction 

The analytical and experimental studies reported in the prior chapters indicate that 

the current design recommendation by Chi and Uang (2002) over-estimates the column 

warping stress in the design of a deep column-to-beam RBS moment connection. This 

chapter presents a newly developed procedure for the design of moment connections 

between beams and a deep column. 

8.2 Beam Flange Stress and Strain Distribution 

The main idea behind the proposed design procedure is that the torsion imposed 

to the column by the compression flanges of the beams is based on the stress distribution 

in the beam compression flanges at the column face. This stress distribution across the 

beam flange is influenced by the local and lateral buckling in the RBS. This stress 

distribution can be determined from measured strains of the test specimens and the finite 

element results. 

8.2.1 Beam Flange Strain Distribution from Experimental Results 

Figure 8.1 shows the measured strain distributions across the beam bottom flanges 

near the column at 4% story drift for SPEC-1 to SPEC-5. All of the specimens developed 

extensive beam local buckling and RBS out-of-plane movement at 4% story drift during 

testing. The strains were measured using strain gauges that were placed across the east 

side beam flange width at three inches from the column face (see Figures 4.27, 4.28 and 

4.29). The strains in Figure 8.1 are plotted when the east-side beam bottom flange was in 

compression at 4% story drift. A strain gradient is seen in the figure, which is caused by 

the bending of the beam compression flange about the beam weak axis as the result of the 

RBS out-of-plane movement, as well as local buckling of the beam at the RBS. For 

SPEC-6, the beam buckling at 4% story drift was minor and there was no visible RBS 
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out-of-plane movement. The strain distribution was thus rather uniform along the beam 

width (see Figure 6.16), and not included in Figure 8.1. 

Shown in Figure 8.2 is the stress distribution across the beam flange, which was 

determined from the strain distribution shown in Figure 8.1. The stress calculation was 

based on the assumption of a uniaxial relationship between strain and stress. It can be 

seen in Figure 8.2 that approximately two-thirds of the flange width in the specimens 

(excluding SPEC-1) has developed the yield stress (which ranged from 49.7 ksi to 53.0 

ksi, see Table 4.4), with the stress rapidly diminishing at one edge of the flange. 

8.2.2 Beam Flange Stress Distribution from Finite Element Analysis Results 

To investigate further the stress distribution in the beam compression flange, 

nonlinear finite element analysis (FEA) were performed. Cyclic analysis was used along 

with sub-modeling to investigate the stress in the beam compression flange, following the 

loading protocol in the AISC Seismic Provisions (AISC 2002) shown in Figure 4.26. 

SPEC-2, which had a W27x194 column and W36x150 beams, was chosen for the 

analysis. The dimensions and material properties are given in Chapter 4 that were used in 

the model. Shown in Figure 8.3 is part of the sub-model, which consists of the beam 

flange and portions of the beam web. Figure 8.4 shows the longitudinal stress distribution 

at 4% story drift in the beam bottom flange along the path that is across the beam flange, 

three inches from the face of the column flange (see Figure 8.3). The results in Figure 8.4 

show similarities to the stress distribution in Figure 8.2. These results confirm that due to 

the RBS out-of-plane movement that the longitudinal stress in the beam flange 

redistributes accordingly. In the FEA results a majority of the flange width (around two-

thirds) is fully yielded in compression with a slight amount of strain hardening. Over the 

remaining flange width there is a nearly linear distribution to the edge of the flange where 

the stress is approximately zero.  

As noted already, the stress distribution patterns in the beam bottom compression 

flange from the test results and FEA results both show consistency. Over the course of 

cyclic loading, the beam flange becomes fully yielded as the beam reaches its plastic 

moment at 2% story drift, as shown in Figure 8.5(a). Then, at 3% story drift the beam 
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flange starts to locally buckle and the beam moment starts to drop after achieving a 

maximum value. At 4% story drift, the out-of-plane movement of the beam compression 

flange in the RBS introduces a moment T about the beam weak axis, which applies a 

torque to the column. The moment about the beam weak axis causes the stress in the 

beam compression flange to redistribute as illustrated in Figure 8.5(b). The beam flange 

starts to unload from the tension side of this moment T. 

Shown in Figures 8.6 and 8.7 is the longitudinal stress distribution in the beam 

bottom flange when in compression near the column face (along the path shown in Figure 

8.3), for a RBS connection with supplemental bracing and a WUF connection, 

respectively. These results are based on nonlinear cyclic finite element analysis, and are 

shown plotted at a story drift of 4%. The RBS connection has a W27x194 column and 

W36x150 beams with the supplemental bracing at the RBS, and corresponds to test 

specimen SPEC-3. The WUF connection has a W36x230 column and W36x150 beams, 

with material properties and dimensions similar to SPEC-1. It can be seen from the 

Figure 8.6 that the RBS connection with supplemental bracing has a different stress 

distribution than the RBS connection without the supplemental bracing (Figure 8.4). 

About one-sixth of the width of the beam flange is below the beam flange yield stress (53 

ksi), where at the edge of the beam flange the stress is about one half the yield stress. The 

rest of the flange remains fully plastic. In the WUF connection, shown in Figure 8.7, the 

stress distribution is more uniform. A small portion of the width of the beam flange 

(about one-sixth of the flange width) is below the beam flange yield stress (49.7 ksi), 

where at the edge of the beam flange the stress decreases to around two-thirds of the 

maximum stress. It is noted that the WUF connection has a greater amount of strain-

hardening develop in the beam flange than in the RBS connections. 

Integrating the stresses across the beam flange width (shown in Figures 8.4, 8.6 

and 8.7) gives an eccentricity of the beam flange stress resultant force with respect to the 

centerline of the beam (column) of 0.0811bf, 0.0214bf, and 0.0108bf, for an RBS 

connection without supplemental bracing, an RBS connection with supplemental bracing, 

and an WUF connection, respectively, where bf is the beam flange width. The 

corresponding torque T applied to the column by the beam flange is 0.075Fyeb2
ftf, 

0.021Fyeb2
ftf, and 0.011CprFyeb2

ftf, respectively, where Fye is the expected yield stress of 
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the beam flange, bf is the width of the beam flange, tf is the thickness of the beam flange, 

and Cpr has a value of 1.15. 

8.3 Design Recommendation 

The design procedure is based on a simplified stress distribution in the beam 

compression (bottom) flange. The following are the basic assumptions that lead to the 

proposed design procedure. 

8.3.1 Assumptions 

1. The torque imposed to the column by the beam compression (bottom) flanges 

comes from the eccentricity of the beam compression flange force with respect to 

the column; 

2. A floor slab is present; 

3. The beam tension flanges have a uniform stress distribution, where there is no 

eccentricity of the tension flange force with respect to the column; 

4. Before lateral buckling in the RBS occurs, the compression beam flange is in 

uniform compression; as the RBS undergoes out-of-plane movement, the 

longitudinal stresses in the beam compression flange redistribute (see Figure 8.8), 

which leads to an eccentricity of the beam flange force; 

5. Based on the results from the experimental and finite element studies that were 

discussed above, the beam bottom flange compressive stress distribution shown in 

Figure 8.8(a) is assumed for an RBS connection without a supplemental brace at 

the RBS. The eccentricity e of the beam compression (bottom) flange longitudinal 

stress resultant with respect to the column and the corresponding torque on the 

column T are equal to 

ff bbe 0917.0
120
11

≈=  (8.1) 

ffyeffye tbFtbFT 22 073.0
150
11

≈=  (8.2) 

where e = the eccentricity of the resultant force of the beam compression 

(bottom) flange longitudinal stresses; 
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 T = the torque applied to the column by the resultant force of the beam 

compression (bottom) flange longitudinal stresses; 

 Fye = expected yield stress, equal to RyFy, where Fy is the specified 

minimum yield stress of the beam flange, and Ry is the ratio of the 

expected yield stress to the specified minimum yield stress; 

 bf = beam flange width; 

 tf = beam flange thickness. 

6. For an RBS connection with a supplemental brace at the end of the RBS, the 

compression stress distribution across the beam bottom flange shown in Figure 

8.8(b) is assumed, and the eccentricity e of the beam compression (bottom) flange 

longitudinal stress resultant force with respect to the column and the 

corresponding torque T are equal to 

ff bbe 0228.0
570
13

≈=  (8.3) 

ffyeffye tbFtbFT 22 022.0
600
13

≈=  (8.4) 

7. For an WUF connection, the beam bottom flange compressive stress distribution 

shown in Figure 8.8(c) is assumed. Strain hardening is not considered for the RBS 

connections, while it is considered for an WUF connection. This is due to the fact 

that the beam flange near the column in an WUF connection undergoes more 

cyclic strain hardening than that in a RBS connection. The eccentricity e of the 

beam compression (bottom) flange longitudinal stress resultant force with respect 

to the column and the corresponding torque T are equal to 

ff bbe 0131.0
153

2
≈=  (8.5) 

ffyeprffyepr tbFCtbFCT 22 012.0
81
1

≈=  (8.6) 

The above assumed stress distributions resulted in similar values of the 

eccentricity e and torque T compared to the finite element analysis results, with the 

comparison shown in Table 8.1. Based on the above assumptions, the design procedure is 

presented below. 



              Development of Seismic Guidelines for Deep Column Steel Moment Connections 
Ricles, Zhang, Lu, and Fisher 

 

276 

8.3.2 Design Procedure 

The design procedure given below assumes an interior connection with two 

beams and a floor slab. If no floor slab is present, then the torque T computed below 

needs to be doubled for an interior connection. If an exterior connection with no floor 

slab is present, then the torque is not doubled and the value T is used as calculated below. 

The design requires having a supplemental lateral brace at the end of the RBS when a 

floor slab is not present. 

1. Determine the torque T according to the assumed stress distribution in the beam 

compression (bottom) flange: 

For an RBS connection without supplemental bracing, Equation (8.2) is used; 

for an RBS connection with supplemental bracing, Equation (8.4) is used; and 

for an WUF connection, Equation (8.6) is used. 

2. Calculate the maximum warping normal stress fw in the column flange due to the 

applied torque T:  

θ ′′= 0nw EWf  (8.7) 

where  E = modulus of elasticity; 

 Wn0 = normalized warping function at column flange tip; 

 θ” = second derivative of the angle of column twist θ with respect to 

longitudinal distance of the column, dependent on the value of 

torque T applied to column and as well column torsional flexibility. 

θ” can be obtained from either the charts in Appendix B or 

analytical solution in Appendix C of the AISC Torsional Analysis of 

Structural Steel Members (Seaburg and Carter 1997). See Appendix 

G of this report. 

3. Calculate the column bending stress fb: 

x

col
b S

M
f =  (8.8) 

where  Mcol = in-plane bending moment in column at beam bottom flange level; 

 Sx = column elastic section modulus. 
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The value for Mcol should be based on the column resisting the moments 

developed in the beams adjacent to the connection at 4% story drift. Table 8.2 

shows the beam moment Mf,exp4% at the column face at a story drift of 4%. 

Included in Table 8.2 is a comparison of Mf,exp4% with the beam’s nominal 

flexural capacity Mpn. For RBS connections without a supplemental brace the 

average value for Mf,exp4%/Mpn is equal to 0.93; for RBS connections with 

asupplemental brace at the RBS (SPEC-3 and SPEC-6) the average value of  

Mf,exp4%/Mpn is equal to 0.97. Prior WUF connection test results (Ricles et al., 

2000) indicated that at 4% story drift an WUF connection deteriorated below its 

maximum developed capacity to an average value of about 1.1 times the beam 

expected flexural capacity (which in turn is equal to 1.21Mpn). Thus, for the 

proposed design procedure recommended values for the beam moment at 4% 

story drift are 0.9Mpn, Mpn, and 1.2Mpn for RBS connections without a 

supplemental brace, RBS connections with a supplemental brace, and WUF 

connections, respectively. Note that if significant out-of-plane bending in the 

column exists, then the effect on the column bending stress should be included. 

4. Calculate the axial stress fa due to the axial load on the column: 

A
P

f u
a =  (8.9) 

where  Pu = factored axial load on column considering P-∆ effects at 4% story 

drift; 

 A = column section area. 

5. Determine the total stress ftotal and check to ensure this required strength does not 

exceed the design strength. The design strength is based on Equation (H2-1) in the 

AISC LRFD Specification (AISC 2001), where the combined stress is limited to 

the design yield stress (φFy) of the column: 

ybwatotal Fffff φ≤++=  (8.10) 

where Fy = specified minimum yield stress of the column steel; 

 9.0=φ . 
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8.4 Verification of the Design Procedure 

The proposed design procedure (for RBS connections) described above was 

verified by comparing the column stresses computed in accordance with this procedure to 

the test results. SPEC-6 did not have a slab and therefore the torque is applied by both of 

the beams to the column. Thus a value of 2T was used for the torque in SPEC-6. Shown 

in Table 8.3 is a comparison between the calculated column stresses by the current design 

approach, the proposed design method, and the test results.  No axial load was present. 

The experimental stresses fexp were based on the strains from the strain gauges placed 

closest to the edge of the column flange tip, one to two inches below the beam bottom 

flanges (see Figure 4.27 – 29). The experimental stresses fexp were calculated using the 

steel’s elastic modulus and the measured strain. If the stress exceeded the yield stress, the 

yield stress was used instead. Chi and Uang’s (2002) procedure does not provide any 

guidance for calculating the column flange normal warping stress for an RBS connection 

with a supplemental brace. Therefore, for SPEC-3 and SPEC-6 no comparisons are made. 

Summarized in Table 8.4 is a comparison of the values for the ratio of the total 

stress ftotal to the experimental measured column flange stress fexp for both the current 

(Chi and Uang 2002) and the proposed design method. The values shown in Table 8.4 are 

also plotted in Figure 8.9. The ratio of ftotal/fexp for the proposed design method is close to 

1 for most specimens except SPEC-4 and SPEC-6. Significant yielding in the column 

flanges was observed during testing of these two specimens, as discussed in Chapters 5 

and 6. For SPEC-1, SPEC-2, SPEC-3 and SPEC-5, the average value for the ftotal/fexp ratio 

by the proposed design approach is equal to 1.04, while the average value for the ftotal/fexp 

ratio by the current design method is equal to 1.30 (this value of 1.30 excludes SPEC-3). 

It can be seen in Table 8.4 and Figure 8.9 that the proposed approach more accurately 

predicts the column stresses in the test specimens than the procedure recommended by 

Chi and Uang (2002). Also, in most cases the procedure recommended by Chi and Uang 

(2002) overestimates the column flange stress. 

SPEC-4 and SPEC-6 both met the connection deformation requirement in AISC 

Seismic Provisions (2002), Appendix S of 4% story drift during testing. SPEC-4 had a 

W36x150 section for both the column and beams, while SPEC-6 had a weaker panel zone 
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that resulted in significant panel zone yielding, along with kinking and yielding in the 

column flanges. The fact that these specimens successfully met the requirements in 

Appendix S of the AISC Seismic Provisions (2002) and thus qualify for seismic use, and 

that the design stress ftotal based on the newly proposed procedure exceeds (φ=0.9)Fy in 

these specimens, implies that the first yield criteria in Section H2 of the AISC LRFD 

Specification is conservative. To remove this conservativeness, an ultimate strength 

format is needed. This approach is beyond the scope of this study since there is a lack of 

data on ultimate strength of wide flange shapes under combined torsion, flexure and axial 

force. 

8.5 Summary 

The design procedure presented in this chapter is based on both the experimental 

and analytical results for the stress distribution in the beam compression (bottom) flange, 

and utilizes the design method in the AISC LRFD Specification for Structural Steel 

Buildings (AISC 2001) for a column under combined flexural and torsional loading. The 

newly proposed procedure was found to be more accurate than that recommended by Chi 

and Uang (2002). Both the newly proposed procedure and that by Chi and Uang are 

based on first yield criteria, which was found to be conservative. A review of the 

literature revealed that currently there is a lack of experimental data and research on the 

ultimate strength of wide-flange columns subjected to the combined loading of torsion, 

flexure, and axial force. Further studies are needed if designers want to use an ultimate 

strength design method for a column subjected to these combined forces. 

This project did not address connections with the reinforced beam flanges, where 

the plastic hinge forms at a distance further from the column face. The AISC Seismic 

Provisions (2002), Section 9.8 states that: “In addition, lateral braces shall be placed near 

concentrated forces, change in cross-section and other locations where analysis indicates 

that a plastic hinge will form during inelastic deformation of the SMF.” Torsional loading 

to the column by the beam for these types of connections is likely reduced by the restraint 

of the lateral bracing that is required at the plastic hinge for these types of connections. 
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Table 8.1  Comparison between the FEA results and the beam flange stress distribution 

assumed for design 

e/bf T/Fyeb2
ftf Connection FEA Design FEA Design 

RBS with no supplemental brace 0.0811 0.0917 0.075 0.073 
RBS with supplemental brace 0.0214 0.0228 0.021 0.022 
WUF 0.0108 0.0131 0.011 0.012 

 
 
 

Table 8.2  Beam moment at column face at 4% story drift, Mf,exp4% 

SPEC %4exp,fM  
pn

f

M
M %4exp,  

1 25,284 0.87 
2 26,547 0.91 
3 28,376 0.98 
4 26,652 0.92 
5 17,553 1.01 
6 16,659 0.96 

Note: Mpn = FyZb, nominal plastic flexural capacity of beam section. 
 
 
 

Table 8.3  Predicted and experimental column flange stresses 
Warping 

stress fw (ksi) 
Total normal 

stress ftotal (ksi) 
Experimental 

results 
SPEC Column Beam 

Axial 
load 
stress 
fa (ksi)

Bending 
stress 

 fb (ksi) 
Chi 
and 

Uang 

Pro-
posed

Chi 
and 

Uang 

Pro-
posed 

Strain 
(µε) 

Stress 
(ksi) 

1 W36x230 0 27.5 18.6 9.5 46.1 37.0 1277 37.0 
2 W27x194 0 43.3 26.4 14.6 69.7 57.9 2151 53.9(2) 
3 W27x194 0 48.1 - (1) 4.3 - (1) 52.4 1797 51.7(2) 
4 W36x150 

W36x150 

0 48.9 46.5 23.7 95.4 72.6 3296 53.0(2) 
5 W27x146 0 36.5 26.1 13.8 62.6 50.3 1598 46.3 
6 W24x131 

W30x108 
0 50.3 - (1) 10.5 - (1) 60.8 2525 48.5(2) 

Note:  (1) Chi and Uang provide no recommendation for RBS connections with a supplemental brace; 
 (2) yield stress of the column flange. 
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Table 8.4  Comparison of predicted and experimental column flange stress 

expff total  
SPEC 

Chi and Uang Proposed 
1 1.25 1.00 
2 1.29 1.07 
3 - (1) 1.01 
4 1.80 1.37 
5 1.35 1.09 
6 - (1) 1.25 

Note:  (1) Chi and Uang provide no recommendation for RBS connections with a supplemental brace. 
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Figure 8.1 – Measured compressive strain distribution across the beam bottom flange at 
4% story drift 
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Figure 8.2 – Stress distribution from measured strains across the beam bottom flange at 
4% story drift 
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Figure 8.3 – Part of the FEA sub-model with a path across the beam bottom flange width 

near the column where the longitudinal stress is extracted and plotted 
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Figure 8.4 – Longitudinal stress distribution across beam compression flange from FEA 
sub-model results for a RBS connection (W27x194 column, W36x150 beam, with floor 

slab) 
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Figure 8.5 – Illustration of compressive stress redistribution across beam bottom flange 
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Figure 8.6 – Longitudinal stress distribution across beam compression flange from FEA 
sub-model results for a RBS connection with supplemental bracing (W27x194 column, 

W36x150 beam, with floor slab and supplemental bracing) 
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Figure 8.7 – Longitudinal stress distribution across beam compression flange from FEA 
sub-model results for a WUF connection (W36x230 column, W36x150 beam, with floor 

slab) 
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(c) WUF connection 

Figure 8.8 – Idealized compression stress distribution across beam bottom flange 
recommended for design 
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Note:  SPEC-4 and SPEC-6 experienced significant yielding in the column flanges during testing. 

Figure 8.9 – Comparison of the predicted ftotal and the experimental fexp column 
maximum flange normal stresses 
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CHAPTER 9  SUMMARY AND CONCLUSIONS 
 

9.1 Summary  

 A study was performed with the objective of evaluating the effect of a floor slab 

on the behavior of a beam-to-column moment connection involving a deep column and to 

compare the results with current design criteria. Emphasis was placed on the RBS type of 

connection, because of its current popularity and the fact that recent research suggests the 

need for further investigations. 

 The study involved three main tasks. These tasks included: (1) performing 

analytical parametric studies using nonlinear finite element models to evaluate the effect 

of various selected parameters on connection behavior; (2) conducting an experimental 

program to experimentally access the effects of selected parameters on connection 

performance and to examine whether RBS connections to a deep column can be qualified 

for seismic use in accordance with the standards in Appendix S of the AISC Seismic 

Provisions (2002); and, (3) use the results from the analytical and experimental studies to 

assess current design criteria and develop new design procedures for moment connections 

to a deep column, if required. 

 The finite element parametric study involved examining the following parameters: 

connection type, column section size, beam section size, panel zone strength; continuity 

plate thickness; beam web slenderness, composite floor slab, and axial load. Global 

models of connection subassemblies were developed and used to determine response 

under monotonic and cyclic loading. Sub-models of the local connection region were 

developed and used to determine the potential for ductile fracture of the connection. 

 The experimental program involved full-scale connection tests, where five RBS 

connection specimens with a composite floor slab and one without a composite floor slab 

and a supplemental lateral brace at the RBS were fabricated and tested. The main 

parameters in the experimental study were the column section, beam section, composite 

floor slab and a supplemental brace.  

 The assessment of the current design criteria for RBS connections involved 

comparing the results of the analytical and experimental studies with predicted response 
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based on the design procedure. This includes the lateral movement of the RBS beam 

bottom flange and the warping normal stresses in the column flanges. A new design 

procedure was developed for beam-to-column moment connections involving a deep 

column. The new procedure is similar to that proposed by Chi and Uang (2002) for 

determining the total elastic normal stress in a column attached to an RBS, with one 

major difference. This difference is in the calculation of the torque applied by the beam 

compression flange. 

9.2 Conclusions  

9.2.1 Finite Element Study 

Based on the finite element parametric study performed, the following 

conclusions are noted: 

(1) The finite element studies indicate that RBS connections have less potential for 

ductile fracture at the connection region than WUF connections.  

(2) The fracture potential and column twist in an RBS connection depends on the section 

modulus and torsional rigidity of the column section, where larger stresses in the 

column flange can lead to a higher ductile fracture potential in the connection as well 

as column twist. An RBS connection with a deeper column can have a smaller ductile 

fracture potential than an RBS connection to a shallower column, if the deeper 

column has lower stresses in the column flanges. 

(3) Panel zone strength plays an important role in RBS connections to deep columns. 

Weaker panel zones have an increase in the ductile fracture potential in the 

connection. Stronger panel zones result in an increase in the column twist and 

degradation in connection capacity under cyclic loading due to beam local buckling in 

the RBS. A balanced panel zone strength is recommended, which can be designed by 

the current AISC Seismic Provisions (AISC 2002). 

(4) The finite element analysis results show that a composite floor slab provides restraint 

to the top flange of the beams, whereby the magnitude of beam top and bottom flange 

lateral movement in the RBS, as well as the column twist are reduced. Strength 

degradation due to beam instability in the RBS is also reduced by the restraint effect 
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obtained from the floor slab. However, the floor slab increases the fracture potential 

of the connection, particularly at the end of the beam web-to-column flange CJP 

groove weld. This increase is more pronounced in shallower columns. 

(5) With the presence of a floor slab, out-of-plane movement of the RBS bottom flange 

and column twist are not sensitive to the beam section size and beam web slenderness. 

Without the floor slab, the RBS lateral movement and column twist tend to increase 

with an increase in beam section size. Heavier beam sections have a smaller web 

slenderness, which can improve the beam stability; but at the same time the driving 

force for the column twist gets larger since the beam flange area increases. The lateral 

movement of the beam bottom flange in the presence of a floor slab is less than the 

value of 20% of the beam flange width proposed by Chi and Uang (2002). 

(6) Reducing the thickness of the continuity plates increases the ductile fracture potential 

of an RBS connection to a deep column. The critical location with the largest Rupture 

Index remains at the end of the beam web-to-column flange CJP groove weld; 

however, there is an increase in the Rupture Index in the beam flange-to-column 

flange CJP groove welds when the continuity plate thickness is reduced. 

(7) The column total normal elastic stresses based on the procedure proposed by Chi and 

Uang (2002) does not show consist trends with the fracture potential based on the 

Rupture Index for the RBS connections. Thus, column total elastic stress is not a 

reliable indicator of the fracture potential of the connection, and hence performance. 

The value of the elastic warping normal stress appears to be highly conservative 

based on the procedure proposed by Chi and Uang. 

(8) The best indicator for column twist is the column elastic torsional stiffness, 

considering both the effects of St. Venant and Warping Torsion. No clear trend was 

found to exist between the column twist from the finite element analyses and the ratio 

of 3/ cfth  for the column.  

(9) The axial load does not have a significant effect on the connection behavior. Within 

the practical range of axial load, the axial load does not increase the potential for 

fracture at 4% story drift, although it does increase the value of Rupture Index by a 
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small amount at 6% story drift. The axial load increases the deterioration of the 

connection capacity at larger story drift levels, where the P-∆ effect becomes more 

pronounced. 

9.2.2 Experimental Study 

Based on the test results and evaluation of the data, the following conclusions are 

noted: 

(1) The deep column RBS connection test specimens, having a composite floor slab or 

adequate lateral bracing, have sufficient ductility for seismic application. The 

specimens meet the qualification criteria required by Appendix S of the AISC 

Seismic Provisions (AISC 2002) for use in SMFs in seismic regions.  

(2) The E70T-6 electrode appears to perform adequately when the AISC Seismic 

Provisions for weld metal toughness are satisfied. 

(3) The restraint by the concrete composite floor slab reduces the lateral movement of the 

beam bottom flange in the RBS. Hence it enhances the performance of the connection 

by reducing the strength deterioration due to lateral buckling of the beam top flange 

and the resulting torque subjected to the column from this beam flange. It was shown 

that for the same thickness of composite floor slab that the slab has a greater restraint 

effect on shallower and lighter beams (W30x108) than deeper and heavier beams 

(W36x150).  

(4) The observed out-of-plane movement of the beam bottom flange at 4% drift in the 

test specimens is less than the value of 0.2bf suggested by Chi and Uang (2002) to 

determine the torque applied to the column. 

(5) The beams in all the specimens except SPEC-6 accounted for most of the plastic drift 

and energy dissipation of the specimens. The panel zone designed according to the 

current AISC Seismic Provisions appears to work well when the design uses a 15% 

overstrength in the panel zone resistance Rv, enabling the beams to fully develop 

plastic hinges in the RBS. In SPEC-6, due to the low yield strength for the doubler 

plate and undersize of the column web thickness, the panel zone strength to shear 

force ratio Rv/Vpz based on the AISC Seismic Provisions was close to 1.0. This 
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resulted in a larger portion of the plastic deformation to be concentrated in the panel 

zone. 

(6) The supplemental bracing for SPEC-3 and SPEC-6 reduced the column twisting and 

out-of-plane movement of the beam bottom flange in the test specimens. In SPEC-3, 

which had a stronger panel zone and thereby local buckling in the RBS, the 

supplemental brace did not fully restrain the lateral movement of the beam flange at 

the middle of the RBS. 

(7) The current design recommendation for RBS connections to a deep column over-

estimates the column torsional warping stress due to twisting. 

(8) The current fabrication requirements for grinding the RBS in accordance with FEMA 

353 (FEMA 2000b) appear to be adequate for the specimens with A992 steel beams.  

The specimens with beams fabricated from A572 Grade 50 steel W36x150 sections 

(SPEC-1 and SPEC-2) and A992 steel W30x108 sections (SPEC-5) went into 

cleavage fracture in the RBS, while the specimens with beams fabricated from A992 

steel W36x150 sections (SPEC-3 and SPEC-4) developed ductile tearing in the RBS. 

Further studies are needed to fully understand all of the causes for this. 

(9) With a composite floor slab, the beam developed a larger moment capacity and less 

deterioration when the beam top flange is in compression, compared to when the 

beam bottom flange is in compression. The RBS design procedure recommended by 

Engelhardt (1999) and that by AISC Draft of Prequalified Connections for Special 

and Intermediate Steel Moment Frames for Seismic Applications (2003) both 

underestimate the maximum moment developed in the beam at the column face when 

a composite floor slab is present. This phenomenon is due to the increase in the RBS 

flexural capacity because of composite action. 

(10) The axial brace force in the supplemental brace at the RBS was found to be larger 

than the design value recommended by the AISC Seismic Provisions (2002). More 

studies are needed to further evaluate the design for the bracing force at the RBS. 
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9.2.3 Overall Conclusions and Recommendations 

An evaluation of the results from both the experimental studies led to the 

following conclusions: 

(1) The use of the value for the ratio 3/ cfth by itself, or column depth dc by itself, is not a 

clear indicator of the effects of an RBS on a deep column. Consideration must be 

given to the torsional and flexural properties of the column section, as well as the 

beam section size in the beam-to-column moment connection. Larger beams will 

result in a greater amount of stress applied to the column. 

(2) The current design procedure for determining the torque caused by the RBS lateral 

movement of the beam bottom flange needs revisions, for it overestimates the 

warping stresses developed in the column when a floor slab is present. Three of the 

test specimens were predicted to not perform adequately by the current design 

procedure of Chi and Uang (2002); however, all of the test specimens performed well, 

meeting the qualification criteria set forth in Appendix S of the AISC Seismic 

Provisions. The finite element studies show that the potential for ductile fracture is 

not consistent with the performance anticipated based on the current design procedure.  

(3) All of the connection test specimens qualified for seismic use. Based on the column 

and beam section sizes in the test matrix, it appears that an RBS connection with a 

floor slab or a supplemental brace at the RBS and a column section size that satisfies 

the weak beam-strong column criteria will perform adequately. A RBS connection to 

a deep column with a floor slab does not appear to require any special considerations 

beyond checking the column for stresses. Torsional stresses should be included, but 

the current method recommended by Chi and Uang (2002) for calculating the column 

torque is too conservative.   

(4) RBS connections to a deep column appear to perform better than WUF-W 

connections to a deep column. The finite element parametric study shows that WUF-

W connections develop a larger plastic strain in the connection, resulting in it having 

a greater potential for ductile fracture than an RBS connection. Because of this, the 

test results based on the RBS connections to a deep column cannot be extrapolated to 

a WUF connection to a deep column. The test results can be used to pre-qualify RBS 
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connections (with a floor slab) to columns that are W36x150 sections and heavier that 

are attached to W36x150 beams, W27x194 column sections and heavier that are 

attached to W36x150 beams, W27x146 column sections and heavier that are attached 

to W30x108 beams, as well as W24x131 column sections and heavier that are 

attached to W30x108 beams. Any smaller column section size or larger beam size 

will need to be evaluated. One evaluation approach would be to check the stresses in 

the column, as discussed above. 

(5) A new procedure is presented in this report, based on the stress and strain distribution 

in the beam flange from the analytical and experimental results. This proposed design 

procedure shows better accuracy in predicting the column flange normal stresses. 
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Specimen Test Summaries  
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Deep Column Moment Connection Experimental Study 
TEST SUMMARY OF SPEC-1 
Specimen ID SPEC-1 

Key Words Deep column; RBS connection; E70T-6 electrode; modified weld access 
hole; composite floor slab 

Test Location ATLSS Research Center, Lehigh University 
Test Date May 27, 2003 
Investigators James M. Ricles, John W. Fisher, Le-Wu Lu and Xiaofeng Zhang 
Main 
References FEMA 350, FEMA 353, AISC Seismic Provisions 2002 

Sponsors AISC, PITA 
 

1
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"
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6"6"

1
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1/4
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CJP(TC-U4a-GF)
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R

RBS Flange 
Cut
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1 2"
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1/4

63 8"
1" diameter A325 bolts
(erection bolts)63 8"

1/4
45°

CJP
No Run-off 
Tabs W36x150
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CJP(TC-U4a-GF)

3/8
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5/16

Shear Plate
3
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27" 9"

Doubler plate
Gr50
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Continuity plate
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Connection Details
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2" metal deck (Vulcraft 2VLI, 20 gage, zinc coated, 
ribs parallel to W36x150 beam)
3-1/4" 5000 psi concrete
Total floor thickness = 5-1/4"
Shear stud diameter = 3/4"
Shear stud height = 4-1/2" after weldingSYM.

W14x22 10'W36x230

4'

5'
1'

A

LC

A

2'-6"

36"

(East Beam)
W36x150

B

W14x22

B

2'-3"

Setup Lateral 
Support

131
2"

Beam Reaction 
(Load Cell)
Centerline

Welded Wire Mesh 
W4xW4, 6"x6"

 

Shear Stud 
3

4"diameter
 @ 12"

41 2"

W14x22

60"

A--A

Doubler 
Plate

Column 
Flange

Continuity 
Plates

Column 
Web

Shear Tab 
Plate

Floor Slab

51 4"

Double Angle
2 L2x2x5

16

W14x22

41 2"

48"

5/16W36x150

B--B

Continuous

tandard Hook

36"

12"

A325 34" 
diam.

(TYP)

51 4"

2#4

Shear Stud 
3

4"diameter 
@ 12"

Floor Slab
#3@18"

 

Floor Slab Details
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Load Cell

Floor Slab

Beam (West)

14'-9"
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10'

Setup Lateral Bracing
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131
2" 6'
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"

14'-9"
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Beam (East)
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"
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21
"
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131
2"

 
 
 

Beam Web Stiffener with
Diagonal Brace to Floor Beam
(North Side Only)

Setup Lateral Bracing

29'-6"
14'-9"

6'
-6

"
6'

-6
"

Load Cell

131
2"

14'-9"

Beam (East)

13
1 2

Beam (West)

Load Cell

Actuator

LC
SYM

10'

21
"

(North Side Only)

Floor Slab

Floor Beam

10'

Load Cell

(North Side Only)
No Diagonal Bracing
Floor Beam

Column

131
2"

 
 

Test Setup 

North Side

South Side 
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MATERIAL PROPERTIES AND SPECIMEN DETAILS 
Yield Stress (ksi) Ultimate Stress (ksi) Member Size Grade Mill Cert. Coupon Test Mill Cert. Coupon Test

Beam W36x150 A572 
Gr.50 N.A 49.7 Flange 

54.8 Web N.A 69.3 Flange 
71.4 Web 

Column W36x230 A992 57.1 51.6 Flange 
57.0 Web 73.2 71.9 Flange 

74.5 Web 

Doubler Plate ¼"x31½"
x42" 

A572 
Dr.50 N.A 58.2 N.A 82.5 

Continuity 
Plate 

1"x6" 
x333/8" 

A572 
Dr.50 N.A 52.6 N.A 74.8 

Concrete 
Slab 

5¼" composite slab, with 2” metal deck 
fc' = 5,633 psi (28 days); fc' = 5,326 psi (21 days); tested at 20 days of age

Welding 
Procedure 
Specification 

CJP Groove Weld: FCAW-SS, 3/32” diameter AWS E70T-6 electrode 
for beam flange, 0.068” diameter AWS E71T-8 electrode for beam web; 
Complying with AWS A5.20 Classification and AWS D1.1/D1.1M:2002 
Specification. 
Fillet weld: FCAW-SS, 0.068” diameter AWS E71T-8 electrode; 
Complying with AWS A5.20 Classification and AWS D1.1/D1.1M:2002 
Specification. 

Shear Tab 
Fillet welded to the column flange, serving as a backing bar for beam 
web CJP groove weld. Supplemental fillet welds are placed between 
shear tab and beam web. 

Doubler Plate One-sided doubler plate. Groove welded to column flanges on both sides 
and fillet welded to column web on top and bottom. 

Continuity 
Plate 

Full beam flange thickness continuity plates. Single V-bevel groove 
welded to column flanges and fillet welded to column web/doubler plate. 

Composite 
Floor Slab 

Decking: Vulcraft 2VLI, 20 gage, zinc coated, ribs parallel to W36x150 
beam; 12 gage side pour stop on the overhang side; 16 gage side and end 
pour stop on remaining sides; 
Wire-mesh: W4xW4, 6"x6" 

Boundary 
Condition 

Two-sided test with floor slab; no axial force applied to the column; 
Column was pinned at the bottom and laterally loaded on the top, beam 
ends were connected to rigid links to simulate roller boundary conditions. 

Other Details 

The run-off tabs on the beam flanges were removed; no run-off tabs were 
used for beam web groove weld. Beam top flange backing bar remained 
and a reinforcing fillet weld was provided between the bottom surface of 
the backing bar and the column flange using AWS E71T-8 electrode. The 
bottom beam flange backing bar was removed using the air-arc process, 
back gouged and reinforced with a fillet weld using AWS E71T-8 
electrode. 
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DISPLACEMENT HISTORY AND KEY EXPERIMENTAL OBSERVATIONS 
A
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ry
 

-5
-4
-3
-2
-1
0
1
2
3
4
5

0 5 10 15 20 25 30

Cycle Number

D
rif

t (
%

)

1 Minor yielding of beam flange in RBS. Concrete floor slab cracking around 
column. 

2 More extensive beam flange yielding in RBS; panel zone yielding. Crushing 
of concrete at column flanges. 

3 Onset of beam web local buckling at RBS. More crushing of concrete on the 
face of column flanges and inside the flange region. 

4 Onset of beam flange local buckling in RBS. Beam web local buckling 
became more severe. 

5 Maximum specimen capacity achieved. 
6 Beam flanges laterally displaced. 
7 Fracture of some shear studs. 

K
ey

 O
bs

er
va

tio
ns

 d
ur

in
g 

th
e 

Te
st

 

8 Fracture of east side beam bottom flange at RBS. Fracture initiated from 
low cycle fatigue cracks on the edge of beam flanges. 

 

TEST RESULTS 
 Maximum 

Peak Actuator Force (kips) 411 
Column Top Displacement (in.) 7.7 Force/Displacement 
Experimental Yielding Displacement (in.) 1.6 

East Beam 29,216 Beam Plastic Moment Mp
* (k-

in.) West Beam 29,203 
East Beam 0.95 Moment 

Mf/Mp
* (Mf at column face) West Beam 1.03 

Total Plastic Drift (% rad.) 4.3 
Total Rotation across RBS, East Beam (% rad.) 4.3 
Panel Zone Plastic Drift (% rad.) 0.6 Rotation Capacity 

Cumulative Total Plastic Drift (% rad.) 78.4 
Energy Dissipation Cumulative Energy Dissipation (k-in.) 29,536 

Note:  Mf = Beam moment at column face; 
 Mp = Beam plastic moment capacity based on measured dimensions and material  
  properties.

1 2
3 

4,5 
7 

8

6 
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TEST OBSERVATION 

Specimen SPEC-1 first yielded in the beam bottom flanges at the RBS and in between the 

RBS and column region during the 0.5% story drift cycles. The concrete slab also 

developed cracking. Panel zone yielding and concrete crushing in the floor slab against 

the column flanges and inside the flange regions initiated during the 1% story drift cycles. 

Beam web local buckling in the RBS was observed during the second cycle of 2% drift. 

Minor flange local buckling occurred in the beam bottom flanges at the RBS during the 

first cycle of 3% story drift, which became more pronounced during the second cycle of 

3% story drift. The specimen developed its maximum capacity during the first half cycle 

of 3% story drift. Beam web buckling in the RBS also became more extensive during the 

3% story drift cycles, which caused the beam bottom flanges to move laterally in the RBS. 

Extensive beam web and flange local buckling occurred during 4% story drift cycles. The 

beam bottom flange in the RBS had moved laterally about 2.5-inches at the end of the 4% 

story drift cycles, with column twist visible. Fracture occurred at the end of first cycle of 

5% story drift in the east side beam bottom flange at the RBS. Low cycle fatigue cracks 

were found in the beam flange at the RBS.  
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SPEC-1 at 5% story drift 

 

 
Beam bottom flange lateral movement in RBS, 5% story drift 
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East beam bottom flange fracture 
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Deep Column Moment Connection Experimental Study 
TEST SUMMARY OF SPEC-2 
Specimen ID SPEC-2 

Key Words Deep column; RBS connection; E70T-6 electrode; modified weld access 
hole; balanced panel zone; composite floor slab 

Test Location ATLSS Research Center, Lehigh University 
Test Date April 4, 2003 
Investigators James M. Ricles, John W. Fisher, Le-Wu Lu and Xiaofeng Zhang 
Main 
References FEMA 350, FEMA 353, AISC Seismic Provisions 2002 

Sponsors AISC, PITA 
 
 

1
4"

E71T-8

3"
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E71T-8

E71T-8

E70T-1

E70T-1
(TYP)

21 2"
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1
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CJP(TC-U4a-GF)
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R

RBS Flange 
Cut

18
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1"
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1" diameter A325 bolts
(erection bolts)63 8"
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No Run-off 
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Shear Plate
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Continuity 
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Connection Details 
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2" metal deck (Vulcraft 2VLI, 20 gage, zinc coated, 
ribs parallel to W36x150 beam)
3-1/4" 5000 psi concrete
Total floor thickness = 5-1/4"
Shear stud diameter = 3/4"
Shear stud height = 4-1/2" after weldingSYM.
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Floor Slab Details
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Test Setup 

South Side 

North Side 
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MATERIAL PROPERTIES AND SPECIMEN DETAILS 
Yield Stress (ksi) Ultimate Stress (ksi) 

Member Size Grade Mill 
Cert. Coupon Test Mill 

Cert. 
Coupon 
Test 

Beam W36x150 A572 
Gr.50 N.A. 49.7 Flange 

54.8 Web N.A. 69.3 Flange 
71.4 Web 

Column W27x194 A992 57.5 53.9 Flange 
56.8 Web 74.0 75.4 Flange 

72.8 Web 
Doubler 
Plate ½"x24"x42" A572 

Gr.50 N.A. 47.5 N.A. 67.6 

Continuity 
Plate 1"x6"x25½" A572 

Gr.50 N.A. 52.6 N.A. 74.8 

Concrete 
Slab 

5¼" composite slab, with 2” metal deck 
fc' = 5,648 psi (28 days); fc' = 5,394 psi (21 days); tested at 22 days of age 

Welding 
Procedure 
Specification 

CJP Groove Weld: FCAW-SS, 3/32” diameter AWS E70T-6 electrode for 
beam flange, 0.068” diameter AWS E71T-8 electrode for beam web; 
Complying with AWS A5.20 Classification and AWS D1.1/D1.1M:2002 
Specification. 
Fillet weld: FCAW-SS, 0.068” diameter AWS E71T-8 electrode; 
Complying with AWS A5.20 Classification and AWS D1.1/D1.1M:2002 
Specification. 

Shear Tab 
Fillet welded to the column flange, serving as a backing bar for beam web 
CJP groove weld. Supplemental fillet welds are placed between shear tab 
and beam web. 

Doubler 
Plate 

One-sided doubler plate. Groove welded to column flanges on both sides 
and fillet welded to column web on top and bottom. Plug welded to the 
column web. 

Continuity 
Plate 

Full beam flange thickness continuity plates. Single V-bevel groove 
welded to column flanges and fillet welded to column web/doubler plate. 

Composite 
Floor Slab 

Decking: Vulcraft 2VLI, 20 gage, zinc coated, ribs parallel to W36x150 
beam; 12 gage side pour stop on the overhang side; 16 gage side and end 
pour stop on remaining sides; 
Wire-mesh: W4xW4, 6"x6" 

Boundary 
Condition 

Two-sided test with floor slab; no axial force applied to the column; 
Column was pinned at the bottom and laterally loaded on the top, beam 
ends were connected to rigid links to simulate roller boundary conditions. 

Other 
Details 

The run-off tabs on the beam flanges were removed; no run-off tabs were 
used for beam web groove weld. Beam top flange backing bar remained 
and a reinforcing fillet weld was provided between the bottom surface of 
the backing bar and the column flange using AWS E71T-8 electrode. The 
bottom beam flange backing bar was removed using the air-arc process, 
back gouged and reinforced with a fillet weld using AWS E71T-8 
electrode. 
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DISPLACEMENT HISTORY AND KEY EXPERIMENTAL 
OBSERVATIONS 
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1 Concrete slab cracking. 
2 Yielding in beam flanges at RBS and in panel zone. 

3 Crushing of concrete at column flanges on column face as well as inside 
column flange region. 

4 Yielding on column flange below beam bottom flanges. 
5 Onset of beam web local buckling at RBS. 
6 Onset of beam flange local buckling at RBS. Beam flanges laterally displaced. 
7 Specimen maximum capacity achieved. 
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8 Fracture of the west side beam top flange at RBS. Fracture initiated from a 
punch mark placed during fabrication. 

 

TEST RESULTS 
 Maximum 

Peak Actuator Force (kips) 412 
Column Top Displacement (in.) 7.5 Force/Displacement 
Experimental Yield Displacement (in.) 1.6 

East Beam 29,326 Beam Plastic Moment Mp (k-
in.) West Beam 29,519 

East Beam 0.99 Moment 
Mf/Mp West Beam 1.10 
Total Plastic Drift (% rad.) 4.0 
Total Rotation across RBS, East Beam (% rad.) 5.1 
Panel Zone Plastic Drift (% rad.) 1.3 

Rotation Capacity 

Cumulative Total Plastic Drift (% rad.) 66.4 
Energy Dissipation Cumulative Energy Dissipation (k-in.) 27,203 

Note:  Mf = Beam moment at column face; 
 Mp = Beam plastic moment capacity based on measured dimensions and material 

properties. 

1 2
4,5 3

6 

7 

8
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TEST OBSERVATIONS 

Cracks in the concrete floor slab of SPEC-2 occurred near the column at the end of 

0.375% story drift cycles and continued to develop and become more extensive 

throughout the test. Yielding initiated in the beam bottom flanges in the RBS and near the 

column face, as well as in the panel zone at 1% story drift. The concrete slab started 

crushing against the column flanges and inside the column flanges region during the 

1.5% story drift cycles. Minor column flange yielding below the beam bottom flange was 

observed during the 2% story drift cycles. Beam web local buckling occurred in the RBS 

region during the first cycle of 2% story drift and became more extensive in subsequent 

cycles. Beam flange local buckling, followed by the onset of beam bottom flange lateral 

movement in the RBS began during the 3% story drift cycles. At the end of the first cycle 

of 4% story drift the specimen developed its maximum capacity, followed by a 

deterioration in strength. The beam bottom flange had displaced laterally about 1.2 inches 

at 4% story drift, with no noticeable column twist. The buckling amplitudes grew as the 

displacement amplitude increased. Fracture occurred at the end of the first 5% story drift 

cycle. The fracture occurred in the top flange of the west side beam near the center of the 

RBS. The fracture extended down into the column web about 6.5-inches. Low cycle 

fatigue cracks were found in the beam bottom flanges at the RBS. The fracture initiated 

from a 0.023-inch deep punch mark. 
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SPEC-2 at 5% story drift 

 
Beam bottom flange lateral movement in RBS, 5% story drift 



              Development of Seismic Guidelines for Deep Column Steel Moment Connections 
  Ricles, Zhang, Lu, and Fisher 

A- 22 

 
West beam top flange fracture 
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Deep Column Moment Connection Experimental Study 
TEST SUMMARY OF SPEC-3 
Specimen ID SPEC-3 

Key Words Deep column; RBS connection; E70T-6 electrode; modified weld access 
hole; composite floor slab 

Test Location ATLSS Research Center, Lehigh University 
Test Date August 26, 2003 
Investigators James M. Ricles, John W. Fisher and Le-Wu Lu and Xiaofeng Zhang 
Main 
References FEMA 350, FEMA 353, AISC Seismic Provisions 2002 

Sponsors AISC, PITA 
 
 

W27x194
A992, Gr50

E70T-1

1
8"

6"

E70T-1

21 2"

E70T-1
(TYP)

9/16

PL 58"x6"x311
4"

Gr50

E71T-8

6"

2"

10
"

9/16 1/4

1/4 E71T-8

E71T-8

E70T-6
CJP(TC-U4a-GF)

1/4 E70T-1

3/8

5/16

R

1" diameter A325 bolts
(erection bolts)

E71T-8

E71T-8

18
1 2"

6"

1"

4"

3/4
1/4

63 8"

1
4"

3"

5/16

6"

63 8"

W36x150
A992, Gr50

RBS Flange 
Cut

1/4
45°

CJP
No Run-off 
Tabs

E70T-6
CJP(TC-U4a-GF)

3/8

5/16

Shear Plate
3

8"x5"x101
4"

(Only North Side)

45°

30°

30°27" 9"

Continuity 
plate Gr50

Doubler plate
Gr50 (1 side)

 

Connection Details 
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10'W27x194

4'

5'
1'

36"

A (East Beam)
W36x150

58"

2" metal deck (Vulcraft 2VLI, 20 gage, zinc coated, 
ribs parallel to W36x150 beam)
3-1/4" 5000 psi concrete
Total floor thickness = 5-1/4"
Shear stud diameter = 3/4"
Shear stud height = 4-1/2" after welding

W14x22
SYM.

LC

A

W14x22 2'-3"

Beam Reaction 
(Load Cell)
Centerline

Setup Lateral 
Support

B

2'-6"

B

Welded Wire Mesh 
W4xW4, 6"x6"

131
2"

Shear Stud 
3

4"diameter
 @ 12"

41 2"

W14x22

60"

A--A

Doubler 
Plate

Column 
Flange

Continuity 
Plates

Column 
Web

Shear Tab 
Plate

Floor Slab

51 4"

Double Angle
2 L2x2x5

16

W14x22

5/16W36x150

B--B

Continuous

tandard Hook

2#4

Shear Stud 
3

4"diameter 
@ 12"

Floor Slab
#3@18"

A325 34" 
diam.

(TYP)

12"

51 4"

41 2"
48"

36"

 
Floor Slab Details



              Development of Seismic Guidelines for Deep Column Steel Moment Connections 
  Ricles, Zhang, Lu, and Fisher 

A- 25 

Load Cell

Floor Slab

Beam (West)

14'-9"
29'-6"

10'

Setup Lateral Bracing

Load Cell
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131
2" 6'

-6
"

14'-9"

13
1 2

Beam (East)

Load Cell

6'
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"

10'

21
"

Column
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Beam Web Stiffener with
Diagonal Brace to Floor Beam
(North Side Only)

Setup Lateral Bracing

29'-6"
14'-9"

6'
-6

"
6'

-6
"

Load Cell

131
2"

14'-9"

Beam (East)

13
1 2

Beam (West)

Load Cell

Actuator

LC
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10'

21
"

(North Side Only)

Floor Slab

Floor Beam

10'

Load Cell

(North Side Only)
No Diagonal Bracing
Floor Beam

Column

131
2"

 

Test Setup 

South Side 

North Side 
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MATERIAL PROPERTIES AND SPECIMEN DETAILS 
Yield Stress (ksi) Ultimate Stress (ksi) 

Member Size Grade Mill Cert. Coupon 
Test Mill Cert. Coupon 

Test 

Beam W36x150 A992 57.1 Flange 
61.2 Web 

53.0 Flange 
57.4 Web 

70.1 Flange 
72.7 Web 

73.7 Flange 
73.4 Web 

Column W27x194 A992 56.5 51.7 Flange 
58.5 Web 74.0 72.1 Flange 

75.6 Web 
Doubler 
Plate ½"x24"x42" A572 

Gr.50 63.0 59.3 73.0 75.6 

Continuity 
Plate 1"x6"x25½" A572 

Gr.50 N.A. 56.0 N.A. 80.7 

Concrete 
Slab 

5¼" composite slab, with 2” metal deck 
fc' = 4,958 psi (28 days); fc' = 4,686 psi (14 days); tested at 13 days of age 

Welding 
Procedure 
Specification 

CJP Groove Weld: FCAW-SS, 3/32” diameter AWS E70T-6 electrode for 
beam flange, 0.068” diameter AWS E71T-8 electrode for beam web; 
Complying with AWS A5.20 Classification and AWS D1.1/D1.1M:2002 
Specification. 
Fillet weld: FCAW-SS, 0.068” diameter AWS E71T-8 electrode; 
Complying with AWS A5.20 Classification and AWS D1.1/D1.1M:2002 
Specification. 

Shear Tab 
Fillet welded to the column flange, serving as a backing bar for the beam 
web CJP groove weld. Supplemental fillet welds are put between the 
shear tab and beam web. 

Doubler 
Plate 

One-sided doubler plate. Groove welded to column flanges on both sides 
and fillet welded to column web on top and bottom. Plug welded to the 
column web. 

Continuity 
Plate 

Full beam flange thickness continuity plates. Single V-bevel groove 
welded to column flanges and fillet welded to column web/doubler plate. 

Composite 
Floor Slab 

Decking: Vulcraft 2VLI, 20 gage, zinc coated, ribs parallel to W36x150 
beam; 12 gage side pour stop on the overhang side; 16 gage side and end 
pour stop on remaining sides; 
Wire-mesh: W4xW4, 6"x6" 

Boundary 
Condition 

Two-sided test with floor slab; no axial force applied to the column; 
Column was pinned at the bottom and laterally loaded on the top, beam 
ends were connected to rigid links to simulate roller boundary conditions. 

Other 
Details 

The run-off tabs on the beam flanges were removed; no run-off tabs were 
used for beam web groove weld. Beam top flange backing bar remained 
and a reinforcing fillet weld was provided between the bottom surface of 
the backing bar and the column flange using an AWS E71T-8 electrode. 
The bottom beam flange backing bar was removed using the air-arc 
process, back gouged and reinforced with a fillet weld using AWS E71T-
8 electrode. 
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DISPLACEMENT HISTORY AND KEY EXPERIMENTAL 
OBSERVATIONS 
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1 Concrete slab cracking. 
2 Yielding in beam flanges and webs at RBS. 

3 Crushing of concrete at column flanges on column face as well as inside 
column flange region. 

4 Yielding in panel zone. 
5 Onset of beam web local buckling at RBS.  

6 Onset of beam flange local buckling at RBS. Maximum specimen capacity 
achieved. 

7 Beam flange laterally displaced. 
8 Low cycle fatigue cracks developed in beam bottom flanges at RBS. 
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9 Ductile material tearing of the east side beam top flange at RBS occurred at the 
end of first 6% cycle, which developed from low cycle fatigue cracks. 

TEST RESULTS 
 Maximum 

Peak Actuator Force (kips) 407 
Column Top Displacement (in.) 9.3 Force/Displacement 
Experimental Yield Displacement (in.) 1.6 

East Beam 31,835 Beam Plastic Moment Mp (k-
in.) West Beam 32,060 

East Beam 0.97 Moment 
Mf/Mp West Beam 1.12 
Total Plastic Drift (% rad.) 5.2 
Total Rotation across RBS, East Beam (% rad.) 5.6 
Panel Zone Plastic Drift (% rad.) 0.4 

Rotation Capacity 

Cumulative Total Plastic Drift (% rad.) 109 
Energy Dissipation Cumulative Energy Dissipation (k-in.) 40,086 

Note:  Mf = Beam moment at column face; 
 Mp = Beam plastic moment capacity based on measured dimensions and material 

properties. 

1 2
4

3
5

7 

9

8

6 
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TEST OBSERVATIONS 

Cracking in the concrete floor slab of SPEC-3 occurred at the end of the 0.375% story 

drift cycles, which continued to develop and become more extensive throughout the test. 

Yielding initiated in the beam bottom flanges at the RBS and near the column face and in 

the beam webs near the flanges at 1.0% story drift. The concrete slab also started 

crushing against the column flanges and inside the column flanges region at the 1.0% 

story drift cycles. Panel zone yielding was observed during the 1.5% story drift cycles. 

Beam web local buckling occurred in the RBS region during the first cycle of 2% story 

drift and became more extensive in subsequent cycles. During the 3% story drift cycles, 

beam flange local buckling occurred. The beam web local buckling became extensive, 

causing the beam bottom flange to develop lateral movement. The specimen capacity 

then began to deteriorate. The buckling amplitudes grew as the test continued beyond 3% 

story drift. At 4% story drift the beam bottom flanges in compression had moved laterally 

about 1.2-inches in the RBS; very little column twisting was observed. Low cycle fatigue 

cracks were found to initiate during the 5% story drift cycles. Ductile material tearing of 

the bottom flange at the RBS of both beams occurred near the end of the first cycle of 6% 

story drift. Several low cycle fatigue cracks were found in the beam bottom flanges at the 

end of test.  
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SPEC-3 at 6% story drift 

 

 

 
Beam bottom flange lateral movement in RBS, 5% story drift 
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Low cycle fatigue cracking of beam bottom flange, 6% story drift 
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Deep Column Moment Connection Experimental Study 
TEST SUMMARY OF SPEC-4 
Specimen ID SPEC-4 

Key Words Deep column; RBS connection; E70T-6 electrode; modified weld access 
hole; balanced panel zone; composite floor slab 

Test Location ATLSS Research Center, Lehigh University 
Test Date August 5, 2003 
Investigators James M. Ricles, John W. Fisher, Le-Wu Lu and Xiaofeng Zhang 
Main 
References FEMA-350, FEMA-353, AISC Seismic Provisions 2002 

Sponsors AISC, PITA 
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1
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W36x150
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R
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Cut
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45°

CJP
No Run-off 
Tabs
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Shear Plate
3
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(Only North Side)

45°

30°
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Connection Details 
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2" metal deck (Vulcraft 2VLI, 20 gage, zinc coated, 
ribs parallel to W36x150 beam)
3-1/4" 5000 psi concrete
Total floor thickness = 5-1/4"
Shear stud diameter = 3/4"
Shear stud height = 4-1/2" after welding

10'W36x150

4'

5'
1'

36"

A

W36x150
(East Beam)

W14x22
SYM.

LC
A
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Support

B

Beam Reaction 
(Load Cell)
Centerline

2'-6"

B

Welded Wire Mesh 
W4xW4, 6"x6"

131
2"

Shear Stud 
3

4"diameter
 @ 12"

41 2"

W14x22

60"

A--A

Doubler 
Plate

Column 
Flange

Continuity 
Plates

Column 
Web

Shear Tab 
Plate

Floor Slab

51 4"

Double Angle
2 L2x2x5

16

W14x22

5/16W36x150

B--B

Continuous

tandard Hook

2#4

Shear Stud 
3

4"diameter 
@ 12"

Floor Slab
#3@18"

A325 3 4" 
diam.

(TYP)

12"

51 4"

41 2"
48"

36"

 
Floor Slab Details
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Test Setup 

South Side 

North Side 
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MATERIAL PROPERTIES AND SPECIMEN DETAILS 
Yield Stress (ksi) Ultimate Stress (ksi) 

Member Size Grade Mill Cert. Coupon 
Test Mill Cert. Coupon 

Test 

Beam W36x150 A992 57.1 Flange 
61.2 Web 

53.0 Flange 
57.4 Web 

70.1 Flange 
72.7 Web 

73.7 Flange 
73.4 Web 

Column W36x150 A992 57.1 Flange 
61.2 Web 

53.0 Flange 
57.4 Web 

70.1 Flange 
72.7 Web 

73.7 Flange 
73.4 Web 

Doubler 
Plate 

⅜"x32⅛" 
x42" 

A572 
Gr.50 61.0 64.7 86.0 92.7 

Continuity 
Plate 1"x5½"x34" A572 

Gr.50 63.6 54.4 83.1 80.3 

Concrete 
Slab 

5¼" composite slab, with 2” metal deck 
fc' = 5,095 psi (28 days); fc' = 4,660 psi (8 days); tested at 14 days of age 

Welding 
Procedure 
Specification 

CJP Groove Weld: FCAW-SS, 3/32” diameter AWS E70T-6 electrode for 
beam flange, 0.068” diameter AWS E71T-8 electrode for beam web; 
Complying with AWS A5.20 Classification and AWS D1.1/D1.1M:2002 
Specification. 
Fillet weld: FCAW-SS, 0.068” diameter AWS E71T-8 electrode; 
Complying with AWS A5.20 Classification and AWS D1.1/D1.1M:2002 
Specification. 

Shear Tab 
Fillet welded to the column flange, serving as a backing bar for beam web 
CJP groove weld. Supplemental fillet welds are put between shear tab and 
beam web. 

Doubler 
Plate 

One-sided doubler plate. Groove welded to column flanges on both sides 
and fillet welded to column web on top and bottom. Plug welded to the 
column web. 

Continuity 
Plate 

Full beam flange thickness continuity plates. Single V-bevel groove 
welded to column flanges and fillet welded to column web/doubler plate. 

Composite 
Floor Slab 

Decking: Vulcraft 2VLI, 20 gage, zinc coated, ribs parallel to W36x150 
beam; 12 gage side pour stop on the overhang side; 16 gage side and end 
pour stop on remaining sides; 
Wire-mesh: W4xW4, 6"x6" 

Boundary 
Condition 

Two-sided test with floor slab; no axial force applied to the column; 
Column was pinned at the bottom and laterally loaded on the top, beam 
ends were connected to rigid links to simulate roller boundary conditions. 

Other 
Details 

The run-off tabs on the beam flanges were removed; no run-off tabs were 
used for beam web groove weld. Beam top flange backing bar remained 
and a reinforcing fillet weld was provided between the bottom surface of 
the backing bar and the column flange using AWS E71T-8 electrode. The 
bottom beam flange backing bar was removed using the air-arc process, 
back gouged and reinforced with a fillet weld using AWS E71T-8 
electrode. 
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DISPLACEMENT HISTORY AND KEY EXPERIMENTAL 
OBSERVATIONS 
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1 Concrete slab cracking. 
2 Yielding in beam flanges at RBS and in panel zone. 

3 Crushing of concrete at column flanges on column face as well as inside 
column flange region. 

4 Minor yielding in column flange below beam bottom flanges. 
5 Onset of beam web local buckling at RBS.  

6 Onset of beam flange local buckling at RBS. Beam flanges displaced 
laterally. 

7 Onset of deterioration in specimen capacity 
8 Low cycle fatigue cracks developed in beam bottom flanges at RBS. 
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9 Ductile material tearing of the west side beam bottom flange at the RBS, 
initiating from low cycle fatigue cracks. 

 

TEST RESULTS 
 Maximum 

Peak Actuator Force (kips) 406 
Column Top Displacement (in.) 9.2 Force/Displacement 
Experimental Yield Displacement (in.) 1.6 

East Beam 32,363 Beam Plastic Moment Mp (k-
in.) West Beam 32,522 

East Beam 0.92 Moment 
Mf/Mp West Beam 1.03 
Total Plastic Drift (% rad.) 5.3 
Total Rotation across RBS, East Beam (% rad.) 6.8 
Panel Zone Plastic Drift (% rad.) 0.8 

Rotation Capacity 

Cumulative Total Plastic Drift (% rad.) 98.0 
Energy Dissipation Cumulative Energy Dissipation (k-in.) 36,621 

Note:  Mf = Beam moment at column face; 
 Mp = Beam plastic moment capacity based on measured dimensions and material 

properties. 

1 2 4
3

5
6 

9

8
7 
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TEST OBSERVATIONS 

Cracking in the concrete floor slab of SPEC-4 occurred at the end of 0.375% story drift 

cycles and continued to develop and become more extensive throughout the rest of the 

test. Yielding initiated in beam bottom flanges at the RBS and near the column face as 

well as in the panel zone at 0.75% story drift. The floor slab started crushing against the 

column flanges and inside the column flanges region during the story drift cycles of 1.0%. 

Minor column flange yielding below the beam bottom flange was observed during the 

1.5% story drift cycles. Beam web local buckling occurred in the RBS region during the 

first cycle of 2% story drift, which became more extensive in subsequent cycles. During 

the 3% story drift cycles beam flange local buckling occurred. The beam web local 

buckling became extensive causing beam bottom flange lateral movement in the RBS to 

occur. The buckling amplitudes grew as the test continued and the specimen capacity 

deteriorated. Although the beam bottom flanges buckled in compression laterally about 

1.5-inches, no noticeable twisting of the column had occurred. Ductile tearing of the west 

beam bottom flange in the RBS occurred near the end of the first half cycle of 6% story 

drift which had initiated from low cycle fatigue cracks. More low cycle fatigue cracks 

were found in the beam bottom flanges at the end of test.  
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SPEC-4 at 6% story drift 

 

 
Beam bottom flange lateral movement in RBS, 6% story drift 
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Low cycle fatigue crack propagation in beam bottom flange of RBS, after test  

 

 

 

 
Low cycle fatigue crack propagation west beam bottom flange, after test 
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Deep Column Moment Connection Experimental Study 
TEST SUMMARY OF SPEC-5 
Specimen ID SPEC-5 

Key Words Deep column; RBS connection; E70T-6 electrode; modified weld access 
hole; composite floor slab 

Test Location ATLSS Research Center, Lehigh University 
Test Date November 13, 2003 
Investigators James M. Ricles, John W. Fisher and Le-Wu Lu and Xiaofeng Zhang 
Main 
References FEMA 350, FEMA 353, AISC Seismic Provisions 2002 

Sponsors AISC, PITA 
 
 
 

E70T-6
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Shear Plate
3

8"x5"x101
4"

(Only North Side)
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2" 18
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Connection Details 
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Test Setup 
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MATERIAL PROPERTIES AND SPECIMEN DETAILS 
Yield Stress (ksi) Ultimate Stress (ksi) 

Member Size Grade Mill Cert. Coupon 
Test Mill Cert. Coupon 

Test 

Beam W30x108 A992 55.0 49.9 Flange 
51.2 Web 70.0 68.3 Flange 

68.0 Web 

Column W27x146 A992 57.5 52.7 Flange 
57.8 Web 73.0 72.5 Flange 

74.4 Web 
Doubler 
Plate ⅜"x24"x36" A572 

Gr.50 N.A. 57.7 N.A. 82.1 

Continuity 
Plate ¾"x6"x25½" A572 

Gr.50 N.A. 53.4 N.A. 78.4 

Concrete 
Slab 

5¼" composite slab, with 2” metal deck 
fc' = 5,593 psi (28 days); tested at 30 days of age 

Welding 
Procedure 
Specification 

CJP Groove Weld: FCAW-SS, 3/32” diameter AWS E70T-6 electrode for 
beam flange, 0.068” diameter AWS E71T-8 electrode for beam web; 
Complying with AWS A5.20 Classification and AWS D1.1/D1.1M:2002 
Specification. 
Fillet weld: FCAW-SS, 0.068” diameter AWS E71T-8 electrode; 
Complying with AWS A5.20 Classification and AWS D1.1/D1.1M:2002 
Specification. 

Shear Tab 
Fillet welded to the column flange, serving as a backing bar for the beam 
web CJP groove weld. Supplemental fillet welds are placed between the 
shear tab and beam web. 

Doubler 
Plate 

One-sided doubler plate. Groove welded to column flanges on both sides 
and fillet welded to column web on top and bottom. Plug welded to the 
column web. 

Continuity 
Plate 

Full beam flange thickness continuity plates. Single V-bevel groove 
welded to column flanges and fillet welded to column web/doubler plate. 

Composite 
Floor Slab 

Decking: Vulcraft 2VLI, 20 gage, zinc coated, ribs parallel to W36x150 
beam; 12 gage side pour stop on the overhang side; 16 gage side and end 
pour stop on remaining sides; 
Wire-mesh: W4xW4, 6"x6" 

Boundary 
Condition 

Two-sided test with floor slab; no axial force applied to the column; 
Column was pinned at the bottom and laterally loaded on the top, beam 
ends were connected to rigid links to simulate roller boundary conditions. 

Other 
Details 

The run-off tabs on the beam flanges were removed; no run-off tabs were 
used for beam web groove weld. Beam top flange backing bar remained 
and a reinforcing fillet weld was provided between the bottom surface of 
the backing bar and the column flange using an AWS E71T-8 electrode. 
The bottom beam flange backing bar was removed using the air-arc 
process, back gouged and reinforced with a fillet weld using AWS E71T-
8 electrode. 
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DISPLACEMENT HISTORY AND KEY EXPERIMENTAL 
OBSERVATIONS 
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1 Concrete slab cracking around column. 
2 Yielding in beam bottom flanges at RBS and in panel zone. 
3 Yielding in beam top flanges and web at RBS. 

4 Crushing of concrete at column flanges on column face as well as inside 
column flange region. 

5 Onset of beam web local buckling at RBS. Maximum specimen capacity 
achieved. 

6 Onset of beam flange local buckling at RBS. Beam flange laterally displaced. 
Panel zone locally buckled in between plug welds.. 

7 Low cycle fatigue cracks developed in beam bottom flanges at RBS. 
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8 Fracture of the east side beam bottom flange at RBS occurred at the beginning 
of second 6% cycle, which initiated from low cycle fatigue cracks. 

TEST RESULTS 
 Maximum 

Peak Actuator Force (kips) 258 
Column Top Displacement (in.) 9.38 Force/Displacement 
Experimental Yield Displacement (in.) 1.56 

East Beam 16,950 Beam Plastic Moment Mp (k-
in.) West Beam 16,997 

East Beam 1.21 Moment 
Mf/Mp West Beam 1.19 
Total Plastic Drift (% rad.) 5.1 
Total Rotation across RBS, East Beam (% rad.) 5.6 
Panel Zone Plastic Drift (% rad.) 1.2 

Rotation Capacity 

Cumulative Total Plastic Drift (% rad.) 107 
Energy Dissipation Cumulative Energy Dissipation (k-in.) 28,230 

Note:  Mf = Beam moment at column face; 
 Mp = Beam plastic moment capacity based on measured dimensions and material 

properties. 

1 2
4

3

5 

7

8

6 
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TEST OBSERVATIONS 

Cracking in the concrete floor slab of SPEC-5 occurred at the end of the 0.375% story 

drift cycles, which continued to develop and become more extensive throughout the test. 

Yielding initiated in the beam bottom flanges at the RBS and near the column face and in 

the panel zone at 0.75% story drift. Yielding was observed in the beam top flanges and 

the web at the RBS at 1% story drift. The concrete slab also started crushing against the 

column flanges and inside the column flanges region at the 1.5% story drift cycles. Beam 

web local buckling occurred in the RBS region during the first cycle of 3% story drift, 

which became more extensive in subsequent cycles. The maximum lateral load was 

reached during the first cycle of 3% story drift. During the first cycle of 4% story drift, 

beam flange local buckling occurred. The panel zone doubler plate buckled at 4% story 

drift cycles. The beam web local buckling became extensive, causing the beam bottom 

flange to develop lateral movement. The specimen capacity then began to deteriorate. 

The buckling amplitudes grew as the test continued beyond 4% story drift. At 4% story 

drift the beam bottom flanges in compression had moved laterally about 1 inch in the 

RBS. Very little column twisting was observed. Low cycle fatigue cracks were found to 

initiate during the 5% story drift cycles. SPEC-5 successfully underwent the full first 

cycle of 6% story drift. Fracture of the east beam bottom flange at the RBS occurred at 

the beginning of the second cycle of 6% story drift. Several low cycle fatigue cracks were 

found in the beam bottom flanges at the end of the test.  
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SPEC-5 at 6% story drift 

 

 

 
Beam bottom flange lateral movement in RBS, 5% story drift 
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East beam bottom flange fracture, after achieving 6% story drift 

 

 



              Development of Seismic Guidelines for Deep Column Steel Moment Connections 
  Ricles, Zhang, Lu, and Fisher 

A- 53 

Deep Column Moment Connection Experimental Study 
TEST SUMMARY OF SPEC-6 
Specimen ID SPEC-6 

Key Words Deep column; RBS connection; E70T-6 electrode; modified weld access 
hole; supplemental lateral bracing 

Test Location ATLSS Research Center, Lehigh University 
Test Date December 30, 2003 
Investigators James M. Ricles, John W. Fisher and Le-Wu Lu and Xiaofeng Zhang 
Main 
References FEMA 350, FEMA 353, AISC Seismic Provisions 2002 

Sponsors AISC, PITA 
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Connection Details 
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MATERIAL PROPERTIES AND SPECIMEN DETAILS 
Yield Stress (ksi) Ultimate Stress (ksi) 

Member Size Grade Mill Cert. Coupon 
Test Mill Cert. Coupon 

Test 

Beam W30x108 A992 55.0 49.9 Flange 
51.2 Web 70.0 68.3 Flange 

68.0 Web 

Column W24x131 A992 56.5 48.5 Flange 
52.1 Web 72.5 72.3 Flange 

71.5 Web 
Doubler 
Plate ½"x24"x36" A572 

Gr.50 N.A. 46.7 N.A. 73.1 

Continuity 
Plate ¾"x6"x25½" A572 

Gr.50 N.A. 53.4 N.A. 78.4 

Concrete 
Slab None 

Welding 
Procedure 
Specification 

CJP Groove Weld: FCAW-SS, 3/32” diameter AWS E70T-6 electrode for 
beam flange, 0.068” diameter AWS E71T-8 electrode for beam web; 
Complying with AWS A5.20 Classification and AWS D1.1/D1.1M:2002 
Specification. 
Fillet weld: FCAW-SS, 0.068” diameter AWS E71T-8 electrode; 
Complying with AWS A5.20 Classification and AWS D1.1/D1.1M:2002 
Specification. 

Shear Tab 
Fillet welded to the column flange, serving as a backing bar for the beam 
web CJP groove weld. Supplemental fillet welds are placed between the 
shear tab and beam web. 

Doubler 
Plate 

One-sided doubler plate. Groove welded to column flanges on both sides 
and fillet welded to column web on top and bottom. Plug welded to the 
column web 

Continuity 
Plate 

Full beam flange thickness continuity plates. Single V-bevel groove 
welded to column flanges and fillet welded to column web/doubler plate. 

Composite 
Floor Slab None. 

Boundary 
Condition 

Two-sided connection; no axial force applied to the column; Column was 
pinned at the bottom and laterally loaded on the top, beam ends were 
connected to rigid links to simulate roller boundary conditions. 

Other 
Details 

The run-off tabs on the beam flanges were removed; no run-off tabs were 
used for beam web groove weld. Beam top flange backing bar remained 
and a reinforcing fillet weld was provided between the bottom surface of 
the backing bar and the column flange using an AWS E71T-8 electrode. 
The bottom beam flange backing bar was removed using the air-arc 
process, back gouged and reinforced with a fillet weld using AWS E71T-
8 electrode. 
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DISPLACEMENT HISTORY AND KEY EXPERIMENTAL 
OBSERVATIONS 
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1 Yielding in beam flanges at RBS and in the panel zone. 
2 Yielding in beam web at RBS. 

3 Yielding in the beam flanges spread throughout the RBS and regions between 
the RBS and column face. Yielding around the safety harness eyebolt hole. 

4 Minor yielding in the column flanges. 

5 Minor yielding in the column web above and below the panel zone. Small 
magnitude of beam web local buckling was observed. 

6 
Minor yielding in the continuity plates. Crack was observed at the root of the 
beam bottom flange reinforcement fillet welds. Onset of yielding of weld 
metal of the beam web CJP welds. 
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7 Fracture in the west side beam bottom flange HAZ. 

TEST RESULTS 
 Maximum 

Peak Actuator Force (kips) 240 
Column Top Displacement (in.) 7.78 Force/Displacement 
Experimental Yield Displacement (in.) 1.56 

East Beam 17,001 Beam Plastic Moment Mp (k-
in.) West Beam 16,948 

East Beam 1.01 Moment 
Mf/Mp West Beam 1.03 
Total Plastic Drift (% rad.) 4.0 
Total Rotation across RBS, East Beam (% rad.) 1.4 
Panel Zone Plastic Drift (% rad.) 2.3 

Rotation Capacity 

Cumulative Total Plastic Drift (% rad.) 60.7 
Energy Dissipation Cumulative Energy Dissipation (k-in.) 16,232 

Note:  Mf = Beam moment at column face; 
 Mp = Beam plastic moment capacity based on measured dimensions and material 

properties. 

1 2 4 3
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7
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TEST OBSERVATIONS 

Minor yielding initiated in the beam flanges at the RBS and in the panel zone at 0.75% 

story drift. Yielding was observed in the beam web at the RBS at 1% story drift. Yielding 

in the beam flanges spread throughout the RBS and in the beam region between the RBS 

and column flange at 1.5% story drift. The panel zone yielding became more pronounced. 

Yielding around the safety harness eyebolt hole was observed at 1.5% story drift. The 

column flanges started to yield at the 2% story drift cycles. Yielding occurred in the 

column web above and below continuity plates at 3% story drift cycles. Minor beam web 

local buckling occurred in the RBS region during the first cycle of 3% story drift, and 

remained small in the 4% story drift cycles. The lateral load kept increasing when story 

drift increased as the panel zone continued to yield and develop significant shear 

deformation. No visible beam flange buckling was observed and neither was the beam 

flange lateral movement. Very little column twisting was observed. Cracks were found to 

initiate at the root of the beam bottom flange reinforcement fillet welds during the 4% 

story drift cycles. Yielding in the weld metal and in the HAZ at the bottom and top ends 

of beam web CJP groove welds was observed during 4% story drift cycles. SPEC-6 

successfully underwent the first half cycle of 5% story drift. Fracture in the HAZ of west 

beam bottom flange occurred when the specimen tried to complete the first 5% story drift 

cycle. The specimen capacity did not deteriorate prior to fracture. 

After releasing the support and the bracing of the fractured west side beam, the testing of 

SPEC-6 was continued for the remaining loading cycles of 5% and 6% story drift. 

Releasing the west side beam made the panel zone stronger relative to the beam capacity. 

The east side beam started to develop pronounced web and flange local buckling in the 

5% drift cycles. Fracture occurred in the beam top flange near the center of RBS and 

went through the width of the flange and penetrated to the web. This fracture was due to 

low cycle fatigue and similar to the other specimens. 
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SPEC-6 at 5% story drift 

 

 

 
Beam bottom flange lateral movement in RBS, 5% story drift 
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West beam bottom flange fracture during first cycle of 5% story drift 
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APPENDIX B 

WELD PROCEDURE SPECIFICATIONS 
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1. Beam Top Flange-to-Column Flange CJP Groove Weld 
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2. Beam Bottom Flange-to-Column Flange CJP Groove Weld 
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3. Beam Web-to-Column Flange CJP Groove Weld 
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Weld UT Inspection Reports 
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1. SPEC-1 
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2. SPEC-2 
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3. SPEC-3 
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4. SPEC-4 
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5. SPEC-5 
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6. SPEC-6 
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Appendix D 

Specimen Material Tensile Coupon Stress – Strain Curves 
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Appendix E 

Weld Metal Charpy V-Notch Toughness Test Report 
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The above table is the weld metal CVN test plates WPS Summary. TP13, TP15 and TP18 
are connection mock-ups for Supplemental Welder Qualification according to FEMA-
353 (Part I 3.3.1 and Appendix B). 
 

Test Results 
1. TP-1 to TP-10 
 

Specimen 
Number Electrodes 

Test 
Temperature 

(°F) 

Actual 
Temperature 

(°F) 

Energy 
Absorbed 

(ft-lb) 
Notes 

Average 
After 

Dropping 
the Highest 
and Lowest 

TP1-1 0 0±1 14.5   
TP1-2 0 0±1 19.0   
TP1-3 0 0±1 21.0   
TP1-4 0 0±1 15.0   
TP1-5 

E70T-6 
D=3/32" 

0 0±1 12.5   

16.2 

TP2-1 70 73.4 44.0   
TP2-2 70 73.4 37.0   
TP2-3 70 73.4 39.5   
TP2-4 70 73.4 40.0   
TP2-5 

E70T-6 
D=3/32" 
Low HIL 

70 73.4 21.0   

38.8 

TP3-1 70 73.6 43.0   
TP3-2 70 73.6 39.0   
TP3-3 70 73.6 31.0   
TP3-4 70 73.6 29.0   
TP3-5 

E70T-6 
D=3/32" 
Low HIL 

70 73.6 32.0   

34.0 

TP4-1 70 73.8 46.0   
TP4-2 70 73.8 46.5   
TP4-3 70 73.8 39.5   
TP4-4 70 73.8 44.5   
TP4-5 

E70T-6 
D=3/32" 
High HIL 

70 73.8 43.0   

44.5 

TP5-1 70 73.8 48.5   
TP5-2 70 73.8 54.0   
TP5-3 70 73.8 44.0   
TP5-4 70 73.8 51.5   
TP5-5 

E70T-6 
D=3/32" 
High HIL 

70 73.8 53.5   

51.2 

TP6-1 0 0±1 53.0   
TP6-2 0 0±1 45.0   
TP6-3 0 0±1 62.0   
TP6-4 0 0±1 53.5   
TP6-5 

E71T-8 
D=.068" 

0 0±1 60.0   

55.5 

TP7-1 70 73.8 89.5   
TP7-2 

E71T-8 
D=.068" 70 73.8 88.5   

89.2 
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TP7-3 70 73.8 91.0   
TP7-4 70 73.8 89.5   
TP7-5 

 

70 73.8 49.5   

 

TP8-1 0 0±1 53.0   
TP8-2 0 0±1 39.0   
TP8-3 0 0±1 41.0   
TP8-4 0 0±1 50.0   
TP8-5 

E70T-1 
D=3/32" 

0 0±1 48.0   

46.3 

TP9-1 70 73.6 114.0   
TP9-2 70 73.6 111.0   
TP9-3 70 73.6 109.5   
TP9-4 70 73.6 101.0   
TP9-5 

E70T-1 
D=3/32" 

70 73.6 121.5   

111.5 

TP10-1 70 73.6 100.5   
TP10-2 70 73.6 88.5   
TP10-3 70 73.6 96.5   
TP10-4 70 73.6 98.0   
TP10-5 

E70T-1 & 
E71T-8 
Mixed 

70 73.6 69.0   

94.3 

 

2. TP-11 and TP-12 

Specimen 
Number Electrodes 

Test 
Temperature 

(°F) 

Actual 
Temperature 

(°F) 

Energy 
Absorbed 

(ft-lb) 
Notes 

Average 
After 

Dropping 
the Highest 
and Lowest 

TP11-1 70 72.4 54.5   
TP11-2 70 72.4 51.0   
TP11-3 70 72.4 52.0   
TP11-4 70 72.4 57.5   
TP11-5 

E70T-6 
D=3/32" 

70 72.4 52.0   

52.8 

TP12-1 0 0±1 11.0   
TP12-2 0 0±1 24.0   
TP12-3 0 0±1 9.0   
TP12-4 0 0±1 10.5   
TP12-5 

E70T-6 
D=3/32" 

0 0±1 10.5   

10.7 

 

3. TP-13 

Specimen 
Number Electrodes 

Test 
Temperature 

(°F) 

Actual 
Temperature 

(°F) 

Energy 
Absorbed 

(ft-lb) 
Notes 

Average 
After 

Dropping 
the Highest 
and Lowest 

TP13-1 E70T-6 0 0±1 7.0   8.3 
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TP13-2 0 0±1 6.0   
TP13-3 0 0±1 10.0   
TP13-4 0 0±1 8.0   
TP13-5 0 0±1 13.0   

 

TP13-6 70 71.8 24.5   
TP13-7 70 71.8 18.5   
TP13-8 70 71.8 27.5   
TP13-9 70 71.8 27.0   
TP13-10 70 71.8 28.0   

26.3 

TP13-11 120 120±1 25.0 
TP13-12 120 120±1 38.5 
TP13-13 120 120±1 35.5 

Average 
of Three 33.0 

TP13-14 212 208 40.0 
TP13-15 212 208 46.5 
TP13-16 

D=3/32" 

212 208 49.5 

Average 
of Three 45.3 

 

4. TP-14 

Specimen 
Number Electrodes 

Test 
Temperature 

(°F) 

Actual 
Temperature 

(°F) 

Energy 
Absorbed 

(ft-lb) 
Notes 

Average 
After 

Dropping 
the Highest 
and Lowest 

TP14-1 0 0±1 31.0   
TP14-2 0 0±1 35.0   
TP14-3 0 0±1 35.5   
TP14-4 0 0±1 34.0   
TP14-5 0 0±1 34.0   

34.3 

TP14-6 70 73 61.5   
TP14-7 70 73 63.5   
TP14-8 70 73 63.0   
TP14-9 70 73 50.0   
TP14-10 70 73 60.0   

61.5 

TP14-11 -20 -20 27.0 
TP14-12 -20 -20 27.5 
TP14-13 -20 -20 31.5 

Average 
of Three 28.7 

TP14-14 40 40 49.0 
TP14-15 40 40 44.5 
TP14-16 

E70T-6 
D=3/32" 

40 40 45.5 

Average 
of Three 46.3 
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5. TP-15 

Specimen 
Number Electrodes 

Test 
Temperature 

(°F) 

Actual 
Temperature 

(°F) 

Energy 
Absorbed 

(ft-lb) 

Average 
(ft-lb) 

TP15-1 0 0±1 25.0 
TP15-2 0 0±1 22 
TP15-3 0 0±1 26 

24.3 

TP15-4 70 74.6 44.0 
TP15-5 70 74.6 40.5 
TP15-6 

E70T-6 

70 74.6 43 
42.5 

 

6. TP-17 

Specimen 
Number Electrodes 

Test 
Temperature 

(°F) 

Actual 
Temperature 

(°F) 

Energy 
Absorbed 

(ft-lb) 

Average 
(ft-lb) 

TP17-1 0 0±1 29.5 
TP17-2 0 0±1 29.0 
TP17-3 0 0±1 33.5 

30.7 

TP17-4 70 75.4 49.0 
TP17-5 70 75.4 52.5 
TP17-6 

E70T-6 

70 75.4 51.0 
50.8 

 

7. TP-18 

Specimen 
Number Electrodes 

Test 
Temperature 

(°F) 

Actual 
Temperature 

(°F) 

Energy 
Absorbed 

(ft-lb) 

Average 
(ft-lb) 

TP18-1 0 0±1 24.0 
TP18-2 0 0±1 23.5 
TP18-3 0 0±1 25.5 
TP18-4 0 0±1 28.5 
TP18-5 0 0±1 27.5 

25.8 

TP18-6 70 73.8 48.0 
TP18-7 70 73.8 43.5 
TP18-8 70 73.8 48.5 
TP18-9 70 73.8 41.5 
TP18-10 70 73.8 44.0 
TP18-11 70 73.8 49.0 
TP18-12 70 73.8 49.0 
TP18-13 70 73.8 50.0 
TP18-14 

E70T-6 

70 73.8 51.0 

45.6 
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TP18-15 70 73.8 41.5 
TP18-16 70 73.8 42.5 
TP18-17 70 73.8 39.5 
TP18-18 

 

70 73.8 44.5 
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Appendix F 

SPEC-1, SPEC-2, and SPEC-6 Fracture Surface SEM Pictures 
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1. SPEC-1 
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2. SPEC-2 
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3. SPEC-6 
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Appendix G 

Warping Normal Stress Calculation – Solution for θ” 
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l=2h

al (1-a)l

T

z

 
1. Method 1: Use the charts in Appendix B of Torsional Analysis of Structural Steel 

Members, AISC Steel Design Guide Series 9 (Seaburg and Carter, 1997), considering 
Case 6. Since α is between 0.3 and 0.5, the value for θ” can be interpolated between 
the charts with α = 0.3 and α = 0.5. The charts are given below. 
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2. Method 2: Differentiate the solution from the differential equation for the column 

twist angle θ. 
The solution for Case 6 is as follows (see Appendix C of Torsional Analysis of 
Structural Steel Members (Seaburg and Carter, 1997)): 
 

When lz α≤≤0  
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when lzl ≤≤α  
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where, 
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Thus, the second derivative of the twist angle θ with respect to longitudinal distance z is 
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a
zsinh , for lz α≤≤0  

and when z = αl (i.e., at the location of the beam bottom flange, where the torque is 

applied, and hence the maximum warping normal stress is located), θ” becomes: 
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Note:  
GJ

EC
a w= ; 

 E = modulus of elasticity for the column steel; 
 G = shear modulus of elasticity for the column steel; 
 Cw = warping constant for the column cross-section; 
 J = torsional constant for the column cross-section; 
 T = torque applied by the beam compression (bottom) flange to column; 

 l = length of column between two fixed ends, where l = 2h, and h is the story 
height; 

 α = fraction of the total column length indicating the location of the applied 
torque (beam bottom flange); 

 z = longitudinal distance along the column. 
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