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Abstract 

Double angle shear connections are commonly found in steel frame buildings 
because of their ease of design, fabrication and installation. While these connections are 
normally designed for only vertical shearing force, previous research has proven that 
these connections can resist an interaction of shear, axial, and moment forces. There 
exists a need for further research concerning the behavior of these connections due to 
their abundant use throughout the engineering and construction industries.  

The purpose of this thesis was to observe and quantitatively measure the 
interaction of forces in double angle connections. Results from this research illustrate the 
behavior of these connections during an unanticipated loading event: the compromising 
and collapse of the center support in a steel frame building. In this study, robustness, 
redundancy and structural integrity of the connection were considered. Test results were 
used to establish the level of flexural capacity and presence of catenary action of various 
double angle connections. 

To study and analyze the performance of these connections, physical testing was 
commenced on nine double angle connections, mounted in a testing frame, consisting of 
3-, 4-, and 5-bolt configurations. Data collected during this testing were used to calculate 
forces, including axial, shear, and moment, at the connection and along the length of a 
supported beam within the testing frame. Further analysis explored failure modes and 
overall test assembly performance.  

Testing showed that double angle shear connections possess a level of flexural 
resistance, and catenary action occurred in the test assembly beyond the flexural 
resistance range of this connection. Every tested double angle connection exhibited high 
levels of ductility, and aside from angle unfolding, did not pose a risk of brittle failure 
under the limitations present during testing. Excessive rotation of the member, interaction 
of shear, axial and moment, combined with the unfolding of the connecting angles and 
eminent binding of the beam flanges with the column flanges indicates that while double 
angle connections provide a certain level of robustness, they are incapable of supporting 
full design loads due to the additional shear and moment introduction.  
  



 
 

3 

Acknowledgments 

Many people and organizations contributed to the completion of this thesis. First 

and foremost, I would like to thank Milwaukee School of Engineering for funding this 

project and providing testing equipment. I would also like to thank Germantown Iron and 

Steel for their gracious donation of testing materials and specimens.  

Undoubtedly, this project would not have been possible without the guidance, 

wisdom and patience of my advisor, Chris Raebel, Ph.D. Thank you to Douglas Stahl, 

Ph.D. and Todd Davis, Ph.D. for assisting with the data collection technology. Thank you 

also to Jeff MacDonald, who assisted with material acquisition and testing.  

This work would not have been possible without the support of Michelle Van 

Buskirk, who has contributed significant amounts of time and effort towards the success 

of this thesis as she worked concurrently on her thesis project.   

Finally, I am grateful for the everlasting support of my family and friends, who 

have been understanding of the time that I had to spend away from them to complete this 

thesis. I look forward to spending more time with you soon.  

  



 
 

4 

Table of Contents 

List of Figures ..................................................................................................................... 8 

List of Tables .................................................................................................................... 13 

Nomenclature .................................................................................................................... 14 

Glossary ............................................................................................................................ 16 

Chapter 1: Introduction ...................................................................................... 17 

Chapter 2: Literature Review ............................................................................. 19 

2.1. AISC Provisions on Robustness ........................................................... 19 

2.2. Behavior of Steel Shear Connections under Column-Removal Demands 

by Oosterhof and Driver ................................................................................................ 20 

2.2.1. Testing Setup ................................................................................... 20 

2.2.2. Specimen Geometry ......................................................................... 21 

2.2.3. Experimental Results ....................................................................... 22 

2.2.4. Column Bolt Line Failure Characteristics ....................................... 24 

2.3. Test, Modeling and Design of Bolted-Angle Connections Subjected to 

Column Removal by Yanglin Gong .............................................................................. 26 

2.3.1. Testing Configuration ...................................................................... 27 

2.3.2. Experimental Results ....................................................................... 29 

2.3.3. Mechanical Properties in Tension .................................................... 30 

2.3.4. Mechanical Properties in Compression ........................................... 33 

2.3.5. Conclusions ...................................................................................... 34 



 
 

5 

2.4. Modeling of Double-Angle Connections for Robustness Evaluation of 

Steel Gravity Frames by Weigand, Liu and Main ......................................................... 34 

2.4.1. Modeling Approach ......................................................................... 35 

2.4.2. Model Evaluation ............................................................................. 37 

2.4.3. Geometry of Deformed Angle ......................................................... 38 

2.4.4. Load-Deformation Relationship ...................................................... 39 

2.4.5. Angle Fracture at Ultimate Load ..................................................... 41 

2.4.6. Comparisons with Experimental Data ............................................. 43 

2.4.7. Conclusions ...................................................................................... 44 

2.5. Integrity of Bolted Angle Connections Subjected to Simulated Column 

Removal by Weigand and Berman ................................................................................ 44 

2.5.1. Bolted Angle Assemblages .............................................................. 45 

2.5.2. Experimental Setup .......................................................................... 48 

2.5.3. Equipment and Instrumentation ....................................................... 49 

2.5.4. Connection Response Quantities ..................................................... 50 

2.5.5. Fiber Displacements from Experiments ........................................... 51 

2.5.6. Experimental Results ....................................................................... 52 

2.5.7. Influence of Connection Parameters on the Bolted Angle Connection 

Responses 61 

2.5.8. Effect of Angle Thickness on Connection Response ....................... 62 

2.5.9. Absolute Connection Strength and Connection Performance ......... 63 

2.5.10. Staggering of Bolt Holes ................................................................ 64 

2.6. Building Code of the City of New York ............................................... 67 



 
 

6 

2.7. Steelwork Connections – The Robustness of Simple Connections by 

Owens and Moore ......................................................................................................... 67 

Chapter 3: Experimental Program ..................................................................... 70 

3.1. Introduction ........................................................................................... 70 

3.2. Test Specimen Overview ...................................................................... 70 

3.3. Test Assembly Overview ...................................................................... 73 

3.4. Test Procedures ..................................................................................... 78 

3.4.1. Assembling of Testing Frame .......................................................... 78 

3.4.2. Pre-Test Procedure ........................................................................... 78 

3.4.3. Test Procedure ................................................................................. 80 

3.4.4. Post-Test Procedure ......................................................................... 82 

Chapter 4: Experimental Results ....................................................................... 84 

4.1. Introduction ........................................................................................... 84 

4.2. Determination of Forces ....................................................................... 84 

4.2.1. Determination of Connection Forces ............................................... 85 

4.3. Determination of Bolt Forces ................................................................ 88 

4.4. Results of Experimental Tests .............................................................. 88 

4.4.1. Three-Bolt Double-Angle Tests ....................................................... 89 

4.4.2. Four-Bolt Double-Angle Tests ...................................................... 101 

4.4.3. Five-Bolt Double-Angle Tests ....................................................... 113 

4.5. Summary of Test Results .................................................................... 125 

4.6. Verification of Data Results ................................................................ 127 



 
 

7 

Chapter 5: Discussion and Conclusion ............................................................ 130 

5.1. Introduction ......................................................................................... 130 

5.2. Conclusions ......................................................................................... 130 

5.3. Comparisons of Test Results with Results in Literature ..................... 132 

5.4. Future Research .................................................................................. 134 

References 136 

 

  



 
 

8 

List of Figures 

Figure 2.2-1: Experimental setup. ..................................................................................... 20 

Figure 2.2-2: Testing configuration for double angle specimens. .................................... 21 

Figure 2.2-3: Development of plastic hinges in double angles. ........................................ 22 

Figure 2.2-4: Tear propagation near the heel. ................................................................... 24 

Figure 2.2-5: Tear propagation near column bolts. ........................................................... 24 

Figure 2.2-6: Load development plot of a double angle test. ........................................... 25 

Figure 2.2-7: Propagation of tears along the column bolt line. ........................................ 26 

Figure 2.3-1: Testing frame. ............................................................................................. 27 

Figure 2.3-2: Group C and D configurations.. .................................................................. 27 

Figure 2.3-3: Testing frame. ............................................................................................. 28 

Figure 2.3-4:  Specimen C1 failure. .................................................................................. 30 

Figure 2.3-5: Specimen C2 failure. ................................................................................... 30 

Figure 2.3-6: Tear along C3 specimen. ............................................................................. 30 

Figure 2.3-7: D1 specimen. ............................................................................................... 32 

Figure 2.3-8: Compressive load on angle. ........................................................................ 33 

Figure 2.4-1: Schematic assembly overview and symmetry boundary constraints. ......... 37 

Figure 2.4-2: (a) Horizontal reaction versus chord rotation for varying beam spans, and 

(b) average horizontal deformation of angle versus chord rotation. ................................. 38 

Figure 2.4-3: (a) Initial angle geometry, and (b) deformed angle geometry. ................... 38 

Figure 2.4-4: Load-deformation relationship for angle. ................................................... 40 

Figure 2.4-5: Two-hinge idealization of angle's column leg at ultimate load: (a) geometry 

and (b) free-body diagram. ............................................................................................... 41 



 
 

9 

Figure 2.4-6: Comparisons of component-based model with experimental measurements 

for a double-angle connection with three bolt rows (uncertainty is estimated at +/- 0.5% 

based on repeated instrument calibration). ....................................................................... 44 

Figure 2.5-1: Typical bolted-bolted configuration. ........................................................... 46 

Figure 2.5-2: Load frame assembly. ................................................................................. 48 

Figure 2.5-3: Free body diagram of testing frame. ........................................................... 49 

Figure 2.5-4: Method for computing fiber displacements. ............................................... 52 

Figure 2.5-5: Phases of vertical and horizontal force-displacement behavior for 

ba3b|34|14|. ....................................................................................................................... 53 

Figure 2.5-6:Phases of vertical and horizontal force-displacement behavior for 

ba3b|34|14|. ....................................................................................................................... 53 

Figure 2.5-7: Phases of vertical and horizontal force-displacement behavior for 

ba3b|34|12|. ....................................................................................................................... 54 

Figure 2.5-8:Phases of vertical and horizontal force-displacement behavior for 

ba3b|34|12|. ....................................................................................................................... 55 

Figure 2.5-9: Plastic hinge formation in 1/4-in. angles (top) and 1/2-in. angles (bottom).

 ........................................................................................................................................... 56 

Figure 2.5-10: Specimen ba3b|34|14| post-test. ................................................................ 57 

Figure 2.5-11: Specimen ba3b|34|12| post-test. ................................................................ 58 

Figure 2.5-12: Normalized vertical responses of 1/4-in. 3- and 5-bolt specimens. .......... 62 

Figure 2.5-13: Extreme column warping of specimen ba3b|1|34|. ................................... 63 

Figure 2.5-14: Staggered angle configuration. ................................................................. 65 

Figure 2.5-15: Specimen ba3b|34|14|HConfig compared to ba3b|34|14|. ......................... 66 



 
 

10 

Figure 2.5-16: Specimen ba3b|34|12|HConfig compared to ba3b|34|12|. ......................... 66 

Figure 2.7-1: Critical sections in double-angle connections. ............................................ 69 

Figure 3.2-1: Naming convention example. ..................................................................... 70 

Figure 3.2-2: Angle configurations for testing with (a) 3 bolt lines, (b) 4 bolt lines, and 

(c) 5 bolt lines. .................................................................................................................. 71 

Figure 3.3-1: Test assembly overview. ............................................................................. 73 

Figure 3.3-2: Test assembly overview. ............................................................................. 74 

Figure 3.3-3: Bolt naming convention for (a) 2L3, (b) 2L4, and (c) 2L5 configurations. 74 

Figure 3.3-4: Hydraulic cylinder assembly. ...................................................................... 75 

Figure 3.3-5: Strain gage placement on beam. ................................................................. 76 

Figure 3.3-6: Strain gage placement for (a) 2L3, (b) 2L4 and (c) 2L5 specimens. .......... 77 

Figure 3.4-1: Plaster application on 2L3 specimen. ......................................................... 79 

Figure 3.4-2:Lateral torsional buckling of test assembly. ................................................. 80 

Figure 3.4-3: Measurement of LTB behavior. .................................................................. 81 

Figure 3.4-4: 2L3-2 test following completion. ................................................................ 82 

Figure 4.4-1: Typical 2L3 assembly before testing. ......................................................... 90 

Figure 4.4-2: Typical LTB behavior of a 2L3 series specimen during testing. ................ 91 

Figure 4.4-3: Typical 2L3 series specimen post-test. ....................................................... 91 

Figure 4.4-4: Typical post-test layout of 2L3 series specimen. ........................................ 92 

Figure 4.4-5: Typical left-hand side of a 2L3 series specimen following testing. ............ 92 

Figure 4.4-6: Typical right-hand-side of a 2L3 series specimen following testing. ......... 93 

Figure 4.4-7: Enlargement of plaster application on test specimen 2L3-2, typical of 2L3 

series tests. ........................................................................................................................ 93 



 
 

11 

Figure 4.4-8: Load versus displacement for 2L3 series of tests. ...................................... 96 

Figure 4.4-9:  Load versus rotation for 2L3 series of tests with respect to DWT1 (US 

units). ................................................................................................................................ 97 

Figure 4.4-10: Load versus rotation for 2L3 series of tests with respect to DWT1 (Metric 

units). ................................................................................................................................ 98 

Figure 4.4-11: Load versus rotation for 2L3 series of tests with respect to DWT2 (US 

units). ................................................................................................................................ 99 

Figure 4.4-12: Load versus rotation for 2L3 series of tests with respect to DWT2 (Metric 

units). .............................................................................................................................. 100 

Figure 4.4-13: Typical 2L4 assembly before testing. ..................................................... 101 

Figure 4.4-14: Typical LTB behavior of 2L4 series specimen during testing. ............... 102 

Figure 4.4-15: Typical 2L4 specimen post-test. ............................................................. 103 

Figure 4.4-16: Typical underside view of specimen post-test showing angle deformation.

 ......................................................................................................................................... 104 

Figure 4.4-17: Typical post-test layout of 2L4 series specimen. .................................... 104 

Figure 4.4-18: Typical left hand-side of a 2L4 series specimen following testing. ........ 105 

Figure 4.4-19: Typical right hand-side of a 2L4 series specimen following testing. ..... 105 

Figure 4.4-20: Plaster flake on specimen 2L4-1. ............................................................ 106 

Figure 4.4-21: Force versus displacement for 2L4 series of tests. .................................. 108 

Figure 4.4-22: Load versus rotation for 2L4 series of tests with respect to DWT1 (US 

units). .............................................................................................................................. 109 

Figure 4.4-23: Load versus rotation for 2L4 series of tests with respect to DWT1 (Metric 

units). .............................................................................................................................. 110 



 
 

12 

Figure 4.4-24: Load versus rotation for 2L4 series of tests with respect to DWT2 (US 

units). .............................................................................................................................. 111 

Figure 4.4-25: Load versus rotation for 2L4 series of tests with respect to DWT2 (Metric 

units). .............................................................................................................................. 112 

Figure 4.4-26: Typical 2L5 assembly before testing. ..................................................... 113 

Figure 4.4-27: Typical LTB behavior of 2L5 series specimen during testing. ............... 114 

Figure 4.4-28: Typical 2L5 specimen post-test. ............................................................. 115 

Figure 4.4-29: Typical post-test layout of 2L5 series specimen. .................................... 116 

Figure 4.4-30: Typical left hand-side of a 2L5 series specimen following testing. ........ 117 

Figure 4.4-31: Typical right hand-side of a 2L5 series specimen following testing. ..... 117 

Figure 4.4-32: Plaster flake on specimen 2L5-1. Typical for 2L5 series of tests. .......... 118 

Figure 4.4-33: Force versus displacement for 2L5 series of tests. .................................. 120 

Figure 4.4-34: Load versus rotation for 2L5 series of tests with respect to DWT1 (US 

units). .............................................................................................................................. 121 

Figure 4.4-35: Load versus rotation for 2L5 series of tests with respect to DWT1 (Metric 

units). .............................................................................................................................. 122 

Figure 4.4-36: Load versus rotation for 2L5 series of tests with respect to DWT2 (US 

units). .............................................................................................................................. 123 

Figure 4.4-37: Load versus rotation for 2L5 series of tests with respect to DWT2 (Metric 

units). .............................................................................................................................. 124 

Figure 4.6-1: Free body diagram for statics evaluation as seen in Friedman (2009). ..... 127 

 

  



 
 

13 

List of Tables 

Table 2.5-1: Connection sub-assemblages (Weigand & Berman, 2016). ......................... 47 

Table 2.5-2: Bolted angle connection sub-assemblage force and deformation quantities at 

failure (Weigand & Berman, 2016). ................................................................................. 60 

Table 3.2-1: Double-Angle Connection limit state strength (without safety factors). ...... 72 

Table 4.5-1: Test Values at Maximum Moment, US units. ............................................ 125 

Table 4.5-2: Test Values at Maximum Moment, metric units. ....................................... 126 

Table 4.6-1: Static Check Percent Error for 2L Tests. .................................................... 129 

 

 

  



 
 

14 

Nomenclature 

Symbols 

A – area  

B – resultant force acting on one bolt 

C – coefficient for eccentrically loaded bolt group 

E – modulus of elasticity 

Fu – ultimate stress of material, ksi 

Fy – yield stress of material, ksi 

H – normalized shear force 

I – moment of inertia 

Lbeam – length of beam 

Leh – horizontal edge distance 

M – bending moment, kip-in or kip-feet 

P – axial load, kips 

R – nominal shear strength of one bolt at deformation 

V – applied shear force, kips 

e – eccentricity 

t – thickness of material 

y – distance from neutral axis 

e – strain 

D – deflection, inch 

q – angle of rotation, radians 

f – factor of safety 



 
 

15 

s – stress 

µ – micro 

 

Abbreviations 

ACI – American Concrete Institute 

AISC – American Institute of Steel Construction 

Avg – Average 

DTI – Direct Tension Indicator 

DWT – Draw Wire Transducer 

ft – feet 

HSSL – Horizontally short-slotted bolt hole 

IBC – International Building Code 

ICOR – instantaneous center of rotation 

in. – inches 

ksi – kips per square inch 

lbs or lb – pounds 

psi – pounds per square inch 

SG – strain gage 

2L – double angle configuration 

  



 
 

16 

Glossary 

catenary – curve described by a rope hanging from two points on the same horizontal 

plane 

catenary action – tensile force acting along the geometry of a catenary 

kips – 1000 pounds 

progressive collapse – failure in adjoining structural elements that originated from 

failure in a primary structural element 
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Chapter 1: Introduction 

Structural robustness, or the ability of a building to resist progressive collapse that 

is disproportionate to the causative event, is of increasing importance in engineering 

design. Robustness has become of increased concern especially following events such as 

the Ronan Point apartment collapse of 1968 and especially the World Trade Center 

Terrorist Attacks. In each of these cases, a collapse was initiated by an unanticipated 

loading event but perpetuated by a lack of robustness in the design of the structural 

system. Catastrophic events similar to those aforementioned occur to this day, sometimes 

accompanied by significant occupant casualty. 

Proper specification and design of structural connections between framing 

members is a method to ensure adequate provision of structural robustness.  

Understanding the behavior of simple shear connections under unanticipated loading 

scenarios is therefore crucial toward the proper specification and design, given their 

widespread use in steel framed buildings.  Examples of unanticipated loading scenarios 

may include the compromising of a structural element due to vehicle impact, material 

strength reduction resulting from extreme temperature increase during a fire, concussive 

force emanating from an explosive blast, and localized overburdening of a framing 

member among countless others.  

There are many types of simple shear connections, namely: shear tab; extended 

plate; end plate; seated; single angle; tee; and double angle. While these connections are 

typically designed solely to resist vertical shearing force, these connections have the 

capability of resisting a simultaneous combination, or interaction, of shear, axial, and 

moment forces. The capability for these connections to resist this interaction is 
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advantageous during an instance of unanticipated loading, however, varying levels of 

ductility among those mentioned result with different levels of deformation and failure 

modes.  

The AISC Steel Construction Manual and Specification (AISC, 2017) is of 

limited help in the design of steel connections for robustness, requiring designers to look 

elsewhere for guidance. However, ACI 318-14 (ACI Committee 318, 2014) allows for 

reductions in load due to the inherent robustness of concrete. Following the 9/11 terrorist 

attacks, the International Building Code (International Code Council, 2019) has 

incorporated requirements relating to structural integrity and robustness.  

The purpose of this research is to both qualitatively and quantitatively evaluate 

the robustness of bolted-bolted double-angle connections.  Nine all-bolted double-angle 

specimens of 3-, 4- and 5-bolt configurations were tested in a manner consistent with a 

central column-loss scenario, upon which excessive rotation is developed in the 

connection. This excessive rotation and column loss event imparted an interaction of 

shear, axial and moment forces through the double-angle connection, and these forces 

were measured through strain gages applied to a testing beam and connection bolts 

themselves.  
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Chapter 2: Literature Review 

Significant research is in progress relating to the robustness of framing 

connections. This research is important toward understanding behavior of various 

connection geometry performance while under unanticipated loading scenarios. However, 

there lacks a significant amount of research relating to double angle connection behavior 

under shear, axial and moment interaction. Several existing researchers propose models 

to anticipate rotation, while others perform finite element modeling of double-angle 

connections. There are few examples of full-scale testing that have been performed. A 

summary of past and current research and practices are included herein. Note that units 

are reported in US Customary and may have been converted from their original format. 

2.1. AISC Provisions on Robustness 

Section J1.4 (b) in the AISC Specification (AISC, 2017) relates to robustness 

explicitly in column splices, requiring designers to anticipate a tensile force in the 

connecting elements for 50% of the axial tensile force on the compression element, or to 

proportion 2% of total column axial load capacity as a transverse load. According to the 

Commentary, the intent of this procedure is to provide additional robustness to the design 

of compression members. However, this section does provide guidance in the design of 

shear connections. Generally, there lacks specific language in the specification relating 

to, or how to achieve, a robust design.  
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2.2. Behavior of Steel Shear Connections under Column-Removal Demands 

by Oosterhof and Driver 

Oosterhof and Driver (2015) conducted full scale experiments on 35 steel shear 

connections, consisting of shear tab, welded-bolted single angle, bolted-bolted single 

angle, and bolted-bolted double-angle connections. The bolted-bolted double-angle 

connections will be the focus of this section. A testing frame was designed to apply 

independent levels of moment, shear, and axial force to beam-column connections shown 

in Figure 2.2-1. 

 

Figure 2.2-1: Experimental setup (Oosterhof & Driver, 2015). 

2.2.1. Testing Setup 

The use of two vertical actuators, Actuator 1 and 2, allowed for any combination 

of moment and shear desired, while Actuator 3 was oriented to apply primarily axial load 

on the connection. All actuators were pinned to their support, allowing free rotation in the 

plane of the beam about their end. A load cell within each actuator provided loading 
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information, a clinometer measured axial rotation of each actuator, and a cable transducer 

measured axial stroke of each actuator. These instruments provided data used to calculate 

the magnitude, direction, and location of force applied to the test beam by each actuator 

explicitly throughout the test. In turn, an accurate representation of the three applied 

forces into their orthogonal components for the calculation of shear, moment and axial 

force applied to the connection, was possible. Beam rotation was measured using 

clinometer mounted to the centerline of the beam web, while strains and displacements in 

the connection region were measured using a digital image correlation system.  

2.2.2. Specimen Geometry 

The double-angle specimens were 2L3½ x 3½ x ¼ with a yield strength of 50 ksi, 

with either three or five bolt holes spaced at 3.15 inches. Testing bolts were 3/4-in. A325 

bolts, mounted in all standard holes, fastened to a snug tight condition. Connection 

geometry is shown in Figure 2.2-2. 

 

Figure 2.2-2: Testing configuration for double angle specimens (Oosterhof & Driver, 2015). 
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2.2.3. Experimental Results 

Oosterhof and Driver observe that bolted-bolted angle connections exhibit 

significantly different failure mechanisms than welded-bolted angles, primarily the 

development of plastic hinges near the bolt line of the heel. The proposed location of 

these plastic hinges is shown in Figure 2.2-3. Throughout testing, it was found that plastic 

hinges formed first in location 1 and 3.  

It is noted that the unfolding of the angle material results with significantly lower 

axial and rotational stiffness and higher ultimate rotation values than shear tabs and 

welded-bolted single-angles with like geometries.  

 

Figure 2.2-3: Development of plastic hinges in double angles (Oosterhof & Driver, 2015). 

Oosterhof and Driver do acknowledge that, because the test setup used a three-pin 

arrangement for Actuator 3, the level of compressive axial force developed during testing 

was limited. For each test, compressive arching action was observed only at early stages 

of the loading history: after these early stages, it was found that the developing catenary 

action resulting from large rotations dominated connection behavior. Bolt bearing 

connections was away from the weld; therefore, the presence of the
angle leg welded to the column did not affect behavior. The hori-
zontal edge distances (from the center of the bolt hole to the edge of
the plate) for welded-bolted single-angle specimens were shorter
than those for the shear-tab specimens to keep the standard gauge
distance of 60 mm for the angles, which caused them to have lower
bolt tear-out resistances than the shear-tab specimens with other-
wise similar geometry.

Bolted-Bolted Single-Angle and Double-Angle
Connections

Tables 8 and 9 summarize the test results for each bolted-bolted
single-angle and double-angle specimen, respectively. Compres-
sive arching action occurred during the early stages of some of
the single-angle tests. The resulting local maximum moment dur-
ing arching action is presented in the table, in addition to the maxi-
mum moment developed following the onset of tensile catenary

forces. Because the compressive forces and coincident moments
that developed were well below the connection capacity, they were
not considered to have influenced the ultimate failure mode
or loads.

Deformation Mechanism
Bolted-bolted angle connections exhibited behavior that was sig-
nificantly different from that of the welded case. Because the angle
was not connected at the heel, a different mechanism dominated
deformations in the axial direction of the beam. The application
of moment and tension caused the angle to form plastic hinges near
the bolt lines and the angle heel. Fig. 10 shows the development of
this mechanism under combined moment, shear, and tension.
During the bending-dominant stage of each test, the connection
tended to rotate about a point near the top of the angle, which
remained in contact with the column flange. At later stages, the
increased axial elongation demand caused the entire length of the
angle heel to pull away from the column surface. This “unfolding”

Fig. 9. Specimen ST5A-1 at (a) 0 rad (undeformed); (b) 0.094 rad (extreme bolt tear-out); (c) 0.110 rad (bolt 4 tear-out, peak post-damage response)
(images by Steven A. Oosterhof)
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deformation, while visible, never progressed to bolt tear-out or localized block shear 

rupture failure modes. Bearing deformations at the extreme bolt on the beam-side 

connection were measured to be less than 3 mm in each test, a relatively small 

contribution toward the overall ductility when compared to the deformation resulting 

from angle unfolding.  

All angle connections failed by the propagation of a tear initiating from either the 

bottom heel of the angle, as shown in Figure 2.2-4, or along the length of the column-side 

connection bolts nearest to the beam web as shown in Figure 2.2-5. Tearing of the gross 

section near the angle heel, while not commonly observed, was found to be unstable; any 

increase in rotation caused the tear to continue along the length of the angle with an 

accompanied decrease in load. This failure mode at times occurred suddenly, with 

immediate formation of tears across the entire depth of the angle. This type of failure, 

because it resulted in complete connection failure, may be considered brittle failure mode 

most akin to tensile rupture. This failure mode typically occurred at the beam side of the 

angle heel.  
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Figure 2.2-4: Tear propagation near 
the heel (Oosterhof & Driver, 2015). 

 

Figure 2.2-5: Tear propagation near 
column bolts (Oosterhof & Driver, 
2015). 

2.2.4. Column Bolt Line Failure Characteristics 

Tears forming at the column bolt line was the most common type of failure. These 

tears would follow a jagged path from bolt to bolt but would be arrested before reaching a 

subsequent bolt hole. This arrest allowed the connection to find new load paths. Upon 

examination of connection bolts used in one of these types of failures it was found that no 

shear deformation had occurred and bolt bearing deformation at the beam-side 

connection of the angle was limited to less than 1 mm. Figure 2.2-6 shows a load 

development plot typical of a double angle test failing along a plastic hinge which 

developed at the column bolt line.  
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Figure 2.2-6: Load development plot of a double angle test (Oosterhof & Driver, 2015). 

Photographs of the angles during this test are shown in Figure 2.2-7. In the test 

shown, a tear is propagating along the heel of the angle, following a jagged path from 

bolt hole to bolt hole. The maximum horizontal load was recorded immediately prior to 

tear initiation at the bottom column bolt hole. A stepwise decrease in load capacity is 

observed, and results from the initiation and progression of tears along the depth of the 

angle leg along the column flange. The plateau in the total vertical loading data indicates 

Conclusions

To obtain realistic characteristics of connection behavior, which are
necessary for the assessment of structural vulnerability to dispro-
portionate collapse, 35 full-scale beam-to-column connections
were tested to failure under demands representative of the effects
of column-removal scenarios, including large rotations and com-
bined shear and axial forces. An approach to testing that applied
loads and deformations to a connection that replicate the conditions
of a central column removal was presented. Various geometric
arrangements of each connection type were tested, and each was
subjected to a range of loading histories by applying boundary
conditions representative of several different column-removal
scenarios. The test results improve the understanding of connec-
tion-deformation mechanisms, axial and rotational stiffnesses,
governing failure modes, and ultimate strength expected following
column removal.

The main conclusions from the physical testing program are
summarized as follows:
1. Welded-bolted single-angle connections that are welded to the

column along the angle heel exhibit deformation mechanisms

and failure modes that are similar to those of shear-tab con-
nections; thus, they can be treated similarly for column-
removal analysis.

2. In cases where the beam is laterally braced, single- and double-
angle connections have similar overall ductility and strength
per connection angle under column-removal demands with
the same load-history parameters.

3. The physical tests demonstrate the ability of shear-tab and
web-angle connections to resist vertical load following column
removal through the development of catenary action.

4. Compressive arching action is expected at low rotations in
bolted-bolted angle connections where the stiffness of bolts
bearing in compression is significantly greater than the tensile
stiffness of the angle. However, the arching phase of behavior
is succeeded by the development of tensile catenary action at
high rotations, which dominates the behavior at the ultimate
state and governs the maximum vertical load resisted by
the connection.

5. Connection ductility under axial tension is provided by the
dominant deformation mechanism of localized plate-bearing
effects at bolt locations in shear tabs and welded-bolted angles,
and angle unfolding in bolted-bolted angles. As such, connec-
tions should be designed to preclude more brittle limit states
such as bolt rupture. Bolted-bolted angle connections have
lower stiffness and greater ductility under catenary tension
than do shear-tab or welded-bolted angle connections, due
to the unfolding of the angle through the formation of plastic
hinges near the bolt lines and angle heel.

6. The failure of shear-tab specimens governed by the bolt tear-
out failure mode occurs gradually, beginning with tear-out of
the extreme bolt and progressing in a stepwise manner to each
successive bolt in the connection as the beam rotation in-
creases. The failure of bolted-bolted angle connections pro-
gresses gradually in cases where tearing of the net section
occurs at the column bolt line (as the tear propagates in a
stable, stepwise manner between successive bolt holes), but
is sudden where failure occurs by tearing of the gross section
near the angle heel.

7. Significant levels of vertical load are sustained following in-
itial failure in the cases where failure progresses gradually

Fig. 15. Specimen DA3B-1 at (a) 0.149 rad (tear to angle bottom);
(b) 0.194 rad (bottom view) (images by Steven A. Oosterhof)
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a significant presence of residual capacity in the connection despite the progression of 

these tears along the depth of the angle.  

 

Figure 2.2-7: Propagation of tears along the column bolt line (Oosterhof & Driver, 2015). 

 

2.3. Test, Modeling and Design of Bolted-Angle Connections Subjected to 

Column Removal by Yanglin Gong 

Gong (2017) performed full-scale tests on six specimens of double-angle 

connections within a testing frame. The specimens were divided into two groups: one 

group consisting of only double web angles and another group which incorporated both 

double web and flange angles into the connection. Double web angles will be the primary 

focus of this review. The testing frame configuration is shown in Figure 2.3-1; note, 

however, that this figure depicts flange angles. 
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Figure 2.3-1: Testing frame (Gong, 2017). 

2.3.1. Testing Configuration 

The standard testing configuration was three bolt double angles (Group C) as 

shown in Figure 2.3-2(a) and flange angles with two bolt web angles (Group D) as shown 

in Figure 2.3-2(b). Figure 2.3-2(c) depicts a Group D specimen prior to testing. Angle 

thicknesses of 5/16-in., 3/8-in. and 1/2-in. were used, corresponding to test naming 

conventions of C1, C2 and C3, respectively. For tests which also incorporated flange 

angles, a similar naming convention of D1, D2 and D3 was used. All angles were CSA 

G40.21 300W steel. All bolts were 7/8-in. ASTM A325 mounted in standard holes to a 

snug tight condition. An assembled testing frame is shown in Figure 2.3-3. 

 

Figure 2.3-2: Group C and D configurations (Gong, 2017). 

strength 350 MPa). The heavy section was chosen such that the mem-
bers would remain elastic during tests, and thus could be re-used for
several experimental studies. Also, since a longer beam spanwas impos-
sible due to lab space limitation, the depth of the beamwas chosen such
that its span-to-depth ratio could be similar to common practice (the
measured depth of the beams was d = 344 mm). A pair of struts,
which is not shown in Fig. 1 but can be seen in Figs. 2 and 3c, made of
hollow structural section HSS127 × 127 × 7.9 [10] of CSA G40.21 350W
steel, was installed on the sides of the beams. The struts were used to
balance the catenary action in addition to preventing themiddle column
from moving laterally (i.e., out of the plane of the beam web) during
a loading. To avoid introducing bolt hole bearing deformation into
the test parameters, theweb at the near end of the beamswas locally re-
inforced by a 6mm thick parallel plate on each side (see Figs. 3c and 4b).

The gap between the face of the middle column and the end of a beam
was 26 mm.

The six specimens were divided into two groups based on the
arrangement of angles (Table 1). Group C used double web angles
with three bolts per leg (Fig. 3a). Group D had flange angles in addition
to a single web angle (Fig. 3b and c). Each flange angle had four bolts
while the web angle had two bolts. Among each group, three different
angle thicknesses, i.e., 7.9 mm, 9.5 mm and 12.7 mm, were included.
All angles were made of CSA G40.21 300W steel (nominal strength
300 MPa) [11], and their measured average strengths are given in
Table 2. All specimens used ASTM A325 high-strength bolts of
22.2 mm diameter and standard bolt holes of 23.8 mm diameter. The
bolt gauges g1 and g2 were 65 mm on both legs (Fig. 1). The high-
strength bolts were snug-tightened. The tensile strength of a single-
bolt was 302 kN based on the average of five single-bolt tests under a
pure tension. Based on double-shear tests of single-bolt, the average
strength per shear plane was 185 kN with the rupture at the threads
and was 228 kN with the rupture at the shank. During the installation
of the tensile bolts, it was purposely ensuring that the washer was on
the side of the angle leg, which was considered to be helpful to prevent
a bolt from pull-through failure, a failure mode was observed in [17].
The washer also enhanced the constraint of the bolts on the bending
of the angle.

Two linear displacement sensors were placed under the middle col-
umn tomeasure its vertical deflection u. A load cellwas used tomeasure
the static load P that pushed down the middle column from above. For
each test beam, at a section near to its half length, eight strain gauges
were used to measure bending strains over the depth. The measured
strains were used to calculate axial force F and bending moment Mb at
that section. A dial gauge was used to monitor the horizontal displace-
ment of each reaction column at the height of the beams.

The quasi-static test procedure was as follows:

1) The near end of the test beams and the middle column were lifted
and temporarily supported in place. The angles were then installed
in place preliminarily by loose bolts. Minor adjustments were then
made to ensure that the test beams were levelled. All the bolts
were then tightened.

2) The struts were installed, and the firm contact with the reaction
columns should be ensured.

3) The temporary supports were removed to allow the middle column
to sag slowly under the self-weight (which was 5.5 kN, including
the weights of the column and one-half of each beam), while data
acquisition system was recording the column deflection and the
strain gauge readings.

4) A jack was then used to slowly push down the middle column from
above (the loading rate was not greater than 20 mm/min) while
the pushdown force, the column deflection and the strain gauge
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strength 350 MPa). The heavy section was chosen such that the mem-
bers would remain elastic during tests, and thus could be re-used for
several experimental studies. Also, since a longer beam spanwas impos-
sible due to lab space limitation, the depth of the beamwas chosen such
that its span-to-depth ratio could be similar to common practice (the
measured depth of the beams was d = 344 mm). A pair of struts,
which is not shown in Fig. 1 but can be seen in Figs. 2 and 3c, made of
hollow structural section HSS127 × 127 × 7.9 [10] of CSA G40.21 350W
steel, was installed on the sides of the beams. The struts were used to
balance the catenary action in addition to preventing themiddle column
from moving laterally (i.e., out of the plane of the beam web) during
a loading. To avoid introducing bolt hole bearing deformation into
the test parameters, theweb at the near end of the beamswas locally re-
inforced by a 6mm thick parallel plate on each side (see Figs. 3c and 4b).

The gap between the face of the middle column and the end of a beam
was 26 mm.

The six specimens were divided into two groups based on the
arrangement of angles (Table 1). Group C used double web angles
with three bolts per leg (Fig. 3a). Group D had flange angles in addition
to a single web angle (Fig. 3b and c). Each flange angle had four bolts
while the web angle had two bolts. Among each group, three different
angle thicknesses, i.e., 7.9 mm, 9.5 mm and 12.7 mm, were included.
All angles were made of CSA G40.21 300W steel (nominal strength
300 MPa) [11], and their measured average strengths are given in
Table 2. All specimens used ASTM A325 high-strength bolts of
22.2 mm diameter and standard bolt holes of 23.8 mm diameter. The
bolt gauges g1 and g2 were 65 mm on both legs (Fig. 1). The high-
strength bolts were snug-tightened. The tensile strength of a single-
bolt was 302 kN based on the average of five single-bolt tests under a
pure tension. Based on double-shear tests of single-bolt, the average
strength per shear plane was 185 kN with the rupture at the threads
and was 228 kN with the rupture at the shank. During the installation
of the tensile bolts, it was purposely ensuring that the washer was on
the side of the angle leg, which was considered to be helpful to prevent
a bolt from pull-through failure, a failure mode was observed in [17].
The washer also enhanced the constraint of the bolts on the bending
of the angle.

Two linear displacement sensors were placed under the middle col-
umn tomeasure its vertical deflection u. A load cellwas used tomeasure
the static load P that pushed down the middle column from above. For
each test beam, at a section near to its half length, eight strain gauges
were used to measure bending strains over the depth. The measured
strains were used to calculate axial force F and bending moment Mb at
that section. A dial gauge was used to monitor the horizontal displace-
ment of each reaction column at the height of the beams.

The quasi-static test procedure was as follows:

1) The near end of the test beams and the middle column were lifted
and temporarily supported in place. The angles were then installed
in place preliminarily by loose bolts. Minor adjustments were then
made to ensure that the test beams were levelled. All the bolts
were then tightened.

2) The struts were installed, and the firm contact with the reaction
columns should be ensured.

3) The temporary supports were removed to allow the middle column
to sag slowly under the self-weight (which was 5.5 kN, including
the weights of the column and one-half of each beam), while data
acquisition system was recording the column deflection and the
strain gauge readings.

4) A jack was then used to slowly push down the middle column from
above (the loading rate was not greater than 20 mm/min) while
the pushdown force, the column deflection and the strain gauge
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Figure 2.3-3: Testing frame (Gong, 2017). 

The test beams were W12x136 beams composed of Grade 50 material. A large 

member was chosen to ensure reusability throughout testing and to better match the span-

to-depth ratio of common practice, given the laboratory’s span limitations during testing. 

To provide lateral stability to the testing assembly as well as to balance the catenary 

action, a pair of HSS5x5x5/16 tubes flanked the column as shown in Figure 2.3-4.  

Two linear displacement sensors were placed under the middle of the column to 

provide deflection readings, and a load cell was used to record the load applied to the 

assembly. Strain gages were installed at the half-length point of each testing beam to 

record strains to calculate axial force and bending moment. A dial gage was used to 

monitor the horizontal displacement of each reaction column.  

Gong employed a quasi-static test procedure which used a jack to slowly apply 

load to the assembly at a rate of no greater than 20 mm per minute while the readings 

from the strain gages, linear displacement sensors and load cells were recording. A block 

was inserted between the piston of the jack and the load cell if the maximum stroke of the 

jack was reached, and loading was subsequently resumed. Testing was terminated once 

continued loading was not possible.  
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2.3.2. Experimental Results 

Gong recognized that among the variety of specimens tested, connection 

configurations using only web angles exhibited much lower levels of stiffness than 

configurations which incorporated flange angles. As a result, the maximum stroke of the 

jack was reached for each double-angle connection, requiring Gong to block the jack to 

increase assembly deformation. For each specimen tested, failure was always asymmetric 

about the centerline of the middle column, despite the symmetrical nature of the double-

angle connections.  

For test C1, the first angle rupture occurred on the left-side beam of the assembly 

on one angle only. Loading continued until the other angle on the same beam ruptured. 

These ruptures occurred at the gross section of the angle as shown in Figure 2.3-4. 

Specimen C2 failed by one of the right-side angles. Because of this failure, the central 

column tilted dramatically and therefore the testing was terminated immediately. The 

failure also occurred at the gross section of the angle, along the yield line near the heel of 

the angle. This location of failure agrees with the plastic hinge locations proposed by 

Oosterhof and Driver (2015). For C3, the first failure was a partial tear located along the 

bolt line of the column-side leg of the angle, which was followed by a complete tear 

along an identical bolt line on the other angle as shown in Figure 2.3-5. The partial tear of 

the other angle during the C3 test is shown in Figure 2.3-6. 
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Figure 2.3-4:  
Specimen C1 
failure (Gong, 
2017). 

 

 

 

Figure 2.3-5: 
Specimen C2 
failure (Gong, 
2017). 

 

 

Figure 2.3-6: Tear 
along C3 specimen 
(Gong, 2017). 

2.3.3. Mechanical Properties in Tension 

From testing, Gong works toward the development of a spring-model of behavior 

for the angles tested, which is written as the summation of the deformations from three 

sources to achieve the total deformation capacity of an angle-spring model, Du. Thus: 

Du = Dau + Ds + Dbm,       (2.3-1) 

where 

Dau is the deformation from the unfolding mechanism of the angle legs, 

Ds is the bolt slip, and 

 Dbm is the deformations between the connected beam and the column.  

The quantification of deformation resulting from each of these sources is complex 

and varies with many factors, such as steel strength, angle size, bolt gages, stiffness and 

strength ratios between the angle and the bolt, and the interaction of shear, moment and 

catenary force exhibited on the connection assembly. While the purpose of this review is 
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to focus on experimental behavior, it is useful to consider the contributions of various 

components and how they may be applicable to connection behavior in general.  

A significant source, if not the most significant source of deformation resulting 

from testing performed by Gong, is the failure of angle material. From testing, the 

primary failure mode of angles loaded with a significant catenary force and shear is gross 

rupture near the heel. Gong acknowledges that this contradicts the common perception 

that the net section at the bolt-line is weaker and would thus fracture first. While 

Oosterhof and Driver (2015) propose that the shift of this failure location is due to a 

developed plastic hinge at several locations along the angle, Gong attributes this failure to 

the constraint that the bolt heads introduce on the bending of the angle leg.  

It is argued that among thinner angles which deform more significantly under 

catenary action, the bearing of the unfolding angle material against the bolt head 

contributes greatly to the formation of a yield line along the angle. Figure 2.3-7 shows a 

web angle from a Group D test, with the yield line of the angle being shown in Figure 

2.3-7(b). This yield line is not straight; the yield line starts at the bottom of the angle 
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along a line drawn through the bolt group, but then begins to wrap around the location the 

bolt heads in a zig-zag fashion, increasing the yielding area of steel.  

 

Figure 2.3-7: D1 specimen (Gong, 2017). 

Gong suggests that the yield line would move closer to the toe of the angle (away 

from the heel) as angle thickness is increased or bolt diameter is decreased. Since the 

thickness of specimen C3 was much higher than that of D1, the bending yield line was 

effectively along the net section, and therefore the net section fractured as shown in 

Figure 2.3-6. In Oosterhof and Driver’s (2015) specimens, angle ruptures were observed 

only along the gross section at the heel when 7/8-in. diameter bolts were used but 

occurred along the net section when 3/4-in. diameter bolts were used.  

Rupture at the net section of the bolt line was more likely to occur when a 

specimen was subjected to a combination of catenary tension and shear. The web 

specimens of test C3 were subjected to this combination of forces and experience rupture 

at the net section, while the same angles experienced rupture of the gross section when 

subjected to pure tension. However, when under a shear load, the net section is always 

the critical section irrespective of the constraints introduced by the bolts on the bending 

of the angle leg.  
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For the maximum deformation capacity of a double-angle connection to be 

achieved, the bolts must possess an equal or higher strength than the angles. The bolt slip 

between plies is also important, especially when considering bolt holes that are larger 

than standard, such as oversize or slotted holes. Movement of bolts within these holes 

may allow the connection to rotate before a bolt fully engages and begins to impart a 

force on the connection.  

2.3.4. Mechanical Properties in Compression 

 

Figure 2.3-8: Compressive load on angle (Gong, 2017). 

The capacity of an angle in compression, as shown in Figure 2.3-8, is relatively 

unknown. Gong proposes that an angle under a compressive load as shown may be 

analyzed by considering the outstanding leg a rectangular column with the imparted 

compressive load spanning outward from the bearing of a bolt by a 45-degree angle to 

yield the width of the column, wec. Therefore: 

!"# = %& '
()*
− ,

-
. / + &,

-
.
-
1234	!"# ≤ /,     (2.3-2) 

where Lec is the length of the equivalent column and b is the spacing of the bolts. The 

column stiffness, Kbc, may then be found using a spring model. Thus:  

7,# =
89
()*

= 	 8(;)*)=
()*

,       (2.3-3) 
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where t is the angle thickness. The compressive yielding strength, By, is calculated using 

the yield strength of the material as: 

>? = (!"#)@A?,       (2.3-4) 

which is smaller than the bearing strength at the bolt holes, Bn, calculated per the 

Canadian steel code as: 

>B = 3.0@AF4,,       (2.3-5) 

where db is the diameter of the bolt holes and Fu is the ultimate strength of the angle.    

2.3.5. Conclusions 

It was found that Group C angles were able to undergo much higher rotations than 

Group D before failure. The primary mode of failure for Group D angles was flange 

angle failure at the bottom flange, as that angle is furthest from the center of rotation and 

consequently sees the highest load. Group C angles developed little to no arching action 

but developed large catenary forces. It is suggested that beam length and angle sizes are 

coordinated to prevent binding between the beam and column flange so as to prevent the 

introduction of additional force; that flange angles be used to increase the load carrying 

capacity of the connection and prevent unfolding of the web angles; and to use slotted 

holes in the beam leg of the angle to allow for rotation before bolt engagement.  

2.4. Modeling of Double-Angle Connections for Robustness Evaluation of 

Steel Gravity Frames by Weigand, Liu and Main  

Weigand, Liu and Main (2017) developed component-based models of bolted 

double-angle beam-to-column gravity frame connections. Development of these models 

resulted from high-fidelity finite-element models which used solid elements to model the 
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bolts, angles and wide-flange sections, with friction and contact modeled explicitly. 

Fracture and reduced ductility at the “k-area” of the angle were also included in the 

model. These high-fidelity analyses were used to investigate the relationship between 

span length and the unfolding mechanisms of the angle and overall connection failure, 

including angle deformations at fracture.  Plastic hinge formation, angle leg straightening 

and tearing of the angle near the heel were able to be analyzed from the model. This 

model was then compared to experimental data for double-angle connections that were 

subjected to an interaction of rotation and catenary force like that which would be seen 

during a column-loss event.  

2.4.1. Modeling Approach 

High-fidelity finite-element models were analyzed and validated by comparison 

to experimental testing. The modeling was performed in the LS-DYNA finite-element 

software package, and the components modeled included the double angles, bolts and 

wide flange sections, with each component modeled using 8-node solid elements. The 

element sizes for each component were chosen to best capture plastic-hinging 

mechanisms and fracture. The radius of the fillet of the angle was explicitly modeled. All 

components were modeled in contact with one another, with a static and dynamic 

coefficient of friction of 0.3 used, matching the coefficient for slip-critical class A 

connections.  

A piecewise linear plasticity material model calibrated to match material tensile 

coupons was used to model the various steel elements. The plastic strain limit for each 

material was matched to its corresponding coupon test, and measures were made within 

the modeling process to ensure that the engineering stress-strain curves corresponded to 
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the test data. Steel fracture was simulated by element erosion at a certain plastic strain 

limit. 

Ductility reductions were made in the k-area of the heel to correspond to previous 

tests as proposed by Liu et al. (2016). This ductility reduction in the k-area is attributed to 

the rotary straightening process conducted in the mill during the rolling of the angle 

material.  

The span conditions used during the test was a two-span beam assembly with 

exterior pin supports and an interior column stub that would be vertically loaded to force 

rotation upon the connections. However, the actual model used was only one half of this 

assembly; symmetry conditions were used to simulate the other half of the model about 

the centerline of the column.  

The beams and columns were A992 Grade 50 material, and the sections used for 

the beams and the column were W16x26 and W10x49 shapes, respectively. The angles 

were modeled as L4x3½x5/16 with A572 Grade 50 material and had a depth of 8.5 

inches. Three rows of ¾ inch F1852 tension-control bolts were placed in standard holes at 

a gage of 3 inches on the column-leg and a 2 ½ inch gage on the beam-leg. A horizontal 

edge distance of 2 inches was used on the beam. The top bolt was located 5 inches from 

the top of the beam. A schematic overview of the testing setup is shown in Figure 2.4-1. 
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Figure 2.4-1: Schematic assembly overview and symmetry boundary constraints (Weigand, 

Liu, & Main, 2017). 

2.4.2. Model Evaluation 

Results from model analysis indicated that the length of beam span played a role 

in the robustness of the connection, with fracture occurring at a lower rotation when a 

longer beam was used. It is mentioned that a longer beam span results with a greater 

elongation at the connection for identical beam chord rotations when compared to shorter 

beams. It was found, however, that horizontal deformation at failure was only slightly 

affected by the beam span length. The first fracture at the connection occurred at the 

bottom of the angle near the k-area of the column leg of the angle and then propagated 

upward through the angle as loading continued. This is consistent with other research  

(Gong, 2017; Oosterhof & Driver, 2015; Weigand & Berman, 2016). Horizontal 

deformation of the angle increased with varying magnitude in relation to a decrease in 

span length, but the angle deformation at first fracture was nearly constant across tests. 

The relationship of chord rotations to the horizontal reaction at the connection and the 

deformation of the angle is shown in Figure 2.4-2(a) and Figure 2.4-2(b). 

 

 

the web and flanges, because the k-area properties were affected by the rotary 
straightening process conducted in the mill. It has been acknowledged (Rees-Evans 
2011) that rotary straightening and cold-working of steel angles could similarly result in 
reduced ductility in the k-area of the angles. 

   

Figure 1: Two-span beam specimen modeled using symmetry boundary constraints 

Influence of Span Length on Connection Failure 
The influence of span length on failure of double-angle connections was investigated for 
a two-span beam assembly with exterior pin supports subjected to displacement-
controlled vertical loading of the unsupported center column. This configuration 
corresponds to a full-scale test series conducted by the Defense Threat Reduction 
Agency and the General Services Administration (Stevens et al. 2011). Only a single span 
of the assembly was modeled, with symmetry boundary conditions at the column 
centerline (Figure 1). The beams and column were A992 W16×26 and W10×49 shapes, 
respectively. The A572 Grade 50, 216 mm (8.5 in) deep angles were L4×3.5×5/16. Three 
rows of 19 mm (0.75 in) ASTM F1852N tension control (TC) bolts were placed in standard 
holes at a column-leg gage of 76 mm (3 in) and a beam-leg gage of 64 mm (2.5 in). The 
bolts had a beam web edge distance of 51 mm (2 in) and the top bolt was located 130 mm 
(5 in) from the top of beam. As illustrated in Figure 1, high-fidelity modeling was used for 
the connection, while most of the beam span was modeled with beam elements, using 
constraints to enforce continuity of displacement and rotation at the interface. Additional 
details of the model can be found in Liu et al. (2012).  

The influence of beam span was investigated by comparing results for the original 5.5 m 
(18 ft) beam span with results for models with span lengths of 2.7 m (9 ft) and 9.1 m 
(30 ft), using the same beam cross section and connection in all cases. Plots of computed 
horizontal reactions versus chord rotations (Figure 2(a)) show that fracture of the double-
angle connection occurred at lower chord rotations for longer spans. Due to kinematics 
of the subassembly, a longer beam span results in greater elongation at the connection 
for the same beam chord rotation. 

Compared to the variation in the chord rotation at failure shown in Figure 2(a), Figure 2(b) 
shows that the horizontal deformation of the angle at first fracture was only slightly 
affected by the span length. First fracture occurred at the bottom of the angle at the k-
area of the column leg and propagated upward through the angle under continued 
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Figure 2.4-2: (a) Horizontal reaction versus chord rotation for varying beam spans, and (b) 

average horizontal deformation of angle versus chord rotation (Weigand, Liu, & Main, 2017). 

2.4.3. Geometry of Deformed Angle 

Results from testing and the use of a high-fidelity finite-element model under 

specific loading and restraint conditions is shown in Figure 2.4-3. Note that the angle legs 

were truncated at the bolt locations and the angles were modeled as fully fixed at these 

locations. 

 

 Figure 2.4-3: (a) Initial angle geometry, and (b) deformed angle geometry (Weigand, Liu, & 

Main, 2017). 

Notation used in Figure 2.4-3 is significant for the development of a component-

based model, and therefore is worthy of definition: gc is the column gage length of the 

angle, gb is the beam leg gage length of the angle, and t is the thickness of the angle, d is 

 

 

loading. While the angle’s horizontal deformation at complete fracture increased 
somewhat with decreasing span, the angle’s deformation at first fracture was nearly 
constant, with values of 37 mm (1.5 in), 34 mm (1.3 in), and 35 mm (1.4 in) for span 
lengths of 2.7 m (9 ft), 5.5 m (18 ft), and 9.1 m (30 ft), respectively. This consistency in 
the angle’s deformation at fracture supported the use of a component-based modeling 
approach with a consistent value of angle deformation at failure, regardless of the span 
length. In the component-based approach, complete fracture of the connection is 
represented by successive fracture of each component in the connection, which allows 
the chord rotation at complete fracture to vary with span length as shown in Figure 2(b). 

  
Figure 2: (a) Horizontal reactions versus chord rotation for different beam spans; 

(b) average horizontal deformation of angle versus chord rotation 

Geometry of Deformed Angle 
Figure 3 shows the geometry of a single angle in plan view, obtained from a high-fidelity 
finite element model in which the column leg and the beam leg of the angle were truncated 
at the centerlines of the column-leg bolts and the beam-leg bolts, respectively, and the 
angle was idealized as fully fixed at these cross sections. Figure 3(a) shows the initial, 
undeformed geometry of the angle, where k is the distance between the angle heel and 
the toe of the angle radius, gc is the column gage length of the angle (i.e., distance 
between the angle heel and the centerline of the column-leg bolt), gb is the beam gage 
length of the angle (i.e., distance between the angle heel and the centerline of the beam-
leg bolt), and t is the angle thickness. Figure 3(b) shows the deformed geometry of the 
angle, in which the angle deformation along the beam axis,G , is measured from the 
column face to the deformed position of the angle heel. The angle lengthens and 
straightens as it deforms, with two plastic hinges forming in the column leg, as indicated 
in Figure 3(b). This results in lateral deformation of the beam leg, G c , and curvatures J  
and J c  at the ends of the k-area in the column and beam legs, respectively. As is 
discussed subsequently, results of the high-fidelity analyses allowed relationships to be 
established between the curvatures and strains at the k-area, enabling the development 
of the component-based model. 

-100

-50

0

50

100

150

200

250

300

350

0 0.04 0.08 0.12 0.16

Ho
riz

on
ta

l R
ea

ct
io

n 
 (k

N
)

Chord Rotation (radians)

5.5 m span (original)
2.7 m span
9.1 m span

0

10

20

30

40

50

60

0 0.045 0.09 0.135 0.18

Av
er

ag
e 

Ho
riz

on
ta

l D
ef

or
m

at
io

n,
 

Bo
tt

om
s o

f A
ng

le
s (

m
m

)

Chord Rotation (radians)

5.5 m span
2.7 m span
9.1 m span

First fracture
Complete fracture

(a) (b)

 

 

 
Figure 3: Angle geometry: (a) initial; (b) deformed. 

COMPONENT-BASED CONNECTION MODEL 
Component-based connection models provide a versatile analytical framework that can 
be used to model the responses of connections under extreme loads, such as column 
removal. In the component-based model described in this paper, the connection is 
discretized into multilinear component springs that are assembled into a configuration 
representing the geometry of the connection (Figure 4), where each component spring 
embodies an isolated characteristic-width segment of the two angles.  

 
Figure 4: Discretization of bolted angle into characteristic-width angle-segments 

Load-Deformation Relationship 
As illustrated in Figure 5, the nonlinear behavior of the angle segment is represented 
through a piecewise-linear relationship between the axial load P and the angle 
deformation G (see Figure 3). A single angle is considered with a component width b 
obtained by dividing the total depth of the angle by the number of bolts. The load 
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the deformation along the beam axis, d’ is the lateral deformation along the beam leg, and 

g and g’ are the curvatures at the ends of the k-area in the column and beam legs, 

respectively.  

Like testing performed by other researchers, it was found that plastic hinges 

formed at several locations along an angle leg as it unfolds with continued loading. 

Results of the high-fidelity analysis allows relationships to be established between the 

curvatures and strains near the k-area of the angle, therefore facilitating the development 

of a component-based model. 

2.4.4. Load-Deformation Relationship 

A piecewise-linear relationship was established to represent the behavior of the 

angle while undergoing various levels of loading. This relationship is based on the axial 

load P and the angle deformation d. A single angle was considered with a component 

width of b which was found by dividing the total angle depth by the number of bolts. The 

load corresponding to one bolt row of the double angle connection was found by simply 

doubling the load P. The yield capacity Py corresponds with the development of plastic 

hinges at the column leg of the angle, and the ultimate capacity Pu is associated with 

fracture of the angle near the k-area. The load deformation relationship is shown in 

Figure 2.4-4.  
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Figure 2.4-4: Load-deformation relationship for angle (Liu, Main, & Sadek, 2016). 

The yield load Py which corresponds to the formation of the two plastic hinges in 

the column leg of the angles as reflected in Figure 2.4-3 is found by: 

G? =
-HI
J)KK

,        (2.4-1) 

where 

 LM = &,=
N

O
. A?, 

 Fy = yield strength of the angle, 

 P"QQ = P# − R −
ST
-

, and 

 dh = diameter of column-leg bolt holes.  

The angle deformation following the formation of plastic hinges, dy, is calculated as: 

U? =
VW
XY

,        (2.4-2) 

where Ki is the initial stiffness of the angle segment. The initial stiffness is based on a 

derivation from Shen and Astaneh-Asl (Shen & Astaneh-Asl, 1999) which centers on the 

geometry of the angle section between the beam-leg bolt and the column-leg bolt 

assuming elastic bending of the leg. Thus: 

7Z =
'-8[
J*\

]1 − _J`
O(J*aJ`)

b,      (2.4-3) 

 

 

corresponding to one bolt row of a double-angle connection is obtained by doubling P. 
The yield capacity Py corresponds to formation of plastic hinges in the column leg of the 
angle, and the ultimate capacity Pu is associated with fracture of the angle at the k-area.  

 
Figure 5: Load-deformation relationship for angle 

Plastic Hinge Formation at Yield Load 
The yield load, corresponding to the formation of two plastic hinges in the column leg of 
the angle (Figure 3(b)) is given by 

   p
y

eff

2
 

M
P

g
, (1)  

where Mp = (bt 2 / 4)Fy is the plastic moment capacity of the component-width angle 
segment, Fy is the yield strength of the angle, geff = gc – k – dh  ∕  2 is the effective gage 
length of the angle’s column leg after formation of the plastic hinges (i.e., the distance 
between the plastic hinges), and dh is the diameter of the column-leg bolt holes. The angle 
deformation at the formation of the plastic hinges, Gy, can be calculated as 

  G  y
y

i

P
K

 , (2)  

where Ki is the initial stiffness of the angle segment. The initial stiffness is calculated from 
the following expression, which was derived by Shen and Astaneh-Asl (2000) based on 
the geometry of the section of angle between the beam-leg bolt and the column-leg bolt, 
assuming elastic bending of the angle’s column leg: 
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where E is the modulus of elasticity of steel and I = bt 3 ∕ 12 is the moment of inertia of the 
angle.  
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where 

 E = modulus of elasticity of steel, 

 I = bt3/12 = moment of inertia of the angle.  

2.4.5. Angle Fracture at Ultimate Load 

The geometry of a deformed angle was simplified and used to develop 

expressions for the ultimate load Pu and the corresponding angle deformation du. This 

simplified geometry is shown in Figure 2.4-5. The angle’s column leg was modeled as a 

straight-line segment with plastic hinges at its ends and was subjected to axial tension Tu, 

shear force Vu, and mending moment Mu. The lengths of the plastic hinges were assumed 

equal to the thickness of the angle, t.  

 

Figure 2.4-5: Two-hinge idealization of angle's column leg at ultimate load: (a) geometry and 

(b) free-body diagram (Weigand, Liu, & Main, 2017). 

Equilibrium of the forces along the beam axis returns an expression for Pu:  

GF = cFdefgF + hFfi3gF,      (2.4-4) 

in which the chord rotation of the angle’s column leg, qu, is found by the expression: 

gF = defj' &J*j=jkl
m

J*j=akl∗
. ,      (2.4-5) 

 

 

Angle Fracture at Ultimate Load 
Expressions for the ultimate load Pu (i.e., the load corresponding to initial tearing in the 
angles) and the corresponding angle deformation Gu are derived based on the simplified 
geometry shown in Figure 6, in which the angle’s column leg is modeled as a straight-line 
segment with concentrated plastic hinges at its ends, subjected to axial tension Tu, shear 
force Vu, and bending moment Mu. The plastic hinge lengths are assumed equal to the 
angle thickness t.  

  
Figure 6: Two-hinge idealization of the angle’s column leg at the ultimate load: 

(a) geometry and (b) free-body diagram. 

Equilibrium of forces along the beam axis yields the following expression for Pu: 

  T T �u u u u ucos  sinP V T  , (4)  

in which the chord rotation of the angle’s column leg, Tu, can be calculated as 

  G
T

G
�




§ ·c� �
 ¨ ¸� �© ¹

1 c u
u

c u

cos
g t
g t

 , (5)  

where G 

u  is the elongation of the column leg at the ultimate load. The shear and axial 

tension in the angle’s column leg are calculated as 

  D u yV P      and    D u y / 3T btF  , (6a,b)  

in which D = 1.2 is a strain-hardening coefficient. The expression for Tu in Eq. (6b) 
assumes that the cross-section is fully yielded with a linear strain profile based on 
observations from high-fidelity models, in which the tensile and compressive strains at 
the faces of the angle’s column leg at fracture (at the toe of the angle radius) were found 
to be Huk  and 1

2 Huk , respectively, where Huk  is the elongation at fracture at the k-area. This 
observed strain profile can be decomposed into a bending strain of 3

4 Huk  and an axial 
strain of 1

4 Huk , from which the column-leg elongation can be calculated as G H
  1
u uk2 t , 

gc − t − 
gc − t +

G cu

Gu

Tu

Tu

Vu

Mu

Tu

Vu

Tu
Mu

(a) (b)

G 

u



 
 

42 

where d*u is the elongation of the column leg of the angle at ultimate load. The shear and 

axial tension in the column leg of the angle is calculated by: 

cF = oG?, and         (2.4-6) 

hF =
p,=qW
_

,        (2.4-7) 

where a = 1.2 and is a strain hardening coefficient. Liu, Main and Sadek mention that the 

expression for Tu in Equation (2.4-7) assumes that: 

the cross section of the angle is fully yielded with a linear strain profile based on 
observations from high-fidelity models, in which the tensile and compressive strains at 
the faces of the angle’s column leg at fracture (at the toe of the angle radius) were found 
to be euk and ½euk, respectively, where. euk is the elongation at fracture at the k-area. This 
observed strain profile can be decomposed into a bending strain of ¾euk and an axial 
strain of ¼euk, from which the column leg elongation can be calculated as d*u = ½teuk, 
assuming that axial elongation occurs only at the plastic hinges, with plastic hinge lengths 
of t. As proposed by (Liu, Main, & Sadek, 2016), in the absence of test data for the k-
area, 60% of the reported elongation from certified mill test reports or tests of coupons 
from the leg of the angle is recommended for euk. (Weigand, Liu, & Main, 2017) 

 

The lateral deformation of the beam leg, d’, first introduced in Equation (2.4-5), is 

calculated from the geometry: 

Ur = (P, − @) sin &
gl
m (vj=)

-
. ≈ xlm (J`j=)(vj=)

-
.    (2.4-8) 

The curvature of the angle’s column leg at the end of the k-area may be calculated 

as: 

yF =
_zl{
-=

.        (2.4-9) 

The curvature of the angle’s beam-side leg at the end of the k-area, gu’ in 

Equation (2.4-8), can be related to the curvature of the column-side leg of the angle in 

Equation (2.4-9), which is expressed as gu, through an empirical equation which is based 

on the results of high-fidelity finite-element analysis. The empirical equation is evaluated 

as: 
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yF yFr = | + (|_ − 1) &@ − }
'~
. + (|} − 1) &@ − }

'~
.
-

⁄ ,  (2.4-10) 

where 

| = 	P#/P,, the ratio of the angle’s gage lengths. Equation (2.4-10) is applicable 

for angles with a thickness t of 0.25 inches to 0.63 inches and gages gb and gc of 2.0 

inches to 3.0 inches. In addition, P# should be greater than or equal to P,. The ultimate 

deformation of the angle can be calculated as: 

UF = (P# − @ − U,)@23gF.       (2.4-11) 

The deformation in which failure occurs and the load P drops to zero is taken as: 

UQ = 1.1UF.        (2.4-12) 

2.4.6. Comparisons with Experimental Data 

The results from the high-fidelity finite-element model and the component-based 

model that were developed were compared to experimental data from Weigand and 

Berman (2016). In Weigand and Berman’s study, double-angle connections of various 

configurations were subjected to combinations of axial and shear load with a rotation to 

evaluate the robustness properties of connections. This experiment was reviewed in this 

study and is summarized in Chapter 2.5. Figure 2.4-6 shows a comparison of measured 

and computed values of the vertical load applied to the center column of the test 

assembly with the resulting horizontal reactions. Weigand, Liu and Main (2017) 

summarize this comparison to their test of ba3b|34|14: 

For that connection test, the thickness of the angles was t = 6.4 mm (0.25 in) and the 
gages of the column leg and the beam leg were gc = 76 mm (3.0 in) and gb = 70 mm (2.8 
in), respectively. The measured yield strength of the angle steel was Fy = 382 MPa (55.4 
ksi). Initial differences between the measured and computed values, for displacements 
less than about 300 mm (11.8 in), resulted from frictional resistance of the connection 
due to pre-tensioning of the bolts, which was not considered in the model. The 
subsequent response, after frictional slippage and loss of pre-tension, is captured fairly 
well by the component-based model. The peak vertical load and the peak horizontal 
reaction from the model exceeded the measured values by 9 % and 0.7 %, respectively. 
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The model prediction for the center column displacement at the ultimate vertical load was 
7 % less than the experimental value.  
 

 

Figure 2.4-6: Comparisons of component-based model with experimental measurements for 

a double-angle connection with three bolt rows (uncertainty is estimated at +/- 0.5% based 

on repeated instrument calibration) (Weigand, Liu, & Main, 2017). 

2.4.7. Conclusions 

The high-fidelity modeling of double-angle connections provided valuable 

insights into the initiation of tears in angle material as load was applied. Equations were 

developed to estimate the applied load which would cause the development of plastic 

hinges and the curvature of the angle legs resulting from angle deformation. Comparisons 

between the component-based model which was developed to experimental testing shows 

that the developed model does capture key features of connection response.   

2.5. Integrity of Bolted Angle Connections Subjected to Simulated Column 

Removal by Weigand and Berman 

Weigand and Berman (2016) performed 17 full-scale bolted angle connection 

sub-assemblages subjected to loading interactions consistent with a column-loss scenario. 

Key attributes of the connection responses, such as the force and deformation capacities, 

were quantified. Additionally, the influences on a number of variables within the 

 

 

Figure 7 shows a comparison of measured and computed values of the vertical load 
applied to the unsupported center column and the horizontal reaction at the end column 
for a double-angle connection with three bolt rows (Weigand and Berman 2015, specimen 
ba3b|34|14). For that connection test, the thickness of the angles was t = 6.4 mm (0.25 in) 
and the gages of the column leg and the beam leg were gc = 76 mm (3.0 in) and gb = 
70 mm (2.8 in), respectively. The measured yield strength of the angle steel was Fy = 
382 MPa (55.4 ksi). Initial differences between the measured and computed values, for 
displacements less than about 300 mm (11.8 in), resulted from frictional resistance of the 
connection due to pre-tensioning of the bolts, which was not considered in the model. The 
subsequent response, after frictional slippage and loss of pre-tension, is captured fairly 
well by the component-based model. The peak vertical load and the peak horizontal 
reaction from the model exceed the measured values by 9 % and by 0.7 %, respectively. 
The model prediction for the center column displacement at the ultimate vertical load was 
7 % less than the experimental value. 

  
Figure 7:  Comparisons of component-based model with experimental measurements 

for a double-angle connection with three bolt rows (estimated uncertainty in 
experimental data is less than ±0.5 %, based on repeated calibrations of instruments)  

CONCLUSIONS 
Building on insights obtained from high-fidelity finite element analyses of bolted double-
angle connections, a component-based model was developed to capture the response of 
the connections under the combined axial and flexural loading that occurs in column 
removal scenarios. The high-fidelity modeling provided key insights on the initiation of 
angle fracture at a consistent level of deformation and the relationship between strains 
and curvatures in the angle at the point of fracture. By considering the mechanics of angle 
deformation associated with the formation of two plastic hinges in the column leg of the 
angle, equations were developed for the yield capacity and the ultimate capacity of the 
angle, along with the corresponding deformations. Using these equations, a nonlinear 
load-displacement relationship was defined to represent the axial response for each bolt 
row of the angle. Predictions of the component-based model were compared with 
experimental results for a bolted double-angle connection under a column removal 
scenario, showing that the model captured the key features of the measured response. 
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connection detailing, such as the number of bolts, diameter of bolts and the thicknesses of 

the angles were studied and quantified. A novel approach to determine the deformations 

of fibers used to discretize the connections is then used to calculate component-level 

deformation capacities at failure, which is useful for analysis of floor systems in practice.  

2.5.1. Bolted Angle Assemblages 

Specimens were chosen to represent angles commonly used in practice today and 

also to provide a variation of connection parameters such as angle thickness, bolt size and 

number of bolts. A summary of the specimens used in this test are shown in Table 2.5-1. 

The parameters in the table include number of bolts (nb), bolt diameter (db), angle leg 

thickness (tL), and whether the connection is welded or bolted to the supports. Each 

connection assemblage was fastened to a W12x72 column stub and a W21x50 beam stub.  

Most connection assemblages were bolted-bolted configurations with 3/4-in. bolts 

and either 1/4-in. or 1/2-in. thick angle legs; these configurations are shown in Figure 

2.5-1. These two angle thicknesses were chosen to investigate the differences in 

connection performance with respect to the limit states of angle leg rupture and bolt 

prying rupture when the angle is subjected to a tensile catenary force. The thinner angle 

specimens were also chosen to isolate damage to the angles rather than the supported 

beams, ensuring that they could be re-used without significant damage or introduction of 

imperfection. 
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Figure 2.5-1: Typical bolted-bolted configuration (Weigand & Berman, 2016). 

All angles tested were ASTM A36 L4x4x1/4, L4x4x1/2 or L6x4x3/4 hot rolled 

angle stock with a specified minimum yield strength of 36 ksi and ultimate strength of 58 

ksi. Bolts were all A325, and all wide flange sections were ASTM A572 Grade 50. Fillet 

welds were welded with an E71T-8-D electrode with a nominal ultimate strength of 70 

ksi.  
Fig. 1. 
(a) Typical bolted web angle connection sub-assemblage specimen (connection details vary, 
see Table 1) and (b) example schematic views of tested connections
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Table 2.5-1: Connection sub-assemblages (Weigand & Berman, 2016). 
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TABLE 1

Bolted angle connection sub-assemblage configurations

Specimen Name

Connection Properties

nb CLEG db mm (in.) BLEG db mm (in.) tL mm (in.)

ba3b|34|14| 3 19.1 (3/4) 19.1 (3/4) 6.35 (1/4)

ba3b|34|12| 12.7 (1/2)

ba5b|34|14| 5 19.1 (3/4) 19.1 (3/4) 6.35 (1/4)

ba5b|34|12| 12.7 (1/2)

ba3b|1|34| 3 25.4 (1) 25.4 (1) 19.1 (3/4)

ba3b|34|14|Offset1 3 19.1 (3/4) 19.1 (3/4) 6.35 (1/4)

ba3b|34|12|Offset1 12.7 (1/2)

ba3b|34|14|Gap2 3 19.1 (3/4) 19.1 (3/4) 6.35 (1/4)

ba3b|34|12|Gap2 12.7 (1/2)

ba3b|34|14|TopSeat3 3 19.1 (3/4) 19.1 (3/4) 6.35 (1/4)

ba3b|34|12|TopSeat3 12.7 (1/2)

ba3b|34|14|HConfig4 3 19.1 (3/4) 25.4 (1) 6.35 (1/4)

ba3b|34|12|HConfig4 12.7 (1/2)

ba3b|34|14|BlegWeld5 3 19.1 (3/4) - 6.35 (1/4)

ba3b|34|14|ClegWeld6 3 - 19.1 (3/4) 6.35 (1/4)

ba3b|34|14|Weak7 3 19.1 (3/4) 19.1 (3/4) 6.35 (1/4)

ba3b|34|12|Weak7 19.1 (3/4) 12.7 (1/2)

1Angles offset 76.2 mm (3.0 in.) from beam centerline.

2Reduced gap of 6.35 mm (1/4 in.) between beam flange and column flange.

3Top-and-seat angle configuration.

4Angles had three 19.1 mm (3/4 in.) bolts on column legs and two 25.4 mm (1 in.) bolts on beam legs.

5Angles bolted to column face and welded to beam web.

6Angles welded to column face and bolted to beam web.

7Weak-axis configuration that frames into column web.

J Struct Eng (N Y N Y). Author manuscript; available in PMC 2016 April 22.
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2.5.2. Experimental Setup 

The sub-assemblages were tested using a self-reacting frame at the University of 

Washington Structural Research Laboratory. This frame is shown in Figure 2.5-2.  

 

Figure 2.5-2: Load frame assembly (Weigand & Berman, 2016). 

The frame was rigidly connected to the floor system, and the column stub was 

positioned horizontally across the base of the frame. The test beam, spanning vertically, 

was connected to this column stub using a testing assemblage. A loading beam was then 

connected to the other end of the test beam and would impart load on the test beam via 

three actuators: two to apply an axial load on the testing beam and another to apply a 

lateral load. The combination of these loadings would produce a catenary force and a 

shear on the connection being tested and would rotate to remain in-line with the test beam 

and load beam, respectively. The loading was simulated for a 30-foot beam that had 

Fig. 2. 
Bolted angle connection sub-assemblages mounted within self-reacting load frame
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undergone a column-removal scenario in a double span condition. The loading was 

applied quasi-statically over a time span of approximately 60 minutes. A free body 

diagram of the testing frame, test beam and actuators are shown in Figure 2.5-3. 

 

Figure 2.5-3: Free body diagram of testing frame (Weigand & Berman, 2016). 

2.5.3. Equipment and Instrumentation 

Photographs were taken at regular time intervals with DSLR cameras to observe 

the rotation and behavior of the connection over the length of each test. Each actuator 

was equipped with a 110-kip load cell to measure the applied force to the assembly. Wire 

potentiometers and electronic axis inclinometers monitored the displacements and 

rotations of the specimen beam stub, load beam and actuators throughout the test. Local 

to the connections, displacements were acquired using a dense grid of LED targets which 

were fixed to the angles, bolts and beam and column stubs. This LED displacement 

Fig. 4. 
Free-body diagram of connection sub-assemblage experimental setup (to scale assuming that 
the specimen beam is rigid relative to the connection)
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measurement system had an estimated uncertainty of ±1%, which is based on repeated 

calibration over the course of testing.  

Three separate units were used to collect data from the actuators, potentiometers 

and inclinometers, and the LED targets, respectively. For the actuators, a FlexTest 60 

controller and optical cable were used to transmit data to the LabView Hub. Signals from 

the potentiometers and inclinometers were recorded directly by the LabView Hub, and a 

Northern Digital Inc. Certus HD Position Tracker (NDI OptoTrak) system with two sets 

of three cameras natively triangulated the positions of the LED grids.  

2.5.4. Connection Response Quantities 

Because the assembly rotated throughout testing, the connection displacement and 

force quantities are presented in coordinates that are aligned with axes parallel to the 

column and beam longitudinal axis prior to testing. Figure 2.5-3 shows a free body 

diagram of the system under a rotational and axial load. Actuator loads are assumed to 

intersect at the center of the load beam and are assumed to act through the actuator head 

swivel pins. Each of the two 110-kip actuators were considered separately in the 

calculation of forces, with one actuator being designated as North (N) and one as south 

(S). The shear, tension and moment forces V, T and M, respectively, at the connection 

were determined from the summation of the actuator loads with the sign convention as 

tension positive. Thus:  

c = h}}vdefg}}v − (h''ÅvÇfi3g''ÅvÇ + h''ÅvÉfi3g''ÅvÉ),  (2.5-1) 

h = 	−h}}vfi3g}}v − (h''ÅvÇdefg''ÅvÇ + h''ÅvÉdefg''ÅvÉ), (2.5-2) 

L = h}}vÑ(Ö &defg}}v + fi3g}}v tan &
àââä{ãaàââä{å

-
..,  (2.5-3) 
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where T55k, T110kN, and T110kS were the 55 kip north and south actuator loads, respectively. 

Data from inclinometers fixed to each actuator updated the direction of the loads, q55k, 

q110kN, and q110kS. 

2.5.5. Fiber Displacements from Experiments 

Weigand and Berman suggest that connection displacements such as simulated 

vertical displacement or connection rotation are not sufficient to demonstrably compare 

the deformation capacities of connections with varying spans. In a prior research project, 

Weigand and Berman developed a technique to compute fiber displacements from 

experimental data. This technique accounts for combined contributions to bolt and single 

angle deformations resulting from any combination of rotation and axial extension 

demands. While the testing presented in this review consisted only of 30-ft simulated 

spans and were therefore subjected to the same rotation and displacement demands, the 

fiber displacement technique remains beneficial for the calibration of the fiber connection 

models that are used to simulate connections in the analysis of gravity frames in which a 

disproportionate collapse has occurred.  

Summarily, in this technique, the connection sub-assemblages are discretized into 

fibers, with each fiber representing a characteristic width segment of a connector 

component such as a bolt, weld, angle or beam web. The locations of these fibers were 

determined before load application. One node of the fiber was assumed to be rigidly 

attached to the column stub and the other node rigidly attached to the beam stub, as 

shown in Figure 2.5-4. The motions of the beam web fiber-nodes were computed by best-

fitting a rigid-link frame structure onto the grid of OptoTrak LED targets attached to the 

web of the test beam. In the undeformed state before load application, the two nodes 
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exactly coincide and the length of each of the two fibers is zero. After load application 

and consequent deformations, the fiber displacements were computed as the distance 

between the undeformed and the deformed locations of the fiber nodes and were then 

decomposed into axial and shear components.  

 

Figure 2.5-4: Method for computing fiber displacements (Weigand & Berman, 2016). 

2.5.6. Experimental Results 

The behavior of the bolted connection sub-assemblages varied with the angle 

thickness, with the 1/4-in. specimens deforming with little to no prying action in the 

column leg bolts. With 1/2-in. angles, however, the increased angle strength was 

sufficient to induce prying into the bolts at the column leg of the angle as the primary 

mechanism of deformation and ultimate failure.  

 

 

Fig. 5. 
Method for computing experimental fiber displacements from NDI LED target data
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Figure 2.5-5: Phases of vertical and horizontal force-displacement behavior for ba3b|34|14| 

(Weigand & Berman, 2016). 

 

Figure 2.5-6:Phases of vertical and horizontal force-displacement behavior for ba3b|34|14| 

(Weigand & Berman, 2016). 

Each angle test underwent four primary phases of behavior, illustrated in Figure 

2.5-5 and 2.6-6 for ba3b|34|14| and 2.5-7 and 2.5-8 for ba3b|34|12|. In Phase I the 
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connection vertical force-displacement response was characterized by large initial 

stiffness as the beam leg bolts resisted moments through dissipation of their pretension 

forces. Because of the relatively large compression stiffnesses of the angles to their 

tension stiffnesses, an amount of compression was initially developed in the horizontal 

force-displacement responses and the centers of rotation for the angles were predisposed 

toward the compressive sides of the connections.  

 

Figure 2.5-7: Phases of vertical and horizontal force-displacement behavior for ba3b|34|12| 

(Weigand & Berman, 2016). 
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Figure 2.5-8:Phases of vertical and horizontal force-displacement behavior for ba3b|34|12| 

(Weigand & Berman, 2016). 

Phase II of the response may be attributed to the slip of the beam’s web between 

the angles. This occurred as the beam rotated until contact was established between the 

bolt shanks and the bolt holes. The rotation of the beam within the connection induced 

flexural deformations in the angle column legs that resulted with a separation of the angle 

heel from the column face along the length of the angle. Phase III began when the entire 

lengths of the angle heels had separated from the column face, after which the angles 

underwent increasingly high levels of deformation. As the angles move from Phase II to 

Phase III, they transition to a tension-dominated behavior, rather than flexure dominated 

behavior, as occurred in Phase II. Weigand and Berman remark that the largest portion of 

the connection resistance to vertical and horizontal load was in Phase III.  

Similar to Oosterhof and Driver (2015), Weigand and Berman suggest that plastic 

hinges developed in the angle as loading progressed and deformations became extreme. 

These plastic hinge lines were apparent through flaking of mill scale and through the 

Fig. 6. 
(a, b) Phases of vertical and horizontal force-displacement behavior for Specimen ba3b|34|
14| and (c, d) phases of vertical and horizontal force-displacement behavior for Specimen 
ba3b|34|12|
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large concentrations of rotations that were visible on the deformed angle cross-sections. 

The locations of these plastic hinges varied with the thickness of the angle legs relative to 

the strengths of the column-leg bolts. The 1/4-in. thick angles developed plastic hinges 

along the inside edge of the column leg bolts at the toe of the angle leg radius and along 

the inside edge of the beam leg bolts. One half-inch thick angles, similar to 1/4-in. thick 

angles, formed plastic hinges at the toes of the angle radius and inside of the beam leg 

bolts. A difference, however, in the plastic hinge formation is found at the toe of the 

column bolts, where a hinge formed on the far side of the angle leg relative to the radius. 

This location of plastic hinge formation and consequent deformation is significant as it 

introduces a prying action on the column leg bolts. Figure 2.5-9 shows the location of 

plastic hinges in both 1/4-in. and 1/2-in. specimen. 

 

Figure 2.5-9: Plastic hinge formation in 1/4-in. angles (top) and 1/2-in. angles (bottom) 

(Weigand & Berman, 2016). Column face is along the horizontal. Plastic hinges indicated by 
hatched regions.  

Fig. 7. 
Bolted web angle deformation patterns observed in the connection sub-assemblages with (a) 
6.35 mm (1/4 in.) thick angles and (b) 12.7 mm (1/2 in.) thick angles. Plastic hinges are 
indicated by the red hatched regions.
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Deformations in the angles increased until failure, at which point the connection 

moved into Phase IV degradation behavior. In 1/4-in. thick angles, a common failure 

mechanism was the formation of a crack at one of the plastic hinges in the angle cross 

section near the angle radius which subsequently tore a length of 30-50% of the total 

angle depth. This initial tear, with continued loading, would propagate and extend the 

entire depth of the angle, leading to complete connection failure. Figure 2.5-10 shows 

damage to the north web angle and column bolts of specimen ba3b|34|14| following test 

completion. Damage was isolated to the angles instead of the connection bolts, which is 

typical for the 1/4-in. thick angles. Views (a, b, c) show front and section views of 

ruptured north web angle beam leg, (d, e, f) show front and section views of ruptured 

north web and angle column leg, and (g, h, i) show damage to the north web angle 

column bolts.  

 

Figure 2.5-10: Specimen ba3b|34|14| post-test (Weigand & Berman, 2016). Representative of 
1/4-in. angle behavior. 

Fig. 8. 
Specimen ba3b|34|14| (a, b, c) front and section views of ruptured north web angle beam leg, 
(d, e, f) front and section views of ruptured north web angle column leg, and (g, h, i) damage 
to the north web angle column leg bolts
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In connections with 1/2-in. thick angles, bolt rupture at column leg bolts due to 

prying action was the primary failure mechanism. Bolt ruptures always proceeded 

sequentially from the tension side of the connection toward the compression side, though 

ruptures were not always evenly distributed between the web angles. Figure 2.5-11 shows 

specimen ba3b|34|12| following testing; these results are representative of angles with 

1/2-in. thick legs. Views (a, b, c) show front and section views of damage to the north 

web angle, (d, e, f) show ruptured north web angle column leg bolt heads, and (g, h, i) 

show ruptured north web angle column leg bolts with the nuts attached.  

 

Figure 2.5-11: Specimen ba3b|34|12| post-test (Weigand & Berman, 2016). Representative of 
1/2-in. thick angle behavior. 

Table 2.5-2 lists critical force and displacement quantities at connection failure. 

The quantities Dmax, qmax, and dmax symbolize the simulated vertical displacement, rotation 

and axial deformation, respectively, while Vmax and Tmax symbolize vertical and 

horizontal force at the column face, respectively. The limiting fiber displacement is 

included under the heading ‘df,lim’. The normalized vertical resistances, vmax/Vnom were 

Fig. 9. 
Specimen ba3b|34|12| (a, b, c) front and section views of damage to the north web angle, (d, 
e, f) ruptured north web angle column leg bolt heads, and (g, h, i) ruptured north web angle 
column leg bolt nuts
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calculated as ratios of the connection vertical resistances at failure to their nominal shear 

capacity, Vnom, using the LRFD design methodology in conjunction with the measured 

angle and bolt properties. Weigand and Berman did not include horizontal loading in 

their report because it was believed that current limit states do not accurately represent 

the capacity of the connections, but rather underestimate the capacity by a considerable 

margin.  
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Table 2.5-2: Bolted angle connection sub-assemblage force and 

deformation quantities at failure (Weigand & Berman, 2016). 
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2.5.7. Influence of Connection Parameters on the Bolted Angle Connection 

Responses 

When binding of the beam flange against the column flange occurred, it was the 

result of deliberate detailing by Weigand and Berman to determine the impact that such a 

scenario would have on connection performance. When binding did occur, the connection 

rotated about the point of contact, accelerating the progression of deformations at the 

bolted angle fibers. However, binding seemed to correct itself: as axial extension 

demands increased as a result of binding, the beam flange was pulled away from the 

column flange and the assembly continued resisting load. Ultimately, it was concluded 

that capacities may not be significantly impacted by binding.  

The connection vertical resistance increased as the number of bolts increased: for 

1/4-in. thick angles, the vertical capacity was increased by 35%, and for 1/2-in. thick 

angles, the vertical capacity was increased by 54%. However, these increases were less 

than expected if one were to compare the percentage-increase of vertical shear capacity to 

their nominal strengths.  

Figure 2.5-12 plots the normalized vertical responses of Specimens ba3b|34|14| 

and ba5b|34|14| which differed only by the number of bolts in the connection. These 

results, along with those listed in Table 2.5-2, demonstrate that while the measured 

deformation capacities of the angle fibers were slightly higher in the 5-bolt angles in 

comparison to 3-bolt angles, their simulated vertical displacement at failure and 

corresponding normalized vertical and horizontal resistances decreased.  
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Figure 2.5-12: Normalized vertical responses of 1/4-in. 3- and 5-bolt specimens (Weigand & 

Berman, 2016). 

Weigand and Berman explain this decrease in connection deformation capacity 

using their fiber displacement technique. While the deformation capacities of angle fibers 

remained constant between tests, the demands at the outermost fibers due to rotation 

increased in tests with more bolts. This response caused the demands at the outermost 

fibers of specimens of 5-bolt angles with 1/4-in. and 1/2-in. thicknesses to exceed their 

deformation-controlled capacity limits at a smaller simulated vertical displacement than 

similar specimens with 3-bolt configurations.  

2.5.8. Effect of Angle Thickness on Connection Response 

For each pair of connections that varied only by angle thickness, i.e., 1/4-in. and 

1/2-in. thick 3-bolt and 5-bolt angles, the thicker specimens of 1/2-in. thickness had 

higher normalized vertical capacities than the thinner specimens of 1/4-in. thickness. The 

thicker specimens often had higher simulated vertical displacements than thinner 

specimens as well, which may be attributed to the increased contribution of beam web 

Fig. 10. 
Comparison between normalized vertical force-displacement responses for (a) Specimens 
ba3b|34|14| and ba5b|34|14| and (b) Specimens ba3b|34|12| and ba5b|34|12|
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and column flange deformation, however. These tests suggest that connections with 

thicker web angles may perform better than their thinner counterparts. Further testing is 

required to validate these claims.  

2.5.9. Absolute Connection Strength and Connection Performance 

Weigand and Berman found that the connection with the highest overall strength 

was ba3b|1|34| which used 1-in. diameter bolts with a 3/4-in. thick angle. This connection 

was so strong that it locally deformed the column web and the beam flange, ultimately 

failing by a brittle mechanism of block shear rupture at the beam web. In addition, the 

column leg bolts sustained large prying deformations due to angle uplift. This connection 

was believed to be, of all connections tested, the connection with the most deformation 

capacity and normalized vertical resistance. Figure 2.5-13 shows the extreme warping of 

the column flange during the testing. 

 

Figure 2.5-13: Extreme column warping of specimen ba3b|1|34| (Weigand & Berman, 2016). 

Fig. 12. 
Magnitudes of column warping in Specimen ba3b|1|34| throughout testing. (a) Mild column 
warping, (b) moderate column warping, and (c) severe column warping.
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From a global stability standpoint, while the deformation capacity of the 

connection may appear to be desirably high, the extreme bending of the column flange is 

bothersome insofar as it may introduce undesirable and destabilizing effects on a 

structure as a whole. In a column loss event, if a progressive collapse is to be avoided, 

localizing deformations strictly to the connections, and in this case the double angles, 

may seem to be more desirable than bending the flanges of the supporting column to 

introduce higher deformations. While it is unclear whether destabilizing effects have been 

introduced to the column, further testing should be performed on similarly proportioned 

assemblies to ensure that the integrity of the structure is not compromised when a 

supporting member absorbs connection rotation.  

2.5.10. Staggering of Bolt Holes  

Specimens with staggered bolt holes were tested to establish whether offsetting 

bolt holes from one another would eliminate localized plastic strains observed while 

testing standard configuration bolted angle connections. A specimen designated as 

ba3b|34|14|HConfig was tested to establish a connection response which was compared 

to the response of ba3b|34|14|, a standard configuration. Figure 2.5-14 shows a staggered 

angle configuration.  
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Figure 2.5-14: Staggered angle configuration (Weigand & Berman, 2016). 

From testing, it was found that the staggered angle configuration of 

ba3b|34|14|HConfig had a 30% improvement in strength and 13% improvement in 

deformation capacity in comparison to its conventionally detailed counterpart. Similarly, 

a test was run with 1/2-in. thick angles with staggered bolt holes as well, designated as 

ba3b|34|12|HConfig. However, the test in which these specimens were used failed 

prematurely during testing due to beam web tear-out, so the extent to which the 

staggering of bolt holes might improve connection performance with relation to angle 

prying performance is unclear. However, from the 1/4-in. thick angle tests and the data 

collected from the 1/2-in. thick angle test, the data do collectively support the conclusion 

that staggering of the bolt holes may reduce concentrations of deformations at the angle 

plastic hinge lines, consequently improving connection performance under column 

removal-type scenarios. Results from these tests are shown in Figure 2.5-15 and 2.5-16.  

Fig. 13. 
Lines of transverse angle unfolding in staggered bolted angle connection
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Figure 2.5-15: Specimen ba3b|34|14|HConfig compared to ba3b|34|14| (Weigand & Berman, 

2016). 

 

 

 

Figure 2.5-16: Specimen ba3b|34|12|HConfig compared to ba3b|34|12| (Weigand & Berman, 

2016). 

Fig. 14. 
Comparison of vertical force-displacement responses of (a) Specimens ba3b|34|14| and ba3b|
34|14|HConfig and (b) Specimens ba3b|34|12| and ba3b|34|12|HConfig
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2.6. Building Code of the City of New York  

The 2014 NYC Construction Code (City of New York, 2014) specifies 

requirements for structural integrity in Section 2212. Barring some exceptions, end 

connections of beams and girders are required to possess a level of tensile capacity even 

when the member end connection is designed as a simple shear connection.  

According to the NYC Construction Code: “End connections of all beams and 

girders shall have a minimum available tensile strength equal to the larger of the available 

vertical shear strength of the connections at either end, but not less than 10 kips (45 kN). 

For the design of the connections, the shear force and the axial force need not be 

considered to act simultaneously” (City of New York, 2014; Owens & Moore, 2006). 

Any connection that is designed in accordance with the AISC Steel Construction Manual 

to meet the required tension force satisfies the requirements of the code.  

The NYC Construction Code explicitly states that simple connections must 

account for unexpected forces but does not require that the connection be checked for 

simultaneous application of the shear and tensile forces. In many cases, simple shear 

connections already meet this requirement when the limit state is based on bolt shear or 

bolt bearing, making it unlikely to cause a connection to fail by application of a pure 

tension force in comparison to a pure shear force. A requirement to apply varying 

percentages of maximum shear and maximum tensile force may be more sensible.  

2.7. Steelwork Connections – The Robustness of Simple Connections by 

Owens and Moore  

Owens and Moore (2006) studied and tested double-angle and endplate 

connections subject to tying forces, or axial forces, to establish a set of parameters for 
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design. The focus of their testing was the ability of simple connections to resist tying 

forces, and all of the experiments were based on typical connection sizes based on 

industry use.  

The tests were performed by applying a tensile load through the centroid of a load 

beam, therefore axially loading the end connection. The end connection was typically a 

one-, three-, five-, or seven-bolt double angle connection. 

Results from testing showed that there exists a linear relationship between axial 

displacement and axial load in the beginning phases of the test, with a gradual decrease in 

stiffness until failure. These results coincide with the findings of Oosterhof and Driver 

(2015) and Weigand and Berman (2016). In thin elements, failure occurred by bolt 

bearing and bolt punching, while fracture of the angle near the heel was the predominant 

failure mechanism in thicker elements.  

An important observation made during testing was the significant amount of 

deformation that the double-angle connections could undergo before failure. This 

significant deformation allowed the connection to resist forces in excess of the required 

capacities for tying forces. This deformation, or “unfolding” of the angle legs, reduced 

the amount of eccentricity in the legs of the angles within the connection. It was also 

found that the angles had four critical sections as shown in Figure 2.7-1.  
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Figure 2.7-1: Critical sections in double-angle connections (Owens & Moore, 2006). 

After completion of the experimental tests, comparisons to the expected strength 

found through design calculations that the connections possessed more capacity than 

expected, with an over strength factor relative to expectations between 1.5 to 1.89.  

It was established from this testing that connections subjected to unexpected loads 

possess an inherent robustness capable of resisting tying forces and preventing damage 

from spreading to other areas and subsequently perpetuating a collapse. However, the 

high deformations in the angle legs against the column face introduced a high prying 

force against the bolts, which was found by Weigand and Berman (2016) to be an 

important limit state to consider. Finally, Owens and Moore conclude that the design of 

double-angle shear connections will not be controlled by tying forces.  

  

   30 
 

application.  Owens and Moore developed methods to analyze these critical sections to 

find more accurate ultimate capacities for test specimens. 

 

Figure 2.5-1 – Critical Sections in Double Angle Connection [7]. 

 Results from their testing showed that the connections had more capacity than 

originally predicted through calculations.  They showed that this allowed for a margin of 

safety ranging from 1.5 to 1.89. 

 Owens and Moore concluded connections subjected to accidental axial load have 

an inherent robustness capable of resisting tying forces and preventing progressive 

collapse.  High deformations also caused a considerable increase in prying forces.  They 

also showed that tying forces will typically not control the design for double angle shear 

connections. 

2.6 Behavior of Bolted Beam-Column Connections under Catenary Action by 
Girhammar [8] 

This paper investigates the ability of connections to withstand unexpected loads 

due to local damage.  The author studied the effects of catenary action for a bolted heel 

connection and bolted end-plate connection.  Girhammar’s test set-up included two 
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Chapter 3: Experimental Program 

3.1.  Introduction 

Testing was conducted in the Construction Science and Engineering Center 

(CSEC) at the Milwaukee School of Engineering (MSOE) to determine the effectiveness 

of various double-angle shear connections to resist an interaction of moment, axial and 

shear loads. The goal of this testing was to gain a better understanding of the interaction 

of forces in connections of this configuration. Testing was commenced in conjunction 

with other experimental tests involving WT connections by Van Buskirk (2019). 

3.2. Test Specimen Overview 

Nine tests of varying double-angle configurations were performed with three 

bolting patterns: three, four and five rows. Each configuration was tested three times. A 

naming convention was developed to simplify data presentation and increase convenience 

of reference; an example of this convention is shown in Figure 3.2-1.  

 

Figure 3.2-1: Naming convention example. 

To aid in test assembly erection and fit-up, each configuration was detailed with one 

angle entirely composed of standard holes, with the other angle on the opposite side of 

the beam web fabricated with horizontal short-slotted holes on the column leg. This 

2L3-1
Double angle test Test number in

series, 1, 2 or 3

3, 4 or 5 bolt rows
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allowed for some lateral movement of the angle during the erection process. Details of 

the configurations are shown in Figure 3.2-2. The angle material was tested in a material 

testing laboratory and mill certifications were provided; these angles were dual certified 

for ASTM A36 and ASTM A572-Grade 50. Reference Appendix B for these mill 

certifications and laboratory reports. All angles were L4 x 3 1/2 x 1/4 .  

 

Figure 3.2-2: Angle configurations for testing with (a) 3 bolt lines, (b) 4 bolt lines, and (c) 5 

bolt lines. 

The double-angle connections adhered to the specification requirements and design 

considerations of the AISC 15th Edition Steel Construction Manual. Bolt holes were 

13/16-in. diameter for use with 3/4-in. diameter A325-X fully-pretensioned bolts between 

the angle legs and column faces, with 3/4-in. A325-N fully-pretensioned bolts at the 

beam web Later in the testing, 3/4-in. diameter F1852-X bolts were used to aid in 

erection. Holes in one angle leg affixed to the column face were HSSL for fit-up as 

previously discussed and reflected in Figure 3.2-2. Refer to Appendix A for connection 

design and capacities. Table 3.2-1 summarizes the ultimate capacities for each connection 
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based on failure mode. Because each bolt was fully-pretensioned, it is possible that the 

connections developed slip-critical level capacities.  

Table 3.2-1: Double-Angle Connection limit state strength (without safety factors). 

  Connection Type 

Limit State 2L3 2L4 2L5 

Sh
ea

r 
C

he
ck

s 

Bolt Bearing and Tear Out 209.8 k 279.8 k 349.6 k 

Shear Yielding 148.9 k 201.5 k 254.0 k 

Shear Rupture 141.3 k 192.4 k 253.3 k 

Block Shear Rupture 149.8 k 199.4 k 249.1 k 

T
en

si
on

 C
he

ck
s Bolt Bearing and Tear Out 153.8 k 205.1 k 256.4 k 

Tension Yielding 248.2 k 335.8 k 423.4 k 

Tension Rupture 235.5 k 320.5 k 405.5 k 

Block Shear Rupture 216.8 k 298.1 k 386.8 k 

Bolt Shear – Type N 143.1 k 190.9 k 238.6 k  

Slip Critical Class A 57 k 76 k 95 k 

Slip Critical Class B 95 k 127 k 159 k 

Bolt Tension and Shear Interaction 
20.6 k/bolt 19.9 k/bolt 18.2 k/bolt 

Maximum Tensile Force per Bolt 
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3.3. Test Assembly Overview  

The test assembly was constructed in the existing CSEC test frame at MSOE. The 

double-angle specimens were centered in the frame and attached to a W18×35 beam. 

The opposite side of the W18×35 beams were detailed with a pin connection designed to 

allow free rotation. A two-span system was used to replicate a typical steel building. To 

allow for reuse of the W18×35 beams, web doubler plates were welded to each side of 

the beam webs to minimize bolt-hole deformations after repeated testing. Figure 3.3-1 

and 3.3-2 show the general arrangement of the testing frame. The components of this test 

frame were designed during earlier tests by Friedman (2009); as components are identical 

for this experimental program, structural design calculations may be viewed in the 

appendix of Friedman’s report.  

 

Figure 3.3-1: Test assembly overview. 
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Figure 3.3-2: Test assembly overview. 

All bolts were labeled prior to testing. Figure 3.3-3 details the bolt hole labeling, with 

odd numbered bolts on the left-hand side of the column and even on the right-hand side 

as an observer would see as they face either side of the column stub.  

 

Figure 3.3-3: Bolt naming convention for (a) 2L3, (b) 2L4, and (c) 2L5 configurations. 

(a) (b) (c)
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Specimens were pretensioned in place using a spud wrench and cheater bar, and later 

on in testing by a TONE shear wrench. Pretensioning force was confirmed for all bolts in 

all tests through the use of DuraSquirt DTI torque-indicating washers from Applied 

Bolting Technologies. The test specimens were bolted to a column stub, which was in 

turn connected to a threaded rod. This threaded rod was threaded directly into the ram of 

an Enerpac RR-10018 hydraulic cylinder. This hydraulic cylinder assembly is shown in 

Figure 3.3-4. 

 

Figure 3.3-4: Hydraulic cylinder assembly. 

 The hydraulic cylinder assembly held two Sensotec Model 41-A530-01-03 load cells 

that were connected to a National Instruments NI 9215 cDaq 9178 connector and signal 

conditioner, which connected to an HP ZBook 15 G3 mobile workstation with National 

Instruments “LabView” software for user interface with the data acquisition system. The 

data acquisition system measured the total amount of applied load to the system by 

essentially using the two load cells as reactions for the hydraulic cylinder: A heavy built-

up channel spanned across the contact point of the hydraulic ram, and this channel was 

restrained from vertical movement by nuts spun onto the threaded rod until they 

contacted the load cells. When the hydraulic cylinder was retracted to pull the test 
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assembly down, the rods flanking it developed a tension force which was resisted against 

the load cells.  

Unimeasure Model PA-30-DS-L5M draw wire transducers (DWT) with an MPJA 

Model 14601PS DC Power Supply were placed above the specimen, on wooden frames, 

to measure vertical displacement as load was applied to the assembly. Deflections from 

the two DWTs used were averaged to determine the deflection of the system. Rotation at 

the connection was determined based on DWT measurements and assembly geometry. 

Ten Texas Measurements FLA-5-11-5LJC strain gages were applied to the left 

test beam, with five strain gages placed at the 1/4 point of the beam span, and five placed 

at the 1/2 point of the beam span. The beam span used to place the strain gages is the 

distance from the holes used for the angle connection to the pin connection at the other 

end. The five strain gages at each of these locations were placed at the top of the flanges, 

the third points of the beam depth, and at the half point of the beam depth. Figure 3.3-5 

shows the strain gage placement on the testing beam. 

 

Figure 3.3-5: Strain gage placement on beam. 
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In addition to the strain gages on the test beam, six bolts were strain gaged with 

Texas Measurements BTM-6C-1LDA strain gage to provide tensile strains during testing. 

The two National Instruments NI 9235 input modules limited the number of total strain 

channels for testing to 16; because 10 were used for the beam, a maximum of six strain 

gaged bolts could be used at a time. These bolts were used to connect the angles to the 

column web to measure the catenary tensile force which developed during testing. Figure 

3.3-6 details bolt details the placement of each of these strain gaged bolts during testing. 

 

Figure 3.3-6: Strain gage placement for (a) 2L3, (b) 2L4 and (c) 2L5 specimens. 

Several safety features were installed and used during testing. Three winches were 

used to support the test beams and column stub in case of catastrophic failure during 

testing. These winches were also used to support the test beams while the column stub 

was being removed after each test for examination of each specimen. Lateral bracing was 

installed at the actuator assembly to stabilize the hydraulic cylinder. A Lexan safety sheet 

was hung over the column stub to arrest any projectiles that may result from bolt shear.  
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3.4. Test Procedures 

3.4.1. Assembling of Testing Frame 

An initial inspection of the testing frame and actuator assembly components was 

completed prior to erection of the testing components. All connections on the existing 

testing frame were inspected and tightened if necessary. Next, the test beams were raised 

by bridge crane, their pin connections were fixed to the testing frame, and their 

supporting winches fixed to their free end. Next, the hydraulic actuator assembly was 

constructed, and a hydraulic pump was connected directly to the hydraulic cylinder. All 

measurement devices were tested for accuracy and calibrated before the installation of the 

column stub and test specimens.  

3.4.2. Pre-Test Procedure 

The installation of multiple components was required for each test. These 

components included the W12x53 column stub, the coupling connector, and connection 

elements consisting of four L4 x 3 ½ x ¼ angles: two with all standard holes, and two 

with HSSL holes on the column-side legs. The angles on the near side of the column stub 

were loosely installed with bolts and raised to the testing beams. Once column stub 

reached the proper elevation, the far sides of the angles were installed, and bolts were 

pretensioned. Strain gaged bolts were installed where appropriate and tightened. Strain 

gaged bolts were not pretensioned but rather were installed by spud wrench, plus a 

quarter turn using a cheater bar so that positive contact was made between connected 

elements. All bolts were then marked with an identifier matching Figure 3.3-3 for normal 

bolts and Figure 3.3-6 for strain gaged bolts. 
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After the column stub was connected to the test beams, the hydraulic ram and 

coupling connector were raised to the column stub. The connector was fastened to the 

column stub using 3 A490-X bolts to a snug tight condition. Strain gage leads and 

connections were inspected to ensure proper operation during testing.  

Plaster of Paris was applied to the non-strain gaged side of the column to identify 

stress patterns along the length of the angle. This was allowed to dry completely before 

testing began. An example of pre-test application of plaster is shown in Figure 3.4-1. 

 

Figure 3.4-1: Plaster application on 2L3 specimen. 

Photographs of the test assembly were taken following plaster application; an 

example of one of these photographs is shown in Figure 3.3-2. Next, Lexan was hung 
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over the assembly to arrest projectiles should a bolt be sheared.  Winches were then 

loosened to allow for vertical movement of the test assembly, the data acquisition system 

was started and zeroed, and then load application began.  

3.4.3. Test Procedure 

Testing was performed by continual load application by retraction of the actuator, 

with intermittent stops to observe behavior and to ensure safety mechanisms were 

working properly. In most tests, particularly the 2L5 series of testing, significant out-of-

plane displacement similar to lateral torsional buckling (LTB) behavior of the assembly 

was observed, and load was applied slower out of concern that out-of-plane movement 

would damage the actuator. An example of this LTB behavior is shown in Figure 3.4-2.  

 

Figure 3.4-2:Lateral torsional buckling of test assembly. 
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This LTB behavior during testing was rudimentarily measured using a plum-bob 

hung from the top of the test frame against a measuring stick clamped to the top of a test 

beam at three-quarters of the test beam length. Testing was stopped once the buckling of 

the beam reached a certain threshold to avoid damage to the pin connections and actuator 

of the assembly. A photograph of the plum bob and measuring stick is shown in Figure 

3.4-3. 

 

Figure 3.4-3: Measurement of LTB behavior. 
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3.4.4. Post-Test Procedure 

 Once testing was completed, either by observation of binding occurrence or 

exhibition of severe LTB behavior, photographs were taken with an example shown in 

Figure 3.4-4.  The winches were tightened, and the actuator was then extended to reduce 

the amount of applied load to a safe level. Because the angles had typically deformed and 

pulled away from the column flange, complete return of the actuator piston to pre-testing 

levels was not possible without further distortion of connection material. Therefore, to 

eliminate residual loading, the nuts on top of the load cells were manually loosened to 

reduce the amount of tensile load in the connecting rods. 

 

Figure 3.4-4: 2L3-2 test following completion. 
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Once the residual loading was eliminated, the winches were again tightened and 

the connection between the actuator rod and the coupling connector to the column stub 

was disassembled. The actuator piston was then lowered, and the specimen assembly was 

then disassembled. 
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Chapter 4: Experimental Results 

4.1.  Introduction 

A total of nine experiments were run in this experimental program. These nine 

experiments were broken in to three tests each of 3-Bolt, 4-Bolt and 5-Bolt double-angle 

tests. Each configuration was quasi-static as the loading was applied slowly, at a rate of 

about one-quarter of an inch per second, with intermittent interruptions to allow for 

observation. The data collected were then verified through a basic structural analysis 

procedure, and the results have been summarized to provide means of comparison 

between different specimens in this experimental program as well as published literature.  

4.2. Determination of Forces 

The output data from the strain gages, DWTs and load cells were collected 

through the LabView program which was written specifically for these tests. Strain gages 

located at the flanges, third points and half points of the beam depth collected strain data 

throughout the duration of the test. Data were collected at an interval of 0.1 seconds. The 

strain data points collected from the beam strain gages were used to determine internal 

forces in the beam, and the strain data collected from the strain gaged bolts in the 

connection provides a means to determine the distribution of strain throughout the depth 

of the connection. DWTs measured the amounts of vertical displacement at the top of the 

column stub. These displacements were used to determine the amount of rotation at the 

connection for each test. Load cells recorded the applied force in pounds of force.  

After testing, the force versus displacement of each particular specimen was 

plotted, along with load versus strain and load versus rotation.  
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4.2.1. Determination of Connection Forces 

Average deflection was determined by averaging the deflection values recorded 

by each DWT during testing. Deflection was measured at the midpoint of each column 

flange, and the DWT connectors were attached at the very end of the column stub. The 

average deflection, Dave, was calculated as: 

Δéè" =
êëí'aêëí-

-
	 (inches),     (4.2-1) 

where DWT1 and DWT2 are the displacement readings from DWT1 and DWT2, 

respectively, in inches.  

Total load, Ptotal, was determined by summation of the individual load cell values. 

The resulting value represents the total amount of load imparted into the test assembly by 

the hydraulic actuator. Thus: 

G=ì=éî = Ñï1 + Ñï2  (pounds),     (4.2-2) 

where LC1 and LC2 are the values from the individual load cells in pounds. 

The angle of rotation was determined as the angle perpendicular to the face of the 

column stub. Using data collected from the DWT1 and DWT2 and the geometry of the 

testing assembly, the angle of rotation for either side of the assembly is calculated as: 

gB = 	 @23j' &
óò

(`)ôö
. (radians),     (4.2-3) 

where 

 Dn = deflection reading from DWT1 or DWT2 (left or right, respectively) 

 Lbeam = 79.81 inches.  

Stresses were calculated by multiplying measured strain values by the modulus of 

elasticity of the testing material as determined from material tests by a laboratory. From 

these material tests, it was found that the test beam material met the requirements for 
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classification of ASTM A992 and had a modulus of elasticity of 29,000 ksi (to an 

accuracy of three significant figures). The stress at the strain gages was calculated as: 

õ = úù(û),        (4.2-4) 

where 

 µe = measured microstrain, and 

 E = modulus of elasticity, 29,000 ksi.  

Axial forces were calculated at the quarter and half span of the beams and were 

determined using the average of the stresses at the beam flanges calculated by Equation 

(4.2-4). Refer to Figure 3.3-5 for strain gage numbering on the beam. For the axial load at 

the half point of the beam, strain gages SGB1 and SGB5 were used. Thus: 

GÅ.}( = &üâaü†
-
. °,       (4.2-5)  

where 

 s1 = stress calculated from strain gage SGB1, ksi,  

 s5 = stress calculated from strain gage SBG5, ksi, and 

 A = cross sectional area of the member, in2.  

An identical approach was taken to calculate the axial force in the test beam at the 

quarter point length, with the only difference being the strain gages used to calculate the 

force. SGB6 and SGB10 were used to calculate the axial force at this location. Thus: 

GÅ.-}( = &ü¢aüâä
-

. °,       (4.2-6) 

where 

 s6 = stress calculated from strain gage SGB1, ksi,  

 s10 = stress calculated from strain gage SBG5, ksi, and 

 A = cross sectional area of the member in2.  
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By an application of mechanics of materials, the normal stress may be calculated 

by using the interaction equation for flexural and axial stress. Because the normal stress 

at the locations of strain gages is known by the use of Equation (4.2-4), this equation may 

be rearranged to solve for the moment, M, at the location of any strain gage. Thus: 

L = (õ − V
9
) [
?
 ,       (4.2-7)  

where 

 s = stress calculated from a respective strain gage, ksi, 

 P = axial force calculated by equation 4.2-5 or 4.2-6, kips, 

 A = cross sectional area of the member, in2, 

 I = moment of inertia of the member, in4, and  

 y = distance to the neutral axis of the member, in.  

The moment at the connection, Mconn, was found by scaling the moment at the 

midpoint of the beam by a factor of length. Because the moment along the beam was 

assumed to increase in a linear fashion, this scaling factor was 2. Thus: 

L#ìBB = 2L,        (4.2-8) 

where M is the moment at the midpoint of the beam as calculated by Equation (4.2-7). 

The shear applied to the connection was assumed to be one-half of the total load 

imparted on the assembly by the actuator because there are two identical connections 

resisting the downward movement of the column stub. Thus: 

céMMîZ"S =
V£§£ô•
-

,       (4.2-9) 

where 

 Ptotal = load imparted on the test assembly by the hydraulic ram, kips.  
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4.3. Determination of Bolt Forces 

Axial forces in the bolts were found by first determining the stress in the bolt by 

use of Equation (4.2-4) and multiplying this stress by the cross-sectional area of the bolt. 

Thus: 

G,ìî= = 	úõ°,        (4.2-10) 

where µs is the microstrain measured from the strain gage and A is the cross-sectional 

area of the bolt, which is 0.442 in2.  

4.4.  Results of Experimental Tests 

The following sections are organized by bolting configuration and include a 

description of the tests, pictures before and after failure, and graphs of the calculated 

forces and moment at the connection based on measured strains. For all tests, significant 

LTB behavior was observed immediately upon loading of the column stub, with rotation 

of the top of the column stub out of the plane of the testing frame clearly visible. This 

behavior was not expected, and as such, loading was applied at a more gradual pace, with 

numerous periods of load application and non-application throughout the course of each 

test.  

It is hypothesized that the entire assembly behaved as a large beam spanning from 

one end of the frame to the other because of force transfer through the frictional forces 

between the angle legs and the beam web resulting from bolt pretensioning. In effect, if 

this theory is correct, the connection behaved somewhat similarly to a partially restrained 

moment connection, or at least as a connection incorporating slip critical bolts of either 

class A, class B, or somewhere between class A and class B capacity. As will be 

discussed more thoroughly in their respective sections, 2L3, 2L4 and 2L5 tests each 
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underwent insignificant levels of bolt and bolt hole deformation, indicating that it is 

likely that slip resistance of the connection was high and that bearing of the bolts against 

the edge of their respective holes did not occur.   

Binding occurred between the beam flange and column flange faster in loading 

than expected, and due to fear of equipment damage, loading was terminated upon beam 

binding. No brittle failure modes were reached during testing as a result of this premature 

binding, but rather ductile behavior was observed in the form of angle unfolding. The 

most predominant behavior of the connection, however, was the drastic level of LTB that 

occurred as load was applied to the column stub.  

4.4.1. Three-Bolt Double-Angle Tests 

Three three-bolt tests were conducted with naming conventions of 2L3-1, 2L3-2 

and 2L3-3. Every three-bolt test was halted before a rupture failure mode occurred due to 

binding between the beam flange and column flange. There were minor levels of angle 

deformation, with no apparent bolt deformation. Figure 4.4-1, 4.4-2 and 4.4-3 show 

pictures before, during, and after testing, respectively. Figures 4.4-4, 4.4-5, 4.4-6 and 4.4-

7 show enlargements of testing components following testing.  
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Figure 4.4-1: Typical 2L3 assembly before testing. 



 
 

91 

 

Figure 4.4-2: Typical LTB behavior of a 2L3 series specimen during testing. 

 

 
Figure 4.4-3: Typical 2L3 series specimen post-test. 
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Figure 4.4-4: Typical post-test layout of 2L3 series specimen. 

 

Figure 4.4-5: Typical left-hand side of a 2L3 series specimen following testing. 
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Figure 4.4-6: Typical right-hand-side of a 2L3 series specimen following testing.  

 

 

 

Figure 4.4-7: Enlargement of plaster application on test specimen 2L3-2, typical of 2L3 

series tests. 
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It is clear that no 2L3 specimen had undergone even a moderate level of plastic 

deformation following load application. In Figure 4.4-7, for example, the only visible 

flaking of plaster was around column bolt C3 (the bottom bolt on the plastered angle) and 

the web bolts. From this plaster flaking, it appears that center of rotation for the 

connection was somewhere between the bottom and middle bolt of the connection, 

making the top two bolts in either angle undergoing a reduction of tensile force due to 

bearing out of the angle legs against the column stub, with the bottom bolts resisting 

tensile forces.  

Bolt hole deformations were so insignificant that they could not be accurately 

measured. Deformations of the bolts themselves were also insignificant, especially due to 

the double shear condition of the bolts at the beam web. It is also likely that the 

possibility of a slip-critical behavior of the connection eliminated bearing of the bolts 

against their respective holes, eliminating deformation until the slip-critical capacity is 

exceeded. Figure 4.4-8 shows the Force-Displacement plot of the 2L3 series of tests. 

Figures 4.4-9 and 4.4-10 show the load-rotation plots for 2L3 series of tests with respect 

to DWT1 in US and metric units, respectively. Figures 4.4-11 and 4.4-12 show the load-

rotation plots for 2L3 series of tests with respect to DWT2 in US and metric units, 

respectively.   

It is noteworthy that all tests shown in Figure 4.4-8 follow a similar curve. 

Maximum deflection for each test was about 6 inches with approximately 11 kips (49 kN) 

of applied load, with the exception of test 2L3-3 which was halted earlier.  

From Figures 4.4-8 through 4.4-12, the maximum moment developed at the 

double angle tests was approximately 11 kip-ft (14 kN-m) at a shear load of 3 kips (13 
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kN). What is particularly interesting in the behavior of the 2L3 series of tests, however, is 

that the axial loads as measured by the beam were predominantly compressive rather than 

tensile as would be expected with the development of a catenary force. Rotations were 

limited to just over 0.07 radians.  

Some unusual behavior was recorded by a strain gaged bolt which impacted the 

calculations of total bolt tensile load as evidenced by the spiking indicated on Figures 

4.4-9 through 4.4-12. However, aside from the test that had been impacted by this strain 

gage failure, the sum of the bolt axial loads, as were expected, were all tensile. 
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Figure 4.4-8: Load versus displacement for 2L3 series of tests. 
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Figure 4.4-9:  Load versus rotation for 2L3 series of tests with respect to DWT1 (US units). 
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Figure 4.4-10: Load versus rotation for 2L3 series of tests with respect to DWT1 (Metric 

units). 



 
 

99 

 

Figure 4.4-11: Load versus rotation for 2L3 series of tests with respect to DWT2 (US units). 
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Figure 4.4-12: Load versus rotation for 2L3 series of tests with respect to DWT2 (Metric 

units). 
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4.4.2. Four-Bolt Double-Angle Tests 

Three four-bolt tests were conducted with naming conventions of 2L4-1, 2L4-2 

and 2L4-3. Every four-bolt test was halted before a rupture failure mode occurred due to 

binding between the beam flange and column flange. There were moderate levels of 

angle deformation, with no apparent bolt deformation. Figure 4.4-13, 4.4-14 and 4.4-15 

show pictures before, during, and after testing, respectively. Figure 4.4-16 shows angle 

deformation immediately following a test. Figures 4.4-17, 4.4-18, 4.4-19 and 4.4-20 show 

enlargements of testing components following testing. 

 

Figure 4.4-13: Typical 2L4 assembly before testing. 
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Figure 4.4-14: Typical LTB behavior of 2L4 series specimen during testing. 
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Figure 4.4-15: Typical 2L4 specimen post-test. 
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Figure 4.4-16: Typical underside view of specimen post-test showing angle deformation. 

 

Figure 4.4-17: Typical post-test layout of 2L4 series specimen. 
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Figure 4.4-18: Typical left hand-side of a 2L4 series specimen following testing. 

 

Figure 4.4-19: Typical right hand-side of a 2L4 series specimen following testing. 
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Figure 4.4-20: Plaster flake on specimen 2L4-1. 

Specimens in the 2L4 series of tests underwent moderate levels of plastic 

deformation. The best example of the deformation that occurred is observable in Figure 

4.4-16, in which the angle legs are prying away from the column face in a manner that 

was expected. However, no bolt hole deformation occurred and no localized block shear 

or tearing of the angles was imminent or observable. As discussed prior, it is likely that a 

slip-critical behavior of the connection reduced bearing of the bolts against their bolt 

holes, thereby reducing the observable deformations.  In Figure 4.4-20, for example, the 

only visible flaking of plaster was around column bolt C4 (the bottom bolt on the 

plastered angle) and the web bolts. From this plaster flaking, it appears that center of 

rotation for the connection was somewhere around the third bolt of the connection.  
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Bolt hole deformations were so insignificant that they could not be accurately 

measured. Deformations of the bolts themselves were also insignificant, especially due to 

the double shear condition of the bolts at the beam web. Figure 4.4-21 shows the Force-

Displacement plot of the 2L4 series of tests. Figures 4.4-22 and 4.4-23 show the load-

rotation plots for 2L4 series of tests with respect to DWT1 in US and metric units, 

respectively. Figures 4.4-24 and 4.4-25 show the load-rotation plots for 2L4 series of 

tests with respect to DWT2 in US and metric units, respectively.   

It is noteworthy that all tests shown in Figure 4.4-21 follow a similar curve. 

Maximum deflection for each test ranged from about 7 to 10 inches with approximately 

21 kips (93 kN) of applied load, with the exception of test 2L4-1 Part 1, during which a 

computer failure interrupted data recording. Fortunately, this test had not progressed far 

enough into load application for plastic deformation to occur; the test was simply reset 

and carried to completion under the name 2L4-1 Part 2. However, a strain gage failure 

did occur which severely impacted the calculation of moment for 2L4-1 Part 2; for clarity 

this data was removed from Figures 4.4-22 through 4.4-25. 

From Figures 4.4-22 through 4.4-25, the maximum moment developed at the 

double angle tests was approximately 30 kip-ft (40 kN-m) at a shear load of 7 kips (31 

kN). Similar to the 2L3 series of tests, the 2L4 data show a compressive force axial force 

at the beginning stages of load application, but then develop tensile loads as would be 

expected under catenary action. Rotations were limited to just over 0.12 radians. The bolt 

axial loads, as expected, were all tensile. 
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Figure 4.4-21: Force versus displacement for 2L4 series of tests. 
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Figure 4.4-22: Load versus rotation for 2L4 series of tests with respect to DWT1 (US units). 
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Figure 4.4-23: Load versus rotation for 2L4 series of tests with respect to DWT1 (Metric 

units). 
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Figure 4.4-24: Load versus rotation for 2L4 series of tests with respect to DWT2 (US units). 
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Figure 4.4-25: Load versus rotation for 2L4 series of tests with respect to DWT2 (Metric 

units). 
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4.4.3. Five-Bolt Double-Angle Tests 

Three five-bolt tests were conducted with naming conventions of 2L5-1, 2L5-2 

and 2L5-3. Every five-bolt test was halted before a rupture failure mode occurred due to 

binding between the beam flange and column flange. There were higher levels of angle 

deformation than three or four bolt tests, as expected, with no apparent bolt deformation. 

Figure 4.4-26, 4.4-27 and 4.4-28 show pictures before, during, and after testing, 

respectively. Figure 4.4-16 shows angle deformation immediately following a test. 

Figures 4.4-17, 4.4-18, 4.4-19 and 4.4-20 show enlargements of testing components 

following testing. 

 

Figure 4.4-26: Typical 2L5 assembly before testing. 
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Figure 4.4-27: Typical LTB behavior of 2L5 series specimen during testing. 
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Figure 4.4-28: Typical 2L5 specimen post-test. 
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Figure 4.4-29: Typical post-test layout of 2L5 series specimen. 
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Figure 4.4-30: Typical left hand-side of a 2L5 series specimen following testing. 

 

Figure 4.4-31: Typical right hand-side of a 2L5 series specimen following testing. 
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Figure 4.4-32: Plaster flake on specimen 2L5-1. Typical for 2L5 series of tests. 

Specimens in the 2L5 series of tests underwent moderate levels of plastic 

deformation. No bolt hole deformation occurred and no localized block shear or tearing 

of the angles was imminent or observable. Plaster flaking is shown in Figure 4.4-32, 

indicating the unfolding of the angle and concentrations of stresses around the bolts. 

Unfortunately, the plaster flaking was damaged during the disassembly process for each 

test, making further visual judgment on stress concentrations difficult. However, in 

Figure 4.4-32 it is observable that movement of the beam web relative to the angle 

occurred by considering the increased gap between the plaster line on the beam web and 

the edge of the angle leg. This may indicate that the slip-critical capacity of the 

connection was overcome.  
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Bolt hole deformations were so insignificant that they could not be accurately 

measured, again, likely resulting from the possible slip-critical behavior of the 

connection. Deformations of the bolts themselves were also insignificant, especially due 

to the double shear condition of the bolts at the beam web. Figure 4.4-33 shows the 

Force-Displacement plot of the 2L5 series of tests. Figures 4.4-34 and 4.4-35 show the 

load-rotation plots for 2L5 series of tests with respect to DWT1 in US and metric units, 

respectively. Figures 4.4-36 and 4.4-37 show the load-rotation plots for 2L5 series of 

tests with respect to DWT2 in US and metric units, respectively.   

It is noteworthy that all tests shown in Figure 4.4-33 follow a similar curve. 

Maximum deflection for each test was about 8 inches with approximately 21 kips (93 kN) 

of applied load. From Figures 4.4-34 through 4.4-37, the maximum moment developed at 

the double angle tests was approximately 35 kip-ft (47 kN-m) at a shear load of 10 kips 

(45 kN). Similar to the 2L3 and 2L4 series of tests, the 2L5 data show a compressive 

force axial force at the beginning stages of load application, but then develop tensile 

loads as would be expected under catenary action. Rotations were limited to just over 0.1 

radians. The bolt axial loads, as expected, were all tensile. 
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Figure 4.4-33: Force versus displacement for 2L5 series of tests. 
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Figure 4.4-34: Load versus rotation for 2L5 series of tests with respect to DWT1 (US units). 
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Figure 4.4-35: Load versus rotation for 2L5 series of tests with respect to DWT1 (Metric 

units). 
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Figure 4.4-36: Load versus rotation for 2L5 series of tests with respect to DWT2 (US units). 



 
 

124 

 

Figure 4.4-37: Load versus rotation for 2L5 series of tests with respect to DWT2 (Metric 

units). 
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4.5. Summary of Test Results 

To summarize the results of testing, tables have been created for easy comparison 

across the various connection configurations and test runs. Table 4.5-1 lists the various 

test values at the point of maximum moment at the connection in US units, and Table 4.5-

2 lists the various test values at the point of maximum moment at the connection in 

metric units. While maximum moment values are relatively consistent across the various 

test series, the shear and axial loads at the point of maximum moment vary greatly. This 

behavior is also observable in the graphs for each test in their respective sections. Each 

test underwent similar levels of LTB, with the 2L5 series of testing exhibiting the most 

dramatic LTB. It is possible that variations in the out-of-plane behavior of each specimen 

contributed to these differences. It is also remarkable that the shear values of these 

connections never overcome the capacity of a slip critical connection as detailed in Table 

3.2-1, which validates the proposition that the connection behaved as a slip-critical 

connection with the corresponding lack of bolt-hole deformations.  

Table 4.5-1: Test Values at Maximum Moment, US units. 

 Test Values at Maximum Moment  

Test 
Moment, 

M 
(kip-ft) 

Shear, 
V 

(kips) 

Axial, 
P 

(kips) 

Average Rotation, 
θ 

(radians) 
Notes 

2L3-1 11.35 3.76 -9.89 0.07   
2L3-2 9.54 5.2 -0.47 0.07   
2L3-3 10.12 4.98 6.71 0.06   
2L4-1 29.03 6.58 8.92 0.08 2L4-1 Part 2 
2L4-2 27.44 6.76 6.30 0.12   
2L4-3 22.05 7.01 10.37 0.11   
2L5-1 31.59 10.37 15.85 0.09   
2L5-2 30.87 10.33 20.66 0.09   
2L5-3 34.77 10.74 9.26 0.1   
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Table 4.5-2: Test Values at Maximum Moment, metric units. 

 Test Values at Maximum Moment  

Test 
Moment, 

M 
(kN-m) 

Shear, 
V 

(kN) 

Axial, 
P 

(kN) 

Average Rotation, 
θ 

(radians) 
Notes 

2L3-1 15.4 16.71 -44.03 0.07   
2L3-2 12.94 23.14 -2.07 0.07   
2L3-3 13.72 18.94 -29.85 0.06   
2L4-1 39.36 29.22 39.66 0.08 2L4-1 Part 2 
2L4-2 37.2 30.09 28.05 0.12   
2L4-3 29.89 31.19 46.15 0.11   
2L5-1 46.15 46.15 70.51 0.09   
2L5-2 45.94 45.95 91.92 0.09   
2L5-3 47.15 47.79 85.65 0.1   

 

A combination of the shear, axial and moment forces may have overcome the 

slip-critical capacity in specimen 2L5-2, however. By considering the moment arm as the 

distance from the top of the angle to the bottom bolt, the shearing force is calculated as: 

c,ìî= =
(H)(S)

-	,ìî=¶
+ Vaß

}
=

(_Å.®©	vjQ=)&âNK£Yò
.('-	ZB)

-	,ìî=¶
+ 'Å.__	va-Å.~~	v

}	,ìî=¶
=

21.6	R//e´@, 

where Vbolt is the shear force per bolt, M, V and P are the maximum moment and 

corresponding shear and axial force at that moment value per test, respectively. By 

exceeding the slip-critical capacity of a bolt, the connection would slip.  

The plots for each test in the load versus displacement show a remarkably similar 

level of load application and displacement for each series of tests, which plateau. This 

indicates that the connections did reach a level of plastic deformation, albeit small in each 

series of testing. From the load versus rotation graphs for each series, it is noticeable that 

the maximum moment at the connection, the shear load, and the bolt tensile force all 
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increase up to the end of the test. Therefore, the connection still possessed additional 

capacity which is obvious as no failure mode had occurred.  

4.6. Verification of Data Results 

An evaluation of forces was performed using the calculated forces at the strain 

gages to verify that equations of equilibrium have been satisfied. The statics evaluation 

was made based on the measured forces of axial load, P, moment, M, and rotation, q, 

over a range of data for each testing run. This range of data was selected where the 

individual tests for each series had similar slopes in their axial force trace, which means 

that each range of data was taken from different starting and ending rotations. To 

determine the reactions at the pin connection, the length from a set of strain gages to the 

pin was determined to be 38.0625 inches using the center line of strain gages. These 

values were used to evaluate the reactions at the pin; these reactions are shown in Figure 

4.6-1. 

 

Figure 4.6-1: Free body diagram for statics evaluation as seen in Friedman (2009). 

   98 
 

percent difference that occurred based on measured forces summing to zero.  These 

differences were low but fluctuated based on what point a comparison was made.  The 

values in the table used for the statics evaluation are from the estimated maximum 

moment based on a sample range.  Since these data may overlap with the transition 

between flexural resistance and catenary resistance, it may have caused larger 

discrepancies for the 3 bolt test specimens.  

The statics evaluation was based on measured forces including axial force, P, 

moment, M, and rotation, θ.  To determine the reactions at the pin connection, the length 

from the strain gages to the pin was determined to be 36.91 inches based on the test 

assembly geometry.  These values were used to statically evaluate the reactions at the pin 

based on Figure 4.5-1. 

 

Figure 4.5-1 – Statics Evaluation - Free Body Diagram. 

To determine the axial reaction at the pin, Ra, the sum of forces in the horizontal 

direction, Fx gives 

∑Fx=0=P-Ra ,        (4.5-1) 

where 
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The sum of forces in the horizontal direction were taken to determine the internal 

axial force, Ra, being transmitted to the pin of the connection. Summing these forces 

gives: 

ΣFÆ = G −	Øé = 0       (4.6-1) 

∴ Øé = G.   (kips)      (4.6-2) 

The sum of the moments at the pin location, M, may be used to calculate the 

transverse reaction at the pin, Rt. Summing the moments: 

ΣL = 0 = L − Ø=(38.0625	i3)     (4.6-3) 

where 

Ø= =
H

_®.Å~-}	ZB
. (kips)      (4.6-4) 

Based on the amount of rotation, these values were then transposed with respect 

to a global axis, with the vertical plane being the y-axis and the horizontal plane being the 

x-axis. Because the statics evaluation was compared to the actuator force applied to the 

connection, F, only the vertical components of these forces have been considered. 

Therefore: 

Øé	è"≥=Z#éî = (Øé) sin(g)  (kips)    (4.6-5) 

and 

Ø=	è"≥=Z#éî	 = (Ø=) cos(g).  (kips)    (4.6-6) 

Determination of the sum of forces was accomplished by summation of all of the 

vertical components of axial and transverse forces. Thus, 

ΣA? = 0 = A − Øé	è"≥=Z#éî − Ø=	è"≥=Z#éî.    (4.6-7) 

The vertical load remaining, or “residual load”, was compared to the actuator 

force, F, to determine the percent difference: 
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%	Difference = 	 q
ªqW
.       (4.6-8) 

Equation (4.6-8) was used to compute the accuracy of measured results, as shown 

in Table 4.6-1. 

 

Table 4.6-1: Static Check Percent Error for 2L Tests. 

 

The values from Table 4.6-1 show that there is a significant difference between 

the expected forces at the connection from statics and those recorded experimentally.   

Test Average Maximum Minimum Standard 
Deviation

Rotation 
Range

2L3-1 37% 46% 15% 7% 0.03-0.07
2L3-2 47% 52% 31% 4% 0.03-0.07
2L3-3 41% 47% 23% 5% 0.03-0.06

2L4-1 Part 2 50% 71% 44% 5% 0.04-0.08
2L4-2 23% 38% 0% 12% 0.04-0.12
2L4-3 9% 18% 0% 5% 0.04-0.11
2L5-1 3% 9% 0% 2% 0.04-0.09
2L5-2 8% 15% 0% 3% 0.04-0.09
2L5-3 13% 20% 0% 5% 0.04-0.10
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Chapter 5: Discussion and Conclusion 

5.1. Introduction 

After review of existing literature and the commencement of physical testing, 

conclusions may be made with respect to the axial, shear and moment interaction of 

double-angle shear connections. The purpose of this project was to determine the extent 

to which standard, commonplace double-angle shear connections contribute to the 

inherent robustness of a structural steel system. An attempt to quantify the level of 

additional reserve strength was also included as part of the research.  

5.2. Conclusions 

Based on the testing, it can be established that double-angle shear connections do 

possess measurable flexural capacity due to the unfolding mechanisms of the angles. As 

expected, the shear capacity of the connections increased with depth, as did the 

developed moment and axial force at the connection. The levels of deformation also 

increased with depth, with three-bolt connections undergoing minimum amounts of angle 

unfolding, four-bolt connections deforming to a higher degree, and maximum 

deformations observed in five-bolt connections. The maximum measured moment was 

approximately 35 kip-ft during test 2L5-3, with a maximum rotation of approximately 

0.12 radians on several 2L4 series tests. Ultimately, every double-angle connection, 

which were designed specifically for shear loads only, maintained strength even while 

subjected to unanticipated flexural and axial loads.  

The LTB behavior of the assembly during each test suggests that compressive 

forces were effectively resisted through the connection, with the bolt pretensioning 
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increasing the frictional forces between the legs of the angle and the beam. This behavior 

is expected to be the cause of the compressive axial forces seen on the axial trace for tests 

in the 2L3 series; in other tests with deeper connections, the axial forces eventually 

showed evidence of a developed catenary force after the development of significant 

levels of deformation. While there was no failure of the system, the ductility of the 

connection in the form of angle unfolding suggests that the development of alternate load 

paths occurred effectively, thereby redistributing the load.  

Two cases were considered in an attempt to qualitatively determine the overall 

robustness of the connections: a) structural integrity and b) functionality. Structural 

integrity represents a measure of inherent redundancy and ductility in the connection, 

while functionality will be considered as the ability of a connection to perform as it was 

designed during and after an event of unanticipated loading.  

In the consideration of structural integrity, each double-angle connection was able 

to withstand unexpected loading. Load redistribution occurred during testing, enabling 

the connections to perform in a desirable manner instead of brittle failure. The 

transmission of flexural loads was accomplished through the friction between the faying 

surfaces of the angle heel and the beam web, and ultimately through the deformation of 

the angles. From a structural integrity standpoint, when the connections were subjected to 

loading outside of the original design, they successfully withstood the unanticipated 

loading and provided additional levels of strength.  

Conclusions regarding the robustness of double-angle connections may not be 

made definitively as the connections did not fail. Therefore, the resistance to shear at the 

point of failure would need to be determined to make a conclusion. It is expected, 
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however, by the trends of the graphs presented in Chapter 4 that the connections would 

not be able to withstand design shear values as the developed shear asymptotically 

reaches a certain value that is below the design value for each test. Therefore, while the 

connections are able to resist some force, it is expected that they would fail below the 

design force and therefore the connections cannot be considered robust.  

5.3. Comparisons of Test Results with Results in Literature 

For the purposes of this section, “2L Report” refers to this capstone project report 

and its results.  

In Chapter 2.2 of this “2L Report,” the work of Oosterhof and Driver (2015) was 

described. Oosterhof and Driver subjected varying configurations of double angles to a 

combination of axial, shear and moment force to determine response characteristics. It 

was noted, following testing, that plastic hinges developed in several locations 

throughout the angle as it deformed, with the most critical locations being on the inside 

edge of the row of column bolts, and on the edge of the “k-area” of the angle adjacent to 

the beam web. As the angles deformed, tears and eventually rupture would occur at these 

two locations. However, the connections tested were able to resist an interaction of axial, 

shear and moment. While the angles tested in the process of creating this “2L Report” did 

undergo levels of deformation, the identification of the location of plastic hinges is not 

clear and it is unknown if the failure of the angle material would have occurred at the 

locations of maximum deformation.   

In Chapter 2.4 of this “2L Report,” Gong (2017) performed three tests on double-

angle connections and single-angle connections with flange angles. It was found, through 

this testing, that the double-angle connections would fracture in locations similar to those 
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found in Oosterhof and Driver (2015), with tears forming adjacent to the column-line of 

bolts. It was also argued that in thinner angles which deform more significantly under 

catenary action, the bearing of the unfolding angle against the bolt head contributed to the 

formation of a plastic hinge or yield line along the angle. Gong (2017) also found that 

between double-angle connections and single-angle connection with flange angles, 

double-angle connections were able to withstand higher rotations before failure. From the 

testing performed for this “2L Report,” the bearing of the bolt head against the deforming 

angle did, from an observation standpoint, seem to impact the location of yield lines; in 

the photographs in each respective section, it may be noticed that flaking of the plaster of 

Paris did occur around the bolt heads in angles with higher levels of deformation.  

In Chapter 2.5 of this “2L Report,” the work of Weigand and Berman (2016) were 

described. In their work, 17 full-scale bolted-bolted angle connection sub-assemblages 

were tested with variations made to the thickness, bolt sizes, and numbers of bolts. It was 

found that the angles typically underwent four phases in the unfolding process, with the 

first phase being characterized by large initial stiffness of the angles, the second phase 

showing slip of the beam’s web between the angles, the third phase showing high levels 

of deformation of the angle, and the fourth and ultimate phase showing complete angle 

degradation. Weigand and Berman (2016) note that a level of compression was initially 

developed in some of the horizontal force-displacement responses because of the 

connection’s predisposition toward the compressive side of the connection. This agrees 

with the behavior of the double-angle connections in this “2L Report,” with each test 

showing a significant level of compressive resistance at the onset of testing. While 
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Weigand and Berman (2016) did not fully pretension any bolts in their testing, the 

behavior of pretensioned bolts and the contribution to connection response is discussed.  

5.4. Future Research 

The testing in this project focused on a particular configuration of double-angle 

angles, which only varied in the number of bolts within the connection, and not variations 

in beam size, bolt size, bolt staggering, or other possible modifications. Furthermore, the 

connections in this test were assumed to be the point of failure, and not the beams or the 

columns, which were much stronger in comparison. Real structures differ from these 

assumptions, and there are numerous configurations of double angle connections that 

may be used in practice.  

Lateral torsional buckling proved to be an issue during testing primarily as a 

result of a lack of restraint of out-of-plane column movement. In a real frame, the 

columns would be continuous instead of a short segment, and in turn would be far more 

restricted against behavior seen in this test.  

Ultimately, future research should consider: 

- Variation of angle thickness, leg lengths, bolt size, bolt hole size, and snug 

tight versus pretensioned bolts 

- Consideration of other components as the weak link 

- Compressive capacity of angles as shown in Figure 2.3-8. 

- Inclusion of a floor system or other means of lateral bracing for the beams and 

the column 

- Testing of a multi-bay and multi-story structure, or a complete three-

dimensional frame 
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- Modification to connections to assist in arresting collapse, perhaps with novel 

materials like fiber reinforced polymers or high-strength steels. 
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A. Appendix – Double Angle Connection Calculations 

Given:  

All-bolted double-angle connection between a W18×35 beam with two 1/4-in. doubler 

plates flanking the web (Fy = 36 ksi) and a W12×53 column flange. Bolts used are 3/4-

in. A325-X bolts in standard holes on one angle leg and horizontal short-slotted holes 

(HHSL) on the other angle leg. Conservatively, all bolt holes against the column flange 

will be taken as HSSL. Bolts at the beam web are 3/4-in. A325-N in standard holes. 

Determine the capacity of the 2L4 x 3 ½ x ¼ three bolt connection based on the geometry 

as shown in Figure A-1. Assume the beams and columns are indefinitely strong compared 

to the connection. Capacities are presented as ultimate values only. Material properties 

sourced from material testing conducted by a laboratory are indicated with an asterisk 

next to the section designation. Reference Appendix B for Mill Certifications and 

material testing results.  

 

Figure A.1: Given Geometry. 

  



 
 

139 

Material Properties 

W18x35*  ASTM A992  Fy = 52.9 ksi  Fu = 74.4 ksi 

W12x53  ASTM A992  Fy = 50 ksi  Fu = 65 ksi 

L4 x 3 ½ x ¼*  ASTM A36  Fy = 58.4 ksi  Fu = 77.7 ksi 

Geometric Properties: 

Beam   W18x35 tw = 0.3 in. d = 17.7 in.  tf = 0.425 in. 

Column W12x53 tw = 0.345 in. 

Angle  L4 x 3 ½ x ¼  t = 0.25 in. 

Check bolt group through angle to beam connection for bolt bearing and tear-out 

CASE I – Shear in beam-side connection 

Edge bolt, Lc = Ñ"è −
ºS`a' '~Ω æø.¿

-
= 1.25	in. − ¡

_
OΩ 	æø.a	' '~Ω 	æø.

-
¬ = 0.84 

Non-Edge Bolt, Lc = f − º4, +	1 16Ω in. ¿ = 3	in. −º3 4Ω 	in. +	1 16Ω in. ¿ = 2.19	in. 

ØB = 1.2Ñ#@AF ≤ 2.44@AF] 

ØB = [1.2(0.84	in. )(0.25	in. )(77.7	ksi) + 2(1.2)(2.19	in. )(0.25	in. )(77.7	ksi)]

≤ 3[2.4(0.75	in. )(0.25	in. )(77.7	ksi)] 

ØB = 121.6	k	 ≤ 104.9	k 

ØB = (2	angles)(104.9	k) = 209.8	k	 

4-bolt capacity: Rn = 279.8 k 

5-bolt capacity: Rn = 349.6 k 

CASE II – Tension in beam-side connection 

Edge bolt, Lc = Ñ"è −
ºS`a' '~Ω æø.¿

-
= 1.5	in. − ¡

_
OΩ 	æø.a	' '~Ω 	æø.

-
¬ = 1.1	in. 

ØB = 1.2Ñ#@AF ≤ 2.44@AF 
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ØB = [1.2(3	bolts)(1.1	in. )(0.25	in. )(77.7	ksi)]

≤ [2.4(3	bolts)(0.75	in. )(0.25	in. )(77.7	in. )] 

ØB = 76.9	k ≤ 104.9	k 

ØB = (2	angles)(76.9	k) = 153.8 k 

4-bolt capacity: Rn = 205.1 k 

5-bolt capacity: Rn = 256.4 k 

Check tensile yielding of angles 

ØB = A?°J 

ØB = (58.4	ksi)(8.5	in. )(0.25	in. )(2	angles) = 248.2	k 

4-bolt capacity: Rn = 335.8 k 

5-bolt capacity: Rn = 423.4 k 

Check tensile rupture of angles 

ØB = 	AF°" (U =1  per AISC D3.3; Ae = An) 

ØB = (77.7	ksi) Ã(8.5	in. )(0.25	in. ) − (3	bolts) ¡
3
4
in +

1
16
in. ¬ (0.25	in. )Õ (2	angles)

= 235.5	k	 

4-bolt capacity: Rn = 320.5 k 

5-bolt capacity: Rn = 405.5 k  

Check shear yielding of angles 

ØB = 0.60A?°Jè 

ØB = 0.60(58.4	ksi)(8.5	in. )(0.25	in. )(2	angles) = 	148.9	k 

4-bolt capacity: Rn = 201.5 k 

5-bolt capacity: Rn = 254.0 k  

Check shear rupture of angles 



 
 

141 

ØB = 0.60AF°Bè 

ØB = 0.60(77.7	ksi) Ã(8.5	in. )(0.25	in. )

− 3	bolts ¡
3
4
in. +

1
16
in. ¬ (0.25	in. )Õ (2	angles) = 141.3	k 

4-bolt capacity: Rn = 192.4 k 

5-bolt capacity: Rn = 253.3 k  

Check bolt group shear capacity on beam web (double shear, n thread condition)  

ØB = 	2AB°Bè, = 2AB(p|-)	 

ØB = 2(3	bolts)(54	ksi)(p) ¡
3
8
	in. ¬

-

= 143.1	k	 

4-bolt capacity: Rn = 190.9 k 

5-bolt capacity: Rn = 238.6 k  

Check bolt group shear capacity on column flange (single shear, x thread condition) 

ØB = 	AB°Bè, = AB(p|-) 

ØB = (6	bolts)(68	ksi)(p) ¡
3
8
	in. ¬

-

= 	180.2	k			 

8-bolt capacity: Rn = 240.3 k 

10-bolt capacity: Rn = 300.4 k  

Check bolt group slip-critical shear capacity on beam web for SC(A) (two shear planes) 

Per AISC Manual Table 7-3 (f =1.0), 

3-bolt capacity: (3 bolts) (19.0 k/bolt) = 57 k 

4-bolt capacity: 76 k 

5-bolt capacity: 95 k 

Check bolt group slip-critical shear capacity on column flange for SC(A) (one shear plane) 
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Per AISC Manual Table 7-3 (f =1.0) 

6-bolt capacity: (6 bolts)(9.49 k/bolt) = 57 k 

8-bolt capacity: 76 k 

10-bolt capacity: 95 k 

Check bolt group slip-critical shear capacity on beam web for SC(B) (two shear planes) 

Per AISC Manual Table 7-3 (f =1.0), 

3-bolt capacity: (1.67)(57 k) = 95 k 

4-bolt capacity: 127 k 

5-bolt capacity: 159 k 

Check bolt group slip critical shear capacity on column face for SC(B) (one shear plane) 

Per AISC Manual Table 7-3 (f =1.0), 

6-bolt capacity: (1.67)(57 k) = 95 k 

8-bolt capacity: 127 k 

10-bolt capacity: 159 k 

Check block shear rupture of angle stem 

Leh = 1.5 in. 

Lev = 1.25 in.  

ØB = 0.60AF°Bè + Œ,¶AF°B= ≤ 0.60A?°Jè + Œ,¶AF°B= 

CASE I – Shear in angle leg (L shaped failure path) 

°Jè = (2	angles)(0.25	in. )(7.25	in. ) = 3.6	in- 

°Bè = (2	angles) Ã¡3	in. +3	in. +1
1
4
in. ¬ − (2.5) ¡

3
4
in. +

1
8
in. ¬Õ (0.25	in. ) = 2.53	in-	 

°B= = (2	angles) Ã¡1
1
2
in. ¬ − (0.5) ¡

3
4
in. +

1
8
in. ¬Õ (0.25	in. ) = 0.41	in- 
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ØB = 0.60(77.7	ksi)(2.53	in-) + 1.0(77.7	ksi)(0.41	in-)

≤ 0.60(58.4	ksi)(3.6	in-) + 1.0(77.7	ksi)(0.41	in-) 

ØB = 149.81	k	 ≤ 158.0	k 

ØB = 149.81	k  

4-bolt capacity: Rn = 199.4 k  

5-bolt capacity: Rn = 249.1 k 

CASE II – Tension in angle leg (capacity for governing failure path provided) 

U Shaped Failure 

°Jè = (2	angles)(2)(0.25	in. )(1.5	in. ) = 1.5	in- 

°Bè = (2	angles)(2) Ã¡1
1
2
	in. ¬ − (0.5) ¡

3
4
	in. +

1
8
in. ¬Õ (0.25	in. ) = 1.1	in-	 

°B= = (2	angles) Ã(3	in. +3	in. ) − (2) ¡
3
4
in. +

1
8
in. ¬Õ (0.25	in. ) = 	2.13	in-	 

L Shaped Failure 

°Jè = (2	angles)(0.25	in. )(1.5	in. ) = 0.75	in- 

°Bè = (2	angles) Ã¡1
1
2
	in. ¬ − (0.5) ¡

3
4
	in. +

1
8
in. ¬Õ (0.25	in. ) = 0.53	in-	 

°B= = (2	angles) Ã¡3	in. +3	in. +1
1
4
i3. ¬ − (2.5) ¡

3
4
in. +

1
8
in. ¬Õ (0.25	in. ) = 	2.53	in-	 

3-bolt capacity: Rn = 216.8 k (L shaped failure path) 

4-bolt capacity: Rn = 298.1 k (L shaped failure path) 

5-bolt capacity: Rn = 386.8 k (L shaped failure path) 

Check angle leg bolts at column flange for shear and tension interaction 

Determine required shear stress based on lowest shear capacity for all previous checks.  

Note that shear rupture values govern. 
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œè	–ZB = 	
Å.-—ò
(B)9`

= Å.-('O'._	v)

~(Å.OO-	ZBN)
= 10.65	Rfi  

œè	–é“ = 	
—ò

(B)9`
= 'O'._	v

~(Å.OO-	ZBN)
= 53.28	Rfi  

4-bolt minimum shear stress: fv min = 10.88 ksi 

4-bolt maximum shear stress: fv max = 54.4 ksi 

5-bolt minimum shear stress: fv min = 11.46 ksi 

5-bolt maximum shear stress: fv max = 57.3 ksi 

AB=r = 1.3AB= −
AB=
ABè

œ≥è ≤ AB= 

Using minimum shear stress 

AB=r = 1.3(90	Rfi) −
90	Rfi
68	Rfi

(10.65	Rfi) ≤ 90	Rfi = 102.9	Rfi	 ≤ 90	Rfi 

AB=r = 90	Rfi 

4-bolt minimum nominal tensile stress: F’nt = 90 ksi 

5-bolt minimum nominal tensile stress: F’nt = 90 ksi 

Using maximum shear stress 

AB=r = 1.3(90	ksi) −
90	ksi
68	ksi

(53.28	ksi) ≤ 90	ksi = 46.5	ksi	 ≤ 90	ksi 

F’nt = 46.5 ksi 

4-bolt maximum nominal tensile stress: F’nt = 45 ksi 

5-bolt maximum nominal tensile stress: F’nt =  41.2 ksi 

Maximum tensile force per bolt based on lowest shear 

ØB = AB=r °, 

ØB = (90	ksi)(0.442	in-) = 39.8
k
bolt

 

Values are identical for 4-bolt and 5-bolt connections.  
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Maximum tensile force per bolt based on highest shear 

ØB = 	AB=r °, 

ØB = (46.5	ksi)(0.442	in-) = 20.6	 k bolt⁄  

4-bolt available tensile strength per bolt: Rn = 19.9 k/bolt 

5-bolt available tensile strength per bolt: Rn = 18.2 k/bolt 
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B. Material Tests and Mill Certifications 

 



GERMANTOWN IRON & STEEL CORP. 6386-G8459-18  1379400
Customer Name Customer PO# Shipper No

L111448

Heat NumberInvoice No
1411260



GERMANTOWN IRON & STEEL CORP. 6386-G8459-18  1379400
Customer Name Customer PO# Shipper No

KN18104313

Heat NumberInvoice No
1411260



GERMANTOWN IRON & STEEL CORP. 6386-G8459-18  1379400
Customer Name Customer PO# Shipper No

KN18106802

Heat NumberInvoice No
1411260



GERMANTOWN IRON & STEEL CORP. 6386-G8459-18  1379400
Customer Name Customer PO# Shipper No

KN18106794

Heat NumberInvoice No
1411260



GERMANTOWN IRON & STEEL CORP. 6386-G8459-18  1379400
Customer Name Customer PO# Shipper No

B156048

Heat NumberInvoice No
1411260



GERMANTOWN IRON & STEEL CORP. 6386-G8459-18  1379400
Customer Name Customer PO# Shipper No

kn18106802

Heat NumberInvoice No
1411260



 

 
 

 
Tensile Test Report (Page 1 of 2) 

 
MAI Report No:   219-1-119 Date: February 28, 2019 
Client: Milwaukee School of 

Engineering 
Contact: Dr. Christopher Rabel 

P.O. No: Verbal Date Rec’d: February 11, 2019 
Description: ASTM A36 I-Beam and ASTM A992 Angles and Wyes 

 
 

Property I-Beam Flange I-Beam Web ASTM A36 ASTM A992 
Test Bar Dimensions 

Width, inch 
Thickness, inch 
Gage Length, inches 

 
0.497 
0.386 
2.0 

 
0.503 
0.300 
2.0 

 
0.50 

Material Thickness 
2.0 

 
0.50 

Material Thickness 
2.0 

Tensile Strength, psi 74,300 74,400 58,000 - 80,000 65,000 min. 
Yield Strength, psi (1) 51,400 54,400 36,000 min. 50,000 - 65,000 
Yield/Tensile Ratio 0.69 0.73 Not Specified 0.85 max. 
Elongation, % 33 31 21 min. 18 min. 
 

Property Wye Stem 1 Wye Flange 1 ASTM A36 ASTM A992 
Test Bar Dimensions 

Width, inch 
Thickness, inch 
Gage Length, inches 

 
0.504 
0.376 
2.0 

 
0.501 
0.580 
2.0 

 
0.50 

Material Thickness 
2.0 

 
0.50 

Material Thickness 
2.0 

Tensile Strength, psi 73,300 72,200 58,000 - 80,000 65,000 min. 
Yield Strength, psi (1) 57,600 51,900 36,000 min. 50,000 - 65,000 
Yield/Tensile Ratio 0.80 0.72 Not Specified 0.85 max. 
Elongation, % 36 38 21 min. 18 min. 
 

Property Wye Stem 2 Wye Flange 2 ASTM A36 ASTM A992 
Test Bar Dimensions 

Width, inch 
Thickness, inch 
Gage Length, inches 

 
0.496 
0.378 
2.0 

 
0.503 
0.568 
2.0 

 
0.50 

Material Thickness 
2.0 

 
0.50 

Material Thickness 
2.0 

Tensile Strength, psi 72,400 72,100 58,000 - 80,000 65,000 min. 
Yield Strength, psi (1) 55,900 51,000 36,000 min. 50,000 - 65,000 
Yield/Tensile Ratio 0.77 0.71 Not Specified 0.85 max. 
Elongation, % 36 38 21 min. 18 min. 
 



Metallurgical Associates, Inc. 
Report No. 219-1-119  

 February 28, 2019 
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Property Angle 1 Angle 2 ASTM A36 ASTM A992 
Test Bar Dimensions 

Width, inch 
Thickness, inch 
Gage Length, inches 

 
0.502 
0.250 
2.0 

 
0.503 
0.247 
2.0 

 
0.50 

Material Thickness 
2.0 

 
0.50 

Material Thickness 
2.0 

Tensile Strength, psi 77,500 77,900 58,000 - 80,000 65,000 min. 
Yield Strength, psi (1) 56,800 60,000 36,000 min. 50,000 - 65,000 
Yield/Tensile Ratio 0.73 0.77 Not Specified 0.85 max. 
Elongation, % 34 31 21 min. 18 min. 

(1):  at 0.2% offset 
 
Notes: The tensile properties of all of the samples are in conformance with both ASTM A36, “Standard 

Specification for Carbon Structural Steel,” and ASTM A992, “Standard Specification for 
Structural Steel Shapes.”  

 
 The stress-strain curves for these samples are provided as separate Excel spreadsheets. 
 
Respectfully submitted,  
 

 
Thomas C. Tefelske, 
President 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This report relates only to the item(s) tested.  This report shall not be reproduced, except in full, without the written approval of Metallurgical Associates, Inc.  We 
will retain the sample remnants for 30 days, after which they may be discarded.  If you would like an alternate disposition of this sample, please call. 
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