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ABSTRACT 
 

To expand the experimental database for prequalifying the bolted flange plate 

(BFP) moment connection for special moment frames (SMFs), cyclic testing of three full-

scale BFP steel moment connection specimens has taken place at the University of 

California, San Diego.  One-sided moment connection specimens, without a concrete 

structural slab were fabricated and tested in accordance with Appendix S of the AISC 

Seismic Provisions for Structural Steel Buildings. Specimens were designed using the 

procedure developed by the BFP Committee of AISC’s Connection Prequalification 

Review Panel (CPRP).  Beam sizes for these specimens (W30×108, W30×148, and 

W36×150) were larger than previously tested to extend the range of available 

experimental results; W14 columns were used. 

 All three specimens met the Acceptance Criteria of the AISC Seismic Provisions 

for Structural Steel Buildings for beam-to-column connections in special moment frames.  

Specimens achieved an interstory drift angle of 0.06 radians before failure.  All three 

specimens experienced necking in the beam flange at the outermost row of bolts.  

Specimens BFP-1 and BFP-3 eventually failed by beam flange net section fracture.  The 

tensile strain on the net section where fracture occurred was further increased by lateral-

torsional buckling (LTB) of the beam.  On large drift cycles (5% and 6%) column 

twisting was observed in addition to beam LTB.  The specimens did not include a 

concrete structural slab, which would limit LTB and column twisting.  However, column 

twisting has not previously been observed in testing of moment connection specimens 

with W14 columns without a concrete structural slab.  Bolt-slip occurred early during 

testing of all three specimens.  The BFP connection differs from welded moment 

connections in that the additional component of bolt slip-bearing contributes to overall 

inelastic deformation of the connection.  Slip-bearing deformation contributed a 

significant amount to the total deformation (approximately 30% of the total deformation 

at an interstory drift angle of 0.04 radians). 
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1. INTRODUCTION 

 
1.1 General 

 Steel moment connections in high seismic regions typically use welded beam 

flange to column flange joints.  Field welding and the associated inspection of these 

connections has significant economic impact on the overall cost of the building.  A 

moment connection that could eliminate field welding in favor of field bolting and shop 

welding could result in a more economical seismic moment frame connection. 

 One type of bolted moment frame connection consists of plates that are shop 

welded to the column flange and field bolted to the beam flange and is known as the 

bolted flange plate (BFP) moment connection.  As a part of the SAC Joint Venture Phase 

II Connection Performance Program, eight full-scale BFP moment connection specimens 

were tested (Schneider and Teeraparbwong, 2000).  Tested connections exhibited 

predictable, ductile behavior and met established acceptance criteria.  However, beam 

sizes were limited to W24×68 and W30×99. 

 The AISC Connection Prequalification Review Panel (CPRP) is in the process of 

reviewing the bolted flange plate moment connection for inclusion in the next edition of 

the AISC Prequalified Connections for Special and Intermediate Steel Moment Frames 

for Seismic Applications (ANSI/AISC 358-05).  To expand the experimental database for 

prequalifying the BFP moment connection for special moment frames, cyclic testing of 

three full-scale BFP steel moment connection specimens has been conducted.  Beam 

sizes for these specimens (W30×108, W30×148, and W36×150) were larger than 

previously tested to extend the range of available experimental results. 

 

1.2 Scope and Objectives 

 To expand the experimental database for prequalifying the bolted flange plate 

(BFP) moment connection for special moment frames (SMFs), three full-scale, one-sided 

BFP steel moment connection specimens, without a concrete structural slab were 

subjected to cycling testing in accordance with Appendix S of the AISC Seismic 

Provisions for Structural Steel Buildings (AISC, 2005b) at the University of California, 

San Diego. 
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2.  TESTING PROGRAM 
 
2.1 Test Setup and Connection Details 

The overall specimen geometry and test setup are shown in Figures 2.1 and 2.2.  

The beam length varied for the three specimens in order to maintain the target clear beam 

span-to-depth ratio (Lc/db=12).  In accordance with the AISC Seismic Provisions, the 

required lateral bracing distance for Specimens 1, 2, and 3 was 107, 113, and 123 in., 

respectively. For Specimens BFP-1 and BFP-2 lateral bracing of the beam was provided 

105 in. from the centerline of the column, as shown in Figures 2.1 and 2.3.  The only 

change in the test setup between Specimens BFP-1 and BFP-2 was to move the actuator 

position outward approximately 6 in. for Specimen BFP-2.  The same lateral bracing at a 

distance of 105 in. from the column was also used for Specimen BFP-3. But since testing 

of both Specimens BFP-1 and BFP-2 showed column twisting, it was decided to add a 

second lateral bracing location at 177 in. from the column centerline (see Figures 2.2 to 

2.4).  The lateral bracing consisted of steel bracing columns provided on both sides of the 

beam.  These columns were connected to each other above and below the specimen with 

either a cross beam or threaded rod, depending on the location.  Mounted on the guide 

columns were short lengths of W-shapes or steel plates that were greased to minimize 

friction forces and adjusted to meet the beam flanges.  

To simulate inflection points in the actual building, the ends of the specimen 

columns were mounted on short sections of W14×370 positioned to experience weak axis 

bending (Figure 2.5).  A steel corbel piece was bolted to the end of the beam for 

attachment of the servo-controlled hydraulic actuator to the specimens.  

Beam-to-column connection details are shown in Figures 2.6 to 2.8 for Specimens 

BFP-1, BFP-2, and BFP-3, respectively.  Shop drawings for the specimens are included 

in Appendix A.  Bolt holes in the beam shear tab were short-slotted with the slot length 

oriented parallel to the beam span and bolt holes in the beam web were standard holes.  

Bolt holes in the flange plate were oversized holes (1-1/4 in. dia. for 1 in. dia. bolts) and 

bolt holes in the beam flange were standard holes (1-1/16 in. dia. for 1 in. dia. bolts).  As 

indicated in Table 2.1, Specimens BFP-1 and BFP-2 had 1 in. continuity plates and 

Specimen BFP-3 did not have continuity plates.  Specimen BFP-1 did not have a panel 
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zone doubler plate and Specimens BFP-2 and BFP-3 had a 3/4 in. doubler plate.  The 

doubler plate for these specimens was unintentionally offset 3 in. towards the bottom of 

the beam during fabrication. Table 2.2 summarizes the required shear strength and the 

design strength of the panel zone for each specimen. 

 

2.2 Fabrication and Erection 

Two different welding processes were used to complete the flange plate to column 

flange complete joint penetration (CJP) groove welds.  Flange plates were welded to one 

flange of the column using the electroslag welding (ESW) process and to the other flange 

of the column using the flux-cored arc welding (FCAW) process.  For each specimen, 

plates were welded with both process, i.e., two flange plates were welded with the ESW 

process to one column flange and the other two flange plates were welded with the 

FCAW process to the opposite column flange.  In the testing program these welded joints 

did not fracture and, therefore, only one welding process was tested per specimen.  

Otherwise, the beam would have been removed and re-connected to the opposite side of 

the column for re-testing. 

Fabrication services were provided by Schuff Steel Company at their Gilbert, AZ 

facility. Electroslag welding of the flange plates to the column was tested for both 

Specimens BFP-1 and BFP-2.  Figure 2.9 shows the ESW setup and welding process.  As 

shown in the figure the sides of the weld were formed by water-cooled copper shoes.  

Two Arcmatic 105-VMC 3/32 in. dia. electrodes were used inside a consumable guide 

tube.  This electrode has a specified minimum Charpy-V Notch Toughness of 15 ft-lbs at 

-20°F.  Flux (FES72) was added by hand per the fabricator’s standard procedure.  It took 

approximately 15 minutes to weld each flange plate.  Welding Procedure Specifications 

(WPSs) for this process are included in Appendix B. 

Flux-cored arc welding of the flange plates to the column was tested for Specimen 

BFP-3.  Figure 2.10  shows the FCAW setup and welding process.  Welding was done 

with an E70T-1 gas-shielded flux-cored electrode (Hobart Brothers TM-11, 3/32 in. dia.) 

and 100% CO2 shielding gas.  This electrode has a specified minimum Charpy-V Notch 

Toughness of 20 ft-lbs at 0°F. 
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Welding of continuity plates and panel zone doubler plates for all specimens was 

completed with the FCAW process.  Welding was done with an E70T-1/E70T-9 gas-

shielded flux-cored electrode (Lincoln Outershield 70, 3/32 in. dia.) and 100% CO2 

shielding gas.  This electrode has a specified minimum Charpy-V Notch Toughness of 20 

ft-lbs at -20°F.  WPSs for these welds are included in Appendix B. 

Schuff Steel Company provided quality control inspection of the fabricated 

specimens.  Welds were subjected to a combination of visual, magnetic particle, and 

ultrasonic inspection.  

Specimens were erected at UCSD by laboratory staff.  The column was first 

placed in position in the test setup, followed by installation of the beam to simulate the 

field erection process.  Beam web to shear tab bolts were F1852 (A325TC) tension 

control bolts.  Flange plate to beam flange bolts were F2280 (A490TC) tension control 

bolts.  A Tone shear wrench supplied by Schuff Steel Company was used to tension the 

bolts (Figure 2.11).  Bolts were initially brought to the snug-tight condition with 

connected plies in firm contact followed by systematic tensioning of the bolts.  For the 

beam web to shear tab connection the middle bolt was tensioned first and then bolts were 

tensioned outward from the middle progressing in an alternating up and down pattern.  

Flange plate to beam flange bolts were tensioned, starting with the most rigid portion of 

the connection near the face of the column and then working progressively outward.  Bolt 

pretension verification was conducted at UCSD, as shown in Figure 2.12.  The average 

value of pretension was consistently observed to be 69 kips for the 1 in. dia. F2280 bolts 

when tested in a Skidmore-Wilhelm Bolt Tension Calibrator.  This erection process and 

the bolt tensioning procedures were discussed with Schuff Steel Company field personnel 

prior to work.   

 For all specimens, two 1/8 in. finger shim plates (total 1/4 in.) were installed 

between the top flange plate and beam top flange, as shown in Figure 2.13.  No shims 

were used between the bottom flange plate and beam bottom flange. 

 

2.3 Material Properties 

 A992 steel was specified for all beam and column sections.  A572 Gr. 50 steel 

was specified for all plate material.  The values shown in Table 2.3 are the material 
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properties obtained from tensile coupon testing conducted by Colorado Metallurgical 

Services (CMS) and Certified Mill Test Reports. 

 

2.4 Loading History 

 The loading sequence for beam-to-column moment connections as defined in the 

2005 AISC Seismic Provisions was used for testing.  This loading sequence is presented 

in Figure 2.14.  Displacement was applied at the beam tip and was controlled by the 

interstory drift angle.  The loading began with six cycles each at 0.375%, 0.5%, and 

0.75% drift.  The next four cycles in the loading sequence were at 1% drift, followed by 

two cycles each at 1.5%, 2%, 3%, 4%, 5% drift, etc., until the specimen failed. 

 

2.5 Instrumentation 

A combination of displacement transducers, strain gage rosettes, and uniaxial 

strain gages were placed in specific locations on the specimens to measure global or local 

responses.  The applied load was measured with a load cell mounted on the actuator.  

Figures 2.15 and 2.16 show the location of displacement transducers.  Displacement 

transducer L1 measured the overall vertical displacement of the beam tip, located 10-3/4 

in. from the centerline of the actuator.  L2, L3, and L4 monitored movement of the 

column ends, which was intended to be negligible.  L5 and L6 measured column 

movement (L15 and L16 used in BFP-3 only).  L7 and L8 measured the slippage between 

flange plate and beam flange (L11 and L12 used in BFP-2 and BFP-3 to measure 

slippage at the shear tab).  L9 and L10 measured the average shear deformation of the 

column panel zone.  For Specimen BFP-3, which did not require continuity plates in 

accordance with the AISC Prequalified Connections for Special and Intermediate Steel 

Moment Frames for Seismic Applications (ANSI/AISC 358-05), L13 and L14 measured 

the local deformation of the column flange.  The various rosette and uniaxial strain gages 

were used to measure the strain throughout the connection region (see Figures 2.17 to 

2.19). 
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2.6 Data Reduction Procedure 

 To determine the contribution of panel zone, column, slip-bearing, and beam 

deformation to the overall beam tip deformation the following four step data reduction 

procedure was used.  Figure 2.20 shows the displacement transducer naming convention 

used in the data reduction procedure. 

(1) Panel Zone Component: Use Eq. 2.1 to compute the average panel zone shear 

 strain, γ  and Eq. 2.2 to compute the panel zone deformation contribution, δpz 

 to total beam tip displacement, δtotal. 

( )43

22

2
δ−δ

+
=γ

ab
ba  (2.1)

bpz Lγ=δ  (2.2)

(2) Column Component: The column rotation, θc, can be computed from Eq. 2.3 

 and the column deformation contribution, δc to δtotal from Eq. 2.4. 

( )
⎟
⎠
⎞

⎜
⎝
⎛ −γ−

δ−δ
=

H
d

d
b

b

total
c 1θ 12  (2.3)

⎟
⎠
⎞

⎜
⎝
⎛ +θ=δ

2
c

bcc
d

L  (2.4)

(3) Slip-Bearing Component: The slip-bearing rotation, θSB, and slip-bearing beam tip 

 displacement component, δSB can be computed from Eqs. 2.5 and 2.6 

 respectively. 

( )
i

SB d
65θ δ−δ

=  (2.5)

bSBSB Lθ=δ  (2.6)

(4) Beam Component: The beam component, δb of δtotal can be computed from Eq. 

2.7. 

SBc
c

b
b

pztotalb
d

L
H
d

δ−δ−⎟
⎠

⎞
⎜
⎝

⎛ +
γ

+δ−δ=δ
2

 (2.7)
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Table 2.1 Member Sizes and Connection Details 
 

(a) Member Sizes 
 

Specimen 
Designation Column Beam Lc  

(in.) Lc/db
a 

BFP-1 W14×233 W30×108 355-3/4 11.94 
BFP-2 W14×233 W30×148 367-1/2 11.97 
BFP-3 W14×311 W36×150 426-7/8 11.89 

aClear bay width-to-beam depth ratio, Lc/db (target ratio = 12) 
 

(b) Connection Details 
 

Specimen 
Designation 

Flange 
Plates 
(in.) 

Flange 
Plate  

Welding 

Row 
of 

Bolts 

Panel Zone 
Doubler Plate 

(in.) 

Continuity 
Plates 
(in.) 

BFP-1 1-1/2 ESW 7 NA 1 
BFP-2 1-3/4 ESW 11 3/4 1 
BFP-3 1-3/4 FCAW 10 3/4 NA 

 
 

 
 
 
 

Table 2.2 Panel Zone Shear 
 

Specimen 
Designation 

Required 
Strength 

(kips) 

Design 
Strength

(kips) 

Demand-Capacity 
Ratio 

BFP-1 658 643 1.02 
BFP-2 980 997 0.98 
BFP-3 944 1297 0.73 
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Table 2.3 Steel Mechanical Properties 
 

(a) Specimen BFP-1 
 

Member Steel 
Grade 

Yield 
Strengtha 

(ksi) 

Tensile 
Strengtha 

(ksi) 

Elongationa,b 

(%) 
Heat 
No. Steel Mill 

Column 
(W14×233) A992 51.5 

(57.0) 
76.5 

(75.5) 
28 

(25) 263579 Nucor-
Yamato 

Beam 
(W30×108) A992 52.0 

(57.0) 
77.5 

(75.0) 
30 

(24) 263312 Nucor-
Yamato 

BFP 
(1-1/2 in. Plate) 

A572 
Gr. 50 

60.5 
(63.0) 

87.5 
(85.3) 

25 
(22) M04958 Oregon 

Steel Mills 
Continuity Plate 

(1 in. Plate) 
A572 
Gr. 50 (56.7) (80.3) (20) 6103833 Nucor 

 
(b) Specimen BFP-2 

 

Member Steel 
Grade 

Yield 
Strengtha 

(ksi) 

Tensile 
Strengtha 

(ksi) 

Elongationa,b 

(%) Heat No. Steel Mill 

Column 
(W14×233) A992 51.5 

(57.0) 
76.5 

(75.5) 
28 

(25) 263579 Nucor-
Yamato 

Beam 
(W30×148) A992 58.5 

(60.0) 
80.0 

(79.0) 
27 

(22) 232698 Nucor-
Yamato 

BFP 
(1-3/4 in. Plate) 

A572 
Gr. 50 

54.5 
(60.1) 

81.5 
(84.6) 

27 
(17) 4106491 Nucor 

Doubler Plate 
(3/4 in. Plate) 

A572 
Gr. 50 (57.0) (78.0) (20) W3L775 Ipsco 

Continuity Plate 
(1 in. Plate) 

A572 
Gr. 50 (56.7) (80.3) (20) 6103833 Nucor 

 
(c) Specimen BFP-3 

 

Member Steel 
Grade 

Yield 
Strengtha 

(ksi) 

Tensile 
Strengtha 

(ksi) 

Elongationa,b 

(%) 
Heat 
No. Steel Mill 

Column 
(W14×311) A992 55.0 

(56.0) 
78.0 

(76.0) 
27 

(25) 263447 Nucor-
Yamato 

Beam 
(W36×150) A992  - 

(58.0) 
- 

(75.0) 
- 

(26) 255565 Nucor-
Yamato 

BFP 
(1-3/4 in. Plate) 

A572 
Gr. 50 

54.5 
(60.1) 

81.5 
(84.6) 

27 
(17) 4106491 Nucor 

Doubler Plate 
(3/4 in. Plate) 

A572 
Gr. 50 (57.0) (78.0) (20) W3L775 Ipsco 

aValues in parentheses are based on Certified Mill Test Reports, others from testing by CMS. 
bCertified Mill Test Report elongation in parentheses based on 8 in. gauge length, others based on 2 in. 
gage length. 
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(a) Schematic 
 

 
 

(b) Photo 
 

Figure 2.1 Test Setup for Specimens BFP-1 and BFP-2 
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(a) Schematic 
 

 
 

(b) Photo 
 

Figure 2.2 Test Setup for Specimen BFP-3 



   

 11 

 
 

(a) Schematic 
 

 
 

(b) Photo 
 

Figure 2.3 Lateral Bracing Frame A 



   

 12 

 
 

(a) Schematic 
 

 
 

(b) Photo 
 

Figure 2.4 Lateral Bracing Frame B (Specimen BFP-3) 
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(a) Top Hinge 
 

 
 

(b) Bottom Hinge 
 

Figure 2.5 Close-up of Column Supports 
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(a) Moment Connection 

 

 
(b) Flange Plate 

 

 
(c) Beam Flange 

 

Figure 2.6 Specimen BFP-1: Connection Details 
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(a) Moment Connection 

 

 
(b) Flange Plate 

 

 
(c) Beam Flange 

 

Figure 2.7 Specimen BFP-2: Connection Details 
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(a) Moment Connection 

 

 
(b) Flange Plate 

 
(c) Beam Flange 

 

Figure 2.8 Specimen BFP-3: Connection Details 
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(a) Setup 
 

 
 

(b) Close-up of Setup 
 

 
 

(c) Welding Process 
 

Figure 2.9 Electroslag Welding 
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(a) Setup 
 

 
 

(b) Welding Process 
 

Figure 2.10 Flux-cored Arc Welding 
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Figure 2.11 Bolt Tensioning 
 

 

 
 

Figure 2.12 Tension Control Bolt Pretension Verification 
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Figure 2.13 Shims Between Beam Flange and Flange Plate  
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Figure 2.14 AISC Loading Sequence 
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Figure 2.15 Displacement Transducer Locations 
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(a) Specimens BFP-1 and BFP-2 

 
 

 

 
(b) Specimen BFP-3 

 

Figure 2.16 Displacement Transducer Locations Detail at Connection 
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(a) Elevation and Section 

 

 
(b) Top Flange Plate 

 

 
(c) Bottom Flange Plate 

 

Figure 2.17 Specimen BFP-1: Uniaxial and Rosette Strain Gage Location 
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(d) Top (Bottom) Beam Flange [Outer Side] 

 

 
(e) Bottom Beam Flange [Inner Side] 

 

Figure 2.17 Specimen BFP-1: Uniaxial and Rosette Strain Gage Location (cont.) 
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(a) Elevation and Section 

 

 
(b) Top Flange Plate 

 

 
(c) Bottom Flange Plate 

 

Figure 2.18 Specimen BFP-2: Uniaxial and Rosette Strain Gage Location 
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(d) Top (Bottom) Beam Flange [Outer Side] 

 

 
(e) Bottom Beam Flange [Inner Side] 

 

Figure 2.18 Specimen BFP-2: Uniaxial and Rosette Strain Gage Location (cont.) 
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(a) Elevation and Section 

 

 
(b) Top Flange Plate 

 

 
(c) Bottom Flange Plate 

 

Figure 2.19 Specimen BFP-3: Uniaxial and Rosette Strain Gage Location 
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(d) Top (Bottom) Beam Flange [Outer Side] 

 

 
(e) Bottom Beam Flange [Inner Side] 

 

Figure 2.19 Specimen BFP-3: Uniaxial and Rosette Strain Gage Location (cont.) 
 
 
 
 
 

 
Figure 2.20 Data Reduction Procedure Instrumentation Plan 
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3.  TEST RESULTS 
3.1 Introduction 

 This chapter presents the observed performance and recorded response for the 

three bolted flange plate beam-to-column moment connection specimens.  Figures are 

included which show the progression of yielding, flange local buckling, and overall 

deformation with increasing drift.  Also included, where appropriate, are figures showing 

specimen fracture.  Plots of applied load versus beam tip displacement (and story drift 

ratio) and moment versus beam tip displacement illustrate specimen global behavior.  

Plots of moment versus the contributing components of beam tip displacement (panel 

zone shear deformation, column rotation, slip-bearing deformation of the bolted flange 

plate joint, and beam rotation) are provided to evaluate the relative contribution of each 

individual component to overall specimen displacement.  (The data reduction procedure 

for determination of these displacement components is described in Chapter 2.)  Also, 

selected plots of specimen strain versus applied load are included to illustrate specimen 

panel zone, flange plate, beam flange, and column flange strain demand. 

 

3.2 Specimen BFP-1 

 Specimen BFP-1 (W30×108 beam, W14×233 column, and flange plate to column 

flange weld by ESW process) was tested on February 15, 2007 using the loading 

sequence for beam-to-column moment connections as defined in the 2005 AISC Seismic 

Provisions (see Figure 2.14).  Test results showed that this specimen satisfied the 

Acceptance Criteria of the AISC Seismic Provisions for beam-to-column connections in 

special moment frames.  Specimen BFP-1 failed by beam flange net section fracture on 

the second excursion to +6% drift. 

 

3.2.1 Observed Performance 

Figure 3.1 shows an overall view of the specimen and a close-up of the 

connection region before testing.  Bolt slip, which was accompanied by very loud noise, 

occurred during the first cycle at 0.375% drift and on all subsequent cycles.  Minor 

yielding in the panel zone, as evidenced by the flaking of the whitewash, was observed at 

2% drift.  Obvious yielding in the panel zone and minor yielding in the beam flanges was 
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observed at 3% drift.  Flange and web local buckling initiated at 4% story drift, and 

lateral-torsional buckling (LTB) was observed at 5% drift simultaneously with twisting of 

the column.  Photos of the overall deformed configurations are shown in Figure 3.2.  

Figure 3.3 shows the yielding pattern in the beam at 2% to 6% drift.  Figure 3.4 shows 

the progression of panel zone yielding.  The significant LTB of the beam at 6% drift 

resulted in skewing of the actuator to the east side, as shown in Figure 3.5.  The specimen 

failed on the second excursion to +6% drift by net section fracture of the beam bottom 

flange at the outermost bolt row.  Figure 3.6 shows the location and a close-up view of 

the fracture.  Ductile fracture was accompanied by the occurrence of necking at the net 

section. 

 

3.2.2 Recorded Response 

A plot of the load versus beam tip displacement relationship is shown in Figure 

3.7 and moment (at column face) versus beam tip displacement relationship is shown in 

Figure 3.8.  The Interstory Drift Angle (i.e., total rotation) achieved by Specimen BFP-1 

was 0.06 radian, where the beam flexural strength at the column face did not degrade 

below 80% of the nominal plastic moment (Mpn) of the beam.  Figure 3.9 shows the 

relationship between the moment and the total plastic rotation.  Deformation of the beam, 

column, panel zone, and bolt slippage and bearing contributed to the total rotation of the 

specimen.  Figure 3.10 shows the relationship between moment and shear deformation at 

the panel zone, Figure 3.11 shows the relationship between moment and column total 

rotation, and Figure 3.12 shows the relationship between moment and beam slip-bearing 

rotation at the bolted flange plate connection.  (The slip-bearing rotation resulting from 

relative slip and bolt bearing deformation between the flange plates and beam flanges 

was calculated as described in Chapter 2.)  Figure 3.13 shows the relationship between 

moment and beam rotation.  As shown in Figures 3.10 and 3.12, shear deformation in the 

panel zone and slippage between the bolted flange plate and beam flange made 

significant contributions to the total rotation.  The column response remained in the 

elastic range (Figure 3.11).  Figure 3.14 shows the relative contribution of the beam, 

panel zone, column, and slippage-bearing to the overall beam tip displacement at 1% to 

6% drift.   
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 Figure 3.15 shows the shear strain in the panel zone.  Significant yielding in the 

panel zone can be observed.  Figure 3.16 shows the strain in the flange plate near the 

ESW CJP groove weld; strains of up to about 5 times the yield strain were observed.  

Figure 3.17 shows the strain at the net section of beam flange, and Figure 3.18 shows the 

strain in the column flange. 

 

3.3 Specimen BFP-2 

 Specimen BFP-2 (W30×148 beam, W14×233 column, and flange plate to column 

flange weld by ESW process) was tested on February 21, 2007 using the loading 

sequence for beam-to-column moment connections as defined in the 2005 AISC Seismic 

Provisions.  Test results showed that this specimen satisfied the Acceptance Criteria of 

the AISC Seismic Provisions for beam-to-column connections in special moment frames.  

Specimen BFP-2 completed one cycle at 6% drift before testing was suspended due to 

excessive lateral-torsional buckling (LTB) of the beam. 

 

3.3.1 Observed Performance 

 Figure 3.19 shows an overall view of the specimen and a close-up of the 

connection region before testing.  Bolt slip occurred during the first cycle at 0.375% drift 

and on all subsequent cycles.  Minor yielding in the panel zone, as evidenced by the 

flaking of the whitewash, was observed at 3% drift.  Obvious yielding in the panel zone, 

yielding in the beam flanges, and minor yielding of the flange plates were observed at 4% 

drift.  Also at 4% drift, minor local buckling of the beam web was observed.  LTB of the 

beam and associated column twisting were observed at 5% drift.  Photos of the overall 

deformed configurations are shown in Figure 3.20. Figures 3.21 and 3.22 show the 

yielding pattern in the beam and progression of panel zone yielding, respectively.  Figure 

3.23(a) and (b) shows beam LTB and column twisting at 5% drift.  The deformation 

became more significant at 6% drift.  The test was stopped after one complete cycle at 

6% drift due to excessive column twisting [see Figure 3.23(c)].  Figure 3.24 shows the 

actuator skewed to one side at +5% and +6% drift.  Figure 3.25 shows ovalization and 

necking of the beam top flange bolt hole at the outermost row of bolts. 
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3.3.2 Recorded Response 

A plot of the load versus beam tip displacement relationship is shown in Figure 

3.26, and moment (at column face) versus beam tip displacement relationship is shown in 

Figure 3.27. The specimen achieved an Interstory Drift Angle of 0.06 radian.  Figure 3.28 

shows the relationship between the moment and the total plastic rotation.  Figure 3.29 

shows the relationship between moment and shear deformation in the panel zone.  The 

shear deformation plotted in Figure 3.29 should be viewed with caution because column 

twisting affected the measurements of displacement transducers L9 and L10 (see Figure 

2.16).  Figure 3.30 shows the relationship between moment and column total rotation. 

Figure 3.31 shows the relationship between moment and beam slip-bearing rotation at the 

bolted flange plate connection, and Figure 3.32 shows the relationship between moment 

and beam rotation.  Shear deformation in the panel zone and slippage at the bolted flange 

plate made significant contributions to the total rotation (Figure 3.29 and Figure 3.31).   

The column response remained in the elastic range (Figure 3.30). Figure 3.33 shows the 

relative contribution of the components to the overall beam tip displacement at 1% to 4% 

drift. (Components for 5% and 6% drift are not shown because column twisting affected 

the measurements.) 

 Figure 3.34 shows the shear strain in panel zone.  Significant yielding in the panel 

zone can be observed.  Figure 3.35 shows the strain in the flange plate near the ESW CJP 

groove weld; strains of up to about 7 times the yield strain were observed.  Figure 3.36 

shows the strain in the beam flange at the net section of the outermost row of bolts.  As 

shown in Figure 3.36(c), significant yielding was observed at the net section.  Figure 3.37 

shows relatively minor yielding in the column flange. 

 

3.4 Specimen BFP-3 

 Specimen BFP-3 (W36×150 beam, W14×311 column, and flange plate to column 

flange weld by FCAW process) was tested on March 7, 2007 using the loading sequence 

for beam-to-column moment connections as defined in the 2005 AISC Seismic 

Provisions.  Test results showed that this specimen satisfied the Acceptance Criteria of 

the AISC Seismic Provisions for beam-to-column connections in special moment frames. 
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Specimen BFP-3 failed by beam flange net section fracture on the first excursion to +7% 

drift. 

 

3.4.1 Observed Performance 

 Figure 3.38 shows an overall view of the specimen and a close-up of the 

connection region before testing.  Bolt slip occurred during the first cycle at 0.5% drift 

and on all subsequent cycles.  Minor yielding in the beam flange was observed at 2% 

drift. Beam flange and web local buckling was observed at 4% drift.  At 5% drift, 

necking of the beam flange at the net section of outermost bolt row was observed for both 

the top and bottom flanges.  Beam LTB and associated column twisting were observed at 

6% drift.  Photos of the overall deformed configurations are shown in Figure 3.39.  

Figure 3.40 shows the yielding pattern in the beam.  Panel zone yielding was very limited 

(Figure 3.41).  Recall that the panel zone shear demand-capacity ratio (DCR) was 0.73 

for Specimen BFP-3, compared with a DCR of approximately 1.0 for Specimens BFP-1 

and BFP-2 (see Table 2.2).  Beam flange and web local buckling at 5% drift is shown in 

Figure 3.42.  As shown in Figure 3.43, obvious LTB and column twisting were observed 

at 6% drift level.  The unusual yielding pattern of the column shown in Figure 3.44 might 

have been caused by column twisting (i.e., warping stress), flange local bending, and/or 

web local yielding of the column.  The failure mode of this specimen was similar to 

Specimen BFP-1.  On the first excursion to +7% drift net section fracture of the beam 

bottom flange at the outermost bolt row was observed.  Figure 3.45 shows the location 

and a close-up view of the fracture. 

 
3.4.2 Recorded Response 

A plot of the load versus beam tip displacement relationship is shown in Figure 

3.46, and moment (at column face) versus beam tip displacement relationship is shown in 

Figure 3.47.  The specimen achieved an Interstory Drift Angle of 0.06 radian.  Figure 

3.48 shows the relationship between the moment and the total plastic rotation.  Figure 

3.49 shows the relationship between moment and shear deformation at the panel zone.  

Figure 3.50 shows the relationship between moment and column total rotation.  Figure 

3.51 shows the relationship between moment and beam slip-bearing rotation at the bolted 
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flange plate connection, and Figure 3.52 shows the relationship between moment and 

beam rotation.  The column panel zone remained in the elastic range (Figure 3.49).  Panel 

zone yielding was very limited, although the column flange experienced significant 

yielding due to column twisting, flange local bending, and web local yielding.  Figure 

3.53 shows the relative contribution of the components to the overall beam tip 

displacement at 1% to 6% drift. 

 Figure 3.54 shows the shear strain in the panel zone, which remained essentially 

elastic.  Figure 3.55 shows the strain in the flange plate near the FCAW CJP groove weld; 

strains of up to about 15 times the yield strain were observed.  Figure 3.56 shows the 

strain in the beam flange at the net section of the outermost row of bolts.  Significant 

yielding at the net section can be observed from Figure 3.56.  Minor yielding can be 

observed in the column flange (see Figure 3.57). 
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(a) Overall View 
 

 
 

(b) Close-up of Connection Region 
 

Figure 3.1 Specimen BFP-1: Before Testing 
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Positive Drift 
 

Negative Drift 

 

(a) 4% Drift 
 

 

(b) 5% Drift 
 

 

(c) 6% Drift 
 

Figure 3.2 Specimen BFP-1: Overall Deformed Configuration 
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(a) 2% Drift 
 

 

(b) 3% Drift 
 

 

(c) 4% Drift 
 

 

(d) 5% Drift 
 

 

(e) 6% Drift (1st Cycle) 
 

(f) 6% Drift (2nd Cycle) 
 

Figure 3.3 Specimen BFP-1: Yielding Pattern and Beam Local Buckling 
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(a) 2% Drift 
 

 

(b) 3% Drift 
 

  
 

(c) 4% Drift 
 

 

(d) 5% Drift 
 

 
 

(e) 6% Drift 
 

Figure 3.4 Specimen BFP-1: Panel Zone Yielding Pattern 
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Figure 3.5 Specimen BFP-1: Actuator Skewed to East Side at +6% Drift (2nd Cycle) 
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(a) Fracture Location 
 

 
 

(b) Close-up 
 

Figure 3.6 Specimen BFP-1: Beam Bottom Flange Net Section Fracture on 2nd Cycle at 
+6% Drift 
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Figure 3.7 Specimen BFP-1: Load versus Beam Tip Displacement 
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Figure 3.8 Specimen BFP-1: Beam Moment versus Beam Tip Displacement 
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Figure 3.9 Specimen BFP-1: Beam Moment versus Total Plastic Rotation 
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Figure 3.10 Specimen BFP-1: Beam Moment versus Panel Zone Deformation 
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Figure 3.11 Specimen BFP-1: Beam Moment versus Column Total Rotation 
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Figure 3.12 Specimen BFP-1: Beam Moment versus Slip-Bearing Rotation 
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Figure 3.13 Specimen BFP-1: Beam Moment versus Beam Rotation 
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Figure 3.14 Specimen BFP-1: Components of Beam Tip Displacement 
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(a) Strain Rosette Location 
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(b) Strain Rosette R1 

 

Figure 3.15 Specimen BFP-1: Shear Strain in Panel Zone 
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Top Flange Plate          Bottom Flange Plate 

(a) Strain Gage Locations 
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(b) Strain Gage S2 
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(c) Strain Gage S5 

 

Figure 3.16 Specimen BFP-1: Strains in Flange Plate near Electroslag Weld 
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Beam Bottom Flange 

 

(a) Strain Gage Locations 
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(b) Strain Gage S14 
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(c) Strain Gage S16 

 

Figure 3.17 Specimen BFP-1: Beam Flange Strains at Net Section 
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(a) Strain Gage Locations 
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(b) Strain Gage S23 
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(c) Strain Gage S25 

 

Figure 3.18 Specimen BFP-1: Strains in Column Flange 
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(a) Overall View 
 

 
 

(b) Close-up of Connection Region 
 

Figure 3.19 Specimen BFP-2: Before Testing 
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Positive Drift 
 

Negative Drift 

 

(a) 4% Drift 
 

 

(b) 5% Drift 
 

 

(c) 6% Drift 
 

Figure 3.20 Specimen BFP-2: Overall Deformed Configuration 
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(a) 3% Drift 
 

 

(b) 4% Drift 
 

 

(c) 5% Drift 
 

(d) 6% Drift 
 

Figure 3.21 Specimen BFP-2: Yielding Pattern and Beam Local Buckling 
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(a) 3% Drift 
 

 

(b) 4% Drift 
 

  
 

(c) 5% Drift 
 

(d) 6% Drift 
 

Figure 3.22 Specimen BFP-2: Panel Zone Yielding Pattern 
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(a) +5% Drift 
 

 
 

(b) -5% Drift 
 

 
 

(c) +6% Drift 
 

Figure 3.23 Specimen BFP-2: Beam Lateral-Torsional Buckling  
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(a) +5% Drift 
  

(b) +6% Drift 
 

Figure 3.24 Specimen BFP-2: Actuator Skewed to East Side 
 
 
 

 
 

Figure 3.25 Specimen BFP-2: Beam Flange Bolt Hole Ovalization and Necking at 
Outermost Bolt Row (after Testing) 
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Figure 3.26 Specimen BFP-2: Load versus Beam Tip Displacement 
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Figure 3.27 Specimen BFP-2: Beam Moment versus Beam Tip Displacement 
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Figure 3.28 Specimen BFP-2: Beam Moment versus Total Plastic Rotation 
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Figure 3.29 Specimen BFP-2: Beam Moment versus Panel Zone Deformation 
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Figure 3.30 Specimen BFP-2: Beam Moment versus Column Total Rotation 
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Figure 3.31 Specimen BFP-2: Beam Moment versus Slip-Bearing Rotation 
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Figure 3.32 Specimen BFP-2: Beam Moment versus Beam Rotation 
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Figure 3.33 Specimen BFP-2: Components of Beam Tip Displacement 
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(a) Strain Rosette Location 

 
 

-0.02 -0.01 0.0 0.01 0.02

-300

-200

-100

0

100

200

300

Shear Strain (rad.)

A
pp

lie
d 

Lo
ad

 (k
ip

s)

-8 -6 -4 -2 0 2 4 6 8

Normalized Strain

 
(b) Strain Rosette R1 (on Doubler Plate) 
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(c) Strain Rosette R2 (on Column Web) 

 

Figure 3.34 Specimen BFP-2: Shear Strain in Panel Zone 
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Top Flange Plate          Bottom Flange Plate 

(a) Strain Gage Locations 
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(b) Strain Gage S2 
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(c) Strain Gage S5 

 

Figure 3.35 Specimen BFP-2: Strains in Flange Plate near Electroslag Weld 
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Bottom Beam Flange 

 

(a) Strain Gage Locations 
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(b) Strain Gage S16 
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(c) Strain Gage S18 

 

Figure 3.36 Specimen BFP-2: Beam Flange Strains at Net Section 
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(a) Strain Gage Locations 
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(b) Strain Gage S23 
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(c) Strain Gage S26 

 

Figure 3.37 Specimen BFP-2: Strains in Column Flange 
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(a) Overall View 
 

 
 

(b) Close-up of Connection Region 
 

Figure 3.38 Specimen BFP-3: Before Testing 
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Positive Drift 
 

Negative Drift 

 

(a) 4% Drift 
 

 

(b) 5% Drift 
 

 

(c) 6% Drift 
 

Figure 3.39 Specimen BFP-3: Overall Deformed Configuration 
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(a) 3% Drift 
 

 

(b) 4% Drift 
 

 

(c) 5% Drift 
 

(d) 6% Drift 
 

Figure 3.40 Specimen BFP-3: Yielding Pattern and Beam Local Buckling 
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(a) 3% Drift 
 

 

(b) 4% Drift 
 

  
 

(c) 5% Drift 
 

(d) 6% Drift 
 

Figure 3.41 Specimen BFP-3: Panel Zone Yielding Pattern 
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(a) Web Local Buckling 
 

 
 

(b) Flange Local Buckling 
 

Figure 3.42 Specimen BFP-3: Local Buckling at +5% Drift 
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(a) Overall View 
 

 
 

(b) Close-up of Connection 
 

Figure 3.43 Specimen BFP-3: Lateral-Torsional Buckling at +6% Drift 
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(a) Overall 
 

 
 

(b) West Side Top Detail 
 

 
 

(c) East Side Top Detail 
 

Figure 3.44 Specimen BFP-3: Yielding in Column 
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(a) Fracture Location 
 

 
 

(b) Close-up 
 

Figure 3.45 Specimen BFP-3: Beam Bottom Flange Net Section Fracture on 1st Cycle at 
+7% Drift 
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Figure 3.46 Specimen BFP-3: Load versus Beam Tip Displacement 
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Figure 3.47 Specimen BFP-3: Beam Moment versus Beam Tip Displacement 
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Figure 3.48 Specimen BFP-3: Beam Moment versus Total Plastic Rotation 
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Figure 3.49 Specimen BFP-3: Beam Moment versus Panel Zone Deformation 
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Figure 3.50 Specimen BFP-3: Beam Moment versus Column Total Rotation 
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Figure 3.51 Specimen BFP-3: Beam Moment versus Slip-Bearing Rotation 
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Figure 3.52 Specimen BFP-3: Beam Moment versus Beam Rotation 
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Figure 3.53 Specimen BFP-3: Components of Beam Tip Displacement 
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(a) Strain Rosette Location 
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(b) Strain Rosette R1 (on Column Web) 
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(c) Strain Rosette R2 (on Doubler Plate) 

 

Figure 3.54 Specimen BFP-3: Shear Strain in Panel Zone 
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Top Flange Plate       Bottom Flange Plate 

(a) Strain Gage Locations 
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(b) Strain Gage S2 
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(c) Strain Gage S5 

 

Figure 3.55 Specimen BFP-3: Strains in Flange Plate near Flux-cored Arc Weld 
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Bottom Beam Flange 

 

(a) Strain Gage Locations 
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(b) Strain Gage S17 
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(c) Strain Gage S19 

 

Figure 3.56 Specimen BFP-3: Strains in Beam Flange 
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(a) Strain Gage Locations 
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(b) Strain Gage S27 
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(c) Strain Gage S29 

 

Figure 3.57 Specimen BFP-3: Strains in Column Flange 
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4. COMPARISON OF EXPERIMENTAL RESULTS 
 
4.1 Global Response 

 A plot of the moment (at column face) versus beam tip displacement relationship 

is shown in Figure 4.1 for the three specimens.  To meet the Acceptance Criteria of the 

AISC Seismic Provisions, specimens shall satisfy the following requirements: (1) the 

connection must be capable of sustaining an interstory drift angle of at least 0.04 radians, 

and (2) the required flexural strength of the connections, determined at the column face, 

must equal at least 80% of the nominal plastic moment (Mpn) of the connected beam at an 

interstory drift angle of 0.04 radians.  The vertical dashed lines shown in Figure 4.1 are at 

4% drift and the horizontal dashed lines are at 80% of the nominal plastic moment.  

Specimens exceeded the requirements of the AISC Acceptance Criteria and achieved an 

interstory drift angle of at least 0.06 radian.  The pinching observed in the hysteresis 

loops is mainly attributed to the slip-bearing behavior of the bolted connection.  After 

some amount of initial slippage, hardening behavior can be observed due to bearing 

between the bolt, flange plate, and beam flange. 

 

4.2 Displacement Components 

 Figure 4.2 shows the relative contribution of the column, beam, panel zone, and 

slip-bearing deformation to the overall beam tip displacement at different drift levels.  

[For Specimen BFP-2, components at 5% and 6% drift are not shown in Figure 4.2(b) 

because column twisting affected the measurements.]  Shear deformation in the panel 

zone and slippage between the flange plate and beam flange made significant 

contributions to the total beam tip displacement of Specimens BFP-1 and BFP-2.  

Deformation in the panel zone of Specimen BFP-3 was limited because of the strong 

panel zone (demand-capacity ratio of 0.73).  But slippage and bearing between the flange 

plate and beam flange made a significant contribution to the total beam tip displacement.  

The BFP connection differs from welded moment connections in that the additional 

component of bolt slip-bearing contributes to overall inelastic deformation of the 

connection.  Slip-bearing deformation contributed a significant amount to the total 

deformation (approximately 30% of the total deformation at an interstory drift angle of 

0.04 radians). 
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4.3 Beam Overstrength 

 The overstrength factor, α, resulting from cyclic strain hardening, for each 

specimen as computed from Eq. 4.1 is shown in Figure 4.3. 

pa

u

M
M

=α  (4.1)

Ultimate moment, Mu, was calculated from test data at the assumed plastic hinge location 

[i.e., at the center of the outermost (furthest from the column face) row of bolts] and Mpa 

was the plastic moment of the beam based on measured flange yield strength.  Specimen 

overstrength values were similar to the value of 1.15 [=(Fy+Fu)/2Fy] given by AISC 

Prequalified Connections (AISC 2005a). 

 

4.4 Lateral-Torsional Buckling and Column Twisting 

 Beam flange and web local buckling initiated at 4% drift, and lateral-torsional 

buckling (LTB) of the beam together with twisting of the column was observed at 5% 

drift for all specimens.  Figure 4.4(b) shows one column flange strain gage, near the 

flange tip, plotted versus the gage near the opposite flange tip [see Figure 4.4(a)] for 

Specimen BFP-2.  Deviation from the one-to-one (dashed) line provides an indication of 

column twisting (i.e., warping stress).  Similar evidence of column twisting was observed 

for the other specimens.  The specimens did not include a concrete structural slab, which 

would have provided lateral bracing to the beam top flange and torsional restraint to the 

column.  Column twisting has been observed in testing of RBS moment connection 

specimens with deep columns and without a concrete structural slab (Chi and Uang, 

2002), but not in testing with W14 columns.  Additional deep column moment 

connection testing has indicated that the presence of a concrete structural slab mitigates 

column twisting issues associated with deep columns (Zhang and Ricles, 2006).  

However, the column twisting observed in this testing is a phenomenon that has not been 

previously observed in testing of moment connections with W14 columns with or without 

a concrete structural slab. 

 Potential contributing factors to the observed column twisting include: (1) the 

geometry of the flange plate connection, which pushes the plastic hinge location further 

away from the column face, and (2) the oversized holes in the flange plates allowing 
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transverse movement of the beam.  The gap between oversized bolt holes and the bolt 

shank allows for transverse movement of the beam; the second-order effect resulting 

from such eccentricity in the beam compression flange, although small initially, promotes 

LTB of the beam.  With the plastic hinge located further away from the column face than 

for typical (e.g., RBS) welded moment connections, the effect of out-of-plane forces is 

magnified (Chi and Uang, 2002). 

 

4.5 Bolt Slip-Bearing Deformation 

 It is expected based on the design of the bolted connection that slip will occur.  

However, slip occurred at approximately one-half the expected slip capacity considering 

the total resistance of all bolts in the connection.  Bolt slip, which produced very loud 

noises, occurred during early cycles (at 0.375% or 0.5% drift) and on all subsequent 

cycles.  As shown in Figure 4.2, deformation from slip-bearing made a significant 

contribution to the total deformation.  For all specimens at 4% drift slip-bearing 

deformation contributed approximately 30% of the total deformation.  The level of slip-

bearing deformation was observed to be consistent for different loading amplitudes (i.e., 

2, 3, 4% drift). 

 The contribution of slip-bearing deformation to the total deformation is dependent 

on the oversize of the bolt holes in the flange plate and beam flange.  During testing bolt 

slip was observed to occur on early cycles and significantly contributed to the overall 

beam tip displacement on these cycles.  As a result, beam flange yielding for the BFP 

specimens was not observed to occur until 2% drift, whereas for a typical welded 

moment connection, flange yielding would be expected at about 1% drift.  Also, the 

observed level of beam flange and web local buckling was less severe than observed in 

previous testing of welded moment connections (Uang et al., 2000).  Bolt slippage and 

bearing deformation in the BFP connection accommodated deformation that would have 

induced both local and lateral-torsional buckling in a welded connection. 

 

4.6 Net Section Fracture 

 Specimens BFP-1 and BFP-3 eventually failed by net section fracture of the beam 

flange at the outermost row of bolts.  Testing of Specimen BFP-2 was stopped before 
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fracture, but necking at the outermost row of bolts was observed and it is likely that 

fracture on the net section would have occurred if testing was continued.  Strain demand 

on the net section was exacerbated by LTB of the beam.  Figure 4.5 shows strain profiles 

across the Specimen BFP-3 beam bottom flange for different drift levels.  The skew of 

the strain profiles at higher drift levels resulted from beam LTB.  Maintaining an 

adequate edge distance is, therefore, important for the design of BFP connections. 
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(a) Specimen BFP-1 
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(b) Specimen BFP-2 
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(c) Specimen BFP-3 
 

Figure 4.1 Moment versus Beam Tip Displacement Relationships 
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(a) Specimen BFP-1 
 

 

1 2 3 4 5 6
0

2

4

6

8

10

12

Story Drift Ratio (%)

Be
am

 T
ip

 D
is

pl
ac

em
en

t (
in

.)

Column
Beam
Panel Zone
Slip-Bearing

 

(b) Specimen BFP-2 
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(c) Specimen BFP-3 
Figure 4.2 Components of Beam Tip Displacement 
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Figure 4.3 Beam Cyclic Overstrength Ratio 

 
 
 

 
 

(a) Strain Gage Locations 
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(b) Comparison of Strain Gages S26 and S27 
 

Figure 4.4 Specimen BFP-2: Column Flange Strains 
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(a) Strain Gage Locations 
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(b) Strain Profile (S17, S18, S19) 
 

Figure 4.5 Specimen BFP-3: Strain Profiles across Beam Bottom Flange Width 
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5.  SUMMARY AND CONCLUSIONS 
 

5.1 Summary 

Three full-scale, one-sided, bolted flange plate steel moment-frame connection 

specimens consisting of W14 columns and W30 to W36 beams were subjected to 

increasing amplitude cyclic testing to support prequalification of the bolted flange plate 

connection for special moment resisting frames.  Specimens were designed in accordance 

with the design procedure developed by the BFP Committee of AISC’s Connection 

Prequalification Review Panel.   

 

5.2 Conclusions 

 All three specimens performed well and met the Acceptance Criteria of the AISC 

Seismic Provisions.  Specimens achieved an interstory drift angle of 0.06 radians before 

failure.  All three specimens experienced necking in the beam flange at the outermost row 

of bolts.  Specimens BFP-1 and BFP-3 eventually failed by beam flange net section 

fracture.  The tensile demand on the net section where fracture occurred was further 

increased by LTB of the beam. 

 On large drift cycles (0.05 and 0.06 radians) column twisting was observed in 

addition to beam LTB.  The specimens did not include a concrete structural slab, which 

would limit LTB and column twisting.  However, column twisting has not previously 

been observed in testing of moment connection specimens with W14 columns without a 

concrete structural slab. 

 Bolt-slip occurred early during testing of all three specimens.  The BFP 

connection differs from welded moment connections in that the additional component of 

bolt slip-bearing contributes to overall inelastic deformation of the connection.  Slip-

bearing deformation contributed a significant amount to the total deformation 

(approximately 30% of the total deformation at an interstory drift angle of 0.04 radians). 
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APPENDIX A: Shop Drawings 
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APPENDIX B: Welding Procedure Specifications and Procedure 
Qualification Records 
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