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EXECUTIVE SUMMARY 
There are currently two types of special moment frame (SMF) stiffened end-plate connections 

allowed in AISC 358-16: four-bolt extended stiffened (4ES), and eight-bolt extended stiffened 

(8ES) (AISC 2016a). Most of the specimens used for the qualification testing of the two 

configurations were fabricated using A36 beam and stiffener steel or A572 Gr. 50 beam and A36 

stiffener plate steel. Recently, qualification testing was attempted for a new 12 bolt, stiffened end-

plate configuration using built-up 24 in. and 44 in. deep beams. The beam webs and end-plates 

were A572 Gr. 55 steel while the beam flanges were A529 Gr. 55 steel. Four qualification tests 

were not successful because of brittle fracture of a beam flange prior to completion of the AISC 

341-16 (AISC 2016b) loading protocol. Because of this unexpected failure mode, two tests each 

using the 4ES and 8ES end-plate configurations and A992 hot-rolled beams with A572 Gr. 50 

stiffener material were conducted. Of particular interest was the effect of the weld configuration 

at the toe of the stiffeners. A complete description the testing program and results is the subject of 

this report. 

The testing program was conducted with four specimens, two having W24×76 beams with 4ES 

configurations and two with W36×150 beams having 8ES configurations. A cyclic displacement 

protocol was applied to the specimen in accordance with special moment frame (SMF) 

qualification testing in AISC 341-16. One each of the 4ES and 8ES connection specimens had the 

stiffener-to-beam flange weld wrapped around the toe of the stiffener while the other two 

specimens had welds on the sides of the stiffener only. 

All four specimens passed SMF qualification per AISC 341-16 by surviving cycles up to 4% 

story drift while retaining 80% of the nominal plastic moment at the face of the column. The 4ES 

and 8ES specimens with welds only on the sides of the stiffener survived 10 cycles and 1 cycle at 

5% story drift, respectively, before the flange experienced full fracture. Specimens with the 

stiffener-to-beam flange weld wrapped around the toe experienced flange fracture one cycle 

sooner. 

These tests showed that 4ES and 8ES connections with A992 rolled beams and A572 Grade 

50 stiffener material designed and detailed according to AISC 358-16 are capable of reaching SMF 
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qualification and are appropriate for use in special moment resisting frames. It is recommended to 

have the weld from the stiffener to the beam flange on the sides only (not wrapped around the toe 

of the stiffener) because those specimens exhibited more deformation capacity. However, 

connections with weld wrapped around the toe of the stiffener also satisfied SMF qualification. 
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CHAPTER 1 - INTRODUCTION 
There are currently two types of special moment frame (SMF) stiffened end-plate 

connections prequalified in AISC 358-16: four-bolt extended stiffened (4ES), and eight-bolt 

extended stiffened (8ES) configurations as shown in Figure 1.1 (AISC 2016a). Most of the 

specimens used for the qualification testing were fabricated using A36 beams and stiffener material 

or A572 Gr. 50 beams with A36 stiffener material.  

 
 (a) Four-bolt extended stiffened (4ES)  (b) Eight-bolt extended stiffened (8ES) 

Figure 1.1. The two types of stiffened end-plate SMRF connections allowed in AISC 358-16 
 

Recently, qualification testing was attempted for a new 12 bolt, stiffened end-plate 

configuration using built-up 24 in. and 44 in. deep beams. The bolt configuration is shown in 

Figure 1.2(a). The beam webs and end-plates were A572 Gr. 55 steel while the beam flanges were 

A529 Gr. 55 steel. The four qualification tests were not successful because of brittle fracture of a 

beam flange prior to completion of the AISC 341-16 (AISC 2016b) loading protocol. Figure 1.2(b) 

shows a typical flange fracture. Because of this unexpected failure mode, two tests each using the 

4ES and 8ES end-plate configurations and A992 hot-rolled beams with A572 Gr. 50 stiffener 

material were conducted.  Table 1.1 describes four built-up beam specimens from two previous 

testing programs.  
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(a) 12 bolt extended stiffened configuration (12ES)     (b) Typical fracture pattern   

Figure 1.2. Fracture at the toe of the stiffener for specimen 12ES-1.125-1.25-24 
[from Szabo et al. (2017)] 

 

Table 1.1. Matrix of Recent Tests on 12 Bolt Extended Stiffened End-Plate Connections 

Specimen 

Beam 
Depth, 
d (in) 

Material 
Specification 

Measured or 
Mill 

Certification 
Yield Stress, Fy 

Stiffener 
Weld 

Detailing Result 
12ES-1.25-1.50-44a1 

Manufacturer 1 
44 Flange: A529 Gr. 55 

Web: A572 Gr. 55 
Stiffener: A572 Gr. 55 

59.3 ksi 3 
59.2 ksi 3 
63.6 ksi 4 

Sides Only Fracture after first 
cycle at 2% drift 

12ES-1.125-1.25-241 
Manufacturer 1 

24 Flange: A529 Gr. 55 
Web: A572 Gr. 55 

Stiffener: A572 Gr. 55 

59.3 ksi 3 
69.7 ksi 3 
69.7 ksi 3 

Sides Only Fracture after first 
cycle at 3% drift 

12ES-1.25-1.50-44b2 
–Manufacturer 2 

44 Flange: A529 Gr. 55 
Web: A572 Gr. 55 

Stiffener: A572 Gr. 55 

58.3 ksi 4 
60.5 ksi 4 
69.7 ksi 3 

Sides Only Fracture after first 
cycle at 1.5% drift 

12ES-1.25-1.50-44c2 
- Manufacturer 2 

44 Flange: A529 Gr. 55 
Web: A572 Gr. 55 

Stiffener: A572 Gr. 55 

58.3 ksi 4 
60.5 ksi 4 
69.7 ksi 3 

Wrap 
Around 

Toe 

Fracture after first 
cycle at 2% drift 

1 From Szabo et al. (2017) 
2 From Zarat-Basir et al. (2020) 
3 Measured yield stress of coupons taken from specimen 
4 Measured yield stress from mill certification reports 

The specimens, materials, and fracture surfaces of the 12ES-1.25-1.50-44a and 12ES-

1.125-1.25-24 specimens were investigated after testing. It was found that the material used for 

the stiffeners had a higher yield stress than the beam flange as shown in Table 1.1.  
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Finite element simulations were conducted in the Szabo et al. (2017) study. The finite 

element studies determined that having stiffeners with a higher yield stress drives more plastic 

strain into the beam flange at the toe of the stiffener, which can contribute to earlier fracture. This 

finding was consistent with the fractures observed during testing, where fractures initiated at the 

toe of the stiffener as shown in Figure 1.2b. 

The finite element study suggested that a simple change in the stiffener weld detailing 

could reduce the concentration of plastic strain and delay fracture. By wrapping the weld around 

the toe of the stiffener (Figure 1.3b vs. Figure 1.3a), the plastic strains in the beam flange were 

predicted to be spread out more and thus delay fracture (Szabo et al. 2017). It is noted that AISC 

358-16 does not specify whether the stiffener weld should be on the sides or wrap around the toe. 

     
(a) Welds on sides of stiffener only                (b) Weld wraps around toe of stiffener 

Figure 1.3. Weld detailing for the stiffener [from Zarat-Basir et al. (2020)] 
 

One of the primary testing programs used in the prequalification of the 8ES configuration 

was by Sumner and Murray (2002), where it was found that W30×99 and W36×150 beams 

satisfied the SMF qualification criteria. The material specifications used in that program were A36 

stiffener plates and A572 Gr. 50 beams, as was typical practice at that time. However, it is 

becoming more common for engineers to specify plates that are A572 Gr. 50 and rolled beams that 

are A992, meaning the stiffener plates and beams are expected to have a similar yield stress. 
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The main objective of the research reported herein is to examine whether the brittle fracture 

found in previous testing programs on built-up beams with twelve bolt extended stiffened 

connections will also occur for the 4ES and 8ES end-plate moment connection configurations with 

rolled beams and Grade 50 stiffener material. Another objective of this research is to determine 

whether wrapping the stiffener-to-beam flange weld around the toe of the stiffener is beneficial in 

delaying fracture.  
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CHAPTER 2 - EXPERIMENTAL PROGRAM 

This chapter describes the test setup, test specimens, and instrumentation plan used in the four 

connection tests. 

2.1 Test Specimens 

Four stiffened extended end-plate connections were tested at the Thomas M. Murray Structural 

Engineering Laboratory at Virginia Tech: two W24×76 beams with a 4ES configuration and two 

W36×150 beams with an 8ES configuration. The only difference between the similarly sized 

specimens was the stiffener weld detail. On one specimen of each beam size, the stiffener-to-beam 

flange fillet weld was wrapped around the toe, while on the other specimen of the same beam size, 

the weld was not wrapped around the toe. The test matrix is given in Table 2.1 and an example of 

each connection type is shown in Figure 2.1. An example of each weld detail is also shown in 

Figure 2.2.  

These beam sizes were chosen because they represent the largest rolled shapes that can be used 

with their respective connections. This means the extreme fiber strains will be greater than other 

beam sections, and thus these specimens may be considered a worst-case configuration for fracture 

potential at the toe of the stiffener. The connections were designed in accordance with AISC 358-

16 (AISC 2016a).  

Table 2.1. Test matrix 

Specimen Name Beam 
Size Bolt Configuration 

Stiffener 
Weld 

Detailing 
Purpose 

4ES-1.375-1.25-24sides  W24×76  Four-Bolt Extended 
Stiffened (4ES) 

Sides  
Only 

Largest beam for 4ES. Verify 
existing provisions for 4ES. 

4ES-1.375-1.25-24wrap  W24×76  Four-Bolt Extended 
Stiffened (4ES) 

Wrap 
Around Toe 

Investigate the effect of wrap 
around weld on ductility. 

8ES-1.375-1.5-36sides W36×150 Eight-Bolt Extended 
Stiffened (8ES) 

Sides  
Only 

Largest beam allowed for 8ES. 
Verify existing provisions for 8ES. 

8ES-1.375-1.5-36wrap  W36×150 Eight-Bolt Extended 
Stiffened (8ES) 

Wrap 
Around Toe 

Investigate the effect of wrap 
around weld on ductility. 
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(a) 4ES (b) 8ES 

Figure 2.1. Example connections onW24×76 and W36×150 beams, with whitewash applied 

  
(a) Welds on stiffener sides only (b) Weld wrapped around stiffener toe 

Figure 2.2. Examples of stiffener weld details 

Specimen details are shown in Figure 2.3 and 2.4 and material properties are given in Table 

2.2. Shop drawings, mill certification reports, and weld procedure specifications are provided in 

Appendices A, E and R, respectively. The 1-3/8 in. diameter bolts were pretensioned using a 

pneumatic impact wrench and the turn-of-the-nut tightening method. 
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Figure 2.3. Details of the W24×76 specimens (Each end represents one specimen) 

 
Figure 2.4. Details of the W36×150 specimens (Each end represents one specimen) 
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Table 2.2. Material Properties from Mill Certification Reports 

 Material 
Specification 

Yield 
Stress (ksi) 

Ultimate 
Stress (ksi) 

W24x76 A992 55.8 69.9 
W36x150 A992 53.4 69.1 

1/2 in. Thick Stiffener for W24 Specimens A572 Gr. 50 66.0 73.6 
5/8in. Thick Stiffener for W36 Specimens A572 Gr. 50 54.6 77.4 

1-1/4 in. Thick End-Plate for W24 Specimens A572 Gr. 50 56 70 
1-1/2 in. Thick End-Plate for W36 Specimens A572 Gr. 50 50 75 

 

2.2 Test Setup 

The specimen and setup configuration, shown in Figures 2.5 and 2.6, simulated an exterior 

moment connection in a frame with 32 ft. wide bays and 12 ft. story heights. The reaction column 

was a W14×398 that was reused for each of the four tests. Load was applied using an MTS 201.70 

servohydraulic actuator, which had a tension capacity of 220 kips and a compression capacity of 

330 kips. Lateral bracing was provided at the end of the plastic hinge and near the point of loading 

to limit lateral torsional buckling outside of the plastic hinge region. Additional drawings of the 

test setup are given in Appendix B. 
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Figure 2.5. Schematic drawing of beam-to-column moment connection test setup 

 
Figure 2.6. Photograph of test setup 
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2.3 Instrumentation Plan 

The instrumentation plan, shown in Figure 2.7, included thirteen displacement sensors that 

were used to control the loading application and decompose the story drift into components. The 

internal actuator load cell and linear voltage differential transformer measured the applied force 

and displacement, respectively. Two instrumented spring calipers were placed at the centerlines of 

the top and bottom beam flanges to measure end-plate separation from the column flange. All 

sensors were connected to a National Instruments data acquisition system which was managed 

using National Instruments Signal Express software. 

 
Figure 2.7. Instrumentation plan for all tests 

In addition to these sensors, the tests were recorded with Canon digital SLR cameras; four 

cameras captured different angles of the beam-column connection and one camera captured an 

overall view of the setup. An example of the camera views is shown in Figure 2.8. Pictures were 

taken every six seconds using the GB Timelapse software and were compiled into timelapse videos 

to show the behavior of the connection over the course of the test. Hydrated lime whitewash was 

also used to indicate where the steel had yielded and where stresses were likely concentrated. The 
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whitewash was a 1:1 mixture of lime and water that adhered to the beam when applied, but fell off 

when the mill scale flaked off. 

  

 

(a) (b) 

  
(c) (d) (e) 

Figure 2.8. Composite of camera views for connection tests 

2.4 Loading Protocol and SMF Qualification Criteria 

The loading protocol followed the qualification displacement protocol for special moment 

frames as given in AISC 341-16 (AISC 2016b) and shown is in Table 2.3. After completing the 

two 4% story drift cycles, the specimens were subjected to 5% story drift cycles until failure. For 

all tests, the specimens were loaded at a rate of 0.0002 radians/second through the first two cycles 

of 5% story drift, after which the rate was doubled to 0.0004 radians/second. These rates 

correspond to vertical displacement of approximately 2.3 in./min. and 4.6 in./min., respectively. 
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Table 2.3. Loading protocol for qualification testing of end-plate moment connections 

Story Drift 
Number of Cycles 

Radians Percent 

0.00375 0.375% 6 
0.005 0.5% 6 
0.075 0.75% 6 
0.01 1% 4 

0.015 1.5% 2 
0.02 2% 2 
0.03 3% 2 
0.04 4% 2 
0.05 5% Until fracture 

To ensure the loading protocol was accurately followed, the applied story drift was calculated 

real time and used in an active feedback loop to control the movement of the actuator. This was 

accomplished in the MTS Multipurpose Testware Software with the Calculations Module. The 

applied story drift, θapp, was calculated using Eq. (2.1), 

where:  

ℎ𝑐𝑐𝑐𝑐𝑐𝑐 = distance between SP_01 and SP_08, 11.4 ft. 
𝐿𝐿𝑐𝑐 = distance from the actuator centerline to column centerline, 16 ft. 

𝛿𝛿𝑆𝑆𝑆𝑆_01 = displacement measured by SP_01 
𝛿𝛿𝑆𝑆𝑆𝑆_05 = displacement measured by SP_05 
𝛿𝛿𝑆𝑆𝑆𝑆_08 = displacement measured by SP_08 

 

The qualification criterion for special moment frame connections in AISC 341-16 is that the 

connection must maintain a moment at the face of the column that is at least 80% of the nominal 

flexural resistance, through the first cycle of 4% story drift. The moment at the face of the column 

was calculated as the applied load multiplied by the distance from the point of loading to the face 

of the column, 15.2 ft. This was then compared to the nominal flexural resistance of the section: 

833 kip-ft. for W24×76 beams or 2,420 kip-ft. for W36×150 beams (AISC 2017). 

 

 𝜃𝜃𝑎𝑎𝑎𝑎𝑎𝑎 =
−𝛿𝛿𝑆𝑆𝑆𝑆_05

𝐿𝐿𝑐𝑐
+
𝛿𝛿𝑆𝑆𝑆𝑆_01 − 𝛿𝛿𝑆𝑆𝑆𝑆_08

ℎ𝑐𝑐𝑐𝑐𝑐𝑐
 

 

(2.1) 
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CHAPTER 3 - RESULTS 

This section presents the general results of the four tests, and then describes the buckling and 

fracture propagation for the individual specimens. Finally, the story drift components are presented 

for three of the four tests; sensor data for 8ES-1.375-1.5-36wrap was inadvertently not recorded 

so the story drift decomposition could not be completed. 

3.1 Moment-Rotation Behavior 

All four specimens met the qualification criterion, as the moment at the face of the column was 

at least 80% of the nominal flexural resistance of the beam through the first cycle of 4% story drift. 

The beam moments at the face of the column at the peaks of the first 4% story drift cycle are given 

in Table 3.1, along with the value of 80% of the nominal plastic flexural resistance. Because the 

moment was calculated using the measured actuator force, the additional moment due to the weight 

of the actuator swivel and the weight of the beam are not included. The weight of the actuator 

swivel, W36x150 beam specimen, and the W24x76 beam specimen were 2000 lbs, 3000 lbs, and 

1500 lbs, respectively which leads to a moment at the face of the column equal to 730 k-in. and 

550 k-in. for the W36x150 and W24x76 specimens respectively. The numbers in parentheses in 

Table 3.1 give the peak moment adjusted for these weights. The moment-rotation response of the 

specimens is shown in Figure 3.1 without correction for beam or actuator swivel weight. 

Table 1.1. Moment at the face of the column during the first cycle at 4% story drift 

Specimen Name 
Moment at Negative 

Peak* (k-in) 

Moment at Positive 

Peak* (k-in) 

80% of nominal Mp 

(k-in) 

4ES-1.375-1.25-24sides  13,030 (12,480) 12,740 (13,290) 8,000 

4ES-1.375-1.25-24wrap  13,000 (12,450) 12,120 (12,670) 8,000 

8ES-1.375-1.5-36sides 31,980 (31,250) 30,300 (31,030) 23,240 

8ES-1.375-1.5-36wrap  34690 (33,960) 32310 (33,040) 23,240 

  *Number is parentheses is adjusted for the weight of the actuator swivel and the beam. 
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(a) 4ES-1.375-1.25-24wrap (b) 4ES-1.375-1.25-24sides 

  
(c) 8ES-1.375-1.5-36wrap (d) 8ES-1.375-1.5-36sides 

Figure 3.1. Moment-rotation plots for end-plate connections  

3.2 Buckling and Fracture Behavior 

3.2.1 Specimen 4ES-1.375-1.25-24sides 

The condition of the specimen before testing and after fracture of the top flange is shown in 

Figure 3.2. There was substantial flange local buckling that began in the first 4% story drift cycle 

and increased through the remaining cycles. A fracture was found at the toe of the top flange 

stiffener welds, shown in Figure 3.3, at the end of the 3% story drift cycles. A similar fracture was 

found on the bottom flange stiffener welds, shown in Figure 3.4, but neither fracture propagated 
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away from the stiffener welds. A field of fractures also formed on the inside of the local buckles 

on both flanges. The fractures on the top flange local buckles grew and coalesced to form a 5.5 in. 

long ductile tear in the ninth cycle of 5% story drift, shown in Figure 3.5. This fracture was located 

about 3 in. from the toe of the stiffener. 

  
(a) Undeformed (b) Deformed 

Figure 3.2. Undeformed and deformed conditions of 4ES-1.375-1.25-24sides 

  
(a) End of 3% story drift cycles (b) End of third 5% story drift cycles 

Figure 3.3. Top flange fracture initiation and propagation of 4ES-1.375-1.25-24sides 
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(a) End of 4% story drift cycles (b) End of fifth 5% story drift cycle 

Figure 3.4. Bottom flange fracture initiation and propagation of 4ES-1.375-1.25-24sides 

 
Figure 3.5. Top flange fracture of 4ES-1.375-1.25-24sides 

3.2.2 Specimen 4ES-1.375-1.25-24wrap 

The condition of the specimen before testing and after fracture of the bottom flange is shown 

in Figure 3.6. On the top flange, fractures were found at the toe of the stiffener welds at the end of 

the 4% story drift cycles, shown in Figure 3.7a. This fracture grew slightly in the 5% story drift 

cycles, but not beyond the size shown in Figure 3.7b. On the bottom flange, fractures at the toe of 

the stiffener welds were observed in the first cycle of 5% story drift. These fractures grew steadily, 
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shown in Figures 3.8a to 3.8c, until a ductile tear formed and spread across the bottom flange, 

shown in Figure 3.8d. This fracture also spread 2 in. into the web, shown in Figure 3.9. 

  
(a) Undeformed (b) Deformed 

Figure 3.6. Undeformed and deformed conditions of 4ES-1.375-1.25-24Wrap 

  
(a) End of 4% story drift cycles (b) End of third 5% story drift cycle 

Figure 3.7. Top flange fracture initiation and propagation4ES-1.375-1.25-24Wrap 
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(a) End of third 5% story drift cycle (b) End of fifth 5% story drift cycle 

  
(c) End of eighth 5% story drift cycle (d) End of ninth 5% story drift cycle 

Figure 3.8. Bottom flange fracture initiation and propagation4ES-1.375-1.25-24Wrap 
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Figure 3.9. Partial fracture of the beam web 4ES-1.375-1.25-24Wrap 

3.2.3 Specimen 8ES-1.375-1.5-36sides 

The condition of the specimen before testing and after a brittle fracture of the bottom flange is 

shown in Figure 3.10. There was moderate buckling of the top and bottom flanges that began in 

the first 2% story drift cycle. A fracture at the toe of the top flange stiffener weld was found in the 

same cycle, and slowly propagated during the 3% and 4% story drift cycles, shown in Figure 3.11. 

After the first cycle of 5% story drift, a small fracture was found at the toe of the bottom flange 

stiffener, shown in Figure 3.12b. In the following cycle, a sudden, brittle fracture initiated at the 

toe of the bottom flange stiffener and propagated across the entire flange. This fracture spread 4.5 

into the web and is shown in Figure 3.13. 
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(a) Undeformed (b) Deformed 

Figure 3.10. Undeformed and deformed conditions of 8ES-1.375-1.5-36sides 

  
(a) End of 2% story drift cycles (b) End of 4% story drift cycles 

Figure 3.11. Top flange fracture initiation and propagation 8ES-1.375-1.5-36sides 
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(a) End of 3% story drift cycles (b) End of first 5% story drift cycle 

Figure 3.12. Bottom flange fracture initiation and propagation 8ES-1.375-1.5-36sides 

  
(a) Bottom flange fracture (b) Partial web fracture 

Figure 3.13. Brittle fracture of 8ES-1.375-1.5-36sides 8ES-1.375-1.5-36sides 

3.2.4 Specimen 8ES-1.375-1.5-36wrap 

The condition of the specimen before testing and after a brittle fracture of the bottom flange is 

shown in Figure 3.14. There was moderate local buckling of the top flange but little buckling of 

the bottom flange. A fracture was found at the toe of the top flange stiffener weld at the end of the 

3% story drift cycles, shown in Figure 3.15, but only grew slightly in the 4% story drift cycles. In 
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the first 5% story drift cycle, there was a sudden, brittle fracture of the bottom flange that initiated 

at the toe of the stiffener weld. This fracture propagated across the flange width and 4 in. into the 

web, shown in Figure 3.16. There were no visible fractures observed on the bottom flange 

preceding the brittle fracture. 

  
(a) Undeformed (b) Deformed 

Figure 3.14. Undeformed and deformed conditions of 8ES-1.375-1.5-36wrap 

  
(a) End of third 5% story drift cycle (b) End of second 4% story drift cycle 

Figure 3.15. Top flange fracture initiation and propagation 8ES-1.375-1.5-36wrap 
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(a) Bottom flange fracture (b) Partial web fracture 

Figure 3.16. Brittle fracture of 8ES-1.375-1.5-36wrap  

3.3 Story Drift Decomposition 

AISC 341-16 states that for qualification testing, the percentage of the total inelastic rotation 

in the test specimen that is developed in each member or connection element shall be within 25% 

of the anticipated percentage of the total inelastic rotation in the prototype that is developed in the 

corresponding member or connection element. To determine if this requirement was met, the 

contributions of each component of the specimen to the story drift were isolated using the 

displacement sensors described in Chapter 2. As shown graphically in Figure 3.17, during the 4% 

story drift cycles, the inelastic rotation in the plastic hinge region was between 74% and 87% of 

the applied story drift. Results are not shown for Specimen 8ES-1.375-1.5-36wrap because of a 

problem with the data acquisition. 
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(a) 4ES-1.375-1.25-24sides (b) 4ES-1.375-1.25-24wrap 

 
(c) 8ES-1.375-1.5-36sides 

Figure 3.17. Components of story drift due to different sources of deformation 
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CHAPTER 4 – DISCUSSION AND CONCLUSIONS 

A research program was conducted to (1) evaluate whether four- and eight-bolt bolt extended 

stiffened moment connections were susceptible to premature beam flange fracture when using 50 

ksi yield strength hot-rolled beam and stiffener plate material, and (2) to evaluate whether 

wrapping the stiffener-to-beam flange weld around the toe of the stiffener increased the 

deformation capacity of the connection or not. Four full-scale moment connection specimens were 

tested: two 4ES connections and two 8ES connections using the largest hot-rolled beam sections 

allowed for special moment frame (SMF) connections per AISC 358-16. One each of the 4ES and 

8ES specimens had the stiffener-to-beam flange on the sides of the stiffener only, and the other 

two specimens had the weld wrapped around the toe of the stiffener. 

All four specimens passed the SMF qualification criteria set forth in AISC 341-16. This implies 

that extended stiffened end-plate moment connections designed per AISC 358-16 and using A572 

Gr. 50 stiffener plates with A992 rolled beam shapes have sufficient ductility to be used in special 

moment frames. 

Specimens with the stiffener-to-beam flange weld wrapped around the toe of the stiffener had 

slightly larger flexural resistance (between 1% and 8%), but failed at one less cycle of rotation 

than their counterparts with the weld on the sides of the stiffener only. While all specimens passed 

the SMF qualification criteria and are thus considered adequate for use in SMF, detailing the weld 

on the sides of the stiffener only is recommended.  

Even though previous finite element studies suggested that wrapping the weld around the toe 

of the stiffener spreads out the inelastic strains (Szabo et al. 2017), it is possible that the increased 

triaxiality in the stress state at the toe of the stiffener led to slightly larger fracture potential overall. 

Three of the specimens experienced fracture at the toe of the stiffener, while the only specimen 

that exhibited fracture at the local buckles of the plastic hinge was the 4ES specimen with W24×76 

beam and welds on the side of the stiffener. 
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APPENDIX A - TEST SPECIMEN SHOP DRAWING 
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APPENDIX B - TEST SETUP DRAWINGS 
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APPENDIX C - STORY DRIFT DECOMPOSITION PROCEDURE 
This appendix presents equations for decomposing the applied story drift into components due to 

panel zone shear, column flexure, end-plate separation, elastic deformation, and plastic 

deformation. This is necessary because the second qualification criteria requires that the actual 

inelastic rotations be within 25% of the anticipated inelastic rotations in the prototype connections 

(AISC 2016b). Unless otherwise stated, these equations are adapted from Toellner (2013) and 

Szabo (2017). 

C.1 Panel Zone Shear 

The calculations for story drift due to panel zone shear and rigid body rotation of the panel zone 

are adapted from Uang and Bondad (1996). The average panel zone shear strain, γ, was first 

calculated using Eq. (C.1), 

 
𝛾𝛾 =

�(𝑑𝑑𝑐𝑐 − 𝑡𝑡𝑐𝑐𝑐𝑐)2 − (𝑑𝑑𝑏𝑏 − 𝑡𝑡𝑏𝑏𝑏𝑏)2

2(𝑑𝑑𝑐𝑐 − 𝑡𝑡𝑐𝑐𝑐𝑐)(𝑑𝑑𝑏𝑏 − 𝑡𝑡𝑏𝑏𝑏𝑏)
 (C.1) 

 

where: db  = beam depth 

 dc  = column depth 

 tbf  = beam flange thickness 

 tcf  = column flange thickness 

 δLP_01 = displacement of LP_01 

 δLP_02  = displacement of LP_02. 

Equation (C.1) assumes that the end of LP_01 and LP_02 are placed at the intersections of the 

centerlines of the beam and column flanges. The deflection at the loading point, 𝛿𝛿𝑃𝑃𝑃𝑃, due to panel 

zone shear was calculated using Eq. (C.2), and the story drift due to panel zone shear, 𝜃𝜃𝑃𝑃𝑃𝑃, was 

calculate using Eq. (C.3). 

 
𝛿𝛿𝑃𝑃𝑃𝑃 = 𝛾𝛾 �𝐿𝐿𝑐𝑐𝑐𝑐 −

𝑑𝑑𝑐𝑐
2
� −

𝛾𝛾𝑑𝑑𝑏𝑏
ℎ𝑐𝑐𝑐𝑐𝑐𝑐

𝐿𝐿𝑐𝑐𝑐𝑐 (C.2) 

 
𝜃𝜃𝑃𝑃𝑃𝑃 =

𝛿𝛿𝑃𝑃𝑃𝑃
𝐿𝐿𝑐𝑐𝑐𝑐

 (C.3) 
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where: db = beam depth 

 dc  = column depth 

 hcol = distance between SP_01 and SP_08 

 Lcl = distance from the actuator centerline to the column centerline. 

C.2 Column Flexure 

Column deformations include rigid body rotations of the frame, panel zone shear, and column 

flexure. While rigid body rotation was accounted for during testing using the active feedback 

control, it needs to be removed again to isolate the rotation due to column flexure. The story drift 

due to rigid body rotation of the column, 𝜃𝜃𝑅𝑅𝑅𝑅, was calculated using Eq. (C.4). The story drift due 

to the column flexure, 𝜃𝜃𝐶𝐶𝐶𝐶 , was then calculated using Eq. (C.5). 

 
𝜃𝜃𝑅𝑅𝑅𝑅 =

𝛿𝛿𝑆𝑆𝑆𝑆_01 − 𝛿𝛿𝑆𝑆𝑆𝑆_08

ℎ𝑐𝑐𝑐𝑐𝑐𝑐
 (C.4) 

 
𝜃𝜃𝐶𝐶𝐶𝐶 =

𝛿𝛿𝑆𝑆𝑆𝑆_02 − 𝛿𝛿𝑆𝑆𝑆𝑆_03

𝐿𝐿𝑠𝑠𝑠𝑠1
− 𝜃𝜃𝑅𝑅𝑅𝑅 − 𝜃𝜃𝑃𝑃𝑃𝑃 (C.5) 

where: hcol  = distance between SP_01 and SP_08 

 Lsp1  = distance between SP_02 and SP_03 

 δSP_01 = displacement of SP_01 

 δSP_02 = displacement of SP_02 

 δSP_03 = displacement of SP_03 

 δSP_08 = displacement of SP_08. 

 

C.3 End-plate separation 

The bolts were pretensioned when the test specimens were bolted to the reaction column, but 

during testing the moment created in the plastic hinge can create bolt forces that exceed the 
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pretension. If this occurs, the end-plate with separate from the column flange, which contributes 

to the applied drift. This separation was measured by the spring calipers CLP_01 and CLP_02, 

placed at the centerlines of the top and bottom beam flanges. The story drift due to the end-plate 

separation, 𝜃𝜃𝐸𝐸𝐸𝐸, was calculated using Eq. (C.6), 

 
𝜃𝜃𝐸𝐸𝐸𝐸 =

−𝛿𝛿𝐶𝐶𝐶𝐶𝐶𝐶
𝑑𝑑𝑏𝑏 − 𝑡𝑡𝑏𝑏𝑏𝑏

 (C.6) 

 

where: db  = beam depth 

 tbf  = beam flange thickness 

 δCLP  = displacement measured by the caliper. 

Equation (C.6) assumes that small-angle theory applies, and that the beam is rotating about the 

centerline of the opposite flange. 

C.4 Elastic Beam Deformation 

Outside of the plastic hinge region, the beam is deforming elastically, which has flexure and shear 

components. The shear component was calculated by Timoshenko (1955). The elastic deflection 

at the loading point, 𝛿𝛿𝑒𝑒𝑒𝑒, was calculated using Eq. (C.8), which required the shape factor α from 

Eq. (C.7). The story drift due to the elastic beam deformation outside the plastic hinge region, 𝜃𝜃𝐸𝐸𝐸𝐸, 

was then calculated using Eq. (A.9). 

 𝛼𝛼 =
𝐴𝐴

8𝐼𝐼𝑥𝑥𝑡𝑡𝑤𝑤
�𝑏𝑏𝑓𝑓𝑑𝑑𝑏𝑏

2 − 𝑏𝑏𝑓𝑓ℎ𝑤𝑤
2 + 𝑡𝑡𝑤𝑤ℎ𝑤𝑤

2� (C.7) 

 
𝛿𝛿𝑒𝑒𝑒𝑒 =

𝑃𝑃𝐿𝐿𝑒𝑒𝑒𝑒3

3𝐸𝐸𝐼𝐼𝑥𝑥
+
𝑃𝑃𝐿𝐿𝑒𝑒𝑒𝑒𝛼𝛼
𝐴𝐴𝐴𝐴

 (C.8) 

 
𝜃𝜃𝐸𝐸𝐸𝐸 =

𝛿𝛿𝑒𝑒𝑒𝑒
𝐿𝐿𝑐𝑐𝑐𝑐

 (C.9) 

where: A = cross-sectional area 

 bf = flange width 
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 db = beam depth  

 E = modulus of elasticity 

 G = shear modulus 

 hw = clear distance between flanges 

 Ix = moment of inertia of the beam 

 Lcl = distance from the actuator centerline to the column centerline 

 Lel = distance from SP_04 to the actuator centerline 

 P = applied load 

 tw = web thickness. 

C.5 Plastic Beam Deformation 

In these tests, deformation in the plastic hinge region was expected to be the greatest story drift 

component. To measure this rotation, string potentiometers SP_06 and SP_07 were attached to the 

column flange above and below the beam. The end of the string potentiometers were attached to 

the beam at the same location as SP_04. The rotation due to deformation in the plastic hinge region, 

𝜃𝜃𝑃𝑃𝑃𝑃, was then calculated using Eq. (C.10), 

 
𝜃𝜃𝑃𝑃𝑃𝑃 =

𝛿𝛿𝑆𝑆𝑆𝑆_06 − 𝛿𝛿𝑆𝑆𝑃𝑃_07

𝐿𝐿𝑠𝑠𝑠𝑠2
− 𝜃𝜃𝐸𝐸𝐸𝐸 (C.10) 

Where: Lsp2 = distance between SP_06 and SP_07 

 δSP_06 = displacement of SP_06 

 δSP_07 = displacement of SP_07. 

It is important to note that Eq. (C.10) also includes elastic beam rotation. Thus, in the early cycles 

when no plastic deformation is expected, 𝜃𝜃𝑃𝑃𝑃𝑃 will be nonzero. 

C.6 Total Story Drift 

The total story drift is calculated using Eq. (C.11). 
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 𝜃𝜃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑙𝑙 = 𝜃𝜃𝐶𝐶𝐶𝐶 + 𝜃𝜃𝑃𝑃𝑃𝑃 + 𝜃𝜃𝐸𝐸𝐸𝐸 + 𝜃𝜃𝐸𝐸𝐸𝐸 + 𝜃𝜃𝑃𝑃𝑃𝑃 (C.11) 

 

If the calculated total story shear is checked against the applied story drift, discrepancies will be 

found. This is due to simplifying assumptions made in the decomposition and drift components 

that were not captured by this instrumentation plan. 
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APPENDIX D - DATA ADJUSTMENTS 

This appendix describes adjustments made to the test data before it was used for the story drift 

decomposition. Data adjustments fell into two categories: general modifications applied to all data 

from all tests and specific adjustments for times when the instrumentation was disturbed. 

General adjustments included removing any data recorded after fracture occurred and shifting all 

sensor measurements to zero, except for the force measurement, which was handled separately for 

each test. At the start of each test, the actuator was moved until the load cell measured a force 

equal to the weight of the actuator clevis plus half of the specimen weight. This removed any load 

on the connection that would not be present in a real structure, where the self-weight of the beam 

is distributed equally between the connections at either end. The initial force was then used in the 

data analysis as a load adjustment factor when zeroing the force measurements. The load 

adjustment factor was 2.9 kips for W24×76 beams and 3.9 kips for W36×150 beams. 

D.1 Specimen 4ES-1.375-1.25-24sides 

Specific data adjustments for this specimen involved: 

1. Adjusted LP_01 data to account for noise in the sensor data that was not attributed to the 

panel zone deformation. The unadjusted and adjusted plots are shown in Figure D.1. 

2. Adjusted LP_02 data to account for noise in the sensor data that was not attributed to the 

panel zone deformation. The unadjusted and adjusted plots are shown in Figure D.2. 

  

(a) Unadjusted (b) Adjusted 

Figure D.1. LP_01 adjustment for 4ES-1.375-1.25-24sides 



43 
 

  
(a) Unadjusted (b) Adjusted 

Figure D.2. LP_02 adjustment for 4ES-1.375-1.25-24sides 

D.2 Specimen 4ES-1.375-1.25-24wrap 

Specific data adjustments for this specimen involved: 

1. Adjusted CLP_01 data to account for when the caliper was bumped during the test. The 

unadjusted and adjusted plots are shown in Figure D.3. 

2. Adjusted SP_06 data to account for noise that was not attributed to deformation in the 

plastic hinge. The unadjusted and adjusted plots are shown in Figure D.4. 

  

(a) Unadjusted (b) Adjusted 

Figure D.3. CLP_01 adjustment for Specimen 4ES-1.375-1.25-24wrap 
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(a) Unadjusted (b) Adjusted 

Figure D.4. SP_06 adjustment for Specimen 4ES-1.375-1.25-24wrap 

D.3 Specimen 8ES-1.375-1.5-36sides 

There were no specific data adjustments for this specimen. 

D.4 Specimen 8ES-1.375-1.5-36wrap 

There were no specific data adjustments for this specimen.  
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APPENDIX E – MILL CERTIFICATION REPORTS 
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APPENDIX F – WELD PROCEDURE SPECIFICATIONS 
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APPENDIX G – CONNECTION DESIGN CALCULATIONS 

 

Test Specimens 1 and 2 
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Test Specimens 3 and 4 
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