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ABSTRACT 

 

 Three end-plate moment connection configurations are prequalified for special moment 

frames for seismic applications in AISC 358-10. The eight bolt extended stiffened connection is 

the strongest of the three configurations, but it can only develop approximately 30 percent of 

currently available hot-rolled beam sections. The strength of this configuration is limited by bolt 

strength. There is a need for a stronger end-plate moment connection, hence the reason for the 

development and validation of a twelve bolt configuration. 

 Equations were developed for the design procedure using various analytical methods, 

which included yield line analysis and an effective tee stub model. An experimental program was 

conducted, which consisted of the full-scale cyclic testing of four end-plate moment connections. 

The intention of the testing was to develop and validate the design procedure, and prequalify a 

new twelve bolt configuration. A displacement-controlled loading protocol was applied 

according to AISC 341-10. The experimental results showed that the model for thick end-plate 

behavior is conservative by 6.7%, the model for end-plate yielding is conservative by 8.8%, and 

the model for bolt tension rupture with prying conservatively predicts by 18.5%. The specimens 

that were designed to form a plastic hinge in the beam fractured in a brittle manner. The deep 

beam specimen fractured in the first 2% story drift cycle, and the shallow beam specimen 

fractured in the second 3% story drift cycle. The fracture of the prequalification specimens was 

determined to have been caused by stiffeners of high yield stress relative to the beam yield stress. 
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GENERAL AUDIENCE ABSTRACT 

 

 End-plate moment connections are a common way to create a rigid joint between beams 

and columns. Before using a moment connection in a steel building to resist horizontal 

earthquake loads, each connection configuration must be tested at full-scale and meet 

performance criteria prescribed in the applicable building code (in this case, the Seismic 

Provisions for Structural Steel Buildings published by the American Institute of Steel 

Construction). 

Three end-

for high seismic regions, which means that sufficient previous testing has shown adequate 

performance. The eight bolt end-plate moment connection is the strongest of the three 

configurations, but it can only develop approximately 30 percent of currently available hot-rolled 

steel beam sections. The strength of this configuration is limited by bolt strength. There is a need 

for stronger end-plate moment connections, which motivated the development and validation of 

a twelve bolt configuration in this thesis. 

 Equations were developed for the design of the twelve-bolt end-plate moment connection 

including equations to predict when the bolts would fracture and when the end-plate would yield. 

An experimental program was conducted, which consisted of the full-scale cyclic testing of four 

end-plate moment connections. The intention of the testing was to validate the design procedure 

and demonstrate that the connection could withstand significant inelastic rotation. The 

connection assembly was cycled back and forth according to a displacement protocol prescribed 

in the Seismic Provisions for Steel Buildings. The experimental results showed that the equations 

were able to predict bolt rupture within 6.7% of the applied moment at fracture, the equation for 

end-plate yielding was conservative by 8.8%, and the equation for bolt fracture with prying 

action was conservative by 18.5%. The specimens that were intended to show the connection 

could withstand significant inelasticity fractured in an unexpected brittle manner. The deep beam 
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specimen fractured in the first 2% story drift cycle, and the shallow beam specimen fractured in 

the second 3% story drift cycle, neither of which reach the target of 4% story drift. The fractures 

were determined to have been caused by stiffeners that had too high a yield stress relative to the 

beam yield stress. 
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1.   INTRODUCTION 

 

1.1.   Background 

 Bolted end-plate moment connections are a popular type of connection used in the metal 

building industry. End-plate moment connections involve a beam section that has a plate welded 

to the end, which has rows of bolts that allow it to be attached to an adjacent member. This 

adjacent member can be a column flange, a column web or another beam with an end-plate as a 

splice. There are many different configurations of bolts that have been studied. End-plate 

moment connections can be classified in multiple different ways: flush vs. extended, number of 

bolts at the tension flange, number of bolts per row, stiffened vs. unstiffened and type of loading. 

The greatest number of bolts are placed around the tension flange. In connections that see load 

reversal, the same bolt pattern is placed at both flanges. An example of a flush unstiffened, and 

an extended stiffened end-plate connection can be seen below in Figure 1-1. 

 

 

Figure 1-1 Example of a Flush and an Extended End-Plate Connection (Murray and 

Shoemaker 2002) 

 

 

a) Four-Bolt Flush Unstiffened b) Multiple Row Extended 1/3 Stiffened 
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 In the Northridge Earthquake in 1994, there were many unexpected brittle failures in 

beam-to-column connections. The buildings that saw failures ranged in height, from one story to 

26 stories, and age, in the middle of being erected to 30 years old (FEMA 2000). These failures 

brought particular attention to the welds, which were complete joint penetration (CJP) welds 

from the beam flange to the column flange. The webs were bolted to the column flange with a 

shear tab. These welds were done in the field with a backing bar, which was left in place. Cracks 

typically initiated where the backing bar met the column due to stress concentrations (FEMA 

2000). As a result of the issues posed by these moment connections, the advantages of end-plate 

moment connections seemed even greater.  

 End-plate moment connections are less prone to these types of fractures for several 

reason. The welds are done in shop, which yields greater quality welds because the welds are 

performed under controlled conditions and in the most favorable positions. Also, the root of the 

weld is always on the inside of the flange. This leads to greater ductility because the root is lesser 

quality material, and the root is a stress concentration. By having the root on the inside of the 

flange, the root will see less strain demand, which helps mitigate the stress concentration posed 

by the presence of a root. 

 Some of the advantages of end-plate moment connections are the ease of erection, shop 

welds, and greater ductility (Adey et al. 2000). Bolted connections are easier to construct and 

typically faster than field welded connections. Shop welds can also be performed ahead of time.  

The advantages of end-plate moment connections also include the reasons previously mentioned 

relating to fracture potential.  

 End-plate moment connections typically use pretensioned bolts. The AISC Specification 

for Structural Steel Buildings presents a table with the minimum pretension level depending on 

the bolt diameter (AISC 2010b). Tests were done on end-plate moment connections with snug 

tight bolts and connections with pretensioned bolts. Snug tight bolted connections were found to 

be acceptable (Kline et al. 1990). However, pretensioned bolts provided stiffer connections 

(Kline et al. 1990). 

 Research started on end-plate moment s (Meng 1996). A 

significant amount of the research on this category of connection has been done over the past 

twenty years. Presently, research has been done on end plate moment connections that have four 

to twelve bolts at the tension flange with different patterns of bolts, stiffened and unstiffened, 
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and under monotonic and cyclic loading (Adey et al. 1997; Blumenbaum 2004; Borgsmiller 

1995; Sumner 2003). 

 

1.2.   Motivation and Proposed Solution 

 Prequalified Connections for Special and Intermediate Steel 

Moment Frames for Seismic Applications (AISC 358- Extended End-Plate Moment 

Connections Seismic and Wind Applications Flush and 

Extended Multiple-Row Moment End-Plate Connections (AISC Design Guide 16), out of all of 

the end-plate moment connections that are detailed, the most amount of bolts at the tension 

flange is eight bolts (AISC 2011; Murray and Sumner 2014; Murray and Shoemaker 2002). If a 

firm that is designing a steel moment frame building wants to use an end-plate moment 

connection geometry other than the ones presented in AISC 358 for a special moment resisting 

frame (SMRF), the firm needs to test the connection according to certain testing provisions 

(AISC 2010a). A decent range of prequalified connections are listed. The connections that are 

currently prequalified are shown below in Figure 1-2. However, as the spans keep getting pushed 

further and deeper members are required, connections with more bolts are also required. This 

presents a need for a prequalified connection for SMRF with twelve bolts at the tension flange. 

 

 

Figure 1-2 Extended End-Plate Connections (Murray and Sumner 2014) 
 

 The proposed solution for this limited connection size is an extended end-plate moment 

connection with twelve bolts at the tension flange. The geometry of this proposed connection can 

be seen below in Figure 1-3. 
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Figure 1-3 Twelve-Bolt Extended Stiffened End-Plate Configuration 

 

 For all steel special and intermediate moment frames using end-plate moment 

connections, the beam flange to end-plate welds are required to be complete joint penetration 

(CJP) welds and are considered demand critical welds, which means that they must meet certain 

criteria defined in the code (AISC 2010a, 2011). CJP weld are generally more expensive and 

time consuming than other types of welds, such as fillet or partial penetration (PJP) welds. 

Inspection using ultrasonic testing to determine the size of any flaws in the weld is required 

following the completion of the CJP welds in material 5/16 inches thick or greater (AISC 2010a). 

PJP welds or fillet weld can be cheaper and quicker, and ultrasonic testing is not required. Thus, 

PJP would be preferred. 

 

1.3.   Objective and Scope of Research 

The goal of this research was to: 

 

 Propose design procedure for a new configuration of end-plate moment connection with 

twelve bolts at the tension flange: twelve-bolt extended stiffened (12ES) 

 Verify these design procedures through full-scale testing 

 Provide supporting evidence for the adequacy of partial joint penetration welds with 

reinforcing fillet welds for the beam to end-plate welds in end-plate moment connections 
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 Design procedures for the 12-bolt extended stiffened end-plate moment connection were 

developed for thick-plate and thin-plate behavior. The design procedure for thick-plate behavior 

was based on previous work, where each of the bolts at the tension flange are assumed to reach 

full strength simultaneously. The development of the design procedure for thin-plate behavior 

started with yield line analysis, which was used to analytically determine the moment capacity 

associated with end-plate yielding. Several yield line mechanisms were considered, however, one 

mechanism was found to be the controlling case. After an end-plate yields, prying action occurs 

in the bolts. The moment capacity associated with bolt tension rupture with prying action was 

determined by using an effective tee stub model. 

 Four full-scale beams were tested under quasi-static cyclic loading. These specimens 

were the twelve-bolt extended stiffened configuration. The general end-plate configuration that 

was tested is shown in Figure 1-3 above. Each specimen used different end-plate thickness, size 

bolt, and bolt spacing. Two of these twelve bolt connections were 44 inch deep, compact beam 

specimens and the other two were 24 inch deep, compact beam specimens. One of the deep 

specimens was designed to fail the bolts in bolt tension rupture without prying action in order to 

validate the thick end-plate behavior. One of the shallow specimens was designed for end-plate 

yielding and failure of the bolts in bolt tension rupture with prying action in order to validate the 

thin end-plate behavior. The other two specimens, one deep and one shallow, were designed to 

form a plastic hinge in the beam in order to prequalify the connection for use in SMRF.  

 The two specimens that were used to validate the thick and thin design procedures used 

PJP welds with reinforcing fillet welds for the beam flange to end-plate welds. These specimens 

were designed to fail under lesser loads than their respective plastic hinging specimens, which 

means the full capacity of a CJP weld was not necessary at this location. Although these welds 

were not designed to fail, they still provide support for the use PJP welds with reinforcing fillet 

welds in place of CJP welds. 

 During the testing of the two specimens that were designed to form a plastic hinge, each 

beam failed in a brittle manner. An investigation was implemented to determine the cause of 

these fractures. This investigation involved determining material properties of the beam material, 

examining previous cyclic testing of extended stiffened end-plate moment connections, and 

performing an idealized cross-section analysis, which involved assessing the yielding that 

occurred in the stiffeners. 
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1.4.   Thesis Organization 

This document is organized into the following chapters: 

 

 Chapter 1 introduces the topic of research in general with background information, the 

motivation and objectives of this research. 

 Chapter 2 summarizes the literature on the three topics encompassing this research, which 

includes high capacity end-plate moment connections, partial joint penetration welds, and the 

expected seismic behavior of full metal buildings. 

 Chapter 3 discusses how yield line analysis was applied, the different yield line mechanisms 

that were examined, and the approach that was used to determine the controlling yield line 

mechanism. 

 Chapter 4 outlines the proposed design procedure for this new twelve-bolt end-plate moment 

connection. 

 Chapter 5 details the test setup, the specimens, the instrumentation and the testing procedure. 

 Chapter 6 discusses the experimental results of each specimen. 

 Chapter 7 explores the potential issues that could have led to brittle fracture, and 

investigation measures that were conducted to determine the cause(s) of the fractures.  

 Chapter 8 provides a summary, and conclusions for the new twelve-bolt end-plate moment 

connection.  
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2.   LITERATURE REVIEW 

 

 This chapter contains a summary of research on three different topics: high capacity end-

plate moment connections, the use of partial joint penetration welds in moment connections, and 

the expected seismic behavior of full metal buildings. These three topics encompass the research 

presented in this document. 

 

2.1.   High Capacity End-Plate Moment Connections 

 Currently in AISC 358-10, AISC Design Guide 4 and Design Guide 16, the most amount 

of bolts at the tension flange is eight bolts. To increase the capacity of end plate moment 

connections, more bolts need to be added to the tension flange. Four separate known sets of 

testing were previously conducted to explore end plate moment connections with twelve bolts at 

the tension flange and sixteen bolts at the tension flange. The first set involved one specimen, 

which was conducted by Rodkey and Murray in 1993 at Virginia Tech. The connection consisted 

of four rows of bolts on the inside of the flange and one row outside the flange with two bolts in 

each row (Rodkey and Murray 1993).  This connection can be seen below in Figure 2-1. 
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Figure 2-1 Twelve-Bolt Extended Unstiffened Connection (Rodkey and Murray 1993) 
 

 The specimen was a splice connection, which was loaded monotonically under pure 

moment without shear (Rodkey and Murray 1993). The failure mode was bolt tension rupture of 

a bolt in the row outside the flange. During the testing, bolts instrumented with strain gauges 

showed that the three inner most rows did not see an increase in force due to the applied moment 

(Rodkey and Murray 1993). This indicates that those bolt locations are not effective at resisting 

the applied moment. The tension force was not being well distributed to all of the bolts. The 

outer most bolts were taking most of the force. 

 The second set of testing was conducted by Sumner and Murray in 2001 at Virginia Tech. 

The specimens were splice connections, which were loaded monotonically under pure moment 
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without shear (Sumner and Murray 2001). Three specimens were tested with 12 bolts at the 

tension flange and one specimen was tested with ten bolts at the tension flange (Sumner and 

Murray 2001). The twelve bolt specimens consisted of two rows of bolts inside the flange and 

one row outside the flange with four bolts in each row. This geometry can be seen below in 

Figure 2-2. The ten bolt specimen used the same geometry of bolts. However, the two outer most 

bolts in the inner most row were removed. One twelve bolt specimen was designed for thin end-

plate behavior and the remaining specimens were designed for thick end-plate behavior (Sumner 

and Murray 2001). 

 

 

Figure 2-2 MRE 1/2-4W (Sumner and Murray 2001) 
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 The thin end-plate specimen experienced end-plate yielding. The thick end-plate 

specimens failed due to bolt tension rupture and did not experience any end-plate yielding 

(Sumner and Murray 2001). It was assumed that the two outermost bolts in the innermost row 

did not contribute in the bolt force model. The ten bolt specimen was used to test this 

assumption. In one of the twelve-bolt thick end-plate specimens, the force in these two bolts did 

not increase as the applied moment increased. This shows that those two bolts are ineffective. 

However, the ten-bolt specimen showed approximately a 13 percent reduction in connection 

strength (Sumner and Murray 2001). Although the two bolts in question were ineffective, they 

still contributed a little to the overall connection strength.  

 The third set of testing was done by Schnupp and Murray in 2003 at Virginia Tech 

(Schnupp and Murray 2003). The testing was cyclic and involved two unsymmetrical built-up 

specimens, which each had 16 bolts at each flange, which consisted of rows of four bolts. The 

connection geometry for this testing can be seen below in Figure 2-3. The bolts were 1-

A490, which were pretensioned to the minimum as specified by the AISC LRFD Specification. 

For the second specimen, a 1- -

A490 bolt would not fit due to fabrication tolerances (Schnupp and Murray 2003). For each 

specimen, four bolts at each flange were instrumented with bolt strain gauges. These locations 

are indicated below in Figure 2-3 by the black bolt locations. The second specimen had only 

three instrumented bolts at one of the flanges due to one of the instrumented bolts getting 

damaged.  

 

 

Figure 2-3 Flush 16-Bolt End-Plate Moment Connection (Schnupp and Murray 2003) 

 

 During the testing of the first specimen, the beam experienced web and flange local 

buckling (Schnupp and Murray 2003). The test was ended after the failure of a bolt at the 

intersection of the 3/4" thick flange and web. Some bolts were found to be loose and the threads 

on some other bolts were found to have been stripped. However, it was suspected that the 
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stripped threads were due to the tightening process (Schnupp and Murray 2003). After inspecting 

the column, it was found that the weld between the column web and flange in the panel zone 

ruptured. A new column was fabricated with larger welds was fabricated for the second test. The 

connection was able to achieve over 4% story drift, and the beam was able to undergo significant 

levels of inelasticity (Schnuup and Murray 2003). 

 The testing of the second specimen resulted in failure due to web and flange local 

buckling (Schnupp and Murray 2003). After the first signs of local buckling, the moment 

capacity of the specimen decreased with each cycle. The test was concluded when the moment 

capacity was less than 60 percent of its ultimate moment capacity. Inspection of the bolts showed 

that all bolts were tight, and no threads were stripped. This specimen was able to achieve just 

over 3% story drift, which was significantly less than the first specimen (Schnupp and Murray 

2003). 

 The fourth set of testing was conducted in 2016 by Gang Shi, Xuesen Chen and 

Dongyang Wang at Tsinghua University (Shi et al. 2017). The testing involved four extended 

stiffened end-plate moment connections: three 16-bolt specimens and one 12-bolt specimen. The 

configuration of these two types of connections can be seen below in Figure 2-4. All four of 

these specimens were designed for thin end-plate behavior. The three parameters of interest, 

which were varied between each specimen, were end-plate thickness, bolt size, and bolt layout 

(Shi et al. 2017). The first specimen was the base specimen, and the following specimens each 

differed from the first specimen by changing one of those three parameters of interest. All of the 

bolts were pretensioned with a torque wrench, and were instrumented with bolt strain gauges. 

The specimens were tested monotonically until failure in a cantilever beam-to-column setup. The 

beam and column for each specimen were the same section, a welded H800 x 500 x 60 x 30. 
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Figure 2-4 Ultra-Large Capacity End-Plate Joint Specimens (Shi et al. 2017) 

 

 The first specimen had 16 bolts at each flange, 32 mm thick end-plate, and M30 bolts. 

The second specimen had a thinner end-plate, which was 25 mm thick. The third specimen had 

smaller bolts, which were M27. The fourth specimen had 12 bolts at each flange. All of these 

specimens failed in a similar fashion: end-plate yielding followed by bolt tension rupture or 

necking (Shi et al. 2017). The end-plates separated the most at the centerline of the stiffener and 

at the centerline of the flange. The deformation of the end-plate was bell-curve at these locations. 

The end-plate curved back to be in contact with the column flange moving away from these 

locations of maximum separation. End-plate separation was the greatest for the second specimen, 

which had the thinnest end-plate (Shi et al. 2017).  

From this testing, some conclusions can be made about the contributions of the bolts to 

the moment capacity of the connection based on their location. Comparing specimen 1 and 

specimen 4 shows that the corner bolts, which were not included in the configuration for 

specimen 4, do not provide a significant contribution to the overall moment capacity of the 

connection. The moment capacities only differed by 3.7% (Shi et al. 2017). This is further 
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supported by the bolt strain gauge data. Also based on the bolt strain gauge data, the bolts near 

the flange contributed the most to the overall moment capacity of the connection. Generally, the 

bolts outside of the flange contribute more than the corresponding bolt on the inside the flange. 

Also, bolts near the stiffener or the web contribute more than the bolts near the edges of the end-

plate (Shi et al. 2017).  

 

2.2.   Partial Joint Penetration Welds 

 Currently in AISC 341-10, for all steel frames, a CJP weld is required to be used for 

beam flange to column welds. These welds are deemed demand critical weld, which means that 

they must meet certain criteria as defined in the code (AISC 2010a). PJP welds with reinforcing 

fillet welds can be a viable alternative to CJP welds. There has been reluctance to allow PJP 

welds because there are sharp notches at the roots of the welds (Kurobane 2004). These sharp 

notches introduce stress concentrations and could lead to a non-ductile failure. However, recent 

research has shown otherwise.  

 In 2009, Chen and Wang conducted 30 extended end-plate moment connection tests. 

Twenty-four of which were monotonically loaded and the remaining specimens were cyclically 

loaded. For the beam flange to end-plate welds, some specimens used CJP groove welds, some 

used only fillet welds, and some used different variations of combined PJP and fillet welds (Chen 

and Wang 2009). Some of the PJP welded specimens were oriented on a gradient, meaning that 

the beam was not perpendicular to the end-plate. The different configurations of flange-to-end-

plate welds can be seen below in Figure 2-5. After all of the testing, none of the beam flange to 

end-plate welds failed under either type of loading and the predominant failure mode was local 

buckling of the beams (Chen and Wang 2009). It was also found that the gradient did not have a 

noticeable effect on the performance of the welds. However, after a finite element analysis 

parametric study, thin end-plates and end-plate with a greater bolt gauge were shown to 

deteriorate the resistance of the welds (Chen and Wang 2009). Overall, the testing shows that 

any type of weld can be designed on an equal capacity principle and meet satisfactory 

performance criteria. 
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Figure 2-5 Non-Complete Penetration Flange-to-End-Plate Welds (Chen and Wang 2009) 
 

 Kurobane and Azuma examined the applicability of PJP groove welds in beam-to-column 

connections under seismic loading in 2004. The beams were welded directly to the column 

flange. The beam flange welds consisted of a single-sided 45 degree PJP groove weld with weld 

built-up on top of the PJP weld and a fillet weld below the flange (Kurobane and Azuma 2004). 

The connection geometry is displayed below in Figure 2-6. The testing consisted of four full-

sized specimens. The cantilever beams were loaded to form a plastic hinge at the end of the beam 

near the connection (Kurobane and Azuma 2004). All of the connections showed sufficient 

capacity, except for one connection which failed due to a lack of penetration (Kurobane and 

Azuma 2004). Although ductile cracks initiated at the weld toes at the edges of the flanges, it 

was determined that brittle fracture was unlikely to start from the roots of the PJP welds 

(Kurobane and Azuma 2004). Criteria found to be important were joint detailing, welding 

position and other welding conditions (Kurobane and Azuma 2004). 
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Figure 2-6 Beam-to-Column Test Connection (Kurobane and Azuma 2004) 

 

 In 2016, similar testing was done at the University of Oklahoma by Sherry (Sherry 2016). 

Two end-plate moment connections were tested under cyclic loading as a beam-to-column 

connection (Sherry 2016). These two connections used built-up PJP welds for the beam flange to 

end-plate welds, which includes fillet welds inside and outside the flange. In the end, the beams 

reach over 85% of their plastic capacity during testing and the welds did not fail (Sherry 2016). 

After testing, the connections were taken apart to measure the actual size of the welds and the 

actual penetration. It was found that there was a significant amount of lack of penetration in the 

flange welds. Even with this lack of penetration, it was determined that these modified PJP weld 

met all of the criteria to prequalify them for intermediate moment frames (Sherry 2016). 

 Similar to end-plate moment connections is column baseplates. Both connections are 

bolted end-plate connections that experience moment and shear. Since there was a lack of data 

on the fracture resistance of column baseplate connection welds, six 2/3-scale column baseplate 

specimens were tested by Myers et al. in 2008. The specimens were loaded cyclically under 

general protocol and near-fault protocol (Myers et al. 2008). Four specimens were detailed with 

CJP welds at the flanges, and two specimens with PJP welds and reinforcing fillet welds at the 

flanges (Myers et al. 2008). The CJP specimens included weld access holes, whereas the PJP 

specimens did not include weld access holes. The two types of connection details can be seen 

below in Figure 2-7. The specimens were loaded until the specimen failed. The PJP specimens 

were more ductile and sustained higher drifts; 8%-9% drift for the PJP specimens compared to 
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5%-6% drift for the CJP specimens (Myers et al. 2008). The performance of all of the 

connections exceeded the expected drift demands for a maximum considered earthquake, which 

is 4%-5% drift (Myers et al. 2008).  

 

 

Figure 2-7 Column Baseplate Connections (Myers et al. 2008) 

 

 Another type of moment connection is a column splice, which is also required by AISC 

341-10 to use CJP welds at the flanges. Although column splices are a different type of moment 

connection than end-plate moment connections, the welds in both types of connections 

experience moment and shear. However, the demands are typically less in column splices 

compared to beam-column connections (Shaw 2013). In 2013, five full-scale column spice tests 

were conducted at the University of California Davis by Shaw. These specimens were connected 

with an erection plate and welded together with PJP welds at the flanges (Shaw et al. 2015). The 

columns were loaded in a series of cycles about their strong axis. After the cyclic loading 

portion, the specimens were loaded monotonically until failure (Shaw et al. 2015). The test setup 

can be seen in Figure 2-8 below. All specimens were able to complete the cyclic loading portion 

and continue on to the monotonic loading portion (Shaw et al. 2015). All specimens performed 

very well. However, some factors could not be taken into account, such as buildings taller than 

20 stories, near ground fault motions, vertical accelerations and bidirectional shaking (Shaw et 

al. 2015). Despite this, the study was considered to be conservative compared to field conditions 

(Shaw et al. 2015).  
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Figure 2-8 Column Splice Test Setup (Shaw et al. 2015) 

 

2.3.   Expected Seismic Behavior of Full Metal Buildings 

 All of the tests previously discussed only explore the behavior of two isolated members at 

a particular connection. However, at the University of California San Diego, three full-scale 

metal building systems were tested on a shake table to simulate earthquake events (Smith and 

Uang 2010). The first specimen consisted of a single story metal building system (MBS) frame 

with metal side wall panels, which represents the majority of MBS buildings (Smith and Uang 

2010). The second specimen had heavy concrete sidewall panels added. Both of these specimens 

used built-up non-compact or slender sections (Smith and Uang 2010). The third specimen was a 

MBS frame with a mezzanine attached to one side and a concrete wall attached to the other 

(Smith and Uang). The third specimen was built with sections with compact flanges, unlike the 

first two specimens. The test setup can be seen below in Figure 2-9. 
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Figure 2-9 MBS Test Setup 

 

 Each specimen was tested with white noise and impulse motions to determine dynamic 

characteristics of the system (Smith and Uang 2010). Five different ground motions were 

selected from FEMA P695, which were 1979 Imperial Valley, 1989 Loma Prieta, 1992 Landers, 

1994 Northridge and 199 Chi-Chi (Smith and Uang 2010). Each of these were scaled to a low 

percentage of the Design Basis Earthquake (DBE) for each specimen. For each specimen, only 

Imperial Valley was gradually scaled up until failure was reached (Smith and Uang 2010). Each 

specimen were well instrumented with over 300 channels for data acquisition, which included 

strain gauges, rosettes, displacement transducers, string potentiometers and accelerometers 

(Smith and Uang 2010).  

 The first specimen performed very well and showed a large system overstrength. 

Although the system was not very ductile, the system was able to handle a base shear of about 

290% of the DBE without damage (Smith and Uang 2010). Lateral torsional buckling was 

observed in some of the rafter, and there was indication of low cycle fatigue on the account of 

rupturing of a bottom flange (Smith and Uang 2010). The second and third specimens did not 

perform as well as the first specimen. Specimen two also saw lateral torsional buckling in the 

rafters (Smith and Uang 2010). This specimen did not exhibit ductile behavior, but had 

significant overstrength. However, it was not as much overstrength as the first test (Smith and 

Uang 2010). The third specimen behaved differently than the other two specimens. The webs of 

the panel zones eventually tore due to elastic shear buckling and low cycle fatigue (Smith and 

Uang 2010). After this damage, the specimen produced larger hysteresis loops. The system 

remained elastic throughout the testing and only experienced damage in the panel zones (Smith 

and Uang 2010). This specimen exhibited the most amount of energy dissipation, but showed 
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less overstrength than the first specimen (Smith and Uang 2010). These tests showed that 

systems with more mass are designed with a lower factor of safety. The safety factors for 

specimens two and three were both below 1.00. All specimens remained standing at the end of 

the testing, however, more studies are recommended to develop better design criteria (Smith and 

Uang 2010). 
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3.   YIELD LINE ANALYSIS 

 

 Yield line analysis is a method used to determine the plastic flexural failure mechanism 

and capacity at the ultimate limit state. It is commonly applied to steel connections and 

reinforced concrete two-way slabs. The moment strength associated with end-plate flexure in an 

end-plate moment connection is the item of interest in this instance. Generally, there are two 

different methods for yield line analysis: an upper bound which applies kinematics, and a lower 

bound which applies equilibrium. The upper bound approach was applied in this situation. The 

lower bound approach is difficult to apply to end-plate moment connections because there are so 

many facets and equilibrium must be satisfied for each facet. The upper bound virtual work 

approach is commonly used for steel connections.  

 

3.1.   Assumptions  

 Since yield line analysis can become immensely complex as the number of faces and the 

number of yield lines increases, it is important to make some assumptions. It is also important 

state them ahead of time in order to stay consistent between analyses. The assumptions that were 

made for this set of yield line analyses were as follows: 

 

 Yield lines meet at the center of bolt holes. 

 Yield lines are straight, not curved. 

 The center of the bolt holes are points of zero displacement. 

 Gross cross-sectional area is used instead of net cross-sectional area. 

 The panels do not experience additional deformation while the yield lines undergo plastic 

rotation. 

 The inelasticity is concentrated in the yield lines. 

 The rotation angles are small. 

 The axial forces in the beam are small. 

 The yield lines meet at the center of the web (thickness of the web is neglected). 
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3.2.   Yield Line Mechanism Cases 

 Six different yield line mechanisms were analyzed for this particular end-plate moment 

connection. Each yield line mechanism, Case 1 through Case 6, is depicted respectively in the 

following figures below: Figure 3-1, Figure 3-2, Figure 3-3, Figure 3-4, Figure 3-5 and Figure 3-

6. The dashed lines represent yield lines, and the circled numbers are the labels for each panel. 

Case 1 and Case 2 use the same yield line pattern, if the 4 outer bolts are removed, as the two 

yield line mechanisms listed in AISC 358-10 for the 8-bolt extended stiffened end-plate moment 

connection. Yield line mechanisms that are valid for that end-plate connection also apply to this 

new 12-bolt end-plate moment connection. The derivation of the yield line for Case 6 is shown 

in Appendix N. The derivation of the yield line for Case 3 is shown in Appendix L, and the 

derivation for Case 5 is in Appendix M.  
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Figure 3-1 Yield Line Mechanism: Case 1 
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Figure 3-2 Yield Line Mechanism: Case 2 
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Figure 3-3 Yield Line Mechanism: Case 3 
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Figure 3-4 Yield Line Mechanism: Case 4 
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Figure 3-5 Yield Line Mechanism: Case 5 
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Figure 3-6 Yield Line Mechanism: Case 6 
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3.3.   Determination of Controlling Yield Line Mechanism 

 All six of these yield line mechanism cases are similar. Case 1, Case 2, Case 3, Case 5, 

and Case 6 all assume the same yield line pattern for inside of the flange. Case 4 assumes the 

same yield line pattern as Case 3 outside the flange, but a different yield line mechanism inside 

the flange. By inspection, Case 4 was determined to not be the controlling case. The yield line 

pattern inside the flange of Case 4 can be directly compared to that of Case 3. In Figure 3-4, 

since the yield lines between panel 10, panel 11 and panel 1 are at an angle with respect to the x-

axis, Case 4 has a longer length of yield lines than Case 3. This also means that those panels 

develop rotations about the x-axis and y-axis. Those similar yield lines in Case 3 are parallel to 

the x-axis, which means rotations only about the x-axis. Case 4 would result in greater stored 

energy, which leads to a greater yield line parameter, Y, and thus a greater moment strength 

associated with end-plate flexure As a result, Case 4 was not examined further like the other 

cases. 

 Since Case 1, Case 2, Case 3, Case 5, and Case 6 all assume the same yield line 

mechanism for inside of the flange, the area of concern for comparison is outside the flange. 

Even within the region of outside the flange for these cases, the difference between them lies 

within the yield lines between panels 2, 3 and 4. Since each of the yield lines between these 

e

e  on the dimensions of 

Specimen 12ES-1.25-1.50-44 is shown below in Figure 3-7. A plot of the yield line parameter 

for each case based on the dimensions of Specimen 12ES-1.125-1.25-24 is shown below in 

Figure 3-8. More information about these specimens can be found below in Chapter 5. 
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Figure 3-7 Comparison of Yield Line Parameters Based on Specimen 12ES-1.25-1.50-44 

 

 

Figure 3-8 Comparison of Yield Line Parameters Based on Specimen 12ES-1.125-1.25-24 
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 Both Figure 3-7 and Figure 3-8 show the shift in the yield line parameters between a deep 

beam and a shallow beam respectively. Figure 3-7 is based on a deep beam which uses larger 

bolts than the shallow beam, on which Figure 3-8 is based. The difference in bolt sizes had the 

largest influence on the bolt spacing dimensions, which also affect the yield line parameters. 

Since the yield line analysis that was applied is an upper bound method, the yield line 

mechanism that controls is the one that results in the smallest yield line parameter, Y. Looking at 

both Figure 3-7 and Figure 3-8, Case 5 is less than Case 3 over a very brief segment between de  

negligibly less than Case 

e . However, based 

on the minimum edge distance for different bolt diameters as prescribed in AISC 360-10 

Specification for Structural Steel Buildings, which is shown below in Table 3-1, this edge 

distance where Case 2 start to control is outside the range of typical edge distances (AISC 

2010b).  

 

Table 3-1 Minimum Edge Distance (AISC 360-10 Table J3.4) 

 

 

 In Figure 3-3, the yield line between panel 3 and panel 4 of Case 3 was removed to create 

the yield line pattern of Case 6, as shown in Figure 3-6. This is a simplification. In Case 6, it was 

assumed that the yield line between panel 3 and panel 2 would splay outward in the x-direction. 

The yield line would splay outward enough to cause the rotation about the x-axis in panel 3 to be 

equal to the rotation about the x-axis in panel 4. Thus, the yield line that was removed would 

never form. In Figure 3-6, the yield line between panel 2 and panel 3 is shown splayed outward. 
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However, for the derivation of Case 6, the yield line between panel 3 and panel 2 was assumed to 

remain parallel to the y-axis for ease of calculations. If the yield line was at an angle to the y-

axis, then the yield line would have a stored energy component due to rotation about the x-axis 

and due to rotation about the y-axis. By assuming that the yield line is parallel to the y-axis, the 

stored energy component due to rotation about the x-axis is eliminated. Panel 3 was still assumed 

to remain a plane. In both Figure 3-7 and Figure 3-8, Case 6 is the minimum across the entire 

range shown, which means that Case 6 is the controlling yield line mechanism. 
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4.   PROPOSED DESIGN PROCEDURE 

 

4.1.   Yield Line Mechanism 

 The process for how the controlling yield line mechanism was determined was described 

in Chapter 3. In the end, one yield line mechanism was established to be the controlling case for 

all geometries, with dimensions in the typical range, of this new twelve-bolt end-plate moment 

connection configuration. Since these yield line patterns were similar, the dimension of interest 

was for the edge distance, e -

yield line pat

 The derivation of the controlling yield line mechanism can be found in Appendix 

N. The moment strength associated with end-plate flexure in an end-plate moment connection is 

directly proportional to the yield line parameter, Y. 

 

  (Eq. 4.1) 

 

  (Eq. 4.2) 

 

  = 0.9  

 

Mpl is the moment strength associated with end-plate flexure. 

 

4.2.   Bolt Force Model 

 

4.2.1.   Thick Plate Model 

 The thick plate model assumes that the end-plate is thick enough that the end-plate does 

not deform, each bolt is in direct tension, and each bolt reaches full strength simultaneously. The 

moment capacity associated with bolt tension rupture without prying action is the sum of the 

strength of each bolt times its respective lever arm. 
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  (Eq. 4.3) 

 

  = 0.75  

Pt is the bolt nominal tensile capacity. 

 

4.2.2.   Thin Plate Model 

 The thin plate model assumes that the end-plate is thin enough that the end-plate yields 

before the bolts rupture. This leads to deformations in the end-plate, which cause prying forces 

on the bolts. These prying forces induce a moment in the bolts, which reduces the tensile 

capacity of the bolts. The prying forces are based on modeling the end-plate as the flange of an 

effective tee section. The flange of the effective tee section for each bolt position is shown below 

in Figure 4-1.  

 

 

Figure 4-1 Prying Action of Effective Tee Stubs 
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The maximum calculated distance from the bolt to the edge of effective tee stub is calculated 

below in Eq. 4.4. 

 

  (Eq. 4.4) 

tp is the end-plate thickness. 

db is the bolt diameter. 

 

 For each bolt position, i, the dimensions of the effective tee stub section can be calculated 

based on the equations presented below, which are based on the procedure presented in the AISC 

Steel Design Guide Series 16 (Murray and Shoemaker 2002).  is the effective width of the 

end-plate that is acting in the tee stub model. The bolt hole is taken into account with , which 

is the effective net width of the end-plate.  is the distance from the bolt to the reaction force.  

is the distance from the bolt to the tee stem. The equation for maximum prying force, Qmax,i, 

includes a radical term. In the radical, the end-plate yield stress is reduced by the average shear 

stress calculated using the bolt force associated with the plastic mechanism, . If the term in the 

radical is negative, then the end-plate geometry is not appropriate for thin end-plate behavior. 

The maximum bolt force, , is based on the maximum of the bolt rupture strength factoring in 

prying, and the bolt pretension force, Tb, because if the bolt pretension is larger than the bolt 

rupture strength 
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Table 4-1 Equations for Effective Tee Stub Dimensions 

Bolt Position, i    

1    

2    

3    

4    

5    

6    

 

  (Eq. 4.5) 

 

  (Eq. 4.6) 

 

  (Eq. 4.7) 

 

  (Eq. 4.8) 

 

  (Eq. 4.9) 

 

Fpy is the yield strength of the end-plate material. 

Fnt is the bolt nominal tensile yield stress. 

Tb is the bolt pretension force. 
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 The flexural strength for bolt tension rupture with prying action, Mq, is given by Eq. 4.10. 

 only goes to four because there are four 

rows of bolts, whereas the subscripts related to bolt location go to six because there are six bolt 

locations. Some bolt locations do not achieve their full bolt tension rupture strength before the 

i, is applied. These reduction factors 

1 2=1.0, 3=0.5, 4=1.0, 5=0.75, and 6=1.0 

 

   

 

           (Eq. 4.10) 

 

  = 0.75  

 

4.3.   Seismic Design Requirements 

 The remaining portion of the design should be completed according to the design 

procedure listed for end-plate moment connections in the AISC Prequalified Connections for 

Special and Intermediate Steel Moment Frames for Seismic Applications (AISC 2011). The 

requirements from this document include checking the following: beam stiffener local buckling, 

welding details, strength of the panel zone, column flange flexural yielding, and the column-

beam moment ratio in conformance with the strong-column / weak-beam principle.  

 

4.4.   Summary 

 Table 4-2 below gives a summary of the yield line mechanism, the thick plate model, and 

the thin plate model. The connection will exhibit thick end-plate behavior if Mpl > 1.11Mnp. This 

requirement is based on conclusions from previous testing where prying forces in the bolts were 

not significant until at least ninety percent of the yield line end-plate strength is achieved 

(Murray and Sumner 2014). 
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Table 4-2 Summary of Design Equations 

 

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 

  

  

   
  

 

   
   

   
   

   
   

   
 

 

P
t =

 n
om

in
al

 b
ol

t t
en

si
on

 s
tr

en
gt

h 

Q
m

ax
,i 

=
 p

ry
in

g 
fo

rc
e 

fo
r 

bo
lt 

lo
ca

tio
n 

i 

T
b 

=
 b

ol
t p

re
te

ns
io

n 
fo

rc
e 

n i =
 n

um
be

r 
of

 b
ol

ts
 in

 b
ol

t l
oc

at
io

n 
i 

   
   

   
   

   
   

 
 



38 
 

5.   EXPERIMENTAL TESTING 

 

A total of four specimens, which were a new twelve bolt end-plate moment connection 

configuration, were tested at the Thomas M. Murray Structures Laboratory at Virginia Tech. 

These specimens were tested with the intention of qualifying the connection, and validating the 

proposed design procedure. Two specimens were a deep beam, which was 44 inches deep. The 

other two specimens were a shallow beam, which was 24 inches deep. The deep beam specimens 

were designed for thick end-plate behavior. One of which was designed to fail due to bolt tension 

rupture without prying action, and the other was designed to fail due to plastic hinging of the 

beam. One shallow beam specimen was designed for thin end-plate behavior, and thus designed 

to fail due to bolt tension rupture with prying action. The other shallow beam specimen was 

designed for thick end-plate behavior, and designed to fail due to plastic hinging of the beam. 

The specimens where the bolts were designed to fail were used for the purpose of validating the 

proposed design procedures. The following sections detail the experimental testing program.  

 

5.1.   Test Specimens 

 All of the beams and columns were built-up steel sections. Two beams and two columns 

were fabricated for these tests. Each beam was used for two connection specimens by using each 

end of each beam. The beams and their end-plates were specified to be fabricated from a 

combination of A529 Gr. 55 and A572 Gr. 55 plate material. The beam flanges, and the end-

plates for two of the specimens were A529 Gr. 55 steel. The remaining material for the beams 

and end-plates was A572 Gr. 55 steel. The mill test reports for the beam material can be seen in 

Appendix A.  

 All specimens were connected to the same size columns, which were 42 inches deep. The 

columns were designed based on the strong column  weak beam criterion, and were designed to 

have minimal panel zone deformation. The material for the columns and their end-plates were 

specified to have a yield strength of 50 ksi. The mill test reports for the column material can be 

found in Appendix B. The cross-sections for the girder specimens are shown below in Figure 5-1 

and the cross-sections for the column specimens are shown in Figure 5-2 below. Each girder 

specimen was used for two specimens, one end-plate on each end of the beam. A naming 

 Bolt Diameter  End-Plate 
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Thickness   Girder 1 included End-Plate 12ES-0.75-1.00-44 and End-Plate 

12ES-1.25-1.50-44. Girder 2 included End-Plate 12ES-0.875-0.75-24 and End-Plate 12ES-

1.125-1.25-24.  

 The deep beam specimen was tested with Column 1 and the shallow beam was tested 

with Column 2. Specimen 12ES-0.875-0.75-24 was designed for thin end-plate behavior, 

whereas the rest were designed for thick end-plate behavior. Specimen 12ES-0.75-1.00-44 was 

designed to fail due to bolt tension rupture without prying action. Specimen 12ES-1.25-1.50-44 

was designed to fail via plastic hinging of the beam. The details of End-Plate 12ES-0.75-1.00-44 

and End-Plate 12ES-1.25-1.50-44 are shown in Figure 5-3 below. Specimen 12ES-0.875-0.75-24 

was designed to fail due to end-plate yielding and bolt tension rupture with prying action. 

Specimen 12ES-1.125-1.25-24 was designed to fail via plastic hinging of the beam. The details 

of End-Plate 12ES-0.875-0.75-24 and End-Plate 12ES-1.125-1.25-24 are shown below in Figure 

5-4. The test matrix is shown below in Table 5-1. The fabrication drawings for the beams, 

columns and end-plates are shown in Appendix D. The design calculation for the beams and 

columns are in Appendix G. 

 

 

Figure 5-1 Girder Cross-Sections 
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Figure 5-2 Column Cross-Sections 

 

 

Figure 5-3 Deep Beam End-Plates  
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Figure 5-4 Shallow Beam End-Plates 

 

Table 5-1 Test Matrix 

 

Note: Mpl, Mnp, and Mp are based on nominal material properties 

 

5.1.1.   Measured Dimensions 

 For each specimen, various dimensions were measured and compared to the detailed 

dimension. Each dimension was measured three times. The small dimensions were measured 

with a Vernier caliper, and the others with a tape measure. These dimensions include the beam 

depth, the beam flange width, the beam flange thickness, beam web thickness, the end-plate 

width, and the end-plate thickness. The measured dimensions for Specimen 12ES-0.75-1.00-44, 
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Specimen 12ES-1.25-1.50-44, Specimen 12ES-0.875-0.75-24, and Specimen 12ES-1.125-1.25-

24 can be found below in Table 5-2, Table 5-3, Table 5-4, and Table 5-5 respectively.  

 

Table 5-2 Measured Dimensions for Specimen 12ES-0.75-1.00-44 

 
 

Table 5-3 Measured Dimensions for Specimen 12ES-1.25-1.50-44 

 
 

Table 5-4 Measured Dimensions for Specimen 12ES-0.875-0.75-24 
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Table 5-5 Measured Dimensions for Specimen 12ES-1.125-1.25-24 

 

 

 For each end-plate, multiple dimensions were measured using a digital Vernier caliper. 

The dimensions that were measured are shown below in Figure 5-5. Each dimension references 

the edge of the hole, rather than typical detailing to the center of the hole. Several measurements 

were recorded for each dimension for each end-plate. The average of each dimension was 

calculated. The average bolt-hole diameter was then used with the other average measured 

dimension values to calculate the appropriate detailed value, which was compared to the actual 

detailed value. For all end-plates, all calculated detailed dimensions matched well with the actual 

detailed dimensions. The measured and calculated dimensions for End-Plate 12ES-0.75-1.00-44, 

End-Plate 12ES-1.25-1.50-44, End-Plate 12ES-0.875-0.75-24, and End-Plate 12ES-1.125-1.25-

24 can be found below in Table 5-6, Table 5-7, Table 5-8, and Table 5-9 respectively.  
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Figure 5-5 Measured End-Plate Dimensions 

 

Table 5-6 Measured & Calculated Dimensions for End-Plate 12ES-0.75-1.00-44 
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Table 5-7 Measured & Calculated Dimensions for End-Plate 12ES-1.25-1.50-44 

 

 

Table 5-8 Measured & Calculated Dimensions for End-Plate 12ES-0.875-0.75-24 

 

 

Table 5-9 Measured & Calculated Dimensions for End-Plate 12ES-1.125-1.25-24 

 

 

5.1.2.   Tensile Coupon Testing 

 Tensile testing was conducted for the beam material. The coupons for the beam flange 

material and the beam web material were cut from the actual beam specimens in the region that 

remained elastic during the tests. Extra plates from the same heat as each end-plate were shipped 

with the beams. These extra plates provided at least three test coupons for each end-plate 

material. These coupon tests provide the full load-displacement curves, and a comparison against 
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the mill test reports. The tension coupons were tested using a SATEC 300 kip Universal Testing 

Machine, which was displacement controlled at a rate of 0.25 inches per minute. The geometry 

of the coupons was determined according to ASTM A370-16 Standard Test Methods and 

Definitions for Mechanical Testing of Steel Products (ASTM 2016). Tensile coupons with a total 

length of 18 inches, a reduced width of 1-1/2 inches, and an 8 inch gauge length were used. 

Marks were punched into each tensile coupon in order to determine the elongation after the 

specimen ruptured. 

 The thickness of each coupon was the same as the thickness of its respective end-plate, 

flange, or web. The measured initial dimensions of each tensile coupon can be found below in 

Table 5-10. The measured dimensions of the neck of each coupon after the specimen ruptured 

can be seen below in Table 5-11. The elongation of each coupon specimen can be found below in 

Table 5-12. For each coupon specimen, the initial dimensions, the final dimensions, the initial 

gauge length, and the final gauge length were measured with a digital Vernier caliper.  

 The stress versus strain curves for the flange material coupons can be seen below in 

Figure 5-6. The stress versus strain curves for the shallow beam web material coupons can be 

seen below in Figure 5-7. The stress versus strain curves for the deep beam web material 

coupons can be seen below in Figure 5-8. The stress versus strain curves for the End-Plate 12ES-

0.75-1.00-44 material coupons can be seen below in Figure 5-9. The stress versus strain curves 

for the End-Plate 12ES-1.25-1.50-44 material coupons can be seen below in Figure 5-10. The 

stress versus strain curves for the End-Plate 12ES-0.875-0.75-24 material coupons can be seen 

below in Figure 5-11. The stress versus strain curves for the End-Plate 12ES-1.125-1.25-24 

material coupons can be seen below in Figure 5-12. A summary of the strengths of the beam 

material from the tensile coupon tests can be found below in Table 5-13.  

 The mill test reports for the beam material can be found in Appendix A. A summary of 

the information located in the mill test reports for the beam material can be found below in Table 

5-14. The mill test reports for the column material can be found in Appendix B. A summary of 

this information located in the mill test reports for the column material is shown below in Table 

5-15. 
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Table 5-10 Initial Tensile Coupon Dimensions 

 

 

Table 5-11 Final Tensile Coupon Dimensions 
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Table 5-12 Tensile Coupon Elongations 

 

 

 

Figure 5-6 Results of Tensile Testing for Flange Material  
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Figure 5-7 Results of Tensile Testing for Shallow Web Material 

 

 

Figure 5-8 Results of Tensile Testing for Deep Web Material 
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Figure 5-9 Results of Tensile Testing for End-Plate 12ES-0.75-1.00-44 Material 

 

 

Figure 5-10 Results of Tensile Testing for End-Plate 12ES-1.25-1.50-44 Material 
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Figure 5-11 Results of Tensile Testing for End-Plate 12ES-0.875-0.75-24 Material 

 

 

Figure 5-12 Results of Tensile Testing for End-Plate 12ES-1.125-1.25-24 Material 
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Table 5-13 Summary of Tensile Coupon Testing for Beam Material 
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Table 5-14 Summary of Beam Material Mill Test Reports 

 

 

Table 5-15 Summary of Column Material Mill Test Reports 
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 Between all sets of beam material, the stress strain curves were similar in shape except 

for the web material for the 24 inch deep beam, which is labeled above as shallow web . The 

yield strength that was obtained for the shallow web material was about 70 ksi, whereas all of the 

other material had a yield strength of about 60 ksi. For the shallow web material, with an 

ultimate strength of 80.5 ksi, the ratio of Fy to Fu is 0.866. This falls outside the maximum value 

of 0.85 specified in the ASTM for steels that are commonly used for seismic applications, such 

as A992 (ASTM 2011). The ASTM for A529 and the ASTM for A572 do not have a maximum 

value for the ratio of Fy to Fu specified (ASTM 2014b, 2015). For all of the material other than 

the shallow web material, the ratio of Fy to Fu ranged from about 0.65 to 0.75. 

 

5.1.3.   Charpy V-Notch Testing 

 Charpy V-notch coupons were made from beam flange material. The material was cut 

from the one of the beam specimens in the region that remained elastic during the tests. The 

coupons were standard size, and the geometry of the coupons was determined according to 

ASTM A370-16 Standard Test Methods and Definitions for Mechanical Testing of Steel 

Products (ASTM 2016). A summary of the results of the Charpy V-notch testing is shown below 

in Table 5-16. 

 

Table 5-16 Summary of Charpy V-Notch Testing Results 

 

 

5.1.4.   Bolt Tensile Testing 

 Three bolts of each size were tested using a SATEC 300 kip Universal Testing Machine. 

These bolt tests provide the ultimate tensile capacity of the bolts, and a comparison against the 

mill test reports. The tensile testing was displacement controlled, and the displacement rate was 

0.024 inches per minute. A summary of the results from the bolt tensile testing can be seen 

below in Table 5-17. The mill test reports for the bolts can be found in Appendix C. A summary 

of this information located in the mill test reports for the bolts is shown below in Table 5-18. 
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Table 5-17 Results from Bolt Tensile Testing 

 

 

Table 5-18 Summary of Bolt Mill Test Reports 

 

 

5.1.5.   Specimens Welds 

 The fabrication drawings for the beam specimens and columns specimens can be found in 

Appendix D. The welding procedure specifications (WPS) for the beam specimens can be found 

in Appendix E. The WPS for the column specimens can be found in Appendix F. These drawings 

show the specimens as they were designed.  

 

5.1.5.1.   Beam Web to Flange Welds 

During the fabrication process, a minor change had to be made to one of the welds on 

each of the beam specimens. For the deep beam, the weld from the web to flange along the 

middle portion of th

fillet weld. For the shallow beam, the weld from the web to flange along the middle portion of 

eld. These 

changes are reflected in the design drawings in red ink in Appendix D. 

 

5.1.5.2.   Beam to End-Plate Welds 

 The beam to end-plate welds for Specimen 12ES-0.75-1.00-44, Specimen 12ES-1.25-

1.50-44, Specimen 12ES-0.875-0.75-24, and Specimen 12ES-1.125-1.25-24 are shown below in 
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Figure 5-13, Figure 5-14, Figure 5-15, and Figure 5-16 respectively. Specimen 12ES-0.75-1.00-

44 and Specimen 12ES-0.875-0.75-24 were designed and fabricated with built-up partial joint 

penetration (PJP) welds from the beam flange to the end-plate. These specimens were designed 

to fail the bolts, whereas Specimen 12ES-1.25-1.50-44 and Specimen 12ES-1.125-1.25-24 were 

designed to form a plastic hinge in the beam. Since the plastic hinging specimens were expected 

the inside face of the flange for the beam flange to end-plate welds, which meets the 

requirements of AISC 341-10 and AISC 358-10. Since PJP welds are not currently allowed in 

AISC 358, the performance of these welds can be further supported with these specimens (AISC 

2011). The PJP welds were designed and detailed according to AWS Structural Welding Code  

Steel (AWS 2015). 

 

 

Figure 5-13 Beam to End-Plate Welds for Specimen 12ES-0.75-1.00-44 
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Figure 5-14 Beam to End-Plate Welds for Specimen 12ES-1.25-1.50-44 

 

 

Figure 5-15 Beam to End-Plate Welds for Specimen 12ES-0.875-0.75-24 
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Figure 5-16 Beam to End-Plate Welds for Specimen 12ES-1.125-1.25-24 

 

5.1.6.   Specimen 12ES-1.125-1.25-24 Stiffener Correction 

 A correction was made to the stiffeners on Specimen 12ES-1.125-1.25-24. The stiffeners 

were not fabricated to match the geometry that was detailed in the design drawings. The 

geometry in the design drawings is the same as the geometry specified in AISC 358-10. The 

fabricated geometry of the stiffeners, and the correction that was made are noted in Appendix R. 

 

5.2.   Test Setup 

 Figure 5-17 below includes most elements of the test setup: the test frame, a beam 

specimen, a column specimen, the hydraulic actuators, and the lateral bracing. The 

instrumentation is not included in this figure. Drawings with the locations of the instrumentation 

can be found in the instrumentation plan in Appendix J. The test setup drawing for each 

specimen are in Appendix H. These tests were set up so that the specimens were in the horizontal 

plane. The centerline of the specimens was 22 inches from the ground. The lateral bracing was 

placed to prevent lateral torsional buckling, and to minimize the effects of self-weight.  
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Figure 5-17 General Test Setup  



60 
 

5.2.1.   Test Frame 

 The test frame is shown below in Figure 5-18, which includes the size of each member. 

Some modifications were made to the test frame during construction due to fit-up issues, 

specifically the square reaction blocks. These modifications are discussed later in this section. 

Using a Hydratight hydraulic torque wrench and turn-of-nut method, all bolts in the test frame 

were pretensioned to at least the minimum level as specified in AISC 360-10. This wrench is 

shown in Figure 5-19 below. This was done to eliminate the potential slip in the connections of 

the test frame. The members with bolt holes that run in the north-south direction were bolted to 

beams that were embedded in the strong floor. These strong floor beams were designed to resist 

loading along their longitudinal axis, which is in the north-south direction. The north-south 

W33x291 reaction beams were designed to resist the axial force in the column.  
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Figure 5-18 Test Frame As Designed 
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Figure 5-19 Hydratight Hydraulic Torque Wrench 

 

 The reaction blocks at the west end of the U-shape part of the test frame were designed to 

resist the shear in the column. Each block was fabricated from ate and was 

anchored to the strong floor with 36 pretensioned 1- . In order 

to anchor to the strong floor, thirty-six 3 inch diameter holes were drilled in the concrete strong 

floor. DYWIDAG THREADBARS were placed in the hole along with a DYWIDAG hex-nut, 

which was placed flush with the bottom of the threadbar. The hole with the threadbar and 

coupler inside was filled with high strength epoxy grout up to 9 inches below ground level. After 

the epoxy grout cured, an 8-3/4 inch long DYWIDAG coupler with 2-3/4 inch outer diameter 

was placed on the threadbar in the strong floor so that the top of the coupler did not extend above 

the ground level. A cut view of this embedded threadbar and coupler is shown in Figure 5-20. 

Another threadbar was then attached to the coupler. The threadbars extending above the ground 

were pretensioned to the ground to prevent the wedge reaction blocks from slipping during the 

tests. The threadbars were pretensioned with an Enerpac Holl-O-Cylinder center-hole jack, 

which is shown in Figure 5-21.   

 The wedge reaction block on the south end of the test frame was not sitting fully flush on 

the floor. To fix this, the block was raised and set on a temporary concrete bearing pad. 

Formwork was set around the wedge block, which was then raised a few feet above the ground. 
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Steel plate was placed on the ground under the wedge block to ensure the wedge block sat at the 

correct elevation. A cementitious grout was mixed and then pour to make the bearing pad. The 

reaction block was lower immediately after all of the grout was poured so that the grout was still 

fluid enough to voids and to allow any excess be pushed out. A picture of this reaction block is 

shown in Figure 5-22 below. 

 The wedge reaction block on the north end of the test frame did not fit in place due to an 

unexpected offset the W36x652 placement. This was fixed by shifting the reaction block back by 

a row of holes, meaning only 30 threadbars would be available to fix the reaction block to the 

strong floor. The remaining gap between the reaction block and the test frame was filled by two 

W-sections. A picture of this reaction block is shown in Figure 5-23 below. 
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Figure 5-20 Cut View of DYWIDAG THREADBAR Embedded In Strong Floor 
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Figure 5-21 Enerpac Holl-O-Cylinder Center-Hole Jack 

 

 

Figure 5-22 Wedge Reaction Block on South End 
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Figure 5-23 Wedge Reaction Block on North End 

 

5.2.2.   Lateral Bracing 

  in Figure 5-24 below are the points of lateral bracing. 

The lateral bracing near the connection was required to be closer to the column for the shallow 

beam specimens than for the deep beam specimens. The lateral bracing at the free end remained 

in the same location for all specimens. The elevation view of the lateral bracing frame at the free 

end is shown in Figure 5-25. Since the most amount of deflection in the beam is seen at the 

location of this frame, the beam specimen flanges each ride on a Hilman roller, which provide a 

minimum level of friction. An elevation view of the lateral bracing frame at the connection end 

is shown in Figure 5-26 and Figure 5-27. This frame was designed so that the brace point can be 

shifted as needed for each specimen. There was very little deflection in the beam at this location 

comparatively. As a result, the frame was designed based on direct contact with the beam 

specimen. The coefficient of friction at the points of contact was reduced by the application of 

grease.  
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Figure 5-24 Lateral Bracing Locations 

 

 The locations of the lateral bracing frames were determined by comparing the applied 

moment to the nominal moment capacity of the beam controlled by the lateral torsional buckling 

limit state as determined in Chapter F of AISC 360-10. If the applied moment was greater than 

the nominal moment capacity, then the unbraced length for that region must be less than or equal 

to Lp. If the applied moment was less than the nominal moment capacity, then the unbraced 

length was increased until the nominal moment capacity controlled by lateral torsional buckling 

equaled the applied moment. The exact Cb was calculated for each unbraced length, if applicable, 

and was used appropriately. All of the calculations for determining the lateral bracing locations 

for each specimen are placed in Appendix I.  

 The lateral bracing frame at the free end and the lateral bracing frame at the connection 

end were both used for a previous project, which used the same test setup. Since the beams tested 

for that project experienced much greater moments than were expected for these tests, it was 

assumed that these lateral bracing frames would work for these tests.  
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Figure 5-25 Elevation View of Lateral Bracing at Free End of Specimen 

 

 

Figure 5-26 Elevation View of Lateral Bracing at Connection End 
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Figure 5-27 Side Elevation View of Lateral Bracing at Connection End 

 

5.2.3.   Bolt Pretensioning Process for End-Plate Moment Connection 

 The bolts in the end-plate moment connection for each specimen were pretensioned to at 

least the minimum level as prescribed in Table J3.1 of AISC 360-10 (AISC 2010b). The turn-of-

nut method as detailed in the Specification for Structural Joints Using High-Strength Bolts was 

used as a reference for a method of properly pretensioning a bolt (RCSC 2014). However, the 

method used for each specimen to pretension the bolts was slightly modified for the purposes of 

these tests. No washers were used for any of the bolts in the end-plate moment connection for 

any specimen.  

 The process for pretensioning the bolts in the end-plate moment connection for each 

specimen was different. The first step for each specimen was the same, which was all of the bolts 

were made snug-tight with a spud wrench. A bolt was deemed snug-tight when it could not be 

turned any further by a spud wrench. To get all of the bolts snug-tight, it required multiple passes 

over each bolt with a spud wrench. The remaining steps for pretensioning of the bolts for each 

specimen is as follows below. 
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5.2.3.1.   Specimen 12ES-0.75-1.00-44 

 After all of the bolts were snug-tight, the bolts were pretensioned by a calibrated turn-of-

nut method in a specific sequence. This sequence was determined before the first specimen for 

consistency. This sequence is shown in Figure 5-28 below by the numbering next to each bolt.  

 

 

Figure 5-28 Bolt Pretensioning Sequence (View from Beam Side) 

 

 The bolts that were instrumented with bolt strain gauges were calibrated to read out the 

force in the bolt. These bolts allowed for a specific number of turns to be determined, which 

pretensioned a bolt to at least the minimum prescribed level. By starting with two bolts that were 

instrumented with bolt strain gauges, the required number of turns could be determined more 

consistently and more accurately. For Specimen 12ES-0.75-1.00-44, the bolts required about 1/4 

of a turn of the nut based on the strain gauged bolts, which was a different amount of turn than 

prescribed by turn-of-nut method in the specification. An air impact wrench, which is shown in 

Figure 5-29 below, was used to obtain that 1/4 of a turn. Since nearby bolts loosen as a bolt is 

tightened, each bolt was checked to be snug-tight before the 1/4 of a turn was applied. Bolt 1 

through Bolt 12 were pretensioned by 1/4 of a turn. Also due to that loosen effect of bolts while 

tightening, all of the bolts dropped below the minimum pretension level after bolt 12 was 

tightened by the 1/4 of a turn. The nut of Bolt 1 was turned again until the minimum pretension 

level was reached. The nut was turned by an indistinguishable amount, which may have been 

about 5 degrees of rotation. Bolt 2 reached the minimum pretension with the same amount of 

extra turn. For Bolt 1 through Bolt 12, the nut was turned by the approximate 5o to obtain the 
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minimum prescribed pretension level. Then, this same process was applied to Bolt 13 through 

Bolt 24: 1/4 of a turn and then 5o of turn. 

 

 

Figure 5-29 Air Impact Wrench 

 

5.2.3.2.   Specimen 12ES-1.25-1.50-44 

 After all of the bolts were snug-tight, the bolts were pretensioned by a calibrated turn-of-

nut method in a specific sequence. This sequence is the same as the one used for Specimen 

12ES-0.75-1.00-44, which is shown above in Figure 5-28 by the numbering next to each bolt. 

These bolts were tightened beyond snug-tight by using the Hydratight hydraulic torque wrench, 

which is shown above in Figure 5-19. Bolt 1 required 1/2 turn to reach 102 kips of pretension, 

whereas Bolt 2 needed 3/4 turn to reach 87 kips of pretension. After Bolt 2 was tightened, Bolt 1 

dropped to 80 kips. The other instrumented bolts also showed inconsistency with the amount of 

turn required to reach the minimum level of pretension. Due to this inconsistency, 3/8 turn was 

applied to the non-instrumented bolts for the first round of tightening. For the second round of 

tightening, the strain gauged bolts all required at least an additional 1/4 of a turn. The non-

instrumented bolts received an additional amount of turn until the total turn for each bolt met the 

amount of turn prescribed by the turn-of-nut method as detailed in the Specification for 

Structural Joints Using High-Strength Bolts (RCSC 2014). After the second round, all of the 

bolts were deemed to be pretensioned to at least the minimum level. 
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5.2.3.3.   Specimen 12ES-0.875-0.75-24 

 After all of the bolts were snug-tight, the bolts were pretensioned by a modified turn-of-

nut method in a specific sequence. This sequence is the same as the one used for Specimen 

12ES-0.75-1.00-44, which is shown above in Figure 5-28 by the numbering next to each bolt. 

The bolts were tightened by an air impact wrench, which is shown above in Figure 5-29. Before 

using the impact wrench, each bolt was checked to be snug-tight. Since other bolts loosen as a 

bolt is tightened, multiple rounds of using the air impact wrench were applied until each bolt 

could not be turned further. After these rounds, the instrumented bolts varied from 20 kips of 

pretension to 44 kips of pretension. To get the instrumented bolts to at least the minimum level 

of pretension, a Hydratight hydraulic torque wrench, which is shown above in Figure 5-19, was 

used. While these bolts were tightened further by the hydraulic torque wrench, the pretension 

force in neighboring bolts did not drop. After these bolts were fully pretensioned, the number of 

turn applied to these bolts varied from 1/3 of a turn to 2/3 of a turn. Due to this inconsistency, the 

other bolts which were non-instrumented were turned by the hydraulic torque wrench until they 

met the amount of turn prescribed by the turn-of-nut method as detailed in the Specification for 

Structural Joints Using High-Strength Bolts (RCSC 2014).  

 

5.2.3.4.   Specimen 12ES-1.125-1.25-24 

 The same process that was used for Specimen 12ES-0.875-0.75-24 for pretensioning the 

bolts in the end-plate moment connection was also applied to this specimen. This process seemed 

to be the quickest and most consistent method. After all of the bolts were snig-tight, the bolts 

were tightened by an air impact wrench, which is shown above in Figure 5-29, in the sequence 

shown above in Figure 5-28. After multiple rounds of tightening, the bolts could not be tightened 

any further by the air impact wrench. After these rounds, most bolts were turned about 1/4 of a 

turn after snug tight. A few bolts were turned 1/8, 1/3, or 1/2 of a turn. The strain gauged bolts 

were all turned by 1/4 of a turn, but varied from 32 kips to 52 kips of pretension. The Hydratight 

hydraulic torque wrench, which is shown above in Figure 5-19, was used to tighten the bolts 

further. The strain gauged bolts were first tightened to the minimum prescribed level. The total 

amount of turn required for each of these bolts varied significantly. For that reason, the non-

instrumented bolts were turned by the hydraulic torque wrench until they met the amount of turn 
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prescribed by the turn-of-nut method as detailed in the Specification for Structural Joints Using 

High-Strength Bolts (RCSC 2014). 

 

5.3.   Instrumentation 

 A variety of instrumentation was used during the tests. The instrumentation that was used 

for each test included 14 string potentiometers, 1 linear potentiometer, 6 outside spring calipers, 

24 strain gauges, and 6 bolt strain gauges. This total is based on instrumentation that was placed 

on the test frame and instrumentation that was placed on the specimen. A diagram of the 

instrumentation locations is shown below in Figure 5-30. The full instrumentation plan is placed 

in Appendix J. The data acquisition system that was used included: one National Instruments 

SCXI-1001 chassis, two National Instruments SCXI-1520 universal strain gauge input modules, 

two National Instruments SCXI-1314 front-mounting terminal blocks, and two National 

Instruments SCXI-1317 front-mounting terminal blocks. 

 

 

Figure 5-30 Instrumentation Plan 
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 The strain gauges that were used were TML WFLA-6-11. On each of the four W14x873 

stub sections which framed the column specimen, four strain gauges were placed on their web. 

These strain gauges were used to measure the axial force in the W14x873. Two of the stub 

sections were designed to take the axial force in the column and the other two sections were 

designed to take the shear in the column. On each side of the beam on the column, two strain 

gauges were placed on the outside of each flange. This totaled to 8 strain gauges on the column. 

These strain gauges were used as another way to measure the shear in the column. The procedure 

that was used to calibrate the data acquisition system for strain measurements can be found in 

Appendix K. Bolt strain gauges were also used. The bolt strain gauges that were used were TML 

BTM-6C. Each specimen had six bolts that were each instrumented with a bolt strain gauge. The 

bolt strain gauges were embedded with an adhesive in the shank of the bolt by inserting them in a 

hole drilled in the center of the bolt. An instrumented bolt is shown below in Figure 5-31. 

 

 

Figure 5-31 Cut View of Bolt Instrumented With Bolt Strain Gauge 

 

 Outside spring calipers were used to measure end-plate separation. Six calipers were used 

for each specimen, and the calipers were placed at different locations. These locations were 

relatively consistent between specimens. There were 4 large calipers and 2 larger calipers. The 

number of calipers used and the placement of these calipers was controlled by the column flange 

width and the reach of the calipers. The column flange width was greater than any of the end-
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plate widths. The reach of the larger calipers was about 5 inches, and the reach of the small 

caliper was about 2-1/2 inches. An example of a large caliper and a small caliper is shown in 

Figure 5-32. A diagram of the bolt strain gauge locations and the caliper location is shown in 

Figure 5-33. 

 Any potential movement of the test frame and specimen was captured by string 

potentiometers. The string potentiometers that were used were Celesco PT101. Two string 

potentiometers were place on each wedge reaction block to measure any potential slip. On each 

block, one string potentiometer measured in the north-south direction and the other one measured 

in the east-west direction. One string potentiometer was placed in-line with each of the W14x873 

stub sections, which attached to the column. These string potentiometers measured separation of 

the column from the stub sections. Another string potentiometer was placed near the end of the 

column to measure movement of the column in the north-south direction. Four string 

potentiometers were placed in the panel zone to measure the panel zone deformation. A string 

potentiometer was place on the outside of each flange of the beam to measure the extension in 

the plastic hinge region. The rotation of the plastic hinge region was captured by a linear 

potentiometer, which measured in the north-south direction, perpendicular to the other two string 

potentiometers. The linear potentiometer that was used was a Celesco CLP150. The last string 

potentiometer was placed at the end of the beam near the actuators to measure the total deflection 

of the specimen. Each actuator includes an LVDT, which validates the value of the string 

potentiometer. 

 

 

Figure 5-32 Large and Small Outside Spring Calipers  
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Figure 5-33 Bolt Strain Gauge and Caliper Locations 

 

5.3.1.   Calibration of Outside Spring Calipers 

 There were a total of six outside spring calipers: four large and two small. Each caliper 

was instrumented with a strain gauge, which allowed for the caliper to be digitally calibrated for 

separation of the tips. The range of separation of the caliper tips was calculated. The minimum 

separation was based on the minimum sum of the end-plate thickness and the column flange 

thickness between all specimens. The maximum separation was based on the maximum sum of 

the end-plate thickness, the column flange thickness and an end-plate separation of 3/8 inch 

across all specimens. This led to a range of separation of 2 inches to 3-1/8 inches. For each 

caliper, strain readings were recorded at 1/8 inch increments across the range using machined 

steel parallels. A strain reading was recording at each increment going from minimum to 

maximum separation. The process was repeated going from maximum to minimum separation. 

The plot of separation versus strain was linear over this range for each caliper. 

 

5.3.2.   Calibration of Bolt Strain Gauges 

 Several bolts per specimen were fitted with bolt strain gauges. The strain readings for 

each bolt were calibrated for force so that bolt force could be recorded during the testing. The 
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bolt strain gauges that were used were TML BTM-6C. The procedure for inserting the bolt strain 

gauges with TML A-2 adhesive for BTM strain gauges was done according to the documentation 

provided in the packaging of the bolt strain gauges. After all of the strain gauges were inserted in 

the bolts and the adhesive was cured, each bolt was loaded to 50% of Rn of the bolt. This was 

considered a significant range, but low enough that the bolt remained elastic. The bolts were 

loaded using a SATEC 300 kip Universal Testing Machine. During loading, the strain and 

corresponding force was recorded. This load versus stain data was plotted, which was linear for 

each strain gauged bolt. A trendline was fitted to the data for each strain gauge. The slope of the 

trendline was used to convert the strain to force. This allowed for the forces in the bolts to be 

recorded during testing. 

 

5.3.3.   Story Drift Angle Decomposition 

 In order to prequalify a beam-to-column connection, the connection must be able to 

sustain at least one full cycle of loading at a certain story drift angle after a prescribed loading 

protocol. This loading protocol and the requirements for prequalification are detailed in the AISC 

Seismic Provisions for Structural Steel Buildings and is discussed in the next section of this 

document. For special moment frames (SMF), this required story drift angle is 0.04 radians. For 

intermediate moment frames (IMF), this required story drift angle is 0.02 radians. It is important 

that the sources of the story drift angle are determined and the percentage of the total story drift 

provided by each source. The amount of inelastic rotation provided by the connection must be 

within 25% of the expected amount of inelastic rotation. This means that for special moment 

frames, the connection must account for at least 0.03 radians of the total story drift angle. For 

intermediate moment frames, the connection must account for at least 0.015 radians of the total 

story drift angle. The components of these tests that contribute to story drift include: 

 

 Movement of the reaction frame:   &  

 Rigid body movement of the column within the reaction frame:   &  

 Shear deformation of the panel zone:   

 Flexural deformation of the column and panel zone:   

 Separation of end-plate from column flange:   

 Elastic flexural and shear deformation of the beam outside the plastic hinge region:   
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 Deformation of the plastic hinge region of the beam:   

 

 The following sections describe how these sources listed above were accounted for in the 

tests via instrumentation. The data recorded from the instrumentation was used by way of the 

equations listed below. Most of these equations were based on a small angle assumption, which 

means that the angles were small enough that the ratios used were essentially equal to the 

appropriate trigonometric function. The positive sign convention for the story drift angle is 

shown below in Figure 5-34, where  is the angle of rotation in radians. The equations below 

describing each source of story drift are expressed according to this positive sign convention. 

 

 

Figure 5-34 Story Drift Sign Convention 

 

i) Movement of reaction frame and rigid body movement of the column within the 

reaction frame 

 Although all of the bolted connections were pretensioned, there was still a possibility that 

there could be movement in the connections during testing; whether it was slip or separation. 

String potentiometers were attached to the big wedge reaction blocks to capture the slip of these 

blocks. By capturing the movement of these reaction blocks, it was assumed that other 

movement of the reaction frame as a unit would also be captured. String potentiometers were 

also attached to the column to record the movement of the column as a rigid body at the location 

of the connections to the reaction frame. In terms of story drift decomposition, the measurements 

from these string potentiometers included both the movements of the column within the reaction 

frame and the movement of the reaction frame as a unit. Because of this, the measurements from 

the string potentiometers attached to the wedge reaction blocks were ignored for story drift 

decomposition. The movement of the wedge reaction blocks was still monitored though. The 
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calculation of the story drift angle due to the movement of the column in the north-south 

direction is expressed below by Eq. 5.1. The calculation of the story drift angle due to the 

movement of the column in the east-west direction is expressed below by Eq. 5.2. Each variable 

in these equations is depicted below in Figure 5-35.  

 

  (Eq. 5.1) 

 

 LCL is the distance from the string potentiometer at the end of the beam to the centerline 

of the column. 

 

  (Eq. 5.2) 

 

 

Figure 5-35 Sign Convention for Separation of Column from Reaction Frame 

 

ii) Shear deformation of the panel zone 

 The panel zone of the column is instrumented with two string potentiometers, which were 

placed on the opposite side of the column from the beam. The string of each string potentiometer 

configuration can be seen below in Figure 5-36, in which the panel zone is framed by the dashed 

lines. This same rectangle with dashed lines is shown in Figure 5-37 below as the undeformed 

shape of the panel zone. Next to it is the assumed deformed shape of the panel zone, which gives 

a positive story drift angle. The aligned dimensions of each side of the deformed shape were 

assumed to be the same as the dimensions of the undeformed panel zone.  
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Figure 5-36 Instrumented Panel Zone 

 

 

Figure 5-37 Assumed Panel Zone Geometry 

 

 Each string divides the panel zone into two separate triangles. Given that two sides of 

each of these triangles are known since they are assumed to remain constant, and if the length of 

the diagonal is known, then angle interior angle of each triangle can be calculated via the law of 
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cosines. Figure 5-38 below depicts one of the triangles formed by each string potentiometer in 

the deformed shape of the panel zone. These triangles represent the case of positive story drift. 

The dashed lines in Figure 5-38 correspond to the undeformed shape of the panel zone. The 

length of the undeformed diagonals, LSP, m, which 

is shown below in Eq. 5.3.  

 

 

Figure 5-38 Measuring Panel Zone Story Drift 

 

  (Eq. 5.3) 

 

 The change in length of the diagonals was measured by the string potentiometers. SP12 

is the change in length of string potentiometer 12 and SP11 is the change in length of string 

potentiometer 11. The new length of each diagonal is the sum of the original length and the 

change in length. A negative change in length corresponds to shortening of the string 

potentiometer string. In the case shown, string potentiometer 12 is elongated and string 

potentiometer 11 is shortened. The law of cosines is applied to calculate an interior angle for 

string potentiometer 12 in Eq 5.4 below and for string potentiometer 11 in Eq. 5.6 below. These 

interior angles are used to calculate the story drift angle based on each string potentiometer in Eq 
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5.5 and Eq. 5.7 respectively. Theoretically, PZ12 and PZ11 should be equal, thus they can be 

used to as comparison against each other. Due to error that inherently exists, these two values 

were expected to differ, and consequently were averaged to calculate the component of the story 

drift angle due to panel zone shear. 

 

  (Eq. 5.4) 

 

  (Eq. 5.5) 

 

  (Eq. 5.6) 

 

  (Eq. 5.7) 

 

  (Eq. 5.8) 

 

iii) Flexural deformation of the column and panel zone 

 Movement of the column as a rigid body, and deformation of the column due to shear has 

been accounted for. Since the column is resisting the moment at the end of the beam, the column 

also deforms flexurally. This deformation was accounted for by two string potentiometers, which 

were placed on the outside of the column flanges opposite from the beams. Each string was 

attached to the column flange at the centerline of each continuity plate. The placement of the 

string potentiometers is shown below in Figure 5-39. The component of the story drift angle due 

to flexure in the column can be calculated as the difference between the deflections measured by 

each string potentiometer divided by the distance between the string potentiometers. The 

measurements from these string potentiometers also include the rigid body motion of the column 

and the shear deformation in the panel zone. As a result, these components of the story drift 

angle must each be subtracted out as shown below in Eq. 5.9, which gives the portion of the 

story drift angle due to the flexural deformation of the column. 
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  (Eq. 5.9) 

 

 

Figure 5-39 Contribution of Column Flexure to Story Drift 

 

iv) Separation of end-plate from column flange 

 The bolts connecting the end-plate to the column were pretensioned to at least the 

minimum level as specified by the AISC Specification for Structural Steel Buildings. At low 

levels of moment, the pretension in the bolts would be enough to prevent any separation of the 

end-plate from the column. Eventually, the moment would increase to a level where the force in 

the bolts exceeds the pretension, leading to end-plate separation. This separation is a component 

that contributes to the total story drift angle. On each specimen, at least one outside spring 

caliper was place at the inside face of the beam flange. With the measurement from the caliper, a 

story drift angle can be computed as shown below in Eq. 5.10, which applies the small angle 

assumption. The location of the caliper, and a depiction of the end-plate separating from the 

column flange are shown below in Figure 5-40. The horizontal distance, d-3tf/2, is based on the 
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assumption that the end-plate is rotating about the centerline of the opposite flange from the 

caliper. This same assumption is also applied to the yield line derivation of the end-plate, as 

shown in Appendix N. 

 

  (Eq. 5.10) 

 

 

Figure 5-40 Separation of End-Plate from Column Flange 

 

v) Elastic deformation of the beam outside the plastic hinge region 

 At any level of load, the beam is expected to have some elastic portion of the 

deformation. After a certain point, the beam would also experience plastic deformations near the 

connection. The region of the beam outside the plastic hinge region at the free end of the 

cantilever would be undergoing only elastic deformations, which is depicted below in Figure 5-

41. The flexural deformation of the beam over the elastic region can be calculated using the load 

as shown below in the first term of Eq. 5.12. The deformation due to shear as calculated by 

Timshenko is the second term of Eq. 5.12. In this equation,  is a shape factor, which is 

calculated by using Eq. 5.11 below. This deflection can be used to calculate the component of 

the story drift angle due to elastic deformations of the beam outside the plastic hinge region as 

shown below in Eq. 5.13.  

  (Eq. 5.11) 
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  (Eq. 5.12) 

 

  (Eq. 5.13) 

 

 

Figure 5-41 Contribution of Elastic Beam Deformation to Story Drift 

 

vi) Plastic deformation of the beam 

 The elastic portion of the beam deformation has been accounted for only in the region 

outside of the plastic hinge. Some of the specimens were expected to fail due to plastic hinging 
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of the beam. For extended stiffened end-plate moment connections, the plastic hinge is expected 

to form at the end of the stiffeners. To capture this deformation, two string potentiometers were 

e 

outside of the column flange, as shown below in Figure 5-42. As one spring potentiometer 

extends, the other one should retract. This component of story drift angle can be calculated by 

the difference of the change in lengths of the string potentiometers divided by the distance 

between the string potentiometers. This is shown below in Eq. 5.14. In this region of the beam 

from the column face to where the string potentiometers attach to the beam, these string 

potentiometers are actually measuring the plastic deformation of the beam, the elastic 

deformation of the beam and the end-plate separation from the column. The end-plate separation 

is factored into Eq. 5.14 below. These string potentiometers attached to the beam at the same 

location where the linear potentiometer attached to the beam for the measurement of the elastic 

deformation of the beam outside the plastic hinge region. 

 

  (Eq. 5.14) 

 

 

Figure 5-42 Contribution of Plastic Deformation of Beam to Story Drift 

 

vii) Total story drift angle 

 Each of the terms detailed above are summed together to equal the total story drift angle, 

which is expressed below in Eq. 5.15. The total story drift can also be calculated by the ratio of 
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the deflection measured by the string potentiometer at the end of the beam to the distance from 

that string potentiometer to the centerline of the column. This ratio is expressed below by Eq. 

5.16, which could be used for comparison against Eq. 5.15. 

 

  (Eq. 5.15) 

 

  (Eq. 5.16) 

 

SP1 is the maximum deflection recorded by the string potentiometer at the free end of the beam. 

 

viii) Story drift checks 

 The calculated total story drift angle is compared to the actual total story drift angle. This 

is important, however, there are a lot of sources that contribute to the total story drift angle. 

Checking the accuracy of these components is important. Ensuring the accuracy of the 

components improves the accuracy of the calculated story drift angle. This first check can be 

used for checking the elastic deformations of the column. Since the load is at a low level, the 

rigid body motion of the column is assumed to be zero. Given the load, P, the following variables 

can be calculated: the moment at the centerline of the column at the intersection with the beam, 

MCL, the rotation of the column due to this moment at the same location, , and the moments, M1 

and M2. These moments are located at the strain gauges placed on the outside of the column 

flanges  These variables are depicted below in 

Figure 5-43. In this figure, the dashed lines are the deflected shape of the beam and column for a 

positive story drift angle. The locations of the strain gauges are shown in the instrumentation 

plan in Appendix J. For the cycles of small applied beam displacements, these values can then be 

used to check 9 10 1, and the strains at the locations of M1 and M2, M1,check and 

M2,check respectively. The equations for checking these instrumentation readings are listed below 

as Eq. 5.17 through Eq. 5.23. Due to symmetry, the magnitudes of M1 and M2 are equal. Also 

due to symmetry of the placement of the strain gauges on the outside of the column flanges, 

magnitudes can be used to check the strains, M1,check M2,check. The small angle assumption 

was applied in Eq. 5.19, Eq. 5.20 and Eq. 5.21. 
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  (Eq. 5.17) 

 

  (Eq. 5.18) 

 

Ixc is the moment of inertia of the column. 

 

  (Eq. 5.19) 

 

  (Eq. 5.20) 

 

  (Eq. 5.21) 

 

Ix is the moment of inertia of the beam. 

 

  (Eq. 5.22) 

 

  (Eq. 5.23) 

 

dc is the depth of the column. 
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Figure 5-43 Small Deformations Check 

 

 Another check of the components of story drift angle can be used to check the sum of all 

components except the portion due to the elastic deformations of the beam outside of the plastic 

hinge region. This check used the displacements from the linear potentiometer attached to the 

beam just outside the plastic hinge region, and a string potentiometer attached to the column, 

which captures the rigid body motion of the column in the north-south direction. This layout is 

depicted below in Figure 5-44. In this figure, the dashed lines are the deflected shape of the beam 

and column for a positive story drift angle. The sum of these components of story drift angle can 

be compared to the calculation shown below in Eq. 5.24. The terms in the numerator of this 

equation are summed together because, for the case of a positive story drift angle, the linear 

potentiometer extends, making LP positive. If the column were to move, it would be in the 

same direction as the applied force, which is to the south in this case. This means that the string 
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potentiometer would retract, making SP7 negative. Therefore, the signs of the instrumentation 

were taken into account. Also, the small angle assumption was applied here. 

 

  (Eq. 5.24) 

 

 

Figure 5-44 Large Deformations Check 

 

5.4.   Testing Procedure 

 In order to prequalify a beam-to-column moment connection, a certain loading sequence 

must be followed, which is detailed in the AISC Seismic Provisions for Structural Steel 

Buildings. This loading sequence is displacement controlled and is shown below in Table 5-19. 

The story drift angle is the ratio of the deflection of the beam to the distance to the centerline of 

the column. The deflection of the beam was measured by a string potentiometer near the 

actuator. Displacement can be measured by the actuators with its internal LVDT. However, these 

displacement readings would not be as accurate as the readings from the string potentiometer 

because the actuator was fixed to the reaction frame, which can move. The string potentiometer 

was stationary because it was fixed to the ground. The applied displacement sequence is shown 

in Figure 5-45 below. 
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Table 5-19 Loading Sequence for Beam-to-Column Moment Connections 

 

 

 

Figure 5-45 Applied Displacement Sequence 

 

 The specimens were tested to failure. Two of the specimens were expected to experience 

bolt failures, and the remaining specimens were expected to form a plastic hinge. The loading 

was applied by hydraulic actuators, w -2-

the column. All of the specimens required only one hydraulic actuator, except for Specimen 

12ES-1.25-1.50-44, which required two hydraulic actuators. Both of these actuators were placed 

in the same line. The story drift angle that could be reached was limited by the stroke of the 
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actuator, which is 30 inches. This means that the maximum story drift angle that could be 

reached during the tests was slightly more than 0.07 rad. The full loading protocol can be found 

in Appendix Q. 
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6.   EXPERIMENTAL RESULTS 

 

 Between the actuators, the string potentiometers, the linear potentiometer, the strain 

gauges, the bolt strain gauges, and the calipers, there were a total of 55 channels of data for each 

test. The data was sampled at a rate of 5 Hz. All data points were plotted, unless stated otherwise. 

For each specimen, the figures that are not included in this chapter are shown in the appendices. 

The additional figures for Specimen 12ES-0.75-1.00-44 are shown in Appendix S. The 

additional figures for Specimen 12ES-1.25-1.50-44 are included in Appendix T. The additional 

figures for Specimen 12ES-0.875-0.75-24 are shown in Appendix U. The additional figures for 

Specimen 12ES-1.125-1.25-24 are included in Appendix V. The results of each test are discussed 

in the following sections. 

 

6.1.   Testing of Specimen 12ES-0.75-1.00-44 

 Specimen 12ES-0.75-1.00-44 was a 44 inch deep beam with an end-plate that was 

designed for thick end-plate behavior. This specimen was connected to the column specimen 

A490 bolts. The end-plate was 1 inch thick. 

 

6.1.1.   Limit States  Progression and Predictions 

 This specimen was designed to fail due to bolt tension rupture without prying action. The 

bolts fractured as the specimen was approaching the first peak in the 1% story drift cycles. The 

applied displacement at fracture was 1.42 inches. All twelve bolts at the southern flange failed 

simultaneously. This follows the assumption, in the bolt force model discussed in Chapter 4, that 

all bolts reach their full capacity at ultimate. The predicted capacity was conservative by just 

under 7%. The predicted and experimental capacities are outlined below in Table 6-1. The 

variation of the ratio of the applied moment to the predicted moment capacity associated with 

bolt tension rupture without prying action compared to the total story drift is shown below in 

Figure 6-1. 
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Table 6-1 Predicted & Experimental Moment Capacities for Specimen 12ES-0.75-1.00-44 

 

Mnp
TT  Moment capacity associated with bolt tension rupture without prying action calculated 

based on material properties from the tensile testing 

Mu,cf  Maximum moment at the column face during the test 

 

 

Figure 6-1 Moment Ratio vs. Total Story Drift for Specimen 12ES-0.75-1.00-44 

 

6.1.2.   Experimental Results  Yield and Ultimate Moments 

 The specimen failed as designed: bolt rupture before yielding of anything else. The 

ultimate moment in the beam was 2494 kip-ft at the face of the column, which was significantly 

less than the predicted beam yield moment of 3533 kip-ft, or end-plate yield moment of 3126 

kip-ft. The calculated beam yield moment was based on the material properties from the tensile 

testing. The predicted moment capacity associated end-plate yielding was 3126 kip-ft. No white 

wash flaked off during the test. The beam, the end-plate and the column remained elastic 
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throughout the test based on the predicted capacities, and the white wash that was applied to the 

specimen. 

 

6.1.3.   Experimental Results  End-Plate Separation 

 The end-plate separation remained relatively small throughout this test. During the 0.75% 

cycles, the end-plate was consistently just over 0.05 inches at the inside of the beam flange. The 

end-plate separation was generally linear with respect to applied load. However, over the brief 

instances before bolt fracture, the end-plate separation rapidly increased from about 0.05 inches 

to about 0.075 inches. How the end-plate separation progressed with respect to applied load in 

the cycle leading up to failure can be seen below in Figure 6-2.  

 

 

Figure 6-2 End-Plate Separation in Failure Cycle for Specimen 12ES-0.75-1.00-44 

 

6.1.4.   Experimental Results  Bolt Forces 

 The bolts were pretensioned to at least the minimum of 35 kips as prescribed in Table 

J3.1 of AISC 360-10 (AISC 2010b). The force in each bolt varied by bolt hole location. 

However, the following discussion on bolt forces is based on one bolt hole location. For the 
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0.375% story drift cycles, the force in the bolts varied by about 2 kips above and below the initial 

pretension level. For the 0.5% cycles, the force in the bolts varied by about 5 kips above and 

below the initial pretension level. After the first the first peak in the 0.75% cycle, the bolts lost 

their pretension, meaning that when the flange was in compression, the force in the bolts was 

essentially zero. The relationship of bolt force and applied moment is shown below in Figure 6-

3. The capacity of the bolts, , was 54.6 kips, which was based on the results from the bolt 

tensile testing. After the 0.5% cycles, the bolt force exceeded . These recorded forces are not 

accurate because the bolt strain gauges were calibrated in the linear-elastic range. At this point 

during the test, the bolts became nonlinear. This means that the recorded bolt force values are 

greater than the actual force in the bolts. The force in the bolts at fracture would be significantly 

closer to 54.6 kips. 

 

 

Figure 6-3 Bolt Force vs. Column Face Moment for Specimen 12ES-0.75-1.00-44 

 

6.1.5.   Experimental Results  Pictures of Specimen 12ES-0.75-1.00-44 

 Below, Figure 6-4 and Figure 6-5 show two different views of Specimen 12ES-0.75-

1.00-44 at the instant before the bolts fractured. These figures show the end-plate separation, and 
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the state of the white wash, which may indicate the level of inelasticity in the beam and in the 

end-plate. No white wash flaked off on either the beam or the end-plate. Figure 6-6 shows the 

specimen after the bolts fractured. An elevation view and a plan view of a typical fracture 

surface can be seen below in Figure 6-7. 

 

 

Figure 6-4 View of End-Plate Separation Before Fracture for Specimen 12ES-0.75-1.00-44 
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Figure 6-5 View of End-Plate White Wash Before Fracture for Specimen 12ES-0.75-1.00-44 

 

 

Figure 6-6 Specimen 12ES-0.75-1.00-44 After Bolt Rupture 
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Figure 6-7 Fracture Surface of Typical Fractured Bolt for Specimen 12ES-0.75-1.00-44 

 

6.2.   Testing of Specimen 12ES-1.25-1.50-44 

 Specimen 12ES-1.25-1.50-44 was a 44 inch deep beam. This specimen was connected to 

the column specimen with 1-  bolts. The end-plate was 1-1/2 inch thick. 

 

6.2.1.   Limit States  Progression and Predictions 

 This specimen was designed for plastic hinging of the beam. The goal was to cycle the 

beam through the 4% story drift cycles, which is a requirement in the seismic provisions for 

qualification for SMRF (AISC 2010a). However, the beam fractured at a point significantly 

before reaching the 4% cycles. The beam flange and web fractured suddenly at the same time. 

The fracture went through the entire flange, and halfway down the depth of the web. 

 The beam remained elastic through all of the 1% story drift cycles. Yielding may have 

initiated in the beam flanges, in the beam web, and in the stiffeners at the first peak of the 1.5% 

story drift cycles because going into the first peak of the 1.5% story drift cycles is when white 

wash first started to flake off of the flanges and the stiffeners. The beam continued through all of 

the 1.5% story drift cycles and through the first peak of the first 2% cycle. At the first peak of the 

first 2% cycle, 347.5 kips were applied at the end of the beam, producing a moment of 4554 kip-

ft at the end of the beam stiffener. The beam flange and web fractured as the specimen was 

approaching the second peak in the 2% story drift cycles. The applied load at fracture was 302.5 

kips, producing a moment of 3964 kip-ft at the end of the beam stiffener. The applied 
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displacement at fracture was 2.24 inches, whereas at the previous peak, the beam reach an 

applied displacement of 3.70 inches. Leading up to fracture, there was significant yielding in the 

beam flanges. The stiffeners and beam web showed signs of some yielding. 

 The beam failed at a moment which was 94.8% of the plastic section moment capacity 

determined based on the material properties from the tensile testing. This moment ratio versus 

the total story drift is shown below in Figure 6-8. The predicted versus the experimental moment 

capacities for Specimen 12ES-1.25-1.50-44 are shown below in Table 6-2. The predicted plastic 

section moment capacity based on the material properties from the tensile testing only differed 

from the experimentally determined value by about 2.3%. The method for determining the 

experimental value is shown below in Figure 6-9. 

 

Table 6-2 Predicted & Experimental Moment Capacities for Specimen 12ES-1.25-1.50-44 

 

Mp
TT  Plastic section moment capacity of beam calculated based on material properties from the 

tensile testing 

Mp
exp  Plastic section moment capacity of the beam determined by the intersection of the elastic 

and post-yield stiffness from the moment-story drift curve for the test 

Mu,st  Maximum moment experienced by the beam at the end of the stiffener during the test 
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Figure 6-8 Moment Ratio vs. Total Story Drift for Specimen 12ES-1.25-1.50-44 

 

6.2.2.   Experimental Results  Yield and Ultimate Moments 

 The beam yielded as it was approaching the first peak in the first 1.5% story drift cycle. It 

also reached its plastic section moment capacity in the first peak of the 2% cycles at an applied 

moment of 4278 kip-ft at the end of the beam stiffener. The ultimate applied moment was 

reached at the peak before failure, which was 4554 kip-ft at the end of the beam stiffener. The 

beam failed at a moment of lesser magnitude than the ultimate applied moment. 
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Figure 6-9 Determination of Experimental Plastic Moment Capacity for Specimen 12ES-
1.25-1.50-44 

 

6.2.3.   Experimental Results  End-Plate Separation 

 The separation of the end-plate from the column face remained relatively low through the 

1% story drift cycles. The maximum end-plate separation at the inside face of the beam flange 

through the 1% cycle was just under 0.05 inches. During the 1.5% cycles, the separation 

increased to about 0.11 inches. At the instant of fracture, the end-plate separation was about 0.13 

inches. The relationship of end-plate separation to applied moment was relatively linear through 

the 1% cycles. After those cycles, that relationship became nonlinear. The relationship of applied 

moment versus rotation due to end-plate separation can be seen below in Figure 6-10. 
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Figure 6-10 Rotation due to End-Plate Separation for Specimen 12ES-1.25-1.50-44 

 

6.2.4.   Experimental Results  Bolt Forces 

 The bolts were 1-  which had a tensile capacity, , of 160.6 kip based on the 

results from the bolt tensile testing. They were pretensioned to at least the minimum of 102 kips 

as prescribed in Table J3.1 of AISC 360-10 (AISC 2010b). The force in each bolt varied by bolt 

hole location. However, the following discussion on bolt forces is based on one of the bolt hole 

locations. During the 0.375% story drift cycles, the force in the bolts drop to about 94 kips when 

the flange was under compression, and increased to about 110 kips when the flange was under 

tension. During the 0.5% cycles, the force in the bolts drop to about 89 kips when the flange was 

under compression, and increased to about 115 kips when the flange was under tension. This 

trend continued with each new level of cycles, which can be seen below in Figure 6-11. The 

maximum recorded bolt force for this bolt location was 141.7 kips at the last peak before 

fracture, which is notably less than . Since the bolt forces were calculated based on a linear 

calibration of the strain, the bolt forces would become inaccurate when the actual bolt force 

approaches  because the behavior of the bolts becomes nonlinear as the actual bolt force 
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approaches . Since the calculated bolt forces shown below in Figure 6-11 are significantly 

below , the calculated bolt forces should be reasonably accurate. 

 

 

Figure 6-11 Bolt Force vs. Column Face Moment for Specimen 12ES-1.25-1.50-44 

 

6.2.5.   Experimental Results  Pictures of Specimen 12ES-1.25-1.50-44 

 The beam fractured completely through one of the flanges, and halfway down the depth 

of the web. This fracture can be seen below in Figure 6-12. The fracture initiated at the outside 

face of the flange at the toe of the stiffener. A close up of this location can be seen below in 

Figure 6-13. The fracture surface can be seen below in Figure 6-16, which indicates the exact 

location of fracture initiation based on the chevron markings. After cleaning off some of the 

white wash and inspecting the fractured beam further, two more fracture locations were 

discovered. The second fracture was forming in the weld at the toe of the stiffener on the other 

flange. This fracture can be seen below in Figure 6-14. The third fracture was forming in the 

flange-to-end-plate weld in the flange opposite the main fracture. This fracture was initiating at 

the edge of the flange, which can be seen below in Figure 6-15. 
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Figure 6-12 Fractured Specimen 12ES-1.25-1.50-44 

 

 

Figure 6-13 Specimen 12ES-1.25-1.50-44 Fractured Flange 
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Figure 6-14 Specimen 12ES-1.25-1.50-44 Second Fracture - Other Flange 
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Figure 6-15 Specimen 12ES-1.25-1.50-44 Third Fracture - Other Flange 
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Figure 6-16 Fracture Surface of Specimen 12ES-1.25-1.50-44 

 

6.3.   Testing of Specimen 12ES-0.875-0.75-24 

 Specimen 12ES-0.875-0.75-24 was a 24 inch deep beam with an end-plate that was 

designed for thin end-plate behavior. This specimen was connected to the column specimen with 

-plate was 3/4 inch thick. 

 

6.3.1.   Limit States  Progression and Predictions 

 This specimen was designed to fail due to bolt tension rupture with prying action. The 

bolts fractured as the specimen was approaching the first peak in the first 3% story drift cycles. 

Eleven of the twelve bolts at the southern flange fractured at the same time. The North end on 

the test setup is indicated in Figure 5-17 above. The locations of these fractured bolt can be seen 

below in Figure 6-17. After these bolts fractured, the applied load dropped from a peak of 111.7 

kips to about 16 kips, and then the loading protocol was paused. After the specimen was 

inspected, the loading resumed until the last bolt at that flange failed.  

 

Fracture 
Initiation 

Beam 
Web 

Beam 
Stiffener 
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Figure 6-17 First Set of Fractured Bolts for Specimen 12ES-0.875-0.75-24 

 

 End-plate yielding started in the 1% story drift cycles. The yielding in the end-plate 

developed further with each new level of cycles. The beam flanges began to yield in the 2% story 

drift cycles, whereas at this point, there was already significant yielding in the end-plate. The 

prediction for the moment capacity associated with end-plate yielding calculated based on 

material properties from the tensile testing is shown below in Table 6-3. The predicted capacity 

was about 9% conservative compared to the experimentally determined value. The method for 

determining the experimental value is shown below in Figure 6-19. The prediction for the 

moment capacity associated with bolt tension rupture with prying action calculated based on 

material properties from the tensile testing was just under 19% conservative compared to the 

ultimate moment. This moment ratio versus the total story drift is shown below in Figure 6-18. 

 

Table 6-3 Predicted & Experimental Moment Capacities for Specimen 12ES-0.875-0.75-24 

 

Mpl
TT  Moment capacity associated with end-plate yielding calculated based on material 

properties from the tensile testing 

Mq
TT  Moment capacity associated with bolt tension rupture with prying action calculated based 

on material properties from the tensile testing 

Mpl
exp  Moment associated with yielding of the end-plate based on experimental results 
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Figure 6-18 Moment Ratio vs. Total Story Drift for Specimen 12ES-0.875-0.75-24 

 

6.3.2.   Experimental Results  Yield and Ultimate Moments 

 The end-plate yielded before the beam flange yielded. The end-plate yielded at a moment 

of 1350 kip-ft. This point is shown below in Figure 6-19. The bolts fractured at an applied force 

of 111.7 kips, producing an applied moment of 1620 kip-ft at the face of the column. 

 

6.3.3.   Experimental Results  End-Plate Separation 

 The end-plate separation remained relatively linear with respect to applied load through 

the 0.75% story drift cycles. However, the magnitude of the end-plate separation was no greater 

than 0.03 inches at the inside face of the beam flange. The end-plate separation did not become 

noticeable to the naked eye until the 2% story drift cycles. The separation at the inside face of the 

flange was about 0.11 inches. The shape of this end-plate separation was bell-curve with the 

peak separation at the beam flange. The separation returned to zero a few inches inside and 

outside the beam flange. This shape is a result of the thin end-plate behavior. The yielding in the 

end-plate led to greater localized deformations in the end-plate. The relationship of applied 



111 
 

moment and the rotation due to end-plate separation can be seen below in Figure 6-19. After the 

end-plate yielded, the behavior of the separation became nonlinear. 

 

 

Figure 6-19 Rotation due to End-Plate Separation for Specimen 12ES-0.875-0.75-24 

 

6.3.4.   Experimental Results  Bolt Forces 

  which had a tensile capacity, , of 76.4 kip based on the 

results from the bolt tensile testing. They were pretensioned to at least the minimum of 49 kips as 

prescribed in Table J3.1 of AISC 360-10 (AISC 2010b). The force in each bolt varied by bolt 

hole location. However, the following discussion on bolt forces is based on one of the bolt hole 

locations. During the 0.375% story drift cycles, the force in the bolts drop to about 48 kips when 

the flange was under compression, and increased to about 50 kips when the flange was under 

tension. During the 0.5% cycles, the force in the bolts drop to about 47 kips when the flange was 

under compression, and increased to about 49 kips when the flange was under tension. This trend 

continued with each new level of cycles, which can be seen below in Figure 6-20. However, the 

change in bolt force increased significantly at the greater levels of applied displacement. The 

maximum recorded bolt force for this bolt location was about 60 kips at the first peak in the first 
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2% story drift cycle, which is notably less than . Since the bolt forces were calculated based 

on a linear calibration of the strain, the bolt forces would become inaccurate when the actual bolt 

force approaches  because the behavior of the bolts becomes nonlinear as the actual bolt 

force approaches . Since the calculated bolt forces shown below in Figure 6-20 are 

significantly below , the calculated bolt forces should be reasonably accurate. The bolt strain 

gauges were inserted in a hole at the center of the bolts in order to measure the axial strain in the 

bolts. However, there was prying action on the bolts after the end-plate yielded. This means that 

the recorded strains, which were calibrated for force, are not indicative of the peak strain, or peak 

stress in the bolts. The prying induces a moment in the bolt, causing maximum strains to be at 

the extreme fiber of the bolt. 

 

 

Figure 6-20 Bolt Force vs. Column Face Moment for Specimen 12ES-0.875-0.75-24 

 

6.3.5.   Experimental Results  Pictures of Specimen 12ES-0.875-0.75-24 

 The pattern of yielding in the end-plate was indicated by the flaking off of the white 

wash. The yielding pattern in the end-plate at the instant just before the bolts fractured can be 

seen below in Figure 6-21. The red dashed lines indicate where the yield lines formed. Although 
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this pattern does not match the one that was chosen previously in Chapter 3, the yield line 

mechanisms in Chapter 3 are just numerical models that are used to help predict the moment 

capacity associated with yielding of the end-plate. 

 Also at the instant just before the bolts fractured, the separation of the end-plate from the 

column face can be seen below in Figure 6-22. The bell-curve shape previously mentioned is 

located where the flange in the upper part of the picture meets the column flange. The separation 

is small, but still noticeable with the naked eye. An elevation view and a plan view of a typical 

fracture surface can be seen below in Figure 6-23. 

 

 

Figure 6-21 View of End-Plate Yielding for Specimen 12ES-0.875-0.75-24 

 

Yield Line, TYP 
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Figure 6-22 View of End-Plate Separation for Specimen 12ES-0.875-0.75-24 

 

 

Figure 6-23 Fracture Surface of Typical Fractured Bolt for Specimen 12ES-0.875-0.75-24 
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6.4.   Testing of Specimen 12ES-1.125-1.25-24 

 Specimen 12ES-1.125-1.25-24 was a 24 inch deep beam. This specimen was connected 

to the column specimen with 1- -plate was 1-1/4 inch thick. 

 

6.4.1.   Limit States  Progression and Predictions 

 This specimen was designed for plastic hinging of the beam. The goal was to cycle the 

beam through the 4% story drift cycles, which is a requirement in the seismic provisions for 

qualification for SMRF (AISC 2010a). However, the beam fractured at a point significantly 

before reaching the 4% cycles. The beam flange fractured suddenly, and the fracture went 

through the entire flange. 

 The beam remained elastic through all of the 1% story drift cycles. Yielding may have 

initiated in the beam flanges at the first peak of the 1.5% story drift cycles because going into the 

first peak of the 1.5% story drift cycles is when white wash first started to flake off of the 

flanges. The beam continued through all of the 1.5% story drift cycles, and through all of the 2% 

cycles. Yielding in the stiffeners started in the first peak of the 2% story drift cycles, which is 

based on the same reasoning as initiation of yielding in the beam flanges. At the second peak of 

the first 3% cycle, 140.7 kips were applied at the end of the beam, producing a moment of 1906 

kip-ft at the end of the beam stiffener. The beam flange fractured as the specimen was 

approaching the first peak in the second 3% story drift cycles. The applied load at fracture was 

127.6 kips, producing a moment of 1726 kip-ft at the end of the beam stiffener. The applied 

displacement at fracture was 3.81 inches, whereas at the previous peak, the beam reach an 

applied displacement of 5.59 inches. In the cycle leading up to fracture, there was significant 

yielding in the beam flanges, some yielding at the extreme fibers of the web, and slightly more 

yielding in the stiffeners than when yielding initiated in the stiffeners. 

 The beam failed at a moment which was about 101% of the plastic section moment 

capacity determined based on the material properties from the tensile testing. This moment ratio 

versus the total story drift is shown below in Figure 6-24. The predicted and the experimental 

moment capacities for Specimen 12ES-1.125-1.25-24 are shown below in Table 6-4. The 

predicted plastic section moment capacity based on the material properties from the tensile 

testing only differed from the experimentally determined value by about 1%. The method for 

determining the experimental value is shown below in Figure 6-25. 
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Table 6-4 Predicted & Experimental Moment Capacities for Specimen 12ES-1.125-1.25-24 

 

 

 

Figure 6-24 Moment Ratio vs. Total Story Drift for Specimen 12ES-1.125-1.25-24 

 

6.4.2.   Experimental Results  Yield and Ultimate Moments 

 The beam yielded as it was approaching the first peak in the first 1.5% story drift cycle. It 

also reached its plastic section moment capacity in the 2% cycles at an applied moment of 1731 

kip-ft at the end of the beam stiffener. The ultimate applied moment was reached at the peak 

before failure, which was 1906 kip-ft at the end of the beam stiffener. The beam failed at a 

moment of lesser magnitude than ultimate applied moment. 
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Figure 6-25 Determination of Experimental Plastic Moment Capacity for Specimen 12ES-

1.125-1.25-24 

 

6.4.3.   Experimental Results  End-Plate Separation 

 The separation of the end-plate from the column face remained relatively low through the 

entire test. The maximum end-plate separation at the inside face of the beam flange through the 

test was just under 0.07 inches. Up to and through the 1% cycles, the end-plate separation at the 

inside face of the beam flange did not exceed much more than 0.02 inches, which is negligible. 

The relationship of end-plate separation to applied moment was relatively linear through the 1% 

cycles. After those cycles, that relationship became nonlinear. The relationship of applied 

moment versus rotation due to end-plate separation can be seen below in Figure 6-26. 
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Figure 6-26 Rotation due to End-Plate Separation for Specimen 12ES-1.125-1.25-24 

 

6.4.4.   Experimental Results  Bolt Forces 

 The bolts were 1-  which had a tensile capacity, , of 121.2 kip based on the 

material properties from the bolt tensile testing. They were pretensioned to at least the minimum 

of 80 kips as prescribed in Table J3.1 of AISC 360-10 (AISC 2010b). The force in each bolt 

varied by bolt hole location. However, the following is based on one of the bolt hole locations. 

During the 0.375% story drift cycles, the force in the bolts drop to about 66.5 kips when the 

flange was under compression, and increased to about 83 kips when the flange was under 

tension. During the 0.5% cycles, the force in the bolts drop to about 62 kips when the flange was 

under compression, and increased to about 85 kips when the flange was under tension. This trend 

continued with each new level of cycles, which can be seen below in Figure 6-27. The maximum 

recorded bolt force for this bolt location was 109.7 kips at the last peak before fracture, which is 

notably less than . Since the bolt forces were calculated based on a linear calibration of the 

strain, the bolt forces would become inaccurate when the actual bolt force approaches  

because the behavior of the bolts becomes nonlinear as the actual bolt force approaches . 
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Since the calculated bolt forces shown below in Figure 6-27 are significantly below , the 

calculated bolt forces should be reasonably accurate. 

 

 

Figure 6-27 Bolt Force vs. Column Face Moment for Specimen 12ES-1.125-1.25-24 

 

6.4.5.   Experimental Results  Pictures of Specimen 12ES-1.125-1.25-24 

 The figures below show the fracture in the beam flange from different views. The 

fracture going through the entire beam flange can be seen below in Figure 6-28. The fracture 

initiated at the toe of the stiffener. A close up of the toe of the stiffener after the flange fractured 

can be seen below in Figure 6-29. The fracture surface can be seen below in Figure 6-31, which 

indicates the exact location of fracture initiation based on the chevron markings. A view of the 

fracture from the inside face of the flange can be seen below in Figure 6-30, which shows that 

the fracture went through the flange, and the fillet welds that connect the web to the flange. 
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Figure 6-28 View of Fracture from Outside of Flange 

 

 

Figure 6-29 Close-Up View of Fracture at Stiffener of Specimen 12ES-1.125-1.25-24 
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Figure 6-30 View of Fracture from Inside of Flange 

 

 

Figure 6-31 Fracture Surface of Specimen 12ES-1.125-1.25-24 
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7.   INVESTIGATION OF BEAM FRACTURES 

 

 The fractures that occurred in the deep and shallow beam specimens were unexpected. 

The goal was to form a plastic hinge in the beam for Specimen 12ES-1.25-1.50-44 and for 

Specimen 12ES-1.125-1.25-24, and to cycle each beam through the 4% story drift cycles, which 

is a requirement in the seismic provisions for qualification for SMRF (AISC 2010a). There are 

many factors that could have contributed to the initiation of those fractures. In order to narrow 

down these factors into the most probable cause, various different aspects of the testing need to 

be examined. This chapter explores the potential issues that could have led to brittle fracture, and 

investigation measures that were conducted to determine the cause(s) of the fractures.  

 The investigation involved examining and comparing previous cyclic testing of end-plate 

moment connections, conducting tensile testing of the beam material, performing Charpy V-

notch testing of the beam flange material, and doing an idealized cross-section analysis to 

explore yielding of the stiffener. After this series of investigation, it was determined that the 

most probable cause of the fractures was the ratio of the yield stress of the stiffener compared to 

the yield stress of the beam. This ratio was low (less than 1.0) for previous testing, however, it 

was high (greater than 1.0) for this testing. It is believed that yielding of the stiffeners reduces 

the concentration of plastic strain and stress triaxiality at the toe of the stiffener. This was 

supported by finite element models, which are not shown here. 

 

7.1.   Summary of Previous Testing 

 There has been a lot of previous testing on end-plate moment connections of various 

configurations, which have been tested under monotonic loading, and cyclic loading. The 

number of bolts at the tension flange varies from four bolts to twelve bolts. The connections can 

either be flush or extended, and the extended end-plate moment connections can either be 

stiffened or unstiffened. Examining this previous testing can be used to compare the various 

aspects of end-plate moment connections and to determine which of the several factors that are 

most likely to contribute to brittle fracture of the beam. However, not all previous testing is 

relevant to the specimens that failed in a brittle manner. The previous testing of interest is of 

extended, stiffened end-plate moment connections that underwent cyclic loading. A summary of 

the relevant previous cyclic testing of 4-bolt extended stiffened end-plate moment connections is 
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shown below in Table 7-1. A summary of the relevant previous cyclic testing of extended 

stiffened end-plate moment connections with eight bolts at each flange is shown below in Table 

7-2. In both of these tables, the specimens that observed fracture initiation in the flange at the toe 

of the stiffener are circled in red. Also in both of these tables, the cells highlighted in yellow 

indicate specimens that underwent cycles at high levels of story drift (at least 4 percent), and 

have equal grade steel for the beam and the stiffener.  

 Many of the specimens from the previous testing had stiffeners which were a grade of 

steel less than 50 ksi. Some of these specimens had a lower grade steel for the stiffeners than for 

the beam. Using a lower grade steel for the stiffeners would lead to more yielding in the 

stiffeners. The three specimens that are circled in red used equal grades of steel for the stiffeners 

and for the beam. Using equal grades of steel would result in less yielding of the stiffener 

compared to using a lesser grade of steel for the stiffeners than for the beam. Since the specimens 

circled in red had fracture initiation in the flange at the toe of the stiffener, it could be concluded 

that the grade of steel used for the stiffeners has an effect on the ductility of the beam at the toe 

of the stiffener. 
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Table 7-1 Summary of Previous 4-Bolt Cyclic Testing 
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Table 7-2 Summary of Previous 8-Bolt Cyclic Testing 

 

 

 Out of all of the testing, the tests conducted by Toellner stands out the most because there 

were similarities in connection geometry as the testing presented here, but the beam did not 

fracture in a brittle manner. However, there was fracture initiation in the beam flange at the toe 

of the stiffener, which means that there is some overlap between the specimens that fractured in a 

brittle manner and the specimens tested by Toellner. The specimens by Toellner were about 36 

inches deep, the stiffener geometry met the geometry prescribed by AISC 358, the bolts were 

A490, and the specimens completed cycles at high levels of story drift (Toellner 2013). The two 

important differences between these specimens and the shallow specimen that fractured were the 

-sections 

made of A992 steel, whereas the beams tested here were built-up sections made from a 

combination of plate material, either A529 or A572 steel. Although fractures started to initiate at 

the toe of the stiffeners in those two specimens tested by Toellner, they did not fracture in a 

brittle manner at relatively low levels of story drift.  
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 The test by Blumenbaum was also an important test because it was the only built-up 

beam specimen that was tested through high levels of story drift. The beam was 24 inches deep. 

However, the section was not as heavy as the 24 inch deep specimen tested here. Although the 

bolts were also A490, there were only four bolts at the tension flange. From this previous testing, 

there appears to be no effect of the number of bolts on the plastic hinging capabilities. However, 

for the same level of story drift, more bolts could push more strain demand into the beam. This 

means that there could be an upper limit on the number of bolts at the tension flange. However, 

for the same size beam, assuming that the bolts are placed symmetrically about the flange, which 

is the case for the 4ES, 8ES, 12ES, and 8B-4WS, there is a minimum total bolt area that is 

required to achieve enough capacity for thick end-plate behavior in order to form a plastic hinge 

in the beam. If each of these configurations were designed for the same size beam, this means 

that if the minimum bolt size is selected, the total area of bolts at the tension flange will roughly 

be equivalent. Assuming that the bolt lengths are the same, the connections will have the same 

stiffness as a result of the bolts because stiffness depends on the modulus of elasticity, the area, 

and the length. For the end-plate moment connection configurations listed above and based on 

the assumptions mentioned, all three of those variables would be equal, and thus the connection 

stiffness would be equal. This means that having more bolts at the tension flange should not have 

an impact on the strain demands in the beam. 

 Between all of the testing listed above in Table 7-1, there were three different stiffener 

geometries used: triangular, rectangular, and the geometry prescribed by AISC 358. Based on 

this testing, stiffener geometry does not have a significant impact on the performance of the 

beam. This means that it is unlikely that stiffener geometry played a role in the brittle fracture of 

the beams. 

 

7.2.   Stiffener Yielding 

 The stiffeners yielded for Specimen 12ES-1.25-1.50-44 and for Specimen 12ES-1.125-

1.25-24, both of which were the specimens that were designed to form a plastic hinge. After 

studying the previous testing, several examples were found of stiffener yielding. Examples of 

stiffener yielding can be found in Figure 7 of Adey et al. 2000, in Figure 51 from Toellner 2013, 

in Figure 6 from Seek and Murray 2008, and in Figure 7 from Sumner and Murray 2002. These 

examples show that the yielding of the stiffeners is common for extended stiffened end-plate 
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moment connection. More yielding in the stiffener reduces the potential for fracture at the toe of 

the stiffener. 

 More investigation was done through simple cross-sectional analysis. An assumed strain 

distribution was applied to the beam cross-section, which was based on yielding initiating at the 

extreme fiber of the beam. A stress distribution was calculated based on the assumed strain 

distribution. In the unstiffened region of the beam, the extreme fiber was the flanges, whereas in 

the stiffened region of the beam, the extreme fiber was the stiffeners. For the analysis of the 

stiffened region, the assumed strain distribution and the resulting stress distribution that were 

used are shown below in Figure 7-1. Since the yield strength of the stiffener, the flanges, and the 

web could all be significantly different from each other, partially plastic sections of the flanges 

and web were taken into account. Since the yield strength of the stiffener for Specimen 12ES-

1.125-1.25-24 was much greater than the yield strength of the flanges, partially plastic flanges 

were a likely possibility.  

 For each beam specimen that was analyzed, hundreds of cross-section cuts were taken in 

the stiffened region of the beam to take into account the change in stiffener height across the 

length of the beam. At each cross-section cut, the stress distribution was used to calculate a 

moment capacity, which is later referred to as the yield moment capacity, My. A similar analysis 

was applied to determine the yield moment capacity of the beam outside the stiffened region. 
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Figure 7-1 Cross-Section Analysis Stress & Strain Distribution 

 

 Various sections were analyzed, including the two plastic hinging specimens from this 

testing, five specimens from previous testing, and varying beam geometry. The dimensions that 

were varied were stiffener thickness, flange thickness, flange width, and stiffener length. While 

those dimensions varied in separate cases, all other dimensions were those of Specimen 12ES-

1.125-1.25-24. The figures below in this section show a moment ratio of M to My, where M is 

calculated as the demand when M = Mp at the plastic hinge, and My is the yield moment capacity 

at each section. The moment demand, M, was calculated based on the moment diagram 

corresponding to the loading shown in Figure 7-2 below. For each section analyzed, Mp was 

calculated based on the same material properties that were assumed for My. tp is the thickness of 

the end-plate. Yielding is indicated when this ratio, M / My, is greater than 1.0. For the figures 

below, where specimens with different length stiffeners are compared, the x-axis was normalized 

by the length of the stiffener, Lst, for each specimen. 
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Figure 7-2 Cross-Section Analysis Moment Demand 

 

7.2.1.   Plastic Hinging Specimens 

 The analysis of Specimen 12ES-1.25-1.50-44 and Specimen 12ES-1.125-1.25-24 was 

based on , which is the yield strength of the material based on tensile testing. Since the 

beams for these two specimens were built-up sections, the effect of the different yield strengths 

of the stiffeners, the web, and the flanges were taken into account. Figure 7-3 below shows the 

analysis of Specimen 12ES-1.25-1.50-44 and Specimen 12ES-1.125-1.25-24, as well as the 

analysis of each specimen based on , which is the nominal yield strength of the material. 

For these specimens, the nominal yield strength of all of the material was 55 ksi. The Mp that 

was used to determine the moment demand for each specimen was calculated based on the 

appropriate yield strength values, whether nominal or from tensile testing, as indicated for each 

specimen in Figure 7-3 below. 

 The specimens based on nominal yield strength indicate more yielding in the stiffener 

because for each case based on material properties from tensile testing, the yield strength of the 

stiffener was greater than the yield strength of the beam flange and beam web. The difference in 

the amount of yielding between using nominal and using actual yield strengths was greater for 

the 24 inch deep specimen because the difference in yield strength of the stiffener and the yield 

strength of the beam flange was greater for the 24 inch deep specimen than for the 44 inch deep 

specimen. 
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Figure 7-3 Yielding of Extreme Fiber for Plastic Hinging Specimens 

 

7.2.2.   Specimens from Previous Testing 

 Below, Figure 7-4 shows the analysis of specimens from previous testing, which were 

included in Table 7-1 and Table 7-2 above.  is the yield moment capacity based on material 

properties from tensile testing. Mp
TT is the plastic section moment capacity of beam calculated 

based on material properties from tensile testing. The analysis of the specimens from previous 

testing used the appropriate yield strength values that were reported in their respective papers. 

For each specimen, the authors and specimen number are referenced below. The specimens M-5 

by Adey et al. and 10 by Toellner were chosen because it was determined from pictures in their 

respective papers that the stiffeners yielded during testing (Adey et al. 2000; Toellner 2013). 
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Figure 7-4 Yielding of Extreme Fiber for Specimens from Previous Testing 

 

 All of the specimens from previous testing included in Figure 7-4 above were able to 

undergo cyclic displacement based loading and achieve high levels of story drift (at least 4 

percent). The main specimen that draws for comparison here is the one tested by Toellner 

because fracture initiated in the beam flange at the toe of the stiffener. The specimen tested by 

Toellner did not fracture in a brittle manner though. After examining Figure 7-4, the three 

specimens that had fracture initiation in the flange at the toe of the stiffener have a lower ratio of 

M to My than the rest of the specimens in the region of the toe of the stiffener. The two 

specimens that fractured in a brittle manner have the lowest ratio near the toe of the stiffener. 

The specimen tested by Toellner draws the separation between the specimens that fractured in a 

brittle manner and the ones that exhibited ductile behavior. Since the ratio of M to My generally 

indicates the level of yielding in the stiffener and a greater ratio indicates a greater level of 

yielding in the stiffeners, it can be concluded from Figure 7-4 that a greater level of yielding in 

the stiffeners reduces the potential for fracture. 
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7.2.3.   Varying Beam Geometry 

 Below, Figure 7-5, Figure 7-6, Figure 7-7, and Figure 7-8 show the influence of ts, tf, bf, 

and Lst on the yielding of the stiffener, respectively. ts is the thickness of the stiffener. tf is the 

thickness of the beam flange. bf is the width of the beam flange. Lst is the stiffener length. For 

each case, the beam and stiffener geometry was the same as Specimen 12ES-1.125-1.25-24 other 

than the dimension that was varied. The yield strength of the stiffener, the flanges, and the web 

was equal to the nominal yield strength of 55 ksi. It can be seen below that increasing ts reduces 

stiffener yielding, whereas increasing tf or bf increases the yielding of the stiffener. Increasing the 

stiffener length increases the yielding in the stiffener. However, the increase in stiffener yielding 

is the greatest at the end-plate end. There is no increase in stiffener yielding at the toe of the 

stiffener for a longer stiffener. 
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Figure 7-5 Yielding of Extreme Fiber for Varying Stiffener Thickness, ts 
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Figure 7-6 Yielding of Extreme Fiber for Varying Beam Flange Thickness, tf 
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Figure 7-7 Yielding of Extreme Fiber for Varying Beam Flange Width, bf 
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Figure 7-8 Yielding of Extreme Fiber for Varying Stiffener Length, Lst 

 

7.3.   Material Testing 

 Testing of the beam material was conducted. This included tensile testing of the flange 

material, the web material, and the end-plate material, as well as Charpy V-notch testing of the 

beam flange material. The results of this testing can be found above in Chapter 5 under Section 

5.1.2 and Section 5.1.3. The data for the Charpy V-notch testing of the beam flange material was 

inconsistent. Variable data for Charpy V-notch testing generally indicates that the material is in 

the transition region. The Charp V-notch specimens were tested at room temperature like the 

beam specimens. If the fracture toughness curve is in the transition region at room temperature, 

then there is a potential for low toughness material. The presence of low toughness material may 

have contributed to the brittle fractures that were observed. 



137 
 

7.4.   Summary of Investigation 

 This investigation examined the potential causes of the beam fractures by exploring 

previous cyclic testing of end-plate moment connections, the effect of stiffener, and the results of 

the material testing. Four possible ways were determined to improve the fracture resistance, 

which include: reduce the stiffener yield stress, reduce the stiffener thickness, adjust the 

geometry of the stiffener, and weaken the stiffener with hole or cutouts. Each of these 

approaches would increase the level of yielding in the stiffener, which would reduce the 

concentration of plastic strain and stress triaxiality at the toe of the stiffener. In addition, the 

fracture resistance may be increased through detailing, such as wrapping the welds around the 

toe of the stiffener, and grinding the weld with burr grinder, or peening the surface of the welds 

around the toe of the stiffener. 
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8.   SUMMARY AND CONCLUSIONS 

 

8.1.   Summary 

 For this research, the application of interest for end-plate moment connections is in 

special moment resisting frames (SMRF). To ensure that these connections are able to undergo 

the large demands of an earthquake, they must be tested at full-scale and meet certain criteria. 

Seismic Provisions for Structural Steel Buildings (AISC 2010a). 

Connections for steel moment resisting frames that have gone through the full-scale testing and 

Prequalified Connections for Special and Intermediate Steel Moment Frames for Seismic 

Applications (AISC 2011). Currently, three different end-plate moment connection 

configurations are prequalified, which include: the 4-bolt extended unstiffened, the 4-bolt 

extended stiffened, the 8-bolt extended stiffened. These current options of prequalified end-plate 

moment connections are limiting. In order to design buildings with longer spans, connections 

require a greater moment capacity. The moment capacity of end-plate moment connections is 

limited by the number of bolts are each flange, since the maximum size bolt is 1-1/2 inches. A 

configuration with more bolts at each flange is needed to meet this demand for longer spans, and 

thus connections with greater moment capacities. To satisfy this demand, an end-plate moment 

connection with twelve bolts at each flange has been developed.  

 The objective of this research was to propose and verify a design procedure for a new 

configuration of end-plate moment connection with twelve bolts at the tension flange: twelve-

bolt extended stiffened (12ES). An expected outcome would be to have this connection 

prequalified for use in SMRF. 

 A design procedure was proposed for this twelve-bolt end-plate moment connection. The 

design procedure for thick-plate behavior was based on previous work, where each of the bolts at 

the tension flange are assumed to reach full strength simultaneously. For thin end-plate behavior, 

a yield line analysis was conducted for several yield line patterns following assumptions, which 

were states previously in Chapter 3. Since the kinematic approach was used, which is an upper 

bound method, an analysis of the different yield line patterns was performed in order to 

determine which case produced the minimum moment capacity associated with end-plate 

yielding. After an end-plate yields, prying action occurs in the bolts. The moment capacity 
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associated with bolt tension rupture with prying action was determined by using an effective tee 

stub model. 

 A total of four specimens were tested, which were a new twelve bolt end-plate moment 

connection configuration. These specimens were tested with the intention of qualifying the 

connection, and validating the proposed design procedure. Two specimens were a deep beam, 

which was 44 inches deep. The other two specimens were a shallow beam, which was 24 inches 

deep. Of the deep beam specimens, one was designed to fail due to bolt tension rupture without 

prying action, and the other was designed to fail due to plastic hinging of the beam. One shallow 

beam specimen was designed for thin end-plate behavior, and thus designed to fail due to bolt 

tension rupture with prying action. The other shallow beam specimen was designed to fail due to 

plastic hinging of the beam. All specimens were connected to the same size columns, which were 

42 inches deep. The columns were designed based on the strong column  weak beam criterion, 

and were designed to have minimal panel zone deformation. 

 The testing of the deep specimen that was designed to fail due to bolt tension rupture 

without prying action exhibited the limit states and strength as expected. All twelve bolts at the 

tension flange failed simultaneously, which agrees with the thick end-plate bolt force model. The 

beam and end-plate remained elastic. The predicted capacity was conservative by just under 7%. 

The testing of the shallow specimen that was designed to fail due to bolt tension rupture with 

prying action also went as expected. The predicted moment capacity associated with end-plate 

yielding was about 9% conservative compared to the experimentally determined value. The end-

plate yielded first, and then the beam yielded at a higher level of applied displacement. The 

prediction for the moment capacity associated with bolt tension rupture with prying action was 

just under 19% conservative compared to the ultimate moment. 

 During the testing of the beam specimens that were designed to form a plastic hinge, 

rather than progressing through the 4% story drift cycles, both beam specimens fractured 

significantly before reaching the 4% cycles. The flange and half the depth of the web of the deep 

beam fractured in the first 2% cycle. The flange of the shallow beam completely fractured in the 

second 3% story drift cycle. The fractures for both of these beam specimens occurred at the toe 

of the beam stiffener, and initiated at the outside face of the flange where the fillet weld from the 

stiffener meets the flange. The applied moment at the end of the stiffener for both of these 

specimens exceeded the expected plastic moment capacities. For the deep beam specimen, the 



140 
 

experimentally determined plastic moment capacity was just over 2% of the predicted capacity. 

For the shallow beam specimen, the experimentally determined plastic moment capacity was 

within 1% of the predicted capacity. 

 

8.2.   Conclusions 

 The primary conclusions that can be drawn from this testing of this new twelve-bolt end-

plate moment connection are as follows: 

 

 The thick end-plate bolt force model conservatively predicts Mnp. 

 The yield line model conservatively predicts Mpl. 

 The effective tee stub model conservatively predicts Mq. 

 The partial joint penetration welds from the beam flange to end-plate exhibited sufficient 

capacity throughout the testing. 

 Previous cyclic testing of 4ES and 8ES end-plate moment connections indicates that brittle 

fracture of the beam is not common. However, a few previous specimens did have fracture 

initiation in the beam flange at the toe of the stiffener. The fracture initiation was after 

achieving high levels of story drift though. 

 

 The causes of the fracture in the specimens that were designed for plastic hinging of the 

beam are as follows: 

 

 High yield stress stiffeners, resulting in a low level of stiffener yielding 

 Increased strain demands in deeper beams 

 Low fracture toughness beam flange material 

 High concentration of plastic strain and stress triaxiality at the toe of the stiffener 

 

8.3.   Potential Future Research 

 The investigation of the beam fractures indicates that the yield stress of the stiffener is the 

main cause of the fractures. However, more research is required to further prove that stiffener 

yield stress is the culprit. Then, additional research is required to evaluate potential solutions. 

The following is a suggested research program to further prove that stiffener yield stress is the 
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issue, as well as to evaluate potential solutions. This program can be conducted either 

experimentally or computationally; however, computationally is recommended. 

 

The details of the specimens to further prove the issue with the stiffeners are listed below. This 

series of specimens can be grouped into two set, a) and b), as shown below. 

 

 f f w  

 Beam material: grade 55 steel 

 Use AISC 358 detail for stiffener geometry, and use the same length stiffener for all 

specimens 

 

a) Same stiffener thickness, but vary stiffener grade for each specimen: 

1) Grade < 55 

2) Grade 55 

3) Grade > 55 

b) Grade 55 stiffener, but vary stiffener thickness: 

1) Minimum thickness allowed by AISC 358 based on stiffener local buckling check 

2) ½*Minimum thickness 

3) 2*Minimum thickness 

 

The details of the specimens to evaluate potential solutions are listed below. 

 

 Beam f f w  

 Beam and stiffener material: grade 55 steel 

 

a) Vary the stiffener geometry (including thickness and length) to produce the following: 

1) Minimal stiffener yielding across length of stiffener 

2) High yielding in stiffener at toe, and low yielding in stiffener near end-plate 

3) Low yielding in stiffener at toe, and high yielding in stiffener near end-plate 

4) High stiffener yielding across length of stiffener 

 



142 
 

 After a potential solution has been determined, in order to prove that this solution will 

work, experimental testing must be conducted. This experimental testing should include 

specimens with stiffeners that are designed to allow for the beam to exhibit ductile behavior, as 

well as specimens with stiffeners that are designed to inhibit the ductility of the beam. 
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BlueScope Buildings North America, Inc.
Welding Procedure Data Sheet

WPS No: Revision 0 Date: Ref Stds:

Type:

Welding Process(es)

Type:

Backing: No

CJP - Complete Joint Penetration

Yes

FILLER METALS:

# of Electordes: 1

GAS:

Flow Rate:

Weld Size 
(ETT)

Layer Pass Process Diam (in)
WFS 
(in/M)

Volts
Travel 
(in/M)

1/4" 1 1 GMAW 0.045" 460 28 25

Plate T All All GMAW 0.045" 460 28 25

Air Carbon Arc

Thickness ETT (in): 3/8"  to  Unlimited

SHIELDING:

Side 1

ER70S-6

CSA W59  Position of Groove:  F / H

Method:

Gas Cup Size: 0.6875"

0.045" (Lincoln L59)

G 49A 3C S6

Contact Tube to Work Distance: 3/4"

Wire Diam (in):

Classification:

Interpass Cleaning:

BASE METALS POSITION

G-BTC-SBG-2b 13-Mar-2015 W47.1-2009 / W59-2013 / D1.1-2010

Prepared By:

JOINT

Butt, T, or Corner Joint

Double-Side Weld

Penetration:

Back Gouge:

GMAW

Semi-Auto

WPS Ref #WS-01
Skip Hyder / Tim Brown

Prequalified per:     D1.1 Fig 3.4;  B-U4b-GF & TC-U4b-GF  and  W59 Fig 10.7;  B-U4a-G & TC-U4a-G

Chipping & wire brush

Interpass Temp:

Over 3/4" to 1-1/2"

Over 1-1/2" to 2-1/2"

ELECTRICAL CHARACTERISTICS

Multi-pass weld

TECHNIQUE
Stringer

DCEP

Spray

90% Argon / 10% CO2

CSA AWS Transfer (GMAW):

Specification:

35-45 CFH

AWS Steel: Group II  to  Group II

Group 3  to  Group 3

W48-2006 A5.18 - 2005 Current:

D1.1 Position of Groove:  F / H / V (up)
W59 Steel:

WELDING PROCEDURE

Other Notes

Over 2-1/2"

50 deg F

150 deg F

225 deg F

Side 2

PREHEAT: Company Authorization

Thickness Temperature

Up to 3/4" 32 deg F

Min 50° F    Max 550° F

R = 1/16"

T1

Side 2

Side 1

T2

a = 45°

GTSM

f = 1/8"
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BlueScope Buildings North America, Inc.
Welding Procedure Data Sheet

1
2
3

4

5
6

7

8

JOINT DETAIL

GENERAL NOTES:
Amps or Wirefeed speed variance allowed;   ± 10% .  Check with meter.  (Range 414 - 506 in/min)
Voltage variance allowed;   ± 7% .  Check with meter.  (Range 26 - 30 volts)
Travel speed variance allowed;  ± 25%    (19 - 31 in/min)
When base metal temperature is below 32° F, the base metal shall be preheated to at least 70° F and maintained during 
welding for thickness' up to and including 3/4".

Keep gas cup free from excessive spatter.
For tubular shapes:  Bevel one edge before assembly.  Tack backing ring to HSS or cap plate to hold in place.  Slide 
HSS over ring leaving 1/4" gap root opening.  Tack weld section to hold in place for final welding.

Use forehand technique.

For hot rolled shape butt splices and 3-plate 
sections with unspliced flanges already welded to 
webs:   Cut weld access hole for root weld 
application.     Access hole may be left open.          
NOTE:  Web access hole is NOT required for 
corner joints on endplates.

R = 1/16"

T1

Side 2

Side 1

G-BTC-SBG-2b

T2

a = 45°

Fit-Up Tolerances
R = ±1/16"

a = +10° ; -5°

GSTM

f = 1/8"
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BlueScope Buildings North America, Inc.
Welding Procedure Data Sheet

WPS No: Revision 0 Date: Ref Stds:

Type:

Welding Process(es):

Type:

Backing: No

PJP - Partial Joint Penetration

FILLER METALS:

# of Electordes: 1

GAS:
Flow Rate:

Weld Size 
(ETT)

Layer Pass Process Diam (in)
WFS 
(in/M)

Volts
Travel 
(in/M)

3/16" 1 1 GMAW .045" 460 28 35

1/4" 1 1 GMAW .045" 460 28 25

5/16" 1 1 GMAW .045" 460 28 15

3/8" All All GMAW .045" 460 28 25

1/2" All All GMAW .045" 460 28 25
 5/8" All All GMAW .045" 460 28 25

Min 50° F    Max 550° F

PREHEAT: Company Authorization

Thickness Temperature

Up to 3/4" 32 deg F

Interpass Temp:

Over 3/4" to 1-1/2"

Over 1-1/2" to 2-1/2"

Multi-pass weld

TECHNIQUE

WELDING PROCEDURE

Other Notes

1/4" > T1  1/2"

SHIELDING:

SprayCSA AWS Transfer (GMAW):

Specification:

Contact Tube to Work Distance: 3/4"

Wire Diam (in):

Classification:

Interpass Cleaning:

Over 2-1/2"

50 deg F

150 deg F

225 deg F

3/8"  T1  3/4"

7/16"  T1  1-1/2"

1/2"  T1  2-1/4"

5/8"  T1  6"

T1  S + 1/8"

ER70S-6

CSA W59  Position of Groove:  Flat / Horizontal

Chipping & wire brush

BASE METALS POSITION
AWS Steel: Group II  to  Group II

Group 3  to  Group 3

W48-2006 A5.18 - 2005 Current:

D1.1 Position of Groove:  Flat / Horizontal
W59 Steel:

ELECTRICAL CHARACTERISTICS

DCEP

Stringer

90% Argon / 10% CO2

35-45 CFH

Gas Cup Size: 0.6875"

0.045" (Lincoln L59)

G 49A 3C S6

GMAW

Semi-Auto

WPS Ref #WS-01
Skip Hyder / Tim Brown

Prequalified per: D1.1 Fig 3.3;  BTC-P4-GF  and  W59 Fig 10.8;  B-P4b-G & TC-P4b-G

Thickness ETT (in): 3/8"  to  Unlimited

G-BTC-SBG-PJP-2 17-Mar-2015 W47.1-2009 / W59-2013 / D1.1-2010

Prepared By:

JOINT

Butt, T, or Corner Joint

Single-Side Weld

Penetration:

Use larger of S or E
S = weld size shown on 
drawings.
E = Min size allowed.

R = 0"

T1

Side 2

Side 1

S (E)

T2
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JOINT DETAIL

GENERAL NOTES:
Amps or Wirefeed speed variance allowed;   ± 10% .  Check with meter.  (Range 414 - 506 in/min)
Voltage variance allowed;   ± 7% .  Check with meter.  (Range 26 - 30 volts)
Travel speed variance allowed;  ± 25% 
When base metal temperature is below 32° F, the base metal shall be preheated to at least 70° F and maintained during 
welding for thickness' up to and including 3/4".

Keep gas cup free from excessive spatter.
Use forehand technique.

R = 0"

T1

Side 2

Side 1

S (E)

G-BTC-SBG-PJP-2

T2

S (E)

f = 1/8" Min

a = 45°

Fit-Up Tolerances
R = +1/8" , -0"

f = ±1/16"
a = +10° , -5°

Use larger of S or E
S = weld size shown on 
drawings.
E = Min size allowed.

MINIMUM  Weld Size Allowed
3/8" < T1 1/2"    E(min) = 5/16"
1/2" < T1  3/4"    E(min) = 3/8"

3/4" < T1  1-1/2"    E(min) = 7/16"
1-1/2" < T1  2-1/4"    E(min) = 1/2"

Ref D1.1 Table 3.4 and W59 Table 4.3
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Page 1 of 2

WPS No: Revision 2 Date: Ref Stds:

Type:

Welding Process(es)

Type:

Backing: No

FILLER METALS:

# of Electordes: 2

0.128" Lateral: 0.352" Angle: 50 deg

Weld Size
(ETT)

Layer Pass Process Diam (in)
WFS
(in/M)

Amps Volts
Travel
(in/M)

1/8" 1 1 SAW 2 - .045" 420 600 27 115

5/32" 1 1 SAW 2 - .045" 450 640 28 110

3/16" 1 1 SAW 2 - .045" 450 640 28 84

1/4" 1 1 SAW 2 - .045" 450 640 30 47

5/16" 1 1 SAW 2 - .045" 450 640 30 30

Min 50° F    Max 550° FInterpass Temp:

Over 3/4" to 1-1/2"

See Note 5

F49A2-EM13K-H8 F7A0-EM13K-H8

Longitudinal:

Electrode Spacing:

Wire Diam (in):

Flux:

Thickness Temperature

Up to 3/4" 32 deg F

PREHEAT: BBNA Authorization CWB Authorization

Twin 0.045" (1.1 mm) Lincoln L50

S-Fillet-1 6-Jul-2015 W47.1-2009 / W59-2013 / D1.1-2010

Prepared By:

JOINT

T Joint - Fillet

Single-Side Weld

Penetration:

Prequalified per:               D1.1 Section 3.9 and W59 Clause 10.1.3.3

SAW - Pull Thru Welder (Conrac)

Fillet Weld

Machine

WPS Ref #WS-01
Skip Hyder

AWS D1.1 Position of Groove:  2F - Flat / Horizontal
CSA W59 Position of Groove:  2F - Flat / Horizontal

Contact Tube to Work Distance: 5/8" - 3/4"

See Note 5

Fillet:

DCEP
CSA AWS

Specification: W48-2006 A5.17 - 2007 Current:

TECHNIQUE
SHIELDING: CSA AWS Stringer

Classification: F49A2-EM13K-H8 F7A0-EM13K-H8

1/8"  -  5/16"

Over 1-1/2" to 2-1/2"

Over 2-1/2"

50 deg F

150 deg F

225 deg F

W59 Steel:

ELECTRICAL CHARACTERISTICS

WELDING PROCEDURE

Other Notes

Flux (Class):

BASE METALS POSITION

Single Pass Weld

AWS Steel: Group II  to  Group II

Group 3  to  Group 3

S

S

S
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1

2

3

4

5

JOINT DETAIL

GENERAL NOTES:

Wire feed speed variance allowed;   ± 10% .  Check with meter.

Voltage variance allowed;   ± 7% .  Check with meter.

Travel speed variance allowed;  ± 15%

When base metal temperature is below 32° F, the base metal shall be preheated to at least 70° F and maintained during
welding for thickness' up to and including 3/4".

Certified recycled flux (T-781) or Lincoln 781 virgin flux may be used as specified in WS-01-Welding Procedure
Specification

S-Fillet-1

S

S

50° torch angle ( ± 3° )

S

TRAVEL DIRECTION

Electrode Drag Angle
86° ( ± 2° )

A

A

Weld metal

Contact Tip Rotation
5° ( +2° ; -5°)

VIEW A-A
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A. Scope

1) This specification covers welding and related operations for steel fabrication in
BlueScope Buildings North America (BBNA) manufacturing facilities.  Projects
shipping to jurisdictions requiring certification shall be shipped from facilities that are
certified or approved by that jurisdiction.

Table 1 – BlueScope Buildings North America Manufacturing Facilities

Facility CWB Certification USA Approved Fabricator

Annville, PA BUTMC1 IAS AC472: MB-177

Evansville, WI VARPR1 IAS AC472: MB-171

St. Joseph, MO VPSTJ1
IAS AC472: MB-156
City of Houston, TX

Visalia, CA BUTLE1

IAS AC472: MB-147
City of Los Angeles, CA: FB00031

Clark County Nevada
City of Phoenix, AZ

Laurinburg, NC BUTMA1 IAS AC472: MB-169

Monterrey, Mexico BUTME1 IAS AC472: MB-179

Rainsville, AL -- IAS AC472: MB-161

2) This specification covers welding and related operations in accordance with the following
standards:

a) American Welding Society D1.1-2010 – Structural Welding Code-Steel
b) American Welding Society D1.3-2008 – Structural Welding Code-Sheet Steel
c) Canadian Standards Association W47.1-2009 – Certification of Companies for Fusion

Welding
d) Canadian Standards Association W59-2013 – Welded Steel Construction (Metal Arc

Welding)
e) American Welding Society (AWS) D1.8-2009 – Structural Welding Code-Seismic

Supplement

3) Welding Procedure Data Sheets (WPDS’s); WS-02 Fabrication Quality, Workmanship,
and Repairs; and WS-03 Quality Assurance and Inspection form an essential part of
this specification.

4) Project specific variations from WPDS’s and Weld Standards must be specified on
fabrication/shop documents.

B. Personnel
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1) BlueScope will designate qualified Welding Engineer(s) responsible for the company
wide welding design, principles, and practices as required by CSA W47.1.  Weld
engineers shall have qualifications as required by W47.1.

2) Each manufacturing facility that does welding operations under the jurisdiction of
Canadian Welding Bureau (CWB) shall have qualified Welding Supervisor(s) with a
minimum welding-related experience as required by W47.1.

3) Each manufacturing facility (any form of fabrication) shall designate a Quality Manager
responsible for assuring that company Quality Systems criteria are implemented and
enforced and meet the quality requirements listed below as applicable;

a)  IAS AC472 Accreditation Criteria.

b) CWB Welding Certification.

c) CSA A660 Certification.

d) All State and local jurisdiction quality criteria and procedures as applicable to each
facility.

4) Each manufacturing facility that does welding operations shall have In-House Quality
Control Inspector(s) who are Certified Welding Inspectors (CWI).

5) All welding personnel shall be qualified welders in accordance with AWS and/or CWB
criteria.  Welders shall be tested and qualified to perform all welding procedures
required by their specific duties.  Welders shall not perform production welds for
procedures or positions they have not been properly tested and qualified to do as
defined by AWS and/or CWB as applicable.

a) The welding shall be done in the position as limited by the welding procedure data
sheet (WPDS) and as allowed by individual welder qualifications.  Lower difficulty
positions are allowed in addition to the position indicated on the WPDS.

C. Base Metal

1) The base metal shall conform to the following specifications or their equivalent:

a) ASTM Standards

b) CSA Standards

2) Base metals are grouped into material specification “steel groups” for each weld process
and electrode type;

a) AWS D1.1 Section 3.3 for ASTM designated steels  1/8” thick.

b) AWS D1.3 Section 1.4 for ASTM designated steels < 1/8” thick.

c) CSA W59 Clause 3.2 for ASTM or CSA designated steels  1/8” thick.

3) Base Metal Groups are limited to those indicated on the WPDS’s.  Steel groups equal to
or lower than indicated on the WPDS may be welded with specified electrodes.

221



BlueScope Buildings Welding Standards

Number: WS-01 Issued Date: 01-Dec-2015 Rev #: 7

Title:   Welding Procedure Specifications

Prepared By: Skip Hyder Approved By: QC Managers

Page 3 of 17

4) Base Metal Thickness’ covered by this specification are as specified on WPDS’s.

D. Weld Filler Metal (Electrodes), Flux, and Gas

1) Electrodes shall be in accordance with the requirements of AWS A5 – Filler Metal
Specifications, and/or CSA Standard W48 – Filler Metals and Allied Materials for
Metal Arc Welding.

a) Electrodes shall be tested and/or certified by manufacturer meeting:

(i) Minimum CVN = 20 ft-lbs @ -20°F  and,

(ii) Minimum CVN = 40 ft-lbs @ +20°F

b) Electrodes shall be limited to those specified in the WPDS’s.  All electrodes shall be
“low-hydrogen” electrodes with diffusible hydrogen designation of H8 or less as
determined per AWS A4.3.1

c) Electrodes shall be delivered and stored in suitable condition that will keep them dry
and free from surface rust and foreign material.

2) Flux used for SAW shall be dry and free from contamination of dirt, mill scale, or other
foreign material.  Flux shall be purchased in packages capable of being stored under
normal conditions for at least 6 months without such storage affecting its welding
characteristics or weld metal properties.  Flux from damaged packages that have
been exposed to free moisture shall be discarded or shall be dried before use in
shallow layers (2” maximum) at a minimum temperature of 500° F for at least 1 hour
or at time and temperature conditions as recommended by the manufacturer.  Flux
fused in welding shall not be reused.

a) Flux may be reclaimed, recycled, tested, and repackaged per AWS A5.17 and CSA
W48 requirements.  Test reports, and/or manufacturer’s certifications of recycled flux
shall be submitted to Quality Manager and packaging must be in accordance with
AWS A5.17 and CSA W48.  For processing details see Quality System Procedure
#PRMF0701-Crushed Slag Procurement, Processing, and Utilization in SAW
Processes.

3) Shielding Gas shall be a welding grade having a dew point of -40° F or lower.  The
shielding gas/electrode combination shall be as shown on the accepted WPDS.

a) Welding with the GMAW processes shall NOT be performed in winds exceeding 3
MPH.2

E. Welding Procedures. Only documented and approved weld procedures may be used in
BlueScope Buildings facilities.

1 AWS D1.8 Sec. 6.3.2 and W59 Clause 5.2
2 AWS D1.8 Sec 6.2.2.1
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1) Pre-qualified welds shall be documented on BBNA welding procedure data sheets
(WPDS) and approved by the Welding Engineer.

2) Non pre-qualified welds shall be documented on BBNA welding procedure data sheets
(WPDS) and approved by the Welding Engineer.  Welds shall be tested and qualified
by Procedure Qualification Reports (PQR) per AWS and/or CWB requirements.

3) Weld position shall be done in the position indicated on the WPDS, or of lesser difficulty.

a) Welders shall not weld in any position they have not been qualified for.

b) When making temporary welds for repairs, no out-of-position welding is permitted.

4) Preheat temperatures shall apply as shown on the WPDS.

a) When the base metal temperature is below 32°F (0°C), preheat the base metal to at
least 70°F (20°C) and maintain this temperature during welding.  Preheat shall
consist of heating a band of the base metal approx. 3” (8 cm) on either side of the
joint and in advance of the welding.

b) Preheating may be accomplished by means of flame torches or by means of
electrical or induction heaters.

5) Interpass temperatures shall not exceed 550°F (300°C).3  Interpass temperatures must
be maintained within the minimum and maximum temperatures indicated on the
WPDS.  Temperatures shall be measured approx. 3” (8 cm) either side of the joint.

a) After welding, weldments shall be allowed to cool to ambient temperature, without
external quench media being applied.  Do not cool using water or by immediate
placement in frigid conditions which will cause a rapid change in temperature.

6) Electrical Characteristics
a) Welding current shall be direct current (reverse polarity) using a constant voltage

type power supply.  The range of parameters will be as per the electrode
manufacturer’s instructions, or as determined by charts in this specification, and will
be shown on the WPDS.

b) For SAW processes, the current used shall be either direct current (DC) or alternating
current (AC) as indicated on the WPDS.

7) Heat Treatment and Stress Relieving is not applicable to weldments under this
specification.

F. Welding Technique and Settings

1) The correct amperage and voltage, speed of travel, thickness of layers, number of
passes, position, material electrodes, and any special instructions will be shown on
WPDS.  Guidelines below may be used to determine required variables as required.

3 AWS D1.8; Section 6.5
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2) Wire Feed Speed vs Welding Current.  Below are charts and equations that can be used
to determine required AMPs when given WFS and visa-versa.

WFS = 5.2857x2 + 46.086x + 86.2
R² = 0.9997
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Amps = ‐5.5714x2 + 94.829x + 34.2
R² = 0.9999
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3) Heat Input calculations are occasionally required by contract documents.  Use the
following method to provide Heat Input4 values for joints when specified by contract.
Data needed for variables shown below can be found on WPDS.

H = (60 * E * I) / (1000 * S)
Where:
 H = heat input, (kilo-joules/in)
 E = arc voltage, (Volts)
 I = current (Amps)
 S = travel speed, (in/min)

G. Preparation, Quality & Workmanship

1) All welding and its related operations shall be performed in accordance with good shop
practice and within the recommendations and limitations outlined in AWS D1.1,
AWSD1.3, or CSA W59 as applicable.  See WS-02 - Fabrication Quality, and
Workmanship for more details.

2) Cleaning of previously deposited layers shall be done by wire brushing or by mechanical
means, if necessary, to remove all traces of slag from deposit, before the next
successive bead is applied, and prior to painting.

H. Groove Welds

1) When back gouging is required on the underside of a full penetration weld joint, the root
of the joint shall be chipped, ground or arc-gouged to produce a groove contour
substantially conforming to the pre-qualified single U-joint, and its depth shall be
adequate to ensure complete penetration into the previously deposited sound weld
metal as indicated on WPDS.

2) Reinforcement of CJP groove butt welds and outside corner joints is permitted to a
maximum of 1/8”.  This is the added thickness of the weld face over the surface of
the plate.  Any weld metal exceeding this must be removed by grinding.  A smooth
transition into adjoining weld metal must be maintained.  T-joints and inside of corner
joints reinforcement is not limited.  Welds shall have a gradual transition to the plane
of the base metal.  See D1.1 Section 5.24.3, Table 5.9 & 5.10, and Figure 5.4 for
more details.

3) Access Holes in webs of beams, when provided, are intended to provide clearance for
weld gun or backing bar.  Unless indicated otherwise on engineering shop drawings,
the following guidelines apply.

a) CJP Butt Welds w/ weld metal backer do not require access holes for 3-Plate built-up
sections.

4 AISC Design Guide #21; Section 7.6.9
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3-Plate section flange butt weld with weld metal Backer

The joint is not CJP completely across the joint.  The portion of weld over the web is a PJP
weld.  However the joint strength is adequate to resist required loads.  This procedure IS
NOT permitted for CJP splices of hot rolled I-shaped sections.

Note: When UT testing is done at the center of the weld (at the web) indications of incomplete
fusion are often seen and are acceptable for these type joints.

b) Butt Welds w/ backer bars, or when welds are finished from the web side, access
holes are required for 3-plate sections.  Access holes are always required for CJP
splices in hot roll I-shaped sections unless approved otherwise by engineering.

Web and fillet below

Flange, adjacent bolting
plate, cut in plate or flange
special

Flange

Root weld each side of web

Single V-Groove shown.  Single U-
Groove, Single Bevel Groove,
Square Groove, Single J-Groove
welds with backing root weld similar.

CJP
each side of web

PJP
over web

Web access hole NOT
required for this type joint

in 3-Plate sections

Web side requires access hole

Double Sided CJP or
Single Side CJP welded from web side

Single Sided CJP Weld w/ backer
(same when backer on opposite side)
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c) CJP welds to end plates (e.g.- moment resisting endplates, cap plates, base plates,
etc.) with weld metal backer do not require access holes.

CJP weld to endplate with weld metal Backer

The joint is not CJP completely across the joint.  The portion of weld over the web is a
PJP weld.5  However the joint strength is adequate to resist required loads and
performs better than same joint with access holes.6  This procedure is permitted for CJP
welds to endplates for 3-plate and hot roll I-shape sections.

Note: When UT testing is done at the center of the weld (at the web) indications of incomplete fusion are
often seen and are acceptable for these type joints.

d)   CJP welds to endplates w/ backer bars, or when welds are finished from the web
side, access holes are required.

5 AISC Steel Construction Manual 14th Ed; Part 12 – Extended End-Plate FR Moment Connections Design
Assumptions Note 8.
6 AISC Design Guide 4; Sec. 1.3.4 and AISC Design Guide 16; Section 1.2.4

Web/fillet below

Flange

End plate

Root weld each side of web

Single bevel shown. Square Groove,
Single J-Groove welds with backing
root weld similar.

CJP
each side of web

PJP
over web/fillet

Web access hole NOT
required for this type joint

Flange

Web side requires access hole

Double Sided CJP or
Single Side CJP welded from web side

Single Sided CJP Weld w/ backer
(same when backer on opposite side)

Flange
End plate

End plate
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I. Weld access hole profiles shall be made as shown below.7

Butt Splice Access Hole
(Access holes may be left open)

Access Hole Profile at CJP Endplate Joints
(Access holes may be left open)

J. Weld Applications

1) Welds designated with no length specified shall be applied from blockage to blockage.

2) Oversizing of fillet welds is not good practice. Overwelding may cause heat distortion and
increased costs. Fillet welds that are oversized are restricted to no more than 1/16” of
either fillet leg.

7 AISC-360 Sec J1.6;   AWS D1.1 Sec. 5.17;   AWS D1.8 Sec. 6.10; and  W59 Clause 5.3.8
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3) Minimum size of fillets welds shall not be less than called for on engineering documents.

a) Minimum weld sizes established by engineering are based on AWS D1.1 Table 5.8
which is based on the thinner part joined when using low hydrogen electrodes.

b) CSA W59 Table 4.4 allows the minimum weld size based on the thinner part jointed
when low hydrogen electrodes are used and minimum pre-heat criteria are applied as
required on the WPDS.

4) Random shop splices (i.e.- CJP butt joints) are allowed anywhere in any weldment at
shop discretion (either built-up 3-Plate or Hot Rolled sections), unless noted
otherwise on shop documents.  See WS-02 for instructions when random butt splices
occur at or near holes.

There is no specified minimum distance between CJP splices and other welded
connections.  Welded clips, cuts, and pin connected bolt holes may be applied over
CJP splices.  Before welding or cutting, grind weld reinforcement smooth to allow
flush fit up of clips or bolted parts.

Butt splices are not permitted within 4” of holes in moment resisting connections.
See WS-02 for details.

5) Weld designation with no length specified on clips and plates with no blockage shall be
stopped ¼” from each end to prevent notching.  Weld terminations shall be as
illustration below.

6) Weld tabs, extension bars, and run-off plates are recommended for CJP multi-pass
welds.  Tabs shall be made of the same material as the base metal.
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a) Weld run-on/run-off distance shall be sufficient to provide as extension of the joint
preparation in such a manner that the full groove weld profile is sound from edge to
edge of connected plates.  Remove run-off plates and grind edge smooth.

(i) Minimum run-on/run-off shall be at least equal to the thickness of the parts
joined, but not less than 1 inch 8 unless indicated otherwise on WPDS.

7) Skewed T-Joints

a) When welding skewed T-Joints the weld size indicated on shop drawings is the Leg
Size shown in illustration below.

8) Thickness and Width Transitions

a) In USA thickness and width transitions are not required9 unless specified on
engineering shop drawings.  When thickness transitions are not provided, apply a ¼”
contouring fillet weld as shown.

b) In CANADA thickness and width transitions are required at CJP butt spliced joints.10

(i) Exception:  At joints where flanges butt into cut in bolting plates (e.g.- haunches,
cut in plates for moment connections for interior columns or canopies), width
transitions are not required.

c) When transitions are required they shall be furnished per AWS and W59 criteria as
shown below.

8 AWS D1.8 Sec. 6.11.1
9 AWS D1.1 Sec. 2.8.1
10 W59 Clause 11.4.8
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Thickness Transition                                   Width Transition
9) Temporary welds and tack welds need NOT be removed unless required by the

engineer, or as noted below.

a) Tack welds SHALL be removed from “cyclically loaded” members such as crane
beams and crane support brackets (corbels).  Remove either by grinding or gouging.
All surface tack welds must also be removed either by grinding, gouging, or chiseling.

10) Tubular Butt Joints (pipe or box shapes) shall be made using backing rings as
illustrated below.  Root gaps shall be held as indicated on applicable WPDS.
Backing rings are commercially available rings (illustrated below) or may be
fabricated from tubular drop.  Backing rings must fit flush against inside of pipe or box
shape.

Commercially available backing rings (pipe rings similar)

Rings must be one or two piece,
with or without spacer pins.
May be purchased commercially
(shown) or fabricated from
pipe/box material drop.

As root weld approaches spacer pin (if
present), stop and strike the spacer pin off
and continue welding until root pass is
complete.231
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K. Protected Zones

1) Protected zones are zones that are required by Code to be free of any bolt holes, weep
holes, access holes, any welded on parts, or accidental arc strikes.  Protected zones
will be indicated on shop drawings when required.

a) CJP butt welds that fall within the protected zone are allowed.  Weld metal to make
such joints shall meet requirements of demand critical welds.

L. Seal Welding

1) When project contract specify “seal welding”, engineering shall indicate the requirement
for seal welding on the fabrication release documents.  See PRCF0108 for more
details.  When seal welding is specified, welders shall weld all joints such that any
two plates joined shall be sealed all around with weld metal.  Complete all structurally
required welds as shown on the fabrication drawings.  Then weld all remaining

Fit ring into tube/pipe.  Align split
in ring with tube seam (if exists).
Tack into place.

Maximum interruption space in ring  ¼”.
Interruptions cannot be located at corners
of box shapes.

D1.1; 5.10.2 & W59; 5.4.9.3

Finish capping weld as required.
Maximum 1/8” reinforcement.
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“unwelded” with minimum sized welds11.  Seal weld quality shall meet all visual
inspection criteria per AWS D1.1.

- Flange to web welds shall be continuously welded both sides of web.

- All clips, stiffeners, etc. shall be welded all around including capping the ends of
the joined plates.

- End plates, cap plates, and base plates shall be fully welded both sides and
capped.

- For HSS sections, end plates shall be detailed by engineering to allow for
drainage as follows if hot dip galvanized.  If fab drawing does not indicate this
detail, contact engineering for details.

- Angle clips shall be specified as shown below depending on galvanize class.  If
engineering does not specify criteria on fab drawing, contact engineering for
details.

11 See AWS Table 5.8 or W59 Table 4.4, as appropriate, for minimum fillet weld sizes.

Drain Hole

Rectangular
HSS

Round HSS

Drain Hole
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Continuous Weld

Continuous Weld

Continuous Weld

3/4

3/
4

See Note 1

Continuous Weld

See Note 1

S
ee

C
ha

rt

See Chart

See Note 2

Class IIIClass I   / Class II
(If no vent is required) /  (If vent is required)

See Note 1 Cont. or Intermittent
to meet Design Load

Cont. or Intermittent
to meet Design Load

M. Inspection & Traceability

1) Visual inspection is required by Code to be done on 100% of all weldments.12

Acceptance criteria shall satisfy AWS D1.1 Table 6.1 or W59 Clause 11.5.4.1.
Visual inspection may be done by the CWI, or his designee.  The Quality Manager
and CWI retain responsibility for weld quality.

a) Weldments shall be considered statically loaded members except as follows;

(i) Crane brackets and crane runway beams are always cyclically loaded and shall
be inspected to the visual inspection criteria for cyclically loaded members per AWS
Table 6.1 or W59 Clause 12.5.4.1. or,

(ii) When specified as cyclically loaded members on shop drawings.

2) All weldments shall be identified by welding personnel by use of an identifying number,
letter or symbol for the purpose of traceability.13  The welders ID on the weldment
signifies that he has visually inspected his work and certifies it as acceptable per
BBNA quality standards.

3) NDT inspection requirements beyond visual are not required by Code. NDT testing shall
be done when required by contract specification.  Specific inspection procedure and
acceptance criteria shall be stipulated by contract and agreed to by BBNA.

a) When the contract, or Authority Having Jurisdiction calls for In-Plant NDT inspection
and/or testing, see WS-03 – Quality Assurance Plan for more details.

4) Quality Manager is responsible for maintaining all weld quality inspection and test
records as required to satisfy regulatory audit requirements and/or contract
documents.

12 IAS AC472 Section 5.1.2.5;   AWS D1.1, Section 6.9;   CSA W59 Clause 7
13 IAS AC472 Section 5.1.3.2;   AWS D1.1, Section 6.5;   CSA W59 Clause 7
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N. WPDS Numbering System

1) BBNA WPDS’s will follow the numbering system below.

a) Example designations are as follows:

(i) GA-G-FVG-1 (D1.3 light gage welding)

(ii) G-B-SUG-1 (D1.1 or W59 structural welding)

2) Light Gage Welding governed by AWS D1.3

a) Preceded by GA-

3) Weld Process Designation

G (GMAW) Gas Metal Arc Welding
S (SAW) Submerged Arc Welding
F (FCAW) Flux Cored Arc Welding
R (RW) Resistance Welding

SM (SMAW) Shielded Metal Arc Welding
RS (RSW) Resistance Spot Welding

4) Joint Types

B Butt joint
C Corner joint
T T-joint

BC Butt or Corner joint
TC T- or Corner joint

BTC Butt, T-, or Corner joint
BT Butt or T joint
Lap Lap joint

Fillet Fillet weld
Plug Plug weld
EF Edge flange
AS Arc spot

5) Weld Types (preparation types)

SG Square Groove DUG Double U Groove
SVG Single V Groove SJG Single J Groove
DVG Double V Groove DJG Double J Groove
SBG Single Bevel Groove FBG Flare Bevel Groove
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DBG Double Bevel Groove FVG Flare V Groove
SUG Single U Groove

6) Extended designators;

a) -PJP for partial joint penetration welds

b)  Sequence number to allow for similar procedures that have the same weld
designation.  Follow WPDS ID number with -1, -2, -3, etc. for designations that are
the same.

Document Revision History

REV. # DATE NAME DESCRIPTION

0 12/18/2009 S.Hyder Original document.

1 05-Apr-2010 S.Hyder 1.) Clarified workmanship criteria for weld starts and stops, and tack welds. 2.) Revised WPDS designation
definition.  3.) Added new spec info at request of CWB.

2 23-Nov-2010 S.Hyder
1) Moved workmanship criteria to WS-02 - Fabrication Quality, Workmanship, & Repairs.  2) Added more
detail to inspection rules and added reference to new WS-03 - Quality Assurance & Inspection.  3) Editorial
changes made to clear up instructions.

3 17-Oct-2011 S.Hyder 1)  Added clarification to Section D allowing equivalent Canadian steels to be used.

4 06-Aug-2012 S.Hyder
1)  Added welding specs for tubular butt joints.  2) Added clarification on reinforcement welds.  3) Added
clarification on random shop splices.  4) Added clarifications as required by CWB.

5 11-Nov-2013 S.Hyder  1)  Clarified and expanded “random shop splice” rules (Sec N.4).   2) Clarified that CJP butt splices are not
allowed in bolting plates unless approved.

6 19-Oct-2015 S.Hyder 1) Added new section to address rules for access holes. 2) Added criteria for CVN toughness for electrodes.
3)  Added rules for thickness and width transitions.

7 01-Dec-2015 S.Hyder
Editorial rearrangement and cleanup of information in WS-01 and WS-02 to separate “Specifications” from
“Quality, Workmanship, and Repairs”.  No changes to procedures.
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APPENDIX F    WELDING PROCEDURE SPECIFICATIONS FOR 
COLUMN SPECIMENS 
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APPENDIX G    SPECIMEN DESIGN CALCULATIONS 
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APPENDIX H    TEST SETUP DRAWINGS 
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APPENDIX I    CALCULATIONS FOR LATERAL BRACING 
LOCATIONS 
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APPENDIX J    INSTRUMENTATION PLAN 
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APPENDIX K    PROCEDURE FOR THE CALIBRATION OF DATA 
ACQUISITION SYSTEM FOR STRAIN MEASUREMENTS 
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Calibration of Data Acquisition System for Strain Measurements 
 

Software: National Instruments Measurement & Automation Explorer (NI MAX) 
 
Hardware: 

 National Instruments SCXI-1001 Chassis 
 National Instruments SCXI-1521B Strain Gage Input Module 
 National Instruments SCXI-1317 Front-Mounting Terminal Block 
 Micro-Measurements 1550A Strain Indicator Calibrator 

 
Governing Equation:                Vo = Output Voltage 
                 Vex = Excitation Voltage 
                 GF = Gage Factor 
                  
 
Steps:  
1) Connect the free end of the cable to the strain indicator calibrator based on the diagram for 

quarter bridge, as shown below 
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2) Set the Strain Indicator  
 
3) In NI MAX, set the following: 

 Gage Factor = 2 
 Gage Resistance = 120  
 Vex Value = 2 V 
 Strain Configuration = Quarter Bridge 1 
 Lead Resistance = 0  

 
4) Take the initial reading in NI MAX and enter the negative of this value as the Initial Voltage 

to zero out the reading 
 
5) Measure the resistance of the cable and enter the value under Lead Resistance 

 
 
6) 

the readings match to these values respectively. 
 Based on the Gage Factor of 2 for the Strain Indicator Calibrator 

 
7) Change the Gage Factor to the manufacturer reported value for the particular strain gauge 

corresponding to that channel. 
 
8) Repeat for every channel of strain 
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Strain Gage Installation Check 
 
Hardware: Micro-Measurements 1300 Gage Installation Tester 
 
Steps: 
1) Install strain gage on specimen 
2) Attach strain gage lead wires to the Gage Installation Tester as shown in the diagram below 
 

 
 

 
 

3)  
4)  

 This should match the reported nominal resistance of the strain gage 
 The value will likely be slightly greater due to the resistance of the lead wire 

5)  
 Micro-  
 

to a representative from Micro-Measurements in July 2016 
 If insulation resistance is too low, remove strain gage and replace it with a new one 

6) Repeat all steps for every strain gage 
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APPENDIX L    YIELD LINE DERIVATION FOR CASE 3 FOR 12ES 
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Yield Line Mechanism for Case 3 for 12ES 
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Panel Rotations of the Yield Line for Case 3 for 12ES 

Panel nx ny 

1  0 

2 0 0 

3 0  

4   

5 0  

6   

7  0 

8  0 

9 0 0 

10   

11 0  

12   

13  0 
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Energy Stored in Each Yield Line for Case 3 for 12ES 

Yield Line Energy Stored 

Wi-2/3  

Wi-3/4  

Wi-1/4  

Wi-4/5  

Wi-2/5  

Wi-5/6  

Wi-1/6  

Wi-6/7  

Wi-2/7  

Wi-1/7  

Wi-1/8  

Wi-8/9  

Wi-8/10  

Wi-1/10  

Wi-10/11  
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Wi-9/11  

Wi-11/12  

Wi-1/12  

Wi-12/13  

Wi-9/13  

Wi-1/13  
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APPENDIX M    YIELD LINE DERIVATION FOR CASE 5 FOR 12ES 
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Yield Line Mechanism for Case 5 for 12ES 

 

455



Panel Rotations of the Yield Line for Case 5 for 12ES 

Panel nx ny 

1  0 

2 0 0 

3   

4   

5 0  

6   

7  0 

8  0 

9 0 0 

10   

11 0  

12   

13  0 
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Elevation View of Panel 3 to Determine 3x 3y 

 

Using similar triangles: 

 

 

 

 

Energy Stored in Each Yield Line for Case 5 for 12ES 

Yield Line Energy Stored 

Wi-2/3  

Wi-3/4  

Wi-1/4  

Wi-4/5  

Wi-2/5  

Wi-5/6  
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Wi-1/6  

Wi-6/7  

Wi-2/7  

Wi-1/7  

Wi-1/8  

Wi-8/9  

Wi-8/10  

Wi-1/10  

Wi-10/11  

Wi-9/11  

Wi-11/12  

Wi-1/12  

Wi-12/13  

Wi-9/13  

Wi-1/13  
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APPENDIX N    YIELD LINE DERIVATION FOR CONTROLLING CASE 

FOR 12ES 
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Controlling Case Yield Line Mechanism for 12ES 
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Panel Rotations of the Yield Line for 12ES 

Panel nx ny 

1  0 

2 0 0 

3   

4 0  

5   

6  0 

7  0 

8 0 0 

9   

10 0  

11   

12  0 
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Energy Stored in Each Yield Line for 12ES 

Yield Line Energy Stored 

Wi-2/3  

Wi-1/3  

Wi-3/4  

Wi-2/4  

Wi-4/5  

Wi-1/5  

Wi-5/6  

Wi-2/6  

Wi-1/6  

Wi-1/7  

Wi-7/8  

Wi-7/9  

Wi-1/9  

Wi-9/10  

Wi-8/10  
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Wi-10/11  

Wi-1/11  

Wi-11/12  

Wi-8/12  

Wi-1/12  
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APPENDIX O    YIELD LINE DERIVATION FOR 4-BOLT PATTERN 
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Yield Line Mechanism for 4-Bolt Flange Tension Connection 

 
 

Panel Rotations of the Yield Line for 4-Bolt Flange Tension Connection 

Panel nx ny 

1 0 0 

2  0 

3 0  

4 0 0 

5  0 
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Energy Stored in Each Yield Line for 4-Bolt Flange Tension Connection 

Yield Line Energy Stored 

Wi-1/2  

Wi-2/4  

Wi-2/3  

Wi-3/4  

Wi-1/3  

Wi-3/5  

Wi-4/5  

Wi-1/5  
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APPENDIX P    YIELD LINE DERIVATION FOR 8-BOLT PATTERN 
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Yield Line Mechanism for 8-Bolt End-Plate Tension Connection 

 
 
 

Panel Rotations of the Yield Line for 8-Bolt End-Plate Tension Connection 

Panel nx ny 

1 0 0 

2  0 

3 0  

4 0 0 

5  0 
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Energy Stored in Each Yield Line for 8-Bolt End-Plate Tension Connection 

Yield Line Energy Stored 

Wi-1/2  

Wi-2/4  

Wi-2/3  

Wi-3/4  

Wi-1/3  

Wi-3/5  

Wi-4/5  

Wi-1/5  
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APPENDIX Q    LOADING PROTOCOL FOR BEAM-TO-COLUMN 
MOMENT CONNECTIONS 
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APPENDIX R    SPECIMEN 12ES-1.125-1.25-24 STIFFENER 
CORRECTION 
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End-Plate Moment Connection: Specimen 12ES-1.125-1.25-24 

Detailed Stiffener Geometry: 

 
 
Current Stiffener Geometry: 

 
 
Proposed Stiffener Correction: 

 

 

30.5o

9.7

 

34.2o

Portion to be cut away 
and ground smooth. 
Fill flange surface 
imperfections with 
weld, and grind 
surface smooth. 
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Corrected Stiffener Geometry: 

 
 
Cut Portion of Stiffener: 

 
 

 

9.7

 

Effected 
surfaces were 
ground smooth. 
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APPENDIX S    ADDITIONAL PLOTS FOR SPECIMEN 12ES-0.75-1.00-44 
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Plots from the start until the first failure 

Figure S-1 Total Actuator Force vs. Applied Displacement at End of Beam 

Figure S-2 Column Centerline Moment vs. Total Story Drift 
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Figure S-3 Column Centerline Moment vs. Inelastic Portion of Story Drift 

Figure S-4 Column Centerline Moment vs. Time 
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Figure S-5 Story Drift Components Percentage of Total Story Drift vs. Time 
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Figure S-6 Column Face Moment vs. Rotation due to End-Plate Separation 

Figure S-7 Strain in Bolts vs. Column Face Moment 
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Figure S-8 Displacement at End of Beam vs. Time 
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Figure S-9 Story Drift Components vs. Time 
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Figure S-10 Percent Difference Between Total Story Drift & Actual Story Drift at Peaks 

Figure S-11 Large Deformations Check 
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Figure S-12 Column Axial Force Calculated From Strain Gauges on Stub Sections 

Figure S-13 Column Axial Force Calculated From Strain Gauges on Column 
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Figure S-14 Column Shear Force  North End 

Figure S-15 Column Shear Force  South End 
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Figure S-16 Moment in Column at Location of Strain Gauges  North End 

Figure S-17 Moment in Column at Location of Strain Gauges  South End 
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Instrumentation Data vs. Time 

Figure S-18 SP01 

Figure S-19 SP02 
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Figure S-20 SP03 

Figure S-21 SP04 

493



Figure S-22 SP05 

Figure S-23 SP06 
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Figure S-24 SP07 

Figure S-25 SP08 

495



Figure S-26 SP09 

Figure S-27 SP10 

496



Figure S-28 SP11 

Figure S-29 SP12 
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Figure S-30 SP13 

Figure S-31 SP14 
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Figure S-32 LP02 

Figure S-33 SG01 

499



Figure S-34 SG02 

Figure S-35 SG03 

500



Figure S-36 SG04 

Figure S-37 SG05 

501



Figure S-38 SG06 

Figure S-39 SG07 

502



Figure S-40 SG08 

Figure S-41 SG09 
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Figure S-42 SG10 

Figure S-43 SG11 
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Figure S-44 SG12 

Figure S-45 SG13 
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Figure S-46 SG14 

Figure S-47 SG15 
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Figure S-48 SG16 

Figure S-49 SG17 
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Figure S-50 SG18 

Figure S-51 SG19 
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Figure S-52 SG20 

Figure S-53 SG21 
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Figure S-54 SG22 

Figure S-55 SG23 
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Figure S-56 SG24 

Figure S-57 CLP01 
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Figure S-58 CLP02 

Figure S-59 CLP03 
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Figure S-60 CLP04 

Figure S-61 CLP05 
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Figure S-62 CLP06 

Figure S-63 Force in BSG01 
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Figure S-64 Force in BSG02 

Figure S-65 Force in BSG03 
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Figure S-66 Force in BSG04 

Figure S-67 Force in BSG05 
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Figure S-68 Force in BSG06 

Figure S-69 Strain in BSG01 
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Figure S-70 Strain in BSG02 

Figure S-71 Strain in BSG03 
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Figure S-72 Strain in BSG04 

Figure S-73 Strain in BSG05 
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Figure S-74 Strain in BSG06 

Figure S-75 Actuator Force 
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Figure S-76 Actuator Displacement 
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APPENDIX T    ADDITIONAL PLOTS FOR SPECIMEN 12ES-1.25-1.50-44 
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Plots from the start until the beam fractured 

Figure T-1 Total Actuator Force vs. Applied Displacement at End of Beam 

Figure T-2 Column Centerline Moment vs. Total Story Drift 
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Figure T-3 Column Centerline Moment vs. Inelastic Portion of Story Drift 

Figure T-4 Column Centerline Moment vs. Time 

524



Figure T-5 Story Drift Components Percentage of Total Story Drift vs. Time 
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Figure T-6 Column Face Moment vs. End-Plate Separation 

Figure T-7 Strain in Bolts vs. Column Face Moment 
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Figure T-8 Displacement at End of Beam vs. Time 

Figure T-9 Total Applied Force vs. Time 

527



Figure T-10 Story Drift Components vs. Time 
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Figure T-11 Percent Difference Between Total Story Drift & Actual Story Drift at Peaks 

Figure T-12 Large Deformations Check 
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Figure T-13 Column Axial Force Calculated From Strain Gauges on Stub Sections 

Figure T-14 Column Axial Force Calculated From Strain Gauges on Column 
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Figure T-15 Column Shear Force  North End 

Figure T-16 Column Shear Force  South End 
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Figure T-17 Moment in Column at Location of Strain Gauges  North End 

Figure T-18 Moment in Column at Location of Strain Gauges  South End 
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Instrumentation Data vs. Time 

Figure T-19 SP01 

Figure T-20 SP02 
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Figure T-21 SP03 

Figure T-22 SP04 
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Figure T-23 SP05 

Figure T-24 SP06 
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Figure T-25 SP07 

Figure T-26 SP08 
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Figure T-27 SP09 

Figure T-28 SP10 
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Figure T-29 SP11 

Figure T-30 SP12 
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Figure T-31 SP13 

Figure T-32 SP14 
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Figure T-33 LP02 

Figure T-34 SG01 

540



Figure T-35 SG02 

Figure T-36 SG03 

541



Figure T-37 SG04 

Figure T-38 SG05 
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Figure T-39 SG06 

Figure T-40 SG07 
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Figure T-41 SG08 

Figure T-42 SG09 
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Figure T-43 SG10 

Figure T-44 SG11 
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Figure T-45 SG12 

Figure T-46 SG13 
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Figure T-47 SG14 

Figure T-48 SG15 
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Figure T-49 SG16 

Figure T-50 SG17 
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Figure T-51 SG18 

Figure T-52 SG19 
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Figure T-53 SG20 

Figure T-54 SG21 
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Figure T-55 SG22 

Figure T-56 SG23 
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Figure T-57 SG24 

Figure T-58 CLP01 
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Figure T-59 CLP02 

Figure T-60 CLP03 
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Figure T-61 CLP04 

Figure T-62 CLP05 
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Figure T-63 CLP06 

Figure T-64 Force in BSG01 
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Figure T-65 Force in BSG02 

Figure T-66 Force in BSG03 
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Figure T-67 Force in BSG04 

Figure T-68 Force in BSG05 
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Figure T-69 Force in BSG06 

Figure T-70 Strain in BSG01 
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Figure T-71 Strain in BSG02 

Figure T-72 Strain in BSG03 
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Figure T-73 Strain in BSG04 

Figure T-74 Strain in BSG05 

560



Figure T-75 Strain in BSG06 

Figure T-76 Force in Actuator A 
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Figure T-77 Actuator A Displacement 

Figure T-78 Force in Actuator B 
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Figure T-79 Actuator B Displacement 
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APPENDIX U    ADDITIONAL PLOTS FOR SPECIMEN  
12ES-0.875-0.75-24 
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Plots from the start until the first failure 

Figure U-1 Total Actuator Force vs. Applied Displacement at End of Beam 

Figure U-2 Column Centerline Moment vs. Total Story Drift 
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Figure U-3 Column Centerline Moment vs. Inelastic Portion of Story Drift 

Figure U-4 Column Centerline Moment vs. Time 
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Figure U-5 Story Drift Components Percentage of Total Story Drift vs. Time 
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Figure U-6 Column Face Moment vs. End-Plate Separation 

 

Figure U-7 Strain in Bolts vs. Column Face Moment 
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Figure U-8 Displacement at End of Beam vs. Time 
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Figure U-9 Story Drift Components vs. Time 
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Figure U-10 Percent Difference Between Total Story Drift & Actual Story Drift at Peaks 

Figure U-11 Large Deformations Check 
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Figure U-12 Column Axial Force Calculated From Strain Gauges on Stub Sections 

Figure U-13 Column Axial Force Calculated From Strain Gauges on Column 
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Figure U-14 Column Shear Force  North End 

Figure U-15 Column Shear Force  South End 
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Figure U-16 Moment in Column at Location of Strain Gauges  North End 

Figure U-17 Moment in Column at Location of Strain Gauges  South End 
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Instrumentation Data vs. Time 

Figure U-18 SP01 

Figure U-19 SP02 
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Figure U-20 SP03 

Figure U-21 SP04 
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Figure U-22 SP05 

Figure U-23 SP06 
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Figure U-24 SP07 

Figure U-25 SP08 
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Figure U-26 SP09 

Figure U-27 SP10 
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Figure U-28 SP11 

Figure U-29 SP12 
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Figure U-30 SP13 

Figure U-31 SP14 
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Figure U-32 LP02 

Figure U-33 SG01 
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Figure U-34 SG02 

Figure U-35 SG03 
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Figure U-36 SG04 

Figure U-37 SG05 
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Figure U-38 SG06 

Figure U-39 SG07 
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Figure U-40 SG08 

Figure U-41 SG09 
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Figure U-42 SG10 

Figure U-43 SG11 
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Figure U-44 SG12 

Figure U-45 SG13 
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Figure U-46 SG14 

Figure U-47 SG15 
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Figure U-48 SG16 

Figure U-49 SG17 
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Figure U-50 SG18 

Figure U-51 SG19 
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Figure U-52 SG20 

Figure U-53 SG21 
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Figure U-54 SG22 

Figure U-55 SG23 
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Figure U-56 SG24 

Figure U-57 CLP01 
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Figure U-58 CLP02 

Figure U-59 CLP03 

595



Figure U-60 CLP04 

Figure U-61 CLP05 
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Figure U-62 CLP06 

Figure U-63 Force in BSG01 
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Figure U-64 Force in BSG02 

Figure U-65 Force in BSG03 
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Figure U-66 Force in BSG04 

Figure U-67 Force in BSG05 

599



Figure U-68 Force in BSG06 

Figure U-69 Strain in BSG01 
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Figure U-70 Strain in BSG02 

Figure U-71 Strain in BSG03 
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Figure U-72 Strain in BSG04 

Figure U-73 Strain in BSG05 
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Figure U-74 Strain in BSG06 

Figure U-75 Actuator Force 
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Figure U-76 Actuator Displacement 
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APPENDIX V    ADDITIONAL PLOTS FOR SPECIMEN  
12ES-1.125-1.25-24 
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Plots from the start until the beam fractured 

Figure V-1 Total Actuator Force vs. Applied Displacement at End of Beam 

Figure V-2 Column Centerline Moment vs. Total Story Drift 
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Figure V-3 Column Centerline Moment vs. Inelastic Portion of Story Drift 

Figure V-4 Column Centerline Moment vs. Time 
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Figure V-5 Story Drift Components Percentage of Total Story Drift vs. Time 
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Figure V-6 Column Face Moment vs. End-Plate Separation 

Figure V-7 Strain in Bolts vs. Column Face Moment 
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Figure V-8 Displacement at End of Beam vs. Time 
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Figure V-9 Story Drift Components vs. Time 
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Figure V-10 Percent Difference Between Total Story Drift & Actual Story Drift at Peaks 

Figure V-11 Large Deformations Check 
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Figure V-12 Column Axial Force Calculated From Strain Gauges on Stub Sections 

Figure V-13 Column Axial Force Calculated From Strain Gauges on Column 
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Figure V-14 Column Shear Force  North End 

Figure V-15 Column Shear Force  South End 
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Figure V-16 Moment in Column at Location of Strain Gauges  North End 

Figure V-17 Moment in Column at Location of Strain Gauges  South End 
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Instrumentation Data vs. Time 

Figure V-18 SP01 

Figure V-19 SP02 
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Figure V-20 SP03 

Figure V-21 SP04 
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Figure V-22 SP05 

Figure V-23 SP06 
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Figure V-24 SP07 

Figure V-25 SP08 
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Figure V-26 SP09 

Figure V-27 SP10 
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Figure V-28 SP11 

Figure V-29 SP12 
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Figure V-30 SP13 

Figure V-31 SP14 
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Figure V-32 LP02 

Figure V-33 SG01 
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Figure V-34 SG02 

Figure V-35 SG03 
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Figure V-36 SG04 

Figure V-37 SG05 
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Figure V-38 SG06 

Figure V-39 SG07 
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Figure V-40 SG08 

Figure V-41 SG09 
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Figure V-42 SG10 

Figure V-43 SG11 
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Figure V-44 SG12 

Figure V-45 SG13 
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Figure V-46 SG14 

Figure V-47 SG15 
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Figure V-48 SG16 

Figure V-49 SG17 
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Figure V-50 SG18 

Figure V-51 SG19 
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Figure V-52 SG20 

Figure V-53 SG21 
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Figure V-54 SG22 

Figure V-55 SG23 
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Figure V-56 SG24 

Figure V-57 CLP01 
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Figure V-58 CLP02 

Figure V-59 CLP03 
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Figure V-60 CLP04 

Figure V-61 CLP05 
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Figure V-62 CLP06 

Figure V-63 Force in BSG01 
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Figure V-64 Force in BSG02 

Figure V-65 Force in BSG03 
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Figure V-66 Force in BSG04 

Figure V-67 Force in BSG05 
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Figure V-68 Force in BSG06 

Figure V-69 Strain in BSG01 
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Figure V-70 Strain in BSG02 

Figure V-71 Strain in BSG03 
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Figure V-72 Strain in BSG04 

Figure V-73 Strain in BSG05 
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Figure V-74 Strain in BSG06 

Figure V-75 Force in Actuator 
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Figure V-76 Actuator Displacement 
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