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ABSTRACT  
 
 

Slotted holes in web framing angles of beam to column connections provide 

greater fabrication tolerance and can facilitate both fabrication and erection of steel 

structures. The current North American steel design standards require plate washers to 

completely cover the slots in connections with long slotted holes in the outer plies of the 

joint. Although plate washers are required in connections that require pretensioned bolts, 

their need in bearing-type connections is questionable.  

Tests on beam-to-column shear connections with slotted holes were conducted to 

investigate the influence of a wide range of parameters on their strength and behaviour. 

The angle leg connected to the supporting column was also investigated.  

The test program indicated that plate washers are required with long slotted holes 

to develop the expected shear capacity. The North American standards were not able to 

predict the capacity of web framing angles failing in the leg connected to the column and 

failing within the edge distance. New prediction models are proposed for these failure 

modes. 
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1 Introduction 

1.1 Statement of Problem 
 

Single or double angle bolted connections are often used in beam-to-column 

connections as simple framing connections. When these connections have to 

accommodate large rotations or when beams have to be erected at a slope, slotted holes, 

either in the beam web or in the framing angles, are an economical means of achieving 

the larger required tolerances (Shneur, 2003). Since the first application of high-strength 

bolts in 1947, bolt holes 1/16 in. or 2 mm larger than the nominal bolt diameter have been 

used for assembly (Kulak et al., 1987). Slotted holes are bolt holes with 2 mm clearance 

in the transverse axis and oversized in the longitudinal axis. The slot length depends on 

the amount of adjustment required during construction or to accommodate beam end 

rotation. In this respect, slots are classified as either short slots or long slots. Short slots 

have a length up to about 1.4 times the bolt diameter whereas long slots have slot lengths 

up to 2.5 times the bolt diameter.  

The current North American steel design standards require that for connections 

with long slotted holes in the outer plies of the joint, a plate washer (or a continuous bar 

8 mm or greater in thickness with standard holes) must be installed that completely 

covers the slots. However, high strength bolts in connections with short slotted holes 

require only the use of conventional hardened washers. Because of the significant amount 

of material loss around a bolt in a long slotted hole, proper bolt preload is not achievable 

unless plate washers are used. However, their need in bearing-type connections, where 

bolt pretension is not required, has not been well demonstrated. It is believed that pull-out 

of the bolt head or nut through the slot could occur in a connection without plate washers 

when the holes deform sufficiently. However, no testing has shown that pull-out of the 

bolts does, in fact, occur in these connections.  

Extensive research has been conducted on single or double angle connections. 

However, the majority of this past research emphasized the moment vs. rotation 

behaviour and the rotational restraint provided by the connections, rather than the shear 

capacity of the connections. Consequently the connections were not loaded to their 
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ultimate load carrying capacity. Moreover, the number of parameters investigated was 

very limited. Therefore, a research program is initiated to acquire a better understanding 

of bolted single and double angle connections with slotted holes with the slots in the 

outer plies.  

1.2 Objectives and Scope 
 

The main objective of this research program was to investigate the strength and 

behaviour of slotted-hole connections and the influence of various parameters on the 

connection capacity. The research program consisted of a series of tests on full-scale 

connections and assessment of predicted capacities using the current North American 

steel design standards. Recommendations for improvement of the current prediction 

models will be made when required.  

The experimental program consisted of 40 tests. The parameters investigated 

include: angle loaded end distance, plate washers, slot length, bolt pretension, torsion 

brace, bolt pitch, flange cope, beam end rotation, web thickness and bolt diameter. In 

addition, the effect of parameters related to failure in the leg connected to the supporting 

column was also investigated. These parameters include: top end distance, top edge 

distance, angle thickness and number of bolts on the angle leg connected to the 

supporting column. The effect of the above parameters is assessed from a comparison of 

the capacity and the load vs. deformation response of the test specimens.  

In order to assess the adequacy and level of conservatism offered by the current 

North American steel design standards on connections with slotted holes, the capacity of 

all the specimens based on the relevant design equations is compared with the test results. 

All the possible failure modes and the corresponding capacities are investigated. 

Additionally, new prediction models for single angle shear connections with slotted holes 

and eccentrically loaded single angle connections are proposed. These new predictions 

models are also compared with the test results.  
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1.3 Organization of the Report 
 

This report is divided into six chapters. A review of the relevant literature on the 

strength and behaviour of shear connections and slotted hole connections is presented in 

Chapter 2. A description of a test program on full-scale test connections is presented in 

Chapter 3. The results of the test program are presented in Chapter 4 and in Appendices 

A and B. Chapter 5 present an assessment of the current Canadian and American steel 

design standards through a comparison of the design equations with the observed test 

results. The same chapter presents proposed models for the prediction of failure modes 

observed in the tests but poorly predicted by the current design equations. A summary, 

conclusions and recommendations for future work are presented in Chapter 6.  
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2 Literature Review 

2.1 Introduction 
 

Angle connections are a common type of simple framing connection. Slotted 

holes are often used in the angles, primarily to accommodate construction tolerances in 

the field, but they also permit erection of beams on a slope while keeping the holes in the 

beam perpendicular to the axis of the beam. The current North American steel design 

standards require that plate washers be used for connections with long slotted holes, i.e., 

those having slot lengths from about 1.4 to 2.5 times the bolt diameter. Plate washers are 

not required, however, in connections with short slotted holes, i.e., those with slot lengths 

up to about 1.4 times the bolt diameter. In the case of bearing-type connections, plate 

washers are required for long slots because it is feared that bolts might pull-out in a 

connection without plate washers. However, until recently no testing has been completed 

to show that pull-out of the bolt does in fact occur in these connections. In order to 

investigate the behaviour of slotted hole connections without plate washers, five pilot 

tests on single angle connections with slotted holes and without plate washers were 

conducted by Franchuk et al. (2002). Slot lengths varying from 1.65 to 2.4 times the bolt 

diameter were investigated. Other parameters included in the tests were bolt diameter, 

location of the bolt within the slot, and number and spacing of the bolts in the connection.  

Although very limited research on slotted hole connections without plate washers 

has been conducted, extensive research has been conducted on single angle, single shear 

plate, and double angle connections over the past few decades. A review of the research 

conducted on single angle, single plate, and double angle connections is presented. A 

review of tests conducted on slotted hole connections is presented as well.  

2.2 Experimental and theoretical studies on slotted hole, single plate 
shear, single angle and double angle connections 

 
Steel angles are often used as connecting elements to transfer shear between the 

beams and columns in steel structures. Beam-to-column shear connections can use either 

one or two angles and can either be bolted or welded. Single angle and double angle 
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connections are often designed as flexible connections as they are assumed in design to 

act as pin connections that possess no rotational restraint. Over the past few decades, 

extensive research has been conducted on single and double angle beam-to-column 

connections. However, most of the research has focused on the moment vs. rotation 

behaviour and the rotational restraint developed in these connections, rather than the 

shear capacity. This section summarizes on single and double angle shear connections 

and connections with shear plates. Both connections with circular holes and slotted holes 

are reviewed.  

2.2.1 Double Angle Connections 
 

Rathbun (1936) was one of the first researchers who conducted tests on 

beam-to-column steel connections. The main objectives of his research were to 

investigate the rotational restraint on various types of riveted beam-to-column 

connections, and to apply the test results on the existing analysis methods, including 

slope deflection and moment distribution. He obtained 18 moment vs. rotation curves 

from 18 test specimens. Seven of these tests were conducted on double angle riveted 

connections. Elastic properties for each type of connection with different geometry were 

derived from the experimental moment vs. rotation curves. The elastic and rotational 

properties of the test connections were incorporated into analysis methods. 

Munse et al. (1961) conducted four tests on both riveted and bolted 

beam-to-column connections. The work focused on the moment vs. rotation 

characteristics, moment resisting capacity, position of center rotation, slip and shear 

deformation of connections, and deformation of fasteners. The angles from three of the 

specimens were connected to the supporting column flange with ASTM A325 bolts and 

to the beam web by rivets of ASTM A141 materials. The angles of the remaining 

specimen were connected to the beam and column flanges with rivets. It was observed 

that failure of double angle web connections was mainly due to flexure of the angles 

rather than failure of bolts or rivets. The tests showed that the behaviour of double angle 

web connections was independent of the moment-to-shear ratio. Moreover, it was found 

that standard or flexible connections, which are assumed to behave as hinged 

connections, provide some rotational restraint.  
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In order to verify the significant increase in allowable bolt bearing stress in CSA 

standard S16.1–74 and in the Specification for Structural Joints Using ASTM A325 or 

A490 Bolts (RCRBSJ, 1976), Birkemoe and Gilmor (1978) conducted two tests on 

double angle shear connections: one test on a coped beam and one test on an uncoped 

beam. The test specimens consisted of a W410x67 beam and L102x89x9.5 angles. The 

beams were made of G40.21 300W steel. Two failure modes were observed: bearing 

failure and edge distance rupture was observed in the uncoped beam and tension and 

shear block failure was observed in the coped beam. These tests revealed that tension and 

shear block failure, which involves a combination of tension fracture and shear failure, 

could be more critical than bolt bearing failure in coped beams. The capacity of the coped 

beam was reduced by 24% compared to its full-flange counterpart. A strength prediction 

model was proposed that combined the tensile resistance along the net tension area at the 

bottom bolt hole and the shear resistance of the web along the net shear area. The 

proposed model showed reasonable agreement with the test results.  

Yura et al. (1982) completed nine tests on beam web shear connections. The 

objective of the test program was to verify the provisions of the 1978 AISC Specification 

for edge distance, end distance and bearing stresses on bolted beam web connections. In 

this series of tests, the connections were subjected to shear only. The test program was 

conducted on W460x89 beams of grade ASTM A36 steel. Coped and uncoped beams, 

single and double line of bolts, and circular and slotted holes (the slots were located in 

the beam web) were incorporated in the test matrix. Number of bolts, bolt pitch, end and 

edge distance were investigated. The specimens were fabricated with three or five ASTM 

A325 3/4 in. bolts. They found that an increase in end distance from 25 mm to 50 mm 

resulted in an increase in capacity of 16%. Connections with two lines of holes had less 

strength that expected.  

Ricles and Yura (1983) extended the work of Yura et al. (1982) by completing 

eight additional tests on double angle connections. The additional test specimens were 

two-line connections and all specimens, except for one, were fabricated with a coped 

beam. The same size and grade of steel beams as used by Yura et al. (1982) were used for 

the additional tests, except that four specimens were from a different heat of steel. 

Although an increase in beam web edge distance from 25 mm to 50 mm resulted in an 
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increase in capacity of 18%, a similar increase in end distance resulted in an increase in 

capacity of only 9%.  

2.2.2 Single Angle and Single Plate Shear Connection 
 

Lipson (1968) presented the results of an early study on single angle and single 

plate framing connections. He investigated three types of connections: single angle bolted 

to both the beam web and the supporting member, single vertical plate welded to the 

supporting member and bolted to the beam, and single angle welded to the supporting 

member and bolted to the beam. All bolts were ASTM A325 3/4 in. diameter bolts and all 

welds were made using E60 and E70 SMAW electrodes. The parameters investigated 

were: number of bolts, angle thickness, gauge distance, angle leg size and loading 

condition. The connections were tested under combinations of vertical shear and moment. 

The author’s interest was on the behaviour of connections under working loads, 

maximum rotation capacity, and a consistent factor of safety and to determine whether 

the connections can be treated as flexible connections. His work demonstrated the 

feasibility of the three types of connections.  

Lipson (1977) later examined the behaviour of welded and bolted single angle 

connections. Five series of tests, consisting of 43 tests in total, were conducted. The 

angles were bolted to the beam with 2 to 12 bolts and welded to the column. All the 

connections were loaded and rotated to 0.024 rad to simulate actual service conditions, in 

which the beam ends rotate under the action of the applied loads. The test specimens 

were subjected to monotonic loading up to 2.5 times the working load of the bolts 

permitted by the AISC and CSA steel design standards in 1969 for designing steel 

structures. The moment vs. rotation characteristics were obtained for each test. The 

results showed that the factors of safety for the bolts and welds were greater than 2.5 and 

the rotation of 0.024 rad could be achieved in all connection sizes. For the connections 

under cyclic load, the hysteretic loop were stable for at least three cycles at 2.5 times the 

allowable working load permitted by AISC and CSA steel design standards in 1969.  

Richard et al. (1980) investigated the moment vs. rotation characteristics of single 

plate shear connections. The research program consisted of 126 single bolt, single shear 
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load vs. deformation tests with different bolt diameter, plate thickness, end distance and 

steel grade. A finite element analysis, which used the results of single bolt shear tests, 

was conducted and used to develop theoretical moment vs. rotation curves for single plate 

shear connections. The finite element analysis was validated from results of five full-

scale tests on single plate shear connections. Although the finite element analysis results 

showed good agreement with the test results, the connections were not loaded to their 

maximum capacity and consequently, the ultimate limit state was not identified. A design 

procedure was proposed to account for the moment resistance of single plate shear 

connections.  

Hormby et al. (1984) later extended the work by Richard et al. (1980) to include 

connections with slotted holes on shear tab connections. Of eight tests conducted on shear 

tab connections, six were on test specimens with slotted holes. The primary objective of 

the test program was to investigate the effect of slotted holes and off-axis bolt groups 

(centre of gravity of bolt groups does not coincide with the central axis of the beam) on 

the beam eccentricity, defined as the distance from the location of zero moment along the 

beam to the connection. The beam was loaded at midspan and beam eccentricity was 

measured using strain gauges mounted on the beam flanges at different loading stages. 

Tests conducted on connections with circular holes and slotted holes with pretensioned 

bolts showed similar behaviour. It should be noted, however, that the tests were 

conducted at load levels that did not cause slip in the bolted joints.  

Astaneh et al. (1989) reported the results of five tests on shear tab connections 

conducted to full capacity of the connection. All the test specimens were prepared with 

circular holes and the connections were loaded in shear and controlled rotation. All the 

connections failed by rupture of bolts in shear.  

Three cyclic tests on single plate shear connections were conducted by Crocker 

and Chambers (2004). The tests were conducted to determine the maximum deformation 

demand on bolts in single plate shear connections under cyclic rotation. The test 

specimens, which consisted of a single plate shear connection at the end of a 4 m long 

cantilever beam, were subjected to bending moment and minimal shear. Connections 

with three, four and six bolts were tested. The maximum imposed rotation on the 
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connection was 0.06 rad. Of the three tests, only the six-bolt connection failed by bolt 

rupture. The connections with three and four bolts did not fail after reaching the specified 

connection rotation. The authors suggested using a value of 8.6 mm as the limiting value 

of deformation for ASTM A325 bolts in single plate shear connections. 

2.2.3 Connections with Slotted Holes 

2.2.3.1 Lap Joints with Slotted Holes 
 

Allan and Fisher (1968) conducted 21 tests on standard, oversized and slotted hole 

double lap joints. The test program was designed to investigate the effect of oversized 

and slotted holes on the slip resistance and ultimate strength of bolted joints. The 

specimens were made of four plies of 1 in. steel plates of grade ASTM A36 steel, 

connected by two lines of 1 in. ASTM A325 bolts with a pitch of 133 mm (5 ¼ in.). Slot 

lengths equal to 2.5 times the bolt diameter were used that were either oriented parallel or 

transverse to the applied load. The plates with slotted holes were placed in the two inner 

plies, covered with the outer plates. The bolts were installed using the turn-of-nut 

method. All of the test joints were tested in tension. Of 21 specimens, 15 were designed 

as slip-critical joints, including the joints with slots parallel to the applied load. The slip 

behaviour of the test specimens was observed and the tests were stopped when the joints 

went into bearing. The remaining six specimens were designed to carry load in bearing 

and were tested to their ultimate capacity. Bolt pretension was measured in six specimens 

and the pretension was monitored over time. Oversized or slotted holes did not affect the 

pretension over time following installation. All test specimens with slotted holes placed 

perpendicular to the line of action of the load did not show a reduction in tensile strength 

of the plate or the shear strength of the bolts.   

Wald et al. (2002) reported the results of 73 tests on double lap joints to determine 

the bearing resistance, stiffness and ductility of cover plates with transverse slotted holes 

of different lengths: standard size holes (bolt diameter+2 mm), short slots 

(diameter+6 mm), long slots (up to 2.5 times the bolt diameter), and extra long slots (up 

to 3.5 times the bolt diameter). Based on the observed test results the researchers 

proposed a strength reduction factor β  for slotted holes. Different reduction factors were 
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recommended for different slot lengths: 0.9 for short slotted holes, 0.7 for long slots, and 

0.6 for extra long slots. This reduction factor was obtained as the ratio of the measured 

capacity for the slotted hole joint to the capacity of the joint with circular holes.  

2.2.3.2 Single and Double Angle Connections with Slotted Holes  
 

As mentioned previously, Yura et al. (1982) conducted eight tests on double angle 

connections, including three connections with slotted holes in the beam web. The authors 

found that the slotted hole connections showed about 20% less capacity compared to 

connections with standard circular holes.  

Bergson and Galambos (1998) conducted an experimental investigation of the 

strength and behaviour of single angle bolted shear connections with short slots. Six full-

scale connections were tested and the observed failure mode consisted of overall 

connection twisting, which was influenced by the bracing condition, tension and shear 

block failure in the beam web, and fracture of the angle. The limit states checked for 

strength prediction consisted of bolt failure, bearing failure of the supported beam web, 

yielding of the angle, fracture of the angle and formation of a plastic hinge in the beam. 

The capacities computed from these limit states were compared to the ultimate capacity 

of the test specimens. It was noted that all of the test connections reached a higher 

capacity than expected based on the calculations. In addition, they were not able to 

predict the failure mode accurately. All the test specimens were expected to fail in 

bearing of the web when none of them did. The effect of slotted holes on single angle 

connections could not be clearly identified. Both the failure mode and the test capacity 

could not be predicted accurately using the current design specifications.  

As described previously, Franchuk et al. (2002) conducted five tests on single 

angle beam-to-column connections with slotted holes in the angles. Three-bolt and four-

bolt slotted hole connections were tested without plate washers on the outer plies. The 

four-bolt connections failed by shear rupture of the net area in the leg of the angle 

connected to the beam, while the three-bolt connections failed by tearing of bottom end 

distance of angle and top edge distance of beam web, followed by severe tilting of the 

middle bolt. Tilting of the middle bolt was not expected. Bolt pull-out was not observed 

in any of the tests. 
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2.2.3.3 Single Plate Shear Connections with Slotted Holes 
 

Hormby et al. (1984) also investigated the effect of slotted holes on the moment 

resistance of single plate shear connections. For the case where the bolts were 

pretensioned, the moment resistance of the connections with slotted holes was the same 

as the resistance of joints with circular holes. 

2.3 Summary and Conclusions 
 

A review of the literature has shown that the research on single and double angle 

connections mainly focused on the moment vs. rotation behaviour of connections. Many 

test programs did not investigate the behaviour up to the ultimate capacity of the joint. No 

research programs reported in the literature on single and double angle connections 

provide comprehensive tests to assess the behaviour of joints with slotted holes in the 

outer plies. CSA–S16–01 and AISC 2005 require that long slots be covered with plate 

washers that cover the slots entirely. Although only few tests on connections with slotted 

hole connections without plate washers have been conducted, there is no evidence that 

the bolts might have the tendency to pull-out of the joint. However, the number of tests 

on this type of joint is insufficient to draw definite conclusions. Moreover, the effect of 

plate washers on the behaviour of the connections with long slots in the outer plies is not 

well identified. More research is therefore required to study the strength and behaviour of 

connections with slotted hole in the outer plies.  
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3 Experimental Program 

3.1 Introduction 
 

A review of the literature has indicated that test data on slotted hole shear 

connections are scarce and the behaviour of such connections is not well understood. 

Therefore, the main objectives of this research program are to investigate the strength and 

behaviour of slotted hole shear connections, to increase the pool of available 

experimental data, and to assess the ability of current prediction models to predict the 

failure mode and strength of these connections. A description of the test program, the 

test-setup, instrumentation, specimen installation, testing procedure and ancillary tests is 

presented in the following. 

3.2 Test Specimens Designation 
 

The specimens used in this test program consisted of 3.6 m long wide flange 

beams with connections fabricated at both ends. Single and double angle shear 

connections were investigated. The test specimens were designated by an alphanumeric 

identifier. The first two characters consist of either 1L or 2L to indicate whether the 

connection is a single angle or a double angle connection. This is followed by a number 

that designates the test number within each of the two groups of tests. The letter ‘a’ 

following the specimen designation indicates the single angle specimen had pretensioned 

bolts connecting the angle to the column. The double angle specimens with letter ‘a’ after 

the designations consisted of angle section L152x102x9.5 with the larger size leg 

connected to the supporting column, while the remaining double angle specimens 

consisted of angle section L102x102x9.5. The capital ‘E’ in the designation of test 

specimen 1L2aE indicates that the test specimen was fabricated with a larger end distance 

of 47 mm at the bottom end of the angle compared to the other test specimens, which 

were fabricated with the minimum end distance. Three additional tests were carried out to 

investigate the effect of end distance and edge distance on the capacity of the angle leg 

connected to the column. These test specimens were identified as 1L12, 1L13 and 1L14.  
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The as-built dimensions of all the connections are presented in Table 3-1. 

Variables specified in this table are defined in Figure 3-1. The nominal dimensions for all 

connections are illustrated in Figures 3-2 and 3-3 and ‘w’, listed in column (24) of 

Table 3-1, is the beam web thickness. All bolt holes in the beam web were drilled to a 

diameter 2 mm (1/16 in.) larger than the bolt diameter. The long slots on the angle were 

sub-punched and reamed to the desired dimension. The short slots and circular holes on 

the angles were punched to the required diameter. The test matrix summarizing the 

parameters investigated in this test program is shown in Table 3-2. The test matrix for 

specimens 1L12, 1L13 and 1L14, used to investigate the angle leg connected to the 

column is shown in Table 3-3.  

3.3 Full-scale Test Setup 
 

A test apparatus similar to the one used in an earlier test program (Franchuk et al., 

2002) was used to test full-scale shear connections under controlled end rotation. A 

diagram of the test setup is illustrated in Figure 3-4, and a photograph of the overall test 

setup is shown in Figure 3-5. The setup was designed to test a beam-to-column 

connection under shear, with controlled rotation. The beam was connected to a reaction 

column with either a single or double angle shear connection. Each angle was bolted to 

the reaction column with two 1 in. ASTM A325 bolts, in either a snug-tight or 

pretensioned condition. The single angle specimens identified with the letter ‘a’ in their 

designation were installed with pretensioned bolts to the column. The other single angle 

connections were installed with bolts to the column in a snug-tight condition. The 

purpose of pretensioning the bolts on the column side in some single angle specimens 

was to reduce the twist of the connection about the axis of the beam in the connections. 

All the double angle connections were installed with bolts connecting to the reaction 

column in a snug-tight condition. The beam was connected to the angle with three ASTM 

A325 bolts.  

For the tests with an imposed beam end rotation as a variable, the rotation was 

controlled by adjusting the support hydraulic actuator at the end opposite to the test 

connection. A knife-edge was placed between the beam and the hydraulic actuator to 

simulate a simple support and a load cell was used to measure the reaction force. 
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Figure 3-6 shows a photograph of the support at the beam end opposite to the test 

connection. 

 A vertical load was applied to the beam at approximately 400 mm from the 

connection with a 890 kN hydraulic actuator. A spherical bearing assembly was used to 

allow rotation in the plane of the beam web and allow free rotation about the axis of the 

beam. A roller bearing was also used to prevent unwanted displacement restraint along 

the axis of the beam. A diagram showing the section of test frame at the load point is 

illustrated in Figure 3-7. A photograph illustrating the various elements of the loading 

frame is shown in Figure 3-8.  

Lateral supports were provided at two locations along the beam length. The load 

point was laterally braced near the top flange with two pairs of rollers mounted on the 

reaction frame columns and sliding on two pairs of HSS 51x25x3.2 clamped to the beam 

near the load point, as shown in Figure 3-9. This simulates a beam element in a floor 

system where the top flange is often laterally braced by the floor slab. At the reaction end 

(end opposite to the test connection) of the beam, the top flange and bottom flanges were 

supported by rollers riding on adjacent support columns as illustrated in Figure 3-10. A 

rubber mallet was used to tap on the lateral supports to release any friction forces 

developed between the test specimen and the lateral supports during the tests. 

Photographs of the lateral bracing system at the loading frame and the reaction frame are 

shown in Figures 3-11 and 3-12, respectively. In order to prevent web buckling at the 

load point, bearing stiffeners, consisting of a pair of HSS 76x51x4.8 clamped to the web 

of the beam as shown in Figure 3-11. A close-up of the bracing system and roller 

assembly at the reaction frame is depicted in Figure 3-13. 

3.4 Instrumentation 
 

Vertical and lateral displacements, end rotation, applied load and reaction force 

were measured electronically during the test. Figure 3-14 presents a summary of the 

instrumentation used in the tests. Cable transducers were used to measure the vertical 

displacement at the bottom flange under the load point and to measure the vertical 

displacement at the reaction actuator. The vertical displacements of the beam at the load 
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point were also measured at regular load intervals using a dial gauge to check the 

measurements obtained using electronic transducers. A 890 kN load cell was used to 

measure the force applied with the load actuator. A second load cell was placed on top of 

the reaction actuator to measure directly one of the two reaction forces. The connection 

reaction force was obtained by subtracting the measured end reaction from the applied 

load. Friction at the lateral supports was assumed negligible. At the connection, vertical 

and lateral displacements of the angle and the beam were measured. The vertical 

displacement of the angle was measured using two LVDTs installed just above and below 

the connection (deflections 5Δ  and 6Δ  in Figure 3-15). Two cable transducers ( 7Δ and 

8Δ  in Figure 3-15) were used to measure the top and bottom flange vertical displacement 

of the beam. To assess the angle of twist of the angle and the beam, the lateral 

displacements of the angle and the beam were measured independently using four 

LVDTs ( 1Δ , 2Δ , 3Δ  and 4Δ  in Figure 3-15). The angle of twist of the connection was 

computed from the difference between the top and bottom lateral displacements and the 

distance between the measurement points. A rotation transducer was also installed near 

the connection on the beam web to provide an additional measurement of the beam end 

rotation. 

The measured displacements were recorded at regular intervals during the test 

using an electronic data acquisition system.  

3.5 Specimen Installation 
 

The beam was first positioned on the knife-edge and load cell assembly at the end 

of the beam opposite to the test connection. The beam was centered on the load cell to 

ensure accurate measurement of the reaction load. 

 Test angles were loosely attached to the column using two ASTM A325 1 in. high 

strength bolts in each angle. For the thin single angle specimens fabricated with 

L102x102x6.4 (1LA, 1LB, 1LAa and 1LBa), an additional half-inch thick doubler plate 

was placed on the angle leg connected to the column to minimize the shear angle 

distortion during loading. 
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The position of the beam along its axis was adjusted so that the holes of the beam 

were centered with the slots in the shear angle. The bolts in the angle to the beam joint 

were installed and tightened to a snug-tight or pretensioned condition, depending on the 

required test condition. In the case of single angle connections, the bolts in the connection 

were installed with the head on the angle side and the nut on the beam side, with a single 

standard hardened washer placed between the beam and the nut. All the plate washers 

used in the current test program were 9.5 mm thick, which satisfies the requirement of 

8 mm minimum thickness for plate washers in CAN/CSA–S16–01 and AISC 2005. A 

spherical bearing and roller assembly was then placed on the beam under the load 

actuator. The beam was then braced laterally close to the load point with two 

HSS 51x25x3.2 clamped on either side of the beam and rollers installed on the reaction 

frame column as depicted in Figure 3-11. The roller and HSS assembly provided lateral 

restraint to the top flange without restraining the vertical displacement of the beam.  

3.6 Test Procedure 
 

Prior to each test, the surface of the test specimens was whitewashed in the 

connection area in order to visually detect the onset of yielding. The test connections 

were loaded quasi-statically under stroke control. Static load readings were recorded at 

every 100 kN in the ascending part of the loading curve and at approximately every 3 mm 

displacement of the connection in the remaining part of the loading curve. For the test 

conducted under large end rotation, a rotation of °5.3 , measured using the rotation 

transducer, was imposed at the connection end of the test specimen by adjusting the end 

reaction actuator. The beam end rotation angle was maintained at °5.3  during the tests by 

regularly adjusting the end support reaction actuator.  

3.7 Ancillary Tests 
 

In order to obtain the material properties of the beams and angles in the 

connection, tension coupon tests were conducted on both the beam web and angle 

sections. The coupons were fabricated in accordance to ASTM A370 (ASTM, 1997). 

Sheet-type coupons were cut from both angle and beam sections. Typical coupon 

dimensions are shown in Figure 3-16. The cross-sectional dimensions of each coupon 
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were measured at various locations along the final gauge length. The average area, which 

was taken as the representative coupon cross-sectional area, was computed from the 

measured dimensions. The strain was recorded using a 50 mm gauge length 

extensometer. A pair of strain gauges was mounted on one coupon from each group of 

thickness to verify the extensometer readings.  

The stress was computed from the recorded machine load and the as-measured 

initial cross-sectional area. During each coupon test, two values of static yield stresses 

were obtained along the yield plateau. The testing machine was stopped for about five 

minutes along the yield plateau and the load was recorded after each pause. The mean 

static yield was taken as the average of the two values recorded along the yield plateau. 

The upper yield strength was taken as the highest point on the stress versus strain curve, 

just before the yield plateau. The lower yield strength was taken as the lowest point on 

the stress vs. strain curve within the yield plateau. In contrast to the static yield strength, 

the lower yield is obtained under dynamic loading condition. Static stress values were 

also obtained at ultimate. The rupture stress and rupture strain were obtained from the 

stress versus strain curve at the time of fracture. The strain-hardening strain was taken as 

the strain where the stress started to increase after the yield plateau. Strain at ultimate 

stress was obtained where the maximum load was reached. After each tension coupon 

test, the two fractured ends of the coupon were fitted together and the gauge length was 

measured. The reduced of area at the fractured location was also measured to obtain the 

true stress at rupture. The reduction area was computed from the as-measured original 

area and the reduced area. The strain rates used in the elastic, yield plateau and strain-

hardening ranges were approximately 1500με/min , 8000με/min  and 60000με/min , 

respectively. 

3.7.1 Beam 
 

Three sheet-type coupons were obtained from each web plates from the midspan 

after the experimental program. The coupons were oriented perpendicular to the axis of 

the beam so that the material properties in the direction of loading at the end connection 

could be assessed. Coupon tests were conducted on eight of the beam sections that failed 

at the web. The typical location of coupons on the beam web material sample is shown in 
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Figure 3-17. The plate material sample shown in the figure was cut at the midspan of the 

beam to assure that no yielding has taken place.  The specified grade of steel for the 

beams was CAN/CSA–G40.21 350W (CSA, 1998). 

3.7.2 Angle 
 

Additional lengths of angle of each size were ordered from the same heat as the 

ones used for the test specimens. Three sheet-type coupons were fabricated and tested 

from each piece of angle. The orientation of the coupon is the same as the direction of 

loading. The coupons were oriented along the length of the angle as shown in 

Figure 3-18. The grade of all the angle sections was CAN/CSA–G40.21 300W 

(CSA, 1998).  
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Table 3-2 Test Matrix Used to Investigate Angle Leg Connected to Beam 

Test 
Specimen 

No. of 
Angles 

Slot 
Length1 

Plate 
Washer 

Beam 
Web 

Pre-
tension

Bolt 
Pitch2

Torsion 
Brace 

Beam 
Rotation3 

Flange 
Cope Angle Beam

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 
1LA 4 1L Long 6 Yes Thin No Large No No Yes A5 B5 
1LB 5 1L Long 6 Yes Thin No Large No No Yes A6 B6 

1LAa 4 1L Long 6 Yes Thin No Large No No Yes A5 B5 
1LBa 5 1L Long 6 Yes Thin No Large No No Yes A6 B6 

1L1 1L Long No Thin No Std. No No No A1 B1 
1L2 1L Long No Thin No Large No No No A2 B2 
1L3 1L Long No Thick No Large No No No A2 B3 
1L4 1L Long Yes Thin No Large No No No A2 B2 
1L5 1L Long Yes Thin Yes Large No No No A2 B2 
1L6 1L Long No Thin No Large Yes No No A2 B2 
1L7 1L Long No Thin No Std. No Yes No A1 B1 
1L8 1L Long No Thin No Std. No No Yes A1 B4 
1L9 1L Short No Thin No Large No No No A3 B2 

1L10 1L Short No Thin No Std. No Yes No A4 B1 
1L1a 1L Long No Thin No Std. No No No C1 D1 
1L2a 1L Long No Thin No Large No No No C2 D2 

1L2aE 7 1L Long No Thin No Large No No No C7 D2 
1L3a 1L Long No Thick No Large No No Yes C2 D3 
1L4a 1L Long Yes Thin No Large No No No C2 D2 
1L5a 1L Long Yes Thin Yes Large No No Yes C2 D2a 
1L6a 1L Long No Thin No Large No No Yes C2 D2a 
1L7a 1L Long No Thin No Std. No Yes No C1 D1 
1L8a 1L Long No Thin No Std. No No Yes C1 D4 
1L9a 1L Short No Thin No Large No No No C3 D2 

1L10a 1L Short No Thin No Std. No Yes No C4 D1 
1L11a 1L Long No Thin No Std. Yes No No C1 D1 
2L1 2L Long No Thin No Std. No No No A1 B1 
2L2 2L Long No Thin No Large No No No A2 B2 
2L3 2L Long No Thick No Large No No No A2 B3 
2L4 2L Long Yes Thin No Large No No No A2 B2 
2L5 2L Long Yes Thin Yes Large No No No A2 B2 
2L6 2L Long No Thin No Std. No Yes No A1 B1 
2L7 2L Long No Thin No Std. No No Yes A1 B4 
2L1a 2L Long No Thin No Std. No No No C1d B1 
2L5a 2L Long Yes Thin Yes Large No No No C2d B2 
2L6a 2L Long No Thin No Std. No Yes No C1d B1 
2L8a 2L Long No Thin No Large No No Yes C2d D2da

All bolts are 22.2 mm (7/8 in.) diameter unless noted otherwise. 
All plate washers are 9.5 mm thick.  
Notes: 1: Long slot length = 55 mm, short slot length = 28 mm    

2: Large bolt pitch = 102 mm, standard pitch = 76 mm 
3: Beam end rotation = 3.5° for specimens with imposed rotation 
4: Bolt diameter = 19.1 mm 
5: Bolt diameter = 25.4 mm 
6: Slot length = 1.65 times bolt diameter 
7: With bottom end distance of 47 mm 
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Table 3-3 Test Matrix Used to Investigate the Angle Leg Connected to the Column 

Nominal Distances     
Top End Edge   Test 

Specimen es3 eg1 Angle Beam 
Number of bolts 

connected to column
 (mm) (mm)    

(1) (2) (3) (4) (5) (6) 
1L12 32 32 C8 D1 2 
1L13 32 50 C9 D1 2 
1L14 32 32 C10 D1 3 
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a) Typical Outstanding Leg of Angle b) Typical Leg of Angle Connected to the 
Column 

   
 

  
c) Typical Beam with Full Flange d) Typical Beam with Coped Flange 

Figure 3-1 Test Specimens Dimensions 
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a) A1 
Test 1L1, 1L7, 1L8,  

2L1, 2L6, 2L7 

b) A2 
Test 1L2, 1L3, 1L4, 1L5, 1L6, 

2L2, 2L3, 2L4, 2L5 

c) A3 
Test 1L9 

   
d) A4 

Test 1L10 
e) A5 

Test 1LA, 1LAa 
f) A6 

Test 1LB, 1LBa 

Notes:  
 A1 to A4 are fabricated 
from L102x102x9.5 

 A5 and A6 are fabricated 
from L102x102x6.4 

 C1d and C2d are fabricated 
from L152x102x9.5 

 

 g) C1d 
Test 2L1a, 2L6a 

h) C2d 
Test 2L5a, 2L8a 

 

Figure 3-2 Nominal Angle Dimensions  
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j) C1 
Test 1L1a, 1L7a, 1L8a, 1L11a 

k) C2 
Test 1L2a, 1L3a, 1L4a, 1L5a, 1L6a

l) C3 
Test 1L9a 

 
  

l) C4 
Test 1L10a 

n) C7 
Test 1L2aE 

p) C8 
Test 1L12 

Notes:  
 C1 to C4 and C7 are 
fabricated from 
L152x102x9.5 

 C8 to C10 are fabricated 
from L102x102x9.5 

 

 
 q) C9 

Test 1L13 
r) C10 

Test 1L14 

Figure 3-2 Nominal Angle Dimensions (cont’d) 
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a) B1 
Test 1L1, 1L7, 1L10, 2L1, 2L6, 

2L7, 2L1a, 2L6a 

b) B2 
Test 1L2, 1L4, 1L5, 1L6, 1L9, 

2L2, 2L4, 2L5, 2L5a 
 

c) B3 
Test 1L3, 2L3 

d) B4 
Test 1L8, 2L7 

e) B5 
Test 1LA, 1LAa 

f) B6 
Test 1LB, 1LBa 

 
Notes:  All dimensions are in millimetres 

All hole diameters are 24 mm unless noted otherwise 

Figure 3-3 Nominal Dimensions of Beam Connections 
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g) D1 
Test 1L1a, 1L7a, 1L10a, 1L11a

1L12, 1L13, 1L14 

h) D2 
Test 1L2a, 1L4a, 1L9a, 1L2aE

 

j) D3 
Test 1L3a 

k) D4 
Test 1L8a 

l) D2a 
Test 1L5a, 1L6a 

m)D2da 
Test 2L8a 

 
Notes:  All dimensions are in millimetres 

All hole diameters are 24mm unless noted otherwise 
  All beams are W410x46 except B3 and D3 

B3 is a W410x74 
D3 is a W410x100 

Figure 3-3 Nominal Dimensions of Beam Connections (cont’d)
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Figure 3-4 Elevation View of Test Setup 
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Figure 3-5 Overall Test Setup  

Loading actuator

Test beam 

Lateral brace
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Figure 3-6 Reaction Actuator with Load Cell and Knife Edge 

Knife edge 

890kN load cell 

890kN reaction 
actuator 

Cable transducer for 
support displacement 
monitoring. 
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Figure 3-7 Section of Test Setup at Load Point (refer to Figure 3-4) 
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Figure 3-8 Loading Frame near the Connection 

Roller 
assembly 

Spherical 
bearing 

Lateral bracing 

890 kN load 
actuator 

890 kN load 
cell 
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Figure 3-9 Lateral Bracing Near Test Connection 

 

Test 
connection 

HSS51x25x3.2 

Roller 

Rotation 
transducer 
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Figure 3-10 Section of Test Setup at Reaction Frame (refer to Figure 3-4) 
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Figure 3-11 Lateral Bracing at Load Point 

Spherical 
Bearing 

HSS51x25x3.2 

Roller assembly 

Bearing Stiffener 

Lateral bracing 
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Figure 3-12 Lateral Bracing at Reaction Frame 
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Figure 3-13 Lateral Bracing at Reaction Frame 
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Figure 3-14 Instrumentation 

1Δ , 2Δ : Measurement of lateral displacement of angle 

3Δ , 4Δ : Measurement of lateral displacement of beam 

5Δ : Measurement of displacement of angle at the top  

6Δ : Measurement of displacement of angle at the bottom 

7Δ : Measurement of displacement of top flange of the beam 

8Δ : Measurement of displacement of bottom flange of the beam

Section C-C in Figure 3-14  

Figure 3-15 Details of Instrumentation at Connection  
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Figure 3-16 Typical Tension Coupon Dimensions 

 
 

 
 

Figure 3-17 Typical Coupon Locations on Beam Web Material Sample 
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a) Location of Coupons 

on Angle L152x102x9.5 

b) Location of Coupons 

on Angle L102x102x9.5 

 

 

c) Location of Coupons  

on Angle L102x102x6.4 

Figure 3-18 Location of Coupons on Angle Sections 
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4 Test Results 
 

This chapter presents the results of the test program described in Chapter 3. The 

observed failure mode and the general behaviour of the test specimens are described and 

the effects of the test parameters are assessed by comparisons of the test results. The 

influence of various parameters on the shear and bearing capacity of the slotted hole 

connections is investigated through the comparison of test results.  

4.1 Description of Failure Modes 
 

The following presents the test results in groups according to the observed failure 

mode. Photographs of typical test specimens illustrate the various failure modes observed 

in the test program. The failure modes that were observed include: 

• Angle end tearing failure – The leg of the angle connected to the beam failed at 

the bottom end distance. The failure started with fracture initiated from the 

bottom bolt hole of the angle leg and propagated to the bottom end of the angle. 

Eventually the bottom end distance failed and fractured. Bearing of the top two 

bolts on the slotted holes caused local yield in the bearing area and large plastic 

deformation of the slots. The end distance failure corresponds to the peak load for 

specimen 1L2aE, 1L3a, 1L4a, 1L6a, 1L8a and 1L9a. Test specimens 1L1a, 1L2a, 

1L5a, 1L7a and 1L11a failed primarily by end tearing, but the load increased after 

the end tearing failure. These five specimens were able to carry from 5% to 13% 

more load after the angle bottom end distance failed. Nevertheless, the primary 

failure mode for these five specimens was still angle end tearing and large 

deflections (approximately 30 mm in the connection) were required to reach the 

ultimate load past the end tearing failure. For this reason, the capacity of these 

specimens was taken as the load at which end distance tearing took place. 

Photographs of failed specimens 1L1a and 1L2a are shown in Figures 4-1a and 

4-1b, respectively. Test specimens 1LAa and 1LBa failed by angle bottom end 

tearing as well. The failure initiated near 95% to 100% of the peak load when 

tears propagated from the bottom of bolt hole to the end of the angle. The bottom 
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end fractured completely eventually. Unlike the other specimens with end tearing 

failure, the angle failed by shear fracture after the angle bottom end failed. The 

shear failure path intersects the slotted holes closer to the supporting column, as 

shown in Figures 4-2a and 4-2b, respectively.  

• Beam web edge distance tearing failure – Test specimens 2L1a, 2L2, 2L3, 2L4, 

2L5a and 2L6a failed in the beam web by tearing of the edge distance at peak 

load. This failure mode has similarities to the tension and shear block failure 

mode described below. However, the top flange was not coped and a tension and 

shear block failure could not take place. Large deformation of the top flange was 

observed. Photos of failed specimens 2L1a and 2L2 are shown in Figures 4-3a 

and 4-3b, respectively.  

• Beam web tension and shear block failure – Two of the double angle specimens, 

namely, 2L7 and 2L8a, failed by beam web tension and shear block tearing. This 

failure mode initiates by a tension rupture of the edge distance, followed by shear 

rupture. As illustrated in the photos of failed specimens 2L7 and 2L8a in Figures 

4-4a and 4-4b, respectively, shear rupture does not take place at the same time as 

the tension rupture. 

• Failure of angle leg connected to the column – Failure of the angle leg connected 

to the column characterized the failure mode for the test specimens with standard 

bolt pitch (76 mm), namely, specimens 1L1, 1L7, 1L10 and 1L10a. In this failure 

mode, the top end distance of the angle leg connected to the column fractured at 

the peak load. Photographs of failed specimens 1L1 and 1L7 are shown in Figures 

4-5a and 4-5b, respectively. Two double angle specimens, namely, 2L1 and 2L6, 

also experienced this type of failure mode. The top (loaded) end distance of one 

of the angle leg connected to the column severed just before the load peaked. For 

the test specimens with a large pitch (102 mm) (specimens 1LB, 1L2, 1L3, 1L4, 

1L5, 1L6 and 1L9), the top corner of angle fractured as the load reached its peak 

value. Photographs of the failed angle from specimens 1LB and 1L2 are shown in 

Figures 4-6a and 4-6b, respectively. Test specimen 1LA experienced a large twist 

(approximately °4 ) before the test was terminated. An examination of the tested 
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specimen showed that a tear had formed around the top bolt hole, indicating that it 

was close to failing at the angle leg connected to the column. Test specimens 

1L12, 1L13 and 1L14 were designed to investigate this failure mode further. 

These three specimens were fabricated with either minimum end or edge distance 

at the top bolt hole of the angle leg connected to the column. Moreover, it is 

suspected that the use of minimum top end and top edge distance at the angle leg 

connected to the column would result in a capacity similar to that of specimens 

1L1 to 1L10. The capacity of these specimens ranged from 288 kN to 430 kN. To 

ensure failure in the angle leg connected to the column, standard holes were used 

in the angle leg connected to the beam, and uncoped beams were used. As a 

result, the predicted shear and bearing capacity of the connection on the beam side 

was ensured to exceed the capacity of the angle leg connected to the column 

(maximum capacity observed previously = 430 kN). The angle leg connected to 

the column for these three specimens failed as expected, as shown in Figure 4-7.  

• Web crippling under the load point – Test specimen 2L5 failed by web crippling 

under the load point, which is believed to have resulted from improper installation 

of the bearing stiffeners. The beam web buckled under the load point and, 

unfortunately, the ultimate load of the connection could not be reached. This 

failure mode is shown in Figure 4-8.  

A summary of the test results is presented in Table 4-1, where the peak load is 

shown in column (2). The numbers presented in brackets for specimens 1L1a, 1L2a, 

1L5a, 1L7a and 1L11a are the load when the angle failed by angle end tearing. The angle 

rotation about the beam axis and the angle of twist of the beam at the peak load are 

presented in columns (3) and (4), respectively. The vertical displacement at the bottom of 

the connection measured at the peak load is presented in column (5). Finally, column (6) 

tabulates the observed failure mode. Photographs of each specimen, showing the failed 

element of the connection, are presented in Appendix A. Load vs. deformation response 

and the twist of connection vs. deformation response of all the specimens are presented in 

Appendix B.  
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4.2 Material Properties 
 
Tension coupon tests were conducted to determine the material properties of the 

angles and beam material used to fabricate the test specimens. Sheet-type coupons were 

fabricated and tested according to ASTM standard A370 (ASTM, 1997). The properties 

recorded from the tension coupon tests are the elastic modulus, the upper yield and lower 

yield strength when visible, the static yield strength and static ultimate strength, the stress 

at rupture, the strain at onset of strain hardening, the strain at the ultimate stress, the 

strain at rupture, and the reduction in area. A summary of material properties is presented 

in Table 4-2. 

4.2.1 Beam Material Properties 
 
A total of 24 coupons fabricated from the beam web were tested. The tension 

coupons were obtained from the web in order to obtain material properties more relevant 

to the failure modes observed during the test program, namely, failure in the beam web 

for some of the test specimens. The mechanical properties for all the beams met the 

requirements of CAN/CSA–G40.21–98 350W steel (CSA, 1998)1. The 1998 edition of 

G40.21 Structural Quality Steel (CSA, 1998) was the latest edition when the 

experimental work was conducted. As shown in Table 4-2, the beams were from four 

heats of steel, and the static yield strength and ultimate strength show slight variation 

among them. The variation of static yield and static ultimate strength are accounted for in 

the comparison of test results. Figure 4-9a shows a typical stress vs. strain response for a 

tension coupon obtained from one of the beams. 

4.2.2 Angle Material Properties 
 

A total of 17 coupons were tested from the angle sections. A summary of measured 

material properties is presented in Table 4-2. All the angle sections meet the mechanical 

properties requirements of CAN/CSA–G40.21–98 300W steel (CSA, 1998). Except for 

coupons identified as V and Z, all the coupons were obtained from a virgin section of 
                                                 
1 Note that CAN/CSA–G40.21–98 requires the tension coupons to be sampled from the flanges when the 
flange width of the W shape is greater than 150 mm. The same strength requirements are used in this 
project even if the coupons were obtained from the web.  
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angle. Specimens identified as V and Z, however, were obtained from test specimens 

after testing. Therefore, it is possible that the measured yield strength is higher than 

normal due to the strain-hardening effect. All the tension coupons from the V series 

showed no yield plateau and yield strength, obtained by the 0.2% offset method, 

significantly higher than the yield strength obtained from virgin material. Although the 

static yield and static ultimate strengths are slightly lower than 300 MPa and 450 MPa, 

the dynamic yield and ultimate strength for coupons X are higher than the prescribed 

minimum of 300 MPa and 450 MPa, respectively, which is considered to be satisfactory. 

A typical stress vs. strain response for coupons V and Y series are shown in Figures 4-9b 

and 4-9c, respectively. Coupon V was obtained from the tested angles, whereas coupon Y 

was obtained from virgin untested angles. As shown in Figure 4-9b, the yield plateau 

cannot be identified on the stress vs. strain curve for the tested coupon V, whereas it can 

be identified on the stress vs. strain curve of coupon Y as shown in Figure 4-9c.  

4.3 Effect of Test Parameters on Connection Capacity and Behaviour 
 

An analysis of the test results is presented in this section. The test program was 

designed to investigate the effect of the following parameters: web angle bottom end 

distance, plate washer, slot length, bolt pretension, torsion brace, bolt pitch, flange cope, 

beam end rotation, web thickness and bolt diameter. 

The test results for specimens that failed in the beam-to-angle connection are 

discussed first. The parameters are discussed in their order of importance, starting with 

the parameter that had the most significant effect on the connection strength and 

behaviour. The load vs. deformation response, the observed behaviour, the failure mode 

and the capacity of the test specimens are used as a basis of comparison. The measured 

angle of twist is also used as a basis for comparison in all the single angle test specimens. 

It should be noted that the load vs. deformation responses are not normalized in the 

comparisons. However, if the material properties varied greatly between the two 

specimens being compared, their material strengths are accounted for in the comparison.  

For the case where the test specimens showed some increase in load carrying 

capacity after the angle end tearing, the end tearing load is taken as the capacity of the 
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test specimen since large deformation (approximately 35 mm measured at the bottom 

flange) were required for these specimens to reach the higher capacity.  

The results of tests on specimens that failed in the angle leg connected to the 

column are discussed second. The effects of the following parameters are investigated: 

angle thickness, top edge distance, top end distance, number of bolts and number of 

angles. The failure mode and capacity of these specimens are used a basis of comparison.  

4.3.1 Comparison with Tests from Franchuk et al. (2002) 
 

Two single angle test specimens from Franchuk et al. (2002), namely, tests IV and 

V, and two from the current test program, namely, 1LAa and 1LBa, can be compared 

directly. All four specimens were fabricated with L102x102x6.4 angle sections and 

W410x46 coped wide flange beam sections. The as-built dimensions and material 

properties of the test specimens from Franchuk et al. are shown in Table 4-3 and 

Table 4-4, respectively. A summary of the test results for these two tests is presented in 

Table 4-5.  

All four test specimens were fabricated with a nominal bolt pitch of 102 mm, slot 

lengths of 1.65 times the bolt diameter and coped beam. Specimens IV and 1LAa used 

3/4 in. A325 bolts whereas specimens V and 1LBa used 1 in. A325 bolts. All bolts were 

in the snug tight condition. Specimens IV and V were tested without plate washers 

whereas specimens 1LAa and 1LBa were tested with a 9.5 mm plate washer. The yield 

and ultimate strengths for the angle material used in specimens IV and V are 358 MPa 

and 492 MPa, respectively, compared to 320 MPa and 470 MPa, respectively, for 

specimens 1LAa and 1LBa, respectively. 

Test specimens IV and V are reported to have failed by loaded end distance tearing, 

followed by tilting of the middle bolt in a three bolt connection. Tearing of the bottom 

end distance of the angle and top edge of the beam web at the connection occurred at 

approximately 95% to 100% of the ultimate capacity, leaving only the middle bolt to 

carry the load. The middle bolt titled about the axis of the beam in the direction of 

eccentricity. The test-to-predicted ratio for test specimens IV and V were only 0.69 and 

0.76, respectively. A detailed description of the test results can be found in Franchuk et 
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al. (2002). Test specimens 1LAa and 1LBa of the current test program were prepared 

with the same dimensions as specimen IV and V, except that plate washers were used to 

cover the slots. Specimens 1LAa and 1LBa, failed by angle bottom end tearing near the 

peak load, followed by the fracture of shear area.  

4.3.1.1 Effect of Plate Washer 
 

As shown in Figure 4-10 and Figure 4-11, the test specimens with plate washer, 

1LAa and 1LBa, had capacities of 24% and 27% higher than their counterparts without 

plate washer, IV and V. The increase in capacity was likely due to the change in failure 

mode from end tearing followed by tilting of the middle bolt to shear fracture of the 

angle. It is suspected that test specimens IV and V were not capable of developing the 

full net shear capacity of the angle because of the bolt tilting problem. The test specimens 

had reached 95% to 100% of the test capacity when the bottom end distance of the angle 

and the top edge distance of the beam web fractured. Although the material strength in 

specimens IV and V was slightly higher than in specimens 1LAa and 1LBa, the strength 

of the connection was significantly lower. It is believed that the plate washer prevented 

the bolt tilting phenomenon in thin single angle connections, allowing the full shear 

capacity to develop. The effect of the plate washer is further investigated with thicker 

angles in the next section. It should be noted that the shear angles used for specimens IV, 

V, 1LAa and 1LBa were thinner than the minimum recommended angle thickness from 

the AISC Manual of Steel Construction (AISC, 1999). However, the Canadian design 

practice (CISC, 2004) does not limit the thickness of web framing angles. 

4.3.2 Comparison of Tests in Current Experimental Program 

4.3.2.1 Effect of Plate Washer 
 

In this comparison, four test specimens are included: two single angle specimens, 

namely 1L2a and 1L4a, and two double angle specimens, 2L2 and 2L4. All angles have a 

nominal thickness of 9.5 mm, compared to 6.4 mm used for the comparison presented in 

section 4.3.1.1. 
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Figure 4-12 shows that test specimen 1L2a (without plate washer) had a 19% 

lower peak load than specimen 1L4a (with plate washer). If we take the angle end tearing 

as the failure load, as explained above, the reduction of capacity then becomes 29%. The 

angle of twist of the beam and of the shear angle were very close throughout the test for 

the specimen with plate washer (1L4a). Figure B-42 and Table 4-1 show a difference of 

0.8°  of the twist between the beam and the angle at the peak load. On the other hand for 

the specimen without plate washer (1L2a), the angle of twist of the beam was 

approximately °2  larger than the angle of twist of the shear angle at ultimate, as shown in 

Figure B-36 and Table 4-1. The larger angle of twist observed in the beam than in the 

angle for the test specimen 1L2a is possibly a result of a slight pullout of the top bolt 

through the slot, although the bolt did not completely pull out of the hole during the test. 

It is believed that the slight pullout and the separation between the beam and the angle 

did not contribute to the loss of capacity observed in the test specimens without a plate 

washer. The bolts were not pulled out enough to lose bearing. Inspection of failed 

specimens after the test showed that yielding occurred around the bottom bolt hole in the 

plate washer. It seems that one of the roles of the plate washer in the test specimens was 

to redistribute the load between the bolts after the angle end tearing.  

Test specimens 2L2 (without plate washer) and 2L4 (with plate washer) are 

compared to assess the effect of plate washer on double angle connections. In both cases, 

the specimens failed by edge distance rupture of the beam web. From Figure 4-13, it is 

seen that specimen 2L4 had a 14% higher capacity than that of 2L2. An examination of 

the failed specimens indicated that the angles underwent very little deformation when 

plate washers are used, whereas the shear angle in 2L2 failed by angle end tearing after 

reaching the ultimate capacity. It is suspected that the higher capacity of the specimen 

with the plate washers, 2L4, is possibly due to the increased rigidity of the angles, 

indicated by the observations of the failed specimens, and the friction developed between 

the faying surfaces of the connection. 

The plate washers have been found to improve the connection strength, 

significantly. Calculations presented in Chapter 5 indicate that two specimens without 

plate washer, namely, 1L2a and 2L2, have test-to-predicted ratios of 0.68 and 0.69, 



 49

respectively, as predicted by CSA–S16–01, whereas the specimens with plate washer, 

1L4a and 2L4, have test-to-predicted ratios of 0.97 and 0.80, respectively.  

4.3.2.2 Effect of Loaded End Distance 
 

Test specimen 1L2aE was fabricated with a larger bottom end distance (47 mm) 

than test specimen 1L2a (32 mm, which is the minimum for 7/8 in. diameter bolts). The 

as-built end distance of 1L2aE was 36% larger than that of 1L2a. The difference in 

geometry between the two specimens resulted in an increase in as-built gross shear area 

of 6.2% and net shear area of 7.8% on the angle leg connected to the beam. The primary 

failure mode for both specimens was angle end tearing. As shown in Figure 4-14, test 

specimen 1L2a was able to carry more load after end tearing of the angle (from 321 kN to 

364 kN). The peak load was reached when the edge distance of the web ruptured at a 

measured connection displacement of about 32 mm. Test specimen 1L2aE, which had a 

larger end distance than 1L2a, showed a load carrying capacity 53% larger than specimen 

1L2a, fabricated with minimum end distance. A comparison of peak loads shows an 

increase of capacity of 35% as the as-built end distance is increased by 36%.  

4.3.2.3 Effect of Slot Length 
 

The effect of slot length can be assessed by comparing test specimens 1L2a (long 

slot) and 1L9a (short slot). Both test specimens were tested without a plate washer. 

Figure 4-15 shows that the test specimens had the same initial stiffness. However, the test 

specimen with short slots reached a capacity 25% higher than the connection with long 

slots. The load at angle end tearing of the short slot specimen was 41% larger than the 

load at end tearing of the specimen with long slots. Specimen 1L2a was able to carry 

more load after the angle failed whereas the capacity of 1L9a dropped from 454 kN to 

about 400 kN after angle end tearing.  

The separation between the angle and beam web at the connection was larger for 

the specimen with long slots (1L2a), as shown in Figures B-36 and B-52. The larger 

separation between the beam and angle of specimen 1L2a was likely due to the large 

deformation of slots in the load direction and greater flexibility of the material between 

the slots, thus allowing the bolt head to pull through the slot partially. Nevertheless, the 
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partial pull-out of the bolt head occurred at a large deflection (about 30 mm). It is 

therefore concluded that slot length does have a significant effect on capacity. 

4.3.2.4 Effect of Bolt Pretension 
 

The effect of bolt pretension can be assessed from a comparison of test 1L6a 

(snug tight bolts) with test 1L5a (pretensioned bolts with a plate washer). In both tests, 

the angle failed by end tearing, followed by beam web edge distance rupture. Figure 4-16 

shows that specimen 1L5a had 24% higher ultimate capacity and 18% higher angle 

failure capacity than specimen 1L6a. The general behaviour of the two specimens was 

similar, but the specimen with pretensioned bolts had a slightly higher stiffness and load 

carrying capacity. The increase in stiffness and capacity was likely due to friction 

developed between the faying surfaces at the connection. 

The effect of bolt pretension on double angle connections with slotted holes can 

be assessed by comparing specimen 2L4 to 2L5a. Both specimens had plate washers on 

the outer plies of the connection to cover the slotted holes. Test specimen 2L5a was 

installed with pretensioned bolts connecting the angle to the beam, whereas specimen 

2L4 had only snug-tight bolts. Both test specimens showed a similar beam web failure 

mode, that is, the beam edge distance next to the bottom bolt ruptured at a load close to 

the peak load. Figure 4-17 shows that specimen 2L5a had a capacity 13% higher than that 

of 2L4. It is also noted that the test specimen with snug tight bolts had  stiffness 50% 

lower than that of the specimen with pretensioned bolts. Both the increase in capacity and 

initial stiffness displayed by the specimen with pretensioned bolts are likely due to the 

friction contribution. Since there was no visible sign of bolt deformation after the test, it 

is suspected that the bolts maintained most of their pretension during the tests. The 

beneficial effect of bolt pretension is not expected to be applicable when the connection 

fails at a load capacity close to the shear capacity of the bolts since the plastic shear 

deformations observed in bolts under this condition have the effect of releasing the 

pretension force. 
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4.3.2.5 Effect of Torsion Bracing 
 

The effect of torsion bracing can be assessed by comparing specimen 1L1a (top 

flange braced only) to 1L11a (torsionally braced). Both exhibited similar behaviour and 

end tearing of the angle, which was the primary failure mode for both specimens. 

Although the difference in end tearing capacity between the two specimens was only 5%, 

the two specimens showed different behaviour after the angle end tearing failure. As 

shown in Figure 4-18, for specimen 1L11a bolt bearing failure was observed around the 

top two bolts followed by tearing of the beam web edge distance at the middle bolt hole 

at peak load. On the other hand, the capacity of specimen 1L1a was limited by twisting of 

the beam, which caused the top bolt head to pull partially through the slot. The test was 

stopped when the angle of twist of the beam became large (approximately °8 ) (See 

Figure B-34). The ultimate capacity for the torsionally braced specimen (1L11a) was 

12% higher than the capacity of specimen 1L1a. Moreover, due to the torsional bracing, 

the beam angle of twist in specimen 1L11a was smaller than 1o at the peak load, as shown 

Figure B-56.  It is believed that a torsion brace affects the ultimate connection capacity 

and behaviour of single angle connection at large deflections (about 25 mm), although its 

benefit on the angle end tearing capacity is small. 

4.3.2.6 Effect of Bolt Pitch 
 

Four tests are used to assess the effect of bolt pitch in single angle connections, 

namely, 1L1a, 1L2a, 1L6a and 1L8a. Two of them (1L1a and 1L8a) were fabricated with 

a 76 mm bolt pitch and the other two (1L2a and 1L6a) were fabricated with a 102 mm 

bolt pitch. Figure 4-19 shows a comparison of load versus deformation response of test 

specimens 1L1a and 1L2a. Both test specimens failed by angle end tearing, followed by 

beam web edge distance tearing for specimen 1L2a, and a combination of beam twisting 

and top bolt pullout for specimen 1L1a. From Figure B-34 and B-36, the separation 

between the angle and the beam at the connection was about °3  for specimen 1L1a and 

°2  for specimen 1L2a at peak load. The peak capacity of the specimen with a larger bolt 

pitch (1L2a) was 11% larger than that observed for a smaller pitch (1L1a), which is likely 

due to different behaviour and failure modes observed after the angle failed by end 
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tearing. The difference in angle end tearing capacity was only 3% despite a 23% larger 

gross area and a 32% larger net shear area in the angle leg connected to the beam web.  

Test specimens 1L8a and 1L6a had identical configurations to 1L1a and 1L2a, 

respectively, except that the beams were coped. Both specimens failed by angle end 

tearing initially, which also corresponds to the peak load for both specimens. Following 

the angle end tearing failure, the net shear area between the middle and bottom slotted 

hole fractured at a displacement of about 35 mm for test specimen 1L8a. Tearing of the 

web edge distance next to the middle bolt was observed in specimen 1L6a at a deflection 

of about 35 mm. As shown in Figure 4-20, the peak capacity of specimen 1L6a (large 

pitch) was only 8% higher than that of test specimen 1L8a, despite the increase of 32% of 

the net area and 23% of the gross area in specimen 1L6a.  

The effect of bolt pitch on double angle connections can be assessed by 

comparing four tests: 2L1a, 2L2, 2L7 and 2L8a. Two of them (2L1a and 2L7) used a 

nominal bolt pitch of 76 mm and the other two (2L2 and 2L8a) used a large pitch 

(102 mm). Figure 4-21 shows the load vs. deformation curves for 2L1a and 2L2. Both 

test specimens failed at the beam web. The difference in their ultimate capacity is about 

1% and they demonstrated similar initial stiffness and ductility. The tensile strength of 

the beam material in specimen 2L1a was 4% higher than that used in specimen 2L2, as 

shown by the coupon test results. It is believed that the small difference in ultimate 

strength of the beam web does not affect the comparison significantly. However, the 

location of the edge distance rupture was different for the two specimens. Although both 

specimens failed by tearing of the beam web edge distance, specimen 2L1a failed at the 

bottom bolt hole, whereas specimen 2L2 failed at the middle bolt hole.   

Figure 4-22 shows the load vs. deformation response of specimens 2L7 and 2L8a. 

Both test specimens were identical to 2L1a and 2L2, except that the top flange of the 

beam was coped. Both specimens failed by beam web tension and shear block failure. 

Test specimen 2L8a showed an increase in capacity of 20% over 2L7, which is consistent 

with an increase in net shear area resulting from the larger bolt pitch. However, 

inspection of the failed specimens showed a slight difference in the block shear failure 

mode. Specimen 2L7 had tension failure at the edge distance next to the bottom bolt, and 
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a shear fracture along the vertical shear area above the bottom bolt. For the specimen 

with larger bolt pitch (2L8a), tension rupture was observed at the edge distance next to 

middle bolt, and shear fracture was observed along the vertical shear area above the 

middle bolt. Only some hole deformation was observed at the bottom bolt. Angle end 

tearing was observed at peak load on both angles for specimen 2L8a as well.  

4.3.2.7 Effect of Flange Cope 
 

The same four single angle connections used in the bolt pitch investigation (1L1a, 

1L2a, 1L6a and 1L8a) were also used to assess the effect of flange cope. Figure 4-23 

shows a comparison of the load vs. deformation responses for test specimens 1L1a and 

1L8a. A comparison of specimen 1L1a (uncoped) with 1L8a (coped) indicates a 

difference of peak capacity of 8%. Although both specimens failed by angle end tearing 

at approximately the same load (312 kN versus 306 kN), specimen 1L1a showed an 

increase of capacity of 5% before failure by excessive beam twisting and partial pullout 

of head of top bolt. Specimen 1L8a failed by angle end tearing followed by fracture of 

the net shear area between the bottom and middle slotted hole. The two connections 

showed similar stiffness and behaviour up to the point where the angle failed. Similar 

observations can be made about specimens 1L2a (uncoped flange) and 1L6a (coped 

flange). The peak capacity of specimen 1L2a was 10% higher than that of specimen 

1L6a, as shown in Figure 4-24. The load at which angle end tearing took place only 

differed by 3% between the two test specimens. Since failure took place in the angles 

rather than in the beam web, no significant difference was observed between the coped 

and uncoped specimens.  

To assess the effect of flange cope on double angle connections, the same four 

specimens (2L1a, 2L2, 2L7 and 2L8a) used in the bolt pitch comparison are used. The 

load vs. deformation curves for this comparison are shown in Figures 4-25 and 4-26. Test 

specimens 2L1a and 2L7 were fabricated with standard pitch (76 mm). Test specimen 

2L7, with the coped flange, showed a 27% lower capacity than test specimen 2L1a. 

Specimen 2L7 failed by tension and shear block failure of the beam web, whereas 2L1a 

failed by edge distance rupture of the beam web, followed by bolt bearing and elongation 

of bolt holes. The failure mode is similar to a tension and shear block failure, but the 
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difference in capacity is possibly attributed to the contribution from the top flange. The 

top flange provided additional strength in terms of bearing resistance to the connection. 

This change in failure mode is consistent with the observation by Birkemoe and 

Gilmor (1978).  Although both specimens showed beam web edge distance rupture at an 

early stage, the residual strength of specimen 2L7 was contributed by the vertical shear 

area of the beam web at the connection. The contribution to the strength of specimen 

2L1a came from the vertical shear area as well as from the top flange, which resulted in 

an increase in capacity.  

A similar comparison can be made between test specimens 2L2 and 2L8a. The 

coped specimen 2L8 showed a 14% lower capacity than its uncoped counterpart 2L2. 

Although both specimens had beam web edge distance rupture initially, the decrease in 

capacity of coped specimens was consistent with the change in failure mode from beam 

web bearing to tension and shear block failure. It is believed that the presence of top 

flange contributed to the increase in capacities of double angle specimens.  

4.3.2.8 Effect of Beam End Rotation 
 

The effect of beam end rotation on single angle connections can be assessed by 

comparing test specimens 1L1a (measured rotation of 0.41− ° at peak load) to 1L7a 

(measured rotation of 3.5° at peak load). Positive beam end rotation indicates rotation 

created by lowering the reaction actuator at the end of member opposite to the 

connection. Both test specimens failed by angle end tearing with a small increase in load 

carrying capacity before the end of testing due to excessive twist. Figure 4-27 shows that 

both test specimens displayed a similar load vs. deformation response. Table 4-1 

indicates that the peak load for specimen 1L1a was 5% larger than the peak load for 

specimen 1L7a. The angle end tearing load was 8% larger than for specimen 1L7a. 

 A comparison of test specimen 2L1a (measured rotation of 0.25− ° at peak load) 

with 2L6a (measured rotation of 3.5° at peak load) shows less than 3% difference in 

capacity. The load response is shown in Figure 4-28. The initial stiffness and behaviour 

were nearly identical up to the peak load. Both test specimens failed by tearing of the 

beam web edge distance. The beam web edge distance of test specimen 2L6a ruptured at 
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the middle bolt hole, combined with bottom end tearing of both angles near the ultimate 

load. On the other hand, the beam web edge distance of specimen 2L1a ruptured at the 

bottom bolt hole. Despite the difference of web edge distance rupture location, the failure 

modes are similar. It is therefore concluded that beam end rotation has little effect on the 

connection capacity. This observation is consistent with earlier observations by 

Franchuk et al. (2002).  

4.3.2.9 Effect of Web Thickness 
 

The effect of beam web thickness can be assessed by comparing specimen 1L6a 

(nominal web thickness of 7.0 mm) to 1L3a (nominal web thickness of 10.0 mm). In both 

cases, the specimens reached their peak capacity when the angle failed by end tearing. 

Figure 4-29 shows that the connection capacity of specimen 1L3a (nominal web 

thickness of 10.0 mm) is only 4% larger than that of 1L6a (nominal web thickness of 

7.0 mm). As expected, web thickness has negligible effect on angle failure capacity.  

The effect of web thickness on double angle connections is assessed by 

comparing specimens 2L2 (nominal web thickness of 7.0 mm) and 2L3 (nominal web 

thickness of 9.7 mm). Both specimens used double angles with large bolt pitch and long 

slots. The load vs. deformation response for both specimens is shown in Figure 4-30. Test 

specimen 2L3 shows a 19% higher capacity than specimen 2L2, which can be attributed 

partly to the difference of 31% in actual web thickness. However, the ultimate strength of 

the web material of specimen 2L3 is 6% greater than that of specimen 2L2. From the 

difference in material properties and web thickness, the difference in capacity between 

specimens 2L2 and 2L3 should have been greater than observed. Angle end tearing has 

been observed in both test specimens near the peak load. The angles were of the same 

nominal thickness and from the same heat of steel. Therefore, it is suspected that the 

angle end tearing partly contributed to the failure as well.  

4.3.2.10 Effect of Bolt Diameter 
 

The effect of bolt diameter can be assessed by comparing test specimen IV with V 

from Franchuk et al. (2002), and test specimen 1LAa with 1LBa from the current test 

program. Figure 4-31 shows the comparison of test specimen IV with V, which had 
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19.1 mm and 25.4 mm bolts, respectively. Test specimen V showed a capacity 12% 

greater than that of test specimen IV, despite of a 2.5% larger as-built net area of 

specimen IV. It is believed that the increase in capacity is likely due to the increase in 

minimum end distance from 25 mm to 32 mm to accommodate the change in bolt 

diameter. As mentioned previously, test specimens IV and V failed by the rupture of 

angle bottom end distance rupture and beam web top edge distance, followed by tilting of 

the middle bolt. The increase in net or gross shear area did not contribute significantly to 

the increase in capacity.  

Similar conclusions can be drawn from a comparison of test specimens 1LAa and 

1LBa. In both cases, the connections failed by angle bottom end tearing near the peak 

load. The angle used in test specimen 1LAa has a 4.7% larger as-built net shear area than 

1LBa. However, specimen 1LBa showed a capacity 14% larger than that of 1LAa, as 

shown in Figure 4-32. The increase in capacity is likely due to the increase in end 

distance of 1LBa (32 mm) over 1LAa (25 mm). It was observed that the failure initiated 

by tearing of bottom end distance, and both connections reached about 95% of the peak 

load when the end distance failed. Rupture of the remaining shear area followed, and the 

load decreased significantly afterward. The angles from both tests were from the same 

heat of steel, thus the variations in material properties were negligible. 

4.3.3 Discussion of Specimens that Failed in the Leg Connected to the 
Column 
 
All of the tests in the current test program were designed so that failure would 

take place on the beam side. However, several specimens showed an unexpected failure 

of the angle leg connected to the column, giving the opportunity to study an additional 

failure mode. The specimens that failed with this type of failure mode include 1LA, 1LB, 

1L1 to 1L10, 1L10a, 2L1 and 2L6. In addition, three tests, namely 1L12, 1L13 and 1L14, 

were designed specifically to investigate this failure mode. The parameters investigated 

were top end distance (es3), top edge distance (eg1), thickness of angle (t), number of bolts 

and number of angles (single or double). These parameters were found to have an effect 

on the capacity of connections with this type of failure mode. A summary of the test 

parameters is shown in Table 4-7. As shown in the table, the test specimens 1LB, 1L1 to 
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1L10, 2L1 and 2L6 are divided into four groups. The nominal dimensions of specimens 

within each group were identical. For comparison, the connection capacity of each group 

is taken as the average of the capacities of the specimens within the group.  

4.3.3.1 Effect of Angle Thickness 
 

The test specimens from group 1 and the test specimens from group 3 are 

compared to assess the effect of angle thickness. For all the test specimens in this group, 

the nominal dimensions of the angle leg connected to the column are the same. The top 

end distance, es3, is 58 mm and the edge distance, eg1, is 37 mm. Specimen 1LB was 

fabricated with a 6.4 mm thick L102x102x6.4 angle, whereas the specimens from group 3 

were fabricated with L102x102x9.5 angles. The test results presented in Figure 4-33 

indicate that an increase of angle thickness of 48% (from 6.4 mm to 9.5 mm) results in an 

increase in capacity of 30%. It should be noted that the yield and ultimate strengths of the 

angles used in group 1 were 45% and 12% higher, respectively, than the ones used for the 

test specimens of group 3, accounting for part of the difference.  

4.3.3.2 Effect of Top End Distance 
 

 In order to assess the effect of top end distance, es3, test specimens from group 2 

are compared to specimens from group 3. The top end distance of specimens from group 

2 was 32 mm, whereas the one from group 3 was 58 mm, while the edge distance, eg1, for 

both groups was 37 mm. As shown in Figure 4-34, an increase of top end distance of 

81%, or by 26 mm, results in an increase of average capacity by 29%. Angles used in 

both groups of tests were from the same heat of steel, thus the variation in material 

properties was negligible. 

4.3.3.3 Effect of Edge Distance 
 

Specimens 1L12 and 1L13 are compared to assess the effect of edge distance, eg1, 

on the capacity of the connection. The baseline test in this comparison is specimen 1L12, 

which was fabricated with the minimum edge distance of 32 mm as required by CSA–

S16–01 (CSA, 2001). Specimen 1L13 was fabricated with an edge distance of 50 mm. 

Both specimens had a top end distance, es3, of 32 mm. As shown in Figure 4-35, an 
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increase of edge distance of 56%, or 18 mm, resulted in an increase in capacity of 24%. 

Again, the angle sections used in both specimens came from same heat of steel. 

4.3.3.4 Effect of Number of Bolts Connecting the Angle to the Column 
 

The effect of number of bolts on the connection capacity of a single angle 

connection that failed in the angle leg connected to the column can be assessed by 

comparing specimen 1L12 with 1L14. The angle in specimen 1L12 was connected to the 

column with two ASTM A325 1 in. diameter bolts, whereas the one in specimen 1L14 

was connected to the column using three ASTM A325 1 in. diameter bolts. Figure 4-36 

shows that an increase of 2 bolts to 3 bolts results in a 21% increase in capacity.  

4.3.3.5 Effect of Number of Web Framing Angles 
 

The effect of number of angles (either single or double angles) on connection 

capacity can be assessed by comparing the specimens from group 2 with the specimens 

from group 4. Specimens from group 2 were single angle connections whereas specimens 

from group 4 were double angle connections. The nominal dimensions of angle leg 

connected to the column are identical for both groups. The failure path crossed the top 

end of the angles in both groups. However, only one of the two angles failed in the 

double angle for specimens in group 4. It is likely due to slight initial imperfection in 

fabrication of the angles so that one of the top end distances of the angle is shorter than 

the other. Figure 4-37 shows that the double angle specimens (group 4) had a 34% higher 

capacity than the ones with single angle (group 2).  

4.4 Conclusions 
 

 The effect of a wide range of parameters on the strength and behaviour of 

connections with slotted holes was investigated. The main findings from an examination 

of test results (40 tests from this test program and two from an earlier test program) are: 

• Plate washers are beneficial for thin (nominal thickness = 6.4 mm) single angle 

connections. They increased the capacity as well as the stability of the connection 

(change in failure mode from tearing of loaded end distance followed by 
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bolt-tilting to shear failure of angle). The observed increase in capacity was from 

24% to 27% for the specimens with plate washers as compared to equivalent 

specimens without. Thicker single web framing angle (nominal thickness = 

9.5 mm) specimens fabricated with a plate washer showed a 41% greater capacity 

than the specimens without a plate washer. Double angle specimens with plate 

washers (2L4) showed a 14% higher capacity than the specimen without plate 

washers (2L2). The test-to-predicted ratio of 2L4 is 0.8, compared to 0.69 of test 

specimen 2L2. The predicted capacities of both specimens are calculated based on 

web bearing failure. However, it is suspected that the beam web edge distance 

failed and the web bearing strength was not fully developed. As a result, the test 

capacities of both specimens did not reach the expected capacities. The double 

angle specimen with plate washers (2L4) has a higher capacity than the one 

without plate washers (2L2), possibly due to the increased rigidity of the angle, as 

well as the friction developed between the faying surfaces at the connection.  

• The increase in capacity for single angle web framing connections with a plate 

washer was possibly due to the difference in the load transfer mechanism at the 

angle end. For the single angle specimen with a plate washer (1L4a), part of the 

load was shared by the plate washer during the angle end tearing, allowing for a 

better transfer of load from the end bolt to the other two bolts. This is indicated by 

the observed yielding of the plate washer around the bottom bolt hole. Double 

angle connections also showed an increase in capacity compared to the specimens 

without plate washers. The possible cause of the increase in this case is the 

friction contribution between the faying surfaces and increased rigidity of the 

angles due to the installation of plate washers on the outer plies. Although the 

bolts are in the snug-tight conditions, some friction might be developed between 

the faying surfaces at the connection.  

• The loaded end distance had a significant effect on the capacity of single web 

framing angle connections that failed by angle end tearing. An increase in actual 

bottom end distance of 36% was found to lead to an increase in connection 

capacity of as much as 53%. As shown in Chapter 5, the test-to-predicted values 
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using CSA–S16–01 Clause 13.11(a) (tension and shear block failure) for a 

specimen with a 47 mm nominal bottom end distance (1L2aE) is 0.98, compared 

to 0.68 for a specimen with 32 mm nominal bottom end distance (1L2a). The 

failure mode of these two connections combines tearing of the bottom end 

distance and bearing failure at the bolts on the top two slotted holes. For specimen 

1L2a, it is suspected that the bottom end distance failed before the rest of the 

connection could mobilize its full bearing strength. Therefore, this specimen has a 

significantly lower test-to-predicted ratio compared to the specimen with a larger 

loaded end distance. It was also observed that the loaded end distance of 

connections with long slots did not fail by shear and end splitting, but rather by a 

combination of bending and bearing failure, as shown in Figures 4-2a and 4-2b. 

The 2005 AISC specification has provisions for an exterior bolt failing by end 

spitting, but the equation was based on the shear rupture of the net shear area in 

front of the bolt hole. In order to address this issue, new prediction models are 

developed in Chapter 5 to predict the capacity of slotted hole connections with 

angle end tearing failure. 

• Single angles with short slots showed a 41% higher angle failure capacity than 

connections with long slots that failed by angle end tearing.  

• Connections with pretensioned bolts showed a higher capacity (18% higher angle 

end tearing capacity in single angle connections and 13% in double angle 

connections) and initial stiffness (about 50%) than connections with snug tight 

bolts.  

• Connections with a larger bolt pitch did not show any significant increase (from 

3% to 8%) in capacity, except for double angle specimens that failed by tension 

and shear block. The single angle connections with different bolt pitch failed by 

angle end tearing. Therefore, the increase in bolt pitch had little effect on the 

capacity.  

• Torsionally braced beams showed much less twisting ( 7°  less) in the connection 

and a higher capacity at large deflection (approximately 25 mm). However, the 

angle failure capacity was only increased by 5%.  
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• For specimens that failed in the angle leg connected to the column, it was found 

that increasing the thickness of angles, the loaded end distance, the edge distance 

and the number of bolts all lead to an increase in capacity. Double angle 

specimens with this type of failure mode also showed a higher capacity (34%) 

than its single angle counterpart.  
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Table 4-1 Summary of Test Results 

Test 
specimen 

Peak test 
capacity 

Rotation 
of angle 
at peak 
load1, 2 

Beam end 
twist at 

peak load2

Displacement 
of bottom of 
connection at 

peak load Failure Mode 
  (kN) (degrees) (degrees) (mm)   

(1) (2) (3) (4) (5) (6) 
1LA 280 3.52 3.58 19.5 Excessive twist of connection 
1LB 288 2.31 2.42 29.6 Angle leg connected to the column failed 

1LAa 299 1.64 1.71 28.3 Angle end tearing  
1LBa 342 1.43 1.53 26.1 Angle end tearing 
1L1 306 0.79 1.35 24.7 Angle leg connected to the column failed 
1L2 346 4.67 5.23 24.7 Angle leg connected to the column failed 
1L3 430 2.73 2.69 30.0 Angle leg connected to the column failed 
1L4 378 4.41 4.49 23.4 Angle leg connected to the column failed 
1L5 362 4.24 4.09 16.5 Angle leg connected to the column failed 
1L6 368 0.75 1.63 31.1 Angle leg connected to the column failed 
1L7 276 0.82 1.49 21.6 Angle leg connected to the column failed 
1L8 290 0.31 0.28 21.0 Angle leg connected to the column failed 
1L9 360 3.79 3.82 19.6 Angle leg connected to the column failed 

1L10 291 0.84 0.72 17.7 Angle leg connected to the column failed 
1L1a 329 (312) 3 2.94 7.60 41.8 (21.2) 3 Angle end tearing  
1L2a 364 (321) 3 3.15 5.20 31.5 (16.2) 3 Angle end tearing 

1L2aE 490 4.38 4.85 39.9 Angle end tearing 
1L3a 345 1.03 1.40 14.4 Angle end tearing 
1L4a 452 4.12 4.89 41.7 Angle end tearing 
1L5a 412 (391) 3 1.57 1.98 31.3 (17.1) 3 Angle end tearing 
1L6a 331 0.67 0.98 14.7 Angle end tearing  
1L7a 312 (288) 3 1.84 5.60 31.0 (13.1) 3 Angle end tearing 
1L8a 306 0.56 1.37 18.3 Angle end tearing 
1L9a 454 3.50 3.85 29.3 Angle end tearing 

1L10a 376 -0.07 2.30 30.5 Angle leg connected to the column failed 
1L11a 367 (327) 3 -1.16 0.68 34.1 (20.3) 3 Angle end tearing  
1L12 299 1.86 1.79 10.9 Angle leg connected to the column failed 
1L13 372 1.97 1.62 14.6 Angle leg connected to the column failed 
1L14 362 3.29 3.15 17.4 Angle leg connected to the column failed 
2L1 400 0.50 0.92 15.8 Angle leg connected to the column failed 
2L2 482 -0.33 -0.50 20.2 Beam web edge distance tearing 
2L3 574 -0.45 -0.56 14.6 Beam web edge distance tearing 
2L4 551 -0.39 -0.39 31.3 Beam web edge distance tearing 
2L5 542 1.31 1.31 12.6 Beam web crippling under the load point 
2L6 377 1.59 0.25 16.9 Angle leg connected to the column failed 
2L7 347 -0.08 -0.11 13.5 Beam web tension and shear block failure 
2L1a 476 -0.30 0.30 39.4 Beam web edge distance tearing 
2L5a 620 0.16 0.18 17.0 Beam web edge distance tearing 
2L6a 463 -0.72 -0.90 24.1 Beam web edge distance tearing 
2L8a 415 -0.09 -0.20 15.0  Beam web tension and shear block failure

 
Notes:  1 Rotation about axis of the beam 

2 Positive angle of twist indicates twist in the direction of eccentricity  
3 At angle end tearing 
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Table 4-3 As-built Dimensions of Test Specimens IV and V from Franchuk et al. (2002) 

es1 p1 p2 es2 eg dslot lslot t Test 
Specimen (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) 
IV  24.8 102.3 101.8 22.7 27.4 20.3 31.4 6.477 
V 31.7 103.3 102.2 33.0 33.8 26.8 42.1 6.342 

 

 
 

 
Table 4-4 Material Properties of Angle from Franchuk et al. (2002) 

 Coupon ID 
Modulus of 
Elasticity 

Mean Static 
Yield 

Static Ultimate 
Strength 

 (MPa) (MPa) (MPa) 
(1) (2) (3) (4) 
1 203300 357 489 
2 207400 360 495 

 

Table 4-5 Summary of Franchuk et al. (2002) Tests Results IV and V 

Test specimen 
Peak test 
capacity 

Displacement of 
bottom of connection 

at peak load 

Beam end 
twist at 

peak load1 

Rotation 
of angle 
at peak 
load1 

 (kN) (mm) (degrees) (degrees) 
(1) (2) (3) (4) (5) 
IV  240 10.2 -0.54 -0.06 
V 269 10.1 0.04 -0.09 

1 Positive angle of twist indicates twist in the direction of eccentricity 
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Table 4-6 Summary of Test Parameters - Current Test Program 

Constants in each comparison 

Parameter 
Test 

Specimen 

Nominal 
Values of 

Parameters 
Bolt 
pitch 

Slot 
Length Beam 

Plate 
Washer 

(1) (2) (3) (4) (5) (6) (7) (8) (9) 
Bottom end distance 1L2a 1L2aE 32 47 Large Long Uncoped No 
Plate washer 1L2a 1L4a No Yes Large Long Uncoped  
 2L2 2L4 No Yes Large Long Uncoped  
Slot length (mm) 1L2a 1L9a 55 28 Large  Uncoped No 
Pretension 1L5a 1L6a Yes No Large Long Coped No 
 2L4 2L5a No Yes Large Long Uncoped Yes 
Torsion brace 1L1a 1L11a No Yes Standard Long Uncoped No 
Bolt pitch (mm) 1L1a 1L2a 76 102  Long Uncoped No 
 1L8a 1L6a 76 102  Long Coped No 
 2L1a 2L2 76 102  Long Uncoped No 
 2L7 2L8a 76 102  Long Coped No 
Coped flange 1L2a 1L6a Uncoped Coped Large Long   
 1L1a 1L8a Uncoped Coped Standard Long  No 
 2L1a 2L7 Uncoped Coped Standard Long  No 
 2L2 2L8a Uncoped Coped Large Long  No 
Beam end rotation (o) 1L1a 1L7a -0.41 1 3.5 1 Standard Long Uncoped No 
 2L1a 2L6a -0.25 1 3.5 1 Standard Long Uncoped No 
Web thickness (mm) 1L3a 1L6a 10.0 7.0 Large Long Coped No 
 2L2 2L3 7.0 9.7 Large Long Uncoped No 
Bolt diameter (mm) IV V 19.1 25.4 Large Long 2 Coped No 
 1LAa 1LBa 19.1 25.4 Large Long 2 Coped Yes 
 

Notes:  1 Measured beam end rotation at peak load 
2 1.65 times of bolt diameter 

 
• Nominal large bolt pitch = 102 mm 
• Nominal standard bolt pitch = 76 mm 
• Nominal long slot length = 55 mm 
• Nominal short slot length = 28 mm 
• Nominal plate washer thickness = 9.5 mm 
• All bolts are 22.2 mm (7/8 in.) diameter ASTM A325 bolts unless noted otherwise 



68 

 
Table 4-7 Summary of Test Parameters for Specimens that Failed at Angle Leg Connected 

to the Column 

Parameter Test Specimen Nominal Values of Parameters 
(1) (2) (3) (4) (5) 

Thickness (mm) Group 11 Group 3 3 6.4 9.5 
Top end distance, es3 (mm) Group 2 2 Group 3 3 32 58 
Edge distance, eg1 (mm) 1L12 1L13 32 50 
No. of bolts 1L12 1L14 2 3 
No. of angles Group 2 2 Group 4 4 Single Double 

 

Notes:  1 Group 1 includes test specimens: 1LB (capacity = 288 kN) 
2 Group 2 includes test specimens: 1L1, 1L7, 1L8 and 1L10 (average capacity = 291 kN) 
3 Group 3 includes test specimens: 1L2 to 1L6 and 1L9 (average capacity = 374 kN) 
4 Group 4 includes test specimens: 2L1 and 2L6 (average capacity = 389 kN) 
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a) Test Specimen 1L1a  b) Test Specimen 1L2a  

Figure 4-1 Angle End Tearing Failure  

 a) Test Specimen 1LAa  b) Test Specimen 1LBa  

Figure 4-2 Angle End Tearing Failure (Followed by Rupture of Shear Area) 
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a) Test Specimen 2L1a  b) Test Specimen 2L2 

Figure 4-3 Beam Web Edge Distance Tearing Failure 

a) Test Specimen 2L7 b) Test Specimen 2L8a 

Figure 4-4 Tension and Shear Block Failure of Coped Beam Web 
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a) Test Specimen 1L1 b) Test Specimen 1L7 

Figure 4-5 Failure of Angle Leg Connected to the Column (Top End Distance Tearing) 

a) Test Specimen 1LB b) Test Specimen 1L2 

Figure 4-6 Failure of Angle Leg Connected to the Column (Top Corner Tearing) 
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a) Test Specimen 1L12 b) Test Specimen 1L13 c) Test Specimen 1L14 

Figure 4-7 Failure of Angle Leg Connected to the Column (Top End Distance Tearing)

 

 
Test Specimen 2L5 

Figure 4-8 Failure by Web Crippling  
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a) Beam Material (Coupon A1) 

 

 
b) Tested Angles (Coupon V1) 

 
Figure 4-9 Typical Tension Stress vs. Strain Response
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c) Virgin Angles (Coupon Y1) 

 

Figure 4-9 Typical Tension Stress vs. Strain Response (cont’d) 
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Figure 4-10 Connection Reaction vs. Bottom Flange Displacement – Effect of Plate Washer  

 
 

 
 
Figure 4-11 Connection Reaction vs. Bottom Flange Displacement – Effect of Plate Washer  
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Figure 4-12 Connection Reaction vs. Bottom Flange Displacement – Effect of Plate Washer  

 
 

 
 
Figure 4-13 Connection Reaction vs. Bottom Flange Displacement – Effect of Plate Washer  
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Figure 4-14 Connection Reaction vs. Bottom Flange Displacement – Effect of Bottom End 
Distance 

 
 

 
 

Figure 4-15 Connection Reaction vs. Bottom Flange Displacement – Effect of Slot Length 
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Figure 4-16 Connection Reaction vs. Bottom Flange Displacement – Effect of Bolt 
Pretension 

 
 

 
 

Figure 4-17 Connection Reaction vs. Bottom Flange Displacement – Effect of Bolt 
Pretension 
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Figure 4-18 Connection Reaction vs. Bottom Flange Displacement – Effect of Torsion 
Bracing 

 
 

 
 

Figure 4-19 Connection Reaction vs. Bottom Flange Displacement – Effect of Bolt Pitch 
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Figure 4-20 Connection Reaction vs. Bottom Flange Displacement – Effect of Bolt Pitch 

 
 

 
 

Figure 4-21 Connection Reaction vs. Bottom Flange Displacement – Effect of Bolt Pitch 
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Figure 4-22 Connection Reaction vs. Bottom Flange Displacement – Effect of Bolt Pitch 

 
 

 
 
Figure 4-23 Connection Reaction vs. Bottom Flange Displacement – Effect of Flange Cope 
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Figure 4-24 Connection Reaction vs. Bottom Flange Displacement – Effect of Flange Cope 

 
 

 
 
Figure 4-25 Connection Reaction vs. Bottom Flange Displacement – Effect of Flange Cope 
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Figure 4-26 Connection Reaction vs. Bottom Flange Displacement – Effect of Flange Cope 

 
 

 
 

Figure 4-27 Connection Reaction vs. Bottom Flange Displacement – Effect of End Rotation 
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Figure 4-28 Connection Reaction vs. Bottom Flange Displacement – Effect of End Rotation 

 
 

 
 

Figure 4-29 Connection Reaction vs. Bottom Flange Displacement – Effect of Web 
Thickness 
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Figure 4-30 Connection Reaction vs. Bottom Flange Displacement – Effect of Web 
Thickness 

 
 

 
 
Figure 4-31 Connection Reaction vs. Bottom Flange Displacement – Effect of Bolt Diameter 
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Figure 4-32 Connection Reaction vs. Bottom Flange Displacement – Effect of Bolt Diameter 

 
 

 
 

Figure 4-33 Effect of Angle Thickness on Capacity of Connection  

that Failed in the Leg Connected to the Column 
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Figure 4-34 Effect of Top End Distance on Capacity of Connection  

that Failed in the Leg Connected to the Column 

 

 

 
 

Figure 4-35 Effect of Edge Distance on Capacity of Connection  

that Failed in the Leg Connected to the Column 
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Figure 4-36 Effect of Number of Bolts on Capacity of Connections  

that Failed in the Leg Connected to the Column 

 
 

 
 

Figure 4-37 Effect of Number of Angles on Capacity of Connections  

that Failed in the Leg Connected to the Column 
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5 Prediction of Test Results 
 
 This section presents the predicted capacities for the test specimens in the 

experimental program. A wide range of failure modes were observed: shear failure of 

angle leg connected to the beam, beam web tension and shear block failure, edge distance 

tearing of the beam web, angle loaded end tearing, failure of angle leg connected to the 

column, and crippling of the beam web under the load point. A total of 40 tests were 

conducted in this research program. In predicting the capacities of the specimens, test 

specimen 2L5 is not included due to the fact that it did not fail at the connection. The 

beam web crippled under the load point before the connection failed.  

 Assessments of current North American steel design standards, namely, 

CAN/CSA–S16–01 (CSA, 2001) and AISC 2005 (AISC, 2005) are presented. Both their 

ability to predict the observed failure modes and the load carrying capacities are assessed.  

 The capacities predicted from various design equations are based on as-built 

dimensions and measured material properties for the test specimens included in this test 

program. The as-built dimensions and measured material properties can be found in 

Table 3-1 and Table 4-2, respectively. The holes in the beam web were drilled and the 

long slotted holes in the angles were sub-punched and reamed to the required size. 

However, the short slots and circular holes on the angles were punched. In order to be 

consistent with current design practice, a 2 mm allowance is made for punched holes in 

the net area calculations.  In all cases, the resistance factor is taken as 1.0.  

5.1 Prediction Models 

5.1.1 Angle End Tearing Failure 
 

 Of all the 29 single angle specimens in the current test program, 13 specimens 

failed by angle end tearing. As discussed in sections 4.1 and 4.3, five of these specimens 

were able to carry more load after the angle end tearing failure. In predicting the capacity 

of the connections, the angle end tearing load will be considered as the connection 

capacity since very large deformations (about 35 mm of bottom flange deflection) were 

required for these specimens to reach the higher capacity observed in the tests.  
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 A description of this failure mode and photographs of failed specimens are 

presented in Chapter 4. Failure of the angle took the form of bending and tearing of the 

angle end distance. No sign of beam web failure was observed in any of these test 

specimens when the angle failed by end tearing, except for some localized yielding near 

the bearing area.  

 Three possible related failure modes predicted by the current North American 

steel design standards are investigated, namely, shear rupture of the angle through the 

slotted holes, yielding of gross area, and bolt bearing on the beam web and angle leg. 

According to CSA–S16–01 and AISC 2005, the shear capacity of web framing angles is 

equal to the lesser of: 

u gv yV  = 0.6 A F  [5-1] 

u nv uV  = 0.6 A F  [5-2] 

where, 
 

Vu is the nominal connection shear capacity, 

gv A  is the gross shear area, taken as the product of total length of the angle and the 

angle thickness, 

nv A   is the net shear area, taken as the product of the vertical net length across the 

centres of the bolt holes and the angle thickness,  

yF  is the material yield strength, and 

uF  is the material tensile strength. 

 The shear capacity is governed by either yielding of the gross shear area 

(Equation [5-1]) or rupture through the net shear section (Equation [5-2]).  

 The bearing capacity of bolted connections predicted by CSA–S16–01 can be 

expressed as: 

u uB  = 3.0 t n d F  [5-3] 
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where, 

uB  is the nominal bearing capacity, 

t   is the thickness of connected material, 

n  is the number of bolts in bearing, and 

d  is the bolt diameter. 

 
 Although it is possible that one bolt in a bolt group may have a smaller capacity 

(e.g., the bolt closest to a free end), the current version of CSA–S16 does not specifically 

address this issue. According to CSA–S16–01, all bolts in a bolt group have the same bolt 

bearing capacity. Furthermore, the bearing capacity is the same for all types of holes, 

including standard holes, oversized holes, short slots and long slots.  

 The bearing provisions of AISC 2005 vary with the type of bolt hole. The 

nominal bearing capacity of a bolt in a standard hole or short slot, where deformation of 

the bolt holes at service load is not a design consideration is given as: 

u c u uB = 1.5 l t F 3.0 d t F≤  [5-4] 

where, 

cl  is the clear distance, in the direction of applied force, between the bolt holes or to 

the edge of the material. 

 
 The left part of Equation [5-4] consists of the shear tearing resistance of the clear 

distance between the bolt holes or between the outer bolt and the unloaded end of the 

connected plate. The upper limit expressed in Equation [5-4] is identical to the bearing 

capacity used in CSA–S16–01. From Equation [5-4], it can be seen that the full bearing 

capacity of a bolt is not developed until the clear distance is at least 2.0 times the bolt 

diameter, d.  

 The bearing capacity for a plate with a long slotted hole perpendicular to the 

direction of the force is given as: 
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u c u uB 1.0 l t F 2.0 d t F= ≤  [5-5] 

 All the angles used in the experimental program were fabricated with the 

minimum bottom end distance, es2, specified in CSA–S16–01 and AISC 2005 for ASTM 

A325 bolts, except for specimen 1L2aE. The minimum end distance requirement in 

CSA–S16–01 and AISC 2005 for is approximately 1.75 times the bolt diameter for 

sheared edges, and 1.25 times the bolt diameter for rolled, sawn, or gas-cut edges. 

Moreover, for beam-framing angles with sheared edges installed with 7/8 in. (22.2 mm) 

and 1 in. (25.4 mm) bolts, an end distance of 32 mm is allowed by both standards. This is 

the case for the specimens in the current test program that failed by angle end tearing.  

 Kulak et al. (1987) proposed a minimum end distance for bolts as a function of 

the applied bearing stress, bσ , as follows: 

e b

u

l σ
0.5 + 0.715 

d F
≥  [5-6] 

where el  is the end distance from the centre of the fastener to the unloaded end and bσ  is 

the bearing stress exerted on the plate material by the fastener. According to 

Equation [5-6], the end distance requirements of 1.75 times the bolt diameter for sheared 

edges and 1.25 times the bolt diameter for rolled, sawn or gas-cut edges, as described in 

CSA–S16–01, correspond to a ratio of bearing stress to material tensile strength of 1.75 

and 1.0, respectively.  

 Kulak et al. (1987) also report various requirements that must be satisfied for the 

end distance of bolted connections in limit states design. One of the requirements relates 

to the minimum end distance of 1.5 times the bolt diameter for any type of edge 

connections. This represents the average of 1.75 times the bolt diameter for sheared edges 

and 1.25 times the bolt diameter for rolled, sawn, or gas-cut edges as specified in the 

current North American design standards. Another requirement consists of satisfying 

Equation [5-6] at the end zone of a connection. Lastly, a limit of 3.0 times of the material 

ultimate tensile strength, Fu, is placed on the bearing strength of the plate material in 

contact with the bolt. 
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 Although the end and edge distance requirements in CSA–S16–01 and AISC 

2005 also apply to connections with slotted holes, the failure mechanism at the end of 

connections with slotted holes is different from the failure mechanism for standard holes. 

As shown in the photographs of failed specimen in Figures 4-1a and 4-1b, the end 

distance did not fail by shear and tension splitting: they failed by bending and bearing 

failure of the end distance. In contrast, tests on connections with standard holes have 

shown that failure occurs by splitting out of the fastener through the end of the plate due 

to insufficient end distance (Kulak et al., 1987). Tests by Wald et al. (2002) also showed 

that the end distance failure results in a lower strength for slotted holes than for standard 

holes.  

5.1.1.1 Proposed Prediction Method for Angle End Tearing Failure 
 

 It was observed that the bottom end distance below a slotted hole did not fail by 

shear and splitting, as is usually observed with circular holes. Instead, the bottom end 

distance failed in a combined bending and bearing mode with eventual tearout below the 

bolt. Moreover, as discussed later, the current design standards do not provide a good 

prediction of the failure mode and the capacity for the test specimens that failed by angle 

end tearing. To address these issues, a new prediction model is proposed to predict the 

bearing capacity for a bolt in a slotted hole connection. 

 The method proposed here combines the bearing capacity of bolts on the 

connected material, shear resistance of the clear distance or the collapse capacity of the 

clear distance below the bolt. The capacity of each bolt in a connection is taken as the 

least of the above capacities. A prediction model for the end distance of a connection 

with slotted holes was derived based on the plastic collapse mechanism illustrated in 

Figure 5-1. Figure 5-1a shows the definition of slot length, slotl , the diameter of the ends 

of the slot, slotd , and the clear end distance, cl . From the collapse mechanism shown in 

Figure 5-1b, the collapse load Pc can be readily obtained from: 

p
c

slot slot

8 M
P  = 

(l  - d )
 [5-7] 
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where, 

Pc  is the collapse load of end distance at the end of angle, 

slotl  is the slot length, and 

slotd   is the diameter of the slot. 

pM  is the plastic moment capacity of the clear end distance, given as: 

2
c

p y
l t

M  =  F
4

 [5-8] 

 Substitution of Equation [5-8] into Equation [5-7] leads to the following 

expression for the bolt force required to cause plastic collapse of the clear end distance, 

cl : 

2
c y

c
slot slot

2 l t F
P  = 

(l  - d )
 [5-9] 

 Equation [5-9] provides an upper limit to the bearing capacity of the bolt closest 

to the end of the member. The capacity of an end bolt can be limited either by the plastic 

collapse or shear failure of the clear distance below the bolt. The shear strength is taken 

as 60% of the tensile strength of the material. The capacity of the clear distance below the 

bolt is therefore taken as the lesser of: 

u cB  = P  [5-10] 

u c uB  = 1.2 l t F  [5-11] 

 The upper limit of the bearing capacity of the bolts in slotted holes is taken as:  

u uB  = 1.5 d t F  [5-12] 

 This limit is similar to the existing AISC 2005 provisions, except that a 

coefficient of 1.5 is used instead of 2.0 for connections with long slots. The coefficient of 
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1.5 is chosen so that the mean test-to-predicted ratio is close to 1.0 and the coefficient of 

variation (COV) is minimized for the tests conducted in this research program. It is 

suspected that the end distance of the single angle specimens failed before the rest of the 

connection mobilized the full bearing strength. The capacity of the connection can be 

taken as the sum of the capacity of individual bolts in the connection. The general 

expression for the bearing capacity of a single bolt can therefore be expressed as: 

2
c y

u c u u
slot slot

2 l t F
B = 1.2 l t F 1.5d t F

(l  - d )
≤ ≤  [5-13] 

5.1.2 Beam Web Edge Distance Tearing 
 

 Six of the test specimens with double angles and uncoped beam, namely, 2L1a, 

2L2, 2L3, 2L4 and 2L6a, failed by tearing of the edge distance at or near the peak load. 

Although this mode of failure is different from bolt bearing failure, bolt bearing is still a 

possible failure mode for this type of connection. CSA–S16–01 and AISC 2005 use 

Equation [5-3] and Equation [5-4], respectively, as the bearing capacity of bolts in 

standard circular holes. As seen in Section 5.1.1, the AISC 2005 provisions for slotted 

holes are a function of deformation requirements.  

5.1.2.1 Failure Mechanism 
 

 Bearing failure in a bolted connection can be characterized by the splitting of the 

bolted plate in the end zone due to insufficient end distance, or piling up of material in 

front of the fastener hole with excessive deformation, or often a combination of the above 

two failure modes (Kulak et al., 1987). It is assumed that the bearing stress exerted by the 

bolt on a circular bolt hole or short slots reaches three times of the material tensile 

strength for the second type of failure to occur. The bearing strength is limited to 2 times 

material tensile strength for connection with long slots to account for the larger 

deformation of connection with long slots than the one with short slots and circular holes. 

These are reflected in Equation [5-3] for standard holes and short slots, and the second 

part of Equation [5-5] for long slots. However, specimens in the current test program 

failed by tearing of the beam web edge distance, rather than failing in bearing. The 
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minimum edge distance used for the fabrication of the steel beams is not sufficient to 

develop the full bearing capacity of the bolt. It is suspected that the beam web edge 

distance ruptured and the full bearing strength of beam web was not reached. 

5.1.3 Tension and Shear Block Failure of Beam Web 
 

 Two double angle specimens with a coped beam (2L7 and 2L8a) failed by tension 

and shear block failure of beam web. Three prediction models are being compared, 

namely CSA–S16–01, AISC 2005 and a model proposed by Franchuk et al. (2002), 

which was developed from the analysis of test results from coped beams.  

5.1.3.1 Prediction Models 
 

 According to CSA–S16–01 the tension and shear block failure of coped beams is 

taken as the lesser of the following two equations: 

r nt u gv yP  = 0.5A F  + 0.6A F  [5-14] 

r nt u nv uP  = 0.5A F  + 0.6A F  [5-15] 

where: 

ntA is the net tensile area, gvA is the gross shear area, and nvA is the net shear area. 

 The constant 0.5 preceding the first term of both equations reflects the non-

uniform stress observed on the tension face of the failure plane.  

 The tension and shear block model in AISC 2005 is taken as the least of the 

following two equations: 

r bs nt u gv yP  = U A F  + 0.6A F  [5-16] 

r bs nt u nv uP  = U A F  + 0.6A F  [5-17] 

where: 
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bsU  is the tension stress correction factor, taken as 1.0 for coped beams with only 

one line of bolts. 

 The equations combine rupture of the net tension area and yielding of the gross 

shear area, with a limitation on the latter to the rupture capacity on the net shear area.  

 Franchuk et al. (2002) proposed an equation for the calculation of the tension and 

shear block capacity based on a series of tests on coped beams. It combines effective 

stresses on the net tension area and the gross shear area. It takes the following form:  

y u
r t nt u v gv

F +F
P  = R A F + R A

2 3
⎛ ⎞
⎜ ⎟
⎝ ⎠

 [5-18] 

where: 

tR  is a stress correction factor for the tension face, taken as 0.9 for connections with 

one-line of bolts, and 

vR  is a stress correction factor for the shear face, taken as 1.0 for coped beams and 

0.9 for shear angles. 

 The effective shear stress acting on the gross area is taken as the average of the 

shear yield strength and the shear rupture strength acting on the gross shear area.  

5.1.4 Failure of Angle Leg Connected to the Column 

5.1.4.1 Description of Failure Mode 
 

 Several test specimens (1LA, 1LB, 1L1 to 1L10, 2L1, 2L6 and 1L10a) failed at 

the angle leg connected to the column. This failure mode was associated with the 

eccentric loading in the single angle connections, combined with the minimum end or 

edge distances selected for the top bolt hole in the angle leg. Because of the load 

eccentricity on the single angle connection, a moment is created in the plane of the 

supporting column flange as the angle is loaded. It was observed that the top end and 

edge distance at the top hole of the angle leg connected to the column can affect the 

connection capacity. 
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 Three test specimens, namely 1L12, 1L13 and 1L14, were designed to investigate 

the effect of end and edge distances and the number of bolts on the strength of the single 

angle connection. The top end distance, es3, and edge distance, eg1, are defined in 

Figure 3-1. 

5.1.4.2 Current Design Practice 
 

 Provisions for the type of failure observed in specimen 1LA, 1LB, 1L1 to 1L10, 

2L1, 2L6 and 1L10a are provided in the current CISC Handbook of Steel Construction 

(CISC, 2004) and the AISC Manual of Steel Construction (AISC, 1999) under design of 

eccentrically loaded bolt groups. The procedure for designing eccentrically loaded bolt 

groups is based on the instantaneous centre of rotation (ICR) method proposed by 

Crawford and Kulak (1971). Based on the method proposed by Crawford and Kulak, 

design tables were derived and presented in the CISC Handbook of Steel Construction 

and AISC Manual of Steel Construction. The design tables were obtained based on bolt 

data obtained from 3/4 in. diameter ASTM A325 bolts with ultimate tensile strength of 

329 kN and ultimate deformation of 8.64 mm. The strength of a bolt group is reached 

when the bolt farthest from the ICR reaches its ultimate deformation. However, for the 

specimens in the test program that failed at the leg connected to the column, the 

connected material failed by rupture and tearing before the bolt reached its ultimate 

deformation. Therefore, there is a need for a new design model that addresses this issue. 

The new design model assumes that the ultimate limit state of the connection is reached 

when the connected material around the fastener farthest from the ICR fails by a 

combination of shear and tension rupture.  

5.1.4.3 Proposed Modified Instantaneous Centre of Rotation Method 
 

 Since current provisions for failure of eccentrically loaded bolt groups are based 

on bolt failure in shear rather than plate tearing failure, a new model is proposed to 

predict the capacity of the test specimens that failed in the angle leg connected to the 

column. The ICR method will be utilized to compute the connection resistance, but it will 

be modified so that the ultimate limit state is failure of the connected material rather than 

shearing of the bolts. 
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 When calculating the force in each bolt, the procedure is similar to that of ICR 

method. At the ultimate limit state, the ICR is located outside of the bolt group. The force 

in each bolt is assumed to act along a line perpendicular to the radial line joining the bolt 

to the instantaneous centre. A diagram illustrating the load eccentricity, the location of 

the ICR and the bolt forces is shown in Figure 5-2. The following assumptions are made 

in the formulation of the ICR method for eccentrically loaded single shear angles: 

1) The vertical load acts through the centre of the beam web.  

2) The vertical load is shared equally by all bolts. 

3) The capacity of the connection is reached when the top corner of the angle leg 

connected to the column reaches the tension and shear block limit state.  

 The data for calculation of ICR for the specimens is shown in Table 5-1. The 

calculation of the location of the ICR, ro, defined in Figure 5-2, is illustrated in Table 5-2. 

The procedure consists of the following steps: 

1) From the assumed location of the ICR, ro, the direction of each bolt force, θ , 

defined in Figure 5-2, is determined. The direction of the bolt forces are 

perpendicular to the radial distance between the ICR and the centre of the bolts, 

namely, r1, r2 and r3 as shown in column (6), (7) and (8) of Table 5-2, respectively.  

2) The tension and shear areas of the tension and shear block failure plane are 

determined and the capacity at the critical bolt, R1, is determined, as shown in 

Table 5-3 for various predicted failure models. R1 is taken as the sum of Tr and Sr 

calculated using the various predicted failure models described in section 5.1.4.4. 

Tr and Sr are the tension and shear contribution, respectively, to the calculated 

tension and shear block failure capacity. Note that the tension area is 

perpendicular to the bolt force and intersects the edge of the angles whereas the 

shear area is parallel to the direction of the bolt force and intercepts either the 

edge or the loaded end of the angle.  

3) For a symmetrical joint, the force in the bottom bolt, R2, will be equal to R1 and 

oriented as shown in Figure 5-2. The force in the middle bolt is now defined from 

the first assumption above.  
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4) The ratio of P/ R1 is determined from equilibrium of vertical forces, as shown in 

column (9) of Table 5-2.  

5) The ratio of P/ R1 is also determined from equilibrium of moments about the ICR, 

as shown in column (10) of Table 5-2.   

6) If the ratio P/ R1 determined in step 4 is in good agreement with the ratio P/ R1 

determined in step 5, the location of ICR, or , is correct. Otherwise, the location of 

the ICR is adjusted and the procedure is repeated.  

 The value of 1R is computed in section 5.1.4.4 using various predicted failure 

models. Different magnitude of effective stress is assigned to the net area and the gross 

area on the tension and shear block failure planes. Once the force in each bolt is known, 

the connection capacity, P, can be computed. 

 The orientation of the shear and tension planes depends on the orientation of the 

bolt force, θ . The shear plane will be parallel to the force in the top bolt and the tension 

plane will be perpendicular to the shear plane. Whether the line of action of the bolt force 

crosses the edge or the top end of the angle depends on the angle θ , illustrated in 

Figure 5-3, the top end distance of the angle, es3, and the edge distance of the angle, eg1.  

It should be noted that for some specimens the calculated line of action of the bolt force 

intersects the vertical edge of the angle, instead of the top end of angle, as shown in 

Figure 5-3a. The shear face intercepts the bolt hole and the side edge of the angle, and the 

tension face intercepts the bolt hole and the top end of the angle for an inclined tension 

and shear block failure to occur. This is the case for specimens 1LA, 1LB, 1L2 to 1L6, 

1L9 and 1L14. The corresponding failure model is illustrated in Figures 5-4e, 5-4g, 5-4i 

and 5-4k. For the remaining specimens, the line of action of the bolt force intersects the 

top end of the angle as shown in Figure 5-3b. Thus, the tension face intercepts the bolt 

hole and the edge of the angle. The corresponding failure model is illustrated in Figures 

5-4d, 5-4f, 5-4h, and 5-4j. In all cases, the corner of the angle is included within the 

block. The ratio of the capacity of the connection to the force in the critical bolt (top bolt) 

is tabulated in columns (9) and (10) of Table 5-2. The force magnitude in the top bolt 

depends on the failure capacity of the connected material, i.e., the tension and shear block 
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tear out capacity of the angle around the top bolt, which can be determined using the 

procedure in the following section. 

5.1.4.4 Calculation of Limiting Bolt Force for the ICR Method 
 

 The calculation of the limiting bolt force, 1R , and the predicted capacity of the 

connection, P, is illustrated in Table 5-3. rT  and rS  are the tension and shear block 

contributions to the tension and shear block resistance. The sum of rT  and rS  represents 

the limiting bolt force, R1. P is computed by multiplying the ratio of  1P R  in columns 

(9) and (10) of Table 5-2 by the sum of rT  and rS . Various failure models are illustrated 

and discussed in the following. 

5.1.4.4.1 CSA–S16–01 Tension and Shear Block Model 
 

 The observed failure planes for test specimens with a large top end distance, es3, 

of 58 mm, (specimens 1L2 to 1L6 and 1L9) suggests a tension and shear block failure 

analogous to the failure mode observed in connections with coped beams. Therefore, the 

tension and shear block equation from CSA–S16–01 (CSA, 2001) is used to predict the 

limiting force on the top bolt required to carry out the calculation outlined in section 

5.1.4.3. The tension and shear block resistance given in CSA–S16–01 was presented in 

Equations [5-14] and [5-15]. The direction of the bolt force and the ratio of the applied 

joint load to the bolt force are obtained using the modified ICR method as described in 

the section 5.1.4.3.  

 Equation [5-14] consists of net tension area fracture plus gross shear yielding, 

whereas Equation [5-15] consists of net tension area fracture plus net shear area fracture. 

The failure model predicted by Equation [5-14] is depicted as models D and E in 

Figure 5-4, whereas the failure model predicted by Equation [5-15] is depicted as models 

F and G in Figure 5-4. The various failure models presented in the following differ in 

magnitude of the shear and normal stress assigned to the shear face and the tension face. 

The observed failure paths in the test specimens and some possible failure paths that were 

not observed in the specimens tested in this program are also illustrated in Figure 5-4 and 

Table 5-3. 
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5.1.4.4.2 Modified Franchuk et al. (2002) Model 
 

 Equation [5-18], from Franchuk et al. (2002), represents a failure mode similar to 

that of Equation [5-14]. For a coped beam with a single line of bolt, the stress correction 

factors, Rt and Rv, are taken as 0.9 and 1.0, respectively, leading to the following 

expression for the tension and shear block capacity: 

y u
r nt u gv

F +F
P  = 0.9 A F  + 1.0 A

2 3
⎛ ⎞
⎜ ⎟
⎝ ⎠

 [5-19] 

 The capacity based on the failure models depicted as failure models H and I in 

Figure 5-4 can be predicted by Equation [5-19].  

 A modified version of Equation [5-18], with tR  and vR taken as 0.4 and 1.0, 

respectively, is also proposed. The stress factors were selected so that the calculated 

mean test-to-predicted ratio is as close as possible to 1.0, while minimizing the 

coefficient of variation. The equation takes the following form:  

y u
r nt u gv

F +F
P  = 0.4 A F  + 1.0 A

2 3
⎛ ⎞
⎜ ⎟
⎝ ⎠

 [5-20] 

 The failure model predicted by this method is depicted as models J and K in 

Figure 5-4.   

5.2 Comparison of Test Results with Various Prediction Models 
 

 In this section, the test results presented in Chapter 4 are compared to the various 

prediction models presented above. The mean test-to-predicted ratio calculated using 

CSA–S16–01, AISC 2005 and the proposed prediction models will be assessed in order 

to determine their adequacy as prediction models. The COV of the test-to-predicted 

values are also presented. A mean test-to-predicted ratio close to unity with a low COV 

indicates the design model or equation is a good predictor of the test results.  

 In the following, the predicted capacities of the test specimens are grouped 

according to the observed failure mode. The predicted capacities based on possible 
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failure modes and models from CSA–S16–01 and other models presented above are 

tabulated for each group of specimens. Finally, a comparison of all the test results with 

all the various failure modes considered in this chapter is made to assess whether the 

actual failure mode can be predicted.  

5.2.1 Angle End Tearing  
 

 The capacity of specimens that failed by angle end tearing was predicted using 

CSA–S16–01 and AISC 2005 for various failure modes, including rupture of the web 

framing angle on the net shear area, yielding of the gross shear area, bolt bearing, and 

tension and shear block failure in the beam. The results of these calculations are 

presented in Table 5-4. The capacity predicted using Equation [5-18] for angle shear 

capacity, and Equation [5-13] for the angle end tearing capacity are also shown in the 

table. 

 The procedures used in CSA–S16–01 would consider either bolt bearing failure, 

assuming all bolts in the connection have the same capacity, or shear failure of the angle. 

This approach can result in a significant overestimate of the capacity as shown in 

Table 5-4. On the other hand, AISC 2005 provisions account for different capacity of an 

exterior bolt and interior bolts within a bolt group. However, it overestimates the capacity 

for all the specimens that failed by angle end tearing. The mean test-to-predicted ratios 

calculated using the CSA–S16–01 and AISC 2005 standard are both 0.88. The COV of 

the test-to-predicted values calculated using CSA–S16–01 and AISC 2005 are 0.13 and 

0.15, respectively. Equation [5-18] gives a mean test-to-predicted ratio of 0.78, with a 

COV of 0.14 for predicting angle shear failure capacity. It should be noted that Equation 

[5-18] is not intended to predict the angle end tearing failure mode, but it will be used to 

predict the capacity of specimens with tension and shear block failure as shown in section 

5.2.3. 

 The proposed plastic collapse model (Equation [5-13]) is based on the sum of the 

plastic collapse capacity of the clear bottom end distance, with the upper limit equal to 

the shear failure along the clear length of the connection, and the bearing capacity of the 

bolts on the slotted holes. Equation [5-13] gives a test-to-predicted ratio of 1.01 and a 
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COV of 0.18. As shown in Table 5-4, the low values of test-to-predicted ratio predicted 

by Equation [5-13] are 0.80, 0.83, 0.85 and 0.86 for test specimens 1L7a, 1L8a, 1L11a 

and 1L1a, respectively. All of these four specimens had long slotted holes with standard 

bolt pitch (76 mm) and without plate washer in the outer plies of the joint. It has been 

shown that the observed capacities of single angle test specimens with standard pitch 

failed by angle end tearing had slightly lower capacities than their large pitch (102 mm) 

counterparts. The highest test-to-predicted ratio is 1.33 for specimen 1LAa, which is a 

thin single angle specimen (6.4 mm) with plate washer on the outer ply. The next largest 

test-to-predicted ratio is 1.25, obtained for a connection with plate washer on the outer 

ply but with thicker angles (9.5 mm). The large scatter (COV = 0.18) observed in the test-

to-predicted values is likely caused by the effect of many parameters on the connection 

capacities. For instance, the specimen with plate washer on the outer ply and an uncoped 

beam (1L4a) had a capacity 41% higher than the one without plate washer (1L2a). The 

effect of plate washer is not accounted for in calculation of angle end tearing capacities. It 

is also assumed that all the bolts in the connection reach their capacity simultaneously. 

However, the bottom end of single angles with minimum end distance is more flexible 

and possibly has lower strength than the rest of the connection. In fact, the bolts in the 

connection may not reach their individual capacity simultaneously. Therefore, assuming 

the bolts reach their capacity at the same time is possibly an unconservative assumption.  

 Although the COV of 0.18 predicted by Equation [5-13] is higher than the ones 

predicted by CSA–S16-01 (0.13), AISC 2005 (0.15) and Equation [5-18] (0.14), 

Equation [5-13] has several advantages compared to the other prediction models. First, 

the mean test-to-predicted ratio of 1.01 is very close to unity and it is higher than the one 

predicted by other prediction models. Second, it addresses the end distance failure below 

the bottom slotted hole correctly, which is something not achieved by other models. The 

observed failure mode is a combination of bending and bearing failure of end distance. 

Moreover, Equation [5-13] is able to predict the correct failure mode of the angle end 

tearing, i.e. collapse of the end distance and bearing of bolt on the slot in the loading 

direction.  
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5.2.2 Beam Web Edge Distance Tearing 
  

 Six of the specimens failed in the beam web by edge distance tearing, namely, 

specimens 2L1a, 2L2, 2L3, 2L4, 2L5a and 2L6a. The possible failure mode of bolt 

bearing on the beam web and the corresponding capacity are investigated. As shown in 

Table 5-5, both North American design standards underestimate the observed capacity of 

the test specimen that failed by tearing of the edge distance. The bolt bearing capacity 

governs for all cases, except for specimen 2L6a for which rupture on the angle net area 

governs. The mean test-to-predicted ratio of 0.71 and COV of 0.14 predicted by both 

standards indicate a poor correlation between the observed capacity and the predicted 

capacity. Since these specimens were fabricated with uncoped beams, it is assumed that 

they would fail by bolt bearing on the web. However, the low average test-to-predicted 

ratio and high COV indicate that the bolt bearing model does not describe well the 

observed edge distance tearing failure mode for cases where the minimum permissible 

edge distance is used. 

5.2.3 Tension and Shear Block Failure of Beam Web 
   

 Table 5-5 also presented the predicted capacity of tension and shear block failure 

by the North American standards and Equation [5-18]. The tension and shear block 

capacities predicted by CSA–S16–01 are conservative, with a mean test-to-predicted ratio 

of 1.15 and COV of 0.16. The mean test-to-predicted ratio obtained using the AISC 2005 

model is 1.06 and COV of 0.14. Although the two specimens showed a slight difference 

in tension and shear block failure (different location of tensile failure), the mean test-to-

predicted ratios obtained from both standards are both higher than unity.  

 The test-to-predicted ratio obtained using Equation [5-18] has a mean value of 

0.90 and a COV of 0.08. The details about this proposed equation can be found in 

Franchuk et al. (2002). Among all the prediction models, CSA–S16–01 is the most 

conservative, followed by AISC 2005 and Equation [5-18].  However, Equation [5-18] 

provides the lowest COV of predicted values, followed by AISC 2005 and CSA–S16–01. 

It appears that the minimum edge distance used on the beam web prevented the higher 

shear capacity in Equation [5-18] to be mobilized fully. 
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5.2.4 Failure of Angle Leg Connected to the Column  
 

 The capacities predicted by CSA–S16–01, AISC 2005, Equation [5-18] for angle 

shear capacity and Equation [5-13] for the specimens that failed in the leg connected to 

the column are shown in Table 5-6. CSA–S16–01 and AISC 2005 do not have provisions 

for this type of failure. The failure mode for single angle shear connections considered by 

these two standards are rupture of the net shear area, yielding of the gross shear area, bolt 

bearing on the angle, and tension and shear block failure. The mean test-to-predicted 

ratios obtained using the equations in CSA–S16–01 and AISC 2005 were 0.75 and 0.78, 

respectively. The two current steel design standards overestimate the capacity of the 

specimens by a considerably large margin.  

 The predicted capacities by the four new proposed models are presented in Table 

5-3. Equation [5-14] gives a mean test-to-predicted ratio of 1.02 and a COV of 0.16. 

Equation [5-15] gives a mean test-to-predicted ratio of 1.00 and COV of 0.17. The large 

COV indicates a wide scatter of test-to-predicted values. It should be noted that the test-

to-predicted ratios for specimens 1L10a, 2L1 and 2L6 are substantially lower than the 

average of the remaining test specimens. This is due to the fact that only specimen 1L10a 

with this failure mode has a larger angle leg size (152 mm) connected to the column so 

that the contribution of the tension area was larger than for the specimens with a smaller 

leg size (102 mm), thus resulting in a larger predicted capacity. On the other hand, 

specimens 2L1 and 2L6 are double angle connections. The predicted capacities of these 

two specimens by the above four models are shown for completeness. The same 

procedure is used to compute the predicted capacity of these two connections. The 

predicted capacity of the double-angle specimens is taken as the sum of the capacity of 

each angle in the connection. As a result, the predicted capacities of these two specimens 

are approximately twice as much as their single angle counterpart, namely 1L1 and 1L7. 

It should also be noted that the test-to-predicted ratio for specimen 1L14 is larger than the 

rest of the other specimens. This is possibly attributed to the assumption that all bolts 

carry the same amount of vertical load. For a connection with three bolts, this simplifying 

assumption might not represent the actual behaviour of the connection. The location of 

the ICR depends partly on the distribution of the vertical load among the bolts. Therefore, 
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the distribution of vertical load affects the connection capacity based on the proposed 

prediction models. Nevertheless, the predicted capacity is on the conservative side. As 

shown in Table 5-3, the mean test-to-predicted ratio calculated by Equation [5-19], which 

uses a value of tR intended for coped beams with one line of bolt, is 0.67 and COV is 

0.17. The predicted capacities are all on the unconservative side. Therefore, 

Equation [5-19] is modified to improve the prediction. 

 Equation [5-20] is essentially identical to Equation [5-19], except that the tension 

stress correction factor, Rt, is taken as 0.4, instead of 0.9. This reduction results in a 

higher mean value of test-to-predicted ratio (1.05) and a lower COV (0.15), indicating a 

better prediction than Equation [5-19]. A graphical comparison of test-to-predicted ratios 

of the four new prediction models is shown in Figure 5-5. Of the four of the prediction 

models, Equation [5-20] gives a mean test-to-predicted ratio very close to unity and a 

smallest value of COV, which indicates a better predictor of the test results.  

5.3 Summary of All Prediction Models 
 

 Table 5-7 presents a summary of the predicted capacities for all the test specimens 

by CSA–S16–01 as well as proposed equations. The possible failure modes being 

investigated are bolt bearing, angle shear failure, beam web tension and shear block 

failure, angle bottom end tearing and failure of angle leg connected to the column. In this 

summary, all the predicted capacities are predicted using proposed new equations. The 

tension and shear block and angle shear capacities are calculated using Equation [5-18], 

which was proposed by Franchuk et al. (2002) based on an analysis of test results on 

coped beams. The angle end tearing capacities are calculated using Equation [5-13]. The 

capacities at which that angle failed at the leg connected to the column are predicted 

using Equation [5-20]. Since there are no newly developed prediction models for the bolt 

bearing failure, the bolt bearing capacities are calculated using the design equation from 

CSA–S16–01. 

 As shown in Table 5-7, the bolt bearing capacity of angle and beam web is 

presented in column (2) and column (3), respectively. The angle shear capacity and beam 

web tension and shear block capacities predicted using Equation [5-18] are presented in 
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columns (4) and (5), respectively. The capacity of the web framing angle predicted by 

Equation [5-13] for angle end tearing capacity is presented in column (6). The tension 

and shear block capacity of the web framing angle corner tear out as predicted by 

Equation [5-20] is shown in column (7). The governing capacity predicted by all the 

prediction models and the corresponding failure mode is shown in columns (8) and (9), 

respectively. The observed capacity and the observed failure mode are presented in 

columns (10) and (11), respectively. 

 The equations from the current design standards and the proposed new models are 

able to predict the correct failure mode for 32 of the 41 test specimens. Of the nine 

specimens for which the failure mode was not predicted correctly, six of them are double 

angle connections with an uncoped beam. The observed failure mode for these six 

specimens was beam web edge distance tearing. As discussed previously, the current 

design standards do not have provisions for edge distance tearing of beam webs. The 

predicted failure modes in these cases are bolt bearing failure against the beam web, 

angle end tearing and failure of angle leg connected to the column. As shown in 

Table 5-5, CSA–S16–01 over-predicts the capacity of these specimens by as much as 

41% based on the bearing strength of bolt on the beam web. This large discrepancy 

between the test capacity and the predicted bearing capacity indicates that the current 

minimum edge distance used in design standards is not sufficient to develop full beam 

web bearing strength. The predicted failure mode for test specimen V by Franchuk et al. 

(2002) is failure of angle leg connected to the column, but the observed failure mode is 

angle end tearing. Another two of the nine specimens, namely, 1LA and 1L10a, failed in 

the leg connected to the column, but the predicted failure mode for both specimens is 

angle end tearing as predicted by Equation [5-13]. Nevertheless, the predicted capacity is  

within 5% of the observed capacities for these two specimens. 

 A combination of new prediction models and the design equation from current 

design standard provides the tool to predict the capacity and the failure mode for most of 

the specimen (32 out of 41) being investigated. However, the bearing resistance for bolts 

in the beam web can be limited by edge distance tearing. There is a need for a new 

prediction model for this type of failure. An increase in the minimum permissible edge 

distance is required if the bearing capacity of the bolts in contact with the beam web to be 
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reached. Similarly, an increase in minimum edge distance is required if the full tension 

and shear block capacity predicted by Equation [5-18] for coped beam is to be mobilized.   
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a) End Distance Failure 

 

       
b) Collapse Load Mechanism 

 

Figure 5-1 Collapse Load Capacity of End Distance in a Slotted Hole Connection 
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Figure 5-2 Typical Eccentrically Loaded Single Angle Shear Connection 
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a) Bolt Force Crosses the Edge b) Bolt Force Crosses the Top End 

Figure 5-3 Direction of Bolt Force  
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a) Observed Failure Path A 

(observed in specimen 1LA, 1LB)
b) Observed Failure Path B 
(observed in specimen 1L1, 

1L7, 1L8, 1L10, 1L12 to 
1L14, 1L10a, 2L1 and 2L6) 

c) Observed Failure Path C 
(observed in specimen 1L2 to 

1L6 and 1L9) 

d) Predicted Failure Model D e) Observed Failure Model E f) Predicted Failure Model F 
 

Figure 5-4 Observed Failure Paths and Predicted Failure Model



123 

 

  
g) Predicted Failure Model G h) Predicted Failure Model H i) Predicted Failure Model I 

 

    
j) predicted Failure Model J k) Predicted Failure Model K 

Figure 5-4 Observed Failure Paths and Predicted Failure Models (cont’d) 
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Figure 5-5 Comparison of Proposed Prediction Models for Specimens Failed at the Leg 
Connected to the Column 
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6 Summary and Conclusions 

6.1 Summary 
 

 It has been shown that research in the past few decades on single and double 

angle connections has emphasized the moment-rotation behaviour of connections, rather 

than the shear capacity or the ultimate limit state of the connections. Moreover, no tests 

had been conducted on slotted hole connections with the slots on the outer plies. The 

current North American steel design standards, namely CSA–S16–01 and AISC 2005, 

require that plate washers with standard size holes have to be installed on the outer plies 

of joints in a connection with long slots to completely cover the slots with the loading 

direction perpendicular to the length of slot. The purpose of the plate washer is to prevent 

bolt pull-out in a bearing type connection. However, bolt pull-out has not been identified 

as an ultimate limit state in the past. The effects of a plate washer on the strength and 

behaviour of connections with slotted holes are not clearly identified yet. Therefore, a 

research program was initiated to assess the effect of plate washers as well as other 

parameters on the strength and behaviour of the connections. 

 An experimental research program consisting of 40 tests on full-scale 

beam-to-column connections was carried out to investigate the strength and behaviour of 

connections with slotted holes. A wide range of parameters were investigated: bottom 

end distance, plate washer, slot length, bolt pretension, torsion brace, bolt pitch, coped 

flange, beam end rotation, web thickness and bolt diameter. In assessing the effect of the 

above parameters, the load vs. deformation response and load carrying capacity were 

used as bases for comparison. Two of the test specimens from the current research 

program were compared with two single angle specimens tested by Franchuk et al. 

(2002) to investigate the effect of plate washers on single angle connections further. In 

addition, a failure mode that consisted of failure of the angle leg connected to the column 

was observed. The failure mode was similar to the tension and shear block failure in 

coped beams, except that the tension and shear block was inclined to the line of action of 

the applied force. In order to investigate this failure mode further, parameters related to 

the angle leg connected to the column were varied. These parameters included: top end 
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distance and edge distance, thickness of angle, number of bolts and the effect of single or 

double angles. 

 A comparison between the test results and capacities predicted by the current 

North American steel design standards, namely, CSA–S16–01 and AISC 2005, as well as 

Equation [5-18] was presented. In addition, new prediction models were developed for 

failure by angle bottom end tearing and failure of the angle leg connected to the 

supporting column. 

6.2 Conclusions 
 

 The following conclusions are drawn from this research program: 

1. Plate washers are beneficial to slotted holes connections with 6.4 mm thick single 

angles. The thin single angle specimens without plate washers (IV and V from 

Franchuk et al. (2002)) failed by tearing of bottom end of the angle and top edge 

of the beam web, followed by tilting of the middle bolt. In contrast, the specimens 

with plate washers failed by bottom end distance tearing, followed by shear 

failure of angle. The capacities of specimens with plate washers showed an 

increase in capacity of 24% to 27% over the ones without plate washers. 

2. Specimens with 9.5 mm thick angles with plate washers also showed increased 

capacity compared to the ones without plate washers. The single angle specimen 

(1L2a) without a plate washer showed a 29% lower angle end tearing capacity 

compared to the specimen with a plate washer (1L4a). The double angle specimen 

with plate washers (2L4) showed a 14% higher capacity over the one without 

plate washers (2L2). Both of the specimens without plate washers did not reach 

the expected capacity predicted by the current North American steel design 

standards. Specimen 1L2a had a test-to-predicted ratio of 0.68 and 0.69 predicted 

by CSA–S16–01 and AISC 2005, respectively, and specimen 2L2 had a ratio of 

0.69 predicted by both CSA–S16–01 and AISC 2005. Only the single angle 

specimen with plate washer (1L4a) reached the expected capacity (test-to-

predicted ratio of 0.97 and 0.98 predicted by CSA–S16–01 and AISC 2005, 

respectively). The double angle connection with plate washer (2L4) did not reach 
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the expected capacity (test-to-predicted ratio of 0.80 predicted by both standards). 

It is likely due to the failure of the edge distance, and the bearing strength of the 

beam web was not fully developed. 

3. It was found that the size of the loaded bottom end distance in single angle 

connections has a significant effect on angle end tearing capacity. An increase in 

as-built bottom end distance by from 34.0 mm to 46.3 mm resulted in an increase 

in the angle end tearing capacity of 53%. 

4. Single angles with short slots (1L9a) showed 41% higher end tearing capacity 

than its long slot counterpart (1L2a). 

5. It was found that increasing the bolt pitch did not lead to a significant increase in 

capacity for the single angle connections (3% to 8% increase) and double angle 

connections with uncoped beam (1% increase). That is because the former failed 

by angle end tearing and the latter by beam web edge distance tearing. Double 

angle connections with a coped beam failed by tension and shear block of the 

beam web. The increase of bolt pitch (from 76 mm to 102 mm) and the associated 

increased shear area led to a 20% increase in capacity for double angle specimens 

with coped beams (2L7 and 2L8a) that failed in a tension and shear block mode. 

6. Single web framing angles with minimum bottom end distances that failed by end 

tearing showed a resistance as low as 68% of the capacity predicted using CSA–

S16–01 and AISC 2005. 

7. The beam web edge distance used in the research program was 30 mm, which is 

close to the minimum requirement of 28 mm. The test specimens with an uncoped 

beam and double angles failed by beam web edge distance tearing. The possible 

failure mode of bolt bearing on the beam web was investigated. It was observed 

that the edge distance tearing failure resulted in a reduction in capacity of as much 

as 41%. None of the test specimens with double angles and an uncoped beam 

reached the bolt bearing capacity. 

8. Connections with pretensioned bolts showed higher stiffness (about 50%) and 

higher capacity (18% increase in angle end tearing capacity for single angle 
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specimens and 13% increase in beam web failure capacity for double angle 

specimens) than the ones with snug tight bolts, possibly due to some load transfer 

by friction between the faying surfaces at the connection. 

9. Torsionally braced specimens showed only a 5% increase in web framing angle 

capacity. However, torsion bracing reduced twisting of the beam by as much as 7o 

at peak load (at about 25 mm bottom flange deflection). 

10. For specimens that failed in the angle leg connected to the column, it was found 

that top end distance, edge distance and number of bolts connecting the angle to 

the column affect the connection capacity. Increasing the top end distance from 

32 mm to 58 mm resulted in an increase in capacity of 29% on average. An 

increase in edge distance from 32 mm to 50 mm resulted in an increase of 24% in 

the connection capacity. For the same size of angle, an increase in the number of 

bolts from two to three connecting to the column also results in an increase of 

21% in the capacity. The double angle connection with this failure mode also 

showed a 34% higher capacity than its single angle counterpart. 

11. The current North American steel design standards, namely, CSA–S16–01 and 

AISC 2005, have provisions for the following failure modes: fracture at the net 

section of web-framing angles, tension and shear block failure of beam web and 

web crippling failure under a concentrated load. In the current test program, the 

test-to-predicted ratio of the test specimens with the above failure modes was 

found to range from 0.87 to 1.28 calculated using CSA–S16–01 and range from 

0.87 to 1.16 calculated using AISC 2005. However, CSA–S16–01 does not have 

provisions for angle end tearing failure, and neither North American standards has 

provisions for the failure of the angle leg connected to the column that failed by 

corner tearing of the connected material, as well as tearing of the beam web edge 

distance.  

12. Equation [5-13] is proposed for the prediction of capacity of web framing angles 

failing by end tearing and bearing. The equation combines the failure of the end 

distance by plastic collapse or shear failure with the bearing strength of the 

remaining interior bolts. For 13 specimens that failed by angle bottom end 
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distance tearing, Equation [5-13] resulted in a mean test-to-predicted ratio of 1.01 

and a COV of 0.18, compared to a mean of 0.88 and a COV of 0.13 predicted by 

CSA–S16–01, and a mean of 0.88 and a COV of 0.15 predicted by AISC 2005. 

13. A calculation procedure was proposed to predict the capacity of eccentrically 

loaded angles failing by loaded end tearing. The formulation is based on a tension 

and shear block failure mode limiting the strength of the critical bolt in the 

eccentrically loaded connection. The resulting Equation [5-20] results in a mean 

test-to-predicted ratio of 1.05 and a COV of predicted values of 0.15 for 18 

specimens that failed in this manner. Other possible failure modes predicted by 

CSA–S16–01 and AISC 2005, such as rupture of net shear area of angle, yielding 

of gross shear area of angle, bolt bearing on beam and angle, and tension and 

shear block failure of coped beams, were investigated. Neither design standard 

has provisions for corner tearing of angle leg connected to the column. The mean 

test-to-predicted ratio obtained from CSA–S16–01 is 0.75 and COV of 0.18, and 

the mean test-to-predicted ratio obtained from AISC 2005 is 0.78, with a COV 

of 0.15.  

6.3 Design Recommendations 
 

 From the results of this research program, several recommendations are made for 

the design of connections with slotted holes: 

1. Angle thickness – It was found that the single angle connections with thinner 

angles (6.4 mm) and without plate washer (specimens IV and V from Franchuk 

et al. (2002)) could fail by tearing of the loaded end distance followed by bolt-

tilting. The test-to-predicted ratios for these two specimens were substantially 

lower than expected (0.69 and 0.76). The bolt-tilting phenomenon was not 

observed on the single angle connections with thicker angles (9.5 mm). It is 

suspected that the angle used in specimens IV and V was too flexible. Moreover, 

the minimum recommended thickness suggested in AISC Manual of Steel 

Construction (AISC, 1999) is 9.5 mm. Therefore, it is recommended that the 

minimum angle thickness used in web-framing angles be at least 9.5 mm. 
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2. Plate washers for connections with slotted holes – It was found that connections 

with plate washers had higher capacities than the one without plate washers. This 

is likely caused by the increased rigidity and confinement within the connections 

with plate washers. Although no bolt pull-out was observed in this research 

program, the plate washers are required in both single and double angle slotted 

hole connections in order to reach the predicted capacity. It should be noted that 

an increase in end and edge distances might be sufficient to waive the requirement 

for plate washers in double angle connections. This was not investigated in this 

research program.  

3. Edge distance requirements – In this research program, the edge distance used on 

beam web was 30 mm, which satisfies the edge distance requirement of 28 mm 

for 7/8 in. diameter A325 bolts as described in CSA–S16–01. The failure mode of 

beam web edge distance tearing was likely caused by the small edge distance used 

in the beam web. The test-to-predicted ratio for specimens that failed by rupture 

of the edge distance ranged from 0.59 to 0.87, as predicted by the bolt bearing 

capacity equation in CSA–S16–01. The bolt bearing strength on beam web was 

not reached for all the specimens with edge distance tearing. It is suspected that 

the edge distance has to be larger in order to develop the bearing strength on the 

beam web. According to CSA–S16–01, the bearing strength, bσ , is taken as three 

times material the tensile strength at the ultimate limit state. To achieve 

equilibrium of forces and assuming the edge distance on either side of the bolt 

shares equal loads at the ultimate limit state, the clear edge distance has to be at 

least 1.5 times the bolt diameter in order to develop the bearing stress of 3 times 

the material tensile strength. Therefore, it is recommended that a minimum clear 

edge distance of 1.5 times the bolt diameter, or a minimum edge distance (from 

center of bolt to the edge of material) of 2.0 times the bolt diameter, if the 

connection is designed for bolt bearing on the beam web. Validation of this 

increased edge distance is recommended.   

4. End distance requirements – All the angles in the test program were fabricated 

with minimum end distance as required by CSA–S16–01 for ASTM high strength 
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bolts, except for specimen 1L2aE, which was fabricated with 47 mm bottom end 

distance. As shown in Kulak et al. (1987), the relationship between the bearing 

stress, end distance and bolt diameter can be expressed as:  

e b

u

l σ
0.5 + 0.715 

d F
≥  [6-1] 

 In terms of clear end distance, cl : 

c b

u

l σ
0.715 

d F
≥  [6-2] 

If the bearing strength of 3.0 Fu has to be achieved at the end distance, the clear 

end distance has to be about 2.0 times the bolt diameter. For instance, the clear 

end distance has to be 45 mm for a 7/8 in. diameter bolt. Therefore, a minimum 

clear end distance of 2.0 times the bolt diameter is recommended.   

6.4 Recommendations for Future Research 
 

 From the result of this research program, the understanding of the behaviour of 

connections with slotted holes had been improved significantly. However, further 

research is required in the following areas: 

1. It was found that the loaded end distance had significant effect on the connection 

capacity. However, only one test specimen (1L2aE) had a loaded end distance 

greater than the minimum permitted, whereas the remaining specimens had 

minimum loaded end distances. It seems that the minimum end distance currently 

used in design standards may be too small to develop the full capacity of a 

connection. Further testing is recommended to determine the minimum end 

distance required to develop the full connection potential. 

2. Several of the test specimens with a double angle shear connection and uncoped 

beam failed by edge distance tearing. However, only one edge distance (30 mm) 

was investigated in this test program. Therefore, the effect beam edge distance on 

the connection capacity should be investigated. The bolt bearing capacity was not 
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reached in any of these specimens. It is therefore expected that a larger edge 

distance would result in a significant increase in connection shear capacity. 

3. A reliability analysis is recommended to assess the level of safety of the 

connections as designed by current North American steel design standards, as 

well as the newly proposed prediction models. In this research program, only the 

test-to-predicted ratios and the COV of test-to-predicted values by various 

prediction models are presented. A wide range of failure modes were observed in 

the test program. As a result, there are only a few specimens under each group of 

failure mode. There is a need to expand the pool of experimental data for 

specimens with the same failure mode. The information on angle end tearing and 

beam web edge distance failure is the most deficient in this respect. More 

experimental work is recommended in this area. A reliability analysis is also 

recommended to assess the level of safety provided by the newly developed 

prediction models in this research program.  

4. For double angle connections with coped or uncoped beams, the location of beam 

web edge distance tearing varied. The specimens with a large bolt pitch failed by 

beam web edge distance tearing at the middle bolt hole, whereas the specimens 

with standard pitch failed at the bottom bolt hole. This phenomenon should be 

investigated further. The effects of parameters that affect the location of edge 

distance tearing need to be identified.  

5. The use of plate washers resulted in a significant increase in shear capacity of 

connections with slotted holes in the outer plies. The possible causes were a 

change in failure mode and increased rigidity at the connection. However, the 

failure mechanism of angle end tearing with plate washer on the outer plies of the 

joint and how the plate washer increased the rigidity of the connection is not 

clearly identified yet. More experimental testing and numerical analyses are 

recommended to investigate the effect of plate washers on connections with 

slotted holes further.  
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Appendix A 
Photos of Failed Specimens 
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Beam Angle leg on connection side Angle leg connected to the 
column 

Figure A-1 Test Specimen 1LA 

 
 

Beam Angle leg on the connection 
side 

Angle leg connected to the 
column 

Figure A-2 Test Specimen 1LB 
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Beam Angle and the plate washer Side view of beam web 

Figure A-3 Test specimen 1LAa 

 
 

Beam Angle and the plate washer Side view of beam web 

Figure A-4 Test Specimen 1LBa 
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Beam Angle Angle leg connected to the 
column 

Figure A-5 Test specimen 1L1 

 

 

Beam Angle leg on connection side Angle leg connected to the 
column 

Figure A-6 Test specimen 1L2 
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Beam Angle Angle leg connected to the 
column 

Figure A-7 Test specimen 1L3 

 

 

Beam Angle Angle leg connected to the 
column 

Figure A-8 Test specimen 1L4 
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Beam Angle and the plate washer Angle leg connected to the 
column 

Figure A-9 Test specimen 1L5 

 
 

Beam Angle Angle leg connected to the 
column 

Figure A-10 Test specimen 1L6 
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Beam Angle on connection side Angle leg connected to the 
column 

Figure A-11 Test specimen 1L7 

 

Beam Angle on connection side Angle leg connected to the 
column 

Figure A-12 Test specimen 1L8 
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Beam Angle on connection side Angle leg connected to the 
column 

Figure A-13 Test specimen 1L9 

 

Beam Angle on connection side Angle leg connected to the 
column 

Figure A-14 Test specimen 1L10 
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Beam Angle on connection side Distorted beam web at 
connection 

Figure A-15 Test specimen 1L1a 

 

Beam Angle on connection side Distorted beam web at 
connection 

Figure A-16 Test specimen 1L2a  
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Beam Angle Distorted beam web at 
connection 

Figure A-17 Test specimen 1L2aE 

 

Beam Angle Distorted beam web at 
connection 

Figure A-18 Test specimen 1L3a  
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Beam Angle and plate washer Distorted beam web at 
connection 

Figure A-19 Test specimen 1L4a 

 

Beam Angle and plate washer Distorted beam web at 
connection 

Figure A-20 Test specimen 1L5a  
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Beam Angle Distorted beam web at 
connection 

Figure A-21 Test specimen 1L6a 

 

Beam Angle Distorted beam web at 
connection 

Figure A-22 Test specimen 1L7a 

 



 147

Beam Angle Distorted beam web at 
connection 

Figure A-23 Test specimen 1L8a 

 

Beam Angle Distorted beam web at 
connection 

Figure A-24 Test specimen 1L9a  
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Beam Angle leg on the connection 
side 

Angle leg connected to the 
column 

Figure A-25 Test specimen 1L10a 

 

Beam Angle leg on the connection side Beam web  

Figure A-26 Test specimen 1L11a 
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Beam Angle leg on the connection 
side 

Angle leg connected to the 
column  

Figure A-27 Test specimen 1L12 

 

Beam Angle leg on the connection 
side 

Angle leg connected to the 
column  

Figure A-28 Test specimen 1L13 
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Beam Angle leg on the connection 
side 

Angle leg connected to the 
column  

Figure A-29 Test specimen 1L14 

 

Beam Angle leg on the connection 
side 

Angle leg connected to the 
column  

Figure A-30 Test specimen 2L1 
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Beam Angle leg on the connection side 

Figure A-31 Test specimen 2L2 

 

 

Beam Angle leg on the connection side 

Figure A-32 Test specimen 2L3 
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Beam Angle leg on the connection 
side 

Plate washers after testing 

Figure A-33 Test specimen 2L4 

 

 
Beam Crushed beam web under the 

load point 

Figure A-34 Test specimen 2L5 
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Beam Angle legs on the connection 
side 

Angle legs connected to the 
column 

Figure A-35 Test specimen 2L6 

 

 
Beam Angle legs on the connection side 

Figure A-36 Test specimen 2L7 
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Beam Angle legs on the connection side 

Figure A-37 Test specimen 2L1a 

 
 

Beam Angle legs on the connection 
side 

Plate washers after testing 

Figure A-38 Test specimen 2L5a  
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Beam Angle legs on the connection side 

Figure A-39 Test specimen 2L6a 

 

 
Beam Angle legs on the connection side 

Figure A-40 Test specimen 2L8a 
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Appendix B 
Load vs. Deformation Response and  

Twist of Connection vs. Deformation of Test Specimens
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Figure B-1 Connection Reaction vs. Bottom Flange Displacement, Test Specimen IV 
(Franchuk et al., 2002) 

 
 

Figure B-2 Twist vs. Bottom Flange Displacement, Test Specimen IV (Franchuk et al., 2002) 
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Figure B-3 Connection Reaction vs. Bottom Flange Displacement, Test Specimen V 
(Franchuk et al., 2002) 

 

 
 
Figure B-4 Twist vs. Bottom Flange Displacement, Test Specimen V (Franchuk et al., 2002) 
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Figure B-5 Connection Reaction vs. Bottom Flange Displacement,  
Test Specimen 1LA 

 

 
 

Figure B-6 Twist vs. Bottom Flange Displacement, Test Specimen 1LA
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Figure B-7 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 1LB 
 

 
 

Figure B-8 Twist vs. Bottom Flange Displacement, Test Specimen 1LB 
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Figure B-9 Connection Reaction vs. Bottom Flange Displacement,  
Test Specimen 1LAa 

 

 
 

Figure B-10 Twist vs. Bottom Flange Displacement, Test Specimen 1LAa 
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Figure B-11 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 1LBa 
 

 
 

Figure B-12 Twist vs. Bottom Flange Displacement, Test Specimen 1LBa 
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Figure B-13 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 1L1 
 

 
 

Figure B-14 Twist vs. Bottom Flange Displacement, Test Specimen 1L1 



  164

 
 

Figure B-15 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 1L2 
 
 

 
Figure B-16 Twist vs. Bottom Flange Displacement, Test Specimen 1L2 
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Figure B-17 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 1L3 
 
 

 
 

Figure B-18 Twist vs. Bottom Flange Displacement, Test Specimen 1L3 
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Figure B-19 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 1L4 
 

 
 

Figure B-20 Twist vs. Bottom Flange Displacement, Test Specimen 1L4 
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Figure B-21 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 1L5 
 

 
 

Figure B-22 Twist vs. Bottom Flange Displacement, Test Specimen 1L5 
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Figure B-23 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 1L6 
 

 
 

Figure B-24 Twist vs. Bottom Flange Displacement, Test Specimen 1L6 
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Figure B-25 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 1L7 
 
 

 
 

Figure B-26 Twist vs. Bottom Flange Displacement, Test Specimen 1L7 
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Figure B-27 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 1L8 
 
 

 
 

Figure B-28 Twist vs. Bottom Flange Displacement, Test Specimen 1L8 
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Figure B-29 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 1L9 
 

 
 

Figure B-30 Twist vs. Bottom Flange Displacement, Test Specimen 1L9 
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Figure B-31 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 1L10 
 

 
 

Figure B-32 Twist vs. Bottom Flange Displacement, Test Specimen 1L10 
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Figure B-33 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 1L1a 
 

 
 

Figure B-34 Twist vs. Bottom Flange Displacement, Test Specimen 1L1a 
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Figure B-35 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 1L2a 
 

 
 

Figure B-36 Twist vs. Bottom Flange Displacement, Test Specimen 1L2a 
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Figure B-37 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 1L2aE 
 

 
 

Figure B-38 Twist vs. Bottom Flange Displacement, Test Specimen 1L2aE 
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Figure B-39 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 1L3a 
 

 
 

Figure B-40 Twist vs. Bottom Flange Displacement, Test Specimen 1L3a 



  177

 
 

Figure B-41 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 1L4a 
 

 
 

Figure B-42 Twist vs. Bottom Flange Displacement, Test Specimen 1L4a 
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Figure B-43 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 1L5a 
 

 
 

Figure B-44 Twist vs. Bottom Flange Displacement, Test Specimen 1L5a 
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Figure B-45 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 1L6a 
 

 
 

Figure B-46 Twist vs. Bottom Flange Displacement, Test Specimen 1L6a 
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Figure B-47 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 1L7a 
 

 
 

Figure B-48 Twist vs. Bottom Flange Displacement, Test Specimen 1L7a 
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Figure B-49 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 1L8a 
 

 
 

Figure B-50 Twist vs. Bottom Flange Displacement, Test Specimen 1L8a 
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Figure B-51 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 1L9a 
 

 
 

Figure B-52 Twist vs. Bottom Flange Displacement, Test Specimen 1L9a 



  183

 
 

Figure B-53 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 1L10a 
 

 
 

Figure B-54 Twist vs. Bottom Flange Displacement, Test Specimen 1L10a 
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Figure B-55 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 1L11a 
 

 
 
 

Figure B-56 Twist vs. Bottom Flange Displacement, Test Specimen 1L11a  
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Figure B-57 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 1L12 
 

 

 
 

Figure B-58 Twist vs. Bottom Flange Displacement, Test Specimen 1L12 
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Figure B-59 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 1L13 
 
 

 
 

Figure B-60 Twist vs. Bottom Flange Displacement, Test Specimen 1L13 
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Figure B-61 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 1L14 
 
 

 
 

Figure B-62 Twist vs. Bottom Flange Displacement, Test Specimen 1L14 
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Figure B-63 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 2L1 
 

 
 

Figure B-64 Twist vs. Bottom Flange Displacement, Test Specimen 2L1 
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Figure B-65 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 2L2 
 

 
 

Figure B-66 Twist vs. Bottom Flange Displacement, Test Specimen 2L2 
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Figure B-67 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 2L3 
  

 
 

Figure B-68 Twist vs. Bottom Flange Displacement, Test Specimen 2L3 
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Figure B-69 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 2L4 
 

 
 

Figure B-70 Twist vs. Bottom Flange Displacement, Test Specimen 2L4 
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Figure B-71 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 2L5 
 

 
 

Figure B-72 Twist vs. Bottom Flange Displacement, Test Specimen 2L5 
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Figure B-73 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 2L6 
 

 
 

Figure B-74 Twist vs. Bottom Flange Displacement, Test Specimen 2L6 
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Figure B-75 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 2L7 
 

 
 

Figure B-76 Twist vs. Bottom Flange Displacement, Test Specimen 2L7 
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Figure B-77 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 2L1a 
 

 
 

Figure B-78 Twist vs. Bottom Flange Displacement, Test Specimen 2L1a 
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Figure B-79 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 2L5a 
 

 
 

Figure B-80 Twist vs. Bottom Flange Displacement, Test Specimen 2L5a 
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Figure B-81 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 2L6a 
 

 
 

Figure B-82 Twist vs. Bottom Flange Displacement, Test Specimen 2L6a 
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Figure B-83 Connection Reaction vs. Bottom Flange Displacement, Test Specimen 2L8a 
 

 
 

Figure B-84 Twist vs. Bottom Flange Displacement, Test Specimen 2L8a 
 


