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Abstract 

The construction and engineering fields have long used simple shear connections 

such as single plates, single angles, and t-sections as supports for framing members in 

steel framed structures due to their relative simplicity and cost effectiveness of 

fabrication and erection. Historically these connections have been thought to support 

vertical shear loads exclusively; however, knowledge of their ability to support axial 

forces and moments has been speculated but seldom verified.  

The purpose of this research is to provide observations and numerical verification 

of the single plate “Shear Tab” connection’s ability to support the combination of shear, 

axial, and moment forces as a result of a simulated column failure. This research presents 

a historical background of the single plate connection’s development along with 

providing insight into the connection’s ability to utilize catenary action as an inherent 

secondary load transfer mechanism.  

Nine full scale tests simulating an interior column failure have been conducted for 

various depths of single plate connections. Shear, axial, and moment forces, as well as 

beam end rotation values have been derived from experimentally measured strain and 

deflection data to provide numerical evidence of the various observed connection rupture 

failures. A preliminary bolt force analysis technique has been developed to provide an 

understanding of the connection’s behavior prior to failure as well as to provide 

comparisons between the observed failure mechanisms and those expected using the 

current steel specification.  

 This research has shown the single plate connection has a low level ability to 

transform from a shear and flexural response to catenary tension. The experimental data 

suggest the shear tab connection alone could not support its intended design level shear 

load in the event of a catastrophic loss of a supporting column.  
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Nomenclature 
 

Symbols 

a =  horizontal distance from the bolt line to the weld line, inch. 
 
ac = distance from column flange to column centerline, inch. 
 
cn =  distance from strain gage ‘n’ to the neutral axis of the supported beam.  
 
d =  nominal bolt diameter, inch. 
 
db = bolt diameter, inch. 
 
dbg = depth of the bolt group, inch.  
 
dmax = maximum distance from the bolt group centroid to the beam flange, inch. 
 
e = natural logarithm equal to 2.71828… 
  
eb = bolt design eccentricity, inch. 
 
ew = eccentricity taken as ‘n’ bolts in inches from the weld line.  
 
ft =  applied normal tension stress, ksi. 
 
fv = applied normal shear stress, ksi. 
 
g =  horizontal distance from the face of support to supported beam end, inch.  
 
h =  hole pattern depth.  
 
ha =  vertical distance from beam support to column support ‘A’, inch. 
 
hb = vertical distance from beam support to column support ‘B’, inch. 
 
ks =  elastic rotational stiffness 
 
n =  number of bolts.  
 
t =  thickness of the connected material, inch. 
 
y =  vertical deflection at failed column, inch.  
 
xb =  horizontal distance from the true pin connection to the bolt line, inch.  
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xf =   horizontal distance from the true pin connection to the supporting column 
flange, inch.  

 
xsg =  horizontal distance from the true pin connection to the strain gage, inch. 
 
A =  cross sectional area, in.2. 
 
Agv =  gross shear area, in.2. 
 
Anv = net shear area, in.2. 
 
Ant = net tension area, in.2. 
 
C =  eccentricity coefficient per the ICOR method analysis.  
 
E =  Modulus of elasticity of steel, 29,000 ksi.  
 
F = applied shear force, kips. 
 
Ft = maximum principal tensile stress based on material capacity, ksi. 
 
Fu = specified minimum tensile strength of the connected material, ksi. 
 
Fv = maximum principal shear stress based on material capacity, ksi.  
 
Hmx,n =  horizontal bolt force component due to measured moment ICOR analysis, kips. 
 
Hmy,n =  vertical bolt force component due to measured moment ICOR analysis, kips. 
 
Ix =  strong axis moment of inertia, in.4. 
 
L = framing bay width, inch.  
 
Lb =  distance between the centerlines of the beam supports, inch. 
 
Lc =  clear edge distance in the direction of force between the edge of the hole and the 

edge of the adjacent hole or the edge of the connected material, inch. 
 
Leh = horizontal distance from the center of bolt to plate edge, inch. 
 
Lev = vertical distance from the center of bolt to plate edge, inch. 
 
Lsg =  horizontal distance from the true pin connection to the strain gages, inch. 
 
Lw =  Whitmore Section length, inch.  
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M =  theoretic moment in the connection, kip-inch. 
 
M* =  intermediate non-dimensional moment value. 
 
Mb =  flexural force at the bolt line, kip-inch. 
 
MM = measured moment, kip-inch. 
 
MM, max = maximum connection moment capacity based on a moment only ICOR 

analysis, kip-inch.  
 
Mref =  reference moment based on a pure moment applied to a connection with all 

bolts loaded to their maximum capacity, kip-inch.  
 
My =  yield moment, kip-inch. 
 
N =  normal force, kips. 
 
P =  applied axial force, kips. 
 
Px =  horizontal axial force component at each bolt, kips. 
 
Py =  vertical axial force component at each bolt, kips. 
 
Ra = horizontal reaction at support ‘A’, kips. 
 
Rb= horizontal reaction at support ‘B’, kips. 
 
φRbst = LRFD block shear rupture capacity in the direction of the applied tensile force, 

kips. 
 
φRbsv = LRFD block shear rupture capacity in the direction of the applied shear force, 

kips.  
 
R =  nominal shear strength of one bolt at deformation ∆, kips. 
 
Rv =  resultant bolt line shear force of applied shear and measured axial force, kips. 
 
Rv, max =  ultimate connection shear capacity base the number of bolts times the ultimate 

experimental bolt shear value, kips.  
 
RT =  Vertical reaction at the true pin connection, kips. 
 
Ru =   resultant shear vector, kips. 
 
Rult = ultimate shear strength of one bolt, kips. 
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Ry =  Vertical reaction at the true pin connection for side ‘x’, kips. 
 
T =  pure catenary tensile force, kips. 
 
Tu =   factored tension force using LRFD load combinations, kips. 
 
Ubs =  factor of 1.0 for uniform tension stress.  
 
Vb max,n = resultant bolt shear force due to the forces at the point of the maximum 

measured moment, kips.  
 
Vu =   factored shear force using LRFD load combinations, kips. 
 
Vmx,n =  horizontal bolt force component due to the eccentric shear ICOR analysis, kips. 
 
Vmy,n =  vertical bolt force component due to the eccentric shear ICOR analysis, kips. 
 
∆ =  theoretical maximum bolt deformation equal to 0.34 inches.  
 
∆n =  vertical deflection measured by DWT at time step ‘n’, inch.  
 
φ =  LRFD safety factor taken as 0.75 for shear and 0.9 for tension.  
 
φ∗ =  free end rotation of the beam divided by φref, radians. 
 
φref =  beam end rotation reference angle, radians.  
 
θg =  maximum beam end rotation associated with connection failure, radians.  
 
θg, max =  maximum beam end rotation prior to beam flange binding, radians.  
 
θn =  beam end rotation at time step ‘n’, radians.  
 
θp =  maximum beam end rotation associated with the connections maximum flexural 

capacity as a result of excess bolt or bearing deformations, radians. 
 
µ

-6 =  experimentally measured microstrain.  
 
σn = stress at strain gage ‘n’, ksi. 
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Abbreviations 

in Inch  

lbs Pounds 

kips 1000 pounds 

ksi Kips per square inch  

psi. Pounds per square inch 

AISC American Institute of Steel Construction 

ASD Allowable Strength Design 

ASTM  American Society of Testing and Material 

BGAF Bolt Group Action Factor 

CSEC Construction Science and Engineering Center 

DWT Draw Wire Transducer 

FEMA Federal Emergency Management Agency 

KSI Kips Per Square Inch 

ICOR Instantaneous Center of Rotation 

LRFD   Load Factor and Resistance Design 

MSOE   Milwaukee School of Engineering 

NIST   National Institute of Standards and Technology 

RCC   Reduced Component Connection 

RCSC   Reduced Coarse Shell Connection 
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Chapter 1 

INTRODUCTION  

1.1 Background 

Current design and construction practices in the steel construction industry utilize 

the concept of simply supported framing to simplify member and connection design. As a 

framing member is subjected to typical loads, such as gravity loads, the ends of the 

framing members rotate as the beam deflects vertically. Allowing the ends of the framing 

members to rotate, the transfer of moment from one framing member to another is 

eliminated resulting in an idealized transfer of shear forces exclusively. Doing so, 

designers are able to simplify design by reducing the type and complexity of connection 

design. Figure 1.1 shows a simplified illustrative comparison of the framing member 

moment distribution under uniform loading for fixed and simple end conditions. 

 

 

 

 

 

  
     

 
 
 
 

Several key advantages exist by eliminating the transfer of moment from 

secondary framing members to primary framing members including reduced engineering, 

fabrication, and erection costs. Standard connections, categorized as simple connections, 

Figure 1.1: Typical Moment Distribution Due to Different Beam End Restraint Conditions [1]. 
 (a) Pinned-Roller Simple End Support; (b) Fixed-Fixed End Support  

(a) (b) 
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have been developed which allow for this simple support assumption at the beam ends. 

The behavior of these connections subjected to gravity load conditions has been well 

documented and researched during the course of steel construction history. The current 

American Institute of Steel Construction (AISC) design manual, Steel Construction 

Manual, 13th Edition, provides specific design requirements that aid designers’ 

understanding of the behavior of simple connections to ensure the characteristic behavior 

of simple end supports is maintained [2].   

 

1.2 Single-Plate Connections 

 One of the least complex forms of simple connections utilized in the steel 

construction industry is the single-plate. This connection requires little fabrication and 

installation time because of the limited number of parts required for fabrication and 

installation. As the name implies, the single-plate connection is made of a single high 

strength steel plate welded to a primary framing member, i.e. column or girder, and 

bolted to the web of the secondary member. The current AISC manual presents two 

different forms of single-plate connections. The most common connection is the 

“Conventional Configuration”, also referred to as a “shear tab” or “finplate” connection 

[2]. Shown in Figure 1.2, the “Conventional Configuration,” referred to as a “shear tab” 

from this point forward, utilizes one row of vertical bolts at the supported member’s web. 

The shear tab is attached to the flange or web of a supporting column or to the web of a 

supporting primary girder. The second form of single-plate connection, the “Extended 

Configuration”, is unlimited in the number vertical bolt rows [2]. The “Extended 

Configuration” will not be further investigated as it is outside the scope of this report.  
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1.3 Scope of Research 

As Figure 1.2 shows, the shear tab connection is a versatile and relatively simple 

connection to design, fabricate, and erect. The behavior of this connection under gravity 

loads has been well documented and researched over the past forty years [3]. Yet, an 

important question was presented by Jim DeStefano of DeStefano Associates in a 

November 2006 STRUCTURE magazine article, entitled “Detailing to Prevent 

Progressive Collapse”, pertaining to the current understanding of the behavior of simple 

shear connections subjected to unexpected forces [4]. Discussing the events of 

progressive collapse occurring at the World Trade Center Towers in New York City, 

New York on September 11, 2001, DeStefano stated, “we as a [engineering] profession 

don’t really know how to design buildings to resist progressive collapse. We can’t even 

Figure 1.2: Typical Shear Tab Configurations [3]. 
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agree on what progressive collapse is or what we should call it.” [4]   The increasing 

threat of planned destruction as a result of terroristic activities requires designers to think 

beyond typical gravity and lateral load cases. DeStefano believes the recent rise in 

terrorism threats has produced a situation in which, “the most likely perceived terrorist 

event is a car bomb removing an exterior column.” [4]   While hopefully rare, Destafano 

raises concern pertaining to the ability of a structure to withstand the loss of a load 

bearing column without initiating progressive collapse resulting in the catastrophic loss 

of human life.  

The most likely solution to this problem is through the phenomenon of catenary 

action allowing the supported structure to bridge over the loss of a load bearing column. 

The intent of this research is to provide background information into the development of 

the shear tab connection and its intended function. The interaction of shear and tension 

forces combined with beam end rotation will be examined to better understand the 

rotational ductility limits of the shear tab connection. Doing so, this research will provide 

a basis of understanding of the shear tab connection’s ability to handle the unexpected 

forces and deflections resulting from the loss of a load bearing column and whether 

catenary action can be achieved as an effective alternative load path. 
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Chapter 2 

LITERATURE REVIEW  

2.1 Overview 

The characteristic behavior of the shear tab connection has been well studied and 

researched with respect to gravity load conditions [3]. Limit states for design due to 

vertical shear loads have been formulated and tested proving the capabilities and 

predictability of the connection. Also, research time has been well spent understanding 

the rotational characteristics occurring during the applications of gravity loads [3]. Yet, 

limited research has been invested into the possibility of unexpected forces transferred 

through the shear tab connection. Namely, understanding the interaction of shear and 

tension combined with the connection’s inherent moment capacity has largely been 

neglected.  

This literature review describes the information currently available pertaining to 

the unit behavior of shear tab connections as well as the behavior of the individual 

connection components. A review of past research describing the shear tab connection’s 

behavior subjected to gravity loading is provided, along with its correlation to the current 

AISC design manual requirements. Furthermore, applicable research pertaining to 

abnormal loading conditions and force interaction is described providing insight into the 

need for the current research.  

 

2.2 Previous Shear Tab Research 

Progressive collapse of steel structures may be able to take advantage of catenary 

action by using ductile girder to column connections which have the ability to handle 
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beam end rotations and resist high axial loads. Some experts recommend avoiding seat 

connections and one sided connections due to their inherent physical limitations [4]. Yet 

for existing structures with one sided connections such as shear tabs this assumption 

holds little value when trying to understand the performance and capability of an existing 

structure. Before an understanding of how catenary action affects the characteristic 

behavior of shear tab connections, an review of past research is required to understand 

the intended behavior of shear tab connections when designed per the current AISC 

design requirements.  

 
2.2.1 The Analysis and Design of Single Plate Framing Connections. 

Research by Richard et al. [5] in 1980 looked to verify the design specifications 

of the time through testing two, three, five, and seven bolt shear tab connections. Richard 

et al. looked to validate 1968 Canadian research by Lipson [6] which concluded the shear 

tab connection’s ductility is derived from bolt deformation, plate and/or beam web hole 

distortion, and out-of-plane bending of the plate and/or beam web. Richard et al. [5] also 

conducted research to determine if sizeable moment capacities could be developed in the 

shear tab connection. The research maintained significant moment capacity could be 

developed at the supported beam ends by varying the bolt number, size, configuration, 

thickness of plate and/or beam web, beam span to depth ratio, and loading. 

 The end moments generated by the shear tab connections were evaluated by 

constructing a comparison between a “beam line” generated on a moment-rotation curve. 

Figure 2.1 provides the typical relationship between moment and rotation where the 

vertical axis represents the beam fixed end moment while the horizontal axis represents 

the simple span beam end rotation. A linear relationship between moment and rotation 
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was defined for the particular beam while the moment-rotation curve was generated using 

analytical and experimental data. The intersection of the two lines represented the 

moment-rotation capacity of the shear tab connection.  

 

 

 

 

 

 

 

 

Richard et al. utilized finite element modeling for two, three, five, and seven bolt 

shear tab connections to develop a theoretical equation to determine moment-rotation 

curves for various connection configurations. The testing variable was limited to the 

eccentricity versus the connection bolt pattern height, where the eccentricity was taken as 

the distance from the weld line to the bolt line. Richard et al. [5] formulated a theoretical 

equation for the shear tab connection moment, M, shown as, 

          
         ,     (1) 
   
 
based on non-dimensional values, 
 

(2) 
 
 , 
 
 
 

Figure 2.1: Shear Tab Idealized Moment-Rotation Interaction Diagram [5].  
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and,         
           

(3) 
 
 
where 
 
 M = moment in the connection, 

Mref = reference moment based on a pure moment being applied to a connection 

with all bolts loaded to their maximum capacity, 

 M* = intermediate non-dimensional moment value, 

 φ * = free end rotation of the beam divided by a reference valuerefφ , 

 n = number of bolts, 

 e = eccentricity of load (horizontal distance from weld line to bolt line), 

 h = bolt pattern depth (center to center distance from the top to bottom bolt). 

 

The finite element results for the shear tab connections indicated key connection 

characteristics. First, the results indicated virtually all connection ductility originates 

from the deformation of the bolts as well as the deformation of the bolt holes in the plate 

and/or beam web. Also, the outer bolts showed two levels of behavior. During initial 

loading, as moments in the connection increased, the forces on the outer bolts were nearly 

horizontal. As loading continued, these forces rotated to near vertical until max bolt 

forces were reached. According to Richard et al., this behavior indicated a shift in the 

connection eccentricity allowing the connection to carry more vertical shear.   

 
 Seven full scale experimental tests were conducted to verify the finite element 

results and the validity of Equation (1). The experimental testing used a load cell to 
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measure the applied load at the end of a cantilevered stub beam and measured the beam 

end rotations using rotation bars at the weld interface of the connection. The connection 

material tested included 1/4 inch ASTM A36 plate with 3/4 inch diameter ASTM A325 

bolts. The experimental testing indicated maximum beam end rotations of 0.06 and 0.045 

radians for the three and five bolt connections, respectively. Figures 2.2 and 2.3 depict 

the theoretical and experimental moment-rotation curves for the three and five bolt 

connections, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2:  Theoretical and Experimental Beam Line Curves for Three Bolt Connections [5]. 
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The analytical analysis and experimental verification performed by Richard et al. 

produced a relationship between an analytical model and experimental results. Richard et 

al. provided an approximate equation to determine the moment and rotation capacities for 

shear tab connections. The results also established the behavior of the bolts as the 

connections are subjected to rotation. However, the results were based on a maximum 

rotation of 0.06 radians and did not include destructive testing. Further research in 1989 

by Astaneh et al. [7] developed formulas and design specifications which were eventually 

adopted by the AISC Steel Construction Manual 3rd Edition [8] and which disagreed with 

Richard et al. findings.   

 

Figure 2.3:  Theoretical and Experimental Beam Line Curves for Five Bolt Connections [5]. 



 

2.2.2 Design of Single Plate Shear Connections
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in the beam during the applied loading. To develop this line, Astaneh et al. assumed the 

yield moment of the beam, My, corresponded to a beam end rotation of 0.02 radians. The 

corresponding shear value when the beam reached My was then taken as 4My/L where L 

is taken as the beam span length. As loading increased, inelastic behavior began as the 

beam reached its plastic moment, Mp. Depicted as segment “bc”, the beam is assumed to 

reach the full plastic moment as the beam end rotation reached 0.03 radians with a 

corresponding shear of 4Mp/L. Finally, segment “cd” represents increased beam capacity 

due to strain hardening where the beam end rotation is assumed to reach 0.1 radians.  

 

 

 

 

 

 

 

 

 

The destructive testing by Astaneh et al. provided key insight into the shear tab 

connection’s behavior during gravity loading. First, the bolts exhibited sudden fracture. 

The researchers discovered that the bolts of the tested connection exhibited inelastic 

deformations prior to fracture as well as significant bearing in the plate and beam web 

holes. Furthermore, the development of Figure 2.5 corresponded with the development of 

three expected phases of the shear tab’s behavior. Initially, the connection is thought to 

Figure 2.5:  Simply Supported Beam End Shear-Rotation Relationship [7]. 
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act as a short cantilever where moment capacity rapidly increases. As load is increased, 

shear yielding in the connection generally controls resulting in component failure of the 

connection. Finally, if fracture has not occurred in the plate or bolt components, large 

deformations cause the shear tab to act as a diagonal member of a truss with shear and 

diagonal tension effects. Provided the bolts and welds of the shear tab connection have 

the capacity and/or ductility to withstand the shear yielding phase, the connection’s 

ability to transfer the combination of shear and tensile forces is important in quantifying 

the ability of the connection to handle unexpected forces due to column collapse. This 

concept is further discussed in Section 2.5.  

 Specifically, Astaneh et al. observed characteristic limits of the connections 

within the three phases of connection behavior. Shear yielding on the gross area of the 

plate was clear to have occurred uniformly throughout the section. As part of this shear 

yielding effect, signs of local buckling occurred on the plate bottom edge as a result of 

stiffness loss. However, this limit was outside the limits of the research and was 

suggested to best be avoided by limiting the distance between the weld and bolt lines to 

one-half the length of the connection plate. Another observation was the change in the 

connection’s rotational ductility based on the number of bolts in the connection. For a 

seven bolt connection the rotational ductility of 0.026 radians was nearly half the 

rotational ductility of the three and five bolt connections of 0.05 radians. The ductility 

was observed to be controlled by the design of the bolts in the connections. Before bolt 

fracture occurred, tolerable shear deformation of the bolt shank as well as the bolt holes 

was evident. Based on previous research by Astaneh and Nadar [9], tolerable bolt hole 

deformations occurred when the connection plate thickness was limited to one-half the 



30 
 

diameter of the bolts plus 1/16 inch for ASTM A325 bolts and ASTM A36 plate 

materials. These tolerable deformations provided the connection with increased rotational 

ductility.   

The results of Astaneh et al.’s testing culminated in the formation of five limits 

states which controlled the capacity of the shear tab connection. Shear failure of the bolts 

was calculated [7] using an eccentrically applied shear load analysis where the 

eccentricity, eb, as shown as          

(4)  

where, 

eb = bolt design eccentricity, 

n = number of bolts in the connection, 

a = distance from the bolt line to the weld line. 

The weld design was required to resist a similar eccentrically applied shear where 

the eccentricity, ew, was taken as the number of bolts, n, in inches away from the weld 

line. The minimum weld thickness was recommended to be equal to 3/4 the thickness of 

the connecting plate to ensure plate yielding occurred prior to weld yielding. Further 

connection limits were based on existing limits specified in the AISC Manual of Steel 

Construction 8th Edition [10] for gross shear yield of the plate, net area fracture of the 

plate, and bearing failure in the plate and beam web.  
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2.3 AISC 13th Edition Design Provisions 

2.3.1  Verification of a New Single Plate Shear Connection Design Model. 

 Research by Baldwin Metzger in 2006 [3] conducted experimental tests to prove 

the adequacy of the AISC Manual of Steel Construction 13th Edition specification [2]. 

The research provided a thorough investigation into the development of the shear tab 

connection and how the AISC 13th Edition adapted prior research. Among the 

investigated research, Baldwin Metzger summarized the findings of Richard et al. [5] and 

Astaneh et al. [7]. Baldwin Metzger also presented research into Astaneh’s role in the 

definition of the shear tab eccentricity as it applied to the AISC 3rd [8] and AISC 13th 

Editions [2]. The research showed eccentricity could be ignored for connections with 

three or more bolts if a twenty percent reduction factor, known as the “bolt group action 

factor” (BGAF), was applied to the bolt capacity. The AISC 13th Edition utilizes this 

reduction in the tabulated value of nominal bolt stress to “account for non-uniform load 

distributions in connections.” [2]  The investigation by Baldwin Metzger concluded that 

bolts toward the ends of shear splice plate connections exhibited higher stress levels than 

those of bolts near the center of the connection for connections up to a length of 50 

inches. Research by Creech [11] indicated the BGAF factor was not applicable to single 

plate shear connections based on the assumption that framing connections such as the 

shear tab do not experience this same occurrence.  

 The experimental phase of Baldwin Metzger’s research tested the compatibility of 

the analytical values of connection capacity prescribed by the AISC 13th Edition [2] with 

those found through experimentation. Four full scale tests were conducted using three, 

four, five, and seven bolt connections all abiding by the geometric parameters specified 
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by the AISC 13th Edition [2]. The test setup utilized a supported beam with two point 

loads supplied at the beams third points by hydraulic rams. One end of the beam used a 

true roller support while the other end of the beam was supported by a shear tab specimen 

to a supporting test column flange. The test measured the applied force using load cells at 

the roller support while measuring the beam end rotation using linear potentiometers.  

 Analytical nominal capacities of Baldwin Metzger’s experiment were based on 

the provisions prescribed in the AISC 13th Edition [2]. These values are based on the use 

of 3/8 inch ASTM A36 plate material, ASTM A992 Grade 50 support steel, and ASTM 

A325 bolts with the threads included in the shear plane. The weld line was based on 5/8 

times the plate thickness rather than 3/4 times the plate thickness as prescribed by 

Astaneh [7]. The applicable limit state capacitates are shown in Table 2.1.  

 

Bolts 

Bolt Shear 
Rupture  

 
(Kips) 

Bolt Shear 
Rupture  

(No BGAF)1 

(Kips) 

Plate 
Shear 

Yielding 
(Kips) 

Plate Shear 
Rupture 

 
(Kips) 

Plate Block 
Shear 

 
(Kips) 

Plate 
Bearing 

 
(Kips) 

Beam 
Bearing 

 
(Kips) 

3 64.0 80 96 86 100 113 137 
4 84.8 106 129 117 131 156 206 
5 106 133 163 148 162 200 257 
7 148 186 231 210 224 288 446 

 

 

The outcome of Baldwin Metzger’s experimental tests resulted in the failure of 

two of the four connections. The three and four bolt connections did not fail before lateral 

torsional buckling of the test beam occurred. After reconfiguration of the testing 

apparatus, failure of the five and seven bolt connections occurred due to bolt shear 

rupture. Table 2.2 provides the experimental ultimate shear load and beam end rotation 

measured for Baldwin Metzger’s four tested connections.  

Table 2.1:  Baldwin Metzger Analytical Nominal Capacities [3]. 

--1 Not a permitted limit state according to procedure in the AISC 13th Edition Manual. 
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Table 2.2:  Baldwin Metzger Experimental Results [3]. 
 

Test 
Columns of 

Bolts 
Bolts 

Maximum 
Connection 

Shear 
(kips) 

Maximum 
Connection 

Rotation 
(radians) 

Connection Failure 
Mode 

1 1 3 81 0.032 --1 
2 1 4 110 0.027 --1 

3 1 5 146 0.03 Bolt Shear 
4 1 7 173 0.018 Bolt Shear 

 

 The results of Baldwin Metzger’s tests corresponded well with 1989 research by 

Astaneh. The maximum connection rotation of approximately 0.03 radians measured by 

Baldwin Metzger is consistent with Astaneh’s assumption of the maximum beam end 

rotation of 0.03 radians during the shear yielding phase. The results also show the 

decreased rotational ductility evident for seven bolts versus the three, four, and five bolt 

connections as was concluded by Astaneh [7]. Comparing Table 2.1 and Table 2.2, the 

conservative nature of the current specification is evident. The bolt shear rupture 

capacities for analytical values with no BGAF more closely match the experimental 

values than do the nominal bolt shear rupture capacities. The research by Baldwin 

Metzger provides a clear logical progression of the history of shear tab research and how 

the current AISC 13th Edition Manual compares to experimental values.  

  

2.3.2 AISC Manual of Steel Construction 13th Edition Specification. 

 The “Conventional Configuration”, or shear tab connection as it has been defined, 

is the focus of this research. The shear tab connection design requires that six geometric 

connection properties are met to utilize the provisions of the AISC 13th Edition 

Specification [2], including:  

--1 Test beam failure occurred prior to connection failure. 
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1) One single vertical column of bolts with at least two but no more than twelve 

rows of bolts 

2) The horizontal distance from the weld line to the bolt line must be less than or 

equal to 3 1/2 inches; 

3) The use of standard or horizontal short slotted holes; 

4) The horizontal edge distance must be greater than or equal to twice the bolt 

diameter, db, for both the plate and beam web; 

5) The vertical edge distance, Lev, must meet AISC Table J3.4; 

6) Either the plate or beam web must be less than or equal to db plus 1/16 inches. 

As previously discussed by Astaneh [7], the shear tab connection’s rotational ductility is 

derived from the ability of the bolt line to undergo tolerable deformations in the 

connecting material. To ensure this, the AISC 13th Edition limits the plate thickness based 

on the diameter of the bolts and by requiring minimum edge distances to prevent the 

possibility of bolt bearing tearouts from occurring during typical beam end rotations.  

 Eccentric effects on the bolt line have been altered in the AISC 13th Edition to 

reflect the research of Creech [11]. Connections with up to nine rows of bolts are not 

required to be designed for eccentric effects due to the AISC 13th Edition’s [2] use of the 

BGAF. Creech showed the twenty percent reduction in allowable bolt shear stress does 

not apply to shear tab connections with fewer than ten rows of bolts [11]. For connections 

with ten through twelve rows of bolts, a 1.25 multiplier is required when calculating the 

eccentricity coefficient, C, as described per the AISC 13th Edition Specification [2]. The 

bolt group eccentricity, eb, is given by 

            eb = (n-4)     (5) 
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where  

  eb = bolt design eccentricity,  

  n = number of bolts in one vertical row. 

Comparing Equation (4) provided by Astaneh [7] and Equation (5) provided in the AISC 

13th Edition, for ten rows of bolts with a three inch distance from the bolt line to the weld 

line, both equations produce a design eccentricity of six inches.  

 Weld design requirements for the AISC 13th Edition utilize a required weld size of 

5/8 times the plate thickness versus the 3/4 times the plate thickness specified by 

Astaneh. The AISC Committee on Manuals and Textbooks determined weld thickness 

should be based on weld fracture rather than weld yielding [12]. As was verified by 

Baldwin Metzger [3], the requirement of 5/8 times the plate thickness provides the shear 

yielding limit state of the plate will control before weld fracture for pure moment, pure 

shear, or the combination of shear and moment.  

 Further limits states for the design of the shear tab connection are highlighted in 

the design example of Appendix A. These design checks include bolt shear, block shear 

rupture, bolt bearing, shear yielding and shear rupture of the plate. The AISC 13th Edition 

does not require a check for plate buckling due to only minor evidence that local buckling 

occurs in select conditions of shear tab connections.  

 

2.4  Interaction of Shear, Tension, and Rotation 

 The shear tab connection’s ability to handle vertical shear loads has been well 

researched and documented. The findings have been useful for maximizing the 

connection’s capabilities due to expected gravity load conditions. However, the 
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introduction of incidental tensile forces and their interaction with gravity load induced 

shear forces has largely been undeveloped by the “Conventional Configuration” 

provisions of the current AISC design specification. The AISC 13th Edition does not 

account for incidental tension or the combination of tension and shear in simple shear 

connections. Analytical and experimental research has been conducted providing some 

insight and approximate design limitations to account for the combination of shear and 

tension forces.  

 

2.4.1  Combined Shear and Tension Stresses. 

 Based on the provisions of the AISC Allowable Stress Design (ASD) Manual of 

Steel Construction 8th Edition [10], evaluating shear and tension stresses individually for 

members where maximum stresses of shear and tension do not occur simultaneously is 

acceptable. According to analytical research by Goel [13], designing connections 

separately for shear and tension stresses leads to grossly un-conservative results. Goel 

provided an analytical comparison of different models of the combination of maximum 

shear and tension stresses. The first comparison Goel made was using maximum 

principal stress criterion. Goel stated, “the maximum principal stress theory can be 

justified in design situations where the failure mode is governed by brittle fracture, such 

as fatigue loading.” [13] Goel related the normal tension and shear stress to the maximum 

principal stress [13] shown as 

           (6) 
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where,  
ft =  applied normal tension stress, 

  fv = applied normal shear stress, 

 Ft = maximum principal tensile stress based on material capacity, 

  Fv = maximum principal shear stress based on material capacity. 

As Figure 2.6 shows, for low levels of tension force, Equation (6) can result in nearly a 

fifty percent overstress. This model indicates the maximum principal stress theory is not 

applicable for limit states controlled by yielding.  

 Goel’s second comparison utilized the combination of the Von Mises’ yield 

criterion and a four-thirds safety factor per the AISC 8th Edition [10] to develop an 

interaction equation [13] which is 

(7)  

The interaction curve for Equation (7) shown on Figure 2.6 indicates a conservative limit 

for the maximum shear stress, fv, of 0.866Fv for the situation where low levels of normal 

tension stress are present. Goel then compared a straight line interaction of shear and 

tension stress [13] shown as  

(8) 

As Figure 2.6 indicates, Equation (8) is largely conservative compared to Equation (7) for 

most ranges. The combination of Equation (7) and Equation (8) led Goel to the develop a 

final interaction equation [13] for combined shear and tension stresses shown as  

          (9) 
  

The interaction curve of Equation (9) depicts an equation which largely follows Von 

Mises’ yield criterion while having similar end limits of 1.0 as in Equation (8).  
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Goel’s empirical equation for the interaction of shear and tension, given by 

Equation (9), provides a simple interaction equation which can be effectively 

incorporated in the design and analysis of shear tab connections while providing an 

equation which corresponds well to the accepted Von Mises yield criterion.  

 

2.4.2  Simple Beam Connections under Shear and Axial Loads. 

 The design of shear tab connections subject to shear and tensile forces requires 

adequacy checks for many limit states. As outlined in Appendix A and B, these limit 

states are required to be checked independently for both shear and tension cases. As Goel 

observed, ignoring the interaction of these applied forces can result in an un-conservative 

connection design [13].  Further complicating these designs are design checks such as 

bolt bearing and block shear rupture. The AISC 13th Edition [2] does not address how to 

design bolt bearing and block shear rupture for combined shear and tension forces. 

Tamboli [14] provides an analytical design approach for these connections.  

Figure 2.6: Shear and Tension Stress Interaction Curve Comparisons [13]. 
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 The design equation for the connection strength due to bolt bearing per the AISC 

13th Edition Specification [2] requires a designer to calculate both bolt bearing and bolt 

tearout capacities for each connection ply using   

  (10) 

where  

  Lc = clear edge distance in the direction of the force between the edge of the 

hole and the edge of the adjacent hole or the edge of the connected 

material in inches, 

  t  = thickness of connected material in inches, 

  d  = nominal bolt diameter in inches, 

  Fu = specified minimum tensile strength of connected material. 

According to Tamboli [14] the correct method for determining the clear edge 

distance is to determine the magnitude and direction of the resultant force vector, Ru, 

based on the applied shear and tension forces. The resultant vector is then applied at the 

resultant angle from the center of each bolt. The clear edge distance can be taken as the 

distance from the center of the bolt to the edge of the material less one-half the diameter 

of the bolt. Figure 2.7 provides an illustration of Tamboli’s recommendation. As a 

conservative method, Tamboli suggests designers use Lc as the lesser distance in the 

direction of the vertical and horizontal components [14]. 
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 Tamboli also discusses the design of block shear rupture in connections subject to 

shear and tension. According to Tamboli, the most efficient and conservative way to 

design for block shear rupture is to treat Ru as the design shear force. Tamboli also 

suggests a more involved analysis utilizing the Von Mises yield criterion. Tamboli 

suggests an elliptical interaction equation [14] in which 

    � ��
�����	
 � � ��

����
	
 � 1    (11) 

 
where  
 
  Vu = factored shear force using LRFD load combinations, 

  Tu = factored tension force using LRFD load combinations, 

  φ bsvR = block shear rupture capacity in direction of shear, 

  φ bstR  = block shear rupture capacity in direction of tension. 

 

Figure 2.7: Clear Edge Distance, Lc, due to Combined Shear and Tension [14]. 
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The block shear rupture capacities are based on the AISC 13th Edition 

Specification [3] shown as  

            (12) 
 
where 
  φ  = LRFD safety factor taken as 0.75, 

  Fu = specified minimum tensile strength of connected material, 

  Agv = gross area subject to shear, 

  Anv = net area subject to shear, 

  Ant = net area subject to tension, 

  Ubs = 1.0 for uniform tension stress. 

 Equation (11), presented by Tamboli, requires Equation (12) to be calculated for 

both the shear and tensile directions. The gross and net areas must be calculated for each 

direction to determine the block shear rupture design strength. Figures 2.8 and 2.9 

provide illustrations of the block shear rupture design components for the shear and 

tension directions, respectively.  
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Figure 2.8: Block Shear Rupture Subject to Shear [14].  
a) Failure due to combined shear yield and tension rupture  
b) Failure due to combined shear rupture and tension rupture.  

(a) (b) 
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 Tamboli’s methods for calculating component capacities for bearing, tearout, and 

block shear rupture due to the combination of shear and tension forces offer the designer 

a practical and simple design equation. In practice, the process of calculating block shear 

as presented in Equation (11) would be inefficient, as it requires more calculation time 

with a less conservative result. However, for experimental purposes, Equation (11) 

provides a useful comparison value when determining possible failure mechanisms which 

occur during destructive testing.    

 

2.4.3 Simple Beam Connections in Combined Shear and Tension. 

 Guravich and Dawe [15] experimentally tested shear tab connections behavior 

when subjected to combined shear and tension forces. The National Building Code of 

Canada requires that structures are designed to provide a level of structural integrity 

which prevents the initiation of progressive collapse. Simple shear connections are 

required to have the ability to transfer vertical shear and incidental tension forces. 

However, the Canadian steel design standard CAN/CSA-S16-01 [16] and the AISC 3rd 

Edition [8] do not specifically provide guidelines for the design of connections subject to 

Figure 2.9: Block Shear Rupture Subject to Tension [14]. 
 a) Failure due to combined shear yield and tension rupture  
b) Failure due to combined shear rupture and tension rupture  

(a) (b) 
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combined shear and tension forces. While specifications do exist for the design of bolts 

and welds subject to combined forces, little guidance exists for the design of other 

connection components.  

 The experiments conducted by Guravich and Dawe tested eleven shear tab 

connections using 3/4 inch ASTM A325 diameter bolts with 3/8 inch ASTM A36 shear 

plates. The testing was conducted on two and three bolt connections using an assembly of 

hydraulic rams which provided stability as well as the applied shear and tensile forces. 

Guravich and Dawe specifically constructed the test so a rotation of 0.03 radians was 

initially imposed on the connection. After this initial rotation, no additional rotation was 

introduced into the connection. The forces were applied using an inverted “T” frame, 

where the shear force was transferred horizontally as close to the connection as possible, 

while the tension force was applied vertically at the end of the test beam. The testing 

specifically looked at the capacity of the connection by eliminating potential test beam 

failure modes through the use of stiffeners and doubler plates on the beam web. Load was 

applied using four different benchmarks including pure shear, fifty percent of the factored 

shear strength, one hundred percent of the factored shear strength, and pure tension.  

 The results of Guravich and Dawe’s testing provided several behavioral 

characteristics. During two pure shear tests, out-of-plane buckling occurred in the 

connecting plate. However, the connections did not meet the AISC specification 

requirement which requires the connection’s overall length to be greater than one-half the 

supported beam’s clear web depth, T, to reduce the likelihood of an out-of-plane buckling 

failure mode. The research also found plastic bolt bearing deformations occurred in the 

direction of the resultant force Ru. These results were typical with the analytical 
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expressions presented by Goel [13] for determining bolt bearing capacity. An average 

ratio of 0.94 was found comparing the applied resultant force to the plate bearing 

capacity indicating the bolt bearing limit state due to combined shear and tension was a 

good predictor of the shear tab connection capacity.  

 The testing conducted by Guravich and Dawe looked into the effects of combined 

shear and tension forces on shear tab connections. The research determined bolt shear and 

plate bearing are proper design capacities which generally control the connection 

capacity. The research also inadvertently proved the importance of the overall connection 

length provisions. However, the research by Guravich and Dawe did not look at the 

combined effects of shear, tension, and moment. The testing configuration specifically 

enacted a static rotation and measured the amount of tension which could be transferred 

after a predetermined shear load was applied. While the applied rotation agrees with 

previous research by Astaneh et al. [7] for typical beam end rotations subject to gravity 

loading scenarios, the introduction of severe beam end rotations produced by a 

supporting member failure was not researched. The testing was also limited by only 

analyzing two and three bolt connections and did not address nor compare the influence 

of full web depth connections.  

 

2.4.4 FEMA-355D: State of the Art Report on Connection Performance. 

 In response to the 1994 Northridge Earthquake in Los Angeles, California, the 

Federal Emergency Management Agency (FEMA) funded a large undertaking under the 

name of the SAC Joint Venture to research steel framed structures subjected to cyclical 

loadings as a result of earthquakes. FEMA-355D was developed to present “the current 
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state of knowledge with regard to cyclic inelastic behavior of beam-column connections 

that have been employed in moment-resisting steel frame structures.” [17] While cyclical 

loading as a result of seismic events is out of the scope of this report, FEMA-355D 

produced valuable research studying the behavior of shear tab connections subjected to 

combinations of shear and rotation resulting in plastic deformation and connection 

failure.  

 The research by the partners of the SAC Joint Venture suggested two distinct 

rotational characteristics exist in the behavior of shear tab connections. First, the 

rotational limit, θp, exists at which the connections moment capacity peaks as a result of 

excess bolt or bearing deformations. Second, the ultimate rotational limit, θg, occurs 

when the connection loses the ability to support the applied vertical shear load. Both 

rotational limits result in plastic deformation; however, the ultimate rotational limit 

provides insight into the ultimate capacity of the shear tab connection. The experimental 

analysis presented in FEMA-355D used the geometrical properties shown in Figure 2.10 

to determine the plastic rotational capacity of shear tab connections.  

 

 

 

 

 

 

 

 

Figure 2.10: FEMA-355D Rotational Limits Controlling Connection Geometry [17]. 
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 Two plastic rotation limits were used to characterize the expected beam end 

rotations. First, the maximum plastic beam end rotation was established to characterize 

the maximum beam end rotation the connection could withstand prior to failure. The 

mean average [17] of the test data yielded 

   �� = �0.15 − 0.0036 ∗ ���� ± (0.015 − 0.0011 ∗ ���)  (13) 

where θg is the beam end rotation in radians, and dbg is the connection depth in inches. 

The second half of Equation (13) represents the experimentally based standard deviation. 

An upper bound maximum geometric beam end rotation limit [17], 

      ��,"#$ = �
%&'( − 0.02,     (14)  

was established to account for binding which may occur when large beam end rotations 

cause the supported beam flange to become pinned against the supporting column flange 

where * is the beam end gap dimension in inches and �"#$ is the distance from the 

center of the bolt group to the extreme supported beam flange.  

 As a result of the plastic rotational limits determined by the experimental research 

of FEMA-355D, an elastic rotational stiffness equation was derived which described the 

initial rotational stiffness having a direct correlation to the depth of the connections. The 

elastic rotational stiffness, ks, increased linearly with respect to connection depth, 

yielding 

     ,- = 28000 ∗ (��� − 5.6)    (15) 

where ks is in units of kip-in/radian. Equation (15) represents approximately fifty to 

seventy-five percent of the maximum achieved rotational resistance measured during 

testing. However, the rotational stiffness observed during the experimental testing was as 

low as ten percent of the supported beam stiffness. The research presented by FEMA-
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355D suggested the low rotational stiffness of shear tab connections requires modeling of 

the connection to be considered a rotational spring element. Yet, as the connection 

stiffness is supplemental to the overall connection requirements, the elastic stiffness of 

the connection presented in Equation (15) provides a beneficial stiffness to the overall 

structure. Equation (15) provides an accurate description of the early stages of the shear 

tab connections’ behavior when subjected to the combination of shear and rotation.   

 The research specifically stated the use of Equation (13) was only valid provided 

the horizontal edge distances of the single plate and supported beam web were such that 

the bolt group was allowed to reach its ultimate plastic moment capacity. Shown in 

Figure 2.11, the connections plastic moment capacity was estimated to be equal to the 

shear strength of the bolt group analyzed with the threads excluded from the shear plane 

and without the use of safety factors. Based on the experimental results obtained by the 

research of FEMA-355D using 7/8 inch diameter ASTM A325 bolts and 3/8 inch ASTM 

A36 plate material, the estimated plastic moment capacity was within ten percent of the 

measured moment capacity.  

 

 

 

 

 

 

 

 

Figure 2.11: FEMA-355D Estimated Connection Plastic Moment Capacity [17]. 
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 While the development of Equation (13) may well represent the findings of the 

specific analysis conducted by the researchers of the SAC Joint Venture Group, the 

equation may not represent a true guideline for the expected rotational limits for shear tab 

connections. Restricting the connection rotational failure to a bolt shear failure rather 

than bolt bearing or bolt tearout failure for either the single plate or beam web indicates 

sufficient thicknesses and edge distances are required to develop the full shear capacity of 

the bolt group. Current design practices do not necessarily account for this occurrence. 

The shear tab design protocol per the AISC 13th Edition Specification [2] provides the 

minimum edge distance requirements based on the diameter of the fasteners used. The 

edge distance does not limit the connections limiting failure state to bolt shear failure as 

several other limit states including bolt bearing and bolt tearout of the connecting plate 

and supported beam web may control.  

 

2.5  Catenary Action 

  When damage occurs within a structure, the design intent is to prevent the 

initiation of progressive collapse and catastrophic structure loss. In the event of a 

structural failure of an occupied structure, the design must allow patrons adequate time to 

exit the structure to prevent the likelihood of fatalities. An example of such an occurrence 

is the loss of a column. Members framing to this column are subject to loads which were 

not accounted for in the original connection design. The ability of the connection to 

bridge over the lost column is believed to be largely controlled by catenary action and the 

connecting elements’ ability to transfer the resulting tensile forces. 
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2.5.1 Behavior of Bolted Beam-Column Connections under Catenary Action in 

Damaged Steel Structures. 

 Girhammar [18] tested the phenomenon of catenary action experimentally using 

bolted end plates and bolted heel connections. Girhammar looked into the statics of 

catenary action, investigated the capacities of the tested connections, and presented a 

design theory and systematic design procedure for each of the connections. The 

functionality of the bolted heel plate is a Swiss version of what is commonly known as an 

un-stiffened seat connection, where a supported beam rests on a plate which is bolted to 

the supporting member. The bolted end plate tested was a semi-rigid connection with a 

designed moment capacity. Girhammar’s research into the type of connections is valid 

for this report in terms of the test setup and the statics for a simply supported member 

subject to catenary forces. The physical results and conclusions pertaining to the specific 

connections will not be discussed in length as they generally do not apply to the shear tab 

connection and the scope of this research.  

The test setup utilized by Girhammar’s research is an important aspect in 

understanding the behavior of catenary action and a connections ability to bridge over a 

damaged column. Girhammar’s test setup shown in Figure 2.12 utilized two equally 

spaced bays with simply supported connections at both exterior columns as well as at 

each side of the interior column. Because of the destructive nature of the testing, the test 

arrangement was laid parallel to the ground to prevent the collapse of the structure upon 

failure. The exterior columns were idealized to have fully restrained connections 

preventing both axial and rotational movements. The interior column simulated the 

destroyed column and served as the point of load application, F, for the testing. 
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 The bay length, L, used in the Girhammar experiment was approximately sixteen 

feet in length. Because of this, large deflections at the interior column were generated 

which exceeded the stroke of the hydraulic ram. This inherent test deficiency required the 

ram assembly to be adjusted multiple times during testing. Testing measurements 

included deflection of the interior column, strain gage readings of the beam flanges near 

the connections to determine moment distribution in the beam, strain gage readings of the 

bolts to determine the normal load on the bolts, and applied force from the hydraulic ram.  

 Girhammar provided a breakdown of the static force distribution of the system in 

Figure 2.13 assuming a symmetric test system about the applied load. 

  

 

 

 

 

 

 

 

Figure 2.12: Test Arrangement for Simple Supports Subject to Catenary Action [18]. 

Figure 2.13: Static Free Body Diagram for Beam and Supporting Column [18]. 
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 A static equilibrium equation was derived [18] for one-half of the tested system to 

provide the normal force, N, caused by the applied force, F, shown as 

            (16) 

 

Assuming a true catenary state where no moment is present, Equation (16) can be 

simplified to 

    .      (17) 

In pure catenary the shear force, T, can be taken as,  

    .      (18) 

Summing the horizontal forces to zero, the supporting column reaction at support A is 

equal to 

          .    (19)  

Similarly, the supporting column reaction at B is equal to  

         .    (20) 

 
Assuming during catenary action the moment capacity within the beam to column 

connection has been released and hA is equal to hB, the reactions at A and B can be 

simplified to  

     .     (21) 
  
 Girhammar’s simple statics model can be used to predict the normal forces 

present when catenary action occurs as a result of an applied vertical load. This process 

can also be used to ensure load measurement devices provide accurate data during elastic 

stages of load application by maintaining equilibrium in the test system where the sum-

of-forces is equal to zero. Furthermore, the pure catenary response can be used to 
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determine the maximum tensile force occurring at the connections. Doing so, maximum 

forces can be developed for the initial design of the tested connections and for the 

verification of testing apparatuses. Girhammar’s model and test methodology will be 

used as the experimental test model for the research conducted for this report . 

 

2.5.2 Robustness of Composite Floor Systems with Shear Connections: Modeling, 

Simulation, and Evaluation. 

 As part of the National Institute of Standards and Technology’s (NIST) study of 

events leading to progressive collapse, Sadek et al. [19] conducted analytical research 

similar to the experimental research of Girhammar [18] studying the characteristic 

behavior of shear tab beam to column connections when subjected to a simulated column 

collapse. Sadek et al. studied two specific scenarios using a multitude of modeling 

techniques. First, an understanding of the connection’s behavior and failure modes was 

studied by isolating the modeling to a planar frame model comprised of a supported 

beam, supporting column, and a single plate connection. The information obtained from 

this isolated model was then used to develop a three dimensional multi-bay framing 

system incorporating the contributions of steel deck and a wire mesh reinforced concrete 

slab component to determine analytical values of the robustness of the total floor system 

when subjected to a simulated slow rate column failure.   

 The analytical modeling was based on a prototype steel framed building designed 

by NIST comprised of twenty by thirty foot bays using W16X26 ASTM A992 beams and 

W14X74 ASTM A992 columns connected by the shear tab connection shown in Figure 
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2.14. All models were analyzed using a twenty foot span with one connection modeled as 

a true pin connection opposite of the research specimen. 

 

 

 

 

 

 

 

 

 

 

 Due to the lack of experimental data available to describe the shear tab 

connection’s response to column failure, three finite element models of various degrees 

of complexity were used to describe the isolated connection’s behavior allowing the 

researchers the ability to narrow down the size of model required for the overall system 

model. The finite element modeling techniques incorporated high fidelity, reduced 

component, and reduced coarse shell connection models. The more complex high fidelity 

model shown in Figure 2.15(a) incorporated contact surfaces between the beam web, 

bolts, and shear plate. This model provided the baseline data used to develop the less 

complex modeling scenarios. The high fidelity model showed the connections flexural 

stiffness controlled the early stages of load transfer through a force couple created by bolt 

bearing about the neutral axis of the bolt group. As the column reached approximately 

Figure 2.14: NIST Theoretical Test Assembly for Shear Tab Connections [19]. 
-- Reproduced image, converted to Imperial units  
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1/2 inch of vertical deflection or 0.002 radians of beam end rotation, the connection 

moved towards cable-like or catenary behavior. This transition point was one-tenth of the 

elastic rotational limit described by Astaneh [7] for the elastic rotational range of shear 

tab connections for shear only tests. Failure occurred due to large catenary forces at 

approximately twenty-one inches of vertical deflection or 0.088 radians of beam end 

rotation as a result of bolt bearing tearout of the supported W16 beam web. Substantial 

plastic deformation was also exhibited in the single plate bolt holes as well as the 

connecting bolts while the overall supported W16 beam remained in the elastic state. 

 

      

 

 

 

 

 

 

  Based on the results of the high fidelity connection model, a reduced component 

connection (RCC) model was created simulating the connection strength using non-linear 

springs and rigid supports. Shown in Figure 2.15(b), three non-linear springs simulated 

the behavior of the contact surfaces of the high fidelity model. The initial elastic stiffness 

of the springs was based on the research of the SAC Joint Venture Group [17] with a 

yield and rupture point established using the AISC 13th Edition Specification [2] limit 

states for axially loaded connecting elements. The spring’s inelastic deformation limit, 

��, was established using the plastic rotation limits of Equation (13). An additional 0.02 

Figure 2.15: Illustration of Different Complexities of Finite Element Models [19]. 
(a) High fidelity connection model; (b) Reduced component connection model;  
(c) Reduced coarse shell connection model.  

(a) (b) (c) 
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radians was added to the plastic rotational limits to account for elastic deformation. The 

combination of the two values resulted in a total rotational deformation limit of 

        �� = �0.17 − 0.0036 ∗ ����.    (22) 

 The approximate total rotational deformation for each spring element was estimated 

at 0.14 radians. This approximation is interesting due to the fact that the calculated 

controlling ultimate capacity of the connection was determined to be a bearing tearout 

failure of the beam web.  

 The final finite element model utilized the aspects of the previous models to produce 

the most simplistic of the three models. The reduced coarse shell connection (RCSC) 

model shown if Figure 2.15(c) utilized a connecting element with a width equal to the 

supported beam web and a thickness equal to the horizontal edge distance shown in 

Figure 2.14. The elastic-inelastic characteristics were represented by a spring element 

based on the behavior of the spring elements utilized in the RCC model. The model 

required less detail yet maintained the same strength and rotational ductility 

characteristics exhibited by the more intensive modeling methods.  

 The data accumulated from the three finite element models were used to model 

various three-dimensional framing systems subjected to a simulated column failure. The 

research analyzed three states of a steel framed structure including framing only, framing 

plus a secured metal deck, and finally, a detailed model including a composite concrete 

slab. The framing only scenario is pertinent as the remaining scenarios are beyond the 

scope of this research. Figure 2.16 provides the response of the simulated column failure 

for the framing only (columns restrained) scenario with a peak displacement of 
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approximately twenty-four inches which results in a beam end rotation of approximately 

0.98 radians.  

 

 

 

 

 

 

 

 

 

 The three finite element modeling methods simulated a column failure which 

caused the connections to exceed their flexural capacity. The connection progressed to 

cable-like catenary action due to large rotational deformations as a result of vertical 

deflections which caused the bolts to plow through the connecting material of the 

supported beam web. The actual peak beam end rotation of 0.088 radians was 

significantly less than estimated beam end rotation of 0.14 radians determined using 

Equation (22). Sadek et al. attributed this difference due to the inherent variation in load 

transfer mechanisms of flexure and catenary action. The research described in FEMA-

355D [17] reported a flexural failure mechanism as a result of the connection’s plastic 

rotational capacity being exceeded by an internal force couple about the centroid of the 

bolt group. The connection ductility was based on depth of the connection and the 

distance from the outermost bolt to the bolt group centroid. The analytical models created 

Figure 2.16: Analytical Floor Model Analysis Comparisons [19]. 
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by Sadek et al. [19] determined though flexure limits initially control, the column failure 

created a tensile failure mechanism where the ductility was based on the connections 

ability to stretch. The research by Sadek et al. concluded for the particular tested scenario 

bolt bearing tearout of the beam web was the controlling limit state. The beam web 

tearout failure contradicts the criterion established for Equation (13) by FEMA-355D 

[17]. The research stated Equation (13) and therefore Equation (22) were only valid 

provided the edge distances and element thicknesses were such that bolt shear rupture 

was the controlling limit state [17]. This discrepancy will be further investigated by this 

research to determine which method most accurately depicts the ultimate plastic beam 

end rotation limit when subjected to catenary forces introduced by column failure.  

  

2.6 Structural High Strength Bolt Behavior 

2.6.1 Guide to Design Criteria for Bolted and Riveted Joints. 

  Previous research has shown the bolt shear rupture capacity for shear tab 

connections is the pivotal link for determining the connections’ capabilities to transfer 

various forces. Kulak et al. [20] conducted direct shear tests which established the base 

line data for the shear strength of high strength structural steel fasteners adopted by the 

AISC 13th Edition Specification [2]. The testing utilized two separate jigs to determine a 

mean ultimate shear stress as a percentage of the ultimate tensile strength for ASTM 

A325 high strength bolts. Shown in Figure 2.17, a compression and tension shear jig 

made of like materials applied load, P, to high strength bolts in double shear. The 

compressive jig produced higher ultimate shear stress capacities than the tension jig 

because the tension jig’s lap plates pried away from the main connection plate. This 
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prying action caused additional flexural stresses to develop in the bolts which the 

compressive jig tests did not observe. 

 

 

 

 

 

 

 

 

 

 

 

 Kulak et al. determined the ASTM A325 high strength bolts subjected to shear 

through the tension jig reached an average ultimate shear stress of 80.1 kips-per-square-

inch (ksi) equal to sixty-two percent of the ultimate tensile capacity. The compressive 

tests reached and average ultimate shear stress of 86.5 ksi equaling sixty-eight percent of 

the ultimate tensile capacity. Kulak et al.’s research also suggested the lower bound 

experimental values obtained by the tension type jig be used in practice to prevent un-

conservative designs. The research conducted by Kulak et al. can be used to establish 

ultimate bolt shear forces which can be expected during experimentation. 

 

 

Figure 2.17: Ultimate Shear Stress versus Deformation for ASTM A325 Bolts 
Tested in Compression and Tension Jigs [20]. 
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Chapter 3 

Experimental Testing 

3.1 Experimental Overview 
 
 The purpose of the experimentation was to capture the shear tab’s characteristic 

behavior when subjected to unexpected forces caused by the failure of a supporting 

column. A total of nine full scale tests were conducted at the Milwaukee School of 

Engineering (MSOE) Construction Science and Engineering Center (CSEC) laboratory 

on three, four, and five bolt shear tab connections designed per the “Conventional 

Configuration” procedure described per the 2005 AISC Specification 13th Edition [2].  

 The connection properties were chosen to simulate common connection 

configurations typically found in steel framed structures. Furthermore, the current 

experimental testing was conducted in conjunction with similar testing of WT simple 

shear connection specimens by Friedman [22] as well as single angle simple shear 

connection specimens by Johnson [23]. Connection geometries were selected which were 

within the allowable provisions of the current connection design specifications while 

allowing the use of a single test apparatus setup for all testing.    

 Figure 3.1 shows the typical test system configuration. The testing simulated a 

planar two bay framing system of equal lengths consisting of two exterior columns, one 

interior column, and two supported beams. The exterior beam connections were 

connected with fabricated true pin connections at the exterior column flanges. The 

interior beam connections were connected with similar shear tab test specimens at each 

flange of the interior column. The test system did not include steel deck or concrete slab 

connections as the goal of the research was to isolate the shear tab’s response to extreme 



 

loading conditions. A hydraulic cylinder connected to the interio

load and displacements 

description of the test apparatus and test specimens is provided in Section 3.3.

   

  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 The goal of the simulated column failure was

tab connections not accounted for in the “Conventional Configuration” design as well as 

to generate beam end rotations exceeding current design standards of 0.03 radians 

assumed for simply supported framing. Research 

data depicting the shear tab’s characteristic behavior when subjected to a combination of 

shear, tension, and moment as a result of a simulated column failure. Furthermore, the 

robustness of the shear tab connection and 

state is investigated. 

Figure 3.1: Typical Test System Configuration Prior to Testing.

A hydraulic cylinder connected to the interior stub column simulated 

load and displacements occurring as if the column had been compromised. 

description of the test apparatus and test specimens is provided in Section 3.3.

The goal of the simulated column failure was to induce tensile forces in the shear 

tab connections not accounted for in the “Conventional Configuration” design as well as 

to generate beam end rotations exceeding current design standards of 0.03 radians 

assumed for simply supported framing. Research is presented providing experimental 

data depicting the shear tab’s characteristic behavior when subjected to a combination of 

shear, tension, and moment as a result of a simulated column failure. Furthermore, the 

robustness of the shear tab connection and the connection’s ability to reach a catenary 

Figure 3.1: Typical Test System Configuration Prior to Testing.
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r stub column simulated 

as if the column had been compromised. A complete 

description of the test apparatus and test specimens is provided in Section 3.3. 

to induce tensile forces in the shear 

tab connections not accounted for in the “Conventional Configuration” design as well as 

to generate beam end rotations exceeding current design standards of 0.03 radians 

is presented providing experimental 

data depicting the shear tab’s characteristic behavior when subjected to a combination of 

shear, tension, and moment as a result of a simulated column failure. Furthermore, the 

the connection’s ability to reach a catenary 

Figure 3.1: Typical Test System Configuration Prior to Testing. 
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3.2 Test Specimens 

3.2.1 Test Specimen Geometry 

 A total of eighteen connection specimens were designed per the provisions of the 

2005 AISC 13th Edition Specification using connection length as the sole varying 

parameter in the specimens’ geometry. Three lots of six connections consisting of three, 

four, and five bolt connections were chosen to provide a full range of connection depths 

which fit within the available web depth of the test beams.  

 The connections were designed with the maximum allowed bolt offset dimension 

of 3 1/2 inches to reduce the possibility of the test beams’ top flange from binding against 

the test column as the specimens were expected to be subjected to large beam end 

rotations. The connection plate material was limited to 3/8 inch ASTM A36 material 

along with 3/4 inch diameter A325 bolts with the threads excluded from the shear plane 

to keep within the load capabilities of the MSOE CSEC test frame. In accordance with 

Table J3.4 of the 2005 AISC 13th Edition Specification [2], a vertical and horizontal edge 

distance of two times the bolt diameter equal to 1 1/2 inches was selected. A three inch 

center to center bolt spacing as well as three inch punch-down dimension from the beam 

top flange to the center of the first bolt hole was selected in keeping within current 

industry standard practices. Figures 3.2 through 3.4 depict the connection geometry and 

naming convention used for the three, four, and five bolt tests, respectively.  
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Figure 3.2: Typical Three Bolt Shear Tab Connection Geometry. 

Figure 3.3: Typical Four Bolt Shear Tab Connection Geometry. 
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3.2.2 Connection Design Capacities 

 Two controlling limit states were determined for two load scenarios. First, the 

governing limit state was calculated for the connection’s capacities per the AISC 13th 

Edition Specification [2] “Conventional Configuration” guidelines without the use of the 

specified safety factors for a vertical shear only load case. A complete example of the 

required connection limit states due to shear only is provided in Appendix A.  

 The second limit state was calculated for the connection’s capacity as a “Hanger” 

or tension only connection per the design equations of Chapter J of the AISC 13th Edition 

Specification [2] without the use of the specified safety factors. A complete example of 

the required limit states for the tension only scenario is provided in Appendix B. 

Summaries of the connection capacities for the three, four, and five bolt connections are 

provided in Tables 3.1 and 3.2. 

Figure 3.4: Typical Five Bolt Shear Tab Connection Geometry. 
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  Based on the analytical research by Sadek et al. [19] the connection failures were 

expected to result from a combination of bolt shear and bolt bearing rupture failures due 

to large beam end rotations and the introduction of large catenary forces as the interior 

column deflected vertically.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.1: “Conventional Configuration” Single Plate Un-Factored Shear Capacities per 
AISC 13th Edition Limit States [2]. 

Table 3.2: Single Plate Un-Factored Tensile Capacities per AISC 13th Edition Limit States [2]. 



65 
 

3.3 Experimental Setup 

3.3.1 Test Assembly Overview 

 An overview of the experimental test setup is shown in Figure 3.5. Refer to 

Appendix C for design calculations of the test apparatus sub-assemblies. All sub-

assemblies excluding the interior columns were designed to withstand all testing 

conducted for this research as well as the research of Friedman [22] and Johnson [23].  

 

 

 

 

 

 

 

 

 

 

 

3.3.2 Test Beam 

 The interior test specimens were connected by two symmetrical ASTM A992 

W18X35 sections. The section size was selected because the interior web depth provided 

adequate clearance for five bolt connections while maintaining the one-half depth 

requirement required per the AISC 13th Edition Specification [2] for the three bolt 

connections. To ensure bolt bearing deformations were minimized at the test specimen 

Figure 3.5: Test Assembly Overview. 
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bolt hole locations, a 3/8 inch ASTM A36 web doubling plate was welded to the far side 

of the beam web with an all-around 1/4 inch E70XX fillet welds. The exterior beam ends 

were fabricated with one 1-5/16 inch diameter hole with one 3/8 inch thick ASTM A36 

web doubling plate welded with a 5/16 inch E70XX three sided fillet weld on each side 

of the beam web to accommodate the true pin connection. The bottom beam flange was 

chamfered to prevent the possibility of the flange binding against the MSOE CSEC test 

frame during testing. Figure 3.6 shows the typical test beam configuration.  

 

 

 

 

 

 

 

3.3.3 True Pin Connection 

 True pin connections were designed for the test beam connections to the MSOE 

CSEC test frame to limit the load transfer at the beam end to a unidirectional tensile force 

in line with the test beam strong axis. Doing so, the pin location was treated as a point of 

zero moment when developing the moment envelope for the tested connection. The pin 

connections consisted of a welded plate assembly connected to the test beam with a 1-1/4 

inch diameter ASTM A490 bolt with the threads excluded. The assembly was bolted to 

the MSOE test frame with six 3/4 inch ASTM A325 bolts with the threads included. 

Figures 3.7 and 3.8 show the typical true pin connection assembly 

Figure 3.6: Typical Test Beam Configuration. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.4 Hydraulic Cylinder Frame

 A hydraulic cylinder was utilized to 

which simulated a controlled 

rod assembly connected to the interior column web. To provide the resistance which 

allowed the hydraulic cylinder to retract, a frame assembly was designed 

plates and threaded rods. The fra

cells which were used to measure the load applied to the system. Shown in Figure

Figure 3.7: Exterior Beam End True Pin Connections.

Hydraulic Cylinder Frame 

A hydraulic cylinder was utilized to impart vertical loads and displacements 

d a controlled collapse of the interior column by retracting 

connected to the interior column web. To provide the resistance which 

allowed the hydraulic cylinder to retract, a frame assembly was designed 

plates and threaded rods. The frame assembly also provided the housing for 

were used to measure the load applied to the system. Shown in Figure

Figure 3.7: Exterior Beam End True Pin Connections.

Figure 3.8: Erected True Pin Connection. 
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impart vertical loads and displacements 

of the interior column by retracting the threaded 

connected to the interior column web. To provide the resistance which 

allowed the hydraulic cylinder to retract, a frame assembly was designed utilizing welded 

me assembly also provided the housing for two load 

were used to measure the load applied to the system. Shown in Figure 3.9, the 

Figure 3.7: Exterior Beam End True Pin Connections. 
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frame assembly was composed of a one inch ASTM A36 end plate reinforced with a pair 

of one inch ASTM A36 stiffener plates. The end plate was fabricated with a four inch 

diameter hole centered on the plate to allow the hydraulic cylinder to extend through the 

plate assembly. The hydraulic cylinder’s outside collar was used as the end plate bearing 

surface.  

 

 

 

 

 

 

 

 

 

 

 

 

 The end plate assembly was required to be rigid enough to transfer the bearing 

force from the hydraulic cylinder to two 1 1/2 inch diameter ASTM A36 threaded rods. 

The threaded rods projected through a load cell and the end plate assembly. A threaded 

nut was used on each side of the load cell and end plate assembly providing a clamped 

support for the assembly. The threaded rods were extended down and attached to the 

MSOE CSEC test frame. The threaded rods passed through a two inch ASTM A36 end 

Figure 3.9: Hydraulic Cylinder Frame Assembly Overview. 
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plate where threaded nuts on each side of the end plated clamped the threaded rod in 

place. The end plates were then attached to the MSOE CSEC test frame with four 3/4 

inch diameter ASTM A36 threaded rods. Two lateral supports were attached from the 

welded end plate assembly to the MSOE CSEC test frame to prevent lateral movements 

from occurring during the testing. Figure 3.10 shows the erected assembly of the 

hydraulic cylinder frame.  

 

 

3.3.5 Threaded Rod Connection 

 The hydraulic cylinder plunger was connected to the interior column by the use of 

a 1 3/4 inch diameter ASTM A193 Gr. B7 rod threaded into the hydraulic cylinder and 

clamped with two threaded nuts to a welded plate assembly. The welded assembly 

consisted of a one inch ASTM A36 end plate with two 1/2 inch ASTM A36 shear plates 

welded to the end plate face. Four 1/2 inch ASTM A36 stiffener plates were added to the 

welded joint to ensure the connection was rigid enough to withstand the hydraulic 

cylinder retraction. The welded assembly was connected to the interior column specimens 

Figure 3.10: Hydraulic Cylinder Erected Condition. 



 

with three 3/4 inch diameter ASTM A325 bolts with the threads excluded. Figure 3.1

and Figure 3.12 depict

 

 

 

 

 

 

 

 

 

3.4 Experimental 

 The experimental data acquisition 

measuring the applied load, vertical deflection, and resulting strain in the test beams. 

Shown in Figure 3.9, t

Model RR-10018 hydraulic cylinder capable of pro

Figure 3.11: Threaded Rod Connection Overview.

Figure 3.12: Threaded Rod Connection Erected Condition.

with three 3/4 inch diameter ASTM A325 bolts with the threads excluded. Figure 3.1

depict the threaded rod connection assembly.  

 Instrumentation 

The experimental data acquisition consisted of three primary components 

applied load, vertical deflection, and resulting strain in the test beams. 

, the applied vertical shear load was provided by a

hydraulic cylinder capable of producing approximately 

Figure 3.11: Threaded Rod Connection Overview. 

Figure 3.12: Threaded Rod Connection Erected Condition.
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with three 3/4 inch diameter ASTM A325 bolts with the threads excluded. Figure 3.11 

 

consisted of three primary components 

applied load, vertical deflection, and resulting strain in the test beams. 

he applied vertical shear load was provided by an ENERPAC®
 

ducing approximately eighteen inches 

Figure 3.12: Threaded Rod Connection Erected Condition. 



 

of vertical stroke with a 

ton capacity hydraulic pump

41-A530-01-03 loads cells each capable of measur

increments of fifty pounds of force.  

30DS-L5M draw wire transducers (DWT) connected to a cold formed steel track were 

attached to the interior column flanges

 

 

 

 

 

 

 

Strain data were collected from 

placed four feet from the center of the test apparatus. Shown in Figure 3.1

gauge was centered on each flange wi

beam section’s quarter points. 

 

 

 

 

 

 

Figure 3.13: Draw Wire Transducer Placement.

Figure 3.14: Typical Strain Gage Placement

of vertical stroke with a 100 ton retraction capacity powered by a manually operated 

aulic pump. The applied force was measured by two

ads cells each capable of measuring 50 tons with accurate measurement

increments of fifty pounds of force.  Shown in Figure 3.13, two Unimeasure® Model PA

draw wire transducers (DWT) connected to a cold formed steel track were 

attached to the interior column flanges providing the vertical deflection measurements.

collected from eight 120 ohm, series EA-XX-125BT

placed four feet from the center of the test apparatus. Shown in Figure 3.1

gauge was centered on each flange with the remaining two strain gages placed at 

quarter points.  

Figure 3.13: Draw Wire Transducer Placement. 

Figure 3.14: Typical Strain Gage Placement on Test Beam.
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powered by a manually operated 64 

. The applied force was measured by two Sensotec® Model 

with accurate measurement 

Unimeasure® Model PA-

draw wire transducers (DWT) connected to a cold formed steel track were 

e vertical deflection measurements. 

125BT-120, strain gauges 

placed four feet from the center of the test apparatus. Shown in Figure 3.14, one strain 

th the remaining two strain gages placed at the 

on Test Beam. 
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Data readings from the load cells, DWT’s, and strain gauges were transmitted to a 

National Instruments “DAQPad” Model 6020E, twelve bit data acquisition system. 

Readings were collected by a Compaq Armada Model E500 laptop computer with 

National Instruments “LabView” software for interface with the data acquisition system.  

 

3.5 Experimental Safety 

 Due to the destructive nature of the experimental testing, safety of the researchers 

and MSOE CSEC laboratory equipment was of primary importance. A lexan containment 

cage was fabricated to contain bolt and plate fragments which sheared off during testing. 

To prevent the test beams and interior column specimens from crashing or propelling out 

of plane, three steel cable hand ratchets, or “comealongs,” were attached from the MSOE 

test frame to each individual component. The cables were slacked to allow the full stroke 

of the hydraulic cylinder without interfering with the test process but provided a restraint 

in the event of a complete connection failure. The comealongs also aided in holding the 

positions of the test beams as the interior column specimens were switched between tests. 

 

3.6 Experimental Procedure 

 Upon the arrival of the fabricated steel specimens from Germantown Iron and 

Steel based in Jackson, Wisconsin, the hydraulic cylinder, true pin connections, and 

cylinder frame were installed and secured to the MSOE CSEC test frame. The test beams 

were lifted into the test frame and attached to the true pin connections with a 1-1/4 inch 

ASTM A490 bolt. The bolt was only snug tightened to allow the beam end to freely 
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rotate. An additional nut was added to prevent the connection from loosening during the 

testing. The test beams were held in place with a comealong at each beam end. 

 Next, the experimental instrumentation was verified for accuracy. The load cells 

were independently verified for accuracy using an external MSOE CSEC laboratory 

small scale test frame. The two load cells were found accurate within 100 pounds of force 

or 0.1 percent error of the rated capacity. The load cells were then place in the hydraulic 

cylinder frame and secured with a plate washer and hand tightened threaded nut as shown 

in Figure 3.9. The DWT’s were verified within 0.01 inches before being installed and 

secured in the fabricated cold-formed steel track. Finally, the strain gauges were verified 

to have 120 ohms of resistance before being wired to the data acquisition equipment.  

 With the instrumentation accuracy verified, the threaded rod connection was 

bolted to the interior column specimens. The interior column with the fabricated 

connection test specimens was then lifted into place with the MSOE CSEC laboratory 

overhead crane. The specimens were connected with snug tight bolts with one washer on 

the nut side. A comealong was attached to the interior column and the test system was 

leveled. The DWT’s were then attached to the column flanges, a plaster white wash was 

applied to the near side connection face, and the lexan safety cage was secured. The 

hydraulic cylinder and threaded rod were extended and attached with two threaded nuts 

to the threaded rod connection. As is discussed in Chapter 4, the plaster white wash 

provided a real-time visual aid into the understanding of the load path(s), stress patterns, 

and material yielding which occurred during testing.  

  Upon verification that all test instrumentation was correctly attached, safety 

devices installed, and the plaster white wash had sufficiently dried, the testing was 
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conducted. The data acquisition system was set up to provide a real-time plot of force 

versus displacement to serve as a guide of the potential connection failure point as the 

hydraulic pump used to control the retraction of the hydraulic cylinder required manual 

operation. The pump was not capable of sustaining a steady state of force nor could the 

pump automatically apply force based on predetermined force or displacement 

increments. Therefore, load was slowly applied at steady increments based on the pump 

operator’s discretion. As is shown in Chapter 4, the discretionary load increments caused 

non-uniformity in the plotted data; however, the validity of the collected data remained. 

Loading was continued until connection failure. The determination of the connection’s 

failure was based on the sudden loss of force reported by the data acquisition system’s 

real-time graph. The connection failure was visually verified as an obvious failure mode 

was evident simultaneous of the loss of force. Figure 3.15 shows a typical connection 

failure. Upon connection failure, the comealongs were tightened and the hydraulic ram 

was released. Observations and notes of the connection failure were taken, the 

connections were released, and the testing was repeated. 

 

 

 

 

 

 

 

 

Figure 3.15: Typical Connection Failure Visual Verification. 
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Chapter 4 

Experimental Results 

4.1 Experimental Results Overview  

 The experimental results included within this chapter have been compiled to 

describe the four fundamental measurements observed during testing. A description of 

the applied shear, measured axial and moment forces, and measured beam end rotations 

have been compiled to describe the behavior and failure mechanisms of the three, four, 

and five bolt shear tab connections. Furthermore, a preliminary analysis method has been 

described to provide an initial step to determine the maximum bolt forces at the point of 

the maximum measured moment. The preliminary bolt force calculations have been used 

to validate the failure mode mechanism calculations provided for each test’s failure 

mode.  

 

4.2 Data Analysis Process  

 The following represents the analysis process utilized to synthesis the collected 

experimental data. The raw experimental data were converted to axial and flexural force 

utilizing three fundamental equations. First, the strain gage measurements at each time 

step for each strain gage were converted to stress using Hooke’s Laws, shown as 

     01 =  2 ∗ 345 ∗ 105       (23) 

where 

 σn = stress at strain gage ‘n’ in ksi,  

  E = Modulus of elasticity of steel equal to 29,000 ksi,  

  µ-6 = measured experimental microstrain. 
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 These stress measurements represented the combined axial and flexure stress at 

the location of each strain gage as shown in Figure 3.14. The stress at any point of the 

beam section was evaluated as   

     01 = 6
7 ± 89:

;(        (24)  

where 

 A = Cross sectional area of a W18X35 equal to 10.3 in.2,  

 cn = Distance from strain gage ‘n’ to the neutral axis of the supported beam, 

 Ix = Strong axis moment of inertia of a W18X35 equal to 510 in.4,  

 P = Axial force in kips,  

 M = Flexural force in kip-inches.   

 To determine the axial and flexural forces in the supported beam at each time 

step, a system of simultaneous equations was derived using the stress measurements at 

two equidistant strain gages on opposing sides of the neutral axis of the supported beam. 

The collected data showed erroneous results were collected for strain gage 1 on the left 

supported beam and strain gage 6 on the right side supported beam.  Because of this 

invalid data, strain gages 2 and 3 on the left supported beam and strain gages 5 and 8 on 

the right supported beam were used to determine the axial and flexural forces of the 

respective beams. Solving the stress equation of σ2 for P yields 

      < = =(σ
 � ?@A
BC ).     (25) 

Equation (25) is substituted for P into the stress equation of σ3 

     0D = 7(EAFGHAIC )
7 � ?@J

BC .    (26) 
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Setting c2 equal to c3 Equation (26) is simplified to  

     0D = σ
 � 
?@
BC .     (27) 

Solving for M, Equation (27) can be shown as 

     K = ;((LJ4LA)

∗9 .     (28) 

Substituting Equation (27) for M in Equation (25), P can be simplified to 

     < = 0.5 ∗ = ∗ (0D � 0
).     (29) 

Equation (28) and Equation (29) provide the flexure and axial forces in the left side 

supported beam at the strain gage location for each time step. Similarly, substituting in 

the right side stress values, the flexural force is shown as 

     K = ;((LM4LN)

9       (30) 

and the axial force is taken as 

      < = 0.5 ∗ = ∗ (0O � 0P).        (31) 

 The data at the strain gage locations were used to determine the forces at the bolt 

lines of the tested connections. The measured axial force at the strain gage location and 

the bolt line remained unchanged. The flexural forces were extrapolated from the forces 

at the strain gage locations using a simple triangular moment distribution model. Using 

the true pin connection at the exterior column connections as a point of zero moment, the 

slope of the moment distribution line was taken as 

     QRSTU =  8(
$        (32) 

where Mx is equal to the moment in kip-inches at any distance x away from the true pin 

connection in inches. Using the slope of the moment distribution line, a comparison of 

similar triangles at each time step yielded,  
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     K� = 8$�
$�V       (33) 

where   

 Mb = flexural force at the bolt line in kip-inches, 

 M = flexural force at the strain gage location in kip-inches per Equation (28) and 

Equation (30),  

 xsg = horizontal distance from the true pin connection to the strain gage location 

equal to 36.875 inches, 

 xb = horizontal distance from the true pin connection to the bolt line of the tested 

connection equal to 74.625 inches. 

 The beam end rotation for each supported beam at each time step was determined 

using fundamental trigonometric properties.  Using the vertical displacement data 

measured by the DWT’s, the beam end rotation was determined by 

     �1 = tan4Z $[
∆:       (34) 

where  

 xf = horizontal distance from the true pin to the supported column flange face 

equal to 78.375 inches,  

 θn = beam end rotation at time step ‘n’ in radians, 

 ∆n= vertical deflection measured by DWT at time step ‘n’ in inches. 

 

4.3  Experimental Results  

 The data analysis process provided in Section 4.2 has been used to evaluate the 

experimental data from the nine experimental tests performed. All data shown hereafter 

have been extracted using the process outlined in Section 4.2. 



79 
 

 4.3.1 Test 3ST1 

 The failure mechanism for test 3ST1 was a bolt shear rupture failure of the third 

bolt of specimen 3STR1. Test 3ST1 was the only three bolt connection specimen to 

exhibit a bolt shear failure mode. This is believed to be caused by an initial alignment 

issue due to the fabricated misalignment of the second hole location in specimen 3STR1. 

The second bolt hole in the shear plate was manually reamed to provide proper fit-up 

tolerance prior to testing. The hole reaming process resulted in a non-uniform bearing 

surface at the second bolt location.  

 Shown in Figure 4.1, the bottom hole of specimens 3STR1 and 3STL1 exhibited 

large bolt bearing deformations while the second hole remained mainly undistorted. The 

bottom bolt holes exhibited small tears at the bolt bearing surface where the material had 

yielded and began to rupture in multiple locations around the radius of the bolt hole. 

While the plaster white wash was not available at the time of testing, the mill scale as 

shown in Figure 4.2 provided a good indication of the stress distribution near the bearing 

contact areas. A force couple in the bolts was evident as stress marks indicated the top 

bolt put a compressive force on the shear plate while the bottom bolt caused a tensile 

force. As shown in Figure 4.2, the bearing stress distributed at approximately a thirty 

degree angle from the horizontal centerline of the bolt holes. Furthermore, a substantial 

stress concentration was evident at the bottom edge of the shear plate where the 

formation of a tear had begun on specimen 3STR1.  
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 The force couple indicated by the stress marks in the mill scale of specimen 

3STR1 was backed by the measured moment capacity. As the flexural stiffness of the 

connection was exceeded the tensile forces in the connection quickly increased until the 

point of the connection’s failure. This behavior indicated the switch between flexure and 

catenary load paths in the connection. Figures 4.3 and 4.4 indicate the key characteristics 

measured during the experimental testing for specimens 3STR1 and 3STL1, respectively.  

Figure 4.1: Test 3ST1 Connection Specimen Post-Test Condition.  
a) Specimen 3STL1. b) Specimen 3STR1. 

(a) (b) 

Figure 4.2: Specimen 3STR1 Stress Distribution at the Bottom Hole. 

Figure 4.2 

± 30 Degrees 
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Figure 4.3: Specimen 3STR1 Bolt Line Forces versus Beam End Rotation. 

Figure 4.4: Specimen 3STL1 Bolt Line Forces versus Beam End Rotation. 

FAILURE  

CATENARY 
RESPONSE 

MAX MOMENT 



 

 4.3.2 Test 3ST2

 The failure mechanism of test 3ST2 was due to a tension rupture failure at the 

bottom edge of specimen 3STR2. 

the bolt line from the bottom plate edge through the second bolt hole location. Specimens 

3STR2 and 3STL2 also experienced large bolt bearing deformations in the bottom bolt 

hole in a thirty degree pat

tested specimen experience large plastic shear deformations. 

shear deformation in the bottom bolt of specimen 3STR2 redu

area by more than thirty percent. 

 

 

 

 

 

 The plaster white wash was not available at the time of testing

to test 3ST1, the mill scale provided a good indication of the key stress locations in the 

connection. A force couple in the bolts caused the top 

while the bottom bolt imparted tensi

holes of each specimen exhibit large scale plastic deformations. 

concentration was evident at the bottom plate edge wher

As the bolt bearing deformations increased small ruptures around the radius of the bolt 

hole developed until the plate failed.

Figure 4.5: Typical Bolt Cross

2 

The failure mechanism of test 3ST2 was due to a tension rupture failure at the 

bottom edge of specimen 3STR2. Shown in Figure 4.6(b), the shear plate unzipped along 

the bolt line from the bottom plate edge through the second bolt hole location. Specimens 

3STR2 and 3STL2 also experienced large bolt bearing deformations in the bottom bolt 

hole in a thirty degree pattern similar to test 3ST1. Furthermore, the bottom bolts of each 

tested specimen experience large plastic shear deformations. Shown in Figure 4.5, t

shear deformation in the bottom bolt of specimen 3STR2 reduced the bolt cross

thirty percent.  

The plaster white wash was not available at the time of testing

the mill scale provided a good indication of the key stress locations in the 

connection. A force couple in the bolts caused the top bolt to compress the shear plate 

while the bottom bolt imparted tensile forces on the shear plate. The top bolt and bolt 

holes of each specimen exhibit large scale plastic deformations. A large stress 

concentration was evident at the bottom plate edge where the connection failure occurred. 

As the bolt bearing deformations increased small ruptures around the radius of the bolt 

veloped until the plate failed. Shown in Figure 4.7, the shear plate of specimen 

Figure 4.5: Typical Bolt Cross-Section Area Deformation.
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The failure mechanism of test 3ST2 was due to a tension rupture failure at the 

(b), the shear plate unzipped along 

the bolt line from the bottom plate edge through the second bolt hole location. Specimens 

3STR2 and 3STL2 also experienced large bolt bearing deformations in the bottom bolt 

test 3ST1. Furthermore, the bottom bolts of each 

Shown in Figure 4.5, the 

ced the bolt cross-sectional 

 

The plaster white wash was not available at the time of testing; however, similar 

the mill scale provided a good indication of the key stress locations in the 

bolt to compress the shear plate 

The top bolt and bolt 

A large stress 

e the connection failure occurred. 

As the bolt bearing deformations increased small ruptures around the radius of the bolt 

the shear plate of specimen 

eformation. 



 

3STR2 did not rupture completely along the bo

a distinct rupture pattern. The bottom edge 

approximately a 1/4 inch from the bottom edge of shear plate. 

As the flexural stiffness of the connections was exceeded

connection quickly increased until the point of the connections failure. As shown in 

Figures 4.8 and 4.9, the load path mechanism shifted from flexure to catenary tensile 

force transfer near the point of maximum moment. The connection quick

tensile forces until the rupture point of specimen 3STR2. 

 

 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.6: Test 3ST2 Connection Specimen Post
a) Specimen 3STL2. b) Specimen 3STR2.

Figure 4.2 
(Similar) 

3STR2 did not rupture completely along the bolt line as the shear plate’s bottom edge 

rupture pattern. The bottom edge had a sudden curved failure path

approximately a 1/4 inch from the bottom edge of shear plate.  

As the flexural stiffness of the connections was exceeded, the tensil

connection quickly increased until the point of the connections failure. As shown in 

, the load path mechanism shifted from flexure to catenary tensile 

near the point of maximum moment. The connection quick

tensile forces until the rupture point of specimen 3STR2.  

(b) 
Figure 4.6: Test 3ST2 Connection Specimen Post-Test Condition.  
a) Specimen 3STL2. b) Specimen 3STR2. 

(a) 

Figure 4.7: Specimen 3STR2 Rupture Source. 
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the shear plate’s bottom edge had 

had a sudden curved failure path 

the tensile forces in the 

connection quickly increased until the point of the connections failure. As shown in 

, the load path mechanism shifted from flexure to catenary tensile 

near the point of maximum moment. The connection quickly gathered 

Figure 4.7 

Test Condition.  
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Figure 4.9: Specimen 3STL2 Bolt Line Forces versus Beam End Rotation. 

Figure 4.8: Specimen 3STR2 Bolt Line Forces versus Beam End Rotation. 
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4.3.3 Test 3ST3
 
 Test 3ST3 experienced a similar failure mechanism as test 3ST2. 

4.10(b), a tensile rupture fai

unzip along the bolt line. Large plastic bolt bearing deformations were exhibited in the 

shear plates of specimens 3STR3 and 3STL3 as well as a substantial reduction in the 

bottom bolt shear due 

bottom hole of specimen 3STR2 had small ruptures along the radius of the hole cause by 

the elongation of the bolt hole. 

a curved pattern approximately 1/4 inch from the plate edge. 

 Shown in Figures 4.1

previous three bolt shear tests where a transition in load path from flexure to catenary 

tension was evident.  

 

 

Figure 4.10: Test 3ST3 Connection Specimen Post
a) Specimen 3STL3. b) Specimen 3ST

(a)

3 

Test 3ST3 experienced a similar failure mechanism as test 3ST2. 

tensile rupture failure of the shear plate of specimen 3STR3 caused the plate to 

unzip along the bolt line. Large plastic bolt bearing deformations were exhibited in the 

shear plates of specimens 3STR3 and 3STL3 as well as a substantial reduction in the 

 to large plastic shear deformations. Similar to test 3ST2, the 

bottom hole of specimen 3STR2 had small ruptures along the radius of the hole cause by 

the elongation of the bolt hole. The failure point at the bottom plate edge also ruptured 

approximately 1/4 inch from the plate edge.  

Shown in Figures 4.11 and 4.12, the connection exhibited similar behavior as the 

previous three bolt shear tests where a transition in load path from flexure to catenary 

 

Figure 4.10: Test 3ST3 Connection Specimen Post-Test Condition.  
a) Specimen 3STL3. b) Specimen 3STR3. 

(a) (b) 
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Test 3ST3 experienced a similar failure mechanism as test 3ST2. Shown in Figure 

of specimen 3STR3 caused the plate to 

unzip along the bolt line. Large plastic bolt bearing deformations were exhibited in the 

shear plates of specimens 3STR3 and 3STL3 as well as a substantial reduction in the 

to large plastic shear deformations. Similar to test 3ST2, the 

bottom hole of specimen 3STR2 had small ruptures along the radius of the hole cause by 

The failure point at the bottom plate edge also ruptured in 

, the connection exhibited similar behavior as the 

previous three bolt shear tests where a transition in load path from flexure to catenary 

Test Condition.   

Figure 4.7 
(Similar) 
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Figure 4.12: Specimen 3STL3 Bolt Line Forces versus Beam End Rotation. 

Figure 4.11: Specimen 3STR3 Bolt Line Forces versus Beam End Rotation. 
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 4.3.4 Test 4ST1 

 Multiple failure mechanisms occurred during test 4ST1 leading to the 

connection’s overall failure. Shown in Figures 4.13(a) and 4.13(b), a force couple similar 

to the three bolt tests was evident about the centroid of the bolt group in each specimen. 

The plaster white wash showed that the top and bottom bolts of specimens 4STR1 and 

4STL1 provided a greater percentage of the connection’s flexural resistance. As the 

tension forces in the fourth bolt increased, substantial bolt hole bearing deformations and 

bolt shear deformations occurred. The initial failure occurred in the shear plate of 

specimen 4STR1 as a localized block shear failure at the fourth bolt hole. Shown in 

Figure 4.14, the tension force generated by the flexural resistance of the shear tab caused 

a shear failure at approximately a thirty degree angle from the bolt hole’s horizontal axis. 

Simultaneous to the shear failure, the plastic deformations of the bolt hole created a tear 

in the radius of the bolt hole due to a tension rupture failure of the shear plate. As Figure 

4.14 shows, the tension failure of the plate caused a distinct failure shape near the bottom 

edge of the plate similar to the failures of tests 3ST1 and 3ST2. The tension failure 

appeared to be a brittle fracture of the tension plane as the plate material did not visibly 

deform in the tension zone prior to the block shear rupture.  

 The block shear failure of the fourth bolt hole location did not lead to the 

connections overall loss of strength. A secondary failure due to the bolt shear rupture of 

the third bolt of specimen 4STR1 lead to the connections inability to support the applied 

shear load. Though the fourth bolt hole location initially failed, the connection was still 

able to resist an increased shear load until the secondary bolt shear failure occurred.  



 

 Figures 4.15 and 4.1

connections reached their peak flexural resistance. 

bearing deformations decreased the connections flexural resistance. As loading continued 

the load path for specimen 4STR1 became exclusively a tension only connection as the 

connections flexural stiffness was negligible.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13: Test 4ST1 Connection Specimen Post
a) Specimen 4STL1. b) Specimen 4STR1.

Figure 4.14: Specimen 4STR1 Initial Failure Mode.  

Bearing Stress 
Concentration,  
Typical 

and 4.16 show the connections develop catenary tensile forces as the 

connections reached their peak flexural resistance. Axial forces increased as plastic 

decreased the connections flexural resistance. As loading continued 

the load path for specimen 4STR1 became exclusively a tension only connection as the 

connections flexural stiffness was negligible.   

Figure 4.13: Test 4ST1 Connection Specimen Post-Test Condition.  
a) Specimen 4STL1. b) Specimen 4STR1. 

(a) (b) 

Figure 4.14: Specimen 4STR1 Initial Failure Mode.  
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the connections develop catenary tensile forces as the 

Axial forces increased as plastic 

decreased the connections flexural resistance. As loading continued 

the load path for specimen 4STR1 became exclusively a tension only connection as the 

Test Condition.   

Figure 4.14 

Figure 4.2 
(Similar) 

Figure 4.14: Specimen 4STR1 Initial Failure Mode.  

± 30 Degrees 



89 
 

 

 

 

  

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

40.0

45.0

50.0

55.0

60.0

65.0

70.0

75.0

0.0

25.0

50.0

75.0

100.0

125.0

150.0

175.0

200.0

225.0

250.0

275.0

300.0

325.0

350.0

375.0

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14

M
ea

su
re

d
 M

o
m

en
t (

K
ip

-i
n

ch
)

Beam End Rotation (Radians)

Moment
Axial
Applied Shear

M
ea

su
re

d
A

xi
al

 A
n

d
 A

p
p

lie
d

 S
h

ea
r 

(K
ip

s)

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

40.0

45.0

50.0

55.0

60.0

65.0

70.0

75.0

0.0

25.0

50.0

75.0

100.0

125.0

150.0

175.0

200.0

225.0

250.0

275.0

300.0

325.0

350.0

375.0

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14

M
ea

su
re

d
 M

o
m

en
t (

K
ip

-i
n

ch
)

Beam End Rotation (Radians)

Moment
Axial
Applied Shear

M
ea

su
re

d
A

xi
al

 A
n

d
 A

p
p

lie
d

 S
h

ea
r 

(K
ip

s)

Figure 4.16: Specimen 4STL1 Bolt Line Forces versus Beam End Rotation. 

Figure 4.15: Specimen 4STR1 Bolt Line Forces versus Beam End Rotation. 
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4.3.5 Test 4ST2 

 The behavior of the connection specimens of test 4ST2 resembled 

test 4ST1; however, the connection

4.17(a) and Figure 4.17(b)

the previous tests as well as similar bolt hole bearing deformations

holes of each specimen

shear rupture of the bottom bolt of specimen 4STR2

 Shown in Figure 4.1

was nearly identical to the behavior of specimen 4STR1. The shear force in the 

connection plate of specimen 4STR2 distributed at a similar thirty degree angle

tension forces were evident along the bolt line. The bottom bolt hole showed evidence of 

the initiation of multiple rupture failures along shear and tension lines. 

  

 

 

 

 

 

 

 

 

 

 

Figure 4.17: Test 4ST2 Connection Specimen Post
a) Specimen 4STL2. b) Specimen 4STR2.

The behavior of the connection specimens of test 4ST2 resembled 

the connection’s failure mechanism differed. As shown in Figure 

(a) and Figure 4.17(b), the connection specimens exhibited a similar force couple as 

the previous tests as well as similar bolt hole bearing deformations 

s of each specimen. However, the failure mechanism of test 4ST2 was due to the 

shear rupture of the bottom bolt of specimen 4STR2.  

Shown in Figure 4.18, the load transfer of the bottom bolt of specimen 

was nearly identical to the behavior of specimen 4STR1. The shear force in the 

connection plate of specimen 4STR2 distributed at a similar thirty degree angle

vident along the bolt line. The bottom bolt hole showed evidence of 

the initiation of multiple rupture failures along shear and tension lines. 

Figure 4.17: Test 4ST2 Connection Specimen Post-Test Condition.  
a) Specimen 4STL2. b) Specimen 4STR2. 

(a) (b) 
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The behavior of the connection specimens of test 4ST2 resembled the behavior of 

s failure mechanism differed. As shown in Figure 

xhibited a similar force couple as 

 of the bottom bolt 

the failure mechanism of test 4ST2 was due to the 

of the bottom bolt of specimen 4STR2 

was nearly identical to the behavior of specimen 4STR1. The shear force in the 

connection plate of specimen 4STR2 distributed at a similar thirty degree angle while the 

vident along the bolt line. The bottom bolt hole showed evidence of 

the initiation of multiple rupture failures along shear and tension lines.  

st Condition.   

Figure 4.18 



 

  Shown in Figure 4.1

the behavior of test 4ST1 where the catenary tension forces increased as the connections 

reached and exceeded their flexural capacity. The 

resist an applied shear load 

before a secondary failure mechanism could be established. 
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Figure 4.19: Specimen 4STR2 Bolt Line Forces versus Beam End Rotation.

Figure 4.18: Bottom Hole Condition of Specimen 4STR2 Shear Plate. 

Shown in Figure 4.19 and Figure 4.20 the load path of test 4ST2 also re

the behavior of test 4ST1 where the catenary tension forces increased as the connections 

reached and exceeded their flexural capacity. The specimens of test 4ST2 were

resist an applied shear load after the initial bolt failure; however, the

before a secondary failure mechanism could be established.  
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Figure 4.19: Specimen 4STR2 Bolt Line Forces versus Beam End Rotation.

Figure 4.18: Bottom Hole Condition of Specimen 4STR2 Shear Plate. 
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of test 4ST2 also resembled 

the behavior of test 4ST1 where the catenary tension forces increased as the connections 

specimens of test 4ST2 were able to 

the testing was stopped 
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Figure 4.19: Specimen 4STR2 Bolt Line Forces versus Beam End Rotation. 

Figure 4.18: Bottom Hole Condition of Specimen 4STR2 Shear Plate. 
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 4.3.6 Test 4ST3 

 Test 4ST3 exhibited a third type of failure mechanism for the four bolt shear tab 

tests. Similar to test 3ST2 and 3ST3, the shear plate of specimen 4STL3 failed due to a 

tension rupture failure at the bottom bolt hole. Shown in Figure 4.21(a) and Figure 

4.21(b), the plastic deformations due to the tension side of the bolt force couple 

resembled the typical connection behavior exhibited by the previous tests. As the bolt 

bearing deformations in specimen 4STL3 increased, the plate developed small tears in the 

bolt hole radius near the connection bolt line leading to the tension rupture of the shear 

plate. Shown in Figure 4.22, the tension zone failure near the bottom edge of the shear 

plate of specimen 4STL3 matched the brittle rupture failure shape of similar tests which 

failed due to tension rupture and block shear rupture of the shear plate.  

0.0

3.0

6.0

9.0

12.0

15.0

18.0

21.0

24.0

27.0

30.0

33.0

36.0

39.0

42.0

45.0

48.0

0.0

25.0

50.0

75.0

100.0

125.0

150.0

175.0

200.0

225.0

250.0

275.0

300.0

325.0

350.0

375.0

400.0

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11

M
ea

su
re

d
 M

o
m

en
t (

K
ip

-i
n

ch
)

Beam End Rotation (Radians)

Moment
Axial
Applied Shear

M
ea

su
re

d
A

xi
al

 A
n

d
 A

p
p

lie
d

 S
h

ea
r 

(K
ip

s)

Figure 4.20: Specimen 4STL2 Bolt Line Forces versus Beam End Rotation. 



 

 The load path of test 4ST3 was similar t

to the point of failure. Shown in Figure 4.2

catenary tensile forces as the connection reached and exceeded their flexural capacity 

until specimen 4STL3 failed. After t

transfer axial loads however the connection

shear load as specimen 4STL3

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.21: Test 4ST3 Connection Specimen Post
a) Specimen 4STL3. b) Specimen 4STR3.

Figure 4.22: Specimen 4STL3 Bottom Hole

Figure 4.22 

The load path of test 4ST3 was similar to the previous four bolt shear tab tests up 

to the point of failure. Shown in Figure 4.23 and Figure 4.24, the connections developed 

catenary tensile forces as the connection reached and exceeded their flexural capacity 

until specimen 4STL3 failed. After the initial failure, the connection

transfer axial loads however the connections were never able to reach the peak applied 

specimen 4STL3 began to unzip along the bolt line as the beam end rotated.

Figure 4.21: Test 4ST3 Connection Specimen Post-Test Condition.  
a) Specimen 4STL3. b) Specimen 4STR3. 

(a) (b) 

Figure 4.22: Specimen 4STL3 Bottom Hole Failure Mechanism.

93 

o the previous four bolt shear tab tests up 

, the connections developed 

catenary tensile forces as the connection reached and exceeded their flexural capacity 

he initial failure, the connections continued to 

never able to reach the peak applied 

began to unzip along the bolt line as the beam end rotated.  

Test Condition.   

Figure 4.18 
(Similar) 

Failure Mechanism. 
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Figure 4.24: Specimen 4STL3 Bolt Line Forces versus Beam End Rotation. 

Figure 4.23: Specimen 4STR3 Bolt Line Forces versus Beam End Rotation. 

CATENARY 
RESPONSE 

SHEAR PLATE 
UNZIPPING 

MAX MOMENT 

INITIAL FAILURE  



95 
 

4.3.7 Test 5ST1 

 Test 5ST1 exhibited similar behavior and multiple failure mechanisms as was 

noted during test 4ST1. Shown in Figure 4.25(a) and Figure 4.25(b), the initial load 

transfer was through the typical force couple observed in previous tests about the centroid 

of the bolt group. The connections’ ductility was based on the connections’ ability to 

withstand bolt hole bearing deformation and bolt shear deformation at the bottom bolt. 

The initial failure mechanism was a localized block shear failure in the shear plate of 

specimen 5STR1 caused by the tension component of the force couple at the bottom bolt. 

The plate failure replicated the failure of specimen 4STR1 with the shear failure at a 

thirty degree angle form horizontal and the tension failure occurring at the shear plate’s 

bottom edge along the bolt line. The tension failure produced the typical curved failure 

path as a result of a brittle tension rupture at the radius of the bolt hole.  

 After the initial failure, the connection exhibited similar behavior as was seen 

during the four bolt shear tests. A secondary failure mode due to bolt shear rupture of the 

fourth bolt of specimen 5STR1 resulted in the connections’ inability to support the 

applied shear load. The plaster white wash indicated the force at the third bolt location of 

specimen 5STR1 increased as the connection’s behavior transformed into a four bolt 

connection. Similar to Figure 4.5, significant bolt shear deformations were observed in 

the top bolts of specimens 5STR1 and 5STL2 resulting in a reduction of nearly fifty 

percent of the bolts cross-sectional area.  

 The measured data collected for test 5ST1 were skewed due to an initial error in 

the test setup. As shown in Figure 4.26 and Figure 4.27, the collected data prior to 

approximately 0.06 radians were neglected as the hydraulic pump used to power the 
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hydraulic cylinder was incorrectly attached. During test 5ST1 it was discovered the 

hydraulic hoses had been reversed and were limiting the output capacity of the hydraulic 

pump. The error had not been noticed prior to the five bolt testing as the increased 

applied shear demand was not required for the three and four bolt tests. Test 5ST1 was 

stopped and the hydraulic lines were correctly attached to maximize the ability of the 

hydraulic pump. The testing and data collection were restarted after correcting the 

hydraulic connections. As Figure 4.26 and Figure 4.27 show, the data collected after 

restarting test 5ST1 indicated the testing was restarted near the connections maximum 

flexural capacity. While the collected data are skewed, the behavior after the connection 

reached its peak flexural capacity resembles the behavior of the four bolt tests. The 

connections’ load path transferred from flexure to catenary tension after the initial block 

shear failure occurred. The axial forces increased until the second failure mechanism 

occurred resulting in specimen 5STR1’s inability support to the applied shear. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.25: Test 5ST1 Connection Specimen Post-Test Condition.   
a) Specimen 5STL1. b) Specimen 5STR1. 

(a) (b) 

Figure 4.14 
(Similar) 

Bearing Stress 
Concentration,  
Typical 
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Figure 4.26: Specimen 5STR1 Bolt Line Forces versus Beam End Rotation. 

Figure 4.27: Specimen 5STL1 Bolt Line Forces versus Beam End Rotation. 

INITIAL FAILURE  

SECOND FAILURE  
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4.3.8 Test 5ST2 

 The connection behavior and failure mechanisms of test 5ST2 were nearly 

identical to that noted during test 5ST1. The initial failure mechanism was a localized 

block shear rupture of the fifth bolt hole on the shear plate of specimen 5STR2 as a result 

of the tension component of the force couple generated by the flexural resistance of the 

connection. Shown in Figure 4.28(a) and Figure 4.28(b), the connections’ ductility was 

based on the bolt hole bearing deformation and bolt shear deformation capacity of the 

connections. The shear and tension planes of the block shear failure in specimen 5STR2 

were identical to those observed during the block shear failure of test 5ST2. Similarly, the 

secondary connection failure mechanism was due to bolt shear rupture failure of the 

fourth bolt of specimen 5STR2. The connection’s behavior simulated the behavior 

observed during the four bolt tests with the third bolt transferring increased shear forces 

after the initial failure.  

 The collected data indicated the connections transferred more axial forces prior to 

the peak flexural capacity of the connection than noted during the three and four bolt 

tests. However, as shown in Figure 4.29 and Figure 4.30, the rate of increase in tension 

force transfer increased as the connections reached their flexural capacity. This behavior 

was similar to that observed during three and four bolt tests. Also, similar to tests 4ST1 

and 4ST2, the connection was able to recover some of the applied shear load lost during 

the initial connection failure. The connections were not able to recover the maximum 

applied shear load observed prior to the second connection failure of specimen 5STR2.  
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Figure 4.28: Test 5ST2 Connection Specimen Post
a) Specimen 5STL2. b) Specimen 5STR2.

Figure 4.29: Specimen 5STR2 Bolt Line Forces versus Beam End Rotation.
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Figure 4.28: Test 5ST2 Connection Specimen Post-Test Condition.  
a) Specimen 5STL2. b) Specimen 5STR2. 

(a) (b) 

Figure 4.29: Specimen 5STR2 Bolt Line Forces versus Beam End Rotation.
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Test Condition.   

Figure 4.14 
(Similar) 

Figure 4.29: Specimen 5STR2 Bolt Line Forces versus Beam End Rotation. 
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4.3.9 Test 5ST3 

 Similar to the previous five bolt tests, test 5ST3 exhibited multiple failure 

mechanisms. However, the initial failure mechanism was due to tension rupture of the 

bottom bolt hole of specimen 5STL3 similar to the failure observed during test 4ST3. As 

with all previous tests, the initial force transfer was through the force couple generated by 

the flexural capacity of the connection about the centroid of the bolt group. Shown in 

Figure 4.31(a) and Figure 4.31(b), the tension component of the force couple caused 

significant bolt hole deformation and bolt shear deformation resulting in the formation of 

tears at the radius of the bolt holes. Similar to specimen 4STR3, the tears caused a brittle 

tension rupture failure near the bottom edge the shear plate.  
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Figure 4.30: Specimen 5STL2 Bolt Line Forces versus Beam End Rotation. 



 

 Unlike previous tests where the initial tension rupture of

caused the connection to unzip, a secondary failure mechanism occurred in specimen 

5STL3. Similar to the 

shear rupture of the fourth bolt of specimen 5STL3. 

the initial failure resembled the behavior observed during the four bolt tests. Comparing 

Figure 4.31(a) to Figure 4.3

stress at the third and fourth bolt as a result o

 The load transfer mechanisms shown in Figure 4.3

resemble the behavior observed during test 5ST2. 

the connection reached its flexural capacity. Furt

failure the flexural capacity was decreased to a level similar to the four bolt tests. As the 

applied shear increased, the measured axial force increased while the 

maintained nearly a steady level unt

Figure 4.22 
(Similar) 

Figure 4.31: Test 5ST3 Connecti
a) Specimen 5STL3. b) Specimen 5STR3.

Unlike previous tests where the initial tension rupture of the connection plate 

caused the connection to unzip, a secondary failure mechanism occurred in specimen 

5STL3. Similar to the previous five bolt tests, the secondary failure was due to the bolt 

shear rupture of the fourth bolt of specimen 5STL3. Also, the connections

the initial failure resembled the behavior observed during the four bolt tests. Comparing 

(a) to Figure 4.31(b), the plaster white wash indicated an increase in shear 

stress at the third and fourth bolt as a result of the initial failure of specimen 5STL3. 

The load transfer mechanisms shown in Figure 4.32 and Figure 4.3

resemble the behavior observed during test 5ST2. The tension force transfer increased as 

the connection reached its flexural capacity. Furthermore, after the initial connection 

failure the flexural capacity was decreased to a level similar to the four bolt tests. As the 

applied shear increased, the measured axial force increased while the 

nearly a steady level until the second failure of specimen 5STL3. 

 

 

 

 

 

 

 

 

 

 

Figure 4.31: Test 5ST3 Connection Specimen Post-Test Condition.  
a) Specimen 5STL3. b) Specimen 5STR3. 

(a) (b) 
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the connection plate 

caused the connection to unzip, a secondary failure mechanism occurred in specimen 

five bolt tests, the secondary failure was due to the bolt 

connections’ behavior after 

the initial failure resembled the behavior observed during the four bolt tests. Comparing 

(b), the plaster white wash indicated an increase in shear 

f the initial failure of specimen 5STL3.  

and Figure 4.33 closely 

The tension force transfer increased as 

hermore, after the initial connection 

failure the flexural capacity was decreased to a level similar to the four bolt tests. As the 

applied shear increased, the measured axial force increased while the flexural capacity 

il the second failure of specimen 5STL3.  

Test Condition.   
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Figure 4.32: Specimen 5STR3 Bolt Line Forces versus Beam End Rotation. 

Figure 4.33: Specimen 5STL3 Bolt Line Forces versus Beam End Rotation. 
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4.3.10 Experimental Results Summary 

 The tested shear tab connections displayed similar behavioral characteristics when 

subjected to the simulated column collapse. The connections all exhibited measureable 

flexural capacity as well as the ability to utilize an alternative load path mechanism via 

catenary action. The collected data showed the rate of increase in catenary tensile forces 

increased as connections reached their maximum measured moment. Shown in Table 4.1, 

the connections’ maximum measured flexural capacity and corresponding data 

measurements have been provided for each specimen. Due to the variability in the 

collected data, the reported values are based on a sampled average taken between 

extremes in the measured moments. The data range was based on the controlling 

connection specimen and applied to the opposing connection specimen’s data.   

 

 

3STR1 2.62 157.36 8.45 0.072

3STL1 2.62 144.68 8.08 0.073

3STR2 2.88 169.10 6.05 0.097

3STL2 2.88 182.70 5.54 0.097

3STR3 1.97 169.44 6.61 0.080

3STL3 1.97 185.02 5.38 0.080

4STR1 5.18 315.35 11.43 0.073

4STL1 5.18 334.33 11.03 0.074
4STR2 5.85 331.19 19.21 0.076

4STL2 5.85 362.16 18.64 0.076

4STR3 5.50 279.25 16.70 0.076

4STL3 5.50 296.55 16.51 0.076
5STR1 10.52 549.66 30.32 0.072

5STL1 10.52 624.45 29.92 0.071

5STR2 10.00 568.24 27.52 0.069
5STL2 10.00 624.94 28.05 0.070

5STR3 9.70 541.41 28.90 0.064
5STL3 9.70 619.60 28.78 0.064

Test Specimen

5ST2

Applied 
Shear
 (Kips)

Beam End 
Rotation 
(Radians)

Measured Moment 
(Kip-Inch)

Measured 
Axial 
(Kips)

5ST1

5ST3

3ST1

3ST2

3ST3

4ST1

4ST2

4ST3

Table 4.1: Specimen Bolt Line Forces at Approximate Maximum Measured Moment.  
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 The experimental testing for the three, four, and five bolt shear tab connections 

produced three key failure mechanisms resulting from the two stages of load transfer 

exhibited during testing. These failures included bolt shear, localized block shear rupture, 

and tension rupture of the connection specimen’s shear plate. Located in Table 4.2, the 

controlling limit states, bolt line forces, and beam end rotations have been assembled 

summarizing the numerical findings for the initial failure points for each specimen.   

 

 

 

 

 The experimental testing revealed several connections had the robustness to 

continue transferring the applied shear load after an initial failure mechanism occurred. 

While not all connections exhibited the ability to overcome an initial failure, several 

connections were able to support a larger or nearly equal shear load as a result of the load 

path transition from flexure to catenary tension. The experimental summary of the 

connections’ secondary failure mechanism and corresponding bolt line forces are shown 

in Table 4.3.  

  

3ST1 3STR1a
6.76 Negligible 48.95 0.128 Bolt Shear Rupture

3ST2 3STR2 6.43 Negligible 42.29 0.137 Tension Rupture

3ST3 3STR3 5.41 Negligible 48.89 0.133 Tension Rupture

4ST1 4STR1 7.02 268.35 32.14 0.093 Block Shear Rupture

4ST2 4STR2 8.62 279.07 41.64 0.096 Bolt Shear Rupture

4ST3 4STL3 6.34 224.12 28.44 0.093 Tension Rupture

5ST1 5STR1b
10.59 494.72 33.21 0.075 Block Shear Rupture

5ST2 5STR2 11.69 535.81 45.44 0.083 Block Shear Rupture
5ST3 5STL3 10.22 606.15 34.04 0.071 Tension Rupture

Test
Controlling 
Connection 
Specimen

Applied 
Shear
 (Kips)

Measured 
Moment 

(Kip-Inch)

Measured 
Axial 
(Kips)

Beam End 
Rotation 
(Radians)

Failure Mechanism

Table 4.2: Initial Failure Mechanism and Bolt Line Forces for the Tested Shear Tab Connections. 

a Initial connection misalignment lead to uneven bearing surface of the middle bolt in order  
  to facilitate erection. 
 

b Testing was interrupted due to initial reversal of hydraulic couplings.  
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4.4 Statics Verification 

 An equilibrium analysis of the test system was conducted for each test to ensure 

reliable data were collected from the experimental instrumentation. The basis of the 

analysis was to verify the collected strain gage data corresponded well with the applied 

vertical shear load. The analysis was conducted during the linear force-rotation increase 

state which provided a location during test process in which a statically determinant 

system could be evaluated using fundamental statics principles. Using the free body 

diagram shown in Figure 4.34, the sum of forces and moments were solved for each test 

beam. 

 

 

 

 

 

3ST1 ---a
--- --- --- --- ---

3ST2 ---a
--- --- --- --- ---

3ST3 ---a
--- --- --- --- ---

4ST1 4STR1 9.93 Negligible 64.83 0.129 Bolt Shear Rupture

4ST2 ---b
--- --- --- --- ---

4ST3 ---c
--- --- --- --- ---

5ST1 5STR1 8.16 287.39 33.88 0.087 Bolt Shear Rupture

5ST2 5STR2 9.49 269.38 48.17 0.097 Bolt Shear Rupture
5ST3 5STL3 10.39 381.57 54.13 0.091 Bolt Shear Rupture

Applied 
Shear
 (Kips)

Measured 
Moment 

(Kip-Inch)

Measured 
Axial 
(Kips)

Beam End 
Rotation 
(Radians)

Failure MechanismTest
Controlling 
Connection

Table 4.3: Secondary Failure Mechanism and Bolt Line Forces for the Tested Shear Tab Connections.  

---a Secondary failure mechanism was not attainable due to the initial tension rupture failure. 
 

---b Loading was not continued to the point of a secondary failure.  
 

---c Initial tension rupture failure resulted in unzipping of shear plate. A secondary failure was not reached. 

Figure 4.34: Free Body Diagram at the Strain Gage Location. 

 θ 
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 The horizontal reaction at the true pin connection RA was set equal to the 

measured axial load PM. The true pin vertical reaction was solved summing the moments 

about the strain gage location, shown as  

     ]� =  8^
_`a      (35) 

where 

 RT = Vertical reaction at the true pin connection in kips,  

 MM = Measured moment solved using Equations (28) and (30) in kip-inches,  

 LSG = Distance from the true pin connection to the strain gage locations in inches. 

  

 The true pin connection reactions were solved for the vertical component of each 

reaction using fundamental trigonometric principles. Combining the vertical components 

of each force, the total vertical reaction was taken as 

     ]b = ]7 sin � � ]� cos �     (36) 

where 

 Ry = Vertical reaction at the true pin connection for side ‘x’ in kips, 

 θ = Measured beam end rotation in radians.  

 

 The summation of the vertical reactions for the left and right test beams were 

compared to the measured applied vertical shear load, Vapp, to determine a percentage of 

error for each test. The comparisons for the nine experimental tests are shown in Table 

4.4. The test data fell within a four percent margin of error with the exception of test 

3ST3. As Figure 4.12 shows, the test data for specimen 3STL3 appeared to be an 

anomaly as the test data unexplainably showed severe spikes throughout the duration of 
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testing unlike the remaining tests. The accuracy of the data collected for specimen 3STL3 

is questionable due to the inconsistency determined using the fundamental statics 

equations. The data collected for specimen 3STL3 have been noted but have not been 

evaluated in further sections of the current research as the failure of test 3ST3 was 

isolated to specimen 3STR3.  

 

 

 

 

 

 

 

 

 

L 2.08 45.14 0.040 1.31 1.22

R 1.13 41.41 0.040 1.17 1.22

L 2.69 80.86 0.080 2.40 2.24

R 2.13 72.82 0.080 2.14 2.24

L 0.69 46.26 0.052 1.29 0.98

R 0.45 51.80 0.051 1.42 0.98

L 2.31 116.37 0.040 3.24 3.05

R 2.97 103.97 0.039 2.93 3.05

L 9.05 172.60 0.066 5.27 4.90

R 10.75 152.84 0.066 4.84 4.90

L 9.09 143.31 0.060 4.42 4.41

R 8.87 130.51 0.060 4.06 4.41

L

R

L 10.69 278.57 0.050 8.07 7.78

R 12.43 260.12 0.050 7.66 7.78

L 15.00 274.03 0.051 8.19 7.98
R 15.26 251.34 0.051 7.57 7.98

---

27.50

θ

(Radians)
Vx

(kips)

--- --- --- ---

Vapp

(kips)
Test

Error
(%)

3ST1

3ST2

3ST3

1.11

1.43

PM

(kips)
MM

(kip-inch)

4ST1

4ST2

4ST3

5ST1a

5ST2

5ST3

1.26

3.11

3.84

1.13

1.25

---

Table 4.4: Experimental Data Statics Verification.  

a Data not evaluated due to invalid data collection prior to connection failure for test 5ST1. 
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4.5  Approximate Bolt Force Analysis 

 In an effort to better understand the effects of the combination of shear, tension, 

and moment on the tested shear tab connections, a bolt force analysis technique was 

developed which provided approximate bolt forces at the reported maximum moment. 

Providing an approximation of the individual bolt forces, limit states which occurred 

during testing could be approximated as well as the testing accuracy verified. The single 

bolt shear tests conducted by Kulak et al. [20] determined the ultimate bolt shear strength 

for ASTM A325 bolts as approximately 80.1 ksi. This test data served as a benchmark for 

the experimental testing. Based on ASTM A325 bolts with the threads excluded used 

during testing, the maximum experimental bolt shear expected was determined to be 35.4 

kips.  

 The bolt force analysis independently analyzed the effects of the collected 

experimental data for shear, tension, and moment as well as the effects of the inherent 

eccentricities resulting from the connection’s geometry. All forces were simplified to 

express units of magnitude for the primary orthogonal axes. The measured axial force 

was first simplified to force components using fundamental trigonometric principles 

before being evenly distributed to the connections bolts. The horizontal component of the 

measured axial force for each bolt was shown as 

     <$ =  6^∗@gh i
1       (37) 

and the vertical component was taken as 

     <b =  6^∗hjk i
1 .     (38) 

 The bolt forces resulting from applied moments on the bolts were resolved using 

the Elastic and the Instantaneous Center of Rotation (ICOR) Method described in the 
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AISC 13TH Edition Specification [2]. The Elastic Method provided conservative bolt 

forces which did not correspond to reasonable bolt forces when compared to the 

benchmark maximum bolt shear capacity of 35.4 kips. Because of the conservative nature 

of the Elastic Method the ICOR method was used exclusively. Unlike the Elastic Method, 

the ICOR method takes into account the plastic shear deformations which occur in the 

bolt shank near failure loads. Based on experimental observations by Kulak et al. [20], 

the approximate maximum plastic shear deformation for ASTM A325 bolts with the 

threads excluded was equal to 0.34 inches. Kulak et al. [20] used this plastic deformation 

limit to construct a load-deformation relationship based on the ultimate shear strength and 

ultimate plastic deformation limits of a bolt shown as 

     ] = ]lmn(1 − U4Zo∆)o.PP     (39) 

where 

   R = nominal shear strength of one bolt at deformation ∆, in kips, 

   Rult = ultimate shear strength of one bolt in kips,  

   ∆ = total bolt deformation equal to 0.34 inches,  

   e = natural logarithm equal to 2.71828…  

  

 The ICOR method was used to derive the bolt forces as a result of the measured 

moment and the eccentrically applied shear load. The bolt force analysis summaries for 

the maximum moments derived in Table 4.1 have been included in Appendix E.  Shown 

in Figure 4.35, the measured moment, MM, was resolved into bolt forces using a 

normalized unit shear force, VNorm, applied at an eccentricity, e, equal to the measured 

moment in inches. Shown in Figure 4.36, the results of the ICOR method provided 
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component bolt forces, Fx,n, and, Fy,n, rotated with respect to the angle, θ, along the line of 

action of the supported beam.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 The ICOR component bolt forces were transformed to orthogonal component 

forces using fundamental trigonometric principles. The horizontal force, Hmx,n, for each 

bolt in the connection was taken as 

     p"$,1 = �q$,1 cos �� � �qb,1 sin ��.   (40) 

The vertical bolt force, Hmy,n, with respect to the orthogonal axis for each bolt in the 

connection was taken as 

     p"b,1 = �q$,1 sin �� � �qb,1 sin ��.   (41) 

Figure 4.35: Measured Moment ICOR Model   

Figure 4.36: Measured Moment ICOR Model Bolt Component Forces. 
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Using the normalized shear with a unit value of one, the vertical bolt force components 

for the measured moment analysis were omitted. Simplifying Equation (40), the 

horizontal bolt force was shown as 

     p"$,1 = �q$,1 cos ��      (42) 

and Equation (41) was simplified to 

     p"b,1 = �qb,1 sin ��     (43) 

  A second ICOR analysis was conducted for the eccentrically applied shear load. 

All experimental tests were conducted with an eccentricity equal to 3 1/2 inches from the 

face of the stub column flange face. The current provisions of the AISC 13th Edition 

Specification do not account for this eccentricity directly in the design of the shear tab 

connections as the BGAF used in the bolt shear capacities accounts for this eccentricity. 

The eccentrically applied shear load has been accounted for in this research based on the 

intent of determining the ultimate bolt shear forces. Using the 3 1/2 inch eccentricity, the 

ICOR method produced a horizontal shear force, Vmx,n, and a vertical shear force Vmy,n, 

for each bolt in the connection with respect to the test system orthogonal axis. The 

summary of the second ICOR analysis is provided in Appendix E.  

 The bolt force analysis was conducted using the approximate maximum moment 

data provided in Table 4.1 for each test specimen. The bolt shear force, Vb max,n,  for each 

bolt as a result of the approximate maximum moment was determined by summing the 

horizontal and vertical forces shown as  

   r� "#$,1 = s�<$ � p"$,1 � r"$,1�
 � �<b � p"b,1 � r"b,1�

. (44) 

 Figure 4.37 provides a summary of the bolt forces analyzed for each bolt in the 

tested connections. The bolt forces developed using Equation (44) are shown in Table 
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4.5. The forces represent the resulting shear force due to the connections maximum 

measured flexural capacity. Beyond this point the connections’ load transfer transitioned 

from flexure to catenary action as a result of large plastic deformations in the plate and 

bolt cross sections. As shown in Table 4.5, the data analysis corresponded well with the 

benchmark maximum bolt shear capacity for the three and four bolt connections; 

however, the five bolt connections were consistently outside this range.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.5: Bolt Shear Forces at Approximated Maximum Moment. 

a Highlighted cells represent bolt shear forces for the failed specimens. 

Figure 4.37: Bolt Analysis Bolt Force Summary. 

3STR1 25.0 3.1 30.7 - -

3STL1 23.1 2.9 28.5 - -

3STR2 28.6 2.4 32.6 - -

3STL2 30.6 2.3 34.4 - -

3STR3 27.9 2.4 32.3 - -

3STL3 30.5 2.0 34.1 - -

4STR1 26.3 20.6 26.5 32.1 -

4STL1 28.1 22.1 27.8 33.7 -
4STR2 26.0 19.9 29.7 35.6 -

4STL2 28.8 22.3 31.8 38.2 -

4STR3 22.0 16.8 25.3 30.4 -

4STL3 23.5 18.1 26.5 31.8 -
5STR1 27.9 24.4 6.4 36.7 40.1

5STL1 32.1 28.2 6.4 40.4 44.2

5STR2 29.4 25.8 5.9 37.0 40.5
5STL2 32.4 28.5 6.0 39.9 43.8

5STR3 27.6 24.1 6.1 35.8 39.2
5STL3 31.9 28.1 6.1 39.8 43.5

Bolt 5

5ST1

5ST2

5ST3

Maximum Bolt Forces (kips)a

Bolt 1 Bolt 2 Bolt 3 Bolt 4

3ST1

3ST2

3ST3

4ST1

4ST2

4ST3

Test Specimen
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4.6  Preliminary Interaction Diagram 

 To evaluate the effects of the combination of shear, tension, and moment, an 

interaction diagram was developed to portray the controlling force components for the 

three, four, and five bolt connections. The interaction diagrams plotted the resultant 

vector of the applied shear and measured axial bolt line force, shown as 

     ]t = s�r#uu
 � <8
�,    (45)  

versus the maximum measured moment for the values tabulated in Table 4.1. A baseline 

linear interaction equation was developed using the benchmark maximum bolt shear 

capacity of 35.4 kips established by Kulak et al.  [20] to develop the shear capacity and 

pure moment capacity of the bolted connection. The connection’s maximum resultant 

shear capacity was taken as 

     ]t,"#$ = 35.4 ∗ w.     (46) 

The maximum moment capacity, MM,max, was determined as described in Section 4.5 

using an ICOR analysis for an applied moment which developed the benchmark bolt 

shear force. The interaction equation was shown as 

     
��

��,&'( � 8^
8^,&'( ≤ 1.      (47) 

The linear interaction equation provided a conservative estimate of the maximum 

combined force interaction for the tested connections assuming bolt shear was the 

controlling limit state of the connection. However, as the testing showed, shear and 

tension rupture limit states controlled a majority of the tested connections. The 

connections were not able to develop the full shear capacity of the bolts prior to failure. 

As shown in Figure 4.38, the experimental data fell below the linear interaction diagram 

for the three and four bolt tests while the five bolt data fell outside the interaction line.   
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 The linear interaction diagram provided insight into several key behavioral 

characteristics for the tested shear tab connections. The interaction diagram clearly shows 

the main force contribution to the connections was due to the flexural forces imparted as 

a result of the vertical deflection of the test specimens. Also, for the three and four bolt 

connections the use of a linear interaction diagram based on the shear capacity of the 

bolts provides an un-conservative limit for the connections. As shown in Table 4.5, the 

maximum bolt forces observed emulated Figure 4.38 and the failures observed during 

testing as the connections’ primary failures were due to shear plate limit states. A more 

accurate interaction diagram may be produced using the shear plate limit states. However, 

as shown in Section 4.7, the observed limits states are not well represented by the design 

equations of the AISC 13th Edition Specification [2] as the specification limit states are 

based on direct shear or direct tension limits. Also, as Table 4.5 and Figure 4.38 show, 

0

0.1
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1.1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

Straight line Interaction

5 Bolt Maximum Moment Data

4 Bolt Maximum Moment Data

3 Bolt Maximum Moment Data

Figure 4.38: Shear Tab Interaction Diagram for Forces at the Maximum Measured Moment. 
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the five bolt connections fell outside the benchmark data as the measured maximum 

flexural capacity of the five bolt connections alone reached the maximum bolt capacity 

determined using the ICOR analysis for the applied moment only case.  

 

4.7  Failure State Derivations  

 The failure limits states depicted in Section 4.3 included bolt shear rupture, 

localized block shear of the shear plate, and localized net tension rupture of the shear 

plate. The development of Equation (47) and the corresponding interaction diagram was 

based on the experimental data provided by Kulak et al.  [20] which found the ultimate 

bolt shear strength for ASTM A325 bolts with the threads excluded from the shear plane 

to be equal to 35.4 kips. However, as shown in Table 4.2 seven of the nine tests 

conducted failed due to the shear plate limit states. The shear plate failure patterns do not 

follow the typical behavior for the design limit states provided by the AISC 13th Edition 

Specification [2] resulting in limit states which do not correspond well with the bolt 

forces in Table 4.5. The approximate connection limits states for the failures observed 

during testing have been calculated per the provisions of the AISC 13th Edition 

Specification [2] to show the variability which occurs when applying the specification 

limit states to the current testing. The complete calculations are provided in Appendix F. 

 The single bolt shear capacity was calculated using the specification capacity and 

compared to the experimental data determined by Kulak et al.  [20]. Shown in Table 4.6, 

the unfactored AISC rated capacity for an ASTM A325 bolt with the threads excluded 

from the shear plane in single shear is twenty-five percent less than the ultimate capacity 

reported by Kulak et al.  [20].  
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 The shear plate net section rupture capacity was calculated using the Whitmore 

Section effective width criteria defined by Section 9 of the AISC 13th Edition 

Specification [2]. Shown in Figure 4.39, the Whitmore Section is based on spreading the 

bolt force from the edge of the plate thirty degrees each side of the line of force back to 

the bolt line.  

 

  

 

 

 

 Shown in Table 4.6, the Whitmore Section provides a largely conservative value 

for the localized net section capacity of the shear plate at the bottom bolt hole. By 

varying the Whitmore Section angle between thirty-five and forty degrees, the net section 

capacity can be increased to values which more closely correspond with the bolt forces 

determined in Section 4.5.  

 The bolt forces calculated for the connection which failed due to a localized block 

shear failure did not correspond well with the calculated capacity determined using the 

AISC 13th Edition Specification. Using the specification’s block shear equation, the un-

factored capacity for the failure path shown in Figure 4.40 was calculated to be 36.9 kips. 

This capacity does not correlate with the failure modes exhibited in three of the nine 

experimental tests as the specification capacity is greater than the benchmark single bolt 

shear capacity of 35.4 kips reported by Kulak et al.  [20] as well as the calculated bolt 

forces per Table 4.5.   

Figure 4.39: Whitmore Section Description.  
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 Poor correlation exists between the shear plate calculated capacities per the AISC 

13th Edition Specification [2], the experimental data provided by Kulak et al. [20], and 

the bolt forces reported in Section 4.5. The discrepancies indicate further investigation is 

required to determine shear plate capacities which more accurately define true limit states 

for shear tab connections subject to the combination of shear, tension, and flexure.  

 

 

 

 

Capacity

(Kips)

Single Bolt Shear Rupture Per AISC 13
th

 Edition
a

26.5

35.4

Net Shear Rupture Per AISC 13
th 

Edition Whitmore Length
a,c 

18.6

Modified Net Shear Rupture Using θ = 35 Degrees 26.6

Modified Net Shear Rupture Using θ = 40 Degrees 35.7

Localized Block Shear Rupture Per AISC 13
th 

Edition
a 

36.9

Single Bolt Shear Rupture Per Kulak Data
b

Limit State

Approximate Shear Plate Rupture Limit States

Figure 4.40: Typical Localized Block Shear Failure. 

Table 4.6: Approximate Localized Shear Rupture Failure Comparisons. 

a Capacity calculated per the previsions of the AISC 13th Edition Specification [2]. 
b Single bolt shear capacity per the experimental data reported by Kulak [20].  
c Whitmore section based on a thirty degree load spread angle each side of the line of force.  
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Chapter 5 

Conclusions 

5.1 Research Summary  

 The purpose of this research was to provide experimental observations and data 

describing the behavior of single plate “shear tab” simple shear connections subjected to 

extreme loading conditions caused by the loss of the primary supporting column. The 

testing sought to determine if shear tab connections had a measurable flexural capacity as 

well as determining if catenary tension could serve as a secondary load path mechanism. 

The experimental setup isolated the tested system to only evaluated connections without 

the contributions of a steel deck or concrete floor. The connections, designed per the 

“Conventional Configuration” provisions of the AISC 13th Edition Specification [2] for a 

shear only load application, were subjected to beam end rotations and tension forces not 

typical expected in gravity load only supporting members. The results of this research 

have provided insight into the behavior of shear tab connections subjected to extreme 

loading conditions as well as correlation to previous shear tab research.  

 

5.2 Connection Response Summary  

 Collected data for the tested specimens’ response to the simulated column failure 

provide three distinct phases of force-rotation behavior. The force-rotation behavior was 

minimal for the initial load application until the beam end rotation reached approximately 

0.025 and 0.03 radians. Beyond 0.03 radians, a linear increase in the measured beam end 

moment and beam end rotation existed as the applied shear increased. As the 

connections’ flexural capacity was achieved the relationship between the measured beam 
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end moment and the beam end rotation leveled off. With the flexural capacity leveling 

the measured tension forces increased until the initial connection failure occurred.  

 Three bolt connections displayed a more dramatic transition between a flexural 

and tension response indicating catenary action was an effective alternative load path for 

the applied shear load. At the peak of the measured moment, the tension forces increased 

as the measured moment dissipated. At the point of failure, the connections were 

primarily subjected to shear and tension only as the measured moment was negligible.  

 Four and five bolt connections displayed similar behavior as the three bolt 

connections however the transition from flexure to tension was not as significant. As the 

measured moment peaked, the measured tension forces increased. The measured moment 

dissipated slightly as the tension forces increased; however, at the connections’ initial 

failure point, a measurable beam end moment and tension force existed. The four and five 

bolt connections indicated flexure and tension load paths existed; however, catenary 

tension was not the exclusive load path. 

   

5.3 Rotational Ductility 

 The ductility mechanisms observed in the current research correspond well with 

previous research for shear tab connections; however, the rotational ductility magnitudes 

differed. Research by Richard et al. [5] and Astaneh et al. [7] determined the shear tab 

ductility was primarily based on the ability of the connections to undergo acceptable 

levels of plastic bolt shear deformations as well as bolt hole deformations. Tested 

connections in this research underwent similar plastic deformations in the shear plate and 
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bolts shanks. Significant plastic bolt bearing and bolt shear deformations eventually led 

to the rupture limits states observed during testing.  

 The tested connection’s rotational magnitudes greatly differed from previous test 

data and assumed behavior reported in the current design specifications for the expected 

beam end rotation characteristics of simple connections subjected to gravity loads. As 

reported in the AISC 13th Edition Specification [2] based on experimentation conducted 

by Astaneh [7], the beam end rotations expected for simple shear connections near the 

initiation of failure was 0.03 radians. The influence of small applied shears and large 

measured moments and axial forces in the connections of this research resulted in beam 

end rotations at the initial failure point ranging from 0.133 radians to 0.076 radians for 

the three and five bolt connections, respectively. These beam end rotations were similar 

to those determined by the finite element analysis conducted by Sadek et al. [19]. 

However, this research suggests Sadek et al.’s [19] comparisons made to the research of 

FEMA-355D [17] are misleading as the controlling limit states determined by this 

research as well as Sadek et al. [19] were a result of bearing and tearout failures of the 

shear plate or beam web rather than bolt shear failures reported by FEMA-355D [17]. 

 Ultimate beam end rotations at the initial failure loads also differed from previous 

research of shear tab connections subjected to similar large scale beam end rotations. The 

research provided in FEMA-355D [17] developed Equation (13) which suggested a 

maximum rotational ductility limit existed based on the ability for the shear tab 

connection to develop the full moment capacity of the connection bolts. Table 5.1 

provides a comparison of the average rotational ductility observed during the current 

research versus the rotational limits established by the FEMA-355D provisions using 
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Equation (13). Table 5.1 shows the current research indicated the connection shear plates 

were not capable of developing the full moment capacity of the bolts in the connections 

as the shear plate limits controlled the connections capacity. While the three bolt 

connections rotational data fell within FEMA-355D standard deviation, the limits stated 

for the validity of Equation (13) were not met due to the controlling shear plate limits.  

 

 

 

 

 

5.4 Connection Failure Modes 

 Based on the configurations of the specimens tested, three limit states controlled 

the ultimate capacity of the connections. Failures due to bolt shear, localized net section 

tensile rupture, and localized block shear rupture were observed at the bottom bolt 

location. Previous research conducted by Kulak et al. [20] provided benchmark data for 

the ultimate shear capacity of the bolts used in this research. The bolt force analysis 

conducted for the test data of the three and four bolt connections fell within the 

benchmark bolt shear data developed by Kulak et al. indicating a good correlation existed 

with the analysis method and the observed failure states. However, the five bolt analysis 

yielded maximum bolt forces which were consistently greater than the maximum bolt 

shear benchmark value. This discrepancy indicates further research is required to 

determine the validity of the proposed bolt force analysis method.  

Maximum Minimum

3 0.137 0.120 0.133

4 0.123 0.113 0.094

5 0.109 0.105 0.076

Bolts
Experimentally 

Observed Limits

Equation (13) Theoretical Limits
a

Rotational Ductility Limits (Radians)

Table 5.1: Theoretical versus Experimental Beam End Rotation Limits. 

a Limits established by research reported per FEMA-355D [17].  
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 The experimental research confirmed the conservative nature inherent in the bolt 

shear capacities provided by the current provisions of the AISC 13th Edition Specification 

[2]. As reported by Baldwin Metzger [3], the BGAF used in the current provisions allows 

for non-uniform bolt stresses occurring in certain types of connections. The specification 

bolt shear values are greater than twenty-five percent less than forces calculated in this 

research and the experimental values reported by Kulak et al.  [20]. This research agrees 

with the conservative nature of the specification for connection design; however, 

investigation into existing structure’s robustness and reserve capacity may be hindered 

using the specifications limits. Further research is required to determine the extent the 

conservative bolt shear values has on deeper shear tab connections as well as different 

types of connections.  

 The plate rupture limits observed during testing were not well represented by the 

current design equations provided by the AISC 13th Edition Specification. The Whitmore 

Section analysis conducted for the limit state of net tension rupture suggested an increase 

force spread angle between thirty-five and forty degrees provided plate capacities which 

better fit the collected data. The localized block shear calculation for the bottom bolt hole 

provided plate capacities greater than the bench mark bolt shear capacity. The poor 

correlation between the observed failure modes and calculated bolt forces, maximum bolt 

shear data reported by Kulak et al.  [20], and the limit state equations provided by the 

AISC 13th Edition Specification [2] suggests further research is required to validate 

design equations for the plate capacities incorporating tension and shear forces. Further 

research developing equations for the plate rupture limit states will also verify the 

validity of the suggested ICOR bolt force analysis.  
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5.5 Data Validity 

 The data collection for the current research included measurements of applied 

load, vertical displacement, and strain. A manually operated hydraulic pump was utilized 

to power the hydraulic cylinder used for the applied shear load due to limitations of the 

MSOE CSEC facility. The reported results indicated some variability in the collected 

data existed as the rate of load application was based on the discretion of the pump 

operator. Spikes in the graphical data indicated variability existed in the application of the 

applied shear load; however, consistency was observed between the plotted data 

throughout the duration of the experimental testing. Further testing would benefit from 

the use of a hydraulic pump capable of sustaining a steady rate of force or displacement 

to reduce the peaks and variability between collected data time steps.  

 The experimental strain gage data indicated two of eight strain gages reported 

invalid results. One strain gage from each side of the test system providing inconsistent 

data was eliminated from the data analysis. The loss of the strain gages did not void the 

tests as only two strain gages from each side of the system were required to extrapolate 

the system results. However, the ability to map the stress diagrams along the cross section 

of the supported beams using four points of data was not achieved. The left side beam 

data were consistently greater in magnitude and more variable than the right side data. 

The location of the valid strain gages were believed to be the reason for this 

inconsistency. The valid strain gage readings for the left side were at the quarter points of 

the beam cross section compared to the right side strain gages at the flange faces which 

provided more consistent data. Further testing would benefit from multiple strain gages 

placed at each flange face as well as more strain gages placed within web of the 
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supported beam profile to increase the probability of collecting valid data as well as 

increasing the ability to map the stress distribution within the supported beam cross 

section.   

 Despite the variability of the collected data due to the inaccuracies of 

experimental measurement devices, the experimental data validity was verified by an 

equilibrium analysis indicating the data were within a four percent margin of error when 

compared to fundamental statics principles. The analysis was conducted within the linear 

range of the force-rotation relationship to assure significant plastic deformations would 

not skew the analysis. One irregularity was observed in a three bolt test resulting in 

greater than twenty percent error as a result of large scale variability in the collected data. 

Future experimentation would benefit from implementing a more precise hydraulic pump 

as well as an increase in the number of strain gages.  

 

5.6 Overall Connection Performance 

 The shear tab connections’ overall performance showed the ability to withstand 

measureable unexpected forces from those specifically considered per the design 

equations of the AISC 13th Edition Specification [2]. Average flexural capacities 

generally ignored by current design standards of 165 kip-inches, 320 kip-inches, 580 kip-

inches were measured for the three, four, and five bolt connections, respectively. 

Significant tensile forces were also developed in the connections up to the point of 

failure. All tested connections yielded due to the flexural forces developed as a result of 

vertical deflection and ruptured as a result tension or the combination of tension and 

flexure. All connection failures were due to rupture failures of the bottom bolt and/or bolt 
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hole. The gross section as well as the shear plate to column flange weld did not show 

signs of damage. 

  The connections appeared to have the inherent robustness to transfer flexural and 

axial forces not accounted for in the original connection design. However the three, four, 

and five bolt test systems were only capable of achieving an applied shear load ranging 

from 7.5 to 9 percent of the un-factored connection design strength. The connections 

designed to withstand gravity loads were not able to bridge over the column failure using 

catenary forces exclusively prior to failure. Some evidence existed of the five bolt 

connections ability to recover from the initial failure mode and support less than a one 

percent increase in applied shear load. However, the data were limited and would benefit 

from future research.  

 

5.7 Suggested Future Research 

 The design of shear tab connections per the AISC 13th Edition Specification [2] 

has been based on previous research which analyzed the connection’s characteristic 

behavior when subjected to gravity loads and typical beam end rotations. Much time and 

effort has been spent understanding the shear tab’s intended behavior. Yet, research into 

the connection’s behavior when subjected to the combination of shear, tension, and 

moment as a result of extreme loading scenarios has largely been unreported. While a 

few analytical studies have been conducted few experimental tests have been conducted 

to verify these studies.  

 As of today, the New York City Building Code is one of the first United States 

building codes incorporating structural integrity parameters for steel connections. Under 
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the 2008 New York City Construction Code [23], simple shear connections are required to 

have a tensile capacity equal to the shear capacity but not combined. Specifically for 

shear tab connections, the tensile capacity is required to be equal to the bearing capacity 

of the plate or supported web with bolt hole deformations not a consideration. While a 

step in the right direction, this requirement may create un-conservative designs. Without 

looking at the interaction of the shear and tensile forces this blanket requirement, while 

well intended, may not be the solution for structural integrity design in simple shear 

connections.  

  The current research has provided a step in the broad idea of inherent robustness 

of steel framed structures. The current research was isolated to one connection along a 

planar two bay frame without influences of a steel deck and concrete floor. Future 

experimental research exploring the benefits of three-dimensional framing systems with 

deeper connections, different diameter and grades of bolts, and thicker shear plates would 

provide a more expansive understanding of a steel framed building’s response to the loss 

of a supporting column. Future research is suggested to refine the bolt force analysis 

technique utilized in the current research as to develop limit state capacity equations for 

the combination of localized shear and tension forces in the shear plate. Additional 

benefits of a non-composite and composite steel deck and concrete floor system are 

suggested for future analytical and experimental research. Increasing the complexity of 

the flooring system may better determine a steel framed structures response to 

unexpected forces. Doing so, future research may provide a more complete understanding 

of current and future structures ability to withstand extreme loading conditions.  
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Appendix A 
 

“Conventional Configuration” Shear Tab Calculations 
 
 The following calculations represent the specific criterion and design procedure 

presented in the 2005 AISC 13th Edition Specification for the design of single plate shear 

connections under the “Conventional Configuration” limitations. These calculations 

represent the expected capacities for the tested three, four, and five bolt shear tab 

connection subjected to vertical shear only. These calculations have been used to predict 

an expected maximum applied load level required to ensure a defined failure mechanism 

is known during experimental testing. The calculations and page number references 

shown throughout pertain to the 2005 AISC 13th Edition Specification1.  The calculations 

have been carried out without the use of the specified safety factors as the analytical 

ultimate connection capacities are pertinent to the current research. Detailed calculations 

have been provided for the tested three bolt shear tab connection. A summary of the 

ultimate shear connection capacities for the three, four, and five bolt connections is 

shown in Table A-2.  

 
  

 

 

 

 

 

 

 

                                                 
1 American Institute of Steel Construction (AISC). 2005. Manual of Steel Construction 13th Edition. 
Chicago, IL. 

Figure A-1: Typical Three Bolt Shear Tab Connection “Conventional Configuration”.  
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A.1 Connection Material Properties. 
  

 

 

 
 
A.2 “Conventional Configuration” Geometric Requirements (p.10-101). 
 
 a. The connection is limited to one column of bolts with the number of bolts, n, 

less than or equal to twelve bolts in the connection.  
 
   w = 3, 4, 5 bolts      
 
 b. Distance from weld line to bolt line, a, less than or equal to 3 1/2 in. 
 
   x = 3 1/2in.  
    
 c.  Standard or Horizontal Short Slotted Holes only.  
  
 d.  The horizontal edge distance, Leh, from the center of the bolt hole to the edge 

of the connecting plate and beam web must be greater than twice the diameter 
of the bolt. 

 
     Leh = 1 1/2in. 

 
 e. The vertical edge distance, Lev, from the center of the bolt hole to the edge of 

the connecting plate must be equal to or greater than 1 1/4 in. for 3/4 in. 
diameter bolts.  

 
   Lev = 1 1/2in. 
 
 f. Either the thickness of the connecting plate, tpl, or beam web, tw, must be 

thicker than one half the diameter of the bolt plus one-sixteenth of an inch.  
      
     tmax = 0.5(0.75in.) � 0 .0625in. = 0.4375in.   
     tpl= 0.375in.      tw=0.3in. 
 
 g. The minimum weld thickness, tw,min, must be equal to or greater than 5/8 tpl. 

       

     tw,min = 0.625 ∗ 0.375 
     tw,min = 0.25in. 
 
 

Table A-1: Connection Material Properties 

 Yield 
Strength 

Rupture 
Strength 

tpl / tweb / tflange 

Shear Plate 36 ksi 58 ksi 0.375 in 
W18x35 50 ksi 65 ksi 0.3 in 
W12x53 50 ksi 65 ksi 0.575 in 
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A.3 Bolt Shear Rupture Capacity (Eq. J3-1).  
  
   Rn = w ∗ q1 ∗ =� 

   Rn = (3)*(60 ksi)* π(0.75 in)2
4  

   Rn = 79.5 kips  
 
A.4 Weld Shear Rupture Capacity (Eq. J2-4). 
    

   Rn = 0.6 ∗ q�$$ ∗ √


 ∗ �� ∗ R� ∗ 2 

   Rn = 0.6*(70ksi)* √2
2 *(0.25in)*(9in-0.25in)*2 

   Rn = 129.9 kips  
 
A.5 Connecting Plate Base Metal Shear Rupture (Eq. J4-4). 
     
   Rn = 0.6 ∗ ql ∗ =1t 
   Rn = 0.6*(58 ksi)*(0.375in)*(9in-0.25in) 
   Rn = 114.2 kips 
 
A.6 Supporting Column Flange Rupture Strength (p. 9-5). 
 

   t�l, min = o.5∗��((∗√A
A ∗n�∗


o5∗��  

   t�l, min = 0.6*(70ksi)*√2
2 *(0.25in)*2

06*(65ksi)   
   t�l, min = 0.381in.  
 
A.7 Connecting Plate Shear Yielding (Eq. J4-3). 
 
   Rn = 0.6 ∗ qb ∗ =� 
   Rn = (0.6)*(36ksi)*(9in)*(0.375in) 
   Rn = 72.9 kips  
 
A.8 Connecting Plate Shear Rupture (Eq. J4-4). 
 
   Rn = 0.6 ∗ ql ∗ =1t 
   Anv = �um ∗ (Rum − (w ∗ (�� � 0.125�w)) 

   Anv = (0.375in)*(9-(3*(0.75in�0.125in)) 
   Anv = 2.39in
 
   Rn = (0.6)*(58ksi)*(2.39in
) 
   Rn = 83.2 kips  
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A.9 Connecting Plate Bolt Bearing (Eq. J3-6b). 
 
   rn = 1.5 ∗ �9 ∗ � ∗ ql ≤ 3.0 ∗ �� ∗ � ∗ ql 
   Lc = ��t − 0.5 ∗ (�� � 0.0625in) 
   Lc = 1.5in-0.5*(0.75�0.0625in) 
   L9 = 1.094 in 
   rn = (1.5*(1.094in)*(0.375in)*(58ksi)) 
            �(3.0*(0.75in)*(0.375in)*(58ksi)) 
   rn = 35.7kips�48.9kips 
   Rn = 35.7kips�2*(48.9kips)  
   Rn = 133.6 kips  
 
A.10 Supporting Beam Web Bolt Bearing (Eq. J3-6b). 
   rn = 1.5 ∗ �9 ∗ � ∗ ql ≤ 3.0 ∗ �� ∗ � ∗ ql 
   Lc = N/A 
   rn = (3.0*(0.75in)*(0.3in)*(65ksi)) 
   rn = 43.9kips 
   Rn = 3*(43.9kips)  
   Rn = 131.6 kips  
 
A.11 Connecting Plate Block Shear Rupture (Eq. J4-5). 
      
   Rn = ��- ∗ ql ∗ =1n � ��w (0.6 ∗ qb ∗ =�t , 0.6 ∗ ql ∗ =1t)  

   Agv = tpl*(Lpl-Lev) 

   Agv = 0.375in*(9in-1.5in) 
   Agv= 2.81 in2 
       Anv = �um ∗ (�um − ��t − ((w − .05) ∗ (�� � 0.125�w))) 

   Anv = 0.375in*(9in-1.5in-((3-0.5)*(0.75in�0.125in))) 
   Anv= 1.99 in2 
   Ant = �um ∗ (��� − (0.5 ∗ (�� � 0.125�w))) 

   Ant = 0.375in*(1.5in-(0.5*(0.75in�0.125in))) 
   Ant = 0.398 in2 
   Ubs = 1.0 
   Rn = (1.0*58ksi*0.398in2) 
            �min((0.6*36ksi*2.81in2), (0.6*58ksi*1.99in2)) 
   Rn = 83.9 kips 
 
A.12 Supporting Beam Shear Yield (Eq. G2-1). 
 
   Rn = 0.6 ∗ qb ∗ =� ∗ �t 
   Rn = (0.6)*(50ksi)*(17.7in)*(0.3in)*(1.0) 
   Rn = 159.3 kips  
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Table A-2: Ultimate Shear Capacities for Three, Four, and Five Bolt Shear Tab Connections. 
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Appendix B 
 

Single Plate “Hanger” Connection Calculations 
 
 The following calculations represent an idealized situation in which the shear tab 

connection designed per Appendix A is subjected to an unexpected tensile force. These 

calculations represent the expected capacities for the tested three, four, and five bolt shear 

tab connections subjected to a perpendicular tensile force only. These calculations have 

been used to predict an expected maximum catenary force required to ensure a defined 

failure mechanism is known during experimental testing. The calculations and page 

number references shown throughout pertain to the 2005 AISC 13th Edition 

Specification1.  The calculations have been carried out without the use of the specified 

safety factors as the analytical ultimate connection capacities are pertinent to the current 

research. Detailed calculations have been provided for the tested three bolt shear tab 

connection. A summary of the ultimate shear connection capacities for the three, four, 

and five bolt connections is shown in Table B-2.  

 
  

 

 

 

 

 

 

 

 

                                                 
1 American Institute of Steel Construction (AISC). 2005. Manual of Steel Construction 13th Edition. 
Chicago, IL. 

Figure B-1: Typical Three Bolt Shear Tab Connection Configuration – Tension Case. 
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B.1 Connection Material Properties. 
  

 

 

 
 
B.2 Geometric Requirements.  
 
 Refer to the Appendix A Section A.2 for the geometric considerations required 

for the connection shown in Figure B-1.  

  
B.3 Bolt Shear Rupture Capacity (Eq. J3-1). 
  
   Rn = w ∗ q1 ∗ =� 

   Rn = (3)*(60 ksi)* π(0.75 in)2
4  

   Rn = 79.5 kips  
 
B.4 Weld Tensile Rupture Capacity (Eq. J2-4 & J2-5). 
    
   Rn =  q� ∗ =� 
   Fw= 0.6*FEXX*(1.0�0.5*sin1.5θ) 
   Fw= 0.6*(70ksi)*(1.0�0.5*sin1.5(90)) 
   Fw= 63.0ksi 
   Rn = (63ksi)* √2

2 *(0.25in)*(9in-0.25in)*2 

   Rn = 194.9 kips  
 
B.5 Connecting Plate Base Metal Tensile Rupture (Eq. J4-2). 
     
   Rn = ql ∗ =� 
   Rn =(58 ksi)*(0.375in)*(9in-0.25in) 
   Rn = 190.3 kips 
 
B.6 Connecting Plate Tensile Yielding (Eq. J4-1). 
 
   Rn = qb ∗ =� 
   Rn = (36ksi)*(9in)*(0.375in) 
   Rn = 121.5 kips  
 
 
B.7 Connecting Plate Tensile Rupture (Eq. J4-2). 
 

Table B-1: Connection Material Properties. 

 Yield 
Strength 

Rupture 
Strength tpl / tweb / tflange 

Shear Plate 36 ksi 58 ksi 0.375 in 
W18x35 50 ksi 65 ksi 0.3 in 
W12x53 50 ksi 65 ksi 0.575 in 
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   Rn = ql ∗ =� 
   Ae = =� ∗ � 
   Ae = (0.375in)*(9-(3*(0.75in�0.125in))*(1.0) 
   Ae = 2.39in
 
   Rn = (58ksi)*(2.39in
) 
   Rn = 138.7 kips  
 
B.8 Connecting Plate Bolt Bearing (Eq. J3-6b). 
 
   rn = 1.5 ∗ �9 ∗ �um ∗ ql ≤ 3.0 ∗ �� ∗ �um ∗ ql 
   Lc = ��t − 0.5 ∗ (�� � 0.0625in) 
   Lc = 1.5in-0.5*(0.75�0.0625in) 
   L9 = 1.094 in 
   rn = (1.5*(1.094in)*(0.375in)*(58ksi)) 
            �(3.0*(0.75in)*(0.375in)*(58ksi)) 
   rn = 35.7kips�48.9kips 
   Rn = 3*(35.7kips)  
   Rn = 107.1 kips  
 
B.9 Supporting Beam Web Bolt Bearing (Eq. J3-6b). 
 
   rn = 1.5 ∗ �9 ∗ �� ∗ ql ≤ 3.0 ∗ �� ∗ �� ∗ ql 
   Lc = ��t − 0.5 ∗ (�� � 0.0625in)  
   Lc = 1.5in-0.5*(0.75�0.0625in) 
   L9 = 1.094 in 
   rn =(1.5*(1.094in)*(0.3in)*(65ksi))  
            �(3.0*(0.75in)*(0.3in)*(65ksi)) 
   rn = 32.0kips�43.9kips 
   Rn = 3*(32.0kips)  
   Rn = 96.0 kips  
 
B.10 Connecting Plate Block Shear Rupture (Eq. J4-5). 
      
   Rn = ��- ∗ ql ∗ =1n � ��w (0.6 ∗ qb ∗ =�t , 0.6 ∗ ql ∗ =1t)  
   Agv =2 ∗ tpl ∗ Lev 
   Agv = 2*(0.375in)*(1.5in) 
   Agv= 1.13in2 
       Anv = 2 ∗ �um ∗ (��t − (0.5) ∗ (�� � 0.125�w)) 

   Anv =2* 0.375in*(1.5in-(0.5)*(0.75in�0.125in)) 
   Anv= 0.8 in2 
   Ant = �um ∗ (�um − (w − 1) ∗ (�� � 0.125�w) − 2 ∗ ��t) 

   Ant = 0.375in*(9in-(3-1)*(0.75in�0.125in)-2*(1.5in)) 
   Ant = 1.59 in2 
   Ubs = 1.0 
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   Rn � �1.0*58ksi*1.59in2  
            �min��0.6*36ksi*1.13in2 , �0.6*58ksi*0.8in2   
   Rn � 116.52 kips 
 
B.11 Supporting Beam Web Block Shear Rupture (Eq. J4-5). 
      
   Rn � ��- � ql � =1n � ��w �0.6 � qb � =�t, 0.6 � ql � =1t   
   Agv �2 �  tw � Lev 
   Agv � 2*�0.3in *�1.5in  
   Agv� 0.9in2 
       Anv � 2 � �� � ���t � �0.5 � ��� � 0.125�w   
   Anv �2* 0.3in*�1.5in-�0.5 *�0.75in�0.125in   
   Anv� 0.64 in2 
   Ant � �� � ��w � 1 � Q � �w � 1 � ��� � 0.125�w  
   Ant � 0.3in*��3-1 *3in -�3-1 *�0.75in�0.125in   
   Ant � 1.28 in2 
   Ubs � 1.0 
   Rn � �1.0*65ksi*1.28in2  
            �min��0.6*50ksi*0.9in2 , �0.6*65ksi*0.64in2   
   Rn � 107.8 kips 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table B-2: Ultimate Tensile Capacities for Three, Four, and Five Bolt Single Plate Connections. 
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Appendix C 
 

Test Frame Component Design 
 

  The following represents the verification and design conducted for the design of 

the of the test frame apparatuses. All design calculations and design equations included in 

Appendix C are based on the AISC 13th Edition Specification1 using the LRFD design 

equations. Refer to Appendix D for the design shop drawings referenced in the following 

design calculations for all dimensions and material grades.  

 

C.1  True Pin Connection 

 A true pin connection was designed for the exterior beam to column connections 

to ensure a point of zero moment existed in the test system.  This was accomplished by 

using one 1 1/4 inch diameter ASTM A490 bolt with the threads excluded from the shear 

plane at each end.  The connection was designed for a combined shear force, V, of 60 

kips and a tensile force, T, of 110 kips.   

 

C.1.1 Bolt Design Shear Load 

 r"#$ � √r
 � ¡
 

 V£¤¥ � ¦�60 kips)
 � (110 kips)
 

 V£¤¥ = 126 kips 
 

C.1.2 “Pin” Bolt Shear Design 

 From Table 7-1 of the AISC 13th Edition Steel Construction Manual, a 1 1/4 inch 

diameter ASTM A490 X bolt in double shear is adequate for 138 kips.  

  §]1 = 138 kips > 126 kips   

  ∴ Bolt has adequate capacity. 

 

 

 

                                                 
1 American Institute of Steel Construction (AISC). 2005. Manual of Steel Construction 13th Edition. 
Chicago, IL. 
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C.1.3 Beam Web Bearing and Tearout Strength (J3-6a) 

  ]1 � 1.2�9�ql ≤ 2.4��ql  

   Rk = (1.2)ª2.25 in. −(0.5)(1.25 in. �0.0625 in. )«t¬(58 ksi) 
   � (2.4)(1.25 in. )t¬(58 ksi) 
   Rk = 111t¬ ≤ 174t¬ 
   φRk = 126 kips = (0.75) ∗ (111) ∗ t¬ 
   ∴ t¬ £jk = 1.51 in. 
 Two 3/4 inch ASTM A36 doubler Plates were required on each side of the beam 

web. Similarly, two 3/4 inch extended plates are required for the connection from the pin 

to the end plate.  

    

C.1.4 End Plate Web Bearing and Tearout Strength (J3-6a) 

  Top Bolts: 

   ]1 = 1.2�9�ql ≤ 2.4��ql 

   Rk = (1.2)ª1.5in. −(0.5)(0.75in. �0.0625 in. )«t­®(58 ksi) 
    � (2.4)(0.75 in. )t­®(58 ksi) 
   Rk = 76.1t­® ≤ 104t­® 
   ∴ Therefore tearing is the controlling portion of the equation. 

  Other Bolts: 

   ]1 = 1.2�9�ql ≤ 2.4��ql 
   Rk = (1.2)ª6.0 in. −(0.75in. �0.0625 in. )«t­®(58 ksi)  
    � (2.4)(0.75 in. )t­®(58 ksi) = 104t­® 
   Rk = 361t­® ≤ 104t­® 
   ∴ Therefore bearing is the controlling portion of the equation. 

   φRk = 126 kips = (0.75)[(2 bolts ∗ 76.1t­®) � (4 bolts ∗ 104t­®)] 
   ∴ t­® £jk = 0.295 in. 
 A minimum 3/4 inch ASTM A36 end plate was used to match the thickness of the 

extended shear plates.  
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C.1.5  End Plate Bolts in Shear and Tension (J3-2) 

  §]1 � §q′1n=� 

  q′1n � 1.3q1n − �:

φ�:
 °t ≤ q1n  

  F′k± = 1.3(90 ksi) − (²o ³hj)
(o.´P)(µO ³hj) � 5o ³j®h

5 ¶g·±h×o.µµ
 jk.A	 � (90 ksi) 

  F′k± = 60.4 ksi � 90 ksi 
  φRk = (0.75)[(60.4 ksi)(6 bolts ∗ 0.442 in.
 )« 
  φRk = 120 kips > 110 kips 

   ∴ The end plate bolts are adequate for the applied tension. 

 

C.1.6  Block Shear of Endplate (J4-5) 

  §]1 = ¹º0.6ql=1t � ��-ql=1n � 0.6qb=�t � ��-ql=1n» 
  ��t = 13.5 in.  

  =�t = 5.06 in.
 

  �1t = [13.5 in. −(2.5)(0.75in. �0.125 in. )« = 11.3 in. 
  =1t = 4.24 in.
 

  �1n = [1.5 in. −(0.5)(0.75in. �0.125 in. )« = 2.13 in. 
  =1n = 0.799 in.
 

  φRk = φº0.6F¼Ak½ � U¶hF¼Ak± � 0.6F¾A¿½ � U¶hF¼Ak±»  

   U¶hF¼Ak± = (1.0)(58 ksi)(0.799 in.
 ) =  46.3 kips 

   0.6F¼Ak½ = (0.6)(58 ksi)(4.24 in.
 ) =  148 kips 

   0.6F¾A¿½ = (0.6)(36 ksi)(5.06 in.
 ) =  109 kips 

   ∴ Shear yielding controls 

   ϕRk = (0.75)[109 kips � 46.3 kips« = 116 kips > 126 kips 

   ϕRk = 116 kips > 90 kips 

   ∴ The end plate has adequate shear capacity. 

 

 

 

 



141 
 

C.1.7 Extended Plate Flexure Checks (F2-1) 

 The design moment is based on the eccentricity of the pin to the end plate.  

  Kl � r × ��Q�xwÁU �S Uw� TRx�U 

  M¼ = (60 kips)(3.25 in. )  
  M¼ = 195 kip- in. 
 Assuming the end connection’s outside plates are 3/4 inch thick from bearing and 

tearout section, the flexural capacity of the extended plates is shown.  

  §K1 = φqbÃ$ 

  Ã$ = �%A
µ    

  Z¥ = (o.´Pjk.)(Z
 jk.)A
µ = 27.0 in.D 

  ϕMk = (0.9)[(2)(36 ksi)(27.0 in.D )« 
  ϕMk = 1750 kip- in. > 195 ,�T- �w 

  ∴ Plate has adequate capacity. 

 

C.1.8  End Plate Shear Yielding (J4-3)  

  φ]1 = φ0.6qb=�  

   φRk = (1.0)ª(0.6)(36 ksi)(12 in.× 0.75 in. )«  

   φRk = 194 kips > 60 kips 

   ∴ The end plate has adequate capacity. 

 

C.1.9 End Plate Shear Rupture (J4-4) 

  φ]1 = φ0.6ql=1t   

   φRk = (0.75)[(0.6)(58 ksi)(12 in.∗ 0.75 in. )«  

   φRk = 235 kips > 60 kips 

   ∴ The end plate has adequate capacity. 

 

C.1.10   End Plate Prying 

 To check whether prying action was a concern for this connection, Section 9 from 

the AISC 13th Edition Steel Construction Manual was used. 

   ¡�Åmn = 110 kips 6⁄ bolts = 18.3 kips 
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   ÇÈ � �Ç � %�

 	 � �2.75 in. − o.´P jk.


 	 = 2.38 in. 
   T = 6.0 in. 
   �"É1 = sµ.µµ��ÊË
�Ì

u��   

   t£jk = sµ.µµ(ZO.D ³j®h)(
.DO jk.)
(5 jk.)(PO ³hj)  

   t£jk = 0.745 in. < 0.75 �w. (¡ℎ�Á,wUQQ S° 2w� <Rx�U) 

   ∴ Prying does not control the end plate design. 

 

C.1.11 Weld Design (J2-4) 

 Due to limited weld access, a partial penetration weld was designed to secure the 

side plates of the end connection to end plate.  

 

 Tension Capacity 

  φ]1 = φ0.6q�$$=�   

  φRk = (0.8)[0.6(70 ksi)(12in)(0.5in. )(2)(0.5)« 
  φRk = 202 kips > 110 kips 

   ∴ Weld has adequate tensile capacity. 

  Shear Capacity 

  §]1 = φ0.6q�$$=�   

  φRk = (0.75)[0.6(70 ksi)(6 in.
 )« 
  φ]1 = 189 kips > 60 kips 

   ∴ Weld has adequate capacity. 

  Combined Force Capacity: 

  §]1 = √r
 � ¡
 

  ϕRk = ¦(189 kips)
 � (202 kips)
 

  ϕRk = 277 kips > 126 kips 

   ∴ Weld has adequate capacity. 
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C1.12 MSOE CSEC Test Frame Flange Local Buckling (J10-1) 

  §]1 � φ6.25�Ï
qbÏ   

  φ]1 = (0.9)[(6.25)(0.94 in. )
(50 ksi)«  

  φRk = 248 kips > 55 kips 

   ∴ Flange has adequate capacity. 

C1.13  Web Local Yielding: 

  φ]1 = φ(5, � Ð)qb���  

  φRk = (1.0)ªÑ(5)(1.34 in. ) � 12 in. Ò(50 ksi)(0.890 in. )«  

  φRk = 551 kips > 55 kips 

   ∴ Web has adequate capacity. 

 

C.2  Design of Hydraulic Ram Base Connection 

 A secondary apparatus was constructed to secure the hydraulic ram to the MSOE 

CSEC test frame.  The assembly provided the restraint which prevented the ram from 

kicking out or excessively moving during the testing.  The connection was designed for 

an ultimate tensile force the hydraulic ram was rated for equal to 100 kips. The overall 

ram support apparatus consists of an upper and lower section.  Shown in Appendix D, the 

lower section provided a base connection for the 1 3/4 inch ASTM A36 threaded rods.  

 

C2.1  Connecting Bolts Ultimate Design Load 

    ¡lmn/�Åmn = 100 kips 2⁄ sides 4 bolts = 12.5 kips⁄ /bolt 
 

C2.2  Bolt Tensile Strength (J3-1) 

  §Ô1 = §q1=�   

  φÔ1 = (0.75)[(90 ksi)(0.442 in. )
«  

  φÔ1 = 29.8 kips/bolt > 12.5 kips/bolt 
   ∴ The bolts have adequate capacity. 

 

C2.3 Threaded Rod Ultimate Tensile Load 

  ¡lmn/ÕÅ% = 100 kips 2⁄ sides = 50 kips/rod 
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C2.4  Threaded Rod Tensile Yielding (D2-1) 

  §<1 � §nqb=� 

  φ<1 � �0.9)[(36 ksi)(1.77 in.
 )«  

   φ<1 = 57.2 kips > 50 kips 

   ∴ The threaded rods are adequate. 

 

C2.5 Threaded Rod Tensile Rupture Strength (J3-1) 

  §<1 = φq1=�  

  q1 = 0.75ql 

  φ<1 = (0.75) Ö(0.75)(58 ksi) �×

 ∗ (1.5in. )
	Ø  

  φPk = 57.6 kips > 50.0 kips 

   ∴ The threaded rods are adequate. 

 

C2.6 Thread Tensile Strength in Bottom Plates 

 The initial design of the threaded rods shown in Appendix D intended the treaded 

rods to be threaded into their respective base plates.  Due to a fabrication variance from 

the shop drawings, the threaded rods were instead bolted through the plate.  Because the 

original pieces were sized to prevent stripping or pullout of the threads, it was found that 

the same sizes were adequate for the final set-up. 

 

C2.7 Base Plate Prying: 

 The minimum base plate thickness ensuring prying action would not control the 

connection was based on Section 9 from the AISC 13th Edition Steel Construction 

Manual. 

   ¡�Åmn = 50 kips 4⁄ bolts = 12.5 kips 

   ÇÈ = �Ç − %�

 	 = �2.75 in. − o.´P jk.


 	 = 2.38 in. 
   T = 6.0 in. 
   �"É1 = sµ.µµ��ÊË
�Ì

u��   
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   t£jk = sµ.µµ(Z
.P ³j®h)(
.DO jk.)
(5 jk.)(PO ³hj)  

   t£jk = 0.62 in. < 1.0 �w 

   ∴ Prying is not a concern using one inch base plates. 

 

C.3  Design of Hydraulic Ram Upper Connection. 

 The upper portion of the hydraulic ram support provided the vertical and lateral 

restraint for the hydraulic ram. As shown in Appendix D, the apparatus also provided the 

support for the load cells.  

 

C3.1  Statics Summary 

 The top plate was designed to resist a load applied at the center of the plate with a 

maximum force of 100 kips.  The two threaded rods designed in Section C.3 provided the 

simple supports. With a centrally located point load of 100 kips, the bending moment is 

  K"#$ = 6m
µ  

  M£¤¥ =  (Zoo ³j®h)(
µ jk.)
µ  

  M£¤¥ = 600 kip- in. 
 

C3.2  Flexural Yielding of Built-Up Top Plate Section (F9-2) 

  §K1 = φKu = φqbÃ$ � 1.6Kb  

  φMk = (0.9)ª(36 ksi)(23 in.D )« � (1.6)(600 kip- in)  

  φMk = 745 kip- in � 960 kip- in 

  φMk = 745 kip- in > 600 kip- in 

   ∴ The built-up section has adequate flexural capacity. 

 

C3.3  Lateral-Torsional Buckling of Built-up Section (Stems in Tension) (F9-4) 

  §K1 = φK9Õ = φ
Ú¦Û;ÜÝÞ

_� ºß � √1 � ß
» 
  ß = ±2.3 � %

_�	 s;Ü
Þ  
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  B � 2.3 � P jk.

µ jk.	 s5´² jk.á

µ jk.á  

  B = 6.24 

  φMk = (0.9) âÚ¦(
²ooo ³hj)(5´² jk.á )(ZZPoo ³hj)(µ jk.á)
(
µ jk.á) º6.24 � √1 � 6.24
»ã  

   φMk = 1.41 x 105 kip- in ≫ 600 kip- in  

 ∴ Lateral torsional buckling does not control. 

 

C3.4  Flange Local Buckling of Built-up Section Tees (F9-6) 

  Check to see if section is compact 

  
�
n = Z
 jk.

Z jk. = 12 

  åÕ = 1.49s Û
�Ü = 1.49s(
²ooo ³hj)

(D5 ³hj) = 42 > 12 

   ∴ Section is noncompact. 

  q9Õ = qb æ1.19 − 0.50 ç �[

n[è s�Ü

Û é  

   F@ê = (36) æ1.19 − 0.50 �(Z
 jk.)

(Z jk.)	 s (D5 ³hj)

(
²ooo ³hj)é  

   F@ê = 39 ksi  

  φK1 = φq9Õë$9   

   φMk = (0.9)[(39 ksi)(34 in.D )«  

   φMk = 1193 kip- in > 600 kip- in 

 ∴ Built-up section has adequate capacity. 

 

C3.5  Stiffener Weld Demand 

  r"#$ = 8&'(

%  

  V£¤¥ = 5oo ³j®-jk

(
.P jk.)  

  V£¤¥ = 120 kips 

  V£¤¥/h±jìì = 120 kips 2⁄ Stiffeners = 60 kips/stiffener 
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C3.6  Stiffener Plate Weld Design (J2-3) 

  §]1 � φq�=� 

  q� � 0.6q�$$ 

  φRk = (0.75) Ö0.6(70 ksi) �2 welds ∗ 36 in.∗ √


 ∗ P

Z5 in. 	Ø 
  φRk = 500 kips > 60 ,�TQ 

   ∴ Weld has adequate capacity. 

 

C3.7   Base Metal Shear Yielding (J4-3) 

  §]1 = §0.6qb=� 

  φRk = (1.0)ª0.6(36 ksi)(36 in.∗ 1 in. )« 
  φRk = 778 kips > 60 ,�TQ 

   ∴ Weld has adequate capacity. 

 

C3.8  Base Metal Shear Rupture (J4-4) 

  §]1 = ¹0.6ql=1t 

  φRk = (0.75)[0.6(58 ksi)(36 in.∗ 1 in. )« 
  φRk = 940 kips > 60 kips 

   ∴ Weld has adequate capacity.  Use 5/16” fillet welds. 

 

C3.9  Plate Apparatus Deflection 

  ∆"#$= m

µo 

  ∆£¤¥= 
µ jk.

µo  

  ∆£¤¥= 0.10 in. 
  ∆ = 6mJ

µOÛ; 

  ∆= (Zoo ³j®h)(
µ jk.)J
(µO)(
²ooo ³hj)(µP.D jk.á) 

  ∆ = 0.02 in. < 0.10 �w. 
   ∴ The section will not deflect more than the limit allowed. 
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B.4  Design of the Threaded Rod Connection 

 A bolted clevis-type connection was designed to provide the link between the test 

specimen column stubs and the hydraulic cylinder. The connection also provided a 

support location for the threaded rod extended out of the hydraulic cylinder. The 

connection was designed for an ultimate applied load of 100 kips based on the hydraulic 

cylinder’s rated capacity. The following represents the design calculations conducted 

verifying the connection capacity. Refer to Appendix D for all dimensions and sizes not 

shown.   

  

C4.1 Threaded Rod Tensile Yield Strength (D2-1) 

 The threaded rod connecting the hydraulic cylinder to the column stub connection 

was designed as a 1-3/4 inch diameter ASTM A572 Grade 60 rod.  

  §<1 � §qb=�  

   φ<1 � �0.9)[(60 ksi)(2.41 in.
 )«  

   φ<1 = 129 kips > 100 ,�TQ 

  ∴ Threaded rod has adequate capacity 

 

C4.2  Threaded Rod Tensile Rupture Strength (J3-1) 

  §<1 = φq1=� 

  q1 =  0.75ql 

  φPk = (0.75)ª(0.75)(75 ksi)«  

  φ<1 = 101.5 kips > 100 kips 

   ∴ Threaded rod has adequate capacity. 

 

C4.3  Threaded Rod Connection Bolt Shear 

 From Table 7-1 of the AISC 13th Edition Steel Construction Manual, a 3/4 inch 

diameter A325 X bolt in double shear is adequate for 39.8 kips.  

  ϕRk = (39.8 kips bolt⁄ ) ∗  3 bolts 

  ϕRk = 119.4 kips > 100 ,�TQ 

   ∴ Bolts have adequate capacity. 
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C4.4  Clevis Bearing/Tearout Strength (J3-6a) 

  ]1 � 1.2�9�ql ≤ 2.4��ql  

   Rk = (1.2)ª1.5 in. −(0.5)(0.75 in. �0.0625 in. )«(2)(0.5in. )(58 ksi) 
    � (2.4)(0.75 in. )(2)(0.5 in. )(58 ksi) 
   Rk = 76.1 kips � 104 kips 
   ∴ Therefore tearout is the controlling portion of the equation. 

   φRk = (0.75)[76.1 kips ∗ 3 bolts« 

   φRk = 171 kips > 100 ,�TQ 
   ∴ The Clevis plates are adequate in bearing and tearout. 

 

C4.5  Specimen Column Stub Bearing/Tearout Strength (J3-6a) 

  ]1 = 1.2�9�ql ≤ 2.4��ql  

   Rk = (1.2)ª1.5 in. −(0.5)(0.75 in. �0.0625 in. )«(0.26 in. )(65 ksi) 
   � (2.4)(0.75 in. )(0.26 in. )(65 ksi) 
   Rk = 22.2 kips � 30.4 kips 
   ∴ Therefore tearout is the controlling portion of the equation. 

   φ]1 = (0.75)[22.2 kips ∗ 3 bolts« 

   φ]1 = 49.9 kips < 100 kips 
   ∴ W12 column stub web is not adequate in bearing and tearout. 

 A1/2 inch ASTM A36 web doubling plate is required at each side of the W12X26 

column sub web. Doing so, the column web connection is adequate by inspection as the 

thickness of the web is greater than the thickness of the clevis connecting plates 

calculated per C4.4.  

 

C4.6  Clevis Plates Block Shear (J4-5) 

 Case 1: “L” shape rupture path 

  §]1 = §º0.6ql=1t � ��-ql=1n � 0.6qb=�t � ��-ql=1n» 
  ��t = 1.5 in.         
  =�t = 0.75 in.
  

  �1t = [1.5 in. −(0.5)(0.75in. �0.125 in. )« = 1.06 in. 
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  =1t � 0.53 in.
 

  �1n = [7.25 in. −(2.5)(0.75in. �0.125 in. )« = 2.64 in. 
  =1n = 2.53 in.
 

  U¶hF¼Ak± = (1.0)(58 ksi)(2.53 in.
 ) =  147 kips 

   0.6F¼Ak½ = (0.6)(58 ksi)(0.53 in.
 ) =  18.4 kips 

   0.6F¾A¿½ = (0.6)(36 ksi)(0.75 in.
 ) =  16.2 kips 

   ∴ Therefore with yielding controlling 

   φRk = (0.75)(2)[16.2 kips � 147 kips« 

   ϕRk = 244kips > 100 kips 

 

 Case 2: “C” shaped rupture path 

  §]1 = §º0.6ql=1t � ��-ql=1n � 0.6qb=�t � ��-ql=1n» 
  ��t = 3.0 in.        
  =�t = 1.5 in.
  

  �1t = [3.0 in. −(1.0)(0.75in. �0.125 in. )« = 2.13 in. 
  =1t = 1.06 in.
 

  �1n = [6.0 in. −(2.0)(0.75in. �0.125 in. )« = 4.25 in. 
  =1n = 2.13 in.
 

  U¶hF¼Ak± = (1.0)(58 ksi)(2.13 in.
 ) =  123 kips 

   0.6F¼Ak½ = (0.6)(58 ksi)(1.06 in.
 ) =  36.9 kips 

   0.6F¾A¿½ = (0.6)(36 ksi)(1.5 in.
 )    =  32.4 kips 

   ∴ Therefore with yielding controlling 

   φRk = (0.75)[32.4 kips � 123 kips« 
   ϕRk = 234kips > 100 kips 

   ∴ Plate has adequate capacity. 
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C4.6 Column Stub Web Block Shear Rupture 

 Similar to the bearing check per C4.5, the addition of the web doubling plates 

assures the block shear capacity of the column stub web is adequate.  

 

C4.7  Clevis Plate Tension Yielding (J4-1) 

  §]1 � §qb=� 

   φRk = (1.0)ª(36 ksi)(2 sides ∗ 2 pieces ∗ 2.25 in.∗  0.5 in. )«  
   φRk = 146 kips > 100 ,�TQ 

   ∴ Plate has adequate capacity. 

 

C4.8  Clevis Plate Tensile Rupture (J4-2) 

  §]1 = §ql=�   

   φRk = (0.75)º(58 ksi)(2 ∗ �8.5 in. −(3)(. 0875 in. )� ∗ 0.5 in. )»  

   φ]1 = 256 kips > 100 kips 

   ∴ Plate has adequate capacity. 

 

C4.9  Clevis Plate Weld Design (J2-3) 

  §]1 = §q�=� 

  q� = 0.6qÛïï 

  ϕRk = (0.75)(0.6)(70ksi)(2.25in. )(2)(4)(0.25)(√


 ) 

  ϕRk = 100.2kips > 100 kips 

   ∴ Use 1/4 inch fillet welds on each side (4 total) of clevis plates. 

  

C4.10 Clevis Plate Base Metal Rupture (J2-2) 

  §]1 = φ0.6ql=ð8 

   φRk = (0.75)[(0.6)(58 ksi)(2)(2)(0.5in. )(2.25in. )« 

   ϕRk = 117.5 kips > 100 kips  

   ∴ Base metal has adequate capacity. 
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C4.11  Flexural Demand on Base Plate of Clevis Apparatus 

 Assuming a point load of 100 kips at the center of the threaded rod connection 

bottom plate, the connection was analyzed to ensure the base plate had sufficient flexural 

capacity to span between the openings in the clevis plates. 

   Kl � 6�_
µ   

  M¼ � �Zoo³j®h �µ.
Pjk.)
µ  

  M¼ = 106.3 kip-in  

 

C4.12  Flexural Yielding Capacity of Clevis Apparatus Base Plate (F2-1) 

  §K1 = §qbÃ$ 

  Ã$ = �%A
µ    

  Z¥ = (Zojk.)(Z.
Pjk.)A
µ  

  Z¥ = 3.9 in.D 

  ϕMk = (0.9)(36ksi)(3.9in.D ) 

  ϕMk = 126.6kip-in > 106.3kip-in  

  ∴ The base plate has adequate capacity. 
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Appendix D 
 

Test Apparatus Shop Drawings 
 

 The following represents the shop drawings developed for the fabrication of the 

test apparatuses required for testing. The materials and fabrication was donated by AISC 

certified Germantown Iron and Steel based in Jackson, Wisconsin. Figure D-1 provides 

an erection drawing referencing the particular shop drawing piece marks.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure D-1: Test Setup Erection Drawing. 
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Appendix E 
 

Bolt Force Development  
 
 The following provides the Instantaneous Center of Rotation (ICOR) bolt force 

analysis conducted for the experimental tests.  The ICOR method was implemented for 

two cases of applied moments about the bolt group of each connection including the 

measured moment and the eccentrically applied shear load. The data collected at the 

tested specimens’ approximate maximum moment were used for the analysis. The ICOR 

analysis was conducted as described per the AISC 13TH Edition Specification.1 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                 
1 American Institute of Steel Construction (AISC). 2005. Manual of Steel Construction 13th Edition. 
Chicago, IL. 
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Appendix F 
 

Approximate Shear Tab Limit State Capacities 
 

 The following calculations represent the approximate limit states evaluated for the 

shear tab specimen’s various rupture failures which were reported during the 

experimental testing. All equation references within this appendix refer to the AISC 13th 

Edition Specification1. The connection capacities have been calculated without the use of 

any specified safety factors as to provide a comparison of ultimate capacities versus 

experimental data.  

 
F.1  Bolt Shear Rupture (J3-1) 

   Rn = q1=� 

   Rn = (60 ksi)* �×(o.´P É1)A
µ 	 

   Rn = 26.5 kips  
 

F.2 Bolt Shear Rupture  

 The following calculations represent the bolt shear rupture capacity as reported 

per the experimental testing of Kulak et al.2. The average shear rupture stress was 

reported as 80.1 ksi for an ASTM A325 bolt.  

   Rn = q1=� 

   Rn = (80.1 ksi)* �×(o.´P É1)A
µ 	 

   Rn = 35.4 kips  
 

F.2 Net Tension Rupture 

 The net shear rupture calculation is based on the Whitmore Section described in 

Part 9 of the AISC 13th Edition Specification.  

  Rn = ql=1 

  Lw = 2�� tan 30 

  Lw = (2)(1.5) tan 30  

  Lw = 1.732in. 
                                                 
1 American Institute of Steel Construction (AISC). 2005. Manual of Steel Construction 13th Edition. 
Chicago, IL. 

2 Kulak, Geoffrey L., John W. Fisher, John H. A. Struik. 2001. Guide to Design Criteria for Bolted and      
  Riveted Joints. 2nd ed. Chicago, Illinois: American Institute of Steel Construction. 
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  Ln = Lw − (d¶ � 0.125in. ) 

  Ln = 1.732 − (0.75in. �0.125in. ) 

  Ln = 0.857in. 
  Rn = (58ksi)(0.857in. )(0.375in) 

  Rn = 18.64 kips 

 

F.3 Alternative Net Tension Rupture 

 The Whitmore Section in Section F.2 has been modified using a range of angles 

varying from thirty-five to forty degrees to provide a range of capacities.  

 

F.3.1 Alternative Angle of Thirty-five Degrees 

  Rn = ql=1 

  Lw = 2�� tan 35 

  Lw = (2)(1.5) tan 35  

  Lw = 2.1in. 
  Ln = Lw − (d¶ � 0.125in. ) 

  Ln = 2.1 − (0.75in. �0.125in. ) 

  Ln = 1.23in. 
  Rn = (58ksi)(1.23in. )(0.375in) 

  Rn = 26.6 kips 

 

F.3.1 Alternative Angle of Forty Degrees 

  Rn = ql=1 

  Lw = 2�� tan 40 

  Lw = (2)(1.5) tan 40  

  Lw = 2.52in. 
  Ln = Lw − (d¶ � 0.125in. ) 

  Ln = 2.52 − (0.75in. �0.125in. ) 

  Ln = 1.64in. 
  Rn = (58ksi)(1.64in. )(0.375in) 

  Rn = 35.7 kips 
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F.4 Localized Block Shear Rupture (J4-5) 

  Rn = ��-ql=1n � 0.6ql=1t  

   Anv = �um(��t − (0.5)(�� � 0.125�w. )) 

   Anv =( 0.375in.)(1.5in-(0.5)*(0.75in.�0.125in.)) 
   Anv= 0.398 in.2 
   Ant =�um(��t − (0.5)(�� � 0.125�w. )) 

   Ant = (0.375in.)(1.5in.-(0.5)(0.75in.�0.125in.)) 
   Ant = 0.398 in.2 
   Ubs = 1.0 
   Rn = (1.0*58ksi*0.398in.2)� (0.6*58ksi*0.398in.2) 
   Rn = 36.9 kips 
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Appendix G 
 

Experimental Data 
 
 
 The experimental data recorded for this research are available upon request. 

Contact the Milwaukee School of Engineering campus library for further information on 

how to obtain access to the experimental data.  
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