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ABSTRACT4

Component-based connection models provide a natural framework for modeling the com-5

plex behaviors of connections under extreme loads by capturing both the individual behaviors6

of the connection components, such as the bolt, shear plate, and beam web, and the complex7

interactions between those components. Component-based models also provide automatic8

coupling between the in-plane flexural and axial connection behaviors, a feature that is es-9

sential for modeling the behavior of connections under column removal. This paper presents10

a new component-based model for single-plate shear connections that includes the effects11

of pre-tension in the bolts and provides the capability to model standard and slotted holes.12

The component-based models are exercised under component-level deformations calculated13

from the connection demands via a practical rigid-body displacement model, so that the14

results of the presented modeling approach remains hand-calculable. Validation cases are15

presented for connections subjected to both seismic and column removal loading. These16

validation cases show that the component-based model is capable of predicting the response17

of single-plate shear connections for both seismic and column removal loads.18

Keywords: Steel; Shear Tab; Connections; Robustness; Structural Integrity; Disproportion-19

ate Collapse; Seismic Loading; Gravity Framing; Force-Displacement; Moment-Rotation20

INTRODUCTION21

Large-scale tests of steel gravity framing systems have repeatedly demonstrated that steel22

gravity connections provide a critical contribution to the robustness of systems subjected to23
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extreme loads such as earthquakes, fire, and column removal. Large-scale tests of steel24

gravity framing systems under earthquake loads (Liu and Astaneh-Asl 1999) and column25

removal (Johnson et al. 2014; Johnson and Meissner 2015) have shown that the system26

robustness (i.e., the continued ability of the system to redistribute loads) is largely dependent27

on the capacity of the connections to remain intact after undergoing potentially large and28

highly-localized rotation and axial displacement demands which were not anticipated in29

their designs. However, accurately determining the behavior and capacity of the gravity30

connections under the demands resulting from extreme loads, particularly in the context of31

restraint supplied by interaction with the concrete slab and the surrounding structure, is not32

trivial. Because full-scale tests of gravity connections under earthquake and column removal33

demands remain limited to just a handful of connection configurations and load histories, to34

evaluate general structural robustness under extreme loads, researchers and engineers need35

accurate and validated analysis tools to simulate the connection behavior over a wide range36

of connections.37

Including contributions from the steel gravity frames could be advantageous in the design38

and analysis of new structures. In the design of structures for seismic and/or wind loads,39

most steel buildings constructed in the United States are designed with distinct systems40

for resisting lateral loads and gravity loads. Even though the gravity load resisting system41

typically comprises the majority of the steel framing, for simplicity it is often ignored in the42

lateral design (with the gravity connections idealized as perfectly pinned). However, full-43

scale tests of bare-steel single-plate shear connections under earthquake loads have shown44

that the connections provide moment capacities on the order of 15 % to 20 % of their beam45

plastic moment capacities, and when composite with a concrete slab on steel deck provide46

capacities on the order of 30 % to 60 % of their beam plastic moment capacities (Liu and47

Astaneh-Asl 1999). Including contributions from the steel gravity frames when computing48

the capacity the lateral load resisting system during the design stage could reduce the cost49

of the overall structural system, making steel moment frame or braced frame buildings more50
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competitive with concrete buildings. On the other hand, even if the gravity connections are51

not included in the design of the lateral load resisting system, including their contributions52

in subsequent building analyses under amplified design loads (i.e., the Federal Emergency53

Management Agency (FEMA) P-695 methodology) could provide a quantifiable measure of54

the inherent robustness (or reserve capacity) in the structural system, a topic of widespread55

current interest in the structural engineering community. In fact, a recent study on 1-, 2-, 4-,56

and 8-story non-ductile steel moment framed buildings subjected to the FEMA P-695 “Far-57

Field” ground motion set showed that including the gravity frames in the building analysis58

reduced the probability of collapse by 45 % (on average), when compared with analyses of59

the moment frames only (Judd and Charney 2014).60

Several researchers (e.g., Sadek et al. (2008), Wen et al. (2013b), Main and Sadek (2014),61

Weigand (2014)) have shown that detailed finite element models can accurately simulate62

the behavior of single-plate shear connections under earthquake loads and column removal63

scenarios, which are used to evaluate the potential for disproportionate collapse. However,64

such models may be mesh-dependent, prone to convergence failure (when solved implicitly),65

and may require detailed calibration of the material-level fracture behavior to adequately66

capture connection failure. Moreover, while such a detailed resolution may be attainable at67

the component or sub-system level, the need to model large structural systems makes detailed68

modeling of complete structural systems infeasible. Main and Sadek (2014) recognized these69

limitations, and used their detailed finite element models to develop a reduced-order modeling70

approach for single-plate shear connections. The reduced-order approach used a biaxial71

spring to represent each bolt row in the connection with the spring initial stiffness estimated72

based on linear regression of rotational stiffness data from seismic testing, and quadratic73

hysteresis with zero permanent deformation at zero load. Main and Sadek (2014) showed74

that a reduced-order modeling approach provided good agreement with push-down tests of75

two-span beam assemblies by Thompson (2009).76

Other researchers (e.g., Liu and Astaneh-Asl (2004), Foley et al. (2006), Wen et al.77
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(2013a)) have formulated lumped plasticity models for the connection moment-rotation and78

axial behaviors as a simplified means to capture the connection response. Such models may79

provide a fairly complete description of the connection backbone response (and hysteretic80

behavior, depending on the model) under pure rotation, but they do not account for the81

interactions between the connection flexural and axial behaviors. Thus, they may not be82

appropriate for many realistic seismic analyses, as during an earthquake the gravity connec-83

tions can be subjected to significant axial loads in addition to rotations (Astaneh-Asl 2005),84

and they are not appropriate for many column removal scenarios in which the development85

of catenary action requires the connections to accommodate large axial deformations in com-86

bination with large rotations (Sadek et al. (2008), Oosterhof and Driver (2012), Main and87

Sadek (2014), Weigand (2014)).88

Component-based models, described in more detail in Section 3, provide a natural frame-89

work for capturing the complex behaviors of steel gravity connections, including both fastener90

and connected element deformations. They provide automatic coupling of the in-plane flexu-91

ral and axial behaviors, and Elsati and Richard (1996) showed that component-based models92

could be used to generate pushover moment-rotation responses for a variety of connections,93

when strength parameters were derived from the appropriate characteristic-width connec-94

tion segments. Among others, Shen and Astaneh-Asl (2000) and Rassati et al. (2004) have95

successfully used component-based connection models in steel framing analyses.96

A number of component-based models are already available in the literature for cer-97

tain types of steel gravity connections (e.g., bolted end-plate and bolted angle connections),98

but models for single-plate shear connections are more limited. In addition to Main and99

Sadek (2014), described above, Elsati and Richard (1996) provided backbone response pa-100

rameters for 76 mm (3.0 in) segments of single-plate shear connections and showed that101

component-based models could be used to simulate the connection pushover moment-rotation102

response. Weigand and Berman (2008) used component-based models to determine the103

moment-rotation response of single-plate shear connections, but with the backbone response104
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parameters taken from a bolt-bearing response curve developed by Rex and Easterling (1996),105

and incorporating multilinear hysteretic rules for the component unload/reload behaviors.106

Yu et al. (2009) also used the bolt-bearing curve developed by Rex and Easterling (1996)107

to model the backbone response of the connection segments to simulate the connection re-108

sponse under elevated temperatures, but with empirically modified stiffness values derived109

from finite element analysis results to model the temperature dependence. Most recently,110

Koduru and Driver (2014) modified the model from Yu et al. (2009) with different empiri-111

cal calibration factors, and also included shear yielding and shear fracture, to simulate the112

response of single-plate shear connections under column removal.113

This paper presents a new hysteretic component-based model for single-plate shear con-114

nections that can simulate the connection behavior under arbitrary in-plane load histories,115

thus providing a unified treatment of these connections for seismic loads and column removal116

scenarios. The component-based model also includes the effects of friction (due to bolt pre-117

tension) and slip to provide the capability to model connections with both standard and118

slotted holes. Multiple validation cases are presented, and the model is shown to provide119

close agreement with experimental results for single-plate shear connections under both seis-120

mic loads and column removal scenarios. The parameters of the model can be determined121

directly from the geometry and materials used in the connection design.122

AVAILABLE UNIAXIAL MATERIAL MODELS123

A number of uniaxial material models are available in the literature to simulate the124

material-level hysteretic behaviors of steel coupons and reinforcing bars. The three most125

commonly used models are the Ramberg-Osgood (Ramberg and Osgood 1943), Giuffré-126

Menegotto-Pinto (Giuffré and Pinto (1970), Menegotto and Pinto (1973)), and Richard-127

Abbott (Richard and Abbott 1975) models. The component-based connection model pre-128

sented here makes use of the equation in Richard and Abbott (1975), commonly referred129

to as the “Richard Equation.” Although the Richard Equation was originally formulated in130

terms of stress, strain, and elastic and plastic moduli, it can equivalently be used to express131
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the load R in terms of deformation ∆ and elastic and plastic stiffnesses as:132

R =
(ki − kp) ∆(

1 +
∣∣∣ (ki−kp)∆

Rn

∣∣∣n)(1/n)
+ kp∆ , (1)133

where ki and kp are elastic and plastic stiffnesses, respectively, n is a shape parameter that134

controls the sharpness of the transition from the elastic stiffness to the plastic stiffness, and135

Rn is a reference load, located at the projection of the plastic stiffness at a deformation of136

zero (Fig. 1(a)).137

Eq. (1) was extended by Hsieh and Deierlein (1990) to allow for more general un-138

load/reload behaviors via application of Masing’s hypothesis. Masing’s hypothesis states139

that, if the force-displacement response of a cyclically stabilized system at initial loading is140

described by the function141

f (R,∆) = 0 , (2)142

where R is the restoring force at displacement ∆, then the unload/reload branches of the143

steady-state hysteretic response are geometrically similar to the initial load curve, but mag-144

nified by a factor of 2. This statement is described by the equation145

f

(
R−Runl

2
,
∆−∆unl

2

)
= 0 (3)146

where (∆unl, Runl) is the load reversal point for a particular loading branch. Applying Eq. (3)147

to Eq. (1) results in:148

R (∆) = Runl +
(ki − kp) (∆−∆unl)(

1 +
∣∣∣ (ki−kp)(∆−∆unl)

2Rn

∣∣∣n)(1/n)
+ kp (∆−∆unl) . (4)149

which describes full hysteretic loops with no pinching and ‘kinematic hardening’ (i.e., trans-150

lation of loops with increasing center displacements along the line defined by the plastic151

stiffness) (Fig. 1(b)).152
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Eq. (4) was further extended by Simões et al. (2001) to allow for an asymmetric hysteretic153

response by replacing the reference load of 2Rn (in Eq. (4)) with a more general reference154

load, Rcyc, that updates upon each load reversal. For the most general behavior, the elastic155

and plastic stiffnesses, ki and kp, can also be updated at load reversal. The curve for a156

general load/unload branch thus becomes:157

R (∆) = Runl +
(ki − kp) (∆−∆unl)(

1 +
∣∣∣ (ki−kp)(∆−∆unl)

Rcyc

∣∣∣n)(1/n)
+ kp (∆−∆unl) , (5)158

where Rcyc = R0A + R0B, ki = kAB
i , and kp = kAB

p for cycle A→B and R0c = R0B + Rcyc,159

ki = kBC
i , and kp = kBC

p for cycle B→C, etc. (Fig. 1(c)).160

COMPONENT-BASED CONNECTION MODEL161

Component-based connection models provide a versatile analytical framework that can162

be used to model the responses of connections under extreme loads. In component-based163

connection models, the connection is discretized into multiple linear, multilinear, or nonlin-164

ear component springs assembled into a configuration that represents the geometry of the165

connection (Fig. 2), where each component spring embodies an isolated characteristic-width166

segment of a component of the connection (e.g., bolt, plate, angles, or beam web). To167

simulate the connection response, the component springs are attached to rigid links (repre-168

sentative of the framing members), which are permitted to displace and rotate relative to169

one another. Interactions between the component behaviors are simulated by analytically170

placing component springs in parallel or in series as appropriate, and the behavior of the171

connection is aggregated from the behaviors of the individual components from which it is172

comprised.173

For the single-plate shear component-based model presented in this paper, the connection174

is notionally discretized into characteristic-width segments with aggregate force-displacement175

behaviors represented by discrete connection springs. Each characteristic-width segment con-176

tains contributions from a shear-plate segment, bolt shaft, and beam-web segment (Fig. 3(a)),177
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which are modeled as individual component springs in series as shown in Figs. 3(b) and 3(c).178

For simplicity, the plate spring in Fig. 3(b) is labeled asK+
plt, representing the current stiffness179

of the shear plate in tension, and the plate spring in Fig. 3(c) is labeled as K−
plt, representing180

the current stiffness of the shear plate in compression. Similar notation is used for the bolt181

and beam web springs.182

Each component spring makes use of the most general form of the Richard Equation183

shown in Eq. (5) (i.e., the Richard Equation parameters are updated at each load rever-184

sal); however, the shear-plate and beam-web component spring behaviors each include an185

additional degree of generality, by letting the Richard Equation parameters be updated at186

the initiation of bearing deformations. The behavior of each component spring, including187

calculation of the parameters in the Richard Equation, is described in detail in the following188

sections.189

Backbone Behavior of Shear Plate and Beam Web190

The shear-plate and beam-web component springs (i.e., plate springs) are modeled using191

the same formulation, with responses that differ only as a result of differences in their input192

material properties and geometry. Their backbone curves are defined using a piecewise193

version of Eq. (5) as:194

R (∆) =



(
K−

b −K−
p

) (
∆−∆−

br

)
(

1 +

∣∣∣∣(K−
b −K−

p )(∆−∆−
br)

R−
b

∣∣∣∣n−
b

)(1/n−
b )

+ K−
p

(
∆−∆−

br

)
, ∆ < ∆slipctr − 1

2∆slip

(Ki −Ky) ∆(
1 +

∣∣∣ (Ki−Ky)∆
Ry

∣∣∣n)(1/n)
+ Ky∆ , ∆slipctr − 1

2∆slip ≤ ∆ ≤ ∆slipctr + 1
2∆slip

(
K+

b −K+
p

) (
∆−∆+

br

)
(

1 +

∣∣∣∣(K+
b −K+

p )(∆−∆+
br)

R+
b

∣∣∣∣n+
b

)(1/n+
b )

+ K+
p

(
∆−∆+

br

)
, ∆ > ∆slipctr + 1

2∆slip

(6)195

where the superscripts, (·)+ and (·)−, denote tensile and compressive deformations of the196

component spring, respectively. Fig. 4 shows a schematic of the backbone force-displacement197

behavior described by Eq. (6). Descriptions of the behaviors that make up the component198
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spring backbone curve are described in more detail below.199

Friction-Slip Behavior200

Prior to bearing, the single-plate shear connection resists load via friction due to the201

clamping force provided by the bolt pre-tension and the surface-to-surface contact between202

the bolt head and shear plate, bolt nut and beam web, and shear plate and beam web. For203

slip-critical connections, the plates behave elastically prior to slip, with initial stiffnesses204

determined from the gross areas of the plate characteristic-width segments as:205

Ki =
wtpE

a
(7)206

where w is the width of the shear plate, tp is the plate thicknesses, E is the modulus of207

elasticity of steel, and a is the distance from the column face to the bolt line. Connections208

that do not use pre-tensioned bolts may not be able to develop the elastic plate stiffnesses,209

and thus may have significantly smaller initial stiffnesses. For connections without pre-210

tensioned bolts, the initial stiffness of the friction-slip behavior can be assumed as equal to211

the initial plate bearing stiffness for the relevant loading direction, K+
b or K−

b , defined below.212

Slip occurs as the loading overcomes the frictional resistance supplied by the bolt pre-213

tension. After slip is initiated, the bolt continues to slip until the initiation of bearing contact214

between the bolt shaft and the faces of the bolt holes (i.e., at deformations of ∆slipctr− 1
2
∆slip215

in compression or ∆slipctr + 1
2
∆slip in tension, where ∆slip is the difference between the plate216

hole diameter (or slot width, when applicable) and the bolt diameter). The deformation217

parameter, ∆slipctr ∈
[
∆slipctr − 1

2
∆slip,∆slipctr + 1

2
∆slip

]
, allows the slip deformations to be218

biased toward the tension or compression bearing portions of Eq. (6), which is, in effect,219

equivalent to biasing the center of the bolt shaft toward the tension or compression edges of220

the bolt holes.221

The load at slip depends on the amount of pre-tension in the bolts and the coefficient of222
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friction between steel surfaces, and can be calculated as:223

Rslip = nfµαAbFu,bolt , (8)224

where µ is the coefficient of friction between the steel surfaces in contact, nf is the number225

of faying surfaces (or slip planes), Ab is the bolt cross-sectional area, and α is the ratio of226

the bolt pre-tension load to the bolt tensile strength Fu,bolt. For the modeling presented in227

this paper, α = 0.75 was used and µ was taken as 0.338, corresponding to an average value228

calculated from the data compiled by Grondin et al. (2007).229

It should be noted that if the connections are loaded dynamically, the load in the connec-230

tion spring may decrease as the coefficient of friction decreases from the static to the kinetic231

coefficient of friction. However, most tests of single-plate shear connections, including those232

used for validation of the proposed model, were conducted at sufficiently small loading rates233

that their behavior remained pseudo-static. For pre-tensioned bolts in pseudo-static tests,234

the resistance of the connection tends to remain relatively constant or even increase slightly235

as the bolts slip (e.g., Liu and Astaneh-Asl (2004), Weigand (2014)). While Eq. (6) actu-236

ally allows for either positive or negative slip stiffnesses (designated as Ky), the validation237

studies presented here found that a small positive value of 0.01 % of the initial stiffness was238

appropriate in all of the considered cases.239

Bearing Behavior240

The bearing behavior of the bolt on the plate and beam web edge distances (i.e., the241

plate component spring bearing response in tension) was adapted from the work of Rex and242

Easterling (1996), who performed 46 tests of a single bolt bearing against a single-plate with243

varied edge distances, plate thicknesses, bolt diameters, plate widths, and edge conditions244

(sheared or sawed). Using normalized bearing force-deformation results from ten tests, Rex245

and Easterling (1996) fit the parameters of Eq. (1) to their data, using nonlinear least-squares246
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regression techniques, to establish the following behavioral model for the bearing response:247

R

R̄b

=

(
αkb − αkp

)
∆̄(

1 +

∣∣∣∣(αkb
−αkp)∆̄

αrb

∣∣∣∣n)(1/n)
+ αkp∆̄ =

1.74∆̄(
1 + ∆̄(1/2)

)2 − 0.009∆̄ , (9)248

where αkb = 1.731, αkp = −0.009, αrb = 1.740, and n = 1/2 are fitted Richard Equation249

parameters to the normalized data and R/R̄b is the normalized bearing load. The parameter250

R̄b = LehptpFu ≤ 2.4dbtpFu is the nominal strength of the plate edge distance in bear-251

ing/tearout, where Lehp is the plate horizontal edge distance, Fu is the plate tensile strength,252

db is the bolt diameter, and the (̄·) notation distinguishes ∆̄ and R̄b as belonging to the nor-253

malized bearing response in Rex and Easterling (1996). The normalized bearing deformation,254

∆̄, is defined as255

∆̄ = βs (K̄b/R̄b) ∆ , (10)256

where ∆ is the actual bearing deformation, βs is a steel correction factor (βs = 1 for structural257

steel), and K̄b is the elastic stiffness of the of the normalized bearing force-deformation258

response, defined as259

K̄b =

(
1

K̄br
b

+
1

K̄b
b

+
1

K̄v
b

)−1

. (11)260

The stiffness contributions to the elastic bearing stiffness resulting from direct bearing (K̄br
b =261

120tpFyd
(4/5)
b ), bending (K̄b

b = 32Etp (Lehp − db/2)3), and shearing (K̄v
b = (20/3)Gtp (Lehp − db/2))262

were determined by Rex and Easterling (1996), by assuming that the plate horizontal edge263

distance acts as a small fixed-fixed beam undergoing flexural and shear deformations under264

uniform load. G = E/ (2 (1 + ν)) is the plate shear modulus, ν is Poisson’s ratio, and Fy is265

the plate yield strength.266

For adaptation of Eq. (9) to the component-based model for single-plate shear connec-267

tions, it is more convenient to express the bearing curve in terms of non-normalized stiff-268

nesses, bearing load, and bearing deformation. Substituting the fitted Richard Equation269
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parameters and the definition for normalized deformation (Eq. (10)) into Eq. (9) gives:270

R =


(
αkb − αkp

) (
β
(
K̄b

R̄b

)
∆
)

(
1 +

(
(αkb

−αkp)
rb

(
β
(
K̄b

R̄b

)
∆
))n)(1/n)

+ αkp

(
β

(
K̄b

R̄b

)
∆

) R̄b , (12)271

which can be written as272

R =

(
K+

b −K+
p

)
∆(

1 +

∣∣∣∣∣
(
K+

b −K+
p

)
∆

Rb

∣∣∣∣∣
n)(1/n)

+K+
p ∆ , (13)273

where K+
b = βsK̄bαkb and K+

p = βsK̄bαkp are the actual elastic and plastic bearing stiffnesses274

of the bearing force-deformation response, R+
b = R̄bαrb is the nominal bearing reference load,275

and the superscript (·)+ denotes positive deformation at the connection (i.e., tension, see276

Fig. 4 for more details). Eq. (13) is exactly equivalent to Eq. (9), but is now expressed in277

terms of the actual, rather than normalized, bearing deformation.278

The bearing response of the plates in compression is more constrained than the bearing279

response in tension, due to the fixity of the plate welds and to the additional plate material in280

front of the bearing contact. The additional constraint suppresses the bending and shearing281

deformation modes of the plates at the bolt holes, leading to a marginally stiffer force-282

deformation response in compression, relative to that in tension. This asymmetric effect has283

also been noted experimentally for single-plate shear connections under increasing magnitude284

reversed cyclic loading (Crocker and Chambers 2004). Thus, the component spring bearing285

force-deformation response in compression was modified to mirror the response in tension,286

but with initial elastic and plastic bearing stiffnesses based only on direct bearing stiffness287

such that K−
b = βsK̄

br
b αkb and K−

p = βsK̄
br
b αkp , and with αkp = 0.001 taken as a small288

positive value to avoid the potential for negative tangent stiffnesses.289
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Load Reversal Behavior of Shear Plate and Beam Web290

The behavior of single-plate shear connections upon load reversal is typically nonlinear291

and can be relatively complex; however, adequately capturing those complexities is critical to292

modeling the history-dependent resistance and energy dissipation capacity of the connections.293

Tests on single-plate shear connections under seismic loads include many load reversals, and294

results have shown that while the connection moment-rotation response has relatively little295

pinching at small rotations, the response becomes increasingly pinched and nonlinear at large296

rotations (e.g., Crocker and Chambers (2000), Liu and Astaneh-Asl (2004)). Also, although297

not as obvious, capturing the component-spring-level load reversal and accurate hysteresis298

behavior is important in modeling the behavior of connections under column removal (Main299

and Sadek 2014). Column removal tests on steel framed systems subject the connections300

to large rotation demands in combination with large axial deformation demands. Though301

these demands are often monotonically increasing until failure, axial connection spring dis-302

placements calculated in connection sub-assemblage experiments by Weigand and Berman303

(2014) have shown that connection characteristic-width segments that were initially bearing304

in compression will transition to tension as the connection transitions from flexure-dominated305

to tension-dominated (or catenary-type) behavior. Connection failure may also initiate load306

reversals. For example, after bolts shear, connection characteristic-width segments that were307

in tension prior to the failure may shift back to compression in order to accommodate the308

redistribution of flexural loads among the remaining intact bolt width segments. These con-309

siderations motivate the need for models that can adequately capture both load reversal and310

pinched hysteresis.311

Load Reversal Prior to Bearing312

The friction supplied by pre-tensioned bolts resists sliding in both directions equally. In313

the plate component springs, the cyclic friction slip behavior at load reversal is characterized314
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by315

R (∆) = Runl +
(Ki −Ky) (∆−∆unl)(

1 +
∣∣∣ (Ki−Ky)(∆−∆unl)

Rcyc

∣∣∣ny
)(1/ny)

+Ky (∆−∆unl) , (14)316

where (∆unl, Runl) are the coordinates of the last unload point and Rcyc = sign(∆−∆unl)Ry−317

Runl + Ky∆unl is the updated value of the cyclic reference load. Eq. (14) represents a full318

cyclic hysteresis symmetric about the origin. Fig. 5 shows an example of the connection319

spring response undergoing multiple cycles prior to bearing, with deformations contributed320

by both the shear plate and beam web component springs.321

Load Reversal After Bearing322

After bearing has been initiated, the plate component spring model tracks the coordinates323

of the last unload point, as well as the coordinates of the minimum and maximum unload324

points, (∆unl,min, Runl,min) and (∆unl,max, Runl,max), respectively. The load reversal behavior325

is then defined between the current values of the minimum and maximum unload points,326

permitting the model to capture the evolution of the connection response with increased327

hole elongations (i.e., as bearing deformations are accumulated). This aspect of the model is328

critical to modeling the seismic response of connections subjected to increasing magnitude329

rotation cycles.330

Pinching begins in the connection at the initiation of bearing deformations. The increased331

pinching at large rotations occurs as a result of the loss of pre-tension in the bolts with332

increased bearing deformations. In the connection model, this phenomenon is captured333

within the shear-plate and beam-web component springs by allowing the pinching to vary as334

a function of accumulated bearing deformation. The formulation for the pinched hysteresis335

uses a combination of two curves to calculate the model response. Both curves originate at336

the previous load reversal point. The first curve is the general form of the Richard Equation,337

written in terms of the bearing curve parameters. For unload from a load reversal point in338
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tension, the Richard Equation is:339

R (∆) = Runl +

(
K+

b −K+
p

)
(∆−∆unl)1 +

∣∣∣∣∣
(
K+

b −K+
p

)
(∆−∆unl)

Rcyc

∣∣∣∣∣
n+
b

(1/n+
b )

+K+
p (∆−∆unl) , (15)340

where Rcyc = R+
b + Ry for the initial unload cycle, and Rcyc = Runl,max − Runl,min for all341

subsequent cycles. Eq. (15) represents a “full” hysteretic response (i.e., load reversal behavior342

with no pinching) as illustrated in Fig. 1(b).343

The second curve defined between load reversal points is a polynomial known as the344

Bézier curve (e.g., Farin (1993), Prautizsch et al. (2002)). The Bézier curve was chosen345

because it provides an adaptable smoothly transitioning approximation to a piecewise-linear346

curve. The Bézier curve is defined such that it traverses a path through zero load at zero347

displacement and terminates at the previous minimum or maximum unload point, depending348

on loading direction. The Bézier curve is calculated as349

B(t) =
n∑
i=0

Bn
i (t)Pi , (16)350

where t is a parametric variable ranging from 0 to 1 (i.e., 0 at the current unload point and351

1 at the current reload point),352

Bn
i =

n
i

 (1− t)n−iti i = 0, 1, . . . , n (17)353

are Bernstein polynomials, ( ni ) = n!
i!(n−i)! are the binomial coefficients, and Pi is the set354

of control points that define the curve trajectory (Fig. 6). The control points are defined355

along three segments. The first segment unloads from the current load reversal point at356

the initial bearing stiffness. The second segment initiates at the intersection of the first357

segment with a small residual stiffness segment that passes through zero and terminates at its358
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intersection with a reload segment. The reload segment has reload stiffness, Krel, intersecting359

the backbone curve at the relevant maximum or minimum unload point. Detailed processing360

of the data in Liu and Astaneh-Asl (1999) showed that K−
rel = (1/2)K−

b and K+
rel = (1/2)K+

b361

provide reasonable initial values, and that the reload stiffness degraded at large rotations.362

At a given value of t, the Bézier curve resulting from Eq. (16) has two components. The363

first component corresponds to the component spring axial deformation, B1(t) = ∆, and364

the second component corresponds to the component spring load, B2(t) = RBZ. The loads365

calculated from Eq. (16) represent load reversal behavior that is fully pinched.366

The actual load reversal behavior is calculated as a weighted summation between the full367

hysteretic (i.e., Richard Equation) and fully pinched (i.e., Bézier curve) behaviors as:368

Rp = γR + (1− γ)RBZ , (18)369

where the amount that each curve contributes to the response defines the pinching ratio γ,370

which can vary between 0 and 1. When γ = 1, the model is not pinched and Rp(∆) = R(∆).371

When γ = 0, the model is fully pinched, and Rp(∆) = RBZ(∆). Similarly, a pinching ratio of372

0.5 indicates that the model is pinched and will have a load equal to 50 % of the full hysteresis373

response at the crossover displacement (i.e., the value of zero displacement when crossing374

from positive to negative or negative to positive deformations). Fig. 7(a) shows a schematic375

of the pinching behavior for the initial unload cycle and Fig. 7(b) shows a schematic of the376

pinching behavior for the subsequent cycles.377

Fig. 8 shows an unload/reload cycle of the actual connection spring response with pinch-378

ing contributed by both the shear-plate and beam-web component springs when γ = 0.5379

(representative of a cycle initiated after significant accumulated bearing deformation has380

already occurred). As Fig. 8 demonstrates, the formulation outlined in this section results381

in a pinched hysteresis with small residual stiffness at the crossover displacement, with a382

smooth transition between unload and reload points.383
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Calibration of Pinched Hysteresis384

The evolution of the pinching was determined by assuming that the bolt behaves elas-385

tically, and calibrating the shear-plate and beam-web component-spring pinching behavior386

against data from Liu and Astaneh-Asl (2004), for a four-bolt single-plate shear connection387

subjected to increasing magnitude rotation cycles. For each half-cycle (i.e., peak to valley or388

valley to peak), the value of the pinching parameter γ was iterated until the load at the cross-389

over displacement in the model (i.e., the load at a displacement of zero) matched that of the390

test within a specified tolerance. The results of the pinching calibration are shown in Fig. 9,391

as a function of accumulated bearing deformation in the shear-plate component spring. A392

smooth lower-bound curve was fitted to the pinching data to generalize the pinching behav-393

ior for subsequent analyses. Fig. 10 shows a comparison of the model response using the394

calibrated pinching function to experimental data from Liu and Astaneh-Asl (2004). Fig. 10395

demonstrates that use of the fitted lower-bound pinching curve qualitatively captures the396

increased pinching at large rotations, providing a reasonable approximation to the pinching397

behavior exhibited by the connection test.398

Bolt Behavior399

The transverse force-deformation behavior of the bolt, including shear and flexural effects,400

is modeled using Eq. (5) with the relevant bolt elastic and plastic shear stiffnesses, as:401

Rbolt (∆) = Runl +
(Ki,bolt −Kp,bolt) (∆−∆unl)(

1 +

∣∣∣∣(Ki,bolt−Kp,bolt)(∆−∆unl)

2Rcyc,bolt

∣∣∣∣nbolt
)(1/nbolt)

+Kp,bolt (∆−∆unl) , (19)402

where (∆unl, Runl) are the coordinates of the last unload point, nbolt = 2, Rcyc,bolt = sign(∆−403

∆unl)Rv,bolt−Runl+Kp,bolt∆unl, and Rv,bolt = 0.62AboltFu,bolt is the shear capacity of the bolt.404

Eq. (19) is applicable to both ASTM A325 (ASTM 2014b) and ASTM A490 (ASTM 2014a)405

structural bolts. Fig. 11(a) shows a comparison of the bolt component spring backbone406

force-displacement response to data from three bolt shear tests for 19.1 mm (3⁄4 in) diameter407
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A325 bolts from Weigand and Berman (2014), and Fig. 11(b) shows the behavior of the bolt408

spring under increasing magnitude cyclic deformations.409

The initial stiffness of the bolt force-deformation response is calculated using the assump-410

tion of springs in series as411

Ki,bolt =
1

1
Kbr,bolt

+ 1
Kv,bolt

. (20)412

where Kbr,bolt is the bolt bearing stiffness and Kv,bolt is the bolt shearing stiffness. The413

bearing stiffness is calculated as414

Kbr,bolt =
1

1 + 3βb

(
tptwEbolt

2tptw

)
, (21)415

based on the work by Nelson et al. (1983), where βb is a correction factor that accounts416

for the concentration of bearing forces at the interface between plates for bolts in single417

shear. The value of βb can range from 1 for a simple shear pin to relatively small values418

on the order of 0.15 for pre-tensioned bolts with large bolt heads, washers, and nuts. For419

the analyses presented below, a value of βb = 0.7 was found to provide the appropriate bolt420

bearing stiffness. The bolt shearing stiffness is determined by assuming that the bolt acts421

as a prismatic Timoshenko beam with circular cross-section and fixed ends, such that:422

Kv,bolt =
12EboltIbolt

L3
bolt(1 + Φ)

, (22)423

where Ebolt is the bolt modulus of elasticity, Ibolt = πd4b/64 is the moment of inertia of the424

bolt shaft cross-section, Lbolt = tp + tw is the bolt length, and425

Φ =
12EboltIbolt

L2
bolt

(
1

κGboltAbolt

) (23)426

is a term in Timoshenko beam theory that characterizes the relative importance of the shear427

deformations to the bending deformations (Thomas et al. 1973). In Eq. (23), Gbolt = E/2 (1 + ν)428
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is the bolt shear modulus, Abolt = (π/4) d2
b is the bolt area, and κ is the shear coefficient for429

a circular cross-section, defined as:430

κ =
1

7
6

+ 1
6

(
ν

1+ν

)2 . (24)431

The bolt plastic shear stiffness, Kp,bolt, was calculated as 2 % of the bolt initial shear stiffness,432

Ki,bolt, based on the measured values from the bolt shear data shown in Fig. 11(a).433

Selection of Material Properties434

The selection of proper material properties for the model depends on the intended appli-435

cation. If the intended usage is as a behavioral model (i.e., to predict the expected behavior436

or performance of the connection), then material properties determined from ASTM Interna-437

tional material testing of the actual shear plate, beam web, and bolts used in the connection438

are appropriate. If material tests are not available, then the material properties listed on the439

mill certifications for the actual batches of steels used in the connection provide a reasonable440

alternative. In lieu of material tests or mill certifications, the expected material strengths441

for structural steels listed in ANSI/AISC 341-10 - Seismic Provisions for Structural Steel442

Buildings (AISC 2005) do result in a reasonable connection response, but may overestimate443

the connection strength if the materials used in the connection are weaker than the expected444

strengths.445

For design applications, the specified minimum nominal strengths of the materials can446

be used along with the applicable reduction factors on the component strength calculations.447

Use of nominal material strengths and reduction factors in the model results in connection448

strengths that are consistent with the existing connection limit state calculations in the Steel449

Construction Manual (AISC 2011).450

CALCULATION OF CONNECTION RESPONSE QUANTITIES451

While the component-based model for single plate shear connections can be incorpo-452

rated into a general finite element analysis using a variety of commercial software, here the453
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component-based model is implemented using a rigid-body displacement model to relate the454

connection demands to the connection spring displacements. In this approach, the responses455

of the connections are calculable via spreadsheet, and thus specialized analysis software is456

not required.457

Calculation of Component Spring Displacements from Connection Demands458

The axial deformations of the connection springs, ∆j, are calculated in terms of the459

connection rotation and axial deformation demands, θ and δ, respectively, using a rigid-460

body fiber-displacement model derived by Weigand and Berman (2014):461

∆j = δ + (1− cos θ)Xj1 − sin θXj2 (25)462

where Xj denotes the location of the jth connection spring with components Xj = {Xj1, Xj2}T463

relative to the center of rotation of the connection (Fig. 12). For seismic tests, the connec-464

tions are subjected only to rotation demands (i.e., δ = 0), and thus the connection spring465

deformations are essentially linear with increasing rotation (Fig. 13(a)).466

For the connections subjected to column removal, the connection demands are calculated467

by assuming that the connections are part of two-span system where (i) the removed column468

remains vertical as it deflects downward, and (ii) all deformations occur at the connections469

(Fig. 14(a)). Using these assumptions, the rotation demand is related to the vertical de-470

flection of the simulated missing column (termed ‘simulated vertical displacement’), ∆syst,471

as:472

θ = tan−1

(
∆syst

Lr

)
, (26)473

where Lr is the distance between the centers of gravity of connection bolt groups on the ends474

of the framing members in the undeformed configuration. The connection axial deformation475
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demand, δ, can also be related to the simulated vertical displacement as476

δ =
Lr

2

√1 +

(
∆syst

Lr

)2

− 1

 , (27)477

in which δ is always aligned with the centerline of the deflected framing member. Fig. 13(b)478

shows an example of the connection spring displacements calculated under column removal,479

using the connection demands in Eqs. (26) and (27).480

The division of the connection spring displacement among the component springs is

calculated incrementally. For each connection spring, the incremental displacement of the

component springs resulting from the ith displacement increment is calculated using the

component spring tangent stiffnesses at the beginning of the displacement increment (denoted

Ki−1
T,plt, K

i−1
T,bw, and Ki−1

T,bolt for the shear plate, beam web, and bolt, respectively) such that:

∆i
j,plt = ∆i-1

j,plt +
Ki−1
T,bwK

i−1
T,bolt

Ki−1
T,pltK

i−1
T,bw +Ki−1

T,bwK
i−1
T,bolt +Ki−1

T,pltK
i−1
T,bolt

(
∆i

j −∆i-1
j

)
(28a)

∆i
j,bw = ∆i-1

j,bw +
Ki−1
T,pltK

i−1
T,bolt

Ki−1
T,pltK

i−1
T,bw +Ki−1

T,bwK
i−1
T,bolt +Ki−1

T,pltK
i−1
T,bolt

(
∆i

j −∆i-1
j

)
(28b)

∆i
j,bolt = ∆i-1

j,bolt +
Ki−1
T,pltK

i−1
T,bw

Ki−1
T,pltK

i−1
T,bw +Ki−1

T,bwK
i−1
T,bolt +Ki−1

T,pltK
i−1
T,bolt

(
∆i

j −∆i-1
j

)
(28c)

where ∆i
j,plt, ∆i

j,bw, and ∆i
j,bolt are the current displacements of the shear plate, beam web,481

and bolt, respectively, ∆i-1
j,plt, ∆i-1

j,bw, and ∆i-1
j,bolt are the previous displacements of the shear482

plate, beam web, and bolt, respectively. With component spring deformations calculated483

via Eq. (28), the model displacement response can be calculated explicitly in terms of the484

connection and system geometry and the imposed rotation or vertical column deflection.485

Calculation of Connection Resistance486

The vertical resistance of the component-based connection model is calculated as if the487

connection were part of the two-span system described above, subjected to a concentrated488

load at the interior column in the two-span system (Fig. 14(b)). The concentrated load at489
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the interior column is related to the connection forces by summing forces in the vertical490

direction such that491

P = 2 (Vc cos θ + Tc sin θ)492

= 2

(
2Mc

Lr

cos θ + Tc sin θ

)
, (29)493

where Vc = 2Mc

Lr+2δ
≈ 2Mc

Lr
is the connection shear force, Tc =

∑ncs

i Ri(di,axial) is the connection494

tensile force, and Mc =
∑ncs

i Ri(di,axial)Xi2 is the connection moment.495

MODEL RESULTS AND VALIDATION496

Validation against Connection Test under Seismic Loads497

The moment-rotation response shown in Fig. 10 was calibrated to the data from Liu and498

Astaneh-Asl (2004), in order to determine the pinching behavior at large rotations. That499

comparison is not sufficient to validate the component-based model, and thus the model was500

also compared to data from Crocker and Chambers (2000), for a 4-bolt single-plate shear501

connection with 19.1 mm (3/4 in) diameter A325 bolts, a 9.53 mm (3/8 in) thick A36 shear502

plate, and a W18×55 beam section. Crocker and Chambers (2000) list the material grades,503

but does not include coupon data for the shear plate and beam web materials. For the504

component-based model, the plate material yield and ultimate tensile strengths were taken505

as equal to the expected material strengths from ANSI/AISC 341-10 (AISC 2005).506

The component-based model was subjected to pure rotation cycles, with the same peak507

rotations values as were used in the test. Fig. 15 shows a comparison of the predicted response508

calculated via the model to the moments at the peak rotations from each cycle. The model509

underestimated the initial resistance of the connection at small rotations, relative to the510

connection data, but started to better approximate the peak moments of the connection511

at large rotations. During the last cycle prior to connection failure in the test, the model512

response matched the moments at the peak connection rotations within 5 % (4 % at the cycle513

peak and 1 % at the cycle valley). Fig. 15 demonstrates that the component-based model514
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can reasonably predict peak moment-rotation behavior for a single-plate shear connection515

under seismic loads.516

Validation against Connection Tests under Column Removal517

To examine the ability of the model to capture the connection behavior under column518

removal, the component-based connection model was compared to 13 single-plate shear con-519

nection sub-assemblages tested by Weigand and Berman (2014) under simulated column re-520

moval. The naming convention for the specimens follows the convention outlined in Weigand521

and Berman (2014), which consists of a prefix that describes the connection type (e.g, sps522

(Single-Plate Shear)), followed by the number of bolts (e.g., 3b corresponds to three bolts),523

the hole type (e.g., STD), bolt diameter fraction in inches (e.g., 34 corresponds to 3/4 in.524

(19.1 mm)), plate thickness fraction (e.g., 38 corresponds to 3⁄8 in (9.53 mm)), and additional525

descriptor (e.g., Edge) where applicable. Each of the connection sub-assemblages consisted526

of a 1524 mm (60.0 in) long column stub and a 1220 mm (48.0 in) long beam stub con-527

nection via a single-plate shear connection whose geometry was varied between tests. The528

connection parameters varied between tests included the number of bolts, bolt diameter, bolt529

grade, plate thickness, horizontal plate edge distance, hole type (Standard or Short-Slotted),530

eccentricity with respect to the beam centerline, and the simulated system span. More in-531

formation on the geometries of the connection sub-assemblages is available in Weigand and532

Berman (2014).533

To model the responses of the 13 connections tested under column removal to complete534

failure, the limit states of bolt shear and plate tearout (of the shear plate and beam web535

edge distances) were incorporated into the connection models. Bolt shear was enforced as a536

deformation limit with a constant limiting bolt deformation value of 3.18 mm (0.125 in) for537

A325 bolts and a constant value of 2.67 mm (0.105 in) for A490 bolts, based on measured538

bearing deformations in the bolts from single-plate shear connections subjected to simulated539

column removal loading (reported in Weigand (2014)). Plate tearout was also enforced as540

a deformation limit, because it controlled in 3 of the 13 tests. However, due to the limited541
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data on plate deformations at the connection bolt widths prior to failure, the values for the542

limiting plate deformations were calibrated against the individual connection tests controlled543

by tearout. Therefore the response of Specimens sps3b|SSLT|34|38|Edge, sps3b|SSLT|34|14|,544

and sps3b|SSLT|34|14|Weak, which were each controlled by tearout, should only be consid-545

ered as validated prior to the peak load. From the calibrated data, the plate clear distance546

appears to provide a reasonable estimate of the plate deformation capacity in tension, how-547

ever more data would be needed to fully characterize the plate tearout deformation capacity548

for the range of bolt diameters and plate thicknesses used for single-plate shear connections549

in practice.550

The model is subjected to the same rotation and axial deformation demands as were used551

in the sub-assemblage tests; however, for the tested connections, those demands were applied552

via a load beam at a distance from the connection that was significantly smaller than the553

simulated span, in effect inducing excess shear on the connection (the reaction frame and554

loading protocol used in the connection tests was designed to apply the appropriate rotation555

and axial deformation demands on the connection sub-assemblages, as if they were part of556

the larger two-span system shown in Fig. 14). The component spring displacements, due557

to the connection demands, were calculated from Eq. (28). Fig. 16 shows a comparison558

of the model prediction with the vertical and horizontal force-displacement responses from559

Specimen sps4b|STD|34|38|48L from Weigand and Berman (2014), which corresponds to a560

4-bolt single-plate shear connection with 19.1 mm (3/4 in) bolts, a 9.53 mm (3/8 in) thick561

shear plate, and a 14.6 m (48 ft) simulated span. These plots show that the component-based562

model was able to reasonably predict the general characteristics and capacity of the vertical563

force-displacement response and to very closely predict the horizontal force-displacement564

response.565

The model under-predicts the connection vertical load throughout most of the analysis,566

relative to the connection data. This discrepancy occurs as a result of the excess shear567

force in the tested connections, as described above. The model does not account for this568
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excess shear force; however, as the excess shear force dissipates at large simulated vertical569

displacements, when the shear load on the connection is primarily a result of tension in the570

rotated configuration, the vertical force-displacement response of the model can be expected571

to approach that of the tested connection. Fig. 16(a) thus shows that the model exhibits572

the expected behavior, approaching the vertical force-displacement response of the tested573

connections at large rotations.574

Fig. 16 also demonstrates that the model was able to qualitatively capture the connection575

degradation response until complete connection failure. The model systematically predicts576

more gradual progressions of bolt shear occurrences than were observed in the tests. This577

results from the use of the rigid-body deformation model to calculate the connection spring578

displacements. The rigid-body model was intended to be simple and does not account for579

the redistribution of flexural loads that occurs after the sequential component failures. Thus580

the rigid-body model cannot capture the resulting increases in the rates of accumulation of581

axial deformations among the remaining bolts with simulated vertical displacement when582

failure occurs. However, the component-based connection model is equally capable of being583

incorporated into a more general nonlinear finite element program, and that model should584

be able to more accurately capture the connection degradation, as it would correctly account585

for the redistribution of loads when connection failure occurs.586

Fig. 17 shows a complete set of comparisons between the model and the vertical and587

horizontal force-displacement responses of the connections tested by Weigand and Berman588

(2014), and Table 1 compiles the axial fiber displacements computed from the model and589

from the experiments at the instance of connection failure (i.e., maximum vertical resistance),590

as well as the percent difference between the two displacement measures. These comparisons591

show that the model was able to capture the overall behavior of the connections, and to592

predict the peak vertical and horizontal connection capacities within an average of 8.5 %593

and 4.4 %, respectively. This agreement between the model and the experiments serves594

as validation that the presented modeling approach can adequately predict the behavior of595
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single-plate shear connections subjected to column removal, in terms of both their qualitative596

behavior and their peak load and deformation capacities.597

ASSUMPTIONS AND LIMITATIONS598

The proposed component-based modeling approach provides accurate coupling between599

the in-plane flexural and axial behaviors of a connection, based on an approximation in which600

a discrete spring is used to represent the axial load-deformation behavior of each bolt row, as601

described in the Component-based Connection Model Section. The influence of vertical shear602

force on the axial behavior of the connection springs is neglected, as the model is intended603

for cases in which shear demands are small relative to the flexural and axial demands. These604

approximations are consistent with component-based formulations presented by others (e.g.,605

Wales and Rossow (1983), Richard et al. (1988)) and are appropriate for each of the validation606

cases considered in this study, as the connections were subjected to predominantly in-plane607

flexural and axial loads.608

Limiting deformations measured from tests of single-plate shear connections by Weigand609

and Berman (2014) were used as failure criteria in the component-based modeling. The610

deformation limits of individual connection components depend on both the material prop-611

erties and the geometry of the connections that were tested, so caution should be exercised612

in applying these deformation limits for other materials and connection geometries. Global613

connection-level limit states, such as net-section tensile rupture of the shear plate or block-614

shear rupture of the beam web, were not incorporated; however, such limit states are not615

likely to control for conventional steel gravity connections under flexural and axial loads.616

Binding contact between the beam flange and the column flange was not considered in this617

study, but this effect can be readily incorporated using stiff compression-only springs at the618

beam flanges (e.g., Main and Sadek (2012)).619

SUMMARY AND CONCLUSIONS620

This paper has described the development of a new component-based model for single-621

plate shear connections. By aggregating the force-displacement behaviors of the individual622
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connection components (i.e., the bolt, shear plate, and beam web), the model was shown to623

capture relatively complex connection behaviors and failure modes, including bolt shear and624

plate tearout. The model was compared against the moment-rotation response of single-plate625

shear connections tested under increasing magnitude rotation cycles (i.e., seismic loads), as626

well as against the vertical and horizontal force-displacement responses of connections tested627

under combined rotation and axial deformation demands (i.e., column removal loads). The628

close agreement between the model and the connection experiments serves as validation629

of the proposed modeling approach. The component-based model was able to predict the630

capacities of 13 single-plate shear connection configurations within an average of 10 %, using631

the connection geometry, material properties, and applied loading.632

Beyond the connection tests considered in this paper for the validation, the component-633

based model described herein provides new capabilities, such as accurate modeling of the634

peak connection performance and energy dissipation capacity, that are critical to accurately635

modeling the response of connections subjected to extreme loads. The effects of pre-tension in636

the bolts are incorporated directly into the model, allowing the force-displacement behavior637

of connections with slip-critical bolts and snug-tight bolts to be differentiated. The model638

also allows direct modeling of the effects of both standard (STD) and slotted (SSLT, LSLT)639

holes, and captures their associated influence on the connection capacity under column640

removal. Finally, the model accounts for load reversals and the pinching effects associated641

with hysteresis, which are critical to modeling the history-dependent resistance and energy642

dissipation capacity of connections under seismic loads, and which also play a role in the643

behavior of single-plate shear connections subjected to column removal.644
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TABLE 1: Comparison of peak vertical and horizontal connection resistances calculated
from model with experimental data.

Specimen Vtest Vmodel % Diff. Ttest Tmodel % Diff.
Name kN (kip) kN (kip) - kN (kip) kN (kip) -

sps3b|STD|34|38|48L 41.2 (9.26) 41.3 (9.27) 0.2 497 (111.8) 499 (112.2) 0.3
sps4b|STD|34|38|48L 55.1 (12.38) 57.0 (12.81) 3.4 647 (145.5) 651 (146.3) 0.5
sps3b|STD|34|38| 40.2 (9.05) 45.1 (10.14) 12.1 496 (111.5) 479 (107.6) 3.5
sps3b|SSLT|34|38| 44.1 (9.90) 48.9 (11.00) 11.1 474 (106.5) 465 (104.5) 1.9
sps3b|SSLT|34|38|Edge 32.3 (7.26) 32.7 (7.36) 1.3 384 (86.3) 339 (76.2) 11.7
sps4b|SSLT|34|38| 49.6 (11.15) 56.0 (12.58) 12.9 544 (122.3) 514 (115.6) 5.5
sps5b|SSLT|34|38| 60.4 (13.57) 63.4 (14.25) 5.0 631 (141.8) 619 (139.2) 1.8
sps3b|SSLT|34|38|A490 52.4 (11.78) 57.0 (12.81) 8.8 527 (118.4) 524 (117.8) 0.5
sps3b|SSLT|34|38|Offset 43.4 (9.75) 48.4 (10.87) 11.5 436 (98.0) 459 (103.1) 5.2
sps4b|SSLT|78|38| 48.7 (10.95) 53.6 (12.05) 10.1 503 (113.1) 554 (124.6) 10.2
sps3b|SSLT|34|14| 38.9 (8.75) 39.0 (8.77) 0.3 388 (87.1) 370 (83.1) 4.6
sps3b|SSLT|34|38|Gap1 36.9 (8.30) - - 427 (96.1) - -
sps3b|SSLT|34|14|Weak 38.5 (8.66) 41.4 (9.31) 7.5 388 (87.2) 372 (83.7) 4.1

Average 7.0 4.2

1 Not applicable, rigid-body displacement model does not account for binding of beam
flange on column flange, so it can only match this test result in an approximate sense.
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FIG. 13: Connection spring displacement profiles calculated via Eq. (25) for connection
subjected to (a) rotation only and (b) rotation and axial deformation.
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FIG. 16: Comparison of predicted (a) vertical force-displacement response and (b) horizontal
force-displacement response from component-based model with connection data.
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FIG. 17: Comparison of predicted response from component-based model compared to con-
nection data.
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