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ABSTRACT

A modular plastic hinge seismic special detail has been developed for use in steel
special moment frames (SMFs). The aim of the special detail design is to dissipate
seismic energy through stable yielding of a beam “link” in plastic hinge region. Reliable
and repeatable energy dissipation at high ductility is assured through the elimination of
weld failure modes, and the mitigation of local buckling and high multi-axis restraint. A
casting process is used to configure the modular detail directly to meet these performance
objectives. The primary features of the link region are an isolated flange with an
integrally cast stiffener and a reduced section isolated web.
Two forms of the detail exist: a plastic hinge modular node (PH-MN) and a bolted
alternative, the bolted plastic hinge connector (BPHC). The PH-MN, a “node” occupying
the entire beam-to-column joint, was used to develop the concept. The PH-MN
configuration removes the field weld from the critical cross-section, reduces triaxiality
and eliminates through-thickness failure modes at the beam/column interface. The BPHC
preserves the primary features of the PH-MN and provides performance at nearly the
same efficiency, but, as a replaceable field-bolted component, is significantly more
economical, improves modularity, and has certain practical advantages. A design
procedure was developed to create a family of modular designs.
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CHAPTER ONE: INTRODUCTION

A modular plastic hinge seismic special detail has been developed for use in steel
special moment frames (SMFs). The modular plastic hinge detail is one of several cast
modular concepts recently developed (Fleischman et al. 2006; Sumer et al. 2006). The
modular concepts rely on the versatility of the casting process to create configurations
that directly address the seismic performance requirements. These concepts share a
design philosophy consistent with consensus that an effective earthquake resistant
connection design should be based on both weld fracture mitigation and improved
geometric connection configuration (Stojadinovic et al. 2000).
The aim of the modular plastic hinge detail design is to dissipate seismic energy
through stable yielding of a beam plastic hinge region. Reliable and repeatable energy
dissipation at high ductility is assured through a well-defined spread plasticity region in a
link region absent of significant local buckling or high multi-axis restraint, and the
elimination of weld failure modes. Two primary features are used to achieve this
performance: a reduced section isolated flange with an integrally cast stiffener and a
reduced section isolated web.
Two forms of the detail exist: a plastic hinge modular node (PH-MN) and a bolted
alternative, the bolted plastic hinge connector (BPHC). The PH-MN has a “node”
configuration occupying the entire beam-to-column joint. The node configuration
eliminates the field weld from the critical cross-section at the beam/column interface,
moving it outside the link region to a cross section farther from the column face. The
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node form also reduces triaxiality and eliminates through-thickness failure modes at the
beam/column interface. The BPHC preserves the primary features of the PH-MN and
provides performance at nearly the same efficiency, but, as a replaceable field-bolted
component, is more economical and has certain practical advantages.

1.1 Problem Statement and Background
The brittle fracture of welded moment connections during the 1994 Northridge
(Malley 1995) and the 1995 Kobe earthquakes (Watanabe 1998) raised questions about
the reliability of the welded moment connections. The extensive research program
addressing the poor performance of the steel moment frames (SAC Joint Venture, 1995)
identified several issues related to the welded moment connections: poor welding quality,
details and procedures (FEMA-350 2000); stress and strain concentrations at the beam
weld access hole (FEMA-350 2000); high state of triaxial stress (Yang and Popov 1995;
Schafer, 2000) and through thickness issue (Dexter and Melendrez 2000). The consensus
was that an effective earthquake resistant connection design should be based on both
weld fracture mitigation and improved geometric connection configuration (Stojadinovic
et al. 2000). Several recommended “Post-Northridge” detailing and connections (FEMA355D 2000) have been proposed, including the reduced beam section (RBS) (Engelhardt
et al. 2000), whose basic concept is adopted in the modular plastic hinge detail.
A further result of this and parallel studies was the recognition that force
distributions based on classical Bernoulli-Euler beam theory in which the shear force is
carried primarily by the beam web does not hold at the connection. Instead, the boundary
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conditions imposed by the column result in the beam flanges typically carrying more than
half the shear (Richard 1995; Goel 1997). Connections that mitigate the high flange shear
by redirecting the shear force into the web include the slotted web beam-to-column
connection (Richard et al. 1997) and the free flange connection (Choi et al. 2000). Both
these concepts eliminate the high flange shear through releasing restraint at the flange by
separating the beam web and beam flange near the column interface. The designs contend
with local buckling of the flange. The slotted web design employs a small slot width that,
given the inward buckling of the flange due to the imposed local flange curvature, allows
the web to brace the flange. The free flange connection limits the free flange length to
(5~6)tff to prevent severe local buckling, where tff is the thickness of the free flange [Choi
et al. 2003].
At the same time, the poor performance of welded moment connections also led
to a renewed interest in bolted connections (FEMA-355D 2000). A lot of research
focuses on the behavior of traditional semi- or fully-rigid bolted T-stub moment
connections (Swanson and Leon 2000) using structural tee (WT) sections (AISC 2001).
The T-stub connection is comprised of a pair of WT sections connected at the beam
flanges and bolted to the column. For seismic applications, the connection can be
designed as a force-based detail, i.e. made stronger than the beam through a capacity
design, thus forcing the plastic hinge into the beam (FEMA-267 1995). Conversely, the
connection pieces themselves can be used as the energy dissipating detail to develop the
ductility. In the latter approach, energy dissipation in the T-stub detail will occur through
concentrated plastic hinges forming in the tee flange sections adjacent to the bolt head
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and the tee stem (Piluso et al. 2001) and tensile yielding of the tee stem (Leon et al. 1999).
One significant behavioral characteristic of bolted connections is prying action (AISC
2001). Prying force can be as large as 50% of the applied load, and must be accounted for
in design (Swanson and Leon 2000).

1.2 Cast Modular Plastic Hinge Detail Concept
The objective of the cast plastic hinge details is to provide a beam-to-column joint
with significantly higher ductility and stable energy dissipation than traditional
connections by: (1) minimizing the plastic strain demand at a given plastic rotation; (2)
eliminating brittle failure modes such as a weld fracture; (3) avoiding instability such as
local or torsional buckling modes.

1.2.1 Plastic Hinge Modular Node (PH-MN)
The PH-MN is a high-end design solution created by inserting a “node” between
the column and the beam. The PH-MN is shop welded to the column and field welded to
the beam. A schematic of the PH-MN prototype is shown in Figure 1.1. The primary
energy dissipating components of the PH-MN are an isolated flange and an isolated web,
which occur in a beam “link” region within the casting. The flange and web are isolated
to reduce the flange shear force and the restraint at the beam “K-region”-column flange
interface.
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Figure 1.1. PH-MN configurations

The isolated flange contains the following features: (1) a length of approximately
half the beam depth to provide a sufficient gage length for low plastic strain demands in
tension; (2) a reduced section geometry, analogous conceptually to the RBS detail
(Engelhardt et al. 2000), but termed a reduced flange section (RFS) due to a differing
geometry, to force a controlled plastic hinge region within the beam link region of the
node and (3) an integrally cast stiffener that greatly reduces the effects of flange local
buckling; (4) a filleted cruciform to reduce triaxiality and column flange kinking at
column interface; (5) a tapered and flared inner portion of the stiffener connected to the
outer beam web to avoid strain concentration; and, (6) a squared weld interface to accept
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a beveled beam flange for full-penetration welding of several beam sections of a given
beam depth.
The isolated web contains: (1) a reduced web section (RWS) to complete the
controlled beam plastic hinge; (2) a flared interface to prevent plastic strain concentration
at the column interface; and, (3) a modular connecting detail to interface with the beam
web.
The PH-MN link flexural strength is designed weaker relative to the main framing
elements (the beam and column), which is easily achieved due to the drift-controlled
nature of SMFs. And finally while the link region dissipates a majority of the seismic
energy, a “balanced” panel zone design is employed (given the absence of a welded
connection between the panel zone and link regions) to share in the seismic energy
dissipation and thereby reduce the demand on the link region. A design procedure of
modular designs covers the range of the practical framing member sizes from W24 to
W36 for beams and W14x145 to W14x550 for columns.

1.2.2 Bolted Plastic Hinge Modular Connector (BPHC)
The BPHC preserves the primary features of the PH-MN and provides
performance at nearly the same efficiency, but, as a replaceable field-bolted component,
is significantly more economical, improves modularity, and has certain practical
advantages.
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(a) BPHC concept

(b) Isolated flange cast component

(c) Isolated web cast component

Figure 1.2. BPHC configuration
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A schematic of the BPHC prototype is shown in Figure 1.2. The BPHC reserves
the overall geometric configuration of the PH-MN but with some modifications to
decrease the bolt prying force. The BPHC includes two flange connectors and one web
connector. The BPHC is connected to the column by high strength bolt. The following
configurations are introduced into the BPHC design: (1) diverging stiffeners of flange
connectors to redirect the force to the bolts and decrease the prying force; (2) smooth
diverging web connectors at the web fitting plate surface to decrease the prying force; (3)
a reduced cut section to decrease the prying force by reducing moment in the web
connector.

1.3 Unique Contribution
The unique contribution of this dissertation is the conception, development and
prototype design of an innovative cast modular special detail for seismic resistant steel
frames. The development employed the use of advanced features of the general finite
element program ANSYS to develop the prototype. Techniques included in the nonlinear
finite element analysis included material nonlinearity, large deflection theory, large
deformation formulations, and importing of displacement fields for initial imperfection
based on eigenvalue analyses. The development program included optimization of key
parameters through reduced degree of freedom analyses and ultimate verification on full
models. The intellectual merit also includes heavy interaction with industry partners.
Solid models from the finite element analyses were exported to steel foundry industry
partners for evaluation of the structural designs for castability. Final designs were
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reviewed by a steel fabricator industry partner for modification and constructability. The
final contribution includes the development of a welded modular node and a more costeffective bolted modular connector.

1.4 Development Program
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Figure 1.3. SAC prototype structure

W14X283

W14X370

W36X150

W14X370

W14X455

W36X150

W36X150

W14X257

W14X283

W14X283
W14X370
W14X455

W36X150

W36X150

W36X150

W36X150

W14X370

W36X150

W36X150

W33X141

W33X141

W14X500

W36X150

W36X150
W14X500

W14X370

W36X150

W36X150

W33X141

W33X130

W33X141

W33X141

W14X500

W36X150

W33X141

W33X130

W27X94

W27X102

W33X141

W33X141
W14X455

Prototype Joint

W33X141
W14X455

W14X370

W33X141

W33X141

W33X130

W27X94

W27X102

W33X141
W14X370

W33X141
W14X370

W33X141

W33X130

W27X94

W27X102
W14X283

W27X102
W14X283

W33X130

W27X94

W14X500

W27X94

W14X233

W24X62

W14X257

W24X62

W14X257

30'-0"

W14X257

30'-0"

W14X257

W14X233
W14X257
W14X283

13'-0"

30'-0"

W33X141

13'-0"
13'-0"
13'-0"

30'-0"

12'-0"

18'-0"

30'-0"

W27X102

13'-0"

13'-0"

13'-0"

13'-0"

1.4.1 Prototype Structure
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For concept development, a single workable PH-MN prototype design is
developed, prior to modularization. This PH-MN prototype is referenced to the 4th story
exterior joint of the 9-story LA benchmark Post-Northridge structure used in the SAC
project (FEMA-355D 2000) (See Figure 1.3). For evaluating panel zone interaction, an
interior joint on the same floor is also examined. The beam framing into the prototype
joint is a W33x141 and the column section is W14x370.

1.4.2 Design Parameters
The following nondimensional geometric parameters are evaluated for design
optimization of the PH-MN: (1) Link length to beam depth ratio (LPH/db); (2) Isolated
flange slenderness ratio (LPH/ rx’); (3) Web slenderness ratio (hw/tw); (4) Panel zone
relative strength (Ω) and (5) Subassemblage rotation θ. Each are elaborated on below.
(1) Link length to beam depth ratio: The primary dimensional variable to consider
for the PH-MN is the length of the link region. The considerations for this dimension
include issues of manufacture, construction and structural performance. From a
castability standpoint, this dimension should be minimized, both in terms of casting
integrity (Monroe 1995) and in terms of the mold-to-piece volume ratio. Construction
issues pertain mostly to piece transport and handling, as the node is shop-attached to the
columns. The structural performance requirements provide a set of competing
requirements – a long length both provides a longer gage length for yielding in the
tension flange and lower section forces at the location of the field connection; however
higher propensity for buckling in the compression flange. For the purposes of modular
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design, in which demands at a connection rotation are proportional to beam depth, the
link length is normalized by beam depth.
An estimate of the isolated flange length can be determined by approximating the
maximum strain in the plastic hinge region, theoretically calculated as:

Φ•

db
θ
d
= ε max ⇒ PH • b = ε max
2
LPH 2

where Φ is the curvature of the plastic hinge, db is the beam depth, θPH and LPH are the
rotation angle and isolated flange length respectively. If we aim to have εmax ≅ θPH, that is
all subassemblage rotation will be ideally the rotation of the plastic hinge region, LPH will
be about equal to db/2. It has been noted that plastic hinges in the steel beams have finite
length, typically on the order of half the beam depth (FEMA-350 2000). Therefore, the
isolated flange length in the design of the PH-MN should be about half beam depth.
(2) Isolated Flange Slenderness Ratio: In general, the measure of the propensity
for in-plane buckling for a free flange, i.e. one that is not braced by the web can be
expressed by a slenderness ratio, Lff / tff, where Lff and tff are the length and thickness of
the free flange, respectively. A slenderness ratio for the stiffened isolated flange can be
defined as:

λ=

LPH
rx ,

where LPH is the isolated flange length and rx’ is the radius of the gyration of the stiffened
flange section about its horizontal centroidal axis, x’ (See Figure 1.4).

x'

hs

x'

tPH
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bs
bPH

Figure 1.4. Cross section of isolated flange

(3) Isolated web slenderness ratio: The propensity for the isolated web detail to
buckle out-of-plane can be expressed through a height-to-thickness measurement.
Although both dimensions, isolated web length and height, will affect its buckling
behavior, only height thickness ratio will be taken as a parameter in the development of
the plastic hinge geometry because its length is set to half beam depth.
(4) Panel Zone Strength: An index Ω is used to measure the relative strength of
the link plastic hinge zone to the panel zone. Ω is defined as the ratio of an equivalent
couple flange force (translated to the panel zone continuity plates) to the panel zone
design shear strength. For simplicity, the equivalent couple acts at the beam depth and
corresponds to the nominal beam plastic moment:
⎧ 2M p
F f ⎪⎪ d bVU , pz
∑
Ω=
=⎨
Mp
VU , pz
⎪
⎪⎩ d bVU , pz

, for interior joint
, for exterior joint
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Where Mp is beam nominal plastic moment, db is the beam depth and VU,pz is the
ultimate strength of the panel zone, which is defined as (AISC 2002):
VU , pz = 0.6 Fy d c t pz [1 +

3bcf t cf2

]
d b d c t pz
where: Fy = specified minimum yield stress of the panel zone steel, ksi
dc = overall column depth, inch
bcf = width of column flange, inch
tcf = column flange thickness, inch
tpz = panel zone thickness, inch
The nominal strength of the beam end and the panel zone are equal when Ω is
unity. Thus, a balance of dissipated energy would be anticipated for such a design. In the
paper, Ω < 1 will be termed a ‘Strong Panel Zone’ (SPZ) design and Ω > 1 will be termed
a ‘Weak Panel Zone’ (WPZ) design.
(5) Subassemblage rotation: Subassemblage rotation is defined as the ratio of the
applied displacement at the beam end to the half beam span for exterior joint model and
the applied displacement at the column end to the story height for interior joint (FEMA350 2000). Figure 1.5 shows the subassemblage rotation of exterior joint, which is
defined as:

θ=

∆ CL
LCL
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Figure 1.5. Definition of subassemblage rotation of exterior joint

1.5 Nonlinear Finite Element Analyses Techniques

1.5.1 Geometric Nonlinearity
Geometric nonlinearity refers to the nonlinearities in the structure or component
due to the changing geometry as it deflects. That is, the stiffness matrix [K] is a function
of the displacements {u}. The element matrices and load vectors can be derived using
updated Lagrangian formulation. The Lagrangian strain tensor is defined as:
⎛

∂u

⎞

∂u ∂u k ⎟
1 ∂u
j
+ k
ε ij = ⎜⎜ i +
2 ⎝ ∂x j ∂xi ∂xi ∂x j ⎟⎠
It can also be expressed as:

ε ij = eij + η ij
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eij =

1 ⎛⎜ ∂u i ∂u j
+
2 ⎜⎝ ∂x j ∂xi

⎞
⎟ and η ij = 1 ∂u k ∂u k
⎟
2 ∂xi ∂x j
⎠

Where: eij and ηij is the linear components and nonlinear components respectively.
Using principal of virtual work and constitutive law, it produces equations of
form:

{

} { }

[ K i ]{∆u i } = F app − Fi nr

{F } = ∫ [ B ] {σ }dV
nr

i

T

i

i

_

Where [Ki] is tangent matrix, {Fapp} is applied force vector and {Fnri } is NewtonRaphson restoring force. [Bi] is the strain-displacement matrix in terms of the current
geometry and {σi} is current Cauchy stresses. Tangent matrix has the form:
[ K i ] = [ K i ] + [S i ]

Where [Ki] is usual stiffness matrix and [Si] is geometric stiffness contribution.
[ K i ] = ∫ [Bi ] [Di ][Bi ]dV
T

[S i ] = ∫ [Gi ]T [τ i ][Gi ]dV
Where [Gi] is a matrix of shape function derivatives, [Di] is the current stressstrain matrix and [τi] is a matrix of the current Cauchy stresses {σi} in the global
Cartesian system.

1.5.2 Material Nonlinearity
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Material nonlinearities are due to the nonlinear relationship between stress and
strain. The relationship is path dependent so that the stress depends on the strain history
as well as the strain itself. Two important criteria in material nonlinearity are considered
in this research: von Mises yield criteria and Prandtl-Reuss flow rule.
The von Mises yield criterion states that yield occurs when the energy of
distortion reaches the same energy for yield in uniaxial tension. Using principal stresses,
the condition that material will yield is:

(σ 1 − σ 2 )2 + (σ 2 − σ 3 )2 + (σ 3 − σ 1 )2 = 2 f y2
And von Mises stress is defined as:

σ eqv =

1
(σ 1 − σ 2 ) 2 + (σ 2 − σ 3 ) 2 + (σ 1 − σ 3 ) 2
2

If using the tensor expression, it has the form:

σ eqv =

1
(σ ij − σ mδ ij )(σ ij − σ mδ ij ) =
2

1
sij sij = J 2
2

Prandtl-Reuss Flow Rule describes the relation between the plastic strain
increment and von Mises yield function or current stress space. Using the plastic potential
function g, the plastic strain increment tensor is defined as:
dε ijp = λ

∂g
∂σ ij

Where λ is plastic multiplier and is nonzero only when plastic deformations occur.
von Mises yield function is defined as:
f (σ ij ) =

1
1
(σ ij − σ mδ ij )(σ ij − σ mδ ij ) − ( f y ) 2 = sij sij − ( f y ) 2 = J 2 − ( f y ) 2 = 0
2
2

Where sij is deviatoric stress tensor
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Assuming the von Mises yield function is the plastic potential function, and then
we get Prandtl-Reuss equations:
dε ijp = λ

∂J
∂f
= λ 2 = λs ij
∂σ ij
∂σ ij

1.5.3 Eigenvalue and Eigenvector
In mathematics, an eigenvector of a transformation is a non-null vector whose
direction is unchanged by that transformation. The factor by which the magnitude is
scaled is called the eigenvalue of that vector. The equations of eigenvalue and
eigenvector for buckling analyses have the form:

[K ]{ϕ i } = λi [S ]{ϕ i }
where: [K] is structure stiffness matrix, {φi} is eigenvector, λi is eigenvalue and
[S] is stress stiffness matrix.

1.6 Analytical Modeling
The analytical program involved nonlinear finite element (FE) solid modeling to
develop the concepts. The analyses were performed using the general purpose FE
program ANSYS (ANSYS, Inc. Southpointe 275 Technology Drive, Canonsburg, PA
15317). The nonlinear material model employs multi-linear kinematic hardening
principles; the von Mises yield function; and Prandtl-Reuss Flow Equation (ANSYS
1999) to accurately capture response at high ductility demand. These values are curve fit
from a tensile test of a coupon of the cast steel (Varicast 2002). The material model
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employs logarithmic stress strain relationships. Large deflection analyses were performed
to capture local buckling effects.
A portal frame assumption is used to model a subassemblage with point of
inflections at mid-bay and mid-height of an interior column (See Figure 1.6). A series of
monotonic studies were used to develop the PH-MN, and later, the BPHC. Load is
applied by displacement control at the beam end for exterior joint subassemblage and at
the column end for interior joint subassemblage.

Figure 1.6. Loading sketch of subassemblage

To rapidly evaluate the PH-MN forms and features, two-dimensional finite
element (2D FE) models were first performed. The 2D FE model (Figure 1.7 (a)) is a
plane stress representation of the prototype subassemblage. The model preserves the
projection of the joint geometry in the plane and approximates the correct element
stiffness through parametric input of the out-of-plane thickness dimension. In regions
sufficient away from the connection, the model is transitioned into elastic line-type beam
elements. Coupled equations based on updated nodal coordinates are used to enforce
plane-sections at the interfaces. Figure 1.7 (b) shows the load-subassemblage rotation
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comparison for 2D FE model and 3D FE model. The results indicate 2D FE model is a
good predication of 3D FE model.
300
250

Load (Kips)

200

2D Model
3D Model

150
100
50
0
0.00

0.01

0.02

0.03

0.04

0.05

Rotation

Figure 1.7. (a) 2D FE model

(b) Comparison of 2D and 3D FE model

Once the general form of the design was determined, three-dimensional (3D FE)
PH-MN finite element analyses were performed to better evaluate the effect of key
parameters. Most 3D FE models were half-symmetry (Figure 1.8(a)), keeping the
parametric studies manageable and forcing in-plane response. Finally, when the form of
the PH-MN was ascertained, full 3D FE models (Figure 1.8(b)) were built to investigate
out-of-plane buckling modes and verify the final concepts. Because volume dependant
effects, such as triaxiality or casting solidification integrity, are of interest, 8-node brick
elements are used for solid-models of the node itself in 3D FE models. Since the
surrounding elements were of less interest but could incur plastic behavior in trial
analyses (subsequently to be “designed out”), the solid model transitions to nonlinear
shell elements modeling the local regions of the beam and the column. These
formulations also permit non-Bernoulli distortions (plane section do not remain plane) to
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freely develop at the joint region. Finally, in regions sufficient away from the connection,
the model is transitioned into elastic line-type beam elements. Couple equations based on
updated nodal coordinates are used to enforce plane-sections at the interfaces.

Figure 1.8. (a) Half-sym 3D FE model

(b) Full 3D FE model

The BPHC was developed based on the prototype of the PH-MN. 3D FE models
were used to investigate the bolt forces distribution and prying force magnitude due to
prying action. 8-node brick elements were used for solid-models in key region. Contact
elements were used to simulate the possible contacts between the solid element of the
fitting plate and column flange, bolt nut and fitting plate, bolt head and column flange
and bolt shank and bolt holes. Shell elements were used for all rest beams and columns
to avoid convergence problem due to the presence of contact elements.

1.7 Evaluation Criteria

1.7.1 Design Target
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The target performance used in the development of the PH-MN, and extended to
the BPHC, is the absence of degradation in the monotonic load-carrying capacity at a
subassemblage drift of 0.05rad. This target was considered as sufficiently large to assure
good cyclic behavior at typical subassemblage drifts anticipated in a design seismic event
(~0.03 rad).

1.7.2 Measurement Indices
(1) Equivalent plastic strain ε epl is used as a general measure of local ductility
demand:

ε

pl
e

[(

1 ⎧ 1 pl
pl
=
⎨ ε1 − ε 2
1 +ν ⎩2

) + (ε
2

pl
2

−ε

) + (ε

pl 2
3

pl
3

−ε

)]

pl 2
2

1

⎫2
⎬
⎭

where εepl are principal plastic strains and ν =0.5 is the effective plastic poisson’s ratio
(ANSYS 1999).
(2) Triaxiality is measured at column surface and defined as the ratio of the
maximum principal stress to the von Mises yield stress:
T=

σ1
σ eqv

(3) Bolt should perform well without brittle failure before the plastic hinge
dissipator reaches desired rotation. An index E is defined as measured bolt force Pb to
ultimate bolt force Pcrit:
E=

Pb
Pcrit
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(4) Isolated web should take the majority of the shear force to prevent overload of
the isolated flange. The ratio of the shear force taken by the web Vweb to the applied load
Vtotal is defined as:

ρ=

Vweb
Vtotal

1.8 Evaluation of Designs
In developing a new concept for special beam-to-column connection details for
seismic resistant structures, consideration must be given to the seismic demands. In a
seismic event, the input motion causes the shaking of the building foundation, leading to
cyclic loading of connections in the frame. Given that: (1) The magnitude of seismic
demands of the structural system in question, the steel special moment frame (SMF) are
well established (FEMA-273, 1997), and (2) that dynamic effects themselves (vibration,
strain rate) do not have a large effect on ductile steel connections, it has been the
accepted technique to prequalify steel moment connections in high seismic zones using a
psuedo-static cyclic loading protocol (FEMA-356, 2000). This standard testing protocol,
developed by FEMA, has an acceptance criterion for moment connections in SMFs a
qualifying subassemblage rotation not be less than 0.04 radians (FEMA-350, 2000). It
should be noted that performance-based design concepts are emerging (multiple
structural performance levels and performance objectives) for seismic hazard based on
ground shaking hazard maps. However, this single cyclic plastic rotation demand
currently serves as the standard acceptance criterion for these types of connections.
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The research described in this dissertation, the development of the cast modular
detail, involved: (1) creating a new concept and thus a significant amount of parametric
analysis and trial and error procedures for different features or configurations; (2) the
analyses required are time intensive analyses. For this reason, this parametric studies in
this research used nonlinear monotonic analyses with a target subassemblage rotation of
0.05 radians. The target performance for the cast modular connection is that it does not
exhibit any poor performance (strains exceeding a critical level, local buckling, high
triaxial stress) prior to reaching the monotonic target value. The monotonic target value
of 0.05 rad is greater than the FEMA 350 cyclic target of 0.04 rad in order to map to
cyclic behavior.
There is a precedent for this type of approach as of the four analysis procedures
allowed for structures to determine the distribution of forces and deformations induced in
the structure by the design ground shaking: linear static procedure, linear dynamic
procedure, nonlinear static procedure and nonlinear dynamic procedure (FEMA-273,
1997; FEMA-356, 2000), the nonlinear static (pushover) analysis shares a similar
approach. Under the nonlinear static procedure, a model directly incorporating inelastic
material response is displaced to a target displacement representing the maximum
displacement likely to be experienced during the design earthquake. The mathematical
model is subject to monotonically increasing lateral forces or displacements until target
displacement is exceeded. Because the mathematic model accounts directly for effects of
material inelastic response, the calculated internal forces will be reasonable
approximations of those expected during earthquake.
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In the future, the physical prototype will be verified by full-scale experiment
under FEMA 350 cyclic load protocol and analytically by mathematical model of
prototype.

1.9 Material Model
The true stress-strain relationship of the casting material and 50 ksi steel material
used in FE Model is shown in Figure 1.9. The material model of the A490 bolt is shown
in Figure 1.10.
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Figure 1.9. Material model of steel
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Figure 1.10. Material model of A490 bolt

1.10 Comparison with Experiment
The analytical results were compared with the PZ-MN (Li 2002) experimental
results. Figure 1.11 shows that FE analytical model is a good prediction of the
experimental results.
180
160

PZ-MN Experimental Results

140
FE Results

Load (Kips)

120
100
80
60
40
20
0
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
Subassemblage Rotation (Rad)

Figure 1.11. FE results vs. experimental results
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CHAPTER TWO: DEVELOPMENT OF PLASTIC HINGE MODULAR NODE

2.1 General From Development
2D FE models were used to rapidly evaluate general form during the development
of the plastic hinge modular node (PH-MN). These include the link length to beam depth
ratio, shear force distribution, slenderness ratio requirements and panel zone strength
effects. 3D FE models were used to develop critical region details and investigate out of
plane behavior.

2.1.1 Link Length to Beam Depth Ratio
The primary dimensional variable to consider for the PH-MN is the length of the
link region, which is related to the beam depth. As first step in the development of the
stiffened isolated flange, a traditional rectangular flange (similar to free flange and slotted
web connections) and isolated flange with stiffener were evaluated (Figure 2.1). The
length of free flange was modified to determine the effect on shear distribution. Isolated
flange model with stiffener was used to determine required isolated flange length. The
section area of the isolated flange was the same as the section area of the free flange by
reducing the flange width due to the stiffener.
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Lff

Figure 2.1. (a) Free flange FE model

(b) Isolated flange with stiffener FE model

The parameters are shown in the Table 2.1. A low value of Ω (0.5) is selected to
keep panel zone elastic in the study.
Table 2.1. Parametric study for free flange and isolated flange
Free flange FE
model
Isolated flange FE
model

Lff (free flange length)
2,4,6,8,10,12
LPH (isolated flange length)
8,12,16,20

1.0

tff
0.96”
tPH
0.96”

Ω
0.5
Ω
0.5

0.055

0.9

0.050

0.8

0.045

0.7
Flange (0.004 Rad)
Flange (0.006 Rad)
Flange (0.008 Rad)
Web (0.004 Rad)
Web (0.006 Rad)
Web (0.008 Rad)

0.6
0.5
0.4
0.3

0.040

0.1

0.015

0.0
0.15

0.20

0.25

Lff/ db

0.30

0.35

P@0.05

0.025
0.020

0.10

Pu

0.030

0.2

0.05

Load

0.035

θpeak

Shear Force Ratio (V/ Vtotal)

Slot
2”
Stiffener
2”x 1.2”

0.40

θpeak

0.05 Rotation

0.010

Figure 2.2. (a) Shear distributions vs. Lff /db
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(b) Rotation demand vs. Lff / tff
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The flange takes more than 50% shear force at the low subassemblage rotation for
small free flange length (Figure 2.2(a)). With the increase of the free flange length, the
shear force is redirect back to the beam web and shear force is less than 10% in beam
flange. The rotation demand at which peak load capacity of the subassemblage achieved
is shown in Figure 2.2(b). Peak loads beyond 0.05rad are simply indicated as 0.05rad as
this is the maximum rotation in the analyses. The peak load rotation decreases below
0.05rad when Lff / tff is greater than 6. This outcome is consistent with other research that
advised a length of free flange to be 5~6tff (Choi et al. 2003).
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0.20
0.18
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Compression free flange
Tension free flange
Compression flange with stiffener
Tension flange with stiffener
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Figure 2.3. (a) Maximum plastic strain
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Figure 2.3. (c) Isolated/Free flange deflection magnitude
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The maximum equivalent plastic strain of the compression flange and tension
flange at 0.05rad was shown in Figure 2.3(a). For free flange connection, as the free
flange length increases to the critical length, serious local buckling of the compression
flange was observed and maximum plastic strain increases significantly. The presence of
the stiffener can decrease the maximum strain to acceptable level for isolated flange
connection. Figure 2.3(b) shows maximum defection with respect to the chord of the
isolated flange itself (See 2-3(c)). The magnitude increases as the length increase for both
free flange and isolated flange connection. The defection magnitude is preferred as small
as possible to reduce second order effects.
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Energy dissipation ratio
within isolated flange region

0.020

εe at Welds

0.015

pl
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Figure 2.4. (a) Plastic strain at welds
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(b) Energy dissipation in link region
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(a) LPH/db=0.24

(a) LPH/db=0.36

(c) LPH/db=0.48

(d) LPH/db=0.60

Figure 2.5. Plastic strain contour plot

Energy dissipation ratio within the isolated flange region to the total dissipated
energy is shown in Figure 2.4. Almost 85% energy is dissipated through the yielding
within the isolated flange region when LPH/db is larger than about 0.48. And all plastic
deformation happened within the isolated flange region when LPH/db is larger than 0.48
(See Figure 2.5). It has been noted that plastic hinges in the steel beams have finite length,
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typically on the order of half the beam depth (FEMA-350 2000). The plastic strain
demand at the welds is shown in Figure 2.4. It is essentially elastic when LPH/db is larger
than 0.48. On the other hand, the LPH/db is preferred to be smaller to get smaller second
order effects. Therefore, An optimized ratio LPH/db in the design of the PH-MN is chosen
to be about 0.5, where LPH is 16 inches in the developed prototype joint.

2.1.2 Isolated Flange Slenderness Ratio
To determine the required slenderness ratio for isolated flange, a series study of
different isolated flange slenderness ratio is analyzed. An integral (through) stiffener is
added along the center of the isolated flange to eliminate buckling at small connection
rotations (See Figure 2.6). To maintain the proper capacity design relationships, the same
section plastic modulus should be preserved. Therefore, the width of isolated flange is
reduced to maintain a constant cross-sectional area with respect to beam, column and

x'

hs

x'

tPH

panel zone. Table 2.2 shows the parameters of slenderness ratio study.

bs
bPH

Figure 2.6. (a) Cross section dimension of isolated flange

(b) FE model
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Table 2.2. Parameter analysis of stiffener with constant stiffener width
bs (in)
2.0
2.0
2.0
2.0
2.0
2.0

(hs-tPH)/2 (in)
0.6
0.75
0.9
1.05
1.2
1.5

bPH (in)
9
8.375
7.75
7.125
6.5
5.25

λ
36
31
27
23
21
16

1.00

140

0.95
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0.96
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0.004 Rad
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Figure 2.7. (a) Load-rotation relationship
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(b) Web shear force percentage

The load and subassemblage rotation relationship (Figure 2.7(a)) indicates that the
slenderness ratio of the isolated flange should be less than 23 to maintain the load
capacity at 0.05rad and to prevent earlier strength degradation. Figure 2.7(b) shows that
web takes less shear force with the decrease of the slenderness ratio. An optimized range
of the slenderness range is set to be from 20 to 23 so that beam web can take at least 75%
of total shear force and there is no serious isolated flange buckling and strength
degradation.
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2.2 Geometry Configuration of Isolated Flange
The 2D FE model is used to rapidly evaluate the general form but does not reflect
stress/strain concentration due to the presence of the stiffener. Half-symmetric model is
used to optimize the geometry transition at critical locations. Figure 2.8 shows several
critical geometry transition locations due to the presence of the stiffener and reduced
isolated flange width.

Figure 2.8. Critical transition locations of isolated flange

2.2.1 Isolated Flange Beam Interface
The sudden change from the beam flange width to the reduced isolated flange
width causes stress and strain concentration at the flange beam interface locations. A
smooth transition curve is used to eliminate this undesired plastic strain concentration.
All analyses employed the previous study group with isolated flange slenderness ratio 21.
The transition length Ltr is changed from 2 inches to 8 inches to study its effects on the
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plastic strain demand (Figure 2.9). The parameter is defined as Ltr / breduce, where breduce is
the total reduced width and is 5 inches in this parametric study.

Figure 2.9. Isolated flange beam interface transition geometry

Figure 2.10 shows the maximum plastic strain at the beam flange interface. It
indicates that extending the curve length is an efficient way to reduce plastic strain
concentration at this location. Therefore, reduced beam section along the whole isolated
flange can be used to provide optimized behavior.
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Figure 2.10. Maximum plastic strain of isolated flange at beam interface

2.2.2 Stiffener Inner Portion Web Interface
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The stiffener width is larger than the beam web thickness. Thus, the inner portion
of the stiffener thins and flares connected to the beam web to eliminate the plastic strain
concentration at this transition region.
Two parameters determine the geometry of the transition shape of the inner
stiffener to the beam web. One is the tapering length Ltaper. The other is the flared depth
of the inner stiffener dflare (Figure 2.11). A parameter α is defined as the ratio of the flared
depth to the height of the inner portion of the stiffener. A parameter β is defined as the
ratio of the tapering length to the flared depth. Table 2.3 and Table 2.4 show the
parametric study of parameters α and β.

(a) 2” flare

(b) 1” flare

(c) No flare

d flare
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L taper

Figure 2.11. Stiffener inner portion geometry at beam web interface

Table 2.3. Parameter study of α
Ltaper (in)
3

dflare (in)
0,1,2

hs (in)
3.36

tPH (in)
0.96

α=2*dflare / (hs-tPH)
0,0.83,1.66

Table 2.4. Parameter study of β
Ltaper (in)
2,3,4

dflare (in)
2

hs (in)
3.36

tPH (in)
0.96

0.18

0.095

0.16

0.090

β=Ltaper/dflare
1, 1.5, 2.0

0.085

Maximum εe

pl

Maximum εe

pl

0.14

0.12

0.10

0.080
0.075
0.070

0.08
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

α = 2*dflare / (hs-tPH)
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Figure 2.12. Maximum plastic strain plot of stiffener inner portion
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Figure 2.12 shows maximum plastic strain of stiffener inner portion at beam
interface at 0.05rad. From the analysis results, if α is greater than 0.8, the maximum
plastic strain is sufficient small and is almost constant with the increase of α. The
parameter β will be chosen to be larger than 1.5, which will result in sufficient small
plastic strain.

2.2.3 Transition at Column Interface
Plastic strain concentration is noticed in the isolated flange close to the column
interface (Figure 2.13). This plastic strain concentration may result in a local plastic
hinge of the isolated flange under cyclic load and increase the slenderness ratio of the
isolated flange.

Strain concentration

Strain concentration

Compression isolated flange

Tension isolated flange

Figure 2.13. Plastic strain contour plot of isolated flange

A cruciform is added to the isolated flange at the column surface to remove the
plastic strain at this location. Figure 2.14 shows that plastic strain concentration is totally
removed with the presence of the cruciform. Furthermore, the cruciform plays a critical
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role in reducing triaxiality (See Triaxiality) and flange kinking due to the panel zone
deformation (Li 2002).

Compression isolated flange

Tension isolated flange

Figure 2.14. Plastic strain contour plot of isolated flange with cruciform

2.2.4 Stiffener Outer Portion Beam Interface
At the interface of the isolated flange and beam interface, the force is redirected
and the section properties change a lot. Finite element analyses indicate that the stiffener
outer portion geometry at beam interface plays a key role in eliminating the plastic strain
concentration at the end of the outer stiffener.

Figure 2.15. Plastic strain concentration
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Figure 2.16. Stiffener outer portion geometry at beam interface

To totally eliminate this unexpected plastic strain distribution and keep the
welding in the elastic state at large plastic rotation, the outer stiffener is totally tapered
and expanded to the full flange width (See Figure 2.16). The tapering location can start
within beam link region at about Lff/8 considering part of the outer stiffener is elastic.
The total tapering length Ltf should be larger than bf/2, i.e. ratio of Ltf / (bf / 2) should be
larger than 1 and 1.1 is sufficient to eliminate plastic strain concentration.

2.3 Web Geometry Configuration
A half-symmetric model does not allow for out-of-plane behavior. The separation
between the flange and the web loses support between the flange and the web. Therefore,
a full 3D-model of the subassemblage was analyzed to evaluate out of plane displacement
and torsional buckling of the isolated web. Long free boundary condition of the isolated
web on two sides, small thickness and its large compression stress contribute to this
serious out-of-plane displacement. The length of the isolated web can’t be changed due to
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the basic requirement of the plastic hinge length. To eliminate this serious out-of-plane
displacement, the web thickness is increased and its height is decreased without changing
section modulus of the web. Furthermore, the thicken web can be more feasible for
casting instead of thin plates.

2.3.1 Eigenvalue Analysis
First, an eigenvalue analysis is performed to determine the elastic buckling modes
of the free flange region under a tip load at the beam end. These buckled mode shapes are
then scaled and used as an initial geometric imperfection for nonlinear load-deflection
analysis. The eigenvalue results of the web thickness of 0.605” and 0.9” are shown in the
Figure 2.17. It shows that the buckling wave changes due to the increase of the isolated
web thickness.

(a) web 0.605”

(b) web 0.90”

Figure 2.17. Eigenvale buckling shapes

2.3.2 Load-deflection Analysis
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A small initial geometric imperfection with the maximum value of 0.015 inch is
selected to investigate the effects of initial geometric imperfection. Figure 2.18 shows the
load-subassemblage rotation of different isolated web thickness. It can be seen that
increasing the web thickness can maintain the load capacity. Although the flange resists
majority of the applied moment, a stable web plate helps to maintain the stiffness of the
whole section and increase the load capacity without early failure.
140
120

Load (kips)

100
80
60

hw/tw = 40.3 (tw=0.65")
hw/tw = 32.4 (tw=0.80")
hw/tw = 26.5 (tw=0.90")
hw/tw = 22.2 (tw=1.00")

40
20
0
0.00

0.01

0.02

0.03

0.04

0.05

Rotation (rad)

Figure 2.18. Load-rotation relationship
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The maximum out-of-plane displacement of different hw/tw ratio is shown in
Figure 2.19, where hw is the height of the web and tw is the thickness of the web. With the
decrease of the ratio of hw/tw, the magnitude of out-of-displacement decreases rapidly. At
the same time, the plastic strain concentration at beam interface is also eliminated. When
hw/tw is less than 25, the out-of-plane effect is negligible.

2.3.3 Radius Tapered Web Section
The main intent of the radius tapered web section is to prevent the plastic strain
concentration at the interface of isolated web and column flange. To be convenient, the
tapered web is described as the ratio of the height of the web at column surface to the
height of the web at beam interface. The tapered curve started from the column to the
middle of the link web length and the height of the web is constant of the rest part.
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Figure 2.20. Plastic strain contour plot of isolated web
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In Figure 2.20, the plastic strain contour plots of height to thickness ratio 1.0, 1.1
and 1.2 are shown. It can be seen that the plastic strain concentration is eliminated and
the plastic hinge is more uniformly distributed at the radius tapered web section.

2.3.4 Buckling Equation of Isolated Web
The derivation will based on the Bleich’s equation (Blieich 1952):
∂4w
∂4w
∂4w
∂2w
D(η 4 + 2 η 2 2 + 4 ) + p x 2 = 0
∂x
∂x ∂y
∂y
∂x
where: η=Et / E, here it is assumed η=0.03 and D is:
Et 3
D=
12(1 − ν 2 )
Assumptions for derivation:
(1) Loading sides are taken as fixed supported condition and the side length is taken as 2b.
(2) One unloading side is simply supported at the middle height considering the half
depth of the isolated web is in tension and the other side is free. The length of unloading
side is taken as 2a.
(3) Assuming half wave buckling and introduce shape function:

w = f sin(

π ( y − b)
2b

) sin(

πx , where a is half free side length and b is half depth of the
)
a

minimum isolated web depth. Set px = fyt and replace w with shape function, and we can
find:
t=

fy

•

a 2 (2b) 4 12(1 − ν 2 )

Eπ 2 η (2b) 4 + 2 η a 2 (2b) 2 + a 4

Replace a and b by isolated web dimensions, and the thickness t comes out to be 0.8inch.

55

2.4 Triaxiality

2.4.1 Reduced Flange Section
Triaxiality has been cited as the potential cause of poor performance of the
connections (Yang and Popov 1995; Schafer et al. 2000). The triaxiality is defined as the
ratio of the maximum principal stress to the von Mises yield stress:
T=

σ1
σ eqv

In the previous analysis, the isolated flange is kept constant in width starting from
the column surface to the middle of the isolated flange. It is noticed that all forces are
transferred to the column flange through a relative smaller area. A full radius cut flange
section (RFS) is a better choice (Figure 2.21). Figure 2.22 shows the triaxiality of the full
radius cut flange section is smaller than the constant flange section.

Figure 2.21. (a) Constant flange width

(b) Reduced flange section
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Figure 2.22. Triaxiality comparison

2.4.2 Cruciform Effects
The comparison of the triaxiality between the PH-MN and tradition node is shown
in the Figure 2.23. It can be concluded that the triaxiality is greatly reduced with the
presence of the cruciform.
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Figure 2.23. Triaxiality comparison
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Due to the boundary condition of the column flange, the prying action of the
column usually causes great curvature at the column surface known as “kinking” effects
(Krawinkler 1978; Popov 1987) especially when panel zone energy dissipation is
preferred. With the cruciform, kinking effects is great alleviated (Li 2002). The presence
of the cruciform at the column surface and the stiffener at the beam interface will highly
reduce the plastic concentration at the ends the isolated flange.

2.5 Panel Zone Thickness
Although the basic intent of PH-MN design is to dissipate most seismic energy by
plastic hinge at a reduced beam section, panel zone is also employed as energy
dissipation part. Connection performance can be affected either positive or negatively by
panel zone strength. Some yielding in the panel zone can relieve the amount of plastic
deformation that must be accommodated in other regions of the frame. But excessive
panel zone deformation can induce local kinking of the column flange and large
secondary stresses into the connection that can degrade connection performance (FEMA350 2000). So the PH-MN is designed as a strong panel zone node, but with some energy
dissipation in panel zone.
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Figure 2.24. FE model of panel zone thickness analyses

The geometry of the subassemblage and section properties is shown in Table 2.5.
To investigate the effects of Ω on the behavior of the PH-MN, the thickness of the panel
zone is changed from 4.45 inches to 1.70 inches and Ω changes from 0.5 to 1.1.
Table 2.5. Parameters of panel zone thickness study
Column
W14×370
W14×370

Beam
W33×141
W33×141

W14×370
W14×370
W14×370
W14×370
W14×370
W14×370
W14×370

W33×141
W33×141
W33×141
W33×141
W33×141
W33×141
W33×141

tpz（in）

MPRBS

4.45
3.60
3.00
2.77
2.56
2.37
2.20
1.92
1.70

22495
22495
22495
22495
22495
22495
22495
22495
22495

MPCOL
36800
36800
36800
36800
36800
36800
36800
36800
36800

Vpz

Ω

2705
1927
1803
1690
1588
1497
1347
1228
1228

0.50
0.60
0.70
0.75
0.80
0.85
0.90
1.00
1.10

Figure 2.25 shows plastic strain contour plot of the strong panel zone (Ω = 0.5),
weak panel (Ω = 1.1) and balanced panel zone (Ω = 0.8). When the panel zone is strong
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enough, it remains elastic at large plastic rotation and will not be a major energy
dissipation mechanism. The major energy is dissipated by the plastic deformation in the
plastic hinge region. With the increase of the Ω, the plastic deformation due to shear
deformation of the panel zone becomes larger and panel zone dissipates more energy.

Ω = 0.5

Ω = 0.8

Ω = 1.1

Figure 2.25. Plastic strain contour plot
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Figure 2.27. Plastic strain-Ω relationship

The energy dissipated by panel zone and plastic hinge is shown in Figure 2.26. An
optimized is selected to be about 0.8 when panel zone dissipated less than 30% of the
total energy without excessive panel zone deformation and plastic hinge dissipated
almost all rest energy. The maximum strain of the isolated flange and the maximum shear
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strain of the panel zone relationships with respect to Ω are shown in Figure 2.27. As the
panel zone becomes weaker and weaker, it changes from the elastic deformation to the
plastic deformation. The maximum shear strain of the panel zone increases significantly
as it dissipates more energy. With more energy dissipated by the panel zone, the axial
force in the isolated flange and the maximum plastic strain decrease.

2.6 PH-MN Modularity
Typical SMFs of the seismic design is drift-controlled, and as such the members
have been selected to meet stiffness requirements. For this reason, the design strength of
beams φMp,bm is about twice the required design moment Mu. A unique feature of the
modular node approach is that strength and stiffness are uncoupled in the design, i.e., the
strength of the joint (node) is independent of the stiffness provided by the surrounding
main members. This feature made it possible to create one PH-MN with modularity for a
group beam depths.

Table 2.6. Beam group and size list
Group of W33x141

Beam
Depth

Beam Size

tf (in)

bf (in)

T (in)

Zmin (in3)

Zmax (in3)

ratio

W33

W33x118~169

0.74-1.22

11.5-11.6

29.625

415

629

1.52

In the previous development, the PH-MN is based on one specific moment
connection and it will only fit beam W33x141. A group of W33 beams is defined in
Table 2.6. The groups are based on the following criteria: (1) to avoid significant
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difference in flange thickness between beam and node; (2) to maintain the same flange
width; (3) to maintain the same T distance for field welding; and, (4) to maintain
reasonable over-strength ratios

Z bm
between the stiffness controlled beam and the
Z PH

specially detailed node.
The objective of the PH-MN is to work for all beams in the group and form
plastic hinge while the beam remains elastic. To achieve the modularity, the section
capacity of PH-MN is determined based on the criteria that the welds remain elastic until
u
the PH-MN reaches its ultimate strength M PH . The peak connection strength factor is

defined as:

C pr =

u
f strainhardeningstress * Z
f strainhardeningstress
M PH
=
=
P
fy *Z
fy
M PH

Usually, Cpr can be 1.2 (FEMA-350 2000).
The ratio of plastic section modulus of Mybm,min to MuPH is set to Cpr, then we have:

M

y
bm , min
P
PH

M

=

f

bm
y

f

S bm ,min

cast
y

Z PH

=

R y f y ,50 S bm ,min
f

cast
y

Z PH

R y f y ,50
=

f

cast
y

Z bm ,min

η
Z PH

= C pr

Where η is shape factor and can be selected to be 1.15 for W section (Chen and
Liu 1987). Ry is the ratio of the Expected yield strength to the minimum specified yield
strength and can be 1.1 (AISC 2002), then:
Z bm ,min
Z PH

=

f ycast
R y f y ,50

*η * C pr =

42
*1.15 *1.2 = 1.05
1.1 * 50

63

If plastic section modulus of the minimum beam size is 5% larger than that of the
plastic hinge section, the beam can essentially keep elastic before the satisfied rotation is
reached. To be convenient, ZPH will be designed to be 95% of the strength of the
minimum beam size. Since the plastic hinge modular node is based on the smallest beam
in the group, all beam size in the same group will have a larger section modulus. The
moment at the beam-node interface is smaller than the moment at plastic hinge location,
which will compensate the difference between S and Z if η is a little bit larger than 1.15.

Figure 2.28. Modifications of isolated flange

Based on the previous development, several modifications are made to satisfy the
plastic section modulus requirement: (1) the flange thickness at beam interface is the
same as the largest beam flange thickness to match different beam flange thickness for
welding; (2) the flange thickness within the plastic hinge region is decreased to meet
plastic section modulus requirement; (3) The reduced section is cut more to meet plastic
section modulus requirement (See Figure 2.28). To force the plastic hinge within the link
region, the smallest width of the casting isolated flange is about 50%~55% of the beam
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flange width with radius cut and the isolated flange thickness is about 5%~5.5% of the
isolated flange length. To prevent early local buckling and instability, the stiffener width
is about 17% of the beam flange width and the stiffener depth is about 3.5~3.8 of the
isolated flange thickness. The isolated flange and web are proportioned to each other with
a Zf/Zw ratio of approximately 3.5 in order to share the link energy dissipation efficiently
and still provide sufficient beam shear load carrying capacity in the web. The web height
is about 2/3 of the beam depth.
Thus, the PH-MN prototype shares the same “T” dimension of all W33 beams (29
5/8”). The PH-MN modular welding interface is to have the flange dimensions of the
largest beam in its modular group, in this case a W33x169. Thus, the link flange width
and thickness is set to 11.5” and 1.22”, respectively. Accounting for the 0.875” fillet
radius, the depth of the PH-MN prototype is thus set to 33.8”.
The column framing into the prototype joint is a W14x370. The joining of the
PH-MN to the column is a shop procedure, thus the PH-MN column region: (1) matches
the T-distance of the W14 columns found in SMFs (10”), and (2) possesses beveled
flange interfaces cast into the piece. The PH-MN column flange possesses a flange
thickness large enough to meet the strong column/weak node design approach, in this
case the flange thickness of W14x370 (2.66”), which is not necessarily the largest
column in its modular group. Such an approach has been verified experimentally
(Fleischman et al. 2006).
Similarly, the modular node is developed for the beam depth of W24 to W36,
which are most often used in the design of SMFS. Table 2.7 shows the beam groups and
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corresponding PH-MN section properties. The PH-MNs of each group were developed
through previous developed prototype and design methodology.

Table 2.7. Beam groups and size list
Beam Group Properties

Beam
Depth

Beam Size

tf (in)

bf (in)

Zmin (in3)

Zmax (in3)

ZPH (in3)

W36

W36x135~256

0.79-1.73

12.0-12.2

509

1040

484

W33

W33x118~169

0.74-1.22

11.5-11.6

415

629

394

W30

W30x90~148

0.61-1.18

10.4-10.5

283

500

269

W27

W27x84~129

0.64-1.10

9.96-10.0

244

395

232

W24

W24x68~103

0.59-0.98

8.97-9.00

177

280

168
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CHAPTER THREE: DEVELOPMENT OF BOLTED PLASTIC HINGE MODULAR
CONNECTOR

The PH-MN exhibits a good behavior and great ductility. However, it needs field
welding, which will increase construction cost. The BPHC is more economic and
practical by using field bolting instead of field welding. A great advantage of the BPHC
is one flange connector can be used for different beam depth by moving the connectors
along the beam depth.

3.1 Bolt Arrangement
It is helpful to reduce prying force by moving the bolts as close as possible to the
center of the isolated flange (Swanson and Leon 2000).

However, due to the

requirements of bolt tightening clearance and the presence of the column web, it is
impractical to move the bolts too close to the center of the column. Bolt arranges are
shown in Figure 3.1 to satisfy the tightening requirements and the bolts are intended to be
tightened outside of the column flange surfaces. The bolts arrangement is based on the
column W14x370, but can be used for column sections from W14x193 to W14x500 by
moving bolt hole locations.

67

118" BOLTS
W14X370
Fitting Plate

(a) Bolt hole arranges on columns

(b) Top view of flange connector
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(c) Side view of flange connector
Figure 3.1. Bolt arrangement based on column size

3.2 Bolt Length Limitations
During the construction, the bolt nut can be tightened either inside of the column
flange or outside of the column flange. If the bolt nut is put outside of the column flange,
the bolts length is usually limited by the available spacing if weak axis is welded by web
plate. Here the W14x370 column of the prototype joint is used to calculate possible
available length.
Column Depth: 17.9”
Column flange thickness: 2.66”
Available spacing: 17.9-2.66-2.66=12.58”
Assuming the web thickness of weak axis is 0.3” (From SAC prototype structure
maximum gravity beam W18x35 web thickness), then the maximum bolt length can be:
(12.58-0.3)/2=6.14”, Use 51/2 in long bolt. For 11/8 inch bolt, the bolt head is
total clearance required is: 51/2 + 11/16 = 6.1875 inch ≅ 6.14 inch

11

/16, the
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The maximum available grip length is 4” (AISC 2000). So the maximum fitting
plate thickness is: grip-column flange thickness = 4-2.66=1.34 inch, use 1.3 inch.

3.3 Flange Connector Analysis

Figure 3.2. Prying force action (Kulak et al. 1987)

An external tensile load on the flange connector will reduce the pressure between
the fitting plate of the connectors and column flange. Additional forces (Figure 3.2) may
be developed near the flange tip depending on the flexural rigidity of the fitting plate and
column flange. This additional force is referred to as prying and it increases bolt force
and may be detrimental to the strength and performance of the fasteners. Due to the
prying action, the bolt forces will not be equal at different locations. Therefore, 3D FE
model is necessary to investigate the bolt force distribution.

3.3.1 Finite Element Model
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Before the analysis of the whole subassemblage, the flange connector is analyzed
to study bolt behavior under pure tension force. The FE model is shown in Figure 3.3.

Figure 3.3. FE model of flange connector

Obviously, part of the fitting plate around the isolated flange will be pulled away
from the column surface while the edge and corner part tends to bear against the column
flange. Therefore, the condition between the fitting plate and column flange will change
as load varies. To model this condition, surface-to-surface contact elements are employed
to simulate the contacting condition. Surface-to-surface contact elements are also used to
simulate clamping between bolt nuts and fitting plate. A coefficient of friction equal to
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0.3 is defined for sliding resistance while the interface is closed. The nodes of the base
plate are fixed to simulate rigid column flange and the nodes of the bolt heads are also
fixed to simulate clamping action. The bolt has a tapering part to simulate the root area in
the bolt threads.

Figure 3.4. Loading sketch and bolt FE model

Pure tension force T is applied at the end of the isolated flange (See Figure 3.4).
The maximum tension force T is 600 kip, which is about ultimate tensile strength of the
isolated flange. All bolts are 11/8” diameter A490 bolts and the pretension forces are 80
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kip per bolt. The force generated in bolt is designated as Pb and the prying force is
designated as Q.

3.3.2 Diverging Stiffener

Figure 3.5. (a) Flange connector with center stiffener

In the previous development of the PH-MN, the stiffener is right in the middle of
the isolated flange (Figure 3.5 (a)). The stiffener will transit a large mount of tension
force, cause great deformation of the fitting plate and introduce bigger prying force in the
bolts if located at center. To decrease the prying force magnitude, the stiffener is diverged
to bring the force back to the center of the bolts (Figure 3.5 (b)). The parameter to be
varied is the spacing S of the stiffeners, which is defined as the maximum opening of the
stiffeners (Figure 3.1). The parameter S is changed from 1 for centered stiffener to 11

73

inches for diverging stiffener with step of 2 inches. The bolt group gage G is defined as
the spacing of center to center of bolt groups along the isolate flange width direction and
G is 9 inches in this analysis (Figure 3.4).

Figure 3.5. (b) Flange connector with diverging stiffener

Figure 3.6 shows the plot of the bolt forces under different applied forces.
Although prying forces are generated in all models, the magnitude and distribution of the
prying forces are different. With the increasing spacing of diverging stiffener, the inner
bolt force decreases and the outer bolt force increases (Figure 3.6). It shows that the
diverging stiffeners bring the force to the center of the bolt groups and the bolt forces are
more uniform.
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Figure 3.6. (a) Inner bolt force
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Figure 3.6. (b) Outer bolt force

Figure 3.7 shows the inner bolt force and outer bolt force at ultimate isolated
flange tensile strength for different ratio of diverging spacing to bolt group gage.
Obviously, larger diverging spacing can minimize the maximum bolt force and get more
uniform force distribution, which will help to avoid brittle bolt failure.
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Figure 3.7. Bolt force Pb vs. diverging spacing to gage ratio

3.3.3 Fitting Plate Deformation and Contact Force Distribution
The deformation shape of the fitting plate shows the prying force distribution and
the concentration of the prying force action. Figure 3.8 shows the deformed shape of
fitting plate and contact force distribution with stiffener at the center (S=1 inch). Figure
3.9 shows the deformed shape of fitting plate and contact force distribution for diverging
stiffener (S=11 inches). All deformed shapes are scaled 100 times.
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Figure 3.8. Fitting plate deformation and contact force distribution for S=1 inch

Figure 3.9. Fitting plate deformation and contact force distribution for S=11 inches

It can be observed that vertical center part of the fitting plate was pulled away
from the base plate and inner bolts take much larger tensile forces when stiffener is
located at center. And the contact force concentrates more at the corner. With diverging
stiffeners, horizontal center part of the fitting plate deforms more and contact force
concentrates more at top and bottom edges.
The deformation is plotted at four locations in the fitting plate for comparison
(See Figure 3.10). The horizontal edge is the nodes along the flange width direction at
fitting plate edge and the horizontal center is the nodes along the flange width direction at
fitting plate center. The vertical edge is the nodes along the flange thickness direction at
fitting plate edge and the vertical center is the nodes along the flange thickness direction
at fitting plate center.
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Figure 3.10. Deformation plot locations

The deformation plots are shown in Figure 3.11. It can be observed that fitting
plate horizontal edge has smaller displacement at middle and horizontal center has more
uniform displacement as diverging spacing increases. The fitting plate vertical edge
deflects more and vertical center deflects less with the increasing diverging spacing. The
maximum displacement is smaller and prying action is reduced as diverging spacing
increases.
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Figure 3.11. Deformation plot of the fitting plate

3.4 Rib Effects
There is a rib at the fitting plate center in previous analysis model. The rib can
increase the stiffness of fitting plate in vertical direction and can reduce bending along
vertical direction. However, the rib may increase bending in horizontal direction. To
investigate fitting plate rib effects, the rib is totally deleted for comparisons (Figure 3.12).

79

Figure 3.12. Fitting plate rib effects

Figure 3.13 shows the bolt force magnitude corresponding to the applied load. It
is noticed that fitting plate rib is beneficial in reduce prying force and lead to a smaller
bolt force magnitude for all bolts.
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Figure 3.13. Fitting plate rib effects on bolt forces

3.5 Continuity Plate
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Continuity plate is widely used in welded moment connections to transfer
concentrated force from the beam flange. For the BPHC, the continuity plate will be
helpful in preventing local bending of the column flange to reduce the prying force
magnitude and transfer the bolt forces to the column.

Figure 3.14. (a) FE model with continuity plate (b) FE model without continuity plate

Table 3.1. Parameters of continuity plate study
Column size

Continuity Plate
Thickness (inch)

Pretension Force
Per Bolt (Kips)

Maximum Applied
Tension Force (Kips)

W14X370
W14X193

0, 0.5, 0.75, 1.0, 1.25

80

300
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The FE model is shown in Figure 3.14 and half-symmetric 3D model is used to
save computation time. Part of the column is modeled to study continuity plate effects.
The load is applied at the end of flange connectors with pure tension force and maximum
applied load is 300Kips due to half-symmetric model. Obviously continuity plate will
have different effects on different column size due to different column flange thickness.
Therefore, two column sizes, W14x370 and W14x193, are studied to investigate the
effects of continuity plate. All parameters are shown in Table 3.1.
The bolt forces at the ultimate load are shown in Figure 3.15. With the increase of
the continuity plate thickness, it helps to decrease the inner bolt force and increase outer
bolt force. The effects of the continuity plate on the strong column section are smaller for
larger column section because column flange is too thick to bend. For the same continuity
plate thickness, the bolt force is larger for smaller column section due to more flexible
column flange.
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Figure 3.15. Bolt force vs. continuity plate thickness
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The deformation shapes of column flanges are shown in Figure 3.16. The four
consecutive deformation shapes are: (a) No continuity plate with W14x193 column
section; (b) 1 inch continuity plate with W14x193 column section; (c) No continuity plate
with W14x370 column section; and, (d) 1 inch continuity plate with W14x370 column
section. All deformation shapes are scaled with a factor of 20. Obviously, the continuity
plate significantly affects the deformation of the flange of smaller column size. The local
bending of the column flange is greatly reduced with the presence of continuity plate.
The continuity plate has less effect on the local bending of larger column section but it
does help to reduce the deformation magnitude.

(a)

(b)

(c)

Figure 3.16. Deformation of column flange

(d)
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Figure 3.17. (a) 0.5 inch thick continuity plate

(b) 1 inch thick continuity plate

The continuity plate thickness is a key factor affecting the performance of the
whole connection. Too thin continuity plate may yield under larger tension force (See
Figure 3.17 (a)). Too thick continuity plate is also not desired because its benefits become
very small after certain thickness and may affect the operation space. Assuming all force
is transferred by continuity plate under tensioning, then the thickness can be calculated as:
t=

C pr Fycast ARFS ,min
T
=
0.9bcf Fy , plate
0.9bcf Fy , plate

Where bcf is the column flange width. This will guarantee the continuity plate stay
elastic when connector reaches its ultimate load capacity.

3.6 Web Connector Analysis
In traditional moment connections, a shear tab is always required to transfer the
shear force to the column flange. The shear tab is usually shop welded to the column
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flange and field welded to the beam web. However, welding the web connector of the
BPHC is not desirable because it is difficult to ship due to its long dimensions and
expensive field welding cost.
A full bolting version of the BPHC web connector is developed by shop welded to
the beam web and bolted to the column flange in field. The web connector is developed
based on the initial T-shape (See Figure 3.18 (a)) to the final reduced web section (Figure
3.18 (b)) to decrease prying force in tension bolts.

Figure 3.18. (a) T-shape web connector

3.6.1 Finite Element Model

(b) Reduced web section connector
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Figure 3.19. FE model of web connector

3D half-symmetric FE model of web connector is shown in Figure 3.19. The base
plate has the same dimension of the column (W14X370) flange within the panel zone
region. Top nodes and bottom nodes of base plate are fixed to represent the constraint of
the continuity plate on column flange. The nodes on the symmetric plane (vertical center)
of base plate are also fixed to represent the constraint of column web. Surface to surface
contact elements are employed at the locations between the bolt head and base plate, bolt
nuts and fitting plate and fitting plate and base plate. Shear force is applied at the end of
web connector to investigate bolts behavior. The web connector is longer than actual
isolated length to consider moment in the web connector at the beam interface in real
connections.
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The same bolt size as the bolts of the flange connector is used in the web
connector design to avoid unexpected wrong installation. Pretension forces in all bolts are
80 Kips each. Three tension bolts (Bolt 1, Bolt 2 and Bolt 3) due to the moment will be
studied and Bolt 1 is the most critical bolt.
It is realized that this model is not so accurate to simulate the behavior of the
connector due to combined force and moment action in real connections. However, it is
sufficient to study the bolts force distribution and to compare the results for different web
connector geometries.

3.6.2 Analytical Results
First T-shape web connector (Figure 3.18(a)) is analyzed to investigate web bolt
forces distribution. Large prying force is observed at the edge of the fitting plate because
the tension force of the web connector only concentrates at the center of the fitting plate.
The axial forces in the tension bolts are shown in Figure 3.20.
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Figure 3.20. (a) Prying force of T-shape connector (b) Tension bolt force distribution

Figure 3.21. Haunch-shape web connector
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To reduce the prying force and decrease the magnitude of the bolt force, a haunch
shape web connector (Figure 3.21) is employed to spread the tension force at the fitting
plate.
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Figure 3.22. (a) Prying force of haunch-shape connector

50

60

(b) Tension bolt force

Figure 3.22 (a) shows the prying action of haunch-shape web connector. The
prying forces are more spread with haunch-shape web connector instead of concentrating
at the fitting plate edge of T-shape web connector. The magnitude of the tension force is
also much smaller of haunch-shape web connector than those of T-shape web connector
(Figure 3.22 (b)).
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Figure 3.23. (a) Vertical center node deformation

Deformation (in)

(b) Vertical edge node deformation

Figure 3.23 shows the deformation at vertical center and vertical edge of the web
connector fitting plates. The vertical center of the fitting plate is totally pulled away at
tension parts. The T-shape web connector has a significant larger deformation magnitude
while the haunch-shape web connector has a much smaller deformation magnitude. The
vertical center has a similar deformation for both web connectors. The haunch-shape web
connector deforms more due to spread forces.
However, this web connector model is not so accurate because of its boundary
condition. It needs to be verified by the full subassemblage analysis and further
modifications will be made based on analytical results.

3.7 Subassemblage Analysis
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The half-symmetric 3D FE model of the BPHC is shown in Figure 3.24.
Compared with the previous the PH-MN subassemblage FE model, 4-Node shell
elements were employed for whole region away from the key part instead of transitioning
to a beam element. This is due to the convergence problem when both surface-to-surface
contact element and couple equations of the beam element transition were present.

Figure 3.24. BPHC FE model
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Compared with the pervious flange connector FE models and web connector FE
models, the flange connector and web connector geometries were modified to satisfy the
casting requirements. The modifications include: a radius transition between two
stiffeners of the flange connector; thin rib of web connector curtailed (See Figure 3.25).
Except surface-to-surface contact elements employed at the locations in previous flange
connector and web connector analyses, surface-to-surface contact elements are also
employed between the bolt shank and bolt hole surfaces of fitting plate and column
flange to consider possible contact due to shear force. W14x370 is employed as column
section in the subassemblage analysis.

Figure 3.25. Flange connector and web connector modified geometry
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Figure 3.26. Plastic strain contour plot of BPHC subassemblage

The plastic strain contour plot of the BPHC at 0.05rad is shown in Figure 3.26.
The BPHC contour plot bears similar distribution of the PH-MN. The tension flange bolt
forces are shown in Figure 3.27 (a) corresponding the bolt label in Figure 3.25. The bolt
force is not even due to shear force in the isolated flange connector and FB1 is the
controlling bolt in flange connector. However, the web bolt force distribution is much
larger than web connector analytical results. The critical web bolt WB1 already reaches
nominal critical bolt force and it may lead to the failure of the connection.
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Figure 3.27. (a) Flange bolt force distribution
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Figure 3.28. Reduced web section geometry

To decrease the magnitude of the critical web bolt force, the web connector is
further modified using reduced web section (Figure 3.28). The criteria of the cutting
dimensions is that the maximum web bolt force should not control the design of the
connection and the maximum web bolt force should be smaller than the maximum flange
bolt force. The reduced web section is measured by radius cut depth dcut, and dcut is
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changed from 1 inch to 3 inches. The column section is W14x370 and the axial force of
the critical web bolt WB1 is shown in Figure 3.29. The maximum bolt force at 0.05 rad is
significant decreased as the radius cut increases.
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Figure 3.29. Critical web bolt WB1 axial force distribution

The radius cut in the web connector has very little effects on the maximum flange
bolt distribution (See Figure 3.30).
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Figure 3.30. Maximum flange connector bolt force vs. dcut
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For the column W14x370 in previous analyses, 2 inches cut in the web connector
is sufficient to make maximum web bolt force smaller than the maximum flange bolt
force. However, the web connector should work for all other columns in the column
group. The smallest column section can be used for this developed BPHC is W14x193.
The maximum web bolt force and maximum flange bolt force over the nominal bolt
capacity is shown in Figure 3.31.
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Figure 3.31. Maximum web bolt force and flange bolt force

The maximum flange bolt force ratio E does increase from about 85% to about
89.5% as the column section changed from W14x370 to W14x193. The maximum web
bolt force ration E increase from 84% to 91% for 2 inches cut and is larger than
maximum flange bolt force ratio. Therefore, 3inch cut is used for web connector for the
BPHC in case small column is used.
Web shear force distribution is shown in Figure 3.32 for different web connector
shapes. The radius cut makes web weaker and web takes less shear force at the initial two
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load steps. In these two load steps, the applied load is very small and all elements are
elastic. The web takes almost all the shear force for rest load steps and bears similar shear
force ratio. Therefore, decrease of the shear in the web connector will not damage the
whole connector behavior and web shear force distribution is acceptable with reduced
section.
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Figure 3.32. Web shear force ratio vs. subassemblage rotation

The equivalent plastic strain plot of the flange bolt at 0.05rad is shown in Figure
3.33. The maximum equivalent plastic strain is in the tapering region simulating the root
of the bolt. Local bending is observed from the plastic strain plot. The maximum plastic
strain continues to increase as the load increases but within the acceptable region. This
will prevent undesired failure of the bolt before the formation of the plastic hinge.
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Figure 3.33. Maximum plastic strain plot of bolts

Yielding in the bolt may lead to the pretension force losses due to permanent
deformation. Large amount of pretension force loss is not desired because it will decrease
the stiffness of the structure and affect the bolt behavior. A loading-unloading procedure
analysis is performed to investigate pretension force relaxation. Unloading is aiming to
find the pretension force with zero applied loads based on initial elastic stiffeness. The
unloading steps are taken at load steps with subassemblage rotation of 0.006rad, 0.015rad,
0.025rad, and 0.05rad. The load displacement relation is shown in Figure 3.34.
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Figure 3.34. Load-displacement relationship

It is noticed that load is not exact zero at the unloading steps but close to zero.
Therefore, it will not affect investigation of the bolt pretension force. The ratio of the
remaining bolt forces over the initial pretension force are shown in Figure 3.35 with
respect to the subassemblage rotations when starting unloading. The pretension force
losses increase as the applied load increases. The pretension force loss is less than 10%
for 0.05 rad and it is acceptable.
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Figure 3.35. Pretension force losses vs. subassemblage rotation

3.8 BPHC Modularity

3.8.1 Columns and Beams
The BPHC is intended to be used for special moment resisting frames. An
important feature of the BPHC is its modularity and one connector is designed to fit a
group of columns and beams.
Table 3.2. Beam Groups and Size List
Beam
Depth

Beam groups
tf (in)

Beam Size

W36

W36x135~210

0.79-1.36

12.0-12.2

W33

W33x118~169

0.74-1.22

11.5-11.6

W30

W30x90~148

0.61-1.18

10.4-10.5

W27

W27x84~129

0.64-1.10

9.96-10.0

W24

W24x68~103

0.59-0.98

8.97-9.00

bf (in)
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In the typical SMFs, W14 columns are widely used ranging from W14x145 to
W14x550. The beam depths are usually between W24 and W36. All beams are
lightweight in each beam group, which is typically used in SMFs (See Table 3.2).

3.8.2 Flange Connectors
Three flange connectors have been developed for beams ranging from W24 to
W36. Each connector will fit a group beam with certain depth and a range of W14
columns. The flange connector section is controlled by the beam section properties, as the
plastic hinge should form within the casting connections. While the column range
selection is based on the following criteria: the fitting plate width should not be wider
than smallest column flange width, and the bolt layout can meet the tightening spacing
and edge spacing requirements for largest column section. The column range and beam
range are listed in Table 3.3.
Table 3.3. Flange connector group
Flange Connector
BPHC-S
BPHC-M
BPHC-L

Beam Depth
W24, W27
W30, W33
W33, W36

Column Size
W14X145~342
W14X193~500
W14X398~550

Bolt size
1 inch-A490
1 1/8 inch-A490
1 1/4 inch-A490

3.8.3 Web Connectors
Due to the beam depth change, five web connectors are being developed to match
different beam depth. The web connectors and column range are shown in Table 3.4.
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Table 3.4. Web connector group
Web Connector
BPHC-W24
BPHC-W27
BPHC-W30
BPHC-W33
BPHC-W36

Beam Depth
W24
W27
W30
W33
W36

Column Size
W14X145~342
W14X145~342
W14X193~500
W14X193~550
W14X398~550

Bolt size
1 inch-A490
1 inch-A490
1 1/8 inch-A490
1 1/8 inch-A490
1 1/4 inch-A490

3.8.4 Analytical Verifications

(a) W24 beam

(b) W27 beam

(c) W30 beam

(b) W36 beam

Figure 3.36. Plastic strain contour plot of BPHC with different beam depth
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To verify the modular group of the BPHC, several connections with different
beam depths are analyzed. Figure 3.36 shows the plastic strain contour plot at 0.05rad. It
can be observed that most seismic energy is dissipated through the plastic deformation of
the BPHC connectors. The plastic hinge forms within the cast connectors and the outer
beam remain elastic.
The ratio of the maximum bolt force over the nominal bolt capacity at
subassemblage rotation of 0.05rad is shown in Figure 3.37. All bolts have enough
strength safety when plastic hinge forms.
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Figure 3.37. Maximum bolt forces of different beam depth
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CHAPTER FOUR: CONCLUSIONS

4.1 Conclusions
The prototype of the plastic hinge modular details for steel special moment frames
was developed through comprehensive finite element analysis. The plastic hinge modular
node (PH-MN) shows great ductile behavior and all seismic energy is dissipated through
the node link region and panel zone.
The bolted plastic hinge connector (BPHC) is an alternative version of the PHMN. It preserves the behavior of the PH-MN but it is more practical and economic by
using field bolting instead of field welding. The geometric shape of the BPHC is further
modified to reduce the bolt prying force and the results are very promising.

4.2 Suggestions for Future Research
All previous development is based on the static analytical results. Due to the
funding limitation, a full-scale experiment is not performed to verify the analytical results.
A full-scale experiment should be performed to verify all concepts if funding is available.
Dynamic analysis may also be performed to study the connection behavior during
earthquake.
The BPHC was developed for perimeter moment resistant frames. Shopping
welding to the beam is used to resist large seismic force for current BPHC. A full bolted
version can be developed at both the column surface and beam interface by increasing
moment resistant frame numbers to get smaller seismic forces in each frame.
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