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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a national
center of excellencein advanced technology applications thatis dedicated to the reduction of
earthquakelosses nationwide. Headquartered at the University at Buffalo, State University
of New York, the Center was originally established by the National Science Foundation in
1986, as the National Center for Earthquake Engineering Research (NCEER).

Comprising a consortium of researchers from numerous disciplines and institutions
throughout the United States, the Center’s mission is to reduce earthquake losses through
research and the application of advanced technologies that improve engineering, pre-
earthquake planning and post-earthquake recovery strategies. Toward this end, the Cen-
ter coordinates a nationwide program of multidisciplinary team research, education and
outreach activities.

MCEER'’s research is conducted under the sponsorship of two major federal agencies: the
National Science Foundation (NSF) and the Federal Highway Administration (FHWA),
and the State of New York. Significant support is derived from the Federal Emergency
Management Agency (FEMA), other state governments, academic institutions, foreign
governments and private industry.

MCEER’s NSF-sponsored research objectives are twofold: to increase resilience by devel-
oping seismic evaluation and rehabilitation strategies for the post-disaster facilities and
systems (hospitals, electrical and water lifelines, and bridges and highways) that society
expects to be operational following an earthquake; and to further enhance resilience by
developing improved emergency management capabilities to ensure an effective response
and recovery following the earthquake (see the figure below).
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A cross-program activity focuses on the establishment of an effective experimental and
analytical network to facilitate the exchange of information between researchers located
in various institutions across the country. These are complemented by, and integrated
with, other MCEER activities in education, outreach, technology transfer, and industry
partnerships.

This report presents the results of an analytical study to investigate the behavior of horizontal and
vertical boundary frame members that may impact the performance of Steel Plate Shear Walls
(SPSWs). New analytical models were developed for horizontal boundary frame members to calculate
the plastic moment and resulting strength reduction caused by biaxial internal stress conditions,
and to revisit and develop improved capacity design procedures that account for these reduced
plastic moments. The models incorporate observations made in a companion experimental study
(see Technical Report MCEER-08-0010). Next, the adequacy of a flexibility limit for the design
of vertical boundary frame members specified in current design codes was assessed using the new
models. The contribution of the boundary frame moment resisting action and infill panel tension
field action to the overall plastic strength of SPSWs was investigated.
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ABSTRACT

A Steel Plate Shear Wall (SPSW) consists of infill steel panels surrounded by columns, called
Vertical Boundary Elements (VBEs), and beams, called Horizontal Boundary Elements
(HBESs). Those infill panels are allowed to buckle in shear and subsequently form diagonal
tension field actions to resist the lateral loads applied on the structure. Research conducted
since the early 1980s has shown that this type of system can exhibit high initial stiffness,
behave in a ductile manner, and dissipate significant amounts of hysteretic energy, which
make it a suitable option for the design of new buildings as well as for the retrofit of existing
constructions. However, some obstacles still exist impeding more widespread acceptance of
this system. For example, there remain uncertainties regarding the seismic behavior and
design of boundary frame members of SPSWs. This report presents analytical work

conducted to investigate the behavior and design of boundary frame members of SPSWs.

First, analytical models were developed to calculate the HBE plastic moment accounting for
the reduction in strength due to the presence of biaxial internal stress conditions followed by
development of analytical models, which take into account the reduced plastic moments of
HBE:s, to estimate the design forces for intermediate HBEs to reliably achieve capacity design.
Those models combine the assumed plastic mechanism with a linear beam model of
intermediate HBE considering fully yielded infill panels, and are able to prevent in-span
plastic hinges. The above advances with regard to HBE behavior make it possible to

investigate and explain the observed intermediate HBE failure.

In addition, the work presented in this report assesses the adequacy of a flexibility limit for
VBE design specified by the current design codes using new analytical models developed to

prevent the undesirable in-plane and out-of-plane performances of VBEs.

Furthermore, this report investigates the relative and respective contributions of boundary
frame moment resisting action and infill panel tension field action to the overall plastic
strength of SPSWs, followed by a proposed procedure to make use of the strength provided
by the boundary frame moment resisting action. Future work needed to provide greater

insight on SPSW designs is also identified.
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SECTION 1
INTRODUCTION

1.1 General

Steel Plate Shear Walls (SPSWs) consist of infill steel panels surrounded by columns,
called Vertical Boundary Elements (VBEs), and beams, called Horizontal Boundary
Elements (HBEs).These infill panels are allowed to buckle in shear and subsequently
form diagonal tension fields when resisting lateral loads. Energy dissipation of SPSWs
during seismic events is principally achieved through yielding of the panels along the

diagonal tension fields.

Consistent with capacity design principles, the Canadian Standard S16 on Limit State
Design of Steel Structures (CSA 2000) and the AISC Seismic Provisions for Structural
Steel Buildings (AISC 2005) require the boundary frame members (i.e. HBEs and VBEs)
to be designed to be sufficiently rigid to ensure the development of infill tension fields
and remain elastic when the infill panels are fully yielded, with exception of plastic
hinges at the ends of HBEs and at the VBE bases that are needed to develop the expected
plastic mechanism of the wall when rigid HBE-to-VBE and VBE-to-ground connections

are used.

However, recent testing on multi-story SPSWs having reduced beam section (RBS)
connections by Qu and Bruneau (2008) revealed that the yielding pattern of RBS
connections in SPSWs is quite different from that of beams in conventional steel moment
frames. Moreover, the intermediate HBEs of their specimen ultimately failed due to
fractures at the VBE faces; however, no factures developed in the reduced beam flange
regions. Note that intermediate HBEs are those to which are welded steel plates above
and below, by opposition to anchor HBEs that have steel plates only below or above. It
would be important to investigate the reasons for the difference in observed yielding
behavior and to develop an improved capacity design procedure for HBEs to better

ensure the ductile performance of SPSWs.



In addition, recent experimental data allow to revisit the effectiveness of equations in
current design codes that are derived from plate girder theory and adopted with the
intention of ensuring an adequate flexibility for VBE design. Furthermore, additional
work 1is necessary to investigate the relative contribution of boundary frame moment
resisting action to the overall strength of SPSWs and possibly achieve an optimum design

of SPSWs accounting for that contribution.

1.2 Scope and Objectives

This report presents analytical work conducted to investigate the behavior and design
procedure of horizontal and vertical boundary frame members that may impact SPSW

performance.

First, new analytical models are developed to calculate the HBE plastic moment
accounting for the reduction in strength due to the presence of biaxial internal stress
conditions, and to revisit and develop improved capacity design procedure for HBEs
taking into account these reduced plastic moments of HBEs. These advances make it
possible to investigate and explain the intermediate HBE failure observed in recent tests

(Qu and Bruneau, 2008).

Next, the adequacy of a flexibility limit for VBE design specified by the current design
codes is assessed using new analytical models developed to prevent the undesirable in-

plane and out-of-plane performances of VBEs.

Furthermore, a SPSW design procedure accounting for the contribution of boundary

frame moment resisting action is proposed.

1.3 Outline of Report

Section 2 contains a brief overview of past analytical research related to this structural

system in applications to provide earthquake resistance.

Section 3 begins with a discussion of HBE plastic moment accounting for the presence of

axial force, shear force, and vertical stresses in HBE web due to infill panel yield forces.



Based on the results derived from Section 3, Section 4 develops a revised capacity design
procedure for HBEs using enhanced free body diagrams and principle of superposition.
The new developed model can be used to explain previously observed undesirable HBE

performance.

Section 5 assesses the adequacy of flexibility limit for VBE design specified by the
current design codes. Derivation of a flexibility factor in plate girder theory and how that
factor was incorporated into current codes are reviewed, followed by the development of
analytical models for preventing shear yielding and estimating out-of-plane buckling

strength of VBEs of SPSWs.

Building on the knowledge developed in the prior sections for boundary frame member
behavior and design, Section 6 investigates the contribution of boundary frame moment
resisting action to the overall wall strength. A balanced design procedure is developed to
account for this action followed by the derivation of three different procedures for the

SPSWs having weak infill panels.

Finally, summary, conclusions, and recommendations for future research in SPSWs are

presented in Section 7.






SECTION 2
PAST RESEARCH ON STEEL PLATE SHEAR WALLS

2.1 Introduction

Prior to key research performed in the 1980s (Thorburn et al. 1983), designs of SPSW
infill panels only allowed for elastic behavior, or shear yielding in the post-elastic range.
This design concept typically resulted in selection of relatively thick or heavily-stiffened
infill panels. While resulting in a stiffer structure that would reduce displacement demand
as compared to the bare steel frame structure during seismic events, these designs would
induce relatively large infill panel yield forces on the boundary frame members, resulting
in substantial amounts of steel used and expensive detailing. Numerous experimental and
analytical investigations conducted since 1980s have demonstrated that a SPSW having
unstiffened thin infill panels allowed to buckle in shear and subsequently form a diagonal
tension field absorbing input energy, can be an effective and economical option for new
buildings as well as for the retrofit of existing constructions in earthquake-prone regions.
While extensive reviews of past research can be found in the literature (i.e. Berman and
Bruneau 2003, Vian and Bruneau 2005, Sabelli and Bruneau 2007, to name a few), some
work relevant to the work presented here is summarized below, with more emphasis on

analytical studies using various modeling strategies.

2.2 Thorburn, Kulak, and Montgomery (1983)

Based on the theory of diagonal tension field actions first proposed by Wagner (1931),
Thorburn et al. (1983) investigated the postbuckling strength of SPSWs and developed
two analytical models to represent unstiffened thin infill panels that resist lateral loads by
the formation of tension field actions. In both cases, contribution to total lateral strength
from the compressive stresses in the infill panels were neglected because it was assumed
that plate buckles at a low load and displacement level. In addition, it was assumed that
the columns were continuous over the whole height of the wall, to which the beams were

connected using simple connections (i.e. "pin" connections).



The first model, an equivalent brace model used to provide the story stiffness of a panel,
represents the infill panels as a single diagonal tension brace at each story. Based on
elastic strain energy formulation, analytical expressions were provided for the area of this
equivalent brace member for two limiting cases of column stiffness, namely, infinitely

rigid against bending and completely flexible.

The second model proposed by Thorburn et al. (1983) is strip model (also known as a
multi-strip model), in which each infill panel is represented by a series of inclined pin-
ended only members, as shown in figure 2-1, that have a cross-sectional area equal to

strip spacing times the panel thickness.
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FIGURE 2-1 Schematic of Strip Model (Thorburn ef al. 1983)

It was found that a minimum of ten strips is required at each story to adequately replicate
the behavior of the wall. Using the principle of least work, the inclination angle for the
strip, denoted as «, and equal to that of the tension field can be determined for the

infinitely rigid column case, as,



tan* o = < (2-1)

where H is the story height; L is the bay width; ¢ is the infill panel thickness; and 4,

and A, are cross section areas of the beam and column, respectively.

2.3 Timler and Kulak (1983)

Based on the work by Thorbrrn et al. (1983), Timler and Kulak (1983) considered the

effects of column flexibility and revised equation (2-1):

1+2L';
tan* o = e (2-2)

3
el H
A, 360-1 -L

where I is the moment of inertia of column, and all other terms were defined previously.

This equation appears in both the Canadian CSA-S16-01 Standard (CSA 2000) and the
2005 AISC Seismic Provisions (AISC 2005) for design of SPSWs.

2.4 Driver, Kulak, Kennedy and Elwi (1997)

Driver et al. modeled their large-scale four-story SPSW specimen tested under cyclic

loading, considering both FE model and strip model.

The FE model, as shown in figure 2-2 used quadratic beam elements to represent the

beams and columns, and quadratic plate/shell elements to model the infill plates.



FIGURE 2-2 FE Model of Test Specimen (Driver ez al. 1997)

As-built dimensions and measured material properties were included into the model. The
FE simulation reasonably predicted the ultimate strength for all stories. However, the
model overestimated the stiffness of the specimen. It was concluded that this discrepancy

was due to the inability to include the geometric nonlinearities.

Using the procedure originally presented by Thorburn ef al. (1983), Driver et al. (1997)
also developed the strip model of their specimen, as shown in figure 2-3, and performed a
pushover analysis to calculate the envelope of cyclic curves experimentally obtained.
Inelastic behavior in the inclined tension field strips and the frame members was
modeled. Although the model slightly underestimated the elastic stiffness of the test
specimen, excellent agreement was obtained with the experimentally observed ultimate

strength.
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FIGURE 2-3 Strip Model of Driver et al. Specimen (Driver et al. 1997)

2.5 Berman and Bruneau (2003)

Based on the strip model, Berman and Bruneau (2003) performed plastic analysis to
explore the behavior of SPSWs. Fundamental plastic collapse mechanism were described
for single story and multistory SPSWs with either simple or rigid beam-to-column

connections.

For a single story SPSW with simple beam-to-column connections, as shown in figure 2-
4, Berman and Bruneau (2003) demonstrated, using equilibrium and kinematic methods
of plastic analysis, that the assumed collapse mechanism for the strip model produces an
expression for story shear strength, identical to that of the CAN/CSA S16-01 procedure

used in calculating the shear resistance of an SPSW infill panel.

Berman and Bruneau further extended plastic analysis of SPSWs to the multistory cases.

They examined two types of plastic mechanisms, namely, a uniform collapse mechanism



and a soft-story collapse mechanism which are shown in figure 2-5. These mechanisms
and their corresponding ultimate strengths, provide the engineer simple equations for
estimating the ultimate capacity of a multistory SPSW and preventing the possible soft
story mechanism. The ultimate strengths predicted for these plastic mechanisms were

validated by the experimental data from past research.
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FIGURE 2-4 Single Story SPSW Collapse Mechanism
(Berman and Bruneau 2003)
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FIGURE 2-5 Example of Plastic Collapse Mechanism for Multi-story SPSWs
(Berman and Bruneau 2003)
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2.6 Behbahanifard, Grondin and Elwi (2003)

Behbahanifard ef al. (2003) generated a FE model to model their three-story SPSW
specimen. Their model, as shown in figure 2-6, was developed based on the nonlinear
dynamic explicit formulation, implementing a kinematic hardening material model to
simulate the Bauschinger effect, after experiencing convergence problems analyzing the

model using the implicit FE model formulation.

FIGURE 2-6 FE Model of Test Specimen (Behbahanifard ez al. 2003)

Excellent agreement was observed between the test results and the numerical predictions.
Using the validated FE model, parametric studies were conducted to identify and access
some of the non-dimensional parameters affecting the behavior of a single panel SPSW

with rigid floor beams and subjected to shear force and constant gravity loading.

The researchers found that lower aspect ratio results in greater strength and non-
dimensional lateral stiffness for SPSWs. However, this effect is negligible within the

aspect ratio range of 1.0 to 2.0, but noticeable for aspect ratio less than 1.0.
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In addition, as the column lateral stiffness increased relative to the panel stiffness, the
shear wall capacity approached the yield capacity. The stiffer column can more
effectively anchor the tension field resulting from infill panel yielding, therefore allowing

a more efficient use of the material composing the system.

It was demonstrated that initial out-of-plane imperfections in the infill panel could have a
significant influence on the stiffness of the shear panel, while they have no effects on the

ultimate shear strength.

Furthermore, the effects of overturning moment and applied gravity load were also
investigated using the validated FE model. It was found that increasing either gravity load
or the overturning moment reduces the elastic stiffness of the shear wall panel in an

almost linear manner and also significantly reduces the normalized capacity and ductility.

2.7 Kharrazi, Ventura, Prion, and Sabouri-Ghomi (2004)

Kharrazi et al. (2004) proposed a numerical model referred to as the Modified Plate-
Frame Interaction (M-PFI) model to analyze the shear and bending of ductile SPSW. The
objective was to describe the interaction between those components and characterize the
respective contribution to deformation and strength at whole structure level. Thus, the M-
PFI model separates the behavior of ductile SPSW into three parts: elastic buckling, post-
buckling, and yielding. Several steps were involved in developing these equations. First,
a shear analysis was conducted that looked at the behavior of the infill panels and frames
respectively and then the shear-displacement relationships for each were superimposed to
obtain the shear behavior of the ductile SPSW. Second, a bending analysis was conducted
assuming that the frame and plate act as wide flange shape. Equations were proposed to
obtain certain points on a shear-displacement relationship that can be used for analyzing

the behavior of the wall.

Kharrazi et al. (2004) used test data from Driver et al. (1997) to evaluate the M-PFI
model using an assumed tension field inclination of 45 degree. The model overestimated
the initial stiffness by 5% and underestimated the ultimate capacity of the specimen by

about 10%, although it overestimated the specimen capacity slightly at initial yielding. It

12



should be mentioned that the model does not describe the ductility of the SPSW specimen
or the actual mechanism, nor does it provide a means of determining the frame forces for

use in design.

2.8 Vian and Bruneau (2005)

Vian and Bruneau (2005) investigated some new methods for the design of SPSW anchor
beams. Based on simple free body diagrams as shown in figure 2-7, and the principle of
superposition, they proposed a procedure to ensure that frame plastic hinging occurs in
the beams and not in columns. Limits were proposed to estimate the drift of a frame with
and without SPSW panels at yielding, so that the system may be assessed in the context
of the structural "fuse" concept, and considered to dissipate input energy through SPSW

panel yielding at a drift level less than that causing the frame members to yield.
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FIGURE 2-7 Free Body Diagram of Anchor HBE
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2.9 Lopez-Garcia and Bruneau (2006)

Lopez-Garcia and Bruneau (2006) performed some preliminary investigation on the
seismic behavior of intermediate beams in SPSWs using strip model. Of primary interest
was the determination of the strength level needed to avoid the formation of in-span
plastic hinges. To attain this objective, the seismic response of several SPSW models
designed according to the FEMA/AISC regulations and the Canadian standard CAN/CSA
S16-01 were analyzed by performing linear and nonlinear analysis. The SPSW models
considered in this research were designed as an alternative to provide the lateral load
resisting system to the four-story MCEER Demonstration Hospital, a reference building
model used as part of a broader MCEER research project. The intermediate beams of the
FEMA/AISC models were designed according to three different criteria: (I) for gravity
loads only; (II) for the ASCE 7 load combinations: (III) for the forces generated by fully
yielded webs.

In all cases, the thickness of the thinnest hot-rolled plate available turned out to be larger
than the minimum thickness required by the FEMA/AISC guidelines, which resulted in
SPSW models having the same plate thickness at all stores (constant plate thickness
case). In order to obtain insight into the behavior of intermediate beams of SPSWs having
different plate thickness at different stories, models whose plates have the minimum
thickness required were also considered for each of the abovementioned design criteria

(variable plate thickness case).

Seismic loads were calculated per FEMA 450 assuming that the structure was located in

Northridge, California (S, =1.75g and S; =0.75g ). The SPSWs were analyzed using

the commercial computer program SAP-2000 version 8.3.3. Each infill panel was
modeled by a set of 10 parallel, uniformly spaced tension-only strips pinned at both ends
(i.e. elements capable of resisting tension axial force only), while the beams and columns

were modeled by conventional frame elements.

Forces imposed by the ASCE 7 load combination were assessed through FEMA 450's
Equivalent Lateral Force Procedure (linear static analysis). The inelastic behavior of the

SPSW models under seismic loading was analyzed by performing FEMA 450's Nonlinear
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Static procedure (Pushover analysis). For this, P-M plastic hinges were modeled at the
ends of the beams and columns. The strain hardening ratio was set equal to 0.5%. Axial
plastic hinges having an elastic-perfectly plastic force-deformation relationship were
modeled at the middle of each strip. As indicated by FEMA 450, a set of gravity loads
equal to D+0.25L was applied to the models prior to the incremental application of
earthquake loads. The pattern of seismic forces was set equal to that indicated by the

Equivalent Lateral Force Procedure.

It was found that the FEMA/AISC models designed according to criteria I and II
developed in-span plastic hinges in intermediate beams, which is not allowed by the
FEMA/AISC regulations. Models designed according to criteria III exhibited the desired
behavior (i.e. inelastic deformations occur only at the ends of the beams and in the webs)
even when a global collapse mechanism developed. The behavior of CAN/CSA S16-01
models was found to be satisfactory at the response level corresponding to the design
basic earthquake, but the global mechanism of these models included in-span plastic
hinges in the anchor beams. All these observations were found to apply regardless of

whether the SPSW systems have constant or variable plate thickness.

2.10 Shishkin, Driver and Grondin (2005)

Shishkin et al. (2005) proposed refinements to the strip model, as described by Thorburn
et al. (1983), to obtain a more accurate prediction of the inelastic behavior of SPSW
using a conventional structural engineering software package. The refinements were
based on observations from laboratory tests on SPSW specimens. Modeling efficiency
was also evaluated against accuracy of the solution. A modified version of the strip
model was proposed as pictured in figure 2-8, which was shown to be efficient while
maintaining a high degree of accuracy. In this model, a pin-ended compression strut was
used to account for the small contribution of the stiffness and the strength of the infill
panel from compressive resistance, which may be significant in the corner regions where

effective length of the plate under compression is small.
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FIGURE 2-8 Schematic of the Modified Strip Model (Shishkin et al. 2005)

The parameters of the proposed model are generic and can be implemented into structural
analysis program with pushover analysis capacities. A parametric study was also
performed to determine the sensitivity of the predicted nonlinear behavior to variations in

the angle of inclination of the infill panel tension field.

2.11 Purba and Bruneau (2006)

As part of the further investigations on some concerns reported by Vian and Bruneau
(2005), Purba and Bruneau (2006) performed some analytical study on the behavior of
unstiffened thin SPSW having openings on the infill plate under monotonic pushover
displacement. Two SPSW systems with openings proposed by Vian and Bruneau (2005),

namely the perforated and the cutout corner SPSW, were discussed.

The researchers first studied individual perforated strips, which may play an important

role in the behavior of perforated SPSW. The effect of mesh refinement on the
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convergence of solutions was investigated before evaluating various perforated strip
models with different perforation diameters, boundary conditions, and material
idealizations. The results were presented in terms of stress-strain distribution throughout
the strip section as well as in terms of global deformations. Then, a series of one-story
SPSWs having multiple perforations on panels were considered, with variation in
perforation diameter, boundary conditions, infill plate thickness, material properties
idealization, and element definition. The objective of this analysis was to verify the
accuracy of the results obtained from FE analysis of individual perforated strips to predict
the SPSW strength by summing the strength of "simpler" individual strips. Shell elements
were used to model the infill plates as well as the boundary frame member webs and
flanges. Good agreement in overall behavior between the models considered and
individual perforated strip model was observed. The applicability of the equation
proposed by previous researchers to approximate the strength of a perforated panel was

also re-assessed.

In addition, two cutout corner SPSW models were also investigated. The first model
replicated the cutout corner SPSW specimen tested by Vian and Bruneau (2005) in which
a flat-plate reinforcement was introduced along the cutout edges. The second model
considered had a T-section reinforcement along the cutout edges; this model was built by
adding a new plate perpendicularly to the previous flat-plate reinforcement. No
significant difference between the two models was observed in terms of frame
deformations and stress distributions along the cutout corner SPSW. However, some
local effects were observed adjacent to the cutout corner, in terms of diagonal
displacement of the cutout reinforcement plate and stress distribution along the length of

the plates.

2.12 Berman and Bruneau (2008)

Berman and Bruneau (2008) performed research on developing capacity procedure for
VBEs in SPSWs. They reviewed the current approaches provided in the AISC Seismic
Provisions (AISC 2005) for determination of capacity design loads for VBEs of SPSWs

and identified the deficiency of these procedures. Then, a new procedure was proposed
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that based on a fundamental plastic collapse mechanism and linear beam analysis to
approximate the design actions for VBEs for the given infill panels and HBEs. The VBE
free body diagrams they used were shown in figure 2-9. Their procedure does not involve
nonlinear analysis, making it practical for use in design. VBE design loads were
estimated using the proposed procedure for two example SPSW configurations. It is
found that VBE design forces predicted from the proposed procedure agree well with

those from the nonlinear pushover analysis.
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SECTION 3
PLASTIC MOMENT OF HORIZONTAL BOUNDARY ELEMENTS

3.1 Introduction

The HBE yield patterns observed in the recent tests on SPSWs by Qu et al. (2008)
indicate that the stress distribution at the HBE plastic hinges is more complex than
accounted by simple analysis methods. Therefore, if one wishes to understand how to
design an HBE, the first step is to correctly quantify the strength of HBE plastic hinges

accounting for this condition.

Conventional plastic analysis procedures for determining the plastic moment of wide
flange member in a moment frame can not be applied to HBEs of SPSWs because the
HBE web is under large bi-axial stress condition. To account for this effect, analytical
procedures to estimate the plastic moment resistance of HBEs subjected to axial force,
shear force, and vertical stresses due to infill panel forces, are needed to ensure

predictable and ductile behavior of HBEs.

This section first discusses the loading characteristics of HBE cross-sections. Following a
review of the conventional procedure to calculate the plastic moment of wide flange
members in a conventional steel moment frame, the reduced yield strength of HBE web
under shear and vertical stresses is studied using the von Mises yield criterion. Analytical
procedures for estimating the plastic moment of intermediate HBEs and anchor HBEs are
then developed, respectively. Note that intermediate HBEs are those to which are welded
steel plates above and below, by opposition to anchor HBEs that have steel plates only
below or above. Procedures for calculating plastic moment of intermediate HBEs under
equal and unequal top and bottom tension fields are first investigated. Those procedures
are verified by FE examples and are simplified for practical purpose. Next, additional
numerical examples are developed to confirm that those procedures proposed for
intermediate HBEs can also apply to anchor HBEs. Note that the analytical procedures to
estimate HBE plastic moment developed in this section will be used in Section 4 for

capacity design of HBEs.
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3.2 Loading Characteristics of HBE Cross-Sections

In any multistory SPSW such as the one shown in figure 3-1, the HBEs can be
differentiated as anchor HBEs and intermediate HBEs. Anchor HBEs are the top and
bottom ends of a SPSW and that anchor the SPSW infill panel yield forces. Since they
are loaded by infill tension field forces only on one side (either above or below), they are
typically of substantial size. Intermediate HBEs are the beams at all other levels. The
variation between the top and bottom infill panel stresses acting on the HBE can
sometimes be small or null when the top and bottom infill panels of identical (or near
identical) thicknesses are both yielding. Comparing with the sizes of anchor HBEs,

intermediate HBEs are often relatively small.

Anchor HBE

7

Intermediate HBE

Anchor HBE

1B

TA
LAY SRR SLAT SR AR A KLAT AR

FIGURE 3-1 Typical Multistory SPSW

To understand the infill panel effects on HBE behaviors, consider the aforementioned
SPSW with rigid HBE-to-VBE connections. The shear stress and external loading at the
HBE ends are schematically shown in figure 3-2, where 7 represents the shear stress in

HBE web; and P and M represent the axial force and moment acting at HBE ends,
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respectively; when the expected plastic collapse mechanism of the SPSW develops. In

this figure, @

tension fields, respectively. Mathematical expressions for @,,.,, and @,
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Note that an HBE is typically in compression which will be demonstrated in Section 4.
The magnitudes of 7, P, and M vary at different locations along an HBE. Although the
direction of shear stress, 7, depends on the resulting shear effects due to tension field
forces and HBE flexural actions, it has no effect on HBE plastic moment resistance as
demonstrated in Section 3.5.3. Accordingly, the loading characteristics of HBE cross-
sections are summarized in table 3-1. Note that for the purpose of the present discussion,
flexure designated as "+"or "-" respectively refers to the bending action producing
tension or compression in the flange on which the greater tension field force is applied.
For intermediate HBEs with equal top and bottom tension fields, the acting direction of

flexure has no impact on the plastic moment resistance as demonstrated in Section 3.5.1.

TABLE 3-1 Summary of Loading Characteristics of HBE Cross-Section

Corresponding Flexure Tension field ratio
TR e + : (/@)
Intermediate C/D 1
Intermediate C N >1
Intermediate D \ >1
Anchor A V 0*
Anchor B \ 0
Anchor E \ oo™
Anchor F \ oo™
“when @, =0.
* when ®,.,=0.

3.3 Plastic Moment of Wide Flange Members in Moment Frame

A well-known lower bound approach to estimate plastic moment for wide flange
members in steel moment frame, based on stress diagrams, and classic plastic analysis
can be used to account for the combined interaction of flexure, axial and shear forces

(Bruneau et al. 1998). Using this procedure, the uniform shear stress, 7, , assumed to act

on the web of the cross-section as a result of the applied shear force, V', is calculated as:

T =

v
—_— 3-1
Yoht, G-1)
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where £, and ¢, are the web depth and thickness of the cross-section, respectively.

Then, the von Mises yield criterion 1s used to calculate the maximum axial stress, o,

that can be applied on the web (i.e., the remaining axial yield strength):

o, =4/ -3, (3-2)

where /| is the yield strength of steel.

Strength of the flanges remains £, . In the case that the neutral axis remains in the web; as

shown in figure 3-3, location of the neutral axis, y, , is given by:

y=e (3-3)

where P is the applied axial compression.

Neglecting strain hardening, the plastic axial stress diagram of a typical wide flange
section can be divided into pure flexural and axial contributions as shown in figure 3-3.
The contributions of the web and flanges to the plastic moment resistance can be

calculated based on the flexural stress diagrams shown in figure 3-3, as:

t,(d _2t./')2 1,(23,)

M = o o 3-4

pr—web 4 w 4 w ( )
PV _

Mpr—ﬂange - bftf (d _tf ) fy (3-5)

M;);:V = M}I;’ijeb + M}Iw)r{ﬂange (3_6)

where the superscript (P, V) indicates that the plastic moment is reduced taking into

account the applied axial and shear forces, and where b, and 7, are the flange width and

thickness of the cross-section, respectively.
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FIGURE 3-3 Example of Plastic Resistance of a Wide Flange Structural Shape
Subjected to Flexure, Axial, and Shear Forces

The above lower bound approach, which provides acceptable results, has been used for
steel moment frame design. However, for SPSW, the experimental results described in
Qu et al. (2008) provide evidence that a more sophisticated procedure is warranted. To do
so, a review of the von Mises criterion in plane stress condition is necessary and done in

the following section.

3.4 Reduced Yield Strength in HBE Web

To better understand the reduced axial yield strength in HBE web accounting for the
shear stress and vertical stresses due to infill panel forces, two elements are arbitrarily
selected from the axial tension and compression zones in the web of a typical
intermediate HBE segment as shown in figure 3-4. These elements are in plane stress
condition. The free body diagrams, stress diagrams and Mohr’s circles are also
schematically shown in figure 3-4. Note that the exact Mohr’s circles of elements A and
B depend on the magnitudes of the vertical components of the tension fields, i.e.

and @

« ybi >

) bisl applied above and below the intermediate HBE segment.
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FIGURE 3-4 Loading of Intermediate HBE Segment and
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The results of classic mechanics of materials show that the radius of the Mohr’s circle

can be determined as:

2
2 0,-0, 2
R _( )j +7 (3-7)

Graphically, the maximum and minimum in-plane principal stresses, 6; and G, can be

calculated as:

o,t0,
o = +R (3-8)
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o,=—_R (3-9)

In addition, for steel subjected to multi-axial plane-stress conditions and having a
uniaxial elasto-perfectly plastic behavior, steel can be modeled using the von Mises yield

criterion and expressed as:

%[(01—0'2)2+0'12+0'22J:fy2 (3-10)

Substituting(3-7), (3-8) and (3-9) into (3-10) and normalizing the resulting equation, the

von Mises yield criterion can be rewritten as:

O < U N O (2 (3-11)
/, L) U /,

Equation (3-11) can be reorganized as a quadratic equation in terms of o, / f,orz, / /s

and solved to respectively give the reduced axial and shear yield strengths for given

values of the other terms:

(i}l(i}_rl 4—3[5J —12(7’”] (3-12)
f) 20 ) 2 /, /,

ol FEIE -
(ny VNS VIRV o

Note that the reduced tension and compression axial yield strength can be obtained by

considering the "+" and "-" cases in (3-12) respectively.

Equations (3-12) and (3-13), can be simplified as shown in (3-14) and (3-15) for cases of

uniaxial stress and pure shear respectively.
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(3-14)

r,=—=ifo,=0,=0 (3-15)

Note that (3-14) is equivalent to (3-2) which is used for estimating the plastic moment
resistance of wide flange members in steel moment frame. The von Mises yield criterion,

in the o,/ f, and 7,/ f, space, for given values of o,/ f, are shown in figure 3-5 as a

graphical representation of (3-12) .
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FIGURE 3-5 Reduced Yield Strength per the Von Mises Criterion in Plane Stress
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As observed in (3-12), the reduced axial yield strength is a function of shear stress 7,
and vertical stress o, . In the absence of vertical axial stresses (i.e. 0,=0), the

compression and tension axial yield strengths are of the same magnitude. This is the case
illustrated in figure 3-3 , for a wide flange member in conventional moment frame.
However, as shown in figure 3-5, the presence of vertical stresses results in unequal
tension and compression axial yield strengths. This is the stress condition found in an
HBE cross-section. Note from figure 3-5 that the compression axial yield strength is
significantly reduced, and can even become null under the combined action of shear and
vertical stresses. The tension axial yield strength is also affected by the shear and vertical
stresses, but to a lesser degree. Reading the figure differently, due to the presence of
given vertical and axial compression/tension stresses, the shear yield strength is also
reduced. Given that the vertical stresses in the whole HBE web may not be constant,
figure 3-6 is helpful to compare the compression and tension axial yield strengths for a

wide range of vertical stress ratio (i.e. O, / /). Note from figure 3-6 that the maximum
value of o, / Jf, can be reached is less than 1.0 in some cases (e.g. for the case of
7,/ f, =0.40). It is because the maximum allowable vertical stress is reduced due to the
presences of the axial stress in horizontal direction (i.e. 0, ) and the shear stress (i.e. 7,,)

as shown in figure 3-5.
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3.5 Intermediate HBE under Equal Top and Bottom Tension Fields

The plastic moment resistance of intermediate HBE under constant vertical stresses,
resulting from equal top and bottom tension fields, is first discussed because this case
provides some of the building blocks necessary to understand the more complex

scenarios presented later in this section.

3.5.1 Derivation of Plastic Moment

In the spirit of classic plastic cross-section analysis and following a procedure similar to
that presented in Section 3.3, also using reduced axial yield strength obtained from the
von Mises yield criterion accounting for the vertical and shear stresses as presented in
Section 3.4, one can generate the stress diagrams for a fully plastified wide flange section
under uniform vertical tension fields as shown in figure 3-7. Note that this case
corresponds to the stress conditions generated in an intermediate HBE when the infill
panels above and below the HBE are of equal thicknesses and fully yielded (i.e.

Dy =Wy

). Also note that all the equations derived in this section remain valid for case
of opposite flexure case (i.e. the top and bottom parts of figure 3-7 show the stress

diagrams corresponding to both flexure cases.).

As traditionally done in structural steel for wide flange sections, uniform shear stress is
assumed to act on the HBE web. In addition, a constant vertical tension stress is assumed
in the HBE web as a result of the identical top and bottom tension fields. The shear stress

is calculated according to (3-1). The uniform vertical stress is given by:

o =2 (3-16)

Consistent with (3-12), the tension and compression axial yield strengths, o, and o, can

be respectively calculated as:

S :l % +l 4-3 % _12| B (3-17)
)2 ) 2 1, I
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(m];(&]_l 4_3[ij _12(ij (3-18)
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FIGURE 3-7 Stress Diagrams of Intermediate HBE Cross-Section
under Flexure, Axial Compression, Shear Force, and Vertical
Stresses due to Equal Top and Bottom Tension Fields
From the geometry in figure 3-7,
y,=h,—y. (3-19)

where y, and y, represent compression and tension portion of the web ,respectively.

For the most common case that the neutral axis remains in the web, the governing

equation of axial force equilibrium can be given as

O-cyctw + O-tyt w P (3_20)
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where P is the applied axial compression.

The contribution of the flanges to axial compression is null since the resultant axial forces

of each flange have the same magnitude but opposite signs (and thus cancel each other).

Substituting (3-19) into (3-20) and solving for y, gives,

7]

[T e A— (3-21)
O, |_| %
(ny (f}

where 3 is the ratio of the applied axial compression to the nominal axial strength of the

web, which is given by:

B=—" (3-22)
f:vhwtw
The contributions of the web and flanges to the plastic moment resistance, M, , and
M, 4> can be respectively determined as:
h, > h, _»
M,  ,=0ty| - |-0ty |- 3-23
pr—web twyt[z 2} cwyc(z Zj ( )
M, punge = 10414 (d _tf) (3-24)

A cross-section plastic moment reduction factor, f, is defined to quantify the loss in
plastic strength attributable to the combined effects of the applied axial compression,
shear force, and vertical stresses due to the infill panels forces acting on the HBE. This

factor, £, can be determined as:

M +M
ﬂ _ pr—web pr— flange (3 -25)
Sz
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where Z is the HBE plastic section modulus.

For the extreme case for which the web of the cross-section makes no contribution to the

flexure, the minimum value of the reduction factor, /3

min

is obtained, and is given as:

M
Brin = —‘}g“” (3-26)

This will happen when the entire web is under uniform compression.

3.5.2 FE Verification

To validate the approach developed in Section 3.5.1 to calculate the cross-section plastic
moment reduction factor of the intermediate HBE under equal top and bottom tension
fields, a series of FE analyses were performed on a segment of HBE. The FE model is

shown in figure 3-8.

Wybit] (ybi+1 = Wybi)
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FIGURE 3-8 FE Model of Intermediate HBE Segment
under Flexure, Axial Compression, Shear Force, and Vertical
Stresses due to Equal Top and Bottom Tension Fields

In this case, a W21x73 member was modeled in ABAQUS/Standard. The length of the
member was twice the cross-section depth. Material was assumed to be A572 Grade 50
steel with elasto-perfectly plastic constitutive behavior. Shell element (ABAQUS element
S4R) was employed for the web and flanges. A fine mesh with 9,000 elements (2,000

elements per flange and 5,000 elements for the web) was used in this model.
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As shown in figure 3-8, uniformly distributed loads, ®,,,, and @, , of identical

magnitude but applied in opposite directions at the top and bottom edges of the HBE web
represented the vertical components of the top and bottom tension fields. Uniform shear

stresses, 7, , were applied along the HBE web edges. Axial forces applied at the ends of

the member represented the axial compression in the HBE.

The FE analysis was conducted in two stages to correctly replicate boundary conditions
and to achieve the desired load scenario while keeping the whole model in self-
equilibrium. In the first stage, the aforementioned tension field forces, shear stresses and
axial forces were applied on the FE model. In the next stage, a displacement controlled
analysis procedure was used to obtain the plastic moment resistance of the cross-section,
in which the rotations at the end of the HBE segment were proportionally increased up to

a magnitude of 0.035 rad, but in opposite directions.

A series of analyses were conducted on the FE model to assess the accuracy of the
analytical procedure. Results are shown in figure 3-9. In these analyses, for the given
axial compression and shear, the magnitudes of the identical tension fields were increased
from null to the maximum allowable value in the HBE web. To capture the entire range

of the solutions developed analytically, for each case of S, five different vertical stress
conditions (approximately equally spaced in the allowable range of o, / S, ) were

considered in the FE models. Note that the combined axial compression, shear and
vertical stresses selected for these analyses may not necessarily develop in a real
intermediate HBE. Also, note that the plastic moment reduction factor shown in figure
3-9 for the intermediate HBE cross-section reduces to that which corresponds to values

for the ordinary beam action in the absence of tension fields from the SPSW infill panels.

As shown in figure 3-9, the cross-section plastic moment reduction factors obtained from
the FE analysis agree very well with those predicted using the approach presented in
Section 3.5.1. One can also observe the cross section plastic moment reduction factor
varies from unity to a minimum when increasing the axial force, shear, and vertical

stress.
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FIGURE 3-9 Plastic Moment Reduction Factor of Intermediate HBE
Cross-Section under Axial Compression, Shear Force, and Uniform Vertical
Stresses: Analytical Predictions versus FE Results
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3.5.3 Effects of Shear Direction

Though (3-17) and (3-18) show that the acting direction of shear stresses has no effects
on the resulting compression/tension axial yield strength, and consequently make no
difference in the calculated cross-section plastic moment reduction factor, numerical
examples were conducted to confirm this point. Directions of the edge shear shown in
figure 3-8 were switched and the FE model was reanalyzed for the cases shown in figure
3-9 case (b). The results from this new model (i.e.FE?) are plotted in figure 3-10 together
with those from the original model (i.e.FE') and from the approach proposed in Section
3.5.1. As shown, the direction of shear stresses has no impact on the cross-section plastic

moment reduction factor.

1.05 T
, Case: 1,/f=0.30
1.00 1
0.95 ¢
0.90 | %
[}
m
@ 085 =
©
£
| D
0.80 S \
0.75 | \i Ky
0.70 |
0.65 - - - - -
0.00 0.20 0.40 0.60 0.80 1.00

0/t (o,/f,=0,..,/f,)
-------- Analytical B,,=0.00 s+ FE'B,=0.00 + FE?B,=0.00
----- Analytical B,,=0.40 o FE'B,=0.40 x  FE?B,=0.40
—— Analytical $,=0.60 o FE'B,=0.60 % FE?B,=0.60

FIGURE 3-10 Effects of Shear Direction on Cross-Section Plastic Moment
Reduction Factor of Intermediate HBE

3.6 Intermediate HBE under Unequal Top and Bottom Tension Fields

In Section 3.5, it was assumed that identical tension fields were acting above and below

the intermediate HBE. However, in many instances this is not the case and it is necessary
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to investigate how the HBE plastic moment resistance would be affected by the unequal
top and bottom tension fields. As listed in table 3-1, both positive and negative flexure
cases are considered. The same fundamental concepts and modeling assumptions
previously presented still apply, except that a linear variation of vertical stresses is

assumed instead of the prior constant vertical stresses.

3.6.1 Derivation of Plastic Moment under Positive Flexure

One can generate the stress diagrams shown in figure 3-11 for a fully plastified HBE
cross-section of elasto-perfectly plastic steel subjected to axial compression, shear,

vertical stresses due to unequal top and bottom tension fields, and positive flexure.
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FIGURE 3-11 Stress Diagrams of Intermediate HBE Cross-Section
under Positive Flexure, Axial Compression, Shear Force, and Vertical Stresses
due to Unequal Top and Bottom Tension Fields

As a reasonable approximation, linearly varying vertical stresses are assumed to act on

the HBE web. Mathematically, this assumption is expressed as:

o, (») {&J,(I_L}{%j.[lJ (3-27)
f, 1, ho) Sy ) A

where the vertical stresses at the top and bottom edges of the HBE web, o .,

and O,

can be calculated based on the tension field information respectively as:

37



= it (3-28)

a .
o = L (3-29)

In accordance with (3-12), the tension and compression axial yield strengths at any

location in the web can be determined respectively as:

Gt(y)zlay(Y)+l 4_3_M_2_12(T_WJ2 (3-30)
L2 f 2 S 7
O-c(y):lo-y(y)_l 4_3_O-y(y)_2_12(r_wjz (3-31)
o2 5 2 LS )

Substituting (3-27) into (3-30) and (3-31), one obtains:

2012 -2} {%) (2]

From the geometry in figure 3-11, again:

. 2 (3-33)
DA
2 1, h,) 1, y ;
Y, =h,-y, (3-34)
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For the case when the neutral axis remains in the HBE web, the contribution of the top
and bottom flanges to axial fore is null since the resultant axial forces in each flange have

the same magnitude but opposite signs. Therefore, cross-section axial force equilibrium is

given as:
Vi By
_[0 o, (y)t, dy+J‘y o, (y)t,dy=P (3-35)
Substituting (3-32), (3-33) and (3-34) into (3-35), gives the following equation:
1[[0_} _LJJ{M} . (lﬂ
h,=y, 2 f;) hw f:v hw
.[0 r 2 2 tw dy
o o, T
+— [4-3 lj( _ljJr y’“J.{lj _12£i]
2 i /) h, /s h, /s
(3-36)
1{(0_] 1_1}(% (1}]
. 20 f, h, /s h,
+I hy=Ve i ? g by =F
_1 4-3 S .(1_1] Oyin (lJ -1 Ly
2" U ) U /,

The above equation includes the integral of J\/ ax” +bx +c dx , of which the solution is

4ac—b*
8a3/2

2ax+b+2Jax* +bx+c

In +C(3-37)

J.\/ax2 +bx+cdx=

b+2ax 5
ax” +bx+c+
4a

However solving for the closed-form solution of y, from the resulting equation is not
possible. One can use some software packages such as Mathcad to solve for y,. Then,

knowing y,, the contribution of the web to the moment resistance can be determined as:

hy =Y,
Mpr—web = jO (3'38)

wo__ td
> J’Jwy

h, h, h
Q(ymé§—yJ%dV+LW%aiy{}—
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For the contribution of the flanges, M and cross-section plastic moment reduction

pr—flange >

factor, £, (3-24) and (3-25) still apply.

3.6.2 Derivation of Plastic Moment under Negative Flexure

Results can also be generated following the same procedure for the case of negative
flexure, i.e. for flexural moment acting in a direction opposite to what was considered in
the Section 3.6.1. The resulting stress diagrams are shown in figure 3-12 for a fully
plastified HBE cross-section of elasto-perfectly plastic steel subjected to axial
compression, shear, vertical stresses due to unequal top and bottom tension fields, and

negative flexure.
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FIGURE 3-12 Stress Diagrams of Intermediate HBE Cross-Section
under Negative Flexure, Axial Compression, Shear Force, and Vertical
Stresses due to Unequal Top and Bottom Tension Fields

All the equations developed to locate the neutral axis in Section 3.6.1 remain valid except
that the integral limits of (3-36) need to be modified as shown below according to the

stress diagrams shown in figure 3-12.
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t 2|1 7, )\ 7 ),
) - 5 (L, dy
+o |a-3 (j—y] [1-%}{0}'}(%)] _12(%}
- ' N ) (3-39)
l 0, l—l " 0,in 1Y
B 2 fv hw f;/ hw
+IOC tdy=P

— 2 2
(o (o T

_1 4-3 (J](l—lj+(ﬂ](l}] _lz{ﬁJ
2 s U ) U ) /,

Solving for y, from (3-39), one can obtain the contribution of the web to the cross-

section plastic moment resistance as:
hy, hw Ve hw
M, =] 0.(») (y —Tjtwdy +[o.(v) (y —7J t,dy (3-40)

For the contribution of the flanges to the moment resistance, M and cross-section

pr—flange °

plastic moment reduction factor , £, (3-24) and (3-25) still apply.

3.6.3 FE Verification

To validate the approach developed in Sections 3.6.1 and 3.6.2 for the plastic moment
resistance of intermediate HBE under axial compression, shear force and vertical stresses
due to unequal top and bottom tension fields, a series of FE analyses were performed.
The FE models for positive and negative flexure cases are shown in figures 3-13 and 3-14

respectively.
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FIGURE 3-13 FE Model of Intermediate HBE under Positive Flexure, Axial
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FIGURE 3-14 FE Model of Intermediate HBE under Negative Flexure, Axial
Compression, Shear Force, and Vertical Stresses due to Unequal Top and Bottom

Tension Fields

The material, element, mesh, boundary condition, and loading condition are the same as
those used in Section 3.5.2 except that a surface traction was applied on the HBE web to
achieve the transition between the unbalanced infill panel forces and satisfy vertical force

equilibrium, and opposite end rotations were applied in the negative flexure case. The

surface traction can be calculated as:

- a)ybi+1

S _ wybi
h

W

42



Note that, in reality, no such traction force is applied on the HBE web, as the unbalanced
infill panel forces are equilibrated similarly to a uniformly distributed load on a beam.
However, in modeling only a small beam segment as done above, application of the
traction keeps the segment in self-equilibrium and guarantee linear distribution of vertical
stresses in the HBE web in accordance with the assumption used for the analytical

procedure presented in Sections 3.6.1 and 3.6.2.

A series of analyses were conducted using the FE models described above to assess the
accuracy of the analytical procedure, and the effectiveness of the proposed model. In
these analyses, for the given axial compression and shear force, the vertical component of
the bottom tension field was kept constant and various magnitudes of the vertical
component of the top tension field were considered, from zero up to a value equal to that
of the bottom tension field. This range of infill panel forces acting on the top tension field
starts from an intermediate HBE section equivalent to an anchor HBE section in the
absence of the top tension field, and ends with the previously considered case of an

intermediate HBE section under equal top and bottom tension fields.

Comparisons between the results obtained from the FE analysis and those obtained by the
procedure proposed in Sections 3.6.1 and 3.6.2 for the positive and negative flexure cases
are shown in figures 3-15 and 3-16, respectively. It is shown that the plastic moment
resistance of intermediate HBE can be accurately estimated using the proposed
procedure. The cross-section plastic moment reduction factor varies from unity to the
minimum determined by (3-26) as a result of the increasing shear force, axial force and

vertical stresses.

Comparing the results shown in figures 3-15 and 3-16, it is also possible to observe that,
for the same combination of axial compression, shear and vertical stresses, the positive
plastic moment resistance is greater than the negative one. For example, according to
case (a) shown in figure 3-15, the plastic moment reduction factor is 0.97 for an

intermediate HBE under positive flexure for which 7, /f, =0.00 , A, =0.00 ,

0,/f,=1.00, and o,

i+1

/ ﬁ =0.20; however, a smaller value of 0.86 is obtained for

plastic moment reduction factor in the negative flexure case in case (a) shown in figure 3-16
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assuming the same loading combination. This can be explained on the basis that higher
vertical stresses are acting at the bottom of the beam segment, which is also in axial
compression in the negative flexure case. Recall from figure 3-6 that shows yielding
under biaxial loading conditions, per the von Mises criterion, that the compression axial
yield strength is more reduced by the presence of vertical stresses than the tension axial
yield strength. Therefore, the plastic moment is reduced more in the negative flexure case

than the positive flexure case.
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FIGURE 3-15 Plastic Moment Reduction Factor of Intermediate HBE
Cross-Section under Positive Flexure, Axial Compression, Shear Force,
and Linear Vertical Stresses: Analytical Predictions versus FE Results
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FIGURE 3-16 Plastic Moment Reduction Factor of Intermediate HBE
Cross-Section under Negative Flexure, Axial Compression, Shear Force,
and Linear Vertical Stress: Analytical Predictions versus FE Results
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3.6.4 Simplification of Analytical Procedures

Though the analytical procedures to estimate the plastic moment resistance of
intermediate HBE under unequal top and bottom tension fields were developed in
Sections 3.6.1 and 3.6.2 and verified by the FE results in Section 3.6.3, impediments
exists that may limit the wide acceptance of this approach in design. For example, there

are challenges in solving for y, from (3-36) and (3-39). The mathematic difficulty results

from the presence of non-uniform vertical stresses.

Aiming at the kind of simple equations derived to calculate plastic moment of the
intermediate HBE under equal top and bottom tension fields, for which a constant vertical
stress is assumed, it would be expedient to replace the linearly varying vertical stresses in
the case at hand by an equivalent constant vertical stress. However, it would not be
appropriate to use a constant vertical stress of magnitude equal to the average stress of
the linearly varying vertical stresses as an approximation, because such a unique
approximate constant vertical stress would result in identical positive and negative cross-
section plastic moments. This is inconsistent with the prior observations on plastic
moment resistances of intermediate HBEs under positive and negative flexures as shown

in figures 3-15 and 3-16, respectively.

As a compromise between simplicity and accuracy, to consider the different effects of
vertical stresses on positive and negative cross-section plastic moments, the magnitudes
of those stresses at the three-fourth and one-fourth points of the linearly varying stress
diagram, as shown in figure 3-17 (i.e. mean of the average and the minimum, and mean
of the average and the maximum, respectively), are taken as the magnitudes of the
approximate constant vertical stresses for the positive and negative flexure cases,
respectively. Mathematically, the magnitudes of these equivalent constant vertical stress
distributions can be expressed as:

(0,-0,.1) (3-42)

1 1
Oyin™ E(Gyi +0,1 ) * Z yi yi+l

y—un
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"-"and "+" are employed in (3-42) for positive and negative flexure cases respectively.
Then, the procedures to determine the plastic moment of intermediate HBE under equal

top and bottom tension fields (as presented in Section 3.5.1) can be used.

Mybi+1 *

——

|

Linear vertical stress

hw

0.75h | For negative flexure
. w

| 0.25hw

’ Oyi
Mybi

FIGURE 3-17 Simplification of Vertical Stress Distribution

To check the adequacy of this model, the results obtained using the above simplified
procedure are compared with those using the more rigorous approach developed earlier
(Sections 3.6.1 and 3.6.2 for positive and negative flexure cases respectively) in figures
3-18 and 3-19, respectively. It is found that the simplified procedure provides reasonable
and relatively efficient estimates for the cross-section plastic moment reduction factor,

although slightly less accurate results are observed in the negative flexure case.
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3.7 Additional Discussions on Anchor HBEs

The procedure developed in Section 3.6 to calculate plastic moment of intermediate HBE
can also be applied for anchor HBE, since an anchor HBE is only a special case of an
intermediate HBE for which the tension field is only applied on one side. However,
anchor HBEs deserve further treatment here since the analytical, FE, and simplified
results shown in figures 3-15, 3-16, 3-18 and 3-19 respectively, only provide results for
anchor HBE in limited scenarios (i.e. only loading scenarios corresponding to the left
ends of those curves shown in figures 3-15, 3-16, 3-18 and 3-19). Additional examples
are provided in this section to further confirm that the procedures proposed in Section 3.6

for estimating the plastic moment of intermediate HBEs remain valid for anchor HBEs.

For anchor HBEs, the vertical stress distribution can be expressed as:

O'y()’): O, [ _lj (3-43)
Lo U4 h,

which is obtained by setting 0, =0 in (3-27).

Accordingly, the analytical procedures presented in Sections 3.6.1 and 3.6.2, and

simplified approach presented in Section 3.6.4 still apply by setting o, .equal to zero in

all equations.

A series of analyses were conducted using the same FE models described earlier (as
shown in figures 3-13 and 3-14) to investigate the plastic moment of anchor HBEs. For

the given shear and axial compression, @,,,,, shown in figures 3-13 and 3-14 was set
equal to zero, and @ ,, was varied from zero up to the maximum allowable value that can

be applied in the web of the anchor HBE. Note that the anchor HBE becomes an ordinary

beam in the absence of the infill panel forces (i.e. @, =0). The results using the

analytical procedures proposed in Sections 3.6.1 and 3.6.2 are compared with those from
FE analyses in figures 3-20 and 3-21 for the positive and negative flexure cases,

respectively. The analytical procedure is shown to accurately predict the plastic moment
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reduction factor for anchor HBEs. Also, for the same reason as described in detail in
Section 3.6.3 for intermediate HBEs, the anchor HBE plastic moment reduces more when
the beam segment is subjected to negative flexure than the positive flexure case as shown

in figures 3-20 and 3-21.

In one significant departure from the trends shown in figures 3-15 and 3-16, the anchor

HBE plastic moment reduction factor, £, does not reduce to S even when the

min

maximum allowable tension field is applied. For example, according to case (a) shown in

figure 3-15, the intermediate HBE plastic moment reduction factor reduces to a 3, of

0.73 when 7,/ f, =0.00 and S, =0.40. This value of 3

min

is reached for any value of
o, / f, . However, the lowest value of /J reached for the corresponding case (a) in figure

3-20 is 0.83 (greater than the S

min

of 0.73). It is obtained when the tension field force
increases to the maximum allowable value (i.e. 0, / f, =1.00), assuming the same shear

and axial compression. This is because, for the intermediate HBE examples shown in

figures 3-15 and 3-16, the factor B reduce to 3,

.. only when the magnitude of the top
tension field becomes equal to that of the bottom tension field, resulting in constant
vertical stresses in the intermediate HBE web. Here, in the absence of infill panel forces

on one side of the anchor HBE, S can not reduce to B even when the maximum

min

permitted tension field is applied on the other side.

Results obtained using the simplified approach described in Section 3.6.4 are also
compared with those obtained from the analytical procedure described in Sections 3.6.1
and 3.6.2 for the positive and negative flexure cases in figures 3-22 and 3-23,

respectively. Reasonable agreements are observed through the comparisons.
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3.8 Summary

Analytical procedures for estimating the plastic moments of HBEs in SPSWs have been
proposed in this section. Those procedures are based on classic plastic analysis and rely
on calculation of the reduced axial yield strength of the HBE web accounting for the
presence of shear and vertical stresses due to infill panel forces. Results from these
procedures were shown to agree well with the results from FE analysis. Simplified

models developed for practical purposes were shown to be accurate
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SECTION 4
CAPACITY DESIGN OF HORIZONTAL BOUNDARY ELEMENTS

4.1 Introduction

Design procedures for SPSWs (CSA 2000 and AISC 2005), per capacity design
principles, require that the HBEs of SPSWs be designed to resist the maximum forces
developed by infill panel yielding. With the exception of plastic hinges at its ends, an
HBE are expected to remain essentially elastic when the SPSW develops the expected

plastic mechanism.

As mentioned previously, work presented in Section 3 shows the importance of using
proper procedure to calculate the HBE plastic moment. However, as demonstrated in the
tests on a full-scale two-story SPSW specimen by Qu et al. (2008), current design
approaches do not necessarily lead to intermediate HBEs that meet the requirements of
ductile behavior under the forces generated by the fully yielded infill panels and the
SPSW sway. This was notably observed by the unexpected failures at the ends of the
intermediate HBE of the MCEER/NCREE specimen (Qu et al. 2008).

Simple models using line elements for boundary frame members (e.g. models
conventionally used in SAP2000) are not capable of producing satisfactory results of
design forces for intermediate HBEs due to the intrinsic complexity in modeling the
strength of HBE plastic hinges, and consequently fail to explain the observed failure in
the intermediate HBE of the MCEER/NCREE specimen (Qu ef al. 2008). Nonlinear FE
analysis using 3D shell elements can be used to provide more accurate estimates of
design forces for intermediate HBEs, but is too tedious for broad use for this simple
design purpose. Therefore, there is a need to develop a reasonably accurate and more
efficient method to estimate the design loads for HBEs when the SPSW develops the

expected plastic mechanism.

Such an approach is developed and proposed below. Based on the expected plastic

mechanism and infill panel yield forces, which are first reviewed in this section, the axial
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and shear forces used for sizing intermediate HBEs are determined using free body
diagrams with close attention paid to local effects at the ends of intermediate HBEs.
Ways to avoid in-span plastic hinges in intermediate HBEs are addressed followed by a
simple free body diagram to determine the moment demands at VBE faces. Then those
procedures are verified by the nonlinear FE analysis results and a design approach is
proposed for capacity design of intermediate HBEs. Finally, the intermediate HBE of the
tested SPSW specimen is examined using the proposed models to explain the unexpected

failure observed.

4.2 Expected Mechanism of SPSW and Infill Panel Yield Force

Plastic mechanisms of a multistory SPSW subject to lateral loads have been studied by
Berman and Bruneau (2003) and the corresponding procedures for estimating SPSW
plastic strength have been validated by a series of experimental results. Based on their
study, the expected plastic mechanism for a ductile multistory SPSW of the type
considered here is taken to be the one that develops when the infill fully yields at all

levels as shown in figure 4-1.

¢ Biag o
Fiagl2 = et

HBE Plastic
Hinge (TYP)

Gt
Figq/2™—

FIGURE 4-1 Uniform Yielding Mechanism of a Multistory SPSW
(adapted from Berman and Bruneau 2003)
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Assuming a multistory SPSW designed according to the 2005 AISC Seismic Provisions
and that satisfactorily develops the above plastic mechanism under seismic forces, the

distributed loads to be applied along the VBEs (@

xci

and®,,) and HBEs (@, and @,,)

h

from infill panel yielding at the i" story can be determined as:

o, =R, ft,sin2a/2 (4-1)
®, =R, [t (sna) (4-2)
@, =R, [t (cose) (4-3)
@, =R, f,t,sin2a/2 (4-4)

These are obtained by resolving the infill panel yield forces, occurring at an angle o
from the vertical, into horizontal and vertical components acting along the VBEs and
HBESs. Such components of yield forces per unit lengths are a function of infill panel

thickness, ¢,,, yield strength of infill panels f, , and the ratio of expected to nominal

yield stress R, (Berman and Bruneau, 2008).
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4.3 Axial Force in Intermediate HBE

To understand the nature of the axial effects in intermediate HBEs, consider the single-
bay multistory SPSW with rigid HBE-to-VBE and VBE-to-foundation connections
shown in figure 4-2a. This SPSW (labeled frame A) can be decomposed into two lateral
force resisting systems for analysis purpose, as shown in figures 4-2b and 4-2c, namely:

(1) frame B consisting of infill panels, which resists the lateral loads (i.e. F§, and F§,,,)

entirely through infill tension field actions together with a boundary frame without
moment resisting connections; and (ii) frame C as a frame without infill panels, which

resists lateral loads (i.e. F,, and F,, ) only through moment frame actions up to the

development of plastic moments at the HBE-to-VBE and VBE-to-foundation connections.
Note that the HBE end fixities and the VBE fixities at the base are removed in frame B,
since the contribution to lateral force resistance due to those fixities is taken into account
in frame C. The summation of lateral force resistances of the above two systems is equal
to the overall lateral strength of the SPSW, which is necessary to develop the desired

plastic collapse mechanism.

The tension field forces applied on frame B can be further broken into three components
for analysis purpose, namely: (i) horizontal components of infill tension fields applied on
VBEs, as shown in figure 4-2d; (ii) vertical components of infill tension fields applied on
HBEs, as shown in figure 4-2¢; and (iii) horizontal and vertical components applied on
HBESs and VBEs respectively, as shown in figure 4-2f. Note that frames D and E shown
in figures 4-2 are in self-equilibrium and the lateral force resisted by frame B is applied

on frame F.

According to figure 4-2, using the principle of superstition, the resulting axial force in the
intermediate HBE of frame A can be obtained by adding up the axial effects in the
intermediate HBEs of frames C, D, E and F, which are presented in the following parts of
this section. Note that compatibility of deformations is not enforced by this procedure,

but this simplifying assumption has been found to have negligible impacts on the results.
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FIGURE 4-2 Decomposition of SPSW Free Body Diagrams: (a) Typical SPSW;
(b) Boundary Frame with Infill Panels; (c) Boundary Frame without Infill Panels;
(d) Boundary Frame with Horizontal Components of Infill Panel Yield Forces on
VBEs; (e) Boundary Frame with Vertical Components of Infill Panel Yield Forces
on HBEs; (f) Boundary Frame with Horizontal and Vertical Components of Infill

Panel Yield Forces on HBEs and VBEs Respectively.

4.3.1 Axial Effects Due to Boundary Moment Frame Sway

The behavior of frame C shown in figure 4-2 is similar to that of a typical steel moment
frame. All HBEs are connected to the VBEs with moment resisting connections able to
develop plastic moments when the expected mechanism develops. For the case shown in
figure 4-2c, where equal equivalent seismic lateral loads are applied on both sides of the

frame, no axial forces develop in the HBEs.
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4.3.2 Axial Effects of Horizontal Tension Field Components on VBEs

To estimate the axial force caused by horizontal components of infill panel yield forces
on VBE as shown in figure 4-2d, Berman and Bruneau (2008) proposed a simple
analytical model consisting of a continuous beam element representing the VBE

supported by elastic springs at the HBE locations. Based on this model, the spring force,

P.., corresponding to compression axial force in HBE , which is typically of significant

magnitude, can be estimated from the horizontal components of the tension fields on the

VBEs considering VBE lengths tributary to each HBE, i.e.:

h., d. h, d.
P':w ) si i +w. . si+l i 4_5
Ci xa( 2 2 ) xcH—l( 2 2 j ( )

where /4, is the i story height; d,is the depth of the HBE considered.

4.3.3 Axial Effects of Vertical Tension Field Components on HBE

Another (and often neglected) potential source of axial force in HBE is due to
deformation compatibility of the HBE web. Axial restraint of an HBE, if present, can
lead to axial forces in that HBE when its web is subjected to the vertical components of
infill panel yield forces, as shown in figure 4-2e. To illustrate this, consider an element

located within the web of an intermediate HBE, as shown in figure 4-3.

Mybi+1

/#/’HLA '
Ill/II Gy

1 /4

Am \ —thy
— ool A -0

‘Y - Txy T
%/D Xb/’/ / Oy

Mybi

FIGURE 4-3 Intermediate HBE under Vertical Components of
Infill Panel Yield Forces
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Note that the web of the HBE is in plane-stress condition. The axial strain, £ (), of the

considered element can be obtained according to Hook’s law:

EERACRLAG o

where v is Poisson's ratio and E is Young's modulus. Stresses o (y) and o, (v) are in-

plane stress components in the coordinate system shown in figure 4-3.

For an HBE with ideally rigid axial restraints, the web of that HBE is unable to elongate

along the member's longitudinal axis, which is mathematically expressed as:
£ (y)=0 (4-7)

Substituting (4-7) into (4-6), one can obtain the relationship between vertical and axial

stresses:
o (y)=vo,(») (4-8)

The axial tension due to this Poisson's effect can be obtained by integrating the axial

stress along depth of the HBE web:
h,
PDi = IO O-x (y)twdy (4_9)

where ¢, and &, are thickness and depth of the HBE web, respectively.

Assuming a linear distribution of vertical stresses from the bottom to the top of the HBE

web as used in Section 3, such that:

. w,.
o e T/ (R A WP /0 U 8 4-10
() t[ hj 5 (4-10)

w w w w

and substituting (4-10) into (4-9) and integrating, the axial tension in the axially

restrained HBE is obtained as:
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|4 (a) T,

p,=—2" : ) h, (4-11)

Although the potential for the above axial force theoretically exists, the magnitude of the
contribution of this axial effect to the total axial force in HBEs typically would be on the
order of 5% if the VBEs were able to fully restrain the HBEs against axial deformation.
Results reported in the literature have not commented on this effect at the time of this
writing, and it is difficult to identify whether this effect has been occurring in prior tests
since it is only a small contribution. Furthermore, whether or not the HBEs can
effectively be restrained axially varies from wall to wall, depending on the fixity at the
ends of the HBE and the relative stiffness of HBEs and VBEs along the height of the
SPSW. It would be interesting in future research to monitor to what extent this effect
contributes to structural behavior. However, the FE models presented in Section 4.7
include this effect. For consistency, wherever the boundary conditions used in finite
element studies prevent axial elongation, this effect has to be taken into account to assess
the accuracy of proposed simplified approach against such finite element benchmark

results as done later in this section.

4.3.4 Axial Effects of Horizontal Tension Field Components on HBE

As shown in figure 4-2f, for lateral loads equally applied on both sides of the frame, the
axial force resulting from the horizontal components of the infill panel yield forces acting

along the HBE varies as shown in figure 4-4.

+(xbi -Wxbi+1) L/2

Tension

Compression

-(xbi -Mxbi+1) L/2

FIGURE 4-4 Assumed HBE Axial Force Distribution Due to Horizontal
Components of Infill Panel Yield Forces on HBE
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For some regular SPSWs, this assumption is proper. However, for more general

applications, the axial force distribution in HBE depends on the distribution of the

equivalent earthquake loads applied at floor levels. To better understand this, consider the

two SPSWs shown in figure 4-5. These two structures have identical mass distributions

and column layout, but the steel plate shear walls are implemented at two different

locations. The free body diagram of the intermediate HBE is also provided in figure 4-5

assuming that the two SPSWs with simple HBE-to-VBE and VBE-to-ground connections

are subjected to rightward sway.

3 & = g1 d & g1
1 1 H t {—
5 = = £] 4 = £]
Plan view (SPSW-A) Plan view (SPSW-B)
. 7/ X
— < — D
Ai Ai
[ [ - [
Elevation view (SPSW-A) Elevation view (SPSW-B)
xbi+1
—_—_,| - - - - - - - = _>P Dmi __ __ __ _ _ L —_—
hielr4-7#nreir remr or--..____ Pori
(Dxbi

FIGURE 4-5 Structures with SPSW Implemented at Different Locations

Free body diagram of intermediate HBE



The HBE axial force equilibrium gives:

P+ B B = (wxbi — Wy

)-L (4-12)

where P, and P, are the equivalent earthquake loads applied at the left and right ends

of the intermediate HBE, respectively; and P, . is the resultant force from a uniform

earthquake force applied along the intermediate HBE, if any are acting there (loads
transferred by the concrete slab for example). Accounting for those forces, earthquake

load application factors can be defined as:

P

Vi = i (4-13)
l (a)xbi — Wy ) L

7/mi — PDmi (4_ 14)
(a)xbi - a)xbi-H ) L

7}’[:1_7/11‘_7/711‘ (4-15)

where 7,, 7, and ¥, are the percentages of the seismic loads at the i” floor applied at

the left and right sides, and within the bay of the wall respectively. For example, for

SPSW-B shown in figure 4-5, 7, and y, are 100% and 0% respectively, assuming no

loads are transferred within the bay of the wall.

Referring again to the example buildings in figure 4-5, the earthquake loads, (which are
essentially inertia forces depending on structure configuration and mass distribution), are
different in SPSW-A and SPSW-B: no inertia force develops on the right side of infill
panels in SPSW-B, unlike SPSW-A in which identical inertia forces develop on both
sides of the frame. Thus, for the given earthquake loads, the axial force at location x

along an HBE can be determined as

P (%)= [—n ~ T %+ﬂ(w ~ @) L (4-16)
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Figure 4-6 shows the distributions of the axial force normalized by the magnitude of the
resulting force of the horizontal components of infill panel yield forces along the HBE,

for different earthquake load application factors. The assumed axial force distribution

shown in figure 4-4 corresponds to the typical case that , =y, =0.5 and y,, =0.
1 S | i i i

N W0.50andy, =000

- memeees Y, =0.75 and v, =0.00 o _—
06 - s s s s s

. Ylizl .00 and YmIZOOO 77777777777 : 3 3 |
0.4 F —— %=050andy,=0.10 — T
—— 3=0.75andy,=0.10 — | =T |

PDi(X)/(O‘)xbi_ i )

0O 01 02 03 04 05 06 07 08 09 1
x/L

FIGURE 4-6 Normalized Axial Force Distribution in Intermediate HBE Due to
Horizontal Components of Infill Panel Yield Forces on HBE

4.3.5 Resulting Axial Force in HBE

The analytical procedures to estimate the magnitude and distribution of axial forces in
intermediate HBE have been developed for each sub-system shown in figure 4-2. These
axial effects are then combined, considering an arbitrary sign convention (i.e. "-" and "+"
for compression and tension respectively), resulting in the following equation for the

axial force at any location, x, of the HBE:
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h, d h., d.
])bl ('x) =—0,, [i_jj ~ Wi [571 _?j

Axial effect in intermediate HBE of frame D

(4-17)
1% ( w,+a,. )
vbi ybi+1 X X
+ h H =Y =Vt (@4 — @) L
w li mi xbi xbi+1
2 L L
Axial effect in intermediate HBE of frame E Axial effect in intermediate HBE of frame F

4.4 Shear Force in Intermediate HBE

Shear force in an intermediate HBE comes from two sources: tension fields and boundary
frame sway. To better understand this, following the same logic adopted in Section 4.3 to
account for the contributions of various effects on axial force, the free body diagram of a
typical intermediate HBE (figure 4-7A), when the SPSW develops the expected plastic
mechanism, can be decomposed into two sub-systems, as shown in figures 4-7b and 4-7¢
respectively, namely: (i) Beam B, a simply supported beam subjected to top and bottom
infill tension fields, which will be investigated in Section 4.4.1 to determine the shear

effects only resulting from infill panel yield forces (i.e @,, and @),,,,); and (ii) Beam C,

also a simply supported beam subjected to plastic end moments, which will be
investigated in Section 4.4.2 to take into account the shear effects only due to boundary

frame sway.

For calculating the shear effects only due to top and bottom tension fields (i.e. shear force
in Beam B shown in figure 4-7), two analytical models based on different free body
diagrams will be developed in Sections 4.4.1.1 and 4.4.1.2 respectively. FE analysis will
be used in Section 4.4.1.3 to verify those two analytical models. The shear force in HBE
only due to frame sway (i.e. shear effects in Beam C) is a well-known and validated
effect. The corresponding results for HBEs with and without RBS at the ends will be
presented in Section 4.4.2 for convenience. The total effects of infill panel yield forces

and boundary frame sway will be provided in Section 4.4.3.

For simplicity, the tension field orientation angle, &, typically close to 45° from the

vertical, is assumed to be identical above and below the considered HBE. Note that, in
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design, one may alternatively use the average orientation angle of the top and bottom

tension fields.

AAIAAAASAAAAAAAAAAAAIAAAAAAAAA S
e b
- do (A) .
e/?7??7?7??7??7?195?9@9@9@944444/ e
AAAAAIAIAAAAAAAAFAAAAAAAAAAAAAA
. end —y o . . . ®) . . . . . Plnne.d end
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+
¥ LC Pinm?d end . . . . = . ' ‘ . . Pinnec'l end )N[ R

FIGURE 4-7 Decomposition of Loading on Intermediate HBE: (A) Typical
Intermediate HBE; (B) Intermediate HBE Subjected to Infill Panel Yield Forces;
(C) Intermediate HBE Subjected to Plastic End Moments

4.4.1 Shear Effects Only Due to Infill Panel Yield Forces

Beam B shown in figure 4-7 is studied in this section. Two analytical models, using
different free body diagrams to calculate the shear effects only due to top and bottom
tension fields, are developed in Sections 4.4.1.1 and 4.4.1.2 respectively. The first model
divides the tension fields into three sub-tension fields, and obtains the shear forces by
superposing the shear effects caused by each sub-tension field. The second model
decomposes the tension fields into horizontal and vertical components, and estimates the
shear force by combining the shear effects resulting from each component of the tension

fields. These two models are validated by FE results in Section 4.4.1.3.

4.4.1.1 Superposing Shear Effects from Sub-Tension Fields

The tension fields on both sides of an intermediate HBE labeled B, shown in figure 4-8,

can be divided into three sub-tension fields in accordance with boundaries determined by
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two parallel lines at inclination angle of ¢ . Those boundaries pass through the top right
and bottom left corners of the top and bottom fish plates, respectively. Accordingly, the
infill panel yield force are divided into 3 free body diagrams labeled B1, B2 and B3
respectively as shown in figure 4-8. In free-body-diagram B1, both top and bottom
tension field forces are uniformly distributed in the middle part of the HBE. In free-body-
diagrams B2 and B3, bottom and top tension field forces act on the right and left ends of
the HBE, respectively.

L O b ormemetiee b S o been 77 1)
e/ o 7 7 T
KA AL A
(Dbi+11 ”

A A A A A A A A A A A A A S A

FIGURE 4-8 Infill Panel Yield Forces on Simply Supported Intermediate HBE

From the principle of superposition, the resulting shear action can be determined by
combining the shear effects in free-body-diagrams B1, B2 and B3 (i.e. shear effects due

to each sub-tension field).

72



Fish plates, which are used to connect infill panels and HBEs, are included in the free
body diagrams since they have an impact on shear estimation as demonstrated later. In

figure 4-8, d, is the distance between the fish plate end to the VBE face, and £, is the

distance between the HBE flange and the welds connecting the infill panel to the fish

plate. The terms, x, and x,,, define the distances from the VBE face to the parallel line

boundaries, respectively measured from the weld of the infill panels to the fish plates or

the centerline of the HBE as shown in figure 4-9 . The corresponding equations for x,

and x,, are:

xp=d, +(d+2h, )tane (4-18)
d
Xy =d, +(E+thtana (4-19)
() S |<_df
sy
Ao
. % d td+2hs
i // XM
he //’ |
Vo ———
i

FIGURE 4-9 Intermediate HBE End

To understand the shear effects caused by the top and bottom infill panel yield forces in
free-body-diagram B1 shown in figure 4-8, consider a small segment of the HBE as

shown on the left-hand side of figure 4-10a.
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FIGURE 4-10 Simplification of Infill Panel Forces on HBE Segment

The equilibrium equation of that segment along the acting direction of infill panel yield

force gives:
vV =(w, -, )dx (4-20)

Multiplying by cosar on both sides of (4-20), and recalling dV, =dV -coser ,
@, =@, -cosa and @,,,, =@, -cosa , one can obtain equilibrium in the vertical

direction as:

- a)ybi+1

dv, :(a)

y vbi

)- dx (4-21)

The vertical shear force in free-body-diagram B1 shown in figure 4-8 can be similarly
determined through a free body diagram in which the resulting vertical infill panel yield
forces are applied on the centerline of B1 as shown in figure 4-11. However, for free-
body-diagrams B2 and B3 shown in figure 4-8, in which infill panel yield forces are
applied on only one side (either top or bottom), the above logic can not be followed due

to the absence of infill panel yield forces on the other side.

The shear force from the free-body-diagram B2 shown in figure 4-8 is obtained by
breaking that free body diagram into two sub-systems: namely (i) free-body-diagram B21
shown in figure 4-11, in which the vertical components of the infill panel yield forces is

applied on the centerline, and (ii) free-body-diagram B22 shown in figure 4-11, in which
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a uniformly distributed moment equal to the magnitude of the horizontal components of
the infill panel yield force times the distance between its line of action and the beam
centerline is applied. From the above two sub-systems, the shear effects resulting from
the horizontal and vertical components of the infill panel yield forces in free-body-
diagram B2 shown in figure 4-8 can be taken into account respectively. Similarly, free-
body-diagram B3 shown in figure 4-8 is divided into free-body-diagrams B31 and B32 as

shown in figure 4-11.

Oybi-Mybi+1
YV TPy YTV IR IV YT I I YV VI I YN YN YT TTYY
o B1) ]
(’Oybiv YYYYYYY
A
(B21) l‘T’J
(Dybi(d/2+hf)\_\_\\\\_\
A TITITITITN
(B22) l‘T’J
AH“““(!)ybiH (B3l) A
LX_J
\\\\E\\\ Mybi+1 (d /2+ht )
NITITTITITT A
I (B32)
Xk

FIGURE 4-11 Free Body Diagrams of Simply Supported HBE under
Fundamental Loading Due to Sub-Tension Fields

Based on the loading characteristics, the free body diagrams shown in 4-11 are
differentiated into the following two categories: (i) simply supported beams under partial
uniform loads (i.e. B1, B21 and B31), and (ii) simply supported beams under partial
uniform moments (i.e. B22 and B32). Shear diagrams for the above two general cases are
derived below, from which the shear force corresponding to each free body diagram can

be obtained.
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First consider the effect of a uniform load over part of the HBE length as shown in figure
4-12. The parameters, a, ¢ and d, describe the location of loads applied to the HBE,

and. ® and W are the magnitudes of the uniform load and its resultant action,

respectively.
d=L-b/2-a/2
b I
a C
! W=wc
®
YYYYYYYYYVYYYYVYYYYYYYY X
57 B . C DA
A At
Y4 + C D
4 B - 02

Shear diagram

FIGURE 4-12 Free Body Diagram and Shear Diagram of Simply Supported
Beam under Partial Uniform Load

For the sign convention shown in the above figure, the shear along the beam is given as:

6 -w if 0<x<a
xX—a :
Vi(x)= [6’1 - }W if a<x<b (4-22)
-6, -W if b<x<l

where 6, and 6, are two factors for calculating the shear forces at the left and right ends

respectively, equal to
6 =d/L (4-23)

6,=1-6 (4-24)
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Shear forces in free-body-diagrams B1, B21 and B31 shown in figure 4-11 can be
derived from the general results presented in (4-22) and parameters used in (4-22) for

each free body diagram are summarized in table 4-1.

TABLE 4-1 Parameters for Determining Shear Forces

FBD | a b ® 6, 0,

B1 Xy | L-xy | @y, 0.5 0.5

B21 | L-x, | L-d, o, 0.5(x,+d,)/L |1-0.5(x,+d,)/L
B3l | d, X, ~@y | 1-0.5(x,+d, )L | 0.5(x,+d,)/L

Then, consider the shear effect of uniform moment over part of the HBE length as shown
in figure 4-13. The parameter, c, is used to describe the effective length along which m
is acting, where m and M are the magnitudes of the uniform moment and its resultant

action, respectively.

| < |
M=mc
0 T — X
Ay RAAIIIIIZIIIIIIIDIIIT DA
L
A Aty
A B C D

M/L B

Shear diagram

FIGURE 4-13 Free Body Diagram and Shear Diagram of Simply Supported
Beam under Partial Uniform Moment

For the sign convention shown in the above figure, the shear along the beam is given as:

V(x)=mc/L=M|L (4-25)
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Shear forces in free-body-diagrams B22 and B32 shown in 4-11 can be determined by
using the same general results presented in (4-25) by substituting the resulting moment

calculated below:

d
wybi(5+hf)(xE—df) for B21
M= (4-26)
()

d
» (5+ hfj(xE ~d,) for B22

The shear forces in free-body-diagrams B1, B21, B22, B31 and B32 shown in figure 4-11
have been determined from the above derivations. One can obtain the resulting shear
forces in an HBE subjected to infill panel yield forces by superposing the effect from
each aforementioned free body diagram. The shear force at the right and left ends of the

HBE, V,, and V, , caused only by the infill panel yield forces are provided below:

P (a)ybi _wybi)(L_zxM)
SR = 5

Shear effect from B1

+60,, (x,—d,)

\—_w_—J
Shear effect from B21

d (4-27)
(@ + @) (2 =) [2 * hfj
~(1-0)0,,,., (x, —d, )+ ;
Shear effect from B31 Shear effects from B22 and B32
(a)b[ _wa)(L_zxM)
Vy = v ; +(1—6’)a)ybi(x5—df)
Shear effect from B1 Shear effect from B21
d (4-28)
- a)yle(xE—df)— .
Shear effect from B31 Shear effects from B22 and B32
where @ is the load distribution factor
6=1-x,/L (4-29)

Results from (4-27) and (4-28) are compared with the FE results for assessing their

accuracy in Section 4.4.1.3.
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4.4.1.2 Combining Shear Effects from Tension Field Components

For determination of the shear effects in an intermediate HBE from infill panel yield
forces only, the second model decomposes the top and bottom tension fields on an
intermediate HBE into horizontal and vertical components as shown in figure 4-14.
Accordingly, the total shear in the HBE can be obtained by combining the shear effects

due to horizontal and vertical components of the tension fields.

ybi+1
BESEREEEREEREE R R RS R R ER N RE RSN

oxvitpbrm—m 6 00— 07—

fish plate /Web of intermediate beam flange of intermediate beam d
® /
Mxbi T 7 ]
R R R R R R R R R R AR R R R R ER R R R R R
Mybi
L
VﬂE“V Vl,jtV
Mybi-Wybi+1
O LYYYYVYYYYVYUYIYYYVVYYVYIYVYIVYVYVYIVYVYVYIVYVIVVIVYVIVVYY

oo T T——

(ybitybit1)(d+2hf)/2

0 RO DI D 3PP o

Vh(x) -

FIGURE 4-14 Decomposition of Infill Panel Yield Forces on the Simply
Supported Beam and the Corresponding Shear Diagrams

To account for the shear effect caused by the vertical components of the top and bottom

tension fields (i.e. @, and @, ), the resulting vertical infill panel yield forces (i.e.

bi
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i1 )) are applied at the beam centerline as shown in the middle part of figure

( wybi

4-14. By setting a=d,, b=L-d, and 0=, -, in (4-22), (4-23) and (4-24),

oY ybi+1
which are the general results for shear force in a simply supported beam subjected a

uniform load over part of its length , one can obtain the corresponding shear as:

(wy’”_wy"’;)(L_zdf) if 0<x<d,
VV(X) — (a)yhi _a)ybigl )(L—ZX) if df <x< L—df (4_30)
_(a)yhi—a)y,’i;)(L—zdf) it L-d, <x<L

To account for the shear effects generated by the horizontal components of the top and
bottom tension fields, a free body diagram is shown in the bottom of figure 4-14, in
which the horizontal components of the tension fields acting in opposite directions at the

and @

xbi

top and bottom edges of the HBE web (i.e. @, ) are equivalently replaced by

i+1

uniformly distributed moments of magnitude equal to the horizontal components of the

tension fields times the distance from the acting line to the beam centerline. By setting

c=L-2d, and mz(a)xbi+a)xbi+l)-(%+hfj in (4-25), which is the general result for

shear force in a simply supported beam subjected to a uniform moment over part of the

length, one can obtain the corresponding shear as:

V. ()= - Xbm)(c;Zth)(L—de) @3

(a)xbi to

By combining the shear force predicted by (4-30) and (4-31), i.e. shear effects caused by
vertical and horizontal components of the infill panel yield forces respectively, one can
obtain the total shear forces in an HBE due to the top and bottom tension fields.

Correspondingly, the shear forces at the right and left ends of the HBE, V, and V, , are

obtained by setting x =0 and x =L in the expression for the total shear forces:
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VSR __ (a)ybi - a)ybi+l ) (L - de ) _ (a)xbi T Wy )(d + 2hf ) (L - 2df ) (4_32)

2 2L

Shear effects due to vertical
components of the tension fields

Shear effects due to horizontal
components of the tension fields

v, = (@, - a)ybi;) (£-2d,) (@ + @) (dzJL’ 2k )(L-2d,) (4-33)

Shear effects due to vertical
components of the tension fields

Shear effects due to horizontal
components of the tension fields

Indeed, results obtained from (4-32) and (4-33) are equivalent to (4-27) and (4-28),
respectively, although they have different expressions derived using different free body

diagrams. Detailed mathematical proof is presented in Appendix A.

4.4.1.3 FE Verification of Shear Effects due to Tension Fields

In Sections 4.4.1.1 and 4.4.1.2, two approaches for estimating the shear forces in
intermediate HBEs only due to tension fields are presented based on different free body
diagrams. To assess the adequacy of those approaches, four different HBEs were
investigated using the FE methods. Those four examples considered intermediate HBEs
under either equal or unequal top and bottom tension fields, and with or without fish

plates.

All HBEs modeled consisted of a 3508 mm long W24x76 beam. An orientation angle of

o =45" was assumed for the top and bottom tension fields in all cases. Material was
assumed to be A572 Grade 50 steel with isotropic and elasto-perfectly plastic constitutive
behavior. The considered magnitudes of top and bottom tension fields and the defining

parameters of fish plates for the models are summarized in table 4-2.

TABLE 4-2 Magnitudes of Top and Bottom Tension Fields and
Defining Parameters of Fish Plates

HBE ID wxbi wybi wxbi+l a)ybi+1 df hf
(N/mm) (N/mm) (N/mm) (N/mm) (mm) (mm)

1 496 496 496 496 0 0

2 496 496 496 496 40 35

3 496 496 357 357 0 0

4 496 496 357 357 40 35
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The corresponding FE models were analyzed in ABAQUS/Standard. Shell element
(ABAQUS element S4R) was used for the webs and flanges. A total number of 18,660
and 17,280 elements were used for the HBEs with and without fish plates, respectively.
The top and bottom tension field forces were applied on the FE models. The ends of the
beams were simply supported to be consistent with the boundary conditions used in the
free body diagrams. The shear reaction forces at the beam ends obtained from FE
analyses are presented in table 4-3 along with those predicted using the approaches
proposed in Sections 4.4.1.1 and 4.4.1.2 for comparison purpose. Also compared are the
results from the following equation which was assumed, prior to this study, to be the
correct acting shear on the basis of HBE free body diagrams, in which the HBE depth
was neglected and the vertical resultant force of the tension fields was assumed to be

equally transferred to both ends of HBE, namely:

(a)ybi — Wy ) (L - 2df )

Vs = 5 (4-34)
TABLE 4-3 Magnitudes of HBE End Shears from Different Models
FE Eq.(4-33) | Eq.(4-28) FE Eq.(4-32) | Eq.(4-27) | Eq.(4-34)
1 292.5 292.5 292.5 -292.5 -292.5 -292.5 0
2 319.8 319.8 319.8 -319.8 -319.8 -319.8 0
3 6.7 6.7 6.7 -496.1 -496.1 -496.1 2447
4 35.7 35.7 35.7 -513.9 -513.9 -513.9 239.1

As shown in the above table, the estimates on HBE end shears using the approaches
presented in Sections 4.4.1.1 and 4.4.1.2 agree well with the FE results. However,
equation (4-34), which was previously used for the design of HBEs, fails to capture the
important variation of shear forces at the ends of the intermediate HBE that occurs
because the resultant action of the vertical tension field components is not equally
resisted by each end of the HBE. Also found in the above table, the end shears increase

slightly due to the presence of fish plates.
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4.4.2 Shear Effects Due to Boundary Frame Sway Action Alone

Shear effects in HBEs due to boundary frame sway action alone (i.e. shear in Beam C
shown in figure 4-7) is straightforward and a well known result. In this section, RBS
connections at the HBE ends are taken into account to calculate the shear effects for the
following two reasons: (i) HBEs without RBS connections at the ends are only a special
case of the HBEs with RBS connections at the ends (i.e. reduction in flange is zero), and
correspondingly the shear force in the HBE without RBS connections can be obtained
from the general results of the HBE with RBS connections as demonstrated later, and; (ii)
it is helpful to investigate the case with RBS connections for the later examination on the
failed intermediate HBE of the MCEER/NCREE specimen described in Qu et al. (2008),

in which RBS connections were used.

The free body diagram, corresponding moment diagram and shear diagram of an HBE
with RBS connections are shown in figure 4-15. Parameter e is the distance from plastic

hinge to VBE face, which can be calculated according to flange reduction geometry, as

described in FEMA 350 (FEMA, 2000).

o . . . . . )
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FIGURE 4-15 Free Body Diagram, Moment Diagram and Shear Diagram of an
HBE with RBS Connections under Plastic End Moments Due to Frame Sway
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Note that the nominal plastic moment at the center of the RBS is reduced to account for
the presence of axial load, shear force and vertical stresses in the HBE web due to the
infill panel yield forces. Using the cross-section plastic moment reduction factors of the

left and right plastic hinges, B, and ..., per the procedures proposed in Section 3,

the uniform shear in the HBE only due to boundary frame sway, can be expressed as:

(lBRBSL + ﬂRBSR ) R yfyZ RBS

VvV, =—
M L-2e

(4-35)

where Z,,; is the plastic section modulus of the HBE plastic hinge, and R, is the ratio of

expected to nominal yield stress of the HBE.

Also note that iteration may be necessary in design since the plastic moment reduction

factors, By, and i, » depend on the total shear forces acting at the HBE plastic

hinges and that these must be assumed at the beginning of the design process.

For HBEs without RBS connections, the shear effects due to boundary frame sway can be

obtained by setting e =0, and replacing Z,,., B and By in (4-35) with Z, 5, and

B, , respectively:

(ﬁL + ﬂR ) RyfyZ

V=~ 7

(4-36)

where Z is the plastic section modulus of the unreduced HBE cross-section; A3, and /3,

are the cross-section plastic moment reduction factors of the left and right ends of the

HBE, respectively, which can be determined using the procedures proposed in Section 3.

4.4.3 Resulting Shear Force in HBE

The analytical procedures to estimate the shear force in Beams B and C shown in figure
4-7 have been developed in Sections 4.4.1 and 4.4.2 respectively. These shear effects are
then combined to obtain the total shears in HBEs. For use in calculating plastic moment
reduction factors at VBE face, the resulting shear forces at VBE faces obtained

combining all effects considered above are provided below.

84



For HBEs having RBS connections, the shear at the left and right VBE faces (i.e. V, and

V) can be obtained by adding up (4-33) and (4-35), and (4-32) and (4-35) respectively.

. (a)ybl. — W, ) (L -2d, ) (@, +o,.,,) (d +2h, ) (L -2d, )
L= —
2 2L
due to vertical components of the tension fields due to horizontal components of the tension fields ( 4 3 7)
(ﬂRBSL + IBRBSR ) Ryf;izRBS

L—-2e

due to boundary frame sway

(a) bi _wybi+l)(l‘_2df) (a)xbi T Dy )(d +2hf)(L_2df)

y
Vo= — _
2 2L
due to vertical components of the tension fields due to horizontal components of the tension fields ( 4 3 8)
_ (ﬂRBSL + ﬂRBSR ) Ryf;;ZRBS
L—-2e

due to boundary frame sway

Similarly, for HBEs without RBS connections, the shear at the left and right VBE faces
can be obtained by adding up (4-33) and (4-36), and (4-32) and (4-36) respectively:

Vo= (a)ybi_a)ybi+l)(L_2d/') _(wxbi+wxbi+1)(d+2hf)([’_2df)_(ﬂL+IBR)RyfyZ (4-39)
- 2 2L L
due to vertical components of the tension fields due to horizontal components of the tension fields due to boundary frame sway
y = (wybi_wybi+l)(L_2d/') (wxbi+wxbi+l)(d+2hf)(l‘_2df) (IBL +ﬂR)RyfyZ (4-40)
! 2 2L L
due to vertical components of the tension fields due to horizontal components of the tension fields due to boundary frame sway
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4.5 Prevention of In-Span HBE Plastic Hinge

The AISC Seismic Provisions (AISC 2005) specifies that with the exception of plastic
hinges at their ends, HBEs must be designed to remain elastic when the plastic
mechanism of the SPSW is fully developed. In-span HBE plastic hinge, however, could
partly prevent yielding of the infill panels and is deemed to be undesirable.

Vian and Bruneau (2005) proposed a procedure to prevent in-span plastic hinges in an
anchor HBE. Here, the moment diagram used in their procedure is reviewed in Section
4.5.1 and applied to intermediate HBEs by considering the net resulting distributed forces
from the top and bottom infill panel tension fields. In Section 4.5.2, that procedure is
extended to account for the reduced HBE plastic moment due to the presence of axial

compression, shear force and vertical stresses in the HBE.

4.5.1 Moment Diagram of Intermediate HBE

Vian and Bruneau (2005) obtained the moment diagram for an anchor HBE by
superposing plastic HBE end moments due to the boundary frame sway action and a
quadratic "hanging" moment due to the vertical components of the infill panel yield
forces. Following this logic, the moment diagram of an intermediate HBE can be

obtained as shown in figure 4-16.

The equation for the resulting moment diagram, M (x), using the sign convention shown

in the figure, is

W, =Wy )
M(x):( e ) x(l—x)—MPR-§+MPL(1—§j (4-41)

where M, and M ,, are plastic moments at the left and right ends, respectively; and / is

the distance between the left and right plastic hinges. For HBEs with and without RBS, /

can be taken as L —2e and L respectively, where L is the distance between VBE faces.
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The location of the maximum moment, x is calculated by differentiating M (x) with

span °

respect to x, setting the result equal to zero, and solving:

=i_[( MPL+MPR ] (4-42)

x?
span
2 a)ybi - a)ybi+] ) ’ l

The location of the maximum moment will be out of the span if the value of x which

span
theoretically can be anywhere from negative infinity to //2 , is less than zero. This case

implies plastic hinges can only form at the HBE ends.

Substituting (4-42) into (4-41) and simplifying:

(wym_wym+1)'12+ (MPL+MPR)2 +MPL_MPR

M = 4-43

span 8 2 . (a)ybi _ a)yle ) . 12 2 ( )
X / Mybit+1

H_ -~'-——7$ () N DC/:
Wybi : : (Oybi-Mybi+1)L/8 :
MprL + : : + :
= ORI ——y
I
+ + !

FIGURE 4-16 Deformed Shape, Loading and Moment Diagrams for Calculating
Intermediate HBE Collapse Mechanisms Using Equilibrium Methods for: (a)
Vertical Components of Infill Panel Yield Forces; (b) Left End Redundant
Moment; (¢) Right End Redundant Moment; (d) Combined Moment Diagram
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4.5.2 Procedure to Avoid In-Span Plastic Hinge

For an HBE with RBS connections at its ends, the plastic section modulus at the RBS

center, Z,,¢, can be obtained by reducing the plastic section modulus of the unreduced

HBE cross-section, Z , to the fraction, 77:
Zugs =12 (4-44)

where, 77, referred to here as the "RBS plastic section modulus reduction ratio", may vary

from unity and the minimum value of RBS flange reduction permitted by design

specifications and guidelines such as FEMA 350 (FEMA 2000).

Considering that the plastic moment resistance of HBE is reduced by the axial force,
shear force and vertical stresses acting in the HBE web, as shown in Section 3, the plastic
moment at the ends of an HBE can be determined by incorporating the cross-section

plastic moment reduced factors that account for these effects into calculations:
My, = ﬁRBSL '77'Ry fy Z (4-45)
M pper = IBRBSR - Ry fy Z (4-46)

To prevent development of an in-span plastic hinge, the maximum flexural demand on an

HBE should therefore be smaller than the available plastic strength within the span:
Mspan < ﬁSRyf:vZ (4-47)
where [, is the plastic moment reduction factor at the location of the maximum moment.

Therefore, replacing M, , M,, and [ in (4-43) by M,,, , Mz, and L-2e

respectively, and considering (4-47), the following requirement for avoidance of in-span

plastic hinge is obtained:
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(a)ybi - a)ybi+1 ) ’ (L - 26)2 + I:(ﬂRBSL + ﬂRBSR )nRyf‘yZJZ (ﬂRBSL - ﬂRBSR )77RyfyZ

+
° 2:(@, = ) (L-2e) 2 (4-48)
< 'BSRyfyZ

This expression can be reorganized as a quadratic inequality and solved for Z, obtaining

the lower bound of plastic section modulus:

2, =\ ai{?)(L e — (4-49)
yfy :Bm +\/ﬁ1R _:BzR
where
ﬂleﬂS+(ﬁRBSR _ZﬁRBSL)'U (4-50)
ﬂZR _ (IBRBSR +ﬂRBSL)'77 (4_51)

2

Mathematically, as part of the solution to the quadratic inequality (4-48), an upper bound

for the plastic section modulus also exists:

—w,. J(L-2e)
Z — vbi ybz+1)( ) . 1 (4_52)

4Ryfy /Bue _\/ﬂle _ﬂsz

However, one can neglect this upper bound for the HBE design. As determined in (4-42),

(@

the maximum moment location will be outside of the span (i.e.x

span

<0) if the plastic
moment of HBE is of significant magnitude (e.g. when Z is greater than Z__ ), which

max

implies that no plastic hinges will form except those at the ends of the HBE.

For the HBE without RBS connections, the lower bound plastic section modulus to

prevent the in-span HBE plastic hinge is obtained by replacing S, and By, by 5,

and [, respectively, and setting 7 =1 and e=0 in (4-49):
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7 = (a)ybi —a)yle)Lz 1 (4-53)

min 4Ryf'y ‘ﬂ1+\/ﬂ12_ﬂ22

where

p.=F; +—(ﬁR;ﬁL> (4-54)
g, =\ ;ﬂL) (4-55)

4.6 Moment Demand at VBE Faces

For design of an HBE having RBS connections at its ends, it is also necessary to check
the adequacy of flexural strength at the VBE face to ensure satisfactory behavior of the
HBE. For determining moment demand at VBE faces, a simple free body diagram is
developed in figure 4-17, in which all inelastic beam action is assumed to concentrate at

RBS centers.

[0

ybi+

In the figure, distributed loads (i.e. w,,, ®

Vi xbi >

, and @,,,,,) represent the infill panel
yield forces; P, and P, respectively represent axial forces at the right and left HBE ends;
M, and M, respectively represent moment demands at the right and left HBE ends; V,
and V, respectively represent shear forces at the right and left HBE ends; P, and P,
respectively represent axial forces at the right and left plastic hinges; V,,g, and V,,,
respectively represent shear forces at the right and left plastic hinges; and S, R, f,Z zss
and [y,q R, f,Zss Tespectively represent the reduced plastic moments at the right and

left plastic hinges. For analysis purpose, the beam is divided into three segments, the
middle segment between two plastic hinges, and the right and left segments outside of the

plastic hinges.
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FIGURE 4-17 Free Body Diagrams of Intermediate HBE for Calculation of
Moment Demand at VBE face

For the middle segment of the beam (i.e. segment BC shown in figure 4-17), the moment

equilibrium to the left plastic hinge (i.e. point B) gives

(IBRBSR + ﬁRBSL ) RyfyZRBs + (a)ybi — Wy ) (L - 26)2 /2

(4-56)
+ (wxbl‘ T Wy ) (L - 26) (d +2h, )/2 —Vissz (L - 26) =0
Solving for V.,
Vs = (Buasi + Buast ) R, Ziss [(L=2) + (@, = 0,1, ) (L =2¢) /2 4-57)
+(a)xbi + a)xbi+1 ) (d + 2hf ) / 2
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Similarly, based on the moment equilibrium to the right plastic hinge (i.e. point C), one

can obtain

Viess, = (a)ybi — Wi ) (L - 26)/2_(IBRBSR + ﬂRBSL ) RyfyZRBS /(L - 2e>

(4-58)
)(d+2h,)/2

—(o,, +o

xbi xbi+1

For the right segment of the HBE (i.e. beam segment CD shown in figure 4-17), the
moment equilibrium to the right VBE face (i.e. point D) gives

M, +(@,, +a)rb,+l)(d+2hf)(e—df)/2

(4-59)
—Vrssr€— (a)ybi — Wi ) (e - df ) (e/2 + df /2) - IBRBSRRyfyZRBS =0

Solving for M :

My=5 RBSRRyfyZRBS +V psee
(@ =@ )(e=d, )(¢/2+d, /2) (4-60)
(a)xbz + wxbz+1 ) (d + 2h/ ) (e - df )/2

For the left segment of the HBE (i.e. beam segment AB shown in figure 4-17), the
moment equilibrium to the left VBE face (i.e. point A) gives

M, = ﬁRBSLRyfyZRBS —Vipsi€

~(@ — ., )(e—d,)(ef2+d,/2) (4-61)
~(a,, +a)xbl+1)(d+2hf)(e—df)/2

Note that the moment demands at VBE faces determined from (4-60) and (4-61) should
compare with the available plastic moment resistance of those cross-sections using the
procedures proposed in Section 3. As a result, the flexural strengths at the left and right

VBE faces can be obtained respectively:

L Strength ﬁLR f Z (4-62)
R Strength ﬂRR f Z (4-63)
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where S, and f, are the cross-section plastic moment reduction factors of the left and

right VBE faces, respectively.

4.7 FE Verification and Design Recommendations

To check the adequacy of the analytical models proposed in Sections 4.3 to 4.6 for
determining the axial force, shear forces and moment demand at VBE faces, and to
prevent of in-span HBE plastic hinge, FE analyses on an intermediate HBE having RBS
connections were conducted. Using the MCEER/NCREE specimen described in Qu ef al.
(2008) as a prototype SPSW, the intermediate HBE was redesigned using the design

demands per the developed analytical models.

This section first describes the FE model of the redesigned intermediate HBE. Then, axial
forces, shear forces and moments at VBE faces of the redesigned HBE obtained from the
FE analysis were compared with those predicted using the analytical models proposed in
Sections 4.3 to 4.6. Finally, additional recommendations to use the proposed analytical

models in design practices are also presented.

The resulting new intermediate HBE is a W24x76 member, replacing the original
H350x252x11x19 member. RBS connections were also used in the new HBE. The cross-
section properties and flange reduction geometries of the redesigned and original

members are summarized in table 4-4.

TABLE 4-4 Summary of Cross-Section Properties and
Flange Reduction Geometries

HBE d (mm) | b, (mm) | ¢, (mm) | ¢ (mm) | ¢ (mm) | b~ (mm) | ¢~ (mm)
Original 350 252 19 11 135 230 48
Redesigned 607 228 17.3 11.2 160 486 57

~ flange reduction geometry parameters described in figure 4-19

The redesigned intermediate HBE was modeled in ABAQUS/Standard. Shell elements
(ABAQUS element, S4R) were used for the web and flanges. A total of 17,280 elements
were used in the model. Material was assumed to have a yield strength of 346MPa with
isotropic and elasto-perfectly plastic constitutive behavior. The beam flanges were

reduced according to the geometries presented in table 4-4.
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The FE analysis was conducted in two stages. In the first stage, the uniformly distributed

loads, o,

s> @ys @y, and @, , which were respectively determined to be 557 N/mm,
492 N/mm, 400 N/mm, and 353 N/mm, using the actual thicknesses, yield strengths, and
inclination angles of the infill panels at the first and second story of the MCEER/NCREE
specimen, were applied along the top and bottom edges of the HBE web to represent the
infill panel yield forces. At the same time, both ends of the beam were fully fixed except

that the axial restraint at the right end was released and an axial load ( £, ) was applied to

replicate the axial force in the HBE. Magnitude of that axial load was determined by
setting x = L in (4-17). In the second stage, a displacement controlled method of analysis
was used. HBE end rotations with identical magnitude up to 0.035 rad, which
corresponded to rightward sway of the SPSW, were applied at the ends of the HBE to

obtain the shear and moment demands at VBE faces.

In the FE analysis, no in-span plastic hinge developed in the redesigned HBE. The axial
forces, shear forces and moment demands at the left and right VBE faces obtained from
the FE analysis are shown in table 4-5, together with those predicted using the

approaches proposed in Sections 4.3 to 4.5.

TABLE 4-5 Design Forces at VBE face

Finite . Plastic.analysig ba§ed on freg body
VBE Design element diagrams with plastic hinge location taken gs
Face forces analysis Center of RBS Proposed for design
Value Error (%) Value Error (%)
- Axial Force (kN) 1426 1426 - 1426 -
E Shear Force (kN) 432 395 -8.6 455 53
Moment (kNm) 729 632 -13 809 11
Axial Force (kN) 941 941 - 941 -
%n Shear Force (kN) 981 945 -3.7 1005 2.4
& Moment (kNm) 875 842 -3.8 876 0.1

-~ not applicable.
" control the design.

As shown in the table, the predictions agree reasonably well with the FE results. The
difference between those predictions and FE results mainly comes from the simplification
of plastic hinge location in the free body diagrams shown in figures 4-15 and 4-17, in

which the plastic hinges are assumed to form ideally at the center of the RBS (i.e. where
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the beam flange is reduced most severely). However, it is not the actual case due to the

presence of variable axial force, shear force, and vertical stresses in the HBE.

To illustrate the actual location of plastic hinging in an HBE, the yielding pattern of the
bottom flange at the right RBS connection at the onset of inelastic behavior obtained
from the FE analysis is shown in figure 4-18a. Note that the yielding zones are
represented by the shaded areas. This shows that the center of the yielding zone and thus
the location of the lumped plastic hinge moves towards the near VBE face. At the time of
this writing, no experiments have been conducted on the redesigned HBE to confirm the
above observations from FE analysis. However, similar yielding patterns in the HBEs
were consistently observed during the MCEER/NCREE tests and the recent NCREE tests
on SPSWs (Lee and Tsai, 2008) as shown in figures 4-18b, ¢ and d, respectively. Note
that the yielding parts in the specimens are represented by the flaked whitewash. For
comparison purpose, the yielding pattern of RBS in steel moment frame observed from
previous tests (Zhang and Ricles, 2006) is presented in figures 4-18e. As shown, the
plastic hinge forms at the center of the RBS in steel moment frame, which is different

from the plastic hinge location observed in the HBE.

The yielding pattern in the web of the redesigned HBE is presented in figure 4-18f. As
shown, the yielding zones spread over a large area in the HBE web due to the presence of
significant bi-axial and shear stresses as discussed in detail in Section 3. Similar yielding
behavior was also consistently observed during the MCEER/NCREE tests as shown in
figure 4-18g. For comparison purpose, the yielding pattern in the beam web observed
from the prior tests on the beam having RBS in steel moment frame (Jones et al. 2002) is
presented in figure 4-18h. As shown, the yielding zones concentrated around the RBS
center line in steel moment frame, which is different from the yielding pattern of HBE

web described above.
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(¢) Flange of the intermediate HBE in recent NCREE testing
(K.C. Tsai, NCREE, 2007, personal communication, Photo by M. Bruneau)

(d) Flange of the intermediate HBE in recent NCREE testing (K.C. Tsai, NCREE,
2007, personal communication, Photo by M. Bruneau)

(e) Flange of the beam with RBS in moment frame (from Zhang and Ricles, 2006)
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(h) Web of the beam with RBS in moment frame (from Jones et al. 2002)
FIGURE 4-18 Yielding Patterns at RBS

For design purposes, for greater accuracy, it is possible to account for the actual location
of plastic hinge. Calculation of the distance from the center of the reduced beam flange to
the actual plastic hinge location toward the VBE face can be simplified by assuming that
the plastic section modulus of the actual plastic hinge is equal to the average of the plastic

section moduli of the unreduced part of the HBE and that at the RBS center, which is

Z (4-64)
Accordingly, the distance, e, as shown in figures 4-15 and 4-17, can be calculated as
b
e=a+§—Ax (4-65)

where Ax is the distance between RBS center and the assumed plastic hinge as shown in

figure 4-19:

Ax=4/2-Ay-R—Ay (4-66)



where Ay is the flange width difference between the RBS center and the assumed plastic

hinge, and R is the radius of the arc cutout of reduced beam flange as shown in figure

4-19:

_ (1-n)z )
AT o
R:4c2+b2 (4-68)
&c
R
H]IBE b g ]
I %
Ay g
Y
%
— Ax |— | /
=T PR :

Center of RBS | VBE

Assumed plastic
hinge location

FIGURE 4-19 Geometries of RBS Connections

Beyond this difference, the rest of the procedure established on the basis of free body
diagrams in figures 4-15 and 4-17 remain valid. Results obtained using this modified
approach are presented in table 4-5. It is observed that this modified approach provides
more accurate estimate for moment at the side governing the design (i.e. right VBE face).
For shear, the accuracy is not significantly improved, however; at least, the modified
approach provides conservative estimate by 2.4% as supposed to be unconservative by

3.7% from the model assuming plastic hinge developed at the RBS center.
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Detailed calculation for the results for estimating HBE design forces using each assumed

plastic hinge location are provided in Appendixes B, and C.

4.8 Capacity Design Procedure for Intermediate HBEs

Based on the concepts presented in Sections 4.2 to 4.7, a capacity design procedure is
proposed for intermediate HBEs. It differs from the current design approach in that it: (1)
considers the reduced plastic moment strength of HBE to account for the presence of
axial load, shear force and vertical stresses in HBE web due to infill panel yield forces;
(i1) is able to capture the fact that resultant action of the vertical tension field components
is not equally resisted by each end of the HBE; and (iii) accounts for the variation of

plastic hinge location in HBE when RBS connections are used.

The proposed procedure for capacity design of an intermediate HBE having RBS
connections is illustrated in figure 4-20. Design steps of this procedure are outlined

below:
Step 1. Assume an intermediate HBE cross-section;

Step 2. Calculate infill panel yield forces following the approach presented in Section

4.2;

Step 3. Determine the axial force in HBE per (4-17), and the vertical stresses in HBE web
(per (3-28) and (3-29) proposed in Section 3);

Step 4. Select the flange reduction geometries in compliance with the design
specifications and guidelines such as FEMA 350. Determine the location and plastic
section modulus of plastic hinge in accordance with figure 4-19. Assume plastic moment

reduction factors of the plastic hinges (i.e. B,z and By, ) for the initial iteration of the

design process;

Step 5. Determine the shear forces at plastic hinges per (4-57) and (4-58);
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Step 6. Based on the approaches proposed in Section 3, calculate the plastic moment
reduction factors of plastic hinges. If the calculated factors are close enough to those
assumed in step 4, continue the design. Otherwise, return to step 4 and modify the

assumed plastic moment reduction factors;

Step 7. Calculate the maximum moment location in the HBE per (4-42). If the obtained
result is negative, which means the maximum moment develops out-of-span, go to step 8.
Otherwise, calculate the plastic moment reduction factor at the maximum moment
location and check (4-49). If (4-49) is not satisfied, return to step 1 and modify the

assumed HBE cross-section.

Step 8. Calculate the shear forces at VBE faces per (4-37) and (4-38). Determine the
plastic moment reduction factors at VBE faces based on the approaches proposed in

Section 3. Obtain the moment strengths at VBE faces per (4-62) and (4-63).

Step 9. Calculate moment demands at VBE faces per (4-60) and (4-61). If the strengths
are greater than the demands obtained in step 8, design is acceptable. Otherwise, return to

step 1 and modify the assumed HBE cross-section.
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according to Scction 4.2

!

Determine the axial force in the 1IBL
per(4-17y

v

Determine vertical stresses in the 11BE web per
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-

Determine the flange reduction geometrics
per FEMA 350

Determine the location and plastic section
modulus of plastic hinge per (4-66) and (4-64)

v

Assume the plastic moment reduction factors of’
plastic hinges (i.e. Priy and Prisk
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Determine the shear forces at plastic hinges
per (4-57) and (4-58)
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at VBE faces (i.e. P and By ) per Section 3

v

Calculate the moment strengths at VBE faces
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Calculate the moment demands at VBE faces
(i.e. My and M, ) per (4-60) and (4-61)

FIGURE 4-20 Design Procedure of Intermediate HBEs Having RBS Connections
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For capacity design of an intermediate HBE without RBS connections, the proposed
procedure is illustrated in figure 4-21. Design steps of this procedure are summarized

below:
Step 1. Assume an intermediate HBE cross-section;

Step 2. Calculate infill panel yield forces according to the approach presented in Section

4.2;
Step 3. Determine the axial force per (4-17);
Step 4. Determine the vertical stresses in HBE web per equation (3-28) and (3-29);

Step 5. Assume the plastic moment reduction factors at the HBE ends (i.e. B, and f,)

Step 6. Determine the shear forces at the HBE ends per (4-39) and (4-40)

Step 7. Based on the approaches proposed in Section 3, calculate the plastic moment
reduction factors at the HBE ends. If the calculated factors are close enough to those
assumed in step 5, continue the design. Otherwise, return to step 5 and modify the

assumed plastic moment reduction factors;

Step 8. Calculate the maximum moment location of the HBE per (4-42).If the obtained
result is negative, which means the maximum moment develops out-of-span, accomplish
the design. Otherwise, calculate the plastic moment reduction factor at the maximum
moment location and check (4-49). If (4-49) is satisfied, design is acceptable. Otherwise,

return to step 1 and modify the assumed HBE cross-section.
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FIGURE 4-21 Design Procedure of Intermediate HBEs without RBS Connections
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It should be noted that gravity loads have not been considered in the free body diagrams
of this section, as they will usually be relatively small in SPSWs. However if so desired,
they can be considered by adding them to the vertical components of the infill panel yield
forces that are applied to the intermediate HBE. Additionally, derivations in this paper
neglect strain hardening since steel in the verification FE example was assumed to have
an elasto-perfectly plastic constitutive behavior. However, to achieve capacity design, the

factor, C,,, to account for strain hardening as per FEMA 350 (FEMA 2000) should be

incorporated into determination of the plastic hinge strength in RBS. Furthermore, anchor
HBEs, as a special case of intermediate HBEs, may be also considered by the proposed

procedure with a tension field acting on only one side.

4.9 Examination of Intermediate HBE Fractures in Tests

As described in Qu et al. (2008), during the tests of the MCEER/NCREE SPSW
specimen, the intermediate HBE, which used RBS connections, developed complete
fractures at the ends of its flanges, but, no fractures in the reduced beam flange regions.
This section examines behavior of the intermediate HBE of the MCEER/NCREE SPSW

specimen in light of the knowledge developed in Sections 3 and 4.

Although many effects may have contributed to the unexpected failure in the intermediate
HBE of the MCEER/NCREE SPSW specimen, flexural strength deficiency at VBE faces
is a factor worthy of investigation. A preliminary assessment can be made by comparing
the design moment demands and available flexural strengths at the VBE faces. Based on
the intermediate HBE design procedure proposed in Section 4.8, the flexural demands

and strengths of the original HBE are obtained and presented in table 4-6.

Effects of material strain hardening, composite floor, ancillary floor truss and fish plates
in the MCEER/NCREE SPSW specimen are neglected here for simplicity. Note that
these effects result in higher plastic hinge moments and higher design demands at VBE
faces. For comparison purpose, the design moments and strengths of a redesigned HBE
are also provided in table 4-6. The redesigned HBE is a W24x76 member, as mentioned

in Section 4.7.
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TABLE 4-6 Design Demands and Available Strengths at VBE Faces

Left VBE face Right VBE face
HBE MLDemand L.Strength M R.Demand M R.Strength
(kN -m) (kN -m) (kN -m) (kN -m)
Original 660 774 748 571
Redesigned 809 951 876 897

As shown in the above table, at the right VBE face, the flexural strength of the original
HBE is smaller than the demand. This would explain the unexpected failure (i.e. fractures
at the HBE ends) observed during the tests. By comparison, the redesigned HBE
strengths are greater than demands, suggesting it would not have likely suffered from the

observed premature failure.

4.10 Summary

The effects of axial and shear forces in intermediate HBEs have been studied in this
section using plastic mechanisms and simple free body diagrams. A design procedure to
achieve capacity design of intermediate HBEs has also been proposed. This procedure
prevents the HBE in-span plastic hinge and ensures adequate moment capacity at the
VBE faces when RBS connections are used. FE analyses were used to validate the
proposed approach. Finally, behavior of the intermediate HBE of the tested SPSW
specimen was examined and explained using the knowledge and methodologies

developed in Sections 3 and 4.
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SECTION 5
BEHAVIOR OF VERTICAL BOUNDARY ELEMENTS

5.1 Introduction

Building on the knowledge developed in the prior sections for the capacity design of
HBEs, it would be interesting and apropos to investigate the current design approach of
VBEs. The early Canadian provisions for SPSW (i.e. CSA S16-95, CSA 1994) required
the VBEs to be designed as beam-column using a conventional strength-based approach.
This approach was challenged by the results of tests on quarter-scale SPSW specimens
conducted at the University of British Columbia (UBC), Canada (Lubell ef al. 2000), in
which the VBEs designed using the strength-based approach exhibited undesirable
premature out-of-plane buckling or significant "pull-in" deformations in VBEs. Members
of the CSA S16 committee ascribed these observed failures to the insufficient VBE
stiffness. If VBEs deform excessively, they may be unable to anchor the infill panel yield
forces. A non-uniform diagonal tension field may then develop and solicit the VBEs

inconsistently to the design assumptions.

To ensure adequately stiff VBEs, CSA S16-01 (CSA 2000) introduced the flexibility

factor, @, , proposed in the previous analytical work and development of plate girder

theory, as an index of VBE flexibility. Noting that the Lubell et al. specimens had a
flexibility factor of 3.35, and that all other known tested specimens that behaved in a
ductile manner had a flexibility factor of 2.5 or less (e.g. Driver's specimen had a
flexibility factor of 1.73, Driver et al. 1997), CSA S16-01 empirically specified an upper
bound of 2.5 on the flexibility factor. Note that this requirement can be converted into the
flexibility requirement for VBE design presented in the current design codes as

demonstrated later.

In design, the intent is that the aforementioned flexibility limit prevents the excessively
slender VBE. However, beyond the empirical observations and analogy to plate girder
theory, no work has investigated whether the significant inward inelastic deformations of

VBEs observed in some past tests were directly caused by the excessive VBE flexibilities
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or due to other causes, such as shear yielding at the ends of VBEs. In addition, no

theoretical research has established a relationship between the flexibility factor, @,, and

the out-of-plane buckling strength of VBE as part of SPSW behavior.

To better understand the above issues, the derivation of flexibility factor developed in
plate girder theory is first reviewed in this section, followed by the description of how
that factor was incorporated into the current design codes. Then, analytical models for
preventing the shear yielding and estimating the out-of-plane buckling strength of VBEs
are developed. Finally, results for some previously tested SPSWs are revisited and

assessed to validate the proposed analytical models.

5.2 Review of Flexibility Factor in Plate Girder Theory

A typical SPSW, as the one shown in figure 5-1, consists of boundary frame members (i.e.
HBESs and VBESs) and infill panels. In the SPSW literature, the analogy that the behavior
of a SPSW is similar to that of a cantilever vertical plate girder has often been made.
Using this analogy, the story height and bay width of a SPSW are analogous to the
stiffener spacing and depth of a plate girder, respectively. Note that this analogy has only
qualitative merits in providing a conceptual understanding of the VBE behavior in a
SPSW. Berman and Bruneau (2004) has identified that many significant differences exist

in the strengths and behavior of these two systems.

[ N

Horizontal Boundaryj
Element (HBE) \ % it
iffner

Infill Panel /

[

Vertical Boundary

Element (HBE) / Flange

[-Beam Plate Girder

Infill Panel

="
Steel Plate Shear Wall Plate Girder

FIGURE 5-1 Typical Steel Plate Shear Wall and
Analogous Vertical Cantilever Plate Girder
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Nonetheless, plate girder studies provided the theoretical framework from which equation
(5-1) that will be introduced in detail later was originally derived. The current design
specifications (the 2005 AISC Seismic Provisions and CSA S16-01) reference Wagner's
analytical studies (Wagner 1931) on elastic behavior of the girders with thin metal webs
(referred to as "flat sheet girder" in the literature of those days) subjected to transverse
shear, where a method for determining the minimum moments of inertia of flanges to
ensure a sufficiently uniform tension field across the web plate has been developed. Since
that method is the one underlying the current flexibility limit for VBE design, a brief
review of that study is presented here. The symbols used in the original work have been
changed to fit the nomenclatures used for SPSW designs (i.e. consistent with the notation

used in previous sections).

Wagner's analysis postulated that the deformation of a cantilever plate girder under
transverse load can be schematically shown as in figure 5-2. The subscripts "o" and "u"

are assigned to the variables corresponding to the top and bottom flanges, respectively.

|

FIGURE 5-2 Deformation of a Cantilever Plate Girder under Transverse Load
(Adapted from Wagner 1931)

As shown in figure 5-2, plate girder flange deformation is obtained by the superposition

of two effects, namely: global deflection of the plate girder due to transverse load,
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represented by J, and local deflections of the flanges between neighbouring stiffeners

due to web tension actions, represented by 77, and 7, . In figure 5-2, L is the depth of the

plate girder; and « is the inclination of infill web tension actions.

Uniformity of the tension field across web plate of the girder depends on the flexibility of
flanges. To better understand this, consider the effect of a single tension diagonal, which
is denoted by line "uo" in figure 5-2. When the flanges are flexible and develop inward

deflections (i.e. 77, and 77, shown in figure 5-2) under the web plate forces, the

elongation of uo decreases, compared to the case when rigid flanges would be present, as
a result of deformation compatibility. Note that this effect varies along the flanges (i.e.
the elongations of tension diagonals at different locations are different), resulting in
uneven tension fields across the web plate. For flanges infinitely rigid in bending, there
would be no local deflections of flanges between neighbouring stiffeners, resulting in a

uniform tension field across the web plate.

Modeling each flange of the plate girder as a continuous beam on elastic foundations, and
accounting for the real load distribution along each flange, which can be determined by
superposing the uniform load obtained assuming that the flanges are infinitely rigid and
the loss of this uniform load due to flange flexibility, Wagner (1931) derived the

following governing equation for the local flange deflections:

d*(n,-n,) (1 1 ) 1 1)¢,sin*a
— = —+— |t sin" g, —| —+— |[X—(n, — 5-1
dx? I I )™ A { L (7.7, -1)

u o u o

where 77, and 77, are the deflections of the bottom and top flanges due to web tension

actions respectively;
I, and I are moments of inertia of the bottom and top flanges respectively;
« is the inclination angle of the web plate tension action;

t,; 1s the web plate thickness;

wi
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L is the depth of the plate girder which corresponds by analogy to the width of a SPSW;

and &, is the strain in the tension diagonals assuming that the flanges are rigid.

Equation (5-1) is a fourth order ordinary differential equation and can be solved for

(17, —n,) using classic procedures. The maximum value of (77, —77,), which corresponds

to the maximum loss of the elongation of tension diagonal (i.e. an index of the maximum

loss of the uniform load along the flanges), is:

. (o w, ) . w,
el s1n(i]cosh(£j+cos(2’jsmh(2’j
(77” _770 )max = g2 1- [0) (1)) a, ) (5-2)
sm-a sin| —& |cos| —+ |+sinh| —* |cosh ’j
2 2 2 2

where @, is a flexibility factor, defined as:

0 = h,sina| L | L (5-3)
‘ I, I, )4L
where A, is the spacing between neighbouring stiffeners in a plate girder (which

corresponds by analogy to story height of a SPSW).

As explicitly expressed in (5-3), when increasing the stiffness of flanges of a SPSW (i.e.

increasing /, and [ ), the corresponding flexibility factor would decrease for given

values of the other terms.

To assess the uniformity of the web tension field, a stress uniformity ratio, o, /0,

ax

was proposed and calculated as:

O nean _ l . COSh(a)t) B COS(a)t)
sinh(®,) +sin(w,)

(5-4)
o w

max t
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where o is the mean of the web tension force components paralleling with the

mean

stiffener; o, 1s the maximum of the web tension force components paralleling with the

X

stiffener.
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FIGURE 5-3 Relationship between the Flexibility Factor and the Stress
Uniformity Ratio

The relationship between the stress uniformity ratio (i.e. ©,,,,/0 .. ) and the flexibility

mean

factor (i.e. @,) is shown in figure 5-3. As shown on that curve, for smaller values of @,
(e.g. in the range 0 <@ <1), for which the plate girder has relatively stiff flanges, the

stress uniformity ratio approximately equals one (which physically means that the
maximum stress is close to the average stress), indicating development of a uniform web
tension field. However, with increases in the flexibility factor, the stress uniformity ratio
decreases, indicating formation of a less uniform web tension field in plate girders having

more flexible flanges.
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For simplicity, Kuhn et al. (1952) simplified equation (5-3), by assuming o =45", for

which sina=0.7, and by substituting the algebraic equivalency L + o4 ,
I, 1, (I L )

u

L.
= 0.7k, 5-5
@ =0Th (5-5)

Kuhn et al. (1952) proposed the stress amplification factor, C,, which can be determined

to obtain:

from the following equation, to characterize the uniformity of web tension field:

0,.=1+C,)o, (5-6)

mean

As expressed in (5-6), the stress amplification factor, C,, captures the difference between

o, and o, . Large value of the stress amplification factor corresponds to a significant

max mean

difference between o... and o

max mean *

indicating the formation of a less uniform web
tension field. Solving for C, with respect to the stress uniformity ratio (i.e. 0,.,,/C 1 )

from (5-6) and recalling (5-4), the relationship between C, and @, can be obtained and is

illustrated in figure 5-4.

Consistent with figure 5-3, the curve shown in figure 5-4 indicates that a less uniform

tension field (which corresponds to a greater value of C,) will develop in a plate girder

with more flexible flanges (which corresponds to a greater value of @, ).
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FIGURE 5-4 Relationship between the Flexibility Factor and
the Stress Amplification Factor

5.3 Flexibility Limit for VBE Design

To quantify the minimum VBE flexural stiffness needed to ensure uniformity of elastic
infill tension fields in SPSWs and avoid the undesirable behavior of VBEs described
previously, CSA S16-01 adopted (5-5). Provided that each VBE has the same moment of

inertia, /_, as normally the case in SPSWs, (5-5) becomes:

t .
w =0.7h, /L 5-7
t 5142]CL ( )

For reasons described earlier, the CSA S16 committee elected to limit this factor to a
maximum value of 2.5 in SPSWs. This limit of 2.5 was agreed to be desirable on the
assumption that tension fields should be sufficiently uniform for ductile behavior to
develop. This limit was also selected on the assumption that tension fields should be
sufficiently uniform for ductile behavior to develop. In figure 5-4, limiting the flexibility
factor to a value of 2.5 is shown to correspond to a maximum stress not exceeding by
more than 20% the average stress of the web tension field. Mathematically, imposing this

limit on (5-7), gives:
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@ =0.7h, - <25 (5-8)
20 1

Solving for I, leads to the following flexibility requirement, first implemented in CSA

S16-01.

4
L3 0.0030L7zmhﬁ (5:9)

This requirement was subsequently adopted in the NEHRP Provisions (National
Earthquake Hazards Reduction Program Provisions for Seismic Regulations for New
Buildings and Other Structures, also known as FEMA 450, FEMA, 2004), and then the
2005 AISC Seismic Provisions (AISC, 2005)

Note that the analytical work by Wagner (1931) and Kuhn et al. (1952) for plate girders,
from which the aforementioned empirically based flexibility limit of SPSWs was
determined, assumed elastic behavior. Although at the onset of the tension field action,
the maximum stress in an infill panel may be significantly greater than the average due to
VBE deflections, this difference could decrease upon greater story drifts, provided that
the boundary frame members are able to allow infill panel stress redistribution after the
first yielding of tension diagonals. To better understand this, stress distributions across
the first-story web plates (i.e. along the direction perpendicular to the tension diagonals)
are shown in figure 5-5 for two tested specimens, namely, the specimen tested by Driver
(1997) and the specimen, SPSW S, tested by Lee and Tsai (2008). Note that these two
specimens have different flexibility factors and will be introduced in further details in a
later section. Figure 5-5 shows that, as drift levels progressively increase, both specimens
will ultimately develop uniform tension fields, although the specimen tested by Lee and
Tsai (which had more flexible VBEs) develops less uniform tension fields at lower drift
levels. This observation of identical uniform stress distribution in the panels of SPSW

raises questions on the relevance of the flexibility factor, @,, in SPSW design. For that

reason, different models are investigated in the next sections to rationalize desirable and

undesirable VBE behaviors.
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FIGURE 5-5 Uniformity of Tension Fields (a) Pushover Curves, (b) Schematic of
Tension Fields, (c) Uniformity of Panel Stresses
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5.4 Prevention of VBE In-Plane Shear Yielding

As mentioned earlier, the significant "pull-in" deformation of VBEs observed during the
tests on single-story SPSWs by Lubell et al. (2000) as shown in figure 5-7 was a
milestone event that led to the current limit specified for the VBE flexibility (AISC 2005
and CSA 2000). This undesirable performance was ascribed to the insufficient VBE
stiffness. However, VBE shear yielding is another important factor that may result in
significant inelastic VBE deflections. At the time of this writing, no literature has
reported or checked whether the previously tested specimens have encountered VBE

shear yielding.

To have a better understanding of the observed significant pull-in deformations in VBEs,
an analytical model for estimating VBE shear demand is proposed in Section 5.4.1. Then,
previously tested SPSWs are assessed in Section 5.4.2 using the proposed analytical
model. For comparison purpose, results from pushover analysis on strip models of those

tested SPSWs are presented. Predictions are compared with the observed behavior.

5.4.1 Shear Demand and Strength of VBE

The AISC Seismic Provisions requires that the VBEs of a SPSW be designed to remain
elastic when the webs are fully yielded, with exception of plastic hinges at the VBE bases
(when columns are fixed to ground) which are needed to develop the uniform yielding
plastic mechanism. Although not explicitly stated, those plastic hinges should be flexural-
plastic hinges (i.e. as opposed to shear-yielding hinges) for the infill panels to be

effectively anchored and consequently allow development of the expected tension fields.

As shown in figure 5-6, the free body diagram of the right-hand side VBE at the i" story
is used to determine the maximum VBE shear demand in a uniformly yielded SPSW
under rightward lateral forces. From equilibrium, the shear forces at the top and bottom
ends of the member can be respectively obtained as:

+ Mboti (1) h a)ycidci

topi xci' Csi

y _M
topi h 2 2

S

(5-10)
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— M., +Mb01i _ a)xcihsi + wycidci
boti h _ ) 2

(5-11)

where d ; is the depth of the VBE; M, . and M,  are the moments developed at the top

topi

and bottom ends of the VBE.

Plopi

Viopi f -\

|

topi

xci

si

0 0 0 P P P P P P

FIGURE 5-6 In-plane Free Body Diagram of the VBE at the i” story for
Determination of Shear Demand

Conservatively, assuming that the moments applied at the top and bottom ends of the
VBE are equal to the expected nominal plastic moments, one can obtain the following
estimate of VBE shear demand:

_2Ryfch+a) h. o.d

Voo = xei si yei i 5-12
u—design h ' 2 2 ( )

St

It is recognized that (5-12) overestimate the VBE shear design force for two reasons,
namely, (i): the plastic moments at the VBE ends may be reduced due to the presence of
axial force, shear force, and vertical stresses in the VBE. (i.e. similar to the reduction of

HBE plastic moments presented in Section 3); and (ii) plastic hinges in properly designed
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SPSWs may develop in the HBEs, not in the VBEs. However, for expediency and design
purpose, it is conservative to calculate the shear force predicted using (5-12) to size the
columns. Note that the same design shear force can be obtained at the bottom end of the

left-hand side VBE based on the corresponding free body diagram and assumptions.

In design, the shear demand obtained from (5-12) should be compared to the VBE shear

strength, V_, which, when the web of the VBE cross-section is compact

(i.e.h, [t S245,JE/ f, ), is calculated as:

V.=0.6f.d.t (5-13)

y it wei

where £, is the web depth of the VBE cross-section; ¢, is the web thickness of the

VBE cross-section, and other terms have been defined previously.

5.4.2 Observation of VBE Shear Yielding in Past Testing

To check whether shear yielding had occurred in the VBEs of previously tested SPSWs, a
sample of SPSWs for which the experimental data are available are assessed in table 5-1.
Those examples include both single-story and multi-story SPSWs. Using the analytical

model proposed in Section 5.4.1, the shear demands (i.e. V/ ) and strengths (i.e. V)

—design
respectively calculated using (5-12) and (5-13) are presented in table 5-1. Additionally,
using published information on SPSW geometries and member sizes, strip models for
those considered SPSWs were developed and the corresponding maximum VBE shears

obtained from the pushover analysis using SAP2000 (i.e. ¥, ., ) are provided in table

5-1. Note that 20 strips were used for the infill plates at each story in all specimens. Steel
was modeled as an elasto-perfectly plastic material using the yield strength provided in
each relevant reference. Plastic hinges accounting for the interaction of axial force and
flexure were defined at the ends of HBEs and the VBE bases. The vertical distributions of
lateral forces used in the pushover analyses were determined according to the loading
conditions reported for each actual test. For comparison purpose, specimen scale, aspect
ratio and tension field inclination angle of those considered SPSWs are also provided in

table 5-1.
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Comparing V. to V,

\—desin » table 5-1 confirms that equation (5-12) proposed in
Section 5.4.1 gives conservative VBE design shear forces (as expected since it assumes
plastic hinges at both ends of the VBE). The level of conservatism varies from 0.7% and

57%, and is on average 25% for the cases considered.

On the other hand, comparing V, to V, reveals that the VBEs in Cases 1, 3, 6, 7, and

sap2000
8 should have experienced shear yielding during their tests while the VBEs in other cases
would not. This prediction is consistent with experimental observations. For a better
understanding, the following will focus on the observed VBE behaviors in Cases 1, 3, 6,

7, and 8.

For the SPSW of Case 1 (i.e. the single-story SPSW, SPSW2, tested by Lubell et al.
2000), significant inward deformations were observed in the VBEs as shown in figure 5-
7. Montgomery and Medhekar (2001) ascribed this undesirable VBE behavior to: (i) the
small infill panel width-to-height aspect ratio compared to those of other specimens for
which the VBEs exhibited desirable behavior, (ii) relative small tension field inclination
angle calculated per the equation provided in the AISC Seismic Provisions and CSA S16-
01, and (iii) inadequate VBE flexibility per (5-8).

The fact that the single-story specimen had a width-to-height infill panel aspect ratio of
approximately 1.0, by itself, should not be a concern contrary to the claim by
Montgomery and Medhekar (2001). This value is within the permissible range of 0.8 and
2.5 specified by the AISC Seismic Provisions and CAN/CSA S16-01. More importantly,
the VBEs of the MCEER/NCREE SPSW specimen described in Qu ef al. (2008), which

had the same width-to-height aspect ratio of 1.0, exhibited desirable ductile performance.

In addition, the tension field inclination angle of the single-story specimen calculated per
the AISC Seismic Provisions and CSA S16-01 is 37.4°. That, by itself, should not be a
reason for the observed undesirable VBE behavior. As presented in table 5-1, the two-
story SPSW (specimen SPSW S) recently tested by Lee and Tsai (2008) had an even
smaller inclination angle of 36.5° and exhibited satisfactory VBE performance up to story

drifts greater than 5%, as described later.
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As to whether the undesirable VBE inward deformation observed in the single-story
specimen can be attributed to excessive VBE flexibility, even though this specimen had a
flexibility factor of 3.35 (i.e. greater than the code specified limit of 2.5), the results in
table 5-1 demonstrate that VBE shear yielding occurred in that specimen during the tests,
resulting in the significant in-plane VBE deflections due to inelastic shear deformations.
Yielding pattern of the VBE webs further confirms this point. As indicated by the flaked
whitewash shown in figure 5-7, the VBE web yielded uniformly at the VBE ends as
opposed to the yielding pattern usually observed in flexural plastic hinges, indicating
significant inelastic shear deformations. Note that the axial force in the VBEs can also
affect the yielding pattern of VBE webs. However, the axial force developed in the VBEs

is insignificant in this single-story case.

FIGURE 5-7 Deformation and Yield Patterns of SPSW2 after 6><5y
(from Lubell et al. 2000)

For the SPSW of case 3 (i.e. the four-story SPSW tested by Driver et al. 1997),
deformations at the first story of the wall are shown in figure 5-8. Note that this specimen
had a code-compliant flexibility factor of 1.73. Incidentally, the plastic strength of the
wall predicted using the procedure proposed by Berman and Bruneau (2003), which has
been verified by numerous other experimental results, is substantially greater than the
strength obtained during the test. Sabouri-Ghomi (2005) alleged that the plastic strength
of the wall could be reduced due to overall bending effects. However, results shown in
table 5-1 unequivocally show that shear yielding occurred in the first-story VBEs of

Driver's specimen. This may have resulted in incomplete development of the expected
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VBE plastic moments and infill tension field at the first story, and thus the lower ultimate
base shear compared to predictions from plastic analysis. Interestingly, fractures were
observed to penetrate into the VBE web at the column bases during that test, which may

also be related to the significant shear force acting there.

FIGURE 5-8 First-Story of Driver's SPSW
(Photo: Courtesy of Driver. R.G.)

Cases 6, 7 and 8 are three-story specimens from a series of tests on SPSWs by Park et al.
(2007). For comparison purpose, case 6 is first compared against cases 4 and 5.
Specimens of cases 4, 5 and 6 (i.e. SC2T, SCAT and SC6T respectively in Park et al.
2007) have flexibility factors of 1.24, 1.44 and 1.58 respectively, which all satisfied the
code-specified limit of 2.5. These specimens had identical boundary frame members and
constant infill panels along the height of each wall (with thicknesses of 2mm, 4mm, and
6mm in SC2T, SC4T and SC6T, respectively). Per (5-13), these specimens had the same
VBE members and thus the same VBE shear strength. However the shear demands on the
first-story VBEs of SC2T, SCA4T and SC6T increased directly as a function of the infill
panel yield forces (which are determined from the infill panel thicknesses). As shown
from the results in table 5-1, the VBEs of specimen SC6T are expected to yield in shear
while those of SC2T and SC4T would not. This prediction agrees with the observed
yielding patterns at the first-story VBEs as shown in figure 5-9.
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(a) SC2T (b) SCAT (c) SC6T

FIGURE 5-9 Yield Zone of VBE in SC Specimens (from Park ez al. 2007)

For the specimens in cases 7 and 8 (i.e. WCA4T and WC6T in Park et al. 2007
respectively), the VBEs were wide flange members with noncompact flanges with code-
compliant flexibility factors of 1.62 and 1.77 respectively. However, significant pull-in
deformations were observed in the VBEs of these two specimens. Local buckling due to
flange noncompactness is an important factor that contributed to the VBE deflections
during these tests, but the results in table 5-1 indicate that shear yielding also developed
in those VBEs. The observed VBE yielding patterns and deformations further confirm
this point. As shown in figure 5-10, yield lines gradually developed in the VBE web of
WCAT with increasing story drift indirectly expressed by greater load cycle numbers in
figure 5-11, indicating the development of VBE shear yielding, which finally resulted in

significant inward deflections in the VBEs shown in figure 5-11.

(@) Cycle 19 (b) Cycle 23 (c) Cycle 30

FIGURE 5-10 Yield Zone of VBE in WCA4T (from Park et al. 2007)
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FIGURE 5-11 WCAT at the End of Test (from Park ez al. 2007)

Note that Park et al. (2007) proposed a free body diagram for calculating the shear
demands in VBE, in which the shear effects due to the moment resisting actions at the
VBE ends and the vertical components of infill panel yield forces were neglected.
According to their free body diagram, no shear yielding would have occurred in the
VBEs of SC6T. However, that prediction is inconsistent with the observed behavior

shown in figure 5-9, invalidating their proposed free body diagram.

As discussed above, undesirable inward VBE deflections were observed in SPSW
specimens with and without code-compliant and non-compliant flexibility factors. There
is no correlation between flexibility factor and significant VBE pull-in deformations.
Instead, the analytical work presented in this section demonstrates that the observed

undesirable VBE deflections were caused by VBE shear yielding.
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5.5 VBE Out-of-Plane Buckling Strength

Besides the aforementioned excessive pull-in deformations, another undesirable behavior
of VBE is out-of-plane buckling, which has been observed during the tests on a quarter-
scale four-story SPSW specimen by Lubell et al. (2000). This undesirable performance
was also ascribed to the insufficient VBE stiffness. However, no theoretical work has

been conducted to establish the correlation between @, and out-of-plane buckling

strength of VBEs.

This section will investigate whether or not the available database of test results sustain
the use of flexibility limit for VBE design to successfully prevent the out-of-plane
buckling of VBE, or whether different methods are necessary for that purpose. To be able
to do such comparisons, analytical models for estimating the out-of-plane buckling
strength of VBEs are derived in Section 5.5.1 based on simple free body diagrams and
the energy method taking into account representative boundary conditions of VBEs.
Using the proposed analytical models, the out-of-plane behaviors of VBEs in a few
representative SPSW specimens that have various values of flexibility factors are

reviewed in Section 5.5.2.

5.5.1 Analytical Models for Out-of-plane Buckling Strength of VBEs

5.5.1.1 Free Body Diagrams of VBEs

The expected plastic mechanism of a multistory SPSW subjected to lateral loads
described in Section 4.2 is considered here. This expected mechanism gives the free body
diagrams of the left and right VBEs in a typical single-bay multistory SPSW under the

rightward lateral forces as shown in figure 5-5.

In the free body diagrams, o

xci

and @, represent horizontal and vertical components of

the infill plate yield force along the VBE at the i" story, P,, and B, represent the axial
forces at the left and right ends of HBE, V), and V, represent the shear forces at the left

and right VBE faces, M, and M, represent the moments at the left and right VBE faces,
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R,,R ,R,,R , M, and M_, represent the reaction forces at VBE bases, and F;

xl xr vl yr o

represents the applied lateral forces needed to develop the expected plastic mechanism.
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FIGURE 5-12 VBE Free Body Diagrams

Free body diagram of the VBE on the right-hand side is chosen for derivation of the out-
of-plane buckling strength of VBE for analysis purpose, since the compression effect in
that VBE resulting from the HBE end shears is additive to that from the vertical
component of the infill panel yield forces along that VBE. The compressions at the top

and bottom ends of the considered VBE, P. . and P, can be obtained as:

topi bottomi >
Ropi = ZV;] + Z a)ycj ’ hsj (5_14)
= J=i+l
I)bnttmm = ])topz + w h (5- 1 5)

where n, is the number of SPSW stories, and all other terms have been defined

previously.
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To ensure the desirable behavior of VBE, it is recommended, although slightly
conservative, to neglect the reduction effects on HBE plastic moments accounting for the
presence of axial force, shear force, and vertical stresses in HBEs. Note that the plastic
section modulus of a plastic hinge in an HBE should be determined according to equation
(4-64) to account for the variation of plastic hinge location when RBS connections are
used in HBE. Accordingly, the right end shears of HBEs with and without RBS
connections are obtained based on a modified version of equations (4-38) and (4-40)

respectively, namely:

(a)ybi - a)ybi+1 ) L + (a)xbi + @i ) d + 2RyfyZRBs
" 2 2 L-2e

(5-16)

Vo= (a)ybi T @y )L + (a)xbi + wxbm)d " 2RyfyZ

_ 5-17
j 5 2 3 (5-17)

where all terms have been defined previously.

5.5.1.2 Energy Method and Boundary Conditions

Although modeling the considered VBE in some FE software packages such as
ABAQUS is always possible, at the cost of computational efforts, it is relatively
expedient and efficient using the energy method to develop approximate calculations of
the critical buckling strength of VBE (i.e. the Euler buckling strength assuming elastic
behavior and no initial imperfection in the member - it is recognized that the actual
buckling strength of the member considering the above effects could be lower and that
the buckling strength calculated by this approach is an optimistic assessment. It should be

therefore not used for design, but will be useful to illustrate key points in later sections.).

The energy method is used in buckling problems to determine approximate values of the
critical buckling strength when an exact solution of the differential equation of the
deflection curve is either unknown or too complicated. In such cases, solution proceeds
by assuming a reasonable shape for the deflection curve. While it is not essential for an
approximate solution that the assumed curve perfectly match the deflected shape, it

should satisfy the boundary conditions at the ends of the member. Using a reasonable
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assumed shape for the deflection curve, the energy method can give an approximate out-
of-plane buckling strength of VBE, within the previously enunciated constraints

(Timoshenko and Gere 1961).

In a typical SPSW, the ends of VBEs are laterally supported by the floor system and the
first-story VBE is either fixed or pinned to ground. Under those conditions, the out-of-
plane translations at the VBE ends are restrained. However, the out-of-plane rotational
restraints due to the beams framing into the VBEs can vary from fully free to fully fixed
and would have to be assessed on a case by case basis. The VBE end conditions

considered in the following sections are presented in table 5-2 and correspond to ideal

cases.
TABLE 5-2 Summary of VBE End Conditions
VBE ends Case A Case B Case C Case D
Top Pin Fixed Pin Fixed
Bottom Pin Fixed Fixed Pin

In Sections 5.5.1.3 to 5.5.1.6, the out-of-plane buckling strength of VBE is derived

successively for each of these boundary conditions respectively.

5.5.1.3 Out-of-Plane Buckling Strength of VBE - Case A

Figure 5-13 illustrates the typical orientations of the VBE weak and strong axes in a
SPSW, for which the smaller and greater moments of inertia of the VBE cross-section
can be obtained. Note that VBE deflections due to out-of-plane buckling develop in the

plane perpendicular to the weak axis.

The out-of-plane buckling of the VBE at the i story under Case A boundary conditions
is schematically shown in figure 5-14. Note that both the top and bottom ends are hinged

in this case (i.e. only translations are restrained).
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FIGURE 5-13 Strong and Weak Axes of VBEs
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FIGURE 5-14 Free Body Diagram of the VBE at the i” Story:
Case A Boundary Conditions

Assume that the deflection curve of the VBE is a sine curve in the coordinate system

shown in figure 5-14, which is
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y:@sm(%fj (5-18)

si

where 0, is an arbitrarily selected nonzero deflection factor. Note that the magnitude of

o, will not have any impacts on the buckling strength as demonstrated later.

Then, by differentiation, one can obtain

dy 7o, | 7x (5-19)
d‘x hsi hsi

d? 7’6 . | 7mx

dx{:_ hzl s1n(h—J (5-20)

Consistent with the boundary conditions shown in figure 5-14, the following

requirements are satisfied by the deflection curve determined from (5-18).

Moy =0 (5-21)
2
y (5-22)
d 2
X x=0,h

Physically, (5-21) and (5-22) indicate that no translations and no moments occur at the

VBE ends.

Owing to the inclination of an element ds of the deflection curve as shown in figure 5-

15, the upper part of the load undergoes a downward displacement equal to

1(dyY
ds—dxz—(—yj dx (5-23)
2\ dx

and the corresponding work done by the uniform load from that element to the top end of

the VBE is
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(h,—x)- l(ﬂ]zdx (5-24)
L,”_/ 2\ dx

resultant foce
downward displacement

dx ds

L R |

FIGURE 5-15 Deflection of VBE at Element Level

Therefore, the total work produced by the infill panel yield force along that VBE during
buckling is

hy; 1 d ?
AT = @by —x)(—yJ dx (5-25)

dx

Similarly, the work done by the concentrated load at the top of the VBE can be

determined as

Fopi ( dy
4
AT, = j . [dxj dx (5-26)

By summation, the total work done by external forces is

AT =AT +AT, = .f o, (h,—x ( ] dx + J‘ topl ( ] dx (5-27)
Substituting (5-19) into (5-27) and integrating, one can determine the total work as:

n'SEl, n
AT:Ty m+5 (5-28)
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where 7, is moment of inertia of the VBE taken from the weak axis; m and n are the

generalized external forces, which can be respectively obtained by normalizing the

concentrated force applied at the top of the VBE (i.e. F,,) and the resultant infill panel

yield force along the VBE (i.e. @A), by the Euler buckling load of a simply supported

VBE without any intermediate loads along its height. Namely, m and n can be

determined from the following two equations

Ropi
m=— (5-29)
{72’ EI, }
"
2 clhsi
n=—2e (5-30)

The strain energy due to bending of the buckled VBE is

n EL, (d*yY
— ) Vi
AU_jO . (dxzj dx (5-31)

Substituting (5-20) into (5-31) and integrating,

=L (5-32)
AR
The critical buckling strength can be found from the following equation
AU =AT (5-33)

Substituting (5-28) and (5-32) into (5-33), the critical combination of m and n for case A

can be expressed as

m+—=1 (5-34)
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Note that (5-27), (5-31) and (5-33) remain valid for derivations of other boundary
conditions (i.e. Cases B, C and D).

A graphical version of (5-34) is shown in figure 5-16. For a given load combination (i.e.
a pair of m and n), if the left-hand side of (5-34) is greater than 1, the VBE is expected to
encounter out-of-plane buckling failure. Those combinations for which buckling failure

occurs are represented by the shaded area in figure 5-16.

Incidentally, Timoshenko and Gere (1961) provided the critical buckling strength of the
column shown in figure 5-14 for a few selected individual cases. Their results are also

presented in figure 5-16. As expected, a good agreement is observed through

T

comparisons.

_
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FIGURE 5-16 Interaction of Critical Loads for Out-of-Plane Buckling of VBE:
Case A Boundary Conditions

Interestingly, figure 5-16 shows that for large value of n, which corresponds to large infill
panel yield force applied along the column, the required value of m to avoid the out-of-
plane buckling failure could be negative (i.e. corresponding to tension force applied at the

top end of the member). However, such a theoretical case, in which the concentrated
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force applied at the top of the bar needs to act upward instead of downward to counteract

the axial effect resulting from the distributed force to prevent buckling, is not practical.

5.5.1.4 Out-of-Plane Buckling Strength of VBE - Case B

The out-of-plane buckling of the VBE at the i story under Case B boundary conditions
is schematically shown in figure 5-17. Note that both ends of the VBE are fixed in this

case (i.e. both translations and rotations are restrained).
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FIGURE 5-17 Free Body Diagram of the VBE at the i” Story:
Case B Boundary Conditions

Assuming that the deflection curve of the VBE is a cosine curve in the coordinate system

y=4 {1 _cos[%ﬂ (5-35)

then, by differentiation, one can obtain

shown in figure 5-17, which is
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dr_ 270 [—2: x] (5-36)

dx hsi s
d? Ar*o X
E{ = e Lcos [h—] (5-37)

In this case, the following boundary conditions are satisfied:

Wi, =0 (5-38)
L I (5-39)
dx x=0,h,;

where (5-38) and (5-39) respectively correspond to no translations and no rotations at the

VBE ends.

Following a procedure similar to that described earlier for Case A, one can obtain the out-
of-plane buckling strength of the VBE with Case B boundary conditions. Note that all

terms have been defined previously.

Substituting (5-36) into (5-27) and integrating, one can determine the total work as:

n'SEl, n
AT:h—3} m+§ (5-40)

Substituting (5-37) into (5-31) and doing the integration,

U 47'67El,

E (5-41)

Thus, in accordance with (5-33), the critical combination of m and n for case B can be

mathematically stated as

n
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Graphically, (5-42) is shown in figure 5-18.
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FIGURE 5-18 Interaction of Critical Loads for Out-of-Plane Buckling of VBE:
Case B Boundary Conditions

As determined from (5-42), at the limit when no infill panel yield forces are applied (i.e.
when n=0), the VBE is a fix-fix column and has a buckling strength four times that of a
simply supported column (i.e. corresponding to m=4), as expected. Based on the
criterion shown in figure 5-18, the value of m decreases when the value of n increases,
which physically means that lower concentrated force can be applied at the top of the
column to avoid column buckling when higher infill panel yield forces are applied along

the column.

5.5.1.5 Out-of-Plane Buckling Strength of VBE - Case C

The out-of-plane buckling of the VBE at the i” story under Case C boundary conditions
is schematically shown in figure 5-19. Note that the bottom and top ends are fixed and
hinged respectively (i.e. both translations and rotations at the bottom end are restrained,
but only translations at the top end are restrained.). This case is useful to consider here
because the top end of the VBE in a SPSW may be typically free to rotate on account of

how the framing system connects to the SPSW at that location.
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FIGURE 5-19 Free Body Diagram of the VBE at the i Story:
Case C Boundary Conditions

Assuming that the deflection curve of the considered VBE is determined by the following

polynomial in the coordinate system shown in figure 5-19,
y=6|2x" +3x°h] —5x°h, | (5-43)

then, by differentiation, one can obtain

dy 3 2 2

—=0,|8x” +6xh, —15x"h,, 5-44
=3[ i =153, | (5-44)
4y _s [24x% + 612 ~30xh, | (5-45)
dxz i Si Si

For this case, the following boundary conditions are satisfied:

=0 (5-46)

y x=0,h;
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L1l (5-47)
dx x=0
d’y
=0 5-48
dxz x=h ( )

where (5-46) indicates no translation at both ends, and (5-47) and (5-48) respectively

indicate zero rotation and zero moment at the bottom and top ends.

Following the procedure described earlier, one can obtain the out-of-plane buckling
strength of the VBE for Case C boundary conditions, again using the terms defined

previously.

Substituting (5-44) into (5-27) and integrating, one can determine the total work as:

678, EL i, 3n
r=——""|m+— (5-49)
35 8
Substituting (5-45) into (5-31) and integrating,
186, El 1,
U :—5 S (5-50)

In accordance with (5-33), the critical combination of m and n for case C can be

mathematically stated as
T o+ =1 (5-51)

A graphical version of (5-51) is shown in figure 5-20.
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FIGURE 5-20 Interaction of Critical Loads for Out-of-Plane Buckling of VBE: Case
C Boundary Conditions

At the limit when no infill panel yield forces are applied (i.e.n =0), the VBE is simply a
column with one end fixed and the other end hinged. As shown in the figure, the
proposed criterion predicts m =2.12 , which physically means that critical buckling
strength of that member is 2.12 times that of the corresponding simply supported column.
Incidentally, for this case, Timoshenko and Gere (1961), obtained a value of 2.05 using
an alternative approach based on the differential equations of beam-column theory. This
small difference of 3.4% provides confidence in the accuracy of the proposed solution for

VBE:s.

5.5.1.6 Out-of-Plane Buckling Strength of VBE - Case D

The out-of-plane buckling of the VBE at the i” story under Case D boundary conditions
is schematically shown in figure 5-21. Note that the top and bottom ends are fixed and
pinned respectively (i.e. both translations and rotations at the top end are restrained, but,
only translations at the bottom end are restrained.). Although this case is less likely to

exist in SPSWs, it is discussed here for completeness of the derivations.
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FIGURE 5-21 Free Body Diagram of the VBE at the i” Story:
Case D Boundary Conditions

Assuming that the deflection curve of the considered VBE is a curve determined by the

following polynomial in the coordinate system shown in figure 5-21,
y=6|2x" =3xh, +xh, | (5-52)

then, by differentiation, one can obtain

dy 3 2 3
— =08 -9x’h_+ I’ 5-53
dx 1 [ ST Sl} ( )
dzy 2
= = 5,[ 24x" —18xh, | (5-54)

For this case, the following boundary conditions are satisfied:

=0 (5-55)

y x=0,h;
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Q =0 (5-56)
dx e,
dzy

=0 5-57
dx? -0 ( )

where (5-55) indicates no translation at both ends, and (5-56) and (5-57) respectively

indicate zero rotation and zero moment at the top and bottom ends.

Following the procedure described earlier, one can obtain out-of-plane buckling strength

of the VBE for Case D boundary conditions, where all terms are defined previously.

Substituting (5-53) into (5-27) and doing the integrations, one can determine the total

work as:
67> El
T:#(mjLs_nj (5-58)
35
Substituting (5-54) into (5-31) and integrating,
186, El 1,
U= — S (5-59)

In accordance with (5-33), the critical combination of m and n for case D can be stated

as

V4 5r?

m+ n
21 168

=1 (5-60)

A graphical version of (5-60) is shown in figure 5-22.

At the limit case when no infill panel yield forces are applied (i.e.n =0), Criterion D
predicts the same magnitude of m as Criterion C (i.e. m =2.12 as shown in figure 5-22).

This is because the VBEs under the case C and case D boundary conditions are
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equivalent when the infill panel yield forces are absent. The two cases (i.e. cases C and D

) significantly differ for all other cases (i.e. when n#0).
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FIGURE 5-22 Interaction of Critical Loads for Out-of-Plane Buckling of VBE:
Case D Boundary Condition

5.5.2 Review of OQut-of-Plane Buckling of VBEs in Past Tests

To better understand the VBE out-of-plane buckling behavior, performance of the VBEs
in previously tested SPSWs are revisited in perspective of the criteria derived in the
previous section to see whether the proposed alternative approach can shed additional

light on the behavior of VBE:s.

The considered SPSW specimens are assessed using the criteria developed for all the four
boundary conditions considered since the out-of-plane restraints at the ends of the VBEs
of some specimens are not provided in the available references. As shown by the results
presented in table 5-3, no matter what boundary conditions were applied, VBE out-of-
plane buckling would not be predicted to occur in any of the SPSWs except for the Lubell
et al. quarter-scale four-story SPSW. This prediction is consistent with the observations
on those SPSWs obtained during tests as described below, validating to some degree the

proposed analytical models for calculating VBE out-of-plane buckling strength.
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The Lubell et al. specimen, schematically shown in figure 5-23, had 1.5mm (16 gauge)
unstiffened hot-rolled infill panels with aspect ratio of 1.0. The VBEs and HBEs were
sized to be S75x8 except that a S200x34 HBE was used at the roof level. All the HBE-to-
VBE connections were rigid. The material yield strengths for the boundary frame and
infill panels were determined to be 380 MPa and 320 MPa respectively from the tension
coupon tests. Hysteresis loops obtained from the test are presented in figure 5-24,
showing that insignificant amounts of hysteretic energy were dissipated before instability
of VBE precipitated the system failure, when the specimen achieved a maximum

displacement of 1.56, , where 9, is a global yield displacement.

A closer look at the Lubell ef al. specimen reveals that Case C boundary conditions were
applied to the buckled VBE (i.e. bottom end of the VBE was fixed to the ground while
the top end was pinned in the out-of-plane direction). To better understand this, the VBE
deflection traced from the specimen is superposed to those corresponding to Case B and
Case C boundary conditions in figure 5-25. Comparison of deflection shapes confirms
that the VBE end conditions are similar to those of Case C. Accordingly, applying
Criterion C provides a value of 1.066 greater than 1.0 as shown in table 5-3, indicating
the occurrence of VBE out-of-plane buckling failure. Therefore, failure of the Lubell et
al. specimen was caused by the insufficient out-of-plane buckling strength of VBE rather

than excessive column flexibilities.
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FIGURE 5-23 Test Setup-UBC Test (from Lubell ez al. 2000)
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FIGURE 5-24 Load Deformation Curves for SPSW4:
(a) First Story; (b) Fourth Story (from Lubell ez al. 2000)
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FIGURE 5-25 Out-of-Plane Buckling of Bottom VBE
(Photo: Courtesy of Ventura. C.E.)

Two other interesting and noteworthy cases in table 5-3 are the two specimens (i.e.
SPSW N and SPSW S) tested by Lee and Tsai (2008). SPSW N and SPSW S respectively
had flexibility factors of 2.53 and 3.01, which are greater than the limit of 2.5 specified in
the AISC Seismic Provision and the CSA S16-01 Standard. Yet, based on the proposed
analytical models, the VBEs in these two specimens are not expected to undergo out-of-
plane buckling. This prediction is consistent with the experimental observations. The
VBEs of these two specimens exhibited ductile behavior up to story drifts greater than
5% as shown figures 5-26 and 5-27. The above assessment on SPSW N and SPSW S

further confirms that there is no correlation between the flexibility factor, @, and VBE

out-of-plane buckling strength.
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FIGURE 5-26 SPSW N at the End of the Tests and Hysteretic Curves
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FIGURE 5-27 SPSW S at the End of the Tests and Hysteretic Curves
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5.6 Summary

In this section, analytical work was conducted to assess the adequacy of the existing limit
on the flexibility factor, @,, specified for VBE design by the AISC Seismic Provisions
and the CSA S16-01 Standard. Review of the derivation of this flexibility factor from
plate girder theory, and of how that factor was incorporated into current design codes was
followed by the development of analytical models for preventing shear yielding and for

estimating out-of-plane buckling strength of VBEs in SPSWs.

It is shown that putting the existing limit on @), is uncorrelated to ensure satisfactory in-

plane/out-of-plane VBE performance. Alternatively, the proposed analytical models for
in-plane shear demands, for which predicted performance correlates well with past

experimental results, can be used in design to ensure desirable VBE behavior.

Future analytical and experimental research should investigate whether in-plane buckling
equations similar to those used for out-of-plane buckling are necessary for use in the
interaction equations to calculate the beam-column strength of VBEs, and whether other

concerns may justify retaining the use of @, factor to achieve satisfactory seismic

performance of VBEs in SPSWs.
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SECTION 6

DESIGN OF STEEL PLATE SHEAR WALLS CONSIDERING
BOUNDARY FRAME MOMENT RESISTING ACTION

6.1 Introduction

Building on the knowledge presented in the prior sections for the behavior and design of
boundary frame members of SPSWs, it would be interesting and apropos to investigate
the effects of boundary frame relative strength on global behavior and overall strength of
SPSWs. Previous tests and analytical studies on single-story and multistory SPSWs (e.g.
Berman and Bruneau 2003, Berman and Bruneau 2005, and Driver et al. 1997)
recognized that a SPSW's ultimate strength combines the contributions of both the
moment resisting boundary frame and the infill panels. However, strength of the wall due
to the moment resisting action of boundary frame is not explicitly taken into account in
the design of SPSWs by codes (i.e. the AISC Seismic Provisions and the CSA S16
Standard), typically resulting in a conservative but possibly more expensive SPSW

design.

To investigate the relative contribution of boundary frames to the overall strength of
SPSWs and possibly achieve an optimum design of SPSWs accounting for that
contribution, this section reviews knowledge on the plastic strength of SPSWs, and
summarizes some design assumption in current design codes. Then, design procedures
considering boundary frame moment resisting actions are derived followed by a case
study developed to compare the performance of SPSWs designed using various
assumptions on the relative strength and design of boundary frames. A final section
discusses the future work needed to further investigate the effectiveness of the proposed

models.

6.2 Plastic Strength of Steel Plate Shear Walls

Plastic collapse mechanisms for SPSWs subjected to lateral loads have been investigated

by Berman and Bruneau (2003). From that work, equations for the ultimate strength of
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SPSWs have been shown to agree well with the results obtained from tests of single and
multistory SPSWs. They examined two types of plastic mechanisms for multistory
SPSW, namely, a uniform collapse mechanism and a soft-story collapse mechanism

which are shown schematically in figure 6-1a and 6-1b, respectively.

¢ A +2 2 A
Fipl2 ™ ' 7( Fisq /2~ =
HBE Plastic
Hinge (TYP) N
i F.i2
Figq27 7 i -
! 0 M Column Plastic
Hinge
Strip Yielding
Fi/Z*I Fiq/2 A A A A A A s
07
A
(a) Uniform Collapse Mechanism (b) Soft-Story Collapse Mechanism

FIGURE 6-1 Plastic Mechanism of SPSWs (From Berman and Bruneau 2003)

The soft-story mechanism should be avoided in design. In the desired plastic mechanism,
all the infill panels over the height of the wall must be fully yielded. This can be
achieved, even for web plates of equal thickness over the height, by adjusting the sizes
and moments of inertia of the surrounding HBEs and VBEs. Therefore, the uniform
collapse mechanism shown in figure 6-1a is selected as the desired design objective for

SPSWs and will be used in the derivations presented in the following sections.

For the uniform collapse mechanism, by equating the internal and external work, Berman
and Bruneau (2003) derived the following general equation for the overall plastic strength

of a SPSW with moment resisting HBE-to-VBE connections:

g

ng N 1 .
;F;hi: (M, +M,) +;ERW £, Lh(t,,—t,.,,)sin2e;) (6-1)

i=1

Contribution of boundary frame Contribution of infill panels

th

where F, is the equivalent earthquake force applied on the wall; 4 is the i story

elevation; M, and M, are the expected plastic moments at the left and right ends of
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the i” HBE respectively, ¢ . is the thickness of the infill panel at the i story; R, is the

wi

ratio of expected to nominal yield strength of infill panel; f| is the nominal yield
strength of infill panel; L is the SPSW bay width; n_ is the total number of stories; and

«, is the tension field inclination angle at the i” story. Note that it is assumed here that

VBEs of the wall are pinned to the ground and HBE hinges will form instead of VBE

hinges at the roof level.

While the above provides the analytical expression that separates clearly the contribution
of boundary frame and the contribution of infill panel to the total lateral strength of the
SPSW, further experimental results in the literature explicitly quantify the contribution of
each system. For example, figure 6-2a shows the hysteric curves obtained from tests of a
single story SPSW by Berman and Bruneau (2005). Note that the web-angle HBE-to-
VBE connections in that specimen had a non-negligible moment resisting capacity.
Berman and Bruneau subtracted the boundary frame contribution from the total hysteretic
response of the SPSW and obtained the results of infill panel only as shown in figure
6-2b. Comparing the curves shown in figure 6-2a and 6-2b, it is observed that the overall
strength of the wall reduces from 645 kN to about 400 kN due to the absence of the
contribution of boundary frame and the hysteretic curves of infill panel only exhibit

significantly pinching behavior.

800 600 |
= 400 o 400
E =
T 200 < 200
& &
5 ° 5 0
g -200 [ ‘ | & -200
-400 ¥ T Specimen 2 | | @ -400
-600 ‘ e Pushover 600 :
30 -20 -10 00 10 20 30
Drift (%) -30 -20 -10 00 10 20 30
Drift (%)
(a) Specimen Hystereses (b) Infill-Only Hystereses

FIGURE 6-2 Hystereses of a Single-Story SPSW
(Adapted from Berman and Bruneau 2005)
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In another example of multistory SPSW with moment resisting HBE-to-VBE connections
tested by Driver et al. (1997), the above observation was consistently obtained. Figure 6-
3 presents the hysteretic curves and pushover curves of Driver et al. specimen. As shown,
the strength due to the boundary frame moment resisting action contributes to about 25%

of the global plastic strength of the wall.
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Storey Defiection (mm)

FIGURE 6-3 Test Results of a Multistory SPSW (Adapted from Driver ef al. 1997)

6.3 Current Design Requirements

As shown in figure 6-2b, without the contribution of its boundary frame, the hysteresis
loops of a SPSW exhibit severely pinching behavior, and, correspondingly, less energy
dissipation would exist in a SPSW with simple HBE-to-VBE connections. Such a system
would need to progressively drift to larger drifts to continue to dissipate substantial
hysteretic energy. In addition, a SPSW with simple HBE-to-VBE connections will not
have any additional lateral force resistance beyond that provided by the infill panel
tension field actions, resulting in a system with less redundancy. Hence, the AISC
Seismic Provisions requires the HBE-to-VBE connections to be rigid for the system. The

CSA S16 Standard requires similarly for SPSW designs with the largest R factor and
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allows SPSWs with simple HBE-to-VBE connections to be also implemented in seismic
regions albeit with a significantly lower R factor (R = 2.0 versus 5.0, where 5.0 is the
largest permitted for any systems by the CSA S16 Standard). However, neither design
code takes into account the SPSW strength provided by the boundary frame moment

resisting action as described below to resist the prescribed seismic loads.

Based on (6-1) presented in the previous section for the SPSW plastic strength one can

obtain the following equation for calculating the shear strength of a single infill panel:

1 .
V.= ERypfprtwi sin2e,) (6-2)
where V, is the expected strength of the considered infill panel and the other terms have

been defined previously.

Dividing the infill panel strength determined from (6-2) by an overstrength factor, as
defined by FEMA 369 (FEMA, 2001), and taken as 1.2 in this case (Berman and

Bruneau, 2003), and also excluding the R, factor used for calculating the expected plate

strength, one can obtain the following infill panel nominal shear strength:

I/m' = 0'42-f:vthwi Sln(20{l) (6_3)

where V. is the nominal strength of the considered infill panel. This equation is

implemented in the AISC Seismic Provisions and the CSA S16 Standard, and is used for
sizing the thickness of infill panels of SPSWs.

Thus, by neglecting the contribution from the boundary frame moment resisting action on

the SPSW strength, and solving for ¢, from (6-3), one can obtain the following design

equation to select thickness of the infill panel.

by = Vm. (6-4)
0.42f Lsin(2a;)
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Then, the AISC Seismic Provisions and the CSA S16 Standard require that the boundary
frame members be designed using capacity design procedure to ensure that the boundary
frame members can anchor the infill panel yield forces developed by the infill panel
thickness determined from (6-4). As such, following this approach, strength provided by
the boundary frame moment resisting action provides the SPSW with an overstrength
(which has a positive impact on seismic performance). At the time of this writing, no
analytical work had been done to quantify the magnitude of this overstrength in general
terms and to investigate how to make use of it to achieve an optimum design of SPSWs.

Such work is conducted in the following section.

6.4 SPSW Overstrength and Balanced Design

In order to best understand the SPSW overstrength resulting from the aforementioned
design approach inferred by current design codes, which assumes that all the code-
specified lateral forces applied on the wall are resisted by the infill panel tension field
action alone, this section investigates the overstrength of SPSWs designed considering
that various percentages of the lateral design forces are resisted by the infill panels. Both

single-story and multistory SPSWs are considered.

6.4.1 Single-Story SPSW

A single-story SPSW is first studied here because this simple case provides some of the
building blocks necessary to understand the more complex scenario (i.e. multistory
SPSWs) presented later. Consider the single-story SPSW shown in figure 6-4 and
expediently and conservatively assume that its VBEs are pinned to the ground. This
assumption is done for two reasons, namely (i) the strengths of the plastic hinges at the
column bases add very little to the lateral load resistance of a multistory SPSW, which is
to be discussed later as an extension of the study of single-story SPSW, and (i) taking
into consideration of plastic hinges at the column bases will greatly increase the

complexities of the equations derived below.

158



VDesign

7

—l} —

L
FIGURE 6-4 Single-Story SPSW Example

Assuming that the percentage of the total lateral design force assigned to the infill panel

is k, the required infill panel thickness is determined by solving for ¢, from the

following equation:

1

WV tsin = Rl L, 51n20) (6-5)

design

where V

Jesign 18 the lateral design force applied on the wall. Note that (6-5) is consistent

with (6-2) when k=1 (i.e. when 100% of the lateral force is assumed to be resisted by

the infill panel).

As described in Section 4, when the wall is fully yielded, the distributed loads to be

applied along the VBEs (@, and @, ) and HBEs (@, and ®,, ) from infill panel

yielding can be determined as:

w,=R_ft,sin2a/2 (6-6)
. 2

o,=R [t (sinc) (6-7)
2

w,=R, [t (cosx) (6-8)

o, =R, [ 1, sin 20!/2 (6-9)
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Substituting (6-9) into(6-5), one can obtain the following relationship between lateral

design force and horizontal tension field component along the HBEs:

KV

design

—o,L (6-10)

Assuming that HBE plastic hinges (as normally the case rather than VBE plastic hinges)
will form at the roof level, and following the plastic analysis procedure presented in
Berman and Bruneau (2003), one can obtain the following equation for ultimate strength

of the wall (equating the internal and external work)

V. h=w,Lh+2M, (6-11)

where ¥, is plastic strength of the wall; L and # are the wall width and height,

respectively; and M, is the plastic strength of the HBE-to-VBE connections..

Assuming that the top HBE is proportioned using the design procedure proposed by Vian

and Bruneau (2005), its resulting plastic section modulus is given as

®,, L’ 1

Z = -
Y A T

where 77 is the RBS plastic section modulus reduction ratio as described in Section 4; and

(6-12)

Jf, 1s the nominal yield strength of boundary frame.

Note that 77 in (6-12) may vary from unity (when there are no RBS connections in the top

HBE) to the minimum value of RBS flange reduction permitted by the design
specifications and guidelines (such as FEMA 350). Also note that (6-12) can be
equivalently obtained from the HBE design equations presented in Section 4 when
neglecting the reduction effects of HBE plastic moment due to the presence of internal
forces. It is recognized that those reduction effects are expected to have negligible
impacts on the global performance of the SPSW (although they should be taken into
account if the focus is on understanding the local behavior and design of HBEs, as

demonstrated in Section 4.).
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Accordingly, the plastic strength of the top HBE-to-VBE connections is
M, =fnz, (6-13)

Substituting (6-12) into (6-13), the plastic strength of the top HBE-to-VBE connections

can be further expressed as

w, [’ n
M, =2 (6-14)
S S W [
Substituting (6-14) into (6-11) and solving for V,
w,L
V= L+ T (6-15)

1++1-7°

Based on (6-8) and (6-9), one can obtain the following relationship between @, and @,
w, =tan” (a)w, (6-16)

Substituting (6-16) into (6-15), the plastic strength of the wall becomes

_ Lean(a)[ £ i
prxbL{l+2tan (a)(hj 1+M} (6-17)

Substituting (6-10) into (6-17), one can obtain a relationship between the SPSW plastic

strength, V,, and the lateral design force, V,

esign

namely

| L n
V =xV, . |1+—tan” ()| — | —F— 6-18
P destgn[ 2 ( )(hj 1+M] ( )

Here, the ratio of V, to V,

esign ?

which is denoted as Q _, is used to describe the

K 2

overstrength of the SPSWs designed using different values of x. Dividing by V,

esign

on

both sides of (6-18), one can determine €2 _ as
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e Yo (o) B ]
QK—I{1+2tan (a)(hj 1+M] (6-19)

Explicitly shown in (6-19), the overstrength factor, €, depends on a series of variables

including, k', &, L/h and 7. The effects of those factors can be investigated based on
(6-19). Here, a parametric study is conducted to discuss the impact of x on € _ for the

given values of other terms.

Note that, for simplicity, the inclination angle of the tension field action is assumed to be
45° and 7 is assumed to be unity (i.e. no RBS connections are used in the HBEs). Note
that results are not expected to vary substantially for other values of ¢ . In addition, in the
parametric study, the infill panel aspect ratio (i.e. L/h) was chosen to vary between 0.8

and 2.5, which are the limits allowed by the 2005 AISC Seismic Provisions.

The corresponding results are illustrated in figure 6-5. As shown, a higher percentage of
the lateral design forces assigned to the infill panel (i.e. greater value of x) results in a
greater overstrength of the wall (i.e. greater value of Q ). Under the design assumption
presented in the AISC Seismic Provisions and the CSA S16 Standard (i.e. when x=1.0),
the wall has a significant overstrength varying from 1.4 to 2.25 over the code-compliant

range of infill panel aspect ratios of 0.8 < L/h <2.5. Note that the example wall assumes

that the VBEs are pinned to the ground. It is recognized that, for the case that with VBEs

fixed to the ground, the overstrength would be even greater.
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FIGURE 6-5 The Relationship between 2 and x (Assuming ov=45" and 7=1.0)

Also observed from figure 6-5, when « is reduced to certain level, showed by the circles
on that figure, the lateral force resisted by the boundary frame of the SPSW is exactly
equal to that which will be required if that frame is designed to resist the yielding forces
from the infill panel per capacity design principles. Therefore, at that particular point, the
boundary frame does not provide any overstrength for the system as the division of the
lateral load resistance and does not need to be made any stronger to satisfy all capacity

design requirement, and the overstrength (€2 ) is therefore equal to unity. Such a design

case is termed "balanced" design case in this report. For this case, the value of x can be

determined by setting the constraint _=1.0 into (6-19) and solving for x . The

resulting value of x for the balanced case, designated as «;, is therefore:

alanced >

L

— L n
Kbalunced =1+ 5 tan (0!) (;) : ﬁ (6'20)
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Figures 6-6 and 6-7 respectively plot, based on (6-20), the relationships between &,

alanced

and 77 for various L/h values, and ., and L/h for various o values. As shown in

figure 6-6, the value of x;,,., increases when 77 reduces. This observation is reasonable

alance
because the reserved strength of the wall due to the moment resisting action of the
boundary frame decreases when RBS connections are introduced in the HBE (i.e. when

1n<1.0), which means that, in this case, a higher percentage of lateral design force
should be resisted by the infill panel tension field action. Note that, when 77 reduces to

zero, which physically corresponds to simple HBE-to-VBE connections, &

balanced

becomes unity, indicating that 100% of the lateral force is resisted by the infill panel.

Figure 6-7 illustrates the trends in «;,, ., for the code-compliant range of infill panel

aspect ratios and the typical range of tension field inclination angles. As shown, the value

of ;.. decreases when the aspect ratio increases. This is also reasonable since a

bigger HBE member has to be used to anchor the tension field action in a "squat" wall
(which has a greater aspect ratio) in comparison with a slender wall (which has a smaller
aspect ratio), resulting in a higher strength of the wall due to the moment resisting action

of the boundary frame.

As shown in figure 6-5, when reducing x to a value below &, the plastic strength

alanced >
of the wall is not sufficient to resist the lateral design force. In other words, the boundary
frame designed only to resist the infill panel yield forces, per capacity design principles,
has to be strengthened to fill the gap between the available strength of the wall and the
expected lateral design demand. Incidentally, detailed information about the design of

such SPSWs will be presented in Section 6.5.
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6.4.2 Multistory SPSW

The derivations presented in Section 6.4.1 for single-story SPSWs can be extended to the
case of multistory SPSWs. The related procedures are briefly described below. Note that

an index, i, is assigned to the variables associated with the i floor level.

Consider a multistory SPSW with rigid HBE-to-VBE connections and VBEs pinned to
the ground (for the same reasons as before) as shown in figure 6-8. Here, figure 6-8a
shows the lateral design forces applied on the SPSW; figure 6-8b shows the modified
lateral design force to size the infill panels and figure 6-8c shows the lateral force needed
to develop the desired SPSW plastic mechanism. Based on those figures, the

corresponding derivations are presented below.

FDl‘ls KnsFDns Fns —L-

g /// KFo_ 7////// B / /

his1

hi
—— —— —l— y
hia
! ) ( /ll
(a) Lateral design (b) Modified lateral force (C)_ Laterall for-ce to develqp
force on SPSW to size infill panels uniform yielding mechanism

FIGURE 6-8 Schematic of a Typical Multistory SPSW

Similar to the procedure for single-story SPSWs, assigning part of the lateral design

forces to the infill panel system, as shown in figure 6-8b and equating the infill panel

shear strength and the corresponding design story shear at the i” and i+1” story,

respectively, one can have

@, L= Z K Fpi (6-21)
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@y L = Z K Fpy (6-22)

k=i+1
Subtracting (6-22) from (6-21)
(a)xbi — Oy )L =K, (6-23)

It is assumed that the SPSW is able to develop the anticipated uniform plastic mechanism
shown in figure 6-8c, and that HBE plastic hinges will form (instead of VBE plastic
hinges) at the roof level. Consider an intermediate floor along the height of the wall as
shown in figure 6-9a. Note that the derivations presented below are also valid for the top
floor shown in figure 6-9b, simply by setting the magnitude of the tension field

components of the upper story equal to zero.

/ﬁ W

(a) Intermediate Floor (b) Top Floor

FIGURE 6-9 Segments of a Uniformly Yielded Multistory SPSW

Equating the internal and external work tributary to the considered intermediate floor,

one can obtain the following equation:

1 X

Fh =(04 — 0y, )L +2M ,, (6-24)

Assuming again that each intermediate HBE is proportioned using the design procedure

proposed by Vian and Bruneau (2005), the resulting plastic section modulus is given as

7 = (a)yhi _a)yhiJrl)Lz . 1 (6-25)
§ 4fy 1+\/1_77i2
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Note that the procedure by Vian and Bruneau (2005) was originally developed for anchor
HBE. However, that procedure can be alternatively used for intermediate HBE by
considering the resulting vertical component of the tension field actions along the beam.
Accordingly, the plastic moment of any HBE is determined as

M. = (a)ybi — Dy )L2 1 (6-26)

" 4 N

Substituting (6-26) and (6-23) into (6-24) , also considering (6-16) and solving for F;,

one can determine the force applied at each floor level to develop the expected

mechanism, which is:

E:Kf&b+%mnw%%£}T:ﬂL_i (6-27)

hl. - 771‘2
For the balanced design case,
(6-28)

which physically means the lateral design force applied at each level of the SPSW is

equal to that needed to develop the desirable mechanism.

Substituting (6-28) into (6-27), one can solve for «; for the balanced case:

7;

-1
Kbalancedi - [1 + E tan (aj )(Zj : W] (6'29)

It is recognized that that (6-28) is a relatively "strong" constraint and may not be

necessary for the global force equilibrium, which can be given as

YE=YF, (6-30)
i=1 i=1
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However, only based on (6-30), can not be determined. Hence, (6-28) is used

alancedi

herein.

To have a better understanding of the lateral forces respectively resisted by the infill
panels and the boundary frame in the balanced design case for a multistory SPSW,
consider a four-story SPSW without RBS connections as an example. Assume that the
lateral design forces linearly distribute along the height of the wall as shown in figure 6-
10 and the story heights and infill tension field inclination angles (45°) are constant in all

stories. Figure 6-11 illustrates «x; .. and the percentage of the story shear resisted by

the infill panel at each level (i.e. to be considered to size the infill panels at each story).
These results have been derived for the infill panel aspect ratios permitted by the 2005
AISC Seismic Provisions. For comparison purpose, the results for the case when 100% of
the story shear is resisted by each infill panel (i.e. the design case implied by the AISC

Seismic Provisions) are also provided in the figures.

As shown in figure 6-11, the lateral design forces and the corresponding story shears
assigned to the infill panels are reduced in the balanced design case. For example, as
shown in figure 6-11b, in the balanced design case, when the infill panel has an aspect
ratio of 1.5, 78% of the base shear is resisted by the first-story infill panel when the wall

develops the expected plastic mechanism.
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O.IOVbase
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(e )
(a) Lateral Design Forces (b) Story Shear

FIGURE 6-10 Description of Example Four-Story SPSW
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6.5 Boundary Frame Design of SPSWs Having Weak Infill Panels

When the infill panel thickness is smaller than that corresponding to the balanced design
case, the SPSW will not have sufficient strength to resist the lateral design force if the
boundary frame is only proportioned using capacity design procedures (i.e. designed only
to resist the infill panel yield forces). Here, such walls will be termed SPSWs having

weak infill panels.

As a first step, the principle of SPSWs having weak infill panels is studied from a
theoretical perspective to understand the implications of that concept. Intuitively, there
would seem to be no benefits in using an infill panel thickness less than the balanced case
that was discussed previously. However, without the knowledge of the equations
presented in Section 6.4, an engineer may decide to apportion the percentage of the
strength provided by the boundary frame and the infill panel arbitrarily to any number
(e.g 50%-50%). When a weak infill panel is used, the boundary frame resulting from
capacity design procedures needs to be strengthened to ensure that the overall SPSW
(including both the infill panels and boundary frame) is able to resist the lateral design
forces, i.e. in that case, capacity design considerations do not drive the design of the

boundary frame.

To address the design procedures of the boundary frame of SPSWs having weak infill
panels, consider the multistory SPSW shown in figure 6-12a. Assume the VBEs are
pinned to the ground. Consistent with the definition of weak infill panels, the story shear

assigned to each infill panel is smaller than that of the balanced case, which gives

z KkFDk < Z KbalancedkFDk (6-3 1)
k=i k=i

To better understand the lateral design demand resisted by the boundary frame, the SPSW
is decomposed into two lateral force resisting systems as shown in figure 6-12, namely: (i)
Frame B consisting of infill panels, which resists the lateral loads entirely through infill
tension field actions together with a boundary frame without moment resisting

connections; and (ii) Frame C as a frame without infill panels, which resists lateral loads
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only through moment frame actions up to the development of plastic moments at the
HBE-to-VBE connections. Note that the HBE end fixities and are removed in Frame B,
since their contribution to lateral force resistance is taken into account in Frame C. The
summation of lateral force resistances of the above two systems (i.e. Frames B and C) is

equal to the SPSW lateral strength. Accordingly, the lateral force applied at each floor
level of Frame C is (1- ;) F),.

Design of Frame C can be achieved by following plastic analysis procedure and ensuring
sufficient frame plastic strength. Three methods, which lead to different designs but same
global plastic strength of the boundary frame, are presented below. What conceptually
differs in the three methods considered below is that each case assumes a different
distribution of HBE strength along the height of the SPSW for which the global plastic
strength is satisfied but the local story-by-story strength is not necessarily satisfied. Note
that the following derivations are based on plastic analysis and the yielding sequence of
the members and the infill panels of the SPSW under the lateral forces is out of the scope

of the work presented here.

For all methods used here to design the boundary frame, the resulting HBEs are checked
to comply with the result determined from (6-25), i.e. capacity design is checked to
ensure that all members are able to anchor their infill panel yield forces. In addition, the
resulting designs are checked to satisfy the strong column and weak beam requirement to

avoid undesirable behavior of the wall (e.g. soft story mechanism).

Fons KnsFDIls ( 1 -]GIS)FDHS
i — 0 i
Foit1 //// Ki+1Foi+1 (1 —Ki+1)Fni+1
— — B ——

F: % _Ki-l;: . (1-1Gi-1) Foic1
(A) (B) - © -

FIGURE 6-12 Decompositions of Lateral Forces and SPSW System
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6.5.1 Design Method I

The first method to design the boundary frame assumes constant HBE cross-sections
along the height of the wall. When the boundary frame as part of the wall develops the
plastic mechanism shown in figure 6-13, equating the internal and external work of the

boundary frame, one can derive the following equation:

ng

2(1 K,) Fp.h, = 22 m-f,Z, (6-32)

i=l

External work Internal work

Solving for Z, gives,

Z(l_’(i)FDz’hl‘
Zb == ng
nyzni
i=l

(6-33)

6.5.2 Design Method II

The second method to design the boundary frame determines HBEs from the virtual work

equation of each story. For the plastic mechanism shown in figure 6-13, equating the

internal and the external work tributary to the i” story, one can derive the following

equation
(I_K})FDihizz'ﬂi'fy'Zbi (6-34)
External work Internal work
Solving for Z,, gives,
l-x)F,h
= @ (6-35)
21,
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FIGURE 6-13 Plastic Mechanism of Boundary Frame

6.5.3 Design Method II1

The third method to design the boundary frame determines HBEs from the virtual work
equation of the sub-frame from the i* story to the top story. For the plastic mechanism

shown in figure 6-13, equating the internal and external work of the i +1” sub-frame as

shown in figure 6-14, one can derive the following equation

3 Zj: (1=%;) Fpyhy =2 {Z nZ, } (6-36)

J=i+l k=i+l Jj=i+l

External work Internal work

where & is the i story height, different from 4 used in the previous derivations (i.e.

the i” story elevation).

Similarly, the equation for the i” sub-frame shown in figure 6-14 is

22(1 K,) Fphy =2, {an } (6-37)

Jj=i k=i

External work Internal work

Subtracting (6-36) from (6-37) and solving for Z,,

z, =47 (6-38)
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FIGURE 6-14 SPSW Sub-Frames

6.6 Case Study

Sections 6.4 and 6.5 presented different approaches for SPSW design. To be able to
determine the relative merits of any of those designs which will provide the same lateral
load resistance, it is important to conduct nonlinear time history analyses to compare the
seismic performance of the walls respectively designed using various distributions of the
lateral loads between the boundary frame and infill panels as well as various distributions
of HBE strength that satisfy the total plastic strength of the structure. Such a study is
conducted in this section. The following briefly describes assumptions, design results,
and the performances of those differently designed SPSWs in the nonlinear time history

analyses.

6.6.1 Assumption and Design Summary

An eight-story single-bay SPSW was used as the prototype structure in this study. The
VBEs were assumed to be pinned to the ground and the first-story infill panel was
assumed to be anchored to the ground rather than to an anchor beam at that level. The bay
width and constant story height were assumed to be 10 and 18 ft, respectively, resulting
in an infill panel aspect ratio of 1.8, which is within the range allowed in the 2005 AISC

Seismic Provisions.

The structure was assumed to be located on class B soil in Northridge, CA. Its weight
was assumed to be 5092.5 kips distributed as 652.5 kips at all stories except at the roof
where it was 525 kips. Seismic design loads were calculated using FEMA 450 (FEMA,
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2004) and the associated spectral acceleration maps. Design short and 1-second spectral

ordinates, S, and S,,, were calculated to be 1.43g and 0.50g, respectively. The period

of the structure was estimated (using the FEMA procedures) to be 0.54 second, and using
a response modification factor, R, of 7, and importance factor I, of 1, the base shear for

the structure was found to be 674.5 kips.

Corresponding lateral loads up the height of the structure are presented in table 6-1. As
shown in the table, the AISC design procedure, the developed procedure to achieve a
balanced design, and the design procedure assuming 40% of the story shear is resisted by
the infill panel at each story of the SPSW (i.e. the procedure for the SPSWs having weak
infill panels) are considered to select the infill panel thicknesses of the SPSW. Note that it

is assumed that the calculated infill panel thicknesses are available in all cases.

For the SPSW having weak infill panels, all three HBE design methods developed in
Section 6.5 were considered for design of the boundary frame. As a result, a total of five
SPSW designs were obtained, i.e. one from the AISC design procedure, one from the
balanced design procedure, and three from the procedure for SPSWs having weak infill
panels (respectively using methods I, II and III). The boundary frame members from
those five designs are listed in table 6-2. Note that the three designs of the SPSW with

weak infill panels had the same infill panels but different boundary frame members.

As shown in table 6-2, the boundary frame members from the balanced design are
smaller than those from the AISC code design because the former considers the lateral
force resistance of the SPSW due to the boundary frame moment resisting action.
However, the boundary frame members are getting stronger at some stories of the SPSW
having weak infill panels. This is because, in this study, each weak infill panel was sized
to resist only 40% of the story shear and the boundary frame members proportioned using
capacity design principles (i.e. designed only to resist the infill panel yield forces) are not
sufficient to resist the remaining 60% of the story shear and therefore those boundary
frame members had to be strengthened. Also shown in table 6-2, the HBE size
distribution along the height of the SPSW, as expected, varies in the three designs using

weak infill panels.
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For comparison purpose, figure 6-15 illustrates the resulting steel weight for each design
(also broken down in terms of each component). As shown, the balanced design is the
most optimum in terms of the total weight of steel. Also shown in figure 6-15, for designs
using weak infill panels, although the steel weight of infill panels decreases, the steel
weight of boundary frame members increases for the reason presented earlier, resulting in

an even higher value of the total steel weight in those designs.

TABLE 6-1 Summary of Design Story Shears and Infill Panel Thicknesses

S Bl . Lateral Modified Story Shear (kip) Infill panel thickness (in)
o Heon o T B Wl et Wek
(kip) design infills design infills
8 80 127.1 127.1 113.0 50.8 0.033 0.029 0.013
7 70 137.9 264.9 233.6 106.0 0.069 0.060 0.027
6 60 117.9 382.8 335.5 153.1 0.099 0.087 0.040
5 50 97.9 480.7 4229 192.3 0.124 0.109 0.050
4 40 78.0 558.7 492.0 223.5 0.144 0.127 0.058
3 30 58.2 616.9 542.8 246.8 0.160 0.140 0.064
2 20 38.5 655.5 575.8 262.2 0.170 0.149 0.068
1 10 19.0 674.5 590.1 269.8 0.174 0.153 0.070

TABLE 6-2 Design Summary of Boundary Frame Members

B;‘"rl:iiry AISC Balapced Weak infills Weak infills Weak infills

x design Method I Method II Method II1
Member ID

HBE-8 W18x76 W18x71 W18x158 W18x311 W18x50
HBE-7 W18x86 W18x71 W18x158 W18x311 W18x97
HBE-6 W18x65 W18x60 W18x158 W18x234 W18x130
HBE-5 W18x65 W18x60 W18x158 W18x158 W18x158
HBE-4 W18x60 W18x55 W18x158 W18x106 W18x192
HBE-3 W18x55 W18x50 W18x158 W18x65 W18x211
HBE-2 W18x50 W18x40 W18x158 W18x40 W18x211
HBE-1 W18x50 W18x40 W18x158 W18x40 W18x211
VBE-8 W30x116 W30x108 W40x167 W40x235 W40x149
VBE-7 W30x116 W30x108 W40x167 W40x235 W40x149
VBE-6 W40x183 W40x167 W40x235 W40x235 W40x235
VBE-5 W40x183 W40x167 W40x235 W40x235 W40x235
VBE-4 W40x277 W40x264 W40x264 W40x264 W40x264
VBE-3 W40x277 W40x264 W40x264 W40x264 W40x264
VBE-2 W40x431 W40x362 W40x362 W40x362 W40x362
VBE-1 W40x431 W40x362 W40x362 W40x362 W40x362

"HBE and VBE at the i story are represented by HBE-i and VBE-i, respectively.
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6.6.2 Analytical Model and Artificial Ground Motions

To quantify the seismic performance of those SPSWs designed using different
procedures, nonlinear time history analyses were conducted on models constructed using
the dual strip procedure described and validated in Qu et al. (2008). Three realizations of
the target acceleration spectra compatible ground motion were obtained using the
computer program, TARSCTHS, by Papageorgiou et al. (1999) and were used as ground
excitations for the nonlinear time history analyses. The dual strip model, ground motion

realizations and acceleration spectra are shown in figure 6-16.

178



81)99dS uone.adIIeopnasd (9)

(puooag) porad

0s'C 00°C 0s'1

00°L

000

winoads ugisop josIe],

¢-uonezieay
z-uoneziedy

[-uonezi[eay]

000

0C0

0v'0

090

080

00°1

0Tl

(At

09°1

081

UoNBULIOJU] UON)OJA] PUNoIs) pue [Ppoy diLns ren( 91

(8) esd

SOLI0JSIH UON)OJA] PUNoIs) (q)

(puooag) aur
0T 81 91 14! Cl 0ol 8 9

<
(o]
(=]

s | b& o

[-uonezIeay

z-uonezijeay

c-uonezIfeay

-9 ANOIA

8°0-

¥0-

70
80
8°0-

¥0-

70
80
8°0-

¥0-

70

80

(3) uoneIso0y (8) uoneIsPooy

(8) uoneiseooy

PPOA drns ren( (e)

oletele!

SRS
SRR
T
SIS
IR
e
NI R A
T
GAEIRBEL
Yotetetute e ate
SN

W,

e
Ly
R

Lt

R,
SRR
SRS

RS
AT
{ R R ]
{2
eSoe s

179



6.6.3 Result Comparison

The maximum rotation of each HBE (including both elastic and plastic responses) and the
maximum drift of each story were obtained from the nonlinear time history analyses to
compare the seismic performances of the 5 different SPSWs designed in Section 6.6.1.
Figure 6-17 presents the corresponding results along the height of the walls for each

considered earthquake.

As shown, the wall from the balanced design exhibits similar performance to that of the
wall designed using the AISC Seismic Provisions. For example, the average of the
maximum first-story drifts of the wall designed using the balanced design procedure for
the three earthquake realizations is 1.48%, which is close to the corresponding result of
1.30% from the wall designed using the AISC Seismic Provisions. For comparison
purpose, the corresponding averages of the maximum first-story drifts the SPSWs having
weak infill panels and designed using methods I, II and III are calculated to be 1.98%,
3.12% and 1.65%, respectively.

Another observation from figure 6-17 is that the maximum HBE rotations and story drifts
are distributed in a uniform pattern along the heights of all SPSWs except for the wall
having weak infill panels and designed using method II. As shown, significant
deformations concentrated in the lower stories of that SPSW although less responses are

observed in its upper stories.
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FIGURE 6-17 Results from Time History Analyses



6.7 Further Consideration

As observed in previous experimental research, SPSWs combine the behaviors of the
moment resisting boundary frame and the infill panel system, which, taken alone, exhibit
ductile and pinched hysteretic behaviors as schematically shown in figure 6-18a and 6-

18b, respectively.

In the previous section, all the SPSWs were designed to resist the same level of lateral
loads. Typically, the lateral loads are determined by code procedures which reduce the
maximum elastic demands by the response modification factor (typically expressed by
the parameter R). Traditionally, the R factor has been implicitly tied to the hysteretic
energy dissipation capabilities of the structural systems. Those being more ductile are
typically afforded larger R values. Traditionally; systems with highly pinched hysteretic
behaviors have been penalized by having lower R values. While the previous parametric
study in Section 6.6 is informative, it remains incomplete as it assumes that all SPSWs

are designed for the same R value.

b

Deflection

(a) Ductile hysteretic loops (b) Ductile hysteretic loops

FIGURE 6-18 Typical Hysteretic Curves (from FEMA 450)

As stated in FEMA 450, "...Structural systems with larger energy dissipation capacity

have larger R, values, and hence are assigned higher R values, resulting in design for

"

lower forces, than systems with relatively limited energy dissipation capacity. ...
However, as typically done in conventional design, the same R value was used for all the

SPSWs in the case study presented in Section 6.6. Opportunity exists for future research
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to investigate what value of R should be used for those walls using different design
assumptions and to provide greater insight as well as more definitive conclusions on the

previously presented observations.

Given that some of the systems designed for the same level of lateral loads experienced
greater story drifts and HBE rotations, it is conceivable that it might be desirable to
reduce the R factor of the system that exhibits much greater inelastic response at specific
stories. Therefore, if the parametric study was repeated with those systems designed for
lower R values as a consequence of their decreased capability to dissipate hysteretic
energy and to limit the drift and HBE rotation demands, it is quite possible that the
savings in structural steel weights shown previously in figure 6-15 may not exhibit the

same trends and that the apparent savings might be even eliminated.

In the past, R values have been assigned based on the judgment of code committee
members on the respective and relative ability to dissipate energy of various structural
systems as compared to each other. An effort is underway to develop a systematic and
rigorous technical procedure to develop R factors, as documented in the ATC-63 90%
Draft (FEMA, 2008). The recommended methodology for reliably quantifying R values
as described in ATC-63 is based on a review of relevant research on nonlinear response
and collapse simulation, benchmarking studies of selected structural system, feedback
from an expanded group of experts and potential users, and evaluations of additional

structural systems to verify the technical soundness and applicability of the approach.

At this point, it would be a major undertaking beyond the scope of this work to conduct
such a derivation of appropriate R factors. However, the work undertaken in this section
illustrates the technical issues that need to be resolved to establish to which degree the
seismic loads applied to a SPSW could partly be resisted by the boundary frame
surrounding the infill panels. While awaiting further results on such studies on R values,
it is recommended for conservatism to continue designing SPSWs according to the AISC
Seismic Provisions, or in the most permissive cases using the procedure corresponding to
the balanced design. In other words, to design the infill panels of a SPSW for 100% of the

story shears, based on the limited data provided here, or relax the design rule to design
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the infill panels for the story shears determined from the procedure of the balanced
design, for which a reasonable similarity in responses have been observed from the

preliminary analysis results shown in figure 6-17.

6.8 Summary

This section investigated the lateral load resistance of SPSWs respectively provided by
the boundary frame moment resisting action and the infill panel tension field action. Then,
a procedure which considers the contributions of these two actions to the overall SPSW
strength (i.e. a procedure to achieve a balanced design) was developed. Design of SPSWs
having weak infill panels was also studied and three different methods that assume

different HBE strength distributions along the SPSW height were developed.

A series of nonlinear time history analyses were conducted to evaluate the seismic
performance of SPSWs designed using these different procedures (i.e. respectively
designed using the AISC Seismic Provisions, using the developed balanced design
procedure, and using the three methods for the SPSWs having weak infill panels). It was
shown that the SPSW designed using the balanced design procedure exhibits similar

performance to that designed using the AISC Seismic Provisions.

Finally, the future work to provide greater insight and more definitive conclusions on

SPSW design is outlined.
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SECTION 7

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

FOR FUTURE RESEARCH

7.1 Summary

In this report, the seismic behavior of boundary frame members (i.e. HBEs and VBEs)

was investigated, and new design approaches were correspondingly proposed for those

members.

Analytical models were first developed for estimating the plastic moments of
HBEs in SPSWs. Those procedures are based on classic plastic analysis and rely
on calculation of the reduced axial yield strength of the HBE web accounting for
the presence of shear and vertical stresses due to infill panel forces. Results from
these procedures were shown to agree well with those from FE analysis.
Simplified models were also developed for practical purposes and were shown to

be accurate.

The effects of axial and shear forces in intermediate HBEs were studied using
plastic mechanisms and simple free body diagrams. A capacity design procedure
was then proposed for intermediate HBEs. This procedure prevents HBE in-span
plastic hinging and ensures adequate moment capacity at VBE faces when RBS
connections are used. The proposed model differs from the current design
approach in that it: (i) considers reduced HBE plastic moment strength to account
for the presence of axial load, shear force, and vertical stresses in HBEs; (ii) is
able to capture the fact that resultant action of the vertical tension field
components is not equally resisted by each end of an HBE; and (iii) accounts for
the variation of plastic hinge location in an HBE having RBS connections. FE
analyses were used to validate the proposed approach. Finally, the intermediate
HBE of a tested SPSW was examined and the observed HBE failure was
explained using the knowledge and methodologies developed.
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For design of VBEs, analytical work was conducted to assess the adequacy of the
VBE flexibility limit specified by the AISC Seismic Provisions and CSA S16-01.
Derivation of the flexibility factor in plate girder theory and how that factor was
incorporated into current design codes was reviewed. In addition, analytical
models to estimate out-of-plane buckling strength and prevent shear yielding of

VBEs were developed. It was shown that the flexibility factor, @, is uncorrelated

to satisfactory in-plane/out-of-plane VBE performance. Alternative analytical

models were proposed and correlated well with the past experimental results.

Finally, the contribution of boundary frame moment resisting action to the overall
SPSW plastic strength was investigated. A procedure was developed to account
for this moment resisting action to achieve a balanced design followed by the
derivations of three different procedures for the SPSWs having weak infill panels.
A case study was further developed to compare the performances of the SPSWs
designed using different procedures. It was found that the wall designed according
to the balanced design procedure may be optimum in terms of the total amount of
steel and be able to exhibit acceptable seismic performance. However, SPSWs
having weak infill panels may not necessarily be optimum in terms of seismic

performance and amount of steel.

7.2 Conclusions

In this research, an improved capacity design procedure was developed for HBEs
accounting for the reduced HBE plastic moments due to the biaxial stress
conditions in HBE webs and the complete free body diagrams of HBEs. Such a
capacity design procedure can be used to explain the observed intermediate HBE
failure reported in Qu et al (2008) and ensure a desirable ductile HBE behavior in

future designs.

Analytical investigations on VBEs showed that the existing VBE flexibility limit
is uncorrelated to satisfactory in-plane and out-of-plane VBE performance.

Alternatively, a proposed analytical model for preventing in-plane shear yielding
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7.3

and out-of-plane buckling of VBEs predicted performance that correlates well
with past experimental results, and can be used to ensure the desirable VBE

behavior.

An optimum SPSW design in terms of the total amount of steel and SPSW
seismic performances can be achieved following the balanced design procedure
developed accounting for the contribution of boundary frame moment resisting
action to the overall SPSW plastic strength, although future research is needed to

provide further insight for this procedure.

Recommendations for Future Research

The above results lead to the following recommendation for further research.

Given that this research has explained that the observed patterns of yielding in the
RBS details of SPSWs (which are different from those observed in conventional
steel moment frame) depend on the significant axial force, shear force and vertical
stresses acting in the HBE web and caused by infill panel yield forces, it would be
interesting to explore if different geometries for the reduction of the flanges and
webs of HBEs could be developed to enhance the ductile performance of HBE-to-

VBE connections.

The rational models developed to prevent the in-plane shear yielding and predict
the out-of-plane buckling strength of VBEs, and validated by comparison with
results from previous experimental studies on SPSWs, could be expanded by
future analytical and experimental research to: (1) investigate whether in-plane
buckling equations similar to those developed for the out-of-plane bucking cases
could be equivalently derived and useful to enhance the interaction equations to
calculate the beam-column strength of VBEs, and; (2) assess whether other

concerns may exist to justify retaining the use of flexibility factor (i.e. @, ) to

achieve satisfactory seismic performance of VBEs in SPSWs.
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SPSWs explicitly designed to rely on the sum of the moment resisting boundary
frame and infill panel system to resist lateral load might need, in some instances,
to be assigned different R values than SPSWs for which the infill panel is
designed to resist the totality of the code-specified lateral loads and for which the
boundary frame provides a beneficial overstrength. Currently, in absence of
guidance to the contrary, engineers could use the same R value for all SPSWs.
Future research is needed to address how to determine the R value for each

SPSW or whether it is appropriate to use the same R value for all cases.
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APPENDIX A

SHEAR EFFECTS AT THE END OF INTERMEDIATE HBE
DUE TO TENSION FIELDS

A.1 General

In Section 4.4.1, two analytical procedures were presented to estimate the shear effects at
the end of a statically determinate beam under uniform loads from fully yielded infill
panels. These two procedures, both employing the principle of superposition, either
combine the shear effects from different sub-tension fields, or sum up the shear effects
from different components of the tension fields. Although different resulting expressions
for the HBE end shear were obtained based on different free body diagrams, the
derivations in this appendix demonstrates that the results from these two procedures are

identical.

A.2 Method 1 (superposing shear effects from sub-tension fields)

In this method, the tension fields were divided into one middle part and two end parts.

According to the geometry shown in figure A-1, the location factors, x, and x,, , used to

locate the end and middle part of the tension fields can be determined as:

x;=d, +(d+2h, )tana (A-1)
d
Xy =d, +(E+h/}tan0{ (A-2)

Based on the general static analysis procedure and superposing the shear effects from
each part of the tension fields, the shear force at the right and left end of the intermediate
HBE can be obtained:
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(a)ybi Dy ) (L 2xy )

Ve = > +60,, (x,—d,)
d (A-3)
(a)xbt + wbu—l ) (xE - d/ )( 2 + hfj
—(1- 8)a)bz+l( dj)+
L
o, ) (L—2x,,)
vy (= B ;) Lt (1-0) @, (x,—d,)
d (A-4)
(a)Xbl +wxbt+l)(xE _df)(z-l_hfj
_ea)yblﬂ (xE _df ) - L
where @ is the load distribution factor
0=1—xM/L (A-5)

Substituting(A-1) and (A-2)into (A-3)

VSR _ (a)ybi - a)ybi+21) (L - 2df ) _ (wybi ybl+1 ) (2d +2h ) tan & + ga)ybi (d + 2hf ) tan o
(A-6)
(a)xbz T Dy, )(XE —d, )(621 + hfj

~(1-0)w,,,, (d +2h, ) tan o+

L

The second, third and fourth term in the above expression include the common

factor(d +2h, ) tan «r, therefore, (A-6) can be reorganized as

wybi ybz+1

2

+(d +2hf)tana (a)y,n + W,

d
( i T a)xb1+1)(xE _df)(z-i_hfj

L

, _(0u-0,)(1-2)

)-(6-0.5) (A-7)

+

Substituting (A-5)into(A-7)
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(a)ybi Wy ) (L B 2df )

Vg = 5

+ i+hf tane- (@, +,,, )
2 L

d
(a)xbi Ty, ) (xE - df )(2 + hfj

L

+

From the tension field geometry

W, =0, tana
Wy = Oy TN A

Adding up (A-9)and(A-10):

wxbi + a)xbi = (a) + o,

) bi bl ) tan o/

Substituting (A-11) into (A-8)

(a)ybi Oy ) (L B 2df )

Vg = D
d L-2x
+(5+ hfj(a)xbi + a)xbi+1 ) ’ ([J—A/[)
d
(a)xbi + a)xbi+l)(xE _d/)[z-i_ h/j

+

L

The second and third term in the above expression include the common

xbi+1

factor(% +h, ] (0, +@

(0]

vbi -,

ybi+1 ) (L - 2df )
2

Vir :(

(L-2x,,)

) , therefore, (A-12)can be reorganized as

(L—2xM +xE—df)

d
+ (E + hf j (a)xbi + @, ) ’ I
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Substituting (A-1) and (A-2) into (A-13)

v, = (a)ybi - ybl+l)(L 2d ) n (d+2hf)( Wy a)xbl+1>(l’ _2df) (A-14)
2 2L
Similarly,
(wyhi }h1+1)(l’ 2d ) (d+2hf)(a)rhz +wxbz+l)(L_2df)

Ve = (A-15)

2 2L

A.2 Method 2 (combining shear effects from tension field components)

In this method, the tension fields were decomposed into horizontal and vertical
components. Following the static analysis procedure, the shear effects in an HBE can be
obtained by combining the shear forces due to each component. The resulting shear at the

right and left end can be respectively expressed as below

v, = (a)ybi ybl+1)(L 2d, ) + (d +2h, )( @y, + bu—l)(L 2df) (A-16)
2 2L
v, = (@ = @ )(L-24, ) _ (d+2h, ) (@, +@,.,)(L-2d,) (A-17)

2 2L

Comparing (A-14) and (A-15) with (A-16) and (A-17) respectively, the identical
equations demonstrate that the two methods provide identical results, although they are

originally differently expressed.

d
wi+1 N !

SIS

/4o
i< - /4' B d d+2hf
XM
ht

7 [

T =

Mwi

FIGURE A-1 Intermediate HBE End
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Appendix B

Units Definition

kip := 1000Ib  ksi := 1000£ E = 29000ksi N:= ikg MPa = 1l

2
In

Geometries and Material Properties

L := 4000mm
L := 3508mm
h4 := 4000mm
h, := 4000mm
tyy = 1-3.22mm
tyo = 1-2.3mm
he:= 0mm

d¢:= 0mm

Agop = 1.851.10"mm”

4_ 2
Apotiom = 2-477-10°'mm

A = 3.642:10"mm’

I = 1.716 x 10%mm"

fy := 346MPa

v:=0.3

fypg = 310MPa

fyp2 = 285MPa

Rypy = 1.0

Ryp2 = 1.0

2
mm

Distance between VBE centerline
Net span of intermediate HBE

1st story height

2nd story height

1F panel thickness

2F panel thickness

Fishplate details: hf =0

Fishplate details: df =0

Cross section area of top HBE
Cross section area of bottom HBE

Cross section area of VBE

Moment of inertia of VBE

Yield strength of A572Gr50,
to be used for HBE

Possion's ratio

Yield strength of 1F infill panel
(From coupon test)

Yield strength of 2F infill panel
(From coupon test)

Ratio of expected to nominal yield stress,
assumed to be unity since yield strength
is from coupon test.
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Appendix B

Preliminary Intermediate HBE Section and RBS Geometry

Try W24x76 for the intermediate HBE

d:= 23.9in Depth of W24x76

bg:= 8.99in Flange width of W24x76

t,y = 0.44in Web thickness of W24x76
tg:= 0.68in Flange thickness of W24x76
hy=4d-t Web depth of W24x76

Use h,=d-t; instead of h,,=d-2t; to calculate web depth, since the corresponding FE model
employed shell element, which assume flange and web area concentrated at mid-surface.

a:=0.7-bg Parameter of RBS, PlIs Refer to Fig 3-12 of FEMA 350
b:=0.8d Parameter of RBS, Pls Refer to Fig 3-12 of FEMA 350
¢ := 0.25-bg Parameter of RBS, Pls Refer to Fig 3-12 of FEMA 350
R 4-02 + b2 Parameter of RBS, Pls Refer to Fig 3-12 of FEMA 350
8c
e=a+ g Distance between RBS center to HBE end
Z:=betp(d - tg) + %-tw-(d - tf)2 Section modulus of W24x76

Cross section area of W24x76
A= 2bftf + tW(d — tf)

Zpps = (bf - 2-c)-tf~(d - tf) + %'tw'(d - tf)z Section modulus of RBS

ARBS = 2'(bf - 2'0)'tf + tw'(d - tf) Cross section area of RBS
_ ZRBS _ 0.6473 Ratio of RBS section modulus to
= n==u original section modulus
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Appendix B

Forces Resulting from Infill Panel Yielding

Estimation of tension field angles at 1F and 2F respectively

4
tir-L
1+ wl*-c
2A.
o = atan 3 1F tension field angle
1+t,1h ! + hl
wl 'l
I 0.5(A+ Agotiom)  360-Ic-Le
" -
to L
w2'=c
1+ A
ap = atan ¢ 3 2F tension field angle
1 hy
L w2 2| e A Y T 0L
R (A + Atop) c'c]
o1 + Average inclination angle
1 2 .
o= —">" of tension fields
2
. 2 . . .
Oycl = Rypl'fypl'twl's'n(o‘) Horizontal component of the tension field along VBE at 1F
. 2 . . .
Oycp = Rypl'fypl'tWZ'S'n(O‘) Horizontal component of the tension field along VBE at 2F
2 . . .
Oyh1 = Rypl‘fypl'twl'cos(“) Vertical component of the tension field along HBE at 1F
2 . . .
Oyhp = Rypl‘fypl'tWZ'COS(“) Vertical component of the tension field along HBE at 2F

Oyp1 = %Rypl'fypl'twl'sm(z‘“) Horizontal component of the tension field along HBE at 1F

| =

Oyph = > Rypl'fypl'tWZ'Sin(z‘O‘) Horizontal component of the tension field along HBE at 2F
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Appendix B

Axial Force in the Intermediate HBE

Assume the earthquake loads concentrate at both ends of the intermediate HBE

Axial force at the left and right end of HBE

S B S 2 _d L,y h

L= el 75 ) " x2S T ((”xbl - O’xbz)' 55 '(O’ybl + ‘”be)' w

R B P2 _d L,y "
R™ x| 5  “xe2{ 5 ~ 57 ((”xbl - O’xbz)' > 5 '(O’ybl + 0’ybz)' w

P = 14263 x 10°N PR = ~940.7014 x 10°N

Axial force at the left and right RBS center

. hy g hy g L v
PRBSL = ~©xc1’ 5T x| TS ((”xbl - O’xbz)' PR E'(‘”ybl + "’yb2)'hw

. hy g hy g L v
PRBSR = ~Oxc1'| 5~ 5 |~ Oxez| 5 ~ 5 ) * (Oxb1 ~ Oxp2)| 5 ~ €]+ 5 (@yb1 + Oyb2) N

6 3

Shear Force in the Intermediate HBE

Assume the following cross section plastic moment reduction factors at the left and right plastic
hinging respectively

Shears developed in the left and right plastic hinging

(BresL + Bresr) Ty ZrBs . (0yb1 ~ @yb2) (L = 28)  (0xp1 + Oxbp)(hw + 20y)
L 2e 2 2

VRBSL :

fy-ZrBs . (“’ybl - "’ybz)'(L - 2¢) . ((’)xbl + Cl)xb2)‘(hw + th)
L - 2e 2 2

VRBSR':
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Appendix B

Shear Force in the Intermediate HBE (cont'd)

Estimation of the cross section plastic moment reduction factor at the left plastic hinging

3

Positive flexure

(oyb1 + @yb2)  (@yb1 ~ ©yb2)

y 2ty aty,
o -P
Y om .
fy hytfy

2
g +[— |2 Zo1s
{ Tl fy
(e} 2 T 2
= |a- 3[_)/} _ 12.[&] fy
fy fy

yc: w
[ﬁ] ) [—CJ

fy fy
Mp Flange = (bf - 2C)'tfhw'fy

hw YT

Mp capacity = Mp.Flange * Mp.web

M =ortyyYT|——-—1|-0ctyy M_y_C
P.Web - TwT2 2 CWC2 2

PrBSL =

6

_ VRBsL

T =
XY t,.h

w W

o1 = 342.997 MPa

cc = —303.667 MPa

yr=hy-Yc

)

IV'P.Capacity
fy-ZrBs
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Appendix B

Shear Force in the Intermediate HBE (cont'd)

Estimation of the cross section plastic moment reduction factor at the right plastic hinging

3
VRpsR = 734.5201 x 10° N

Negative flexure

(@yb1 * oyba)  (0yo1 ~ Oybo)

y 2ty at,
c P
%Y _ona b, - —RBSR
fy hw'tw'fy
c 2 B c T 2
TCY SN NEE
3 fy 3 fy fy

1/ 1
oT= 5'[%} 7
L y

= yc —h
e w — = 0.807 yT=hw=Ye
c o =0.
)
MP.FIange = (bf — ZC)-tf-hW-fy
M t _hW T i hw  Yc
= OT . . — — O . o —_— = —
P.Web = OT'wWYT| 7"~ 7, ctwyc| S 5
M .
P.Capacity
IV'P.Capacity = IV'P.Flange + Mp web BRBSR = T
y'“RBS

3
PRBSR = —996.4462 x 10°N

o1 = 307.515 MPa

6 = —261.176 MPa
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Appendix B

Shear Force in the Intermediate HBE (cont'd)

BrpsL = 0.759 BrpsR = 0.7782

The cross section plastic moment reduction factors from calculation are close enough to those
assumed.Thus, the shear developed at the left and right plastic hinging can be calculated as:

(BrBsL + BRBSR)'fy'ZRBs . (©yb1 = ©yp2)- (L - 2¢) ) (@xb1 *+ @xb2)(nw + 2h¢)

V = —
RBSL . > 5
(BresL + Bresr) Ty ZrBs  (@yb1 - “’ybz)'(L -20)  (0yp1 + Oxp) (N + 2Ny)
VRBSR = + N
L - 2e 2 2
3 3
VRps| = —458.0351 x 10°N Vipsp = 8814640 x 10°N

The shear demand at the left and right plastic hinging can be calculated as:

VR = VRBSR + (©yb1 ~ ©yha)®

VL= VResL * (@yb1 ~ @yb2)e

V| = —394.9491 x 103 N VR = 944.5501 x lO3 N

Prevention of In-Span Plastic Hinging

Possible plastic hinging location

e malL-2e PresL *PrBSR .
span -~ - "'y'“RBS>
2 ((oybl - wyb2)~(L — 2e)

Xspan = 0.0000 mm

So, in span plastic hing will not form.
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Appendix B

Moment at the Right Column Face

Demand at the right end

MR.demand = PrBSR fy"ZrBS * VRBSR® -

+M.(e ~dg)(e+

6
MR.demand = 842.0595 x 10 " N-mm

Estimation of cross-section moment capacity
3
Pr = —940.7014 x 10" N

Negative flexure

(“’xbl + ‘Dxbz)

df) - (e — df)-(hy + 2hy)

at right end

Vg = 9445501 x 10°N

f

Mp Flange = b tehy y

(“)ybl + C‘)be) ((”ybl - Cl)yb2) PR VR
v ’ Pw = XY hy
2t,, at,, whwy ty Py

(e} T

Y _ 013 By = 0.412 X _ 0414

fy fy

2 B - 2
(e} (e} T
sfof a0 (2]
3 31, 3 Wl
2 2
(e} (e} T
ot = 1{—@ RN R [—y - 12-[ﬂj 1, o1 = 260.871 MPa
21, ) 2 fy Y
2 2
(e} o T
o= 1.{—3’} T PR [—yj - 12-[ﬂj 1, o( = 214532 MPa
21, ) 2 fy fy
(e}
f, ,
= h ’c — 0.849 YT=0Mhw-Yc
hW
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Appendix B

Moment at the Right Column Face(cont'd)

Mo v oty 2 YT oy [T Ve
P.Web - TwT2 2 CWC2 2

MR.capacity = Mp.Flange * Mp.web

6 6
MR demand = 842.0595 x 10" N-mm MR.Capacity = 923.3455 x 10" N-mm

Capacity is greater than demand, OK

Moment at the Left Column Face

Demand at the left end

((Dxbl + COxb2)

ML demand = PrBSL Ty ZrRBS = VRBSL € ~ > (e~ dg)-(hyy + 2hg) ...
—|® -
( ybl yb2)
+f~(e — dg)-(e + dy)
M — 632.2270 x 10°N
L.demand = 994 X -‘mm
Estimation of moment capacity at left end
6 3
P =-14263x 10°N V| = -394.9491 x 10°N
Positive flexure
- (mybl + “)ybz) (O’ybl - ‘”be) - —PL . VL
y 2ty aty, hyy tw fy ' tyhw
(e} T
f—y =011 B = 0.625 % = 0173
y y

2 2
L 1.[&} ] &.{BW [_yﬂ ] [_y} o
3 3 fy 3 fy fy
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Appendix B

Moment at the Left Column Face(cont'd)

2 2
(e} (e} T
o1i= 1[—3’} =N 3(—3’} - 12-(ﬂ] 1, o1 = 347.972 MPa
21, ) 2 fy fy
(e} (e} 2 T 2
1 1
o= —[f—y] - a- 3(f—yJ - 12-[%] 1, o = ~308.642 MPa
2\fy) 2 y y
o1
e )
= w 2> - 0.860
o (¢}
fy fy
yT=hw-Yc

Mp Flange = bf'tf'hw'fy

M ) hw YT . hw Yc
:: G . . . — | — — 6 . o . — —
P.Web TWwYT > > clw¥c > >

MY_capacity = Mp.Flange * Mp.web

6 6
M| demand = 632.2270 x 10" N-mm ML.Capacity = 958.9578 x 10" N-mm

Capacity is greater than demand, OK
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Appendix B

Summary of Intermediate HBE Design Loads

Shear force
3 3
VR = 944.5501 x 10" N V| =-394.9491 x 10°N
Axial Force
3 6
Pr = —940.7014 x 10" N P =-14263x 10°N

Moment Demand

6 6
MR demand = 842.0595 x 10" N-mm M| demand = 632.2270 x 10" N-mm
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Appendix C

Units Definition

kip := 1000Ib  ksi := 1000£ E = 29000ksi N:= ikg MPa = 1l

2
In

Geometries and Material Properties

L := 4000mm
L := 3508mm
h4 := 4000mm
h, := 4000mm
tyy = 1-3.22mm
tyo = 1-2.3mm
he:= 0mm

d¢:= 0mm

Agop = 1.851.10"mm”

4_ 2
Apotiom = 2-477-10°'mm

A = 3.642:10"mm’

I = 1.716 x 10%mm"

fy := 346MPa

v:=0.3

fypg = 310MPa

fyp2 = 285MPa

Rypy = 1.0

Ryp2 = 1.0

2
mm

Distance between VBE centerline
Net span of intermediate HBE

1st story height

2nd story height

1F panel thickness

2F panel thickness

Fishplate details: hf =0mm
Fishplate details: df =0mm

Cross section area of top HBE
Cross section area of bottom HBE

Cross section area of VBE

Moment of inertia of VBE

Yield strength of A572Gr50,
to be used for HBE

Possion's ratio

Yield strength of 1F infill panel
(From coupon test)

Yield strength of 2F infill panel
(From coupon test)

Ratio of expected to nominal yield stress,
assumed to be unity since yield strength
is from coupon test.
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Appendix C

Preliminary Intermediate HBE Section and RBS Geometry

Try W24x76 for the intermediate HBE

d := 23.9in
bg:= 8.99in
t, = 0.44in
t¢:= 0.68in

hW:: d—tf

Depth of W24x76

Flange width of W24x76
Web thickness of W24x76
Flange thickness of W24x76

Web depth of W24x76

Note use h,,=d-t; instead of h,=d-2t; to estimate web depth, since the corresponding FE model
employed shell element, which assume flange and web area concentrated at mid-surface.

a:= 0.7-bg
b := 0.8d
c:= 0.25-b¢

3 4-02 + b2
8c

R:

dx:= 0.36-b

e::a+2—dx
2

dy:= R —R%— dx°
Z:= bftf(d - tf) + %tW(d - tf)z

A= 2bftf + tW(d - tf)

Parameter of RBS, PlIs Refer to Fig 3-12 of FEMA 350
Parameter of RBS, PlIs Refer to Fig 3-12 of FEMA 350
Parameter of RBS, Pls Refer to Fig 3-12 of FEMA 350
Parameter of RBS, Pls Refer to Fig 3-12 of FEMA 350
Distance between RBS center and plastic hinging,
determined from 7-66

Distance between plastic hinging and HBE end

Flange width increament considering location variation of
plastic hinging

Section modulus of W24x76

Cross section area of W24x76

1 . L
Zrgs = (bf —2.Cc+ 2dy)-tf-(d - tf) + Z.tW.(d - tf)ZSeCtIOI’] modulus of plastic hinging
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Appendix C

Forces Resulting from Infill Panel Yielding

Estimation of tension field angles at 1F and 2F respectively

4
tir-L
1+ wl*-c
2A.
o = atan 3 1F tension field angle
1+t,q-h ! + hl
wl 'l
I 05(A+ Apgtrom)  360-ILe | |
" -
to L
w2'=c
1+ A
ap = atan ¢ 3 2F tension field angle
1 ha
L w2 2| e A Y T 0L
i : ( + top) ctc] |
o1 + Average inclination angle
1 2 .
o= —">" of tension fields
2
. 2 . . .
Oycl = Rypl'fypl'twl's'n(o‘) Horizontal component of the tension field along VBE at 1F
. 2 . . .
Oycp = Rypl'fypl'tWZ'S'n(O‘) Horizontal component of the tension field along VBE at 2F
2 . . .
Oyh1 = Rypl‘fypl'twl'cos(“) Vertical component of the tension field along HBE at 1F
2 . . .
Oyhp = Rypl‘fypl'tWZ'COS(“) Vertical component of the tension field along HBE at 2F

Oyp1 = %Rypl'fypl'twl'sm(z‘“) Horizontal component of the tension field along HBE at 1F

Oyph = %Rypl'fypl'tWZ'Sin(z‘“) Horizontal component of the tension field along HBE at 2F
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Appendix C

Axial Force in the Intermediate HBE

Assume the earthquake loads concentrate at both ends of the intermediate HBE

Axial force at the left and right end of HBE

h h
L= el 75 ) " x2S T ((”xbl - O’xbz)' 55 '(O’ybl + ‘”be)' w

-

R™ x| 5  “xe2{ 5 ~ 57 ((”xbl - 0’xb2)'2 + 2'(°’yb1 + 0’ybz)' w

P = 14263 x 10°N PR = ~940.7014 x 10°N

Axial force at the left and right plastic hinging

RBSL = "®xcl'| S ~ 5]~ ®xe2| S 75 ) ((”xbl - O’xbz)' > ¢T3 '(‘”ybl + "’yb2)' w
. hy g hy g L v
PRBSR = ~Oxc1'| 5~ 5 |~ Oxe2| 5 ~ 5 ) * (Oxb1 ~ Oxp2)| 5 ~ €]+ 5 (@yb1 + Oyb2) N

6 3
PRESL = —1.3948 x 10°N PRBSR = —972.2424 x 10°N

Shear Force in the Intermediate HBE

Assume the following cross section plastic moment reduction factors at the left and right plastic
hinging respectively

BresL = 080 Presr = 075

Shears developed in the left and right plastic hinging

(BresL + Bresr) Ty ZrBs . (0yb1 ~ @yb2) (L = 28)  (0xp1 + Oxbp)(hw + 20y)

V =

(BresL + Bresr) Ty ZRrBS . (@yb1 — @yb2)-(L - 2¢) . (@xb1 *+ @xb2)(nw + 2h¢)
L 2 2 2

VRBSR =
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Appendix C

Shear Force in the Intermediate HBE (cont'd)

Estimation of the cross section plastic moment reduction factor at the left plastic hinging

3

Positive flexure

(@yba * oybz) — (@yb1 ~ @yno)
4t

Gy =
w

—PRBSL
W oty
wlw y

Ixy

I
B

Oy

ks

T

T

X

fy

y

(¢

L 4_3.[
f

y

e
0.858

hfy

YT
— GCtWyC

MP.FIange = (bf —2C + 2dy>tf

hwy_C

2 2

hy

M = o -t VYT —
P.Web TWyT(Z 5

Mp capacity = Mp.Flange * Mp.web PrBSL =

6

)

Xy =

~ VRBSL

w'w

o1 = 342.522 MPa

o = —303.192 MPa

yr=hy-Yc

IV'P.Capacity

fy-ZrBs
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Appendix C

Shear Force in the Intermediate HBE (cont'd)

Estimation of the cross section plastic moment reduction factor at the right plastic hinging

3 3
VRBSR = 966.8181 x 10" N PRESR = —972.2424 x 10°N
Negative flexure
o (oyb1 + ©yb2) . (@yb1 ~ @yb2)
Y 2t at,,
%y ~PrBSR VRBSR
— =013 Byyi= ——— tyy =
fy hytw fy tyy Py
2 2
ESNE 72 T PO % | I 50
3| f 3|Vt f
y y y
[ o (e} 2 T 2_
or = l[f—yJ s 2 a- 3[f—y} - 12-[%} f, o= 254606 MPa
(2\y) 2 y y ) |
[ (3 (e} 2 T 2_
oci= i[f—y] N P [f—yJ - 12-[%] 1, o = —208.267 MPa
(2\y) 2 y y )
oT
= y -——
o= g oy € _ o869 yT=hy-Yc
)
Mp Flange = (P — 2¢ + 2dy) tehy, fy
. hW YT hW Yc
Mp.web = oTtwyT| S~ 5 |- °ctwYe| S — 5
M .
P.Capacity
IV'P.Capacity = IV'P.Flange + Mp \web BRBSR = T
y'“RBS
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Appendix C

Shear Force in the Intermediate HBE (cont'd)

BrpsL = 0.8051 BresR = 0-7519

The cross section plastic moment reduction factors from calculation are close enough to those
assumed.Thus, the shear developed at the left and right plastic hinging can be calculated as:

(BrBsL + BRBSR)'fy'ZRBs . (©yb1 = ©yp2)-(L - 2) ) (@xb1 *+ @xb2)(nw + 2h¢)

V = —
RBSL . > 5
(BresL + Bresr) Ty ZrBs  (@yb1 ~ “’ybz)'(L -20)  (0yp1 + Oxp) (N + 2Ny)
VRBSR = + N
L - 2e 2 2
3 3
VRps| = —490.7752 x 10°N Vipsp = 968.9867 x 10°N

The shear demand at the left and right plastic hinging can be calculated as:

VR = VRBSR + (©yb1 ~ ©yha)®

VL= VResL * (@yb1 ~ @yb2)e

V| = —455.0805 x 103 N VR = 1.0047 x 106 N

Prevention of In-Span Plastic Hinging

Possible plastic hinging location

e malL-2e PresL *PrBSR .
span -~ - "'y'“RBS>
2 ((oybl - wyb2)~(L — 2e)

Xspan = 0.0000 mm

So, in span plastic hing will not form.
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Appendix C

Moment at the Right Column Face

Demand at the right end

MR.demand = PrBSR fy"ZrBS * VRBSR® -

+M.(e ~dg)(e+

6
MR.demand = 876.0764 x 10  N-mm

Estimation of cross-section moment capacity
3
Pr = —940.7014 x 10" N

Negative flexure

(“’xbl + ‘Dxbz)

df) - (e — df)-(hy + 2hy)

at right end

Vg = 1.0047 x 10°N

f

Mp Flange = b tehy y

(“)ybl + C‘)be) ((”ybl - Cl)yb2) PR VR
v ’ Pw = XY hy
2t,, at,, whwly t My

(o) T

Y _ 013 By = 0.412 X _oam

fy fy

2 B - 2
(o) c T
sfof a0 (2] o
3 3|t ) 3 Wl
2 2
(o) (e} T
ot = 1{—@ RN R [—y - 12-[ﬂj 1, o = 243.189 MPa
21, ) 2 fy Y
2 2
(e} (e} T
o= 1.{—3’} R PR [—yj - 12-[ﬂj 1, o = ~196.850 MPa
21, ) 2 fy fy
(e}
f, ,
7o (o =S _osm7 1= wve
hW
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Appendix C

Moment at the Right Column Face(cont'd)

Mo v oty 2 YT oy [T Ve
P.Web - TwT2 2 CWC2 2

MR.capacity = Mp.Flange * Mp.web

6 6
MR demand = 876.0764 x 10" N-mm MR.Capacity = 897.1191 x 10" N-mm

Capacity is greater than demand, OK

Moment at the Left Column Face

Demand at the left end

((Dxbl + COxb2)

ML demand = PrBSL Ty ZrRBS = VRBSL € ~ > (e~ dg)-(hyy + 2hg) ...
—|® -
( ybl yb2)
+f~(e — dg)-(e + dy)
M — 809.1511 x 10°N
L.demand = Y7 X -‘mm
Estimation of moment capacity at left end
6 3
P =-14263x 10°N V| = -455.0805 x 10°N
Positive flexure
- (mybl + “)ybz) (O’ybl - ‘”be) - —PL . VL
y 2ty aty, hyy tw fy ' tyhw
(e} T
f—y =011 B = 0.625 % = —0.200
y y

2 2
L 1.[&} ] &.{BW [_yﬂ ] [_y} o
3 3 fy 3 fy fy
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Appendix C

Moment at the Left Column Face(cont'd)

2 2
(o) (e} T
o7 = 1.[_YJ N 3.[_3’} _ 12.[ﬂ] A, o1 = 342.552 MPa
21, ) 2 fy fy
o () 2 T 2
oc = l[f_y] ES 3[f—yJ - 12-[%] 1, oe = ~303.222 MPa
2\ly) 2 y y
o1
Vo= YY) 4
= w = - 0.866
(e} o
) Yy
yr=hyw-Yc

Mp Flange = bf'tf'hw'fy

M ) hw YT . hw Yc
:: G . . . — | — — 6 . o . — —
P.Web TWwYT > > clw¥c > >

MY_capacity = Mp.Flange * Mp.web
6 6
M| demand = 809.1511 x 10" N-mm ML.Capacity = 950.9215 x 10" N-mm
Capacity is greater than demand, OK

Summary of Design Loads at HBE Ends

Shear force

Vg = 10047 x 10°N V| = —455.0805 x 10°N
Moment

6 6
MR demand = 876.0764 x 10” N-mm M| demand = 809.1511 x 10" N-mm

Axial force

Pr = —940.7014 x 103 N P = —1.4263 x 106 N
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