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PREFACE 
MCEER is a national center of excellence dedicated to the discovery and development of 

new knowledge, tools and technologies that equip communities to become more disaster resilient 
in the face of earthquakes and other extreme events. MCEER accomplishes this through a system 
of multidisciplinary, multi-hazard research, education and outreach initiatives. 

Headquartered at the University at Buffalo, State University of New York, MCEER was 
originally established by the National Science Foundation (NSF) in 1986, as the first National 
Center for Earthquake Engineering Research (NCEER). In 1998, it became known as the 
Multidisciplinary Center for Earthquake Engineering Research (MCEER), from which the 
current name, MCEER, evolved. 

Comprising a consortium of researchers and industry partners from numerous disciplines 
and institutions throughout the United States, MCEER’s mission has expanded from its original 
focus on earthquake engineering to one which addresses the technical and socioeconomic 
impacts of a variety of hazards, both natural and man-made, on critical infrastructure, facilities, 
and society. 

MCEER investigators derive support from the State of New York, National Science 
Foundation, Federal Highway Administration, National Institute of Standards and Technology, 
Department of Homeland Security/Federal Emergency Management Agency, other state 
governments, academic institutions, foreign governments and private industry. 

This report presents the results of experimental and analytical studies to investigate the 
seismic performance of steel plate shear walls (SPSWs) considering different design 
philosophies of horizontal boundary elements (HBEs) and infill plates. The experimental study 
on a three-story SPSW specimen showed the development of HBE in-span hinges which resulted 
in an accumulation of plastic incremental deformations. A finite element investigation on the 
tested SPSW specimen demonstrated similar behavior. Furthermore, collapse assessment of 
SPSWs with various structural configurations (e.g., panel aspect ratio, seismic weight intensity, 
and number of stories) was conducted to investigate impact of sharing of story shear forces 
between the boundary frames and infill plates on the performance of SPSWs. SPSWs designed 
with the current seismic performance factors specified in the ASCE 7-10 and neglecting the 
contribution of their boundary moment resisting frames to resist story shear forces met the 
FEMA P695 performance criterion, while that was not the case for SPSWs designed considering 
the sharing of story shear forces between the boundary frame and infill plates. Adjusted seismic 
performance factors were required for the latter SPSWs to rigorously meet the FEMA P695 
performance criteria. Most importantly, the latter SPSWs were found to have a higher 
probability to suffer significantly larger interstory drift than the former. This research extends 
work reported in “Impact of Horizontal Boundary Elements Design on Seismic Behavior of Steel 
Plate Shear Walls” by R. Purba and M. Bruneau, MCEER-10-0007. The finite element analysis 
was performed using the software ABAQUS/Standard while the collapse assessment was 
performed using the software OpenSees. 
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ABSTRACT 

Research was conducted to investigate the seismic performance of steel plate shear walls 

(SPSWs) considering different design philosophies of horizontal boundary elements (HBEs) and 

infill plates. First, an experimental study on a three-story SPSW specimen was performed to 

investigate the impact of HBE in-span hinges on the seismic behavior of SPSW. A finite element 

investigation on the tested SPSW specimen demonstrated the development of in-span 

plastification and accumulation of plastic incremental deformations. 

  

Second, collapse assessment of SPSWs with various structural configurations (e.g., panel aspect 

ratio, seismic weight intensity, and number of stories) was conducted to investigate impact of 

sharing of story shear forces between the boundary frames and infill plates on the performance of 

SPSWs. The FEMA P695 methodology was used for this purpose. SPSWs designed with the 

current seismic performance factors specified in the ASCE 7-10 (i.e., R, Ωo, and Cd factors are 7, 

2, and 6, respectively) and neglecting the contribution of their boundary moment resisting frames 

to resist story shear forces met the FEMA P695 performance criterion, while that was not the case 

for SPSWs designed considering the sharing of story shear forces between the boundary frame 

and infill plates. Adjusted seismic performance factors (i.e., R, Ωo, and Cd factors are 5, 1, and 5, 

respectively) were required for the latter SPSWs to rigorously meet the FEMA P695 performance 

criteria. Most importantly, the latter SPSWs were found to have a higher probability to suffer 

significantly larger interstory drift than the former. 
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SECTION 1 

INTRODUCTION 
 
 

1.1 Motivation and Background 

There have been numerous experimental and analytical studies investigating the behavior of 

unstiffened steel plate shear walls (SPSWs) in the past thirty years. An AISC Design Guide 

(Sabelli and Bruneau 2007) summarizes that research which has addressed the design and 

modeling of SPSW web plates, general SPSW analysis methods, validation of satisfactory cyclic 

inelastic and seismic performances, and analytical procedures to calculate demands in the 

horizontal and vertical boundary elements (HBEs and VBEs) of SPSWs (e.g., Thorburn et al. 

1983; Timler and Kulak 1983; Caccese et al. 1993; Driver et al. 1997, Berman and Bruneau 2003, 

2008; Qu et al. 2008). This information, together with a detailed presentation of the latest 

knowledge on the behavior and design of SPSWs, is also available in Bruneau et al. (2011). As a 

result of this research, provisions for SPSW design have been adopted (e.g. the 2005 and 2010 

AISC Seismic Provisions for Structural Steel Buildings) and they have been increasingly 

implemented in seismic regions. 

 

However, even though SPSWs are commonly designed nowadays, two important ambiguities 

remain regarding how they should be designed; how engineers address each of these ambiguities 

can have significant cost implications. Available design examples in the literature have added to 

the confusion by arbitrarily dealing with the ambiguities, in absence of data providing substantive 

guidance on how to make those design decisions. These two design ambiguities are described in 

the following two sub-sections. Section 1.2 summarizes the work conducted here to generate the 

knowledge needed to resolve the ambiguities and to ensure the satisfactory seismic performance 

of SPSWs. 

1.1.1 Impact of In-span Plastic Hinges 

In seismic design applications, the primary energy dissipating elements of SPSWs resisting 

lateral loads are their unstiffened infill plates (webs), which buckle in shear and form a series of 
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diagonal tension field action (TFA). In a capacity design perspective, the tension force from the 

infill plates must be resisted by the surrounding HBEs and VBEs. The seismic provisions (i.e., 

AISC 2005, 2010) requires that HBEs and VBEs be designed to remain essentially elastic under 

the maximum tension forces from the yielded infill plates, with the exception of plastic hinging at 

the ends of HBEs. Implicitly, this indicates that in-span plastic hinges should be avoided. 

 

However, the provisions do not specify an analysis procedure to guarantee that this intent is met 

(although the commentary provides some guidance that could be used for this purpose). As a 

result, structural engineers might not anticipate that their designs may lead to in-span HBE plastic 

hinges (unless these analyses are complemented by the use of nonlinear analysis programs to 

predict the plastic mechanism of structures). In parallel, some structural engineers fully recognize 

the potential for in-span hinging to develop, but question the merit of limiting the location of 

plastic hinges to only occur at the ends of HBEs because, in general, this design requirement 

results in relatively larger boundary elements. Thus, to achieve more economical designs, these 

structural engineers may try to minimize overstrength by allowing plastic hinges to occur along 

HBE span, as this leads to relatively smaller boundary elements. Whether or not in-span hinging 

is acceptable has been a contentious issue, particularly in the absence of factual data to support 

either position. 

1.1.2 Story Shear Distribution between Infill Plate and Boundary Frame 

In most applications of SPSWs, rigid connections are specified between HBEs and VBEs, as well 

as between VBEs and the ground. This implies that a boundary moment resisting frame action 

exists within SPSWs. While such boundary frames do contribute to the lateral load resistance of 

SPSWs, it is unclear whether that boundary frame should be accounted to resist the code-

specified story shear forces.   

 

The current Canadian Standard (i.e., CSA 2009) for the design of steel structures specifies that 

infill plates of SPSWs must be designed to resist the entire lateral loads, without considering the 

possible contribution from the surrounding boundary moment resisting frame. Such a statement is 

not explicitly included in the American Seismic Provisions (i.e., AISC 2010b), but one possible 

interpretation of the AISC design specifications could lead to the same design approach. In this 
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approach, HBEs and VBEs are designed to resist the tension field forces generated by the fully 

yielded infill plates, and the resulting boundary frame moment resisting action contributes to the 

global plastic lateral strength of the SPSW by adding overstrength (i.e., lateral load resistance 

above the specified story-shear force). 

 

In another approach, resistance of the specified story-shear forces is divided between the infill 

plate and the boundary frame, in arbitrary proportions. This results in more economical SPSWs 

(due to less tonnage of steel) and a reduction of wall overstrength. As reported in past 

experiments, this overstrength in conventional SPSWs can be quite significant. For example, 

Driver et al. (1997) reported that boundary frame moment resisting action contributed about 25% 

to the global plastic strength of their four-story SPSW specimen. The same observation was also 

made by Berman and Bruneau (2005), who indicated that the boundary frame of their single story 

SPSW specimen contributed 38% to the total strength of the wall. Qu and Bruneau (2009) 

demonstrated that boundary frame moment resisting action can contribute up to 50% of the total 

strength of a SPSW with aspect ratio of 2.0 when its boundary elements are designed per capacity 

design principles. In other words, in such a case, the total lateral strength of the SPSW is twice 

that needed to resist the total specified lateral loads. Such reports provide a significant incentive 

to reduce overstrength by explicitly considering the boundary frame moment resisting action of 

SPSW to resist a share of the specified story shear forces. However, the consequences of 

reducing this overstrength are unknown, and opinions vary as to whether this should be permitted. 

 

1.2 Scope and Objectives 

The research presented here investigates the seismic performance of SPSWs considering various 

design approaches to address the above two design issues related to the in-span HBE plastic 

hinging and to the sharing of lateral loads between the boundary frame and infill plates.  

 

To investigate the first design issue, one must first determine whether in-span HBE plastic 

hinging, when it happens, can impact in any way the seismic performance of SPSWs –

irrespectively of whether it develops in a SPSW intentionally or as a result of unintended design 

consequences. Specifically, this is done by investigating the seismic behavior of two SPSWs 
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having HBEs designed to have different plastic mechanisms. The first design approach does not 

guarantee that formation of in-span plastic hinges on HBEs will be prevented, whereas the second 

approach guarantees that plastic hinges can only occur at the ends of HBEs. Monotonic and 

cyclic pushover analyses as well as nonlinear time-history analyses are conducted to assess the 

relative performance of the two SPSWs. Findings of this analytical investigation on in-span HBE 

plastic hinge have been presented in Purba and Bruneau (2010). The current report complements 

this previous analytical study by presenting an experimental investigation conducted to observe 

whether in-span HBE plastic hinging can actually occur in SPSWs. A three-story SPSW 

specimen tested under cyclic pushover loading is selected for this purpose. Subsequently, a finite 

element investigation of the tested specimen is conducted. 

 

To address the second design issue, this research investigates the seismic performance of SPSWs 

having infill plates designed per two different philosophies, to resist different percentages of the 

specified story shear forces. Using the FEMA P695 methodology (FEMA 2009b), which defines 

the performance in terms of collapse potential under maximum considered earthquake (MCE) 

ground motions, the assessment is first conducted on SPSWs designed neglecting the 

contribution of their boundary moment resisting frames to resist story shear forces. In other 

words, infill plates are designed to resist the entire story shear forces. Then, this assessment of 

collapse potential is repeated for SPSWs designed considering the sharing of story shear forces 

between the boundary frames and infill plates. 

 

For this second design issue, note that the validity of the results obtained using the FEMA P695 

methodology critically depends on the accuracy of the structural numerical models used to 

simulate the component strength deterioration that will eventually lead to global collapse of the 

system, as these will affect the results of the incremental dynamic analyses used to assess the 

seismic performance. Therefore, work is conducted to develop component strength deterioration 

models for infill plates and boundary elements to be used in the collapse assessment of SPSWs. 
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1.3 Outline of Report 

Section 2 presents brief reviews of past research on the use of unstiffened SPSWs as a lateral 

force resisting system, degradation modeling of structural components to provide a basis in 

constructing degradation models for SPSW components (i.e., infill plates and boundary elements), 

and the FEMA P695 collapse assessment methodology used to investigate the seismic 

performance of SPSWs designed per different philosophies.  

 

Section 3 describes the design of a three-story 1/3 scale SPSW specimen to be tested under cyclic 

pushover loading. Specifically, this section describes design considerations to reflect a case when 

in-span plastic hinging is predicted to develop, fabrication process, experimental setting, and 

development of loading protocol of three dynamic actuators. 

 

Experimental observations and results for the cyclic pushover testing of the three-story SPSW 

specimen are presented in Section 4. To investigate whether the experimental objectives are 

achieved, several key experimental results are examined such as hysteretic behavior of story 

shear versus specimen lateral displacement, plastic hinge and infill plate yielding distributions, 

HBE vertical deformations, and moment-rotation hysteresis. 

 

Section 5 describes model development and analytical results of a finite element investigation of 

the tested SPSW specimen. Eigenvalue buckling analysis, monotonic pushover analysis, and 

cyclic pushover analysis are conducted to investigate behavior. The effectiveness of the finite 

element model developed simulating the experimental results is discussed. 

 

Section 6 describes the development of SPSW component strength deterioration models to be 

used in collapse assessment of SPSWs, focusing on developing stress-strain or force-deformation 

relationships for infill plates and boundary elements. Based on 36 tested specimens, deterioration 

and failure modes are identified; and initial deterioration models for SPSWs components are 

developed. The chosen deteriorated material models for infill plates and boundary elements are 

then calibrated to four selected SPSW specimen varying from one- to four-story. 
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Section 7 describes the development of archetypes and non-linear models for collapse assessment 

of SPSWs. SPSW archetypes are designed considering the two different philosophies of infill 

plates mentioned in the previous section. The concept of “balanced” sharing between infill plate 

and boundary frame proposed by Qu and Bruneau (2009) is revisited. 

 

Using the strength degradation material model and nonlinear structural model developed in the 

two previous sections, Section 8 investigates the collapse assessment results. Seismic 

performance factors (i.e., response modification coefficient or R-factor, system overstrength Ω0 

factor, and deflection amplification Cd factor) for both types of SPSWs are identified and 

compared. Adjustments to improve collapse performance and factors that affect collapse potential 

are presented, along with collapse fragility curves for archetypes having various structural 

configurations (i.e., panel aspect ratio, intensity level of seismic weight, and number of story). 

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

Section 9. 
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SECTION 2 

LITERATURE REVIEW 
 
 

2.1 General 

This section consists of three parts. First is a brief review of past research relevant to this study 

on unstiffened steel plate shear walls (SPSWs) as a lateral force resisting system, focusing on the 

aspects of system behavior and design principles, modeling and analysis, and experimental 

research. Second is a summary of previous studies on modeling the degradation of structural 

components, for the purpose of identifying the aspects of degradation models needed to construct 

them for SPSW components (i.e., infill plates and boundary elements). Finally, a review is 

provided of the collapse assessment methodology outlined in FEMA P695, as this methodology 

is used in Sections 6 to 7 to investigate the seismic performance of SPSWs designed per different 

philosophies. A comprehensive presentation of the entire body of knowledge on SPSWs is not 

provided here, since many other recent publications provide such extensive reviews. 

2.2 Steel Plate Shear Walls as a Lateral Force Resisting System 

Steel plate shear walls (SPSWs) have been used as a lateral force resisting system since first 

developed in early 1970s. The system typically used in North American construction projects 

consists of unstiffened steel infill plates connected to the surrounding beams and columns (a.k.a. 

horizontal boundary elements (HBEs) and vertical boundary elements (VBEs), respectively) and 

generally installed along the full height of a structure to form a cantilever wall, as schematically 

shown in Figure 2-1. The main advantage of SPSW systems that contributes to their 

progressively more widespread acceptance is the significant stiffness and strength they can 

provide to buildings compared to other lateral force resisting systems. SPSWs are also lighter 

than reinforced concrete shear walls, applicable for new design or retrofit projects, and relatively 

easy to construct (Astaneh-Asl 2001; Sabelli and Bruneau 2007). In addition, SPSWs can be 

economically attractive compared to reinforced concrete shear walls (Timler et al. 1998). 
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Figure 2-1 Schematic of Steel Plate Shear Walls (AISC 2010b)  
 

Many publications have provided an extensive review on the historical development of steel plate 

shear walls (e.g., Astaneh-Asl 2001; Purba and Bruneau 2007; Sabelli and Bruneau 2007; 

Bruneau et al. 2011). Those publications reviewed the design philosophy of SPSWs (which 

evolved from a system designed with highly stiffened infill plates to that with unstiffened infill 

plates used nowadays in several countries, such as the United States, Canada, and Mexico), the 

analytical and experimental studies conducted by many researchers over several decades, the 

design and modeling of SPSWs, and the codification of SPSWs. The review presented in this 

section is not intended to reiterate the same information reported in those publications but rather 

to highlight the key aspects of unstiffened SPSWs behavior and modeling that would provide 

sufficient background to this research. 

2.2.1 System Behavior and Design Principles of Steel Plate Shear Walls 

In seismic design applications, the primary energy dissipating elements of SPSWs resisting lateral 

loads are their unstiffened infill plates (webs), which buckle in shear and form a series of diagonal 

tension field action (TFA). In a capacity design perspective, the tension force from the infill plates 

must be resisted by the surrounding boundary elements (i.e., HBEs and VBEs). Figure 2-2 shows 



 9

free-body diagrams of internal forces developed in a typical SPSW. Note that, for simplicity, no 

end moments are shown in those diagrams and the tension force from the infill plates is uniform 

along the length of boundary elements. This uniform tension force will develop if the boundary 

elements are infinitely rigid (Thorburn et al. 1983, Purba and Bruneau 2007), or at drifts 

sufficiently large to fully yield the infill for the case of flexible HBEs, which typically is the case 

at approximately 1% drift (Qu and Bruneau 2010). The tension force distribution from the infill 

plates attached to regular size boundary elements is discussed in Purba and Bruneau (2010). 

 

When rigid connections are specified between HBEs and VBEs, as well as between VBEs and 

the ground (as specified in many applications of SPSWs), SPSWs also benefit from the boundary 

frame’s moment resisting action to resist the applied lateral loads. Recognizing the contribution 

of the boundary frame to the overall strength of the system, Qu and Bruneau (2009) reported that 

the attraction may exist to account for it as a means to optimize SPSW designs, rather than 

relying on the presence of the system overstrength it may provide to resist the specified lateral 

loads. A more detailed review of this topic will be presented in Section 7 when investigating the 

behavior of SPSW considering boundary frame moment resisting action. 

 

Several researchers (e.g., Roberts and Sabouri-Ghomi 1991; Sabouri-Ghomi et al. 2005; Alinia 

and Dastfan 2006) used the well-known elastic buckling load of flat unstiffened plates (such as 

the one presented in Timoshenko and Gere 1961) to investigate the behavior of thin and slender 

infill plates in SPSWs, and found it to predict strength largely below the ultimate strength that 

SPSWs can develop. This is because the infill plates, which have relatively large resistance in 

tension but practically no compression resistance, behave analogously to tension-only bracing, 

with the exception that the tension forces from the infill plates act along the entire length of the 

boundary elements rather than at only one point (e.g., at the intersections of beams and columns 

in the case of a concentric braced frame). In some ways, because of this diagonal tension field 

action, the behavior of SPSW has sometimes been compared to that of a vertical plate girder. 

However, while this analogy provides a conceptual understanding of SPSW behavior, it cannot 

be used for design as many significant differences related to the behavior and strength of the two 

systems exist; detailed explanations and comparisons between the two systems can be found in 

Berman and Bruneau (2004). 
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Figure 2-2 Free-body Diagrams of Steel Plate Shear Walls (Ericksen and Sabelli 2008): 
 (a) Applied Force and Base Reactions; (b) Forces on Infill Plate and Boundary Elements 

(a) 

(b) 
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Figure 2-2 Free-body Diagrams of Steel Plate Shear Walls – Cont’d: (c) Forces on 
Intermediate HBE and VBEs 

 

Using capacity design principles, one can design SPSWs to behave in a ductile manner when 

subjected to earthquake loading. Assuming that tension field action can be developed across the 

entire panel (which is possible when providing adequately stiff boundary elements), the 

surrounding boundary elements must be designed to be able to sustain the maximum forces 

developed by the fully yielded infill plates (AISC 2010b, CSA 2009). When resisting the 

maximum expected forces from the yielded infill plates, the surrounding HBEs and VBEs are to 

remain elastic, with the exception of plastic hinging at HBE ends and at the base of the first story 

VBEs, which are needed to allow development of the uniform plastic collapse sway mechanism 

of the system (further shown in Figure 2-6b). As a result of the SPSW response to the overall 

overturning and story shear force, as well as due to the tension force from yielded infill plates, 

axial and shear member forces can be significant in the boundary elements and can cause 

substantial reduction on their plastic moment capacity. Hence, it is important to consider the 

combination of axial forces, shears, and moments (i.e., P-V-M interaction) when sizing the 

boundary elements (Berman and Bruneau 2008; Qu and Bruneau 2008; Qu and Bruneau 2010). 

(c) 
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The commentary to the 2010 AISC Seismic Provisions for Structural Steel Buildings (AISC 

2010b) provides some guidance regarding the analytical methods that could be used to perform 

the capacity design for SPSWs, namely: nonlinear pushover analysis, indirect capacity design 

(ICD) approach, and combined plastic and linear analysis. The first method requires analysis 

using a strip model (see the following sub-section) to verify that the desirable uniform plastic 

collapse mechanism is achieved, and to obtain axial forces, shears and moments in the boundary 

elements as a result of these fully yielded infill plates and specified external loads. Like in the 

first method, a strip model is also required for the ICD approach. This method however, only 

relies on elastic analysis of the strip model. The resulting internal forces in the boundary elements 

from this elastic analysis due to the design seismic loads are then multiplied by an amplification 

factor, with an expectation it would produce similar internal forces as that from a nonlinear 

pushover analysis (AISC 2010b). By contrast, the last approach does not require analysis of a 

strip model to estimate the internal forces in the boundary elements; rather, they are estimated 

from the free-body diagrams obtained from an assumed uniform plastic collapse mechanism. It 

was reported that this procedure provided comparable results to those from a nonlinear pushover 

analysis (Berman and Bruneau 2008). 

2.2.2 Modeling and Analysis of Steel Plate Shear Walls  

A number of techniques for the modeling and analysis of steel plate shear walls has been reported 

in the literature. The three most common techniques are highlighted and briefly explained here, 

namely: strip model, plastic analysis, and finite element analysis. 

Strip Model 

The strip model is the most widely used model to analyze steel plate shear walls. Originally 

proposed by Thorburn et al. (1983), the strip model consists of series of tension strips (typically 

of equal area), pin-connected to the surrounding boundary frame and inclined in the direction of 

the tension field (Figure 2-3a). A schematic of strip model for multi-story SPSW is shown in 

Figure 2-3b. A minimum of 10 strips per panel is required to represent the infill plate behavior. 

Timler and Kulak (1983) developed the following equation to estimate the inclination angle of 

the tension field (α), which considers geometric properties of the infill plates and boundary 

elements at the story level of interest: 
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where L is the frame bay width, h is the frame story height, tw is the panel thickness, Ab and Ac are 

gross cross-sectional areas of the story HBE and VBE, respectively, and Ic is the moment inertia 

of VBE. This equation was adopted by the Canadian and American codes for design of SPSWs 

(i.e., CSA 2009 and AISC 2010b). The strength of well-designed SPSW is not sensitive to the 

tension field angle (Rezai 1999; Dastfan and Driver 2008) and therefore selecting a constant 

value of 40° is permitted by these codes as it will typically lead to reliable results. For modeling 

simplicity, however, it is deemed appropriate to assume the angle of the tension strip as 45° from 

the vertical, especially for a dual strip model (further shown in Figure 2-4). 

 

 
 

Figure 2-3 Schematic of SPSW Strip Model: (a) Single Story (Thorburn et al. 1983); 
(b) Multi Story (AISC 2010b)  

 
In addition to the ability of the strip model to closely approximate the behavior of unstiffened 

infill plates observed in experimental studies, the strip model is relatively simple to apply using 

structural analysis softwares (e.g., SAP2000, OpenSees, etc.). Researchers have reported that this 

(a) (b)
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model can be reliably used for single-story as well as multistory SPSWs with unstiffened infill 

plates (e.g., Timler and Kulak 1983; Tromposch and Kulak 1987; Driver et al., 1998; Elgaaly 

1998; Berman and Bruneau 2003, 2005; Qu and Bruneau 2008). For cyclic loading, a dual strip 

model is required to account for reorientation of the tension field direction as the loading 

direction changes (Figure 2-4). This model is similar to the standard strip model, except that 

strips are added in the opposite direction at the same inclination angle. Elgaaly et al. (1993) 

reported that the dual strip model shown in Figure 2-4a adequately replicated the global behavior 

of their 3-story SPSW specimens subjected to cyclic pushover loading. The same was also 

reported by Qu and Bruneau (2008) for their 2-story SPSW specimen (Figure 2-4b) subjected to 

pseudo-dynamic loading.     

 

 
 

Figure 2-4 Dual Strip Model for Cyclic Simulation: (a) Application for 3-Story SPSW 
(Elgaaly et al. 1993); Application for 2-Story SPSW (Qu and Bruneau 2008) 

 

Rezai (1999) and Shishkin et al. (2009) used alternative strip models in their research. The 

former proposed a multi-angle strip model to capture the variation of the tension field action 

across the panel. One strip was placed diagonally between opposite panel corners and another 

four strips were placed from the corners to the mid-span of boundary elements (Figure 2-5a). The 

latter proposed a modification to the standard strip model by adding a compression strip (strut) 

(a) (b)
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placed on the opposite direction to the tension strips (Figure 2-5b) as a means to account for the 

compression resistance of the infill plates, which may be significant in the corner regions. Both 

researchers reported a good correlation between their analytical results using these modified strip 

models and selected experimental results. 

 
 

Figure 2-5 Modified Strip Model: (a) Multi-angle Strip Model Proposed by Rezai (1999);  
(b) Strip Model with Compression Strut Proposed by Shishkin et al. (2009) 

 

Plastic Analysis 

Berman and Bruneau (2003) performed plastic analysis of steel plate shear walls using the 

standard strip model as a basis to obtain the ultimate strength of single and multistory SPSWs 

with either simple or rigid connections. Two types of plastic collapse mechanisms were 

considered, namely: a uniform collapse mechanism and a soft-story collapse mechanism 

(Figure 2-6). The resulting general equation for the ultimate strength of SPSWs (for the desirable 

uniform collapse mechanism case) is expressed as follows: 
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where Vi is the story shear force at the i-th story; hi is the story elevation from the base; Mpc1 and 

Mpcn are the first and top story column (VBE) plastic moment, respectively; Fy is the infill plate 

yield stress; L is the bay width; hi is the story height; ti is the plate thickness at the i-th story; α is 

(a) 

(b)
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the tension field action angle from the vertical; and ns is total number of story. The equation 

provides simple checks of results from more advanced computer models used to analyze SPSWs. 

 

 
 

Figure 2-6 Examples of Plastic Collapse Mechanisms for Multistory Steel Plate Shear Walls 
(Berman and Bruneau 2003) 

 

While (2-2) was derived for the uniform collapse mechanism of multistory SPSW with rigid 

connection (Figure 2-6b), the equation can easily be adapted to other cases considered. For 

example, to estimate the ultimate strength of SPSW having the soft-story mechanism shown in 

Figure 2-6a, one can exclude the third component on the right side of the equation and remove 

the summation from the remaining equation. To calculate the ultimate strength of multistory 

SPSWs with simple connections, the first three parts on the right side of the equation should be 

canceled out (i.e., considering only the contribution from the infill plates). The ultimate strengths 

predicted by the above equation were validated by the experimental data from past research and a 

reasonably good match was reported. 
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Finite Element Analysis 

Finite element analysis (FEA) is another useful method to investigate behavior of steel plate 

shear walls. As summarized in Table 2-1, finite element analysis conducted in past research 

generally was intended to investigate behavior of SPSW specimens (typically in conjunction with 

experimental research). Many researchers reported satisfactory FEA results in comparison to 

their experimental results. In addition, several researchers used FEA to perform parametric 

studies investigating specific aspects of SPSW behavior (e.g., Behbahanifard et al. 2003; 

Kharrazi et al. 2008; Purba and Bruneau 2009). 

 

Shell element has been typically used to model infill plates. For boundary elements (BE), either 

beam or shell elements were selected; the former reduced computational costs but the latter 

provided more accurate results. Nie et al. (2013) used a solid (brick) element to model the 

composite VBEs used in their specimen. In such finite element models, it is important to include 

initial imperfections of the infill plates to help initiate panel buckling and development of TFA. 

Excluding the initial imperfections would result in a stiffer finite element (FE) model compared 

to the actual “imperfect” structure (as reported by Elgaaly et al. 1993). ABAQUS offers three ways 

to define an imperfection: as a linear superposition of buckling eigenmodes, from the 

displacements of a static analysis, or by specifying the node number and imperfection values 

directly (Dassault Systèmes 2009b). Many researchers have selected the first option to apply the 

initial imperfections in their FE models. Other significant factors that influence the accuracy of 

FEA results are geometric and material nonlinearities. Researchers who considered these factors 

in their FE models reported a reasonably good match between analytical and experimental results.  

2.2.3 Previous Experimental Research on Steel Plate Shear Walls 

At the time of this writing, previous experimental investigations have resulted in a relatively 

broad understanding of the fundamental behavior of SPSWs. Focus of the experimental studies 

on SPSWs in the last thirty years can be categorized as follows: 

1. Overall Behavior of the System. In the early development of SPSWs, experimental 

studies were intended to understand the overall behavior of the system subjected to cyclic 

loading. As fundamental understanding of the system developed, researchers then 

expanded their investigation to other topics. Within this category, the focus of
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Table 2-1 Database of Finite Element Investigation on Steel Plate Shear Walls 

Researcher 
Type of Element 

Summary of Objectives and Notable Findings 
Infill BE 

Elgaaly et al. (1993) Shell Beam Investigated two 3-story specimens. Finite element (FE) model was stiffer than the actual 
specimens as a result of neglecting plate initial imperfections and beam element only able 
to deform in-plane direction. 

Driver et al. (1998) Shell Beam Investigated a 4-story specimen. Pinching on the experimental hysteretic curve was not 
duplicated due to neglecting the second order effects. 

Rezai (1999) Shell Shell Investigated a single-story specimen of Lubell et al. (2000). 

Behbahanifard et al. (2003) Shell Shell Investigated a 3-story specimen, validated the results of Driver et al. (1997), and conducted 
a parametric study to assess factors that affect SPSW behavior. Utilized ABAQUS/Explicit 
for quasi-static problems and obtained easier and quicker convergence of results. 

Vian and Bruneau (2005) Shell Shell Investigated three single-story specimens: solid and perforated SPSWs. 

Qu et al. (2008) Shell Shell Investigated a 2-story specimen with composite floor system. 

Rezai and Ventura (2008) Shell Shell Investigated the use of orthotropic material for shell element on the infill plates. The 
orthotropic FE model predicted the overall response of a 4-story SPSW. 

Kharrazi et al. (2008) Shell Shell Conducted a parametric study on 3-, 9-, and 27-story SPSW to validate the proposed Plate-
Frame Interaction (PFI) design methodology. 

Purba and Bruneau (2009) Shell Shell Validated the results of Vian and Bruneau (2005), validated individual strip model, and 
conducted a parametric study to assess impact of perforations on SPSW strength. 

Tsai et al. (2010) Shell Shell Compared the behavior of a single story specimen with or without out-of-plate restrainers. 

Choi and Park (2010) Shell Rigid Investigated infill plate buckling behavior and developed hysteresis model for infill plates. 

Bhowmick et al. (2010) Shell Shell Validated the results of selected SPSW specimens, compared behavior of ductile and 
limited-ductile 4- and 8-story SPSWs. Strain-rate effect was considered. 

Nie et al. (2013) Shell Brick Investigated a 2-bay, 5-story specimen with composite column and various configurations 
of infill plates: stiffened vs. unstiffened and bolted vs. welded connection. 
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experimental studies have been on: (a) behavior of single-bay, stand-alone single- or 

multi-story SPSWs; (b) behavior of coupled walls or two-bay SPSWs; (c) impact of 

strong, weak, or non-compact vertical boundary elements to the overall performance of 

the system; (d) impact of connecting the infill plate only to HBEs; (e) replaceability of 

infill steel plates following an earthquake; (f) impact of floor system; and (g) performance 

of modular SPSWs (Timler and Kulak 1983; Tromposch and Kulak 1987; Caccese et al. 

1993; Driver et al. 1997; Lubell et al. 2000; Behbahanifard et al. 2003; Park et al. 2007; 

Qu et al. 2008; Choi and Park 2008, 2009; Neagu et al. 2011; Dastfan 2011; Jahanpour et 

al. 2012; Kurata et al. 2012; Nie et al. 2013). 

2. Connection of Infill Plates to the Surrounding Boundary Frame. Other researchers 

investigated effective ways to connect infill plates to the surrounding boundary frame that 

would result in considerably ductile performance and delay development of fractures on 

the infill plates, considering: (a) bolted connection; (b) welded connection; (c) industrial 

grade epoxy connection; and (d) specific connection details at the panel corners (Elgaaly 

and Liu 1997; Schumacher et al. 1997; Berman and Bruneau 2005; Choi and Park 2009; 

Nie et al. 2013). 

3. Behavior of Infill Plates and Infill Plate Out-of-Plane Buckling. As the main source of 

SPSW lateral resistance relies on buckling of the infill, the behavior of infill plates 

received attention and design alternatives to reduce or prevent infill plate out-of-plane 

buckling have been proposed and investigated. Within this category, the focus of 

experimental studies have been on: (a) behavior of unstiffened infill plates; (b) behavior 

of infill plates with limited stiffeners; (c) composite infill plates created by adding 

concrete or carbon fiber reinforced polymer (CFRP); and (d) impact of restrainers on 

reducing infill plate out-of-plane buckling (Roberts and Sabouri-Ghomi 1991; Lin and 

Tsai 2004; Zhao and Astaneh-Asl 2004; Jalali and Sazgari 2006; Li et al. 2010; Sabouri-

Ghomi and Sajjadi 2012; Nie et al. 2013). 

4. Modification on Infill Plate Properties. In several applications, the strength required by 

design could be significantly less than that provided when using the thinnest hot-rolled 

plate available; as a result, if the engineer wishes to use a hot rolled plate in such cases, 

demand on the boundary frame would significantly increase, because of capacity design 

principles. To alleviate this concern, researcher investigated several possible alternatives, 
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namely: (a) perforated infill plates; (b) infill plates with slits; (c) corrugated plates; (d) 

light gauge plates; and (e) infill plates made of low yield steel (Roberts and Sabouri-

Ghomi 1992; Caccese et al. 1993; Hitaka and Matsui 2003; Berman and Bruneau 2005; 

Vian and Bruneau 2005; Chen and Jhang 2006; Valizadeh et al. 2012). 

5. Connection between Boundary Elements. Researchers also investigated the use of 

several connections typically used in other structural systems and applied them to steel 

plate shear walls, namely: (a) pinned connection; (b) rigid connection; (c) column splice; 

(d) reduced beam section (RBS) connection; and (e) self-centering connection as a means 

to reduce permanent deformation after earthquakes (Timler and Kulak 1983; Caccese et al. 

1993; Astaneh-Asl and Zhao 2002; Vian and Bruneau 2005; Qu et al. 2008; Sabouri-

Ghomi and Gholhaki 2008; Clayton et al. 2012; Dowden and Bruneau 2014).  

6. Variations of Vertical Boundary Elements. Several variations of VBEs other than 

standard W-shape steel sections have been investigated, namely: (a) concrete-filled steel 

tube column; (b) partially-encased column (PEC); and (c) concrete VBEs (Astaneh-Asl 

and Zhao 2002; Choi and Park 2011; Dastfan 2011; Deng 2012; Nie et al. 2013). The first 

two were intended to increase the strength and rigidity of VBEs when resisting significant 

forces from yielded infill plates and HBEs. 

7. Loading Protocols. In addition to investigating SPSW performance subjected to cyclic 

pushover loading, several researchers investigated behavior under other type of loadings, 

namely: (a) pseudo-dynamic loading; (b) dynamic loading using a shake table; and 

(c) blast loading (Rezai 1999; Qu et al. 2008; Warn and Bruneau 2009). 

 

Table 2-2 presents a database of previous experimental studies on SPSWs which summarizes the 

contributions of various studies to one or more of the above categories. Further review of 

previous SPSW experimental research will be presented in Section 7 when addressing the 

development of deterioration models for collapse assessment of SPSW based on the results of 

selected experimental research. 

2.2.4 Issues with Design Approaches for Steel Plate Shear Walls 

While the system behavior and design principles of steel plate shear walls have been established 

and validation of satisfactory cyclic performance has been reported, further research is still
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Table 2-2 Database of Experimental Studies on Steel Plate Shear Walls  

Researcher 
Focus of Experimental Study† 

1 2 3 4 5 6 7 
Timler and Kulak (1983) a    a, b   
Tromposch and Kulak (1987) a       
Roberts and Sabouri-Ghomi (1991, 1992)   a a    
Caccese et al. (1993) c   d a, b   
Driver et al. (1997) a       
Elgaaly and Liu (1997)  a, b      
Schumacher et al. (1997)  d      
Rezai (1999)       b 
Lubell et al. (2000) a       
Astaneh-Asl and Zhao (2002)     c a  
Behbahanifard et al. (2003) a       
Hitaka and Matsui (2003)    b    
Lin and Tsai (2004)   c, d     
Zhao and Astaneh-Asl (2004)   c     
Berman and Bruneau (2005)  b, c  c, d    
Vian and Bruneau (2005)    a, e d   
Chen and Jhang (2006)    e    
Jalali and Sazgari (2006)   a     
Park et al. (2007) c       
Choi and Park (2008, 2009, 2011) a, b, c, d a, b    c  
Qu et al. (2008) e, f    d  a 
Sabouri-Ghomi and Gholhaki (2008)     a, b   
Warn and Bruneau (2009)       c 
Li et al. (2010)   d     
Neagu et al. (2011) b       
Clayton et al. (2012)     e   
Dastfan (2011) g     b  
Deng (2012)      b  
Hatami et al. (2012)   c     
Jahanpour et al. (2012) d       
Kurata et al. (2012) d       
Sabouri-Ghomi and Sajjadi (2012)   a, b     
Valizadeh et al. (2012)    a    
Dowden and Bruneau (2014)     e   
Nie et al. (2013) b a, b a, b   a  
Note: 
†) See Section 2.2.3 for detail descriptions. 
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needed to advance the current understanding of the system in ways that might improve the 

available design procedures. For example, the AISC 2010 requires that HBEs and VBEs be 

designed to remain essentially elastic under the maximum tension forces from the yielded infill 

plates, except for plastic hinging at the ends of HBEs which are permitted. Implicitly, this 

indicates that in-span plastic hinges should be avoided. Whether or not in-span hinging is 

acceptable has been a contentious issue, particularly in the absence of factual data to support 

either position. Recently, Purba and Bruneau (2010) conducted an analytical investigation on the 

impact of in-span HBE plastic hinge on seismic performance of SPSWs. While the report 

established various potential consequences of in-span hinging, an experimental verification 

would be desirable to observe whether in-span HBE plastic hinging can actually occur in SPSWs. 

 

Moreover, the seismic behavior of SPSWs has traditionally benefited from the overstrength 

introduced in the HBEs and VBEs of the boundary frame by capacity design principle 

requirements (see Section 2.2.1). However, as practicing engineers are becoming more familiar 

with this structural system, they are finding ways to optimize the system and eliminate much of 

that overstrength, to achieve smaller boundary element member sizes. One way to achieve that is 

by having the boundary frame and the infill plates each resist a portion of the lateral loads (Qu 

and Bruneau 2009). There is a particularly significant incentive to optimize the load distribution 

in SPSW implementations, particularly in high-rise buildings. Qu and Bruneau (2009) 

investigated this concept of sharing lateral loads between the boundary frame and infill plates, 

and reported that SPSWs designed per this approach would result in reduction of steel quantities 

needed. However, the researchers left it to future research to verify whether such SPSWs should 

be designed for the same response modification coefficient (i.e., R-factor) of 7. In other words, 

future research is still needed to investigate whether R-factor for this type of SPSWs should be 

the same as for those currently used for the standard SPSWs, prior to definitively being able to 

conclude whether the proposed procedure could provide a substantial reduction on the amount of 

steels required for SPSWs. 

 

The research presented in the sections that follow is intended to address the above two concerns. 

An experimental investigation is used to address the first issue, and the FEMA P695 procedure 

(reviewed in Section 2.4) is utilized to address the other one. Note that one of the key aspects of 
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the FEMA P695 procedure is that results depend on the accuracy of the structural numerical 

models used to simulate component strength deterioration, as this degradation is what leads to 

global collapse of the system. For this reason, it is useful to review previous research on 

modeling the degradation of structural components, for the purpose of identifying key aspects of 

degradation models and providing guidance on how to select degradation models for SPSW 

components (i.e., infill plates and boundary elements). The following section presents a limited 

review of such studies. 

 

2.3 Degradation Models of Structural Components 

2.3.1 Previous Studies on Modeling Degradation of Structural Components 

The FEMA 356 document (FEMA 2000b), which was adapted to become the ASCE 41 

document (ASCE 2013), provides provisions for evaluation and rehabilitation of buildings to 

improve their seismic performance. In this document, structural components with reliable 

ductility (prior to exhibiting strength deterioration) are modeled as shown in Figure 2-7a. This 

conceptual force-displacement relationship, commonly known as the “backbone” curve, consists 

of four stages, namely: (1) an elastic stage, between unloaded point A and effective yield point B; 

(2) a strain hardening stage with a slope equal to a small percentage of the elastic slope (e.g., 0-

10%) until reaching the ultimate strength at point C (i.e., the capping point); (3) a degradation 

stage where the ultimate strength (point C) rapidly deteriorates to a substantially reduced strength 

at point D; and (4) a residual strength stage, where the residual strength is sustained until 

deformation reaches a specified value at point E and the strength drops to zero beyond this point.  

 

Many other models developed in past research on modeling the deterioration of structural 

components share similarities with the FEMA 356 backbone model. Two examples are shown in 

Figures 2-7b and 2-7c. The first example was developed by Song and Pincheira (2000) to analyze 

the cyclic response of non-ductile reinforced concrete columns, while the second one was 

developed by Ibarra and Krawinkler (2005) and had been implemented to investigate the cyclic 

response of concrete and steel structures (Haselton and Deierlein 2007; Liel and Deierlein 2008; 

Lignos and Krawinkler 2009). 
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Figure 2-7 Examples of Force-Deformation Relations for Structural Components that 
Incorporate Deterioration: (a) FEMA 356; (b) Song and Pincheira (2000); (c) Ibarra and 

Krawinkler (2005)  
 

(c) 

(b) 

(a) 
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One of the key differences between the last two models and the FEMA 356 model is that they 

have less sudden degradation slope (i.e., post-peak or post-capping stiffness), which alleviates 

computational difficulties and inability to converge in non-linear dynamic analysis. In addition, 

the last two models have additional hysteretic rules to account for cyclic deterioration modes 

while that is not the case for the FEMA 356 model. In other words, structural components 

modeled according to the FEMA 356 model would only experience strength degradation when 

cycled beyond point C, while the component stiffness from one cycle to another cycle of loading 

would remain unchanged. By contrast, structural components modeled according to the last two 

models could experience stiffness degradation (even before reaching the ultimate point) in 

addition to strength degradation beyond the capping point. In fact, the last model has more 

versatile features that could control four cyclic deterioration modes as shown in Figure 2-8. 

Basically, one can control these hysteretic rules to simulate strength deterioration in structural 

components due to increasing inelastic displacement and due to repeated cycles of the same 

displacement, unloading and reloading stiffness degradations, and pinching cyclic strength 

degradation. The post-capping strength deterioration (Figure 2-8b) can simulate structural 

components that have more severe strength degradation under cyclic loading than under 

monotonic loading (i.e., cyclic envelope is smaller than force-displacement backbone boundary). 

 

It should be emphasized that there are many other hysteretic models which are able to incorporate 

stiffness degradation (e.g., Clough and Johnson 1966; Takeda et al. 1970; to name a few), 

strength degradation (e.g., Park and Ang 1985, Park et al. 1987, Sivaselvan and Reinhorn 2000, 

to name a few), or combination of both deteriorations (e.g., Rahnama and Krawinkler 1993; 

Sucuoglu and Erberik 2004, to name a few). An extensive review of these hysteric models can be 

found elsewhere (i.e., FEMA P440A document 2009). 

2.3.2 Selecting Degradation Models for SPSW Components 

While many SPSW specimens have been tested beyond the ultimate point and strength 

degradations were recorded and reported in some of this research, and while fragility curves have 

been developed to relate SPSW damage states to drift values (Baldvins et al. 2012), no attempt to 

simulate the strength degradation through numerical investigation was found in the existing 

literature. Using numerical simulations, it is possible to investigate several contributing
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Figure 2-8 Hysteretic Rules for Cyclic Deterioration in Ibarra and Krawinkler (2005) Model  

 
parameters that affect performance of SPSWs when strength degradation occurred, which might 

be economically impractical to investigate only through experiments. One of the objectives of the 

research presented in this report is to develop degradation models for SPSW components (i.e., 

boundary elements and infill plates) and to calibrate them to the available experimental data. 

However, since experimental data for SPSWs are only available at the global structural level, 

moment-rotation and axial force-deformation degradation models for boundary elements and 

infill plates, respectively, will be defined in terms of observations made at that global structural 

level. Here, it is assumed that the degradation pattern at the global structural level is an 

expression of behavior at the component level. 

 

Figure 2-9 presents several examples of force-displacement hysteretic curves for SPSW 

specimens, representing one- to four-story specimens. In relating those to the hysteretic rules for 

cyclic deterioration plotted in Figure 2-8, several observations can be made, as follows: 
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Figure 2-9 Force-Displacement Hysteretic Curves for SPSW Specimens: (a) One-story 
Specimen (Vian and Bruneau 2005); (b) Two-Story Specimen (Qu and Bruneau 2008) 

 

(a) 

(b) 
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Figure 2-9 Force-Displacement Hysteretic Curves for SPSW Specimens – Cont’d: 
(c) Three-story Specimen (Choi and Park 2009); (d) Four-Story Specimen  

(Driver et al. 1997) 
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1. Up to the capping point, hysteretic slopes both during loading and unloading are 

somewhat the same between one and another hysteretic loop. Moderate change of 

hysteretic slope is only observed after strength degradation occurred. This behavior 

indicates that incorporating stiffness degradation in the deterioration models for SPSW 

components does not seem crucial, especially for the collapse analysis of SPSWs intended 

in this research. 

2. Strength degradation due to repeated cycles at the same displacement is relatively small; 

as such, basic strength deterioration (Figure 2-8c) can be neglected in the deterioration 

models of SPSW components. 

3. Strength degradation mainly occurs when the increasing inelastic displacements pass the 

ultimate point in the backbone curve. Here, the cyclic envelope is assumed similar to the 

force-displacement backbone boundary. 

4. As for the significant pinching behavior exhibited in the hysteretic curve of those SPSWs, 

it is a consequence of the fact that the infill plates behave analogously to slender tension-

only bracing. Roberts and Sabouri-Ghomi (1991) tested SPSWs with pin-connected 

boundary elements and reported a significant pinching behavior exhibited by the 

unstiffened plates (Figure 2-10). Moreover, Berman and Bruneau (2005) subtracted the 

semi-rigid boundary frame contribution from the total hysteretic response of their single-

story SPSW specimen and obtained the same results for infill-only hysteresis, as shown in 

Figure 2-11.  

 

 
 

Figure 2-10 Typical Hysteretic Curves for Unstiffened Steel Plates (Roberts and 
Sabouri-Ghomi 1991) 
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Figure 2-11 Hysteretic Curves for Berman and Bruneau (2005) Single Story Specimen: 
(a) Specimen and Modeled Boundary Frame Hystereses; (b) Infill-only Hysteresis 

 
Recognizing the above behavior of infill plates (observation #4), several researchers proposed 

non-deteriorating models for infill plates as shown in Figure 2-12. Two of the models consider 

the small compression strength of the infill plates and pinching behavior during reloading 

(Figures 2-12a and 2-12c) while another one excludes these two components (Figure 2-12b). 

While the former would provide good correlation with the actual infill plate hysteretic behavior, 

the latter is preferred for its simplicity and is deemed sufficient to model the infill plates for the 

purpose intended in this research. Using the knowledge from previous studies on modeling 

degradation of structural components in other systems (reviewed in the previous section), this 

non-deteriorating model for infill plates will be adjusted in Section 7 to consider strength 

degradation. 

 

Ibarra and Krawinkler (2005) reported that degradation parameters, such as plastic deformation 

when reaching the point of maximum strength before strength degradation starts to occur (i.e., the 

capping point) and post-capping stiffness can be estimated in a probabilistic framework, as 

illustrated in Figure 2-13. These degradation parameters for both infill plates and boundary 

elements and whether or not residual strength would be considered will be addressed in Section 7. 

These parameters would be statistically determined based on the results of previous SPSW 

experiments, using an approach similar to the one shown in Figure 2-13. This approach will also 

assume that the simple backbone curve without cyclic degradation rules (plotted in Figure 2-7c) 

is sufficient to represent degradation models for boundary elements and infill plates, as the 

literature reviewed suggests that the approach is appropriate for SPSWs. Note that the infill plates 

would have an un-symmetric degradation model without compression capacity. 

(a) (b)
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Figure 2-12 Non-Deteriorating Model for Infill Plates: (a) Proposed by Roberts and 
Sabouri-Ghomi (1991); (b) Proposed by Elgaaly and Liu (1997); (c) Proposed by Choi and 

Park (2010) 

 

 

(a) (b)

 (c) 
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Figure 2-13 Uncertainty in Degradation Model Parameters (Ibarra and Krawinkler 2005) 

2.4 Collapse Assessment Methodology: Overview of FEMA P695 Procedure 

The FEMA P695 document, developed by the Applied Technology Council (ATC) under the 

ATC-63 project name, presents a methodology to quantify global seismic performance factors 

(SPF) for seismic-force-resisting systems.  It is used in Sections 6 to 8 to investigate the seismic 

performance of SPSWs designed per different philosophies, and is therefore briefly reviewed here. 

 

This FEMA P695 procedure requires simulating nonlinear response of structural system 

archetypes under Maximum Considered Earthquake (MCE) ground motions and probabilistically 

assessing their collapse risk. Specifically, the methodology provides a rational basis to quantify 

response modification coefficient (R factor), system overstrength factor (Ω0 factor), and 

deflection amplification factor (Cd factor). Key steps of the methodology for establishing these 

factors include development of structural system archetypes, formulation of nonlinear analytical 

model development that accounts for strength degradation, performance of nonlinear static and 

dynamic analyses (i.e., pushover and incremental dynamic analyses), and evaluation of system 

performance in terms of probabilistic collapse assessment under MCE ground motions. A brief 

overview of each of these key steps is summarized in the subsequent sub-sections. 

2.4.1 Development of Structural System Archetypes 

The FEMA P695 methodology defines an archetype as “a prototypical representation of a 

seismic-force-resisting system configuration that embodies key features and behaviors related to 

collapse performance when the system is subjected to earthquake ground motions.” Rigorous 

application of the methodology requires the consideration of a series of archetypes that reflect a 

reasonably broad range of design parameters for which investigation of key seismic behaviors of 

the proposed seismic-force resisting system is possible. Design parameters that are typically 

considered in developing structural system archetypes include occupancy and building usage, 

range of elevation and plan configuration (e.g., frame span length, story height, number of 

stories, geometric variation of seismic-force resisting system), structural component type (e.g., 

different type of moment-resisting connections, type of bracing members), range of seismic 

design category, and variations in gravity loads. 
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Archetypes with similar design criteria are assembled into a performance group. Typically, 

archetypes in one performance group have similar basic structural configuration, gravity load 

level, seismic design category, period domain, and other design features that result in similar 

seismic behavior. On the basis of statistical assessment for each performance group (i.e., 

minimum and average collapse margin ratios), seismic performance factors for the system are 

determined. As a minimum, three archetypes are needed for each performance group. Accounting 

for two assumed basic structural configurations, high and low tributary seismic masses, two 

seismic design categories (i.e., max and min SDC), and two period domains (short and long 

periods), 48 archetypes in 16 performance groups would need to be designed to apply the FEMA 

P695 to a given structural system. However, the methodology provides flexibility by allowing the 

design of a smaller number of archetypes if it can be supported by proper justifications that doing 

so would not detrimentally impact the investigation of key behaviors for the proposed seismic-

force resisting system under consideration. Using this FEMA P695 procedure, development of 

archetypes for collapse assessment of steel plate shear walls is presented in Section 7. 

2.4.2 Nonlinear Analytical Model Development 

The nonlinear analytical models used in the FEMA P695 procedure must be capable of 

simulating all important deterioration and failure modes that contribute to global structural 

collapse of the seismic-force resisting system being investigated. This can be accomplished by 

first reviewing previous experimental data or observations from past earthquakes to identify all 

reported component and global failure modes of the system. Afterward, likelihood of each failure 

mode can be assessed based on the system design requirements and engineering judgment. 

Failure modes that can be prevented by enforcing principles outlined in the system design 

requirements need not be accounted for by the nonlinear model. 

 

At the component level, deterioration behavior typically can be represented by the nonlinear 

model shown in Figure 2-14a. The nonlinear model should explicitly simulate yielding condition, 

maximum strength (i.e., the capping point), post capping tangent stiffness (i.e., rate of 

degradation), and residual strength. In addition, cyclic deterioration that reduces stiffness and 
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lowers energy dissipated per cycle should be considered, as shown in Figure 2-14b. Proposed 

nonlinear models should be calibrated to available experimental data to verify their ability to

 
 

Figure 2-14 Nonlinear Model: (a) Typical Monotonic Backbone Curve; (b) Cyclic Behavior 
of Structural Components with Strength and Stiffness Degradation (FEMA P965) 

(a)

(b)
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replicate the results. At the global level, destabilizing P-Δ effects associated with gravity load 

effects at large lateral deformations must be taken into account. Development of deteriorating 

material models for collapse assessment of steel plate shear walls is presented in Section 6. 

2.4.3 Nonlinear Static and Dynamic Analyses 

Nonlinear static (pushover) and nonlinear dynamic (response history) analyses are performed on 

all archetype numerical models developed in the previous step. Pushover analyses are used to 

verify that the numerical models behave as expected, and to obtain statistical information on 

system overstrength, Ωo, and period base ductility, μT. As further explained in Section 2.4.4, the 

period base ductility is one of the factors used to estimate collapse capacity of a proposed 

seismic-force-resisting system. The system overstrength factor and period base ductility are 

defined as follows:  

 
V
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max=Ω  (2-3) 
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μ =  (2-4) 

where Vmax and V are the maximum and design base shear strength for a given archetype model; 

δu and δy,eff are the ultimate and effective yield roof displacement of the archetype model. Figure 

2-15 illustrates those parameters in a typical pushover curve. As shown in the figure, the ultimate 

roof displacement is measured as the roof displacement when the structure loses 20% of its base 

shear capacity while the effective yield displacement is measured as the roof displacement 

corresponding to an intersection point of the elastic stiffness and maximum base shear tangents. 

As a reference, an alternative theoretical equation to calculate effective yield roof displacement 

was provided in the FEMA P695 document. 

 

Nonlinear dynamic analyses are performed to obtain median collapse capacity, ŜCT, and collapse 

margin ratios, CMR. Ground motion records used in the nonlinear dynamic analyses for collapse 

assessment consist of 22 ground motion record pairs (44 individual components) of large 

magnitude (M > 6.5) from sites located at distances greater than or equal to 10 km from fault 

rupture (i.e., “Far-Field” record set), made available in the Pacific Earthquake Engineering 

Research Center (PEER) Next Generation Attenuation (NGA) database (PEER 2005). A
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Figure 2-15 Typical Nonlinear Pushover Curve (FEMA P695) 
 

summary of the far-field record sets specified in the FEMA P695 procedure is presented in 

Appendix C. The median collapse capacity is defined as the spectral intensity when half of the 

specified ground motions cause an archetype to collapse; and the collapse margin ratio is defined 

as follows:  

 
MT

CT

S
S

CMR
ˆ

=  (2-5) 

where SMT is the response spectrum of MCE ground motions at the fundamental period of a given 

archetype. Figure 2-16 illustrates how to determine the value of these two parameters for one 

particular archetype using the incremental dynamic analysis (IDA) concept (Vamvatsikos and 

Cornell 2002). Part (a) of the figure presents nonlinear dynamic analysis results in terms of 

spectral acceleration for all considered ground motions versus maximum story drift obtained in 

each analysis. Each point represents the maximum story drift obtained from one nonlinear 

dynamic analysis for an archetype model subjected to one particular scaled ground motion. 

Consequently, each curve represents results for one ground motion scaled to increasing intensity 

levels, until collapse of the archetype model occurs. The collapse point is indicated by the nearly 

flat part of an IDA curve as evidence of the archetype’s excessive lateral displacement for a
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Figure 2-16 Typical Incremental Dynamic Analysis: (a) Spectral Acceleration versus 
maximum story drift; (b) Collapse Fragility Curve (FEMA P695) 

 

relatively small increment of ground motion intensity. In this example, the lowest spectral 

intensity at which 22 ground motions cause the archetype to collapse is 2.8g. In other words, the 

median collapse capacity, ŜCT, equals 2.8g. A convenient way to determine ŜCT is to construct a 

collapse fragility curve, as shown in part (b) of Figure 2-16. This figure is a lognormal 

cumulative distribution function (CDF) of the collapse data points obtained in part (a) of 

Figure 2-16 for each earthquake excitation. It informs the probability of archetype collapse for a 

given spectral acceleration. The median collapse capacity corresponds to a 50% probability of 

collapse, which in this example, occurs when ŜCT equals 2.8g. Based on (2-3), the CMR equals 

2.5 in this example for a MCE intensity, SMT, of 1.1g. Monotonic pushover and incremental 

dynamic analyses conducted on a series of SPSW archetypes for the purpose of quantifying the 

seismic performance factors are presented in Section 8. 

2.4.4 Performance Evaluation 

Performance evaluation of a proposed seismic-force-resisting system, designed with a trial R 

factor, is conducted by assessing whether the collapse margin ratios obtained from nonlinear time 

history analyses are greater than a pre-established acceptable threshold value. For CMR values 

obtained for all considered archetypes, this evaluation procedure proceeds as follows. 

(a) (b) 



 38

Step 1: Adjust Collapse Margin Ratio 

To account for the effects of spectral shape (i.e., frequency content of the specified ground 

motions), the CMR obtained from nonlinear time history analyses (Section 2.4.3) is first modified 

to obtain an adjusted collapse margin ratio (ACMR). This can be done by multiplying the CMR 

for each archetype by the spectral shape factor (SSF):    

 CMRTSSFACMR T ×= ),( μ  (2-6) 

where SSF value is a function of the fundamental period T of a given archetype and period-based 

ductility μT obtained from pushover analysis (2-3). Archetypes with larger ductility and longer 

fundamental periods are given larger SSF values. SSF values for archetypes designed with 

different seismic design category (SDC) were presented in the FEMA P695 document. Adapted 

from the FEMA 695 Document, the SSF values for archetypes design using SDC Dmax 

(corresponding to short and one-second spectral ordinates at the MCE level, SMS and SM1, of 1.5g 

and 0.9g, respectively) that will be used in this research are presented in Table 2-3. Further 

description on the background and development of SSF can be found in Appendix B of the 

FEMA P695 document. 

 

Table 2-3 Spectral Shape Factor (SSF) for Archetypes Designed 
using SDC Dmax (FEMA P695) 
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Step 2: Estimate Total System Collapse Uncertainty 

Acceptable values of the ACMR (determined in Step 3) are based on total system collapse 

uncertainty and specified acceptable collapse probabilities. The total system collapse uncertainty 

(βTOT) is estimated by combining the effect of four sources of uncertainties, namely: (1) ground 

motion record-to-record uncertainty (βRTR); (2) uncertainty related to the completeness and 

robustness of design requirements (βDR); (3) uncertainty related to the completeness and 

robustness of test data (βTD); and (4) uncertainty related to modeling (βMDL) in terms of how well 

nonlinear models could capture the actual structural collapse behavior. 

 2222
MDLTDDRRTRTOT βββββ +++=  (2-7) 

Based on the far-field ground motions selected, FEMA P695 methodology assigns a fixed value 

of βRTR equal to 0.4 for archetypes with μT ≥ 3. Values of the other uncertainties factor are 

presented in Tables 2-4 to 2-6 for βDR, βTD, and βMDL, respectively. As shown in these tables, 

seismic-force-resisting systems that have well defined design requirements, more comprehensive 

experimental data, and more accurate nonlinear models capturing the actual collapse behavior are 

given smaller uncertainty factors, which imply that such systems have less uncertainty in their 

expected seismic performance. 

 

Table 2-4 Quality Rating of Design Requirements (FEMA P695) 
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Table 2-5 Quality Rating of Test Data from an Experimental 
Investigation (FEMA P695) 

 
 

Table 2-6 Quality Rating of Index Archetype Models (FEMA P695) 

 
 

Step 3: Determine Acceptable Value of Adjusted Collapse Margin Ratio 

Once βTOT is estimated and an acceptable collapse probability is specified, acceptable value of 

ACMR can be determined from Table 2-7, adapted from the FEMA P695 document. To achieve 

an equivalent level of safety, a higher acceptable value of ACMR must be satisfied by a seismic-

force resisting system with higher total system collapse uncertainty (i.e., a less established system) 

compared to that with lower uncertainty (i.e., a well-established system). 
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Table 2-7 Acceptable Values of Adjusted Collapse  
Margin Ratio (FEMA P695) 

 
 

Step 4: Evaluation of Response Modification Coefficient (R Factor) 

To assess whether the initial R factor used to design archetypes satisfies the performance criteria, 

the calculated ACMR (Step 1) is compared with the acceptable ACMR (Step 3). The 

FEMA P695 methodology specifies two acceptable performance criteria for individual archetype 

and performance groups as follows: 

1. The probability of collapse under MCE ground motions applied to an individual archetype 

is limited to 20%. In other words, the calculated ACMR for individual archetype should 

exceed an acceptable ACMR corresponding to a 20% collapse probability (ACMR20%): 
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 %20ACMRACMR ≥  (2-8) 

2. The probability of collapse under MCE ground motions applied to a population of 

archetypes in one performance group is limited to 10%. In other words, the average of the 

calculated ACMR within a performance group should exceed an acceptable ACMR 

corresponding to a 10% collapse probability (ACMR10%): 

  %10ACMRACMR ≥  (2-9) 

If these two performance criteria are satisfied, then the adjusted collapse margin ratio is large 

enough to provide an acceptably small probability of collapse at the MCE level, and the initial 

value of R considered is deemed acceptable. Otherwise, further iteration of the evaluation process 

is required to determine acceptable seismic performance factors. This can be done by improving 

design requirements and nonlinear archetype models to eliminate total collapse uncertainty or 

redesigning archetypes with lower R factor. 

Step 5: Evaluation of System Overstrength (Ωo) and Deflection Amplification (Cd) Factors 

Once an acceptable R factor is determined, system overstrength (Ωo) and deflection amplification 

(Cd) factors can be evaluated. The system overstrength, Ωo, should be taken as the largest average 

value of the calculated archetype overstrength (Section 2.4.3) across all considered performance 

groups. However, Ωo should not exceed 1.5 times the acceptable R factor and be limited to 3.0 to 

be consistent with the largest value specified in Table 12.2-1 of ASCE 7-05 for lateral-force 

resisting system overstrength. The deflection amplification factor, Cd, is determined as follows:   

 
I

d B
RC =  (2-10) 

where R is the acceptable value of the response modification factor (Step 4) and BI is the constant 

specified in Table 18.6-1 of ASCE 7-05 for a given inherent effective damping βI of the structure 

and the fundamental period, T. For an assumed inherent damping of 5% of critical damping, BI 

equals 1.0. Thus, Cd factor will be equal to R factor. Performance evaluation to quantify seismic 

performance factors for steel plate shear walls is presented in Section 9. 
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SECTION 3 

DESIGN OF SPECIMEN AND EXPERIMENTAL PROGRAM: 
CYCLIC PUSHOVER TESTING OF THREE-STORY SPSW 

 
 

3.1 General 

Purba and Bruneau (2010) conducted a comprehensive analytical investigation on the impact of 

plastic hinges that develop along the span of horizontal boundary elements (HBE) (a.k.a. in-span 

hinges) on the seismic behavior of steel plate shear walls (SPSW). Results of monotonic and 

cyclic pushover analyses as well as those from nonlinear time history analyses showed that the 

development of in-span hinges has significant consequences on the behavior of SPSW, namely: 

lower lateral strength due to partial yielding of the infill plates and significant plastic incremental 

deformations on the HBEs that can reach total HBE rotations greatly exceeding 0.03 radians 

(reaching nearly 0.06 radians) when the structure is pushed cyclically up to a maximum lateral 

drift of 3%. While that research has established these potential consequences of developing in-

span hinges, an experimental program was deemed desirable to investigate whether these 

undesirable behaviors could also be observed in an actual SPSW. 

 

Cyclic pushover testing of a three-story SPSW specimen was selected for this purpose. 

Specifically, given that this experimental program was intended to observe whether in-span HBE 

plastic hinging will actually occur in actual SPSW (and not just an artifact of unavoidable 

simplifications in numerical models), the specimen was chosen to reflect a case when such 

behavior was predicted to develop, and instrumented such as to attempt quantifying possible 

accumulation of plastic incremental deformations on the HBEs and partial yielding of the infill 

plates. In particular, because the hysteresis curves showing large cross-section rotations at HBE 

ends reported in Purba and Bruneau (2010) were not symmetric but looping with a bias toward 

one direction due to tension forces from infill plates that are always pulling the HBE in the 

direction of the tension forces, this experimental program also aimed to assess the performance of 

special-moment resisting connections that could resist this kind of behavior. In this case, rotation 

capacities of these connections at fracture (if it developed) could be compared to the well 
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documented rotation capacity of connections in conventional special moment-resisting frames 

which typically exhibit symmetric hysteresis curve. 

 

This section describes the design of the specimen for the experimental program developed to 

meet the above stated objectives; experimental results and observations will be presented in the 

subsequent section. Design of the specimen, taken as a 1/3 scale version of a selected prototype 

structure, is presented first. After briefly discussing issues related to specimen design and special 

design considerations needed to achieve the experimental objectives, the specimen fabrication 

process is described.  Discussion regarding experimental setting (i.e., how the specimen, gravity 

column and lateral support systems, actuators, and instrumentation are assembled together) and 

development of loading protocol (i.e., how force distribution among three dynamic actuators is 

defined and cyclic displacement loading history is formulated) are presented toward the end of 

this section. The section ends with a presentation of predicted response obtained from 

preliminary nonlinear static analysis of the specimen numerical model with actual material 

properties. 

 

3.2 Prototype Description 

The three-story SAC 1  model building (FEMA 355-C) was selected as a prototype for the 

experimental program described in this section. As shown in Figure 3-1, the building consists of 

a three-story steel building with a plan dimension of 120 feet by 180 feet and a typical story 

height of 13 feet. It has seven frames in the North-South (NS) direction and five frames in the 

East-West (EW) direction. The structure is located on Class B soil in downtown Los Angeles, 

California, and designed as an office building. The total weight of the structure is 6504 kips, 

distributed as 2109 kips per story on each of the first two stories and 2285 kips on the roof. 

 

In this study, steel plate shear walls that act as the primary lateral load resisting system in the 

direction of interest (i.e., in the NS direction) were assumed to carry seismic loads corresponding

                                                 
1  SAC was a joint venture between the Structural Engineers Association of California (SEAOC), the Applied 
Technology Council (ATC), and the California Universities for Research in Earthquake Engineering (CUREe). It 
was established after the 1994 Northridge earthquake to provide recommendations for the design and construction of 
new steel moment-resisting frame buildings to resist the effects of earthquakes. 
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Figure 3-1 Prototype Structure: (a) Plan View; (b) N-S Elevation View (FEMA 355-C) 

 

to half of the total weight of the structure. In other words, there were two single-bay SPSWs in 

the NS direction, each one of them assumed to carry a tributary weight, Wp , of 3252 kips, 

distributed as 1055 kips at each of the first two stories and 1142 kips at the roof. 

 

However, for the cyclic pushover test planned in this study, full compliance with geometric and 

dynamic similitude laws between the properties of prototype and that of model/specimen was not 

necessary. For simplicity, design of the three-story single-bay SPSW specimen was not 

conducted at the prototype level; rather, directly at the specimen level, as described in the 

following section. 

 

3.3 Design of Specimen 

Geometric properties of the specimen used in this experimental program were determined by 

applying a scale factor λL of 1/3 to the prototype, which resulted in a three-story SPSW specimen 

with a typical story height of 52 inches and a bay width of 120 inches. However, due to 
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dimensional restrictions of the gravity column system used to apply loads and provide lateral 

supports to the specimen (see Section 3.7.2) available in the Structural Engineering and 

Earthquake Simulation Laboratory (SEESL) of the University at Buffalo, as well as to minimize 

design differences with another research project conducted in parallel to this study (i.e., the 

SMART Walls research project described in Dowden and Bruneau 2014), the final specimen 

dimensions were slightly modified. The bay width was changed to 90 inches and the average 

story height was 51 inches. 

 

The total tributary weight for the specimen Wm was determined as follows: 

 ( ) pLEpFm WWW 2λλλ ==  (3-1) 

where λF, λE, and λL are scale factors for forces, material properties, and length (geometry), 

respectively; and Wp is the prototype tributary weight. Since the same material is generally used 

for the prototype and the model, λE equals 1. Hence, the total tributary weight for the specimen 

was equal to 361 kips, distributed to the floors with the same proportion as that in the prototype. 

Note that when calculating the tributary weight for the specimen, a scale factor of 1/3 was used 

for λL even though the actual geometric properties of the specimen have been slightly different 

from this scale factor. 

 

The design procedure for SPSW-ID presented in Purba and Bruneau (2010) was closely followed 

when designing the specimen. On the basis of the spectral acceleration maps in the FEMA 450 

provisions (FEMA 2003), the design short and one-second spectral ordinates, SDS and SD1, for the 

site where the prototype located were 1.3g and 0.58g, respectively. The fundamental period of the 

specimen T was estimated using the FEMA 450 procedures as 0.13 sec; and using a response 

modification factor R of 7 and an importance factor I of 1, the total design base shear V resisted 

by the specimen was 65 kips. The equivalent lateral loads along the height of the specimen were 

32, 22, and 11 kips from the third to the first floor. These story forces were resisted entirely by 

infill plates without considering the possible contribution to lateral strength provided by the 

surrounding boundary frames. The Indirect Capacity Design (ICD) approach, described in the 

commentary to the AISC seismic provisions (AISC 2005b, 2010b), was applied to design the 

boundary frames. The design results of the specimen are explained briefly in the following sub-

sections while their detail design checks and calculations are presented in Appendix A. 
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3.3.1 Specimen Elevation 

The overall specimen frame and section details are shown in Figures 3-2 and 3-3, respectively. 

The height of the specimen from its base (installed on an existing steel floor plate connected to 

the laboratory’s strong floor) to the tip of column pedestal was 160 in. and the width of the 

specimen measured between the outer flanges of the East and West columns was 96.75 in. As 

mentioned previously, story height was partly dictated by the dimension of the existing gravity 

column systems. Here, the first story height was 51.50 in. (measured to the top of first story beam) 

while the other two stories have a slightly different height of 50.75 in. Note that in SPSWs, 

beams and columns are also knows as horizontal and vertical boundary elements (HBEs and 

VBEs), respectively. In this section, these terms are used interchangeably. 

 

The columns were welded to base plates, themselves anchored to an existing larger steel floor 

plate using a group of high strength slip-critical bolts capable of transferring the plastic moment 

capacity of the columns. The existing steel floor plate was anchored to the strong floor using high 

strength tension rods to prevent uplift of the specimen during testing. The first story infill plate 

was connected to an anchor beam rather than directly connected to the existing floor plate. The 

columns were continuous over full height of the specimen and 2 in. diameter holes at the column 

pedestals were provided for erection purpose. 

3.3.2 Infill Plates 

Light gauge steel with nominal yield strength of 30 ksi was used for the infill plates. Calculated 

by (F5-1) of the 2010 AISC Seismic Provisions, the minimum required infill plate thicknesses to 

resist the aforementioned story forces were 0.071, 0.060, and 0.037 in. for the first, second, and 

third floor, respectively. The closest commercially available gauge steel plates that satisfy these 

required thicknesses for the same respective floors were 14-gauge (0.0747 in.), 15-gauge (0.0673 

in.), and 19-gauge (0.0418 in.) plates. 

 

However, for reasons further explained in Section 4.4, the first story plate was changed to be 

13-gauge (0.0897 in.). In addition, the 15-gauge plate for the second story infill was not available 

from local suppliers, and therefore was changed to be 14-gauge plate. The impact of changing 

this gauge plate on the behavior of SPSW specimen is also addressed in Section 3.4. 



 48

 
Figure 3-2 Elevation View of Three-Story SPSW Specimen 
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Figure 3-3 Specimen Section Details:  

(a) Detail 1: Top Story VBE-to-HBE Joint 
 

3.3.3 Boundary Frames 
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sections were the most optimum design choices from those available shapes to achieve the 

objectives of this experimental program (previously described in Section 3.1). This preliminary 

investigation considered the possible effects (on expected behavior) of strain hardening and 

probable increases on yielding strength of the infill plates and boundary frames, as further 

explained in Section 3.4. 

 

 
Figure 3-3 Specimen Section Details – Cont’d:  

(b) Detail 2: Intermediate Story VBE-to-HBE Joint 

5/16" Continuity 
Plate (A572)

5/16" Continuity
Plate (A572)

3/16" Web Doubler 
Plate (A572)

W6×25

S5x10 (A572)

Light 
Gauge Plate
G19 – 3rd  
(0.0418") 
or 
G14 – 2nd  
(0.0747") 

Light 
Gauge Plate
G14 – 2nd  
(0.0747") 
or 
G13 – 1st  
(0.0897") 

Shear Tab (A572)
PL 5/16 × 3 × 0'-3½" 

1" (Typ.)

12"

Stiffener for Lateral Support
(See Section 7/F4.20)

(b) 



 51

 
Figure 3-3 Specimen Section Details – Cont’d:  

(c) Detail 3: Bottom Story VBE-to-HBE Joint and Base Plate 
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All selected HBEs and VBEs complied with the compactness criteria specified in the AISC 

Specification for Structural Steel Buildings (AISC 2005a, 2010a). They also complied with the 

compactness criteria specified in the AISC Seismic Provisions for Structural Steel Buildings 

(AISC 2005b, 2010b), except for W8×13 used for HBE0, which slightly exceeded the flange 

compactness criteria. More specifically, the W8×13 flange compactness ratio of 7.8 was 8% 

greater than the permitted value of 7.2. The impact of this slight insufficiency can be observed in 

the experimentation program results further presented in Section 4. 

3.3.4 Design of Connections 

Special moment resisting connections were designed for all HBE-to-VBE connections, and 

details of the connections are shown in Figure 3-4. The connections were designed to be similar 

to a Welded Unreinforced Flange-Welded Web (WUF-W) connection specified in the FEMA 350 

and AISC 358-10 documents. In this type of connection, complete joint penetration (CJP) groove 

welds were used to connect HBE flanges directly to VBE flanges; weld access holes (Figure 3-4b) 

were provided for quality and constructability purposes (i.e., to ensure the continuity of the CJP 

groove welds throughout the HBE flanges); fillet and CJP groove welds were used to connect 

shear tabs to HBE webs and to VBE flanges, respectively; and continuity plates were provided. 

In addition, doubler plates were used in all HBE-to-VBE connections and designed according to 

the procedure described in Chapter K of the AISC Specification for Structural Steel Buildings 

(AISC 2005a). Each doubler plate was designed to extend 1 in. beyond the top and bottom 

continuity plates (Figure 3-3) and provided on one side of the panel zone. The doubler plate was 

welded to the VBE webs and flanges using fillet and CJP groove welds, respectively. 

 

It is important to note that not all prescribed limits and details for prequalified WUF-W 

connection were respected in designing the connections of this 1/3 scaled specimen. For example, 

a W6 column was used, which is shallower than the pre-qualified W12 or W14 column. The 

shear tab was not beveled at its corner adjacent to the weld access holes; rather, a rectangular 

shear tab was used. The geometry of the weld access hole was smaller than the minimum 

specified dimensions in the FEMA 350 (e.g., the specimen’s weld access hole radius of 3/16 in. 

and the distance from the center of the weld access holes to the inside of the adjacent flanges of 

3/8 in. were smaller than the corresponding specified values of 3/8 and 3/4, respectively). Note



 53

 
Figure 3-4 Welded Connection Details: (a) Weld Detail 1: Top Story VBE-to-HBE Joint; 

 (b) Typical Weld Access Hole 
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Figure 3-4 Welded Connection Details – Cont’d:  

(c) Weld Detail 2: Intermediate Story VBE-to-HBE Joint 
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Figure 3-4 Welded Connection Details – Cont’d:  

(d) Weld Detail 3: Bottom Story VBE-to-HBE Joint and Base Plate 
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(Fy = 50 ksi) steel was selected for continuity, doubler, and base plates. Detail design checks and 

calculations including reaction forces for each base plate are presented in Appendix A. 

 

The infill plates were connected to the surrounding vertical and horizontal boundary elements 

using ¼ in. thick and 3 in. wide fish plates of A36 steel (Fy = 36 ksi). Fillet welds were used on 

both sides of the fish plate to connect it to the HBE and VBE flanges, as shown in Figure 3-5a, 

while the light gauge plate was welded to the fish plate on one side only. At each HBE to VBE 

intersection, the fish plate was beveled at a 45° angle and cut to create a corner cut-out of 1.75 in. 

by 1.75 in. This type of corner detail, shown in Figure 3-5b, was similar to the “Modified Detail 

B” recommended by Schumacher et al. (1997) and has been used previously in several SPSW 

tests (e.g., Vian and Bruneau 2005, Qu et al. 2008, Li et al. 2010). 

 

3.4 Design Considerations to Achieve Experimental Objectives 

As in any general design process, design of the specimen for this experimental program 

underwent various trials and modifications to ensure that the experimental objectives presented in 

this section were met. Key aspects of these modifications are briefly discussed in this section. 

The commercially available software SAP2000 v. 11.0.8 (CSI 2007) was used throughout the 

design trials and nonlinear static analysis (monotonic pushover analysis) was conducted for each 

design trial to investigate whether the intended behaviors were obtained. A strip model that 

featured the use of fiber-hinges and axial-hinges was used to model inelastic behaviors of each 

design outcome. 

 

The original intent was to design a three-story SPSW specimen with an aspect ratio of 2.0 similar 

to that of the SPSW-ID presented in the preceding section. Development of in-span plastic hinges 

is equally likely to occur in similarly designed SPSWs having different aspect ratios, but 

choosing a comparable aspect ratio with that of SPSW-ID was a reasonable starting point. 

Incidentally, note that the selected prototype structure (i.e., the three story SAC model building 

mentioned earlier in Section 3.2) has a 2.3 aspect ratio, and it was desirable for the 1/3 scaled 

specimen to have an aspect ratio somewhat close to that of this prototype. 
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Figure 3-5 Infill Plate Connections: (a) Section 4: Fishplate and Panel Section Detail; 

(b) Detail 5: Typical Fishplate Corner Detail 
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decrease in beam length would have resulted in a 25% reduction in tension forces acting on 

HBEs, and this would have lowered the likelihood of developing in-span HBE plastic hinges. 

Two options were available to compensate for the effects of this constraint: either design for a 

thicker infill plate or choose a smaller HBE. In a second design trial, combinations of both 

options were examined. Note that section selection for boundary elements was limited by the 

available steels donated by the AISC for this study. One design approach was to utilize as many 

of these available sections as possible to minimize the cost of this experimentation program. It 

turned out that the thickness of infill plates needed to cause in-span plastic hinging in even the 

smallest of HBE chosen from those donated W-shapes (i.e., W6×12) would have also yielded the 

biggest available donated W-shape for VBEs (i.e., W6×25). Hence to ensure that the intended 

behaviors could be observed, the resulting second trial design was done based on a decision to 

purchase the necessary smaller W-shapes for intermediate HBEs, and using thicker infill plates 

compared to that in the first trial design. The resulting design outcomes for this second trial are 

presented in Table 3-1 denoted as “Case 01”. 

 

Up to this point, the design process was based on an assumption that the specified nominal yield 

strength of 30 ksi for the infill plates and 50 ksi for boundary elements could be achieved. In 

addition, no strain hardening was specified for the material properties in the aforementioned 

numerical model. To account for possible strain hardening and greater than specified yield 

strength for the actual material properties, a series of third design trials considering a “bracket” of 

steel properties was examined. The resulting design trial denoted as “Case 02” in Table 3-1 was 

obtained as a result of analyses that considered a bilinear material, with the second slope defined 

by 30% strain hardening developing in the material properties when reaching an ultimate strain of 

20%. Note that an alternative tri-linear material was also considered, in which strain hardening 

was defined by a second slope (tangent modulus at the onset of strain hardening) set to be 1/15 of 

the elastic modulus of elasticity up to the point when a 30% increase of yield strength was 

reached, and a zero-slope plateau of no strain hardening beyond that point. In spite of the faster 

strain hardening rate in that second model, no significant differences were observed between the 

designs obtained from these two models with two different strain hardening definitions, and 

therefore, only the result obtained considering the first of these two strain hardening material 

models are presented here. 
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Table 3-1 Monotonic Pushover Results at 4% Top Story Drift of Several Specimen Designs 

Items Case 01 Case 02 Case 03 Case 04 Case 05 

Design 
Summary 
and  
P-M Ratio 
(strips are 
not shown 
for clarity) 

 

Strip 
Yielding & 
Plastic 
Hinge 
Distribution 

 
HBE… 
Vertical  
Deformation 
(in.) 

3 = –0.66 1 = –0.80 3 = –0.71 1 = –0.78 3 = –0.77 1 = –0.80 3 = –0.56 1 = –0.73 3 = –0.59 1 = –0.76 

2 = –0.78 0 = +1.68 2 = –0.78 0 = +1.65 2 = –0.83 0 = +1.68 2 = –0.72 0 = +1.47 2 = –0.74 0 = +1.53 

Vu (kips) 105.2 108.4 113.9 120.8 126.8 

W
6×

16
 

0.
89

 
20 Ga. Plate 
t = 0.0359" 

16 Ga. Plate 
t = 0.0598" 
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Table 3-1 Monotonic Pushover Results at 4% Top Story Drift of Several Specimen Designs – Cont’d 

Items Case 06 Case 07 Case 08 Case 09 Case 10 

Design 
Summary 
and  
P-M Ratio 
(strips are 
not shown 
for clarity) 

 

Strip 
Yielding & 
Plastic 
Hinge 
Distribution 

 
HBE… 
Vertical  
Deformation 
(in.) 

3 = –0.98 1 = –0.34 3 = –0.99 1 = –0.24 3 = –0.76 1 = –0.17 3 = –0.94 1 = –0.22 3 = –0.81 1 = –0.44 

2 = –0.73 0 = +1.40 2 = –0.89 0 = +1.40 2 = –0.50 0 = +1.41 2 = –0.75 0 = +1.41 2 = –0.99 0 = +1.33 

Vu (kips) 149.9 153.4 178.7 160.6 128.0 

W
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In the design trials denoted as “Case 03” and “Case 04”, the yield strengths of the infill plates and 

boundary elements, respectively, were factored by a Ry value of 1.1, which is the ratio of the 

expected yield stress to the specified minimum yield stress (AISC 2010b). In “Case 05”, both the 

infill plate and boundary element yield strengths were factored by a Ry value of 1.1. For those 

three cases, strain hardening was also modeled in both the infill plates and boundary elements. 

Conservatively, except at the base, VBEs were assumed to remain elastic for all cases considered 

(i.e., neither strain hardening nor greater than specified yield strength were considered). 

 

The information in Table 3-1 is provided to document the progression in the design process. 

Several important insights are outlined as follows: 

• Results of monotonic pushover analyses up to a 4% top story drift suggest that strain 

hardenings in the infill plate as well as in the boundary elements are expected to have 

minor impacts on the behavior of the specimen. Specifically, strip yielding and plastic 

hinge distribution for Case 01 and Case 02 are practically the same. Demand-to-capacity 

ratios for their boundary elements are somewhat the same and all of them are less than 1.0. 

• Vertical deformations on the two upper HBEs in Case 02 were slightly greater than those 

in Case 01, but for the other two HBEs, they were actually slightly less. For example, 

HBE3 vertical deformation was 0.66 and 0.71 in. for Case 01 and Case 02, respectively. 

When the specimen is pushed up to 4% top story drift, total base shear of 108.4 kips was 

obtained in Case 02, which is a 3% increase of total base shear as a result of strain 

hardening.  

• A more pronounced impact on specimen behavior is due to greater than specified yield 

strength combined with the presence of strain hardening. If the greater yield strength 

predominantly occurred in the infill plate while HBEs remain at the specified minimum 

yield strength (i.e., Case 03), higher tension forces generated by the infill plates cause 

HBE of the same strength as that in the previous case to deflect more, and consequently 

more of the infill plates remain elastic. In this case, an 8% increase of total base shear was 

obtained. By contrast, when the greater yield strength predominantly occurred in HBEs 

(i.e., Case 04), the effects are reversed because the HBEs have additional strength to resist 

the same amount of tension forces from the infill plates. As a result, HBE deformations 
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decrease, more infill plates elongate beyond the yield limit, and higher total base shear 

develops at the same 4% top story drift (a 15% greater total base shear is reached). 

• These two cases (i.e., Case 03 and 04) bound the range of possible outcomes (i.e., strip 

yielding, plastic hinge distribution, and HBE vertical deformation) of this experimental 

program, and the magnitude of these outcomes for Case 05 fall within these two extremes. 

Case 05 represents the realistic condition for which strain hardening and greater than 

specified yield strengths for both infill plates and HBEs occur. 

• Regardless the source of greater yield strength, a bigger VBE section is required to 

sustain pulling forces from the infill plates and internal forces from the HBEs. As a result, 

W6×16 selected in Case 01 had to be replaced by larger W6×25 to provide a satisfactory 

design (i.e., Case 06).  

 

After obtaining the Case 06 design, two design checks were conducted and their results are 

summarized in Table 3-1. The first check investigated the consequence of non-availability of the 

desirable light-gauge plates in the market. This is because the 15-gauge plate of 0.0673 in. 

thickness used for the second story infill plate was not available at local suppliers and had to be 

replaced by either a thinner or thicker gauge. If a thinner gauge (i.e., 16-gauge plate of 0.0598 in. 

thick) had been used, HBE1 and HBE2 would have undergone larger and smaller deformations, 

respectively, compared to those in the Case 06 design because the thickness difference between 

the first and second story infill plates attached to HBE1 would have increased while that between 

the second and third story infill plates attached to HBE2 would have decreased. Consequently, 

this would have allowed the entire second story infill plate to elongate beyond the yield point. In 

terms of the overall behavior of the specimen, the development of in-span plastic hinges would 

not have changed even though the extent of their plastification would have been reduced, again, 

compared to that in the Case 06 design. By comparison, if a thicker gauge (i.e., 14-gauge plate of 

0.0747 in. thick) was to be used, the above effects would be reversed. Here, HBE1 and HBE2 

would have undergone smaller and larger deformations, respectively, along with partial yielding 

of the second story infill plate, and significant development of in-span plastic hinge development. 

Hence, the latter option was chosen for the second story infill plate, for which the resulting 

design and response quantities are shown in Table 3-1, denoted as “Case 07”.  
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One might question whether it would have been more effective to instead maintain the same 

proportion among the infill plates, which could have been achieved by replacing the entire set of 

infill plates (dropping one gauge-notch below or above those considered in Case 06) instead of 

only replacing the second story infill plate. This option was unfortunately not possible because 

the boundary frame had been ordered for fabrication and the first story infill plate was already in-

hand prior to ordering of the other infill plates (see information in Section 3.5). 

 

As latter discussed in Section 3.6, another check on the specimen design was conducted to 

investigate whether the fish plates could potentially increase the HBE cross section properties. 

Results of a modified analytical model that included the corresponding greater HBE cross section 

properties due to the attached 3 in. wide fish plates (denoted as “Case 08” in Table 3-1) suggested 

that the possibility to observe partial yielding of the infill plates, in-span plastic hinge, and 

accumulation of plastic incremental deformations on the HBEs would be greatly diminished if a 

3 in. fish plate was to be used. Therefore, smaller 1 in. wide fish plates (denoted as “Case 09” in 

Table 3-1) were used to make the specimen behave as intended.  

 

Finally, for completeness, specimen response modeled using actual material properties obtained 

from tensile coupon tests (as later presented in the following section) is shown in Table 3-1 as 

“Case 10”, which exhibits somewhat similar behavior to that observed in Case 09. 

 

3.5 Material Properties 

A total of 27 tensile coupons from 7 different sources were prepared. A group of four coupons 

was cut from each of the 13-, 14-, and 19-gauge steel plates as well as from the W6×25, W6×12, 

and W8×13 sections used for VBEs, HBE0, and HBE3, respectively. For these W-sections, two 

coupons each were taken from their web and flange (either top flange or bottom flange) while for 

the intermediate HBE1 and HBE2 however, due to the sloping inside face of S5×10 flanges, a 

group of three coupons were cut from its web. To ensure that the light-gauge steel supplied by the 

Ryerson Coil Processing company exhibited ductile behavior, coupons from the 13-gauge steel 

plate were tested first before ordering the other two gauge sizes. One coupon was taken from 

each plate direction (i.e., parallel to and perpendicular to the rolling direction) while the other two 
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coupons were cut at an angle of 45° to the rolling direction, considering that tension fields 

typically develop along the diagonal direction of infill plates. As further presented in this section, 

all four coupons displayed ductile behavior and have somewhat similar yield and ultimate 

strengths. Based on this result, for simplicity, all coupons for the 14- and 19-gauge steel plates 

were taken parallel to the rolling direction.  

 

Tensile coupon testing followed the requirements of ASTM E8 Standard for “Sheet-Type” 

specimens. Overall length of the specimen was 8 in. with 2 in. gauge length within where strains 

were recorded. Figure 3-6 presents examples of coupons taken from infill plates and boundary 

elements, together with a schematic drawing of the Sheet-Type specimen. A typical tensile test 

setup is shown in Figure 3-7, which consists of an MTS universal testing machine of 20 kip 

capacity, an MTS electro-mechanical extensometer attached to the coupon, and Data Acquisition 

(DAQ) system to record forces and displacements data, which then can be viewed in a real time 

display. The coupon was pulled using displacement control with a rate of 1/16 in. per minute. 

 

Prior to obtaining the mechanical properties of the coupons, a post-process of the raw data from 

the DAQ system was generally required. The process included removing several records at the 

beginning of the test to eliminate jaggedness, offsetting the data such that it started from the point 

of origin (0,0), removing data after fracture as this phenomenon has no physical meaning, and 

reducing noise through smoothing data processing. For the latter data processing, 3-, 5-, and 7-

point Moving Average with Uniform and Gaussian Weight was investigated. No significant 

differences were observed among these smoothing data processing schemes. Results presented in 

this report were based on the 5-point Moving Average with Uniform Weight. 

 

Examples of processed stress-strain curves for light-gauge and ASTM A572 steels are shown in 

Figure 3-8. The first set of curves presents the results from the 13-gauge steel. GA13-1 and 

GA13-2 are coupons taken from parallel to and perpendicular to the rolling direction, 

respectively, while both GA13-3 and GA13-4 are coupons taken at an angle of 45° to the rolling 

direction. As stated previously, all four coupons have somewhat similar mechanical properties 

and displayed ductile behavior. On the second set of curves, results from ASTM A572 steels are 

shown, for the W6×25, W6×12, W8×13, and S5×10 sections. While all coupons made of light-  
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Figure 3-6 Tensile Coupon Specimens: (a) Samples Taken from Infill Plates (13-Gauge); 
(b) Samples Taken from Boundary Elements (HBE3: W6×12); (c) ASTM E8 Standard 

“Sheet-Type” Coupon Dimension 
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Figure 3-7 Tensile Coupon Test Setup: (a) MTS Universal Testing Machine; 
(b) DAQ System; (c) Real Time Display; (d) Detail Setup 
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Figure 3-8 Engineering Stress-Strain Curve: (a) Infill Plates (Light-Gauge Steel); 

(b) Boundary Elements (ASTM A572 Gr. 50 Steel) 
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gauge and ASTM A572 steels display ductile behavior, several key differences are observed 

when comparing these two sets of curves. Light-gauge steel has stiffer strain hardening compared 

to that of ASTM A572 steel, especially at a strain level smaller than 0.05. The latter steel, 

however, has a well-defined yield point, which is not the case for the plate steels. In addition, 

rupture points on these two sets of curves indicate that fracture of ASTM A572 coupons 

exhibited large ductility during necking and fractured at a large stress, compared to that of light-

gauge coupons, which also exhibited large ductility but lost more strength during necking prior to 

fracture. Consequently to this phenomenon, the ASTM A572 steel fractured with a loud noise, 

compared to the relatively subtle sounds heard at the end of testing for the light-gauge steel. 

Figure 3-6 shows the final condition of some of the coupons for both types of steel. Compared to 

their initial conditions, all coupons underwent more than 28% elongation before fracture. 

 

Table 3-2 summarizes the average material properties of each component. For light-gauge steels, 

modulus of elasticity was obtained from a linear regression slope of processed data up to 2/3 of 

the theoretical yield strength (i.e., up to 20 ksi), yield strength was defined per the 0.2% offset 

method, and rupture strain was based on the strain reading when stresses dropped to about 80% 

of the ultimate strength. The modulus elasticity of ASTM A572 steels was also estimated from a 

linear regression slope, but taken up to the observed yield points, because the yield point (and 

rupture strain for that matter) was well identified in this steel. Interestingly, the actual yield 

strengths of light-gauge steels were slightly below the expected 30 ksi yield strength, while that 

of ASTM A572 steels were slightly above the expected 50 ksi yield strength. The impact of these 

actual material properties on the specimen behavior is further discussed in Section 3.9. Detailed 

results presenting variability of mechanical properties between one coupon and another and 

additional supporting data recorded during the tensile coupon test are presented in Appendix A. 
 

3.6 Specimen Preparation and Modifications 

The boundary frame was manufactured first at a local steel fabricator (i.e., K & E Fabricating 

Co., Inc.). Several snapshots of the fabrication process are shown in Figure 3-9. All stiffener, 

continuity, and doubler plates were welded to HBE and VBE components (Figures 3-9a and 

3-9b) first, before they were assembled to a complete frame. Shear tabs, fish plates, and base 

plates were added at the last stage (Figures 3-9c to 3-9e). 
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Table 3-2 Summary of Material Properties from Tensile Coupon Test 

Component 
Nominal 

Thickness 
(in) 

Actual 
Thickness 

(in) 

Modulus of 
Elasticity 

(ksi) 

Yield 
Strength 

(ksi) 

Ultimate 
Strength 

(ksi) 

Rupture 
Strain  
(%) 

Plate GA13 0.0897 0.0886 28420 26.668 45.933 39.31 

Plate GA14 0.0747 0.0713 27736 23.598 42.292 46.29 

Plate GA19 0.0418 0.0402 26772 20.034 39.270 42.58 

W6x25 Web 0.320 0.3458 33522 52.875 65.664 33.97 

W6x25 Flange 0.455 0.4322 32136 52.475 66.768 34.27 

W6x12 Web 0.230 0.2268 34473 52.775 64.460 36.65 

W6x12 Flange 0.280 0.2799 29441 52.350 63.776 33.64 

S5x10 Web 0.214 0.2028 30323 49.975 70.521 27.85 

W8x13 Web 0.230 0.2360 24080 54.200 66.175 32.98 

W8x13 Flange 0.255 0.2405 30126 50.805 62.222 31.22 
 

W6x25 = VBE W6x12 = HBE-T S5x10 = HBE-I W8x13 = HBE-B 
 

One of the experimental objectives is to investigate the performance of special moment resisting 

connections in steel plate shear walls. As such, the quality of welding at CJP groove welded 

connections between HBE and VBE flanges was controlled by means of nondestructive testing 

(NDT) and visual inspection performed by a certified welding inspector. This was done to 

eliminate possible doubts on quality of welds should fractures develop at those connections 

during the experiment. However, it is important to acknowledge that the flange thicknesses of the 

HBEs used in the specimen were either equal or smaller than the threshold thickness of 5/16 in., 

below which ultrasonic testing (UT) may not work properly due to interference from adjacent 

back-side metal on ultrasonic waves when detecting weld defects (personal communication with 

Jimmy Hayes of Niagara Testing). Note that the AISC seismic provision (AISC 2010b) actually 

does not require UT inspection for CJP groove welds with materials less than that minimum 

thickness. Annex S of AWS D1.1 (AWS 2008) provides alternative techniques for UT 

examination in material thinner than 5/16 in., but for practical reasons and because these 

alternative techniques were deemed too complex for the task at hand, such alternative procedures 
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Figure 3-9 Fabrication Process of Boundary Frame: (a) HBE components; (b) VBE 
components; (c) Bottom Joint Assembly; (d) Intermediate Joint Assembly; 

(e) Top Joint Assembly 
 
was not applied in this study. Personal communications with experts in the field of NDT (e.g., 

Professor Salvatore Salamone of the University at Buffalo, Charles Hayes of Lincoln Electric, 

and Jimmy Hayes of Niagara Testing) provided the same insights on the limitation of UT 

inspection within thin materials and on the impracticality of applying the Annex S procedure. 

 

In spite of the above limitations, Niagara Testing performed inspection on several CJP Groove 

welds on the specimen. Ultrasonic testing (UT) was conducted on the West joints of HBE1 and 

HBE2 as well as the East joint of HBE3. In addition, Phase array (PA) testing was conducted on 

both East and West joints of HBE2 as well as the West joint of HBE1. The UT and PA 

(c) 

(a) (b)

(d) (e)
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examinations during the fabrication of the boundary frame are displayed in Figure 3-10. To the 

best ability of the technician interpreting the real time display of UT and PA data, no major weld 

defects were reported. 

 

 
 
Figure 3-10 Nondestructive Testing: (a) Phase Array (PA) Testing; (b) Real Time Display 

for PA; (c) Ultrasound Testing (UT); (d) Real Time Display for UT 
 

By the time the boundary frame shipped to the SEESL facilities, the parallel SMART Walls 

research project (Dowden and Bruneau 2014) had completed a series of testing on SPSW with a 

similar size to the specimen in this study, but with rocking connections. In that project, the strains 

recorded by uniaxial strain gauges attached to HBE flanges were smaller than expected. The large 

fish plates used (relative to the HBE size in that 1/3 scale specimen) were suspected to contribute 

to this phenomenon, possibly behaving as a part of HBE cross section and creating a build-up 

member with having higher inertia and cross section depth. Due to the fact that the specimens of 

(c)

(a) (b)

(d)
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interest here had been built with the same size fish plates (¼ in. thick by 3 in. wide) and 

comparable HBEs, a limited investigation was conducted to check whether the same phenomenon 

might occur in this experimental program and whether this could impact the predicted behavior of 

the specimen. It was found that if the fish plate was assumed to be part of HBE cross section, the 

moment of inertia increased by a factor 1.6 and 1.7 for HBE3 and HBE0, respectively, while it 

increased three times for HBE1 and HBE2. In addition, the plastic section modulus increased by a 

factor of 1.3 for HBE3 and HBE0 and 2 times for HBE1 and HBE2. As a result of these HBEs 

having unexpected overstrength to resist tension forces developed by yielded infill plate, the 

possibility to observe partial yielding of the infill plates, in-span plastic hinging, and 

accumulation of plastic incremental deformations on the HBEs would be diminished. Note that in 

the analytical models used during the design process (Section 3.4), the fish plates were not 

considered and the infill plates were modeled as a series of strips attached directly to the 

surrounding boundary elements. Results of a modified analytical model that included the 

increased HBE cross section properties (due to presence of the fish plates) confirmed these 

concerns (Section 3.4).  
 

To alleviate that possible problem, the fish plates attached to the HBEs were flame cut from their 

original 3 in. width to be only 1 in. wide, leaving only enough space for the technicians to weld 

the infill plates to the fish plates. Another modified analytical model with this new size fish plate 

showed behavior somewhat similar to that of presented in Section 3.4. Prior to attaching the infill 

plates, edges of the fish plate were de-burred with a power grinder to remove small notches left 

from the flame cutting process. Note that although the fish plates similarly provided overstrength 

to the VBEs, this did not negatively impact the intended experimental objectives. Consequently 

for practical reason, the fish plates attached to VBEs were left unmodified (i.e. 3 in. wide, as 

originally designed and fabricated). 

 

Following the above modification, uniaxial and Rosette strain gauges were installed on HBEs and 

VBEs on both sides of the specimen. A complete layout of strain gauges installed in the specimen 

is presented in Section 3.7.4. The strain gauges located on HBE flanges where the fish plates 

attached, however, were installed after the infill plates were welded to the boundary frame. This 

was to avoid strain gauge damage from overheating during the welding of the infill plates to the 

narrow 1 in. wide fish plate.  
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To control the quality of welds during welding of the infill plates, the boundary frame was laid 

down on stable “horse” platforms and the infill panels were welded to the fish plates along the 

boundary frame, proceeding with the first, third, and second story infill plates. A temporary 

wooden platform laid down between the columns was installed to make it possible for the 

technicians to access and weld the second story infill plate. The finished SPSW specimen is 

shown in Figure 3-11. 

 

 
 

Figure 3-11 Three-Story SPSW Specimen 
 

In the last stage of the specimen preparation, the remaining strain gauges were installed, and then 

grids were made on each side of the infill plates. For a better visualization of infill plate 

deformations, gridlines ¾ in. thick were drawn with a permanent black marker, spaced at 7 in. in 

both the horizontal and vertical directions. After covering the grids with painters tape and 

cleaning up the specimen of its dust and loose particles, the whole specimen was whitewashed. 

Removing of the tape was done a day prior to the test. Several snapshots of the specimen’s final 

preparation are shown in Figure 3-12.  
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Figure 3-12 Specimen Final Preparation: (a) Making Gridlines; (b) Covering Gridlines 
with Painters Tape; (c) Whitewashing Specimen 

 
Figure 3-13 shows the specimen attached to the existing floor plate. During this installation, it 

was discovered that one of bolts on each column base plate could not be installed due to limited 

access. Located exactly beneath the HBE0, these bolts could not be tightened using the available 

torque wrench in the SEESL facilities. After reviewing outputs of the analytical model with 

actual material properties of infill plates and boundary elements (Section 4.4), it was deemed safe 

to proceed with the remaining thirteen ¾ in. diameter A490 high-strength slip-critical bolts on 

each column base plate. Each bolt was tightened up to 450 pound-ft torques to achieve clamping 

forces of 35 kips. After all the bolts were tightened, level measurement showed that the specimen 

was practically plumb (Figure 3-13d). 

 

3.7 Experimental Setting 

The experimental program was conducted at the SEESL facilities of the University at Buffalo. 

Detail information about this state of the art earthquake engineering laboratory can be found at 

http://nees.buffalo.edu/. The experimental setting planned in this study for the cyclic pushover

(a) 

(b) (c)
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Figure 3-13 Specimen Mounting on Floor Plate: (a) Overall View; (b) East Column Base 
Plate; (c) West Column Base Plate; (d) Vertical Level Measurement 

 

testing of a 1/3 scaled three-story SPSW is explained in this section, focusing on how the 

specimen, gravity column and lateral support systems, actuators, and instrumentation were 

assembled together for the purpose of achieving the aforementioned research objectives. The 

experimental setting has several similarities with that of the SMART Walls research project by 

Dowden and Bruneau (2014). 

3.7.1 Specimen Mounting 

As shown in Figure 3.13, the specimen was positioned in the East to West direction and anchored 

to an existing 9 ft. by 12 ft., 1.5 in. thick floor plate using high-strength bolts on each column 

base plate. The existing floor plate was anchored to the 24 in. thick concrete strong floor using 22 

(a)

(b)

(c)

(d)

WESTEAST 
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high strength tension rods of 11/8 in. diameter. The tension rods were uniformly distributed 

throughout the floor plate footprint of 9 ft. by 12 ft., with a corresponding tributary area of 24 in. 

by 24 in. per rod, supplemented by one tension rod at each corner of the plate (Figure 3-14a). The 

specimen was exactly located at the centerline of the floor plate. 

3.7.2 Gravity Column System and Lateral Supports 

The gravity column system is a set of removable frames and reactive masses that has been used 

for many different purposes. Originally developed by Kusumastuti et al. (2005), the system was 

designed as an independent vertical load support system separated from a lateral load resisting 

system. Since then, the system has been used in various earthquake simulation research projects 

at the University at Buffalo. During experimentations, structural damage concentrates in the 

lateral load resisting system designed for this purpose, which in this study is steel plate shear 

walls, while the gravity column system remains intact. At the same time, the gravity column 

system can provide out-of-plane resistance to the tested specimen. Figure 3-14 shows the setup 

used in this study: the gravity column system sandwiches the steel plate shear wall specimen and 

is fitted with supports to prevent lateral torsional buckling of the beams. A complete view of the 

experimental setting with the gravity column system is shown in Figure 3-15. Connected by 

several angles to the specimen, the essentially rigid mass plates can also transfer the actuator 

loads to the tested specimen. More information regarding load transfer mechanism is presented in 

Section 3.7.3. Key features of this system consist of: (1) columns that have negligible resistance 

in the plane of the specimen (i.e., in the longitudinal direction) but diagonally braced in the 

transverse direction; (2) spherically shaped rockers at the top and bottom of each column at each 

story to facilitate the in-plane movement of the columns (Figure 3-15b), and; (3) gravity mass 

plates made of 3.5 in. thick, 79 in. wide, and 118 in. long steel plates which weight about 8.5 kips 

each. 

 

The construction process of the gravity column system for this experimental program is presented 

in Figure 3-16. It started with positioning of the South and North gravity columns, followed by 

erection of the South mass plate (Figure 3-16a and b). After the mass plate was positioned at the 

correct location (while remaining suspended at four points to a crane), a technician welded a set 

of angles connecting the gravity mass to the specimen (detail further shown in Figure 3-17).
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Figure 3-14 Schematic of Gravity Column System and Lateral Supports: (a) Floor Plate Plan; (b) North-South Elevation 
(Courtesy of Daniel Dowden) 
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Figure 3-15 Specimen Setup with Gravity Column System: (a) Overview;  
(b) Detail of Spherically Shape Rocker Support 
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Gravity Mass Plates
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Using the South mass plate as a benchmark, the North mass plate was then erected (Figure 3-16c), 

following the same welding process. Prior to welding the connecting angles to the North mass 

plate, the technician first installed an angle-shaped component (called “actuator shoes”) that 

linked both mass plates (further shown in Figure 3-20c) and made sure that the outside faces of 

the two mass plates were in line with the vertical side of the angle. (Incidentally, the order in 

which the gravity columns and mass plates were erected was a consequence of how the 

components were stored after a previous test and, thus, the order in which they could be retrieved.) 

The same process was repeated for the second and third floors (Figure 3-16d and h). Another 

technician operating a cherry-picker (Figure 3-16f) was needed when placing the mass plates on 

the third floor. 
 

The angles connecting the gravity mass to the specimen (Figure 3-17) served both to provide out-

of-plane lateral support and as a load transfer mechanism. Three sets of angles were provided on 

each side of the beam at each story (Figures 3-17a and 3-17b). Typical for each story, two of 

them were located 12 in. apart from the inner flange faces of the East and West columns, while 

the third one was located at the mid-span of the beam. The schematic of these angles are shown 

respectively in Figures 3-18a and 3-18b for the top story and middle stories. In the process of 

erecting the gravity column system, only angles on top of the gravity mass plate were installed. 

After their completion, the bottom angles were added (Figure 3-17c) to laterally brace the beam 

bottom flanges, followed by adding lateral supports at the column locations both on the top and 

bottom sides of the gravity mass (Figure 3-17d). A schematic of the lateral supports at a typical 

column is shown in Figure 3-18d. 
 

Furthermore, lateral supports for the bottom anchor beam (HBE0) were welded to the floor plate 

as shown in Figure 3-18c. Two WT3×4.5 sandwiched the beam at its mid-point. To reduce 

friction between the specimen and its lateral supports, 1/8 in. thick polytetrafluoroethylene (PTFE) 

sheets were used on each angle-to-angle and angle-to-specimen surfaces. The function of the 

angles as load transfer mechanism is explained in the following section. 

3.7.3 Loading Transfer Mechanism and Actuator Mounting 

Lateral loads generated by actuators were directly applied to each floor’s rigid mass plates, which 

afterward transferred loading to the specimen via twelve ¾ in. diameter A325 high-strength bolts
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Figure 3-16 Construction Process of Gravity Column System
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Figure 3-17 Angles for Load Transfer Mechanism and Lateral Supports:  (a) at Intermediate 
Story; (b) on the Top Floor; (c) at HBE Bottom Flange; (d) Both Sides of VBE on the Top 
and Bottom of Mass Plates; (e) Detail of Angle in Part (a); (f) Detail of Angle in Part (b)
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Figure 3-18 Schematic of Load Transfer Mechanism and Lateral Supports:  
(a) Detail 6: on the Top Floor (HBE3) 
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Figure 3-18 Schematic of Load Transfer Mechanism and Lateral Supports – Cont’d:  
(b) Detail 7: at the Intermediate Story (HBE2 & HBE1) 

 

at the three connected locations from both sides of the specimen, as schematically shown in 
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was collocated with the top edge of another slotted hole of the same length in an angle welded to 
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Figure 3-18 Schematic of Load Transfer Mechanism and Lateral Supports – Cont’d:  
(c) Detail 8: at the Base (HBE0) 
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Figure 3-18 Schematic of Load Transfer Mechanism and Lateral Supports – Cont’d:  
(d) at the VBE Location 
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Figure 3-19 Schematic of Lateral Load Transfer Mechanism (Courtesy of Daniel Dowden) 
 

connected to mounting plates which themselves were anchored to the SEESL 24 in. strong 

reaction wall by high strength tension rods. The three dynamic actuators and the actuator shoes 

are shown in Figures 3-20b and 3-20c, respectively. 

3.7.4 Instrumentation and Data Acquisition System 

Instrumentation for this experimental program was designed to measure global response of the 

SPSW specimen and local behaviors of its components. Global response of the specimen includes 

recording story displacements in the direction of loading and shear forces at each story level. 

Component local behaviors of interest include beam vertical deformations, internal moments and 

axial forces in the beams, cross-section rotations at each end of the beams, and yielding 

distributions in the infill plates. 
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Figure 3-20 Actuator Mounting: (a) Overview of Test Setup (Courtesy of Daniel Dowden); 
(b) MTS Dynamic Actuators; (c) Actuator shoes 
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Story displacements were recorded by string pots attached to the outer flange of the West column, 

as shown in Figure 3-21a. In addition to installing one string pot at each floor, two string pots 

were added at the base of the East and West columns to monitor slippage between the specimen 

and the steel floor plate. Story shear forces were obtained directly from the load cells in the 

actuators. In addition, displacement transducers internal to the actuators provided displacement 

histories of each actuator, for comparison with the displacements recorded by the string pots at 

the same levels. The naming convention established identified the type of instrumentation, the 

type of structural members to which the instrument was attached, and its locations on the 

specimen (Figure 3-21e). Specific identification is explained accordingly throughout this section 

when presenting the respective instruments. 

 

Moreover, string pots were used to measure vertical deformations of the second and third story 

beams labeled as B2 and B3 in Figure 3-21a, respectively. Three string pots were installed at the 

quarter-, mid-, and third-quarter-span of each beam. Note that these instruments measured the 

relative movement of beams with respect to the gravity mass plates. Though the mass plates are 

essentially rigid and insignificant vertical movements were expected, three additional string pots 

were added to monitor their rigid body movements to capture possible uplifts while sliding 

around the rocker curvature, especially at large specimen lateral displacements. In this case, 

SPG3, SPG2, and SPG1 were arranged in series (Detail 1 in Figure 3-21e) to monitor rigid body 

movements of the third, second, and first gravity mass plates, respectively, with respect to each 

other and to the ground. Unlike the two upper beams, vertical deformation histories of the bottom 

anchor beam and the first story beam were recorded using Krypton sensors, which are described 

in a later paragraph. 

 

Uniaxial strain gauges manufactured by Micro-Measurements were installed primarily on the 

beam flanges clustered at four critical sections along the span of each beam. Positioned 

longitudinally, four strain gauges per section were used to measure strains in the direction of each 

beam’s longitudinal axis. Strains recorded by these gauges were intended to allow calculation of 

axial forces and moments at the respective sections. Procedures for data post-processing are 

presented in Section 4 when explaining experimental results and observations. Other uniaxial 

strain gauges were added to record strains adjacent to the base of the East and West columns.
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Figure 3-21 Instrumentation Layout:  
(a) String-Pots and Krypton for Deformation Measurements  
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Figure 3-21 Instrumentation Layout – Cont’d:  
(b) Strain-Gauges for Member Yielding Measurements 
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Figure 3-21 Instrumentation Layout – Cont’d:  
(c) String Pots for Infill Plate Yielding Measurements in East to West Direction 
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Figure 3-21 Instrumentation Layout – Cont’d:  
(d) String Pots for Infill Plate Yielding Measurements in West to East Direction 
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Figure 3-21 Instrumentation Layout – Cont’d  
(e) Legend of Symbols, Details, and Sections

SECTION 1 (Typical) SECTION 2 (Typical) 

NORTH (N) SOUTH (S) 

SGB0-42SGB0-41 

SGB0-44SGB0-43 

SOUTH (S) 

NORTH (N) 

SGWC1-14

SGWC1-13

SGWC1-12

SGWC1-11

RGWC1-15

3rd Fl. Mass Plate 

2nd Fl. Mass Plate 

1st Fl. Mass Plate 

Strong Floor 

SPG2

SPB3-x 

SPB2-x 

Several Details 
are not shown 

for clarity 

DETAIL 1 

Instrumentation Nomenclature:  
SG  = Uni-axial Strain Gauge 
RG  = Rosette Strain Gauge 
SP  = String Pot 
SPθ  = String Pot for Rotation Measurement 
KR  = Krypton 
B  = Beam 
EC  = East Column 
WC  = West Column 
G  = Gravity mass plate 
R  = Right Leaning direction (toward West) 
L  = Left Leaning direction (toward East) 
 
Instrumentation ID Convention: 
First group = type of instrument 
Second group = structural member    
Third group = location/direction of instrument 
Fourth group = instrumentation ID 
 
Additional Information for Strain Gauges: 
Sections for Beam = 1 to 4  East to West 
Sections for Column = 1 to 4  Lower to Upper 
Strain Gauges 1 & 2 = Top flange 
Strain Gauges 3 & 4 = Bottom flange  
Strain Gauges 5 = Web 

SPG1

SPG3

LEGEND 



 94

Except for the intermediate beams, due to their sloping inside faces, all the strain gauges were 

located on the inner face of the flanges to protect them from possible damage during installation 

of the specimen. In addition, triaxial Rosette strain gauges were added at each story base, affixed 

to the web of the East and West columns. Secondary measurement of story shear forces (as a 

back up to that from the actuator load cells) can be obtained from these Rosette strain gauges. A 

total of 78 uniaxial and Rosette strain gauges were used for this experimentation and their layout 

is presented in Figure 3-21b. 

 

A pair of displacement transducers positioned on the top and bottom flanges at selected beam 

ends were used to calculate cross-section rotations at those locations. For this purpose, two string 

pots, adjusted to be capable of recording small displacements of the order of 10-2 in. were used 

and positioned at a distance equal to an expected plastic hinge length of 6 in. from the face of the 

columns. In this case, cross-section rotation θb is determined as follows: 

 ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ −
=

sp

bt
b h

δδθ  (3-2) 

where δt and δb are recorded displacements of the top and bottom string pots, respectively; and 

hsp is the distance between the two string pots. The possibility of using clip gauges for the same 

purpose was investigated in the preliminary design of the instrumentation, but not used since they 

were not readily in stock at the SEESL facilities and would have had to be fabricated from 

scratch. A total of 10 adjusted string pots (labeled as SPθB) and 6 Krypton sensors (labeled as 

KRB) were used to measure cross-section rotations of 8 beam-to-column joints and their layout is 

presented in Figure 3-21a.  

 

Buckling orientations and yielding distributions on each infill plate during testing were captured 

qualitatively by the deformation of the visible grid on its surface. Quantitative measurement of 

infill plate yielding was made by means of 5 string pots per panel side per floor. The string pots 

were placed at a 45° angle from the vertical and were distributed as shown in Figures 3-21c and 

3-21d. Incidentally, linear variable differential transformers (LVDTs) were originally planned for 

this purpose, but there were not enough available LVDTs at the SEESL facilities to provide the 

20 instruments needed for this purpose. The series of string pots on each side of the panel were 
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intended to provide information on the yielding distribution across the infill plates in both 

directions of loading. Like the instrumentation arrangement for measuring beam vertical 

deformations, Krypton sensors were used around the first story infill plate to capture the yielding 

distribution. 

 

As mentioned already, the Krypton camera system (i.e., K600 series) was used in this experiment. 

The Krypton system measures 3D displacements using 3 built in cameras to locate the position of 

an infrared LED in space by triangulation principles. The Krypton can detect displacement of a 

single point at 3.5 m distance from the camera within 0.06 mm accuracy (Krypton Manual 2003). 

Key features of the Krypton system consist of a camera, a DAQ System, and LED sensors, as 

shown in Figure 3-22. A total of 27 Krypton LED sensors were used in this experiment. One 

sensor was affixed to the ground as a reference point, 2 sensors were affixed to the South gravity 

mass plate of the first story of each located adjacent to the East and West rocking columns, and 

24 of them were affixed to the specimen where shown in Figure 3-21a.  

 

In addition to the aforementioned instruments, 6 video cameras were used to record global 

behavior of the specimen and local behaviors of joints, beams, and lateral support components. 

Adding the 78 strain gauges, 71 displacement transducers (i.e., string pots and Krypton sensors), 

and 6 instruments for actuators, a total of 161 data acquisition channels were used to collect 

experimental data. A complete list of these channels is provided in Appendix A. These channels 

were divided into 4 different DAQ systems. Krypton sensors, actuators, and video feeds had 

separate DAQ system while all channels for strain gauges and string pots shared the same DAQ 

system. Among the four DAQ systems, only the data from Krypton sensors could not be viewed 

in real time during the test. A comprehensive discussion on the usefulness of this real time 

observation is presented in Section 5. In a nutshell, during testing, the real time display provided 

the ability to monitor the values of key parameters (e.g., base shear vs. top story displacement, 

beam vertical deformations, etc.) that were important to assess the performance of the specimen. 

As necessary, modifications of the planned loading protocol for the specimen could be made, 

based on the hysteretic curves observed in each particular cycle. The loading protocol used in this 

experiment is described in the following section. 
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Figure 3-22 Krypton K600 Camera System: (a) Camera; (b) DAQ System; (c) LED Sensors 
 

3.8 Development of Loading Protocol 

As mentioned in Section 3.7.3, three dynamic actuators were used in this experiment, namely, 

one actuator at each story. In order to define a loading protocol, a force distribution among the 
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model when designing and investigating behaviors of the specimen was the inverted triangular 

vertical distribution (similar to an idealized first mode shape) specified in the ASCE 7-10 

document (ASCE 2010). Fraction of forces for each actuator Fi relative to the total base shear Vt 

was estimated based on the vertical distribution coefficient Cvi term expressed in (12.8-12) of the 

ASCE 7-10 document. Here, the amount of forces with respect to the total base shear applied at 
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In other words, the amount of forces for the first and second story actuators (i.e., denoted as F1 

and F2) were about 1/3 and 2/3 of the forces applied on the third actuator (i.e., denoted as F3), 

respectively. 

 

In the SAP2000 (CSI 2007) model used to analyze those loading distributions on the specimen, 

half of the forces were applied to each of the beam-to-column joints at the East and West sides 

(i.e., applying a two-point loading transfer mechanism at each floor), and a displacement-

controlled target (e.g., up to 4% or 5% top story drift) was defined at the third story level (i.e., 

denoted as Scheme I). As expected, the analytical results showed that the story force distribution 

followed the ratio given in (3-3). Plotting the results in Figure 3-23a, the ratio of story forces to 

the base shear was the same at the onset of the first strip yielding, when reaching the effective 

yielding (further defined in Section 3.8.1), 1% top drift, and 4% top drift. However, the 

displacement shape at an early stage (e.g., at 1% top story drift) was slightly different from the 

idealized first mode shape, though at a later stage (e.g., at 4% top story drift), a good agreement 

was observed between both displacement shapes (Figure 3-23b). Note that an eigenvalue analysis 

was also conducted to compare the idealized first mode shape based on the ASCE 7-10 document 

and the actual first mode shape of the specimen model. Comparable displacement shapes were 

observed between the two results. In addition, to imitate the three-point loading transfer 

mechanism used at each floor in this experimentation (Section 3.7.3), another analytical model of 

the specimen was developed considering that 1/3 of each estimated story forces in (3-3) was 

applied at each point of the three points on their respective floor (as applied to the actual 

specimen during the test). Insignificant differences in terms of the distribution of story forces and 

displacement shapes were observed between the two- and three-point loading transfer 

mechanisms. 

 

In an early development of the loading protocol for this experimentation program, it was 

suspected that the displacement-controlled scheme used in the SAP2000 model would be intricate 

to replicate in an experimental setting. Specifically, assigning the inverted triangular load



 98

 
 

Figure 3-23 Development of Loading Protocol (Scheme I): (a) Inter-Story Force 
Distribution; (b) Displacement Shape  
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distribution among the three actuators according to the ratio given in (3-3) together with one 

displacement target at the third story actuator would be somewhat challenging. Incidentally, a 

uniform lateral load distribution among multiple actuators with one of them acting as a master 

actuator to reach a specified target displacement had been tried in past SPSW experiments (e.g., 

Driver et al. 1997; Lubell et al. 2000; and Behbahanifard et al. 2003). This uniform load 

distribution, however, could generate structural damage predominantly concentrated at the first 

story level, as reported in these respective documents. Hence, the inverted triangular load 

distribution was actually preferred here because it served the purpose of observing structural 

damage distributed throughout the height of the specimen.  

 

For the above reason, it was decided instead to investigate whether a scheme relying on three-

independent displacement-controls could be applied to simulate the SAP2000 displacement-

control scheme. Magnitudes of these three displacement histories are related to each other (i.e., 

similar to a first mode deformed shape) though each of them would be independently specified to 

the respective actuator. This scheme is similar to the setting of two actuators used in the 

pseudodynamic test of two-story SPSW specimen by Qu et al. (2008), in which each actuator had 

its own displacement history.  

 

To investigate the consequences of this displacement-control scheme (i.e., denoted as Scheme II), 

a SAP2000 model was created by adding a rigid column along the wall height, adjacent to the 

SPSW, and rigidly connected to it at each floor level. The rigid column was arbitrarily taken to be 

a W36×210 assigned a 100 times higher modulus of elasticity compared to that of regular A572  

Grade 50 W-sections. That column was connected to the main structure using the “Equal 

Constraints” in SAP2000, to achieve the same lateral deformation at each level for the rigid 

column and the mid-point of the beam at each story level. The analytical results are summarized 

in Figure 3-24. The resulting story shear force distributions obtained were significantly different 

from that those observed in Scheme I. In particular, at the early stage of loading, the first story 

shear force was found to be acting in a different direction than that at the upper floor. In an 

experimental setting, this condition would require the first story actuator to pull while the other 

two would be pushing the specimen in the direction of loading. In a later stage, however, all 

actuators were observed to push the specimen in the same direction, as also observed in the
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Figure 3-24 Development of Loading Protocol (Scheme II): (a) Inter-Story Force 
Distribution; (b) Displacement Shape 
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previous loading scheme. Also note in Figure 3-24 that, for this rigid column model, the 

displacement shapes at 1% and 4% top story drift practically matched the idealized first mode 

shape. 

 

As mentioned several times, a close collaboration with the SMART Walls research project by 

Dowden and Bruneau (2014) somewhat molded the setting of this experimental program. In their 

first set of self-centering three-story SPSW tests, each actuator was assigned a different 

displacement history and a displacement-control scheme was applied to all three actuators. The 

researchers observed significant differences between their expected theoretical and experimental 

results. Unsynchronized push and pull modes among the three actuators to achieve three different 

displacement histories primarily contributed to this significant discrepancy. A comprehensive 

explanation of the observed phenomenon can be found in the respective report. Moreover, the 

researchers investigated a similar loading protocol to that described in this section as Scheme I. 

In this case, the third story actuator was set up in a displacement-control mode, while the other 

two actuators were in a force-control mode. Based on their successful approach during their tests, 

the same scheme was therefore followed in this experimental program. In other words, the first 

and second story actuators were slaved to the third story actuator, which acted as the master 

actuator and underwent a specified cyclic displacement history described in Section 3.8.2. The 

amount of forces applied by the first and second story actuators to the specimen at a particular 

time step in the loading history respectively were 1/3 and 2/3 of the forces recorded in the third 

story actuator within the previous time step. Given the relatively slow quasi-static testing (i.e., 2 

to 5 minutes/cycle), this scheme worked well and minor delays in the control loop between the 

actuators did not affect the overall testing outcomes. 

3.8.1 Effective Yield Force and Displacement 

To estimate the effective yield displacement and corresponding lateral force values at that point 

(because this information is needed for the loading history described in Section 3.8.2), a 

monotonic pushover analysis was performed on the specimen analytical model. The specific 

model used for this purpose was the analytical strip model with actual material properties 

obtained from the tensile coupon tests; cross-section properties of HBEs that included the 

attached 1 in. wide fish plates; to which was applied an inverted triangular load distribution along 
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the height of the specimen, with the third story lateral displacement as a controlled point 

(displacement target), and two-point loading transfer mechanism at each floor. Note that the 

material properties defined in the SAP2000 model matched the average material properties 

obtained from the tensile coupon tests. To define similar stress-strain curves to that shown in 

Figure 3-8, average stress was sampled at the yield point, as well as at 2, 5, 10, 15, and 30% 

strains. Stresses beyond the 30% strain were excluded for simplicity (which, in the SAP2000 

model, was interpreted as a constant stress value beyond 30% strain). The resulting pushover 

curve is displayed in Figure 3-25. 
 

 
 

Figure 3-25 Estimation of Effective Yield Force and Displacement 
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0.20% top story drift), corresponding to a 49.3 kips total base shear. This indicated that at the 

effective yield point, significant yielding occurred in the infill plates of specimen. 

3.8.2 Cyclic Displacement Loading History 

The loading protocol for this experimental program was developed as a combination of the 

ATC-24 protocol (ATC 1992) and the AISC Seismic Provisions (AISC 2010b) requirements. 

Specifically, the first half of the loading protocol followed the loading sequences specified in the 

ATC-24 formulated as a function of ductility ratio (μ ), defined here as the ratio of top story 

displacement (Δ3) to the specimen effective yield displacement (δy), while its second half 

followed the AISC requirements that are in terms of top story drift.  

 

Displacement targets for the first three displacement steps (amplitudes) were set to be 1/6, 1/3, 

and 2/3 of the estimated effective yield displacement (Section 3.8.1), and three cycles were to be 

conducted at each of these amplitudes. These multiple small steps were intended to allow 

observation of the specimen behavior within the elastic range. Afterward, the amplitude of the 

displacement target was increased to be equal to the effective yield displacement followed by 

multiples of δy until reaching a ductility of four. Again, three cycles were to be conducted at each 

of these amplitudes, except for the 4δy displacement step which consisted of 2 cycles. Beyond 

this point, displacement targets were controlled by top story drifts. Starting with a target of 2.5% 

top story drift, subsequent displacement steps of 0.5% drift increment were chosen until the 

specimen top story reached 4% drift. At these large excursions, two cycles for each displacement 

step were considered. If the specimen could still resist loading beyond the 4% top story drift, the 

displacement amplitudes would be increased by 1.0% drift until completion of the test. A 

complete cyclic displacement loading history for this experimental program is summarized in 

Table 3-3 and graphical representation of the complete loading protocol is shown in Figure 3-26. 

A total of 13 displacement steps and a cumulative 32 cycles were designed in this experiment. 

 

3.9 Preliminary Nonlinear Static Analysis of Specimen 

A cyclic pushover analysis of the specimen numerical model was conducted prior to executing 

this experimental program to predict idealized specimen response. All modeling features



 104

Table 3-3 Cyclic Displacement Loading History 

Displacement 
Step 

Number 
of Cycles 

Cumulative 
Number of 

Cycles 

Ductility 
Ratio 
Δ3/δy 

Top Story 
Drift 
(%) 

Top Story 
Displacement 

Δ3 (in) 

Estimated 
Level 3 

Act. Force
F3 (kips) 

Estimated 
Level 2 

Act. Force
F2(kips) 

Estimated 
Level 1 

Act. Force
F1 (kips) 

Estimated 
Base Shear 

V (kips) 

1 3 3 0.17 0.08 0.12 9.9 6.6 3.2 19.8 

2 3 6 0.33 0.16 0.24 19.9 13.2 6.5 39.6 

3 3 9 0.67 0.31 0.47 33.5 22.2 10.9 66.6 

4 3 12 1.00 0.47 0.71 40.4 26.8 13.2 80.4 

5 3 15 2.00 0.94 1.41 50.6 33.6 16.5 100.7 

6 3 18 3.00 1.41 2.12 55.6 36.9 18.1 110.7 

7 2 20 4.00 1.88 2.82 58.6 39.0 19.2 116.8 

8 2 22 5.32 2.50 3.75 61.0 40.6 19.9 121.5 

9 2 24 6.38 3.00 4.50 62.3 41.5 20.4 124.2 

10 2 26 7.45 3.50 5.25 63.4 42.1 20.7 126.2 

11 2 28 8.51 4.00 6.00 64.3 42.8 21.0 128.0 

12 2 30 10.64 5.00 7.50 66.2 44.0 21.6 131.8 

13 2 32 12.77 6.00 9.00 68.1 45.3 22.2 135.6 

Note: 
Actuator Rate  : 2 minutes/cycle (Displacement Steps 1 to 5) Loading Protocol : Displacement Controlled at Level 3 Actuator (Master)  
 : 3 minutes/cycle (Displacement Steps 6 to 13) : Force Controlled at Level 2 & 1 Actuators (Slaves) 
   which F2 ≈ 2/3F3 and F1 ≈ 1/3F3 
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Figure 3-26 Cyclic Displacement Loading History 
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Figure 3-27 Nonlinear Static Analysis Results:  
(a) Base Shear versus Top Floor Lateral Displacement 
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Figure 3-27 Preliminary Nonlinear Static Analysis Results – Cont’d:  
(b) Top Story Lateral Displacement versus HBE Vertical Displacement 

 

3.10 Summary 
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Figure 3-27 Preliminary Nonlinear Static Analysis Results – Cont’d:  

(c) Normalized Moment Hysteresis at HBE West End 
 

 
 

Figure 3-27 Preliminary Nonlinear Static Analysis Results – Cont’d:  
(d) Plastic Hinge and Strip Yielding Distributions at the End of 4% Drift Loading 
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the University at Buffalo was presented, including information on the limited nondestructive 

testing of several special-moment resisting connections in the specimen, as well as on specimen 

instrumentation and preparation.  Minor modifications to the specimen were explained.  

 

Issues related to experimental setting were presented, which explained how the specimen, gravity 

column and lateral support systems, actuators, and instrumentation were assembled together for 

the purpose of achieving the experimental objectives. Moreover, development of the loading 

protocol was explained, and more specifically, how force distribution among three dynamic 

actuators was defined.  

 

Finally, preliminary nonlinear cyclic pushover analysis, using a numerical model of the specimen 

with actual material properties, was presented. Experimental results and observations during the 

experimental program will be presented in Section 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 



 111

SECTION 4 

EXPERIMENTAL OBSERVATIONS AND RESULTS 
 
 

4.1 General  

This section describes experimental observations and results for the cyclic pushover testing of the 

three-story steel plate shear walls (SPSW) specimen designed in Section 3. Several minor 

adjustments to the planned loading protocol presented in the preceding section are discussed first. 

Reasons for such adjustments are explained when presenting in detail the behavior of the three-

story SPSW specimen during testing. Based on adjustments in the loading protocol and to the 

experimental load transfer mechanism, observations made on specimen behavior are presented in 

three different loading sequences. Observations on behavior of the specimen subjected to the 

initial part of the originally planned load transfer mechanism are first presented, followed by 

observations after the load transfer mechanisms were modified and the specimen was subjected to 

a revised displacement sequence. During this stage of testing, modified loading transfer 

mechanisms failed, leading to other modifications. Observations on specimen behaviors 

following these repairs up to the completion of the experimental program are finally presented.   
 

Following the discussion of specimen behavior, results from a revised analytical investigation are 

presented as an attempt to rationalize the above modifications on the load transfer mechanism. 

This analytical investigation is also intended to resolve discrepancies observed between results 

obtained during the first loading sequence of the experimental program and those predicted by 

the preliminary analysis conducted before testing (Section 3.9). For this purpose, non-linear static 

analysis results considering six different scenarios of load application and boundary conditions 

are reviewed. 
 

The section ends with a review of several key experimental results to investigate whether the 

objectives of this experimental program previously discussed in Section 3.1 have been achieved. 

Global behavior is first reviewed, in terms of hysteric behavior of story shear versus specimen 

lateral displacement, followed by local behavior, such as plastic hinge and infill plate yielding 

distributions, HBE vertical deformations, and moment-rotation hysteresis. 
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4.2 Adjustment to Loading Protocol  

Based on monitoring of a real time data display in the control room and visual observations on 

specimen behaviors throughout the testing, several minor adjustments to the loading protocol 

presented in Section 3.8 were introduced as testing unfolded. First, the displacement step at 1/6 of 

the yield displacement, δy, (corresponding to 0.08% top story drift) had to be repeated due to 

malfunction of the data acquisition system (DAQ system) during the first three cycles. Second, 

for reasons explained in the following section, displacement Step 6 at 3δy (= 1.41% top story drift) 

was repeated for an additional 4 cycles, followed by conducting displacement Steps 7 and 8 for 

two cycles each as initially intended. Failures of the loading transfer mechanism within the last 

two displacement steps required repeating these displacement steps to establish specimen 

behaviors in those steps. Here, 6 additional cycles within the range of 1.88% up to 2.5% top story 

drift were repeated. Due to problems that developed in the experimental set-up, the testing 

program concluded after having conducted 6 and 8 cycles of displacement Steps 9 and 10, 

respectively.  

  

In spite of these unforeseen difficulties, at the conclusion of the experiment, the specimen had 

been pushed and pulled up to a maximum top story lateral drift of 3.3%, corresponding to a 

ductility ratio of 7.09. Note that the maximum drift attained was slightly lower than the initial 

3.5% top story drift targeted in displacement Step 10 (Section 3.9). In addition, one should note 

that the maximum target displacement defined at every displacement step was the displacement 

imposed by the third story actuator.  

 

A complete actual cyclic displacement loading history for this experimental program is 

summarized in Table 4-1 (shaded rows in that table correspond to the additional displacement 

steps added to the initially planned ones) and graphically shown in Figure 4-1. Though the actual 

total number of different displacement amplitudes is less than originally planned (i.e., 10 instead 

of the 13 planned), the actual cumulative number of cycles applied to the specimen is larger (i.e., 

48 cycles compared to the 32 cycles planned). Observations on specimen behaviors within each 

displacement step are explained in the following section. 
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Table 4-1 Experimental Cyclic Displacement Loading History 

Displacement 
Step 

Number 
of Cycles 

Cumulative 
Number of 

Cycles 

Ductility 
Ratio 
Δ3/δy 

Top Story 
Drift 
(%) 

Top Story 
Displacement 

Δ3 (in) 

Estimated 
Level 3 

Act. Force
F3 (kips) 

Estimated 
Level 2 

Act. Force
F2 (kips) 

Estimated 
Level 1 

Act. Force
F1 (kips) 

Estimated 
Base Shear 

V (kips) 

1 3 3 0.17 0.08 0.12 9.9 6.6 3.2 19.8 

1a 2 5 0.17 0.08 0.12 9.9 6.6 3.2 19.8 

2 3 8 0.33 0.16 0.24 19.9 13.2 6.5 39.6 

3 3 11 0.67 0.31 0.47 33.5 22.2 10.9 66.6 

4 3 14 1.00 0.47 0.71 40.4 26.8 13.2 80.4 

5 3 17 2.00 0.94 1.41 50.6 33.6 16.5 100.7 

6 3 20 3.00 1.41 2.12 55.6 36.9 18.1 110.7 

6a | 6b | 6c 1 | 2 | 1 24 3.00 1.41 2.12 55.6 36.9 18.1 110.7 

7 2 26 4.00 1.88 2.82 58.6 39.0 19.2 116.8 

8 2 28 5.32 2.50 3.75 61.0 40.6 19.9 121.5 

7a | 7b 2 | 2 32 4.00 1.88 2.82 58.6 39.0 19.2 116.8 

8a 2 34 5.32 2.50 3.75 61.0 40.6 19.9 121.5 

9 2 36 6.38 3.00 4.50 62.3 41.5 20.4 124.2 

9a | 9b 2 | 2 40 6.38 3.00 4.50 62.3 41.5 20.4 124.2 

10 1 41 6.74 3.17 4.75 62.7 41.7 20.5 124.9 

10a | b | c | d 1 | 1 | 3 | 2 48 7.09 3.33 5.00 63.0 41.9 20.6 125.5 
 

Actuator Rate  : 2 minutes/cycle (Displacement Steps 1 to 5) Loading Protocol : Displacement Controlled at Level 3 Actuator (Master)  
 : 3 minutes/cycle (Displacement Steps 6 to 7a) : Force Controlled at Level 2 & 1 Actuators (Slaves) 
 : 5 minutes/cycle (Displacement Steps 7b to 10d)     which F2 ≈ 2/3F3 and F1 ≈ 1/3F3 
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Figure 4-1 Cyclic Displacement Loading History 
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4.3 Experimental Observations 

This section describes in detail the behavior of the three-story SPSW specimen during the cyclic 

pushover testing. Observations on specimen behavior are divided into three sub-sections, each 

focusing on one of the loading sequences described above. Adjustments to the loading protocol 

and the experimental setting are described. In the first sub-section, corresponding to displacement 

Steps 1 to 6a, the experimental setting (i.e., the loading transfer mechanism) was similar to what 

was presented in Section 3.7.3.  In the second sub-section, covering displacement Steps 6b to 7a, 

focus is mostly on describing the modified load transfer mechanism used, problems that arose, 

and solutions to allow testing to proceed forward. In the third sub-section, for displacement 

Steps 7b to 10d, as will be explained later, loads are transferred to the specimen through its VBEs 

instead of through its HBEs, and the test is continued until unfixable problems arose with the 

experimental set-up. Note that, as an arbitrary convention in this experimental program, 

“pushing” and “pulling” refer to specimen displacements in the West and East directions, 

respectively. Hysteretic plots of specimen base shear versus top story specimen and actuator 

displacements for all displacement steps are shown in Figures 4-2 and 4-3, respectively. 

4.3.1 Displacement Steps 1 to 6a 

The experimental program began with 3 cycles with a target of 0.12 in. maximum displacement 

at the top story (called here the “actuator displacement”, which also equals the mass plate lateral 

displacement). This target displacement corresponded to ductility ratio and top story drift of 1/6 

and 0.08%, respectively. As mentioned previously, this first displacement step however was 

repeated for two additional 2 cycles because a significant number of strain gauges and string pots 

data were not recorded in the first 3 cycles. As expected, elastic buckling of the infill plates and a 

practically linear force-displacement relationship was observed during the first displacement step. 

The same elastic behavior (Figure 4-2a) continued in displacement Step 2 (top story drift 

amplitudes of 0.16% =1/3δy), with a maximum base shear (i.e., total forces applied by the 3 

actuators) of 48.5 kips. Interestingly, this base shear value was somewhat higher than the 

estimated base shear of 39.6 kips. During Step 2, no effort was made to explain this difference, 

considering it was still in the early stages of testing. It was also observed that the top story 

specimen displacement (called here the “wall displacement”) measured by the string pot attached
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Figure 4-2 Base Shear versus Top Story 
Displacement 

 
Figure 4-3 Base Shear versus Top Story 
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Figure 4-2 Base Shear versus Top Story 
Displacement – Cont’d 

 
Figure 4-3 Base Shear versus Top Story 

Actuator Displacement – Cont’d
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to the specimen (i.e., SPWC3, Figure 3-21a) was slightly lower than the actuator displacement 

(comparing displacement records in Figure 4-2a and Figure 4-3a). The difference between the 

two measurements was less than 0.1 in., which was within the range of tolerance provided in the 

oversize slotted holes of the angles used for the load transfer mechanism (Figure 3-18), in 

addition to possible small slips in other parts in reaction set-up. Therefore, it was considered 

acceptable. 

 

Early sign of yielding was observed in displacement Step 3 when the maximum displacement at 

the top story reached 2/3 of the effective yield displacement (defined in Section 3.9). Though no 

sign of whitewash flaking was observed yet in this step, the force-displacement curve (i.e., base 

shear versus top story displacement) exhibited slight hysteretic behavior (Figure 4-2a). The infill 

plates remained slightly buckled when the specimen returned to its original position (after it was 

pushed and pulled up to a maximum top story drift of 0.31%); and there was negligible residual 

top story displacement at the end of Step 3. Noticeable signs of yielding were observed in the 

subsequent displacement step, when the specimen reached an expected effective yield 

displacement of 0.71 in. (= 0.47% top story drift). Flaking of whitewash was noted around the 

bases of both columns, on the outer side of their flanges at the level of the top continuity plates. 

Flaking of whitewash did not occur on the infill plates despite the fact that the permanent 

buckling of the infill plates was more pronounced in displacement Step 4 than in the previous 

step. The specimen deformed shape after it went through three full cycles at 0.47% drift is shown 

in Figure 4-4. The hysteretic force-displacement curve was somewhat fatter (Figure 4-2a) 

compared to what had been obtained in the previous displacement step, suggesting that yielding 

of the specimen has taken place. A residual displacement of approximately 0.08 in. was observed 

at the top story at the end of displacement Step 4. 

 

When the specimen reached 0.47% top story drift, the resulting base shear reached 95.8 kips, 

which was significantly higher than the estimated base shear of 80.4 kips at the effective yield 

level. This discrepancy raised a concern as to whether the experimental program should be 

postponed to allow further analytical investigations to potentially explain (and resolve if needed) 

the causes of this phenomenon. One option was to re-analyze the specimen using the maximum 

values obtained from the tensile coupon tests instead of the average value for all the coupons (as
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Figure 4-4 Specimen Condition at the End of Displacement Step 4 (Δ3 = 1δy = 0.47% Drift): (a) Deformed Shape Overview; 

(b) 3rd Story Infill Plate Buckled (North Side) 

(a) (b)

Detail in
Part (b)



 120

was done in the preliminary analyses presented in Section 3.9). Note that there was a 5% 

difference between these average and the maximum yield strength values for the ASTM Grade 50 

Steel used for boundary elements, and 10% for the light-gauge steels used for the infill plates. 

However, the monitored results showed that the HBE3 and HBE2 vertical displacements were 

somewhat lower than their predicted values, in spite of the higher base shear obtained. In this 

case, the actual HBE3 and HBE2 vertical displacements were 0.07 and 0.05 in., respectively, 

while their estimated vertical displacements at 0.47% top story drift were 0.16 and 0.13 in. for the 

same respective HBEs (Figure 3-27b). These results could not be explained by material property 

variability. At this point, it was speculated that the high-strength bolts used in the connecting 

angles to transfer actuator loads from the gravity mass plate to the specimen might have been 

stuck and that, as a consequence, the HBEs were not completely free to move vertically. Such 

unintended restraints would have made the specimen became more rigid than anticipated by 

designed, and additional forces beyond what was expected would have been required to push the 

specimen to the specified displacement target. 

 

The two suggested potential causes of higher base shear certainly deserved further investigation. 

However, rather than postponed the test, it was decided to continue for two more displacement 

steps, to see if the trend continued. Obtaining additional test data from the next two displacement 

steps was considered necessary to be able to decide how to proceed for the remaining of the test. 

Before continuing the experimentation program with displacement Steps 5 and 6, the snug tight 

bolt connections at every load transfer angle was double-checked to not be over tight; in addition, 

to facilitate the intended sliding of the bolts along the edges of the vertically slotted holes in the 

angles (Figure 3-17), grease was added at these locations. 

 

During displacement Step 5, at 2δy (= 0.94% top story drift), flaking of whitewash appeared 

predominantly on the second story infill plate and at several spots on the first story infill plate 

(Figures 4-5c to 4-5e). Yielding around the bases of columns spread to a larger area, with new 

whitewash flaking appearing at the level of the bottom continuity plates for both columns and at 

the West column connection to the base plate (Figure 4-5b). Yield lines were visible on the 

flanges and web of HBEs. Two examples of HBE flange and web yielding are shown in 

Figures 4-5f and 4-5g, respectively. Concentrations of yield lines on the inner side of the HBE
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Figure 4-5 Specimen Condition at the End of Displacement Step 5 (Δ3 = 2δy = 0.94% Drift): (a) Deformed Shape Overview; 

(b) Yielding around Column Base 
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Figure 4-5 Specimen Condition at the End of Displacement Step 5 (Δ3 = 2δy = 0.94% Drift) – Cont’d: (c) Yielding on  

the 2nd Floor Infill Plate (North Side); (d) Yielding on the 1st Floor Infill Plate (North Side) 

(c) (d)
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Figure 4-5 Specimen Condition at the End of Displacement Step 5 – Cont’d:  
(e) North-West View of Yielding on the 2nd Floor Infill Plate; (f) Beam Flange Yielding 
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Figure 4-5 Specimen Condition at the End of Displacement Step 5 – Cont’d:  
(g) Beam Web Yielding; (h) Flange Yielding beneath Load Transfer Angles 
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top flange, below the location where load transfer angles were welded (Figure 4-5h), suggested 

that the angles had prevented the HBEs from freely moving downward. This kind of yielding 

pattern was observed near all the connected angles, to various degrees of yielding. Comparing the 

deformed shape of the web plates presented in Figures 4-5a and 4-4a, it is seen that out of plane 

buckling increased after the specimen went through three full cycles at 0.94% drift. However, no 

tearing on the infill plates was found. The maximum base shear achieved was 123.2 kips when 

the actuator displacement was 1.42 in. to the West direction (Figure 4-3a). Note that the wall 

displacement was 1.28 inches in the West direction (Figure 4-2a), and even reached a lower 

displacement (i.e., 0.92 in) when the actuator pulled the specimen up to 1.42 in. to the East 

direction, though nearly the same maximum base shear was obtained (i.e., 124.7 kips). It was 

observed at this point that this discrepancy between the wall and actuator displacements has been 

present since displacement Step 2. In addition, the previously observed phenomena of higher base 

shears and lower HBE vertical displacements compared to the values predicted by the preliminary 

analysis continued to be exhibited in this displacement step, but with a larger discrepancy. 
 

Nonetheless, the experimental program continued to displacement Step 6 with three cycles at 3δy 

(= 1.41% top story drift). Note that prior to this step, the actuator operating rate was 2 minutes 

per cycle; and starting at this step, it was changed to 3 minutes/cycle. In this step, yielding in the 

specimen spread to an even larger area. For example, flaking of whitewash appeared at every 

infill plate (Figures 4-6a and 4-6b show the condition for the 2nd and 1st floor infill plates, 

respectively, while yielding on the 3rd floor infill plate was confirmed by a recorded video feed), 

at column bases (Figures 4-6c and 4-6d), on the inner side of the HBE top flange below the 

location where the load transfer angles were welded (Figures 4-6e and 4-6f), and at HBE-to-VBE 

connections (Figures 4-6g and 4-6h). In addition, several new yielding patterns appeared during 

this displacement step. First, yield lines at various angles (from 30° to 45° angles) spread along 

the web of both intermediate HBEs (Figures 4-7a and 4-7b) and at a few locations on the HBE3 

web. New yield lines also spread along their flanges (Figure 4-7c). Interestingly, yielding was 

also observed on the outer flanges of columns at the level of the second and third story continuity 

plates (Figures 4-7d and 4-7e). This yielding was unexpected, considering that the columns and 

the panel zones at these levels were designed to remain elastic throughout the intended cyclic 

displacement loading history.  
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Figure 4-6 Specimen Condition at the End of Displacement Step 6 (Δ3 = 3δy = 1.41% Drift): 
(a) Yielding on the 2nd Floor Infill Plate; (b) Yielding on the 1st Floor Infill Plate 
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Figure 4-6 Specimen Condition at the End of Displacement Step 6 – Cont’d:  
(c) & (d) Yielding around Column Base (Ref. Part (d) to Fig. 5.5b); (e) & (f) Flange Yielding 

beneath Load Transfer Angles (Ref. Part (f) to Fig. 5.5h) 
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Figure 4-6 Specimen Condition at the End of Displacement Step 6 – Cont’d:  
(g) Beam Web and Flange Yielding; (h) Beam Web Yielding   
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Figure 4-7 New Yielding Pattern Emerged in Displacement Step 6 (Δ3 = 3δy = 1.41% Drift): 
Yield Lines at a Distinct Angle on (a) HBE2 Web; (b) HBE1 Web 
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Figure 4-7 New Yielding Pattern Emerged in Displacement Step 6 – Cont’d: 
(c) Distributed Flange Yielding; (d) & (e) Upper Column Flange Yielding
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A more intriguing behavior at that stage was the increasing differences between the actuator and 

wall displacements. When the level 3 actuator pushed and pulled the specimen to the 2.12 inches 

target in displacement Step 6 (Figure 4-3a), the specimen only moved by 1.93 and 1.12 inches in 

the West and East excursions, respectively (Figure 4-2a). At that time, the cause for the 

significant difference of the wall displacements in the West and East excursions was unclear. The 

maximum base shear obtained was 34.3 kips higher than the estimated value (i.e., 145 kips versus 

110.7 kips), yet the HBE vertical displacements were significantly lower than what was expected. 

By the end of displacement Step 6, HBE3 and HBE2 theoretically should have been deformed 

downward by approximately 0.43 in. However, the actual maximum deformation on these HBEs 

was no more than 0.20 in. As a result, the accumulation of plastic incremental deformations on 

the HBEs was not as pronounced as originally predicted.  

 

Out of curiosity, to more carefully visually observe the specimen behavior in search of an 

explanation, an additional cycle with the same displacement target of 3δy (= 1.41% top story drift, 

denoted as displacement Step 6a) was applied. Observers were positioned at three strategic 

locations in the laboratory (at a safe distance from the specimen) seeking to identify any 

unforeseen behavior that might explain the previous unexpected responses. No unusual response 

could be observed visually. In light of these persisting differences between predicted and 

experimentally obtained behaviors, it was decided to postpone the continuation of testing until 

some explanations for the observed behavior could be formulated.  Testing could only be stopped 

for three days due to the laboratory’s pressing schedule. 

 

Experimental data recorded up to Step 6a and video feeds from Step 6 were reviewed. In addition, 

a limited analytical investigation was conducted. Based on the data and video feeds reviewed as 

well as analytical results obtained, several adjustments to the experimental setting were 

introduced. First, because it was believed that the multiple connection points along the HBE were 

“fighting each other” in preventing the beam rotations needed for experimental behavior to match 

the predicted one, bolts at the quarter- and third quarter-span of every HBE were taken out, 

leaving only 4 bolts at the mid-span of each HBE to transfer actuator forces to the specimen. The 

A325 bolts previously used were replaced by higher strength A490 bolts of the same ¾ in. bolt 

diameter to increase the bolts’ safety factor from 1.5 to 1.8 when they sustained 66 kips story 
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shear forces that would be expected to develop at 5% drift. Second, displacement transducers (i.e., 

combination of linear variable differential transformer (LVDT) and string pots) were added to the 

bases of East and West columns to measure possible uplift at those points. Third, string pots were 

added to measure the difference in horizontal displacements between the actuator shoes and the 

mid-span point of each HBE as an attempt to study the cause of the significant difference 

between the actuator and wall displacements. Figure 4-8 shows the layout of these additional 

instruments. An insert photo in the figure shows the setting for the uplift measurements at the 

East column. The string pot measured column uplifts relative to the floor plate, while the LVDT 

measured floor plate uplifts relative to the strong floor. Details of this analytical investigation and 

modifications to the experimental setting are further discussed in Section 4.4. To maintain the 

flow of the presentation, experimental observations during the remaining displacement steps are 

presented first in the following sub-sections. 

4.3.2 Displacement Steps 6b to 8 

The experimental program resumed with 2 cycles at the same target displacement as in the 

previous step (i.e., Δ3 = 3δy = 1.41% drift). While the actuators reached the same specified 

displacement target (Figure 4-3b), the maximum base shear recorded in the first cycle of 

displacement Step 6b was actually smaller than before, namely 119 kips compared to 145 kips in 

the previous step. The reason for this behavior was because the specimen actually experienced 

smaller displacements in this step compared to those in the previous step. As shown in 

Figure 4-2b, the wall displacements were 1.5 and 1.9 in. for displacement Step 6b and Step 6a, 

respectively, for the same actuator displacement between these two steps of 2.1 in. (Figure 4-3b). 

The significant difference between the actuator and wall peak displacements remained noticeable 

in this step (comparing displacement records in Figure 4-2b and Figure 4-3b). Its magnitude was 

increased to approximately 0.7 in. from the previous value of 0.2 in. The new string pot added to 

measure the magnitude of the displacement discrepancy between the actuator shoes and the mid-

span point of HBE3 recorded a difference of 0.52 in. Knowing that the recorded top story force at 

this point was 56.6 kips, the recorded data confirmed that the axial deformation of HBE3 was not 

the main cause for this significant discrepancy (the 7 ft. long W8×13 used for HBE3 would only 

elongate 0.04 in. under this applied force). At this point, no obvious explanation was found to 

explain the observed discrepancy. It was speculatively suggested that the connecting angles
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Figure 4-8 Layout of Additional Instruments 
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played a significant role in this case, which yet had to be observed in the subsequent 

displacement steps.  

 

During the second cycle of Step 6b, when the top story actuator reached 1.81 in. (= 1.21% drift) 

in the West direction, a drop of 17.8 kips base shear was observed (Figure 4-3b) and a relatively 

loud bang was heard. The applied displacement, however, continued in the East direction up to 

the target value. Subsequent inspection after completion of the second cycle revealed weld 

fractures on the North connecting angle at the top floor (i.e., the 3rd floor), as shown in 

Figures 4-9a and 4-9b. Despite the weld fracture, the maximum base shear reached in the East 

direction was the same as that in the previous cycle (Figure 4-3b). After removing the fractured 

welds, re-welding, and reinforcing all angles with additional welds (Figure 4-9c), displacement 

Step 6c was conducted in the following day. 

 

It was decided to repeat one cycle of the same displacement target in Step 6c to ensure that the 

repaired connecting angles performed well and that other aspects of the experimental setting 

worked properly. The resulting hysteretic loop followed somewhat the same pattern obtained in 

the previous step (Figures 4-2c and 4-3c). Specimen condition at the end of this step is shown in 

Figure 4-10. Recorded maximum vertical deformations of HBE3 and HBE2 in this step were 

0.24 and 0.21 in., respectively, which was approximately 8% higher than the values obtained in 

displacement Step 6b. These marginal differences were reasonable because the specimen was 

pushed to the same displacement target.  

 

This additional cycle also provided a chance to review the displacement difference between the 

East and West columns (corresponding to HBE axial deformation), as two additional string pots 

were added to measure these displacement prior to the start of the Step 6c cycle (Figure 4-8). 

These string pots recorded differential displacement of columns at the 2nd and 3rd story level. At 

the maximum target displacement during this cycle, HBE2 and HBE3 axial deformations were 

measured to be 0.04 and 0.03 in., respectively, confirming that HBE axial deformation played an 

insignificant role in explaining the considerable difference between the actuator and the specimen 

lateral displacements. 
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Figure 4-9 Third Story Connecting Angles: (a) Fractured Welds in Step 6b; (b) Detail 
Fracture of Part (a); (c) Retrofitted Connecting Angles 

Fractured 
Welds 

 (b)

(a)

(c)

(b)

North

South 

So
ut

h 
G

ra
vi

ty
 M

as
s 

Pl
at

e 

N
or

th
 G

ra
vi

ty
 M

as
s 

Pl
at

e 



 136

 
   

Figure 4-10 Specimen Condition at the End of Displacement Step 6c (Δ3 = 3δy = 1.41% 
Drift): (a) Deformed Shape Overview; (b) Yielding on the 2nd Floor Infill Plate (North View) 

(a) 

(b) 

North 
View in 
Part (b) 



 137

Upon completion of displacement Step 6c, the experimental program continued with two cycles 

at the higher target displacement in Step 7 (i.e., Δ3 = 4δy = 1.88% drift). For those cycles, using 

only two sets of angles at the mid-span of each HBE to transfer loads to the specimen, no 

evidence of increased yielding was observed in the upper VBEs (i.e., at the level of the 2nd and 3rd 

story panel zones, as first observed in Step 6); however, more evidence of yielding was observed 

at the VBE bases, which in this step was observed to have also progressed to the panel zone area 

of both the East and West VBEs. With bolts at the quarter- and third-quarter span angles removed, 

the mid-span connecting angles were able to substantially slide along the vertically slotted holes, 

which facilitated the downward movement of HBEs as lateral loading progressed (Figure 4-11). 

The maximum HBE3 vertical deformation recorded in Step 7 was 0.33 in. while that in HBE2 

was 0.26 in., although these values remained significantly below the estimated values of more 

than 0.55 in. for both HBEs.  

 

According to the revised nonlinear static analysis (conducted before modifying the test set-up, 

and presented later in Table 4-4), cross section rotation at the mid-span within this displacement 

step was expected to be relatively small (i.e., less than 0.01 radians). As such, it was expected 

that as the load progressed, the connecting angles would vertically slide with only minor rotations 

following the downward movement of the HBEs at those mid-span locations. However, the result 

shown in Figure 4-11d indicates a different behavior. The relatively flexible HBE flanges 

(particularly compared to the connecting angle flange) were considered as the contributing factor 

to this somewhat large angle rotation. As a result, yielding beneath the mid-span connecting 

angles had been progressed to the webs of both HBE3 and HBE2. Figure 4-12a shows an 

example for HBE3 web. Moreover, progression of yield lines at various angles (from 30° to 45° 

angles) spread along the web of both intermediate HBEs in this displacement step. Showed in 

Figure 4-12b is an example for HBE2. The maximum base shears obtained were 130.7 and 147 

kips during the West and East excursion, respectively (see Figure 4-2d or 4-3d), which were 

respectively 13.9 and 30.3 kips higher than the estimated values. 

 

Furthermore, at a peak displacement target of 2.82 in., the differences between the actuator and 

wall displacements were 0.98 and 0.53 in. during the West and East excursions, respectively. 

Figure 4-11 provides an example of this observation. The angles for lateral supports at the East
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Figure 4-11 Lateral Support and Connecting Angle Conditions in Displacement Step 7  
(Δ3 = 4δy = 1.88% Drift): (a) Overview; Detail of (b) East Side; (c) West Side; (d) Mid-Span 
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Figure 4-12 Yielding in Displacement Step 7 (Δ3 = 4δy = 1.88% Drift): (a) Beneath HBE3 
Connecting Angles Overview; (b) Yield Lines at a Distinct Angle along HBE2 Web 
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and West column locations were significantly offset from their original locations at the centerline 

of the column (Figures 4-11b and 4-11c). Somewhat the same results were obtained when 

comparing the actuator displacement and the specimen displacement at the midpoint of HBE3 

(i.e., 0.92 and 0.55 in. for the same respective excursions), indicating that HBE3 axial 

deformation made an insignificant contribution to these discrepancies. The significant rotation of 

the connecting angles instead caused these discrepancies. In other words, some of the lateral 

displacements imposed by the actuators rotated the connecting angles, explaining the lower 

lateral displacements experienced by the specimen compared to actuator displacement. To 

provide some perspectives, the angles rotated 8° and 5° during the West and East excursions of 

this cycle, respectively.  

 

The experimental program continued with two cycles at the higher target displacement in Step 8 

of 2.5% top story drift (= 5.32δy), as specimen displacements could still be measured in spite of 

the problems described above. Note that starting in this step, the loading protocol was switched 

from ductility- to drift-controlled. During the first excursion in the West direction, when the 

actuator displacement reached 2.7 in. (= 1.8% drift), base shear started to drop from 109.8 kips to 

38.2 kips when reaching the specified target displacement of 3.75 in. (Figure 4-3e). Strangely, the 

specimen started to “rebound” toward the East direction (Figure 4-2e). In other words, as the 

actuator displacement progressed from 2.7 to 3.75 in., the wall displacement reduced from 1.5 to 

1.1 in. While this phenomenon was observed in the real time data display, suggesting that 

fractures were possibly underway, the nature of this failure could not be ascertained from the 

experimental control room (observers were not allowed within proximity of the specimen during 

the cycles of loading, for safety reasons). The pre-programmed cycles of loading continued and 

the actuators started to push the specimen toward the East direction for the same target 

displacement. When the actuator displacement reached 3.0 in. (= 2.0% drift), the base shear was 

145.1 kips and dropped to 74.6 kips at the target displacement while the wall displacement 

“rebounded” from 2.4 to 2.0 in. The pre-programmed displacement cycles continued. When 

returning to the West direction for the second excursion at 1.4 in. displacement (= 0.9% drift) 

with corresponding base shear of 31.5 kips, a loud bang was heard. Subsequent inspection after 

the completion of the second cycle revealed fractures of both connecting angles on the top floor 

(Figure 4-13b). Significant cyclic rotations experienced by these connecting angles (Figure 4-13a)
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Figure 4-13 HBE3 Connecting Angle Condition in Displacement Step 8 (Δ3 = 2.5% Drift  
= 5.32δy): (a) Connection Prior to Fracture; (b) & (c) Fracture of Both Connecting Angles; 
(d) Installation of Connecting Channels; (b) Newly Completed Connection at East Column 
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within the previous four cycles (i.e., Steps 6c to 8) contributed to these low fatigue fractures of 

the base metal, which started from heat affected zone (HAZ) on the East side of the angles and 

propagated to the West side. 

 

Constrained by the laboratory’s pressing schedule, a relatively quick and simple solution to fix 

the 3rd story load transfer mechanism was developed to be able to proceed with the experimental 

program within the following day. It was decided to change the mechanism by transferring the 

loads via the columns. Using ready in-stock steel materials in the SEESL facilities, two 

MC6×16.3 channels were welded (Figure 4-13d) on both sides of each column in parallel to the 

direction of loading and additional stiffeners were added to the columns. The new completed 

loading transfer mechanism is shown in Figure 4-13e. The welded connection on each channel of 

approximately 12 in. total length, made of ¼ in. thick fillet welds (E70XX, Fy = 70 ksi), was 

capable of transferring shear forces of 83.7 kips. 
 

Having the new loading transfer mechanism installed, it was considered necessary to repeat the 

previous two displacement steps (i.e., Steps 7 and 8) to ensure that the connecting channels as 

well as the connecting angles at the lower stories could perform well before proceeding to a 

higher displacement target. For this reason, Step 7a of 4δy target displacement (= 1.88% drift) 

was repeated for two cycles. The first excursion reached peak base shears of 143 and 157.7 kips 

for the West and East directions, respectively, which was approximately 12 and 11 kips higher 

than that in Step 7 for the same respective directions (Figure 4-2f). This can be understood 

because the specimen actually experienced larger lateral displacement in Step 7a compared to 

that in Step 7 as a result of the connecting channels providing more direct load transfer from the 

mass plates to the specimen (resulting in closer agreement between the specimen and actuator 

displacements at that level). As a result of replacing the load transfer mechanism to the columns, 

the actuator and wall displacements at the 3rd floor level were comparable for the first time. In 

this case, when the level 3 actuator reached 2.82 in. target displacement, the recorded 

displacement on the specimen top floor was 2.71 in. (i.e. approximately a 0.1 in. difference 

between the two measurements). 
 

During the second excursion in the West direction, when the top story actuator reached 2.7 in. 

displacement (= 1.8% drift), resulting in a base shear of 143 kips, a loud bang was heard and (at 



 143

the same time) a drop of 15.6 kips base shear was observed in the real time data display 

(Figure 4-3f). As the pre-programmed cycles continued, when the specimen returned an East 

direction displacement of 2.67 in. displacement (after reaching the West target displacement), 

another loud bang was heard and another drop of 18.7 kips base shear was noted. An observer 

monitoring the test from an observation deck vantage point closer to the specimen than the 

control room saw the second gravity mass plates displacing in the East direction, unrestrained by 

the specimen (Figure 4-14a), which happened because the lower actuators were in a force-control 

mode, and an emergency stop was triggered for safety precautions. Subsequent inspection 

revealed weld fractures of the connecting angles at the second floor (Figure 4-14b). To repair the 

specimen and provide a more direct load transfer mechanism once and for all, a similar 

connection to the one that had been previously installed at the third floor, but made of steel 

angles instead, was used for the first and second story load transfer mechanism (Figure 4-14c). In 

contrast to the channels on the top floor, for which welds were provided on the channel sides 

parallel and perpendicular to the loading direction, the L6×4×½ steel angles were only welded to 

the mass plate along their sides parallel to the loading direction. This was intentionally designed 

to allow free uplift of the columns (which had been observed in the previous displacement steps). 

The maximum uplifts recorded up to this step were 0.40 and 0.35 in. on the West and East 

column bases, respectively, when the specimen was pushed to the maximum target displacement 

(the uplifts elastically returned to almost zero when the specimen returned to its original position 

at 0% drift). Note that this photo was taken at the end of the experimental program since a similar 

photo of the steel angles right after they were welded was not available. 

 

It took two working days to reconfigure the experimental set up (i.e., taking down all string pots 

on the first and second stories, preparing and installing four sets of connecting angles at the first 

and second stories on both South and North side of the specimen, and reinstalling the 

instrumentation). Note that the Rosette strain gauges on the first and second floor of both East 

and West column had to be removed because their locations coincided with the location of 

additional stiffeners for these connecting angles. Subsequently, displacement Steps 7b and 8a 

were conducted (as originally intended before the failure of the 2nd floor connecting angles) and 

observations during these steps leading to the completion of the experimental program are 

presented in the following sub-section. 
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Figure 4-14 Failure and Replacement of Connecting Angles in Displacement Step 7a: 
(a) Vantage View at Failure; (b) Weld Fractures on Connecting Angles (South Side); 

(c) Load Transfer Connection at West Column (1st Story) 
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4.3.3 Displacement Steps 7b to 10d 

The experimental program resumed, by first repeating two cycles at the same target displacement 

as in Step 7a (i.e., Δ3 = 4δy = 1.88% drift). A slower loading rate of 5 minutes/cycle was selected 

to closely monitor performance of the new connecting angles as well as other parts in the 

specimen and reaction set-up.  

 

As shown in Figures 4-2g and 4-3g, the resulting hysteretic loop of this displacement Step 7b 

follows the same path as in the first cycle of displacement Step 7a (i.e., the cycle before the 2nd 

story connecting angles fractured). The recorded peak base shears at the target displacement were 

144.9 and 159.5 kips in the West and East directions, respectively. Similar to that in Step 7a, in 

which actuator loads were transferred through the columns, approximately 0.1 in. difference was 

observed in this step between the target displacement assigned to the top story actuator and the 

recorded displacement on the specimen top story (i.e., the actuator vs. wall displacements). 

Compared to displacement Step 7, yielding in all the previously reported locations essentially 

spread to larger area. It is important to reemphasize here that although the actuator displacement 

reached the same target displacement of 2.83 in. during both Steps 7 and 7b, the wall 

displacement were actually significantly different. In this case, the wall displacement in the West 

direction was 2.7 in. during displacement Step 7b compared to only 1.85 in. during displacement 

Step 7, showing the effectiveness of the final mechanism to transfer loads to the specimens. 

Specimen condition at the end of displacement Step 7b is shown in Figure 4-15. Examples shown 

in the figure are yielding condition for infill plates [Part (a) to (d)], HBE-to-VBE connections 

[Part (e) and (f)], and VBE bases [Part (g) and (h)]. Interestingly, the whitewash on the North 

side of the infill plates flaked more than on the South side on both the first and second story infill 

plates. However, this is mostly a random occurrence, as whitewash is not particularly effective at 

revealing yielding when it is used on light gauge steels having a smooth surface finish (compared 

to the mill scale of hot rolled steels). In addition, yielding at the base of the East column was 

more severe than that of the West column. Yield lines were observed above the panel zone area 

of the East column whereas those in the West column remained localized at its panel zone. 

Though not shown in Figure 4-15, yield lines were also observed on the inside faces of the East 

and West column flanges adjacent to their bases. 
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Figure 4-15 Specimen Condition at the End of Displacement Step 7b  
(Δ3 = 4δy = 1.88% Drift): (a) & (b) 2nd Story Infill Plate; (c) & (d) 1st Story Infill Plate 
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Figure 4-15 Specimen Condition at the End of Displacement Step 7b  
(Δ3 = 4δy = 1.88% Drift) – Cont’d: (e) & (f) Yielding on HBE-to-VBE Connections 

Bottom Side of 3rd Fl.
North Gravity Mass Plate

Angle for 
Column Lateral 

Supports 

West 
VBE 

H
B

E2
 

Bottom Side of 3rd Fl.
North Gravity Mass Plate

Ea
st

 V
B

E 

(e) 

(f) 



 148

 

 
 

Figure 4-15 Specimen Condition at the End of Displacement Step 7b (Δ3 = 4δy = 1.88% 
Drift) – Cont’d: (g) & (h) Yielding Around Column Bases 

 
Upon completion of Step 7b, the experimental program continued by conducting two cycles at 

the same target displacement as in Step 8 (i.e., Δ3 = 2.5% drift = 5.32δy). Cycling at this 2.5% 

drift amplitude (i.e., denoted as displacement Step 8a) resulted in peak base shears on the 

specimen of 160.7 and 173.7 kips for the West and East excursions, respectively (Figures 4-2h 

and 4-3h). Note that this was the first step in which the specimen actually experienced 2.5% drift. 

Although the actuator reached the 2.5% drift target in the previous displacement Step 8, the 

specimen actually only experienced 1.0% and 1.6% drifts during the West and East excursions, 

respectively, due to the significant rotations of the connecting angles at HBEs mid-spans. 

 

With this new test set-up, vertical deformations of the HBEs significantly increased. The 

maximum values recorded in Step 8a were 0.75 and 0.59 in. for HBE3 and HBE2, respectively. 

A snapshot of HBE3 with visible downward vertical deformation is shown in Figure 4-16 when 

the specimen was pushed to the West direction (only the top flange of the beam, between the two 

mass plates, is visible on that figure). The vertical deformation of HBE3 was somewhat larger
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Figure 4-16 HBE3 Vertical Deformation during Displacement Step 8a  
(Δ3 = 2.5% Drift = 5.32δy) 

 

than the estimated value of 0.65 in. while that of HBE2 approached its estimated value of 0.72 in. 

However, it is recognized that the plastic strength of HBE3 may have been reduced due to flange 

buckling where the connecting angle fractured in displacement Step 8, which may have also 

contributed to its larger vertical deformations. Figure 4-17 shows yielding at the mid-span of 

HBE3. 

 

While the severity of yielding increased at the previously reported yielding locations 

(Figure 4-18), fish plate yielding, infill plate tearing, and HBE in-span plastification were 

observed for the first time in Step 8a. Yielding of fish plate occurred beneath the East and West 

shear tabs of HBE3 (Figures 4-19a and 4-19b, respectively). This type of yielding could not be 

caused by the pulling forces from the third story infill plate (which was considerably thinner and 

had a lower steel grade than the fish plate). It was attributed to the significant flexural rotations 

experienced by HBE3, in the perspective that fish plates contributed to the cross-section 

properties of boundary elements, as described in Section 4.6. Minor plate tearing occurred at the 

lower East and West cut-out corners of the third story infill plate. Figure 4-19c shows plate 

tearing for the lower East corner. Sign of in-span plastifications were observed on HBE0 located
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Figure 4-17 Yielding beneath HBE3 Connecting Angles in Displacement 
Step 8a (Δ3 = 2.5% Drift = 5.32δy): (a) Detail of West Side; (b) Detail of East Side 
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Figure 4-18 Specimen Condition at the End of Displacement Step 8a (Δ3 = 2.5% Drift = 5.32δy): 
(a) & (d) 1st Story Infill Plate; (b) & (e) 2nd Story Infill Plate; (c) & (f) 3rd Story Infill Plate 
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Figure 4-18 Specimen Condition at the End of Displacement Step8a – Cont’d:  
(g) & (h) HBE3; (i) & (j) HBE2; (k) HBE1 (See Fig 5.20 for HBE0) 
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Figure 4-19 Yielding Pattern at Displacement Step 8a (Δ3 = 2.5% Drift = 5.32δy): 
(a) & (b) Fish Plate Yielding (Detail of Fig. 5.18g & Fig. 5.18h); (c) Tearing of Infill Plate 

 

approximately 21 and 14 in. from the face of the East and West VBEs, respectively (Figure 4-20). 

Slight flange local buckling and more whitewash flaking were observed on the East side 

indicating that plastification was more severe there than that on the West side. 

 

As the hysteretic curve showed no strength degradation, the experimental program continued 

with two cycles at the higher target displacement in Step 9 (i.e., Δ3 = 3.0% drift = 6.38δy). The
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Figure 4-20 Sign of In-Span Plastification on HBE3 during Displacement Step 8a  
(Δ3 = 2.5% Drift = 5.32δy): (a) West Side; (b) East Side 
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resulting peak base shears when cycling at 3.0% drift amplitude were 166.9 and 180.6 kips for 

the West and East excursions, respectively (an increase of 6.9 kips from the previous step). When 

the specimen was pushed beyond the maximum displacement of Step 8a (i.e., 3.75 in. top story 

displacement = 2.5% drift), tension field action developed anew in the infill plates to resist the 

applied lateral loads, as shown in Figures 4-21a and 4-21b during the West and East excursions, 

respectively. The magnitude of the “ridges” and “valleys” on the infill plate were quite significant 

by then (i.e., in comparison to displacement Step 4 in Figure 4-4b). When the specimen returned 

to its original position, significant residual out-of-plane buckling remained on every infill plate  

(Figure 4-22). 
 

In displacement Step 9, cracks in the infill plates grew to approximately 0.5 and 0.25 in. on the 

first story infill plate (Figure 4-23a) and at the upper East corner of the second story infill plate, 

respectively. Plate tearing at the lower corners of the third story infill plate remained unchanged 

from what was previously observed in displacement Step 8a. Slight increase in yielding on the 

upper VBEs at the level of the first and second stories continuity plates was also noted in 

displacement Step 9 (Figure 4-23b). It was speculatively suggested that this behavior could be as 

a result of restraining the VBEs to the gravity mass plate through the connecting angles. Evidence 

of continued in-span plastification of HBE0 was more predominantly visible on its East side 

(Figures 4-23c and 4-23d). Lateral torsional buckling (LTB) and flange local-buckling were 

observed there (Figures 4-23e and 4-23f), on the bottom flange of HBE0 which is in compression 

when the tension forces generated by the yielding first story infill plate pull HBE0 upward.  

 

After the displacement Step 9 cycles, relatively small gaps between the steel floor plate and the 

concrete strong floor were observed at the SPSW column locations. These residual uplifts at the 

East and West column locations were 0.17 and 0.01 in., respectively (when the specimen reached 

its target displacement, column uplifts were 0.57 and 0.65 in. at the same respective locations). 

Note that the actuators imposed approximately 30 kip forces at that point, to maintain the 

specimen at the zero-lateral-displacement position. When the actuators were brought back to zero 

loads, the floor plate residual uplifts became 0.11 and 0.04 in. residual uplifts, respectively. The 

steel floor plate is frequently used by SEESL; severe permanent inelastic damage to that plate 

was not permissible. The residual uplift values mentioned above were considered acceptable, but 

increases in these values were undesirable. 
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Figure 4-21 Tension Field Actions during Displacement Step 9 (Δ3 = 3.0% Drift = 6.38δy): 
(a) West Excursion; (b) East Excursion 
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Figure 4-22 Infill Plate Out-of-Plane Buckling at the End of Displacement Step 9 (Δ3 = 3.0% 
Drift = 6.38δy): (a) Overview (North Side); (b) 3rd Floor; (c) 2nd Floor; (d); 1st Floor 
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Figure 4-23 Specimen Condition at the End of Displacement Step 9  
(Δ3 = 3.0% Drift = 6.38δy): (a) Plate Tearing on the 1st Story Infill Plate; (b) Upper Column 
Flange Yielding; (c) In-Span Plastification (South View); (d)In-Span Plastification (North 

View); (e) Lateral Torsional Buckling; (f) Flange Local Buckling 
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In an attempt to prevent further permanent of uplifts, two additional cycles at the same 

displacement target of 3.0% top story drift (i.e., displacement Step 9a) were applied, in the 

expectation that strength degradation of the specimen would occur under this repeated loading 

(i.e. resulting in lower maximum base shear and lower uplift forces in the SPSW columns). The 

resulting peak base shears during the second displacement excursion were 153.4 and 164.5 kips 

in the West and East directions, respectively, which was 13.5 and 16.1 kips less than from that in 

displacement Step 9. The maximum and residual uplifts at the East and West columns remained 

practically the same as those observed in Step 9.   

 

These cycles also allowed observation on the progression of HBE0 in-span plastification and the 

growth of plate tearing on the first and second story infill plates. Significant flange local buckling 

and yielding of the HBE bottom flange and web were observed (Figure 4-24a) at the location 

where LTB occurred (Figure 4-24b). Two new plate cracks developed: on the first story infill 

plate (Figure 4-24c) across the previous plate tearing observed in Step 9 and at the lower East 

corner of the second story infill plate (Figure 4-24d). Yielding at the previously reported 

locations (e.g., HBE-to-VBE connections, infill plates, and VBE bases) was not observed to be 

more significant than in the previous cycles. 

 

Another two additional cycles were applied at the same 3% top story drift target (i.e., 

displacement Step 9b) in an attempt to further decrease the peak base shear. The resulting peak 

base shears were 148.5 and 159.5 kips for the second West and East excursions, respectively, 

which was 18.4 and 21.1 kips less than those in displacement Step 9 for the same respective 

excursions. The residual uplifts remained at the same magnitude (i.e., 0.17 and 0.01 in. at the 

East and West column locations, respectively) while the maximum uplifts slightly reduced (i.e., 

from 0.57 and 0.65 in. during displacement Step 9 to 0.55 and 0.62 in. within this step at the 

same respective column locations). Another 1.5 in long crack developed on the first story infill 

plate within this step (Figure 4-25). 

 

The experimental program then continued to the displacement target of 3.17% drift (= 6.74δy, 

denoted as displacement Step 10). While closely monitoring floor plate uplifts, a first 

displacement cycle was applied. The peak base shear in this step was 10.1 kips higher than the
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Figure 4-24 Specimen Condition at the End of Displacement Step 9a  
(Δ3 = 3.0% Drift = 6.38δy): (a) Flange Local Buckling (South Side); (b) Lateral Torsional 

Buckling Observed from South Side); (c) Plate Tearing on the 1st Story Infill Plate; (d) Plate 
Tearing at Lower East corner of the 2nd Story Infill Plate 
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Figure 4-25 New Plate Tearing on the 1st Story Infill Plate (Displacement Step 9b) 
 

maximum reached in the previous step, but still below that obtained during displacement Step 9 

(during which residual floor plate uplifts first appeared). Residual floor plate uplifts remained at 

approximately the same magnitude as in the previous two displacement steps. Subsequently, the 

experimental program continued with one cycle of displacement (Step 10a) at a slightly higher 

displacement target (i.e., Δ3 = 3.33% drift = 7.09δy). The resulting peak base shear remained 

7.6 kips below that obtained in displacement Step 9. Again, to lower the maximum base shear 

(and corresponding uplift forces in the SPSW columns), another cycle of 3.33% drift amplitude 

was conducted in displacement Step 10b. It slightly lowered the peak base shear, to 

approximately 13 kips less than that in Step 9. 

 

At the end of displacement Step 10b, fracture initiation was observed on the bottom flange of 

HBE2 at its connection to the East VBE (Figure 4-26). Residual uplifts at the East column 

slightly increased from 0.17 in. during displacement Step 9 to 0.20 in. within this step. At the 

West column, however, residual uplifts remained the same at 0.01 in. Maximum uplifts, when the 

specimen reached the target displacement, were 0.6 and 0.65 in. for the East and West column,
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Figure 4-26 Initiation of fracture in Displacement Step 10b (Δ3 = 3.33% drift = 7.09δy) 
 

respectively. Subsequent inspection of the four tension rods adjacent to each column base and 

connecting the steel floor plate to the lab floor (Figure 3-14a) revealed various levels of looseness 

on the tension rods, indicating that they had lost their pre-tension, probably as a consequence of 

having yielded. Tightening or replacing these yielded tension rods was considered as a possible 

option to alleviate the floor plate uplifts. However, since the location of the maximum uplift (i.e., 

at the East-to-West centerline of the column base plate) was 12 in. away from each of these 

tension rods (Figure 3-14a), this plan would not have significantly solved the uplift problem. In 

other words, when the specimen would have been pushed to higher displacement targets, the 

uplift would have developed and yielded the replaced tension rods again. Hence, it was decided to 

leave the yielded tension rods in place, expecting pulling forces from the specimen to distribute to 

a larger area of floor plate (i.e., 48 in. by 24 in footprint). 

 

The experimental program continued with three cycles at 3.3% drift (i.e., denoted as displacement 

Step 10c). The first excursion to 3.33% drift (= 7.09δy) reached peak base shears of 150.4 and 

164.3 kips for the West and East excursions, respectively. At the end of the third cycle, the peak 
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base shears were down to 144.6 and 158.1 kips for the same respective excursions. Note that the 

peak base shears reached in displacement Step 9 were never reached again in the subsequent steps. 

Maximum and residual uplifts recorded at both East and West column locations remained 

approximately the same as that in the previous steps. The flange fracture of HBE2 progressed 

further (Figure 4-27a), and two other fractures developed, namely at the top flange of HBE1 at its 

connection to the East VBE (Figure 4-27b) and on the outer flange of the West VBE at its 

connection to the base plate (Figure 4-27c). In addition, plate tearing was noted at several new 

locations on the first and second stories. 
 

Despite the above fractures at the boundary element connections, the extensive yielding at other 

connected locations, the significant yielding of each infill plate (Figure 4-28a), and the 

progression of in-span plastification and LTB (Figure 4-28b), it was unclear whether testing 

should continue or end at this stage; pushing the specimen to substantially larger drifts would 

have likely resulted in a maximum base shear exceeding the values reached in Step 9, and 

therefore risk damaging the expensive floor plate. However, it was judged worthwhile to check 

whether major damage would occur in the specimen and to record video feeds of the progression 

of fractures in the boundary frame. For this purpose, two additional cycles at the same target 

displacement (i.e., Δ3 = 3.33% drift = 7.09δy, denoted as displacement Step 10d) were applied to 

the specimen. The maximum uplifts during the last displacement step were 0.57 and 0.62 in. for 

the East and West column, respectively. The residual uplift displacements were 0.19 and 0.02 in. 

at the same respective locations. 
 

After the displacement Step 10d cycles, the experimental program was concluded for several 

considerations, namely: (1) the specimen practically exhibited the same behavior within the last 

several displacement steps (i.e., Steps 10a to 10d with a total 7 cycles at 3.33% target drift), and 

no new behaviors would have been observed if the same displacement targets had been further 

repeated; (2) it was judged prudent to not push the specimen beyond the current displacement 

target to prevent damage to the floor plate; (3) there was a concern that, because the lower two 

floor actuators were acting in a force control mode, extreme damage to the specimen at the first 

or second story could lead to an uncontrolled behavior, resulting in an unexpected collapse and 

damage to the laboratory equipment; and (4) many other projects were in queue, waiting to use 

the same laboratory space and testing equipment, which put pressure on the project to conclude. 
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Figure 4-27 Special-Moment Resisting Connection Fractures in Displacement Step 10c  
(Δ3 = 3.33% drift = 7.09δy): (a) East Joint of HBE2; (b) East Joint of HBE1 

Ea
st

 V
B

E 

East 
VBE 

HBE2 Bottom 
Flange 

HBE1 Top 
Flange 

(a) 

(b) 



 165

 
 

Figure 4-27 Special-Moment Resisting Connection Fractures in Displacement Step 10c  
(Δ3 = 3.33% drift = 7.09δy) – Cont’d: (c) Base of West VBE 

 

 
 

Figure 4-28 Specimen Condition at the End of Displacement Step 10c (Δ3 = 3.33% Drift  
= 7.09δy): (a) Infill Plate Yielding (North Side); (b) Lateral Torsional Buckling
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After completion of the test, the gravity column system was removed, and a series of photos were 

taken to record the specimen’s final condition. Figure 4-29 presents an overview of specimen 

final condition on both North and South views while Figures 4-30 and 4-31 present several 

detailed snapshots taken from the North and South sides, respectively. For the North side, details 

taken from the East to West side are presented, from left to right in Figure 4-30, while the order is 

reversed for the South side in Figure 4-31 (i.e., photos from left to right correspond to details 

taken from West to East side). For both figures, details for HBE3 are presented first, followed by 

each subsequent lower HBEs. With removal of the gravity column system, additional inelastic 

behaviors could be observed that had not been noticed during testing. First, in addition to 

yielding of panel zones at the level of HBE0 first reported in displacement Step 7, yielding of 

panel zones was also observed at the level of HBE3 (Figures 4-30a and 4-30e). Second, sign of 

in-span plastification was also observed on HBE3 (Figures 4-30b and 4-30d). Based on the extent 

and patterns of flaking of the whitewash, one could infer that this in-span plastification occurred 

in several displacement steps prior to conclusion of the test. It should have been reported as part 

of observations made in earlier displacement steps, but had been overlooked when the experiment 

progressed due to the difficulty of making observations at that location. In addition, these 

collections of snapshots provide full views of flange and web yielding across the span of HBEs. 

For example, this yielding on HBE2 is shown in Figures 4-30g to 4-30i). 

 

For completion, several additional snapshots of boundary frame fractures and the final condition 

at column bases are shown in Figure 4-32. Particularly shown in Part (b) of this figure, the 

fracture of the HBE1 connection to the East VBE had progressed into the shear tab. Another 

flange fracture was observed at the HBE1 connection to the West VBE (Figure 4-32e). Schematic 

locations and dimensions of small tears in the infill plates are presented in Figure 4-33. 

 

Measurements of residual deformations of each HBE were conducted and results at seven 

different locations for each HBE are presented in Table 4-2. Maximum residual deformations for 

top to bottom HBEs were 0.75, 0.5, less than 0.25, and 0.875 inches, respectively; and permanent 

out-of-plane displacement of HBE0 bottom flange at the location where LTB occurred was 

1.5 inches.
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Figure 4-29 Specimen Final Condition (Step 10d: Δ3 = 3.33% Drift = 7.09δy): a) North Side Overview; (b) South Side Overview
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Figure 4-30 Details of Specimen Final Condition (Step 10d: Δ3 = 3.33% Drift = 7.09δy): 
(a) to (e) HBE3 (North Side) 

 

4.4 Revised Nonlinear Static Analysis of Specimen 

When displacement Step 6a was concluded, many aspects of the specimen behavior were 

unexpected and required further explanation. Described in Section 4.3.1 throughout the first part
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Figure 4-30 Details of Specimen Final Condition – Cont’d: (f) to (j) HBE2 (North Side) 
 

of the experimental program, the recorded maximum base shear was always higher than the 

maximum value predicted. Moreover, in spite of the higher base shear obtained, the actual 

specimen lateral displacement was smaller than what the actuator imposed and HBE vertical 

displacements recorded were less than the estimated values, indicating that the accumulation of 

plastic incremental deformations on the HBEs was not as pronounced as originally predicted. At
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Figure 4-30 Details of Specimen Final Condition – Cont’d: (k) to (m) HBE1 (North Side); 
(n) & (o) HBE0 (North Side) 

 
that point, it was speculated that the connecting angles used for load transfer mechanism 

(Section 3.7.3) at three locations for each floor might have been responsible for modifying the 

behavior from what was originally intended, possibly because they might not have been actually 

free to move upside down as the frame displaced laterally. As a result, the angles might have
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Figure 4-31 Details of Specimen Final Condition (Step 10d: Δ3 = 3.33% Drift = 7.09δy): 
(a) to (c) HBE3 (South Side); (d) & (e) HBE2 (South Side) 

 

created unexpected additional restraints at every floor, resulting in a more rigid specimen than 

what was considered during design. It is the purpose of this section to present the analyses 

conducted to investigate this hypothesis, which eventually supported the decisions taken during 

the testing program. 
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Figure 4-31 Details of Specimen Final Condition – Cont’d: (f) HBE2 West Joint (South 
Side); (g) & (h) HBE0 (South Side); (i) Lateral Torsional Buckling on HBE0;  

(j) Plastification at LTB Location 
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Figure 4-32 Boundary Frame Final Condition (Step 10d: Δ3 = 3.33% Drift = 7.09δy):  
(a) Fracture at HBE2 Bottom Flange; (b) Shear Tab Fracture at HBE1 
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Figure 4-32 Boundary Frame Final Condition – Cont’d: (c) Fracture at HBE1 Top Flange 
(North View); (d) Fracture at HBE1 Top Flange (South View) 
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Figure 4-32 Boundary Frame Final Condition – Cont’d: (e) Fracture at HBE1 Top Flange 
at its Connection to West VBE; (f) & (g) Column Bases 
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Figure 4-33 Infill Plate Final Condition (Step 10d: Δ3 = 3.33% Drift = 7.09δy) 

 
A limited analytical investigation was conducted using nonlinear static analysis. For this purpose, 

all features of the Case 10 numerical model presented in the previous section (i.e., Section 3.4) 

were carried over, with one additional modification. In the original Case 10 model, lateral forces 

for each story were distributed at three points along the respective HBE span and applied through 

its centerline. Considering that story forces actually transferred to the specimen via the HBEs’ top

East West 
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Table 4-2 Measurements of HBE Residual Deformations 

HBE 
Residual Deformations (in.)1 

A B C D E F G 

3 3/8" 5/8" 11/16" 3/4" 11/16" 9/16" 3/8" 

2 1/4" 3/8" 1/2" 1/2" 1/2" 3/8" 1/4" 

1 1/16" 1/16" 3/16" 3/16" 3/16" 1/16" 1/16" 

0 1/4" 1/2" 5/8" 7/8" 3/4" 5/8" 3/8" 
 

Note: 1) Locations of measurement along HBE span are schematically shown in the figure below. 
 

 
 
flange during the experiment, the story forces in the modified model were applied to the 

specimen at an offset equal to half of the HBE depth above its centerline. In the SAP2000 

framework used for this analytical investigation, the “Equal Constraint” option was used to 

rigidly link the three offset points, where the story forces were applied, to their corresponding 

points in the frame elements located at the centerline of HBEs. For clarity, the current model is 

denoted as “Case 11”; subsequent models, investigating other alternative scenarios of restraints 

and constraints as further explained in the following paragraph, are labeled with subsequent 

numbers. 
 

Using Case 11 as a benchmark, five different scenarios were investigated. Variations from one 

analytical model to another are summarized in Table 4-3. As the benchmark, the three offset 

points in Case 11 model are free to move (unrestrained) and independently from one another (i.e., 

no constraints are introduced). To reflect the fact that the gravity mass plates used to transfer the

84" 
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Table 4-3 Variations of Analytical Models in SAP2000 

ID Restraints 
(ux, uy, rz) 

Lateral Constraint 
(ux1 = ux2 = ux3) 

Schematic 

Case 11 0, 0, 0 No 

Case 12 0, 0, 0 Yes 

Case 13 0, 1, 0 Yes 

Case 14 0, 0, 1 Yes 

Case 15 0, 1, 0 No 

Case 16 0, 1, 1 Yes 

 

 actuator forces to the specimen are essentially rigid, a constraint in the lateral direction is 

imposed in the “Case 12” model, basically enforcing synchronized lateral movement of the three 

offset points (i.e., ux1 = ux2 = ux3). In the SAP2000 framework, this can be done by applying the 

“Diaphragm Constraint” for these points.  
 

In the two subsequent models, the impact of restraining vertical translation and rotation is 

investigated in “Case 13” and “Case 14” models, respectively, while the constraint in the lateral 

0.
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direction imposed in Case 12 is carried over to both models. Case 13 provides a way to verify the 

previous assumption discussed in Section 4.3.1, which suggested that the high-strength bolts used 

in the connecting angles used to transfer actuator loads from the gravity mass plate to the 

specimen might have been stuck, preventing the HBEs from freely moving vertically. Moreover, 

the need to investigate Case 14 is schematically illustrated in Figure 4-34. In an unrestrained
 

 
 

Figure 4-34 Illustration of Case 14 

 

HBE (Figure 4-34a), tension forces generated by the yielded infill plate pull the HBE in the 

direction of the forces and cause a single-curvature deflection shape on the HBE. Accordingly, 

connecting angles at the quarter- and third-quarter-span of the HBE should allow the 

corresponding beam rotations to develop along its length. However, the bolts that connect these 

angles to another set of angles on the gravity mass plate (which itself doesn’t rotate) may lock the 

angles against rotation (Figure 4-34b), modify the beam deflected shape, and consequently limit 

HBE deflections at the connecting points. For completeness, a variation of Case 13 which the tree 

offset points (where the loads are applied) restrained in the vertical translation but free to move 

independently from one another (unrestrained) in the lateral direction is investigated, denoted as 

HBE 
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“Case 15”. In the last model considered, denoted as “Case 16”, the impact of combining the 

restraints and constraints imposed in Cases 13 and 14 is investigated. This last model provides 

corresponds to the extreme condition when the three loading transfer points for each HBE are 

restrained from moving vertically and from rotating. A monotonic pushover analysis was 

conducted for all six cases and their results are displayed in Figure 4-35 up to a 5% top story drift 

in the West direction (i.e., positive excursion). 
 

 
 

Figure 4-35 Pushover Curve for Several Scenarios 
 

Several observations from these results are provided as follows.  

• Changing the location of the applied story forces, from the HBEs centerline to their top 

flange, did not impact the specimen response. When comparing the results of Case 11 in 

this figure with that of Case 10, a negligible difference is obtained between the two.  

• The same observation is made when comparing the impact of constraints. The un-

constrained and constrained results (i.e., Case 11 versus Case 12 and Case 13 versus 

Case 15) were practically the same, irrespective type of restraints assigned. In other words, 
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retaining or allowing relative displacements along the HBE direction between the points 

where story force is applied does not impact the results. 

• In contrast to the above cases, significant result differences were obtained when restraints 

were provided either along the vertical DOF, about the rotation DOF, or on both DOFs. 

However, only marginal differences were observed among these restrained cases (i.e. 

Cases 13 to 16). When the specimen experienced 1.41% top story drift (equal to the target 

displacement of Step 6a), the base shear for the restrained cases was as high as 11 kips 

above that for the unrestrained cases (i.e., Case 11 and Case 12). This increase for the 

restrained cases was caused by yielding of strips adjacent to the upper-East corners of the 

second and third story infill plates, which in the unrestrained cases remained elastic. In 

other words, as a result of restraining the vertical movement or/and rotation of upper 

HBEs at three locations of load transfer joints, complete yielding of the first and second 

story infill plates was observed in the restrained cases while partial yielding was observed 

in the unrestrained cases. 

 

Nonetheless, the increase of base shear by 11 kips in the modified analytical model could only 

account for 1/3 of the base shear discrepancies between the results initially predicted by the 

analytical model (Case 10) and the obtained experimental results at displacement Step 6a. A 

23 kip difference between the two remained. Changing the material properties in the analytical 

model from the average values to the maximum possible values obtained from the tensile coupon 

tests was another possible option to be investigated. When considering this modified material 

properties into Case 13 model, with 5 to 10% increases from the average to the maximum yield 

strength values of the steels used (Section 4.3.1), only 5% increases above the 11 kip base shear 

were obtained and did not resolve the remaining 23 kip base shear discrepancies. 

 

Furthermore, HBE maximum vertical deformation in the restrained cases was significantly lower 

than that in the unrestrained cases. When the specimen model experienced 1.41% top story drift, 

HBE3 and HBE2 of the unrestrained models deformed of approximately 0.4 in., while the same 

HBEs in the restrained models only experienced less than 0.1 in. deformations. When the model 

experienced 4% top story drift, the maximum vertical deformations were approximately 1.0 and 

0.2 in. for the same HBEs in the unrestrained and restrained models, respectively. This result 
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provided an insight as to why the progression of plastic incremental deformations on the HBEs 

was not as pronounced as originally predicted. If the loading transfer setting actually used in 

displacement Step 6a would have been continued up to 4% drift, the maximum deformation of the 

upper two HBEs (predicted by the restrained cases) would only have reached approximately 0.2 in. 

Note that this was the main motivation for changing the load transfer mechanism starting in 

displacement Step 6b by removing the bolts at the quarter- and the third-quarter-span connecting 

angles, leaving only 4 bolts at the mid-span of each HBE to the transfer actuator forces to the 

specimen. In other words, this modified transfer mechanism was basically an attempt to allow the 

HBE vertical deformation to progress while the actuator load increased, as shown by the 

unrestrained models. Observation on HBE rotations at the load transfer points provided additional 

support for this modification. As shown in Table 4-4 for Case 11 model, when the specimen 

reached 1.5 and 4% drift, HBE rotations were relatively large at the quarter- and the third-quarter-

span points, while negligible rotation was observed at the mid-span. 

 
Table 4-4 HBE Rotation at Load Transfer Points (Case 11) 

HBE 
Rotations when Specimen 

at 1.5% Top Story Drift (radians) 
Rotations when Specimen 

at 4.0% Top Story Drift (radians) 

¼-Point Mid-Point ¾-Point ¼-Point Mid-Point ¾-Point 

3 0.012 0.001 0.008 0.028 0.004 0.017 

2 0.014 0.0004 0.010 0.032 0.007 0.020 

1 0.009 0.003 0.004 0.018 0.003 0.007 

 
 

4.5 Discussion of Experimental Results 

Several key experimental results are presented in this section and reviewed in light of the 

objectives of this experimental program (outlined in Section 3.1). The global behavior is 

presented first in terms of hysteretic behavior of story shear versus specimen lateral displacement 

followed by presentation of selected local behavior results, such as plastic hinge and infill plate 

yielding distribution, HBE vertical deformations, and moment-rotation hysteresis. Comple-

menting the qualitative experimental observations presented in Section 4.3, recorded strain gauge 
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and string pot data on the boundary frame and the panel, respectively, are presented to 

quantitatively describe plastic hinge and infill plate yielding distributions. Recorded HBE vertical 

deformation can substantiate the accumulation of plastic incremental deformations. Assessment 

of the performance of special-moment resisting connections is conducted by reviewing moment-

rotation data. Comparison to the preliminary nonlinear static analysis (Section 3.9) is presented 

wherever applicable. 

4.5.1 Hysteretic Behavior: Story Shear versus Specimen Lateral Displacement 

Hysteretic plots of story shear versus inter-story displacement are presented in Figure 4-36, from 

the third to the first story levels in parts (a) to (c), respectively. For completeness, the base shear 

versus top story displacement hysteresis (previously displayed in Figure 4-2h) is presented in 

Figure 4-36d. In general, each hysteretic loop resembles that expected for an unstiffened thin 

steel plate shear wall and reported in past experimental research; this hysteretic curve exhibits 

pinching, stable and ductile behavior when undergoing large lateral drifts, and a relatively small 

strength degradation between cycles at the same displacement step (i.e., defined as “in-cycle” 

strength degradation per FEMA-440a). Specific to this experiment, strength degradation beyond 

the maximum story shear is not observed because the experimental program was concluded 

before that behavior could substantially develop (Section 4.3.3). 

  

During the last cycles of the experiment, maximum inter-story drifts of 3.73, 3.61, and 3.27% 

were reached at the first, second, and third story panels, respectively. These values were 

comparable to the maximum top story drift (i.e., third story displacements divided by the 

specimen total height) of 3.22% recorded at the end of displacement Step 10d. The corresponding 

maximum story shears were 180.6, 147.9, and 93.3 kips for the first, second, and third story, 

respectively. In contrast with the upper story hysteretic curves, the first story hysteretic curve 

displays significant un-symmetric maximum displacement obtained during the positive and 

negative excursions. The maximum inter-story drift reached within the West excursion was 

2.67% while within the East excursion 3.73% inter-story drift was achieved. 

 

Two other parameters can be identified from the hysteretic plots, namely: the elastic stiffness and 

energy dissipated per cycle (EDC). Elastic stiffness was calculated using results from
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Figure 4-36 Story Shear Force versus Inter-Story Displacement: (a) 3rd Story; (b) 2nd Story 
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Figure 4-36 Story Shear Force versus Inter-Story Displacement – Cont’d: (c) 1st Story;  
(d) Base Shear versus Top Story Displacement 
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displacement Step 3 when maximum displacement at the top story reached 2/3 of the effective 

yield, using the following equation.  

 
−+

−+

Δ+Δ

+
=

maxmax

maxmax VV
K  (4-1) 

where +Δmax and −Δmax are the maximum positive (West) and negative (East) displacements and 

+
maxV and −

maxV are the story shears corresponding to +Δmax and −Δmax , respectively. The resulting 

elastic stiffness for the first, second, and third story panels are 1031, 793, and 394 kips/in, 

respectively. The EDC was calculated by integrating the area enclosed by a hysteretic loop in one 

full cycle of loading. For example, the EDC calculated from the first cycle of displacement 

Step 10d is 184, 171, and 84 kips-in for the first to third story panels. This trend of decreasing 

elastic stiffness and EDC from the lower to the upper story is expected in this SPSW specimen 

which thicker infill plate used on the first story and progressively decreasing infill plate thickness 

going toward the upper story.  

4.5.2 Plastic Hinge and Infill Plate Yielding 

Inspection of the specimen after the test (Figure 4-30) showed (using whitewash flaking as a 

qualitative indication) that plastic hinges developed at both ends of each HBE and at the base of 

each VBE. Strain-gauges data at these locations confirmed this behavior quantitatively, which 

will be further addressed in Section 4.5.4 when presenting moment-rotation hysteresis results. As 

for the development of in-span plastic hinge, several discrepancies were observed between the 

results obtained from the preliminary nonlinear static analysis and the experiment. In this case, 

numerical models predicted that in-span plastic hinge should have occurred on HBE0 and at the 

upper two HBEs (Figure 3-27d), while experimentally, evidence of in-span plastic hinge was 

only observed on HBE0 (more significantly at the quarter-span point from the East VBE 

(Figure 4-30n) and to a lesser extent at the third-quarter-span point (Figure 4-30o) and on HBE3 

(Figures 4-30b and 4-30d). The actual location of in-span plastic hinge was not at HBE0 mid-

span as initially predicted by the numerical model but slightly closer to the one-quarter-span. 

Moreover, yield lines distributed along HBE flange (Figures 4-30g and 4-30i) indicated that 

plastification of the upper two HBEs was not localized within a finite length as in the case of 

HBE0 but rather distributed within a longer span. Moments estimated from strain-gauge data (i.e., 
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SGBx-2x and SGBx-3x in Figure 3-21b) confirmed that yield moment had been reached at these 

locations. 

 

From the final condition of the infill plates presented in Section 4.3.3, qualitative indication 

suggested that complete infill plate yielding occurred in each panel. Flaking of whitewash was 

noted roughly over the entire surface of each panel (Figure 4-29). Quantitative measurements of 

infill plate yielding distributions are presented in Figure 4-37 for both North and South sides. The 

figure provides information of plate yielding at 5 measurement locations for the upper two infill 

plates (i.e., measured by 5 string pots per each direction per floor as shown in Figures 3-21c and 

3-21d) and at 7 locations for the first story infill plate (i.e., measured by Krypton sensors as 

shown in Figure 3-21a). Interestingly, plate yielding did not develop simultaneously (i.e. at the 

same stages of loading), but rather progressively, from the first occurrence of yielding in 

displacement Step 3 (= 0.31% top story drift) to the last one in displacement Step 9b (= 3.0% top 

story drift). This is because in-span plastification of HBE0 contributed to the delay of plate 

yielding at the lower corners of the first story infill plate. However, at the conclusion of the test, 

it appeared that the entire infill plate had yielded, as data recorded from the string pots installed 

diagonally to measure plate elongation (Figure 4-37) indicated strains in excess of the yield strain 

(string pot displacement divided by measured span). Therefore, the theoretically predicted 

incomplete yielding of the infill, with the upper corners of the second and third story infill plate 

as well as at the lower corners of the first story infill plate (Figure 3-27d) remaining elastic, 

seems to not have happened. 

 

The initial load transfer setting in the first part of the experimental program contributed in part to 

this behavior especially at the upper infill plates. When vertical movements of the upper two 

HBEs were limited, infill plates adjacent to the panel corners could elongate beyond its yield 

displacements.  

4.5.3 Deformation of Boundary Frame 

Recorded vertical deformations for each HBE during this cyclic pushover testing are presented in 

Figures 4-38 to 4-41 for HBE3 to HBE0, respectively. Results shown for the upper two HBEs 

were taken from the string pots attached to the mid-spans of HBE3 and HBE2 (i.e., data recorded
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Figure 4-37 Infill Plate Yielding Distributions: (a) North Side; (b) South Side
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Figure 4-38 HBE3 Vertical Displacement: (a) Experimental Results;  
(b) Experiment vs. Theoretical Comparison 
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Figure 4-39 HBE2 Vertical Displacement: (a) Experimental Results;  
(b) Experiment vs. Theoretical Comparison 
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Figure 4-40 HBE1 Vertical Displacement: (a) Experimental Results;  
(b) Experiment vs. Theoretical Comparison 
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Figure 4-41 HBE0 Vertical Displacement: (a) Experimental Results;  
(b) Experiment vs. Theoretical Comparison 
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by SPB3-2 and SPB2-2, Figure 3-21a) while that for the lower two HBEs were taken from the 

Krypton sensors adjacent to the mid-spans of HBE1 and HBE0 (i.e., data recorded by KRB1-4 

and KRB0-3, Figure 3-21a). Note that Krypton sensors were not available to record HBE1 and 

HBE0 vertical deformations at their mid-spans because the angles used to provide lateral supports 

at these locations (Figure 3-18c) blocked the view of the beam at that location. However, the 

deformation profile along the span of these HBEs is presented toward the end of this section. As 

mentioned in Section 3.7.4, the string pots attached to the upper two HBEs measured relative 

movements of these HBEs in respect to the gravity mass plates. Additional string pots added to 

monitor rigid body movements of the mass plate in respect to each other and the ground 

(Figure 3-21e) confirmed that the vertical movements of the mass plate were insignificant (e.g., 

maximum values of 0.14 in. when reaching 3.33% top story drift within displacement Step 10d). 

Hence for simplicity, the results shown in Figures 4-38 and 4-39 are the displacement records 

taken directly from the string pots that attached to the mass plates (i.e., not corrected to account 

for the negligible the mass plate vertical deformations relative to the ground). With respect to 

HBE3 vertical deformations, data from the second cycle of displacement Step 7a were excluded 

because the displacements recorded during this cycle have been affected by the large 

displacement of the gravity column system that occurred relative to the SPSW specimen when 

the second story connecting angles fractured (Section 4.3.2), and are therefore not reliable. 

 

Although evidence of in-span plastic hinge (inferred from yield line in the whitewash) was only 

visible on HBE0, the results in those figures indicate that accumulation of plastic incremental 

deformations were apparent not only on HBE0 but also on HBE2 and HBE3. The “backbone” 

displacements (defined as the displacement when the structure reached the maximum target drift 

of every cycle) progressively increased from practically zero in the first displacement step to 1.64, 

0.76, and 1.11 in. respectively for HBE0, HBE2, and HBE3 in the last displacement step (when 

the specimen was cycled up to 3.33% top story drift amplitude). The same trend was also 

observed on the progression of the “residual” displacement (defined as the displacement when the 

structure returned to its original position at 0% drift). After the last displacement step, the 

residual displacements were 1.34, 0.63, and 0.91 in. for the same respective HBEs. In contrast 

with the other three HBEs, HBE1 has relatively small vertical deformation, as predicted by the 
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preliminary nonlinear static analysis of the specimen (Section 3.9) which indicated that in-span 

plastification was not expected to develop on HBE1. 

 

The accumulation of plastic incremental deformations predominantly occurred in the third part of 

the experimental program (i.e., displacement Steps 7b to 10d). For example, the backbone 

displacement of HBE3 at the end of the 21 cycles in the first part of the loading program (i.e., 

displacement Step 6a) was 0.14 in., which is approximately 13% of the maximum value obtained 

at the conclusion of the experimental program. During the second part of the test (over a total of 9 

cycles), the backbone displacement progressively increased from 0.22 in. at the end of 

displacement Step 6b, to 0.48 in. at the end of displacement Step 7a. At this point, the backbone 

displacement reached approximately 43% of the maximum value obtained at the end of the test. 

The remaining 57% of the total plastic deformation accumulations occurred within the 18 cycles 

applied during the last part of the experimental program. Obviously, those large lateral drift 

targets imposed in the third part of the testing program (i.e., from 1.88 to 3.33% top story drift) 

occurred after the load transfer mechanism was modified to ensure development of the HBE 

vertical movement, which was apparently not free to deflect during the first part of the test. This 

effect becomes clearer when comparing the experimental results to the theoretically predicted 

ones. The two are plotted together in Figure 4-38b. The backbone deformations for both cases are 

somewhat the same for each HBE. In contrast with the backbone deformation, accumulation of 

residual deformations was actually faster during the experimentation program compared to that 

predicted by the nonlinear static analysis because the numerical model did not consider material 

fatigue life and degradation. This indicates that HBEs were actually less likely to rebound after 

they reached a maximum target displacement and returned to their original position at 0% drift. 

This was especially true when the specimen experienced a large displacement step. Note that 

plastification of the top HBE was affected due to rotation of the load-transfer mid-span 

connecting angles (Figures 4-9 and 4-12); this also influenced the HBE3 vertical deformations 

reported in Figure 4-38a, but the actual contribution of this effect to the total HBE3 plastic 

deformations was difficult to quantify. 

 

Moreover, the actual HBE2 vertical deformation was smaller than the predicted value. At the last 

cycle of displacement Step 10d, when the specimen reached the negative peak (i.e., East 
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excursion) at 3.33% top story drift, HBE2 experienced approximately 0.75 in. downward 

displacement, while the numerical model predicted 0.90 in. However, when the specimen 

returned to the initial position at 0% drift, both theoretical and experimental results have 

comparable values of residual vertical deformations. Interestingly, HBE1 vertical deformation 

obtained from the analytical and experimental results are significantly different (Figure 4-40b). 

Note that slight adjustments were introduced on the theoretical HBE1 vertical deformations. The 

one plotted in Figure 3-27b was measured at its mid-span while that in Figure 4-40 was taken 

from the same locations where the Krypton sensors located (i.e., at 0.375L). This was done for an 

accurate comparison. 

 

For the bottom HBE, relatively small accumulation of plastic incremental deformations was also 

observed in the first part of the test (Figure 4-41), even though the HBE was unrestrained by 

angles in this case: HBE0 was completely free to move vertically throughout the entire test. This 

can be understood because, during the first part of the test, the specimen actually experienced 

significantly smaller lateral drifts compared to those imposed by the actuators (Section 4.3.1) 

such that HBE0 sustained relatively smaller pulling force from the first story infill plate. The 

actual vertical deformation on HBE0 was larger than that predicted by the SAP2000 model. 

Damage on the location where lateral torsional buckling occurred on HBE0 during the 

experiment contributed to this behavior, which the numerical model did not simulate.  

 

A number of Krypton sensors had been installed around the perimeter of the first story panel 

(Figure 3-21a). Data from those sensors allows observation of HBE0 and HBE1 vertical 

deformations along their spans as the cyclic load progressed. Figures 4-42 and 4-43 show 

deformation profiles of HBE0 and HBE1, respectively. In each figure, the results are presented at 

the positive and negative peaks (i.e., West and East excursions, respectively) of the last cycle for 

selected displacement steps. Note that the impact of changing the load transfer mechanism (i.e., 

from the three-point loadings connected to HBEs to the two-point loadings connected to VBEs) 

on HBE vertical deformations can be observed in Figure 4-43. Krypton sensors recorded 

somewhat the same deformations at every point along the HBE span within displacement Step 1a 

to Step 6. Once that HBE became completely un-restrained (i.e., Steps 7b to 10d), the HBE 

deformation profiles changed significantly. 
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Figure 4-42 Profile of HBE0 Vertical Displacement: (a) West Excursion; (b) East Excursion 

0

0.4

0.8

1.2

1.6

Ve
rti

ca
l D

is
pl

ac
em

en
t (

in
)

0 21 42 63 84
HBE Span (in)

4 3 2 1a

5
6

7b

8a

9

10d

Location of 
Krypton sensor 

(a)

0

0.4

0.8

1.2

1.6

0 0.25 0.5 0.75 1
Fraction of Span

Ve
rti

ca
l D

is
pl

ac
em

en
t (

in
)

(b)

4 3 2 1a

5
6

7b

8a

9

10d



 197

 
 

Figure 4-43 Profile of HBE1 Vertical Displacement: (a) West Excursion; (b) East Excursion 
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Figure 4-44 shows deformations of the west VBE at both the positive and negative peaks of 

selected displacement steps measured by the string pots. At the early step of loading (i.e., Step 1a 

to Step 5) toward the West excursion, the column deformation profile was similar to an inverted 

triangular shape, indicating comparable relative deformations between stories. However, as the 

load progressed to higher displacement steps, the first story underwent less inter-story 

displacements compared to the upper stories, as shown by a ‘kink’ on the column profile (marked 

as circular area A in the figure). A similar kinked column deformation profile, but to a lesser 

magnitude, is also observed at the second story within the East excursion (marked as circular area 

B in the figure). This profile provides insights on the possible cause for the flange yielding 

patterns observed on the upper VBEs (Figure 4-7 and Figure 4-23a). Lastly, the significant 

difference of the top story displacement during the East and West excursions (reported in Section 

4.5.1 when presenting the hysteretic behavior) can also be observed in this column deformation 

profile (marked as gap C in the figure). 

 
 

Figure 4-44 Profile of West VBE at the Maximum Displacement of Selected Steps   
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4.5.4 Moment-Rotation Hysteresis 

Experimental data is used to investigate the performance of the special-moment resisting 

connections used in the specimen, in terms of moment-rotation hysteretic curves. As reported in 

Section 4.3, after cycling the specimen for a total of 48 cycles up to a maximum top story drift of 

3.33%, HBE-to-VBE connection fractures occurred at both ends of HBE1 and at the East end of 

HBE2 (Figure 4-32). The procedure used to estimate moments and rotations indirectly from 

strain-gauges and string pots data is first described. 

 

As presented in Figure 3-21b, four strain-gauges were clustered at four critical sections along the 

span of each HBE. Moments at one particular section were indirectly estimated from data 

recorded by these four strain-gauges. The following procedure outlines steps to calculate 

boundary element internal moments as follows: 

1. Based on the position of strain gauges affixed to boundary elements, each strain-gauge 

records at the same time strains generated by internal axial forces and moments. To obtain 

flexural strains, axial strains must be excluded from the total strains. Axial strains at one 

particular cross-section are estimated using the following equation. 

  
4

4321
axial

εεεεε +++
=  (4-2) 

 where 1ε  to 4ε are the strains recorded by the first to the fourth strain gauges (Figure 3-21e). 

2. Ideally, for this specimen, the remaining strains after excluding the axial strains are 

flexural strains generated by strong axis bending. However, unexpected weak axis 

bending generates additional strains. To separate flexural strains caused by strong axis 

bending ( fxε ) from those caused by weak axis bending ( fyε ), the following relationship is 

assumed:  

 iii fy_fx_f_ εεε +=  (4-3a) 

 together with the following equalities: 

 fx4fx3fx2fx1 εεεε −=−==  (4-3b) 

 fx3fx1fx4fx2 εεεε −=−==  (4-3c) 
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3. Once strong bending flexural strains are obtained, cross-section curvature can be 

estimated using the following equation 

 
2/

fx

h
ε

φ =  (4-4) 

4. Finally, moment at a particular cross-section can be estimated using the following 

normalized moment curvature equations taken from Bruneau et al. (2011).  

a. When y* is located in the flange: 
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where y* is the distance from the cross section neutral axis to the location where strain 

reaches the yield point εy; b is the flange width; d is the total depth of boundary element 

section; h is the web length or the distance between top and bottom flanges; tw is the web 

thickness; S is the elastic section modulus about the strong axis; My and φy are the yield 

moment and yield curvature, respectively; and Mp is the plastic moment. Values of the 

last three variables are calculated as follows: 

 SFM yy = ; ZFM yp = ; 
EI
M y

y =φ  (4-7) 

where Fy is the steel yield strength (obtained from the coupon test); Z is the plastic section 

modulus about the strong axis, E is the Young’s modulus of elasticity; and I is the strong 

axis moment of inertia.   

 

When processing strain gauges data in the second step of the above procedure, the resulting 

flexural strains in the weak axis bending on the South and North flange were not symmetric. No 

substantial effort however was given to resolve this phenomenon. It was considered that 

unidentified factors contributed to this outcome and their impacts would not significantly affect 

the intended observations of this sub-section. Moreover, cross-section rotations were calculated 
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using (3-2). String pot data were used to estimate cross-section rotations for HBE3 and HBE2, 

while Krypton readings were used for HBE1 and HBE0. However, the string pot attached to the 

top flange of HBE3 adjacent to its connection to the East VBE either failed to record 

experimental data or recorded string elongations so unreasonably high that they were deemed 

incorrect during post-processing. Both string pots adjacent to HBE2’s East connection worked 

well only during displacement Step 1a to 7a (they appeared to work during displacement Step 7b 

to Step 10d, but post-processing showed that no experimental data but noises were recorded 

instead). It was also found out during post-processing that the Krypton readings did not provide 

reasonable data. Hence, cross-section rotations were only available for HBE3 and HBE2 at their 

connections to the West VBE. Their normalized moment-rotation hystereses are shown 

respectively in Figures 4-45 and 4-46 compared to their theoretical counterparts previously 

presented in Figure 3-27. 

 

While the results confirm the initially predicted un-symmetric hysteretic curves, some behavioral 

differences are observed between the experimental and theoretical observations. First, although 

the predicted HBE3 maximum rotation is comparable to that obtained from the experimental 

program, their “rotation ranges” were somewhat different. Here, rotation range is defined as the 

absolute difference between rotations at the positive and negative extremes of one particular 

displacement step/cycle. When the specimen was cycled up to the maximum target drift of 3.33% 

within the last displacement step, HBE3 maximum rotation reached 0.054 radians (i.e., 

corresponding to a normalized rotation θ /θ 0.03 of 1.80, where θ 0.03 is defined as the required 

plastic rotation capacity of a special moment resisting frame) compared to 0.052 radians obtained 

from the cyclic pushover analysis. However, HBE3 rotation range of 0.023 radians were recorded 

in the 3% cycle, compared to the analytical value of 0.032 radians. The same condition was 

observed in the subsequent 3.3% cycle as shown in Table 4-5. A second comparison was 

conducted on HBE2 moment-rotation hysteresis. When the specimen model reached 3.33% target 

drift, the predicted HBE2 maximum rotation was 0.055 radians, which was 0.015 radians higher 

than that actually recorded during the experimental program. HBE2 rotation range was also 

higher in the cyclic pushover analysis than that in the experimental program (e.g., 0.043 versus 

0.034 radians in the 3% cycle as shown in Table 4-5). 
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Figure 4-45 HBE3 Normalized Moment-Rotation Hysteresis: 
(a) Experimental Result; (b) Analytical Result  
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Figure 4-46 HBE2 Normalized Moment-Rotation Hysteresis: 
(a) Experimental Result; (b) Analytical Result  
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Table 4-5 Maximum Rotation and Rotation Range in HBE3 and HBE2 

HBE 

Experiment Result Analytical Result 

θmax at 
3.3% Drift 

θrange at 
3.0% Drift

θrange at 
3.3% Drift

θmax at 
3.3% Drift

θrange at 
3.0% Drift 

θrange at 
3.3% Drift 

3 0.054 0.023a 0.031b 0.052 0.032e 0.042f 

2 0.040 0.034c 0.042d 0.055 0.043g 0.052h 

Note: (Unit: radians) 
a) Rotation range: –0.014 to –0.037         e) Rotation range: –0.010 to –0.042 
b) Rotation range: –0.023 to –0.054         f) Rotation range: –0.010 to –0.052 
c) Rotation range: +0.002 to –0.032         g) Rotation range: –0.004 to –0.047 
d) Rotation range: +0.002 to –0.040         h) Rotation range: –0.003 to –0.055 
 
 
In spite of higher maximum rotation recorded at HBE3 compared to that of HBE2 (i.e., 0.054 

versus 0.040 radians), HBE3-to-VBE3 special moment connections remained intact up to the 

conclusion of the experimental program. In contrast, HBE2 which experienced lower maximum 

rotation suffered connection fracture at its connection to the VBE2. The significantly higher 

rotation range recorded on HBE2 compared to that of HBE3 (i.e., 0.042 versus 0.031 radians 

within 3.3% drift cycle) was considered playing important role to the fracture of HBE2 

connection. 

 

4.6 Summary 

A cyclic pushover test of a three-story SPSW specimen was conducted. Throughout the 

displacement loading history, several modifications to the loading protocol and experimental 

setting were necessary to ensure that the experimental objectives could be achieved. A limited 

analytical investigation was conducted between test stages to rationalize such modifications and 

to resolve discrepancies between behavior observed in the first part of the experimental program 

and that initially predicted by analyses. 

 

Experimental investigation on the three-story SPSW specimen, for which in-span plastic hinging 

was predicted to develop, demonstrated the development of in-span plastification and 
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accumulation of plastic incremental deformations in HBE0, HBE2 and HBE3. Note that in-span 

plastification was not localized within a finite length but rather distributed within a longer span. 

As a result of the accumulation of plastic incremental deformations, plate yielding did not 

develop simultaneously, but progressively. However, at the conclusion of the test, it appeared 

both from qualitative and quantitative measurements that the infill plates had yielded entirely. 

The theoretically predicted incomplete yielding of the infill, with the upper corners of the second 

and third story infill plate as well as at the lower corners of the first story infill plate remaining 

elastic, seems to not have happened. 

 

The initially predicted un-symmetric hysteresis was indeed confirmed during this experimental 

investigation. Several special moment connections that exhibited this behavior were found to 

remain intact up to the conclusion of the experimental program in spite of its higher maximum 

rotations. In contrast, other special moment connections that experienced lower maximum 

rotations suffered connection fractures. Higher rotation range in the latter connections compared 

to that in the former ones in large part contributed to the fracture of these connections. 
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SECTION 5 

FINITE ELEMENT INVESTIGATION OF TESTED SPSW SPECIMEN 
 
 

5.1 General 

This section describes the modeling and analysis of the three-story SPSW specimen (Figure 3-2) 

using the finite element software ABAQUS/Standard (Dassault Systèmes 2009b). Geometry 

modeling and meshing algorithm, element and material definitions, boundary conditions, 

constraint, loading input, and techniques to maintain numerical stability are first described in the 

following section. Results from eigenvalue buckling analysis, monotonic pushover analysis, and 

cyclic pushover analysis are presented afterward. The effectiveness of the finite element model 

developed simulating the experimental results is discussed. 

 

5.2 Description of Finite Element Model 

5.2.1 Geometry Modeling and Meshing Algorithm 

ABAQUS/CAE, a graphical preprocessor program, was utilized to define a Finite Element Model 

(FEM) of the specimen described in Section 3.2. Geometry modeling started using the Part 

Module by defining each “plate” of the specimen, i.e. boundary element flanges and webs, panel 

zones, continuity plates, stiffeners, and infill plates independently in its own coordinate system 

(however, plates that have the same dimensions and material properties only needed to be defined 

once). The resulting model consisted of 26 such parts. 

 

As a consequence of selecting relatively small W-sections for the specimen HBEs, the attached 

fish plates and shear tabs significantly affected the ultimate capacity of the HBEs (Section 4). 

Therefore, they were included in this finite element model. Instead of creating new parts for the 

fishplates and shear tabs, they were simply modeled directly as Partitions of the infill plates and 

HBE webs, respectively. The same approach was also applied for the doubler plate extension (of 

1 in. beyond panel zones as shown in Figure 3-3), which in this case was defined as a partition of 
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the VBE webs. These partitions were assigned different thicknesses from the rest of their 

respective plates/parts, following the geometric properties shown in Figures 3-3 and 3-5. 

 

Using the Assembly Module tools, the parts were then positioned, relative to each other in  

a global coordinate system, thus creating one final assembly (note that some parts were used 

more than once). At this point, the parts are not yet connected to each other, although one part 

may touch other parts (e.g. HBE flanges and its web). Two approaches are possible to connect the 

parts: the Tie Constraints option allows effectively merging the interface nodes, whereas the 

Merge/Cut Instances tool allows creating a single combined mesh by assembly of compatible 

meshes between the parts (Dassault Systèmes 2009a). The latter option was chosen for the 

models described here. This option merged the various parts into one single model and removed 

any duplicated nodes along intersecting boundaries of adjacent parts. This option also eliminated 

the need for tie constraints that are more computationally demanding (Dassault Systèmes 2009a). 

 

Meshes were then generated on the merged model within the Mesh Module after “seeding” every 

edge by specifying an average element size desired along that edge (Edge by Size rule, Dassault 

Systèmes 2009a). Here, an average dimension of 1 × 1 in. per shell element was selected. Using 

the Structured Meshing Technique, the models were meshed entirely using quadrilateral shell 

elements. To reduce mesh distortion, the Minimizing the Mesh Transition option was applied 

where ABAQUS/CAE automatically creates internal partitions that divide the region into simple 

“structured” mesh regions and then automatically determines the number of elements (i.e., seeds) 

along the boundaries of the smaller regions. In general, the mesh so created is not guaranteed to 

match the number of elements that was previously specified (i.e., “seeded”) along the boundaries 

of the principal region (Dassault Systèmes 2009a). The resulting finite element model, which 

contained 24,000 shell elements, is shown in Figure 5-1 in solid and wire-mesh views. 

5.2.2 Element Definitions 

The entire infill plate and boundary elements (HBEs and VBEs) were meshed using the 

isoparametric S4R shell elements, a four-node doubly curved general-purpose conventional shell 

element with reduced integration and hourglass control. Each node has six degrees of freedom, 

three translations (ux, uy, uz) and three rotations (θx, θy, θz). Reduced integration together with
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Figure 5-1 Finite Element Model of the 3-Story SPSW Specimen: (a) Solid View; (b) Wire-Mesh View 
 

(a) (b)
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hourglass control can provide more accurate results compared with fully integrated S4 shell 

elements, as long as the provided elements are not distorted (relatively close to being square in 

shape), and significantly reduce running time especially in three dimensions. If hourglass occurs, 

a finer mesh may be required or concentrated loads must be distributed over multiple nodes 

(Dassault Systèmes 2009b). 

 

This element allows transverse shear deformation by applying thick shell theory as the shell 

thickness increases. Conversely as the thickness decreases, it becomes discrete Kirchhoff thin 

shell element with transverse shear deformation becoming very small. Moreover, this element 

also accounts for finite (large) member strains and large rotations, geometric and material 

nonlinearities, and changes in thickness by inputting a specific Poisson’s ratio ν = 0.3 for steel 

(Dassault Systèmes 2009b). 

 

The transverse shear calculation is performed at the center of the element and assumed constant 

over the element thickness. Hence, transverse shear strain, force, and stress will not vary over the 

area of the element (Dassault Systèmes 2009b). Nevertheless, in ABAQUS/Standard, the default 

output points through the thickness of a shell section are the points that are on the bottom and top 

surfaces of the shell section for integration with Simpson's rule (Dassault Systèmes 2009b). Nine 

integration points were used through a single layer shell and output was taken at the top surfaces. 

5.2.3 Material Definitions 

ABAQUS/Standard defines stress-strain material properties in terms of “true” stress (Cauchy 

stress) and logarithmic plastic strain, σtrue and pl
lnε , respectively. The specified nominal stress 

(σnom) and nominal strain (εnom) values obtained from coupon tests (Section 3) were therefore 

converted using the following relationships (Dassault Systèmes 2009b): 

 ( )nomnomtrue εσσ +⋅= 1  (5-1) 

 ( )
E
true

nom
pl σ

εε −+= 1lnln  (5-2) 

where E is Young’s modulus. Note that these equations are valid only for an isotropic material. 

To define the inelastic (hardening) behavior, the Combined Hardening model was used. This 
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hardening model is a nonlinear combination of Isotropic Hardening and Kinematic Hardening 

models. The Von Mises yield criteria was used. 

 

As described in Section 3, several groups of coupons were cut from light gauge steels used for 

the infill plates and from W- and S-sections used for boundary elements. To define material 

properties for each steel component in the finite element model, its stress-strain data was selected 

from the coupon in every group whose mechanical properties were the most similar to the 

average material properties of that corresponding group (Table 3-2). For other plates for which 

data from coupon tests were not available (i.e., doubler plates, continuity plates, fish plates, and 

stiffener plates), their stress-strain properties were assumed to be the same as that of the HBE-B3 

coupon (i.e., one of the coupons taken from the flanges of the bottom anchor beam), as its 

mechanical properties were comparable to that of a typical ASTM A572 Gr. 50 (Fy = 50 ksi) 

steel. 

5.2.4 Boundary Conditions, Constraints, and Loading 

In the experiment setup, the angles connecting the gravity mass to the specimen (Figures 3-17 

and 3-18) served both to provide out-of-plane lateral support and as a load transfer mechanism. In 

the FE model however, these roles have to be separated to avoid conflict of constraints in several 

nodes (i.e., know as the Overconstraint condition in ABAQUS term). This was done by 

restraining the exterior nodes of HBE flange and stiffener elements at the locations of the angles 

against out-of-plane movement (Figure 5-2a) and assigning nodes at the centerline of HBE top 

flange (again at the angle locations) to transfer the load to the specimen (Figure 5-2b). As for 

VBEs, the exterior nodes around the perimeter of panel zones (i.e., nodes of VBE flange and 

continuity plate elements) were restrained against out-of-plane movement and nodes at VBE web 

at the level of HBE top flange were selected to transfer the load (Figures 5-2a and 5-2b). Note 

that the gravity mass frame was not included in the FE model. 

 

The above approach also simplified the modeling process when considering changes in the load 

transfer mechanism. Recall (from the information presented in Section 4.3) that the load transfer 

mechanism was changed from a three- to one-point load transfer through HBEs during the first 

two sequences of loading in the experiment, and from transferring the load through HBEs to
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Figure 5-2 Boundary Conditions and Constraints: (a) Typical Boundary Conditions on 

HBE & VBE; (b) Typical Constraints to Transfer Load; (c) & (d) Fixed Support 
 

doing so through VBEs in the last sequence of the experiment. Here, out-of-plane restraint for the 

nodes at the specified locations remained the same throughout the analysis sequences, while the 

node locations where the load transferred were changed accordingly following the loading 

sequence applied in the experiment (Figure 5-3). 

 

As a first case in this finite element investigation, the floor plate to which the frame was 

connected at its base (Figure 3-14) was excluded from the FE model. The model was assumed to 

have a fixed support for simplicity. Here, translational and rotational motion of all nodes at the 

base of the East and West VBEs were restrained (Figures 5-2c and 5-2d, respectively). This

 

(a) (b)

(c) (d)
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Figure 5-3 Loading Configuration: (a) Step 1-6a; (b) Step 6b-8; (c) Step 7a; (d) Step 7b-10d 
 

assumption will be revisited in a later section by explicitly modeling the floor plate to enable 

simulation of column uplifts observed during the experiment. 

 

Five references points (RP) per floor were defined for possible locations of pushover 

displacement (Figure 5-3): One reference node at each location of the connecting angles and one 

at each West and East panel zones. A Kinematic Coupling Constraint was used to constrain both 

the translational and rotational motion of the coupling nodes to their corresponding reference 

point. The coupling nodes are defined as the nodes where the load is transferred to the FE model 

(Figure 5-2b), typically 3 in. away from the left and right of the reference points. Table 5-1 

summarizes the peak story displacement recorded during the experiment. These story 

displacements were applied to the reference nodes according to the experimental sequences 

shown in Figure 5-3. Note that in the experiment (Section 3.8), the third story actuator was set up 

in a displacement-control mode, while the other two actuators were in a force-control mode. 

Having displacement records for each story available, an independent displacement-control for 

each story could be applied in the FE model to simulate the loading protocol applied in the 

experiment. 

5.2.5 Nonlinear Numerical Stability 

Geometric non-linearities mainly arise, in this model, from the large-displacements exhibited in 

the infill plate and local buckling of the infill plate may lead to unstable conditions. Although the
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Table 5-1 Peak Displacement Summary for Finite Element Analysis 

Analysis 
Step1 

Number 
of Cycles 

“Time” 
Step2 

Cumulative 
“Time” 

Step 

Story Displacement (in.) 

Δ1 Δ2 Δ3 

1a 1 3 3 0.02 0.05 0.07 

2 1 3 6 0.05 0.10 0.16 

3 1 3 9 0.11 0.22 0.36 

4 1 3 12 0.17 0.37 0.59 

5 1 3 15 0.38 0.86 1.28 

6 1 3 18 0.55 1.29 1.93 

6c 1 3 21 0.51 1.05 1.55 

7 1 3 24 0.60 1.25 1.85 

8 1 3 27 0.49 1.04 1.53 

7a 1 3 30 0.78 1.78 2.69 

8a 1 3 33 1.01 2.38 3.54 

9 1 3 36 1.18 2.78 4.20 

9b 1 3 39 1.15 2.80 4.28 

10 1 3 42 1.22 2.96 4.51 

10d 1 3 45 1.31 3.13 4.77 
Note: 
1) To reduce computational complexities, several steps in the experiment (i.e., Step 6a, 6b, 7b, 

9a, 10a, 10b, 10c) were not included in the finite element analysis. 
2) In the FE model, one displacement cycle conducted in the experiment was simulated in 

3“time” steps 
 
 

S4R shell elements described in Section 5.2.2 are able to accommodate large-displacements, 

instability of the entire model may still occur. ABAQUS/Standard can overcome this unstable 

condition using the Stabilize option in which the program provides an additional artificial 

damping to the model during a nonlinear static analysis. The artificial damping factor is 

determined in such a way that the extrapolated dissipated energy for the step is a small fraction of 

the extrapolated strain energy. The fraction is called the dissipated energy fraction (DEF) and has 

a default value of 2.0 × 10–4 (Dassault Systèmes 2009b). 
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ABAQUS/Standard then uses Newton's method to solve the nonlinear equilibrium equations. The 

solution is usually obtained as a series of “time” increments from 0.0 to 1.0, with iterations to 

obtain equilibrium within each increment. The program can automatically adjust the time 

increment to permit convergence of results without unstable responses due to the higher degree of 

nonlinearity in the system, in this case related to infill plate buckling. In addition, for models 

having very thin infill plates, the increment should be defined small to ensure that any obtained 

solution is not too far from the equilibrium state that is being sought (Dassault Systèmes 2009b). 

Here, the minimum and maximum increments were set to 1.0 × 10–5 and 0.0125, respectively. 

 

When using the stabilization feature, one should ensure that the ratio between the viscous 

damping energy (ALLSD – ABAQUS definition) and the total strain energy (ALLSE) does not 

exceed the DEF value or any reasonable value (Dassault Systèmes 2009b). Though detailed 

results are not presented here, it was confirmed that after running the FEM model, ALLSD was 

significantly smaller than ALLSE over the entire time increments/period. 

 

5.3 Eigenvalue Buckling Analysis and Initial Imperfections 

Many researchers in the past (Section 2.2.2) reported that including initial imperfections of infill 

plates was important to help initiate panel buckling and development of tension field action (TFA) 

in finite element models; and excluding the initial imperfections resulted in a stiffer finite 

element (FE) model compared to the actual “imperfect” structure. Hence, this finding was 

considered in the FE model described here. ABAQUS offers three methods to define an 

imperfection, namely: as a linear superposition of buckling eigenmodes, from the displacements 

of a static analysis, or by specifying the node number and imperfection values directly (Dassault 

Systèmes 2009b).  The first of these options was chosen for the model described here. 

 

An eigenvalue buckling analysis was first run on the “perfect” structure to request the first eight 

eigenmodes of every panel (i.e., total 24 eigenmodes). The resulting eigenmodes of each story 

panel were somewhat similar and thus those of the second story panel were arbitrarily selected to 

represent the results in Figure 5-4. Shown in parts (a), (b), and (c) of the figure are the 1st, 3rd, and 

6th mode shapes, respectively. The other requested modes are not plotted in Figure 5-4 because
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Figure 5-4 Buckling Modes of the 2nd Story Panel: (a) 1st Mode; (b) 3rd Mode  

 
 

(a)

(b)
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Figure 5-4 Buckling Modes of the 2nd Story Panel: (c) 6th Mode  

 

they have similar eigenmodes (or closely spaced eigenvalues) to these three modes (i.e., the 2nd 

mode is similar to the 1st mode; the 4th and 5th modes are similar to the 3rd mode; the 7th and 8th 

modes are similar to the 6th mode). 

 

Postbuckling analysis was subsequently run after introducing imperfections in the geometry by 

adding these buckling modes to the “perfect” geometry where ABAQUS interprets the 

imperfection data through nodal displacements. The imperfection thus has the form 

 ∑
=

=Δ
M

i
iiix

1
φω  (5-3) 

where iφ  is the ith mode shape and iω is the associated scale factor (Dassault Systèmes 2009b). 

The lowest buckling modes are frequently assumed to provide the most critical imperfections, so 

usually a higher scale factor is assigned to the lowest eigenmodes, progressively decreasing for 

the higher eigenmodes. In addition, a similar scale factor is assigned to the closely spaced 

eigenvalues. Based of recommendations of a previous study (i.e., Purba and Bruneau 2007), scale 

(c) 
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factors equal to 1, ½, and ¼ were selected respectively for the first and second modes, the third to 

fifth modes, and the sixth to eight modes of each panel. The resulting imperfection magnitudes 

corresponded to only a small percent of the shell thickness, as shown in Figure 5-5. 

 
Figure 5-5 Initial Imperfections of Infill Plates  

 

5.4 Finite Element Monotonic Pushover Analysis of Tested Specimen 

Prior to performing a cyclic pushover analysis, a finite element monotonic pushover analysis of 

the tested specimen was conducted. This analysis was intended to verify whether the FE model 

developed (Figure 5-1) could simulate the cyclic envelope of the force displacement hysteresis 

recorded in the experiment (Figure 4-36d). The FE monotonic pushover analysis was conducted 

toward the positive direction (which simulating the specimen pushed toward the West direction 

in the experiment). 

 

As shown in Table 5-1, the maximum story displacement of displacement Steps 6a to 8 was 

smaller than that of Step 6. Problems on the load transfer mechanism during the experiment (as 

presented in Section 4) contributed to this condition. The maximum story displacement recorded 

Unit: in. 
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in Step 6 (e.g., 1.93 in. at the top floor) was not surpassed until displacement Step 7a (e.g., 

2.69 in. at the top floor). In principle, the target displacement of a monotonic pushover analysis 

has to be continuously increased. Hence, displacement Steps 6a to 8 were excluded from this 

monotonic pushover analysis. Here, the FE model was pushed at each story level using the 

loading configuration shown in Figure 5-3a until the first, second, and third story reached story 

displacements of 0.55, 1.29, and 1.93 in., respectively. Following this analysis “time” step, the 

loading configuration shown in Figure 5-3d was used and the FE model was pushed until the 

respective stories reached story displacements of 1.31, 3.13, and 4.77 in. 

 

Incidentally, one can also divide the above target displacements into several smaller targets 

following the displacement steps summarized in Table 5-1. For example, instead of reaching the 

specified displacement target of 1.93 in. at the top floor in one “time” step from 0.0 to 1.0, the 

analysis can be conducted in six “time” steps from 0.0 to 6.0 in which successive steps have 

displacement targets of 0.07, 0.16, 0.36, 0.59, 1.28, and 1.93 in. at the top floor. A preliminary 

finite element analysis showed an insignificant difference in results obtained from both 

approaches. The small difference was caused by the slightly different time increment in both 

cases, which ABAQUS automatically adjusted to permit convergence of results. Consequently, 

the former approach was selected to expedite subsequent pushover analyses. 

5.4.1 Results and Comparison 

Figure 5-6a presents the resulting pushover curve. Interestingly, an abrupt drop of base shear in 

the pushover curve occurred when the loading configuration changed from the three-point 

loading (Figure 5-3a) to the two-point loading (Figure 5-3d). No substantial effort was invested 

to resolve this phenomenon. Instead, two additional monotonic pushover analyses were 

conducted. In the first analysis, the FE model was pushed all the way to the maximum recorded 

story displacements (i.e., until the first, second, and third story reached story displacements of 

1.31, 3.13, and 4.77 in., respectively) using the three-point loading configuration. The same 

analysis was then repeated but in this case the FE model was pushed using the two-point loading 

configuration. Their resulting pushover curves are also plotted in Figure 5-6a with a less than 4% 

difference between the ultimate base shears obtained; and the initial pushover curve lies between 

these two pushover curves.  
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Figure 5-6 Finite Element Monotonic Pushover Analysis: (a) Results for Three Analysis 
Scenarios; (b) Analytical versus Experimental Results 
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The monotonic pushover curve with the three-point loading configuration used through the entire 

pushover loading was selected to represent the finite element result and compared to the 

experimental result in Figure 5-6b. While the initial stiffness of the analytical model is in good 

agreement to that observed in the experiment, after reaching the inelastic stage, the FE model 

significantly overestimated the experimental strength. For example, the experimental base shear 

strength was 123 kips when the specimen experienced 1.28 in. displacements at the top floor, 

while the FE model at the same point has a base shear strength of 142 kips, which overestimates 

the experimental results by 15.3%. Interestingly, the ultimate base shear obtained from the FE 

analysis is similar to that recorded during the experiment. 

5.4.2 Attempts to Resolve Analytical and Experimental Discrepancies 

Several attempts were made to resolve the above discrepancies between the analytical and 

experimental results at the inelastic stage prior to reaching the ultimate strength. First, the 

influence of mesh refinement was investigated. The previous FE model, meshed with an average 

1 × 1 in. size of shell element (Figure 5-1), was refined to obtain shell elements with half that 

average size. The resulting finite element model contained 86,088 elements, which are 

approximately 4 times more elements than that of the original FE model. It was found that the 

resulting monotonic pushover curve (not shown here) was practically similar to that of the FE 

model with coarse mesh. 

 

In a second attempt, the initial imperfections defined in Section 5.3 were revisited. Here, a larger 

initial imperfection was defined to obtain a less stiff FE model. For this purpose, the same 

definition of initial imperfection expressed in (5-3) was again followed but all eight eigenmodes 

considered were assigned the same scale factor of 1.0. While assigning the same scale factor for 

all considered eigenmodes is uncommon (i.e., seems to contradict the typical practice explained 

in Section 5.3), it is instructive to also investigate the consequences of this option providing 

cautious assessment of the obtained results is exercised. 

 

The resulting monotonic pushover curve is shown in Figure 5-6b. Both the analytical pushover 

curve and the backbone of cyclic hysteretic curve from the experiment apparently are in a good 

agreement. However, one might question reliability of the analytical result given the unusual 
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jaggedness in the pushover curve. Several variations of scale factors and different combinations 

of considered eigenmodes to define the initial imperfections were tried, yet no satisfactory results 

were obtained. Either the discrepancy between the analytical and experimental results remained 

or an apparent agreement existed between the two curves but with a jagged analytical pushover 

curve observed. These results lead to the conclusion that the discrepancy between the analytical 

and experimental results more likely was not caused by an inaccurate definition of initial 

imperfections, and the initial imperfections defined in Section 5.3 were deemed sufficient to help 

initiate panel buckling and development of tension field action without causing an unintended 

stiffer finite element model. 

 

As a last attempt, the floor plate at the base of the frame (Figure 3-14) was explicitly included in 

the finite element model developed. This was because the use of fixed supports (Figures 5-2c and 

5-2d) was not particularly accurate to model the bases of East and West columns considering the 

column uplifts observed in the experiment. In other words, the FE model with fixed supports is 

relatively stiffer than the actual specimen. Modifications on the current FE model to 

accommodate this change and findings of this investigation are presented in the following section. 

 

5.5 Finite Element Model with Floor Plate Included 

To reiterate information presented in Section 3.7.1, the SPSW specimen was anchored to an 

existing 9 ft. by 12 ft., 1.5 in. thick floor plate using high-strength bolts on each column base 

plate. The existing floor plate was anchored to the concrete strong floor using 22 high strength 

tension rods (i.e., Fy = 130 ksi; Fu = 150 ksi) of 11/8 in. diameter, which were uniformly 

distributed through out the floor plate footprint with a corresponding tributary area of 24 in. by 

24 in. per rod (Figure 3-14a). 

 

Instead of modeling the entire floor plate, only a portion of it was included in the finite element 

model developed, as shown in Figure 5-7. A 7 ft. wide portion of floor plate in the direction 

perpendicular to the specimen model was considered adequate to simulate the uplifts observed in 

the experiment. When modeling the floor plate in ABAQUS/CAE, a new part was added to the 

original FE assembly (Figure 5-1). This floor plate part was then partitioned to model the base
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Figure 5-7 Finite Element Model of the 3-Story SPSW Specimen with Floor Plate  
 

plates and locations where the tension rods connected the floor plate to the concrete strong floor; 

and subsequently was merged to the SPSW model into one single FE model using the Merge/Cut 

Instances tool. The base plate partitions, due to their complexity caused by I-shape columns 

connected to it, were meshed using the Free Meshing Technique, while the rest of the floor plate 

was meshed using the Structured Meshing Technique. To reduce the mesh distortion within the 

free meshing region, the Medial Axis Control Algorithm together with the Minimizing the Mesh 

Transition option were applied. The entire floor plate was meshed using the isoparametric S4R 

shell elements with an average dimension of 1 × 1 in. per shell element. The resulting SPSW and 

floor plate model contained 33,288 shell elements. 

Locations of 
tension rods 

9 ft.
7 ft.
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ASTM A572 Gr. 50 (Fy = 50 ksi) and ASTM A36 (Fy = 36 ksi) steels were used for the base 

plate and the floor plate, respectively. Like other plates in the specimen model that were made of 

ASTM A572 Gr. 50 steel but for which data from coupon tests were not available (Section 5.2.3), 

the stress-strain data for the base plate was assumed to be the same as that of the HBE-B3 

coupon. As for the floor plate, an elasto-perfectly plastic material model was used to idealize the 

ASTM A36 steel. The concrete strong floor was not explicitly modeled; instead an analytical 

rigid surface was defined in the FE model beneath the floor plate (not shown in Figure 5-7). 

Upon activating the General Contact feature in ABAQUS/Standard, the program automatically 

detected contact between the floor plate surface and the rigid surface as a result of their 

proximity. Mechanical properties of this contact were defined by the default ‘hard’ contact 

relationship in ABAQUS/Standard, which basically allowed the program to consider the two 

surfaces to be in contact when clearance between them reduced to zero, at which point any 

contact pressure can be transmitted from one surface to another; once the contact pressure 

reduces to zero, the two surfaces are considered acting as separate surfaces (Dassault Systèmes 

2009a). The tension rods connecting the floor plate at the specified locations to the ground were 

modeled using the Axial Connector with an elasto-perfectly plastic behavior. 

 

For the purpose of defining initial imperfections, an eigenvalue buckling analysis was run on the 

modified FE model (Figure 5-7) to request the first eight eigenmodes of every panel. The 

resulting eigenmodes for the modified FE model were similar to that presented in Figure 5-4. 

Subsequently, the modified FE model was pushed using the three-point loading configuration 

(Figure 5-3a) until the first, second, and third story reached story displacements of 1.31, 3.13, and 

4.77 in., respectively. The resulting pushover curve is shown in Figure 5-8. Though the analytical 

model still overestimated the experimental strength at the onset of yielding, an improved result 

was observed when compared to the previous result for the FE model with fixed supports 

(presented in Figure 5-6b, and now superposed in Figure 5-8). The discrepancy between the 

analytical and experimental results was down from 15.3% to less than 5% when the specimen 

experienced 1.28 in. displacements at the top floor. The elastic stiffness of the FE model with 

floor plate, however, was lower than the experimental stiffness; and the FE model underestimated 

the experimental ultimate base shear by approximately 3%. Moreover, the overall specimen 

behavior is well represented by the FE model, as shown in Figure 5-9a. In particular, the FE 
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Figure 5-8 Experimental Results versus Finite Element Monotonic Pushover Analysis 
 

model results show inelastic buckling of the infill plates and that plastification occurred not only 

localized at the HBE-to-VBE connection but also spread over a greater length on HBEs. 

 

While the FE model can simulate the overall behavior of the specimen, it did not accurately 

simulate the interaction between the floor plate and the analytical rigid surface. Specifically, the 

floor plate at the location of the column that was in compression (i.e., at the West column) freely 

penetrated the rigid surface, as shown in Figure 5-9c. Here, a downward deformation of 0.46 in. 

was recorded at the tip of the floor plate (Figure 5-9d). Except for the direction of plate 

deformation, the floor plate at this location did not behave differently from the other portion at 

the location of the column that was in tension (i.e., East column), as shown in Figure 5-9b and 

5-9d. To resolve this problem (defined as the Overclosure problem in ABAQUS term), several 

available options in ABAQUS/Standard to simulate the interaction between the two surfaces 

were tried such as: (1) defining a contact initialization algorithm to remove small initial surface
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Figure 5-9 Finite Element Model of the 3-Story SPSW Specimen with Floor Plate  
 

overclosures between the floor plate and the rigid surface that might exist during mesh generation; 

(2) including the offset of 0.75 in. between the centerline of the floor plate and the rigid concrete 
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surface; and (3) revising the contact definition from the General Contact to the Surface-to-

Surface option. However, no satisfactory results were obtained and the overclosure problem 

remained unresolved. 

 

The above results led to subsequent investigations in which the floor plate was modeled using the 

general three-dimensional C3D8R continuum elements (an 8-node solid element with reduced 

integration and hourglass control) in contact with the rigid surface; and the rigid floor modeled 

using solid element (with modulus of elasticity 100 times larger that that of normal concrete) was 

in contact with the floor plate modeled using shell element. No satisfactory results were obtained 

either. The rigid floor failed to prevent penetration of the floor plate by the column in 

compression. Consequently, it was decided to use the model shown in Figure 5-7 for the 

subsequent cyclic pushover analysis assuming that the incorrect local behavior would only have 

an insignificant impact to the overall results. 

 

5.6 Finite Element Cyclic Pushover Analysis of Tested Specimen 

The cyclic pushover analysis was conducted following the displacement history presented in 

Table 5-1. Here, several steps performed during the experiment (i.e., Step 6a, 6b, 7b, 9a, 10a, 

10b, 10c) were excluded from the finite element analysis to reduce computational complexities. 

For the same reason, it was decided to perform only one cycle per analysis step instead of the 2 or 

3 cycles conducted during the experiment. Though slight differences in the displacement histories 

in the positive and negative directions were observed during the experiment, all displacement 

excursions were taken as symmetric in the finite element analysis and the values shown in Table 

6-1 correspond to the displacement history in the positive direction. The loading configuration 

followed the experimental sequences shown in Figure 5-3.  

 

Figure 5-10 shows the resulting hysteresis of base shear versus lateral displacement at the top 

floor. The finite element analysis results with this model capture the experimental strength well 

in the positive direction while it slightly underestimates that in the negative direction. However, 

the pinching behavior obtained in the analysis is not as severe as that observed during the 

experiment. The analytical deformed shape with stress contours shown in Figure 5-11 displays 
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Figure 5-10 Base Shear versus Top Story Displacement 
 

the amount of yielding in the FEM model at 3.33% drift. Plastification of the horizontal boundary 

elements is observed not only at the HBE ends but also along their spans. Figure 5-12 presents 

close up views of the HBE plastification and compares it to the specimen condition at the end of 

the test. The finite element results resemble the specimen behavior observed during the 

experiment. 

 

HBE vertical deformations obtained from the finite element analysis are presented in Figure 5-13 

and compared to those recorded during the experiment. Overall, the finite element results show 

the accumulation of plastic incremental deformation on HBE0, HBE2, and HBE3 similar to that 

was observed during the experiment. However, their magnitudes were significantly smaller 

compared to those recorded during the experiment. In the last displacement cycle (when the FEM 

model was cycled up to 3.33% top story drift amplitude), the vertical deformations were 0.56 

(upward), 0.36, and 0.39 in. for HBE0, HBE2, and HBE3, respectively. In contrast, the vertical 

deformations recorded during the experiment for the same respective HBEs were 1.64 (upward), 

0.74, and 1.12 in. 
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Figure 5-11 Analytical Deformed Shapes with Stress Contours: (a) at +3.33% Drift; (b) at –3.33% Drift 

(b)(a) 



 230

 
 
 

 
 
 

 
Figure 5-12 Analytical Deformed Shapes with Stress Contours of HBEs at –3.33% Drift:  

(a) HBE3; (b) HBE2 

(a) 

(b)
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Figure 5-12 Analytical Deformed Shapes with Stress Contours of HBEs at –3.33% Drift:  
(c) HBE1; (d) HBE0 

(c) 

(d)
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Figure 5-13 HBE Vertical Displacement Structure versus Lateral Displacement  

(a) Finite Element Analysis; (b) Experiment 
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Figure 5-14 shows the resulting moment-rotation hysteresis compared to those recorded during 

the experiment. Note that the moment-rotation hysteresis for the bottom two HBEs were not 

available from the experiment due to instrumentation limitation. While the finite element results 

confirm the observed un-symmetry of the experimentally obtained hysteretic curves, the rotation 

magnitude for HBE2 and HBE3 were also smaller compared to those recorded during the 

experiment. For example, when the FE model was cycled up to the maximum target drift of 

3.33%, HBE3 maximum rotation reached 0.035 radians (i.e., corresponding to a normalized 

rotation θ /θ 0.03 of 1.17, where θ and θ 0.03 are the angle of rotation and the required plastic 

rotation capacity of a special moment resisting frame) compared to 0.054 radians recorded during 

the experiment. It is suspected that the decision to exclude several displacement steps from the 

analysis and to conduct only one cycle per displacement step; as well as the fact that the FEM 

model was not developed to consider material fatigue life, contributed to these discrepancies as 

well as to the discrepancies in the accumulation of plastic incremental deformation. It was also 

observed that the finite element results exhibited more severe local buckling at the ends of the 

HBE than observed experimentally (Figure 5-12), which explains the drop in flexural strength 

noted in the analytically obtained experimental curves (Figure 5-14). The reasons for this 

discrepancy are unclear but partly attributable in some cases to the detailing used for load transfer 

to the specimen. This may have contributed to all of the above discrepancies, but in a manner that 

is unquantifiable given the constraints in the available experimental data. Hopefully, future 

researchers, benefiting from the knowledge generated during this experimental program, will be 

able to generate additional experimental data tailored for validation by finite analysis results to 

further investigate the causes for the above discrepancies. 

 

5.7 Summary 

A finite element investigation of the tested SPSW specimen was conducted using the finite 

element software ABAQUS/Standard (Dassault Systèmes 2009b). Specific finite element features 

to capture the SPSW specimen behavior were described. Among them were geometry modeling 

and mesh algorithm, element and material definitions, boundary conditions, constraints, loading 

sequences simulating the experimental setting, and nonlinear numerical stability. Eigenvalue 

buckling analysis was performed to introduce initial imperfections in the finite element (FE)
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Figure 5-14 Normalized Moment Rotation Hysteresis at East HBE-to-VBE Joints 

(a) Finite Element Analysis; (b) Experiment 
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model. A finite element monotonic pushover analysis with a fixed support at the base of columns 

was first conducted. Discrepancies between results from the analytical pushover curve and the 

corresponding cyclic envelope of the force displacement hysteresis recorded in the experiment 

led to a subsequent analysis using a revised FE model with floor plate included. The revised 

model, however, did not consider the interaction between the floor plate and the rigid concrete 

floor discussed in the previous two sections. Though the analytical model still overestimated the 

experimental strength at the onset of yielding, an improved result was observed when compared 

to the previous result for the FE model with fixed supports. Afterward, a finite element cyclic 

pushover analysis was conducted. Results were presented in terms of the hysteresis of base shear 

versus lateral displacement at the top floor, plastification in the FE model, HBE vertical 

deformations, and moment-rotation hysteresis at HBE connections to VBEs. Overall, the finite 

element results resemble the specimen behavior observed during the experiment.   
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SECTION 6 
DETERIORATION MODEL DEVELOPMENT FOR COLLAPSE 

ASSESSMENT OF STEEL PLATE SHEAR WALLS 
 
 

6.1 General 

One of the research objectives outlined in Section 1 was to quantify seismic performance factors 

(SPF) for steel plate shear walls (SPSW). The FEMA P695 methodology was selected to 

accomplish this objective. As briefly reviewed in Section 2, this methodology provides a rational 

basis for establishing SPF for seismic-force resisting systems through assessing the system risks 

against collapse under maximum considered earthquake (MCE) ground motions. One of the key 

elements of this assessment depends on the accuracy of the structural numerical models to 

simulate component strength deterioration that would lead to global collapse of the system. This 

section describes development of component strength deterioration models for collapse 

assessment of SPSW, focusing on stress-strain or force-deformation relationships for infill plates 

and boundary elements. Development of global structural numerical models and results of the 

collapse assessment will be presented in the two subsequent sections. 

 

Deterioration and failure modes identified from 36 SPSW tested specimens are presented first. 

Cyclic deformation capacities of these SPSWs when reaching their ultimate strength, failure 

points, and rate of strength degradations are statistically quantified. Based on these statistical 

results, initial deterioration models for SPSW components (i.e., infill plates and boundary 

elements) are presented. Prior to calibration of these initial models, implementation of these 

deterioration material models in OpenSees (Mazzoni et al. 2009) is presented followed by a brief 

summary of results obtained for various case studies conducted. Using nonlinear static analysis, 

these case studies are intended to examine several possibilities of degradation models for infill 

plates and boundary elements, namely: (1) different rate of strength deterioration for both 

components; (2) different deterioration parameters for corner and middle “strips”, when referring 

to strips in modeling walls (i.e., severe and moderate strength degradations for corner and middle 

strips, respectively); and (3) strength degradation only occurring on either one of the SPSW 
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components (i.e., elasto-plastic material for infill plates and degradation material model for 

boundary elements, and vise versa). 

 

The chosen deteriorated material models for infill plates and boundary elements are then 

calibrated to four selected SPSW specimens varying from one- to four-story, with aspect ratio 

ranging from 1.0 to 2.2. Final deterioration models obtained from this calibration are described, 

and will be used for collapses assessment of steel plate shear walls in Section 8. 

 

6.2 Deterioration and Failure Modes of Steel Plate Shear Walls 

A literature review of past research on modeling strength degradation of structural components 

was presented in Section 2.3. As described in that section, in order to correctly model collapse of 

structures, it is important to quantify plastic deformations of structural components when 

reaching the point of maximum strength before strength degradation starts to occur (i.e., defined 

as the capping point in the FEMA P695 document), rate of degradation (post-capping stiffness), 

and residual strength. To quantify these degradation parameters for SPSW components (namely, 

for the boundary elements and infill plates), a detailed literature review of SPSW experimental 

results from research in the past thirty years was conducted. This review was intended to 

investigate three specific objectives, namely: (1) identify the deterioration modes associated with 

loss of strength and the failure modes that occurred at the end of each test, (2) statistically 

quantify at what story drift the capping and failure points occurred, and (3) statistically quantify 

rate of degradation, which is defined as the ratio between strength drop and drift range from the 

failure to the capping points.   

 

The aforementioned review was limited to conventional unstiffened slender-web steel plate shear 

walls for which testing data was adequately reported and accessible to the author at the time of 

this writing. While the terms “unstiffened” and “slender-web” are self explanatory, the term 

“conventional” deserves some additional explanation. In this research, conventional SPSWs are 

defined as SPSWs with flat infill plates as opposed to corrugated infill plates (e.g., Berman and 

Bruneau 2005), without openings or slits in the infill plates for which the standard Strip Model 

would not be not applicable (e.g., Roberts and Sabouri-Ghomi 1992; Hitaka and Mitsui 2003), 
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without steel restrainers used to prevent or reduce the free development of infill plate out-of-

plane buckling (e.g., Lin and Tsai 2004; Li et al. 2010), without concrete restraints intended to 

prevent buckling of infill plates or create composite SPSWs (e.g., Zhao and Astaneh Asl 2004), 

with infill plates fully connected to steel boundary frames as opposed to partially connected only 

to horizontal boundary elements or connected to concrete boundary frames (e.g., Choi and Park 

2009; 2011), and with horizontal boundary elements with full continuous moment connections to 

vertical boundary elements (as opposed to post tensioned rocking connections as used in self-

centering SPSWs such as those considered by Dowden et al. 2012; Clayton et al. 2012). 

 

In addition, coupled walls (Choi and Park 2009; Neagu et al. 2011) were excluded from this 

study because no sufficient research evidence existed at the time of this writing to suggest that 

coupled walls behave similarly (in terms of peak strength and failure modes as a function of drift) 

to conventional SPSWs. Lastly, only specimens tested using an incremental pushover loading to 

simulate earthquakes were included because the aforementioned degradation parameters were 

relatively simple to identify in this type of loading protocol compared to that in other kind of 

loadings. In other words, specimens tested using shake table testing (e.g., Rezai 1999), pseudo-

dynamic testing (e.g. Tsai et al. 2006, Qu et al. 2008), and blast loadings (e.g., Warn and Bruneau 

2009) were also excluded from this study. It should be emphasized that the perforated SPSW and 

corner cut-out SPSW tested by Vian and Bruneau (2005) were included in the review because 

these specimens demonstrated comparable behaviors to those with solid infill plate and their 

design and behavior is similar to conventional SPSWs. 

 

Based on the above categories, 36 SPSW specimens were examined, varying from single-story to 

four-story SPSWs with aspect ratios ranging from 0.7 to 2.2. Both welded and bolted connections 

were used in these walls, either connecting infill plates by means of fish plates to boundary 

frames or connecting horizontal to vertical boundary elements. Findings from this literature 

review are discussed in the following two sub-sections. 

6.2.1 Identification of Deterioration and Failure Modes 

Inferred from the experimental data considered here, the possible causes of deterioration of 

structural components that lead to failures of steel plate shear walls can be classified into 3 
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modes. As summarized in Table 6-1, they are deteriorations associated with web tearing, flexural 

or shear failure of boundary elements, and instability of boundary elements. Each deterioration 

mode is described in detail as follows. 

 

Table 6-1 Possible Deterioration and Failure Modes of Steel Plate Shear Walls 

Failure Mode Description 

Web Tearing 
(WT) 

Fractures or tearing of the infill plates that result in failure of plate to 
develop tension field action (TFA) and cause degradation of SPSW 
strength to sustain story shear forces. Web tearing can occur either at 
infill plate connections to fish plates, at the corners of web panels, across 
the infill plates where right- and left-leaning yield lines intersect, or at 
several of these locations. 

Failure of 
Boundary 

Elements (FBE) 

Flexural Failure 
Flexural failure observed in past experiments is characterized by the 
following damages.  

1. Plastic hinge development at boundary element ends with 
excessive yielding and localized flange or web buckling. 

2. Weld fracture at the connections either between HBE and VBE or 
between VBE and the base. 

3. Fracture of the boundary elements away from the connections 
(i.e., at the center line of plastic hinge). Especially in SPSWs with 
reduced beam section (RBS) connections, fractures can occur at 
its reduced flange center line. 

4. Shear tab failure that leads to HBE web and flange fractures. 
 
Shear Failure 
Shear failure is characterized by shear yielding of a significant length 
across the web of VBEs, resulting in lower expected VBE plastic 
moments and significant VBE inward deformations (i.e., hour-glass 
shape deformations) from the pulling forces of yielded infill plates. 

Instability of 
Boundary 

Elements (IBE) 

Instability of boundary elements is associated with global out-of-plane 
(weak-axis) buckling of VBEs or lateral-torsional buckling of HBEs. In 
general, SPSWs with this type of failure mode have significantly low 
capacity to sustain loads. 

 



 241

6.2.1.1 Web Tearing 

As the main component of SPSWs to dissipate energy during earthquakes, infill plates (webs) are 

designed to experience large inelastic elongations. As a result of web inelastic buckling during 

development of tension field action (TFA) and repeated cycles of loadings, low-cycle fatigue 

fracture or tearing of the webs is unavoidable. Reported repeatedly in past experiments, web 

tearing can occur either at the corners of web panels (Figure 6-1a), at infill plate connections to 

fish plates (Figure 6-1b), or at the intersection of right- and left-leaning yield lines across the 

infill plates where plate kinking frequently takes place upon repeated cyclic loading 

(Figure 6-1c). In general, web tearing occurs at several locations rather than exclusively at one of 

these locations. 

 

 
 

Figure 6-1 Common Locations of Web Tearing: (a) at the Corner of Web Panel (Vian 
Bruneau 2005); (b) Connection to Fish Plate (Behbahanifard et al. 2003); (c) and (d) Across 

Infill Plates (Vian and Bruneau 2005) 
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It should be emphasized here that not every web tearing situation can be attributed to 

deterioration of SPSW strength. A relatively small fracture of infill plates (and as long as it 

remains at somewhat the same size through out loading histories) has insignificant degrading 

impact on the structure’s ultimate strength. Since infill plates provide high redundancy to transfer 

tension forces to surrounding boundary elements, cracks in one part of a plate strip may only 

locally disturb the “regularity” of the tension stress flows. As such, stresses can flow around and 

re-distribute tension stresses to adjacent un-cracked part of the infill. Figure 6-2 illustrates how a 

crack strip maintains TFA for the three possible types of locations of fractures. This phenomenon 

by which infill plates can maintain TFA throughout the loading history even though cracks have 

occurred at several locations was reported in past experiments (e.g., Lubell et. al. 2000, Astaneh-

Asl and Zhao 2002, Vian and Bruneau 2005, Li et al. 2010). Strength degradation reported in 

these reports was typically associated with another deterioration mode (i.e., failure of boundary 

elements) which will be explained in a later paragraph. 

 

 
 

Figure 6-2 Re-orientation of Tension Field Action (TFA) 
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Web tearing can be attributed to deterioration of SPSW strength only if fractures of infill plates 

propagate to significant lengths, which can then cause parts of the infill plates (corresponding to 

their plate strips in computer models) to be unable to develop TFA. As a result, infill plates 

progressively lose their capacity to sustain loads. Examples of this deterioration mode are shown 

in Figure 6-3. In the first example, the cracks initially occurred at the corner of the panel and then 

propagated to the connections of infill plates with vertical and horizontal fish plates; while in the 

second example, the cracks also initially occurred at the same location as the first one, but this 

time propagated to the middle part of the infill plates.  

 

 
 

Figure 6-3 Web Tearing Creating Strength Deterioration: (a) Web Tearing along Vertical 
and Horizontal Fish Plates (Qu and Bruneau 2008); (b) Web Tearing across the Infill Plates 

(Choi and Park 2009)  
 

To distinguish the above two kinds of web tearing for the purpose of quantifying deterioration 

parameters in Section 6.2.2, they are respectively referred to as non-deteriorated web tearing 

(nWT) and web tearing (WT) attributed to deterioration of SPSW strength. 

6.2.1.2 Failure of Boundary Elements 

In the early development of SPSW, simple HBE-to-VBE connections and relatively large sections 

for boundary elements were sometimes used, with the objective of ensuring that boundary 

elements essentially remain elastic under the maximum tension forces from the yielded infill 

plates. Consequently, failures of boundary elements were not reported in these early experiments. 

While boundary elements remain relatively large in the more recent SPSW research as well as in 

implementations in real buildings, moment connections have replaced simple connections to 

(a) (b)
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provide additional redundancy and overstrength to the system. As a result, failures of boundary 

elements have been more frequently reported in research (when testing was conducted to failure 

after satisfactory seismic performance was achieved). Hence, it is important to investigate the 

failure of boundary elements in order to correctly model deteriorations for collapse assessment of 

steel plate shear walls. 

 

Failures of boundary elements (FBE) can be classified as either flexural failure or shear failure. 

Flexural failure observed in past experiments can be classified into the following types of 

damage, namely: (1) plastic hinge development at boundary element ends with ductile strength 

degradation due to localized flange or web buckling; (2) weld fracture at the connections between 

HBE and VBE or between VBE and their base; (3) fracture of the boundary elements away from 

the connections (i.e., at the center line of plastic hinge, particularly in HBEs with reduced beam 

section (RBS) connections where fractures have been observed to occur at mid-length of the 

reduced flange segment), and; (4) shear tab failure that leads to HBE web and flange fractures. 

Shear failure is characterized by shear yielding of a significant length across the web of VBEs, 

which causes lower-than-expected VBE plastic moments and can result in significant VBE 

inward deformations (i.e., hour-glass shape deformations) due to the pulling forces from yielded 

infill plates (Qu and Bruneau 2010). Note that in some instances in past research, specimens were 

specifically designed to trigger specific failure modes. For example, two specimens that 

developed shear failure were intentionally designed to have non-compact VBE sections. 

Excessive flange local buckling was reported in that case, which accentuated the VBE inward 

deformations (Park et al. 2007). Several examples of flexural and shear failures are shown in 

Figures 6-4 and 6-5, respectively. 

 

While flexural failure is desirable to dissipate earthquake energy, shear failure should be avoided 

for the reason described above. This can be achieved by designing boundary elements with 

seismically compact sections and by ensuring that the shear demand, Vu , on boundary elements is 

less than their nominal shear strength Vn estimated as:   

 wyn AfV 6.0=  (6-1) 

where fy is the yield stress of boundary elements and Aw is the web area of boundary elements.  

Consequently, shear failure can be prevented in properly designed SPSWs, and it is therefore ruled
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Figure 6-4 Flexural Failure of Boundary Elements: (a) Plastic Hinge Development;  
(b) Weld Connection Fracture; (c) Fracture at RBS Connection (the first three photos from 

Vian and Bruneau 2005); (d) Shear Tab Fracture (Qu and Bruneau 2008)  
 

out as one of the limit states to be considered in applying the FEMA P695 methodology and in 

developing deterioration models for collapse assessment of steel plate shear walls. 

6.2.1.3 Instability of Boundary Elements 

A deterioration mode associated with instability of boundary elements (IBE) has been 

occasionally reported in past experiments. Among 36 SPSW specimens examined, only 3 

specimens exhibited this deterioration mode, compared to 8 and 25 specimens that exhibited the 

first two deterioration modes, respectively (Sections 6.2.1.1 and 6.2.1.2). Global instability 

reported in these 3 specimens was associated with out-of-plane (weak-axis) buckling of VBEs or 

lateral-torsional buckling of HBEs; and occurred in the early stages of loading (i.e., as early as 

1% drift). Figure 6-6 presents examples of IBE deterioration mode. 

(a) (b)

(c) (d)
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Figure 6-5 Shear Failure of Boundary Elements: (a) Shear Yielding with Excessive Local 
Buckling (Park et al. 2007); (b) Hour-Glass Shape Deformation (Lubell et al. 2000);  

(c) Shear Yielding at the Base of 4-Story Specimen (Courtesy of Driver R. G.) 

 

 
 

Figure 6-6 Instability of First Story Vertical Boundary Elements: (a) Out-of-plane Buckling 
in 4-Story SPSW Specimen (Courtesy of Ventura C. E.); (b) Out-of-plane Buckling in 

3-Story SPSW Specimen (Caccese et al. 1993); (c) VBE Local Buckling in 2-Story SPSW 
Specimen that Lead to Global Instability (Elgaaly 1998) 

(a) (b)

(c)

(a) (b) (c)
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This undesirable failure mode is mainly ascribed to insufficient flexural stiffness of boundary 

elements (Montgomery and Medhekar 2001). For this reason, to ensure adequately stiff boundary 

elements in designs, the Canadian and American standards for seismic design of steel structures 

specify that moment of inertia of boundary elements IHBE, VBE should satisfy the following limit: 

 
L
ht

I sw
VBEHBE

4

, 00307.0≥  (6-2) 

where tw is the infill plate thickness; hs and L are the center-to-center distances of story height and 

bay width, respectively. Recent work by Qu and Bruneau (2010), however, suggested that there is 

no correlation between satisfying this specified limit and preventing global instability of 

boundary elements. Instead, IBE deterioration mode can be prevented by designing boundary 

element sections with sufficient out-of-plane buckling strength. 

 

IBE is unlikely to occur in a well-designed SPSW, because it can be prevented by designing 

boundary elements according to the capacity design principle. Therefore, as for the previously 

described shear failure mode, the IBE failure mode also can be ruled out as one of the limit states 

to be considered in applying the FEMA P695 methodology and for deterioration model 

development. Hence, only the web tearing (WT) and failure of boundary elements (FBE) are 

considered in this research for quantification of deterioration parameters in SPSW and the results 

are presented in the following sub-section.  

6.2.2 Statistical Estimation of Cyclic Deformation Capacity 

Among 36 SPSW specimens examined, large variability of experimental outcomes was observed. 

To avoid a bias interpretation of cyclic deformation capacity at the ultimate (capping) and failure 

points, those specimens were first classified into four groups according to whether the ultimate 

strength of the specimen had been reached or not, and whether brittle or ductile strength 

degradation occurred for the specimens that had reached their ultimate strengths, as summarized 

in Table 6-2. The first group in the table consists of specimens for which ultimate strength was 

not yet reached during the experiments. Instability of boundary elements, brittle weld fractures at 

column connections to base plates, and decisions of researchers (that might be related to some 

experimental limitations) were some of the factors reported to have caused these experiments to 

conclude before specimens reached their ultimate strengths. Specimens classified into the second
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Table 6-2 List of Steel Plate Shear Walls Tested Specimens 

Researcher Spec. 
ID 

No. 
of 

Stories 

Geometric Properties Type of 
Connection1 Condition at Ultimate Condition at End 

μ 

Lp 
(mm) 

Hs 
(mm) 

Aspect 
Ratio Frame Infill Mode2 Vmax 

(kN) 
Drift 
(%) Mode2 Vend 

(kN) 
Drift 
(%) 

Group 1: Tests stopped before specimen reached its ultimate strength (7 SPSWs) 

Timler and Kulak (1983) – a 1 3750 2500 1.5 P+W W – – – nWT 2698b 1.12i 2.8c 

Tromposch and Kulak (1987) – a 1 2750 2200 1.3 P W – – – nWT 3000b 0.77h 5.7 

Caccese et al. (1993) M22 3 1245 838 1.5 W W – – – FBE 169 2.00j,e 6.7 

Elgaaly (1998) SWT11 2 1473 1156 1.3 P P – – – IBE 369 2.09e 4.2 

 SWT12 2 1473 1156 1.3 P P – – – FBE 387 2.09e 4.2 

 SWT13 2 1473 1156 1.3 P P – – – FBE 343 1.79e 3.6 

Lubell et al. (2000) SPSW4 4 900 900 1.0 W W – – – IBE 175 1.5d 1.5 

Group 2: Tests stopped approximately at the ultimate point (6 SPSWs) 

Caccese et al. (1993) M14 3 1245 838 1.5 W W FBE 334 2.00e – – – 4.0 

 S22 3 1245 838 1.5 P W FBE 142 1.8e – – – 6.0 

 S14 3 1245 838 1.5 P W FBE 356 1.7e – – – 3.4 

Lubell et al. (2000) SPSW1 1 900 900 1.0 W W FBE 210 4.00h – – – 4.0 

Park et al. (2007) SC4T 3 1750 1100 1.6 W W FBE 2532 2.6e – – – 4.4 

 SC6T 3 1750 1100 1.6 W W FBE 3021 2.6e – – – 4.0 

Group 3: Tests conducted beyond the ultimate point with brittle degradation (6 SPSWs) 

Caccese et al. (1993) M12 3 1245 838 1.5 W W FBE 376 1.00e IBE 360 1.7e 2.4 

Elgaaly (1998) SWT14 2 1473 1156 1.3 P W IBE 405 1.19e IBE 343 1.79e 3.6 

 SWT15 2 1473 1156 1.3 P P FBE 432 2.09e IBE 426 2.39e 4.8 

Vian and Bruneau (2005) S2 1 4000 2000 2.0 W+RBS W FBE 2115 3.0 FBE 1692 3.0 10 

Park et al. (2007) WC4T 3 1750 1100 1.6 W W FBE 1526 0.9e IBE 1000 2.5e 5.8 

 WC6T 3 1750 1100 1.6 W W FBE 1682 0.8e IBE 800 2.5e 5.4 
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Table 6-2 List of Steel Plate Shear Walls Tested Specimens – Cont’d 

Researcher Spec. 
ID 

No. 
of 

Stories 

Geometric Properties Type of 
Connection1 Condition at Ultimate Condition at End 

μ Lp 
(mm) 

Hs 
(mm) 

Aspect 
Ratio Frame Infill Mode2 Vmax 

(kN) 
Drift 
(%) Mode2 Vend 

(kN) 
Drift 
(%) 

Group 4: Tests conducted beyond the ultimate point with ductile degradation (17 SPSWs) 

Driver et al. (1997) – a 4 3050 1776 1.7 W W WT 3080 2.2d FBE 2618 4.0d 9.0 
Lubell et al. (2000) SPSW2 1 900 900 1.0 W W FBE 250 4.00 FBE 175 5.0 7.5 
Astaneh-Asl and Zhao (2002) UCB-1 2 – f 3100 – f W W FBE 4005 3.3d FBE 2403 4.0d 5.7 
 UCB-2 3 – f 2067 – f W W FBE 5451 2.2d FBE 4066 3.0d 4.3 
Behbahanifard et al. (2003) – a 3 3050 1678 1.8 W W FBE 3500 2.62d WT 2850 3.7d 7.9 
Berman and Bruneau (2005) F2 1 3658 1829 2.0 P W WT 620 3.0 WT 420 3.7 12 
Vian and Bruneau (2005) P 1 4000 2000 2.0 W+RBS W FBE 1790 2.0 FBE 1650 3.0 10 
 CR 1 4000 2000 2.0 W+RBS W FBE 2050 2.5 FBE 1340 4.0 13.3 
Park et al. (2007) SC2T 3 1750 1100 1.6 W W FBE 1663 2.6e FBE 1338 3.8j 7.0 
Qu et al. (2008) – a 2 4000 4000 1.0 W+RBS W FBE 4245 3.3d,g WT 2387 5.2d,g 10.4 
Choi and Park (2008) FSPW1 3 1650 1075 1.5 W W FBE 1392 3.6e FBE 1364 5.2j 8.1 
 FSPW2 3 2350 1075 2.2 W W FBE 1817 4.5e WT 1776 5.6j 11.8 
   
   FSPW3 3 2350 1075 2.2 W W FBE 1565 2.7e FBE 1100 5.4j 10.6 

Choi and Park (2009) BSPW1 3 2350 1075 2.2 W P WT 1882 3.6e WT 1200 5.3e 11.8 
 BSPW2 3 2350 1075 2.2 W P WT 1961 3.3e FBE 1055 5.3e 11.0 
Li et al. (2010) N 2 2140 3250 0.7 W+RBS W FBE 1300 4.0j FBE 1105 5.0j 12.5 
 S 2 2140 3250 0.7 W+RBS W FBE 1070 3.0j WT 910 5.3j 12.5 
Note: a) No specimen identification available b) Two-single story SPSW tested in tandem. Value shown is capacity of one single-story SPSW 

c) μ = Δend/Δyield (Group 1, 3, 4); μ = Δmax/Δyield (Group 2) d) First story drift  e) Top story drift  f) Not available 
g) Information from phase II (i.e., cyclic test)  h) At the end of the first loading phase (i.e., cyclic pushover loading) 
i) Result from monotonic pushover loading   j) Maximum inter-story drift  
1) P = Pin (simple) or partial welded connection; W = Welded (rigid) connection; RBS = Reduced Beam Section 
2) nWT = non-deteriorated; WT = deteriorated Web Tearing; FBE = Failure of Boundary Elements; IBE = Instability of Boundary Elements 
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group were tested up to their ultimate strength and the experiments concluded either at that point, 

or shortly thereafter. Typically, in such tests, a nearly flat pushover curve (i.e., force-displacement 

relationship) toward the end of a test was deemed to be an indication that the specimen had 

reached its ultimate strength and the experiment stopped. 

  

The last two groups in Table 6-2 consist of the specimens that were pushed beyond the ultimate 

point and strength degradations were recorded. These two groups are differentiated by how 

strength degradations occurred. Specimens that could only sustain one displacement step beyond 

the ultimate point before major failure caused experiments to terminate are listed together in the 

third group. By contrast, strength degradation in specimens in the last group were subjected to 

several displacement cycles beyond the ultimate point. Stable degradation and gradual strength 

drop with respect to the ultimate strength were generally exhibited in those specimens.  

 

Here, these two types of strength degradations (corresponding to specimens in the third and 

fourth groups of Table 6-2) are labeled as brittle and ductile degradations, respectively. In the 

former case, excessive inelastic deformation that caused instability of boundary elements and 

shear failure of boundary elements were two factors that caused specimens to fail abruptly in the 

displacement step beyond the ultimate point. By contrast in the latter case, gradual tearing 

(fracture) of web or boundary elements as the load progressed resulted in stable and ductile 

degradations.  

 

Table 6-2 provides information on all 36 specimens reviewed, with respect to specimen number 

of stories, geometric dimensions (for multi story specimens, the first story height and width are 

used), panel aspect ratio, types of connections used for infill plate-to-boundary frames and HBE-

to-VBE, base shear and corresponding drifts when the specimen reached the ultimate point and at 

conclusion of the test, and displacement ductility ratio (measured as specimen displacement at the 

conclusion of the test divided by reported effective yield displacement).  

 

To statistically estimate cyclic deformation capacities at the capping and failure points, the 

following considerations were exercised. 
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1. Since the specimens in Group 1 did not reach their ultimate point, they were excluded 

from these statistical calculations. 

2. Cyclic deformation capacity at the capping point was estimated considering the specimens 

in Groups 2, 3, and 4 of Table 6-2.  

3. Only the specimens in Group 4 were considered to statistically quantify the cyclic 

deformation capacity at the failure point and rate of degradation. 

 

Frequency distribution (histogram) and lognormal cumulative distribution function (fragility 

curve) for statistical estimation of cyclic deformation capacity when specimens reached the 

ultimate strength are shown in Figure 6-7. On average, SPSW specimens reached their ultimate 

strength at 2.6% drift when all specimens in Group 2, 3, and 4 are considered. The average cyclic 

capacity is slightly higher when only specimens in Group 4 are considered (i.e., 3.1% drift). This 

seems reasonable considering the lower cyclic capacities of several specimens in Group 2 and 3 

compared to that in Group 4. As shown in Table 6-2, these lower cyclic capacities for several 

specimens in Group 3 were attributed to either IBE failure mode or shear failure of boundary 

elements. Similar results can also be obtained from the fragility curve (Figure 6-7b). The median 

of cyclic capacity at the ultimate point (corresponding to a 50% probability of occurrence) are 

2.4% and 3.0% for the same respective groups for which statistical calculations are conducted. 

Based on these statistical results, one can make a general statement to the effect that SPSWs are 

most likely to reach their ultimate strength between 2.5 and 3% drift. 

 

As for the condition at the failure point (at the conclusion of the test), cyclic deformation capacity 

and percentage of strength degradation need to be estimated. Two approaches were conducted to 

statistically estimate these values. In the first approach, both parameters were treated as two 

independent statistic variables. The resulting histograms and fragility curves (not shown here) 

revealed that the average SPSW cyclic capacity at the failure point was 4.5% drift. In other 

words, statistically, when cycling displacements of the specimens reached 4.5% drift, substantial 

web tearing, failure of boundary elements, or combination of both deterioration modes had 

occurred and the test had to be concluded. A similar result was also obtained when specimen 

cyclic capacities at the failure point (Δfailure) were first normalized by their respective capacities at 

the capping point (Δmax) prior to conducting the statistical calculation. As shown in Figure 6-8a,
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Figure 6-7 Cyclic Deformation Capacity at the Ultimate Point: (a) Frequency Distribution; 
(b) Cumulative Distribution Function 
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Figure 6-8 Histogram and Cumulative Distribution Function at the Failure Point (a) Estimation of Cyclic Deformation 

Capacity; (b) Estimation of Strength Drop  
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the average ratio between Δfailure and Δmax is approximately 1.5. Given that the average cyclic 

deformation capacity at peak strength is 3% drift for the specimens in Group 4, global failure 

occurs at approximately 4.5% drift (i.e., after specimens experience cyclic deformations of 1.5 

times beyond that at the capping point). Moreover, Figure 6-8b presents statistical distribution for 

estimation of strength degradation when reaching the failure point. On average when this 

occurred, SPSW specimens have lost approximately 25% of their ultimate strengths at the failure 

point. In other words, many tests were stopped after a substantial drop in strength was observed 

(on average 25%), and the actual rate of progression of further damage that would have occurred 

beyond that point is not known for those specimens. 

 

On the second approach, both parameters were treated as two related statistical variables. The 

process started by preparing a normalized backbone curve of the cyclic hysteresis for each 

specimen from the ultimate to the failure points. In this case, base shear strength and drift were 

normalized by the strength and the corresponding drift at the capping point, respectively. For a 

certain percentage of strength degradation beyond the capping point, the corresponding 

normalized story drift at this degradation level was recorded for each specimen; then, for all 

specimens, average and standard deviation values were calculated. A 5% strength degradation 

interval was chosen to obtain a relatively large number of data points. Note that since each 

specimen has a different level of strength degradation when reaching the failure point (Table 6-2), 

statistical calculation at every degradation level considered a different number of specimens. In 

other words, the number of data points considered in the statistical calculations decreased for 

higher level of strength degradation. For example, at the level of less than 5% strength 

degradation, data was available for 17 specimens, but data for only 3 specimens was available at 

the level of larger than 60% strength degradation. Figure 6-9 presents the resulting normalized 

story drift for each level of strength degradation considered, superimposed with the polynomial 

and linear regression curves for the data points considered, and indicating the number of data 

points available at each degradation level. While a polynomial regression (solid line) would 

provide a better correlation with the actual degradation behavior, the linear regression (dash line) 

provides a simpler approach to simulate strength degradation. Based on this result, to obtain 

reliable estimation of strength degradation and drift at the failure point, it was decided to only 

consider the cases for which at least 9 data points are available (which correspond to deterioration
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Figure 6-9 Normalized Base Shear Strength versus Normalized Drift 
from Capping to Failure Points 

 

levels where data is available for more than half of the total number of specimens in Group 4). On 

that basis, 25% strength degradation and approximately 4.0% drift (i.e., 1.33 times the average 

drift at the ultimate point of 3%), respectively, were obtained from the statistical calculation of 9 

data points. Interestingly, results from this somewhat more elaborate approach are only 

marginally different from those obtained using the first approach. 

 

Though detailed information is not presented in this report, similar outcomes were also obtained 

when the same procedure was conducted using actual drifts instead of their normalized values. In 
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procedure which for a certain increase of normalized drift beyond the capping point, the 

corresponding strength degradation is calculated for each specimen. However, it was not tried in 

this study.  

 

All the above statistical results suggest that, generally, SPSWs most likely would experience 

global failure when cycled up to 1.5 times beyond the displacement at which peak strength is 

reached.  Therefore, since peak strength is typically reached at 3% drift, global failure would 

approximately occur at between 4.0 and 4.5% drift. 

 

It is worth emphasizing here that several other factors might affect cyclic deformation capacities 

of specimens when reaching the capping and failure points, such as panel aspect ratio, specimen 

scales that dictate boundary element sizes, boundary element compactness, types of connections 

between SPSW components as well as between specimens and their bases. In addition to these 

factors related to specimen geometric properties, the design approaches used to size the SPSWs 

(e.g., elastic design, plastic design or capacity design principles, designing specimens as shear-

type structures, as flexural-type structures, or combination of both) and loading protocol imposed 

during experiments (e.g., level of axial loads imposed, distribution of lateral loads along the 

specimen height for multi story specimens) might affect specimen capacities to resist earthquake 

loads. However, in light of the relatively few number of SPSW specimens tested at the time of 

this writing, the effect of these factors on specimen cyclic deformation capacities cannot be 

statistically investigated, and is considered to be beyond the context of this research. As new data 

becomes available, the effect of these factors and relationships between one factor and another 

could be quantified. 

 

6.3 Initial Deterioration Model and Selection of Structural Analysis Software 

Cyclic deformation capacities estimated in the previous section for the capping and failure points 

were capacities at the structural level. To model deterioration for SPSWs using structural analysis 

software, similar information needs to be developed at the component level. In other words, 

assuming that the degradation pattern at the structural level is an expression of behavior at the 

component level, moment-rotation and axial force-deformation degradation models are required 
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for boundary elements and infill plates, respectively. These models usually are developed from 

past component tests or from past assembly of structural system tests that reported these local 

behaviors. However, since neither of these sources is available for SPSWs at the time of this 

writing, it was decided to develop initial deterioration models for boundary elements and infill 

plates indirectly from the structural level. This can be done by first developing numerical models 

of several selected specimens, performing monotonic pushover analysis, and recording local 

behaviors when the structure experienced 3% and 4% interstory drift (i.e., corresponding to the 

capping and global failure points). 

 

For that purpose, the specimens selected were Vian and Bruneau (2005), Qu and Bruneau (2008), 

Choi and Park (2009), and Driver et al. (1997) specimens. Detailed information and the rationale 

for selecting these single- to four-story specimens are addressed later in Section 6.6. Strip models 

were developed in SAP2000 for each specimen, similarly to what was previously presented in 

Purba and Bruneau (2010), with the Axial-hinge and Fiber-hinge chosen to define the inelastic 

behavior of the infill plates and the boundary elements, respectively. In the analysis of the strip 

models, both steels used for boundary elements and infill plates were represented by an idealized 

elasto-perfectly plastic stress-strain material. A monotonic pushover analysis was then conducted 

for each specimen up to 5% drift, and maximum cross-section rotations of boundary elements and 

maximum axial elongations of infill plates were recorded at 3 and 4% drifts as summarized in 

Table 6-3. The average values at 3 and 4% drifts were chosen as the degradation parameters at 

the capping and failure points, respectively. To consider strength degradation, yield strengths of 

both steels used for boundary elements and infill plates were assigned a 25% strength drop at the 

failure point based on the statistical results presented in Section 6.2.2. The resulting initial 

degradation models are shown in Figure 6-10 for boundary elements and infill plates. Note that 

the degradation models are defined at the material level. For the boundary elements, the extreme 

fiber strain corresponds to the capping and failure points can be estimated as follows:  

 θε ×=
pL
h5.0  (6-3) 

where h is the cross-section depth; Lp is the plastic hinge length; and θ is the cross section 

rotations, which are 0.03 and 0.04 radians for point C and D, respectively. 
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Table 6-3 Parameters of Initial Degradation Models for Boundary Elements and Infill Plates 

Model Based on 
Specimen 

Number 
of Stories 

Boundary Element 
Rotation (radians) Strip Elongation (δ/δy) 

at 3% Drift at 4.0% Drift at 3% Drift at 4.0% Drift

Vian & Bruneau 2005 1 0.035 0.045 15.0 21.1 

Qu and Bruneau 2008 2 0.029 0.037 14.2 18.3 

Choi and Park 2009 3 0.029 0.039 9.4 12.5 

Driver et al. 1997 4 0.030 0.040 5.8 7.6 

Average = 0.030 0.040 11.1 14.9 
 

 
 

Figure 6-10 Initial Degradation Models: (a) Strips; (b) Boundary Elements 
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(progressively increasing cyclic displacement history up to 6% drift) were conducted on the 

single story SPSW specimen of Vian and Bruneau (2005). Two unexpected numerical outcomes 

were observed. First, monotonic pushover results indicated that global system strength 

degradation rate was relatively slower than that of the material model. When reviewing the 

moment-rotation relationship at one expected location of plastic hinge in a boundary element, it 

was found out that the reduction in end moment after the cross-section rotation reached 0.04 

radians (i.e. the specified value at Point D in Figure 6-10), was only approximately 15% as 

opposed to 25% strength degradation. Note that this problem did not occur in the force-
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behavior. Second, during the cyclic pushover analysis, the structure did not accurately follow the 

specified cyclic displacement loading history once strength degradation started to occur. In this 

particular strip model of the Vian and Bruneau (2005) specimen, when the structure had reached 

the ultimate point during the positive excursion and strength degradation had occurred (marked as 

point A in Figure 6-11), the structure supposedly should have undergone into a negative 

excursion following the specified cyclic displacement loading history (marked by the dash arrow 

in the figure). However, the structure instead maintained the same positive excursion as if a 

monotonic loading history had been imposed. In a ‘loose’ analogy, this behavior shows similarity 

to a “snap-through” phenomenon. Interestingly, after reaching Point D (when structural 

components reach their “stable” residual strengths), normal cyclic hysteretic behavior as 

exhibited in earlier cycles reemerged. Consequently, the cyclic pushover curve was significantly 

biased toward the positive direction, even though the cyclic displacement loading history was 

symmetric in both positive and negative directions. 
 

 
 

Figure 6-11 Incorrect Cyclic Pushover Analysis Result in SAP2000 
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The aforementioned slower strength degradation can be understood through the mechanics of 

fiber-elements. In a fiber-element, each fiber has its own stress-strain relationship. Hence, when 

the fiber element is subjected to flexure, stress-strain distribution varies from one fiber to another 

depending on its location in respect to the plastic neutral axis. When the furthest fiber from the 

plastic neutral axis reaches the yield point, all other fibers remain in the elastic range. 

Consequently, when stress of the furthest fiber starts to decrease after reaching a specified strain 

for degradation, all other fibers have not reached this level yet (i.e., stress at the plateau level). 

Several fibers close to the plastic neutral axis even remain elastic. Consider a cross section with 

degradation model as shown in Figure 6-10 as an example. When cross-section rotation reaches 

0.04 radians, not every fiber has lost 25% of it strength; therefore, degradation of moment 

capacity is less than 25%. Fibers have to experience larger strains, beyond 0.04 radians, for a 

25% stress degradation to develop in most of the fibers, and thus achieve a 25% degradation of 

moment capacity. Hence, the slower degradation rate observed in those analyses is a consequence 

of having selected fiber-hinges to model the inelastic behavior of boundary elements. 

 

In light of this result, one might suggest using another structural element with zero-length plastic 

hinge to model the boundary elements. Unlike fiber-hinges which require a finite length of plastic 

hinge, the entire cross-section of an element with zero-length plastic hinge presumably could 

reach any particular level of internal force-deformation at the same time, and could eliminate the 

above issue of incorrect degradation behavior. However, experience shows that fiber-element 

remains the better option when modeling SPSWs inelastic behavior, because fiber-element 

inelastic hinges automatically account for the interaction between the axial forces and moments 

that occurs in the HBEs and VBEs (Purba and Bruneau 2010), a phenomenon that cannot be 

accommodated reliably by other elements such as zero-length plastic hinges. This is particularly 

true given the highly fluctuating axial forces in boundary elements, which depends on the tension 

forces developed in the infill plates. Given the other problems encountered in the past when 

attempting to model SPSWs to account for the effect of axial forces using other methods, it was 

decided to keep the fiber-element but adjust it in a way to capture the correct strength degradation 

behavior of boundary elements. 
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From a numerical modeling standpoint, the target fiber-element degradation behavior can be 

achieved by specifying larger stress degradation to fibers, such that when the cross-section 

experiences the specified rotations for Point D, the resulting deteriorated moment capacity 

matches the desired specified value. To estimate level of stress degradation on the fibers that has 

to be specified in order to obtain the desired moment degradation at a particular cross-section 

rotation, a case study on plastic analysis at the cross-section level was conducted. As an example, 

to obtain the deterioration behavior shown in Figure 6-10b, approximately 70% stress degradation 

at 0.022 strains has to be specified for the fibers in the W18×65 HBE in the Vian and Bruneau 

(2005) specimen; a resulting 25% moment degradation was thus achieved when cross-section 

rotations reached 0.04 radians with this approach. 

 

As for the second unexpected numerical outcome, another case study was conducted to review 

SAP2000 ability to perform cyclic pushover analysis on a structure having strength degradation 

defined for its components. The results indicated that the axial-hinge used to model the inelastic 

behavior of strips did not properly “rebound” toward the opposite direction once strength 

degradation has taken place (i.e., between Points C and D). When in the strength degradation 

range, the strip force-displacement curves continued elongating toward Point D even when a 

reversed global displacement was applied. Detail explanations of this case study are presented in 

Appendix B.  

 

Substantial effort was invested to debug the axial-hinge error, including consultations with 

SAP2000 technical supports. Upon unsuccessful outcomes, subsequent development of the 

degradation model for steel plate shear walls was conducted using the Open System for 

Earthquake Engineering Simulation (OpenSees) framework. As shown in Appendix B, OpenSees 

allowed the successful performance of nonlinear analysis with degradation material. Incidentally, 

the robust finite element software ABAQUS also could have been used for this purpose. However, 

OpenSees was preferred as it also allowed development of many archetypes with various 

structure configurations in a relatively short time (further discussed in Section 7). The following 

section presents the degradation models for the infill plates and boundary elements implemented 

in OpenSees framework. 
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6.4 Deterioration Models for SPSW Components 

6.4.1 Unstiffened Infill Plates 

Using OpenSees v. 2.3.0 (Mazzoni et al. 2009), unstiffened infill plates were modeled as series of 

Truss Elements oriented in the direction of the tension field. The Hysteretic Uniaxial Material 

model was selected to define the inelastic behavior of these truss elements. In a general 

configuration, this uniaxial material model can construct bilinear hysteretic behavior with 

pinching on both force and deformation as well as simulate cyclic strength degradation, 

“in-cycle” strength degradation, and unloading stiffness degradation (Mazzoni et al. 2009). To 

simulate tension-only truss element, the pinching factor for stress during reloading was set to a 

small value (i.e., 10-5) and the last two model parameters (i.e., “in-cycle” strength degradation 

and unloading stiffness degradation) were set to zero. Use of this small pinching factor forced the 

strip to have practically zero strength during compression, return to the compression onset point 

before taking tension, and to reload in tension elastically up to the peak plastic strain reached in 

previous cycles before yielding anew (Clayton 2012). As discussed in Section 2.3.2, the decision 

to set the last two model parameters equal to zero was based on the assumption that “in-cycle” 

strength degradation and unloading stiffness degradation did not play a significant role in the 

deterioration of steel plate shear walls reported in past experiments. 

 

A typical resulting tension-only hysteretic behavior of a strip with strength degradation is shown 

in Figure 6-12. Unlike typical results of SAP2000 which report only plastic deformations, elastic 

deformations are included in the OpenSees results. Note that the resulting hysteresis is actually a 

combination of force-displacement outputs of two truss elements, whose positions mirror each 

other in the model. Detailed explanations of the tension-only truss element with hysteretic 

uniaxial material model are presented in Appendix B. 

6.4.2 Horizontal and Vertical Boundary Elements 

OpenSees has three possible elements that can be used to model horizontal and vertical boundary 

elements (HBE and VBE), namely: (1) using the Force-Based Beam-Column Element (Figure 

6-13a) which is also called the Nonlinear Beam-Column (NLB) Element in OpenSees; (2) using 

the Beam with Concentrated Hinge (BCH) Element ((Figure 6-13b), and (3) using a combination
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Figure 6-12 Typical Force-Displacement Hysteresis of Tension-only Truss Element 
Obtained from OpenSees Analysis 

 

 
 

Figure 6-13 OpenSees Elements to Model Boundary Elements: (a) Nonlinear Beam-Column 
(b) Beam with Concentrated Hinge; (c) Zero Section + Elastic Beam Column 
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of the Zero-Length Section (ZLS) Element located at a member’s ends and the Elastic 

Beam-Column (EBC) Element at its middle part (Figure 6-13c). All of these can accommodate 

fiber cross sections and have been verified to accurately match the theoretical P-M interaction 

behavior, as presented in Appendix B. In addition, the hysteretic uniaxial material model can be 

applied to define the inelastic behavior of each fiber. Unlike that in the truss element, pinching 

factor for strain during reloading was set to a small value (i.e., 10-5) in these elements to simulate 

the ‘fat’ hysteresis behavior of boundary elements. Note that the ZLS element available in 

OpenSees is slightly different from the zero-length plastic hinge structural members commonly 

used in the simple plastic analysis. Stress-strain relationship at the material level can be defined 

in the ZLS element while in the zero-length plastic hinge member (which also available in 

OpenSees) cross-section properties can only be defined in terms of moment-rotation relationship. 

 

In terms of simulating accurate strength degradation however, the BCH element is simpler to use 

compared to the other two elements. Derived from the Gauss-Radau quadrature rule, the BCH 

element assumes that plasticity is concentrated over a certain length at the ends of beam-column 

members, and the user has flexibility to specify that length (Scott and Fenves 2006). By contrast, 

the NLB element is developed based on distributed plasticity concept. Plastic hinge length in the 

NLB element is defined as the length of the first integration point according to the Gauss-Lobatto 

rule. In other words, the plastic hinge length is a function of the number of integration points 

specified. Contrary to its impact on the numerical integration accuracy, a larger number of 

integration points results in a decreasing length of plastic hinge. As a result of smaller plastic 

hinge length, strain-softening (localization issue) could occur in NLB elements with deteriorated 

material properties, while plastic strains quickly increase and rapid strength degradation occurs 

(Coleman and Spacone 2001), as shown in Figure 6-14a. The figure presents results of a case 

study on a simple cantilever column modeled with BCH, NLB, and ZLS+EBC elements under a 

horizontal pushover load at its tip. Having no definition of plastic hinge length in ZLS elements, 

one can ‘loosely’ infer the ZLS element to be a special case of the NLB element with a 

considerably small plastic hinge length. 

 

The straightforward definition of plastic hinge length in BCH elements plays a key role in their 

ability to adequately simulate the nonlinear deteriorating material response of beam-column
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Figure 6-14 Modeling Boundary Elements in OpenSees Framework: (b) Monotonic Results 
for 3 elements; (b) Typical Hysteresis of Beam with Concentrated Hinge (BCH) Element 
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members. As shown in Figure 6-14a, the BCH element result is in a good agreement with that of 

the theoretical prediction. With several modifications however, the other two elements can 

simulate the same behaviors as well. Coleman and Spacone (2001) developed a regularization 

technique to resolve the localization issue for the NLB element which requires modification of its 

material stress-strain behavior to maintain constant fracture energy at the onset of degradation 

and selection of a correct number of integration points such that the length of the first integration 

points equals the expected plastic hinge length. Full compliance with this technique to model 

SPSW boundary elements would require the development of a new strain modification factor, 

since the factor proposed by those researchers was developed based on the compression fracture 

energy of concrete. Hence, it was not investigated in this case study. Partial application of this 

technique, however, was investigated and results are presented in Appendix B. By reducing the 

number of integration points, the NLB results approached those of BCH. Moreover, in a complete 

SPSW model, in which boundary elements are “sliced” into shorter members to match the 

distance between strips, this technique of reducing the number of integration points might not be 

applicable (and is not practical). The smallest number of integration points (i.e., 3 points) might 

be too small for short elements and would sacrifice numerical integration accuracy. As for the 

ZLS element, modification on material stress-strain behavior can be used. After multiplying 

strains by an expected plastic hinge length (Lp), the ZLS results approached those obtained with 

the BCH element. This approach is equivalent to specifying material properties as a stress versus 

(strain × Lp) relationship rather than in the standard stress-strain relationship. To simulate the 

actual flexural stiffness of beam-column element, further modification on flexural stiffness of 

combined ZLS and elastic beam-column elements are required (Ibarra and Krawinkler 2005). 

 

On the basis of that fundamental knowledge, boundary elements were modeled using BCH 

elements with fiber sections and hysteresis uniaxial material model. A typical moment-rotation 

hysteresis obtained using BCH element with strength degradation is shown in Figure 6-14b. To 

deal with shorter HBEs and VBEs in a complete SPSW model, smaller plastic hinge length was 

assigned to the end of BCH element where plasticity was not expected to occur and elastic 

material properties were specified to this zone. In this research, the plastic hinge length of this 

zone was taken as one-tenth of plastic hinge length at the other end. 
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6.5 Behavior of SPSW Considering Various Deterioration Models 

Up to this point, web tearing (WT) and flexural failure of boundary elements (FBE) have been 

identified as the two main sources that cause SPSW capacity to deteriorate in strength and 

stiffness, and these two failure modes have been considered in the development of deterioration 

models (Figure 6-10). Though both deterioration modes generally take place once SPSW 

specimens are cycled to relatively large lateral displacements (or drifts), as confirmed by the 

results of past experiments (Table 6-2), it was reported in many cases that infill plates could 

continue to dissipate energy even after failure of boundary elements occurs. In such cases, infill 

plates exhibited non-deteriorating web tearing (Section 6.2.1) with significant inelastic 

deformations. Hence, one might be tempted to consider modeling deteriorating SPSWs by 

implementing strength deterioration model only for the boundary elements, while providing 

elasto-perfectly plastic model without deterioration for infill plates. The problem with that 

approach is that when significant web tearing occurs, as observed in a number of other tests, it 

would give incorrect results.   

 

Another legitimate question is whether the residual strength defined for infill plates in Figure 

6-10a is appropriate considering that once significant tears starts to propagate across the infill, the 

corresponding strip plate used in the model at this location should lose its entire strength to 

sustain loads (i.e., the stress it carries should completely drop to zero when that tears start to 

propagate). Furthermore, given that web tearing that is correlated to strength degradation 

generally starts from one of the panel corners, an accurate model should presumably account for 

the fact that strips attached closer to the panel corner would lose strength faster than the others. It 

is unclear what would be the impact of using different deterioration models for strips depending 

on their location from the panel corner. 

 

To investigate the above concerns, a series of monotonic pushover analyses were conducted with 

various deterioration models assigned to boundary elements and infill plates. More specifically, 

these analytical investigations were intended to compare the global SPSW deterioration behavior 

obtained when deterioration models were assigned to both infill plates and boundary elements 

with the case when a deterioration model was only assigned to either boundary elements or the 

infill plates. In addition, impact of severe and moderate deterioration models assigned 
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respectively to corner and middle strips was investigated and compared with the case with 

uniform deterioration models. Lastly, different deterioration rates for infill plates were 

investigated, considering abrupt drop to zero stress at a certain specified strain level, as well as 

gradual drop to zero stress at various rates. Details of these case studies and outcomes are 

presented in Appendix B.  However, a few key findings resulting from these parametric are 

important to highlight here: 

1. Different Deterioration Models for Boundary Elements and Strips. When a 

deteriorating material model was assigned to boundary elements while an elasto-plastic 

was assigned to strips, strength degradation was less pronounced and convergence was 

relatively easy to achieve compared to the reverse scenario, where a deteriorating material 

model was assigned to strips while an elasto-plastic was assigned to boundary elements. 

To provide a general SPSW model that is capable to simulate both deterioration modes in 

boundary elements and strips, it is necessary to assign deteriorating material models to 

both components. 

2. Different Deterioration Models for Corner and Middle Strips. Due to the flexibility of 

boundary elements when resisting tension force from yielded strips, strips attached closer 

to the panel corner (i.e., corner strips) elongated and deteriorated significantly faster than 

other strips (i.e., middle strips). Assigning different deterioration model for strips 

depending on their location from the panel corner resulted in a more realistic deterioration 

behavior (i.e., smoother force-displacement pushover curve) compared to the somewhat 

jagged pushover curve that was obtained when defining uniform deterioration for all strips. 

For simplicity, however, the last option was selected and the same deterioration model 

was assigned to all strips. 

3. Deterioration Rate for Strips. It seems reasonable to assume that once deterioration due 

to severe web tearing occurs and TFA is unable to develop, the corresponding strip plate 

in the analytical model should lose its entire strength. In other words, no residual strength 

should be assigned to a strip once strength degradation occurs. This would be consistent 

with the fact that strength degradation was reported to be relatively fast once severe web 

tearing occurred in past experiments. Hence, a relatively stiff deterioration slope should 

be assigned for strips in the numerical model to simulate the behavior observed in 

experiments. However, it was found from the case studies conducted that using an abrupt 



 269

drop in deteriorating model for strips created numerical convergence problem during the 

analysis, and therefore, a gradual deterioration was used (i.e., setting strips to lose 100% 

of their strength within once or twice the specified displacement increment beyond the 

capping point). 

4. Plastic Hinge Location in VBEs. Per capacity design principle, plastic hinges in VBEs 

are expected to develop only at the base of SPSW, while VBEs over the rest of the wall 

height are expected to remain elastic. However, the case studies conducted revealed that 

plastic hinges could also possible to develop at the ends of VBEs in the upper stories. This 

condition occurs when significant numbers of strips in a particular story lose their entire 

strength to resist story shear forces (given that these strips are modeled without residual 

strength once strength degradation occurred) and the VBEs progressively contribute more 

(replacing the strips) in sustaining the story shear forces. As a result, plastification at the 

ends of VBEs at any story could take place. Hence, in the SPSW strip model, plastic 

hinges need to be defined at the ends of every VBE to simulate the possibility to develop 

soft-story mechanism at any story level. 

 

Those findings are considered when conducting calibration of the proposed deterioration model 

in the following section.  

 

6.6 Calibration of Proposed Deterioration Model 

Two failure modes have been identified as the main sources of strength deterioration for steel 

plate shear walls and initial models for boundary elements and infill plates were proposed in 

Figure 6-10. However, analyses using these initial models did not match experimental results well 

(see Section 6.3). To improve the analytical results over the strength-degradation range of 

response, it was therefore decided to modify and calibrate those models to available experimental 

data. By matching the results of analyses using these numerical models to their corresponding 

experimental results, key deterioration model parameters (i.e., the capping Point C and the 

residual strength Point D in Figure 6-10) for boundary elements and infill plates could be 

estimated. This section presents the details of this calibration of the proposed deterioration 

models. 
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Calibration of the proposed deterioration models was conducted using 4 selected specimens that 

represent single- to four-story SPSWs, with panel aspect ratio ranging from 1.0 to 2.2. Each 

specimen has a unique characteristic for which observation of different scenarios of strength 

degradation can be made. The Vian and Bruneau (2005) single-story specimen exhibited fractures 

of boundary elements but no fractures of its infill plates that contributed to the specimen strength 

degradation (i.e., the infill plates exhibited significant plastic deformations instead). The reverse 

scenario was observed in the three-story specimen tested by Choi and Park (2009), where strength 

deterioration was attributed to web tearing in absence of significant damages to boundary 

elements. A case for which both fracture of boundary elements and deterioration due to web 

tearing was reported by Qu and Bruneau (2008) for a two-story specimen. While both 

deterioration modes were also observed in the Driver et al. (1997) four-story specimen, strength 

degradation rate and magnitude of this degradation were not as severe as that in the two-story 

specimen. 

 

Prior to presenting the calibration results, the procedure used for the calibration process is first 

explained (Section 6.6.1). Based on the calibration outcomes (Sections 6.6.2 to 6.6.5), a final 

deterioration model is defined to represent general strength deterioration behavior for boundary 

elements and infill plates (Section 6.6.6). That general model is then used for the collapse 

assessment of steel plate shear walls in Section 8. 

6.6.1 Calibration Procedure 

The following calibration procedure was applied to all specimens considered to estimate the 

general deterioration model parameters at the capping Point C and the failure Point D for both 

boundary elements and strips. Additional considerations and engineering judgments specific to 

each specimen will be explained in the subsequent sections when presenting specimen-specific 

calibration results. 

1. Strip Model Development. Based on documented experimental information reported for 

each specimen (e.g., geometric and section properties, material properties, presence of 

gravity loads, lateral load distributions, cyclic pushover displacement loading histories), a 

strip model of the entire SPSW was developed in OpenSees for each specimen.  
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2. Preliminary Analysis. Prior to performing cyclic pushover analysis to simulate the actual 

experimental program, a series of monotonic pushover analyses were conducted to obtain 

a monotonic pushover force-displacement curve that would match the backbone of the 

force-displacement hysteretic curve obtained in the experiment. As an initial start, 

monotonic pushover analysis was conducted on the strip model with both the steels used 

for boundary elements and strips represented by an idealized elasto-perfectly plastic 

stress-strain material. This initial monotonic push-over analysis, conducted up to the 

maximum drift to which each considered specimen was tested, served two purposes, 

namely: (a) to observe whether the resulting analytical elastic stiffness and the onset of 

effective yielding matched that reported in the corresponding experiment; and (b) to 

obtain rough estimates of cross-section rotations in boundary elements and axial 

elongations in strips when the strip model reached displacements that corresponded to the 

specimen’s ultimate and failure points (i.e., Point C and D). 

3. Matching the Capping Point. As a result of excluding strain-hardening from the material 

models in the above initial analysis, obviously, the resulting ultimate strength obtained in 

Step 2 above was less that the reported ultimate strength of each tested specimen. To 

match the actual ultimate strength observed in the experiment, subsequent analysis 

considered a strain hardening of 2% up to Point C and an assumed zero-slope plateau of 

no strain hardening beyond this point. Even though strain hardening would likely be more 

substantial in boundary elements than in infill plates, for simplicity, strain hardening was 

assigned to be identical for the steels used for the boundary elements and strips. More 

specifically, the above 2% strain hardening model was assigned to the stress-strain 

material property of the axial hinges, as well as to each fiber in the boundary element 

plastic hinge model, which translated to an effective 2% strain hardening at the cross-

section level (i.e., in terms of moment-rotation or axial force-deformation relationship). 

Note that assigning 2% strain hardening up to the capping point (i.e., Point C) for the 

materials in the numerical model results in a greater strain hardening rate than that 

typically reported in the material properties obtained from coupon tests. However, this 

approach was deemed acceptable considering that strain hardening typically develops 

faster in cyclic tests.  
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4. Identifying Deteriorated Components. Once a good match between the numerical and 

experimental results up to the capping point was obtained (Step 3), material properties for 

both boundary elements and strips at Point C can be established. To obtain the same result 

at the failure point, one must identify which SPSW components deteriorated during each 

experiment. 

5. Defining Strength Deterioration. For the components identified in the previous step, the 

drift at which this deterioration started to take place and the amount of strength drop that 

occurred at the structural level due to this local deterioration were quantified. The 

percentages of strength degradation were estimated based on severity of damages reported 

in the experiment. For example, fracture of one flange in a W-section could result in 

approximately 40% strength degradations in that boundary element, and significant 

tearing of infill plates such that TFA could not be developed should be modeled in the 

numerical model as strips losing their entire strength (i.e., 100% strength degradations). 

The rate of strength degradation, as a function of element deformations was also 

quantified. From experiment step-by-step results and observations (e.g., drift levels when 

fracture started to occur and when degradation stabilized or ended), one can define 

parameters for Point D. In other words, degradation rate observed at the global structural 

level was assumed to be proportionally correlated to the degradation rate in the material 

level. Because each specimen exhibited different scenarios of strength degradation, 

different deterioration models (i.e., values for Point C and D) were assigned to boundary 

elements and strips for each specimen. Using this information, a deterioration model was 

created for every component which was damaged during the experiment (i.e., replacing 

the previously used elasto-plastic with strain hardening model defined as in step 3). Note 

that, as mentioned in Section 6.2.1, only WT and FBE deterioration modes were 

considered.  

6. Performing Cyclic Pushover Analysis. Once a good match between the resulting 

monotonic pushover curve and the backbone of hysteretic curve from the experiment was 

obtained, cyclic pushover analysis was conducted following the actual displacement 

loading histories imposed during each experiment. In this calibration process, only one 

cycle of loading history was applied at each displacement increment level, because no in-

cycle material degradation was included in the numerical model. 
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Several iterations were typically required to obtain a good match between the numerical and 

experimental results, which included revising parameters at Point C and D defined for both 

boundary elements and strips, slightly increasing yield strength of steels used for boundary 

elements and strips by a factor 5 to 10%, and re-analyzing the strip model under monotonic and 

cyclic pushover analysis. Note that the slight increase of material strength above the reported 

value was deemed necessary to obtain a better match between the numerical and experimental 

results. This increase is within the range of material property variability obtained from coupon 

tests, and was therefore it deemed acceptable. As addressed later in the following sub-sections, 

the numerical model generally underestimated the onset of effective yielding observed in the 

experiment. No substantial effort was invested to resolve this discrepancy in the calibration 

process because underestimating the onset of effective yielding was considered not to critically 

affecting the collapse prediction of steel plate shear walls. 

6.6.2 Single Story SPSW: Vian and Bruneau (2005) Specimen 

The first calibration was conducted on the single-story cutout corner SPSW specimen tested by 

Vian and Bruneau (2005). The centerline dimensions of this one-half scale specimen were 

4000 mm wide by 2000 mm high, as schematically shown in Figure 6-15. Special moment 

resisting HBE-to-VBE connections with reduced beam section (RBS) on the HBEs, reinforced 

quarter-circle cutouts of 500 mm radius at the upper corners of the infill plate, and real hinge 

supports located 850 mm below the intersection point of the VBE and lower HBE working lines, 

were implemented. Fish plates were added to facilitate welded connection of the infill plates to 

the surrounding frame. W18X65 and W18X71 were used for HBEs and VBEs, respectively, and 

low yield steel (LYS) was used for the 2.6 mm thick infill plate. Boundary elements were made 

of steel equivalent to ASTM A572 Grade 50 (Fy = 345 MPa) and infill plate from LYS with yield 

and ultimate stresses of 165MPa and 305MPa, respectively. Cyclic displacement history applied 

to the actuators attached to the mid-span of top HBE is shown in Table 6-4. 

 

Bottom flange fractures at both RBS locations of the lower HBE occurred at 3.0% interstory drift 

and caused a strength degradation of 17.5% from the specimen ultimate strength of 2060 kN, 

which was reached in the previous displacement cycle of 2.5% interstory drift. Note that the
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Figure 6-15 Single Story SPSW Specimen (Vian and Bruneau 2005): 
(a) Schematic of Specimen; (b) Reduced Beam Section (RBS) Detail  

 

(b) 

(a) 
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Table 6-4 Cyclic Displacement History for Single Story SPSW (Vian and Bruneau 2005) 

Displacement 
Step 

Number of 
Cycles 

Cumulative 
Number of 

Cycles 

Ductility 
Ratio Δ/δy 

Top Drift 
(%) 

Top 
Displacement 

Δ (mm) 

1 3 3 0.33 0.14 3.9 

2 3 6 0.67 0.26 7.3 

3 3 9 1.00 0.37 10.4 

4 3 12 2.00 0.68 19.5 

5 3 15 3.00 1.00 28.5 

6 2 17 4.00 1.32 37.6 

7 2 19 5.00 1.64 46.7 

8 2 21 6.67 2.16 61.6 

9 2 23 8.33 2.66 75.9 

10 2 25 8.33 2.65 75.5 

11 2 27 10.00 3.22 91.7 

12 2 29 13.33 4.27 121.6 
 

initiation of these fractures actually occurred during the third cycle of the 2.5% interstory drift. 

Moreover, fractures at the connection of the upper HBE to the VBE (i.e., which started at the 

welded connection between the top continuity plates to the VBE flange and progressed to the 

VBE web) occurred at 4.0% interstory drift and caused a strength degradation of 24% from the 

specimen’s ultimate strength. Snapshots of these fractures at the boundary elements are shown in 

Figure 6-16. These boundary element fractures occurred during the positive excursion of the 

respective displacement cycles. Compared to the aforementioned strength degradation recorded 

during the positive excursion, strength degradation was larger in the subsequent negative 

excursion of the same displacement cycle. During the negative excursion, the values were 27% 

and 35% strength degradations at 3% and 4% interstory drifts, respectively. As for the infill plate, 

noticeable plastic deformations and minor cracks were observed (Figure 6-17) but these had 

insignificant impact on the overall deterioration behavior of the specimen. 

 

In the strip model developed for this specimen (Figure 6-18), a deteriorating material model was 

assigned to the HBEs (indicated by solid circular marker in the figure) while an elasto-plastic
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Figure 6-16 Failure of Boundary Elements in Single Story SPSW Specimen (Vian and 
Bruneau 2005): (a) Fracture at VBE Connection to Upper HBE; (b) Side View of Part (a); 

(c) Fracture at RBS Location of Lower HBE; (d) Bottom View of Part (c)  

 

 
 

Figure 6-17 Plastic Deformations and Minor Cracks in Single Story SPSW Specimen (Vian 
and Bruneau 2005): (a) Left Part; (b) Right Part 

(a) (b)

(c) (d)

(a) (b)

Detail in Figure 
6-1c & 6-1d 
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Figure 6-18 Strip Model for Single Story Vian and Bruneau (2005) Specimen: (a) Overview; 
(b) Material Model for Boundary Elements; (c) Material Model for Strips 
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material model was assigned to the infill plates (indicated by light-color circular marker in the 

figure). A 2% strain hardening up to the capping point was assigned to both material models. 

Though fractures occurred at the upper HBE located at its connection to VBEs, for simplicity, 

fiber hinges were assigned at the center of RBS similar to that of lower HBE. In addition, both 

HBE0 and HBE1 were assigned a similar deteriorating material model (Figure 6-18b) even 

though fractures actually occurred sooner on HBE0 (i.e., recorded at 3.0% drift cycle) compared 

to that on HBE1 (i.e., recorded at 4.0% drift cycle). Lastly, the quarter-circle cutouts at the upper 

corners of the infill plate were not included in the strip model. Hence, strips used to model the 

plates which were welded to the cutout stiffeners during the experiment (Figure 6-17) were 

connected directly to the boundary elements in the numerical model. 

 

The resulting force-displacement hysteresis of the strip model is shown in Figure 6-19, plotted 

together with that of the cyclic pushover test. Overall, the analytical hysteresis is in a good 

agreement with that from the experiment. The hysteresis has a better match with the capping 

point and the degradation backbone up to the completion of the test in the positive excursion 

compared to that in the negative excursion. This can be understood because in-cycle strength 

degradation was not considered in the material model (Section 6.6.1). Moreover, the strip model 

exhibited more severe pinching behavior compared to that observed during the experiment. This 

discrepancy is attributed to the material model assigned to the infill plate that can only yield in 

tension and has no strength in compression, which will be further addressed in Section 6.6.6. 

6.6.3 Two-Story SPSW: Qu and Bruneau (2008) Specimen 

Qu and Bruneau (2008) conducted an experimental program on a full-scale, two-story steel plate 

shear wall with RBS connections and composite floors. Schematic of the specimen and the 

experiment setup are shown in Figure 6-20. The centerline dimensions of the specimen were 

8000 mm total high by 4000 mm wide. Wide-flange section H532×314×25×40 was selected for 

VBEs at each story while H458×306×17×27, H350×252×11×19, and H446×302×13×21 were 

selected for the bottom, intermediate, and top HBEs, respectively. Note that the designation for H 

shapes sequentially refers to section overall depth, flange width, web thickness, and flange 

thickness. Hot-rolled steels of 3.2 and 2.3 mm thick were selected for the first and second story 

infill plates, respectively. Material properties of boundary elements and infill plates are
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Figure 6-19 Single Story SPSW Specimen Hysteresis 

 
summarized in Table 6-5. A vertical load of 1,400 kN was applied at each column to simulate 

gravity loads. In the first half of the experiment, two series of pseudo-dynamic tests were 

conducted, followed by a cyclic pushover test up to the failure of the specimen. Prior to 

conducting the second series of pseudo-dynamic tests, buckled infill plates were replaced by new 

plates and damaged shear tab at the intermediate HBE were replaced by a new one prior to the 

cyclic pushover test. For practical purposes, the calibration process for this specimen focused on 

matching the force-displacement hysteresis obtained from the cyclic pushover test with that from 

numerical analysis of this specimen using strip model (i.e., results from the pseudo-dynamic tests 

were excluded from the analysis). 

 

When reaching the capping point at 3.0% first story drift, the maximum base shear recorded was 

4245 kN. At the conclusion of the experiment after the specimen was cycled up to a maximum 

first story drift of 5.2%, the base shear strength dropped approximately 44% from its ultimate
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Figure 6-20 Two-Story SPSW Specimen (Qu and Bruneau 2008):  
(a) Schematic of Specimen; (b) Experiment Setup; (c) Reduced Beam Section (RBS) Details 
 
strength as a result of significant web tearing in the first story infill plate and fracture of the 

intermediate HBE (Figure 6-21). Interestingly, except for insignificant tearing at the corners of 

the second story infill plate, no major fractures were reported either in the infill plate or boundary

(a) (b) 

(c)
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Table 6-5 Material Properties of Two-Story SPSW Specimen (Qu and Bruneau 2008) 

Component 
Nominal 

Thickness 
(mm) 

Actual 
Thickness 

(mm) 

Yield 
Strength 
(MPa) 

Ultimate 
Strength 
(MPa) 

Ultimate 
Strain  
(%) 

HBE0 Flange 27 28 335 496 24 

HBE0 Web 17 19 290 500 25 

HBE1 Flange 19 19 470 589 18 

HBE1 Web 11 12 475 608 19 

HBE2 Flange 21 22 350 519 20 

HBE2 Web 13 13 290 467 25 

VBE Flange 40 40 357 548 18 

VBE Web 25 25 370 505 19 

1st Fl. Infill Plate 3 3.2 310 435 15 

2nd Fl. Infill Plate 2 2.3 285 368 20 
 
 

 
 

Figure 6-21 Failure Modes in Two-Story SPSW Specimen (Qu and Bruneau 2008):  
(a) Intermediate HBE Fracture; (b) First Story Web Tearing 

 

elements of the upper story and no strength deterioration occurred in that story. Hence, in the 

strip model developed for this specimen, as shown in Figure 6-22, deteriorating material models 

were only assigned to most of the first story strips and intermediate HBE while an elasto-plastic 

material model with 2% strain hardening up to the capping point was assigned to the remaining 

members. The same circular markers to distinguish components with deteriorating and

(a) (b)
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Figure 6-22 Strip Model for Two-Story Qu and Bruneau (2008) Specimen: (a) Overview;  
(b) Material Model for Boundary Elements; (c) Material Model for Non-Deteriorating Strips;  

(d) Material Model for Deteriorating Strips 
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non-deteriorating material models introduced in the previous section are also used in Figure 6-22. 

Inferred from the experimental step-by-step observations reported in Qu and Bruneau (2008), 

fracture of the intermediate HBE occurred at the onset of the 3.0% first story drift and strength 

degradation stabilized at 3.7% first story drift. In addition, web tearing in the first story infill plate 

started at the upper North corner when the specimen experienced 3.0% first story drift and 

progressed toward the upper South corner and the bottom North corner at 4.8% first story drift. 

At the conclusion of the test, the first story infill plate was practically torn away from the 

intermediate HBE. In the numerical model, the sequence of strips losing their capacity to sustain 

lateral loads is schematically shown in Figure 6-22d. 

 

Furthermore, fiber hinges in the model were located at the center of the RBSs. Composite slabs 

were not included in the numerical model, but their contribution to global behavior was taken into 

account by increasing the thickness of the top flange of the intermediate and top HBEs such that 

their resulting plastic cross-section properties were the same as that of the actual composite 

beams. One should note that even though no shear studs were installed over the length of the 

RBSs, composite action was considered to be effective as a consequence of the presence of shear 

studs outside the RBS locations (as if assuming that RBS length was comparable to the stud 

spacing needed to develop composite action). Incidentally, excluding composite action in the 

numerical model developed for this specimen resulted in a poor match between the analytical and 

experimental force-displacement hysteresis. In principle, under negative flexure case (i.e., with 

tension in the concrete slab), the composite action was incorrectly considered by this approach. 

However, this approximation has negligible impacts when simulating the global behavior of this 

two-story SPSW specimen, as demonstrated by the results presented later. 

   

Cyclic displacement histories applied to each actuator at the first and second story levels are 

shown in Table 6-6. Note that the cyclic displacement histories became unsymmetrical beyond 

3.2% and 3.0% at the first and second story, respectively. This was because the actuators had 

reached their maximum stroke in the negative direction. As a result, increasing cyclic 

displacement in the subsequent cycles only occurred in the positive direction. In OpenSees, these 

two separate displacement histories were defined using the Time Series command and the 

Penalty-Method Constraint was used to force each story to follow its assigned displacement 
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history. The analysis was conducted using the Load Control Integrator. It should be emphasized 

that the term “load” in this case refers to its broader definition which includes “displacement” as 

one type of loads. In other words, though the analysis was conducted under a load controlled 

scheme, the target actually was displacements assigned to the first and second stories. 

 

Table 6-6 Cyclic Displacement History for Two-Story SPSW (Qu and Bruneau 2008) 

Displacement 
Step 

Number 
of Cycles 

Cumulative 
Number of 

Cycles 

1st Floor 2nd Floor 

Positive 
Drift (%) 

Negative 
Drift (%) 

Positive 
Drift (%) 

Negative 
Drift (%) 

1 2 2 1.2 -1.2 1.0 -1.0 

2 2 4 2.4 -2.4 2.0 -2.0 

3 2 6 3.0 -3.0 2.5 -2.5 

4 2 8 3.2 -3.2 3.0 -3.0 

5 2 10 3.7 -3.2 3.5 -3.0 

6 2 12 4.3 -3.2 4.0 -3.0 

7 2 14 4.8 -3.2 4.5 -3.0 

8 0.25 14.25 5.2 n.a. 5.0 n.a 
 
 

The resulting force-displacement hysteresis of the strip model is shown in Figure 6-23, plotted 

together with that from the cyclic pushover test. Overall, the analytical hysteresis is in good 

agreement with that from the experiment. It matches the capping point and the degradation 

backbone up to completion of the test. While the analytical hysteresis is noticeably fatter 

compared to that recorded in the experiment in the early stages of the hysteretic behavior, this 

discrepancy is because the inelastic excursions recorded during the pseudo-dynamic test prior to 

the cyclic pushover test were not accounted for in the numerical analysis (i.e., the infill plate 

contribution to strength of the SPSW up to the drift reached during the pseudo-dynamic tests 

could not be mobilized until drift exceeded these drifts in the cyclic tests). 
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Figure 6-23 Two-Story SPSW Specimen Hysteresis 
 

6.6.4 Three-Story SPSW: Choi and Park (2009) Specimen 

One of Choi and Park (2009) three-story SPSW specimens (i.e., denoted as BSPW2) was selected 

for this calibration process. Shown schematically in Figure 6-24a, this one-third-scale specimen 

has overall height and width of 3550 and 2500 mm, respectively. Built-up wide-flange sections 

H150×150×22×22, H150×100×12×20, and H250×150×12×20 were selected for VBEs, 

intermediate HBEs, and top anchored beam (i.e., HBE3), respectively. The bottom side of the 

first story infill plate was connected via fish plates directly to a steel strong floor. In other words, 

no bottom anchor beam was provided. A hot-rolled steel plate 4 mm thick was selected for all 

infill plates. Special moment resisting connections were designed for all HBE-to-VBE and 

VBE-to-the strong floor connections, while bolts at 100 mm spacing were used to connect the 

infill plate (via fish plates) to the surrounding vertical and horizontal boundary elements. Material 

properties of boundary elements and infill plates are summarized in Table 6-7. Cyclic 

displacement history applied to the single actuator attached to the specimen top story is shown in 

Table 6-8. 
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Figure 6-24 Three-Story SPSW Specimen Tested by Choi and Park (2009): (a) Schematic of 
Specimen; (b) Failure Modes; (c) Strip Model; (d) Material Model for Boundary Elements  
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Figure 6-24 Three-Story SPSW Specimen Tested by Choi and Park (2009) – Cont’d:  
(e) Material Model for Strips 

 

Table 6-7 Material Properties of Three-Story SPSW Specimen (Choi and Park 2009) 

Component 
Nominal 

Thickness 
(mm) 

Actual 
Thickness 

(mm) 

Yield 
Strength 
(MPa) 

Ultimate 
Strength 
(MPa) 

HBE Flange 20 20.1 353 538 

HBE Web 12 12.1 377 527 

VBE 22 21.7 348 522 

Infill Plate 4 3.9 299 372 
 

The ultimate base shear recorded during the experiment in the positive and negative excursions 

were somewhat the same. When reaching the capping point at 3.3% top story drift in the positive 

excursion, the maximum base shear was 1961 kN. Even though initiation of web tearing was 

observed in the first and second story infill plates prior to reaching the capping point, it did not 

affect the overall capacity of the structure to sustain lateral loads. The base shear strength 

significantly dropped to 1524 kN in the subsequent displacement step of 4.4% top story drift 

when major plate tearing occurred in the second story infill plate. As shown in Figure 6-24b, 

which documents the specimen condition at completion of the test, web tearing had propagated to 

almost the entire area of the second story infill plate, causing the base shear strength to drop by

δ 

P 

EA 

Py  

δy 

SH = 2% 

Pcap 

No 
Compression 

Strength 

(e) 

δC | δD = Strip elongation at the capping 
| failure point 

ΔC | ΔD = Corresponding top story drift 
when reaching the capping  
| failure point 

δD  δC  

ΔD  ΔC  

Seq. δC δD ΔC ΔD 

1 11.9δy 14.9δy 

3.3% 3.7% 
2 11.9δy 14.9δy 

3 11.7δy 14.9δy 

4 11.7δy 14.9δy 

5 17.8δy 19.6δy 
4.4% 4.8% 

6 17.7δy 22.8δy 

7 14.4δy 25.8δy 

4.6% 5.3% 8 16.7δy 25.3δy 

9 17.0δy 27.5δy 

For non-
deteriorating 
strips (SH up to 
8δy) 



 288

Table 6-8 Cyclic Displacement History for Three-Story SPSW (Choi and Park 2009) 

Displacement 
Step 

Number of 
Cycles 

Cumulative 
Number of 

Cycles 

Ductility 
Ratio Δ/δy 

Top Drift 
(%) 

Top 
Displacement 

Δ (mm) 

1 3 3 0.2 0.09 3.0 

2 3 6 0.4 0.18 6.0 

3 3 9 0.6 0.26 9.0 

4 3 12 0.8 0.35 12.0 

5 3 15 1.0 0.44 15.0 

6 3 18 1.5 0.66 22.5 

7 3 21 2.0 0.88 30.0 

8 3 24 3.0 1.31 45.0 

9 3 27 4.0 1.75 60.0 

10 3 30 6.0 2.63 90.0 

11 3 33 8.0 3.50 120.0 

12 3 36 10.0 4.38 150.0 

13 1 37 12.0 5.26 180.0 
 

approximately 46%, to 1055 kN at 5.3% top story drift. Based on this failure mechanism, in the 

strip model developed for this specimen (Figure 6-24c), deteriorating material models were 

assigned to most of the strips at the second story. Minor plate tearing and plate kinking in the first 

and third story infill plates were considered to be non-deteriorating web tearing (nWT) and 

therefore an elasto-plastic material model with 2% strain hardening up to the capping point was 

used at these stories instead of a deteriorating material model. Moreover, flange fracture at the 

upper end of the second story VBE occurred in the last cycle of displacement loading. However, 

since no indication reported that this fracture initiated at an earlier cycle of displacement loading, 

all boundary elements were considered to have non-deteriorated material model similar to the 

strips at the first and third stories. 

 

As in the calibration process for the Qu and Bruneau (2008) specimen, strips at the second story 

of the Choi and Park (2009) specimen lost their capacity to sustain lateral loads sequentially. As 

schematically shown in Figure 6-24e, it started from middle strips at the onset of 3.3% top story 
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drift and gradually propagated toward strips adjacent to upper left and lower right corners at 5.3% 

top story drift. The resulting force-displacement hysteresis of the specimen model is shown in 

Figure 6-25, plotted together with that from the cyclic pushover test. Overall, the two hystereses 

are in a good agreement with negligible discrepancies at the onset of effective yielding, at the 

capping point, and the degradation backbone up to completion of the test. However, the two 

hystereses have slightly different pinching behavior. As for the calibration results for the Vian 

and Bruneau (2005) case, the strip model exhibited severe pinching behavior as opposed to the 

moderate pinching behavior observed during the experiment. 
 

 
 

Figure 6-25 Three-Story SPSW Specimen Hysteresis 
 

6.6.5 Four-Story SPSW: Driver et al. (1997) Specimen 

The specimen tested by Driver et al. (1997) is the only four-story SPSW specimen (at the time of 

this writing) tested up to the specimen ultimate capacity and that exhibited stable hysteretic 

behavior and strength degradation behavior. Schematic of this one-half scale specimen is shown 

in Figure 6-26a.  It had an overall height of 7421 mm and center-to-center bay width of 3050 mm.
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Figure 6-26 Four-Story SPSW Specimen (Driver et al. 1997): (a) Schematic of Specimen;  
(b) Strip Model; (c) Material Model for Boundary Elements; (d) Material Model for Strips  
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The entire four stories used W310×118 (SI equivalents to standard United States shape of 

W12×79) steel for VBEs. A relatively deep and stiff beam W530×118 (W21×55) was used at the 

roof level to anchor the tension field forces generated by yielded infill plates, while a smaller 

beam W310×60 (W12×40) was used for the intermediate HBEs. Similarly to the three-story Choi 

and Park (2009) specimen, no bottom anchored beam was provided. For the infill plates, 4.8 mm 

and 3.4 mm hot-rolled steel plates were used for the first two stories and the next two stories, 

respectively. These infill plates were welded to fish plates on the surrounding boundary elements. 

Like the other three specimens, special moment resisting connections were designed for all HBE-

to-VBE connections. Material properties of boundary elements and infill plates are summarized 

in Table 6-9.  

 
Table 6-9 Material Properties of Four-Story SPSW Specimen (Driver et al. 1997) 

Component 
Elastic 

Modulus 
(MPa) 

Yield 
Strength 
(MPa) 

Ultimate 
Strength 
(MPa) 

Ultimate 
Strain  

(%) 

Rupture 
Strain  
(%) 

All VBEs 202991 313 482 15.5 26.3 

Intermediate HBE 203947 332 478 16.8 26.2 

Top HBE 206092 349 493 15.5 26.9 

Panel 1 & 2  208835 341 456 20.1 34.2 

Panel 3 210898 257 344 20.0 42.5 

Panel 4 203079 262 375 17.7 34.1 
 

A uniform lateral load distribution along the height of the specimen was applied (one point load 

per story level) and displacement of the first story was used as a controlled point. A vertical load of 

720 kN was applied at each column to simulate gravity loads. Prior to conducting a displacement 

controlled test, the first 10 cycles were conducted under a force-controlled scheme by pushing the 

specimen to gradually reach a base shear of 1950 kN. Table 6-10 shows the applied cyclic 

displacement history up to 9 times the first story yield displacement (i.e., 9δy = 76.5 mm = 4% 

drift). The actual cyclic displacement history however became unsymmetrical beyond 5.48δy (= 46 

mm) because the actuator at the third story had reached its maximum stroke in the negative 

direction (pulled to the East direction). Consequently, increasing cyclic displacement in the 

subsequent cycles only occurred in the positive direction (pushed to the West direction). 
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Table 6-10 Cyclic Displacement History for Four-Story SPSW (Driver et al. 1997) 

Displacement 
Step 

Number of 
Cycles 

Cumulative 
Number of 

Cycles 

Ductility 
Ratio Δ/δy 

First Story 
Drift 
(%) 

First Story 
Displacement 

Δ (mm) 

1a 3 3 1.0 0.44 8.5 

2 3 6 2.0 0.88 17.0 

3 3 9 3.0 1.32 25.5 

4 2 11 4.0 1.76 34.0 

5 2 13 5.0 2.21 42.5 

6b 2 15 6.0 2.65 51.0 

7 2 17 7.0 3.09 59.5 

8 2 19 8.0 3.53 68.0 

9 1 20 9.0 3.97 76.5 
Note: a) Prior to conducting displacement controlled test, the first 10 cycles were conducted 

under a force-controlled scheme by pushing the specimen to gradually reach a base 
shear of 1950 kN. 

 b) Starting Displacement Step 6, maximum displacement in the negative direction was 
maintained at 5.48δy (= 2.42% = 46 mm) because the actuator at the third story had 
reached its maximum stroke. 

 

The maximum base shear of 3080 kN was reached at 2.2% first story drift (= 5δy). Minor web 

tearing at the top West corner of the first story infill plate and flange local buckling at both ends 

of the East VBE1 (i.e., below HBE1 and near the base) as well as at the upper end of the West 

VBE1 were reported in earlier cycles prior to reaching the capping point. As the web tearing 

propagated to a larger size and the severity of VBE flange local buckling increased (Figure 6-27), 

the lateral strength of the specimen started to deteriorate. The degradation rate however was 

relatively slow compared to that of the other three specimens considered above. In this case, the 

specimen base shear strength only dropped 15% from the maximum base shear at the end of 4.0% 

first story drift cycle (= 9δy). Structural damage predominantly concentrated at the first story level 

as a result of the uniform loading distribution selected. 

 
In the strip model developed for this specimen (Figure 6-26b), deteriorated material models were 

only assigned to VBE1 and several strips in the first story infill plate while an elasto-plastic material 

model with 2% strain hardening up to the capping point was assigned to the remaining members.
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Figure 6-27 Failure Modes in Four-Story SPSW Specimen: (a) Damage at the First Story 
Level (Courtesy of Driver R. G.); (b) Web Tearing at the Corner of Panel (Driver et al. 

1997); (c) VBE Flange Local Buckling; (d) Fracture of VBE at the Base (Driver et al. 1997)  

 

It was considered that the aforementioned minor web tearing and VBE flange local buckling prior 

to the capping point have insignificant impacts on the overall strength of the specimen. As such, 

strength degradation in the strip model was set to start at 2.2% first story drift. For practical 

reasons, the first 10 cycles under the force-controlled condition were excluded in the nonlinear 

analysis of the strip model. 

 

The resulting force-displacement hysteresis of the strip model is shown in Figure 6-28, plotted 

together with that from the cyclic pushover test. As with the other three calibration results, the 

resulting analytical hysteresis of the four-story specimen is in a good agreement with that from 

the experiment, which matches the capping point and the degradation backbone up to the 

completion of the test. As a consequence of excluding in-cycle strength degradation in the 

material model however, numerical strength degradation remained at the same level after the 
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5.4δy excursion in the negative direction. Again, the strip model exhibited more severe pinching 

behavior compared to that observed during the experiment, which is attributed to the fact that the 

material model assigned to the infill plates can only yield in tension and has no compression 

strength. 

 
 

Figure 6-28 Four-Story SPSW Specimen Hysteresis 
 

6.6.6 Interpretation of Calibration Results 

Even though, in all cases, the calibration process successfully matched the capping point and the 

backbone of the degrading hysteresis, discrepancies in pinching behavior were observed between 

the numerical and experiment results. One possible explanation for this underestimation of the 

experimental pinching behavior may be because the strip material models exclude the 

compressive strength that can develop during loading reversal. This assumption is reasonably 

correct to simulate infill plate behavior in earlier cycles. However, it has been observed in some 

cyclic tests that after SPSWs undergo substantial inelastic elongation, the, infill plates can exhibit 

a significant compressive strength during load reversal, as reported in Clayton et al. (2012). 
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When including compressive strength during reversal of loading in the material model for the 

infill plates, Choi and Park (2010) successfully simulated the pinching behavior observed in the 

Driver et al. (1997) experiment. However, their numerical model failed to simulate the 

deteriorating hysteresis behavior after the capping point. During the calibration process, no effort 

was made to resolve the underestimated pinching behavior because it was considered that it 

would have a marginal impact on the overall collapse performance of steel plate shear walls. 

Furthermore, recent tests by Dowden and Bruneau (2014) showed that the effect of this 

compressive strength was insignificant in shake table tests (as opposed to cycling testing). Hence, 

compressive strength of the strip was excluded from the final strip deterioration model. 

 

In light of the above calibration results, particularly the fact that different models were used to 

replicate each of the four experimental results, one might ask which of the above degradation 

parameters should be selected to capture, in a general sense, the degradation of boundary 

elements and infill plates in any specific SPSW. Since only a limited number of specimens were 

calibrated, the approach selected here was to take the worst degradation parameters from the 

above cases, as opposed to the average values of all four specimens. Hence, for the collapse 

assessment of steel plate shear walls, degradation models for boundary elements and infill plates 

were selected from the calibration results of the two-story Qu and Bruneau (2008) SPSW 

specimen. 

6.7 Behavior of Selected SPSW Specimens with Final Deterioration Models  

To examine the impact of selecting the most conservative deterioration models (i.e. model with 

the most severe degradation, as identified in Section 6.6.6), another set of analyses were 

conducted on all calibrated specimens. Boundary elements and every strip at every floor were 

modeled according to the deterioration models shown in Figures 6-29a and 6-29b, respectively. 

Note that the model presented in Figure 6-29a for boundary elements calibrated to the Qu and 

Bruneau (2008) specimen was at the condition when HBE1 experienced axial loads P equal to 

493 kips (i.e., P = 16%Py). To apply the model to other specimens, the model first was modified 

to the condition at zero axial loads. The updated rotation capacities (obtained from a cross-section 

analysis in OpenSees) for the capping point and the point corresponding to 40% degradation of 

moment capacity for boundary element model are also shown in Figure 6-29a. 
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Figure 6-29 Conservative Degradation Models Selected from the Calibration of Qu and 
Bruneau (2008) Two-Story Specimen: (a) Boundary Elements; (b) Strips 

 

The resulting hysteresis for all calibrated specimens using the conservative deterioration models 

are shown in Figure 6-30. As expected, since the conservative deterioration models were selected 

from the Qu and Bruneau (2008) specimen, the analytical result obtained (i.e., denoted as the 

“conservative case” in Figure 6-30b) is close to the calibration result of the experimental 

hysteresis (i.e., denoted as the “matching case” in Figure 6-30b). All additional drops in strength 

in the conservative case were attributed to partial strength degradation of the second floor panel 

predicted by the model, which in the actual experimental did not happen and was not considered 

in the matching case. In Vian and Bruneau (2005) specimen (Figure 6-30a), the conservative 

model actually delayed degradation which had started at 2% interstory drift in the experiment to 

3.3% interstory drift in the analysis. However, beyond this point, strength degradation was 

significant and abrupt. In other words, deterioration of infill plates and boundary elements 

occurred somewhat at the same time. Significant differences were observed in the Choi and Park 

(2009) specimen. As shown in Figure 6-30c, strength degradation started to occur at 2.7% drift, 

which is sooner than observed in the actual experiment where it happened at 3.5% drift. In 

addition to boundary element deterioration, all strips lost strength by 3.5% drift compared to the 

fact that only the second story infill plate lost strength at 5.3% drift in the actual experiment. The 

remaining strength of the specimen observed in the conservative case beyond 3.5% is attributed 

to the residual strength of boundary elements. Lastly, for the Driver et al. (1997) specimen shown 

in Figure 6-30d, similar response to that reported in the actual experiment is observed in this 

specimen up to 2.1% top story drift. Beyond this point however, faster strength degradation is
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Figure 6-30 SPSW Specimen Hysteresis with Conservative Degradation Models: (a) Vian 
and Bruneau (2005); (b) Qu and Bruneau (2008) 
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Figure 6-30 SPSW Specimen Hysteresis with Conservative Degradation Models – Cont’d: 
(c) Choi and Park (2009); (d) Driver et al. (1997) 
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observed in the conservative case within the positive excursion while that in the negative 

excursion remained the same. At the conclusion of the analysis, the specimen had lost 67.5% of 

its strength, down to only 1000 kN. This outcome is a consequence of the fact that, in the model, 

all strips and HBEs at each floor contributed to the degradation compared to only the first floor 

elements in the actual experiment. 
 

Furthermore, the conservative strip model selected from the calibration of the Qu and Bruneau 

(2008) specimen (Figure 6-29b) was based on result of its first strip to deteriorate. As shown in 

Figure 6-22, 15 strips were used to model the first story infill plate degradation behavior. Each of 

them has different degradation parameters (i.e., deformation capacities at the capping and failure 

points) in order to match the experimental results. On average, the deformation capacities of these 

strips at the capping and failure points were 9δy and 10.7δy, respectively (corresponding to 1.5 

and 1.8% axial strain, respectively). Marginal differences were observed in the two- and three-

story SPSW specimens (detailed results are not reported here) when using these average results 

for the infill plate deterioration models as opposed to using the conservative model in 

Figure 6-29b. Nevertheless, these average values were selected for the final deterioration model 

for strips, as shown in Figure 6-31a. This was necessary to avoid an overly conservative 

deterioration model for strips in a general case of SPSWs.   
 

At the time of this writing, no SPSW specimens have been tested up to extreme drifts (i.e., 10% 

drift). Among the currently available experimental data (Table 6-2), the maximum drift to which 

SPSW specimens have been tested is 5.6% drift. For collapse assessment of SPSW using 

incremental dynamic analysis (Section 8), it is important to investigate specimen behaviors up to 

such extreme drift as it may “condition” the results. For this purpose, another set of analyses were 

conducted on all calibrated specimens up to 10% drift. The loading protocol up to the last point of 

the experiment was selected to remain the same except that the unsymmetrical loading histories 

in the Qu and Bruneau (2008) as well as in the Driver et al. (1997) specimens was modified to be 

symmetric. Beyond the last point of experiment, the loading protocol was then increased 

progressively by 1% drift until reaching 10% drift. The deterioration of boundary element was 

modeled to linearly decrease down to zero strength when cross-section rotation reaches 0.103 

radians. At the fiber level, this corresponds to 0.057 strains in the farthest fiber from the neutral 

axis. 
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Figure 6-31 Final Degradation Models: (a) Strips; (b) Boundary Elements 
 
During the first analysis of the Qu and Bruneau (2008) specimen subjected to such an extreme 

drift, a numerical convergence problem developed after the specimen experienced 6% drift. 

Further investigation revealed that the main source of the problem was the inability of boundary 

elements modeled with fiber-element to sustain axial loads once most of the fibers had lost their 

flexural strength at large drift. To solve this problem, it was decided to assign an elasto-plastic 

material model for fibers on the web of boundary elements and a deteriorating material model for 

the fibers located on the bottom and top flange of the cross section, as shown in Figure 6-31b. 

This technique made it possible for the analyses to execute fully when the structures experienced 

drifts of up to 10%. In other words, this approach was equivalent to having the fibers on the web 

of a cross section “reserved” to sustain axial loads when all other fibers have lost their capacity 

due to significantly large cross-section rotations. As a consequence of this approach, boundary 

elements actually have a residual flexural strength when reaching 0.103 radians, as opposed to the 

zero strength originally intended. However for W-sections commonly used in North America, the 
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web of W-shapes contributes on average approximately up to 20% of a section total plastic 

moment. Therefore, the above approach was deemed acceptable, particularly considering that 

during incremental dynamic analysis, gravity leaning columns would cause global structural 

collapse once a structure undergoes significant lateral displacements at relatively small residual 

strength. Figure 6-32 presents the resulting hysteresis for each calibrated specimen (i.e., denoted 

as the “extended case” in the figure) using the final deterioration models (Figure 6-31). At the end 

of the 10% drift cycle, all specimens have lost a significant amount of their ability to sustain 

lateral loads, and the remaining residual strengths observed are the contribution of the boundary 

elements (from the bi-linear elasto-plastic fibers in their webs). 

 

6.8 Summary 

Deterioration models for infill plates and boundary elements were developed for the purpose of 

assessing the risk of SPSW collapse under MCE ground motions. Based on a review of 36 

specimens of conventional unstiffened slender-web SPSWs tested in past experiments, 

deterioration and failure modes in SPSW were identified, namely: deteriorated web tearing (WT), 

shear and flexural failures of boundary elements (FBE), and instability of boundary elements 

(IBE). In well-designed SPSWs, shear failure and instability of boundary elements can be 

avoided if boundary elements are designed according to capacity design principles. Hence, 

among these failure modes, only web tearing and flexural failure of boundary elements were 

considered in the development of deterioration models. From reviewed SPSW specimen data, 

cyclic deformation capacities at the capping and failure points as well as percentage of strength 

degradation were statistically quantified. Based on these statistical results, initial deterioration 

models for infill plates and boundary elements were developed. These initial models were then 

calibrated to four selected specimens that represent one- to four-story SPSWs, with panel aspect 

ratio ranging from 1.0 to 2.2. 

 

Initially, the calibration process was intended to be performed in SAP2000. However, OpenSees 

was used instead, due to the inability of the axial-hinge used in SAP2000 to model the inelastic 

behavior of tension-only strips under cyclic deformations once strength degradation has taken 

place. Hence, implementation of deterioration material models for infill plates and boundary
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Figure 6-32 SPSW Specimen Hysteresis with Final Degradation Models: (a) Vian and 
Bruneau (2005); (b) Qu and Bruneau (2008) 
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Figure 6-32 SPSW Specimen Hysteresis with Final Degradation Models – Cont’d: 
(c) Choi and Park (2009); (d) Driver et al. (1997) 
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elements in OpenSees framework was investigated. Unstiffened infill plates were modeled as 

series of Truss Elements oriented in the direction of the tension field. Boundary elements were 

modeled using the Beam with Concentrated Hinge Element (BCH) elements with fiber sections. 

The Hysteretic Uniaxial Material model was selected to define the inelastic behavior of these 

truss and BCH elements. To obtain a specified degradation of moment capacity in one cross-

section, when plastic hinges are modeled using a fiber element, fiber stress-strain relationship 

need to be modified to account the effect of variation of stress level along the depth of the hinge 

at a certain strain level. 

 

A brief presentation of various case studies conducted to obtain satisfactory degradation models 

was addressed. The case studies included investigation of different deterioration behaviors for 

corner and middle strips based on sequence of infill plate fractures observed in past experiments 

(i.e., severe and moderate strength degradations for corner and middle strips, respectively), and 

with strength degradation only occurring in a few SPSW components (i.e., elasto-plastic material 

for infill plates and degradation material model for boundary elements, and vice versa). 

  

Lastly, final deterioration models for infill plates and boundary elements were proposed. The 

deterioration model for boundary elements were characterized with strain hardening of 2%, 

reaching the capping point at 0.04 radians, and gradually losing their entire strength at 0.10 

radians. This deterioration material model however was only applied to fibers at the bottom and 

top flanges, while those on the webs were modeled with no degradation allowed to maintain 

numerical stability during the analysis when boundary elements sustained axial forces. As for the 

infill plates, strips were modeled to start to deteriorate at 1.5% axial strain (i.e., 9.0δy) and lost 

their capacity to sustain loads due to plate tearing rather quick at 1.8% axial strain (i.e., 10.7δy). 

All strips were set to have the same deterioration model irrespective of the location of strips (i.e., 

corner or middle strips) and the same for every floor. Using these deterioration models, global 

structural models and results of collapse assessment will be developed and presented respectively 

in the two subsequent sections. 
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SECTION 7 

DEVELOPMENT OF ARCHETYPES AND NONLINEAR MODELS FOR 
COLLAPSE ASSESSMENT OF STEEL PLATE SHEAR WALLS 

 
 

7.1 General 

The methodology described in the FEMA P695 document for collapse assessment of a proposed 

seismic-force resisting system requires the consideration a series of system archetypes. FEMA 

P695 defines an archetype as “a prototypical representation of a seismic-force-resisting system 

configuration that embodies key features and behaviors related to collapse performance when the 

system is subjected to earthquake ground motions.” This section describes the development of 

archetypes for collapse assessment of steel plate shear walls (SPSW). These collapse assessments 

will be conducted (in Section 8) for two types of SPSWs having infill plates designed to sustain 

different levels of lateral loads. In the first group of SPSWs, infill plates are designed to resist the 

entire lateral loads, without considering the possible contribution from surrounding boundary 

frame moment resisting capacities, whereas in the second group of SPSWs, infill plates are 

designed to resist a portion of lateral loads and the boundary frame resists the remaining portion 

of the lateral loads. 

 

Prior to presenting the archetype development for those two types of SPSWs, some issues related 

to the behavior of SPSW considering boundary frame moment resisting action are presented, first 

by reviewing research results by Qu and Bruneau (2009) and, second, through a limited case 

study. Based on observed behaviors in this case study, considerations for selecting a “balanced” 

distribution of lateral loads to design the infill plates and boundary frame of the second group of 

SPSWs are presented, followed by an outline of the range of design parameters considered for the 

archetypes specifically developed for this research. The capacity design approach used to design 

SPSW-CD in Purba and Bruneau (2010) is applied to design all of the archetypes. Subsequently, 

member sections for each archetype are presented. Toward the end of this section, nonlinear 

models used for collapse assessment of SPSWs are presented. 
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7.2 Behavior of Steel Plate Shear Walls Considering Boundary Frame 
Moment Resisting Action 

 

In the current Canadian Standard (i.e., CSA 2009) for the design of steel structures, it is specified 

that infill plates of SPSW must be designed to resist the entire lateral loads, without considering 

the possible contribution from the surrounding boundary moment resisting frame. Such a 

statement is not explicitly included in the American Seismic Provisions (i.e., AISC 2010b); one 

of possible interpretations of the design specifications could lead to the same design approach. In 

this approach, horizontal and vertical boundary elements (HBEs and VBEs) are designed to resist 

the tension field forces generated by the fully yielded infill plates, and the resulting boundary 

frame moment resisting action contributes to the global plastic lateral strength of SPSW by 

adding overstrength (i.e., lateral load resistance above the specified story-shear force). 

 

As reported in past experiments, this overstrength in conventional SPSWs can be quite 

significant. For example, Driver et al. (1997) reported that boundary frame moment resisting 

action contributed about 25% of the global plastic strength of their four-story SPSW specimen. 

The same observation was also made by Berman and Bruneau (2005), who indicated that the 

boundary frame of their single story SPSW specimen contributed 38% to the total strength of the 

wall. Qu and Bruneau (2009) demonstrated that boundary frame moment resisting action can 

contribute up to 50% of the total strength of a SPSW with aspect ratio of 2.0 when its boundary 

elements are designed per the capacity design principles described in Purba and Bruneau (2010). 

In such a case, the total lateral strength of the SPSW is twice that needed to resist the total 

specified lateral loads. 

 

While the SPSW design procedures have been developed, verified, and validated for buildings 

having a few stories, SPSWs have been implemented in a number of high-rise buildings. 

Examples of SPSW implementations in high-rise buildings can be found in Bruneau et al. (2011). 

In a recent application, SPSWs were used as the main lateral load resisting system for a 56 story 

building in Los Angeles (AISC 2008). In such large structures, there is a particularly significant 

incentive to reduce overstrength by explicitly considering boundary frame moment resisting 

action as contributing to the SPSW overall lateral strength (even though this incentive exists to 

some degree in all SPSW designs). 
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7.2.1 Review of Balanced SPSW Design Concept by Qu and Bruneau (2009) 

Qu and Bruneau (2009) proposed a procedure to consider and quantify the contribution of 

boundary frame moment resisting action in the design of SPSWs. As illustrated in Figure 7-1 for 

the case of multiple-story SPSWs, a percentage of the total design story shear forces κiFDi is 

assigned to the infill plates (Figure 7-1b) while the remaining design story shear forces (1– κi)FDi 

are resisted by the boundary frame (Figure 7-1c). In addition to resisting its portion of the design 

story shear forces in Figure 7-1c, the boundary elements must have sufficient strength to resist 

the tension forces generated by yielded infill plates in Figure 7-1b. The required infill plate 

thickness to resist these reduced story shear forces can be estimated using the standard AISC 

equation. Here, a κi factor equal to 1 means 100% of the design story shear forces at the i-th story 

are resisted by the infill plate without considering the possible contribution from the surrounding 

boundary frame to resist a percentage of the specified lateral loads.  

 

 
     

Figure 7-1 SPSW Design Considering Boundary Frame Moment Resistance (Qu and 
Bruneau 2009) 

 

To select an optimum value of κ factor, it is important to estimate first how much overstrength is 

available in a given SPSW. For a uniform sway plastic mechanism developing in a SPSW, Qu 

and Bruneau (2009) derived the following relationship for overstrength of a SPSW at the i-th 

story. 
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where Ωκ is the overstrength, defined as the ratio of panel plastic strength, Fp, and design story 

shear force, FD; κ is the percentage of the total design story shear forces assigned to the infill 

plate; α is the tension field inclination angle; L and h are the width and height of the panel, 

respectively. Note that all parameters correspond to the properties at the i-th story. Figure 7-2 

shows a plot of this overstrength equation as a function of κ for different values of a SPSW panel 

aspect ratio (L/h). Results in this figure were plotted for an assumed tension field inclination 

angle of 45°. 
  

 
 

Figure 7-2 Relationship between Ωκ and κ for Various Aspect Ratios (Qu and Bruneau 2009) 
 

Based on the information presented in this figure, there are three possible SPSW design cases, as 

far as overstrength of the structural system is concerned, namely: 

1. SPSWs having overstrength as a consequence of the lateral load resistance provided by 

boundary frame moment resisting action (Ωκ > 1.0). The case of SPSW-CD, described in 

Purba and Bruneau (2010), is an example of SPSWs in this category. SPSW-CD had an 
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aspect ratio L/h of 2.0 and that it was designed such that 100% of the specified story shear 

forces were resisted by the infill plates (κ = 1.0). Based on (7-1), or reading from the chart 

in Figure 7-2, SPSW-CD had an overstrength factor of 2.0. In other words, SPSW-CD can 

sustain lateral loads up to twice the design lateral loads. 

2. SPSWs optimized to effectively eliminate overstrength such that the sum of the strength 

of boundary frame and infill plates is exactly equal to the required strength to resist the 

designed lateral loads. This optimum design was defined as the “balanced” design case by 

Qu and Bruneau (2009). In Figure 7-2, these design outcomes are shown by circular 

markers. For this balanced design case, overstrength equals unity (Ωκ = 1.0) and the 

percentage of shear forces resisted by the infill plate, κbalanced, can be estimated as follows: 
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If redesigning SPSW-CD to become a balanced design case, 50% of the design story 

shear forces would be assigned to the infill plates, and the remaining 50% of the story 

shear forces would be resisted by the boundary frame. As a result of this design approach, 

boundary elements would be smaller than those used for SPSW-CD. 

3. SPSW with weak infill plates. Qu and Bruneau (2009) defined this undesirable third 

design category (κ < κbalanced, Ωκ < 1.0) as the case when the selected infill plate thickness 

is smaller than that in the corresponding balanced design case. If redesigning SPSW-CD 

to have weak infill plates, a percentage lower than 50% of design story shear forces would 

be assigned to the infill plates, and the remaining story shear forces would be resisted by 

the boundary frame. In other words, the boundary frame resulting from capacity design 

principles alone (i.e., designed only to resist forces from yielded infill plates) would have 

to be strengthened to provide sufficient strength to resist the design story shear forces. 

 

As an introduction to the work ahead, it was deemed useful to examine the behavior of SPSWs 

that would correspond to each of the above three categories through a case study. Understanding 

better these behaviors prior to developing general archetypes for the purpose of quantifying 

seismic performance factors (SPF) for SPSWs was intended to provide guidance as to the 

percentage of lateral forces distributed to infill plates and boundary frame that should be selected 
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in the design of archetypes, and to investigate whether SPSWs designed considering boundary 

frame moment resistance (i.e., either with an arbitrary distribution of shear forces between infill 

plates and boundary frame, with the balanced case, or with the weak infill cases) would behave 

comparably to typical conventional SPSWs reported in Section 6. The following sub-sections 

present the details and results of this case study. 

7.2.2 Description of Case Study 

Using the three-story SPSW-CD described in Purba and Bruneau (2010) as a benchmark (Case 

01), four other similar size SPSWs were designed but with different distribution of shear forces, 

namely: (a) Case 02: 75% of the specified story shear forces resisted by infill plates while 25% 

resisted by boundary frame; (b) Case 03: balanced design case (κ = κbalanced); (c) Case 04: weak 

infill plate design with 37% and 63% of the specified story shear forces resisted by infill plates 

and boundary frame, respectively; and (d) Case 05: another weak infill plate design with 25% of 

the specified story shear forces resisted by infill plates and 75% resisted by boundary frame 

(which, incidentally, is the reversed shear force distribution of the one in Case 02). It should be 

emphasized for the balanced case (Case 03) that, to be exact, the panel at each story would have a 

different κbalanced factor, according to (7-2), depending on the tension field inclination angle of 

one particular story. However, considering that variation of this angle from one story to another 

story would be marginal, for practical reason, the same κbalanced value was selected for all stories, 

calculated using the average of tension field inclination angle of all panels (i.e., αaverage). 

 

The resulting sizes of HBEs, VBEs, and infill plate thickness are summarized in Table 7-1 for all 

four design cases and the benchmark SPSW. In addition, the demand-to-capacity ratio for each 

element is displayed in parenthesis below the resulting section shape. Two sets of boundary 

frames are considered for the last two cases of SPSW having weak infill plates, namely results for 

the un-strengthened (‘weak’) and strengthened conditions. The strengthened case is obtained by 

increasing the strength of the boundary frame to match the strength required to resist the specified 

story shear (which happens to also be equivalent to the strength corresponding to the balanced 

condition) and was designed using the Method I described in Qu and Bruneau (2009), with the 

exception that different size HBEs were selected at each floor. In this Method I, the required
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Table 7-1 Design Summary of SPSW Components for Case Study on the Behavior of SPSW 
Considering Boundary Frame Moment Resisting Action 

SPSW 
Components 

Case 01a 
(100%:0%) 

Case 02 
(75%:25%) 

Case 03 
(49%:51%)b 

Case 04 (37%:63%) Case 05 (25%:75%) 

Weak Strengthened Weak Strengthened 

HBE-3 W18×76 
(0.99) 

W18×60 
(0.99) 

W18×40 
(0.99) 

W14×38 
(0.97) 

W16×67 
(0.98) 

W12×30 
(0.94) 

W18×60 
(0.98) 

HBE-2 W14×61 
(0.99) 

W18×40 
(0.95) 

W12×35 
(0.98) 

W12×26 
(0.97) 

W18×46 
(0.99) 

W10×22 
(0.96) 

W12×79 
(0.99) 

HBE-1 W12×45 
(0.95) 

W12×35 
(0.98) 

W10×26 
(0.95) 

W12×19 
(0.96) 

W18×60 
(0.98) 

W10×15 
(0.91) 

W24×62 
(0.96) 

HBE-0 W24×117 
(0.98) 

W27×84 
(0.99) 

W21×68 
(0.98) 

W18×60 
(0.96) 

W18×60 
(0.94) 

W16×45 
(0.97) 

W16×45 
(0.94) 

VBE-3 W16×89 
(0.98) 

W18×65 
(0.98) 

W14×53 
(0.94) 

W12×45 
(0.99) 

W14×82 
(0.98) 

W10×39 
(0.95) 

W21×57 
(0.99) 

VBE-2 W18×76 
(0.99) 

W18×60 
(0.98) 

W18×40 
(0.98) 

W12×40 
(0.96) 

W18×65 
(0.97) 

W10×30 
(0.95) 

W21×62 
(0.96) 

VBE-1 W24×146 
(0.96) 

W27×102 
(0.99) 

W24×76 
(0.96) 

W21×62 
(0.98) 

W21×68 
(0.98) 

W16×50 
(0.99) 

W21×62 
(0.96) 

tw3 (in) 0.036 0.027 0.018 0.013 0.009 

tw2 (in) 0.059 0.044 0.029 0.021 0.015 

tw1 (in) 0.072 0.054 0.035 0.026 0.018 
 

Note: a) SPSW-CD as a benchmark (Purba and Bruneau 2010) 
 b) Balanced condition: κbalanced = 0.49, L/h = 2.0, αaverage = 44° 
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plastic modulus of the HBE at each floor was determined by equating the external and internal 

work for the boundary frame by considering a sway collapse mechanism for the sub-frame from 

i-th story to the top story. Note that all SPSWs were designed using the same R factor of 7.0, 

even though it remains to be verified by the research whether this factor is applicable for SPSWs 

designed to consider boundary frame moment resistance. This topic will be addressed in the next 

section. 

 

A monotonic pushover analysis was conducted on each SPSW until each structure reached a 5% 

lateral drift. In addition, a cyclic pushover analysis up to 3% drift was conducted on selected 

cases (i.e., Cases 03 and 04). For these analyses, strip model and load distribution along the 

height of the structure were similar to those described in Purba and Bruneau (2010) for 

SPSW-CD. The analyses for this case study were conducted in SAP2000 considering elasto-

perfectly plastic material models for both infill plates and boundary elements. Note that the case 

study analyses presented here were conducted before the deterioration models presented in 

Section 6 (using OpenSees) were developed. 

7.2.3 Case Study Results and Discussions 

The resulting pushover curves for all five SPSWs considered are shown in Figure 7-3 and the 

overstrengths obtained from these SAP2000 analyses are compared to the theoretical overstrength 

calculation per (7-1) in Figure 7-4. As expected, base shear strength and overstrength decreased 

as the κ factor reduced as a consequence of thinner infill plates and smaller boundary element 

sizes selected for cases with κ factor smaller than 1.0. For example, in the 100% case (κ = 1, 

SPSW-CD benchmark design), the resulting base shear at 5% story drift is 477 kips, while for κ 

factors equal to 0.75 and 0.49 (i.e., κbalanced), the base shears at the same 5% story drift are 359 

and 234 kips, respectively.  

 

Interestingly, the base shear strength of 234 kips for the balanced design case is actually larger 

than the design base shear of 176 kips. At first glance, this seemed to contradict the theoretical 

definition of the balanced design case for which there is supposed to be no overstrength (Ωκ = 

1.0) in the structural system. However, this discrepancy is logical and is actually an artifact of an 

overstrength inherent to the design equation specified in the current AISC 2010 to calculate
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Figure 7-3 Monotonic Pushover Curves for Five Design Cases  

 
 

Figure 7-4 Theoretical Overstrength versus Overstrength observed in SAP2000 Model 
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plastic strength of infill plates. In accordance with Eq. (F5-1) of the 2010 AISC Seismic 

Provisions, an implicit system overstrength Ωs of 1.2 is embedded in the design equation, to 

which adds up the strength resistance/reduction factor φ of 0.9 considered in sizing the thickness 

of infill plates. The two factors combine to provide an inherent overstrength of 1.33. This value is 

equal to ratio between the SAP2000 results for the balanced design case (Case 03) and the 

theoretical design base shear. Therefore, here, the base shear strength of 234 kips (with its 

inherent overstrength per code equations) is considered as the balanced design case. Case 04 (i.e., 

37% of design base shear resisted by infill plate) was originally selected to correspond to the case 

for which this inherent overstrength was excluded. As shown in Figure 7-3, the SAP2000 results 

for this case show ultimate strength that matches the theoretical design base shear. By 

comparison, the SPSW in Case 04 has ultimate strength of less than 234 kips (which is less than 

the value required by code), and therefore is considered as having a weak infill plate. 

  

For the monotonic pushover curves, each curve plotted in Figure 7-3 exhibits somewhat the same 

pattern. When all curves are normalized by their corresponding ultimate strengths (not shown 

here), the elastic part of the curves are on top of one another and the transition part from the 

elastic to perfectly plastic conditions exhibits somewhat the same “curvature”. However, once the 

boundary frames of weak infill cases were strengthened, their pushover curves were slightly 

different, as shown in Figure 7-5 (i.e., Cases 04 and 05 strengthened). In addition to changes in 

the original stiffness, changes in the shapes of the pushover curves after the yield point (and thus 

possibly the sequence of yielding) were observed in the pushover curves of strengthened cases, 

up to the ultimate strength. 

 

To investigate this behavior, additional monotonic pushover analyses were conducted for the 

100% case, the balanced design case, and the 37% strengthened case, except that the structures 

were separated in “parts” to be able to plot the individual pushover curves corresponding to infill 

plates and boundary frames separately. For this purpose, numerical models similar to those in 

Figures 7-1b and 7-1c were developed for all three cases to obtain pushover curve of infill plates 

and boundary frames (i.e., using bare frame model), respectively. Results are presented in 

Figure 7-6, superposed with the previous obtained pushover curves for the full walls. Key results 

are described as follows: 
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Figure 7-5 Monotonic Pushover Curves for Balanced and Weak Cases 
 

1. For both the 100% and balanced design cases (Figures 7-6a and 7-6b), respective 

contributions of infill plate and boundary frame to the overall SPSW strengths were 

somewhat the same. For the 100% case, its infill plates and boundary frame contributed 

52 and 48% to the overall strength, respectively, while for the balanced case, the 

respective contributions were 51 and 49%.  

2. As a consequence of strengthening the boundary frame in Case 04 (Figure 7-6c), 

contribution of the boundary frame to the overall strength became significantly larger 

compared to that of the infill plates (i.e., 64% versus 36%). 

3. Infill plates contributed significantly more to the elastic stiffness of SPSWs in both 

Cases 01 and 03, compared to Case 04 where infill plates and boundary elements 

contributed equally to SPSW elastic stiffness.  

4. Infill plates in the first two cases started to yield at approximately 0.5% top story drift and 

reached complete yielding at 1.5% top story drift. By contrast, infill plates in Case 04
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Figure 7-6 Monotonic Pushover Curves for SPSW Components: (a) Case 01 (κ = 1.0); 
(b) Case 03 (κ = κbalanced = 0.49); (c) Case 04 Strengthened (κ = 0.37) 
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started to yield at approximately 0.25% top story drift and reached complete yielding at 

0.75% top story drift. In all cases, complete yielding of infill plates occurred before 

plastification of boundary frame took place.  

5. For Case 04, first HBE plastification occurred at 1.3% drift on HBE1 and the last plastic 

hinged developed on HBE3 at 3.2% drift. Hence, the slight kinks observed in the 

pushover curve of Case 04 correspond to the first yielding of infill plate, the first 

plastification of boundary frame, and the last plastification of boundary frame. 

 

Several aspects of the pushover curves for SPSW components plotted in Figure 7-6 require 

further explanation. First, a slight discrepancy between the theoretical infill plate strength and 

SAP2000 results was observed in Case 01 (i.e., 234 versus 251 kips). This was found to be a 

consequence of a slight difference in strip width calculation for the strip model. In this case, the 

calculation of strip width was based on bay width (i.e., Sdiag = (L cos α + H sin α)/ number of 

strips) while the theoretical calculation of infill plate strength [Eq. (F5-1) of the 2010 AISC 

Seismic Provisions] was based on clear width (Lp). Changing the clear width to bay width in the 

theoretical calculation resolved this discrepancy. The impact was marginal for the balanced 

design case (Case 03) because clear width and bay width were somewhat the same as a result of 

smaller sizes of VBEs compared to that in the 100% case. Second, the overall strength of the 

37% strengthened case (Figure 7-6c) was slightly above the design base shear. This was found to 

be a consequence of the fact that the W-sections selected for the boundary elements have a 

strength that slightly exceeded the required strength (as a consequence of available W sizes). 

Incidentally, a reverse condition occurred for the 25% strengthened case (Case 05 in Figure 7-5), 

where the W-section selected for boundary elements resulted in a slightly lower SPSW overall 

strength compared to the design base shear. Third, the observed contribution of infill plates and 

boundary frame to SPSW overall strengths in Case 01 and Case 03 (i.e., each approximately 

contributing 50%) is only valid for SPSWs having an aspect ratio L/h of 2.0. Other SPSWs with 

different aspect ratios would have different proportions of infill plate and boundary frame 

resistance. This was verified in another SPSW (designed with κ = 1.0) with an aspect ratio of 1.0 

(results not reported here). In that case, contributions of infill plate and boundary frame were 

65% and 35%, respectively. 
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To further compare behavior of the SPSW with balanced design case and SPSW with weak infill 

plates to the benchmark SPSW-CD, cyclic pushover analysis was conducted to obtain hysteretic 

behavior and moment-rotation relationship at HBE ends. Figure 7-7 compares the resulting 

hysteretic behaviors for the balanced design and 37% strengthened cases. The balanced case 

hysteretic has a pinching behavior similar to the regular SPSW while the strengthened case 

exhibits significantly less pinching (i.e. an hysteretic behavior closer to that of moment resisting 

frames). 

 
 

Figure 7-7 Cyclic Pushover Results: (a) Balanced Design Case; (b) 37% Strengthened Case 

 

The same observation can be seen in the moment-rotation hysteresis, as shown in Figure 7-8. 

Showing results for HBE2 as a representative case, it is observed that the moment hysteretic 
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moment-rotation relationship of SPSW-CD (Purba and Bruneau 2010), while that in the 
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typically obtained for special moment resisting frames. These above observations are consistent 

with the fact that boundary frame plays a more significant role in SPSWs that fall below the 

balanced point (i.e., κ < κbalanced), since the boundary frame in those cases must be strengthened 

beyond what is required to satisfy capacity design purposes, therefore increasing the moment 

resisting frame contribution to total behavior (the system effectively becoming a pure moment 
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somewhat academic, since cases for which κ < κbalanced are not permissible.  
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Figure 7-8 Moment-Rotation Hysteresis for HBE2 Left Joint: (a) Balanced Design Case; 
(b) 37% Strengthened Case 

 
Table 7-2 summarizes total weight of steel required for each SPSW. As expected, the balanced 

design is the most optimum in terms of total weight of steel. The two strengthened cases required 

more steel than the balanced case for the same capacity. 
 

Table 7-2 Comparison of Steel Weight of Five Design Cases  

SPSW 
Compo-

nents 

Case 01 
(100:0%) 

Case 02 
(75:25%) 

Case 03 
(49:51%)

Case 04 (37:63%) Case 05 (25:75%) 

Weak Strength-
ened Weak Strength-

ened 

HBE 5980 4380 3380 2860 4660 2240 4920 

VBE 3110 2270 1690 1470 2150 1190 1810 

Infill 
Plate 1369 1023 667 496 496 338 338 

Total 10459 7673 5737 4826 7306 3768 7068 

Unit: weight in pounds 
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conventional SPSWs, it was decided to develop SPSW archetypes for the collapse assessment 
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design case (κ = κbalanced). Once seismic performance factors are established for these two cases, 
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the corresponding performance factors for SPSWs in between these two cases (i.e., κbalanced < κ 

< 1.0) could be interpolated if so desired. Development of SPSW archetypes for the collapse 

assessment is discussed in the following section. 

 

7.3 Development of Steel Plate Shear Walls Archetypes 

7.3.1 Scope of SPSW Archetype Configurations 

Archetypes are intended to represent a general configuration of a proposed seismic-force resisting 

system. They should encompass possible combinations of design parameters permitted by 

building codes and represent conditions in construction practice (FEMA P695). Several design 

parameters that are typically considered in developing archetypes include (but not limited to) 

functionality of buildings, minimum level of gravity and seismic loads, range of structure 

geometric properties (i.e., bay width, story height, and number of stories), to name a few. The 

following design parameters were considered here in the development of archetypes for steel 

plate shear walls. 

1. Type of Steel Plate Shear Walls. Archetypes developed in this research represent 

configuration of conventional SPSWs defined previously in Section 6. Though several of 

conventional SPSWs in that section included SPSWs with simple HBE-to-VBE 

connections, archetypes developed in this research for collapse assessment were designed 

to have moment resisting HBE-to-VBE connections.  

2. Building Functionality. In past applications, SPSWs have been designed as the main 

seismic-force resisting system for various buildings having different functionalities (e.g., 

residential, hospital, office, hotel, etc). In this research, archetypes were considered as 

part of typical office buildings. For convenience, their loading information, floor plans, 

and elevations were arbitrarily taken as similar to the SAC model building described in 

the FEMA 355-C document. 

3. Elevation and Plan Configuration. Each SPSW archetype was designed to have 

building height representative of low- to mid-rise SPSWs (between 3 to 10 stories), one 

bay width, and aspect ratio varying from 1.0 to 2.0. Elevation and plan configuration were 

also taken as similar to the SAC model building described in the FEMA 355-C document. 

All archetypes have a typical story height of 13 ft with various bay widths depending on 
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the aspect ratio of one particular archetype. Note that a three-story SPSW was selected as 

the shortest archetype of interest here to allow observation of the behavior of top and 

bottom anchor HBEs as well as of intermediate HBE. To avoid unnecessary overstrength, 

the required infill plate thickness to sustain story shear forces were assumed available, 

and vary along the height of the building as a function of story shear force demands. 

4. Boundary Frame Moment Resisting Action. SPSW archetypes are designed either for 

the case where the infill plates can resist alone 100% of the specified seismic load without 

considering boundary frame moment resistance (i.e., κ = 1.0) or for the balanced design 

case (i.e., κ = κbalanced). Both design approaches use the capacity design principle outlined 

in the AISC 2010 Seismic Provisions to design HBEs and VBEs. 

5. HBE Plastic Hinges Location. Archetypes are explicitly designed to avoid development 

of in-span hinges. This can be achieved by following the design procedure addressed in 

Purba and Bruneau (2010).  

6. Seismic Tributary Weight. Two levels of seismic tributary weight are considered, 

namely low and high seismic weight. Number of SPSWs in one building is determined as 

a function of seismic weight. For a specified design seismic load, fewer numbers of 

SPSWs present in a building corresponds to high seismic tributary weight for each SPSW, 

and vice versa. 

7. Seismic Design Category. Except for the 3-story SPSW archetypes (for reasons 

explained in Section 7.3.2), all archetypes are sized based on the Design Basis Earthquake 

(DBE) response spectra specified in the FEMA P695 document for high seismicity (i.e., 

SDC Dmax), as shown in Figure 7-9. 

7.3.2 Matrix of SPSW Archetypes 

From a limited literature review conducted on the basic configuration of constructed SPSWs 

(Bruneau et al. 2011), it was found that low-rise SPSWs are more likely to have low aspect ratios 

(while recognizing that SPSWs having any aspect ratios can be, and have been, used for any 

given building height). This aspect ratio would gradually increase for taller SPSWs. The gray 

shaded cells in Table 7-3 are intended to reflect this trend, relating likely wall aspect ratio to 

number of stories. Here, it was decided to design SPSW archetypes with story aspect ratios
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Figure 7-9 DBE and MCE Response Spectra for Collapse Assessment of SPSW Archetypes
 

Table 7-3 Basic Configuration of SPSW Archetypes  

Basic 
Configuration Number of Stories 

Type Aspect 
Ratio1 3 5 7 10 14 17 20 25 30 

Low 
Aspect 
Ratio 

0.75          

1.0          

Moderate 
Aspect 
Ratio 

1.5          

2.0          
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Aspect 
Ratio 

2.5          

3.0          

Note: 
  = Possible configuration of low- to mid-rise SPSWs  

  = Selected SPSW Archetypes 
 

 1) Aspect ratio is defined as the ratio between the panel width and height (L/H)   
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similar to actual SPSWs; these archetypes are shown by the “check marked” entries in Table 7-3. 

This includes 3-story SPSW archetypes with aspect ratios of 1.0, 5- and 10-story SPSW 

archetypes with aspect ratio of 2.0. In addition, even though SPSW-CD (i.e., 3-story wall with 

aspect ratio of 2.0) falls outside the gray shaded zone, it was decided to include it as one of the 

archetypes for collapse assessment of SPSW because many important behaviors of SPSWs have 

been studied in the previous sections using this SPSW-CD. Considering here further extends its 

usefulness as a benchmark against which the behavior of other archetypes studied here can be 

compared (i.e., providing a reference point to benchmark level of tributary seismic weight, 100% 

design case vs. balanced design case, and different values of R factor used in designs). Structure 

description and the design of this 3-story SPSW was presented in Purba and Bruneau (2010). 

 

Table 7-4 shows the matrix of SPSW archetypes used here to quantify seismic performance 

factors for SPSWs. Archetypes are divided in two basic configurations, namely: 100% case 

(κ = 1.0) and balanced case design (κ = κbalanced). Each basic configuration considers two levels 

of panel aspect ratios (i.e., low and moderate aspect ratios). Archetypes can be categorized as part 

of short or long period domain, and low or high tributary seismic mass. Note that the FEMA 

P695 procedure defined short- and long-period archetypes on the basis of the transition period Ts, 

which is the boundary between the region of constant acceleration and constant velocity of the 

design response spectrum. For SDC Dmax, Ts equals to 0.6 seconds (Figure 7-9). The fundamental 

period of archetype T was estimated as follows: 

 seconds25.002.0 75.0 ≥×= nu hCT  (7-3) 

where the value of the coefficient Cu equals to 1.4 in high seismic regions for SD1 ≥ 0.4 

(ASCE 7-10, Table 12-8.1); and hn is the building height in feet. In addition, archetypes designed 

with high tributary seismic mass sustained half of the story seismic mass while that designed with 

low tributary seismic mass sustained one-sixth of the story seismic mass.  

 

One should note that total number of archetypes developed here is less than what is specified for 

a complete application of the FEMA P695 procedure (i.e., 48 archetypes would be required for 

two assumed basic structural configurations, high and low tributary seismic masses, two seismic 

design levels (e.g., SDC Dmax and Dmin), two period domains (short and long periods), and three 

archetypes for each performance group). In this research however, it was decided to investigate 
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selected archetypes that represent critical SPSW configurations. Hence, a total of 14 archetypes 

were prepared and their design outcomes are presented in the following sub-section. 
 

Table 7-4 Matrix of Archetype Configurations for SPSW Collapse Assessment  

Archetype 
ID1 

Basic 
Configuration 

Panel Aspect 
Ratio2 

No. of 
Stories 

Period 
Domain3 

Tributary 
Seismic Mass4 

SW310 

100% Story 
Shear Forces 
Resisted by 
Infill Plate 
(κ = 1.0) 

Low 3 Short Low 

SW320 Moderate 3 Short Low 

SW320G Moderate 3 Short High 

SW520 Moderate 5 Long Low 

SW520G Moderate 5 Long High 

SW1020 Moderate 10 Long Low 

SW310K 

Balanced 
Design Case 
(κ = κbalanced) 

Low 3 Short Low 

SW320K Moderate 3 Short Low 

SW320GK Moderate 3 Short High 

SW520K Moderate 5 Long Low 

SW520GK Moderate 5 Long High 

SW1020K Moderate 10 Long Low 

SW320KR6 Moderate 3 Short Low 

SW320KR5 Moderate 3 Short Low 
 

Note: 1) ID Convention follows the following example 
SW320GKR6 = Steel Walls | 3 story Archetype | Aspect Ratio 2.0 | High Tributary 

Seismic Mass (High Gravity Loads on Leaning Column) | Design with 
κbalanced | Design with R factor of 6 instead of 7 

2) Low: 0.75 ≤ AR ≤ 1.0; Moderate: 1.0 < AR ≤ 2.0; High: 2.0 < AR ≤ 3.0 
3) Short Period: T < 0.6 sec; Long Period: T ≥ 0.6 sec. 
4) Low tributary: seismic weight equals 1/6 of total weight. 
4) High tributary: seismic weight equals ½ of total weight. 

 

7.3.3 Design of Steel Plate Shear Walls Archetypes 

Story seismic weight for each archetype is shown in Table 7-5. Story seismic weight for 

archetypes with shorter than or equal to 65 ft (i.e., ≤ 5 story building) were chosen to match the 

seismic weight of the 3-story SAC model building while archetypes higher than 5-story buildings
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Table 7-5 Story Weight and Design Base Shear of SPSW Archetypes 

Archetype Level WSPSW  
(kips) 

WP-Δ 
(kips) 

Wtotal  
(kips) 

Vd  
(kips) 

SW310, 
SW310K 

Roof 63.42 317.41 380.83 
154.84 

Lower 58.61 292.99 351.60 

SW320, 
SW320K  

Roof 126.94 253.89 380.83 
175.87 

Lower 117.20 234.40 351.60 

SW320KR6 
Roof 126.94 253.89 380.83 

205.18 
Lower 117.20 234.40 351.60 

SW320KR5 
Roof 126.94 253.89 380.83 

246.22 
Lower 117.20 234.40 351.60 

SW320G, 
SW320GK 

Roof 126.94 1014.55 1141.49 
464.51 

Lower 117.20 937.83 1055.03 

SW520, 
SW520K 

Roof 126.94 253.89 380.83 
255.32 

Lower 117.20 234.40 351.60 

SW520G, 
SW520GK 

Roof 126.94 1014.55 1141.49 
765.95 

Lower 117.20 937.83 1055.03 

SW1020, 
SW1020K 

Roof 136.00 256.30 392.30 
680.88 

Lower 126.25 237.93 364.18 
 

Note: 
WSPSW  = Gravity Loads on SPSW 
WP-Δ = Gravity Loads on P-Δ Leaning Column 
Wtotal = Total Seismic Weight for Base Shear Calculation (= WSPSW + WP-Δ) 
Vtotal = Design Base Shear 
 
matched the seismic weight of the 9-story SAC model building. Calculation of design base shear 

and distribution of story forces along the height of the building followed the procedure presented 

in the ASCE 7-10 document. The resulting design base shear for each archetype is shown in 

Table 7-5. In selecting the VBE and HBE sections, the same optimum design objective 

considered when designing SPSW-CD was followed (i.e., achieving a demand-to-capacity ratio 

close to 1.0, without exceeding it). The resulting sizes of VBEs, HBEs, and infill plate are 

summarized in Tables 7-6 to 7-8 for 3-, 5-, and 10-story archetypes, respectively. In addition,
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Table 7-6 Design Summary of 3-Story SPSW Archetypes for Collapse Assessment 

SPSW 
Components 

100% Design Case (κ = 1.0) Balanced Design Case (κ = κbalanced)1 

SW310 SW320a SW320G SW310K SW320Kb SW320GK 

HBE-3 W14×53 (1.0c) W18×76 (0.99) W27×146 (0.96) W12×40 (0.95) W18×40 (0.99) W21×93 (0.96) 

HBE-2 W12×45 (0.99) W14×61 (0.99) W14×159 (0.96) W10×33 (0.95) W12×35 (0.98) W18×71 (0.97) 

HBE-1 W16×31 (0.98) W12×45 (0.95) W18×97 (0.97) W12×22 (0.94) W10×26 (0.95) W14×48 (1.0) 

HBE-0 W18×86 (0.94) W24×117 (0.98) W24×306 (0.97) W18×55 (0.96) W21×68 (0.98) W21×166 (0.98) 

VBE-3 W18×50 (0.96) W16×89 (0.98) W27×161 (0.98) W16×36 (0.98) W14×53 (0.94) W14×132 (0.99) 

VBE-2 W18×71 (0.98) W18×76 (0.99) W27×178 (0.95) W16×45 (0.96) W18×40 (0.98) W21×93 (0.96) 

VBE-1 W21×122 (1.0) W24×146 (0.96) W36×300 (1.0) W18×86 (0.96) W24×76 (0.96) W21×201 (0.97) 

tw3 (in) 0.071 0.036 0.101 0.044 0.018 0.047 

tw2 (in) 0.115 0.059 0.163 0.071 0.029 0.078 

tw1 (in) 0.141 0.072 0.203 0.087 0.035 0.094 
 

Note: a) Previously presented as SPSW-CD (Purba and Bruneau 2010) and Case 01 (benchmark) in Table 7-1 
 b) Previously presented as Case 03 in Table 7-1 
 c) Value in parenthesis is demand-to-capacity ratio 
 1) Balanced condition: κbalanced = 0.63, L/h = 1.0, αaverage = 41° (SW310K) 
   κbalanced = 0.49, L/h = 2.0, αaverage = 44° (SW320K, SW320GK) 
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Table 7-7 Design Summary of 5-Story SPSW Archetypes for Collapse Assessment 

SPSW 
Components 

100% Design Case (κ = 1.0) Balanced Design Case (κ = κbalanced)1

SW520 SW520G SW520K SW520GK 

HBE5 W18×97 (1.0a) W24×229 (0.96) W16×57 (0.97) W18×143 (0.98) 

HBE4 W21×68 (0.97) W24×176 (0.99) W14×48 (0.96) W27×84 (0.96) 

HBE3 W14×74 (0.99) W21×166 (0.99) W14×38 (0.95) W21×83 (0.98) 

HBE2 W12×58 (1.0) W27×114 (1.0) W14×30 (0.97) W24×62 (0.98) 

HBE1 W12×45 (0.99) W24×84 (0.98) W10×22 (0.91) W18×46 (1.0) 

HBE0 W36×160 (1.0) W40×431 (1.0) W30×90 (0.96) W36×232 (0.99) 

VBE5 W21×93 (1.0) W24×250 (0.96) W18×55 (0.98) W27×114 (1.0) 

VBE4 W21×111 (0.98) W30×261 (0.98) W18×65 (1.0) W27×146 (0.94) 

VBE3 W27×84 (0.97) W36×232 (0.96) W21×50 (0.95) W30×124 (0.97) 

VBE2 W27×161 (0.97) W40×397 (0.99) W27×84 (0.96) W33×201 (1.0) 

VBE1 W33×221 (0.98) W40×593 (1.0) W27×129 (0.98) W33×318 (0.99) 

tw5 (in) 0.027 0.084 0.013 0.041 

tw4 (in) 0.048 0.149 0.023 0.071 

tw3 (in) 0.064 0.200 0.031 0.094 

tw2 (in) 0.075 0.235 0.036 0.111 

tw1 (in) 0.082 0.254 0.039 0.119 

Note: 1) Balanced condition: κbalanced = 0.49, L/h = 2.0, αaverage = 44° (SW520K) 
 κbalanced = 0.48, L/h = 2.0, αaverage = 43° (SW520GK) 

 a) Value in parenthesis is demand-to-capacity ratio 

 

design outcomes for 3-story SPSW archetypes designed with different R factors are presented in 

Table 7-9. 

7.4 Nonlinear Models for Collapse Simulation 

Figure 7-10 shows an example two-dimensional nonlinear model for collapse simulation of 

3-story SPSW archetypes. It incorporates an axial hinge at every strip and concentrated fiber 

plastic hinges (each with 65 fibers across the cross-section) at the ends of VBEs and HBEs. Panel
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Table 7-8 Design Summary of 10-Story SPSW Archetypes for Collapse Assessment: 
(a) Vertical and Horizontal Boundary Elements 

Boundary Frame SW1020 SW1020K1 

HBE10 W24×131 (0.97a) W21×73 (0.94) 

HBE9 W27×102 (0.98) W21×62 (0.95) 

HBE8 W27×102 (0.94) W21×55 (0.95) 

HBE7 W24×94 (1.0) W18×55 (1.0) 

HBE6 W27×84 (0.99) W18×50 (1.0) 

HBE5 W21×83 (1.0) W18×46 (0.92) 

HBE4 W21×73 (1.0) W18×46 (0.95) 

HBE3 W21×62 (1.0) W14×38 (0.92) 

HBE2 W21×55 (0.94) W16×26 (0.94) 

HBE1 W12×53 (0.96) W14×22 (1.0) 

HBE0 W36×439 (0.98) W30×235 (0.99) 

VBE10 W30×124 (0.97) W21×83 (0.92) 

VBE9 W30×191 (0.93 W24×104 (0.99) 

VBE8 W33×221 (0.96) W24×131 (0.91) 

VBE7 W33×241 (0.97) W27×129 (0.92) 

VBE6 W36×230 (1.0) W30×116 (0.96) 

VBE5 W36×230 (0.95) W30×116 (0.96) 

VBE4 W36×328 (1.0) W36×160 (0.97) 

VBE3 W36×439 (1.0) W36×210 (1.0) 

VBE2 W36×650 (0.89) W36×280 (0.97) 

VBE1 W36×798 (0.84) W36×328 (0.98) 
 

Note: 1) Balanced condition: κbalanced = 0.47, L/h = 2.0, αaverage = 42° 
a) Value in parenthesis is demand-to-capacity ratio 
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Table 7-8 Design Summary of 10-Story SPSW Archetypes – Cont’d: (b) Infill Plates 

Infill Plate SW1020 SW1020K1 

tw10 (in) 0.044 0.020 

tw9 (in) 0.081 0.037 

tw8 (in) 0.114 0.052 

tw7 (in) 0.142 0.065 

tw6 (in) 0.166 0.077 

tw5 (in) 0.185 0.085 

tw4 (in) 0.201 0.094 

tw3 (in) 0.213 0.100 

tw2 (in) 0.221 0.103 

tw1 (in) 0.226 0.104 
 

Note: 1) Balanced condition: κbalanced = 0.47, L/h = 2.0, αaverage = 42° 
 
 

Table 7-9 Design Summary of 3-Story SPSW Archetypes Designed with Different R Factors 

SPSW 
Components 

SW320 
(R = 7.0) 

SW320KR5  
(R = 5.0) 

SW320KR6  
(R = 6.0) 

SW320K  
(R = 7.0) 

HBE-3 W18×76 (0.99a) W14×68 (0.98) W16×50 (1.0) W18×40 (0.99) 

HBE-2 W14×61 (0.99) W14×43 (0.99) W14×38 (0.97) W12×35 (0.98) 

HBE-1 W12×45 (0.95) W14×30 (1.0) W12×26 (0.97) W10×26 (0.95) 

HBE-0 W24×117 (0.98) W24×84 (1.0) W18×86 (1.0) W21×68 (0.98) 

VBE-3 W16×89 (0.98) W18×60 (0.99) W14×61 (0.94) W14×53 (0.94) 

VBE-2 W18×76 (0.99) W18×55 (0.99) W18×46 (0.99) W18×40 (0.98) 

VBE-1 W24×146 (0.96) W27×94 (1.0) W24×84 (1.0) W24×76 (0.96) 

tw3 (in) 0.036 0.025 0.021 0.018 

tw2 (in) 0.059 0.041 0.034 0.029 

tw1 (in) 0.072 0.050 0.042 0.035 
 

Note: a) Value in parenthesis is demand-to-capacity ratio 
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Figure 7-10 Nonlinear Model for Collapse Simulation: (a) Example Structural Model of 3-Story Archetype
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Figure 7-10 Nonlinear Model for Collapse Simulation – Cont’d: (b) Degradation Material 
Model for Strips; (c) Degradation Material Model for Boundary Elements 

 
zones are not included in this model as their impacts on the global behavior of the model are 

insignificant. Deterioration material models for SPSW components (i.e., strips and boundary 

elements) have been presented in Section 6 and are re-plotted here for convenience in 

Figures 7-10b and 7-10c, respectively. All deterioration parameters have been defined in 

Section 6. The gravity leaning column elements are added to capture the P-Δ effects due to 

gravity loads that are not located on the SPSW. The values of gravity loads located on the SPSW 

and on the leaning column for each archetype are summarized in Table 7-5. 

 

As addressed in Section 6, the nonlinear models were developed in the OpenSees framework. In 

this framework, there are at least two approaches to model leaning columns. First, a leaning 

column can be modeled using an Elastic Beam-Column (EBC) Element combined with a 

Zero-length Element (ZLE) at both ends of the column. Typically with this approach, moment of 
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inertia and cross section area of the EBC element are multiplied by the number of gravity 

columns present in the structure. However, since there is no definitive information on the number 

of gravity columns in the archetypes, their values are arbitrarily increased by 100 times their 

actual values to represent the aggregate effect of all the gravity columns. In addition, a 

significantly small flexural stiffness is assigned to the ZLE element to simulate moment release at 

both ends of the column. This approach was used in the degradation simulation of moment 

resisting frames performed by Eads (2012). Second, a leaning column can be modeled with only 

an EBC element with cross section area increased by 100 times the regular column cross section 

area, but with moment of inertia reduced to be 100 times smaller than the actual regular column 

moment of inertia. This approach basically defines an axially rigid leaning column with a 

significantly small flexural stiffness. It is comparable to the first approach but without the need to 

define ZLE elements at both ends of EBC element. This approach was used in the nonlinear 

analysis of self-centering SPSW conducted by Clayton et al. (2012) and was selected here to 

model the leaning column. Rigid links were used to connect the leaning column and SPSWs at 

every floor, and were modeled by using a Truss Element with cross section area arbitrarily 

increased to 100 times the HBE cross section at the corresponding floor. No seismic mass was 

applied on the leaning column; all of them were applied to the SPSWs and distributed equally to 

its left and right joints at every story. 

 

7.5 Summary 

Development and design of archetypes for the collapse assessment of steel plate shear walls was 

presented. Archetypes were categorized into two basic configurations. In the first group of 

archetypes, infill plates were designed to resist the entire lateral loads, without considering the 

possible contribution from the surrounding boundary moment-resisting frames. In the second 

group of archetypes, infill plates were designed to resist a portion of the lateral loads and the 

boundary frame resisted the remaining portion of the lateral loads. Review of previous research 

conducted by Qu and Bruneau (2009) was performed and a limited case study was conducted to 

develop an understanding of the behavior of archetypes in the second group, and to decide what 

percentage of lateral loads distributed between infill plates and boundary frame should be used in 

the design of these archetypes. The “balanced” distribution of lateral loads (κ = κbalanced) was 
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selected for the design of the second group of archetypes because SPSWs designed per this 

approach exhibited similar behavior under monotonic and cyclic pushover analyses as the first 

group of archetypes designed per the AISC 2010 Seismic Provisions. 

 

Archetypes developed were limited to low- and mid-rise SPSWs having low to high aspect ratio 

(i.e., 1.0 to 2.0). In-span hinges were explicitly prevented in HBEs of the archetypes. Low and 

high tributary seismic mass intensity were considered and all archetypes were designed to resist 

forces obtained from a design response spectra for high seismicity zone (i.e., SDC Dmax of FEMA 

P695: SDS = 1.0g and SD1 = 0.6g). Archetype elevation and plan configuration were similar to the 

SAC model building. A total of 14 archetypes were considered. 

 

Nonlinear models developed for collapse simulation featured a dual strip model with gravity 

leaning columns. The model incorporated an axial hinge at every strip, concentrated fiber plastic 

hinge at both ends of boundary elements, and material models that accommodated strength 

degradation. Added to capture the P-Δ effects of gravity loads that were not located on the 

SPSWs, the gravity leaning column was modeled in OpenSees using the Elastic Beam-Column 

Element with cross section area increased by 100 times the regular column cross section area, but 

with moment of inertia reduced to be 100 times smaller than the actual regular column moment 

of inertia. Rigid links modeled with the Truss Element (with cross section arbitrarily increased to 

100 times the HBE cross section at the corresponding floor) were used to connect the leaning 

column and SPSW. No seismic mass was applied on the leaning column; all seismic masses were 

applied to the SPSW and distributed equally on the left and right of HBE-to-VBE joints at every 

story. Results of the collapse assessment analysis for each archetype are presented in the 

subsequent section. 
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SECTION 8 

COLLAPSE ASSESSMENT OF STEEL PLATE SHEAR WALLS FOR 
QUANTIFICATION OF SEISMIC PERFORMANCE FACTORS 

 
 

8.1 General 

The two preceding sections addressed two key components required to perform collapse 

assessment of steel plate shear walls (SPSW). Using the strength degradation material model and 

nonlinear structural model developed in Sections 6 and 7, respectively, this section presents 

collapse assessment on SPSW archetypes designed in Section 7. The main objective of this 

assessment is to quantify seismic performance factors (SPF) for SPSWs. Specifically, it aims to 

quantify response modification coefficient (R factor), system overstrength factor (Ωo factor), and 

deflection amplification factor (Cd factor) for two types of SPSWs with two different basic 

configurations. First, collapse assessment is conducted on SPSW archetypes designed neglecting 

the contribution of their boundary moment resisting frames to resist story shear forces. In other 

words, in those cases, infill plates are designed to resist the entire story shear forces (i.e., κ = 1.0). 

Collapse assessment is also conducted on a second group of SPSW archetypes designed 

considering the sharing of story shear forces between the boundary frames and infill plates, such 

that system overstrength is theoretically eliminated (i.e., κ = κbalanced). SPFs for both types of 

SPSWs are identified and compared. 

 

The methodology described in the FEMA P695 document is used for the above purpose. A brief 

summary of this methodology for quantification of SPF (e.g., step-by-step procedures, required 

nonlinear analyses, performance criteria, and other relevant assumptions) was reviewed in 

Section 2. One of the required nonlinear analyses specified in the methodology involves 

conducting incremental dynamic analysis (IDA) until global collapse of archetypes is obtained. 

Thus, the definition of collapse used in IDA is first presented in this section. Following this, the 

FEMA P695 methodology is explained in detail proceeding through examples of two 3-story 

SPSW archetypes that represent the two basic configurations (i.e., SPSW designed with κ = 1.0 

and κ = κbalanced). Results of nonlinear static (pushover) analysis and dynamic analysis (IDA), 
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collapse fragility curves, and collapse margin ratios between the two groups of archetypes are 

compared. Effect of different intensity measures, damage measures, and non-deteriorated 

material models on collapse margin ratios is addressed afterward. Building upon this 

understanding of collapse performance evaluation for the 3-story SPSW archetypes, collapse 

assessment on 10-story archetypes is then conducted. Local behaviors (e.g., infill plate yielding 

and plastic hinge distributions, cross section rotations, and interstory drifts) of the 3- and 10-story 

archetypes are compared to investigate why the taller archetypes are found to have larger collapse 

margin ratios. 

 

Collapse fragility curves are then presented for all archetypes analyzed, considering various 

structural configurations (i.e., panel aspect ratio, seismic weight intensity, and number of stories). 

Closing this section, reviewing all results generated, the adequacy of existing seismic 

performance factors for SPSWs is assessed for both types of SPSWs considered, and possible 

adjustments are recommended. 

 

8.2 Collapse Definition for Incremental Dynamic Analysis 

Incremental dynamic analysis (IDA) is a series of time history analyses performed on a given 

structural model for which intensity of a given ground motion is gradually scaled up from low to 

high magnitude until the structure reaches a specified limit state. Spectral acceleration and peak 

ground acceleration (PGA) are the two most common parameters used to measure the ground 

motion intensity in this context; and top story drift, interstory drift, cross-section plastic rotation, 

or base shear are examples of parameters commonly used to assess seismic performance of the 

structural model (Vamvatsikos and Cornell 2002). To comply with the FEMA P695 

methodology, IDA in this research is conducted until a given SPSW archetype is deemed to have 

reached collapse. 

 

In a typical IDA curve that plots an intensity measure (IM) versus a damage measure (DM), a 

nearly flat line is an indicator of structural collapse (or dynamic instability), because in that case, 

a relatively small increase in ground motion intensity from that in the preceding IDA step causes 

excessive lateral deformations of the structure under consideration. An example that shows such 
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an indication of collapse point is presented in Figure 8-1a, which plots spectral acceleration (as 

the IM) versus maximum interstory drift (as the DM). After the last stable point (i.e., Sa = 1.6g, 

Δmax/h = 4.6%, where Δmax is the maximum interstory displacement and h is the story height), DM 

moves toward ‘infinity’ (i.e., Δmax/h is greater than 100%) with an increase of 0.1g IM. Here, the 

collapse intensity, SCT, equals 1.7g. In several cases however, a collapse point could be observed 

before DM moves toward infinity (i.e. be still visible in the plot for an arbitrary selected range of 

the horizontal axis, at a drift less than 15% interstory drift for the example shown in Figure 8-1b). 

In such cases, the collapse point is taken as the next point after the last stable point providing that 

the slope between these two points (i.e. the last stable point and the one after it, as annotated in 

Figure 8-1b) is significantly smaller than the slope over several earlier IDA steps (i.e., ‘elastic’ 

slope). For example, for the case in Figure 8-1b, with an increase of 0.1g from the last stable 

point (i.e., SCT of 5.9g and Δmax/h of 6.8%), the maximum interstory drift increased by more than 

5% (i.e., at the collapse intensity, where SCT  equals 6.0g, the value of Δmax/h jumped to 12.6%). 

 

Vamvatsikos and Cornell (2002) described weaving and structural resurrection phenomena can 

sometimes be observed in IDA curves. Weaving is a phenomenon where an increase in the IM 

(e.g., spectral acceleration) is not followed by a larger DM (e.g., interstory drift). Structural 

resurrection is the condition by which an archetype reappears as a non-collapsing structure (as if 

it gains strength again) at a higher intensity level after global structural collapse (i.e., dynamic 

instability) occurs at a lower intensity level. These two phenomena are respectively illustrated in 

Figures 8-1c and 8-1d. In an event of weaving, the collapse point is the higher intensity after 

passing the weaving zone when the structure tends toward infinity (or exhibits a significant 

‘jump’ of DM for a small increase of IM). For example, the collapse intensity, SCT, for the IDA 

results shown in Figure 8-1c is 7.0g instead of 5.8g even though at this point the maximum 

interstory drift has reached 10%. As for structural resurrection, the collapse point is the lower 

intensity when the first dynamic instability occurs, as opposed to the second time after the 

resurrection. For example, the SCT for the IDA results shown in Figure 8-1d is 2.7g as opposed to 

4.4g. Determination of collapse in this study is done in compliance with the above rules. 
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Figure 8-1 Collapse Definition for Incremental Dynamic Analysis:  
(a) Collapse Point Occurred at Infinity; (b) Collapse Point Based on “Tangent Slope” Rule 
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Figure 8-1 Collapse Definition for Incremental Dynamic Analysis – Cont’d: (c) Collapse 
Point in case of Weaving; (d) Collapse Point in case of Structural Resurrection 
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8.3 Application of FEMA P695 Methodology to 3-Story SPSW Archetypes 

The FEMA P695 methodology, developed to provide a rational basis to quantify the global 

seismic performance factors (SPF) of seismic-force-resisting systems, was explained in 

Section 2.4. The following illustrates in detail application of this methodology to two 3-story 

SPSW archetypes. In this case, archetypes SW320 and SW320K are selected. The two archetypes 

represent the two basic SPSW configurations considered in this research (Section 7), namely: the 

design of SPSW with κ factor equals to 1.0 (i.e., SW320) and the balanced design case with κ 

factor set to be κbalanced (i.e., SW320K). Results for the two archetypes are compared in the 

following paragraphs. 

8.3.1 Structural System Archetypes and Nonlinear Analytical Model 

As summarized in Table 7-5, both SW320 and SW320K archetypes were designed to resist a 

design base shear of 176 kips. However, the amount of base shear sustained by their infill plates 

was different. In the case of SW320, the entire specified design base shear was resisted by its 

infill plates, while for SW320K, the infill plates only resisted 86 kips and the remaining base 

shear of 90 kips was sustained by its boundary frame. Member sizes for both archetypes were 

presented in Table 7-6. It was mentioned in Section 7 that a response modification coefficient 

(R factor) of 7 was used to design both archetypes, following the current value assigned to steel 

plate shear walls in ASCE 7-10. Moreover, nonlinear analytical models of both archetypes were 

conducted using the dual strip model shown in Figure 7-10. Detailed information on nonlinear 

analytical models was presented in Section 6. 

 

For the purpose of performing performance evaluation (Section 8.3.3), uncertainty factors related 

to archetypes and nonlinear models need to be determined by rating the design procedures used to 

size the archetypes, the experimental data used to verify proposed strength degradation model, 

and the collapse modes incorporated in the nonlinear model according to the guidelines described 

in Tables 2-4 to 2-6. Each rating and corresponding uncertainty factor is described as follows. 

Uncertainty Related to Design Requirements 

In this research, the procedures used to design SPSW archetypes followed the current design 

procedures described in the AISC 2010 Seismic Provisions for SPSW. Developed based on 
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SPSW research conducted in the last 30 years, this provision provides sufficient design 

requirements to safeguard against unanticipated failures. Moreover, SPSWs have been used in 

several buildings as their main lateral-force resisting systems. Examples of SPSWs 

implementations both in low- and high-rise buildings can be found in Bruneau et al. (2011). 

However, no documented performance of SPSWs during earthquakes is available (at the time of 

this writing) to verify whether a well-designed SPSW is actually performed as intended. Hence, 

based on the guidelines outlined in Table 2-4, the current SPSW design requirements are rated as 

B (Good) and the corresponding uncertainty factor related to design requirements (βDR) equals 

0.2. Over time, as research on SPSWs continues and new understanding of SPSW behavior is 

obtained, this value could be revisited. 

Uncertainty Related to Test Data 

At the time of this writing, 36 conventional unstiffened slender-web SPSWs have been tested by 

various researchers (as summarized in Section 6.2). They varied from single- to four-story 

specimens with aspect ratios ranging from 0.7 to 2.2. This total number of tested SPSW 

specimens is relatively low in comparison to that of other lateral-force-resisting systems (e.g., 

special moment frames). In addition, all SPSW specimens tested focused on investigating global 

behavior of the system, and there is a lack of individual component tests. Hence, based on the 

guidelines outlined in Table 2-5, SPSW test data at the time of this writing is rated as C (Fair) 

and the corresponding uncertainty factor related to test data (βTD) equals 0.35. 

Uncertainty Related to Nonlinear Model 

Based on past SPSW experimental research available at the time of this writing, common 

deterioration and failure modes in steel plate shear walls have been identified and addressed in 

Section 6. Among the failure modes identified, deteriorating web tearing and flexural failure of 

boundary elements are the primary factors that would contribute to collapse of SPSWs; these 

were considered in the development of nonlinear models used in this research (Section 6.7, 

Figure 7-10). The other two failure modes (i.e., instability and shear failure of boundary elements) 

can be avoided in a well-designed SPSW that complies with the AISC 2010 specification, and are 

therefore not modeled. However, the deteriorated material models presented in Section 6 were 

calibrated only to a limited number of SPSW specimens that have stable strength degradation 

behavior. Hence, based on the guidelines outlined in Table 2-6, the nonlinear analytical model 
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developed in this research is rated as B (Good) and the corresponding uncertainty factor related to 

the nonlinear model (βMDL) equals 0.2. 

8.3.2 Nonlinear Static and Dynamic Analyses 

Nonlinear static (pushover) and dynamic (response history) analyses were performed with the 

OpenSees program (Mazzoni et al. 2009). Dynamic analyses of 44 specified ground motions 

were executed using the NEES-HUB supercomputer. Procedures and results of both analyses are 

presented as follows. 

Nonlinear Static Analysis 

Nonlinear pushover analysis was performed in accordance with the description presented in 

Section 2.4.3 and intended to estimate overstrength (Ωo) and period-based ductility (μT) factors 

for both archetypes. The resulting monotonic pushover curves for both archetypes are presented 

in Figure 8-2. The ultimate base shear strengths for SW320 and SW320K are 495 and 226 kips, 

respectively. To obtain the overstrength factors for both archetypes (2-3), their ultimate strengths 

are divided by the design base shear of 176 kips. Hence, Ω0 factors are 2.8 and 1.3 for SW320 

and SW320K, respectively. Moreover, effective yield and ultimate top floor displacements (i.e., 

δy,eff and δu, respectively) are required to obtain the period-based ductility 2-4), which is later 

used for performance evaluation (Section 8.3). As indicated in Figure 8-2a for SW320, the 

effective yield and ultimate displacements are 1.8 and 8.9 in., respectively, while in Figure 8-2b 

for SW320K, the respective displacement values are 1.8 and 8.6 in. Hence, μT factors are 4.9 and 

4.8 for SW320 and SW320K, respectively. Even though both archetypes have significantly 

different strength capacities, they have somewhat the same displacement capacities. 

 

With respect to overstrength, it should be noted that in both cases, the resulting factors first 

include an inherent design overstrength factor of 1.33 as a consequence of complying with the 

current AISC design procedure for SPSW (i.e., using Ωs = 1.2 and φ = 0.9, Section 7.2.3). The 

additional overstrength factor in SW320 of 2.1 (= 2.8/1.33) is attributed to boundary frame 

moment resisting action (that was not designed to resist story shear forces, but which 

unavoidably does), to material strain hardening developed in the boundary elements and infill 

plates, and to the strip model which was developed based on center-to-center dimensions as
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Figure 8-2 Monotonic Pushover Analysis Results: (a) SW320; (b) SW320K 
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opposed to the clear dimensions of the infill plates (Section 7.2.3). Obviously, among these three 

factors, the biggest contribution to overstrength comes from the first one. This can be observed in 

the balanced case archetype (SW320K), in which overstrength due to boundary frame was 

eliminated as it was explicitly designed to resist its share of the story shear forces. In this case, 

the resulting overstrength factor of 1.3 is attributed to the inherent design overstrength mentioned 

above, with marginal contributions to the overstrength due to material strain hardening and 

modeling. Interestingly, the resulting factor of 1.3 for SW320K is actually slightly less than the 

inherent design overstrength factor of 1.33, which at first appears illogical (considering the other 

two overstrength sources, the total overstrength factor should in fact be larger than 1.33). Closer 

scrutiny of SPSW response revealed that the difference is due to the fact that several strips in 

SW320K have started to deteriorate before fiber hinges in boundary elements reached a complete 

plastic condition; as a result, the ultimate strength of SW320K was slightly less than the 

theoretical ultimate strength which does not consider degradation in structural components. 

Incremental Dynamic Analysis (IDA) 

Theoretically, any arbitrary incremental scheme of ground motion intensity can be selected for 

incremental dynamic analysis (IDA). In this research project that considers the 44 ground 

motions specified in the FEMA P695, the IDA started with using the actual un-scaled recorded 

ground motions, followed by two subsequent increments for which all ground motions were 

scaled such that the median spectral acceleration of the 44 ground motions (at the fundamental 

period of a given archetype being analyzed) matched that at the Design Basis Earthquake (DBE) 

and at the Maximum Considered Earthquake (MCE) spectral acceleration levels (Figure 7-9), 

respectively. From there on, each motion was gradually scaled up in steps equal to one-tenth of 

the MCE level (i.e., 0.1Sa-MCE), up to an intensity that caused structural collapse. Specific to 

SW320K, several ground motions actually caused collapse at intensities lower than the MCE 

level (as further shown in Figure 8-3). In those cases, considering the large intensity discrepancy 

between the DBE and MCE levels, 3 to 6 additional analyses were conducted between these two 

levels to refine assessment of the collapse intensity level for these ground motions. 

 

Incidentally, increments equal to one-tenth of the median spectra beyond the MCE level actually 

resulted in relatively broad variation of increments among ground motions (since this was done in 

an average sense). Several of the ground motions ended up having an intensity increment of less 
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than 0.1g while several others had increments larger than 0.3g. To reduce the number of analysis 

for the former and maintain sufficient accuracy in determining collapse intensity level for the 

latter, in the subsequent series of IDA for the remaining archetypes (i.e., Sections 8.5 to 8.8), a 

uniform intensity increment of 0.1g was selected for all considered ground motions. 

  

Figure 8-3 presents IDA results for SW320 and SW320K. The corresponding collapse fragility 

curves developed based on the collapse data points in Figure 8-3 are compared in Figure 8-4. The 

median collapse spectral acceleration intensity, ŜCT, is 3.6g and 2.3g for SW320 and SW320K, 

respectively. These results inform that at the same level of 50% collapse probability, the spectral 

acceleration intensity at which 22 ground motions caused collapse of SW320 is higher than that 

which caused SW320K to collapse. Note that these 22 ground motions are not the same for both 

cases (which is often the case in such FEMA P695 analyses). The collapse fragility curves in 

Figure 8-4 also indicate that when both archetypes are subjected to a set of ground motions 

having their median spectral acceleration scaled to the MCE response spectra level of 1.5g, 

SW320K has a higher probability of collapse compared to SW320. In this case, the collapse 

probabilities at the MCE level are 21.5% versus 2.8% for SW320K and SW320, respectively. 

The same information can be also obtained from IDA curves in Figure 8-3, where more collapses 

(i.e. flat lines) can be seen to occur below the SMT level for the SW320K case compared to 

SW320. From these IDA results, a collapse margin ratio (CMR) can be estimated, which the 

FEMA P695 methodology defines as the ratio between ŜCT and SMT (2-5). Here, the CMR is 2.4 

and 1.5 for SW320 and SW320K, respectively. 

 

Note that above, the reported median collapse spectral acceleration intensities, ŜCT, were taken 

from their respective collapse fragility curves as the spectral acceleration intensities that 

corresponded to a 50% probability of collapse. These fragility curves (Figure 8-4) were obtained 

by fitting a lognormal distribution through the collapse data points of each archetype. 

Alternatively, an empirical ŜCT could have been used, defined as the lowest spectral acceleration 

intensity when 22 ground motions caused collapse. The values of ŜCT obtained by this alternative 

approach for SW320 and SW320K would have been 3.9g and 2.2g, respectively. This differs 

slightly from the values of 3.6g and 2.3g obtained from the lognormal fragility curves. In this 

research, the first definition of ŜCT was used, since the fit to a lognormal distribution was
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Figure 8-3 Incremental Dynamic Analysis (IDA) Results: (a) SW320; (b) SW320K 
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Figure 8-4 Collapse Fragility Curves for SW320 and SW320K 
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Table 8-1 Summary of ATC-63 Methodology on 3-Story SPSW Archetypes 

Parameter SW320 SW320K Note and Reference

1. Design Stage
R 7 7 Initial value ASCE 7-10 Table 12.2-1
Vdesign 176 176 Table 8.5
2. Nonlinear Static (Pushover) Analysis
Vmax 495 226 Fig. 9.5
Ω = Vmax/Vdesign 2.81 1.29 Included SH = 2%, Ωd = 1.2 and φ = 0.9
δy,eff 1.80 1.80
δu 8.86 8.64
μT = δu/δy,eff 4.92 4.80 Eq 2.2
3. Incremental Dynamic Analysis (IDA)
SCT 3.60 2.29 Fig. 9.6
SMT 1.50 1.50 Fig. 8.9
CMR = SCT/SMT 2.40 1.53 Eq 2.3
4. Performance Evaluation
T 0.36 0.36 Eq. 8.3
SDC Dmax Dmax FEMA P695 (ATC63) Table 5-1
SSF (T, μT) 1.25 1.24 Table 2.1
ACMR = SSF (T, μT) x CMR 3.00 1.90 Eq. 2.4
βRTR 0.4 0.4 Section 2.4.4
βDR 0.2 0.2 Table 2-2: (B - Good)
βTD 0.35 0.35 Table 2-3: (C - Fair) 
βMDL 0.2 0.2 Table 2-4: (B - Good)

βtot = sqrt (βRTR
2 + βDR

2 + βTD
2 + βMDL

2) 0.60 0.60 Eq. 2.5
ACMR20% (βtot) 1.66 1.66 Table 2-5
ACMR10% (βtot) 2.16 2.16 Table 2-5
Statusi Pass Pass Eq. 2-6a
StatusPG Pass NOT Pass Eq. 2-6b
5. Final Results
R 7 Try Again
Ω 2.8 Try Again
μT 4.9 Try Again
Cd = R 7 Try Again

Units: kips, in, sec., g

Fig. 9.5

 
 

modify the CMR to the adjusted collapse margin ratio (ACMR) are a function of the archetype 

fundamental period and period-based ductility (μT) obtained from pushover analysis. The 

fundamental period (T) calculated using (7-3) is 0.36 seconds for both archetypes. For T less than 
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0.5 seconds, μT values of approximately 5, and seismic design category (SCD) Dmax, the value of 

SSF obtained from Table 2-3 is approximately 1.25 for both archetypes. Accordingly, the ACMR 

for SW320 and SW320K are 3.0 and 1.9, respectively. In Section 8.3.4, these values will be 

compared to acceptable ACMR values to justify whether the initial R factor used to design these 

archetypes satisfy the FEMA P695 requirements. 

 

It should be emphasized that the analytical fundamental periods for SW320 and SW320K 

obtained from OpenSees eigenvalue analysis were different from the one reported above, and 

were 0.35 and 0.50 seconds, respectively. While the analytical fundamental period of SW320 is 

in good agreement with the theoretical fundamental period, that of SW320K is slightly higher. 

Even though the FEMA P695 methodology specifies the use of the theoretical fundamental 

period when estimating SSF values, it is noteworthy that the resulting SSF values for both 

archetypes would be the same if the analytical fundamental periods are used instead. As shown in 

Table 2-3, SSF values for archetypes with fundamental period less than 0.5 seconds are the same 

for a given period-based ductility; and for periods larger than 0.5 seconds, slightly different 

analytical and theoretical fundamental periods would either result in the same or marginally 

different SSF values, depending on μT values. 

 

To estimate acceptable ACMR, total system collapse uncertainty (βTOT) is required. As discussed 

in Section 2.4.4, the value of βTOT is obtained by combining uncertainty factors related to record-

to-record (βRTR), design requirements (βDR), test data (βTD), and nonlinear modeling (βMDL). For 

the selected ground motions used in the FEMA P695 methodology, a constant value of βRTR 

equal to 0.4 is used, given that period-based ductility is larger than or equal to 3 (μT ≥ 3). The 

other three uncertainty factors have been presented in Section 8.3.1. Their values are 0.2, 0.35, 

and 0.2 for βDR, βTD, and βMDL, respectively. Hence, the total system uncertainty calculated using 

(2-7) is 0.6. As presented in Table 2-7 for βTOT of 0.6, the acceptable ACMR for 10% and 20% 

collapse probability under MCE ground motions (i.e., ACMR10% and ACMR20%) are 2.16 and 

1.66, respectively. A limited sensitivity analysis to examine the impact of different uncertainty 

factors on these acceptable ACMR is presented in Section 8.8. 
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The FEMA P695 methodology specifies that ACMR20% and ACMR10% are the acceptable 

threshold values to evaluate performance of individual archetype and average performance of 

several archetypes in one performance group, respectively. Hence as individual archetypes, both 

SW320 and SW320K pass the performance requirement. Here, SW320 has an ACMR 

significantly above ACMR20% (i.e., 3.0 versus 1.66) while SW320K has an ACMR only slightly 

higher than the threshold value (i.e., 1.9 versus 1.66). However, the performance evaluation 

might have different outcomes within the performance group level. If both archetypes were part 

of different performance groups and their ACMR values were representative of that group, then 

SW320K would fail the requirement while SW320 would pass the requirement. 

8.3.4 Evaluation of Seismic Performance Factors 

For illustration purposes, if SPFs for SPSWs are judged solely based on the collapse performance 

evaluations of SW320 and SW320K, the initial R factor of 7 used to design archetypes in the first 

basic configuration (i.e., κ = 1.0) is adequate. The system overstrength factor (Ωo) could be 

specified as high as 2.8 and deflection amplification factor (Cd) equal to 7, similar to the value of 

R factor (2-10). As for the second basic configuration (i.e., κ = κbalanced), the initial R factor of 7 

used to design these archetypes is not adequate. The collapse performance satisfied the individual 

performance criteria but does not satisfy the performance group criteria. Here, further iteration 

process is required to evaluate the collapse performance of balanced archetypes designed with a 

lower R factor (e.g., R = 6 or 5). 

 

Final recommendations of SPF for SPSWs however are yet to be determined pending upon 

collapse performance evaluations of other archetypes, which will be addressed in Section 8.7. 

However, the information presented so far indicates that for SPSWs designed with a similar R 

factor of 7, SW320 seems to have a better seismic performance compared to SW320K. Impact of 

lower R factor on collapse performance will be addressed in Section 8.8. 

 

8.4 Factors that Affect Collapse Margin Ratio 

The CMR is key in determining whether a proposed SPF can satisfy the FEMA P695 

performance criteria. Accordingly, an investigation on several factors that affect CMR is useful at 
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this stage. This section provides such a review, focusing on the impact of intensity measure, 

damage measure, and non-deteriorated material model. 

8.4.1 Intensity Measure (IM) 

The collapse margin ratios for SW320 and SW320K, presented in the previous section, were 

estimated based on spectral acceleration intensity when half of the considered ground motions 

caused these archetypes to collapse (by experiencing excessive lateral interstory displacements). 

However, PGA is another intensity measure (IM) commonly used in IDA (Vamvatsikos and 

Cornell 2002). Using this IM, comparison of CMR becomes independent of archetype 

fundamental periods. It was deemed of interest to investigate how results would change if using 

this IM instead. 

 

Figure 8-5 shows IDA results for SW320 and SW320K using PGA as the selected intensity 

measure; the resulting corresponding collapse fragility curves are shown in Figure 8-6. Half of 

the ground motions caused SW320 to collapse at a PGA level of 1.7g, while a lower level of 

PGA of 1.1g was sufficient to do the same condition for SW320K. From a different perspective, 

by conducting a comparison of response at the MCE level (i.e., PGA = 0.6g), results show that 

SW320 has only 0.5% probability of collapse at that level, whereas SW320K has a 10.6% 

probability of collapse. 

 

While those results exhibit the same trend as shown in Figures 8-3 and 8-4 (i.e., SW320K has a 

smaller margin to collapse, and higher probability of collapse), the resulting CMR for each 

archetype using PGA as the intensity measure is slightly higher than that using spectral 

acceleration. Here, the median collapse PGA intensity, PGACT, for SW320 and SW320K are 1.7g 

and 1.1g, respectively. Comparing to PGA intensity at MCE level (PGAMT), CMR for respective 

archetypes are 2.76 and 1.76 (i.e., ACMR values are 3.44 and 2.2, respectively), which are 

approximately 15% larger than for results obtained when using spectral acceleration as the 

intensity measure. Accordingly, the SW320K, with its ACMR of 2.2, would satisfy the 

performance criteria of ACMR20% or ACMR10% if the evaluation was based on PGA as the IM. 
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Figure 8-5 Incremental Dynamic Analysis (IDA) Results using PGA as Intensity Measure: 
(a) SW320; (b) SW320K 
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Figure 8-6 Collapse Fragility Curves for SW320 and SW320K using 
PGA as Intensity Measure 
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Figure 8-7 Exceedance Fragility Curves for SW320 and SW320K 
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Figure 8-8 Exceedance Fragility Curves for SW320 using Various Levels of Inter-story 
Drift as Damage Measure 

 
results from Figure 8-4 using the collapse point as the DM are superimposed in these curves. At 

the MCE level (i.e., SMT = 1.5g), there is approximately a 50% probability that drifts will exceed 

2% and 3.5% interstory drifts for SW320 and SW320K, respectively. More significantly at a 20% 

probability of exceedance, the respective archetypes will exceed 3% and 7% interstory drifts. 

Corresponding probabilities for other drift levels are tabulated in the figures. The results indicate 

that SW320K has higher probability to suffer significantly larger interstory drift, which can be 
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Figure 8-9 Exceedance Fragility Curves for SW320K using Various Levels of Inter-story 
Drift as Damage Measure 

 

motions cause an archetype to reach a given DM (SDM=x%) (i.e., an interstory drift of x%) and 
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Figure 8-10 Margin Ratio versus Interstory Damage Measure for 3-story Archetypes 
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SW320 archetype was conducted but in this case, the elasto-perfectly plastic (EPP) material 

model was assigned to boundary elements and infill plates. Note that gravity leaning columns 

remained in the analytical model to account for P-Δ effects. The resulting fragility curve from 

this analysis would serve as an ‘upper bound’ envelope against which conservativeness of the 

current fragility curve (Figure 8-7) can be assessed. IDA results for the non-deteriorating bi-

linear inelastic material model are plotted in Figure 8-11. 

 

 
 

Figure 8-11 Incremental Dynamic Analysis (IDA) Results for SW320 with 
Non-Deteriorated Material Model 
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condition (i.e., 15% drift) was selected as the limit state, the corresponding median collapse limit 

intensity, ŜCT-NSC, would be 7.4g and the CMR would be 4.2. Obviously, this resulting CMR is 

significantly higher than the previous CMR of 2.4 obtained for SW320 with degradation material 

model. Alternatively, considering that the SW320 median collapse interstory drift occurred at 

7.6% drift (Figure 8-7), and arbitrarily selecting this level as the limit for the damage measure, 

the values of ŜCT-NSC and CMR would drop down to 4.7g and 3.1, respectively. 

 

Using the latter results to assess the objective mentioned in the first paragraph of this sub-section, 

the collapse fragility curve for SW320 with EPP material is compared in Figure 8-12 to the 

previous results for SW320 with deteriorated material model (for completeness, the collapse 

fragility curve for SW320K is also included in that figure). The fragility curve for the former case 

shifts to the right of that for the latter case. In other words, CMR increases from 2.4 for the 

SW320 with severe deteriorated material model, to 3.1 for the SW320 with non-deteriorated 

(EPP) material model. Hence, if using a material model having a less severe degradation than 

what was defined in Figure 6-31 for SW320, the resulting CMR would be between these lower- 

and upper-bound values. The fragility curves shown in Figure 8-12 illustrate how results of this 

study could be possibly affected if future research was to be conducted with models having less 

severe strength degradation. At this time, however, the more severe degradation model was 

retained for reasons presented above. 

 

8.5 Comparison of IDA Results between 3- and 10-Story SPSW Archetypes 

To investigate how the observations made on the seismic performance of the 3-story SPSW 

archetypes would vary as a function of number of stories, it was decided to consider archetypes 

with a greater number of stories. As a starting point, it was decided to investigate 10-story 

archetypes. For design, it was assumed that uniform infill plate yielding could develop over the 

entire wall 10-story SPSW (per the sway plastic collapse mechanism). Consequently, the same 

capacity design principle used to design the 3-story archetypes were applied to design the 

10-story archetypes, with the expectation that comparable observations on the seismic behaviors 

between the two groups of archetypes could be established. 
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Figure 8-12 Comparison of Collapse Fragility Curves between Archetypes with 
Deteriorated and Non-Deteriorated Material Model 
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Figure 8-13 Collapse Fragility Curves for SW1020 and SW1020K 
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the resulting ACMR (= SSF × CMR) would only change by less than 5% if analytical 

fundamental periods were used instead. 

 

Figure 8-14 compares collapse fragility curves of the 3- and 10-story archetypes. The fragility 

curves were developed using spectral acceleration and PGA as the intensity measures, shown 

respectively in Figures 8-14a and 8-14b. Since both sets of archetypes have different fundamental 

periods and spectral accelerations at the MCE level, the horizontal axis of Figure 8-14a is 

presented in terms of CMR (i.e., by normalizing ŜCT with SMT). Though the IM used for 

Figure 8-14b is independent of the fundamental period, for consistency, the horizontal axis is also 

presented in terms of CMR by normalizing PGACT with PGAMT. As shown in the figure for the 

two basic configurations considered (i.e., 100% and balanced design cases), the 10-story 

archetypes have larger margin to collapse compared to the 3-story archetypes. Using spectral 

acceleration as the IM, CMR for the 10-story archetypes are at least 1.5 times larger than that in 

the 3-story archetypes. The difference is even larger (i.e., approximately twice) when using PGA 

as the IM. Moreover, probability of collapse at the MCE level (i.e., when CMR = 1.0) is lower 

for the 10-story archetypes, especially for the balanced design case. From Figure 8-14a, the 

collapse probability reduces from approximately 20% for SW320K to 4% for SW1020K. The 

difference is marginal for the 100% design case, as both SW320 and SW1020 already have 

relatively low probabilities of collapse at the MCE level. 

 

The fact that the 10-story archetypes exhibited significantly higher CMR compared to the 3-story 

archetypes was initially suspected to maybe indicate that a uniform sway plastic collapse 

mechanism had not fully developed over the full height of the 10-story archetypes at the MCE 

level. Specifically, it was suspected that the infill plates at several stories in the 10-story 

archetypes (possibly at the lower stories) had not yielded and that several boundary elements had 

not reached a complete plastification at the MCE level. If this hypothesis was true, these 

archetypes would then have significant strength to sustain ground motion intensities larger than 

that at the MCE level. In order for these archetypes to reach the uniform sway plastic mechanism, 

to start experiencing strength deterioration, and to eventually collapse, the ground motion 

intensity would have to be further increased. By comparison, the 3-story archetypes were 

suspected have reached their uniform sway plastic mechanism at the MCE level, with collapse
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Figure 8-14 Collapse Fragility Curves for 3- and 10-Story Archetypes: (a) Spectral 

Acceleration as IM; (b) PGA as IM 
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occurring soon after. As such, the resulting CMR for the 10-story archetypes would be higher 

compared to that for the 3-story archetypes. 

 

To investigate whether the above hypothesis indeed explained the aforementioned phenomenon, 

the local behavior of both sets of archetypes were examined. Specifically, infill plate yielding and 

plastic hinge distributions, cross-section rotations, and inter-story drifts of both groups were 

compared at the MCE level, the last stable point, and the collapse point. For this investigation, 

results from 3 arbitrarily selected ground motions were examined, namely, ground motion 

HDLT262, HE11230, and YER270. Their spectral accelerations and acceleration time histories 

are shown in Figure 8-15. Spectral acceleration intensities when these ground motions caused the 

3- and 10-story archetypes to collapse (SCT) are shown in Figure 8-16, plotted relative to that of 

the MCE response spectra. The following two sub-sections present the observation of these local 

behaviors of both groups of archetypes. 

8.5.1 Conventional Design Case (κ = 1): SW320 versus SW1020 

A first comparison was conducted on the infill plate yielding and plastic hinge distributions, as 

shown in Figures 8-17 and 8-18, respectively, for SW320 and SW1020. In each figure, the 

distributions present the results at the end of time history analyses for three considered ground 

motions at 3 different ground motion intensity levels, namely: (a) at the MCE level, when 

spectral intensities of the ground motions reached that of the MCE spectra; (b) at the last stable 

point, before the ground motions caused the archetypes to reach a near collapse stage (Figure 8-1); 

and (c) at the collapse point, when the ground motions caused the archetypes to collapse. Note 

that the results for the collapse point were actually taken when interstory drift reached a 15% drift 

(i.e. on their way toward infinity, due to dynamic instability), in order to keep reasonable 

comparisons of observed behaviors with those of the other two conditions. Note that the yielding 

distribution results in the positive and negative directions are generally different (partly because 

ground motion time histories are typically un-symmetric), and that the worse state of damage 

between the two directions was selected to represent the condition at one particular intensity level. 

As shown in those figures for the MCE level, the 3- and 10-story archetypes exhibited somewhat 

similar infill plate yielding patterns. The results under HDLT262 ground motion are used to 

explain observed behaviors (Figures 8-17a and 8-18a). The 3-story archetype (SW320) exhibited
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Figure 8-15 Acceleration Time Histories and Spectral Accelerations for 3 Ground Motions 
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Figure 8-16 MCE Response Spectra and Logarithmic Distribution of SCT:  
(a) SW320 versus SW1020; (b) SW320K versus SW1020K 
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Figure 8-17 Plastic Hinge and Strip Yielding Distributions for SW320 under Three Selected Ground Motions: (a) HDLT262 

Legend: 

= full plastic condition of fiber hinge 

= strip yielding (P = Py) 

= yielding condition (yielding remains within HBE flanges) 

MCE Level Last Stable Point Collapse Point 

= strength degradation of fiber hinge 
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Figure 8-17 Plastic Hinge and Strip Yielding Distributions for SW320 under Three Selected GMs – Cont’d: (b) HE11230 

Legend: 

= full plastic condition of fiber hinge 

= strip yielding (P = Py) 

= yielding condition (yielding remains within HBE flanges) 

MCE Level Last Stable Point Collapse Point 

= strength degradation of fiber hinge 
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Figure 8-17 Plastic Hinge and Strip Yielding Distributions for SW320 under Three Selected GMs – Cont’d: (c) YER270 

 

Legend: 

= full plastic condition of fiber hinge 

= strip yielding (P = Py) 

= yielding condition (yielding remains within HBE flanges) 
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Figure 8-18 Plastic Hinge and Strip Yielding Distributions for SW1020 under Three 

Selected Ground Motions: (a) HDLT262 

Strength degradation 
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Collapse PointLast Stable PointMCE Level 
Legend: [See Figure 8-17] 
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Figure 8-18 Plastic Hinge and Strip Yielding Distributions for SW1020 under Three 

Selected Ground Motions – Cont’d: (b) HE11230 

Collapse PointLast Stable PointMCE Level 
Legend: [See Figure 8-17] 
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Figure 8-18 Plastic Hinge and Strip Yielding Distributions for SW1020 under Three 

Selected Ground Motions – Cont’d: (c) YER270 

Collapse PointLast Stable PointMCE Level 
Legend: [See Figure 8-17] 
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a fully yielded condition and the 10-story archetype (SW1020) had a few corner strips remaining 

elastic at the lower stories while the remaining strips yielded. In addition, several strips of 

SW1020 at the top story started to deteriorate at that MCE level. With respect to the plastic hinge 

distribution on boundary elements in SW320, except for those two joints at the right and left 

joints of the bottom two HBEs that started to yield, all other HBE ends have reached a full 

plastification stage; signs of yielding also occurred at its second story VBEs. As for SW1020, 

except for the HBEs at the first two floors, all other HBEs have reached their full plastic 

condition. As a consequence of strength deterioration in several of strips at the tenth floor of 

SW1020, the VBEs at this floor experienced yielding and full plastification of hinges. 

 

As the intensity of ground motion increased, plastification in HBEs progressed and infill plates 

progressively lost their strength; as a result of this loss of strength, story shears caused 

plastification of the VBEs. Specifically for SW320 at the collapse point (Figure 8-17a), the top 

two infill plates have completely lost their strength (i.e., see the infill plate distribution in the 

positive direction) and a soft-story mechanism occurred at the second story as indicated by 

deteriorating plastic hinge at the bottom of the second story VBEs. The same condition also 

occurred for SW1020 (Figure 8-18a), where infill plates at the top six stories have no strength left 

and a soft-story mechanism occurred at the fifth floor.  

 

The collapse mechanisms for both archetypes can also be observed by plotting lateral 

displacements along the height of the building, as shown in Figure 8-19. The figure plots absolute 

lateral displacements recorded at each considered intensity level and ground motions. Here, story 

drift at one particular floor is defined as the floor displacement divided by its height measured 

from the base (also known as the total drift). In combination with the previous two figures, the 

results in Figure 8-19 allow observations of the consequences of soft story-mechanism which 

caused steel walls at levels below the location of the soft-story mechanism to experience smaller 

deformations compared to those above. Hence, infill plates at the lower levels remained in the 

plastic condition and no strength loss was observed. 

 

Furthermore, Figure 8-20 compares maximum cross-section rotation recorded at boundary 

elements (i.e., HBEs and VBEs) and interstory story drift along the height of the archetypes.
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Figure 8-19 Deformed Shapes under Three Selected Ground Motions (κ = 1): 

(a) HDLT262 
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Figure 8-19 Deformed Shapes under Three Selected Ground Motions (κ = 1) – Cont’d: 

(b) HE11230 
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Figure 8-19 Deformed Shapes under Three Selected Ground Motions (κ = 1) – Cont’d: 

(c) YER270 
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Figure 8-20 Maximum Cross-Section Rotation and Interstory Drift under Three 
Considered Ground Motion (κ = 1): (a) HDLT262 

 
Plotted on the top row are curves for SW320, whereas on the bottom row are curves for SW1020. 
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Figure 8-20 Maximum Cross-Section Rotation and Interstory Drift under Three 
Considered Ground Motion (κ = 1) – Cont’d: (b) HE11230 
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Figure 8-20 Maximum Cross-Section Rotation and Interstory Drift under Three 
Considered Ground Motion (κ = 1) – Cont’d: (c) YER270 

 
presented in Figure 7-10. The same trend was also observed in terms of interstory drift. At the 

MCE level, the largest interstory drifts were 2.3% and 3.4% for SW320 and SW1020, 
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8.5.2 Balanced Design Case (κ = κbalanced): SW320K versus SW1020K 

The same comparison of local behaviors as in the conventional design case (κ = 1) archetypes 

was conducted for the balanced design case (κ = κbalanced) archetypes. Overall, the same trend as 

reported in the previous section was observed for the balanced design case but with greater infill 

plate yielding and boundary element plastification. Infill plate yielding and plastic hinge 

distributions for SW320K and SW1020K are presented in Figures 8-21 and 8-22, respectively. 

Again, the results under the HDLT262 ground motion are used to explain observed behaviors 

(Figures 8-21a and 8-22a). In contrast with their counterpart archetypes (i.e., SW320 and 

SW1020), these archetypes have lost several of strips at the MCE level. Infill plates of SW320K 

at the top two stories have partial shear capacity to sustain lateral loads beyond the MCE level, 

while the same condition occurred at the top four stories of SW1020K. Plastification occurred at 

each end of every HBE and at the second story VBEs for SW320K. As for SW1020K, except for 

the bottom anchor beam, all other HBEs have reached their fully plastic condition and several 

plastic hinges (i.e., at the 6th to 9th stories) even have started to deteriorate, which led to a soft-

story mechanism. The mechanism occurred at the second floor for SW320K while that for 

SW1020K occurred at the fifth floor, which can be confirmed by observing lateral displacements 

along the height of the building in Figure 8-23. 

 

Furthermore, the maximum cross-section rotation recorded at boundary elements and interstory 

drift along the height of the archetypes are compared in Figure 8-24 for SW320K and SW1020K 

under all considered ground motions. In terms of these two local behaviors, both archetypes 

exhibited comparable outcomes. Consider the last stable point prior to collapse for HDLT262 as 

an example. The largest θmax were 0.06 and 0.07 radians for SW320K and SW1020K, 

respectively, while the largest interstory drifts were 4.4% and 5.9% for the same respective 

archetypes. As in the case of conventional archetypes, collapse of these balanced archetypes 

occurred at larger than 0.10 radians cross-section rotations and 10% interstory drifts. 

 

At this point, no conclusive evidence from investigating these local behaviors that can explain 

why the 10-story archetypes have higher CMRs compared to the 3-story archetypes. In contrast 

with the original hypothesis, both archetype groups actually have comparable local damages at 

the MCE level (i.e., approaching uniform infill plate yielding and plastic hinge distribution); yet
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Figure 8-21 Plastic Hinge and Strip Yielding Distributions for SW320K under Three Selected Ground Motions: (a) HDLT262 

 

Legend: 

= full plastic condition of fiber hinge 
= yielding condition (yielding remains within HBE flanges) 

= strength degradation of fiber hinge 
= strip yielding (P = Py) 

MCE Level Last Stable Point Collapse Point 
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Figure 8-21 Plastic Hinge and Strip Yielding Distributions for SW320K under Three Selected GMs – Cont’d: (b) HE11230 

 

Legend: 

= full plastic condition of fiber hinge 
= yielding condition (yielding remains within HBE flanges) 

= strength degradation of fiber hinge 
= strip yielding (P = Py) 

MCE Level Last Stable Point Collapse Point 
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Figure 8-21 Plastic Hinge and Strip Yielding Distributions for SW320K under Three Selected GMs – Cont’d: (c) YER270 

 

= full plastic condition of fiber hinge 
= yielding condition (yielding remains within HBE flanges) 

= strength degradation of fiber hinge 
= strip yielding (P = Py) 
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Subjected to YER270 GM, 
SW320K collapse point was 
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Figure 8-22 Plastic Hinge and Strip Yielding Distributions for SW1020K under Three 

Selected Ground Motions: (a) HDLT262 

Legend: [See Figure 8-21] 

Strength 
degradation on 
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Figure 8-22 Plastic Hinge and Strip Yielding Distributions for SW1020K under Three 

Selected Ground Motions – Cont’d: (b) HE11230 

Legend: [See Figure 8-21] 
Collapse PointLast Stable PointMCE Level 
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Figure 8-22 Plastic Hinge and Strip Yielding Distributions for SW1020K under Three 

Selected Ground Motions – Cont’d: (c) YER270 

Legend: [See Figure 8-21] 
Collapse PointLast Stable PointMCE Level 
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Figure 8-23 Deformed Shapes under Three Selected Ground Motions (κ = κbalanced): 

(a) HDLT262  
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Figure 8-23 Deformed Shapes under Three Selected GMs (κ = κbalanced) – Cont’d: 

(b) HE11230 
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Figure 8-23 Deformed Shapes under Three Selected GM (κ = κbalanced) – Cont’d: 

(c) YER270 
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Figure 8-24 Maximum Cross-Section Rotation and Interstory Drift under Three 
Considered Ground Motion (κ = κbalanced): (a) HDLT262  
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collapse point and MCE level was smaller. The margins for SW320K and SW1020K were 1.15 

and 1.16, respectively. 

 

 
 

Figure 8-24 Maximum Cross-Section Rotation and Interstory Drift under Three 
Considered Ground Motion (κ = κbalanced) – Cont’d: (b) HE11230 
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Figure 8-24 Maximum Cross-Section Rotation and Interstory Drift under Three 
Considered Ground Motion (κ = κbalanced) – Cont’d: (c) YER270 
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conventional archetypes at the same level of ground motion intensity (i.e., at the MCE level). 

This explains why the balanced archetypes have a lower margin to collapse compared to the 

conventional archetypes. 

8.5.3 Impact of Ground Motion Record Sets on Collapse Margin Ratio 

In the two preceding sub-sections, investigation on local behaviors of archetype components (i.e., 

infill plate yielding, boundary frame plastification, interstory drift, cross-section rotation) was 

conducted in an attempt to understand why the 10-story archetypes have higher CMR values 

compared to the 3-story archetypes. This sub-section addresses the same concern by investigating 

the impact of selected ground motion record sets on CMR values between short- and long-period 

archetypes. As described in Section 2, the ground motion records used in the nonlinear dynamic 

analyses for collapse assessment consist of 44 individual far-field ground motions. 

 

For the purpose of the current investigation, a new archetype was prepared which has similar 

geometric properties and distribution of gravity loads to that of SW320, but with a different story 

seismic mass. The story seismic mass was tuned such that this hypothetical archetype had the 

same fundamental period as that of SW1020 (T1 = 1.08 sec). IDA was performed and the 

resulting collapse fragility curve is plotted in Figure 8-25 (i.e., denoted as SW320PeriodSW1020). 

Though not comparable to that of SW1020, as initially expected, the resulting CMR value is 

higher than that of SW320. Here, the resulting CMR value for this hypothetical archetype is 3.5, 

which is between the CMR values for SW320 and SW1020 of 2.4 and 4.1, respectively. 

 

The above result indicates a possible trend for long-period archetypes to have larger CMR values 

compared to short-period archetypes under the ground motion record sets selected. Therefore, for 

the same intensity of ground motions (e.g., at MCE level), long-period archetypes have a lower 

probability to collapse compared to short-period archetypes. This finding is similarly observed 

when looking at examples in the FEMA P695 document for both reinforced concrete special 

moment frame and wood light-frame archetype systems, where short-period archetypes (i.e., T1 < 

0.6 sec for SDC Dmax) had lower value of CMR. In other words, to achieve the same level of 

collapse margin as long-period archetypes, short-period archetypes for these systems required 

additional strength or other form of modifications to improve their collapse performance. The
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Figure 8-25 Comparison of Collapse Fragility Curves between Archetypes with Different 
Fundamental Periods 

 
FEMA P695 document referenced several previous research on single and multiple degree of 

freedom structural systems that reported similar findings (e.g., Newmark and Hall 1973; Lai and 

Biggs 1980; Elghadamsi and Mohraz 1987; Riddell et al. 1989; Nassar and Krawinkler 1991; 

Vidic et al. 1992; Miranda and Bertero 1994; Takeda et al. 1988; Krawinkler and Zareian 2007). 
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0.0

0.2

0.4

0.6

0.8

1.0

0 5 10

CMR = SCT/SMT

Pr
ob

ab
ili

ty
 o

f C
ol

la
ps

e

SW320PeriodSW1020

SW320

SW1020

T1 = 1.08 Sec.

T1 = 1.08 Sec. 

T1 = 0.36 Sec.



 395

resulting exceedance fragility curves for these archetypes are respectively plotted in Figures 8-26 

and 8-27. The results under MCE ground motions are considered for comparison purpose (i.e., at 

SMT equals to 1.5g and 0.8g for 3- and 10 story archetypes, respectively). For the conventional 

archetypes, half of the ground motions resulted in approximately 2% interstory drift for both 

SW320 and SW1020. However, SW1020 has a lower probability of exceeding larger interstory 

drift selected as the DM. For example, only 5 ground motions (i.e., 10% probability of 

exceedance) caused 3% interstory drift on SW1020, while 10 ground motions (i.e., 22% 

probability of exceedance) caused the same drift magnitude on SW320. As for the balanced 

archetypes, 22 ground motions resulted in approximately 3.5% and 3% interstory drift for 

SW320K and SW1020K, respectively. In both design cases, the 10-story archetypes exhibited 

superior seismic performance with respect to the 3-story archetypes. 
 

 
 

Figure 8-26 Exceedance Fragility Curves for SW1020 using Various Levels of Inter-story 
Drift as Damage Measure 
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Figure 8-27 Exceedance Fragility Curves for SW1020K using Various Levels of Inter-story 
Drift as Damage Measure 
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Figure 8-28 Margin Ratio versus Interstory Damage Measure for 10-story Archetypes 
 
compares collapse margin ratios for archetypes with different panel aspect ratios, intensities of 

active seismic weight, and number of stories. The resulting collapse fragility curves and the 

corresponding collapse margin ratios are presented in Figure 8-29. 
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Figure 8-29 Collapse Fragility Curves for Archetypes with Various Configurations: 
(a) 100% Design Case; (b) Balanced Design Case   
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words, as a consequence of less overstrength present in SW310 compared to that of SW320, its 

probability of collapse under MCE ground motions is higher (i.e., its margin to collapse is 

smaller). However, the 12.5% CMR difference between SW310 and SW320 is somewhat small 

considering the large difference in overstrength between the two archetypes shown in Figure 7-2. 

Here, for the case when the κ factor equals 1.0, a 25% overstrength difference theoretically exists 

between these archetypes. This indicates that, while Figure 7-2 provides insights as to the relative 

magnitude of CMRs between archetypes having different aspect ratios, the relationship between 

overstrength and CMR values is not necessary linearly correlated. 

 

By contrast, the balanced archetypes (i.e., SW310K versus SW320K) have practically similar 

margins to collapse. As shown in Figure 8-29b, their collapse fragility curves are on top of each 

other and their respective CMR values are 1.52 and 1.53. One might expect this result 

considering that both archetypes have the same amount of overstrength (i.e., an inherent 

overstrength of 1.33 as a consequence of compliance with the AISC 2010 design procedure for 

SPSW, for reasons described in Section 7.2.3). 

8.6.2 Impact of Seismic Weight on Collapse Margin Ratio 

All SPSW archetypes presented up to this point were designed to sustain tributary seismic weight 

equal to one-sixth of the total story seismic weight in the prototype buildings selected (i.e., the 

SAC model buildings). Here, this seismic weight intensity is denoted as “Low” seismic weight. 

To investigate the impact of “High” seismic weight on archetype collapse performance, four 

archetypes (i.e., SW320G, SW320GK, SW520G, and SW520GK) were designed to sustain half 

of the total story seismic weight. When comparing IDA results for these archetypes to the results 

for their corresponding archetypes designed with low seismic weight (i.e., SW320, SW320K, 

SW520, and SW520K), observations can be conducted on the impact of high seismic weight as a 

function of number of stories (i.e., for 3- and 5-story archetypes) and basic configurations (i.e., 

conventional versus balanced design cases). It should be emphasized that the terms “Low” and 

“High” seismic weight used here can be interpreted to correspond to the cases termed low and 

high gravity loads in FEMA P-695, respectively, assigned to the gravity leaning column system 

(P-Δ column). For example, gravity loads assigned to the VBEs of both SW320 and SW320G are 

the same but the latter has higher gravity loads assigned to its P-Δ columns. Distribution of 



 400

gravity loads assigned to VBEs and gravity leaning columns was presented in Table 7-5 for all 

archetypes considered. 

 

Initially, it was suspected that archetypes designed with high seismic weight would have lower 

(or, at worst, similar) margins to collapse compared to those with low seismic weight. This 

hypothesis was founded on the idea that the fundamental period of both archetypes would be 

comparable, because the ratio between their structural masses and stiffness would be similar (i.e., 

archetypes with low seismic weight would have smaller component sizes and therefore lower 

stiffness, while those with high seismic weight would have bigger component sizes and therefore 

higher stiffness). Indeed, calculations confirmed that the fundamental periods of archetypes 

designed with high and low seismic weights, for the same number of stories, were similar, as 

shown later in Table 8-2. Accordingly, their responses under one particular ground motion were 

expected to be comparable at lower levels of earthquake excitations. However, in the case for 

which gravity loads on the leaning columns are considerably larger, P-Δ effects could cause 

archetypes designed with high seismic weight to reach collapse sooner than those with low 

seismic weight. On that basis, 5-story archetypes were expected to possibly have smaller CMR 

compared to 3-story archetypes, since P-Δ effects would be more pronounced in higher buildings.  

 

Interestingly, contrary to the initial expectation, the archetypes designed with higher seismic 

weight were found to actually have higher CMR values. This result can be observed in all cases 

considered (Figure 8-29). Specifically, the conventional 3-story archetypes, SW320G (designed 

with high seismic weight) has a 13% higher CMR than SW320 (designed with low seismic 

weight). The difference is even higher for the conventional 5-story archetypes, where the CMR of 

SW520G (equal to 3.03) is 25% higher than that of SW520. For the balanced 3-story archetypes, 

however, the difference between CMR values of archetypes designed with high and low seismic 

weight was insignificant, with CMR values for SW320GK and SW320K of 1.55 and 1.53, 

respectively. Differing from these results, the CMR of SW520GK (i.e., balanced 5-story 

archetype designed with high seismic weight) was 25% higher than the CMR of its counterpart 

archetype SW520K designed with low seismic weight (a difference similar to that observed for 

the conventional 5-story archetypes). 
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As a first attempt to comprehend the cause for the above trends, the intensity of each ground 

motion that caused the archetype designed with high seismic weight to collapse (SCT) was 

compared to the ground motion intensity that caused the same on the archetype designed with 

low seismic weight. Figure 8-30 shows such comparison for the 3-story archetypes. In part (a), 

the figure plots collapse intensity ratio for the conventional archetypes (i.e., between SW320G 

and SW320), while part (b) shows the same for the balanced archetypes (i.e., between SW320GK 

and SW320K). For the conventional archetypes, most of the ratios are larger than 1.0 (i.e., for 41 

GMs), which means the majority of ground motions have to be scaled up to a higher intensity to 

cause collapse of SW320G as opposed to that of SW320. By contrast, for the balanced 

archetypes, the numbers of intensity ratio larger and smaller than 1.0 are comparable (i.e., 26 

ground motions caused collapse of SW320GK at a higher intensity than for SW320K, and 18 at a 

lower intensity). Note that results were sensibly the same for the 5-story archetypes, although 

only the results for the 3-story archetypes are presented here. 
 

 
 

Figure 8-30 Comparison of Collapse Intensity (SCT) under Individual Ground Motion 
between Archetypes Designed with High and Low Seismic Weights: (a) 100% Design Case; 

(b) Balanced Design Case 
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While the above provides some statistical quantification supporting the observation of higher 

CMR for archetypes designed with high seismic weight (because CMR is linearly correlated to 

the median collapse intensity of the 44 ground motions), further investigation is required to 

understand the actual reason for the aforementioned trends. For this purpose, a series of 

monotonic pushover analyses were conducted to investigate the impact of P-Δ columns and 

deteriorated material models on archetypes designed with high and low seismic weights. The 

analyses were conducted on the 3- and 5-story archetypes as well as on the conventional and 

balanced design archetypes (i.e., total of 8 archetypes). 

 

In a first set of analyses, non-deteriorated material models were used for the 3-story conventional 

and balanced archetypes, and followed by a second set of analyses on the same archetypes with 

deteriorated material models. For simplicity, material strain hardening was excluded in both sets 

of analyses. The resulting pushover curves are compared in Figure 8-31. Plotted on the left side 

are curves for the conventional archetypes, whereas on the right are curves for the balanced 

archetypes. Pushover curves on top and bottom rows are the results for non-deteriorated and 

deteriorated material models, respectively. When no strength degradation was considered in the 

nonlinear model, P-Δ practically has the same effects on both conventional and balanced 

archetypes irrespective of seismic weight intensity considered (Figure 8-31a and Figure 8-31c). 

After reaching their ultimate strength, normalized base shears for archetypes with high and low 

seismic weight decreased at the same rate either in the conventional or balanced design cases.  

 

By contrast, when strength degradation was considered, pushover curves of archetypes designed 

with high and low seismic weights were significantly different for the conventional design case 

(Figure 8-31b), while that was not the case for the balanced design case (Figure 8-31d). For the 

conventional archetypes, strength degradation occurred in SW320 at 2.2% top story drift, which 

is sooner than that in SW320G at 2.5%. Incidentally, the 13% difference between these two 

starting points of strength degradation is similar to the difference between their CMR values. As 

for the balanced archetypes, both SW320K and SW320GK experienced strength degradation 

approximately at the same 2.1% top story drift. 
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Figure 8-31 Seismic Weight Influence as seen through Monotonic Pushover Analysis on  
3-story Archetypes: (a) and (b) 100% Design Case with and without Deteriorated Material 
Model; (c) and (d) Balanced Design Case with and without Deteriorated Material Model   

 
Additionally, monotonic pushover analyses were conducted on the 5-story conventional and 

balanced archetypes designed with high and low seismic weights. Again, in the first set of 

analyses, non-deteriorated material models were used and followed by a second set of analyses 

on the same archetypes with deteriorated material models. The resulting pushover curves are 

compared in Figure 8-32. The same observations reported for the 3-story archetypes are also 

evident for the 5-story archetypes when no strength degradation was considered in the nonlinear 

model. Here, P-Δ has practically the same effects on both conventional and balanced archetypes 

irrespective of seismic weight intensity. When strength degradation was considered, high seismic 

weight had a more pronounced impact on the conventional archetypes compared to the balanced 

archetypes. As plotted in Figure 8-32b, strength degradation occurred in SW520 at 1.9% top 

story drift while that in SW520G occurred at 2.4% top story drift. As for the balanced archetypes 

0.0

0.2

0.4

0.6

0.8

1.0

1.2
N

or
m

al
iz

ed
 B

as
e 

Sh
ea

r, 
V 

/ V
m

ax
-E

P
P

0% 1% 2% 3% 4% 5% 6%
Top Floor Drift

SW320G
SW320

0% 1% 2% 3% 4% 5% 6%
Top Floor Drift

SW320GK

SW320K

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 3.6 7.2 10.8 14.4 18 21.6
Top Floor Displacement, Δ (in)

N
or

m
al

iz
ed

 B
as

e 
Sh

ea
r, 

V 
/ V

m
ax

-E
P

P

SW320G
SW320

0 3.6 7.2 10.8 14.4 18 21.6
Top Floor Displacement, Δ (in)

SW320GK

SW320K

(a) (c) 

(b) (d) 



 404

shown in Figure 8-32d, SW320K and SW320GK experienced strength degradation at 

approximately 1.8 and 2.2% top story drift, respectively. 

 

 
 

Figure 8-32 Seismic Weight Influence as seen through Monotonic Pushover Analysis on  
5-story Archetypes: (a) and (b) 100% Design Case with and without Deteriorated Material 
Model; (c) and (d) Balanced Design Case with and without Deteriorated Material Model   

 
Having observed that both the 3- and 5-story conventional archetypes designed with low seismic 

weight exhibited strength degradation sooner compared to that with high seismic weight, a 

subsequent investigation was directed to compare cross-section moment capacities of W-sections 

used for boundary elements of each archetype. As explained in Section 6, during modeling, the 

moment-rotation relationship at the cross section level was converted into a stress-strain 

relationship for fibers in OpenSees model using the following equation. 
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where ε is the fiber strain at the top and bottom of the cross-section for pure bending; d is the 

cross-section total depth; θ is cross-section rotation; and Lp is plastic hinge length (= 0.9d). In the 

absence of axial forces, given that the plastic hinge length is a function of d, the above equation 

simplifies such that the furthest fiber from the neutral axis of any cross section reaches the same 

strain for a given cross-section rotation, irrespective of section depth. For example, to reach the 

onset of strength degradation at 0.039 radians (as shown in Figure 7-10c), the furthest fiber from 

the neutral axis has to reach a strain level of 0.022.  However, when axial force is present in a 

cross-section (which typically the case for boundary elements), the degradation behavior of deep 

and shallow cross sections will vary because the axial load causes the neutral axis to move away 

from the center of gravity of the cross section. The larger the axial load, the further the neutral 

axis shifts away from the center. For shallow cross-sections, the strain corresponding to the onset 

of degradation would be reached at a smaller rotation than those in deeper cross-sections, and 

strength degradation would take place faster. 

 

As presented in Table 7-6, cross-section depths for the 3-story conventional archetypes designed 

with low and high seismic masses are significantly different. The latter case has relatively larger 

cross-sections. By contrast, that was not the case for the 3-story balanced archetypes. Both 

archetypes designed with low and high seismic masses have comparable sizes of HBEs and 

VBEs. This explains the results plotted in Figure 8-31, where strength of the conventional 

archetype with relatively shallower cross-section (i.e., SW320) deteriorated faster than for the 

case with deeper cross sections (i.e., SW320G). For the balanced case, (i.e., SW320K and 

SW320GK) the strength of both archetypes deteriorated at the same time as a consequence of 

having comparable depth of boundary elements. Hence, the higher CMR values for archetypes 

designed with high seismic weight are an artifact of the selected boundary element sizes, and are 

not so much impacted by the P-Δ effect as initially predicted. 

8.6.3 Impact of Number of Stories on Collapse Margin Ratio 

Another variation of structural configuration considered in this research is the archetype number 

of story (or total building height). As a result of different fundamental period and spectral 

acceleration at the MCE level, collapse margin ratio more likely would vary from one low-rise 

archetype to another mid-rise archetype. To examine variation of CMR between several 



 406

archetypes with different numbers of stories, IDA results of the following archetype groups are 

compared, namely: (1) SW320, SW520, and SW1020; (2) SW320K, SW520K, and SW1020K; 

(3) SW320G and SW520G; and (4) SW320GK and SW520GK. Their fragility curves and 

corresponding CMR values are presented in Figure 8-29. 

 

In general, CMR increases as the number of stories increases, irrespective of design approaches 

followed (i.e., conventional versus balanced design cases) and level of seismic weight intensity 

considered (i.e., low versus high seismic weight). The CMR increment, however, is not linearly 

corresponding to the increment of number of story. Consider the results of the first group above 

as an example. CMR values were 2.40, 2.42, and 4.08 for SW320, SW520, and SW1020, 

respectively. The less than 1% CMR increase from the 3- to 5-story was not as significant as the 

approximately 70% increase from the 5- to 10-story archetypes. The same trend was also evident 

for the second group (i.e., balanced archetypes). In addition, while CMR discrepancies between 

the 3- and 5-story archetypes in the first and second groups were less than 1%, the CMR 

discrepancies in their counterpart archetypes (i.e., archetypes in the third and fourth group, which 

were designed with high seismic weight) were more than 11%.  

8.6.4 Additional Observations on IDA Results 

The preceding discussion on collapse fragility curve and CMR for various archetypes focused on 

the results using spectral acceleration as the intensity measure. Table 8-2 presents summary of 

IDA results with different IM and DM for all considered archetypes. Specifically, the table 

presents information of CMR values using PGA as the intensity measure (i.e., CMRPGA), 

probability of collapse at MCE level (i.e., P[SMT]), probability of interstory drift exceeding 2% 

drift under MCE ground motions (i.e., P[DM2%]), and maximum interstory drift corresponding to 

50% probability of exceedance under MCE ground motions (i.e., P[DMx%] = 0.5). Several 

additional observations on these IDA results are presented in the following paragraphs. 

 

First, the same trends as what was presented in the previous sub-sections can generally be 

obtained using PGA as the intensity measure. Specifically, conventional archetypes with larger 

panel aspect ratios have higher CMRs, while balanced archetypes have practically the same CMR 

values for different aspect ratios considered. As shown in Table 8-2, CMRPGA for SW310 and
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Table 8-2 Summary of Incremental Dynamic Analysis (IDA) on SPSW Archetypes with Various Structural Configurations 

Archetype 
ID 

TTheoretical 
(Sec.) 

TAnalysis 
(Sec.) 

IM: Spectral Acc. IM: PGA 
P[SMT] P[DM2%] P[DMx%] 

= 50% ŜCT (g) CMRSa PGACT (g) CMRPGA 

SW310 0.36 0.47 3.14 2.10 1.45 2.42 5.5% 64.7% 2.5% 

SW320 0.36 0.35 3.60 2.40 1.66 2.76 2.8% 52.2% 2.0% 

SW320G 0.36 0.37 4.08 2.72 1.87 3.12 2.1% 48.7% 2.0% 

SW520 0.64 0.60 3.40 2.42 2.03 3.38 4.5% 57.8% 2.5% 

SW520G 0.64 0.61 4.26 3.03 2.53 4.23 1.5% 53.2% 2.0% 

SW1020 1.08 1.00 3.40 4.08 3.29 5.48 < 1.0% 52.7% 2.0% 

SW310K 0.36 0.58 2.28 1.52 1.05 1.75 20.6% 82.9% 3.0% 

SW320K 0.36 0.50 2.29 1.53 1.06 1.76 21.5% 84.6% 3.5% 

SW320GK 0.36 0.53 2.32 1.55 1.07 1.78 20.1% 85.1% 3.5% 

SW520K 0.64 0.85 2.10 1.50 1.25 2.09 26.2% 83.4% 3.0% 

SW520GK 0.64 0.87 2.64 1.88 1.57 2.62 15.3% 87.1% 3.0% 

SW1020K 1.08 1.47 1.92 2.30 2.08 3.46 3.8% 87.6% 3.0% 
Note: 
CMRSa  = ŜCT/SMT, where SMT = 1.5g, 1.4g, and 0.83g for 3-, 5-, and 10-story archetypes, respectively. 
CMRPGA  = PGACT/PGAMT, where PGAMT = 0.6g for all archetypes. 
P[SMT] = Probability of collapse at SMT level. 
P[DM2%] = Probability of exceedance when maximum interstory drift reaches 2% interstory drift under MCE ground motions. 
P[DMx%] = Maximum interstory drift corresponding to 50% probability of exceedance under MCE ground motions. 
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SW320 are 2.42 and 2.76, respectively, while that for SW310K and SW320K are 1.75 and 1.76, 

respectively. Impact of higher seismic weight, which resulted in higher CMR values for 

conventional archetypes but resulted insignificant difference of CMR values for balanced 

archetypes, was once again confirmed here. For example, CMRPGA for 5-story conventional 

archetypes with high and low seismic weights (i.e., SW520G and SW520) were 4.23 and 3.38, 

respectively; while the balanced archetypes, SW320GK and SW320K have comparable margin to 

collapse when using PGA as the IM (i.e., 1.78 and 1.76, respectively). As for the influence of 

number of stories, CMRPGA increases as number of stories increase irrespective of design 

approaches selected and level of seismic weight intensities considered. For example, CMRPGA 

values for the conventional 3-, 5-, and 10-story archetypes (i.e., SW320, SW520, and SW1020) 

were 2.76, 3.38, and 5.48, respectively. When using PGA as the IM, increase of CMRPGA values 

from 3- to 5-story and from 5- to 10-story archetypes were approximately 22 and 62%, 

respectively. In comparison to the previous results using spectral acceleration as the IM, the 

increase of margin to collapse in the former case was significantly higher while that in the latter 

case was somewhat comparable (i.e., respectively compared to less than 1% and 70% as reported 

Section 8.6.3) 

 

Second, the probability of collapse at MCE level (i.e., using spectral acceleration as the IM), 

P[SMT], was less than 6% for the conventional archetypes, regardless of the basic structural 

configurations considered. Except for the 10-story archetypes, the balanced archetypes however 

have significantly higher probability of collapse at MCE level compared to those of the 

conventional archetypes. In this case, P[SMT] of the balanced archetypes was larger than 15%. 

 

Third, another indicator reported in Table 8-2 that can be used to assess seismic performance of 

considered archetypes is probability of exceedance for a given interstory drift. In terms of 

interstory drift as a damage measure, probability of conventional archetypes exceeding a 2% 

interstory drift under MCE ground motions was between 52 and 65%, while that for balanced 

archetypes was between 83 and 88%. These results can also be interpreted as follows: at MCE 

level, half of the specified ground motions caused an approximately 2.0 to 2.5% and 3.0 to 3.5% 

maximum interstory drifts on the conventional and balanced archetypes, respectively. More 

significantly, this fragility curve shows that there is a 20% chance that, at the MCE level, average 



 409

interstory drifts of 3% and 7% will be reached for the conventional and balanced archetypes, 

respectively. This indicates that excessive drift demands are likely when balanced design is used, 

which may be the most significant drawback of the balanced design approach. 

 

In summary, for all performance indicators considered (i.e., CMR using spectral acceleration and 

PGA as the IM, probability of collapse at MCE level, probability of maximum interstory drift 

exceeds a certain drift), the balanced archetypes consistently exhibited inferior seismic 

performance compared to the conventional archetypes. 

 

8.7 Seismic Performance Factors for Steel Plate Shear Walls 

Table 8-3 presents a summary of performance evaluation of all archetypes considered. The table 

provides key results from monotonic pushover and incremental dynamic analyses, computed 

adjusted collapse margin ratio (ACMR) to account for the effects of spectral shape, and whether 

the computed ACMR values pass the acceptable value according to the FEMA P695 

requirements. Since only a limited numbers of SPSW archetypes were designed in this research 

and they were not grouped into several performance groups, instead, each archetype was 

evaluated individually using the procedure explained in Section 8.3.4. In other words, 

performance evaluation for SPSW archetypes was conducted by comparing the computed ACMR 

with the acceptable ACMR associated with a 10% probability of collapse (ACMR10%). Note that 

the use of ACMR10% for the performance evaluation is consistent with the recommendations 

specified in Appendix F of the FEMA P695 document for individual buildings. 

 

All conventional archetypes passed the performance criteria. The computed ACMR for each 

archetype was larger than ACMR10% of 2.16. These results indicate that each archetype has a 

reasonable safety margin against collapse (i.e., a lower probability of collapse) as a result of the 

overstrength reserve provided by the boundary frame. For this type of SPSW, results indicate that 

the seismic modification coefficient (R factor) of 7 used in design is adequate (i.e. the resulting 

design satisfied the ACMR requirement). The system overstrength factors (Ωo) for the archetypes 

considered (based on the pushover analysis results and computed per the procedure described in 

Section 2.3) varied from 2.3 to 3.1. Considering the limited numbers of SPSW archetypes
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Table 8-3 Summary of Performance Evaluation 

Archetype 
ID 

Pushover Results IDA Results Performance Evaluation 

Vd 
(kips) 

Vmax 
(kips) 

δy,eff 
(in) 

δu 
(in) 

Ω0 = 
Vd/Vmax 

μT = 
δu/ δy,eff 

ŜCT (g) CMR = 
ŜCT/SMT 

SSF1 ACMR2 Pass/ 
Fail3 

SW310 155 401 2.1 11.7 2.6 5.5 3.14 2.10 1.26 2.64 Pass 

SW320 176 495 1.8 8.9 2.8 4.9 3.60 2.40 1.25 3.00 Pass 

SW320G 465 1440 1.8 9.9 3.1 5.5 4.08 2.72 1.26 3.43 Pass 

SW520 255 578 3.9 16.3 2.3 4.2 3.40 2.42 1.25 3.03 Pass 

SW520G 766 1924 4.1 19.5 2.5 4.8 4.26 3.03 1.27 3.85 Pass 

SW1020 681 1975 7.8 40.6 2.9 5.2 3.40 4.08 1.36 5.58 Pass 

SW310K 155 236 2.1 10.5 1.5 5.0 2.28 1.52 1.25 1.90 Fail 

SW320K 176 226 1.8 8.6 1.3 4.8 2.29 1.53 1.24 1.90 Fail 

SW320GK 465 618 1.7 8.9 1.3 5.1 2.32 1.55 1.25 1.93 Fail 

SW520K  255 254 3.8 16.1 1.0 4.3 2.10 1.50 1.25 1.80 Fail 

SW520GK  766  837  3.8  17.9  1.1 4.7  2.64 1.88 1.27 2.39 Pass 

SW1020K 681 953 7.9 41.1 1.4 5.2 1.92 2.30 1.36 3.16 Pass 
Note: 
1) SSF obtained from Table 2.1 for a given T and μT   3) Acceptance criteria: ACMR10% (Table 2.5 for βTOT of 0.6) = 2.16 
2) ACMR = SSF (T, μT) × CMR         Pass if ACMR ≥ ACMR10%, otherwise Fail 
   SMT = 1.5g, 1.4g, and 0.83g for 3-, 5-, and 10-story archetypes, respectively. 
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designed in this research, the Ωo factor of 2.0 can be considered adequate for conventional SPSW. 

Assuming the inherent damping available in SPSW to be 5% of critical damping, a deflection 

amplification factor (Cd factor) of 7 (equal to R factor per the procedure described in Section 2.3) 

can be considered for conventional SPSWs. In other words, the resulting seismic performance 

factors for conventional SPSW obtained in this case are somewhat similar to those specified in 

the ASCE 7-10 (i.e., R, Ωo, and Cd factors are 7, 2, and 6, respectively). 

 

For the balanced archetypes, except for the 10-story archetype and 5-story archetype design with 

high seismic weight (i.e., SW1020K and SW520GK), all other archetypes did not meet the 

performance criteria because their computed ACMR was smaller than ACMR10%. These results 

indicate that the R factor of 7 used in the initial step to design the balanced SPSW would not lead 

to an adequate design (i.e., the results did not satisfy the ACMR requirement). Design iterations 

would be required to determine acceptable seismic performance factors for SPSW designed with 

κbalanced. Several possible adjustments could be applied to improve collapse performance of the 

balanced archetypes and they are addressed in the subsequent section. 

 

It should be emphasized that even though the 10-story balanced archetype (i.e., SW1020K) had a 

calculated ACMR that met the acceptable ACMR limit, its probability to undergo significantly 

large interstory drift (i.e., ≥ 3%) can be as high as 50% under MCE ground motions (Figure 8-27). 

While this SPSW designed with balanced case and R factor of 7 have sufficient margin to 

collapse, its ability to prevent damages especially to drift-sensitive non-structural components is 

significantly less than for its counterpart archetype (i.e., SW1020). Hence, the need to design 

balanced archetypes with smaller R factor is deemed necessary. 

 

8.8 Adjustments to Satisfy Collapse Performance of Balanced Archetypes 

The preceding section reported that the balanced archetypes designed with an initial R factor of 7 

did not meet the performance criteria. There are three possible adjustments that can be applied to 

these balanced archetypes, namely: (1) reducing the total system collapse uncertainty factor 

(βTOT); (2) accepting a higher probability of collapse; and (3) designing the balanced archetypes 

with a lower value of R factor. In the first two adjustments, basically, the demand for the 
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balanced archetypes to satisfy the collapse performance criteria is lowered, while that in the last 

adjustment, the capacity of the balanced archetypes is increased. Details on how each adjustment 

could alleviate the concern at hand is explained in the following paragraphs.  

8.8.1 First Adjustment: Reducing System Collapse Uncertainty Factor (βTOT) 

The performance chart shown in Figure 8-33, which was developed based on information in 

Table 2-5, is used to illustrate the first adjustment. This performance chart shows acceptable 

ACMR for different levels of collapse probabilities and total system collapse uncertainties, βTOT. 

The value shown in the middle of each cell is the acceptable ACMR for a given collapse 

probability and total system collapse uncertainty. A linear interpolation could be applied to obtain 

acceptable ACMR for a condition in between two levels of βTOT. Consider the current βTOT of 0.6, 

which is between Good (B) and Fair (C), as an example. For βTOT of 0.6 and collapse probability 

of 10%, the previous ACMR10% of 2.16 can be obtained from a linear interpolation between 2.53 

and 1.96. For a given performance evaluation, a star-shaped marker is located above the thick 

gray line if a calculated ACMR is higher than an acceptable ACMR; otherwise, the marker is 

located below the thick gray line. The thick gray line constitutes a less than 5% difference 

between the calculated and acceptable ACMRs. As shown in this performance chart, a lower total 

system collapse uncertainty with higher collapse probability allowed results in a lower acceptable 

ACMR.  

 

The calculated ACMR for balanced archetypes (e.g., SW320K) was 1.90, which was lower than 

the ACMR10% of 2.16. This condition is indicated in the performance chart by the star-marker #1. 

To reiterate information in Section 8.3.3, the current acceptable ACMR used to assess the seismic 

performance of SW320K was based on βTOT equals 0.6, which was an aggregate of several 

uncertainty factors related to SPSW design requirements (βDR), SPSW test data (βTD), and the 

nonlinear model developed (βMDL). Here, they were rated as B (Good, βDR = 0.2), C (Fair, βTD = 

0.35), and B (Good, βMDL = 0.2), respectively. To reduce total system collapse uncertainty factor 

(βTOT), hypothetically, one could optimistically rate the current SPSW design requirements, 

SPSW experimental data available at the time of this writing (Section 7), and the nonlinear model 

developed to model SPSW as A (Superior, βDR = 0.1), B (Good, βTD = 0.2), and B (Good, βMDL = 

0.2), respectively, to give a resulting βTOT of 0.5 (2-5). As a result of the smaller collapse
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Figure 8-33 Performance Chart (SW320K): Acceptable ACMR for Specific Probability of 

Collapse and Total System Uncertainty 
 

uncertainty, for the same collapse probability of 10%, the resulting ACMR10% would become 

1.90, obtained from a linear interpolation of the values in the performance chart in Figure 8-33 

between 1.78 (Superior, A) and 1.96 (Good, B) for βTOT of 0.5. Hence, the performance point 

moves from star-marker #1 to #2, which now satisfies the performance criterion. 

 

It should be emphasized, however, that adjusting uncertainty factors by selecting lower values is 

somewhat subjective. The current uncertainty factors selected for this research were deemed 

appropriate considering the current understanding of SPSW behavior. As more research on 

SPSWs becomes available, expert opinions could determine whether lower uncertainty factors for 
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SPSWs are acceptable. Hence, the above theoretical adjustment is only presented here for 

illustration purposes, to show the potential benefits in improving knowledge on the collapse 

performance of balanced archetypes. 

8.8.2 Second Adjustment: Accepting Higher Probability of Collapse 

The second possible adjustment is to accept a higher probability of collapse. If a collapse 

probability of 20% is considered acceptable and the same level of total system collapse 

uncertainty of 0.6 is selected, the threshold value for the balanced archetypes (i.e. ACMR20%) 

reduces to 1.66. In this case, the performance point in the performance chart (Figure 8-33) moves 

from star-marker #1 to #3, which satisfies the performance criterion. According to the FEMA 

P695 methodology however, doing so would be acceptable only if many more archetypes were 

designed such they can be grouped into several performance groups with at least 3 archetypes in 

each performance group. Alternatively, one could also select different acceptable collapse 

probability (for example 15%, which would give ACMR15% = 1.86 for βTOT = 0.6) to satisfy the 

performance criterion (i.e., indicated by star-marker #4). Again, expert opinions would be 

required to decide an appropriate level of collapse probability for SPSWs other than what is 

currently specified in the FEMA P695 methodology. 

8.8.3 Third Adjustment: Designing Balanced Archetypes with Lower R-Factor 

The third possible adjustment to improve the balanced archetypes collapse performance is to 

design them with a lower value of the R factor and repeat the performance evaluation with the 

same collapse probability of 10% and total system collapse uncertainty (βTOT) of 0.6. Here, this 

was done by designing another 3-story balanced archetype with R factor of 6. The archetype was 

denoted as SW320KR6 and geometric properties of its boundary elements and infill plates were 

presented in Table 7-9. 
 

The resulting collapse fragility curve for SW320KR6 obtained from IDA using spectral 

acceleration as the intensity measure is plotted in Figure 8-34a, superimposed with the fragility 

curves for SW320 and SW320K. Interestingly, contrary to initial expectations, reducing the R 

factor from 7 to 6 did not result in a significant improvement of the collapse margin ratio. The 

CMR for SW320KR6 is 1.65, which is approximately an 8% increase from that of SW320K. In 

addition, the same result was obtained when using PGA as the intensity measure (Table 8-4). In 
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Figure 8-34 Fragility Curves for Archetypes with Different R Factors: 
(a) Spectral Acceleration as IM; (b) Interstory Drift as DM   
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terms of the probability of exceeding the damage measures of 2, 3, and 4% interstory drift, results 

shown in Figure 8-34b indicate that reducing the R factor from 7 to 6 resulted in an improvement 

of exceedance probability of no more than 10% for SW320KR6 compared to SW320K. More 

specifically, whereas half of the considered ground motions at the MCE level resulted in 

approximately 3.5% interstory drifts for SW320K, this slightly improved to 3.0% interstory drifts 

for SW320KR6 (Table 8-4). 
 

Table 8-5 summarizes the performance evaluation for SW320KR6. Comparison with the results 

for SW320K, SW320KR6 shows a slight improvement in period-based ductility, a similar system 

overstrength, and a slight increase in the calculated ACMR. The calculated ACMR of 2.06 is 

approximately 5% below the acceptable ACMR10% of 2.16 (i.e., indicated by star-marker #5 in 

Fig. 8.33). Although some could consider that difference acceptable, to be rigorous, another 

design iteration was performed using an R factor of 5; the resulting balanced archetype is denoted 

as SW320KR5. The IDA results and performance evaluation for this archetype are also presented 

in Figure 8-34, Table 8-4, and Table 8-5. As hoped, SW320KR5 satisfied the performance 

criteria. Here, the calculated ACMR of 2.39 is 11% higher than the threshold ACMR10% (i.e., 

indicated by star-marker #6) Half of the considered ground motions at the MCE level caused 

approximately 2.5% maximum interstory drifts for SW320KR5, which is tolerable and closer to 

what is expected for the conventional SPSWs. 
 

For completeness, the same iteration process with R factor lower than 7 should be conducted on 

the other balanced archetypes that did not satisfy the performance criteria (i.e., SW310K, 

SW320GK, and SW520K). Considering that these archetypes have practically the same ACMR 

as SW320K with R factor of 7, it was assumed that comparable results to that of SW320KR5 

would be obtained if these archetypes were to be designed with an R factor of 5. Hence, such 

redesigns were not attempted, and the R factor of 5 was deemed adequate for all balanced case. 
 

Based on the above results, seismic performance factors for SPSWs designed with κbalanced are 

recommended to be smaller compared to that for conventional SPSWs (i.e., the 100% design case, 

κ = 1.0). Results above indicate that an R factor of 5 should be used for the design of balanced 

SPSWs. No system overstrength factor is available in balanced SPSWs (i.e., Ωo = 1). Like for 

conventional SPSWs, the deflection amplification factor (Cd factor) for balanced SPSWs should 

be taken as similar to the assigned R factor (i.e., Cd = 5.0). 
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Table 8-4 Summary of Incremental Dynamic Analysis (IDA) on SPSW Archetypes with Different R Factors 

Archetype 
ID 

TTheoretical 
(Sec.) 

TAnalysis 
(Sec.) 

IM: Spectral Acc. IM: PGA 
P[SMT] P[DM2%] P[DMx%] 

= 50% ŜCT (g) CMRSa PGACT (g) CMRPGA 

SW320K 0.36 0.50 2.29 1.53 1.06 1.76 21.5% 84.6% 3.5% 

SW320KR6 0.36 0.46 2.47 1.65 1.14 1.90 15.7% 76.9% 3.0% 

SW320KR5 0.36 0.42 2.87 1.91 1.32 2.20 8.0% 62.3% 2.5% 
Note: CMRSa  = ŜCT/SMT, where SMT = 1.5g for 3-story archetypes. 

CMRPGA  = PGACT/PGAMT, where PGAMT = 0.6g for 3-story archetypes. 
P[SMT] = Probability of collapse at SMT level. 
P[DM2%] = Probability of exceedance when maximum interstory drift reaches 2% interstory drift. 
P[DMx%] = Maximum interstory drift corresponding to 50% probability of exceedance. 

 
 
 

Table 8-5 Summary of Performance Evaluation for Archetypes with Different R Factors 

Archetype 
ID 

Pushover Results IDA Results Performance Evaluation 

Vd 
(kips) 

Vmax 
(kips) 

δy,eff 
(in) 

δu 
(in) 

Ω0 = 
Vd/Vmax 

μT = 
δu/ δy,eff 

ŜCT (g) CMR = 
ŜCT/SMT 

SSF1 ACMR2 Pass/ 
Fail3 

SW320K 176 226 1.8 8.6 1.3 4.8 2.29 1.53 1.24 1.90 Fail 

SW320KR6 205 270 1.7 8.6 1.3 5.0 2.47 1.65 1.25 2.06 Fail 

SW320KR5 246 334 1.8 9.1 1.4 5.1 2.87 1.91 1.25 2.39 Pass 

Note: 1) SSF obtained from Table 2.1 for a given T and μT  3) Acceptance criteria: ACMR10% (Table 2.5 for βTOT of 0.6) = 2.16 
  2) ACMR = SSF (T, μT) × CMR        Pass if ACMR ≥ ACMR10%, otherwise Fail 
     SMT = 1.5g for 3-story archetypes.
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Table 8-6 compares the total steel weight for archetypes designed with different R factors. For 

example, comparing results for the three story archetypes, the “reference” conventional SPSW 

(designed per AISC 2010 with an R factor of 7) requires a total of 10,459 pounds of steel. The 

case designed with κbalanced with R factor of 7, SW320K, requires a total of 5737 pounds of steel, 

which is approximately 55% less than what is required for the conventional design, but, as 

indicated above, SW320K did not meet the collapse performance criteria according to the FEMA 

P695 methodology and a lower R factor must be used. Designed with R factor of 6 and 5, 

SW320KR6 and SW320KR5 require 17 and 31% more steel than SW320K, but SW320KR5 still 

provides a 28% reduction in the total weight of steel from that is required for the conventional 

SPSW. However, that savings in steel comes at the cost the SPSW designed for κbalanced 

developing larger interstory drifts compared to the conventional SPSWs (i.e., 2.5% versus 2.0% 

interstory drift) under MCE ground motions. 

 
Table 8-6 Comparison of Steel Weight for Archetypes Designed with Different R Factors 

SPSW 
Components 

SW320a 
(R = 7.0) 

SW320KR5a 
(R = 5.0) 

SW320KR6b 
(R = 6.0) 

SW320Kb 

(R = 7.0) 

HBE 5980 4500 4000 3380 

VBE 3110 2090 1910 1690 

Infill Plate 1369 951 784 667 

Total 10459 7541 6694 5737 
Note:                   Unit: weight in pounds. 

a) Complies with the FEMA P695 collapse performance criterion 
b) Does not comply with the FEMA P695 collapse performance criterion 

 

8.9 Summary 

Collapse assessment of steel plate shear walls under 44 specified ground motions was presented.  

The main objective of this assessment was to quantify the seismic performance factors (SPF), 

namely: response modification coefficient (R factor), system overstrength factor (Ωo factor), and 

deflection amplification factor (Cd factor) for SPSWs designed per different approaches. Two 

different basic configurations of SPSWs were considered in this assessment: conventional design 

(κ = 1.0) and balanced design (κ = κbalanced) cases. The FEMA P695 methodology was used for 
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the above purpose. Detailed application of this methodology was illustrated for two 3-story 

SPSW archetypes, including descriptions of the structural system archetypes, nonlinear analytical 

model used, nonlinear static and dynamic analyses conducted, collapse performance evaluation, 

and evaluation of SPF. It was identified that collapse margin ratio (CMR) played a significant 

role in determining whether the proposed SPFs satisfy the FEMA P695 performance criteria. 

Factors that affect CMR were investigated such as intensity measure, damage measure, and 

non-deteriorated material model. 

 

Following the example of collapse performance evaluation on the 3-story archetypes, comparison 

of IDA results between 3- and 10-story SPS archetypes was presented. The 10-story archetypes 

have significant larger margin to collapse compared to the 3-story archetypes. The CMRs for the 

10-story archetypes were at least 1.5 times larger than that in the 3-story archetypes. Investigation 

on local behaviors of both groups of archetypes was conducted in an attempt to explain this 

observation by comparing infill plate yielding and plastic hinge distributions, cross-section 

rotations, and inter-story drifts of both groups at the MCE level, the last stable point, and the 

collapse point. No conclusive evidence was found through this investigation. When using 

interstory drift as the damage measure (DM), both archetypes have comparable exceedance 

margin ratio (EMR) for DM of smaller than 3% interstory drift. However, the 10-story archetypes 

consistently have higher exceedance margins for DM of 3% or larger interstory drifts compared 

to those of the 3-story archetypes. 

 

Collapse fragility curves for archetypes with various structural configurations (i.e., panel aspect 

ratio, seismic weight intensity, and number of story) were presented. Archetypes with smaller 

panel aspect ratios have smaller CMR as a consequence of less overstrength available in these 

archetypes, though the amount of CMR reduction between two different aspect ratios was not as 

high as indicated by the theoretical overstrength differences. Interestingly, the conventional 

archetypes designed with higher seismic weight actually have higher CMR values. This 

phenomenon was found to be a consequence of the use of deeper cross-sections for archetypes 

with higher seismic weight, as deeper cross-sections were less affected by axial forces compared 

to those selected for archetypes with lower seismic weight. Moreover, CMR increased as number 

of stories increased irrespective of design approaches selected (i.e., conventional versus balanced 
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design cases) and seismic weight intensity level considered (i.e., low versus high seismic weight). 

The CMR increment however was not linearly proportional to the increment in number of story. 

 

All conventional archetypes met the FEMA P695 performance criteria for the R factor of 7 used 

in their design. System overstrength Ωo of 2 can be considered for conventional SPSW. 

Assuming the inherent damping available in SPSW to be 5% of critical damping, a deflection 

amplification factor (Cd factor) of 7 (equals to R factor) was considered for conventional SPSWs. 

The resulting seismic performance factors for conventional SPSW obtained in this case are 

somewhat similar to those specified in the ASCE 7-10 (i.e., R, Ωo, and Cd factors are 7, 2, and 6, 

respectively).  

 

By contrast, the balanced archetypes designed with an R factor of 7 did not meet the FEMA P695 

performance criteria. Adjusted seismic performance factors for the balanced archetypes were 

obtained by design iterations with a lower value of R factor. It was found that an R factor of 5 

was required for the balanced SPSWs to rigorously meet the FEMA P695 performance criteria. 

No system overstrength factor was available for balanced SPSWs (i.e., Ωo = 1). It should be 

noted, however, that an inherent design overstrength factor exists in balanced SPSWs as a 

consequence of complying with the current AISC design procedure for SPSW (i.e., using Ωs 

= 1.2 and φ = 0.9, Section 7.2.3). Like for conventional SPSWs, deflection amplification factor 

(Cd factor) for balanced SPSWs should be taken as similar to the assigned R factor (i.e., Cd = 5.0). 

 

Most importantly, the balanced archetypes were found to have a higher probability to suffer 

significantly larger interstory drift than the conventional archetypes. For example at the MCE 

level (i.e., SMT = 1.5g), there was approximately a 50% probability that drifts will exceed 2% and 

3.5% interstory drifts for SW320 and SW320K, respectively. More significantly at a 20% 

probability of exceedance, the respective archetypes will exceed 3% and 7% interstory drifts. The 

same results were also obtained when comparing SW1020 and SW1020K. For the conventional 

archetype, half of the ground motions resulted in approximately 2% interstory drift, while that for 

the balance archetype resulted in 3% interstory drift. At a 20% probability of exceedance, the 

respective 10 story archetypes will exceed 2.5% and 4.5% interstory drifts. The results indicate 

that the ability of balanced archetypes to prevent damage to the structure and to drift-sensitive 



 421

non-structural components was significantly less than that of conventional archetypes. Savings in 

steel when designing balanced SPSWs with a lower R factor came at the cost of the SPSWs 

developing larger interstory drifts compared to the conventional SPSWs under MCE ground 

motions. These findings suggest that the infill plates of SPSWs should be designed to resist the 

total specified story shears, rather than designed by sharing those forces between the boundary 

frame and infill. 
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SECTION 9 

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
 
 

9.1 Summary 

Research was conducted to investigate the seismic performance of steel plate shear walls (SPSWs) 

considering different design philosophies of horizontal boundary elements (HBEs) and infill 

plates (webs). First, a three-story SPSW specimen was developed to experimentally investigate 

the impact of HBE in-span hinges on the seismic behavior of steel plate shear walls (to 

complement a previously published analytical study that demonstrated the undesirable behavior 

of such in-span hinging). Second, the collapse assessment of SPSWs having infill plates designed 

to sustain different percentages of the applied lateral loads was investigated. 

 

In the first study, the experimental program was conducted at the Structural Engineering and 

Earthquake Simulation Laboratory (SEESL) of the University at Buffalo. The specimen roughly 

corresponded to a 1/3-scale model of a SPSW that could be implemented in the three-story SAC 

model building (FEMA 355-C). The specimen was chosen to reflect a case when in-span plastic 

hinging was predicted to develop. Fabrication process, experimental setting (i.e., how the 

specimen, gravity column and lateral support systems, actuators, and instrumentation were 

assembled), and loading protocol development (i.e., how force was distributed among three 

dynamic actuators) were presented. Observation and results from this experimental investigation 

(e.g., hysteretic behavior of story shear versus specimen lateral displacement, plastic hinge and 

infill plate yielding distributions, HBE vertical deformations, and moment-rotation hysteresis) 

were used to substantiate the experimental objectives.  

 

A finite element investigation of the tested SPSW specimen was conducted using the finite 

element software ABAQUS/Standard (Dassault Systèmes 2009b). Specific finite element features 

to capture the SPSW specimen behavior were described. Finite element monotonic pushover 

analyses with a fixed support at the base of columns and with floor plate included were 

conducted. The interaction between the floor plate and the rigid concrete floor was not considered 
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in the latter model. Though the analytical model still overestimated the experimental strength at 

the onset of yielding, an improved result was observed in the latter model compared to that in the 

former. Afterward, a finite element cyclic pushover analysis was conducted. Results were 

presented in terms of the hysteresis of base shear versus lateral displacement at the top floor, 

plastification in the FE model, HBE vertical deformations, and moment-rotation hysteresis at 

HBE connections to VBEs.  

  

For the second study, deterioration models for infill plates and boundary elements were 

developed in a format compatible with the FEMA P695 methodology, for use in the collapse 

assessment of SPSWs having infill plates designed to sustain different percentages of the applied 

lateral loads. Based on a review of 36 conventional unstiffened slender-web SPSW specimens, 

the possible causes of deterioration of structural components that lead to failures of SPSWs were 

identified, namely: deteriorations associated with web tearing (WT), shear or flexural failures of 

boundary elements (FBE), and instability of boundary elements (IBE). In well-designed SPSWs, 

shear failure and instability of boundary elements can be prevented by designing boundary 

elements according to capacity design principles and selecting seismically compact sections. 

Hence, of these failure modes, only web tearing and flexural failure of boundary elements were 

considered to quantify the deterioration parameters of SPSWs. The parameters for the chosen 

deteriorated material models for infill plates and boundary elements were statistically quantified 

and calibrated to four selected SPSW specimens varying from one- to four-story.   

 

The calibration process was performed using the OpenSees framework. Unstiffened infill plates 

were modeled as series of the Truss Element oriented in the direction of the tension field. 

Boundary elements were modeled using the Beam with Concentrated Hinge Element (BCH) 

elements with fiber sections. The Hysteretic Uniaxial Material model was selected to define the 

inelastic behavior of these truss and BCH elements. Various case studies were conducted to 

obtain satisfactory degradation models. The case studies included investigation of different 

deterioration behaviors for corner and middle strips based on sequence of infill plate fractures 

observed in past experiments (i.e., severe and moderate strength degradations for corner and 

middle strips, respectively), and with strength degradation only occurring in a few SPSW 



 425

components (i.e., elasto-plastic material for infill plates and degradation material model for 

boundary elements, and vice versa).  

 

Development and design of archetypes for the collapse assessment of SPSWs was presented. 

Archetypes were categorized into two basic configurations. In the first group of archetypes, infill 

plates were designed to resist the entire lateral load, without considering the possible contribution 

from the surrounding boundary moment-resisting frames. In the second group of archetypes, 

infill plates were designed to resist a portion of the lateral loads and the boundary frame resisted 

the remaining portion of the lateral loads. Review of previous research conducted by Qu and 

Bruneau (2009) was performed and a limited case study was conducted to develop an 

understanding of the behavior of archetypes in the second group, and to decide what percentage 

of lateral loads distributed between infill plates and boundary frame should be used in the design 

of these archetypes. The “balanced” distribution of lateral loads (κ = κbalanced) was selected for the 

design of the second group of archetypes because SPSWs designed per this approach exhibited 

similar behavior under monotonic and cyclic pushover analyses to that of the first group of 

archetypes designed per the AISC 2010 Seismic Provisions. 

 

Archetypes developed were limited to low- and mid-rise SPSWs having low to high aspect ratio 

(i.e., 1.0 to 2.0.). In-span hinges were explicitly prevented in HBEs of the archetypes. Low and 

high tributary seismic mass intensity were considered and all archetypes were designed to resist 

forces obtained from a design response spectra for a high seismicity zone (i.e., SDC Dmax of 

FEMA P695: SDS = 1.0g and SD1 = 0.6g). Archetype elevation and plan configuration were 

similar to the SAC model building. A total of 14 archetypes were considered. 

 

Nonlinear models developed for collapse simulation featured a dual strip model with gravity 

leaning columns. The model incorporated an axial hinge at every strip, concentrated fiber plastic 

hinges at both ends of boundary elements, and material models that accommodated strength 

degradation. Added to capture the P-Δ effects of gravity loads that were not located on the 

SPSWs, the gravity leaning column was modeled in OpenSees using the Elastic Beam-Column 

Element with cross section area increased by 100 times the regular column cross section area, but 

with moment of inertia reduced to be 100 times smaller than the actual regular column moment 
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of inertia. Rigid links modeled with the Truss Element (with cross section arbitrarily increased to 

100 times the HBE cross section at the corresponding floor) were used to connect the leaning 

column and SPSW. No seismic mass was applied on the leaning column; all seismic masses were 

applied to the SPSW and distributed equally on the left and right of HBE-to-VBE joints at every 

story. 

 

Collapse assessment of SPSWs under 44 specified ground motions was presented. The main 

objective of this assessment was to quantify the seismic performance factors (SPF), namely: 

response modification coefficient (R factor), system overstrength factor (Ωo factor), and 

deflection amplification factor (Cd factor) for SPSWs designed per different approaches. Two 

different basic configurations of SPSWs were considered in this assessment: conventional design 

(κ = 1.0) and balanced design (κ = κbalanced) cases. The FEMA P695 methodology was used for 

the above purpose. Detailed application of this methodology was illustrated for two 3-story 

SPSW archetypes, including descriptions of the structural system archetypes, nonlinear analytical 

model used, nonlinear static and dynamic analyses conducted, collapse performance evaluation, 

and evaluation of SPF. It was identified that collapse margin ratio (CMR) played a significant 

role in determining whether the proposed SPFs satisfy the FEMA P695 performance criteria. 

Factors that affect CMR, such as intensity measure, damage measure, and non-deteriorated 

material model were investigated. 

 

Following the example of collapse performance evaluation on the 3-story archetypes, comparison 

of IDA results between 3- and 10-story SPS archetypes was presented. The 10-story archetypes 

have significant larger margin to collapse compared to the 3-story archetypes. The CMRs for the 

10-story archetypes were at least 1.5 times larger than those in the 3-story archetypes. 

Investigation of local behaviors of both groups of archetypes was conducted in an attempt to 

explain this observation by comparing infill plate yielding and plastic hinge distributions, cross-

section rotations, and inter-story drifts of both groups at the maximum considered earthquake 

(MCE) level, the last stable point, and the collapse point. No conclusive evidence was found 

through this investigation. When using interstory drift as the damage measure (DM), both 

archetypes have comparable exceedance margin ratio (EMR) for DM of smaller than 3% 
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interstory drift. However, the 10-story archetypes consistently have higher exceedance margin for 

DM of 3% or larger interstory drifts compared to that of the 3-story archetypes. 

 

9.2 Conclusions 

9.2.1 Impact of In-Span Plastic Hinges 

Experimental investigation of the three-story SPSW specimen, for which in-span plastic hinging 

was predicted to develop, demonstrated the development of in-span plastification and 

accumulation of plastic incremental deformations. Note that in-span plastification was not 

localized within a finite length but rather distributed within a longer span. The initially predicted 

un-symmetric hysteresis was indeed confirmed during this experimental investigation. Several 

special moment connections that exhibited this behavior were found to remain intact up to the 

conclusion of the experimental program in spite of its higher maximum rotations. In contrast, 

other special moment connections that experienced lower maximum rotations suffered 

connection fractures. Higher rotation range in the latter connections compared to that in the 

former ones in large contributed to the fracture of these connections. A finite element 

investigation of the tested specimen showed similar overall behavior to that observed during the 

experiment.  

9.2.2 Deterioration Models for SPSW Components 

The deterioration model for boundary elements was characterized with strain hardening of 2%, 

up to a capping point at 0.04 radians, and gradually losing its entire strength at 0.10 radians. This 

deterioration material model however was only applied to fibers at the bottom and top flanges of 

W-sections, while those on the webs were modeled with no degradation to maintain numerical 

stability during the analysis by allowing boundary elements to resist axial forces. As for the infill 

plates, strips were modeled to start to deteriorate at 1.5% axial strain (i.e., 9.0δy) and lost their 

capacity to sustain loads due to plate tearing rather quick at 1.8% axial strain (i.e., 10.7δy). All 

strips were set to have the same deterioration model irrespective of the location of strips (i.e., 

corner or middle strips, or floor level). This model exhibited stable behavior and was found to 

provide an acceptable match with experimental results in the perspective of investigating seismic 

performance of SPSW having infill plates designed considering two different design philosophies. 
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Note that, beyond the current purpose, the resulting calibrated models can also be valuable for 

use by engineers in progressive collapse assessments or performance based design of individual 

buildings. 

9.2.3 Collapse Assessment of Steel Plate Shear Walls 

Collapse fragility curves for archetypes with various structural configurations (i.e., panel aspect 

ratio, seismic weight intensity, and number of story) indicated that archetypes with smaller panel 

aspect ratios have smaller CMR as a consequence of less overstrength available in these 

archetypes, though the amount of CMR reduction between two different aspect ratios was not as 

high as indicated by the theoretical overstrength differences. Interestingly, the conventional 

archetypes designed with higher seismic weight actually have higher CMR values. This 

phenomenon was found to be a consequence of the use of deeper cross-sections for archetypes 

with higher seismic weight, as deeper cross-sections were less affected by axial forces compared 

to those selected for archetypes with lower seismic weight. Moreover, CMR increased as number 

of stories increased irrespective of design approaches selected (i.e., conventional versus balanced 

design cases) and seismic weight intensity level considered (i.e., low versus high seismic weight). 

The CMR increment, however, was not linearly proportional to the increment in number of story.   

 

All conventional archetypes met the FEMA P695 performance criteria for the R factor of 7 used 

in their design. The Ωo factor of 2 and Cd factor of 7 can be considered for conventional SPSW. 

The resulting seismic performance factors for conventional SPSW obtained in this case are 

somewhat similar to those specified in the ASCE 7-10 (i.e., R, Ωo, and Cd factors are 7, 2, and 6, 

respectively). By contrast, the balanced archetypes designed with an R factor of 7 did not meet 

the FEMA P695 performance criteria. Adjusted seismic performance factors for the balanced 

archetypes were obtained by design iterations with a lower value of R factor. It was found that an 

R factor of 5 was required for the balanced SPSWs to rigorously meet the FEMA P695 

performance criteria. No system overstrength factor was available for balanced SPSWs (i.e., 

Ωo = 1) and the Cd factor for balanced SPSWs should be taken similar to the assigned R factor. 

 

Most importantly, the balanced archetypes were found to have a higher probability to suffer 

significantly larger interstory drift than the conventional archetypes. For example at the MCE 
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level (i.e., SMT = 1.5g), there was approximately a 50% probability that drifts will exceed 2% and 

3.5% interstory drifts for SW320 and SW320K, respectively. More significantly at a 20% 

probability of exceedance, the respective archetypes will exceed 3% and 7% interstory drifts. The 

same results were also obtained when comparing SW1020 and SW1020K. For the conventional 

archetype, half of the ground motions resulted in approximately 2% interstory drift, while that for 

the balance archetype resulted in 3% interstory drift. At a 20% probability of exceedance, the 

respective 10 story archetypes will exceed 2.5% and 4.5% interstory drifts. The results indicate 

that the ability of balanced archetypes to prevent damage to the structure and to drift-sensitive 

non-structural components was significantly less than that of conventional archetypes. Savings in 

steel when designing balanced SPSWs with a lower R factor came at the cost of the SPSWs 

developing larger interstory drifts compared to the conventional SPSWs under MCE ground 

motions. These findings suggest that the infill plates of SPSWs should be designed to resist the 

total specified story shears, rather than designed by sharing those forces between the boundary 

frame and infill. 

 

9.3 Recommendations for Future Research 

Seismic performance factors (SPF) for balanced SPSWs have been proposed, and the values 

currently specified for conventional SPSW have been verified to be adequate. These factors were 

obtained from collapse performance evaluation of several SPSW archetypes designed to consider 

key structural configurations such as panel aspect ratio, seismic weight intensity level, and 

number of stories (building height). To further substantiate the proposed SPF for balanced design, 

considering a larger number of SPSW archetypes might be desirable. In particular, SPSW 

archetypes designed in different seismic design categories could be examined in this more 

comprehensive investigation. 

 

In Section 8, collapse performances for archetypes with different panel aspect ratios, seismic 

weight intensity level, and building height were compared. Among these considered structural 

configurations, building height significantly affected values of the collapse margin ratio. Taller 

archetypes tend to have higher CMR compared to shorter archetypes, and variations of CMR 

values between the two were considerably large, especially for the conventional archetypes. For 
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example, CMR values for the shorter and taller conventional archetypes varied from 2.1 to 4.08 

while those for the balanced archetypes varied from 1.52 to 2.30. This is consistent with trends 

reported in FEMA P695 for other types of structural systems. As such, further investigation of 

the FEMA P695 procedure might be desirable to elucidate the causes of this trend, and to 

investigate whether SPF (in particular R factor) should vary for SPSWs in the short and long 

period range. 

 

In this research, SPFs were investigated for conventional SPSW (designed with κ = 1.0) and 

balanced SPSWs (designed with κ = κbalanced). Although one might be able to interpolate SPFs for 

other SPSWs designed with κbalanced < κ < 1.0, further investigation would be required to quantify 

SPFs for other κ factors different from those investigated in this research. 

 

Note that an unintended source of overstrength might be also be introduced during the design of 

SPSWs. For example, selecting uniform columns and beams sizes over several stories is common 

in engineering practice for construction simplicity. In SPSW design, structural engineers might 

select similar VBEs, HBEs, and infill plates over several adjacent stories, and some of those 

might have additional strength beyond what is required to sustain loads. In addition, the 

minimum hot-rolled plate thickness available may also be thicker than what is required by design, 

thus providing another source of overstrength to the system (assuming Special Perforated SPSW 

design provisions are not used). The resulting additional overstrength could increase the margin 

to collapse, which would most benefit the balanced archetypes in this case. Further research 

could investigate the conditions when such overstrength can be systematically relied upon as a 

way to possibly increase the R factor. Lastly, as more research on SPSWs becomes available, 

impact of total system collapse uncertainty and rate of deteriorated material models on SPSW 

collapse performance can be re-assessed. 
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APPENDIX A 

SUPPORTING INFORMATION ON THE DESIGN OF EXPERIMENTAL 
PROGRAM: CYCLIC PUSHOVER TESTING OF THREE-STORY SPSW 

 

A.1 Design of 3-Story SPSW Specimen 

Geometry and Loads
Number of stories

NF : 3 stories
Height of stories

h1 : 1270 50.00
h2 : 1289 mm 50.75 in.
h3 : 1276 50.25

Bay width
bw  : 2296 mm 90.38 in.

Story weight
W1 : 1564 351.60
W2 : 1564 kN 351.60 kips
W3 : 1694 380.83

Total Weight
Ws : 4822 kN 1084.03 kips

Earthquake loads
Location : Sherman Oaks, California

Type of Soil : B
Design Base Earthquake (DBE), plotted in Fig. 1

SDS : 1.3 g SD1 : 0.58 g
TS : 0.446 sec T0 : 0.089 sec

Approximate Natural Period
H : 3835.4 mm 12.583 ft
Tn : 0.134 sec

Importance Factor Seismic coeficient
I : 1.0 Cs : 0.186 (Assuming Viscous Damping

Response Modification Factor ξ = 5 %) FEMA 356
R : 7.0  
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Total Base Shear
Vbase : 99.502 kN 22.369 kips

Calculation of earthquake load on every floor
W1 : 173.78 Therefore:
W2 : 173.78 kN Earthquake load on every floor
W3 : 188.22 F1 : 3.56

Floor Height from base F2 : 7.17 kips
h10 : 1270 F3 : 11.64
h20 : 2559 mm
h30 : 3835 Applied Eq. load both on left and right side

Story Shear F1-half : 1.78
V1 : 22.37 F2-half : 3.59 kips
V2 : 18.81 kip F3-half : 5.82
V3 : 11.64

Primary Design: Plate
Material Properties

E : 29000 ksi
A572 Gr. 50 Steel will be used for HBEs and VBEs

Fy : 50 ksi Ry : 1.0 FEMA 350
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Fig. 1 Design Spectrum 5% Damping San Fransisco, CA
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Light Gauge Steel will be used for the web plates
Fyp : 30 ksi Ryp : 1.0 FEMA 350

For preliminary design assume a tension field angle for sizing the web plates

αassume : 42.448 degree 0.740863 radians
Resistance factor for SPSW strength

φ : 0.9
Assume the clear distance between panels to be the bay width minus depth of VBE

bw  : 7.53 ft 2.296 m
hw  : 3.58 ft 1.092 m

Lcf1 : 7.00
Lcf2 : 7.00 ft
Lcf3 : 7.00

Plate thickness required Gage Thickness
treq : 0.024 tprov : 0.0897 G13 0.0897

0.020 in 0.0747 in G15 0.0673
0.012 0.0418 G19 0.0418

Primary Design: Boundary Elements
Vertical Boundary Elements (VBE)

Floor 1 2 3
Section W6X25 W6X25 W6X25

A (in2) 7.36 7.36 7.36
d (in) 6.38 6.38 6.38
b/2tf 6.68 6.68 6.68
h/tw 15.2 15.2 15.2

Ixx (in
4) 53.6 53.6 53.6

Zxx (in
3) 19 19 19

ry (in) 1.52 1.52 1.52
rx (in) 2.7 2.7 2.7
KL/rx
KL/ry

Column Minimum Inertia criteria
Imin1 : 10.41675 OK
Imin2 : 8.67482 OK
Imin3 : 4.854183 OK  
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Horizontal Boundary Elements (HBE)
Floor 0 1 2 3

Section W8X13 S5X10 S5X10 W6X12

A (in2) 3.84 2.93 2.93 3.55
d (in) 7.99 5 5 6.03
b/2tf 7.84 4.61 4.61 7.14
h/tw 29.9 16.8 16.8 21.6

Ixx (in
4) 39.6 12.3 12.3 22.1

Zxx (in
3) 11.4 5.66 5.66 8.3

ry (in) 0.843 0.638 0.638 0.918
rx (in) 3.21 2.01 2.01 2.49
KL/rx 1.53 2.44 2.43 1.97
KL/ry 4.47 5.90 5.90 4.10

Strip Model Development
Calculation of α for selected Preliminary Shapes

α1 : 0.735 42.134

α2 : 0.732 radians 41.925 degrees

α3 : 0.752 43.109

αave : 0.740 radians 42.3894 degrees

αSAP2000 : 47.6106 degrees
Strip model set-up and strip dimensions

Lα : 95.742 in
n : 14 pcs Spasing for corner if needed
S : 6.3828 in 3.1914 in

Sx : 8.6420 in 4.321 in
Sz : 9.468 in 4.734 in
As : 0.57

0.48 in2

0.27
B-values for strip model Then

Ve1 : 112.553 B1 : 5.03
Ve2 : 93.731 kip B2 : 4.98
Ve3 : 52.449 B3 : 4.51  
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Strip Model Analysis Results (using SAP2000 v.11)
Interstory drift calculation

Δ1 : 0.06687 δ1 : 0.067

Δ2 : 0.10117 in δ2 : 0.034 in

Δ3 : 0.14822 δ3 : 0.047
Displacement amplification factor

Cd : 6 SPSW
Story drift limit

δa : 0.02 H

Δa1 : 1.0000 δa1 : 1.000

Δa2 : 2.0150 in δa2 : 1.015 in

Δa3 : 3.0200 δa3 : 1.005
I : 1.0

Amplified Interstory drift calculation

Δ1A : 0.4012 δ1A : 0.4012 Satisfied

Δ2A : 0.6070 in δ2A : 0.2058 in Satisfied

Δ3A : 0.8893 δ3A : 0.2823 Satisfied

Compactness Check on VBEs and HBEs
Vertical Boundary Elements (VBE)

Floor 1 2 3
Section W6X25 W6X25 W6X25

A (in2) 7.36 7.36 7.36
b/2tf 6.68 6.68 6.68
h/tw 15.2 15.2 15.2

Pu

φ*Py 331.2 331.2 331.2
Ca 0.0000 0.0000 0.0000

λw 75.62 75.62 75.62
Status OK OK OK

λf 7.225 7.225 7.225
Status OK OK OK

Web Criterion for Compactness

Flange Criterion for Compactness
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Horizontal Boundary Elements (HBE)
Floor 0 1 2 3

Section W8X13 S5X10 S5X10 W6X12

A (in2) 3.84 2.93 2.93 3.55
b/2tf 7.84 4.61 4.61 7.14
h/tw 29.9 16.8 16.8 21.6

Pu

φ*Py 172.8 131.85 131.85 159.75
Ca 0 0 0 0

λw 75.62 75.62 75.62 75.62
Status OK OK OK OK

λf 7.224957 7.224957 7.224957 7.224957
Status NOT OK OK OK OK

Web Criterion for Compactness

Flange Criterion for Compactness

 
 

Connection of HBE0 to VBE1

Section Properties and Loads
W-section properties for VBE and HBE

Item VBE HBE
Section W6X25 W8X13

A (in2) 7.36 3.84

Z (in3) 19.00 11.40
d (in) 6.38 7.99
tw (in) 0.320 0.230
b (in) 6.08 4.00
tf (in) 0.455 0.255
k (in) 0.754 0.555

Material Properties
E : 29000 ksi

A572 Gr. 50 Steel will be used for HBEs and VBEs
Fy : 50 ksi Ry : 1.1 FEMA 350 
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A572 Gr. 50 Steel will be used for stiffeners
Fy : 50 ksi Ry : 1.1 FEMA 350

Moment applied to the connection Cpr : 1.2 FEMA 350
Mp : 752.40 kips-in

Story shear applied to the connection Shear forces applied to the shear tab
Vu : 0 (not considered) Vu : 79.927 kips

Concentrated forces applied on flange: Axial Force on HBE:
Pu : 99.124 kips PHBE : 43.105 kips

Design of Transverse Stiffeners (Continuity Plates)
Limit states for tensile and compresive flange force

φ Rn (kips)
Flange Local Bending 0.9 58.226
Web Local Yielding 1.0 64.400
Web Crippling 0.75 94.459
Web Compression Buckling 0.90 215.116
Overall Status :
           Transverse stiffeners are required
The required strength for the transverse stiffners is

Ru-st : 84.003 kips
The minimum required cross sectional area of the transverse stiffeners

Amin : 1.867 in2

The following criteria should be used to size the transverse stiffener dimension 
Stiffner width (AISC K1-9.1) Stiffner Dimension provided:

bstiffner ≥ 1.173 in bstiffner-prov'd : 2.210 in OK
Stiffner thickness (AISC K1-9.2) tstif fner-prov'd : 1/2 in OK

tstif fner ≥ 0.128 in Astiffner-prov'd : 2.210 in2 OK
Minimum stiffener thickness (AISC DG 4.3-5)

ts-min : 0.313 in

Web Panel-Zone Shear (Design of Doubler Plate)
Plastic panel-zone deformation is considered in the calculation.

ΣFu : 99.124 kips
Py : 368 kips

Zone: Pu < 0.75Py

φv : 0.90
Rv : 67.884 kips AISC K1-11/12

Limit States AISC Eq. Status
K1-1 NOT OK
K1-2 NOT OK
K1-4 NOT OK
K1-8 OK
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Status : Panel-zone is not strong, doubler plate is required
The required strength for the doubler plate is

Vu-dp : 42.002 kips
Doubler plate will resist the remaining applied forces (AISC K1-10.1). The minimum required 
thickness of doubler plate

tmin : 0.244 in
Code requirement for minimum thickness of panel zone

tmin-seismic : 0.145 in (Seismic 9-2)
tmin-LRFD : 0.083 in (AISC F2-1)

Doubler plate thickness provided Both web and doubler plate thickness satisfied
tdoubler-prov'd : 1/4 in OK   the code minimum thickness requirement

Shear Tab Design
Shear tab dimension provided: Force per inch on the fillet weld:

dshear-prov'd : 6 in Rn : 6.661 kips/in
bshear-prov'd : 4 in Design Strength of fillet weld
tshear-prov'd : 1/2 in φRnw -fillet : 22.271 te

te-min : 0.299 in
te-prov'd : 5/16 in OK

Fillet weld strength

φRnw -fillet : 13.919 kips/in φVnw  : 83.514 kips
Base metal strength Vu : 79.927 kips

φRnw -metal : 14.625 kips/in Status : OK

Welding Information
Welding Electrode: 70 ksi
Doubler Plate to Column Flange: 1/4 in CJP welds
Doubler Plate to Column Web: 3/16 in fillet welds AISC Table J2.4

tdoubler-prov'd : 0.250 in
tw  : 0.320 in

Transverse Stiffeners to Column Flange: 3/8 in fillet welds double side AISC Table J2.4
wmin : 0.337 in AISC DG 4.3-6

tstiffner-prov'd : 0.500 in
tf : 0.455 in  
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Transverse Stiffeners to Doubler Plate: 3/16 in fillet welds double side AISC Table J2.4
tdoubler-prov'd : 0.250 in
tstif fner-prov'd : 0.500 in

Shear Tab to Column Flange: 5/16 in fillet welds double side
Shear Tab to Beam Web: 5/16 in fillet welds around

Design of Base Plate
Reaction forces at 5% drift (with actual material properties)

Item
P (kips)
V (kips)

M (kip-in)

Slip-Critical Connection
Bolts : A490

dbolt : 3/4 in φFt : 84.75 ksi
Design shear strength subject to shear alone

Tu : 35 kips AISC -Table J3.1

φ : 0.9 for standard holes for oversized holes (05/02/2011)
Ns : 1

μ : 0.33

φRstr : 11.09 kips nv = 8 bolts, required for shear alone
Design tension strength subject to tension alone

φ : 0.75 for standard holes

φRt : 37.40 kips AISC -Table 7-14
nt = 5 bolts, required for tension alone

Estimation number of bolts due to moment alone
d : 9.4 in (moment arm)
T : 78.61 kips

nm = 3 bolts, required for tension due to moment
Try bolt configuration as shown on the figure below :

# of bolts : 12
Effect of tension forces on slip critical bolts

# of bolts in tension : 12 (all bolts)
Reduction Factor : 0.68 (AISC - J3.9a)

φRstr-reduced : 7.50 kips/bolt
For 12 bolts : 90.03 kips

Status : OK

Left Column Right Column
-153.63 153.63
79.22 52.58

738.92 752.28
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Tension/compression forces due to moments
# of bolts affected : 5 (shaded bolts, one side only)

Tave : 15.72 kips/bolt
Tin : 12.54 kips for inner side bolts 7.5 in. moment arm

Tout : 18.90 kips for outter side bolts 11.3 in. moment arm
Check for tension capacity

Tpure : 12.80 kips
Tin : 25.35 kips < φRt : 37.40 kips OK

Tout : 31.70 kips ≈ φRt : 37.40 kips OK
Effect of moment --> adding/reducing tension forces on slip critical bolts

Group # of Bolts φRstr-reduced

1 4 3.09
2 4 7.50
3 4 11.09

Note : Total = OK
     Group 1 = bolts that are in tension due to moments
     Group 2 = bolts that are close to moment neutral axis
     Group 3 = bolts that are in compression, no reduction occurred

Plate Thickness
A572 Gr. 50 Steel

Fy : 50 ksi Fu : 65 ksi
Bolt spacing Edge Distance Dimension of Base Plate

Smin : 2.25 in Lmin : 1.125 in B : 12 in
Sprov'd : 2.50 in Lprov'd : 1.50 in D : 14.25 in

Calculation of plate thickness according to Cantilever Method (Base Plate in Compression)
References: Chapter 13 - Salmon & Johnson (1990); AISC - DG 1
Critical Section for Bending Cantilever length

0.8b : 4.864 in m : 4.095 in. (controls)
0.95d : 6.061 in n : 3.568 in.

φb : 0.9
tmin : 0.818 in.

Calculation of plate thickness to avoid Prying Action (Base Plate in Tension)
References: Chapter 13 - Salmon & Johnson (1990)

Reduction Factor Σ φRstr-reduced

86.76

0.28 12.37
0.68 30.01
1.00 44.38
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d : 5.9 in (moment arm: flange-to-flange distance)
T : 124.71 kips
b' : 2.125     in
w : 12 in

φb : 0.9
tmin : 0.991 in. (controls) ∴ Use 14 - 3/4" diam A490 bolts

tprov'd : 1.0          in OK      Base Plate t = 1"

Design as End-Plate Moment Connection AISC - DG 4
Connection design moment

Mpe : 950 kip-in
Connection configuration Estimation of bolt diameter

bp : 7.08 in db-req'd : 0.56 in
g : 5.56 in dbolt : 3/4 in OK

pf1 : 2.4 in
pf0 : 2.05 in
de : 1.5 in
h0 : 8.20 in
h1 : 3.30 in

Calculation of bolt moment and end plate thickness

φMnp : 1105.31 kip-in OK
s : 3.14 in

Yp : 27.544 in
treq'd : 0.990 in OK

Check shear yielding and shear rupture of extended portion of end plate
Fpu : 160.34 kips Fpu/2 : 80.17 kips
An : 5.33 in2

φRny : 191.2 kips OK

φRnf : 155.90 kips OK

Welding Information for Base Plate
Welding Electrode: 70 ksi
Column to Base Plate: 5/16 in fillet welds around AISC Table J2.4

tw  : 0.320 in --> only in the webs, CJP for the flanges
tf : 0.455 in (05/02/2011)
tp : 1.0         in  
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A.2 Tensile Testing Program 

A total of 27 tension coupons from 7 different sources are needed. A group of four coupons is cut 
from each source (i.e., 13GA, 14GA, 19GA steel plate, W6x25, W6x12, and W8x13 section), 
except from S5x10 which a group of three coupons are prepared. As listed in the following table, 
one coupon of steel plate is taken from both plate directions (i.e., parallel to and perpendicular to 
the rolling direction) while the other two coupons are cut at an angle of 45° to the rolling 
direction. Two coupons are taken both from web and flange (either top flange or bottom flange) 
of each W-section and three coupons from web of S5x10 section. 
 
Table A-1. List of Tensile Testing Coupons (Steel Plate) 

Coupon-ID Source 
Nominal 

Thickness 
(in) 

Total per 
Component 

GA13-1 13 GA Plate parallel to the rolling direction 0.0897 

4 
GA13-2 13 GA Plate perpendicular to the rolling direction 0.0897 

GA13-3 13 GA Plate 45° angle from the rolling direction 0.0897 

GA13-4 13 GA Plate 45° angle from the rolling direction 0.0897 

GA14-1 14 GA Plate parallel to the rolling direction 0.0747 

4 
GA14-2 14 GA Plate perpendicular to the rolling direction 0.0747 

GA14-3 14 GA Plate 45° angle from the rolling direction 0.0747 

GA14-4 14 GA Plate 45° angle from the rolling direction 0.0747 

GA19-1 19 GA Plate parallel to the rolling direction 0.0418 

4 
GA19-2 19 GA Plate perpendicular to the rolling direction 0.0418 

GA19-3 19 GA Plate 45° angle from the rolling direction 0.0418 

GA19-4 19 GA Plate 45° angle from the rolling direction 0.0418 

 
Updated 
For all GA14 and GA19 coupons are taken from plate parallel to the rolling direction  
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Table A-2. List of Tensile Testing Coupons (W-Section) 

Coupon-ID Source 
Nominal 

Thickness 
(in) 

Total per 
Component 

VBE-1 W6x25 Web 0.320 

4 
VBE-2 W6x25 Web 0.320 

VBE-3 W6x25 Flange 0.455 

VBE-4 W6x25 Flange 0.455 

HBE-T1 W6x12 Web 0.230 

4 
HBE-T2 W6x12 Web 0.230 

HBE-T3 W6x12 Flange 0.280 

HBE-T4 W6x12 Flange 0.280 

HBE-I1 S5x10 Web 0.214 

3 HBE-I2 S5x10 Web 0.214 

HBE-I3 S5x10 Web 0.214 

HBE-B1 W8x13 Web 0.230 

4 
HBE-B2 W8x13 Web 0.230 

HBE-B3 W8x13 Flange 0.255 

HBE-B4 W8x13 Flange 0.255 
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Table A-3. Test Results (Infill Plate) 

Coupon-ID 
Nominal 

Thickness 
(in) 

Actual 
Thickness 

(in) 

Modulus of 
Elasticity 

(ksi) 

Yield 
Strength 

(ksi) 

Ultimate 
Strength 

(ksi) 

Rupture 
Strain  
(%) 

GA13-1 0.0897 0.0855 23864 27.561 47.519 43.96 

GA13-2 0.0897 0.0908 28913 24.869 42.906 40.67 

GA13-3 0.0897 0.0903 29366 25.844 44.996 36.10 

GA13-4 0.0897 0.0880 31537 28.399 48.310 36.50 

 Average = 0.0886 28420 26.668 45.933 39.31 

GA14-1 0.0747 0.0713 23554 24.756 43.154 41.99 

GA14-2 0.0747 0.0697 34220 23.890 42.929 47.82 

GA14-3 0.0747 0.0728 n.a. n.a. n.a. n.a 

GA14-4 0.0747 0.0713 25434 22.147 40.794 49.07 

 Average = 0.0713 27736 23.598 42.292 46.29 

GA19-1 0.0418 0.0390 33122 22.275 41.689 39.84 

GA19-2 0.0418 0.0413 23515 18.264 36.386 44.04 

GA19-3 0.0418 0.0410 n.a. n.a. n.a. n.a 

GA19-4 0.0418 0.0393 23679 19.564 39.735 43.85 

 Average = 0.0402 26772 20.034 39.270 42.58 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 458 

Table A-4 Test Results (Boundary Frame) 

Coupon-ID 
Nominal 

Thickness 
(in) 

Actual 
Thickness 

(in) 

Modulus of 
Elasticity 

(ksi) 

Yield 
Strength 

(ksi) 

Ultimate 
Strength 

(ksi) 

Rupture 
Strain  
(%) 

VBE-1 0.320 0.3472 29722 53.500 65.947 35.53 

VBE-2 0.320 0.3443 37321 52.250 65.381 32.42 

 Average = 0.3458 33522 52.875 65.664 33.97 

VBE-3 0.455 0.4325 28472 51.250 64.926 35.36 

VBE-4 0.455 0.4318 35800 53.700 68.609 33.18 

 Average = 0.4322 32136 52.475 66.768 34.27 

HBE-T1 0.230 0.2258 38857 54.400 65.332 34.98 

HBE-T2 0.230 0.2277 30088 51.150 63.587 38.31 

 Average = 0.2268 34473 52.775 64.460 36.65 

HBE-T3 0.280 0.2903 26225 52.450 64.148 35.50 

HBE-T4 0.280 0.2695 32656 52.250 63.403 31.78 

 Average = 0.2799 29441 52.350 63.776 33.64 

HBE-I1 0.214 0.2017 25075 50.150 70.699 28.12 

HBE-I2 0.214 0.2053 n.a. n.a. n.a. n.a 

HBE-I3 0.214 0.2013 35571 49.800 70.343 27.58 

 Average = 0.2028 30323 49.975 70.521 27.85 

HBE-B1 0.230 0.2367 24500 56.350 69.089 34.02 

HBE-B2 0.230 0.2353 23659 52.050 63.260 31.94 

 Average = 0.2360 24080 54.200 66.175 32.98 

HBE-B3 0.255 0.2473 32173 48.260 58.670 32.92 

HBE-B4 0.255 0.2337 28079 53.350 65.773 29.53 

 Average = 0.2405 30126 50.805 62.222 31.22 
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A.3 Instrumentation List 

Table A-5. Instrumentation List: Strain Gauge (78 Channels) 

Channel 
No. 

Instrument 
ID 

Strain 
Gauges 
Type 

Attached 
to Element

Instrument Location 

Level Section Plate Side 

1 SGB0-11 Uniaxial Beam Base 1 TF South 

2 SGB0-12 Uniaxial Beam Base 1 TF North 

3 SGB0-13 Uniaxial Beam Base 1 BF South 

4 SGB0-14 Uniaxial Beam Base 1 BF North 

5 SGB0-21 Uniaxial Beam Base 2 TF South 

6 SGB0-22 Uniaxial Beam Base 2 TF North 

7 SGB0-23 Uniaxial Beam Base 2 BF South 

8 SGB0-24 Uniaxial Beam Base 2 BF North 

9 SGB0-31 Uniaxial Beam Base 3 TF South 

10 SGB0-32 Uniaxial Beam Base 3 TF North 

11 SGB0-33 Uniaxial Beam Base 3 BF South 

12 SGB0-34 Uniaxial Beam Base 3 BF North 

13 SGB0-41 Uniaxial Beam Base 4 TF South 

14 SGB0-42 Uniaxial Beam Base 4 TF North 

15 SGB0-43 Uniaxial Beam Base 4 BF South 

16 SGB0-44 Uniaxial Beam Base 4 BF North 

17 SGB1-11 Uniaxial Beam 1st Floor 1 TF South 

18 SGB1-12 Uniaxial Beam 1st Floor 1 TF North 

19 SGB1-13 Uniaxial Beam 1st Floor 1 BF South 

20 SGB1-14 Uniaxial Beam 1st Floor 1 BF North 

21 SGB1-21 Uniaxial Beam 1st Floor 2 TF South 

22 SGB1-22 Uniaxial Beam 1st Floor 2 TF North 

23 SGB1-23 Uniaxial Beam 1st Floor 2 BF South 

24 SGB1-24 Uniaxial Beam 1st Floor 2 BF North 

25 SGB1-31 Uniaxial Beam 1st Floor 3 TF South 

26 SGB1-32 Uniaxial Beam 1st Floor 3 TF North 
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Table A-5. Instrumentation List: Strain Gauge – Cont’d 

Channel 
No. 

Instrument 
ID 

Strain 
Gauges 
Type 

Attached 
to Element

Instrument Location 

Level Section Plate Side 

27 SGB1-33 Uniaxial Beam 1st Floor 3 BF South 

28 SGB1-34 Uniaxial Beam 1st Floor 3 BF North 

29 SGB1-41 Uniaxial Beam 1st Floor 4 TF South 

30 SGB1-42 Uniaxial Beam 1st Floor 4 TF North 

31 SGB1-43 Uniaxial Beam 1st Floor 4 BF South 

32 SGB1-44 Uniaxial Beam 1st Floor 4 BF North 

33 SGB2-11 Uniaxial Beam 2nd Floor 1 TF South 

34 SGB2-12 Uniaxial Beam 2nd Floor 1 TF North 

35 SGB2-13 Uniaxial Beam 2nd Floor 1 BF South 

36 SGB2-14 Uniaxial Beam 2nd Floor 1 BF North 

37 SGB2-21 Uniaxial Beam 2nd Floor 2 TF South 

38 SGB2-22 Uniaxial Beam 2nd Floor 2 TF North 

39 SGB2-23 Uniaxial Beam 2nd Floor 2 BF South 

40 SGB2-24 Uniaxial Beam 2nd Floor 2 BF North 

41 SGB2-31 Uniaxial Beam 2nd Floor 3 TF South 

42 SGB2-32 Uniaxial Beam 2nd Floor 3 TF North 

43 SGB2-33 Uniaxial Beam 2nd Floor 3 BF South 

44 SGB2-34 Uniaxial Beam 2nd Floor 3 BF North 

45 SGB2-41 Uniaxial Beam 2nd Floor 4 TF South 

46 SGB2-42 Uniaxial Beam 2nd Floor 4 TF North 

47 SGB2-43 Uniaxial Beam 2nd Floor 4 BF South 

48 SGB2-44 Uniaxial Beam 2nd Floor 4 BF North 

49 SGB3-11 Uniaxial Beam 3rd Floor 1 TF South 

50 SGB3-12 Uniaxial Beam 3rd Floor 1 TF North 

51 SGB3-13 Uniaxial Beam 3rd Floor 1 BF South 

52 SGB3-14 Uniaxial Beam 3rd Floor 1 BF North 
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Table A-5. Instrumentation List: Strain Gauge – Cont’d 

Channel 
No. 

Instrument 
ID 

Strain 
Gauges 
Type 

Attached 
to Element

Instrument Location 

Level Section Plate Side 

53 SGB3-21 Uniaxial Beam 3rd Floor 2 TF South 

54 SGB3-22 Uniaxial Beam 3rd Floor 2 TF North 

55 SGB3-23 Uniaxial Beam 3rd Floor 2 BF South 

56 SGB3-24 Uniaxial Beam 3rd Floor 2 BF North 

57 SGB3-31 Uniaxial Beam 3rd Floor 3 TF South 

58 SGB3-32 Uniaxial Beam 3rd Floor 3 TF North 

59 SGB3-33 Uniaxial Beam 3rd Floor 3 BF South 

60 SGB3-34 Uniaxial Beam 3rd Floor 3 BF North 

61 SGB3-41 Uniaxial Beam 3rd Floor 4 TF South 

62 SGB3-42 Uniaxial Beam 3rd Floor 4 TF North 

63 SGB3-43 Uniaxial Beam 3rd Floor 4 BF South 

64 SGB3-44 Uniaxial Beam 3rd Floor 4 BF North 

65 SGEC1-11 Uniaxial East Col. 1st Story 1 TF South 

66 SGEC1-12 Uniaxial East Col. 1st Story 1 TF North 

67 SGEC1-13 Uniaxial East Col. 1st Story 1 BF South 

68 SGEC1-14 Uniaxial East Col. 1st Story 1 BF North 

69 RGEC1-15 Rosette East Col. 1st Story 1 W –  

70 RGEC2-15 Rosette East Col. 2nd Story 1 W –  

71 RGEC3-15 Rosette East Col. 3rd Story 1 W –  

72 SGWC1-11 Uniaxial West Col. 1st Story 1 TF South 

73 SGWC1-12 Uniaxial West Col. 1st Story 1 TF North 

74 SGWC1-13 Uniaxial West Col. 1st Story 1 BF South 

75 SGWC1-14 Uniaxial West Col. 1st Story 1 BF North 

76 RGWC1-15 Rosette West Col. 1st Story 1 W –  

77 RGWC2-15 Rosette West Col. 2nd Story 1 W –  

78 RGWC3-15 Rosette West Col. 3rd Story 1 W –  
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Table A-6. Instrumentation List: Transducer (71 Channels) 

Channel 
No. 

Instrument 
ID 

Transducer
Type 

Attached 
to Element 

Reference 
Point 

Instrument Location 

Level Position 

79 SPEC0 String Pot East Col. Instr. Frame Base Center of BP

80 SPWC0 String Pot West Col. Instr. Frame Base Center of BP

81 SPWC1 String Pot West Col. Instr. Frame 1st Story Center of TF

82 SPWC2 String Pot West Col. Instr. Frame 2nd Story Center of TF

83 SPWC3 String Pot West Col. Instr. Frame 3rd Story Center of TF

84 SPB2-1 String Pot Beam Gravity Mass 2nd Story ¼-Point  

85 SPB2-2 String Pot Beam Gravity Mass 2nd Story Mid-Point 

86 SPB2-3 String Pot Beam Gravity Mass 2nd Story ¾-Point 

87 SPB3-1 String Pot Beam Gravity Mass 3rd Story ¼-Point  

88 SPB3-2 String Pot Beam Gravity Mass 3rd Story Mid-Point 

89 SPB3-3 String Pot Beam Gravity Mass 3rd Story ¾-Point 

90 SPG3 String Pot Gravity Mass Gravity Mass 2nd Story Possible Loc.

91 SPG3 String Pot Gravity Mass Gravity Mass 1st Story Possible Loc.

92 SPG1 String Pot Gravity Mass Strong Floor Base Possible Loc.

93 SPR2-1 String Pot 45° East Col. 2nd Fl. Beam 2nd Story North Side 

94 SPR2-2 String Pot 45° East Col. 2nd Fl. Beam 2nd Story North Side 

95 SPR2-3 String Pot 45° East Col. 2nd Fl. Beam 2nd Story North Side 

96 SPR2-4 String Pot 45° 1st Fl. Beam 2nd Fl. Beam 2nd Story North Side 

97 SPR2-5 String Pot 45° 1st Fl. Beam West Col. 2nd Story North Side 

98 SPR3-1 String Pot 45° East Col. 3rd Fl. Beam 3rd Story North Side 

99 SPR3-2 String Pot 45° East Col. 3rd Fl. Beam 3rd Story North Side 

100 SPR3-3 String Pot 45° East Col. 3rd Fl. Beam 3rd Story North Side 

101 SPR3-4 String Pot 45° 2nd Fl. Beam 3rd Fl. Beam 3rd Story North Side 

102 SPR3-5 String Pot 45° 2nd Fl. Beam West Col. 3rd Story North Side 

103 SPL2-1 String Pot 45° West Col. 2nd Fl. Beam 2nd Story South Side 

104 SPL2-2 String Pot 45° West Col. 2nd Fl. Beam 2nd Story South Side 

105 SPL2-3 String Pot 45° West Col. 2nd Fl. Beam 2nd Story South Side 
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Table A-6. Instrumentation List: Transducers – Cont’d 

Channel 
No. 

Instrument 
ID 

Transducer
Type 

Attached 
to Element 

Reference 
Point 

Instrument Location 

Level Position 

106 SPL2-4 String Pot 45° 1st Fl. Beam 2nd Fl. Beam 2nd Story South Side 

107 SPL2-5 String Pot 45° 1st Fl. Beam East Col. 2nd Story South Side 

108 SPL3-1 String Pot 45° West Col. 3rd Fl. Beam 3rd Story South Side 

109 SPL3-2 String Pot 45° West Col. 3rd Fl. Beam 3rd Story South Side 

110 SPL3-3 String Pot 45° West Col. 3rd Fl. Beam 3rd Story South Side 

111 SPL3-4 String Pot 45° 2nd Fl. Beam 3rd Fl. Beam 3rd Story South Side 

112 SPL3-5 String Pot 45° 2nd Fl. Beam East Col. 3rd Story South Side 

113 KRB1-1 Krypton 1st Fl. Beam Device 1st Story 45° of #128 

114 KRB1-2 Krypton 1st Fl. Beam Device 1st Story 45° of #127 

115 KRB1-3 Krypton 1st Fl. Beam Device 1st Story 45° of #126 

116 KRB1-4 Krypton 1st Fl. Beam Device 1st Story 135° of #124 

117 KRB1-5 Krypton 1st Fl. Beam Device 1st Story 45° of #121 

118 KRB1-6 Krypton 1st Fl. Beam Device 1st Story 135° of #129 

119 KRB1-7 Krypton 1st Fl. Beam Device 1st Story 135° of #130 

120 KRB1-8 Krypton 1st Fl. Beam Device 1st Story 135° of #131

121 KRB0-1 Krypton Base Beam Device 1st Story -45° of #126 

122 KRB0-2 Krypton Base Beam Device 1st Story -45° of #127 

123 KRB0-3 Krypton Base Beam Device 1st Story -45° of #128

124 KRB0-4 Krypton Base Beam Device 1st Story -135° of #131 

125 KRB0-5 Krypton Base Beam Device 1st Story -135° of #130 

126 KRB0-6 Krypton Base Beam Device 1st Story -135° of #129

127 KRB0-7 Krypton Base Beam Device 1st Story Bot. Flange 

128 KRB0-8 Krypton Base Beam Device 1st Story Bot. Flange 

129 KREC1-1 Krypton East Col. Device 1st Story Panel Zone  

130 KREC1-2 Krypton East Col. Device 1st Story ¼-Point  

131 KREC1-3 Krypton East Col. Device 1st Story Mid-Point 

132 KREC1-4 Krypton East Col. Device 1st Story ¾-Point 
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Table A-6. Instrumentation List: Transducers – Cont’d 

Channel 
No. 

Instrument 
ID 

Strain 
Gauges 
Type 

Attached 
to Element

Instrument Location 

Level Position Plate 

133 KRWC1-1 Krypton West Col. Device 1st Story Panel Zone 

134 KRWC1-2 Krypton West Col. Device 1st Story ¼-Point  

135 KRWC1-3 Krypton West Col. Device 1st Story Mid-Point 

136 KRWC1-4 Krypton West Col. Device 1st Story ¾-Point 

137 SPθB1-1 Potentiometer Beam 1st Story East-end TF 

138 SPθB1-2 Potentiometer Beam 1st Story West-end TF 

139 SPθB2-1 Potentiometer Beam 2nd Floor East-end TF 

140 SPθB2-2 Potentiometer Beam 2nd Floor East-end BF 

141 SPθB2-3 Potentiometer Beam 2nd Floor West-end TF 

142 SPθB2-4 Potentiometer Beam 2nd Floor West-end BF 

143 SPθB3-1 Potentiometer Beam 3rd Floor East-end TF 

144 SPθB3-2 Potentiometer Beam 3rd Floor East-end BF 

145 SPθB3-3 Potentiometer Beam 3rd Floor West-end TF 

146 SPθB3-4 Potentiometer Beam 3rd Floor West-end BF 

147 KRGB Krypton Gravity Mass Device Base Pos. Loc. 

148 KRGM1 Krypton Gravity Mass Device 1st Story Pos. Loc. 

149 KRGM2 Krypton Gravity Mass Device 1st Story Pos. Loc. 
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APPENDIX B 

SUPPORTING STUDIES ON THE COLLAPSE ASSESSMENT OF  
STEEL PLATE SHEAR WALLS   

 

B.1 Review of SAP2000 Analysis Capability with Degradation Models 
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Error results when unloading on path CD 
 



 474 

B.2 Review of OpenSees Analysis Capability with Degradation Models 
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Monotonic Pushover Curve: Elasto-Plastic Material Model  
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Monotonic Pushover Curve: Effect of Axial Forces P = 600 kN = 0.2Py  

 
Both have the same amount of drops at 4% drift: 4.69%. Theoretical value: drop 4.68%.   

Drop by 4.75% at 6% Drift

Drop by 4.69% at 6% Drift
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Match 1.0| 
(comparable to SAP2000)
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Cyclic Pushover Curve with and without Axial Forces  
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Monotonic with Degradation Model 
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Pushover Analysis with Hysteretic Material Model Pinch {1.0, 1.0}  {0.5, 0.5} 
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Hysteretic Material Model Pinch {1.0, 0.00001} as in Tension-only Element 
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Hysteretic Material Model Pinch {0.00001, 1.0}  Convergence Issue 
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Hysteretic Material Model Pinch {0.00001, 0.99999}  Convergence Issue Solved 
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Cyclic Pushover Analysis with Hysteretic Material Model Vs. Steel01 
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Monotonic Pushover Analysis: Hysteretic Material (NLB) Vs. SAP2000 
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Monotonic Pushover Analysis: Hysteretic Material (BCH) Vs. SAP2000 
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Pushover Analysis with Hysteretic Material (BCH) 
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Pushover Analysis NLB vs. BCH with Various Lp 
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Pushover Analysis BCH vs. NLB with Various Integration Points 
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Monotonic Pushover Curve: Original vs. Adjusted Stress Diagram  
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Tension-only Element 
 
a. Truss Element with Hysteretic Material Model (No Degradation) 
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Right-Leaning Brace Hysteretic Curve  
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Right-Leaning Brace Hysteretic Curve - Modified  
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Left-Leaning Brace Hysteretic Curve - Modified  
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Complete Brace Hysteretic Curve  

 
The same behavior is also observed up to 4% cyclic drifts. 
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b. Truss Element with Hysteretic Material Degradation Model 
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Right-Leaning Brace Hysteretic Curve – Option 1  
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Right-Leaning Brace Hysteretic Curve – Option 2  

 
Option 1: cut the negative part close to origin  best for cyclic pushover analysis 
Option 2: extend the strain with close to zero stress 
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Monotonic Curve – Option 1: Right and Left-Leaning Braces  
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Monotonic Curve – Option 2: Right and Left-Leaning Braces  
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B.3 Case Study on Deterioration Models 

a. Plastic Hinge Location in VBEs 
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OPENSEES: Step 265 (2.65% Drift) 
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OPENSEES: Step 333 (3.33% Drift) 
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b. Different Material Models Explanation: 
1. Initial 1st Results: Controller Factors = 1, 1, 1, 1; drop to 50% theoretical (β=0.5); drop to 

50% strips at 15εy; tolerance = 10-4 with 4000 max iterations  
 [1111; 50%@0.0332; 50%@15εy; 10-4; 4000] 

Variation: practically the same curve for [1111; 50%β@0.0332; 50%@15εy; 10-4; 4000]. 
Obvious effect, less base shear. Meaning better “approaching” (Fig. 1S). 

 
2. [1111; 50%@0.0332; 50%@11to15εy for middle strip; 50%@5to11εy for corner strip; 10-4; 

4000] 
Variation: [1111; 50%β@0.0332; 50%@11to15εy for middle strip; 50%@5to11εy for corner 
strip; 10-4; 4000]. See Fig. 2S. 

 
3. [1111; 50%@0.0332; 50%@21εy; 10-6; 4000]. The correct drop at 50% on strip actually at 

21εy. Change in tolerance is actually not significant here. 10-4 and 10-6 gave practically 
identical results. The latter might need more iterations to achieve convergence. The first gave 
some ‘noise’ in the results (e.g., effects on ratio of pushover load distribution).  
Variation: [1111; 50%@0.0332; 50%@11to21εy for middle strip; 50%@5to11εy for 
corner strip; 10-4; 4000]. See Fig. 3S. 

 
4. [1111; 90%@0.0359; 90%@29εy; 10-4; 4000]. 

Variation: Finest step up to 100,000 steps to reach 1% didn’t change the results. Beside 
Modified Newton-Raphson, other algorithms have been tried. Some of them fail to converge 
and some of them gave the same results (consult hand notes). Practically the same results 
were observed, if 0.0359 (extrapolation from revised by β) is changed to 0.0444 
(extrapolation from un-revised). See Fig. 4S. 

 
5. [1111; 90%@0.0559 start from 0.092; 90%@49εy start from 11εy; 10-4; 4000]  sort of 

arbitrary case with less stiff of the negative stiffness when degradation occurred both on BE 
and Strips. Another variation that is not completely true shown in Fig. 5S for [1111; 
50%@0.0332; 90%@29εy; 10-4; 4000]. More variation: Fig 6S  [1110; 90%@29εy; 10-4; 
4000] 
           Fig 7S  [1101; 90%@0.0444; 10-4; 4000] 
                Fig 8S  [1101; 90%@0.0359; 10-4; 4000] 
                Fig 9S  [1101; 50%@0.0332; 10-4; 4000] 

 
6. [1120; 10-4; 4000].  

Variation: Fig 10S  [1121; 50%@0.0332; 10-4; 4000]. The same trend with [1121; 
50%@0.0444; 10-4; 4000]. Not printed the curve.   
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[1111; 50%@0.0332; 50%@15εy; 10-4; 4000] 

 
[1111; 50%@0.0332; 50%@11to15εy for middle strip; 50%@5to11εy for corner strip; 

10-4; 4000] 
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[1111; 90%@0.0359; 90%@29εy; 10-4; 4000] 

 
[1111; 50%@0.0332; 90%@29εy; 10-4; 4000] 
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[1121; 50%@0.0332; 10-4; 4000] 

 
[2111; 50%@0.0332; 50%@15εy; 10-4; 4000] 
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[2111; 50%@0.0332; 50%@11to15εy for middle strip; 50%@5to11εy for corner strip; 

10-4; 4000] 

 
[2111; 90%@0.0444; 90%@29εy; 10-4; 4000] 
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[2111; 50%@0.0332; 90%@29εy; 10-4; 4000] 

 
[2121; 50%@0.0332; 10-4; 4000] 
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B.4 Summary of PEER NGA Database Information for Far-Field Record Set 

Ground motion records used in the nonlinear dynamic analyses for collapse assessment consist of 

22 ground motion record pairs (44 individual components) of large magnitude (M > 6.5) from 

sites located at distances greater than or equal to 10 km from fault rupture (i.e., “Far-Field” 

record set), made available in the Pacific Earthquake Engineering Research Center (PEER) Next 

Generation Attenuation (NGA) database (PEER 2005). A summary of the far-field record sets 

specified in the FEMA P695 procedure is presented in the following Table B-1. 

 

Table B-1. Summary of Far-Field Ground Motion Records (FEMA P695) 
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Table B-1. Summary of Far-Field Ground Motion Records, Cont’d 
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