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Project Overview

NEES Nonstructural: Simulation of the Seismic Performance of 
Nonstructural Systems

Nonstructural systems represent 75% of the loss exposure of U.S. buildings to earthquakes, and 
account for over 78% of the total estimated national annualized earthquake loss. A very wide-
ly used nonstructural system, which represents a signifi cant investment, is the ceiling-piping-
partition system. Past earthquakes and numerical modeling considering potential earthquake 
scenarios show that the damage to this system and other nonstructural components causes the 
preponderance of U.S. earthquake losses. Nevertheless, due to the lack of system-level research 
studies, its seismic response is poorly understood. Consequently, its seismic performance contrib-
utes to increased failure probabilities and damage consequences, loss of function, and potential 
for injuries. All these factors contribute to decreased seismic resilience of both individual build-
ings and entire communities.

Ceiling-piping-partition systems consist of several components and subsystems, have complex 
three-dimensional geometries and complicated boundary conditions because of their multiple at-
tachment points to the main structure, and are spread over large areas in all directions. Their seis-
mic response, their interaction with the structural system they are suspended from or attached 
to, and their failure mechanisms are not well understood. Moreover, their damage levels and 
fragilities are poorly defi ned due to the lack of system-level experimental studies and modeling 
capability. Their seismic behavior cannot be dependably analyzed and predicted due to a lack of 
numerical simulation tools. In addition, modern protective technologies, which are readily used 
in structural systems, have never been applied to these systems.

This project sought to integrate multidisciplinary system-level studies to develop, for the fi rst 
time, a simulation capability and implementation process to enhance the seismic performance of 
the ceiling-piping-partition nonstructural system. A comprehensive experimental program us-
ing both the University of Nevada, Reno (UNR) and University at Buffalo (UB) NEES Equip-
ment Sites was developed to carry out subsystem and system-level full-scale experiments. The 
E-Defense facility in Japan was used to carry out a payload project in coordination with Japanese 
researchers. Integrated with this experimental effort was a numerical simulation program that 
developed experimentally verifi ed analytical models, established system and subsystem fragil-
ity functions, and created visualization tools to provide engineering educators and practitioners 
with sketch-based modeling capabilities. Public policy investigations were designed to support 
implementation of the research results. 

The systems engineering research carried out in this project will help to move the fi eld to a new 
level of experimentally validated computer simulation of nonstructural systems and establish a 
model methodology for future systems engineering studies. A system-level multi-site experimen-
tal research plan has resulted in a large-scale tunable test-bed with adjustable dynamic proper-
ties, which is useful for future experiments. Subsystem and system level experimental results 
have produced unique fragility data useful for practitioners. 

The work included in this report enhances the understanding of the seismic behavior of nonstructural 
cold-formed steel framed gypsum partition walls. The test plan that included 50 full-scale partition walls, 
constructed and tested to both quasi-static and dynamic protocols developed for the University at Buf-
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falo Nonstructural Component Simulator (UB-NCS), generated data regarding partition wall in-plane 
and out-of-plane seismic behavior and seismic fragility. Dynamic analyses that included the mechanical 
behavior of cold-formed steel gypsum partition walls in the structural frame of a four story steel building 
indicated a signifi cant improvement in the collapse capacity of the building.
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Abstract 

The contribution of nonstructural partition walls is often assumed to be negligible in the lateral response 

of common seismic force-resisting systems. However, this assumption may become nonconservative as 

the sum effect of individual wall systems is considered. The first phase of the NEES Nonstructural Grand 

Challenge Project tested full scale cold-formed steel-framed gypsum partition walls using the University 

at Buffalo Nonstructural Component Simulator (UB-NCS). A description and experimental results for 22 

different partition wall configurations is given. Included in the wall variations is material type, 

connections, testing protocols, wall dimensions, and boundary conditions. Innovative designs to reduce 

the seismic fragility of partition walls were also developed as part of the testing program. The 

experimental data are used to populate an extensive seismic fragility database for cold-formed steel-

framed gypsum partition walls. Parameters for a tri-linear hysteretic model, aimed at reproducing the in-

plane mechanical behavior of partition walls, are determined from the experimentally obtained force-

displacement curves. Recommended parameters for in-plane walls are given for individual configurations 

and cold-formed steel-framed nonstructural partition walls. The calibrated partition wall models are 

combined with the structural model of an existing four-story steel moment-resisting frame medical 

facility to demonstrate the effect on dynamic properties. As the period of the structure reduces due to the 

increased stiffness from the partition wall systems, reductions in drift and absolute floor accelerations are 

observed. The assumption that these wall systems have negligible impact is disproven by the use of 

incremental dynamic analyses performed according to the FEMA P695 methodology. These analyses 

show that including the contribution of steel stud gypsum partition walls to the lateral force-resisting 

system increases the building collapse safety margin by 32%. 
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Chapter 1  

INTRODUCTION 

The effect of seismic events on nonstructural components has been under -appreciated or neglected until 

recently. Following the 1994 Northridge earthquake, research relating to nonstructural components 

increased due to the development of the Performance Based Earthquake Engineering (PBEE) 

methodology. A document that has helped to further the research of nonstructural components was 

published by Taghavi and Miranda (2003). In this report, the cost estimate for different building 

components are estimated: 48-70 percent of commercial building costs are in the nonstructural 

components; 8-18 percent of the overall building cost is in the structural system; and 17-44 percent of the 

cost is dependent on building contents, as shown in Figure 1.1. These statistics along with the recent 

development of PBEE increased the need to have a better understanding of the dynamic response and 

degree of loss (economical or functional) of combined structural and nonstructural systems under 

potential earthquake scenarios. With the increased understanding of the seismic behavior of these 

systems, it is expected that more efficient and safer systems will be designed. These increased efforts in 

design will ensure buildings are more economical, considering their post-earthquake state, due to the 

anticipated reduction of losses. Along with cost benefits of reduced or controlled damage, important 

structures like hospitals can be designed to ensure the building maintains the PBEE level of “immediate 

occupancy” following a seismic event to handle medical emergencies. 

 

Figure 1.1 Typical Cost Estimates for Building Construction  
(taken from Whittaker et al. after Taghavi & Miranda, 2003) 
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1.1  Background 

A building system is a structure that has a specific use (e.g., residential, commercial, etc.) and is designed 

to provide safety and comfort to the intended occupants. In commercial structures, the building architect 

is responsible for building planning to ensure comfort and useable spaces; meanwhile, occupant structural 

safety is primarily maintained through a sound structural design by the structural engineer of record. 

Often times building systems include subsystems or components that affect both of these areas of 

emphasis (i.e., occupant comfort and safety) and are known as nonstructural components. A design 

methodology for these components is given in Chapter 13 of ASCE/SEI 7-05 - Minimum Design Loads 

for Buildings and Other Structures (2006). The list of ‘Architectural Components’ requiring design in 

Table 13.5-1 in ASCE 7-05 includes ‘Interior Nonstructural Walls and Partitions,’ as shown in Figure 1.2. 

 

Figure 1.2 – Table of Seismic Coefficients for Architectural Components (ASCE 7-05, 2006) 
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1.2  Nonstructural Partition Walls 

Large open areas in new commercial buildings are often due to: building owner requirements, 

architectural desires, heating-ventilating-air-conditioning needs, and economical structural designs. 

Whatever structural system is used (i.e., post and beam, shear wall, etc.), large open areas need to be 

separated into smaller more useable private spaces. The most common means for creating these 

separations are partition walls. These walls are required to resist the seismic loads as determined by 

ASCE 7-05 Chapter 13; however, these walls are considered a nonstructural component because they are 

designed to carry only limited gravity or lateral loads in addition to their own weight. Of the types of 

partition wall systems, the most common use wood and steel framing, which are covered with gypsum 

wall board in residential and commercial buildings, respectively. 

1.2.1 Cold-formed Steel Framing 

Wall systems in commercial structures are most often constructed using light-frame construction 

materials. Because of the low weight of cold-formed steel framing versus wood framing and the 

variability of the moisture content in the wood framing members, in large commercial structures steel 

framing is the preferred option. Steel is also the preferred option in many commercial structures because 

it is non-combustible. Although many different configurations are used to construct these walls, the 

strongest wall systems are generally constructed by attaching a base track, consisting typically of a U-

shape, directly to the floor slab by using powder actuated fasteners. Another U-shaped track is located at 

the expected height of the wall with stud members placed vertically between the two tracks and attached 

using self drilling screws. The tracks along with the studs that are generally placed at 16-24 inches on 

center compose the frame of the wall. Gypsum wallboard panels, typically 1/2-5/8” in thickness, are then 

attached to the flanges of the steel tracks and studs to create the separation between areas. Depending on 

the use of the areas being created by the wall system, one or both sides of the wall will be sheathed with 

one or two layers of panels, designed to maintain a predetermined degree of fire protection. Several 

practices are used in the field for connecting perpendicular walls, screwing gypsum wallboards to steel 

framing and connecting framing elements. The most common of these procedures were considered when 

selecting the configurations for experimental studies. 
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1.2.2 Nonstructural Partition Wall Design 

Partition wall systems, although designed for code-prescribed force levels, are considered negligible in 

the analysis of gravity and seismic force-resisting systems. In commercial structures using structural 

systems other than light-framed wall systems to resist lateral loads, design forces are much higher than 

the expected forces a partition wall system can resist. Another reason these systems are often neglected in 

design is that the structural engineer does not want to be liable for failures in the system, and they are 

usually designed by the architect and shown on the architectural rather than structural construction 

drawings. Common structural components have been researched for many years, whereas, the behavior of 

cold-formed steel-framed partition (nonstructural) walls has been the subject of limited research, and 

there is less information regarding static and dynamic behavior of these wall systems compared to 

structural systems. In order to improve the design philosophy of nonstructural partition walls, 

comprehensive studies on the cyclic and dynamic response of nonstructural components must be 

completed. 

1.3  Current Research Efforts 

The Network for Earthquake Engineering Simulation – Nonstructural Grand Challenge Project (NEES-

NGC) entitled “Simulation of the Seismic Performance of Nonstructural Systems” (or NEES 

Nonstructural) is aimed at further understanding the seismic performance of ceiling, piping, and partition 

wall systems (CPP). This research is being conducted through laboratory testing of full-scale 

nonstructural systems and subsystems and highly intensive computer modeling. Further information on 

this project can be found at http://www.nees-nonstructural.org. This project will assist PBEE by 

developing designs of CPP systems that will enhance the seismic performance of primary and secondary 

systems in buildings. 

The first experimental phase of this project was completed at the University at Buffalo on the new testing 

apparatus known as the Nonstructural Components Simulator (UB-NCS). The construction and testing of 

specimens began in the early spring of 2008 continuing through the spring of 2009. Fifty full-scale 

partition walls corresponding to twenty-two different construction configurations were built and tested on 

the UB-NCS. The designs of the wall systems were developed through coordination with the Practice 

Committee and Advisory Board of the NEES-NGC. Approximately 80 channels of data were recorded 

per wall during the testing program, including data from load cells, potentiometers, string pots, and 

accelerometers. Further information on the NEES-NGC partition wall testing program can be found in 

Chapter 3. 
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1.4  Objectives, Scope, and Report Organization 

The experimentally obtained data from the NEES Nonstructural project partition wall specimens is used 

to develop a seismic fragility database for several configurations of cold-formed steel-framed gypsum 

partition walls. In addition, the experimental data and the performance observations were the key input 

needed for the research related to this report. The measured displacements imposed on the wall specimens 

and subsequent forces are parameterized to a hysteretic model closely resembling the lateral in-plane 

response of the wall systems. The hysteretic behavior is applied to a 2-D numerical model of a moment-

resisting frame of a medical facility test structure. Drift ratios and absolute floor accelerations for building 

models including partition walls are monitored and compared to those of the original building model. An 

analysis based on the FEMA P695 methodology (FEMA, 2009) is completed to determine the change in 

collapse probability of the structure when the partition wall systems are included in the modeling. This 

report presents a combination of practical, experimental, and theoretical concepts in an effort to better 

clarify the effect of seismic events on the performance of nonstructural partition walls and the often 

neglected effect on the lateral behavior of a structure. The information is organized and presented in the 

following manner: 

• A literature review of previous research related to nonstructural partition walls constructed using 

cold-formed steel framing and sheathed with gypsum wallboard panels is presented in Chapter 2. 

• A description of the comprehensive testing program and an evaluation of the seismic 

performance of cold-formed steel-framed gypsum partition walls are given in Chapter 3. 

• The assessment of the experimental seismic fragility of the partition walls and the development 

of a seismic fragility database are presented in Chapter 4. 

• Within Chapter 5, the mechanical in-plane behavior of partition walls is examined, and wall 

behavior is analyzed and parameterized. 

• The effect of nonstructural partition walls on the lateral response of a four story steel moment-

resisting frame test structure is presented in detail in Chapter 6. 

• The collapse probability of the test structure including partition walls is assessed using a FEMA 

P695 (FEMA 2009) methodology based analysis in Chapter 7. 

• Conclusions, commentaries and recommendations for future research are presented in Chapter 8. 
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Chapter 2  

LITERATURE REVIEW 

The main objective of this research work report is to present results of a comprehensive testing program 

on nonstructural partition walls and study the effect of these walls on the lateral response of a four story 

steel moment-resisting structure. A secondary objective is to develop unique wall configurations that 

could improve seismic fragility by either shifting damage to higher displacements and/or completely 

removing damage states. A summary of research relating to lateral response of steel stud gypsum partition 

walls is given in this chapter. This review will demonstrate the need for an extensive testing program and 

highlight the importance of the current research being conducted as part of the NEES Nonstructural 

Grand Challenge Project. 

2.1  Background 

Nonstructural partition walls in commercial and institutional buildings are most often constructed using 

cold-formed steel framing and gypsum sheathing. The use of partition walls in this type of construction is 

to separate large open areas into smaller more useable spaces and are not considered to be structural 

elements. Because partition walls are anchored at the floor and ceiling concrete slabs, potential damage 

due to inter-story building displacements and absolute floor accelerations caused during a seismic event 

must be taken into account. The ASCE 7-05 standard states that “Every structure, and portion thereof, 

including nonstructural components, shall be designed and constructed to resist the effects of earthquake 

motions as prescribed by the seismic requirements of this standard” (ASCE 7-05, 2006). Design forces for 

nonstructural partition walls are considered in ASCE 7-05 under architectural elements, Section 13.5. 

Although the partition walls are designed for in- and out-of-plane forces and displacements, the partition 

walls are not considered as structural components or as a contributing member in the earthquake and 

gravitational force-resisting systems. 

Because of the long history of using wood framing members in partition walls, most existing research 

examines the in-plane response of wood framed gypsum partition walls. Furthermore, research on out-of-

plane seismic performance of partition walls has not been carried out so far due to the non-existence of 

testing facilities with the capability to impose simultaneously full scale inter-story drifts and floor 
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accelerations expected within multistory buildings during strong shaking on full scale testing specimens. 

In relation to the use of cold-formed steel framing in partition walls, minimal research relative to wood 

framed walls has been conducted. Even with the research that has been completed on cold-formed steel-

framed gypsum partition walls, limitations still exist. For example, most commercial steel or reinforced 

concrete structures have floor to bottom of deck/framing dimensions greater than 8 feet. The size of most 

test specimens are only 8 feet in length by 8 feet tall, and in order to design wall systems in common 

commercial structures, extrapolation of the data are required for wall systems that are outside these 

dimensions. Also, most research on cold-formed steel-framed gypsum partition walls includes cross 

bracing straps or gypsum structural panels which are used for shear resistance. Another difference 

between existing research and actual wall construction details is the thickness of the gypsum panel. Most 

existing research considered 1/2-inch thick panels on each face, whereas panel thicknesses in most 

buildings is 5/8 in thick for suitable fire ratings. 

The study of the effect of the nonstructural partition walls on the lateral response of a building model is 

an important goal of this project. Research has been conducted to better understand the effect of 

nonstructural components on the lateral stiffness of high rise structures (e.g., Su et al. (2005) and Li et al. 

(2009)). The nonstructural walls in these research projects however consist of concrete bricks, infill 

concrete walls, and precast panels. Although results for these projects were similar, showing increases in 

lateral stiffness, neither analyzed the cumulative effect of light-frame nonstructural partition walls, which 

walls have a much lower stiffness and strength capacity than concrete bricks, panels, or infill walls. Other 

studies address the effect of nonstructural components on the lateral behavior of light-frame residential 

structures (e.g., Gad et al. (1995)). 

2.2  Lateral In-Plane Force-Displacement Response 

In this section research related to the lateral in-plane response of partition walls constructed with cold-

formed steel framing and gypsum wallboard panels is reviewed. 

2.2.1 Study by Serrette et al. (1997) 

This study conducted an extensive investigation into the racking behavior of steel-framed wall systems. 

Of the seventeen 8 feet tall by 8 feet long partition wall specimens, four considered 1/2-inch gypsum 

panels on both faces of 0.033” or 33 mil steel framing. Variations in the construction of the wall specimen 
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included: (1) a 20 gauge steel strap at mid-height of the wall for attaching gypsum panel edges; and (2) 

gypsum to framing connector spacing (i.e., 6 inches and 12 inches on center (o.c.) spacing at the edge and 

in the field, respectively; 7 inches o.c. at the edges and field; and 4 inches o.c. spacing at the edges and in 

the field). All gypsum panels were 1/2-inch thickness and fastened to the framing using #6 bugle head 

self-drilling screws 1-inch long. 

Serrette et al. (1997) concluded that steel-framed walls with gypsum panels on both faces had relatively 

low shear values when compared to plywood or OSB sheathed walls. Serrette et al. also observed that 

walls with gypsum panels attached with their long axis perpendicular (horizontal) to the framing members 

had a higher stiffness than walls with panels attached parallel (vertical) to framing. 

2.2.2 Study by Bersofsky (2004) 

In this study Bersofsky constructed and tested 16 steel-framed gypsum partition walls to investigate how 

to best apply the PEER-PBEE methodology to this type of nonstructural component. The walls were 8 

feet tall by 16 feet long and had perpendicular walls at each end 8 feet tall by 4 feet long, forming an “I” 

in plan view, as shown in Figure 2.1. Testing variables for the 16 wall specimen included: 

(1) Doorframe in main wall, as shown in Figure 2.1; 

(2) gypsum to framing connector spacing (8 inches and 12 inches); 

(3) gypsum height (8 feet and 6-1/2 feet ); 

(4) slip tracks; 

(5) gypsum panel thickness; 

(6) steel framing thickness (25 gauge and 20 gauge.); and 

(7) stud spacing (24 inches and 16 inches). 

The specimens were tested quasi-statically using the CUREE loading/displacement protocol developed by 

Krawinkler et al. (2001). The protocol was paused at each peak displacement to record visual damage to 

the test specimens. 

Because the primary objective of Bersofsky’s research was developing fragility functions for typical 

interior wall partitions, three damage states were defined (i.e., DS1, DS2, and DS3). The difference 

between the damage states was superficial damage, repairable by mud, tape, and paint (DS1); non-

superficial damage requiring removal and replacement of gypsum panel sections (DS2); and damage to 

the wall system requiring complete removal and replacement of wall (DS3). It was found that DS1 began 
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at drift ratios between 0.05 to 0.5%. DS2 did not occur in all specimens because of local failure at gypsum 

to framing connectors; and DS3 occurred at drift ratios of 1.5 to 3.0%. Walls constructed identically had 

similar behavior, however, mechanical response and damage varied between the configurations. 

Repetitive cycles had little impact on the fragility of the system as most damage was observed at the first 

peak cycle in each level. 

Figure 2.1. Rendering of Typical Testing Specimen (after Bersofsky, 2004) 

 

2.2.3 Study by Lang & Restrepo (2005) 

To investigate the seismic fragility of cold-formed steel gypsum sheathed partition walls common to 

modern commercial structures, this study constructed and tested two full scale specimens. The specimens 

were designed to be similar to a typical room found in an office building. Plan dimensions of the room 

were 15 feet by 12 feet and had a height of 14 feet, as shown in Figure 2.2. 

The specimens were constructed using 20 gauge 3-5/8 inches steel framing members spaced at 24 inches 

on center. Gypsum panels with a thickness of 5/8-inch were attached to the face of the steel framing. Test 

protocols were different for each of the test specimens. Specimen 1 used the recommended protocol from 

the ATC-58 project, “Development of Next Generation Performance-Based Seismic Design Procedures 

for New and Existing Buildings” and the protocol for Specimen 2 was adjusted to lessen the total number 

of cycles, as shown in Figure 2.3. 

The goal of this study was to serve as a model of how to best apply the PBEE methodology. Damage 

progression in the specimens was closely monitored and showed low cycle fatigue of the track fasteners. 
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The pre-peak behavior and damage progression between the two specimens were found to be dictated by 

the loading protocol. Through this study on seismic fragility, it was found that, the damage states 

previously defined and adopted by the Pacific Earthquake Engineering Research Center (Lang and 

Restrepo, 2005) were not well captured. 

 

Figure 2.2 – Plan View of Test Specimen (after Lang and Restrepo, 2005) 

 

 

 (a)        (b) 

Figure 2.3 – Test Protocol for (a) Specimen 1 and (b) Specimen 2 (after Lang & Restrepo, 2005) 
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2.2.4 Study by Lee et al. (2007) 

Lee et al. (2007) tested four cold-formed steel-framed wall specimens with two layers of gypsum panels 

on both faces to characterize seismic performance and determine repair cost estimates. Two similar 

specimens were constructed with only a variance in the testing protocol (i.e., quasi-static and dynamic) 

with dimensions of approximately 13 feet long by over 9 feet tall. Another specimen constructed similar 

to those just described and tested according to the quasi-static protocol included an installed door. The 

fourth specimen was approximately 9 feet tall by almost 9-3/4 feet long with a return wall over 5 feet in 

length and subjected to the quasi-static protocol.  

The cyclic response of the wall specimens showed pinching, and stiffness and strength degradation. 

Damage to gypsum panels was concentrated at the perimeter of the wall specimens. Little to no damage 

was observed up to a drift ratio of 0.01 radians (1% drift), whereas a drift ratio of 0.02 radians (2% drift) 

caused repair costs almost equal to the initial partition wall construction cost.  

2.2.5 Study by Memari et al. (2008) 

This research program performed nine in-plane tests on wall specimens constructed of wood (four 

specimens) and cold-formed steel stud (five specimens) framed with gypsum wallboard panels on both 

faces. The objective of this testing program was to better understand the difference in the lateral in-plane 

response of the two wall types, finished and unfinished. Of the five specimens using steel framing, one 

was subjected to monotonic loading, and the other four were tested using the CUREE testing protocol 

developed by Krawinkler et al. (2001). The five specimens were constructed using identical methods, 

however, two of the four specimens subjected to the cyclic protocol were finished using tape and joint 

compound whereas the other two cyclic and monotonic test specimens were left unfinished. The 

connection of the steel framing members to each other was done using #10-5/8 inches self drilling pan 

head screws; ½-inch gypsum panels were attached to steel framing using #8 by 1-1/4 inches coarse 

threaded drywall screws attached at 6 inches and 12 inches o.c. at the edge and in the field, respectively. 

To eliminate failure of the track to the test frame connections, wood blocking was inserted between studs. 

Conclusions of the study in relation to the steel-framed specimens showed: 

• An increase of 45% in strength capacity for the finished walls versus the unfinished walls; 

• Peak load occurred at 3 times the serviceability drift limit of H/400 and approximately 40% of the 

ultimate allowable drift of 0.02H allowed by ASCE 7 (ASCE, 2006), and; 
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• All specimens had an approximate ductility of 2.4. 

2.3  Discussion 

Although research has been conducted on nonstructural steel stud gypsum partition walls, limitations on 

wall dimensions and material specifications is limited in application to commercial structures. Top of slab 

to bottom of slab inter-story dimensions are often well over ten feet to allow for mechanical, plumbing, 

electrical, etc. equipment and runs above the suspended ceilings. Another limitation in regards to testing 

nonstructural systems is having a facility capable of reproducing expected drift ratios and accelerations 

for floors in high rise structures, as noted by Mosqueda et al. (2008). Analysis from Lang & Restrepo 

showed that a variation in mechanical response and seismic fragility can be observed based on the testing 

protocol; this is seen as another limitation and further discussion on this can be found in Retamales et al. 

(2008). 

Although the wall specimens tested by Lee et al. were over 9 feet tall, construction details were based on 

common methods used in Japan in wall construction (i.e., double layer of gypsum panels on each face). 

The most applicable completed research to date for this type of wall system is the study by Bersofsky. Of 

the wall configurations tested only one considered ½-inch panel thickness with the remaining walls 

considering 5/8-inch thick gypsum panels. However the force-displacement response of these walls is 

only applicable to partition walls with a height of 8 feet. 

Research on the influence of nonstructural components on the lateral behavior of buildings has been 

conducted. These projects, however, have emphases in only two key areas: the effect of stiff nonstructural 

walls (e.g., concrete panels, brick, or infill walls) on reinforced concrete structures (high seismic mass) 

and the effect of nonstructural components on cold-formed partition structures (low seismic mass). A 

combination of these two analyses would be helpful, and this would be to analyze the cumulative effect of 

light-frame partition walls on structures with higher seismic mass. 

This literature review demonstrates the importance of the research on nonstructural steel stud gypsum 

partition walls as part of the NEES Grand Challenge Nonstructural Project. This study will evaluate the 

performance and damage states of partition walls constructed with similar details to current commercial 

and institutional construction. As described in this report, over sixteen configurations for in-plane 

partition walls will be tested and evaluated to give an in depth understanding of the force-displacement 

response of common commercial and institutional partition walls. 
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Chapter 3  

FULL SCALE TESTING OF COLD-FORMED STEEL-FRAMED 

GYPSUM PARTITION WALLS 

The first experimental phase of the NEES Nonstructural Grand Challenge Project “Simulation of the 

Seismic Performance of Nonstructural Systems” evaluated the seismic performance of cold-formed steel-

framed gypsum partition wall subsystems, constructed following standard construction practices. The 

subsystem-level tests were performed using the University at Buffalo Nonstructural Components 

Simulator (UB-NCS), subjecting full-scale specimens to both dynamic and quasi-static test protocols. A 

total of 50 partition wall specimens were tested. The partition walls were installed parallel (36 specimens) 

and perpendicular (14 specimens) to the direction of the input motions, to study their in-plane and out-of-

plane seismic performance, respectively. The main objective of the partition wall subsystem-level test 

series was to evaluate the seismic fragility of several configurations of cold-formed steel-framed gypsum 

partition walls.  

3.1  The University at Buffalo Nonstructural Component Simulator (UB-NCS) 

The UB-NCS, shown in Figure 3.1, provides the unique capability to replicate, under controlled 

laboratory conditions, the effects of strong seismic shaking on distributed nonstructural systems located at 

the upper levels of multistory buildings. Furthermore, this testing equipment allows for assessing the 

seismic interactions between displacement and acceleration sensitive nonstructural subsystems, providing 

a more realistic procedure for the seismic fragility assessment and seismic qualification of combined 

acceleration/displacement sensitive nonstructural systems. The UB-NCS testing facility can subject full-

scale nonstructural specimens to accelerations of up to 3g, peak velocities of 100 in/s and displacements 

in the range of ±40 in, enveloping the peak seismic responses recorded at the upper levels of multistory 

buildings during historical earthquakes. The testing frame is activated by four identical high performance 

dynamic actuators with an individual load capacity of 22 kips. The frame is composed of two square 12.5 

feet platforms with an inter-story height of 12 feet in the bottom level and 14 feet in the upper level. A 

more detailed description of the testing frame and its capabilities can be found in Mosqueda et al. (2008) 

and Retamales et al. (2008).  
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(a) Nonstructural Component Simulator (b) Front view 

Figure 3.1 - Photograph of the UB-NCS at the University at Buffalo 

3.2  Testing Protocols for the UB-NCS 

Testing protocols currently used for the seismic performance assessment of nonstructural components and 

equipment, such as FEMA 461 (FEMA 2006) and AC156 (ICC-ES 2007), focus either on displacement 

or acceleration sensitive components, through quasi-static racking or shake table protocols. However, 

many nonstructural systems, like the Ceiling Piping and Partition (CPP) systems studied in the NEES 

Nonstructural Grand Challenge Project, are composed of subsystems that individually may be either 

acceleration or displacement sensitive, but when combined with other subsystems, may become sensitive 

to both accelerations and inter-story drifts. To this end, an innovative dynamic testing protocol has been 

developed for assessing the seismic fragility of nonstructural systems and evaluating dynamic interactions 

between nonstructural subsystems, taking full advantage of the UB-NCS testing capabilities. Previous 

research by Wilcoski et al. (1997) and Krawinkler et al. (2001) constitute the basis for this protocol.  

The UB-NCS testing protocol consists of a pair of displacement histories for the bottom and top testing 
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platforms that simultaneously match: (1) a target floor (or ground) response spectrum, and (2) either a 

target generalized inter-story drift or a maximum inter-story drift, ΔMax, based on the anticipated specimen 

deformation capacity. The input variables for the protocol are the local seismic hazard, in terms of the 

short-period and 1-second spectral accelerations defined in ASCE 7 (ASCE 2006), the normalized 

building height above grade where the nonstructural system is located, and optionally, the maximum drift 

ΔMax to be imposed. For fragility assessment purposes, this test series has considered a generic site with 

spectral accelerations SDS=1g and SD1=0.6g, a generic nonstructural system located at a roof building 

level, and a maximum drift ΔMax=3%. The protocol sweeps frequencies between 0.2 and 5 Hz, 

corresponding to the UB-NCS operating frequency range, which is sufficient to capture the first few 

modes of vibration that contribute to the seismic response of multistory buildings.  

The testing protocol was calibrated to induce/impose the same number of “Rainflow” cycles (ASTM 

1997) on acceleration/displacement sensitive nonstructural components as would be experienced during 

real building floor motions. Figure 3.2 shows the platform motions used as input for the UB-NCS during 

dynamic testing. Figure 3.2 also shows the inter-story drift protocol history. The motion histories in 

Figure 3.2 exhibit an instantaneous testing frequency transitioning from high to low frequencies, and then 

back again to high frequencies. The final high frequency sweep is intended to capture possible high 

frequency acceleration-induced failure modes of nonstructural systems damaged by low frequency inter-

story drifts. Details on the derivation of the closed-form equations defining the dynamic fragility testing 

protocol can be found in Retamales (2008).  
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Figure 3.2 - Dynamic Fragility Testing Protocol 

 

Table 3-1 summarizes the maximum seismic demands imposed by the dynamic fragility testing protocol 

to be considered in the test series. 
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Table 3-1 Peak Demands Imposed by Dynamic Fragility Testing Protocol 

Peak Displacements Peak Inter-story Drift Peak Velocities Peak Accelerations 
DMax Bot 

(in) 
DMax Top 

(in) 
ΔMax 
(in) 

δMax 
(%) 

VMax Bot 
(in/s) 

VMax Top 
(in/s) 

AMax Bot 
(g) 

AMax Top 
(g) 

22.5 26.6 4.14 3.00 33.9 39.1 0.57 0.65 

        
Complementarily, a quasi-static testing protocol was developed for evaluating the seismic fragility of 

nonstructural components purely sensitive to inter-story drifts. The quasi-static testing protocol used for 

the NEES Nonstructural Grand Challenge test series, shown in Figure 3.3b, captured the peak amplitudes 

of the testing protocol shown in Figure 3.3a. The quasi-static fragility testing protocol imposes a similar 

number of total and damaging cycles on drift sensitive nonstructural components and systems as the 

dynamic fragility testing protocol.  
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Figure 3.3 - Quasi-static Fragility Testing Protocol (a) Low-rate Varying Quasi-static Testing Protocol and 
(b) Quasi-static Testing Protocol used in NEES Nonstructural Partition Walls Testing 

The testing protocol shown in Figure 3.3b was applied at a loading rate of 2.4 inches/min. Table 3-2 

summarizes the sequence of peaks imposed during testing. The highlighted values in Table 3-2 

correspond to the steps at which a detailed inspection of the specimen’s damage progression was 

performed. 



 

 20  

 

Table 3-2 Quasi-static Testing Protocol Peaks 

Drift Drift Ratio Ramp Time Drift Drift Ratio Ramp Time Drift Drift Ratio Ramp Time
(in) (%) (sec) (in) (%) (sec) (in) (%) (sec)

0 0.000 0.00 0 17 0.471 0.34 12 34 -1.384 1.00 35
1 0.210 0.15 5 18 -0.498 0.36 12 35 1.488 1.08 37
2 -0.219 0.16 5 19 0.527 0.38 13 36 -1.601 1.16 40
3 0.230 0.17 6 20 -0.559 0.40 14 37 1.726 1.25 43
4 -0.241 0.17 6 21 0.592 0.43 15 38 -1.861 1.35 47
5 0.253 0.18 6 22 -0.629 0.46 16 39 2.009 1.46 50
6 -0.265 0.19 7 23 0.668 0.48 17 40 -2.171 1.57 54
7 0.279 0.20 7 24 -0.710 0.51 18 41 2.347 1.70 59
8 -0.293 0.21 7 25 0.756 0.55 19 42 -2.537 1.84 63
9 0.308 0.22 8 26 -0.805 0.58 20 43 2.743 1.99 69

10 -0.324 0.23 8 27 0.858 0.62 21 44 -2.963 2.15 74
11 0.341 0.25 9 28 -0.916 0.66 23 45 3.196 2.32 80
12 -0.359 0.26 9 29 0.978 0.71 24 46 -3.435 2.49 86
13 0.379 0.27 9 30 -1.046 0.76 26 47 3.673 2.66 92
14 -0.399 0.29 10 31 1.120 0.81 28 48 -3.893 2.82 97
15 0.422 0.31 11 32 -1.201 0.87 30 49 4.066 2.95 102
16 -0.445 0.32 11 33 1.288 0.93 32 50 -4.140 3.00 103

Step Step Step

 

3.3  General Specimens Description 

In Phase 1 of the subsystem level test program, fifty specimens corresponding to twenty two different 

configurations of cold-formed steel-framed gypsum partition walls were tested. The partition walls were 

installed parallel (36 specimens) and perpendicular (14 specimens) to the direction of the input motions, 

to study their in-plane and out-of-plane seismic performance, respectively. Figure 3.4 shows the typical 

specimen configuration for in-plane testing. 
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Figure 3.4 - Typical In-plane Testing Configuration 

3.3.1 Typical Specimen Geometry 

The partition wall specimens were approximately 12 ft long by 11.5 ft tall. The typical length of return 

walls was 2’ for the first 30 specimens and 4’ for the last 20 specimens tested. Typical test layouts are 

shown in Figure 3.5 and Figure 3.6. Specimens were fastened to concrete slabs using standard powder 

driven 25 mm (1”) fasteners, using a Ramset gun model SA-270 and Ramset .27 caliber shots. When 

studs were screwed to bottom and top tracks and to adjacent studs at wall intersections, they were screwed 

using standard Phillips self-drilling #8 screws. A gap of approximately 1/8” was left in the connection 

between the top ends of studs and web of top tracks. The construction of the steel stud framing followed 

specifications in the Steel Stud Manufacturers Association manual (SSMA 2001) and in ASTM C754 

(ASTM 2007).  
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(a) For in-plane testing (b) For out-of-plane testing 

Figure 3.5 - Photos of Typical Test Specimen Configurations  
 

2'

12'-2"

Stud 350S125-18 (Typ) 
Spaced 24" o.c. (Typ) Track 350T125-18 (Typ)

Gypsum 58" in thickness (Typ)
Cornerbead 1-1

4" (Typ)

Figure 3.6 – Geometry of Typical Gypsum Partition Wall Specimens 

The Practice Committee and the Advisory Board of the NEES Nonstructural Grand Challenge Project 

provided input into the proper selection of typical construction details for commercial and institutional 

buildings at the initial stages of the experimental program. The variables considered in the selection of the 

wall configurations included: 

• Connectivity of sheathing and studs to bottom and top tracks (See Figure 3.7) 

• Spacing of track-to-concrete fasteners (12 or 24” o.c.) 

• Presence of transverse walls 

• Detail of wall intersection (see Figure 3.8) 

• Attachment of weights to the partition walls, such as bookshelves or equivalent un-braced rigid 

ceiling 
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• Height of the partition wall (total or partial height) 

• Stud and track wall thickness (25 or 20 gauge) 

• Spacing of the steel framing elements (16 or 24” o.c.) 

• Direction of testing (in-plane or out-of-plane)  

• Type of test (dynamic or quasi-static) 

Stud 
350S125-18

Track 
350T125-18

Stud Not 
Connected to 
Bottom Track

Gypsum 
Connected to 
Bottom Track

Shot Pins @24" o.c. (Typ)

Gypsum 
Connection to 
Stud

Track 
350T125-18 No Bridging 

Channel 

Gypsum Not 
Connected to 
Top Track

1/2" Gap

Gap

(a) Basic Connection (Slip Track) 

 
Stud 
350S125-18

Track 
350T125-18

Stud Connected 
to Bottom Track

Gypsum 
Connected to 
Bottom Track

Shot Pins @24" o.c. (Typ)

Stud Connected 
to Top Track

Track 
350T125-18 No Bridging 

Channel 

Gypsum 
Connected to 
Top Track

1/4-1/2" Gap

Gap

 

(b) Full Connection 

Figure 3.7 - Typical Framing and Sheathing Connectivity Details 
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Self Drill Screw #6
at 12" o.c. (boundaries and 
field)

5/8" Gypsum 
Board (Typ)

Steel Stud SSMA 
350S125-18 (Typ)

Self Drill Screw #6
at 8" o.c. on boundaries 
and 12" o.c. on field

Steel Stud SSMA 
350S125-30 (Typ)

5/8" Gypsum 
Board (Typ)

Self Drill Screw #8 
at 18" o.c.

(a) Commercial construction (b) Institutional construction 

Figure 3.8 - Typical Wall Intersection Details 
 

Following a rigorous selection procedure, the nonstructural partition wall configurations listed in Table 

3-3 were considered for testing.  

Table 3-3 Summary of Gypsum Partition Wall Configurations 

Stud to 
Bottom 
Track

Stud to 
Top Track

Gypsum 
to Bottom 

Track

Gypsum 
to Top 
Track

Return 
Walls

Attached 
Mass

Ceiling 
Connected

1 1, 2 & 3 Basic (slip track) In Plane/Static 350S125-18 No No Yes No Yes No No
2 4 Gypsum connected to top track In Plane/Static 350S125-18 No No Yes Yes Yes No No
3 5, 6 & 10 No Return In Plane/Static 350S125-18 No No Yes Yes No No No
4 7, 8 & 9 Full connection In Plane/Static 350S125-18 Yes Yes Yes Yes Yes No No
5 11, 12 & 13 Bookshelf In Plane/Dynamic 350S125-18 No No Yes No No Yes No
6 14, 15, & 16 Equivalent Ceiling In Plane/Dynamic 350S125-18 Yes No Yes No No Yes Yes
7 17, 18 & 19 Partial height braced wall In Plane/Static 350S125-18 Yes Yes Yes Yes Yes No No
8 20, 21 & 22 Institutional const./slip track In Plane/Static 350S125-30 Yes No Yes No Yes No No
9 23, 24 & 26 Institutional const./Full Connection@24" In Plane/Static 350S125-30 Yes Yes Yes Yes Yes No No

10 25, 27 & 28 Institutional const./Full Connection@12" In Plane/static 350S125-30 Yes Yes Yes Yes Yes No No
11 29 & 30 No Return/Dynamic In Plane/Dynamic 350S125-18 No No Yes No No Yes No
12 31 & 32 C-Shaped Walls In Plane/Static 350S125-18 Yes No Yes No Yes No No
13 33 Solution to T corner damage/corner gaps In Plane/Static 350S125-18 Yes No Yes No Yes No No
14 34 Solution to T corner damage/double slip track In Plane/Static 350S125-18 No No No No Yes No No
15 35 Solution to L corner damage/corner gaps In Plane/Static 350S125-18 Yes No Yes No Yes No No
16 36 Solution to T corner damage/slip track In Plane/Static 350S125-18 Yes No Yes No Yes No No
17 37 Unloaded Wall w/ Returns Out of Plane/Dynamic 350S125-18 No No Yes No Yes No No
18 38 Unloaded Wall w/o Returns Out of Plane/Dynamic 350S125-18 No No Yes No No No No
19 39, 45 & 47 Bookshelf wall w/ returns Out of Plane/Dynamic 350S125-18 No No Yes No Yes Yes No
20 40, 41 & 43 Bookshelf wall w/o returns Out of Plane/Dynamic 350S125-18 No No Yes No No Yes No
21 42, 44 & 46 Equivalent Ceiling wall w/ returns Out of Plane/Dynamic 350S125-18 Yes No Yes No Yes Yes Yes
22 48, 49 & 50 Partial height braced wall Out of Plane/Dynamic 350S125-18 Yes Yes Yes Yes Yes No No

Config

Steel Frame and Sheathing Connectivity

Specimen ID Specimen Description Loading 
Direction/Rate

Steel Stud 
Type

A detailed description of the test specimens, along with the detailed experimental results is presented in 

Appendix A.  

In general, slight variations in the configurations were progressively introduced between consecutive 

tests. For fragility assessment purposes, 3 tests were conducted for each wall configuration, unless the 
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observed damage was similar to specimens already tested. All specimens without attached mass tested in-

plane, except for configuration 11, were tested using the quasi-static testing protocol shown in Figure 

3.3b. During the quasi-static tests, detailed inspections of the specimen’s damage were performed at the 

peak drifts indicated in Figure 3.3b and highlighted in Table 3-2. The damage inspection involved visual 

screening of the outside of each wall, taking pictures to record damage, inspections by high definition 

cameras in the inside of each wall, and hand-written notes to accurately describe the type of damage 

occurring. Following the tests, most specimens were opened to assess damage in framing elements. 

Particularly, the specimen damage states triggered at each inspection and the damage progression were 

carefully monitored. All other specimens were tested using the dynamic testing protocol shown in Figure 

3.2. During dynamic testing, visual inspections were not possible due to the high speed at which the tests 

elapsed, and therefore, the seismic demands triggering the damage states were estimated by tracking the 

time-stamped high-definition videos and the data recorded during the tests. 

3.3.2 Materials used in Testing 

This subsection describes the mechanical properties of the steels used in  the studs and tracks of the 

specimens, and the concrete slabs used as boundary elements for the tested specimens. 

3.3.2.1 Steel Studs and Tracks 

The partition walls were constructed using standard steel studs and tracks selected from the SSMA 

catalog. Tests aiming at determining the effective material thickness, yield and tensile strength, and 

elongation at rupture were performed following the ASTM A370 (ASTM, 2003) procedures. Table 3-4 

presents a summary of the experimental coupon test results. The minimum/reference values presented in 

Table 3-4 are given by ASTM A370. In Table 3-4, a significant difference in studs and tracks material 

properties is observed. A detailed description of the coupon test results is presented in Appendix B.  
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Table 3-4 Steel Stud and Track Material Properties 

Material 
Thickness e 

(mils)

Yielding 
Strength σy 

(ksi)

Ultimate 
Strength σu 

(ksi)

Rupture 
Elongation 

εu (in/in)

Elasticity 
Modulus 
Es (ksi)

Studs SSMA 350S125-18 17 48 55 0.32 31830
Tracks SSMA 350S125-18 21 52 58 0.02 22216
Studs SSMA 350S125-30 31 38 49 0.22 26558
Tracks SSMA 350S125-30 36 52 57 0.31 23258
Tracks SSMA 350S125-18 25 27 43 0.36 14519
Minimum/Reference Values Variable 33 45 0.20 29000

Description

Average Values Material Properties

 

3.3.2.2 Concrete Slabs 

The specimen’s steel tracks were connected to the 4-inch-thick concrete platform slabs shown in Figure 

3.9. The specified concrete strength was '
cf = 4 ksi, while the actual concrete strength, determined through 

testing of cylinders prepared when pouring the slabs, was in the range '
cf ≈ 3.6-4.6 ksi, as described in 

Appendix B.  

3.4  Test Program 

Table 3-5 shows for reference the details of the partition wall testing program. Indicated in Table 3-5 are 

the fragility groups to which each specimen is associated. Details about the fragility analysis are presented 

in Chapter 4. 
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Figure 3.9 – Concrete Slab used as Boundary Elements for Test Specimens 
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Table 3-5 Experimental Testing Program 

Specimen Description Date Test Test Type
Fragility 
Group Comment

1 Basic (slip track) 04-28-08 In Plane/Quasi Static 1a
2 Basic (slip track) 04-28-08 In Plane/Quasi Static 1a
3 Basic (slip track) 05-19-08 In Plane/Quasi Static 1a
4 Gypsum connected to top track 05-19-08 In Plane/Quasi Static 1b Field studs not connected to top track
5 No Return 05-23-08 In Plane/Quasi Static 1b Field studs not connected to top track
6 No Return 05-23-08 In Plane/Quasi Static 1b Field studs not connected to top track
7 Full connection 06-06-08 In Plane/Quasi Static 1b
8 Full connection 06-06-08 In Plane/Quasi Static 1b
9 Full connection 06-16-08 In Plane/Quasi Static 1b

10 No Return 06-16-08 In Plane/Quasi Static 1b Field studs not connected to top track
11 Bookshelf 06-23-08 In Plane/Dynamic 1a Field studs not connected to top track
12 Bookshelf 06-23-08 In Plane/Dynamic 1a Field studs not connected to top track
13 Bookshelf 07-03-08 In Plane/Dynamic 1a Field studs not connected to top track
14 Equivalent Ceiling 07-03-08 In Plane/Dynamic 1a Field studs not connected to top track
15 Equivalent Ceiling 07-10-08 In Plane/Dynamic 1a Field studs not connected to top track
16 Equivalent Ceiling 07-10-08 In Plane/Dynamic 1a Field studs not connected to top track
17 Partial height braced wall 07-17-08 In Plane/Quasi Static 3
18 Partial height braced wall 07-17-08 In Plane/Quasi Static 3
19 Partial height braced wall 08-19-08 In Plane/Quasi Static 3
20 Institutional const./slip track 08-19-08 In Plane/Quasi Static 2a
21 Institutional const./slip track 08-26-08 In Plane/Quasi Static 2a
22 Institutional const./slip track 08-26-08 In Plane/Quasi Static 2a
23 Institutional const./Full Connection@24" 09-08-08 In Plane/Quasi Static 2b
24 Institutional const./Full Connection@24" 09-08-08 In Plane/Quasi Static 2b
25 Institutional const./Full Connection@12" 09-19-08 In Plane/Quasi Static 2b
26 Institutional const./Full Connection@24" 09-19-08 In Plane/Quasi Static 2b
27 Institutional const./Full Connection@12" 10-02-08 In Plane/Quasi Static 2b
28 Institutional const./Full Connection@12" 10-02-08 In Plane/Quasi Static 2b
29 No Return/Dynamic 10-15-08 In Plane/Dynamic 1a
30 No Return/Dynamic 10-15-08 In Plane/Dynamic 1a
31 C-Shaped Walls 10-23-08 In Plane/Quasi Static 1a
32 C-Shaped Walls 10-23-08 In Plane/Quasi Static 1a
33 Solution to T corner damage/corner gaps 11-05-08 In Plane/Quasi Static 4
34 Solution to T corner damage/double slip track 11-05-08 In Plane/Quasi Static 4
35 Solution to L corner damage/corner gaps 11-14-08 In Plane/Quasi Static 4
36 Solution to T corner damage/slip track 11-14-08 In Plane/Quasi Static 4
37 Unloaded Wall w/ Returns 12-08-08 Out of Plane/Dynamic 1a
38 Unloaded Wall w/o Returns 12-08-08 Out of Plane/Dynamic 1a
39 Bookshelf wall w/ returns 01-08-09 Out of Plane/Dynamic 1a
40 Bookshelf wall w/o returns 01-08-09 Out of Plane/Dynamic 1a
41 Bookshelf wall w/o returns 01-26-09 Out of Plane/Dynamic 1a
42 Equivalent Ceiling wall w/ returns 01-26-09 Out of Plane/Dynamic 1a
43 Bookshelf wall w/o returns 02-02-09 Out of Plane/Dynamic 1a
44 Equivalent Ceiling wall w/ returns 02-02-09 Out of Plane/Dynamic 1a
45 Bookshelf wall w/ returns 02-09-09 Out of Plane/Dynamic 1a
46 Equivalent Ceiling wall w/ returns 02-09-09 Out of Plane/Dynamic 1a
47 Bookshelf wall w/ returns 02-16-09 Out of Plane/Dynamic 1a
48 Partial height braced wall 02-16-09 Out of Plane/Dynamic 3
49 Partial height braced wall 02-23-09 Out of Plane/Dynamic 3
50 Partial height braced wall 02-23-09 Out of Plane/Dynamic 3

 

3.5  Instrumentation 

Extensive instrumentation was used for recording the displacements, forces and absolute accelerations 

imposed on the specimens by the motions of the UB-NCS platforms. Figure 3.10 shows the location of 

the load cells (Bracci et al. 1992), placed under the wall specimens, and used to measure the actual forces 

acting on the partition walls. Figure 3.11 shows the location of the potentiometers used to measure the 



 

 29  

 

deformation fields within the specimens during in-plane testing, including relative displacements between 

tracks and concrete slabs, relative displacements between studs and tracks, relative displacements 

between perpendicular walls, and diagonal wall deformations. During dynamic testing, accelerometers 

were installed at each platform. In addition, for the out-of-plane tests, the grid of accelerometers shown 

schematically in Figure 3.12 was considered to record the amplification of accelerations within the wall 

plane. Figure 3.13 and Figure 3.14 show photographs with many of the instruments used for in-plane and 

out-of-plane testing, respectively. Figure 3.15 shows the location of the high definition cameras used to 

track the seismic demands triggering the different damage states. Table 3-6 and Table 3-7 list the 

instrumentation considered for in-plane and out-of-plane testing, respectively. 

Multi-axis load cellsMulti-axis load cellsMulti-axis load cells

Steel Plate 1

Socket Cap Screw

Thru holes fo
bolts 12" and 1

Holes for bolts 12" to be dri
in existing concrete slab

(a) General load cell layout (b) Detail load cell under wall 

 

(c) Boundary concrete slab mounted on top of (yellow) 
load cells 

 

(d) Test specimen mounted on top of concrete slabs and 
(yellow) load cells 

Figure 3.10 - Load Cell Instrumentation Under Partition Walls 
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DE2
(DI2)
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Grid of 
accelerometers

Potentiometers to 
measure out of plane 
motion of tracks

Potentiometers to 
measure rocking of wall  

Figure 3.11 - Potentiometer Instrumentation in Partition Walls Figure 3.12 - Accelerometer Grid for 
Out-of-plane Tests 

 

Slight variations to the instrumentation lists shown in Table 3-6 and Table 3-7 were introduced when 

testing specimens with attached equivalent rigid ceilings, specimens without return walls, in-plane 

dynamic testing, partial height walls, etc. The exact instrumentation list for each specimen has been made 

available in the World Wide Web through NEEShub (https://nees.org/myhub). 
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(a) Instruments used to measure relative vertical 
displacement between longitudinal wall top track and 
concrete slabs (DVTTE); and horizontal (DLTSE) and 

vertical (DVTSE) relative displacements between 
boundary stud and top track. 

(b) Instruments used to measure relative horizontal 
displacement between longitudinal wall top track and 

concrete slabs (DLTTE). 

(c) Instruments used to measure relative vertical 
displacement between longitudinal wall bottom track 

and concrete slabs (DLTTE). 

(d) Instruments used to measure diagonal deformations 
within the walls (DSWE1 and DSWE2); and relative 

vertical displacements between longitudinal and 
transverse walls (RVDWE and RVDEE). 

Figure 3.13 - Typical Details of Instrumentation used to Measure Deformation Field within Specimen Walls 
During In-plane Testing. 
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(a) Accelerometer grid used to measure acceleration 
field within full-height specimen. 

(b) Accelerometer grid used to measure acceleration 
field within partial-height specimen. 

Figure 3.14 - Typical Details of Instrumentation used to Measure Acceleration Field within Specimen Walls 
during Out-of-plane Testing. 

 

Camera Position for Out-of-Plane Tests

41

52

3 6

Camera Position for In-Plane Tests

1 2

3

4

5

6

7

Figure 3.15 - Camera Location for In-plane and Out-of-plane Testing  
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Table 3-6 Instrumentation List for In-plane Testing 

Channel ID Instrument Response Quantity Operation 
Limits Orientation Location/Comment

1 Time Time
2 Com Top Actuator Disp ± 40 in Actuator A command
3 DisplA Actuator Disp ± 40 in Actuator A displacement
4 DisplB Actuator Disp ± 40 in Actuator B displacement
5 Com Bot Actuator Disp ± 40 in Actuator C command
6 DisplC Actuator Force ± 40 in Actuator C displacement
7 DisplD Actuator Force ± 40 in Actuator D displacement

8 LC4N Load Cell Vertical Force ± 5 kips V North Partition Wall
9 LC4Sx Load Cell Shear Force ± 5 kips EW North Partition Wall

10 LC1N Load Cell Vertical Force ± 5 kips V North Partition Wall
11 LC1Sx Load Cell Shear Force ± 5 kips EW North Partition Wall
12 LC3N Load Cell Vertical Force ± 5 kips V North Partition Wall
13 LC3Sx Load Cell Shear Force ± 5 kips EW North Partition Wall
14 LC15N Load Cell Vertical Force ± 5 kips V North Partition Wall
15 LC15Sx Load Cell Shear Force ± 5 kips EW North Partition Wall
16 LC5N Load Cell Vertical Force ± 5 kips V North Partition Wall
17 LC5Sx Load Cell Shear Force ± 5 kips EW North Partition Wall
18 LC2N Load Cell Vertical Force ± 5 kips V North Partition Wall
19 LC2Sx Load Cell Shear Force ± 5 kips EW North Partition Wall
20 LC8N Load Cell Vertical Force ± 5 kips V North Partition Wall
21 LC8Sx Load Cell Shear Force ± 5 kips EW North Partition Wall
22 LC6N Load Cell Vertical Force ± 5 kips V South Partition Wall
23 LC6Sx Load Cell Shear Force ± 5 kips EW South Partition Wall
24 LC11N Load Cell Vertical Force ± 5 kips V South Partition Wall
25 LC11Sx Load Cell Shear Force ± 5 kips EW South Partition Wall
26 LC14N Load Cell Vertical Force ± 5 kips V South Partition Wall
27 LC14Sx Load Cell Shear Force ± 5 kips EW South Partition Wall
28 LC9N Load Cell Vertical Force ± 5 kips V South Partition Wall
29 LC9Sx Load Cell Shear Force ± 5 kips EW South Partition Wall
30 LC10N Load Cell Vertical Force ± 5 kips V South Partition Wall
31 LC10Sx Load Cell Shear Force ± 5 kips EW South Partition Wall
32 LC12N Load Cell Vertical Force ± 5 kips V South Partition Wall
33 LC12Sx Load Cell Shear Force ± 5 kips EW South Partition Wall
34 LC13N Load Cell Vertical Force ± 5 kips V South Partition Wall
35 LC13Sx Load Cell Shear Force ± 5 kips EW South Partition Wall

36 DLBSW Potentiometer Displacement ± 1.5 in EW Longitudinal displacement bottom stud west corner
37 DVBSW Potentiometer Displacement ± 1.5 in V Vertical displacement bottom stud west corner
38 DLBTW Potentiometer Displacement ± 1.5 in EW Longitudinal displacement bottom track west corner
39 DVBTW Potentiometer Displacement ± 1.5 in V Vertical displacement bottom track west corner
40 DLBtTW Potentiometer Displacement ± 1.5 in EW Longitudinal displacement bottom transverse wall track west corner
41 DVBtSW Potentiometer Displacement ± 1.5 in V Vertical displacement bottom transverse wall stud west corner

42 DLBSE Potentiometer Displacement ± 1.5 in EW Longitudinal displacement bottom stud east corner
43 DVBSE Potentiometer Displacement ± 1.5 in V Vertical displacement bottom stud east corner
44 DLBTE Potentiometer Displacement ± 1.5 in EW Longitudinal displacement bottom track east corner
45 DVBTE Potentiometer Displacement ± 1.5 in V Vertical displacement bottom track east corner
46 DLBtTE Potentiometer Displacement ± 1.5 in EW Longitudinal displacement bottom transverse wall track east corner
47 DVBtSE Potentiometer Displacement ± 1.5 in V Vertical displacement bottom transverse wall stud east corner

48 DLTSW Potentiometer Displacement ± 1.5 in EW Longitudinal displacement top stud west corner
49 DVTSW Potentiometer Displacement ± 1.5 in V Vertical displacement top stud west corner
50 DLTTW Potentiometer Displacement ± 1.5 in EW Longitudinal displacement top track west corner
51 DVTTW Potentiometer Displacement ± 1.5 in V Vertical displacement top track west corner
52 DLTtTW Potentiometer Displacement ± 1.5 in EW Longitudinal displacement top transverse wall track west corner
53 DVTtSW Potentiometer Displacement ± 1.5 in V Vertical displacement top transverse wall stud west corner

54 DLTSE Potentiometer Displacement ± 1.5 in EW Longitudinal displacement top stud east corner
55 DVTSE Potentiometer Displacement ± 1.5 in V Vertical displacement top stud east corner
56 DLTTE Potentiometer Displacement ± 1.5 in EW Longitudinal displacement top track east corner
57 DVTTE Potentiometer Displacement ± 1.5 in V Vertical displacement top track east corner
58 DLTtTE Potentiometer Displacement ± 1.5 in EW Longitudinal displacement top transverse wall track east corner
59 DVTtSE Potentiometer Displacement ± 1.5 in V Vertical displacement top transverse wall stud east corner

60 DLBSC Potentiometer Displacement ± 1.5 in EW Longitudinal displacement bottom stud central zone
61 DLTSC Potentiometer Displacement ± 1.5 in EW Longitudinal displacement top stud central zone

62 RVDWE Potentiometer Displacement ± 1.5 in V Relative vertical displacement walls exterior west corner
63 RVDWI Potentiometer Displacement ± 1.5 in V Relative vertical displacement walls interior west corner
64 RVDEE Potentiometer Displacement ± 1.5 in V Relative vertical displacement walls exterior east corner
65 RVDEI Potentiometer Displacement ± 1.5 in V Relative vertical displacement walls interior east corner

66 DNWE1 String Pot Displacement ± 6 in Diagonal Deformation wall diagonal exterior
67 DNWI1 String Pot Displacement ± 6 in Diagonal Deformation wall diagonal interior
68 DNWI2 String Pot Displacement ± 6 in Diagonal Deformation wall diagonal interior
69 DNWE2 String Pot Displacement ± 6 in Diagonal Deformation wall diagonal exterior

70 DSWE1 String Pot Displacement ± 6 in Diagonal Deformation wall diagonal exterior
71 DSWE2 String Pot Displacement ± 6 in Diagonal Deformation wall diagonal exterior
72 DSWI1 String Pot Displacement ± 6 in Diagonal Deformation wall diagonal interior
73 DSWI2 String Pot Displacement ± 6 in Diagonal Deformation wall diagonal interior

74 ALevel1 Accelerometer Acceleration ± 10 g EW Acceleration bottom UB-NCS platform
75 ALevel2 Accelerometer Acceleration ± 10 g EW Acceleration top UB-NCS platform

Data Acquired from UB-NCS Actuators

Data Acquired from Load Cells

Instrumentation South Wall

UB-NCS Platform Accelerations

Diagonal Instrumentation South Wall

Diagonal Instrumentation North Wall
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Table 3-7 Instrumentation List for Out-of-plane Testing 

Channel ID Instrument Response 
quantity

Min Operation 
Limits Orientation Location and/or Comment

1 Time Time
2 ComActA Actuator Disp ±40in Actuator A command
3 ComActB Actuator Disp ±40in Actuator B command
4 ComActC Actuator Disp ±40in Actuator C command
5 ComActD Actuator Disp ±40in Actuator D command
6 DispActA Actuator Disp ±40in Actuator A displacement
7 DispActB Actuator Disp ±40in Actuator B displacement
8 DispActC Actuator Disp ±40in Actuator C displacement
9 DispActD Actuator Disp ±40in Actuator D displacement

10 ForceA Actuator Force ±50kip Actuator A
11 ForceB Actuator Force ±50kip Actuator B
12 ForceC Actuator Force ±50kip Actuator C
13 ForceD Actuator Force ±50kip Actuator D

14 LC1 Load Cell Shear Force ±5 kips EW East Partition Wall
15 LC1 Load Cell Vertical Force ±5 kips V East Partition Wall
16 LC2 Load Cell Shear Force ±5 kips EW East Partition Wall
17 LC2 Load Cell Vertical Force ±5 kips V East Partition Wall
18 LC3 Load Cell Shear Force ±5 kips EW East Partition Wall
19 LC3 Load Cell Vertical Force ±5 kips V East Partition Wall
20 LC4 Load Cell Shear Force ±5 kips EW East Partition Wall
21 LC4 Load Cell Vertical Force ±5 kips V East Partition Wall
22 LC5 Load Cell Shear Force ±5 kips EW East Partition Wall
23 LC5 Load Cell Vertical Force ±5 kips V East Partition Wall
24 LC6 Load Cell Shear Force ±5 kips EW East Partition Wall
25 LC6 Load Cell Vertical Force ±5 kips V East Partition Wall
26 LC7 Load Cell Shear Force ±5 kips EW East Partition Wall
27 LC7 Load Cell Vertical Force ±5 kips V East Partition Wall
28 LC8 Load Cell Shear Force ±5 kips EW West Partition Wall
29 LC8 Load Cell Vertical Force ±5 kips V West Partition Wall
30 LC9 Load Cell Shear Force ±5 kips EW West Partition Wall
31 LC9 Load Cell Vertical Force ±5 kips V West Partition Wall
32 LC10 Load Cell Shear Force ±5 kips EW West Partition Wall
33 LC10 Load Cell Vertical Force ±5 kips V West Partition Wall
34 LC11 Load Cell Shear Force ±5 kips EW West Partition Wall
35 LC11 Load Cell Vertical Force ±5 kips V West Partition Wall
36 LC12 Load Cell Shear Force ±5 kips EW West Partition Wall
37 LC12 Load Cell Vertical Force ±5 kips V West Partition Wall
38 LC13 Load Cell Shear Force ±5 kips EW West Partition Wall
39 LC13 Load Cell Vertical Force ±5 kips V West Partition Wall
40 LC14 Load Cell Shear Force ±5 kips EW West Partition Wall
41 LC14 Load Cell Vertical Force ±5 kips V West Partition Wall

42 albot Accelerometer Accelerations ±10 g EW Acceleration bottom platform
43 altop Accelerometer Accelerations ±10 g EW Acceleration top platform
44 alce Accelerometer Accelerations ±10 g EW Acceleration concrete slab under east wall
45 alcw Accelerometer Accelerations ±10 g EW Acceleration concrete slab under west wall

46 alent Accelerometer Accelerations ±10 g EW Acceleration north top grid node
47 alenc Accelerometer Accelerations ±10 g EW Acceleration north center grid node
48 alenb Accelerometer Accelerations ±10 g EW Acceleration north bottom grid node
49 alecnt Accelerometer Accelerations ±10 g EW Acceleration center-north top grid node
50 alecnc Accelerometer Accelerations ±10 g EW Acceleration center-north center grid node
51 alecnb Accelerometer Accelerations ±10 g EW Acceleration center-north bottom grid node
52 alect Accelerometer Accelerations ±10 g EW Acceleration center top grid node
53 alecc Accelerometer Accelerations ±10 g EW Acceleration center center grid node
54 alecb Accelerometer Accelerations ±10 g EW Acceleration center bottom grid node
55 alecst Accelerometer Accelerations ±10 g EW Acceleration center-south top grid node
56 alecsc Accelerometer Accelerations ±10 g EW Acceleration center-south center grid node
57 alecsb Accelerometer Accelerations ±10 g EW Acceleration center-south bottom grid node
58 alest Accelerometer Accelerations ±10 g EW Acceleration south top grid node
59 alesc Accelerometer Accelerations ±10 g EW Acceleration south center grid node
60 alesb Accelerometer Accelerations ±10 g EW Acceleration south bottom grid node
61 dlettn Potentiometer Displacement ±1 in EW Displacement top track north
62 dlettc Potentiometer Displacement ±1 in EW Displacement top track center
63 dletts Potentiometer Displacement ±1 in EW Displacement top track south
64 dlebtn Potentiometer Displacement ±1 in EW Displacement bottom track north
65 dlebtc Potentiometer Displacement ±1 in EW Displacement bottom track center
66 dlebts Potentiometer Displacement ±1 in EW Displacement bottom track south
67 dventwe Potentiometer Displacement ±1 in EW Displacement vertical north transverse wall east end
68 dventww Potentiometer Displacement ±1 in EW Displacement vertical north transverse wall west end
69 dvestwe Potentiometer Displacement ±1 in EW Displacement vertical south transverse wall east end
70 dvestww Potentiometer Displacement ±1 in EW Displacement vertical south transverse wall west end

71 alwnt Accelerometer Accelerations ±10 g EW Acceleration north top grid node
72 alwnc Accelerometer Accelerations ±10 g EW Acceleration north center grid node
73 alwnb Accelerometer Accelerations ±10 g EW Acceleration north bottom grid node
74 alwcnt Accelerometer Accelerations ±10 g EW Acceleration center-north top grid node
75 alwcnc Accelerometer Accelerations ±10 g EW Acceleration center-north center grid node
76 alwcnb Accelerometer Accelerations ±10 g EW Acceleration center-north bottom grid node
77 alwct Accelerometer Accelerations ±10 g EW Acceleration center top grid node
78 alwcc Accelerometer Accelerations ±10 g EW Acceleration center center grid node
79 alwcb Accelerometer Accelerations ±10 g EW Acceleration center bottom grid node
80 alwcst Accelerometer Accelerations ±10 g EW Acceleration center-south top grid node
81 alwcsc Accelerometer Accelerations ±10 g EW Acceleration center-south center grid node
82 alwcsb Accelerometer Accelerations ±10 g EW Acceleration center-south bottom grid node
83 alwst Accelerometer Accelerations ±10 g EW Acceleration south top grid node
84 alwsc Accelerometer Accelerations ±10 g EW Acceleration south center grid node
85 alwsb Accelerometer Accelerations ±10 g EW Acceleration south bottom grid node
86 dlwttn Potentiometer Displacement ±1 in EW Displacement top track north
87 dlwttc Potentiometer Displacement ±1 in EW Displacement top track center
88 dlwtts Potentiometer Displacement ±1 in EW Displacement top track south
89 dlwbtn Potentiometer Displacement ±1 in EW Displacement bottom track north
90 dlwbtc Potentiometer Displacement ±1 in EW Displacement bottom track center
91 dlwbts Potentiometer Displacement ±1 in EW Displacement bottom track south
92 dvwntwe Potentiometer Displacement ±1 in EW Vertical displacement north transverse wall east end
93 dvwntww Potentiometer Displacement ±1 in EW Vertical displacement north transverse wall west end
94 dvwstwe Potentiometer Displacement ±1 in EW Vertical displacement south transverse wall east end
95 dvwstww Potentiometer Displacement ±1 in EW Vertical displacement south transverse wall west end

Instrumentation West Wall

Data Acquired from Actuators

Data Acquired from Load Cells

Instrumentation East Wall

Platforms Accelerometers
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3.6  Specimens Performance Observations 

This subsection presents a brief description of each test configuration along with the main damage 

mechanisms observed. Further details regarding the experimental observations, damage progression, and 

failure mechanisms can be found in the Appendix A and in the NEES Central Repository.  

3.6.1 Performance Observations during In-plane Testing 

A total of twenty-two light steel stud gypsum partition wall configurations were considered in the test 

series. Of the twenty-two configurations, sixteen configurations were tested in-plane. Variations in wall 

configurations and cyclic response are discussed in the following subsections.  

3.6.1.1 Configuration 1 

The test series began with testing Specimens 1, 2, and 3, which considered the most basic wall 

configuration. In these specimens, studs and gypsum wallboards were not screwed to the top track (slip 

track). The partition wall frame was constructed using steel studs model SSMA 362S125-18 with a 

typical spacing of 24” and standard tracks model SSMA 362T125-18. Two feet long perpendicular return 

walls were used to simulate typical wall boundary conditions. Gypsum wallboard panels (4’x8’) with a 

thickness of 5/8” were laid perpendicular to the studs and screwed to the steel frame using standard 

Phillip self-drilling screws #6 spaced 12 inches on center at both perimeter and field. Drywall panel joints 

were offset on opposite faces of partition walls. The typical geometry of the specimens is shown in Figure 

3.6, while a typical corner detail is presented in Figure 3.8a. Unintentionally, little to no gap was left 

between the top row of gypsum and the top concrete slab. The partition walls were finished with metal 

corner beads (1-1/4”), drywall paper joint tape (2-1/16” in width), two coats of mud, and water-based 

semi-gloss green paint, chosen in order to better contrast pictures. This type of construction was 

practically used for the construction of all specimens. Particular deviations from this construction scheme 

are described later for each specimen. 

For specimens 1, 2 and 3, little to no damage was observed in the longitudinal walls. Only slight crushing 

of longitudinal wall corners was observed at relatively large drift ratios (up to 2%), as shown in Figure 

3.16. The damage was mainly concentrated in the top tracks of the transverse walls and in the vertical 

joints between perpendicular walls, as shown in Figure 3.17 through Figure 3.19. Shown in Figure 3.20 is 
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the Force-Displacement curve for Specimen 3. The mean capping force (Fu) for Specimens 1 thru 3 is 

1.75 kips at a mean drift ratio (Δu) of 0.58% with respective standard deviations of 0.51 kips and 0.20%.  

Figure 3.16 – Crushing of Longitudinal Wall Corner 
at Large Drifts. 

Figure 3.17 – Damage in Transverse Wall Top Track. 
The Connection to Concrete Slab of this Track did 

not Fail.  

 

  

Figure 3.18 – Failure of Transverse Wall Top Track 
Fastener to Concrete Slab. 

Figure 3.19 – Damage in Vertical Joint of Transverse 
and Longitudinal Walls 
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Figure 3.20 – Hysteretic Behavior of Specimen 3 

3.6.1.2 Configuration 2 

Specimen 4 is constructed using the same material as Specimens 1, 2, and 3, yet had the gypsum boards 

screwed to the top and bottom tracks. Damage similar to specimens 1, 2, and 3 was observed in the 

corners of the in-plane wall and at perpendicular wall joints. Previous to the damage at the edges of the 

gypsum board, crushing of the gypsum was observed around screws connecting wall panels to the top 

track, as shown in Figure 3.21 and Figure 3.22. As the drift increased, an increase in force surpassing the 

capping force was observed, this increase is caused by “ratcheting” effects. 

Figure 3.21 – Damage at Gypsum to Top Track 
Screw Connectors 

Figure 3.22 – Ratcheting of Partition Wall  

 

Ratcheting occurs as drift ratios are increased because the sheathing is rotating as a rigid body. The gap 

between gypsum panels and concrete platforms go to zero, as shown in Figure 3.22, and increased forces 
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begin to be imposed on the walls. In Figure 3.23 a plot of the hysteretic behavior of specimen 4 is given. 

Because of the connection of the gypsum board to the top and bottom tracks, resulting in a ‘stiffer wall’, a 

higher capping force of 3.34 kips at a lower drift of Δu = 0.42% occurred. 

 

Figure 3.23 – Hysteretic Behavior of Specimen 4 

3.6.1.3 Configuration 3 

The following configuration includes test specimens 5, 6, and 10, and had the perpendicular walls 

removed to investigate the performance of the longitudinal walls alone, as shown in Figure 3.24 and 

Figure 3.25. For these specimens, the gypsum panels were attached to the top track and used 25 gauge 

steel material, most of the damage consisted of structural damage to the boundary stud. Also, extensive 

superficial damage to the gypsum board attached to the wall edges and the corner beads occurred, as 

shown in Figure 3.26. In these specimens, it was also observed that the top tracks moved from their 

original location. This happened as the top track slipped because of tearing in the steel track around the 

pin connections attaching the track to the concrete, as shown in Figure 3.27. The mean capping force is Fu 

= 2.66 kips with a standard deviation of 1.07 kips. The capping drift had a mean value of 0.52% and a 

standard deviation of 0.25%. The high deviation for this group demonstrates the range of failure 

mechanisms for this configuration. Figure 3.28 and Figure 3.29 are respectively the hysteretic behavior 

for specimens 5 and 10. In specimen 5, in the negative drift axis, a continuous increase in forces is 

observed, with only a slight change in the backbone at about 1.0% drift. In this specimen failure of the top 

track pin connectors was observed, whereas, in specimen 10, damage was concentrated in the gypsum 

panels and connectors. 



 

 39  

 

11'-5"
Stud 350S125-18 (Typ) 
Spaced 24" o.c. (Typ) Track 350T125-18 (Typ)

Gypsum 58" in thickness (Typ)Cornerbead 1-1
4" (Typ)

Figure 3.24 – Geometry of Specimens in Configuration 3 

  

Figure 3.25 – Photos of Specimens in Configuration 3 

Figure 3.26 – Damage to Boundary Stud and Finishing Figure 3.27 – Damage in Top Track at Pin 
Connectors 
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Figure 3.28 – Hysteretic Behavior of Specimen 5 

 

Figure 3.29 – Hysteretic Behavior of Specimen 10 

3.6.1.4 Configuration 4 

In order to develop the full shear capacity of the gypsum partition walls, specimens 7, 8 and 9 considered 

a full connection of studs and gypsum boards to the bottom and top tracks. During this test series, two 

failure mechanisms were observed. The first mechanism consisted of track slip, tracks tearing at the pin 

connections, similar to the damage just described for specimens 5, 6, and 10. The second failure 

mechanism consisted of a combination of crushing of the gypsum wallboards around the screws in the 

connection to the top tracks and inelastic flexural deformations occurring in the studs, as shown in Figure 

3.30 and Figure 3.31. These “plastic hinges” always occurred at the height of the first row of gypsum 

board screw connectors, located approximately 12” from the top end of the studs. The capping force and 
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associated drift were respectively, 3.23 kips and 0.51% with standard deviations of 0.51 kips and 0.20%. 

In each of the specimens an increase in force due to racking was also observed; shown in Figure 3.32 is 

the force-displacement curve for Specimen 8 in which racking occurs in the positive drift direction.  

Figure 3.30 – Damage in Studs Forming Plastic 
Hinges 

Figure 3.31 – Detail of Hinge Forming in Studs 

 

 

Figure 3.32 – Hysteretic Behavior of Specimen 8 

3.6.1.5 Configurations 5 and 6 

The next step in the testing program evaluated the effect of equivalent bookshelf and ceiling masses on 

the in-plane seismic performance of specimens 11 through 16. The bookshelf shown in Figure 3.33, was 

approximately 2’-6” tall by 9’-6” in length and was built out of pine material. The bottom of the 

bookshelves were placed 4’-6” from the floor level. Fully loaded, the bookshelf had a total weight of 510 
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pounds. Shown in Figure 3.34 is a photograph showing an example of a wall specimen with an attached 

bookshelf. The bookshelf was connected directly to the partition wall steel frame using 15 toggle bolts ¼” 

in diameter. The connectors were intentionally oversized to prevent their failure and to evaluate the effect 

of the attached mass on the partition walls. During testing, the books were protected from falling, to keep 

their mass attached to the wall during the whole test.  

The attached ceiling weight was equivalent to the tributary weight of a rigid ceiling found in a 12’x12’ 

room, approximately. The weight was simulated using a hollow steel section HSS5x3x1/4”, attached at 8’ 

from the floor, as shown in Figure 3.35, with a distributed weight of 12.2 plf. The equivalent ceiling was 

attached to partition walls using L2x2” steel moldings (20 gauge in thickness), which were connected 

directly to the gypsum wallboards using standard 1-1/4” fence staples spaced 24 inches on center. Details 

of the specimen geometry are shown in Figure 3.36. For these specimens, damage similar to specimens 5, 

6 and 10, as shown in Figure 3.26 and Figure 3.27, was observed. No additional damage was observed in 

the studs around the bookshelves and negligible damage was observed around the bookshelves and ceiling 

connectors. The hysteretic behavior of specimen 13, a specimen that incorporated an attached bookshelf 

mass, is given in Figure 3.37. Figure 3.38 shows the hysteretic behavior for specimen 10, which 

considered the equivalent ceiling weight attached. The capping parameters for specimens 11 thru 16 were 

Fu = 1.44 kips and Δu = 0.54% with standard deviations of 0.60 kips and 0.22% respectively. 

12'

Stud 350S125-18 (Typ) 
Spaced 24" o.c. (Typ) Track 350T125-18 (Typ)Gypsum 58" in thickness (Typ)

10" Bookshelf (t=3
4" typ, backing t=1

2")

Cornerbead 1-1
4" (Typ)

 

(a) Plan view specimen with attached bookshelf 
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2'-1" 2' 1'-10"

4'-6"

Bookshelf (t=3
4" typ, backing 1x4", t=1

2")

2' 2' 2'

Toggle bolts @ 24" o.c. for attaching bookshelf to steel studded frame (Typ)

 

(b) Elevation view specimen with attached bookshelf 

3'-2" 3'-2"3'-2"

1'-3"

1'-3"

9'-6"

2'-6"

 

(c) Detail attached bookshelf 

Figure 3.33 – Details of Specimens with Bookshelf Attached 
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Figure 3.34 – Partition Wall Specimen with Attached 
Bookshelf 

Figure 3.35 – Partition Wall Specimen with Attached 
Mass Simulating Ceiling Weight 

 

3.6.1.6 Configuration 7 

Specimens 17, 18 and 19 incorporated the partial-height seismically braced partition walls shown in 

Figure 3.39. These walls were also built using 25 gauge steel framing. Gypsum wallboards were fully 

attached at top and bottom tracks. These specimens had an in-plane wall with perpendicular walls 

attached at each end. The height of these walls was 8 ft. The walls were seismically braced following 

specifications of the Gypsum Association GA-50 standard: Seismic Bracing of Steel Stud Gypsum Board 

Partitions, using the same material used for the studs in the specimen, as shown in Figure 3.40. In these 

specimens, most of the damage was localized in the diagonal braces attaching the wall to the top concrete 

slab. Damage consisted of buckling of the braces and failure of the brace connection to the partition wall 

top tracks, as shown in Figure 3.41 and Figure 3.42, respectively. In one specimen, failure of the 

connectors between perpendicular wall top tracks was also observed, as shown in Figure 3.42. The mean 

capping force and drift for the partial height partition walls was 0.94 kips and 0.80% each with respective 

standard deviations of 0.18 kips and 0.19%. 
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12'
Stud 350S125-18 (Typ) 
Spaced 24" o.c. (Typ) Track 350T125-18 (Typ)Gypsum 58" in thickness (Typ)

Cornerbead 1-1
4" (Typ)

Section HSS 5x3x1
4" (wt=12.2 lb/ft) 

at both sides of the wall

13'

L21
2 x21

2" (24 ga) for attaching 
weight to partition wall

(a) Plan view specimen with attached equivalent ceiling weight 

8'

Section HSS 5x3x1
4" (wt=12.2 lb/ft) at both sides of the wall

L21
2x21

2" (24 ga) for attaching weight to partition wall

Standar screws #6 - 13
4" for connecting L2x2" (20ga) to each stud

(b) Elevation view specimen with attached equivalent ceiling 

Figure 3.36 – Details of Specimens with Equivalent Rigid Ceiling Attached 
 



 

 46  

 

 

Figure 3.37 – Hysteretic Behavior of Specimen 13 

 

Figure 3.38 – Hysteretic Behavior of Specimen 15 
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2'

12'-2"

Stud 350S125-18 (Typ) 
Spaced 24" o.c. (Typ)

Track 350T125-18 
(Typ)

Gypsum 58" in 
thickness (Typ)

Stud brace at the ends of longitudinal 
and transverse walls

4 Standard screws #10 in lap 
between longitudinal and 
transverse wall top tracks

(a) Plan view partial height wall specimen 

12'-2"

8'

3 Standard screws #10 to connect 
web of brace to top track 

2 - 14"x21
4" exp. anchors to 

connect web of brace to top 
concrete slab 

48°

3'
-6

"

(b) Elevation view partial height wall specimen 

Figure 3.39 –Partial Height Partition Wall 
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Figure 3.40 – View of Partial 
Height Partition Wall 

Figure 3.41 – Damage 
in Seismic Diagonal 
Bracing, Buckling of 

Braces 

Figure 3.42 – Damage in Seismic Diagonal 
Bracing Connection to Top Track and 

Damage of Connection between 
Perpendicular Walls 

 

Figure 3.43 – Hysteretic Behavior of Specimen 19 

 

3.6.1.7 Configuration 8 

Specimens 20, 21 and 22 consisted of walls constructed using typical “institutional” construction details. 

The walls were constructed using 20 gauge steel tracks and studs. The studs were spaced 16” on center. 

Furthermore, the screw spacing was reduced to 8” in the perimeter of the walls. The 1” nails connecting 

the tracks to the concrete slabs were spaced at 24” o.c. The typical construction detail for the wall 

intersections is shown in Figure 3.8b. These specimens were built to allow the top track to slip 

horizontally (i.e., no screws attaching gypsum boards or studs to the track). Figure 3.44 shows the 

geometry of the tested specimens. 
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12'-2"

2'

Stud 350S125-30 (Typ) 
Spaced 16" o.c. (Typ)

Track 350T125-30 (Typ)
Gypsum 58" in thickness (Typ)

 

Figure 3.44 – Detail Geometry Institutional Gypsum Partition Wall 
 

In these tests, severe vertical cracks were observed in the transverse walls’ gypsum boards, on the side 

opposite the longitudinal wall, as shown in Figure 3.45 and Figure 3.46. Mean capping force for the 

partial height walls was Fu = 2.76 kips with a standard deviation of 0.39 kips and mean capping drift Δu = 

0.75% having a standard deviation of 0.19%. Figure 3.47 shows the hysteresis loops observed for 

Specimen 22. 

 

Figure 3.45 – Damage in Gypsum Board on Outside 
Face of Transverse Wall 

Figure 3.46 – Damage in Transverse Wall 
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Figure 3.47 – Hysteretic Behavior of Specimen 22 

 

3.6.1.8 Configuration 9 

The following test Specimens 23, 24 and 26, were similar to the specimens in Configuration 8. However, 

they were fully connected to the top and bottom tracks as an attempt to develop the shear capacity of the 

institutional walls. Track to concrete slabs fasteners were also spaced at 24” o.c. The geometry of these 

specimens is the same shown in Figure 3.44. Three failure mechanisms were observed in these tests. The 

first two mechanisms were similar to the mechanisms observed in specimens 7, 8 and 9 (commercial 

construction). i.e. tearing around track at concrete fasteners and plastic hinges forming in the studs, these 

are shown in Figure 3.27 and Figure 3.48. The third failure mechanism consisted of failure of the joints 

between gypsum panels, as shown in Figure 3.49. Capping parameters for these specimens were Fu = 7.17 

kips with a standard deviation of 1.11 kips and Δu = 0.54% with a standard deviation of 0.13%, the 

hysteretic behavior for specimen 23 is shown in Figure 3.50. 
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Figure 3.48 – Damage in Studs Forming Plastic 
Hinges (Stud Spacing 12” o.c.)  

Figure 3.49 – Damage in Gypsum Panel Joints 

 

 

Figure 3.50 – Hysteretic Behavior of Specimen 23 

3.6.1.9 Configuration 10 

Based on the previous observations for Specimens 23, 24, and 26, Specimens 25, 27, and 28 were 

constructed with a reduction in the track to concrete slab nail spacing from 24 to 12 inches, as another 

attempt to induce shear failure in the walls (damage at gypsum panel adjoining edges). Nevertheless, in 

all tests the damage observed was formation of hinges by bending of the top portion (top 12”) of the studs 

after crushing of gypsum around the screws in the connections of the drywall to the top tracks, as shown 

in Figure 3.51 and Figure 3.52. Similar capping parameters for this configuration to the previous 

configuration using 24” o.c. concrete nail spacing was observed with Fu = 7.10 kips and Δu = 0.54%, the 

respective standard deviations were 0.65 kips and 0.04%. 
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Figure 3.51 – Hinges Forming in Steel Studs Figure 3.52 – Crushing of Gypsum around Screws 

 

 

Figure 3.53 – Hysteretic Behavior of Specimen 27 

3.6.1.10 Configuration 11 

Test specimens 29 and 30, were built to be identical to Specimens 11-16 (Figure 3.25), but without 

attached masses. The dynamic fragility test protocol was used for these specimens. The purpose of these 

tests was to obtain a baseline used to determine the effect of the attached weights on the seismic 

performance of the configuration. However, no differences in damage were identified. Most of the 

damage concentrated in the flexural bending of boundary studs, and the superficial damage to gypsum 

boards attached to the end of the wall and the corner beads, as shown in Figure 3.26 and Figure 3.27. 

Figure 3.54 shows the hysteretic behavior for Specimen 30. Although there was no discernible difference 

in the damage states for these walls, the capping parameters for these walls decreased to Fu = 0.59 kips 

and Δu = 0.51%, respective standard deviations were 0.11 kips and 0.23%. 
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Figure 3.54 – Hysteretic Behavior of Specimen 30 

3.6.1.11 Configuration 12 

The configuration for Specimens 31 and 32 simulated typical wall corner conditions. The specimens were 

“C” shaped walls, as shown in Figure 3.55 and Figure 3.56. Figure 3.57 shows a photo of the C shaped 

wall specimens. This configuration used the slip track connection details, 25 gauge steel, and studs and 

gypsum not attached to the top track. In Figure 3.58, the observed damage at the wall intersection shows 

separation of the two walls and crushing of the gypsum board at the top corners. The hysteretic behavior 

for the two wall specimens returned a mean capping strength of 0.82 kips at a drift ratio of 0.59% with 

deviations of 0.12 kips and 0.13% respectively. 

12'-2"

1'
-8

"

Stud 350S125-18 (Typ) 
Spaced 24" o.c. (Typ) Track 350T125-18 (Typ)

Gypsum 58" in thickness (Typ)

Cornerbead 1-1
4" (Typ)

 

Figure 3.55 – Geometry of C shaped Partition Walls 
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Cornerbead 
1-1

4" (Typ) Stud 350S125-18 
(Typ) 

Self Drill Screw 
#6 @ 12" o.c.

2" Max

 
 

Figure 3.56 – Framing Detail for C shaped Wall Corner  Figure 3.57 – Isometric View C shaped Wall 
Specimens  

   

Figure 3.58 – Damage in Wall Corner 

 

Figure 3.59 – Hysteretic Behavior of Specimen 32 
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3.6.1.12 Configurations 13 and 15 

The final specimens tested in-plane consisted of two unique configurations developed to offset the 

damage states to higher drift ratios or completely prevent damage. Two walls were used to test one of the 

configurations, having “I” and “C” wall geometries. Figure 3.60 shows photos taken during the 

construction of Specimens 33 and 35. These configurations considered ½” gaps at the intersection of 

perpendicular walls, covered with sacrificial cornerbead attached to the walls using joint compound, as 

shown in Figure 3.61. These gaps allowed the in-plane partition wall to penetrate into the perpendicular 

walls and undergo high drift ratios with low forces being transferred through the wall. This configuration 

completely removed the damage state of gypsum crushing around screws and focused all damage in the 

sacrificial corner molding at the wall intersections, as shown in Figure 3.62 through Figure 3.64. Figure 

3.65 shows the hysteretic behavior for specimen 33. The mean capping force for the two specimens was 

0.48 kips at a drift ratio of 1.01%, the respective standard deviations were 0.24 kips and 0.44%. 

  

Figure 3.60 – Details of Construction of Protected Specimens 
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(a) Wall Intersections (left) and Wall Corners (Right) 

Stud 
350S125-18
Track 
350T125-18

Stud Connected 
to Bottom Track

Gypsum 
Connected to 
Bottom Track

Shot Pins @24" o.c.

Gypsum 
Connection to 
each Stud

Track 
350T125-18

Gypsum and Stud 
Not Connected to 
Top Track

1/2" Gap

1/2" Gap

 

(b) Wallboard and Steel Framing Connectivity 

Figure 3.61 – Details Proposed for Reducing Seismic Damage 
 

   

Figure 3.62 – Damage of Sacrificial 
Cornerbead 

Figure 3.63 – Damage of 
Sacrificial Cornerbead 

Figure 3.64 – Damage of 
Sacrificial Cornerbead 

 

5/8" Gypsum Board (Typ)
Self Drill Screw #6 at 8" o.c. on
boundaries and 12" o.c. on field Finish corner with corner 

reinforcing tape and mud

No tracks in wall intersection. Zone 
to be filled with 4 pcf mineral wool

0.5

0.5

61
4

5/8" Gypsum Board (Typ)

Self Drill Screw #6 at 8" o.c. on
boundaries and 12" o.c. on field

Finish corner with  corner 
reinforcing tape and mud

No tracks in wall intersection. Zone
to be filled with 4 pcf mineral wool

0.5 0.5 

Nails 1" @ 24" o.c. (Typ)
61

4
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Figure 3.65 – Hysteretic Behavior of Specimen 31 

3.6.1.13 Configurations 14 and 16 

The second configuration oriented to reduce the damage in partition walls was proposed by  William 

Holmes, a member of the practicing committee for the NEES Nonstructural Grand Challenge Project. 

This configuration uses the tracks in the perpendicular walls as a beam to absorb the lateral forces at 

increasing drifts. No track to concrete slab connectors are used within a distance of 2’ from wall 

intersections. In this way, advantage is taken from the flexibility of the tracks. This configuration is 

shown in Figure 3.67a. In its original conception, only the flexibility of top tracks was considered (Figure 

3.67b). In an effort to further improve this detail, the experimental team at UB decided to use what is 

called double slip track (or “Holmes Modified”), where advantage is taken from top and bottom tracks 

flexibility (Figure 3.67c). Damage similar to the “slip track” (the original, the one without unfastened 

tracks) type configurations was observed, however this damage was observed occurring at higher drift 

ratios. Damage similar to the “institutional slip track” (specimens 21, 22, and 23) was observed at large 

drift levels. Vertical cracking of gypsum board in the perpendicular wall opposite the longitudinal wall, as 

shown in Figure 3.67, was observed. Figure 3.67 also shows the failure of a transverse wall track 

connector. Figure 3.68 shows the flexibility of the top track for the double slip track case. Figure 3.69 

shows the damage at wall intersection. Figure 3.70 shows the hysteretic behavior for specimen 34, 

average capping parameters Fu and Δu for specimens 34 and 36 are 0.66 kips and 0.79% with standard 

deviations of 0.38 kips and 0.19% respectively.  
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5/8" Gypsum Board (Typ)Self Drill Screw #6 at 8" 
o.c. on boundaries and 
12" o.c. on field Finish corner with joint 

paper tape and mud

48

24

Indicates location of 
11

2" nail to concrete

Nail 11
2"

Connect boundary stud to 
transverse wall stud using 
self drill screw #6 at 8"

Cornerbead 1-1
4" (Typ)

 

(a) Detail wall intersection 

 

Bottom Track Detail

Stud SSMA 
(25 ga)

Track SSMA 
(25 ga)

Pins 11
2"@24" o.c.

Connection Top 
Track to Slab using 
Pins 11

2"@24" o.c.

Top Track Detail

Gap 1/2"

0.5

 

(b) Typical connection detail for slip track 

Figure 3.66 – Framing Detail Proposed by W. Holmes and Modified Version (Cont’d) 
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Bottom Track Detail

Stud SSMA 
(25 ga)

Track SSMA 
(25 ga)

Pins 11
2"@24" o.c.

Connection Top 
Track to Slab using 
Pins 11

2"@24" o.c.

Top Track Detail

Gap 1/2"

0.5

 

(c) Connection detail for double slip track 

Figure 3.66 – Framing Detail Proposed by W. Holmes and Modified Version (Cont’d) 
 

   

Figure 3.67 – Failure in Track 
Connector  

Figure 3.68 – Out-of-plane 
Bending of Top Track 

(Double Slip Track Case) 

Figure 3.69 – Damage at Wall Intersection 
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Figure 3.70 – Hysteretic Behavior of Specimen 34 

3.6.2 Performance Observations during Out-of-plane Testing 

This subsection summarizes the main observations for the fourteen additional specimens tested 

dynamically in the out-of-plane configuration. 

3.6.2.1 Configurations 17 and 18 

Configurations 17 and 18, associated to specimens 37 and 38, consisted of partition walls with and 

without return walls. These tests specimens, without additional mass attached, served as a baseline for 

comparing later the effect of attached weights such as suspended ceilings or bookshelves. Several screws 

connecting the gypsum boards to studs pulled out in these tests, as shown in Figure 3.71 and Figure 3.72. 

Figure 3.73 shows the damage observed at the top end of some of the steel studs. 
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Figure 3.71 – Damage Observed in 
Screws in Specimens 37 and 38  

Figure 3.72 – Damage Observed 
in Screws in Specimens 37 and 

38 

Figure 3.73 – Damage Observed 
in Top End of Studs 

3.6.2.2 Configuration 19 

Specimens 39, 45 and 47 consisted of partition walls with returns and an attached bookshelf (weighting 

510 lb), similar to that described for Configuration 5. Figure 3.74 shows a couple photos for the test 

specimens. In two of the three specimens tested, the damage consisted of bending of the boundary studs 

and damage along the top portion of corner beads (return walls), as shown in Figure 3.75. All bookshelf 

connectors needed tightening after running each of these tests. The third specimen tested for this 

configuration, Specimen 47, collapsed as shown in Figure 3.76. 

  

Figure 3.74 – Test Specimens with Attached Bookshelves 
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Figure 3.75 – Typical Damage in Transverse Walls  Figure 3.76 – Collapse of Partition Wall 

3.6.2.3 Configuration 20 

Specimens 40, 41 and 43 consisted of partition walls with attached bookshelves but without returns. In 

two of the three specimens tested, collapse of the wall was observed (Figure 3.77). In a third case, damage 

similar to the damage shown in Figure 3.71 was observed. Additionally, a horizontal crack was observed 

all along the width of the specimen, located approximately at 5 ft from the bottom end of the wall (Figure 

3.78). Figure 3.79 shows the case of pulled out screws. It should be noted that all specimens with 

bookshelves that failed during testing were specimens previously used for other tests. After their first use, 

all visible damage was repaired (including replacement of nails in track-to-slab connections, replacement 

of damaged studs, replacement of pulled out screws, replacement of joint paper tape and mud, etc.) and 

the walls were tested again. These observations indicates that partition walls with attached masses located 

in zones of high seismicity, and that may experience more than one strong earthquake during their 

lifetime, may be highly vulnerable to collapse. 
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Figure 3.77 – Collapse of Wall 
Without Returns and With 

Attached Bookshelf  

Figure 3.78 – Crack Along 
Partition Wall  

Figure 3.79 – Pulled Out 
Screw  

3.6.2.4 Configuration 21 

Specimens 42, 44 and 46, corresponded to partition walls with returns, to which the equivalent weight of 

a rigid ceiling was attached at 8’ from the bottom of the walls. 1- ¼” galvanized fence staples, spaced 24 

inches on center, were used to connect the molding angles to the gypsum boards. The configuration of 

these specimens is identical to the one shown in Figure 3.36. In two of three tests, severe crushing of the 

gypsum around the staple connectors was observed, as shown in Figure 3.80. In the third test, the 

equivalent ceiling disconnected completely from the partition walls. In all cases, the types of damage 

shown in Figure 3.75 and Figure 3.81 were observed. Figure 3.82 shows the complete detachment of the 

equivalent rigid ceiling from the gypsum wallboard. 

 

Figure 3.80 – Damage 
Around Molding 

Connector  

Figure 3.81 – Damage in Bottom 
Portion of Transverse Wall 

Figure 3.82 – Damage of All Ceiling 
Connectors 
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3.6.2.5 Configuration 22 

Finally, Specimens 48, 49 and 50 considered partial height seismically braced partition walls, whose 

geometry and characteristics are shown in Figure 3.39. Similarly to Specimens 17, 18 and 19, the damage 

consisted of buckling of the diagonal braces and failure of the connection of these braces to the partition 

wall top tracks, as shown in Figure 3.41 and Figure 3.42, respectively. Nevertheless, a new type of 

damage, consisting of bending of the top track around the connection of the diagonal brace was observed, 

as shown in Figure 3.83. When bending of the top tracks was observed, buckling of the diagonal braces 

was not observed, and vice versa. Figure 3.84 shows the damage of the connectors of top tracks for 

perpendicular walls. Figure 3.85 also shows damage of a top track around a detached diagonal brace. 

   

Figure 3.83 – Damage of Top 
Track 

Figure 3.84 – Damage of Top Track 
Connectors between Perpendicular 

Walls 

Figure 3.85 – Detached Brace and 
Damaged Top Track 

3.6.3 Summary of Experimental Observations 

Table 3-8 summarizes the main damage mechanisms observed for each configuration tested. 

 

 

 



 

 65  

 

Table 3-8 Summary of Damage and Failure Mechanisms of Test Specimens 

3.7  Summary  

A total of 50 cold-formed steel stud partition wall subsystem experiments were conducted at the 

University at Buffalo as part of the NEES Nonstructural Grand Challenge project. Thirty-six of these 

walls were tested in-plane under quasi-static and dynamic loading protocols, the other 14 wall specimens 

were built and tested in the out-of-plane direction. 

The test plan and construction details for the configurations were selected with close collaboration of the 

Practice Committee and Advisory Board for the NEES Nonstructural Grand Challenge Project. The 

results of the experiments are used to populate the seismic fragility database presented in Chapter 4, to 

provide input for the design and execution of the system-level experiments to be performed at the 

1 1, 2 & 3 Damage concentrated in transverse walls top tracks: Tearing of track web, nails pulled out from concrete, and bending of track flanges. Damage was also observed 
in the transverse walls top gypsum panels. Longitudinal walls exhibited limited crushing at wall corners.

2 4 Crushing of gypsum boards around all screws connecting sheathing to top track, at a relatively low drift level (~0.4%). Then, a similar damage to specimens 1, 2 & 
3 was observed. 

3 5, 6 & 10 Damage along steel cornerbeads. Crushing of gypsum boards at wall corners. Nails in connections of tracks to concrete passing thru the track webs. In specimen 
10, tearing of the top track was observed.
Specimen 7 & 9: Top and bottom tracks slipped after track tearing around all nailed connections.
Specimen 8: Moment hinges were observed in all studs, approximately 1 ft under top end connection.

5 11, 12 & 13
Damage concentrated in top 4 feet of wall end: Boundary stud bent after being pulled from gypsum boards and top track. Limited rocking of screws attaching 
gypsum board to bottom track. Books were protected against fallings in order to keep the mass attached to the walls during the test. However, for Specimen 12, the 
safety device was removed and books fell down from the bookshelf.

6 14, 15, & 16
Damage Similar to specimens 11, 12 &13 was observed. Limited popout of screws was observed in the steel angle connecting equivalent "ceiling" to walls 
(Specimen 16). 

7 17, 18 & 19
Damage in seismic braces due to buckling. Failure in braces to top track connections. In specimen 18, the connection between the top tracks of longitudinal and 
transverse walls failed. Failure in some of the track to concrete connections were observed.

8 20, 21 & 22
Failure of bottom and top tracks of transverse walls. Severe damage of the studs in wall intersections. Severe damage of gypsum board  in transverse wall due to out-of-
plane bending. Bending of transverse wall top track flanges observed. Damage along vertical edges of sheathing of longitudinal wall.
Specimen 23: Track fasteners passing thru the top track. Hinges formed 1' under top end of studs. Failure of top track in transverse wall. Slight crushing of wall 
corners. 
Specimen 24: Track fasteners passing thru the bottom track. Failure of bottom tracks of transverse walls. Damage in gypsum panel joints.
Specimen 26: Tears along all bottom track connections and global wall slip.

10 25, 27 & 28 Crushing of gypsum around screws connecting to top track and plastic hinge forming on studs due to bending.
11 29 & 30 Damage in the upper 4' of the steel cornerbeads and wall boundary studs. Nails at the end of the tracks passing thru the track webs.
12 31 & 32 Wall corners totally opened.  Damage along cornerbeads. Studs in transverse walls pulled out from transverse wall top track.
13 33 Joint cornerbead detached from walls at drifts levels as low as 0.2-0.4%. Damage does not progress in the specimen at larger drift levels. 
14 34 Damage was observed for the first time at a drift level of 1.2%. Then joint paper tape detached from wall intersection (1.2-1.4% drift), vertical cracks in gypsum of 

transverse walls (1.6% drift), and failure of fasteners in transverse wall track connections (1.8% drift) were observed.
15 35 Exterior joint cornerbead detached from walls at drifts levels close to 0.6%. Damage does not progress in the specimen at larger drift levels. 
16 36 Joint paper tape detached from wall intersection (0.4-0.6% drift), failure of fasteners in transverse wall track connections (0.6% drift), and vertical cracks in 

gypsum of transverse walls (1.4% drift), were observed.
17 37 Minor damage observed at top end of cornerbeads and crushing of corners of return walls. Screws pulled out from wallboards to stud connections.
18 38 Most of the screws in the connection of the top row of gypsum boards to studs completely pulled out. 

19 39, 45 & 47
Screws pulled out from gypsum to stud connections. Bookshelf connectors needed to be tightened after the test. Damage along top end of cornerbeads. Specimen 47 
collapsed.

20 40, 41 & 43
Screws pulled out from gypsum to stud connections. Bookshelf connectors needed to be tightened after the test. Horizontal cracks along gypsum board joints. Damage 
along top end of cornerbeads. Specimens 40 and 43b collapsed.

21 42, 44 & 46
Screws pulled out from gypsum to stud connections. Damage at the top and bottom ends of cornerbeads. In specimens 42 and 44, crushing of gypsum boards around 
fence staples connectors was observed. In specimens 44b and 46, the equivalent ceiling got completely detached from the partition wall.

22 48, 49 & 50 Screws in connections of braces to walls' top tracks pulled out. Buckling of seismic braces. Buckling of top tracks around seismic brace connections.

23, 24 & 26

Config

4 

9 

Specimen ID Main Damage/Failure Observed

7, 8 & 9 
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University of Nevada, Reno, and to generate the data required for developing analysis tools. During the 

dynamic and quasi-static in-plane experiments, it has been observed that using slip tracks and 

incorporating ¼ to ½” gaps at the top end of the gypsum wallboards reduce the damage associated with 

drift of the longitudinal walls and concentrate the damage in the vertical joints between perpendicular 

walls. Although no significant difference in the seismic performance of specimens with institutional and 

commercial construction details was observed, significant differences were observed in the seismic 

performance of specimens constructed using identical construction techniques. Adding typical bookshelf 

masses to the partition walls may induce out-of-plane collapse due to cumulative damage effects. Severe 

damage was observed around the connectors of ceiling wall moldings to the gypsum wallboards and in 

the diagonal braces used in partial height partition walls. A series of construction details were proposed to 

reduce the seismic damage to partition walls. The effectiveness of these improved details was 

demonstrated through the testing program. 
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Chapter 4  

SEISMIC FRAGILITY ANALYSIS FOR COLD-FORMED STEEL STUD 

GYPSUM PARTITION WALLS 

The experimental results, described in Chapter 3 and Appendix A, were processed to populate a 

comprehensive seismic fragility database for light steel stud gypsum partition walls. This Chapter 

presents the techniques, procedures, and criteria considered to process the experimental data and generate 

the seismic fragility database. Three damage states are considered, defined in terms of the level of repair 

required, as recommended by the ATC-58 Project (Porter et al., 2007). 

4.1  Definition of Damage States and Seismic Fragility Groups 

A summary of damage observations for all partition wall configurations tested is given in Table 3-8. The 

basic data considered in this fragility analysis is presented in Appendix A. For fragility analysis purposes, 

observations of damage during testing were assigned to one of the three Damage States (DSs) defined in 

Table 4-1. These DSs were defined in terms of the nature of the damage observed and the characteristics 

of the required repair actions. The first damage state (DS1) corresponds to superficial damage requiring 

only cosmetic repairs. The second damage state (DS2), generally occurring at higher drift ratios, consists 

of damage requiring the replacement of portions of the partition wall assembly. The third damage state 

(DS3) is associated to severe damage of the wall assembly that would require complete removal and 

replacement of the wall. 

The damage state DS2 for acceleration sensitive partitions (specimens with attached weights) consisted of 

failure of the 1-¼” fence staples used to connect the equivalent weight of the unbraced rigid ceiling to the 

partition walls, while the damage state DS3, consisted of the collapse of walls with attached bookshelves. 

The damage state DS1, although observed in most of the tests, could not be evaluated from the recorded 

time-stamped videos because the exact occurrence of the associated damage could not be identified. As 

mentioned earlier in Chapter 3, the partition walls that collapsed during out-of-plane dynamic fragility 

testing corresponded to refurbished specimens. 
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Table 4-1. Definition of Damage States 

Damage State Description of Damage Associated Repair Actions 

DS1 Superficial 
damage to the 
walls 

Cracks along corner beads, cracks along joint 
paper tape, screws pulled out from 
connections of gypsum boards to steel 
framing 

Cosmetic repairs, including: 
replacement of corner beads, 
replacement of screws pulled out, 
replacement of joint paper tape, 
application of joint compound, 
sanding, and painting 
 

DS2 Local damage 
of gypsum 
wallboards 
and/or steel 
frame 
components 

Crushing of wall corners, out-of-plane 
bending and cracking of gypsum wallboards 
at wall intersections, damage of screws 
connecting wallboards to boundary studs, 
bending of boundary studs, buckling of 
diagonal braces (partial height partition 
walls), damage of gypsum wallboards around 
ceiling connectors or damage induced by 
ceiling impact 
 

Local repairs, including: repair or 
replacement of gypsum 
wallboards, replacement of 
boundary studs, replacement of 
seismic braces, replacement of 
ceiling connectors 

DS3 Severe 
damage to 
walls 

Tears in steel tracks around connectors of 
track to concrete slab, track fasteners passing 
thru track webs, track flanges bent at wall 
intersections, hinges forming in studs, 
partition wall collapse 
 

Replacement of partition wall 
(Steel framing and gypsum 
wallboards) 

 

Additionally, the fragility data was grouped according to the taxonomy of the specimens tested, as shown 

in Table 4-2. The specimens assigned to each seismic fragility group are shown in Table 3-5. 

Table 4-2. Definition of Seismic Fragility Groups 

Group Sub 
Group Specimens Description 

0 0 1-36 All specimen data 

1 

1a 1-3, 11-16, and 29-32 Full-height specimens. Commercial construction practice and slip tracks 

1b 4-10 Full-height specimens. Commercial construction practice and partial/full
connections 

1c 1-16, and 29-32 Full-height specimens. Commercial construction practice (slip tracks and
full connection) 

2 

2a 20-22 Full-height specimens. Institutional construction practice and slip tracks 

2b 23-28 Full-height specimens. Institutional construction practice and partial/full
connections 

2c 20-28 Full-height specimens. Institutional construction practice (slip tracks and
full connection) 

3 3 17-19 Partial-height specimens 
4 4 33-36 Specimens including improved corner details 
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4.2  Seismic Fragility Analysis Procedure 

Table 4-3 presents a summary of the drift levels at which each damage observation was triggered for all 

drift sensitive specimens. The damage observations in Table 4-3 were sorted in ascending order of the 

median drift level triggering each type of observed damage, and then grouped and assigned to one of the 

DS’s defined in Table 4-1. As previously mentioned, these DS’s were defined in terms of the nature of the 

damage observed and the characteristics of the required repair actions. In the fragility assessment, it is 

assumed that the drift level triggering a specific DS for a given specimen corresponds to the minimum 

drift level triggering one of the damage observations associated to that DS. Furthermore, the fragility data 

was grouped according to the taxonomy of the specimens tested, as defined in Table 4-2 and shown in 

Table 3-5. 

In a similar fashion, the seismic fragility of the acceleration sensitive partition walls was assessed. Table 

4-4 presents a summary of several Engineering Demand Parameters (EDP’s) associated with the damage 

in acceleration sensitive partition walls. In particular, the damage state DS2, consisting of failure of the 

connectors attaching the equivalent unbraced rigid ceiling to the partition walls, and the damage state 

DS3, consisting of the collapse of walls with attached bookshelves, were evaluated. In Table 4-4, the 

values in bold correspond to either damaged or collapsed specimens. Table 4-4 demonstrates that all 

collapses of specimens with bookshelves occurred after imposing the peak floor accelerations and peak 

spectral demands. Moreover, all partition walls that collapsed during testing corresponded to refurbished 

specimens. Among the EDP’s shown in Table 4-4, and for sake of simplicity, peak floor accelerations 

were selected for developing fragility curves. 
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Using the ATC-58 framework Porter et al. (2007), experimental fragility curves for displacement and 

acceleration sensitive partition walls (groups 0 thru 4) were determined. Table 4-5 summarizes the 

median (xm) and logarithmic standard deviation (β) values for all specimen groups. For displacement 

sensitive partition walls, the xm and β fragility curve parameters were calculated as: 

M
j

i
i 1

1 ln r
Mj

mx e =
∑

=  (4-1) 

( )( )
2M 2

j j j 2
i m u

i 1

1 ln r x
M 1

β β
=

⎛ ⎞= +⎜ ⎟−⎝ ⎠
∑  (4-2) 
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Table 4-5 Summary Parameters Fragility Curves 

 
Fragility parameters in terms of inter-story drifts (%) 

 

Group Sub 
Group Description 

DS1 DS2 DS3 
xm 

(%) β xm 
(%) β xm 

(%) β 

0 0 All speci en data 0.35 0.56 0.69 0.39 1.04 0.55 

1 

1a Full-height specimens. Commercial 
construction practice and slip tracks 0.26 0.45 0.68 0.35 0.75 0.36 

1b 
Full-height specimens. Commercial 
construction practice and partial/full 
connections 

0.27 0.44 0.61 0.41 1.18 0.59 

1c 
Full-height specimens. Commercial 
construction practice (slip tracks and full 
connection) 

0.27 0.43 0.64 0.38 0.96 0.61 

2 

2a Full-height specimens. Institutional 
construction practice and slip tracks 0.36 0.55 0.79 0.34 - - 

2b 
Full-height specimens. Institutional 
construction practice and partial/full 
connections 

0.40 0.25 0.63 0.43 0.88 0.33 

2c 
Full-height specimens. Institutional 
construction practice (slip tracks and full 
connection) 

0.42 0.31 0.69 0.40 0.98 0.52 

3 3 Partial-height specimens 0.74 0.29 1.00 0.33 1.79 0.28 
4 4 Specimens including improved corner details 0.34 0.77 - - - - 

 
Fragility parameters in terms of imposed floor accelerations (g) 

 

Group Sub 
Group Description 

DS1 DS2 DS3 
xm 

(%) β xm 
(%  β xm 

(%) β 

0 0 All acceleration sensitive walls tested out-of-
plane - - 0.70 0.25 0.80 0.25 

  

where j = 1, 2 and 3, denotes the jth damage state; j
ir  denotes the demand parameter triggering the jth 

damage state in the ith specimen of the seismic fragility group; and M denotes the number of specimens 

included in the seismic fragility group. In Equation 4-2, the factor uβ = 0.25 accounts for the fact that all 

specimens experienced the same loading history. 

The performance data collected for acceleration sensitive partition walls consisted basically of 

survival/failure data. Imposed peak floor and specimen accelerations, and peak acceleration response 

spectra amplitudes are correlated to final specimen condition. For this reason, for acceleration sensitive 

specimens, the xm and β fragility curve parameters were calculated as: 



 

 73  

 

rx y
mx e β−=  (4-3) 

r uβ β β= +2 2

 (4-4) 

where 
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( )
j

j N ja r − += 1 1  (4-13) 

In the previous equations N M⎢ ⎥= ⎣ ⎦  is the number of elements in the analysis bin; the operator ⎢ ⎥⎣ ⎦  

denotes the floor function; 
N

j
j

M M
=

=∑
1

, the number of specimens in the seismic fragility group; ( )Φ −1  

denotes the inverse cumulative lognormal function; and fi = 1 or 0 depends on whether the specimen 

failed or not. The other parameters are as defined previously. Figure 4.1 shows the final fragility curves 

calculated from the experimental data, for which the Lilliefors goodness-of-fit test at the 5% significance 

level was assessed. When preparing the fragility curves, the Peirce’s criterion for identification of outliers 

was considered.  
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Fragility Curves for Group 1b
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Fragility Curves for Group 1c
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Fragility Curves for Group 2a
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Fragility Curves for Group 2b
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Fragility Curves for Group 2c
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Fragility Curves for Group 3
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Figure 4.1 – Experimental Fragility Curves for Light Steel Stud Gypsum Partition Walls 
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Several considerations for deriving fragility curves from the experimental data shown in Table 4-3, Table 

4-4, and Appendix C include: 

1. Calculation of fragilities for displacement sensitive walls from observations made during in-plane 

dynamic tests was neglected due to their lack of accuracy. 

2. For the seismic fragility Group 0, the fragility curves considering inter-story drifts as EDP do not 

satisfy the Lilliefors goodness-of-fit test. This situation can be graphically observed in Figure 4.1 

when comparing the experimental data to the derived fragility curves. Two possible reasons arise to 

explain this situation. First, the factor uβ , introduced to take into account that only one loading 

history was used during the experimental fragility evaluation, deviates the best-fit curve from the 

experimentally obtained data; and second, the specimen’s damage progression was assessed at 

discrete points. Both situations can be graphically observed in Figure 4.1. Nevertheless, the fragility 

analysis results are compatible with the experimental observations detailed in Appendix A and the 

data acquisition procedures considered. 

3. For the seismic fragility group 1a, the fragility curve for DS2 does not satisfy the Lilliefors goodness-

of-fit test. This situation is also graphically observed in Figure 4.1. The reasoning for this 

noncompliance is basically identical to the previous explanation. Similar situations were observed 

for DS1 in seismic fragility group 1b; DS1 and DS2 in seismic fragility group 1c; DS1 in seismic 

fragility group 2b; and DS1 in seismic fragility group 2c. 

4. There is not enough data (only two data points) for generating a fragility curve for DS3 in seismic 

fragility group 2a.  

5. When generating the fragility curve for DS1 in seismic fragility group 2c, the data corresponding to 

specimen 20 was discarded because it did not pass the Peirce’s criterion for outliers. 

6. When generating the fragility curve for DS3 in seismic fragility group 3, the data corresponding to 

specimen 19 was changed from 0.81% to 1.57% because the original value did not pass the Peirce’s 

criterion for outliers. 

7. There is not enough data for generating seismic fragility curves for DS2 and DS3 for the seismic 

fragility group 4, the group including specimens provided with construction details aimed at 

mitigating the seismic damage. DS2 and DS3 were not observed in tests considering the solution 

details referred to as “corner gap”.  
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8. The seismic fragility curves determined for acceleration sensitive partition walls are valid for walls 

with attached weights, comparable to the 510 lb bookshelves used in the test series, and partition 

walls interacting with rigid ceilings connected using methods similar to the ones used here. 

Nevertheless, extensive data useful for developing modeling tools, and that would allow for 

extrapolating the experimental results, has been made available through the NEES Repository. 

From the use of the ATC-58 methodology, for generating the experimental seismic fragility curves, in 

combination with the testing procedures described in this document, the following additional conclusions 

are made:  

1. It was observed that some data points that were considered outliers during the analysis of a 

subgroup, were not outliers when assessing the seismic fragility for the entire group,  

2. As commented earlier in this chapter, the use of the factor uβ  deviates the best-fit curve from the 

experimentally obtained data, 

3. The inspection of the damage progression at relatively “coarse” discrete points, yielded fragility 

curves that did not fulfill the Lilliefors goodness-of-fit test at the 5% significance level, as indicated 

by ATC-58. 

The seismic fragility curves were developed considering a single EDP as recommended by ATC-58. 

Inter-story drifts and peak floor accelerations were considered, independently, for displacement and 

acceleration sensitive partition walls. 

Finally, and in regards to the results obtained from the seismic fragility assessment, the following 

conclusions can be made: 

1. In general terms, the logarithmic standard deviations observed for the three damage states assessed 

are comparable, for all test configurations. 

2. Logarithmic standard deviations, β, achieved values as high as 0.59 for specimens constructed using 

commercial construction details (e.g., for seismic fragility group 1b). This value is consistent with 

experimental observations that showed that identical specimens, constructed using the same 

techniques, identical details, and by the same team, exhibited failure mechanisms completely 

different.  

3. For seismic fragility group 1c, the group considering all commercial construction specimens tested, a 
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logarithmic standard deviation β = 0.61 was calculated. This value is reasonable from the point of 

view that several different construction details, such as slip track and fully connected specimens, 

were included in this seismic fragility group. 

4. Damage states for partition walls constructed using typical commercial construction details are 

triggered, in general, before the same damage states for partition walls constructed using institutional 

construction details. The logarithmic standard deviations β for commercial construction are, in 

general, greater than the standard deviations for institutional construction walls. 

5. In the absence of details regarding the characteristics of the light steel stud gypsum partition walls 

found in a building, it is recommended to adopt as fragility parameters the median values 0.35, 0.69 

and 1.04%, with logarithmic standard deviations 0.56, 0.39 and 0.55, for damage states DS1, DS2 and 

DS3, respectively.  

6. The use of innovative details to reduce the damage at wall intersections did not shift the mean 

seismic demand at which the damage state DS1 is triggered. Nevertheless, when corner gaps were 

used, the damage states DS2 and DS3 were completely eliminated. When the solution proposed by 

Mr. W. Holmes and its modified version (double slip track) the damage states DS2 and DS3 were 

shifted from 0.64 and 0.96% to 0.98 and 1.23%, respectively. Nevertheless, the data obtained for 

these tests were not enough to generate a seismic fragility curve. Additional tests may be required to 

better evaluate the effectiveness of the proposed solutions. 

7. The logarithmic standard deviation β, calculated for the acceleration sensitive specimens, is equal to 

uβ , the minimum value that could be considered in this case. The median value triggering DS3 is 

equal to the median peak floor acceleration imposed on the specimens that collapsed. All collapses 

occurred after imposing the peak floor accelerations. In order to improve these results, it would be 

convenient to reevaluate the dynamic fragility testing procedure. Based on the experimental 

observations, it is recommended to apply the protocol using progressively increasing levels of peak 

floor accelerations. Although such a procedure could result in imposing an excessive number of 

small and medium cycles and induce failure due to fatigue, it would be representative of cumulative 

damage and aging effects. 
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4.3  Summary 

A seismic fragility database for light-frame steel stud gypsum partition walls was developed following the 

recommendations of ATC-58 (Porter et al. (2007). The testing procedures and the obtained results have 

been discussed in detail. Alternative construction methods to shift and eliminate damage states have been 

developed. Additional experiments are required to better quantify the effects of using the alternative 

improved corner details. Efficiency of the database has been quantified. It is observed that the factor uβ , 

introduced to take into account one loading history, was used during the experimental fragility evaluation, 

and deviates the best-fit curve from the experimentally obtained data. Assessing the damage progression 

at discrete points complicates compliance to the Lilliefors test. Nevertheless, the fragility analysis results 

are compatible with the experimental observations. The results obtained from the dynamic tests 

demonstrate a need to reevaluate the procedures used for the current experimental seismic fragility 

analysis. It might be convenient to apply the dynamic fragility testing protocol in a sequence imposing 

increasing levels of peak floor accelerations, in order to better characterize the seismic demands 

triggering different damage states. Extensive experimental data useful for developing modeling tools, and 

that would allow for extrapolating the experimental fragility results, have been made available through 

the NEES Repository. 
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Chapter 5  

PARAMETERIZATION OF HYSTERETIC RESPONSE OF PARTITION 

WALL SUBSYSTEM 

To better understand the effect nonstructural partition walls have on the seismic performance of a steel 

moment resistant frame structure, it is necessary to have a method for modeling the walls that are to be 

considered as part of the building. The methodology proposed in this chapter uses regression analysis to 

fit the force-displacement (hysteresis) curves for 35 wall specimens designed and constructed according 

to 16 different construction techniques. These analyses yield the required parameters to be used along 

with a hysteretic model available in a nonlinear dynamic analysis program. Comparisons between some 

sample specimens and the corresponding numerical model hysteresis loops and dissipated energy are 

presented. Finally, recommended parameter values are made for the wall specimens based on six groups; 

commercial and institutional slip track walls, commercial and institutional full connection walls, partial 

height, and improved wall intersection detail. 

5.1  Evaluation of Experimental Hysteresis Loops 

The hysteretic data for each of the  36 specimens tested in-plane is evaluated in this chapter. There were 

two similarities immediately observed in the recorded data. The first was the tri-linear backbone curve 

consisting of an initial stiffness, post-yield stiffness, and post capping stiffness, see Figure 5.1. Initial 

stiffness is captured at low inter-story drifts and is often characterized as the range in which the system 

remains “elastic” or removal of imposed drift will return the forces in the system back to zero. The post-

yield stiffness occurs after individual wall components (i.e., studs, tracks, fasteners, joints, etc.) begin to 

get damaged. In this range, the forces continue to increase at a slower rate than the initial stiffness until 

the highest maintainable force is reached in the system; this maximum allowable force is the capping 

strength. The third stiffness parameter is defined as the post capping stiffness in this report but can also be 

referred to as the rate of strength degradation. The slope of this line is negative and the forces should tend 

to zero or some inherent level of force that the system can maintain due to some minimal force resistance 

remaining in the system. In many of the specimen a ratcheting effect was observed from the gypsum 

binding in the corners, as shown in Figure 5.1. This occurred after the system degraded in strength. At 
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this point, the specimen’s stiffness increased and sometimes surpassed the capping strength. This effect 

happened at drift levels generally greater than 2% and was explained in greater detail in chapter 3. 

Because this happened at higher drift levels and a significant amount of damage had already occurred, the 

increase in strength is ignored for modeling purposes. The post-capping stiffness therefore is the negative 

slope of the backbone curve after the capping strength is observed and before the strength degradation 

ceases. 

The second observed similarity in the hysteresis loops for the 36 wall specimens was a pinching effect. 

Pinching occurs after members or connections in the system have begun to yield, and as the system 

undergoes cyclic displacements these failures delay the onset of an increasing stiffness. The pinching 

effect often is associated with a non-zero force at zero drift levels, see Figure 5.1. 

 

A total of 35 wall specimens were used in determining the required parameters, all but one of the tested 

in-plane partition walls. Specimen 1 was neglected in this analysis because the tri-linear backbone curve 

Post-capping 
Stiffness 

Pinching Effect 

Initial Stiffness 

Post-yield Stiffness 

Effect of wall 
Ratcheting 

Figure 5.1 – Typical Hysteretic Behavior of a Cold-formed Steel-framed Gypsum Partition Wall 
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was not evident, as shown in Figure 5.2. This figure shows that for both the positive and negative drift 

levels the forces and stiffnesses vary, but both continue to increase until the ratcheting effect began at a 

drift ratio of approximately 1%. The high ratcheting effects in this specimen were due to a very small gap 

between the top of the gypsum board and the top slab. 

 

Figure 5.2 – Hysteresis Loop for Specimen 1 

5.2  Parameterization of Experimental Data 

The mechanical behavior observed in the partition wall specimens can be modeled using the Wayne 

Stewart degrading stiffness hysteresis model (see Figure 5.3) available in the software RUAUMOKO 

(Carr, 2005). The software suite RUAUMOKO was developed primarily for nonlinear response history 

analysis of structures and is capable of doing static analysis, frequency analysis, earthquake loading 

(acceleration or displacement input), and pushover analysis, both monotonic and cyclic. One of the 

unique capabilities of this program is the number of hysteretic models that are available, at the current 

date, 50 different models are available for use in the program. Of these fifty, the Wayne Stewart hysteretic 

model (Stewart, 1987) most resembles the data obtained from the specimens tested. 

According to Carr, “This very general rule was initially developed by Wayne Stewart for the 

representation of timber framed structural walls sheathed in plywood nailed to the framework. The model 

allows for initial slackness as well as subsequent degradation of the stiffness as the nails enlarged the 

holes and withdrew themselves from the framework.” Shown in Figure 5.3 is an example of the Wayne 
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Stewart hysteretic model and parameter notation, and Figure 5.4 is an example of the same model with 

strength degradation included. The model is applicable to these walls because of the similarities in 

damage at the connections of the panels to the framing members (i.e., screws attaching the gypsum boards 

to the steel tracks, and nails attaching plywood to wood framework). As the drift levels increased the 

screws began to rock until the gypsum was completely damaged around the screws or the screws 

completely pulled through the gypsum. The effects of this damage in the hysteretic model are captured in 

the pinching and softening parameters. This hysteretic model also has the capability to model a tri-linear 

curve. 

 

Figure 5.3 – Wayne Stewart Hysteretic Model (from 
Carr, 2005) 

 

Figure 5.4 – Wayne Stewart Model with Degradation 
(from Carr, 2005) 

Nine input parameters are required for this hysteretic rule. These parameters along with their ranges are 

listed in Table 5-1 and shown in Figure 5.3. One parameter used in the model but not requiring 

calculation is the binary flag that tells the program to run the model as a defined loop or a modified loop. 

The modified loop option was used because under this rule the factor determining the post-yielding 

stiffness can be given a negative value. 
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Table 5-1 Range Limits for Wayne Stewart Hysteretic Model 

Parameter Range Comments
k0 > 0 Initial stiffness

r 0 ≤ r < 1 Post yield stiffness factor

Ptri ≤ 0 Post capping stiffnes factor, strength degradation considered

PUNL > 1 Unloading stiffness factor

Fy > 0 Yield strength

Fu > 0 Capping strength

Fi > 0 Intercept stregth

α ≤ 1 Reloading or pinch power factor

β ≥ 1 Beta or softening factor  

Each of the stiffness parameters are a factor of the initial stiffness k0. The Wayne Stewart model also 

allows for gaps in the element, but because a gap is not observed in the experimental data, these values 

were set to zero to have no effect in the modeling. 

 

Figure 5.5 - Negative Drift Force-Displacement Curve 

 

Figure 5.6 - Positive Drift Force-Displacement Curve 

Recommended parameters for modeling in RUAUMOKO of steel stud gypsum partition walls were 

obtained by analyzing the hysteresis data recorded for specimens 2 to 36. The negative and positive 

branches of the hysteresis loops, such as the one shown in Figure 5.1, were decoupled from each other to 

examine the force-displacement curves individually, as shown in Figure 5.5 and Figure 5.6. This method 

of examining both branches of the drift levels returned values for calibrating each required parameter. The 
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following sections explain the method used to obtain each of the parameters used in the Wayne Stewart 

model. 

5.2.1 Initial Stiffness (k0) 

The initial stiffness is the rate of change of the force transferred through the wall with an increased 

displacement at low drift levels before damage is observed in the specimen. The initial stiffness remains 

fairly constant within low drift levels (0-0.3 % drift approximately) and begins to decrease as larger drifts 

are imposed and damage is induced in the partition wall. 

In order to determine the parameter k0, the method of least squares was used. Least square regression is a 

method to fit both linear and nonlinear types of data points. The Wayne Stewart hysteretic model is 

nonlinear, but for simplification in the analysis, the required parameters are calculated individually. 

Because this approach is used, a linear least square regression is accomplished using the following: 
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where Dj is the recorded relative displacement between the top and bottom platforms of the UB-NCS, Fj 

is the sum of the recorded shear forces in the load cells located at the base of the partition wall, and ki is 

the slope of displacement Di and Fi. In the given equation the variable n is the number of the data point at 

the peak force in the backbone curve. Because a least square regression is used to minimize the deviations 

from an assumed linear equation the best fit occurs when the variable S is minimized. The imposed limit 

is to account for the nonlinearity observed in this range of data. Associated with the variable S is a 

constant for stiffness, displacement, and force. The stiffness is equal to the initial stiffness parameter (k0), 

as shown in Figure 5.7. Figure 5.8 presents a histogram plotting different ranges of k0 for the 35 

specimens (70 analyses). There is a wide distribution of this parameter with peaks occurring in the ranges 

of 0-3 kips/inch and 15-17 kips/inch. The distribution of the initial stiffness parameter, preliminarily, 

indicates the walls can be separated into two groups based on the wall configurations, but upon further 

inspection there is a slight plateau in the range of 5.0 to 9.0 kips/inch. This plateau could represent 

another key group in determining parameters for the hysteretic model; later in this chapter this notion will 

be explored more in depth. 

The histograms that will be presented throughout this chapter plot the analyzed parameter on the 

horizontal axis, and on the vertical axis is the frequency of occurrence or number of specimens that 
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exhibited values in the defined ranges. Porter et al. (2007) uses a bin size of: 

 ⎣ ⎦NM =         (5-2) 

where M is the size of the bin and N is the number of data points (in this analysis 70 data points are used), 

therefore the bin size is eight. The size of the ranges used on plotting the histograms was solely based on 

the range of parameter values divided by the bin size M. 

 

 

Figure 5.7 – Plot of Initial Stiffness and Yield Force 
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Figure 5.8 – Histogram for Initial Stiffness Parameter 
(k0) 
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Figure 5.9 – Histogram for Yield Force Parameter 
(Fy) 

5.2.2 Yield Force (Fy) 

As drift levels increase from zero, yielding begins to occur in the system until at an inherent drift ratio the 

stiffness reduces at a faster rate. The force associated with this drift is defined as the yield force or yield 

strength (Fy). At low drift levels this yielding is minimal and mostly evident as small cracks in the corners 

or slight rocking around screws located in the top and/or bottom tracks. The point of yield is generally not 

evident by visual examinations, but can be obtained through analyzing the backbone curve of the recorded 

data. The yield force was obtained through the same least square regression that was used to determine 

the initial stiffness, see Equation 3-2. The force at which the regression is minimized is defined as the 

yield force. Because the stiffness used in the regression was calculated from recorded forces and 

displacements, the yield force marked in the figure lies at one of these points on the backbone curve. In 

the histogram plotted in Figure 5.9, the frequency of yield forces in the defined ranges obtained in the 

analysis of the 35 wall specimens, similar distributions are observed for the parameter Fy. The highest 

frequencies occur in the ranges of 1.25-1.75 kips and 6.25-6.75 kips. These yield forces again represent 

two very different wall strengths based on the configurations used in detailing, but most often occurred at 

drift ratios of 0.2% to 0.6%. 

5.2.3 Post-Yield Stiffness Factor (r) 

Once yielding begins to occur the stiffness begins to decrease, this decreased level of stiffness is defined 

as the post-yielding stiffness and is a percentage of the initial stiffness represented by rk0, see Figure 5.10. 

The required input parameter for the Wayne Stewart hysteretic model is the factor r. This factor is the 

ratio of the calculated stiffness observed in the backbone curve at force levels between the yield and 
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maximum forces over the initial stiffness, and ranges for this parameter are presented in Table 5-1. To 

calculate the post-yield stiffness, the same method of least square regression, previously used to calculate 

the initial stiffness and yield force is used. Although for this parameter the initial displacement and force 

are set to occur at the yield displacement (Dy) and corresponding force. The limitation of ki*Dj ≤ Fn in 

Equation 3.2 is not applied in this analysis and therefore a variance in the maximum force in the 

numerical model can occur. An imposed limit of ±15% was placed on this force. The level of 15% is 

based solely on trial and error and an effort to maintain similarity between the recorded data and the 

numerical model. A plot representing the post-yield stiffness can be seen in Figure 5.10. In this figure it is 

noticed that the calculated stiffness did cause a maximum force higher than the recorded maximum force. 

Also the forces at the peak drift levels at each cycle are located both above and below the calculated post-

yield stiffness thus showing the best fit line for the recorded data. Figure 5.11 shows the range of values 

obtained for this parameter. In Figure 5.11 a peak frequency occurs in the range of 0.33 to 0.46 with a 

lognormal distribution. Based on the results of the analyses, wall type and construction details appear to 

have little effect on the post-yield stiffness factor, but could be considered as a function of the steel stud 

partition wall subsystem. In an effort to simplify modeling of the partition walls using the Wayne Stewart 

hysteretic model, post-yield stiffness factors within the peak frequency range could be used for any wall 

configuration to numerically simulate a full scale specimen. 
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Figure 5.10 – Plot of Post-yield Stiffness and Capping Force 
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Figure 5.11 – Histogram for Post-yield Stiffness 
Parameter (r) 
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Figure 5.12 – Histogram for Capping Force Parameter 
(Fu) 

5.2.4  Capping Force (Fu) 

The maximum force calculated in the previous section, in the Wayne Stewart model, is defined as the 

Capping Force and represented by (Fu). The capping force is located at the drift level where the stiffness 

at lower drift is positive and the slope of the curve at higher drift level is negative. Failure of the system to 

resist force has begun and the system goes into higher damage states. This force is determined through the 
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regression analysis used to obtain the post-yield stiffness parameter. Figure 5.10 illustrates the location of 

the capping force parameter versus the recorded data, and it is again noted that the capping force can be 

lesser (no less than 85%), greater (no greater than 115%), or equal to the maximum force observed in the 

test specimen. Figure 5.12 shows the range of values obtained and their frequency of occurrence in the 35 

wall specimens. The distribution of capping forces in the 2nd and 7th bins 1.5 – 2.5 kips and 6.5 – 7.5 kips 

respectively, is similar to the distributions of k0 and Fy, demonstrating that within the 16 configurations 

there is a high number of walls that are weaker and a much lower percent that would be considered 

stronger. As was noted in the previous section, because there are nine required parameters for the 

hysteretic model, it is desirable to determine if a simplification can be made in determining some of these 

values. Figure 5.13 show a histogram of the ratio of the yield force to the capping force. In this chart it is 

evident by the distribution of the 35 specimens that the capping and yield force do correlate, with the 

yield force being in the range of 0.75 to 0.85 of the capping force. Therefore, if the ultimate or yield force 

is known for a nonstructural partition wall, built to any of the configurations previously described, it is 

possible to use this ratio to estimate the other required force and thus minimize the total number of 

required parameters.  
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Figure 5.13 Ratio of Yield Force to Capping Force (Fy/Fu) 

 

5.2.5 Post Capping Stiffness Factor (PTri) 

As previously mentioned, after the capping force is reached, the drift ratio will continue to increase 

without an increase in forces. When strength degradation is considered the drift will increase with a 

decrease in forces and the system loses the ability to resist lateral forces. This rate of change results in the 

first occurrence of a negative slope in the backbone curve and is defined as PTri*k0. See Figure 5.14 for a 

visual representation and Figure 5.15 for the range limits. The coefficient PTri is calculated through 
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dividing the calculated post capping stiffness by the initial stiffness. This parameter can be defined as the 

slope of the third segment of the tri-linear backbone curve that accounts for strength degradation. To 

determine the value of this parameter, a least square regression was performed on the remaining section 

of the backbone curve using Equation 5-1. The minimum drift and force levels considered in the 

computation of PTri are set equal to the drift (Du) and force at which the capping strength occurs in the 

curve. Figure 5.14 gives a representation of this stiffness. As shown in Figure 5.14, the portion of the time 

history data recorded during the wall ratcheting process previously described has been neglected. Figure 

5.15 shows the range of values obtained for the post capping stiffness factor to have a mode in the range 

of -0.18 to -0.06. The high frequency of this parameter in a specific range suggests that the post-capping 

stiffness factor is not necessarily a function of the wall configurations and could be considered a factor of 

steel stud gypsum partition walls in general. This high frequency also leads to the assumption that the 

post capping factor could be eliminated as a required parameter or fixed for the Wayne Stewart model. 

This assumption will be verified later in this chapter. 

 

Figure 5.14 – Post Capping Stiffness, Unloading Stiffness, and Intercept Force 
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Figure 5.15 – Histogram for Post Capping Stiffness 
Parameter (PTri) 
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Figure 5.16 – Histogram for Unloading Stiffness 
Parameter (PUNL) 

5.2.6 Unloading Stiffness Factor (PUNL) 

The one remaining stiffness to be determined in parameterizing the Wayne Stewart model is the 

unloading stiffness. This stiffness is defined as the rate of change in forces as imposed drift is reversed, or 

when drift levels decrease. This parameter is defined in terms of the initial stiffness as PUNL*k0. The factor 

PUNL required for the numerical model is the ratio of the calculated unloading stiffness to the initial 

stiffness. 

After a close examination of the unloading phase of the recorded data, it was observed that the unloading 

stiffness varied through the cycles. While the unloading stiffness varied over the unloading process, it was 

observed that within drift levels less than 1%, the unloading stiffness remained constant. Therefore, the 

tangent slope at 0.5 times the force at each maximum excursion was computed, as illustrated in Figure 

5.14. The median value of the calculated unloading stiffness was used to define this parameter. From 

Figure 5.16 the mode for this factor occurred in the range of 1.00 to 1.40. From Figure 5.16 the unloading 

factor has a high frequency in the range below 1.00, but based on the limit for the unloading stiffness of 

the Wayne Stewart model defined in Table 5-1 this range does not meet the requirements, and the 

parameter defaults to the minimum factor of 1.00 in the program RUAUMOKO. 

5.2.7 Intercept Force (Fi) 

As mentioned previously, one of the determining factors for using the Wayne Stewart hysteretic model 

was the ability of this model to simulate the pinching effect observed in the test specimens. Although the 

pinching effect is associated with damage in the system, and consequently a delay in increased stiffness 
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occurs, often times when this effect is observed some level of force is observed at low drift levels and is 

defined as the intercept force (Fi). These forces are an inherent behavior in this type of system and can be 

caused by binding, friction, damage, etc. To determine this parameter the forces measured within a 

displacement of ±0.01 inches are used from the experimental data. This tolerance yields two continuous 

force recordings because of the frequency of data acquisition. Another limit imposed on these data points, 

to determine when the system has become relatively stable at the 0% drift ratio, is a stiffness under 20% 

of the initial stiffness. The median of the filtered forces is taken as the intercept force. Figure 5.17 shows 

the histogram of the calculated intercept force and shows that these forces are all well under 1 kip for the 

specimens tested. A high frequency of occurrence is in the defined range of 0.1 to 0.2 kip. To further 

simplify the number of required parameters for the Wayne Stewart model, the relationship between Fi to 

Fy was also investigated and the results are presented in the histogram in Figure 5.18. The mode of the 

intercept force to yield force is in the range from 0% to 9% of the yield force. 
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Figure 5.17 – Histogram for Intercept Force 
Parameter (Fi) 
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Figure 5.18 – Histogram for Intercept Force to Yield 
Force Ratio (Fi/Fy) 

 

5.2.8 Softening Factor (β) and Reloading or Pinching Factor (α) 

The two remaining parameters of the Wayne Stewart hysteretic model to determine are the factors β and 

α. The first of these, β or softening factor, is a percentage of the force reached at the point of maximum 

displacement in the previous cycle in the same direction (i.e., if β = 1, then during reloading the first force 

reached on the backbone curve will be the same force reached at the last peak drift), as illustrated in 

Figure 5.19. The limits for β are defined in Table 5-1. In Figure 5.19, α is arbitrarily fixed at 0.5, and β 

varies from 1.00 to 1.10 with an intermediate step of 1.05. The β factor begins to take effect only after the 

yield force has been reached and surpassed in the system. 

The reloading or pinching factor α affects the rate at which the stiffness degrades per cycle, and is 



 

 95  

 

calculated in the Wayne Stewart model using: 

 

α

⎥
⎦

⎤
⎢
⎣

⎡
Δ
Δ

=
max

0 * y
p kk        (5-3) 

where k0 has been previously defined as the initial stiffness, Δy is the drift at yield, and Δmax is the 

maximum observed drift in the previous cycle. In Figure 5.20 three plots are shown each having the same 

value β=1.05 for the softening factor but varying levels of α. In Figure 6.20 (a), α = 0, or in other words, 

there is no stiffness degradation. In Figure 6.20 (b), a value α=0.5 is considered, exhibiting a constant 

decay of stiffness. Figure 6.20 (c) considers a value α = 1.0, which corresponds to the upper limit for this 

factor. In each of these figures the parameters for the Wayne Stewart model are clearly shown, including 

the initial, post-yield, post capping, and unloading stiffness values. The yield, capping, and intercept 

forces, and lastly the effect of α and β factors are also presented in this figure. 

 

(a) 

 

(b) 

 

(c) 

Figure 5.19 – Numerical Model Hysteresis Loop (α = 0.5, β = (a) 1.00, (b) 1.05, (c) 1.1) 

 

 

(a) 

 

(b) 

 

(c) 

Figure 5.20 – Numerical Model Hysteresis Loop (β = 1.05, α = (a) 0.0, (b) 0.5, (c) 1.0) 

 

The range of possible values for α is also observed in the histogram in Figure 5.22. The softening and 

reloading factors were determined simultaneously through a least square regression on the dissipated 
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energy for both the observed and numerical models. The difference between the observed dissipated 

energy at the excursions is the variable to minimize in the best fit process. This was checked numerically 

for all 35 specimens. Figure 5.21 and Figure 5.22 show histograms for the values of the optimal softening 

and reloading factors. The range for β was limited from 1.05 to 1.13 and increased by intervals of 0.02, 

while for α the range was set as 0.3 to 0.9 and also increased by intervals of 0.2. Outside these ranges, the 

hysteresis for the numerical model did not simulate the hysteresis data from the specimens. From the 

histogram for the softening factor, at β = 1.03 the frequency content peaks. For the factor α, the frequency 

is consistent for all assigned values. 
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Figure 5.21 – Histogram for Softening Factor 
Parameter (β) 
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Figure 5.22 – Histogram for Reloading or Pinching 
Factor (α) 

  

5.2.8.1 Example of Specimen Data vs. Numerical Data 

As an example, Specimen 27 was parameterized for the strengths and stiffnesses, see Chapter 3 and 

Appendix A for construction configuration details. The method described in Section 6.2.8 was used for 

obtaining α and β parameters for this specimen. The factor α is assigned the minimum value of 0.3 and 

the maximum value of 0.9. β is assigned the values of 1.05 and 1.11. In Figure 5.23 and Figure 5.24 the 

hysteresis loop and energy dissipation time history for both the experimental data and numerical model 

are compared. For this specimen, and when β = 1.05 and α = 0.3, the energy difference is minimized, so 

the parameters would be assigned the respective values. 
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Figure 5.23 – Hysteresis Loops (β=1.05, α=0.3) 

 

Figure 5.24 – Dissipated Energy (β=1.05, α=0.3) 

 

Figure 5.25 – Hysteresis Loops (β=1.11, α=0.9) 

 

Figure 5.26 – Dissipated Energy (β=1.11, α=0.9) 

 

An interesting phenomenon occurs as β and α are increased. Figure 5.25 and Figure 5.26 show that the 

mechanical behavior visually improves between the two models, but the dissipated energy plots begin to 

diverge at low peak drifts. The variances between the experimental data and the numerical model are 

explained by the combined effect of the reloading factor at very low drifts and the unloading factor 

considered. 
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5.3  Development of Model for Steel stud Gypsum Partition Walls 

In this section a model is proposed to simulate the mechanical behavior of the several types of gypsum 

partition walls tested. The model, shown in Figure 5.27, consists of three different elements, two frame 

type members and one nonlinear shear spring. Frame elements were used for the columns and beam. The 

beam was set to be infinitely rigid through the use of rigid links on each end of the beam extending to the 

center of the member and the columns were set to remain elastic. Actual material properties for these 

members are arbitrary because the test is displacement controlled. By assigning these parameters to the 

model, a single degree of freedom system with free translation in the x-axis is obtained. The spring 

element in the model is placed vertically to resemble partition walls, see Figure 5.27. The Wayne Stewart 

Hysteretic Model is assigned to the spring element in the transverse axis of the spring which coincides 

with the horizontal or global x-axis. The node at the center of the beam is assigned a displacement time 

history that has the same amplitudes as the quasi-static protocol used to test the individual partition wall 

specimens, see Figure 3.3. Because the beam is rigid, the horizontal displacement of the beam is the same 

displacement in the transverse shear spring. The imposed displacement causes forces in the spring based 

on the parameters entered for the Wayne Stewart model. These displacements and forces are compared to 

the recorded data for the individual specimens and then used to calculate the dissipated energy. 

 

5.4  Wall Group Parameters 

A total of 16 configurations were used in the construction of the 36 specimens tested. Based on the 

performance of each of the test specimens, the walls were separated into six groups with similar 

mechanical behavior and construction specifications. These six groups have been previously defined for 

preliminary seismic fragility analysis in Chapter 4 as Groups 1a, 1b, 2a, 2b, 3, and 4 and are respectively 

commercial slip track, commercial full connection, institutional slip track, institutional full connection, 

partial height, and improved detail construction. Group 1a considers specimens 2-3, 11-16, 29-32; 1b 

consists of specimens 4-6, 10, 20-21; 2a takes into account specimens 7-9; 2b accounts for specimens 23-

28; group 3 specimens are 17-19; and group 4 considers specimens 33-36. An explanation of the 

individual group configurations can be found in Chapter 3. 
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The histograms plotted in Section 5.2 show ranges obtained for the needed parameters for all 70 

regression analyses (2 x 35 specimens) considered. To better understand the hysteretic response of the 

partition walls in each of the defined groups, the data are separated by group and presented in the 

following tables and figures. Data and histograms are given for each of the six groups. 

5.4.1 Initial Stiffness Parameter by Wall Groups 

In Figure 5.21 the frequency of occurrence for a range of initial stiffness are given for the six groups. 

From the histogram it is evident that the groups 1a, 3, and 4 all have similar ranges for the initial stiffness. 

The stiffness of these wall configurations is in the lower ranges of the total spectrum of specimens tested. 

The specimens within 1a have an initial stiffness in the range of >0 and ≤9 kips/inch, and have a 

lognormal distribution. The mean initial stiffness for this group is 3.45 kips/inch. All walls in group 3 and 

75% of the decoupled loops in group 4 have a stiffness within the range of 0-3 kips/inch, these walls have 

a mean initial stiffness of 1.35 and 1.37 kips/inch respectively, at low drifts the groups 3 and 4 are 

performing similarly. The specimens with stiffness ranges greater than 1a are those that are considered 

part of 1b and 2a. Distribution of group2b is close to lognormal, the mean initial stiffness for this group is 

6.62 kips/inch. For institutional walls, the initial stiffness mode was 5-7 kips/inch and the mean stiffness 

Rigid Beam (Frame Element) 

Elastic Columns  
(Frame Element) 

Partition Wall (Shear Spring Element) 
Nodes 

Figure 5.27 - RUAUMOKO Single Degree of Freedom Model 
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for group 2a is 6.68 kips/inch. The walls with the highest stiffness are those specimens that are considered 

part of group 2b or institutional full connection wall configurations and have initial stiffness values in the 

range of 15-17 kips/inch. The mean initial stiffness for group 2b is 15.06 kips/inch. The mean values for 

the individual groups have been plotted in Figure 5.39. 
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Figure 5.28 – Grouping Histogram of Initial Stiffness Parameter (k0) 

 

5.4.2 Yield Force Parameter for Wall Groups 

The histogram presented for the yield force is similar in shape to k0. Basically walls of groups 1a, 3, and 4 

all have yield forces in the lower end of all the ranges considered. Mean values for these groups are 

plotted in  

Figure 5.29 and values can be found in Table 5-2. Group 1a has a mean yield strength of 1.11 kips, group 

3 and group 4 are similar to one another with respective mean yield forces of 0.65 and 0.58 kips, groups 

1b and 2a have similar yield levels of 2.17 and 2.64 kips, respectively, and the group with the highest 

level of yield forces is group 2b, institutional full connection wall configurations. Close to normal 

distribution of this wall type is observed in the histogram plotted in the following figure. Mean yield force 

for this group is 5.53 kips. 

 



 

 101  

 

0

5

10

15

20

Fr
eq

ue
nc

y
Yield Force (kips)

Group 1a

Group 1b

Group 2a

Group 2b

Group 3

Group 4

  

Figure 5.29 – Grouping Histogram of Yield Force Parameter (Fy) 

 

5.4.3 Post-Yield Stiffness Factor Parameter for Wall Groups 

In section 5.2.3 the assertion is made that this factor is not based on the individual wall configurations, 

but is based on the inherent properties of cold-formed steel-framed gypsum partition walls. Figure 5.30 

shows the distribution of this factor for the individual wall groups over the ranges provided. For groups 

1a, 1b, 2a, 2b, and 4 the frequencies peak in the range of 0.33-0.46 for this parameter. Group 3 has an 

identical mode in the ranges of 0.46-0.59 and 0.59-0.72. The group which considers all of the partial 

height walls have a high distribution, with walls having a post-yield stiffness factor in both of the lower 

two ranges. One post-yield stiffness factor will be considered for all the wall specimens regardless of wall 

configuration. This value is the mean of the total test specimens calculated, and is r = 0.37 with a standard 

deviation of 0.23, see Table 5-2. This value will be used in conjunction with the other determined 

parameters at the end of this section to understand model effectiveness. 
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Figure 5.30 – Grouping Histogram of Post-yield Stiffness Parameter (r) 
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5.4.4 Post Capping Stiffness Parameter for Wall Groups 

There is a high distribution for the post capping stiffness parameter, as shown in Figure 5.31. While the 

distribution is high, the highest occurrence is in the range of -0.06 to -0.18 with substantial occurrences 

also in the range of 0.0 to -0.06 and -0.18 to -0.30. The mean post capping stiffness factor is -0.24 which 

is outside of the range with highest probability of occurrence, therefore, the median value of -0.18 is 

chosen to use for PTri. 
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Figure 5.31 – Grouping Histogram of Post Capping Stiffness Parameter (PTri) 

5.4.5 Unloading Stiffness Parameter for Wall Groups 

Figure 5.32 shows that the unloading stiffness has the highest frequency of occurrence in the range of 1.0 

to 1.4. Although the highest frequency was observed in this range, the mean value for this parameter is 

0.97, and has a median of 0.91. As mentioned previously the imposed limitation by RUAUMOKO is, 

PUNL > 1. Therefore this factor is rounded and set equal to 1.0 in order to more closely simulate the mean 

behavior of all the models. Not only will this value be close to the mean, it also is in the range of highest 

occurrence. 
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Figure 5.32 – Grouping Histogram of Unloading Stiffness Parameter (PUNL) 

5.4.6 Ultimate Force Parameter for Wall Groups 

The histogram presented in Figure 5.33 shows the ranges and frequencies of capping forces observed in 

all 35 walls. As mentioned previously, the commercial slip track, partial height, and improved detail wall 

configurations had similar levels of observed forces. Groups 1b and 2a also had the same level of capping 

forces. Lastly, the institutional full connection had the highest capping forces of all the specimens tested. 

To simplify modeling of the partition walls, the ratio of yield force to capping force can be used to 

calculate either Fy or Fu. The histogram presented in Figure 5.34 shows that the peak occurrence for 

individual groups occurs over four different ranges. In this figure a histogram for all specimens is 

considered and a close to normal distribution is observed. Also, both the median and mean values are 

within one one-hundreth of each other. Therefore, the factor of Fy/Fu = 0.7 (mean value) is recommended 

for use at this point, this factor has a standard deviation of 0.13. This factor will be verified at the end of 

this section, when comparison plots will be made between the recorded data and the simulated mechanical 

behavior. 
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Figure 5.33 – Grouping Histogram of Capping Force Parameter (Fu) 
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Figure 5.34 – Grouping Histogram of Ratio of Yield Force to Capping Force (Fy/Fu) 

5.4.7 Intercept Force Parameter for Wall Groups 

As the drift levels return to zero, some level of forces are observed in the system. This force is the 

intercept force and values for the 35 different walls are presented in Figure 5.35. The first observation of 

this histogram is that the majority of forces are well under 1 kip, which at first seems like they could be 

considered negligible, but upon reviewing the yield forces this assumption is incorrect. Because even with 

small values for this parameter, for the weaker type systems, the energy could begin to diverge from the 

recorded data at very low drift levels. The second observation of the histogram is the distribution is very 

wide with the mean being 0.09 and a standard deviation of 0.08, and the different wall groups have peaks 

in different ranges. For simplification in parameterizing the hysteretic model, the mean value of 0.09 will 

be used to compare simulations. 
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Figure 5.35 – Grouping Histogram of Intercept Force Parameter (Fi) 
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Figure 5.36 – Grouping Histogram of Ratio of Intercept Force to Yield Force (Fi/Fy) 

 

5.4.8 Softening and Reloading Factor Parameters for Wall Groups 

As was mentioned previously, the parameters α and β were determined through a least square regression 

on the observed energy at the peak displacement for each excursion. The two parameters are extracted 

when the regression is minimized. Figure 5.37 and Figure 5.38 shows histograms plotting the reloading 

and softening factors. In Figure 5.37 it is observed that there is a wide distribution of the results and that 

the error in fitting the dissipated energy has the highest frequency when α=0.9 and β=1.03. Also by this 

figure it appears that the variance of frequency is more affected by a change in α than a change in β. 

Figure 5.38 is given to better understand this phenomenon. In this figure, groupings for similar β but 

varying α values are given. This plot better illustrates the frequency of occurrence for the individual 

parameters. As previously stated, the highest frequencies occur for α=0.9 and β=1.03, but this frequency 

only accounts for 21% of the total loops analyzed. Upon further analysis of these parameters it was found 
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that the energy difference was minimized when β=1.03 for almost 50% of the analyses. And when α=0.9 

minimization occurred in over a third of the total analyses. For simplification of required parameters a 

mean value of 1.07 is recommended for β, and the mean of 0.64 for the reloading factor α. These values 

will be used in the following section for the comparison of the numerical simulations versus the recorded 

data. 
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Figure 5.37 – Grouping Histogram of Softening Factor (β) and Reloading or Pinching Factor (α) 
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Figure 5.38 – Grouping Histogram of Reloading or Pinching Factor (α) and Softening Factor (β) 

5.4.9 Comparison of Mean Parameters 

To better understand the relationship of the stiffness and force parameters, the following figures, Figure 

5.39 and Figure 5.40 provide the mean initial, post-yield, post capping, and unloading stiffness for each of 

the wall groups. Through this analysis the fully connected institutional construction group had the highest 

initial stiffness while the improved detail and partial height walls had the lowest initial stiffness. In Figure 

5.40 the same trends observed in Figure 5.39 exist for mean strength capacities. The Groups 3 and 4 had 

the lowest strength capacities, followed by the commercial slip track, commercial full connection and 

institutional slip track. The group with the highest capacity was group 2b, corresponding to institutional 

full connection. The strength ratios were examined and found to have similar characteristics independent 

of the configurations. This can also be observed in Figure 5.40, where the groups have similar changes in 

the strength capacities. 
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Figure 5.39 – Wall Grouping Mean Stiffness Parameters 
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Figure 5.40 – Wall Grouping Mean Strength Parameters 

In Table 5-2 the mean parameters for each group are given along with the standard deviations and 

parameter per unit length of wall. Through the analyses on the 35 specimen, it was observed that the 

response of the fully connected institutional partition walls were most consistent. This consistency is 

shown by examining the standard deviations for the individual groups. Group 2b had only a maximum of 

5% variance for the initial stiffness parameter and 14% variance for the yield force parameter. The 
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variance from the mean increased for other parameters. The fully connected institutional walls in general 

had the lowest distribution. In terms of consistency the partial height wall group was the next most 

consistent; followed by the institutional slip track; then the commercial slip track; the commercial full 

connection and improved detail wall groups had the greatest variance. 

Table 5-2 Wall Grouping Mean Parameters and Standard Deviations 

k0 

(kips/in)
r

rk0 

(kips/in)
PTri

PTrik0 

(kips/in)
PUNL

PUNLk0 

(kips/in)
Fy       

(kips) 
Fu      

(kips)
Fi      

(kips)
β α Fy/Fu Fi/Fy

All Configurations - Group 0 5.67 0.37 2.57 -0.24 -1.62 0.97 6.70 2.00 2.81 0.20 1.07 0.64 0.70 0.09
Slip Track - Group 1a 2.63 0.48 1.30 -0.21 -0.54 0.93 2.65 0.84 1.33 0.14 1.09 0.73 0.67 0.17
Full Connection - Group 1b 7.23 0.33 2.43 -0.26 -1.86 0.79 5.39 2.38 3.21 0.18 1.07 0.51 0.75 0.07
Slip Track - Group 2a 5.46 0.29 1.59 -0.19 -1.01 1.04 5.63 1.94 2.98 0.28 1.08 0.60 0.66 0.14
Full Connection - Group 2b 15.06 0.28 4.29 -0.19 -2.87 0.91 13.68 5.53 7.44 0.40 1.04 0.50 0.74 0.07
Partial Height - Group 3 1.37 0.38 0.50 -0.39 -0.55 1.00 1.36 0.65 1.02 0.06 1.05 0.63 0.64 0.09
Improved Details -   Group 4 1.35 0.32 0.43 -0.27 -0.25 1.38 1.61 0.58 0.84 0.14 1.05 0.88 0.68 0.24

All Configurations - Group 0 4.94 0.23 1.52 0.17 1.16 0.39 2.70 1.82 2.41 0.16 0.05 0.24 0.13 0.08
Slip Track - Group 1a 1.29 0.28 1.01 0.17 0.45 0.40 2.45 0.46 0.70 0.13 0.06 0.26 0.18 0.15
Full Connection - Group 1b 2.14 0.22 2.14 0.18 1.31 0.27 1.41 0.69 1.11 0.15 0.05 0.23 0.10 0.05
Slip Track - Group 2a 0.82 0.07 0.41 0.07 0.32 0.15 0.56 0.33 0.40 0.15 0.05 0.21 0.10 0.06
Full Connection - Group 2b 0.74 0.12 1.77 0.07 1.06 0.07 0.84 0.76 0.91 0.09 0.02 0.15 0.06 0.02
Partial Height - Group 3 0.21 0.20 0.22 0.20 0.30 0.12 0.19 0.15 0.22 0.04 0.02 0.16 0.06 0.06
Improved Details -   Group 4 0.72 0.19 0.28 0.26 0.11 0.74 0.84 0.34 0.47 0.08 0.04 0.07 0.11 0.11

All Configurations - Group 0 0.473 0.214 -0.135 0.558 0.167 0.234 0.017
Slip Track - Group 1a 0.219 0.108 -0.045 0.221 0.070 0.111 0.012
Full Connection - Group 1b 0.603 0.203 -0.155 0.449 0.198 0.267 0.015
Slip Track - Group 2a 0.455 0.132 -0.084 0.469 0.162 0.248 0.023
Full Connection - Group 2b 1.255 0.358 -0.239 1.140 0.461 0.620 0.033
Partial Height - Group 3 0.114 0.041 -0.046 0.113 0.054 0.085 0.005
Improved Details -   Group 4 0.113 0.035 -0.021 0.134 0.048 0.070 0.012

Mean Parameters

Group Description

Parameters per Linear Foot for 11'-5" Wall Height

N/A

Standard Deviations

N/A N/A N/A

 

5.5  Mean Parameters vs. Test Data Comparison 

In this section two hysteretic models for each wall group are compared to the recorded force-displacement 

test data. The first group uses the nine specific parameters obtained for each partition wall group obtained 

in Section 5.4 and summarized in Table 5-2. The second model uses a set of ratios obtained by statistical 

analysis on each of the individual wall group parameters. The purpose of these comparisons is to 

determine the quality of the two hysteretic fitting methods. For the simplified recommended values, recall 

that of the nine required parameters, only two are required for the individual wall groups, and are: 

• Initial Stiffness (k0) 
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• Yield Force (Fy) 

Mean values for these two parameters can be found in Table 5-2 and are given based on wall group. The 

remaining seven parameters, are either calculated based on these two parameters or have been assigned a 

set value through the analyses explained previously, and are: 

• Post-Yield Stiffness Ratio (r = 0.37) 

• Post-Capping Stiffness Ratio (PTri = -0.24) 

• Capping Force (Fu = Fy/0.70) 

• Intercept Force(Fi = Fy * 0.09) 

• Unloading Stiffness (PUNL =1.00) 

• Softening Factor (β = 1.07) 

• Reloading or Pinching Factor (α = 0.64) 

In the following plots one or two wall specimen from each wall group is examined to help determine 

whether the recommended values are sufficient. The comparison plots for each specimen is included in 

Appendix D. 

5.5.1 Comparisons for Commercial Slip Track (Group 1a) 

This group is one of the largest, with 12 specimens considered to have similar detailing or response. 

Therefore two specimens are examined for this wall grouping. Specimen 13 was tested under the dynamic 

protocol and specimen 31 was subjected to the quasi-static protocol. Figure 5.41 and Figure 5.42 are plots 

for specimen 13. For the specimen subjected to the dynamic protocol drifts less than 0.20% are filtered 

out, as well as the data obtained after the maximum excursion was reached. A difference is observed in 

the hysteretic behavior of both the data considering recommended and mean group parameters. In the 

positive drift, the strength levels are overestimated; but in the negative drift, strength levels are closely 

simulated. In the negative drift levels, a closer correlation to the recorded data is observed. This 

difference between stiffness and forces is further supported upon examination of the dissipated energy. 

Both models closely match the energy dissipation of the specimen. In Figure 5.41 a problem with 

simulating the Wayne Stewart hysteretic model in RUAUMOKO is observed. At large displacements 
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when the strength capacity should be approximately zero, the model continues on the same post capping 

slope across the zero force level. This phenomenon will create unreal forces in the system and had to be 

resolved, the method for doing so is explained in the following chapter. 

Figure 5.41 – Specimen 13 Hysteretic Behavior Figure 5.42 - Specimen 13 Dissipated Energy 

Figure 5.43 and Figure 5.44 are a comparison of the data for specimen 31. Similar observations are made 

for the recommended and mean group parameter models stiffnesses and forces. Again to determine how 

well the models correlate, an evaluation of the dissipated energy for each model is required. The plot of 

dissipated energy shows that the group parameters model better simulates the dissipated energy of the 

recorded data for specimen 31. It is noted however that energy level differences between models are very 

small for the first 20 peaks. Also, when the system is in the elastic range, and only when the system 

becomes highly inelastic is dispersion observed. The difference between the numerical models and the 

recorded data for this group is better understood when an evaluation of the standard deviations for the 

individual parameters is considered. This group overall had one of the highest deviation levels for 

stiffness and forces. This distribution can be attributed to the difference in detail configurations and 

testing protocols. Although there were differences, the groups integrity was maintained based on the 

levels of forces observed, the maximum capping force was 2.86 kips in any one specimen. With this low 

level of capping force, the dissipated energy levels are also smaller, most having a total dissipated energy 

of 10 kip-inches. For a comparison of all the specimens considered in this group see Appendix D. 
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Figure 5.43 – Specimen 31 Hysteretic Behavior Figure 5.44 - Specimen 31 Dissipated Energy 

5.5.2 Comparisons for Commercial Full Connection (Group 1b) 

This group of wall specimens considers data for 7 of the total 35 walls considered in the analysis. Figure 

5.45 and Figure 5.46 are the comparison plots for specimen 22 (see Chapter 3 for configuration). In both 

figures it is observed that for both models (mean group and recommended parameters) a good fit is 

obtained. While both models have a resemblance to the recorded data, the recommended values models 

dissipated energy levels approaches the dissipated energy for the recorded data at higher drift levels. 

Figure 5.45 – Specimen 22 Hysteretic Behavior Figure 5.46 - Specimen 22 Dissipated Energy 
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5.5.3 Comparisons for Institutional Slip Track (Group 2a) 

Only three specimens comprise the institutional slip track partition wall group. For comparison, the plots 

for specimen 7 are given in Figure 5.47 and Figure 5.48. Initial observation of the hysteretic behavior 

shows evidence of wall racking occurring in the positive drift levels. While this effect is observed in the 

positive drift levels, in the negative drift the mean group parameter model closely simulates the observed 

forces in the specimen. For the recommended value numerical model, there are few similarities observed 

in the hysteresis loops. The dissipated energy plot however has an interesting characteristic: as the system 

goes inelastic, the energy of the numerical model approaches the recorded data. Through these 

observations it is evident that at lower drift levels, the numerical models dissipate much lower amounts of 

energy than the actual specimen, but as the drift amplitudes increase, the numerical model can dissipate 

higher levels of energy. 

Figure 5.47 – Specimen 7 Hysteretic Behavior Figure 5.48 - Specimen 7 Dissipated Energy 

5.5.4 Comparisons for Institutional Full Connection (Group 2b) 

This group of walls considers six of the total 35 (configurations 23-28) specimens. In the following 

figures specimen 23 and 27 are examined. Plots of the other specimens are included in Appendix D. 

While only two of the six specimens are examined here, it should be understood that the results found 

here represent well the other four specimens because this group had on average the lowest standard 

deviations. In Figure 5.49 and Figure 5.50 comparison plots for specimen 23 are demonstrated. The 

hysteretic behavior of both models compares well with the recorded data with the largest variances 

occurring in the mean group parameters model. An observation in the dissipated energy plot is the 
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resemblance of both numerical models to the specimen results at drift levels in the elastic range. In the 

previous models, this resemblance only occurs in specimen 13. As the energy levels begin to diverge, the 

mean group parameter model continues to most closely resemble the recorded data, while the dissipated 

energy for the recommended values model gives an overestimate (conservative) for dissipated energy. 

Figure 5.51 and Figure 5.52 are comparison plots for specimen 27 and are given as support of the 

assertion that one average group 2b had the lowest standard deviations. The same observations made for 

specimen 23 can be made for specimen 27 (i.e., close resemblance in hysteretic behavior, dissipated 

energy at inelastic drift levels, and mean group parameter model dissipated energy at increased drift 

amplitudes). 

Figure 5.49 – Specimen 23 Hysteretic Behavior Figure 5.50 - Specimen 23 Dissipated Energy 

Figure 5.51 – Specimen 27 Hysteretic Behavior Figure 5.52 - Specimen 27 Dissipated Energy 
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5.5.5 Comparisons for Partial Height (Group 3) 

Group three considers only three of the total 35 specimen considered in the analysis, specimens 17-19. 

For comparison the data for the two models is plotted along with the recorded specimen data. The greatest 

variance between the models and specimen is the positive intercept force, other variances in capping 

strength and post capping stiffness are also observed. The variances between the models and the recorded 

data appear to be almost negligible when evaluating the dissipated energy for the models. The energy for 

the two numerical models are virtually identical into the 35th excursion, at which level they diverge 

through a few peaks until they again converge upon levels nearly equal. Although the two models closely 

match the recorded data, it is apparent that they are an underestimate of the levels of dissipated energy 

that would be observed in specimen. 

Figure 5.53 – Specimen 18 Hysteretic Behavior Figure 5.54 - Specimen 18 Dissipated Energy 

5.5.6 Comparisons for Improved Details (Group 4) 

Figure 5.55 and Figure 5.56 are comparison plots for specimen 33, one of the four specimens considered 

in this group. The hysteretic behaviors for the numerical models appear to have little correlation to the 

recorded data. This claim is substantiated as an evaluation of the dissipated energy is made. At drift levels 

in the elastic range, first 20 – 25 peaks, the numerical models dramatically underestimate dissipated 

energy. Only after the system goes inelastic does the dissipated energy level for the model considering the 

mean group parameters begin to simulate the energy levels dissipated by the specimen. The model 

considering the recommended values has little correlation to the recorded data. 
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Figure 5.55 – Specimen 33 Hysteretic Behavior Figure 5.56 - Specimen 33 Dissipated Energy 

5.6  Conclusion 

The recorded force-displacement data from 35 cold-formed steel-framed gypsum partition walls was 

analyzed. The data was found to have mechanical behavior that can be described as having a tri-linear 

backbone, pinching effects, and stiffness and strength degradation. It was determined to fit the data to the 

Wayne Stewart hysteretic model available in the non-linear dynamic analysis program RUAUMOKO. A 

total of nine parameters are required for the Wayne Stewart model. Each parameter was obtained from the 

recorded data through least square regressions, filters, and trial and error. 

Two groups of parameters were determined through the analysis. One set of parameters is based on the 

mean values for the individual groups defined for development of the seismic fragility database in chapter 

4. The second set requires only the mean initial stiffness and the capping strength for the individual 

group. With these parameters determined, the remaining seven parameters required for the Wayne 

Stewart model can be assigned based on ratios and statistical observations. 

A numerical model with a spring element assigned the hysteretic behavior of the Wayne Stewart model 

was developed in RUAUMOKO to test the two groups of parameters. The hysteretic behavior and 

dissipated energy for the numerical models are plotted versus the recorded data for select specimens in 

each wall group. Comparing the results indicates that modeling a cold-formed steel-framed gypsum 

partition wall using a tri-linear hysteretic model with pinching and strength and stiffness degradation, can 

simulate well the mechanical behavior and dissipated energy of the nonstructural partition wall system. 
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Chapter 6  

EFFECT OF NONSTRUCTURAL PARTITION WALLS ON THE 

SEISMIC RESPONSE OF A MEDICAL FACILITY BUILDING MODEL 

Current structural design codes for steel moment-resisting frames and other structural systems do not 

include the nonstructural partition wall systems as part of the lateral force-resisting system. This chapter 

provides some insights as to whether this method of design should be reevaluated. While the lateral 

stiffness and strength of an individual steel stud gypsum partition wall is small in relation to a steel 

moment-resisting frame, if there are many such walls in a building structure, collectively the walls will 

increase the lateral stiffness and strength of the structure. This combined effect contributes to the dynamic 

properties of the structure and its seismic response. In this chapter, each of the nonstructural partition wall 

groups described in Chapters 3, 4 and 5 are incorporated into an existing numerical model of a four story 

steel moment frame medical facility building and subjected to three random historical earthquakes. The 

effect of several types of steel stud gypsum partition walls on the seismic response are analyzed and 

compared to each other and the response of the original structure (structure not considering the 

nonstructural partition walls). 

The analysis considered in this chapter considers an existing building model developed at the University 

at Buffalo (UB) for MCEER, formerly the Multidisciplinary Center for Earthquake Engineering Research. 

The building model considered was developed for the nonlinear dynamic analysis software platform 

RUAUMOKO. Nonlinear shear spring elements with hysteretic behavior according to the Wayne Stewart 

hysteresis model were added to the building model at each floor level. The properties of the springs are 

based on the average values determined in the previous chapter for the different wall groupings. The 

actual parameters used for the spring model are then scaled according to the length and height of the 

partition walls as defined in the original building plans. 
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6.1  MCEER WC70 Building Model 

6.1.1 Background 

Studies conducted for MCEER at the University at Buffalo, State University of New York (UB) 

developed a nonlinear building model. Yuan et al. (2002) developed a model for a four story steel 

moment frame medical facility for SAP2000; further analysis conducted by Wanitkorkul et al. (2005) 

developed a nonlinear building model for RUAUMOKO. This building model known as WC70 was 

based on a hospital building designed and constructed in the early 1970’s. The building was designed to 

meet the seismic requirements of the 1970 Uniform Building Code (UBC). In the N-S direction there are 

three bays, the two exterior bays are 16’-0” in length and the middle bay is 24’-6” with a total length of 

56’-6”. In the E-W direction there are ten bays with varying lengths, although symmetric about the center 

of the building, with a total dimension of 275’-0”, as shown in Figure 6.1. The lateral force resistance of 

the structure in the N-S direction is obtained through four moment-resisting steel frames located 

symmetrically in the building. Two moment frames at each end of the structure with two frames located 

near the center, frames at lines B, N, F and J in Figure 6.1. Lateral resistance in the E-W direction of the 

structure is also obtained through steel moment-resisting frames. 

 

Figure 6.1 – Second Floor Plan of WC70 Building Model taken from Yuan et al (2002) 

The dynamic properties and response of the building will only be considered in the N-S direction (strong 

axis of columns). To simplify the modeling and analysis of the hospital building a 2-D model was 

developed by Wanitkorkul & Filiatrault (2005), as shown in Figure 6.2. The model consists of two three-

bay frames, which represent one half of the building, and a set of four gravity load columns. Properties 

assigned to the columns and beams of the steel moment frame are based on individual member section 

properties, frame member designations are given in Table 6-1. The gravity load columns are modeled as 

Steel moment-
resisting frame 
(typ. all) 
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spring elements with a high axial stiffness and are pin connected at each end to account for P-Δ effects. 

All the frame members in the considered building model are assigned bi-linear properties and the springs 

(gravity columns) remain elastic. Inter-story heights are 13 feet 6 inches for the first floor level and 12 

feet 6 inches for the three upper levels. Horizontal diaphragms are considered at each level to make 

compatible the lateral displacements of earthquake and gravity load resisting frames. 

 

Figure 6.2 – North South Steel Moment Frame Elevation and Element Numbers (see Table 6-1) taken from 
Wanitkorkul et al. (2005) 

Table 6-1 Moment-resisting Frame Member Designations taken from Wanitkorkul et al. (2005) 

Section No. Designation Section No. Designation 
1 W 14x193 11 W 24x68 
2 W 14x342 12 W 24x104 
3 W 14x159 13 W 14x398 
4 W 14x257 14 W 14x455 
5 W 24x146 15 W 14x370 
6 W 33x221 16 W 24x162 
7 W 24x131 17 W 33x241 
8 W 30x211 18 W 24x94 
9 W 24x103 19 W 30x173 
10 W 30x211   

 
 

Loads acting on the structure are Dead Loads (D), Live Loads (L), and Earthquake Loads (E). The applied 

loads were determined based on the materials used in construction and from code analysis. The seismic 

weight at each floor is a sum of the dead load and 65% of the live load at the considered floor elevation 

and is given in Table 6-2 (Wanitkorkul et al. 2005). 
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Table 6-2 Individual Floor Level Seismic Weights 

 Seismic Weights (kN) 
Floor Exterior MRF Interior MRF Gravity Column 
Roof 546 1012 3415 

4 622 1083 3562 
3 635 1095 3562 
2 659 1128 3562 

  

6.1.2 Building Model Modifications 

The structural elements in the RUAUMOKO building model were originally assigned a bilinear 

mechanical behavior with no strength degradation considered. With this material behavior, forces will 

continue to increase with increased lateral displacements during a pushover analysis (i.e., no ultimate 

force will be achieved). Figure 6.3 shows a plot of the drift ratio ΔR/hBuilding, where ΔR is roof displacement 

and hBuilding is the total height of the building, versus the ratio of total base shear VB to seismic weight W. 

Load is applied according to the lateral load distribution of ASCE 7-05 Section 12.8.3, where w is the 

seismic weight at each floor level defined in Table 6-2. In this pushover curve no strength degradation 

occurs after the building system has yielded. This demonstrates the limitation of the current building 

model to simulate the decrease of lateral load resistance at increasing drift ratios. 
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Figure 6.3 – WC70 Pushover Curve 
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The method proposed to simulate local failure mechanisms within the structure is from research obtained 

after the 1994 Northridge earthquake, when a common failure mode in steel moment-resisting frames was 

observed Wanitkorkul et al. (2005) after Bonowitz et al. (1995). A statistical review of 53 full scale bolted 

web-welded beam-columns joints was conducted by Filiatrault et al. (2001) in order to quantify their 

strength degradation. In this review, onset of strength degradation occurred at a mean plastic rotation of 

0.0103 radians and was determined to be related to the weld fracture and beam depth, with a standard 

deviation of 0.0077 rad. A plot of the strength degradation versus the curvature ductility is given in Figure 

6.4. 

 

Figure 6.4 – Flexural Strength Degradation Model taken from Filiatrault et al. (2001) 

The curvature ductility (μc) is then related to the plastic rotation through the following calculations: 

y

ult
c ϕ

ϕμ =  6-1 

where φy and φult are respectively the yield and ultimate curvature ductility’s and given by: 

EI
M y

y =ϕ  6-2 

and 

pyult ϕϕϕ +=  6-3 

where My is the yield moment of the member, EI are section properties, and φp is related to the plastic 

rotation (θp) by: 

p

p
p L

θ
ϕ =  6-4 



 

 122  

 

where φp is plastic curvature ductility, and Lp is the plastic hinge length given by: 

memberp dL *9.0=  6-5 

where dmember is the depth of the frame member. 

Strength degradation was added to each end of the beam and column members in the building model 

based on plastic rotations, but are applied in RUAUMOKO through the curvature ductility. Prior to the 

1994 Northridge earthquake it was believed that steel moment connections were capable of developing 

large plastic rotations of 0.02 radians or larger (FEMA 350, 2000). The building models in this research 

use the observations by Filiatrault et al. and FEMA 350 to develop models with failures (strength 

degradation) at curvatures associated to plastic rotations of 0.01, 0.02 and 0.03 radians through Equations 

6-1 thru 6-5. RUAUMOKO simulates strength degradation based on ductility of the member and/or the 

number of cycles. Table 6-3 gives the ductility ratio at which strength degradation begins and the ductility 

at which the member loses its ability to withstand forces or becomes perfectly plastic (i.e., stiffness equal 

to zero). The plot Figure 6.5 is a visual representation Table 6-3 where curvature ductility is on the x-axis 

and percent of Initial Strength is on the y-axis. While the numerical model uses curvature ductility to 

define strength degradation, further discussions will use the plastic rotations to differentiate between the 

unique building models.  

Table 6-3 Strength Degradation Parameters Assigned to Beam and Column Ends 

100% Initial 

Strength (φy)

0% Initial 

Strength (φP)

0.01 4.22 10.68

0.02 7.44 13.91

0.03 10.67 17.13

Curvature Ductility
Plastic 

Rotation (rad)
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Figure 6.5 – Plot of Strength Degradation for Maximum Plastic Rotation Failure Mechanism 

 

The pushover curve for the three building models with strength degradation and without considering 

partition walls is given in Figure 6.6. The pushover curve for the original unmodified building is also 

plotted in the same figure with a dashed line for reference. The building model with the onset of strength 

degradation set to occur at plastic rotations of 0.01 radians begins to degrade in lateral force resistance at 

a drift ratio of 1.2% while the models with onset of degradation at 0.02 and 0.03 radians, respectively, 

begin degrading at drift ratios of 1.8% and 2.5%. Failure in the structure occurs at the base level as ‘soft-

story’ effects are observed. Because the failure is due to the ductility of the members, the onset of 

yielding for each model occurs at the same drift ratio. 
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Figure 6.6 – Modified WC70 Pushover Curve 
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6.2  Effect of Added Nonstructural Partition Walls to WC70 Building Model 

In order to understand the effect of nonstructural partition wall subsystems on the dynamic properties of 

the structure, the walls need to be incorporated into the building model. Nonlinear shear spring elements, 

with hysteretic behavior defined in the transverse axis of a vertical spring element, are applied to the 

building model and are attached to the midpoint of the beams in the center bay of the exterior frames. 

Because axial deformations are neglected, the locations of the shear springs in each floor level are 

negligible. Originally, four shear spring elements, one per level, were used to simulate the partition wall 

mechanical behavior, as shown in Figure 6.7, but it was later found that an additional spring was required 

at each level to accurately capture the pushover response. The shear springs are to account for the total 

linear feet of in-plane partition walls at each floor level. The additional spring was needed to account for 

instability in the Wayne Stewart hysteretic model, as illustrated in Figure 6.8. The tri-linear backbone 

curve of shear spring #1 would approach zero strength as expected, but as displacements continued to 

increase, the force in the element would cross the x-axis and begin to produce negative forces. Therefore, 

to correct this unrealistic behavior, another spring, shear spring #2, was included at each floor level that 

would activate at the drift at which zero force was achieved. The parameters for these spring elements are 

essentially zero until the maximum ductility ratio is reached, at which point the tri-linear slope is assigned 

a positive stiffness equal to k0PTri. The values for shear springs 1 and 2 are summed and the total is plotted 

in the Figure 6.8as the combined effect. 

 

Figure 6.7 – Location of Shear Springs in the North South Steel Moment Frame modified from  
Wanitkorkul et al. (2005) 
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Figure 6.8 – Forces in First Floor Shear Springs 

6.3  Determining Spring Parameters for Wall Groups 

Recalling that the parameters for the Wayne Stewart model were calibrated following full scale gypsum 

wall experimental tests of twelve feet in length and eleven feet five inches tall, scaling the parameters is 

required. Refer to Section 5.2  for a list of the required parameters for the Wayne Stewart hysteretic 

model. The total length of partition walls oriented in the direction of analysis, for each floor level, was 

measured from the original building architectural drawings. Table 6-4 includes the total length of walls 

measured at each floor level. Given that the structural model considers only one half of the building, one 

half of the total partition wall length was used to calculate the stiffness and force parameters applied to 

each shear spring hysteretic model. It is recognized that an assumption is made at this step in the analysis; 

this assumption is that the length of partition walls in each half of the building are equal. While this is an 

assumption and may not be the case, it must be remembered that the purpose of this analysis is to 

determine, if any, the effect of the nonstructural partition walls on the dynamic response of the building. 

Further analysis would be required to determine the increase in floor rotations (e.g., torsion) due to 

unsymmetrical placed partition walls. 
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Table 6-4 Estimated Partition Wall Lengths in the North-South Direction of the WC70 Building 

 

Scaling of hysteretic parameters is based on the estimated length of the partition walls at each floor level. 

Table 6-5 shows the parameters assigned to the spring elements in the model for each floor, the 

parameters α=0.64 and β=1.07 are constant for each of the wall groups. 

Table 6-5 Wayne Stewart Hysteretic Parameters for WC70 Building Model 

 

Partition Wall System Building Level k0 (klf) r Ptri PUNL
Fy 

(kips)
Fu 

(kips)
Fi (kips)

1 18.44 150.60 248.88 24.37

2 16.93 138.25 228.48 22.37

3 20.51 167.47 276.75 27.10

4 15.82 129.20 213.52 20.91

1 35.36 295.05 446.10 22.18

2 32.46 270.86 409.54 20.36

3 39.32 328.10 496.08 24.66

4 30.33 253.13 382.72 19.03

1 35.66 358.24 439.07 35.56

2 32.74 328.87 403.08 32.64

3 39.66 398.37 488.26 39.54

4 30.59 307.34 376.69 30.51

1 80.47 750.63 1009.60 54.09

2 73.87 689.10 926.85 49.65

3 89.48 834.71 1122.70 60.14

4 69.04 643.98 866.16 46.40

1 7.32 88.10 139.00 8.36

2 6.72 80.88 127.60 7.68

3 8.14 97.97 154.57 9.30

4 6.28 75.59 119.25 7.17

1 7.22 78.73 114.08 19.55

2 6.63 72.28 104.73 17.95

3 8.03 87.55 126.86 21.74

4 6.19 67.55 97.87 16.78

Improved Detail

0.63

0.39

0.20

0.28

0.38

0.32

Commercial Slip Track

Commercial Full 
Connection

Institutional Slip Track

Institutional Full 
Connection

Partial Height

-0.19

-0.39

-0.27

1.08

0.86

0.91

0.91

1.00

1.38

-0.25

-0.22

-0.28

 

Floor
Total Length 

(ft)
Length for 1/2 
of Building (ft)

1 736 368

2 672 336

3 814 407

4 628 314
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6.4  Comparison of Dynamic Response for Individual Wall Groups 

Now that the shear springs are inserted into the model and assigned the individual scaled parameters for 

the model being used, an analysis of the effects of the partition walls on the dynamic response of the 

structure can be evaluated. In the following sections, the dynamic responses considered are: (1) Elastic 

natural period of vibration; (2) equivalent damping ratio; (3) maximum observed story drift ratio; and (4) 

maximum floor absolute acceleration. The two latest parameters are evaluated by subjecting the structures 

to three different earthquake time histories. 

6.4.1 Elastic Periods of Vibration 

The first dynamic characteristic to consider is the elastic period for the first two modes of vibration of the 

structure, since 96% of the seismic mass is participating in the first and second mode of vibration. Table 

6-6 shows the elastic natural vibration periods estimated through eigenvalue analysis. Upon review of the 

periods for the different structures, it is observed that the period drops 1% with even a small addition of 

stiffness. The most noticeable difference is observed in the institutional full connection building model. In 

this case, a drop in the period of 11.4% in the first mode and 10.5% in the second mode are observed. The 

reduction in structural period is associated with an increase of approximately 30% in overall lateral 

stiffness. While this can be considered good for the structure because drift levels will most likely 

decrease, an increase in stiffness in general is associated with an increase in absolute floor accelerations. 

While the floor accelerations are often neglected in structural design, for important structures (e.g., 

medical facilities) with highly sensitive equipment, the damage caused by accelerations can often be 

costly and potentially dangerous. 

Table 6-6 Period Comparison of the First and Second Mode of Vibration 

 

1st Mode % Reduction 2nd Mode % Reduction
Original Building 0.762 - 0.257 -
Commercial Slip Track 0.739 3.0 0.25 2.7
Commercial Full 
Connection

0.722 5.2 0.245 4.7

Institutional Slip Track 0.719 5.6 0.244 5.1
Institutional Full 
Connection

0.675 11.4 0.23 10.5

Partial Height 0.752 1.3 0.254 1.2
Improved Detail 0.753 1.2 0.254 1.2

Period of Vibration
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6.4.2 Equivalent Damping Ratio 

Each of the building models are assigned 2% Rayleigh damping to the first and third modes of vibration. 

With the added partition walls the damping ratio increases to approximately 2.4%. To determine the 

increase in the equivalent damping ratio, the building model was subjected to an impulse acceleration to 

initiate vibration but to maintain elastic response, and the top level displacements were recorded. Figure 

6.9 is the measured free vibration displacement for the original structure, and is a classical representation 

of an under-damped system. 
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Figure 6.9 – Top Floor Free Vibration Displacement 

Through the use of the logarithmic decrement: 

nx
x

n
0ln1=δ  6-6 

where xn is the peak displacement n cycle away and x0 is the maximum amplitude. The damping ratio can 

be determined by: 

221

1

⎟
⎠
⎞

⎜
⎝
⎛+

=

δ
π

ζ  6-7 

Table 6-7 gives the equivalent damping ratio for each of the building models without any member 

yielding. Although only 2% Rayleigh damping is assigned to the building models, the original structure 

with no added stiffness from nonstructural partition walls, using the logarithmic decrement returned an 

equivalent damping ratio of 2.26%. The equivalent damping ratio increases with increased stiffness due to 

the added partition walls. 
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Also given in Table 6-7 is the base shear coefficient for each of the models. This coefficient is a ratio of 

the peak shear force in the ground level columns and partition walls over the total seismic weight of the 

structure. Values are given for three structures, and show that for the building model under consideration, 

independent of the added partition wall stiffness, the base shear coefficient is only a function of the 

definition of failure at plastic rotation in the steel frame members. 

Table 6-7 Equivalent Damping and Base Shear for Building Models 

0.01 rad 0.02 rad 0.03 rad

Original Building 2.26 0.55 0.58 0.61

Commercial Slip 
Track

2.79 0.55 0.58 0.61

Commercial Full 
Connection

2.75

Institutional Slip 
Track

2.94

Institutional Full 
Connection

3.22 0.55 0.58 0.61

Partial Height 2.38

Improved Detail 2.53

Equivalent 
Damping (%)

Plastic Rotation

 

6.4.3 Earthquake Time History Details 

In order to understand the effect of the partition walls on the seismic response of the structure, the various 

building models are subjected to three recorded earthquake time histories. The randomly chosen 

earthquakes considered in the analysis are: the El Centro North-South (NS) component, and LA14 and 

LA16 from the LA suite provided by the SAC Joint Venture Project (SAC 1997). The El Centro ground 

motion was chosen based on its historical value. The El Centro ground motion time history has been the 

most commonly used time history in earthquake engineering and was the first major ground motion ever 

recorded (Chopra, 2000). The non-scaled NS component of the El Centro acceleration time history is 

shown in Figure 6.10a. This ground motion has a Peak Ground Acceleration (PGA) of 0.35g. The other 

two ground motions were picked randomly from the LA Suite. Figure 6.10b is a plot of the LA 14 ground 

motion with a PGA of 0.66g. Figure 6.10c is a plot of the time history for the LA 16 ground motion and 

has a PGA of 0.58g. 
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(a) 

 

(b) 

 

(c) 

Figure 6.10 – Earthquake Ground Motions: (a) El Centro North-South Component; (b) LA 14; and (c) LA 16 

The three earthquakes will be used as input for the dynamic responses of the building models. All three 

ground motions will be run at the Design Earthquake (DE) level of 10% in 50 years probability of 

exceedance; the two LA ground motions will be scaled by 1.5 to the maximum considered earthquake 

(MCE) intensity which corresponds to a probability of exceedance of 2% in 50 years and used to 

determine dynamic responses. 
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6.4.4 Maximum Drifts Ratios 

Inter-story drift is the most common measurement to determine the performance of a structure during and 

after a seismic event. FEMA 356 (2000) considers a structure to have the performance levels of 

‘immediate occupancy’ if the transient drift ratio remains below 0.7%, ‘life safety’ if the ratio remains 

below 2.5%, and in ‘collapse prevention’ performance level if it remains under 5%. Likewise ASCE 7-05 

(ASCE, 2005) also gives limiting drift ratios in Table 12.12.1 that are based on the type of structure 

considered and the occupancy category. Figure 6.11 contains plots of the envelope maximum drift ratios 

for each floor for the DEs. The inter-story drift ratios for the structures with added stiffness due to the 

partition walls decreased 11% from 1% to 0.88% under the El Centro ground motion and increased by 

0.8% to 21% for the LA16 and LA14 ground motions respectively. Under the LA14 ground motion a soft 

story effect is observed in the building response which coincides with a reduced stiffness at the second 

floor due to the reduced amount length of partition walls on this level. Drift ratios for LA14 do remain 

well under the FEMA recommended life safety drift ratio of 2.5%; however, no building model maintains 

immediate occupancy drift levels for the respective ground motion. Interestingly, the drift ratios for each 

of the building models subjected to LA16 ground motion well exceed the 2.5% life safety drift ratio. 

Table 6-8 gives the maximum observed drift ratios for each of the structures under the given ground 

motions, although a reduction of inter-story drifts are observed at most floor elevations for the stiffer 

structures in each ground motion, the maximum drift ratio does not follow this trend. Figure 6.12 has 

plots of the maximum drift ratio for each floor for the MCE levels. The inter-story drift ratios for the 

different structures under the LA14 MCE ground motion are similar at each of the floor levels. The 

maximum drift ratio in the models under the LA14 MCE do increase for the partition wall models from 

4.0% for the partial height wall model to 21.0% for the institutional full connection partition wall model. 

As the building models were subjected to the LA16 ground motion the models collapsed numerically, for 

those models, the maximum inter-story drift was set to 5.0%, correlating to the collapse prevention drift 

ratios as defined in FEMA 356. 
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(c) 

Figure 6.11 – Maximum Drift Ratio for DE (a) El Centro, (b) LA 14, and (c) LA 16 
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Figure 6.12 – Maximum Drift Ratio for MCE (a) LA 14 and (b) LA 16 
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Table 6-8 Comparison of Maximum Inter-story Drift Ratios 

El Centro LA 14 LA 16 LA 14 LA 16

Original Building 1.00 1.66 3.63 2.50 5.00

Commercial Slip 
Track

0.96 1.60 3.74 2.76 4.82

Commercial Full 
Connection

0.95 1.62 3.60 2.75 5.00

Institutional Slip 
Track

0.94 1.74 3.58 2.70 5.00

Institutional Full 
Connection

0.88 2.01 3.66 3.03 5.00

Partial Height 0.99 1.81 3.37 2.62 5.00

Improved Detail 0.99 1.63 3.55 2.70 5.00

DE (10% in 50 yrs) MCE (2% in 50 yrs)

 

After the earthquake has occurred, depending on the ground motion intensity the building may not return 

to original position. This-post earthquake deformation can be considered permanent and have a 

considerable effect on future use of the structure. If displacements (residual drift) are large enough, the 

building is considered unstable because P-Δ effects along with small lateral loads could cause the 

structure to collapse. According to FEMA 356 for steel moment frames, residual drifts must be negligible 

for immediate occupancy and ≤1% for life safety. The residual drift for each of the buildings subjected to 

the different ground motions is presented in Figure 6.13 and Figure 6.14. These figures show that an 

overall decrease is observed in the residual inter-story drift levels. The most dramatic representation is in 

Figure 6.13(a), residual drift for the El Centro ground motion, drift ratios during this earthquake reached 

nearly 1.0% in almost all of the buildings, however residual drifts were very low (<0.1%) with drift levels 

for the stiffest structure reducing to below 0.04%. A similar trend is observed for the building models 

under the LA14 10% in 50 years ground motion intensity. Under LA16, recall that maximum drift ratios 

were nearly identical for each of the building models and while the trend for residual drift is observed in 

upper floor levels, in the first floor level where drift ratios exceeded 3.5%, residual drift well exceeds the 

1.0% life safety requirement and buildings with partition walls exceeded the original building. Residual 

drift for MCE ground motions showed that for LA14 overall a reduction is observed from the DE ground 

motion; and because collapse was observed during LA16, residual drift ratios would also show collapse. 

Table 6-9 gives the values for maximum residual drift for each of the building models under each of the 

earthquakes. 
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(c) 

Figure 6.13 – Residual Drift Ratios for DE (a) El Centro, (b) LA 14, and (c) LA 16 
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Figure 6.14 – Residual Drift Ratios for MCE (a) LA 14 and (b) LA 16 
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Table 6-9 Comparison of Residual Inter-story Drift Ratios (%) 

El Centro LA 14 LA 16 LA 14 LA 16

Original Building 0.09 0.52 1.93 0.27 5.00

Commercial Slip 
Track

0.06 0.45 2.38 0.30 2.04

Commercial Full 
Connection

0.05 0.46 1.88 0.28 5.00

Institutional Slip 
Track

0.05 0.45 1.91 0.30 5.00

Institutional Full 
Connection

0.03 0.26 2.04 0.25 5.00

Partial Height 0.08 0.51 1.76 0.30 5.00

Improved Detail 0.08 0.50 1.75 0.54 5.00

DE (10% in 50 yrs) MCE (2% in 50 yrs)

 

To understand the simulated mechanical response of the gypsum partition walls, a plot of the hysteretic 

behavior of the four shear springs in the building with the full connection institutional wall parameters are 

plotted in Figure 6.15. This hysteretic behavior is for the building subjected to the LA 14 DE ground 

motion. To further understand the effect of the partition walls on the building a plot of the kinetic plus the 

strain energy is given in Figure 6.16 for three models (original, commercial slip track, and institutional 

full connection). This figure shows that under the LA 14 DE ground motion higher levels of energy are 

dissipated through hysteretic response in the models with partition walls included.  
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(a) (b) 

(c) (d) 

Figure 6.15 –Shear Spring Force-Displacement Curve for LA 14 DE Floors (a) 1, (b) 2, (c) 3, and (d) 4 

 

 

Figure 6.16 – LA14 DE Kinetic+Strain Energy Comparison  
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6.4.5 Maximum Absolute Floor Acceleration Results 

The last dynamic response to consider for each of the building models is the individual story floor 

absolute accelerations. In Figure 6.17 and Figure 6.18, the envelopes of maximum floor accelerations are 

plotted for each story level for the ground motions at DE and MCE levels. In general the building models 

implementing the nonstructural partition walls experience a decrease in maximum observed floor 

accelerations for design earthquakes. The building model considering full connection institutional walls 

experiences a decrease in maximum top floor accelerations by 2.8% in LA 14 and 4.9% in LA 16 to 9.0% 

in El Centro. Top floor LA14 MCE accelerations are approximately equal while absolute floor 

accelerations in lower floor levels are reduced up to 16.0% at the second floor. Absolute floor 

accelerations for the buildings subjected to the LA16 MCE ground motions have large variations, but 

because this building model experienced collapse (numerically) the accelerations are not reliable. Change 

in building model accelerations is caused by the amount of ductility and time of yielding in the partition 

walls. 
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(c) 

Figure 6.17 – Maximum Floor Absolute Acceleration for DE (a) El Centro, (b) LA 14, and LA 16 
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(a) (b) 

Figure 6.18 – Maximum Floor Absolute Acceleration for MCE LA 14 

 

Table 6-10 Comparison of Maximum Absolute Floor Accelerations (g) 

El Centro LA 14 LA 16 LA 14 LA 16

Original Building 1.11 1.44 1.22 1.63 1.47

Commercial Slip 
Track

1.10 1.44 1.27 1.61 1.53

Commercial Full 
Connection

1.08 1.44 1.26 1.63 1.58

Institutional Slip 
Track

1.07 1.45 1.27 1.64 1.58

Institutional Full 
Connection

1.01 1.40 1.16 1.64 1.38

Partial Height 1.13 1.45 1.25 1.63 1.51

Improved Detail 1.12 1.45 1.25 1.62 1.51

DE (10% in 50 yrs) MCE (2% in 50 yrs)

 

6.5  Conclusion 

A dynamic analysis of a numerical model known as WC70, elaborated from the plans for an existing 

medical facility structure built in the early 1970’s, was conducted in this chapter. This building was 

chosen because of the extensive research that has been conducted by MCEER. Modifications to the 
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structure were required to introduce strength degradation in the structural elements and to include the 

effect of nonstructural partition walls. The strength degradation for the structural beams and columns was 

based on curvature ductility following the conclusions from previous research. Shear spring elements with 

the Wayne Stewart hysteretic model, calibrated to experimental results, were used to simulate the 

partition wall elements. The parameters for the individual wall groups were applied to the Wayne Stewart 

hysteretic model scaled linearly for the total length of partition walls at each floor level. 

The first two periods of vibration, equivalent damping, inter-story drifts (maximum and residual), and 

floor accelerations were compared for the individual building models. The periods of vibration were 

obtained through the use of modal analysis; the damping, drift, and accelerations are determined by 

analyzing the models to five different earthquake excitations; the equivalent damping was determined by 

subjecting the building to a high impulse acceleration and determining the logarithmic decrement on the 

top floor displacement time history. 

In general, as the stiffness of the structure is increased by the addition of shear springs, the period 

decreases because there is no change to the building mass. In the building models considered, no changes 

were made to the seismic mass of the structures to account for the partition walls, because dead loads 

should already account for these forces. A change in maximum inter-story drift showed no significant 

trend between the low and high intensity ground motions; however, including partition walls reduced 

drifts in the other floor levels. Also, residual drifts tended to reduce for structures that included the 

partition wall behavior (up to 60% in El Centro and 50% in LA14). The maximum absolute floor 

accelerations were reduced in each of the DE ground motions, up to 9.0%. Because the dynamic 

responses were found to be highly dependent on the ground motions used to analyze the structure, the 

following chapter will subject three of the building models to a suite of 44 scaled ground motions to 

understand the effect of including partition walls on the collapse probability of a structure. 
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Chapter 7  

APPLICATION OF A FEMA P695 METHODOLOGY ANALYSIS TO A 

STEEL MOMENT-RESISTING FRAME STRUCTURE CONSIDERING 

NONSTRUCTURAL PARTITION WALLS 

The seismic design of structures employs the use of factors to account for yielding in structural members. 

This design philosophy allows a reduction in seismic forces the structure will need to resist, by adjusting 

forces through the implementation of seismic performance factors (SPFs). This method of design ensures 

a more economical lateral force-resisting system for resisting seismic loads. ASCE 7-05 (ASCE, 2006) 

has tabulated values for the SPFs; response modification factor (R), overstrength factor (Ω0), and 

deflection amplification factor (Cd). Because these factors are based on historical performance and 

engineering judgment, a recent effort was undertaken to quantify the SPFs for new systems and existing 

systems. The FEMA P695 methodology is found in the document “Quantification of Building Seismic 

Performance Factors” (FEMA, 2009), and was developed by the Applied Technology Council for the 

Federal Emergency Management Agency. While the primary objective of this methodology is to 

determine the SPFs for new structural systems and qualify the factors for structural systems already 

assigned in ASCE 7-05, the methodology is used in this chapter to determine the effect on the collapse 

performance of a steel moment-resisting frame when the interaction of nonstructural partition walls are 

considered. It is shown herein that inclusion of the nonstructural partition walls as part of the lateral force-

resisting system provides an improvement in the lateral response (i.e., collapse performance). 

7.1  Overview of the FEMA P695 Methodology 

The FEMA P695 methodology uses a combination of design requirements, test data, a suite of recorded 

ground motions, and incremental dynamic analysis methods to determine the collapse probability of a 

seismic force-resisting system. One important aspect of this methodology is the requirement that each of 

these phases be reviewed and approved by a peer review panel. Assuming these steps are completed 

correctly, and the system meets the collapse probability criteria, the assumed (e.g., new system) or 

established (e.g., existing system) SPFs are qualified under this methodology. 
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The first phase of the methodology, after the seismic force-resisting system has been determined, requires 

the development of an archetype design space. This design space encapsulates possible configurations 

under current code requirements, which include but are not limited to seismic design category, gravity 

loads, story elevations, etc. The design space is subdivided into performance groups based on index 

archetype configurations. The index archetype configurations are used to develop index archetype 

designs, which along with performance groups, are used in the analysis phase of the methodology. 

After archetype designs have been determined, and lateral force-resisting components designed to resist 

the factored lateral forces, a numerical nonlinear model of each archetype is developed in a program 

capable of conducting nonlinear time history analyses. Mechanical properties of the members, 

connections, and/or complete systems are attributed to the building model to accurately simulate the 

dynamic response. The mechanical responses or hysteretic behaviors involved in the lateral force-

resisting system are determined from full-scale test data. The chosen hysteretic behavior depends on the 

acquired test data for the member, connection, or system tested and must include strength degradation. 

With the index archetype designs determined, system performance characterized, and nonlinear models 

developed, the analysis phase can be initiated. The archetype models are subjected to a quasi-static 

pushover and dynamic analyses. The pushover analysis requires lateral loading equivalent to the methods 

described in Chapter 12 of ASCE 7-05. The dynamic analysis is accomplished by subjecting the index 

archetype building models to forty-four ground motions from the Pacific Earthquake for Engineering 

Research (PEER) Next Generation Attenuation (NGA) database. The earthquakes are scaled to 

incremental intensities to determine at what level of intensity collapse occurs. This analysis is a 

modification of regular Incremental Dynamic Analysis (IDA), where the scale intensity is increased until 

collapse occurs in 22 of the 44 ground motions (median value). The median spectral acceleration 

associated to this scale is compared to the spectral acceleration for the maximum considered earthquake at 

the period of the structure. The system overstrength, ductility, and response factors are determined 

through the structural analysis phase. The SPFs for the lateral force-resisting system are qualified if the 

collapse probability of the index archetype design and performance group are less than 10% and 20%, 

respectively, under the maximum considered earthquake intensity level. 

7.2  Application of the FEMA P695 Analysis 

An abbreviated summary of the FEMA P695 methodology has been given for familiarization. Application 

of the methodology in this chapter, however, varies in some aspects from the intended purpose of 

qualifying SPFs for a seismic resisting system and is only for representational purposes. This variation in 
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using the methodology is considered in Section 11.4.2 of FEMA P695, under “Consideration of Gravity 

and Nonstructural System Components.” In this section, the effect of nonstructural components on the 

collapse performance and possible increase or decrease in seismic design requirements is a recommended 

evaluation. Therefore, the collapse response of building models developed in the previous chapter, with 

and without partition walls, will be examined and the results compared. 

Another variation on the application of the methodology is in regards to the requirement of a peer review 

panel. This panel is to actively participate in decisions regarding the input parameters for each of the 

stages and help in determining system uncertainties. Because SPFs for a seismic resisting system are not 

being evaluated and no effort is made to adjust code requirements, the use of a peer review panel is 

beyond the scope of this project. 

7.2.1 Design Requirements 

A total of nine building models were analyzed under the methodology. The building models were 

developed for analyzing the dynamic responses in the previous chapter. The structures used are the 

original building model, the model including commercial slip track partition walls, and the model 

including institutional full connection walls. From each of these building models three models are 

developed based on the onset of strength degradation in the structural members; θp = 0.01, 0.02, and 0.03 

radians, see Section 6.1.2. Table 7-1 shows the index archetypes and the associated variables. It is 

assumed that analyzing these models will sufficiently describe the effect on collapse performance of 

including nonstructural partition walls in the lateral force-resisting system. The other wall groups of 

improved detail, partial height, commercial full connection, and institutional slip track are not considered 

in this analysis. 
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Table 7-1 Index Archetype Building Models 

1 0.01

2 0.02

3 0.03

4 0.01

5 0.02

6 0.03

7 0.01

8 0.02

9 0.03

Commercial Slip 
Track

Institutional Full 
Connection

Model Failure Plastic 
RotationArchetype

Original Building

 

The design requirement for the development of the index archetype configurations is determined in 

Chapter 4 of FEMA P695. Table 4-1 of FEMA P695 presents many of the factors or variables that could 

be considered in this process. Because the building models analyzed in this section are identical with 

changes only to member properties and the addition of shear springs, configurations outside this range are 

neglected.  

Uncertainty for the design requirements is based on the following grading system: (A) Superior; (B) 

Good; (C) Fair; and (D) Poor. These rankings are based on the level of understanding of dynamic 

response of the seismic resisting system and the extent of design configurations. For the current analysis 

the number of design configurations is limited, also the code to which the building was designed is 

outdated. However, the level of understanding of steel moment-resisting frames, due to testing and 

historical observations is high; hence, an uncertainty of C-Fair is recommended. 

7.2.2 Test Data 

In order to develop an archetype model that will sufficiently simulate the proposed structures, an 

understanding of the mechanical behavior of different components of the structure must be well 

understood. It is recommended to have test data that simulates the mechanical behavior of individual 

members, connections, and/or the complete system. FEMA P695 requires that test data comes from a 

certified laboratory. The analyzed test data for the nonstructural partition walls considered in these 

models can be found in Chapters 3 and 4 of this report. Research regarding other structural members in 

the building model can be found in Yuan et al. (2002). 

36cold-formed steel-framed gypsum partition walls were tested in-plane using the University at Buffalo 
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Nonstructural Components Simulator (UB-NCS) through the summer and fall of 2008. Quasi-static and 

dynamic cyclic protocols that were developed at UB by Retamales et al. (2008) specifically for the UB-

NCS were used to develop force-displacement curves for nonstructural partition wall systems using steel 

studs and gypsum wall boards. The mechanical behavior of these systems is represented by a tri-linear 

backbone curve with strength and stiffness degradation. Pinching effects are also considered part of the 

mechanical behavior of steel stud gypsum partition walls. The test data considered for the current analysis 

develops a phenomenological model and does not include the mechanical behavior of the individual 

members or connections. 

The other required test data for the building models accounts for the beam and column strength 

degradation at the location of plastic hinges. The hysteretic behavior (i.e., moment-curvature relationship) 

of AISC steel members is well understood, research from Filiatrault et al. (2001) of steel, beam to column 

connections, related strength degradation to the curvature ductility (Section 6.1.2) and is used in the 

building models. 

The uncertainty assigned to the test data are categorized as C-Fair. Although an extensive number of 

walls were tested, and under many of these configurations a consistent response was observed, the more 

conservative ranking was given. 

7.2.3 Model 

The last phase in the development process of the methodology is the development of a numerical model 

representative of the design requirements and test data. The model must be developed in a program that is 

capable of running dynamic nonlinear analysis. Table 5-2 in FEMA P695 is an outline of some of the 

general considerations for developing the index archetype models. Key components consist of the plan 

and elevation configurations, mathematical idealization, and 2-D versus 3-D component and system 

behaviors. 

The WC70 hospital building model has undergone extensive research by Yuan et al. (2002) and 

Wanitkorkul & Filiatrault (2005). The building models used in this analysis were developed by 

Wanitkorkul and modified to include shear springs and strength degradation in steel member connections. 

Because of the extensive research on this structure and the available hysteresis loops which can simulate 

the test data in RUAUMOKO, uncertainty for the models used in this analysis is assigned to category B-

Good. 
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7.2.4 Time Histories 

A total of 44 recorded earthquakes are used to determine the collapse performance of archetype models. 

These ground motions are obtained from the Pacific Earthquake Engineering Research Center (PEER) 

database, and scaled to have the same maximum ground velocity, factors for scaling the ground motions 

are found in Table A-4D in FEMA P695. The spectral accelerations for the 44 ground motions are 

determined and then median spectral acceleration at the period of the structure is determined, as shown in 

Figure 7.1. 
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Figure 7.1 – Acceleration Response Spectra for the 44 Far Field Ground Motions 

7.2.5 Nonlinear Structural Analysis 

7.2.5.1 Quasi-static Pushover 

The methodology requires a quasi-static pushover analysis to determine response characteristics of the 

seismic force-resisting system. The pushover analysis is accomplished by applying lateral loads obtained 

from the equivalent lateral force procedure in ASCE 7-05 Chapter 12. These forces are slowly 

incremented until the system fails. The top floor displacement and base shear are recorded and plotted. 

The resulting base shear versus top floor displacement will have an appearance similar to the plot shown 

in Figure 7.2. 

ASCE 7-05 Upper Limit Period 

T = CuTa = 1.4*0.65 = 0.91 sec. 

Median Acceleration Response 
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Figure 7.2 – Pushover Curve and Important Parameters, after FEMA P695 (FEMA, 2009) 

 

The response parameters obtained from the pushover analysis are overstrength (Ω) and the period based 

ductility (µT), are given in Table 7-2, and compared to the SPFs for the seismic force-resisting system 

from ASCE 7-05 Ω0 and Cd respectively. The system overstrength is determined from Equation 6-5 of 

FEMA P695: 

V
Vmax=Ω

 
7-1

 

where Vmax is the maximum base shear and V is the design base shear from Equation 12.8.1 of ASCE 7-

05. The period based ductility (μT) is determined from the pushover curve by Equation 6-6 of FEMA 

P695:  

effy

u
T

,δ
δμ =

 
7-2

 

where δu is the displacement at 80% of the peak force in the degrading branch of the pushover curve, as 

shown in Figure 7.2 and δy,eff is given by equation 6-7 and 6-8 of FEMA P695. 
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Table 7-2 System Overstrength and Period Based Ductility for Building Models 

Original 
Building

Slip Track
Full 

Connection
Original 
Building Slip Track

Full 
Connection

0.01 3.93 3.96 4.11 1.90 1.90 1.68
0.02 4.17 4.18 4.21 2.52 2.58 2.51
0.03 4.38 4.37 4.39 3.05 3.03 3.10

System Overstrength (Ω) Period Based Ductility (μT)Plastic 
Rotation 

(rad)

 

Reviewing the system overstrength in Table 7-2, it is shown that overstrength increases as the strength 

degradation based on plastic rotation increases. However, an interesting phenomenon occurs as the 

system overstrength for the various models are compared. The system overstrength Ω for the building 

models including nonstructural partition walls increases from the original building model. However the 

amount of increase depends on the plastic rotation used for modeling strength degradation. For example, 

the institutional full connection partition wall model is 4.5% stronger than the original building using a 

plastic rotation of 0.01 radians, meanwhile the same models using 0.03 radians for plastic rotation reduces 

to just 0.3% stronger. The reason for this reduction in strength is due to the partition walls resisting part of 

the lateral forces in the models with the lesser plastic rotations at maximum shear force. The models with 

higher allowable plastic rotations reach failure rotations only after the partition walls have lost all strength 

capacity. The reduction in maximum base shear for the models considering partition walls is evident in 

the plots in Figure 7.3. In the region of yielding, independent of steel strength degradation, the slip track 

and full connection models have a moderate to higher strength resistance respectively, but in the region of 

strength degradation in steel members, the strength capacity of the models is dependant of the column and 

beam allowable plastic rotations. 

Ductility of the seismic force-resisting frame is affected by the strength degradation in the steel frame 

members and the type of nonstructural partition walls included. The increase in plastic rotation capacity 

from 0.01 radians to 0.02 radians causes an increase in ductility of more than 40%; increasing from 0.02 

radians to 0.03 radians an increase of approximately 30% in ductility is observed. Meanwhile, the 

addition of commercial slip track partition walls causes an increase in building ductility of 45% from the 

original building; however the additional stiffness in the system by including institutional full connection 

partition walls increases system ductility from the slip track models by only 14%. The addition of 

nonstructural partition walls will cause an increase in system ductility because of the change in the initial 

stiffness of the structure, which reduces the yield displacement. 
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(c) Onset of Strength Degradation at θP = 0.03 radians 

Figure 7.3 – Pushover Curves for Index Archetype Models with Strength Degradation at Various Plastic 
Rotations 

 

7.2.5.2 Dynamic Analysis 

The purpose of the dynamic analysis is to measure responses that are associated with collapse of the 

structure. FEMA 356 associates structural collapse with inter-story drift ratios (i.e., peak transient and 

residual), but collapse could also be determined based on ductility demands on individual members. For 

the current analysis, collapse probability will be based on a peak transient inter-story drift ratio of 5%. To 

obtain the inter-story drift ratios, the index archetype building models were individually subjected to the 

44 recorded and scaled far field ground motions previously mentioned. 

The methodology requires that each of the archetypes be subjected to each of the 44 earthquake time 

histories at increasing levels of intensity. The maximum observed inter-story drift in the structure is 
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determined for each level of intensity and plotted vs. the maximum considered earthquake median 

spectral acceleration of the 44 scaled earthquakes. The FEMA P695 methodology however does not 

require a complete IDA in determining collapse performance. The methodology requires an IDA carried 

out until an intensity that will cause collapse (i.e., inter-story drift ≥ 5% for this analysis) in 50% of the 

time histories. Figure 7.4 thru Figure 7.6 are plots of the complete IDA for each of the index archetype 

building models. The phenomenon known as “structural resurrection” (i.e. local reduction of maximum 

inter-story drift with increased spectral acceleration) is observed in each of the IDA plots.  

0.00

0.50

1.00

1.50

2.00

2.50

3.00

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00

Ŝa
 (g

)

Maximum Interstory Drift Ratio (%)
 

(a) Onset of Strength Degradation at θP = 0.01 radians 

0.00

0.50

1.00

1.50

2.00

2.50

3.00

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00

Ŝa
 (g

)

Maximum Interstory Drift Ratio (%)
 

(b) Onset of Strength Degradation at θP = 0.02 radians 

0.00

0.50

1.00

1.50

2.00

2.50

3.00

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00

Ŝa
 (g

)

Maximum Interstory Drift Ratio (%)
 

(c) Onset of Strength Degradation at θP = 0.03 radians 

Figure 7.4 – Original Building IDA Curves with Various Plastic Rotations 
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(c) Onset of Strength Degradation at θP = 0.03 radians 

Figure 7.5 – Commercial Slip Track IDA Curves with Various Plastic Rotations 
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(c) Onset of Strength Degradation at θP = 0.03 radians 

Figure 7.6 – Institutional Full Connection IDA Curves with Various Plastic Rotations 

The median spectral acceleration of the intensity at which the building collapses in 50% of the time 

histories is defined as the collapse spectral acceleration (ŜCT). ŜCT for the archetypes is given in Table 7-3 

and this spectral acceleration is compared to the MCE spectral acceleration (SMT) by the formula:  

MT

CT

S
SCMR
ˆ

=
 

7-3
 

where CMR is defined by the FEMA P695 methodology as the collapse margin ratio and given for the 

index archetypes in Table 7-3 and SMT is determined by:  
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where Ts is the transition period (0.6 seconds for Seismic Design Category SDC Dmax; 0.4 seconds for all 

other SDC) and SDS and SD1 are the short and one-second respective design spectral response accelerations 

for the SDC and determined in accordance with methods of ASCE 7-05 Chapter 11. The period for which 

SMT is calculated is the upper limit period TU as specified in Section 12.8.2 of ASCE 7-05 and given by: 

uaU CTT =
 

where Ta is the approximate period of the structure given by ASCE 7-05 Equation 12.8-7 and Cu is the 

upper limit coefficient given in ASCE 7-05 Table 12.8-1. The current analysis determines the collapse 

probability for the archetypes in a the seismic design category Dmin (SDS = 0.5 and SD1 = 0.2). The upper 

limit period for the structure is 0.9 seconds which exceeds Ts = 0.4 seconds, therefore SMT = 0.2/0.9*1.5 = 

0.33. 
 

Table 7-3 Collapse Spectral Acceleration and Collapse Margin Ratio for Index Archetypes 

Original 
Building

Slip Track
Full 

Connection
Original 
Building

Slip Track
Full 

Connection
0.01 0.92 0.96 1.02 2.76 2.88 3.07
0.02 0.92 1.08 1.20 2.76 3.24 3.59
0.03 1.00 1.20 1.32 3.00 3.59 3.95

Plastic 
Rotation 

(rad)

Collapse Spectral Acceleration (ŜCT) Collapse Margin Ratio (CMR)

 

The CMR is then multiplied by the Spectral Shape Factor (SSF) to determine the adjusted Collapse 

Margin Ratio (ACMR). The SSF is determined from Table 7-4 and is based on the SDC and μT and period 

T. The ACMR for the index archetypes considered in this analysis are given in Table 7-5. 
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Table 7-4 Spectral Shape Factor (SSF) for Buildings in Seismic Design Category Dmin, (after FEMA, 2009) 

T        
(sec.) 

Period Elongation Ratio, ∆u/∆y,eff    
1.0 1.1 1.5 2 3 4 6 ≥ 8 

≤ 0.5 1 1.05 1.1 1.13 1.18 1.22 1.28 1.33 
0.6 1 1.05 1.11 1.14 1.2 1.24 1.3 1.36 
0.7 1 1.06 1.11 1.15 1.21 1.25 1.32 1.38 
0.8 1 1.06 1.12 1.16 1.22 1.27 1.35 1.41 
0.9 1 1.06 1.13 1.17 1.24 1.29 1.37 1.44 
1.0 1 1.07 1.13 1.18 1.25 1.31 1.39 1.46 
1.1 1 1.07 1.14 1.19 1.27 1.32 1.41 1.49 
1.2 1 1.07 1.15 1.2 1.28 1.34 1.44 1.52 
1.3 1 1.08 1.16 1.21 1.29 1.36 1.46 1.55 
1.4 1 1.08 1.16 1.22 1.31 1.38 1.49 1.58 

≥ 1.5 1 1.08 1.17 1.23 1.32 1.4 1.51 1.61 
 

 

 

Table 7-5 Spectral Shape Factors and Adjusted Collapse Margin Ratios (ACMR) for Index Archetypes 

Original 
Building

Slip Track
Full 

Connection
Original 
Building

Slip Track
Full 

Connection
0.01 1.07 1.09 1.13 2.92 3.36 3.59
0.02 1.09 1.13 1.15 3.11 3.79 4.39
0.03 1.13 1.15 1.15 3.50 4.46 5.10

Plastic 
Rotation 

(rad)

Spectral Shape Factor (SSF) Adjusted Collapse Margin Ratio (ACMR)

 

7.2.6 FEMA P695 Methodology Performance Evaluation 

The FEMA P695 methodology requires index archetype designs and performance groups to attain a 

collapse performance of 10% and 20% respectively under the maximum considered earthquake intensity 

for the seismic force-resisting system to be qualified. To determine the collapse probability for the index 

archetype models, the ACMR must exceed the acceptable levels given in Table 7-6. The acceptable 

ACMR is based on the total system collapse uncertainty (βTOT), which is given in Tables 7-2 thru 7-4 in 

FEMA P695. βTOT is determined based on the uncertainties for design requirements (βDR), test data (βTD), 

model quality (βMDL), and µT. In review, the archetype designs were assigned the following uncertainties: 

• Design Requirements = C-Fair 

• Test Data = C-Fair 

• Model = B-Good 
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Table 7-6 Acceptable Adjusted Collapse Margin Ratios 

Total System 
Collapse 

Uncertainty 

Collapse Probability 

5% 10% 
(ACMR10%) 

15% 20% 
(ACMR20%) 

25% 

0.25 1.51 1.38 1.30 1.23 1.18 

0.30 1.64 1.47 1.36 1.29 1.22 

0.35 1.78 1.57 1.44 1.34 1.27 

0.40 1.93 1.67 1.51 1.40 1.31 

0.45 2.10 1.78 1.59 1.46 1.35 

0.50 2.28 1.90 1.68 1.52 1.40 

0.55 2.47 2.02 1.77 1.59 1.45 

0.60 2.68 2.16 1.86 1.66 1.50 

0.65 2.91 2.30 1.96 1.73 1.55 

0.70 3.16 2.45 2.07 1.80 1.60 

0.75 3.43 2.61 2.18 1.88 1.66 

0.80 3.73 2.79 2.29 1.96 1.72 

0.85 4.05 2.97 2.41 2.04 1.77 

0.90 4.39 3.17 2.54 2.13 1.83 

0.95 4.77 3.38 2.68 2.22 1.90 
 

 

βTOT for the index archetypes from the FEMA P695 Tables 7-2 thru 7-4 require the assignment of βTOT for 

the models with system ductility less than one, 0.55, for models with system ductility less than 2, 0.6, and 

for all others, 0.65. Linear interpolation between the tables is permissible, but in the current analysis 

conservative uncertainty values are used in determining the collapse performance. Using the total system 

uncertainties and the ACMR, an evaluation is made on the collapse performance of the index archetypes 

as pass (i.e., ≤ 10% collapse probability) or fail, as shown in Table 7-7. Collapse performance for all 

index archetype models meets the performance criteria defined in the FEMA P695 methodology. 

Considering the archetypes as a performance group also shows that the response modification factor for 

the steel moment-resisting frame system is qualified because the average collapse performance level 

meets the 10% limitation.  
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Table 7-7 ACMR Comparison and Collapse Performance Evaluation 

Original 
Building

Slip Track
Full 

Connection
Original 
Building

Slip Track
Full 

Connection

0.01 2.92/1.67 3.36/1.73 3.59/1.73 Pass Pass Pass

0.02 3.11/1.73 3.79/1.73 4.39/1.73 Pass Pass Pass

0.03 3.50/1.73 4.46/1.73 5.10/1.73 Pass Pass Pass

Plastic 
Rotation 

(rad)

ACMRModel/ACMR 10% Collapse Performance (Pass/Fail)

 

7.3  Discussions 

Nine structures have been analyzed according to a FEMA P695 type analysis. The methodology is 

primarily used for qualifying new and existing systems, but a recommendation on further use of the 

methodology is to determine the impact of nonstructural components on the collapse performance of a 

lateral force-resisting system. This was the emphasis of the analysis considered here. The methodology 

was used to determine the impact of nonstructural partition walls on the collapse performance of a steel 

moment-resisting frame building in seismic design category Dmin (SDS = 0.5, SD1 = 0.2). Nine index 

archetypes considering different partition wall types (i.e., commercial slip track and institutional full 

connection) and steel member plastic rotations (θp = 0.01, 0.02, and 0.03 rad) in the columns and beams 

were analyzed. 

It was found that including the partition walls in the lateral force-resisting frame structural performance, 

according to a FEMA P695 analysis improved collapse performance. Fragility curves demonstrating each 

of the models performance specified in Table 7-3 is given in Figure 7.7. From this figure it can be seen 

that a shift to the right, corresponding to an increased median collapse spectral acceleration, is observed. 

The original building models failed at much lower spectral accelerations (ŜCT = 1.00g for the original 

building model with θP = 0.03 radians) than the models including nonstructural partition walls (ŜCT = 

1.20g for the commercial slip track model with θP = 0.03 radians and ŜCT = 1.32g for the institutional full 

connection model with θP = 0.03 radians). An increase of 32% in median collapse spectral acceleration 

was not expected. However, two observations are made in relation to the change in building performance 

when including partition wall behavior: (1) equivalent viscous damping was increased by over 23% and 

42% for the models including commercial slip track and institutional full connection partition walls, 

respectively, and (2) a shift in soft story behavior is observed in the models with and without partition 

walls. Based on the performance criteria and analysis procedure of FEMA P695, it is shown that 

including nonstructural partition walls in the lateral force resistance of a structure will increase the 

seismic collapse performance. 
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Figure 7.7 – Fragility Curve for Index Archetype Models 

 

Because of the change in collapse performance for the models considering the response of nonstructural 

partition walls, it is recommended that further analyses that include each of the partition wall types 

considered in previous chapters be performed. Also, it is recommended that shear behavior of the 

partition walls be considered in buildings with different characteristics. Some of these could include taller 

buildings, buildings using reinforced concrete as the lateral force-resisting system, and building models 

that consider in-plane and perpendicular partition wall behavior. Lastly, further analysis describing the 

impact of equivalent viscous damping on collapse performance would be beneficial. 
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Chapter 8  

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 

RESEARCH 

The work contained in this report focused on developing analysis tools for modeling the mechanical 

behavior of nonstructural partition walls common to commercial and institutional construction. As part of 

the experimental phase of this research program, innovative designs to improve seismic fragility were 

also designed and tested. From the testing of full-scale partition wall specimens, an experimental seismic 

fragility database was developed for several wall configurations. 

The purpose of the partition walls is architectural in nature. Partition walls are located during the planning 

process of the structure; they separate large open areas into smaller more useable spaces. Partition walls 

in general are nonstructural, and are not used to resist lateral or gravitational forces. Inter-story drifts and 

absolute floor accelerations are expected to be introduced into the partition wall system; however the 

structural frame is designed to resist these loads. The nonstructural partition walls analyzed in this report 

are constructed from cold-formed steel framing members and gypsum wallboard panels. Although this 

wall system is not considered a structural member, analysis has shown that a building’s dynamic 

properties can be significantly affected when the force-displacement behavior of the wall is included as a 

component in the lateral force resistant system. 

8.1  Summary of Experimental Study  

The mechanical behavior of 50 partition walls was obtained from experiments conducted as part of the 

NEES Nonstructural Grand Challenge Project. The NEES-NGC project is a multi-year project funded by 

the National Science Foundation. This project will serve to enhance the seismic behavior of building 

systems through gaining a better understanding of the seismic fragility of nonstructural components and 

systems. The data for ceiling, piping, and partition wall subsystems, together, will be used to further the 

area of performance based earthquake engineering. The partition wall systems considered in this report 

were designed in cooperation with the NEES-NGC Practice Committee and Advisory Board, and 

members of the University at Buffalo’s experimental team. The walls were constructed on the University 

at Buffalo’s Nonstructural Components Simulator (UB-NCS). The walls were built using 22 different 
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configurations with designs ranging from practical commonplace construction techniques to new 

innovative walls systems. A minimum of three specimens were tested per configuration unless data for 

two different configurations showed similar behavior. 

Sixteen of the 22 configurations, coinciding with 36 of the 50 specimens, were constructed so lateral 

forces run parallel to the long direction of the wall. Because in-plane wall systems are primarily 

displacement sensitive, only four of the configurations were tested using a dynamic test protocol 

developed by Retamales et al. (2008) specifically for testing distributed acceleration/displacement 

sensitive nonstructural components and systems. The remaining specimens were tested using a quasi-

static test protocol compatible with the dynamic one. 

The 14 test specimens that were tested out-of-plane make up the remaining six configurations. Each of 

these configurations was tested using the dynamic protocol. This protocol is used when a system is 

sensitive to both absolute floor accelerations and inter-story drifts. Displacements and accelerations are 

applied in this case perpendicular to the wall system. 

Wall configurations included in the partition wall test plan included: framing material thickness, 

connection methods, attached masses for dynamic tests, end of wall construction methods, and partial 

height walls. The different framing thicknesses used in this study are representative of commercial and 

institutional constructions. The connection details used in the testing encompass the most common 

techniques currently in practice; other details were developed to improve the seismic fragility of partition 

walls constructed using methods described herein. The key difference in connections of different 

configurations are lack of connection of studs or gypsum panels to the top track, or shorter walls 

stabilized by diagonal braces attached to the top of the wall and floor slab above. Tests were conducted 

using a dynamic protocol developed for the NCS to capture the effect of high floor accelerations after 

damage is caused by high inter-story drifts. For wall systems that were not acceleration sensitive, a quasi-

static protocol was used for testing. 

Damage observations that were conducted throughout the test protocol were used to continuously 

determine damage progression in the specimens and were done visually and through time stamped high 

definition video cameras. The walls that were subjected to the quasi-static loading protocol were 

inspected at increasing levels of drift. Photographs and notes were taken at these intervals. The dynamic 

tests were more difficult to monitor damage progression because of high accelerations, distance of the 

camera to the specimen, and the quickness at which damage occurred; for those damage states that were 

obvious, the time was calculated from the time stamp on the film and an approximate drift level of 

occurrence was determined. 
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8.2  Seismic Fragility Database 

The partition wall configurations developed during the experimental testing phase are separated into four 

unique groups for fragility analysis. The observed damage in the partition walls is graded based on the 

level of required repairing; these damage states (DS1, DS2, and DS3), are, respectively, associated with 

cosmetic repairs, partial component replacement, and complete wall removal. 

Overall observations on the seismic fragility demonstrate comparable standard deviations for all partition 

wall configurations. For groups with high deviations, this result corresponds to the experimental 

observations for the same wall systems. Damage in commercial construction partition walls was observed 

to occur at lower drift ratios when directly compared to institutional construction walls. Whereas the 

innovative design configurations experienced DS1 at similar drifts as common partition walls, the higher 

damage states were either shifted to higher drifts or completely eliminated.  

8.3  Experimentally Calibrated Hysteretic Model  

The force-displacement curves for the thirty-six in-plane specimens were fitted using best fit regression 

techniques. The nonlinear Wayne Stewart hysteretic model available in the nonlinear time history 

software RUAUMOKO was parameterized to each of the wall specimen hysteresis curves. This model 

was originally developed to model wood framed shear walls with structural sheathing; the key elements 

of the model include tri-linear backbone behavior, stiffness and strength degradation, and pinching. 

Because the partition walls are constructed in a similar manner to the wood framed shear walls, similar 

behaviors were observed. Hence, by utilizing the Wayne Stewart hysteretic model to simulate the wall 

response, good fits were obtained. 

In order to have a larger bin of fit parameters, the positive and negative drift hysteretic behaviors were 

analyzed independently. Required parameters for the Wayne Stewart model include: stiffness (pre-yield, 

post-yield, post capping, and unloading), strength (yield, capping, and intercept), and pinching and 

softening factors. The tri-linear backbone of the model was fit to the backbone of the cyclic behavior 

using least squares regression. Unloading stiffness and intercept force were fit by filtering the data and 

determining the median value. The pinching and softening factors were determined through a parametric 

analysis.  

The parameters for similar wall configurations, divided according to the six in-plane wall groups also 

used for the seismic fragility assessment, were statistically analyzed. A total of six values for each of the 
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hysteretic parameters were determined for the partition walls. These groups were commercial slip track, 

commercial full connection, institutional slip track, institutional full connection, partial height, and 

improved details. The mechanical behavior of the partial height and improved details partition wall 

configurations were similar and experienced very low energy dissipation due primarily to the low lateral 

strength capacity of the wall systems. The configuration with the next higher strength capacity included 

commercial slip track partition walls. This group includes all wall configurations that have no connection 

from the stud or gypsum panel to the top track and use 25 gauge steel framing material. The behavior of 

the commercial full connection (i.e., gypsum and/or 25 gauge steel stud attached to the top track) and 

institutional slip track (same as commercial construction details with steel framing material of 20 gauge 

thickness) walls were similar but analyzed individually. The partition wall system with the highest 

strength capacity and energy dissipation was the institutional full connection. This group considered wall 

systems constructed using 20 gauge steel framing and included a connection of each of the stud flanges to 

the top and bottom tracks and a connection of the gypsum to both top and bottom tracks. 

8.4  Summary of Dynamic Analyses 

The parameterized hysteretic models obtained from the results of the partition walls tested for the NEES-

NGC were applied to a test model. This test model was developed from the design of an existing four 

story medical facility in southern California. The building design incorporates four wide flange steel 

moment frames to resist lateral force. The nonlinear hysteretic model simulating the nonstructural 

partition walls was applied to the structure using shear spring elements. The strength and stiffness 

parameters of the shear spring were linearly scaled from experimental data. 

The models were subjected to three earthquake ground motions in order to analyze the effect of the 

nonstructural partition walls on the dynamic properties and the seismic response of the building. The three 

earthquake ground motions were chosen arbitrarily. Each of the building models were subjected to the 

Design Earthquake (DE) ground motion and to the Maximum Considered Earthquake (MCE). 

The structural models showed a decrease in the natural period of vibration and an increase in the damping 

ratio when the partition walls are included. An eigenvalue analysis on the models returned a reduction in 

the natural period of 1% (approximately) for the models including the partial height and improved details 

partition walls, and varied depending on the stiffness of the wall systems, to over 11% for the institutional 

full connection partition walls. The equivalent damping ratios obtained from the logarithmic decrement 

increased from 2.26 for the original building model to 3.22 for the building model that included the 

behavior of the institutional full connection walls. 
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The addition of the nonstructural partition walls to the test structure showed significant effects to the 

lateral building drift and acceleration responses. Including partition walls generally reduced the inter-

story drift levels, but this did not always correspond to a reduction in the maximum inter-story drifts. The 

most significant effect on the lateral response of the structure is in the maximum absolute top floor and 

individual floor accelerations, which were shown to decrease in each of the ground motions considered. 

8.5  Summary of FEMA P695 Based Collapse Probability Analysis 

Current earthquake design provisions use Seismic Performance Factors (SPFs) to reduce design forces in 

order to achieve economical structures provided with adequate ductility. SPFs are chosen from 

observations on different systems after seismic events, material behavior, and research. The values chosen 

for these factors have direct correlation to the cost of a building system and can therefore potentially 

affect individual building industries. In an effort to simplify this procedure and determine a “closed form 

solution” to the problem of selecting these highly contentious factors, the FEMA P695 document has 

proposed a methodology. The proposed methodology can be used to assess current SPFs and to assign 

SPFs for new structural systems. Design requirements, test data, modeling tools, and a suite of ground 

motions are used to make SPFs assignments. 

The application of this SPF methodology, as it relates the study of this report, has no direct relation to the 

methodology’s primary goals. A non-direct use of the methodology, however, can be found in the 

following quote taken from FEMA P695, p.11-12: 

“The methodology could be used to investigate the importance of … certain nonstructural 

components to collapse performance, and investigate the feasibility of enhancing current 

seismic design requirements to more appropriately incorporate these systems in the 

seismic design process. This would include accounting for both the possible beneficial 

and detrimental effect of these systems on collapse performance. Comparisons of 

collapse results for archetypical models both with and without selected … [nonstructural] 

components could be made to quantify the results.” 

To clarify, it is possible to determine the effect of nonstructural components on the collapse performance 

of a structure by studying building models that are similar but that do and do not include nonstructural 

component interaction. Utilizing this idea, three models were chosen for analysis. These models include 

the original unmodified building (i.e., partition wall shear springs not included), commercial slip track, 

and institutional full connection. It is expected that these models generated an accurate spectrum of 
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collapse performance of the test structure with and without partition walls. 

Because steel frame members in the original building model were assigned bilinear properties, it was 

necessary to incorporate a failure mechanism into the existing elements in the model. Three individual 

models from each of the models already mentioned, making nine in total, were developed. Variations in 

these models were based on strength reduction at plastic rotations of 0.01, 0.02, and 0.03 radians and 

associated to ductility ratios through plastic hinge lengths of the individual elements. 

Results were determined through conducting an incremental dynamic analysis and assigning collapse to 

occur at a drift ratio of 5% (prevention against collapse drift level according to FEMA 356 performance 

based design standards). The results from the FEMA P695 based analysis showed that including the 

partition wall behavior as an element in the lateral force-resisting system does improve collapse 

performance in some cases by increasing the median collapse spectral acceleration up to 32%. 

8.6  Further Research Needs and Summary 

The research discussed in this report has improved the understanding of nonstructural partition walls, 

namely the mechanical behavior and the effect of the walls on the lateral response of a structural model, 

and for each of these topics further research is needed. Following is a list of possible areas for further 

study: 

Study: Test individual configurations of shorter and longer lengths 

Reason: Develop parameters for configurations based on wall lengths. In this study stiffnesses 

and strengths were assumed linear; this assumption, although helping to demonstrate 

general response trends, is an oversimplification on the combined length of wall 

systems. Knowing the change in behavior for longer wall systems will return more 

accurate behavior. 

Study: Develop a test plan to study the response of partition walls with and without openings. 

Reason: Common to commercial buildings, independent of use, are long passageways. These 

passageways include openings to allow for access to individual spaces. Determining the 

effect of openings on the hysteretic behavior of partition walls is the key to ensure 

accuracy in modeling. 
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Study: Test the same wall configurations using different protocols. 

Reason: Research has shown that the response of a system can be affected significantly 

depending on the protocol used for testing (i.e., CUREE vs. Sequential Phased 

Displacement). 

Study: Analyze the lateral behavior of a wider sample of test model structures. 

Reason: Lateral response and collapse performance are dependent on the construction material, 

failure mechanisms, and building plans. Adjusting any one of these parameters could 

potentially demonstrate different behaviors and responses. 

Study: Develop modeling tools to simulate the mechanical behavior of out-of-plane 

nonstructural partition walls. 

Reason: Although the experimental program analyzed the seismic fragility of out-of-plane walls 

only in-plane partition walls were parameterized for modeling. These walls are 

acceleration sensitive; being able to re-simulate their dynamic behavior will help aid in 

understanding the effects on absolute floor accelerations and drift ratios. 

Study: Determine correct equivalent damping ratio when including partition wall behavior in 

structural model and effect of equivalent damping on collapse performance according 

to the FEMA P695 methodology procedures. 

Reason: Rayleigh damping was 2% for each of the building models used in the analyses, this 

value may be conservative when including partition walls. The increase in collapse 

performance of 32% was surprising, preliminary analyses using increased damping in 

the original building model were conducted and showed an increase in collapse 

performance; clarification on correct damping assignment could be critical in correctly 

characterizing later system behavior. 

The work included in this report significantly enhances the understanding of the seismic behavior of 

nonstructural steel cold-formed gypsum partition walls. The comprehensive test plan that included 50 full 

scale partition walls, constructed and tested to both quasi-static and dynamic protocols developed for the 

UB-NCS, generated data regarding partition wall in-plane and out-of-plane seismic behavior and seismic 

fragility. Dynamic analyses that included the mechanical behavior of steel stud gypsum partition walls in 

the structural frame of a four-story steel moment resistant test model demonstrated a decrease in 
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maximum absolute floor accelerations. In one of the first applications of the FEMA P695 methodology 

procedure on nonstructural components, the inclusion of nonstructural components was shown to 

significantly improve the collapse performance the test model. These findings reiterate the need for the 

valuable research that is being conducted as part of the NEES-NGC project, and the need for reevaluating 

the influence of common nonstructural steel stud gypsum partition wall configurations on the seismic 

response of commercial and institutional structures. 

Finally, despite the improved collapsed performance provided by cold-formed gypsum partition walls, 

designers of lateral force-resisting systems should remain cautious about relying on nonstructural 

components for system performance. This is because during the life of a structure, it is likely that these 

nonstructural components and elements of the building will be altered without further structural analysis.  
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