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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 significant 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, such as connections of partitions
to the structure, and subsystems, namely the ceiling, piping, and partition systems. These sys-
tems have complex three-dimensional geometries and complicated boundary conditions because
of their multiple attachment points to the main structure, and are spread over large areas in all
directions. Their seismic response, their interaction with the structural system they are suspended
from or attached to, and their failure mechanisms are not well understood. Moreover, their dam-
age levels and fragilities are poorly defined 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, are typically not applied to these systems.

This project sought to integrate multidisciplinary system-level studies to develop, for the first
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 verified 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 field 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.

In this study, a numerical model is developed to capture the in-plane seismic response of full-height gypsum
board on cold-formed steel framed partition walls. OpenSees is used to develop a lumped model to capture

il



the behavior of the partition wall. The lumped model characteristics are determined by analyzing a large
suite of experimental data on institutional and commercial type metal studs (see MCEER-11-0005). Two
error metrics, based on calculation of the maximum force and half-cycle hysteretic energy, are introduced
to assess the robustness of the model. The model’s predictive capabilities are demonstrated via simulation of
individual walls. The partition element is then integrated into numerical models of representative building
types and the sensitivity of the building dynamic characteristics due to the presence of the partition wall
are evaluated. The largest period shift was found in a model of a three story hospital, which considered the
use of institutional partition walls.
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ABSTRACT

A commonly used nonstructural system representing significant investment in building
construction is the ceiling-piping-partition (CPP) system. In this work, one of the subsystems
within the CPP is given particular attention, namely the partition wall subsystem. Using data
from experiments conducted at the State University of New York, University at Buffalo within
the National Science Foundation and Network for Earthquake Engineering Simulation Grand
Challenge Nonstructural project, a numerical model is developed for capturing the in-plane
seismic response of full-height gypsum board on cold-formed steel-framed partition walls. It
should be noted that the most common partition wall subsystem utilized in the United States for
buildings other than houses is constructed of gypsum board on cold-formed steel framing and
this is therefore the focus of this work.

The platform selected to model the partition walls is the Open System for Earthquake
Engineering Simulation (OpenSees), developed by a community of researchers largely housed
within the Pacific Earthquake Engineering Research Center (PEER). The behavior of the
partition wall is captured using a lumped model localized within a zero-length element. The
lumped material is developed with a pinching material used in a parallel configuration. It is
characterized as a simple spring, which may easily be implemented in the longitudinal direction.
A simplistic, lumped model is utilized to facilitate ease of implementation in beam-column type
finite element analyses commonly adopted in design of building structures. The lumped model
characteristics are determined by analyzing a large suite of experimental data on institutional and
commercial type metal stud partition walls. Two error metrics based on calculation of the
maximum force and half-cycle hysteretic energy are introduced to assess the model robustness.
The model’s predictive capabilities are demonstrated via simulation of individual walls. In
particular, a normalized mean model is shown to capture the experimental hysteresis behavior of
a fully connected partition wall with reasonable accuracy. The partition element is then
integrated into numerical models of representative building types and the sensitivity of the
building dynamic characteristics due to the presence of the partition wall evaluated. At most a

period shift of 14% is noted for the shortest example building considered.
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Sps Design spectral acceleration at short periods L/T
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u Mean unitless
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Xx1







SECTION 1
INTRODUCTION

1.1 Motivation

In recent earthquakes in the United States and some other developed countries, the
damage to nonstructural components and systems (NCSs) has exceeded the cost of structural
damage in buildings. Nonstructural systems and components are elements within a building
either attached to the floors or walls that are not designed nor anticipated to contribute to the
primary load bearing system of the building. Nonetheless, they will be subjected to the dynamic
environment of the building undergoing seismic loading. Three broad categories of nonstructural
components and systems are: 1) architectural elements, such as partition walls, suspended
ceilings and lighting systems; 2) mechanical and electrical equipment, such as piping systems,
fire protection systems, storage tanks, computer and data equipment, and power transformers;
and 3) building contents, such as bookshelves, file cabinets and other furniture (BSSC 2000;
Villaverde 2009). NCSs support the buildings functionality and as such their damage or loss of
functionality can be more economically significant than that associated with structural damage.
Furthermore, secondary damage associated with failure of NCSs has proven highly disruptive to
businesses and their functionality. Some examples of failures in the past include water damage
caused by failure of sprinkler systems for fire protection, lack of emergency power, failure of
suspended ceilings and partition walls (see Figure 1-1). While many of these failures usually
only affect the building performance after a seismic event, they are capable of causing serious
injuries or death (Filiatrault et al., 2002; EERI, 2010a; EERI, 2010b).

NCSs within buildings often have complicated configurations and connections to a
building making them susceptible to earthquake damage. The majority of NCSs are placed or
distributed throughout a building, and therefore not subjected to the ground motion generated by
the earthquake, but rather to an amplified and filtered motion transmitted by the building. The
response of the NCS depends on its location within the structure, since the demands vary by
floor level and location in plan. When compared to the structure itself, their mass, stiffness and
damping characteristics are usually small. However, when the frequency of the NCSs and the

building are similar, the NCSs are capable of experiencing severe resonance. The NCSs may be
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connected to multiple attachment locations within the building, inducing differential movements
on the component. A good example of this situation is distributed piping systems or partition
walls. When the NCS is stiff and heavy enough, it may modify the response of the building
structure. As a result, the NCS and the building structure should be considered as a combined

system to effectively predict response (Villaverde, 2009).

Figure 1-1 Examples of nonstructural failures from the 2010 Baja California Earthquake
(M,,=7.2). Partition wall and pipe failures at El Centro Regional Medical Center (upper)
and ceiling fallout and HVAC system failure at Universidad Auténoma de Baja California
in Mexicali, BC (lower).

Given their many complexities, it is also unfortunate that the largest investment in the
construction of buildings is associated with nonstructural components and systems. Studies of
the cost breakdown of typical buildings have shown that NCSs are the largest investment for
offices, hotels and hospitals, shown in Figure 1-2 (Taghavi and Miranda, 2003). The percent cost
for nonstructural components vary from 48% in hospitals to 70% in hotels. While the building
contents range from 17% to 44% of the total building cost, they are greatly influenced by the

performance of the nonstructural systems. Examples of nonstructural components and systems



include bookshelves, electronic equipment attached to partition walls and the piping systems

capable of causing water damage to entire floors.
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Figure 1-2 Cost breakdown of typical office, hotel and hospital buildings (after Taghavi
and Miranda, 2003).

1.2 NEES Nonstructural Overview

The aforementioned discussion highlights the diverse nature of NCSs and as a result the
complications with their response under seismic loading. Herein, this report presents a portion of
a larger study whereby one widely used nonstructural system representing significant investment,
the ceiling-piping-partition (CPP) system, is studied. This complicated system consists of several
subsystems having complex geometries and boundary conditions, which interact with each other.
In addition, multiple support attachments throughout the building impose acceleration and
deformation demands on the various subsystems, which are dependent on their placement
location. Due to a lack of system-level research on the CPP system, an NSF-NEES' Grand
Challenge project was initiated by researchers across the United States. A key goal of the project
is to understand the seismic performance of the CPP system as it contributes to economic loss,

loss of functionality, and injury potential within a building. The NEES-Nonstructural® project

' NSF is the National Science Foundation, NEES is the Network for Earthquake Engineering Simulation
? In future reference, the NSF-NEES grand challenge project is referred to as the “NEES-Nonstructural” project
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integrates a multi-disciplinary team of researchers to examine the system level performance of
the CPP utilizing and developing experimental and simulation tools. A comprehensive
experimental program is conducted at the University at Buffalo (UB) and the University of
Nevada, Reno (UNR) and to perform subsystem and system-level full-scale experimental
studies, respectively. Using data from the experimental studies conducted at UNR and UB, a
detailed numerical simulation program is undertaken at the University of California, San Diego
(UCSD), Cornell and North Carolina State University (NCSU). The goal of the numerical
simulation program is to generate experimentally verified analytical models, establish system
and subsystem level fragility functions and develop visualization tools for engineering educators,
researchers and practitioners.

In this report, the focus is on the development and calibration of a numerical model, for use
in capturing the in-plane seismic response of partition walls. It is envisioned to be easily
integrated with the other components of the CPP, and into building models to support coupled
numerical analysis. As part of the overall NEES-GC project, a 50-specimen test program was
conducted at UB (Davies, 2009). The wall specimens were placed in the upper level of the
Nonstructural Component Simulator (UB-NCS), which is a full-scale two-story frame
mechanism capable of producing realistic floor motions in terms of acceleration, velocity, and
displacement (Mosqueda et al, 2009). Using these experimental results, an experimentally
verified partition wall modeling scheme is outlined. It should be noted that the most common
institutional and commercial partition wall subsystem utilized in the United States is constructed

of metal studs sheathed with gypsum board, therefore this is the type studied herein.

1.3  Related Partition Wall Studies

The following discusses past efforts relevant to studying the experimental performance of
gypsum partition walls. This literature review covers the basics of previously tested gypsum
partition walls on both light-gauge steel and wood studs. Particular focus is directed towards the
behavior of the gypsum partition walls and key findings from each study. The review is not
exhaustive and interested readers are encouraged to review the citations within the mentioned

literature.



1.3.1 Serrette et al. (1996, 1997)

Serrette et al. tested thirteen full-size walls of 8.0 feet square constructed of light-gauge cold-
formed steel stud walls, with the objective of studying the contribution of flat strap tension x-
bracing, gypsum sheathing, and gypsum wall board to the in-plane shear resistance. For the
frame setup, 20 gauge studs (30 mil) were placed at 24 inches center-to-center (c/c) with drywall
screws at 6 inches (c/c) in the perimeter and 12 inches (c/c) in the field. The specimens were then
loaded in plane incrementally to 25%, 50% and 75% of the estimated maximum load and then to
failure. The general failure mechanism was breakage of the paper cover of the gypsum sheathing
and the underlying gypsum. Prior to failure, the drywall screws rotated and pulled through the
surface of the gypsum. Notable observations included: each of the gypsum panels behaved
independently of each other, the shear strength of the wall decreased when the edges of the panel
broke at the screw locations, and the screw edge distance did not have a significant effect on
shear strength. The main strength of the wall was suggested to be governed by the penetration of
the screw head.

In the follow up study in 1997, Serrette et al. tested twenty small-scale tests of 24 inches
square walls to assess the shear behavior of screw connections along the edge of the panels for
plywood, oriented strand board, gypsum wallboard and FiberBond wallboard. These smaller
panels were loaded in tension until failure occurred. The normalized shear strength of these walls
was comparable to the full-scale specimens, demonstrating that small scale tests provide a simple

method for estimating the shear resistance.

1.3.2 NAHB Research Center, Inc. (1997)

A research program developed at the National Association of Home Builders (NAHB)
Research Center was set up to assess the shear behavior of 40 foot long, cold-formed steel walls
with openings. Four 8.0 feet by 40 feet shear wall specimens with 33-mil studs at 24 inches on
center were tested. Oriented strand board (OSB) (7/16” thick) was placed on the exterior and 1/2
inch gypsum was oriented vertically in the interior with No. 6 screws at 7 inches (c/c) along the
perimeter with 10 inches (c/c) in the field. The test frame for their study is shown in Figure 1-3.
Variations explored in the study, included: openings due to doors and windows, percent
sheathing, anchor bolt spacing and hold downs. The specimens were loaded monotonically until
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failure. The observations from the test sequence included: initial loading was linear until screw
pull- through occurred, which reduced the stiffness, and near the ultimate capacity the OSB
experienced cracking in the perimeter screw connections and usually tore the top track.
Additionally weak axis bending of the studs approximately 12 inches from the top of the
specimen was observed, and was followed by OSB tear-out around the screw connections at the

top of the wall.
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Figure 1-3 NAHB shear wall configurations (right) and force-displacement results (left)
(from NAHB, 1997).

1.3.3 Arnold et al. (2003, 2005)

Arnold et al. tested 12 walls for the California Earthquake Authority (CEA)/Consortium of
Universities for Research in Earthquake Engineering (CUREE) Woodframe Wall Testing
Project. The first four walls were for phase I which correspond to walls within the first level of a
two-story structure with the last eight walls (phase II) representative of a single-story structure.
The wall specimens were approximately 8.0 feet by 16.0 feet long with either two window
openings or one window and one door opening using 1/2 inch gypsum sheathing wood studs.
The loading protocol was the CUREE Abbreviated Loading History for Ordinary Ground
Motions developed by Krawinkler et al. (2000) for the testing of woodframe structures. This
protocol was applied to the testing frame in one stage (no repair to the damaged wall specimens)
and in a staged approach to allow for the repair of the structure between the testing sequence. A

key observation from the experimental program included the observation that the wall strength of
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the single story structures (phase II) was approximately 25% less than the two-story structure
idealization tested in phase I, indicating that the boundary conditions were significant. The
gypsum experienced little damage at 0.20% drift with small hairline cracks and a few screw
popping out. At a drift level of 0.40%, the gypsum started to deteriorate which was shown by the
tearing of the joint tape, corner bead damage and fastener popping. With drift levels up to 0.70%,
the gypsum sustained significant damage with wider cracks, more significant deterioration and

screw popping.

1.3.4 Restrepo and Bersofsky (Restrepo et al., 2010; Bersofsky 2004)

In this experimental program, 16 walls were built to determine the seismic fragility of
gypsum wallboard partitions on cold-formed steel studs. The specimens were 8.0 feet by 16.0
feet long and considered different connector spacing, gypsum heights (full height vs. partial
height), track connections, gypsum thickness, stud mil and stud spacing (see Table 1-1). These
wall specimens were set up to simulate the interstory drift experienced during a seismic event for
a typical office building. The loading protocol selected for the study was based on the CUREE
Abbreviated Loading History for Ordinary Ground Motions protocol for the testing of wood
frame structures (Krawinkler et al, 2000).

Table 1-1 Experimental configurations for Bersofsky's experiment (after Bersofsky et al.,

2004).

Test Door Connector | Gypsum | Slip Gypsum Stud Stud

No. Spacing (in) |Height (ft)| Track | Thickness (in) | Thickness (mil) | Spacing (in)
1 Y 8.0 8.0 N 5/8 18 24
2 Y 8.0 8.0 N 5/8 18 24
3 N 8.0 8.0 N 5/8 18 24
4 Y 12.0 8.0 N 5/8 18 24
5 Y 8.0 6.5 N 5/8 18 24
6 Y 8.0 8.0 Y 5/8 18 24
7 Y 8.0 8.0 N 12 18 24
8 Y 8.0 8.0 N 5/8 30 16




To develop the fragility curves, three damage states were defined. Damage state 1 was
minimal damage repairable by gypsum board joint compound (“mud”), tape and paint. Damage
state 2 was characterized by superficial damage requiring replacement of gypsum sections and
damage state 3 required full replacement of the wall. The observed drift levels associated with
these damage states are shown in Figure 1-4. It is noted that, damage state 2 was not always

obtained, as some specimens progressed directly from DS; to DSs.

-

0 0.5 1 1.5 2 2.5 3 3.5 4
Drift ratio (%)

Figure 1-4 Damage state fragility functions for Bersofsky's experiment (from Bersofsky,
2004).

1.3.5 Lang and Restrepo (2007)

Continuing the work of Bersofsky et al. (2004), Lang and Restrepo (2007) constructed two
identical specimens with light-gauge cold-formed steel stud gypsum wallboard to represent a
typical office room. Both rooms had dimensions of 12 feet by 15 feet with additional features of
a utility cutout, two t-wall (cantilever) configurations and a column wrap (Figure 1-5). The
specimens were constructed using 20 gauge (30 mil) studs 3-5/8 inch at 24 inches on center. The
gypsum thickness was 5/8 inch. Specimen 1 used the recommended loading protocol from ATC-
58 and specimen two used a modified version, which reduced the low amplitude cycles while
increasing the amplitude rate (Figure 1-6).

This study revealed that the seismic performance of light gauge metal stud construction was
sensitive to loading protocol. The failure mechanism of the specimens was characterized by track
slip. Once the track slip occurred, the partition walls were no longer subjected to the imposed

drift demands and consequently the damage was greatly reduced. The failure of the top track is
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not a defined damage state noted by Bersofsky. The main issue of the track slip is that this

damage is likely to go unnoticed, since minimal visible wall damage occurred.
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Figure 1-5 Plan view of test specimen for Lang's experiment (from Lang and Restrepo,
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Figure 1-6 Testing protocols used in Lang's experiment (from Lang and Restrepo, 2007).

1.3.6 Lee et al. (2007)

Lee et al. (2007) tested four light gauge cold-formed steel framed walls with gypsum board
to assess the performance and the repair costs associated with seismic demand of typical
Japanese buildings. Three similar specimens (approximately 9 feet by 13 feet long) were
constructed with typical installation techniques to assess the sensitivity of quasi-static verses
dynamic loading protocols and the effect of a window cutout. A common installation technique
different from US practice is a vertical gap of 0.39 — 0.59 inches (10-15 mm) at the partition and
return wall connection. This gap is provided to reduce the damage of the partition, since the
partition is unrestrained by a return wall or column for small deformations. The fourth specimen
was approximately 9 feet by 9.75 feet with return walls longer than 5.0 feet. The walls saw no
damage initially due to the gap at the partition ends, however when the partition wall bore on the
boundary element (return walls), the partition wall sustained damage along the perimeter. When
the two load protocols were compared, the dynamic loading effect was negligible. When the wall
drift was less than 1%, the damage was found to be minimal, however with drift values larger
than 2% the cost of damage was equal to the initial cost (Figure 1-7). The resistance of these
tested walls was approximately 20% of the structural resistance of a steel moment frame, a value

which is significant for design and analysis.
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Figure 1-7 Hysteretic behavior of specimen 1 (left) and damage cost estimate versus story
drift (right) (from Lee et al., 2007).

1.4 Related Modeling Studies

The following discusses the discrete hysteretic behavior modeling of wall elements. The
focus is directed towards idealizing the hysteretic behavior with rules to define loading and
unloading characteristics in a straight forward strategy to facilitate models readily implementable
in design-oriented analyses. In what follows, a number of related efforts adopting such a strategy
are discussed. In this modeling introduction, walls built with both wood and steel studs are
explored to gather a broad scope of techniques. The review is not exhaustive and interested

readers are encouraged to review the citations within the mentioned literature.

1.4.1 Ibarra et al. (2004)

Ibarra et al. postulate that lumped hysteretic models are capable of simulating the main
characteristics of an experimental specimen. For example, an ideal model selected for capturing
the hysteretic behavior of a plywood shear wall is a pinching model (Figure 1-8). The authors
describe the pinching model in two main parts. The reloading branch is directed towards a “break
point”, which is defined as a function of the maximum permanent deformation and maximum
load experienced in the direction of loading. The critical break point, where the reloading
stiffness increases, occurs when the reloading stiffness is directed towards the prior maximum

deformation experienced earlier for that direction of loading. The pinching model matches the
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global hysteretic behavior and hysteretic energy for an example woodframe shear wall specimen

(Figure 1-9). The pinching effect is noted in these example specimens.
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Figure 1-8 Pinching hysteretic model shown for basic model rules (from Ibarra et al.,
2005).
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Figure 1-9 Model performance assessment for an example woodframe specimen
considering a pinching model (from Ibarra et al., 2005).

1.4.2 Dinehart et al. (2000)

Dinehart et al. derived equations of motion governing the behavior of woodframe shear
walls. In their approach, a discrete three degree-of-freedom model is developed capable of
capturing the dominant features of the wall response including the racking, rotation, and

translation. The model reasonably predicts the low to moderate displacement results, while at
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larger deformation fails to predict the pinched hysteretic behavior (Figure 1-10). In addition, the

governing equations are cumbersome due to the nature of solving differential equations.
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Figure 1-10 Single hysteretic loop comparison for experimental result against theoretical
result demonstrating the pinching effect (from Dinehart et al., 2000).

1.4.3 Van de Lindt and Walz (2003)

Van de Lindt and Walz developed a hysteretic model for the dynamic analysis of wood
shear walls to estimate the seismic reliability of such walls for various sites throughout the US.
The model was developed using results from testing of ten shear wall specimens. The model was
developed by applying a displacement at the top of the shear wall through a single degree-of-
freedom oscillator, a piece-wise approximation of the hysteresis, an idealized constant valued

pinching behavior, and the hysteretic response enveloped by the backbone curve (Figure 1-11).
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Figure 1-11 Hysteresis model considered with pinching behavior (from Van de Lindt and
Walz, 2003).

1.4.4 Fiilop and Dubina (2004a)

Fiilop and Dubina (2004b) examined fifteen experimental wall-stud cold-formed shear
panels under monotonic and cyclic loading. Using the experimental result, a full nonlinear fiber
hinge within a single degree-of-freedom bar captured the behavior of shear-wall panels. These
bars were installed in the model as an equivalent brace, diagonal member connecting beam-
column nodes (Figure 1-12).

M2 M72

\
\

\ Fiber Hinge
% Hinge (FH)
/

/

2440

/

N

3600

Figure 1-12 Wall panel idealization through equivalent braced diagonal bars (from Fiilop
and Dubina, 2004).
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1.4.5 Folz and Filiatrault (2004a)

Folz and Filiatrault developed a numerical model to predict the quasi-static and dynamic
reversed cyclic response of woodframe buildings. In their approach, model reduction was ideal
to reduce the computational demands associated within a finite-element model. This
simplification lead to a shear wall spring element calibrated to represent the strength and
stiffness degradation characteristics of the shear wall. Their study noted that the global
deformation of the wood shear wall is very much dominated by the individual sheathing-to-
framing connectors used in the construction of the wall. The cyclic analysis of shear walls
(CASHEW) model utilized ten parameters to predict the behavior, a modified version of the
Wayne-Stewart hysteresis model (Stewart 1987) (Figure 1-13). This model takes into account
reduced load capacity (strength degradation), failure of the wall at a prescribed maximum
displacement, strength degradation based on the loading history, and the pinching effect. Use of
the model requires specifications of wall geometry, shear stiffness of the sheathing panels, and
hysteretic properties of the sheathing-to-framing connections, all outlined in its development

(Folz and Filiatrault, 2004b).
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Figure 1-13 CASHEW model developed for woodframe shear walls (from Folz and
Filiatrault, 2004a).
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1.4.6 Judd and Fonseca (2005)

Judd and Fonseca provided a new analytical model representing the sheathing-to-framing
connections within a wood shear wall as a pair of oriented orthogonal nonlinear springs. When a
simplified sheathing-to-framing connection is idealized as one nonlinear spring, the displacement
trajectory of the connection is primarily considered unidirectional. Drawbacks of using only one
nonlinear spring include a potential displacement trajectory that is bidirectional under reversed
cyclic loading or highly nonlinear loading and numerical difficulties around the ultimate load.
Using the oriented spring pair model, the actual connection behavior is more accurately

represented.

1.4.7 Kanvinde and Deierlein (2006)

Kanvinde and Deierlein proposed numerical models to determine the strength and
stiffness of wood-framed gypsum partition walls accounting for the effects of wall geometry,
door or window openings, connector type and spacing, and boundary conditions. Their focus was
limited to partition walls constructed of gypsum board on wood framing, while recommending
broader extension to partition walls framed with light-gauge steel studs. Their study provided
three relationships to determine the lateral strength and stiffness, the coefficients to describe the
piecewise linear curve of the nonlinear response, and the coefficients for a peak-oriented

hysteretic model to detail the nonlinear hysteretic behavior.

1.4.8 Pang et al. (2007)

Pang et al. outlined an evolutionary parametric hysteretic model (EPHM) based on
development of the CASHEW model (Folz and Filiatrault, 2001). The CASHEW model includes
a built-in shear wall parameter estimation tool to develop the parameters needed for the nonlinear
backbone curve and the linear line segments that control the hysteretic behavior. The EPHM
model retains the parameter estimation tools while using exponential functions for the backbone,
the loading path, and the unloading path. This model requires definition of 17 parameters, where
seven of these parameters are required to define the two exponential functions for the backbone
curve (Figure 1-14). The loading and unloading curves are modeled using one exponential
function each with evolutionary parameters and the remaining ten parameters are used in the
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degradation process by updating the evolutionary parameters. Examples of types of degradation
considered include backbone force, force-intercept (pinching effect), unloading stiffness, and
reloading stiffness values. In comparison of the EPHM to the CASHEW model, the EPHM

performed better for cumulative energy dissipation.
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Figure 1-14 Shear wall backbone curve (from Pang et al., 2007).

1.4.9 Baird et al. (2011)

Baird et al. presented the preliminary results of a combined model system of precast
concrete cladding systems and moment resisting frame buildings. In the study, diagonal springs
representing compressive struts are used in a lumped fashion; similar to the modeling technique
applied to infill masonry frames. The hysteretic behavior was modeled using the Crisafulli
hysteresis rule, a rule validated to model the stiffness and strength degradation of masonry infill
panels. This simplified methodology demonstrates the effect of the inclusion of cladding

systems, a strength increase of 10-20%.

1.4.10 Restrepo and Lang (2011)

Restrepo and Lang examined the influence of two reversed cyclic loading protocols on
the response of cold-formed light-gauge partition walls. Gypsum board partition response was
characterized in a linear piecewise function, where the lateral force value of the wall was
normalized by the wall length (Figure 1-15). These empirical formulac were developed by
considering the individual components of the backbone responses in their test and a previous test

conducted by Restrepo and Bersofsky (2010).
17



A
- 1 2
i
c
=
.
g W 3
—
vz
o 2 W] o
.9 “5 Point | (Ibs/ft) (%)
— 1 290 51t/ h,
LI~
:ﬁ ‘5’ Greater of 0.5
1‘.‘: c 2 290 or5ft/h,
- 2 Greater of 0.8
3 174 or5ft/h,

Drift ratio, 0,

Figure 1-15 Proposed empirical backbone for gypsum board on light-gauge steel stud
partition walls (from Restrepo and Lang, 2011).

1.4.11 Davies (2009)

Davies used regression analysis to analyze 35 partition wall specimens to develop
representative hysteretic models of the in-plane partition walls. Model parameters were
determined from each partition wall specimen to represent the Wayne-Stewart model, noted as
the best fit model within the nonlinear software suite RUAUMOKO (Figure 1-16). Nine
parameters were characterized to represent this model: initial stiffness, post yield stiffness factor,
post capping stiffness factor considering strength degradation, unloading stiffness factor, yield
strength, capping strength, intercept strength, reloading or pinch power factor, and the beta or
softening factor. In addition, no gap distance was set, and this rule was run with a modified loop
allowing the post yield stiffness to have a negative value. Hysteretic behavior of the specimens
followed a tri-linear relationship where the ratcheting effect, noted later as post-peak hardening,
was not considered in the modeling technique. The post-peak hardening was not considered
because it was noted to generally occur beyond 2% drift and after strength degradation. Two
modeling sets were developed, one based on the mean values for each of the individual
subgroups considered in the experimental program and a second set requiring only the mean
initial stiffness and capping strength with the remaining seven parameters assigned via statistical

ratios. Using representative models, a coupled dynamic analysis was conducted for an example
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hospital building with and without partition walls. The partition wall was implemented into the

building model via a shear spring.
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Figure 1-16 Wayne-Stewart hysteretic model with strength degradation (from Carr, 2005)

1.5 Scope of this Work

The aforementioned experimental and numerical studies provide key insights into the
behavior and modeling of partition wall subsystems. However, a systematic experimental study
of these subsystems, when adopting metal studs overlaid by gypsum, considering the broad range
of details encountered in practice, is lacking. Data from such a test program would be valuable
for further refinement of modeling tools. A different modeling approach is undertaken in this
study whereby a strength degrading pinched hysteretic model is sought. Importantly, design-
oriented numerical tools, which can be readily integrated in building structural analysis software,
which generally utilize beam-column “line-type” finite elements, would be valuable to design
practitioners and researchers conducting an extensive number of simulations. In this work, such
an approach is sought. Modeling the partition wall is undertaken via a strength degrading
pinched hysteretic model, which can be lumped at strategic locations within a building. The

calibrated partition wall model provides pinching characteristics as a function of displacement,
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capturing the post-peak hardening experienced in the experimental setup, and uses a set of four
springs in a parallel configuration to closely capture the cumulative hysteretic energy.

To this end, the results of a large experimental program conducted by the University at
Buffalo, State University of New York (UB) are utilized to calibrate a simplified numerical
model of the in-plane behavior of the metal stud-type partition walls. The model of the partition
wall focuses on the in-plane behavior of full-height specimens. While this is a subset of the
partition walls tested, this group of walls is characterized as the stiffest set which is most
sensitive when placed into realistic building models. The set of partition wall models developed
are grouped at first by their installation technique as either commercial or institutional grade
construction and considering either a partial or a fully connected specimen. In this report, an
overview of the partition wall modeling is presented along with an error assessment of the

accuracy of the developed models.

1.6 Organization of the Report

This report is organized as follows. Section 1 provides background to the work presented.
Section 2 presents an overview of the experiments used in the model development and outlines
the subgroup classification. Section 3 presents the modeling formulation and determination of
model parameters. Section 3 also provides a demonstration of the modeling technique applied to
a single specimen. Section 4 outlines the representative subgroup models. Section 5 presents the
normalized partition wall models and representative models capturing the input parameter
statistics. Section 6 demonstrates the effectiveness of the developed models using both a force
and energy error assessment. Section 7 of this report demonstrates the partition wall
implementation into numerical building models, including an example of how the walls might be
scaled when considering different wall lengths. Section 8 provides an overview of the
accomplished work with some concluding remarks. Appendices A-D illustrate the individual
comparisons for each of the calibrated models against associated experimental specimens. In
these appendices, the error metrics for each specimen are presented in full detail. Appendix E

provides the example script for implementing the partition wall model in OpenSees.
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SECTION 2
EXPERIMENTAL PROGRAM OVERVIEW

2.1 Introduction

The experiments used in the model development are part of a NEES grand challenge project
led by the University of Nevada, Reno (UNR). Fifty wall specimens were tested at the State
University of New York, University at Buffalo (UB). These partition walls were approximately
11.5 feet tall by 12 feet long with return walls (perpendicular to the loading direction) of either
2.0 feet or 4.0 feet (Davies, 2009). The wall specimens were placed in the upper level of the
Nonstructural Component Simulator (UB-NCS), shown in Figure 2-1 through Figure 2-3, which
is a full scale two story frame mechanism capable of producing realistic floor motions in terms of
acceleration, velocity and displacement (Retamales et al., 2008). The variables considered in the
various wall configurations included: connectivity of the sheathing and studs to the top and
bottom tracks (slip track or full connection), spacing of the track-concrete fasteners (12 or 24
inches on center), presence of return walls, wall intersection detailing, attachments of weights to
the partition walls (bookshelves, equivalent ceiling), height of the partition wall, stud and track
thickness (30 mil or 18 mil), spacing of the steel studs, direction of testing (in-plane or out-of-
plane) and test type (quasi-static or dynamic) (Davies, 2009). The various specimen details are
shown in Table 2-1.

The loading protocols chosen for this project were developed by Retamales et al. (2008). An
upward and downward sweeping dynamic protocol was developed specifically for the testing of
nonstructural components allowing both representative acceleration and drift sensitive loading
history in the same load sequence. This protocol was developed particularly for the UB-NCS
allowing for the simulation of two adjacent floors within a building. In the context of this study,
the seismic demands imposed on the partition walls are consistent with a generic site with
spectral accelerations of Sps = 1g, Sp; = 0.6g, and a nonstructural component located at the roof
level. The maximum interstory drift imposed is 3% to ensure all damage stares are observed
(Figure 2-4). To evaluate the drift sensitive components partition walls in the test program,
without attached masses, a quasi-static protocol was developed and selected (Figure 2-8). In this

figure, the donuts identify the locations where detailed inspections were carried out.
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During testing, extensive instrumentation was employed for the measuring of load and
response characteristics of the setup. For the in-plane wall setups, load cells were placed
underneath the wall specimens to measure the forces acting on the wall, while potentiometers
were used to measure in-plane deformations which include relative displacements between the
tracks and attached concrete slabs, vertical studs and tracks, perpendicular walls and any

diagonal wall deformation (Davies, 2009).
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Figure 2-1 In-plane partition wall setup: (a) parallel to shaking direction and (b)
perpendicular to shaking direction, highlighting the shorter return walls (from Davies,
2009).
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Figure 2-2 Typical cross section of partition wall (from Davies, 2009).

Figure 2-3 Typical in-plane partition wall setup (photo courtesy of Davies, 2009).

Table 2-1 Partition wall test configuration details (from Davies, 2009).

Steel Frame and Sheathing Connectivity
Config | Specimen 1D Specimen Description Loading Steel Stud | Stud to Stud to Gypsum | Gy |:]?l.lll‘l Return | Attached | Ceiling
Direction/Rate Type Bottom Top Track to Bottom| to Top Walls Mass | Connected|
Track Track Track -
1 1.2&3 Basic (slip rack) In Plane/Static 3508125-18 No No Yes No Yes No No
2 4 Gypsum connected to top track Iu Plane/Static 3508125-18 No Mo Yes Yes Yes No No
3 5, 6& 10 No Retum In Plane/Static 3505125-18 No No Yes Yes No Mo No
4 T.B&9 Full connection In Plane/Static 3508125-18 Yes Tes Yes es Yes No No
§ 11,12 & 13 Bookshelf In Plane Dynamic | 3505125-18 No No Yes No No Yes No
[ 14.15. & 16 Equivalemt Ceiling In Plane Dynanue | 330812518 Yes No Yes No No Yes Yes
7 17. 18 & 19 Partial height braced wall In Plane/Static 3508125-18 Yes Yes Yes Yes Yes No No
g 20,21 &22 Iustitutional const./slip track In Plane/Static 35081 Yes No Yes No Yes No No
[l 23.24 & 26 Institutional const. Full Connectioni@ 24" In Plane/Static 35081 Yes Yes Yes Yes Yes No No
10 25.27 & 28 Institutional const./Full Commection@ 12" In Plane/static 3508125-30 Yes Tes Yes Yes Yes No No
11 20 & 30 No Retumn/Divnamic In Plane/Dynamic | 3508125-18 No No Yes No No Yes No
12 31 & 32 C-Shaped Walls In Plane Static 3505125-18 Yes No Yes No Yes No No
13 33 Solution to T corner damage corner gaps In Plane/Static 3505125-18 Yes No Yes No Yes No No
14 34 solution to T comer damage/double slip rack In Plane/Static 3505125-18 No No No No Yes No No
15 35 Solution to L corner damage/corner gaps In Plane/Static 3508125-18 Yes No Yes No Yes No No
16 36 solution to T comer damage/slip rack In Plane/Static 3505125-18]  Yes No Yes No Yes No No
17 37 Unloaded Wall w/ Returns Out of Plane/Dynamic | 3508125-18 No No Yes No Yes No No
18 38 Unloaded Wall w/o Retums Out of Plane/Dynamic | 3508125-18 No No Yes No No No No
19 3945 & 47 Bookshelf wall w/ returns Out of Plane/Dynamic | 3505125-18 No No Yes No Yes s No
20 40, 41 & 43 Bookshelf wall w/o returns Ot of Plane/Dynamic | 3505125-18 No No Yes No No Yes No
21 42,4 & 46 Equivalent Ceiling wall w/ retums Ot of Plane Drvnanic | 3505125-18 Yes No Yes No Yes Yes Yes
22 48, 49 & 50 Partial height braced wall Out of Plane/Dynamic | 3508125-18 Yes Yes Yes Yes Yes No No
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Figure 2-4 Dynamic nonstructural fragility testing protocol developed by Retamales et al.
(2008) (from Davies, 2009).
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Quasi-Static Interstory Drift Protocol
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Figure 2-5 Quasi-static drift sensitive protocol developed by Retamales et al.
(from Davies, 2009).

2.2 Observed Damage States

Damage states (DS) were defined by UB (Davies, 2009) to describe the physically observed
damage and the required repair techniques (Tables 2.2 and 2.3). In the classification of damage,
three damage states were proposed: DS; referring to light damage, DS, to moderate damage and
DS; to complete or severe damage. Damage within DS; can be repaired such that the wall
appears new. DS, is moderate damage, where the damage is localized, including crushing in the
wall corners, out-of-plane bending of the wallboard at wall intersections, or damaged boundary
studs. DS, can be repaired in local damaged regions with gypsum and boundary stud
replacement. DS; is the most severe damage, characterized by track damage or hinging of the
studs. Walls reaching DS; would require full replacement. These damage states were adopted by
the experimental team at the University at Buffalo (UB) in the experimental stages of the project.
It is noted that similar damage state classifications have been identified by others (e.g.
Bersofsky, 2004; Restrepo and Lang, 2011). The damage state classification identified at UB has
been adopted here in the simulation program. Consistent with the approach of the UB
experimental team, if a higher class damage state was identified before a lower class damage
state, then the two damage states are set equal. For example, if DS, occurred at 1.0% interstory
drift and DS, occurred at 1.5%, DS; and DS, are then both defined at 1.0%. It should also be

noted that select specimens (for reasons described later) are noted to be outliers (gray specimens
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in Table 2-3). In this table, the last column “normalized model” indicates for Chapter 5 which

specimens are considered for the normalized model development.

Table 2-2 Damage state classification adopted for partition walls (photos courtesy of UB
Experimental Team)

Damage — .
State Description and Repair Example
1 Lightdamage to walls, cracks along

Light cornerbeads and joint tape,along with
screw pullout. Repair requires cornerbead
and screw replacement with some
refinishing techniques.

2 Crushing in wall corners, out of plane
Moderate |bending,damaged boundary studs.
Localized repairs of gypsum and
replacement of boundary studs.

3 Track damage (tear, bent), hinges in studs.
Severe |Fullreplacement.
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Table 2-3 Partition wall test specimens as considered for modeling and damage state
summary herein.

‘ ‘ . Damage State ’
Spe;i:lg'nen Subgroup COlg‘;;lzcetlon COI}I;?;:OH (drift ratio, %) N(l)\sl n;gi:ll%ed
1 2 3
1 la Commercial Partial 0.2 10.62]0.62
2 la Commercial Partial 02 1062 1
3 la Commercial | Partial | 0.4 |0.62 |0.62
4 1b Commercial Full 0.4 |0.62]1.16 X
5 1b Commercial Full 02 | 04 |232 X
6 1b Commercial Full 0.4 |0.62|2.66
7 1b Commercial Full 02 1062 1
8 1b Commercial Full 0.4 1 1 X
9 1b Commercial Full 0.2 | 0.4 |0.62
10 1b Commercial Full 0.2 | 0.810.81
20 2a Institutional Partial 0.2 1 [232
21 2a Institutional Partial 04 081 --
22 2a Institutional Partial 0.62 1062 1
23 2b Institutional Full 04 (081 1 X
24 2b Institutional Full 04 | 04 |1.16 X
25 2b Institutional Full 04 | 04 |0.62 X
26 2b Institutional Full 0.4 1 1 X
27 2b Institutional Full 0.4 |0.620.81 X
28 2b Institutional Full 0.4 | 0.81]0.81 X

? Normalized model refers to whether or not the test specimen is utilized in the model described in Chapter 5.
* Gray rows are identified as outliers to the subgroup behavior.
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2.3 Example Specimen Response

In order to explore typical damage progression and response of an in-plane wall setup,
specimen 20 is presented. This specimen corresponds to the first experimental partition wall
tested from group 2a, institutional style construction with a partially connected boundary
condition. Subgroup introduction and classification immediately follows in 2.4. Specimen 20 is
illustrated here as it is used later in section 3 to verify the modeling procedure. Figure 2-6
presents the experimental hysteretic force-displacement response while Table 2-2 summarizes
the damage observed as noted by the UB experimental team and its corresponding hysteretic
response characteristics. The final state of this specimen is characterized by damage located

primarily in the return walls and its intersection with the longitudinal in-plane walls.
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Figure 2-6 Experimental force-displacement response for Specimen 20.
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Table 2-4 Damage and corresponding hysteretic response report for Specimen 20.

.e. o+« Drift | Load 5 .
Drift (in) (%) Step Observed Damage Hysteretic Response
0.000 0.00 0 - -
Initially very stiff corresponding to the
0279 0.20 7 Slight crack in paint (1' long) in wall corner. No uncracked stiffness, load cycling is
’ ' additional damage observed primarily elastic. Loading and unloading
stiffness are similar.
. . g Specimen cracks, stiffness degradation
0559 | 040 | 20 |Crushingofgypsum board in one comer of longitudinal| ¢ ver 11004 cvele begins to dissipate
wall. 2' long crack in joint paper tape at wall intersection| g .
energy, unloading stiffness degrades.
0858 0.62 27 Crack along top 4' in joint paper tape at wall Continued response with greater energy
’ ' intersection. 1/16-1/8" gap (approx.) under bottom track dissipation.
Large gap observed at longitudinal and transverse wall . .
. . . . , Specimen dissipates greater energy than
intersection. Joint paper tape destroyed in top 4' at wall .
1.120 0.81 31 . . o previously, wall strength value plateaus at
intersection. Increased gap under longitudinal wall the peak value
bottom track. Out of plane bending of transverse wall p '
Damage of top 6' of joint paper tape at wall intersection.
Screws pulled out from webs of studs located in wall . .
1.384 1.00 34 corners. Closed gap under longitudinal wall bottom Similar to previous.
track
1.601 116 36 Crushing of gypsum board in one corner of longitudinal Similar to previous.
wall. Increased out of plane bending of transverse walls
Vertical crack along the center of the return wall. Specimen continues to dissipate greater
1.861 1.35 38 Horizontal crack along paper tape covering joints energy (per cycle) and strength begins to
between transverse wall gypsum boards degrade.
2.171 1.57 40 No new damage states triggered Similar to previous.
No global rocking of walls observed, presumably due to
2.537 1.84 42 nails passing through longitudinal wall bottom track Similar to previous.
web
2.743 1.99 43 No new damage states triggered Extensive strength degradation is
experienced.
Strength degradation plateaus, initiation of]
2963 215 44 Longitudinal wall boundary studs twisted. Bending of | post-peak hardening due to 'gap closing'
’ ' flanges of transverse wall top track observed. demonstrated slightly on the positive side.
Continued increase in energy dissipation.
One nail in the connection of the transverse wall top
3.196 2.32 45 track pulled out of concrete. Global twist of transverse Similar to previous.
wall observed
Longitudinal wall gypsum board detached from
3.673 2.66 47 boundary stud. Transverse wall top track flanges Similar to previous.
completely bent
3.893 2.82 48 No new damage states triggered Similar to previous.
4.140 3.00 50 No new damage states triggered Similar to previous.
Severe damage in transverse walls and along
Final condition intersection between the longitudinal and transverse -
walls.

> Observed damage reports provided by the UB experimental research team, taken from Davies, 2009.
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2.4 Subgroup Classification Overview

Building occupancy will certainly affect the materials and details used for its partition walls.
For example, commercial grade partition walls have thinner gauge studs, spaced at larger
intervals, when compared with partition walls installed in institutional buildings. Likewise,
stronger connections are required for the institutional configuration (Figure 2-7). Consequently
four types of partition wall are identified as predominant, namely: 1) commercial, 2)
institutional, 3) partial height and 4) remedial design (Table 2.5). It is noted that the details
adopted in these tests were identified via consultation with practicing engineers, architects, and
construction industry representatives familiar with the most common configurations.
Accordingly, numerical models are developed for the subgroups 1a, 1b, 2a and 2b. Groups 3 and
4, not shown here, are not selected for modeling. Group 3 refers to partial height specimens, in
which the failure mechanism was governed by brace buckling. Due to the buckling nature of the
braces, the unrestrained length of the studs is critical, and to reasonably capture this, one needs to
explicitly model the brace. These details may vary substantially in practice. Nonetheless,
knowledge of the brace characteristics would allow for modification of the developed models
herein by altering the top boundary condition. Group 4, remedial designs, is also not considered,

since these are not typical construction practices.

Table 2-5 Partition wall classification by subgroup. Only subgroups with full height
specimens are considered.

Subgroup Name Description

la Commercial partially Full-height specimens constructed using
connected commercial practice and slip track connections

1b Commercial fully Full-height specimens constructed using
connected commercial practice and full connections

2a Institutional partially Full-height specimens constructed using
connected institutional practice and slip track connections

2b Institutional fully Full-height specimens constructed using
connected institutional practice and full connections
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Figure 2-7 Sheathing and framing connectivity details: (a-b) bottom and top track
connections for partially connected specimens (slip track), (c-d) bottom and top track
connections for fully connected specimens, (e) wall intersection details for commercial

construction practices and (f) wall intersection details for institutional construction
practices (from Davies, 2009).
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While the partition walls are grouped according to their installation techniques,
specimen-to-specimen variation does exist. The largest contribution for specimen variability lies
within the installation procedure, and this variation does exist in practice. Accepting this
variability, initially representative models for each subgroup are targeted for the mean behavior
and later models developed target an overall group model of all the fully connected specimens.
The subgroup representative force-displacement curves are averaged before the backbone

selection procedure is conducted.

2.5 Specimen Outliers in a Subgroup

In the analysis of the experimental response of all walls, one observes specimens that are
outliers with respect to other specimens within their subgroup. These may be due to
uncharacteristic failures. Examples of uncharacteristic failures include connection separation
where the screws pulled through the partition wall and top track failures including: wall sliding,
track tearing, and crushing/bending. An example is shown for specimen 10 in Figures 2-8 and 2-
9. For specimen 10, the screws pulled through at a displacement less than 0.86 inches (0.6%
drift) and crushing/bending of the top track occurred before 1.12 inches (0.8% drift). While this
behavior is realistic, it is not observed in other specimens within the subgroup 1b and resulted in
significantly lower lateral load carrying capacity. In identifying this specimen as an outlier to the

subgroup 1b, it is removed from the averaging of results.

2.5.1 Subgroup 1a

Subgroup 1a is classified as commercial grade construction, partially connected specimens.
This subgroup utilizes 18 mil track, 18 mil vertical studs at 24 inches (c/c) with partially
connected, commercial details illustrated in Figure 2-7. Subgroup la originally consisted of
specimens 1, 2 and 3 for the static in-plane configurations. In a detailed specimen-to-specimen
inspection of the hysteretic behavior of this subgroup, Specimen 3 is considered an outlier. In the
damage report of specimen 3 at 1.34 inches, the gypsum panels at the top of the wall detached
from the studs at the wall boundaries (Davies, 2009). Consequently specimen 3 is not considered
for the subgroup representative modeling. In Figure 2-10, each of the specimens making up
subgroup la is shown. The dark blue hysteretic curves shown are considered for modeling, while

32



the lighter gray curve is characterized as an outlier. The dashed curve shown on the specimens
considered for modeling shows that individual specimen backbone while the thicker black curve

demonstrates the overall subgroup average (mean) backbone, neglecting the specimen (3)
considered as an outlier.

| — Specimen 10

Force (kip)

Cfushing/bénding /

2F ..oftop.track .... ... O R
Screw pdll-through?
-3 i i i i i i
-3 -2 -1 0 1 2 3
Drift (%)

Figure 2-8 Experimental load-displacement of specimen 10 (subgroup 1b). Note the
anomalous dramatic reduction in load carrying capacity at 0.8% drift.

(a) (b)

Figure 2-9 Photos of damage observed in specimen 10: (a) at 0.6% drift and (b) top track
damage.
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Figure 2-10 Subgroup 1a experimental hysteretic behavior showing identified backbone
and average subgroup backbone.

2.5.2 Subgroup 1b

Subgroup 1b is classified as commercial grade construction with fully connected detailing.
This subgroup utilizes 18 mil track, 18 mil vertical studs at 24 inches (c/c) with fully connected,
commercial details illustrated in Figure 2-7. Subgroup 1b originally consisted of specimens 4 —
10. In a detailed specimen-to-specimen inspection, specimens 7, 9 and 10 are characterized as
outliers. The main difference in these specimens in the damage report was top track tearing.
While removing three out of the original 7 specimens seem significant, the removal of these
specimens will result in a more conservative model neglecting any installation variance resulting
in lower strength characteristics. In Figure 2-11, each of the specimens making up subgroup 1b is
shown. The dark blue hysteretic curves shown are considered for modeling, while the lighter
gray curves (7, 9 and 10) are characterized as outliers. The dashed curve shown on the specimens
considered for modeling shows that individual specimen backbone while the thicker black curve
demonstrates the overall subgroup average backbone, neglecting the specimens (7, 9 and 10)

considered as an outliers.
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2.5.3 Subgroup 2a

Subgroup 2a is classified as institutional grade construction with partially connected
detailing. This subgroup utilizes 30 mil track, 30 mil vertical studs at 16 inches (c/c) with
partially connected institutional details illustrated in Figure 2-7. Subgroup 2a consists of
specimens 20-22. In a detailed specimen-to-specimen inspection, no specimens are characterized
as outliers. In Figure 2-12, each of the specimens making up subgroup 2a is shown. The dark
blue hysteretic curves shown are considered for modeling, the dashed curve shows the individual
specimen backbone while the thicker black curve demonstrates the overall subgroup average

backbone.

2.5.4 Subgroup 2b

Subgroup 2b is classified as institutional grade construction with fully connected detailing.
This subgroup utilizes 30 mil track, 30 mil vertical studs at 16 inches (c/c) with partially
connected, institutional details illustrated in Figure 2-7. Subgroup 2b consists of specimens 23-
28. In a detailed specimen-to-specimen inspection, no specimens are characterized as outliers. In
Figure 2-13, each of the specimens making up subgroup 2b is shown. The hysteretic curves
shown in dark blue are considered for modeling, the dashed curve shows that individual
specimen backbone while the thicker black curve demonstrates the overall subgroup average
backbone. It is noted that very consistent hysteretic behavior is observed among the group of six

specimens forming this subgroup.

3