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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.

An evaluation of the acceleration demands on nonstructural components in typical steel moment frame
structures was performed in this study. The incremental dynamic analysis method was used to evaluate
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the floor response of inelastic steel moment frame buildings subjected to all three components of a suite of
21 ground motions. A database of floor response motions was generated and used to identify the effect of
variables such as structural period, structural yielding, relative height within the structure, nonstructural
component damping ratio, and out-of-plane flexibility of the floor system on acceleration demands on non-
structural components. As a result of this study, a more realistic formulation of the peak floor acceleration
response that accounts for the effect of structural period and ductility is proposed and may be used to im-
prove current code estimations. In addition, the feasibility of using floor response motions from the database
as drive motions for shake table testing of nonstructural components was assessed and is recommended for
use in future experimental testing.
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ABSTRACT

The large investment in nonstructural components in buildings and severe damage to these
components in recent earthquakes necessitates improved design provisions for these components.
The present study uses the OpenSees finite element framework to develop full three-dimensional
models of four steel moment frame buildings. The incremental dynamic analysis method is
employed to evaluate the floor response of inelastic steel moment frame buildings subjected to
all three components of a suite of 21 ground motions. To better understand the acceleration
demands on nonstructural components, this study focuses on the influence of structural period,
level of ductility of the structure, and relative height in the building on the horizontal and vertical
floor acceleration response. The horizontal floor acceleration response is shown to decrease with
increasing structural period and ductility while varying nonlinearly along the height of the
building. In contrast, the vertical acceleration response was found to be independent of structural
period, level of ductility, and relative height. Variation in the vertical acceleration response is
primarily attributed to the out-of-plane flexibility of the floor system. Significant vertical
acceleration amplification is only observed away from the column supports. As a result of this
study, a more realistic formulation of the peak floor acceleration response accounting for the
effect of structural period and ductility is proposed and may be used to improve current code
estimations is proposed. In addition, a direct method for developing an envelope horizontal floor

response spectrum is developed.
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SECTION 1
INTRODUCTION

1.1 Background Information

Nonstructural components are not part of the main gravity or lateral load-resisting system. They
include architectural elements, mechanical systems, and building contents. These components
represent 75% of the loss exposure of US buildings to earthquakes and account for over 78% of
the future estimated national annualized earthquake loss (Maragakis et al., 2007). In several
recent earthquakes, extensive damage and loss of functionality of buildings has resulted even
when no structural damage has occurred. For example in the 1994 Northridge earthquake, the
Olive View Medical Center in Sylmar, CA experienced essentially no structural damage yet was
forced to shut down and evacuate patients due to water leakage from broken fire sprinkler piping
systems (Reitherman and Sabol, 1995). This is an example of severe ground motion affecting a
modern building that was designed under the California Hospital Seismic Safety Act to be more
earthquake-resistant than most buildings. Buildings designed to lesser standards typically have a
much lower level of attention paid to nonstructural components. It is also true that most
nonstructural components are more damageable than the structure even at relatively low
severities of shaking. Moderately intense shaking at a given site is much more likely than very
intense shaking. These factors combine to make nonstructural damage more prevalent than

structural damage.

Nonstructural components can be categorized by sensitivity into two classes, namely
acceleration-sensitive or drift-sensitive. Components such as suspended ceilings, light fixtures,
fire sprinkler piping, bookshelves, etc. are considered acceleration-sensitive because they are
most susceptible to damage incurred from inertial forces. Whereas components such as partition
walls, cladding, vertical riser pipes, etc. fall into the drift-sensitive classification because they are
susceptible to damage due to interstory drift response of the supporting structure. Consequently,
both the acceleration and drift response of the supporting structure impose the seismic demands
on the nonstructural components within a building. Thus, enhancing the understanding of the

building response to seismic events is critical in the seismic design of nonstructural components.



In light of the importance of protecting the integrity of nonstructural components during
earthquakes, there is a need for additional research to develop reliable performance-based design
criteria for nonstructural components. The presented study supports this field of research through
the evaluation of floor acceleration and interstory drift responses of typical moment frame
structures for the purpose of developing the seismic demands on nonstructural components

throughout the building.

1.2 Literature Review

The seismic performance of nonstructural components has been the topic of research for critical
facilities such as nuclear power plants for decades, but the design of nonstructural components in
ordinary buildings has not received as much attention. Much of the research conducted by the
nuclear industry is based on coupled models of the structural and nonstructural systems. This
type of modeling is difficult and impractical to implement in the design of nonstructural
components in ordinary buildings (Villaverde, 1997). As a result, researchers began searching
for more economical methods of analysis. One of the first simplified methods of analysis of
nonstructural components is the floor response spectrum method. In this method, a response
history analysis of the building is performed and the floor acceleration time history response is
used to generate a floor response spectrum which can be used to design the nonstructural
component. While this method does not rigorously model dynamic interaction between the
nonstructural components and the supporting structure, it has been shown to provide
conservative estimates for the acceleration demands on nonstructural components (Villaverde,

1997).

Others have proposed methods to generate floor response spectra directly from the ground
acceleration spectrum. Examples are the methods proposed by Biggs and Roesset (1970), Amin
et al. (1971), and Singh (1974). These methods are either largely empirical or have complicated
theoretical backgrounds of random vibration theory and spectral density functions. These
proposed methods as well as the floor response spectrum method can become computationally
expensive for implementation in practical design settings. Thus, recent research efforts have been
aimed at the development of simple code equations to accurately determine the peak floor

acceleration response of buildings. Accurate estimates of the peak floor accelerations can be used



to provide minimum acceleration demands on nonstructural components located throughout the

supporting structure.

Rodriguez et al. (2002) studied the influence of inelastic response of regular buildings on peak
floor acceleration demands and proposed a new method for estimating the peak floor
accelerations. This method was based on modal superposition and considered the nonlinear

response and higher mode effects of the supporting structure (Rodriguez et al., 2002).

Taghavi and Miranda (2006) use a continuum model of a shear beam rigidly linked to a flexural
beam. The relative shear stiffness to flexural stiffness ratio is used to model structures ranging
from braced frames to moment frames. The influence of lateral load-resisting system, reduction
of lateral stiffness, structural period, and structural nonlinearity on the peak floor accelerations

and floor response spectra were studied.

Medina et al. (2006) analytically studied stiff moment-resisting frame buildings with periods
designed to be equal to 0.1 times the number of stories and uniform lateral stiffness distribution
over the height of the structures. Peak floor accelerations and floor response spectra were

generated.

Most of these studies performed simple two-dimensional analysis to assess the horizontal floor
accelerations throughout the building. This study expands on previous studies by generating
three-dimensional models with explicitly modeled floor systems and incorporating vertical

acceleration.

Pekcan et al. (2003) generated horizontal and vertical floor acceleration spectra for two
elastically responding concrete buildings. They showed that the out-of-plane flexibility of the
floor systems generate significant amplification of the vertical acceleration such that the vertical

acceleration of nonstructural components may exceed the horizontal acceleration.

This study builds on the work of all of the previously mentioned research by providing
quantitative information on the dependence of the acceleration response of elastically responding
nonstructural components on ground motion characteristics and on structural properties of three-

dimensional moment-resisting frame buildings, including explicitly modeled floor systems.



1.3 Objectives and Scope

The presented study has two primary motivations. The first is to determine the effect of building
floor accelerations on the response of nonstructural components. In order to more accurately
understand the seismic demand imposed on nonstructural components at different floor levels, an
analytical study assessing the floor response characteristics of inelastically responding steel
moment frame structures was performed. The second motivation of this investigation was to
generate a set of motions appropriate for shake table testing of nonstructural components. The set
of motions should include the acceleration demands on nonstructural components mounted on
yielding structures because almost all buildings are designed using criteria that anticipates
inelastic structural behavior in strong earthquake shaking. The following outlines the objectives

and scope of this particular study.

e Develop a robust database of floor response histories

e Characterize floor level response in terms of acceleration spectra, interstory drift, and
seismic energy content

e Review the current code requirements for seismic demands of nonstructural systems

e Select a set of floor motions from the developed database which are applicable for shake

table testing of nonstructural components

In order to achieve these objectives, incremental dynamic analysis (IDA) using a suite of 21
historically recorded ground motions has been performed on a group of four representative steel
special moment-resisting frame structures. Incremental dynamic analysis was selected in order to
develop the robust database of structural responses, as this methodology requires numerous
nonlinear dynamic analyses. The numerical models have been constructed such that the effects of
geometric and material nonlinearities, out-of-plane floor flexibility, and vertical ground
excitation are included. These effects increase the robustness of the database by allowing for the
characterization of floor responses in terms of level of yielding within the structure, and location
within the elevation as well as plan of the structure. From the developed database a thorough
review of code requirements was completed. In addition, an ensemble of shake table input
motions selected from the accumulated floor response database was generated for the purpose of

evaluating the seismic performance of nonstructural components mounted in yielding structures.



SECTION 2
BUILDING DESCRIPTION

2.1 Introduction

This chapter provides descriptions of the building structures investigated in this study. The first
part of the chapter discusses the geometry and design assumptions of the selected buildings
including the dimensions, lateral load-resisting systems, structural steel sections, deck slabs, and
material properties. The second part of the chapter focuses on the computational models of each
building developed for this study wherein a brief overview of the OpenSees finite element
platform is presented. The nonlinear material and element models as well as the boundary
conditions are described in detail. Pushover analyses results and the dynamic characteristics of

the structures are also presented in this chapter.

2.2 Building Design

A set of four steel special moment-resisting frame (SMRF) buildings were selected for this
investigation. This set consists of a 3-story office building (B3), a 3-story hospital (H3), a 9-story
office building (B9), and a 20-story office building (B20). While the office buildings were
designed as a part of the SAC steel project (Gupta and Krawinkler, 1999), the hospital building
was designed specifically for this project. The set contained a diverse range of heights and
occupancies, while the lateral load-resisting system remained constant in order to provide a
thorough investigation of steel SMRF buildings. Hence, the findings of this investigation are

applicable to SMRF buildings which are commonly used on the west coast of the United States.

2.2.1 SAC Office Buildings

The three post-Northridge Los Angeles designs developed in the SAC steel project were used in
this investigation (Gupta and Krawinkler, 1999). Moreover, the 1994 Uniform Building Code
(ICBO, 1994) along with the improved connection details of the FEMA 267 Guidelines (FEMA,
1995) were used to design these SMRFs. Table 2-1 defines the loading assumptions provided by
the SAC steel project. In addition to the strength design, the buildings were required to conform

to a drift limit of h/400 (0.25%) under the design lateral loads, where h is the story height.



Table 2-1 SAC Loading Assumptions

Load Classification Load Assumption

Steel Framing as designed.

3 in metal decking with 2.5 in of normal weight concrete fill

Floors and Roof and fireproofing.

Roofing 7 psf average.

Ceilings and Flooring 3 psf average, including fireproofing.

7 psf average for all floors, additionally 40 psf over penthouse

Mechanical/Electrical )
area for equipment.

Partitions as per code requirements (10 psf for seismic load, 20 psf for

gravity design).
25 psf of wall surface average, including any penthouses.
. Assume 2 ft from perimeter column lines to edge of building
Exterior Wall . .
envelope. Include 42 in parapet at main roof level, none at
penthouse roof.
Live Load typical code values for office or hospital occupancy.
Wind Load as per code requirements, assuming congested area (Exposure
B as per UBC '94 definition).
Seismic Load as per code requirements.
Soil Type stiff soil (UBC’94 = S2) (IBC’06 = Site Class D)

The base shear and equivalent lateral forces were obtained from the equations of Section 1628 of
the 1994 UBC (ICBO, 1994). The Los Angeles area is located in Seismic Zone 4, thus for these
equations, the seismicity factor, Z, was set equal to 0.4, the importance factor, |, for office
structures was taken as 1.0, the soil type was assumed to be a stiff soil, S2, and the load
reduction factor, Ry, for SMRFs was taken as 12. These seismic parameters produce design
lateral loads that governed the design of the lateral load-resisting systems (Gupta and

Krawinkler, 1999).

The design forces used in the design of the SAC buildings per the 1994 UBC were compared to
the design seismic forces prescribed by the 2006 IBC. In order to generate a more fair
comparison, the force reduction factors, Ry (UBC) and R (IBC), were each set to 1. The vertical
distribution of the story forces generated by each code for the three SAC structures are compared

in Figure 2-1, Figure 2-2, and Figure 2-3. Particularly worth noting is that the 1994 UBC uses a



triangular distribution of base shear with an additional roof force to account for the higher mode
effects, whereas the 2006 IBC uses a parabolic distribution. Though the force distributions are
noticeably different, the story shear distributions follow a very similar pattern. The design base
shear for the 3- and 20-story buildings is approximately 10% less using the 1994 UBC, however,
the design base shear for the 9-story building is about 25% greater using the 1994 UBC.

The designs specify dual grade A36 Gr. 50 (nominal Fy = 50 ksi) steel for all members. The

sections that follow introduce the buildings individually.
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2.2.1.1 3-Story Office Building (Building B3)

Building B3 is the 3-story SAC office building. The plan and elevation views for this building
are illustrated in Figure 2-4. It has plan dimensions of 180 ft by 120 ft which is divided into 6
equal 30 ft bays in the East-West direction (x-direction) and 4 equal 30 ft bays in the North-
South direction (y-direction). The overall height of Building B3 is 39 feet with a constant story
height of 13 feet. The lateral load-resisting SMRFs are shown in bold in Figure 2-4. The lateral
design loads described in Section 2.2.1 were developed using elevation and seismic weights of

Table 2-2. The structural steel sections are presented in Table 2-3.
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Figure 2-4 3-Story Office Building (Building B3)

Table 2-2 Elevation, Seismic Weight, and Design Story Forces of Building B3

Floor Level Elevation | Seismic Weight Design Story
Force
ft kip kip
2 13 2110 78
3 26 2110 156
Roof 39 2283 253
Total - 6503 487
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Table 2-3 Beam and Column Sections for Building B3

Seismic Frame Gravity Frame
Story Column Girder Column
Level Beam
Interior | Exterior SMRF | Collector | Penthouse | Other
1 W14x311 | W14x257 | W30x116 | W21x44 W14x82 W14x68 | W16x26
2 W14x311 | W14x257 | W30x116 | W21x44 | WI14x82 | W14x68 | W16x26
W14x311 | W14x257 | W24x62 | W21x44 | WI14x82 | W14x68 | W14x22

2.2.1.2 9-Story Office Building (Building B9)

Building B9 is the 9-story SAC office building. The plan and elevation views are illustrated in
Figure 2-5. It has plan dimensions of 150 ft by 150 ft which is divided into 5 equal 30 ft bays in
the East-West direction (x-direction) and 5 equal 30 ft bays in the North-South direction (y-
direction). Building B9 is 122 ft tall and includes a 12 ft basement, first story height of 18 ft, and
8 stories of 13 ft each. The lateral load resisting SMRFs are shown in bold in Figure 2-5. The
beams in the last bay of SMRFs are pinned in order to decouple the orthogonal frames. The

elevations and seismic weights of Building B9, defined in Table 2-4, were used to establish the

design seismic lateral loads. The design sections are presented in Table 2-5.
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Table 2-4 Elevation, Seismic Weight, and Design Story Forces of Building B9

Floor Level Elevation Seismic Weight Des::g];r?;ory

ft kip kip

2 18 2223 22

3 31 2185 37
4 44 2185 53

5 57 2185 68

6 70 2185 84

7 83 2185 99

8 96 2185 115
9 109 2185 130
Roof 122 2354 233
Total - 19872 841

Table 2-5 Beam and Columns Sections for Building B9

Story

Seismic Frame

Gravity Frame

Column Girder Column

Level Beam
Interior | Exterior SMRF Penthouse Other

-1 W14x500 | W14x370 W36x150 W14x211 | W14x193 | W18x35

1 W14x500 | W14x370 W36x150 W14x211 | W14x193 | W16x26
W14x500 | W14x370 W14x211 | W14x193

2 W14x455 | W14x370 W36x150 W14x159 | Widx145 | W16x26

3 W14x455 | W14x370 W33x141 W14x159 | W14x145 | W16x26
W14x455 | W14x370 W14x159 | W14x145

4 W14x370 | W14x283 W33xl14l W14x120 | Wi4x109 | W16x26

5 W14x370 | W14x283 W33x141 W14x120 | W14x109 | W16x26
W14x370 | W14x283 W14x120 | W14x109

6 W14x283 | W14x257 W33x130 W14x90 | Widxgz | W16x26

7 W14x283 | W14x257 W27x102 W14x90 | W14x82 | W16x26
W14x283 | W14x257 W14x90 | W14x82

8 W14x257 | W14x233 W27x94 W14x61 | Widxdg | W16x26

9 W14x257 | W14x233 W24x62 W14x61 | W14x48 | W14x22

13




2.2.1.3 20-Story Office Building (Building B20)

Building B20 is the 20-story SAC office building. The plan and elevation views are illustrated in
Figure 2-6. It has plan dimensions of 120 ft by 100 ft which is divided into 6 equal 20 ft bays in
the East-West direction (x-direction) and 5 equal 20 ft bays in the North-South direction (y-
direction). Building B20 is 265 ft tall and has two 12 ft basements, first story height of 18ft, and
19 stories 13 ft in height. The SMRFs are shown in bold in Figure 2-6. The corner columns are
designed as box sections to carry biaxial moments. The elevations and seismic weights of
Building B20 are defined in Table 2-6. The design sections of Building B20 are presented in
Table 2-7.

2.2.2 Hospital Building

In order to broaden the scope of this study, an SMRF hospital building was included. Hospital
structures are unique in that they typically have taller story heights, yet are required to comply
with very stringent drift ratios, typically 1.0 - 1.5% under the design equivalent static lateral
loads. The target seismic design performance of the hospital building is immediate occupancy as
opposed to the life safety for the office and residential buildings. After a seismic event, hospitals
are required to stay operational with minimal interruption. As a result, they are often designed
with significantly more strength and are typically stiffer than office buildings. Hospital buildings
also contain a large number of nonstructural components critical to the operation of the hospital.
Thus, this study has included Building H3, a 3-story hospital building, to identify the differences

in performance and response between hospital and office structures.
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Table 2-6 Elevation, Seismic Weight, and Design Story Forces of Building B20

Floor Level Elevation Seismic Weight Des::g];r?;ory

ft kip kip

2 18 1244

3 31 1216

4 44 1216
5 57 1216 12
6 70 1216 14
7 83 1216 17
8 96 1216 20
9 109 1216 23
10 122 1216 25
11 135 1216 28
12 148 1216 31
13 161 1216 33
14 174 1216 36
15 187 1216 39
16 200 1216 41
17 213 1216 44
18 226 1216 47
19 239 1216 49
20 252 1216 52
Roof 265 1290 171
Total - 24422 701

16



Table 2-7 Beam and Column Sections for Building B20

Seismic Frame

Gravity Frame

itory: Column Girder Beam
eve Column
Interior Exterior SMRF 40 ft 20 ft

2 W24x335 | 15x15x2.00 | W14x22 | W14x550 | WI8x40 | W14x22

-1 W24x335 | 15x15x2.00 | W30x99 | W14x550 | W24x55 | W14x22

1 W24x335 | 15x15x2.00 | W30x99 | W14x550 | WI18x40 | W14x22
W24x335 | 15x15x2.00 W14x550

2 W24x335 | 15x15x1.25 | W0X99 | wiaxass | WISx40 | Wl4x22

W24x335 | 15x15x1.25 | W30x99 | W14x455 | WI8x40 | W14x22

4 W24x335 | 15x15x1.25 | W30x99 | W14x455 | WI8x40 | W14x22
W24x335 | 15x15x1.25 W14x455

> W24x279 | 15x15x1.00 | WOOXIO8 1 wiaxzgg | WIBx40 | Wi4x22

6 W24x279 | 15x15x1.00 | W30x108 | W14x370 | WI8x40 | W14x22

7 W24x279 | 15x15x1.00 | W30x108 | W14x370 | WI8x40 | W14x22
W24x279 | 15x15x1.00 W14x370

8 W24x279 | 15x15x1.00 | WAOXI08 | wiaayy | WISx40 | Wldx22

9 W24x279 | 15x15x1.00 | W30x108 | Wi14x311 | WI8x40 | W14x22

10 W24x279 | 15x15x1.00 | W30x108 | Wi14x311 | WI8x40 | W14x22
W24x279 | 15x15x1.00 W14x311

1 W24x229 | 15x15x1.00 | WA0X9 | Wwiaxpsy | WISx40 | Wldx22

12 W24x229 | 15x15x1.00 | W30x99 | W14x257 | WI8x40 | W14x22

13 W24x229 | 15x15x1.00 | W30x99 | W14x257 | WI8x40 | W14x22
W24x229 | 15x15x1.00 W14x257

14 W24x162 | 15x15x0.75 | WA0X9 | wiax17e | WIBx40 | Wldx22

15 W24x162 | 15x15x0.75 | W30x99 | W14x176 | WI8x40 | W14x22

16 W24x162 | 15x15x0.75 | W30x99 | Wi14x176 | WI8x40 | W14x22
W24X162 | 15x15%0.75 W14x176

17 W24x117 | 15x15x0.75 | W2TX84 | Wwiaxiog | WIBx40 | Wldx22

18 W24x117 | 15x15x0.75 | W27x84 | W14x108 | WI8x40 | W14x22
W24x117 | 15x15x0.75 W14x108

19 W24x94 | 15x15x0.50 | WEHO2 1 wiaxgz | WISx40 | Wldx22

20 W24x94 | 15x15x0.50 | W21x50 | W14x43 | WISx35 | Wi2xl4
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2.2.2.1 3-Story Hospital Building (Building H3)

Building H3 is a 3-story hospital building designed as a part of this investigation. This building
was designed according to the 2006 International Building Code (ICC, 2006). The plan and
elevation views are illustrated in Figure 2-7. The plan dimensions mimic that of Building B3
while the elevation was adjusted to be more representative of current hospital buildings. It has
plan dimensions of 180 ft by 120 ft which is divided into 6 equal 30 ft bays in the East-West
direction (x-direction) and 4 equal 30 ft bays in the North-South direction (y-direction). The first,
second, and third story heights were adjusted to 20 ft, 16 ft and 16 ft, respectively, making the
building 52 ft tall. The SAC gravity loading assumptions, defined in Table 2-1, were adopted for
the design with the exception of the live load which was increased from 50 psf to 60 psf
everywhere. The lateral load-resisting SMRFs are shown in bold in Figure 2-7. The 2006 IBC
calculates the seismic base shear demand using a different equation than that used by the 1994
UBC. Among the differences, the most significance is the fact that the 2006 IBC equation for
base shear is site-specific. To be representative of a large seismically active region, the site
parameters were determined from the average of the California seismicity parameters according
to the 2002 USGS seismicity maps (USGS, 2002). The maximum mapped MCE Ss and S; values
of each zip code in California were used to obtain the mean Sg and its corresponding S; as well as
the mean S; and its corresponding Ss. This was accomplished by selecting the Ss and S; values of

the zip code, with the Sg value closest to the mean of the Ss values and similarly for S;.

Table 2-8 summarizes these values. These two sets of parameters produced similar design
spectra, thus either set may be considered representative. The mean Ss and its corresponding S;
were selected for this study as the corresponding spectrum has a wider plateau, and thus is more
conservative. The design seismic values Sps and Sp; were calculated according to the provisions
of the 2006 IBC, corresponding to two-thirds of the Sys and Sy values. It should be noted that
these parameters correspond to a location in the San Francisco Bay area. This is different from
the Los Angeles area used to design the original SAC buildings, however when the SAC
buildings were designed these two locations had equivalent seismic design criteria, i.e. the
seismic zone factors were equivalent under the 1994 UBC. A comparison of the 1994 UBC
design spectrum and 2006 IBC design spectrum with the mean Sg and its corresponding S;

seismicity parameters are compared in Figure 2-8. In comparing the spectra, it is noted that while

18



the short period acceleration demand is comparable the wider plateau generates greater
acceleration demands in the long period range. For the purpose of this study, the assumed

seismicity parameters were considered acceptable.
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Figure 2-7 3-Story Hospital Building (Building H3)

Table 2-8 Site Location Seismicity Parameters for Building H3

Based on Sg Based on S;
Ss (9) Si (@) Ss (9) Si (9)
Mean 1.508 0.750 1.557 0.597
Median 1.523 0.617 1.845 0.600
Maximum 2.893 1.261 2.259 1.298
Minimum 0.211 0.139 0.211 0.139
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Just as the seismic design forces differ between the 2006 IBC and 1994 UBC, so too do the drift
limitations prescribed in each. As such, Building H3 was designed to conform to a drift limit of
0.015h (1.5%) under the design lateral loads per the 2006 IBC. The elevation and seismic weight
of each floor derived from the loading assumptions are shown in Table 2-9 and the design
sections are presented in Table 2-10. The AISC Steel Construction Manual (AISC, 2005) was
used as the reference design specification along with SAP2000 software (CSI, 2007) to complete
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Figure 2-8 Design Acceleration Spectrum Comparison

the design of Building H3.

5.0

Table 2-9 Elevation, Seismic Weight, and Design Story Forces of Building H3

Floor Level Elevation | Seismic Weight Design Story
Force
ft kip kip
2 20 2187 157
3 36 2157 316
Roof 52 2464 563
Total - 6808 1036
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Table 2-10 Beam and Column Sections for Building H3

Seismic Frame Gravity Frame
Story Column Girder Column
Level Beam
Interior | Exterior SMRF | Collector | Penthouse Other
1 W27x368 | W27x368 | W33x152 | W21x68 | W14x109 | W14x109 | W21x83
2 W27x368 | W27x368 | W33x152 | W21x68 | W14x109 | W14x109 | W21x83
3 W27x368 | W27x368 | W33x152 | W21x68 | W14x109 | W14x109 | W21x83

2.3 Computational Models

Once the details of the buildings were well defined, three-dimensional finite element models
were developed using the OpenSees ver. 2.1.0 platform (Mazzoni et al., 2009). In the following
sections, a brief overview of the OpenSees software framework is presented and is followed by a

discussion of the modeling objectives and details.

2.3.1 OpenSees Framework

Developed by the Pacific Earthquake Engineering Research Center (PEER) and adopted as the
simulation software for the George E. Brown Jr. Network for Earthquake Engineering
Simulation (NEES), the Open System for Earthquake Engineering Simulation (OpenSees) is
widely used in the field of performance-based earthquake engineering. As an open source
framework used to analyze structural and geotechnical systems, the OpenSees software was
selected for its extensive nonlinear analysis capability, computational speed, and availability
(OpenSees, 2010). OpenSees has the capability to model large scale nonlinear structures through
providing several beam-column element models as well as a wide variety of uniaxial material
models. It also offers several analysis algorithms, and solution methods for solving nonlinear

problems (OpenSees, 2010).

2.3.2 Modeling Objectives

Computational models of the four buildings included in this study were developed in view of the

objectives and scope stated in Section 1.3, and summarized below:
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1. To investigate the horizontal floor acceleration response characteristics in yielding SMRF
structures.

2. To evaluate the interstory drift demands for the design of nonstructural components.

3. To investigate the vertical floor acceleration response characteristics in yielding SMRF

structures with realistic floor details.

Objectives (1) and (3) defined the necessity for three-dimensional models. First, three-
dimensional response history analyses are required to adequately assess the absolute acceleration
response of a structure. Second, in order to capture out-of-plane flexibility of the floor decks,
they must be modeled using shell elements in the horizontal floor planes. Nonlinearity of the
structure must also be included in the model to achieve objectives (1) through (3). As a result,
the models developed for this study were three-dimensional models that explicitly model the

floor decks, gravity framing systems, and special moment frame systems.

2.3.3 Material Models

Two types of material models were used in the development of the structural finite element
models: linear-elastic and nonlinear. For the purpose of this investigation the nonlinearity in the
concrete deck elements was neglected, also the steel gravity frames were assumed to behave
elastically, therefore linear-elastic material properties were assigned to these structural elements.
Due to the large amount of yielding expected in the SMRF members, a nonlinear steel material

was assigned to both the columns and beams of the SMRFs.

2.3.3.1 Elastic Materials

The elastic steel material was assumed to have an elastic modulus, E, equal to 29,000 ksi, a

Poisson's ratio, v, equal to 0.3, and a shear modulus, G, equal to 11,154 ksi.

The concrete material was assumed to have an elastic modulus, E, of 3,605 ksi, based on a 4,000
psi concrete, determined from Section 8.5.1 of the ACI 318-08 (ACI, 2008). The Poisson's ratio,

v, of the concrete was defined to be 0.2.
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2.3.3.2 Nonlinear Steel Material

The material model implemented in the steel fiber sections of the seismic frame beams and
columns a Giuffre-Menegotto-Pinto steel material with isotropic strain hardening (Mazzoni et
al., 2009). The “steel02” command in OpenSees was used to generate the nonlinear steel material
whose cyclic stress-strain relationship is shown in Figure 2-9. This command consists of six
mandatory parameters: the yield stress, Fy, was set to 50 ksi; the initial modulus of elasticity, Eo,
was set to 29,000 ksi; the strain hardening ratio (the ratio between the post-yield tangent and
initial modulus of elasticity), b, was assumed to be 0.02; and the three parameters controlling the
transition from the elastic region to the plastic region, R0, cR1, and cR2, were set to 10, 0.925,
and 0.15, respectively as recommended per the OpenSees manual (Mazzoni et al., 2009). The
five optional parameters controlling the isotropic hardening and initial stress were taken as

default, in effect neglecting the effect of isotropic hardening.
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Figure 2-9 Steel Stress-Strain Relationship
2.3.4 Member Sections

2.3.4.1 Steel Sections

Fiber section modeling was used to consider the nonlinearity in the beam-column elements of the

SMRFs. These sections are applied to both the beams and the columns of the SMRFs. The 16-
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fiber box sections and 9-fiber W-shape sections were used to minimize the computational effort
while still providing accurate nonlinear behavior and the generalized distribution of fibers for
both the Box and W-shape sections can be seen in Figure 2-10. Results of a sensitivity analysis
on the moment curvature relationship of the section were used to find the optimum number of
fibers. Figure 2-11 shows the results of a moment curvature analysis and Figure 2-12 shows the
error in the moment between sections with various numbers of fibers. The 9-fiber section
provides a moment curvature relationship within 1% of the 45-fiber section. The 9-fiber section
splits the flanges into three fibers in order to calculate the moment of inertia about the minor axis
of the section, ly and assure numerical stability. It is understood that biaxial yielding is not
expected in W-Sections in SMRFs because of beam connectivity and base fixity. However, the
box sections in the corner columns of the Building B20 model experience biaxial yielding. Thus,
more fibers are included to help capture the biaxial actions on the corner columns. The fiber
sections generated using the uniaxial material define nonlinear relationships for three of the four
member degrees of freedom (axial, strong axis bending, and weak axis bending), while the fourth
degree of freedom (torsion) is defined by a linear relationship. The slope of this linear
relationship was defined as the shear modulus, G, of steel multiplied by the torsional constant, J,
of the section. The section aggregator command was used to assemble the available four degrees

of freedom. Shear deformations in the members were neglected.

L L

Figure 2-10 Typical Fiber Layouts for Steel Box and W-Shape Sections
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2.3.4.2 Concrete Floor Deck Sections

The cross section of the shell elements used to model the floor decks were defined using the
Elastic Plate Membrane Section command in OpenSees (Mazzoni et al., 2009). This command
defines an isotropic section suitable for plate and shell analysis. The command calls for the
elastic modulus of the material, E, the Poisson's ratio, v, the thickness of the section, t, and the
mass density of the material, p. The thickness of the section, t, was modified from the actual
concrete floor thickness, 5.5 in, to implicitly account for the rigidity of the secondary beams on
the composite deck. This adjustment was used to represent the bending moment of inertia of the
composite section. The thickness modification was calculated by considering the full composite

action between the concrete and the secondary steel beams, as shown in Figure 2-13 and (2-1)

through (2-3):

1/3
tz(lZlcgj
b (2-1)
1 t )’ 2t +d,. )’
Icg:{ﬁbt‘fﬂcb(y—zj }{ndlﬁndA{y— 5 J}
(2-2)
o pp 220
y:
th+n, A (2-3)
where:

t = the equivalent thickness of a concrete rectangular section

lg = the moment of inertia of the composite section about its neutral axis
y = the distance from the top of the composite section to its neutral axis
tc = the thickness of the concrete deck

b = the spacing of the secondary beams

ds = the depth of the secondary beam section

A, = the area of the secondary beam section

Is = the moment of inertia of the secondary beam section

Ng = the modular ratio of steel to concrete
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B T

Figure 2-13 Composite Section Calculation

All four buildings have 5.5 in thick concrete slabs and secondary beam spacing of 10 ft. The
modular ratio was taken as 6.25. A summary of the secondary beam sections and equivalent
thickness for each of the floors of buildings is presented in Table 2-11. Modification of the
thickness of the shell elements changes the in-plane rigidity as well as the out-of-plane rigidity,
nevertheless, it was considered acceptable for two reasons. The first is that the out-of-plane
rigidity is a function of t> while the in-plane rigidity is a function of t. Thus the in-plane effect of
the modification is substantially less than the out-of-plane effect. For example, when the
secondary beam is a W16x26, the equivalent thickness is 9.5 in. The thickness, t, increases by
73%, but the thickness cubed, t3, increases by 415%. Secondly, it is standard practice that in-
plane, the shell diaphragms are nearly rigid for regular buildings with aspect ratios close to 1.0,

and hence this modification will have a negligible effect on the overall horizontal response of the
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building. The mass density, p, term was neglected as the mass was distributed manually to the

nodes as described in Section 2.3.8.

Table 2-11 Floor Slab Equivalent Thickness

Secondary Beam Equivalent
Building Floor Y Thickness, t
Section .

(In)
e Floor 2-3 W16x26 9.5
Building B3 Roof W14x22 8.6
e Floor 2-3 W16x26 9.5
Building H3 Roof W14x22 8.6
. Floor 2-9 W16x26 9.5
Building BY Roof W14x22 8.6
. Floor 2-20 W18x40 11.3
Building B20 |~ p ot W18x35 10.8

2.3.5 Element Types

The finite element models consist of a few different element types. For the gravity frame
elements, Elastic Beam Column (Mazzoni et al., 2009) elements were used. Elastic Beam
Column Elements are defined by the cross sectional area, A, the elastic modulus, E, the shear
modulus, G, the torsional constant, J, the bending moment of inertia about both the local y and z

axes, ly and |, and the coordinate transformation defining the local axes of the element.

For the SMRFs, the beams and the columns were modeled with a Nonlinear Beam Column
Element (this element was changed to Force Based Beam Column Element after ver. 2.0)
(Mazzoni et al., 2009). This element by default implements the non-iterative force formulation,
and considers the spread of plasticity along the element’s length. The Gauss-Lobatto quadrature
rule is used to integrate along the length of the element. Nonlinear Beam Column Elements are
defined by the number of integration points along the length, a section tag of a previously
defined section (i.e. fiber section), and the coordinate transformation defining the local axes of
the element with respect to the global coordinates. For this study, all of the Nonlinear Beam
Column Elements except the columns of the 3-story buildings are defined with 3 integration
points. The columns of the 3-story buildings are defined with 5 integration points. The reason for

using a smaller number of integration points is that all of the frame elements, except the columns
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of the 3-story buildings, are divided into segments to either conform to the mesh of the floor slab

or to accommodate the location of column splices.

In addition to modeling the material nonlinearities, the geometric nonlinearities (P-Delta effects)
were also considered. These effects are accounted for through the assignment of corotational
geometric transformations to all of the column elements (Mazzoni et al., 2009). This type of
transformation considers large displacements when accounting for the secondary effects. Linear
transformations were assigned to the beam elements, as secondary effects are not commonly

considered for beams due to small axial loads.

For the floor decks, the “block2D” command was implemented to define a mesh of shell
elements. These shell elements use a bilinear isoparametric formulation in combination with a
modified shear interpolation. This combination is implemented in order to improve thin-plate
bending performance of the shell element (Mazzoni et al., 2009). The Elastic Membrane Plate
Section defined in Section 2.3.4.2 was used to define the shell elements. Each floor panel was
modeled using a three-by-three mesh of shell elements. The mesh size of the floor deck was

calibrated based on the sensitivity analysis described in Section 2.3.9.

2.3.6 Element Connectivity

The beam-to-column connections within the models are assumed to perform in one of two ways:
either the moment is constrained, as in the case of the SMRFs, or the moment is released, as for
the pinned gravity frames. These connections are modeled using the “equalDOF” multipoint
constraint command (Mazzoni et al., 2009) that imposes equivalent movement between the
master node and the slave nodes. For the moment connections, all of the degrees of freedom of
the beam end node were constrained to those of the column node. For the pinned connections, all
of the degrees of freedom except for the rotation about the major bending axis of the beam were
constrained to the column node. This simplified method neglects the partial fixity of the pinned

connections.

The panel zones, end offsets, and effects of the top and bottom plates of the moment connections
were neglected considering the following discussion. Several authors have compared two-

dimensional models of the SAC buildings using various modeling techniques, (Foutch and
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Seung-Yul, 2001); (Gupta and Krawinkler, 1999). It has been shown that using centerline models
makes the frame weaker and more flexible than models that consider the clear dimensions.
Foutch and Seung-Yul (2001) suggests that centerline models are adequate for design purposes
and will provide conservative estimates of strength and lateral drift, but are not recommended to
assess the seismic performance. Gupta and Krawinkler (1999) agree, stating that the use of
centerline dimensions of the columns may provide an overestimation of the column contribution
to lateral drift by a factor of two or more. Yet later, they report median global drift responses to a
set of ground motions with 2% probability of exceedance in 50 years only differ by 2% between
models considering the panel zones as opposed to centerline models. The period difference
between models is reported to be within 7%. This being said, centerline models were used in this
study because incorporating end offsets and shear deformations of the panel zone would have
greatly added to the computational effort, which was of major concern with the shell element
modeling of the floor decks. Also for this particular set of buildings the negligible difference in
drift response under dynamic loads provided confidence that the effect of the end length offsets
and panel zones would be small. This decision was made with the intent that these models would
be used to assess global performance characteristics of the structures which are less affected by
this underlying assumption. Considering the size of the models, this level of significance for
neglecting the end offsets was deemed acceptable. Another concern presented was the significant
difference in the strength of the centerline models compared to the end offset models at large
drifts. Their results show a significant increase in the strength in the models that consider the
offsets and a quick decline in the strength for the centerline models. By visual inspection of the
pushover curves generated for this study, the quick decline in strength is not observed due to the
presence of the floor shell elements. As a result, some of the loss of strength due to the centerline
dimensions is compensated for through the presence of elastic shell elements modeling the floor

slabs.

In an attempt to capture the one-way slab action, the shell elements were attached only to the
beams running in the x-direction at a spacing determined by the floor mesh size. The connection
used to attach the floor deck elements to the beam elements assumes a “pinned” condition in
which the moments about both axes defining the horizontal plane were released. It was observed
that “fixing” the slabs to the beams significantly increased the lateral stiffness and strength of the

structure which would be the case if a sufficient number of studs were welded to the beams in the
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SMRFs to provide a full composite action. However, since full composite action is not typical in
building construction, this type of connection was provided to simulate the partial composite
nature of the floor slab to the SMRF beams. This being said, a portion of the moment is
transferred to the beam from the slab by maintaining continuity of the vertical deformations of
the floor deck. The contribution of this moment to lateral stiffness is important and is controlled

by the mesh size of the floor deck elements, as described in Section 2.3.9.

2.3.7 Boundary Conditions

The boundary conditions of the models were implemented in two different ways. For the
buildings without basement levels (B3 and H3), the bases of the columns of the seismic frames
were fixed along all the translational DOFs and about the strong axis, but were pinned about the
weak axis. The bases of the gravity columns were pinned. This condition applies restraint to the
nodes in all translational degrees of freedom, and the rotational degree of freedom about the
vertical axis (the torsional degree of freedom of the column). These restraints were assigned

using the “fix” command in OpenSees that assigns a single point boundary constraint to a node.

For the buildings with basement levels (B9 and B20), the boundary conditions were applied in a
slightly different manner. The bases of all the columns were “pinned.” The rigid behavior of the
basement floors was modeled through the implementation of axially rigid x-shaped trusses acting
as a solid retaining wall all around the basement levels. These auxiliary braces provided lateral
rigidity while retaining the continuity of the columns throughout the basement stories. The
reason that restraints were not used for basement floors and the ground floor was to avoid
assigning a restraint to a constrained node: because the column nodes of these floors were

constrained to the floor slabs they could not also be restrained in OpenSees.

2.3.8 Seismic Mass and Gravity Load Distribution

The gravity loads and seismic masses described in Table 2-2, Table 2-4, Table 2-6, and Table 2-
9 were evenly distributed over the nodes of the floor shell elements. The nodal masses are
assigned to all three translational degrees of freedom. The nodal gravity loads were the force

equivalent of the nodal masses assigned to the same nodes.
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2.3.9 Model Verification and Sensitivity Analyses

To validate the modeling assumptions and details, the obtained fundamental periods were
compared to previously published values in several other studies (Foutch and Seung-Yul, 2001);
(Gupta and Krawinkler, 1999). Table 2-12 compares the fundamental period of the models

developed for this study against those presented in previous works.

Table 2-12 Comparison of Fundamental Periods (sec)

Building Current Study |Gupta et al., 1999|Foutch et al., 2001
B3 1.10 1.03 n/a
B9 2.39 2.34 2.49
B20 3.89 3.98 3.77

Similarly, it was critical to determine the appropriate mesh size for the floor diaphragms. A
convergence test comparing the mesh size to the fundamental period of the structure was used to
determine that a three-by-three mesh of shell elements per bay should be used. A convergence
criterion of 5% difference in the fundamental period was used. The three-by-three per bay mesh

size remained constant among each of the four building models.

2.4 Building Dynamic Characteristics

2.4.1 Building B3

Building B3 has a fundamental period of vibration of 1.10 sec. The fundamental mode is a
translational mode in the y-direction. The fundamental mode accounts for 84% of the total mass
participation in the y-direction. Table 2-13 describes the mode shapes and presents the modal
mass participation factors of the significant modes of vibration. The significant modes are

defined as the modes which accumulate at least 90% of the total mass.
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Table 2-13 Building B3 Mode Shape Description and Mass Participation Factors

Mass Participation Factor

Mode | Period Description
X Y RZ
sec % % %
1 1.10 0.00% | 83.84% | 42.22% | First Y translational mode
2 1.08 83.99% | 0.00% | 18.76% | First X translational mode
3 0.67 0.00% | 0.00% | 22.83% | First torsional mode
4 0.33 13.15% | 0.00% | 2.86% | Second X translational mode
5 0.33 0.00% | 13.43% | 6.92% | Second Y translational mode
23 0.21 0.00% | 0.00% | 3.48% | Second torsional mode
Sum -- 97.14% | 97.27% | 97.07%

2.4.2 Building H3

The fundamental period of Building H3 is 1.01 sec. This period is similar to that of Building B3
even though the sections are considerably larger because the story heights and the seismic mass
have also been increased. The fundamental mode is a y-direction translational mode with a
modal mass participation factor of 88 % of total mass. The mode shapes and mass participation

factors of the significant modes of Building H3 are described in Table 2-14.

Table 2-14 Building H3 Mode Shape Description and Mass Participation Factors

Mode | Period Mass Participation Factor Description
X Y RZ
sec % % %
1 1.01 0.00% | 88.49% | 44.61% | First Y translational mode
2 1.00 | 88.52% | 0.00% | 19.71% | First X translational mode
3 0.62 0.00% | 0.00% | 24.16% | First torsional mode
4 0.28 9.97% | 0.00% | 2.22% | Second X translational mode
7 0.28 0.00% | 9.77% | 4.92% | Second Y translational mode
54 0.17 0.00% | 0.00% | 2.69% | Second torsional mode
Sum -- 98.49% | 98.26% | 98.31%

2.4.3 Building B9

Building B9 has a fundamental period of 2.39 sec. The fundamental mode shape is a y-direction

translational mode. Approximately 81% of the y-direction total translational mass is participating
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in fundamental mode. Table 2-15 describes the significant mode shapes and mass participation

factors of Building B9.

Table 2-15 Building B9 Mode Shape Description and Mass Participation Factors

) Mass Participation Factor L
Mode | Period Description
X Y RZ
sec % % %
1 2.39 0.02% | 81.20% | 28.62% | First Y translational mode
2 2.38 | 82.01% | 0.02% | 30.62% | First X translational mode
3 1.48 0.00% | 0.00% | 22.72% | First torsional mode
4 0.88 0.00% | 11.43% | 4.06% | Second X translational mode
5 0.88 | 11.15% | 0.00% | 4.13% | Second Y translational mode
6 0.55 0.00% | 0.00% | 2.99% | Second torsional mode
Sum -- 93.18% | 92.65% | 93.14%

2.4.4 Building B20

The fundamental period of Building B20 is 3.89 sec. This period corresponds to the fundamental
mode shape which is a y-direction translational mode. The fundamental mode accounts for 80%
of the mass participation in the y-direction. The mass participation factors and mode shape

descriptions for Building B20 are presented in Table 2-16.

Table 2-16 Building B20 Mode Shape Description and Mass Participation Factors

. Mass Participation Factor Lo
Mode | Period Description
X Y RZ
sec % % %
1 3.89 0.00% | 80.49% | 34.59% | First Y translational mode
2 347 | 81.17% | 0.00% | 24.22% | First X translational mode
3 2.18 0.00% | 0.00% | 22.44% | First torsional mode
4 1.37 0.00% | 10.66% | 4.58% | Second Y translational mode
5 1.22 10.48% | 0.00% | 3.13% | Second X translational mode
6 0.80 0.00% | 3.51% | 1.51% | Third Y translational mode
Sum -- 91.65% | 94.66% | 90.47%
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2.5 Building Strength Characteristics

2.5.1 Nonlinear Static Pushover Analysis

Nonlinear static (pushover) analyses were completed to assess the lateral strength of each
building. The lateral load patterns were proportioned to the total weight using the ratio illustrated

in (2-4) (ASCE, 2010).

k
WXhXh W
2. wih (2-4)

F =

where:

Fyx = the story force at the x™ floor

Wy, W; = the weight of the XM and the i floor, respectively

hx, hi = the height of the x™ and i floors above the ground

k = an exponent related to the period of the building. The value of k shall be determined

in accordance with Equation 12.8-12 of ASCE 7-05 (ASCE, 2010)

The k exponents were taken as 1.265, 1.225, 1.915, and 2.0 for Building B3, H3, B9, and B20,
respectively. Displacement controlled analysis was used to develop the pushover curves. Base
shear was normalized with respect to the total weight to represent relative the strength of each of
the structures. Figure 2-14 and Figure 2-15 show the normalized base shear versus roof drift
(roof displacement divided by total height). It is noted that the short buildings have considerably
more strength than the taller buildings due to larger design base shear as a result of their small

natural period.
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Base shear, V, was the quantity selected to compare the yield capacity to the design demand
which was determined from the governing design code provisions. The yield base shear is
determined from the idealized bilinear pushover curve as defined in FEMA 273 (FEMA, 1997b)
and shown in Figure 2-16. The yield points for each of the buildings are shown in Table 2-17 and
the pushover curves for each direction are compared in Figure 2-14 and Figure 2-15. The design
base shear demand, yield base shear, and the demand to capacity ratios (D/C) are presented in
Table 2-18. Observations of the data presented in tables and figures are further discussed below

for each building.

Base shear
\:-‘.
“ = |

0.6V,

LY O
Roof displacement
Figure 2-16 FEMA 273 Pushover Curve Bilinearization

Table 2-17 Nonlinear Static Pushover Analysis Results

o Yield Base 'Shear to Building Yield Roof Drift Ratio
Building Weight Ratio
X-Direction | Y-Direction | X-Direction | Y-Direction
B3 0.284 0.285 0.010 0.011
H3 0.376 0.378 0.008 0.008
B9 0.153 0.142 0.011 0.011
B20 0.096 0.078 0.006 0.007
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Table 2-18 Base Shear Demand to Capacity Ratios

Base Shear (kip)
Building | Demand Capacity D/C Ratio
Code |X-Direction |Y-Direction | X-Direction | Y-Direction
B3 487 2079 2068 0.23 0.24
H3 1036 3057 3049 0.34 0.34
B9 841 3517 3327 0.24 0.25
B20 701 2735 2219 0.26 0.32

The D/C ratios for Buildings B3 and H3 are 0.24 and 0.34, respectively. This large over strength
factor suggests that the design of these buildings was governed by drift limitations as opposed to
strength. The design base shear for Building H3 is more than twice the design base shear of
Building B3 that demonstrates that this study’s hospital building is designed for more severe
loads than this study’s office buildings. The yield strength of Building H3 is greater than that of
Building B3 but the yield drift has decreased from 1.0% to 0.8%. This demonstrates that this
study’s hospital building is designed to be stronger and generally less flexible.

Buildings B9 and B20 has D/C ratios of 0.25 and 0.32, respectively. Once again the drift
limitations most likely governed the design of these structures. The yield drift of Building B9 is
1.1%, which is the largest of all the buildings. The post-yield stiffness of the Building B9 is
noticeably less than either of the 3-story buildings. The yield drift of Building B20 is 0.6%,
much less than the other buildings. This is due to a greater contribution of the P-delta forces
acting on the columns. This contribution is also observed in the pushover curve that develops a
negative slope beyond 5% roof drift (Figure 2-15). Building B20 is the only building with a
noticeable difference in the pushover curve between the two directions. The difference is due to
the geometry of building. In the x-direction there are 6 bays, all of which contain moment
frames, whereas there are only 5 bays of moment frames in the y-direction. In addition to that,
the gravity columns in the x-direction are spaced at twice the dimension of the y-direction, which

provides a larger moment arm resisting the overturning moment of the building.
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SECTION 3
GROUND MOTIONS AND INCREMENTAL DYNAMIC ANALYSIS PROCEDURE

3.1 Introduction

A database of nonlinear building response information was generated using the structural models
discussed in Chapter 2 through the use of an Incremental Dynamic Analysis (IDA) procedure.
IDA develops a relationship between the expected response of a given structure and the intensity
of ground excitation by performing a series of nonlinear dynamic analyses in which the applied
ground excitation is systematically scaled to various intensity levels. To avoid bias in the data,
IDA is generally performed using a suite of ground motion records. This study has adopted a
suite of 21 ground motion records selected from the PEER-NGA Database based on criteria
establish by the ATC-63 project. In this chapter the IDA procedure, its associated terminology,

and ground motion selection criteria, characteristics, and manipulations are presented.

3.2 Incremental Dynamic Analysis (IDA)

Incremental Dynamic Analysis (IDA) was adopted for this investigation to provide a
methodology for systematically generating a comprehensive database of nonlinear building
response information which includes a range of building responses from linear elastic responses
up to unstable collapsed responses (Vamvatsikos and Cornell, 2002). The IDA methodology is
conceptually similar to that of nonlinear static analysis except IDA uses ground motions of
increasing intensity as opposed to increasing the levels of applied static force to generate a
structural demand-capacity relationship. The procedure itself involves subjecting a structural
model to a suite of seismic events each scaled to multiple levels of intensity, tracking the
response, and producing a relationship between the obtained level of response and the applied
intensity of ground motion. While the IDA methodology may be used to explore the
characteristics of several response parameters, the majority of this study was focused on the floor

acceleration response characteristics in yielding structures.

3.2.1 Terminology

The concept of IDA is simple, yet the importance of clearly defining all of the terms associated

with the methodology cannot be overemphasized. To begin, the fundamental concept of IDA
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requires the definition of a particular ground motion record, a,, known as the “as-recorded”
ground motion record which is typically selected from a database of recorded ground motions,
such as PEER-NGA Database (PEER, 2006). In order to represent several levels of earthquake

intensity, simple multiplicative scaling of the amplitudes of this record is introduced, a; = 4-a,.

Scale Factor (SF): The scale factor (SF) is the non-negative scalar that when multiplicatively
applied to the “as-recorded” acceleration, a,, produces the target scaled acceleration record, a;.
As a result, a one-to-one mapping of the scaled acceleration record with the unscaled
acceleration record is achieved. If the scale factor is equal to one, then the “as-recorded”
acceleration record is obtained, however, for a scale factor greater than one, the acceleration
record is said to be scaled up, and likewise for a scale factor less than one, the acceleration

record is scaled down.

Scaling acceleration records is common in both research and in practice, yet concern often arises
regarding the validity of the response of a structure to a scaled acceleration record. The concern
is generally related to “weaker” records not being “representative” of “stronger” ones
(Vamvatsikos and Cornell, 2002). Ultimately this reduces simply to a comparison of
Probabilistic Seismic Demand Analysis (PSDA) and Incremental Dynamic Analysis (IDA).
While, PSDA estimates the seismicity through a bin approach, which separates a large number of
unscaled ground motions from a wide range of earthquakes into bins, IDA achieves a similar
estimation through the incremental scaling of a select few motions. In fact, PSDA and IDA may
be used interchangeably if care is taken in the selection of the motions and a sufficient number of
motions are used for the IDA (Makie and Stojadinovic, 2002). However, due to the sensitivity of
IDA to the selection of ground motions, there are cases when large dispersion and low
confidence in the IDA curves will be present. In these cases it is generally agreed that PSDA is
the better choice because of its more comprehensive representation of ground motion content. On
the other hand, large magnitude seismic events are rare thus there are a limited number of high
intensity ground motion records available. Therefore finding an unbiased set of high intensity
records for use in the PSDA methodology is challenging. That being said, IDA was adopted for
this study with the confidence that the motions selected provide a sufficient variety of ground
motion content. The set of ground motions have been deemed appropriate for IDA by the ATC-

63 project (FEMA, 2009) from which the set was developed.
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Intensity Measure (IM): The intensity measure (IM) is a non-negative, monotonic, scalable
measure of the intensity of the acceleration record. Several IMs have been suggested but the two
most common are Peak Ground Acceleration (PGA) and the 5% damped spectral acceleration of
the fundamental period of the structure (Sa(T;,5%)). These scalar values, in addition to being
monotonic, are also proportional to the SF (Vamvatsikos, and Cornell, 2002). In this study, the
PGA of the motions was used as the IM.

Damage Measure (DM): The damage measure (DM), or structural state variable, is a non-
negative scalar value intended to track the response of the structure in progressive analyses. This
value is obtained from the output of a particular nonlinear dynamic analysis. There are several
appropriate DM values that may be used depending on the intent of the study, such as maximum
interstory drift, maximum roof drift, peak floor acceleration, or peak base shear. Any one or
more of these values that indicates an achieved level of response may be used as the DM
(Vamvatsikos and Cornell, 2002). In this research, the maximum interstory drift of both

directions was monitored through the analyses as the DM.

IDA Curve: IDA Curves depict the structural performance as defined by a particular damage
measure, for example maximum interstory drift, as a function of an intensity measure, for
example peak ground acceleration. The curve is most commonly plotted such that the
independent variable, IM, is on the vertical axis and the dependent variable, DM, is on the
horizontal axis. The curve is plotted in this manner because the IM is analogous with force and
this form of plotting preserves the form of most stress-strain, or force-displacement curves
(Vamvatsikos and Cornell, 2002). In this form, the IDA curve is reversed from most graphical
relationships in which the independent variable is plotted along the horizontal axis therefore lines

parallel to the vertical axis may intersect the curve in more than one point.

Multi-Record IDA: Due to record-to-record variability, IDA is most commonly performed for a
suite of ground motions and produces a set of IDA curves that typically fit under a lognormal
distribution. Considering the values of DM at a given level of IM, the mean and standard
deviation of the set adequately defines the expected value and dispersion until the first IDA
curve becomes unstable and the DM becomes infinite and so does the mean. If the median, 16%

fractile, and 84% fractile of the DMs at a given level of IM are calculated, this problem is
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avoided and the median IDA curve becomes infinite when 50% of the curves are infinite.
Assuming that the IDA curves are both continuous and monotonic, the X% fractile of the DM for
a given IM is equivalent to the (100% - x%) fractile of the IM for a given DM. It has been
documented that defining the median, 16% fractile, and 84% fractile curves in this manner fits

well into the lognormal distribution (Vamvatsikos and Cornell, 2002).

3.2.2 Nonlinear Dynamic Analysis

As discussed in Chapter 2, the structural models used in this investigation are three-dimensional,
and all three components of the ground motion were used to excite the structure. The ground
motion major component (horizontal component with the larger PGA)was oriented in the x-
direction (East-West), the minor component in the y-direction (North-South), and the vertical
component in the z-direction (up-down). This orientation was consistent for all 21 events. The
SF of a particular IM for an individual event was applied to all three components of the

corresponding event.

Newmark integration was used to solve the nonlinear equations of motion (Chopra, 2007). The
average integration method was assumed using a Newmark 3 = 0.25 and y = 0.5. The structure’s
inherent damping was applied using Rayleigh damping (Chopra, 2007) of 5% assigned to a
period of twice the fundamental period of the structure and 0.8 times the fundamental period of

the structure to account for the elongation of period due to yielding of the structure.

3.2.3 Scaling Algorithm

Because of the variability of the input motions, an algorithm was developed in this study to scale
the IM in such a way as to minimize the number of nonlinear response history analyses
performed while maintaining a certain density of data points along the IDA curves. Various
algorithms optimize the number of analyses, and Vamvatsikos and Cornell (2004) have
developed one of the most efficient scaling algorithms, the hunt-and-fill method. This method
consists of three phases. Its implementation in this study is summarized in Table 3-1 and
depicted in Figure 3-1. The first is the initial climb phase in which the IM space is initialized
with a very small initial IM level (in this study the initial IM, PGA, was set to 0.005g). There are

two reasons for setting a small initial IM: (1) to produce an elastic structural response and (2) to
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prevent negative DM values when fitting a spline interpolation function on the data set. The next
part of the initial climb is a geometrically increasing series of IM levels attempting to locate the
IM level corresponding to structural instability. For the purpose of this study, structural
instability was defined as the condition when any interstory drift ratio falls between 5% and 7%.
Thus, in order to automate this iterative routine, a tool command language (tcl) script was
developed and implemented into the OpenSees models (see Chapter 2). The script defines the
initial climb phase by performing the initial IM step, setting the IM to [IMjpisiar = 0.005, as
previously mentioned. Following the initial step, the IM step enters a “while” loop that increases
the IM according to (3-1) until the associated DM of the previous step is greater than the
maximum allowable DM, DMyax = 0.07.

IM; =IM; +ng, IMg, (3-1)
where: Ngep counts the iterations within the initial climb “while” loop and geometrically increases
IMstep, IMstep 1s @ constant increment that is increased by Ngep resulting in a geometric step

increment. For this study, the value of IMgep was set to 0.1g.

Once this condition (DM > DMpax) 1s satisfied the initial climb phase is complete and the
algorithm transitions into the Hunt phase. One critical step in this transition is to define the
infinite point, defined on the IDA curve (IMjn; DMins) as the minimum IM that creates a DM >
DMpmax. A limit is then applied to DM, such that, DMjy,s < DMy = 0.15. Limiting DM;ns by DMyt
bounds the slope of the line connecting the previously converged step with the infinite step, i.e.
the secant slope, to a value that will allow for faster convergence to a point within the DM

window.
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Table 3-1 Theoretical IDA Algorithm Example

Iteration M DM  Counters Commentary
Initial IM Step = Small
1 0.005  0.0005
while DM < 0.07 nStep <~ Counts the number of steps to in the initial
a climb
E
O 2 0.105  0.0010 1
<
= 3 0305  0.0070 2 IM(i) = IM(i-1) + nStep.IMstep
-
i 4 0.605  0.0120 3 IMstep = 0.1
T
5 1.005  0.0250 4 nGap = nStep upon exiting the while loop
6 1.505  0.0320 5
inf 2105 0.1500 6 <= .LocaFe the infinite point and exclude it from
the iteration counter
» while DM < 0.05 nHunt | <= Counts the number of hunting iterations limit
5 setto 5
<
DX 7 1.698  0.0450 1 m = (IMjys - IM(i-1))/(DM;¢ - DM(i-1))
[72]
«
<
o 8 1.795  0.0550 2 IM(i) = IM(i-1) + m(DMa - DM(i-1)
_ . <= Counts the number of filling iterations and
for 1 tonGap =6 nFill locates the current gap to fill
9 0.055  0.0008 1
— 10 0.205  0.0050 2
T
; 11 0.455  0.0150 3 IM(i) = [IM(nFill) + IM(nFill+1)]/2
£
12 0.805  0.0200 4
13 1.255  0.0380 5
14 1.602  0.0305 6
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Figure 3-1 Theoretical IDA Curve using Hunt and Fill Algorithm

The Hunt phase iterates the IM level in an attempt to find a data point within the predetermined
DM window. The DM window for this study is set between 5% drift and 7% drift. The Hunt
phase consists of another while loop that iterates the IM level according to (3-3) until either a
data point within the window is located or a maximum number of hunting iterations are

performed. The number of hunting iterations was limited to five in this study.

IM, :IMi_1+m(DMmaX—DMi_1) (3-2)
where:
— IMiye —IM; (3-3)
DM, —-DM,,

If the loop exits due to reaching a limit of hunting iterations, the IDA curve is assumed to have
“flatlined” and the DM of the last iteration is set to the DMpax value before moving on to the

final phase of the algorithm. This assumption is made in order to produce a better spline
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interpolation function of the “flatline.” However, if the Hunt loop exits by finding a data point
within the window or if the Hunt phase is bypassed by identifying a data point within the
window in the initial climb phase, the algorithm will transition into the third and final phase: the

Fill phase.

The third phase, the Fill phase, is implemented through the use of a “for” loop. The loop iterates
on the number of gaps to be filled in the initial climb. For each gap the next IM is set by
referencing the IM values on either side of the IM gap being filled and generates an IM value as
the average of these two IM values. The number of iterations in this phase is dependent upon the
number of iterations required in the first phase: a counter in the initial climb “while” loop is used

to define the number of iterations in the filling “for” loop.

Once all three phases of the algorithm are completed, the script generates a matrix of the IM and
DM values for the current event and saves it to an output file. An example of the method can be
seen in Table 3-1 and a graphical representation is shown in Figure 3-1. The initial climb phase
is shown using diamond-shaped markers except for the “infinite” point which is marked by an
“X.” The two iterations of the Hunt phase are shown graphically with secant lines, with the
arrows indicating the next IM determined from the intersection of the secant line with the upper

bound of the DM window. Finally, the Fill phase is shown with open-circle markers.

3.3 Ground Motion Set

The ATC-63 project developed a set of 22 “far-field” ground motions from recorded seismic
events around the world (FEMA, 2009). These motions were collected for the purpose of
performing Incremental Dynamic Analysis to develop the collapse margin ratio of a structure
(FEMA, 2009). Though the focus of this investigation was not primarily in the study of the
seismic capacity of buildings (the intended use of the data collected for the ATC-63 project), it
was adopted for this investigation because the set of motions has been deemed appropriate for

use with Incremental Dynamic Analysis.

3.3.1 Ground Motion Selection Criteria

The ground motion selection criteria followed by ATC-63 project (FEMA, 2009) was

determined with the objective of assembling a set of motions that achieve the following: (1) the
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motions are compliant with the code-prescribed nonlinear dynamic analysis procedure,
specifically Section 16.1.3.2 of ASCE 7-05 (ASCE,2005), (2) the motions are recorded from
strong earthquakes, (3) there is a sufficient number of motions, and (4) the motions are
independent of the site location and soil type. Due to the lack of available recorded data, the
conclusion was drawn that it was not possible to assemble such a set of motions that would
completely satisfy all of the required criteria. There are simply not enough records of sufficient
strength to collapse current code compliant structures, and instead of synthesizing strong motion
records, the ATC-63 committee adopted IDA, which allowed for the progressive scaling of a
select few ground motion records. As a result, ATC-63 developed a set of recorded motions of
sufficient variability to be used in IDA. The selection criteria developed by the ATC-63 project
report (FEMA, 2009) are listed below and supported with a brief discussion of the intent of each
rule.

e Source Magnitude — M > 6.5. Large magnitude events produce strong, long duration ground

motions that affect a large population of buildings.

e Source Type — Strike-slip and Reverse (Thrust) Sources. These types of sources are the

most common of the western United States.

e Site Conditions — Soft Rock and Stiff Soil Sites. Soft rock (NEHRP Soil Class C) and stiff

soil (NEHRP Soil Class D) were used so that soft soil effects would be negligible.

e Site-Source Distance — Greater than 10 km. The 10 km limit was selected for
distinguishing far-field motions. The average of the Campbell (PEER, 2006) and Joyner-

Boore (PEER,2006) distances was used to compare with the 10 km limit.

e Number of Records per Event — Not more than “two” from any Event. This criterion was

set to eliminate event bias in the record set.

e Strongest Ground Motion Records — Peak ground acceleration (PGA) greater than 0.2

g and peak ground velocity (PGV) greater than 15 cm/sec. These limits were set to collect
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records that produce structural damage yet retain enough records to provide sufficient record-

to-record variability.

e Strong Motion Instrument Capability — Valid frequency content greater than 0.25 Hz.

Allows for valid input for tall building structures with elastic periods of up to 4 seconds.

e Strong Motion Instrument Location — Free field locations (or ground floors of small
buildings). This criterion is used to eliminate the effect of soil-structure interaction on the

record.

The ATC-63 report collected motions from the PEER-NGA Database (PEER, 2006) because of
its large number of ground motion records and its availability of fault-normal and fault parallel
components of the ground motions. The availability of the vertical components of these ground
motion records was essential for this study. All but one of the records in the ATC-63 “far field”
set had a vertical component and as a result the set used in this study contains 21 motions as
opposed to the 22 actually catalogued within the report. These 21 events (63 components) were

used in the IDA procedure of this current investigation.

3.3.2 Event and Record Information

The set of ground motions comprised 21 events from 14 different earthquakes occurring between
1971 and 1999 is recorded in Table 3-2 which lists the name, year, and magnitude of the
earthquake, as well as the name of the recording station. Six of these earthquakes occurred in the
United States (California) while the remaining eight took place in five different countries around
the world. Earthquake magnitudes range from M6.5 to M7.6, with an average magnitude of
M7.0.
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Table 3-2 Ground Motion Record List and Site Information
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The site and source information of each event in the set is also summarized in Table 3-2. The site
information includes the NEHRP soil site classification and the shear wave velocity as well as
the site-source distance characteristics of the epicentral, the closest plane, Campbell, and Joyner-
Boore distances (PEER, 2006). Each of the four distances provides a different estimation of the
proximity of the recording station to the origin of the fault rupture. The source mechanism type
is also included. Fifteen of the events are recorded in sites classified a Soil Class D (stiff soil)
while six are classified as Soil Class C (soft rock). Fourteen of the events are products of strike-
slip faults while seven are a result of thrust (or reverse) fault rupture. To be consistent with the
selection criteria, the average of the Campbell and Joyner-Boore distances range from 11.1km to

26.4 km from the source with an average site-source distance of 16.7 km.

Table 3-3 lists critical event information from the PEER-NGA Database, including the record
sequence number and the names of the major, minor, and vertical component record files.
Additionally, the table provides the PGA, PGV, Arias intensity, the “as-recorded” duration, and
the shortened duration. The values listed for PGA, PGV, and arias intensity (Arias, 1970)
correspond to the maximum of all three components. The minimum, maximum, and average
PGA of the set are 0.21 g, 0.82 g, 0.42 g, respectively. The minimum, maximum, and average
PGV of the set are 19 cm/sec, 115 cm/sec, and 47 cm/sec, respectively. As shown in Figure 3-2,
the distribution of PGAs within the set is fairly normal, as is the distribution of PGVs shown in
Figure 3-3. The minimum, maximum, and average values of the arias intensity, a measure of the
energy of the ground motion used to determine the duration of strong shaking (Bommer et al.,
1999) within each record — of the set are 0.29 m/sec, 7.59 m/sec, and 2.38 m/sec, respectively.
The ““as-recorded” durations range from 20 sec to 100 sec with an average duration of 45 sec.
The strong shaking portions of each event ranged from 7 sec to 64 sec with an average duration

of 19 sec.

Because this investigation incorporated the vertical component of ground motion record, it was
important to characterize the typical ratio of vertical excitation to horizontal excitation. The peak
vertical acceleration (PGA,) is compared with the peak horizontal acceleration (PGAy) in Figure
3-4. The code establishes an upper bound for this relationship by approximating the PGA, as 2/3
of the PGAy. This approximation appears to be fairly appropriate for the 21 events selected in

this investigation.
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Table 3-3 PEER-NGA Record Information and Event Characteristics
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3.3.3 Acceleration Spectra

A MATLAB (Mathworks Inc, 2004) script was developed to derive the 5% damped elastic
acceleration spectra for each of the motions. The elastic acceleration spectra of the “as-recorded”
major, minor, and vertical components are presented in Figure 3-5. The elastic acceleration
spectra of the shortened major, minor, and vertical components are presented in Figure 3-6. In
comparing the “as-recorded” spectra to the shortened spectra, it was observed that cutting the
acceleration records had a minimal effect on the acceleration spectra. The elastic acceleration
spectra after normalizing the records based on their respective PGA are shown in Figure 3-7. The
comparison of the mean acceleration spectra of the “as-recorded”, shortened, and normalized
records for each component is shown in Figure 3-8. The mean of the horizontal components is

compared to the design spectra for the 1994 UBC and the 2006 IBC in Figure 3-9.
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3.4 Summary

The Incremental Dynamic Analysis procedure was performed using a suite of 21 ground motions
selected from the PEER-NGA Database based on the criteria established by the ATC-63 project.
As a result of numerous nonlinear response history analyses a database of structural responses
was generated. The upcoming chapters will present the critical information collected and
observations recorded as well as generate conclusions and recommendations for the expected

floor acceleration response of steel moment frame structures.
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SECTION 4
INCREMENTAL DYNAMIC ANALYSIS RESULTS AND DRIFT DEMANDS ON
NONSTRUCTURAL COMPONENTS

4.1 Introduction

After performing the IDA of all four structures for each of the 21 ground motion events, a
database of results from a total of 1,233 nonlinear response history analyses was produced. From
this database the response quantities essential to the evaluation of seismic demands on
nonstructural components were extracted, organized, and post-processed. Raw response
quantities such as floor displacements, and floor accelerations were extracted and used as the
foundation for the derived quantities used in several IDA curves. These curves facilitate the
derivation of several critical relationships presented throughout the remainder of this report. This
chapter introduces the IDA results, defines the intensity measures and damage measures used to
generate the IDA curves, and describes the procedure used to develop relationships between
damage measures using by combining IDA curves. Also presented in this chapter is a discussion

of the drift demands of nonstructural components mounted on these buildings.

4.2 Incremental Dynamic Analysis Results

The discussion of analysis results appropriately begins with the development of several IDA
curves that relate an intensity measure (IM) of the ground excitation to a particular damage
measure (DM) of the structure. As mentioned in Chapter 3 several choices of both IM and DM
exist. This study presents only 5 sets of IDA curves directly, however each is of particular

importance. Before presenting the curves, the selected IMs and DMs are first introduced.

4.2.1 Intensity Measures

Recall that the intensity measure (IM) is defined to quantify the intensity of the applied ground
acceleration. Two different IMs, peak ground acceleration (PGA) and spectral acceleration

(SA(T4,5%)), were selected for the purpose of demonstration in this chapter.
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4.2.1.1 Peak Ground Acceleration (PGA)

The peak ground acceleration is frequently used as a measure of ground motion intensity.
Although PGA is generally defined as the maximum ground acceleration in one of the two
orthogonal horizontal components of ground motion, this study defines PGA as the maximum of
the vector sum of the two horizontal acceleration components. The bidirectional nature of this
quantity takes advantage of the three-dimensional models in order to provide a more accurate

approximation of the true horizontal acceleration imparted to the structure.

4.2.1.2 Spectral Acceleration (SA(T1,5%))

An alternative measure of the ground motion intensity was defined as the ordinate of the elastic
5% damped bidirectional acceleration spectrum at the elastic fundamental period of the structure.
The generation of such a spectrum considers the 5% damped elastic response of a single-degree-
of-freedom system with known period under each horizontal component of the excitation
individually. The vector sum of the acceleration responses is computed for each time step and the
maximum recorded as the spectral acceleration value for that particular period of structure. The
spectral acceleration corresponding to the period of the structure provides an estimate of the peak
horizontal acceleration response of an elastic structure with common periods in each orthogonal
horizontal direction. As opposed to PGA, the SA(T;,5%) accounts for both amplitude and

frequency content of the ground motion.

4.2.2 Damage Measures

The damage measure (DM) is a measurement of the structural response to the applied ground
acceleration. There are several suitable quantities that may be used as the DM depending on the
intent and nature of the study. Typically when the building performance is the focus of study,
DMs such as maximum interstory drift or maximum roof drift are used. However, for the
assessment of seismic demands on nonstructural components a measure of the acceleration
response of the structure is also necessary to quantify the level of acceleration, and thus inertial
forces, applied to the nonstructural components. The three DMs listed below are used in the IDA

curves presented in this chapter.
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4.2.2.1 Maximum Peak Interstory Drift (0max)

The interstory drift of a given story is defined as differential displacement between the adjacent
floors defining the story divided by the story height. The vector sum of the interstory
displacement in each of the horizontal directions was used to define the interstory drift for each
story of the building. The maximum peak interstory drift (Omax) is the maximum value of
interstory drift of any story throughout the duration of the ground motion event. This measure
defines the maximum bidirectional drift throughout the building and is critical for the design of

drift-sensitive nonstructural components such as vertical pipe runs and partition walls.

4.2.2.2 Peak Roof Drift (6r)

The peak roof drift (6g) is calculated by dividing the roof displacement by the total building
height. In order to achieve a bidirectional measure of the roof drift, the maximum vector sum of
the two horizontal components of roof displacement defines the roof drift. Roof drift was
considered as a primary damage measure because it offers a global measure of displacement

demand that is readily converted to a measure of global ductility.

4.2.2.3 Global Drift Ductility (u)

The global drift ductility was calculated using (4-1):

p=-r (4-1)

Where, 6r = maximum roof drift, and Ory = yield roof drift that is defined as the minimum yield
drift from the nonlinear pushover analyses in each orthogonal direction discussed in Chapter 2.
The definition of ductility provides a quantitative measure of the extent of structural yielding,

hence damage.

4.2.2.4 Peak Floor and Roof Acceleration (PFA, and PFAR)

The peak floor acceleration of any floor was defined as the maximum vector sum of the
horizontal components of acceleration of the floor. For the purpose of plotting IDA curves, the

roof level PFA was denoted by PFAR.
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4.2.3 IDA Statistical Analysis

The selected IM-DM pairs were evaluated for each analysis. Continuous IDA Curves over the
IM domain were generated by fitting the spline (Mathworks Inc., 2004) to the discrete data
points for each event. Once the 21 IDA curves were generated, a statistical evaluation of the
median and dispersion of the events was performed. This study follows the common assumption
of a lognormal distribution (Medina and Krawinkler, 2003); (Vamvatsikos and Cornell, 2002).
With this assumption, a comparison of two methods of evaluating the central value (median DM
given and IM) and dispersion (standard deviation of the natural logarithm of the DMs given an

IM) was carried out.

The first method is based on counted statistics, in which the 21 DM values for a given IM are
arranged in an ascending list, then the average of the 3™ and 4™ smallest DM defines the 16%
fractile, the 11" smallest DM defines the median, and the average of the 17" and 18™ smallest

DM defines the 84% fractile. Using this method, the dispersion was determined according to (4-
2).

Gy =INCE (4-2)

0
Where, Xg4 is the 84% fractile DM for a given IM and Xsg is the median DM for a given IM.

The second method is based on computed statistics. In this method the central value and

dispersion are evaluated according to (4-3) and (4-4), respectively.

Inx (4_3)

el
I
D

o sz s

) n-1

Where, Inx is the mean of the natural logarithm of the data. A comparison of the two methods is
presented in Figure 4-1, which depicts the 16% fractile, median, and 84% fractile IDA curves for
Building H3. Figure 4-2 compares the dispersion of the DM over the IM domain for both

counted and computed statistics. From these comparisons it is noted that the two methods are
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initially similar but become increasingly dissimilar with increasing IM. This is due to the
increasing number of dynamically unstable systems. The computed results are sensitive to these
instabilities because the DM values of all 21 events are used in the calculation, therefore if
several very large DM values are included the computed values are easily distorted. This is
avoided with counted statistics because the values are determined based only on a select few of

the DM values. For this reason counted statistics were used throughout this study.

5.0 S
45 i

4.0 / -

35 ’/—,/'__ -

= 30 84% - _ - - o

< 25 N> ¢ /// ))J/

g 2.0 N 2 4 I N S S
15 ,-‘/// > 4 — - = e =
1.0 /,4"_‘ {e—-ﬂ"e’ﬁi
05 ----74:;.,-?""”/ 16%

o %

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
Roof Drift [0g]

—— Counted Median e====Computed Mean

Figure 4-1 Comparison of Counted vs. Computed Statistics for IDA Results
y AN /
4.5

4.0
35 /
3.0

20 j/,/
4

PGA(9)

15

10 )
0s 4
0.0 {
0.0 0.5 1.0 15 2.0 25 3.0 35 4.0 45 5.0
Standard Deviation of In(Roof Drift [0g])

—— Counted e====Computed

Figure 4-2 Comparison of Counted vs. Computed Dispersion in IDA Results

63



424 |IDA Curves

The IDA curves presented in this section illustrate a number of demand-capacity relationships of
each of the four buildings. These curves relate the ground motion intensity to the floor response,
therefore providing a link between the demand on the structure and the demand on the

nonstructural components.

4241 PGAVS. Omax

The first set of IDA curves plots the PGA against Omax. These curves for each building are shown
in Figure 4-3 through Figure 4-6 in which each individual event curve as well as the minimum,
maximum, median, 16% fractile, and 84% fractile curves are depicted. A comparison of the
median curves is shown in Figure 4-7 as well as a comparison of the dispersion in the data shown
in Figure 4-8. These curves relate the intensity of the ground motion in terms of PGA to the level
of interstory drift response, which provides a foundation for determining the level of earthquake

which may cause various levels of damage due to interstory drift.

In comparing these figures it was noted that the level of drift at which the curves “flatline” is
consistently between 8% and 9% interstory drift for all buildings. Because Omax 1s closely related
to instability in SMRF lateral load-resisting systems the consistent nature of the instability drift
limit was expected. The small difference between 8% for the taller structures and 9% for the
shorter structures is attributed to P-delta effects increasing the moment demands at smaller levels

of drift for the taller, heavier structures.

The intensity of ground motion required to force global instability is greater for taller buildings.
The taller buildings also have longer periods which results in decreased acceleration demands on
the structure because of the smaller ratio of SA(T;)/PGA, thus greater PGA 1is required to

produce a high level of response.

While Building B3 and Building H3 have similar periods, Building H3 appears to require
stronger ground motions to induce similar levels of response of Building B3. This is attributed to

the difference in design strength between office and hospital structures.
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The dispersion in the maximum interstory drift is observed to remain fairly constant for PGAs up
to 1.5 g and then it increases with increasing ground motion intensity. This sudden increase in
dispersion of the DM is attributed to exceeding the IM at which the 84% fractile of the DM
approaches infinity (16% of the events produce instability in the building). Coincidentally, this
occurs at a PGA of approximately 1.5 g for each building. Once this point is exceeded, Building
B9 and Building B20 experience a greater increase in the dispersion. The initial dispersion in the
DM is consistent among buildings with the exception of Building B20 which is slightly greater

than the other buildings. This is assumed to be due to the influence of the higher modes.

The next set of IDA curves plots SA(T,5%) versus Onax in Figure 4-9 through Figure 4-12,
which present each individual event curve along with the minimum, maximum, median, 16%
fractile, and 84% fractile curves. A comparison of the median curves is presented in Figure 4-13;
also a comparison of the dispersion is depicted in Figure 4-14. Switching the IM to SA(T;,5%)
relates the intensity of the ground motion to the elastic fundamental period of the structure and in
doing so provides a representation of ground motion intensity that accounts for the resonant

properties of the building.

Comparing this set of curves against the previous set provides evidence that the amount of
dispersion in the elastic region of these curves is greatly reduced from the previous set. Because
the elastic response of these structures is dominated by the first mode, using the spectral
acceleration of the ground motion at the first modal period of the structure more accurately
estimates the seismic demand imposed on the structure by the ground motion, thus reducing the

dispersion in the demand-capacity curves.

It is also observed that the spectral acceleration required to produce large drifts in taller buildings
is less than in shorter buildings. This observation is consistent with the design codes which

require lower seismic design factors for long period structures.
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Examining the comparison of the dispersion confirms the previous observation that the
dispersion of DM values is reduced in the initial elastic region. The influence of the higher
modes is more prevalent in this set however as both Building B9 and B20 show greater
dispersion in the elastic region than the shorter buildings. While the trend observed in the
previous set, that the dispersion in the DM suddenly increases after instability of 16% of the
events, holds true for this set as well, the IM at which this occurs for each building is no longer
similar. In this set it is possible to distinguish the stronger buildings from the weaker ones by

observing the IM associated with the increased dispersion.

4243 PGAVvs. 6r

The next set of IDA curves plots PGA versus 6g in Figure 4-15 through Figure 4-18, which
presents each individual event curve along with the minimum, maximum, median, 16% fractile,
and 84% fractile curves. A comparison of the median curves is presented in Figure 4-19. In
addition a comparison of the dispersion is presented in Figure 4-20. Changing the DM from O
to Or provides a global perspective of the level of drift as opposed to a local interstory
perspective. In doing so a measure of average structural drift is developed, which leads to a

measure of average structural ductility.

The examination of these curves in comparison with the first set of curves shows that the roof
drift at which each structure becomes unstable is far less consistent among structures than
interstory drift. It is commonly observed in mid- to high-rise SMRF systems that a majority of
the lateral deformation occurs in the lower floors while the upper floors experience far less
interstory drift. As a result, the drift profile in taller SMRFs is generally not uniform throughout
the height. This explains why the roof drift at which Building B20 becomes unstable is
significantly less than Building B3. Section 4.3.3 discusses in further detail this observation as it
compares the drift profiles of the four buildings. The dispersion in the roof drifts for a given

PGA follows similar trends to the dispersion in the maximum interstory drifts.
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4.2.44 SA(T1,5%) vs. Og

The last set of IDA curves using a drift measure as the DM plots SA(T,5%) versus 6r in Figure
4-21 through Figure 4-24, in which each individual event curve is shown along with the
minimum, maximum, median, 16% fractile, and 84% fractile curves. A comparison of the
median curves is presented in Figure 4-25 while the dispersion is compared in Figure 4-26. This
IM-DM pair defines a set of curves with coordinates similar to the nonlinear static pushover
curves of Chapter 2. As such, the median IDA curves are compared the pushover curves in

Figure 4-27.

From this set of IDA curves it is noted that the dispersion of the IDA curves is reduced using
SA(T,,5%) as opposed to PGA, which confirms the previously drawn conclusion. Also, the IDA
curves have greater capacity than the pushover curves. This observation is common to IDA as
presented in (Vamvatsikos and Cornell, 2002) and holds true for this study as well. Lastly, the
initial slopes of the IDA and pushover curves are equal. The initial elastic period of the structure
determines the slope of these lines and the fact that they are comparable verifies the similarity of

the coordinate system in which the curves are plotted.
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4245 PGAvs. PFAR

The final set of IDA curves presented in this study plots PGA against PFAy in Figure 4-28
through Figure 4-31, which depict each individual event curve in addition to the minimum,
maximum, median, 16% fractile, and 84% fractile curves. The median curves and dispersion are

compared in Figure 4-32 and Figure 4-33, respectively.

The first obvious observation when looking at these curves is that the shape of the curve is very
different from those which use a measure of response displacement as the DM. This IM-DM pair
produces curves which converge to infinite slope as opposed to a slope equal to zero. Similar to
the previous curves, there is an initial linear region of the curve which occurs prior to the
structure yielding. It was noted that the initial slope of the PGA-PFAR curves varies among
buildings. In addition, it was observed that the maximum roof acceleration achieved by the

stronger buildings exceeds that of the weaker buildings.

4.25 Combination of IDA Curves for Assessment of Engineering Demand Parameters

Many of the relationships derived in the remainder of this report are based on the combination of
IDA curves in order to correlate two damage measures. This is completed using the following
process. First, two sets of IDA curves are generated; the first set uses one of the objective DM,
the second set uses the other objective DM, and each uses the same IM. The next step takes
advantage of the fact that the IDA curves are generated as functions of the IM by recognizing
that data points of the first set correspond to data points of the second set through similar values
of the IM. As a result, new data pairs are formed by collecting the DMs of corresponding IMs
and plotting the relationship between DMs of the two IDA sets. This procedure is mapped in
Figure 4-34.
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Another part of the data processing worth noting is the development of constant ductility curves.
This procedure is highlighted in the flow chart shown in Figure 4-35. The procedure takes the
data from specific nonlinear analyses (runs) and fits a spline curve creating the IDA curve for
each event. Then in a similar manner to Figure 4-34 interpolates and intensity that corresponding
to a given ductility level. This intensity of motion most probably was not specifically run through
a nonlinear analysis, however it is assumed to produce a ductility of the specified level through
interpolation. With this interpolated intensity the corresponding objective response parameter is
determined from its IDA curve. This procedure makes the assumption that in developing the IDA
curves the runs are at small enough intervals to introduce relatively small error from
interpolation. This assumption is more appropriate at low levels of intensity when the buildings

respond elastically, and more error is introduced as the nonlinearity is present.
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4.3 Drift Demands on Nonstructural Components

Several nonstructural components such as partition walls, vertical pipe runs, exterior cladding,
and many others are sensitive to damage induced by large drifts experienced in the supporting
structure during a significant seismic event. Therefore understanding the drift response of the
supporting structure is critical to the seismic performance assessment of both the structural and
nonstructural systems. The following sections identify and discuss factors which influence the
drift demands on nonstructural components, present the IDA results used to assess the demands
on the drift-sensitive nonstructural components, and evaluate the current code provisions for drift

demands on nonstructural components.

4.3.1 Factors Influencing the Drift Demands on Nonstructural Components

Assessing the seismic demands on drift-sensitive nonstructural components is essentially the

same as evaluating the drift response of the supporting structure. If the lateral stiffness of the
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nonstructural components is assumed to be negligible compared to the lateral stiffness of the
structure, then it is acceptable to neglect the nonstructural components from the computational
model. In which case, the drift demands on the nonstructural components correspond directly to
the drift response of the structure. Therefore, the factors that influence the drift demands on
nonstructural components are the same parameters that define variations in the drift response of
the structure. Such parameters include, mode shapes, modal participation factors, type of

structure, level of ductility, and distribution of ductility throughout the height of the structure.

The influence of the modal properties on drift response is well known. The overall displacement
response of the structure is defined by the mode shapes and participation factors; such is the
basis for the modal response analysis procedures in the current code (ASCE, 2010). While these
properties are well known for elastic response of the structure, they are constantly changing once
the structure begins to yield. The type of structure also has a significant influence on the drift
response not only because of its effect on the mode shapes but also the way in which the yielding
within the structure is distributed. The level of ductility experienced by the supporting structure
is directly related to the drift response of the structure because ductility is commonly defined by

the drift response.

It is not within the scope of this work to quantify the level of influence each of these factors has
on the drift response of the supporting structure. This study simply provides basic drift response
results from the IDA in order to establish trends in the demands imposed on drift-sensitive

components mounted on SMRFs.

4.3.2 Assessment of Current Code Provisions

In the ASCE 7-10 (ASCE, 2010), the relative displacement of nonstructural components with
two connection points on the same structure shall be defined by the difference between the
deflections of the two connection points. These deflections maybe calculated using elastic
analysis but must include the deflection amplification factor, Cq4, per section 12.8.6 of ASCE 7-
10 (ASCE, 2010). However, the relative displacement of the nonstructural system is not required
to be considered greater than the difference in elevation of the connection points times the
allowable drift angle. The allowable drift angle is a function of the occupancy category and type

of structural system and ranges between 0.007 and 0.025.
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These recommendations assume that the relative displacement demands on the nonstructural
components within a structure are equal to the drift response of the supporting structure. The
design demands of drift-sensitive nonstructural components are particularly dependent on the

ability to accurately predict the drift response of the supporting structure.

4.3.3 Results and Discussion

While much of the pertinent drift response information was established in the discussion of IDA
curves in Section 4.2.4, some additional relationships comparing the selected DMs are also
relevant. The maximum interstory drift throughout the height of the structure is critical to the
assessment of the nonstructural component demands because it represents the largest drift
demand imposed in the building. In many cases this maximum drift demand is imposed to only
one story of the building (soft story) while the other stories may experience significantly less
interstory drifts. For the purpose of designing nonstructural components, it is critical to
understand the variation in drift demands throughout the height of the structure so the more

stringent design requirements may be used where needed in the building.

4.3.3.1 Ratio of Average Interstory Drift throughout the Height to Roof Drift

The average interstory drift throughout the height of the structure defines an average drift
demand on nonstructural components throughout the height of the structure. For buildings with
uniform drift profiles, the average interstory drift throughout the height of the structure is equal
to the interstory drift of each and every story of the building and also corresponds to the roof
drift. However, due to the influence of mode shapes, modal participation, and yielding within the
structure, buildings rarely perform in this manner. By normalizing the average interstory drift
throughout the height by the roof drift, a ratio quantifying the building’s deviation from uniform
drift is defined as Oayg/Br. If the drift profile of the building is uniform this ratio is equal to 1.0.

Figure 4-36 compares the median ratio as a function of PGA for each building. From this figure
it is apparent that the ratio remains relatively constant as the intensity increases. Also the ratio is
approximately 1.0 for the shorter buildings (B3 and H3) and tends to increase as the period of the
building is increased. Based on the definition of the ratio, it was expected that the shorter

buildings with nearly linear first mode shapes, high first mode participation factors, and short
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periods would maintain ratios close to 1.0. In review of the taller buildings however, it is noted
that the ratio increases as the period of the structure increases. Also that as the intensity is
increased the ratio of the taller buildings also increases slightly as opposed to remaining constant
like the shorter buildings. This is due to the increased influence of the higher modes as the
building begins to yield. These observations confirm the previous conclusions of the influence of
higher modes on the drift response of the respective buildings and offer a different representation

of the drift responses generated in this study.
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4.3.3.2 Ratio of Maximum Interstory Drift throughout the Height to Roof Drift

A similar ratio is defined by normalizing the maximum interstory drift throughout the height by
the roof drift as 0,,/0r. This ratio quantifies the lack of uniformity in the drift profile by
defining the ratio between the observed maximum interstory drift throughout the height against

the idealized uniform drift.

The median ratios for each building are plotted against PGA in Figure 4-37. Once again it is

observed that the shorter buildings maintain a constant ratio as the intensity is increased while
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the taller buildings show significant increases in the ratio as the building begins to yield. This
increase represents the migration of the maximum interstory drift from the top of the building to
the bottom of the building as the intensity and level of yielding is increased. This is more
apparent in the following section which discusses the drift profiles of the buildings. With this
migration the maximum interstory drift throughout the height accumulate in the lower stories.
This does not occur in the shorter buildings because the yielding is more evenly distributed

throughout the height of the structure.
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4.3.3.3 Drift Profiles

The drift profiles depict the stories that experience the most interstory drift demands. For taller
moment frame structures the distribution of interstory drift throughout the height of the structure
changes significantly as the building begins to yield. Figure 4-38 through Figure 4-41 show the
median drift profiles for each building at four levels of ductility. It is noted that the elastic drift
profiles for all of the buildings are uniform. This is due to the linear nature of the first mode

shapes of each of the buildings. In the elastic state particularly for the shorter buildings which

90



have high first mode participation and linear first mode shape, the drift profiles are expected to
be uniform. As the level of yielding in the buildings is increased the drift profiles are drastically
changed, especially for the taller buildings. In Building B20, the lower stories experience
significantly more drift than the upper stories which shows that a majority of the yielding in the

building is occurring in these lower floors.

4.4 Summary

This chapter has presented and discussed some of the results of the IDA study, described the
dispersion in the results, demonstrated the way in which further results were processed, and
discussed the drift demands on nonstructural components in the four buildings of this
investigation. The IDA results are shown to provide a foundation for the discussion of demands
on nonstructural components within moment frame structures. The upcoming chapters build

upon this foundation to assess the acceleration demands on nonstructural components.
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SECTION 5
HORIZONTAL ACCELERATION DEMANDS ON NONSTRUCTURAL
COMPONENTS

5.1 Introduction

Nonstructural components can be categorized into two classes of sensitivity, namely
acceleration-sensitive and drift-sensitive (FEMA, 1997b). Nonstructural components such as
piping systems, ceiling systems, ventilation ducts, machinery, bookcases, and many other
nonstructural components as well as building contents are examples of acceleration-sensitive
components. Improving the understanding of the acceleration and force demands on these
nonstructural components has been the objective of several recent studies. These studies aimed to
formulate the expected lateral acceleration demands on both rigid and flexible nonstructural
components throughout the building. Most of these studies are conducted by performing several
linear and nonlinear analyses of idealized models such as the continuum model suggested by
Taghavi and Miranda (2006), or the single bay two dimensional frames used by Medina et al.
(2006) subject to a suite of unidirectional ground motions. As a result of these studies factors
including dynamic interaction between the nonstructural components and the supporting
structure, nonstructural damping ratios, type of lateral load-resisting structural system, reduction
of stiffness in the lateral load-resisting system through the height of the building, nonlinear
behavior of the supporting structure, and location along the height of the supporting structure
have been shown to influence the seismic response characteristics of nonstructural components

within the building.

In the present study, three-dimensional models of a total of four building structures have been
subjected to all three components of a series of ground motions. Various response quantities
have been monitored. More specifically, floor acceleration and interstory drift responses have
been recorded to investigate seismic demand characteristics imposed on nonstructural
components that may be located throughout the structures. It is noted that the Incremental
Dynamic Analysis approach has been adopted to facilitate the evaluation of response
characteristic due to varying levels of ground motion intensities. In addition to presenting the
results of the IDA study, this chapter reviews the current code provisions, recommendations

from previous studies, as well as proposes suggestions for simple adjustments to the current code
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provisions used in the calculation of horizontal acceleration demands on nonstructural

components.

5.2 Factors Influencing the Horizontal Acceleration of Nonstructural Components

5.2.1 Dynamic Interaction between the Structure and Nonstructural Components

Due to the large variety of nonstructural components with varying mass, stiffness, installation
and attachment details, etc., generally it is difficult to accurately and efficiently model the
interaction between the nonstructural components and their supporting structure. Coupled
modeling techniques, which consider the structural and nonstructural systems in the same model,
create problems for conventional methods of analysis due to the large discrepancies in various
values of mass, stiffness, and damping throughout the model (Villaverde, - 2004). As a result,
various alternative methods of analysis have been developed to simplify the process of design of

nonstructural components.

One of the first simplified methods of analysis and still widely accepted is known as the floor
response spectrum method. In this method, the response of the supporting structure is uncoupled
from that of the nonstructural component. This is achieved by generating the floor level time
history response of the supporting structure; subsequently floor response spectra are generated.
This two-step process has been proven accurate for nonstructural components whose masses are
much smaller than the masses of their supporting structures and natural frequencies are not too

close to those of the supporting structure (Villaverde, R., 2004).

However, by uncoupling the analysis of the nonstructural component from the structure, the floor
response spectrum method may provide overly conservative estimates of the response of
nonstructural components whose ratio of nonstructural mass to structural mass are too large or
whose natural frequencies resonate with those of the structure (Villaverde, R., 2004). There have
been several studies which have developed appropriate limits of the nonstructural component
mass ratio for use with the floor response spectrum method. Sing and Ang (1974) determined
that for mass ratios up to 0.10, analysis of an uncoupled system is acceptable for the estimation
of the acceleration response of the supporting structure itself;, however, mass ratios should not

exceed 0.01 when approximating the response of the nonstructural components. The US Nuclear
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Regulatory Commission (USNRC, 1978) suggests that most nonstructural components are light
compared to the mass of the supporting structure and that the use of uncoupled models is
acceptable in these cases. Nevertheless, there are nonstructural systems whose stiffness, mass
and resulting frequency range induce significant dynamic interaction between the nonstructural
component and the supporting structure. In these cases it is required to use a coupled model to
account for these effects (USNRC, 1978). The American Society of Civil Engineers’ (ASCE)
standard for the seismic design of nuclear facilities (ASCE, 1987) requires the use of a coupled
model when the nonstructural component is mounted to a relatively flexible wall or floor system
for which the interaction effects are significant. The dynamic interaction need not be considered
for nonstructural components whose mass is less than 1% of that of the structure supporting it.
An additional relationship is defined between the mass and frequency ratios of the nonstructural
component to the supporting structure that may be used to determine whether or not an
uncoupled model is acceptable. In this relationship, as the mass ratio increases and the frequency
ratio approaches 1.0 (a condition in which the nonstructural component is in tune with a
dominant dynamic mode of the supporting structure) the need to consider the effects of dynamic

interaction between the two systems increases (ASCE, 1987).

While many others, such as Igusa and Der Kiureghian (1985) and Chen and Soong (1988), have
shown that ignoring the effects of dynamic interaction may lead to significant errors in the
calculated response of nonstructural components, the floor response method is still a commonly

accepted method.

This study utilizes the floor response spectrum method to determine the acceleration response of
elastic nonstructural components on inelastic supporting structures. While some level of
conservatism is introduced in these results, in light of the previous discussion, the results are
acceptable for most nonstructural components lighter that 1% of the weight of the supporting
structure. Thus, the results obtained in this study are applicable to light nonstructural

components.

5.2.2 Damping Ratio of Nonstructural Components

Damping has a major effect on the response of both the nonstructural component as well as the

supporting structure. Overestimation of the critical damping ratio could result in an
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unconservative estimation of the acceleration response of the floors and nonstructural
components. Therefore, proper selection of the damping ratio of both the nonstructural

component as well as the supporting structure is critical.

Current building codes (ICC, 2006) suggest that 5% of the critical damping be assigned to the
supporting structure. As for the damping assigned to the nonstructural components, there is some
debate as to what is appropriate. Villaverde (2004) suggests that the damping ratios of
nonstructural components are much less than the supporting structure and consistently uses
examples of damping ratios in the order of 0.5% of the critical damping. Other studies, such as
Miranda and Taghavi (2006) and Medina et al. (2006), use 5% damping for both the
nonstructural component and supporting structure. Biggs and Roesset (1970) provide 2% and 5%

damping for the nonstructural components and supporting structure, respectively.

Villaverde (2004) has pointed out that when dynamic interaction is significant, because the
damping of the nonstructural component is much lower than the damping of the supporting
structure, the damping in the overall system is not uniform. As a result, the response of the
nonstructural components is governed by a system without classical modes, and thus non-
classical damping is present in the system. If this is not accounted for it has been shown that the
results may show significant error, especially when the frequency of the nonstructural
component is in tune with one of the dominant frequencies of the supporting structure. Igusa and
Der Kiureghian (1985) claim that if the vibration modes of the nonstructural component and its

supporting structure are not in resonance the system is classically damped.

As explained in Chapter 3, Rayleigh damping was applied to the structures such that a 5%
damping ratio was in 0.8 and 2.0 times the fundamental period of the building. To quantitatively
explore the effect of the nonstructural component damping, floor acceleration spectra were

developed assuming critical damping ratios of 0.5%, 2.0%, 5.0%, and 10.0%.

5.2.3 Structural System of Supporting Structure

The structural system of the supporting structure influences the floor level acceleration response,
which in turn influences the acceleration response of the nonstructural components mounted on

the floors of the structure. The influence of the structural system on the acceleration response
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comes from the variation of mode shapes and modal participation factors between building
systems. As an example, moment-resisting frame structures deform similar to a shear beam
whereas braced frames deform similar to flexural beams. As a result, there are significant

differences in the mode shapes and modal participation factors of these two systems.

Taghavi and Miranda (2006) demonstrate the effect of the lateral load-resisting system through
the use of a continuum model in which the relative amount of shear to flexural deformation in
the structure is controlled by a single parameter. Changing this parameter facilitates the
representation of systems ranging from moment-resisting frames to braced frames or shear wall
buildings. In their study it is shown that there is significant difference in mode shapes and modal
participation for buildings of equal period with different structural systems. This difference

directly influences the acceleration response of the floors.

Taghavi and Miranda (2006) also investigated the effect of reducing the stiffness through the
height of the structure. Their results show that the reduction of lateral stiffness along the height
of the building has little influence on the modal characteristics of braced frame or shear wall

buildings and slightly greater, yet still insignificant effect on moment-resisting frame buildings.

Medina et al. (2006) analytically studied stiff moment-resisting frame buildings with periods
designed to be equal to 0.1 times the number of stories and uniform lateral stiffness distribution
over the height of the structures. The acceleration response of these structures followed similar

trends to those presented by Taghavi and Miranda (2006).

5.2.4 Nonlinear Behavior of Supporting Structure

The acceleration response of the nonstructural components of a building is influenced by
nonlinear behavior of the supporting structure. Including the effects of inelastic response of the
supporting structure has been a topic of recent studies (Lin and Mahin, 1985); (Villaverde, R.,
1987); (Rodriguez et al., 2002); (Taghavi and Miranda, 2006); (Medina et al., 2006). All of
which agree that the peak floor accelerations are reduced when accounting for nonlinearity in the
supporting structure. Rodriguez et al. (2002) and Medina et al. (2006) similarly introduced
nonlinearity into the investigated structures through increasing the scale factor of the applied

ground motions. Rodriguez et al. (2002) made use of three concrete shear wall buildings to
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investigate the influence of structural nonlinearity while considering two different hysteretic
rules. Their research indicates that the peak floor acceleration amplification factor (PFA/PGA) of
the roof level remains constant for low ground motion scale factors, signifying the elastic
response of the structure. This constant region is followed by a significant decrease in peak
acceleration amplification factor with increased scale factor. Conclusions of their work suggest
that the maximum peak acceleration amplifications of the roof occurs when the building is
behaving elastically, that these amplifications are greater for shorter structures, and that the
increased levels of ductility have less effect on the reduction of these amplifications for taller
buildings (Rodriguez et al., 2002). Similar results were concluded in the studies by Medina et al.

(2006) for regular moment-resisting frame structures.

Rodriguez et al. (2002) proposed a simplified method for estimating floor acceleration
amplification profiles assuming that the effect of yielding primarily effects the acceleration
responses associated with the first mode of vibration of the structure. Discussed in more detail

later in the chapter, an alternative simplified method is proposed in the present study.

Counting on the effect of nonlinearity in the response of nonstructural component seems to be
counter intuitive to the objective of protecting the nonstructural components. However, there
may be instances in which some level of yielding under severe ground motions would not impair
the functionality of the nonstructural component. In such cases counting on the ability of the
nonstructural component to deform in a ductile manner would be beneficial to an economical
design. For this reason, more research is needed in the field to generate reliable response
modification factors for nonstructural components. Villaverde (1997) also suggests that more
research is needed to quantify the proper modification factors to account for the nonlinear
response of nonstructural components and their mounting systems. The research presented in this
report, treats the nonstructural component as a linear elastic single degree of freedom system,

and thus does not account for nonlinearity of the nonstructural component or its connections.

5.3 Current Code Approach

For design purposes, Chapter 13 of ASCE 7-10 (ASCE, 2010) includes the seismic design
requirements for nonstructural components, which is used for general purpose assessment of the

seismic demands of the nonstructural components within a building. For qualification testing, the
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AC 156 (ICC, 2006) document provides the shake table testing requirements of nonstructural
components and systems. Each of these documents are based on a similar understanding of

nonstructural components, consequently many of the demand equations are common.

During a seismic event the ground acceleration is amplified at each floor of the building by the
modal participation factors and mode shapes of structure (Chopra, 2007). The following
formulation derives the acceleration amplification relationship which is used in the current code.
The absolute floor acceleration response of a structure is the summation of the relative response

acceleration and the ground acceleration of the structure as shown in (5-1).
U, =0+, (>-1)
Using a modal analysis formulation the relative acceleration response can be expressed by (5-2).
li(t) = TgD(t) (5-2)

In which, U(t) is the relative acceleration, n is the number of modes, I is the modal participation

factor, ¢ is the mode shape, and D(t) is the modal response obtained from solving (5-3).

D(t) + 2éwD(t) + @’ D(t) = i, (t) (5-3)
The combination of (5-1) and (5-2) in the frequency domain results in (5-4).

U, (@) = U, (@) + T gD (@) (5-4)

To facilitate the discussion of floor acceleration amplification the modal acceleration response is

assumed to be the product of an amplification factor, o, and the ground acceleration, U, (@), as

shown in (5-5).
D(w)=a- U, (@) (5-5)
By substituting (5-5) into (5-4), the absolute acceleration response is expressed in (5-6).

U, (@) = U (o) + ol @l (@) = L+l @) - U, (w) (5-6)
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The term (1+ ol @) is the amplitude of the acceleration amplification which is currently taken as
@a+2 %_') for all frequencies. This version of acceleration amplification term was formulated in

the 1997 NEHRP Provisions (FEMA, 1997b) based on the examination of building floor
response acceleration records during strong ground motions with peak ground accelerations
greater than 0.1 g. The “z/H” term approximates the mode shape, ¢, of the building as a straight
line, and the “2” is an empirical estimation of the product of the acceleration amplification

factor, o, and the modal participation factor I'.

5.3.1 ASCE 7-10 Provisions

Chapter 13 of the ASCE 7-10 establishes minimum design criteria for nonstructural components
that are permanently attached to structures. The seismic force demands on nonstructural
components are determined in accordance with Section 13.3.1 of ASCE 7-10. In which, the

horizontal seismic design force, Fp, may be determined in accordance with (5-7) or (5-8).

0.4a_ S, W
F oo p20sTp "(1+2ﬁj (5-7)

In which,

Fp = seismic design force

Sps = short period spectral acceleration

ap = component amplification factor that varies from 1.0 to 2.5

l, =component importance factor that varies from 1.0 to 1.5

W, = component operating weight

Rp = component response modification factor that varies from 1.0 to 12
z = height in the structure of point of attachment of component

H = average height of the structure

With this equation the code provides an equation for which the nonstructural component may be
designed without any knowledge of the supporting structure. This type of equation is convenient

for manufacturers of widely used nonstructural systems as it allows for the design of a common
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component which may be implemented in many types of buildings in a known geographic area
with assumed seismicity, Sps. With this in mind, this type of code approximation should provide

a conservative estimate of the seismic force demand on nonstructural components.

Alternatively, if the designer of the nonstructural components has access to a model of the
supporting structure, modal analysis may be used to develop the seismic force demands on the

nonstructural components in accordance with (5-8).

e =aiapWp
p R X
( pJ
IP

Where a; is the acceleration at the i level obtained from the modal analysis and where Ay is the

(5-8)

torsional amplification factor determined by Eq. 12.8-14 (ASCE 7-10). This equation offers a
refined approximation of the seismic demands on nonstructural components over the equation
presented in (5-7) at the cost of performing a modal analysis of the supporting structure. While
this may be beneficial for special cases in which the capacity of connection details of the
nonstructural components may be greatly reduced with an improved estimate of the design
forces, this method does not lend itself to generalized use as it requires a model of the building
capable of performing modal analysis. Designers of nonstructural components rarely have such

models readily available.
Independent of which of the previous equations are employed F, may not be taken as less than:

F, =0.355,1 W (5-9)

p

Nor 1s F, required to be taken as greater than:

F, =1.65p5 1 W (5-10)

p

The upper bound established by (5-10) limits the design acceleration of the nonstructural
component to four times the peak ground acceleration. Upon further inspection of the
combination of (5-7) and (5-10) it can be concluded that for flexible components (a, = 2.5)

located in the upper six-tenths of the structure (z/h > 0.3), the design force is governed by the
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upper bound (5-10). For this reason it is common for manufacturers of nonstructural anchorage

systems to simply design based on the upper limit provided by (5-10).

The estimate of the seismic force provided by (5-7) may be decomposed in the following
manner. The peak ground acceleration of the design ground motion including site-soil effects is
approximated as 0.4Sps. The component amplification factor, a,, represents the component
acceleration or floor spectral acceleration normalized by the peak floor acceleration. The

amplification up the height of the building is accounted for through the linear expression

@+ 2%_'), which represents the peak floor acceleration normalized by the peak ground
acceleration. With these terms now defined the design equation is represented once more in
terms used throughout this chapter in (5-11).

FSA=0.75PGA < PGA(EJ (E) <4.0PGA (5-11)

PFA J{ PGA

Where, FSA is the floor spectral acceleration which represents the acceleration of the
nonstructural component, PFA is the peak floor acceleration which represents the acceleration of
rigid nonstructural components, and PGA is the peak ground acceleration which is approximated
as 40% of the short period design ground spectral acceleration, Sps. Using this representation of
the code design equation, each of the three terms is discussed in relation to the results of this

study.

5.3.2 AC 156 Provisions

The purpose of AC 156 is to establish the minimum requirements for the seismic qualification
shake table testing of nonstructural components. The provisions within AC 156 relate to the
seismic design of nonstructural components as established by the 1997 Uniform Building Code
as well as the 2006 International Building Code. The criteria presented in AC 156 are applicable

to nonstructural components with fundamental frequencies greater than 1.3 Hz (ICC, 2006).

The AC 156 document specifies a required response spectrum which is derived from the code
design equations of the 1997 UBC or the 2006 IBC. The normalized required response spectrum
is presented in Figure 5-1. The values of Aprx and Agjg are defined in (5-12) and (5-130) below.
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z

Arix = Sps (1+2ﬁ] (5-12)

Agic =045 (1"'2&) (5-13)

In which the variables are the same as the ASCE 7-10 design equation presented in (5-7). The

value of Ap x is limited to a maximum of 1.6 times the Sps.
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Figure 5-1 Required Response Spectrum Normalized for Nonstructural Components (AC
156)

5.4 Results and Discussion

Making use of the incremental dynamic analysis results presented in Chapter 4, the effect of
several parameters on the acceleration demands on nonstructural components was investigated.
The parameters explored include structural period, nonstructural component to structural period
ratio, structural yielding, nonstructural component damping ratio, and relative mounting height
of the nonstructural component within the height of the structure. Most of the recent studies have

used simplified two dimensional models subjected to a unidirectional ground excitation. Taking
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advantage of the full three-dimensional models developed in this project, an assessment of the
acceleration response of nonstructural components was performed. Using orthogonal horizontal
floor acceleration responses, bidirectional floor acceleration spectra were generated and the
effects of the above mentioned parameters on the horizontal acceleration response of
nonstructural components are investigated in the following sections. The results are then
compared to the current code provisions if applicable. The comparisons are discussed and

conclusions are drawn which lead to recommendations for changing the current code provisions.

5.4.1 Normalization of Nonstructural Component Accelerations

One of the objectives of the present study is to demonstrate the influence of structural yielding
on the floor acceleration response. To show this effect, Figure 5-2 through Figure 5-5 illustrate
the median peak floor acceleration profiles for different levels of ductility of each building. In
addition, Figure 5-6 through Figure 5-9 depict the median floor acceleration response spectra of
each floor of Building B3 for different levels of ductility. In these figures ductility is defined
according to the Section 4.2.2.3. Due to the effect of structural yielding, identifying trends in the
data is difficult as the level of yielding in the building is dependent upon the intensity of the
ground motion. Thus, quantification of the floor acceleration response of yielding structures was

simplified by normalizing the floor acceleration by the peak ground acceleration.
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When examining the acceleration response of nonstructural components, there are two categories
of components to consider, rigid components and flexible components. Rigid components have
very short natural periods of vibration (less than 0.06 seconds (ICC, 2006)) thus have a
comparable total acceleration response to that of the floor, while the acceleration response of
flexible components which have longer natural periods (i.e. greater than 0.06 seconds (ICC,
2006)) may be amplified. For this reason, the peak floor acceleration (PFA) was used to describe
the response of rigid nonstructural components while the floor spectral acceleration (FSA) was
used to describe the response of flexible ones. For rigid nonstructural components, the peak floor
acceleration, PFA, was normalized by the peak ground acceleration, PGA. The PFA/PGA ratio is
referred to as the peak acceleration amplification factor in this study. This parameter is a measure

of the dynamic amplification of the ground motion by the structure.

For flexible nonstructural components, the floor spectral acceleration, FSA, was normalized in
three different ways. The first was normalization with the PGA. The FSA/PGA ratio is the total
acceleration amplification since it accounts for the amplification provided by both the supporting
structure and the nonstructural component. The component acceleration amplification factor was
defined as the ratio of the floor spectral acceleration, FSA, to the peak floor acceleration, PFA.
The FSA/PFA ratio is defined in Section 13.3.1 of ASCE 7-10 as a, (ASCE, 2010).
Alternatively, the spectral acceleration response of flexible components was normalized by the
ground acceleration spectrum, FSA/SA. This parameter is referred to as the spectral acceleration
amplification factor. This parameter is essentially a spectral domain function relating the floor
response spectrum to the ground response spectrum. This was used to propose an envelope
function that can be used to estimate the floor response spectrum for a given design acceleration

(ground) response spectrum.
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110



Component Acceleration [FSA] (g)

Component Acceleration [FSA] (g)

4.0

| £=0.05 |
35
3.0
2.5
20 . X m\’h
i VAR
N
10 t o) LTV RN
AR L T3S
05 : '07..\...=
- %_I

0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0

Nonstructural Component Period [T ] (sec)

z/[H=0.00 ceeee z/H=033 = -=-=2z/H=0.67 z/H=1.00

Figure 5-8 Median Floor Acceleration Spectra (p = 2.5) [B3]

4.0

| 62005 |

35 -

3.0

25

2.0

15

1.0

.. ‘k_\‘

®000y ™=

0.5 A
m%ﬂ
0.0 ‘ ‘

0.0 0.5 1.0 15 20 25 3.0 35 4.0 45 5.0

Nonstructural Component Period [T ] (sec)

zZ[H=0.00 s°cc-- zl[H=033 = -=-=z/H=0.67 zZ/[H=1.00

Figure 5-9 Median Floor Acceleration Spectra (n = 5.0) [B3]

111



5.4.2 Effect of Period of Supporting Structure

Several previous studies have concluded that the modal periods of the supporting structure
influence the response of the nonstructural components. Studies performed by Medina and
Krawinkler (2003), Taghavi and Miranda (2006), and Medina et al. (2006) have shown that the
PFA/PGA ratio is reduced as the period of the supporting structure is increased.

In addition, Medina et al. (2006) showed that component acceleration spectra peak near the
modal frequencies of the supporting structure. They concluded that the period ratio is a critical

parameter. Similar findings were concluded by Miranda and Taghavi (2009).

5.4.2.1 Rigid Nonstructural Components

The peak floor acceleration amplification factor (PFA/PGA) provided a representative parameter
to assess the acceleration demands on rigid nonstructural components. The peak floor
acceleration amplification factor is presented as a function of structural period in Figure 5-10.
The median and 84% fractile PFA/PGA ratios of each building are plotted against their
respective elastic structural periods. The figure depicts the relationship at floor level with z/H
ratios of approximately 0.33, 0.67, and 1.0. It is apparent that the peak acceleration amplification

of each floor decreases as the period of the supporting structure increases.

The peak acceleration amplification factor of the roof is nearly inversely proportional to the
period of the building. This trend parallels the trend found in ground acceleration spectra. It is
commonly accepted that the spectral acceleration in the long period range is inversely
proportional to the period of the structure. With this assumed (5-14) was fit to the data in Figure
5-10.

max

PFA , T, -T z
_ :1+ I
PGA T H

(5-14)

In which T is the period of the supporting structure, Tpyax 1S the maximum structural period for
which the peak acceleration of the roof is at least equal to the peak ground acceleration and is
taken as 2.5, z is the mounting elevation of the nonstructural component, and H is the total height

of the building. This proposed equation is discussed further in Section 5.6.1.
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Figure 5-10 Influence of Structural Period on Peak Floor Acceleration Amplification

5.4.2.2 Flexible Nonstructural Components

In order to show the influence of the dynamic characteristics of the supporting structure on the
acceleration response of flexible nonstructural components, the normalized total floor
acceleration spectra (FSA/PGA) of each building responding elastically are presented in Figure
5-11 through Figure 5-14. The first two modal periods of the supporting structure are highlighted
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in these figures. Two important observations were made. First, the peaks in the total acceleration
amplification spectra coincide with the modal periods of the supporting structure. The slight
deviation of the peak from the modal periods of the supporting structure is attributed to the effect
of the bidirectional nature of the total acceleration amplification spectra as explained in Section
4.2.1.2 and variation in modal frequencies in each orthogonal direction, which is particularly
significant in Building B20. However, if this effect is neglected, normalizing the nonstructural
component period by the fundamental period of the supporting structure eliminates the
dependency of the spectra on the structural period and comparison among buildings is made
possible. Second, the total acceleration amplification at the fundamental period of the supporting

structure is reduced as the period of the structure increases.

5.4.3 Effect of Nonlinear Behavior of Supporting Structure

The effects of nonlinear behavior of the supporting structure have been examined in numerous
prior studies (Lin and Mahin, 1985); (Villaverde, 1987); (Rodriguez et al., 2002); (Taghavi and
Miranda, 2006); (Medina et al., 2006). All of the studies have shown that the peak floor
acceleration amplification factors are reduced as the level of nonlinearity (yielding or ductility) is

increased.

Similar trends are observed in the floor response spectra presented in Miranda and Taghavi
(2009) and Medina et al. (2006), in which roof mounted nonstructural components in tune with
the fundamental period of the structure experience a considerable reduction in peak acceleration
as the level of yielding in the building is increased. While nonstructural components tuned to
lower modes of vibration are not affected or conversely affected by the increased level of
ductility in the supporting structure. This supports the assessment of Rodriguez et al. (2002) that
the effect of yielding within the supporting structure is primarily concentrated in the acceleration

response of the first mode of vibration of the supporting structure.
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5.4.3.1 Rigid Nonstructural Components

The correlation between peak acceleration amplification factor and global drift ductility (Section
4.2.2.3) is presented in the series of plots shown in Figure 5-15 through Figure 5-18. These
figures show the peak acceleration amplification factor against roof drift as well as various levels
of global drift ductility. The plots depict an initial region of constant peak acceleration
amplification factor followed by a region of decreasing peak acceleration amplification factor

with increasing ductility.

As the building yields two things happen that can explain the reduction in peak acceleration
amplification with increased ductility. First, the lateral stiffness of the building is reduced
causing an increase in the natural period of vibration. This in turn decreases the floor
acceleration amplification. Second, yielding dissipates energy and introduces damping to the
building. Increased damping also reduces the acceleration response thus decreasing the
PFA/PGA ratio. Accounting for the elongated period of the building due to yielding is

commonly achieved by introducing the effective period.

The concept of effective period approximates the period of a nonlinear system after it exceeds its
yield point. Consider the force-displacement curve of the system shown in Figure 5-19. The

ductility can be defined as:

max (5-15)

in which, Dyax = maximum deformation related to the ductility levels in the system, Dy = yield
deformation. If the system undergoes a maximum ductility, p, the effective period of an

equivalent system can be determined as shown in Figure 5-19.

T, =T /L (5-16)
1+a(u-1)

where o = post yield to initial stiffness ratio, which may be assumed to be equal to zero for an

elastic-perfectly-plastic system.
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Figure 5-15 Influence of Ductility on Roof Acceleration Amplification [B3]
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Figure 5-16 Influence of Ductility on Roof Acceleration Amplification [H3]

118



Global Drift Ductility [p]
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 100

PFA/PGA

PFA/PGA

3.0
25
2.0
15
-
1O N
05 s N Nttt iudetetete ettt FSSPSAR AR SR SR
~‘-mm g R S N
0.0
0.000 0.011 0.022 0.033 0.044 0055 0066 0077 0.088 0099 0.110
Roof Drift [0g]
=——CODE ===-- 16% Fractile Median ====- 84% Fractile
Figure 5-17 Influence of Ductility on Roof Acceleration Amplification [B9]
Global Drift Ductility [u]
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 100
3.0
2.5
2.0
1.5
1.0 - --~~‘~
05 FmmommS S e S
0.0
0.000 0.006 0.012 0.018 0.024 0.030 0.036 0042 0.048 0.054 0.060
Roof Drift [0g]
=——CODE ==--- 16% Fractile =~ === Median ===-=- 84% Fractile

Figure 5-18 Influence of Ductility on Roof Acceleration Amplification [B20]
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Figure 5-19 Effective Stiffness of a System with Post Yield Hardening

By relating the amount of ductility in the system to the period of the system it is possible to
estimate the change in the peak acceleration amplification factor using a single term, the

effective period.

5.4.3.2 Flexible Nonstructural Components

Increased levels of ductility also affect the response of flexible nonstructural components tuned
to the modal frequencies of the supporting structure. This is evident in the total acceleration
amplification as well as the component acceleration amplification. Figure 5-20 through Figure 5-
23 show the median component amplification factors at the roof level of each building for
various levels of ductility as a function of the ratio of nonstructural period to fundamental period

of the supporting structure (T,/T1). In examining these curves a number of trends are evident.
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Figure 5-23 Influence of Ductility on Roof Component Amplification [B20]
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The component amplification of nonstructural components tuned with the fundamental period of
the supporting structure (T,/T; = 1) is considerably diminished as the level of ductility in the
supporting structure is increased. This however does not occur for nonstructural components
tuned with the higher modes of the supporting structure. In fact, generally the component
acceleration amplification factor is increased with increasing ductility for nonstructural
components tuned with the higher modes of the supporting structure. This supports the
conclusion (Rodriguez et al., 2002) that yielding in the supporting structure predominately

affects the acceleration response contribution of the fundamental mode of vibration.

The peak associated with the fundamental mode of the supporting structure decreases in
amplitude and also shifts to a higher period ratio. This shift is due to yielding of the supporting
structure, which elongates its period. A wider range of large period ratios are affected as the level

of ductility increases.

5.4.4 Effect of Relative Height of Mounting Location

Medina et al. (2006) observed that the maximum component accelerations generally occur at the
roof level. Furthermore, the acceleration amplification associated with the fundamental mode of
the supporting structure decrease with decreasing floor level more rapidly than those tuned to the
higher modes. These observations provide evidence that the spectral accelerations as well as the
peak floor accelerations are influenced by the mode shapes of the structure. Similar findings are

shown in the studies by Taghavi and Miranda (2006).

The following results highlight the variations in the peak acceleration amplifications and the
component acceleration amplifications throughout the height of the structure. Each of these
relationships is used to develop recommendations for improvements to the current code later in

the chapter.

5.4.4.1 Rigid Nonstructural Components

The peak floor acceleration amplification profiles are presented in Figure 5-24, which plots the
elastic median and 84% fractile profiles of each building along with the current code-

recommended profile. In addition, the influence of structural ductility on the peak acceleration
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amplification profiles is examined in Figure 5-25, which for each building presents the median

peak acceleration amplification profiles for various levels of structural ductility.
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It is noted that the influence of structural period is consistent throughout the relative height of the

supporting structure. Also, as the level of ductility increases the peak acceleration amplification
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factor is decreased consistently throughout the height of the supporting structure. In addition, the
peak acceleration amplification profiles of each of the buildings appear similar to the
fundamental mode shapes of the supporting structures. This is expected as the fundamental mode
of vibration is known to dominate the sway response moment-resisting frame buildings. An
increasing influence of the higher modes of vibration, as seen in the sudden increase in the
profile near the roof level, is evident in the profiles of the taller structures which have a larger

participation factor for higher frequency modes.

5.4.4.2 Flexible Nonstructural Components

In the research presented by Miranda and Taghavi (2009), the period of the structure is shown to
influence not only the peak floor response of the structure but the floor response spectra as well.
Their paper introduces a unique profile view of the component acceleration amplification factor
of components tuned with the periods of the supporting structure. Using this representation they
are able to conclude that the component acceleration amplification factor is (1) not constant
throughout the height of the structure, (2) depends on the fundamental period of the supporting
structure, and (3) that the shape of the profile is dependent on which modal frequency the

nonstructural component is in tune with.

In a similar nature, Figure 5-26 and Figure 5-27 show the elastic median component acceleration
amplification profiles for nonstructural components tuned to the fundamental period and second
mode period of the supporting structure, respectively. Again similar shapes to those presenting
by Miranda and Taghavi (2009) are found, but the amplitudes presented in this study are smaller.
Similar conclusions are made however and these are an integral part of the assessment of the

current code.
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The influence of ductility in the supporting structure on the component acceleration
amplification profiles is demonstrated in Figure 5-28 and Figure 5-29, which plot the profiles for
nonstructural component tuned to the fundamental period and second mode period of the

supporting structure, respectively, for various levels of ductility. Clearly, the nonlinearity of the
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structural response predominately affects the fundamental mode is validated. It can be seen that
there is significant change in the profiles of nonstructural components tuned with the
fundamental period of the structure while the influence on the profiles of those tuned with the

second modal frequency is considerably less noticeable.
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5.4.5 Effect of Damping Ratio of Nonstructural Component

5.4.5.1 Rigid Nonstructural Components

The influence of damping on rigid nonstructural components is negligible, therefore the effect of

damping ratio on the response of rigid nonstructural components is not considered in this study.

5.4.5.2 Flexible Nonstructural Components

The response of flexible nonstructural components is significantly influenced by their damping
ratio. As mentioned before, often the damping ratios of nonstructural components are very small,
sometimes in the order of 0.5% to 2.0%. However, there have been several estimates for the
proper assumption of nonstructural component damping, which was discussed in detail in

Section 5.2.2.

The influence of the nonstructural component damping ratio is studied by plotting the median
roof total acceleration amplification spectra of Building B3 under elastic response as well as
under moderate inelastic response (i = 2.5) for various nonstructural component damping ratios
in Figure 5-30 and Figure 5-31, respectively. Figure 5-32 and Figure 5-33 illustrate the same
curves normalized by total acceleration amplification of a 5% damped nonstructural component.
The difference is fairly constant when not in resonance with the modal frequencies of the
supporting structure, however the difference is slightly increased when the components are tuned

with the supporting structure. Similar results were obtained for the other floors and structures.
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5.5 Assessment of Current Code

A review of the ASCE 7-10 (ASCE, 2010) nonstructural design provisions as well as the
nonstructural seismic qualification provisions outlined in the AC 156 (ICC, 2006) is presented in
this section. The provisions as they are applicable to both rigid and flexible nonstructural

components are examined.

It is understood that code provisions are intended to provide a reasonable estimate of the seismic
demands anticipated during the design earthquake event. Throughout this document the terms
“conservative” and “unconservative” are used to describe the estimation provided by the code
and proposed equations relative to the analysis results. Assuming the analysis results are
representative of typical flexible ductile steel moment frame buildings, the simplified equation is
deemed to be “conservative” if the demand obtained by the equation is greater than observed in
the analysis and “unconservative” if the demand obtained by the equation is less than observed in

the analysis.

5.5.1 Peak Ground Acceleration (PGA)

The current code approximates the peak ground acceleration as 40 percent of the short period
spectral acceleration. Comparing the ground motions used in this study with the recommended
design spectrum of both the 1994 UBC (ICBO, 1994) as well as the 2006 IBC (ICC, 2006), the
normalized code spectra fall within the median and 84% fractile spectra of the applied suite of
motions, as shown in Figure 5-34. Consequently, the ground motion set used in this study
provides similar characteristics to the design spectra, and thus the code-approximated peak

ground acceleration is appropriate based on the set of motions used.
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5.5.2 Component Acceleration Amplification Factor (FSA/PFA)

Currently the ASCE 7-10 requires a component acceleration amplification factor, a,, of 2.5 for
flexible nonstructural components. This coincides with the accepted acceleration amplification of
a single-degree-of-freedom system on the ground. The design acceleration spectrum required in
the current seismic codes defines a short period acceleration of 2.5 times the peak ground
acceleration. This amplification comes from the dynamic characteristic of the soil in relation to
those of the system. For nonstructural components mounted within a building, however, a

component acceleration amplification factor of 2.5 has been shown to be insufficient.

The results of this study along with several others have shown the inability of a constant
approximation to capture the true nature of the component acceleration amplification factor. In
many cases where the nonstructural component period is dissimilar to the period of the
supporting structure, the code is conservative; however, as the period of the nonstructural
component approaches the modal periods of the structure, the code becomes unconservative. In
addition to its relationship with the period of the supporting structure, the component

acceleration amplification factor has a great deal of dependency on the nonstructural
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component’s location along the height of the structure as a result of the influence of mode
shapes. One of the most extreme cases occurs for nonstructural components mounted
approximately 70% up the height of the supporting structure. If these nonstructural components
are tuned to the fundamental period of the supporting structure, the median component
acceleration amplification factor may be as large as 4.0, while at the same location nonstructural
components tuned to the second mode period of the supporting structure may experience no
component amplification at all (a, = 1.0). Thus there is clearly a dependency on the combination
of location within the structure, the period ratio of the nonstructural component, and the mode

shapes of the building.

5.5.3 Peak Acceleration Amplification Factor (PFA/PGA)

Along with the deficiencies in the component acceleration amplification factor, there are also
short comings in the current calculation of the peak acceleration amplification factor. Currently
the code defines a linear relationship throughout the height of the structure, assumes the peak
floor acceleration of the base coincides with the peak ground acceleration of the motion, and the
peak acceleration response at the roof is equal to three times the peak ground acceleration. This
is independent of the period of the structure and any inelasticity expected in the structure, each of
which have been shown to influence the peak acceleration amplification factor. Though the
linear distribution of peak acceleration amplification throughout the height of the structure does
not fit the best with the actual distribution, as noted by the results shown in Figure 5-24, for the
results of this study a linear relationship can provide a fairly good approximation of the
distribution. This is based on the observation that the true distribution of the peak acceleration
amplification comes from a complex combination of the mode shapes, and modal contributions
to the overall response which may not be easily obtained by simple design-oriented models. The
results presented in Taghavi and Miranda (2006), more so than herein, indicate that a linear
distribution of the peak floor acceleration amplification may not be representative of the actual

response of buildings.

Overall, the approach of the current code equation is conservative, but the definitions of the
component acceleration amplification and peak acceleration amplification lack the complexity to
appropriately approximate the acceleration demands imposed on acceleration-sensitive

nonstructural components.
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The required response spectrum for a nonstructural component on the roof of each building is
compared with the results from this investigation in Figure 5-35 through Figure 5-38. These plots
compare the median elastic response roof acceleration spectra with the required response spectra
based on an Sps value taken as the median spectral acceleration of the ground at a period of 0.2
seconds for elastically responding buildings. From these plots it is clear that the code response
spectrum is unconservative in some cases while over conservative in others. However, it was
noticed that the observed unconservatism is due to the limit on the value of Af;x. It has been
shown that the peak accelerations of nonstructural components on certain floors may exceed 6 to
7 times the peak ground acceleration (note Figure 5-11 through Figure 5-14 showing the total
acceleration amplification) when tuned to the fundamental period of the supporting structure.
Therefore limiting the required response spectrum to 4 times the estimate of the peak ground
acceleration is unconservative. In addition, because the required response spectrum is based on
the current seismic design equation in the ASCE 7-10 there is no correlation between the type of
supporting structure, the period of the supporting structure, or the amount of ductility
experienced by the supporting structure. As previously emphasized each of these has a
significant influence on the acceleration response of the nonstructural components and therefore

should be accounted for in the derivation of the require response spectrum.
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5.5.4 Effectiveness of Code Equation

Though each of the parts of the code equation presented in (5-7) has deficiencies, the sum of the
parts may still provide an acceptable approximation. It has been shown that the equation has a
tendency to overestimate the PFA/PGA ratio while underestimating the component
amplification, a,. An overall assessment of the complete equation can be obtained from Figure 5-
39 through Figure 5-42, which plot the median and 84% fractile elastic roof component
acceleration vs. the component period for each of the four buildings. These figures compare the
results from this study against the ASCE 7-10 Eq. 13.1-1 and Eq. 13.1-2. It is observed that on
average Eq. 13.1-1 provides an acceptable approximation of the peak component acceleration.
However, the limiting Eq. 13.1-2 undermines this approximation by unconservatively capping
the component acceleration to four times the peak ground acceleration. Secondary evidence of
this observation is shown in the results shown by the total amplification presented in Section
5.4.1, in which it is noted that the median total amplification may be as great as 6.0 or 7.0 for
elastic structural response. With these observations it is clear that there is room for improvement

to the upper bound on the component acceleration.
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5.6 Recommendations for Code Improvement

In light of the shortcomings in the current code design equations, this study has developed
several recommendations for their improvement. The first attempts to improve the current ASCE
7-10 design equation are presented in (5-7). The recommended improvement is then applied to
the AC 156-required response spectrum. The second recommendation offers a different and more
direct approach to estimating the acceleration demands on nonstructural components throughout
the building. This recommendation proposes a spectral amplification function which is applied to
the design ground response spectrum to establish a floor acceleration response spectrum which

can be used to design nonstructural components depending on their natural frequencies.

5.6.1 Proposed Modification to ASCE 7-10 Equation

One of the primary inadequacies in the current design equation is that the fundamental period of
the supporting structure is not accounted for. The current linear expression of the peak
acceleration amplification factor is extracted from (5-7) and presented in (5-17).
PFA 1122 (5-17)
PGA H
It has been shown in Section 5.4.2 that for long period structures (T > 1.0 seconds) the peak floor
acceleration amplifications under elastic response are roughly inversely proportional to the
period of the structure. Introducing this observation into the current linear approximation of the

peak acceleration amplification profile leads to (5-18).

PFA . T -T
=14

A o 2 (5-18)
PGA T H
In which T is the period of the supporting structure, Tpyax 1S the maximum structural period for

which the peak acceleration of the roof is at least equal to the peak ground acceleration, z is the

mounting elevation of the nonstructural component, and H is the average height of the building.

Based on the present study Tnax can be taken as 2.5 seconds. This value of Tnax was used to plot
the proposed acceleration amplification profiles against the current code, median and 84%

fractile profiles for each building in Figure 5-43. This figure demonstrates that the proposed
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profile is still conservative for most floor elevations but reduces the over-conservatism of the

current code for the long period structures.

In order to incorporate the influence of the level of ductility experienced in the supporting
structure, the effective period is introduced into the proposed expression for peak amplification
factor (5-18). By replacing the period of the structure with the effective period of the structure
obtained using (5-16), the equation for peak acceleration amplification factor is expressed in (5-
19).

% ~1+ % ﬁ (5-19)
In which u, the global drift ductility defined in Chapter 4, estimates the level of yielding
experienced in the structure. The proposed profiles using (5-19) are compared with the median
and 84% fractile results as well as the current code profiles in figure 5-44 for buildings that
experienced moderate levels of ductility. These profiles also show considerable improvement
over the current code approximations while providing a conservative profile with respect to the

analytical results.

In review of the two proposed improvements to the expression of peak acceleration
amplification, the second option which includes the influence of structural ductility appears to
offer the more comprehensive while still conservative estimate for the acceleration amplification
profile. The relationship between drift ductility, x, and the response modification factor, R, is
well understood. Thus this equation could be rearranged in terms of the response modification
factor of the structure to generate an expression that includes the nonlinearity in the response of
the structure, which in turn is well-defined in terms already used in the design of the structure,
namely period and response modification factor. While this seems ideal there is one small
uncertainty, which is that the response modification factor is used to reduce the design forces in
the structure to account for nonlinearity experienced by the structure during the design
earthquake. Therefore, under the design level earthquake the amount of yielding is fairly
accurately predicted and (5-19) is achieved. However, if a less intense earthquake occurs, which
is more likely, the level of yielding is overestimated by considering the full response

modification factor. This creates an uncertain amount of unconservatism in the estimate of the
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peak acceleration amplification profile, which in many cases will probably not lead to an

unconservative estimate of the nonstructural component. Although the estimated peak

acceleration amplification is underestimated, so too is the intensity of the ground motion, thus
they counteract one another. The uncertainty related to the intensity of the ground motion and
corresponding level of yielding experienced in the structure do not allow for a confident
estimation of the peak floor accelerations using (5-19) or any modification in terms of response
modification factor for design purposes. As an assessment tool when the level of ductility
experienced by the structure is well known then (5-19) may be used with reasonable certainty.
Contrary to (5-19), (5-18) will not underestimate the acceleration amplification profile depending
of the intensity of the ground motion, thus it may be used reliably in design. Therefore it is the
recommendation of this study that the code design equation be changed to (5-20) in order to
improve the estimation of seismic force demands on nonstructural components throughout the

building.

0.4a S . W T —T 2
_04a,5, P(1+ o —j (5-20)

F,
{ R, ] T H
o
In this equation the Tmax shall be 2.5 subject to further investigation using a more comprehensive

suite of buildings with different framing systems.

In addressing the over-conservatism in the peak acceleration amplification expression, the
estimation of the seismic force demands using the proposed equation may be unconservative in
some cases in which the component amplification factor is underestimated. Using the current
value a, equal to 2.5 has been shown (see Section 5.4.4) to be unconservative for many floors
when the period of the nonstructural component is in tune with a modal frequency of the
supporting structure. Thus, a procedure for improved estimation of the component amplification
factor is proposed which is dependent on the relative height of the nonstructural component
within the supporting structure as well as the period ratio between the nonstructural component
and the supporting structure. This function should suggest increasing values of a, as the period
ratio approaches 0.3 and 1.0, which represent the locations in which the nonstructural component

is in tune with the second and first modes of the structure, respectively. In addition the values of
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ap should vary with height in a pattern that mimics the absolute value of the nearest resonant
mode shape. Due to the complexity of such a relationship it is recommended that the value of a,
simply be increased to better envelope the maximum value of nonstructural component
amplification factors observed in this and previous studies (Taghavi and Miranda, 20006);

(Medina et al., 2006).

Changing the ASCE 7-10 design equation can also be extended to the AC 156-required response
spectrum. The difference between the required response spectrum and the observed results from
the analytical models is reduced in the high frequency range, however it increases the
unconservatism in the resonant frequency ranges. These observations are evident in Figure 5-45
through Figure 5-48, which compare the median results from the analytical investigation to the
modified required response spectrum based on the improved design equation (5-18). However,
the scope of the AC 156 document is to provide minimum requirements for nonstructural
components with fundamental frequencies of at least 1.3 Hz. In this range, the required response
spectrum still envelopes the median analytical results. While this study does not include any
structures that have fundamental frequencies greater than 1.3 Hz, several buildings exist in which
resonance with the first mode of vibration of the structure would be included in the scope of the
AC 156-required response spectrum. In these cases it is estimated that with or without the
implementation of the recommended improvement to the design equation that the required
response spectrum would not accurately predict the amplitude or shape of the true floor response
spectrum. It has been shown throughout this chapter that the floor response spectrum is
significantly influenced by the fundamental period of the supporting structure. Consequently, it
should be included in the derivation of the required response spectrum. If the nonstructural
component is being designed without the knowledge of the supporting structure then a range of
resonant frequencies should be assumed and the amplitude of the required response spectrum

should be increased over this range of frequencies.
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5.6.2 Proposed Design Acceleration Response Spectrum

This section explores an alternative approach for developing design accelerations for
nonstructural components. In this approach, the results from this investigation were used to
develop a multi-linear envelope spectral amplification function which amplifies the ground
acceleration response spectrum used to design the building to achieve a nonstructural component
design response spectrum. The resulting spectrum allows for a similar design procedure to that

used to design the building itself.

To begin, the median elastic floor spectra are normalized by the ground acceleration response
spectra for each building and presented in Figure 5-49 through Figure 5-52. It is shown that the
spectral amplification also depends on several of the parameters identified previously (i.e. period
ratio, relative height, and structural period). With these parameters in mind a simple multi-linear
enveloping function was derived. The derivation of the proposed spectral acceleration function

follows the logic presented below.

The dependency of the spectral amplification on the ratio of nonstructural period to structural
period is obvious in examining the figures. A normalized horizontal axis provides a dependent
variable for the spectral amplification that eliminates the influence of the period of supporting
structure from the location of the peaks of the function. Once the horizontal axis was normalized
the general shape of the function could be identified fairly simply. There appeared to be three
consistently located peaks in the spectral amplification function, at period ratios of 0.0, 0.3, and

1.0.

The first peak at a period ratio equal to 0.0 was noted to be the peak floor acceleration divided by
the peak ground acceleration. The development of this relationship was explored in detail in the
previous sections. Thus, using the recommendation for the peak floor amplification this point
could be defined as a function of the relative height of the floor and the period of the structure.

This relationship was previously defined in (5-18).
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The peak associated with the amplification of the higher modes of the structure presents itself
near a period ratio of 0.3 fairly consistently from building to building. This peak is also
dependent on the relative height. However the variation throughout the height of the structure is
closely related to the mode shape that the nonstructural component is in resonance with. As the
periods of the higher modes are relatively close to one another, the variation in the spectral
amplification with respect to relative height is forced to transition within a very short period
range and therefore interaction between the higher modes is prevalent. As a result, in order to
simplify the spectral amplification function a conservative limit independent of the relative
height was assigned. This peak was also observed to be greater in the higher-period structures in
which more participation of the higher modes in expected. Consequently, a limit on the period
ratio was used to determine the amplitude of the spectral amplification function for the higher-
mode peak. It was found appropriate to require a spectral amplification of 2.0 for buildings in
which 0.3 times the fundamental period was less than 0.4 seconds and 3.0 for all buildings in
which the 0.3 times the fundamental period is greater than 0.4 seconds. Both the limit and the
conservative amplitude were selected based on enveloping the peaks of the 84% fractile spectral

amplification of each building in this investigation.

5% Damping

AMPEgy

AMPpi ¢
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. AMP, ¢
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0.2 0.5 09 11 2.0

Period Ratio [T,/T,]

Figure 5-53 Proposed Normalized Spectral Amplification Function
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The peak associated with the resonance between the nonstructural component and the
fundamental mode of the building is clearly dependent on the relative height within the structure.
However, the amplitude seemed to be independent of the period of the structure. Therefore, the
determination of the amplitude was defined as a simple function of the relative height, and
because the fundamental mode shape is approximately linear so too is the function defining the

peak due to resonance with the fundamental mode.

Using the 84% fractile results as a guide, the following normalized spectral amplification
function was developed. Figure 5-53 presents the normalized spectral amplification function vs.
the nonstructural component period (Tp) normalized by the fundamental period of the supporting

structure (T1) to which (5-21) through (5-24) shall be applied.

T =T Z
AMP, =1+t — (5-21)
If 0.3T <0.4 sec, AMPym =2.0
(5-22)
If 0.3T > 0.4 sec, AMPynv=3.0
AMP.,, =1+6.5% (5-23)

AMP. = 2.5\E (5-24)

The proposed function is plotted against the 84%fractile results of Building B3 and Building B20
in Figure 5-54 and Figure 5-55, respectively. These figures demonstrate the conservative nature

of the proposed amplification function for all regions of the spectrum.
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A significant change in the amplification function occurs when the supporting structure exhibits

nonlinear response to the earthquake event. This is exemplified in Figure 5-56, which plots the

median spectral amplification for Building H3 at various levels of ductility. It is observed that
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while the spectral amplification remains nearly constant in the higher mode range there is a
considerable decrease in the spectral amplification in the fundamental mode range. This again
shows the impact of concentrated ductility effects in the fundamental mode response of the
supporting structure. These observations were not included into the proposed spectral
amplification function for the same reasons that the effect of ductility was not recommended in
the modification to the design peak floor acceleration amplification function. The uncertainty in
predicting the level of ductility due to the response of any given earthquake event is too great to
risk underestimating the amplification effects. As a result, the spectral amplification function was
developed assuming elastic response characteristics of the supporting structure, which facilitates
a conservative estimate of the spectral amplification for all frequencies of nonstructural

components.
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Figure 5-56 Influence of Ductility on Spectral Acceleration Amplification [H3]

5.7 Floor Acceleration Spectra Comparison

The previous sections have dissected the current code provisions and found inconsistencies
between the code equations and the analytical results. For example, the ASCE 7-10 estimation of

PFA was found to be significantly greater than the results while the component amplification, ay,
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is underestimated for nonstructural components in tune with the supporting structure. Though it
is important that these portions of the code equations be as accurate and as reasonable as
possible, it is the sum of these parts that ultimately defines the demands on nonstructural
components. This section presents two examples comparing the floor acceleration spectra

generated by each of the discussed methods.

5.7.1 Building H3 Example

If Building H3 is located where it will perform nearly elastically (¢ =1.0), the design spectrum is
developed with site parameters Sps = 1.0 g and Spy = 0.5 g, as shown in Figure 5-57. This figure
demonstrates that the median ground motion is comparable to the design earthquake (DE)
spectrum while the g4 percentile ground motion is comparable to the maximum considered
earthquake (MCE) spectrum. Considering this situation the unbounded ASCE 7 and AC 156
equations (5-7) and proposed spectral amplification function (SAMP) are compared with the
median and 84™ percentile results from the IDA study for each floor of the building in Figure 5-
58. Meanwhile, similar plots are shown in Figure 5-59 when the upper bound of 1.6Sps is
considered. Lastly, Figure 5-60 includes the proposed modifications to the peak floor

acceleration amplification in the ASCE 7 and AC 156 equations (5-20).
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From this example a number of observations are made. The component acceleration estimated by
the ASCE 7 equation neglects the upper bound envelopes the median and essentially captures the
peak 84™ percentile demands. The AC 156 spectrum envelopes the median demands but
underestimates the 84" percentile demands for longer nonstructural component periods.
However, when the upper limit of 1.6Sps is included the resulting spectra underestimate both the
median and 84" percentile spectra for a wide range of nonstructural periods. This is particularly
evident in the upper two floors of the building where the upper bound provides a greater
reduction in the estimated component acceleration demand. With the current limit of 1.6Sps, all
flexible components (a, = 2.5) mounted in the top 70% of the structure are estimated to have the
same acceleration demands. This upper bound overwrites the linear variation provided by the
primary code estimate and is shown in this example to underestimate the achieved nonstructural
component accelerations. Incorporating the proposed modification to the current code estimate
(5-20) generates floor acceleration spectra that envelope the median demands while more closely
estimating the acceleration of short period nonstructural components compared to the current
provisions. These modifications do however require the knowledge of the structural period,
which is not always available during the design of nonstructural component. Lastly, the proposed
spectral amplification method generates floor acceleration spectra that more closely mimic the
shape of the achieved floor acceleration spectra. The spectral amplification method is shown to
envelope the g4 percentile demands over the majority of nonstructural component periods.
While the currently proposed equations, (5-21) through (5-24), produce a spectra that may be
slightly over-conservative, with additional research and refinement this method may be able to

provide much improved estimates of floor acceleration spectra.

5.7.2 Building B9 Example

An example similar to the previous one is examined by considering Building B9 to be situated on
a site where it responds elastically. The site parameters Sps = 0.625 g and Sp; = 0.3125 ¢
generate the ground spectra shown in Figure 5-61. This example demonstrates how the proposed
spectral amplification method adjusts the shape of the estimated floor response spectra based on
the period of the building. Also Figure 5-62 through Figure 5-64 show that the current ASCE 7
provisions including the 1.6Spg limit may, in this case, provide a more reasonable estimate of the

component acceleration than neglecting this limit. Particularly interesting is the AC 156 spectra,
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which include the upper bound equation. These spectra clearly underestimate the achieved floor

acceleration spectra for longer period nonstructural components.
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Figure 5-61: Design Spectrum for Elastic Response of Building B9

5.7.3 Example Summary

These two examples have demonstrated that the current code estimates of the floor acceleration
spectra generally overestimate the median response of short period nonstructural components in
flexible steel moment frame buildings (T > 1.0 sec). The upper limit of 1.6Sps may significantly
undermine the primary code provision and in doing so generate unconservative estimates of
nonstructural component accelerations in some cases. The proposed modifications to the primary
code equation may provide improved estimates of the component acceleration demands when the
structural period is known. Lastly, the proposed spectral amplification method can improve the
shape of the estimated floor spectra yet more research is needed to fine tune the equations for

multiple types of buildings.
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5.8 Verification of Analytical Results with Field Data

5.8.1 1994 Northridge Reconnaissance Report

On January 17, 1994 a magnitude 6.7 earthquake shook the area surrounding Northridge,
California. After the event several hundred strong ground motion and building response
accelerograms were retrieved from recording stations throughout the greater Los Angeles area.
Of these hundreds of records, a collection of building response records was accumulated in the
report published by John A. Martin and Associates, Inc. Of the 20 buildings presented in this
report, 17 experienced peak base accelerations greater than 0.25g, two were downtown
skyscrapers, and one was base isolated (Naeim, 1997). The records assembled in this
reconnaissance report were used in this study to verify the findings and recommendations

presented in the previous sections.

5.8.1.1 Definition of Similar Buildings

As the findings of this study are predicated on the acceleration response of steel moment frame
structures it only makes sense to verify the results based on the response of moment frame

buildings. Therefore, the following buildings were selected for comparison.

Building NR1: The Burbank, 6-story commercial building is a steel moment frame building
designed in 1976 and constructed in 1977. The gravity load-carrying system consists of 3”
concrete slab over metal deck supported by steel frames. The lateral load resisting moment
frames are located at the perimeter of the building. The peak horizontal unidirectional
acceleration recorded at the base was 0.36g in the east-west direction. The maximum roof drift
ratio recorded was 0.39%, and no structural damage was observed. The FFT analysis indicated a

fundamental period of vibration of 1.28 sec for each of the orthogonal directions.

Building NR2: The Los Angeles 5-story warehouse is a reinforced concrete building constructed
in 1970. The exterior ductile concrete frames provide resistance against lateral loads. The peak
base acceleration recorded was 0.25g in the north-south direction. The maximum roof drift ratio
recorded was 0.2%, and no damage was reported. The FFT analysis indicated N-S and E-W

fundamental periods of 1.46 and 1.37 seconds, respectively.
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Building NR3: The Los Angeles 54-story office building was designed in 1988 and constructed
in 1988-1990. The gravity load-carrying system consists of 2.5 concrete slabs on 2” metal deck
supported by steel frames. The lateral load-resisting system consists of perimeter tubular steel
moment frames which step twice in elevation. The peak base acceleration recorded was 0.14g in
the north-south direction. The maximum roof drift ratio recorded was 0.08%, and no damage was
experience in the structural system. The FFT analysis determined the N-S and E-W fundamental
periods to be 6.0 and 4.8 seconds, however significant higher mode participation was evident and

the periods of the predominant modes were closer to 2.0 and 1.8 seconds, respectively.

Building NR4: The Los Angeles 7-story UCLA math and science building was constructed as an
addition to an existing structure separated by seismic expansion gaps. The building consists of
2.5” concrete slabs on metal deck supported by steel frames to carry the gravity loads in the
upper part of the building (from the third floor up). This part of the building has a lateral load
resisting system consisting of steel moment frames while the bottom two stories consist of
concrete shear wall systems. The peak base acceleration recorded was 0.29g. There was evidence
of slight structural damage in the form of residual drift. Though the maximum global roof drift
ratio was only 0.47% a majority of this was concentrated in the steel moment frame. The FFT
analysis identifies the N-S and E-W fundamental periods as 0.66 and 1.02 seconds, respectively.
For the purpose of comparison in this study the shear wall systems of the first two stories is
assumed to provide sufficient stiffness and strength to neglect the effect of these floors and

consider the third floor as the base excitation of the 5-story steel moment frame structure above.

Building NR5: The Sherman Oaks 13-story commercial building was designed in 1964. The
vertical load carrying system is made up of 4.5” thick one-way concrete slabs supported on
concrete beams, girders, and columns. The lateral load-resisting system consists of moment-
resisting reinforced concrete frames above the basement. The peak ground acceleration recorded
was 0.46g. The maximum roof drift ratio recorded was 0.67%, only light structural damage was
observed in the form of small cracks in the beams, slabs, girders and walls. The N-S and E-W

fundamental periods from the FFT analysis were 2.6 and 2.9 second, respectively.

Building NR6: The Van Nuys 7-story hotel was designed in 1965 and constructed in 1966. The

gravity load-carrying system consists of 8” and 10” concrete slabs supported on concrete
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columns and perimeter spandrel beams. The lateral load resistance is provided by interior
column-slab frames and perimeter column-spandrel beam frames. The peak ground acceleration
recorded was 0.45g. The maximum roof drift ratio recorded was 1.17%, which produced heavy
structural damage including a shear failure of an exterior column at the fourth floor. The FFT
analysis showed that the N-S period elongated from 1.4 to 2.2 seconds and the E-W period

elongated from 1.3 to 1.8 seconds.

5.8.1.2 Comparison of Peak Acceleration Amplification

A comparison of the peak acceleration amplification profiles observed in these buildings with the
current code as well as the proposed improvements is presented in Figure 5-65. It is noted that
the current code is extremely conservative compared to the observed response of the these six
moment frame structures while the proposed improvement which accounts for the period of the
structure reduces the conservatism considerably yet remains greater than the observed data in all
but one case. In this case the period of the structure is so long that the earthquake did not excite
the fundamental mode, as a result, the shape of the amplification profile is different from the
other structures. This indicates that there must be some upper limit of structural period for which
the proposed equation is applicable. As this study has only analytically examined four buildings
with periods ranging from 1 second to 4 seconds, the upper limit of the proposed equation’s
effectiveness should be 4 seconds. That being established, the proposed design equation appears
to show significant improvement over the current equation for both the analyzed buildings as

well as the field instrumented buildings.
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5.8.1.3 Comparison of Spectral Acceleration Amplification

A comparison of the proposed spectral acceleration amplification function against the observed
spectral accelerations of six buildings during the Northridge earthquake is presented in figure 5-
66. Contrary to the proposed improvement of the peak acceleration amplification, the proposed
spectral acceleration function has poor agreement with the observed data. There are a few
reasons for these differences. Buildings NR1 and NR2 follow similar trends to the analytical
study, however the peak spectral amplification when the nonstructural component is in resonance
with the fundamental mode is observed to be approximately 1.5 times the value predicted by the
proposed function. It is possible that both of these buildings show extreme cases that are outside
the one standard deviation of the mean for which the proposed equations were developed.
Building NR3 has a very long natural period well outside the bounds of the analytical study. The
large participation of the higher modes of this structure is identified in the large peak in the short
period ratio range. There is inherent error associated in the acceleration readings near the
fundamental period due to the dependable frequency range of the instrument used to record the
acceleration records. Buildings NR4 and NRS5 are unique in that they each have rather different
periods of vibration in each of the two orthogonal horizontal directions. As a result, their
amplified period range in wider than the buildings whose periods are similar in each direction.
This is represented in the observed peak outside the predicted envelope. Lastly, Building NR6
showed signs of inelastic behavior and thus the peak spectral amplification is vague and

significantly less than expected.

While the direct comparison of the spectral amplification observed in these buildings does not
show optimal correlation with the proposed function, when combined with the code idealized
ground spectrum that best fits that of the observed ground acceleration, the proposed method
generates a reasonable prediction of the floor acceleration spectra, shown in Figure 5-67. This
validates the spectral amplification methodology as a legitimate procedure for generating floor
acceleration spectra, however additional research is needed to fine-tune the proposed equations

for a wider range of building types.
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5.9 Summary of Horizontal Acceleration Demands

This chapter has examined the horizontal acceleration demands on nonstructural components for
a small sample of ductile moment frame buildings. The parameters that influence the horizontal
acceleration response of nonstructural components were identified and discussed. The results of
the IDA study presented in Chapter 4 were used to identify trends and support recommendations
for alternative simplified equations. Currently, the code approximations are independent of the
building properties, which is convenient for manufacturers of widely used generic nonstructural
components. However, the results of this study along with several others mentioned demonstrate
that the responses of the nonstructural components within a building are not independent of the
dynamic characteristics of the supporting structure. With this observation two different
alternatives are provided in which only the fundamental period of the building is required to
obtain an improved estimate of the acceleration demands on nonstructural components. These
alternative methods offer a more simplified analysis procedure than the modal analysis method
provided in the code. These suggested improvements were based on the results of the analytical
study but checked against data observed in the field during the 1994 Northridge earthquake. In
total this chapter has performed a comprehensive investigation of the horizontal acceleration
demands on nonstructural components mounted in ductile steel special moment frame buildings.
It must be emphasized that the recommendation presented in this chapter must be confirmed for
a wide range of building types, sizes, and configurations before being adopted by any code.

These recommendations simply offer a starting point for additional work.
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SECTION 6
VERTICAL ACCELERATION DEMANDS ON NONSTRUCTURAL COMPONENTS

6.1 Introduction

There are several nonstructural components in a building such as suspended ceiling systems,
piping systems, and building contents which are vulnerable to vertical accelerations as well as
horizontal accelerations. Thus, the study of vertical acceleration demands on the nonstructural
components is critical. This chapter explores the influence of relative height within the building,
level of yielding, and out-of-plane flexibility of the floor system on the vertical acceleration
demands on nonstructural components as well as assesses the current code estimation of these

demands.

6.2 Factors Influencing the Vertical Acceleration Response of Nonstructural Components

6.2.1 Relative Height of Mounting Location

The vertical acceleration excitation from the ground motion is transmitted to each floor of the
building through the axial rigidity of columns and walls. In most SMRF buildings the axial
stiffness of the columns far exceeds their lateral stiffness. As a result the vertical fundamental
frequency of the floors at column joints is typically very high. Therefore, it is commonly
assumed that the columns are axially rigid and that the vertical acceleration of each of the floors
at the column joints is equal to the vertical ground acceleration. A recent study by Reinhorn et al.
(2010) uses a similar argument to support its recommendation for a proposed code vertical

required response spectrum without amplification along the height of the building.

6.2.2 Nonlinear Response of the Supporting Structure

While the influence of yielding on the horizontal acceleration response of nonstructural
components has been the topic of several recent studies, as mentioned in Section 5.2.4 its effect
on the vertical response of nonstructural components has not been studied. Typically, vertical
floor accelerations have been examined for analysis of machinery, footfall, and other non-
seismic excitations. Consequently, because structural yielding is not expected under vibration

service loads, this effect is not well known.
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6.2.3 Plan Location of Nonstructural Components

Floor systems consist of a collection of columns, beams, and secondary beams supporting a slab
of reinforced concrete. At any given location on the floor the vertical dynamic characteristics
vary according to the out-of-plane rigidity of the floor. Floors are vertically restrained at the
location of columns and are free to vibrate near the center of the bay spanning four corner
columns. As a result, the vertical acceleration demands on nonstructural components mounted at
different locations on the floor will also vary. Quantifying the vertical acceleration demand
envelops (minimum and maximum) of nonstructural components is one of the primary objectives

of this investigation.

6.2.4 Dynamic Characteristics of Floor Slab System

The out-of-plane dynamic characteristics of floor systems have been investigated for service
vibration. These studies identify natural frequencies of floor systems in order to assess the
probability of exciting the floor through human activity. A survey of previous research is

provided in the following paragraphs.

The AISC Design Guide Series 11 Floor Vibration Due to Human Activity written by Murray,
Allen, and Ungar (1997) has provided a commonly used reference of design criteria of floor
systems to reduce floor vibrations. It states that “most steel-framed floor systems in North

American office buildings have first natural frequencies in the 5-9 Hz range.”

Allen and Pernica (1998) described the nature of floor vibration and presented design and retrofit
solutions to avoid significant floor vibrations. This research states that “a steel floor with a

concrete deck usually has a natural frequency of between 3 Hz and 10 Hz.”

Boice (2003) studied the vertical dynamic characteristics of 103 steel-framed floor systems for
the purpose of improving the prediction of vibration due to human activity. The studied floors
were classified into four categories: hot-rolled beams, hot-rolled girders with joists, hot-rolled
girders with castellated beams, and joist girders with joists. An FFT analyzer with an accuracy of
0.25 Hz was used to determine the in-situ dynamic characteristics of each floor system. It was
found that the fundamental frequencies of the 103 floor system studied ranged from 3 Hz to 13.5
Hz.
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Barrett (2006) investigated the response of three multi-bay in-situ steel composite floors.
Extensive dynamic testing using an electrodynamic shaker was performed to estimate their
dynamic response and calibrate a set of finite element models. Dominant frequencies of these

floors ranged from 4.85 Hz to 9 Hz.

It can be concluded that properly designed steel-framed floor systems will have a vertical
fundamental frequency of vibration between 3 Hz and 13.5 Hz. Comparing this conclusion with
the fundamental frequencies of the modeled floor systems in this investigation it is observed that
the floor and roof systems of each of the buildings fall within this range with an exception of the
roof of Building B20. Table 6-1 presents the fundamental vertical floor frequencies for each of
the four buildings in this study. Building B20 has larger spans than the other buildings thus it is
expected that this building has a slightly lower frequency than the others.

Table 6-1 Dominant Vertical Floor Frequencies

o Period Frequency
Building Floor
sec Hz
B3 Floor 0.224 4.464
B3 Roof 0.269 3.717
H3 Floor 0.226 4.425
H3 Roof 0.277 3.610
B9 Floor 0.220 4.545
B9 Roof 0.264 3.788
B20 Floor 0.278 3.597
B20 Roof 0.377 2.653

6.3 Current Code Approach

The ASCE 7-10 (ASCE, 2010) requires that in addition to the horizontal force determined by (5-

7) that nonstructural components be concurrently subjected to a vertical force determined by (6-

1)

F, = +0.25,5W, (6-1)

In which Sps = the short period design spectral acceleration, and W, = the weight of the

nonstructural component. This requirement suggests that the expected vertical acceleration
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demand on nonstructural components throughout the building, regardless of the relative height
within the building, is equal to 50% of the peak horizontal ground acceleration. Moreover, the
code assumes that there is no vertical acceleration amplification in the structure which suggests
two conditions are satisfied. First, the columns of the building are sufficiently stiff axially to
transfer the vertical ground acceleration to each floor with negligible amplification. Second, the
vertical fundamental frequencies (due to out-of-plane flexibility) of the floor systems do not

resonate with the vertical fundamental frequencies of the nonstructural component.

It should be noted that there is no vertical acceleration spectra required by ASCE 7 due to the
reluctance of engineers to have to analyze the floor diaphragms for dynamic motion. To study
the vertical seismic excitation of floors is rare as strong motion instruments are not typically
located in the middle of a floor bay. Though ASCE 7 does not provide a vertical acceleration

spectrum, the 2009 NEHRP provisions have included a unique vertical acceleration spectrum.

The AC 156 document specifies that the vertical required response spectrum be equal to two-
thirds of the horizontal required response spectrum defined by Figure 5-1. This two-thirds rule
was carried over from the optional provisions of the old UBC. The value of z in (5-9) and (5-10)
may be taken as zero for the evaluation of the vertical required response spectrum. This
stipulation also implies that there is no vertical acceleration amplification expected throughout
the height of the building. The vertical required response spectrum is broken down into common

acceleration terms in (6-2) and (6-3)

2/3Ay, =213(0.4S.,) = 2/3PGA, = PGA, (6-2)
FSA FSA

2/3A,, =2/3(0.4Sa,) = 2/3—~ PGA, = PG 6-3

FLX ( DS p) PEA Ah PEA A\/ (6-3)

where, Agrig = spectral acceleration of rigid nonstructural components, Ap x = spectral
acceleration of flexible nonstructural components, Sps = the design short period ground spectral
acceleration, FSA = floor spectral acceleration which is the same a Ap x or Arjg depending on
the period of the nonstructural component, PFA = peak floor acceleration, PGAj, = the horizontal
peak ground acceleration, which is approximated as 40% of Sps, and PGA, = the vertical peak

ground acceleration which is approximated as 2/3 of the horizontal peak ground acceleration.
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For the 21 motions used in this investigation, the median and 84% fractile PGA,/PGA}, ratios are
equal to 0.425 and 0.697, respectively. Therefore the ground motions fall conservatively within
the code expectations. A scatter plot of the peak vertical ground acceleration versus the peak

horizontal ground motion is shown in Figure 3-4.

6.4 Results and Discussion

As described in Chapter 2, the floor systems of each building were modeled using a mesh of nine
area elements per bay. Consequently, the vertical acceleration response of the floor was recorded
at 247, 247, 256, and 304 nodes on each floor of buildings B3, H3, B9, and B20, respectively.
With this information the influence of parameters including relative mounting height along the
height of the structure, level of structural yielding, and location within the plan of the floor was

identified.

Conservative representations of the vertical acceleration demands were selected by dividing the
recorded responses into four categories, namely columns (points located at the intersection of a
column and the floor), x-beams (points on beams oriented along the x-axis), y-beams (points on
beams oriented along the y-axis), and open-bay (points within a bay of the floor) then selecting
the record with the maximum peak vertical acceleration from each category. With four
representative acceleration records per floor the peak vertical accelerations along with the

vertical floor acceleration spectra were calculated.

6.4.1 Effect of Relative Height of Mounting Location

To demonstrate the effect of the mounting location along the height of the structure, the peak
acceleration amplification factor (PFA,/PGA;) and the normalized floor acceleration spectra

(FSA,/PGA}) were monitored for column locations and open-bay locations of the floors.

6.4.1.1 Rigid Nonstructural Components

Two versions of the peak vertical acceleration amplification profiles were generated. The first, in
Figure 6-1, plots the median peak vertical floor acceleration (PFA,) normalized by the peak
vertical ground acceleration (PGA,) against the relative height of the building for the column and

open-bay locations. Whereas the second, in Figure 6-2, plots the median peak vertical floor
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acceleration (PFA,) normalized by the peak horizontal ground acceleration (PGAy) against the
relative height of the building for the column and open-bay locations. The first plot in a clear and
direct manner shows the vertical acceleration amplification (PFAV/PGAV) along the height of the

building.
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There is negligible amplification of the vertical floor acceleration at the column locations for
buildings B3, H3, and B20 while building B9 shows some level of amplification between the
mid height and roof of the building. Buildings B3, H3, and B20 confirm the assumption that the
column axial stiffness is sufficiently great to provide essentially rigid body motion in the vertical
direction. The amplification shown by building B9 can be attributed to a 22% reduction in the
stiffness of the columns at the 6™ story column splice. This reduction of stiffness is thought to
have increased the vertical period into the excitable range of most ground motions. The reason
building B20, which also contains column splices does not show similar amplifications is
because the reduction of column stiffness is not sufficient to shift the period due to the lighter

floors of the building.
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The open-bay locations of the floors show significantly greater amplification than the column
locations. This observation was expected when considering the fundamental vertical frequencies
of the floor systems (Table 6-1) in comparison with the vertical acceleration spectra (Figure 3-5).
The vertical floor frequencies are clearly within the excited range of the ground motions. While

all of the buildings show greater amplification at the open-bay nodes than the column nodes, the
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amount of increase in the vertical acceleration amplification is greater for the shorter buildings
compared to the taller buildings. A larger increase in vertical acceleration amplification is noted
at the roof of each building. This is attributed to the difference in floor and roof fundamental
frequencies. The difference in these frequencies in shown in Figure 6-1 and comes from the

variation in floor properties explained in Section 2.3.4.2.

The second set of vertical peak acceleration amplification profiles (Figure 6-2) compares the
vertical floor acceleration response to the horizontal ground acceleration. The profiles show
similar trends to the previous set; however the magnitude of the amplification is less. The value
of the PFA,/PGA} ratio at the ground (z/H = 0) corresponds to the median PGA,/PGA; ratio
which is equal to 0.425 for the investigated suite of ground motions. This ratio is carried
throughout the height of the profile which causes the reduced amplification magnitude. The
reason for presenting this version of the peak acceleration amplification profile is to show the

conservative nature of the two-thirds rule specified by the AC 156.

6.4.1.2 Flexible Nonstructural Components

The normalized vertical floor acceleration spectra for each building are shown in Figure 6-3
through Figure 6-6. These plots compare the vertical floor acceleration spectra at the column and
open-bay locations of three particular floors (z/H = 0.33, 0.67, and 1.00) of each building. From

these relationships a few observations are obtained.

Relative height is found to have little influence on the vertical floor acceleration spectra at the
column locations. This is expected is the columns are assumed to be axially rigid. However,
there is a noticeable difference in the vertical acceleration spectra of the roofs of the buildings
compared to the lower floors at the open-bay location. This too is expected because of the
difference in fundamental frequencies. Due to the roofs increased flexibility made it more

susceptible to excitation by the ground motion.
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In comparing the floor acceleration spectra of each building, it is obvious that the open-bay
locations of the shorter buildings impose a significantly greater vertical acceleration demand on
nonstructural components tuned with the fundamental vertical frequency of the floor than the
taller buildings. This is believed to be due to the increased interaction between floors in the taller
buildings. The greater number of floors provides a greater potential for out-of-phase interaction
of floor vibrations which act as a tuned mass damper. This theory is supported by the increased
range of frequencies excited by the floors of the taller buildings compared to the shorter
buildings. The increased range of frequencies shows that slight variations in resonant frequencies
of floor systems due to slight changes in column stiffness or support beam stiffness result in a

reduced acceleration demand on the nonstructural components.

6.4.2 Effect of Structural Yielding

The influence of lateral yielding of the structure on the vertical acceleration demands has not
been studied as rigorously as horizontal acceleration, since most research on vertical floor
response is in reference to floor vibration studies as opposed to seismic performance. The results
presented in this section demonstrate the influence of nonlinear response of the SMRF frame on
the vertical floor acceleration response. It should be noted that the results presented are
somewhat limited by the modeling assumption that the concrete floors and gravity load-carrying

systems remain elastic under all levels of seismic loads.

6.4.2.1 Rigid Nonstructural Components

The effect of structural yielding on the peak vertical floor acceleration response was illustrated
by plotting the PFA,/PGA,, ratio as a function of global ductility in Figure 6-7 through Figure 6-
10. It is obvious that unlike in the horizontal direction the vertical acceleration demands are not
influenced by yielding in the SMRFs. It is noted that the vertical peak acceleration amplification
of the roof at both column and open-bay joints is constant for all levels of ground motion
intensity. Also, that the dispersion in the data is greater for the open-bay locations of the floor

than the column locations.
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Figure 6-8 Influence of Ductility on Vertical Roof Acceleration Amplification [H3]
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Figure 6-9 Influence of Ductility on Vertical Roof Acceleration Amplification [B9]
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Figure 6-10 Influence of Ductility on Vertical Roof Acceleration Amplification [B20]
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6.4.2.2 Flexible Nonstructural Components

The normalized vertical roof acceleration spectra (FSA,/ PGAy) for four ductility levels of each
building are presented in Figure 6-11 through Figure 6-14. The plots show little dependency on
the level of ductility. This means that increased levels of ductility have no influence on the
vertical acceleration demands on nonstructural components regardless of the period or location

of the nonstructural component.
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Figure 6-11 Influence of Ductility on Vertical Roof Acceleration Spectra [B3]
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Figure 6-12 Influence of Ductility on Vertical Roof Acceleration Spectra [H3]
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Figure 6-13 Influence of Ductility on Vertical Roof Acceleration Spectra [B9]
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Figure 6-14 Influence of Ductility on Vertical Roof Acceleration Spectra [B20]

6.4.3 Effect of Plan Position of Mounting Location

The dynamic amplification of floor systems vary depending on the location within the plan
dimensions of the floor. Near the column locations the floor is most stiff and as the distance from

the columns increase the floor becomes more flexible. With several closely spaced natural
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frequencies of multi-bay floor systems the influence of the frequency content of the ground

motion is credible.

The influence of the ground motion (frequency content) on the vertical acceleration amplification
(PFAV/PGAV) at the roof of each building is presented in Figure 6-15 through Figure 6-18. In
these figures, contour and surface representations of the vertical acceleration amplification factor
of each recorded point on the roof were plotted over the plan area for three selected ground

motions.

The contour plots make it easy to identify the location of the support columns, and the surface
plots provide a better perspective of the amount of amplification throughout the roof. Together
one can gather a large quantity of information. From these graphs a number of observations were

made.

First, the amplification of the roof due to each ground motion is different. The frequency content
of each ground motion excites different modes of vibration in the floor thus creating a unique
vertical acceleration response. Because there are several modes of vibration of the floor/roof
systems with similar natural frequencies it is possible that slight variations in the ground motion
frequency content will excite completely different modes of vibration. This makes it very
difficult to predict the location on the floor/roof which is most susceptible to excitation during

seismic events.

Second, the column locations provide the most consistent amplification. Again due to their axial
stiffness the acceleration amplification at column locations is often very small (PFA,/PGA, =
1.0). However, the amplitude of vertical acceleration amplification throughout the floor ranges
from 0.4 to 3.7. This also makes it challenging to formulate an efficient and simple relationship

for estimating the vertical acceleration response of typical floor/roof systems.

Third, each floor system is different in that span between columns, the number of adjoining bays,
and the effect of one-way or two-way transmission of the vertical load have a profound effect on
the vertical vibration of the floor/roof systems. In comparing, the distribution of acceleration
amplification between buildings it is noted that typically longer spans generate a larger excited

region (Building B20). Adjoining bays do not necessarily experience similar levels of
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acceleration amplification. And one-way slabs may produce a wave effect in the vertical

acceleration response as shown in Event 12 in buildings B3 and H3 as well as Event 7 in

building B20.
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Figure 6-15 Influence of Ground Motion on Vertical Roof Acceleration Amplification [B3]
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Figure 6-16 Influence of Ground Motion on Vertical Roof Acceleration Amplification [H3]

193



C6

C5

C4

C3

PFA,/PGA,

C2

-

C1

Cl C2 C3 C4 C5 Cb6

Event7

C6
C5
C4
C3

C2

PFA,/PGA,

-

C1

Cl C2 C3 C4 C5 Cé6
Event 15

C6
C5

C4

C2

PFA,/PGA,

- C3

C1

Cl C2 C3 C4 C5 cCo6
Event 18

Figure 6-17 Influence of Ground Motion on Vertical Roof Acceleration Amplification [B9]
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6.5 Assessment of Current Code Provisions

Having investigated the influence of the relative height, structural yielding, and plan location on
the vertical acceleration response of floor/roof systems in earthquakes it is possible to assess the
code estimation of such response. Section 6.3 has illustrated the approach of two standards that
are adopted by the building code, the ASCE 7-10 (ASCE, 2010) and the AC 156 (ICC, 2006).
These code provisions were compared to the results of this study in Figure 6-19 through Figure
6-22. These plots represent the median floor acceleration spectra of the column and open-bay
locations with the greatest peak vertical acceleration on the roof level of each building. The
ground motion intensity provides a structural response with global ductility, p = 1, which
symbolizes the onset of inelastic structural response. This level of ground motion is close to, yet
slightly less than the design level earthquake of the building. The Sps used to calculate the ASCE
7-10 required vertical acceleration as well as the vertical required response spectrum specified in
the AC 156 document was selected as the median horizontal spectral acceleration of the ground
inducing a p = 1 response at period of 0.2 seconds. The following sections will discuss the

comparison of these provisions with the results from this study.

6.5.1 ASCE 7-10 Provisions

The vertical acceleration required by the ASCE 7-10 depends simply on the short period design
spectral acceleration, Sps. Its simplicity is convenient for design but unfortunately provides a
poor estimation of the vertical acceleration demands on nonstructural components, as shown by
Figure 6-19 through Figure 6-22. This requirement suggests that the vertical acceleration of all
nonstructural components within the building, regardless of their natural period of location

within the structure, is equal to 50% of the horizontal peak ground acceleration.

First of all, the median and 84% fractile peak vertical ground accelerations were found to be
0.425 and 0.697 times the peak horizontal ground acceleration. Therefore, the ASCE 7-10
correctly estimates the peak vertical ground acceleration less than 84% of the time. Second, the
results of this Section 6.2.1 show that significant amplification is induced at different points on
the floor due to resonance with the dominant out-of-plane frequencies of the floor. The ASCE 7-
10 does not consider this effect in its estimation, thus it can be unconservative for a large portion

of the floor (away from the columns). Third, this equation does not incorporate the period of the

196



nonstructural component and therefore is unconservative for flexible nonstructural components

resonating with the floor acceleration response.
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6.5.2 AC 156 Provisions

In the AC 156 provisions, the vertical required response spectrum is defined as 2/3 times the
horizontal required response spectrum. In addition, the amplification along the height of the
structure is neglected. At the column locations of the floors this is justified, however vertical
accelerations maybe amplified by a factor ranging between 0.4 and 3.7 on average at open-bay
locations due to resonance of the floor/roof system with the vertical ground excitation. This
amplification is significant and is currently overlooked in the derivation of the vertical required
response spectrum. On the other hand, the effect of the period of the nonstructural component is
accounted for and does capture the amplification due to resonance of the nonstructural
component with the floor. The range of excited frequencies between 1.3 Hz and 8.3 Hz specified
by the required response spectrum seems to adequately cover the range of frequencies excited in
this study. Figure 6-19 through Figure 6-22 demonstrate that for the column locations the vertical
required response spectrum is conservative. However, for open-bay locations of the floor/roof

systems it may be significantly underestimating the vertical acceleration demands.

6.6 Summary

The results and discussion of this chapter have established that the vertical acceleration demands
on nonstructural components is dependent on the period of the nonstructural component, and the
location of the nonstructural component in the floor plan, specifically in relation to the columns
and open-bays of the floor. The vertical acceleration demands on nonstructural components are
independent of relative height within the structure, and yielding of the SMRF. The estimation of
vertical acceleration demands on nonstructural components specified by the ASCE 7-10 is
unrealistically simplistic and unconservative. The vertical required response spectrum defined by
the AC 156 conservatively estimates the vertical acceleration demands on nonstructural
components attached near the columns of the building, but fails to account for acceleration
amplification due to the out-of-plane flexibility of the floors away from the columns. This
influence has been shown to increase the vertical acceleration of the open-bay locations of the

floors up to 4 times that of points near the columns.

These conclusions are based on the small sample of building structures with flexible diaphragms

included in this investigation. While the analysis provided is assumed to identify important
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trends and possible deficiencies in the code, significantly more research is needed before broad
conclusions can be drawn. For example, the floor systems studied herein represent a small
portion of the possible configurations, types, and frequencies of floor systems. Future research
on vertical response of flooring systems to seismic excitation should include generating vertical
motions compatible with the new vertical acceleration spectra presented in the 2009 NEHRP
provisions. Nonetheless, the observations of this and future studies should be validated by
physical observations either in the field or in the laboratory before entering into the code

requirements.
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SECTION 7
FEASIBILITY OF USING FLOOR MOTION DATABASE FOR SHAKE TABLE
STUDIES

7.1 Introduction

A database of substantial size of floor motion responses was generated in the course of this
study. This database contains acceleration, velocity, and displacement time history records of
each floor of every building for over 1,000 nonlinear earthquake analyses obtained from
incremental dynamic analyses. These floor motions can be used to examine the performance of
nonstructural components exposed to typical nonlinear floor motions. This database has the
potential of providing the drive motions for shake table testing of nonstructural components. This
chapter explores the feasibility of using motions from this database as potential shake table input

motions.

7.2 Description of Floor Motion Database

The accumulated nonlinear floor motion database contains floor acceleration, velocity, and
displacement time history records. The records are organized by seismic event, ground
acceleration intensity, floor level, and direction. A series of MATLAB data structures were

created to store the information in a logical easy to access database.

Using this database as a foundation, other response parameters such as maximum interstory drift,
average interstory drift, roof drift, global ductility, and floor acceleration, velocity, and
displacement spectra were calculated to classify the floor motions by building performance or
expected elastic nonstructural component response. A building performance level was assigned
to each motion in order to group motions induced by similar levels of inelastic building response.
Four building performance levels were defined based on the level of ductility of the structure as
defined in Section 4.2.2.3. PL 1 corresponds to elastic building responses (u < 1.0); PL 2
corresponds to the initiation of yielding (1.0 < p < 2.5); PL 3 corresponds to moderate yielding
within the structure (2.5 < p < 5.0); and PL 4 corresponds to extensive yielding and near collapse

response of the structure (u > 5.0).
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A summary sheet was generated in Excel (Microsoft, 2007) to facilitate the identification and
selection of time history records based on desired motion and building performance
characteristics. Figure 7-1 shows the layout of the summary sheet. The summary sheet can be
used to identify records based on criteria such as, event, floor level, direction, peak acceleration,
peak velocity, peak displacement, and building performance level. Once the desired motions are
identified from the summary sheet, the time history records, spectral information, and building
performance information can be extracted from the MATLAB database. This multi-step
procedure was implemented to enable the user to navigate the database. A data CD is included as

Appendix A of this report that includes the time history responses of the analyzed building.

FLOOR MOTION SUMMARY SHEET

Selection Criteria 1400
Criteria Min Max 1200 L— e
Event 1 21 - 1177
Floor 1 4 E 1000 -
S
Direction 1 2 2 =00 |
PFA 0.200 1.000 s
5 600 -
PFV 0.0 50.0 2
PFD S 400 [
= 387
PL 1 4 200 b
o 37
Number of Qualified Records LA PL2 PL3 PL4
Count Total |% of Total
Building Performance Level
2501 11098 26.14%
3 Intensity
1 1 1 3 4 1 0241 15.4 16.3 0.006 0.005 0.006 0.6 1
2 1 1 3 4 2 0.248 17.1 54 0.006 0.006 0.006 0.5 1
3 1 1 4 1 1 0.205 0.0 314 0.012 0.011 0.011 11 2
4 1 1 4 3 1 0.306 183 301 0.012 0.011 0.011 11 2
5 1 1 4 4 1 0.410 276 309 0.012 0.011 0.011 1.1 2

Figure 7-1 Database Summary Sheet

7.3 UNR Shake Table Limitations

The Large Scale Structures Laboratory (LSSL) at the University of Nevada, Reno is home to
three 50-ton biaxial shake tables and one 20-ton six degree of freedom shake table. As one of
fifteen experimental facilities in the George E. Brown, Jr. Network for Earthquake Engineering
and Simulation (NEES), the LSSL is funded by the National Science Foundation (NSF) to
maintain a state-of-the-art earthquake simulation laboratory. Primarily founded as a bridge
engineering research facility, the LSSL has recently expanded the scope of its research to include

building, and nonstructural systems. The addition of the 6DOF shake table in 2008 enabled the
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LSSL to perform seismic qualification testing of nonstructural components which requires

vertical excitation per the AC 156.

Potentially, the floor motions from the database developed in this study may be used for shake
table testing of nonstructural components under realistic floor accelerations of yielding building
structures. To determine the feasibility of their use in shake table testing, first the physical
limitations of the shake tables must be understood. The nominal shake table capacities for the
biaxial and 6DOF shake tables at UNR are presented in Table 7-1 and Table 7-2, respectively. It
should be noted that the limitation on acceleration increases as the payload decreases and since
typically nonstructural components are light weight, accelerations greater than 1 g may be
possible. On the other hand, the limitations on peak velocity are not as flexible. As the velocity
approaches the limitations of the hydraulic actuators the ability to control the performance of the
shake table is diminished. One of the primary limitations to using floor motions directly as shake
table input motions is the inherent large displacements due to sway of the building. The dynamic

stroke of the shake tables is a limit that physically cannot be exceeded.

Table 7-1 Nominal Capacities of UNR Biaxial Shake Tables

Biaxial Shake Tables
Table Size: 14.0 ft x 14.6 ft
Nominal Payload: 50 ton
Maximum Payload: 150 kip
Maximum Force: 165 kip
Maximum Pitch Moment: 1000 kip-ft
Maximum Yaw Moment: 400 kip-ft
Maximum Roll Moment: 400 kip-ft
Maximum Acceleration: 1 g with 100 kip
Maximum Velocity: 50 in/sec
Maximum Displacement: +/- 12 in
Operating Frequency: 0-50Hz
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Table 7-2 Nominal Capacities of UNR 6DOF Shake Table

6DOF Shake Table

Table Size: 93 ftx9.3ft

Nominal Payload: 20 ton
2 Maximum Acceleration: 1 g with 40 kip
< Maximum Velocity: 50 in/sec
™ Maximum Displacement: +/- 12 in
4 Maximum Acceleration: 1 g with 95 kip
< Maximum Velocity: 35 in/sec
> Maximum Displacement: +/- 3 in
.= Maximum Acceleration: 1 g with 125 kip
<>1:‘|< Maximum Velocity: 55 in/sec
N Maximum Displacement: +/- 4 in

7.4 Potential Shake Table Input Motions

Considering both the characteristics of the motions within the database along with the limitations
of the shake tables in the UNR LSSL, a set of floor response motions was generated for potential
use in shake table experiments on nonstructural components. The set of motions contains records
from a variety of events and building performances whose characteristics are within the
limitations of the shake tables. The set of motions summarized in Table 7-3 provides 12 motions
at the roof of Building B3. The set offers pairs of motions in the X and Y directions that may be
applied biaxially as well as are produced from a variety of earthquakes producing arrange of
ductilities in the building. This would facilitate the experimental verification of the performance
of nonstructural components located on the roof of buildings experiencing various levels of

yielding.
7.5 Filtering

Many of the floor motions in this database contain large displacements which come from the
sway of the building. As a result these motions are not suitable for shake table use because they
exceed the stroke limitations of the shake tables. In addition to large displacements generated by
the sway of the building, low frequency content of the ground motion may also generate

significant displacements in the record. These displacements may be filtered out negligible effect
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on the acceleration records. An example of the effectiveness of filtering the motion is discussed

below.
Table 7-3 Proposed Shake Table Motions
Database Indices . . o L
(Building B3 Motion Characteristics Building Response Characteristics
No EQ Event | Int | FI | Dir | PGA | PFA | PFV | PFD | Opax | Oag | Oroor | Duct | PL
g g in/sec | in in/in | in/in | in/in
1 | Northridge 2 6 | 4| 1 104540598 | 325 | 7.2 |0.018]0.016 | 0.009 | 09 | 1
2 | Northridge 2 6 | 4| 2 04540597 | 326 | 7.3 | 0.011[0.009 | 0.009| 08 | 1
3 Kobe 8 5 14| 1 [0310]0513| 288 | 82 |0.015|0.013 |0.010| 1.0 | 1
4 Kobe 8 5 14| 2 03110511 289 | 87 |0.011]0.010|0010]| 09 | 1
5 Duzce 3 7 14| 1 106070514 407 | 83 |0.025[0023|0.012| 12 | 2
6 Duzce 3 7 14| 2 0606|0512 407 | 8.0 |0.014 0012 |0012| 1.1 | 2
7 Imperial 6 7 14| 1 06160571 312 | 64 |0.014]0012|0012| 12 | 2
Valley
8 [rperial 6 7 14| 2 06130567 31.0 | 62 |0.013]0012|0012| 1.1 | 2
Valley
9 Landers 11 4 0.558 | 0.529 | 42.3 | 11.6 | 0.053 | 0.050 | 0.030 | 3.0 | 3
10 Landers 11 4 2 105610537 41.0 | 102 | 0.031 | 0.030 | 0.030 | 2.7 | 3
11 Cape 17 |10 | 4| 1 |1245/0943| 458 | 7.7 | 0.031 | 0.025 | 0.043 | 43 | 3
Menocino
12 Cage 17 |10 | 4| 2 1242|0945 | 459 | 7.5 | 0.045|0.044 | 0.043 | 39 | 3
Menocino

For the purpose of demonstration, a motion from the roof of building B3 which has a peak
acceleration of 0.725 g, peak velocity of 50.8 in/sec, and peak displacement of 22.8 in was
selected from the database. This particular roof motion corresponds highly inelastic response, p
= 5.1. The unfiltered motion exceeds the displacement capacity of the shake table. However, by
applying a high pass 4™ order Butterworth filter (Mathworks, 2004) with a cut-off frequency of
0.25 Hz to the acceleration record; the large displacements due to the sway of the building were

reduced from 22.8 in to 9.3 in, as shown in Figure 7-2 and Figure 7-3.
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Figure 7-2 Effect of High Pass Filter on Floor Response of Building B3
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The critical decision in applying the filter is determining an appropriate cut-off frequency. If the
cut-off frequency is too low then the large displacements may be insufficiently reduced.
Conversely, if the cut-off frequency is too high then the acceleration record may be significantly
altered. In order to quantify the influence of the filter on the acceleration record, the acceleration
response spectra of the filtered motion is compared with the unfiltered motion in the period range
of interest (0.06 sec to 0.8 sec for most nonstructural components). Figure 7-4 presents the
influence of the cut-off frequency on the resulting filtered motion. Due to the uniqueness of each
motion, the iterative procedure of selecting an appropriate cut-off frequency must be done for
each record individually. If the cut-off frequency required to keep the acceleration spectra
equivalent does not provide sufficient reduction in displacement demands then it may not be

feasible to use that particular motion for shake table input.
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Figure 7-4 Influence of Filter Cut-Off Frequency on Acceleration Spectrum

Overall this chapter has shown that the database of floor response motions does provide
representative acceleration records to be used directly or after high-pass filtering as shake table

input motions for experimental evaluations of nonstructural seismic performance.
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SECTION 8
SUMMARY AND CONCLUSIONS

8.1 Summary

Damage to the nonstructural components of a building interrupts operation and can result in
injuries. Recent earthquakes have shown that damage to nonstructural components can occur at
lower levels of ground motion intensity than required to inflict structural damage. Due to the
dynamic amplification of ground accelerations throughout the height of the building,
nonstructural components may be subjected to high accelerations even in low intensity seismic
events. Damage to nonstructural components during earthquakes has been shown to be
expensive. There is a profound need to improve the understanding of seismic demands on
nonstructural components attached to buildings and develop simple design methodologies

applicable to ordinary buildings that minimize the damage to nonstructural components.

This study has performed an evaluation of the acceleration demands on nonstructural
components in typical steel moment frame structures. A comparison of the current seismic
design practice of nonstructural components with the results of this investigation was carried out.
The 3-story office building, 3-story hospital, 9-story office building, and 20-story office building
structures were subjected to all three components suite of 21 ground motions using the
incremental dynamic analysis method. A database of floor response motions was generated and
used to identify the effect of variables such as structural period, structural yielding, relative
height within the structure, nonstructural component damping ratio, and out-of-plane flexibility
of the floor system on acceleration demands on nonstructural components. An empirical multi-
linear spectral amplification function which amplifies the ground acceleration response spectrum
to achieve a nonstructural component design response spectrum has been proposed. Also the
feasibility of using floor response motions from the accumulated database as drive motions for

shake table testing of nonstructural components was assessed.

8.2 Observations

Some critical observations were made and are listed below:

209



Peak ground accelerations are amplified by both the building and the nonstructural
components. Horizontal acceleration amplification occurs due to the lateral flexibility of
the building and vertical acceleration amplification occurs due to the out-of-plane
flexibility of the floor systems.

The peak horizontal floor accelerations decrease with increasing structural period.

The peak horizontal floor accelerations of elastic buildings increase along the height of
the structure due to the shape of the dominant dynamic mode.

The peak horizontal floor accelerations decrease with increasing levels of yielding in the
structure due to the added damping and the elongation of period of vibration.

The component amplification factor, ap, is found to be a function of the period ratio,
relative height within the supporting structure, and level of yielding in the supporting
structure.

The horizontal acceleration response of nonstructural components increases with
decreasing nonstructural component damping ratios.

An increase in the level of yielding in the structure significantly reduces the acceleration
response of nonstructural components tuned with the fundamental period of the building.
This effect is not observed for nonstructural components tuned with higher modes of the
building.

In comparing the bidirectional horizontal accelerations of this investigation with the
unidirectional horizontal accelerations of previous studies, the trends are the same.
Therefore, for the purpose of generating horizontal accelerations of nonstructural

components, three-dimensional models are not required.
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Amplification of vertical accelerations along the height of the structure is negligible near
the columns of the building.

Significant amplification of the vertical acceleration is present in the middle of floor
bays. This amplification is a result of the out-of-plane flexibility of the floor systems.

The location of the peak vertical acceleration of a multi-bay floor system is dependent on
the frequency content of the ground motion.

The current vertical acceleration required response spectrum underestimates the vertical

acceleration in the middle of floor bays.

8.3 Conclusions

The most significant conclusions as related to the objectives of the study are as follows:

Including the effects of nonlinearity is critical to the development of a database of
realistic floor motions.

The horizontal floor accelerations are dependent on the period, ductility, and relative
height of the floor. The vertical accelerations are independent of period, ductility, and
relative height, but are dependent on the out-of-plane flexibility of the floor system.

The current code estimates of floor accelerations are over conservative in many cases
because they do not account for the period of the structure. The component amplification
factor of a, = 2.5 currently in the code fails to account for the critical parameter of period
ratio, To/T1. A direct method of developing a floor response spectrum offers an alternative
method of designing nonstructural components.

The current code limit on component acceleration of 4 times the peak ground acceleration

may be unconservative for peak cases.
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e The developed database has the potential for providing shake table input motions for the

experimental evaluation of nonstructural components in yielding buildings.

It should be noted that the observations and conclusions presented herein are applicable to
flexible ductile steel moment frame structures subjected to ground motions with similar
characteristics to those presented in Section 3. The recommendations provided within this
document are based on these observations and conclusions, thus they may not be valid for

situations outside the scope of this investigation.

8.4 Recommendations for Future Investigations

Future work in this area should incorporate the influence of accidental torsion into the three-
dimensional models. The models developed in this investigation could be modified to account
for this effect. Additional floor systems should be investigated to collect a broader envelope of
their effects. A larger set of ground motions of various frequency content and duration should be
investigated as well as the influence of near fault ground motions. This investigation focused
primarily on moment frame buildings. In order to broaden the assessment of the current code

provisions and provide improvements, other lateral load-resisting systems should be included.
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