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ABSTRACT

Adoption of new structural systems is hampered by the lack of a comprehensive method to
evaluate their seismic performance. This report introduces a seismic performance evaluation
procedure and demonstrates its application for the suspended zipper braced frame. The
performance evaluation procedure includes laboratory and computer simulations. The laboratory
simulations may be necessary in cases where behavior of a structural system or its components is
inadequately understood and therefore cannot be modeled confidently for computer simulation.
By integrating the laboratory specimen behavior and computer models, the complete system
performance can be simulated.

The suspended zipper braced frame configuration is similar to the inverted-V braced
frame except that a vertical structural element, the zipper column, is added at the beam mid-span
points from the second to the top story of the frame. In the event of severe earthquake shaking,
the lower-story braces will buckle and create unbalanced vertical forces at mid span of the
beams. The zipper columns will mobilize the beams and the braces above the story where
buckling occurs, to resist the unbalanced vertical forces. Such action will force the entire system
to be engaged to resist the earthquake loads, hence preventing concentration of inelastic action in
one story.

Seismic performance evaluation of the suspended zipper braced frame is conducted in
two phases. Hybrid and analytical models of the suspended zipper braced frame are developed
and validated in the first phase. These models are based on new analysis and simulation tools
developed within NSF’s George E. Brown Jr. Network for Earthquake Engineering Simulation
(NEES). A probabilistic seismic performance evaluation method is developed and used in the
second phase to evaluate the seismic risk of the suspended zipper braced frame. This method is
based on the Pacific Earthquake Engineering Research Center (PEER) probabilistic seismic
performance-based evaluation framework. The seismic risk evaluation is limited to risk of repair
cost in the present study, and does not include other performance measures that might be
important, including downtime and collapse. The results of performance evaluation conducted
using validated hybrid and analytical structural models provide information that can be used to
demonstrate the relative merits of the suspended zipper braced frame structural system compared

with conventionally braced frame systems.
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1 Study Overview

1.1 INTRODUCTION

Traditional methods of investigating the performance of structural systems involve using either
computational simulation of the structure or experimental testing of the structure in the
laboratory, or both. The results of the performance evaluation are often presented in terms of the
deformation and strength capacity of the structure. While such evaluations are useful in
understanding the nonlinear behavior of the structure, they do not provide a performance metric
that can be used by building owners/stakeholders to make a risk management decision. In this
study the performance assessment methodology developed in the Pacific Earthquake Engineering
Research Center (PEER) is used to evaluate the structural performance of a newly proposed
structural framing system, the suspended zipper braced frame. The methodology consistently
accounts for the inherent uncertainties in the earthquake hazards, structural responses,
component damages, and repair actions to provide a fully probabilistic description of the total
repair cost of the suspended zipper braced frame under earthquake ground shaking.

To properly model the structural responses, a series of analytical and experimental
studies has been conducted to study the system response of the suspended zipper braced frame.
First, the hysteresis behavior of the steel brace has been studied experimentally. The
experimental data were used to calibrate an analytical brace model in the Open System for
Earthquake Engineering Simulation (OpenSees 2006). The calibrated analytical brace model was
then used in an OpenSees analytical model to evaluate the system response of the suspended
zipper braced frame. Finally, a hybrid simulation test utilizing OpenSees has been conducted to
verify the system response of the analytical simulation.

The merits of this study are that



1. The seismic performance of a newly proposed structural system, the suspended zipper
braced frame, has been investigated.

2. A collaborative work involving multiple researchers at geographically distributed sites
was conducted using facilities of the George E. Brown Network for Earthquake
Engineering Simulation (NEES).

3. A hybrid simulation test utilizing OpenSees has been conducted. This hybrid simulation
test, for the first time, accounts for the geometry and material nonlinearity in both the
analytical and laboratory elements to study the system response of a complex structural
system, in this case the suspended zipper braced frame.

4. A performance evaluation methodology has been proposed. The methodology
consistently accounts for the inherent uncertainties in the ground motion, model, damage,
and repair actions to compute a quantitative probabilistic description of the seismic risk
of the structure. The methodology has been implemented in an end-to-end computer
program that engineers can use to evaluate the structural performance of different
structural framing systems.

The following subsections provide additional discussion on each of these four elements.

1.2 SUSPENDED ZIPPER BRACED FRAME

The zipper braced frame configuration (Fig. 1.1b) was first proposed by Khatib (Khatib et al.
1988). The frame has geometry similar to that of the conventional inverted-V braced frame (Fig.
1.1a), except that a vertical structural element, the zipper column, is added at the beam mid-span
points from the second to the top story of the frame. Like other concentrically braced frames, the
zipper braced frame is very effective in providing stiffness to limit the story drifts under lateral
loading. However, in seismically active zones, for economical reasons, the design philosophy
allows the structure to absorb and dissipate earthquake energy through yielding of the structure.
Because the braces have the largest stiffness in the building, they attract the largest lateral load
and may buckle under severe lateral loading. Conventional steel braces have lower compression
capacity then tension capacity: thus, when the compression brace in the inverted-V subassembly
buckles, the tension force in the other brace creates a large, unbalanced vertical force at the mid
span of the beam. This creates a design challenge. The zipper braced frame is designed to resist

the unbalanced vertical load using the zipper columns.
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In the event of severe earthquake shaking, the compression brace in the first story of a
zipper braced frame may buckle. This action will create an unbalanced vertical force at the mid
span of the first-floor beam. The unbalanced vertical force will be transmitted to the mid span of
the second-floor beam through the zipper column. This action will increase the compression
force in the second-story brace and consequently may cause it to buckle. Under increasing lateral
deformations, the unbalanced vertical force will be transmitted upward through the structure and
may lead to a mechanism in which all compression braces are buckled and beam plastic hinges
are activated. This will result in a highly desirable distribution of inelastic response along the
height of the frame (Khatib et al. 1988). However, loss in structural stiffness may occur once the
full-height zipper mechanism forms and the frame enters a softening response range.

The reduced lateral load capacity and softening in the force-deformation response of the
zipper braced frame after a full plastic mechanism has formed limits the applicability of the
zipper braced frame configuration. Leon and Yang (2003) therefore modified the conventional
zipper braced frame by increasing the member sizes of the braces at selected stories along the
frame height such that they remain elastic and prevent the formation of the complete zipper
mechanism. This configuration is named the suspended zipper braced frame (Fig. 1.1c). The
primary function of the zipper column is to transfer the unbalanced vertical force to the upper-
story braces and to support the beams at mid span. Leon and Yang (2003) have shown that by
providing the support at mid span of the beams, a reduction of the beam sizes can be achieved,
which may save material and makes the suspended zipper braced frame more economical. This
configuration also provides a clear force path and makes the capacity design for the frame
structural members relatively straightforward. From the results of nonlinear static analyses (Leon
and Yang 2005), it seems that the suspended zipper braced frame has a slightly larger strength
and more ductility than the conventional zipper braced frame. The main disadvantage arises as
the number of stories increases, and the magnitudes of the unbalanced vertical forces transmitted
up to the top-story braces become very large, making the design of the top-story braces very
difficult.

1.3 COLLABORATIVE RESEARCH ACTIVITY

A joint project involving the Georgia Institute of Technology, the University at Buffalo, the

University of California, Berkeley, and the University of Colorado at Boulder was organized to
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evaluate the seismic performance of the suspended zipper braced frame. This collaborative effort
comprised a number of experimental and analytical components. The University at Buffalo
tested the suspended zipper braced frame on a shaking table, while the Georgia Institute of
Technology tested the suspended zipper braced frame quasi-statically in their strong-wall
laboratory. The University of California, Berkeley, and the University of Colorado at Boulder
conducted hybrid simulation tests of the suspended zipper braced frame using different testing
algorithms. All participants conducted a variety of analytical simulations of the suspended zipper

braced frame.

1.4 HYBRID SIMULATION

Traditional methods for investigating the response of structures to external excitations involve
using either pure computational analysis or pure experimental testing, or both. The experimental
testing methods are further divided into quasi-static, pseudo-dynamic, and real-time testing
methods. Real-time testing is usually the most realistic simulation of real earthquake loading but
usually requires building the entire structure and testing it on the shaking table. In the case of
complicated structural systems, this may make the testing relatively expensive. Furthermore, the
experimental model is usually scaled down to match the shaking table capacity. The quasi-static
test is a much simpler test to implement. With the appropriate boundary condition assumptions,
larger structures can be decomposed into subassemblies that can be tested separately. However,
traditional quasi-static test methods require a predetermined displacement loading history that is
sometimes difficult to relate to the seismic demand for the structure (Shing and Mahin 1984).
The pseudo-dynamic testing method improves the quasi-static test by using measured force
feedback to adjust the applied displacement loading history and, thus, simulate the actual
earthquake loading on the structure or a subassembly. However, the limitation of computer speed
has, at the outset, restricted the pseudo-dynamic testing method to relatively simple structural
models and slow testing rates. As computers became faster, and interface between servo-
hydraulic hardware and controllers become more advanced, increasingly more complex
structures and subassemblies have been tested (Magonette and Negro 1998; Mahin et al. 1989;
Shin et al. 1996; Takanashi 1975; Takanashi and Nakashima 1987; and Tsai et al. 2004).

Hybrid simulation is a form of pseudo-dynamic testing in which the structure is partially

represented physically in the laboratory, while the remainder of the structure is simulated using a
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computer. The physical portion of the hybrid model can be an assemblage of one or more
physical models, while the analytical portion can be one or more numerical, consistently scaled,
substructures. The equation of motion of the hybrid model is solved during a hybrid simulation
test. The basis of the hybrid simulation method is the decomposition of the structural model into
the components that are difficult to model analytically and are, thus, tested in the laboratory,
while the rest of the structure is modeled simultaneously using a computer. The hybrid
simulation method therefore provides a cost effective way to study structural system behavior.
Furthermore, with the appropriate boundary conditions, hybrid simulations involving multiple
subassemblies can be conducted to study larger and more complex structural system. The
innovation presented in this work is the first implementation of the hybrid simulation method
within the Open System for Earthquake Engineering Simulation (OpenSees 2006) to account for
nonlinear material and geometry properties in both analytical and experimental elements to

conduct local and distributed hybrid simulation tests.

1.5 PROBABILISTIC SEISMIC PERFORMANCE ASSESSMENT

The framework for performance-based assessment, developed by the Pacific Earthquake
Engineering Research Center (PEER), provides the means to consistently account for the
inherent uncertainties in ground motion, structural response, structural damage occurrence and
distribution, and repair procedures and cost to give building owners/stakeholders performance
metrics that can be used to make risk management decisions. A new method for generating
consistent structural demand measures was developed to enable the application of the PEER
framework to the seismic evaluation of the suspended zipper braced frame. The method samples
the structural response from a few dynamic analyses and generates additional correlated response
matrixes using functions of random variables. With the generated correlated response matrixes.
the performance of the structural system was assessed using the Monte-Carlo simulation. An
end-to-end computer implementation of the new method was used to conduct a comparative
seismic performance assessment of a suspended zipper braced frame and an inverted-V braced

frame.



1.6 TEST MODEL

A test model of the suspended zipper braced frame was designed according to the proposal by
Yang (2006) to provide a common structure for the experimental and analytical investigations in
the joint project. It was assumed that the model is located on site class D soil with mapped
spectral accelerations at the short period and 1-sec period of 1.5 g and 0.6 g, respectively. The
model was scaled using a length scale factor of 3 to fit the shaking table capacity at the
University at Buffalo. The first-mode period and the spectral acceleration of the scaled model
were calculated to be 0.22 sec and 1.0 g respectively. The design seismic weight for the 1/3-scale

suspended zipper braced frame was estimated to be 40 kips at each floor level. Using IBC2000

(ICC 2000) with response modification coefficient (R) = 6 and occupancy importance factor

(1,) = 1.5, the seismic base shear was calculated to be 30 kips. Given this design demand, the

size and weight constraints of the shaking table at the University at Buffalo, the final tested
model was a 1/3-scale, two-dimensional, three-story, one-bay, suspended zipper braced frame as

shown in Figure 1.1c. The member sizes of the test model are listed in Table 1.1.
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Fig. 1.1 Configurations of steel concentrically braced framing systems.



Table 1.1 Member sizes of 1/3-scale suspended zipper braced frame.

Story Brace Column | Beam Zipper column
3 HSS 3x3x3/16 | S4x9.5 | S3x5.7 HSS2x2x3/16
2 HSS 2x2x1/8 S4x9.5 | S5x10 | HSS1.25x1.25x3/16
1 HSS 2x2x1/8 S4x9.5 | S3x7.5

1.7 RESEARCH OBJECTIVES

The research presented in this report has three objectives.

The first objective is to develop and calibrate a finite element model of the suspended
zipper braced frame using OpenSees and to conduct a study of the system behavior of the
suspended zipper braced frame. This computational simulation can demonstrate if the intended
force redistribution in the system is, indeed, occurring in the suspended zipper braced frame.

The second objective is to implement the newly proposed hybrid simulation method
(Schellenberg 2008) within the OpenSees framework and use it to conduct a hybrid simulation
evaluation of the suspended zipper braced frame.

The third objective is to develop a methodology that efficiently implements the PEER
probabilistic performance-based seismic evaluation of structural framing systems. Traditional
performance evaluation of structural framing systems uses performance objectives defined in
terms of structural response measures such as story drift or floor acceleration. While such
response quantities are useful in providing indirect performance measures, many decision makers
prefer performance metrics that more directly relate to business decisions, such as downtime and
repair cost. The implementation of the PEER probabilistic performance-based seismic evaluation
framework developed in this study will enable engineers to compute performance in terms of
capital losses, and thereby help inform decisions about design levels within a risk management
framework. This implementation will be used to evaluate the performance of the suspended

zipper braced frame.

1.8 ORGANIZATION OF REPORT

Seismic performance evaluation of the suspended zipper braced frame is described in the

following six chapters.



Chapter 2 presents an analytical and experimental study of a steel inverted-V braced
subassembly under cyclic displacements. This chapter includes descriptions of the quasi-static
test, the behavior of the inverted-V braced subassembly under inelastic cyclic displacements, and
a description of a calibrated finite element model that can be used to model the nonlinear
hysteretic behavior of steel hollow structural section (HSS) which buckles out of plane.

The analytical inverted-V braced subassembly model calibrated in Chapter 2 is used to
simulate the system response of the suspended zipper braced frame under static and dynamic
loading. The results, presented in Chapter 3, illustrate expected force redistribution in the system.

Chapter 4 describes a hybrid simulation test used to verify the system behavior of the
suspended zipper braced frame. This chapter includes descriptions of the architecture of the
hybrid simulation algorithm, the experimental setup, the solution algorithm, as well as
experimental results and a comparison of those results with results obtained from pure analytical
simulation. A new implementation of the hybrid simulation testing method within the OpenSees
framework is presented in this chapter.

Chapter 5 describes the basis of the probabilistic performance-based seismic evaluation
framework. A new method that enables a very efficient implementation of the framework, based
on the use of correlation matrices to generate structural demand statistics using a Monte Carlo
approach, is presented.

The performance-based assessment method developed in Chapter 5 is used to implement
a computer tool for probabilistic performance-based evaluation of structural framing systems.
This tool is used to evaluate the system performance of the suspended zipper braced frame and
compare it with the seismic performance of the inverted-V braced frame. The description of the
structural model, the ground motion used in the analysis, the system responses under the selected
ground motions, and the repair cost simulation comparison between these two systems are
presented in Chapter 6.

Chapter 7 presents a summary of research findings and conclusions and a list of topics for

future research.



2 Analytical and Experimental Study of Steel
Brace Hysteresis Behavior

2.1 INTRODUCTION

The nonlinear response of concentrically braced steel frames depends strongly on the brace
hysteresis behavior. Hence, in order to effectively study the system response of the suspended
zipper braced frame, using either computer-only or hybrid simulation, it is crucial to be able to
model the force-deformation response of the inverted-V braced subassembly. This chapter
summarizes the analytical and experimental studies of steel brace hysteresis behavior.

An inverted-V braced subassembly nominally identical to the first-story braces of the 1/3-
scale suspended zipper braced frame, shown in Figure 1.1c, was tested quasi-statically at the
nees@berkeley laboratory at the University of California, Berkeley. The results of the quasi-
static test were used to calibrate a finite element model in OpenSees to generate the force-
deformation response of steel hollow structural sections (HSS) that buckle out of plane. The
analytical simulations were verified against the experimental data collected from the 1/3-scale
inverted-V braced subassembly test and an independent quasi-static test conducted by Uriz
(2005) to study the hysteresis response of a larger steel HSS (HSS6x6x3/8) brace under inelastic

cyclic displacements.

2.2 EXPERIMENTAL EVALUATION OF STEEL HSS HYSTERESIS RESPONSE
UNDER INELASTIC CYCLIC DISPLACEMENTS

An inverted-V braced subassembly was tested quasi-statically under well-known boundary
conditions and cyclic displacement history with progressively increasing amplitude. The main
purpose of the test was to calibrate a finite element model for HSS steel braces that buckle out of
plane. The tested specimen was identical to the first-story braces of the 1/3-scale suspended

zipper braced frame shown in Figure 1.1c and listed in Table 1.1.



Figure 2.1 shows a photograph of the inverted-V braced subassembly. Figure 2.2 shows
the dimensions of the specimen and the locations where the brace deformations were recorded.
According to the original design suggested by Yang (2006), the braces were connected to 0.375
in. gusset plates at both ends. A clear distance of 0.75 in. between the brace end and the gusset
plate Whitmore line was provided to allow the brace to buckle out of plane. Table 2.1 shows a

summary of the brace properties.

Table 2.1 Summary of brace properties.

Properties Values
Shape HSS2x2x1/8
Cross sectional area, 4, 0.84 in.
Brace length, L, 66.2 in.
Minimum specified yield stress, F ) 46 ksi
Ratio of expected yield stress to minimum specified yield stress, R, 1.3
Expected yield stress, F,, =R, X Fy 59.8 ksi
Modulus of elasticity, £ 25000 ksi
Ratio of post yield stiffness to modulus of elasticity, A 0.005

l'lﬂl AN
! "y

Fig. 2.1 Photograph of inverted-V braced subassembly.
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Fig. 2.2 Dimensions and measurement points of inverted-V braced subassembly.

2.2.1 Test Setup

Figure 2.3 shows a global view of the inverted-V braced subassembly test setup. The setup
consisted of two dynamic actuators in the vertical direction, one dynamic actuator in the
horizontal direction, and a guiding system to allow the intersection of the braces to move in-
plane. The dimensions of the test setup are shown in Figure 2.4. Figure 2.5 shows the
components of the test setup and the global coordinate system used to reference the degrees of
freedom. The vertical dynamic actuators have a displacement capacity of +21 in., a dynamic
force capacity of £150 kips, and a maximum velocity of 20 in./sec. The horizontal dynamic
actuator has a displacement capacity of 11 in., a dynamic force capacity of £220 kips, and a
maximum velocity of 20 in./sec.

Figure 2.6 shows the components and the degrees of freedom of the guiding system. The
guiding system consists of a W14x283 middle section, with W27x235 sections welded on each
end, and two 15"x22.5"x1.5" steel plates welded at the bottom flange. The guiding system was
restrained by the movement of the steel plates such that the three out-of-plane degrees of
freedom are restrained, while the two translational and the rotational degrees of freedom in-plane

are allowed. The plates were designed to move freely in the slots formed by the L4x4x3/4 steel

11



angles on each side of the plates. Because the guiding system was designed to minimize any
interference to in-plane motion, a small 1/16 in. gap was provided between the steel plates and

guiding slots formed by the steel angles.

Fig. 2.3 Inverted-V braced subassembly test setup at nees@berkeley.
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2.2.2 Instrumentation

The displacements of the guiding system were measured using the instruments shown in Figures
2.7 and 2.8. In addition, the acceleration, and the in-plane and out-of-plane rotation of the
guiding system were measured using the accelerometers and tiltmeters shown in Figure 2.9.

The reaction forces at the bottom gusset plates were measured using two VPM load cells
(five-degrees-of-freedom load cell, capable of measuring the axial force, the in-plane shear force,
the out-of-plane force, the in-plane moment, and the out-of-plane moment). Figure 2.10 shows
the VPM load cells and the NovoTech potentiometers used to measure the horizontal
displacements at the base of the braces. The deformations of the braces in the global coordinate
system were measured using 21 independent displacement transducers. Figure 2.11 shows the
locations where the deformations of the braces were recorded. With three independent
displacement transducers monitoring each of the selected points, the motions of the selected

points in the global coordinate system were calculated using the formulas shown in Appendix C.
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Fig. 2.9 Accelerometer and tiltmeter used to measure accelerations and rotations of
guiding system.

%, - Point , %, - Point

X Mid - Point

Fy
Support 1 Fy Mx Support 2
reaction Mx Fx reaction
forces Fx Mz Fz  forces
Mz Fz

Fig. 2.11 Locations of displacement and force measurement points.
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2.2.3 Displacement History

The displacement history used for the quasi-static test was similar to the standard displacement
history used for proof-tests of steel moment connections as prescribed in the AISC Seismic
Design Provisions (American Inst. of Steel Construction 2002). Because the purpose of the
quasi-static test was to calibrate the inverted-V braced finite element model and not to conduct
an acceptance test, the displacement history was modified to have more cycles in the linear range
and fewer cycles in the nonlinear range. By so doing, the experimental data can provide a good
estimate of the elastic stiffness of the inverted-V braced subassembly without inducing low-cycle
fatigue. The target elastic displacement, dy, used in the quasi-static test was obtained from a
preliminary pushover analysis conducted using a computer model. Based on the target elastic
displacement, the displacement history was set to have six cycles of pre-yielding displacements (
dy/2), four cycles of yielding displacements (dy ), four cycles of post yielding displacements (
2dy), followed by an increase of displacement of dy every two cycles.

Figure 2.12 shows the displacement history, expressed in terms of interstory drift ratio
computed using the story height of 52.75 in., applied at the horizontal degree of freedom at the
intersection of the braces. The displacement corresponding to the first significant inelastic
excursion of the inverted-V braced subassembly was estimated to be 0.2 in., corresponding to an

expected first-yield interstory drift ratio of 0.4 percent.
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23 TEST RESULTS

Under the displacement history shown in Figure 2.12, the braces of the inverted-V braced
subassembly experienced significant damage. A photograph of the damaged specimen after the

quasi-static test is shown in Figure 2.13.

Fig. 2.13 Photograph of damaged inverted-V braced subassembly after quasi-static test.

To compute the force-deformation response of each brace, the braces were assumed to
have pin connections at both ends. Hence, the in-plane and out-of-plane moments measured at
the ends of the braces were ignored. Displacement at the intersection of the braces in the global
coordinate system was measured using the instrumentation shown in Figures 2.7 and 2.8, while
the displacements at the bases of the braces were measured using the instruments shown in
Figure 2.10. Thus, the axial deformations of the braces were calculated using the relative
displacement from the intersection of the braces to the brace bases. Similarly, the axial forces in
the braces were calculated by summing the components of the axial, shear, and out-of-plane
forces (measured by the VPM load cells) in the direction from the base of the brace to the brace
intersection, accounting for the movement of the brace intersection at each time-step. The results

are discussed in the sections that follow.
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2.3.1 Brace Deformation

The deformations of the braces in the global coordinate system measured at the selected points

shown in Figure 2.11 are normalized with respect to the brace length (L, = 66.2 in.) and plotted

in Figure 2.14. From these plots it is apparent that the braces buckled out of plane and out of

phase. The maximum out-of-plane displacement reached 5.5 percent of the brace length.

2.3.2 Brace Axial Forces

Figure 2.15 shows the brace axial force history recorded during the quasi-static test. As expected
from principles of mechanics, the brace forces were equal and opposite in sign in the elastic
response range. Braces started to buckle and lose resistance in compression after the horizontal
displacement increased above approximately 0.75 percent interstory drift ratio. Compression
resistance reduced to approximately half the peak resistance at approximately 1.5 percent

interstory drift ratio.

2.3.3 Unbalanced Vertical and Out-of-Plane Forces

The unbalanced vertical and out-of-plane forces measured at the intersection of the braces are

normalized with respect to the expected yield force (4, X F,, = 50.23 kips) and plotted in Figure

2.16. Because the braces buckled out of plane and out of phase, the unbalanced vertical and out-
of-plane forces caused the intersection of the braces to move down vertically and rotate out of
plane at the same time. Based on the plot shown in Figure 2.16, the maximum unbalanced
vertical force reached as much as 80 percent of the brace expected yield force, while the

maximum unbalanced out-of-plane force reached 2.4 percent of the brace expected yield force.
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2.3.4 Out-of-Plane Rotation

Figure 2.17 shows the measured out-of-plane rotation of the guiding system caused by the
unbalanced out-of-plane force at the brace intersection recorded during the quasi-static test. The
rotation of the guiding system became permanent when the interstory drift ratio reached 1.25

percent and the braces could not be straightened any more.
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Fig. 2.17 Out-of-plane rotation history of guide beam.
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2.3.5 Photographs of Damaged Specimen

Figure 2.18 shows the plastic hinges formed along the braces. Because the braces bent out of
plane, the plastic hinges formed at the top and bottom gusset plates and at the mid span of the
braces. Figure 2.19 shows that the top and bottom gusset plates bent out of plane, the braces

buckled out of phase, and the guiding system rotated out of plane permanently.

Fig. 2.18 Close-up view of plastic hinges formed along braces.
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Fig. 2.19 Close-up view of gusset plate bent out of plane, braces buckled out of plane and
out of phase, and permanent beam out-of-plane rotation.

24 FINITE ELEMENT BRACE MODEL

The hysteretic responses of individual steel braces have been studied extensively in the past 25
years (Black et al. 1980; Gugerli and Goel 1980, 1982; and Lee and Bruneau 2004). Various
researchers have modeled brace hysteretic behavior using different approaches (Hall and Challa
1995; Ikeda et al. 1984; Khatib et al. 1988; Uriz 2005; and Zayas et al. 1980). This study adopts
the approach pioneered by Uriz (2005), whereby the brace behavior was modeled using a two-

dimensional OpenSees model as shown in Figure 2.20.
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Fig. 2.20 Finite element brace model.

Even though brace buckling behavior is a three-dimensional phenomenon (as shown in
Figure 2.14), it was observed from the experimental data that both ends of the brace remained in
plane; thus, the axial force-deformation response of the brace can be adequately modeled using a
two-dimensional in-plane model.

The finite element model used two flexibility-formulation nonlinear beam-column
elements with five fiber cross sections along the length of each element to replicate the brace
force-deformation responses. Figure 2.21 shows the fiber discretization and the material
properties used to replicate the quasi-static test conducted in Section 2.2. Uniaxial Menegotto-
Pinto steel material (Steel02) in OpenSees was used to model the yielding, hardening, and

pinching behavior of the material response.

r 0.116" Stress [ksi]

Z z BE = 125 ksi
% y % Fye = 58.9 ksi

10@0.1768‘? Z
)z o -
% local axis é E = 25000 ksi
- 7
Z Z

0. l 16" j } 2” } Strain [—]
a) Fiber discretization b) Material properties
prop

Fig. 2.21 Cross-sectional and material properties of analytical steel brace.
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The geometric imperfection of the brace was modeled by shifting the middle node (node
3) of the brace a distance of 0.01 L, in the direction perpendicular to a line between the end

nodes. The corotational transformation was used to model the second-order geometry effects (de
Souza 2000). To account for the rotational stiffness at the ends of the braces, three zero-length
elements were used to model the gusset plate at each end. Two rigid springs (elastic material
with high stiffness) were used to restrain the translational degrees of freedom, while the

rotational degree of freedom was modeled using an elastic spring. The rotational stiffness of the

zero-length element were modeled using % , where E is the modulus of elasticity, 7 is the
b

moment of inertia about the plane of bending, and L, is the total length of the brace. The

following section shows two validations of the analytical brace model.

2.5  VALIDATION OF FINITE ELEMENT MODEL

The proposed analytical model was verified against two independent quasi-static tests. The first
verification test was the quasi-static test, presented in Section 2.2, where the specimen was a
steel HSS2x2x1/8 inverted-V braced subassembly. The second verification test was an
independent quasi-static test conducted by Uriz (2005), where the tested specimen was a steel

HSS6x6x3/8 brace under inelastic displacement history.

2.5.1 Quasi-Static Test of Steel HSS2x2x1/8 Inverted-V Braced Subassembly

Figure 2.22 shows a two-dimensional (in-plane) finite element model of the inverted-V braced
subassembly. This model consists of nine nodes, four flexibility-formulation nonlinear beam-
column elements, and nine zero-length elements. Node 1 and Node 9 are restrained for all

degrees of freedom, while Node 5 is restrained only in the rotational degree of freedom.
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Fig. 2.22 Finite-element model of inverted-V braced subassembly.

Following the procedure presented in the previous section, the cross sections were
modeled using fiber sections. The fiber discretization and the material properties are shown in

Figure 2.21. The rotational springs were modeled using three zero-length elements as discussed

above (with rotational stiffness = %), while the geometry imperfection was modeled by
b

offsetting the mid nodes (Node 3 and Node 7) a distance of 0.01 L, in the direction
perpendicular to the line between the end nodes. The displacements at the intersection of the
braces recorded during the quasi-static test (Fig. 2.14) were applied at Node 5. Table 2.2 shows
the properties of the analytical brace.

The analytically simulated and experimentally measured force-deformation responses of
the inverted-V braced subassembly are presented in Figure 2.23. The force-deformation

responses of the individual braces are presented in Figure 2.24. In these figures, the axial

deformation is normalized with respect to the original brace length (L, = 66.2 in.) and the axial
force is normalized with respect to the expected yield strength (A4, X F,, = 50.23 kips) of the

brace.
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Table 2.2 Properties of analytical brace shown in Section 2.5.1.

Properties Values
Shape HSS2x2x1/8

Cross sectional area, 4, 0.84 in.2
Moment of inertia about the plane of bending, / 0.486 in.4

Brace length, L, 66.2 in.

Expected yield stress, F,=R XFy 59 8 ksi
Modulus of elasticity, E 25000 ksi

Ratio of post yield stiffness to modulus of
. 0.005
elasticity,

60
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N
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401 &
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Fig. 2.23 Force-deformation response of inverted-V braced subassembly.
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2.5.2 Quasi-Static Test of Steel HSS6x6x3/8

The proposed finite element model and rotational springs were further verified against the quasi-

static brace test conducted by Uriz (2005). The tested specimen was a steel HSS6x6x3/8 brace

under inelastic displacement history. The dimension of the test setup and the displacement

history applied at the end of the brace is shown in Figure 2.25 and Figure 2.26, respectively.
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Fig. 2.25 Dimensions of brace component test setup (HSS6x6x3/8) (Uriz 2005).

34



T T T T T
I I I I I
| | | | |
| | | | |
| | | | |
| | | | |
| | | | |
0.5 E e Y B | [ s ]
| | | | |
| | | | |
| | | |
| | | |
| | | |
of--|----- o T I (- —
| | |
= | | |
= | | { |
S | | [ |
= | | |
g | | | ] I
5'0-5*** T IYIN I T I~ - T/ Y ]
S | | | I
o | | | |
< ] | | |
% | | | |
1 | | |
U SR A B o G SRR R Lo . |
I | | | |
| | | | |
| | | | |
| | | | |
| | | | |
| | | | |
16— --\-7 - A Y [ s ]
| | | | |
| | | | |
| | | | |
| | | | |
| | | | |
-2 1 1 1 1 1
0 500 1000 1500 2000 2500 3000

Steps [-]
Fig. 2.26 Displacement history used for brace component test (Uriz 2005).

The analytical brace used to replicate this quasi-static test was identical to the finite
element model shown in Figure 2.20. Table 2.3 shows the properties of the analytical brace.

Figure 2.27 shows the dimension and discretization of the fiber section.

Table 2.3 Properties of analytical brace shown in Section 2.5.2.

Properties Values
Shape HSS6x6x3/8

Cross sectional area, Ag 7.58in.?

Moment of inertia about the plane of bending, I 39.5in.*
Brace length, L, 116.5in.

Expected yield stress, Fye = Ry X Fy 59.8 ksi
Modulus of elasticity, £ 25000 ksi

Ratio of post yield stiffness to modulus of elasticity, S 0.005
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Fig. 2.27 Cross sectional property and fiber discretization of analytical steel brace.

The results of the analytical simulation and experimental measured force-deformation

response are shown in Figure 2.28.
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Fig. 2.28 Axial force-deformation behavior of the HSS6x6x3/8 brace.

The results of this model verification indicate that given the appropriate selection of
initial imperfection, rotation spring stiffness and steel material properties used in the finite
element model, the flexibility-formulation nonlinear beam-column element combined with
corotational geometric transformation in OpenSees can be used successfully to model the force-
deformation response of steel HSS that buckles out of plane. However, it should be noted that the

presented analytical model does not account for dynamic effects (strain rate and mass inertia) or
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local buckling behavior of the brace. According to Uriz (2005), for compact brace sections, local
buckling does not have a significant effect on the global hysteretic behavior of the brace except

that it contributes to low-cycle fatigue, which eventually causes the brace to fracture.

2.6 SUMMARY

The quasi-static test presented in this chapter provides an opportunity to study the hysteretic
behavior of steel HSS braces under inelastic displacement cycles. The experimental results
provide information needed to calibrate the analytical model, as well as an insight to the true
three-dimensional buckling behavior of the brace, which is very difficult to predict using
analytical simulation alone. An analytical model is proposed to model the hysteretic behavior of
steel HSS brace that buckles out of plane. From the results of the study, it is concluded that the
proposed analytical brace model can be used to adequately replicate the force-deformation

response of steel HSS braces with out-of-plane buckling.
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3 Analytical Simulation of Suspended
Zipper Braced Frame Response

The purpose of this chapter is to study the system response of the suspended zipper braced frame
under static and dynamic loading using the calibrated analytical braces model presented in the
previous chapter. The results of this chapter will provide the information needed to verify the

system behavior of the suspended zipper braced frame.

3.1 FINITE ELEMENT MODEL

A two-dimensional (in-plane) finite element model (Fig. 3.1) was constructed in OpenSees to
study the system response of the 1/3-scale suspended zipper braced frame test model (Fig. 1.1c).
The analytical model used the flexibility-formulation nonlinear beam-column elements with fiber
sections and zero-length elements to model the beams, braces, zipper columns, and columns of
the suspended zipper braced frame. The foundations of the columns and the beam-to-column
connections were modeled using the semi-rigid connection model suggested by Astaneh-Asl
(2005). Gravity load was ignored in the analytical simulation. The similitude laws governing the

scaling of the finite element model are summarized in Table 3.1.



Table 3.1 Similitude laws used for finite element model.

Model (1/3 scaled model)

titi Scaling factor § =
Quantities & Prototype (full scaled model)
1
Length S, = 3

Modulus of elasticity

S; =1 (same material)

Force S,=8,X% SLZ :é
Acceleration S =1
S 1
Inertia mass Sy :S_j=§
S 1
Time S = |[ZL =
s, B

Considering that the full-scale model has a seismic weight of 361.3 kips/floor (Yang
2006), a floor mass of 1242 slugs/floor (weight = 40 kips/floor) was assigned as two lumped
masses at the exterior nodes of the 1/3-scale model at each floor. With the element sizes shown
in Table 1.1, the modal periods of the 1/3-scale model were calculated and presented in Table

3.2. Rayleigh mass and stiffness proportional damping of 5 percent was assigned to the first and

second modes.

Table 3.2 Vibration periods of finite element model.

Mode Period [sec]
1 0.30
2 0.11
3 0.08
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Beam-column and brace-column
connection

Brace-column base connection

Fig. 3.1 Finite element model of 1/3-scale suspended zipper braced frame.

3.2 NONLINEAR STATIC ANALYSIS

Nonlinear static analysis provides valuable insights into the expected performance of structural
systems and components. A static nonlinear analysis (or pushover analysis) was conducted to
identify the force-deformation response of the 1/3-scale suspended zipper braced frame. The

analysis provides the insight into the force redistribution characteristics of the study frame.
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3.2.1 Applied Static Load Pattern

The finite element model was subjected to lateral loads corresponding to lateral floor
accelerations varying linearly with distance from the base. The loads were applied as lumped
forces at the two exterior nodes at each floor level. The loads were increased monotonically from
the left to right until the horizontal displacement at the roof reached 3 percent roof drift ratio.

Gravity loads were set equal to zero.

3.2.2 Response of Suspended Zipper Braced Frame Recorded during Nonlinear Static
Analysis

The roof drift ratio (roof drift divided by height from base to the roof) vs. the total base shear
response recorded during the nonlinear static analysis is presented in Figure 3.2. Axial forces in
the braces, zipper columns and columns are presented in Figure 3.3, Figure 3.4 and Figure 3.5,
respectively.

In the analysis, the base shear increases linearly until the roof drift ratio reaches 0.39
percent and the base shear reaches 57 kips. After this stage, the first-story brace in compression
buckles, which reduces the base-shear resistance to 51 kips. The loss in compression strength in
the first-story brace engages the zipper column immediately, causing the unbalanced vertical
force to be distributed to the second and third stories. This force redistribution reduces the
tension forces in the second- and third-story braces. After the frame reaches the next equilibrium
state, the base-shear resistance increases again with increasing roof drift.

As the tension brace in the first story starts to pick up additional tension forces, the
unbalanced vertical forces are equilibrated by both the second- and third-story zipper columns.
This action increases the compression forces in the second- and third-story braces. As the roof
drift ratio reaches 0.48 percent, the second-story brace in compression buckles. This action
quickly engages the third-story zipper column to transfer all the unbalanced vertical forces to the
third-story braces. At this moment, both braces at the third story start to pick up compression
forces to balance the unbalanced vertical forces.

After the forces redistribute, the first- and second-story tension braces pick up additional

base shear and transfer all the unbalanced vertical forces to the third-story braces through the
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zipper columns. The forces are then transferred back to the foundation through axial forces in the
columns.

From the element force responses shown in Figure 3.5, the first- and second-story frame
columns on the left side of the frame were originally taking tension forces to balance the
overturning moment. Once the second-story brace buckles, both columns are loaded with
compression forces from the unbalanced vertical forces in the braces. Such force redistribution
can be seen when the third-story zipper column starts to pick up additional unbalanced vertical
forces after the second-story brace buckles. Since the braces in the third story are designed to
remain elastic, the base-shear resistance continues to increase until the tension braces in the first
and second stories yield.

This analysis shows that the intended force redistribution in the suspended zipper braced
frame is, indeed, occurring. In addition, it is evident that the suspended zipper braced frame
structure is quite redundant, providing a number of lateral load paths. Furthermore, the ability to
redistribute yielding throughout the height of the structure results in increased system ductility

capacity as compared to a conventional zipper braced frame (Yang 2006).
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Fig. 3.2 Force-deformation response curve of 1/3-scale suspended zipper braced frame
model recorded during nonlinear static analysis.
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Fig. 3.4 Axial zipper column forces vs. roof drift ratio (axial tension shown positive).
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Fig. 3.5 Axial force in columns vs. roof drift ratio (axial tension shown positive).

3.3 NONLINEAR DYNAMIC ANALYSIS

The same finite element model used for the nonlinear static analysis was used to examine the

response of the suspended zipper braced frame under a selected earthquake ground motion. The

. 1 1. .. . . . .
Newmark average-acceleration (= 5 B = Z) time-step integration method with Newton initial-

stiffness interaction was used to solve the differential equation governing the system dynamic
response. With 5 percent Rayleigh proportional damping in the first and second modes and the
integration time-step of 0.01155 sec (the time interval of the recorded ground motion scaled

according to similitude law shown in Table 3.1), the algorithm converged without instability.

3.3.1 Selection of Earthquake Ground Motion

The ground motion used in this study was selected from the suite of ground motions used in the
SAC Joint Venture project (Somerville et al. 1997) to study the seismic response of the three-
story building located in Los Angeles. Taking into account the requirements for conducting a

shaking table test at the University at Buffalo, the LA22 ground motion was selected for the
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nonlinear dynamic analysis. The LA22 ground motion was recorded at the JMA station during
the 1995 Kobe earthquake and was scaled according to the similitude law shown in Table 3.1.
The resulting scaled record is shown in Figure 3.6. The record was applied uniformly to the

bases of the two columns of the suspended zipper braced frame finite element model.

LA22 - 1995 Kobe earthquake

Ground acceleration [g]

Time [sec]

Fig. 3.6 Scaled LA22 record used for nonlinear dynamic analysis.

3.3.2 Response of Suspended Zipper Braced Frame Recorded during Nonlinear Dynamic
Analysis

The roof and interstory drift ratio responses to the scaled LA22 ground motion are shown in
Figure 3.7 and Figure 3.8, respectively. The maximum roof drift ratio reaches 2.4 percent, while
the corresponding maximum interstory drift ratios reach 5.3, 1.6, and 0.35 percent for the first,
second, and third stories, respectively. Under such large drift demand, the first- and second-story
braces experience significant inelastic response, resulting in a permanent residual interstory drift

of 0.8 and 0.25 percent at the first and second stories, respectively.
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Fig. 3.7 Roof drift ratio response history.

[%] oney yuq Aioys-1epu|

Time [sec]

Fig. 3.8 Interstory drift ratio response histories.
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Figures 3.9-3.11 show the force-deformation response of the braces, the zipper columns,
and the columns recorded during the nonlinear dynamic analysis. The trilinear axial force-
deformation response shown in Figure 3.9 indicates that the finite element brace model is
capable of modeling the buckling response of the brace under dynamic loading. As calculated by
nonlinear static analysis and as intended by the capacity design procedure (Yang 2006), the
third-story braces remain elastic and are capable of transferring all of the unbalanced vertical
forces to the columns. The zipper columns remain elastic throughout the dynamic analysis, but

the first- and second-story columns undergo some inelastic deformation.
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Fig. 3.9 Response of braces recorded during nonlinear dynamic analysis.
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Fig. 3.10 Response of zipper columns recorded during nonlinear dynamic analysis.
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Fig. 3.11 Response of columns recorded during nonlinear dynamic analysis.
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Figure 3.12 shows the base shear versus roof drift ratio of the suspended zipper braced
frame recorded during the nonlinear dynamic analysis. Also plotted are the nonlinear static
analysis results (pushover curves from Fig. 3.2), flipped about the origin. It is evident that the
suspended zipper braced frame is capable of responding to the input earthquake motion in a
stable manner. In addition, the nonlinear static analysis results provide a reasonably good
approximation of the cyclic response backbone curve.

Hysteretic energy dissipated in each story was calculated by integrating the areas under
the force-deformation response curves for all the elements at the same story. Figure 3.13 shows
the percentage of the hysteretic energy dissipated in each story. Because the third-story braces
were designed to remain elastic to prevent formation of the full zipper mechanism, all of the
hysteretic energy was dissipated in the first and second stories. The zipper column is very
effective in distributing plasticity, and thus, energy dissipation, from the first to the second story.
Hence, it is concluded the suspended zipper braced frame has performed as intended under the

selected ground motion.

60 T
——— NL Dynmic Analysis
NL Static Analysis

Base Shear [Kips]

Roof Drift Ratio [%]

Fig. 3.12 Base shear vs. roof drift ratio frame response.
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Fig. 3.13 Hysteretic energy-dissipation history at each story.

3.4 SUMMARY

The nonlinear response of a suspended zipper braced frame was analyzed using a finite element
model shown in Figure 3.1. The model features the inverted-V braced subassembly model
calibrated using the quasi-static test results presented in Chapter 2. The results of the nonlinear
static and dynamic analyses indicate that the intended force redistribution is occurring. The input
earthquake energy is successfully distributed and dissipated in the suspended zipper braced
frame. However, under the selected ground motion, the building experienced large interstory
drifts and developed permanent residual drifts at the first and second stories and yielded the first-
story columns. Such damage should be considered to evaluate the total repair cost and
functionality of the building.

It should be noted that the finite element model used in these analyses is a two-
dimensional model. As such, it does not fully account for the out-of-plane buckling of the braces,
which will eventually rotate the supporting beam. Thus, to ensure that the intended force
redistribution is achieved, the beams must be adequately braced against lateral-torsional
buckling. In addition, the analytical model does not account for local buckling and low-cycle

fatigue behavior. In particular, if noncompact sections are used, an alternative analytical brace
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model should be used. Finally, because the results of the nonlinear dynamic analysis are obtained
from a single ground motion and single frame configuration, additional analyses under different
ground motions are needed to provide a better data set for probability-based evaluation of the

seismic performance of the suspended zipper braced frame concept.
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4 Hybrid Simulation Evaluation of Suspended
Zipper Braced Frame

Investigation of suspended zipper braced frame behavior using a calibrated analytical model
provides a good understanding of the behavior of this structural system. However, the accuracy
of the simulation depends strongly on the inverted-V braced subassembly model calibrated using
the quasi-static test data (Chapter 2). To reduce model uncertainty, the response of the suspended
zipper braced frame was further investigated using a hybrid model. The hybrid model combines
a physical first-story inverted-V braced subassembly in the laboratory and a finite element model
of the remainder of the frame. In doing so, the finite element model of the inverted-V braced
subassembly, which is expected to undergo the largest inelastic demand, is replaced by the force-
deformation response measured in the laboratory.

There are many advantages of using the hybrid simulation test. First, it provides a cost-
effective way to study the system response, where only a portion of the structure is tested in the
laboratory, while the rest of the structure is modeled in the computer. Second, with the
appropriate boundary conditions, multiple subassemblies can be tested simultaneously to study
larger and more complex structural systems. Third, with the event-driven algorithm, structural
components can be tested to more extreme states, such as collapse, which might be difficult to
conduct and record using a shaking table test. Last, with the use of OpenSees, the experimental
elements can be added to the finite element model easily, making the hybrid simulation test very
flexible.

The hybrid simulation test presented here, for the first time, combines nonlinear
analytical elements in OpenSees and physical element(s) in the laboratory to study the system
response of a complex structural system, where the material and geometry nonlinearity are
accounted for in both the analytical and experimental elements. To implement the hybrid
simulation test, three experimental classes (Schellenberg 2008) have been implemented in
OpenSees. The experimental classes are set up to enable communication between the

experimental elements, the experimental setup, and the analytical elements. In addition, because



the hybrid simulation test for the suspended zipper braced frame uses the displacement control
within a continuous testing algorithm (which required a computer with a real-time operating

system), a hybrid simulation architecture with four separate computers was established.

4.1 HYBRID SIMULATION MODEL

Figure 4.1 shows the hybrid simulation model used for the system evaluation of the suspended
zipper braced frame. The hybrid simulation model is identical to the analytical model shown in
Figure 3.1 except that the first-story inverted-V braced subassembly is replaced with a physical

inverted-V braced subassembly instantiated in the laboratory.

veb

52.75"

ve2 ve4

Fig. 4.1 Hybrid simulation model.
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Because the shaking table at the University at Buffalo has a weight limitation, therefore
requiring a floor mass reduction in the shaking table model, the floor mass assigned to the hybrid
simulation model likewise was altered to match that used in the shaking table test. The floor
masses were reduced from 1242 slugs/floor (weight = 40 kips/floor) to 621 slugs/floor (weight =
20 kips/floor).

4.2 SIMILITUDE LAWS USED FOR HYBRID SIMULATION TEST

Table 4.1 shows the similitude laws used in the hybrid simulation test. Because gravity effects
are largely ignored in both the shaking table test and the analytical simulation, the similitude
laws shown in Table 3.1 and Table 4.1 preserve the same system dynamics. Figure 4.2 shows a
comparison of the total base shear vs. roof drift ratio for the two finite element models, one
scaled according to the similitude laws shown in Table 3.1 and the other according to the
similitude laws shown in Table 4.1. Figure 4.3 shows a close-up view of the total base shear vs.
roof drift ratio shown in Figure 4.2. Note that mass scaling is different between Table 4.1 and
Table 3.1. Hence, the vibration periods for both models are different. Rayleigh mass and stiffness
proportional damping of 5 percent assigned to the first and second modes are scaled accordingly

using the similitude laws presented.

Table 4.1 Similitude laws used for hybrid simulation model.

Hybrid simualtion model

Quantities Scaling factor S =
Prototype (full scaled model)
1
Length S, = 3
Modulus of elasticity S; =1 (same material)

2 1
Force Sp=8,%S, 25

Acceleration S =2

1
Inertia mass SM = ﬁ
/S 1
Time S = =L =__
T Sa \/g
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Figure 4.2 shows the LA22 ground motion scaled according to the similitude laws shown

in Table 4.1.

Table 3-1
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Fig. 4.2 Comparison of system response when finite element model is scaled according to

similitude laws shown in Tables 3.1 and 4.1.
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Fig. 4.3 Detail of total base shear vs. roof drift ratio shown in Figure 4.2.
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Fig. 4.4 LA22 ground motion scaled according to similitude laws shown in Table 4.1.

4.3  HYBRID SIMULATION ARCHITECTURE

Hybrid simulation using the hybrid model outlined above was conducted using displacement
control. In the hybrid simulation procedure used, the integrator (Newmark average-acceleration
time-step integration) implemented in OpenSees calculates the structural deformation from the
external excitation at the beginning of each time-step. The test setup then executes the
displacement and samples the force feedback from the experimental subassembly.
Simultaneously, the analytical elements in OpenSees calculate the force feedback at the
displacement state. The integrator then combines the force feedback from the experimental and
the analytical elements and the external excitation to calculate the structural deformations at the
next time-step. The whole process is repeated until the entire response history analysis is
complete.

The following hybrid simulation architecture was implemented to conduct the hybrid
simulation test. Figure 4.5 shows the communication diagram among different components in the

hybrid simulation architecture.
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Fig. 4.5 Hybrid simulation architecture communication diagram.

The hybrid simulation architecture consists of four computers (nodes): the xPC Host, the
xPC Target, the Hybrid Control Target and the Data Acquisition Target. The remaining
components of the setup are the specimen in the Experiment Setup and the communication
network between the nodes. A fiber-optic shared-memory network, the SCRAMnet, is used to
connect the hybrid simulation nodes. Each computer manages a different part of the hybrid
simulation test. The xPC Host is the core of the hybrid simulation test, where the time-step
integrator is running in OpenSees. The xPC Host combines the forces computed by the analytical
elements in OpenSees, the forces measured from the physical subassemblies, and the external
excitation to calculate the displacement responses at one time-step. The SCRAMnet functions as
a shared memory among the xPC Target, the Hybrid Control Target, and the Data Acquisition
Target. Each computer has access to SCRAMnet shared memory (as implemented, the size of
this memory is 2MB), such that any information stored in the SCRAMnet shared memory is
mirrored to all connected computers using a fiber-optic network practically in real time.
Information shared at the SCRAMnet includes the displacement command sent from the xPC
Target, the measured forces feedback from the experimental subassembly, and the time-stamp
information to synchronize the hybrid simulation test.

The Hybrid Control Target controls the actuators. It receives the displacement command
from the xPC Target at a rate of 1024 Hz (the rate specific to nees@berkeley) and controls the
actuators to execute the target displacement. A built-in PID controller is used to ensure that the

actuator is tracking the target displacement. Since the Hybrid Control Target has a SCRAMnet
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card on board, it provides access to any information, such as the displacement achieved by the
actuator and force feedback measured from the actuators to the other nodes in the hybrid
simulation network via the SCRAMnet. However, because the suspended zipper braced frame
test uses the Data Acquisition Target to collect such information, the information obtained from
the Hybrid Control Target is saved only for data validation purposes.

The Experiment Setup consists of the physical experimental element, the actuators, and
the guiding system. The setup receives the target displacement from the Hybrid Control Target
and executes the displacement vector at the two degrees of freedom in-plane. At the same time,
the Experiment Setup measures the reaction forces from the actuator and the VPM load cells and
forwards the data to the Data Acquisition Target. A special set of force and displacement
transformations, described below, is used to convert between the actuator and load cell directions
and the hybrid model degrees of freedom. Other information, such as the brace deformation, are
also recorded and forwarded to the Data Acquisition Target, using a direct connection between
the instruments and the data acquisition system rather than the SCRAMnet; this information is
not used in the hybrid simulation test. Finally the Data Acquisition Target copies the recorded
reaction force measured by the VPM load cells to SCRAMnet. Then, the xPC Target obtains
these data from the SCRAMnet and sends it back to the xPC Host. The whole process is repeated

until the entire response history analysis has completed.

44  HYBRID SIMULATION TEST SETUP

The hybrid simulation test used the same test setup as the quasi-static test shown in Figure 2.3.
The two VPM load cells placed at the base of the braces (Fig. 2.10) were used to measure the
brace reaction forces. Because the brace is assumed to have pin connections, the moments
measured by the VPM load cells at the base of the brace were ignored in the hybrid simulation
test. In addition, to account for the cross-talk effect in the VPM load cell (an error in reading the
shear forces when large axial forces are applied at the load cell or vice versa), the axial forces in
the experimental braces were calculated using the average of the horizontal and vertical force
components measured from the VPM load cells. By doing so, the chance for obtaining unstable

and inaccurate force measurements from the VPM load cells was reduced.
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4.4.1 Transformation of Force and Displacement Degrees of Freedom

To implement the hybrid simulation test using a displacement control algorithm, the
displacements at the hybrid model degrees of freedom needed to be transformed to the
experimental setup actuator degrees of freedom. At the same time, the force measured by the
load cells had to be transformed back to the hybrid model degrees of freedom. Figure 4.6 and
Equation (4.1) show the transformation from the forces measured at the base of the braces to the

hybrid model degrees of freedom in OpenSees (the cross-talk effect has been accounted for in

this transformation). Forces f, to f, are the shear and axial forces measured by the VPM load
cells at the base of the braces. Forces g, to g, are the element forces at the basic element degrees

of freedom. Note that g, =g, =g, =0, as the physical subassembly is assumed to be pinned at

both ends.

q8

Equation (4.1)
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Fig. 4.6 Transformation of forces at measured degrees of freedom to hybrid model degrees

of freedom.
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With the reduction of the rotation degrees of freedom at the brace ends, the axial
elongation of the braces can be controlled using the two translation degrees of freedom at the
intersection of the braces (assuming the brace supports are not moving). Equation (4.2) shows

the nonlinear transformation from the six translation degrees of freedom at the braces to the two

translation degrees of freedom at the intersection of the braces. Displacements v, to v, are the
displacements at the element degrees of freedom. Displacementsv,, to v, are the reduced
displacement degrees of freedom for the experimental element. Displacements U, and U, are

the displacements at the intersection of the braces. Finally, displacements U, to U, are the

displacements at the actuator degrees of freedom. The lengths L,L,,L,,L,,L,,,L,,L,, and
L, are the dimensions of the test setup shown in Figure 4.7.
1
U, = —
l 2L('L12 +L22 +L12 'Lzz)
— — — — 4.2)
J-(L+L+L)(L+L-L)(L-L+L)(L-L-L,)
U, = -L,
2L

where
L=L,+L,

L= \/le +2L,ve, - 2L, ve, +veg” -2vesve, +ve,” + L, +2L,ve, - 2L, ve, +ve,” -2ve,ve, +ve,

L,= \/VCSZ -2ve,L, -2vesve, +L,° +2L,ve, +ve,” + L, +2L,ve, - 2L,ve, +ve,” -2ve,ve, +ve,’
shows the transformation from the two translation degrees of freedom at the intersection of the

braces to the actuator degrees of freedom.

U, =\/(U1 _Lal)2 +(U,+L, _Laz)z -L,

U,= \/Ul2 +(U, +Laz)2 -L, (4-3>

Us= \/U12 +(U,+ La3)2 —L,;
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Fig. 4.7 Transformation of displacements from element degrees of freedom to actuator degrees of freedom.
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4.4.2 nees@wberkeley Laboratory

Figure 4.8 shows the setup of the nees@berkeley control room. Figure 4.9 shows the data
acquisition system (Data Acquisition Target) used to record the experimental data. With the
displacement signal generated from the xPC target, the Hybrid Control Target controls the
hydraulic pressure in the hydraulic manifold (as shown in Figure 4.10) and the oil flow to control

the actuators.

nees berkeley

George E. Brown Jr. Network for
Earthquake Engineering Simulation

Fig. 4.8 nees@berkeley control room.

63



JDUDUDDDDDDDDDDL‘

‘ nillllllll_

‘ ‘HNHE vy

Fig. 4.10 Hydraulic manifold.

64



4.5 HYBRID SIMULATION ALGORITHM

The classical Newmark average-acceleration time-step integration method (Newmark 1959) with
Newton-Raphson initial stiffness iteration was used to solve the differential equation for the
hybrid simulation. The discrete differential equation governing the system dynamics at time ¢, is

shown in Equation (4.4).

Mii, +Cu, +Pr(u,,u,) =-Mui,, (4.4)

where M is the mass matrix of the structure; C is the damping matrix of the structure; and
u_,u ,u_ are the displacement, velocity, and acceleration vectors at the element degrees of

freedom at time #,. Pr(un,l'ln) is the resisting force vector at the element degrees of freedom at

time 7,. Note that the resisting force can be nonlinear functions of u, and u, . Vector u is the

influence vector that relates the degree of freedom at the ground excitation to the element

degrees of freedom. ii,, is the ground acceleration vector at time #,. The Newmark time-step

integration method assumes that

u,, =u,+h((1-)i,+i,,,) (4.5)

w—u +hi + (G— ﬁ)iin + ﬂii,mj (4.6)

where h=t¢, —t and yand f are constant coefficients. When y=—, ,B:i the method is

1
2

commonly known as the average-acceleration method. Similarly, when y = %, B :% the method

is commonly known as the linear-acceleration method. Substituting Equation (4.5) and Equation

(4.6) into Equation (4.4), the differential equation governing the system dynamics at time 7, is
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F("):Miﬂlhz(“‘“")‘ﬁ Lot J
e (k)

+Pr(wu,,u,,i,)-P

n’ n+l

where u is the displacement vector at the element degrees of freedom at time #,+; and

P is the applied force at the element degrees of freedom at the time #,+,. Note that

n+l T

—Muii

g.n+l
Pl‘( u,,.u, +1) can be expressed in terms of Pr(u, un,ﬁn,ﬁn) using Equation (4.5) and Equation

(4.6).
The nonlinear equation shown in Equation (4.7) can be solved using the Newton-
Raphson initial stiffness iteration. It should be noted that the initial stiffness is used instead of the

tangent stiffness associated with the conventional Newton iteration because the term
Pr (u, un,l'ln,l'in) in F (U) cannot be readily evaluated for the experimental subassemblies of the

hybrid model. Equation (4.8) shows the Newmark time-step integration method with Newton-

Raphson initial stiffness iteration used in the hybrid simulation test.

F(u"
u*! =uk—F,<(uk) =F (u)Au* =—F(u*)
(v)=—M+L K,
pr B
F(uk)=M[ lz(uk_un)_Lﬁn_(L_ljﬁnJ (4.8)
Bh Bh 2/

k

where u® is the displacement vector at time #,+; at the k™ iteration, Au* =u**'—u*, and K, is

the initial stiffness matrix of the structure. This initial stiffness of the experimental subassembly

is obtained from the results of the quasi-static test described in Chapter 2.
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4.5.1 Predictor and Corrector Algorithm

To implement the hybrid simulation architecture shown in Section 4.3, the xXPC Target was set
up to receive a displacement command vector from the xPC Host at a random time interval and
to send a displacement command vector to the Hybrid Control Target (through SCRAMnet) at a
fixed time interval governed by the actuator controller update frequency of 1024 Hz. (The time
interval to go from one time-step integration to the next is random because it depends on the
structural model nonlinearity, communication delays, and processor speed.) At the same time,
the xPC Target was set up to record the force feedback from the Experiment Setup and to send
the data to the xPC Host whenever a displacement signal was received.

To do the tasks outlined above, the xPC Target node needed a real-time operating system
to enable constant-rate displacement command output, a SCRAMnet card to communicate to the
network, and a predictor and corrector algorithm to reconcile the random-interval input and the
constant-interval output requirements. The predictor and corrector program was written using the
Simulink toolbox in MATLAB at the xPC Host and compiled to the xPC Target using the
Ethernet connection. Once the program was compiled to xPC Target, the predictor and corrector
program were designed to receive the displacement commend signals from the xPC Host at a
random time interval and predict the appropriate displacement signal at 1024 Hz and send it
through SCRAMnet to the Hybrid Control Target.

There are many ways to devise the predictor and corrector algorithm. One approach
(Mosqueda 2003; Nakashima and Masaoka 1999) is to use polynomial interpolation to predict
the displacement, while another (Schellenberg 2008) is to use the velocity and acceleration to
construct explicit displacement predictors and correctors. Once the xPC Target receives the
displacement signal at the next time-step, the corrector program starts to correct the command
displacement to the calculated displacement. If it takes too long for the displacement signals to
arrive from the xPC Host (due to communication or convergence problems in the analytical
portion of the hybrid model) the predictor and corrector program will automatically slow down
and, if necessary, hold the displacement (while sending the same displacement signal at the 1024
Hz rate to the Hybrid Control Target) until the next displacement signal arrives.

The hybrid model used to conduct hybrid simulation of the suspended zipper braced

frame is quite complex. It accounts for nonlinear buckling behavior in both the analytical and the
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experimental subassemblies using a second-order displacement formulation and nonlinear
material behavior. Furthermore, the solution algorithm deployed in OpenSees to move the
analytical subassemblies of the hybrid model from one displacement state to the next uses
substep iterations. This means that many of the displacement signals sent from xPC Host to xPC
Target are the solutions of substep iteration. This makes it very difficult to predict the target
displacement using higher-order polynomials. It is even more challenging to implement the
predictor method suggested by Schellenberg (2008), which uses velocity and acceleration to
predict the displacement between the signals generated from the xPC Host. Moreover, as was
observed in the laboratory, both higher-order displacement-based polynomial predictors and the
velocity and acceleration predictors suggested in Schellenberg (2008) may predict the target
displacement in the wrong direction, causing jerking motion of the actuators and eventually
leading to instability of the actuation system.

To implement the testing architecture, the predictor and corrector program were modified
to predict the displacement signal using a zero-order polynomial and to correct the displacement
signal with a first-order polynomial. Thus, the predictor program sends the same displacement
signal to the Hybrid Control Target (at 1024 Hz) until the target displacement arrives, and ramps
the displacement to the new target displacement once the target displacement has arrived. In so
doing, the predictor will not predict displacement using subspace iteration data, hence, avoiding
instability. The hybrid simulation results indicate that with appropriately short simulation time-
steps, this predictor and corrector method can provide a smooth transition between displacement

signals and minimize any slow down or hold phases during the test.
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4.6 RESPONSE OF INVERTED-V BRACED SUBASSEMBLY

A hybrid simulation test of the suspended zipper braced frame was conducted using the hybrid
model, the test setup and the algorithms described above. The amplitude of ground motion was
further reduced by half, with peak ground acceleration of 0.92¢g, to match the shaking table input
motion. The damaged physical subassembly of the hybrid model after the hybrid simulation test

is shown in Figure 4.11.

Fig. 4.11 Damaged inverted-V braced subassembly after hybrid simulation test.
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4.6.1 Interstory and Permanent-Residual Story Drift Ratios

The displacement histories at the brace intersection, normalized with respect to the story height
(52.75 in.), are plotted in Figure 4.12. The displacements Dsp X, Dsp Y, and Dsp Z are the
displacements measured at the intersection of the brace in the horizontal, vertical, and out-of-
plane directions, respectively. Based on the results shown in Figure 4.12, the maximum
horizontal displacement reached 1.4 percent of the story height, while the maximum vertical
displacement and out-of-plane displacement reached 0.33 and 0.2 percent of the story height,
respectively. The braces experienced some inelastic response, resulting in permanent interstory
drift of 0.25 percent in the horizontal direction and minor residual deformation in the vertical

direction.

Normalized Displacement at Brace Intersection [%]

Time [sec]

Fig. 4.12 Normalized displacement histories at brace intersection.

4.6.2 Unbalanced Vertical and Out-of-Plane Forces

The unbalanced vertical and out-of-plane forces measured at the intersection of the braces was

normalized with respect to the expected yield force (4, xF,, = 50.23 kips) and is plotted in

ye
Figure 4.13. The supporting beam experienced a large unbalanced vertical force, the maximum
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value reaching as much as 70 percent of the brace expected yield force. While, the maximum
unbalanced out-of-plane force reached 2.3 percent of the brace expected yield force. The
unbalanced vertical and out-of-plane forces eventually contributed to the vertical displacement at
the intersection of the braces and the rotation of the beam. The peak unbalanced vertical and out-

of-plane forces are very similar to those recorded during the quasi-static test presented in Chapter
2 (Fig. 2.16).

Normalized unbalanced vertical force [%]

Normalized unbalanced out-of-plane force [%]

Time [sec]

Fig. 4.13 Unbalanced forces measured at intersection of braces.

4.6.3 Out-of-Plane Rotation

Because the cross-beam guiding system was not snugly fitted, the cross beam rotated out of
plane when the unbalanced out-of-plane force became sufficiently large. Figure 4.14 shows the
amount of out-of-plane rotation of the beam. As the magnitude of the out-of-plane force reduced
toward the end of the test, the rotation of the beam reduced and the cross beam returned to the

upright position.
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Beam out-of-plane rotation [deg]

Time [sec]

Fig. 4.14 Out-of-plane beam rotation.

4.6.4 Normalized Brace Deformation

Brace deformation in the global coordinate system at the selected points shown in Figure 2.11
was normalized with respect to the brace length (L, = 66.2 in.) and is plotted in Figure 4.15.

These results indicate that the braces buckle out of plane and out of phase. The maximum out-of-
plane displacement reaches as much as 5 percent of the brace length. In addition, visible out-of-

plane residual displacement was observed in the inverted-V braced subassembly.
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Fig. 4.15 Deformation of braces recorded during hybrid simulation test.



4.6.5 Summary

The inverted-V braced subassembly behaved similarly in the hybrid simulation test and the
quasi-static test. The braces buckled out of plane and out of phase and formed plastic hinges at
the gusset plates and mid span of the braces. In both cases, the maximum out-of-plane
displacement reached 5 percent of the brace length. As part of the suspended zipper braced frame
mechanism, the brace buckling behavior created large unbalanced vertical and out-of-plane
forces at the intersection of the braces. The maximum unbalanced vertical force reached 70

percent of the brace expected yield force (4, X F,, = 50.23 kips) in the hybrid simulation test,

compared with 80 percent during the quasi-static test. Last, both inverted-V braced
subassemblies suffered some inelastic response that resulted in significant residual out-of-plane

displacement.

4.7 SYSTEM BEHAVIOR OF SUSPENDED ZIPPER BRACED FRAME

The previous section discusses the behavior of the inverted-V braced subassembly observed
during the hybrid simulation test. This section focuses on the system response of the suspended

zipper braced frame recorded during the hybrid simulation test.

4.7.1 Interstory and Roof Drift Ratio

The response of the roof displacement was normalized with respect to the total building height
(H = 154.25 in.) and is plotted in Figure 4.16. The maximum roof drift ratio reached 0.75
percent. Under this inelastic roof drift demand, the structure yields and develops a small residual

roof drift of 0.1 percent of building height.
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Roof Drift Ratio [%]

Time [sec]

Fig. 4.16 Roof drift ratio history.

Figure 4.17 shows the interstory drift ratios recorded during the hybrid simulation test at
the first, second, and third stories of the suspended zipper braced frame. As shown, the
individual stories drifted substantially in phase, indicating the frame drift response was
dominated by its apparent first vibration mode. The maximum interstory drift ratios reached 1.5
percent, 0.55 percent and 0.25 percent for the first, second, and third stories, respectively. This
shows that the structure has concentrated interstory drift at the first story. Under these inelastic
displacement demands, the structure yielded and developed a residual interstory drift of 0.25

percent in the first story and a minor residual drift in the second story.
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Inter-story Drift Ratio [%]
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Fig. 4.17 Interstory drift ratio histories.

4.7.2 Element Response

The responses of the braces, zipper columns, and frame columns are shown in Figures 4.18—4.20.
Similar to the nonlinear dynamic analysis results shown in Figure 3.9, the first-story braces
experienced some inelastic response and developed a force-deformation response that
approximates a trilinear force-deformation response envelope, as shown in Figure 4.18. As
predicted by nonlinear dynamic analysis, the third-story braces and the zipper columns remained
elastic and were capable of transferring all of the unbalanced vertical forces to the columns. The
columns remained elastic throughout the test except for some inelastic deformations observed at

the base of the first-story columns.
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Fig. 4.18 Response of braces recorded during hybrid simulation test.
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Fig. 4.19 Response of zipper columns recorded during hybrid simulation test.
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Fig. 4.20 Response of columns recorded during hybrid simulation test.

4.7.3 System Force-Deformation Response and Energy Dissipation

Figure 4.21 shows the relation between total base shear and roof drift ratio for the suspended
zipper braced frame recorded during the hybrid simulation test. The plot indicates that the
suspended zipper braced frame absorbed and dissipated the input earthquake energy in a stable
manner. Figure 4.22 shows the percentage of the hysteretic energy dissipated in each story. The
third story is designed to remain elastic to prevent formation of the full zipper mechanism. Thus,
all the hysteretic energy is dissipated in the first and second stories. Thus, the zipper column was
effective in distributing energy dissipation from the first to the second story. Hence, it is evident
that the intended distribution of inelasticity is, indeed, occurring in the suspended zipper braced

frame.
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Fig. 4.22 Hysteretic energy-dissipation history at each story.
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4.8  VERIFICATION OF HYBRID SIMULATION RESULTS USING ANALYTICAL
SIMULATION

To verify the hybrid simulation test, the analytical model shown in Figure 3.1 was modified to
match the mass, loading history, boundary condition, and damping ratio of the hybrid model

used in the hybrid simulation test. Selected results are compared in Figures 4.23—4.29.

4.8.1 Roof and Interstory Drift Ratios

Comparisons of the roof drift and interstory drift ratios in the hybrid simulation and the
analytical simulation are shown in Figures 4.23-4.26. These results indicate that the analytical

simulation matches the hybrid simulation test very well.
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Fig. 4.23 Roof drift ratios in hybrid and analytical simulations.
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Fig. 4.25 Second-story drift ratios in hybrid and analytical simulations.
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Fig. 4.26 Third-story drift ratio in hybrid and analytical simulations.

4.8.2 Element Response

Figure 4.27 compares the axial force-deformation hysteretic response of the braces recorded
during the hybrid simulation test and the analytical simulation. The results indicate that the
second- and third-story braces experienced almost identical response in the hybrid simulation test
and the analytical simulation. The axial force-deformation hysteretic response of the first-story
braces show that the physical subassembly had slightly lower compression and tension capacities
than its analytical counterpart. This difference in the axial forces in the first-story braces results
in the slight difference in the axial forces in the zipper columns and the frame columns, as shown
in Figures 4.28-4.29. The second- and third-story columns remain elastic, while the first-story
column undergoes some inelastic displacement cycles. Therefore, similar behavior is observed in

hybrid and analytical simulation.
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Fig. 4.28 Zipper column hysteret
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Fig. 4.29 Frame column hysteretic response comparison.

49 CONCLUSION

To conduct the hybrid simulation test using OpenSees, new experimental classes (Schellenberg
2008), hybrid simulation architecture, and a continuous testing algorithm have been
implemented. An excellent agreement was obtained between the analytical simulation and hybrid
simulation: thus (1) the finite element model of the inverted-V braced subassembly calibrated in
Chapter 2 worked well; (2) the nonlinear buckling behavior of the brace can be modeled
effectively and accurately using the OpenSees framework; and (3) the hybrid simulation test
method can be used to investigate the system response of complex structural systems such as the

suspended zipper braced frame.
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5 Performance-Based Methodology for
Evaluating Structural Framing Systems

Earthquake engineering has evolved from using a set of prescriptive provisions, indirectly aimed
at providing life safety, to performance-based approaches with direct consideration of a range of
performance objectives. Performance-based approaches have several advantages, including a
more comprehensive consideration of the various performance metrics that might be of interest
to stakeholders, more direct methods for computing performance, and increasing the
involvement of stakeholders in decisions on design acceptability. Whereas engineers are familiar
with performance measures such as drift, acceleration, strain, and perhaps damage state, many
decision makers prefer performance metrics that relate more directly to business decisions, such
as downtime or repair costs. An engineering challenge has been to consistently consider seismic
hazard, structural response, and resulting damage and consequences, such that a fully
probabilistic statement of expected performance can be made.

A rigorous, yet practical approach to performance-based earthquake engineering (PBEE)
is pursued here. The approach considers the seismic hazard, structural response, resulting
damage, and repair costs associated with restoring the building to its original condition using a
fully consistent, probabilistic analysis of the associated parts of the problem. The approach could
be generalized to consider other performance measures such as casualties and downtime, though
these have not been pursued at this time. The procedure is organized to be consistent with
conventional building design, construction, and analysis practices so that it can be readily

incorporated as a design approach.

5.1 PERFORMANCE-BASED EARTHQUAKE ENGINEERING FRAMEWORK

To account for uncertainties in earthquake engineering problems, some prior understanding of
basic probability is needed. Appendix A summarizes the basic probability theory that is used in
deriving the performance-based earthquake engineering (PBEE) framework. Additional

references can be found in probability and statistics textbooks, such as (Soong 1981). Equation



(5.1) shows the notation of the conditional complementary cumulative distribution function

(CCDF) of a random variable X given the value of another random variable Y = y. Equation

(5.2) shows the total probability theorem for the occurrence of event A4 given the conditional

probability of the occurrence of n mutually exclusive and collective exhaustive discrete random

variables E, .

G(x|y):P(X>x|Y:y) (5.1)

P(4)=) P(A|E)P(E,) (5.2)

Equation (5.2) is modified to Equation (5.3) to account for £ being a continuous random
variable. Similar to Equation (5.2), Equation (5.3) shows the total probability of event 4>a

given that event £ has occurred.

P(A>a)= IP(A >a|E=de)dP(de)= IG(a le)dG(e) (5.3)
E E
where de represents a small range of the continuous random variable E and the integration

bound is set over the entire range of E .

5.1.1 Derivation of Performance-Based Earthquake Engineering Framework

Mochle and Deierlein (2004) describe the application of Equation (5.3) as adopted in research of
the Pacific Earthquake Engineering Research Center (PEER). As implemented, Equation (5.3) is
decomposed into four analysis steps:
1. Seismic hazard analysis:
Probabilistic seismic hazard analysis is used to describe the seismic hazard for the

structure. The outcome of the probabilistic seismic hazard analysis is a seismic hazard

curve, ﬂ([M ), that quantifies the annual rate of exceeding a given value of seismic

intensity measure (IM ) (For example, the rate at which peak ground acceleration will

exceed 0.2 g for a particular location in a given year.) In addition, seismic hazard analysis

is used to characterize the ground motions that can be used in the response analysis.
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2. Response analysis:
The response of structural and nonstructural components of the structure to seismic
excitation is obtained using a model of the structure. This model may be analytical,
physical, or hybrid. The ground motions used in this analysis are chosen to represent the
seismic hazard range of interest for the site, and may induce inelastic response of the
structure: thus, nonlinear dynamic analysis is commonly used in this PBEE step. The
outcomes of response analysis are statistical functions that relate engineering demand
parameters (such as drift or stress) to the hazard experienced by the structure.

3. Damage analysis:
Based on test data, post-earthquake reconnaissance reports, or analysis of behavior,
structural and nonstructural component damage can be characterized in terms of fragility
curves. The fragility curves are cumulative distribution functions (CDFs) representing the
probability that a damage state has been reached or exceeded given a quantitative
measure of the engineering demand parameter ( EDP ).

4. Loss analysis:
A translation of damage analysis results, from damage quantities to decision variables,
that can be used by building owners and stakeholders to make a risk management
decision is done during loss analysis. The outputs of the loss analysis can be, for
example, the probability of exceeding a certain threshold repair cost for a set period of
time, the expected monetary loss for repair of the structure using continuous hazard
scenarios, and the total monetary loss for the structure with a particular probability of

exceedance, among others.

Random variables are used to quantify performance and to preserve the statistical
uncertainties inherent to the problem. The seismic hazard analysis uses a probabilistic
analysis of the seismic environment, ground shaking attenuation relations, and site conditions
to derive a model for the seismic shaking intensity at a site. The output of the seismic hazard
analysis is a statistical function that represents the annual rate of exceedance of certain

intensity measures (/M), that is, v(IM >im). Response analysis uses the engineering

demand parameter ( EDP ) as the random variable and produces the conditional probability

function, G(edp | im) , to represent the statistical relationship between EDP and IM .
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Damage analysis uses damage measure ( DM ) as the random variable and the results of the
analysis is a conditional probability function, G (dnm|edp), that relates DM and EDP . Last,
the loss analysis uses decision variable (DV') as the random variable and produces a
conditional probability function, G(dv|dm), that relates DV and DM .

Figure 5.1 illustrates the underlying performance-based earthquake engineering

framework.

Seismic Hazard Response Damage Loss
Analysis Analysis Analysis Analysis
A(im) G(edp|im) G(dm|edp) G(dv|dm)
IM: intensity EDP: Engineering DM: Damage DV: Decision
measure Demand Measure Variable
Parameter

Fig. 5.1 Performance-based earthquake engineering framework.

Note: The decomposition of the PBEE process outlined above is made possible using the

statistical independence assumptions listed below:
1. G(dm | edp,im) = G( dm|edp ) < (Conditional probability of DM given EDP and
IM is equivalent of conditional probability of DM given EDP).
2. G(dv|dm,edp)=G(dv|dm)<(Conditional probability of DV given DM and EDP
is equivalent to conditional probability of DV given DM ).
3. G(dv|dm,im)=G(dv|dm ) <(Conditional probability of DV given DM and IM is
equivalent to conditional probability of DV given DM ).

Using the total probability theorem, the probability of exceedance for each intermediate

random variable is presented in Equations (5.4)—(5.6).
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1. Response analysis

P(EDP > edp) = JG(edp |im)dG (im)
= dP(EDP > edp) = jdG(edp |im) dG (im)

im

2. Damage analysis

P(DM >dm)= [ G(dm |edp)dG (edp)

edp

= dP(DM >dm)= [ dG(dm|edp)dG (edp)

edp

3. Loss analysis

P(DV >dv)= [ G(dv|dm)dG (dm)

dm

By conditioning Equation (5.6) on im

P(DV >dv|im)= J. G(dv|dm,im)dG(dm|im)
= [ G(dv|dm)dG (dm|im)
G (dv|im)= [ G(dv|dm)dG (dm|im)

dm
By conditioning Equation (5.5) on im

dP (DM >dm|im)= I dG (dm | edp,im)dG (edp |im)

edp

= dG(dm|im)= J dG (dm|edp)dG (edp|im)

edp

Substituting Equation (5.8) to Equation (5.7).

G(dv|im)= I _[ (dv|dm)dG (dm|edp)dG (edp |im)

dm edp

&9

(5.4)

(5.5)

(5.6)

(5.7)

(5.8)

(5.9)



Equation (5.9) represents the conditional probability of a decision variable having a value
dv given a value of intensity measure IM =im . Similar derivation can be made for G(dm|im)
and is shown in Equation (5.10).

G (dm|im)= [ G(dm|edp)dG (edp |im) (5.10)

edp

5.1.2 Annual Rate of Exceeding Threshold Value

G(dv|im), G(dm|im), and G(edp|im) are the conditional probabilities of the performance

measures DV, DM, and EDP given an intensity measure /M =im. To translate the
conditional probability to a quantity that can be readily used by building owners/stakeholders to
make a risk management decision, these conditional probabilities are multiplied by the absolute
value of the derivative of the annual rate of exceedance of a given value of the ground motion
dA(im)

im

intensity measure, . Because the seismic hazard curve, /1(im), is defined as the annual

rate that the earthquake ground motion intensity measure /M exceeds a value im , a derivative
is used to compute the annual frequency (rate of occurrence) of the intensity measure IM =im.
An absolute value is used to insure that this rate is a positive number regardless of the shape of
the hazard curve itself.

The product of the annual rate of occurrence and the conditional probability of the
performance measure given an intensity measure gives the annual rate of the performance

dA(im)

measure exceeding a threshold value. In other words, -
im

represents the annual frequency

of a random variable /M equaling im and G(dv | im) represents the probability that the random

variable DV takes values larger than dv for shaking intensity equaling im . Thus, their product

gives the number of occurrences of DV >dv annually, as shown in Equation (5.11).

A(DV > dv)

dim

dA(im)

dim

:G(dv|im) (5.11)
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Integrating Equation (5.11) for all intensity measures, Equation (5.12) gives the annual

rate that DV exceeds a threshold value dv for all intensity measures considered.

d/% zm‘

A(DV >dv)= | G(dv|im) ‘ M G(dv|im ‘dﬂ im ‘ (5.12)
S T

The final form of the performance-based earthquake engineering framing equation, Equation

(5.13) is obtained by substituting Equation (5.9) into Equation (5.12).

A(DV >dv)= II I (dv|dm)dG (dm|edp)dG (edp |im) ‘d/i (im) ‘

im dm edp

(5.13)

Note that Equation (5.13) uses the same conditional probability for successive earthquake events.
This implies that the structure is nondeteriorating or is restored to its original condition

immediately after any damage to the structure occurs in an earthquake event (Der Kiureghian

2005a).

5.2 AN IMPLEMENTATION OF PERFORMANCE-BASED EARTHQUAKE
ENGINEERING FRAMEWORK

The PBEE framework described previously can be used as the basis for developing rigorous
PBEE procedures. The challenge is to implement the methodology in a manner that is practicable
for practitioners to use in a typical design office setting. Two issues must be addressed to achieve

this goal: (1) the performance measures (DV, DM, and EDP) and their conditioned
cumulative distribution functions, G(x|y), must be easily quantified and formulated in a

straightforward way using data readily available to practicing engineers and (2) the intense
computations required to integrate the PEER PBEE framework (Eq. 5.13) must be encapsulated
into procedures and routines that are transparent and easy to implement. An implementation that

fulfills these two goals is presented in the following steps:
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1. Define structural and nonstructural components to be considered in performance
assessment
The outcome of this step is a series of repair quantity tables for the structure. These tables
correlate the structural and/or nonstructural component damage states and repair actions
needed to restore them. They are formulated using a procedure described below.

Depending on the structural system and intended function of the structure, relevant
structural and nonstructural components of the building are selected and separated into
different performance groups (PG). Each performance group consists of one or more
building components whose performance is similarly affected by a particular engineering
demand parameter ( EDP ). For example, one performance group might consist of all
similar nonstructural components whose performance is sensitive to floor acceleration or
to interstory drift between the second and third floors. The selection of components in
each performance group is based on an engineering judgment of the importance of the
contribution of these components to the overall performance of the structure.

A sufficient number of damage states (DS) are defined for each performance group to
completely describe the range of damage to the components in the performance group.
The damage states are defined in relation to the repair actions needed to correct them. For
each damage state, a damage model (fragility relation) is used to define the probability
that the component will be equal or less than the damage state given an EDP value.
Figure 5.2 shows an example of fragility curves defined for a performance group.

The example fragility curves shown in Figure 5.2 indicate that the performance group
has four damage states. For example, these might be no damage (DS1), slight damage
(DS2), severe but repairable damage (DS3), and total replacement (DS4). Depending on
the demand expressed using the EDP value, the probabilities of the performance group
being in each damage state can be identified from the fragility curves. For example, if the
EDP equals 1.5 g, the probability of the components in the PG being in DS1 is close to
zero, DS2 is approximately 0.5, DS3 is approximately 0.42, and DS4 is approximately
0.08.

After the performance groups are identified, building data, such as as-built documents
or in-use surveys, are used to quantify the components of each performance group in the
building. For example, square footage of partition walls and number of pocket doors may

be computed.
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Because each damage state is defined according to the repair action, the total repair
quantities for each item in the PG at different damage states can be defined according to
the functionality of the structure. Table 5.1 shows an example of the repair quantities for
each item in the sample performance group shown in Figure 5.2 at different damage

states. Additional damage states and repair items can be added for different performance

groups.
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Fig. 5.2 Example of four fragility curves for one component of a performance group.
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Table 5.1 Sample repair quantity table for performance group shown in Figure 5.2.

Repair quantity type Units DS1 DS2 DS3 DS4

General clean-up

Water damage sf 0 0 10,000 | 20,000
STRUCTURAL
Demolition/Access

Finish protection sf 0 4,000 | 10,000 | 20,000

NONSTRUCTURAL INTERIOR

Interior Demolition

Remove furniture st 0 4,000 | 10,000 | 20,000

Ceiling system removal sf 0 0 0 20,000

MEP removal sf 0 0 500 2,000
Interior Construction

Replace ceiling tiles sf 0 2,500 | 8,000 8,000

Replace ceiling system sf 0 0 0 20,000

MEP replacement sf 0 0 500 2,000

2. Conduct seismic hazard analysis and ground motion selection
A conventional seismic hazard analysis is conducted, taking into account the site and the
layout of the building. One outcome of the seismic hazard analysis is a hazard curve that
quantifies ground motion intensity measures considered in the PBEE analysis of the
building. The hazard curve and engineering judgment are used to identify the discrete
hazard levels for which the building will be further examined. Another outcome of the
seismic hazard analysis is suites of ground motions representing the seismicity of the site
at different seismic hazard levels. For example, a suite of ground motions representing
the seismic hazard with a 10% probability of exceedance in 50 years at the site may be
provided. A typical suite comprises several ground motions with their intensity scaled to
the level implied by the seismic hazard function. The motions may be further subclasses

by type, such as near-field or far-field ground motions.
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3. Evaluate response of building
With the selected ground motions, a series of dynamic analyses, including nonlinear
response if necessary, can be used to determine the earthquake response of the building.
Depending on the EDP associated with each performance group (defined in step 1), the
peak EDPs obtained from the dynamic analyses are summarized in an EDP matrix, X,
as shown in Table 5.2. The columns of the X represent the different £DPs of interest
(for example interstory drift or floor acceleration) and the rows of the X represent the
peak EDPs collected from the dynamic analysis of a single ground motion. One EDP

matrix will be defined for each intensity measure considered.

Table 5.2 Sample EDP matrix, X.

Filename | EDP1 | EDP2 | ... | EDPN
GM 1 0.66 1.07 0.75
GM 2 068 | 0095 027
GMM | 076 1.10 " 0.52

4. Generate additional correlated EDP vectors
Computing additional EDP vector realizations using additional dynamic analysis is
hampered by the paucity of recorded strong ground motions and the computational cost.
Therefore, to preclude running additional nonlinear dynamic analyses, a joint lognormal
distribution is fitted to the EDP matrix. Correlated EDP vectors can then be generated
using a computationally inexpensive procedure presented in Section 5.3.

5. Compute total repair cost
With the generated correlated EDP vectors, the total repair quantities for all repair items
in the building after each scenario earthquake can be calculated. For a given EDP vector,
the cost simulation loops through each performance group defined in Step 1. Depending
on the values of the EDP associated with the performance group, a random number
generator with a uniform distribution is used to select the damage state for the damaged
model defined in Step 1. Once the damage states are identified, the repair quantities for
each item in the performance group are located from the repair quantity table, such as the

one shown in Table 5.1. This process is repeated for all performance groups and the total
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repair quantities for each item are summed from the quantities obtained from each
performance group.

Once the total repair quantities are identified, the total repair cost for the building is
computed by multiplying the total repair quantity by the unit repair cost. Figure 5.3
shows an example of the unit repair cost function. The price uncertainty is represented by
using a random number generator, based on the tabulated “beta” factors for the cost
functions, to adjust base unit costs up or down before multiplying by the total quantities
associated with each repair measure. This is the repair cost for one realization of EDPs.
The process is repeated a sufficiently large number of times to obtain a distribution of
total repair costs given the hazard level. In the methodology adopted here, the
performance groups are assumed to be statistically independent.

Unit Cost, $ |
Uncertainty

¥

Ql. Quantity

Fig. 5.3 Example of cost function.

Different representations of total repair cost
Steps 1 through 5 present a logical and consistent methodology that can be used to obtain
a distribution of the total repair cost of the building for one intensity measure. Figure 5.4
shows an example of such distribution curves for different intensity measures considered.
Curves such as these can be readily used as a basis for making risk management
decisions. For example, the curve demonstrates the amount of seismic risk increase (in
terms of the total repair cost) as a function of the return period of earthquake ground
shaking. Similar curves can be generated to compare the performance of different
structural framing systems or different retrofitting strategies on the same building.

The repair cost information can be further refined by computing the annual rate of

total repair cost exceeding a threshold value. Such annual rate information is obtained by
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first computing the complement of the cumulative distribution function shown in Figure
5.4, then multiplying it by the slope of the hazard curve at the corresponding ground
motion intensity measure level, and finally integrating the resulting curves across the
intensity measure interval considered in the seismic hazard analysis. Repeating this
process for all repair cost values produces a loss curve that represents the annual rate of
the total repair cost (TC) exceeding a threshold value. Figure 5.5 shows a sample loss
curve obtained from the sample building performance assessment shown in Figure 5.4.

Note that the procedure presented here is identical to the process presented in Equation
(5.12) where the conditional probability, G(T C| im) (complement of the CDF generated

using the procedure presented in Steps 1 throu te , 1s multiplie the derivative
ing the procedure p d in Steps 1 through Step 5), i Itiplied by the derivati

of the seismic hazard curve and integrated through all intensity measures.

Last, following the derivation presented in Der Kiureghian (2005a) valid for a

nonnegative random variable X , the expected cumulative value of X is

E[ZX]=Tx‘d/l(x)‘:T/1(x)dx (5.14)

where the last expression is obtained from integration by parts. Thus, the area under the
loss curve represents the mean cumulative annual total repair cost for all earthquake
events in one year. Information such as this can be used by building owners/stakeholders

to make rational decisions regarding building insurance.

The procedures in Steps 3 through 5 have been implemented in a computer program and
thus automated. Input to the program requires the user to define the performance groups, the
repair quantity table, the repair cost functions, the EDP matrices obtained by running a limited
number of response history analyses, and the total number of repair cost simulations required to
compute the loss function. Given these input quantities, the program generates loss functions in a

variety of different formats, including those described above.
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5.3 GENERATING CORRELATED EDPVECTORS

5.3.1 Functions of Random Variables

Following the derivation shown in Appendix A, the mean vector and covariance matrix of
dependent random variables, Z , can be calculated from the mean vector and covariance matrix
of the independent random variables, U, if the transformation from U to Z is linear or affine
(note an affine function is just a linear function plus a translation). Equation (5.15) shows an

example of an affine function from U to Z.

Z=AU+B (5.15)

where Z=(Z,Z,--Z, ]t is a vector of n random variables and the superscript t represents matrix

transpose. Each entry of Z represents a random variable (e.g., first-story drifts, second-story

drifts, ... etc). A is an n X m constant coefficient matrix representing the linear transformation
from U to Z. U=[U, U, --U, ]t is a vector of m random variables. B is an n x | constant

coefficient vector representing the translation from U to Z .
Because the transformation from U to Z is affine, the mean vector and covariance

matrix of Z are related to the mean vector and covariance matrix of U by Equations (5.16) and

(5.17).

M, =AM, +B (5.16)

Y, = AL A (5.17)

where M, and M, and X,, and X, are the mean vector and covariance matrix for Z and
U, respectively.

If U is selected to be a vector of uncorrelated standard normal random variables with
zero mean and unit standard deviation, the mean vector and covariance matrix of Ucan be

simplified to

My =0and X, =1 (5.18)
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where 0 is a vector of m x 1 zeros (because the mean of the random variables, U,_, . is

selected tobe 0), I is an m x m identity matrix (this shows U, and U ; is uncorrelated, for i # /).

Substituting Equation (5.18) into Equations (5.16) and (5.17), the mean vector and

covariance matrix of Z can be reduced to

M, =A0+B=Band £,, = AIA' = AA' (5.19)

If Z is a joint normal distribution, where the statistics of the distribution can be
completely defined by the mean vector and covariance matrix, and U is a vector of uncorrelated
standard normal random variables with zero mean and unit standard deviation, the statistics of Z
can be assigned using different combinations of A and B. In other words, with different
combinations of the matrix A and vector B, the EDP vector, Z, can be generated to fit into
any joint normal distribution.

To generate an EDP vector, Z, with the same statistical distribution as a normally
distributed random variable, Y, the matrix A and vector B are selected to match the mean
vector and covariance matrix of Y. Equation (5.20) and Equation (5.21) show the selection of
matrix A and vector B such that the EDP vectors, Z ,6 will have the same statistical

distribution as a normally distributed random variable, Y .

M,=M, =>B=M, (5.20)

X, =Ly = AA' =X, = A=(chol(Z,,)) (5.21)

where chol is the Choleski factorization of any square and positive definite matrix.

Because the entry of the covariance matrix is not bounded, the computations might cause

numerically instability. The Choleski factorization of X, is calculated using Equation (5.22).

Xyy =DyRyyDy
(5.22)
t t
AA'=D,R,,D, = A =(chol(D;R,,D, )) =D, (chol(Ryy))
where D, is a diagonal matrix with standard deviations of random variables Y along its

diagonal and R, is the correlation coefficient matrix of random variablesY .
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Because the correlation coefficient matrix has bounded elements and ones along the
diagonal, it is numerically more stable to calculate the Choleski factorization using Equation

(5.22).

5.3.2 Generate Correlated EDP Vectors

To generate correlated EDP vectors, the peak EDP quantities recorded from sets of dynamic
analysis are tabulated into matrix, X, as shown in Table 5.2. Each column of X represents an
EDP of interest, while each row of X represents different EDP recorded from a single ground
motion. Because the entry of X represents the peak response quantity, a joint lognormal
distribution is assumed for X.

The EDP matrix, X, is then transformed to a normal distribution, Y, by taking the

natural log of X. The mean vector, M, , diagonal standard deviation matrix, D,, and the

correlation coefficient matrix, R, , are then sampled from Y . Equations (5.23)—(5.26) show the

formulas used for the statistical sample. Detailed formulas for the statistic samples are

summarized in Appendix A.

M, =(mean(Y)) (5.23)
D, =diag(std(Y)) (5.24)
Ry, = corrcoef (Y) (5.25)
L, =(chol(R,y))’ (5.26)

Following the derivation shown in previous section, additional correlated EDP vectors,
Z., can be generated to fit the probability distribution of Y if a vector of uncorrelated standard
normal random variables, U, with zero mean and unit standard deviation is used. Equation

(5.27) shows the transformation from U to Z .

Z=AU+B (5.27)
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where A is a constant coefficient matrix representing the linear transformation from U to Z,
and B is a constant coefficient vector representing the translation from U to Z .

If B=M, and A=D,L,, Z will have the same probability distribution as Y.

Equation (5.28) shows the formula used to generate additional correlated EDP vectors.

Z=D,L,U+M, Z=AU+B (5.28)

Finally, the generated EDP vectors are transformed to the lognormal distribution, W,
by taking the exponential of Z . Figure 5.6 shows the process of generating correlated EDP

vectors.

XI— |Y| m

D,.R

Y2 YT NYY

|—[s

exp

W| «—— |Z

Fig. 5.6 Process of generating correlated £DP vectors.

54 SUMMARY AND CONCLUSIONS

This chapter introduces a fully probabilistic performance-based earthquake engineering
evaluation framework as well as a practical implementation of that framework using a novel
solution strategy.

Recognizing that a major obstacle in implementing the performance-based earthquake
engineering is the need to conduct numerous dynamic analyses to obtain realizations of response
of the structure to likely earthquake ground motions, a method for generating such response
realizations using a limited number of dynamic analyses and correlated EDP matrix approach is
proposed. This method requires that a relatively smaller number of dynamic analyses are done to
generate a database for deriving the correlation among the principal engineering demand
parameters needed to evaluate the performance of the building. Once such a database is

populated, a statistical procedure is used to generate additional vectors of engineering demand
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parameters with the property that they have the same correlation as the EDPs computed directly
by dynamic analysis of the building.

This computationally inexpensive generation procedure enables a Monte-Carlo type
implementation of the PBEE framework. The procedure for conducting the performance-based
evaluation is outlined. It starts with a systematic data collection to describe the seismic
environment and the vulnerability of the structure. The seismic environment is described in a
seismic hazard analysis. The vulnerability of the structure is described using the fragility of the
structural and nonstructural components and the associated engineering demand parameters, as
well as the quantities of the vulnerable structural and nonstructural components and the repair
methods and associated unit repair costs. The seismic response of the structure is examined by
conducting a limited number of nonlinear dynamic analyses on a finite element model of the
structure to generate a database for finding the statistical correlation structure among the
engineering demand parameters that describe the response of the structure to a ground motion.
Once the correlation is defined, a Monte-Carlo technique is used to generate numerous
realizations of the seismic response of the building and damage to structural and nonstructural
components in order to compute the statistics of the total repair cost. Such data are used to
express the performance of the structure in terms of total repair cost.

This procedure has been implemented in a computer program to facilitate the
computations. An example of using the procedure to evaluate the seismic performance of two
structural systems for the same building is presented in the next chapter. This example illustrates
how the PBEE framework can be used to rationalize the selection of a structural system for a

new building.
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6 Performance-Based Evaluation of
Suspended Zipper Braced Frame and
Inverted-V Braced Frame

Dynamic response of the suspended zipper braced frame under a selected ground motion was
analyzed in Chapter 3 and verified using the hybrid simulation test presented in Chapter 4. The
results of these simulations indicate that the zipper column is effective in distributing the
unbalanced vertical force and that the system is quite redundant. To further demonstrate the
robustness of suspended zipper braced frame system, the theoretical performance of a building
using that system was examined for suites of ground motions representing multiple hazard levels.
In this study, system performance was assessed using the performance-based earthquake
engineering (PBEE) methodology presented in Chapter 5. For comparison purposes, an inverted-
V braced frame was evaluated using the same PBEE methodology. This comparison shows the

advantages of the suspended zipper braced frame.

6.1 DESCRIPTION OF BUILDING MODEL

To improve the short coming of having concentrated story damage in the conventional
concentrically braced steel frames, the suspended zipper and the inverted-V braced frames were
designed to have ductile response using the design procedure presented in Yang (2006) and
AISC 2002 Seismic Provisions for Structural Buildings Section 13 (American Inst. of Steel
Construction 2002). Both of these procedures used compact sections and capacity design
methodology to resist the unbalanced vertical force created by brace buckling. The inverted-V
braced frame used deep beam sections to resist the unbalanced vertical load, while the suspended
zipper braced frame uses the top-story braces and the zipper columns truss system to resist the
unbalanced vertical load. Note that current building codes permit other forms of steel braced
frames wherein the unbalanced vertical load is not fully resisted by adjacent framing members,

and such braced frames may not perform equivalent to the frames studied here.



An idealized building model was designed using these concentrically braced frames. As
idealized, the building is located in downtown Berkeley, California, and designed according to
the International Building Code (IBC 2000) (ICC 2000). Detailed design calculations for the
building are presented in Appendix B.

6.1.1 Building Dimensions and Member Sizes

Figure 6.1 shows a global view and the coordinate system of the idealized building. The building
is a regular three-story office building with equal floor heights of 14 feet. Figure 6.2 shows the
plan view and the orientation of the column axes. The lateral-load-resisting systems (LLRS) are
located at the perimeter of the building. With two axes of symmetry and the rigid diaphragm
assumption, each of the braced frame bays of the LLRS is designed for one sixth of the lateral
load.

Member sizes of the gravity load carrying system are shown in Tables 6.1-6.4.

Table 6.1 Size of gravity columns.

Element size Locations (Same member size for all stories)
W10x39 2-A, 2-F, 4-A, 4-F, 7-A, 7-F, 9-A, 9-F
W10xdS 3-A, 3-B, 3-C, 3-D, 3-E, 3-F, 4-C, 4-D, 5-C, 5-D,
6-C, 6-D, 7-C, 7-D, 8-A, 8-B, 8-C, 8-D, 8-E, 8-F
Table 6.2 Size of gravity beams at roof level.
Element size Locations
W12x19 All beams at the roof floor level in the global X direction, except
the beams on the perimeter of the building.
W14x22 All beams along line A and F at the roof floor level.

All beams along line 3 and 8 at the roof floor level. All beams in
W18x35 between line B and E in the direction along line 4, 5, 6 and 7 at
the roof floor level.

All perimeter beams in the global Y direction at the roof floor
W18x40

level, except the beams of the LLRS.
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Table 6.3 Size of gravity beams at third-floor level.

Element size Locations
W1Ex31 All beams at the third-floor level in the global X direction, except
the beams on the perimeter of the building.
W18x40 All beams along line A and F at the third-floor level.
All beams along line 3 and 8 at the third-floor level. All beams in
W18x35 between line B and E in the direction along line 4, 5, 6 and 7 at
the third-floor level.
All perimeter beams in the global Y direction at the third-floor
W24x62
level, except the beams of the LLRS.
Table 6.4 Size of gravity beams at second-floor level.
Element size Locations
W1dx22 All beams at the second-floor level in the global X direction,
except the beams on the perimeter of the building.
W18x35 All beams along line A and F at the second-floor level.
All beams along line 3 and 8 at the second-floor level. All beams
W18x40 in between line B and E in the direction along line 4, 5, 6 and 7 at
the second-floor level.
All perimeter beams in the global Y direction at the second-floor
W24x62
level, except the beams of the LLRS.

Figures 6.3a—b show the member sizes of the inverted-V braced frame and the suspended
zipper braced frame, respectively. Table 6.5 shows the self-weight comparison of the two lateral-

load-resisting systems. Based on this comparison, the suspended zipper braced frame is 25%

lighter than the inverted-V braced frame.

Table 6.5 Self weight comparison of lateral-load-resisting systems.

Inverted-V braced frame Suspended zipper braced frame
Weight (kips) 40.11 29.75
Weight (%) 100% 74.2%
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Fig. 6.1 Global view of idealized building.
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Fig. 6.2 Plan view of idealized building.
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(a) Inverted-V braced frame (b) Suspended zipper braced frame

Fig. 6.3 Member sizes in lateral-load-resisting systems.

6.1.2 Gravity Load and Seismic Weight

Items considered in the calculation of the dead load (DL), the live load (LL), and the seismic
weight of the building model at the roof, third-, and second-floor levels are shown in Table 6.6 to
Table 6.8, respectively. The dead load consists of an area load uniformly distributed on the floor
area and a perimeter load to represent the facade. The live load is uniformly distributed on the
floor area. Live load reduction is not implemented. The total seismic weight of the building

model is calculated to be 8586 kips.
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Table 6.6 Gravity load and seismic weight of idealized building at roof level.

Roof
DL - area load Description Gravity weight Seismic weight
Roofing & Insulation 6.5 psf 6.5 psf
Concrete on deck Lightweight, 6-1/4 total 41 psf 41 psf
Deck 18 ga. W3 deck, 10'-8" span 2.7 psf 2.7 psf
Beams 5 psf 5 psf
Columns, braces 5 psf 5 psf
Ceiling / Lights 3.5 psf 3.5 psf
Sprinklers 3.5 psf 3.5 psf
Mechanical/Electrical 2.5 psf 2.5 psf
Partitions - 6 psf
Roof Screen - 6 psf
Misc Equipment 26.5 psf 26.5 psf
DL - perimeter load
Typ. punched window panel 7’ in elevation 50 psf 50 psf
Typ. ext metal stud wall/thin wall panel 7’ in elevation 30 psf 30 psf
Lr - area load
Live load Reducible 20 psf -
Total seismic weight (kips) Not including the LL 2,899 kips

* Source: provided by Anindya Dutta of Simpson Gumpertz and Heger Inc.
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Table 6.7 Gravity load and seismic weight of idealized building at third-floor level.

Third-floor data center

DL - area load Description Gravity weight | Seismic weight
Access Floor 2.5 psf 2.5 psf
Floor Finish 2.5 psf 2.5 psf
Concrete on deck Lightweight, 6-1/4 total 41 psf 41 psf
Deck 18 ga. W3 deck, 10'-8" span 2.7 psf 2.7 psf
Beams 5 psf 5 psf
Columns, braces 5 psf 5 psf
Ceiling / Lights 2 psf 2 psf
Sprinklers 2 psf 2 psf
Mechanical/Electrical 1 psf 1 psf
Partitions 20 psf 10 psf
DL - perimeter load
Typ. punched window panel 14’ in elevation 50 psf 50 psf
Typ. ext metal stud wall/thin wall panel 14’ in elevation 30 psf 30 psf
LL - area load
Live load Reducible 100 psf 25 psf
Total seismic weight (kips) Including 25% LL 3,122 kips

* Source: provided by Anindya Dutta of Simpson Gumpertz and Heger Inc.
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Table 6.8 Gravity load and seismic weight of idealized building at second-floor level.

Second-floor office

DL - area load Description Gravity weight Seismic weight
Floor Finish 2.5 psf 2.5 psf
Concrete on deck Lightweight, 6-1/4 total 41 psf 41 psf
Deck 18 ga. W3 deck, 10'-8" span 2.7 psf 2.7 psf
Beams 5 psf 5 psf
Columns, braces 5 psf 5 psf
Ceiling / Lights 2.5 psf 2.5 psf
Sprinklers 0.5 psf 0.5 psf
Mechanical/Electrical 1 psf 1 psf
Misc 4 psf 4 psf
Partitions 20 psf 10 psf
DL - perimeter load
Typ. punched window panel 14’ in elevation 50 psf 50 psf
Typ. ext metal stud wall/thin wall panel 14’ in elevation 30 psf 30 psf
LL - area load
Live load Reducible 80 psf -
Total seismic weight (kips) Not including the LL 2,565 kips

* Source: provided by Anindya Dutta of Simpson Gumpertz and Heger Inc.
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6.1.3 Selection of Performance Groups

Following the performance-based earthquake engineering assessment methodology prescribed in
Chapter 5, major structural and nonstructural components of the building were identified and
separated into different performance groups. Each performance group consists of one or more
building components whose performance is similarly affected by a particular engineering
demand parameter. For example, one performance group might comprise all similar
nonstructural components whose performance is sensitive to the second-story interstory drift.

For this idealized building, major components of the building were divided into 16
performance groups (as shown in Table 6.9). The structural components were assigned to PGs
whose performance is associated with interstory drift ratio in the story where the components are
located. The nonstructural components and contents of the building were subdivided into
displacement-sensitive and acceleration-sensitive groups. The displacement-sensitive groups use
interstory drift to define the performance of the group, while the acceleration-sensitive groups
use absolute acceleration at different floor levels to define the performance.

Multiple damage states were defined for each performance group. The damage states
were defined in relation to the repair actions. For each component damage state, a damage model
(fragility relation) defines the probability of component damage being equal to or greater than
the threshold damage given the value of the engineering demand parameter associated with the
component. Figures 6.5-6.10 show the fragility curves used to identify the damage state of each
performance group. The numerical values of the fragility relations was not the subject of
research conducted in this study. Instead, the fragility models were provided by participants in
the ATC 58 project (Yang et al. 2006), and the objective of this study was to demonstrate their
implementation.

Using the data about the idealized model, repair quantities for each item in each PG were
identified based on the repair actions. The repair quantities associated with each damage state are
shown in Tables 6.10-6.15. In accordance with the PBEE methodology outlined in Chapter 5,
the total repair quantities for the structure are obtained by summing up the repair quantities in
each performance group, given their damage state. Because the unit cost for each repair item
generally reduces as the total repair quantity increases due to the amortization of the fixed setup

costs, a trilinear function shown in Figure 6.4 was used to compute the unit repair cost of each
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item. The quantities Min qty, Max qty, Max cost, and Min cost shown in Figure 6.4 stand for
the minimum quantities, maximum quantities, maximum cost, and minimum cost parameters of
the cost function. The values of these cost function parameters for each repair method are
summarized in Table 6.16. Depending on the complexity of the cost model, different cost
functions can be used. In addition, uncertainty of the unit repair cost can be accounted for in the
cost model by treating the repair cost as a normally distributed random variable with a mean

given by the cost function and a constant standard deviation.

Unit cost, $
A
Max cost
$i
Min cost oo
Min qty Q; Max qty Total repair quantities

Fig. 6.4 Repair cost function model.
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Table 6.9 Summary of performance group data.

PG# | PG Name Location EDP Components
1 SH12 between levels 1 and 2 du;
Structural: lateral-load-resisting
2 SH23 between levels 2 and 3 du,
system
3 SH3R between levels 3 and R dus
4 EXTD12 between levels 1 and 2 du,
Exterior enclosure: panels,
5 EXTD23 between levels 2 and 3 du,
glass, etc.
6 EXTD3R between levels 3 and R dus
7 INTD12 between levels 1 and 2 du; Interior nonstructural drift
8 INTD23 between levels 2 and 3 du, sensitive: partitions, doors,
9 INTD3R between levels 3 and R dus glazing, etc
10 INTA2 below level 2 a, .
Interior nonstructural
11 INTA3 below level 3 as acceleration sensitive: ceilings,
12 INTAR below level R a lights, sprinkler heads, etc
13 CONT1 atlevel 1 % Contents: General office on first
14 CONT2 at level 2 a, and second floor, computer
15 | CONT3 at level 3 as center on third
16 EQUIPR at level R ar Equipment on roof

Where du; = interstory drift ratio at the ith story and a; = total acceleration at the i floor.
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- SH12, SH23, SH3R

Fragility Curves for Performance Group

(Isa=>sa)d

EDP - dut, du2, du3 [%]

- EXTD12, EXTD23, EXTD3R

Fragility Curves for Performance Group

Fig. 6.5 Fragility curves for PG SH12, SH23, and SH3R.

(Isa=>sqa)d

EDP - duf, du2, du3 [%]

Fig. 6.6 Fragility curves for PG EXTD12, EXTD23, and EXTD3R.
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Fragility Curves for Performance Group - INTD12, INTD23, INTD3R

(Isa=>sa)d

EDP - duf, du2, du3 [%]

INTD23, and INTD3R.

Fig. 6.7 Fragility curves for PG INTD12,

Fragility Curves for Performance Group - INTA2, INTA3, INTAR

(Isa=>sqa)d

EDP - a2, a3, aR [g]

Fig. 6.8 Fragility curves for PG INTA2, INTA3, and INTAR.
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Fragility Curves for Performance Group - CONT1, CONT2, CONT3

(Isa=>sa)d

EDP - ag, a2, a3 [g]

CONT?2, and CONT3.

Fig. 6.9 Fragility curves for PG CONT1,

Fragility Curves for Performance Group - EQUIPR

(Isa=>sqa)d

EDP - aR [g]
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Table 6.10 Repair quantities for PG SH12, SH23, and SH3R.

Structural performance groups

SH12 SH23 SH3R
Repair items Units | DS1 DS2 DS1 | DS2 | DS1| DS2
Demolition/Access
Finish protection sf 0 6,000 0O [6,000f 0 |[6,000
Ceiling system removal sf 0 5,000 0 |5000| 0 |5,000
Drywall assembly removal sf 0 6,000 0 |6,000f O |6,000
Miscellaneous MEP loc 0 6 0 6 0 6
Remove exterior skin (salvage) sf 0 5,600 0 |[4,000( O |[3,000
Repair

Welding protection sf 0 1,500 0 [1,500( 0 [1,500

Shore beams below & remove loc 0 12 0 12 0 12
Cut floor slab at damaged connection sf 0 1,600 0O (1,600 0 [1,600

Carbon arc out weld If 0 50 0 50 0 50

Remove portion of damaged beam/column sf 0 100 0 100 0 100

Replace weld - from above If 0 40 0 40 0 40
Remove/replace connection b 0 3,000 0 |3,000f 0 |2,000
Replace slab sf 0 1,600 0 (1,600 0 [1,600

Put-back
Miscellaneous MEP and clean-up loc 0 6 0 6 0 6

Wall framing (studs, drywall, tape and paint) sf 0 6,000 0 |6,000f 0 |6,000
Replace exterior skin (from salvage) sf 0 5,600 0 [5600| 0 |[5,600
Ceiling system sf 0 5,000 0 |[5,000f 0 |[5,000
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Table 6.11 Repair quantities for PG EXTD12, EXTD23, and EXTD3R.

Exterior nonstructural performance groups

EXTD12 EXTD23 EXTD3R
Repair items Units | DS1 | DS2 | DS3 [ DS1| DS2 | DS3 | DS1| DS2 | DS3
Non Structural Exterior Envelope Demolition
Erect scaffolding sf 0 |6,000|6,000] O ([6,000(6,000( O |6,000]6,000
Remove damaged windows sf 0 |[3,400(3,400( O |[3,400|3,400| O |3,400] 3,400
Remove damage precast panels (demo) sf 0 0 |8400| O 0 |8400| O 0 8,400
Miscellaneous access sf 0 |8,400|8,400( O |8,400(8,400| O |8,400] 8,400
Non Structural Exterior Envelope Put-back
Install new windows sf 0 |3,400|3,400( O |3,400(3,400|] O (3,400]3,400
Provide new precast concrete panels sf 0 0 8,400| O 0 8,400| O 0 8,400
Patch and paint exterior panels sf 0 |5,000|5,000f O |5,000(5,000] O |[5,000]5,000
Miscellaneous put-back ea 0 [8,400(8,400( O [8,400|8,400| O |8,400] 8,400
Site clean-up sf 0 |6,000|6,000 O ([6,000(6,000( O |6,000]6,000
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Table 6.12 Repair quantities for PG INTD12, INTD23, and INTD3R.

Interior nonstructural performance groups (drift sensitive)

INTD12 INTD23 INTD3R
Units | DS1 | DS2 | DS3 |DS1| DS2 | DS3 |DS1| DS2 | DS3
STRUCTURAL
Demolition/Access
Finish protection sf 0 [5,000(10,000( O [5,000(10,000( O |5,000|10,000
NONSTRUCTURAL INTERIOR
Interior Demolition
Remove furniture sf 0 |5,000(10,000( O |5,000]|10,000| O |[5,000]10,000
Carpet and rubber base removal sf 0 0 10,000| O 0 10,000| O 0 10,000
Drywall construction removal sf 0 0 10,000| O 0 10,000| O 0 10,000
Door and frame removal ea 0 8 8 0 8 8 0 8 8
Interior glazing removal sf 0 100 100 0 100 100 0 100 100
Ceiling system removal sf 0 0 5,000 0 0 5,000 0 0 5,000
MEP removal sf 0 0 1,000 | O 0 1,000 | O 0 1,000
Remove casework If 0 0 200 0 0 200 0 0 200
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Table 6.12— Continued.

Interior nonstructural performance groups (drift sensitive)

INTD12 INTD23 INTD3R
Units | DS1 | DS2 DS3 | DS1 | DS2 DS3 | DS1| DS2 DS3
Interior Construction

Drywall construction/paint sf 0 0 10,000 O 0 10,000 O 0 10,000

Doors and frames ea 0 8 25 0 8 25 0 8 25

Interior glazing sf 0 100 400 0 100 400 0 100 400
Carpet and rubber base sf 0 0 10,000 O 0 10,000 O 0 10,000
Patch and paint interior partitions sf 0 |5,000]| 5,000 0 |5,000] 5,000 0 |5,000] 5,000
Replace ceiling system sf 0 0 5,000 0 0 5,000 0 0 5,000
MEP replacement sf 0 0 1,000 0 0 1,000 0 0 1,000

Replace casework If 0 0 200 0 0 200 0 0 200
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Table 6.13 Repair quantities for PG INTA2, INTA3, and INTAR.

Interior nonstructural performance groups (acceleration sensitive)

INTA2 INTA3 INTAR

Units | DS1 | DS2 DS3 DS4 ([ DS1| DS2 DS3 DS4 ([ DS1| DS2 DS3 DS4

General clean-up

Water damage sf 0 0 (10,000 (20,000| O 0 |[10,000|20,000| O 0 (10,000 | 20,000

STRUCTURAL

Demolition/Access

Finish protection sf 0 |4,000(10,000|20,000f O |4,000(10,000]|20,000f O |4,000(10,000 20,000

NONSTRUCTURAL INTERIOR

Interior Demolition

Remove furniture sf 0 |4,000|10,000|20,000| 0 [4,000(10,000(20,000( O |4,000( 10,000 (20,000
Ceiling system removal sf 0 0 0 20,000 O 0 0 20,000| O 0 0 20,000
MEP removal sf 0 0 500 | 2,000 O 0 500 | 2,000 O 0 500 | 2,000

Interior Construction

Replace ceiling tiles sf 0 |[2,500]| 8,000 | 8000 | O |2,500]| 8000 | 8000 | O |2,5500( 8,000 | 8000
Replace ceiling system sf 0 0 0 20,000 O 0 0 20,000 O 0 0 20,000
MEP replacement sf 0 0 500 2,000 0 0 500 2,000 0 0 500 2,000
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Table 6.14 Repair quantities for PG CONT1, CONT2, and CONT3.

Contents performance groups performance groups (acceleration sensitive)

CONT1 CONT2 CONT3
Units | DS1 | DS2 DS3 DS4 | DS1| DS2 DS3 DS4 |[DS1| DS2 DS3 DS4
General clean-up
Office papers & books sf 0 0 10,000 | 10,000| O 0 10,000 | 10,000| O 0 10,000 | 10,000
Office equipment sf 0 | 5,000 |10,000]|10,000| O | 5,000 |10,000|10,000( O | 5,000 {10,000 (10,000
Loose furniture / file drawers sf 0 |10,000|20,000|20,000| 0 (10,000 20,000|20,000( O {10,000 20,000 (20,000
Contents
Conventional office sf 0 0 0 20,000 O 0 0 20,000 O 0 0 10,000
Computer center sf 0 0 0 0 0 0 0 0 0 0 0 10,000
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Table 6.15 Repair quantities for PG EQUIPR.

Contents performance groups performance groups (acceleration sensitive)

EQUIPR
Units | DS1 | DS2 DS3
General clean-up
Loose furniture / file drawers sf 0 0 50,000
Roof-top ME
Repair in place sf 0 1 1
Remove and replace sf 0 0 1
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Table 6.16 Unit cost of repair items.

Units | Min gty | Max cost | Max gty | Min cost
General clean-up
Office papers & books sf 1,000 S0.1 10,000 $0.06
Office equipment sf 1,000 $0.06 10,000 $0.04
Loose furniture / file drawers sf 1,000 $0.05 10,000 $0.03
Water damage sf 1,000 $0.15 20,000 S0.1
Contents
Computer center sf | 10,000 $100 50,000 $75
Conventional office sf | 10,000 $25 50,000 s21
Roof-top MEP
Repair in place Is - $ 10,000 - $ 10,000
Remove and replace Is - $ 200,000 - $ 200,000
STRUCTURAL
Demolition/Access
Finish protection sf 1,000 $0.3 40,000 $0.15
Ceiling system removal sf 1,000 $2 10,000 $1.25
Drywall assembly removal sf 1,000 $2.5 20,000 S15
Miscellaneous MEP loc 6 $ 200 24 S 150
Remove exterior skin (salvage) sf 3,000 $30 10,000 $25
Repair
Welding protection sf 1,000 S15 10,000 S1
Shore beams below & remove loc 6 $2,100 24 $ 1,600
Cut floor slab at damaged connection sf 10 $ 200 100 $ 150
Carbon arc out weld If 100 S 15 1,000 $10
RemOVZE:r:'/‘ZZIE?:maged sf | 100 $ 80 2,000 $ 50
Replace weld - from above If 100 $50 1,000 $40
Remove/replace connection Ib 2,000 $6 20,000 $5
Replace slab sf 100 $20 1,000 S16
Put-back
Miscellaneous MEP and clean-up loc 6 $300 24 $ 200
wall frf:;'engrfsdt‘;g;t‘;rywa“' sf | 100 $12 1,000 $8
Replace exterior skin (from salvage) sf 1,000 $35 10,000 $30
Ceiling system sf 100 S8 60,000 S5
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Table 6.16—Continued.

Units | Min qty | Max cost | Max gty | Min cost
NONSTRUCTURAL INTERIOR
Interior Demolition
Remove furniture sf 100 S 2 1,000 $1.25
Carpet and rubber base removal sf 1,000 $1.5 20,000 S1
Drywall construction removal sf 200 $2.5 20,000 S1.5
Door and frame removal ea 12 S 40 48 $ 25
Interior glazing removal sf 500 $2.5 5,000 S$2
Ceiling system removal sf 1,000 S?2 20,000 | S1.25
MEP removal sf 100 S 40 10,000 S 15
Remove casework If 100 $20 1,000 S 15
Interior Construction
Drywall construction/paint sf 500 $12 25,000 X
Doors and frames ea 12 $ 600 48 $ 400
Interior glazing sf 100 S 45 15,000 S 30
Carpet and rubber base sf 500 S6 30,000 S4
Patch and paint interior partitions sf 1,000 $2.5 10,000 S2
Replace ceiling tiles sf 1,000 $2 20,000 S1.5
Replace ceiling system sf 1,000 S3 20,000 $25
MEP replacement sf 100 S 80 1,000 S 60
Replace casework If 100 S 70 1,000 S50
NONSTRUCTURAL EXTERIOR
Non Structural Exterior Envelope Demolition
Erect scaffolding sf 1,000 $2.5 10,000 S2
Remove damaged windows sf 100 $20 1,000 S 15
Remove damage precast panels (demo) sf 3,000 $12 10,000 S8
Miscellaneous access sf 100 $20 1,000 S 15
Non Structural Exterior Envelope Put-back
Install new windows sf 100 $ 80 1,000 S 70
Provide new precast concrete panels sf 1,000 S 80 10,000 S 65
Patch and paint exterior panels sf 500 $4.5 5,000 $3.5
Miscellaneous put-back ea 100 S 10 1,000 S7
Site clean-up sf 1,000 S1.5 10,000 | $0.75
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6.2 DESCRIPTION OF ANALYTICAL MODEL

An analytical model was constructed using OpenSees to study the dynamic response of the
idealized building. With two axis of symmetry and a rigid diaphragm assumption, the responses
of the idealized building in the global X and Y directions were calculated using two-dimensional
in-plane OpenSees models. Coupling of the building response in the global X and Y directions
was ignored and only the response in the global X direction is presented. Because the idealized
building is symmetric about the global X axis, only half of the idealized building was modeled
analytically and shown in Figure 6.11.

A multi-point constraint was used to slave the horizontal degrees of freedom at each
floor level to simulate a rigid diaphragm. The column bases and the connections between the
beams and the columns of the gravity load carrying system were modeled using the semi-rigid

connections proposed by Astaneh-Asl (2005), where the rotational stiffness of the connections

were modeled using half of the elastic flexural stiffness of the element (%] and the moment

M
capacity of the connection was limited to one fifth of the nominal plastic moment ( 5p j . Shear

deformation of the connections were restrained using a rigid material. The braces in the lateral-
load-resisting systems were modeled using the analytical model presented in Chapter 2 (Fig.
2.20). The remaining beams and columns of the analytical model were modeled using the
flexibility-formulation nonlinear fiber-cross-section beam-column elements in OpenSees.
Gravity loads and masses were lumped at the nodes according to the tributary area. The
P-A effect was accounted for in the nonlinear dynamic analysis using the corotational
transformation in OpenSees. Based on the modal analyses, the first-mode period of idealized
building was calculated to be 0.448 sec and 0.424 sec for the inverted-V braced frame (IVBF)
and the suspended zipper braced frame (SZBF), respectively. Stiffness proportional damping of 2

percent was assigned to the first mode.
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(b) Suspended zipper braced frame (SZBF).

Fig. 6.11 Analytical models used to compute dynamic response of idealized building.
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6.3 SELECTION OF GROUND MOTIONS

To study the dynamic response of the idealized building, suites of ground motions representing
the hazard at the building site were selected from the U.C. Berkeley Seismic Guidelines (UCB
2003). This document presents uniform hazard spectra derived based on probabilistic seismic
hazard analysis in which the seismic source uncertainties and directivity effect were accounted
for. Based on the seismic hazard de-aggregation, the Hayward fault dominates the seismic hazard
at the site. The Hayward fault is a strike-slip fault with a potential of generating magnitude 7
earthquakes.

Three hazard levels (50%, 10%, and 5% probability of exceedance in 50 years) were
selected to represent the seismic hazard at the site. Ten pairs (fault-normal and fault-parallel) of
ground motions were selected to represent the ground motions for each of the hazard levels.
Tables 6.17-6.18 summarize the selected ground motions.

In this investigation, the ground motions were scaled to match the target uniform hazard
spectrum (UCB 2003) at the first-mode period of the structure. Alternative approaches to scale
ground motions can be used, but this aspect of the problem is not studied here. Figures 6.12—6.17
show the scaling factors, peak scaled ground accelerations, and response spectra for the scaled

ground motions.
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Table 6.17 Ground motions representing 50% probability of exceedance in 50 years

hazard level.

Earthquake Mw Station Distance Soil Record
Type
Coyote Lake, 5.7 Coyote Lake, Dam Abutment | 4.0 km C CL_clyd
1979/6/8 ' Gilroy # 6 1.2 km C CL_gil6
. Temblor 4.4 km C PF_temb
Parkfield,
1996/6/27 6.0 Cholome Array #5 3.7 km D PF_cs05
Cholome Array # 8 8.0 km D PF_cs08
Livermore, 55 Fagundes Ranch 4.1 km D LV_fgnr
1980/1/27 ' Morgan Territory Park 8.1 km C LV_mgnp
. Coyote Lake, Dam Abutment | 0.1 km C MH_clyd
Morgan Hill,
6.2 | Anderson Dam, Downstream 4.5 km C MH_andd
1984/4/24
Hall Valley 2.5 km C MH_hall

Table 6.18 Ground motions representing 10% and 5% probability of exceedance in 50

years hazard levels.

Soil

Earthquake Mw Station Distance Record
Type

Los Gatos Present Center 3.5km C LP_lgpc

Saratoga Aloha Ave 8.3 km C LP_srtg

Loma Prieta, 70 Corralitos 3.4 km C LP_cor

1989/10/17 ' Gavilan College 9.5 km C LP_gav

Gilroy Historic Building C LP_gilb

Lexington Dam Abutment 6.3 km C LP_lex1

ngt;eé;f /pla7n 6.9 Kobe JM A 4.4 km C KB_kobj

Tottori, Japan 6.6 Kofu 10 km C TO_kofu

2000/10/6 ) Hino 1 km C TO_hino
Erzincan,

Turkey 6.7 Erzincan 1.8 km C EZ_erzi
1992/3/13
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Response spectrum for ground motions representing 50% probability of exceedance in 50 years (IVBF T1 = 0.448 sec)
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Fig. 6.12 Response spectra of scaled ground motions used for inverted-V braced frame at
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Response spectrum for ground motions representing 10% probability of exceedance in 50 years (IVBF T, =0.448 sec)
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Fig. 6.13 Response spectra of scaled ground motions used for inverted-V braced frame at
10% probability of exceedance in 50 years hazard level.
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Response spectrum for ground motions representing 5% probability of exceedance in 50 years (IVBF T1 = 0.448 sec)
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Fig. 6.14 Response spectra of scaled ground motions used for inverted-V braced frame at
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Response spectrum for ground motions representing 50% probability of exceedance in 50 years (SZBF T,=0424 sec)
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Fig. 6.15 Response spectra of scaled ground motions used for suspended zipper braced
frame at 50% probability of exceedance in 50 years hazard level.
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Response spectrum for ground motions representing 10% probability of exceedance in 50 years (SZBF T, = 0.424 sec)
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Fig. 6.16 Response spectra of scaled ground motions used for suspended zipper braced
frame at 10% probability of exceedance in 50 years hazard level.
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Response spectrum for ground motions representing 5% probability of exceedance in 50 years (SZBF T1 = 0.424 sec)
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Fig. 6.17 Response spectra of scaled ground motions used for suspended zipper braced
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frame at 5% probability of exceedance in 50 years hazard level.
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6.4 RESPONSE QUANTIFICATION

Nonlinear dynamic analyses were conducted to determine the system response of the idealized
building to each of the selected scaled ground motions. Figures 6.18—6.21 show selected building
responses histories of the inverted-V braced frame and the suspended zipper braced frame at
50% and 5% probability of exceedance in 50 years hazard levels.

At the 50% probability of exceedance in 50 years hazard level (for example, Figs. 6.18
and 6.19), displacement profiles for both frames are predominated by an apparent first mode. In
this regard, the interstory drift ratios were fairly uniform among the stories (except that the third
story in the suspended zipper braced frame) and the floor accelerations increased approximately
as the story number increased.

At the 5% probability of exceedance in 50 years hazard level (for example, Figs. 6.20 and
6.21), both frames show significant residual first- and second-story interstory drift ratios,
indicating that the first- and second-story braces in both frames were buckled. The brace
buckling behavior reduced the floor stiffness significantly, which changed the predominant
displaced shape from being linearly proportional to story height to having larger deformation in
the lower stories. Such changes in the response resulted in a reduction in amplification of the
floor accelerations in the higher stories.

The peak engineering demand parameters recorded from the nonlinear dynamic analyses

are summarized in Tables 6.19-6.24. The symbols du, and a, used in Tables 6.19-6.24

represent the interstory drift ratio and the floor acceleration at the i™ floor, respectively. The data
of the peak engineering demand parameters were fitted with lognormal distribution and plotted
as cumulative distribution function (CDF) in Figures 6.22—6.28.

Based on the lognormal distributions presented, both frames show very similar responses,
with some exceptions. The suspended zipper braced frame has slightly higher first-story
interstory drift ratio at the higher intensity level (Fig. 6.22), but negligible third-story interstory
drift ratio for all hazard levels considered (Fig. 6.24). Such behavior is expected because the
third-story braces in the suspended zipper braced frame were designed to be very stiff and to
remain linear-elastic under the action of the unbalanced vertical load.

In terms of peak floor acceleration, the suspended zipper braced frame has higher peak

ground acceleration than the inverted-V braced frame (Fig. 6.25). This is because of the scaling
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procedure presented in Section 6.3 whereby the ground motions were scaled at the first-mode
period. Because the suspended zipper braced frame has slightly lower first-mode period, the
scaling factors for the suspended zipper braced frame were slightly higher. Such an increase in
peak ground acceleration also increased the second- and third-story peak floor accelerations for
the suspended zipper braced frame (Figs. 6.26 and 6.27). However, because the suspended zipper
braced frame has negligible third-story interstory drift, the roof and third-floor accelerations
were very similar. On the other hand, the inverted-V braced frame picks up some additional floor
acceleration from the vibration of the third story. In this regard, the suspended zipper braced
frame has lower roof acceleration than the inverted-V braced frame for all hazard levels

considered (Fig. 6.28).
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Fig. 6.18 Floor acceleration histories recorded during nonlinear dynamic analysis when
buildings are subjected to CL_clyd fault parallel motion scaled to match 50%
probability of exceedance in 50 years hazard level.
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Fig. 6.19 Interstory drift ratio histories recorded during nonlinear dynamic analysis when
buildings are subjected to CL_clyd fault parallel motion scaled to match 50%
probability of exceedance in 50 years hazard level.
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Table 6.19 Peak response quantity table for inverted-V braced frame at 50% probability of exceedance in 50 years hazard level.

Filename du; (%) du, (%) dus (%) ag(g) | a(g) | aslg) ar (8)
CLclydFN 0.29 0.29 0.23 0.22 0.25 0.40 0.59
CLclydFP 0.30 0.31 0.24 0.28 0.35 0.47 0.62
CLgil6FN 0.35 0.29 0.20 0.29 0.33 0.43 0.58
CLgil6FP 0.27 0.29 0.22 0.27 0.28 0.41 0.58
PFtembFN 0.26 0.29 0.23 0.27 0.24 0.45 0.65
PFtembFP 0.26 0.30 0.26 0.29 0.33 0.44 0.66
PFcsOSFN 0.27 0.27 0.21 0.27 0.29 0.43 0.57
PFcsO5FP 0.28 0.31 0.25 0.25 0.30 0.42 0.63
PFcsO8FN 0.29 0.28 0.21 0.44 0.54 0.39 0.56
PFcsO8FP 0.28 0.29 0.28 0.42 0.52 0.60 0.71
LVfgnrFN 0.25 0.27 0.23 0.26 0.29 0.41 0.59
LVfgnrFpP 0.30 0.30 0.21 0.26 0.34 0.51 0.58
LVmgnpFN 0.25 0.33 0.39 0.64 0.78 0.66 0.81
LVmgnpFP 0.42 0.32 0.22 0.43 0.51 0.48 0.58
MHclydFN 0.31 0.32 0.26 0.40 0.36 0.42 0.64
MHclydFP 0.41 0.30 0.20 0.44 0.43 0.48 0.55
MHanddFN 0.30 0.29 0.22 0.21 0.27 0.38 0.58
MHanddFP 0.31 0.31 0.24 0.17 0.24 0.40 0.61
MHhallFN 0.39 0.33 0.22 0.28 0.31 0.41 0.59
MHhallFP 0.33 0.31 0.22 0.17 0.25 0.41 0.58

144



Table 6.20 Peak response quantity table for inverted-V braced frame at 10% probability of exceedance in 50 years hazard level.

Filename du; (%) du, (%) dus (%) g (8) a (g) as (g) ar (g)
LPIgpcFN 0.85 0.62 0.26 0.44 0.55 0.65 0.68
LPIgpcFP 1.09 0.87 0.45 0.57 0.57 0.74 0.73
LPsrtgFN 2.20 1.34 0.64 0.90 0.78 0.87 0.84
LPsrtgFP 0.79 0.54 0.38 0.89 0.75 0.70 0.79
LPcorFN 1.61 1.16 0.59 0.73 0.70 0.81 0.92
LPcorFP 1.17 0.98 0.53 0.58 0.55 0.70 0.81
LPgavFN 0.45 0.55 0.40 0.63 0.58 0.68 0.85
LPgavFP 0.86 0.77 0.41 0.73 0.54 0.67 0.84
LPgilbFN 0.81 0.74 0.45 0.59 0.54 0.60 0.84
LPgilbFP 0.79 0.59 0.31 0.57 0.50 0.59 0.69
LPlex1FN 3.62 2.04 0.82 0.69 1.08 0.95 0.98
LPlex1FP 1.11 0.97 0.60 0.84 0.91 0.99 0.94
KBkobjFN 1.98 1.31 0.65 0.58 0.75 0.90 0.90
KBkobjFP 1.04 0.87 0.46 0.52 0.53 0.71 0.88
TOkofuFN 0.48 0.50 0.34 0.64 0.67 0.66 0.84
TOkofuFP 0.72 0.68 0.38 0.94 1.27 0.83 0.93
TOhinoFN 1.99 1.38 0.69 0.67 0.58 0.82 0.86
TOhinoFP 1.33 1.07 0.54 0.60 0.62 0.74 0.86
EZerziFN 2.04 1.21 0.62 1.14 0.70 0.74 0.89
EZerziFP 1.17 1.02 0.65 1.24 0.98 0.90 0.92
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Table 6.21 Peak response quantity table for inverted-V braced frame at 5% probability of exceedance in 50 years hazard level.

Filename | dui(%) | dup(%) | dus(%) | ag(g) a, (g) as (g) ar (8)
LPIgpcFN 1.37 0.95 0.41 0.56 0.66 0.79 0.78
LPIgpcFP 1.42 1.08 0.56 0.73 0.67 0.77 0.78
LPsrtgFN 3.40 2.15 0.88 1.15 1.03 0.94 0.96
LPsrtgFP 1.30 0.93 0.43 1.13 0.88 0.81 0.88
LPcorFN 2.23 1.56 0.83 0.93 0.82 0.91 1.02
LPcorFP 1.57 1.23 0.68 0.74 0.67 0.81 0.89
LPgavFN 0.56 0.67 0.50 0.80 0.65 0.79 0.95
LPgavFP 1.01 0.93 0.53 0.93 0.62 0.72 0.94
LPgilbFN 1.07 0.94 0.58 0.75 0.66 0.69 0.89
LPgilbFP 1.33 0.99 0.50 0.73 0.61 0.74 0.77
LPlex1FN 5.85 3.44 1.21 0.88 1.17 1.20 1.18
LPlex1FP 1.60 1.25 0.75 1.08 1.05 1.15 1.10
KBkobjFN 3.06 2.07 0.92 0.74 1.00 1.10 0.98
KBkobjFP 1.49 1.11 0.60 0.66 0.59 0.80 0.96
TOkofuFN 0.56 0.58 0.40 0.81 0.80 0.75 0.92
TOkofuFP 0.80 0.80 0.47 1.20 1.51 0.92 1.00
TOhinoFN 2.68 1.79 0.85 0.85 0.67 0.89 0.90
TOhinoFP 1.64 1.24 0.64 0.77 0.76 0.82 0.93
EZerziFN 3.87 2.05 0.83 1.46 0.99 0.91 0.97
EZerziFP 1.53 1.20 0.78 1.58 1.17 0.97 1.01
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Table 6.22 Peak response quantity table for suspended zipper braced frame at 50% probability of exceedance in 50 years hazard
level.

Filename du; (%) du, (%) dus (%) 3 (8) a (g) as (g) ar (g)
CLclydFN 0.34 0.30 0.05 0.22 0.27 0.46 0.53
CLclydFP 0.35 0.33 0.05 0.29 0.35 0.48 0.58
CLgil6FN 0.40 0.31 0.04 0.28 0.38 0.49 0.51
CLgil6FP 0.31 0.28 0.04 0.26 0.25 0.46 0.50
PFtembFN 0.31 0.29 0.05 0.22 0.26 0.50 0.58
PFtembFP 0.34 0.32 0.05 0.30 0.33 0.51 0.61
PFcsO5FN 0.32 0.28 0.04 0.29 0.35 0.49 0.49
PFcsOSFP 0.32 0.30 0.05 0.22 0.29 0.47 0.54
PFcsO8FN 0.32 0.28 0.05 0.40 0.36 0.46 0.52
PFcsO8FP 0.32 0.30 0.05 0.40 0.50 0.50 0.52
LVfgnrFN 0.30 0.28 0.05 0.24 0.28 0.45 0.51
LVfgnrFP 0.37 0.31 0.05 0.26 0.36 0.49 0.54
LVmgnpFN 0.31 0.36 0.06 0.62 0.48 0.54 0.71
LVmgnpFP 0.42 0.31 0.04 0.46 0.48 0.46 0.50
MHclydFN 0.38 0.33 0.05 0.40 0.40 0.47 0.57
MHclydFP 0.47 0.34 0.04 0.47 0.51 0.52 0.53
MHanddFN 0.36 0.30 0.05 0.24 0.32 0.47 0.53
MHanddFP 0.37 0.32 0.05 0.18 0.28 0.48 0.55
MHhallFN 0.50 0.37 0.05 0.31 0.36 0.51 0.53
MHhallFP 0.39 0.30 0.05 0.20 0.35 0.47 0.51
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Table 6.23 Peak response quantity table for suspended zipper braced frame at 10% probability of exceedance in 50 years hazard

level.
Filename du; (%) du, (%) dus (%) % (8) a (g) as (g) ar (g)
LPIgpcFN 1.18 0.77 0.06 0.52 0.68 0.72 0.73
LPIgpcFP 1.67 1.07 0.07 0.71 0.69 0.79 0.81
LPsrtgFN 2.48 1.43 0.07 0.92 0.91 0.82 0.83
LPsrtgFP 1.22 0.79 0.07 1.07 0.87 0.76 0.77
LPcorFN 1.94 1.27 0.08 0.77 0.74 0.86 0.83
LPcorFP 1.25 0.86 0.07 0.56 0.59 0.75 0.73
LPgavFN 0.51 0.47 0.06 0.51 0.62 0.64 0.74
LPgavFP 1.09 0.81 0.07 0.83 0.70 0.79 0.76
LPgilbFN 1.07 0.79 0.07 0.65 0.57 0.74 0.84
LPgilbFP 0.71 0.57 0.06 0.48 0.42 0.62 0.65
LPlex1FN 4.04 2.26 0.08 0.71 0.94 0.97 0.98
LPlex1FP 1.39 0.95 0.08 0.85 0.83 0.92 1.07
KBkobjFN 2.10 1.29 0.08 0.59 0.78 0.86 0.89
KBkobjFP 1.21 0.82 0.07 0.52 0.59 0.75 0.79
TOkofuFN 0.60 0.47 0.06 0.63 0.67 0.71 0.75
TOkofuFP 0.91 0.67 0.06 1.00 1.24 0.84 0.79
TOhinoFN 2.33 1.44 0.08 0.72 0.79 0.77 0.80
TOhinoFP 1.60 1.11 0.07 0.65 0.67 0.72 0.79
EZerziFN 2.16 1.11 0.07 1.14 0.68 0.77 0.81
EZerziFP 1.45 1.17 0.08 1.32 0.99 0.93 0.95
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Table 6.24 Peak response quantity table for suspended zipper braced frame at 5% probability of exceedance in 50 years hazard

level.
Filename du; (%) du, (%) dus (%) % (8) a (g) as (g) ar (g)
LPIgpcFN 1.84 1.21 0.08 0.66 0.84 0.87 0.90
LPIgpcFP 1.87 1.24 0.08 0.91 0.85 0.82 0.83
LPsrtgFN 3.78 2.36 0.09 1.17 1.03 0.92 0.90
LPsrtgFP 2.21 1.32 0.08 1.37 1.13 0.88 0.88
LPcorFN 2.59 1.76 0.09 0.99 0.80 0.92 0.90
LPcorFP 1.77 1.17 0.08 0.72 0.66 0.86 0.84
LPgavFN 0.61 0.57 0.07 0.66 0.75 0.71 0.89
LPgavFP 1.33 1.00 0.08 1.06 0.82 0.89 0.82
LPgilbFN 1.49 1.01 0.08 0.83 0.65 0.81 0.93
LPgilbFP 0.88 0.61 0.06 0.61 0.49 0.61 0.64
LPlex1FN 6.35 3.97 0.10 0.91 1.28 1.14 1.14
LPlex1FP 1.93 1.26 0.08 1.09 1.00 1.03 1.17
KBkobjFN 3.32 2.19 0.09 0.75 1.10 0.96 1.02
KBkobjFP 1.78 1.10 0.08 0.67 0.69 0.84 0.87
TOkofuFN 0.72 0.57 0.06 0.81 0.79 0.81 0.84
TOkofuFP 1.05 0.79 0.07 1.28 1.52 0.94 0.91
TOhinoFN 3.07 1.91 0.09 0.91 0.87 0.82 0.87
TOhinoFP 1.98 1.35 0.08 0.83 0.79 0.83 0.85
EZerziFN 3.99 2.08 0.08 1.45 0.87 0.87 0.89
EZerziFP 1.93 1.55 0.09 1.69 1.17 1.02 1.06
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Fig. 6.25 CDF of peak ground accelerations.
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To compare the system response among the different hazard levels, the median peak
interstory drift ratios and floor accelerations are plotted in Figure 6.29 and Figure 6.30,
respectively. At 50% probability of exceedance in 50 years hazard level, both frames show an
increase in floor acceleration as the story number increases. As the shaking intensity increases to
5% probability of exceedance in 50 years hazard level, the median peak floor acceleration were
reduced at the higher stories. This is because the story stiffness was reduced when the lower-
story braces buckled. Such brace buckling mechanism prevented the floor acceleration from
being amplified significantly in the higher stories. In this regard, the median peak floor
accelerations for both frames were under 1.0 g for all hazard levels considered. Based on the
median peak interstory drift ratio presented in Figure 6.29, both frames show some distribution
of nonlinear response to the higher stories, but the advantage of more uniform distribution of

nonlinear response is not demonstrated in this idealized building.
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6.5 COST SIMULATION

The repair cost simulation was conducted using the methodology described in Chapter 5 and the
quantity and cost data presented in Section 6.1. The discrete cumulative distribution function of
the total repair costs for the suspended zipper braced frame and the inverted-V braced frame for
the three hazard levels considered are shown in Figure 6.31.

The results of the 50% probability of exceedance in 50 years hazard level indicate both
frames have comparable median total repair costs. However, the inverted-V braced frame has a
higher dispersion and, also, a higher maximum total repair cost.

The results of the 10% and 5% probability of exceedance in 50 years hazard levels
indicate that the suspended zipper braced frame has lower total repair cost than the inverted-V
braced frame. In particular, the median total repair cost for the suspended zipper braced frame is
$2.1 million dollars for both hazard levels, while the median total repair costs for the inverted-V
braced frame are $2.5 million dollars and $2.75 million dollars, for the 10% and 5% probability
of exceedance in 50 years hazard levels, respectively.

If a constant dollar repair cost amount is used as the decision variable, the probability of
total repair cost being less than a certain threshold repair cost can be identified from distributions
shown in Figure 6.31. For example, if a building owner is interested in the probability of total
repair cost less than or equal to $2 million dollars, the computed results indicate this
nonexceedance probability at the 10% probability of exceedance in 50 years hazard level is 0.44
for the suspended zipper braced frame and only 0.09 for the inverted-V braced frame. Similarly,
at the 5% probability of exceedance in 50 years hazard level, the probability of not exceeding the
$2 million dollars repair cost is 0.22 for the suspended zipper braced frame and only 0.04 for the
inverted-V braced frame. This comparison clearly shows that the inverted-V braced frame is
more vulnerable than the suspended zipper braced frame under the same seismic hazard
scenarios.

A de-aggregation of the total repair cost contributions from each of the performance
group is shown in Figures 6.32-Figure 6.37. For 50% probability of exceedance in 50 year
hazard level (Fig. 6.32 and Fig. 6.33 for the inverted-V braced frame and the suspended zipper
braced frames, respectively), the results indicate that most of the repair cost is concentrated in
the structural component performance groups SH12, SH23, and SH3R. This is because the

idealized model is a regular office building, where most of the acceleration-sensitive
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performance groups have significant tolerance for the acceleration demand and the associated
repair items are relatively inexpensive (see Fig. 6.9 and Table 6.14). For example, if the peak
floor acceleration reached 1.0 g, the items (in PG CONT1, CONT2, and CONT3) that are most
likely to be damaged are office paper, books, office equipment and loose furniture. The peak
floor acceleration has to reach 3.5 g to pick up the more expansive contents such as conventional
office and computer center. On the other hand, because the braced frame has low tolerance to
interstory drift (see Fig. 6.5), as soon as the interstory drift exceeds 0.3%, the lateral-load-
resisting system performance groups (SH12, SH23, and SH3R) are considered damaged and
need to be replaced.

Because the suspended zipper braced frame had negligible third-story interstory drift
ratio, performance group SH3R does not contribute significantly to the total repair cost of the
suspended zipper braced frame. Such behavior is also observed in the discrete CDF of the total
repair cost (Fig. 6.31). The principal contributions to the total repair cost of the suspended zipper
braced frame are originated from the repair cost of performance groups SH12 and SH23. There
are three major repair cost states for the suspended zipper braced frame, representing the repair
cost associated with “none,” “one,” or “two” of these structural component performance groups
(SH12 and SH23) being damaged. On the other hand, the principal contributions to the total
repair cost of the inverted-V braced frame come from the repair cost for “none,” “one,” “two,” or
“three” structural component performance groups (SH12, SH23, and SH3R) being damaged.
Because the total repair cost contributed from performance group SH3R is less than 5 percent for
the inverted-V braced frame at the 50% probability of exceedance in 50 years hazard level, the
total repair cost distribution at this hazard level is very similar for these two frames.

The de-aggregation of total repair cost contributions at 10% probability of exceedance in
50 years hazard level are shown in Figure 6.34 and Figure 6.35 for the inverted-V braced frame
and the suspended zipper braced frame, respectively. The results indicate that the total repair cost
is concentrated in the structural component performance groups and the interior nonstructural
interstory drift sensitive performance groups INTD12, INTD23, and INTD3R. Such behavior is
expected because the peak floor acceleration is not very large compared with accelerations
required to trigger significant repair actions in acceleration-sensitive performance groups.

The inverted-V braced and the suspended zipper braced frames have similar repair cost

contributions from structural component and nonstructural drift-sensitive performance groups.
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The only exception is that performance groups SH3R and INTD3R of the suspended
zipper braced frame do not contribute to the total repair cost because the interstory drift demand
at the third story of this frame is relatively small. Hence, the total repair cost for the suspended
zipper braced frame is less than for the inverted-V braced frame.

The de-aggregation of total repair cost contribution at 5% probability of exceedance in 50
years hazard level are shown in Figure 6.36 and Figure 6.37 for the inverted-V braced frame and
suspended zipper braced frame, respectively. Similar to the 10% probability of exceedance in 50
years hazard level, most of the repair cost is contributed by the structural component
performance groups and the interior nonstructural drift-sensitive performance groups. Because
the structural component performance groups have only two damage states (damage or no
damage), no additional damage state can occur and no additional repair cost can be accumulated
from the structural component performance groups when the hazard level increases from 10%
probability of exceedance in 50 years to 5% probability of exceedance in 50 years. This is why
the median total repair cost for the suspended zipper braced frame is very similar for these two
hazard levels. On the other hand, the exterior enclosure performance groups EXTD12, EXTD23,
and EXTD3R have multiple damage states: thus, additional damage can be detected in these
performance groups as the hazard level is increased from 10% probability of exceedance in 50
years to 5% probability of exceedance in 50 years. Such behavior is also observed in the discrete

CDF shown in Figure 6.31.

157



—— Inverted-V braced frame 5050
—+— Inverted-V braced frame 1050

—— |nverted-V braced frame 550

Suspended zipper braced frame 5050
-+-+ Suspended zipper braced frame 1050

Suspended zipper braced frame 550

(0% => 1500 Jleday |e101)d

3.5

25

$C (dollar)

x 10°

Fig. 6.31 Discrete CDF of repair cost distribution.

158



Distribution of repair cost for each performance group(s) - Inverted-V Braced Frame 5050

N

o
o

probability

o
IS

0.2

x 10°

1 PG(s)

Total repair cost ($C)

Fig. 6.32 De-aggregation of total repair cost for inverted-V braced frame at 50%
probability of exceedance in 50 years hazard level.
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Fig. 6.33 De-aggregation of the total repair cost for the suspend zipper braced frame at
the 50% probability of exceedance in 50 years hazard level.
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Fig. 6.34 De-aggregation of total repair cost for inverted-V braced frame at 10%
probability of exceedance in 50 years hazard level.
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6.6 SUMMARY AND CONCLUSIONS

The behavior of the inverted-V braced frame has been studied extensively by research in the last
decade. The inverted-V braced frame is very effective in providing lateral stiffness to limit
interstory drifts. However, under large lateral loading, the braces are designed to buckle, thereby
creating an unbalanced vertical force at the intersection of the braces and the floor beam. To
directly deal with such problem, alternative braced framing systems have been proposed. One
system is the inverted-V braced frame in which the floor beams are designed to have sufficient
strength to resist the unbalanced force. This system can require relatively large floor beams,
reducing system economy. Another option is the suspended zipper braced frame. The suspended
zipper braced frame is designed to have a zipper column attached to the brace intersections with
the goal to transfer the unbalanced vertical force to the upper stories of the structure when the
lower-story braces buckle. To transfer the unbalanced force collected at the top of the frame to
the foundation, the top-story braces are designed to remain elastic under the maximum
considered earthquake loading. In doing so, the member sizes of the top-story braces are
typically larger. Nevertheless, because the top-story braces and the zipper columns provide a
continuous support at the mid span of the beams, the beam member sizes are smaller, saving
material and reducing cost. Based on the self-weight comparison for the idealized model studied
here, the suspended zipper braced frame weighs 25% less than the inverted-V braced frame.

The performance-based earthquake engineering methodology implementation presented
in Chapter 5 was used to compare the system performance of a prototype suspended zipper
braced frame and an equivalent inverted-V braced frame with beams designed to resist the
unbalanced brace force. An idealized model, located in downtown Berkeley, California, was
designed and modeled using the OpenSees software and the brace model presented in Chapter 2.
Suites of ground motions representing multiple hazard levels at the site were selected from the
U.C. Berkeley Seismic Guidelines (UCB 2003) and used to conduct nonlinear dynamic analyses.
The results of the nonlinear dynamic analyses indicate that the suspended zipper braced frame
has higher peak demand, as measured by the interstory drift and floor acceleration, at the lower
stories, but lower peak demand at the top story.

Based on such peak demand distribution, the suspended zipper braced frame is expected

to have higher total repair cost than the inverted-V braced frame. However, because the total
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repair costs are contributed mostly by the drift-sensitive performance groups (the idealized
model is a regular office building with few acceleration-sensitive equipment items) and both
frames reach the highest-damage state in their structural component performance groups, no
additional cost is contributed by the somewhat higher demand observed in the lower stories of
the suspended zipper braced frame. On the other hand, because the third-story interstory drift
ratio for the suspended zipper braced frame is always very small, performance groups at this
story do not contribute to the total repair cost. Therefore, the total repair cost for the suspended
zipper braced frame tends to be less than that of the inverted-V braced frame. Such information
can be observed from the de-aggregation of the total repair cost computed using the
performance-based earthquake engineering methodology presented in Chapter 5. The
probabilistic performance evaluation accounts for the ground motion, demand model, damage
assessment, and repair cost uncertainties to give the stakeholders a quantitative probabilistic
description of the total repair cost for both systems under scenario earthquakes. This approach
provides the information needed to demonstrate the performance advantage of using the

suspended zipper braced frame.
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7 Summary and Conclusions

7.1 INTRODUCTION

There are three objectives of the study reported herein. The first objective is to develop and
implement nonlinear modeling techniques capable of representing the nonlinear dynamic
response of buildings using the suspended zipper braced frame. The second objective is to
demonstrate the use of hybrid simulation testing of complex structural framing systems using a
novel framework developed under OpenSees (Schellenberg 2008). The third objective is to
demonstrate the use of a newly implemented performance-based assessment methodology to
evaluate the system performance of complex building systems, with a specific application to a
building designed using the suspended zipper braced frame.

To accomplish these objectives, a quasi-static test was conducted and presented in
Chapter 2 to study the force-deformation hysteresis behavior of an inverted-V braced
subassembly. The results of the quasi-static test were used to calibrate an analytical brace
element capable of simulating general hysteresis behavior of steel braces that buckle out of
plane. With the calibrated analytical buckling element, the response of the suspended zipper
braced frame was investigated using an analytical model in Chapter 3 and verified using the
hybrid simulation test presented in Chapter 4. The results of the analytical simulation and hybrid
simulation test demonstrate that the system has many redundancies and that the intended force
redistribution in the system can occur under design earthquake loading. To further demonstrate
the performance of the suspended zipper braced frame, a new methodology was developed in
Chapter 5 to consistently account for the earthquake uncertainties and to produce performance
metrics suitable for risk management decision making. Chapter 6 uses the methodology
presented in Chapter 5 to compare the system performance of the suspended zipper braced frame
with the inverted-V braced frame. The results of the performance evaluation provide information
to demonstrate the relative merits of using the suspended zipper braced frame in a specific

application.



7.2 RESPONSE OF SUSPENDED ZIPPER BRACED FRAME

The system response of the suspended zipper braced frame under monotonic static loading and
dynamic loading was analyzed using OpenSees. The results demonstrate that the zipper columns
enable redistribution of force unbalance caused by brace buckling. Although the intended force
redistribution in the system is occurring, the results also indicate that the structure, under selected
ground motions, experiences relatively large interstory drifts and develops permanent residual
drift at the first and second stories. Furthermore, the large unbalanced vertical force, which is
transferred to the third-story braces, acts as a compression force on the columns, resulting in
accelerated formation of plastic hinges at the base of the first-story columns. Thus, column base
connections needed to be designed to ensure the resulting reactions can be transferred to the
foundation. It should be noted that even though the two-dimensional analytical model (Fig. 2.22)
reproduces the force-deformation hysteresis behavior of the braces very well, it does not fully
account for the out-of-plane buckling of the braces, which can cause the beam to rotate out of
plane. Thus, the beam must be adequately braced to ensure that the intended force redistribution

occurs.

7.3 PERFORMANCE OF HYBRID SIMULATION TEST

The hybrid simulation test of the suspended zipper braced frame uses the displacement control
continuous testing algorithm, where the nonlinear differential equation governing the system
dynamics is solved using the Newmark time-step integration with Newton-Raphson initial
stiffness iteration. To implement the hybrid simulation test, three OpenSees experimental
element classes (Schellenberg 2008) and new hybrid simulation architecture have been
implemented. The predictor-corrector algorithm used in this test implementation has been
modified to predict the target displacement with a zero-order polynomial and to correct to the
target displacement with a first-order polynomial within each step, thus avoiding instabilities
caused by subspace iterations performed by the integrator. The experimental results indicate that
this predictor-corrector algorithm works well.

The behavior of the inverted-V braced subassembly in the hybrid simulation test was
very similar to the behavior observed in the quasi-static test presented in Chapter 2. The braces

formed plastic hinges at the gusset plates and buckled out of plane and out of phase. In both
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cases, the maximum out-of-plane displacement at the center of the brace reached 5 percent of the
brace length. Brace buckling created large unbalanced vertical and out-of-plane forces at the
intersection of the braces. These forces were equilibrated by the zipper columns and transferred
to the upper stories of the suspended zipper braced frame, as intended by design. Last, both
braces in the inverted-V braced subassemblies suffered some inelastic damage and developed
significant residual displacement at the center of the braces.

An analytical model was constructed to verify the results obtained from the hybrid
simulation test. The excellent agreement between the analytical simulation and hybrid simulation
indicates that the analytical brace model calibrated from the quasi-static test can be used
effectively in predicting the system behavior. In addition, the test technique allows tracing the
response at each time-step and, thus, provides a clear representation of the force redistribution in
the system. Hence, the hybrid simulation test method is an efficient way to investigate the

complex force redistribution in the suspended zipper braced frame structure.

74 PERFORMANCE EVALUATION OF SUSPENDED ZIPPER BRACED FRAME

A rigorous and consistent performance assessment methodology has been pursued and presented.
The performance methodology accounts for the seismic hazard, model, damage, and cost
uncertainties to compute a quantitative description of the total repair cost of the structural system
under scenario earthquakes.

To evaluate the performance of the suspended zipper braced frame using this
methodology, an idealized building located at downtown Berkeley, California, was designed and
modeled. Both a suspended zipper braced framing system and an inverted-V braced framing
system (with beams designed to resist the unbalanced vertical force associated with brace
buckling) were designed and analyzed. Key structural and nonstructural components of the
building were identified and separated into performance groups. Sets of fragility functions were
used to define the damage state of each performance group (Yang et al. 2006). With ground
motions selected from the U.C. Berkeley seismic guidelines (UCB 2003), a series of nonlinear
dynamic analysis were analyzed using the validated analytical model presented in Chapters 3 and
4. Peak engineering demand parameters were identified and used in the performance evaluation

of the suspended zipper braced frame.
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The results of the performance evaluation for the specific building system investigated
indicate that the suspended zipper braced frame requires 25% less material than the inverted-V
braced frame. Because repair costs in this building were dominated by drift-sensitive structural
components, and because the suspended zipper braced frame had a capacity-protected upper
story (where the zipper forces were resolved), the suspended zipper braced frame had a lower
repair cost than the inverted-V braced frame.

The performance assessment methodology provides consistent steps for repair cost

modeling and can be extended to other structural types and performance measures.

7.5 FUTURE WORK

The focus of this study is on developing and demonstrating modeling techniques for seismic
analysis of a suspended zipper braced frame, on developing and implementing a hybrid
simulation testing method, and on use of a performance-based assessment methodology to
evaluate the system performance of complex building systems. While the study has been
successful in its objectives to study these issues, several research questions remain unanswered.

1. The analytical brace model presented in Chapter 2 is the basis of the analytical
simulations presented in this study. This model is intended for steel HSS braces that
buckle out of plane. However, it has been verified using results from only two
experimental tests. A more rigorous systematic parameter study should be conducted
analytically and experimentally to verify the response of the proposed analytical brace
model. Furthermore, modeling of in-plane buckling of steel HSS braces and modeling of
braces made using other typical steel sections should be done to form a complete brace
model portfolio. Finally, realistic models of brace boundary conditions, including gusset
plate deformation and lateral-torsional deformation of beams and columns of the frame
should be conceptualized, implemented, and validated. Such complete analytical models
of braced frames would be useful for further analytical and hybrid simulations of
complex structural systems under earthquake loads and comparative studies of the
seismic behavior of different framing systems.

2. The hybrid simulation test presented in Chapter 4 should be extended to utilize several
experimental substructures in the same hybrid simulation model. This is simply an

extension of the well-known substructuring testing technique. However, the testing space
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in a single laboratory is usually limited. While geographically distributed hybrid
simulation involving several laboratories has been tried before (Kwon et al. 2005;
Mosqueda 2003; Mosqueda et al. 2004), additional work is needed to improve the
reliability and shorten the duration of such tests. One application of such multi-
substructure hybrid simulation is an evaluation of the response of the structure using a
model that includes an inverted-V braced subassembly, gravity columns, and a
nonstructural element such as a partition wall. The results of this simulation would
provide an experimental validation point for the analytical performance assessment
methodology.

The performance assessment methodology presented in Chapter 5 provides a consistent
manner for engineers to evaluate the repair cost of a building after select scenario
earthquakes. Additional research should be done to improve the methodology and to
provide better hazard and fragility data used for performance evaluation. Methodology
improvements should focus on accurate assessment and representation of correlations
among damage states, repair methods, and repair quantities for the structure, and on
extensions to account for other performance metrics such as downtime and casualties. A
sensitivity study evaluating the effects of ground motion selection and scaling, selection
and correlation among demand and damage measures, and choice of fragility models on
the results of performance evaluation is also needed. Considering the advances in sensor
technology, and the likely ubiquity of sensors and plethora of sensor-acquired data, a
fundamental investigation on how to utilize such data within a probability-based
performance evaluation framework should be done. Finally, and most importantly, more
research is needed to improve the fragility relations for structural and nonstructural
components and systems commonly found in buildings today. Such data, if it existed,
would be universally applicable in a wide range of seismic performance studies
regardless of the performance evaluation methodology used. Coupled with the
performance methodology developed in this study, improved fragility relations could be
used to, for example, to compare the performance of different structural systems of the

range of building structures designed and built today.
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Appendix A: Basic Probability Theorem

A.1 INTRODUCTION

To account for uncertainties in earthquake engineering related problems, some prior
understanding of basic probability theory is needed. This appendix provides the probability
theory that is used in deriving the PBEE methodology. Additional references can be located from
any probability and statistics textbooks. One recommended text is the CE193 lecture notes
provided by Professor Armen Der Kiureghian from the University of California, Berkeley,
Department of Civil and Environmental Engineering (Der Kiureghian 2005b). Some of the text

presented in this appendix is adopted directly from this text.

A.2  BASIC PROBABILITY THEORY

Table A.1 shows a summary of the notations used in this appendix.

Table A.1 Summary of notations.

Notation Definition
S Sample space. A collection of all possible events.
%) Empty set. A set contains no events.
E, Event i.
E, Complement of event i.

E aE, Union of event i and event j.

E[.Ej or E.N Ej Intersect of event i and event j.
P(El) Probability of event i.

P(Ei |Ej) Conditional probability. Probability of event i given event j.




Axioms of probability
Equations (A.1)—(A.3) show the axioms of probability that are used to define the rest of
the probability rules.

0<P(E)<1 (A.1)

P(S)=1 (A.2)

Event £, and £, are said to be mutually exclusive,

A3
if P(E, &4 E,)=P(E)+P(E,)= P(EE,;)=0fori# j (&.3)
Collective exclusive
Event E, to E, are said to be collective exclusive if
EaFEaLaE =S (A.4)

Elementary rules of probability
Equations (A.5)—(A.11) show some elementary rules of probability. Detailed proof can be
located from the list of references.

P(E 4 E))=P(E)+P(E,)-P(EE,) (A.5)

J

P(E,a E 4 E)=P(E)+P(E,)+P(E,)-P(EE,)

1

(A.6)
-P(E,E,)-P(EE,)-P(EEE,)
Conditional probability
P(E.|E.):M if P(E,)#0 (A7)
i J P(Ej) ’ J .
P(EEL E,)=P(E |EL E)PE|EL E,)L P(E,) (A.8)



Statistical independence

Event E; and E are said to be statistically independent if

P(E,|E))=P(E,) & P(E,|E)=P(E,) (A.9)
Bayes’s rule
P(E)
P(Ei|Ej)=P(Ej|Ei)m (A.10)

Theorem of total probability

P(4) = Z P(A|B,)P(B)), (A.11)

provided B, is mutually exclusive and collective exclusive.

A.3 SINGLE RANDOM VARIABLE

As the number of events in a sample space increases, it is mathematically more challenging to
express the probability of each event happening using symbols. Hence, the concept of a single
random variable is introduced (concept of multiple random variables will be introduced in
Section A.4). A single random variable is defined as a mapping from events in a sample space to
numerical values. Each value represents possible outcomes of the sample space. Since the events
are mapped into real numbers, formal mathematical equations can be used to deal with the
random phenomena. The following example illustrates the concept of a random variable.
Example 1: The damage states (DS) of a component in a building after an earthquake can
be identified as No Damage (ND), Slight Damage (SD), Moderate Damage (MD), and Heavy
Damage (HD). A random variable, X, can be used to represent the damage states of the
component, then the possible damage state of the component after an earthquake can be

expressed as



ND = X =0

SD = X =1
MD=X=2
HD = X =3

At the same time, another random variable, Y, can be used to represent the state of the

component With Damage (WD) or No Damage (ND). This means that
ND =Y =0

SD,MD,HD =Y =1

This example illustrates the concept of two separate random variables and their

corresponding mapping. Note the mapping of random variable Y is not one-to-one.

Probability distribution

Once a random variable is defined, the probability of occurrence of each outcome of a
random variable can be completely characterized by its probability distribution. The following
section defines some of the probability distributions that can be used to characterize a random

variable.

If a random variable, X , has discrete outcomes (say x,,x,,L ,x,), the likelihood of each
outcome of the random variable to occur is related to the probability of each event to occur in the

original sample space. Hence, a probability mass function (PMF), p, (x), is defined as

Px(x)=P(X=x,) (A.12)

Since p, (x) =0 for any x # x, for i =1L n, PMF must satisfy the following rules

0<p,(x)<1 (A.13)

D ry(x)=1 (A.14)

If a random variable, X , does not have discrete outcomes, the definition of PMF is not

useful to define the probability distribution (since pX(x) =0 for all x). Hence, a probability
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density function (PDF), f, X(x), is defined for a continuous random variable. Equation (A.15)

shows the definition of PDF,

x+dx

j Sy (x)dx=P(x< X < x+dx) (A.15)
Similar to PMF, PDF has to satisfy the following rules:

0< £y (x) (A.16)

ij )dx =1 (A.17)

Alternatively, the probability distribution of a random variable can be characterized using

the cumulative distribution function (CDF), F (x) , where the F, (x) is defined as

Fy(x)=P(X<x)=) py(x) (discrete random variable)

X;<x

(A.18)
= I f ¢ (x)dx (continuous random variable)

To ensure that the axioms of probability is satisfied, the CDF must satisfy the following

rules:

Fy(—°)=0and F, (e0)=1 (A.19)

Partial descriptors of a single random variable

While a probability distribution contains the complete description of a random variable, it
is often useful to capture the characteristics of the random variable using partial descriptors.
Equation (A.20) shows the definition of the n™ moment of a random variable and Table A.2
summarizes some commonly used partial descriptors and their relationships to the n™ moment of
a random variable.

Definition: The n” moment of random variable, X , is defined as
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E {X "} = Z x"py(x,) (discrete random variable)

F, (—00) =0and -
= '[ x" fy (x)dx (continuous random variable) (A.20)

Table A.2 Commonly used partial descriptors for single random variable, X .

Notation Descriptions Equations

Average value of X . Also My = E{X} - inpx (xi) (discrete)
Mean known as the first l

My moment of random _ R .
variable X | —_j x fy (x)dx (continuous)
Value of random variable
Median X , when 50% of the
’ F =0.
X5 probability lies below and X (x°~5) 0.5
above it.
Value of random variable .
Mode X , where the outcome Py (% = maX(pX (x)) (discrete)
b4 has the highest fe (= max(fX (x)) (continuous)
probability.
Mean E{Xz} =le.2px (x,) (discrete)
Square Second moment of m’
d iable X . .
E[X2] random variable = J‘ x*fy (x)dx (continuous)

Measure the dispersion of | 17,.[ x]= X, — : X, discrete
the distribution about its [ ] Z( l IUX) pX( l) ( :

Variance mean. Large value of w )
VaV[X] Var[X] denote large = I (x=st) fx (x)dx (continuous)

dispersion about the )
mean.

Note, Var[X|= E[XzJ—(E[X])Z




Table A.2—Continued.

Notation Descriptions Equations
Square root of the
variance. Measure the
Standard dispersion of the
deviation distribution about its o, = lvar[X]
Oy mean. Large value of O,
denote large dispersion
about the mean.
Coefficient i o
. Normallzgd measure of 0, =7, Note this only make sense if /L, is
of variance dispersion about its |yX
§X mean. not close to 0.
3 .
Hys= z (xi _/JX) Px (xi) (discrete)
: Third central moment of .
Third ) N ]
central random variable X . = J. (x—u,) fy(x)dx (continuous)
moment Measure the skewness of —eo
the distribution about its U, 5 > 0= Skew to theright aboutits mean
Hy s mean. ’ . .
= 0 = Symmetric about its mean
< 0 = Skew to the left about its mean
Hy s
. Vx = o
Coefficient | pimensionless quantity to X
of skewness | characterize skewness of 7y > 0= Skew to theright about its mean
Yx the distribution. =0 = Symmetric about its mean
< 0 = Skew to the left about its mean
4
Coefficient | Measure the flatness of E[(X_'uX) } 35>0=sh K
of excess | the distribution around its O-X4 sharp pea
eak.
P < 0 = flattened peak




A4 MULTIPLE RANDOM VARIABLES

While section A.3 illustrates the concept of a single random variable, most earthquake-
engineering-related problems require concurrent consideration of multiple random variables.
This section will summarize the probability distributions and the corresponding partial descriptor
for multiple random variables.

A.4.1 Probability Distribution of Multiple Random Variables

Consider two discrete random variables X and Y, the joint PMF of the random variables is

defined as

Py (%y)=P(X=x,NnY=y,) (A21)

To satisfy the axioms of probability, the joint PMF of the random variables must satisfy

the following rules,

0<pyy (x,y)<1 (A.22)

pry(xpy)wy (v)and 3 pyy (%)= Py () (A.23)

2.2 P (x.,) =1 (A.24)

If the random variables are continuous, the joint PDF of the random variables is defined

as

y+dy x+dx
j o (x,y)dxdy=P(x< X <x+dxny<Y<y+dy) (A.25)
y X

Again, to satisfy the axioms of probability, the joint PDF of the random variables must

satisfy the following rules,



0< fiw (%) (A.26)

foy(x,y)dxzfy(y) and TfXY (x,y)dyzfx (x) (A.27)
T TfXY (x,y)dxdy:l (A.28)

The CDF for the joint random variable is defined as

z Z p XY( X, ) (discrete random variables)

)i Sy X Sx

(A.29)
= I J. Sxr (x,¥)dxdy (continuousrandom variables)

—00 —o0

Similarly, the joint CDF of the random variables must satisfy the following rules

FXY( ) OFXY(x_Oo):O’
Fyy (x, )FX() ( y)=F(») (A.30)

A.4.2 Moments of Multiple Random Variables

Like the moments of single random variables, the joint moment of multiple random variables
provides partial description of the random variables. Table A.3 shows some of the commonly

used partial descriptors for two joint random variables X and Y .



Table A.3 Commonly used partial descriptors for two joint random variables, X and Y.

Notation Descriptions Equations
Mean of Mean of the product of = ZZx,. Y;Pxy (xl., yj) (discrete)
product random variables X Joi
E[XY] and Y . 2 e '
= J. I xY fy (x,y)dxdy (continuous)
Cov[X, Y]
Joint central moment. = ZZ(xl. —ﬂX)(yj —,uY)pXY (xl.,yj )
=E (X_;UX)(Y_:UY) j. i
Covariance Wh[ 2, and & ] (discrete)
ere an are
Cov| X,Y * ’ T
[ ] the mean of random = I j(x—,ux)(y—,uy)fn(x,y)dxdy
variable X and Y —o0 oo
respectively. (continuous)
Note, Cov[ X,Y|=E[XY]|-E[X]E[Y]
Dimensionless measure = COV[X’ Y] ,—1<p,, <1
. related to covariance. 0,0y
Corre.la.t|on Both covariance and P
coefficient correlation coefficient e } )
Oy measure the linear = linear relation between X and Y
dependence betweentwo | p,, = 0
random variables. = Complete lack of linear dependence

Table A.3 shows some of the partial descriptors that are commonly used to characterize
two joint random variables. If there are more than two random variables, it is more convenient to

use matrix notation to present a set of n random variables.

Let X=[X, X, - X, ]t be a vector of n random variables. The superscript t represents

matrix transpose. It is useful to introduce the mean matrix, M, , and the covariance matrix, 2.,



H, 0-12 sym

Cov[X,,X,] o,

M, =|" Y = (A31)

u, Cov[X,,X,] Cov[X,X,] - o]

n’

where 4 and o,° are the mean and variance of random variable JX,.
In addition, the diagonal matrix of standard deviations, D,, and the correlation

coefficient matrix, R,, , is defined as

o 0 0 1 sym
0 o : P 1

D=l | Res|T (A32)
0 0 n pn,l IOn,Z 1

where p,; is the correlation coefficient between random variable X; and X . Using the

1

Cov[X,Y]
O-Xo-Y

identifying p,, = , one can easily verify that

2w =DyR; Dy (A.33)

A.S FUNCTIONS OF RANDOM VARIABLES

Sections A.3 and A.4 demonstrate the concept of random variables where their probability
distribution is known. However in earthquake-engineering-related problems, the probability
distribution of the random variable of interest may not always be easily accessible. For example,
the stress level of a component in a building during an earthquake may not be easily accessible
but can be determined in terms of the applied load and building deformation. This section will
illustrate the concept of functions of random variables where the probability distribution of the
dependent random variable can be identified or estimated from independent variables which are
accessible.

Let X be a random variable whose probability distribution is known. Let Y be a
dependent random variable whose probability distribution depends on the probability

distributions of X . If random variable Y can be related to random variable X by a transfer
A-11



function Y=g, (X ) The n™ moment of random variable ¥ can be calculated using Equation

(A.34).

E { g" (X )} = g"(x)py(x;) (discrete random variable)

- (A.34)
= J- g"(x) fy (x)dx (continuous random variable)

—oco

where p, (X) and f (X) are the PMF and PDF of random variable X .

Since g, (X ) is just another function of g(X ) , Equation (A.34) can be written as

E{g(X)}=>g(x,)py(x) (discrete random variable)

. (A35)
= J g(x) fy (x)dx (continuous random variable)

Equation (A.35) is known as expectation of g(X ) It should be noted that the partial
descriptors shown in Tables A.2 and A.3 are just some special cases of g(X ) For example,
when g(X ) =X, the expectation of g(X ) reduces to mean of X and when

g(X)=(X-u,)", the expectation of g(X) reduces to Var[X].
If the function depends on more than one random variable, for example

g(X)=g(X, X,--X,), the expectation of g(X) can be calculated using Equation (A.36).

E{g(X)}=>L > g(x.L .,x,)py, x (x.L,x,) (discreterv)

Xl Xm

(A.36)

oo oo

= IL Ig(xl,L X ) Sy, (%L L%, )dy L dy,  (continuous rv)

Where g (xl,L ,xm) represents the value of the function when X=x and py, . (xl,L ,xm)

and f, XL X, (xl,L ,xm) are the joint PMF and PDF of the random variables X, X,---X, . The

series of summations and integrations shown in Equation (A.36) indicate the summation or
integrations of all possible outcomes of X. For example, ¥ =X,+2X, and X, have two
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possible outcomes (x,, and x,,), while X, has three possible outcomes (x,,, x,, and x,;).

Equation (A.37) shows the expectation of random variable Y .

E{Y}:(xl,l+2x2,1)p(x1,1ax2,1) (x11+2x22) (xllaxz,z)
+(xm+2x2,3)p(x1,1,x2,3) (x12+2x21) (x129x2,1)

+(x1,2+2x2,2)p(x1,25x2,2) (x12+2x23) (x1,23x2,3>

Some basic property of the expectation operator is shown in Equation (A.38):

E{c}=c
E{cg(X)}=cE{g(X)}
E{g(X)+h(X)}=E{g(X)}+E{n(X)}

where c is a constant and g(X) and h(X) are two real value function.

(A.37)

(A.38)

With the definition of expectation, some unique property of functions of random

variables can be derived. Consider a system of affine functions

Y, =Y a, X, +b, k=1L ,m

i=1
where a,, for i=1L n and b, are constant coefficients.

Taking expectation of v,

= aui, +b, k=1L ,m

i=1

Subtract Equation (A.40) from Equation (A.39),
Yk_:qu :zaki(Xi_luX[) k=LL ,m
i=1

Take expectation of function (Yk — Uy, )(Y, — Uy, )

E| (%, =y ) (%= 1) | = Cov[%,. Y]

(A.39)

(A.40)

(A.41)

(A.42)



Cov[Y,,Y] :E[iaki (Xi —Hy )ialj (X_,' —Hy, )}
= Zn:iakiazf'E[(Xi —Hy, )(Xf ~ Ay, )}

i=l j=1

= iia,ﬂ.aleov[Xi,XJ

=1 j=1

n n
= ZzakiaUprX,’O-Xio-X/

i=l j=1

In matrix notation, Equation (A.39), Equation (A.40), and Equation (A.42) can be written as

Y =AX+B (A.43)
MY = AMX +B (A.44)
2y TAY A (A.45)

Equation(A.43), Equation (A.44), and Equation (A.45) show that the mean vector and
covariance matrix of random variables, Y, can be calculated from the mean vector and

covariance matrix of random variables, X, if the transformation from X to Y is affine or linear.

A.6 PROBABILISTIC MODELS

Sections A.3—A.5 deal with random variables and their probability distributions. Table A.4
summarizes some of the probabilistic models that are commonly used in engineering-related

problems.



Table A.4 Commonly used probability distributions.

Name PMF pX(x) (Discrete) Mean = (L,
Description
(parameters) PDF f, (x) (Continuous) Std Dev= O,
Discrete probability .
| . dlstrlbu‘tlon Dy (x) :[ jpx (1_ )" X
Binomial representing the X
distribution | Probability of having for x=0,L ,n P
(p n) exactly x success in 71 np(1-p)
’ Bernoulli* trials ny  n!
(independent of the (xj_ x!(n—x)'
sequence).
Discrete probability
G i distribution
eometric ; -1 1-
Garooton | epreenineite | o (9=(-p) | LA
(p) exactly x Bernoulli* for x=1,2,...
trials until the first
success occurs.
Discrete probability
distribution k
Negative representing the x—1 e ; ’
binomial probability of having Px (x):( ka (1_17)
distribution | at Jeast x number of k=1 k(1-p)
(p,k) Bernoulli* trials to for x=k,k+1,L p
have the & success
to occur.

*Note: Bernoulli trials are defined as a sequence of independent trials, where each trial has only

two possible outcomes and the probability of each trial remains the same throughout the trials.



Table A.4—Continued.

(v)

probability of having
X number of arrivals
in the time interval

Name o PMF Dy (x) (Discrete) Mean = (L,
Description
(parameters) PDF fX(X) (Continuous) Std Dev= O,
Discrete probability = vie”
Po distribution x!
oisson .
e representing the for x=0,1L
distribution V,\/;

v >0 represents the average

number of arrival in time

positive entry (x =0

).

[0,%). interval [0,t).
Continuous
probability
Uniform distribution 1
distribution representing the fr(x)= h_a ° <x<b atb b\_/f
probability of having 2 23
(a,b) equally likely =0 elsewhere
probability in the
interval (a,b)
Also known as
Gaussian distribution. | £, (x)
X o
‘Normal The probability s Hx - Ox
distribution distribution is 1 L x—py
(ty,0) represented bythe | ~ /5~ P75 o, ’
bell shape curve and X
is symmetric about its | for—oeo < x <o
mean.
Exponential of the
normal distribution.
Taking natural log of T (x) 2
Lognormal lognormal 1 1 nx=AY eXp /1"‘7 )
distribution distribution returns | = —F=—_CXp| -~
(4.0) the normal e L e CINGE
’ distribution. Random forx >0 e e
variable x takes only 0 elsewh
= elsewhere




Appendix B: Design of Idealized Building

B.1 INTRODUCTION

In order to compare the performance of the suspended zipper braced frame with the inverted-V
braced frame, the idealized building as shown in Figure 6.1 has been designed according to the
International Building Code (ICC 2000) and the AISC LRFD and seismic provisions (American

Inst. of Steel Construction 2002). The detail design calculations are presented in this appendix.

B.2 LOADINGS

B.2.1 Gravity Load and Seismic Weights

The gravity load and seismic weight of the idealized building at the roof, third, and second,
floors have been summarized in Tables 6.6—6.8. The dead load (DL) consisted of an area load
uniformly distributed on the floor area and a perimeter load to represent the facade. The live load
(LL) 1s uniformly distributed on the floor area. The seismic weight of the building is calculated

to be 8586 kips.

B.2.2 Site Seismicity

To calculate the design base shear contributed by the earthquake loading, the spectral
accelerations are located from USGS seismic hazard maps (USGS 2002). Based on the reading,

the maximum considered spectral acceleration at short period is S¢ = 1.9 g, and at 1-sec period,
S, = 0.82 g. With soil condition classified as site C, the design earthquake spectral acceleration

at the short period and the 1-sec period was calculated to be S, = 1.27 g and S,, = 0.71 g,

respectively. Figure B.1 shows the design response spectrum calculated according to the

procedure presented in IBC2000 (ICC 2000).



o
®

o
o

Spectra acceleration, Sa [g]

o
~

0.2

Periods [Sec]

Fig. B.1 Design response spectrum.

B.2.3 System Parameters

Table B.1 summarizes the system parameters that are used for the base shear calculation.

Table B.1 System parameters.

Parameters Value References

Occupancy category I ASCE 7-02 Table 1.1
Seismic use group I ASCE 7-02 Table 9.1.3
Important factor, | 1.0 ASCE 7-02 Table 9.4.2.1a
Response modification factor, R 6 ASCE 7-02 Table 9.5.2.2
Overstrength factor, QQ 2 ASCE 7-02 Table 9.5.2.2
Deflection amplification factor, Cd 2 ASCE 7-02 Table 9.5.2.2
Building height limitation 160 ft ASCE 7-02 Table 9.5.2.2
Allowable story drift ratio 2% ASCE 7-02 Table 9.5.2.8




B.2.4 Fundamental Period of Structure

To calculate the seismic base shear, the fundamental period of the structure is estimated using a

finite element program (OpenSees) but checked with the provision specified in the ASCE 7-02

Section 9.5.5.3. Table B.2 shows the coefficient used in estimating the fundamental period of the

structure.

Table B.2 Parameters used in estimating fundamental period of structure.

Parameters Value References
Coefficient for upper limit on
. 14 ASCE 7-02 Table 9.5.5.3.1
calculated period, C,
Coefficient for approximating the
. 0.02 ASCE 7-02 Table 9.5.5.3.2
period, C,
Coefficient for:.apprommatmg the 0.75 ASCE 7-02 Table 9.5.5.3.2
period, x
Total height of the structure in ft 42

Approximate fundamental period of the structure

T =Ch, =0.33sec

Upper limit on calculated period

T ..=CT =0.462sec

Period calculated from structural analysis

T =0.45sec

(ASCE 7-02 Equation 9.5.5.3.2-1)

(ASCE 7-02 Section 9.5.5.3.1)

(OpenSees analysis)

‘Select T = 0.45 sec in the calculation of the design base shead




B.2.5 Seismic Base Shear

The seismic design base shear is calculated according to ASCE 7-02 Section 9.5.5.2.

—5ps 1267 _ 514, (ASCE 7-02 Eq. 9.5.5.2.1-1)
RIT 6/
S, _ 0707

C < - -0.262 ASCE 7-02 Eq.9.5.5.2.1-2
ST(RIT) . 0.45(6/1) g 1 )

C, 20.0445,, 1 =0.044(1.267)1=0.056g  (ASCE 7-02 Eq.9.5.5.2.1-3)

o 5055 _05(0.816)

> = =0.068 ASCE 7-02 Eq.9.5.5.2.1-4
Y 5 g ( q )

V =C, W =1811 kips (ASCE 7-02 Eq. 9.5.5.2-1)

B.2.6 Vertical Distribution of Base Shear

The vertical distribution of the base shear is calculated according to ASCE 7-02 Section 9.5.5.4.
Table B.3 shows the summary of the vertical distribution of the seismic base shear. Since the
idealized building has two symmetrical axes along each principal axis of the structure and there
are six lateral-load-resisting systems in each principal axis, each lateral-load-resisting system is

designed to resist one sixth of the total design seismic base shear.

F=CJV (ASCE 7-02 Eq. 9.5.5.4-1)
whr
C,=—" (ASCE 7-02 Eq. 9.5.5.4-2)
Z wihl.k
i=1
k=1 (ASCE 7-02 Eq. 9.5.5.4-2)



Table B.3 Vertical distribution of seismic base shear.

Level w, h, Wihl.k C F.ow | Fotame | Story shear
[kips] | [ft] [k-ft] "1 [kips] | [kips] [kips]
Roof 2,899 |42.00| 121,761 |0.50| 900 | 150 150
Third floor | 3,122 |28.00| 87,419 [0.36| 646 | 108 258
Second floor |2,565|14.00| 35,911 |0.15| 265 | 44 302
First floor
Total 8,586 245,092 |1.00| 1,812 | 302

B.2.7 Distribution of Gravity and Seismic Forces

To simplify the design procedure, all the element connections are assumed to be pinned. With
the tributary width of 14 ft, the gravity load is assigned to the lateral-load-resisting system as
distributed loads along the beams. Table B.3 summarizes the gravity load value assigned to the
lateral-load-resisting system. Figure B.2 shows the distribution of the gravity load and seismic

base shear assigned to the lateral-load-resisting system.

PR tr 1]
75 kips
54 kips
22 kips
147
°
VAN VAN Pin connection

| 14" 14 |

Fig. B.2 Loads applied on lateral-load-resisting systems.



Table B.4 Gravity load assigned to lateral-load-resisting systems.

i @y, ; (kips/ft) | @, ; (kips/ft)
Roof, R 1.91 0.28
Third floor 2.29 1.40
Second floor 2.30 1.12

B.2.8 Load Combinations

The load combination used in designing the lateral-load-resisting system is calculated according
to IBC2000 (ICC 2000) Section 1605.2.
1. 1.4DL
2. 1.2DL+1.6 LL +0.5Lr
3. 1.2DL+05Lr+1.6LL
4. 1.2DL* 1.0E+0.5LL
5. 09DL* 1.0E

Where £=pQ,+0.25,,DL (ASCE 7-02 Section 9.5.2.7) and

p =reliability factor = max(p, ), 1.0< p<1.5
2

p=2-—2
rmax\/A7x

Fax, — Tat10 Of story shear resistance by the most heavily loaded element in story x.

(ASCE 7-02 Section 9.5.2.4.2-1)

Assume all the story shear is resisted by the brace only, since there are a total of
12 braces ina story =, =1/12.

20

rmax\/Zx

A= floor area = 22736 ft* = p =2~

=04= p=10=E=0,+0.253DL

Hence the final load combinations used are
1. 1.2DL+1.6LL+0.5Lr
2. 1.2DL+ 1.6 Lr+0.5LL
3. 1453 DL+Qg+05LL
4. 0.647 DL - Qg
Note: Live load reduction factor was not applied (IBC2000 Section 4.8 and 4.9).



B.3 DESIGN OF INVERTED-V BRACED FRAME

B.3.1 Design of First-Story Braces

BTN i tizin

E=151kips —» & —» E =151 kips

a
+— 2Pcos(0) ?

0 =45 degree
2Psin(0)
L =28 |
Unfactored load
_0.625xw,, XL _ 28 5kips; P, = 0.625x@,, XL — _13.9kips

L 2xsin(0) 2xsin(0)

E

=————=4213.5kips;
% 2xcos(0) P

Design forces in the braces (factored load)

P = 1.2DL+1.6LL=-56.3kips
P = 1.453DL+ Q¢ +0.5LL=-261.9 kips <~ govern compression load

T = 0.647 DL- Q¢ = 195.1 kips ¢<— govern tension load

—> pick HSS7x7x5/8
L= 19.8 ft, A, =14in’, F, = 46 ksi, E, =29000ksi,
K =1 (out-of-plan buckling), r, =7, = 2.58in.

AISC LRFD check

Compression strength: ~ @P, =309.4kips > P (ok)
Tension strength: ¢P, =0.94,F, =579.6 kips > F, (ok)
Slenderness: KL, /r=921<587,|E | F, =147

(2002 AISC seismic provision section 13.2a) (ok)
Compactness: b/t=h/t=9.05<0.64,/E /F, =16

(2002 AISC seismic provision T-1-8-1) (ok)

Select HSS7x7x5/8 for the first-story braces




B.3.2 Design of Second-Story Braces

oL = 2.29 k/ft

VYYYYYYYYYYYYyyvyy  Ou= 140K/

_ ) - - _ )
E =129 kips — < 2Poos(0) —» E =129 kips

? ? 0 =45 degree

2Psin(0)
L =28 |
Unfactored load
0.625x @, XL , 0.625xw,, XL ,
= =-283kips; P, =————— L =17 3kips ;
L 2xsin(6) Pt 2xsin(0) P

E

=———=%182.4kips;
s 2xcos(0) P

Design forces in the braces (factored load)

P =12DL+1.6LL=-61.7 kips
P = 1.453 DL+ Q¢ +0.5LL=-232.2 kips ¢~ govern compression load
T, = 0.647 DL - Q¢ = 164.1 kips <— govern tension load
= pick HSS7x7x1/2
L= 19.8 ft, A, =11.6in", F, = 46 ksi, E, =29000ksi,
K =1 (out-of-plan buckling), r, =7, =2.63in.

AISC LRFD check

Compression strength: ~ @P, =262.0kips > P, (ok)

Tension strength: ¢P, =0.94,F, =480kips > P (ok)
Slenderness: KL, /r=903<5287,/E /F, =147
(2002 AISC seismic provision section 13.2a) (ok)
b h
Compactness: —=—=12.1<0.64,/E_/F =16
t ot Y

(2002 AISC seismic provision T-1-8-1) (ok)

|Select HSS7x7x1/2 for the second-story braces‘

B-8



B.3.3 Design of Third-Story Braces

woL= 1.19 k/ft
YYVYYYYYYYYTYYYYYYY  Ou= 028K/
E=75kips —»> B €2Pcos(6). —» E =75 kips
? ? 0 =45 degree
2Psin(0)
L =28

Unfactored load
_0.625xw,, XL

0.625x @, XL : .
_ = 14.7kips: P, = = —3.5kips
o 2xsin(0) Pt 2xsin(0) P
E
P, =— = =+106kips;
% 2xcos(8) v

Design forces in the braces (factored load)

P =1.2DL+1.6Lr=-23.2 kips.
P = 1.453 DL + Q¢ =-129.2 kips ¢— govern compression load
T, = 0.647 DL - Q¢ = 96.5 kips <— govern tension load
—> pick HSS6x6x1/2
L= 19.8 ft, A, =9.74in’ | F, = 46 ksi, E, =29000ksi,
K'=1 (out-of-plan buckling), . =7, = 2.23in.

AISC LRFD check
Compression strength: ~ @P, =177.5kips > P, (ok)

Tension strength: ¢P, =0.94,F, = 403.2kips > F, (ok)
Slenderness: KL, /r=107<5.871,|E /F, =147
(2002 AISC seismic provision section 13.2a) (ok)
b h
Compactness: —=—=99<0.64,/E /F, =16
g’ t ot v

(2002 AISC seismic provision T-1-8-1) (ok)

Select HSS6x6x1/2 for the third-story braces

B-9



B.3.4 Design of Second-Floor Beam

oo = 2.30 k/ft

* v #2\# v * ou =112 K/t

RyPy 0.3 ¢Pn
L=28

The beams of the IVBF are designed according to the 2002 AISC seismic provision (American

Inst. of Steel Construction 2000) Section 13.4 a, where the beams are continuous between

columns. The beams are designed to resist the gravity load and unbalanced vertical force when

the compression brace buckled. The unbalanced vertical force is calculated based on the

assumption that the tension brace yield and reached the capacity of R P, and that the

compression brace has a capacity of 0.3¢ P, . The following sections show the procedures used to

design the beams of the IVBF.

Gravity load (assume the brace is not present)
Vo =@y, XL/2=322kips; M,, = a)DLxL2 /8=225.4k— ft;
V,=w,xL/2=157kips; M,, =a)LL><L2 /8=109.8k — ft;

Earthquake load (assume with brace buckled)

First-story brace forces (HSS7x7x5/8):

R P = RyAng =837.2kips ; (R, =1.32002 AISC seismic provision T-I-6-1);

0.3¢ P, =92.8kips
V,=(R,P,—03¢P,)sin(45)=5264kips

M, = VZL —3684.5k— /i ;

P
P, =(R,P,+0.3pP,)cos(45)/2=%328.8kips (assume >

¥

unbalanced horizontal force is distributed to both left and RyPy 0.3 ¢Pn

part of the beam).

Design forces in the beam (factored load)

P =E=-328.8 kips <~ govern compression load

Pu =-E=328.8 kips <— govern tension load

B-10
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Vu = 1.4 DL =45.1 kips. Vu = 1.2DL+ 1.6 LL = 63.7 kips
V,=1.2DL+E+0.5LL=572.8kips <~ govern shear
M, = 1.4DL=315.6 k-ft. M, = 1.2 DL+ 1.6 LL = 446.1 k-ft
M, = 1.2DL+E+0.5LL=4010k-ft <— govern moment

= pick W33x291
A4,=857in*, I, =17700 in*, kL =28 fi, kL, =14 ft,F, =50ksi, E, =29000ksi,
Lateral braced @ % point (L, =14 ft)

AISC LRFD check

Compression strength: ~ @P =3127.4kips

Tension strength: ¢F, =0.94,F, =3856.5 kips > P, (ok)
Moment strength: oM =4350k-ft (¢=0.9,Cb=1.3)
Shear strength: oV, =902kips (¢ =0.9, without stiffener) >V (ok)
E
Compactness: i =4.6<03|—==723
2t; F,

(2002 AISC seismic provision T-1-8-1 [d]) (ok)

%20.08: %:31 <3.14 E, {l—%j: 65.7
v y v
(2002 AISC seismic provision T-1-8-1 [d]) (ok)
Combine axial and moment interaction (AISC section H1):
P,=7m’El/ kL’ =44874kips ;

C,, =1.0 (AISC Chapter C.2 pg 16.1-18, member subject to transverse

load and without end restraint) = B, = L =1.0
I_Pu /Pez

Since P /¢ P, =0.1<0.2, safety check was analyzed against

P M
“_ 4w —(.97<1.0 (ok)
20.P,  ¢M,

Select W33x291 for the second-floor beam

B-11



B.3.5 Design of Third-Floor Beam

oL = 2.29 k/ft

* v #2& v * o = 140 k/ft

RyPy 0.3 ¢Pn
-~ L=28

Gravity load (assume the brace is not present)
V,, =@, xL/2=321kips; M,, =w, xL'/8=224.42k— ft;
V,=w, XL/2=19.6kips; M,, =a)LL><L2 /18=1372k— ft;
Earthquake load (assume with brace buckled)

Second-story brace forces (HSS7x7x5/8)
RyPy = RyAgFtv =693.7 kips ; (Ry =1.32002 AISC seismic provision T-I-6-1);

0.3 P, =78.6kips

V,=(R,P,—03¢P,)sin(45)=4349kips ;

M, = Vel =3044.6k— ft,

P P
£ = (RyPy +O'3¢P,1)COS(45)/2 =273 kips (assume —> a — > the
unbalanced horizontal force is distributed to both left and RyPy 0.3 ¢Pn right

part of the beam).

Design forces in the braces (factored load)

Pu =E =-273 kips <~ govern compression load

Pu =-E =273 kips ¢<— govern tension load

V. = 1.4 DL=44.9 kips

V. =1.2DL+1.6LL=69.8kips

V; = 1.2DL+E+0.5LL=483.2 kips <~ govern shear

M = 1.4DL=314.2 k-ft

u

1.2 DL+ 1.6 LL =488.8 k-ft

Mll
Mu

1.2DL+E+0.5LL=3382.5k-ft ¢~ govern moment

B-12



= pick W30x261
4,=769in’, I, =13100 in*, kL =28 fi, kL =14 ft,F, =50ksi, E, =29000ksi,
Lateral braced @ % point (L, =14 ft)

AISC LRFD check

Compression strength: ~ @P, =2769.4 kips

Tension strength: ¢P, =0.94,F, =3460.5kips > P, (ok)
Moment strength: oM, =3536.3k-ft (¢=0.9,Cb=1.3)
Shear strength: @V =793.5kips (¢ =0.9, without stiffener) >V (ok)
b E
Compactness: —=4.6<03 [+ =723
2t g

(2002 AISC seismic provision T-1-8-1 [d]) (ok)

L 008 oo r<zia (B[ 1o | 64
oP, tw F ¢P

y y

(2002 AISC seismic provision T-1-8-1 [d]) (ok)
Combine axial and moment interaction (AISC section H1):

P,=m’El/kL’=33212kips ;

C,, =1.0 (AISC Chapter C.2 pg 16.1-18, member subject to transverse

load and without end restraint) = B, = L =1.0
I_FL /Pez

Since P /¢.P =0.10< 0.2, safety check was analyzed against

L M 110 0k
20.P oM,

cn

Select W30x261 for the third-floor beam)




B.3.6 Design of Roof Beam

ooL = 1.29 k/ft

* v #A# v * o= 028 K/ft

RyPy 0.3 ¢Pn
—L=28—

Note: According to the AISC Seismic 2002 section 13.4a exception provision, the top-story
beam does not require to design for the unbalanced vertical force when the compression brace
buckles. However from the computer simulation, the roof beam has excessive deflection when
the third-story braces buckled, and so this exception was removed in the 2005 AISC seismic
provision. Hence, the roof beam will be designed to sustain the unbalanced vertical load when
the third-story brace buckled.
Gravity load (assume the brace is not present)

Vo =@, XL/12=26.Tkips; M,, =w, xL’/8=187.2k— fi;

V, =, xL/2=39%kips; M, =w, XL’ /8=27.4k— ft;
Earthquake load (assume with brace buckled)

Third-story brace forces (HSS6x6x1/2)

R P =R AF, =582.5 kips ; (R, =1.32002 AISC seismic provision T-I-6-1);

0.3 P, =53.2kips

V,=(R,P,—03¢P,)sin(45)=3742kips

M, = Vel =2619.5k— ft;

P P
b= (RyPy +0'3¢B,)C05(45)/2 =224.7 kips (assume —» % —» the
unbalanced horizontal force is distributed to both left and RyPy 0.3 OPn right

part of the beam).

Design forces in the braces (factored load)

P =E=-224.7 kips <~ govern compression load
Pu =-E=224.7 kips <— govern tension load

V, =1.4DL=37.4kips



V,=1.2DL+ 1.6 Lr =38.4 kips

V,=1.2 DL+ E = 406.3 kips ¢<— govern shear

M,=1.4DL=262.1k
Mu =12DL+1.6Lr=
Mu =1.2DL+E=284
= pick W30x235
4,=692in%, I, =1
Lateral braced @ % po

AISC LRFD check

Compression strength:
Tension strength:
Moment strength:

Shear strength:

Compactness:

-ft
268.5 k-ft

4.1 k-ft <— govern moment

1700 in*, kL, =28 fi, kL, =14 ft,F, =50ksi, E, =29000ksi,

int (L, =14 ft)

@P =2487.4 kips

¢P, =0.94,F, =3114kips > P, (ok)

oM =3176.3k-ft (¢=0.9,Cb=1.3)

oV =701.4kips (¢ =0.9, without stiffener) >V (ok)

b
2 tf

=5<0.3 E, =7.23
F

y

(2002 AISC seismic provision T-1-8-1 [d]) (ok)
P./¢P =0.07= h/tw=322<1.12,/E, | F, (233 P,/ $P,)=60.7

(2002 AISC seismic provision T-1-8-1 [d]) (ok)

Combine axial and moment interaction (AISC section H1):

P,=m’El/kL} =29662kips ;

e

C,, =1.0 (AISC Chapter C.2 pg 16.1-18, member subject to transverse

load and without end restraint) = B, = L =1.0
I_Pu /Pel

Since P/ ¢.P =0.09 < 0.2, safety check was analyzed against

£ +ﬂ20.94<1.0 (ok)

20.5, oM,

cn

Select W30x235 for the third-floor beam|
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B.3.7 Design of Columns

Since the lateral forces are designed to be transfer to the ground by the braces, and the column is
pinned at the base, the column will be designed to carry the axial forces caused from the
overturning moment from the lateral loads and the resultant forces from the gravity load.
According to the 2002 AISC seismic provision (American Inst. of Steel Construction 2002)
Section 8.3, when P, /@P, >0.4 without the amplified seismic load, the amplified seismic load
needs to be considered in the load combination. However, the required strength is not required to
be greater than 1.1 x Ry times the nominal strength of the connecting brace nor the capacity of
the foundation to resist uplifting.

Unfactored load

P, = (a)DL,R +@y @), , )><14 =-9lkips; P, = (a)LL,2 + a)m)xm =—35.28kips ;

P, — @y, X14=—392kips: O, = 44><14+108;<828+150><42 _ £355kips

Design forces in the column (factored load)

P =12DL+1.6LL+0.5Lr =-167.61 kips
P, =12DL+1.6Lr+0.5 LL =-133.11 kips
P =1.453DL+QQ:+0.5LL

=1.453 DL+2 Q¢+ 0.5 LL=-860 kips ¢<— govern compression load

Pu =0.647 DL—-Q, Q¢ =651.1 kips <— govern tension load

According to 2002 AISC seismic provision section 8.3, P <P,

u,max

Pu,max = 1 1Iey E’ (Ag,b3 + A&bz

+4

. )Sin(45) =1643 8kips,
where Ry =1.3 (2002 AISC seismic provision, T-1-6-1)
= pick W14x159
kL, =14 fi, kL, =14 ft, A, =46.7in’ | F, =50ksi, E, =29000ksi, r, =6.38 in,r, = 4in.
AISC LRFD check
Compression strength: ~ @P, =1744.58 kips > P, (ok)

Tension strength: ¢P, =0.94,F, =2101.5kips > F, (ok)
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Slenderness:

Flange compactness:

Web compactness:

KL
— |=42<5.87,/E /F, =141
(l"j s v

(2002 AISC seismic provision section 13.2a) (ok)

b,
L =6.54<03,JE. /F, =722
2tf '

(2002 AISC seismic provision, T-I-8-1) (ok)

£:15<1.12 ES/Fy(2.33— £, j:41
t

w

b"y

(2002 AISC seismic provision, T-I1-8-1) (ok)

Select W14x159 for the columns. (Use the same column section for all stories. )

B.3 DESIGN OF SUSPENDED ZIPPER BRACED FRAME

Since the suspended zipper braced frame is a novel configuration that is still under evaluation,

the suspended zipper braced frame is designed according to the procedure proposed by Yang

(2006).

B.4.1 Design of First- and Second-Story Braces

Following the design procedure proposed by Yang (2006), the lower-story braces (except the

roof brace) are designed using the same methodology as the invert-V braced frame. Hence the

first- and second-story braces are identical to the inverted-V braced frame.

First-story brace forces (HSS7x7x5/8)

RyPy1 =837.2kips ; Ry =1.3.2002 AISC seismic provision T-I1-6-1;

0.3¢ P, =92 8kips

Second-story brace (HSS7x7x1/2)

R P, =693.7kips ; R, = 1.3. 2002 AISC seismic provision T-1-6-1;

v y2

03¢ P, =78.6kips



B.4.2 Design of Second-Story Zipper Column

P

oL = 2.30 k/ft

* v #i# v * o =112 k/ft

RyPy1 0.3 ¢Pn1
L=28

The second-story zipper column is designed to provide a vertical support at mid span of the
second-floor beam. Hence the second-story beam does not need to be designed to resist the
unbalanced vertical forces when the first-story compression brace buckle.

Gravity load
P, =0.625w,, xL=40.3kips; P, =0.625w,, XL =19.6kips ;
Earthquake load (assume with brace buckled)

P, =(R,P,—03¢P, )sin(45)=5264kips
Design forces in the braces (factored load)

P, = 1.4 DL =56.4 kips

P =1.2DL+1.6LL=79.7 kips

P =1.2DL+E+0.5LL=584.5kips < govern tension load
= pick W12x50

A, =14.6in", kL =14 ft, kL =14 ft,F, =50ksi, E, =29000ksi .
AISC LRFD check

Tension strength: P, =0.94,F, =657 kips > P (ok)

|Select W12x50 for the second-story zipper column.\




B.4.3 Design of Third-Story Zipper Column
P

ooz = 2.29 k/ft

* v v I v v * s = 1.40 k/ft

RyPyZy 0.3 9P

P>=Pow> + Pri2 + Pe2
L =28"——

The third-story zipper column is designed to provide a vertical support at mid span of the third-
floor beam. It is designed to resist the gravity load at the second and third stories and the
unbalanced vertical forces when the first- and second-story compression braces buckle.

Gravity load
P,,=0.625w,,,xL=40.3kips; P,,=0.625w,,,xL=19.6kips ;
P, ;=0.625w,,,xL=40.1kips; F,;=0.625w,,,xL =24.5kips;

Earthquake load
First-story braces forces: (HSS7x7x5/8)

P, =(R,P,~0.3¢P, )sin(45)=5264kips
Second-story brace forces: (HSS7x7x1/2)
P,,=(R/P,-03¢P,)sin(45)=4349kips ;

Design forces in the braces (factored load)

P, = 1.4DL = 112.5 kips
P, =1.2DL+1.6 LL= 167 kips

Pu = 1.2DL+E+0.5LL=1079.7 kips <— govern tension
= pick W14x90
_ ) _ _ _ . _ .
Ag =26.5in", kL =14 ft, kL, =14 ft,F,=50ksi, E, =290004si .
AISC LRFD check

Tension strength: ¢F, =094,F, =1192.5 kips > P, (ok)

Select W14x90 for the third-story zipper column|
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B.4.4 Design of Third-Story Braces

oo = 1.91 k/ft
¢ ¢ ¢ ¢ ¢ ¢ ¢ o= 0.28 k/ft
Qox E=150 kipsﬁ* T © Qo x E =150 kips
cos
2Psin(0) 0 =45 degree
Ps

—L=28——

The third-story braces are designed to resist the gravity load from the second, third, and roof
stories, lateral shear force at the roof level (assume that the structure reached ultimate capacity,

)y = 2) and the unbalanced vertical forces when the first- and second-story compression braces
buckle.
Gravity load

P,,, =0.6250,,,xL=-403kips; P,, =0.625@,,,xL=-19.6kips;
P, =0.625w,,,xL=—40.1kips; P, ,=0.625w,,,xL=-245kips;
P, =0.625w,, XL=-208kips; P, =0.625,, xL=—49kips ;

Earthquake load
First-story brace forces (HSS7x7x5/8)

b (R,Py =039 R, )sin(45) _ 3722 kips
“ 2 sin (45) ' '

Second-story brace forces (HSS7x7x1/2)

b (R,R;—039P,)sin(45) _ 3075 kips
" 2 sin(45) T

Story shear at the roof floor
2QF

=——— =212 1kips;
£ 2cos(45) P

Design forces in the braces (factored load)
P = 1.4DL=-141.6 kips
P =12DL+1.6LL+0.5Lr=-194.4 kips

[‘L = 1.2DL+0.5LL+1.6Lr=-151.3 kips
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Pu = 1.2DL+E+0.5LL=-1035.3 kips ¢— govern compression
P = 0.9DL-E=376.6 kips <~ govern tension
= pick W14x132
L= 19.8 ft, A, =38.8in", F =50ksi, E, =29000ksi,
K =1 (out-of-plan buckling), ., =6.28in, r, =3.76in
AISC LRFD check

Compression strength: ~ @P, =1231.5kips > P, (ok)

Tension strength: ¢P, =0.94,F, =1746.0 kips > F, (ok)
Slenderness: KL 63.2<5.87,/E /F =141
: ; . B1JE,/F,

(2002 AISC seismic provision section 13.2a) (ok)

b
Flange compactness: 2—f =72<03E /F =722
p 3
f

(2002 AISC seismic provision, T-1-8-1) (ok)

w bty

Web compactness: £218<1.12 Es/Fy (2.33— A J=69

(2002 AISC seismic provision, T-1-8-1) (ok)

\Select W14x132 for the third-story braces‘

B.4.5 Design of Third-Floor Beam

* vy i/# vy *mDL=2.29k/ft

o= 1.40 k/ft
RyPy 0.3 ¢Pn
———L=28"———
The third-floor beam will be designed to resist the unbalanced horizontal load when the second-
story compression brace buckles. It is assumed that the unbalanced brace force is distributed to

both the left and right parts of the brace. In addition, since the third-story zipper column is
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designed to provide vertical support at the mid span of the third-floor beam, the third-floor beam
will be designed as a continuous beam with a third support at the mid span.

Gravity load
V,, =0.3125m,, x L =20.0kips; V,, =0.31250,, x L =12.3kips;

r 5
MDL:“’Dg; =56.1k— fi; M, =2L2" =343k ft,
Earthquake load
R P +0.3¢P cos(45
P = ( X2 5 ) ( )=i273kips;

Design forces in the braces (factored load)

P =E=-273 kips <— govern compression load
P =-E =273 kips <~ govern tension load
V' =1.4DL=28.1kips

u

V. =1.2DL+1.6LL=43.6kips <~ govern shear
M, =1.4DL=78.5 k-ft
M, =1.2DL+1.6LL=122.2k-ft <~ govern moment
= pick W24x76
A, =224in’, [, =2100 in*, kL, =KL, =14 ft ,F, =50ksi, E, =29000ksi,
Lateral braced @ % point (L, =14 ft)

AISC LRFD check

Compression strength: ~ @P, =480.5 kips

Tension strength: ¢F, =0.94,F, =1008 kips > F, (ok)
Moment strength: oM, =750k-ft (¢=0.9,Cb=1.3)
Shear strength: oV =283.9 kips (¢ =0.9, without stiffener) >V (ok)
b E
Compactness: 7 =6.6<03 [—==7.23
S y

(2002 AISC seismic provision T-1-8-1 [d]) (ok)



i:O.27:> iz49<1.12 E, 2.33—P“ =555
P oP

w

y y y

(2002 AISC seismic provision T-1-8-1 [d]) (ok)
Combine axial and moment interaction (AISC section H1):
P,=m’El/ kL’ =5324kips ;
C,, =1.0 (AISC Chapter C.2 pg 16.1-18, member subject to transverse

C

load and without end restraint) = B, = ——*—=1.0
I_Pu /Pez

Since P/ ¢.P =0.57 > 0.2, safety check was analyzed against

b 8 M _71<1.0 (ok
¢an 9 ¢M”

\Select W24x76 for the third-floor beam‘

B.4.6 Design of Second-Floor Beam

* vy i/# vy *mm=2.3k/ft

o= 1.12 k/ft

RyPy 0.3 ¢Pn
—L=28——
The second-floor beam will be designed to resist the unbalanced horizontal load when the first-
story compression brace buckles. It is assumed that the unbalanced brace force is distributed to
both the left and right parts of the brace. In addition, since the third-story zipper column is
designed to provide vertical support at the mid span of the third-floor beam, the third-floor beam
will be designed as a continuous beam with a third support at the mid span.

Gravity load
V,, =0.31250,, xL =20.1kips; V,, =0.3125e,, XL =9.8kips ;

2 2
M, = “’DL3>2<L =56.4k— ft; M,, = “’Lg;L =274k~ fi;



Earthquake load

RP +03¢P 45
PE:( S Z )COS( )=i328.8kips;

Design forces in the braces (factored load)

P =E =-328.8 kips <~ govern compression load
P =-E=328.8kips <~ govern tension load
V. = 1.4DL=28.2kips
V, = 1.2DL+ 1.6 LL=39.8 kips <~ govern shear
M, = 1.4DL=78.9 k-ft
M, = 1.2DL+1.6 LL=111.5 k-ft ¢~ govern moment
= pick W24x76
A, =224in’, I, =2100 in*, kL, =kL, =14 ft ,F, =50ksi, E, =29000ksi, Lateral

braced @ % point (L, =14 ft)

AISC LRFD check

Compression strength: ~ @P, =480.5 kips

Tension strength: @b, =0.94,F, =1008 kips > F, (ok)
Moment strength: oM, =750k-ft (¢=0.9,Cb=1.3)
Shear strength: oV =283.9 kips (¢ =0.9, without stiffener) >V (ok)
b E
Compactness: —=6.6<03 |=2=723
2tf Ev

(2002 AISC seismic provision T-1-8-1 [d]) (ok)

P
=033 L og9<r12 Bl 233 Le |osa
P tw oP,

y y
(2002 AISC seismic provision T-1-8-1 [d]) (ok)
Combine axial and moment interaction (AISC section H1):

P, =7*EI | kL}? = 5324 kips ;



C,, =1.0 (AISC Chapter C.2 pg 16.1-18, member subject to transverse

load and without end restraint) = B, = L =1.0
I_Pu /Pel

Since P/ ¢.P =0.68 > 0.2, safety check was analyzed against

£, +§MW =0.81<1.0 (ok)
¢ch 9 ¢M”

Select W24x76 for the second-floor bean]

B.4.7 Design of Roof Beam

oo = 1.19 k/ft
o= 0.28 k/ft
E=75kip5%* ¢ ¢ ¢j1¢ ¢ ¢ *—>E=75kips

P——L=28'——"

The roof beam will be designed to resist the story shear and gravity load at the roof level. Since
the third-story braces were designed to provide vertical support at the mid span of the roof beam,
the roof beam will be designed as a continuous beam with a third support at the mid span.

Gravity load
V,, =0.31250,, xL =10.4kips ; V,, =0.3125,, XL =2.5kips ;

2 2
M,, = “’DL3>2<L =292k~ ft; M,, = “’L;;(L —6.9k— fi:

Earthquake load
P.+75kips;



Design forces in the braces (factored load)
P =E =-75Kkips <— govern compression load
P =-E=75kips <~ govern tension
V. = 1.4 DL = 14.6 kips
Vu = 1.2DL+ 1.6 Lr = 16.4 kips ¢<— govern shear

M

u

M

u

1.4 DL = 40.8 k-ft

1.2 DL + 1.6 Lr = 46 k-ft <~ govern moment

= pick W24x55
4,=163in*, I, =1360in*, kL, =kL =14 ft, F, =50ksi, E, =29000ksi, Lateral
braced @ % point (L, =14 ft)

AISC LRFD check

Compression strength: ¢R1 =218.1 kips

Tension strength: ¢P, =0.94,F, =733.5kips > P (ok)

Moment strength: oM, =390.2k-ft (¢=0.9,Cb=1.3)

Shear strength: @V =251.7kips (¢ =0.9, without stiffener) >V (ok)
Compactness: % =6.64< 0.3\/% =7.23

(2002 AISC seismic provision T-1-8-1 [d]) (ok)

b oi= M osancsas B ioisat |—e37
P F oP

tw

y y y

(2002 AISC seismic provision T-1-8-1 [d]) (ok)
Combine axial and moment interaction (AISC section H1):

P,=m’El/kL® = 3447 9kips;

C,, =1.0 (AISC Chapter C.2 pg 16.1-18, member subject to transverse
. . C
load and without end restraint) = B, = ——*——

=1.0
I_Pu/Pel

Since P /¢.P, =0.34> 0.2, safety check was analyzed against
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B 8M,
¢L‘PI’I 9 ¢Mﬂ

=0.49 <1.0 (ok)

\Select W24x55 for the roof beam‘

B.4.8 Design of Columns

Because the lateral forces are transferred to the foundation by the axial forces in the braces and
the columns are pinned at the base, columns are designed with axial forces created from the

overturning moment from the lateral loads and the gravity loads. According to 2002 AISC

seismic provision Section 8.3, when P, /@P, >0.4 without the amplified seismic load, the

amplified seismic load needs to be considered in the load combination. However, the required
strength is not required to be greater than 1.1 x Ry times the nominal strength of the connecting
brace nor the capacity of the foundation to resist uplifting.

Unfactored load

Py, =(@py g + Oy 5 + @), , ) ¥14 =91 kips;
B, = (a)LL,Z ta@,, )X14 =—35.28kips;

P, =, ,x14=-3.92kips

_ 44x14+108x28+150%x42
28

O, =1355kips

Design forces in the column (factored load)
PM =1.2DL+1.6LL+0.5Lr=-167.61 kips
Bl =1.2DL+1.6Lr+0.5LL=-133.11 kips
P =1.453DL+Q) Q¢ +0.5LL=1.453 DL +2 Q¢ + 0.5 LL = -860 kips

P, =0.647 DL-Q Q; = 651.1 kips
Force calculated from the brace capacity
1. Assume the first- and second-story braces buckled and the third-story braces reaches
compression capacity.
P =(O.3¢)Pn1 +0.3¢P, +¢EI3)sin(45)
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P =-992kips <— govern compression load

2. Maximum tension force in the column when second- and third-story braces yielded

P =R F,(4,,,+A,, )sin(45)=16438kips,
P =1643.8kips < govern tension load

It is conservative to ignore the axial forces contributed from the third-story braces, since
third-story braces are always in compression.

= pick W14x159
_ ) . _ . . o
kL =14 ft, kL, :14ﬁ,Ag =46.7in ,F,=50ksi, E,=29000ksi, r, =6.38 in,r, =4in.
AISC LRFD check

Compression strength: ~ @P, =1744.58 kips > P, (ok)

Tension strength: ¢P, =0.94,F, =2101.5kips > F, (ok)
Slend : KL =42<587,/E /| F, =141
enderness: — )= <5. I F, =

(2002 AISC seismic provision section 13.2a) (ok)

b
Flange compactness: 2—f =6.54<0.3,/E, /Fy =722
t
f

(2002 AISC seismic provision, T-I-8-1) (ok)

Web compactness: tﬁ=15<1.12 E /F, (2.33— L ]=41

w by

(2002 AISC seismic provision, T-I1-8-1) (ok)

Select W14x159 for the columns. (Use the same column section for all stories. )




Appendix C: Tracking a Point in Space Using
Three Independent Displacement
Measurements

C.1 INTRODUCTION

In order to monitor the three-dimensional buckling behavior of the brace, selected points along
the brace (Fig. 2.11) have been instrumented such that the motion of each point is tracked using
three independent displacement transducers. This calculation assumes that the cross section of
the brace remains plane and the cross section does not rotate. Hence, the buckling behavior of
the brace can be monitored by tracking displacement at the selected points along the brace.

Figure C.1 shows an example of position, P, which the displacement in the global
coordinate system can be calculated using the measurement from three independent displacement

transducers.

Points 1, 2 and 3 are the locations of the displacement transducers. Distances L,, L., and

L, are the absolute distance from point 1, 2, and 3 to the point, P, respectively. Axes X, Y, and Z

are the global coordinate system, and axes X, y, and z are the local coordinate system. The

position of the displacement transducer 1 in the global coordinate system is [0,0,0], the position

of displacement transducer 2 in the global coordinate system is [ X,,Y,,Z, ], and the position of
displacement transducer 3 in the global coordinate system is [X;,Y;,Z;]. Therefore, the

distances L,, L,, and L; can be calculated using Equation (C1)

L, =norm(XYZN,); L, =norm(XYZN,); L, =norm(XYZN, - XYZN,) (C.1)

where XYZN, =[X,,Y,,Z,] and XYZN, =[X,,Y,,Z,].



Positions of point 2 and 3 in local coordinates are [ x,, y,,0], and [0, y, ,0], respectively
They can be calculated using Equation (C.2):

o = -1 Li_Lf_Li . =L si . =L . =7 -
| =CO08 T ; Xy = 2511'10!1, »= ZCOS%, Vs =L4; (C2)
12

The position of point P in the local coordinate system [x,),z] can be solved using
Equation (C.3).

L2 Vs = LA N L+ sy + L=yl
2%,
L-L - L
(R S N Li o y
—2y;

Finally, the position of point P in the global coordinate system can be calculated using the

(C.3)
y:

2

transformation matrix, M, that consists of unit vectors of the local coordinate system expressed

in term of the global coordinate system. Equation (C.4) shows the transformation from the local
coordinate system to the global coordinate system.

=[x} [X.7.2]=M(xp.]

(C4)
Y z
P \
l
\
\
'\
L L, l
Z Ly \
el \
X e |
y 2 L;\LZ‘\\ ~~ I
PR S
R

Fig. C.1 Global and local coordinate system.
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C.2 MATLAB CODE

The above mathematical derivation has been implemented in the following MATLAB code.
function [XYZ] = WirePotDsp3D(XYZN2,XYZN3,L4,L5,L6)

% [XYZ] = WirePotDsp3D(XYZN2,XYZN3,L4,L5,L6)

% Calculate the measured Dsp of a point in 3D from 3 wire pot reading

% XYZ = location of the node in Global coordinate

% XYZN1 = reference node. Global coordinate of node 1 = [0 0 0]

% XYZN2 = relative Global coordinate from node 2 to node 1 =[X2,Y2,Z2]

% XYZN3 = relative Global coordinate from node 3 to node 1 = [X3,Y3,Z3]

% L4 = absolute distance from node 1 to the point in space (scalar or column vector)
% L5 = absolute distance from node 2 to the point in space (scalar or column vector)
% L6 = absolute distance from node 3 to the point in space (scalar or column vector)
%

% Location of the node is specific!!!

% node 1 2 3 form the base of a Pyramid. Node number at the base must be

% assigned counter clockwise when viewing from the top of the Pyramid.

% Quick check: draw a line from node 1 to node 3 (positive local y axis).

% With right hand rule, thumb pointing the positive local y axis, the Pyramid

% must be on the side of index finger (pointing the positive local z axis)

%

% Written by T.Y.Yang (4/24/05)

% locate the absolute distance (base of the Pyramid)
L1 = norm(XYZN3);

L2 = norm(XYZN2);

L3 = norm(XYZN3-XYZN2);

% some constants (local coordinate for the base of the Pyramid)
alphal = acos((L372-L172-12/2)/(-2*¥L1*L2));

x2 = L2*sin(alphal);

y2 = L2*cos(alphal);

y3 =11;



% calculate the node in space in local coordinate

X = 1/(2*x2*y3)*(repmat(x272*y3-y2*y3A2+  y2/2*y3 size(L4,1),size(L4,2))-y2*L4.A2+y2*16./2
+L4.A2*y3-15.A2*%y3);

y = 1/(2*y3)*(repmat(y372,size(L4,1),size(L4,2))+L4.A2-L6.2);

z =sqrt(L4.A2-x.A2-y."2);

% locate the transformation matrix from local axis to global axis
vector_y = XYZN3/norm(XYZN3);

vector_2 = XYZN2/norm(XYZN2);

vector_z = cross(vector_2,vector_y);

vector_z = vector_z/norm(vector_z);

vector_x = cross(vector_y,vector_z);

vector_x = vector_x/norm(vector_x);

Matrix = [vector_x', vector_y', vector_z'];

% calculate the global coordinate of the node in space

XYZ = [x,y,z]*Matrix';
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