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ABSTRACT OF THE DISSERTATION

Performance-Based Design and Assessment of Controlled Rocking Steel Braced Frames

by

Shahrzad Dastmalchi
Doctor of Philosophy in Civil Engineering
University of California, Los Angeles, 2020
Professor Henry V. Burton, Chair

Controlled rocking steel braced frames (CRSBFs) have been developed with the goal of
minimizing the post-earthquake impact of primary building functions. While there has been
significant research to date to demonstrate the viability of the CRSBF as a high-performance
system, much less has been accomplished in the development of performance-based design and
assessment methods. This research is focused on developing models, tools and techniques for
practicing engineers to analyze, design and assess the performance of CRSBFs. To avoid the
computational expense of nonlinear response history analyses, an approximate method is
formulated to estimate the CRSBF drift demands using the primary design parameters.
Additionally, a reliability-based methodology for establishing the load and resistance factors
for the force-controlled (braced frame) members is formulated. A key departure from
previously developed capacity design approaches is the development of an explicit link
between the effect of the failure of the force-controlled components and system level
performance limit states (collapse and post-earthquake structural safety). The results from a
case study applied to 3-, 6- and 9-story building cases show that the effect of force-controlled
components is more significant for the collapse limit state compared to post-earthquake
structural safety. Also, even when the resistance to load factor ratio (¢/y) is increased to 1.8,

the 50-year collapse probability remained below the 1% threshold prescribed by current
i



building codes. The effect of record-to-record and modeling uncertainty on the seismic
response and performance assessment of CRSBFs is also studied. The results showed that the
impact of modeling uncertainty on seismic performance increases with the building height. To
enable practitioners to estimate the service life costs of potential designs, surrogate models are
developed to assess earthquake-induced life cycle economic loss and environmental impacts.
The effectiveness of the surrogate models is demonstrated by evaluating their accuracy on

“unseen” (i.e., not used in the development of the surrogate models) designs.
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CHAPTER 1: Introduction

1.1 Motivation and Background

The vision for the next generation of buildings located in high seismic regions is that they
are designed and constructed such that they can continue to provide their primary functions
(e.g., safe shelter and critical operations) after a major earthquake. Several research programs
have been directed towards developing high-performance systems that minimize structural
damage and the resulting repair costs and downtime after an earthquake. One such category of
seismic systems uses rocking action to resist earthquake effects. Enhanced performance is
achieved through controlled rocking and self-centering of the lateral force resisting system,
limiting structural damage to easily replaceable elements that provide energy dissipation
through inelastic deformation.

The controlled rocking steel braced frame (CRSBF) has been the subject of numerous
research investigations. Its predictable response and viability as a high-performance structural
system has been demonstrated through component- and system-level physical experiments
[e.g. Eatherton and Hajjar, 2010; Ma et al. 2011; Wiebe et al. 2013]. The effect of design
parameters such as the aspect ratio, response modification factor and initial post-tensioning
force has also been examined using numerical simulations [Hall et al. 2010; Eatherton and
Hajjar, 2011; Steele et al. 2017; Moradi and Burton, 2018]. To enable its implementation in
industry building projects, design methodologies and simplified analysis procedures for
CRSBFs have been developed [e.g. Eatherton et al. 2014; Wiebe and Christopoulos, 2014;

Steele and Wiebe 2016; Roke et al. 2010].

Despite the research that has been done on controlled rocking systems to date, there are a
number of questions related to their design and assessment that have not been addressed. An
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example of such an issue is the lack of availability of robust methods for estimating the
maximum story drift demands in controlled rocking systems under different levels of
earthquake shaking. This is a critical step in the design process, as the maximum story drift
demand is strongly correlated with the extent of damage to both structural and non-structural
systems. Another unresolved issue that is relevant to the design process is determining the
appropriate demand-levels for sizing force-controlled components. The enhanced performance
of the controlled rocking system is contingent on the elastic (or near elastic) response of the
frame. As such, these force demands have strong implications to the overall performance of
the system. The effect of key design variables (e.g. initial post-tensioning force, fuse strength,
aspect ratio) and model uncertainty on seismic performance of CRSBFs has also never been
studied. Also, strategies for achieving optimal designs of CRSBFs have not yet been developed.
The proposed research will address the previously outlined questions towards the goal of

establishing performance-based design and analysis criteria for CRSBFs.

1.2. Objectives

The main goal of the proposed research is to develop the models and methods for
performance-based design and assessment of controlled rocking steel braced frames. The

detailed objectives are listed as follows:

1. Develop simplified analysis methods for estimating maximum story drift demands

which are implementable in the context of engineering practice.

2. Determine the relationship between the key structural parameters and earthquake-
induced losses in controlled rocking steel braced frames and use them to construct
surrogate models for predicting the earthquake-induced impacts and develop

performance-based optimal designs.



3. Examine the influence of modeling uncertainty on the seismic response and multi limit-
state (i.e., immediate occupancy, reparability and collapse prevention) performance of

CRSBFs .

4. Formulate a reliability-based methodology to study the effect of force-controlled
component (beams, columns, and braces) failure on the overall performance of the
controlled rocking steel braced frames (vulnerability- and risk-based assessments of the
collapse and UPT) towards establishing load and resistance factors to be used for

capacity design.

1.3. Organization and Outline

The main body of the current study consists of five chapters and the content of each
chapter is elaborated below:

Chapter 2 presents a literature review, which summarizes previous experimental and
numerical studies on controlled rocking braced frames, and previously developed approaches
to estimating the seismic response of the structure.

Chapter 3 provides a summary of the design procedure for controlled rocking braced
frames and a description of the prototype buildings used throughout the study.

Chapter 4 illustrates the numerical modeling approach for controlled rocking steel
braced frames, which is verified using the results from large scale experiments.

Chapter 5 proposes predictive equations for estimating the median engineering demand
parameters for controlled rocking steel frames.

Chapter 6 presents a reliability-based approach to determining the demand and capacity
factors used to design the force-controlled components (braced frame elements) of CRSBFs.

Chapter 7 investigates the effect of record-to-record and modeling uncertainties on the

seismic response and performance of the controlled rocking braced frames.
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Chapter 8 investigates the effect of different design parameters on the seismic
performance of CRSBFs and develops surrogate models for predicting earthquake-induced life
cycle economic losses and environmental impacts (energy consumption and greenhouse gas
emissions).

Chapter 9 summarizes the findings of the previous chapters and presents some ideas for

potential future work.



CHAPTER 2: Literature Review

2.1. Experimental and Numerical Studies on Rocking Structures

The dynamic behavior of a rigid block as an inverted pendulum was first studied by
Housner (1963). He investigated the behavior of the SDOF block under horizontal excitations
such as sine pulses and earthquake motions. He derived the analytical solution for the equations
of motion that govern the response of the rigid block without considering sliding between the
base and the bock.

Experimental and analytical responses of a three-story steel moment frame with and
without column uplift was investigated by Clough and Huckelbridge (1977). Figure 2.1 shows
the experimental setup of the rocking specimen. Two roller bearings aside of each column were
used to ensure only vertical motion. Self-centering of the frame was provided by the self-

weight. No PT cables or replaceable energy dissipating fuses were used.

Figure 2.1. Test model by Clough and Huckelbridge (1977)

The results showed that the internal forces and maximum story drift was reduced in the
frame with the uplifting columns. It was also noted that the stiffness of the impact pads beneath

base columns changed the first mode period of the frame because of the contribution the higher
5



modes. The first mode period of the frame also decreased when the stiffness of the pads was
increasing.

Priestley et al. (1978) verified Housner’s equations for relating the between amplitude and
frequency using a simple experimental model, and extended the method to predict the
maximum displacement of the rocking block.

Wada (2001) used a yielding plate as an energy dissipater in the columns of a tall steel
braced frame. The plate was installed in the column splices to allow rocking under enough
tension and dissipate energy through yielding. A comparison between systems with
conventional and the proposed joints is shown in Figure 2.2. This device limits the force in
tension column and consequently reduces the compression demand on the columns and

prevents collapse failure of columns.
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Figure 2.2. (a) Conventional joint (b) Proposed joint (c) Analytical model (Wada et al.
2001)

Another shake table test was done by Iwashita et al. (2002) with a 1/9 scale of rocking steel
moment frame (Figure 2.3). The support distance was made to be adjustable to investigate
different aspect ratios of 3.5 and 7. The results showed that when the column uplifted at higher
ground motion intensities, the story shear force did not increase significantly.

Midorikawa et al. (2006) conducted a shake table test (Y2 scale) and numerical analyses of

a three story steel braced frame with yielding base plate and compared the response with that



of a fixed-base frame (Figure 2.4). Two different plate thicknesses were tested for the base
plate connection. The results showed that energy dissipation of the yielding base plate caused
the displacement of the rocking frame and fixed frame to be almost the same. It also showed
significant reduction in the story shear of the rocking frame compared to the fixed base
connection. Moreover, the plate with the smaller yield strength showed more reduction in the

base shear forces.
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Figure 2.3. (a) Experimental model (b) Rocking base. (Iwashita et al. 2002)
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Figure 2.4. (a) Rocking system with yielding base plate (b) Plan of yielding base plate
(Midorikawa et al. 2006)



Pollino and Bruneau (2008) studied the retrofit of existing bridge piers by enabling
rocking. Buckling restrained bars installed on the pier was used to dissipate energy and the

gravity load provided the overturning resistance (Figure 2.5).

= |  Passive Energy
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Figure 2.5. Retrofit bridge pier with energy dissipating device (Pollino and Bruneau,
2007)

Tremblay et al. (2008) examined the use of a viscous damping device between the column
base and foundation. The damping element dissipated earthquake energy, which was shown to
decreased the displacement demand. A ¥ scale two story rocking steel braced frame with fluid
damping was tested. A finite element model was also used to assess the performance of the
structure (Figure 2.6). The results showed a reduction in the column uplift load and no
structural damage occurred at the design ground motion level. Also, the displacement demand

still remained within the acceptable code limit.
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Figure 2.6. (a) Viscously damped controlled rocking steel braced frame system (b)
Numerical model (Tremblay, et al. 2008)

2.2. Experimental and Numerical Studies on Self-Centering Structures

Self-centering capability of rocking frames can be accomplished by post-tensioned strands
which are connected to the foundation and roof level of rocking frames. Along with the dead
loads on the frame, PT stands inserted at the center of the frame or at two end columns enable
the structure to return to its original position and the end of its response history, thereby
reducing residual drift demands during severe earthquakes. Figure 2.7 shows different
configurations of the controlled rocking braced frames.

The concept of self-centering ability is illustrated in Figure 2.8. The energy dissipation

parameter, B, has an inverse relationship with the self-centering ratio.
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Figure 2.7. Controlled rocking steel braced frame configurations (Ma et al. 2011)
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Figure 2.8. Hysteresis loop of rocking frame

Some experimental and computational studies have been performed to demonstrate the
effectiveness of CRBFs (Ma et al. 2010 and Eatherton et al. 2010). A single-bay three story
CRSBF was tested by Ma et al. (2010) with three types of fuses under various scaled ground
motions up to the MCE level and beyond (1.25MCE). A comparison between the uplift ratio
and drift demand indicates rigid body rotation of the three story CRBF. Also, the peak drift
ratios were less than 2% at DBE and 3% at MCE level. There was no damage to the frame up

to the MCE level, which demonstrates the capability of the CRBF to eliminate the residual drift

and limit damage to the replaceable fuses.

10



Figure 2.9. shows the experimental specimen and numerical model in OpenSees conducted
from the Ma et al. (2011) study. Eatherton et al. (2010) performed nine experiments on seven
dual configurations and two single configurations of controlled rocking braced frames. Figure
2.10 shows one of the shake-table tests and the numerical model of the dual configuration
controlled rocking braced frames. These results also showed no residual drift up to the MCE
level and no yielding in the steel frame or post-tensioning. In other words, the inelastic response

was limited to the replaceable fuse elements.
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Figure 2.9. (a) 3D schematic of shake-table test (b) Braced frame specimen (c) OpenSees
model (d) Hysteresis comparison of test and analyses (Ma et al. 2011)
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Figure 2.10. (a) Experimental specimen (b) Schematic of controlled rocking braced
frame (c) OpenSees model (d) Load-Deformation response of specimen (Eatherton et al.

2011)

Wiebe and Christopoulos (2014a and 2014b) developed a performance-b

framework for CRSBFs. Single-degree-of-freedom (SDOF) idealization of the CRSBF was
used to evaluate the base rocking joint with the goal of meeting a pre-defined performance

objective. The study demonstrated that the contribution of higher mode effects amplifies the
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member forces, and proposed using two or more joints above the base as a mitigation strategy.
A shake-table test and numerical analyses were conducted on a 3/10 scale eight story CRSBF
with multiple joint locations. The results showed reduced variability in peak seismic force

demands which lead to improved capacity design of the frame.

2.2.1. Frame member design

Prior research has developed methods to predict the design forces of the CRBF members.
Ma et al. (2010) developed an approach to estimate the shear force distribution along the frame
height based on the prediction of maximum displacement. Eatherton and Hajjar (2010)
developed a procedure based on multiple lateral load distributions along the height of the
building to account for contribution of higher mode effects. The resulting member forces were
conservative relative to those obtained from other lateral load distributions combined with the
maximum PT and fuse forces applied to the frame. Roke et al. (2010) used the complete
quadratic combinations (CQC) of member forces and derived a modification factor based on
statistical analysis.

Steele and Wiebe (2016) developed dynamic and equivalent static methods for capacity-
design of CRSBF members. The dynamic approach combines frame member forces associated
with rocking and higher mode responses. The former is obtained from a response spectrum
analysis of the CRSBF using modified boundary conditions. The equivalent static procedure
uses the second derivative of the closed form equations for the overturning moment to compute
the distribution of inertial loads along the height of the structure. Second and third mode lateral
forces are also considered. Both the dynamic and static procedures use a modified square-root-

sum-of-squares approach to combine the modal forces.
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2.2.2. Collapse assessment

Several studies evaluated the collapse performance of CRSBFs. Ma et al. (2011)
demonstrated the adequacy of using a response modification factor of R = 8 by performing
collapse analyses. Rahgozar et al. (2016) also conducted collapse assessments to evaluate the
effectiveness of the response modification coefficient,. The results showed that using an R = 8
to design the frame the MCE level provided a large margin of safety against collapse. In fact,
R values greater than 8 were proposed for taller buildings. The over-strength factor and period
based ductility were also quantified using nonlinear static analyses.

Steel and Wiebe (2017) examined the effect of higher response modification factors (R >
8), the energy dissipation parameter, PT prestress ratio, PT location, and additional rocking
joint on collapse risk of controlled rocking steel braced frames. The results showed that the
probability of collapse increased with R factor for 3- and 6- story buildings by factors of 20
and 30, respectively but were still within an acceptable range. The study also showed that
reducing the PT prestress ratio decreased the probability of collapse. Additionally, moving the
PT stands to the center of the frame significantly reduced the probability of collapse in 6-story

models and increasing the hysteretic ED ratio decreased probability of collapse.

2.2.3. Estimating seismic response

Christopoulos et al. (2002) investigated the seismic response of self-centering SDOF
systems. A parametric study was conducted to investigate the effect of post yield stiffness and
the energy dissipation parameter of the flag-shaped hysteretic behavior on displacement
ductility. The response of the flag-shape SDOF systems was compared with responses of
similar elasto-plastic hysteretic SDOFs representative of steel moment resisting frames

(MRFs). The study showed that the flag-shaped hysteretic SDOF system resulted in lower
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ductility demands and eliminated residual drifts. Christopoulos et al. (2003) extended the study
of the sensitivity of the residual drift to the various assigned hysteretic rule to MDOF systems.

Seo and Sause (2005) also quantified the ductility demands in self-centering single-degree-
of-freedom (SDOF) systems. The effect of the strength reduction factor, post yield stiffness,
and energy dissipation capacity were examined. The ductility demands were shown to be
sensitive to the post-yielding stiffness and hysteretic energy dissipation capacity of the self-
centering systems, and decreased when the post-yielding stiffness and hysteretic energy
dissipation capacity were increased.

Ma et al. (2011) developed a method to estimate peak drift demands in CRSBFs at MCE
level shaking. After making an initial guess of the maximum drift, 8,, a secant stiffness, K ,
for the equivalent SDOF is computed based on an analytical pushover curve for the controlled
rocking steel braced frame system (Figure 2.11). An effective stiffness ratio, A, that is taken to
be greater than 1 is applied to the secant stiffness. This assumes that the effective stiffness, K,,
is larger, since the secant stiffness is associated with the peak response, and a larger stiffness is
considered more representative over the duration of the earthquake. The equivalent period of
the SDOF is computed based on this effective stiffness and a displacement response spectrum
is used to update the estimate of the maximum drift demand. As with the approach proposed in
the direct displacement-based design methodology (Priestley, 2000), the process is repeated
until the drift values converge. The effective stiffness ratio used in this method is based on
calibration to nonlinear dynamic analyses. An effective stiffness ratio of 1.8 was used by Ma

et al. (2011) based on the results of NLRHA conducted on six building cases.
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Figure 2.11. Effective stiffness used for drift prediction adopted from Ma et al. (2011)

Rahgozar et al. (2016) developed constant-strength (Cr) spectra for self-centering
controlled rocking systems to estimate the ratio of the maximum inelastic to maximum elastic
displacement. SDOF models with flag shaped behavior were analyzed under near-field pulse-
like (NF-pulse) ground motions. Regression analyses were used to develop analytical equations
for estimating the Cr spectra. Zhang et al. (2018) extended the previous SDOF studies for self-
centering systems to consider the effect of higher response modification coefficients (larger
than R = 10), negative secondary stiffness, and a tangent stiffness proportional damping model,
on displacement demands. An equation was also proposed to estimate the displacement
demands in the self-centering SDOF based on the hysteresis loop parameters, such as initial
and secondary period (or initial and secondary stiffness), response modification parameter, R,
Hysteretic energy dissipation ratio, 3, and damping ratio, &.

Martin et al. (2018) used the same approach proposed by Ma et al. (2011), the only
difference is to predict the maximum roof drift displacement instead of the maximum uplift of
the CRSBFs.

The effect of design parameters such as the aspect ratio, response modification factor and
initial post-tensioning force has also been examined using numerical simulations (Hall et al.

2010; Eatherton and Hajjar, 2011; Steele et al. 2017; Moradi and Burton, 2018).
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CHAPTER 3: Design of Controlled Rocking Steel Braced Frame

System

3.1. Design Procedure

Controlled rocking braced frames are constructed from post tensioning strands (PT),
replaceable fuse, and braced frame members (i.e., beams, columns, and braces). Frame
members are designed to remain essentially elastic during earthquake, the PT are also designed
to remain elastic up to specific intensity level, and fuse yields to dissipate energy during
earthquake shaking limits the forces transferred to the other components. The following

sections summarizes the design procedure for CRSBFs based on Ma et al. (2011).
3.1.1. Design of post-tensioning strands and fuse

3.1.1.1.  Post-tensioning and fuse required strength

Figure 3.1(a) shows the loads and resisting forces that are present in the CRSBF during
earthquake including the dead load, the PT force, the fuse force, and lateral earthquake loads.
Figure 3.1(b) and (c) show the idealized load-deformation of the PT and fuse respectively, and
Figure 3.1(d) demonstrate the flag-shaped hysteretic behavior of the CRSBF based on the
combined PT and fuse load-deformation. The PT force and dead load are downward and
provide overturning resistance (i.e., restores the frame to its original position) (Figure 3.1(b)).
The fuse force is downward during earthquake loading and also provides overturning resistance
moment. However after yielding, the fuse force is in the upward direction (i.e. adds to the
overturning demand) during unloading (Figure 3.1(c)). Point “a” allocated to the uplifting of
the CRSBF that happens after columns decompression, where elastic deformation occurs in
columns, PT , and fuse. Point “b” associated to the fuse yielding.
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Figure 3.1. (a) Controlled rocking steel braced frame forces (b) force-deformation behavior
of post-tensioning (c) force-deformation behavior of fuse (d) force-deformation behavior of
combined system

The minimum required strength of the CRSBF is obtained from the equivalent lateral
forces of ASCE 7-16 (ASCE 2016). Rigid body rotation dominates the rocking frame response
of CRSBFs, especially for low and mid-rise buildings. As such, the lateral load distribution is
based on a first mode deflection. The distributed inverse triangular lateral loads are computed
based on the seismic weight and seismic response coefficients which obtained from the spectral
parameters for the specific site (ASCE-Section 12.8.2.1). The distributed lateral forces are
shown in Figure 3.1(a). The period of the structure is based on the equation specified in ASCE
7-16 for “other structures”, which is amplified by 1.4 (T = 1.4 (0.02H)%7%). A response
modification coefficient (R) of 8 is used. Note that there have been some studies that have
concluded that an “R” factor equal to 8 or larger is sufficient enough for CRSBFs (e.g., Ma et

al. 2011; Rahgozar et al. 2016; Steele & Wiebe 2016).
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The overturning moment caused by the lateral forces is resisted by the restoring moments
from the PT, fuse, and dead load. The minimum required overturning strength of the frame is
based on the nominal overturning resisting moment times the resistance factor (pM,,,). The
nominal overturning resisting moment is based on fuse yielding. Although the overturning
resistance is increases with the frame uplift, this effect is conservatively ignored.

FerB | FysB (3.1)

Myt = > > + PpB

where Fpr and F, are the initial PT force and fuse yield strength, Pp is the sum of the
dead load attributed to one column of the rocking frame, and B is the rocking frame bay width.
The required (demand) overturning moment (M,,,,) is computed based on the story forces
obtained from the equivalent lateral force (ELF) procedure. The nominal overturning resisting
moment and the required overturning moment must satisfy the following inequality.

PMotn 2 Moty (3.2)

To define PT and fuse strength, the self-centering ratio, SC is considered. The SC ratio is
an indicator of the capability of the rocking frame to be restored to its original position after
overturning. It is the ratio of the overturning resistance provided by the PT and dead load and
the overturning resistance provided by the fuse. As noted earlier, after fuse yielding, the
unloading is directed upwards, therefore, to enhance the ability of the structure to return to the
original position, the self-centering ratio should be greater than one.

cofrt2h (33)

Fyr

Substituting Equations 3.3 and 3.1 in Equation 3.2 with ¢ = 0.9, the minimum required
PT and fuse strength is obtained from Equations 3.4 and 3.5, respectively.

SC My,

Fpp = - (3.4)
PT™1+5C0.9B/2

2Pp
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__ 1 Mo (3.5)
Fyy =
1+ SC0.9B/2

To estimate the minimum required strength of the PT and fuse, first a value greater than
one for the self-centering ratio is assumed. In addition, the energy dissipation ratio, g (shown
in Figure 3.1(d)) is approximately related to the self-centering ratio (Eatherton et al. 2014) as
follows.

1 (3.6)
1+ SC

B

Eatherton et al. (2014) suggested using an energy dissipation ratio between 1 and 0.25 (i.e.,

1< SC <3).

3.1.1.2.  Number of post-tensioning strands and fuse links

The number of PT strands is calculated based on its yield strength.

A + Epréy < fPT,y 3.7)
S

Where ¢, is the strain of the PT strands at a target uplift ratio (6,,) equal to % based on

the rigid body rotation behavior of the CRSBF, fpr,, is the yield stress of the PT strands (1.68
kN/mm?), and Epy is the modulus elasticity of PT (195.0 kN/mm?). The minimum required PT
strand area (A;) is obtained using Equation 3.8 based on the target uplift ratio.

Fprp (3.8)

B6
fPT,y — Epr Z_I-}n

As =

The number of PT strands is computed by dividing the area of a single strand (140.0 mm?).
Once the number (area) of PT strands is determined, the stiffness of the PT strands (unit of
force/displacement) is calculated using Equation 3.9.

AE
KPT — SHPT (39)
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The length of the fuse links are computed to limit its shear deformation to 20% at the peak

uplift ratio (6,,). The shear deformation of the fuse is computed using the rigid body rotation

OmB
2(0.2)

behavior, L, =
Required number of butterfly fuses (n;) is calculated based on the geometry of the links
and the fuse strength using Equation 3.10.

o = byrLuink (3.10)
L 4b2tf0'y

Where b is the width of the butterfly fuse link at the end section; tf is the link thickness; n;

is the number of the shear links; L is the link length; o, is yield stress. Ma et al (2011)

determined that the optimal ratio of the width-to-thickness, ti is between 2 and 10, and % =
f

1/3, where a is the width of the butterfly fuse link at the middle section, to assure that buckling
does not occur up to shear deformations of 30%.
The stiffness of the butterfly fuse (unit of force/displacement) is computed using the

following equation based on the geometry of the fuse links.

b )3 (3.11)

0.47n,Et; ( I
mn

Kpuse = 2.8¢
14+ 7=
link

Where E is Young’s modulus and a is the strain hardening ratio, as shown in Figure 3.1(c).
Once the post-tensioning strands and fuse are designed, the next step is to check the self-
centering ratio (SC*) at unloading which accounts for PT loss due to yielding and strain

hardening of the fuse (Eatherton et al. 2014). It should be noted that the PT peak strain (B;%

needs to be less than the strain corresponding to the limit state of interest.

Ep+0..B
SC* = (fPT,y - PTéHm )As + 2PD
T . BB By (3.12)
FJ/f + ( 2 Kfus )aKfuse

21



Once the PT and fuse are designed, the maximum story drift ratio needs to be estimated
and checked against the code limit. Prior research has developed a methodology to predict
maximum roof drift ratio based on SDOF equivalent properties. This is described in section

2.2.3 and the approach developed in the current study is presented in Chapter 5.

3.2. Prototype Buildings

This section describes the details of the protype buildings that will be used for this study

in the next chapters.

3.2.1. Description of building cases

The buildings considered in this study range from 3 to 9 stories and have identical plan
dimensions, story heights, gravity loads. The 3-, 6-, and 9-story are used for the primary design
cases and the 4- and 8-story are used to evaluate the surrogate models. The typical plan
dimension is shown in Figure 3.2 where all bays are 6.1m wide and the typical story height is
3.96 m. The rocking frames are all located on the perimeter of the building with two or four
(depending on the building height) being used in each direction (see relevant chapter/study for
details). The weight of a typical floor and the roof are 4251 kN and 4611 kN, respectively. The
PT are located at the center of the bay and a single shear fuse located mid-bay at the base of
the structure is used in each frame for all building cases. Two types of CRSBF brace frame
layouts, chevron and X-brace configuration, are considered in this study (shown in Figure 3.3).
Since the fuse force is applied to mid-span of the first-beam, compared to the X-brace, the

chevron configuration results in higher shear and flexural demands in that beam.

22



Two or four.
CRBSFs in each direction
6 @ 6.1m
\

|« N|
’\ a & a2 &‘ /‘
S T -< T— =T T T d
\
4I »
r
"‘ ,
\|
/|--| H H H H H |--|\
=\ /
S| H H H H H H H
-
H H H H H H H
/ \
u »
’l
"(\ ,
RARE T T T T K
L} I \’ ?, L\‘ / 153 < + -
Plan View

Figure 3.2. Typical floor plan for the considered building cases
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Figure 3.3. Braced frame configuration for 3-, 6- and 9-story CRSBFs: (a) chevron and
(b) X-brace
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3.2.2. Design of building cases

The design loads are based on the ASCE 7-16 (ASCE, 2016) standard and the seismicity
parameters are taken as S¢ = 1.5 and S; = 0.6 with Site Class D (stiff) soil. The designs are
based on Risk Category Il and Seismic Design Category D with a response modification factor
R = 8, drift amplification factor C, = 5, and importance factor, I = 1.0.

With the exception of the approach used to compute the forces in the beams, columns and
braces of the rocking frame, the design procedure presented in Ma et al. (2011) is adopted, and
is described in the last section. The required overturning strength is computed based on the
story forces obtained from the equivalent lateral force (ELF) procedure. The dead load on the
rocking frames (Pp) is primarily controlled by the framing plan configuration. The nominal

strength of the fuse (Fyf) and the initial pretension force (Fp;) are allocated such that the
minimum required overturning strength is achieved assuming a resistance factor of ¢ = 0.9.
The ratio of Fpr and dead load moments to F,,» moment is chosen such that the self-centering
ratio of the CRSBF system is not less than 1.5 (Ma et al. 2011). The number and size of the PT
strands are selected such that they will remain elastic for an uplift ratio corresponding to the
drift limit at the maximum considered earthquake (MCE) hazard level, 8y = 2.5%. The
expected yield stress (fpr,,), initial fracture stress (fpr,) and elastic modulus of the PT
material (Epr) are 1657.4 N/mm?, 1861.6 N/mm? and 195 KN /mm?, respectively. The
effective width of the fuse is determined such that the shear deformation demand corresponding
to 6y does not exceed 20% (Ma et al. 2011). The design drifts are estimated using the
iterative approach developed by Ma et al (2011). Table 3.1 listed the structural properties, PT,

and fuse design for three baseline buildings.
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Table 3.1. Summary of key design parameters for the 3-, 6- and 9-story building cases

Buildin No. of Mot,u Fpr Fyt
D g stories | 72O | G | gy | SC [ Potkn) [ B Ner ||
CRSBF-3S 3 0.44 | 013 | 7665 | 15 | 273 952 | 18 | 1168 | 38
CRSBF-65 6 0.73 | 013 | 14244 | 15 | 539 | 2037 | 14 | 2091 | 68
CRSBF-9S 9 1.00 | 008 | 19042 | 15 | 805 | 2556 | 23 | 2829 | 92

Ta: Approximate period (ASCE 7-16 Equation 12.8-7)

The equivalent static procedure developed by Steele and Wiebe (2016) is used to compute
the design forces for the beams, columns and braces of the rocking frame. For each rocking
frame (one for each building), a linear elastic model is developed in MASTAN2 (Ziemian and
McGuire, 2007) with a pinned support at the pivot-point and vertical springs at the PT anchor-
point. The elastic axial stiffness of the PT is applied to the vertical spring. Square-root-sum-of-
squares-combined story forces corresponding to the first three modes are applied to the
structure. The first modal periods is listed in Table 3.2 for three building cases along with the
Sar, corresponding to the MCE hazard level (Sy,7). The first-mode forces, which are based on
the ELF procedure, are amplified by the ratio (Q2) of the maximum expected (M,,,,,) to the
minimum required (M,,;,,) overturning moment at the base. M,,,;,, is the overturning moment
computed from the ELF story forces and M,,,, corresponds to the fuse and PT at ultimate
strength. The second- and third-mode story force profile are computed using Egs. 13 and 14
from Steele and Wiebe (2016). The ultimate post-tensioning force, Fpr,,, and the maximum

expected fuse force, Fy,,, are also applied to the structure. Table 3.2 listed a summary of the

ultimate forces and moments for capacity design of frame members.

Table 3.2. Base rocking joint parameters for the 3-, 6- and 9-story building cases

Building Model Periods, Ti (s) s Frru Ffu Mmin Mmax
ID Model [ Mode2 [ Mode3 | ™ | (kN) | (kN) | (kN.m) | (kN.m)
CRSBF-3S 0.44 0.15 0.09 1.50 4691 2267 7665 22874 2.98
CRSBF-6S 0.73 0.24 0.15 1.23 3649 4057 14244 26771 1.88
CRSBF-9S 1.00 0.33 0.20 0.90 5994 5489 19042 39904 2.10
Swr: Maximum considered earthquake spectral acceleration at model period
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Once the combined forces for each members are obtained, member sizes can be obtained
based on the steel compression components, which is specified in Chapter E of AISC-341

(AISC 2016).
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CHAPTER 4: Structural Modeling

4.1. Numerical Modeling

Two-dimensional nonlinear structural models are developed in OpenSees (McKenna,
1999). Figure 4.1 shows a schematic representation of the numerical model for the 3-story
building case with chevron braces.

The beams, columns and braces are modeled using fiber elements with the Giufrré—
Menegotto—Pinto material with 0.3% strain hardening. Corotational transformation and initial
imperfections are used in the braces to capture inelastic buckling. The recommendations by
Uriz et al. (2008) are used as the basis for specifying the initial out-of-plane imperfection, the
discretization and number of integration points along the brace length and the number of fibers
over the cross section. More specifically, an initial imperfection of 0.1% of the brace length is
used and as shown in Figure 4.1, the brace is discretized into twelve elements along its length.
Five integration points are used along the brace length and sixteen by four fibers are used along
the length and thickness of the web and flange cross sections, respectively. The same number
of integration points and fibers are used in the beams and columns. Rigid elements are placed
at the ends of the braces, beams and columns to reflect the presence of the panel zones and
gusset plates. Pinned connections are used at the end of the braces and beam-column
connections.

Rocking behavior is simulated using compression-only gap elements placed at the base of
each column. These gap elements have zero tensile stiffness and are near-rigid in compression.
Rayleigh damping is used with 2% of critical damping applied to the first and third modes. A

leaning column is placed on each side of the rocking frame to capture the destabilizing effect
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of gravity loads on frames not included in the structural model. Pin-ended strut elements are
used to connect the rocking frame to the leaning columns.

The PT strands are modeled using corotational trusses with hook elements (tension only)
and a multilinear material to capture initial and complete fracture (Ma et al. 2011). Figure 4.2(a)
shows the PT model in OpenSees and Figure 4.2(b) shows the material used for the PT. Two
material models (Material A and Material B) combined in series were used to model the PT
(Ma et al. 2011). Material A is elastic perfectly plastic with initial strain equal to the PT initial
strain. A large yield strain is defined to keep the material behavior elastically. Material B is a
Hysteretic material with & and &, corresponding to the PT yield and ultimate stresses,
respectively. The properties of the materials are listed in Table 4.1. The associated parameters

include the elastic modulus (Epr = 195kN /mm?), the expected yield (fpr,, = 1.7kN/mm?)
and fracture stress (fPT’u = 1.9kN /mmz) and the corresponding strain values, which are
= 0.87% and ¢,,,. = 1%, receptively. When fracture occurs, the PT stress degrades to

Eypr

zero at 5% strain.
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Figure 4.1. Schematic representation of the numerical model for the 3-story CRSBF
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Figure 4.2. (a) PT model in OpenSees (b) PT material model in OpenSees (Ma et al. 2011)

Table 4.1. Material properties in OpenSees model (Ma et al. 2011)

Material A (EPP) | Material B (Hysteretic Material)
EA=2EPT 81:fy/2EpT
Sy’Azl.O 82:8U-fU/2EPT
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The behavior of the energy-dissipating fuses is represented using the assembly model
proposed by Ma et al. (2011) (Figure 4.3(a)). Instead of modeling all the links, one link on
each side is modeled. These fuse link models are represented by two elements. One captures
the axial behavior and the second element is used to model the flexural behavior of the fuse.
The axial element is implemented as the “dispBeamColumn” with “Steel02” material in
OpenSees (Figure 4.3(c)). The flexural element is modeled with a beam-column element with
large flexural stiffness and rotational springs on both ends. The rotational springs, which are
constrained to axial elements, are modeled using “zero Length” springs with the moment-

rotation relationship shown in Figure 4.3(d).

Force
Vertical
Axial /transfer strut F |
stiffness Rigid w
only elements BKy
| P / I Fyf B
R o _cL
Bending K
only  Gap element v
for pin hole
tolerance
| |
d . d
P Displacement " "
(a) (b)
Stress
A
Moment
A
(o}
y
M,
MP
: —>
&y Strain J ' >
Yp Yu Ym Rotation
(c) (d)

Figure 4.3. (a) Fuse assembly in OpenSees model (Ma et al. 2011) (b) Fuse material model
(c) fuse axial only material in OpenSees (d) Bending model in OpenSees
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Table 4.2. Fuse bending model properties

Mp )’p MU Yu Ym
Fyile/d  FulK,L,  FyL./4 0.35 0.5

Table 4.2 shows the values of the moment-rotation relationship for degrading fuse. Yield
and ultimate moments (Mp and Mu) are based on the nominal and ultimate fuse strength (Fys
and Fru) and the yield rotation corresponds to a shear displacement (Jp) equal to Fyt /Kv. The
shear deformation at initial and ultimate fuse fracture (zero stress) are yu = 0.35 and ym = 0.5,
respectively (Maetal. 2011). The “Hysteretic” material in OpenSees is used to model rotational

spring material.

4.2. Verifying Structural Modeling in OpenSees

To verify the modeling approach adopted for the CRSBF, the nonlinear response history
from the two shake-table from Ma et al. (2011) are compared to the responses from a numerical
analysis. Figure 4.4(a) and (b) show the responses from the experiment and numerical models.
The overturning moment hysteresis comparison for test BJ6 and BJ3 of specimens B subjected
to 60% and 30% Kobe ground motion are shown in Figure 4.5. Both show a reasonable match
between the experimental and numerical responses. The hysteresis represents the moment ratio
versus the uplift ratio, where the former is the ratio of the overturning moment based on the PT
and fuse forces (Mgs) to the yield overturning moment (M,ry). In order to compare the
numerical and experimental responses quantitively, the energy dissipation of two models are
shown in Figure 4.6, which is the area of the hysteresis responses of Figure 4.5(b) for both

models.
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CHAPTER 5: Estimating Maximum Engineering Demand

Parameters (EDPS)

5.1. Overview of Approach used to Estimate CRSBF Peak Response

Figure 5.1 shows an overview of the methodology used to predict the engineering demand
parameters (EDPs) in the CRSBF. The first step is to identify the effective design variables to
be used as input parameters. The key design variables that are considered in this study are the
dead load on the rocking frame (Pp), the initial PT force (Fer), the fuse yield strength (Fyr), the
fuse strain hardening ratio («), and the frame aspect ratio (i.e., the bay width-t-height ratio)
(B/H). Once the primary design variables have established, a sampling plan needs to be
developed to provide a combination of key design variables( details discussed in section 5.3.1).
A set of CRSBF buildings are designed based on the parameter combinations identified in the
sampling plan and the nonlinear response history analyses of the associated structural models
are performed to obtain the peak response demands (i.e., maximum story drift ratio, peak floor
acceleration, and maximum residual drift). The spectral acceleration at the effective period,
which is one of the input variables used to estimate the response demands, is obtained from
each considered ground motion and an equivalent single degree of freedom (SDOF) of the
CRSBEF (the sub steps is explained in section 5.4). The selection, training, and validation of the

surrogate models are the next steps in the process which are explained in section 5.5.
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Figure 5.1. Overview methodology to predict the peak structural responses in the CRSBF

The plan configuration shown in Figure 3.2 is used and the surrogate models are trained
using data from 3-, 6- and 9-story buildings and tested on data generated from 4- and 8-story

buildings. The chevron brace configuration shown in Figure 3.3(a) is considered.

5.2. Statistical Surrogate Models

The seismic response of 3-, 6-, and 9- story CRBFs buildings with combinations of various
design factors are considered to predict the maximum interstory drift ratio, peak floor
acceleration, and residual story drift ratio. Nonlinear response history analyses are performed

on 129 CRBFs, which includes 43 models for each of 3-, 6-, and 9- story cases.

5.2.1. Key design parameters

There are several design parameters that effect seismic response of CRSBFs. The initial
post-tensioning (PT) force (Fpr), fuse yielding strength (Fyf), frame aspect ratio (i.e., the bay

width to the height ratio (B/H)), fuse strain hardening ratio (), and dead load applied on each
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column of CRSBF (Pp) are the five parameters that are considered in each 3-, 6-, and 9-story
buildings. The tributary seismic weight of the floor and the height story of the cases remains
the same for all the cases. The PT force, fuse yield strength and rocking frame dead load are
are normalized to the seismic weight of the building (Ws). The considered parameter ranges are
defined by the upper and lower limit listed in Table 5.1. The upper and lower levels are based
on reasonable hysteretic energy dissipation ratios (0.25 < 3 < 0.5) or having the self-centering

ratio greater than 1.0. The center levels are the average of the upper and lower levels.

Table 5.1. Ranges of normalized design key factors

Lower Central Higher
Factor Symbol
level level level
Normalized initial PT force  Fpr/ W5 0.15 0.225 0.3
Normalized Fuse yield
Fyf/ Ws 0.3 0.4 0.5
stress
Normalized gravity load on
Po/ Ws 0.15 0.225 0.3
a rocking column
Fuse strain hardening ratio a 0.02 0.04 0.06
Frame aspect ratio B/H 0.2 0.35 0.5

The factor combinations are defined using Design of Experiment (DOE) method (Moradi
et al. 2018). For k factors, a CCD consists of a two-level factorial design (2k factorial runs), 2k
axial or star runs, and one or more center run(s). For five factor (k=5), 25 axial runs, 2x5 axial
runs, and one center point is resulted to 43 models for each 3, 6, and 9 story CRSBFs. Table
5.2 shows the factor combinations generated using the Design-Expert software where the
values —1, 0, and +1 denote the lower, central, and higher levels of the input parameters,

respectively (Moradi et al. 2018).
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Table 5.2. Factor combination in coded units

Combination no. Design key parameter
Fer/ Ws Fy/Ws  Pp/Ws a B/H
1 -1 -1 -1 -1 -1
2 -1 -1 1 -1 -1
3 1 -1 1 1 1
4 1 -1 1 1 1
5 1 1 1 1 1
6 1 1 1 1 1
7 1 1 1 1 1
8 1 1 1 1 1
9 1 -1 1 1 1
10 -1 -1 1 -1 1
11 1 -1 -1 -1 1
12 1 -1 1 -1 1
13 -1 1 -1 -1 1
14 -1 1 1 -1 1
15 1 1 -1 -1 1
16 1 1 1 -1 1
17 -1 -1 -1 1 -1
18 -1 -1 1 1 1
19 1 -1 -1 1 -1
20 1 -1 1 1 -1
21 -1 1 -1 1 -1
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5.2.2. Ground motions

80 unscaled ground motion records are used for the analyses of each model of sampling
point. These ground motions are selected for stiff soil conditions (i.e. ASCE 7 site class D)
from set #1A of the PEER transportation systems research program (Jack Baker et al. 2011).
These ground motions selected such that their response spectra match the median and log
standard deviations predicted for a magnitude 7 strike slip earthquake at a distance of 10 km.
The elastic acceleration response spectra for the individual motions along with the median
spectra are shown in Figure 5.2. A total of 10,320 nonlinear response history analyses (129
combinations of input parameters subject to 80 ground motions) are performed to obtain the

statistical data used for the regression procedure.

351
80 GMs
3r —Median
25¢
—~ 27
=
©
P 451

" as

0 0.5 1 15 2 2.5 3
T(s)

Figure 5.2. 5% damped elastic spectral acceleration of the ground motions used to develop
the surrogate model

5.3. Estimating Effective Period

As it was mentioned earlier, the goal of this chapter is to propose surrogate models to
predict the peak response demands in the CRSBF, including the maximum interstory drift ratio

(SDR,,4x), the residual story drift ratio (RDR,,4,), and the peak floor acceleration(PFA)).
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Therefore, the responses are outputs and there are five key design parameters (Po/W, Fp/W,
Fy/W, B/H, and «) described earlier, are inputs. The number of the stories and spectral
acceleration (Sa) are also considered as input parameters. Due to rigid body rotation
characteristics of the CRSBF, an equivalent SDOF procedure is used to estimate the period of
the CRSBF and eventually the spectral acceleration of each ground motion associated with the
equivalent SDOF period. The procedure of estimating the equivalent SDOF period is shown in

the following steps:
1) Compute the equivalent SDOF height from building properties (Priestley et al.
2007):

amh?
H, == (5.1)

amh,
i=1

where, i is the floor number, mi and h; are the floor mass and height, and n is the number

of the stories.

2) Compute the equivalent SDOF mass:

n

o
1 amihi
M, =—1= (5.2)
nR H e

where nr is the number of the controlled rocking frame in each direction.

3) Compute equivalent SDOF stiffness:
Figure 5.3 shows the backbone curve of a CRBF which includes initial uplift (Mup, Gup),
resisted by the initial post tensioning force and dead load, yielding of the fuse element (My, 6y),
and the maximum drift, which is considered as the MCE deformation (Mwmce, Omce). The secant

stiffness is obtained as the ratio of the overturning moment to the uplift ratio at the yield point,
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M
K, =—2X. The equivalent SDOF stiffness, Ke, can be obtained based on the equality between
y

the overturning moment in the MDOF system and the SDOF model (Ma et al. 2011),

K.q = K,(H.g)H,. The equivalent SDOF stiffness is then computed as

K =

e

KS
o (5.3)

4) Compute the equivalent SDOF period:

Me
K

e

T.=2p (5.4

Overturning Moment M

Roof Drift Ratio

Figure 5.3. Rocking brace frame moment-rotation behavior and initial stiffness

5.4. Surrogate Models Development

A total of 129 CRSBFs are designed based on the 43 sampling point (Table 5.2) for each
of the 3-story, 6-story, and 9-story buildings, and nonlinear response history analysis is
performed for the unscaled 80 ground motions to obtain the maximum story drift ratio, residual

story drift ratio, and peak floor acceleration (EDPs). The surrogate models are developed to
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represent the relationship between the input parameters (Po/W, Fp/W, Fyi/W, B/H, a, N, and Sa)
and the response variables (peak structural demands).

The 80 unscaled ground motions (Figure 5.2) used in the analysis is divided into bins of
different sizes (2, 4, 6, 8, and 10 partitions) based on the sorted Sa at Te . The median Sa of each
bin is used to develop the surrogate models i.e. one model per bin size. The goal here is to
evaluate the effect of bin size on the efficacy of the predictive model.

To investigate the accuracy of the surrogate models, the same set of ground motions are
scaled to four hazard levels including the service level earthquake (SLE), design based
earthquake (DBE), maximum considered earthquake (MCE), and (OVE). The return period of
SLE, DBE, MCE, and OVE is 43, 475, 2475, 4975 and respectively. Figure 5.4 shows the

spectral acceleration for the four selected hazard levels.

Figure 5.4. Acceleration spectra for DBE, MCE, OVE, and MCE (ASCE7)

The effective period of each sampling point (CRSBF) is used to obtain the spectral
acceleration for each hazard level (Figure 5.4) and the ratio between the each hazard level and
MCE (ASCE7Y) obtained for each sampling point.. Table 5.3 shows the mean and standard
deviation of the ratios between each hazard level and the MCE level. The mean ratios are used

as scale factors relative to the MCE level for all the sampling points
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Table 5.3. Ratio of four hazard levels to MCE hazard level

SLE/MCE DBE/MCE OVE/MCE MCE(ASCE)/MCE DBE(ASCE)/DBE

Mean 0.18 0.52 1.26 1.14 1.47
STD 0.01 0.022 0.023 0.056 0.12

The nonlinear model for each surrogate model is in form of Equation 5.5:
& b
y=b,Qx” (5.5)
i=1

where f’s are the unknown regression coefficients and the xi’s are the seven input parameters
(i.e. Po/W, Fpt/W, Fy/W, B/H, a, N, and Sa). The unknown coefficients are obtained using

“fitlm” function in MATLAB.

5.4.1. Maximum story drift ratio (SDRmax)

Nonlinear response history analyses of the 129 CRBFs subjected to 80 unscaled ground
motions are performed and the maximum story drift ratios are recorded. The spectral
acceleration of 80 ground motions are sorted, and divided to bins based on 2, 4, 6, 8, and 10
partitions. The median maximum story drift ratio for each partition is used as output parameter
(y) of the Equation 5.5. Table 5.4 shows the regression coefficient (fi) of each input parameter

for different numbers of partitions.

Table 5.4. Regression coefficients for maximum story drif ratio (SDRmax)

i Input parameter, x; 2Bins 4Bins 6Bins 8Bins 10Bins
0 Bo 0.0054 | 0.0058 | 0.0058 | 0.0057 | 0.0057
1 Sa 0.937 0.886 0.873 0.842 0.843

2 Ppo/W -0.110 -0.119 -0.132 -0.102 -0.116
3 Fpr/W -0.050 -0.049 -0.046 -0.041 -0.039
4 F /W -0.414 -0.415 -0.390 -0.405 -0.406
5 B/H -0.732 -0.796 -0.808 -0.796 -0.798
6 a -0.076 -0.080 -0.083 -0.080 -0.083
7 N -0.358 -0.439 -0.447 -0.422 -0.433

All the 129 models are analyzed using the same ground motion set, which are scaled to the

four different hazard levels (SLE, DBE, MCE, and OVE), and the median maximum story drift
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ratio for non-collapsed ground motions are used to assess the accuracy of the proposed
prediction equation for five different bins equations. The coefficient of determination (R?) and
median absolute relative deviation (MARD) are used as the metrics of the model performance.
The latter is computed as the median of the absolute difference between the predicted and actual
response variables normalized by the actual values (Sun et al. 2017). The results for both
metrics are shown in Table 5.5. The training (unscaled ground motions) and testing models
(scaled ground motions) have acceptable accuracy with MARD values of approximately 20%

or less. A slight decrease in accuracy is obtained when the number of the bins is reduced.

Table 5.5. Surrogate model verification for SDRmax

Number of Training Testing
Bins R’ MARD R’ MARD
2 0.9 0.10 0.60 0.17
4 0.85 0.09 0.63 0.19
6 0.83 0.11 0.62 0.19
8 0.83 0.12 0.58 0.21
10 0.81 0.14 0.59 0.21

Figure 5.5 shows the SDRmax MARD as a function of the hazard level for each bin size. It
shows that the predictive accuracy is reasonable for almost the bin sizes. The most accurate
SDRmax prediction is at the DBE hazard level with a MARD of approximately 0.1. Also, the
MARD values increase with the hazard level. This is not surprising as the responses used for

training are based on unscaled ground motions.
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Figure 5.5. SDRmax MARD as a function of the hazard level and bin size

5.4.2. Peak floor acceleration (PFA)

The same procedure is used for the peak floor acceleration surrogate model. Table 5.6 shows
the regression coefficients for each input parameter and bin size. Table 5.7 shows the accuracy
of the training and testing models, which is less than maximum story drift ratio prediction, but
still reasonable. Figure 5.6 shows the PFA MARD as a function of the hazard level for each

bin size. It is observed that the number of the bins does not have a significant effect on the

accuracy of the peak floor acceleration, and the maximum MARD is approximately 0.2.

Table 5.6. Regression coefficients for peak floor acceleration (PFA)

i Input parameter, x; 2Bins 4Bins 6Bins 8Bins 10Bins
0 Bo 2.170 2.114 2.177 2.090 2.187
1 Sa 0.834 0.818 0.817 0.801 0.806
2 Pp/W -0.137 -0.152 -0.193 -0.174 -0.177
3 Fpr/W -0.001 -0.003 -0.005 0.002 0.002
4 F /W 0.278 0.250 0.297 0.275 0.283
5 B/H 0.113 0.132 0.104 0.106 0.111
6 a 0.125 0.115 0.116 0.113 0.114
7 N 0.213 0.196 0.158 0.174 0.164
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Table 5.7. Surrogate model verification for PFA

Number of Training Testing
Bins R? MARD R? MARD
2 0.73 0.15 0.76 0.17
4 0.71 0.14 0.76 0.19
6 0.69 0.14 0.74 0.19
8 0.72 0.16 0.74 0.19
10 0.68 0.16 0.74 0.19
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Figure 5.6. PFA MARD as a function of the hazard level and bin size

5.4.3. Maximum residual story drift ratio (RDRmax)

The surrogate model coefficients for the maximum residual drift is shown in Table 5.8 for
the different bin sizes. Table 5.9 shows the R? and MARD values for the different bin sizes and
Figure 5.7 shows the MARD as a function of the hazard level and bin size. The results show
that the RDRmax surrogate model does not perform well in terms of predictive performance.
This is not surprising since the residual demands are small which makes it difficult to develop

a strong predictive model (Table 5.9).
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Table 5.8. Regression powers for maximum residual story drift ratio (RDRmax)

i Input parameter, x; 2Bins 4Bins 6Bins 8Bins 10Bins
0 Bo 0.001 0.001 0.001 0.001 0.001
1 S, 1.261 1.179 1.156 1.083 1.075
2 Pp/W 0.025 0.039 0.029 0.082 0.068
3 Fpr /W -0.137 -0.135 -0.128 -0.099 -0.094
4 Fyf/W -1.236 -1.268 -1.187 -1.156 -1.180
5 B/H -1.035 -1.082 -1.089 -1.015 -1.047
6 o -0.347 -0.324 -0.338 -0.338 -0.352
7 N -0.929 -0.920 -0.926 -0.805 -0.885
Table 5.9. Surrogate model verification for RDRmax
Number of Training Testing
Bins R MARD R’ MARD
2 0.71 0.32 0.25 0.37
4 0.63 0.35 0.27 0.44
6 0.60 0.35 0.25 0.45
8 0.56 0.37 0.17 0.46
10 0.56 0.37 0.18 0.46
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Figure 5.7. RDRmax MARD versus hazard level for different bin sizes
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5.4.4. Verification Models

To assess the predictive performance of the surrogate models, 13 additional CRSBs are
designed for different heights and parameter combinations. Eight 4-story cases and five 8-story
cases with practical (but different from the ones used in the training set) design parameters

values (i.e. Po/W, Fp1/W, Fy/W, B/H, and «) (Table 5.10) are used for this purpose.

Table 5.10. Input parameters for verification models

Model | Po/W | Fu/W | Fy/W | B/H p N
1 0.04 0.2 0.25 0.4 0.04 4
2 0.05 0.15 0.2 0.5 0.03 4
3 0.06 0.1 0.15 0.6 0.02 4
4 0.15 0.15 0.3 0.55 0.04 4
5 0.2 0.2 0.35 0.45 0.02 4
6 0.3 0.25 0.45 0.4 0.03 4
7 0.255 0.15 0.4 0.5 0.04 4
8 0.15 0.3 0.4 0.3 0.03 4
9 0.05 0.2 0.3 0.3 0.02 8
10 0.06 0.3 0.35 0.25 0.03 8
11 0.15 0.3 0.45 0.2 0.02 8
12 0.2 0.25 0.4 0.35 0.04 8
13 0.25 0.225 0.5 0.3 0.035 8

Nonlinear response history analyses of 13 models are performed using the 80 records
scaled to the four different hazard levels. The three peak responses demand parameters
(SDRmax, PFA, and RDRmax,) are recorded and compared with the surrogate models results
obtained in the previous sections. Figure 5.8(a) and (b) the SDRmax and PFA MARD,
respectively, as a function of the hazard level and bin size. Figure 5.8(a) shows that the
accuracy of the predicted SDRmax is lower at higher hazard levels, which is consistent with the
earlier results. For the SLE level, the MARD ranges from 0.05 to 0.12 for different bin sizes.
The median MARD for the DBE, MCE, and OVE levels are approximately 0.2, 0.25, and 0.30

respectively. The accuracy of PFA is better than SDRmax with a MARD of approximately 0.2,
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which does not change significantly with the hazard level (shown in Figure 5.8(b)). The RDRmax

model did not perform well and is not shown.
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Figure 5.8. Median absolute relative deviation of verification models for various IMs
and bins (a) SDR,,, and (b) PFA

5.5. Conclusion

A statistical approach to estimating the peak response demands in CRSBFs is proposed in
this chapter. The frame aspect ratio (bay width to height ratio), B/H, the dead load on each
column of the rocking frame, (Pp), the initial post-tensioning (PT) force (Fpt ), fuse strength

(Fyf), fuse strain hardening ratio (o), the number of stories (N), and the spectral acceleration at
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effective period (Sate), are considered as input parameters. The Pp, Fpt and Fyr are normalized
by the tributary seismic weight (W). The effective period is obtained from the effective
stiffness and mass of an equivalent SDOF of the CRSBF. Nonlinear response history analyses
(NRHAS) of the CRBF subjected to 80 unscaled ground motions are used to obtain a training
dataset of maximum story drift ratio, peak floor accelerations, and maximum residual drift.
Regression analyses are used to develop the surrogate models, which serve as a compact
statistical link between the structural design parameters and the maximum structural response
demands. In order to consider the spectral acceleration as an input parameter, value associated
with each ground motion and model effective period are sorted and grouped into bins based on
different numbers of partitions (2,4,6,8, and 10). Surrogate models were constructed for each
bin size and response demand parameter. To verify the surrogate models, the models are
analyzed using the same ground motion set scaled to four different intensity levels: SLE, DBE,
MCE, and OVE. The median of the maximum seismic demands of the 80 ground motions at
each hazard level is compared to the surrogate model results. Reasonable accuracy is obtained
for the maximum story drift ratio and peak floor acceleration models. However, the residual
drift model was found to be unreliable. An additional verification was using 13 “unseen”
building cases (4-story and 8-story). On this verification set, the surrogate models predicted the
maximum story drift ratio (SDR,,,,) and peak floor acceleration (PFA) with median MARD

of approximately 0.25 and 0.2 at MCE level, respectively.
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CHAPTER 6: Reliability-Based Design Methodology

Despite the significant amount of research that has been done on CRSBFs to date, there are
several questions related to their design and assessment that have not been addressed. One of
the least-studied aspects of CRSBFs is the ability of the braced frame components (beams,
columns and braces) to avoid damage when the system experiences moderate-to-severe levels
of earthquake shaking. Unlike the fuse and (to a lesser extent) post-tensioning (PT) strands,
which are designed and constructed to be replaceable, repairing or replacing elements of the
braced frame after an earthquake is a significant undertaking that has strong implications to
direct and indirect (due to downtime) economic losses. Therefore, these components are
designed using capacity-designed principles with the intent that they remain essentially elastic
during moderate-to-severe ground shaking.

The research that has been done to date on the braced frame components of CRSBFs has
focused on developing methodologies to estimate their design forces and mitigating the effects
of higher mode response in taller buildings. In a two-part study, Wiebe and Christopoulos
(2014a and 2014b) developed a performance-based design framework for CRSBFs. The first
part employed a single-degree-of-freedom (SDOF) idealization of the CRSBF to design the
base rocking joint with the goal of meeting a pre-defined performance objective. Part two of
the study proposed a methodology for estimating peak forces in the frame elements and
introduced additional mechanisms to limit the effects of higher modes. Estimating the peak
force demands in the braced frame elements begins with calculating the overturning moment
associated with the maximum expected rotation. After determining the appropriate number of
modes to be considered and their associated modal periods, a set of equations for computing
the modal contributions of the story shear and overturning moment are proposed. The modal

demands are then combined using an appropriate rule. The mitigation of higher mode effects
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is achieved by introducing rocking joints in the upper stories of the building or by utilizing
nonlinear braces. In a follow-up study, Steele and Wiebe (2016) developed dynamic and
equivalent static methodologies for capacity-design of CRSBFs. The dynamic approach
combines frame member forces associated with rocking and higher mode responses. The
former is obtained from a response spectrum analysis of the CRSBF using modified boundary
conditions. The equivalent static procedure uses the second derivative of the closed form
equations for the overturning moment to compute the distribution of inertial loads along the
height of the structure. Second and third mode lateral forces are also considered. Both the
dynamic and static procedures use a modified square-root-sum-of-squares approach to combine
the modal forces. An alternative approach for estimating brace component demands was
proposed by Martin et al. (2018). Termed the modified modal superposition (MMS)
methodology, one of the key departures from the Steel and Wiebe approach was the
consideration of an idealized inelastic fuse response instead of using its ultimate strength when
computing the expected overturning capacity of the CRSBF. A reliability-based assessment of
the force-controlled components was performed, however, the implications to system-level
performance was not addressed.

This chapter proposes a reliability-based approach to determining the demand and capacity
levels used to design the force-controlled components (braced frame elements) of CRSBFs. A
key departure from the studies highlighted on this topic is that an explicit link between the
force-controlled component behavior and system-level performance (collapse and post-
earthquake structural safety). This probabilistic relationship directly informs the demand levels

and (if necessary) resistance factors used to design the rocking frame elements.
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6.1. Background and Relationship to Prior Work

Capacity-design principles are used to design the beams, columns and braces of the rocking
frame to maximize energy dissipation and ensure that the CRSBF system responds in a ductile
manner. In other words, significant inelastic deformations are restricted to the fuse and the
rocking braced frame elements are designed with sufficient strength to remain essentially
elastic. Unlike conventional seismic lateral force resisting systems, the CRSBF is configured
such that the fuse elements are easily replaceable to minimize the direct and indirect (due to
downtime) cost of structural damage. Therefore, if the elements of the rocking braced frame
are damaged to the extent that repair/replacement is needed, the viability of the CRSBF as a
high-performance system is compromised.

Victorsson et al. (2011) proposed a reliability-based approach to establishing capacity-
design criteria for connections in steel special concentrically braced frames (SCBFs). Central
to this methodology is the ability to quantify the probabilistic link between the “failure” of the
force-controlled (or capacity-designed) components (e.g. SCBF connection) and system-level
performance (e.g. collapse safety). Failure in this context implies that the force demands
imposed on the capacity-designed component exceed its strength. These demands are generally
based on the capacities of the deformation-controlled components, which are modified to
incorporate uncertainties in material strength, strain hardening and other factors that can lead
to actual strengths being greater than the nominal strength. In contrast to the Load and
Resistance Factor Design (LRFD) methodology, which focusses only on component-level
reliability, Victorsson et al. (2011) advocated for considering the impact of capacity-designed-
component-failure on the performance of the entire structural system. The ultimate goal is to
establish is a set of demand and capacity factors for force-controlled components that are

consistent with a target system level performance.
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The current study adapts the Victorsson et al. (2011) methodology to develop reliability-
based capacity-design principles for CRSBFs. However, it is important to note that, aside from
the difference in the considered lateral force resisting system (i.e. CRSBF versus SCBF), there
are other departures from the previously developed methodology. First, in the case of SCBF
brace connections, the demands are solely based on the strength of the adjacent deformation-
controlled brace. However, for CRSBFs, the forces in the braced frame elements are influenced
by the overturning resistance provided by the fuse, post-tensioning (PT) strands and gravity
load on the frame. Furthermore, due to the rocking behavior, the relationship between these
three sources of overturning resistance and the force demands in the braced frame elements is
highly indeterminate. It is also noteworthy that Victorsson et al. only considered the impact of
brace connection failure on SCBF collapse performance. In the current study, the post-
earthquake structural safety limit is considered in addition to collapse since the CRSBF has

been developed as an enhanced seismic system.

6.2. Overview of Proposed Methodology

An overview of the proposed reliability-based methodology is presented in Figure 6.1.

Relevant aspects of the FEMA P695 guidelines (FEMA, 2009) (for assessing collapse

performance), the FEMA P58 [FEMA, 2012] framework (for assessing post-earthquake structural

safety or unsafe placard assignment) and the LRFD component reliability methodology are

integrated. The goal is to determine appropriate load (y) and resistance (¢) factors for the beams,

columns and braces of the rocking frame that are consistent with the targets set for system level

reliability. Assuming a lognormal distribution governs the probabilistic demands and capacities of

the braced frame elements (Galambos et al. 1982), the LRFD methodology describes the

relationship between the component reliability index (f), the load and resistance factors and the

statistical demand and capacity parameters using the following equation (Victorsson, 2011).
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D,, and C,, and D,, and C,, are the median and nominal values of the component demand
and capacity, respectively, o}, and a;,,p are the lognormal standard deviations and p is the
correlation between the demand and capacity.

Equation 6.1 can be rearranged to compute the g value that corresponds to the y/¢ used
to design the CRSBF braced frame elements. For a predefined ground motion intensity level,
D,, can be obtained from nonlinear response history analyses (NRHAS) using a median
structural model that incorporates expected strengths for the yielding elements. D,, is the
nominal demand on the rocking frame elements, which is computed based on the maximum
expected overturning resistance provided by the PT (F,,) and fuse force (F;) and the gravity
load on the frame (Pp). The equivalent static procedure developed by Steele and Wiebe (2016)
is adopted for this purpose.

C,n/C, represents the ratio between the median and nominal capacity of the force-
controlled elements and is obtained from statistical analysis of experimental data, which is also
used to determine the dispersion in the capacity of the force-controlled component (a;,,¢). The
dispersion in the force-controlled component demand (o;,p) can include record-to-record
(obtained from NRHAS) and other sources (e.g. material strength parameter) of uncertainty.
However, only the former is considered in this study. Since the data needed to quantify the
correlation between the demand and capacity (p) is unavailable, they are initially assumed
uncorrelated. The effect of other assumed non-zero correlation values on the performance-
outcome is also examined.

Having determined the values of the parameters in Equation 6.1, § is used to compute the

failure probability for the force-controlled component of interest [P(D > C) = ®(—f)], where

®() is the standard normal cumulative distribution function. The next step is to compute the
54



probability of exceeding some system-level limit state when the failure of the force-controlled
components is included, P(LS;|IM), (adapted from Victorsson, 2011).

P(LS;|[IM) = P(LS;sys|IM) + P(LS; psc|D > C)P(D > C|IM) (6.2)

P(LSL-,SJ,SUM) is the probability that limit state i is exceeded conditioned on the intensity
level, IM, when the failure of force-controlled components are excluded. i = 1 corresponds to
an unsafe placard being triggered because of structural damage and i = 2 represents collapse.
P(LS;psc|D > C) is the probability that limit state i is exceeded because of the demand
exceeding the capacity in the force-controlled component and P(D > C|IM) is the probability
of demand exceeding capacity in the force-controlled component conditioned on the IM, which
iIs computed using the B value from Equation 6.1. The steps needed to generate fragility
functions for LS; and LS; g, are detailed in Section 6.5. By integrating these two fragilities
with an appropriate hazard curve, the limit state exceedance risks (e.g. probability of collapse
in 50 years) with and without consideration given to force-controlled component failure is
obtained. The incremental risk added by force-controlled component (in addition to the total
risk) is used as the basis for determining the appropriate ¢ /y to be used in the capacity-design

process.
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Figure 6.1. Overview of framework for reliability-based determination of load and resistance
factors for capacity-designed components of CRSBF

The plan view of the building cases is shown in Figure 3.2, with two CRSBFs in each
direction for 3-story buildings, and four CRSBFs in each direction for 6-, and 9-story buildings,
and the elevations of the three building cases are shown in in Figure 3.3(a). To evaluate the
effect of force-controlled component failure on system level performance, four sets of models
are needed for each building case. For one of the models, the inelastic behavior of the three
force-controlled components is excluded (“All-Elastic” in Table 6.1). This model uses linear
elastic beam-column elements for the braces, beams and columns. The other models are
developed to consider the inelastic response for each type of force-controlled element. The
combinations of inelastic versus elastic rocking frame components used in each type of model
is summarized in Table 6.1. The models identified as “Brace-NL”, “Beam-NL”, and “Column-
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NL” only consider material nonlinearity in braces, beams, and columns respectively. For the
“All-Inelastic” model, material nonlinearity is incorporated in all three force-controlled
elements.

For the models where their inelastic response is considered, the beams, columns, and braces
are represented using fiber cross sections that incorporate the Giufrré~Menegotto—Pinto
material model with 0.3% strain hardening and expected strengths of R, F, (Ryz
1.1and F, = 308.2 N/mmz). Brace buckling is captured by incorporating corotational

transformations and initial imperfections.

Table 6.1. Summary of model cases with and without consideration of inelastic response in
force-controlled components

Braces Beams Columns
Model ID Elastic | Nonlinear Initial Fracture Elastic | Nonlinear | Elastic | Nonlinear
Elements | Elements | Imperfection | Considered | Elements | Elements | Elements | Elements
All-Elastic v X X X v X \ X
All-Inelastic X v X v X v
Brace-NL X \ v \ v X \ X
Beam-NL v X X X X v v X
Column-NL v X X X v X X \

V: Included in model
x: Not included in model

Note that the section sizes of force-controlled members (beams, braces, and columns) are
selected based on the maximum permissible demand to capacity ratio. In real projects where
efficiency in construction is also considered, more conservative designs may be used. The sizes

of the beams, columns, and braces for different load-resistance ratio are listed in Appendix.

6.3. Seismic Hazard, Ground Motions and Nonlinear Response History

Analyses

The results from nonlinear response history analyses are to compute the reliability index
(more specifically, D,,) for the force-controlled components (Equation 6.1) and the system-
level limit state fragility functions (Equation 6.2). The forty-four (twenty-two pairs) far-field

ground motions specified in the FEMA P695 (FEMA 2009) guidelines are used for this
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purpose. Figure 6.2(a) shows the response spectra for the suite of unscaled ground motions
along with the median response spectra.

To support a risk-based assessment of the impact of force-controlled component failure on
system performance, a site-specific hazard curve is incorporated based on Sa;,. The hazard
curve for a Los Angeles site (33.58, -118.19) corresponding to the first-mode periods of the

three building cases is shown in Figure 6.2(b).
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Figure 6.2. (a) Response spectra for FEMA P695 far-field ground motions and (b) hazard
curves based on Say4 corresponding to the first-mode periods of the three building cases

The spectral acceleration corresponding to the first mode period (Sar,) is used as the
ground motion intensity measure (IM). The first three modal periods for the 3-, 6- and 9-story
models are summarized in Table 3.2 along with the Sa;; corresponding to the MCE hazard

level (Sy7).

6.4. Application of Reliability-Based Capacity Design Methodology

This section applies the reliability-based methodology to the three building cases. As
previously noted, the outcome is a quantitative relationship between ¢ /y and the system-level
vulnerability and risk-based performance. Initially, the procedure is described and intermediate
results are presented for the case where ¢/y = 0.9 (¢ = 0.9, y = 1) and p = 0. The results

for a range of ¢/y values are summarized and discussed and the implications of non-zero p
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values are also examined. Note that ¢ = 0.9 is the default resistance factor for steel
compression components, which is specified in Chapter E1 of AISC-341 (AISC 2016). The
value of y reflects the hazard-level that is used to determine the design forces for the force-
controlled components. In prior studies (e.g., Eatherton and Hajjar 2010; Ma et all 2011; Steele
and Wiebe 2016), the MCE hazard level has been used as the default and is therefore associated
with y =1 herein. The y value for other hazard levels is taken as the ratio between the
corresponding Sar; and Sy Since ¢ is structural-system-agnostic and assessed based on a
broad set of considerations not explicitly related to CRBFs, it is assumed that a value of 0.9
will always be used. Therefore, the target ¢ /y will be achieved by considering y as the variable
parameter. In other words, the hazard level used to determine the force-controlled component

design forces will be the control factor that is used to achieve the desired ¢ /y value.

6.4.1. Computing p and P(D>C)

The value of g and P(D > C) corresponding to ¢/y = 0.9 is computed for a range of
intensity levels. For this purpose, incremental dynamic analyses (IDAs) are performed using
the structural model where the inelastic response of the force-controlled components is not
included (“All Elastic” in Table 6.1). In other words, the beams, columns and braces of the
rocking frame are modeled using linear elastic elements. The ground motions are scaled
individually such that the Sa;; matches the target intensity level, which are increased at
increments corresponding to 10% of S, up to the collapse point. For the rocking frame beams,
columns, and braces the maximum axial demand in each story is recorded.

Using the results from the set of forty-four ground motions, the median (D,,,) and log-
standard deviation (o;,,) of the demand in each type of element is computed. C,,/C,, is taken
as 1.87 (Fell etal. 2006) and oy, istaken as 0.15 (Victorsson et al. 2011) for the axial capacity
of the members. D,, is computed using the Steele and Wiebe (2016) methodology described

59



earlier. The D,,/D,, profile for each force-controlled component corresponding to Sy IS
presented in Figure 6.3. It is observed that the D,,,/D,, profile for all three types of elements is
fairly uniform and is capped at a value of approximately 1.0, indicating that the Steele and
Weibe methodology provides reasonable estimates of the 50" percentile force demands in

capacity-designed components.

—6—Brace
-8-Beam
+4- Column

Figure 6.3. Vertical profile D,,/D,, at the MCE level for all force-controlled components

Equation 6.1 is used to compute the value of § conditioned on the intensity-level and
component type. The B values are then used to obtain P(D > C) using the following
relationship: P(D > C) = ®(—pf). Figure 6.4 shows plots of the maximum-value envelope
(i.e. maximum value at each intensity considering all elements in all stories) of P(D > C)
versus Sar; normalized by the S, for the axial force in the braces, beams and columns. For
the 3-,6-, and 9- story buildings, P(D > C) is generally highest in the beams and braces. For
the latter, the MCE level P(D > C) is 0.38, 0.37 and 0.34 for the 3-, 6- and 9-story building,

respectively. At the same intensity, the P(D > C) values in the beams are 81% of the brace
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values. The columns have the lowest P(D > C) with MCE level values of 0.036, 0.044 and
0.028 for the 3-, 6- and 9-story buildings, respectively. The lower P(D > C) values in the
columns relative to the beams and braces is explained by comparing the dispersion in the force
demands in the three components which is one of the inputs in Equation 6.1. More specifically,
the dispersion in the column force demands (o;,,) is approximately 30% that of the beams and

braces at the MCE level.
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Figure 6.4. Maximum of P(D > C) versus Sar,/Saycg corresponding to axial forces
in force-controlled components (a) 3-, (b) 6- and (c) 9-story building cases

6.5. Impact of Force-Controlled Component Failure on System-Level

Performance

The impact of force-controlled component behavior on the CRSBF system-level
performance is quantified by computing the incremental risk caused by failure of the rocking
frame beams, columns and braces. The first step in this sub-process is to develop limit state
fragility functions with and without considering failure in each of these components. Collapse
and post-earthquake structural safety (or unsafe placard triggered by structural damage) are the
two system-level limit states considered. The expectation is that the CRSBF capacity-design

criteria will be different for the two limit states. More specifically, if the same acceptable risk-
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threshold is assumed, the required ¢ /y is expected to be smaller (i.e. a more conservative

design) for the unsafe placard limit state.

6.5.1. Collapse safety

Collapse fragility functions are developed without considering force-controlled component
failure [i. e. P(CollapseSySUM)] using the same structural model (All-Elastic) and IDA results
described earlier. Recall that, for the numerical model corresponding to each building case, the
ground motion records are scaled at increments of 10% relative to S, up to collapse. At each
intensity level, the maximum drift demand over all stories is recorded. The collapse criteria is
taken as (1) the occurrence of dynamic instability (slope of IDA curve is very small) or (2) the
maximum story drift exceeds 10% (Steele and Wiebe 2017). The fraction of collapses at each
intensity level is computed and used to obtain the maximum likelihood estimate of the median
(S”CT‘SyS). The record-to-record dispersion value suggested by the FEMA P695 guideline,
Brrr = 0.4, is adopted. The total dispersion in the collapse intensity (B7o7) is taken as the
square-root-sum-of-squares combination of Srrr and additional uncertainties that result from
the robustness of the design requirements (Bpr = 0.2), accuracy of test data (8, = 0.2) and
model parameters (S8yp, = 0.2) assuming a “good” rating (FEMA 2009). The spectral shape
factor (SSF) is applied to S‘CT’S),S based on the ductility ratios obtained from pushover curves
generated using nonlinear static analyses (FEMA 2009). The SSF for the 3, 6, and 9 story
CRSBFs are 1.33, 1.39, and 1.46 respectively. Figure 6.5 shows the fragility curve obtained
from the All-Elastic model for the three building cases after incorporating SSF and Sror. The
intensity levels on the horizontal axis are normalized by the Sy;. The 3-, 6-, and 9-story
buildings have adjusted collapse margin ratios (CMRSys) of 3.1, 4.5, 5.0 respectively.
Generally, the CMR is higher for taller buildings, which is consistent with the findings of prior

studies (e.g. Rahgozar et al. 2016, Steel and Weibe, 2017).
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Figure 6.5. Collapse fragility curves for “All-Elastic” 3-, 6- and 9 story buildings cases i.e.
force-controlled component failure not considered

Multiple numerical models and analysis cases are needed to compute the incremental
collapse fragility caused by force-controlled-component-failure [i.e.P(Collapsepsc|D >
C)P(D > C|IM)]. A different structural model is needed for each type of component and
loading mechanism. For instance, to assess the relationship between brace ¢/y and collapse
performance, the All-Elastic and Brace-NL models (Table 6.1) are used. Using the All-Elastic
model, P(D > C|IM) at each intensity level is obtained from the results shown in Figure 6.4.
From these same analyses, the ground motions that do not cause collapse but the brace axial
force demand exceeds the nominal capacity are identified. Denoted as [GMsD>Clm|IM],
this subset of ground motions is used to perform IDAs on the Brace-NL model. At each
intensity level, P(Collapsepsc|D > C) is computed as the fraction of collapse cases relative
to the [GMspsczomapse|IM] record-set. Finally, the incremental collapse fragility caused by
brace axial failure is computed as P(Collapsepsc|D > C)P(D > C|IM). This process is
repeated using Beam-NL and Column-NL, which consider axial failure in the beams and
columns. Figure 6.6 shows collapse fragility curves for all three building cases with and
without considering beam, column and brace failure. For the 3-story case, column failure has

the largest effect, reducing the adjusted CMR by 14% , while beam failure has a negligible
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effect on collapse performance. For the 6-story case, the effect of column and beam failure is
negligible while brace failure has the greatest effect, reducing the adjusted CMR by 12%. For
the 9-story building the overall effect of the force-controlled components failure is negligible.
This is explained by the fact that the taller buildings are more susceptible to sidesway collapse

caused by higher P-A effects.
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Figure 6.6. Collapse fragility curves with and without consideration of force-controlled
component failure for the (a) 3-, (b) 6- and (c) 9-story building cases

6.5.2. Unsafe placard triggered by structural damage (Post Earthquake

Structural Safety)

In addition to collapse, we also examine the effect of ¢ /y on the probability that an unsafe
placard is assigned to the building because of structural damage. The framework developed by
FEMA P58 (FEMA 2012) is adopted for this purpose. First, the structural components that will
be considered as potential unsafe placard triggers (UPTs) are identified. NRHASs are then
performed and the engineering demand parameters (EDPs) associated with these potential UPT
components are recorded. These EDPs are coupled with fragility functions to simulate
realizations of component-level damage. A single realization of building damage is described
by each UPT being assigned a component-level damage state. The triggering ratio is the
fraction of a specific component-type in each damage state that would prompt an unsafe
placard (FEMA 2012). For example, the UPT limit state is triggered when 40% of braces are

in damage state 2 or 20% are in damage state 3 (FEMA 2012). The probability of an unsafe
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placard conditioned on the ground motion intensity is taken as the fraction of building damage
realizations for which the triggering ratio for at least one UPT is exceeded.

Note that FEMA P58 groups the elements of a braced frame to define the UPT. In other
words, the damage state descriptions and triggering ratios are defined for the entire frame and
not the individual elements (beams, columns and braces). Therefore, unlike the collapse limit
state, the relationship between ¢/y and the likelihood of an unsafe placard being assigned is
established for the entire frame (as opposed to the individual elements). In addition to the force-
controlled braced frame elements, the PT strands and fuse are also considered as UPT
components. The damage state 1Ds, descriptions, median and dispersion of the associated EDP
limits and triggering ratios for each UPT-component are summarized in Table 6.2. The EDP
limits and triggering ratio for the braced frame are from the FEMA P58 guideline. PT yielding
and the onset of strength degradation in the fuse are adopted as UPTs assuming the
deterministic EDP limits specified earlier.

Like the collapse limit state, the unsafe placard fragility function without the consideration
of force-controlled component failure [i.e. P(Unsafesy|IM)] is generated using the analysis
results from the ALL-Elastic model. The force-controlled components are excluded as UPTs
in this assessment case. Using the EDPs from the IDAs described earlier and the damage
fragility parameters in Table 6.2, 1000 realizations of building damage are generated using
Monte Carlo simulation. The number of realizations is chosen to minimize the variance in the
Monte Carlo estimates of P(Unsafesys|IM). Recall that a single realization of building
damage corresponds to each UPT component being assigned a damage state.

P(UnsafeSySUM) is then computed as the fraction of realizations for which the triggering

ratio is exceeded for at least one UPT component. To compute P(Unsafe|IM), the overall

process is repeated using the All-Inelastic model.
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The unsafe placard fragility caused by force-controlled component failure is directly
computed. In other words, instead of computing P(Unsafepsc|D > C)P(D > C|IM) and
adding it to P(UnsafeSySUM) (as was done the collapse limit state), P(Unsafe|IM) is
obtained directly by applying the assessment process incorporating the grouped force-
controlled components as a UPT. For instance, to compute P(Unsafe|IM), the EDPs produced
from IDAs on the All-Inelastic model are utilized. Building damage realizations are then
generated incorporating braced frame failure as a UPT (in addition to the deformation-
controlled components). To perform IDAs, ground motions are scaled until an unsafe placard
is triggered for at least half of the ground motions. Unsafe placard fragility functions developed
with and without considering all force-controlled components, are shown in Figure 6.7 for the
three buildings. As expected, the median intensity level associated with the UPT limit state is
much lower (by factors ranging from 2.5 to 2.7) than for collapse. However, Figure 6.7 shows
that force-controlled component failure has a negligible effect on the UPT limit state for all
three building cases. The lower intensity levels associated with the UPT limit state (compared
to collapse) and the generally low P(D > C) values shown in Figure 6.4 (even up to the MCE
hazard level) explains the negligible effect of force-controlled component failure observed in
Figure 6.7. In other words, the capacity-design procedure that is implemented for the braced

frame components minimizes their potential influence on the UPT limit state.
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Table 6.2. UPT-components, damage states, EDP limits and triggering ratios

Damage State EDP Limit
Element . Triggering ' . .
1D Description Ratio/Value Type Median | Dispersion
FC-DS-1 Initiation of brace bucking and yielding of NAL 0.00159 0.7
Forced- controlled gusset plates.
. FC-DS-2 |Brace buckling. 0.4 Story Drift 0.01 0.3
elements i.e. beams, F . £b d bolts of b Ratio
columns and braces racturing o races an olts of beam-
FC-DS-3 [column connections. Torn gusset plates, and 0.2 0.0178 0.3
local buckling of frame members.
PT PT-DS-1 |Yielding of PT strands 1.0 Strain 0.0086 NC?
Fuse FS-DS-1 |Onset of strength degradation in fuse 1.0 Shear Def. 0.35 NC

NA: Damage state cannot tirgger an unsafe placard
’NC: Disperion not considered
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Figure 6.7. Unsafe placard fragility curves with and without the consideration of force-
controlled component failure for (a) 3-, (b) 6- and (c) 9-story building cases

Figure 6.8 shows a disaggregation of each building’s vulnerability to an unsafe placard
assignment based on the type of component for the 3, 6, and 9 story CRSBFs. The vertical axes
of these plots represent the probability that an unsafe placard is triggered by each UPT at
different intensity levels. These are not mutually exclusive events (i.e. an unsafe placard can
be triggered by more than one UPT). As such, the sum of the probabilities across all UPTs is
not equal to the probability when all UPTs are considered simultaneously. Figure 6.8 shows
that, compared to the PT, the fuse is more likely to trigger an unsafe placard. For the 3-story
building case, the probability that an unsafe placard is triggered at the MCE intensity level by
the individual components is 50% higher for the fuse compared to the PT. Moreover, this
difference increases with the building height. For the 9-story case, the probability that the fuse

and PT triggers an unsafe placard at the MCE is 11% and almost zero, respectively. This major
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difference can be partially explained by observing (in Figure 6.8) that the effect of PT failure
on the unsafe placard limit state decreases significantly going from the 3- to the 9-story building
case. More specifically, for the same uplift demand, the PT strain is lower in the taller frame
and yielding is much less likely. Consistent with Figure 6.7, the probability of an unsafe placard
being triggered by force-controlled component failure is small but increases with the building
height. In fact, in the 9-story building case, the effect is slightly higher compared to the PT.
The more significant influence of force-controlled component failure on the UPT limit state in
taller buildings can be explained by the increase in higher mode effects and reduction in the

desirable rigid body rotation behavior.
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Figure 6.8. Probability of unsafe placard triggered by deformation and force-controlled
components for the (a) 3-, (b) 6- and (c) 9-story building cases

6.5.3. Risk-based assessment of impact of force-controlled component failure on

system-level performance

The load and resistance factors for the force-controlled components are determined based
on the extent to which they contribute to the risk of limit-state (collapse and unsafe placard)
exceedance over the service-life of the CRSBF building. The mean annual frequency of limit

state exceedance, A,s;, is computed by integrating the respective fragility function with the

site-specific hazard curve. The discrete form of this integration can be written as
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dA(IM)

husi= ). PASIIM)- |W

All IM

- AIM (6.3)

dA(IM)
d(IM)

is the slope of the hazard curve and AIM is the intensity measure increment used in

the numerical integration. The A,s; value computed using Equation 6.3 includes the effect of
force-controlled component failure. The mean annual frequency of limit state exceedance can
be computed without considering force-controlled component failure by replacing P(LS;|IM)
with P(LSSyS'iUM) in Equation 6.3. Given A, ;, the probability of limit state exceedance over
a 50-year service life is computed as

P(LSi)SOyrs =1- exp(_/lLS,i ) 50) (6.4)

Figure 6.9 shows how each type of force-controlled component affects the 50-year

¢

probability of collapse over a range of ¢ /y values where ;= 0 corresponds to the case where

force-controlled component failure is not considered and % = 0.9 is the value that is the basis

of current design standards (i.e. ASCE 7-16 and AISC 341-16). Recall that %: 0.9

corresponds to y =1 and ¢ = 0.9. Also, the y = 1 represents the case where MCE-level
demands are used to design the force-controlled components. Using the relationship between

the y and the hazard level used to design the force-controlled components described earlier and

assuming ¢ is always equal to 0.9, the return period for each % value (shown in the lower

horizontal axis) is shown in the upper horizontal axis. As such, the target % can be described in

terms of the return period of the hazard level used to design the force-controlled components.
As expected, the collapse risk generally increases with the value of ¢ /y. Recall that higher
values of ¢/y corresponds to lower y values and hazard levels (less conservative force-

controlled component design). For 3-story building, column failure has a significant effect on
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collapse risk, which is consistent with Figure 6.6. For 6-, and 9-story buildings beam failure

has a modest effect on collapse risk at higher % values. As indicated earlier, taller buildings

are more susceptible to P-A-triggered or sidesway collapse compared to shorter buildings,
which reduces the overall influence of force-controlled component failure for this limit state.
The 50-year collapse risk for all three cases remains below the 1% threshold that is implied in

modern design codes and standards (e.g. ASCE, 2016).
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Figure 6.9. Effect of ¢p/y (and corresponding return period) on the probability of
collapse in 50 years for the (a) 3-, (b) 6- and (c) 9-story building cases

The effect of ¢ /y on the probability that the CRSBF building is assigned an unsafe placard
within a 50-year period is shown in Figure 6.10. Similar to Figure 6.9, ¢ /y = 0 corresponds
to the case where force-controlled component failure is not considered and the return period
corresponding to each ¢/y is shown in the upper horizontal axis. When force-controlled
component failure is not considered, the 50-year probability of an unsafe placard is 3.1%, 1.5%
and 1.1% in the 3-, 6- and 9-story building cases, respectively. For the 3-story building, there
is a dramatic increase in the effect of force-controlled component failure on the 50-year
probability of an unsafe placard between ¢ /y values of 1.2 and 1.8. However, for the taller

building cases, there is not an appreciable change in the effect of force-controlled component
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failure on the UPT limit state as ¢ /y increases. At first glance, the much greater effect of force-
controlled component failure on UPT risk in the 3-story building (compared to the 6- and 9-
story) appears to be inconsistent with the results in Figure 6.8, which shows that force-
controlled components are more likely to trigger an unsafe placard in taller buildings. However,
Figures. 6.8 and 6.7 also show that the triggering effect of the PT and fuse “masks” that of the
force-controlled components for the UPT limit state. Moreover, because the shorter buildings
are dominated by first mode (or rigid-body-rotation) behavior, the increasingly nonlinear
response caused by force-controlled component failure leads to higher roof drift demands, PT
strains and fuse deformations. In contrast, because of the greater contribution of higher modes
in taller buildings, while force-controlled component nonlinearity leads to higher story drifts,

the effect on roof drift demands, PT strains and fuse deformations is smaller.

The 50-year probability of an unsafe placard when %z 0.9 (the value implied by the

current design codes and standards) is 3.5%, 1.5% and 1.1% for the 3-, 6- and 9-story building
cases, respectively. Note that, unlike collapse, current design codes and standards do not
consider the risk of an unsafe placard and therefore no limit is provided. However, given that
the CRSBF is being developed as a high-performance seismic system, this limit state should

be given high priority when developing design guidelines.
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Figure 6.10. Effect of ¢p/y (and the corresponding return period) on the probability of
an unsafe placard being assigned within a 50-year period for the (a) 3-, (b) 6- and (c) 9-story
building cases

6.5.4. Effect of assumed demand-capacity on system-level risk-based

performance

In the previous assessments of the effect of force-controlled component failure on system-
level performance, the correlation between the demand and capacity was assumed to be zero.

In this section, the effect of non-zero demand-capacity correlation is examined. More

specifically, the ratio of the 50-year collapse probability at% = 0.9 between the cases where

p=0and p =1 [P(Collapse)soyrs p=o/P(Collapse)spyrs =1 is computed and shown in
Figure 6.11. Based on Equation 6.1 and assuming all other variables are unchanged, a higher
p would lead to an increase in £ and a reduction in probability of failure at the component-
level i.e. a smaller P(D > C). This is consistent with the results in Figure 6.11, which shows
that P(Collapse)soyrs p=0/P(Collapse)soyrs ,=1 is approximately 1.0 or higher. Recall that
the dispersion in the beam and brace demands are significantly higher than the column. This
higher dispersion “masks” the effect of the non-zero p value. However, for the columns, the
effect of the non-zero demand-capacity correlation is more pronounced because of the lower
dispersion. The higher column demand dispersion in the taller buildings also explains why the

effect of the non-zero demand-capacity correlation diminishes as the building height increases.
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Ultimately, it should be noted that the effect of demand-capacity correlation on collapse risk is

minimal, reducing P(Collapse)s,,s by a maximum of approximately 15%.
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Figure 6.11. Ratio of the probability of collapse in 50 years when p = 0
(P(Collapse)sgyrs p=o) to the value when p = 1.0 (P(Collapse)soyrs p=o) for the (a) 3- (b)
6- and (c) 9-story building cases

6.6. Conclusion

To achieve the desired goal of reducing building downtime and functional disruption,
earthquake-damage to the forced-controlled components in controlled rocking steel braced
frames (CRSBFs) should be minimal. Towards this end, a reliability-based approach to
designing CRSBF force-controlled components (i.e. frame beams, columns and braces) is
presented. Central to the proposed methodology is establishing an explicit link between the
failure of these components and the CRSBF system-level performance. Collapse and post-
earthquake structural safety (or unsafe placard assignment) are the two considered system-level
limit states. A case study is presented whereby the newly developed methodology is applied to
3-, 6- and 9-story building cases.

The effect of frame beam, column and brace failure on the vulnerability to collapse and

unsafe placard triggering (UPT) was first assessed for a resistance and load factor ratio of % =
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0.9 (the value implied by current standards). The effect of column failure on the collapse
vulnerability of 3-story building was stronger compared to the beams and braces. Whereas for
the 6-story building, brace failure had largest effect, and for the 9-story building, force-
controlled component failure did not have significant effect on collapse performance. The

effect of force-controlled component failure on the UPT limit state was found to be negligible
for all three cases at% = 0.9. The ratio of adjusted collapse margin ratio (CMR) with and

¢

without considering force-controlled component failure ranged from 0.86 to 1.0 at ;= 0.9,

while the same ratio for the UPT limit state ranged from 0.98 to 1.0. Furthermore, a
disaggregation of the UPT vulnerability showed that the deformation-controlled components
(fuse and PT) were much more likely to trigger an unsafe placard compared to the force-
controlled components. For both limit states, the effect of force-controlled component failure
was found to be lower for taller buildings.

A risk-based assessment of the effect of force-controlled component failure was conducted
for% = 0.9,1.2, 1.5 and 1.8. For the full range of considered ¢ /y values, the 50-year collapse
probability remained below the 1% threshold prescribed by current building codes even when

force-controlled component failure was considered. When force-controlled component failure

is not considered, the probability that an unsafe placard is triggered within a 50-year period
ranges from 1.1% in the 9-story to 3.1% in the 3-story building. For the % = 0.9 case, the 50-
year probability of exceeding the UPT limit state remained unchanged (relative to when force-
controlled component failure is ignored) in the 9-story building but increased to 3.5% in the 3-

story building. The force-controlled component demand-capacity correlation was found to

minimally affect their relationship to system-level performance.
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Appendix

Table A.1. List of columns, braces, and beams

$/y=0.9 dly=1.2
Model | story Colu.mn Bra_ce Bea.lm Colu_mn Bra.ce Bee}m
sections  sections  sections | sections sections  sections
1 W14x99 W14x99 W14x61 | W14x90 W14x82  W14x48
CRSBF-3S 2 W14x90 W14x61 W14x43 | W14x68 W14x43  W14x34
3 W14x22 W14x90 W14x38 | W14x22  W14x74  W14x30
1 W14x193 W14x132 W14x53 | W14x145 W14x99  W14x48
2 W14x159  W14x82 W14x53 | W14x132 W14x61  W14x48
CRSBE-6S 3 W14x145  W14x61 W14x53 | W14x99  W14x53  W14x43
4 W14x99 W14x61 W14x43 | W14x90 W14x53  W14x38
5 W14x74 W14x61 W14x43 | W14x61  W14x48  W14x34
6 W14x22 W14x90 W14x34 | W14x22  W14x68  W14x30
1 W14x370 W14x193 W14x68 | W14x283 W14x145 W14x61
2 W14x342  W14x99 W14x68 | W14x257 W14x82  W14x61
3 W14x311  W14x90 W14x68 | W14x233 W14x74  W14x53
4 W14x283  W14x82 W14x61 | W14x211 W14x61  W14x48
CRSBF-9S 5 W14x233  W14x74  W14x53 | W14x176 W14x61  W14x43
6 W14x193  W14x74  W14x53 | W14x145 W14x61  W14x43
7 W14x145  W14x68 W14x43 | W14x109 W14x61  W14x38
8 W14x99 W14x61 W14x68 | W14x90 W14x53  W14x53
9 W14x22  W14x120 W14x34 | W14x22  W14x90 W14x30
o/ly=1.5 d/y=1.8
Column Brace Beam Column Brace Beam
Model | Story ) ) ) ) . )
sections  sections  sections | sections sections sections
1 W14x68 W14x68 W14x43 | W14x61  W14x61  W14x38
CRSBF-3S 2 W14x61 W14x43 W14x34 | W14x53  W14x38 W8x21
3 W14x22 W14x61 W8x24 W14x22  W14x61 W8x21
1 W14x120  W14x90 W14x43 | W14x99  W14x74  W14x38
2 W14x99 W14x61 W14x43 | W14x90 W14x53  W14x38
CRSBF-6S 3 W14x90 W14x43 W14x34 | W14x82  W14x43  W14x30
4 W14x68 W14x43 W14x30 | W14x61  W14x43  W14x30
5 W14x53 W14x43 W14x30 | W14x48  W14x38 W8x18
6 W14x22 W14x61 W8x24 W14x22  W14x53 W8x21
1 W14x233 W14x120 W14x48 | W14x193 W14x99  W14x43
2 W14x211  W14x68 W14x48 | W14x176 W14x61  W14x43
3 W14x193  W14x68 W14x43 | W14x159 W14x61  W14x43
4 W14x176  W14x61 W14x43 | W14x145 W14x53  W14x38
CRSBF-9S 5 W14x145  W14x53 W14x43 | W14x120 W14x43  W14x34
6 W14x120  W14x53 W14x43 | W14x99  W14x48  W14x34
7 W14x90 W14x53 W14x34 | W14x82  W14x43  W14x30
8 W14x74 W14x43 W14x43 | W14x61  W14x43  W14x34
9 W14x22 W14x90 W8x24 W14x22  W14x74 W8x21
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CHAPTER 7: Effect of Model Uncertainty on Multi-Limit State

Performance Assessment

The performance-based earthquake engineering (PBEE) methodology (FEMA 2012) was
established to provide owners and users with actionable information about the seismic risk to
constructed facilities. The PBEE framework integrates seismic hazard characterization,
structural response estimation and damage assessment to quantify earthquake impacts in terms
of stakeholder-centered decision-variables (e.g. economic losses, number of fatalities, building
recovery time). A key aspect of the methodology is the explicit inclusion and propagation of
uncertainty throughout the different phases of assessment. In the structural response estimation
stage, the considered uncertainties are generally placed in one of the following two categories:
ground motion (or record-to-record) and modeling. The former is considered a type of aleatory
uncertainty because it results from the inherent randomness in the frequency content of the
ground motion records. Ground motion uncertainty is generally considered by utilizing a
significant number of records in the structural response estimation. However, while there are
still outstanding questions on issues such as the appropriate number of ground motions to be
used in response history analyses (Baltzopoulos et al. 2019; Gehl et al. 2015), record-to-record
uncertainty is routinely considered in PBEE assessments (e.g. Bradley, 2010).

Modeling uncertainty is a form of epistemic uncertainty because it arises from limitations
in the data and knowledge that is used to construct the numerical model. According to Bradley
(2013), there are four types of model uncertainty. Type 1 model uncertainties are attributed to
the lack of complete knowledge about the measured value of physical quantities or “basic”
parameters (e.g. the yield and modulus of elasticity of steel, the dead load on a structure). There
is also uncertainty in the relationship between physical quantities and constitutive models

(Type 2). Types 3 and 4 reflect the uncertainties in the suitability of the adopted constitutive
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and system level modeling approaches, respectively. Level 1 and Level 2 uncertainties are
generally considered by performing nonlinear response analyses on a suite of structural models
with randomly sampled (using Monte Carlo simulation or Latin Hypercube sampling) basic
and constitutive model parameters, respectively (e.g. Dolsek, 2009; Liel et al. 2009; Yin and
Lee, 2010; Gokkaya et al. 2016). Evaluating the effects of Level 3 and Level 4 uncertainty is
much less common because it requires nonlinear response analyses on a set of numerical model
realizations that vary based on the adopted constitutive relationships and system and/or
component idealization strategy (e.g. Aslani, 2005; Browning et al. 2000).

While record-to-record uncertainty was considered in theprior numerical analysis studies,
none of them incorporated model uncertainty.

This chapter quantifies the effect of both record-to-record and Level 1 model uncertainty
on the structural response and performance assessment of the CRSBF. Latin hypercube
sampling is used to generate nonlinear structural model realizations for 3-, 6- and 9-story
CRSBFs to account for the uncertainty in the basic model parameters. Multiple stripe analyses
(MSAs) are performed on each structural model realization using sets of ground motions that
are selected to match the target spectra associated with different hazard levels i.e. hazard-
consistent ground motions. The probability distribution of different engineering demand
parameters (EDPs) (e.g. peak residual and transient drift demands, strain in PT and shear
deformation in fuse) and system-level performance limits (e.g. immediate occupancy,
repairability, collapse prevention) are quantified incorporating both record-to-record and
model uncertainties. After giving an overview of the adopted methodology, the design
information for the considered building cases is presented. The nonlinear structural modeling
and ground motion selection procedure is discussed followed by the analyses and performance

assessment details and a discussion of the results.
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7.1. Overview of Methodology

The methodology for quantifying and comparing the effects of record-to-record and Type
1 model uncertainty (denoted as model uncertainty for the remainder of the chapter) on the
seismic response and limit state performance of the CRSBF is illustrated in Figure 7.1. The
basic structural parameters to be considered as random variables (X;;i = 1,2, ... Ngys) are
specified. Note that Ny is the total number of considered random variables. The dead load on
the rocking frame (Pp), fuse yield strength (fyf), and initial post-tensioning force (Fp;), which
are known to affect the rocking response of the CRSBF, are taken as random variables. The
yield strength of the beams, braces and columns (f,, ), are also defined as random variables. In
total, there are Ny, = 4 random variables. The probability distributions (i.e., the type of
distribution and the parameters that define the distribution) of the random variables is also
determined. Latin hypercube sampling (LHS) is used to sample N,, realizations of each
random variable while making the appropriate assumptions about their correlation (or lack
thereof). For each of the sampled X;'s, a nonlinear structural model is constructed using the
Open System of Earthquake Engineering simulation (OpenSees) (McKenna, 1999).

MSAs are performed on each structural model realization where record-to-record
uncertainty is incorporated by using hazard-consistent sets of ground motions for the nonlinear
response history analyses. In other words, a different record-set is selected at each intensity to
match the target spectra corresponding to the associated hazard level. The probability
distribution of EDPs including the peak residual (RDR) and transient story drift ratio (SDR),
PT strain (ep7) and shear deformation in the fuse ()’fuse) corresponding to each stripe analysis
is computed. System-level performance is also probabilistically assessed using the immediate
occupancy (10), repairability (RP) and collapse prevention (CP) limit states. Risk-based

performance metrics are also quantified by obtaining site-specific hazard curves for the three
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building cases and integrating them with the limit state fragility curves. A structural model that
is based on the mean values of the random variables is constructed and analysed using MSAs
to isolate the effect of record-to-record uncertainty. Additionally, a disaggregation of model
uncertainty is performed by generating sets of numerical models with one parameter

randomized while mean values are used for the others.

Specify Random Variables
(fy, PD;ffy. FPT) and their
Probability Distributions
|

Use LHS to Generate
Random Variables

[

Construct Structural Construct Structural
Models for Mean f,,, Pp, Models for Randomized f,,,
fry and Fpr Pp, fry and Fpr

Select Hazard-Consistent
Ground Motions

Perform Multiple Stripe Perform Multiple Stripe
Analyses Analyses
Compute Record-to-Record Compute Total Dispersion
Dispersion for EDPs and for EDPs and Performance

Performance Limit States Limit States
Evaluate the effect of model uncertainty on EDPs and
Performance Limit States

Figure 7.1. Overview of methodology used to quantify the record-to-record and modeling
uncertainty in the CRSBF seismic response and performance

The uncertainty quantification methodology is applied to 3-, 6- and 9-story CRSBF
building cases. The typical plan dimensions is shown in Figure 3.2 with two rocking frames in
each direction of the 3-story building and the 6- and 9-story buildings have four CRSBFs in
each direction. The X brace configuration shown in Figure 3.3(b) is considered.. The design of
the building and structural modeling are described in Chapter 2 and Chapter 3 respectively.

The member sizes of the buildings are listed in Appendix.
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7.2. Seismic Hazard Analysis and Ground Motion Selection

The Los Angeles site (33.58, -118.19) that is the basis of the seismic design parameters
is also used in the hazard analysis and ground motion selection. The United States Geological

Survey (USGS) unified hazard tool (https://earthquake.usgs.gov/hazards/interactive/) and

OpenSHA “HazardCurveGUI” application (Field et al. 2003) is used to perform disaggregation
at the following hazard levels: 10% in 50 years, 2% in 50 years, 2.5% in 100 years, 1.4% in
100 years, 2% in 200 years, and 1% in 200 years. A period of 0.75 seconds, which
approximately corresponds to the mean ASCE 7-16 period (ASCE, 2016) of the three building
cases, is used as the basis of the deaggregation. Using a single period enables the use of the
same sets of ground motions for the three building cases (recall that a different set is selected
at each hazard level) . The disaggregation information is used with the Campbell and Bozorgnia
ground motion model (Campbell and Bozorgnia, 2014) to obtain uniform hazard target spectra
and the associated dispersions at each hazard level. Six sets of ground motions (one for each
hazard level) whose mean spectra provides a reasonable match with the target (Jayaram et al.
2011) are then selected. The period-dependent record-to-record variability is also preserved in
the selected ground motions sets. Figure 7.2 shows the spectra for the six sets of ground motions
(74 per set) including their mean respective targets and the 95% confidence interval. The USGS
tool is also used to obtain the period-dependent hazard curves for the three buildings, which

are shown in Figure 7.3.
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Figure 7.2. Spectra for selected suites of ground motions and their respective targets
corresponding to the (a) 10% in 50 years, (b) 2% in 50 years (c) 2.5% in 100 years, (d) 1.4%
in 100 years, (e) 2% in 200 years and (f) 1% in 200 years
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Figure 7.3. Period-dependent hazard curves corresponding to the three CRSBF building
cases

7.3. Uncertainty Characterization for Structural Model Parameters

Table 7.1 shows the four basic parameters that are considered as random variables in the
nonlinear structural models. All are modeled using a lognormal distribution (Moradi et al.
2018) and their respective parameters (central tendency and dispersion) are also shown in Table
7.1. The Pp, f,,r and Fpr have been shown to influence the response and performance of the
CRSBF (Moradi and Burton, 2018). These three parameters are normalized to the tributary
seismic weight of the structure. The yield strength of the steel used in the beam, column and
brace fiber elements (fy), is also modeled as a random variable (Liu, 2003). Zero correlation
is assumed across different random variables. However, perfect correlation is assumed when
sampling multiple instances of a f,, for a single structural model realization. In other words, a
single f, value is sampled for each structural model realization and used in all beams, columns
and braces.

Latin hypercube sampling (McKay et al. 1979) is used to generate realizations of structural
models while considering the probability distributions of the aforementioned random variables.
LHS generates realizations of the random variables based on nonoverlapping intervals with

equal probability. The correlation structure among the random variables is maintained by
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applying stochastic optimization with simulated annealing (Vorechovsky and Novak, 2003). A

total of 1000 LHS model realizations are generated at each hazard level.

Table 7.1 . Random variables and their respective distribution parameters

Building 5:2‘;2:2 Nominal Bias cov
All fy 344.7 N/mm’ 1.10 0.05
CRSBF-3S| Pp 0.08W* 1.05 0.10
CRSBF-6S| Pp 0.17W 1.05 0.10
CRSBF-9S| Pp 0.17W 1.05 0.10
CRSBF-3S|  fy 0.18W 1.16 0.06
CRSBF-6S|  fy 0.32W 1.16 0.06
CRSBF-9S|  fy 0.29W 1.16 0.06
CRSBF-3S|  Fpr 0.17W 1.00 0.05
CRSBF-6S| Fpr 0.32W 1.00 0.05
CRSBF-9S|  Fpr 0.26W 1.00 0.05

'Seismic weight tributary to CRSBF

7.4, Structural analysis and performance assessment considering record-

to-record and model uncertainty

7.4.1. Record-to-record uncertainty

MSAs are first performed considering only record-to-record uncertainty. The models used
for this purpose are based on the mean values of the random variables (described as the mean
models in the remainder of the chapter). The empirical distribution of maximum story drift
ratios (SDR,,4,) corresponding to each hazard level is shown in Figure 7.4. The number of
datapoints at each hazard level corresponds to the number of ground motions (74). Recall that
MSA uses a different set of ground motions at each hazard level. The median story drift

corresponding to the 2% in 50 year or MCE hazard level is 1.4%, 1.3% and 1.3% for the 3-, 6-
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and 9-story buildings, respectively, which are all below the 2.5% MCE level drift limit used in
the CRSBF design. Figure 7.4 also shows that the record-to-record dispersion in SDR,,
generally increases with the intensity, which is expected since the extent of the nonlinearity in
the response increases with the hazard level. Because of the orders of magnitude differences in

the SDR,,,», the logarithmic standard deviation was found to be inappropriate for comparing
the dispersion across hazard levels. As such, the 95% confidence interval (Clgppg, ) is used

for this purpose, where the size of the interval is positively correlated with the dispersion. For

the 3-story building, Clspg, . ranges from 0.3% at the 10% in 50-year hazard level to 1.5% at
the highest hazard level. In general, the CIspg_is found to be comparable across the different
building cases. For example, the Clspr  corresponding to the lowest and highest hazard

levels are 0.3% and 1.3% for the 9-story building, which is comparable to that of the 3-story

building.
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Figure 7.4. Empirical distribution of SDR,,,,from MSA considering only record-to-
record uncertainty for (a) 3-story, (b) 6-story and (c) 9-story buildings

Figures 7.5, 7.6 and 7.7 show the empirical distribution of the maximum residual story drift
(RDRmax), €pr and ypyse, respectively. At lower intensities, the residual story drift is
negligible (on the order of less than 0.1% at the 2% in 50-year hazard level) as is the associated

95% confidence interval (CIRDRmax). However, at the higher return periods, Clgpg,, IS
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generally higher than Clspe  and the former decreases with the building height. For instance,
the Clrpg,,,, at the 1% in 200-year hazard level is 2%, 1.8% and 1.5% for the 3-, 6- and 9-
story buildings, respectively. A similar trend is observed for epr and y,,s. Where the magnitude
and dispersion (as reflected in the 95% confidence interval) generally decreases with the
building height. This is explained by the greater contribution from higher modes (which
reduces the uplift demand) and greater PT length (which reduces the epy). The lower gp and

Yruse in the taller building is also consistent with the lower RDR,;,,, values.
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Figure 7.5. Empirical distribution of RDR,,,,,, from MSAs considering only record-to-
record uncertainty for (a) 3-story, (b) 6-story and (c) 9-story buildings
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As summarized in Table 7.2, the four EDPs (RDR .y, SDRmayx, €pr and yyys, ) are used
as the basis of the considered limit states or building performance levels. The thresholds for
the 10 performance level (ASCE, 2017) include PT yielding (epr = 0.0086), the onset of
strength degradation in the fuse ()/fuse = 0.35) and the residual drift limit for self-centering
(RDR,4 = 0.005). Damage to the gravity framing and non-structural components is
implicitly considered by including a drift limit of SDR,,,,, = 0.012 in the /0 performance
level. The RP performance level is specified based on the integration of the probability of
demolition conditioned on the RDR,,,,, and the RDR,,,, conditioned in the intensity level
curves (Ramirez and Miranda, 2012). The former is defined by a median value of 0.01 and log
standard deviation of 0.3 (FEMA, 2012) and the latter is obtained from the MSA results. A
story drift limit of SDR,,,,, = 0.05 together with the PT strain at the onset of strength
degradation (epr = 0.01) and the fuse shear deformation corresponding to complete fracture

(Yuse = 0.5), are the response thresholds for the CP performance level (ASCE, 2017).
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Table 7.2. Performance levels and their associated EDP thresholds

Performance Response demand limit
level SDR nax | RDR pax et J
10 0.012 [1] | 0.005[1] ] 0.0086 [2]| 0.35[2]
RP NC? 0.01[3] NC NC
CP 0.05 [4,5] NC 0.01[2] 0.5[2]

[1] Wiebe and Christopolous (2015a)

[2] Ma et al. (2011)

[3] FEMA 2012

[4] Hwang and Lignos (2017)

[5] ASCE7-16

#NC: EDP not considered for the limit state.

Figure 7.8 shows the fragility curves corresponding to the three performance levels for the
mean models. Figure 7.8(a) compares the 10 fragility curves for the three building cases
where Sar, is normalized by the MCE value (S,7). The 3-, 6-, and 9-story building cases
have comparable 10 performance. A disaggregation of the EDP triggers showed that the 10
performance level is primarily dominated by maximum story drift ratio, which, as discussed
earlier, is comparable across the three building cases. For the RP performance level (Figure
7.8(b)), the median Say, /Sy for the 3- and 6-story buildings are comparable whereas the
median value for the 9-story case is approximately 50% higher. Recall from Table 7.2 that
RDR,, ., is the only EDP trigger that is considered for this performance level. Additionally, as
discussed earlier, the residual drift demands generally decrease with building height because
of the smaller PT strains and fuse shear deformation. Compared to the other two performance
levels, there is more variation in the CP median Say, /Sy across the three building cases
(Figure 7.8(c)). The 9-story building has a median Sa, that is more than three times the Sy,
Whereas the median Sar, /Sy is 1.5 and 1.9 for the 3- and 6-story cases, respectively. This
result is generally consistent with prior studies which showed that the collapse margin ratio of
CRSBFs generally increase with building height (e.g. Steele and Weibe, 2016). Table 7.3
summarizes the median Sar,/Syr and record-to-record dispersion (logarithmic standard

deviation, Srrgr) for the three performance levels and building cases. Consistent with the
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observations in Figures 5.4 through 5.7, the dispersion generally increases with the severity of

the performance level. It is also observed that Sz is generally higher for the taller buildings.
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Figure 7.8. Fragility curves corresponding to the (a) 10, (b) RP and (c) CP performance
levels for the three building cases when only record-to-record uncertainty is considered

Table 7.3. Summary of median Sar; /Sy and Bgrr for the three performance levels and
building cases

Building 10 RP CcpP
ID Sari/Sur Brr Sar/Sur  Brr Sari/Syr Brr
CRSBF-3S 0.73 0.42 1.45 0.4 1.49 0.45

CRSBF-6S 0.71 0.57 1.59 0.45 191 0.55
CRSBF-9S 0.78 0.56 2.21 0.55 3.44 0.69

7.4.2. Effect of model uncertainty on response demands and building

performance levels

To consider both record-to-record and model uncertainty, each of the 1000 LHS realizations
is randomly matched with one of the 74 ground motions at each hazard level. To isolate the
effect of model uncertainty on the response demands, Figure 7.9 plots the ratio between the
total and record-to-record dispersion for the three EDPs used to define the performance levels
(Beppy/Beppgypg) VErsus the hazard level. Based on the results shown in Figure 7.9, modeling
uncertainty increases the dispersion of the 9-story building more than the 3- and 6- story cases
for most of the EDPs. This is especially true for RDR,,,,,, Where modeling uncertainty increases
the log-standard deviation by as much as 20%. For the other EDPs (SDRqx, €pr, aNd Yryse),

the log-standard deviation increased by approximately 8% in the 9-story building. There is no
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consistent trend between the hazard level and the effect of model uncertainty on the log-
standard deviation.
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Figure 7.9. Bepp,./Beppgrs VErsus the hazard level for (a) SDR 4y, (0) RDRpyay, (C) Epr
and (d) Vfuse

Figure 7.10 shows the fragility curves for the three performance levels and building cases
when both record-to-record and modeling uncertainty are considered, and the lognormal
parameters are summarized in Table 7.4. The latter has been shown to affect both the median
and dispersion of limit state intensities ( e.g. Victorsson et al. 2011). To examine the effects on
both, the ratio between the normalized (by S,,+) median limit state intensities with and without
model uncertainty (8,../6ys,.,) and the ratios associated with the dispersions (BLs,./BLspr):
are shown in Figure 7.11. The results show that, for the 9-strory building and RP limit state,
model uncertainty increases both the median limit state intensity and the dispersion. It is also
observed that the effect of model uncertainty on the dispersion is twice that of the median.
More specifically, modeling uncertainty increases the log-standard deviation RP intensity by
33% compared to 17% for the median. For the CP limit state, modeling uncertainty increases
the dispersion by 7% for the 9-story building whereas the effect on the 3- and 6-story cases is

negligible.
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Figure 7.10. Fragility curves corresponding to the (a) 10, (b) RP and (c) CP performance
levels for the three building cases when record-to-record and modeling uncertainties are

considered

Table 7.4. Summary of median Sar, /Sy and B for the three performance levels and

building cases

Building 10 RP CcpP
ID Sar1/Sur Bt Sar1/Syr B Sar1/Syr Bt
CRSBF-3S 0.73 0.42 1.45 0.4 1.47 0.45
CRSBF-6S 0.68 0.57 1.58 0.47 1.89 0.55
CRSBF-9S 0.8 0.56 2.58 0.73 3.37 0.74
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Figure 7.11. Bar charts showing (a) 0s,./0.s.r, aNd () BLs,./BLskr, fOr the three limit states

and building cases

To support a risk-based assessment of the effect of modeling uncertainty on the CRSBF

performance, site-specific hazard curves based on Sa; are obtained. The hazard curves for the

same Los Angeles site used as the basis of the ground motion selection corresponding to the

first-mode periods of the three building cases are shown in Figure 7.3. The mean annual
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frequency of limit state exceedance (1,) is computed by integrating the respective fragility
function with the site-specific hazard curve. Then, the probability of limit state exceedance
over a 50-year service life (PLS’SOW) is computed using A, and assuming a Poisson
distribution. Figure 7.12 shows the ratio between the 1, with and without the consideration of
model uncertainty (PLS,SOer/PLS,SOyrRTR)- Consistent with earlier results, the effect of
modeling uncertainty is highest for the 9-story building. However, a key departure from the
earlier results is that, unlike the limit state median and dispersion, the effect of modeling

uncertainty on the service life CP performance is comparable RP where the Pjgsoyr,./

Pis soyrgre Values are 1.27 and 1.29, respectively.
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Figure 7.12. Bar chart showing Py soyr../PLs s0yrprs fOF the three limit states and building

cases
7.4.3. Disaggregation of model uncertainty

Disaggregation of the dispersion is an effective way to identify which random variables
contribute the most to the model uncertainty. This is achieved by repeating the MSAs using the
LHS model realizations considering each random variable individually. In other words, the
LHS model realizations are generated by randomizing individual variables while using the
mean value for others. The disaggregation is only performed for the 9-story building where
model uncertainty is shown to have the most significant effect on the limit state performance.
Figure 7.13 compares the Pigsoyr./PLssoyrere Values when the random variables
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(Pp, fys, Fpr and f;)) are considered individually. For the 10 limit state, the uncertainty in the
fuse yield strength is shown to have the greatest effect on service life performance. The
uncertainty associated with the dead load on the rocking frame has the highest effect on the
RP service life performance. This can be explained by examining the self-centering ratio

Fpr+2Pp

equation (SC = ) that is used in the CRSBF design. A greater dead load means that

yf

there is less reliance on the fuse for overturning moment strength, which leads to lower residual
drifts. For the service life CP performance, the uncertainty in the yield strength of the beams,
columns and braces has the greatest effect. This is because yielding of these elements only

becomes a concern at higher demands and more severe limit states.
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Figure 7.13. Bar chart showing P 50yr,./PLs50yrgrs TOF the 9-story building when the
random variables are considered individually.
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7.5. Summary and Conclusion

In this study, modeling uncertainty is propagated and quantified to investigate its effect on
the seismic response demands and performance of controlled rocking steel braced frames
(CRSBFs). Those design parameters that have been shown to have a strong influence on the
seismic performance of CRSBFs are modeled as random variables, including the yield strength

of the braced frame members (fy), the dead load (Pp) on the rocking frame, the initial post-
tensioning (PT) force (Fpy) and the fuse yield strength (f, ). The uncertainty in these four

parameters is propagated by generating randomized realizations using Latin Hypercube
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Sampling (LHS), which are then used to construct nonlinear structural models for 3-, 6-, and
9-story building cases. Multiple stripe analyses (MSAs) are performed for each model
realization using six sets of hazard-consistent ground motions. The impact of modeling
uncertainty is evaluated for the immediate occupancy (10), repairability (RP) and collapse
prevention (CP) performance levels as well as the CRSBF structural response demands. The
triggers for the limit states are based on the maximum transient (SDR,,,4,) and residual story
drift ratio (RDR,,,4,.), the PT strain (ep7), and the fuse shear deformation (Vfuse)-

Record-to-record dispersion was isolated by performing MSAs on models constructed with
the mean values of the considered random variables. Using the 95% confidence interval (CI)
as the measure of dispersion, the record-to-record dispersion for all four engineering demand
parameters (EDPs) increased with the hazard level. However, while the magnitude and
record-to-record dispersion of SDR,,,, was found to be comparable across the different
building cases, for RDR 4, €pr, and ysyqe, there was as overall decrease in the demand level
and CI as the building height increased. The effect of model uncertainty on the SDR,, .
dispersion in the 3- and 6-story buildings was found to be negligible. For the 9-story building,
the log-standard deviation of SDR,,,, increased by up to 8% when modeling uncertainty was
included. Among the four EDPs, modeling uncertainty had the largest impact on the RDR,,,
dispersion, increasing the log-standard deviation by a maximum of 20%. For epr, and ysyse,
modeling uncertainty increases the log-standard deviation by as much as 7%.

For the 3- and 6-story buildings, the median and dispersion (log-standard deviation) of the
fragility curves for all three limit states were minimally affected by model uncertainty. Whereas
for the 9-story building, modeling uncertainty increased the median and dispersion of the RP
fragility curve by 17% and 33%, respectively. To evaluate the effect of model uncertainty on

the service life performance, the limit states fragility curves were integrated with the hazard
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curves corresponding to a Los Angeles site and the periods of the three building cases. The
probability of limit state exceedance in 50 years for /0 and RP increased by approximately
10% for the 6-story building when model uncertainty was considered. The impact on the RP
and CP for the 9-story building was more significant with the 50-year probability of exceedance
being increased by approximately 30% for these two limit states. A disaggregation of the effect
model uncertainty by random variable for the 9-story building showed that the /0, RP and CP
performance levels are most impacted by the fuse yield strength, dead load on the rocking
frame and yield strength in the braced frame elements (beams, columns and braces),

respectively.

Appendix
Table A.1. List of beams, braces, and columns sections
Model Story ) Column _ Brace _ Beam
sections sections sections
1 W14x99 W14x109 W14x43
CRSBF-3S 2 W14x99 W14x61 W14x43
3 W14x99 W14x99 W14x43
1 W14x120 W14x99 W14x30
2 W14x120 W14x61 W14x34
3 W14x120 W14x43 W14x43
CRSBF-65 4 W14x90 W14x53 W14x30
5 W14x90 W14x53 W14x34
6 W14x90 W14x82 W14x30
1 W14x193 W14x132 W14x30
2 W14x193 W14x68 W14x30
3 W14x193 W14x68 W14x30
4 W14x193 W14x61 W14x30
CRSBF-9S 5 W14x193 W14x61 W14x30
6 W14x193 W14x61 W14x30
7 W14x109 W14x61 W14x30
8 W14x109 W14x61 W14x43
9 W14x109 W14x90 W14x30
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CHAPTER 8: Quantifying Earthquake-Induced Social and

Environmental Impacts

This chapter presents an evaluation of seismic performance of CRBFs in terms of
earthquake-induced economic loss and environmental impact (energy consumption and
greenhouse gas emission) over the service life of the buildings. The optimal design parameters
that will minimize the life cycle impacts (upfront plus service life) is also determined. Surrogate
models are used to establish a relationship between the structural design parameters and
earthquake impacts. The engineering demand parameters (EDPS) from nonlinear response
history analyses (NRHAS) are used as inputs into the earthquake impact assessments.

Very little research has been performed on quantifying the life cycle earthquake impacts of
CRSBF buildings. Dyanati et al. (2017) compared the annualized economic losses of
concentric braced frames (CBFs) and the CRSBF system. Losses due to drift-sensitive
component damage was found to be lower in CRSBF compared to CBF. The opposite was
found to be true for acceleration-sensitive component damage. The overall losses for a 6-story
building case was smaller in the CRSBF compared to the CBF, however, the opposite was

found to be true for a 10-story building.

8.1. Performance-Based Assessment and Design Optimization Overview

Figure 8.1 shows an overview of the seismic performance assessment and design
optimization methodology. Central to the overall framework is the development of surrogate
models that can reasonably approximate the combined upfront (initial construction of CRSBF
only) and earthquake-induced impacts over a predefined structural design domain (structural

parameter ranges and combinations). The goal of the design optimization is to minimize the
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earthquake-induced impacts associated with both initial construction (of only the CRSBF) and

the building service life.

Define Design Parameters
Ranges

Define Key Design
Parameters y
Develop Sampling Plan using

Design of Experiment

v

Develop Surrogate Model

\ 4

Develop Structural Model and
y Perform NRHA

Identify Influential Design
Variables (Sensitivity Analysis)

\ 4

Assess Earthquake-Induced Economic
and Environmental Impacts

A4

Optimize performance

A

| Select and Train Surrogate Models |

y
| Validate Surrogate Models |

Figure 8.1. Overview of performance-based assessment and design optimization
methodology

The first step is to define the key input parameters. The design variables specified in
Chapter 5 (Table 5.1) are also used in this chapter. They include the dead load on each column
of CRSBF (Pp), initial PT force (Fer), fuse yield strength (Fyf), frame aspect ratio (bay width
to height ratio of CRSBF) (B/H), and fuse strain hardening ratio (). The three first parameters
(Po, Fpr, and Fyf) are normalized by seismic weight of the buildings to make them unitless.

As it was noted in Chapter 5, the sampling plan development is used to determine the
design cases. Each design case is associated with a combination of the discrete factor levels of
the design parameters (Table 5.2).

Once the design cases are defined, nonlinear response history analyses (NRHAS) are
performed and then statistical link between the identified input parameter (design key

parameters) and seismic performance of the CRBFs is developed by surrogate models.
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Earthquake-induced impacts (economic losses and environmental effects) are defined
based on the cost of repairing earthquake damage to structural and non-structural components.
The FEMA P58 methodology (FEMA 2012) is used to assess the earthquake-induced impacts.
Life cycle assessment (LCA) method is used to assess environmental impacts of the buildings
using Athena LCA tool (Weber et al. 2009).

Note that the initial cost of only the structure is added to the earthquake-damage occurring
during the building’s service life. The non-structural building components are excluded from
the optimization because the assumption is that they are constant across all design cases. This
assumption also enables an isolation of the effect of the CRSBF design and behavior of the
building service life performance.

Selecting the type of the surrogate model is the next step, which involves choosing the type
of model that represents the relationship between the design variables and the performance of
the structure. The surrogate models constructed using the training data and tested using designs
that are unseen by the training data. The latter is used to assess the predictive capabilities of
the surrogate model. Once the surrogate model is finalized, the performance-based

optimization is implemented.

8.2. Ground Motions and Nonlinear Response History Analyses

The sampling points are based on 43 design cases for each of the 3-, 6-, and 9-story
buildings i.e. a total of 129 cases (Table 5.2). The baseline building case for the 3-, 6-, 9- story
CRSBF buildings are associated with the center levels of the input variables (Table 5.1). The
building cases are numbered 1 through 129 and the baseline building cases numbers 43, 86,
and 129 for the 3-, 6-, and 9-story buildings, respectively. The typical plan dimension is shown

in Figure 3.2 with two rocking frames in each direction, and the X-braced frame configuration
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shown in Figure 3.3b is considered. The design of the building and structural modeling are
described in Chapter 2 and Chapter 3, respectively.

The ground motions used for structural analyses are the far-field ground motion records
specified in the FEMA P695 guidelines (FEMA 2009), which were also used in Chapter 6
(Figure 6.2). The spectral acceleration at the effective period of the CRSBF (Te) is used as the
ground motion intensity measure. The effective period of the CRSBF (Te) is computed using
the procedure outlines in Section 5.4. Ground motions are scaled individually such that their
spectral acceleration at Te (Sate ) matches the MCE-level elastic design spectrum (Saremce).
Incremental dynamic analyses are performed for each ground motion using increments
corresponding to 20% Saremce until collapse occurs. An additional analysis case is performed
at 5% Saremce to consider the responses, damage, and losses at low hazard levels in the
numerical integration. The maximum drift ratio in each story, the peak acceleration
corresponding to each floor level and residual drift demand in each story, are obtained from
each analysis. The analysis results are also used to generate the collapse fragility curve
parameters (median and log standard deviation) assuming lognormal distribution using the
maximum likelihood method (Baker, 2015). The collapse intensity is defined when the slope
of the IDA curve is very small or the intensity that caused story drift ratio of the structure
exceeds 10%. The building is assumed to be irreparable when the residual story drift ratio
exceeds 1%. The median collapse intensities are also multiplied by the spectral shape factor
(SSF) based on the FEMA P695 simple method. Moreover, uncertainties associated to the
robustness of the design requirements, the accuracy of the test data, and the accuracy of the
numerical model are added to the record-to-record variability of collapse. According to FEMA
P695, these uncertainties are assigned to 0.1, 0.2, 0.35, and 0.5 for “superior”, “good”, “fair”,

and “poor” ranks, respectively. In this study, the uncertainties associated with the “good” rating
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are considered for the robustness of the design requirements, the accuracy of the test data, and

the accuracy of the numerical model uncertainties.

8.3. Service-Life Earthquake-Impact Assessment

For each of the 129 sampling points or input parameter combinations, the earthquake
induced-impacts (economic losses or environmental effect) corresponding to each ground
motion intensity level is obtained by applying the FEMA P58 methodology. Incremental
Dynamic Analysis (IDA) to collapse using the 44 FEMA P695 (FEMA, 2009) ground motions
is performed for each design case and the associated engineering demand parameters (EDPS)
including the maximum story drift ratio, peak floor acceleration, and residual drift ratio are
recorded. The EDP exceedance probabilities (P(EDP; >edp | IM)) are then combined with
component-level damage fragility curves P(DM=dm | EDPi) and component-level
consequence (economic or environmental impact) functions E[EI; | DM] to generate

earthquake impacts E[Eli | IM] for each components:

E[Eli|IM]:Z‘;E[Eli|EDP]|dP(EDP > edp|IM) (8.1)
0
e[E1,[eP]= gE[EIi|DMki]P[DMki|EDP] 8.2)

where ki is the number of the damage states, DMixi is the damage state ki, and mi is number
of the considered components. The economic loss or environmental impact of each design case
or sampling point is taken as the sum of the impacts from the structural and non-structural

components:

E[E|T|NCQR,|M]:5E[E|i|||v|] (8.3)
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E[EIT|NC CR, IM] is the earthquake impact conditioned on the damaged but non-collapsed

structure (repair(R)). Recall that the structural response demands used in Equation 8.1 comes

from the ground motions that do not cause collapse.

Note that in order to compute the total economic loss or environmental impact, collapse
and demolition need to be considered. Total probability theorem is used to incorporate the

probability of collapse and demolition conditioned on ground motion intensity:

E[El,|IM ]= E[EI;|NC GR,IM JP(NC CR|IM )+ K

E[el;INc ¢ D, M |p(Nc ¢ D|im )+ E[EL, [, 1M JP(c|im) 54

Where R, D, and C refer to repaired, demolition, and collapse limit states of the structure.

E[EIT|NC CD, IM] is the total expected earthquake-induced impacts of the non-collapsed
structure when the residual story drift ratio exceeds 1% (demolition), and E[EIT |C, IM ] is the
expected earthquake-induced impacts of the collapsed structure. Note that E [EI T |NC CD,IM ]

and E[EIT|C, IM ]are taken as the cost and environmental impact (greenhouse gas emissions

(CO2) or energy consumption) associated with the initial construction of the building.

8.3.1. Economic loss assessment

The Seismic Performance Prediction Program (SP3) (https://www.hbrisk.com) is used to

perform the intensity-based loss assessment. Table 8.1 summarizes the damageable structural
and non-structural components for each story that are considered in the economic loss

assessment.
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Table 8.1. Damageable components and quantities used in the economic loss assessment

Building component Unit EDP Quantity per story
CRSBF Each SDR? 4
Gravity connections Each SDR 104
Curtain walls 30 ft2 SDR 180
Partition walls 100 ft SDR 10
Wall partition finishes 100 ft SDR 0.8
Suspended ceiling 250 ft2  |PFA 40
Independent pendant lighting Each PFA 30
Traction elevator Each PFA 2,3, 4°
Potable water piping 1000 ft [PFA 1.7
Potable water pipe bracing 1000 ft |PFA 1.7
HVAC ducting 1000ft [PFA 1

Fire sprinkler water piping 1000 ft [PFA 2

Fire sprinkler drop x 100 PFA 0.9

DR Story drift ratio
PPFA Peak floor acceleration
“Entire building, 2, 3, and 4 for 3-, 6-, and 9-story buildings respectively.

Note that, for the elements of the braced frame (beams, columns, and braces), the drift
demand due to rigid body rotation are excluded from the damage assessment. All economic
losses are normalized by the building’s replacement cost excluding the demolition cost, which
includes the removal of debris, is taken as 25% of the initial construction cost (FEMA 2012).
The cost of the building is taken to be 252 US dollars, 257 US dollars, and 257 US dollars for
3-story, 6-story, 9- story buildings, respectively (Seismic Performance Prediction Program

(SP3) (https://www.hbrisk.com)).

More robust CRSBF designs will ultimately lead to reduced service-life earthquake
impacts, however, the upfront environmental and economic costs will be greater. This tradeoff
between enhanced robustness and increased initial impacts is considered by quantifying an
environmental and economic “cost premium” that will be added to the service-life earthquake
impacts. For each sampling point, this cost premium is defined as the initial-construction-

impact (environmental and economic) of the controlled rocking braced frame members
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normalized by that of the entire building, Ccrsr. Figure 8.2(a), (b), and (c) show the Ccrsr for

the 43 design cases of the 3-story, 6-story, 9- story buildings respectively.
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Figure 8.2. Distribution of normalized (by building replacement cost) upfront cost of the
controlled rocking braced frame (Ccrer) for (a) 3-story (b) 6-story (c) 9-story design cases

The upfront cost of the controlled rocking braced frames ranges from 2.4% to 10.5% , 3.0%
to 12.6%, and 4.2% to 16.2% for 3-story, 6-story, and 9-story buildings respectively. It’s not
surprising that building (or sampling point) 1, which corresponds to the lower-level value
(Table 5.2) for all five input parameters, has the lowest Ccrer. In contrast, the highest Ccrar
corresponds to building 21, which has lower level values for all the input parameters except
the fuse yield strength (Fy) and strain hardening ratio («). According to Equation 3.12,, the
number of PT needs to be increased at higher values of the ultimate fuse force (Fur) to account
for the inelastic strain hardening of the energy dissipating fuse. The effect of the ultimate force
on SC* is more appreciable when the dead load and PT force, which provide overturning
resistance, are small. Increasing the number of PT strands increases the ultimate force on the
frame and leads to an increase in the braced frame member sizes. Increasing the bay width of
the CRSBF (while the other variables are constant) leads to an increase in the number of PT
strands (Equation 3.8) which in turn leads to a higher PT ultimate force and larger member
sizes. However, increasing the length of the beams will increase the length and number of the

fuse links (Equation 3.10) which will decrease the fuse stiffness (Equation 3.11) and ultimate
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fuse strength. Therefore, there is no specific correlation between the bay width of the rocking

frame and Ccrer.

Site-specific seismic hazard curves based on the equivalent SDOF period (Chapter 5) are
shown in Figure 8.3 for the baseline 3-story, 6-story, and 9-story design cases, which
correspond to the “center-level” parameter values ((i.e. Po/W = 0.225, Fpt/W = 0.225, Fyi/W =

0.4, B/H =0.35, and « = 0.04).
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Figure 8.3. Hazard curves corresponding to the “center level” sampling points for the 3-
story, 6-story, and 9-story buildings

The normalized expected losses (by the replacement cost) conditioned on the ground
motion intensity for the center-level sampling point (Table 5.1) is shown in Figure 8.4 for the
3-story, 6-story, and 9-story buildings. The initial cost of construction is 7,257,600 US dollars,
14,803,200 US dollars, and 22,204,800 US dollars for 3-story, 6-story, and 9-story buildings,
respectively.

The economic losses conditioned on the intensity level, E(L|SaTe) are disaggregated based

on contributions from collapse, demolition, structural damage, drift-sensitive non-structural

damage (DS-NS) and acceleration-sensitive non-structural damage (AS-NS) which are listed

103



in Table 8.1. Figure 8.4 shows that, for the baseline designs subjected to lower intensity levels
(less than Sapse, which is 1g, 1g, and 0.8g for the 3-story, 6-story, and 9-story, respectively)
where annual rates of hazard exceedance are highest, the DS-NS components (mostly by
curtain walls) contribute significantly to the losses in the 3-story building. Whereas, in tall
buildings, the AS-NS components (mostly by elevator) have higher contribution at lower
intensities.

The normalized total expected loss for the baseline buildings at Samce (1.5(g), 1.5(g), and
1.25(g) for the 3-story, 6-story, and 9-story, respectively) is 0.34, 0.20, and 0.17 for 3-story, 6-
story, and 9-story respectively, showing an inverse correlation with the building height. The
disaggregated losses (i.e. collapse, demolition, structural, DS-NS, and AS-NS) are shown in
Figure 8.5 for all three baseline cases. The collapse and demolition losses for the baseline 6-
story is less than the 3-story and 9-story building cases across all intensity levels. However, the
structural, DS-NS, and AS-NS are larger at higher intensity levels. Except for collapse and
demolition, the disaggregated losses in the 6-story baseline case is larger than the 3-story and
9-story models at the MCE level. Note that rigid body rotation is most prevalent in the 3-story
building, which results in higher story drifts. Therefore, although Figure 8.4 shows that the
economic losses in the 3-story building are higher than the 9-story at low intensities, this is not

the case at higher intensity levels (See Figure 8.5).
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Figure 8.4. Normalized (by replacement values) and disaggregated economic losses of (a,b)
3-story (c,d), 6-story, and (e,f) 9-story conditioned on the ground motion intensity for the
“center-level” sampling point
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Figure 8.5. Comparison of (a) total expected economic loss due to (b) collapse, (c)
demolition, (d) structural, (e) DS-NS, and (f) AS-NS of 3-story, 6-story, and 9-story buildings
conditioned on the ground motion intensity for the “center-level” sampling point
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The mean annual frequency of earthquake-induced impacts, E[E 7], is computed using

the expected earthquake impact conditioned on ground motion intensity and site-specific

hazard curve:

o0

, » A(IM)
E[El7] 1y =j0 E(EI;|IM = im).dA(IM) =j0 E(L|IM).|

dA( (8.5)
d(IM)

| d(IM)

Intensity level-based disaggregation of the economic losses for the baseline design cases
of the 3-story, 6-story, and 9-story buildings (center-level of sampling points) is shown in
Figure 8.6. The mean annual economic losses is computed as the area under the disaggregation

curve.
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Figure 8.6. Disaggregation of economic loss assessment for the (a) 3-story (b) 6-
story (c) 9-story baseline design cases

The earthquake-induced building impacts over an assumed 50-year service life is computed
using an annual discount rate of 5%, a value that is within the range commonly used in

engineering decision making (2.5-6%) (Lee and Ellingwood 2015).

50

EElsoy) = ) ElElrlyyy (1+0.05)77 (8.6)

yr=1

The 50-year service life, E(Lsoyr) economic losses (normalized by the initial cost of the
building) for the 129 buildings designed based on the five different input parameters (Po/W,
Fo/W, Fy/W, B/H, and o) are computed using Equation 8.6 while considering the

aforementioned discount rate. The normalized disaggregated service-life impacts for all
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sampling points are presented in the form of bar charts in Figure 8.7. As noted earlier, 43
sampling points (or design parameter combinations) are used for each building height.

Figure 8.7(a) shows that the earthquake-induced economic losses for the 3-story building
cases range between 2.0% to 6.6% of the building replacement cost. For the 6-story cases
(Figure 8.7(b)), that range is between 0.8% to 3.5% . In other words, for the adopted sampling
plan, the selected input parameters can change the service-life economic losses by a factor of
up to 3.3 and 4.4 for the 3-story and 6-story buildings, respectively, which demonstrates an
increase in the variability of the economic loss within the sampling space as the height of the

structure increases.
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Figure 8.7. Normalized (by replacement values) and disaggregated service-life impacts for
all sampling points for the (a) 3-story, (b) 6-story, and (c,d) 9-story design cases

There is also significant variation in the distribution of losses across the different
categories. Collapse and demolition have a smaller effect than the other categories over all
sampling points of the 3-story and 6-story cases. However, Figure 8.7(c) shows that for some

9-story models, demolition contributes significantly to the total loss. The design cases with
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aspect ratio of 0.5 have a span of approximately 60ft in the 9-story buildings, which is
impractical and leads to large residual drifts. Figure 8.7(d) shows the 9-story designs after
eliminating the 17 designs with aspect ratio of 0.5. Figure 8.7(a), (b), and (d) show that the
economic loss is dominated by nonstructural components and the effect of DS-NS damage is
more than AS-NS damage in the 3-story building, this less ture in the 6- and 9-story cases. As
was demonstrated in Figure 8.4(b), (d), and (f), nonstructural-damage dominates at low-to-
moderate intensities, which are associated with high hazard levels.

Figure 8.8 shows the distribution of disaggregated losses. The trends across the different
design cases (sampling points) are similar for the 3-story, 6-story, 9-story models. In Figure
8.8, the 9-story buildings with aspect ratio of 0.5 (17 cases) are not included. As shown in
Figure 8.8(a), the total loss in the 3-story cases is generally more than the 6- and 9-story cases,
which is mostly due to damage to drift sensitive components (structural and DS-NS). The
economic loss due to collapse for most of the 9-story cases is higher than the 3-, and 6-story
cases, and the contribution from demolition is almost the same across the different building

heights.
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Figure 8.8. Service life economic loss disaggregation for the 3-story, 6-story, and 9-story
design cases

8.3.1.3.  Sensitvity analysis for earthquake-induced economic losses

The influence of the input parameters (i.e. Po/W, Fo/ W, Fyi/W, B/H, and «) on the total and
disaggregated losses (demolition, collapse, structural, DS-NS, and AS-NS) shown in Figure

8.7 and 8.8 is discussed in this section.
8.3.1.3.1. Effect of input parameters on demolition loss

Demolition loss is based on residual drift. The ability of controlled rocking braced frames

MUP - I:PT +2PD
F

to reduce residual drift is related to the self-centering ratio (SC =

).

fsy fuse,y

Generally, increasing normalized dead load (Po/W) will decrease the demolition loss. Higher

dead loads add to the overturning resistance and increases self-centering.
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Figure 8.8 shows that increasing normalized PT initial force (Fps/W) generally decreases
the demolition loss. This is consistent with the role of the PT to restore the CRBF to its original
position after earthquake shaking.

Increasing the normalized fuse yield strength (Fy/W) in some cases decreased the
demolition loss, as this increases the number of PT strands, which leads to higher SC* values
(Equation 3.12). However, in some cases, when the dead load and PT force are at the maximum
level, increasing the fuse strength does not require the addition of PT strands, and demolition
losses are not significantly affected since lower shaking levels contribute most to the service
life economic loss. Also, in some cases the number of PT strands was increased when the fuse
strength was increased (especially structures with higher height) but the demolition loss was
not significantly impacted. This can be explained by the fact the increase in overturing moment
in taller buildings is greater than the added overturning resistance from the PT because there
is less rigid body rotation behavior.

The effect of aspect ratio (B/H) is greater than all the other input parameters. More
specifically, increasing aspect ratio significantly reduces the demolition loss. By increasing
the bay width of the CRBF, the number of PT strands increases (Equation 3.8). The length and
number of fuse links (Equation 3.10) also increases with the bay width, which leads to a greater
SC” . In addition, in some cases, an increase in the number of PT strands is needed to have
SC” greater than unity, which adds to the overturning resistance. Moreover, the effect of the
aspect ratio on demolition is smaller for taller buildings.

By increasing the fuse strain hardening ratio () in the 3-story cases, the demolition loss is
reduced because the ultimate fuse strength is increased, so the number of PT strands is
increased to achieve SC™>1 (Equation 3.12). However, in the 6- and 9-story buildings, the

demolition loss increases with the strain hardening ratio. This because the nonlinearity in fuse
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is greater in tall buildings at lower IM levels and the contribution of the fuse to overturning

resistance exceeds that of the PT strands, which inhibits self-centering.

8.3.1.3.2. Effect of input parameters on collapse

Generally, increasing the dead load (Po/W) reduces the collapse loss. This is not surprising
since the dead load provides overturning resistance moment and reduces the story drift ratio.
Higher PT forces (Fpt/W) also reduces the collapse losses. In most cases, the fuse yield strength
(Fy/W) does not a have significant effect on the collapse loss. However, increasing Fyi/W leads
to increasing a greater number of PT strands to achieve SC™>1 (Equation 3.12), which reduces
drift demands at lower intensities. Similar to demolition, the aspect ratio has the greatest
influence on collapse losses. The effect of the fuse strain hardening ratio on collapse is the

same as demolition loss.

8.3.1.3.3. Effect of input parameters on structural components loss

Structural component repair costs are sensitive to story drifts. Increasing the normalized
dead load (Po/W) decreases structural components loss because of the additional overturning
resistance.

Increasing the normalized post-tensioning force (Fpt/W) in most cases decreases structural
damage, as the stiffness of the structure increases. In a few 3-story design cases, increasing
Fpr/W reduces the number of PT cables, especially when the fuse strength is large in order to
achieve SC™>1, which leads to smaller member sizes and greater structural components losses.

Increasing the normalized fuse yield strength (Fy#/W) decreases the structural components
loss and the effect is more significant than Fer/W. The fuse strength affects the braced frame
member sizes on both directly, by increasing the demands used in capacity design, and

indirectly, by increasing the number of PT stands (and associated fore)needed to achieve
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SC*>1, which also increases the demands used in capacity design . Similar to the demolition
loss, the aspect ratio has greatest influence on the structural components loss relative to the
other parameters. More specifically, increasing the aspect ratio reduces the structural
components loss.

Increasing the fuse strain hardening ratio () decreases structural components loss because
it increases its ultimate strength and also increases the number of PT stands in order to achieve

SC™>1, which in turn leads to larger member sizes.

8.3.1.3.4. Effect of input parameters on non-structural components loss

The effect of the input parameters on drift-sensitive nonstructural components is the same
as structural components (both are drift sensitive components). The effect of the input
parameters on acceleration-sensitive nonstructural components is opposite to that of the drift-
sensitive nonstructural components. That reasoning is demonstrated in section 8.5, where it

was shown that a stiffer structure leads to lower drifts but greater acceleration.

8.3.1.3.5. Effect of input parameters on service-life economic loss

The effect of the input parameters on service-life economic losses E(Lsoyr) is discussed in
this subsection. Generally, increasing dead load (Po/W) will decrease the economic loss
(E(Lsoyr)) in all the 3-story, 6-story, and 9-story design cases. Whereas in most cases, the initial
PT force (Fpr/W) has a negligible effect on the total loss. Increasing the fuse yield strength
(Fyt/W) generally decreases the total loss in the 3-story design cases, since it leads to more PT
strands, which reduces the losses in most categories most of the aggregated losses. The effect
of Fy/W on the 6-story and 9-story losses is not as substantial as the 3-story cases. This is
explained by the fact that, in taller buildings, increasing Fy/W does not require additional PT

strands because the dead loads are large enough. .
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Increasing the fuse strain hardening ratio («) decreases the total loss in the 3- and 6-story
cases, but increases the losses in the 9-story buildings. Increasing the aspect ratio (B/H)

decreases the total losses.

8.3.2. Environmental impacts

The effect of the environmental impacts for buildings located in areas of high seismic risks
should also be studied to ensure consideration of the entire building’s life-cycle effect and
consequences of damage repairs (Feese et al. 2014). The initial CRSBF construction (material
extraction, material transportation, and etc.) as well as the repair and replacement activities that
follow earthquake are considered in the environmental impact assessment.

The Athena Life Cycle Analysis (LCA) software (Athena, 2014) is used to assess the
environmental impacts in terms of the fossil fuel consumption (units of mega-joules, MJ) as a
proxy for the total primary energy consumption and the amount of greenhouse gas emissions
as a proxy for the climate change potential (units of tons of CO2 equivalents).

The inputs to the Athena LCA estimator are the quantities of the structural and
nonstructural building components, and the outputs are the fossil fuel consumption (MJ) and
climate change potential (tons of CO2). Table 8.2 lists the Athena input parameters which
includes structural and non-structural components, and the outputs are GWP (global warming

potential, COz2 (tons)) and energy consumption (MJ).

Table 8.2. Athena input parameters

Building component Unit Quantity per story Weight per story (tons)
Gravity connections Each 104 0.5
Curtain walls 30 ft* 180 900
Partition walls 100 ft 10 13,000
Suspended ceiling 250 ft* 40 10,000
Potable water piping 1000 ft 1.7 125
HVAC ducting 1000 ft 1 7.35
Fire sprinkler water piping 1000 ft 2 14.7
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The initial construction of the controlled rocking braced frame is also included in the
environmental impact assessment. The environmental impacts due to earthquake damage are
normalized by the building replacement impact. The environmental impacts are obtained from
the damage ratio of the building components (ratio of a building component damage cost to the
initial cost of the component), therefore, the distribution of CO2 and Energy are similar to Ccrsr
(Figure 8.2).

Figures 8.9 and 8.10 show the normalized energy consumption, E(Energy|Sa,,), and
greenhouse gas emissions, E(GWP|SaTe)conditioned on Sare for the center-level sampling

point (see Table 5.1) (i.e. Po/W = 0.225, Fp/W = 0.225, Fyi/W = 0.4, B/H = 0.35, and o = 0.04).
The energy consumption for the initial construction of the building is 5,901,308 MJ,
11,802,442 MJ, and 17,703,570 MJ for the baseline 3-story, 6-story, and 9-story buildings,
respectively. The greenhouse gas emissions associated with the initial construction of the
building is 524,092 tons, 1,048,156 tons, and 1,572,239 tons for 3-story, 6-story, and 9-story
buildings, respectively.

Figure 8.9(a),(c) and 8.10(a),(c) show that the DS-NS components contribute the most to the
environmental impacts (energy consumption and greenhouse gas emissions) of the 3-story and
6-story buildings. Figure 8.9(e) and 8.10(e) show that demolition has the highest contribution
to energy consumption for the 9-story building at higher intensities. However, Figure 8.9(f)
and 8.10(f) shows that, at lower intensity levels where the annual rates of exceedance are
highest, the DS-NS components (mostly by curtain walls) have the highest contribution. The
normalized energy consumption at Samce, (1.5(g), 1.5(g), and 1.25(g) for the 3-story, 6-story,
and 9-story baseline case, respectively are 0.50, 0.42, and 0.22. For greenhouse gas emissions,
the associated normalized values are 0.57, 0.5, and 0.24 for 3-story, 6-story, and 9-story
baseline cases, respectively. Similar to the economic loss, the environmental impacts at the

MCE level is smaller for taller buildings (Figure 8.4).
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Similar to economic loss (Figure 8.5), Figure 8.11 and 8.12 show that the environmental
impacts due to collapse and demolition in the 9-story design cases are higher than that of the
3-story and 6-story cases. In addition, energy consumption, at high intensity levels, due to
structural, DS-NS, and AS-NS in the 6-story buildings is larger than 3-story and 9-story
buildings.

The 50-year service life of environmental impacts (energy consumption and green gas
emission) for the 129 buildings designed based on the five different input parameters (Po/W,
Fr/W, Fy/W, B/H, and ) are computed using Equation 8.6. The primary energy consumption
during 50 years of building life is normalized by the initial energy consumption of the building,
and similarly, greenhouse gas emission during the 50 year service life is normalized by the
emissions corresponding to the initial construction. The normalized disaggregated service-life
energy consumption and greenhouse gas emissions for all sampling points are presented in the

form of bar charts in Figure 8.13 for 3-story, 6-story, and 9-story, buildings.
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The normalized service life energy consumption, E(Energysoyr) ranges between 9.5% to
42%, 3% to 18%, and 4% to 16% for the 3-story, 6-story, and 9-story building cases,
respectively. As was done earlier, the results for the 17 9-story design cases with aspect ratio
of 0.5 have been excluded (but it was shown in the Figure 8.12). Therefore, the input parameters
can change the service life energy consumption by a factor of 4.4, 5.6, and 4.1 for the 3-story,
6-story, and 9-story buildings, respectively. This result shows that the dispersion in the energy
consumption increases with the building height. Additionally, the input parameters can change
the service life CO2 emissions by a factor of 5.6, 8.13, and 5.6 for the 3-story, 6-story, and 9-
story buildings, respectively. The variation in the environmental impacts (energy consumption
and greenhouse gas emissions) is larger than the economic loss (Figure 8.7), and the variation
in the greenhouse gas emissions is larger than the energy consumption across all building
heights. Therefore, the greenhouse gas emissions are more sensitive to the selected CRBF
design parameters compared to the energy consumption and economic loss. As it was shown
in Figure 8.7, the economic losses are dominated by AS-NS or DS-NS. However, Figure 8.13
shows that service life environmental impacts (energy consumption and CO2 emissions) are
always dominated by DS-NS components. However, it should be noted that some of the non-
structural components used in the economic loss assessment were not considered in the
environmental impact because of lack of the relevant data in Athena (Table 8.2). The
environmental impact trend is the same as economic loss (minimum and maximum occurred

in the same models).
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Figures 8.14 and 8.15 compares the disaggregation service life environmental impacts for
the three building heights across all sampling points. The three building heights show similar

trends across the different sampling points.

8.4. Surrogate Model Development and Verification

Surrogate models are developed and verified for the economic loss and environmental
impacts (energy consumption and greenhouse gas emissions). The surrogate models represent
the relationship between the input parameters and a response variable (E(Lsoyr), E(Lsoyr)+CcrsF,
E(Energysoyr), E(Energysoyr)+Energy, E(GWPsoyr), and E(GWPsoyr)+CO2), where Energy and
CO2 are the energy consumption and greenhouse gas emission due to construction of the CRBF
respectively. As noted earlier, the input parameters are Po/W, Fp/W, Fy/W, B/H, a, and N,
where N is the number of stories 3, 6, and 9. A quadratic polynomial model is used to fit the
data generated by the experimental design. The quadratic model for each surrogate model is in
the form of Equation 8.7:

k k k
y=PF+ Z Bix; + Z Z Bijxix; (8.7)
i=1 i=1 j=i
Where the p’s are the unknown regression coefficients and the x’s are the independent
predictors (factors). The “fitnlm” function in Matlab was used to estimate model coefficients
(p’s) using an iterative generalized least squares algorithm. Two equations are developed for
each response variable (E(Lsoyr), E(Lsoyr)+Ccrer, E(Energysoyr), E(Energysoyr)+Energy,
E(GWPsoyr), and E(GWPsoyr)+CO2). One that considers all the sampling points for the 3-story,
6-story, and 9-story buildings (129 data points), and a second that excludes the sampling points
that have an impractical bay width (B/H=0.5) for the 9-story cases (112 data points). The
coefficients of the regression analysis are summarized in Table 8.3, 8.4, and 8.5 for service life

economic loss and environmental impacts.
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Quantitative measures of the surrogate model’s ability to predict economic loss (E(Lsoyr),
E(Lsoyr)+Ccrer) Of the training data are summarized in Table 8.6. The coefficient of
determination (R?) is computed as the ratio of the sum of squares from the surrogate model
responses to that of the actual responses. Another quantitative study of prediction model’s
accuracy is the median absolute relative deviation (MARD), which is the median absolute
difference between the predicted and actual response normalized by the actual values (Sun et
al. 2017). As the Table 8.6 shows, the equation based on the 112 data points are more accurate
than the ones developed using the full 129 sampling points for both response variables (E(Lsoyr),
E(Lsoyr)+Ccrar). The associated R2values are 0.9 and 0.93 and the MARD values are 0.087 and
0.06 for E(Lsoyr) and E(Lsoyr)+Ccrsr, respectively.

Table 8.7 summarizes the predictive performance of the service life environmental impacts
(E(Energysoyr), E(Energysoyr)+Energy, E(GWPsoyr), and E(GWPsoyr)+CO2) equations based on
the training data.7. Both equations provide similar and reasonable R? and MARD which are
larger than 0.9 and less than 0.2, respectively. Also, it is shown that the predictive equations
with MARD less than 0.1 are obtained when the environmental impacts associated with the
initial construction is considered i.e. E(Energysoyr)+Energy and E(GWPsoyr)+CO2.

To further assess the predictive performance of the surrogate models, additional models
with heights that are different from the ones used to develop the training data (3, 6, and 9) are
created. Table 8.4 lists the testing sampling points, which are 8 4-story design cases and 5 8-
story design cases. The testing sampling points (Po/W, Fp/W, Fyi/W, B/H, o), which are
selected based on the practical and rational values for the 4-story and 8-story cases and are
listed in Table 8.8. All the testing input parameters are within the range of the training input
parameters except the normalized dead load (Po/W), which, for some cases (models 1, 2, 3, 9,
and 10) is less than the minimum training range (0.15). Nonlinear structural models of the

CRSBFs with the factor combinations specified for the testing models are analyzed and the
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actual impact values are compared with the predictions from surrogate models. Table 8.9 lists
normalized absolute errors (absolute difference between actual and predicted response
normalized by the actual response) of the economic loss (E(Lsoyr), E(Lsoyr)+Ccrer ) for both
equations. It shows that the equations developed excluding the data associated with the
impractical aspect ratios (0.5) for the 9-story cases provide more accurate results for both
impacts. Also, the prediction for E(Lsoyr)+Ccraer for some cases is more precise than E(Lsoyr).
The median normalized errors for the 13 testing models for E(Lsoyr) are 0.43 and 0.18 for the
equations with and without the impractical 9-story cases, respectively. For E(Lsoyr)+Ccrsr, the
associated values are 0.16 and 0.05, respectively. The models with normalized dead load
outside of the training data range (Models 1, 2, 3, 9, and 10) provide good predictions,
especially for E(Lsoyr)+Ccrer.

Tables 8.10 and 8.11 show the errors in the environmental impacts considering the models
with and without the sampling points corresponding to the impractical aspect ratios. The
accuracy of the environmental impacts for testing models are similar to that of the training
models. The median errors for the 13 testing models for E(Energysoyr) is 0.32 and 0.31, for
E(Energysoyr)+Energy are 0.07 and 0.10, for E(GWPsoyr) are 0.40 and 0.42, and for
E(GWPso0yr)+CO2 are 0.14 and 0.14, respectively. Similar to the economic loss, the surrogate
models predict the initial construction plus service life earthquake damage environmental
impact (E(Energysoyr)+Energy and E(GWPsoyr)+CO2) better than when only the earthquake-
induced impacts (E(Energysoyr) and E(GWPsoyr)) are considered. Figures 8.16 and 8.17 show
the actual vs the predicted values of the training and testing models for economic loss and

environmental impacts, respectively.
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Table 8.6. Economic loss surrogate model details

Response variable R° MARD
E(L 0.68 0.25
EQ (1) ( 50yr)
E(Lsoyr)+Ccrer 0.89 0.11
E(L 0.9 0.087
EQ (2) ( 50yr)
E(Lsoyr)*+Ccrer 0.93 0.06

Table 8.7. Environmental surrogate model details

Response variable R° MARD
E(Energysoyr) 0.91 0.16
E(GWP 0.91 0.18
EQ (1) ( 50yr)

E(Energysq,,)+Energy| 0.94 0.06

E(CO;50y1)+CO, 0.93 0.06

E(Energysoyr) 0.91 0.15
£Q ) E(GWPs,,) 0.91 0.19
E(Energysq,,)+Energy| 0.93 0.07

E(GWPs,)+CO; 0.92 0.07

Table 8.8. Input parameters of verification models

Model | Po/W | F/W [ F/W B/H o N
1 0.04 0.2 0.25 0.4 0.04 4
2 0.05 0.15 0.2 0.5 0.03 4
3 0.06 0.1 0.15 0.6 0.02 4
4 0.15 0.15 0.3 0.55 0.04 4
5 0.2 0.2 0.35 0.45 0.02 4
6 0.3 0.25 0.45 0.4 0.03 4
7 0.255 0.15 0.4 0.5 0.04 4
8 0.15 0.3 0.4 0.3 0.03 4
9 0.05 0.2 0.3 0.3 0.02 8
10 0.06 0.3 0.35 0.25 0.03 8
11 0.15 0.3 0.45 0.2 0.02 8
12 0.2 0.25 0.4 0.35 0.04 8
13 0.25 0.225 0.5 0.3 0.035 8
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Table 8.9. Verification models errors for E(Lsoyr)+E(Lsoyr)+Ccrar

Model Response variable Error
E(L 0.31
EQ(l) ( 50yr)
1 E(Lsoyr)+Ccrer| 0.28
E(L 0.03
EQ(Z) ( 50yr)
E(Lsoy)+Ccrer| 0.05
E(L 0.50
EQ(l) ( 50yr)
9 E(Lsoy)+Ccrer| 0.13
E(L 0.25
EQ(Z) ( 50yr)
E(Lsoy)+Ccrer| 0.16
E(L 1.00
EQ(l) ( 50yr)
3 E(Lsoyr)+Ccrer| 0.69
E(L
EQ(Z) ( 50yr) 0.06
E(Lsoy)+Ccrer| 0.38
E(L 1.
EQ(l) ( 50yr) 00
4 E(Lsoy)+Ccrer| 0.32
E(L
EQ(Z) ( 50yr) 0.40
E(Lsoy)+Ccrer| 0.06
E(L 2
EQ(1) (Lsoyr) 0.28
5 E(Lsoy)+Ccrer| 0.22
E(L
EQ(Z) ( 50yr) 0.00
E(Lsoy)+Ccrer| 0.11
E(L
EQ() (Lsoyr) 0.50
6 E(Lsoy)+Ccrer| 0.32
E(L
EQ(Z) ( 50yr) 0.10
E(Lsoy)+Ccrer| 0.17
E(L 4
EQ(1) (Lsoyr) 0.46
7 E(Lsoy)*Ccrer| 0.02
E(L
EQ(Z) ( 50yr) 0.23
E(Lsoy)*Ccrer| 0.04
E(L
EQ(1) (Lsoyr) 0.12
8 E(Lsoy)+Ccree| 0.16
E(L
EQ(Z) ( 50yr) 0.18
E(Lsoyr)+*Ccrer| 0.02
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Model Response variable Error
E(L 0.31
EQ(l) ( 50yr)
9 E(Lsoy)+Ccrer| 0.16
E(L 0.41
EQ(Z) ( 50yr)
E(Lsoy)+Ccrer| 0.14
E(L 0.37
EQ(l) ( 50yr)
10 E(Lsoy)+Ccree| 0.07
E(L 0.18
EQ(Z) ( 50yr)
E(Lsoy)+Ccree| 0.00
E(L 0.49
EQ(l) ( 50yr)
1 E(Lsoy)+Ccree| 0.12
E(L
EQ(Z) ( 50yr) 0.32
E(Lsoy)+Ccree| 0.07
E(L 11
EQ(l) ( 50yr) 0
12 E(Lsoy)+Ccrer| 0.01
E(L
EQ(Z) ( 50yr) 0.10
E(Lsoy)+Ccrer| 0.04
E(L 42
EQ(1) (Lsoy) 0
13 E(Lsoy)+Ccree| 0.00
E(L
EQ(Z) ( 50yr) 0.20
E(Lsoy)+Ccree| 0.05




Table 8.10. Verification models error for E(Energysoyr) and E(Energysoyr)+Energy

Model

Response variable

Error

EQ(D)

E(Energy50yr)

0.36

E(Energyso,)+Energy

0.01

EQ(2)

E(Energy50yr)

0.39

E(Energyso,r)+Energy

0.12

EQ(1)

E(EnergySOyr)

0.66

E(Energyso,)+Energy

0.19

EQ(2)

E(Energysoyr)

0.64

E(Energyso,)+Energy

0.31

EQ(D)

E(Energysoyr)

0.27

E(Energys,,)+Energy

0.42

EQ(2)

E(EnergySOyr)

0.16

E(Energysoy)+Energy

0.48

EQ(D)

E(Energy50yr)

0.70

E(Energyso,)+Energy

0.12

EQ(2)

E(Energy50yr)

0.66

E(Energyso,,)+Energy

0.10

EQ(1)

E(EnergySOyr)

0.10

E(Energyso,)+Energy

0.14

EQ(2)

E(EnergySOyr)

0.09

E(Energyso,)+Energy

0.11

EQ(D)

E(Energysoyr)

0.07

E(Energys,,)+Energy

0.20

EQ(2)

E(EnergySOyr)

0.05

E(Energysoy)+Energy

0.17

EQ(D)

E(EnergySOyr)

0.27

E(Energyso,)+Energy

0.05

EQ(2)

E(Energy50yr)

0.27

E(Energyso,,)+Energy

0.05

EQ(1)

E(EnergySOyr)

0.28

E(Energyso,)+Energy

0.01

EQ(2)

E(EnergySOyr)

0.30

E(Energyso,)+Energy

0.03

Model

Response variable

Error

EQ(1)

E(Energyso,r)

0.49

E(Energysy)+Energy

0.25

EQ(2)

E(Energysqy,)

0.51

E(Energysqy)+Energy

0.20

10

EQ(1)

E(Energysoy,)

0.32

E(Energysoy) +Energy

0.07

EQ(2)

E(Energysoyr)

0.31

E(Energyso,) +Energy

0.05

11

EQ(D)

E(Energysoyr)

0.31

E(Energysq,)+Energy

0.05

EQ(2)

E(EnergySOyr)

0.29

E(Energysq,)+Energy

0.06

12

EQ(1)

E(Energyso,)

0.41

E(Energysy)+Energy

0.07

EQ(2)

E(Energysqy,)

0.42

E(Energysy,)+Energy

0.09

13

EQ(1)

E(Energysoyr)

0.47

E(Energysoy) +Energy

0.02

EQ(2)

E(Energysoyr)

0.45

E(Energyso,) +Energy

0.01
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Table 8.11. Verification models error for E(GWPsoyr) and E(GWPsoyr)+CO2

Model Response variable Error Model Response variable Error
E(GWP 0.40 E(GWP 0.51
EQ(l) ( 50yr) EQ(l) ( 50yr)
1 E(GWPs,)+CO, 0.14 9 E(GWPs,)+CO, 0.34
E(GWP 0.42 E(GWP 0.53
EQ(Z) ( 50yr) EQ(Z) ( 50yr)
E(GWPs,)+CO, 0.21 E(GWPs,)+CO, 0.30
E(GWP 0.69 E(GWP 0.34
EQ(l) ( 50yr) EQ(l) ( 50yr)
) E(GWPs,)+CO, | 0.31 10 E(GWPs,)+CO, | 0.15
E(GWP 0.68 E(GWP 0.33
EQ(Z) ( 50yr) EQ(Z) ( 50yr)
E(GWPs,)+CO, 0.40 E(GWPs,)+CO, 0.14
E(GWP 0.32 E(GWP 0.32
EQ(l) ( 50yr) EQ(l) ( 50yr)
3 E(GWPSOyr)+C02 0.41 11 E(GWPSOyr)+C02 0.13
E(GWP E(GWP .
EQ(Z) ( 50yr) 0.22 EQ(Z) ( 50yr) 0.31
E(GWPSOyr)+C02 0.45 E(GWPSOyr)+C02 0.13
E(GWP E(GWP .
EQ(l) ( 50yr) 0.87 EQ(l) ( 50yr) 0.46
4 E(GWPSOyr)+C02 0.23 12 E(GWPSOyr)+C02 0.11
E(GWP E(GWP .
EQ(Z) ( 50yr) 0.87 EQ(Z) ( 50yr) 0.45
E(GWPSOyr)+C02 0.22 E(GWPSOyr)+C02 0.12
E(GWP E(GWP .
EQ(l) ( 50yr) 0.22 EQ(l) ( 50yr) 0.51
5 E(GWPSOyr)+C02 0.06 13 E(GWPSOyr)+C02 0.10
E(GWP E(GWP .
EQ(Z) ( 50yr) 0.20 EQ(Z) ( 50yr) 0.50
E(GWPSOyr)+C02 0.05 E(GWPSOyr)+C02 0.09
E(GWP
EQ(l) ( 50yr) 0.10
6 E(GWPs,)+CO, [ 0.11
E(GWP
EQ(Z) ( 50yr) 0.12
E(GWPs0,)+CO, [ 0.09
E(GWP
EQ() (GWPsoy) 0.30
; E(GWPs,,)+CO, [ 0.00
E(GWP
EQ(Z) ( 50yr) 0.31
E(GWPs,,)+CO, [ 0.00
E(GWP
EQ() (GWPsy) 0.66
8 E(GWPs,)+CO, [ 0.24
E(GWP
EQ(Z) ( 50yr) 0.67
E(GWPs,)+CO, [ 0.27
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Figure 8.17. Actual versus surrogate-model-predicted impacts: (a) E(Energysoyr), (b)
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8.5. Sensitivity of Impacts to Individuals Predictors

In order to further investigate the differences in how the aggregated metrics are affected
by the CRSBF design, their sensitivity to variations in the individual structural input parameters
is evaluated. The surrogate models (EQ(2)) are used to compute aggregated impacts based on
the two metrics, with each input parameter incrementally varied between the upper and lower
levels (Table 5.1) while the other four are equal to central level input parameters. Figure 8.18
shows the effects of each input parameter on the aggregated economic loss impact metrics for
3-story, 6-story, and 9-story cases. The horizontal axis is the input parameters (e.g. Po/W),

which is normalized difference between the maximum and minimum values (e.g.

P?V/\/ - (Pav/\/)min . .
) such that all the normalized parameters are in the same range of [0,1].

(Foy e = (B3 o

Among all the input parameters, the aspect ratio is observed to have the greatest effect on both
E(Lsoyr) and E(Lsoyr)+Ccrsr. By increasing the height of the structure, the minimum impacts
occurs at a lower B/H, and also, for the same building height, the minimum E(Lsoyr)+Ccrsr
occurs at a lower B/H compared to E(Lsoyr). The B/H corresponding to the minimum E(Lsoyr)
is 0.5, 0.43, 0.35 for 3-story, 6-story, and 9-story buildings respectively, and minimum
E(Lsoyr)+Ccrsr is 0.42, 0.34, and 0.27 for 3-story, 6-story, and 9-story buildings respectively.
This result is consistent with the assumption of the maximum aspect ratio for the 9-story
models being 0.35. Increasing the aspect ratio adds to the overturning resistance and increasing
the braced frame member sizes. Increasing the dead load on the CRBF columns decreases the
service life economic loss of the buildings, and its effect is amplified for taller buildings.
Increasing the dead load decreases the E(Lsoyr) more than E(Lsoyr)+Ccrsr, as increasing dead
load leads to an increase in the weight of the building. The other parameters do not a have

significant effect on E(Lsoyr).

132



0.05

0.04 |

E(L50yr)

0.02 : : ‘ : ‘ 0.04 : ‘ ‘ ‘ -
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Normalized Input Parameter Normalized Input Parameter
(a) (b)
0.024 0.085 1
0.02} 10,075 Ny
@
—~ O
L (®)
80.016 * 0.065
= 5
w 3
: : - : ‘ 0.045 : : : : !
0'0080 02 0.4 06 0.8 1 0 0.2 0.4 0.6 0.8 1
Normalized Input Parameter Normalized Input Parameter
(c) (d)
0.025 0.1

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Normalized Input Parameter Normalized Input Parameter

(e) ®

Figure 8.18. Sensitivity of impact metrics to individual structural variations: (a,b) E(Lsoyr)
and E(Lsoyr)+Ccrer of 3-story, (c,d) E(Lsoyr) and E(Lsoyr)+Ccrer of 6-story, and (e,f) E(Lsoyr)
and E(Lsoyr)+Ccrsr of 9-story

Figures 8.19 and 8.20 show the effect of the input parameters on environmental impacts
(energy consumption and greenhouse gas emissions). The effect of the input parameters on

environmental impacts of the buildings are the same as economic loss. Similar to the economic
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loss, by increasing the height of the building, the minimum environmental impacts occurs at a
lower B/H. Also, for the same building height, the minimum E(Energysoyr)+Energy and
E(GWPsoyr)+CO2 occur at lower B/H than E(Energysoyr) and E(GWPsoyr) respectively. The
B/H corresponding to the minimum E(Energysoyr) is 0.5, 0.45, 0.35 for 3-story, 6-story, and 9-
story cases, respectively, and the minimum E(Energysoyr)+Energy is 0.43, 0.35, and 0.28 for
3-story, 6-story, and 9-story cases, respectively. The B/H corresponding to the minimum
E(GWPsoyr) is 0.5, 0.45, 0.35 for 3-story, 6-story, and 9-story models respectively, and
minimum E(GWPsoyr)+CO:2 is 0.46, 0.38, and 0.31 for 3-story, 6-story, and 9-story models
respectively. Increasing the dead loads decreases the environmental impacts.

The differences in the effect of the aspect ratio on the aggregated earthquake-induced
impacts (economic loss and environmental impacts) can be explained by comparing the effect
of the DS-NS and AS-NS components on service-life impacts. Figures 8.21 and 8.22 show that,
while the impact of the DS-NS components decreases with increasing B/H, the opposite is true
for the impacts caused by AS-NS components. Generally, a larger aspect ratio will increase the
strength and stiffness of a rocking system, which will lead to higher floor acceleration demands.
It is therefore not surprising that the expected service-life impacts caused by damage to AS-
NS components increases with the CRSBF aspect ratio. The figures show that for the 9-story
buildings, the minimum of DS-NS impacts occurred at B/H=0.43, 0.38 for economic loss
(E(Lsoyr)) and environmental impacts (E(Energysoyr) and E(GWPsoyr)), which as noted earlier,

results in a bay width larger than 40ft, which is not reasonable.
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Figure 8.19. Sensitivity of the impact metrics to individual structural parameter variations:
(a,b) E(Energysoyr) and E(Energysoyr)+Energy of 3-story, (c,d) E(Energysoyr) and
E(Energysoyr)+Energy of 6-story, and (e,f) E(Energysoyr) and E(Energysoyr)+Energy of 9-

story
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Figure 8.22. Comparing the sensitivity of E(Energysoyr) due to DS-NS and AS-NS damage
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sensitivity of E(GWPsoyr) caused by DS-NS and AS-NS component damage to aspect ratio
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8.6. CRSBF Design Optimization

The goal of this section to obtain design parameter values that minimize the earthquake-
induced impacts using the surrogate model. Solving five partial differential equations
associated with Equation 8.7 for each input parameter (Po/W, Fp/W, Fyt/W, B/H, @) using the

coefficients from the surrogate model gives the optimal design parameters.

dy &
Tr Bi + Biix; + Z Bijx; (8.8)
Xi —

J
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Both the initial construction and service-life earthquake damage impacts for the 3-story,
6-story, and 9-story buildings are used to find the optimal input parameters, which are listed in
Table 8.12. The constraints on the input parameters for the optimization are defined based on
the upper and lower levels (Table 5.1). The input parameters listed in Table 8.12 almost match

the sensitivity results in Figures 8.18, 8.19, and 8.20.

Table 8.12. Input parameter values corresponding to the minimization of impacts

o Design parameter value for 3-story
Minimize PoW | Fer | Fy /W | B/H .
E(L s0yr) 0.2 0.3 0.5 0.47 0.06
E(L soyr )*+C crer 0.18 0.15 0.41 0.42 0.02
Design parameter value for 6-story
Po/W Fpr/W [ Fy/W B/H o
E(L s0yr) 0.3 0.3 0.43 0.41 0.06
E(L soyr )*+C cree 0.24 0.15 0.3 0.32 0.02
Design parameter value for 9-story
Po/W Fer/W [ Fy/W B/H o
E(L soyr) 0.3 0.3 0.3 0.35 0.02
E(L s0yr )+C crer 0.3 0.15 0.3 0.23 0.02
L. Design parameter value for 3-story
Minimize PoW | Fer/W | Fy/W | BIH .
E(Energy soyr) 0.22 0.3 0.48 0.5 0.06
E(Energy so, )+Energy 0.2 0.15 0.42 0.44 0.02
Design parameter value for 6-story
Po/W | Fer/W | Fy/W B/H a
E(Energy soyr ) 0.25 0.3 0.3 0.46 0.02
E(Energy so, )+Energy 0.22 0.15 0.3 0.34 0.02
Design parameter value for 9-story
Pp/W Fper/W F /W B/H a
E(Energy soyr ) 0.28 0.3 0.3 0.39 0.02
E(Energy so, )+Energy 0.27 0.15 0.3 0.26 0.02
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Minimize Design parameter value for 3-story
Pp/W | Fer/W [ Fy/W B/H a
E(GWP 50yr) 0.24 0.3 0.5 0.5 0.06
E(GWP 5,,)+CO,, 0.2 0.15 0.45 0.47 0.02
Design parameter value for 6-story
Po/W | Fpr/W | Fy/W B/H a
E(GWP 5, ) 0.3 0.3 0.34 0.4 0.02
E(GWP 55, )+CO, 0.23 0.15 0.34 0.38 0.02
Design parameter value for 9-story
Po/W | Fpr/W | Fy/W B/H ot
E(GWP 5yr) 0.3 0.3 0.37 0.36 0.02
E(GWP 5, )+CO, 0.27 0.15 0.3 0.29 0.02
8.7. Conclusion

The CRSBF service-life performance is quantified based on earthquake-induced economic
losses and environmental impacts (energy consumption and greenhouse gas emissions). The
optimal structural design parameter values that minimize the upfront (CRSBF only) and
earthquake-induced economic and environmental impacts are determined. The considered
structural design parameters include the frame aspect ratio (bay width to height ratio), B/H,
the dead load on each column of the rocking frame, (Pp), initial post-tensioning (PT) force
(Fpt), fuse strength (Fyf), fuse strain hardening ratio (&), and the number of stories in the
building. Three input parameters (i.e., Pp, Fpt, and Fyr) are normalized by the tributary seismic
weight (W). Nonlinear response history analyses (NRHAS) of the CRSBF are used to generate
engineering demand parameters (EDPs). Earthquake-induced economic losses over the service
life the buildings are assessed using the FEMA P58 methodology and the EDPs obtained from
the NRHAs. The seismic performance prediction program is used to generate the damage cost
ratio of building’s components (damage cost over the initial cost of the components). This ratio
is employed in the Athena software to assess environmental impacts (primary energy
consumption and greenhouse gas emissions). The surrogate models are developed and used to

establish a statistical link between the structural design parameters and economic loss, energy
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consumption, and greenhouse gas emissions. For the intensity-based assessments (i.e. impacts
conditioned on ground motion intensity level), at low intensity levels (less than DBE level),
where the seismic hazard level is highest, drift sensitive non-structural components (DS-NS)
had the greatest influence on economic losses for the 3-story buildings, but for 6-story and 9-
story cases, the acceleration sensitive non-structural components (AS-NS) sometimes had the
highest contribution. For higher intensities (more than DBE), the residual drift (demolition)
dominated the economic loss. Drift sensitive non-structural components (DS-NS) had the
greatest influence on both environmental impacts for all buildings at low intensities. For higher
intensities drift sensitive non-structural components (DS-NS) had the highest effect on
environmental impacts (similar to low intensities) in the 3-story and 6-story buildings, while
demolition dominated environmental impacts in the 9-story buildings at higher intensities. For
intensities less than the MCE level, structural components, DS-NS, and AS-NS have the largest
contribution to earthquake loss and environmental impact in 3-story building compared to 6-
story and 9-story buildings. However, for higher intensities (larger than MCE), the
aforementioned components (structural, DS-NS, and AS-NS) have a greater effect on the 6-
story compared to the 3-story and 9-story buildings. On the other hand, demolition and collapse
have the smallest contribution in the 6-story buildings across all intensities.

Normalized earthquake-induced economic losses (E(Lsoyr)) ranging between 2.0% to 6.6%,
0.8% to 3.5%, and 1.2% to 2.95% for the 3-story, 6-story, and 9-story buildings, respectively,
are obtained. The normalized service life energy consumption, E(Energysoyr) ranges between
9.5% to 42%, 3% to 18%, and 4% to 16% for the 3-story, 6-story, and 9-story buildings,
respectively. The normalized service life greenhouse gas emission, E(GWPsoyr) ranges between
9.5% to 53% , 2.6% to 21%, and 3.4% to 20% for 3-story, 6-story, and 9-story buildings,
respectively. Therefore, CO2 emissions over a 50-year service-life is more sensitive to the

selected CRSBF design parameters. There was also a higher variation in economic loss and
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environmental impacts in taller buildings. Economic loss and environmental impacts over a
50-year service-life of the 3-story buildings are larger than the 6-story and 9-story buildings
with the same input parameters.

Surrogate models have been established to predict service-life economic loss and
environmental impacts with the initial impact of the CRSBF based on the design input
parameters. Among the considered structural design parameters, B/H has the largest influence
on all the considered impacts. By increasing the building height, the effects of Po/W and « on
E(Lsoyr), E(Energysoyr), and E(GWPsoyr) are amplified with negative and positive correlation,
respectively. Fy/W and Fp1/W have the smallest effect even on 9-story models. Po/W and Fer/W
have smallest effect on E(Lsoyr)+Ccrer , E(Energysoyr)+Energy, and E(GWPsoyr)+CO2, while
FyW and o have largest influence on E(Lsoyr)+Ccrer , E(Energysoyr)+Energy, and
E(GWPsoyr)+CO2 with positive correlation. In addition, by increasing the aspect ratio, the losses
due to DS-NS are decreasing while the losses due to AS-NS are increasing. The optimal values
of five design key parameters for individually minimizing the aggregated (CRSBF initial plus
building service-life) economic and environmental impacts was found to vary by building

height.
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CHAPTER 9: Conclusion, Limitations, and Future Work

9.1. Overview

Many studies within the last two decades have sought to improve the security and resilience
of the buildings to ensure that they can continue the primary functions (e.g., self-shelter and
critical operations) after sever earthquake. Much of that research has focused on developing
resilient building systems, which reduce structural damage, repair costs, and downtime after a
major earthquake. Controlled rocking steel braced frames are one of the building systems
which enhance the seismic performance through its self-centering capabilities and the ability
to limit the structural damage to easily replaceable elements. The main components of the
controlled rocking braced frame are the vertical post-tensioning cables which provides the self-
centering capability and the fuse elements, which serve to dissipate the energy and minimize
peak displacement through inelastic deformation.

A number of studies have been carried out to develop rocking steel braced frames with
post-tensioning rods and replaceable fuses. However, comparatively much less has been
accomplished in formulating performance-based design and assessment methods that can be
used by practicing engineers to implement these systems in real buildings and quantify their
benefits with regards to life cycle costs and sustainability. The focus of this study is
investigating the seismic performance of the controlled rocking steel braced frames and
providing methods for predicting the behavior of the CRSBFs during an earthquake. More

specifically, the issues that addressed in this study can be summarized as follows.

- Establish links between the design key parameters of the CRSBF and maximum

engineering demand parameters (EDPSs) through statistical modeling (Chapter 5).
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- Investigating the effect of force-controlled components failure on the performance of
the CRSBF and develop a methodology for determining load and resistance factors that
are consistent with system level performance objectives (Chapter 6)

- Quantifying the effect of modeling uncertainty on the seismic performance of the
controlled rocking braced frames (Chapter 7)

- Evaluating the seismic performance of CRSBFs on earthquake-induced economic loss
and environmental effect (energy consumption and greenhouse gas emission) over the

service life of the building (Chapter 8).

9.2. Findings

9.2.1. Chapter 5: Estimating Maximum Engineering Demand Parameters

(EDPs) of Controlled Rocking Steel Braced Frames

In this chapter, a set of statistical equations are proposed for estimating the maximum story
drift ratio, maximum peak floor acceleration, and residual drift of controlled rocking steel
braced frames. The input variables of proposed equations are five design key parameters and
the spectral acceleration at an effective period (equivalent SDOF). The proposed equations
demonstrated a reasonable accuracy to predict maximum story drift ratio and peak floor

acceleration. The predictive performance for the residual story drift ratio was not as adequate.

9.2.2. Chapter 6: Reliability-Based Design of Force-Controlled Components in

Rocking Steel Braced Frames

In this chapter, the effect of force-controlled component failure on the collapse and unsafe
placard trigger (UPT) limit states was investigated. It was demonstrated that the effect of
column failure is more significant compared to the beams and braces in 3-story buildings.

However, brace failure had largest impact for the 6-story building and force-controlled
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components did not have a significant effect on collapse performance of 9-story building. The
effect of force-controlled components failure on collapse assessment is greater than the unsafe
placard trigger limit state. The displacement-controlled components (fuse and PT) were found
to be much more likely to trigger an unsafe placard. For both limit states, the effect of force-

controlled component failure was found to be lower for taller buildings. The effect of various

values of the resistance to load factor ration % = 0.9,1.2,1.5 and 1.8, were studied on the 50-

year collapse and unsafe placard trigger.
It was found that increasing % to 1.8, the probability of 50-year collapse remained below

the 1% threshold prescribed by current building codes.

9.2.3. Chapter 7: Effect of Model Uncertainty on Multi-Limit State Performance

Assessment of Controlled Rocking Steel Braced Frames

The main focus of this chapter was on evaluating the influence of structural model
parameter uncertainty on the seismic response and limit state assessment of controlled rocking
braced frames (CRSBFs). Three limit states were considered including immediate occupancy
(10), repairability (RP) and collapse prevention (CP) performance. The effect of modeling
uncertainty was also studied on four engineering demand parameters, (maximum transient
(SDR,,,4,) and residual story drift ratio (RDR,,,,), the PT strain (ep1), and the fuse shear
deformation (}’fuse))- The record-to-record dispersion of SDR,,,, was found to be comparable
across the different building cases, and the effect of modeling uncertainty on the SDR,,
dispersion in the 3- and 6-story buildings was found to be negligible, however for the 9-story
building, modeling uncertainty increased the log-standard deviation of SDR,,,,, by about 8%.

The 95% confidence interval (CI) for RDR;, 45, €pr, and ypy. decreased as the building height
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increased. Modeling uncertainty had the largest impact on the RDR,,,,, dispersion compared
to other EDPs, increasing the log-standard deviation by a maximum of 20%. For epr, and ygye,
modeling uncertainty increased the log-standard deviation by as much as 7%. In addition,
modeling uncertainty had the greatest effect on the RP limit state fragility properties of the 9-
story, increasing the median and dispersion by 17% and 33% respectively. Moreover, modeling
uncertainty increased the probability of limit state exceedance in 50 years by 10%, and 30%

for the 6-story and 9-story buildings, respectively.

9.2.4. Chapter 8: Earthquake-Induced Impacts of Controlled Rocking Braced

Frames

Economic loss and environmental impacts of CRSBFs are assessed in this chapter.
Environmental impacts are based on energy consumption and greenhouse gas emissions. Six
design key parameters (B/H, Pp, Fpt, Fyr, and o) are considered for 3-story, 6-story, and 9-story
design cases. The effect of collapse, demolition, structural component and drift sensitive
nonstructural (DS-NS) and acceleration sensitive (AS-NS) component damage on intensity-
based and 50-year service life losses are studied. It was found that, at lower intensities, the
effect of the DS-NS components is largest for shorter building, whereas AS-NS components
have the greatest effect the economic losses in taller buildings. However, at low intensity levels,
damage to DS-NS components had the largest influence on environmental impacts for all the
buildings. At higher intensities, demolition contributes the most to economic loss for all
buildings. However for environmental impacts, damage to the DS-NS components have the
largest effect whereas demolition dominates for the 9-story building. Earthquake-induced
economic loss over a 50-year service-life are lager for the 3-story design cases compared to
the 6-story and 9-story buildings with the same input parameters. Surrogate models are

proposed and used to establish a statistical link between the structural design parameters and
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economic loss, energy consumption, and greenhouse gas emissions over a 50-year service-life.
The effect of each key design parameters on earthquake-induced impacts are also investigated.
It was found that the aspect ratio has the greatest influence on economic loss and environmental
impacts. In addition, the design key parameters are optimized to minimize the earthquake-

induced impacts for the CRSBF system over a 50-year service life.

9.3. Limitations and Future Work

The research presented in this dissertation is focused on developing performance-based
design and assessment methods for CRSBFs. All of the studies that used as the basis for this
work were based on building cases that range from 3 to 9 stories. As such, it would be difficult
to generalize the findings for taller (e.g. 10-stories or more) CRSBFs. This is especially true
for the predictive models developed to estimate the structural response demands and life cycle
impacts. More studies are needed utilizing taller CRSBFs to expand the applicability of the
surrogate models. Additionally, only two sets of ground motions, the FEMA P695 far-field and
the PEER TSRP record sets, were used throughout. Additional studies are needed to investigate
the effect of specific ground motion characteristics (e.g. duration, vertical ground motions,
pulse effects) on the response and performance of CRSBFs.

The periods used to design of CRSBFs and also link the building seismic response and site
seismic hazard are based on the spectral acceleration at first-mode periods of the buildings,
which may not represent the actual period of rocking systems. The intensity measures that are
used in Chapter 6 are also primarily based on the first-mode period of the buildings. In Chapters
5 and 8 the effective period obtained from the proposed method in Chapter 5 from SDOF
properties are used, which may not represent the actual period of the structure specially for the
taller buildings where the rigid-body rotation behavior assumption may not hold. As discussed

in Chapter 5, as the period range of the considered buildings increases (e.g. if both low- and
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high-rise buildings are considered), it may be necessary to select multiple sets of hazard-
consistent ground motions. Lastly, there is also a need to investigate the effect of other types
of model uncertainty (e.g. the chosen constitutive model and the associated parameters) on the
performance of CRSBFs.

Only one type of CRSBF configuration (single bay rocking frame with PT and fuse mid-
bay ground floor) was considered in the current study. As such, it is unclear that the current
findings can be extended to other configurations (e.g. PT at columns, fuses along building
height). Future studies can be used to investigate whether the methods and findings from the
current study can be extended to other CRSBF configurations. Lastly, only one type of fuse,
the butterfly shear link, was considered in the current study. However, other types of fuse
assemblies such as buckling restrained braces have been used for CRSBF. Additional studies
are needed to determine whether or not the findings from this research agnostic to the type of
fuse employed in the CRSBF.

The performance metrics considered in the service life impact assessments in Chapter 8
include earthquake induced economic losses and environmental impacts. Additional studies are
needed that include more resilience-related metrics (e.g. functional loss and/or functional
recovery) and to understand the implications of different design parameters on the performance

outcome of CRSBFs in terms of these metrics.
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