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Abstract

In the 1994 Mw 6.7 Northridge and 1995 Mw 6.9 Kobe earthquakes, steel moment-frame buildings

were exposed to an unexpected flaw. The commonly utilized welded unreinforced flange, bolted

web connections were observed to experience brittle fractures in a number of buildings, even at

low levels of seismic demand. A majority of these buildings have not been retrofitted and may be

susceptible to structural collapse in a major earthquake.

This dissertation presents a case study of retrofitting a 20-story pre-Northridge steel moment-

frame building. Twelve retrofit schemes are developed that present some range in degree of interven-

tion. Three retrofitting techniques are considered: upgrading the brittle beam-to-column moment

resisting connections, and implementing either conventional or buckling-restrained brace elements

within the existing moment-frame bays. The retrofit schemes include some that are designed to the

basic safety objective of ASCE-41 Seismic Rehabilitation of Existing Buildings.

Detailed finite element models of the base line building and the retrofit schemes are constructed.

The models include considerations of brittle beam-to-column moment resisting connection frac-

tures, column splice fractures, column baseplate fractures, accidental contributions from “simple”

non-moment resisting beam-to-column connections to the lateral force-resisting system, and com-

posite actions of beams with the overlying floor system. In addition, foundation interaction is in-

cluded through nonlinear translational springs underneath basement columns.

To investigate the effectiveness of the retrofit schemes, the building models are analyzed under

ground motions from three large magnitude simulated earthquakes that cause intense shaking in the

greater Los Angeles metropolitan area, and under recorded ground motions from actual earthquakes.

It is found that retrofit schemes that convert the existing moment-frames into braced-frames by

implementing either conventional or buckling-restrained braces are effective in limiting structural

damage and mitigating structural collapse. In the three simulated earthquakes, a 20% chance of

simulated collapse is realized at PGV of around 0.6 m/s for the base line model, but at PGV of

around 1.8 m/s for some of the retrofit schemes. However, conventional braces are observed to
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deteriorate rapidly. Hence, if a braced-frame that employs conventional braces survives a large

earthquake, it is questionable how much service the braces provide in potential aftershocks.
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Chapter 1

Introduction

Steel moment-frames are rectilinear assemblages of beams and columns with the beams rigidly

connected to the columns. The frames resist lateral loads primarily by developing bending and

shear forces in the frame members. During strong ground motions the frames are expected to sustain

multiple cycles of significant inelastic responses. Plastic deformations are intended to primarily be

confined to plastic hinging of beams, but some yielding may occur in columns and in beam-to-

column joints (panel zones). Through these plastic deformations, the frames dissipate the seismic

energy to some extent. The integrity of the steel moment-frame is therefore dependent on the beam-

to-column connections being capable of transfering the moments developed in the beams to the

columns.

Steel moment-frames were first conceived as a means of building construction in the late 1800s

with the Home Insurance Building in Chicago, a 10-story structure with a height of 42 m (138 ft)

that is often credited as the first steel moment-frame building (and the first skyscraper) [37]. Soon

after, engineers began to observe that steel moment-frames appeared to exhibit superior performance

in earthquakes. For instance, 20 such buildings were subjected to and survived the 1906 Mw 7.8

San Francisco earthquake and the subsequent fires, while few other buildings in the central com-

mercial district of San Francisco remained standing [37]. As a result of their apparently superior

performance, steel moment-frames grew in popularity and became the preferred lateral-resisting

structural system in seismically prone regions.

The early versions of steel moment-frame buildings were generally composed of built-up struc-

tural sections with nearly all beam-to-column connections detailed as moment resisting connections,

and with masonry infill walls at their perimeter. These moment resisting connections consisted of

stiffened or unstiffened structural angles, bolted or riveted to the beams and columns. Further-

more, the steel framing was typically completely encased in masonry, concrete, or a combination
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of the two, to provide fire proofing. The composite actions of the steel framing with the masonry

and/or concrete is likely to have contributed significantly to the earthquake resistance of these build-

ings [37, 19]. The more modern steel moment-frame buildings with lightweight fireproof coating

sprayed on the structural steel elements do not have the benefit of this composite behavior.

Since then, steel moment-frame buildings have gone through several stages of development. The

built-up sections were largely replaced by hot-rolled structural sections. The perimeter masonry in-

fill walls receded after curtain wall systems became popular in the late 1940s and early 1950s. In the

late 1950s, structural welding was introduced to the building industry. By the 1970s welded unrein-

forced flange, bolted web beam-to-column moment resisting connections had become the standard

practice in the construction of steel moment-frames. The connections incorporated field-welded,

complete joint penetration (CJP) groove welds to join beam flanges to columns, with shop-welded,

field-bolted plates joining beam webs to columns. A schematic figure of this type of beam-to-

column connection is presented in Figure 1.1. These connections would later become known as

“pre-Northridge” moment connections. In the 1980s another important trend resulted from increas-

ing cost of labour. Engineers had begun to economize their designs by using fewer bays of moment

resisting framing that employed heavier structural sections, greatly diminishing the redundancy of

steel moment-frame buildings [37, 19].

Backing Bar

Continuity

Panel Zone

Column

CJP Weld

Beam

Shear Tab

Plate

Figure 1.1: A schematic figure of welded unreinforced flange, bolted web beam-to-column moment resisting
connection popularly used in the years 1970-1994. The connections would later become known
as pre-Northridge moment connections.

In the 1994 Mw 6.7 Northridge earthquake, steel moment-frame buildings were exposed to

an unexpected flaw. The commonly utilized welded unreinforced flange, bolted web connections

were observed to experience brittle fractures in a number of buildings. The damaged buildings had
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heights in the range of one story to 26 stories, and a range in age spanning from 30 years old to

buildings that were under construction at the time of the earthquake. Also, the damaged buildings

were spread over a large geographic area, including locations that experienced only moderate levels

of seismic demands [20].

The fractures most commonly initiated at the CJP welds between beam bottom flange and the

column flange. Once the fractures had initiated, they progressed along a number of different paths.

In some instances, the fractures progressed completely through the CJP welds (Figure 1.2 (a)). In

other instances, the fractures progressed into the column flange material behind the CJP welds. In

these cases, a portion of the column flanges remained bonded to the beam bottom flange, and was

ripped out from the column flange (Figure 1.2 (b)). A number of fractures were observed to have

progressed completely through the column flange (Figure 1.2 (c)), and sometimes these fractures

continued into the panel zones (Figure 1.2 (d)) [20].

Similar observations were made a year later in the 1995 Mw 6.9 Kobe earthquake. The confi-

dence in steel moment-frames was shattered.

Following the startling discoveries in the Northridge earthquake, a federally funded partnership

of the Structural Engineers Assoctiation of California (SEAOC), the Applied Technology Council

(ATC), and the California Universities for Research in Earthquake Engineering (CUREe), known

as the SAC Joint Venture, was charged with determining what contributed to the poor connection

performance, in order to develop recommendations for retrofitting the flawed connections, and to

develop recommendations for more robust construction techniqes for new moment-frame buildings.

The research conducted through the SAC Joint Venture along with other independent studies con-

cluded that the key contributers to the poor connection performance included [18]:

• The largest forces in the beam-to-column assembly generally occur near the column flanges

where the beam is connected to the column. This is also the location where the beam cross-

section is reduced to allow for connection details such as the weld access holes. As a result,

concentrations of stresses are experienced in the reduced beam section.

• The beam bottom flange weld was generally made from an above position leading to a dis-

continuity of the weld at the location of the beam web, which often resulted in a poor quality

weld at this location with slag inclusions, lack of fusion, and other defects that served as crack

initiators.
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Once such fractures have occurred, the beam-column connection has experienced a 
significant loss of flexural rigidity and strength to resist those loads that tend to open the crack.  
Residual flexural strength and rigidity must be developed through a couple consisting of forces 
transmitted through the remaining top flange connection and the web bolts.  However, in 
providing this residual strength and stiffness, the bolted web connections can themselves be 
subject to failures.  These include fracturing of the welds of the shear plate to the column, 
fracturing of supplemental welds to the beam web, or fracturing through the weak section of 
shear plate aligning with the bolt holes (Figure 1-5). 

Despite the obvious local strength impairment resulting from these fractures, many damaged 
buildings did not display overt signs of structural damage, such as permanent drifts or damage to 
architectural elements, making reliable postearthquake damage evaluations difficult. In order to 
determine reliably if a building has sustained connection damage it is necessary to remove 
architectural finishes and fireproofing, and perform detailed inspections of the connections.  
Even if no damage is found, this is a costly process.  Repair of damaged connections is even 
more costly.  At least one steel moment-frame building sustained so much damage that it was 
deemed more practical to demolish the building than to repair it. 
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(d)

Figure 1.2: Example of connection fractures experienced in steel moment-frame buildings in the 1994 Mw
6.7 Northridge earthquake. The fractures commonly initiated in the beam bottom flange CJP
welds. In some instances, the fracture progressed completely through the CJP welds (a). In
other instances, the fractures progressed into the column flange material behind the CJP welds.
In these cases, a portion of the column flanges remained bonded to the beam bottom flange,
and was ripped out from the column flange (b). A number of fractures were observed to have
progressed completely through the column flange (c) and sometimes these fractures continued
into the panel zones (d) [20].
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• The weld backing bar was generally left in place, which had several implications. It dissal-

lowed visual inspections of the welds, and instead quality inspection of the welds relied on

ultrasonic testing (UT). However, the presence of the backing bar made UT a very unreliable

method for detecting weld defects. Finally, the backing bar and the column flange formed an

initial crack in the weld, makin itf susceptible to brittle failure.

• In design, shear forces in the beams are assumed to be transferred to the columns primarily

through the shear tab. In reality, the beam flanges carry a substantial portion of the beam

shear forces, which leads to stress concentrations in the root of the beam flange welds.

• The geometry of the weld access holes often led to stress concentrations in the beam flanges

near the toe of the access holes.

• Design practice in the years spanning from 1985 to 1994 encouraged connections with rela-

tively weak panel zones. In connections with excessively weak panel zones, the plastic be-

havior of the beam-column assembly is dominated by shear deformations in the panel zone,

and leads to increased stresses in the flanges of the connecting beam.

• In the mid 1960s the construction industry moved to welding techniques, and the use of

welding consumables that produced welds with low toughness. The toughness of the weld

was further compromised by excessive deposition rates commonly practiced by the welders.

• In earlier versions of steel moment-frame buildings nearly all beam-to-column connections

were detailed to be capable to transfer moments from the beams to the columns. As cost of

labor increased, engineers started to find it more economical to limit the number of moment

resisting frames and instead used larger sections. Strain demands of moment-connections,

however, are related to depth-to-span ratio of the members. Hence, as the member sizes

increased, the connection strain demands also increased and made the connections more sus-

ceptible to brittle behavior.

• The steel properties delivered from the steel mills had considerably higher yield strengths

than what was specified by the engineers. As a result, the toughness of the welding materials

was undermatched.

To date there are several beam-to-column moment resisting connection configurations that are

“pre-qualified” to be used for retrofitting pre-Northridge moment connections,f and for use in con-
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struction of new steel moment-frame buildings. Since the Northridge earthquake, AISC 341 Seis-

mic Provisions for Structural Steel Buildings have required special moment-frame connections to

be demonstrated to reliably achieve 4% inter-story drift without excessive strength loss, when sub-

jected to the cyclic loading protocol specified in AISC 341. Inter-story drift refers to relative dis-

placments of two adjacent floors normalized by the height of the story defined by the two floors. The

“pre-qualified” connection configurations have already been satisfactorily put through the extensive

laboratory testings and can be readily used within the conditions set for each configuration, without

further experiments.

Connection details that are “pre-qualified” to be used for retrofitting of pre-Northridge mo-

ment connections include [19]: welded bottom haunch moment connections, welded top and bot-

tom haunch moment connections, and welded cover plated flange moment connections. Recently,

Kaiser bolted bracket (KBB) moment connections have also been “pre-qualified” for the retrofitting

of pre-Northridge moment connections. Connections details that are “pre-qualified” to be used

in construction of new steel moment-frame buildings include [2]: reduced beam section (RBC)

moment connections, bolted unstiffened and stiffened extended end-plated moment connections,

bolted flange plate (BFP) moment connections, welded unreinforced flange-welded web (WUF-W)

moment connections, and Kaiser bolted bracket (KBB) moment connections.

The cost of potential retrofitting schemes and their impact on the architecture are unknown,

and owners of steel frame buildings have been reluctant to consider undertaking retrofit measures.

Also, building owners have not been presented with financial incentives, such as tax discounts, to

undertake retrofitting measures. Neither have the buildings been mandated to be retrofitted. As a

result, many of these buildings have been left unaltered and may be susceptible to collapse in the

event of a major earthquake. Although no steel moment-frame buildings collapsed in the Northridge

earthquake, a majority of the seismic energy that was released in the Northridge earthquake was

directed away from urbanized areas. Also, larger magnitude earthquakes are inticipated to strike the

greater Los Angeles region [67, 68, 66]. Hence, the buildings have yet to be put to their ultimate

test.

Several studies have shown that the pre-Northridge steel moment-frame buildings may be sus-

ceptible to collapse under strong ground motions. Hall et al. [32, 33, 34] and Heaton et al. [38] stud-

ied four fictional steel moment frame buildings, a six-story and another twenty-story steel moment-

frame building designed to the 1994 Uniform Building Code (UBC), and equivalent “Japanese”



7

versions of the buildings designed to the more stringent building code that was enforced in Japan

at the same time as the 1994 UBC. Furthermore, the study considered two versions of each build-

ing model. A version that included considerations of fracture susceptible connections to mimic the

brittle behavior of the pre-Northridge beam-to-column connections, and a version with perfect con-

nections. The pre-Northridge steel moment-frame buildings were simulated to collapse at a number

of locations in a simulated Mw 7.0 earthquake on the Elysian Park blind-thrust fault directly beneath

Los Angeles. The building models with perfect connections performed much better.

Olsen et al. [59] further investigated those four building models with a focus on quantifying

the ground motion intensity parameters necessary to induce simulated “unrepairable” damage or

simulated collapse. They concluded that a vector intensity measure of horizontal peak ground ve-

locity (PGV) and peak ground displacement (PGD) best describes the potential of a ground motion

time history to induce the two building performance levels. Furthermore, in PGD-PGV space they

present curves that represent 10% chance of simulated “unrepairable” model damage or simulated

collapse. The twenty-story UBC pre-Northridge steel moment-frame building model (with brittle

connections) realized a 10% chance of simulated collapse at peak ground velocities of around 0.6

m/s. The Japanese version of that same building model realized a 10% chance of simulated col-

lapse at peak ground velocities of around 0.75 m/s. The twenty-story building models with perfect

connections and all four six-story building models proved to be much more resistant to simulated

collapse.

Krishnan et al. studied the performance of two 18-story steel moment-frame buildings in an

simualted Mw 7.9 earthquake on the San Andreas fault [45, 46, 47]. The two building models

consisted of a model of an existing steel moment-frame building designed to the 1982 UBC, and

a redesigned version of the existing building conforming to the more stringent 1997 UBC. The

model fo the existing building included considerations of fractures of the beam-to-column moment

resisting connections in a similar fashion as Hall et al. The building models were simulated to

collapse at a number of locations in the Los Angeles metropolitan area, but the redesigned version

of the existing model performed much better.

Muto and Krishnan studied the performance of three steel moment-frame building models in the

Mw 7.8 ShakeOut scenario earthquake on the San Andreas fault [48, 57]. In fact, two of the building

models were the same as those studied by Krishnan et al. [45, 46, 47]. The third building had an

L-shaped footprint and was designed after the 1997 UBC. According to the UBC, the building is

considered irregular and is therefore designed with 10% greater lateral foces than a regular building.
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Two versions of each building model were assumed: a version with brittle connections, and a version

with perfect connections. The building models were simulated to collapse at a number of locations

in the greater Los Angeles metropolitan area, but the model of the existing building (with brittle

connections) showed the poorest performance. Muto and Krishnan also presented fragility curves

that showed the probability of the building models to be simulated to collapse given a horizontal

peak ground velocity. The model of the existing building with brittle connections realized a 20%

chance of simulated collapse at a horizontal peak ground velocity of around 0.75 m/s.

Krishnan and Muto further investigated the collapse behavior of the model of the existing build-

ing and the redesigned version of the building [49, 50]. They showed that in the event of simulated

collapse, the building models form one out of only a few “preferred” collapse mechanisms confined

in the lower half of the building models. Furthermore, through classical energy balance analyses

they show that the “preferred” collapse mechanisms are characteristics of the building models and

not the input ground motions. These findings raise interest in investigating what improvement in

building performance can be achieved through retrofit schemes that focus on strengthening only the

lower half of tall steel moment-frame buildings.

In order to reduce the collapse potential of pre-Northridge steel moment-frame buildings, retro-

fitting measures must be taken. These measures must realize a lower probability of collapse for

the structures at a given intensity of ground shaking when compared to the existing versions. At

the same time, they need to be economically feasible and, to the extent possible, must preserve the

architechtural integrity and funcionality of the building.

Improved structural performance can be achieved in multiple ways. Some common rehabilita-

tion techniques are summarized in FEMA 547 Techniques for the Seismic Rehabilitation of Existing

Buildings [22]. The techniques described in FEMA 547 for steel moment-frames include upgrading

the existing beam-to-column moment resisting connections, adding a concrete or masonry shear

wall as a new lateral force-resisting system or in conjunction with the moment-frames, and con-

verting the moment-frames to braced-frames by adding convetional or buckling-restrained brace

elements to the existing moment-frames. Furthermore, FEMA 547 suggests that converting the

moment-frames to braced frames can be one of the more economical retrofitting techniques avail-

able for steel moment-frames. Also, a retrofit scheme that consists solely of upgrading the existing

beam-to-column moment resisting connections would clearly have the least impact on the architec-

ture.
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Other retrofitting techniques include a number of passive energy dissipation devices. Such de-

vices that have most commonly been used for seismic protection of structures (in North America)

include viscous fluid dampers, viscoelastic solid dampers, metalic dampers (e.g. buckling-restrained

brace elements, added damping and stiffness (ADAS) dampers), and friction dampers [70]. The in-

terested reader is directed to Symans et al. [70], which presents a summary of the current practice

and recent developements in the application of passive energy dissipation systems for seismic pro-

tection of building structures.

In order to systematically develop a framework for retrofitting existing pre-Northridge steel

moment-frame buildings, we start with a case study of a fictional 20-story building model, designed

after the 1994 UBC. This is in fact the same building as was studied by Hall et al. [38, 32, 33, 34].

We develop twelve retrofit schemes with some progressively increasing degrees of intervention. The

retrofit schemes considered in the present study consist of retrofitting the brittle beam-to-column

moment resisting connections, or implementing either conventional or buckling-restrained braces.

The retrofit schemes include some that are designed to the basic safety objective (BSO) of ASCE-41

Seismic Rehabilitation of Existing Buildings [4].

To investigate the effectiveness of the retrofit schemes, detailed finite element models of the base

line building and the retrofit schemes are constructed in STEEL, a nonlinear structural analyses pro-

gram for steel frames developed at Caltech (also referred to as FRAME-2D). The building models

include considerations of brittle beam-to-column moment resisting connection fractures, column

splice fractures, column baseplate fractures, accidental contributions from “simple” non-moment

resisting beam-to-column connections to the lateral force-resisting system, and composite actions

of beams with the overlying floor system. In addition, foundation interaction is included through

nonlinear translational springs underneath basement columns. To address uncertainties associated

with the modeling of the foundations, “soft” (and weak), “stiff” (and strong), as well as “expected”

foundation spring stiffnesses and capacities are applied. Also, the modeling of both conventional

and buckling-restrained brace elements is validated against experimental data.

Then, the building models are analyzed under ground motions from three large simulated earth-

quake scenarios in the greater Los Angeles metropolitan area, as well as under recorded ground

motions from actual earthquakes that are applied in incremental dynamic analyses of the building

models. The simulated improvement in building performance of the retrofit schemes over the base

line models is then quantified, and the most successful retrofit schemes are identified.
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Performing such analyses on several index buildings provides a clear picture of what degree of

retrofitting is required to gain marginal reductions in collapse potential of this class of buildings.

A number of studies have been conducted on the effectiveness of different retrofit techniques

applied to steel moment-frames (e.g. [51, 23, 11, 71, 31, 73]). Filiatrault et al. [23] investigated the

effectiveness of implementing viscous dampers and friction dampers in a model of a fictional six-

story pre-Northridge steel moment-frame building. The retrofit schemes consisted of implementing

conventional brace elements in a chevron configuration in one out of three modeled moment-frame

bays, with viscous or friction dampers connected to the lower ends of the brace elements. The

building models included considerations of beam-to-column connections fractures. They concluded

that both viscous and friction damping systems can significantly reduce the responses of the stud-

ied structure under near-field ground motions, but they cannot by themselves prevent fractures of

beam-to-column connections and associated costly post-earthquake repairs. Also, in some cases

the forces developed in the brace elements when applying viscous dampers would have caused sub-

stantial yielding in tension and buckling in compression, which would have severely limited the

effectiveness of the viscous dampers, but neither was included in the modeling of the braces.

Uriz and Whittaker [73] studied the effictiveness of implementing fluid viscous dampers in a

model of a fictional three-story pre-Northridge steel moment-frame building. The dampers were

installed as diagonal elements in three out of three modeled steel moment-frame bays. The build-

ing models did not consider fractures of beam-to-column moment resisting connections. Similar to

Filitrault et al., they concluded that fluid viscous dampers are effective in reducing displacements

and deformations in steel moment-frames (under design level and maximum considered earthquake

ground motions), but are unlikely to prevent beam-to-column connection fractures. They also re-

ported elevated story shears forces and column axial forces in the retrofitted building model, com-

pared to the base line model.

Sarno and Elnashai [11] investigated the applicability of implementing conventional and buckling-

restrained brace elements in a model of a fictional nine-story steel moment-frame building that was

intentionally designed with lateral stiffness insufficient to satisfy code drift limitations in zones with

heigh seismicity. Two configurations of the brace elements were considered: an X-bracing config-

uration in two out of five moment-frame bays, and a “mega-brace” configuration. A “mega-brace”

refers to a configuration of braces where the brace-line is extended over multiple stories and crosses

several bays. They concluded that moment-resisting frames with insufficient lateral stiffness can
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indeed be retrofitted with diagonal braces, either conventional or buckling-restrained. They also

found that the “mega-brace” configuration resulted in better performance than the the X-bracing

configurations.

Tafakori et al. [71] investigated eight variations of implementing friction dampers, mounted

on conventional brace elements in a chevron configurations, to retrofit a fictional 15-story steel

moment-frame building model that was intentionally designed with lateral stiffness insufficient to

satisfy code drift limits. Through incremental dynamic analyses of detailed finite element models

of the retrofit schemes and the base line model, the most optimal retrofit scheme was identified

based on probabilistic seismic losses (including collapse-induced losses). They concluded that the

use of damper-brace systems can be effectively applied in retrofitting steel moment-frames with

insufficient lateral stiffness in the 15-story range. Also, the most optimal retrofit scheme employed

dampers in every story with considerable concentrations of friction forces in the lower stories.

Some recent studies have focused on developing algorithms that optimize the topological loca-

tion of added retrofit elements and their design parameters. For example, Apostolakis and Dargush

[3] presented a formulation that applies a genetic algorithm and dynamic nonlinear building analyses

to find an optimal retrofit design of implementing either buckling-restrained brace elements, friction

dampers, or both, for two three-story steel moment-frame building models and another six-story, un-

der four strong ground motion time histories. The optimization function considered transient and

residual inter-story drift ratios, and floor accelerations. They found that friction dampers resulted

in more optimal building performance for the two three-story building models, while buckling-

restrained brace elemetns were found to be more optimal for the six-story model. Also, for the

topological layout of the retrofit elements, it was found that “mega-brace” configurations were more

optimal.

In the review of the literature, the author did not come across a study that investigated retrofitting

of a pre-Northridge steel moment-frame building in the 20-story range. Also, the presented study

incorporates a greater level of detail in the finite element modeling than is commonly observed in the

literature. Another appealing feature of the present study is that the performance of the 20-story pre-

Northridge steel moment-frame building model and the associated retrofit schemes are simulated

regionally for three plausible earthquake scenarios in the greater Los Angles metropolitan area, and

it is observed geographically how the spread of model damage and collapse can be reduced through

the retrofit schemes. The body of work presented herein is meant to add to the rapidly growing body

of knowledge on retrofitting steel moment-frame buildings and the design of new steel structures.
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The remainder of the dissertation is structured as follows:

Chapter 2 - Description of Buildings: In this chapter the base line model of a fictional 20-story

pre-Northridge steel moment-frame building is described, and the retrofit schemes considered in

this study.

Chapter 3 - Modeling Considerations: In this chapter the details of the finite element modeling

in STEEL are discussed, and efforts toward validating the modeling of conventional and buckling-

restrained brace elements are presented.

Chapter 4 - Ground Motions: This chapter discusses the ground motions used to investigate the

effectiveness of the retrofit schemes described in Chapter 2. The ground motions include ground

motions from a simulated 1857-like Mw 7.9 San Andreas fault scenario earthquake, the simulated

Mw 7.8 ShakeOut scenario earthquake on the San Anderas fault, a simulated Mw 7.2 earthquake

scenario on the Puente Hills fault system directly underneath downtown Los Angeles, and a

collection of recorded ground motions from actual earthquakes applied in incremental dynamic

analyses of the building models.

Chapter 5 - Results: In this chapter, the simulated performances of the building models under the

ground motions described in Chapter 4 are presented. The collapse mechanisms most frequently

observed for the building models are described as well.

Chapter 6 - Summary, Conclusions, and Future Work: This chapter presents a brief summary

of the research, a summary of key observations and conclusions, and some suggestions of future

directions that the research can be expanded to.
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Chapter 2

Descriptions of Buildings

2.1 Base Line Model

The base line model considered in this study is a fictional twenty-story “pre-Northridge” steel

moment-frame building developed by Hall [33]. The height of the building (above ground) is 77.9

m (255′-6′′) with a typical story height of 3.8 m (12′-6′′) and a taller first story at 5.5 m (18′-0′′).

The building has a single basement story of same height as the first story. An isometric view of the

building is shown in Figure 2.1, and typical floor plan showing the arrangement of moment-frame

bays is presented in Figure 2.2.

The building was design to conform to the 1994 Uniform Building Code. Dead loads are as-

sumed as 3.83 kPa (80 psf) for the roof, 4.55 kPa (95 psf) for the floors, and 1.68 kPa (35 psf)

for the cladding. The floor live loads are taken as 2.39 kPa (50 psf). The self weight of the steel

frames is considered to be included in the dead loads above. Since the earthquake response of the

narrow dimension of the building is of most interest, designs were carried out in this direction only.

Similarly, analysis included herein is only of the narrow dimension. Details of the design are given

in [33]. An elevation view of frames A and B is shown in Figure 2.3. Frames A and E are identical,

and similarly frames B, C, and D are identical to each other. Panel zones of columns are reinforced

with doubler plates as needed such that the panel zone yield moment is equal to 0.8 times the sum

of the plastic moments of the connecting beams. A 61 cm (24 in) concrete wall is assumed contin-

uous along the perimeter of the building at the basement story. A concrete slab on a metal deck is

assumed with the ribs of the steel deck oriented perpendicular to the frames of interest. The material

properties for beams and columns are given as:
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E 199.9 GPa (29000 ksi)

Esh 4.0 GPa (580 ksi)

σy 289.6 MPa (42 ksi)

σu 344.7 MPa (50 ksi)

εsh 0.012

εrup 0.308

τy 165.5 MPa (24.0 ksi)

G 80.0 GPa (11600 ksi)

Where E is the Young’s modulus, Esh is the initial strain hardening modulus, σy is the yield stress,

σu is the ultimate stress, εsh is the strain at onset of strain hardening, εrup is the strain at rupture, τy

is the shear yield stress, and G is the shear modulus.

Figure 2.1: Isometric view of the building under
study.
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Figure 2.2: Typical floor plan of the building un-
der study. Moment-resisting beam-to-
column connections are indicated by
solid black triangles.

Computer analyses are carried out in a planar-frame analysis program developed at Caltech

called STEEL. The capabilities and features of the program are discussed in Chapter 3. The com-

puter models take advantage of symmetry and only half-building models are employed, i.e., only
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Figure 2.3: Elevation view of frames A and B of the building under study.
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frames A, B, and half frame C are modeled. Since frames B and C are identical, they are lumped

into a single frame by increasing the width of beams, columns, panel zones, slabs, and foundations

by a factor of 1.5. Gravity loads are computed using the full dead load and 30% of the floor live

load. Gravity loads are applied directly on the columns, and girders are not loaded within their

spans. The seismic mass is assumed to be the same as the gravity loads for the vertical degrees of

freedom, while only 20% of live load is assumed to contribute to the seismic mass of the horizontal

degrees of freedom.

Composite action of beam elements with the overlying floor system is included. The effective

area of the floor slab along the perimeter frame A is taken as 1160 cm2 (179.8 in2) and as 3136 cm2

(486.0 in2) along the lumped frames B and C. The distance from the beam top flanges to the centroid

of the slabs is taken as 7.6 cm (3 in). Since the ribs of the steel deck are oriented perpendicular to

the modeled frames, contribution from the steel deck is assumed negligible. Elastic modulus of the

concrete slab is taken as EC=20.7 GPa (3000 ksi), the compressive strength as σYC=27.6 MPa (4

ksi), and the tensile strength as σFC=σYC/10. The same modulus is taken for the basement walls.

The effects of the basement walls perpendicular to the modeled frames are included, as well as the

effects of the walls in the plane of frame A.

Effects of residual stresses are included and described in Section 3.1. “Accidental” contribu-

tions of simple connections to the lateral force-resisting system are also included through methods

described in Section 3.2. Fracture susceptibility of pre-Northridge beam-to-column connections,

column base plate connections, and column splices is treated in a probabilistic fashion, and is de-

scribed in Section 3.2.

Foundation interaction is included through nonlinear translational springs underneath basement

columns. The downward yield strengths of the foundation springs are computed as three times the

foundation reaction forces under gravity loads (dead loads plus 30% of the floor live loads). The

same yield strength is assumed for the horizontal springs and half of the downward yield strength

is assumed in the upward direction. The spring stiffnesses are obtained from assumed yield dis-

placements of 25.4 mm (1 in) in the downward and horizontal directions and 12.7 mm (0.5 in)

in the upward direction. The springs are assumed perfectly-plastic beyond yielding. To address

uncertainties associated with the modeling of foundation interaction, three foundation models are

applied. The “expected” foundation model, as described above, and “soft” and “stiff” realizations

of the foundations obtained by dividing the spring yield strengths and stiffnesses by a factor of

two, and multiplying the spring yield strengths and stiffnesses by two, respectively. The “expected”
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foundation spring stiffnesses are presented in Table 2.1.

Table 2.1: The “expected” foundation spring stiffnesses (kN/cm).

Line 1 Line 2 Line 3 Line 4
Frame A 4616.2 3296.9 3296.9 4616.2

Lumped frames
5385.0 8561.1 8561.1 5385.0

B and C

Viscous damping consists of a small amount (0.5%) of stiffness-proportional damping at the

fundamental mode plus a larger amount of nonlinear (elastic-perfectly plastic) inter-story damping.

The strengths of the inter-story dampers are taken to be equal to the story shears produced by the

seismic design forces scaled to 1% of the seismic-design weight. The seismic design weight of the

base line model, WBLM, is based only on the dead loads above ground and is given as 31,315.5

kN (7040 kips). The seismic design forces are presented in [33]. As an example, this gives a total

damper strength of 313.2 kN tons (70.4 kips) for the first story. The story shear velocity at yield is set

to 10 cm/sec (3.9 in/sec). The elastic undamped first-mode periods for the “soft”, “expected”, and

“stiff” realizations of the foundation interactions are 3.63 sec, 3.31 sec, and 3.13 sec, respectively.

2.2 Retrofit Schemes

Improved structural performance can be achieved in multiple ways. Some common rehabilitation

techniques are summarized in FEMA 547 Techniques for the Seismic Rehabilitation of Existing

Buildings [22]. The techniques described in FEMA 547 for steel moment-frames include upgrading

the existing beam-to-column moment resisting connections, adding a concrete or masonry shear

wall as a new lateral force-resisting system or in conjunction with the moment-frames, and con-

verting the moment-frames to braced-frames by adding either conventional or buckling-restrained

brace elements to the existing moment-frames. Furthermore, FEMA 547 suggests that converting

the moment-frames to braced frames can be one of the more economical retrofitting techniques

available for steel moment-frames. Also, a retrofit scheme that consists solely of upgrading the

existing beam-to-column moment resisting connections would clearly have the least impact on the

architecture.

Other retrofitting techniques include a number of passive energy dissipation devices. Such de-

vices that have most commonly been used for seismic protection of structures (in North America) in-

clude viscous fluid dampers, viscoelastic solid dampers, metallic dampers (e.g. buckling-restrained
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brace elements, added damping and stiffness (ADAS) dampers), and friction dampers [70]. The

interested reader is directed to Symans et al. [70], which presents a summary of the current prac-

tice and recent developments in the application of passive energy dissipation systems for seismic

protection of building structures.

In the present study, three retrofitting techniques are considered: upgrading the brittle beam-to-

column moment resisting connections, and implementing either conventional or buckling-restrained

brace elements within the existing moment-frame bays.

Conventional braces refer to brace elements made of structural steel sections that buckle laterally

if loaded in compression beyond their critical buckling strength. The lateral buckling mechanism

leads to concentration of strains and often local buckling of the cross-section at mid-span of the

element. The local buckling of the cross-section further localizes strains, which leads to severing of

the cross-section and rapid deterioration of the element [15, 16]. Buckling-restrained braces have

been developed to avoid the pitfalls associated with lateral buckling of conventional braces. They

are generally composed of a structural steel section that has a reduced cross-sectional area over a

central portion of the element. The central portion is restrained from lateral and local buckling by

an external mechanism, and is detailed such that the central yielding core can deform and yield

longitudinally independently from the external mechanism.

Adding brace elements to the structural system renders it being much stiffer, thus generally

shifting the dynamic character of the structure to a more energetic regime of earthquake ground

motions, which results in greater forces. Hence, in addition to installing brace element, columns

(and foundations) may need to be strengthened as well. In this study, strengthening of columns is

assumed to be achieved by welding cover plates between opposite flanges, or as shown in Figures

2.12, 2.13, and 2.14.

Because comprehensive retrofit schemes can be very expensive, it raises the interest in investi-

gating what improvement in performance can be achieved through partial retrofit schemes. Hence,

we developed twelve retrofit schemes with some progressively increasing degrees of intervention.

Six retrofit schemes are obtained from upgrading the brittle beam-to-column moment resisting

connections in one of the moment-frame bays, in two of the moment-frame bays, or in all three

bays, over half the height of the building or over the full height (RMF retrofit schemes). Another

two retrofit schemes consist of two variations of implementing conventional brace elements in a

reversed-V (or chevron) arrangement over the full height of the building (retrofit schemes RBR-1

and RBR-2). A third retrofit scheme is a “partial” retrofit scheme that consists of employing conven-



19

tional brace elements in the lower half of the building (retrofit scheme RBR-3). Three more retrofit

schemes are obtained by replacing the conventional brace elements with buckling-restrained ones

(retrofit schemes RBRB-1, RBRB-2, and RBRB-3). A schematic overview of the retrofit schemes

considered in this study is shown in Figure 2.4. The first mode natural periods are presented in the

figure as well.

The upgrade of the moment-frame connections is achieved computationally by removing the

probabilistic fiber fracture susceptibility discussed in Section 3.2. That is, beams are assumed to be

capable of forming stable fully plasticized hinges near column faces. In the braced retrofit schemes,

the moment-frame connections are assumed to have the same brittle, pre-Northridge properties. In

reality, some strengthening of the connections can be expected through the addition of the gusset

plates, which the brace elements are attached to. Where cover plates have been added to strengthen

columns, it is assumed that the cover plates are able to prevent fractures in column splices and base

plates. Elsewhere, column splices and base plates are not reinforced.

For the braced schemes, the sizes of braces are determined through seismic design conforming

to the basic safety objective (BSO) of ASCE-41 Rehabilitation of Existing Buildings [4]. ASTM

A500 Grade B steel is assumed for conventional brace elements, and ASTM A36 steel is assumed

for buckling-restrained elements. The corresponding expected material properties are given in Table

2.2.

In component testing of buckling-restrained brace elements, the compressive strength of the el-

ements has consistently been reporter greater than their tensile strength. This effect is commonly

referred to as the compressive overstrength of buckling-restrained brace elements, and it has been

reported to be as great as 20% [55]. In STEEL the same material properties are assumed in com-

pression and tension, and the program is therefore not capable of capturing this overstrength in

compression. To compensate, the ultimate strength of the material model is increased by half the

value of the compressive overstrength such that the tensile strength of the elements is overshot by

half the value of the compressive overstrength, and the brace compressive strength is underpredicted

by half the value of the compressive overstrength. This gives similar hysteresis loops as observed

in experiments as demonstrated in Section 3.4. In this study, a compressive overstrength of 10% is

assumed. The ultimate strength listed in Table 2.2 for the material model used to model buckling-

retrained braces (ASTM A36) includes considerations of compressive overstrength, as described

above.

End-conditions for both conventional and buckling-restrained brace elements are assumed to be
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pinned. The details of the designs are presented in the following section.

Table 2.2: STEEL material model parameters used for modeling ASTM A500, Grade B steel, which is as-
sumed for conventional brace elements, and ASTM A36 steel, which is assumed for buckling-
restrained elements.

Steel Material
σy σu E Esh εsh εu εrup

(MPa) (MPa) (GPa) (GPa) (-) (-) (-)
ASTM A500

444.0 519.9 199.9 4.0 0.0120 0.1000 0.19
Grade B

ASTM A36 289.6 441.3 199.9 4.0 0.0040 0.1500 0.30

To quantify the strength of the building models, push-over analyses are performed using a sim-

ilar procedure as described by Hall [33]. In these analyses, the building models are subjected to

horizontal ground acceleration that increases linearly at a rate of 0.3 g per minute, and the building

responses are computed dynamically.

The building models are identical to those used in the earthquake analyses except that the masses

of the horizontal degrees of freedom are recalculated to the total seismic design mass of the base

line model WBLM/g with a distribution given by the following equations:

wp
i =Cp

i
WBLM

g , Cp
i =

wBLM
i hi

n

∑
k=1

wBLM
k hk

Where wBLM
i is the actual floor mass of the ith floor of the base line model, wp

i is the floor mass of

the ith floor used in the push-over analyses, hi is the elevation (from ground level) of the ith floor, and

n is the number of floors above ground. In addition, the masses in the vertical degrees of freedom

are omitted in the push-over analyses.

Results are presented in Figures 2.5 and 2.6. The vertical scale is the building base shear nor-

malized by the seismic design weight of the base line model WBLM. The base shear is calculated

by summing the horizontal foundation reaction forces. The horizontal scale is the building overall

drift ratio, which refers to the ratio of the horizontal roof displacement relative to the displacement

at ground level and the height of the building above ground. Push-over curves are presented for

three runs per building model. Each run uses a different realization of the strengths of the beam-to-

column moment resisting connections, column splices, and column base plates. For reference, the

plots also show push-over curves for the base line model.
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The curves are linear up to a yielding or fracture point of the building model. Beyond those

points, the building models either show some strain hardening that is followed by strength degrad-

ing behavior, or directly show a strength degrading behavior. Some curves show a drop to zero

base shear and are indicative of failure mechanisms that include the first few stories. Other curves

show a more moderate drop in base shear and are indicative of failure mechanisms higher up in the

building models. These curves suggest that estimating the global ductility of the building models

based on push-over curves can be misleading. Since the push-over analyses are performed dynami-

cally, stiffness changes that result from yielding of structural elements and, especially, fracturing of

connections cause vibrations. The resulting vibrational oscillations are apparent in the figures.

2.3 Design Criteria for Brace Retrofit Schemes

A nonlinear dynamic procedure is used to ensure that retrofit schemes satisfy the Basic Safety Ob-

jective (BSO) as defined in ASCE Seismic Rehabilitation of Existing Buildings [4]. The BSO reha-

bilitation objective achieves the dual performance levels of Life Safety (LS) and Collapse Prevention

(CP) for the Basic Safety Earthquake-1 (BSE-1) and BSE-2 earthquake hazard levels, respectively.

The BSE-1 and BSE-2 earthquake hazard levels essentially refer to seismic hazard levels that have

a 10% and 2% probability of exceedance in 50 years, respectively. Seismic loading for design pur-

poses in the Los Angeles greater metropolitan area is obtained by taking the maximum considered

earthquake (MCE) maps prepared by NEHRP [21] and making corrections for site-amplifications

using the site-condition map prepared by Wills and Clahan [74]. Then, the resulting short-period

(0.2 sec) and long-period (1 sec) design spectral response acceleration parameters (SXS and SX1,

respectively) are sampled evenly over the region of interest, and for design purposes SXS and SX1

are taken as the expected values plus one standard deviation (STD) of log normal probability density

function (PDF) fits to the two datasets. The resulting values for SXS and SX1 for the greater Los

Angeles area are 2.09g and 1.07g, respectively, where g refers to the acceleration due to gravity.

Maps for SXS and SX1 and histograms of the sampled values overlaid by the log normal PDFs are

presented in Figure 2.7 and Figure 2.8, respectively. The locations where SXS and SX1 are sampled

are shown as white triangles.

From the obtained SXS and SX1 values, a 5%-damped design response spectrum corresponding

to the BSE-2 earthquake hazard level is derived. Then the design spectrum is uploaded to the PEER
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RBR−1 RBR−2 RBR−3 RBRB−1 RBRB−2 RBRB−3

RMF−1h RMF−1 RMF−2h RMF−2 RMF−3h RMF−3

T = 2.44 s T = 2.37 s T = 2.78 s T = 2.49 sT = 2.52 s T = 2.79 s
1 1 1 1 1 1

T = 3.31 sT = 3.31 s T = 3.31 s T = 3.31 s T = 3.31 sT = 3.31 s
111111

Figure 2.4: A schematic overview of the retrofit schemes considered in this study and associated first mode
natural periods. RMF refers to retrofit schemes that consist of upgrading the brittle moment-
resisting beam-to-column connections, RBR refers to retrofit schemes that employ conventional
brace elements, and RBRB refers to retrofit schemes that employ buckling-restrained brace ele-
ments. Black triangles indicate pre-Northridge beam-to-column moment resisting connections.
Upgraded connections are indicated by enlarged triangles in red and the affected beams are indi-
cated by thick red lines. Added conventional and buckling-restrained braces are shown in red as
well.



23

0 0.02 0.04 0.06 0.08 0.1
0

0.05

0.1

0.15

0.2

Overall Drift Ratio

B
as

e 
S

he
ar

 (
 fr

ac
tio

n 
of

 W
B

LM
 )

Building Model: RMF−1h

0 0.02 0.04 0.06 0.08 0.1
0

0.05

0.1

0.15

0.2

Overall Drift Ratio

B
as

e 
S

he
ar

 (
 fr

ac
tio

n 
of

 W
B

LM
 )

Building Model: RMF−1

0 0.02 0.04 0.06 0.08 0.1
0

0.05

0.1

0.15

0.2

Overall Drift Ratio

B
as

e 
S

he
ar

 (
 fr

ac
tio

n 
of

 W
B

LM
 )

Building Model: RMF−2h

0 0.02 0.04 0.06 0.08 0.1
0

0.05

0.1

0.15

0.2

Overall Drift Ratio

B
as

e 
S

he
ar

 (
 fr

ac
tio

n 
of

 W
B

LM
 )

Building Model: RMF−2

0 0.02 0.04 0.06 0.08 0.1
0

0.05

0.1

0.15

0.2

Overall Drift Ratio

B
as

e 
S

he
ar

 (
 fr

ac
tio

n 
of

 W
B

LM
 )

Building Model: RMF−3h

0 0.02 0.04 0.06 0.08 0.1
0

0.05

0.1

0.15

0.2

Overall Drift Ratio

B
as

e 
S

he
ar

 (
 fr

ac
tio

n 
of

 W
B

LM
 )

Building Model: RMF−3

Figure 2.5: Push-over curves for the retrofit schemes that consider upgrading the brittle beam-to-column
moment resisting connections (black curves), and for the base line model (gray curves). Three
curves are shown for each building model that result from three runs that use different realiza-
tions of the strengths of the beam-to-column moment resisting connections, column splices, and
column base plates.
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Figure 2.6: Push-over curves for the retrofit schemes that consider implementing either conventional or
buckling-restrained brace elements (black curves), and for the base line model (gray curves).
Three curves are shown for each building model that result from three runs that use different re-
alizations of the strengths of the beam-to-column moment resisting connections, column splices,
and column base plates.
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Figure 2.7: (a) Map for the short-period (0.2 sec) spectral response acceleration parameter, SXS, in the region
of interest. The locations where SXS is sampled are shown as white triangles. (b) Histogram of
the SXS samples overlaid with a log normal PDF fit to the data set. For design purposes, SXS is
taken to be the expected value plus one standard deviation (STD) of the log normal PDF (black
dashed line).
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Figure 2.8: (a) Map for the long-period (1 sec) spectral response acceleration parameter, SX1, in the region
of interest. The locations where SX1 is sampled are shown as white triangles. (b) Histogram of
the SX1 samples overlaid with a log normal PDF fit to the data set. For design purposes, SX1 is
taken to be the expected value plus one standard deviation (STD) of the log normal PDF (black
dashed line).

ground motion database user-interface [62], and seven records and corresponding scaling factors

that give a close fit to the design spectrum are selected from the database. For each record, a

square root of the sum of the squares (SRSS) 5%-damped response spectra is constructed from the

scaled horizontal components. The records are then uniformly re-scaled such that the average of

the seven SRSS response spectra does not fall below 1.3 times the design response spectrum for
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periods from 0.2T to 1.5T (where T is the fundamental period of the building model), as prescribed

in ASCE Seismic Rehabilitation of Existing Buildings [4]. The BSE-1 design spectrum is the BSE-

2 spectrum scaled down by a factor of 2/3. As a consequence, in this study the same set of seven

records is used for the BSE-1 earthquake hazard level with the scaling factors reduced by 2/3. The

building model is then subjected to the scaled fault normal component of the ground motion records,

which is usually the dominant component. The braces added to frame A and cover plates added to

strengthen the columns are sized to achieve a target peak transient inter-story drift ratio of 1.5% and

2.0% for the BSE-1 and BSE-2 seismic hazard levels, respectively, and such that the average peak

element responses in the seven records is less than the limits required to achieve the Basic Safety

Objective (BSO) for the two seismic hazard levels. The element deformation limits are summarized

in Table 2.3. The “expected” realization of the foundation interactions is used for the design, but

the sensitivity of the solution is also checked using the “soft” and “stiff” realization. The two partial

brace retrofit schemes (RBR-3 and RBRB-3) are designed such that the lower braced portions of

the buildings conform to the BSO design criteria, but large beam rotations and beam-to-column

connection fractures are expected in the upper portions.

In the design phase, fracture susceptibility of pre-Northridge connections, column base plates,

and column splices are modeled assuming fiber fracture strains equal to the geometric means of

the probability functions described in Section 3.2, or as 3.5 times the yield strain for beam bottom

flange fibers and 8.0 times the yield strain for beam top flange fibers, and all column fibers of column

base plates and column splices. This is comparable to suggested modeling in ASCE Rehabilitation

of Existing Buildings [4] and FEMA State of the Art Report on Connection Performance [20].

Contributions of floor live loads to the seismic mass are omitted from the design process. The

weight of added structural members and column cover plates are calculated and added to the dead

loads. As designs are only carried out in the narrow dimension of the building, the weight of the

retrofit elements in the long dimension cannot be calculated. Instead, the added weight in the long

dimension is assumed to be the same as that calculated for the narrow dimension, and is added to the

dead load applied on the exterior columns of the lumped frames B and C. Analyses are performed

twice for different gravity loads, once for gravity loads taken as 1.1 times the sum of the dead loads

and 30% of the floor live loads, and again for gravity loads taken as 0.9 times the dead loads only.

Because the six brace retrofit schemes have comparable first mode periods, the same set of seven

ground motion records are used in their design, and for all six schemes, the same scaling factors are

needed to satisfy the ground motion scaling criteria prescribed in ASCE Rehabilitation of Existing
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Table 2.3: Summary of design deformation limits for the Life Safety (LS) and Collapse Prevention (CP)
performance levels [4].

Component/Action CP CP

Beams/Flexurea

a. b f
2t f
≤ 52√

Fye
and h

tw
≤ 418√

Fye
6θy 8θy

b. b f
2t f
≥ 65√

Fye
and h

tw
≥ 640√

Fye
2θy 3θy

c. Other Linear interpolation between the values on lines a and b for both flange slenderness
(first term) and web slenderness (second term) shall be performed, and the lower
resulting value shall be used.

Column/Flexureb

For P/PCL ≤ 0.2

a. b f
2t f
≤ 52√

Fye
and h

tw
≤ 300√

Fye
6θy 8θy

b. b f
2t f
≥ 65√

Fye
and h

tw
≥ 460√

Fye
2θy 3θy

c. Other Linear interpolation between the values on lines a and b for both flange slenderness
(first term) and web slenderness (second term) shall be performed, and the lower
resulting value shall be used.

For 0.2 ≤ P/PCL ≤ 0.5

a. b f
2t f
≤ 52√

Fye
and h

tw
≤ 260√

Fye
8(1− 5

3
P

PCL
)θy 11(1− 5

3
P

PCL
)θy

b. b f
2t f
≥ 65√

Fye
and h

tw
≥ 400√

Fye
0.5θy 0.8θy

c. Other Linear interpolation between the values on lines a and b for both flange slenderness
(first term) and web slenderness (second term) shall be performed, and the lower
resulting value shall be used.

For P/PCL ≥ 0.5 No yielding is allowed

Column Panel Zonesc 8θy 11θy

HSS Braces/Compressiond

a. Slender Kl
r ≥ 4.2

√
E

Fye
5∆c 7∆c

b. Stockye Kl
r ≤ 2.1

√
E

Fye
4∆c 6∆c

c. Other Linear interpolation between the values for slender and stock braces (after application
of all applicable modifiers) shall be used.

Braces/Tensionf 7∆T 9∆T
Pre-Northridge Connectionsg 0.0337-0.00086d 0.0284-0.00040d
Buckling-Restrained Braces Modeled strains in the yielding core need to be less than the maximum strains that

have been previously been demonstrated in experiments.

a Beams: θy =
ZFye lb
6EIb

b Columns: θy =
ZFye lc
6EIc

(
1− P

Pye

)
; PCL is the “lower-bound” critical axial loading.

c Panel Zones: θy =
τy
G

d ∆c is the axial deformation at expected buckling load.
e Section compactness: Where the brace section is noncompact according to Table B5.1 of AISC LRFD Specifications

[1], the acceptance criteria shall be multiplied by 0.5. For intermediate compactness conditions, the acceptance
criteria shall be multiplied by a value determined by linear interpolation between the seismically compact and the
noncompact cases.

f ∆T is the axial deformation at expected tensile yielding load.
g d is the beam depth.
* b f - width of beam/column flange; t f - thickness of beam/column flange; h - height of beam/column web; tw -

thickness of beam/column web; Fye - expected yield strength; Kl
r - slenderness ratio; l - length of beam/column

memeber; I - moment of inertia; E - Young’s modulus; τy - shear yield strength; G - shear modulus; P - member axial
load; Py - axial load at yield.
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Buildings [4]. The SRSS spectras of the set of seven ground motion records and corresponding

scaling factors are shown in Figure 2.9. The unscaled fault-normal component ground accelera-

tions, velocities, and displacements of the recorded ground motions used in the design are shown

in Figures 2.10 and 2.11. The seismic design weights, the design first mode periods, the average

peak base shears from the nonlinear analyses under the BSE-1 and BSE-2 earthquake hazard levels

(VBSE−1 and VBSE−2, respectively), the average peak inter-story drift ratios from the nonlinear anal-

yses under the BSE-1 and BSE-2 earthquake hazard levels (IDRBSE−1 and IDRBSE−2, respectively),

and the designed brace sizes are presented in Table 2.4. Elevation views of frames A of the retrofit

schemes showing the brace cross-sections and the locations and thicknesses of added column cover

plates are shown in Figures 2.12, 2.13 and 2.14.

Figure 2.9: Response spectra of the seven ground motion records selected for retrofit schemes RBR-1, RBR-
2, RBRB-1, and RBRB-2, scaled accordingly to fit to the BSE-2 seismic hazard level.
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Figure 2.10: Recorded ground motion accelerations, velocities, and displacements (fault-normal component)
used in the seismic design of retrofit schemes.
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Figure 2.11: Recorded ground motion accelerations, velocities, and displacements (fault-normal component)
used in the seismic design of retrofit schemes (continued).
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Figure 2.12: Elevation view of frames A of retrofit schemes RBR-1 and RBRB-1.
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Figure 2.13: Elevation view of frames A of retrofit schemes RBR-2 and RBRB-2.
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Chapter 3

Modeling Considerations

Building analyses are carried out with a planar frame analysis program developed at Caltech called

STEEL (also referred to as FRAME-2D). A brief summary that describes the capabilities and fea-

tures of the program is included herein. Details of the formulation can be found in [9] and [36].

Several studies have been conducted to validate the program. Challa and Hall [9] showed that

the behavior of a panel zone element which is used to model “joints” in STEEL agrees well with

experimental data from a moment-frame subassembly test. Hall et al. [36] demonstrated a good

aggreement with experimental data of a cantilever beam and a slender brace element under cyclic

loading. Krishnan [43] extended the planar program into three dimensions and showed that both

programs give similar results for a two dimensional moment-frame configuration, as well as good

agreement with experimental data. In Section 3.3 we demonstrate further the ability of the program

to model hysteretic buckling, postbuckling and tension yield of conventional brace elements. In sec-

tion 3.4 we demonstrate the ability of the program to model cyclic loading of buckling-restrained

brace elements.

3.1 Finite Element Modeling in STEEL

A finite element model in STEEL consists of a planar arrangement of beam, column (and brace)

elements that connect into panel zone elements (Figure 3.1). Columns attach to the top and bottom

of the panel zone, beams connect to the left and right sides of the panel zone, and brace elements

connect to the nearest corner of the panel zone.

Beam, column, and brace elements are divided into segments that are further discretized into

fibers within their cross-section (Figure 3.2). Associated with each fiber is a nonlinear hysteretic

stress-strain law. The hysteretic behavior is fully defined by a virgin backbone curve that consists
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Figure 3.1: (a) An example of a moment-frame retrofitted with brace elements in a chevron configuration.
(b) Idealization of the example braced frame in the mathematical modeling.

of a linear-elastic region, a yield plateau, a strain-hardening region, which is described by a cubic

ellipse, and a strain-softening region described by a continuation of the same cubic ellipse culmi-

nating in fiber rupture (Figure 3.3). Hysteresis loops similarly consist of linear segments and cubic

ellipses, and the hysteretic rules to define the cyclic response of each fiber are given by [8]. The

backbone curve is fully defined by six parameters: yield stress, σy; ultimate stress, σu; Young’s

modulus, E; strain at initiation of strain hardening, εsh; strain at ultimate stress, εu; and the tangent

modulus at initiation of strain hardening, Esh. Identical behavior is assumed in compression and

tension.

When oriented by their strong axis, beam members have two optional fibers to account for com-

posite action of the beam with the overlying floor slab. One fiber represents the steel deck and

takes the same material properties as the steel fibers of the beam cross-section, and one fiber repre-

sents the concrete slab (fibers nine and ten in Figure 3.2, respectively). The stress-strain behavior

of the concrete fiber is elastic-perfectly plastic in compression and elastic to cracking in tension

(Figure 3.4). The concrete behavior is defined by three parameters: compressive strength, σYC; ten-

sile strength, σFC; and Young’s modulus, EC. Once the tensile strength is reached and a crack has

formed, the fiber can no longer carry tension, but if the loading is reversed the crack can close and

carry compression. Residual stress, σRES, can be distributed over the cross-section as tensile stress

in the web-flange junction area, and as compressive stress in the mid-web and flange-tip areas. In

this study, σRES is taken as 41.4 MPa (6.0 ksi). Shear deformations of the segments are included.

The shear stiffness is assumed to be linear, and is based on the area of the plates in the plane of the

frame and the shear modulus of steel, G.



37

Eight segments are used for beam and column elements and seven segments are used for con-

ventional brace elements, as shown in Figure 3.5 (a) and (b), respectively. The segments are pro-

portioned such that shorter segments are used where plastic hinges occur. For beam and column

elements, plastic hinges are expected to form towards the ends of the element where they connect

into joints and where moments are the greatest. For conventional brace elements, plastic hinges

form at the mid-span subsequent to lateral buckling of the element. Hall et al. [36] found this

discretization to be sufficient to obtain close resemblance with experiments.

Three segments are used to model buckling-restrained brace elements, as shown in Figure 3.5

(c). Two segments are used to model the yielding core of the element, one shorter segment (about

254 mm long) to account for necking in the steel core towards the limit state of the element, and

another longer. One segment is used for the remainder of the element and is given a larger area. The

yielding core is assumed to occupy 70% of the brace length, and the cross-sectional area of the non-

yielding zone is assumed 4.125 times larger than that of the yielding core. The brace length is taken

as the distance between the points of panel zones that the brace element is connected to (Figure

3.1). This is comparable to the assumptions made by Sabelli et al. [63] and gives an effective brace

stiffness of about 1.5 times the stiffness of a brace assuming the cross-sectional area of the yielding

core between the center of the joints that the brace elements frame into. To prevent the element

from buckling out of plane, linear rotational springs of 100 times the elastic rotational stiffness of

the cross-section (EI) are attached to each interior segment node. Based on observations made when

modeling sub-assemblage experiments (Section 3.4), a slight modification of the hysteresis rules of

the steel fibers is made for buckling-restrained brace elements in that the unloading stiffness, which

is equal to the initial linear-elastic loading stiffness, is extended some beyond the zero stress axis to

produce fuller hysteresis loops.

Panel zone elements are used to model “joints”, i.e., where either beam (and brace) elements

frame into columns or brace elements frame into beams. The panel zone element is rectangular

in shape and deforms in shear. The shear strain in the panel zone is the difference between the

end rotation of the beams and the end rotation of the connected columns. Two connected beams

have the same end rotation, and similarly two connected columns have the same end rotation. The

hysteretic stress-strain law is given in panel zone moment, Mpz, and shear strain, γpz. The backbone

curve is linear up to 0.8 times the yield moment Mpz
y . Following the linear segment is a quadratic

ellipse that is tangent to the preceding linear segment and reaches zero slope at γ
pz
u = 100γ

pz
u

and Mpz
u = 2.35Mpz

y . Beyond γ
pz
u the backbone curve is flat and does not degrade (Figure 3.6).
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Figure 3.2: Fiber layout for beams and columns [33].

The hysteresis rules that define the cyclic response of a panel zone are similar to those of a steel

fiber. The panel zone shear stiffness is given by the product of the volume of the panel zone and

the shear modulus of steel, G. The yield moment is given by the product of the volume of the panel

zone and the steel shear strength, τy =
σy√

3
. The dimensions and material properties of the panel

zone elements are taken from the joining elements. Where beam (and brace) elements connect to

columns oriented by their strong axis the material properties are taken from the column, the width of

the panel zone is taken as the column depth, the height is taken as the larger depth of the connecting

beam, and the thickness is taken as the column web thickness. Panel zones are omitted if the column

is oriented by its weak axis. Panel zone doubler plates can be included. If included, the doubler

plate thickness is automatically increased such that the panel zone strength is 0.8 times the plastic

capacity of the connecting beams. In the absence of columns (for instance, where brace elements

frame into beams in a chevron brace configuration), material properties are taken from the beam,

the depth and height of the panel zone is taken as the beam depth, and the thickness is taken as the

beam web thickness.

Planar wall elements can be included at basement levels. The wall elements resist shear and

provide some axial stiffness to the beam and column members of the frame on the perimeter of
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(a) (b)

Figure 3.3: (a) A virgin backbone curve and (b) associated axial stress-strain hysteretic relation for steel
fibers [33].

Figure 3.4: Axial stress-strain hysteretic relation for concrete fibers [33].

the wall element. All features are assumed linearly elastic. The wall elements connect to the top

and bottom joint nodes of two adjacent columns. If wall elements are oriented perpendicular to the

modeled frames, only the vertical degrees of freedom of the top and bottom joint nodes of the two

adjacent columns are affected by the presence of the wall element.

Foundation interactions are modeled with bilinear translational springs. The behavior of the

foundation springs is defined by six parameters (Figure 3.7): vertical compressive strength, FYD;

vertical tensile strength, FYU; horizontal compressive and tensile strength, FYH; vertical spring

elastic stiffness, KV ; horizontal spring elastic stiffness, KH; and fraction of the elastic stiffness to

be used for post yield stiffness, α.

Program analysis starts with applying the gravity loads followed by the earthquake loading. The

Constant Average Acceleration method (Newmark’s method with γ = 0.50 and β = 0.25) is used

for time integration. Model coordinates, global coordinates at the junction of beams, columns, and
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Figure 3.5: Segment layouts for (a) beams and columns, (b) conventional braces, and (c) buckling-restrained
braces.

brace elements, and local coordinates in between segments of each element are updated during each

iteration of a single time step and the dynamic equations of equilibrium are solved in the deformed

configuration. This automatically accounts for local P− ∆ effects such as element buckling as well

as global P− ∆ effects.

Model damping can be provided through traditional mass and stiffness proportional Rayleigh

damping. Elastic-perfectly plastic viscous inter-story dampers can also be defined. As stated in

Section 2.1, in this study, viscous damping is taken as a small amount (0.5%) of stiffness propor-

tional damping at the fundamental mode plus a larger amount of inter-story damping. In this way,

unrealistically large damping forces encountered in the use of Rayleigh damping, as demonstrated

by Hall [35], are avoided.

Parallel modeled frames are constrained through connecting elements. A single connecting ele-

ment constrains the horizontal joint degrees of freedom of one floor of one frame and the horizontal

joint degrees of freedom of the same floor of another frame such that the average displacement of
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Figure 3.6: A virgin backbone curve for panel zone elements. The associated moment-shear strain hysteretic
relation for panel zones is similar to that of steel fibers [33].

Figure 3.7: Vertical load-deflection hysteretic relation for vertical foundation springs [33].

the nodes of the first frame is equal to that of the second frame.

3.2 Modeling of Connections

The analysis program employs a feature to reduce the area of individual fibers. It also includes a

feature to assign fracture strains to a group of fibers. These features are used to model both moment-

resisting and simple (non-moment-resisting) beam-to-column connections, beam-to-column con-

nection fractures, column base plate fractures, and column splice fractures.

The fiber fracture strains are assigned through fracture strain categories. For each fiber fracture

strain category, the segments and fibers within each segment that should adhere to the category

need to be specified along with a probabilistic distribution for fracture strains. The probabilistic

distribution consists of ten values for fracture strain, εF, as multiples of the yield strain, εy, which all
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have the same probability of being realized in a simulation. Then the fracture categories are assigned

to the desired elements. At the beginning of an analysis the program loops over all segments of all

elements and draws randomly from the pool of fracture strains values and assigns the drawn values

to all fibers of the same category in that segment.

A “simple” bolted shear tab connection is modeled by zeroing the areas of beam bottom and

top flange fibers in the two adjacent segments closest to the column face. In addition, the areas

of the web fibers are reduced by a factor of 0.3. This yields a connection stiffness comparable to

experimentally tested bolted shear tab connections (Table 5.12 in FEMA 355D [20]). The same area

reduction is applied to beam web fibers for moment-resisting beam-to-column connections, but the

full areas of bottom and top flange fibers are used.

To model fracture susceptibility of pre-Northridge beam-to-column connections, column base

plate connections and column splices, two probability distributions for fiber fracture strains, are

defined for use in the present study:

D1: εF/εy = 0.7, 1, 10, 50, 100 with likelihood of 20%, 40%, 20%, 10%, and 10%, respectively.

D2: εF/εy = 1, 10, and 100 with likelihood of 40%, 30%, and 30%, respectively.

For pre-Northridge beam-to-column connections, the distribution D1 is applied to beam top

flange fibers (fibers 1 through 4) and distribution D2 is applied to beam bottom flange fibers (fibers

5 through 8) of the segment closest to the column face. For column base plate fractures, distribution

D1 is applied to all fibers of the bottom most segment of all basement columns. For column splices,

distribution D1 is applied to all fibers of the fourth segment (from the bottom) of all columns at

every alternate story, or as shown in Figure 2.3. Hall found this fracture criteria to be consistent

with the experiences in the 1994 Northridge earthquake [34]. No fractures are permitted for braces

in the present study.

If all the fibers of a column splice fracture, the column is assumed incapable of carrying any

loads thereafter. The assumption is that the lateral offset of the story would be sufficient to bring

the web and flange plates out of alignment, and so the load carrying capacity would be dramati-

cally diminished. If all fibers of a beam-to-column connection fracture, however, the shear transfer

capacity is assumed to be retained. Also, for beam-to-column connections and partially fractured

column splices, a fractured fiber is capable of regaining contact and carry compression. Column

base plate connection fractures are treated in the same fashion as for beam-to-column connections.
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If all fibers of a segment rupture, the element that contains the segment is assumed incapable of

carrying any load thereafter.

3.3 Modeling of Conventional Brace Elements

The ability of STEEL to accurately capture buckling and post-buckling, tension yield, and hysteretic

effects of conventional brace elements is validated against data from cyclic load tests by Black et al.

[6] and Fell et al. [15, 16].

The Black et al. testing program was comprised of twenty-four steel struts with cross-sectional

shapes and slenderness ratios commonly encountered in practice. The tested structural shapes were

wide-flanges, double-angles, double-channels, and both thick and thin round and square tubes.

Eighteen specimens were pinned at both ends, and had slenderness rations of 40, 80, and 120,

while six specimens were pinned at one end and fixed at the other end, and had slenderness ratios

of 40 and 80. True pinned end-conditions were realized in these tests by employing clevis-pins and

clevises to allow free rotations at the brace ends in the plane of buckling. The Fell et al. testing pro-

gram tested a total of nineteen struts. Eight specimens were square tube sections, eight were round

tubes, and three specimens were wide-flanges. The slenderness ratios of the tube sections ranged

from 63 to 102. The slenderness ratios of the wide-flange specimens were 153 (all specimens had

the same cross-section and were of the same length of 3124.2 mm). Among the differences between

the two testing programs is that Fell et al. employed typical brace connections with the specimens

welded to gusset plates that were bolted to a movable constraint frame and a stationary reaction

block (as opposed to the ideal pinned (or fixed) end-conditions employed by Black et al.). The

brace connections are designed such that during buckling, a yield line forms in the gusset plates to

accommodate large rotations associated with lateral buckling of the braces. For the tube sections,

whose out-of-plane stiffness is substantially greater than the out-of-plane stiffness of the yielded

gusset plates, this effectively resulted in pinned end-conditions. However, for the wide flange sec-

tions, the connections provided some partial fixity.

Another important difference is that the specimens in the Black et al. testing program were

generally not loaded to failure (at least not documented), while Fell et al. carefully documented

onset of local buckling of the cross-section at mid-span of the specimens, initiation of fractures in

the cross-sections, and ultimately the complete failure of the specimens. In both testing programs

the specimens were subjected to cyclic quasi-statically applied loads simulating earthquake effects
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on braced frame structures in the axial direction only. A schematic view of the experimental set up

in the Black et al. testing program and the Fell et al. testing program with the brace connections

idealized as pinned end-conditions, as well as the computer model used for analysis, is shown in

Figure 3.8.

In this study, square hollow structural sections (HSS) or square tubes are employed in the retrofit

schemes. Therefore, validation efforts are mostly focused on this type of cross-section. Also, since

braces are assumed pinned, experiments that realized fixed end-conditions are of less interest. Four

struts from the Black et al. testing program are modeled: Strut 01, Strut 03, Strut 17, and Strut 18.

Strut 01 was a W8x20 wide-flange section with slenderness ratio of 120. Strut 03 was a W6x20

wide-flange section with slenderness ratio of 80. Strut 17 was a HSS4x4x1/4 square tube section

with slenderness ratio of 79. Strut 18 was a HSS4x4x1/2 square tube section with slenderness

ratio of 77. The material for the wide-flanges was specified as ASTM A36 steel, and ASTM A501

steel was specified for the square tube sections. Hall et al. [36] demonstrated good agreement for

Strut 03 and the results are reproduced here. Another five square tube sections from the Fell et al.

testing program (out of eight) are modeled as well. Two of the square tube sections were filled with

grout meant to delay local buckling and another specimen was reinforced at midspan and these are

precluded. Three out of the five modeled specimens were HSS4x4x1/4 square tube sections with

slenderness ratios of 81, and two were HSS4x4x3/8 square tube sections with slenderness ratios of

84. ASTM A500 Grade B steel was specified for all five specimens.

Material coupons were taken from the specimens and actual mechanical properties were mea-

sured in a standard tensile test. The measured material monotonic stress-strain curves are shown

in Figures 3.9, 3.10, 3.11, 3.12, and 3.14. Experiment specifications and measured properties are

summarized in Table 3.1.

As mentioned earlier in this chapter, brace elements are discretized using seven fiber segments.

The axial loads are applied at small eccentricities that are adjusted to realize the same buckling loads

as observed in the experiments (except for the HSS1-2 specimen, which was first loaded and yielded

in tension for which a buckling load of 110 kips was modeled, compared to a measured buckling

load of 119 kips). The material models were set to be similar to what was observed in the coupon

tests but then tuned to realize similar hysteretic features that were observed in the experiments. The

material model backbone curves used in modeling the Black et al. specimens are shown in Figure

3.13. The material model backbone curves used in modeling the Fell et al. specimens are shown

in Figure 3.14 (same figure that shows the measured mechanical properties). The model parameters
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Table 3.1: Experimental parameters of the modeled specimens from the Black et al. and Fell et al. testing
programs.

Test
Program

Specimen
Tag

Cross
Section

L A Imin KL/r Pcr σy σu εrup
(cm) (cm2) (cm4) (-) (kN) (MPa) (MPa) (-)

Black et al.

Strut 01 W8x20 381.00 37.51 383.76 119 423 289.6 481.3 0.28
Strut 03 W6x20 306.93 37.53 552.75 80 899 277.2 446.1 0.28
Strut 17 HSS4x4x1/4 304.80 24.19 367.43 78 547 397.1 457.8 0.13
Strut 18 HSS4x4x1/2 276.45 45.16 606.97 75 1210 565.4 565.4 0.12

Fell et al.

HSS1-1 HSS4x4x1/4 312.42 21.74 334.57 80 698 497.8 528.8 0.12
HSS1-2 HSS4x4x1/4 312.42 21.74 334.57 80 529 497.8 528.8 0.12
HSS1-3 HSS4x4x1/4 312.42 21.74 334.57 80 716 497.8 528.8 0.12
HSS2-1 HSS4x4x3/8 312.42 30.99 453.19 82 827 521.9 559.9 0.11
HSS2-2 HSS4x4x3/8 312.42 30.99 453.19 82 818 521.9 559.9 0.11

for all models are summarized in Table 3.2. Excellent agreement with experimental data is achieved

for all specimens using material backbone curves reasonably close to the measured mechanical

properties. Note that although local buckling is not modeled in STEEL, the models deteriorate at

similar points as the specimens in the Fell et al. testing program. The axial displacement histories

applied to the modeled specimens from the Black et al. testing program are shown in Figure 3.15.

Corresponding modeled and measured brace element responses are shown in Figures 3.16 and 3.17.

Displacement histories applied to the modeled Fell et al. specimens are shown in Figure 3.18, and

corresponding brace element responses (modeled and measured) are shown in Figures 3.19 and

3.20.

In the building analyses axial loads are applied to conventional brace elements at an eccentricity

of 4.3 mm (0.17 in). That yields similar initial buckling loads as predicted by equations E2-2 and

E2-3 in AISC Manual of Steel Construction [1] using a reduction factor, φ, of 0.85.

Stationary
Reaction Block

Movable
Constraint Frame

x(t)

L

Figure 3.8: A schematic view of the experimental set-up in the Black et al. testing program and the Fell
et al. testing program with the brace connections idealized as pinned end-conditions, and the
STEEL model used for analysis. The location where displacement loading protocols are applied
is implied by x(t).
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Table 3.2: STEEL model parameters of the modeled specimens from the Black et al. and Fell et al. testing
programs.

Test
Program

Specimen
Tag

σy σu E Esh εsh εu εrup ecc.
(MPa) (MPa) (GPa) (GPa) (-) (-) (-) (mm)

Black et al.

Strut 01 288.9 481.3 199.9 4.4 0.0160 0.1480 0.28 1.24e+00
Strut 03 314.9 457.8 199.9 4.0 0.0150 0.1475 0.28 3.28e-02
Strut 17 397.1 457.8 199.9 4.0 0.0120 0.0800 0.15 1.68e+00
Strut 18 561.9 565.4 199.9 4.0 0.0030 0.1000 0.20 1.22e+00

Fell et al.

HSS1-1 468.8 548.1 199.9 55.2 0.0035 0.0690 0.13 7.62e-03
HSS1-2 479.2 537.8 199.9 103.4 0.0025 0.0800 0.16 1.27e-07
HSS1-3 475.7 558.5 199.9 137.9 0.0024 0.0530 0.10 7.62e-03
HSS2-1 455.1 541.0 199.9 165.5 0.0023 0.1250 0.25 2.54e-01
HSS2-2 455.1 551.6 199.9 165.5 0.0023 0.1100 0.22 3.05e-01
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Figure 3.9: Measured material mechanical proper-
ties of coupons taken from Strut 01 of
the Black et al. testing program [6].

Figure 3.10: Measured material mechanical prop-
erties of coupons taken from Strut 03
of the Black et al. testing program [6].
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Figure 3.11: Measured material mechanical prop-
erties of coupons taken from Strut 17
of the Black et al. testing program [6].

Figure 3.12: Measured material mechanical prop-
erties of coupons taken from Strut 18
of the Black et al. testing program [6].
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Figure 3.13: Material models used in STEEL for modeling of the specimens from the Black et al. testing
program.
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Figure 3.14: Measured material mechanical properties and corresponding material models used in STEEL
for (a) the HSS1 specimens and (b) the HSS2 specimens of the Fell et al. testing program.
Four material coupons were sampled for each cross-section type. Two material coupons were
sampled from the corners of the cross-sections, and two material models were sampled from
the center of the walls of the cross-sections.
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Figure 3.15: Displacement loading histories applied axially to specimen (a) Strut 01, (b) Strut 03, (c) Strut
17, and (d) Strut 18 of the Black et al. testing program. Compression is negative.
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Figure 3.16: Measured and modeled brace axial displacement versus axial force responses of specimen (a)
Strut 01, (b) Strut 03, (c) Strut 17, and (d) Strut 18 of the Black et al. testing program.
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Figure 3.17: Measured and modeled brace lateral displacement versus axial force responses of specimen (a)
Strut 01, (b) Strut 03, (c) Strut 17, and (d) Strut 18 of the Black et al. testing program.
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Figure 3.18: Displacement loading histories applied axially to specimen (a) HSS1-1, (b) HSS1-2, (c) HSS1-
3, (d) HSS2-1, and (e) HSS2-2 of the Fell et al. testing program. Compression is negative.
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Figure 3.19: Measured and modeled brace axial displacement versus axial force responses of specimen (a)
HSS1-1, (b) HSS1-2, (c) HSS1-3, (d) HSS2-1, and (e) HSS2-2 of the Fell et al. testing program.
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Figure 3.20: Measured and modeled brace lateral displacement versus axial force responses of specimen (a)
HSS1-1, (b) HSS1-2, (c) HSS1-3, (d) HSS2-1, and (e) HSS2-2 of the Fell et al. testing program.
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3.4 Modeling of Buckling-Restrained Brace Elements

The different types of available buckling-restrained brace elements generally share the same con-

cept, i.e., a central portion of the brace element that has a smaller cross-sectional area compared to

the remainder of the element is restrained from lateral and local buckling by an external mechanism,

and is detailed such that the central yielding core can deform longitudinally independently from the

external mechanism. Modeling a buckling-restrained brace element, therefore, requires at least two

segments. In addition, to account for necking in the yielding core towards the limit state of the

element, the yielding core needs to be further discretized into one long segment and another short

segment with only a marginally smaller cross sectional area than the “long” segment.

A number of experiments have been performed on the different types of buckling-restrained el-

ements, including [5, 54, 55, 58]. Interestingly, compressive strength of buckling-restrained braces

has been reported to be greater than the tensile strength. This effect is commonly referred to as

compressive overstrength. Compressive overstrength has been reported as great as 20% [55]. In

STEEL the same material properties are assumed in compression and tension and the program is

therefore not capable of capturing this overstrength in compression. To compensate, both com-

pressive and tensile strength of the material can be increased such that the tensile strength of a

buckling-restrained brace is overshot by half the value of the compressive overstrength, and the

brace compressive strength is underpredicted by half the value of the compressive overstrength. In

this way, the modeled brace dissipates the same amount of energy in a complete loading cycle as an

actual buckling-restrained brace. Also, for a brace pair, as in a chevron bracing configuration, this

method accurately predicts the total lateral strength of the brace pair. However, the imbalance of

forces at beam mid-span where the brace elements connect to the beam is not accounted for.

To demonstrate the adequacy of these modeling assumptions, three buckling-restrained brace

sub-assemblage experiments by Newell el al. [58] and one by Merrit et al. [55] are modeled in

STEEL, and the modeled brace behavior is compared against experimental data.

Newell et al. tested two pairs of nominally identical buckling-restrained brace elements man-

ufactured by CoreBrace, LLC. The central yielding cores of the first pair of specimens (1G and

2G) were composed of flat plates of cross-sectional area of 77.4 cm2 (12.0 in2), but crusiform core

shapes of cross-sectional area of 174.2 cm2 (27.0 in2) were used for the second pair (3G and 4G).

The yielding cores of the specimens were confined in grout filled steel square tube sections. The

braces were spliced to gusset brackets with a steel connection plate that was welded to the brace core
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plate and bolted to the gusset bracket. Some slipping of bolts was experienced in the experiments.

Specimen 2G experienced problems with the core centering mechanism and showed “non-typical”

brace behavior and is therefore not modeled. The steel core of specimen 3G ruptured during the

experiment and that is not captured in the modeling. The rupture may have occurred due to fatigue,

which is not modeled in STEEL, or due to material defect. For instance, specimen 4G, which was

identical to specimen 3G, was loaded to greater strains without rupturing.

The Merrit et al. testing program tested eight specimens of varying capacity manufactured by

Star Seismic, LLC. All specimens were composed of flat yielding core plates confined in grout filled

steel square tube sections. The braces were pin-connected to gusset plates. The gusset plate was

thickened around the pin hole, but plastic elongation of the pin hole was still experienced.

In both testing programs, the specimens were subjected to cyclic quasi-statically applied loads

in both axial and transverse directions (to simulate rotational demands on the brace connections).

The experimental setup is similar to the schematic figure presented for conventional brace element

experiments (Figure 3.8), except that the moving end is put through a transverse displacement time-

history simultaneously with an axial displacement time-history. Axial deformations of the brace

specimens as well as axial deformations over the gusset plates, which the brace specimens were

connected to, were measured and peak displacements of each loading cycle were reported. Newell

et al. also presented hysteresis plots of brace specimen axial force versus brace deformation. Merrit

et al. presented similar plots, but generally plotted brace specimen axial force versus total deforma-

tion (gusset plate deformation plus brace deformation), except for specimen S7. For specimen S7,

hysteretic brace axial force versus brace deformations was presented as well. In the present study,

modeling of bolt slip or pin hole elongation is neglected, and therefore brace axial force versus brace

deformation responses are of most interest. Hence, specimen S7 is the only specimen modeled from

the Merrit et al. testing program.

ASTM A36 steel was specified for the yielding cores in both testing programs. Material coupons

were taken from the specimens and the actual mechanical properties were measured. The brace

specimen lengths, L, yielding core lengths, Lyc, and yielding core cross-sectional areas, Ayc, are

presented in Table 3.3, along with measured yield stresses, σy, ultimate stresses, σu, rupture strains,

εrup, and maximum compressive overstrength factors, β, realized in the experiments. The material

model constants used for the STEEL models are presented in Table 3.4. The ultimate strength,

σu, of the material models used in STEEL include considerations of compressive overstrength as

described previously.



57

Table 3.3: Experiment parameters of the modeled specimens from the Newell et al. and Merrit et al. testing
programs.

Test
Program

Specimen
Tag

L Lyc Ayc σy σu εrup β
(cm) (cm) (cm2) (MPa) (MPa) (-) (-)

Newell et
al.

1G 660.72 336.55 77.42 258.6 484.7 0.32 1.17
3G 635.48 366.87 174.19 258.6 484.7 0.32 1.10
4G 635.48 366.87 174.19 258.6 484.7 0.32 1.13

Merrit et al. S7 695.96 470.41 184.06 289.3 435.6 0.26 1.20

Table 3.4: STEEL material model parameters of the modeled specimens from the Newell et al. and Merrit et
al. testing programs.

Test
Program

Specimen
Tag

σy σu E Esh εsh εu εrup
(MPa) (MPa) (GPa) (GPa) (-) (-) (-)

Newell et al.
1G 258.6 546.1 199.9 13.8 0.0020 0.1600 0.32
3G 261.3 506.8 199.9 13.8 0.0020 0.1600 0.32
4G 261.3 511.6 199.9 13.8 0.0020 0.1600 0.32

Merrit et al. S7 289.6 477.8 199.9 13.8 0.0040 0.1320 0.26

The axial displacement histories applied to the modeled buckling-restrained brace specimens are

shown in Figure 3.21. Corresponding modeled and measured brace element responses are shown in

Figure 3.22. The modeled element responses show close agreement with the experiment.
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Figure 3.21: Displacement loading histories applied axially to specimen (a) 1G, (b) 3G, and (c) 4G of the
Newell et al. testing program, and (d) specimen S7 of the Merrit et al. testing program. Com-
pression is negative.
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Figure 3.22: Measured and modeled isolated brace displacement versus axial force responses of specimen
(a) 1G, (b) 3G, and (c) 4G of the Newell et al. testing program, and (d) specimen S7 of the
Merrit et al. testing program.
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Chapter 4

Ground Motions

The greater Los Angeles metropolitan area, which is the geographic focus of this study, is built in

a highly seismically active region. A complex network of faults surrounds, cuts through, and is

buried underneath the urban area. Some faults have surface expressions and are well mapped, such

as the San Andreas, Santa Monica-Hollywood-Raymond, and Newport-Inglewood faults. Other

blind-thrust faults are burried underneath the earth’s surface. such as the Puente Hills fault system

that lies underneath downtown Los Angeles and the Northridge fault that ruptured on January 17

1994 and caused 57 deaths and economic losses in excess of $40 billion [14, 60]. The San Andreas

fault has the potential of producing large (Mw ∼ 8) earthquakes, typically every 200-300 years

[67, 68]. Blind-thrust faults have the potential for more moderate (Mw ∼ 7) earthquakes [66], but

their proximity to heavily urbanized areas render them a major threat as well.

In this study we use simulated ground motions from three hypothetical earthquake scenarios

that cause strong shaking in the Los Angeles metropolitan area: motions from a simulated Mw 7.9

1857-like San Andreas fault earthquake produced by Krishnan et al. [46, 47, 44], motions from the

Mw 7.8 ShakeOut scenario earthquake on the San Andreas fault produced by Graves et al. [27, 26],

and motions from a simulated Mw 7.2 Puente Hills earthquake produced by Graves and Somerville

[25, 30]. In addition, the sets of synthetic ground motions are complemented with a collection of

recorded ground motion time histories from actual earthquakes that have occurred around the world.

The ground motions from the simulated scenario earthquakes all consist of three components:

an east-west (EW) component, a north-south (NS) component, and a vertical component. Each set

of recorded ground motions consists of a component normal to the fault rupture (fault-normal), a

component parallel to the fault rupture (fault-parallel), and all but one record, from the Superstition

Hills earthquake, includes a vertical component as well. Both EW and NS orientations of the planar

building models are considered in the simulated scenario earthquakes. The recorded ground motions
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from actual earthquakes are applied in incremental dynamic analyses of the building models. In the

incremental dynamic analyses, the fault-normal and vertical components (if available) are scaled by

scaling factors ranging from 0.6 to 2.0 with increments of 0.2. The scaled ground motion records

are then applied to the building models.

4.1 Mw 7.9 1857-Like San Andreas Fault Earthquake

This earthquake scenario is a computational re-creation of a Mw 7.9 earthquake that occurred on the

San Andreas fault in 1857. In the 1857 event, a rupture nucleated near Parkfield in Central California

and progressed 360 km south-east along the fault [69]. The computational recreation of this event

was first presented by Krishnan et al. [46, 47], and was later updated by Krishnan et al. [44] in order

to incorporate advances made to the Southern California Earthquake Center (SCEC) Community

Velocity Model, which is used in mathematically propagating the seismic waves through the earth

structure.

The earthquake source model used in the simulations was generated by mapping a source model

of the 2002 Mw 7.9 Denali earthquake that occurred on the Denali fault system, produced by Ji et al.

[40], onto the San Andreas fault with the rupture initiating at Parkfield. The 2002 Denali earthquake

initiated as a thrust event on the Susitna Glacier fault, but quickly transitioned into strike-slip mode

on the main Denali fault and propagated 218 km south-east along the Denali fault before jumping

onto the Totschunda fault, where the rupture continued in a strike-slip mode for another 76 km [13].

The Denali fault is geometrically similar to and has similar rupture mechanics (right lateral strike-

slip) as the San Andreas fault, which allows the mapping of this event onto the San Andreas fault

and it gives an earthquake scenario comparable to the 1857 event.

The seismic waves generated by the San Andreas fault source model are propagated through the

earth structure using a seismic wave propagation software called SPECFEM3D (V2.0 SESAME),

and ground motion time histories are produced at 636 geographic sites evenly distributed over the

greater Los Angeles metropolitan area. Each site represents an area of 10 km2. The SCEC Commu-

nity Velocity Model, version H11.9 [61], is used to characterize the earth structure and contains seis-

mic wave speeds, densities, topography, bathymetry, and attenuations. The methodology adopted

in SPECFEM3D is based on the spectral-element method [42, 72] and it has been shown, using

earlier versions of the SCEC Community Velocity Model, to accurately model basin responses up

to frequencies of approximately 0.5 Hz [41, 52]. A spectral-element mesh of the Southern Cal-
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ifornia region that is compatible with the SCEC Community Velocity model is created using an

advanced unstructured mesher, CUBIT, developed by Sandia National Laboratory [64] and adapted

as GeoCubit for large-scale geological applications [7]. The limitation on the frequency content of

the simulated ground motions is primarily due to insufficient resolution of the model of the seismic

wave speed structure of the earth for propagating high-frequency waves, and the higher frequency

waveforms need to be obtained differently. In this ground motion simulation, a variant of the classi-

cal Empirical Green’s Function (EGF) method presented by Mourhatch and Krishnan [56] is applied

at each of the 636 sites to produce high-frequency (0.5 - 5 Hz) ground motion waveforms. Then,

using a matching pair of low-pass and high-pass Butterworth filters, the two sets of ground motion

time histories are synthesized to give broadband (0 - 5 Hz) ground motion waveforms.

Amplification due to site-specific geology is not considered in the low-frequency portion of

the simulations. However, Krishnan et al. [46, 47] suggest that site amplification is likely to be

minimal for low-frequency (<0.5 Hz) waves, and consequently the effects on long-period (low-

frequency) structures such as the ones considered in this study are also likely to be minimal. As for

the high-frequency (0 - 5 Hz) portion of the simulations, the generated ground motion time histories

are basically constructed from real ground motions that are recorded at the ground surface at sites

reasonably close to the target site, and contain potential amplifications due to site-specific geology.

In Figure 4.1, a map of the greater Los Angeles metropolitan area is presented, showing the

locations of the 636 sites where ground motion time histories are generated and the building models

are analyzed. The relation of the study area to the 290 km hypothetical rupture of the San Andreas

fault is shown in the inset. Maps of peak ground acceleration (PGA), peak ground velocities (PGV),

and peak ground displacements (PGD) realized in the earthquake scenario are shown for EW and

NS directions in Figure 4.2. Peak ground velocities are in the range of 1-2 m/s in the San Fernando

Valley, 0.25-0.75 m/s in the Los Angeles basin, and 0.25-1 m/s in the San Gabriel Valley. Ground

acceleration, velocity, and displacement time-histories for four sites located near downtown Los

Angeles, Pasadena, Santa Monica, and Long Beach are shown in Figures 4.3 and 4.4.
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Figure 4.1: Geographic scope of the 1857-like scenario earthquake simulations. Black triangles represent
the 636 sites where ground motion time histories are generated and the building models are an-
alyzed. The color scheme reflects topography with green representing low elevation and yellow
representing high elevations. The red line in the inset shows the surface trace of the hypothetical
290 km rupture of the San Andreas fault. The nucleation point of the rupture is indicated by a
yellow star. In the inset, the extent of the greater Los Angeles metropolitan region, which is the
geographic focus of this study, is indicated by a blue rectangle.
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Figure 4.2: Peak ground accelerations (PGA), peak ground velocities (PGV), and peak ground displacements
(PGD) realized in the greater Los Angeles metropolitan area for the east-west and north-south
directions in the simulated 1857-like scenario earthquake.



64

−0.25

 0.00

 0.25

Los Angeles
East−West Component

A
cc

. (
g)

−1.00

 0.00

 1.00

V
el

. (
m

/s
)

0 25 50 75 100 125 150 175 200 225 250

−1.00

 0.00

 1.00

D
sp

. (
m

)

Time (sec)

−0.25

 0.00

 0.25

Pasadena
East−West Component

A
cc

. (
g)

−1.00

 0.00

 1.00

V
el

. (
m

/s
)

0 25 50 75 100 125 150 175 200 225 250

−1.00

 0.00

 1.00

D
sp

. (
m

)

Time (sec)

−0.25

 0.00

 0.25
North−South Component

A
cc

. (
g)

−1.00

 0.00

 1.00

V
el

. (
m

/s
)

0 25 50 75 100 125 150 175 200 225 250

−1.00

 0.00

 1.00

D
sp

. (
m

)

Time (sec)

−0.25

 0.00

 0.25
North−South Component

A
cc

. (
g)

−1.00

 0.00

 1.00

V
el

. (
m

/s
)

0 25 50 75 100 125 150 175 200 225 250

−1.00

 0.00

 1.00

D
sp

. (
m

)

Time (sec)

−0.25

 0.00

 0.25
Vertical Component

A
cc

. (
g)

−1.00

 0.00

 1.00

V
el

. (
m

/s
)

0 25 50 75 100 125 150 175 200 225 250

−1.00

 0.00

 1.00

D
sp

. (
m

)

Time (sec)

−0.25

 0.00

 0.25
Vertical Component

A
cc

. (
g)

−1.00

 0.00

 1.00

V
el

. (
m

/s
)

0 25 50 75 100 125 150 175 200 225 250

−1.00

 0.00

 1.00

D
sp

. (
m

)

Time (sec)

Figure 4.3: East-west, north-south, and vertical component ground acceleration, velocity, and displacement
time histories realized in Los Angeles and Pasadena in the 1857-like earthquake scenario.
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Figure 4.4: East-west, north-south, and vertical component ground acceleration, velocity, and displacement
time histories realized in Santa Monica and Long Beach in the 1857-like earthquake scenario.
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4.2 Mw 7.8 ShakeOut Scenario Earthquake on San Andreas Fault

The ShakeOut Scenario considers a Mw 7.8 earthquake on the southern part of the San Andreas

fault. The model of the earthquake source is described in [26]. It was developed through expert

discussion at multiple meetings and workshops, and is constrained by available geologic, geodetic,

paleoseismic, and seismological observations [26]. The rupture nucleates at Bombay Beach and

propagates 305 km north-west along the fault, and terminates at Lake Hughes near Palmdale, as

shown in the inset of Figure 4.5.

The ground motion simulations use a hybrid approach by Graves and Pitarka [28] and updated

by Graves and Pitarka [29] to produce broadband (0-10 Hz) three-component ground motions time

histories at 25,500 geographic sites covering a large portion of Southern California. In this study,

a subset of 784 sites evenly distributed over the greater Los Angeles metropolitan area is used for

building analyses. Each site represents an area of 8 km2. The hybrid approach is similar to the

1857-like scenario simulations. It combines a deterministic approach at long periods (T > 1 sec)

with a semi-stochastic approach at short periods (T < 1 sec). The calculations of the long period

part of the ground motions use a 3-D viscoelastic, finite difference algorithm [10, 24] with 3-D

velocity structure derived from the SCEC Community Velocity Model, version S4.0. The short

period part of the ground motions is obtained using a methodology that sums the response of each

subfault assuming a random phase, a wave-number squared source spectrum, and simplified Green’s

functions [28].

Amplification due to site-specific geology is considered through application of frequency-dependent,

nonlinear amplification factors based on VS30 [26]. VS30 is the travel-time-weighted shear speed in

the upper 30 m at a given site.

In Figure 4.5, a map of the greater Los Angeles metropolitan area is presented, showing the

locations of the subset of 784 sites from the ShakeOut earthquake scenario simulations considered in

this study, where ground motion time histories are generated and the building models are analyzed.

The relation of the study area to the 305 km hypothetical rupture of the San Andreas fault is shown in

the inset. Maps of peak ground acceleration (PGA), peak ground velocities (PGV), and peak ground

displacements (PGD) realized in the earthquake scenario are shown for EW and NS directions in

Figure 4.6. Peak ground velocities are in the range of 0-1 m/s in the San Fernando Valley, 0.6-1.5 m/s

in the Los Angeles basin, and 0.5-2.0 m/s in the San Gabriel Valley. Ground acceleration, velocity,

and displacement time-histories for four sites located near downtown Los Angeles, Pasadena, Santa
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Monica, and Long Beach are shown in Figures 4.7 and 4.8.
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Figure 4.5: Geographic scope of the subset of 784 sites from the ShakeOut scenario earthquake simulations
considered in this study. Black triangles represent the sites where ground motion time histories
are generated and the building models are analyzed. The color scheme reflects topography with
green representing low elevation and yellow representing high elevations. The red line in the
inset shows the surface trace of the hypothetical 305 km rupture of the San Andreas fault. The
nucleation point of the rupture is indicated by a yellow star. In the inset, the extent of the greater
Los Angeles metropolitan region, which is the geographic focus of this study, is indicated by a
blue rectangle.
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Figure 4.6: Peak ground accelerations (PGA), peak ground velocities (PGV), and peak ground displacements
(PGD) realized in the greater Los Angeles metropolitan area for the east-west and north-south
directions in the simulated ShakeOut scenario earthquake.
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Figure 4.7: East-west, north-south, and vertical component ground acceleration, velocity, and displacement
time histories realized in Los Angeles and Pasadena in the ShakeOut scenario earthquake.
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Figure 4.8: East-west, north-south, and vertical component ground acceleration, velocity, and displacement
time histories realized in Santa Monica and Long Beach in the ShakeOut scenario earthquake.
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4.3 Mw 7.2 Puente Hills Earthquake

The Puente Hills fault system lies directly beneath downtown Los Angeles. It is composed of three

segments: a northern segment, referred to as the Los Angeles segment, and two southern segments

(shown as one segment in Figure 4.9), referred to as the Santa Fe and Coyote hills segments. The

geometry and the slip rate of the system were mapped by Shaw et al. [65], and Dolan et al. [12]

identified four large (Mw 7.2-7.5) paleoearthquakes that had occurred on the fault system.

The Puente Hills earthquake simulations are based on the original parameterization presented by

Graves and Somerville [30], with the rupture details updated to be consistent with the methodology

of Graves and Pitarka [29]. Graves and Somerville considered three hypothetical earthquakes on

the Puente Hills fault system, and simulated broadband (0 - 10 Hz) ground motion time histories

over a uniform grid of 66,000 sites covering most of the greater Los Angeles metropolitan area.

The first scenario (R-1) considered a rupture on the Los Angeles segment only and resulted in a

magnitude Mw 6.7. The second scenario considered a rupture of the entire fault system resulting

in a magnitude Mw 7.2. The third scenario considered the same fault segments as R-2 but was

designed to represent a low dynamic stress drop event. It resulted in significantly lowered ground

motion levels while maintaining the same slip distribution and total moment.

In this study, we consider the second scenario (R-2) and a subset of 587 sites in the greater Los

Angeles metropolitan area. Each site represents an area of 9 km2. Similar to the ShakeOut scenario,

the ground motions simulations applied a hybrid procedure by Graves and Pitarka [28, 29]. It

combines a deterministic approach at long periods (T > 1 sec) with a semi-stochastic approach at

short periods (T < 1 sec). The calculations of the long period part of the ground motions use a

3-D viscoelastic, finite difference algorithm [10, 24] with 3-D velocity structure derived from the

SCEC Community Velocity Model,version S4.0. The short period part of the ground motions is

obtained using a methodology that sums the response of each subfault assuming a random phase, a

wave-number squared source spectrum, and simplified Green’s functions [28].

Amplification due to site-specific geology is considered through application of frequency-dependent,

nonlinear amplification factors based on VS30 [26]. VS30 is the travel-time-weighted shear speed in

the upper 30 m at a given site.

In Figure 4.9, a map of the greater Los Angeles metropolitan area is presented, showing the

locations of the subset of 587 sites from the Puente Hills earthquake scenario simulations consid-

ered in this study, where ground motion time histories are generated and the building models are
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analyzed. The extent of the Puente Hills fault system is indicated by red rectangles. Maps of peak

ground acceleration (PGA), peak ground velocities (PGV), and peak ground displacements (PGD)

realized in the earthquake scenario are shown for EW and NS directions in Figure 4.10. Peak ground

velocities are in the range of 0.25-0.75 m/s in the San Fernando Valley, 1-2 m/s in the Los Angeles

basin, and 0.5-2.0 m/s in the San Gabriel Valley. Ground acceleration, velocity, and displacement

time-histories for four sites located near downtown Los Angeles, Pasadena, Santa Monica, and Long

Beach are shown in Figures 4.11 and 4.12.
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Figure 4.9: Geographic scope of the subset of 587 sites from the Puente Hills earthquake scenario simula-
tions considered in this study. Black triangles represent sites where ground motion time histories
are generated and the building models are analyzed. The color scheme reflects topography with
green representing low elevation and yellow representing high elevations. The extent of the
Puente Hills fault system is indicated by red rectangles. The upper rectangle represents the Los
Angeles segment and the lower rectangle represents the Santa Fe and Coyote Hills segments.
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Figure 4.10: Peak ground accelerations (PGA), peak ground velocities (PGV), and peak ground displace-
ments (PGD) realized in the greater Los Angeles metropolitan area for the east-west and north-
south directions in the simulated earthquake scenario (R-2) on the Puente Hills fault system.
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Figure 4.11: East-west, north-south, and vertical component ground acceleration, velocity, and displacement
time histories realized in Los Angeles and Pasadena in the earthquake scenario on the Puente
Hills fault system.



75

−1.00

 0.00

 1.00

Santa Monica
East−West Component

A
cc

. (
g)

−1.00

 0.00

 1.00

V
el

. (
m

/s
)

0 10 20 30 40 50 60
−1.00

 0.00

 1.00

D
sp

. (
m

)

Time (sec)

−1.00

 0.00

 1.00

Long Beach
East−West Component

A
cc

. (
g)

−1.00

 0.00

 1.00

V
el

. (
m

/s
)

0 10 20 30 40 50 60
−1.00

 0.00

 1.00

D
sp

. (
m

)

Time (sec)

−1.00

 0.00

 1.00
North−South Component

A
cc

. (
g)

−1.00

 0.00

 1.00

V
el

. (
m

/s
)

0 10 20 30 40 50 60
−1.00

 0.00

 1.00

D
sp

. (
m

)

Time (sec)

−1.00

 0.00

 1.00
North−South Component

A
cc

. (
g)

−1.00

 0.00

 1.00

V
el

. (
m

/s
)

0 10 20 30 40 50 60
−1.00

 0.00

 1.00

D
sp

. (
m

)

Time (sec)

−1.00

 0.00

 1.00
Vertical Component

A
cc

. (
g)

−1.00

 0.00

 1.00

V
el

. (
m

/s
)

0 10 20 30 40 50 60
−1.00

 0.00

 1.00

D
sp

. (
m

)

Time (sec)

−1.00

 0.00

 1.00
Vertical Component

A
cc

. (
g)

−1.00

 0.00

 1.00

V
el

. (
m

/s
)

0 10 20 30 40 50 60
−1.00

 0.00

 1.00

D
sp

. (
m

)

Time (sec)

Figure 4.12: East-west, north-south, and vertical component ground acceleration, velocity, and displacement
time histories realized in Santa Monica and Long Beach in the earthquake scenario on the
Puente Hills fault system.
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4.4 Recorded Real Strong Ground Motions

A collection of twenty recorded ground motion time histories from eleven actual earthquakes is

applied in incremental analyses of the building models. Each ground motion record consists of

a fault-normal and a fault-parallel component, and all but one, the record from the Superstition

Hills earthquake, includes a vertical component as well. In the incremental analyses the fault-

normal and vertical components (if available) are scaled with scaling factors ranging from 0.6 to

2.0 with increments of 0.2. The scaled ground motion time histories are then applied to the building

models. The recorded ground motion time histories are listed in Table 4.1. Unscaled fault-normal

and vertical component ground acceleration, velocity and displacement time histories and associated

5% damped pseudo-acceleration response spectra are presented in Figures 4.13 through 4.21.

Table 4.1: List of the ground motion records from actual earthquakes applied to the building models in the
incremental dynamic analyses.

Event Location Year Moment Station/Record PGV*
FigureMagnitude (m/s)

Cape Mendocino CA, USA 1992 7.2 Petrolia 1.33 4.13

Chi-Chi Taiwan 1999 7.6

CWBC101 1.07 4.13
CWBT063 0.83 4.14
CWBT120 0.62 4.14
TCU052 1.83 4.15
TCU068 2.80 4.15

Denali AK, USA 2002 7.9 Pump Station #10 1.09 4.16

Imperial
Valley CA, USA 1979 6.5

El Centro Array #6 1.13 4.16
El Centro Array #7 1.13 4.17
Meloland Overpass 0.95 4.17

Kobe Japan 1995 6.9
JMA 1.07 4.18
Takatori 1.54 4.18

Landers CA, USA 1992 7.3 Lucern Valley 1.47 4.19
Loma
Prieta

CA, USA 1989 6.9
Lexington Dam 1.19 4.19
Los Gatos Presentation Center 1.05 4.20

Northridge CA, USA 1994 6.7
Rinaldi 1.63 4.20
Sylmar 1.32 4.21

San Fernando CA, USA 1971 6.6 Pacoima Dam 1.15 4.21
Superstition Hills CA, USA 1987 6.7 Superstition Mountain 1.12 4.22
Tabas (Iran) Iran 1978 7.4 Tabas 1.28 4.22
* Fault-normal component.
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Figure 4.13: Unscaled fault-normal and vertical component ground acceleration, velocity, and displacement
time histories and associated 5% damped pseudo-acceleration response spectra from the Cape
Mendocino earthquake, Petrolia station, and the Chi-Chi earthquake, CWBC101 station.
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Figure 4.14: Unscaled fault-normal and vertical component ground acceleration, velocity, and displacement
time histories and associated 5% damped pseudo-acceleration response spectra from the Chi-
Chi earthquake, CWBT063 and CWBT120 stations.
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Figure 4.15: Unscaled fault-normal and vertical component ground acceleration, velocity, and displacement
time histories and associated 5% damped pseudo-acceleration response spectra from the Chi-
Chi earthquake, TCU052 and TCU068 stations.
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Figure 4.16: Unscaled fault-normal and vertical component ground acceleration, velocity, and displacement
time histories and associated 5% damped pseudo-acceleration response spectra from the Denali
earthquake, PS #10 station, and the El Centro earthquake, Array #6 station.
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Figure 4.17: Unscaled fault-normal and vertical component ground acceleration, velocity, and displacement
time histories and associated 5% damped pseudo-acceleration response spectra from the El
Centro earthquake, Array #7 and Meloland Overpass stations.
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Figure 4.18: Unscaled fault-normal and vertical component ground acceleration, velocity, and displacement
time histories and associated 5% damped pseudo-acceleration response spectra from the Kobe
earthquake, JMA and Takatori stations.
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Figure 4.19: Unscaled fault-normal and vertical component ground acceleration, velocity, and displacement
time histories and associated 5% damped pseudo-acceleration response spectra from the Lan-
ders earthquake, Lucern Valley station, and the Loma Prieta earthquake, Lexington dam station.
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Figure 4.20: Unscaled fault-normal and vertical component ground acceleration, velocity, and displacement
time histories and associated 5% damped pseudo-acceleration response spectra from the Loma
Prieta earthquake, Los Gatos presentation center station, and the Northridge earthquake, Rinaldi
station.
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Figure 4.21: Unscaled fault-normal and vertical component ground acceleration, velocity, and displace-
ment time histories and associated 5% damped pseudo-acceleration response spectra from the
Northridge earthquake, Sylmar station, and the San Fernando earthquake, Pacoima Dam station.
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Figure 4.22: Unscaled fault-normal and vertical component ground acceleration, velocity, and displacement
time histories and associated 5% damped pseudo-acceleration response spectra from the Super-
stition Hills earthquake, Superstition Mountain station, and the Tabas (Iran) earthquake, Tabas
station.



87

Chapter 5

Results

All thirteen building models are analyzed for the ground motions described in the previous chapter.

Simulated building performance is cataloged into four performance categories: “immediate occu-

pancy”, “repairable”, “unrepairable”, and “collapse”. The distinction of the performance categories

is drawn from simulated residual inter-story drift ratio (IDR), residual building overall drift ratio

(ODR), and residual foundation rotation angle.

Inter-story drift ratio refers to the ratio of relative horizontal displacement of two adjacent floors

and the height of the story defined by the two floors. Building overall drift ratio refers to the ratio

of the horizontal roof displacement relative to the horizontal displacement at ground level and the

height of the building above ground. Foundation rotation angle is measured as the angle made

by the basement level walls and horizonal. The concrete walls at the basement level are rigid in

comparison to the upper structure and the foundation springs. As a result, they primarily rotate as a

rigid body as opposed to deforming in shear. Inter-story drift ratio and building overall drift ratio are

corrected for floor incline. Inclination at floor levels can result from either rotation of the foundation

or accumlated lengthening of columns in tension and shortening of columns in compression.

“Immediate occupancy” performance category is defined in FEMA 356 [17] as building perfor-

mance where residual drift is negligible and the structure retains its original strength and stiffness.

In the present work, “immediate occupancy” category is assumed if residual inter-story drift and

residual foundation rotation angle is less than 1
2000 .

The next concern is whether the simulated building responses would indicate structural damage

beyound economical repair. Iwata et al. [39] analyzed twelve steel frame buildings that suffered

damage in the 1995 Kobe earthquake in Japan and established limits on residual deformation beyond

which a building would not be repaired but demolished. In the study two sets of “repairability

limits” are presented: one based on whether rehabilitation could be achieved “without any difficult
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straightening repair construction or large-scale reinforcing construction” (if residual inter-story drift

ratio exceeds 1
71 , or if residual overall building drift exceeds 1

110 ), and the second based on direct and

indirect repair cost to the building owner (if residual inter-story drift ratio exceeds 1
90 , or if residual

overall building drift exceeds 1
200 ).

McCormick et al. [53] studied one occupied building at Kyoto University in Japan and per-

formed a review of previous research in Japan, including considerations of psychological and phys-

iological effects of residual drifts on occupants. They concluded that incline of floors or tilt of

vertical elements of 1
200 are generally perceivable by occupants, and occupants of a building experi-

ence dizziness and nausea as the incline or tilt approaches 1
100 .

In the present work a building model is deemed “unrepairable” if residual inter-story drift ratio

exceeds 1
71 , or if residual overall building drift exceeds 1

110 , or if foundation residual rotation angle

exceeds 1
200 . A building model is assumed “repairable” if residual deformations are in between

“immediate occupancy” and “unrepairable”. Finally, “collapse” is defined as the complete loss of

the lateral force-resisiting system. The performance categories are summarized in Table 5.1. This

grading scheme is similar to the methodology presented by Olsen et al. [59].

Table 5.1: Performance categories used to catalog simulated model performance, and associated limits on
selected model response parameters used to distinguish between them.

Performance Residual IDR Residual ODR Residual Foundation
Category Limit Limit Tilt Limit

Immediate Occcupancy
1

2000 N/A 1
2000

Repairable
1
71

1
110

1
200

Unrepairable
Collapse Complete loss of the lateral force-resisting system.

The results in the simulated scenario earthquakes (sections 5.1, 5.2, and 5.3) are presented

in three types of graphics: bar plots that summarize the number of simulations for each build-

ing model that resulted in the “repairable”, “unrepairable”, and “collapse” performance categories;

fragility plots that show the probability of the building models realizing the “repairable” perfor-

mance category or worse, the “unrepairable” performance category or worse, or model collapse,

given horizontal peak ground velocity; and maps that geographically show for each building model

the distribution of simulated performance categories in the greater Los Angeles metropolitan area.

The fragility plots are constructed by sorting the data into bins based on horizontal peak ground

velocities. For each bin, the fraction of the simulations that exceed a particular performance category
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is calculated. Then, a cumulative log-normal distribution function is fitted to the data by using

a method of least squares. In some instances, the data is not well represented by a cumulative

log-normal distribution function, and the calculated fractions of the simulations that exceeded that

particular performance category are plotted instead, with the data points alligned at the median

velocity of each bin.

The results in the incremental dynamic analyses using recorded ground motions from actual

earthquakes (section 5.4) are presented in two types of graphics: bar plots that summarize the

number of simulations for each building model that resulted in the “repairable”, “unrepairable”,

and “collapse” performance categories; and in table-figures that show the simualted performance

cateogries for each of the ground motion records and the range of applied ground motion scaling

factors.

In Section 5.5 the data is gathered from all three simulated scenario earthquakes, and from

the incremental dynamic analyses using recorded ground motions from actual earthquakes, and the

number of simulations that resulted in “repairable”, “unrepairable”, and “collapse” performance cat-

egories for each building model are summarized in bar plots. Also, the data from all three simulated

earthquake scenarios is used to construct fragility plots that show the probability of the building

models realizing the “repairable” performance category or worse, the “unrepairable” performance

category or worse, or model collapse, given horizontal peak ground velocity.

In Section 5.6 the most frequently observed collapse mechanisms in the builing models are

described.

Some simulations failed to converge before showing a clear sign of model collapse. Those

simulations are labeled as “non-convergent”, and are presented where they occur. In addition, the

“non-convergent” simulations are removed from the dataset before fragility plots are constructed.
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5.1 Building Performance: Mw 7.9 1857-Like San Andreas Fault Earth-

quake

The results in the simulated 1857-like San Andreas fault earthquake scenario are presented in three

types of graphics. The number of simulations that resulted in the “repairable”, “unrepairable”,

and “collapse” performance categories is summarized in Figure 5.1. Fragility plots that show the

probability of the building models realizing “repairable” performance category or worse, “unre-

pairable” performance category or worse, or model collapse, given horizontal peak ground velocity

are presented in Figures 5.2, 5.3, and 5.4, respectively. Finally, maps that geographically show the

distribution of simulated performance categories in the greater Los Angeles metropolitan area for

each building model are presented in Figures 5.5 to 5.17 as follows:

Figure: Figure:

Base Line Model 5.5 RBR-1 5.12

RMF-1h 5.6 RBR-2 5.13

RMF-1 5.7 RBR-3 5.14

RMF-2h 5.8 RBRB-1 5.15

RMF-2 5.9 RBRB-2 5.16

RMF-3h 5.10 RBRB-3 5.17

RMF-3 5.11

When employing the “expected” foundation model, the base line model is simulated to collapse

at 226 sites (out of 636) when the building model is oriented in the east-west direction and at 200

sites when oriented in north-south. Each site represents an area of 10 km2. A majority of these sites

are located in the San Fernando Valley and to the east of the San Fernando Valley, but model collapse

is also simulated at a number of sites near Santa Monica and throughout the Los Angeles and San

Gabriel basins. Furthermore, complete economic loss (“unrepairable” or “collapse” performance

categories) of the base line model is simulated at 278 sites when the building model is oriented in

the east-west direction, and at 252 sites when oriented in north-south.

Retrofit schemes RBR-2, RBRB-1, and RBRB-2 achieve the greatest reduction in number of

simulated collapses, or to a range of 68-75 sites when the building models are oriented in the east-

west direction and to only a few sites (1-4) when oriented in north-south. Retrofit scheme RBR-

1 is simulated to collapse at a slightly greater number of sites. Scheme RBR-1 is observed to
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localize deformations in a few stories just above the 8th story, or where the bracing configuration

is tapered. In contrast, schemes RBR-2, RBRB-1, and RBRB-2 deform more uniformly over the

height, resulting in better performance.

As for complete economic losses, scheme RBR-2 performs best, with complete economic losses

being simulated at 115 sites when the building model is oriented in the east-west direction, and at

42 sites when oriented in north-south. Complete economic losses of schemes RBR-1, RBRB-1,

and RBRB-2 are simulated at a total (both orientations) of 184-194 sites. It appears that braced-

frames that employ buckling-restrained braces tend to have greater residual drifts. However, the

buckling-restrained braces are likely to store significant residual forces, and the residual drifts may

be recovered to some extent by replacing the deformed braces. Conventional brace elements are not

expected to store residual forces to the same degree.

Out of the retrofit schemes that consider retrofitting the brittle beam-to-column moment resisting

connections (RMF schemes), scheme RMF-3 performs best, with model collapse being simulated

at 130 sites when the building model is oriented in the east-west direction, and at 81 sites when

oriented in north-south. Furthermore, complete economic loss of the building model is simulated

at 155 sites when it is oriented in the east-west direction, and at 113 sites when oriented in north-

south. Interestingly, schemes RMF-2h and RMF-2 are simulated to collapse at a total number of

sites (both orientations) comparable to scheme RMF-3, but complete economic loss of the building

models is simulated at around 300 sites in total. Model collapse and complete economic loss of

scheme RMF-3h is simulated at total (both orientations) of 264 and 337 sites, respectively.

These results suggest that at a certain point, upgrading additional beam-to-column connections

will result in minimal additional improvement in performance.

The two retrofit schemes that implement brace elements in the lower half of the building model

while leaving the upper half unaltered (schemes RBR-3 and RBRB-3) are somewhat successful

in that the schemes are more effective in limiting deformations in the lower half of the building

model, compared to the moment-frame half-height retrofit schemes (RMF-1h, RMF-2h, and RMF-

3h), and thus reduce to a greater extent global P-delta overturning moments. However, the resulting

structures are stiffer than the moment-frame configurations and consequently attract larger seismic

forces, which often results in excessive drifts in the upper half. A retrofit scheme that implements

brace elements in the lower half of the building model in conjunction with upgrading beam-to-

column moment connections in the upper half may present some additional improvement in building
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performance while keeping architectural impact low. Retrofit schemes RBR-3 and RBRB-3 are

simulated to collapse at a total (both orientations) of 275 and 247 sites, respectively, and complete

economic loss of the building models is simulated at a total (both orientations) of 348 and 336 sites,

respectively.

From the fragility curves constructed from the data, the simulated building performances can be

related to horizontal peak ground velocities (PGV). For instance, the base line model realizes a 20%

chance of simulated collapse at PGV of around 0.6 m/s. In comparison, a 20% chance of simulated

collapse is realized at PGV around 1.6 m/s for retrofit schemes RBR-2, RBRB-1, and RBRB-2, and

at PGV just shy of 1 m/s for schemes RMF-2h, RMF-2, and RMF-3.

The horizontal peak ground velocities at which the building models realize a 20% chance of sim-

ulated “repairable” performance category or worse, “unrepairable” performance category or worse,

and model collapse are summarized in Table 5.2.

The “expected” and “stiff” foundation models resulted in very similar building performances.

When employing the “stiff” foundation model, foundation reactions were in the elastic range for

all building models. When employing the “expected” foundation model, foundation reactions were

in the elastic range for all but two building models. Yielding of the foundation springs was ob-

served for retrofit scheme RBR-1 and more noticeably for scheme RBR-2, with residual foundation

rotations up to around 1%. When employing the “soft” foundation model, unfortunately, some sim-

ulations for schemes RBR-1, RBR-2, and RBRB-2 failed to converge before showing a clear sign of

collapse, which prevents a just comparison of the building models. It can still be seen that employ-

ing the “soft” (and weak) foundation model has little impact on the collapse potential of the building

models. Also, the capacities of the soft and weak foundation springs were frequently exceeded in

all building models at only moderate levels of seismicity. As a result, all building models realized

similar potential for exceeding the “immediate occupancy” foundation residual rotation limit, and

only moderate reduction in number of simulated complete economic losses of the building models is

observed for the retrofit schemes. However, the foundations were never simulated to loose stability,

although residual foundation rotations were observed to be as large as 10%.
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Figure 5.1: Summary of the number of simulations that resulted in the “repairable”, “unrepairable”, and “col-
lapse” performance categories in the Mw 7.9 1857-like San Andreas fault earthquake scenario,
assuming the “soft” (top figure), “expected” (middle figure), and “stiff” (bottom figure) foun-
dation spring stiffnesses. The total number of simulations carried out for each building model,
for each assumption on foundation spring stiffnesses, is 1272. Some simulations for retrofit
schemes RBR-1, RBR-2, and RBRB-2, assuming the “soft” foundation spring stiffnesses, failed
to converge before showing a clear sign of model collapse. These simulations are labeled as
“non-convergent” and are removed from the data sets before constructing associated fragility
curves.
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Figure 5.2: Fragility curves showing the probability of the building models realizing the “repairable” per-
formance category or worse, given horizontal peak ground velocity in the Mw 7.9 1857-like San
Andreas fault earthquake scenario, assuming the “soft” (top figure), “expected” (middle figure),
and “stiff” (bottom figure) foundation spring stiffnesses.
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Figure 5.3: Fragility curves showing the probability of the building models realizing the “unrepairable” per-
formance category or worse, given horizontal peak ground velocity in the Mw 7.9 1857-like San
Andreas fault earthquake scenario, assuming the “soft” (top figure), “expected” (middle figure),
and “stiff” (bottom figure) foundation spring stiffnesses.
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Figure 5.4: Fragility curves showing the probability of the building models realizing model collapse, given
horizontal peak ground velocity in the Mw 7.9 1857-like San Andreas fault earthquake scenario,
assuming the “soft” (top figure), “expected” (middle figure), and “stiff” (bottom figure) founda-
tion spring stiffnesses.
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Figure 5.5: Maps of simulated building performance of the Base Line Model in the Mw 7.9 1857-like sce-
nario earthquake on the San Andreas fault oriented in east-west (EW) direction (left column) and
north-south (NS) direction (right column). The maps in the top row show the model performance
using the “soft” realization of the foundations, the maps in the center row show model perfor-
mance using the “expected” realization of the foundations, and the maps in the bottom row show
the model performance using the “stiff” realization of the foundations. The small circles show
the simulated building performance at each site. A nearest neighbor method is used to interpolate
the building performance between sites.
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Figure 5.6: Maps of simulated building performance of retrofit scheme RMF-1h in the Mw 7.9 1857-like
scenario earthquake on the San Andreas fault oriented in east-west (EW) direction (left column)
and north-south (NS) direction (right column). The maps in the top row show the model perfor-
mance using the “soft” realization of the foundations, the maps in the center row show model
performance using the “expected” realization of the foundations, and the maps in the bottom row
show the model performance using the “stiff” realization of the foundations. The small circles
show the simulated building performance at each site. A nearest neighbor method is used to
interpolate the building performance between sites.
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Figure 5.7: Maps of simulated building performance of retrofit scheme RMF-1 in the Mw 7.9 1857-like sce-
nario earthquake on the San Andreas fault oriented in east-west (EW) direction (left column) and
north-south (NS) direction (right column). The maps in the top row show the model performance
using the “soft” realization of the foundations, the maps in the center row show model perfor-
mance using the “expected” realization of the foundations, and the maps in the bottom row show
the model performance using the “stiff” realization of the foundations. The small circles show
the simulated building performance at each site. A nearest neighbor method is used to interpolate
the building performance between sites.
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Figure 5.8: Maps of simulated building performance of retrofit scheme RMF-2h in the Mw 7.9 1857-like
scenario earthquake on the San Andreas fault oriented in east-west (EW) direction (left column)
and north-south (NS) direction (right column). The maps in the top row show the model perfor-
mance using the “soft” realization of the foundations, the maps in the center row show model
performance using the “expected” realization of the foundations, and the maps in the bottom row
show the model performance using the “stiff” realization of the foundations. The small circles
show the simulated building performance at each site. A nearest neighbor method is used to
interpolate the building performance between sites.



102

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

Anaheim

Azusa
Baldwin Park

Beverly Hills

Brea

Burbank
Canoga Park

Compton

El Segundo

Encino
Hollywood

Huntington Beach

Irvine

La Canada

La Puente

Long Beach

Los Angeles

Malibu

Northridge

Norwalk

Pasadena

Point Dume

San Fernando

Santa Ana

Santa Monica

Simi Valley

Thousand Oaks

Torrance

Whittier

Immediate Occupancy

Repairable

Unrepairable

Collapsed

RMF−2, Foundation Model: Soft, EW Orientation

Building Performance:

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

Anaheim

Azusa
Baldwin Park

Beverly Hills

Brea

Burbank
Canoga Park

Compton

El Segundo

Encino
Hollywood

Huntington Beach

Irvine

La Canada

La Puente

Long Beach

Los Angeles

Malibu

Northridge

Norwalk

Pasadena

Point Dume

San Fernando

Santa Ana

Santa Monica

Simi Valley

Thousand Oaks

Torrance

Whittier

Immediate Occupancy

Repairable

Unrepairable

Collapsed

RMF−2, Foundation Model: Soft, NS Orientation

Building Performance:

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

Anaheim

Azusa
Baldwin Park

Beverly Hills

Brea

Burbank
Canoga Park

Compton

El Segundo

Encino
Hollywood

Huntington Beach

Irvine

La Canada

La Puente

Long Beach

Los Angeles

Malibu

Northridge

Norwalk

Pasadena

Point Dume

San Fernando

Santa Ana

Santa Monica

Simi Valley

Thousand Oaks

Torrance

Whittier

Immediate Occupancy

Repairable

Unrepairable

Collapsed

RMF−2, Foundation Model: Expected, EW Orientation

Building Performance:

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

Anaheim

Azusa
Baldwin Park

Beverly Hills

Brea

Burbank
Canoga Park

Compton

El Segundo

Encino
Hollywood

Huntington Beach

Irvine

La Canada

La Puente

Long Beach

Los Angeles

Malibu

Northridge

Norwalk

Pasadena

Point Dume

San Fernando

Santa Ana

Santa Monica

Simi Valley

Thousand Oaks

Torrance

Whittier

Immediate Occupancy

Repairable

Unrepairable

Collapsed

RMF−2, Foundation Model: Expected, NS Orientation

Building Performance:

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

Anaheim

Azusa
Baldwin Park

Beverly Hills

Brea

Burbank
Canoga Park

Compton

El Segundo

Encino
Hollywood

Huntington Beach

Irvine

La Canada

La Puente

Long Beach

Los Angeles

Malibu

Northridge

Norwalk

Pasadena

Point Dume

San Fernando

Santa Ana

Santa Monica

Simi Valley

Thousand Oaks

Torrance

Whittier

Immediate Occupancy

Repairable

Unrepairable

Collapsed

RMF−2, Foundation Model: Stiff, EW Orientation

Building Performance:

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

Anaheim

Azusa
Baldwin Park

Beverly Hills

Brea

Burbank
Canoga Park

Compton

El Segundo

Encino
Hollywood

Huntington Beach

Irvine

La Canada

La Puente

Long Beach

Los Angeles

Malibu

Northridge

Norwalk

Pasadena

Point Dume

San Fernando

Santa Ana

Santa Monica

Simi Valley

Thousand Oaks

Torrance

Whittier

Immediate Occupancy

Repairable

Unrepairable

Collapsed

RMF−2, Foundation Model: Stiff, NS Orientation

Building Performance:

Figure 5.9: Maps of simulated building performance of retrofit scheme RMF-2 in the Mw 7.9 1857-like sce-
nario earthquake on the San Andreas fault oriented in east-west (EW) direction (left column) and
north-south (NS) direction (right column). The maps in the top row show the model performance
using the “soft” realization of the foundations, the maps in the center row show model perfor-
mance using the “expected” realization of the foundations, and the maps in the bottom row show
the model performance using the “stiff” realization of the foundations. The small circles show
the simulated building performance at each site. A nearest neighbor method is used to interpolate
the building performance between sites.
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Figure 5.10: Maps of simulated building performance of retrofit scheme RMF-3h in the Mw 7.9 1857-like
scenario earthquake on the San Andreas fault oriented in east-west (EW) direction (left col-
umn) and north-south (NS) direction (right column). The maps in the top row show the model
performance using the “soft” realization of the foundations, the maps in the center row show
model performance using the “expected” realization of the foundations, and the maps in the
bottom row show the model performance using the “stiff” realization of the foundations. The
small circles show the simulated building performance at each site. A nearest neighbor method
is used to interpolate the building performance between sites.
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Figure 5.11: Maps of simulated building performance of retrofit scheme RMF-3 in the Mw 7.9 1857-like
scenario earthquake on the San Andreas fault oriented in east-west (EW) direction (left col-
umn) and north-south (NS) direction (right column). The maps in the top row show the model
performance using the “soft” realization of the foundations, the maps in the center row show
model performance using the “expected” realization of the foundations, and the maps in the
bottom row show the model performance using the “stiff” realization of the foundations. The
small circles show the simulated building performance at each site. A nearest neighbor method
is used to interpolate the building performance between sites.
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Figure 5.12: Maps of simulated building performance of retrofit scheme RBR-1 in the Mw 7.9 1857-like sce-
nario earthquake on the San Andreas fault oriented in east-west (EW) direction (left column)
and north-south (NS) direction (right column). The maps in the top row show the model perfor-
mance using the “soft” realization of the foundations, the maps in the center row show model
performance using the “expected” realization of the foundations, and the maps in the bottom
row show the model performance using the “stiff” realization of the foundations. The small
circles show the simulated building performance at each site. Sites where simulations failed to
converge before showing a clear sign of model collapse are shown as small black circles. A
nearest neighbor method is used to interpolate the building performance between sites.
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Figure 5.13: Maps of simulated building performance of retrofit scheme RBR-2 in the Mw 7.9 1857-like sce-
nario earthquake on the San Andreas fault oriented in east-west (EW) direction (left column)
and north-south (NS) direction (right column). The maps in the top row show the model perfor-
mance using the “soft” realization of the foundations, the maps in the center row show model
performance using the “expected” realization of the foundations, and the maps in the bottom
row show the model performance using the “stiff” realization of the foundations. The small
circles show the simulated building performance at each site. Sites where simulations failed to
converge before showing a clear sign of model collapse are shown as small black circles. A
nearest neighbor method is used to interpolate the building performance between sites.
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Figure 5.14: Maps of simulated building performance of retrofit scheme RBR-3 in the Mw 7.9 1857-like
scenario earthquake on the San Andreas fault oriented in east-west (EW) direction (left col-
umn) and north-south (NS) direction (right column). The maps in the top row show the model
performance using the “soft” realization of the foundations, the maps in the center row show
model performance using the “expected” realization of the foundations, and the maps in the
bottom row show the model performance using the “stiff” realization of the foundations. The
small circles show the simulated building performance at each site. A nearest neighbor method
is used to interpolate the building performance between sites.
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Figure 5.15: Maps of simulated building performance of retrofit scheme RBRB-1 in the Mw 7.9 1857-like
scenario earthquake on the San Andreas fault oriented in east-west (EW) direction (left col-
umn) and north-south (NS) direction (right column). The maps in the top row show the model
performance using the “soft” realization of the foundations, the maps in the center row show
model performance using the “expected” realization of the foundations, and the maps in the
bottom row show the model performance using the “stiff” realization of the foundations. The
small circles show the simulated building performance at each site. A nearest neighbor method
is used to interpolate the building performance between sites.
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Figure 5.16: Maps of simulated building performance of retrofit scheme RBRB-2 in the Mw 7.9 1857-like
scenario earthquake on the San Andreas fault oriented in east-west (EW) direction (left column)
and north-south (NS) direction (right column). The maps in the top row show the model perfor-
mance using the “soft” realization of the foundations, the maps in the center row show model
performance using the “expected” realization of the foundations, and the maps in the bottom
row show the model performance using the “stiff” realization of the foundations. The small
circles show the simulated building performance at each site. Sites where simulations failed to
converge before showing a clear sign of model collapse are shown as small black circles. A
nearest neighbor method is used to interpolate the building performance between sites.
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Figure 5.17: Maps of simulated building performance of retrofit scheme RBRB-3 in the Mw 7.9 1857-like
scenario earthquake on the San Andreas fault oriented in east-west (EW) direction (left col-
umn) and north-south (NS) direction (right column). The maps in the top row show the model
performance using the “soft” realization of the foundations, the maps in the center row show
model performance using the “expected” realization of the foundations, and the maps in the
bottom row show the model performance using the “stiff” realization of the foundations. The
small circles show the simulated building performance at each site. A nearest neighbor method
is used to interpolate the building performance between sites.
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5.2 Building Performance: Mw 7.8 ShakeOut Scenario Earthquake on

San Andreas Fault

Results in the ShakeOut scenario earthquake on the San Andreas fault are presented in a simi-

lar fashion as the results in the 1857-like San Andreas fault earthquake scenario. The number of

simulations per building model that resulted in the “repairable”, “unrepairable”, and “collapse” per-

formance categories are summarized in Figure 5.18. Fragility plots that show the probability of the

building models realizing “repairable” performance category or worse, “unrepairable” performance

category or worse, or model collapse, given horizontal peak ground velocity, are presented in Fig-

ures 5.19, 5.20, and 5.21, respectively. Finally, maps that geographically show the distribution of

simulated performance categories in the greater Los Angeles metropolitan area for each building

model are presented in Figures 5.22 to 5.34 as follows:

Figure: Figure:

Base Line Model 5.22 RBR-1 5.29

RMF-1h 5.23 RBR-2 5.30

RMF-1 5.24 RBR-3 5.31

RMF-2h 5.25 RBRB-1 5.32

RMF-2 5.26 RBRB-2 5.33

RMF-3h 5.27 RBRB-3 5.34

RMF-3 5.28

The results in the ShakeOut scenario earthquake on the San Andreas fault show similar trends

to what was observed in the simulated 1857-like San Andreas fault earthquake scenario.

When employing the “expected” foundation model, the base line model is simulated to collapse

at 134 sites (out of 784) when the building model is oriented in the east-west direction and at 140

sites when oriented in north-south. Each site represents an area of 8 km2. These sites cover a large

portion of the Los Angeles and San Gabriel basins, and model collapse is also simulated in the near

region of Santa Monica as well as in the San Fernando basin. Furthermore, complete economic loss

(“unrepairable” or “collapse” performance categories) of the base line model is simulated at 219

sites when the building model is oriented in the east-west direction, and at 274 sites when oriented

in north-south.
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Retrofit schemes RBR-2, RBRB-1, and RBRB-2 achieve the greatest reduction in number of

simulated collapses, or to a range of 0-6 sites when the building models are oriented in either east-

west or north-south directions. Retrofit scheme RBR-1 is simulated to collapse at a slightly greater

number of sites, or at a total (both orientations) of 22 sites. As was observed in the 1857-like San

Andreas fault earthquake, scheme RBR-1 is observed to localize deformations in a few stories just

above the 8th story, or where the bracing configuration is tapered. In contrast, schemes RBR-2,

RBRB-1, and RBRB-2 deform more uniformly over the height, resulting in better performance.

As for complete economic losses, scheme RBR-2 performs best, with complete economic losses

being simulated at 35-37 sites when the building model is oriented in either east-west or north-south

directions. Complete economic losses of schemes RBR-1, RBRB-1, and RBRB-2 are simulated at

a total (both orientations) of 93-104 sites. As was mentioned in the previous section, it appears that

braced-frames that employ buckling-restrained braces tend to have greater residual drifts. However,

the buckling-restrained braces are likely to store significant residual forces, and the residual drifts

may be recovered to some extent by replacing the deformed braces. Conventional brace elements

are not expected to store residual forces to the same degree.

Out of the retrofit schemes that consider retrofitting the brittle beam-to-column moment resisting

connections (RMF schemes), scheme RMF-3 is simulated to collapse at 59 sites when the building

model is oriented in the east-west direction, and at 74 sites when oriented in north-south. Further-

more, complete economic loss of the building model is simulated at 110 sites when it is oriented in

the east-west direction, and at 152 sites when oriented in north-south. Interestingly, scheme RMF-

2h is simulated to collapse at fewer sites, or at 58 sites when the building model is oriented in the

east-west direction and at 54 sites when oriented in north-south. However, complete economic loss

of scheme RMF-2h is simulated at 137 sites when the building model is oriented in the east-west

direction, and at 159 sites when oriented in north-south. Retrofit schemes RMF-2 and RMF-3h are

simulated to collapse at a total (both orientations) of 138 and 141 sites, respectively, and complete

economic loss of the building models is simulated at a total (both orientations) of 295 and 331 sites,

respectively.

Because of the complex nature of building responses under strong ground motions, it is difficult

to give an argument that irrefutably justifies that repairing fewer beam-to-column connections will

lead to lower collapse potential than if all the connections are upgraded. Also, the ground motion

time histories have a similar signature from site-to-site, which is a characteristic of this particular
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simulated earthquake. This signature in the ground motions happened to induce fewer simulated

collapses for scheme RMF-2h compared to RMF-3, but it may necessarily repeated in other earth-

quakes. However, these results suggest that at a certain point, upgrading additional beam-to-column

connections will result in minimal additional improvement in performance.

The two retrofit schemes that implement brace elements in the lower half of the building model

while leaving the upper half unaltered (schemes RBR-3 and RBRB-3), are again somewhat suc-

cessful in that the schemes are more effective in limiting deformations in the lower half of the

building model, compared to the moment-frame half-height retrofit schemes (RMF-1h, RMF-2h,

and RMF-3h), and thus reduce to a greater extent global P-delta overturning moments. However,

as was mentioned in the previous section, the resulting structures are stiffer than the moment-frame

configurations and consequently attract larger seismic forces, which often results in excessive drifts

in the upper half. A retrofit scheme that implements brace elements in the lower half of the building

model in conjunction with upgrading beam-to-column moment connections in the upper half may

present some additional improvement in building performance while keeping architectural impact

low. Retrofit schemes RBR-3 and RBRB-3 are simulated to collapse at a total (both orientations) of

166 and 144 sites, respectively, and complete economic loss of the building models is simulated at

a total (both orientations) of 375 and 348 sites, respectively.

From the fragility curves constructed from the data, the simulated building performances can be

related to horizontal peak ground velocities (PGV). Because there were so few simulated collapses

for retrofit schemes RBR-1, RBR-2, RBRB-1, and RBRB-2, fragility curves showing the probability

of simulated model collapse given horizontal peak ground velocity are not constructed, and hence,

values of horizontal peak velocity at 20% chance of collapse cannot be reported. However, retrofit

schemes RMF-2h, RMF-2, RMF-3h, and RMF-3 realize a 20% of simulated model collapse at a

horizontal peak ground velocity of 0.9 m/s (slightly less than what was realized for schemes RMF-

2h, RMF-2, and RMF-3 in the 1857-like San Andreas fault earthquake scenario), and the base line

model realized a 20% chance of simulated model collapse at a horizontal peak ground velocity of

0.6 m/s (the same as was realized in the 1857-like San Andreas fault earthquake scenario).

The horizontal peak ground velocities at which the building models realize a 20% chance of sim-

ulated “repairable” performance category or worse, “unrepairable” performance category or worse,

and model collapse, are summarized in Table 5.3.
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The “expected” and “stiff” foundation models resulted in very similar building performances.

When employing the “stiff” foundation model, foundation reactions were in the elastic range for

all building models. When employing the “expected” foundation model, foundation reactions were

in the elastic range for all but two building models. Yielding of the foundation springs was ob-

served for retrofit scheme RBR-1 and more noticeably for scheme RBR-2, with residual foundation

rotations up to around 1%. When employing the “soft” foundation model, the capacities of the

foundation springs were frequently exceeded in all building models at only moderate levels of seis-

micity. As a result, all building models realized similar potential for exceeding the “immediate

occupancy” foundation residual rotation limit, and only moderate reduction in number of simulated

complete economic losses of the building models is observed for the retrofit schemes. However,

the foundations were never simulated to loose stability, although residual foundation rotations were

observed to be as large as 9%, and the retrofit schemes achieve even more dramatic reduction in

collapse potential, compared to when the “expected” and “stiff” foundation models are employed.
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Figure 5.18: Summary of the number of simulations that resulted in the “repairable”, “unrepairable”, and
“collapse” performance categories in the Mw 7.8 ShakeOut scenario earthquake on the San
Andreas fault, assuming the “soft” (top figure), “expected” (middle figure), and “stiff” (bottom
figure) foundation spring stiffnesses. The total number of simulations carried out for each
building model, for each assumption on foundation spring stiffnesses, is 1568. A couple of
simulations for retrofit scheme RBR-1 assuming the “stiff” foundation spring stiffnesses failed
to converge before showing a clear sign of model collapse. These simulations are labeled as
“non-convergent” and are removed from the data sets before constructing associated fragility
curves.
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Figure 5.19: Fragility curves showing the probability of the building models realizing the “repairable” per-
formance category or worse given horizontal peak ground velocity in the Mw 7.8 ShakeOut
scenario earthquake on the San Andreas fault, assuming the “soft” (top figure), “expected”
(middle figure), and “stiff” (bottom figure) foundation spring stiffnesses.
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Figure 5.20: Fragility curves showing the probability of the building models realizing the “unrepairable”
performance category or worse given horizontal peak ground velocity in the Mw 7.8 ShakeOut
scenario earthquake on the San Andreas fault, assuming the “soft” (top figure), “expected”
(middle figure), and “stiff” (bottom figure) foundation spring stiffnesses.
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Figure 5.21: Fragility curves showing the probability of the building models realizing model collapse given
horizontal peak ground velocity in the Mw 7.8 ShakeOut scenario earthquake on the San An-
dreas fault, assuming the “soft” (top figure), “expected” (middle figure), and “stiff” (bottom
figure) foundation spring stiffnesses. Because of the small number of simulations that resulted
in model collapse of retrofit schemes RBR-1, RBR-2, RBRB-1, and RBRB-2, fragility curves
are not constructed for those schemes. The data for retrofit scheme RMF-3, assuming the “soft”
foundation spring stiffnesses, is not well represented by a cumulative log-normal distribution
function, and the actual fractions of the simulations that resulted in simulated model collapse
for each interval of 0.2 m/s horizontal peak ground velocity are plotted instead.
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Figure 5.22: Maps of simulated building performance of the Base Line Model in the Mw 7.8 ShakeOut sce-
nario earthquake on the San Andreas fault oriented in east-west (EW) direction (left column)
and north-south (NS) direction (right column). The maps in the top row show the model perfor-
mance using the “soft” realization of the foundations, the maps in the center row show model
performance using the “expected” realization of the foundations, and the maps in the bottom
row show the model performance using the “stiff” realization of the foundations. The small
circles show the simulated building performance at each site. A nearest neighbor method is
used to interpolate the building performance between sites.
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Figure 5.23: Maps of simulated building performance of retrofit scheme RMF-1h in the Mw 7.8 ShakeOut
scenario earthquake on the San Andreas fault oriented in east-west (EW) direction (left col-
umn) and north-south (NS) direction (right column). The maps in the top row show the model
performance using the “soft” realization of the foundations, the maps in the center row show
model performance using the “expected” realization of the foundations, and the maps in the
bottom row show the model performance using the “stiff” realization of the foundations. The
small circles show the simulated building performance at each site. A nearest neighbor method
is used to interpolate the building performance between sites.
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Figure 5.24: Maps of simulated building performance of retrofit scheme RMF-1 in the Mw 7.8 ShakeOut
scenario earthquake on the San Andreas fault oriented in east-west (EW) direction (left col-
umn) and north-south (NS) direction (right column). The maps in the top row show the model
performance using the “soft” realization of the foundations, the maps in the center row show
model performance using the “expected” realization of the foundations, and the maps in the
bottom row show the model performance using the “stiff” realization of the foundations. The
small circles show the simulated building performance at each site. A nearest neighbor method
is used to interpolate the building performance between sites.
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Figure 5.25: Maps of simulated building performance of retrofit scheme RMF-2h in the Mw 7.8 ShakeOut
scenario earthquake on the San Andreas fault oriented in east-west (EW) direction (left col-
umn) and north-south (NS) direction (right column). The maps in the top row show the model
performance using the “soft” realization of the foundations, the maps in the center row show
model performance using the “expected” realization of the foundations, and the maps in the
bottom row show the model performance using the “stiff” realization of the foundations. The
small circles show the simulated building performance at each site. A nearest neighbor method
is used to interpolate the building performance between sites.
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Figure 5.26: Maps of simulated building performance of retrofit scheme RMF-2 in the Mw 7.8 ShakeOut
scenario earthquake on the San Andreas fault oriented in east-west (EW) direction (left col-
umn) and north-south (NS) direction (right column). The maps in the top row show the model
performance using the “soft” realization of the foundations, the maps in the center row show
model performance using the “expected” realization of the foundations, and the maps in the
bottom row show the model performance using the “stiff” realization of the foundations. The
small circles show the simulated building performance at each site. A nearest neighbor method
is used to interpolate the building performance between sites.
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Figure 5.27: Maps of simulated building performance of retrofit scheme RMF-3h in the Mw 7.8 ShakeOut
scenario earthquake on the San Andreas fault oriented in east-west (EW) direction (left col-
umn) and north-south (NS) direction (right column). The maps in the top row show the model
performance using the “soft” realization of the foundations, the maps in the center row show
model performance using the “expected” realization of the foundations, and the maps in the
bottom row show the model performance using the “stiff” realization of the foundations. The
small circles show the simulated building performance at each site. A nearest neighbor method
is used to interpolate the building performance between sites.
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Figure 5.28: Maps of simulated building performance of retrofit scheme RMF-3 in the Mw 7.8 ShakeOut
scenario earthquake on the San Andreas fault oriented in east-west (EW) direction (left col-
umn) and north-south (NS) direction (right column). The maps in the top row show the model
performance using the “soft” realization of the foundations, the maps in the center row show
model performance using the “expected” realization of the foundations, and the maps in the
bottom row show the model performance using the “stiff” realization of the foundations. The
small circles show the simulated building performance at each site. A nearest neighbor method
is used to interpolate the building performance between sites.
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Figure 5.29: Maps of simulated building performance of retrofit scheme RBR-1 in the Mw 7.8 ShakeOut sce-
nario earthquake on the San Andreas fault oriented in east-west (EW) direction (left column)
and north-south (NS) direction (right column). The maps in the top row show the model perfor-
mance using the “soft” realization of the foundations, the maps in the center row show model
performance using the “expected” realization of the foundations, and the maps in the bottom
row show the model performance using the “stiff” realization of the foundations. The small
circles show the simulated building performance at each site. Sites where simulations failed to
converge before showing a clear sign of model collapse are shown as small black circles. A
nearest neighbor method is used to interpolate the building performance between sites.
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Figure 5.30: Maps of simulated building performance of retrofit scheme RBR-2 in the Mw 7.8 ShakeOut
scenario earthquake on the San Andreas fault oriented in east-west (EW) direction (left col-
umn) and north-south (NS) direction (right column). The maps in the top row show the model
performance using the “soft” realization of the foundations, the maps in the center row show
model performance using the “expected” realization of the foundations, and the maps in the
bottom row show the model performance using the “stiff” realization of the foundations. The
small circles show the simulated building performance at each site. A nearest neighbor method
is used to interpolate the building performance between sites.
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Figure 5.31: Maps of simulated building performance of retrofit scheme RBR-3 in the Mw 7.8 ShakeOut
scenario earthquake on the San Andreas fault oriented in east-west (EW) direction (left col-
umn) and north-south (NS) direction (right column). The maps in the top row show the model
performance using the “soft” realization of the foundations, the maps in the center row show
model performance using the “expected” realization of the foundations, and the maps in the
bottom row show the model performance using the “stiff” realization of the foundations. The
small circles show the simulated building performance at each site. A nearest neighbor method
is used to interpolate the building performance between sites.
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Figure 5.32: Maps of simulated building performance of retrofit scheme RBRB-1 in the Mw 7.8 ShakeOut
scenario earthquake on the San Andreas fault oriented in east-west (EW) direction (left col-
umn) and north-south (NS) direction (right column). The maps in the top row show the model
performance using the “soft” realization of the foundations, the maps in the center row show
model performance using the “expected” realization of the foundations, and the maps in the
bottom row show the model performance using the “stiff” realization of the foundations. The
small circles show the simulated building performance at each site. A nearest neighbor method
is used to interpolate the building performance between sites.
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Figure 5.33: Maps of simulated building performance of retrofit scheme RBRB-2 in the Mw 7.8 ShakeOut
scenario earthquake on the San Andreas fault oriented in east-west (EW) direction (left col-
umn) and north-south (NS) direction (right column). The maps in the top row show the model
performance using the “soft” realization of the foundations, the maps in the center row show
model performance using the “expected” realization of the foundations, and the maps in the
bottom row show the model performance using the “stiff” realization of the foundations. The
small circles show the simulated building performance at each site. A nearest neighbor method
is used to interpolate the building performance between sites.
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Figure 5.34: Maps of simulated building performance of retrofit scheme RBRB-3 in the Mw 7.8 ShakeOut
scenario earthquake on the San Andreas fault oriented in east-west (EW) direction (left col-
umn) and north-south (NS) direction (right column). The maps in the top row show the model
performance using the “soft” realization of the foundations, the maps in the center row show
model performance using the “expected” realization of the foundations, and the maps in the
bottom row show the model performance using the “stiff” realization of the foundations. The
small circles show the simulated building performance at each site. A nearest neighbor method
is used to interpolate the building performance between sites.
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5.3 Building Performance: Mw 7.2 Puente Hills Scenario Earthquake

Results in the scenario earthquake on the Puente Hills fault system are presented in a similar fash-

ion as the results in the two simulated San Andreas fault earthquake scenarios. The number of

simulations per building model that resulted in the “repairable”, “unrepairable”, and “collapse” per-

formance categories are summarized in Figure 5.35. Fragility plots that show the probability of the

building models realizing “repairable” performance category or worse, “unrepairable” performance

category or worse, or model collapse, given horizontal peak ground velocity, are presented in Fig-

ures 5.36, 5.37, and 5.38, respectively. Finally, maps that geographically show the distribution of

simulated performance categories in the greater Los Angeles metropolitan area for each building

model are presented in Figures 5.39 to 5.51 as follows:

Figure: Figure:

Base Line Model 5.39 RBR-1 5.46

RMF-1h 5.40 RBR-2 5.47

RMF-1 5.41 RBR-3 5.48

RMF-2h 5.42 RBRB-1 5.49

RMF-2 5.43 RBRB-2 5.50

RMF-3h 5.44 RBRB-3 5.51

RMF-3 5.45

The results in the scenario earthquake on the Puente Hills fault system show trends similar to

what was observed in the two simulated San Andreas fault earthquake scenarios.

When employing the “expected” foundation model, the base line model is simulated to collapse

at 69 sites (out of 587) when the building model is oriented in the east-west direction and at 126

sites when oriented in north-south. Each site represents an area of 9 km2. These sites cover a large

portion of the Los Angeles basin, and model collapse is also simulated at several sites in the San

Gabriel basin. Furthermore, complete economic loss (“unrepairable” or “collapse” performance

categories) of the base line model is simulated at 126 sites when the building model is oriented in

the east-west direction, and at 182 sites when oriented in north-south.

A single model collapse is simulated for retrofit scheme RBR-1 (both orientations), and none

are simulated for schemes RBR-2, RBRB-1, and RBRB-2.
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As for complete economic losses, scheme RBR-2 performs best, with complete economic losses

simulated at 16 sites when the building model is oriented in the east-west direction, and at 65 sites

when oriented in north-south. Complete economic loss is simulated at a total (both orientations) of

97 sites for scheme RBR-1, and at total (both orientation) of 127-128 sites for schemes RBRB-1

and RBRB-2. As was mentioned in the previous sections, it appears that braced-frames that employ

buckling-restrained braces tend to have greater residual drifts. However, the buckling-restrained

braces are likely to store significant residual forces, and the residual drifts may be recovered to

some extent by replacing the deformed braces. Conventional brace elements are not expected to

store residual forces to the same degree.

Interestingly, out of the retrofit schemes that consider retrofitting the brittle beam-to-column

moment resisting connections (RMF schemes), scheme RMF-2h performs best, with model collapse

simulated at 10 sites when the building model is oriented in the east-west direction, and at 31

sites when oriented in north-south. Furthermore, complete economic loss of the building model is

simulated at 52 sites when it is oriented in the east-west direction, and at 123 sites when oriented

in north-south. Schemes RMF-2, RMF-3h, and RMF-3 are simulated to collapse at total (both

orientations) of 72-74 sites, and complete economic losses of the three schemes are simulated at

total (both orientations) of 188, 210, and 177 sites, respectively.

Because of the complex nature of building responses under strong ground motions, it is difficult

to give an argument that irrefutably justifies that repairing fewer beam-to-column connections will

lead to lower collapse potential than if all the connections are upgraded. Also, the ground motion

time histories have a similar signature from site-to-site, which is a characteristic of this particular

simulated earthquake. This signature in the ground motions happened to induce fewer simulated

collapses for scheme RMF-2h compared to RMF-3, but it may necessarily repeated in other earth-

quakes. However, these results suggest that at a certain point, upgrading additional beam-to-column

connections will result in minimal additional improvement in performance.

The two retrofit schemes that implement brace elements in the lower half of the building model

while leaving the upper half unaltered (schemes RBR-3 and RBRB-3), as before, are somewhat

successful in that the schemes are more effective in limiting deformations in the lower half of the

building model compared to the moment-frame half-height retrofit schemes (RMF-1h, RMF-2h,

and RMF-3h), and thus reduce to a greater extent global P-delta overturning moments. However, as

was mentioned in the previous sections, the resulting structures are stiffer than the moment-frame
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configurations and consequently attract larger seismic forces, which often results in excessive drifts

in the upper half. A retrofit scheme that implements brace elements in the lower half of the building

model in conjunction with upgrading beam-to-column moment connections in the upper half may

present some additional improvement in building performance while keeping architectural impact

low. Retrofit schemes RBR-3 and RBRB-3 are simulated to collapse at a total (both orientations) of

82 and 65 sites, respectively, and complete economic loss of the building models is simulated at a

total (both orientations) of 243 and 214 sites, respectively.

From the fragility curves constructed from the data, the simulated building performances can be

related to horizontal peak ground velocities (PGV). Because there were so few simulated collapses

for retrofit schemes RBR-1, RBR-2, RBRB-1, and RBRB-2, fragility curves showing the probabil-

ity of simulated model collapse given horizontal peak ground velocity are not constructed. In a few

other cases, such curves were not constructed because the data was not well represented by a cumu-

lative log-normal distribution function, and instead, the actual fraction of simulations that resulted

in simulated model collapse for each interval of 0.2 m/s horizontal peak ground velocity is plotted.

However, fragility curves showing the probability of collapse given horizontal peak ground velocity

were constructed for retrofit scheme RMF-3 and the base line model. Retrofit scheme RMF-3 real-

izes a 20% of simulated model collapse at a horizontal peak ground velocity of 1.2 m/s, compared to

a velocity of 0.8 m/s for the base line model. These velocities are greater than what was observed in

the two San Andreas fault earthquake scenarios. The difference is likely due to the longer duration

of ground shaking experienced for the San Andreas fault earthquake scenarios.

The horizontal peak ground velocities at which the building models realize a 20% chance of sim-

ulated “repairable” performance category or worse, “unrepairable” performance category or worse,

and model collapse are summarized in Table 5.4.

The “expected” and “stiff” foundation models resulted in very similar building performances.

When employing the “stiff” foundation model, foundation reactions were in the elastic range for all

building models. When employing the “expected” foundation model, foundation reactions were in

the elastic range for all but four building models. Yielding of the foundation springs was observed

(in a few simulations) for retrofit schemes RBRB-1 and RBRB-2, but more noticeably for schemes

RBR-1 and RBR-2, with residual foundation rotations up to around 1%. When employing the

“soft” foundation model, the capacities of the foundation springs were frequently exceeded in all

building models at only moderate levels of seismicity. As a result, all building models realized
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similar potential for exceeding the “immediate occupancy” foundation residual rotation limit, and

only modest reduction in number of simulated complete economic losses of the building models is

observed for the retrofit schemes. However, the foundations were never simulated to loose stability,

although residual foundation rotations were observed to be as large as 7%, and the retrofit schemes

achieve even more dramatic reduction in collapse potential, compared to when the “expected” and

“stiff” foundation models are employed.
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Figure 5.35: Summary of the number of simulations that resulted in the “repairable”, “unrepairable”, and
“collapse” performance categories in the Mw 7.2 scenario earthquake on the Puente Hills fault
system, assuming the “soft” (top figure), “expected” (middle figure), and “stiff” (bottom figure)
foundation spring stiffnesses. The total number of simulations carried out for each building
model, for each assumption on foundation spring stiffnesses, is 1174.
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Figure 5.36: Fragility curves showing the probability of the building models realizing the “repairable” per-
formance category or worse given horizontal peak ground velocity in the Mw 7.2 scenario earth-
quake on the Puente Hills fault system, assuming the “soft” (top figure), “expected” (middle
figure), and “stiff” (bottom figure) foundation spring stiffnesses.
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Figure 5.37: Fragility curves showing the probability of the building models realizing the “unrepairable”
performance category or worse given horizontal peak ground velocity in the Mw 7.2 scenario
earthquake on the Puente Hills fault system, assuming the “soft” (top figure), “expected” (mid-
dle figure), and “stiff” (bottom figure) foundation spring stiffnesses.
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Figure 5.38: Fragility curves showing the probability of the building models realizing model collapse given
horizontal peak ground velocity in the Mw 7.2 scenario earthquake on the Puente Hills fault
system, assuming the “soft” (top figure), “expected” (middle figure), and “stiff” (bottom figure)
foundation spring stiffnesses. Because almost none of the simulations resulted in model col-
lapse of retrofit schemes RBR-1, RBR-2, RBRB-1, and RBRB-2, fragility curves are not con-
structed for those schemes. Furthermore, the data for some of the remaining retrofit schemes is
not well represented by cumulative log-normal distribution functions, and the actual fractions of
the simulations that resulted in simulated model collapse for each interval of 0.2 m/s horizontal
peak ground velocity are plotted instead.
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Figure 5.39: Maps of simulated building performance of the Base Line Model in the Mw 7.2 Puente Hills
scenario earthquake oriented in east-west (EW) direction (left column) and north-south (NS)
direction (right column). The maps in the top row show the model performance using the “soft”
realization of the foundations, the maps in the center row show model performance using the
“expected” realization of the foundations, and the maps in the bottom row show the model per-
formance using the “stiff” realization of the foundations. The small circles show the simulated
building performance at each site. A nearest neighbor method is used to interpolate the building
performance between sites.



143

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

Anaheim

Azusa
Baldwin Park

Beverly Hills

Brea

Burbank
Canoga Park

Compton

El Segundo

Encino
Hollywood

Huntington Beach

Irvine

La Canada

La Puente

Long Beach

Los Angeles

Malibu

Northridge

Norwalk

Pasadena

Point Dume

San Fernando

Santa Ana

Santa Monica

Simi Valley

Thousand Oaks

Torrance

Whittier

Immediate Occupancy

Repairable

Unrepairable

Collapsed

RMF−1h, Foundation Model: Soft, EW Orientation

Building Performance:

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

Anaheim

Azusa
Baldwin Park

Beverly Hills

Brea

Burbank
Canoga Park

Compton

El Segundo

Encino
Hollywood

Huntington Beach

Irvine

La Canada

La Puente

Long Beach

Los Angeles

Malibu

Northridge

Norwalk

Pasadena

Point Dume

San Fernando

Santa Ana

Santa Monica

Simi Valley

Thousand Oaks

Torrance

Whittier

Immediate Occupancy

Repairable

Unrepairable

Collapsed

RMF−1h, Foundation Model: Soft, NS Orientation

Building Performance:

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

Anaheim

Azusa
Baldwin Park

Beverly Hills

Brea

Burbank
Canoga Park

Compton

El Segundo

Encino
Hollywood

Huntington Beach

Irvine

La Canada

La Puente

Long Beach

Los Angeles

Malibu

Northridge

Norwalk

Pasadena

Point Dume

San Fernando

Santa Ana

Santa Monica

Simi Valley

Thousand Oaks

Torrance

Whittier

Immediate Occupancy

Repairable

Unrepairable

Collapsed

RMF−1h, Foundation Model: Expected, EW Orientation

Building Performance:

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

Anaheim

Azusa
Baldwin Park

Beverly Hills

Brea

Burbank
Canoga Park

Compton

El Segundo

Encino
Hollywood

Huntington Beach

Irvine

La Canada

La Puente

Long Beach

Los Angeles

Malibu

Northridge

Norwalk

Pasadena

Point Dume

San Fernando

Santa Ana

Santa Monica

Simi Valley

Thousand Oaks

Torrance

Whittier

Immediate Occupancy

Repairable

Unrepairable

Collapsed

RMF−1h, Foundation Model: Expected, NS Orientation

Building Performance:

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

Anaheim

Azusa
Baldwin Park

Beverly Hills

Brea

Burbank
Canoga Park

Compton

El Segundo

Encino
Hollywood

Huntington Beach

Irvine

La Canada

La Puente

Long Beach

Los Angeles

Malibu

Northridge

Norwalk

Pasadena

Point Dume

San Fernando

Santa Ana

Santa Monica

Simi Valley

Thousand Oaks

Torrance

Whittier

Immediate Occupancy

Repairable

Unrepairable

Collapsed

RMF−1h, Foundation Model: Stiff, EW Orientation

Building Performance:

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

Anaheim

Azusa
Baldwin Park

Beverly Hills

Brea

Burbank
Canoga Park

Compton

El Segundo

Encino
Hollywood

Huntington Beach

Irvine

La Canada

La Puente

Long Beach

Los Angeles

Malibu

Northridge

Norwalk

Pasadena

Point Dume

San Fernando

Santa Ana

Santa Monica

Simi Valley

Thousand Oaks

Torrance

Whittier

Immediate Occupancy

Repairable

Unrepairable

Collapsed

RMF−1h, Foundation Model: Stiff, NS Orientation

Building Performance:

Figure 5.40: Maps of simulated building performance of retrofit scheme RMF-1h in the Mw 7.2 Puente
Hills scenario earthquake oriented in east-west (EW) direction (left column) and north-south
(NS) direction (right column). The maps in the top row show the model performance using
the “soft” realization of the foundations, the maps in the center row show model performance
using the “expected” realization of the foundations, and the maps in the bottom row show the
model performance using the “stiff” realization of the foundations. The small circles show the
simulated building performance at each site. A nearest neighbor method is used to interpolate
the building performance between sites.
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Figure 5.41: Maps of simulated building performance of retrofit scheme RMF-1 in the Mw 7.2 Puente Hills
scenario earthquake oriented in east-west (EW) direction (left column) and north-south (NS)
direction (right column). The maps in the top row show the model performance using the “soft”
realization of the foundations, the maps in the center row show model performance using the
“expected” realization of the foundations, and the maps in the bottom row show the model per-
formance using the “stiff” realization of the foundations. The small circles show the simulated
building performance at each site. A nearest neighbor method is used to interpolate the building
performance between sites.
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Figure 5.42: Maps of simulated building performance of retrofit scheme RMF-2h in the Mw 7.2 Puente
Hills scenario earthquake oriented in east-west (EW) direction (left column) and north-south
(NS) direction (right column). The maps in the top row show the model performance using
the “soft” realization of the foundations, the maps in the center row show model performance
using the “expected” realization of the foundations, and the maps in the bottom row show the
model performance using the “stiff” realization of the foundations. The small circles show the
simulated building performance at each site. A nearest neighbor method is used to interpolate
the building performance between sites.



146

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

Anaheim

Azusa
Baldwin Park

Beverly Hills

Brea

Burbank
Canoga Park

Compton

El Segundo

Encino
Hollywood

Huntington Beach

Irvine

La Canada

La Puente

Long Beach

Los Angeles

Malibu

Northridge

Norwalk

Pasadena

Point Dume

San Fernando

Santa Ana

Santa Monica

Simi Valley

Thousand Oaks

Torrance

Whittier

Immediate Occupancy

Repairable

Unrepairable

Collapsed

RMF−2, Foundation Model: Soft, EW Orientation

Building Performance:

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

Anaheim

Azusa
Baldwin Park

Beverly Hills

Brea

Burbank
Canoga Park

Compton

El Segundo

Encino
Hollywood

Huntington Beach

Irvine

La Canada

La Puente

Long Beach

Los Angeles

Malibu

Northridge

Norwalk

Pasadena

Point Dume

San Fernando

Santa Ana

Santa Monica

Simi Valley

Thousand Oaks

Torrance

Whittier

Immediate Occupancy

Repairable

Unrepairable

Collapsed

RMF−2, Foundation Model: Soft, NS Orientation

Building Performance:

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

Anaheim

Azusa
Baldwin Park

Beverly Hills

Brea

Burbank
Canoga Park

Compton

El Segundo

Encino
Hollywood

Huntington Beach

Irvine

La Canada

La Puente

Long Beach

Los Angeles

Malibu

Northridge

Norwalk

Pasadena

Point Dume

San Fernando

Santa Ana

Santa Monica

Simi Valley

Thousand Oaks

Torrance

Whittier

Immediate Occupancy

Repairable

Unrepairable

Collapsed

RMF−2, Foundation Model: Expected, EW Orientation

Building Performance:

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

Anaheim

Azusa
Baldwin Park

Beverly Hills

Brea

Burbank
Canoga Park

Compton

El Segundo

Encino
Hollywood

Huntington Beach

Irvine

La Canada

La Puente

Long Beach

Los Angeles

Malibu

Northridge

Norwalk

Pasadena

Point Dume

San Fernando

Santa Ana

Santa Monica

Simi Valley

Thousand Oaks

Torrance

Whittier

Immediate Occupancy

Repairable

Unrepairable

Collapsed

RMF−2, Foundation Model: Expected, NS Orientation

Building Performance:

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

Anaheim

Azusa
Baldwin Park

Beverly Hills

Brea

Burbank
Canoga Park

Compton

El Segundo

Encino
Hollywood

Huntington Beach

Irvine

La Canada

La Puente

Long Beach

Los Angeles

Malibu

Northridge

Norwalk

Pasadena

Point Dume

San Fernando

Santa Ana

Santa Monica

Simi Valley

Thousand Oaks

Torrance

Whittier

Immediate Occupancy

Repairable

Unrepairable

Collapsed

RMF−2, Foundation Model: Stiff, EW Orientation

Building Performance:

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

−119˚ −118.75˚ −118.5˚ −118.25˚ −118˚ −117.75˚

33.75˚

34˚

34.25˚

Anaheim

Azusa
Baldwin Park

Beverly Hills

Brea

Burbank
Canoga Park

Compton

El Segundo

Encino
Hollywood

Huntington Beach

Irvine

La Canada

La Puente

Long Beach

Los Angeles

Malibu

Northridge

Norwalk

Pasadena

Point Dume

San Fernando

Santa Ana

Santa Monica

Simi Valley

Thousand Oaks

Torrance

Whittier

Immediate Occupancy

Repairable

Unrepairable

Collapsed

RMF−2, Foundation Model: Stiff, NS Orientation

Building Performance:

Figure 5.43: Maps of simulated building performance of retrofit scheme RMF-2 in the Mw 7.2 Puente Hills
scenario earthquake oriented in east-west (EW) direction (left column) and north-south (NS)
direction (right column). The maps in the top row show the model performance using the “soft”
realization of the foundations, the maps in the center row show model performance using the
“expected” realization of the foundations, and the maps in the bottom row show the model per-
formance using the “stiff” realization of the foundations. The small circles show the simulated
building performance at each site. A nearest neighbor method is used to interpolate the building
performance between sites.
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Figure 5.44: Maps of simulated building performance of retrofit scheme RMF-3h in the Mw 7.2 Puente
Hills scenario earthquake oriented in east-west (EW) direction (left column) and north-south
(NS) direction (right column). The maps in the top row show the model performance using
the “soft” realization of the foundations, the maps in the center row show model performance
using the “expected” realization of the foundations, and the maps in the bottom row show the
model performance using the “stiff” realization of the foundations. The small circles show the
simulated building performance at each site. A nearest neighbor method is used to interpolate
the building performance between sites.
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Figure 5.45: Maps of simulated building performance of retrofit scheme RMF-3 in the Mw 7.2 Puente Hills
scenario earthquake oriented in east-west (EW) direction (left column) and north-south (NS)
direction (right column). The maps in the top row show the model performance using the “soft”
realization of the foundations, the maps in the center row show model performance using the
“expected” realization of the foundations, and the maps in the bottom row show the model per-
formance using the “stiff” realization of the foundations. The small circles show the simulated
building performance at each site. A nearest neighbor method is used to interpolate the building
performance between sites.
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Figure 5.46: Maps of simulated building performance of retrofit scheme RBR-1 in the Mw 7.2 Puente Hills
scenario earthquake oriented in east-west (EW) direction (left column) and north-south (NS)
direction (right column). The maps in the top row show the model performance using the “soft”
realization of the foundations, the maps in the center row show model performance using the
“expected” realization of the foundations, and the maps in the bottom row show the model per-
formance using the “stiff” realization of the foundations. The small circles show the simulated
building performance at each site. A nearest neighbor method is used to interpolate the building
performance between sites.
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Figure 5.47: Maps of simulated building performance of retrofit scheme RBR-2 in the Mw 7.2 Puente Hills
scenario earthquake oriented in east-west (EW) direction (left column) and north-south (NS)
direction (right column). The maps in the top row show the model performance using the “soft”
realization of the foundations, the maps in the center row show model performance using the
“expected” realization of the foundations, and the maps in the bottom row show the model per-
formance using the “stiff” realization of the foundations. The small circles show the simulated
building performance at each site. A nearest neighbor method is used to interpolate the building
performance between sites.
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Figure 5.48: Maps of simulated building performance of retrofit scheme RBR-3 in the Mw 7.2 Puente Hills
scenario earthquake oriented in east-west (EW) direction (left column) and north-south (NS)
direction (right column). The maps in the top row show the model performance using the “soft”
realization of the foundations, the maps in the center row show model performance using the
“expected” realization of the foundations, and the maps in the bottom row show the model per-
formance using the “stiff” realization of the foundations. The small circles show the simulated
building performance at each site. A nearest neighbor method is used to interpolate the building
performance between sites.
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Figure 5.49: Maps of simulated building performance of retrofit scheme RBRB-1 in the Mw 7.2 Puente
Hills scenario earthquake oriented in east-west (EW) direction (left column) and north-south
(NS) direction (right column). The maps in the top row show the model performance using
the “soft” realization of the foundations, the maps in the center row show model performance
using the “expected” realization of the foundations, and the maps in the bottom row show the
model performance using the “stiff” realization of the foundations. The small circles show the
simulated building performance at each site. A nearest neighbor method is used to interpolate
the building performance between sites.
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Figure 5.50: Maps of simulated building performance of retrofit scheme RBRB-2 in the Mw 7.2 Puente
Hills scenario earthquake oriented in east-west (EW) direction (left column) and north-south
(NS) direction (right column). The maps in the top row show the model performance using
the “soft” realization of the foundations, the maps in the center row show model performance
using the “expected” realization of the foundations, and the maps in the bottom row show the
model performance using the “stiff” realization of the foundations. The small circles show the
simulated building performance at each site. A nearest neighbor method is used to interpolate
the building performance between sites.
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Figure 5.51: Maps of simulated building performance of retrofit scheme RBRB-3 in the Mw 7.2 Puente
Hills scenario earthquake oriented in east-west (EW) direction (left column) and north-south
(NS) direction (right column). The maps in the top row show the model performance using
the “soft” realization of the foundations, the maps in the center row show model performance
using the “expected” realization of the foundations, and the maps in the bottom row show the
model performance using the “stiff” realization of the foundations. The small circles show the
simulated building performance at each site. A nearest neighbor method is used to interpolate
the building performance between sites.
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5.4 Building Performance: Recorded Real Strong Ground Motions

In this section of the study, a collection of recorded ground motion time histories from actual earth-

quakes is scaled by scaling factors ranging from 0.6 to 2.0, in increments of 0.2, and the scaled

ground motion records are applied to all thirteen building models. For each ground motion record

and scaling factor, a performance category is assigned based on the average building responses in

three simulations using different realizations of the strengths of beam-to-column moment resisting

connections, column splices, and column base plates. Also, model collapse is assumed if it occurs

in any of the three simulations. The results are presented in two types of graphics. The number of

simulations that resulted in the “repairable”, “unrepairable”, and “collapse” performance categories

are summarized for all building models in Figure 5.52. Then the simulated performance categories

for each ground motion record and the range of scaling factors are presented for the building models

as follows:

Figure: Figure:

Base Line Model 5.53 RBR-1 5.60

RMF-1h 5.54 RBR-2 5.61

RMF-1 5.55 RBR-3 5.62

RMF-2h 5.56 RBRB-1 5.63

RMF-2 5.57 RBRB-2 5.64

RMF-3h 5.58 RBRB-3 5.65

RMF-3 5.59

The data in the incremental dynamic analyses using recorded ground motions from actual earth-

quakes is sparse, and showed a poor fit to cumulative log-normal distribution functions, and there-

fore fragility curves are not constructed.

The results show trends similar to what was observed in the simulated earthquakes. When

employing the “expected” foundation model, the base line model is simulated to collapse in 74 cases

(out of 160). At a scaling factor of unity, the building model is simulated to collapse in 6 out of all

20 ground motion records. It is even simulated to collapse when subjected to the TCU068 record

from the Chi-Chi earthquake scaled down by a factor of 0.6. Furthermore, complete economic loss

(“unrepairable” or “collapse” performance categories) of the base line model is simulated in 116

cases.
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Retrofit schemes RBR-1, RBR-2, RBRB-1, and RBRB-2, all reduce the number of simulated

collapses to only a few, but complete economic loss is simulated in 42 and 44 cases for RBR-1 and

RBR-2, respectively, and in 59 and 58 cases for RBRB-1 and RBRB-2, respectively.

As was mentioned in the previous sections, it appears that braced-frames that employ buckling-

restrained braces tend to have greater residual drifts. However, the buckling-restrained braces are

likely to store significant residual forces, and the residual drifts may be recovered to some extent

by replacing the deformed braces. Conventional brace elements are not expected to store residual

forces to the same degree.

Out of the retrofit schemes that consider retrofitting the brittle beam-to-column moment resisting

connections (RMF schemes), scheme RMF-3 performs best, with collapse being simulated in 32

cases, and complete economic loss simulated in 73 cases. Schemes RMF-2h, RMF-2, and RMF-3h

are simulated to collapse in a similar number of cases, but complete economic losses are simulated

in 81-86 cases. These results suggest that at a certain point, upgrading additional beam-to-column

connections will result in minimal additional improvement in performance.

As before, the two retrofit schemes that implement brace elements in the lower half of the

building model while leaving the upper half unaltered (schemes RBR-3 and RBRB-3) are somewhat

successful in that the schemes are more effective in limiting deformations in the lower half of the

building model, compared to the moment-frame half-height retrofit schemes (RMF-1h, RMF-2h,

and RMF-3h), and thus reduce to a greater extent global P-delta overturning moments. However,

as was mentioned in the previous sections, the resulting structures are stiffer than the moment-

frame configurations and consequently attract larger seismic forces, which often results in excessive

drifts in the upper half. A retrofit scheme that implements brace elements in the lower half of the

building model in conjunction with upgrading beam-to-column moment connections in the upper

half may present some additional improvement in building performance while keeping architectural

impact low. Retrofit schemes RBR-3 and RBRB-3 are simulated to collapse in 48 and 35 cases,

respectively, and complete economic loss is simulated in 83 cases for both schemes.

The “expected” and “stiff” foundation models resulted in very similar building performances.

When employing the “stiff” foundation model, foundation reactions were in the elastic range for

all building models. When employing the “expected” foundation model, foundation reactions were

in the elastic range for all but four building models. Yielding of the foundation springs was ob-
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served (in a few simulations) for retrofit schemes RBRB-1 and RBRB-2, but more noticeably for

schemes RBR-1 and RBR-2, with residual foundation rotations up to around 1.5%. When employ-

ing the “soft” foundation model, the capacities of the foundation springs were frequently exceeded

in all building models. As a result, all building models realized similar potential for exceeding the

“immediate occupancy” foundation residual rotation limit, and only modest reduction in number

of simulated complete economic losses of the building models is observed for the retrofit schemes.

However, the foundations were never simulated to loose stability, although residual foundation ro-

tations were observed to be as large as 9%, and the retrofit schemes achieve even more dramatic

reduction in collapse potential, compared to when the “expected” and “stiff” foundation models are

employed.



158

0

20

40

60

80

100

120

N
um

be
r 

of
 S

im
ul

at
io

ns

Foundation Model: Soft

 

 

Ba
se

 L
in

e 
 

M
od

el
R

M
F−

1h
R

M
F−

1
R

M
F−

2h
R

M
F−

2
R

M
F−

3h
R

M
F−

3
R

BR
−1

R
BR

−2
R

BR
−3

R
BR

B−
1

R
BR

B−
2

R
BR

B−
3

Repairable

Unrepairable

Collapse

0

20

40

60

80

100

120

N
um

be
r 

of
 S

im
ul

at
io

ns

Foundation Model: Expected

 

 

Ba
se

 L
in

e 
 

M
od

el
R

M
F−

1h
R

M
F−

1
R

M
F−

2h
R

M
F−

2
R

M
F−

3h
R

M
F−

3
R

BR
−1

R
BR

−2
R

BR
−3

R
BR

B−
1

R
BR

B−
2

R
BR

B−
3

Repairable

Unrepairable

Collapse

Non−
Convergent

0

20

40

60

80

100

120

N
um

be
r 

of
 S

im
ul

at
io

ns

Foundation Model: Stiff

 

 

Ba
se

 L
in

e 
 

M
od

el
R

M
F−

1h
R

M
F−

1
R

M
F−

2h
R

M
F−

2
R

M
F−

3h
R

M
F−

3
R

BR
−1

R
BR

−2
R

BR
−3

R
BR

B−
1

R
BR

B−
2

R
BR

B−
3

Repairable

Unrepairable

Collapse

Non−
Convergent

Figure 5.52: Summary of the number of simulations that resulted in the “repairable”, “unrepairable”, and
“collapse” performance categories in the incremental dynamic analysis using recorded ground
motions from actual earthquakes, for the “soft” (top figure), “expected” (middle figure), and
“stiff” (bottom figure) realizations of the foundation springs. The total number of simulations
carried out for each building model, for each realization of the foundation springs, is 160. A
few simulations for retrofit schemes RBR-1, RBR-2, RBRB-1, and RBRB-2, for the “expected”
and “stiff” foundation springs, failed to converge before showing a clear sign of model collapse.
These simulations are labeled as “non-convergent”.
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Figure 5.53: Simulated building performance categoreis for the Base Line Model in the incremental dynamic
analyses using recorded ground motion time histories from actual earthquakes, assuming the
“soft” (top figure), “expected” (middle figure), and “stiff” (bottom figure) realizations of the
foundation springs.
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Figure 5.54: Simulated building performance categoreis for retrofit scheme RMF-1h in the incremental dy-
namic analyses using recorded ground motion time histories from actual earthquakes, assuming
the “soft” (top figure), “expected” (middle figure), and “stiff” (bottom figure) realizations of the
foundation springs.
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Figure 5.55: Simulated building performance categoreis for retrofit scheme RMF-1 in the incremental dy-
namic analyses using recorded ground motion time histories from actual earthquakes, assuming
the “soft” (top figure), “expected” (middle figure), and “stiff” (bottom figure) realizations of the
foundation springs.
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Figure 5.56: Simulated building performance categoreis for retrofit scheme RMF-2h in the incremental dy-
namic analyses using recorded ground motion time histories from actual earthquakes, assuming
the “soft” (top figure), “expected” (middle figure), and “stiff” (bottom figure) realizations of the
foundation springs.
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Figure 5.57: Simulated building performance categoreis for retrofit scheme RMF-2 in the incremental dy-
namic analyses using recorded ground motion time histories from actual earthquakes, assuming
the “soft” (top figure), “expected” (middle figure), and “stiff” (bottom figure) realizations of the
foundation springs.
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Figure 5.58: Simulated building performance categoreis for retrofit scheme RMF-3h in the incremental dy-
namic analyses using recorded ground motion time histories from actual earthquakes, assuming
the “soft” (top figure), “expected” (middle figure), and “stiff” (bottom figure) realizations of the
foundation springs.
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Figure 5.59: Simulated building performance categoreis for retrofit scheme RMF-3 in the incremental dy-
namic analyses using recorded ground motion time histories from actual earthquakes, assuming
the “soft” (top figure), “expected” (middle figure), and “stiff” (bottom figure) realizations of the
foundation springs.
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Figure 5.60: Simulated building performance categoreis for retrofit scheme RBR-1 in the incremental dy-
namic analyses using recorded ground motion time histories from actual earthquakes, assuming
the “soft” (top figure), “expected” (middle figure), and “stiff” (bottom figure) realizations of the
foundation springs.
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Figure 5.61: Simulated building performance categoreis for retrofit scheme RBR-2 in the incremental dy-
namic analyses using recorded ground motion time histories from actual earthquakes, assuming
the “soft” (top figure), “expected” (middle figure), and “stiff” (bottom figure) realizations of the
foundation springs.
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Figure 5.62: Simulated building performance categoreis for retrofit scheme RBR-3 in the incremental dy-
namic analyses using recorded ground motion time histories from actual earthquakes, assuming
the “soft” (top figure), “expected” (middle figure), and “stiff” (bottom figure) realizations of the
foundation springs.
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Figure 5.63: Simulated building performance categoreis for retrofit scheme RBRB-1 in the incremental dy-
namic analyses using recorded ground motion time histories from actual earthquakes, assuming
the “soft” (top figure), “expected” (middle figure), and “stiff” (bottom figure) realizations of the
foundation springs.
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Figure 5.64: Simulated building performance categoreis for retrofit scheme RBRB-2 in the incremental dy-
namic analyses using recorded ground motion time histories from actual earthquakes, assuming
the “soft” (top figure), “expected” (middle figure), and “stiff” (bottom figure) realizations of the
foundation springs.
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Figure 5.65: Simulated building performance categoreis for retrofit scheme RBRB-3 in the incremental dy-
namic analyses using recorded ground motion time histories from actual earthquakes, assuming
the “soft” (top figure), “expected” (middle figure), and “stiff” (bottom figure) realizations of the
foundation springs.
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5.5 Building Performance: Overall

In this section, the results in the Mw 7.9 1857-like San Andreas fault earthquake scenario, the Mw

7.8 ShakeOut scenario earthquake on the San Andreas fault, the Mw 7.2 scenario earthquake on the

Puente Hills fault system, and in the incremental dynamic analyses using recorded ground motions

from actual earthquakes are gathered and summarized.

The number of simulations that resulted in the “repairable”, “unrepairable”, and “collapse”

performance categories are summarized for all building models in Figure 5.66.

Also, fragility curves are constructed from the data from the Mw 7.9 1857-like San Andreas

fault earthquake scenario, the Mw 7.8 ShakeOut scenario earthquake on the San Andreas fault, and

the Mw 7.2 scenario earthquake on the Puente Hills fault system. The fragility curves show the

probability of the building models realizing the “repairable” performance category or worse, the

“unrepairable” performance category or worse, or model collapse, given horizontal peak ground ve-

locity, and are presented in Figures 5.67, 5.68, and 5.69, respectively. The data from the incremental

dynamic analyses using recorded ground motions from actual earthquakes is sparse, and showed a

poor fit to cumulative log-normal distribution functions and was precluded when constructing the

fragility curves.

When employing the “expected” foundation model, the base line model is simulated to col-

lapse in 969 simulations (out of 4174), and complete economic loss (“unrepairable” or “collapse”

performance categories) is simulated in 1447 simulations.

Retrofit schemes RBR-2, RBRB-1, and RBRB-2 achieve the greatest reduction in number of

simulated collapses, or to 88, 81, and 78 simulations, respectively. Retrofit scheme RBR-1 is simu-

lated to collapse in 125 simulations. Scheme RBR-1 is observed to localize deformations in a few

stories just above the 8th story, or where the bracing configuration is tapered. In contrast, schemes

RBR-2, RBRB-1, and RBRB-2 deform more uniformly over the height, resulting in better perfor-

mance.

As for complete economic losses, scheme RBR-2 performs best, with complete economic losses

being simulated in 354 simulations. Complete economic losses of scheme RBR-1, RBRB-1, and

RBRB-2 are simulated in 422, 485, and 468 simulations, respectively. As was mentioned in the

previous sections, it appears that braced-frames that employ buckling-restrained braces tend to have

greater residual drifts. However, the buckling-restrained braces are likely to store significant residual

forces, and the residual drifts may be recovered to some extent by replacing the deformed braces.
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Conventional brace elements are not expected to store residual forces to the same degree.

Out of the retrofit schemes that consider retrofitting the brittle beam-to-column moment resist-

ing connections (RMF schemes), scheme RMF-3 is simulated to collapse in 450 simulations, and

complete economic loss is simulated in 780 simulations. Interestingly, scheme RMF-2h is simulated

to collapse in fewer simulations, or in 393 simulations. However, economic loss of scheme RMF-2h

is simulated in 854 simulations. Retrofit schemes RMF-2 and RMF-3h are simulated to collapse in

464 and 509 simulations, respectively, and complete economic losses are simulated in 856 and 964

simulations, respectively.

Because of the complex nature of building responses under strong ground motions, it is difficult

to give an argument that irrefutably justifies that repairing fewer beam-to-column connections will

lead to lower collapse potential than if all the connections are upgraded. Also, in the simulated

earthquakes the ground motion time histories from site-to-site have similar signatures, which char-

acterize each simulated earthquake. In the ShakeOut scenario earthquake on the San Andreas fault

and the earthquake scenario on the Puente Hills fault system, these commonalities in the ground mo-

tions happened to induce fewer simulated collapses for scheme RMF-2h compared to RMF-3. In the

1857-like San Andreas fault earthquake scenario and under the recorded ground motions from ac-

tual earthquake, scheme RMF-2h was not simulated to hold a lower collapse potential than scheme

RMF-3. However, these results suggest that at a certain point, upgrading additional beam-to-column

connections will result in minimal additional improvement in performance.

The two retrofit schemes that implement brace elements in the lower half of the building model

while leaving the upper half unaltered (schemes RBR-3 and RBRB-3) are somewhat successful

in that the schemes are more effective in limiting deformations in the lower half of the building

model, compared to the moment-frame half-height retrofit schemes (RMF-1h, RMF-2h, and RMF-

3h), and thus reduce to a greater extent global P-delta overturning moments. However, the resulting

structures are stiffer than the moment-frame configurations and consequently attract larger seismic

forces, which often results in excessive drifts in the upper half. A retrofit scheme that implements

brace elements in the lower half of the building model in conjunction with upgrading beam-to-

column moment connections in the upper half may present some additional improvement in building

performance while keeping architectural impact low. Retrofit schemes RBR-3 and RBRB-3 are

simulated to collapse in 571 and 491 simulations, respectively, and complete economic loss of the

building models is simulated in 1049 and 981 simulations, respectively.
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From the fragility curves constructed from the data, the simulated building performances can be

related to horizontal peak ground velocities (PGV). For instance, the base line model realizes a 20%

chance of simulated collapse at PGV of around 0.6 m/s. In comparison, a 20% chance of simulated

collapse is realized at PGV around 1.8 m/s for retrofit schemes RBR-2, RBRB-1, and RBRB-2, at

PGV of 1.6 m/s for scheme RBR-1, at PGV of 1 m/s for schemes RMF-2h, and at PGV of around

0.9 m/s for schemes RMF-2, RMF-3h, and RMF-3.

The horizontal peak ground velocities at which the building models realize a 20% chance of sim-

ulated “repairable” performance category or worse, “unrepairable” performance category or worse,

and model collapse are summarized in Table 5.5.

The “expected” and “stiff” foundation models resulted in very similar building performances.

When employing the “stiff” foundation model, foundation reactions were in the elastic range for all

building models. When employing the “expected” foundation model, foundation reactions were in

the elastic range for all but four building models. Yielding of the foundation springs was observed

(in a few simulations) for retrofit schemes RBRB-1 and RBRB-2, but more noticeably for schemes

RBR-1 and RBR-2, with residual foundation rotations up to around 1.5%. When employing the

“soft” foundation model, unfortunately, some simulations for schemes RBR-1, RBR-2, and RBRB-

2 failed to converge before showing a clear sign of collapse, which prevents a just comparison of

the building models. The following observations can still be made. When employing the “soft”

foundation model, the capacities of the foundation springs were frequently exceeded in all building

models. As a result, all building models realized similar potential for exceeding the “immediate

occupancy” foundation residual rotation limit, and only modest reduction in number of simulated

complete economic losses of the building models is observed for the retrofit schemes. However,

the foundations were never simulated to loose stability, although residual foundation rotations were

observed to be as large as 10%, and the retrofit schemes achieve even more dramatic reduction in

collapse potential, compared to when the “expected” and “stiff” foundation models are employed.



175

0

200

400

600

800

1000

1200

1400

1600

1800

2000

N
um

be
r 

of
 S

im
ul

at
io

ns

Foundation Model: Soft

 

 

Ba
se

 L
in

e 
 

M
od

el
R

M
F−

1h
R

M
F−

1
R

M
F−

2h
R

M
F−

2
R

M
F−

3h
R

M
F−

3
R

BR
−1

R
BR

−2
R

BR
−3

R
BR

B−
1

R
BR

B−
2

R
BR

B−
3

Repairable

Unrepairable

Collapse

Non−
Convergent

0

200

400

600

800

1000

1200

1400

1600

1800

2000

N
um

be
r 

of
 S

im
ul

at
io

ns

Foundation Model: Expected

 

 

Ba
se

 L
in

e 
 

M
od

el
R

M
F−

1h
R

M
F−

1
R

M
F−

2h
R

M
F−

2
R

M
F−

3h
R

M
F−

3
R

BR
−1

R
BR

−2
R

BR
−3

R
BR

B−
1

R
BR

B−
2

R
BR

B−
3

Repairable

Unrepairable

Collapse

Non−
Convergent

0

200

400

600

800

1000

1200

1400

1600

1800

2000

N
um

be
r 

of
 S

im
ul

at
io

ns

Foundation Model: Stiff

 

 

Ba
se

 L
in

e 
 

M
od

el
R

M
F−

1h
R

M
F−

1
R

M
F−

2h
R

M
F−

2
R

M
F−

3h
R

M
F−

3
R

BR
−1

R
BR

−2
R

BR
−3

R
BR

B−
1

R
BR

B−
2

R
BR

B−
3

Repairable

Unrepairable

Collapse

Non−
Convergent

Figure 5.66: Summary of the number of simulations that resulted in the “repairable”, “unrepairable”, and
“collapse” performance categories in all three simulated scenario earthquakes, and in the in-
cremental dynamic analyses using recorded ground motions from actual earthquakes, assuming
the “soft” (top figure), “expected” (middle figure), and “stiff” (bottom figure) foundation spring
stiffnesses. The total number of simulations carried out for each building model, for each as-
sumption on foundation spring stiffnesses, is 4154. Some simulations failed to converge before
showing a clear sign of model collapse. These simulations are labeled as “non-convergent” and
are removed from the data sets before constructing fragility curves.
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Figure 5.67: Fragility curves showing the probability of the building models realizing the “repairable” per-
formance category or worse given horizontal peak ground velocity in the Mw 7.9 1857-like
San Andreas fault earthquake scenario, the Mw 7.8 ShakeOut scenario earthquake on the San
Andreas fault, and the Mw 7.2 scenario earthquake on the Puente Hills fault system, assuming
the “soft” (top figure), “expected” (middle figure), and “stiff” (bottom figure) foundation spring
stiffnesses.
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Figure 5.68: Fragility curves showing the probability of the building models realizing the “unrepairable”
performance category or worse given horizontal peak ground velocity in the Mw 7.9 1857-like
San Andreas fault earthquake scenario, the Mw 7.8 ShakeOut scenario earthquake on the San
Andreas fault, and the Mw 7.2 scenario earthquake on the Puente Hills fault system, assuming
the “soft” (top figure), “expected” (middle figure), and “stiff” (bottom figure) foundation spring
stiffnesses.
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Figure 5.69: Fragility curves showing the probability of the building models realizing model collapse given
horizontal peak ground velocity in the Mw 7.9 1857-like San Andreas fault earthquake scenario,
the Mw 7.8 ShakeOut scenario earthquake on the San Andreas fault, and the Mw 7.2 scenario
earthquake on the Puente Hills fault system, assuming the “soft” (top figure), “expected” (mid-
dle figure), and “stiff” (bottom figure) foundation spring stiffnesses.
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5.6 Frequently Observed Collapse Mechanisms in the Building Mod-

els

To gain some understanding of how the building models behave towards their limit state, the col-

lapse mechanisms most frequently observed for the building models are described in this section.

Snapshots of the building models after detrimental collapse mechanisms have formed and at an in-

stant before the building models are completely lost are presented in Figures 5.70 to 5.82 as follows:

Figure: Figure:

Base Line Model 5.70 RBR-1 5.77

RMF-1h 5.71 RBR-2 5.78

RMF-1 5.72 RBR-3 5.79

RMF-2h 5.73 RBRB-1 5.80

RMF-2 5.74 RBRB-2 5.81

RMF-3h 5.75 RBRB-3 5.82

RMF-3 5.76

The figures show a view of frame A of the building models in their deformed state. The model

deformations have been exaggerated by a factor of 3 for improved visualization. Beam and column

elements are split into two, and each half is given a color depending on associated end plastic

rotations. Brace elements are given a color depending on associated axial deformation. Plastic

rotations in panel zones (if any) are shown as squares at the location of the joints and given a color

depending on the degree of plastic deformation. The plastic deformations are normalized by yield

deformations as follows:

Beams and Column Elements: θy =
Zσy L
6EI

Brace Elements: δy =
σy L
E

Panel Zone Elements: θy =
τy
G

Where Z is the cross-section plastic modulus, I is the cross-section moment of inertia, σy is material

yield stress, τy is the material yield shear stress, E is the Young’s modulus, G is the shear modulus,

and L is the element length. For buckling-restrained elements, L is taken as the length of the yielding

core Lyc.

Beam-to-column connections fractures are shown as black triangles, on top of corresponding

beams if fractures occur in the top flange fibers, and on the bottom of beams if fractures occur in the
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bottom flanges fibers. In a similar fashion, beam fiber ruptures near column faces are shown with

red triangles. Column splice fractures and column baseplate fractures are also shown where they

occur. If all fibers of a segment have ruptured or fractured, the element that contains that segment

is removed from the building model.

Krishnan et al. described collapse mechanisms in steel moment-frame buildings as “quasi-shear

bands”, where plastic hinges form at the bottom of the columns of the lowest story of the shear

quasi-shear band, and at the top of the columns of the highest story of the quasi-shear band, and all

beams at intermediate levels exhibit excessive plastic hinging at both ends [50].

This description fits well to the collapse mechanisms observed for the moment-frame building

models analyzed in the present study. However, hinging of the columns of the highest and lowest

stories of the shear bands is often accommodated by fracturing of column splices, which are located

approximately at one-third height of every second story.

The base line model is consistently observed to form such collapse mechanisms in the lower half

of the building model, with wide spread fracturing of the brittle beam-to-column moment resisting

connections in the lower half of the building model, while the upper half of the building model

is virtually undamaged (Figure 5.70). From the perspective of dissipating energy through plastic

deformation of structural elements, only half of the building model is being engaged in dissipating

the seismic waves originating from the ground shaking.

In retrofit scheme RMF-1h, the lower half of the building model is strengthened to some degree,

but it is proven not to be sufficient to spread the building damage over a greater portion of the build-

ing model. The building model is still observed to consistently form collapse mechanisms in the

lower half of the building model, while the upper half remains virtually undamaged (Figure 5.71).

It is therefore of little surprise that no additional improvement in structural performance is gained

from retrofitting the remainder of the brittle beam-to-column moment resisting connections in that

single moment-frame bay. Retrofit scheme RMF-1 is similarly observed to form collapse mecha-

nisms in the lower half of the building model, while the upper half remains virtually undamaged

(Figure 5.72).

As the brittle beam-to-column moment resisting connections are retrofitted in the second moment-

frame bay only in the lower half of the building model (retrofit scheme RMF-2h), the strength of

the lower half of the building model is now sufficient to transmit more of the seismic energy to the

upper half of the building model. As a result, retrofit scheme RMF-2h is observed to form collapse
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mechanisms in the form of shear bands in some instances in the upper half of the building model,

and in other instances in the lower half of the building model (Figure 5.73).

In retrofit scheme RMF-2, all the brittle beam-to-column moment resisting connections in those

two moment-frame bays are retrofitted, and collapse mechanisms are again observed to be confined

to the lower half of the building model, but now some plastic deformations are observed in the upper

half of the building model (Figure 5.74).

In retrofit scheme RMF-3h, the brittle beam-to-column moment resisting connections are retro-

fitted in all three moment-bays only in the lower half of the building model. The retrofit scheme is

observed to form collapse mechanisms in the upper half of the building model, and less frequently

in the lower half of the building model (Figure 5.75).

In retrofit scheme RMF-3, the remainder of the brittle beam-to-column moment resisting con-

nections are retrofitted, and once again the building model is observed to consistently form collapse

mechanisms in the lower half of the building models. In fact, the collapse mechanisms are frequently

observed confined to the lowest quarter of the building model, but some plastic deformations are

observed outside the detrimental shear band (Figure 5.76).

Retrofit schemes RMF-2h, RMF-2, RMF-3h, and RMF-3 realized comparable collapse potential

in the analyses performed in this study, which suggests that at a certain point, upgrading additional

beam-to-column connections will result in minimal additional improvement in performance.

The two retrofit schemes that consider implementing brace elements only in the lower half of the

building model (schemes RBR-3 and RBRB-3) are successful in preventing formations of collapse

mechanisms in the lower half of the building model, and the retrofit schemes are most frequently

observed to form collapse mechanisms in the upper moment-frame portion of the building models

(Figures 5.79 and 5.82). In a few instances, however, collapse mechanisms are observed to form in

the lower braced portions of the building models.

The buckling-restrained version of this scheme realized a collapse potential comparable to

schemes RMF-2h, RMF-2, RMF-3h, and RMF-3. The version that employed conventional brace

elements did not perform as well. A retrofit scheme that implements brace elements in the lower

half of the building in conjunction with upgrading beam-to-column moment connections in the up-

per half might present additional improvement in building performance while keeping architectural

impact low.
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The retrofit schemes that consider implementing conventional brace elements over the entire

height of the building model (schemes RBR-1 and RBR-2) are also observed to form collapse mech-

anisms in localized bands of deformation. Under strong ground motions the brace elements buckle

in compression, resulting in a dramatic drop in stiffness and strength. Furthermore, the brace ele-

ments do not necessarily buckle simultaneously over the entire height of the building. Hence, the

braced-frame has a tendency to develop soft (and weak) stories in the most stressed portion of the

building.

Another concern is that during buckling a brace element experiences strain concentrations in the

plastic hinge that forms at mid-span. If the excessive strains do not already cause severing of the

cross-section during the buckling phase, the strain hysteresis built into the cross-section dramatically

limits the ductility of the element in consequent tension cycles. In the present study, conventional

brace elements are observed to rupture through in tension at inter-story drift ratios in the range of

3-8%, depending on the previous cycles of deformation. If local buckling of the cross-sections

was included in the modeling, complete element failure might be observed even sooner. So if the

braced-frame survives a strong earthquake, it is questionable how much service the brace elements

can provide in potential aftershocks. In addition, conventional braces are observed to experience

large out-of-plane deformations during buckling, which could lead to hazards associated with falling

debris.

Retrofit scheme RBR-1 is observed to localize most of the building deformation to a few stories

just above the 8th story, or where the bracing configuration is tapered. As a result, collapse mecha-

nisms are observed to consistently form in those same stories (Figure 5.77). In the narrow band of

deformation the brace elements that are in compression are in a severe mode of buckling and carry

minimal compressive loads. The opposite brace elements have ruptured through in tension.

Retrofit scheme RBR-2 is observed to distribute deformations over a greater portion of the

building model, resulting in better performance than scheme RBR-1. However, scheme RBR-2

is also observed to eventually form collapse mechanisms in narrow bands of deformation, but the

collapse mechanisms do not always form in the same stories. Rather, the mechanisms are observed

to form over four to seven stories somewhere in the middle portion of the building model (Figure

5.78)

The retrofit schemes that consider implementing buckling-restrained elements over the entire

height of the building model (schemes RBRB-1 and RBRB-2) are not observed to form collapse
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mechanisms in a narrow band of deformation. Rather, a large portion of the building models are

deformed and collapse mechanisms form over the lower two-thirds of the building models (Figures

5.80 and 5.81). The two schemes are observed to collapse in a very similar fashion. Minimal

differences were also shown in building performance between the two schemes.

Retrofit schemes RBR-2, RBRB-1, and RBRB-2 realized similar potential for collapse in the

analyses performed in this study.

−10 0 10 20 30

0

10

20

30

40

50

60

70

80

X (m)

Z
 (

m
)

 

 
Beam & Column θ

pl
 / θ

y

0 2 4 6 8 10

 

 
Panel Zone θ

pl
 / θ

y

0 2 4 6 8 10

Beam Bottom Flange Fracture

Beam Top Flange Fracture

Column Splice Fracture
Column Base Plate Fracture
Beam Bottom Flange Rupture
Beam Top Flange Rupture

0 50 100
−1

0
1 X

V
E

L
(m

/s
)

Time (sec)
0 50 100

−1
0
1 Z

Time (sec)

Figure 5.70: Frequently observed collapse mechanism in the base line model.
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Figure 5.71: Frequently observed collapse mechanism in retrofit scheme RMF-1h.
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Figure 5.72: Frequently observed collapse mechanism in retrofit scheme RMF-1.
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Figure 5.73: Frequently observed collapse mechanisms in retrofit scheme RMF-2h.
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Figure 5.74: Frequently observed collapse mechanism in retrofit scheme RMF-2.
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Figure 5.75: Frequently observed collapse mechanisms in retrofit scheme RMF-3h.
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Figure 5.76: Frequently observed collapse mechanism in retrofit scheme RMF-3.



188

−10 0 10 20 30

0

10

20

30

40

50

60

70

80

X (m)

Z
 (

m
)

 

 
Brace 1/2 δ / δ

y

Beam & Column θ
pl

 / θ
y
,

0 2 4 6 8 10

 

 
Panel Zone θ

pl
 / θ

y

0 2 4 6 8 10

Beam Bottom Flange Fracture

Beam Top Flange Fracture

Column Splice Fracture
Column Base Plate Fracture
Beam Bottom Flange Rupture
Beam Top Flange Rupture

0 50 100 150 200
−1

0
1 X

V
E

L
(m

/s
)

Time (sec)
0 50 100 150 200

−1
0
1 Z

Time (sec)

Figure 5.77: Frequently observed collapse mechanism in retrofit scheme RBR-1.
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Figure 5.78: Frequently observed collapse mechanisms in retrofit scheme RBR-2.
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Figure 5.79: Frequently observed collapse mechanism in retrofit scheme RBR-3.
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Figure 5.80: Frequently observed collapse mechanism in retrofit scheme RBRB-1.
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Figure 5.81: Frequently observed collapse mechanism in retrofit scheme RBRB-2.
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Figure 5.82: Frequently observed collapse mechanism in retrofit scheme RBRB-3.
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Chapter 6

Summary, Conclusions, and Future
Work

6.1 Summary of Research

This dissertation presents a case study of retrofitting a 20-story pre-Northridge steel moment-frame

building. Twelve retrofit schemes were developed that present some range in degree of interven-

tion. Three retrofitting techniques were considered: upgrading the brittle beam-to-column moment

resisting connections, and implementing either conventional or buckling-restrained brace elements

within the existing moment-frame bays. The retrofit schemes include some that are designed to the

basic safety objective (BSO) of ASCE-41 Seismic Rehabilitation of Existing Buildings [4].

Detailed finite element models of the base line building and the retrofit schemes were con-

structed in STEEL, a nonlinear structural analyses program for steel frames developed at Caltech

(also referred to as FRAME-2D). The building models include considerations of brittle beam-to-

column moment resisting connection fractures, column splice fractures, column baseplate fractures,

accidental contributions from “simple” non-moment resisting beam-to-column connections to the

lateral force-resisting system, and composite actions of beams with the overlying concrete floor sys-

tems. Also, foundation interaction is included through nonlinear translational springs underneath

basement columns. To address uncertainties associated with the modeling of the foundations “soft”

(and weak), “stiff” (and strong), as well as expected foundation spring stiffnesses and capacities

were applied.

A method for modeling buckling-restrained brace elements that accurately models the stiffness

and ductility of the elements is presented, and the modeling of both conventional and buckling-

restrained brace elements is validated against experimental data.
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Then, the building models were analyzed under ground motions from three simulated earth-

quakes that produce intense ground shaking in the greater Los Angeles metropolitan area, and under

recorded strong ground motions from actual earthquakes scaled with scaling factors ranging from

0.2 to 2.0 in increments of 0.2. These add up to a total of 4154 nonlinear dynamic analyses per-

formed per building model, per assumption on foundation spring stiffnesses and capacity. Hence,

the effectiveness of the retrofit schemes is robustly tested.

6.2 Summary of Results

From the analyses of the building models the following conclusions can be drawn:

• Pre-Northridge steel moment-frame buildings in the 20-story height can be expected to suffer

severe damage and even building collapse in vast regions if a major earthquake strikes the greater

Los Angeles metropolitan area. Similar observations were made by Hall et al. [38, 32, 33, 34],

Olsen et al. [59], Krishnan et al. [45, 46, 47], and Muto and Krishnan [48, 57]. Although other

building types, such as unreinforced concrete and masonry buildings, may be in even greater

risk of suffering severe structural damage or collapse, the seismic risk of pre-Northridge steel

moment-frame buildings should not be neglected.

• Retrofit schemes that convert existing moment-frames to braced-frames by implementing either

conventional or buckling-restrained braces, and are designed to the basic safety objective (BSO)

of ASCE 41 Seismic Rehabilitation of Existing Structures [4] using a nonlinear dynamic design

procedure, are effective in reducing collapse potential and avoiding unrepairable building damage

of pre-Northridge steel moment-frame buildings in the 20-story range.

• Relying on conventional brace elements to resist seismic lateral forces is not without compli-

cations. Under strong ground motions the brace elements buckle in compression, resulting in a

dramatic drop in stiffness and strength. Furthermore, the brace elements do not necessarily buckle

simultaneously over the entire height of the building. Hence, the braced-frame has a tendency to

develop soft and weak stories in the most stressed portion of the building. Also, during buckling

a brace element experiences strain concentrations in the plastic hinge that forms at mid-span. If

the excessive strains do not already cause severing of the cross-section during the buckling phase,

the strain hysteresis built into the cross-section dramatically limits the ductility of the element in
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consequent tension cycles. In the present study conventional brace elements are observed to com-

pletely fail at inter-story drifts as low as 3%. If local buckling of the cross-sections was included

in the modeling, complete element failure might be observed even sooner. So if the braced-frame

survives a strong earthquake, it is questionable how much service the brace elements can provide

in potential aftershocks. Also, conventional braces are observed to experience large out-of-plane

deformations during buckling, which could lead to hazards associated with falling debris.

• In contrast, buckling-restrained braces have been developed to avoid the pitfalls associated with

buckling in compression. Experiments have shown that the braces can reliably undergo multiple

cycles of highly plastic deformations. Hence, the braces do not deteriorate in the same rapid

fashion as conventional brace elements. Also, since the braces do not drop in strength during

compression, structural behavior is better controlled. For instance, consider the bracing configu-

ration that consisted of installing brace elements in all three moment-frame bays in the first eight

stories, and then in a single bay in the remaining stories. When conventional brace elements

were applied (scheme RBR-1), deformations were observed to localize in the region just above

where the bracing configuration is tapered. This was not the case when buckling-restrained brace

elements were applied.

• Although buckling-restrained brace elements have greater unit cost than conventional braces, the

former type may actually be more economical. Adding brace elements to the existing structure

renders it being much stiffer, which consequently leads to greater seismic forces. Hence, in

addition to installing brace elements, columns (and foundations) may need to be strengthened.

Because conventional braces experience a dramatic drop in strength during buckling, the braces

need to be considerably over-sized in design. In contrast, buckling-restrained braces have almost

symmetric properties in tension and compression, thus smaller cross sections are necessary. As

a result, buckling-restrained braces induce lower seismic demands on columns and foundations,

which may present savings in retrofit costs. Also, in the present study schemes RBR-2 and

RBRB-1 (and RBRB-2) realized similar collapse potential. This suggests that fewer buckling-

restrained brace elements may be needed to achieve a certain level of building performance,

which presents further savings in retrofit costs over conventional braces and less impact on the

architecture.

• Upgrading the brittle beam-to-column moment resisting connections results in some improved

building performance. Also, the results in the analyses performed in this study suggest that at a
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certain point, upgrading additional beam-to-column connections will result in minimal additional

improvement in performance.

• The retrofit schemes that consider strengthening the lower half of the building by implementing

brace elements while leaving the upper half unaltered (schemes RBR-3 and RBRB-3) are some-

what successful. The schemes are more effective in reducing deformations in the lower half of the

building model than the moment-frame half-height retrofit schemes, and thus reduce to a greater

extent global P-delta overturning moments. However, the resulting structures are stiffer than the

moment-frame configurations and consequently attract larger seismic forces, which often proved

to be too great for the upper portion. A retrofit scheme that implements brace elements in the

lower half of the building in conjunction with upgrading beam-to-column moment connections

in the upper half may present additional improvement in building performance while keeping

architectural impact low.

• To address uncertainties associated with the modeling of foundation interaction, three realiza-

tions of the foundations were applied. The “expected” and “stiff” foundation models resulted

in very similar building performances. When employing the “stiff” foundation model, founda-

tion reactions were in the elastic range for all building models. When employing the “expected”

foundation model, foundation reactions were in the elastic range for all but four building mod-

els. Yielding of the foundation springs was observed (in a few simulations) for retrofit schemes

RBRB-1 and RBRB-2, but more noticeably for retrofit scheme RBR-1 and RBR-2, with residual

foundation rotations up to around 1.5%. When employing the “soft” foundation model, the capac-

ities of the foundation springs were frequently exceeded in all building models at only moderate

levels of seismicity. As a result, all building models realized similar potential for exceeding the

residual foundation rotation limits for the “immediate occupancy” and “repairable” performance

categories. However, the foundations were never simulated to loose stability, although residual

foundation rotations were observed to be as large as 10%. Also, the collapse potential of the

building models when employing the “soft” foundation model were not too different from what

was observed for the “expected” and “stiff” foundation models.

• In the present study, building responses were simulated under ground motions from three hy-

pothetical large magnitude earthquakes that produce intense ground shaking in the greater Los

Angeles metropolitan area: a Mw 7.9 1857-like San Andreas fault earthquake [46, 47, 44], the

Mw 7.8 ShakeOut scenario earthquake on the San Andreas fault [27, 26], and a Mw 7.2 earthquake
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on the Puente Hills fault system [25, 30]. In all three earthquake scenarios, the base line model is

simulated to collapse in large regions in the greater Los Angeles metropolitan area. The two San

Andreas fault earthquakes are simulated to produce longer duration of shaking, which proves to

be a greater challenge for preventing collapse through retrofitting measures. The most destruc-

tive ground motion time histories are found in the 1857-like San Andreas fault earthquake. These

time histories posses a combination of long duration and peak ground velocities in excess of 2.5

m/s. A few even have peak ground velocities in excess of 3.5 m/s. In contrast, the largest peak

ground velocities observed in the ShakeOut scenario earthquake and the Puente Hills earthquake

are around 2.5 m/s.

6.3 Future Work

In the present study it has been shown that the seismic performance of pre-Northridge steel moment-

frame buildings in the 20-story range can be substantially improved by implementing conventional

and buckling-restrained brace elements. Further directions that this research can be expanded to

include the following:

• In order to communicate results better to decision makers, the costs associated with the retrofit

schemes need to be evaluated. Such cost estimations should include retrofit take off costs, impact

on leasing rates, impact on seismic insurance rates, and probabilistic seismic losses over the life-

span of the building (∼50 years). Given the poor performance observed for this class of buildings

in this study and other studies [38, 32, 33, 34, 45, 46, 47, 48, 57], such analysis might even reveal

a return on retrofit investments. At the very least, the reduced probabilistic seismic losses can

serve as a counterweight against retrofit take off costs.

• Investigate the effectiveness of more retrofit devices, such as friction dampers, viscous dampers,

viscoelastic solid dampers, and self-centering devices. A recent study showed that friction dampers

were more optimal than buckling-restrained braces for retrofitting two three-story steel moment

frames. In contrast, the study showed that buckling-restrained braces were more optimal than fric-

tion dampers for retrofitting a six-story steel moment-frame [3]. Hence, a retrofit study should

consider multiple retrofit techniques.

• Developing algorithms that optimize utilization of the different types of retrofit devices. Such

algorithms could also be helpful in the design of new structures. The optimization algorithms
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should consider multiple performance levels such as the “repairable”, “unrepairable”, and “col-

lapse” performance categories adopted in this study.

• Expand the research to include multiple index buildings. Such index buildings should be of

varying heights and have varying footprints. By performing detailed retrofit analysis on a range

of index buildings, individual owners of pre-Northridge steel moment-frame buildings, as well

as a communities such as the greater Los Angeles metropolitan area, could be better enlightened

to what retrofitting measures and associated costs are necessary to achieve acceptable seismic

performance for this class of buildings.
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