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Earthquakes have led to extensive loss of human life, destruction of the built environment,
displacement of residents from their homes, and high economic costs in many parts of the world.
These impacts largely stem from building collapse and damage, and reinforced concrete (RC) struc-
tures are a significant contributor. The behavior of RC buildings in earthquakes is highly uncertain,
particularly when a building has been damaged or built informally. The goal of this research is
to develop improved assessment techniques of RC buildings that increase the understanding of the
seismic performance of RC structures in order to improve community outcomes in major earth-
quakes. This dissertation is a compilation of two studies that each present a new methodology for
assessing seismic performance. In each, the methodology is also exercised for a set of archetype
structures. These frameworks employ nonlinear simulation models and computationally efficient
analysis methods.

In a post-earthquake environment, repair and demolition decision making play a significant
role in community recovery. These decisions are made based on a number of factors, including the
future seismic performance of buildings. The connection between the extent of damage—and how
best to evaluate damage—and the change in performance is not well understood. Chapter 2 of
this dissertation presents a new computationally-efficient framework for evaluating future seismic
performance based on damage. This relationship is affected by building characteristics: short period
buildings are more sensitive to damage and highly ductile buildings are capable of withstanding
higher levels of damage. The framework and the findings in this study can be used in conjunction
with component-level assessments and visual inspection to guide post-earthquake decision making

about repair and demolition.



iii

Informally-constructed houses have had devastating consequences in recent earthquakes. In-
formally constructed homes are those that are built without explicit engineering design or code-
compliance, and may be built with low-quality materials. Despite the ubiquity of this type of
construction, few seismic performance assessments have been conducted. Chapter 3 presents a
methodology for evaluating the collapse risk of informally-built RC houses. This framework is
exercised for houses in Puerto Rico, where informal construction is prevalent. This work revealed
which building components and characteristics are most critical for seismic safety. Open-ground-
story houses are most vulnerable to collapse, but can be improved through improved column de-
tailing or retrofit. One-story houses are generally safer than two-story houses, heavier buildings
generate larger seismic forces on building components. Confined masonry construction is safer than
infilled masonry. These findings are used to provide recommendations for homeowners, builders,
and local organizations that will improve seismic safety. The methods outlined in this study can be

applied more broadly to areas where informal construction is common and seismic hazard is high.
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Chapter 1

Introduction

1.1 Motivation

Earthquakes have caused extensive loss of human life, destruction of the built environment,
displacement of residents from their homes, and high economic costs in many parts of the world.
These impacts are largely a result of building collapse and damage, and reinforced concrete (RC)
buildings are a significant contributor [1, 2, 3, 4, 5]. RC buildings are common worldwide, as the
necessary materials are relatively inexpensive and widely available [6, 7]. These buildings typically
perform well under gravity and wind loading [8, 9], but can be vulnerable to damage or collapse in
earthquakes if not designed and detailed for seismic design [10, 11].

In areas where seismic loads are considered in design and construction, RC buildings are
generally able to withstand damage without compromising life safety, by dissipating the energy
introduced by the ground motion [12]. However, this damage may be extensive and its effect on the
future performance of the building is uncertain [13], and post-earthquake decision making about
repairs and building occupancy tends to be conservative as a result. Presently, visual inspection
and post-earthquake capacity assessments—typically based on static pushover analysis—are used to
inform repair or demolition decisions [14, 15, 16]. Conservative decision making can lead to excessive
repair or demolition costs, downtime, and socioeconomic stagnation, which impede community
recovery [17]. For example, following the 2011 Christchurch, New Zealand earthquake, 65% of
“significant” buildings (defined as those with more than five stories) were demolished in the central

business district [2]. Safety cordons to mitigate risk to public safety from damaged buildings



remained in Christchurch for up to 28 months [18]. Excessive demolition contributed significantly
to the enormous economic costs, with an estimated NZ$5 billion in repair and reconstruction costs
in Christchurch [19]. Conversely, if decision making is not conservative, severely damaged buildings
may be at higher risk of collapse in a future earthquake or aftershock if insufficient repair actions
are taken [20, 21]. Particularly in dense urban areas, collapse risk of damaged buildings can halt
social and economic activity, displace residents from their homes, and lead to adverse mental health
among the population [22, 17]. Researchers who studied mental health following the Christchurch
Earthquake attributed the increase in stress and depression among residents to the continuing
disruption and feelings of fear “maintained by environmental cues” (i.e., lingering unrepaired and
demolished buildings) [22]. Decisions about repair and demolition depend on an interdependent
set of factors, including extent of damage, risk perceptions, insurance, and regulations [2].

In regions where construction is largely unregulated and built without consideration of seismic
loads, earthquakes can have devastating consequences. During the earthquake sequence that began
in December 2019, thousands of houses in Puerto Rico were damaged or collapsed, mostly from the
moment magnitude (Mw) 5.8 and 6.4 earthquakes in early January 2020 [23, 24]. Reconnaissance
efforts by the Structural Extreme Events Reconnaissance (StEER) team revealed that, among
the collapsed buildings, most were open-ground-story houses, where failure of first-story columns
led to a soft story mechanism. Masonry walls, particularly those with openings, developed large
shear cracks during the earthquakes [24]. Residents who believed their houses were vulnerable to
earthquakes opted to sleep outside, in cars, or at a neighbor’s houses (Personal correspondence and
[25, 26]). The risk of building collapse, along with lost access to water and electricity, contributed
to an environment of fear and anxiety on the island [25].

More than half of residential construction in Puerto Rico is classified as informal [27], which
contributed to widespread damage and collapse during the earthquakes [24]. These informally-
constructed houses are self-managed, built by homeowners or builders without formal construction
training, and built without explicit permitting, adherence to building codes or input from architects

or engineers; they may also be on land for which the resident does not have land tenure [28, 27, 29].



The prevalence of informal construction—up to 90% of construction in some areas worldwide [30]—
has been cited as contributing to a disproportionate effect of disasters on residents in low- and
middle-income countries [31, 32]. In particular, areas where informal construction is common have
suffered extensive damage, injury and loss of life in recent earthquakes. For example, approximately
316,000 people lost their lives due to a Mw 7.0 earthquake in Haiti in 2010; another 300,000 were
injured and 1.3 million were displaced [33]. This devastating outcome is largely attributed to
building collapse among informally-constructed RC houses there, which were often built without
consideration of seismic forces, had insufficient column detailing and connections, or used low-
quality materials [10, 4, 34]. Similarly, in Nepal, lack of compliance with building codes contributed
to the extensive damage to over 500,000 buildings in Nepal in the 2015 Mw 7.8 earthquake [3].
Through interviews with residents and those who work in construction in Puerto Rico, Gold-
wyn et al. [35] found that the informal and RC-dominant nature of residential construction stems
from the safety of RC houses in hurricanes, material costs and availability (concrete and masonry
are relatively inexpensive and widely available), and a lack of understanding of the need for seismic
design [29, 36]. Before the damaging January 2020 earthquakes, informally-constructed houses were
predominantly designed to withstand high winds and flooding in frequent hurricanes. After the
earthquakes, however, interest in earthquake preparedness workshops organized by local organiza-
tions had increased and the number of residents who reported a preference for concrete construction

decreased substantially [35].

1.2 Research scope and gaps

This dissertation examines two barriers to seismic performance assessments for RC buildings.
First, the extent to which damage affects performance in future earthquakes is not well understood
and this relationship is critical in post-earthquake decision making. I address this by developing
a framework for quantifying the relationship between damage and impaired future performance. 1
demonstrate the use of this framework, provide results for a set of archetype RC frame buildings,

and link these results to decision making about post-earthquake repair. Second, extensive damage



has been observed in informally-constructed RC buildings, and especially houses, but there has
been limited study on the effect of specific building design, construction, and retrofit decisions on
collapse risk. In this dissertation, I demonstrate the capacity for mitigating seismic risk of RC
houses through modifications to construction methods, materials, and seismic detailing. I assess
RC houses in Puerto Rico, but the methods described here can be applied broadly to regions where

informal construction is prevalent.

1.2.1 Post-earthquake assessment of RC buildings

In practice, post-earthquake assessments seek to understand the impact of damage on the
future performance of a building, relying on visual inspection, and in some cases instrumentation,
to understand the effects of shaking [16, 37, 38]. There is uncertainty associated with future seismic
performance implications of this damage, in part because the damage to RC structures can manifest
as cracking, reinforcing bar buckling and yielding, and plastic hinge formation, and is not always
visible. Component-level analysis has been used to determine repair using visual inspection [37],
but there is not presently a widely used method for system-level analysis [39].

Researchers have studied the effects of mainshock-aftershock sequences on buildings, and
found that, for example, the future collapse risk of well-detailed RC frame buildings is not negatively
affected by an earthquake in which story drift demands do not exceed 2% [21, 40, 41, 42]. However,
the level of damage and the threshold at which future performance is impaired remains unclear
and has a significant impact on repair decisions. There is also uncertainty relating to the measure
of damage that best indicates future performance. Engineers have quantified damage in terms
of residual drift [42], peak story drifts [21, 43], and lost strength and stiffness, but none of these
measures are widely used to inform repair decisions.

Recovery time and cost depend on which buildings require repair, a central question in the
aftermath of an earthquake. In the United States, we lack a general seismic repair guideline, but
some communities have identified criteria for when repair is needed; in Oakland, California, a 10%

loss of lateral capacity triggers repair; in nearby San Francisco, a 20% loss of capacity indicates



repair is needed [44, 14]. In other municipalities, damaged and repaired buildings were required
to comply with the 1970 Uniform Building Code [44]. These criteria are inconsistent between
municipalities and lack guidance on how to assess the loss of capacity. In the United States, FEMA
306 [45] provides guidelines for determining the change in capacity, which indicates a need for repair,
but this document only applies to a subset of building types (RC and masonry wall buildings) and
predates many advancements in seismic analysis, including in simulation models and probabilistic
performance assessment. Computational models can aid in determining the damage a building has
incurred, but more work is needed to link visible indicators of damage to numerical analyses and
repair decisions.

Recognizing this need, other researchers have worked to develop frameworks for reparability
(i.e., when repair is needed). Polese et al. [14] developed a post-earthquake repair and demolition
framework that considers building repair costs and change in the probability of failure for decision
making based on RC buildings in Italy. This method uses static pushover analysis of damaged
buildings to relate damage on residual capacity. Similarly, Safiey et al. [15] proposed a performance-
based earthquake engineering model to consider what buildings cannot be repaired. Their model
considers building characteristics and external factors (e.g., insurance, legislation) in determining
irreparability.

There is a need for post-earthquake repair guidelines in the United States [39], which require
methods for assessing post-earthquake performance. Current methods for assessing repairability
do not provide a consistent, well-defined methodology for system-level analysis, which is needed to
understand the effect of damage and inform repair decisions. Many of the current methods rely on
simplified analysis methods that are computationally-efficient but may not capture the full extent

of the seismic response, and do not incorporate the latest strategies for earthquake assessment.

1.2.2 Collapse risk of informally-constructed houses

Despite the ubiquity of informal construction, little seismic assessment has been conducted,

limiting the understanding of collapse risk and mechanisms for improving performance in this



resource-constrained context. Most work to assess the seismic performance of these houses occurs
after earthquakes, where researchers work to identified vulnerabilities that made structures more
susceptible to collapse through reconnaissance (e.g., Brando et al. [46]; Lang and Marshall [4]).
In Haiti, where informal construction is common, a Mw 7.0 earthquake caused extensive damage
and collapse to 40% of houses, according to one study [47]. Researchers assessed housing following
a seismic vulnerability model developed by Hassan and Sozen [48], and found that 90% of houses
were at risk of damage [47]. Holliday and Kang [7] observed similar deficiencies among non-
engineered houses in Nicaragua, identifying shear critical short columns, soft-story configurations,
and brittle masonry walls as seismic vulnerabilities. They hypothesized that the excessively heavy
roofs generated large inertial earthquake forces that increased demands on under-designed building
components. In Nepal, researchers attributed damage to buildings in the 2015 Ghorka earthquake
to weak materials, poor construction, and non-compliance with building codes [49, 50].

Collapse risk assessments of informal construction have been limited, in part due to the
difficulty of modeling and analyzing these buildings. Nonductile building components, such as
shear critical columns and masonry walls, are difficult to accurately represent in nonlinear models
[51, 52]. These components dictate response, especially in informally-constructed houses, due to the
lack of seismic design and detailing. Numerical modeling requires engineers to make assumptions
that introduce uncertainty to the assessment [53]. Efforts to improve numerical modeling have
focused on the development of more accurate models of building components (e.g., columns and
walls [54, 55, 56]). These component models typically rely on databases of experimental testing to
develop empirical equations, and require engineers to a priori assess, for example, failure mechanism
and the interaction of forces within the element.

Prior work to assess behavior of informally-constructed houses has typically focused on in-
dividual building components, such as infilled walls or retrofit methods. Much of the work has
employed static pushover analysis, which may not capture the dynamic loading effects induced by
an earthquake [57, 58] and may not focus on collapse or life safety. There has been some study of

the collapse capacity of informally-constructed houses, but it has typically not focused on improving



seismic resilience on a community-wide level. This work combines prior collapse risk assessment
methods, such as those employed by Sattar and Liel [59], who studied the collapse risk clay-brick
infilled RC frames, with assessments of individual building components. Thorough parametric
study of location-specific archetype houses using dynamic analysis is needed to understand the

performance, and potential improvements, of informally-constructed houses.

1.3 Overview of research questions

Through this work, summarized in Table 1.1, I sought to improve methods for the seismic
performance assessment of RC structures, with a particular focus on buildings that have been
damaged and houses that were built informally. In two studies, I developed frameworks that can
be used by other researchers to assess the seismic performance of buildings and presented results
of those frameworks applied to a set of archetype structures.

In Chapter 2, 1 seek to answer the questions: When does damage matter in terms of impaired
future seismic performance? How do building characteristics affect how damage changes building
performance in a future earthquake? How can the computational efficiency of these assessments
be improved? I compare the performance of RC buildings with varying levels of damage to the
same buildings in an undamaged state to understand the relationship between the extent of damage
and impaired performance. This study includes 50 single-degree-of-freedom (SDOF) systems and
five modern RC buildings to capture the effects of building characteristics on repeated earthquake
performance. Using a nonlinear model of each building, I assess the drift demands during maximum
considered earthquake (MCER) level ground motions as a proxy for collapse safety. Repair is
triggered when the performance of the damaged building in MCFERg-level motions is impaired by
damage in a prior motion. This study illustrated when a building requires safety repair as a
result of damage in an earthquake, and which building characteristics (e.g., deformation capacity
and building period) influence the need for repair. This work seeks to improve post-earthquake
performance assessment methods, which primarily rely on visual inspection, by providing a system-

level assessment framework.



The work detailed in Chapter & is guided by the following questions: How vulnerable are
informally-constructed RC houses in earthquakes? What building elements affect the earthquake
vulnerability of informally-constructed houses? What improvements could be incorporated to re-
duce the collapse risk of RC houses? This study assesses collapse risk of informally-constructed
houses with variation in material quality, construction method, and gravity loading. The focus of
this work is on Puerto Rico, where informal construction is common and seismic hazard is high,
but many of the construction practices are found in other regions of the world. I began by collect-
ing information through interviews and field work to develop 50 archetype buildings representing
RC informal construction in Puerto Rico. I then model each house archetype in OpenSees, and
assess performance through incremental dynamic analysis. For each building, I determine the col-
lapse capacity and the relative effect of building elements and construction methods on seismic
performance. These findings are intended to guide construction and retrofit recommendations to

be disseminated to local organizations.

1.4 Organization

This dissertation is organized in a journal article format. Chapters 2 and 3 present the two
studies, summarized in Table 1.1. These are standalone studies, but each seeks to increase the
understanding of the seismic performance of RC structures to improve community outcomes in

major earthquakes.



Table 1.1: Summary of studies collected in this dissertation, including research gaps, questions,

and supplementary information

Chapter

Research Gaps

Research Questions

Chapter 2. Murray, P.B.,
Liel, A.B., and Elwood, K.J.
(Under review) “A framework
for assessing impaired seismic
performance as a trigger for

repair.”

Chapter 3. Murray, P.B.,
Feliciano, D.M., Goldwyn,
B.H., Liel, A.B., and Arroyo,
O., and Javernick-Will, A (In
preparation) “Seismic safety
assessment of

informally-constructed houses

in Puerto Rico”

Post-earthquake assessments
of buildings rely on
inconsistent and poorly
defined analysis methods.
Estimating the future
performance of RC buildings
through numerical analysis is
computationally-expensive

Informal RC construction is
common worldwide, and
potentially increases
vulnerability in disasters.
There is a dearth of seismic
performance assessments of
informally-constructed
houses.

When does damage matter?
How do building
characteristics affect how how
damage changes future
performance? How can the
computational efficiency of
these assessments be
improved?

How does informal
construction affect the
earthquake risk of houses?
What building elements most
influence seismic
performance? What
improvements could be made
to houses to reduce collapse
risk?




Chapter 2

A framework for assessing impaired seismic performance as a trigger for repair

This chapter is the journal paper “A framework for assessing impaired seismic performance
as a trigger for repair” co-authored by Dr. Abbie B. Liel and Dr. Kenneth J. Elwood. It has been

submitted and is under review.

2.1 Introduction

Decisions about repair of buildings after an earthquake can be consequential, and depend on a
complex set of factors including damage, cost to repair, insurance, regulations, and risk perceptions
[2]. On one hand, buildings that are not repaired may be at risk of collapse in a future earthquake.
On the other hand, the cost and time of unnecessary repair—and in some cases demolition—can
impede community recovery and resilience. For example, following the 2011 Canterbury (New
Zealand) Earthquake sequence, 65% of “significant” buildings (i.e., buildings with more than five
stories) were demolished in Christchurch’s central business district [2]. Even before the demolition,
the process of evaluating which structures could or should be repaired exacerbated downtime and
socioeconomic impacts [1]. Among communities around the world, there has been significant vari-
ation in the criteria used to identify when repairs of earthquake-damaged buildings are necessary;
I refer to these criteria as “repair triggers”. Following the 1989 Loma Prieta (California) Earth-
quake, for example, the repair trigger in San Francisco was 20% loss of capacity [14]; in Oakland,
the trigger was a 10% loss of lateral capacity; and, in Santa Cruz, all damaged or repaired buildings

were required to comply with the 1970 Uniform Building Code [44]. There is also uncertainty about
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how to consistently and effectively assess this loss of capacity in the post-earthquake environment.
In the U.S., the FEMA 306 [45] guidelines for repair of earthquake-damaged buildings define a
procedure for comparing (through pushover) earthquake demands and capacities that account for
reduction of component stiffness and strength. Yet, this document is more than 20 years old, and
applies only to reinforced concrete and masonry wall buildings. Seismic repair decisions are be-
coming increasingly scrutinized with a growing emphasis on community resilience and functional
recovery [60].

There has also been increased interest in reparability among researchers in recent years. For
example, Polese et al. [14] developed a tool for estimating the loss in performance of earthquake-
damaged reinforced concrete (RC) buildings. A database of repair costs for such buildings was
calibrated to costs associated with repair of buildings damaged in the 2009 L’Aquila (Italy) Earth-
quake, and the change in lateral capacity was determined through mechanism-based and static
pushover analyses [14]. Expanding on this work and the framework presented in FEMA 306 [45],
Polese et al. [61] proposed a method for repair/demolish decisions that considers reconstruction
costs and change in performance, quantified as probability of failure. The researchers applied this
methodology to a municipality in Italy to determine the effect of repair and retrofit thresholds on
the safety of the entire building stock. Safiey and Pang [15] likewise proposed a performance-based
earthquake engineering model to consider irreparibility (i.e., damage to the structure cannot be
remediated). They account for both endogenous (building characteristics, such as structural system
and building size) and exogenous (insurance, legislation, etc.) factors in determining irreparablity.

In this study, I propose a framework that quantifies reparability by estimating the level of
damage at which a building’s future performance is impaired. Performance is deemed not impaired
if the assessed performance in a maximum considered earthquake ground motion, or MCER, level
motion remain essentially unchanged after a damaging earthquake. I measure performance in terms
of drift demands, which are taken as a conservative proxy for residual collapse capacity [62, 21],
meaning drift demands are likely to be affected by seismic damage before collapse capacity. The

framework involves developing nonlinear simulation models of a building to assess drift demands
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of a (pre-earthquake) undamaged building, and comparing these to drift demands in a (post-
earthquake) damaged building at the same level of shaking. I identify impaired performance by an
increase in the median drift demands under rare MCFER-level ground motions. To reduce the the
computational expense of hundreds of back-to-back simulations to represent damaged buildings, I
propose a method for selecting a representative subset of analyses. The trends in reparability, if
assessed for multiple types of buildings, could be used as part of guidelines for seismic repair, such
as those being considered in the FEMA-funded ATC 145 project that seeks to identify drift limits
for system and component checks to determine if repair is needed, from a safety and serviceability
perspective, after an earthquake [39].

The framework is first applied to 50 single-degree-of-freedom (SDOF) structures and then to
a set of RC moment frame buildings that represent modern code-conforming and non-conforming
buildings in the U.S. to explore how building characteristics affect the repair trigger. Damage to
even well-detailed RC frame buildings, including, in the Christchurch Earthquake, plastic hinging
in beams and columns and damage to floor slabs [1], is common during intense ground shaking,

and repair decisions can be consequential for community recovery.

2.2 Related previous work

The consequences of earthquake damage on future seismic performance of buildings have
been examined by a number of researchers investigating performance of buildings in aftershocks or
repeated shaking. As part of the FEMA 307 report [63], analytical studies of SDOF models showed
that prior damage does not significantly affect displacement demands (-3% to +10%) unless the
strength of the system is significantly reduced by the damage. However, prior damage was shown to
affect the variability in response. More recently, a number of researchers have assessed the change
in collapse capacity and drift demands of damaged, modern RC frame buildings in comparison
to an undamaged building. For example, Raghunandan et al. [21] found that, for modern well-
detailed ductile RC frame buildings, drift demands in subsequent events do not increase until the

mainshock (or first event) peak story drift demand exceeds 2%. That study also showed peak
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story drift demands in the mainshock event to be a robust indicator of residual collapse capacity.
Abdelnaby and Elnashai [64] assessed the seismic performance of RC frame buildings subjected to
repeated motions to determine the effects of different modeling and analysis decisions on outcomes.
They concluded that complex models (i.e., those that consider gravity systems, degradation and
P — A effects), and the influence gravity systems are needed. They also found that simplified
analysis methods (i.e., static pushover or component level analysis) could not adequately capture
the effects of damage. Hosseinpour and Abdelnaby [20] observed a 20% change in median collapse
capacity if the building has previously experienced demands at “life safety” levels in a first event.
This study focused on 8-story RC frame buildings designed by Hatzigeorgiou and Liolios [65], who
studied the multiple-earthquake behavior of structures designed for gravity only, and gravity and
seismic loading. They observed an increase in seismic demands in repeated earthquake sequences
[65]. Zhang et al. [66] also quantified changes in collapse capacity of a 4-story RC special moment
frame building associated with drift demands in a first (damaging) motion showing a 7% reduction
in collapse capacity for a building damaged at 1% drift and a 40% reduction when the building
was damaged at 3% drift. For comparison, in a study of aftershock collapse fragilities of older,
less ductile, RC buildings, Jeon et al. [67] assessed several RC frames, relating a damage state
following an initial motion with a change in damage state and collapse fragility in an aftershock.
They found that buildings were more likely to reach a higher damage state in an aftershock when
they were more severely damaged in a first motion defined as drifts exceeding 3%. The change
in aftershock vulnerability was minimal in structures where the initial damage state was slight or
moderate (below 1% drift). Uma et al. [68] reached similar conclusions and found that aftershock
effects are heavily influenced by the detailing of RC components. Through review of numerous
experimental studies on components, Elwood et al. [13] showed that the deformation capacity of
ductile (modern detailing) RC frame components is largely unaffected by cyclic loading that does
not exceed 2% drift. Taken together, these studies indicate that seismic damage can significantly
impair the future performance of a building when the damage exceeds some threshold, but the

threshold is not well-defined and depends on factors including the detailing of RC components.
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Studies of mainshock-aftershock performance of modern steel frame buildings have led to
similar observations as to when damage significantly impairs seismic performance. For example,
Ruiz-Garcia and Aguilar [42] studied the change in performance as a function of the residual drift
demands from the first motion, and showed that the median spectral acceleration (Sa) at which
a demolition threshold (defined by 2% residual drift) is reached is reduced by 10% if the building
retained residual drifts exceeding 1.4%. Li et al. [69] found that “moderate damage”, consistent
with approximately 2.5% peak story drifts, leads to a 20% reduction in collapse capacity for modern
steel buildings.

Studies of ground motion duration and its influence on performance are also pertinent here, as
these explore how seismic response may become impaired with more cycles of shaking. For example,
Fairhurst et al. [70] observed that modern RC shear wall buildings experienced comparable peak
displacement and peak force demands during ground motions with longer durations, but saw higher
energy demands (i.e., cyclic dissipation of energy) when compared with shorter duration motions.
Similarly, Raghunandan and Liel [71] studied the change in collapse capacity of modern RC frame
structures under long duration shaking and found that long duration motions decrease the collapse
capacity of these buildings by 20 to 60%; the magnitude of the decrease increased with deformation
capacity, but decreased the period of the structure. Belejo et al. [72] modeled a 3-story, non-ductile,
torsionally irregular RC frame building and subjected it to both long and short duration motions.
They quantified damage in terms of peak displacement, drift response, and the Park and Ang [73]
damage index, and found that ground motion duration does not significantly affect deformation
demands, but does increase the energy dissipation demands [72]. Chandramohan et al. [74] also
quantified a decrease in collapse capacity of about 20% in steel moment frame buildings subjected to
long duration motions compared to a set of spectrally-equivalent shorter duration motions. Using
the same set of motions, Hwang et al. [75] quantified the effect of ground motion duration on
economic losses in steel moment frame buildings and found that the most significant increase in
loss results from duration’s role in increasing collapse risk for mid- and high-rise buildings.

In addition to deformation capacity, prior work has also indicated what characteristics of
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buildings may influence these conclusions. Based on SDOF models, Mahin [76] found that struc-
tures that were relatively weak and with shorter periods were more likely to be more vulnerable
to amplified drift demands to subsequent events. Amadio et al. [77] found that highly ductile
structures do not see a significant “penalty” when subjected to repeated events, though structures
with less deformation capacity do. Raghunandan et al. [21] showed that buildings that were more
susceptible to P — A effects were more sensitive to mainshock damage in terms of their aftershock
performance. Similarly, in a study of SDOF models, Liapopoulou et al. [78] found that collapse
capacity is lower in long-duration motions and—crucially—that this response is more pronounced
in structures that are susceptible to P — A effects. Systems in this study with longer first-mode
periods had higher collapse capacities than those with short periods [78]. The effect of structure
period diminished as P — A effects increased, as collapse tended to occur as the building entered
the post-capping region. Deformation capacity, particularly in cases where the effect of P — A
is small, increased the collapse capacity of the structure [78]. Recently, Ji et al. [79] assessed a
suite of SDOF structures, showing that weaker and stiffer systems had larger inelastic demands
for the same residual displacement from a first earthquake, indicating that damage will impair
subsequent performance earlier. Polese et al.’s [14] model for performance loss of RC structures

suggests ductility (deformation capacity) as a critical parameter.

2.3 Methods

As summarized in Figure 2.1, the framework for quantifying reparability involves, first, assess-
ing the performance, in terms of drift demands, of an undamaged building in a set of MCEg-level
ground motions. This intensity level is the basis for U.S. seismic design, and was chosen to quantify
drift demands under rare ground motions as a proxy for life safety performance. Drift demands have
been shown to be a reliable indicator of future performance [21]. Ithen assess the performance of
the damaged building in the same MCFEgr-level motions and quantify the change in drift demands
of the damaged building relative to the undamaged building. I relate this change to the level of

damage, quantified by the peak story drift in the damaging motion, to identify the effect of prior
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damage on future performance. This relationship can be used to determine when major structural
repairs are needed to prevent performance being impaired. These assessments require the devel-
opment of a nonlinear simulation model for the buildings of interest that is capable of capturing

seismic performance of the system well into the nonlinear range, as described subsequently.

2.3.2

Develop set of damage
conditions using incremental
dynamic analysis

v

231 233 234

Assess performance of Assess performance of Quantify change in drift
undamaged building in »| damaged building in MCER- »| demands between damaged
MCER-level ground motions level ground motions and undamaged buildings

Figure 2.1: Framework for assessing the level of damage at which a building’s seismic performance
is impaired

2.3.1 Assess performance of undamaged building

The performance of the undamaged structure is assessed under MCFEgr-level ground motions.
Here, 15 of these so-called “performance assessment” motions, or 15 orthogonal motion pairs for
3D analysis, are selected from the PEER NGA-West2 database [80] to represent the MCEg-level at
a site of interest. These motions were selected based on the conditional mean spectrum considering
the building of interest’s first-mode period, using the tool developed by Baker [81], to capture
expected spectral shape (and variability therein). For the buildings studied here and described
in Sections 4 and 5, I assume that they are located at a high seismic site with Syr1 = 0.91 g in
Oakland, California (site class C) [82]. The hazard deaggregation needed to do the conditional
mean spectrum calculations was obtained from the USGS Unified Hazard Tool [83], consistent with
ASCE/SEI 7-16 [84]. If story drifts in the undamaged building exceed 10% in any story during the
the MCFER-level motion, the record is not considered in the determination of drift amplifications,
but is considered in determining median peak story drifts for the undamaged building. In non-

conforming buildings, if any records caused story drifts to exceed 10% in the undamaged building,



17

I selected additional MCERg-level motions so 15 drift amplifications could be considered.

2.3.2 Develop set of damage conditions

In order to understand how damage impairs future performance, I develop a varied set of
potential damage conditions for each building. This is accomplished by subjecting the structure
to incremental dynamic analysis (IDA) [85]. In IDA, a suite of ground motion records are scaled
to a range of ground motion intensities to capture the effects of intensity and record to record
variability on response [85]. The IDA employed here uses 22 (pairs of ) motions in the FEMA P-695
[86] Far-Field set and (for some buildings) 22 long-duration motions selected by [74]. The long-
duration motions are spectrally matched to the FEMA P-695 set. The Far-Field set are intended
to be representative of ground motion records for significant events recorded farther than 10 km
from the fault rupture [86]. Each input motion is scaled at increasing intensities, quantified as the
geomean Sa(T) for each building, until 10% story drift limit is reached. For 2D analysis, I applied
one component from each record pair; for 3D analysis, the record pair was applied simultaneously
in each orthogonal building direction.

Each analysis in the IDA (i.e., ground motion record and intensity) creates a damage condi-
tion in the building. This damage condition is defined in terms of peak story drift, residual drift,
and damaged period. The set of damage conditions produced by this set of ground motions is
intended to represent the range of possible damage outcomes for a building. Figure 2.2 shows the

set of damage conditions generated through IDA for one building.

2.3.2.1 Selection of damaging ground motions for use in subsequent analysis

From all generated damage conditions, I developed a selection algorithm to select a subset
of cases for further analysis. With this selection, I aim to represent the entire set of damage
conditions, while minimizing the number of analyses conducted subsequently in the framework,
thereby greatly reducing computational time from back-to-back nonlinear analyses. To that end, I

use stratified random sampling [87] to select points. Stratified random sampling is appropriate when
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Figure 2.2: Set of damage conditions for a code-conforming RC frame, showing how peak story
drift and the period of the damaged structure vary with ground motion intensity (Sa(71)). The
damaged period is calculated using eigenvalue analysis at the end of the analysis; 77 for this
undamaged building is 1.0 sec.

a proportional, representative sample of a data set is sought. I stratify here based on peak story
drift. I primarily quantify damage in terms of the peak story drift, which is strongly correlated with
seismic performance metrics, including economic losses (e.g., Ramirez et al. [43]) and aftershock
performance (e.g., Raghunandan et al. [21]). The discrepancy between the distributions of selected
damage conditions and all the damage conditions is quantified by the KL divergence [88]. When the
KL divergence is sufficiently small (less than 0.5), and no more than two damage conditions have
been selected from the same ground motion record, the iterative selection process ends. Figure 2.3
illustrates the result of this selection process for one of the buildings. While I selected motions based
on peak story drifts only, the distribution of ground motion intensities is also well represented by
the selected set. I start with 15 damage conditions for each structure, adding conditions as needed

to capture trends in performance.
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Figure 2.3: Set of damage conditions, and the selected conditions, for a code-conforming structure.
The distribution of damage conditions along each axis are also shown.

2.3.3 Assess performance of damaged building

In the next step of the framework, I aim to quantify the change in drift demands on a building
when it has been damaged. I compare the response of the building to each of the performance
assessment motions defined in Section 2.3.1 when the building has and has not experienced prior
damage. The prior damage is represented by the selected damage conditions (defined in Section
2.3.2.1).

To quantify drift demands in the damaged building, analyses for each of the performance
assessment motions are run for each selected damage condition. In each analysis, the building
model is subjected to two ground motions: the damaging motion, which replicates the damage
condition, and one of the performance assessment (MCFEg-level) motions. Figure 2.4 shows the set
of drift histories from the analyses for one damage condition and one MCFEg-level motion. If story
drifts exceed 10% in the performance assessment motion, I consider the structure collapsed, and

set the peak story drift to 10% in determining drift amplifications.
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Figure 2.4: Story drift time history of analyses for one damage condition and one MCEg-level
performance assessment motion.

2.34 Quantify change in drift demands between damaged and undamaged build-

ings

The response of the undamaged structure in each of the performance assessment motions
is compared to the damaged structure in Equation 2.1, as a ratio of peak story drift, Apcq, in
the damaged structure to the peak story drift in the undamaged structure in the same MCFEg-
level performance assessment motion. For each damage condition, there are therefore 15 such drift
amplification ratios. The peak drift may occur in any story, and in either orthogonal direction. If
the building collapsed during the second motion, I assumed a damaged peak story drift value of

10% in determining the drift amplification ratio.

Apeak:,damaged (2 1)

Drift amplification ratio =
Apeak,undamaged

I plotted the drift amplification ratio against the peak story drift in the damaging motion.
The results for one case are shown in Figure 2.5. I also calculated the moving median value to
capture the trend in drift amplifications as damage (quantified as peak story drift) increases. I took
the median value for all drift amplifications within each 1% drift bin at increments of 0.25% drift
(i.e., 0 - 1% drift, 0.25 - 1.25% drift, etc.). In each bin, I computed the 10" and 90" percentile to

quantify the dispersion of drift amplifications.
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Figure 2.5: Median drift amplification ratios over a moving window for one building model subjected
to 50 damage conditions and 15 MCEg-level motions.

This moving median illustrates the increase in demands associated with damage, and can
be used to assess building reparability. This assessment reveals damage (drift) levels below which
performance is largely not impaired, when compared to the same building in an undamaged state.
However, it is important to note that the denominator of the drift amplification ratio is based on
the existing undamaged building, and may differ greatly from building to building, with implica-
tions discussed in the results. In this study, I identify a repair trigger as the level of damage at
which the 90*" percentile indicates a 15% increase in drifts has occurred relative to the undamaged
building. Municipalities have implemented repair triggers based on 10 and 20% losses of lateral
capacity following major earthquakes [14]; I use 15% as a typical threshold for a notable change in
performance. The 90" percentile of amplifications is selected conservatively, as repair guidelines
should err on the side of identifying too many rather than too few buildings as needing repair. This
range and threshold are somewhat arbitrary, but used here to illustrate the selection of a repair

trigger. Further study into appropriate limits should be selected by the judgment of a committee.
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24 SDOF study to isolate effects of building characteristics

In this section, I employ nonlinear SDOF models of buildings to explore how building char-
acteristics such as deformation capacity, strength, stiffness, period, deterioration, post-yield slope
and sensitivity to P — A effects affect the reparability assessment. In the subsequent section, I
apply the framework to assess reparability of more realistic multi-DOF building models for RC

frames.

2.4.1 SDOF building models

I modeled the SDOF structures using open source structural analysis software OpenSees [89]
with a fixed base, a zero-length tri-linear Ibarra-Medina-Krawinkler IMK hinge [90], and an elastic
element. The IMK hinge captures the nonlinear behavior and stiffness and strength degradation
as the model undergoes shaking. The models have a lumped mass and axial load applied at the
top of the SDOF model. Table 2.1 lists the range of values used for each structure parameter
considered in this study. The median drifts during 15 MCEg-level motions ranged from 0.9 %
to 3.24 % for the SDOF structures. These values were selected to develop SDOF models that
capture the range of characteristics of real buildings, and isolate the effects of these characteristics
with 50 different models. The baseline SDOF model is representative of a 4-story, code-conforming
perimeter moment frame building, with a first mode period, T = 1.0s, strength, Vy,4./W = 0.35,
deformation capacity, (6,) = 0.06 rad, and total gravity load equivalent to the seismic weight
of the 4-story building, P. Figure 2.6 shows the static pushover (backbone) response for models
with variation in deformation capacity, strength, and P — A effects. The median drifts during 15

MCERg-level motions ranged from 0.9 to 3.2% for the undamaged SDOF building models.

2.4.2 Reparability assessment results

I applied the framework for assessing reparability, described in Section 2.3, to all 50 SDOF

models. I considered 50 damage conditions, with 15 performance assessment (M CEgr-level) motions.
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Table 2.1: Range of values for each SDOF model parameter.

Parameter Values considered

Strength, Viaz /W 0.2-0.7
Stiffness, T (s) 0.5-1.5

P — A effects 0.25P - 4.0P
Post-yield slope, MC/M?} 1.0-1.5
Yield drift? (%) 0.1-28

Deformation capacity (6,)? 0.0001 - 0.08
Cyclic deterioration low-high

! Typical value is M, = 1.13M,, [54]
2 Drift is calculated assuming an effective height, h = 0.7L
3 Defined as rotation capacity between yield and capping drifts

04 ;
Viad/W =0.23 V s/ W = 0-50 04 aP P 1/2P
Sos 508 v W=034 VW =067 5 Cil— 4P
s s S 03
x x 06 v
< 4 z
w02 i} w
o : 04 @ O
7] #,=0.0001 9,=004 | > o o
< g4l ]
= 01 6,001 6,006 I = 04
—FJD=DDZ —F.‘D=U.BB
0 0 0
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
DRIFT (%) DRIFT (%) DRIFT (%)

Figure 2.6: Static pushover response of SDOF models with (a) varied deformation capacity (6,)
and constant strength and stiffness, and (b) varied strength and stiffness with constant yield and
capping drifts, and (¢) P — A effects.

Figure 2.7 shows the response of five models with variation in deformation capacity (Figure 6a)
in a selected damaging motion, and subsequent performance assessment motion. The reparability
assessment compares the drift demands in damaged and undamaged models, with the same 15
MCERg-level motions. Subsequent plots (Figures 2.8 to 2.11) report the median drift amplification,
relative to the undamaged building, as a function of the drift demands in the damaging motion.
First, I analyzed how deformation capacity affects future seismic performance and reparability
in Figure 2.8a. For relatively small damaging motion drifts, i.e. relatively less damage, the ratio
of drifts in the damaged and undamaged SDOF models is 1, indicating performance has not been

impaired. Figure 2.8a shows, however, the steeper increase in drift amplifications in structures with
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Figure 2.7: Drift histories of SDOF models with varied deformation capacities (6,) subjected to a
back-to-back ground motion.

less deformation capacity. Those structures with less deformation capacity have more deteriorated
strength and stiffness, largely due to in-cycle deterioration, such that they tend to see larger drifts
(relatively to the same undamaged oscillator) in the performance assessment motion. The less
ductile structures also have larger residual drifts after the damaging motions, as illustrated by the
hysteretic response of each of these models in the same set of damaging and performance assessment
motions shown in Figure 2.8b, which contribute to the drift amplifications. The jaggedness in the
curves in Figure 2.8a also reflects the complexity of the structural responses; with larger drifts in
the damaging motion, the period of the building tends to elongate and increase effective damping,
and decreasing spectral demand. Results of analyses not shown indicated that cyclic deterioration
in the hysteresis model did not have a large effect on reparability outcomes.

I also isolated the effect of increased P — A effects, with results shown in Figure 2.9. These
results show that models with higher P — A, and lower effective deformation capacity, see bigger
amplifications at lower damage. However, even structures with the most extreme P — A, the drift
amplifications do not become significant until there is significant residual drift.

Figure 2.10 shows the effect of stiffness, k, and first mode period, T, on drift amplifications.
Stiffness alone (Figure 2.10b) does not strongly influence response, in terms of when damage impairs
performance. However, period matters (Figure 2.10a) with shorter period structures seeing higher

drift amplifications at lower levels of damage (drift). This trend is pronounced for T' < 1.0s, where
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Figure 2.8: SDOF models with variation in deformation capacity (defined as 6,) showing (a) mov-
ing window medians, and (b) hysteretic response during one damage condition and performance
assessment.
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Figure 2.9: SDOF models with variation in P — A showing (a) moving window medians, and (b)
hysteretic response during one damage condition and performance assessment.

the equal displacement “rule” is known to break down [91].

Structure strength does not significantly affect a building’s capacity to withstand damage,
particularly in longer period structures (7" > 1.0s), as illustrated by Figure 2.11. In the short
period case, drifts in the undamaged oscillators were strongly inversely correlated with strength and
the drift amplification ratios were controlled by the small denominator in Equation 2.1. Stronger

buildings had smaller drifts in the undamaged case, which is consistent with the equal displacement
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Figure 2.10: Median drift amplifications for SDOF models with variation in (a) stiffness and period,
and (b) stiffness only.

“rule” [91].

2.5 RC frame buildings of interest

2.5.1 Building selection and design

I then applied this framework to five RC frame buildings that are based on Haselton et al.
[92], and were updated in FEMA P-695 [93]. The code-conforming buildings follow ASCE/SEI 7-16
[84] standards, and were designed for seismic design category (SDC) D with design and detailing
provisions for special moment frames (SMF). The non-conforming, less ductile, buildings are based
on the ordinary moment frames (OMF) described in FEMA P-695 [93] (see also FEMA P-695
[86]) and originally designed for SDC B; these designs were also assessed in SDC D as examples of
non-conforming buildings. Based on the building characteristics identified as potentially significant
through review of previous work, I selected buildings for this study that represented a variation in
height, building period, sensitivity to P — A effects, detailing and deformation capacity to quantify
the difference in reparability associated with these characteristics. Table 2.2 lists these buildings
and key design parameters: Building C4 is a 4-story code-conforming RC frame building. Building

N4 is the same height, but non-conforming, and is weaker and less ductile. Building C1 is a
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Figure 2.11: Median drift amplifications for SDOF models with variation strength and a first mode
period (a) T =0.5s, and (b) T = 1.0 s.

single-story, code-conforming structure. Buildings C12 and N12 are 12-story buildings where C12

is code-conforming, and N12 is non-conforming.

Table 2.2: RC frame buildings assessed for reparability in this study

Ultimate MCER Repair
ID  Stories Design T(s)' Viyae/W?  story drift  story drifts trigger
(%)3 (%)4 (% drift)>

C4 4 Code-conforming 1.0 0.33 4.9 2.7 2.2
N4 4 Non-conforming 14 0.24 3.0 3.6 1.8
C12 12 Code-conforming 2.4 0.16 5.8 3.4 2.0
N12 12 Non-conforming 3.5 0.12 3.9 3.8 2.8
C1 1 Code-conforming 0.4 0.68 5.0 1.5 1.5

I Measured using eigenvalue analysis, with elements modeled with cracked sections

2 Peak strength from static pushover analysis, normalized by building weight

3 Drift at capping (onset of negative slope) in controlling story during pushover

4 Median peak drifts of undamaged building in performance assessment motions

5 Level of drift at which the 90" percentile of drift amplifications exceeds 1.15, representing a
15% increase relative to the undamaged building

Figure 2.12 shows one exterior frame of the 4-story RC frame building, indicating typical
building geometry. In all of the buildings, seismic loads are resisted by three-bay perimeter moment

frames. Interior beams and columns are designed only for gravity loading. Column spacing is 20 ft
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in both (orthogonal plan) directions. The first story height is 15 ft; upper story heights are 13 ft. All
buildings have a floor system consisting of a 6 in RC floor slab. Each of the buildings was designed
for this geometry and dead, live, and seismic loads [93] and other requirements from ASCE/SEI
7-16 [84]. For the 4-story code-conforming building (Bldg C4), for example, in the perimeter frame,
beam sizes range from 20 x 34 in to 18 x 24 in, and column sizes range from 22 x 30 in to 22 x 26
in. In columns, reinforcement ratios (p) are typically around 1.7% and ties spaced at 2.5 - 3.5 in
in the hinge regions (ps = 0.011). The perimeter frames were designed by [93, 86], and reviewed
by practicing engineers. I also designed a beam-column gravity frame system following ASCE/SEI

7-16 [84] requirements. Typical gravity-system beams are 12 x 18 in and columns are 14 x 14 in.
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Figure 2.12: Diagram of geometry and modeling of exterior frames, with three-bay seismic-resisting
bays perimeter frame and two gravity frame bays. Typical column backbones for perimeter frame
in 4-story buildings definition are shown.

2.5.2 Nonlinear modeling of RC frame buildings

I developed a three-dimensional (3D) nonlinear model of each building in the open source
structural analysis software OpenSees [89]. This model employs lumped plasticity for beam and
column elements, with zero-length hinges at both ends of each element, as shown in Figure 2.12. I
chose this approach for computational efficiency and for its advantages in capturing, phenomeno-

logically, softening behavior of flexurally-controlled elements in the severely nonlinear range due
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to spalling and rebar buckling [94]. All beams and columns are flexure or flexure-shear critical,
such that the response can be captured with a rotational spring. Here, the zero-length moment-
rotation hinges were modeled using the IMK peak-oriented hysteretic model [90] to represent beam
and column flexural behavior. Figure 2.12 shows backbone curves for perimeter frame first-story
columns in two buildings; backbone and cyclic deterioration parameters were determined using
the empirical calibration equations developed by Haselton et al. [54], based on each building’s
design details. According to these equations, even the non-conforming buildings in this study have
significant plastic rotation capacity due to their design detailing.

The model assumes cracked stiffness properties for beams and columns based on Haselton
et al. [54]. Columns are assumed to be fixed at the base. At the beam-column joint, the finite
size panel zone was modeled with nearly rigid, elastic elements. The floor slab is not explicitly
modeled; rather a rigid diaphragm condition and corresponding loads and mass are incorporated
into the model. P — A effects are considered with the PDelta geometric transformation [89].
Distributed loads representative of an office building [93] are applied to beams before dynamic
analysis, considering unfactored dead load and the expected (small) fraction of live load [58]. Masses
are based on these distributed loads and are applied at all model nodes. Three-percent Rayleigh
damping [95] is applied at the first and third lateral modes (because the building is symmetric, the
modes are the same in both orthogonal directions). Damping is based on current stiffness, and is
updated throughout the analysis.

I used eigenvalue analysis to determine the building periods, and static pushover analysis to
quantify building strength and deformation capacity to summarize building characteristics in Table
2.2. The static pushover responses of the buildings under inverted triangular loading used in this
study are shown in Figure 2.13. These results indicate that the strength of the buildings and range

of periods are typical of RC frame structures, and shows variation among the buildings.
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Figure 2.13: Response of RC frame buildings under static pushover loading. Base shear is normal-
ized by building weight.

2.6 Reparability of RC frame buildings

Through this framework, I assess reparability, quantifying the relationship between damage
and impaired performance in a MCFEgr-level event for the RC frame buildings of interest. These
results are summarized in Figures 2.14, 2.15, and 2.16. These figures illustrate the range of drift
amplifications, as well as the level of damage at which the range of amplifications increase drift

demands by 15%. This level of damage can be used, with limitations, to determine reparability.

2.6.1 Effect of building deformation capacity

I studied the two 4-story RC moment frame structures, Buildings C4 and N4, with variation
in strength and deformation capacity (see Table 2.2). These differences in deformation capacity
are partially due to component detailing differences (typical column tie spacing, s/d, is of 0.1 vs.
0.4 in in C4 and N4, respectively), and partially due to system effects (stronger columns relative to
beams in Bldg C4: typical beam-column strength ratios, %, are 1.4 and 1.1 in Bldg C4 and Bldg
N4, respectively). Figure 2.14 shows the median drift amplification ratio over a moving window

in these two buildings, along with the 10" to 90" percentiles of each window. The upper end
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of this range can be compared to a 15% increase in drift demands to identify a building-specific
repair trigger. The repair triggers for these buildings are 2.0% and 1.7% for Bldgs C4 and N4,
respectively. I see larger drift amplifications in the non-conforming structure (Bldg N4), though in
both structures, damage does not significantly impair performance until the building experiences
story drifts in excess of 1.5% in a damaging motion. I attribute the worse performance of Bldg
N4 primarily to its smaller deformation capacity because the SDOF study found that strength and
stiffness are not critical for T' > 1.0s. Further, drift demands in Bldg N4 are larger in both the
undamaged and damaged cases, as reported in Table 2.2. In Bldg N4, higher damage is associated
with larger drift amplifications and increased scatter.

In some analyses, the drift amplification is less than one, indicating that peak drifts were
smaller in the damaged building. Buildings often experience period elongation as a result of shaking,
which can lead to changes in the intensity of shaking felt by the damaged building. I scaled ground
motions to the period of the undamaged building, considering a cracked initial stiffness assumption,
such that damaged and undamaged cases are subjected to the same motions. If a building is then
oscillating at a longer period, it may not be as affected by a motion scaled for a shorter period. In
addition, the motions selected according to the conditional mean spectrum slightly underestimated

the demand at the elongated period.

2.6.2 Effect of building period and P — A sensitivity

I also compared the performance of three code-conforming buildings with different heights and
as a result, periods. These buildings include a 1-story structure (Bldg C1) with an initial period
of 0.4 s, a 4-story structure (Bldg C4) with an initial period of 1.0 s, and a 12-story structure
(Bldg C12) with an initial period of 2.4 s. Figure 2.15 shows the responses of the 1-story building,
Figure 2.14a shows the 4-story response, and Figure 2.16 shows the 12-story response. The 1-story
structure sees drift amplifications earlier than the 4- and 12-story counterparts, consistent with
results of short-period SDOF structures. The repair trigger (i.e., level of damaging motion drift

at which the 90" percentile exceeds a 15% increase in demands) is 1.5% in the one-story building,
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Figure 2.14: Reparability of 4-story RC frame buildings, showing the change in response of (a)
code-conforming (Bldg C4) and (b) non-conforming (Bldg N4) frames in MCEg-level motions, as
a function of peak story drift in a damaging motion.

and 2% in the 12-story building. These values indicate the increase in demands relative to demands
in an undamaged building, and should be considered along with design limits. Bldg C12 is more
susceptible to P — A effects than Bldgs C1 or C4 because of it’s longer period and additional stories.
While this likely contributed to the higher drift demands experienced by Bldg C12 when it was
undamaged (when compared to the other code-conforming structures, as reported in Table 2.2),
P — A has not amplified the effect of damage on drift demands. Although I find significant effects
of P— A in the SDOF study, modern seismic design procedures mitigate these effects through drift
limits, P — A design; the presence of gravity system also reduces the effect.

I analyzed two 12-story buildings in this study: Bldg C12 is code-conforming, Bldg N12 is
non-conforming. The reparability results for these buildings are compared in Figure 2.16. Bldg
N12 is somewhat weaker and saw larger drifts in the M CFER-level motions in its undamaged state
than the stronger Bldg C12. Both 12-story buildings have relatively similar deformation capacities
(see Figure 2.13) as a result of similar gravity systems through which load is distributed, and
this is reflected in the repair trigger. Also, denominator of the drift amplification ratio, defined in
Equation 2.1, depends on the magnitude of drift in the undamaged building during the performance

assessment motions, which is relatively high in both 12-story buildings (see Table 2.2) and greater
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Figure 2.15: Reparability of 1-story code-conforming RC frame (Bldg C1) building, showing the
change in response of in MCFEg-level motions, as a function of peak story drift in a damaging
motion.

for Bldg N12 than C12.
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Figure 2.16: Reparability of 12-story RC frame buildings, showing the change in response of (a)
code-conforming (Bldg C12) (b) non-conforming (Bldg N12) buildings in MCEg-level motions, as
a function of peak story drift in a damaging motion.

2.6.3

Other measures of damage

I considered other damage measures as predictors of drift amplification, namely period elon-

gation and residual drift. Figure 2.17 shows the relationship between drift amplifications and these
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damage measures for the 1-story, code-conforming building (Bldg C1). Period elongation, which
indicates lost stiffness, is strongly correlated with drift amplification, as shown in Figure 2.17a,
especially once period elongates by a factor of approximately 2. The damaged building period is
determined using eigenvalue analysis of the numerical model following the damaging ground motion,
but is difficult to determine in a real building without instrumentation. Figure 2.17b illustrates
the relationship between residual drift and drift amplifications, showing significant amplifications
where residual drifts exceed about 0.5% drift. Residual drift, while straightforward to measure in
a real building, is difficult to accurately capture in an analysis model [96].

For these reasons, and because peak story drifts have been shown to capture damage well
(e.g., Elwood and Moehle [51], Ruiz-Garcia and Aguilar [42], Jeon et al. [41], Paal et al. [97]) and
are relatively more predictable [96], I primarily quantify damage in terms of peak story drifts in
this study. However, I do consider the effects of residual drift in my quantifying of peak drifts. I
considered both “total” drifts (i.e., peak drift relative to the initial, undamaged state), and “in-
run” (i.e., peak drift in the second motion, relative to the building state at the end of the damaging
motion). In some cases, the second motion counteracted the residual drift, and peak drifts appeared
to be smaller as a result, but in others, the residual drift amplified the displacement in the second
motion. Overall, I found that trends in drift amplification were largely the same when calculated

as total and in-run drifts, though there was variation within individual drift amplification ratios.

2.6.4 Effect of damaging ground motion duration

Several studies have shown that collapse performance of buildings is worsened if they are
subjected to longer duration shaking by increasing the number of cycles and cyclic energy dissipation
demands (see Section 2.2). In this section, I explore whether the ground motion duration affects
reparability. If so, the repair trigger may be sensitive to the seismic environment, and, specifically,
the contribution of subduction motions to the hazard [74]. Recall that for some of the buildings
(specifically, Bldgs C1 and C4), I considered some subduction longer duration motions in the

development of set of damage conditions. Long duration motions are those for which the 5 - 75%
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Figure 2.17: Relationship between drift amplifications and (a) period elongation and (b) residual
drift in a 1-story, code-conforming building.

significant duration [98], D5_7s, is greater than 20 seconds.

To interrogate the effect of the duration of the damaging ground motion, I considered the
effect of duration on peak story drift and on reparability. Figure 2.18a shows the relationship
between duration and peak story drift in the damaging motion; the two are not correlated (R?
is 0.02). I also considered separately median drift amplifications for the long and short duration
motion damage conditions. Figure 2.18 illustrates a nearly-identical trend in reparability between
damage conditions that result from long and short duration motions. These results indicate that

duration is not a significant ground motion for reparability.

2.7 Conclusions

This paper presents and exercises a framework for quantifying the change in building response
that results from earthquake-induced damage with the intent of identifying limits that indicate when
major structural repairs are needed for safety. The framework involves first assessing drift demands
at the MCFEgr-level in the undamaged building of interest. Then, drift demands in a damaged
building are assessed, and the effect of the level of building damage is considered through a set of

varied damage conditions. Damaged building response is simulated through back-to-back analyses,
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Figure 2.18: (a) Relationship between the the duration of the damaging motion and associated
peak drift for selected damage conditions in a 1-story, code-conforming structure (Bldg C1). (b)
Reparability of Bldg C1 for long and short duration ground motions.

using machine learning strategies in selecting damaging motions for computational efficiency. The
framework is applied to 50 SDOF structures and five RC frame buildings, selected to capture
variation in building characteristics representing modern, RC frame structures, which have been
modeled for nonlinear dynamic analysis in OpenSees.

In longer-period, code-conforming structures, ground motions in which story drifts did not
exceed 2% did not significantly increase drift demands in a MCEg-level motion, when compared
to the building’s response in the MCFEgr-level motion in its an undamaged state. The most impor-
tant building characteristic determining when performance was impaired was deformation capacity.
Stiffer structures (especially with 7' < 1.0s) tended to be more sensitive to damage than more flex-
ible structures, and saw a larger increase in drift amplification. Building strength did not critically
change reparability performance, though it did influence drift demands in the undamaged buildings.

There are some limitations to this work. First, I focused on modern RC frame buildings, even
for the non-conforming design, and did not consider especially non-ductile frames. These older RC
frames are more likely to experience larger drifts during an earthquake, and are more likely to be
demolished as a result [99]. The focus of this study is on the future performance of buildings,

so I focused more on ductile structures for which repair—rather than demolition—is a likely post-
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earthquake alternative. I considered only drift amplifications in MCERg-level motions as an indicator
of seismic repairs, focusing on safety motivations for repairs. Buildings may need serviceability or
durability repairs at earlier damage levels. Further, in this study I assessed building performance
on a system-level. Assessment of component-level response, e.g., low cycle fatigue, is important in
determining the extent of damage and repair strategy. Finally, several elements of this framework
require judgment. I quantified drift amplifications relative to drift demands for an undamaged
building, but this can obscure the actual seismic performance of a building when the undamaged
building has poor performance. In using this framework to guide post-earthquake decision-making,
it is important to consider how amplified drift demands relate to design limits. More discussion is
needed to determine whether the limits chosen are appropriate for other structural systems.
Despite these limitations, this framework can be used to show when damage begins to impair
performance in future earthquakes, an important consideration for post-earthquake decision mak-
ing. These relationships can be used to inform thresholds for repair, in combination with inspection
and component-based checks, as part of guidelines for earthquake repair being funded by FEMA

[39].



Chapter 3

Seismic safety assessment of informally-constructed houses in Puerto Rico

This work is a collaborative effort with Dirsa Feliciano, Briar H. Goldwyn, Dr. Abbie B. Liel,

Dr. Orlando Arroyo, Dr. Amy Javernick-Will. It is in preparation.

3.1 Introduction

Worldwide, more than 1.6 billion people live in informally-constructed houses [100], which
comprise 50-90% of residential construction in low- and middle-income countries [30]. These
informally-constructed houses are self-managed, built by homeowners or builders without formal
construction training, and without explicit permitting, adherence to building codes or input from
architects or engineers; they may also be on land for which the resident does not have land tenure
[28, 27, 29]. Informal construction is common in communities worldwide; this definition is based
on residential construction in Puerto Rico. Informally-built houses are often reinforced concrete
(RC) structures because the materials—cement, aggregate, steel reinforcing bars, and masonry
blocks—are relatively inexpensive and widely available. Informally-built RC houses may be vul-
nerable to severe damage or collapse in an earthquake. Reconnaissance in the aftermath of recent
major earthquakes has revealed a high incidence of collapse in houses that were built informally
in—for example—Turkey, Nepal, Haiti, and Puerto Rico [46, 34, 11, 24]. Among other places, this
mode of construction is common throughout the Caribbean, where frequent hurricanes, rather than
seismic design, are the primary concern of informal builders [35]. While informal construction is

prevalent throughout the world, seismic performance assessments of informally-constructed houses
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are extremely limited.

In this study, I develop a framework to identify common housing characteristics and potential
seismic vulnerabilities associated with informal construction in an effort to provide local organiza-
tions and builders with recommendations for safer construction, focusing on identifying and testing
feasible, locally-available, and practical recommendations [101]. Housing and construction prac-
tices are first assessed through fieldwork, involving interviews with local builders, hardware store
owners, and homeowners, and observations of damage from past earthquakes. These characteristics
are used to define a set of informally-constructed RC houses representative of those found in the
communities of interest, which are analyzed through nonlinear incremental dynamic analysis (IDA)
[85] to assess seismic collapse capacity and damage limit states as a measure of seismic safety. These
archetype houses vary in terms of material strengths and detailing, component sizes, presence, the
configuration of masonry walls, and roof system/weight. I also examine the effects of window and
door openings, including partial height infill walls, and the effects of incremental construction, in
which a house is expanded over time.

I focus here on the Caribbean island of Puerto Rico, where hurricanes are frequent and have
caused extensive damage [8], and where the January 2020 earthquake near Guénica have brought
the high seismic hazard (design SS values range from 0.9 to 1.2 g and S1 range from 0.4 to 0.5
g, i.e., Seismic Design Category or SDC D [84]) to the forefront of residents’ minds [25, 35]. An
estimated 55% of Puerto Rican houses were built informally [27]. Since the earthquakes, there has
been an increased interest in workshops for earthquake safety on island [35], motivating the timing

of this study.

3.2 Background

3.2.1 Hazard and recent earthquakes

Seismic hazard in Puerto Rico is a result of its location on the boundary between the North

America and Caribbean tectonic plates, as well as interactions of microplates within the boundary
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zone [102]. Seismic activity has generated significant ground shaking in recorded history [103, 102].
Notably, a damaging earthquake sequence began in late December 2019 and continued through
January 2020. The largest of this series—moment magnitude (Mw) 5.8 and 6.4 earthquakes—
occurred on January 6 and 7, 2020. Figure 3.1 shows the intensity of shaking during the latter
event, which exceeded peak ground acceleration (PGA) of 0.5 g in the southern part of the island
[23]. These earthquakes caused an estimated 3.1 billion USD in damage [23]. Preliminary reports
note the collapse of at least 80 structures and damage to more than 10,000 houses [24]. Figure
3.2 shows typical damage in RC and masonry houses in Guénica. An estimated 8,000 people were
displaced from their houses; either as a result of damage or fear of collapse in aftershocks, many
sought shelter in tents, cars, or large temporary base camps [104, 26]. Thousands of residents
were displaced for months, and many people were unable to afford repairs or the cost to replace a
collapsed house [26, 105]. Similarly, in the aftermath of Hurricane Maria, many families struggled
to rebuild damaged or destroyed homes due to a lack of resources [29]. In particular, those who
live in informally-constructed houses and may not have land tenure were ineligible for financial

assistance from FEMA which delayed community recovery [29].

3.2.2 Residential construction in Puerto Rico

More than half of houses in Puerto Rico are informally constructed [27], and RC construction
is preferred by many residents because of its good performance in hurricanes [35]. Goldwyn et al.
[35] conducted interviews with homeowners and those involved in the construction industry in
Puerto Rico, and found that, before the early 2020 earthquakes, a “majority of people want a
concrete house”, according to one hardware store manager. However, in the aftermath of the 2019-
2020 earthquakes, the number of interviewees who report a preference for concrete construction
dropped from 83 to 36% [35].

Informally-constructed RC houses in Puerto Rico and elsewhere are often built of weak con-
crete (due to, for example, high water-cement ratios, poor mixing or a lack of vibration, and large

or smooth aggregate), or have deficient reinforcement detailing in beam, column, slabs and other
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Figure 3.1: Shaking intensity during January 7, 2020 earthquake [23]

Figure 3.2: Damage to RC houses in Guénica with (a) an open ground story, showing loss of the
first open story, and (b) masonry walls between columns at the first story, showing shear cracking
in walls and columns. [Photos: Polly B. Murray]

RC elements (e.g., large lateral tie spacing or insufficiently-sized longitudinal bars) [50, 10, 34, 106].
Masonry walls—both infilled and confined—are common in informal construction [4, 10]. In infilled

construction, RC frame elements are built first and are intended to carry the loads on the building.
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Masonry, which is almost always concrete blocks in Puerto Rico, typically unreinforced, is added
to fill in the frame and create a wall. Conversely, in confined masonry construction, walls are built
first, and confined with tie-columns and tie-beams [49].

I also observed a lack of access to high-quality materials on the island, either due to costs or
availability, and a conflict between seismic and hurricane design considerations that may contribute
to seismic vulnerabilities [35]. For example, reinforcing bars may be corroded from storage outside,
and my team’s drop tests led to brittle failure indicative of weak concrete masonry blocks [107]. For
many homeowners, these lower-quality materials may be the only available option. Additionally,
interviews with homeowners and hardware store workers revealed a prioritization of hurricane
risk mitigation in residential construction. This can increase seismic vulnerability, as many of
the features that are beneficial from the perspective of hurricane safety may create problems in

earthquakes, such as the heavy roof construction or an open ground story [24].

Figure 3.3: (a) Puerto Rican home with exposed reinforcing bars to facilitate house expansion. (b)
Home with RC first story and wood frame second story (Yabucoa, Puerto Rico)[Photos: Polly B.
Murray]

3.2.3 Post-earthquake reconnaissance of informally-constructed houses

Post-earthquake reconnaissance studies have repeatedly demonstrated poor performance of
informal and incremental construction (e.g., Arslan and Korkmaz [11]; Barakat [108]; Brando et
al. [46]; Chen et al. [109]; Lang and Marshall [4]; Marshall et al. [10]; Mix et al.[34]). Damage

and collapse are of particular concern in RC houses with weak materials, inadequate detailing of
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reinforcing bars (i.e., large transverse tie spacing or an insufficient number of longitudinal bars),
or with building designs that lead to excessive deformations in under-designed members (e.g.,
soft stories or partial height infill walls that induce a short column with high shear demands)
[11, 110, 109, 50, 4]. Large shear cracks formed in masonry walls during earthquakes are common
[24, 4].

In the recent Puerto Rico earthquakes, damage was more extensive in houses with large,
heavy roof and floor slabs, which generate large inertial forces that act on under-designed walls
and columns [24]. There were also a number of soft-story collapses in RC houses with open ground
stories [24]. Similarly, weak materials, under-designed lateral load systems, and heavy buildings
contributed to extensive damage and collapse during the 2010 Mw 7.0 Haiti earthquake that killed
more than 300,000 people [4, 10, 34]. In Haiti, engineers attributed damage to brittle unreinforced
masonry construction, a lack of consideration of seismic forces, particularly in column detailing
and lateral system connections, poor material quality, including the use of river rocks as aggregate,
which reduces the bond strength in concrete mixes, and partially infilled walls that resulted in
shear-critical short columns [4, 10, 34]. In a reconnaissance effort following the Haiti earthquake,
Lang and Marshall [4] observed the effects of material quality and construction methods on seismic
performance of houses in Haiti, finding that houses built “wall-first” (reminiscent of confined con-
struction) withstood the shaking better than the “column-first”, or infilled, construction. In Nepal,
weak materials or poor construction contributed to the poor seismic performance of buildings in
the 2015 Ghorka earthquake [111]. Lack of compliance with building codes also contributed to
the extensive damage to over 500,000 buildings in Nepal in a 2015 Mw 7.8 earthquake [3]; more
than 50% of houses in the Kathmandu valley were built without consideration of building codes
[112, 111, 113]. Likewise, Pokharel and Goldsworthy [5] attributed earthquake damage in Nepal to
soft and weak story effects, short, shear-critical columns, and poor-quality materials.

Incremental construction is also thought to negatively affect seismic performance through
weak connections, corroded rebar’s reduced strength and deformation capacity, and increased de-

mand on structural systems as building progresses [114]. In Nepal, damage in the earthquake was
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attributed to home expansion that led to increased demands in lower stories [46].

3.24 Past seismic assessment studies of informally-constructed houses

Despite their ubiquity and potential vulnerabilities, seismic performance assessments of informally-
constructed RC houses have been extremely limited. Among the existing studies, Blondet et al.
[106] compared lateral strength of informally-constructed RC frame houses with clay-brick ma-
sonry walls in Peru to expected earthquake demand and found that nearly 50% of structures would
have deficient performance in a design-level earthquake. Holliday and Kang [7] likewise analyzed
non-engineered RC houses in Nicaragua using static pushover procedures and identified seismic
deficiencies including: shear failure in short columns, soft-story failures, poor-quality connections,
inadequate steel bar detailing, excessively heavy roofs, and poor performance of masonry walls that
influenced the behavior of the building.

Lallemant et al. [114] studied incremental construction in Nepal using analytical OpenSees
models and IDA [85], and found that earthquake vulnerability increases over time when build-
ings are incrementally expanded, particularly when expansions add significant weight and upper
stories. The largest increase in risk for an individual building occurs when a second story is
added Lallemant et al. [114]. Reinforcing bar corrosion can also impair seismic performance in
incrementally-constructed houses; Yu et al. [115] assessed the change in seismic collapse fragility
of RC frames in China that results from corrosion using OpenSees fiber models with modified
material definitions and additional bond slip through IDA, and found a moderate increase (6 —
8%) in collapse probability in RC frame buildings with corrosion damage. Similarly, McKee et
al. [116] assessed the effect of steel corrosion on the seismic performance of RC frame buildings.
They modeled RC frames using OpenSees fiber models that capture lost bar area and identified a
decrease in peak base shear, deformation capacity, and drift and other engineering demands during
design earthquake and MCEg-level ground motions. These results are based on laboratory testing
of individual building components and numerical simulation of full building frames.

Masonry walls, which are prevalent in informal construction in Puerto Rico and elsewhere,
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have been studied through experimental testing and analytical modeling. Infill walls influence the
stiffness, strength, and deformation capacity of frames [52]. Infill wall failure tends to be brittle,
though the mechanism of failure depends on the relative stiffness and strength of the infill panels
and neighboring columns [117]. Sattar and Liel [59] developed simulation models of nonductile RC
frame buildings with clay-brick infilled walls, and found, through IDA, that infill in this building
type increases collapse risk despite the increased lateral strength. Han and Lee [118] assessed the
seismic performance of a bare frame, a frame with partial height infill, and a frame solid infill
panels using experimental testing and analytical modeling. They found that, among the three,
collapse capacity is highest in the solid infill case and lowest in the partial height infill case [118]
because columns adjacent to the openings are prone to brittle shear failure. These vulnerable, or
“captive”, columns are common in buildings where the opening provides lighting or ventilation
[119]. In another study, Duran et al. [120] assessed, through field study, two adjacent buildings
in Turkey with similar construction, but one had partial height masonry walls. The building with
partial height walls collapsed, and through field investigation and analytical models, the authors
determined that the partial height walls contributed to the collapse of the building [120]. The
authors further attributed the collapsed building’s poor performance to low-strength concrete,
corrosion in reinforcing bars, inadequate detailing, and strong-beam-weak-column configurations
[120].

Confined masonry wall systems tend to be stronger and more ductile than RC frames infilled
with masonry blocks, though the behavior is dependent on the detailing of the tie columns [121].
Confined masonry walls have performed well in recent earthquakes, and researchers have attributed
this to the distribution of gravity loads in walls, which increases lateral strength, and the ability
for confined masonry walls to act as a shear wall [122, 121, 4]. Confined masonry construction
was widely adopted in Chile after its superior performance (compared to infilled construction) was
demonstrated during the 1939 Chillan earthquake [121].

Other researchers have aimed to quantify the overall seismic risk to communities from informally-

constructed housing, considering population density, building stock, and seismic hazard, though this
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work often lacks specific seismic assessment of individual buildings, relying on general risk assess-
ments. For example, Yepes-Estrada et al. [123] developed a model for seismic risk assessment
of the residential building stock in South America, distinguishing between houses constructed of
unreinforced masonry, confined masonry, cast-in-place RC frames, and RC walls. They found that
RC wall systems are common in major urban areas; these buildings are generally assumed to have
better seismic performance, which reduced the overall vulnerability in the regions assessed [123].
Similarly, Calderon and Silva [124] have categorized the building stock in Costa Rica, considering
construction type, building height, ductility, and year of construction. They found masonry and
RC houses to be most prevalent. These studies rely on assumptions about population distribution,
building type, and seismic vulnerability in assessing community risk, but lack specific assessments

of individual buildings.

3.2.5 Improvements to informally-constructed houses

Several studies have sought to improve the seismic performance of informally-constructed RC
buildings through retrofit. Antonopoulos and Anagnostopoulos [125] evaluated weak RC buildings
with open ground stories in Greece, which have historically performed poorly in earthquakes. They
assessed the seismic performance—quantified by the force-deformation based demand-to-capacity
ratio—of buildings with and without diagonal steel braces in the open ground story and found
that this retrofit reduced the ratio to an acceptable level (i.e., below design level). Sahoo and Rai
[126] assessed the benefit of adding steel jackets or diagonal steel braces with energy-dissipating
connectors to RC frames with soft ground stories. Both retrofits increased lateral strength by
a factor of 4 and, in the retrofit with shear links, energy dissipation capacity by a factor of 3.
Chaulagain et al. [127] investigated three possible retrofit options for non-engineered buildings
with deficient columns and walls in Nepal using pushover and dynamic analyses. They considered
RC shear walls around columns, diagonal steel braces, and RC jacketing, and found all three
improved lateral strength, stiffness, and deformation capacity. Shear walls and steel braces improved

the performance of non-engineered structures most significantly, but the authors believe these
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are impractical modifications for building owners as they limit access to floor area. Similarly,
Timsina et al. [128] assessed the seismic performance and feasibility of seven potential retrofit
options for soft-story buildings in Nepal, including adding infill or RC shear walls to the open
story, increasing the size of the beam and/or columns, adding diagonal braces to open bays, and
steel jacketing, or carbon fiber wrapping around columns. Using numerical simulation and static
pushover analysis, they determined that diagonal braces, infill, and RC shear walls provide the
most significant improvement to seismic performance but are least desirable for building usability
[128]. Steel jacketing and carbon fiber wraps also improve performance, but the necessary materials
are not widely available. Increasing column size improved lateral strength, but not deformation
capacity, when compared to the bare frame [128]. Holliday and Kang [7] identified solutions to
improve seismic performance through static pushover analysis of models of vulnerable houses. This
included additional reinforcement in columns and beams, the use of a structural confining beam at
the top of the wall, reinforced and confined masonry walls, and the avoidance of tall walls.

A method for the comprehensive assessment that incorporates typical informal building prac-
tices, considers susceptibility to natural hazards, and offers recommendations for increased safety is
needed to improve community resilience in vulnerable communities worldwide. This work outlines
such a methodology, and presents results for a seismic risk assessment of informally-constructed

houses in Puerto Rico.

3.3 Methods

This framework includes the development of a set of archetype houses to represent Puerto
Rican informally-constructed houses based on interviews and observations. This set represents a
range of construction methods, material strengths, steel detailing, and gravity loads to assess the
impact of each building characteristic on seismic performance. I modeled each archetype in the
open-source nonlinear seismic analysis platform, OpenSees, and analyzed using IDA, focusing on

collapse risk and damage states as measures of performance.
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3.3.1 Development of archetype houses

I began by identifying common construction practices associated with informal construction in
Puerto Rico. This process involved interviews with residents and local builders, visits to hardware
stores, and observations of construction characteristics and damage from the 2020 earthquakes
in conjunction with Goldwyn et al. [35]. Through these interviews (detailed in Appendix A
and Goldwyn et al. [35]), I aimed to identify commonly available materials, associated strengths
(including concrete mixes, reinforcing bars, and masonry blocks), and building design characteristics

that could be used to define archetype buildings and element designs. These questions included:

e Materials: Which types of cement and aggregate are most popular for house construction?

What masonry blocks are typically purchased?

e Detailing: What size rebar is used in columns? What size are pre-formed ties are most

popular?

e Safety: If a homeowner is seeking to improve the safety of their house, what products do

you recommend? What improvements do homeowners usually choose?

Additionally, we asked about the motivations for building informally and/or incrementally,
the process of building or expanding a house, and perceptions of safe and unsafe design. A complete
list of questions can be found in Appendix A. Figure 3.4 shows some of the available materials
used in concrete mixes. Figure 3.5 shows some typical RC houses in Puerto Rico. In total, about
12 interviews were conducted, 50 houses surveyed or photos reviewed, and eight hardware stores
were visited in this phase of the work.

I then developed a set of 50 concrete and masonry archetype houses from these interviews and
field observations that are representative of common house designs, based on the rationale outlined
in Table 3.1. Figure 3.6 shows the floor plan and elevation views for the archetype houses in this
study. Story heights are 10 ft (3 m) and bay widths are 10 ft in the NS direction and 12 ft (3.6 m)

in the EW direction. Slab foundations are common in Puerto Rico, though I also observed concrete
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Figure 3.4: Commonly available concrete materials, including coarse and fine aggregate and cement,
at a hardware store in San Juan, Puerto Rico. [Photos: Polly B. Murray]
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Figure 3.5: Typical RC houses in Gudnica and Humacao, Puerto Rico. [Photos: Polly B. Murray|

footings and foundations built from concrete masonry blocks. The archetype houses considered in
this study all have a concrete slab foundation for simplicity, as well as reinforced concrete floor and
roof slabs. I considered houses with 4, 8, and 12 in (10, 20, 30 cm) slabs, and houses with wood
second stories.

Some of the archetype buildings are elevated buildings, with an open ground story. These
houses were particularly susceptible to damage and collapse during the past earthquakes because
the first story is significantly weaker than upper stories, and the lateral loads are concentrated in
these columns [24]. Figure 3.7a shows an open ground story building that was collapsed and damage

to masonry walls during the January 7, 2020 earthquake. I also studied one- and two-story houses
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Figure 3.6: Typical floor plan (showing building frame of interest) and elevation views for archetype
houses. The infill configuration and the number of stories are two of the variations considered.

with masonry walls with various sizes of openings, illustrated in Figure 3.8. In the earthquakes,
typical damage to these structures is shown in Figure 3.7b. I analyzed houses with infilled and
confined masonry walls, as both methods of construction were frequently cited as correct by local

builders with whom I met [35].

Figure 3.7: Houses in Guénica that were damaged during the January 7, 2020 earthquake. (a)
failure in first story columns, (b) shear cracks in masonry walls. [Photos: Polly B. Murray]



Table 3.1: Archetype design variations and assumptions

Parameter Values Rational
Story height 10 ft Field observations
Bay width 10 - 12 ft Field observations

Slab thickness 4-121in Field observations

Slab direction one-way Field observations
Foundation slab Field observations

Soil conditions site class B USGS Vs30 data [129]
Column size 8 x 14 in Interviews, field observations

Longitudinal bars 4 or 6 bjgs,;o. 4 or Interviews, field observations

Transverse ties
Corrosion
PVC pipe

Retrofit

Window and door size
Wall thickness
Wall construction
Wall configuration
Concrete strength
Masonry unit strength
Steel strength

Dead loads

Live loads

no 3 bars at 6 or 14 in
0 to 20%*

3 in diameter gutter

Infill panels, RC
jacketing

3x3ft, 7Tx3ft
6 in
Infilled or confined
0, 1, or 2 filled bays
1.5 to 3 ksi
0.4 to 1.5 ksi
40 ksi

100 — 200 psf

40 psf (floor), 20 psf
(roof)?

Interviews, field observations

Field observations, prior studies
[115, 116]

Field observations
Interviews, prior studies [130, 127]

Field observations
Interviews, field observations
interviews
Field observations
Interviews
Interviews, drop tests
Hardware stores

Calculated from roof and floor slabs,
masonry walls

ASCE 7-16 [84]

! Cross-sectional area lost by corrosion
2 Live loads assumed for “design”; 25% of live load used in determining applied loads in

seismic assessment
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Figure 3.8: Masonry wall configurations with and without openings
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3.3.2 Open ground story houses

Variations in the open-ground-story houses considered columns that differ in terms of concrete
strength, longitudinal bar detailing, transverse tie spacing, and the thickness of the floor and roof
slab, and longitudinal PVC gutters embedded in columns. I also considered variation in low,
moderate, and high gravity loads associated with 4, 8, and 12 in (10, 20, and 30 cm) RC floor and
roof slabs, respectively. In all cases, I determined gravity loads with infilled walls in the second
story. All open-ground-story columns are for 8 x 14 in columns (20 x 36 cm) and oriented in the
weak-axis direction in the frame line considered. I identified these typical column cross-section
size, shown in Figure 3.9, based on the availability and popularity of pre-formed transverse ties
measuring 6 x 12 in (15 x 30 cm). I assumed a clear cover of 1 in (2.5 cm). I determined sizes and
placement of steel reinforcing bars through interviews with local builders, field observations, and
visits to hardware stores. Builders commonly use no. 4 and no. 5 bars for longitudinal bars, and
no. 3 bars for transverse ties. Figure 3.11 shows the steel reinforcing available at most hardware
stores, the nominal strength of this steel is 40 ksi (276 MPa). Builders reported a typical tie spacing
around 6 inches (15 cm), but I observed much larger spacing in some of the collapsed houses in

Guénica (see Figure 3.10).
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Figure 3.9: Baseline column configuration, and two variations (PVC gutter and RC jacket)

I considered a range of concrete strengths to reflect the variety of concrete mixes reported

by builders. Some concrete mix decisions reduce bond strength, e.g., “we add water until it’s easy



PVC gutter

6 no. 4 bars

Figure 3.11: Steel reinforcing bars used in home construction. Transverse ties are sold in pre-defined
bent shapes; the 6 x 12 in bars are most common. The most common longitudinal bars are no. 4
and no. 5, and are often stored outside (Humacao, Puerto Rico). [Photos: Polly B. Murray]

to work with” or the use of smooth river sand [111, 10]. The range of concrete strengths used in
this study reflects tested values from other areas where informal construction is common [10] and
my interviews with builders, and are consistent with the range of methods reported for mixing
concrete. In some houses, a gutter made with PVC is embedded in the column to prevent water
accumulation on the roof. I included some columns with this PVC gutter in this analysis. Table

3.2 summarizes the open-ground-story archetypes considered in this study.



54

3.3.3 Houses with masonry walls

In Puerto Rican construction, external masonry walls are typically built using 6 x 8 x 16
in (15 x 20 x 40 cm) concrete blocks. Blocks measuring 4 x 8 x 16 in (10 x 20 x 40 cm) are
commonly used in internal walls, as shown in Figure 3.12. These blocks are typically from the same
manufacturer, in northwest Puerto Rico. Hardware stores report the strength of these blocks as
2200 psi (15 MPa). However, I assessed block quality through drop tests, conducted according to
the Build Change test [107]. These tests revealed brittle failure in blocks purchased from a hardware
store, suggesting a range of values should be considered to capture variation in block quality. From
interviews, I estimated mortar is typically type N or S, which correspond to strengths of f'm = 750
and 1500 psi (5 and 10 MPa), respectively [131]. To account for the brittle block failure observed

in the drop test, I also considered walls with f'm = 400 psi (3 MPa).

Figure 3.12: Masonry blocks used in home construction available at a hardware store in Puerto
Rico. [Photos: Polly B. Murray]

RC frames with both infill and confined methods of masonry construction are considered.
These frames have 8 x 8 in (20 x 20 cm) columns, which are typical of houses with walls. 1T
considered walls with different openings, including 3 x 3 ft (90 x 90 cm) windows and 7 x 3 ft (210
x 90 cm) doors (Figure 3.8). I also considered walls with partial height infill, where the top 2 ft
(61 cm) are open. This wall is susceptible to shear failure in the section of the column adjacent to
the window. These houses have either 4 or 8 in RC floor and roof slabs, as gravity loads are more

influenced by masonry walls than slab thickness.
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Table 3.3 summarizes house archetypes with concrete masonry walls, including variation in
material strength, construction method, distribution of walls, opening type, and gravity loading.
For each archetype, I assessed key seismic performance measures, including strength and deforma-

tion capacity through pushover analysis, stiffness (period) through eigenvalue analysis, and collapse

risk through IDA.
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Table 3.2: Open-ground-story houses, including design parameters and performance measures

Column design parameters

Seismic performance measures

F : B =
S EEfG < f i@ gg
= = %o o § 3 = g€ O OO0
£ . 8 - . 2 R R o T g b S g A .
EF EF 2 g5 7 @3 £ § L% S5 oo
S oL 30 BT L2 T S = Ty 2% 83
D Oz Ueo O% ZE B @ o g Hx s =& =&
0GS1 8 14 3.0 6 6 4 0.6 014 47 065 1.1
0GS2 8 14 3.0 6 14 4 06 014 30 054 0.9
0GS3 8 14 3.0 6 6 8 0.7 011 44 065 1.1
0GS4 8 14 3.0 6 14 8 0.7 011 33 055 0.9
0GS5 8 14 3.0 6 6 12 08 0.10 40 064 1.1
0GS6 8 14 3.0 6 14 12 08 010 32 055 0.9
OGS7 8 14 1.5 6 6 06 013 46 062 1.1
0OGS8 8 14 1.5 6 14 4 06 013 25 051 0.9
0GS9 8 14 1.5 6 6 8 0.7 010 39 056 1.0
0GS10 8 14 1.5 6 14 8 0.7 010 3.0 047 0.8
0GS11 8 14 1.5 6 6 12 08 008 35 058 1.0
0GS12 8 14 1.5 6 14 12 0.8 008 26 048 0.8
0GS13 8 14 3.0 4 6 4 0.6 011 43 057 1.0
0GS14 8 14 3.0 4 14 4 06 011 33 049 0.8
0GS15 8 14 3.0 4 6 8 0.7 009 38 058 1.0
0GS16 8 14 3.0 4 14 8 0.7 009 31 049 0.8
0OGS17 8 14 3.0 4 6 12 08 008 34 058 1.0
0GS18 8 14 3.0 4 14 12 08 008 30 051 09
0GS19 8 14 1.5 4 6 4 06 011 41 053 0.9
0GS20 8 14 1.5 4 14 4 06 011 22 045 0.8
0GS21 8 14 1.5 4 6 8 0.7 008 35 051 09
0GS22 8 14 1.5 4 14 8 0.7 008 28 043 0.7
0GS23 8 14 1.5 4 6 12 08 007 31 050 0.8
0GS24 8 14 1.5 4 14 12 08 007 25 043 0.7
0GS25-P2 8 14 3.0 4 6 8 0.7 009 36 059 1.0
0GS26-R%a 12 18 3.0 12 2 8 0.3 0.14 46 0.59 1.0
OGS27-R3%b 12 18 3.0 12 2 8 0.3 013 44 058 1.0
0GS28-C4 8 14 3.0 6 6 8 0.7 011 44 047 0.8
0GS29° 8 8 1.5 4 6 8 08 0.1 54 031 05

1 Story drift when 20% of strength is lost in pushover

2 PVC gutter

3 Retrofit with (a) full (b) partial RC jacket

4 Corroded reinforcing steel

® Column with smaller cross section used in wall archetypes
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3.3.4 Incremental construction

I considered the effects of incremental construction in two ways. First, I compared the
performance of one-story buildings with masonry walls or a second story that is lightweight (wood,
which is common in Puerto Rico) and a heavy second story that built with RC and masonry. The
weight of the moderate and heavy second stories correspond to masonry walls and RC columns
with roof and floor slabs that are 4 and 8 in (10 and 20 cm) thick, respectively. Builders will often
leave reinforcing bars extending above columns to facilitate the addition of an additional story,
as shown in Figure 3.3a. This practice is common, and, from field observations and interviews,
I determined splices are typically 24 in (60 cm) in length. These bars, when not protected from
exposure by coating, corrode and may impair the seismic performance of the house. The level
of corrosion varies with time and proximity to the coast [116, 132, 115, 133]; I incorporated an
anticipated upper bound of bar area loss due to corrosion, 20%, to capture a scenario where a bar
may be exposed for more than a decade and is close to the coast, as is the case in much of Puerto
Rico, and a lower bound in which no corrosion has occurred. Table 3.4 summarizes the archetypes

used in this study to assess the effects of incremental construction on collapse capacity.

Table 3.4: Archetype houses used to assess effects of incremental construction

ID  Description

W1  One-story, 8 in roof slab OR two-story, 4 in slab with wood frame second story
W2  Two-story, 4 in floor and roof slabs and infill walls

W5  Two-story, 8 in floor and roof slabs and infill walls

W20 Two-story, RC frame second story (no infill) with corrosion

W21 Two-story, RC frame second story (no infill) without corrosion

3.3.5 Retrofit

Local builders and community organizations with whom I met expressed interest in building
modifications that could improve seismic performance, especially for open ground story buildings.

I have investigated the potential benefits of two retrofit options in this study: RC jacketing and
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infill walls. In the RC jacket retrofits, additional concrete and longitudinal and transverse steel
reinforcement are added to vulnerable columns to increase strength and deformation capacity [127].
The RC jacket is 2 in (5 cm) thick with 6 no. 5 longitudinal bars and ties consisting of no. 3 bars
at 2 in and is applied to all columns in the soft story. I assessed two cases to capture variation in
construction quality. In the first, a “full” RC jacket, the jacket is well connected to the existing
column through dowels and a roughened surface and the entire length of the column acts as an
equivalent monolithic element [134, 135]. In the second, a “partial” RC jacket. This jacket still
extends the full height of the column, but the connection between the jacket and the existing column
is not as strong, and only the lower portion of the column sees a performance improvement. RC
jacketing maintains the open story, which may be desirable to homeowners. Filling some or all open
bays with masonry blocks can significantly increase strength and stiffness of open ground stories,
but potentially reduces access to floor area [128]. I selected retrofits that use readily available and
affordable materials [101]. Martinez Cruzado et al. proposed retrofit methods for Puerto Rican
houses on stilts (i.e., open-ground-story houses) including adding RC walls and strengthening
foundations [130]. RC walls require engineered design and may be beyond the scope of informal
construction. Many of the homes identified by Martinez Cruzado et al. [130] were vulnerable
because of their location on a hillside, the archetypes in this study do not have this vulnerability

as they are assumed to be built on level ground.

3.4 Nonlinear simulation models

I developed nonlinear 2D OpenSees [89] models to capture the seismic performance of the
archetype informally-constructed houses up to the point of collapse. The 2D models described
subsequently represent the building orientation and frame line that is expected to control the
structural response (i.e., the weaker direction), as shown in Figure 3.6a. Figure 3.13 shows a
typical model for the archetype houses, including lumped plasticity hinges to represent the nonlinear
behavior of columns and diagonal struts to represent the behavior of infill or confined masonry

panels. These elements are calibrated as described below.
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In all building models, I applied 3% Rayleigh damping at the first and third modes, assuming
a cracked initial stiffness [54, 136]. 1 determined gravity loads based on estimated weights of
walls, roof, and floor slabs, and beams and columns, along with 25% of design live loads for
residential buildings [84]. These loads were applied as masses to generate inertial seismic forces
and as distributed and point loads on beams and at the top of columns. I used a fixed base in
these models, as slab foundations are common and the focus of this work is on structure response.

I considered P-A effects in this analysis through the PDelta geometric transformation [137].

DISTRIBUTED LOADS

HEEEEEER

@I':S LUMPED MASS/@HS IMK HINGE 5

DISTRIBUTED LOADS

ELASTIC BEAM = 11111111
S 3 5

©)

TRUSS ELEMENTS
WITH PINCHING4
MATERIAL
ELASTIC
COLUMN

IMK HINGE @

777 FIXED BASE Frrad e

Figure 3.13: Diagram of models of a two-story, two-bay house with infilled or confined masonry
walls.

The relative stiffness of the open ground story is significantly lower than an infilled story,
generating a weak and soft first story. Under pushover loading, all lateral displacement occurs in
the first story. To reduce computational time, I modeled open-ground-story houses as shown in
Figure 3.14 with lumped masses representing the stiff second story. The rigid beam captures the
stiffness of the second story, while the lumped masses account for its weight. This simplification can
obscure the distribution of mass and damage to the second story, but these effects in both pushover

and dynamic analysis are minor and are outweighed by the significant reduction in computational
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time.
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Figure 3.14: Diagram of models of the open-ground-story houses. The lumped masses account for
the weight of a second story with masonry walls.

3.4.1 RC columns

Due to their design details, the columns in this study are flexure-critical, with ratios of
flexural to shear strength between 0.2 to 0.5 (except those considered with the partial height infill).
Columns are modeled using a lumped plasticity approach with rotational spring defined using the
Peak-Oriented Ibarra, Medina, Krawinkler (IMK) material [90]. The IMK model parameters for
each column are based on equations by [54], which considers each column’s reinforcement, axial load
ratio, transverse tie spacing, and account for bar slip. An elastic beam-column element connects
rotational spring and accounts for the elastic response, considering cracked sections.

I also modified the analytical model for the columns to account for reinforcing bar corrosion
due to several years of exposure (see Figure 3.11b). The response of the IMK hinges was modified
based on a review of the literature for this level of exposure in a coastal environment, which
indicated a moderate reduction ( 30%) in yield and ultimate strength (e.g., Zhang et al. [138],
DiCarlo et al. [133], Meda et al. [139]). Based on field observations that showed the length of
exposed rebar typically exceeds minimum splice length requirements per ACI 318 [140], I did not
consider vulnerabilities associated with short lap splices. In addition, Meda et al. [139] tested the
cyclic response of concrete columns with corroded and uncorroded bars, and found that deformation

capacity was reduced by 50%. Ou et al. [132] developed equations to capture the effect of corrosion
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on the force-deformation response of concrete sections and found a similar reduction in strength
and deformation capacity. The backbone defining the nonlinear response of the corroded columns
was modified based on Meda et al. [139].

I also modeled the seismic performance of RC columns with PVC gutters, or longitudinal
holes, in this study. The response of RC components with longitudinal holes has been studied
analytically and experimentally. Murugesan and Narayanan [141] tested 86 RC beams with longi-
tudinal holes of various sizes and positions, and found that beams with holes were slightly weaker
and less stiff than those without holes. Kassim and Ahmad [142] evaluated RC columns with
longitudinal rainwater pipes through compression testing, and found that a 5% decrease in the
cross-sectional area reduced axial capacity by 20%. Informed by these experimental studies, I de-
termined the strength, stiffness, and deformation capacity of an RC column with a longitudinal
hole using a distributed plasticity fiber analytical model. I defined the column cross-section using
OpenSees materials Concrete02, which captures linear tension softening, and Steel02, which follows
the Giuffré-Menegotto-Pinto model for steel behavior and captures strain hardening [137]. In the
case with PVC, I omitted fibers to represent the hole. I calibrated a lumped plasticity (IMK) model
so its static pushover response matched that of the fiber model, and used the lumped plasticity
model to determine the effect of PVC gutters on collapse capacity. PVC gutters slightly reduce the
strength of columns, as illustrated by Figure 3.15d, though this is relatively inconsequential when
compared to other column details (e.g., tie spacing, gravity load).

Well-connected RC jackets respond as an equivalent monolithic section [134, 135], the full RC
jacket cases are modeled as larger columns in place of smaller sections. The response is calibrated
following Haselton et al. [54]. In the partial RC jacket case, only the bottom of the column is
modified. This approach captures a case in which vertical loads in the column are not distributed
to the jacketed portion over the entire length of the column. If the existing column is not modified
through doweling or surface roughening, the RC jacket does not significantly improve performance
[134, 135]. As a result, I have not considered houses with poorly-built RC jackets.

Figure 3.15 shows the effect of design variation on the pushover response of individual
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columns, illustrating the changes in strength, stiffness, and deformation capacity associated with
each configuration. Longitudinal reinforcement, both the number of bars and the level of corrosion,
has the most significant effect on the flexure capacity of columns. Deformation capacity is most
influenced by corrosion and the spacing of transverse ties in the columns and the gravity (axial)

load level. RC jacket retrofit significantly increases strength, stiffness, and deformation capacity.
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Figure 3.15: Static pushover response of columns configurations.

3.4.2 Masonry walls

Several methods exist for numerical modeling of infill and confined walls in RC frames;
researchers have considered approaches that balance detail (e.g., micro-modeling and finite element
(FE) modeling) with computational efficiency (e.g., strut models). Burton and Deierlein [143]
calibrated equivalent struts to represent the behavior of infill walls in 3D analysis models used

to assess collapse capacity. Their work illustrated methods for incorporating the various failure
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mechanisms typical of infilled frames, including shear failure, infill sliding and crushing, and flexural
hinging. Sattar and Liel [59] used FE modeling to calibrate strut models in nonductile RC frames
with infill walls, balancing model accuracy and computational efficiency.

Recently, micro-models and experimental testing have been aggregated to develop empirical
equations to calibrate diagonal compression struts to predict the response of masonry walls in RC
frames. Huang et al. [55] developed a database of experimental responses of infilled frames and
used it to create empirical equations to define the response of struts. Bose et al. [117] developed
analytical backbone equations to capture the force-displacement response of infilled bays of RC
frames. They used the developed model to assess a multi-story RC frame and masonry wall building
that was damaged in the 2015 Ghorka earthquake in Nepal [144], showing the efficacy of the
analytical model in predicting damage in an informally-constructed building. Mohammad Noh et
al. [52] assessed efforts to capture the cyclic response of masonry infill walls through numerical

simulation, and found that the behavior can reliably be captured with a hysteretic model that

includes pinching in struts.

60
DISTRIBUTED LOADS A\
R REEN N
50 7 N
% ELASTIC BEAM % ¢ N
@ /@ a I A S
LUMPED MASS =2 40 i ===
i - 27N ~
= 1 - ~
T 30 I - ”~ ~
w > N e - == =
L r
ELASTIC 2 20}
COLUMN TRUSS ELEMENTS o 1 Confined - analytical
WITH PINCHING4 I = = Confined - OpenSees
MATERIAL 10 Infilled - analytical il
\ I = = |nfilled - OpenSees
@ IMK HINGE ©) o! ' | | '
0 0.2 0.4 0.6 0.8 1
7777FIXED BASE 7777 DRIFT (%)

Figure 3.16: (a) Diagram of the model of a single bay with RC columns and a concrete masonry
panel, illustrating the adopted modeling approach; and (b) analytical backbone and static pushover
response of one bay calibrated for infilled and confined construction.

Figure 3.16a shows the modeling approach adopted for a single bay of RC frame with infilled

or confined masonry implemented in OpenSees. The diagonal struts represent the behavior of the
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masonry panel and are modeled using truss elements defined by a uniaxial material with a pinched
hysteretic response, Pinching [137]. For infill walls, I followed the methodology proposed by Bose
et al. [117] to define the material model parameters in the strut, because it captures the variety
of potential of failure modes in infill walls-RC frame systems and considers the effects of vertical
(gravity) loading, concrete and masonry strength, and openings on the lateral capacity of infilled
RC frames. Bose et al. [117] developed this approach based on experimental tests, including
infilled RC frames with concrete blocks, similar to those built informally in Puerto Rico. Following
the Bose et al. [117] approach, I first identify the anticipated force-deformation response using
empirical equations developed by Martin Tempestti and Stavridis [145]. These equations consider
multiple possible failure mechanisms in masonry infilled RC frames, and the interaction between
columns and infill, including bed joint sliding, shear or flexural failure in columns, masonry toe
crushing, and shear cracking within the masonry panel, and were validated through comparison
with experimental testing [145]. This backbone is defined by three points: force and deformation at
yielding, maximum strength, and residual capacity. This model only considers the in-plane response
of infill walls; based on observations of damage following the January 2020 earthquake, this failure
mode is more common in RC houses with masonry walls in Puerto Rico [24].The identified failure
mechanism for a particular case depends on the relative strength and stiffness of the RC frame and
masonry panel. The RC frame is classified as ductile or nonductile by the ratio of shear demands
corresponding to flexure strength and shear strength [146, 145]. The infill panel is classified as
strong or weak based on its stiffness relative to the column considering masonry unit strength f'm
and geometric properties. The configurations considered in this study are all ductile frames, except
for cases with partial height infill, which is nonductile because of the induced short columns. The
analytical backbone for each bay is a function of the failure mechanism classification, gravity load
distribution, and wall and column characteristics. In this approach, the distribution of gravity
loads between the walls and columns depends on the connection between the beam and the top of
the infill panel and affects the lateral strength and failure mechanism of the wall system. I assumed

there was no connection based on field observations of under-construction houses and discussion
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with builders, and thus no gravity load on the infill panel.

To match the OpenSees model response of each RC frame bay with infill to the Bose et al.
[117] analytical backbones, first, the input parameters for this material are determined following
the empirical equations developed by Huang et al. [55]. Columns are modeled as described above. I
adjusted these parameters so the pushover response of the bay (i.e., columns, beam, and infill panel)
matches the analytical backbone defined by Martin Tempestti and Stavridis [145], accounting for
openings and the gravity load distribution. Figure 3.16b shows the analytical backbone for one
typical infilled bay in the Puerto Rico archetype houses.

The backbone equations account for openings in the middle of infilled bays, by reducing the
expected strength and stiffness proportionally to the area of the opening. However, in archetypes
where the opening is within 2 feet (61 cm) of the column, the length of the column is modified to
match the height of the opening, following Stavridis [147]. In this study, I consider the heightened
risk of shear failure in short columns induced by partial height infill, illustrated in Figure 3.8.
This configuration increases seismic vulnerability through brittle shear failure in columns adjacent
to the opening [119]. I determined the shear strength of the short column using the formulation
in ASCE/SEI 41-17 [95] and modified the column force-displacement response to degrade sharply
when shear force demands exceed capacity. I modeled the behavior of the partial height infill panel
as a solid panel tied from the base of the frame to the bottom of the opening with no gravity loads
to determine the Martin Tempestti and Stavridis [145] backbone.

For the confined masonry systems, I again calibrated diagonal struts to represent the behavior
of the walls, following recommendations of Ghaisas et al. [148]. The force-deformation backbones
for confined walls are calibrated following equations developed by Riahi et al. [56]. These equations
were developed based on a database of 102 confined masonry wall tests. These equations define
response up to the ultimate drift capacity, defined as the level of drift at which 20% of lateral
strength is lost. I assumed this to be the residual capacity of the wall system, though this level of
drift typically coincides with the collapsed limit state. For systems with similar details (e.g., column

detailing, masonry and mortar strength, axial loads), a bay of confined masonry construction is
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stronger than an infilled frame, as illustrated by Figure 3.16b.

3.5 Seismic performance assessment methods

Tables 3.2 and 3.3 summarize the house configurations and results of the seismic perfor-
mance assessment. Building period is determined using eigenvalue analysis considering a cracked
stiffness assumption in columns [54]. Strength and deformation capacity are determined using static
pushover analysis conducted with a displacement-controlled analysis and an applied inverted tri-
angular lateral load. Building strength is presented as maximum lateral base shear from pushover
normalized by building weight (Vj,q./W). Deformation capacity is quantified as the level of story
drift when 20% of strength has been lost [86]. Collapse capacity, obtained through dynamic analysis,
is used to quantify differences in performance among the building types.

The collapse safety performance is assessed using IDA, as illustrated in Figure 3.17. For
each ground motion record, the ground motion input was scaled at increasing intensity—quantified
as spectral acceleration (Sa) at the structure’s first mode period—until a collapse threshold was
reached. For houses with infilled or confined walls, I considered a building collapsed if story drifts
exceed 1.5% [149]; for open-ground-story houses, the collapse threshold is 5% drift [53]. Because
the IDA curves have flatlined by the time these thresholds are reached, the collapse assessment is
not sensitive to the precise value. This process is then repeated for other ground motion records
to capture record-to-record variability in the response. I used the FEMA P-695 [86] record set in
IDA because the ground motion records are representative of typical far-field records from crustal
earthquakes, which is consistent with the seismic hazard in Puerto Rico [102]. This set contains
record pairs from 22 ground motions; I applied each horizontal motion record, 44 in total, to each
2D frame of the archetype building. These records contain variation in duration and frequency
content and have been widely used to assess collapse capacity.

I derive collapse fragility curves from the motion intensity at which the collapse threshold is
reached for each ground motion. For open-ground-story houses, I evaluated collapse at Sa(T=0.8s),

and for houses with walls, at Sa(T=0.1s). These periods are typical of each building type and allow
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Figure 3.17: (a) IDA results for a single-story house with infilled and confined construction, and
(b) corresponding fragility curves (both empirical and fitted distribution).

for a more direct comparison of seismic performance within each subgroup (open-ground-story and
houses with walls). For each archetype, I fit the Sa collapse intensity values from each record with a
lognormal cumulative distribution function (CDF) to obtain the probability of collapse associated
with each intensity level. Figure 3.17 shows the collapse fragilities for two single-story houses
and the IDA from which they were derived. The median collapse capacity is the ground motion
intensity at which analysis indicates a 50% probability of collapse. Only record-to-record variability
is considered in the fragility of each building. For context, I show the Sa range for the risk-targeted
maximum considered earthquake (MCEpg) values on the island from ASCE 7-16 [84] assuming site
class B [129].

In addition to collapse, I investigated the likelihood that a ground motion will cause a struc-
ture with masonry walls to reach different damage states, including slight, moderate, extensive,
and collapse, based on the extent of cracking and crushing in the masonry panel. These limits are
defined as 0.15, 0.4, 1.0, and 1.5% story drift, respectively, and were calibrated based on aggregated
experimental testing [149]. Slight damage indicates the presence of small cracks for which repair
is only cosmetic. Moderate damage indicates larger, repairable cracks. Extensive damage typically

requires the demolition of some building elements. Similar limit states are used to assess confined
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masonry walls (e.g., Ruiz-Garcia and Negrete [150] and Tomazevi¢ and Klemenc [151]). Following a
procedure similar to the definition of collapse fragilities, I identified the probability of exceedance of
each damage state at a range of ground motion intensities using a cumulative distribution function.
The focus of this work is on collapse risk, but limit states can be beneficial in identifying expected
repair needs, which correlate with downtime, and costs. For example, slight damage may only
require patching of cracks, while extensive damage may require demolition of building elements,

which may make the space uninhabitable until repairs are complete [149].

3.6 Seismic performance results for informally-constructed houses

Figure 3.18 shows the collapse assessment results of the archetype houses in this study, with
results for all buildings detailed in Table 3.2 and Table 3.3. Generally, houses with masonry walls
perform better in earthquakes than those with open ground stories due to the strength and stiffness
provided by the concrete block walls, as will be explored in more detail below. In the United States,
a code-conforming building is expected to have a 10% probability of collapse during an MCEg-
level ground motion [84]. As illustrated by Figure 3.18b, most archetype buildings in this study do
not meet that criteria. Generally, one-story houses with walls, particularly those built as confined
masonry panels, perform well, with a low risk of collapse at MCERg levels. Open-ground-story houses
and those with partial height infill are most vulnerable to collapse in an MCERg-level event, with
a median collapse probability of 80%. The ratio of the median collapse Sa to Sa MCEpg indicates
that collapse is likely in open-ground-story buildings during an MCEg level ground motion. The
results following illustrate the effects of individual building characteristics (e.g., material strength,

construction type, detailing) on overall collapse capacity when other properties are kept the same.

3.6.1 Collapse risk of open-ground-story RC houses

The collapse risk is high (P(collapse | MCER) > 0.75 and median collapse Sa/MCEpR Sa
around 1.0) for all open-ground-story houses, listed in Table 3.2, considered in this study. These

houses consistently fail in a soft-story mechanism in the first story.
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Figure 3.18: (a) Summary of collapse fragilities for all archetype houses; (b) distribution of me-
dian collapse capacities for informally-constructed RC open-ground-story houses and houses with
masonry walls.

3.6.1.1 Effect of house weight and gravity loads

To explore the building characteristics that most influence this collapse risk, Figure 3.19
shows the collapse fragilities for open-ground-story houses of low, moderate, and high weight.
These houses have relatively weak (f’c = 1.5 ksi, 5 MPa) concrete and 6 in (15 c¢m) tie spacing.
In all three cases, houses are vulnerable to collapse in an MCERg-level ground motion (illustrated
in gray). The columns see an increase in flexural capacity with the increased gravity load due
to moment-axial interaction. However, the increased gravity load and seismic weight reduce the
deformation capacity of columns, generate larger inertial forces, and amplifies P-A effects, which

translates to a higher probability of collapse, particularly at higher motion intensities.

3.6.1.2 Effect of column detailing

I then assessed the effect of column steel reinforcement on the seismic performance of these
houses. Figure 3.20 illustrates the effect of the number of longitudinal bars and transverse tie
spacing on collapse capacities for archetypes that all have weak concrete strength and moderate

gravity loading. Columns perform better in columns with 6 longitudinal bars (reinforcement ratio,
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Figure 3.19: Collapse fragilities of open-ground-story houses with variation in weight, induced by
floor and roof slab thicknesses listed in the legend.

p = 0.011) when compared to columns with 4 longitudinal bars (p = 0.007). Similarly, collapse risk
is reduced by closer spacing of transverse ties. Columns with 6 in (15 cm) spacing (ps, = 0.003)
have better seismic performance than columns with 14 in (26 cm) spacing (ps, = 0.001). Transverse
tie spacing increases deformation capacity and, when small enough, provides additional strength
in confined concrete. I only included tie spacings typical of informal construction in Puerto Rico,

which does not provide any confinement in columns.
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Figure 3.20: Collapse fragilities of open-ground-story houses with variation in weight, induced by
floor and roof slab thicknesses listed in the legend.
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3.6.1.3 Effect of reinforcing bar corrosion and PVC gutters

Figure 3.21a shows the difference in collapse fragility for a column with and without an
embedded PVC gutter. Prior research [141, 142] has illustrated the slight change in strength and
stiffness for columns with longitudinal holes, and this slight change is reflected in the collapse
capacity. Figure 3.21b shows the effect of reinforcing steel corrosion. The behavior of the corroded
model is defined considering 20% mass loss [139], which represents an upper bound on material
quality available in Puerto Rican hardware stores 3.3.1. The lost cross-sectional area of reinforcing
bars reduces the strength and deformation capacity of RC columns [116, 132, 115, 133]. Jiang
et al. [152] developed a model for the effect of corrosion on bond slip based on a database of
experimental testing, and found that as the level of corrosion increases, the level of stress at which
slip occurs on the concrete-steel interface. The lost bond strength is accounted for in the modified
force-deformation curve used to define the corroded column response. When critical columns,
such as those in an open-ground-story, are affected by corrosion, this reduction in strength and
deformation capacity manifests as a higher collapse risk during an earthquake. This is illustrated
in Figure 3.21b, which compares the response of archetype houses with corroded and uncorroded

reinforcing bars.

3.6.1.4 Effect of retrofit strategies

The retrofit strategies described in Section 3.3.5 increase the strength and stiffness of the
vulnerable open-ground-story houses, and in cases where infill is added to previously empty bays,
change the failure mechanism. Houses that have been retrofit with RC jackets still fail in a soft-
story mechanism; houses that have been retrofit with infill may fail through masonry crushing or
column failure, depending on the relative strength and stiffness. These failure mechanisms are
discussed in Section 3.4.2, depending on the configuration of the frame. Figure 3.22 b shows the
reduction in collapse risk of full RC jacketing, approximately a 10% reduction in the probability

of collapse during an MCEg-level ground motion, while partial RC jacketing does not improve
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Figure 3.21: Collapse fragilities of open-ground-story houses with (a) longitudinal PVC gutter, and
(b) corroded reinforcing steel. Corroded reinforcing steel in vulnerable columns reduces collapse
capacity.

outcomes. Partial RC jacketing, in this case, is a result of construction methods that do not
adequately improve the full column.

Retrofitting one or both bays of an open-ground-story building increases the strength and
stiffness of the structure, and reduces the probability of collapse from approximately 85% to 50%
if all bays are filled, but also reduces deformation capacity and leads to failure at lower levels
of drift. Figure 3.22 suggests that infill panels provide the most significant reduction of collapse
risk, but none of the retrofit strategies investigated here reduce collapse risk to an acceptable level

(P(collapse) = 10% in an MCERg-level motion) [84].

3.6.2 Assessment of RC houses with walls

The collapse risk in houses with masonry walls varies more widely than in open-ground-
story houses. In one-story houses or two-story houses built using confined construction, P(collapse
| MCER) is < 0.25. In houses with partial height infill, P(collapse | M C' E'r) approaches 1.0. Table
3.3 summarizes all house archetypes with masonry walls considered in this study, along with the

associated collapse intensity.
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Figure 3.22: Collapse fragilities of open-ground-story house retrofit with full or partial RC jackets,
one, and two bays of infill, illustrating the largest reduction in collapse capacity is provided by two
bays of infill

3.6.2.1 Effect of construction method

Figure 3.23 illustrates the collapse fragilities for one- and two-story houses with infilled and
confined masonry walls, to explore the effect of the construction method. In all cases, confined
construction performed approximately 50% better than infilled, because of the gravity load distri-
bution through the masonry panel and the confined masonry panel’s capacity to act as a shear wall
[153].

Additionally, I looked at the probability that non-collapse damage states will be exceeded for
a given ground motion intensity for two-story masonry wall houses. The limit states, which have
been defined by Cardrone et al. [149] for infilled walls, indicate the level of story drift associated
with slight, moderate, and extensive damage. Figure 3.24a illustrates the IDA response for a two-
story infill wall house, and the level of drift at which each limit state is achieved. Figure 3.24b
shows the probability of exceedance for each limit state of infilled (I) and confined (C) masonry
wall houses. The construction method does not affect initial stiffness; infilled and confined masonry
reach the slight damage state at the same ground motion intensity. Houses built with infilled panels

are more likely to experience moderate to extensive damage or collapse during MCE g-level ground
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Figure 3.23: Collapse fragilities for one- and two-story houses with infilled and confined masonry
walls, showing the large benefit from the confined construction technique.

motions than houses with confined masonry panels.
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Figure 3.24: (a) Damage states, defined by the level of peak story drift. (b) Probability of ex-
ceedance for slight, moderate, extensive, and collapsed damage states in a two-story house with
infilled (I) and confined (C) masonry walls.

3.6.2.2 Effect of material strengths

I assessed archetypes with a range of concrete and masonry unit strengths to represent the

available materials on the island. Figure 3.25 shows the collapse fragilities for two-story houses with
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infilled panels of varied strength. Stronger masonry units increase the strength and deformation

capacity of wall panels and can rescue collapse risk, i.e., P(collapse | MCER) by 10 — 20%.
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Figure 3.25: Collapse fragilities two-story houses with variation in masonry unit strength. Stronger
masonry units reduce collapse risk.

3.6.2.3 Effect of openings

Figure 3.26 shows the collapse fragilities of two-story houses with window or door openings,
with a solid infill panel, and with a partial height infill panel that induces a short column (see Figure
3.8). The reduced strength and stiffness of the houses with window and door openings (on the order
of 15 and 10%) leads to a modest reduction in collapse capacity (around 10%). Notably, the house
with partial height infill in the first story is far more vulnerable to collapse in an earthquake. This

configuration is susceptible to brittle shear failure and has suffered extensive damage in recent

earthquakes [120].

3.6.3 Collapse risk of incrementally-constructed houses

I considered the effect of incremental construction on seismic performance in two ways: (1)
the change in collapse risk with the addition of a second story, and (2) corrosion of reinforcing

bars from exposure. Figure 3.27 summarizes the effect of these configurations. One-story houses
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Figure 3.26: Collapse fragilities for walls with openings

have significantly lower collapse risks than two-story houses due to the lower seismic mass. In
two-story cases, failure occurs in the first story, and the increased weight generates larger lateral
demands. This is consistent with research by Lallemant et al. [114]. Corrosion of bars does not
have a significant effect when limited to second story columns, as these columns only support the

roof slab, and lateral demands are relatively small as a result.
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Figure 3.27: Collapse fragilities for one- and two-story houses. The addition of an RC second
story drastically increases collapse risk, while a wood frame second story, which does not increase
building weight significantly, does not.
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3.7 Comparison with reconnaissance data

This work was informed by observations of damage by my team one month after the earth-
quake, and preliminary reconnaissance reports, including those by StEER [24], FEMA [154] , and
EERI [155]. These reports provide information regarding typical damage patterns and locations
most affected by the earthquakes, but do not provide a detailed investigation of the extent of
damage (e.g., slight, moderate, extensive, or collapse) for a complete set of buildings or building
components. Information can be gleaned from efforts to rehabilitate communities affected by the
earthquake; FEMA has allocated more than 100 million USD to aid Puerto Ricans in recovery, in-
cluding loans for nearly more than 1300 homeowners and renters [154], as of July 2021, more than
40,000 individuals have applied for disaster assistance. This indicates the broad need for repair or
rebuilding.

USGS reports shaking intensities, peak spectral acceleration (PSA) at 0.3 s, around 0.50g
in the most heavily affected municipalities during the largest of the January 2020 earthquake.
For many of the open-ground-story houses, which are most vulnerable to ground shaking, the
probability of collapse at this intensity from this assessment is approximately 50%. Based on
observations of damage, these models are in general agreement with the extent of damage, but
more detailed damage reports could improve this comparison. Observations indicated collapse or
significant residual drift in many open-ground-story houses. Masonry walls in first stories of two-
story houses tended to see more damage than one-story houses with masonry walls. Typically, this
damage was in the form of in-plane shear cracking in masonry panels, which is consistent with the
strong-infill-ductile-frames assessed in this study [145]. Damage to second stories was uncommon.
My analytical models reflect this: building components in first stories have a much larger effect on
overall seismic performance.

Many of the damaged columns in collapsed houses in Gudnica featured very large transverse
tie spacing or PVC gutters embedded in columns. I investigated both column configurations given

the frequency of these column characteristics among collapsed buildings. Through numerical simu-
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lation, I found that lateral tie spacing has a larger effect on seismic performance. It is important to
note that the presence of PVC gutters or transverse tie spacing in undamaged houses is unknown.

In future reconnaissance efforts, it would be beneficial to generate a database with the lo-
cations of affected buildings, extent of damage, and construction details, including building and
component dimensions, characteristics (i.e., confined or infilled construction). This information
would be beneficial in assessing the seismic safety of houses, and offering recommendations for

improved performance.

3.8 Limitations and future work

There are some limitations to this study. First, materials used in informal construction
can be highly variable, and depend on manufacturing (e.g., concrete masonry blocks), available
raw materials (e.g., source of sand or rounded river aggregate), storage (e.g., corrosion of steel
reinforcement from exposure), and craftsmanship (e.g., concrete and mortar mix and preparation).
I accounted for many of these variations through parametric assessment of archetypes, but the
uncertainty of this assessment could be reduced through material testing of typical materials. In
this study, I used analytical assessments and test data to quantify the effects of PVC gutters
in columns. I found that they do not significantly influence performance, but physical testing
under cyclic loading could reinforce this claim. Paired with this, modeling the investigation of
the effect of the PVC exiting the column may provide further insight into the vulnerability of this
configuration. Other building variations could provide insight on seismic performance, including
different foundations (e.g., spread footings and hillside foundations), wood roofs, and different
masonry block types (e.g., clay brick, 4 in concrete blocks). This work did not consider failure in
foundations or hillside cases, both of which have been shown to exacerbate collapse risk [156, 130]
and are common in Puerto Rico. I observed limited cover in RC slabs and columns, and in some
cases, deterioration and spalling failure of these elements, which is not fully considered.

In this seismic performance assessment, I used analytical models to determine the dynamic

response of structures. Developing these models requires assumptions to be made regarding the
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behavior of concrete and masonry components. These assumptions introduce uncertainty [53],
which can be reduced with physical testing or more complex models. In this study, I used 2D models
of a single frame line. I selected a frame line that is likely to control the behavior of the building,
but it does not consider torsion or out-of-plane effects. These effects could be investigated using
3D models of masonry wall and open-ground-story buildings. The models in this study represent a
lower bound of infilled construction, where no gravity load is transferred to the blocks, but careful
construction of an infill panel could provide increased safety in a future earthquake.

The models in this study assume a fixed foundation, but soil-structure interaction should
be considered in stiff structures (i.e., those with masonry walls) and may increase displacements
during ground shaking [157]. Further, I assessed the performance of informally-constructed houses
using a generalized set of far-field ground motions [86]. Ground motions appropriate for a building
site can be selected to match a target conditional mean spectrum [81]. This method requires hazard
deaggregation, which is not currently available for Puerto Rico [83].

I investigated potential retrofit options in this study, including RC jacketing and infill walls.
These options were selected because they employ readily available and inexpensive materials. Given
the interest in seismic performance upgrades in Puerto Rico [35], I recommend further study into

retrofit options and benefits.

3.9 Conclusions and recommendations

This study develops and demonstrates a framework for evaluating the earthquake risk of
informally-constructed RC houses, with results for housing in Puerto Rico. I sought to identify
which building elements and characteristics most affect seismic performance with the aim of recom-
mending improvements or modifications to decrease collapse risk. I began by developing archetype
buildings representative of RC houses in Puerto Rico through interviews with local builders and
hardware store owners and reconnaissance following the damaging January 2020 earthquakes. 1
then modeled these archetype houses and quantified the strength, stiffness, and deformation ca-

pacity of each configuration. I used dynamic analysis to determine the collapse fragility associated
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with building characteristics, including material strength, reinforcing bar detailing, gravity loads,
and masonry wall construction.

I found that, generally, lighter houses perform better than heavier houses in earthquakes.
While both RC columns and masonry walls see a benefit in terms of strength and deformation
capacity from additional gravity load—particularly confined masonry walls—the increase in seis-
mic mass outweighed this benefit, leading to two-story houses to have 60% lower median collapse
capacity than one-story houses. Houses with masonry walls typically have lower collapse risks than
open-ground-story houses (by, on average, 57%), and confined masonry performed better than in-
filled (an improvement of 100 to 200%). Among the open ground story houses, the most important
building characteristics are column detailing, including transverse and longitudinal reinforcing and
reinforcing bar corrosion, and building weight, which alters the collapse capacity by up to 30%.

Houses built incrementally have increased seismic risk as a result of expansion, and the
additional demands on existing structures. A two-story house, built incrementally or at once, has
a collapse risk 80% higher than a one-story house. Corrosion of reinforcing bars at the base of the
second story does not significantly impair performance, when compared to the same frame with
uncorroded bars.

I assessed two retrofit options, RC jacketing and infill walls, and found that both improved
seismic performance of vulnerable houses. The most effective solution included in this work is the
addition of infill walls in all open bays. RC jacketing can reduce collapse risk by 10% if the jacket
is well-connected to the existing column and vertical loads are distributed throughout the jacket
and the existing column.

This work aims to reduce the uncertainty around the seismic performance of informally-
constructed homes to improve resilience through viable and feasible solutions [101]. Based on these
findings, recommendations for improved seismic safety in informally-built residential construction
in Puerto Rico are summarized in Table 3.5. These recommendations are rated based on their
reduction of collapse risk and cost of implementation. For new construction, costs are estimated

based on the price of materials; for existing construction, costs are estimated based on materials and
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construction time as a proxy for labor costs. The costs presented in Table 3.5 are approximate, and
further study is needed to develop community-specific cost estimates for improved seismic resilience.
Costs associated with new and existing construction are considered separately. For many of these
interventions, it is difficult to quantify the cost of implementation. For example, confined masonry
construction may require additional training, but this cost may not be directly translated to the
homeowner. Similarly, RC jacketing requires training that may not be available to all builders, but
the material costs may be lower than retrofit by infill. For homeowners looking to expand their
homes, a vertical expansion is typically less expensive as additional land is not required. The cost

associated with procuring more land is highly variable.

Table 3.5: Recommendations for improved seismic safety in new and existing houses

Impact on

Recommendation Cost .
collapse risk

New construction

Lighter weight construction where possible, including

thinner roof and floor slabs L M
Use confined construction instead of infilled when building L o
with masonry
Place transverse ties close together in columns, and use
uncorroded steel reinforcing bars M M
FExisting construction
Retrofit vulnerable columns using RC jackets M L
Retrofit open ground story houses by adding infill panels M M
Expand horizontally, rather than vertically, if space allows H H
Build vertical expansions using wood (with strong M o

connections for hurricane resistance) [158]

I Tmpact on collapse risk is based on the change in the probability of collapse in an MCEg level
event. L indicates a change in P(collapse) is less than 10%, H indicates a change in P(collapse)
greater than 50%

For those who work in the construction industry in Puerto Rico, including local organizations

and those who manage hardware stores, I recommend the following:

(1) Advise homeowners to avoid open-ground-story construction, unless adequate seismic strength

and deformation capacity is provided through larger, well-detailed (i.e., sufficient transverse
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and lateral reinforcement) columns.
(2) Provide guidelines for retrofit using RC jacketing or infill walls.

(3) Encourage and train builders to use confined masonry construction, rather than infilled,

for new house construction.

(4) Demonstrate the importance of high-quality materials, including uncorroded reinforcing
bars well-manufactured masonry blocks (quality can be demonstrated through drop testing,

poorly-manufactured blocks typically shatter when dropped from 4 ft (1.2 m)).

(5) Ilustrate the cost-benefit of building with higher quality materials or larger columns by

quantifying typical repair and rebuilding costs.

These recommendations may help improve the seismic resilience in informally-constructed
houses, in combination with other strategies that (1) increase awareness of seismic hazard [113],
(2) increase knowledge of the importance of material and construction quality [159], and (3) policy
making to increase construction oversight [113, 114]. For Puerto Rico, timing is good as interest in

safe building methods is high, particularly after the recent earthquake.



Chapter 4

Conclusions

In this dissertation, I investigated the seismic performance of reinforced concrete (RC) struc-
tures with a particular focus on the future performance of damaged buildings and collapse risk of
informally-constructed homes. For each study, I developed a framework for assessing seismic per-
formance, defined damage metrics of interest, and exercised the framework for a set of archetype
structures to determine the influence of building components and characteristics. Together, these
frameworks offer improved assessment techniques of RC buildings that increase the understanding
of the seismic performance of RC structures to improve community outcomes in major earthquakes.
Additionally, I tested and implemented computationally-efficient analysis methods that can be ap-
plied to future related studies, reducing run-time while maintaining or improving the breadth of
analysis. I also developed 2D and 3D nonlinear numerical models that can easily be adapted to

model other buildings. The contributions of this dissertation are summarized in Table 4.1.

4.1 A framework for assessing impaired seismic performance as a trigger for

repair

4.1.1 Summary

In Chapter 2, I developed and exercised a framework for quantifying the effect of earthquake
damage on the seismic performance of RC buildings. The framework involves a comparison of
seismic performance—quantified as peak story drift demands—of a building in its damaged and

undamaged state in a set of MCER-level ground motion records. I assessed drift demands using
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Table 4.1: Summary of studies collected in this dissertation, including research gaps and contribu-
tions

Chapter Research Questions Contributions

Theoretical: Methodology for
assessing the effect of damage
future seismic performance.

When does damage matter?
How do building

Chapter 2. characteristics affect how how . . .
s Practical: Identification of
A framework for assessing damage Changes future i
impaired seismic performance performance? How can the the level of d.i;m%age %t which
as a trigger for repair computational efficiency of performance IS. impaired and
these assessments be safety repairs needed.
improved? Numerical models for library

of nonlinear dynamic analysis.

Theoretical: Framework for
assessing seismic performance
of informally-constructed
houses. Quantification of
effects of building
characteristics on collapse
risk. Practical:
Recommendations for safer
building and retrofit
strategies for Puerto Rico

How does informal
construction affect the
earthquake risk of homes?
What building elements most
influence seismic
performance? What
improvements could be made
to houses to reduce collapse
risk?

Chapter 3.
Seismic safety assessment
of informally-constructed houses
in Puerto Rico

back-to-back nonlinear dynamic analysis in OpenSees; the first motion damages the building model
in the simulation, and the second motion is used to assess the change in performance due to dam-
age. This chapter provides results for 50 single-degree-of-freedom and five 3D models of modern
RC frame buildings, and uses machine learning strategies to improve computational efficiencyin the
selection of analyses to include in back-to-back analysis. For each building, I considered the mag-
nitude and distribution of drift amplifications to identify a threshold at which seismic performance
may be impaired, indicating repairs are needed.

The results of Chapter 2 illustrate the benefit of building deformation capacity in repeated
earthquakes in that they are able to sustain more damage before having impaired future perfor-
mance. Future seismic performance of code-conforming, longer-period (7' > 1s) structures is not

significantly impaired by earthquakes in which story drifts do not exceed 2%. The undamaged short
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period building in this study had the lowest drift demands in the MCFERg-level ground motions, but
was the most sensitive to damage in terms of drift amplifications. Ductile buildings were the least
sensitive to damage. Strong buildings had lower drifts in the undamaged building, so saw relatively

higher amplifications in the damaged state.

4.1.2 Contributions

This work is part of the FEMA-funded project that seeks to address the lack of guidelines
for post-earthquake repair in the U.S. [39]. The current guideline for repair, FEMA 306 [45]
is more than 20 years old, and only applies to a subset of buildings. This framework and the
results of this study contribute to system-level checks which, when paired with component-level
assessment and visual inspection, can reduce unnecessary repair or demolition and identify which
buildings may have insufficient capacity to resist future earthquakes. Using computational models
to evaluate performance, this framework accounts for cyclic loading effects, including strength
and stiffness deterioration, in evaluating performance. Historically, extensive nonlinear dynamic
analysis is computationally-intensive. I address this by applying machine learning strategies and
computationally-efficient models to reduce run-time. This framework illustrated the relationship
between damage and future performance, which measures of damage best capture impaired seismic
performance, and how different building characteristics (e.g., stiffness, deformation capacity, and
strength) affect a structure’s capacity to withstand damage. The results of this framework for a set
of modern RC buildings revealed which building characteristics are likely to contribute to impaired

performance, which can improve post-earthquake decision-making.

4.1.3 Limitations and future work

There are some limitations to this work. First, the buildings in this study are all modern
RC frame buildings with significant deformation capacity. While I considered non-conforming
buildings, I did not consider highly non-ductile frames. As the aim of this work is to assess the

future performance of buildings, I first focused on ductile buildings for which repair is a likely
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post-earthquake outcome, rather than non-ductile buildings which are likely in need of significant
repairs or demolition in the aftermath of an earthquake [99]. I focused on drift amplifications in
MCER-level motions as an indicator of seismic performance and proxy for safety. However, lower
levels of damage may impair the serviceability of a building. This study does not consider cosmetic
repairs. Additionally, I assessed the system-level performance of buildings, but repair may be
needed to address damage to components that may not be evident through a system-level analysis.
This framework could be paired with component-level analysis (e.g., checks of low-cycle fatigue)
to more thoroughly understand the extent of damage and determine a repair strategy. Finally,
several elements of this framework require judgment. I quantified drift amplifications relative to
drift demands for an undamaged building, but this can obscure the actual seismic performance of
a building when the undamaged building has poor performance. In using this framework to guide
post-earthquake decision-making, it is important to consider how amplified drift demands relate to
design limits. More discussion is needed to determine whether the limits chosen are appropriate
for other structural systems.

In future studies, this framework could be applied to a wider range of building types, including
non-ductile RC, wood, or steel buildings. The repair trigger threshold detailed in this chapter, which
is defined by a 15% change in demands, is based on historical thresholds for building repair [14],
and a conservative estimate of the upper bound of performance (i.e., the 90" percentile of drift
amplifications). This definition of when repair is needed is intentionally conservative, but could be

refined through assessment of more buildings and building types.

4.2 Seismic safety assessment of informally-constructed houses in Puerto

Rico
4.2.1 Summary

In Chapter 3, I evaluated the seismic performance of residential construction in Puerto Rico.

More than half of houses there are built informally; the lack of explicit engineering design poten-
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tially increases vulnerability in earthquakes. I developed a framework for defining a set of archetype
RC houses based on interviews, field work, and reconnaissance reports. For each archetype, I devel-
oped a nonlinear OpenSees model and assessed the seismic performance using incremental dynamic
analysis (IDA). From the IDA, T calculated the collapse fragilities for each archetype, and com-
pared fragilities to evaluate the effect of building characteristics on seismic performance. Informal
construction has a wide range of performance, but is generally worse than code-conforming due to
the lack of ductile detailing, low-quality and highly variable materials, and vulnerable building con-
figurations. I found that open-ground-story houses, which offer strong flood resistance, are most
vulnerable to collapse in earthquakes due to the weak and poorly-detailed columns. Incremen-
tal construction, a house expansion practice that is common worldwide, increases vulnerability of
homes through additional gravity loads/seismic weight, and weakened connections. The presence
of a PVC gutter in a column did not significantly affect seismic performance, as other column de-
tails dominated response. Houses with masonry walls, either confined or infilled construction, have
lower collapse risk than open-ground-story houses as they add strength and stiffness. However,
confined construction offers better performance than infilled construction because the panel shares
the gravity loads and acts as a unified system, increasing strength and stability. Heavier buildings,
from large floor and roof slabs or additional stories, have higher collapse risk as they generate
large inertial seismic forces. I assessed two retrofit options, RC jacketing and infill panels, and
found that both improve seismic performance. RC jacketing reduces collapse risk moderately while
maintaining deformation capacity. Infill panels increase strength and stiffness, and reduce collapse
risk more drastically. I considered the cost and benefit of design decisions and retrofit strategies to

make recommendations for homeowners, builders, and local organizations.

4.2.2 Contributions

Despite the ubiquity of informal construction in many parts of the world, particularly areas
of high seismic hazard, limited work has been done to assess the seismic performance of these

houses. Seismic performance is often assessed retrospectively in the aftermath of earthquakes;
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this work provides a framework for assessing seismic safety apriori. I demonstrate the utility of
this framework for identifying collapse risk associated with house configurations, materials, and
construction methods. I exercise this framework for a set of 50 archetype houses in Puerto Rico
and identify recommendations for homeowners, builders, and local organizations that will improve
seismic safety. 1 considered reconnaissance reports, local knowledge, material availability, and
feasibility of implementation in selecting archetype houses and variations as I sought to provide
culturally-appropriate recommendations [101]. These recommendations are related to construction
methods, materials, and expansion practices, and are presented alongside estimated implementation

costs and impact on collapse risk.

4.2.3 Limitations and future work

There are several limitations to this work that could be addressed in future study. First, I
determined material properties based on limited data. To address this, I incorporated a range of
material properties (e.g., concrete and masonry strengths) in the set of archetype houses. However,
material testing should be conducted to improve the alignment of simulation models to real world
conditions. Also, the simulation models in this study are two-dimensional and contain a single
frame line that is likely to govern response; a 3D model could capture torsion and out-of-plane
effects. Limited ground motion data is available for Puerto Rico, so this assessment was conducted
using a generic set of ground motion records appropriate for far-field analysis [86]. Site-specific
and hazard consistent ground motions could improve the accuracy of the assessment should hazard
deaggregation become available for the region.

The methods described in Chapter 8 can be applied to informal housing in other areas of
the world, or other types of housing. This work could be made more broadly applicable through
study of additional archetypes, including houses with wood roofs, the effects of spread or hillside
foundations, and other masonry types that are more common elsewhere (e.g., clay brick). Two
retrofit strategies are considered in this work—RC jacketing and infill panels—but additional study

of other retrofit methods is needed [127, 130].
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4.3 Proposed future work

In this work, I have developed nonlinear simulation models to capture the earthquake response
of RC buildings. These models feature lumped-plasticity elements that have been calibrated for
each building of interest. In recent years, researchers, including Ghannoum et al. [160], have sought
to improve nonlinear modeling of RC buildings. These efforts include capturing the multiaxial in-
teraction of demands within the column, integrated prediction of failure mechanism, and calibration
of column strength to account for changes in demands at each step of analysis. I am working to
incorporate the new column model that is under development by Ghannoum et al. [160], and this
work is detailed in Appendix B.

This dissertation focuses on the behavior of RC buildings in earthquakes. Motivated by the
complexity of response of RC buildings to ground motions, and the uncertainty surrounding the
effects of damage and informal construction, I developed frameworks to assess the seismic perfor-
mance of RC buildings. In my study of informal construction, I assessed the seismic performance
of RC houses in Puerto Rico and identified vulnerabilities with the current state of practice. This
work, and the recommendations for builders, homeowners, and local organizations can aid in re-
ducing damage from earthquakes. However, wood-frame construction that is well-detailed for high
winds could reduce vulnerability in earthquakes without increasing hurricane risk. Wood houses
saw extensive damage, particularly in roofs, during recent hurricanes in Puerto Rico [93]. This
damage could be mitigated through design modifications [158], but the intersection of damage
assessments in RC and wood homes in hurricanes in earthquakes has not been fully explored. I
propose a multi-hazard assessment of wood and RC houses to identify building configurations with
limited risk of damage or collapse during both hurricanes and earthquakes.

Further, while there are many advantages to concrete as a building material, the environmen-
tal impacts associated with its production are significant. Production of cement, a key ingredient in
concrete, accounts for 8% of global carbon dioxide emissions [161]. Further, widespread demolition

and rebuilding of buildings in the aftermath of an earthquake comes with a high environmental
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cost [162]. The framework for assessing impaired seismic performance is intended to aid in post-
earthquake decision-making, but could be applied in other contexts. Welsh-Huggins and Liel [162]
demonstrated the capacity for increased lateral strength to reduce the lifetime environmental im-
pact of a building. This framework could also serve to reduce environmental impacts by reducing
the need for conservative decision-making that leads to excess demolition. For buildings in which
additional lateral strength was not considered in the initial building design, retrofits could prove
beneficial in terms of improved repeated earthquake performance and reduced environmental cost.

Additionally, the modeling and analysis strategies for seismic performance assessment used
in this study could be applied to other building types with lower environmental impacts, such
as cross-laminated timber (CLT). The use of CLT in larger buildings and seismic applications is
relatively new, but the analysis methods used in this dissertation could be used to accelerate its

adoption.
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Appendix A

Interview questions for informal construction data collection

(1) Questions for hardware store owners

(a) Materials

(i) Concrete | concreto

e Are pre-made mixes commonly used? Do people make their own mix?

What are typical mix ratios?

Where are cement, sand, and gravel sourced from?

What is the process for mixing and pouring concrete?

e Does anyone get concrete from a concreteria?

How strong is the concrete?
e What mistakes are made in mixing concrete?
(ii) Masonry | albanileria
e What blocks are commonly used? Concrete or brick? Size?

Where do the blocks come from?

What reinforcement (if any) is used? What size and spacing?
e Is horizontal joint reinforcement used?

e What is used as mortar? Pre-made mix or made from scratch?

What is used for grout?

What strength testing (if any) is done?
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(iii) Steel | acero

e What size bars are used in columns, beams, foundations, walls?

How strong are the bars?

Where do the bars come from?

e Is epoxy coated rebar used? Or other precautions for rebar that will be

exposed?

Is anything done to remove rust or otherwise maintain exposed bars?
(iv) Wood | madera
e Is the wood treated?

e What sizes are typical for posts, beams, trusses?

How are the posts connected to the foundation?

Are the fasteners typically metal or wood?

What type of screws or nails are used?
(b) Perceptions of safety and material demand

e What differentiates a good contractor from a bad one?

e Have people changed the types of materials they’re building with (i.e. wood vs

concrete) since the hurricane? since the earthquake?

e Has the amount people are willing to spend on materials changed with the hur-

ricane? earthquake?
e What precautions are people taking to prepare for storms?
e Is anyone retrofitting/strengthening their home in case of an earthquake?

e Have you noticed other changes in building practices from the storms or earth-

quakes?

e Where do people get their information about how to build?

(c¢) Incremental construction



105
e What provisions are included in construction to allow for incremental construc-
tion?
e Why do homeowners build incrementally?

e Is there a best practice? What are signs that a house was well set up for incre-

mental construction or not?
(2) Questions for builders

(a) Foundation

e How do you decide what type of foundation to use?

What materials are used for the foundation?

e What are typical dimensions for a foundation?

e How are columns connected to the foundation?

What reinforcement is present in the foundations?

e How much development of rebar is present in the base of the columns?
(b) Columns

e How do you decide where to put columns?
e How do you decide what size columns are appropriate?
e How are the columns connected to the foundation and roof/beams?

e What longitudinal/transverse reinforcement is present? (size and spacing?)
(c) Walls

e Where are the blocks sourced from?
e Is there reinforcement in the walls? What type and what spacing?
e How are the walls connected to the columns?

e How do you make decisions about wall types?

(d) Beams
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e How are the beams connected to the columns? Walls?
e Typical reinforcement - transverse and longitudinal?

e How do you make decisions about beam dimensions?
(e) Roof
e How is the roof connected to the building frame?

e What is the construction process for a concrete slab roof?
(f) Connections

e how are beams connected to columns?

e how are walls connected to columns and beams?

e how are columns connected to foundations? (also above)

e what is used to connect other elements (nails, screws, hurricane straps, plates,
etc)?

(g) Incremental Construction

e What provisions are included in construction to allow for incremental construc-
tion?

e Why do homeowners build incrementally?

e [s there a best practice? What are signs that a house was well set up for incre-

mental construction or not?



Appendix B

Multi-axial column material

I developed 2D and 3D nonlinear simulation models in this dissertation to capture the dy-
namic response of RC buildings. These models feature lumped plasticity elements; this approach
offers an advantage over fiber models in computational efficiency and the capacity to phenomeno-
logically capture softening behavior in highly-nonlinear, near collapse states [94]. The materials
are defined using empirical equations calibrated to experimental data and consider nonlinear force-
deformation backbones and strength and stiffness deterioration. These models, which have been
developed in the open-source earthquake engineering software platform OpenSees [89], include a
set of code-conforming and non-conforming RC frame buildings, and can easily be modified to
represent other buildings in an effort to reduce the barriers to earthquake engineering assessment.
These models have been used by other researchers to assess the seismic performance of 1960s-era
RC buildings and reparability assessments of RC frame buildings with vulnerabilities, including
limited deformation capacity and shear critical columns.

In developing these nonlinear simulation models, I make assumptions related to material
strengths, building configuration, and load distribution. Model components are calibrated using
empirical equations that have been developed from physical testing [54, 56, 55]. Particularly with in-
formal construction, which, by definition, has non-code-conforming elements that may deform brit-
tly, these databases are somewhat limited and may not be representative of the building archetypes
in the study. The calibration of model elements generally requires determining the controlling fail-

ure mechanism (e.g., flexure, shear, splice critical) a priori because the nonlinear force-deformation
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response is dependent on the limiting failure mechanism [51, 160]. Brittle (shear) failure modes
are difficult to capture numerically because the sharp change in force-deformation often presents
a convergence problem [51]. Also, in columns and walls, the flexural and shear capacities vary
with gravity demands. In dynamic analysis, these gravity demands change constantly as the build-
ing deforms, but current lumped-plasticity numerical modeling strategies cannot account for this
updating interaction.

Ghannoum et al. [160] have developed a RC column model that addresses some of these
limitations. This column model is calibrated internally—the user inputs column dimensions and
detailing rather than externally calculated strength and deformation capacities. The model de-
termines force-displacement responses for shear, axial, and flexural demands, and determines the
controlling failure mechanism internally and continuously through the analysis. These equations
that define the behavior of this column model are derived from a database with more than 600
column tests [160]. The model incorporates a spline curve to better capture stiffness changes and
energy dissipation during cyclic loading. At each step of the analysis, the interaction between axial,
shear, and flexure demands is updated. This model has been developed to consider steel jacket or
fiber-reinforced polymer (FRP) retrofits, based on physical laboratory testing, and can be used to
more simply evaluate the benefits of retrofit for seismic performance. I have worked to test the
functionality and implement this new column model into system-level dynamic analysis. Through
this work, I have identified discrepancies between forces in adjacent elements during dynamic anal-
ysis and errors in the shear response backbone definition. Figure B.1 illustrates the hinge force time
history for this material, before and after the discontinuity in the hinge responses was addressed.

The studies presented in this dissertation employ currently-available methods for modeling
RC building components, which are not without limitations. The capability of the new Ghannoum
et al. [160] column model to capture updating multi-axial interaction, while maintaining compu-
tational efficiency, allows researchers to analyze non-ductile buildings for reparability with fewer
external modeling assumptions. In assessing the reparability of a building, it would be quite valu-

able to investigate the effect of retrofit on seismic performance. Some retrofit strategies (e.g., RC
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Figure B.1: Hinge response history (a) before and (b) after error generating discontinuity in the
hinge was addressed

jacketing) can be incorporated into numerical models using existing strategies, but the implemen-
tation of other retrofit strategies such as steel jackets and FRP wraps is more difficult. Further,
in my study of informally-constructed houses with RC columns that are susceptible to flexure and
shear failure. Current methods dictate these be considered independently and a priori; the improve-
ments offered by the Ghannoum et al. [160] model could simplify the modeling and assessment of

informally constructed houses.



