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ABSTRACT

Improved Seismic Risk Assessment of Non-ductile Reinforced Concrete

Buildings

by

Blaine Jacob Fuselier

Existing reinforced concrete (RC) buildings built to non-ductile specifications
are highly susceptible to damage given lateral loads induced from earthquake
ground motions. To explore the effects of these ground motions, non-linear finite
element analyses are being used in research and practice to model non-ductile RC
buildings as well as conduct probabilistic analyses of their seismic fragility in as-
built and retrofitted conditions. This study examines the influence of modeling
fidelity on the response and fragility of non-ductile RC buildings, testing the role of
explicitly capturing local failure in the finite element model. Beyond seismic
response and fragility modeling, this thesis aims to address a current gap in
consequence modeling and risk assessment of non-ductile RC buildings by
characterizing the uncertainty in closure or tagging decisions resulting from damage
to RC components. A survey is presented to assess the tagging decisions made by
trained professionals during post-earthquake rapid evaluations of reinforced
concrete buildings and compare these results to empirical data from past

earthquake reconnaissance reports. The resulting models can support risk



assessment as well as provide an alternative basis for retrofit selection for deficient

structures.
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Chapter 1

Introduction

1.1. Motivation and Scope of Research

The study of non-ductile reinforced concrete (RC) buildings is important to
consider for regions that observe earthquake activity. While non-ductile RC
buildings are sufficient for gravity load design, they are susceptible to damage
during earthquake events. These buildings are not up to code as compared to
today’s standards and codes, and they may show signs of damage under seismic
loading to critical components such as the columns and joints. RC buildings designed
today are strengthened in key elements and are designed with more ductility. These
ductile requirements eliminate the brittle failures that are observed in non-ductile
RC structures. The failures that arise in non-ductile RC buildings are accentuated
because of the deficiencies in the design. These deficiencies are characterized by the

amount of steel reinforcement and lap splice connections within the RC elements.



The columns and joints are the most critical elements in non-ductile RC buildings,
which typically exhibit weak column-strong beam behavior. Past damage
investigated in RC buildings is observed in the columns as shear, flexure, and
spalling, and the joints as spalling and cracking failure. The beams do not show
much damage following the weak column-strong beam relationship in non-ductile

RC buildings.

Considering the typical damage areas identified in a non-ductile RC building,
finite element models (FEMs) may be used to capture demands from the
components in a RC building. The majority of studies on vulnerability modeling and
risk assessment (e.g. probability of damage or impending consequences) of RC
buildings in the past have performed risk assessments based on global engineering
demand parameters (EDPs) such as drift, acceleration, and displacement (Bai,
Gardoni, & Hueste, 2011; Ellingwood & Wen, 2005; Serdar Kircil & Polat, 2006). In
fact, global EDPs are widely accepted in national risk assessment packages to
predict damage in a building (FEMA, 2011). Component level demands captured for
vulnerability modeling and risk assessment in RC buildings have more recently been
assessed (Freddi, Padgett, & Dall'Asta, 2012). To evaluate the component level EDPs
for a more thorough risk assessment, refined component level models may be
incorporated into the FEMs to capture a more accurate response of the key areas of
observed damage in non-ductile RC buildings. Based upon the EDPs gathered from
the FEM simulation, fragility curves may be developed as demonstrated in this
thesis using linear and bi-linear regression of the demand data that provide

probabilistic models of component response given ground motion intensity. Upon
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comparing these demands to component capacities, resulting fragility curves will
further identify the most likely areas of failure in non-ductile RC buildings.
Motivation in this study arises from the fact that there are various options in
modeling used to assess the risk of non-ductile RC buildings. Past studies have their
unique modeling approach and perspective for capturing data for a probabilistic
response and risk assessment. These strategies may range from a simplistic FEM to
a more sophisticated FEM by incorporating more advanced component models. The
study presented in Chapter 3 provides direct comparisons of common local and
global EDPs captured from a range of models varying in sophistication. Furthermore
uncertainty in response prediction attributed to variation in finite element modeling
approach is quantified, as this source of uncertainty has been acknowledged in the
past as a potentially important factor to include in a seismic risk assessment
(Aviram, Mackie, & Stojadinovic, 2008) yet there has been a lack of its systematic

quantification particularly for RC buildings.

While fragility analyses based upon finite element simulation offer one
important piece of a risk assessment to help characterize damage potential of the
structure and its components, traditionally the term “risk” suggests incorporation of
the consequences of damage (Ellingwood & Wen, 2005; Ghosh & Padgett, 2011).
One important impact that damaged components have on post-earthquake
performance is loss of functionality or business interruption attributed to the need
for building closure and repair. Following an earthquake, tagging decisions are
made based on the damage existing in a structure. These “tags” are brightly colored

placards (red, yellow, and green) placed on the exterior of structures, which relate
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to the usability and functionality of the building. They keep the public safe by
informing passersby of the structure’s current state and permissible occupancy.
This information is presented both by the color of the tag and the content, which
explains what was inspected, what structural issues were encountered, and who is
allowed to enter. Damage in RC buildings has been observed and modeled, but for a
proper assessment of the risk involved, i.e. safety concern for the public and
structure damage, one needs to understand how the observed damage relates to
closure or tagging decisions. Non-ductile RC buildings have a certain set of failures,
as mentioned above, typically observed in post-earthquake reconnaissance. Liel
(2008), Xue et al. (2009) and Hueste and Wight (1997) identify typical areas of
damage and failure in reinforced concrete buildings. This thesis sets up a survey for
professionals in the industry and academia to give their professional opinion of the
condition of non-ductile RC buildings and state of safety for the occupants that
coincide with tagging criteria that is adopted in states such as California, and also
adopted in other countries outside of the US (Anagnostopoulos, Moretti,
Panoutsopoulou, Panagiotopoulou, & Thoma, 2004; 1989; CPAMI, NAA, CUPCEA,
CUPSEA, & PGEA, 2005). Therefore this thesis considers typical damage observed in
non-ductile RC buildings, and first predicts the conditional probability of achieving
those component failures based on finite element analyses and then constructs a
survey to explore the likelihood of closure, cost, and repair strategies associated
with the component damages. For future research the resulting models may be
directly linked in order to more fully understand the risks associated with non-

ductile RC building components or the benefits of alternative retrofits.



1.2. Organization of Thesis

This thesis is broken up into five chapters. Chapter 2 provides a literature
review that focuses on past earthquake reconnaissance data for reinforced concrete
buildings, various modeling techniques that have been used in seismic risk
assessments, uncertainties that have been recognized for fragility analyses of RC
buildings, and probabilistic risk assessment. Chapter 3 provides details on finite
element modeling approaches to capture the response of non-ductile RC buildings
and quantifies the uncertainty that may be associated with alternative modeling
choices while also developing fragility curves for components in a reinforced
concrete building. Chapter 4 discusses an online survey given to industry and
academic engineering professionals to gather post-earthquake tagging decisions
based on damages in reinforced concrete buildings and presents the analysis of the
survey results. Chapter 5 concludes the thesis by discussing final conclusions from
the data presented in the thesis while also discussing future recommendations to

enhance the research.



Chapter 2

Literature Review

2.1. Reinforced Concrete Buildings in Seismic Regions

2.1.1. Inventory of Non-Ductile Reinforced Concrete Buildings

Non-ductile reinforced concrete (RC) buildings in areas of seismic activity are at
great risk of minor to catastrophic damages at times of earthquake events. A recent
Concrete Coalition report (Comartin et al., 2011) performed an inventory study of the
existing RC buildings designed prior to the 1980s, finding that an estimated 17,000
buildings located in high seismic zones in California are still being used daily as private
buildings, schools, and government offices. Prior to the 1980s, reinforced concrete
design codes lacked the sufficient detailing needed for lateral seismic loads (Liel, 2008).
Furthermore, in the Central and Eastern United States (CEUS), pre-1990 design
procedures for RC frames typically accounted for gravity load design (GLD) only and
neglected the seismic detailing needed. This later adoption of seismic design

considerations in the CEUS has been attributed in part to the low frequency of observed



strong earthquakes and the additional costs associated with seismic detailing. Despite
the subsequent code evolution and improvements in seismic design, many RC buildings

built in past decades across the US are at risk of damage from earthquake activity.

2.1.2. Deficiencies in Non-Ductile Detailing

In contrast to seismically designed structures using modern codes, non-ductile
RC structures are often characterized as having several distinct deficiencies. These
deficiencies are the driving factors behind damages observed in post-earthquake
inspections of non-ductile RC buildings. Inefficiencies with non-ductile design typically
include: a) weak column-strong beam behavior; b) inadequate length of lap splices in
the columns; c) inadequate amount of transverse steel located at column plastic hinge
zones; d) inadequate amount of transverse steel in beam-column joints; e) discontinuity
and short embedment length of bottom steel reinforcement in beams connected to the
joints (Aycardi, Mander, & Reinhorn, 1994). Past earthquake events resulting in
widespread damage have provided researchers and professionals with identifiable

localized damage in non-ductile RC structures.

2.1.3. Typical Damage Observed in Reinforced Concrete Elements

The inefficiencies that are evident in non-ductile RC buildings as mentioned in
the previous section directly influence the type of localized damages observed in post-
earthquake reconnaissance. Common localized damage observed includes (Liel, 2008):
1) spalling of unconfined concrete; 2) flexural hinging in columns; 3) column shear
failure; 4) flexure-shear failure in columns contributing to leaning or soft-story collapse
of the structure; 5) joint shear concrete cracking and bar buckling; 6) longitudinal bar

pullout. All of these observed damages correlate well with the deficiencies observed in



structures with non-ductile detailing. For example, the damage of flexural hinging in
columns may be attributed to (a), (b), and/or (c) of the deficiencies previously stated.
Knowing when a building was designed may be a key factor in determining the type of
damage that may occur in seismic regions. Buildings designed prior to seismic design
codes being introduced may be susceptible to the type of damages mentioned in (1)-(6).
These susceptible elements in RC buildings have also been identified in tagging

guidelines adopted in the United States and around the world.

2.2. Non-Linear Finite Element Modeling

Given the specific deficiencies of non-ductile RC buildings, significant research
has been undertaken to model and predict the performance of such structures under
seismic loading. Ranges of numerical modeling (i.e. Finite Element Modeling) programs,
such as Opensees (McKenna, Mazzoni, Scott, Fenves, & al., 2006), SAP2000 (Computers
& Structures, 2013b), and ETABS (Computers & Structures, 2013a), and procedures
have been developed and adopted in research and practice to assess the vulnerability of
RC buildings subjected to earthquake excitations. Since such a vulnerability evaluation
requires understanding of the nonlinear response of the structure, modeling the post-
elastic behavior of structural components for dynamic analysis of RC buildings has been
largely investigated. Based on the level of knowledge required in the structural

response, the configuration and the accuracy of the model may differ case to case.

2.2.1. Beam and Column Element Modeling

In some studies, beams and columns are modeled by using simplified lumped

plasticity elements (Ibarra, Medina, & Krawinkler, 2005; Liel, 2008); while others define



fiber sections along the structural elements (Celik, 2007; Mitropoulou, Lagaros, &
Papadrakakis, 2011). The fiber based models are characterized by a higher accuracy,
but also by a higher level of complexity and of computational effort required. Another
way to add accurate depictions of the responses to the FEM is through spring models
located at areas of intense demand during seismic analyses. Spring models have been
introduced to model the behavior of columns in shear and axial behavior (Elwood,
2004). These springs added at particular locations in the system allow the developer (of
the model) to capture a more realistic demand from the component that may be defined
by characteristics of the columns, beams, or joints. Another important difference can be

attributed in the definition of beam-column joint behavior.

2.2.2. Joint Research

The definition of beam-column joint behavior in FEMs is crucial in the outcome
of the analyses. In some cases rigid beam-column joint connections are adopted, either
choosing to neglect the contribution of joint deformability in the model or using
approximation methods to calculate joint demands (Celik, 2007; Mitropoulou et al,,
2011). Otherwise past studies have investigated the use of different spring
configurations to capture refined joint responses (Alath & Kunnath, 1995; Altoontash,
2004; Celik, 2007; Liel, 2008; Lowes, Mitra, & Altoontash, 2004). Springs are yet again
adopted in order to capture a more realistic and accurate response of the component

being studied in FEM analyses.

2.2.3. Uncertainties Associated with Seismic Analysis

Studies of alternative FEM strategies have typically focused on the comparison of

models for an individual component within an RC building (e.g. alternative joint



models)(Alath & Kunnath, 1995; Altoontash, 2004; Elwood, 2004; Lowes et al., 2004).
Moreover, in most of the cases, the comparison is based on evaluation of the
deterministic behavior rather than by evaluating the seismic response given record-to-
record variation among other potential sources of uncertainty. Proper assessment of
the seismic vulnerability of structural systems should take into account all pertinent
sources of aleatoric and epistemic uncertainties, including uncertainties in the seismic
input (record-to-record variability), the properties defining the structural model
(model parameter uncertainty) and the parameters defining the structure or
components limit states (capacity uncertainty). The effects of input and capacity
uncertainties have been largely investigated in past studies (Cornell, Jalayer,
Hamburger, & Foutch, 2002; Vamvatsikos & Allin Cornell, 2002). Other researchers
have recognized the importance of modeling uncertainties that affect the structural
performance of numerical models, including the uncertainties in material and geometric
properties and developed methodologies to evaluate their effect on the seismic
response (Liel, Haselton, Deierlein, & Baker, 2009; Padgett & DesRoches, 2007; Tubaldi,
Barbato, & Dall’Asta, 2012; Vamvatsikos & Fragiadakis, 2010). However, minimal
research has focused on the uncertainty that exists between similar outputs collected
using a variation of different modeling techniques to assess the seismic vulnerability of
structures. Aviram et al. (2008) discussed the process of finding an epistemic
uncertainty arriving from the use of two different modeling programs gathering the
same responses in an identical structure. While Aviram acknowledged the idea and
need for this epistemic uncertainty, the gap in his study arises from the lack of depth in
the amount of data he gathers from various models to fully develop an uncertainty

value. This source of uncertainty is becoming increasingly important to explore since, in
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recent years, a multitude of modeling techniques have been developed and combined
into FEMs for response and vulnerability assessment. Chapter 3 builds upon this
minimally introduced uncertainty parameter accounting for the dispersions that arise
from the wide variety of possible FEM modeling techniques. This uncertainty
parameter should be introduced in the probabilistic assessment of structures in order
to derive results independently from the modeling techniques used. No perfect model
exists to assess the seismic vulnerability of RC buildings, so an uncertainty parameter is
needed in the probabilistic assessment framework that acknowledges the uncertainty

that exists between the various modeling techniques used in research and practice.

2.3. Probabilistic Risk Assessment of Reinforced Concrete

Buildings

Cornell et al (2002) introduced the basis of the probabilistic framework that is
used in this thesis for vulnerability assessment of structures. Their studies concluded
that a power model best described the behavior between an engineering demand
parameter (EDP) and an intensity measure (IM). By transforming the demands and IMs
in the log-log space, a linear relationship exists. This relationship typically holds true for
global EDPs such as drift, acceleration, and velocities, but a more refined relationship in
the log-log space is needed for local EDPs. The local EDPs, such as strains in concrete
and steel, shears, and moments, are best described using a bilinear relationship in the
log-log space. Described by Bai et al. (2011) and Ramamoorthy et al. (2006), the bilinear

regression models more accurately capture the relationship between EDPs and IMs.
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A probabilistic risk assessment is important in understanding the possible
consequences of a non-ductile RC being damaged during an earthquake (Ellingwood,
2001; Tesfamariam & Saatcioglu, 2008). While risk is sometimes described as
probability of failure of components or the building as a whole (Ellingwood & Wen,
2005), there are other risks that evolve from the consequences of damage (Kinali &
Ellingwood, 2007; Padgett & DesRoches, 2007; Wen & Ellingwood, 2005). Once a
structure is damaged, there are inherent risks to the public, building owners and
occupants, and adjacent structures. These type of risks are typically assessed during a
rapid evaluation of structures following an earthquake event. The tagging of buildings

represents the risks posed to the public and nearby infrastructure.

2.4. Tagging Guidelines for Reinforced Concrete Buildings

Tagging guidelines and procedures presented in papers and reports from around
the world identify critical zones in a structure that may exhibit damage after an
earthquake (Anagnostopoulos et al, 2004; 1989; CPAMI et al., 2005). Models that
simulate and capture demands, correlating with reported typical damage, are often
used in the risk assessment of RC buildings (Alath & Kunnath, 1995; Celik, 2007;
Elwood, 2004; Liel, 2008). Subsequently, repair and loss estimation models are
important tools that are coupled with the damage models to predict the costs of damage
to a building or components within a building (Bal, Crowley, Pinho, & Giilay, 2008;
Goulet et al,, 2007; Kircher, Nassar, Kustu, & Holmes, 1997; Xue et al., 2009). Models of
anticipated post-event tagging decisions are also important because these decisions
affect the prospective use of the structure and potentially indirect losses associated

with building use and occupancy. They may also correlate to anticipated repair
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durations and costs. Furthermore, when integrated in a performance-based assessment,
the likelihood of a tag may also serve as a potential factor for risk-informed decision
making on investment in level of design or retrofit. To develop a tagging criteria based
risk assessment, others have followed a “prescriptive” approach that defines what tag a
building should be given based upon a suggested limit state for the damage type (Maffei,
Telleen, & Nakayama, 2008; Xue et al., 2009). Such approaches are valuable for offering
guidance on recommended tagging procedures such that an assigned tag aligns with a
given set of building performance criteria. However, this study takes a “subjective”
approach, recognizing that variation exists in expert opinion regarding tagging of
buildings and that the outcome is uncertain. The variation mentioned is captured
through a survey that aims to provide insight into the likely tag assigned based upon

visual damage observed, along with supplemental information on potential repairs.

13



Chapter 3

Comparison of Modeling Strategies to
Capture Component Level Damage in
Non-ductile Reinforced Concrete
Buildings

3.1. Introduction

This chapter will address gaps evident in the numerical modeling and
probabilistic assessment of non-ductile RC buildings as mentioned in section 2.2. There
are many ways to create finite element models (FEMs). As mentioned in chapter 2, past
studies have developed component level models to more accurately predict the
response of analytical models. The choices available for researchers to implement in
final FEMs for their respective studies are abundant. The gap in research involves the
uncertainty arising from using various modeling approaches that may exist to represent
the same design. The gaps are addressed by comparing alternative levels of modeling

fidelity for non-ductile RC buildings. First their ability to reproduce experimental test
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data is compared, and subsequently their influence on the probabilistic seismic
response evaluation is investigated. Component level responses are emphasized in
addition to global responses to highlight the influence of alternative models on
probabilistic estimates of local EDPs of interest for next generation damage,
functionality, and loss assessment. Four different modeled building combinations are
considered. The more sophisticated model includes a joint model (Alath & Kunnath,
1995) able to capture the joint deformability and a shear-axial model (Elwood, 2004)
able to reproduce the shear failure. The simpler model uses rigid connections between
the beams and columns. The deterministic behaviors of the models are compared by
observing global as well as local level EDPs. Moreover, the probabilistic behavior of
these response parameters for each model is investigated performing a probabilistic
seismic demand analysis (PSDA) (Shome, 1999) and conducting a t-test (Neter, Kutner,
Nachtsheim, & Wasserman, 1996) for statistical comparison of the resulting models.
Finally, a new FEM uncertainty parameter to be used in future vulnerability analyses is

developed from dispersion data between the different models.

3.2. Alternative Modeling Approaches

In this chapter a case study structure is adopted to test the influence of
alternative modeling strategies, including comparison and validation with past
experimental test data of the structure as well as quantification of model influence on
probabilistic response assessment at the local and global levels. The case study
adopted, including its range of relevance, and the details on the numerical modeling

approaches are presented in the following subsections.
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3.2.1. Case Study Structure

The case study structure adopted is representative of RC buildings typically
designed prior to the adoption of modern seismic codes and seismic detailing in the
CEUS. Past studies in California (Comartin et al., 2011; Liel, 2008) suggest that low-rise
buildings ranging from 1 to 3 stories dominate the inventory, while the bay widths of
typical RC frames span from 5.5 to 9.2 m. El-Attar et al. (1991) determined that typical
non-ductile RC buildings located in the CEUS have 3.6 meter story heights with bay
widths spanning from 4.9 to 9.2 m. Hence, although the investigation conducted in this
study focuses on a single structure, the case study is selected to be representative of
typical non-ductile RC buildings across the US while also offering an opportunity for
model validation with experimental data. However, further studies are needed to

confidently generalize the results for different geometries.

The case study structure, as seen in Figure 3.1, used in this investigation was
experimentally tested by Bracci et al. (Bracci, Reinhorn, & Mander, 1992a). A typical RC
office building found in the CEUS was designed for gravity load only by following ACI
318-89. The RC building has 3 stories at individual heights of 3.66 m with 3 bays at
widths of 5.49 m each. The material properties specified for the buildings are ASTM
615 Grade 40 steel (fy = 275 MPa) and ordinary Portland cement concrete at a 28-day
compressive strength of 24 MPa. Cross-section details for the columns and beams, as
well as distributed loads applied to the structure, are reported in Bracci et al. (1992a).
The distributed dead and live loads applied to the case study structure are 5.2 kN/m?
and 2.4kN/m?, respectively. All the models developed in this study follow the same

general specifications stated herein to satisfy the typical case study structure.
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Figure 3.1 - OpenSees full-scale two-dimensional model with four different
combinations of the joint and column spring details: a) rigid, b) column, c) joint, d)
joint-column. Beam and column section detailing is referenced (Bracci et al. 1992a).

The open-source computational framework OpenSees (McKenna et al., 2006) is
adopted to perform nonlinear dynamic analyses. Four different modeled building
combinations are considered. The first model is termed as: 1) rigid model employing
force based beam-column elements (McKenna et al., 2006) with fiber discretized cross-
sections in order to represent the beams and columns, rigid elements at the joints, and
neglects shear deformations. The other models are upgrading from the rigid model by
employing local models to represent the shear and axial behavior of columns, behavior
of joints and the behavior of both these components together. Hereinafter they are
referred to as: 2) column model, 3) joint model and 4) joint-column model and are

described in the following sections.

The hysteretic behavior of concrete is modeled with Concrete02 uniaxial material
model (McKenna et al,, 2006), and the ratio of unloading to loading slope used in this
study is equal to 0.1. The concrete material properties are defined based on

experimental data of the one-third scale model constructed by Bracci et al. (1992a).
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The properties of the confined concrete have been evaluated by using the formulation
proposed by Mander et al. (1988) and have been applied to the fibers of the core
section. However the effect of the confinement has been found to be minimal given the
limited transverse reinforcement provided in the structure. The behavior of steel
reinforcement is described by the Hysteretic uniaxial material model (McKenna et al,,
2006). Steel yield strength is increased by 25% from the nominal value of the ASTM
615 Grade 40 steel to account for material overstrength as suggested by Aslani and
Miranda (2005). Damping sources other than the hysteretic dissipation energy are
modeled by Rayleigh damping, with mass and stiffness coefficients calibrated such that

3% damping is obtained for the first two vibration modes.

3.2.2. Rigid Model

In the rigid model, the joints are modeled by connecting the adjacent beam and
column nodes with idealized perfectly rigid beam-column elements. These rigid links
serve to reflect the physical dimension of the joint and allow moments and forces to be
fully transmitted through the joint to the surrounding elements. As noted by Celik
(2007), potential limitations of such models include their inability to respond to the
actual joint panel deformability observed in real structures. Moreover, the joint panel

shear has been observed as a critical section of failure in RC buildings (Priestley, 1997).

3.2.3. Column Model

The rigid model is upgraded into the column model by including the column
shear-axial model developed by Elwood and Moehle (2008). Given that RC columns are
susceptible to flexure-shear failure in earthquake events, Elwood and Moehle (2008)

developed the LimitState uniaxial material model (McKenna et al,, 2006) based on a
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hysteretic uniaxial material. This material model is applied to zero length springs along
the column permitting characterization of the local shear behavior of columns. The
LimitState material updates the column response curve once a shear force and axial
force limit have been reached. The limits to be reached are defined using a shear limit
curve and axial limit curve, which are defined based upon parameters that depend upon
the column detailing and orientation used in the case study building. The structure
specific parameters integrated in the model include concrete compressive strength,
column width, column depth, effective column depth, and transverse reinforcement
ratio. Furthermore, the LimitState material requires OpenSees specific parameters to
define the backbone of the axial and shear curves. These parameters are summarized in
Appendix A, Table A.1. The use of this local model permits the FEM to account for the

instance of shear failure and loss of axial load carrying capacity in the column.

3.2.4. Joint Model

The rigid model is upgraded into the joint model by including the joint model
developed by Alath and Kunnath (1995) and investigated by Celik (2007). Celik (2007)
compared four different types of joint models finding that the scissors model with rigid
end zones (Alath & Kunnath, 1995) best predicted the response of experimentally
tested subassemblages by coupling accuracy of the results and the relative simplicity of
the rotational spring model for representing joint behavior. This model is therefore

adopted in this study.

The scissors model is implemented in OpenSees by employing the Pinching4
uniaxial material model (McKenna et al., 2006). In particular, it is used to describe the

rotational behavior of a zero length spring placed at the joint connection, following the
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procedure described in further detail in Celik (2007). The Pinching4 material allows the
definition of a multi-linear backbone curve, along with pinched response and strength
degradation from unloading and reloading. The moment-curvature backbone is defined
based upon cracking, yielding of reinforcement, joint shear strength, and residual
strength, where the latter three are identified from a static pushover analysis. The
initial joint shear cracking stress is defined by ACI (ACI-ASCE, 1976), where the shear

stress is estimated as

7, =35% [f' (1+0.002%(N,/A))) (psi)

Equation 3.1- Joint shear cracking stress

where f is the 28-day concrete compressive strength (psi) in the joint, Ny is the axial
load (Ibs) applied through the joint, and Ay is the gross cross-sectional area (in?) of the
joint perpendicular to the axial load direction. Table A.2, in Appendix A, defines the

unloading and pinching parameters for the Pinching4 material.

By incorporating the joint models, the structural model is able to capture the
joint panel deformation and degradation of strength during the seismic excitation. The
joint-column model utilizes both the aforementioned column shear-axial and joint

springs within the same finite element model of the case study building.

3.3. Model Comparisons with Experimental Data

The models described above are compared with available experimental data to
gain insight into their relative performance and their ability to reproduce observed

behaviors. Interior and exterior joint subassemblages have been modeled to investigate
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the importance of the different modeling strategies on their lateral load cyclic behavior.
The results of the models are compared with the experimental results from Aycardi et
al. (1994). Moreover, the global and local response of the models under dynamic
excitation are compared with the available experimental results from Bracci et al.

(1992b). The findings are discussed in the following sections.

3.3.1. Subassemblage Model

Aycardi et al. (1994) constructed one-third scale models of interior and exterior
subassemblages in order to investigate the experimental response of joints with non-
seismic detailing. The subassemblage dimensional specifications and material
properties were adopted from the one-third scale 3-story by 3-bay RC frame developed
by Bracci et al. (1992a and 1992b). The interior and exterior subassemblages were
axially loaded and subjected to reversed cyclic lateral displacements of increasing drifts
until failure. In this study, the interior and exterior joints are modeled in OpenSees as
described above and compared to the lateral load-drift experimental results. Only the
rigid and joint models were used for comparison with experimental results. The column
model is not considered for this comparison since the assembly of the joint
subassemblage created by Aycardi et al. (1994) does not capture the complete affect of
an entire column experiencing shear degradation, and consequently the failure

condition observed by Elwood and Moehle (2008).

Figure 3.2 and Figure 3.3 show the comparisons between the experimental data
and the results carried out by the rigid and joint models respectively for the interior and
exterior subassemblages. From the interior subassemblage comparison (Fig. 3.2), it can

be observed that the joint model captures the degradation and pinching behavior more
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accurately as compared to the rigid model. While the rigid model response compares
well with the experimental response in the negative drift range, the response in the
positive drift range accounts for only about two-thirds of the experimental lateral load
as the subassemblage continues to yield. Despite the improvement in capturing
degradation and pinching, the joint model under-predicts lateral load in the positive
drift range while over-predicting by twenty percent in the negative drift range. Aycardi
et al. (1994) similarly tried to simulate the behavior of the subassemblage with FEM
and also saw such relative over- and under-predictions. They attributed these
observations to the lack of consideration of bond deterioration in the model. Referring
to the exterior joint subassemblage comparisons (Fig. 3.4), the ability to capture
degradation and pinching behavior is still noticeably better in the joint model. For the
comparison in the exterior subassemblage, the joint model more accurately predicts the
lateral load response in the inelastic range. In terms of deviations in peak lateral load at
each cycle from the analysis relative to the experiment, the joint model shows an
average of 5% improvement in predictive abilities when compared to the rigid model
for both the interior and exterior joint. As a result of the validation comparisons, it is
observed that the joint model is better able to reflect the local component behavior, as
intended in its development, and instills greater confidence in the model. However, the
relative impacts of differences in adopting the modeling strategies within a full building

or for probabilistic performance assessment are yet to be explored.
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Figure 3.2 - Comparison of the rigid and joint models to experimental data for the
interior subassemblage.
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Figure 3.3 - Comparison of the rigid and joint models to experimental data for the
exterior subassemblage.
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Figure 3.4 - 3rd story displacement data for comparing one-third experimental with
rigid and joint-column models using dynamic analysis ground motion from Taft at PGA
of 0.30g.

3.3.2. One-third Scale Model

Bracci et al. (1992a and 1992b) experimentally tested a one-third scale model of
a 3-story by 3-bay RC frame. The experimental model was subjected to shaking table
tests of the Kern County 1952, Taft Lincoln School Station, NO21E component record
scaled to three different values of peak ground acceleration (PGA): 0.05g; 0.20g; 0.30g.
Table 3.1 presents a comparison of the natural vibration periods and modal shapes
from the finite element models and those derived from the experiment. White noise
tests were applied before and after each ground motion record to obtain estimates of
the periods and mode shapes of the damaged building in the experiment. The dynamic
characteristics of the experimental model, determined from the white noise tests
conducted after the scaled ground motion intensities, are stated in Table 3.1 to compare
with the numerical models’ dynamic characteristics. The mode shapes are relatively
consistent between the models and experiment, whereas some differences exist in the

estimates of the periods. During the 0.20g PGA motion the experimental model first
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yields and begins an inelastic response for the duration of the experiment. The natural
periods determined beyond the yielding of the scaled experimental building provide a
closer relationship with the natural periods determined from the nonlinear FEM

analyses.

Table 3.1 - Dynamic characteristics of experimental vs. analytical modeling techniques;
period values in parentheses are the natural periods observed in the experimental
model after the Taft 0.05g, 0.20g, and 0.30g PGA ground motions.

Model Natural Periods (s) Mode Shapes
0.97 (1.01) (1.22) (1.44) 1.00 -0.82 -0.46
Experimental 0.33 (0.34) (0.40) (0.46) 0.80 0.46 1.00
0.22 (0.23) (0.28) (0.33) 0.42 1.00 -0.83
1.30 1.00 -0.81 -0.44
Rigid / Column 0.45 0.79 0.50 1.00
0.30 0.41 1.00 -0.85
1.34 1.00 -0.81 -0.43
Joint-column / Joint 0.46 0.78 0.52 1.00
0.30 0.40 1.00 -0.87

Comparisons in the dynamic responses were made for all levels of ground
motion between the experimental data and numerical models developed. The third
story displacement time history for the 0.30g PGA motion is shown in Figure 3.4,
showing the comparison between the experimental, the rigid model and joint-column
model responses. The column model response is equal to that of the rigid model while
the joint model response is equal to that of the joint-column model since shear and axial
failure was not observed during the analysis, consistently with the experimental test
observations. The results also show that there is some deviation in the amplitude of
responses throughout the time history, but that the frequency of response is fairly
consistent. Furthermore, the peak values of floor displacements are well captured by

both models for all levels of ground motion considered, which is of primary interest in
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most probabilistic seismic response analyses and reliability studies. As shown in Figure
4, the maximum third story displacement captured by the numerical rigid and the joint-
column model are respectively 31% and 20% smaller than the experimental results.
This suggests that the joint-column model has a slight advantage in capturing global
responses, which is attributed to its ability to capture joint deformations. The smaller
ground motions of 0.05g and 0.20g PGA also exemplify this trend of a slight advantage
in capturing global responses. The 0.05g PGA Taft ground motion captured errors of 5%
and 16%, respectively, for the rigid and joint-column models. The 0.20g PGA errors are

21% and 31% for the rigid and joint-column models.

The results of the comparison with experimental test data suggest that overall
the numerical models perform well in capturing component level and global behavior,
forming a solid basis for utilization of the models in a probabilistic performance
assessment that explores alternative levels of ground motion and inferences regarding
form of predictive demand models. They also suggest that the joint or joint-column
model, as the most rigorous modeling techniques, can provide more accurate estimates
of local and global behavior and hence serve as a benchmark comparison in the
probabilistic analysis. The experimental data for the case study building does not
enable explicit validation of the column model, given that such failures were not
observed in the tests and logically not predicted in the simulations. The component
level column model validation was conducted by the developers Elwood and Moehle

(2008).
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3.4. Impact of Modeling Approach on Probabilistic Seismic

Response Assessment

Nonlinear dynamic analyses were performed on the four numerical models described,
gathering EDPs in order to make comparisons between local and global demands of the
simulated models. Probabilistic seismic demand models (PSDMs) are captured from the
EDPs output from the simulations run from the four FEMs. The t-test (Neter et al., 1996) was
utilized as an assessment for the PSDM data collected, providing a statistical test of the
difference between probabilistic seismic demand models predicted using data from
alternative FEMs. An uncertainty value is defined based upon the differences observed
between output from the four numerical models. These methods chosen to test the variations
in the data provide insight into the discrepancies seen when using variations of modeling

techniques.

3.4.1. Probabilistic Seismic Demand Analysis of System and Components

Probabilistic seismic demand analyses (PSDAs) were performed by subjecting
each FEM to a suite of 220 ground motions. One hundred ground motions were taken
from a suite identified by Krawinkler et al. (2003) and 120 from Baker et al. (2011).
These two suites were utilized in order to gather data from a wide spectrum of
earthquake characteristics. The types of EDPs gathered from the analysis and used for
the probabilistic analyses are presented in Table 3.2. The 10 EDPs are defined in terms
of local and global characteristics of the building under earthquake loads and for each
analysis they are the maximum-over-time values of the demand. Global EDPs are
widely employed since they synthetically describe the structural demand and permit to

estimate the overall damage of structures and to provide insight into the damage of
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buildings’ non-structural components and contents. The local EDPs chosen are linked
to localized component damages observed in RC buildings after earthquake events,
mentioned in section 2.1, and provide sufficient data to make quality comparisons

accounting for the effect of the incorporated local models.

Table 3.2 - Local and global engineering demand parameters considered for
probabilistic seismic demand models.

EDP | Description | Failure Type
Global
0i Interstory drift ggﬂgtﬂg: and Non-
St. Acc.i | Story acceleration Contents and Non-
Structural
Local
€c col Column concrete strain at extreme fiber Flexural and Axial
€s col Max column steel strain Flexural and Axial
€¢ beam Beam concrete strain at extreme fiber Flexural
€s beam Beam steel strain Flexural
Vol Column shear Shear Resistance
Mcol Column moment Bending Resistance
& int Joint strain at interior joint Joint Shear
Ej ext Joint strain at exterior joint Joint Shear

A probabilistic seismic demand model (PSDM) is the outcome of the PSDA and it
is the mathematical description of the relation between a seismic intensity measure
(IM) and the EDP of interest. An IM defines the salient features of the ground motion
that affect the structural response. Ideally, an IM should be able to capture the
amplitude, frequency content and duration properties of ground motion that

significantly affect the elastic and inelastic response of the system. The spectral

displacement corresponding to the fundamental period of the structure S4(T1) has been
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chosen as IM for this investigation. Previous research demonstrated (Freddi et al.,
2012) the adequacy of this IM to be employed while investigating the behavior of low-

rise RC buildings.

3.4.1.1. Linear Regression Models

Cornell et al (2002) introduced the basis of the probabilistic framework that is
used in this thesis for vulnerability assessment of structures. In their studies, they found
that the relationship between median structural demand and intensity measure (IM)

can be related to a power model given by:

Demand = alM®

Equation 3.2 - Demand power model developed by Cornell et al. (2002)

where a and b are regression coefficients. By transforming the output demands and IMs
in the log-log space, the regression model may be characterized by a linear equation

written in the following way:

In(Demand) = In(a) +bIn(IM)

Equation 3.3 - Linear represention of the power model in the log-log space

The final parameter needed to fulfill the probabilistic framework is the
dispersion about the median demand from the regression models. This dispersion, opjm,
is computed from the data in the log-log space and may be seen as a logarithmic
standard deviation. The opjm is assumed to be homoscedastic along the entire demand
median in the regression model. This homoscedastic approach may not be accurate in

describing a particular demand in the probabilistic assessment.

29



3.4.1.2. Bilinear Regression Models

Bilinear regression models for probabilistic assessments were developed to
describe two areas of different behavior when studying the demands of a particular
finite element model (FEM). Many engineering demand parameters (EDPs) may
respond in a nonlinear fashion in the log-log space given increasing IMs. While it is
mostly acknowledged that global EDPs, i.e. drift and acceleration, follow a linear
representation, many local EDPs, i.e. shear, moments, and strains, follow a non-linear
characteristic as IMs increase (Freddi et al., 2012). Described by Bai et al. (2011) and

Ramamoorthy et al. (2006), the bilinear regression models can be written as:

In(Demand,) = In(a) +bIn(IM)

Equation 3.4 - First linear regression in the bilinear model where In(IM)<In(IMmid)

In(Demand, ) =In(a) +bIn(IM) +d[In(IM) —In(IM ;)]

Equation 3.5 - Second linear regression in the bilinear model where In(IM)2In(IMmid)

For the EDPs listed in Table 3.2, a bilinear regression model in the log-log space
is needed to better describe the elastic and post-elastic behavior. Figure 3.5 illustrates
the differences between linear and bilinear PSDMs using the global and local EDPs. In
particular, the interstory drift at the first story and the moment of the interior column
at the first floor are reported. All bilinear regression models include the linear
regression line for comparison. These PSDMs are both outcomes of the joint-column

model.
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Figure 3.5 - Rigid model PSDM for: a) maximum interstory drift at first floor, seen as
linear; b) maximum moment at the interior column on first floor, seen as bilinear.
Sd(T1) is used as the IM.

Figure 3.6 shows the bilinear PSDMs for the shear of the interior column at the
first floor for the four numerical models. It is noticeable that the shear and joint-column
models are similar while the rigid and joint models differ from the models with an
applied shear-axial model. Figure 3.7 illustrates the PSDMs of interior joint strain only
attained from the joint and joint-column models. The rigid and column models do not

gather demands located at the joint during simulations.
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Figure 3.6 - Bilinear PSDM for maximum shear at the interior column on the first floor
in: a) rigid b) joint c) column and d) joint-column models. Sd(T1) is used as the IM.
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Figure 3.7 - Bilinear PSDM for maximum interior joint strain at the first floor in: a)
joint and b) joint-column models. Sd(T1) is used as the IM.
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3.4.2. PSDM Comparisons

The t-test (Neter et al., 1996) is employed herein to compare the PSDMs of the
four numerical models in order to assess if there is a statistical difference between the
median values of the regression data. The joint-column model is the model that better
represents the real behavior of the structure, and hence, it is used as reference for
which comparisons are conducted. The t-test offers a statistical hypothesis test and is
used as a comparative tool between two linear regression lines to identify with a
confidence level whether they are similar or not. In order to use the t-test within
bilinear regressions, the test is performed for three parts of the bilinear PSDM where
the comparisons are made between the first regression lines, between the overlap of
the first and second regression lines, and between the second regression lines of the
four finite element models. The second comparison occurs because of the unequal

starting points of the second regression line.

Table 3.3 presents the results of each t-test. A value of 1 is reported if a
statistical similarity exists with 90% confidence between the comparative models at the
desired component level; a value of 0 is reported otherwise. The interstory drift and
story acceleration of the third floor shown in Table 3.3 consider only the first line of
regression since only linear PSDMs are used for global EDPs. From Table 3.3, the global
EDP relationships are similar between the column and joint-column model, whereas the
rigid and joint models do not exhibit similar median value behavior when compared to
the joint-column model. This is depicted by a value of 0 indicating a statistically
significant difference between the models. While examining local EDPs, there is more
similarity between the column and joint-column models as compared to the other two

comparisons. All comparisons show similarities in the first regression line comparisons,
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whereas second regression line comparisons are only similar between the column and
joint-column models. This is logical since both models employ the column model that
defines a failure point in the simulations, whereas the models not including the column
model continue their simulations until the end of the ground motion run. The amount of
energy dissipated through deformations in each numerical model influence the
resulting regression lines. For example, the implementation of the local joint model
dissipates energy that would otherwise be distributed through the other structural
elements around the joint. Differently, the numerical models incorporating the column
model may fail to converge during the analysis of particular ground motions. Even
though the model may fail to converge, the demand data is still gathered and used in the
regression analysis at failure. Hence, including this local model influence the regression
by not allowing exaggerated element deformations otherwise recorded. These adjusted
slopes are evident in the comparison of the second regression lines between the four
FEM models, as seen in Figure 3.6, which compares the shear EDP. A stronger
relationship exists between the base joint-column and column model, but there are
fewer relationships when comparing the joint-column to the joint and rigid models. The
FEMs that do not incorporate the local column model express values beyond the
building’s actual shear capacity. The different relationships shown in Table 3.3 may be
evidence for a FEM uncertainty to be examined between the four numerical models

being compared.
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Table 3.3 - T-test results comparing PSDM data from the four analytical models; (1)
indicates existent relationship , whereas (0 ) indicates no relationship with 90 percent

confidence.
Joint vs. Column vs. Rigid vs.
Joint-Column Joint-Column Joint-Column
Regression | 1st | 1stv.2nd | 2nd | 1st | 1stv.2nd | 2nd | 1st | 1stv. 2nd | 2nd
Line:
03 0 | €Onlylinear | 1 € Onlylinear | 0 € Only linear
St.Accs | O consideration 1 consideration 0 consideration
€ col 0 0 0 1 0 1 0 0 0
Es col 0 1 0 1 0 1 0 1 0
€¢ beam 1 0 1 0 0 1 0 0 0
€s beam 1 0 1 0 0 0 1 0 0
Veol 1 0 0 1 0 0 1 0 0
Mecol 1 0 0 1 0 1 1 0 0
& ext 1 0 0
N/A N/A
&j int 0 0 0

3.4.3. Finite Element Model Uncertainty

Many sources of uncertainty have been identified in the past including aleatoric

record-to record variability (op) (Cornell et al., 2002), epistemic modeling uncertainty
(om) (Liel et al., 2009), and the epistemic capacity uncertainty associated with each

limit state (0c). The record-to-record variability and the modeling uncertainty lead to

dispersion in the demand. The first parameter is a consequence of the randomness of
the seismic excitation properties; the second parameter accounts for the lack of
knowledge in terms of material property, geometric configuration, floor mass, damping
properties and other properties concerning the structure analyzed. The capacity

uncertainty is usually defined by experimental tests for various performance levels.
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The differences observed among the 4 model combinations considered in this

study highlighted the need to introduce, amongst others, an additional uncertainty
parameter, OreM, accounting for the variation of demand from the wide variety of

possible FEM modeling techniques. In particular, many researchers have made
conclusions (e.g. fragility estimates, damage risk curves, or even economic loss
estimations) based on their respective models created as FEMs. There does not seem to
be a universal choice of modeling approach and hence accounting for the finite element
model uncertainty permits a basis of comparing results carried using different modeling

techniques.

The orem is directly calculated from the variation in the log-log space between
demand outputs of two different modeling combinations and considering the EDPs

listed in Table 3.2. For a given IM value defined from the ground motions used in the

analyses, the variation is calculated as:

A;(J,k) =In(EDP;) —In(EDR,)

Equation 3.6 - Variation of demands between various finite element models

where A;(j,k) is the variation of the demand of the i EDP from Table 3.2; EDP; and EDP; are
the demands of j and & models: rigid, joint, column, and joint-column. Figure 3.8 shows the
variation of one EDP in a scatter plot with respect to the IM value. The EDP used in Figure
3.8 is the shear located at the interior column of the first story. As seen in Figure 3.8, the
dispersion of the data grows larger past In(Sa(T1)) = -2.5. Similar results can be observed by

looking at other EDPs and other components. As consequence of this different behavior of
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the variation of demand depending upon the value of IM, the dispersion is calculated
independently for two sets of samples divided by the value of In(Sq(T1)) = -2.5. Table 3.4
presents the standard deviations for each set of data already transformed in the log space, as
seen in Figure 3.8. These values provide an estimate of the dispersion attributed to demand
variation resulting from FEM approaches. The crem values representing the lower range of
IMs are small; this occurs since the upgrading of the rigid model are mostly introduced in
order to model the post elastic behavior of the structure. In the higher range of IMs, the orem
values for the local EDPs of column concrete strain (1.45), interior joint strain (1.24), and
exterior joint strain (1.22) are significantly larger than the other values. Since these local
EDPs are most likely to observe failure in the model first, their orem values are largest since
the FEM models with the local column model have a defined failure during simulation. This
means models without the local column model may have unrealistic demands in the
simulation process leading to much larger EDP values. Comparing the global verse local, the
local orem values are observed to be much larger than the global values, their averages being
0.88 and 0.44, respectively. This may be attributed to the change in local models within the
four FEM used in this study. The t-test also relates to the orem values obtained. Most
statistical similarities were observed in the first regression line from the data, coinciding with
the lower range of IMs used to find the orem. The differences among the four modeling
approaches are similar in the elastic range while major differences are observed while

undergoing post elastic deformations under higher values of IM.
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Figure 3.8 - Scatterplot of calculated variation data of shear EDP vs. natural log of
spectral displacement.

Table 3.4 - orem data for each EDP at values less and greater that In(Sd(T1)) = -2.5.

EDP Grem1 @ IN[Se(T1)] £-2.5 | orem2 @ IN[Sa(T1)] = -2.5
0 0.06 0.56
St. Acc. 0.03 0.32
Ec col 0.04 1.45
€s col 0.20 0.86
€¢ beam 0.05 041
€s beam 0.54 0.80
Vol 0.05 0.67
Mcol 0.04 0.05
€ ext 0.01 1.22
€int 0.01 1.24
Average 0.10 0.76
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3.5. Component Fragility Curves

Typically probabilistic risk assessments for structural systems are assessed by
developing fragility curves. Fragility curves are formulated from the variables that are
derived in linear and bilinear PSDMs, as mentioned in section 3.4.1. These fragility
curves calculate the probability that a demand exceeds a specified capacity given an IM

used in the study. The fragility curve expression can be written as:

In(C) - In(D(IM))

2 2 2 2
\/O-D|IM Oy +0c T 0reym

Fragility = P[Demand > Capacity | IM]=1-@

Equation 3.7 - Fragility expression.

Where @ is the standard normal cumulative distribution function, opjim, om, oc, and orem
are lognormal standard deviation values that are defined as record-to-record
uncertainty, modeling uncertainty, capacity uncertainty, and FEM uncertainty. The
variables of C and D(IM) are representative of the median of the capacity and demand,
respectively. The capacity limit states may be seen in Table 3.5 These are used in
accordance with equation 3.7 to develop fragility curves for local EDPs. The limit states
considered are standard yielding and failure characteristics of steel and concrete,
calculated shear and moment capacity of the column design, and a joint yielding strain

discussed by Celik (2007).
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Table 3.5 - Limite State Capacities for use in fragility analysis

Limit State Symbol Capacity
Concrete crushing strain €c col; ec beam 0.004 (Berry 2003)
Steel yielding strain &s col; &s beam 0.00138
Steel ultimate fracture strain &s col; €s beam 0.10
Column shear Vol 13.5 Kips
Column moment Mcol 850 Kip-inches
Joint yielding strain € ext; € int 0.005 (Celik 2007)

Fragility curves are estimated for ten different limit states, as seen in Appendix
B, taking into consideration limit states on beams and columns. Although strain limit
states for concrete and steel are presented for both columns and beams, the moment
and shear limit states are only presented for the column since non-ductile RC buildings
exemplify weak column-strong beam characteristics, as mention in Chapter 2. Figure
3.9 and Figure 3.10 are fragility curves for the moment capacity in a column on the first
level of our three-story building. The difference between the two is the addition of the
oreM uncertainty parameter in the fragility calculations in Figure 3.10. Figure 3.9 is an
example of the original fragility equation that does not include the newly proposed orem
uncertainty developed in section 3.4.3. By adding the orem uncertainty, it may be seen
that the resulting curves show the characteristic change in shape associated with a
larger dispersion. As seen in Figures 3.9 and 3.10 and Appendix B, there is a significant
difference between the usage of linear and bilinear PSDMs for fragility analyses. Bilinear
is recommended for the local EDPs given the improvement in efficiency of the models.
The use of bilinear PSDMs captures the non-linear demand characteristics of the EDPs.

There is a trend in the bilinear curves of discontinuity at the intersection points of the
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Y1 and Y2 regression lines. Bai et al (2011) also encountered this while running fragility

analyses on bilinear PSDMs.

These fragility curves serve as tool for use in a risk assessment for the
components in a non-ductile RC building. They portray the areas in a non-ductile RC
that need to be strengthened (retrofitted) for safety to the public and adjacent buildings
in case of damage or worse, collapse. The fragility curves of all the components may be
viewed in Appendix B. By studying these fragility curves, it is observed that column
moment and shear, Figure B.7 and Figure B.8, and the exterior and interior joint, Figure
B.9 and Figure B.10, exhibit the highest probabilities of failure during an earthquake
event. By taking into consideration the bi-linear behavior of the PSDMs, the column
moment and column shear bi-linear fragility curves seem to plateau at a value less than
1.0 (complete probability of failure). This may be attributed to the modeling techniques
used in this study for estimating the fragility curves. The joint strain capacity may be
reached before the shear and moment capacity of the column, prohibiting the shear and
moment capacity to achieve maximum response. It is also observed that column and
beam steel tensile strain, Figure B.3 and Figure B.4, show a high probability of failure.
The steel tensile strains observed in the columns may be early indicators that the
columns are reaching their capacity in moment and shear. The fragility curves
formulated in this study show that columns and joints in non-ductile RC buildings
should be strengthened in order to reduce the probability of failure during an

earthquake event.
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Figure 3.9 - Ultimate moment fragility curves for columns on first level; these fragility
curves are calculated not including the orem uncertainty.
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Figure 3.10 - Ultimate moment fragility curves for columns on first level; these fragility
curves are calculated including the orem uncertainty.
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Chapter 4

Rapid Evaluation Survey of Earthquake
Damaged Reinforced Concrete
Components

4.1. Introduction

Fragility analysis offers one key ingredient of a risk assessment for non-ductile
reinforced concrete buildings. However, for risk modeling to capture the impact of RC
component damages, additional consequence modeling is required. One consequence
of damage to non-ductile RC buildings is the potential loss of functionality due to post-
event tagging of the structure, implying that it is unsafe for operation. As seen in section
2.4, tagging of buildings is becoming a normal procedure throughout the world. To
better understand and model outcomes from the rapid evaluation process of tagging an
individual building, a web-based survey has been developed. The survey is designed in
order to capture rapid evaluation decisions of inspectors following an earthquake event
who lack details on the structure being viewed. The survey presents individual

components that exhibit seismic damage typically seen in reinforced concrete buildings.
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Each damaged component is then followed by a series of question that pertain to the
tagging decision, repair strategy, cost and duration of repair, suggested retrofits, and

comments based on the damaged component observed.

Initially, this chapter describes the organization and layout of the survey. The
responses to the web-based survey are then presented and discussed. The survey data
is analyzed to provide probabilities of achieving various tagging decisions, and
supplemental information on potential repair actions that affect closure time and costs.
The demographics of the respondents are analyzed and presented to show the variation
in profession, geography, and level of experience; and the correlation between the
responses and demographic data is tested. Finally, a comparison is presented between
the models derived from statistical analysis of the survey data and past earthquake
tagging data of RC buildings from Loma Prieta. The chapter ends with concluding
remarks and recommendations for future research that can build on this study or

benefit from the resulting data collected.

The type of damages considered in the survey were identified within the typical
damages mentioned in Chapter 2. Also, damages observed in the past Loma Prieta field
reconnaissance and tagging files were considered for the survey. The consequence
models that result from the study presented in this chapter can be integrated with
component level fragility curves such as those presented in Chapter 3. The results of

the survey will act as a tool to enhance the risk assessment of non-ductile RC buildings.
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4.2. Web-based survey organization

The survey was put together using technical language common to engineers and
inspectors whom may take part in a rapid evaluation of reinforced concrete buildings
after an earthquake event. Prior to distribution, several engineers from academia and
the industry were asked to review the survey for content and clarity, and it was
adjusted in order to obtain more complete and detailed results. One major concern for
the survey was the time needed to answer sufficiently. Since the survey was being
distributed to busy professionals, it was modified to be finished within an average of
thirty minutes after opening while still allowing for clear and comprehensive data
collection. For those participants that do not have time to finish the survey, the web-
based survey saves their inputs and allows them to finish at a later time or to submit a

partially completed survey.

The survey is laid out in multiple pages. Each page represents a new area of
concern for the respondent, such as consent for participation in the survey, personal
information to be kept confidential and used for survey demographic reasons, and
answering rapid evaluation questions pertaining to component type damages typical in
reinforced concrete buildings. By splitting the survey into separate pages, it allows the
web-based survey to save answers as the respondent proceeds to the next question and
gives the respondent a sense of progress to completion of the survey. A screenshot from
the web-based survey is shown in Figure 4.1. Figure 4.1 is an example of a typical
question regarding rapid evaluation of component damage in a reinforced concrete
building, particularly at the joint in this example. Each section of the survey follows this

layout, with the images (Figure 4.1a) (NISEE) being shown ahead of a set of questions
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(Figure 4.1b) to be answered in response to the general damage observed in the set of
images. Care was taken to prepare each section of the survey so the respondent would
not have to scroll up or down while answering a set of questions relating to the
damaged component. This presentation type in surveys, where all questions pertaining
to a set of figures are located in the survey taker’s view, was studied by Dillman et al.
(1998a) and Baatard (2012), and found to be most effective for gathering web

responses from the survey participant.

Five major types of damage were presented in the survey for judgment: column
shear, spalling, joint damage, column flexure, and beam damage, each with two
subtypes. The first subtype represented minimal damage, i.e. cracking, while the second
subtype represented a more obvious sign of structural damage, i.e. rebar buckling
around cracked concrete. These were selected based on their commonness of
occurrence as well as their visibility. Such elements would easily be seen by inspectors
and thus would have significant influence on the tagging outcome. For each damage
subtype, survey-takers were shown pictures of affected components and asked to
suggest which tag the building might receive based off of the images. The four tags,
which follow the ATC-20’s (1989) recommendations, were green, which signifies a safe
structure, yellow, which signifies that only limited entry should be allowed, red
(repairable), which signifies the structure should not be entered but it could be
recovered, or red (demolition suggested), which is similar to the previous tag except the
building probably would not be recoverable (1989). Following this, the survey included
open-response sections, which asked for element repair strategies and estimates of

their costs/durations. Participants were also given space to comment on their
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responses. The addition of an open-ended comment to each section was valuable to be

able to understand the perspective of the participants.

& [SURVEY PREVIEW MODE] SurveyMonkey Powered Online Survey - Google Chrome oo

) www.surveymonkey.com/s.2

REINFORCED CONCRI

@ RICE “ NEES I

Figure 1: Joint

(a)

-
& [SURVEY PREVIEW MODE) SurveyMonkey Powered Crline Survey - Google Chrome SRR X

[ www.surveymonkey.com/s.aspx?PREVIEW_MODE=DO_NOT_USE_THIS_LINK_FOR_COLLECTION&:sm=RgOnAD32fFsfaKbBpmD2KS8myQlabl gqdokltimDBYxMA3d

Please provide answers most representative of the group identified in Figure 1, and if any case does not fit within the group you may identify it in the comment box:

1a. Suggested "tag” in post-earthquake evaluation:

Green ¥ Yellow Red (repairable) Red (demolition suggested)

1b. Ri 1ded repair strategy to restore d i component to its original state:

[Remove loose concrete, repair rebar, recast with concret]

1c. Referring to your response in question (1b), approximate:

Duration of repair, including design (manths):
Costs of repair (S): 50000

Comments referring to responses given in questions (1b) and (1c):

[The second photo indicates a more critical situation relative to photo 1. If several columns looked like photo|
|2, the building would likely be given a red tag. The cost of repair would be for multiple column repair.

4

1d. What preventive retrofit measure(s) could have been taken, prior to the earthquake, to mitigate this type of damage?

More confinement steel in the joint |

(b)

Figure 4.1- Screenshots of a typical section from the online survey, which includes: (a)
images demonstrating one of five different types of component damage due to
earthquakes (joint damage in this case) and (b) questions pertaining to the images.
Examples of responses are depicted for the post-earthquake evaluation tagging and
open-ended questions concerning repair possibilities, estimated time and cost of these
repairs, preventative measures, and additional comments.
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4.3. Results

4.3.1. Demographic Analysis

This survey was intended principally for professionals with knowledge of
reinforced concrete building characteristics and experience in post-earthquake event
inspections. To reach this target audience, the survey was distributed through various
networks such that it might reach practitioners with relevant experience. For example,
it was distributed via the ASCE/SEI Seismic Effects Technical Activities Committee, the
Earthquake Engineering Research Institute list serve, among other contacts who were
asked to distribute it to their network. The overall response rate is unknown due to the
challenge of identifying how many people actually received the survey link, and the fact
that each recipient in a mass distribution list was not in the target audience of qualified
professionals. However, there was a response rate of 40% for those participants who
entered into the survey and completed the survey. There were 98 total participants, of
which 39 left significant responses after the initial “personal information” page. Thirty-
seven of these were determined to be qualified based on the background information
they provided, mainly experience with earthquake/structural engineering; the results

of this survey are based on their responses.

Regarding the occupations of survey participants, two key groups could be
formed. The first is comprised of professionals with industry affiliations, representing
62% of the respondents while participants with affiliations in academia made up the
remainder. Those working in industry had positions such as principals and project
engineers. While 64% of the participants in academia were professors (assistant,

associate and full), the rest were researchers and lecturers. Approximately 60% of the
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respondents were US based, while others were located in different countries, such as

India, Mexico, and elsewhere.

When asked to rate their level of experience on a scale from 1 to 10, with 10
signifying 100+ hours of experience, those in industry described themselves as having
higher levels despite years of professional experience being similar, as seen in Table 4.1.
As indicated in Table 4.1, the overall pool of respondents had average of 23.3 years of
professional experience with a rating level of relevant experience that averaged 7.6
with a median value of 10. These statistics indicate a reported competency concerning
the subject. Furthermore, while not reported in the table, the modal value of experience
with post-earthquake inspection from the pool of respondents was 10, suggesting a high
level of not only training but field experience with post-earthquake evaluation or
tagging of buildings. The potential correlation of such demographic features and survey

responses are further tested in the subsequent chapter sections.

Table 4.1 - Experience of survey participants from different occupational backgrounds.

Post-Earthquake Level of Years of Professional
Experience (1-10) Experience
Number of Average Median Average Median
Respondents
Industry 23 8.6 10 23.7 28
Academia 14 5.9 55 21.3 23
Total 37 7.6 10 23.3 25

4.3.2. Post-Earthquake Evaluation Tagging and Repairs

The resulting survey data was analyzed to quantify the probability of a particular

tag being assigned to the building given the presented visual or observable level of
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component damage. It is acknowledged that in the field the inspector will have access
to observe combinations of component damage when assigning a tag. Hence the
responses offer a potential tag assigned even in the absence of other observable
component damage. The last page of the survey posed a question to gain insight into
any difference in system level tag assigned due to combinations of component damages,
as further discussed below. In addition to deriving “conditional tagging probabilities,”
or likelihood of tag assignment given component damage, an average tagging score is
presented below. To facilitate this reporting, each tag color was assigned an equivalent
score: 1 for green, 2 for yellow, 3 for red (repairable), and 4 for red (demolition
suggested). A numerical average could then be calculated. This section provides the
results of the statistical analysis of tagging responses, tests of the correlation between
survey responses and demographic data of the respondent, and on insights from the

corresponding repair model responses for each type and level of damage.

The first damage type presented in the survey was related to shear performance
of reinforced concrete columns. Figure 4.2 presents an example of one level of damage
presented in the survey (i.e. observable X-cracking in the columns) and the conditional
tagging probabilities derived based on survey responses on column shear behavior for
both minor cracking and X-cracking suggesting a shear failure. For minor cracking
observed in reinforced concrete columns, there was some inconsistency in the tagging;
but overall the results suggest that the building would be safe for at least limited entry

with 73% of the tagging responses either green (30%) or yellow (43%).
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Figure 4.2 - (a) An example of X-Cracking through a multi-story building column shown
in the survey. (b) Probabilities of two column shear damage types receiving tags.

Table 4.2 presents the number of responses given by the respondents for each
type of damage observed in the survey. The most common repair strategy of epoxy
injection, as seen in Table 4.2, implies minimal damage and the potential for a rapid
repair. For the second group of images, X-cracking was observed through different
columns as shown in Figure 4.2a. With an average tag of 3.4, most respondents agreed
there is significant damage that would render the buildings inaccessible and possibly
irreparable (44% of tags). The respondents whom tagged red (repairable) suggested a
complete replacement by recasting the columns and replacing the damaged

reinforcement.

The next damage type presented in the survey dealt with spalling of columns in a
RC building. Tagging for spalling was the most uncertain of all the damage types, as is
displayed in Figure 4.3b. Spalling on the columns and joints were both considered in
the survey. The most common repair strategy for spalling at the columns and joints is
recasting the concrete. Based upon the additional comments provided by the

respondents in the comment field, the respondents found spalling on columns, as well
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as joints, to be minor, superficial damage but possibly indicative of larger problems.

This would explain the yellow (50%) and red (repairable) (35%) tags.
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Figure 4.3 - (a) An example of spalling on a column shown in the survey. (b)
Probabilities of column and joint spalling receiving tags.

The performance of joints in RC buildings is of great importance to post-
earthquake inspections. Joints represent the regions where loads are transferred to
other regions in the structure. Joint damage beyond spalling was tagged quite
consistently, resulting in the lowest level of uncertainty in tagging decision based on the
observed damage. Both cracking on the joint and observation of rebar backing were
considered. When rebar is visible and buckling within a joint, as shown in Figure 4.4,
there is a 97% probability of both red (repairable) and red (demolition suggested) tags.
For numerous large cracks in a joint, red (repairable) and red (demolition suggested)
made up 81% of tags. Among the few participants who tagged joint cracks with yellow,
several noted in their comments that they were only referring to one of the two pictures
shown with smaller cracks and specified that the other picture deserved a red tag in
their comments. As seen in Table 4.2, some repair strategies were suggested, mainly

recasting and adding reinforcement.
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Figure 4.4 - (a) An example of rebar seen and buckling on a joint shown in the survey.
(b) Probabilities of two joint damage types receiving tags.

Column flexural damage was considered in two different manners: in terms of
plastic hinging, with concrete crushing and rebar buckling, as well as residual drift.
Both cases received only red tags, indicating that they signify possible structural failure
or unsafe entry and should be considered hazardous. There was some difference in
opinion as to whether the column shown in Figure 4.5a would be capable of restoration;
55% of respondents believed it could be replaced after shoring, but the rest seemed to
believe demolition would be preferable, especially if more columns were in a similar
condition. In situations where the columns were no longer plumb, 94% of participants
recommended complete demolition while the rest stated that reparation would be

possible only at great difficulty and expense.
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Figure 4.5 - (a) An example of crushed concrete with rebar buckling at the base of a
column shown in the survey. (b) Probabilities of two types of column flexure damage
receiving tags.

The last set of component damages focused on the performance of beams,
depicting minor cracking or flexural hinging of beams. The picture was somewhat out-
of-focus and may have caused some confusion, but generally the results were rather
clear. 52% of participants tagged minor cracks in a beam with green, 38% with yellow,
and only 10% gave this damage type a red tag. Respondents largely considered this to
be trivial damage capable of being repaired quickly and simply with epoxy injection.
Flexural hinging, shown in Figure 4.6a, was considered much more serious; 18% gave
yellow tags and 57% gave red (repairable) tags, and the rest recommended demolition.

The most common repair strategy was complete replacement (41%).
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Figure 4.6 - (a) An example of flexural hinging in a beam shown in the survey. (b)
Probability of two types of beam damage receiving tags.

The correlation between demographic data and response tendency was
investigated for different features. Such correlations could be valuable in understanding
how different inspectors might evaluate a building based on their backgrounds. The
following demographic features were examined: post-earthquake experience level,
academic vs. industry affiliation, being located in the U.S. vs. outside of the U.S., and
years of professional experience. Both correlation coefficients and differences in mean
tagging scores between populations were tested. In general the analysis suggests a
relatively weak correlation between most features and responses (e.g. correlation
coefficient on the order of 0.3), but interesting trends did appear. For instance, a
relationship between the level of experience and the tagging approach was seen:
participants who labeled themselves as having 100+ hours of experience were more
likely to tag elements in a safer tagging category as compared to other participants.
Except for one damage type in which all participants tagged nearly the same, the score
for those with 100+ experience hours was on average 10% less than those with lower
levels of experience. Similarly, participants from the U.S. or in industry were not as

conservative as their counterparts and tended to give tags with lower ratings. The
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average tag score for those in industry was about 10% lower than those in academia,
and the average for those in the U.S. was 13% lower than those outside of the U.S.
Furthermore, some of the larger magnitudes of correlation (e.g. on the order of 0.6)
indicated that spalling, a controversial damage type, was judged more harshly by those

from the international community and from industry.

Although the primary emphasis of the survey was on rapid inspection, some
estimates were provided for the potential duration and costs of repairing the damage
types to single elements, shown in Table 4.3. The mean, median and mode were
calculated for each factor, noting that wide variation in responses are observed as
expected since the respondents were not provided with details on the building or
component design nor sufficient time for refined cost estimation. Median values are
used as a statistic for discussing the resulting estimates from the respondents, and
rather than absolute values the responses are recommended to be considered in
relative terms. The figures with the least variation were for minor cracks in columns
and beams as well as spalling, which would all similarly take about 1-2 months and cost
not much more than $2500-5000. Responses for other damage types were fewer and
thus less certain. In general, most trends in increasing level of damage to a component
resulted in larger median values of cost and duration, as expected, with the exception of
the joints which suggests some lack of reliability of the data for these components. The
median duration of repairs were suggested to linearly increase for column minor
cracking, spalling, and X-cracking from shear failure. The flexural hinging of beams was
suggested to take about twice as long to repair at four times the cost of minor cracking.
Residual drift, or out of plumb columns, was deemed highly unlikely to repair. It is

suggested that refined cost and duration estimates for building specific studies can be
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derived considering the prospective repair strategies identified above from the survey,

and result in superior cost and time estimates with less uncertainty.

4.3.3. Comments

The survey was set up to allow comments about the separate sections and
answers to open ended questions. The comments are important to acknowledge, as they
raise valid concerns related to the survey material or responses. For example, some
respondents were hesitant to provide cost and duration estimates since they
acknowledged that the survey does not provide specific details on the building, size of
the earthquake (which may affect labor and materials availability), and number of
damaged components. Most did not let this prevent them from tagging the pictures,
however, which was the primary survey aim given its emphasis on rapid post-event

evaluation.

The results showed some variation for the tagging of various component types
and damage levels. However, it must be stated that the uncertainty in tagging
probabilities cannot be fully attributed to variation in inspector opinion. Some lack of
uniformity may also be attributed to a lack of clarity in the photos, variation in potential
decisions for different example images provided for the same damage type, or a
possible misunderstanding of the tagging procedure. One example is the
aforementioned variation in responses that multiple respondents noted regarding

images provided for joint cracking that may result in different recommendations.

Another comment box further helped obtain opinions on which precautions
could be taken to reduce these types of damage. An open-ended question asked “What

preventive retrofit measure(s) could have been taken, prior to the earthquake, to
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mitigate this type of damage?” Many respondents agreed that some of the damages
were expected and designed to act as they were presented in the survey. These
damages included the spalling on the column and joint and minor cracks on the column.
They mentioned that not much should be done in terms of retrofit, but ways of
strengthening these components are FRP wrapping and jacketing. Some respondents
mentioned that better initial designs of the building before construction would have
mitigated many of the damages seen in the survey. The three retrofit measures
mentioned by most were FRP wrapping, jacketing, and shear wall installation to

strengthen and stiffen the individual components and the overall building.

From the feedback, some participants also noted the challenge of tagging based
upon observation of individual components, without knowledge of the condition of the
entire building. In its current format the main pages of the survey are intended to
understand if an inspector would tag the building a particular color upon observing a
given component damage level shown throughout the survey. The final page of the
survey was set up to address this challenge, as a practical compromise to showing the
many permutations of possible combinations of component damages observed in a
building. Respondent were asked to select (with checkboxes) which combinations of
component damages would lead to a red tag of the building, eliminating the case of any
single components that lead to a red tag. This question amassed very little response. It
cannot be definitively inferred if this indicates that no additional combinations of
component damages typically result in a red tag, other than those that already include a
single component that would warrant the same closure decision; or if the question was

unclear. For the participants that did respond, the only combination that would
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potentially warrant a red tag was spalling in a column or beam along with minor X-

cracking in the beam.

4.4. Comparison with Empirical Data

The results of this survey were compared to empirical evidence gathered from
the 1989 Loma Prieta earthquake in order to provide a basic assessment of the tagging
tendencies suggested by the survey relative to the actual tags assigned following a real
event and noted component damage levels. Inspection files were collected and
analyzed from the San Francisco Department of Building Inspection. These files
included the ATC 20 Rapid Evaluation Forms and supplementary material such as
follow up inspection, recommendations, and tagging changes. Of the files accessed, 18
reinforced concrete buildings were found to be either yellow or red tagged after the
Loma Prieta earthquake in the San Francisco area with paper based inspection files
maintained. Table 4.4 gives a short summary of the data collected from the Loma Prieta
files: the initial tags given to RC buildings, the first tag change made after further more
detailed inspection, the duration of time between the initial tag and the first tag change
after initial tag, the number of structures in each tagging category, and the percentage of
buildings in each initial tag category that sustained particular damages. Most damages
observed in the Loma Prieta earthquake are present in the survey, such as spalling,
minor cracks, and story lean. The tags given to buildings after the Loma Prieta
earthquake are similar to the survey results. It is noted that the survey does not cover
all forms of damage that were reported and may be observed for RC buildings—a
compromise made upon rounds of survey feedback and revision to enable efficient

completion.
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Table 4.2 - Suggested repairs from survey.!

Epoxy Recast Add Reinforcement Recast + Replace Reinforcement*
Injection

Column Minor cracking 22 5 0 1
Shear X-cracking through column 0 3 0 12
Spalling on Column 5 20 1 1
on Joint 2 16 1 0
Joint Cracks 2 6 2 6
Rebar seen and buckling 0 3 1 9
Column | Crushed concrete and rebar 1 1 2 11

Flexure buckling
Residual drift - - - -
Beam Minor cracks 12 0 1 0
Flexural hinging 1 4 2 11

1 this repair strategy signifies replacing the component.
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Table 4.3 - Number of responses, duration (months), and costs ($) of repairs with mean, median, and mode values.

Duration (months) Cost ($) Number of
Responses
Mean | Mode | Median | Mean Mode Median | Duration Cost
Column Minor cracking 2 1 1 6960 1000;5000 2750 23 18
Shear X-cracking through column 3 3 3 4250 5000 5000 4 4
Spalling on Column 2.1 1;2 2 8670 1000;5000 4000 19 14
on Joint 2.8 1 2 11560 3000 5000 19 15
Joint Cracks 3.1 1;2;6 2 17000 | 1000;3000; | 10000 10 9
10000;50000
Rebar seen and buckling 2.7 1;2 2 15000 2000 6000 7 6
Column Crushed concrete and rebar 3.4 1 2.5 17670 | 2000;5000; 10000 9 9
Flexure buckling 50000

Residual drift - - - - - - 0 0
Beam Minor cracks 1.9 1 1 4110 1000 2250 14 12
Flexural hinging 2.4 1 2 14890 25000 8000 9 9
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The observed damage identified as “Column” in Table 4.4 refers to damage
beyond the severity of spalling such as flexure-shear behavior. As seen in the survey
results, structures with this kind of column damage were all given red tags initially.
Structures experiencing story lean, or residual drift, were also consistently tagged
red, comparable to the survey. Sixty-six percent of the demolished RC buildings
experienced story lean and 50% of buildings with story lean were ultimately
demolished. Minor cracks and spalling damages showed the most variation, as both
were present in buildings being tagged with a red or yellow tag initially. These
results are similar to those from the survey in which participants displayed high
uncertainty. After further inspection of the red tagged buildings from Loma Prieta,
some RC buildings were changed to yellow while others were ultimately demolished.
This type of change in tag corresponds to the red (repairable) and red (demolish) tag
choices given in the survey. Observed damages defined as “Falling Debris” and “Wall
Crack” were added to Table 4.4 to present the overall identified damages. Falling
debris presented a major safety threat to occupants of the RC buildings being

inspected.

Past tagging records provide the study valuable real world data to compare
directly with the survey responses. From the data observed in Table 4.4 and the
comparisons noted above, it is evident that the data obtained from the survey is
similar in many ways to the Loma Prieta files. For instance, RC buildings with
observed “Column” damage were consistently tagged red in the Loma Prieta files,
while the survey respondents indicated that observed “Column” damage, whether in

the form of flexure or shear, would also warrant a red tag. Also, both the survey and
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the Loma Prieta files display larger uncertainties in tagging decisions for damages
such as spalling and minor cracks. While it was a challenge to locate tagging files
from past earthquakes, this survey is meant to compliment any future data that may
be collected from future earthquake events. The survey provides an opportunity to

be compared with future tagging data gathered from earthquake events.

Table 4.4 - Tagging and damage data of RC structures after the Loma Prieta
earthquake.?

Percent of Observed Damage Noted by Inspector
Initial 1st Tag Count | Duration* | Falling | Minor | Wall | Column | Spalling | Story
Tag Change (months) | Debris | Cracks | Crack Lean
Red Yellow 9 1.2 78% 66% | 22% 56% 56% 22%
Red Demolished 3 16.5 66% 66% 0 100% 66% 66%
Yellow | n/a 6 - 83% 66% | 50% 0 66% 0

2 Duration from Initial Tag to 1st Tag Change
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Chapter 5

Conclusions and Future Research
Opportunities

5.1. Summary and Conclusions

Numerical modeling processes, as seen in Chapter 3, are becoming
increasingly relevant in research and industry to gather response data for chosen
design and load patterns applied, and to support structural vulnerability modeling
subjected to extreme events like earthquakes. In this thesis, a non-ductile RC
building was modeled based on the design of an experimental setup to compare and
validate the results. In the study, joint and shear component models were applied to
the numerical model to observe whether these added components may provide a
better approximation to the experimental results. From the analysis conducted,

comparisons were made between the resulting probabilistic seismic demand

65



models and a new epistemic uncertainty Orem was quantified to represent the

uncertainty observed by using various finite element modeling approaches.

Four combinations were adopted, referred to as rigid, joint, column, and joint-
column models. After performing lateral load analysis to interior and exterior
subassemblages and applying scaled Taft Earthquake ground motions to the full
scale numerical models, the models with the incorporated joint model proved to be
the most accurate as compared to the experimental results. For the
subassemblages, there was a 5% improvement in predictive abilities for the joint
models as compared to the rigid model. Also, the joint models have more accurate
representations of pinching and strength degradation in the force-deformation
response of the subassemblages. The peak deformation responses of the time
history displayed differences of 31% for rigid model as compared to 20% for the
joint-column model. Hence, the addition of the component models in the
subassemblage and full scale models provide more related approximations for
comparison to the experimental data. The components models are also able to

record local engineering demand parameters. The new finite element modeling
uncertainty value (Orem) was quantified from a probabilistic seismic demand
analysis. The Orem arises from the variation of demands observed between the four
different numerical models used for the probabilistic assessment. The Orem is found
to be on average 0.11 for the lower range of ground motion intensity measures
(IMs) and 0.69 for the upper range of IMs. The orem helps establish a relationship
between the various FEM techniques used in research and industry.
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Fragility curves were developed using the linear and bilinear PSDM data
gathered from the analyses. The use of bilinear PSDM data provides a more efficient
way of capturing the non-linear behavior of the local EDPs. The fragility curves were
evaluated for local EDPs such as column concrete strain, column shear, and interior
joint strain. A direct comparison was made by adding the orem uncertainty into the
fragility curve equation (3.7), as seen in Chapter 3.5. Figures 3.9 and 3.10, as well as
figures in Appendix B, plot the direct comparison of linear vs bilinear fragility
models. Figures 3.9 and 3.10 provide a comparison with the addition of the orem
uncertainty. The curves with the added orem uncertainty display the characteristic
expected of a fragility model with larger dispersion. Looking in Appendix B, the
largest vulnerability of a non-ductile RC building lies in the columns and joints, as
seen in Figures B.7, B.8, B.9, and B.10. Straining of the steel rebar also has a large
probability of failure, as seen in Figures B.3 and B.4. As expected in a non-ductile RC
building, the column and joints are most susceptible to damage during an

earthquake event.

Fragility modeling using finite element models provides one tool that may be
used in a risk assessment. To enhance the risk assessment, there needs to be an
understanding of the consequences that arise from the damage of non-ductile RC
building components. These consequences may arise in the form of potential for
loss of life, duration of closure due to a component needing to be repaired or
replaced, and the costs related to the damage. Chapter 4 focused on the rapid
evaluation of reinforced concrete buildings after an earthquake event. By presenting

common damages observed in reinforced concrete buildings in a web-based survey
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format, the study is able to capture tagging decisions, and supplemental
recommendations to support repair modeling from experts in the field. It is critical
to understand that many qualified inspectors deployed after earthquake events
have different backgrounds and see damages in structures differently from one
another, which may result in variation in tagging outcomes. Through analysis of the
collected survey data, this study supports uncertainty modeling for seismic risk
assessment of reinforced concrete buildings, recognizing that potential tagging
outcomes constitute an important but uncertain decision variable for motivating
such factors as investment in retrofit, heightened level of seismic design, or
estimation of indirect losses which may be affected by building closure. Of the 37
survey responses considered in the analysis, participants were spread along various
demographic areas: industry vs. academia; located in the US vs. located outside the
US; 100+ hours of post-earthquake experience vs. <100 hours; located in seismic
region vs. not located in seismic regions. Overall, however, the pool of respondents
can be characterized as a group with a median of 25 years of professional
experience with a self-proscribed post-earthquake inspection experience level of 10,
on a scale of 1-10. The feedback from such a group can provide key insights into

tagging probabilities and associated repair models.

A main outcome of the survey and response analysis was quantification of
the likelihood that a reinforced concrete building will be tagged a particular color
(green, yellow, red (repairable), red (demolition suggested)) based upon the
inspector’s observation of a component showing damage. Component damages that

showed buckling of the steel reinforcement and/or cracks that extend completely
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through the beam, column, or joint typically warranted a red tag. The damaged
components that only showed minor signs of cracking or spalling tended to garner
the largest uncertainty in tagging decisions, with most of the tags being green or
yellow but with a small percentage tagged red until further inspection of the entire
building and review of details of the component section. The survey results can be
used to identify which component damages alone tend to warrant a particular
tagging decision upon rapid field investigation, and support probabilistic
performance assessment of RC buildings based on anticipated closure decision. As
described in ATC-20 (1989), the tagging assignments in the field are typically based
on observations of component damage and on the perceived overall condition of the
structure, suggesting that individual component damages provide only a first step to
improved closure and repair modeling. While the survey was designed to address
this issue as well, little response was amassed from the inquiry regarding any
additional combinations of component damage that may warrant a different level of
building tag beyond that of the worst component identified in the survey. Some
participants did indicate that the combination of column spalling and beam cracking
may warrant a red tag, while the observation of these component damages on their
own may only garner a yellow tag. Beyond the tagging probabilities, the survey data
also provides a collection of recommended repair procedures per component
damages. These repair actions can form the basis of refined loss estimation, as
work in this area is trending toward considering component level damage and

repair cost models.
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5.2. Future Research Recommendations

There is a lot of information presented in this thesis that may be developed
even further in future research. The use of 2D finite element modeling was used in
this study, but a 3D model may provide more insight into the realistic behavior of a
non-ductile RC building. There needs to be more work done in determining how to
implement the orem uncertainty into fragility modeling, since there are two regions
of orem uncertainty in the bilinear PSDMs. It may be best to look into a polynomial
function to quantify the orem uncertainty. While this study only looked at four
various modeling techniques in the Opensees framework, the orem uncertainty may
be updated with the addition of more models from various platforms. The orem
uncertainty should be inclusive of all types of models that researchers and
professionals use to conduct fragility analyses. While this study did not focus on
retrofitting measures, retrofits should be studied in order to decrease the

vulnerability observed in this thesis.

For future studies, the fragility curves estimated from the finite element
analyses should be related to the responses of the survey, and there should be direct
correlations between the fragility analyses and tagging. Beyond the analysis
presented this thesis, the fragility curves and survey data summarized can provide a
basis for future seismic risk assessment and loss estimation of reinforced concrete
buildings, where the relationship between component damage and anticipated
closure and repair decisions are critical. While the survey presented in the thesis

provides a first attempt to collect such response data in a scientific survey and
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addresses a key gap in existing literature and risk modeling packages, a larger
response pool is always desirable. Since the results suggested potential correlation
between demographic data and tagging tendency future opportunities may exist to
define refined tagging probability models based upon the anticipated makeup of the
inspector group if it can be inferred for a structure or region. Future studies are also
recommended to further explore the influence of component combinations on
tagging assignment. Finally, the comparison with Loma Prieta post-earthquake
inspection files provided a valuable opportunity to benchmark the survey responses
with empirical data. As post-event data collection and preservation becomes more
streamlined, additional opportunities may exist to perform not only comparative
assessments between the survey and empirical data but also update the

probabilistic models with field data.
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Appendix A

Table A.1 - Parameters used in the OpenSees limit state material, axial limit curve,

and shear limit curve for the column model.

Failure Isrfgﬁ:?] Force pinching | Integer for Integer for Integer for
pfactorg factor Curve type | Deformation type | Force type

Shear 0.5 0.4 2 2 0

Axial 0.5 0.5 1 2 5

Table A.2 - Unloading and pinching point parameters to be defined in the Pinching4

3 Values are equal for positive and negative envelope curves.

uniaxial material for zero length element located at joint intersection.3

Joint Location | .. Reloading _ Reloadm_g Unloadlqg
displacement ratio | force ratio | force ratio

Interior 0.15 0.21 0.20

Exterior 0.15 0.15 0.10
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Appendix B

C1-2 Concrete Ultimate Crushing Strain
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Figure B.1 - Linear and bilinear fragility curves for ultimate concrete
crushing strain in column limit state.
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Figure B.2 - Linear and bilinear fragility curves for ultimate concrete
crushing strain in beam limit state.
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C1-2 Steel Tensile Yielding Strain
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Figure B.3 - Linear and bilinear fragility curves for steel tensile yielding
strain in column limit state.
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Figure B.4 - Linear and bilinear fragility curves for steel tensile yielding
strain in beam limit state.
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C1-2 Steel Ultimate Strain
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Figure B.5 - Linear and bilinear fragility curves for steel ultimate strain in
column limit state.
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Figure B.6 - Linear and bilinear fragility curves for steel ultimate strain in
beam limit state.
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C1-2 Ultimate Moment
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Figure B.7 - Linear and bilinear fragility curves for ultimate moment in
column limit state.
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Figure B.8 - Linear and bilinear fragility curves for ultimate shear in column
limit state.
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J1-1 (Exterior) Yield
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Figure B.9 - Linear and bilinear fragility curves for yielding strain in exterior
joint limit state.
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Figure B.10 - Linear and bilinear fragility curves for yielding strain in
interior joint limit state.
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Appendix C

SurveyMonkey Powere:
« € @ hitps://www.surveymonkey.com/s, {CBuidlingDamageAssessment 97 =
8] The New Science Be.. [ NCPDP - National C.. (] Music | PrePost [ Thursday
CONSENT FORM FOR PARTICIPATION IN RESEARCH £

NEES

%YRICE

CONSENT FORM FOR PARTICIPATION IN RESEARCH
Study Title: NEESR-CR - Innovative Seismic Retrofits for Resilient Reinforced Concrete Buildings

Purpose of this Study-
This sunvey is conducted s a part of a NEESR-CR project. The purpose of this study is to identify repair medels for damaged components of rsinforced concrete buildings that have been subjected to earthquakes.
The expertise solicited from enginesring professianals will provide the research with valuable information on post-event tagging decisions. recommended repair strategies, and potential repair costs and timelines.

The improved repair models will contribute to enhanced risk assessment and ratrofit cost-benefit analysis of reinforced concrete buildings, in an effort to improve the seismic safaty of these buildings through sither

traditional or innovative retrofit.

Procedures:
Following the Personal Information page, the participant will answer a set of questions pertaining repair of component damage shawn in a Figure. In each Figure, groups of images are used to illustrate the type and
level of component damage considered, as seen in diferent buildings subjected to earthquakes. For each Figure, you are asked for the tagging recommendation, repair strategy, estimated cost and duration of
repair, as well as any additional comments. If you believe images under the same Figure are not repaired in the same manner, please feel free to comment in the space provided

Compensation, Costs, & Confidentiality:
There will be no compensation or cost to you if you participate in this study. Your participation is greatly appreciated to support this research and its efforts to enhance the seismic safsty of buildings. By
participating in the study, you understand and agree that Rice University may be required to disclose your consent form, data and other personally identifiable information as required by law, regulation, subpoena
or court order. Ctherwise, your confidentiality will be maintained in the following manner: your data and consent form will be kept separate. By participating, you understand and agree that the data and information
gathered during this study may be used by Rice University and published andior disclosed by Rice University to others outside of Rice University. However, your name, address, contact information and other
direct personal identifiers in your consent form will not be mentioned by in any such publication or dissemination of the research data and/or results. If you have any questions about this study and your
participation, please contact Dr. Jamie Padgett (jamie_padgett@rice edu) and/or Blaine Fuselier (bjf3@rice.edu)

Rights:
Your participation is voluntary. You are free to stop yeur participation at any point

Your participation is greatly appreciated.
The expected duration of time for complstion of this survey is 15-30 minutes

Figures in the survey were captured from hitp:fnisee berkeley edu/elibrary/

Do you consent to the information stated above?

m

Figure C.1 - Consent form for participation in survey.
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Figure C.2 - Personal information page in survey.
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REINFORCED CONCRI COLUMN SHEAR

@RIQE‘ I ness

Figure 1: Column

Please provide answers most representative of the group identified in Figure 1. and if any case does not fit within the group you may identify it in the comment box:

1a. Suggested "tag" in post-earthquake evaluation:
Green ) Yellow () Red (repairable) ) Red (demolition suggested)

1b. Recommended repair strategy to restore damaged component to its original state:

| |

1c. ing to your resp ing ion (1b), app!
Duration of repair. including design (months): |:|
Costs of repair (5) ]

Ci ing to givenin i (1b) and (1c):

1d. What preventive retrofit measure(s) could have been taken, prior to the earthquake, to mitigate this type of damage?

Figure C.3 - Reinforced concrete column shear, part one, in survey.
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Figure 2: Column

Please provide answers most representative of the group identified in Figure 2, and if any case does not fit within the group you may identify it in the comment box:

2. Will repair action responses given in Section 1 be the same for Figure 2?
-If "yes" please proceed to next page
-If "no™ please answer the following questions for Section 2

) yes

) no

2a. "tag" in post.

) Green ) Yellow ) Red (repairable) () Red (demolition suggested)

2b. Recommended repair strategy to restore damaged component to its original state:

2c. ing to your resp inq ion (2b), app!
Duration of repair, including design (months): ‘:
Costs of repair ($): l:]

Ci ing to givenin i (2b) and (2c):

2d. What preventive retrofit measure(s) could have been taken, prior to the earthquake, to mitigate this type of damage?

Prev. Next

Powered by SurveyMonkey

Check out our sample surveys and create your own now!

b

Figure C.4 - Reinforced concrete column shear, part two, in survey.
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Figure C.5 - Reinforced concrete spalling of column in survey.
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Figure C.6 - Reinforced concrete spalling of joint in survey
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SurveyMonkey Powered C x §\ ¥
€« C' £ https//www.surveymonkey.com j
fi§] The New Science Be... [*) NCPDP - National C... (] Music [ PrePost (] Thursday

REINFORCED CONCRI IN

@RICE "\ S

Figure 1: Joint

Please provide answers most representative of the group identified in Figure 1, and if any case does not it within the group you may identify it in the comment box

1a. Suggested "tag" in post-earthquake evaluation:
Green Yellow

ded repair gy to restore d:

Red (repairable)

1b. R

(1b), app!

1c. Referring to your in questi {
Duration of repair. including design (months): \:l

Costs of repair ():
given in

(1b) and (1c):

to its original state:

Red (demolition suggested)

1d. What preventive retrofit measure(s) could have been taken, prior to the earthquake, to mitigate this type of damage?

Exit this survey

Figure C.7 - Reinforced concrete joint damage, part one, in survey.
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Figure 2: Joint

Please provide answers most representative of the group identified in Figure 2, and if any case does not fit within the group you may identify it in the comment box:

2. Will repair action responses given in Section 1 be the same for Figure 2?
-If "yes" please proceed to next Page
-If "no" please answer the following questions for Section 2

) yes

| no

2a. Suggested "tag" in post-earthquake evaluation:
() Green () Yellow () Red (repairable) () Red (demolition suggested)

2b. Recommended repair strategy to restore damaged component to its original state:

2c. ing to your resp in ion (2b), appi
Duration of repair. including design (months): |:’
Costs of repair (5): [ ]

(o ing to resp giveninq (2b) and (2c):

2d. What preventive retrofit measure(s) could have been taken, prior to the earthquake, to mitigate this type of damage?

Prev Next

Powered by SurveyMonkey
Check out our sample surveys and create your own now/!

%

Figure C.8 - Reinforced concrete joint damage, part two, in survey.
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Figure C.9 - Reinforced concrete column flexure damage in survey.
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Figure 2: Story Lean

Please provide answers most representative of the group identified in Figure 2, and if any case does not fit within the group you may identify it in the comment box:

2a. Suggested "tag" in post-earthquake evaluation:

) Green ) Yellow ) Red (repairable) () Red (demolition suggested)

2b. Recommended repair strategy to restore damaged component to its original state:

2c. ing to your

P in ion (2b), app
Duration of repair, including design (months): \:I
Costs of repair (3) 1

p givenin ions (2b) and (2c):

2d. What preventive retrofit measure(s) could have been taken, prior to the earthquake, to mitigate this type of damage?

6/8 75%

Prev Next

Powered by SurveyMonkey
Check out our sample surveys and create your own now!

Figure C.10 - Reinforced concrete story lean observed damage in survey.
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Figure C.11 - Reinforced concrete beam damage, part one, in survey.
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Figure C.12 - Reinforced concrete beam damage, part two, in survey.
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REINFORCED CONCRETE CORRELATIONS

@RIQE‘ N nes

a) Column b) Joint

d) Beam e) Beam

c) Column

I

y, would you classify any of the damaged components as "red" tagged upon individual inspection? (Mark all that

Fi on the pi above il
apply)
[ a) | 1) | to | T | e
the p classified as "red’ in the previous question, are there any of on one building, that
would lead to a "red" tag?
a) b) <) d) e)

1st Combination ] ] [ [ 1

2nd Combination [ ] [ [} [ |}

3rd Combination d ] N [ ]

Figure C.13 - Reinforced concrete correlations between damages in survey.
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