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The seismic performance and economic seismic losses of a 6-story self-centering moment resisting frame
(SC-MRF) building using post-tensioned (PT) connections with top-and-seat angles is evaluated. A phenomeno-
logical model that captures the lateral load response of PT connections is developed and verified using previous
experiments. A 2Dmodel of the 6-story SC-MRF is constructed in OpenSees using the newly developed phenom-
enological model. Using the same member sizes as the SC-MRF, a model is also created for a welded moment
resisting frame (WMRF) with reduced beam section (RBS) connections. Nonlinear static and incremental
dynamic analyses are performed on the SC-MRF and WMRF models. The lateral load carrying capacity of the
SC-MRF is found to be 40% lower than that of the WMRF. The dynamic analysis results show that the WMRF
has higher collapse resistance, whereas the SC-MRF undergoes smaller residual drifts. Finally, the earthquake-in-
duced economic impact to the two buildings is assessed using the FEMA P58 methodology, where the expected
annual loss for the SC-MRF is computed to be 21% higher than that for theWMRF building. More specifically, the
SC-MRF building (with PT connections and top-and-seat angles) has a lower expected loss associatedwith exces-
sive residual drifts but higher collapse losses.
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1. Introduction

In current seismic design codes, structures are designed to achieve a
minimum level of collapse safety by assuring ductile response when
subjected to earthquake shaking. As a result, conventional steel struc-
turesmayundergopermanent (or residual) deformations after a seismic
event. Mitigation of residual displacements in steel buildings is a critical
issue as it directly relates to the repair cost. In fact, large permanent de-
formations can render a building irreparable. For example, because of
excessive residual drifts, many buildings surviving the 2011 Christ-
church earthquake were declared unusable. The reconstruction cost for
these buildings was estimated to be 40 billion New Zealand dollars [1].

With the goal ofminimizing residual deformations, researchers have
been investigating the application of alternativematerials such as shape
memory alloys [2–4]. However, the widespread application of these
new systems has been impeded by their high cost and the need for
new construction techniques and structural systems. To meet this chal-
lenge, post-tensioned (PT) moment frame connections with top-and-
seat angles have been proposed as an efficient approach to reduce resid-
ual deformations in steel buildings [5, 6]. Several experimental [e.g. [7]],

analytical [e.g. [7, 8]], and numerical [e.g. [9–12]] studies have been con-
ducted to evaluate the behavior and potential advantages of PT connec-
tions. Fig. 1 shows a reduced beam section (RBS) welded moment
connection and a PT beam-column connection with top-and-seat an-
gles. PT strands are used in the latter to provide restoring forces or
self-centering (SC) capability, while the top-and-seat angles are used
to dissipate energy. Other types of energy dissipation mechanisms
such as viscous dampers [13] have also been used. As a result, structural
damage in the connection is localized at the angles, which can be easily
replaced after an earthquake.

To assess the advantages of using self-centering moment resisting
frames (SC-MRFs) with PT connections, their seismic performance and
potential cost-benefit should be studied. To achieve this goal, a reliable
modeling technique that captures the collapse behavior of SC-MRFs
with PT connections is needed. However, existingmodeling approaches
are limited to PT connections with other types of energy dissipation de-
vices, such as web hourglass shape pins [14], friction devices [15], and
passive dampers [13]. Therefore, there is a need to develop a reliable,
practical and simplified modeling technique for PT connections with
top-and-seat angles, which can be used to predict the structural re-
sponse of SC-MRFs subjected to earthquake loading.

In addition to the structural response, assessing earthquake-induced
building economic losses can also be used to quantitatively evaluate the
advantages of SC-MRFs. Currently, several methods are available to
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assess earthquake-induced losses of buildings. Porter et al. [16] pro-
posed an approach that involves conducting nonlinear dynamic analy-
ses, prediction of damage at the component level using fragility
functions, and estimation of total building repair cost. The approach
was further enhanced in the second-generation performance-based
earthquake engineering (PBEE) methodology [17]. As part of the PBEE
framework development, Ramirez and Miranda [18] demonstrated
that excessive residual drifts significantly influence earthquake-induced
building losses. The state-of-the-art methodology for earthquake-in-
duced economic loss estimation is described in FEMA P58 [19]. This
methodology uses 2nd generation PBEE alongwith a complete database
of damage fragility loss functions for structural and nonstructural com-
ponents and considers the influence of residual drifts.

In this study, a phenomenological model of top-and-seated angle PT
connections is developed in OpenSees [20] and subsequently verified
using prior experiments. A prototype building, which has SC-MRFs as
its lateral force resisting system, is selected. Using the proposed phe-
nomenological model of the PT connection, a 2D model for the SC-
MRF is constructed. To facilitate a comparative assessment, a welded
moment resisting frame (WMRF) model with the same member sizes

as the SC-MRF but with RBS connections, is created. Nonlinear static
and dynamic analyses are performed on both the SC-MRF and WMRF
models and their collapse performance is quantified. Finally, the eco-
nomic seismic losses for both buildings are assessed using the FEMA
P58 methodology, which accounts for the influence of residual drifts
and the repair costs of structural and nonstructural components. Fig. 2
illustrates the workflow of the study.

2. Model development in OpenSees

2.1. Description of prototype building

A 6-story office building with 6 bays in the E-W and N-S directions,
which has been developed by Garlock et al. [21], is selected as the pro-
totype building. The building is located in the Los Angeles metropolitan
area and has two identical MRFs in each direction (Fig. 3). A single MRF
is considered for the current study. The frame is designed as an SC-MRF
with top-and-seat angle PT connections by Garlock et al. [21] using a
ten-step procedure. First, the equivalent lateral force (ELF) method is
used to determine the seismic story forces. The beam and column

Fig. 1. Schematic illustration of an (a) RBS welded connection and (b) PT connection.
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Fig. 2. Overview of study.
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