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ABSTRACT
Earthquake resilience of buildings plays a vital role in maintaining economic and social stability
of an urban region. Current design methodologies focus only on preventing loss of human lives
and building collapse, whereas damage-impaired losses and downtime are not being considered
nor limited through the design. This paper presents a comparison of structural behavior and seismic
performance (repair cost and repair time) of a 15-story building with coupled RC walls when
designed using two different approaches: current code provisions and performance-based
recommendations currently implemented on the West coast of the U.S. In addition, performancebased design is performed using either linear response spectrum analysis or nonlinear time history
analysis for the service level earthquake. The research uses state-of-the-art nonlinear models for
RC coupled walls for prediction of building seismic response along with novel loss/recovery
models that include structural and nonstructural building components to provide realistic
estimation of the building’s post-earthquake condition for three hazard levels: 50%, 10%, and 2%
probabilities of exceedance in 50 years. Study reveals that repair time and repair losses are
comparable for three building designs, but major loss constituents are different; code-based
building experiences damage to slab-column connections, while performance-based buildings also
experience significant damage to coupling beams. Although median repair cost is relatively low
(24% for 2% in 50 years hazard), building functionality is impaired from few weeks for 50% in 50
years hazard to several months for 2% in 50 years hazard.
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ABSTRACT
Earthquake resilience plays a vital role in maintaining economic and social stability of an urban
region. Current design methodologies focus only on preventing loss of human lives and building
collapse, whereas damage-impaired losses and downtime are not being considered nor limited
through the design. This paper presents a comparison of structural behavior and seismic
performance (repair cost and repair time) of a 15-story building with coupled RC walls when
designed using two different approaches: current code provisions and performance-based
recommendations currently implemented on the West coast of the U.S. In addition, performancebased design is performed using either linear response spectrum analysis or nonlinear time history
analysis for the service level earthquake. The research uses state-of-the-art nonlinear models for RC
coupled walls for prediction of building seismic response along with novel loss/recovery models
that include structural and nonstructural building components to provide realistic estimation of the
building’s post-earthquake condition for three hazard levels: 50%, 10%, and 2% probabilities of
exceedance in 50 years. Study reveals that repair time and repair losses are comparable for three
building designs, but major loss constituents are different; code-based building experiences damage
to slab-column connections, while performance-based buildings also experience significant damage
to coupling beams. Although median repair cost is relatively low (24% for 2% in 50 years hazard),
building functionality is impaired from few weeks for 50% in 50 years hazard to few months for 2%
in 50 years hazard.

Introduction
Current design methodologies for buildings in the United States focus only on preventing loss of
human lives and building collapse, whereas damage-impaired losses are not being considered nor
limited through the design. This paper presents implications of different design approaches on
seismic performance of high-rise buildings that utilize coupled reinforced concrete (RC) walls as
the lateral load-resisting system (LLRS). Objectives are to: 1) evaluate seismic performance of a
building designed by current code provisions against performance based design (PBD) criteria, 2)
evaluate implications of using two existing PBD approaches on building seismic performance, 3)
compare code-based and performance-based building designs in terms of structural responses,
losses and repair time, and 4) provide design recommendations.
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To provide a content to this study, a 15-story archetype building with coupled RC walls is
designed according to three different design approaches: 1) code-based design (CBD) in line with
ACI 318 [1] and ASCE 7 [2] standards, 2) PBD in line with Los Angles Tall Buildings Structural
Design Council (LATBSDC) provisions [3], where Service Level Earthquake (SLE) design was
performed using linear Response Spectrum Analysis (RSA), and 3) PBD according to LATBSDC
where SLE design was performed using nonlinear time history analysis. Particular emphasis is
placed on estimation of building repair cost and repair time calculated using FEMA P-58 [4]
methodology and novel repair time model by Terzic et al [5]. Loss and repair time assessment are
based on the results of nonlinear time response analysis conducted using novel shear-flexure
interaction model for RC walls developed by Kolozvari et al. [6] for ground motions associated
with three levels of seismic hazard.
PBEE Framework
Archetype Building
The building footprint is 120 ft × 80 ft with 20 ft long spans and 12 ft story height, as illustrated
in Fig. 1. The LLRS system in both building directions includes two identical planar coupled RC
walls shown in Fig. 1b. A 17 ft long and 18 in. thick structural wall is adopted, while cross-section
of diagonally reinforced coupling beams is 18 in × 36 in (width × depth).

Figure 1. Building geometry: a) plan view, b) coupled wall elevation.
Structural design is performed for a commercial building (Ie=1.0, risk category II, and
seismic design category D). Specified concrete compressive strength of 6.0 ksi and specified
reinforcement yield strength of 60.0 ksi were used for walls and coupling beams. In addition to
building self-weight, gravity load includes uniformly distributed load on the slab from
superimposed dead load of 25 psf, live load of 50 psf, and roof live load of 20 psf.
Code-based design (CBD) is performed in line with ASCE 7 and ACI 318 standards.
Seismic lateral loads on the building is calculated for location in downtown Los Angeles (34.05°N,
118.25°W; SDS = 1.60g, SD1 = 0.73g) using the Equivalent Lateral Force Procedure of ASCE 7 for
the approximate fundamental period of Tu = 1.38s (upper limit). Design factors for coupled wall
systems are currently not available in ASCE 7, and therefore design factors for RC shear wall were
used (R=6, Cd=5). Elastic analysis was performed using ETABS utilizing cracked section stiffness

modifiers of 0.75Ig and 0.2Ig for walls and beams, respectively, resulting in model fundamental
period of 1.57s. Design drift of 2.0% is obtained considering accidental torsion with wall Ieff =
0.5Ig satisfying ASCE 7 allowable drift limit.
Performance-based design is conducted in line with the LATBSDC recommendations
using expected material properties and appropriate  and B strength factors. The service level
earthquake (SLE) is an event with 50% probability of being exceeded in 30 years defined as a sitespecific, 2.5%-damped, linear, uniform hazard acceleration response spectrum. Two building
designs for SLE are performed using LATBSDC acceptance criteria: 1) PBD-LRSA design, based
on linear RSA, where none of the demand to capacity ratios exceed 1.5 for deformation-controlled
and 0.7 for force-controlled actions (Section 3.5.5.1), and 2) PBD-NLTH design, based on
nonlinear time-history analysis with 11 pairs of ground motions scaled to the serviceability design
spectrum, where deformation demands shall not exceed a value at which sustained damage
requires repair (Section 3.5.5.2), adopted per Immediate Occupancy performance of ASCE 41 [7].
Fig. 2 shows comparison of interstory drift, coupling beam rotations, and wall rotations for the
PBD-NLTH design against appropriate SLE acceptance criteria, while comparison of relevant
engineering demand parameters (EDPs) against acceptance criteria in MCE for PBD-LRSA and
PBD-NLTH designs are presented later.

Wall Rotations

Figure 2. Comparison of relevant EDPs against SLE acceptance criteria for PBD-NLTH design.

Figure 3.

a) Coupling beam elevation b) coupling beam cross section, c) wall cross section.

Table 1.

Summary of wall and coupling beam design.
Wall Reinforcement 1)

CBD
PBD-LRSA & PBD-NL
Boundary
Web
Boundary
Web
Outer Inner r (%) E.W.
r (%) Outer Inner r (%) E.W. r (%)
1 27-#11 12-#11 4.04 #6@9 0.54 24-#10 12-#11 3.03 #6@8 0.81
2 24-#11 9-#11 3.03 #6@9 0.54 24-#10 9-#11 3.03 #6@9 0.54
3 24-#10 9-#10 3.03 #5@9 0.38 21-#10 9-#10 2.51 #6@9 0.38
4 24-#10 9-#10 3.03 #5@9 0.38 21-#10 9-#10 2.51 #5@8 0.38
5 21-#10 9-#10 2.51 #5@10 0.38 15-#8 9-#10 1.91 #5@8 0.38
6 21-#10 9-#10 2.51 #5@10 0.34 15-#8 9-#10 1.91 #5@9 0.34
7
15-#8 9-#8 1.91 #5@12 0.29 15-#7 9-#8 1.91 #5@10 0.29
8
15-#8 9-#8 1.91 #5@12 0.29 15-#7 9-#8 1.91 #5@12 0.29
9
15-#7 9-#7 1.91 #5@12 0.29
4-#5
9-#7 0.29 #5@12 0.29
10 15-#7 9-#7 1.91 #5@12 0.29
4-#5
9-#7 1.91 #5@12 0.29
11
4-#5
4-#5 0.29 #5@12 0.29
4-#5
4-#5 0.29 #5@12 0.29
12
4-#5
4-#5 0.29 #5@12 0.29
4-#5
4-#5 0.29 #5@12 0.29
13
4-#5
4-#5 0.29 #5@12 0.29
4-#5
4-#5 0.29 #5@12 0.29
14
4-#5
4-#5 0.29 #5@12 0.29
4-#5
4-#5 0.29 #5@12 0.29
15
4-#5
4-#5 0.29 #5@12 0.29
4-#5
4-#5 0.29 #5@12 0.287
1)
all walls L = 204 in, t = 18 in; 2) all coupling beams, B = 18 in, H = 36 in;

Coupling Beam
Reinforcement 2)

Story

CBD
8-#8
8-#10
10-#10
10-#10
12-#10
12-#10
10-#10
10-#10
10-#10
10-#10
10-#10
10-#10
8-#10
8-#8
8-#8

PBD-LRSA PBD-NL
6-#8
6-#8
6-#9
6-#9
6-#9
6-#9
6-#9
6-#9
6-#9
6-#8
6-#8
6-#8
6-#8
6-#8
6-#8

4-#8
4-#8
4-#8
4-#8
4-#8
4-#8
4-#8
4-#8
4-#8
4-#9
4-#9
4-#9
4-#9
4-#9
4-#9

Note that PBD process is subjected to peer review, which is not conducted in this study.
However, authors have served on peer review panels for a number of tall building design projects,
and believe that presented design resembles current state of practice. Typical section and elevation
of the coupling beam and a wall are illustrated in Fig. 3, while summary of their design for CBD,
PBD-LRSA and PBD-NLTH is provided in Table 1.
Ground Motion Selection
Twenty, 2-component, ground motion records are selected per FEMA P-58 recommendations for
three hazard levels: 50%, 10%, and 2% probabilities of exceedance in 50 years (referred to as 50%
in 50 years, 10% in 50 years, and 2% in 50 years). Ground motions are selected and scaled using
PEER ground motion database tool [8] to match the Conditional Mean Spectra (CMS) at the
fundamental period of the building of 1.48 sec based on nonlinear model described later (Fig. 4).
Damping ratios associated with the three hazard levels are adopted from LATBSDC guidelines
and are 2.5% for 50% in 50 years hazard level, and 5% for 10% and 2% in 50 years hazard levels.
The CMS are associated with the causal events for the downtown Los Angeles site and are derived
using Baker (2011) method. CMS are the composite of three well-known ground motion prediction
models Chiou-Youngs 2014, Campbell-Bozorgnia 2014, Boore-Stewart-Seyhan-Atkinson 2014,
attained utilizing USGS disaggregation tool [9].

Figure 4. CMS for Sa(T = 1.48 sec) and geometric mean of 20 selected ground motions for: a)
50% in 50 years, b) 10% in 50 years, and c) 2% in 50 years.

Analytical Modeling
Analytical models of the archetype buildings’ LLRS comprising structural walls and coupling
beams are generated in structural analysis software OpenSees [10] according to adopted geometry,
cross-sections, and expected material properties (per LATBSDC, [3]). Symmetry is used such that
a two-dimensional model consists of two walls and coupling beams shown in Fig. 5a. Analysis is
performed for each direction independently, and the damage assessment for walls and coupling
beams is based on their in-plane response. Tributary mass and gravity load (dead and live) are
assigned at wall element nodes at each story level based on corresponding tributary areas (Fig. 5b).
P-delta effects were considered via elastic P-delta column with axial and bending stiffness
corresponding to gravity columns comprising one half of the building (Fig. 5b).

Figure 5. Modeling approach for coupled wall system.
Structural walls are modeled using the Shear-Flexure-Interaction Multiple-Vertical-LineElement-Model (SFI-MVLEM, [6]) available in OpenSees. Model captures interaction between
axial/flexural and shear behavior via cyclic biaxial constitutive RC panel behavior incorporated
into a macroscopic fiber-based model formulation (Fig. 5d). The element rotations occur at the
center of rotation (pin in Fig. 5d), constant curvature distribution is assumed over the element
height, where panel strains/stresses are treated in the average sense. SFI-MVLEM shear stiffness
and strength evolve according to computed RC panel responses and material behavior, hence
explicit definition of shear modeling parameters is not necessary. The behavior of unconfined and
confined concrete is simulated using uniaxial material model proposed by Yassin [11]
(Concrete02), whereas behavior of reinforcing steel is described with uniaxial stress-strain law by
Menegotto and Pinto [12] (SteelMPF). Wall discretization in horizontal direction consists of 23
fibers, sufficient to reasonably represent reinforcement configuration in the wall boundaries and
web, while discretization in the vertical direction includes two wall elements per story height (Fig.
5b). Elastic deformations of the coupling beams are modeled using elastic beam elements with

effective flexural stiffness (EIeff = 0.07(h/l)EIg), while nonlinear hysteretic behavior was captured
using a nonlinear shear hinge located in the center of the beam (Fig. 5c) modeled with Pinching4
OpenSees material and calibrated according to recommendations by Naish et al. [13]. Coupling
beams are connected to wall piers via rigid beam elements defined between centerline of the walls
and the ends of the coupling beam (Fig. 5b).
Loss Analysis
Two loss metrics were used to assess the performance of considered structural systems: seismic
repair cost (averaged per floor) and the time necessary for the repair of all building components
(repair time). The probable repair costs and repair time were determined for every building at each
hazard level utilizing the FEMA P-58 computer software PACT [14]. To account for many
uncertainties affecting calculation of seismic performance FEMA P-58 methodology uses a Monte
Carlo procedure; 1000 realizations were used in this study.
The types and quantities of structural components stem from the structural design (Fig. 3,
Table 1), while the types and quantities of non-structural components for a commercial building
were determined using the normative quantities recommended by FEMA P-58. User defined drift
sensitive fragilities utilized maximum design ISD (2% for all designs), and the user defined
acceleration sensitive components (e.g., equipment anchorage) utilized the importance factor of
1.0 along with the appropriate design response spectra parameters.
In PACT, each building component is associated with a fragility curve that correlates EDPs
to the probability of that item reaching a particular damage state. The component’s damage is then
related to a repair cost and repair time utilizing consequence functions. The repair costs for all
components of the building at one hazard level are then summed for each realization to obtain the
cumulative distribution function of the repair cost for that hazard level. To estimate the cumulative
distribution function of the repair time for a specified hazard level, the repair times of components
along with their damage states and number of damaged units were used in conjunction with a novel
repair time model developed by Terzic et al. [5]. Repair schedule and labor allocations are adopted
from Kolozvari et al. [15].
Analysis Results
Structural Response Comparison against PBD Acceptance Criteria for MCE
MCE performance assessment is conducted in line with LATBSDC [3] for the three considered
building designs utilizing 2% in 50 years ground motions, which are comparable with MCE-level
ground motions for considered location and period range of interest. Relevant EDPs and
acceptance criteria limits shown in Fig. 6 include: 1) coupling beam rotations, 2) interstory drift,
3) residual drift, 4) wall shear demand, and 5) wall tension and compression strains. As shown in
Fig. 6, the most significant difference between the three designs is in coupling beam behavior.
Coupling beams used for CBD remain essentially elastic, for PBD-LRSA they experience rotations
that are easily repairable (average of 1.8%), while for PBD-NLTH coupling beams experience
significant nonlinear behavior (average rotation of 3.2%). Fig. 6d illustrates that wall shear
capacities of both PBD buildings are larger than 1.5×VMCE,avg and that shear stress is less than
10√f’c (psi) meeting the acceptance criteria, while CBD does not meet the 1.5×VMCE,avg limit. Note
that factor of 1.5 is used in LATBSDC to account for ground motion (and other) uncertainty, which
might not be applicable here given the dispersion of selected ground motions (Fig. 4). Higher

coupling beam and flexural wall capacities obtained from CBD resulted in approximately 40%
higher wall shear demand (Fig. 6d), resulting in considerably higher vertical strains at higher levels
(Fig. 6e) where the same reinforcement is used in all designs (Table 1). There are no significant
differences between the three designs in terms of maximum and residual interstory drifts (Fig.
6b,c). In sum, both PBD buildings satisfy all LATBSDC criteria.

a) Coupling beam rotation

b) Interstory drift

c) Residual drift

Vertical Strains

d) Wall pier shear stress

e) Vertical strains

Figure 6. Comparison of relevant EDPs against MCE PBD acceptance criteria.
Distribution of EDPs for Loss Analysis over the Building Height
Maximum median and plus/minus one standard deviation of lnEDP considering the story
accelerations (Fig. 7), coupling beam rotations (Fig. 8), interstory drifts (Fig. 9), residual drifts
(Fig. 10), and wall rotations (Fig. 11) over the building height corresponding to the three
considered seismic hazard levels and three designs are further presented.

Figure 7: Story accelerations

Figure 8: Coupling beam rotations

Figure 9: Interstory drifts

Figure 10: Residual drifts

Figure 11: Wall rotations (left pier; right pier similar)
Major difference between the three designs can be observed for story accelerations and coupling
beam rotations due to weaker coupling beams used in building designed using PBD, while three
designs have similar interstory drifts, residual drifts and wall rotations.
Loss Predictions
Based on buildings’ responses presented in preceding section, their seismic performance is
evaluated using the loss model described earlier. Total repair cost and repair time with their median
and 90th percentile estimates are illustrated in Fig. 12. It can be observed that the three considered

designs generate comparable repair costs and repair time. Median and 90th percentile repair costs
as a percentage of building replacement cost (based on the construction cost of $250/sf) are 1.4%
and 3.4% for frequent earthquakes (50% in 50 years), 6.1% and 16.3% for rare earthquakes (10%
in 50 years), and 24% and above 47% for very rare earthquakes (2% in 50 years). Although the
repair cost is very low for frequent and rare earthquakes, one out of ten buildings will be irreparable
due to excessive damage (CBD and PBD-LRSA) and high dispersion in residual drifts for very
rare earthquakes (PBD-NLTH). Median and 90th percentile repair times 27 and 57 days for
frequent earthquakes, 78 and 164 days for rare earthquakes, and 191 days and 271 days for CBD
& PBD-LRSA or duration of replacement for PBD-NLTH for very rare earthquakes, respectively.
It is to be noted that elevators were not included in the repair time calculation, but are considered
separately as they require longer median repair time than the rest of the building, specifically 42
days for frequent earthquakes and 100 days for rare earthquakes. Such long repair time durations
of elevators result from a long lead time associated with the procurement of the damaged
components.
For frequent earthquakes, the repair loss and repair time constitute primarily of repair of
wall piers, partitions, and acceleration sensitive nonstructural components (i.e., elevators) to the
extent that may impair building’s functionality for three weeks on average. For rare earthquakes,
major loss constituents are structural components, namely slab-column connections, wall piers,
and coupling beams (only for PBD-NLTH), with smaller contribution of partition walls and
elevators. The structural damage is to the extent that it may impair building’s functionality for six
weeks on average. For very rare earthquakes, the loss is generated by significant damage to drift
sensitive structural and nonstructural components (i.e., slabs-column connections, wall piers,
coupling beams (only for PBD designs), glazing, and partitions) impairing buildings functionality
for three months on average.

Figure 12: Building performance metrics: a) repair losses averaged per floor, b) repair time.
Summary and Conclusions
This paper presents a comparison of structural behavior and seismic performance (repair cost and
repair time) of a 15-story building with coupled RC walls when designed using two different
approaches: current code provisions and performance-based LATBSDC recommendations. In

addition, performance-based design is performed using either linear response spectrum analysis or
nonlinear time history analysis for the service level earthquake. Comparisons are made for frequent
(50% in 50 years), rare (10% in 50 years) and very rare (2% in 50 years) earthquakes. Major
difference in structural behavior between the three designs is observed for floor accelerations and
coupling beam rotations due to weaker coupling beams used in performance-based-designed
buildings, while three designs have similar interstory drifts, residual drifts, and wall rotations.
Although repair time and repair losses are comparable for three building designs, major loss
constituents are different, particularly for rare and very rare events. While major loss driver for
code-based building is damage to slab-column connections and wall piers, performance-based
buildings also experience significant damage to coupling beams.
Median repair cost is less than 6% of construction cost for frequent and rare earthquakes,
while it reaches 24% for very rare events. For frequent earthquakes, damage is associated with
nonstructural and structural components generating median repair time of 27 days, which will
impair buildings functionality for three weeks. For rare earthquakes, median repair time is 78 days
and structural damage is to the extent that it may impair building’s functionality for six weeks on
average. For very rare earthquakes, median repair time is 191 days and the loss is generated by
significant damage to drift sensitive structural and nonstructural components impairing buildings
functionality for three months on average. Future studies will investigate ways to improve
buildings’ functionality for all hazard levels, as well as to investigate seismic performance of tall
buildings for a range of building heights (i.e., 20 to 50 stories).
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