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Abstract: This study applies nonlinear dynamic analyses to assess the risk of collapse of RC special moment-frame (SMF) buildings to
quantify the seismic safety implied by modern building codes. Thirty archetypical RC SMF buildings, ranging in height from 1 to 20 stories,
are designed according to ASCE 7-02 and ACI 318-05 for a high-seismic region. The results of performance-based seismic assessments show
that, on average, these buildings have an 11% probability of collapse under ground motion intensities with a 2% probability of exceedance in
50 years. The average mean annual rate of collapse of 3.1 x 10~* collapses per year corresponds to an average of 1.5% probability of collapse
in 50 years. The study further examines the influence of specific design provisions on collapse safety. In particular, changes to the minimum
seismic base shear requirement between 2002 and 2005 editions of ASCE 7 and variations in ACI 318 strong-column weak-beam (SCWB)
design requirements are investigated. The study finds that the reduction in the minimum base shear, introduced in ASCE 7-05 and sub-
sequently rescinded, dramatically increases the collapse risk of tall (long-period) frame buildings in high-seismic regions. An investigation
of the SCWB requirements shows that the current ACI 318 provisions delay, but do not prevent, column yielding and the formation of story
collapse mechanisms. An increase in the SCWB ratio above 6/5 (1.2) does not significantly improve performance of low-rise frame buildings
but may reduce collapse risk for midrise and taller buildings. This study of modern RC buildings is contrasted with the collapse safety of older
(nonductile) RC moment-frame buildings in the companion paper. DOI: 10.1061/(ASCE)ST.1943-541X.0000318. © 2011 American Soci-
ety of Civil Engineers.
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Introduction and Overview

The primary goal of building code seismic design requirements is
to protect the life and safety of building occupants during large
earthquakes. Meeting this objective requires that the risk of struc-
tural collapse be acceptably low. Although straightforward in con-
cept, the collapse safety provided by current building codes and
standards is unclear because of the empirical nature of the design
provisions and their development. Advancements in nonlinear
dynamic analysis, seismic hazard analysis, and performance-based
earthquake engineering are enabling more scientific assessment
of structural collapse risk and how it is affected by building code
design requirements.

This study assesses the collapse safety of modern RC special
moment-frame (SMF) buildings designed according to the gov-
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erning provisions of current American standards, including
ASCE 7 (ASCE 2002, 2005) and ACI 318 [American Concrete
Institute (ACI) 2002]. The collapse assessments are made for a
representative set of 30 archetype buildings that use RC SMF seis-
mic resisting systems. These assessments explore the collapse
behavior of this class of buildings and the effects of design deci-
sions on seismic performance. The structural systems of RC SMFs
are the focus of this effort because these buildings are generally
perceived to provide acceptable seismic safety, and the analytical
tools for modeling severe deterioration of RC frames are mature
enough to permit a relatively accurate assessment.

This study also illustrates the application of performance-based
assessment tools to quantify the impact of specific design require-
ments on seismic collapse resistance. The influence of both the
minimum seismic base shear requirement of ASCE 7-05 and the
strong-column weak-beam criteria of ACI 318 are considered.

The assessment of seismic collapse safety for RC SMFs applies
tools and methods developed by the writers and others at the Pacific
Earthquake Engineering Research (PEER) Center. The collapse
assessment method builds on previous research to characterize
ground motion hazards, develop and validate structural models
with degrading strength and stiffness, perform nonlinear dynamic
time history analyses, and incorporate uncertainties in ground
motion characteristics and nonlinear response. The results pre-
sented in this paper are part of a larger study by Haselton and
Deierlein (2007) and expand upon an earlier evaluation of a single
4-story RC SMF building that involved both collapse assessment
and damage and monetary losses assessment (Goulet et al. 2007;
Haselton et al. 2008a). The collapse assessment methods presented
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here have been incorporated into the FEMA P-695 (ATC-63)
methodology—a procedure for systematically assessing seismic
collapse safety for the purpose of establishing design parameters
and provisions for new structural systems (FEMA 2009).

Representative Set of Structural Designs

This assessment uses a set of archetypical structural building sys-
tems that are representative of the engineering design and practice
for RC SMFs in high-seismic regions. As summarized in Table 1,
the 30 building archetypes encompass key structural design param-
eters including building heights from 1 to 20 stories, space and
perimeter frame systems, and bay widths of 20 and 30 ft
(6.1 and 9.1 m). Archetype structures also vary in strength and stiff-
ness distribution over the building height and foundation fixity
assumed in design.

Each archetype is designed according to the provisions of
the International Building Code [International Code Council
(ICC) 2003], ASCE 7-02 (ASCE 2002), and ACI 318 (ACI 2002),
including requirements for strength, stiffness, capacity design, and
detailing. The buildings have office occupancies with an 8-in. flat
slab floor system. The 1-, 2-, and 4-story buildings have a plan area
of 120 by 180 ft (36.6 by 54.98 m); the 8-, 12-, and 20-story build-
ings have a square plan of 120 by 120 ft (36.6 by 36.6 m.). Seismic
design is based on the mapped hazard for a Los Angeles site with
Sg¢=1.5 gand §; = 0.6 g and soil site class D. The designs were
reviewed by a practicing engineer (J. Hooper, personal communi-
cation, June 15, 2006) to ensure they conform to typical design
practice. Further design documentation is available in Haselton
and Deierlein (2007) and FEMA P-695 (FEMA 2009).

Site, Seismic Hazard, and Ground Motion
Characterization

Owing to the choice of design parameters and seismic hazard level,
the archetype buildings are representative of high-seismic regions
of California. The designs are for a site in northern Los Angeles,
which falls in the transition region of ASCE 7-02 design maps.
Site-specific probabilistic seismic hazard analysis is documented
by Goulet et al. (2007).

Ground motions used for the nonlinear dynamic analyses are
recordings from large-magnitude earthquakes (magnitude of
6.5-7.6) recorded at moderate fault rupture distances (10—45 km).
The 39 ground motion record pairs (each with two orthogonal

horizontal components) and their selection criteria are documented
in Haselton and Deierlein (2007). This ground motion set is an
expanded version of the far-field ground motion set used in FEMA
P-695 (FEMA 2009).

Ground motion records are selected and scaled without consid-
ering the distinctive spectral shape of rare (extreme) ground
motions because of difficulties in selecting and scaling a different
set of records for a large set of buildings with a wide range of first-
mode periods. To account for the important impact of spectral
shape on collapse assessment shown by Baker and Cornell
(2006), the collapse predictions made using the general set of
ground motions are modified using a method proposed by Haselton
et al. (2011). The expected spectral shape of rare (large) California
ground motions is accounted for through a statistical parameter
called epsilon (¢), which is a measure of the difference between
the spectral acceleration of a recorded ground motion and the
median value predicted by ground motion prediction equation.
A target value of € = 1.5 is used to approximately represent the
expected spectral shape of severe ground motions that can lead
to the collapse of code-conforming buildings (FEMA 2009,
Appendix B; Haselton et al. 2011).

Structural Analysis Model and Collapse Assessment
Methodology

A two-dimensional three-bay nonlinear analysis frame model is
created for each archetype RC SMF by using the OpenSEES struc-
tural analysis platform (OpenSEES 2009), as illustrated in Fig. 1.
Three is assumed to be the minimum number of bays necessary to
reflect the differences between interior and exterior columns and
joints and their impact on frame behavior. Strength and stiffness
of the gravity system are not represented in the model, but the
destabilizing P-A effects are accounted for by applying gravity
loads on a leaning column in the analysis model. Previous research
has shown that neglecting the strength and stiffness of the gravity
system in RC SMF systems is slightly conservative, underestimat-
ing the median collapse capacity by approximately 10% (Haselton
et al. 2008a). It is also assumed that the damage to the slab-column
connections of the gravity system will not result in a vertical
collapse of the slab; test data for slab-column connections with
modern detailing still need to verify this assumption. The founda-
tion rotation stiffness is calculated from typical grade-beam design
and soil stiffness properties. Rayleigh damping corresponding to
5% of critical damping in the first and third modes is applied.
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Fig. 1. Schematic of RC frame structural analysis model
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Element modeling consists of lumped plasticity beam-column
elements and finite joint shear panel springs. Lumped plasticity
elements were used in lieu of fiber-type element models because
only the former can capture the strain softening associated with
rebar buckling and spalling phenomena, which are critical for
simulating structural collapse in RC frame structures. The beam-
column elements are modeled by using a nonlinear hinge model
with degrading strength and stiffness developed by Ibarra et al.
(2005). As illustrated in Fig. 2, the Ibarra et al. model captures
the important modes of monotonic and cyclic deterioration that
precipitate sidesway collapse. Key parameters of the model in-
clude the plastic rotation capacity, Oy, ;, the postcapping rotation
capacity, 0,,, the ratio of maximum to yield moment, M./M,,
and an energy-based degradation parameter, A. Based on calibra-
tion to test data for RC columns and beams with ductile detailing
and low to moderate axial loads, the typical mode parameter
values are 0, ,; between 0.035 and 0.085 rad (depending on the
level of axial load in the beam-column elements), 0,. equal to
0.10 rad, MC/My between 1.17 and 1.21, and A between 85
and 130 (Haselton et al. 2007, 2008b). A postcapping deforma-
tion capacity (6,.) of 0.10 is a conservative value used because of
lack of data; this value would likely be much larger if additional
data were available with specimens tested to larger levels of
deformation.

The collapse capacities of the archetype building designs are
evaluated by using a performance-based methodology, key features
of which are briefly summarized as follows:

1. Select ground motions for nonlinear dynamic analysis.

In this study, 39 pairs of far-field ground motions are used.
Issues related to record selection and scaling have been discussed
previously.

1.2

M/My

0 0.2

O (rad)

2. Use incremental dynamic analysis (IDA) to organize non-
linear dynamic collapse analyses of the archetype models
subjected to the recorded ground motions (Vamvatsikos and
Cornell 2002).

Each horizontal component of ground motion is individually
applied to the two-dimensional frame model by using the IDA
approach. In this study, ground motion records are amplitude scaled
according to the spectral acceleration at the first-mode period,
Sa(T). The ground motions are increasingly scaled until collapse
occurs. In this paper, collapse is defined as the point of dynamic
instability, where the lateral story drifts of the building increase with-
out bounds (often called sidesway collapse). This occurs when the
IDA curve becomes flat. Vertical collapse mechanisms, which are
not directly simulated in the structural model, are not considered
in this assessment. The companion paper (Liel et al. 2011) explains
how these additional collapse modes could be accounted for.

Fig. 3(a) presents sample results from the incremental dynamic
analysis for a 4-story space-frame building (ID 1008). For this
structure, the median collapse capacity [in Sa(0.94 s)] is 1.59 g for
the set of 39 ground motion pairs.

3. Construct a collapse fragility function based on the IDA re-
sults, which represents the probability of collapse as a function
of ground motion intensity.

To approximately account for three-dimensional ground motion
effects (i.e., the maximum ground motion component), the lower
collapse capacity [in Sa(T';)] from each pair of motions is recorded
as the building collapse capacity. From the resulting collapse data,
the median collapse capacity and dispersion caused by record-to-
record variability are then computed.

Fig. 3(b) presents such collapse fragility curves for the 4-story
building previously used in Fig. 3(a). The square markers show the
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Fig. 3. Example collapse risk predictions: (a) results of incremental dynamic analyses; (b) fragility functions with adjustments for structural

modeling uncertainties and spectral shape
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empirical cumulative distribution function of the collapse data from
Fig. 3(a) (i.e., each point represents the collapse capacity for a
single earthquake record), and the solid line shows the lognormal
distribution fit to the empirical data. The fitted median collapse
capacity [in Sa(0.94 s)] is 1.59 g, and the fitted logarithmic stan-
dard deviation representing the so-called record-to-record (RTR)
variability (oj, gg) is 0.38.

4. Increase the dispersion in the collapse fragility to account for

structural modeling uncertainties.

Fig. 3(b) shows this adjusted collapse capacity distribution by
the dashed line. Liel et al. (2009) and Haselton and Deierlein
(2007) have shown how introducing this additional dispersion in
the collapse fragility can approximately account for the effects
of uncertainties in the structural modeling parameters, but this
approximation is only suitable for collapse probabilities in the
lower tail of the fragility curve (Liel et al. 2009). On the basis

of uncertainties in the nonlinear component models (e.g., the cap-
ping rotation and postpeak softening slope shown in Fig. 2), the
modeling uncertainty is calculated as oy, mogeiing = 0.5 (Haselton
and Deierlein 2007). When combined with the record-to-record
uncertainty of oy, grr = 0.38, the resulting total dispersion is
Omnotal = 0.63, as shown by the dashed curve labeled RTR
+ Model.

5. Adjust (increase) the median of the collapse fragility curve to

account for the ground motion spectral shape effect.

Fig. 3(b) shows this adjusted collapse capacity distribution
by the dotted line. For this example, the median collapse intensity
is increased from 1.59 to 2.22 g (by a factor of 1.4). As described
by Haselton et al. (2011) and FEMA P-695 (FEMA 2009,
Appendix B), this so-called € adjustment is based on the large duc-
tility of the RC SMF structures and associated period shift that
occurs before collapse, combined with a target value of € = 1.5

Table 1. Summary of Design Information and Collapse Risks of 30 RC SMF Buildings

Design information Period and pushover

Collapse capacity and collapse risk predictions

Median collapse drifts

Stories and Design First-mode Static ~ Margin against Ol
Design ID  framing case period (T1) (s) Q 2/50 motion (Sac)  P[C[Sarso]  Acot[1077] IDR RDR,;
2061 18° Baseline” 0.42 4.0 2.40 0.46 0.10 2.6 0.071 0.071
2062 Base: P 0.42 49 2.62 0.44 0.07 1.7 0.075 0.075
2063 Base: F 0.42 4.0 2.40 0.46 0.10 2.6 0.069 0.069
2069 1P Baseline 0.71 1.6 1.69 0.39 0.20 7.0 0.078 0.078
1001 28 Baseline 0.63 35 3.07 0.42 0.04 1.0 0.097 0.075
1001a Base: P 0.56 4.4 3.00 0.40 0.04 1.0 0.080 0.061
1002 Base: F 0.63 3.1 2.55 0.43 0.08 2.0 0.083 0.059
2064 2p Baseline 0.66 1.8 2.19 0.43 0.12 3.4 0.075 0.061
1003 4P Baseline 1.12 1.6 2.04 0.37 0.13 3.6 0.076 0.039
1004 Uniform 1.11 1.7 2.37 0.41 0.09 25 0.085 0.047
1008 4S Baseline 0.94 2.7 2.56 0.38 0.07 1.7 0.080 0.045
1009 4P Bays: 30 ft° 1.16 1.6 2.51 0.41 0.08 2.1 0.078 0.050
1010 4S Bays: 30 ft 0.86 33 3.42 0.42 0.03 0.7 0.083 0.053
1011 8P Baseline 1.71 1.6 1.77 0.40 0.19 6.3 0.054 0.021
1012 8S Baseline 1.80 2.3 2.29 0.37 0.09 2.4 0.068 0.027
1022 Uniform® 1.80 2.6 2.25 0.36 0.09 25 0.077 0.033
2065 WS-1° (65%) 1.57 33 2.44 0.39 0.08 23 0.069 0.021
2066 WS-1 (80%) 1.71 29 2.78 0.40 0.05 1.7 0.074 0.027
1023 WS-2 (65%) 1.57 29 1.97 0.39 0.14 4.3 0.066 0.018
1024 WS-2 (80%) 1.71 2.7 1.95 0.40 0.15 4.6 0.067 0.020
1013 12P Baseline 2.01 1.7 1.84 0.37 0.16 52 0.053 0.016
1014 128 Baseline 2.14 2.1 1.91 0.38 0.15 4.7 0.055 0.018
1015 Uniform 2.13 2.1 2.20 0.39 0.11 3.1 0.060 0.021
2067 WS-1 (65%) 1.92 32 2.07 0.38 0.12 32 0.066 0.016
2068 WS-1 (80%) 2.09 2.5 2.07 0.37 0.12 3.1 0.057 0.018
1017 WS-2 (65%) 1.92 2.8 1.87 0.37 0.16 4.5 0.065 0.015
1018 WS-2 (80%) 2.09 2.5 1.89 0.38 0.15 49 0.058 0.016
1019 Bays: 30 ft 2.00 24 2.54 0.41 0.07 2.1 0.059 0.021
1020 20P Baseline 2.63 1.6 2.00 0.36 0.13 3.7 0.051 0.013
1021 208 Baseline 2.36 2.0 2.50 0.40 0.08 2.0 0.058 0.015

*S indicates space frame; P indicates perimeter frame.

"The baseline foundation case considers the rotational stiffness of the grade beam and any basement columns (in both the design and the structural model used
for the collapse assessment). The two design alternatives are pinned base (P) and fixed base (F). This only adjusts what is assumed in the design and does not

affect the model used for the assessment.

“The baseline designs have 20-ft bays, and the alternative designs have 30-ft bays.
dConservative uniform design; member sizes and reinforcement of beams/columns not decreased over building height.
*WS-1 is for designs with only the first story being weak, and WS-2 is for the first and second stories being weak. The percentage is that of strength between

the weakened stories and the story above.
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for rare ground motions in the high-seismic regions of California.
Buildings with lower deformation capacity, as well as sites and
hazard levels with lower expected values of €, would have a smaller
adjustment.
6. Compute the collapse risk metrics of interest.

For the example, in Fig. 3(b), the collapse margin ratio is 2.6, the
conditional collapse probability [P(C|Sa/s0)] is 7%, and the mean
annual frequency of collapse (\.y) is 1.7 x 10~* collapses per year.

Collapse Risk for RC SMF Buildings Designed
according to ASCE 7-02

Collapse analysis results for the 30 building archetypes are sum-
marized in Table 1. Pertinent data includes the fundamental period
of each archetype structural model, static overstrength from push-
over analysis, collapse risk predictions, and maximum story and
roof drifts at the onset of collapse. The resulting collapse risks
are described by the following three measures, as listed in Table 1
and plotted in Fig. 4:

* Collapse margin: The collapse margin is the ratio between the
median collapse capacity and the 2% in a 50-year ground
motion level. This metric is similar in concept to a simple factor
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of safety. Overall, the collapse margins for the 30 RC SMF
buildings range from 1.7 to 3.4, with an average of 2.3.

* Conditional collapse probability: The probability of collapse
for the 2% in a 50-year level of ground motion intensity,
P(C|Says0), can be read directly from the fragility curve. This
is a convenient metric to gauge the collapse safety relative to the
extreme ground motion intensity that is used as the basis of
design in building codes. Overall, the RC SMF buildings have
an average P(C|Sa,/s9) of 11%, ranging from 3 to 20%.

* Mean annual frequency of collapse: The mean annual fre-
quency of collapse (\) is obtained by integrating the collapse
fragility with the site-specific hazard curve. By using the hazard
curve from the Los Angeles site, the RC SMF buildings have an
average M\ of 3.1 x 107 collapses per year, ranging from
0.7 x 107* to 7.0 x 10~* collapses per year. This range trans-
lates to a 0.4-3.4% probability of collapse in 50 years.
Although there are no clear standards that define the maximum

acceptable collapse risk for buildings, there is some consensus that

calculated values for the RC SMF archetypes are in a reasonable
range. For example, the FEMA P-695 (FEMA 2009) methodology
to determine seismic response factors for new building systems
is based on a maximum collapse risk of 10-20%, conditioned
on the maximum considered earthquake intensity. Additionally,
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Fig. 4. Collapse risk statistics for RC SMF buildings, including (a) probability of collapse conditioned on 2% in 50-year ground motion intensity and

(b) mean annual frequency of collapse
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Fig. 5. Most predominant collapse mechanisms for space-frame buildings of various heights
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Fig. 6. Effects of building height and frame type on interstory and roof
drifts at onset of collapse

the ASCE/SEI 7 building code has recently adopted new “risk
consistent” seismic design maps, which have an implied collapse
risk of 1% in 50 years (Luco et al. 2007) and were developed on the
basis of an assumed collapse probability of 10%, conditioned on
the maximum considered earthquake intensity. Finally, the collapse
risks reported in this paper were calculated from archetype designs
that conform to current building code provisions. So, to the extent
that the evolution of building codes reflects societal values, the
calculated collapse risks have legitimacy implicit in the natural
progression of building codes and standards.

In addition to quantifying the collapse risk, the nonlinear analy-
ses provide insights into the collapse behavior and failure mecha-
nisms of the archetype RC SMFs. Fig. 5 illustrates the predominant
collapse mechanisms for space-frame buildings of various heights
and provides the percentage of ground motions that caused the
predominant mechanism. The size of the circles shows the magni-
tude of the plastic deformation in each plastic-hinge region. For
buildings with eight or more stories, fewer than 25% of the stories
are typically involved in the collapse mechanism. For example, in
86% of the time history analyses, the 12-story space frame collap-
ses in a 2-story mechanism over the first and second floors, and 9%
of the collapses occur in a single first-story mechanism. In the re-
maining 5% of analyses, collapse involves a multistory mechanism
over the first three to four stories.

The IDA results also provide insightful data on the story and
roof drifts at the onset of collapse. As shown in Fig. 6, both the
interstory drift ratios (IDRs) and roof drift ratios (RDRs) at collapse
tend to decrease as the building gets taller, saturating at building
heights of approximately 12 and 20 stories. The maximum IDR
decreases with increased height for two reasons. First, column plas-
tic rotation capacities decrease as column axial stresses increase
because of higher compression (gravity) loads in the columns of
taller buildings. Second, the taller frames are more susceptible to
P-A effects because they are designed with smaller base shear-
strength ratios (V/W), which leads to the onset of a negative stiff-
ness at lower drift ratios. The roof drift capacity is a less transparent
index because the roof drift capacity is based on the drift capacity
of each individual story as well as the number of stories that are
involved in the collapse mechanism.

Influence of Design Parameters on Collapse Safety

Influence of Building Height

Fig. 7 illustrates the relationship between building height and col-
lapse safety for the standard perimeter and space-frame designs.
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Fig. 7. Collapse risk as a function of building height and frame type

These results suggest that midrise (8—12 stories) and low-rise
(1 story) buildings have slightly higher collapse risk compared
with buildings of other heights because of the minimum base
shear requirement resulting in increased safety for taller buildings
as well as the slightly smaller deformation capacities of 1-story
buildings. However, these differences in collapse risk are small
relative to the variations that will be observed in the following
for ASCE 7-05 designs with lower base shear strengths and for
older nonductile RC frames in a companion paper (Liel et al. 2011).

Influence of Space versus Perimeter-Framing Systems

Comparisons of space- and perimeter-frame systems indicate that
the perimeter frames have a higher collapse risk than space frames.
As observed from static pushover analysis results shown in Fig. 8,
space frames have higher static overstrength (£2) than perimeter
frames, in which overstrength is defined by the ratio of ultimate
strength from pushover analysis to the design strength. On average,
space frames have an overstrength 2.5 times higher than that of
perimeter frames for low-rise buildings and 1.2 times higher for
the 12- to 20-story buildings. This difference occurs mainly be-
cause the beams in space frames are designed for proportionally
more gravity load (relative to lateral load effects), which indirectly
increases the lateral strength of the building. Space-frame structures
also have higher deformation capacity because of proportionally
smaller P-A effects for space-frame buildings. The roof drift capac-
ity (from nonlinear dynamic analyses) is 10% to 20% higher for
space-frame buildings (Fig. 6). Fig. 8 shows that the initial stiffness
of the space and perimeter frame building is similar, which results
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Fig. 8. Normalized static pushover results for eight-story perimeter
(ID 1011) and space (ID 1012) frames
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from both building designs being designed up to the drift limits of
ASCE 7-05.

Consequently, space frames have a higher level of collapse
safety than perimeter frames. On average, margins against collapse
and mean annual frequencies of collapse are 1.1-1.3 times higher
and 1.3-2.2 times lower for space-frame buildings, respectively.
For the example, for a pair of 8-story buildings (ID 1012 versus
ID 1011), the P(C|Sa,/s9) is 9% for the space-frame building
versus 19% for the perimeter-frame building. These variations in
collapse risk between the two frame types are related to differences
in overstrength and deformation capacity.

Influence of Storywise Variations in Strength and
Stiffness

The distribution of strength and stiffness over the height of the
building affects the degree of damage concentration in the struc-
ture, which has implications for both static overstrength and
dynamic collapse resistance. This study looks at two variations in
strength and stiffness distribution relative to a conventional baseline
design: (1) a “uniform” design in which element size and reinforce-
ment are kept constant over the full building height, and (2) a
strength-irregular design [i.e., the weak-story (WS) designs in
Table 1]. The strength-irregular designs are based on the ASCE
7-02 definition of either (1) a “weak-story irregularity,” in which
the story lateral strength is less than 80% of the story above; or
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(2) an “extreme weak-story irregularity,” in which the story lateral
strength is less than 65% of the story above. The lower (weak)
stories of the WS designs are designed to meet code strength
requirements, and the upper stories are strengthened such that the
ratio between the strength of the weak and strengthened stories is
80 or 65%. The “weak” stories occur in the first story only (WS-1)
or in the first and second stories (WS-2), as noted in Table 1.

The resulting static overstrength (£2) and collapse margin values
from Table 1 are graphed in Fig. 9. In Fig. 9(a), in all cases the
design variations resulted in larger static overstrengths than the base
case, with overstrength values of up to 43% larger for the WS-1
(65%) designs. As shown in Fig. 9(b), the effect of the strength-
irregular and uniform member size design variants had a more
variable effect on the collapse margins relative to the baseline
designs. In all cases, the designs with the uniform member sizes
had collapse margins equal to or larger (by up to 15%) than that
of the base case. For strength-irregular buildings with weak first
stories only (WS-1), the collapse margins are larger than that of
the baseline case (by up to 20%). For strength-irregular buildings
with weak first and second stories (WS-2), the collapse margins
decreased (by up to —15%).

Because the 1-story strength-irregular designs performed better
than the baseline designs, one may surmise that the strength-
irregularities did not change the collapse mechanism. However,
the strength-irregular designs exhibit better performance in
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Fig. 9. Influence of strength-irregular design variants on (a) static overstrength and (b) collapse margin

(a) Baseline
[86% stories 1-2]
[9% story 1]
[5% other]

(b) WS-1(80)
[51% stories 1-2]
[49% story 1]

(c) WS-1(65)
[100% story 1]

Fig. 10. Primary collapse mechanisms for 12-story buildings, including (a) baseline building (ID 1014) and two strength-irregular buildings:
(b) WS-1 (80) (ID 2068) and (c) WS-1 (65) (ID 2067); the number below the figure indicates the likelihood of each collapse mechanism occurring

for the 39 pairs of earthquake ground motions
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spite of experiencing a higher percentage of first-story collapse
mechanisms, as illustrated in Fig. 10. In the baseline design
[Fig. 10(a)], the collapse mechanism typically involves the first
and second stories (for 86% of ground motions). For the
strength-irregular structures with relatively weaker first stories,
the collapse mechanism is more likely to occur in the first story.
Even so, the collapse capacity is higher for this strength-irregular
design, presumably because of the increased overstrength in upper
stories, and there is also considerable inelastic energy dissipation in
other stories of the building before the collapse. These are the fully
developed collapse mechanisms, which tend to exaggerate the
deformations in the critical first story.

Effects of Bay Spacing and Foundation Fixity
Assumptions

As indicated in Table 1, increasing the bay spacing from 20- to
30-ft spans in the 4- and 12-story designs increased the static
overstrengths by 12-22% and increased the collapse margins by
23-33%. Thus, the differences in span lengths and associated
design changes can significantly affect the collapse safety largely
because of the interrelationships between design parameters. For
RC SMFs, we observed that changes in column spacing can affect
the joint shear capacity design requirement, which in turn may
necessitate larger column sizes. When this occurs, the larger col-
umns tend to reduce the column axial stresses, thereby increasing
plastic rotation capacities and collapse performance.

Similarly, the design foundation fixity assumptions can lead to
changes in the first-story column sizes, which can affect collapse
capacity. As indicated in Table 1, the change from a standard grade-
beam condition to a fixed or pinned base condition can lead to var-
iations of up to 25% for static overstrength and 16% for collapse
margins for the 1- to 2-story buildings. The increased column size
associated with the pinned base assumption tends to increase the
assessed collapse performance, whereas the fixed base assumption
has the opposite effect.

Impacts of Possible Changes to Seismic Design
Requirements on Collapse Safety

Historically, the development of seismic design requirements in
building codes have been based on experience from past earth-
quakes and on engineering judgment. The findings presented here
suggest that direct collapse modeling and performance-based earth-
quake engineering methods are now mature enough to deliver rea-
sonable estimates of collapse risk and that such estimates can be
used to inform important code and policy decisions. This section
illustrates how performance-based collapse assessment can be used
to inform decisions about building code provisions. Specifically,
the impact of two altered seismic design requirements are evalu-
ated: (1) a reduced minimum base shear requirement included in
ASCE 7-05 and (2) the SCWB design criteria in ACI 318.

Reduced Minimum Base Shear Requirement, as in
ASCE 7-05

The results presented thus far indicate that collapse risk is fairly
uniform for buildings with height ranging from 1 to 20 stories
at high-seismic sites. These buildings were designed by the
2002 edition of the ASCE 7 provisions, which includes a minimum
design base shear coefficient (C;) requirement of 0.044 g, based
on the site hazard used in this study. This minimum base shear
requirement controls the design of longer-period buildings (i.e.,
the 12- and 20-story buildings), such that the requirement increases
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Fig. 11. Effective R-factor for RC SMFs designed at this high-seismic
site (57 = 0.599 g) according to the base shear requirements of ASCE
7-02 and ASCE 7-05

the strength of the building relative to the design ground motion
intensity.

The minimum base shear requirement was reduced in the 2005
edition of ASCE 7 for sites with S} < 0.6 g, leading to a significant
decrease in the design base shear for taller buildings. Fig. 11 more
generally illustrates this modification to the minimum base shear
requirement by showing an effective design R-factor for the build-
ings investigated in this study. This effective design R-factor is
defined as SpI/C,T for buildings in the velocity domain (i.e.,
Tg < T < Ty), and this value differs from the code-defined design
R-factor when the minimum base shear requirement controls the
value of C;. This shows that the minimum base shear requirement
in ASCE 7-02 effectively introduces period dependency in the de-
sign R-factor. These differences in the minimum design base shear
can result in large changes to building design strength; for example,
the design base shear coefficient of a 20-story building designed
for §; =0.599 g is C; = 0.044 g using ASCE 7-02 and is only
C, = 0.022 g using ASCE 7-05.

To examine the impacts of the minimum base shear requirement
on seismic collapse, we redesigned the 12- and 20-story buildings
according to ASCE 7-05 criteria with the reduced minimum base
shear limit. The findings presented in Table 2 and Fig. 12 indicate
that the ASCE 7-05 20-story perimeter-frame building has a condi-
tional probability of collapse that is four times larger and a mean
annual frequency of collapse that is 11 times larger than that of the
same ASCE 7-02 design. The 12-story building collapse probabil-
ities are also affected but to a lesser degree (the similar results for
the 12-story space frames are just an oddity caused by design
decisions). The reduced lateral strength of the ASCE 7-05 designs
also introduces a trend, whereby collapse risk increases with build-
ing height and leads to collapse mechanisms involving fewer sto-
ries. These results show that the ASCE 7-02 shear requirement is
critical for ensuring relatively consistent collapse risk over height
for flexible frame structures. Eliminating this requirement in the
ASCE 7-05 provisions makes taller frame buildings significantly
more vulnerable to collapse.

This observed increase in collapse risk for tall buildings with
insufficient lateral design strength is consistent with findings from
other researchers (e.g., Krawinkler and Zareian 2007; Krawinkler
and Ibarra 2003). For frame buildings, a reduction in lateral design
strength leads to more localization of damage in fewer stories of the
building because of the P-A effects. This damage localization
reduces the inelastic deformation capacity of the building, which
results in a lower building collapse capacity. Krawinkler and
Zareian (2007) have found that these localization effects are more
pronounced in frame buildings than in flexurally dominated shear
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Table 2. Comparison of Collapse Predictions for Buildings Designed according to ASCE 7-02 and ASCE 7-05

Height/design Period and collapse risk predictions
Perimeter or Governing Design base Margin against
Number space-frame design shear coefficient First-mode period 2% in 50-year
Design ID of stories system provision (Cy) (2) (T)) s motion P[C|Say 5] Aeot[1074]
1013 12 P ASCE 7-02 0.044 2.01 1.84 0.16 52
5013 ASCE 7-05 0.035 2.40 1.29 0.35 16.9
1014 S ASCE 7-02 0.044 2.14 1.91 0.15 4.7
5014 ASCE 7-05 0.035 2.18 1.85 0.16 4.9
1020 20 P ASCE 7-02 0.044 2.63 2.00 0.13 3.7
5020 ASCE 7-05 0.022 3.77 0.95 0.53 40.7
1021 S ASCE 7-02 0.044 2.36 2.50 0.08 2.0
5021 ASCE 7-05 0.022 3.45 1.43 0.27 9.2
@ Spaco Frames . ASOET .02 To quantify the effects of the SCWB ratio, we designed two
@~ Space Frames - ASCE7-05 additional sets of 4-story space frames and 12-story perimeter
- _:_EZ:EZ:Z: o e o frames (all designed otherwise according to ASCE 7-02). SCWB
Y S ratios were assumed to vary from the current standard for RC SMFs
3 of 1.2 (ACI 2002) to a maximum of 3.0. In addition, values of the
g SCWB ratio smaller than the current requirement were evaluated.
S The minimum SCWB ratio considered corresponds to the ratio at
8 0.2 which the majority of column designs were governed by flexural
a strength requirements rather than adjacent beam strength. This limit
occurred at an SCWB ratio of 0.4 and 0.9 for the 4- and 12-story
buildings, respectively.

Number of Stories

Fig. 12. Effect of minimum base shear requirements on P(C|Sa,s0)

wall buildings. Strength demands for taller buildings of various
types as well as the governing failure modes should be more thor-
oughly investigated.

These findings have important implications for the design of tall
frame buildings and suggest that achieving uniform collapse safety
for buildings of different heights requires that taller frames be de-
signed with relatively more strength (compared with shorter build-
ings). ASCE 7-02 provisions provided this additional strength
through the minimum base shear requirement (C; = 0.044Sp10),
which effectively reduces the design strength reduction factor
for taller buildings. These research findings were made available
to the ASCE 7 Seismic Committee, who subsequently passed a
special amendment to ASCE 7-05 (Supplement No. 2), which
reinstated the older minimum base shear requirement from ASCE
7-02 (ASCE 7-02, Eq. 9.5.5.2.1-3). This minimum base shear
requirement solved the safety problem for taller frame buildings,
but this is not the only viable approach; for example, a period-
dependent R-factor could have been created, more stringent strong-
column requirements could have been used for taller buildings, or
other similar approaches could have been pursued.

Effect of Strong-Column Weak-Beam Design
Requirements

This section examines the relationship between the minimum
column-to-beam strength ratio, as required in ACI-318 and com-
parable design provisions, and the assessed collapse capacity.
Increasing the required strong-column weak-beam (SCWB) ratio
delays column hinging, thereby increasing both (1) the number
of stories involved in the collapse mechanism and (2) the inelastic
deformation capacity of the entire frame.

The assessed conditional collapse probabilities for these 4- and
12-story frames are summarized in Fig. 13. These results show that
the SCWB ratio has a dramatic impact on the collapse capacity of
the 4-story building up to a ratio of approximately 1.0, beyond
which additional increases do not significantly improve collapse
performance. Whether coincidence or by design, this data suggest
that the current ACI 318 SCWB ratio of 1.2 is appropriate for low-
rise buildings. In contrast, the collapse capacity of the 12-story
building consistently improves for all increases in the SCWB ratio.

Physically, increasing the SCWB ratio implies that the resulting
building design has stronger columns, spreading damage over more
stories of the building and improving the collapse capacity of the
structure. Fig. 14 illustrates the dominant collapse mechanisms for
the four-story buildings. As the SCWB ratio increases, the collapse
mechanism involves a larger number of stories, distributing dam-
age. An SCWB ratio of 2.0 is sufficient to form an ideal collapse
mechanism involving all stories of the building. Further increases
in the SCWB ratio do not change the collapse mechanism and, ac-
cordingly, do not significantly increase the assessed collapse safety.

0.4

4-story space :

P[Collapse|Sa,,,]

0 1 2 3
Design Strong-Column Weak-Beam Ratio

Fig. 13. Effect of SCWB ratio on P(C|Sa,/s5)) for sets of 4- and
12-story RC SMF
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Fig. 14. Dominant collapse mechanisms for 4-story space frames with various SCWB ratios
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Fig. 15. Predominant collapse mechanisms for 12-story perimeter frames with various SCWB ratios

The 12-story buildings illustrated in Fig. 15 show a similar trend
with SCWB ratio except that the benefit does not saturate even up
to an SCWB ratio of 3.0. It is expected that increasing the SCWB
ratio would continue to improve the collapse resistance of the
structure, as more stories are engaged in the sidesway collapse
mechanism.

The results shown in Figs. 14 and 15 illustrate that the current
SCWB capacity design requirements in the ACI provisions (i.e.,
SCWB = 1.2) do not result in a collapse mechanism that involves
all stories of the building. Even so, the SCWB ratio of 1.2 may be
roughly appropriate for the 4-story example on the basis of the
observation that the larger SCWB values do increase the number
of stories involved in the final collapse mechanism but do not sub-
stantially increase the collapse capacity. In stark contrast, the taller
12-story building has a much different behavior and illustrates
(1) the important role of strong columns for distributing damage
throughout the height of tall buildings and (2) that significant ben-
efits in collapse performance could be gained by increasing the
minimum SCWB ratio to up to 3.0 and perhaps even larger. This
finding is consistent with many previous studies on this topic (e.g.,
Ibarra et al. 2005; Park and Paulay 1975). On the basis of these
observations, design provisions could be modified to develop a
building height-dependent SCWB requirement to achieve more
consistent risk levels. It may also be beneficial to vary the required
SCWB ratio over the height of the building, with larger ratios in
the lower stories of the building where the collapse mechanism
is forming under the largest P-A effects. A more complete analyti-
cal study, including more buildings of various heights, would be
useful to better investigate these possible modifications to design
requirements.

Summary of Major Findings

Collapse safety predictions were presented for a set of 30
representative RC SMF buildings designed according to ASCE
7-02 (ASCE 2002), with heights ranging from 1 to 20 stories. This
assessment found that the probability of collapse (conditioned on
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occurrence of a ground motion with spectral intensity exceeded
with 2% likelihood in 50 years) ranged from 3 to 20% with an
average of 11%. The predicted mean annual frequency of col-
lapse varies from 0.7 x 107 to 7.0 x 10* with an average of
3.1 x 10~* collapses per year, depending on the building consid-
ered. Among the buildings considered, collapse risk is relatively
consistent over building height, and perimeter-frame structures tend
to be more vulnerable than space-frame structures.

Studies of strength-irregular design variations that involved
overdesign of upper story members to create story strength irregu-
larities in the first and second stories indicate that when limiting
story strength irregularities to the maximum values permissible
by ASCE 7-02, the benefits of increased strength in the upper sto-
ries tend to offset the negative effects of localized damage in the
lower stories.

This paper further examines the use of direct collapse simulation
to quantify the effects that modifications to seismic design require-
ments would have on collapse safety. Comparative studies of
12- and 20-story buildings demonstrate that the reduction of the
minimum base shear requirements between the 2002 and 2005
editions of the ASCE-7 provisions dramatically increased the col-
lapse risk in tall (long-period) buildings. This increased risk corre-
sponds to an increase in the mean annual frequency of collapse by
more than an order of magnitude (a factor of 11). As a result of this
study, the ASCE 7 Seismic Committee has reinstated the minimum
base shear requirements into the 2005 edition. It would be useful to
extend this effort to systematically investigate strength demands for
buildings with other types of structural systems and failure modes.
Such additional studies could be used to determine the lateral
design strengths required for consistent collapse safety between
buildings of various structural systems and heights.

The study also investigated the influence of SCWB require-
ments on the collapse safety of buildings of different heights. Com-
parative studies of 4- and 12-story buildings demonstrate that
the current requirements of ACI-318 that column flexural strength
exceed beam flexural strength by a factor of 1.2 is reasonable to
control collapse safety in low-rise buildings. On the other hand,
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it may be possible to achieve significant reductions in collapse risk
of taller buildings by increasing the SCWB ratio, thereby engaging
more stories in the collapse mechanism. A more complete study of
ACI 318 SCWB requirements would be useful to improve under-
standing of how such provisions affect collapse safety by investi-
gating a larger number of buildings of various heights, the effect of
a story-dependent SCWB ratio, and the costs and benefits associ-
ated with each alternative.

The collapse evaluations presented in this paper include a
variety of approximations, such as characterizing future ground
motions that we have never experienced to date and which are
intense enough to collapse a modern building (the current state-
of-the-art methods are entirely approximate), identifying repre-
sentative structural configurations for modern RC frames, and
developing analytical models that are simplifications of the true
behavior (e.g., models used do not capture axial-flexural interaction
effects). For perimeter-frame buildings, both the beneficial effects
of the slab system (added strength and stiffness) and the possible
detrimental effects (possible vertical collapse of the slab) are not
accounted for. In the future, experimental data are needed where
slab-column connections with modern detailing are tested to large
levels of deformation to verify that damage at the slab-column con-
nections will not result in loss of vertical load-carrying ability. The
large uncertainties in ground motion characterization and structural
collapse modeling result in a relatively high level of uncertainty in
the (absolute) measures of collapse risk reported in this study. Even
so, relative comparisons of collapse risk (e.g., the impacts of the
minimum base shear requirement) are still useful for understanding
seismic safety and for improving our structural design methods.

Overall, the studies presented in this paper demonstrate the
capabilities of nonlinear dynamic analysis to assess collapse and
the important role that such assessments can play in establishing
and refining building code requirements to provide more consistent
building safety. Moreover, quantitative risk-based measures of col-
lapse safety offer opportunities to engage public officials and other
stakeholders in setting policies and standards for seismic design.
A further application of these collapse safety assessments to assist
in crafting policy development for nonductile reinforced concrete
buildings is presented in a companion paper by Liel et al. (2011).
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