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Abstract
It is commonly accepted that structural configuration
irregularities can affect seismic performance. Therefore U.S.
codes and standards, such as ASCE/SEI 7, ASCE/SEI 41, ACI
318, and AISC 341, contain requirements related to structural
configuration, which tie prohibitions, analysis requirements,
and design requirements to various triggers. The Applied
Technology Council has undertaken the ATC-123 project
(performed by academics and practitioners), with support by
the Federal Emergency Management Agency, to evaluate
quantitatively current code triggers, the significance of
structural irregularities (in terms of collapse probability), and
the effectiveness of related code provisions.
With an eye to irregularities that have detrimentally affected
structural performance in past earthquakes and current trends,
the project is investigating 11 classes of structural

configuration irregularities identified in current U.S. codes and
standards (torsional stiffness, reentrant corner, diaphragm
discontinuity, out-of-plane offset, nonparallel system,
torsional strength, soft story, weight [mass], vertical
geometric, in-plane discontinuity, weak story, and weakcolumn/strong-beam) and two new classes of irregularity
(gravity-induced lateral demand and wall discontinuities).
Treatment of these irregularities by the project ranges from
explicit quantitative collapse evaluation (using the FEMA P695 methodology) to a general discussion of the most critical
issues.
The structural systems presently addressed include moment
frames (both steel and reinforced concrete), reinforced
concrete shear walls, and vertical and horizontal combinations
thereof. This paper presents initial findings of the project.
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Background
Irregularities are a common occurrence in buildings in the
United States. Some of these irregularities are defined in
existing standards, such as ASCE/SEI 7-10, Minimum Design
Loads for Buildings and Other Structures, ASCE/SEI 41,
Seismic Evaluation and Retrofit of Existing Buildings, ACI
318-14, Building Code Requirements for Structural Concrete,
and ANSI/AISC 341-10, Seismic Provisions for Structural
Steel Buildings. Table 1 lists these irregularities and their
treatment in current codes. (This paper uses the item numbers
that appear in Tables 12.3-1 and 12.3-2 of ASCE 7 with H or
V prepended to indicate class of irregularity—horizontal or
vertical.)

structural irregularities (in terms of collapse probability), and
the effectiveness of related code provisions.
As treated in the ATC-123 project, a structural irregularity is
defined as an aspect of configuration that detrimentally affects
a structure’s performance during an earthquake leading to an
unacceptable reduction in collapse safety or increase in
damage.
Generally there are three remedies for such
irregularities, as follows:
• remove the irregularity from the design.
• resolve the irregularity through the analysis approach.
• resolve the irregularity through a design approach (e.g.,
by changing the proportioning).
Project Approach

Although irregularities are known to influence seismic
performance, the triggers in the current design codes for
vertical and horizontal irregularities have not yet been
quantitatively evaluated. A preliminary outcome from a
Building Seismic Safety Council (BSSC) project on
Simplified Seismic Design Procedures indicates that torsional
irregularity triggers have been found to have little effect on the
collapse risk for Seismic Design Category (SDC) B buildings,
resulting in a code change proposal to eliminate the
requirement in areas of low seismic hazard (DeBock et al.,
2013). The need to systematically evaluate other irregularity
triggers and requirements in all Seismic Design Categories has
been identified as a highly important priority for conducting
further research activities in the NIST GCR 13-917-23 report,
Development of NIST Measurement Science R&D Roadmap:
Earthquake Risk Reduction in Buildings.

Phase I of the project included a review of the treatment of
configuration irregularities in codes and standards throughout
the world, including the codes used in Canada, Europe, New
Zealand, Japan, China, Mexico, Venezuela, Panama, and
Chile. Also reviewed was reported performance of irregular
buildings in past earthquakes—with particular focus on the
San Fernando, Loma Prieta, Northridge, Kobe, Christchurch,
and Maule events. The literature search also included review
of scores of prior studies of structural irregularities and related
metrics and triggers, and analytical methods to quantify or
assess such irregularities.

Introduction

In addition to the 10 irregularities addressed in ASCE 7
(identified as H1-H5 and V1-V5 in this project), ASCE 41
identifies a torsional strength irregularity, which is identified
as H6 in this project. U.S. design standards for concrete and
steel regulate moment frame proportioning to avoid weakcolumn/strong-beam systems to reduce the likelihood of the
premature formation of a story mechanism; that type of
configuration is identified as V6 in this project. In response to
recent architectural trends to include sloping columns in largescale construction, the National Building Code of Canada
triggers that configuration as a gravity-induced lateral demand
irregularity based on recent analytical studies (Dupuis et al.,
2014; NBCC, 2010); this project uses the designation V7.
Abrupt discontinuities along the height of shear walls have
caused failures in past earthquakes, and special design
considerations in those areas are warranted (Naeim et al.,
1990; NIST, 2014; Moehle, 2015); those conditions are
designated V8 in this project. Figures 1 and 2 illustrate all 14
irregularities identified in the ATC-123 project.

The Applied Technology Council has undertaken the ATC123 project (performed by academics and practitioners), with
support by the Federal Emergency Management Agency, to
improve the seismic design of buildings with configuration
irregularities. The three-year project seeks to evaluate
quantitatively current code triggers, the significance of

Sections 12.3.2 and 12.3.3 of ASCE 7 require classification of
structures as regular or irregular, based on quantitative
triggers, and set forth a series of requirements for irregular
structures, including the analysis used to proportion the
structure, design considerations for strength and stiffness,
forces used in detailing, and system prohibitions.

The tools for quantitative evaluation of the limits of vertical
irregularity triggers are available. In 2009, the Applied
Technology Council (ATC) completed development of the
FEMA P-695 report, Quantification of Building Seismic
Performance Factors, under the FEMA-funded ATC-63
project. During the conduct of that project and numerous
follow-on projects, the methodology set forth in the FEMA P695 report was used to calibrate design coefficients and factors
for seismic force-resisting systems documented in ASCE/SEI
7-10 against the quantitative collapse and overall risk
performance criteria for the life safety objective. However,
similar work has not yet been conducted for systems with
horizontal and vertical irregularities.
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Table 1. Treatment of Structural Irregularities in U.S. Codes and the ATC-123 Project
Structural Irregularities

Codified in

Treatment in
ATC-123

Systems for Study, # stories
RCMF
RCSW
RCMF+
SMF
RCSW
1,4,10
4,7
7

H1. Torsional (stiffness) irregularity
ASCE/SEI 7-16
Analysis
H2. Reentrant corner irregularity
ASCE/SEI 7-16
-H3. Diaphragm discontinuity
ASCE/SEI 7-16
-irregularity
H4. Out-of-plane offset irregularity
ASCE/SEI 7-16
Discussion
H5. Nonparallel system irregularity
ASCE/SEI 7-16
-H6.1 Torsional strength irregularity
ASCE/SEI 41-13 Analysis
1,4,10
4,7
7
V1. Soft story irregularity
ASCE/SEI 7-16
Analysis
4,8,12,20
8,12
7
V2. Weight (mass) irregularity
ASCE/SEI 7-16
Analysis
V3. Vertical geometric irregularity
ASCE/SEI 7-16
-V4. In-plane discontinuity …
ASCE/SEI 7-16
Discussion
irregularity
V5. Weak story irregularity
ASCE/SEI 7-16
Analysis
4,8,12,20
8,12
7
V6.1 Story mechanism:
ACI 318-14,
Analysis
4,8,12
weak-column/strong-beam
AISC 341-10
V7.1 Gravity-induced lateral demand
Analysis
V8.1 Wall discontinuity
Discussion
1
The designations “H6” and “V6”-“V8” are used in order to extend the ASCE/SEI 7-16 code designations to
additional irregularities addressed in the ATC-123 project.
The irregularity-related code requirements in ASCE 7 depend
on the Seismic Design Category to which a structure is
assigned, ranging from few requirements in SDC B to system
prohibitions in SDC E and F. Tables 2 and 3 summarize
quantitative triggers and code requirements, by SDC, for all
14 irregularities considered in this project.
From among the identified conditions the project team
identified the structural irregularities and configuration issues
that are most likely to lead to increased collapse potential.
Table 1 indicates how each irregularity is treated in the ATC123 project and, where analyses are to be performed,
identifies the seismic force-resisting systems (of various
heights) used for study.
Some irregularities (H2, H3, H4, V4, V8) and configuration
requirements (such as those for chords and collectors) reflect
load path issues that are strongly sensitive to the specific
structure, are usually associated with earthquake damage but
not collapse, and are not well suited to quantification across a
broad design space of archetypes. The project will include
discussion for types H4, V4, and V8.
As currently written, application of ASCE 7 Section 12.3.3.4
triggers global design remedies (amplification of collector
and connection forces for the entire structure) in response to
local configuration irregularities (such as items H2 and H3);

3,20

3,9,20
20

the project report will recommend improvements to this code
requirement.
Items H5 and V3 are not irregularities as defined in this
project as they are not generally associated with poor
structural performance.
Instead, they are codified as
“irregularities” since two-dimensional application of the
equivalent lateral force procedure may not adequately
characterize their response. The code remedy of requiring
three-dimensional dynamic analysis is considered sufficient,
so further study is not warranted.
Other configuration-related design issues, such as distributing
load in steel braced frame systems between tension and
compression members, are best addressed (as currently) in
the material standards. Such issues are outside the scope of
the ATC-123 project.
With a primary focus on assessing collapse, the project uses
the FEMA P-695 methodology to compare predicted
performance of buildings with and without various
irregularities. Based on those findings the project will
calibrate irregularity triggers against the performance criteria
adopted by the NEHRP Provisions (FEMA, 2015) and
ASCE/SEI 7 standard, and improve the relevant seismic
design requirements in the national standards and building
codes.
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Table 2. Code Requirements for Horizontal Structural Irregularities, by Seismic Design Category
Requirements

Quantitative trigger

Analysis
3-D analysis required
ELF prohibited
Consider orthogonal effects
Nonlinear analysis required
Design
Amplify accidental torsion
Assess drift at perimeter
Overstrength forces at
discontinuous elements
Detailing
Increase collector and
diaphragm connector forces
Other
Extreme prohibited

H1
H2
Torsional
Reentrant
(stiffness)
corner
Drift ratio
Projection
> 1.2
> 15% plan
[1.4, extreme]
dimension

H3
H4
Diaphragm
Out-of-plane
discontinuity offset
Opening area >
50%

B, C, D, E, F
D, E, F

B, C, D, E, F

H5
Nonparallel
system

H6
Torsional
strength
maxDCRi/
maxDCRj >
1.5

B, C, D, E, F
C, D, E, F

ASCE 41

ASCE 41

C, D, E, F
C, D, E, F
B, C, D, E, F

D, E, F

D, E, F

D, E, F

D, E, F

E, F

Table 3. Code Requirements for Vertical Structural Irregularities, by Seismic Design Category
Requirements

V1
Soft story

Quantitative trigger

Stiffness
Mass SFRS width
< 70%
> 150%
> 130%
story above
adjacent adjacent
[60%, extreme],
< 80%
3-stories above
[70%, extreme]

Analysis
ELF prohibited
Nonlinear analysis required
Design
Overstrength forces at
discontinuous elements
Detailing
Increase collector and
diaphragm connector forces
Other
Prohibited
Extreme prohibited
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D, E, F

V2
Weight
(mass)

D, E, F

V3
Vertical
geometric

V4
V5
In-plane Weak story

V6
Weakcolumn/
strongbeam
Strength
ΣMc/
< 80%
ΣMb
story above
< target
[65%, extreme] value

D, E, F
ASCE 41

ASCE 41

B, C, D,
E, F
D, E, F

E, F

E, F
D, E, F

V7
Gravityinduced
lateral
demand
QG/QV >
target
value

V8
Wall
discontinuity

Table 4. Parameters Varied in Detailed Analytical Studies
Parameter
Seismic Design Category
Seismic Force-Resisting System

Seismic Force-Resisting System quality
Building height
Analysis method used in design

Gravity load level
Degree of irregularity
Modeling and Analysis Approach
For the seven classes of irregularity to be addressed
analytically by the project (H1, H6, V1, V2, V5, V6, V7), it is
necessary to make appropriate selections of seismic forceresisting system (including quality: ordinary or special),
building height, ground motion intensity, analysis method
used in design, gravity load level, and degree of irregularity.
Table 1 shows the seismic force-resisting systems and
building heights used to study each irregularity. Table 4
outlines the other parameters varied in the detailed analytical
studies.
The detailed studies start with development of designs for
regular “baseline” buildings and continue with the
introduction of irregularities to the baseline buildings
separately (as opposed to designing real buildings with
multiple irregularities). This allows the development of a
broad design space across a wide range of the parameters of
interest, rather than a smaller set of anecdotal observations.
Systems. Baseline archetypes are designed using Special
seismic force-resisting systems for Seismic Design Category
D and Ordinary systems for Seismic Design Category B. The
final design space for the project will include reinforced
concrete moment frames, reinforced concrete shear walls, steel
moment frames, and some systems with a horizontal or
vertical combination of reinforced concrete moment frames
and reinforced concrete shear walls. Initial designs (without
configuration irregularities) are prepared in accordance with
all code requirements. Two sets of designs are prepared for
modified systems that have various degrees of irregularity—
one set complying with code requirements, and one set that
does not comply with irregularity-related code requirements.

Range
Bmax: SDS = 0.32, SD1 = 0.132
Dmax: SDS = 1.50, SD1 = 0.60
Reinforced Concrete Moment Frames (RCMF)
Reinforced Concrete Shear Walls (RCSW)
RCMF + RCSW
Steel Moment Frames (SMF)
Ordinary
Special
Low- to mid-rise for horizontal irregularities
Mid- to high-rise for vertical irregularities
Equivalent Lateral Force
Modal Response Spectrum
Nonlinear Response History (limited)
Low
High
Regular to highly irregular
This permits assessment of both the significance of the
irregularity to building performance and the effectiveness of
code remedies in producing desirable changes in performance.
Ground motions. Designs are completed for Seismic Design
Categories Dmax and Bmax, using general code-defined
spectra for Site Class C. FEMA P-695 nonlinear response
history analysis (NRHA), using the far-field record set, is tied
to those target spectra. Ground motions used for a limited
number of ASCE 7-16 Chapter 16 NRHA-based designs will
satisfy Chapter 16 rules and may be taken as subsets of the
FEMA P-695 data set or developed independently according
to the ASCE 7 rules.
Analysis methods. Designs are based on the results of modal
response spectrum (MRS) analysis, the equivalent lateral force
(ELF) procedure, or the nonlinear response history analysis
(NRHA) procedure. These variations permit assessment of
how analysis methods used in design may predict different
performance and how designs informed by different analysis
methods may actually perform differently.
Modeling strategy. For the overall design space matrix, the
project will develop detailed designs and corresponding highend models for a disperse subset of structures. To completely
populate the design space, additional models will be calibrated
or interpolated.
The FEMA P-695 method is used to assess collapse
probability for all designs. Table 5 shows the metrics that are
monitored in the detailed analytical studies. Collapse is the
primary metric of interest, but other data are retained for use
in this and future projects.
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Table 5. Metrics Monitored in Detailed Analytical Studies
Metric
Collapse
Story drift
Floor displacement
Residual drift

Story twist

Floor acceleration
Floor velocity
Ductility demand

Relevant force-demand parameters
(such as column axial load and moment)

Detail
Simulated (analytically)
Non-simulated (inferred from other metrics)
Maximum and average
for
Floor plate and framing lines
at
1/3 MCE, 2/3 MCE, MCE
Maximum and average
at
1/3 MCE, 2/3 MCE, MCE
Maximum and average
for
Multiple points
Maximum and average
at
1/3 MCE, 2/3 MCE, MCE
Maximum and average
at
1/3 MCE, 2/3 MCE, MCE

Initial Findings for 12-story Special RCMF
To illustrate the approach used across the entire design space
of the project, this section presents findings for a single family
of archetypes—12-story, special reinforced concrete moment
frames. Figure 3 shows dimensions for this perimeter
moment frame system. There are six bays of moment frame
on each side. The design and analysis are based on study of
three bays of that frame (as highlighted in the figure). Table 6
shows the design and analysis parameters for the baseline
archetype; the tabulated seismic weight, base shears, etc. are
tributary to that three-bay frame being analyzed. Similar
overall design documentation is provided in the project report
for each baseline archetype studied.
Table 7 shows the resulting frame design for the baseline
archetype, including framing member sizes and reinforcement
ratios and spacing. Also noted are drift ratios and joint
moment ratios. Column flexural strength for the baseline is
designed in accordance with Section 18.7.3.2 of ACI 318,
which requires a moment ratio greater than or equal to 1.2. As
is the case in practice, designing to satisfy the various code
requirements (including drift limits and joint shear strength),
using practical framing member sizes, and reasonable
repetition of sizes results in moment ratios that can exceed the
target noticeably.
Figure 4 shows the results of a pushover analysis using a
triangular force distribution. The static overstrength factor, Ω,
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(shear at yield divided by design shear demand) is 1.53.
Figure 5 shows the distribution of design story shears as well
as story strengths computed in two ways—nominal computed
by hand, and from the nonlinear analysis model.
Although this family of archetypes will also be used to study
V1 and V5 irregularities, this section focuses on initial
findings for V6 irregularities.
Irregularity type V6, weak-column/strong-beam, occurs where
the columns framing into a joint are not sufficiently stronger
than the beams, increasing the likelihood of inelastic action in
the columns. As noted in ACI 318 Section R18.7.3, “In the
worst case of weak columns, flexural yielding can occur at
both ends of all columns in a given story, resulting in a
column failure mechanism that can lead to collapse.”
Previous work studying the effects of weak-column/strongbeam conditions on building performance has shown that the
ratio of column to beam strength has a large impact on the
collapse safety of the building, and that the impact differs for
various building heights. Those earlier studies also find that it
is impractical to select a ratio that is guaranteed to preclude
formation of a story mechanism (Kuntz et al., 2003; Haselton
et al., 2011). Studies of steel moment frames produce similar
findings (FEMA, 2000). While it is not possible to select a
single ratio that completely precludes formation of a story
mechanism, the probability of collapse is strongly influenced
by the target moment ratio being enforced.

Table 6. Sample Design Documentation—Overall
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Table 7. Sample Design Documentation—Elements
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In order to assess the significance of the V6 irregularity and
test the sensitivity of collapse probability to the target moment
ratio, several revised designs were developed targeting
different moment ratios (0.5, 1.0, 1.5, and 2.0) at all stories.
Both the size and reinforcement of beams and columns were
subject to change, but the resulting designs still satisfy all
other code requirements (drift, joint shear, capacity for gravity
loads, etc.). Past studies have shown that mechanisms tend to
develop in one or more stories near the base of the building.
That observation led to testing a design with a novel
distribution of target moment ratio, tapering from large ratios
near the base to no enforcement of target moment ratio at the
top. Figure 6 shows the target moment ratios used in this
special case, which taper in zones that are one-quarter of the
building height. The moment ratios realized in the design
may exceed the target values due to other design and
construction constraints.

structures is 10%. The tapered design has a probability of
collapse of 8.4%, which is a modest improvement over the
baseline condition. However, as shown in Figure 12, the
tapered design is considerably more efficient than the baseline
design, achieving a lower probability of collapse while
employing less material.

Figure 7 shows the results of pushover analyses for all six
designs—baseline, four different constant target moment
ratios, and the tapered target moment ratio. Except for the
very large constant ratio design (2.0), all systems have a
similar static overstrength. The period-based ductility, µT,
increases with increasing target moment ratio. The response
of the tapered design appears to be slightly more robust than
that of the baseline.
Using the FEMA P-695 procedure, incremental dynamic
analyses are performed for each design using the far-field
record set. Figure 8 shows the maximum interstory drift ratios
for the baseline design subjected to each ground motion. The
MCE spectral acceleration at the design period (2.13s) is
0.42g. Figure 9 shows the mean story drift ratios for three
levels of shaking intensity—1/3MCE, 2/3MCE, and MCE—
for the baseline design. Figure 10 shows three representative
collapse mechanisms for the baseline design. Using a target
moment ratio of 1.2 (baseline, in accordance with current code
requirements) forces two to four stories to participate in the
response at collapse. The particular collapse mechanism (and
corresponding intensity) may differ for each ground motion.
Figure 11 shows the collapse probabilities conditioned on
occurrence of MCE shaking for various target moment ratios.
The exact ratio curve shows what can happen where the
design is (unrealistically) revised to produce moment ratios
that are exactly equal to the target ratio. As expected the
collapse probabilities are much greater for these less robust
systems. For both the exact ratio designs and the more
realistic target ratio designs, the probability of collapse
reduces for increasing target moment ratio. In this case the
baseline design, with a probability of collapse of 9.5%,
compares favorably with the “anticipated reliability
(maximum probability of failure) for earthquake” reported in
Table C1.3.1b of ASCE 7; that value for Risk Category II

Conclusions and Acknowledgements
The initial findings presented in the preceding section
illustrate the process employed for the various archetypes in
the overall project and the type of results that we hope to
obtain for the complete design space considered across several
system types and classes of irregularity.
The ATC-123 project is funded by the Federal Emergency
Management Agency.
Any opinions, ﬁndings, and
conclusions expressed in this paper are those of the authors
and do not necessarily reﬂect those of the funders.
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