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Abstract
Post-earthquake assessment procedures require component deformation limits to
identify locations for visual inspection and locations needing structural repair. This
study proposes a framework for defining component deformation limits for detailed
visual inspection and repair for earthquake-damaged concrete buildings. First, observa-
tions from cyclic tests of ductile concrete components (beams, columns, and walls)
suggested that the residual capacity (in terms of strength and deformation capacity) of
such components is likely uncompromised if the deformation at the initiation of lateral
strength loss (LSL) is not exceeded in prior loading histories. The results also revealed
that the deformation at the initiation of LSL typically corresponds to the onset of long-
itudinal bar buckling in ductile components. Furthermore, using experimental data,
multipliers are developed as fractions of ASCE/SEI 41 modeling parameters at lateral
failure (i.e. a or d) to predict deformation at initiation of LSL. Subsequently, a probabil-
istic approach is proposed for defining the component deformation limits, considering
uncertainty in both capacity and demand. Component deformation limits for detailed
visual inspection are defined such that there is a low probability (adopted as\10%) of
exceeding the deformation at the initiation of LSL. The component deformation limit
for repair is defined as the median deformation at the initiation of LSL (i.e. 50% prob-
ability of exceedance).
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Introduction

Current design codes and standards (e.g. ACI 318-19, 2019) for seismic design of rein-
forced concrete (RC) structures permit significant structural damage to pre-designated
structural components under design level earthquake (EQ) (DE) for non-essential build-
ings (Risk Category I, II, and III). Under such large events, components of the lateral
force-resisting system are expected to undergo flexural yielding and form plastic hinges. A
fundamental design strategy to achieve Life Safety performance objectives in non-essential
buildings is to ensure certain non-ductile actions (e.g. shear) remain essentially elastic
(capacity design) and that the plastic hinge regions of ductile components are detailed such
that they can undergo the inelastic seismic demands without significant strength
degradation.

Recent EQs (e.g. 2010 Maule in Chile and 2011 Christchurch in New Zealand) have
demonstrated that these modern seismic design principles can generally satisfy Life Safety
(LS) performance objectives. However, societal expectations have recently shifted from LS
to Functional Recovery performance objectives. This paradigm shift has been catalyzed
by the economic losses associated with the widespread closure and demolition of EQ-dam-
aged, code-compliant concrete buildings in recent EQs. For example, many of the multis-
tory buildings demolished after the 2011 Christchurch and 2016 Kaikoura EQs were
designed following modern building codes and standards. However, there is some debate
as to whether some of these buildings needed to be demolished, that is, repair was a viable
option (Marquis et al., 2017). Therefore, following a damaging EQ, the ability to evaluate
whether the residual (reserve) capacity of a damaged building satisfies a desired perfor-
mance objective in a future event is of paramount importance. If it is determined that the
desired post-EQ performance objective cannot be satisfied, the building may need to be
repaired to restore its structural characteristics. If the repair is not sufficient or viable, then
retrofit or demolition are options. This article does not address the topic of retrofit of
damaged buildings.

The assessment of the post-EQ residual capacity and repair of buildings has recently
gained significant attention globally due to the lack of comprehensive and efficient guide-
lines. For example, in the United States, the state-of-practice documents for evaluation of
EQ-damaged buildings are Federal Emergency Management Agency (FEMA) 306 and
307 (FEMA, 1998a, 1998b), which only include guidance for masonry and concrete wall
buildings. Furthermore, various studies (e.g. Moscoso et al., 2021) have highlighted the
limitations of these documents for assessing the residual capacity of concrete walls. These
limitations are primarily attributed to the lack of experimental data when these documents
were developed in the late 1990s. However, there has been a significant increase in the
number of component test programs reported in the literature in the last two decades,
which can be used to develop more comprehensive guidelines that could inhibit the eco-
nomic burdens associated with unwarranted long-term closure or demolition of buildings
as observed in Christchurch following the 2011 EQ.
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The data from those component test programs are being leveraged by the ongoing
Applied Technology Council (ATC)-145 project, Guide for Repair of Earthquake Damaged
Buildings to Achieve Future Resilience, which is funded the FEMA and managed by the
ATC. Figure 1 outlines a post-EQ assessment framework for EQ-damaged buildings under
development for the ATC-145. As shown in Figure 1, an analytical model of the damaged
building subjected to ground motions recorded at or near the site is used to identify if com-
ponent demands exceed a detailed visual inspection limit. In this study, the detailed visual
inspection limit is defined to correspond to a post-EQ state beyond which some degree of
component structural damage is expected, and an immediate damage inspection is required
to certify that the building is safe for occupancy. For components requiring detailed visual
inspection, component damage classification is carried out using a combination of visual
damage inspection, calculated repair limit, and a low-cycle fatigue check. Component
damage class can either be no damage, no safety-critical damage, or safety-critical damage.
The visual damage inspection entails classifying the observed damage into the component
damage class using a database of photos from experimental test programs. Visual damage
inspection is outside the scope of this article. The repair limit is defined to correspond to
post-EQ state beyond which safety repairs of damaged components are needed in order to
restore the strength and deformation capacity of the components. The low-cycle fatigue
check is used to determine whether the capacity of the longitudinal reinforcement is mate-
rially compromised. For the sake of brevity, further discussions on low-cycle fatigue check
of reinforcement are not provided herein; however, interested readers are referred to
Elwood et al. (2021), where information on this check is provided.

To aid the development of a post-EQ assessment framework, this study proposes a
framework for defining component deformation limits for detailed visual inspection and
structural repair of damaged components. As the first step, test data are reviewed to under-
stand the impact of displacement history on the residual capacity of concrete components
and to define component deformation limits beyond which: (a) the number of loading
cycles begins to influence the strength and deformation capacity of the component and (b)
the prior loading history begins to influence the residual capacity (in terms of strength and
deformation capacity) of the component for subsequent loading events. This component

Figure 1. Post-earthquake assessment framework under development in the ATC-145 project.
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deformation limit was found to correspond to the initiation of lateral strength loss (LSL).
Subsequently, using test data from ductile concrete beams, columns, and walls, a probabil-
istic methodology was developed to define component deformation limits for detailed
visual inspection and repair. For convenience and practical purposes, these limits are
provided as fractions of modeling parameters contained in ASCE/SEI 41, rather than
developing new models. Finally, although the applicability of the proposed framework is
demonstrated for ductile beams, columns, and walls, the methodology could be applied to
other concrete components and components of other materials (e.g. steel components).
Such components are, however, outside the scope of this study.

Impact of loading history on component residual capacity

Influence of prior number of cycles

For post-EQ residual capacity assessment, it is important to understand the effect of the
cyclic loading history imposed on concrete components on the performance of these com-
ponents in future EQ events. This section reviews experimental results from nominally
identical components tested under a varying number of cycles at each peak deformation/
load demand to evaluate the effect of loading history.

Kawashima and Koyama (1988) tested three nominally identical, flexure-controlled col-
umns with an aspect ratio of 5.4 subjected to different numbers of cycles at each drift
demand to assess the influence of the number of cycles on damage progression and hys-
teretic response of RC columns. Figure 2 shows the damage accumulation history for two
nominally identical columns subjected to 3 and 10 repeated cycles at each drift demand.
This figure indicates that the influence of the number of cycles per drift level (Ncyc) on the
component damage level only became significant when the drift demand exceeded 2.1%
(corresponding to a ductility demand of 4). Prior to reaching this ductility demand, the
damage progression of both specimens was similar irrespective of the number of repeated
cycles at each drift level. As indicated in Figure 2 with the red dashed line, this 2.1% drift
demand corresponds to the initiation of LSL. As shown in Figure 2, the adopted defini-
tion of the point of initiation of LSL throughout this article is the point beyond which a
lower peak strength corresponds to the subsequent larger peak deformation demand. It is
should be noted that this point is different from the 20% LSL typically adopted in defin-
ing the ultimate deformation capacity of components. Similar conclusions were reached
when examining the results from another set of tests reported by the same authors on
flexure-controlled columns with an aspect ratio of 3.8 (with similar transverse reinforce-
ment detailing as the specimens with an aspect ratio of 5.4).

Similar results have also been observed for RC structural walls. For example, Oesterle
et al., (1979) tested two identical flexure-shear-controlled walls with barbell-shaped cross-
sections under two different reversed cyclic loading protocols to investigate the significance
of loading history on the behavior of the walls, as shown in Figure 3. As can be noted, one
reversed cycle at a rotational ductility of five (i.e. roughly drift at the initiation of LSL)
resulted in response of Wall B9 being comparable to that of Wall B7, which had sustained
three complete reversed cycles at ductility demands of 1 to 5. Thus, the authors concluded
that structural wall behavior under load reversals was not dependent on the entire previous
load history but instead was dependent on whether the wall was previously loaded to initia-
tion of LSL or not.

These limited experimental results suggest that the number of cycles applied prior to the
initiation of LSL may not have a significant influence on the damage progression and
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hysteretic response of a concrete component, provided that low-cycle fatigue limit state is
not triggered.

Influence of prior maximum deformation demands

Experimental results (Chiu et al., 2021; Colmenares and Santa Marı́a, 2021; Maeda et al.,
2017; Marder, 2018; Moscoso et al., 2021; Opabola and Elwood, 2023) are reviewed to

Figure 2. Influence of number of repeated cycles on damage progression history and hysteretic
response of nominally identical flexure-dominated columns.
Source. Kawashima and Koyama (1988).

Figure 3. Companion walls tested under different load protocols (Oesterle et al., 1979). (a) load-
displacement relation and (b) damage condition at end of test.
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understand the limit state at which demands from a past seismic event have compromised
the residual capacity of a component in future seismic events. Each test program includes
two or more tests on nominally identical components—one of which is subjected to a stan-
dard cyclic loading protocol (Figure 4a), and the other specimen(s) subjected to an initial
loading protocol (an EQ or a cyclic loading) prior to applying a standard cyclic loading
protocol (Figure 4b).

First, six nominally-identical ductile beam specimens reported by Marder et al. (2018)
were examined. The test specimens included: (1) Specimen CYC subjected to a quasi-static
standard cyclic protocol; (2) Specimen CYC-DYN subjected to a pseudo-dynamic stan-
dard cyclic protocol; (3) Specimen LD-1 subjected to an initial pseudo-dynamic long-dura-
tion displacement history (with a peak drift demand of 1.36%) is applied and followed by
a quasi-static standard cyclic protocol; (4) Specimen LD-2 subjected to an initial pseudo-
dynamic long-duration displacement history (with a peak drift demand of 2.17%) fol-
lowed by a quasi-static standard cyclic protocol; (5) Specimen P-1 subjected to an initial
pseudo-dynamic pulse-type displacement history (with a peak drift demand of 1.36%) fol-
lowed by a quasi-static standard cyclic protocol; (6) Specimen P-2 subjected to an initial
pseudo-dynamic pulse-type displacement history (with a peak drift demand of 2.17%) fol-
lowed by a quasi-static standard cyclic protocol. The measured drift at the initiation of
LSL for specimen CYC-DYN was 1.9%, which means that specimens LD-1 and P-1 were
subjected to an initial pseudo-dynamic loading protocol with a peak drift (1.36%) smaller
than the drift at the initiation of LSL from a nominally identical specimen subjected to a
standard cyclic protocol. On the other hand, specimens LD-2 and P-2 were subjected to
initial dynamic loading protocols with a peak drift (2.17%) larger than the drift at the
initiation of LSL from a nominally identical specimen subjected to a standard cyclic pro-
tocol. A summary of the test results is presented in Table 1. The force–displacement plots
of the beam specimens are presented in Figure 5. It is noted that Figure 5 presents only
the hysteretic behavior during the standard cyclic loading protocol of specimens LD-1,
LD-2, P-1, and P-2. The tests showed that the initial EQ protocol influenced the initial
stiffness of the damaged specimens (the residual displacements in the EQ-damaged speci-
mens are also noteworthy—see Figure 5e). This article focuses on the influence of initial
EQ protocol on residual strength and deformation capacity of components. Studies on the
influence of initial EQ protocol on the initial stiffness of the EQ-damaged frame compo-
nents are available in existing literature (Abdullah et al., 2020; Di Ludovico et al., 2013;
Marder, 2018; Opabola and Elwood, 2023).

(a) (b)

Figure 4. Typical loading protocol used to study the residual capacity of concrete components:
(a) standard cyclic loading protocol (b) standard cyclic loading protocol preceded by a prior loading
protocol or ground motion.
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As shown in Figure 5a and b, irrespective of the type of initial EQ protocol (i.e. long
duration or pulse-type), lower initial stiffness and residual displacement in the EQ-dam-
aged specimens LD-1 and P-1, the force–displacement plots of both specimens were simi-
lar to that of specimen CYC once the EQ-damaged LD-1 and P-1 were pushed to drifts
larger than 1.36%. Furthermore, the deformation capacities of CYC, LD-1, and P-1 were
similar (see Table 1). The similarities in the force–displacement plots of specimens CYC,
EQ-damaged LD-1, and P-1 at drift demands . 1.36% can be attributed to the fact that
LSL was not initiated during the initial EQ protocol (i.e. the peak drift demand of 1.36%
is less than the measured drift at LSL in specimen CYC – 1.9%).

These experimental observations also suggest that the hysteretic behavior of an EQ-
damaged component would be similar to that of a pristine nominally identical component
in a subsequent event at drift demands larger than the initial peak drift demand the EQ-
damaged component was subjected to during the initial EQ.

On the other hand, LSL was reached during the initial EQ protocol in specimens LD-2
and P-2, resulting in reduced residual capacity—as observed by the lower residual strength
and deformation capacity in EQ-damaged LD-2 and lower deformation capacity in EQ-
damaged P-2 (see Table 1 and Figure 5c and d). The difference in the force-displacement
response of EQ-damaged LD-2 and P-2 relative to specimen CYC is attributed to the fact
that the initial EQ-protocol on pristine LD-2 and P-2 did not initiate LSL.

It is noteworthy that similar conclusions have been reached in a system-level study on
two nominally identical frame structures subjected to different loading histories by Cecen
(1979). Cecen (1979) concluded that two nominally identical EQ-damaged frames, sub-
jected to different displacement histories, would have similar responses under a similar
subsequent ground motion provided that the intensities of all the preceding displacement
histories are not greater than that of the subsequent ground motion.

Results from tests on ductile beam specimens reported by Opabola and Elwood (2023)
and Chiu et al. (2021) led to conclusions similar to those by Marder et al. (2018). For the
sake of brevity, no detailed information of the experimental programs by Opabola and
Elwood (2023) and Chiu et al. (2021) is provided here.

Table 1. Summary of the Marder et al. (2018) tests on nominally identical ductile beam specimens

Specimen Loading protocol Peak drift demand
from initial earthquake
loading history (%)

Measured ultimate
deformation capacity
at 0.8Vmax

LD-1 EQ + Standard* 1.36 4.3
LD-2 EQ + Standard* 2.17 3.3
P-1 EQ + Standard** 1.36 4.9
P-2 EQ + Standard** 2.17 3.3

LD: long-duration; P: Pulse-type; EQ: earthquake.

The baseline nominally identical specimen subjected to a standard dynamic cyclic loading protocol (specimen CYC-

DYN) had a measured drift at initiation of lateral strength loss of 1.9%. The baseline nominally identical specimen

subjected to a standard quasi-static cyclic loading protocol (specimen CYC) had a measured drift at 20% drop in

lateral resistance (0.8Vmax) of 4.3%.
*Specimen subjected to an initial dynamic long-duration earthquake loading history followed by a standard quasi-static

cyclic loading protocol (see Figure 4).
**Specimen subjected to an initial dynamic pulse-type earthquake loading history followed by a standard quasi-static

cyclic loading protocol (see Figure 4).
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Similar to frame members, experimental results from studies on the residual (reserve)
capacity of RC walls are reviewed (i.e. tests involving the application of two sequential
loading protocols). It is important to note that although the results reviewed herein are
from tests on non-ductile (ordinary) flexure-controlled walls and shear-controlled walls,
the concepts and conclusions are equally applicable to flexure-controlled walls.

Colmenares and Santa Marı́a (2021) conducted an experimental program on four
flexure-controlled walls to understand the effect of number of cycles on the residual capac-
ity of typical Chilean RC walls with unconfined boundaries. The baseline wall was tested
under a standard cyclic loading protocol, while the other three walls were subjected to a
cyclic loading protocol with a constant amplitude at a target drift of ;1.0% prior to

Figure 5. Force–displacement plots of beam specimens tested by Marder et al. (2018). (a) CYC vs
EQ-damaged LD-1, (b) CYC vs EQ-damaged P-1, (c) CYC vs EQ-damaged LD-2, (d) CYC vs
EQ-damaged P-2, (e) Backbones of all six specimens (LD-1, LD-2, P-1, and P-2 are EQ-damaged).
EQ: earthquake.
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applying the standard cyclic protocol. The varied parameter between the three tests was
the number of cycles applied during the initial constant-amplitude protocol, which ranged
from 30 to 120 cycles. Since the target drift was smaller than the drift capacity of the base-
line wall at the initiation of LSL (roughly 2.0%), the number of cycles in the initial proto-
col did not have a noticeable effect on the strength and deformation capacity of the wall
tests.

Furthermore, Moscoso et al. (2021) conducted an experimental study on walls with
details similar to those tested by Colmenares and Santa Marı́a (2021), except that Moscoso
et al. (2021) used a standard cyclic loading protocol for the initial loading. Wall RW2 S2.5
was tested initially under a standard cyclic loading protocol with maximum drifts of
+ 1.76% and –1.57%, which were close to drift capacity at the initiation of LSL of a com-
panion specimen (RW1 S2.5) tested to failure under only a standard cyclic protocol. As a
result, during the subsequent standard cyclic protocol, RW2 S2.5 was able to sustain only
one additional cycle with a drift demand greater than the maximum drift reached during
the initial protocol. However, for the other two wall tests (RW4 S2.5 and RW6 S1.75),
since the maximum drift reached during the initial loading protocol was only about 50%
of drift at the initiation of LSL, no noticeable effect on the strength and deformation
capacity of the walls was observed.

The results above suggest that the behavior of an EQ-damaged component follows a
‘‘peak-oriented’’ assumption—that is, provided the drift at LSL of an EQ-damaged com-
ponent was not reached in any preceding displacement histories (and no low-cycle fatigue
issues), the residual capacity of the component is uncompromised.

Figure 6 is a graphical representation of the peak-oriented assumption using an arbi-
trary force-displacement plot for an arbitrary component that has been subjected to three
arbitrary cyclic events, with each event imposing larger a peak deformation demand than
the preceding one. Figure 6 shows that a damaged component will only be able to reach its
original peak strength if the original component was subjected to initial cyclic demands
lower than the drift capacity at the initiation of LSL (i.e. point 8). As shown in Figure 6,
ductility demand histories reduce the effective stiffness (taken as the slope of the first force-
displacement curve each event) of a damaged component (from K1 to K2 to K3), irrespec-
tive of whether the drift at the initiation of LSL is reached or not.

Figure 6. Peak-oriented reloading assumption.
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Proposed methodology for defining detailed visual inspection and
repair limits

A key component of a post-EQ assessment procedure is the ability to identify locations for
visual inspection (see Figure 1). In this procedure, the engineer would first develop an ana-
lytical model of the building and subject the model to ground motions recorded at or near
the site. The demands on the components obtained from the analytical model are then
compared with prescribed visual inspection limits to identify locations that may potentially
have sustained damage. It is important that these detailed visual inspection limits are devel-
oped to have a low likelihood of missing damaged components during inspection, thereby
warranting the need for these limits to be conservatively defined. In other words, it is better
to inspect more locations than required, rather than inspecting fewer locations than neces-
sary. As such, the detailed visual inspection limit is defined as the limit state beyond which
some degree of component structural damage is expected, and thus visual inspection is nec-
essary. The repair limit is defined as the limit state beyond which reduction in strength and
deformation capacity of the component is expected, and thus significant (typically invasive)
repair strategies are needed to restore the capacity of the structural components.

This section proposes a methodology for defining component deformation limits for
visual inspection and repair for EQ-damaged concrete buildings.

Defining deformation at the initiation of LSL (uLSL)

As previously concluded, provided that the low-cycle fatigue limit state is not triggered, the
influence of prior loading history on the residual capacity of ductile concrete components
becomes significant only once the deformation at the initiation of LSL (uLSL) is reached.
State-of-practice standards for seismic evaluation and retrofit, such as ASCE/SEI 41, pro-
vide formulations or tables for evaluating component deformation capacities, typically at
20% LSL and at axial failure (AF). In this article, the deformation at 20% LSL is referred
to as ‘‘lateral failure’’ or ‘‘LF.’’ ASCE/SEI 41 provides component deformation capacities
at LF in terms of either plastic hinge rotation (i.e. modeling parameter a) or total plastic
hinge rotation (i.e. modeling parameter d) (see Figure 7 for the definition of these modeling
parameters).

For structural walls, ASCE/SEI 41-17 (2017) nonlinear deformation-based modeling
parameters are given as plastic hinge rotations (i.e. Parameters a and b). However,
approved updates of these provisions (Abdullah and Wallace, 2021b) for ACI 369.1-23

Figure 7. Idealized backbone relations given in ASCE/SEI 41-17 (2017) and ACI 369.1-23 (2023).
(a) beam-column components and (b) walls.
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(2023) (which will be incorporated into the next ASCE/SEI 41) use total hinge rotation
capacities for the deformation-based modeling parameters of flexure-controlled walls
(Figure 7b), which include both the elastic and plastic deformations contributed by the
hinge region (Abdullah, 2019). For this study, these updated modeling parameters are
used for walls, as they represent the most accurate and up-to-date provisions and recom-
mendations for flexure-controlled walls.

There are currently no codified formulations (in ASCE/SEI 41-17 (2017) or other docu-
ments) for predicting uLSL of concrete components. In this study, rather than developing
new formulations for predicting uLSL, it was considered more efficient to adopt a simple
methodology of calibrating a multiplier, x, to be applied to the ASCE/SEI 41 deformation
capacity at LF (uLF) to obtain uLSL (see Figure 8a and Equation 1). If the ASCE/SEI 41
model for uLF is a reasonable estimate of mean deformation capacity at LF, then x will be
less than unity.

uLSL = x � uLF ð1Þ

Using information from collated databases of experimental tests (described later) on
concrete components (frame elements and walls), the statistical distribution (median and
dispersion) of multiplier x can be evaluated by fitting a distribution to the calculated ratio of
deformation capacity at LSL to deformation capacity at LF (see Figure 8b). The subsequent
section describes the methodology proposed to develop the detailed visual inspection and
repair limits, which are expressed as fractions of the ultimate component deformation limit.

Defining the detailed inspection limit

In this section, a general methodology is proposed for defining the detailed visual inspec-
tion limits (uIT) of structural components, which is defined such that there is a low likeli-
hood that a location of damage will be missed. A reliability analysis, where all relevant
sources of uncertainty are considered, is needed to accomplish this. For this study, a value
of p < 10% is recommended based on engineering judgment. In addition to considering
the uncertainty bLSL in predicting uLSL (see Figure 8b), uncertainties in demand estimates

(a) (b)

Figure 8. Definition of the ultimate component deformation limit (a) definition of deformation at LSL
and (b) cumulative probability distribution of the ratio of measured uLSL to ASCE/SEI 41 deformation
capacity at lateral failure (uLF). LSL: lateral strength loss.
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from ground motion (bgm) and modeling (bmodel) need to be incorporated. The adopted
approach in this study accounts for the fact that there could be a significant level of uncer-
tainties in the demand estimates for various reasons, that is, the proximity of the structure
to a ground motion recording station, availability and reliability of data obtained from
building instrumentation, knowledgeability of material and structural properties, and
complexity of adopted modeling techniques. For example, it is reasonable to assume that
bgm and bmodel would be low for instrumented buildings and high for non-instrumented
buildings. bgm would be low for a building with a ground motion station or a building
situated near a ground motion station. The argument for bmodel follows the assumption
that numerical models of instrumented buildings can be properly calibrated using data
obtained from the instrumentation. From a post-EQ assessment perspective, bmodel could
be further reduced if the engineer is able to improve their structural models using post-
event observations on the expected behavior and failure modes of the components.

The authors are unaware of available studies with recommended values for bgm and
bmodel for adoption in post-EQ probabilistic modeling and analysis. FEMA P-58 (FEMA,
2018) (in Table 5–2 of FEMA P-58) recommends values for bmodel depending on the qual-
ity and completeness of the analytical model, where bmodel values of 0.10, 0.25, and 0.40
are recommended for superior, average, and limited quality models. In this study, it is
assumed that the bmodel for instrumented and non-instrumented buildings would be in the
range of 0.10 to 0.40, respectively.

On the other hand, the record-to record variability values (bRTR) provided in Table 5–3
of FEMA P-58 are deemed too conservative for adoption as bgm because it is expected that
there would be a fair amount of available information from ground motion stations at or
near the building, and the post-EQ assessment would likely not involve analyses using a
suite of ground motion records. This study assumes that bgm ranges from zero for build-
ings with ground motion stations on-site to 0.70 for buildings without any ground motion
stations on a similar site class within approximately 50 km (Abrahamson, 2021).

In this study, it is assumed that the random variables representing the deformation para-
meters (demand and capacity) are statistically independent and lognormally distributed. In

Table 2. Distribution of key parameters in the frame component database

Parameter Statistical distribution

Beams Columns

Minimum Average Maximum Minimum Average Maximum

Aspect ratio (a/d) 1.7 3.1 4.8 2.3 4.4 7.5
Longitudinal reinforcement
ratio rL (%)

1.1 1.9 3.4 1.2 2.6 6.0

Transverse reinforcement
ratio rt (%)

0.2 0.75 1.6 0.35 1.0 3.0

Spacing of transverse bars to
effective depth (s/d)

0.13 0.25 0.47 0.14 0.25 0.5

Concrete compressive strength
(MPa) [ksi]

25
[3.6]

58
[8.4]

175
[25.4]

23.6
[3.4]

50
[7.25]

115
[16.7]

Yield strength of longitudinal
steel (MPa)

280
[40.6]

430
[62.4]

585
[84.8]

362
[52.5]

444
[64.4]

510
[74.0]

Axial load ratio N/Agf ’c - - - 0 0.25 0.5
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structural reliability terms, the limit state function for triggering the median ~uLSL can be
written as Equation 2, where ~uD is the median component deformation demand:

G = ln ~uLSL

� �
� ln ~uD

� �
ð2Þ

The reliability index Z, accounting for the uncertainties in capacity and demand, can be
computed as:

Z =
ln

~uLSL

~uD

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2

gm + b2
model + b2

LSL

q ð3Þ

The reliability index Z defines probability p of ~uD exceeding ~uLSL. The relationship
between Z and p is defined as:

p = F �Zð Þ ð4Þ

where F(.) is standard normal distribution function.

In this section, the limit state of interest is the detailed visual inspection limit, which is
activated when ~uD ø uIT. Replacing ~uD with uIT in Equation 3, uIT can be expressed as:

uIT =
~uLSL

eZ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2

gm + b2
model

+ b2
LSL

p ð5Þ

where 1/eZ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2

gm + b2
model

+ b2
LSL

p
is the multiplier with respect to the median value of ~uLSL and

defines the fraction of ~uLSL that uIT needs to be equal to, or to exceed, in order to trigger
the limit state of interest. As previously stated, uLSL can be defined as a fraction of the
deformation capacity at LF (uLF), that is, uLSL = x�uLF. Hence, uIT can also be expressed
as:

uIT =
~uLSL

eZ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2

gm + b2
model

+ b2
LSL

p =
1

eZ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2

gm + b2
model

+ b2
LSL

p � ~x � ~uLF = xIT
~uLF ð6Þ

As such, the detailed visual inspection limit multiplier xIT is defined using the probabil-
ity p of exceeding uLSL (defined in terms of a reliability index Z), considering various
sources of uncertainty. In Equation 6, bLSL and x are the only parameters influencing xIT
which are dependent on the component type.

Defining the repair limit

The purpose of the component repair limit is to identify structural damage that needs
safety-critical repair, which is defined as the deformation limit beyond which the lateral
strength and deformation capacity of the component is compromised, and that safety-
critical repair may be required to restore the structural characteristics of the component.
A component below repair limit is still likely to see repairs for durability, aesthetics, and
maybe serviceability.
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In addition, the repair limit is used to fine-tune the analytical model of the building to
accurately predict demands and damage, that is, to reconcile model results and observed
damage. Therefore, the repair limit should not be as conservatively defined, as was the
case for the detailed visual inspection limit, because the need for repair has to be con-
firmed through detailed visual inspection of the structural components by a professional
engineer. For this study, the proposed repair limit is defined as the median estimate of
uLSL. As is demonstrated later using experimental data, the repair limit typically corre-
sponds to the deformation at the initiation of longitudinal bar buckling in flexure-
controlled components.

Ductile frame components

Description of database

As part of this study, a database of cyclic tests on ductile beams and columns was collated,
where ductile components are defined as components where no brittle response was
observed, ratio of transverse reinforcement spacing to effective depth (s/d) is not greater
than 0.5, the shear capacity ratio (defined as the ratio of flexural strength to undegraded
shear strength as defined by Sezen and Moehle, 2004) of the component is less than 0.6,
and the transverse reinforcement is properly anchored with 135 degree hooks. This defini-
tion was adopted from ASCE/SEI 41-13 (2014). It is noted that all considered specimens
were subjected to significant drift demands beyond peak strength. Furthermore, only test
specimens with Ncyc of 2 to 4 were considered.

The collated frame component database consists of 48 beams and 61 columns. The dis-
tribution of key parameters is presented in Table 2. Four of the beam specimens have con-
crete compressive strength greater than 100 MPa (14.5ksi). These four data points were
not excluded from the database because it was of interest to extend the applicability of the
framework over a wide range of steel and concrete properties.

For each component in the database, four drift capacities were extracted from the mea-
sured force-displacement backbones, as the drift at:

1. Yield (Y): estimated by drawing a secant line from the origin passing through the
backbone curve of the first cycle at 70% of the maximum lateral load (Vmax) and
intersecting the horizontal line corresponding to Vmax.

2. LSL: estimated as the drift at which the components start suffering LSL.
3. LF: defined as drift corresponding to 0.8Vmax.
4. AF: defined as the drift where the author(s) reported a loss of initial axial capacity

or at which the lateral resistance has degraded to zero.

Furthermore, wherever reported, information on deformation demands at bar yielding,
concrete cover spalling, longitudinal bar buckling, longitudinal bar fracture, and trans-
verse bar fracture were collected. An example of a force-displacement curve with reported
damage states is presented in Figure 9. It is noted that P-delta effects were consistently cor-
rected for the backbones of the column specimens as described in Berry et al. (2004).

Damage states of test specimens

The reported damage states from the frame component database were reviewed to identify
the drift/rotation capacities at the initiation of LSL, which are used to propose detailed
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visual inspection and repair limits in the subsequent subsections. The typical damage
sequence includes the formation of horizontal flexural cracks (in some components,
diagonal-tension shear cracks are also observed), tensile yielding of longitudinal reinforce-
ment, delamination and spalling of concrete in the extreme compression fiber, buckling of
longitudinal reinforcement followed by fracture of longitudinal reinforcement with or
without unhooking of transverse reinforcement.

It was of interest to identify the component damage state that influences the initiation
of LSL in beam-column components. For the tests in the database, relevant information
on drift corresponding to the reported observed damage were collected, which indicated
that the drift at the initiation of LSL corresponds to the initiation of bar buckling (Figure
10). The ratio of measured drifts at the initiation of LSL to the drifts at the initiation of
bar buckling has a mean of 1.0 (with a coefficient of variation of 0.10) for beams and a
mean of 1.0 (with a coefficient of variation of 0.17) for columns. The high correlation
between drift at the initiation of LSL and drift at bar buckling can be explained by the fact
that bar buckling is associated with high localized strains, leading to high likelihood of
fracture in subsequent cycles.

The observation that drift at the initiation of LSL corresponds to drift at the initiation
of bar buckling further buttresses the choice of drift at the initiation of LSL as a threshold
beyond which the component capacity is compromised. For components that experience
bar buckling, it is expected that significant safety repair (typically in form of bar replace-
ment) would be required to restore the component capacity. Prior to the initiation of bar
buckling, only minor repair works related to concrete patching and epoxy injection may
be required.

The authors note there may be significant uncertainty in accurately identifying the
initiation of bar buckling (or kinking) by visual inspection, especially in cases where the
concrete cover has not spalled yet. This was one of the main reasons this study decided to
develop the proposed procedure around the deformation at LSL rather than bar buckling.

Figure 9. Example backbone curve and reported damage states for beam–column specimens in the
collated database.
Source. Marder et al. (2018).
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This approach also allowed this study to consider other test specimens where bar buckling
information was not reported.

Figure 11 presents the variation of measured drift at the initiation of LSL against the
ratio of transverse reinforcement spacing to bar diameter (s/db) for the beam tests and the
axial load ratio (N/Ag f’c) for the column tests. As shown in Figure 11b, there is a strong
correlation between the drifts at the initiation of LSL and N/Ag f’c.

Defining the component deformation limit for ductile frame components

The lateral failure of beam-column components in ACI 369.1-23 is defined by modeling
parameter a, which represents the plastic rotation capacity at 20% drop in lateral strength
from peak strength. Following the methodology outlined above, this section seeks to define
a multiplier x that needs to be applied to ACI 369.1-23 modeling parameter a for defining
the component deformation limit corresponding to LSL (uLSL) for beams and columns.

Figure 10. Comparison of measured drift at initiation of LSL to drift at the initiation of bar buckling for
beams and columns. LSL: lateral strength loss.

(a) (b)

Figure 11. Total rotation at LSL for all beams and columns in the database (a) beams and (b) columns.
LSL: lateral strength loss.
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ACI 369.1-23 modeling parameter a for beams and columns are presented in Equations 7
and 8, respectively.

a = 0:042� 0:043
N

Ag f 0c
+ 0:63rt � 0:023

Vy

Vo

for columns ð7Þ

where N is the axial load, Ag is the gross cross-sectional area, f’c is concrete strength, rt is
the transverse reinforcement ratio, Vy is the flexural yield strength, and Vo is the unde-
graded shear strength as provided in section 10.4.2.3.1 of ASCE/SEI 41-17.

a = 0:0055
M

Vd
+ 0:4rt

fyt

f 0c
� 0:008 for beams ð8Þ

where M/Vd is the shear span ratio, f’c is concrete strength, rt is the transverse reinforce-
ment ratio, and fyt is the yield strength of the transverse reinforcement.

Following the outlined methodology, the ratio of plastic rotation at the initiation of
LSL to the computed modeling parameter a was calculated for each beam–column com-
ponent. Figure 12 represents the distribution of the ratio of plastic rotation at LSL to the
computed a-value for beams and columns, respectively. For the beams, the median ratio
equals 0.75a with a logarithmic distribution of 0.46. For the column specimens, the med-
ian ratio equals 1.2a with a logarithmic distribution of 0.38. The larger multiplier for the
column specimens is attributed to the conservatism of modeling parameter a for ductile
columns (See Ghannoum and Matamoros, 2014). It is noted that the ASCE/SEI 41-17
(2017) modeling parameter a model was fitted to a wide range of conforming and non-
conforming column specimens with different failure modes (i.e. flexure, flexure-shear, and
shear). This model achieves a median estimate across all column specimens in the data-
base. However, this resulted in a bias for certain subset of columns (e.g. flexure-controlled
columns with s/d \ 0.4). For the entire column database, the median ratio of measured
plastic rotation at the initiation of LSL to the measured plastic rotation at LF is 0.74 with
a logarithmic dispersion of 0.3.

Figure 12. Cumulative distribution function for the ratio of measured plastic rotation at the initiation
of LSL to computed modeling parameter a. LSL: lateral strength loss.

Opabola et al. 815



To address the over-conservatism of the ASCE/SEI 41 formulation for ductile columns,
a linear regression model was proposed to predict the drift at initiation of LSL for ductile
columns (Equation 9). Equation 9 provides an estimate of the drift at initiation of LSL for
ductile columns with a median ratio of 1.0 and logarithmic distribution of 0.29.

uLSL = 0:056� 0:06
N

Ag f 0c
<0:05 for columns ð9Þ

Hence, if a future update to the ASCE/SEI 41 modeling parameter a provides a good
median estimate, the plastic rotation at the initiation of LSL can be updated to 0.74a.

Detailed visual inspection limits for ductile frame components

As previously mentioned, to avoid false negatives, the detailed visual inspection limit needs
to be a lower-bound estimate with a high confidence level that there is a low probability of
exceeding the component deformation limit at the initiation of LSL. Using the adopted
methodology presented in this article, Tables 3 and 4 present the results of a parametric
study, considering ground motion (bgm), modeling (bmodel) uncertainties, and values of
unit-normal distribution parameter Z (a function of probability p%), to define a range of
multipliers xIT to the computed a-values for the detailed visual inspection limit.

Table 3. Selecting a multiplier xIT to computed modeling parameter a for assessing the detailed visual
inspetion limit of ductile beams based on a 10% probability of exceedance (i.e. Z = 1.28)

bmodel bgm

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.1 0.41 0.40 0.39 0.37 0.34 0.31 0.28 0.25
0.15 0.40 0.40 0.38 0.36 0.34 0.31 0.28 0.25
0.2 0.39 0.39 0.38 0.35 0.33 0.30 0.28 0.25
0.25 0.38 0.38 0.37 0.35 0.32 0.30 0.27 0.24
0.3 0.37 0.37 0.35 0.34 0.31 0.29 0.26 0.24
0.35 0.36 0.35 0.34 0.33 0.30 0.28 0.26 0.23
0.4 0.34 0.34 0.33 0.31 0.29 0.27 0.25 0.23
Average 0.40 0.40 0.38 0.36 0.34 0.31 0.28 0.25

0.32

Table 4. Selecting a multiplier xIT to computed uLSL for assessing the detailed visual inspection limit of
ductile columns based on a 10% probability of exceedance (i.e. Z = 1.28)

bmodel bgm

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.1 0.67 0.66 0.63 0.58 0.52 0.47 0.42 0.38
0.15 0.66 0.65 0.61 0.57 0.52 0.47 0.42 0.37
0.2 0.64 0.63 0.60 0.55 0.51 0.46 0.41 0.37
0.25 0.61 0.60 0.57 0.54 0.49 0.45 0.40 0.36
0.3 0.59 0.58 0.55 0.52 0.48 0.43 0.39 0.35
0.35 0.56 0.55 0.53 0.50 0.46 0.42 0.38 0.34
0.4 0.53 0.52 0.51 0.48 0.44 0.41 0.37 0.33
Average 0.61 0.60 0.57 0.53 0.49 0.44 0.40 0.36

0.5
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As shown in Table 3, adopting a Z-value of 1.28 (i.e. probability of exceeding uLSL
p = 0.10) results in a multiplier to modeling parameter a with a range of 0.24 to 0.41 and
an average value of 0.32 for ductile beams. Notably, the immediate occupancy (IO) limit
in ASCE/SEI 41 is defined as 0.15a. Hence, depending on the considered modeling and
ground motion uncertainties, the detailed visual inspection limit for ductile beams ranges
from 1 to 2 times ASCE/SEI 41 IO limits.

As shown in Table 4 adopting a Z-value of 1.28 (i.e. probability of exceeding uLSL
p = 0.10) results in a multiplier to modeling parameter a with a range of 0.4 to 0.7 and an
average value of 0.54 for ductile columns. The detailed visual inspection limit for ductile
columns ranges from 2 to 4.6 times ASCE-41 IO values.

Repair limit for ductile frame components

The component deformation limits corresponding to the repair limit are proposed to corre-
spond to the median estimate of the deformation at the initiation of LSL (i.e. initiation of
bar buckling), which corresponds to a plastic rotation capacity of 0.75a for ductile beams
and 1.0uLSL for ductile columns.

Ductile flexure-controlled walls

Description of database

A comprehensive database (Abdullah, 2019; Abdullah and Wallace, 2019), which stores
data on more than 1100 RC wall tests reported in the literature, was utilized to obtain a
dataset of ductile (conforming) flexure-controlled walls. The reported information includes
three major clusters of data: (1) information about the test specimen, test setup, and axial
and lateral loading protocols; (2) computed data, for example, moment-curvature relation-
ships and wall shear strength according to ACI 318-19 (2019); and (3) test results, for
example, backbone relations and failure modes. Database information related to the objec-
tives of this study are briefly presented below; however, detailed information about the
database can be found elsewhere (Abdullah, 2019).

For buildings assigned to Seismic Design Category D, E, and F, design of RC struc-
tural walls is currently governed by the requirements of ASCE/SEI 7-16 (2016) and ACI
318-19 (2019), which includes provisions for structural walls with special boundary ele-
ments (SBE) that satisfy ACI 318-19 §18.10.6.4. Since the recommendations provided
herein are applied for post-EQ assessment of buildings designed based on prior versions of
ACI 318, as well as the current version, the database was filtered using the following cri-
teria, some of which are less restrictive than the detailing requirements of ACI 318-19
§18.10.6.4 to cover walls with SBEs that are complaint to previous version of ACI 318
since 1983. It is noted that for simplicity, these walls are termed as ductile walls:

1. General criteria:

(a) Flexure-controlled walls, that is, ratio of nominal shear strength to shear asso-
ciated with nominal moment capacity, Vn/V@Mn, . 1.0,

(b) Walls with various cross-sections (planar, T-shaped, H-shaped, barbell-
shaped, half barbell-shaped),

(c) Walls tested under quasi-static, reversed cyclic loading,
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(d) Walls with measured concrete compressive strength, f’c ø 21 MPa [3 ksi],
(e) Walls with ratio of measured tensile-to-yield strength for boundary longitudi-

nal reinforcement, fu/fy ø 1.2, and
(f) Walls with web thickness, tw, ø 80 mm [3.15 in.].

2. Detailing criteria:

(a) A minimum of two curtains of web vertical and horizontal reinforcement,
(b) Ratio of provided-to-required (per ACI 318-19 Eq 18.10.6.4b) area of bound-

ary transverse reinforcement, Ash,provided/Ash,required ø 0.7,
(c) Ratio of vertical spacing of boundary transverse reinforcement to minimum

diameter of longitudinal boundary reinforcement, s/db\ 8.0, and
(d) Centerline distance between laterally supported boundary longitudinal bars,

hx, between 25 mm [1.0 in.] and 240 mm [9.4 in.].

Based on the above-selected criteria, a total of 188 wall tests (hereafter referred to as
ductile dataset) were identified. Histograms for various dataset parameters for the 188
tests are shown in Figure 13, where P/Ag f’c is the compressive axial load normalized by
the measured concrete compressive strength ( f’c) and gross concrete area (Ag), and M/Vlw
is the ratio of base moment-to-base shear normalized by wall length (lw). Analysis of
reported failure modes of about 1000 wall tests indicated that the flexure- and shear-
controlled walls have a nominal shear-to-flexure strength ratio (Vn/V@Mn) . 1.0 and
\ 1.0, respectively, whereas walls with failure modes reported as flexure-shear are mainly
scattered between 0.7 \ Vn/V@Mn \ 1.3 (Abdullah, 2019). Walls with tw less than 88 mm
[3.5 in.] were excluded because use of two curtains of web reinforcement along with realis-
tic concrete cover is not practical in such thin walls. The limit on ratio fu/fy is slightly less

Figure 13. Histograms of the first dataset (188 tests) for walls with ductile detailing.
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restrictive than the limit of 1.25 specified in ACI 318-19 §20.2.2.5. The specified limits on
s/db < 8.0 and Ash, provided/Ash, required (Ash required by ACI 318-19 Eq 18.10.6.4b) ø 0.7
are slightly less restrictive than the current limits in ACI 318-19 §18.10.6.4 of 6.0 and 1.0,
respectively. Finally, the cyclic loading protocols used for these 62 walls consisted for
either one repeated cycle (1 wall), two repeated cycles (23 walls) or three repeated cycles
(38 walls) at each load/deformation demand.

It is noted this dataset is the same dataset used by the authors to develop the updated
modeling parameters and acceptance criteria for ACI 369-1.23 (see Abdullah, 2019).

The database includes reported failure mode and backbone relations (e.g. base shear-
total top displacement), consisting of seven points (origin, cracking, general yielding, peak,
ultimate, residual, and axial failure), as shown in Figure 14. In addition, the database
includes reported deformation at key damage states such as initiation of concrete cover
spalling, initiation longitudinal bar buckling, and longitudinal bar fracture, if such infor-
mation is reported in the reference document. Out of the 188 wall tests in the ductile data-
set, 62 walls had at least reported deformation corresponding to initiations of cover
spalling and bar buckling. This smaller subset (62 walls) was utilized for the recommenda-
tions proposed herein, especially identifying hinge deformation capacity at initiation of
LSL (uLSL). It is noted that only half of the walls in this subset had reported bar fracture
because this information was either not reported or the wall did not experience longitudi-
nal bar fracture and failed due to out-of-plane instability or, in a rare case, due to crushing
of concrete in the web region next to the boundary elements (common in barbell or
flanged walls). The statistics (medians and lognormal standard deviations) and fragility
curves for total hinge rotation capacities at each key damage state normalized by d from
ACI 369-1.23 are presented in Table 5 and Figure 15, respectively.

Damage states and deformation at initiation of LSL

In this subsection, results and damage states typical of ductile flexure-controlled walls are
reviewed to identify the hinge rotation capacity at initiation of LSL, which is used to pro-
pose detailed visual inspection and repair limits later. For ductile flexure-controlled walls
subjected to gradual increase of cyclic demands, the damage sequence typically involves:

Figure 14. Example wall backbone curve contained in the wall database (Test by Tran and Wallace,
2015).
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(a) Formation of horizontal cracks initiating from the extreme edges of the wall with
or without diagonal (tension) shear cracks in the web,

(b) Sequential yielding of longitudinal bars till the effective yield strength is reached,
(c) Spalling of concrete cover at the extreme fibers of the wall (boundary elements),
(d) Buckling of extreme longitudinal bars in the boundaries, resulting in initiation of

LSL (e.g. Figure 16),
(e) Fracture of buckled bars combined with concrete core crushing, opening or frac-

ture of hoops and crossties, or local instability, leading to significant loss of lateral

strength (ø 20%). In walls with shear stress exceeding 0:5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f
0

c (in MPa)
p

[6
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f
0

c (in psi)
p

], loss of lateral strength is likely due to crushing of the web region

adjacent to the boundary elements,
(f) Gradual loss of lateral strength as a result of sequential fracture of longitudinal

bars and concrete crushing for walls with low compression demands (depth of neu-
tral axial/width of flexural compression zone, c/b, \ 2) and squat cross-sections
(lw/b– < 10), or crushing of concrete or out-of-plane instability across the entire
length of the wall for walls with significant compression demands and slender
cross-sections (c/b, . 4 and lw/b . 15), leading to abrupt loss of axial load-
carrying capacity.

Table 5. Statistics for rotation at key damage states of ductile flexure-controlled walls as fractions of
Parameter d

Damage state Mean Median LogNormal
standard deviation

Cover spalling 0.42 0.35 0.39
Bar buckling 0.91 0.86 0.28
Bar fracture 1.05 1.02 0.22

Figure 15. Fragility curves for key damage states of the ductile wall dataset.
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Review of damage states of walls in the dataset (e.g. as shown in Figure 16) suggested
that initiation of LSL of ductile flexure-controlled walls is typically associated with buck-
ling of longitudinal bars in the boundary elements. Once longitudinal bars buckle, the con-
crete core loses part of the confining pressure and begins to crush, and, as a result, the

Figure 16. Examples of damage states of ductile flexure-controlled walls (a) Hines et al. (2002) and
(b) Niroomandi et al. (2018).
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depth of neutral axis shifts inward, leading to a smaller moment arm and thus reduction
in moment capacity. Thus, longitudinal bar buckling is considered as the damage state
beyond which the residual capacity of the wall (in terms of strength and deformation
capacity) is compromised, and that structural repair might be needed to restore its struc-
tural characteristic for future events.

Figure 17 compares the hinge rotation capacities of the reduced dataset of 62 wall tests
at the three key damage states and indicates that the rotation capacities for all three dam-
age states vary significantly (by a factor of 2.0–4.0), although all the walls are fully or
nearly code-compliant. In addition, there is a significant buffer zone (on average about
0.01 hinge rotation) between occurrence of initiation of cover spalling and initiation of bar
buckling, indicating that it is unlikely for cover spalling and bar buckling damage states to
happen simultaneously in a ductile wall. As was shown in Table 5, the median values of
rotation at cover spalling and bar buckling normalized by Parameter d are 0.35 and 0.86,
respectively, indicating that median values of hinge rotation capacity at bar buckling are
more than twice the rotation capacity at cover spalling. This suggests that the use of cover
spalling as the component deformation limit for repair might be overly conservative.
Figure 17 and Table 5 also indicate that there is only a slight reserve rotation capacity
between bar buckling and bar fracture (median value of ratios of rotation at bar buckling
to bar fracture ’ 0.86), and that fracture of the extreme layer of longitudinal bars results
in roughly 20% LSL, which is typically defined as LF (median value of ratios of rotation
at bar fracture to LF ’ 1.0). These results support the approach of using the damage state
of longitudinal bar buckling as the component deformation limit for ductile flexure-
controlled walls.

Finally, Figure 17 indicates that there is a significant correlation between hinge rotation
capacity and a slenderness parameter, (lw/b)(c/b) = lwc/b

2, where lw is the length of the
wall, c is the depth of neutral axial corresponding to a concrete compressive strain of
0.003, and b is the width of the flexural compression zone. This parameter provides an effi-
cient means to account for the slenderness of the cross-section (lw/b) and the slenderness
of the flexural compression zone of the cross-section (c/b) on the deformation capacity of

Figure 17. Comparison of hinge rotation capacity of the dataset at key damage states.
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ductile flexure-controlled walls (Abdullah and Wallace, 2019). Walls with values of lwc/b
2

lower than 10 tend to be flexure-tension controlled and generally have large deformation
capacities (e.g. Figure 16), whereas walls with values of lwc/b

2 exceeding 70 (slender cross-
sections and large compression zones) tend to be flexure-compression-controlled and gen-
erally have low deformation capacities and simultaneous occurrence of lateral and axial
failures (Abdullah and Wallace, 2021a), suggesting that these walls could be considered as
components always requiring inspection. Further review of the data revealed that rotation
capacity at the initiation of bar buckling is moderately impacted by the longitudinal bar
slenderness ratio, s/db, which ranges from 2.5 to 8.0 in the reduced dataset.

Detailed visual inspection limits for ductile walls

As discussed previously, the purpose of the component deformation limit for detailed
visual inspection limit state is to help the engineer identify locations that may have poten-
tially sustained structural damage for visual inspection. Using the proposed methodology
described previously and the uncertainty in the capacity reported in Table 5, a parametric
study was carried out to determine the range of multipliers on Parameter d for component
deformation limits for inspection of ductile flexure-controlled walls. The results are pre-
sented in Table 6, which indicates that, depending on the variability associated with mod-
eling and the ground motion, the multipliers range from 0.29 to 0.6, with average values
of 0.44. Figure 15 indicates that a detailed visual inspection limit of 0.4d roughly corre-
sponds to a median value of rotation at cover spalling, which confirms the rationale of the
approach used to select the detailed visual inspection limit. That is, when there is 50%
probability that cover spalling has occurred, visual inspection should be conducted to con-
firm whether the element has sustained structural damage in the form of bar buckling
and/or fracture.

In the updated nonlinear acceptance criteria for flexure-controlled walls in ACI 369-1.23,
IO performance objective is defined as the sum of elastic hinge rotation and 10% of the
inelastic hinge rotation, that is, IO = uy + 0:1 d � uy

� �
. For ductile flexure-controlled walls,

uy typically ranges from 0.3% to 0.4%. Assuming uy’ 0.35%, IO ’ 0.4% to 0.64% rota-
tion and ’ 0.2 to 0.4 d. Thus, detailed visual inspection limit of 0.4d is roughly 1 to 2 times
IO, as can be seen in Figure 18.

Table 6. Multipliers xIT for assessing the detailed visual inspection limit of ductile walls based on a 10%
probability of exceedance (i.e. Z = 1.28)

bmodel bgm

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.00 0.60 0.59 0.55 0.51 0.46 0.41 0.37 0.33
0.05 0.60 0.58 0.55 0.51 0.46 0.41 0.37 0.33
0.10 0.59 0.58 0.54 0.50 0.45 0.41 0.36 0.32
0.15 0.57 0.56 0.53 0.49 0.45 0.40 0.36 0.32
0.20 0.55 0.54 0.52 0.48 0.44 0.40 0.35 0.32
0.25 0.53 0.52 0.50 0.46 0.43 0.39 0.35 0.31
0.30 0.51 0.50 0.48 0.45 0.41 0.38 0.34 0.30
0.35 0.48 0.48 0.46 0.43 0.40 0.36 0.33 0.30
0.40 0.46 0.45 0.44 0.41 0.38 0.35 0.32 0.29
Average 0.54 0.53 0.51 0.47 0.43 0.39 0.35 0.31

0.44
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It should be recognized that there are vertical load-carrying components whose prob-
able residual capacity may not be reliably assessed, or their post-LSL behavior is relatively
brittle, that is, once the lateral strength degradation initiates, the component possesses little
or no additional deformation capacity before axial failure occurs (Abdullah and Wallace,
2019, 2021a); and thus failure of such components in a subsequent event may result in cata-
strophic consequences. It is recommended that such components be inspected regardless of
whether the inspection trigger is exceeded or not. Also, careful engineering judgment
should be exercised when classifying such components as those not requiring repair.
Examples of walls described in this study and are falling in this category include flexure-
controlled walls with values of lwc/b

2 exceeding 70.

Repair limit for ductile walls

As discussed previously, this limit is defined as the median value of hinge rotation capacity
at bar buckling, that is, 50% probability of reaching initiation of LSL. Table 5 shows that
the median value of hinge rotation capacity at bar buckling corresponds to a repair limit of
0.86d. To account for the possibility of bar buckling occurring prior to the reported obser-
vation (i.e. buckled bars being concealed by split but un-spalled concrete cover), a slightly
smaller multiplier for repair limit, that is, 0.8 d, is proposed. Figure 15 shows that median
value of rotation at bar buckling corresponds to roughly 25% probability of bars fractur-
ing and almost 100% probability of cover spalling.

The LS performance objective in ACI 369-1.23 is defined as 0.75 Parameter e (rotation
at AF), which is roughly equal to 0.9 d, resulting in the repair limit (0.8 d) being equal to
about 0.9 times LS. Figure 18 compares the proposed repair limit with the hinge rotation
capacity data of the reduced dataset and LS performance objective. Recommended com-
ponent deformation limits.

Figure 18. Comparison of proposed component deformation limits for detailed visual inspection and
repair with experimental data and performance objectives in ACI 369-1.23.
Note. Same lines show the range of the parameter.
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As earlier mentioned, visual inspection limits are needed to identify locations requiring
detailed inspection. For defining these limits, recommended lognormal dispersions in the
demand (i.e. ground motion, bgm, and modeling, bmodel) are presented Table 7, where bgm

is defined as a function of the building distance to the closest ground motion station on
the same site class. This study assumes bgm = zero for instrumented buildings and build-
ings with a ground motion station on site. It is noteworthy that bgm has been defined to
account for within-event spatial correlation in ground shaking. Furthermore, bmodel is
taken as 0.1 and 0.2 for instrumented and non-instrumented buildings. Based on these dis-
persions, component deformation limits for visual inspection are selected from Tables 3,
4, and 6, and presented in Table 8. Furthermore, Table 8 presents the component defor-
mation limits for safety-critical repair, which are defined to correspond to the median esti-
mate of the deformation at the initiation of LSL, as noted previously.

Conclusions and recommendations

This study examines experimental data on ductile flexure-controlled RC beams, columns,
and walls to understand the impact of prior displacement history on the residual capacity
of these components. Based on the findings, the following conclusions and recommenda-
tions are given:

1. Provided that the deformation at initiation of LSL of an RC component is not
exceeded in any previous loading histories (prior EQs) and low-cycle fatigue is not
triggered, aside from a reduction in initial stiffness, the residual (reserve) capacity
(in terms of strength and deformation capacity) of the EQ-damaged component is
likely uncompromised.

Table 7. Adopted lognormal dispersions for defining detailed visual inspection limits

Uncertainty
source

Instrumented
building

Distance to closest ground motion station on the same site class

0 km
(instrument on site)

5 km No instrument
within 20 km

bgm 0.0 0.0 0.4 0.6
bmodel 0.1 0.2 0.2 0.2

Table 8. Proposed deformation limits for visual inspection and structural repair

Components Component deformation limits

Visual Inspection Repair

Instrumented
building

Distance to the nearest ground
motion station on the same site class

0 km 5 km . 20 km

Beams 0.39a* 0.37a 0.31a 0.26a 0.75a
Columns** 0.67uLSL 0.64uLSL 0.51uLSL 0.41uLSL 1.0uLSL

Walls 0.59d* 0.56d 0.44d 0.36d 0.8d

LSL: lateral strength loss.
*As defined in ACI 369.1-23.
**As defined in Equation 9.
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2. Damage progression data suggest that the initiation of LSL corresponds to the
onset of bar buckling for flexure-controlled components. It was also concluded that
the deformation at LSL (longitudinal bar buckling) equals 0.75 and 1.2 times ACI
369-1.23 modeling parameter a for ductile beams and columns respectively, and 0.8
times ACI 369-1.23 modeling parameter d for ductile structural walls. Thus, these
component deformation limits are recommended to be adopted as structural repair
limits for these components.

3. A general framework for defining component deformation limits triggering a
detailed visual inspection, which are also expressed as fractions of ASCE/SEI 41
modeling parameters at LF, is proposed. These limits are defined such that there is
a low probability (< 10%) of exceeding the deformation at the initiation of LSL,
considering relevant sources of uncertainty in demand (modeling and ground
motion) and capacity (deformation at LSL). Based on this, an array of detailed
visual inspection limits are proposed for each component for various combinations
of said uncertainties.
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