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Abstract 4 

Many existing reinforced concrete moment frame buildings in high seismic regions around 5 

the world, including the U.S., were built without adequate seismic detailing. Quantifying the 6 

relationship between a set of quantitative parameters, known as collapse indicators, and collapse 7 

risk metrics can facilitate efficient identification, classification and retrofit of the most collapse-8 

prone buildings. This paper investigates three collapse indicators: (1) the column-to-beam strength 9 

ratio, (2) the ratio of lateral (shear) strengths in adjacent stories, and (3) the ratio of column flexural 10 

to shear strength. Each collapse indicator is varied separately through a parametric study of 36 11 

idealized buildings, and nonlinear simulation models are dynamically analyzed for a suite of 12 

ground motions to assess the collapse performance. The results establish the relationship between 13 

the variation of the collapse performance of the building as a function of each collapse indicator, 14 

and identify the range over which variation of the collapse indicator significantly influences 15 

collapse performance, as well as upper and lower bounds beyond which the indicator is not 16 

significant. The results show that the deficiency associated with the column-to-beam strength ratio 17 

and the ratio of shear strengths in adjacent stories can be defined efficiently as the average of the 18 

associated values in the components at critical floor/story. For the collapse indicator related to the 19 

ratio to column flexural to shear strength, the collapse performance is strongly related to the 20 

average values in the critical story, and also the location of the most shear critical columns. The 21 
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study also shows that the gradient of the collapse performance with respect to the three collapse 22 

indicators is similar. 23 

 24 

Keywords: Collapse indicator; nonductile concrete frame building; column-to-beam strength 25 

ratio; column flexure-to-shear strength ratio; collapse assessment. 26 

1. Introduction 27 

One of the primary motivations for seismic assessment of existing buildings is to identify 28 

buildings that are so potentially dangerous that they are in critical need of retrofit. Existing 29 

nonductile reinforced concrete buildings, which are the focus of this study, may have weak or 30 

shear critical columns, wide spacing of transverse reinforcement spacing, insufficient 31 

reinforcement anchorage and detailing (such as transverse reinforcement with 90 degree hooks), 32 

or vertical and plan irregularities, which make them particularly vulnerable to earthquake-induced 33 

collapse [1]. In California, for example, many buildings with these characteristics were constructed 34 

before approximately 1980, and most have never been retrofitted [2]. Identifying those buildings 35 

that are particularly unsafe, from among the broader class of nonductile concrete buildings, can 36 

help decision makers, including building owners and local building officials, to prioritize 37 

mitigation actions.  38 

A building’s collapse risk can be viewed as a function of a set of building characteristics 39 

that impact collapse resistance. These characteristics have been referred to as “collapse indicators” 40 

[3]. For example, the ratio of column area to floor area could be considered as a collapse indicator. 41 

The underlying idea of the collapse indicator perspective put forward by [3] and others is that the 42 

building can be classified as unsafe or worthy of further investigation if the values of certain 43 

collapse indicators are too severe. Collapse indicators that have been previously proposed vary in 44 

terms of the level of difficulty required for computation, from those that can be obtained during 45 
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rapid assessment or visual inspection, to those that require engineering calculation, to those that 46 

require a complete structural analysis using software tools [3]. The present study focuses on a 47 

subset of the engineering calculation type of collapse indicators. These quantities require 48 

calculation of demands and capacities using building drawings, but not nonlinear building analyses 49 

[3].  50 

This paper studies collapse indicators for existing nonductile concrete frame structures, 51 

focusing on collapse indicators related to column and story strength characteristics. In particular, 52 

the study examines how the number or distribution of columns or frame lines exhibiting deficient 53 

characteristics, and the degree of severity of the deficiency of any individual column or frame line, 54 

affects the building’s collapse performance. The relationship between the various collapse 55 

indicators and assessed collapse performance yields valuable information about the sensitivity of 56 

collapse risk to the collapse indicator, and can be used to determine threshold values of the collapse 57 

indicator for identifying particularly vulnerable buildings. In addition, the assessments here can be 58 

employed to suggest appropriate metrics for collapse indicators in buildings that have widely 59 

varying column and frame line characteristics. This study has the secondary goal of examining the 60 

collapse indicator methodology proposed by NIST [3] for a case study set of concrete buildings, 61 

and explores the feasibility of this method.  62 

2. Collapse Indicator Evaluation Methodology 63 

This study employs a methodology for evaluating collapse indicators that was proposed by 64 

the NIST-funded ATC-76-5 project [3], and further explored by the FEMA-funded ATC-78 65 

project  [4], in which the authors participated. This methodology requires development of a suite 66 

of buildings and building models with different values of the collapse indicator of interest, but 67 

otherwise similar or identical properties.  68 
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In this method, each building in the suite is subjected to nonlinear dynamic analyses, in 69 

order to develop a collapse fragility curve. A collapse fragility curve is a cumulative probability 70 

distribution, defining the probability of structural collapse as a function of the ground motion 71 

intensity (here given by the spectral acceleration at the first mode period of the building Sa(T1), 72 

i.e. 𝑃[𝐶𝑜𝑙𝑙𝑎𝑝𝑠𝑒 |𝑆𝑎(𝑇1)]). Different metrics may be used to quantify collapse performance or risk. 73 

One metric of collapse risk corresponds to the ground motion intensity or excitation level at which 74 

50% of ground motions cause collapse, i.e. the median collapse capacity (e.g. [5]), which is 75 

denoted here as Sa50(T1)𝑆𝑎50(𝑇1). 76 

After assessing the collapse performance of a building with the particular value of a 77 

collapse indicator of interest, the same process is repeated for buildings with different values of 78 

the same collapse indicator, in order to explore the trend between the collapse indicator value and 79 

collapse performance. Fig. 1a shows a schematic of collapse fragility curves obtained through this 80 

process. In Fig. 1b, the variation in the median collapse capacity as function of variation in the 81 

value of the collapse indicator is illustrated. Likewise, Fig. 1c illustrates the variation of the 82 

probability of collapse conditioned on a specific hazard level varies with the collapse indicator 83 

value. Fig. 1b and c are developed from the same collapse assessments in Fig. 1a, but represented 84 

using different metrics. 85 

These trends can be used to quantify critical values for each collapse indicator. These 86 

critical values serve as a potential threshold distinguishing between buildings that are most at risk 87 

of earthquake-induced collapse and those that exhibit smaller risk. One approach for identifying 88 

critical collapse indicator values, which is proposed by NIST [3], defines the critical value of 89 

collapse indicator where a drastic change is observed in the probability of collapse for a small 90 

change in the collapse indicator. The collapse indicator value where the sudden change in the 91 
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response occurs is referred to here as the “kink point”, and used in this study to show the 92 

practicality of this method of identifying the critical collapse indicator. The highlighted region in 93 

Fig. 1c shows the range of the identified collapse indicator in which a rapid change in the collapse 94 

performance is observed. This region indirectly provides information about the effect of a retrofit; 95 

for example, if the collapse indicator measured for a building is close to its corresponding kink 96 

point, modestly addressing the deficiency may significantly increase the collapse capacity. 97 

However, not all collapse indicator trends will indicate a clearly defined kink point, complicating 98 

the use of this point in identification of threshold values. This study does not aim to introduce a 99 

threshold value for the kink point for each collapse indicator, instead introducing a range of the 100 

collapse indicator at which the most significant change in the response is observed, as shown in 101 

Fig. 1c. Alternatively, the critical collapse indicator value could be defined at some pre-defined 102 

acceptable probability of collapse. For illustration, a 30% probability of collapse is taken as an 103 

acceptable collapse level for identifying the critical value of the collapse indicator in Fig. 1c. 104 

Comparison of the actual collapse indicator value in a building to the critical collapse indicator 105 

value indicates how much improvement is required to achieve acceptable performance. Of course, 106 

the definition of an unsafe building depends on judgment about acceptable risk. This study focuses 107 

on identifying the trends between collapse indicators and collapse performance, without 108 

presupposing any particular judgment about acceptable level of risk, but with the idea that results 109 

could be used in a decision-making context. 110 

 When conducting the collapse indicator methodology, variation of the collapse indicators 111 

in different models may be accompanied by a change in the strength of the building due to 112 

correlations between the collapse indicators of interest and lateral strength. Obviously, strength is 113 

significant in building seismic response, and changes in strength may drown out trends in some of 114 
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the other, more subtle, collapse indicators. To separate the effects of lateral strength and the 115 

collapse indicators of interest here, ground motion intensities are normalized with respect to the 116 

maximum shear strength of the building, Vmax, computed from the peak strength observed during 117 

pushover analysis of the building model. (Vmax can also be computed from a simplified method 118 

developed in the ATC-78 project [6], which enables computation of building strength using hand 119 

calculations without the need to develop a nonlinear model.)  120 

 121 
Fig. 1. Schematic illustration of collapse performance as a function of a collapse indicator 122 

showing: (a) fragility curves for variation of a collapse indicator in otherwise identical building 123 

models; (b) variation of median collapse capacity, as a function of the collapse indicator, and (c) 124 

variation of conditional probability of collapse on a specific hazard level, as a function of the 125 

collapse indicator.   126 

Accordingly, we employ a normalized measure of ground motion intensity: 127 

𝑀 =
𝑆𝑎(𝑇1)

𝑉𝑚𝑎𝑥/𝑊
               (1),  128 

which can be interpreted as a demand to capacity ratio (and transforms the x-axis of the fragility 129 

curve to M). We quantify the collapse performance of the structure by 𝑆𝑎50(𝑇1), the median 130 

collapse capacity in units of g, divided by the ratio of Vmax to the weight of the structure, W: 131 

𝑀50 =
𝑆𝑎50(𝑇1)

𝑉𝑚𝑎𝑥/𝑊
               (2)  132 
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Buildings with higher M50 have greater collapse capacity (are able to withstand greater ground 133 

motion intensities relative to their lateral strength).  134 

3. Overview of Collapse Indicator Study 135 

This study aims to develop trends between selected collapse indicators and metrics of 136 

collapse performance. Three collapse indicators are examined:  137 

(1) the ratio of column-to-beam-strength (Mc/Mb) 138 

(2) the ratio of story shear strengths in two adjacent stories (Vi/Vi+1) 139 

(3) the ratio of column flexural-to-shear-strength (Vp/Vn) 140 

Collapse indicator (1) is important because it predicts the distribution of damage over the height 141 

of the building and, particularly, whether damage concentrates in beams or columns [7]. Note that 142 

we refer here to a ratio of beam to column strength, but the “beam” strength includes slab 143 

contributions to moment resistance. Indicator (2) can indicate a large discontinuity in story shear 144 

strength between two adjacent stories, triggering a weak-story mechanism [8]. Indicator (3) may 145 

be critical because it identifies whether columns are likely to fail in shear, flexure or a combination 146 

[9]. These three collapse indicators are selected for this study because they are critical collapse 147 

predictors and the corresponding deficiencies are common in typical framing found in older 148 

concrete buildings. All three of these indicators are measures of structural characteristics and 149 

resistance, which has a crucial influence on collapse assessment. Collapse indicators related to 150 

relative stiffness in adjacent stories were not found to be critical in early analysis and are not 151 

evaluated here.  The other important piece is the demand induced in the building by the earthquake. 152 

The impact of demand and seismic effect in relation to the collapse indicator is interrogated 153 

through the collapse indicator methodology as described in Section 2.   154 
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This study considers variations of collapse indicators that are non-uniform across a story 155 

or floor. Three concepts are useful for examining the results for buildings with varying frame 156 

characteristics. First, the extent of the deficiency is considered as the fraction of deficient 157 

components, e.g. the number of joints with the deficient weak-column condition compared to the 158 

total number of joints in the critical story of interest. Second, the significance of deficiency is taken 159 

to quantify, for example, how much stronger the beams are as compared to columns at each joint. 160 

Third, the impact of the distribution or location of the deficiency, i.e. the spatial distribution or 161 

location of deficient joints within a frame, on the collapse risk is examined.   162 

To quantify the influence of a collapse indicator on the collapse vulnerability of nonductile 163 

concrete buildings, a uniform building that is suitable for parametric studies is designed and a 164 

nonlinear model of the building is created in OpenSees. Then, each of the three collapse indicators 165 

is varied separately to create a large suite of parameterized building models and the variation in 166 

collapse performance evaluated. Variation of each of the collapse indicators is conducted for: (a) 167 

uniform variation, wherein, for example, all the joints in the floor above the critical story have the 168 

same Mc/Mb, and (b) non-uniform variation, wherein, for example, the joints in the floor above the 169 

critical story have different Mc/Mb values. To achieve these variations, the moment strength of the 170 

beams is varied without changing any of the other building characteristics (e.g., all buildings have 171 

the same first mode period (Sa(T1)). In total, 36 building variations are considered in this study.  172 

4. Case Study Buildings for Parameterized Study  173 

The initial case study building considered in this study is a six-story reinforced concrete 174 

moment frame building in which all frame lines resist lateral loads. The configuration of the 175 

building is loosely based on drawings of a building constructed in the 1960s in Seattle, 176 

Washington, with five bays in each direction. The first story height is 13 ft., and the upper stories 177 
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are 11 ft. high. Interior and exterior span lengths are 24 and 20 ft., respectively. The building has 178 

no infill or structural walls. 179 

4.1 Building Design 180 

The building was designed by the ATC-78 project team [11] to resist base shear equal to 181 

10% of the effective seismic weight of the building. This value was chosen as representative of 182 

mid-century U.S. seismic designs for mid-height buildings. For use in the collapse indicator 183 

methodology, the building was designed using an idealized approach that leads to uniform column-184 

to-beam moment capacity ratios at every joint and uniform ratios of column flexural-to-shear 185 

strength at every column.  186 

The designed building has identical column and beam strengths at each joint (i.e., Mc/Mb 187 

equal to 1 at every joint), and the lateral column strengths governed by flexural and shear 188 

mechanisms are equal in all columns (i.e., Vp/Vn equal to 1 in all columns). For the baseline case, 189 

the column dimensions are 18 in. by 18 in. with #8 bars for longitudinal reinforcement and #4 190 

reinforcement at 4 in. on center for closed hoops. Beam dimensions are 18 in. by 28 in. with #8 191 

bars and transverse reinforcement consisting of #4 bars at 10 or 12 in. on center. Due to its uniform 192 

characteristics, the building is suitable for the parametric study that is the focus of this study. These 193 

dimensions and reinforcement levels are reasonable, but may not be typical due to the need to 194 

satisfy the uniformity requirements as a baseline for the parametric study. To develop the designs 195 

for the other buildings for the parametric studies, the number and size of longitudinal bars in beams 196 

and columns, and number and spacing of transverse reinforcement in the columns, are chosen to 197 

satisfy the desired Mc/Mb and Vp/Vn ratios.  198 
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4.2 Nonlinear Modeling and Collapse Simulation 199 

4.2.1 Modeling Concept  200 

For use in the collapse indicator methodology, the frame model needs to be capable of 201 

capturing the most important characteristics of earthquake-induced response up to collapse. The 202 

two-dimensional nonlinear model of the frame aims to capture different failure mechanisms of 203 

beams and columns, including those coming from flexural, shear, and axial responses.  204 

The dominant failure mode of a reinforced concrete beam-column depends on several 205 

factors including axial load, reinforcement detailing, aspect ratio, etc. Beams are assumed to be 206 

dominated by flexural response. This study adopts criteria defined in [5] and [11] to decide whether 207 

columns should be simulated as purely flexural elements, shear or flexure-shear elements. This a 208 

priori designation of failure modes is convenient in the absence of a robust computationally-209 

efficient modeling technique that can capture flexure, flexure-shear and shear failure modes, one 210 

of the grand challenges of earthquake engineering simulation [13]. Moreover, Elwood [14] showed 211 

that elements modeled with multiple softening modes (shear and flexural) present non-unique 212 

numerical solutions. Under the criteria proposed by Elwood [14] , the ratio of the Vp/Vn is computed 213 

first, where Vp is the shear demand corresponding to the development of the flexural strength at 214 

both ends of the columns, computed based on expected material strengths, and Vn is the column 215 

shear strength computed according to ASCE/SEI 41 [12]. Then, columns with Vp/ Vn ≤ 0.6 are 216 

simulated with the purely flexural element and columns with Vp/ Vn  ≥ 0.8 are modeled with the 217 

combined shear and flexure-shear model. Fig. 2a shows the modeling scheme adopted for each 218 

case, with the detailed features described in more detail below. Two main sets of models are 219 

considered in this study. In the so-called “shear” buildings, all the columns have Vp/Vn ≥ 0.8, while 220 

in the “flexural” buildings all the columns have the Vp/Vn ≤ 0.6, but the specific properties of 221 
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different columns in each building may vary. Each aspect of the element models is considered in 222 

detail in the following sections.  223 

 224 

225 
Fig. 2. Illustration of (a) the column flexure-shear model (described in detail in Section 4.2.3 and 226 

4.2.4) and column/beam flexural models (described in detail in 4.2.2) implemented in OpenSees 227 

and (b) the column flexure-shear and flexural responses. 228 

4.2.2 Modeling of Beams and Columns Failing in Flexure  229 

The flexural response of beams and columns in this study is modeled using the lumped 230 

plasticity element model developed by Ibarra et al. [16]. The backbone response curve in this 231 

model is assigned to the rotational spring in Fig. 2a, and is able to capture the important element 232 

flexural response characteristics, as shown in Fig. 2b, including yield strength, ultimate strength, 233 

hardening, and softening response, in addition to hysteretic and deterioration properties. An 234 

important aspect of this model, which makes it more suitable for modeling flexural-dominated 235 

components than fiber-type models in this study because of our focus on collapse, is the post-peak 236 

branch of the response which enables the modeling of strain softening of concrete beam-columns, 237 

which is caused by the rebar buckling, concrete crushing, and bond failure [5]. Fiber models with 238 

softening materials may suffer from a lack of uniqueness in the solution due to localization caused 239 
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by strain softening and nonobjectivity with respect to the number of integration points. The Ibarra 240 

et al. [16] model also captures four modes of cyclic deterioration including stiffness deterioration, 241 

strength deterioration due to the hardening and post-peak strain softening, and accelerated 242 

unloading stiffness deterioration.  243 

The parameters used to model beam-column elements in this study are computed using a 244 

set of equations proposed by [17], which is based on validation of the Ibarra et al. model and 245 

selected material parameters to 255 reinforced concrete column tests. In this study, these equations 246 

were recalibrated based on the subset of the columns that failed in flexure (removing roughly 50 247 

of the tests, which failed in flexure-shear), but utilizing the same functional form. These equations 248 

compute the nonlinear modeling parameters as a function of column characteristics, e.g. axial load 249 

and transverse reinforcement ratio.  For this purpose, column axial load is computed from expected 250 

(not design) gravity load from dead and live loads. Deformation parameters, such as the rotation 251 

capacity, account for bond-slip as well as inelastic deformations. 252 

4.2.3 Modeling of Columns Failing in Shear 253 

If shear failure may occur (either before or after flexural yielding), the response of the 254 

concrete columns is modeled based on the shear model developed by Elwood [14] with some 255 

modifications. Although work is ongoing by a number of researchers and more data is needed, this 256 

model represents one of the most carefully validated models for reinforced concrete column shear 257 

failure to date, which is why we adopt it here. Elwood [14] proposed an empirical relationship for 258 

a limit curve, which defines the force and displacement at which shear failure occurs in a concrete 259 

column, based on a database of 50 experimental tests comprising the vast majority of relevant tests 260 

conducted worldwide.  Elwood’s failure criteria indicate that the position of the limit curve (shown 261 



13 

 

in Fig. 2b) depends on the transverse reinforcement ratio, axial load, shear stress in the column, 262 

concrete compressive strength, and the area of the column.  263 

The shear model initially proposed by Elwood [14] captures only shear failure in columns 264 

which first yield in flexure and then fail in shear. To capture brittle shear failure which may occur 265 

before yielding, another shear limit curve, based on the shear strength equation proposed by Sezen 266 

and Moehle [15], is added to the Elwood model, as shown in Fig. 2b. The shear limit surface from 267 

[12] depends on the column’s dimensions, transverse reinforcement, axial load, and the concrete 268 

compressive strength.  269 

These two limit curves have been implemented in OpenSees in the limit state uniaxial 270 

material class [14]. The limit state material model traces the response of the beam-column element, 271 

and updates the stiffness of the shear spring to a negative value once the response hits the limit 272 

curve  [14]. This negative stiffness represents stiffness degradation in a column after shear failure 273 

occurs.  274 

4.2.4 Modeling of Column Axial Failure 275 

This study adopts the axial failure model developed by Elwood [14] to capture the possible 276 

loss of gravity load-bearing capacity that may occur in nonductile concrete columns after shear 277 

failure occurs. This model again uses the limit state material model concept to capture the axial 278 

failure in the column. Initially, the zero-length axial spring drawn in Fig. 2a is very stiff. The axial 279 

limit curve defines the column drift ratio at which axial failure initiates and is a function of column 280 

axial load, depth of the column core, and area, yield strength and spacing of the transverse 281 

reinforcement. After hitting the axial limit curve, and provided that shear failure has already 282 

occurred, and the axial stiffness of the spring is updated with a degraded slope and a residual 283 

stiffness. In the Elwood [14] model implemented in OpenSees, the response of the axial spring is 284 
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coupled to the shear spring through the dependence of the axial response on the shear deformation. 285 

This model was developed from a mechanics-based approach, assuming shear failure has occurred, 286 

and is appropriate for both a column failing in brittle shear and flexure-shear modes and then 287 

failing axially. Models for column shear and axial failure should continue to be improved as more 288 

data for columns tested to loss of vertical-load bearing capacity become available (e.g. [13]).  289 

4.2.5 Other Modeling Features 290 

Column and beam models are connected with joints modeled elastically with finite size and 291 

elastic response. Here, damping is modeled with a Rayleigh damping value of 2% in the first and 292 

the third modes. This damping is assigned only to the elastic elements of the frame, and additional 293 

damping comes from the hysteresis of the frame elements. Geometric nonlinearities (P-Δ) are 294 

considered in the analyses. The mass of each story is lumped at the floor level and assigned to the 295 

nodes at the two ends of the beams. The base of the columns is modeled as fixed. 296 

The modeling approaches adopted in this study for simulation of various actions in each 297 

component represent the state-of-the-art for modeling the reinforced concrete moment frames in 298 

the performance-based earthquake engineering framework, which requires a compromise between 299 

simplicity and accuracy. The buildings designed and modeled do not have an equivalent real 300 

building or experiment, and, as a result, the simulated response cannot be validated.  The main 301 

goal of this study is to provide a defensible relative comparison between the response of buildings 302 

with different collapse indicator values to answer questions that cannot currently be addressed by 303 

experiments or field data. Results were carefully reviewed by a team of practicing engineers and 304 

researchers (see Acknowledgments).   305 
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4.3  Collapse Simulation  306 

4.3.1 Incremental Dynamic Analysis  307 

Incremental Dynamic Analysis (IDA) is used to assess the collapse fragility of the modeled 308 

buildings [18]. In IDA, a nonlinear structural model is subjected to a recorded ground motion, and 309 

dynamically analyzed to simulate the structural response. The time-history analysis is repeated, 310 

each time increasing the scale factor on the input ground motion, until that record causes structural 311 

collapse. This study uses 44 recorded ground motions (22 pairs) selected to represent large 312 

earthquakes with moderate fault-rupture distances (i.e., not near-fault conditions), in order to 313 

quantify record-to-record variation in nonlinear structural response. There is substantial literature 314 

on ground motion selection and scaling and its influence on structural response predictions, and 315 

the record set selected does influence the results [19].  However, these ground motions have been 316 

used extensively in FEMA P-695 to develop collapse fragility curves for different buildings such 317 

that results can be compared across buildings [20], and are suitable here for relative comparison 318 

between buildings.  319 

4.3.2 Collapse Criteria 320 

Different criteria have been proposed to define the occurrence of collapse in a building on 321 

the basis of nonlinear analysis results [21]. Most of these collapse criteria identify collapse in a 322 

story, since story collapse typically implies global building collapse.  323 

Separate collapse criteria are considered for the building models with columns failing in 324 

flexure and shear in this study. For the “flexural” models, collapse is identified if interstory drifts 325 

in any story increase without bounds (i.e. dynamic instability), as defined in Vamvatsikos and 326 
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Cornell [18]. In the flexural models, this limit is consistent with large story deformations, i.e. 12% 327 

interstory drift ratio, that cause collapse of one story on top of the one below.  328 

For the “shear” models, two collapse mechanisms are defined here to capture global lateral 329 

and gravity collapse modes. (These definitions are similar to those employed by Baradaran 330 

Shoraka et al. [21].) The two collapse mechanisms are used as in nonductile frames the critical 331 

story is expected to lose its lateral or vertical strength before formation of a sidesway collapse 332 

mode.  333 

A global lateral collapse is defined to occur when the shear capacity of a story degrades to 334 

less than 40% of that story’s maximum capacity, computed as the summation of the maximum 335 

lateral strength of all columns in the story. To trigger the global lateral collapse, the capacity of 336 

each story is traced by adding the time-varying capacity of columns in that story during the time 337 

history analysis. Prior to the triggering of shear failure, the shear capacity of each column is taken 338 

as the smaller of Elwood [14] or Sezen and Moehle [15] limit curves (see Fig. 2b). After triggering 339 

of shear failure in each column, if the drift in the column is larger than the maximum drift 340 

experienced by the column before the point in time in the response history analysis, the capacity 341 

of the column is assumed to be equal to the shear demand in that column; in this region of response, 342 

the model guarantees that the column follows the prescribed capacity backbone. The cut-off 343 

identifying collapse as occurring when the story shear capacity reduces beyond 40% of its 344 

maximum capacity is somewhat arbitrary, but the collapse fragility results are not sensitive to the 345 

selected value.  346 

Global gravity collapse is triggered when the axial demand on any story exceeds the 347 

summation of the axial capacity of columns in that story [21]. For columns in which shear failure 348 

has not initiated, the axial capacity is taken as the crushing load of a column. The axial capacity of 349 
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a column after initiation of shear failure is calculated from the axial limit curve equation developed 350 

by Elwood [14]. The axial demand in each story is constant throughout the analysis and is 351 

computed as the summation of the axial forces in the columns in that story from expected dead 352 

and live loads.  353 

The collapse identification procedure checks the global lateral and gravity collapse criteria 354 

for each story in the building at each time step during the analysis, until one story is identified as 355 

being collapsed. The story-based nature of the collapse criteria means that it is the properties of 356 

the critical story, or that story in which collapse occurs, that should be represented by the collapse 357 

indicator. The case study building always fails in the first story. Therefore, collapse indicators are 358 

consistently defined at the first-story level.  359 

5.  Results for Column-to-Beam Strength Ratio  360 

5.1   Overview 361 

When a flexurally-dominated frame structure is subjected to intense ground shaking, 362 

plastic hinges in columns and beams may form. Column hinging may lead to a weak-story 363 

mechanism in which deformations concentrate in a single story [10, 15]. As is well known, 364 

formation of hinges in the beams rather than columns allows the building to experience more 365 

distributed damage, dissipating more energy, and postponing collapse of the building [7]. As a 366 

result, modern seismic design requires stronger columns than beams through the so-called “strong-367 

column-weak-beam” design philosophy [23]–[25]. (For clarity, we note that the use of the word 368 

“beam” here refers the bending capacity of the horizontally-oriented elements, considering beams 369 

and slab contributions).  370 
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However, older concrete buildings may have weaker columns than beams. Although it is 371 

well known that as the column-to-beam strength ratio decreases, the likelihood of experiencing a 372 

story mechanism increases [5], few studies have examined how variation of column-to-beam 373 

strength over the building impacts collapse performance. To study the effect of the column-to-374 

beam moment strength ratio, the collapse indicator Mc/Mb is defined as the summation of the 375 

expected moment capacities of the columns framing into each joint, divided by the summation of 376 

the expected moment capacities of the beams (and slab) framing into the same joint.  377 

5.2   Uniform Variation of Column-to-Beam Strength Ratio  378 

Our study of the impact of Mc/Mb on collapse capacity is first conducted by uniformly 379 

varying the Mc/Mb ratio of all of the joints at the critical floor level, as shown in Fig. 3. The collapse 380 

capacity of these buildings is shown in Fig. 4. As expected, the collapse performance of the 381 

building increases as the average Mc/Mb ratio at the second-floor level increases; in other words, 382 

buildings with lower Mc/Mb ratios are at higher risk of collapse, particularly if Mc/Mb < 1.0. Fig. 4 383 

indicates a change in slope on this curve around Mc/Mb = 1.0.  384 

Moreover, the results indicate that there are both upper and lower bounds on the range over 385 

which Mc/Mb has a substantial impact on collapse capacity. In order to investigate the lower bound 386 

in the trend observed between M50 and the average Mc/Mb ratio, the collapse performance of models 387 

with the uniform Mc/Mb ratio of 0.6, 0.8, and 1.0 in the second floor are compared. Analyses results 388 

show that these models have almost the same M50 (0.2% difference), while the model with Mc/Mb 389 

of 1.0 has a collapse capacity (M50) that is 1.6% larger. This finding implies that the Mc/Mb ratio 390 

of 0.8 can be seen as lower bound; at this value, further reduction in the Mc/Mb ratio does not 391 

appear to worsen the response of the structure. In order to investigate the upper bound, the collapse 392 

performance of three models with Mc/Mb ratios of 1.2, 1.4 and 1.8 are compared. The collapse 393 
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capacities of the models with the Mc/Mb ratio of 1.4 and 1.8 in the second floor are almost the same, 394 

with 0.8% difference, but 10% larger than the model with the Mc/Mb ratio of 1.2. These results 395 

show that as the Mc/Mb ratio increases beyond 1.4, a saturation in the effect of the Mc/Mb ratio 396 

occurs; larger Mc/Mb ratios do not further improve the collapse performance of the six-story 397 

building.  398 

 399 

Fig. 3. Schematic drawing of the uniform variation of Mc/Mb ratio of joints in the second floor. In 400 

this figure, and similar figures that follow, the dashed boxes identify the Mc/Mb values for all joints 401 

within the box.  402 

 403 
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 404 

Fig. 4. Variation of collapse capacity (M50) of the case study buildings with respect to variation of 405 

the average Mc/Mb ratio for joints at the second floor, considering uniform (buildings in Fig. 3) 406 

variation in Mc/Mb.  407 

 408 

These bounds are used to propose a new collapse indicator, referred to as the “modified 409 

average”, in which Mc/Mb at all the joints at the critical floor are averaged, but those joints with 410 

Mc/Mb greater than 1.4 are replaced by 1.4, and those with Mc/Mb less than 0.8 are taken as 0.8. 411 

This definition is investigated in more detail in the next section through the study of frames with 412 

non-uniform variation of this collapse indicator. Fig. 6 replots the analysis results shown in Fig. 4, 413 

but with the modified average Mc/Mb on the x-axis. 414 
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 415 
Fig. 5. Variation of collapse capacity (M50) of the case study buildings with respect to variation of 416 

the modified average Mc/Mb ratio for joints at the second floor, considering uniform (buildings in 417 

Fig. 3) and non-uniform (buildings in Fig. 6) variation in Mc/Mb.  418 

5.3    Non-Uniform Variation of Column-to-Beam Strength Ratio  419 

5.3.1 Overview 420 

In order to investigate the effect of the variation in the collapse indicator within the frame, 421 

a set of building models with non-uniform distribution of Mc/Mb are developed and presented in 422 

Fig. 6.  The collapse capacity of these buildings is plotted in Fig. 5 with respect to the modified 423 

average Mc/Mb ratio in the second floor, and overlaid on the analyses results for the uniform 424 

models. As expected, similar to the results observed for the uniform variation of Mc/Mb, the 425 

collapse performance of the building increases as the modified average Mc/Mb ratio at the second 426 

floor level increases. The marginal differences between the collapse capacities of uniform and non-427 

uniform models are due to the different column collapse sequences in the first story. These 428 

differences are investigated in more detail in Section 5.3.3. 429 
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5.3.2 Implications for Definition of Global Collapse Indicator  430 

The results in Fig. 5  appear to confirm that the average of Mc/Mb at the critical floor level 431 

is a suitable definition for this collapse indicator. Physically, this finding confirms that it is the 432 

aggregate ratio of column to beam strengths at a particular floor level that is critical to quantify 433 

this story-level phenomenon. To further explore the collapse indicator definition, a collapse 434 

indicator based on the minimum value of Mc/Mb is employed as an alternative. Use of the minimum 435 

value of a collapse indicator would be appealing if this was a case where a single bad apple, i.e. a 436 

deficient joint, substantially worsens the behavior. Results show that the minimum definition will 437 

predict multiple collapse performance outcomes for buildings with the same value of the collapse 438 

indicator. As a result, a collapse indicator based on the minimum Mc/Mb is not an efficient predictor 439 

of collapse capacity. Similar results were observed for the case when the maximum value of Mc/Mb 440 

of all of the joints at the second-floor level was considered.  441 

 442 
Fig. 6. Schematic drawing of the non-uniform variation of Mc/Mb ratio of joints in the second floor. 443 

The effect of joints with Mc/Mb outside the upper and lower bounds of influence identified 444 

by the uniform variation study is further investigated by utilizing two sets of additional models, 445 

depicted in Fig. 7. The collapse performance assessments reveal that the three models wherein half 446 

of the joints at the critical story have Mc/Mb ratios of 0.4, 0.6, and 0.8 (the three leftmost models 447 

in Fig. 7a) have almost the same collapse capacity (0.2% difference), while the model that has 448 

three joints with Mc/Mb ratio of 1.0 has a collapse capacity that is 2% larger. Likewise, the 449 
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nonlinear dynamic analyses show that the collapse capacity of the models in which three joints 450 

have Mc/Mb ratio of 1.4 and 1.8 (Fig. 7b) are the same, and 5% larger than the model in which three 451 

joints have the Mc/Mb ratio of 1.2. These findings confirm the bounds identified in above, even 452 

when the building geometry is more complex.  453 

 454 
Fig. 7. Schematic drawing for the non-uniform variation of the Mc/Mb ratio in the buildings to find 455 

(a) lower and (b) upper bounds.  456 

5.3.3 Extent and Distribution of Deficiency  457 

To investigate the influence of distribution of deficiency in more detail, three cases are 458 

considered here and drawn in Fig. 8a-c. For each pair of the models presented in Fig. 8a-c, the 459 

modified average of Mc/Mb ratio in the second floor is the same, but the distribution of the 460 

deficiency among the joints at the second floor differs.  461 

Fig. 9 shows a maximum difference of 4% in the normalized median collapse capacity 462 

results for each pair of buildings. The buildings with non-uniform distribution of Mc/Mb 463 
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consistently have slightly higher collapse capacities. This difference occurs because the models 464 

that have more variability in Mc/Mb experience more gradual failure, with the columns at the worst 465 

joints failing first, while the beams and columns at the better joints are still intact, such that the 466 

force can redistribute to the better joints, slightly compensating for the deficiency. Conversely, the 467 

collapse of the building with the uniform Mc/Mb ratio in the second floor is sudden, and beams and 468 

columns at all joints fail at the same time. However, the overall effect on median collapse capacity 469 

is not large.  470 

All of the parametric cases considered so far have examined a building with six column 471 

lines or piers. To investigate the effect of the number of piers, a new model composed of two 472 

frames in series, connected with rigid links, is tested (Fig. 8d). In this non-uniform model, half of 473 

the joints in the second floor have an Mc/Mb ratio of 0.6 and half of the joints have an Mc/Mb ratio 474 

of 1.2, such that the modified average Mc/Mb is 1.0. The collapse performance of this model is 475 

compared with two other buildings with the same modified average Mc/Mb ratio in Fig. 9, 476 

demonstrating that results for the 12-pier frame coincide almost exactly with the results of the 477 

single 6-pier frame with non-uniform Mc/Mb ratios. This result provides good indication that the 478 

definition of the collapse indicator Mc/Mb is independent of the number of piers or frame lines in 479 

the critical story. In addition, we concluded that, since a building with truly uniform joint properties 480 

is highly unlikely, and the non-uniform frames show reasonable consistency with the uniform 481 

cases, the modified average Mc/Mb ratio in the critical floor is a suitable indicator of collapse 482 

performance. 483 
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 484 
 485 

Fig. 8. Schematic drawing of the variation of buildings for studying the effect of the distribution 486 

of deficiency Mc/Mb ratio, as well as the number of piers, for buildings with modified average 487 

Mc/Mb ratios at the critical (second) floor of (a) 0.93, (b) 1.0, (c) 1.07, and (d) 1.0.  488 

 489 
Fig. 9. Comparison among cases with the same modified average Mc/Mb ratio in the second floor, 490 

but with different distributions of the deficiency, and different numbers of piers. [Some of the blue 491 

and orange points are reproduced from Fig. 5.] 492 
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6. Results for Ratio of Lateral Strengths of Adjacent Stories 493 

6.1    Overview 494 

Another common vertical irregularity in older concrete buildings is a discontinuity in story 495 

lateral strength between two adjacent stories [3]. This deficiency can lead to weak-story 496 

mechanisms, which are characterized by the failure of the building concentrating in one story, with 497 

less energy dissipation than a complete collapse mechanism involving formation of plastic hinges 498 

over the height of the building [7]. This deficiency may occur anywhere along the height of the 499 

structure, but is particularly common between the first story and second stories due to architectural 500 

features that tend to make the first story more open. To study the influence of this irregularity, 501 

collapse indicator Vi/Vi+1 is defined in this study, where Vi and Vi+1 are the shear (lateral) strength 502 

of stories i and i+1 respectively. 503 

The effect of the variation of Vi/Vi+1 on the collapse performance of the building is 504 

considered using, again, the flexural building models, with the particular interest in buildings with 505 

two frame lines which may have distinct Vi/Vi+1 ratios, and focusing on relative variations in 506 

strength between the first and second stories. The V1/V2 ratio for the flexural benchmark case study 507 

building is 0.85; recall that this building has Mc/Mb = 1.0 and Vp/Vn = 0.6. To vary the V1/V2 ratio, 508 

V1 is adjusted by uniformly varying the moment strengths of the columns in the first story; strengths 509 

of beams (at the second floor) were increased accordingly to avoid changing Mc/Mb. The shear 510 

strength of each story is calculated as the summation of the lateral strength of all columns in that 511 

story.  512 
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6.2    Uniform Variation of Ratio of Story Lateral Strengths  513 

To study the effect of Vi/Vi+1 on the collapse performance of the six-story building, the 514 

V1/V2 ratio of a two-frame system are varied from 0.6 to 1.4.  Initially, each frame has the same 515 

V1/V2 ratio. The collapse performance of these buildings is plotted in Fig. 10. The variation of the 516 

collapse performance of the building is minimal for V1/V2 < 0.9. In this range, the building 517 

consistently experiences the weak-story mechanism in the first story without much deformation in 518 

other stories; further weakening the first story (relative to the second story) does not worsen the 519 

response. However, as the V1/V2 ratio increases up to V1/V2 = 1.2, the collapse capacity of the 520 

building increases. These buildings still experience a first-story mechanism, but as the first-story 521 

columns become relatively stronger the building resists a higher lateral demand, in terms of M50, 522 

before collapse. For the buildings with V1/V2 > 1.2, the failure mechanism transfers to the second 523 

and third stories, as the first story columns are strong enough to avoid failure in flexure. This 524 

change in the failure mechanism explains the descending pattern in collapse capacity observed for 525 

models with V1/V2  > 1.2 in Fig. 10. This finding shows that the performance of the structure 526 

suffering from the Vi/Vi+1 deficiency can be improved by increasing the collapse indicator ratio up 527 

to a critical point, but at some point the collapse simply changes mechanism.  528 

6.3    Non-Uniform Variation of Ratio of Story Lateral Strengths 529 

6.3.1 Overview 530 

In order to investigate the effect of variation of the Vi/Vi+1 collapse indicator for buildings 531 

composed of frame lines with different story shear strength ratios, the V1/V2 ratio in the two frames 532 

are varied separately (i.e. non-uniformly), as shown in Fig. 11. The collapse performance of these 533 

buildings is plotted with respect to the average V1/V2 ratio of the two frames in Fig. 10. These 534 
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results show that the collapse capacities of the buildings with varying V1/V2 in different frames 535 

lines is similar to the buildings with uniform variation of V1/V2, with a maximum difference of 4%.  536 

 537 
Fig. 10. Variation of collapse capacity (M50) of the case study buildings with respect to variation 538 

of the ratio of first to second story strength, V1/V2 considering uniform and non-uniform (models 539 

in Fig. 11) variation of V1/V2. 540 

 541 
Fig. 11. Schematic drawing of the non-uniform variation of V1/V2 ratio of story strengths 542 

between frames. 543 
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6.3.2 Implications for Definition of Global Collapse Indicator  544 

Fig. 10 suggests that the average of Vi/Vi+1 between two adjacent stories can be a suitable 545 

definition for this collapse indicator, since models with different V1/V2  ratios in two frame lines, 546 

but the same average V1/V2 ratio, have similar collapse capacities. Physically, this finding suggests 547 

that it is the aggregate ratio of adjacent story shear strengths among all the frames in the building 548 

that is critical, and that load is able to redistribute from the weaker frame to the stronger frame as 549 

collapse occurs. In other words, formation of weak story is a story-level phenomenon, and the 550 

collapse indicator Vi/Vi+1 must consider all frame lines, including potentially any gravity-only 551 

framing, to quantify this effect.  552 

7. Results for Ratio of Column-Flexure-to-Shear-Strengths  553 

7.1    Overview 554 

Reinforced concrete buildings built before the establishment of modern seismic regulations 555 

in 1970s may suffer from various deficiencies in design and detailing, such as wide transverse 556 

reinforcement spacing, small bar sizes, or 90 (rather than 135) degree hooks on transverse 557 

reinforcement, making the columns susceptible to shear and subsequent axial failure. These failure 558 

modes are more concerning than the flexural failures because they can occur in a sudden brittle 559 

manner, leading to loss of gravity load-bearing capacity [26]. To measure this vulnerability, the 560 

ratio of the flexural to shear strength of columns (Vp/Vn) has been proposed as a collapse indicator 561 

[3]. Vp/Vn defines whether the response of a column is controlled by shear or flexure, as well as the 562 

degree of shear criticality of a column, i.e., if shear strength of a member is much lower than its 563 

flexural strength (large Vp/Vn ratio), the column is expected to fail in shear much before it reaches 564 

its maximum flexural strength. To vary the Vp/Vn ratio of the columns, transverse reinforcement 565 
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spacing is varied to alter the column shear strength, without any change to the stiffness or flexural 566 

strength of the columns. These analyses are all performed with the shear critical column modeling 567 

approach, and in frames with Mc/Mb = 1.0. 568 

7.2    Uniform Variation of Column-Flexure-to-Shear-Strength-Ratio 569 

To study the effect of the Vp/Vn collapse indicator, the Vp/Vn of columns in the first story 570 

are uniformly varied from 0.80 (flexure-critical initially, but may fail in a shear mode after 571 

yielding) to 1.20 (highly shear-critical), as shown in Fig. 12. The collapse capacity of these 572 

buildings is plotted with respect to the average Vp/Vn ratio in the first story in Fig. 13. As expected, 573 

the collapse performance of the building decreases as the average Vp/Vn ratio at the first story 574 

increases (i.e. increasing shear criticality in columns).  The slope of the variation of M50 with 575 

respect to Vp/Vn in the most critical region is similar to the observed response for the Mc/Mb and 576 

V1/V2 collapse indicators.  577 

Fig. 14 illustrates the response of the second pier column in the first story of buildings with 578 

columns all having Vp/Vn   of 0.8 and 1.2, the two extremes investigated, for a single ground motion 579 

record, i.e. 1994 Northridge Earthquake recorded at the Beverly Hills station, at the collapse 580 

excitation level, up to the time of initiation of the shear failure in the column. Shear failure in the 581 

column with Vp/Vn = 1.2 initiates at a lower drift ratio, while the column with Vp/Vn = 0.8 withstands 582 

higher drifts before experiencing shear failure.  Due to load redistribution, the shear failure 583 

initiation in this column does not correspond with the time collapse occurred in the analysis.  584 
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 585 
Fig. 12. Schematic drawing for the uniform variation of Vp/Vn ratio in the first story. 586 

 587 
Fig. 13. Variation of collapse capacity (M50) of the case study buildings with respect to the 588 

variation of the Vp/Vn ratio in the first story considering uniform (buildings in Fig. 12) and non-589 

uniform (buildings in Fig. 15) variation of Vp/Vn .  590 
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        591 
Fig. 14. Variation of the shear force in the second pier column, with respect to the drift of the 592 

first story, for buildings with Vp/Vn = 0.8 and 1.2 at the collapse excitation level for the same 593 

ground motion (1994 Northridge Earthquake, recorded at the Beverly Hills station). 594 

7.3    Non-Uniform Variation of Column-Flexure-to-Shear-Strength 595 

7.3.1 Overview 596 

To investigate the effect of the non-uniform variation of the Vp/Vn deficiency, the Vp/Vn 597 

ratio in the first story is changed by introducing one, two, or three columns with Vp/Vn = 1.2, while 598 

the rest of columns in the building have Vp/Vn = 0.8, as shown in Fig. 15. The collapse performance 599 

of these buildings is plotted with respect to the average Vp/Vn ratio in the first story, and overlaid 600 

on Fig. 13. The collapse capacities of uniform and non-uniform cases are similar when the average 601 

Vp/Vn ratio is considered, although the collapse capacities for the buildings with columns with non-602 

uniform Vp/Vn  are 5-17% lower. 603 
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 604 

Fig. 15. Schematic drawing for the non-uniform variation of Vp/Vn ratio in the first story. 605 

7.3.2 Implications for Definition of Global Collapse Indicator 606 

To further investigate the appropriate definition of the Vp/Vn collapse indicator, two 607 

additional sets of models, depicted in Fig. 16, are analyzed, wherein in each set the number of 608 

deficient column(s) is the same, but the location of the deficient column(s) differs. When 609 

comparing the two buildings that each have one deficient, i.e. shear-critical, column (Fig. 16a), the 610 

building with the exterior shear-critical column is shown to have about 40% higher collapse 611 

capacity than the one with the shear-critical column at the interior frame line. Likewise, results for 612 

the buildings in Fig. 16b demonstrate that the collapse capacity of the models in which two exterior 613 

columns have Vp/Vn ratio of 1.2 is 20% greater than the model in which two interior columns have 614 

the same extent of shear criticality. 615 

The worse performance of the buildings with shear-critical interior rather than exterior 616 

columns is caused by the higher levels of axial load in these columns, since axial load has a direct 617 

impact on the drift at which shear and axial failure occurs (both in experimental data and in our 618 

models [14]). The buildings with exterior deficient column(s) do not collapse after shear failure of 619 

the exterior column, as the other columns in the first story still carry lateral force, and all the 620 

columns in that story are resisting the gravity demand. However, in the model with a deficient 621 

interior column, shear failure of that column is followed by a drastic loss of the axial capacity 622 
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because of its relatively high gravity load demand (axial load ratio of about 0.5). After the axial 623 

failure of one or more columns, the analysis can no longer converge because of the inability of the 624 

model to redistribute this load. As a result, the model cannot be excited to higher intensity levels. 625 

It is noted that some of this effect is a modeling limitation, and the absolute value of the collapse 626 

capacity may change slightly with improvement in the solution algorithm and the column 627 

shear/axial failure models. However, changes to the modeling are not expected to alter the 628 

significance of column location and axial loads in the Vp/Vn assessment. 629 

These observations suggest that the column axial load (due to tributary area and location 630 

in the frame) needs to be incorporated in the definition of the Vp/Vn collapse indicator due to the 631 

significant axial-shear interactions in reinforced concrete columns. This goal can be delivered by 632 

assigning weighting factors in the average calculation, wherein the interior columns get higher 633 

weights since they are more important for collapse performance. For example, suppose all of the 634 

columns are assigned a weighting factor ci in the average collapse indicator calculation, and the 635 

sum of all ci is equal to 1. Preliminary analysis, based on the results described above, suggests that 636 

if an exterior non-shear critical column has a weighting factor of c, then the exterior shear-critical 637 

columns should have a weighting factor of 1.05c, and interior shear-critical columns should have 638 

weighting of 5c. This weighted average makes the more shear critical columns more important in 639 

the calculation, and put more weight on the shear critical columns with higher axial load. However, 640 

these weighting factors should be verified for more cases and under different conditions.   641 
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 642 
Fig. 16. Schematic drawing for the non-uniform variation of the Vp/Vn  ratio to investigate the 643 

influence of the location of the deficient column(s). 644 

7.3.3 Significance and Extent of Deficiency 645 

To further investigate the effect of the extent and significance of Vp/Vn deficiency, three 646 

more cases are considered here. For each set of models presented in Fig. 17, the average of Vp/Vn 647 

ratio in the first story is the same, but the number of the deficient columns, the significance of 648 

deficiency, and the number of piers are different. The collapse capacity values for the two models 649 

in Fig. 17a are presented in Fig. 18, revealing that the model with uniform Vp/Vn ratio has a 20% 650 

higher collapse capacity than the non-uniform model, despite having the same average Vp/Vn. In 651 

the non-uniform variation case, the collapse response is dominated by the drift at which a column 652 

with Vp/Vn = 1.2 fails. However, in the uniform model all columns have Vp/Vn =1.0 and shear and 653 

axial failure are somewhat delayed, even though the failure of the columns is simultaneous in the 654 

four interior columns. Likewise, for the pair of models presented in Fig. 17b, the non-uniform 655 

model has an 18% lower collapse capacity than the uniform model. This trend is the opposite of 656 

that observed in the Mc/Mb case where the non-uniform variants tended to have slightly higher 657 

collapse capacities, due to the more ductile flexural failure mode and the ability of the building to 658 

redistribute load from the more deficient to less deficient joints in that case.  659 
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 660 
Fig. 17. Schematic drawing for two cases with the same average Vp/Vn, but with different extent 661 

and significance of Vp/Vn deficiency. 662 

 663 
Fig. 18. Comparison among two cases, each having the same average Vp/Vn ratio, but with different 664 

distribution of the shear critical deficiency. [The blue and orange curves are reproduced from Fig. 665 

13.] 666 

8. Conclusions 667 

This paper studies the effect of three different collapse indicators for nonductile reinforced 668 

concrete frame buildings, specifically, the column-to-beam strength ratio (Mc/Mb), the ratio of 669 

lateral strengths in adjacent stories (Vi/Vi+1), and the ratio of column flexure to shear strength 670 

(Vp/Vn). The study also proposes collapse indicator metrics that effectively capture these three 671 

deficiencies in buildings with varying properties from column line to column line. To do so, 672 
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variation of different collapse indicators in the critical story, i.e. the first story, of a six-story 673 

building and 36 variants thereof is considered by varying each collapse indicator separately.  674 

Findings show the expected decrease in collapse capacity as the average Mc/Mb at the 675 

critical floor level decreases. However, the results also demonstrate that there are upper and lower 676 

bounds for the Mc/Mb collapse indicator beyond which further enhancing and worsening of the 677 

Mc/Mb collapse indicator does not change the collapse performance of the building model. These 678 

findings suggest that the Mc/Mb collapse indicator can be defined as the average of the Mc/Mb ratio 679 

at the joints at the floor of interest, where the upper and lower bounds are considered in the 680 

calculation of the average. The values of the upper and lower bound reported in this study, i.e. 1.4 681 

and 0.8, likely depend on the number of stories in the building, so more research would be required 682 

to define these bounds for cases other than the 6-story building examined here. The results showed 683 

that for frames with the same average Mc/Mb, the location of joints with deficient Mc/Mb, as well 684 

as the number of column lines in the story, does not significantly affect the collapse performance. 685 

Examination of the collapse indicator Vi/Vi+1 showed that the collapse performance of the 686 

building improves as the Vi/Vi+1 ratio increases. The results confirm that the Vi/Vi+1 collapse 687 

indicator is a story-level deficiency, and can be defined as the average of Vi/Vi+1 over all frame 688 

lines at the floor of interest. 689 

The investigation of the collapse indicator Vp/Vn was more challenging. Results confirm 690 

that collapse performance of the building is strongly related to the average Vp/Vn ratio in the critical 691 

story. However, the distribution of the shear critical columns within a frame, or, in other words, 692 

the location of the most shear critical columns, does matter for the collapse performance. This 693 

study suggests that a weighted average of column Vp/Vn values, where columns carrying higher 694 

vertical (axial) loads are assigned higher weights, may be an effective collapse indicator of shear 695 
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criticality in columns. Although advanced shear and axial failure column models were used, this 696 

conclusion was made based on nonlinear simulations that involved some convergence issues after 697 

shear failure or axial failure occurred in the columns with high axial load.  698 

Finally, results show that the gradient of the collapse performance metric with respect to 699 

the three collapse indicators in the critical region is similar. This observation suggests that a 700 

relative improvement of each of these normalized collapse indicators has similar impact on the 701 

behavior of the structure. The study also suggests that for many collapse indicators, identification 702 

of a threshold kink point as envisioned by NIST [3]  is impractical, and defining a critical range in 703 

which a drastic change in the collapse capacity occurs or thresholds based on relative collapse risk 704 

may be more appropriate.  705 

Despite focusing on a six-story building for parametric study, many of the findings of this 706 

study are expected to be generalizable to other concrete frame structures. In particular, the 707 

proposed definitions of collapse indicators that provide effective predictors of collapse risk are 708 

widely applicable, although precise definitions of the upper and lower bounds and weighting 709 

procedures may vary with building height or configuration. Nevertheless, other collapse indicators 710 

are needed for buildings where other system level deficiencies, such as torsion irregularities, 711 

govern the building response. In particular, future research needs to investigate the impact of 712 

premature failure of columns or frame lines on one side of the building, which may induce torsion.  713 

For an existing building, decisions about retrofit depend on how deficient each collapse 714 

indicator is  and how practical or cost effective each collapse indicator treatment would be. The 715 

M50-Collapse indicator plots provide information on how effective each collapse indicator 716 

treatment would be. More work is needed to investigate how combinations of collapse indicators 717 

may impact performance. 718 
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