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Abstract

Over the past few decades, increasing awareness of the need for more resilient infrastructure
has led to a great increase in the amount of research being performed on the progressive
collapse and structural robustness of buildings. Due to their widespread use, much of this
research has focused on framed structures. Given the important role of columns in this type of
structure, the analysis of the effect of their failure on structural systems has emerged as one of
the most useful tools for studying structural robustness. However, the majority of such studies
have focused on the removal of internal or edge columns rather than corner columns, which
are in principle more vulnerable in many aspects. Although this situation suggests that more
research may be needed to improve our understanding in this regard, the large amount of
research performed in the field of progressive collapse means that it can be challenging to
identify and prioritise the most important research needs. This review article aims to address
this challenge through a comprehensive overview and analysis of past research involving
corner-column failure scenarios in cast-in-place reinforced concrete (RC), precast concrete,
and steel framed buildings. This analysis has made it possible to establish the most important
research findings on corner-column failures, to define the limitations of what has been done so

far, and to identify the most significant gaps in knowledge to be prioritised by future research.

Keywords: extreme events, progressive collapse, concrete structures, steel structures,

robustness, corner columns.
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1. Introduction

Progressive collapse in a building structure is defined as the propagation of initial local damage
to other parts of the structural system, often leading to a final collapse configuration which is
disproportionate compared to the initial damaging event. Despite being a relatively rare
phenomenon, the financial and human losses caused by progressive collapse can be disastrous
[1,2]. There exist several examples of progressive collapse of building structures, including
that of the Ronan Point tower (London, 1968), of the A.P. Murrah Federal Building (Oklahoma,

1995), and of the Champlain towers (Miami, 2021).

The aforementioned partial collapse of the Ronan Point tower triggered a surge in awareness
on the need to design structures that are insensitive to localised initial damage, a property that
came to be known as structural robustness. As a consequence, the first requirements for
enhanced structural continuity were included in building codes in the form of prescriptive
design rules [3,4]. Since then, further research in the field has led to the development of a
number of structural robustness requirements and design or analysis methods that are now
included in building codes and guidelines such as UFC-4-023-03 [5] and EN1991-1-7 [6]. A
comprehensive overview of structural robustness requirements in current building codes and
of some of the most widely used analysis methods such as the alternative load path method can
be found in [2,7]. It is worth noting that the past two decades has been marked by growing
research interest on progressive collapse, as evidenced by the significant rise in the yearly
number of journal papers published on the topic, from rates that were consistently less than 10
papers/year before 2001 to more than 120 papers published in 2017 alone [2]. In fact, research
on progressive collapse is still currently very active [2,8] and there is an ongoing professional
effort to improve regulations that address it. As a result, new design guidance documents are
also currently under development, notably the upcoming SEI/ASCE disproportionate collapse

mitigation standard [9].
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Over the years, most of the research that has been performed on the structural robustness of
buildings has been based on experimental testing and numerical or analytical modelling, often
combining both to draw meaningful conclusions on structural response in extreme or abnormal
scenarios. Although most experimental testing up to the present time has been performed on
subassemblies consisting of beams, columns, and sometimes slabs, there are also some
examples of tests performed on purposely built complete buildings or on existing ones
scheduled for demolition [2,10]. Such tests are undoubtedly an invaluable source of
information for better understanding secondary resisting mechanisms and for evaluating the
effectiveness of proposed solutions for enhancing structural robustness. However,
experimental testing tends to be very costly and can rarely be used to evaluate all scenarios of
interest in a particular research endeavour. As such, great advancements in structural
robustness have also been made by using suitably validated models to simulate and study
different scenarios of interest. Models of different complexity have been used for this purpose,
including simplified analytical representations of structural systems and more advanced
numerical models that can be used to perform simulations of the expected structural response.
The latter can be based on the finite element method (FEM), the discrete element method

(DEM), the applied element method (AEM), or the cohesive element method (CEM) [2].

It should be mentioned that most of the research carried out on the progressive collapse of
buildings concerns framed structures [11], in particular those made of reinforced concrete (RC)
and/or steel. This is most likely due to the widespread use of these forms of construction and
can be appreciated by examining the number of journal articles that have been published on
the progressive collapse of buildings over the years. As shown in Figure 1, from a total of 564
journal articles on progressive collapse found in the SCOPUS database, approximately 94%
were focused on these types of structural systems. Considering the load paths through which

framed structures resist imposed loads, columns represent one of the most critical components
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for structural stability. As a result, the removal of these vertical load-bearing components has
become one of the most widely used approaches for studying progressive collapse and

structural robustness.

Other or special Precast RC
structures, structures,
6% 6%
Steel and Cast-in-
composite place RC
structures, structures,
49% 39%

Figure 1. Distribution based on structural typology of 564 journal articles on the progressive collapse
of buildings found in the SCOPUS database. The search was limited to journal articles in the
engineering subject area and articles were only retained if all the following search terms were included
in the title, abstract, or keywords: progressive collapse, structure, building.

Given that columns placed at different locations in a building floor plan are effectively
characterised by different loading and constraints, the response of a structural system after the
loss of these different columns can naturally also be expected to differ significantly. This is in
fact why the direct design approach known as the Alternate Load Path method included in
UFC-4-023-03 [5] explicitly states different unique column removal locations that a building
(of a particular risk category) should be designed to withstand. These unique column-removal
locations include the corner column as well as different edge and internal columns. In this
regard, it is worth mentioning that far more research has been performed on the removal of
internal or edge columns when compared to research on the removal of corner columns. This
is particularly true when considering experimental research and can most probably be attributed
to the fact that it is generally far more straightforward to design appropriate constraints on a

subassembly to reproduce the boundary conditions of an internal or edge column compared to
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what is required for testing a corner-column removal scenario. As summarised in Figure 2, this
state of affairs is also made evident by the results of a search for journal articles on progressive

collapse indexed in the SCOPUS database.

Corner

column

failure,
15%

Other column failure
locations only,
85%

Figure 2. Proportion of 437 journal articles studying column failures that consider corner columns. The
search in the SCOPUS database was limited to journal articles in the engineering subject area and
articles were only retained if all the following search terms were included in the title, abstract, or
keywords: progressive collapse, structure, building, column.

Despite having been less studied, corner columns are arguably one of the most exposed and
vulnerable structural components in a building. Compared to interior columns, it is often more
difficult to protect corner columns from explosions or impacts. In addition, less secondary
resisting mechanisms are usually able to develop after the removal of corner columns due to
reduced horizontal constraint provided by surrounding elements [12,13]. Therefore, an initial
failure involving the loss of a corner column will usually have a higher probability of
occurrence. However, compared to disproportionate failures caused by the loss of edge or
interior columns, failure propagation after losing a corner column occurs predominantly in the
vertical direction, thus limiting the final extent of collapse to the area surrounding the corner
span. On the other hand, in cases of edge or interior column failures, collapses usually have
significant failure propagation components in both vertical and horizontal directions. In other
words, corner-column failures typically have a higher probability of occurrence but result in

less consequences, while the failure of edge or interior columns are less likely to occur but
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result in greater consequences. These characteristics balance the risk of structural failure
associated to any type of column in a building. As such, it appears that more research is required
to better understand the response of framed structures after the loss of corner columns and on

how to mitigate failure propagation in such situations.

Given the high volume of research performed around the world in the field of progressive
collapse, obtaining a holistic view of the current state-of-the-art and identifying the most
important specific research needs with respect to structural response after corner-column loss
is no straightforward task. There do exist several excellent reviews covering previous research,
design, and regulatory aspects of progressive collapse [2,4,11,14-16], as well as some focusing
only on experimental studies [17—20] or computational simulations [21,22]. Nevertheless, none
of them address the specific issue of corner-column failure. This review article thus aims to fill
this gap by providing a comprehensive overview of all previous research involving the removal
of corner columns for studying progressive collapse. In doing so, it is meant to help researchers
and practitioners grasp key aspects of past research findings and identify priorities for future

studies.

The systematic process followed for performing the review is first presented along with some
key descriptive statistics that provide an overview of the nature of research found on the topic
(Section 2). The main findings are then described in separate sections relating to cast-in-place
concrete structures (Section 3), precast concrete structures (Section 4), and steel structures
(Section 5). This analysis has made it possible to provide an overview of the current state-of-
the-art, to define the limitations of what has been done so far, and to identify gaps in knowledge
that need to be addressed by future research. These aspects are discussed in Section 6 before

finally summarising the main conclusions of this review.
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2. Systematic review process & descriptive statistics

The first step of the review process involved performing systematic searches for relevant
documents in the SCOPUS database using specific search terms that had to be present in the
title, abstract, or keywords. Journal and conference articles as well as book chapters were
included in each search, which was limited to documents written in English. The search terms
corner column and progressive collapse were used for all the searches along with additional
search terms for each specific type of structure considered within the scope of this review. For
cast-in-place RC buildings, a search was performed with reinforced concrete or RC as
additional term. For precast concrete buildings, a search was performed with precast or
prefabricated as additional term, while for steel/composite buildings, a search was performed

with steel as additional term.

Irrelevant documents were then discarded from those retained after the systematic search. This
mostly included research related to types of structures outside the scope of this review, research
involving only the removal of internal or edge columns, and research investigating local effects
on a column due to specific threats such as blasts, impacts, or fires. Any existing duplicates
were eliminated and some additional articles that were known to the authors but did not appear
in the SCOPUS search results were added to the final list of references to be considered. After
this process, a total of 151 references were retained to be studied for this review, including 91
for cast-in-place concrete structures, 5 for precast concrete structures, and 55 for steel
structures. While it is not possible to establish exactly what proportion of all documents ever
written on corner-column failures were studied as part of this review, the systematic search
process employed does at least ensure that all impactful scientific articles meeting minimum

quality criteria were considered.
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It is worth noting that the 151 references selected through the previously described systematic
process were all published between 2007 and September 2022, which is when the search was
performed. As these documents were analysed, key information on the nature of the performed
research was systematically collected. This included methods used for analytical or numerical
modelling and the type of experimental tests performed when applicable. This detailed
information is available in the summary tables included in the following sections, which also
include a brief description of the main contribution and findings for each study. A more

interactive version of these tables has also been made available at 10.5281/zenodo.7606906 to

facilitate searching and filtering the reviewed articles and to allow quickly accessing the

original articles using hyperlinks.

The number of citations to each of the references considered in this review according to the
SCOPUS database was also recorded since it can often serve as a useful metric when assessing
research impact. Some key measures of central tendency and dispersion among the number of

citations to documents on corner-column failures are summarised in Table 1.

Table 1. Descriptive statistics on the number of citations up to September 2022 to documents
considered for the review.

Number of citations

Cast-in-place RC Steel Precast RC
Mean 17 18 4
Standard deviation 35 42 3
Median 3 4 5
15t Quartile 1 1 0
2nd Quartile 17 12 6
Maximum 184 220 7

While there are too few studies (only 5) on corner-column failures in precast RC structures to
draw meaningful conclusions from descriptive statistics, a relevant observation that can be
made for both cast-in-place RC and steel structures refer to the significant differences between

the mean and median number of citations. This indicates that the distribution of the number of
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citations is highly skewed with a small proportion of outliers influencing the mean. In such
cases, the median is a better measure of the actual general central tendency. Therefore, the
statistics summarised in Table 1 show that although there have been a few very highly cited
documents addressing corner-column failures in cast-in-place and steel structures, the vast
majority of existing research on the topic has not been referred to by other works. This

highlights the need for this review and its potential usefulness.

Previous studies were classified as consisting of only analytical or numerical modelling, only
experimental testing, or as consisting of both. In addition, they were also categorised in terms
of whether they were based on studying the response of subassemblies or of complete buildings
(see Figure 3). For experimental tests, any specimen conceived as being part of a larger
structure and requiring specific imposed boundary conditions to simulate its interaction with
the rest of the structure was considered as a subassembly (e.g. 2D or 3D frames, or specimens
with only beams and beam-column joints). Any specimen consisting of a complete structural
system without requiring additional imposed boundary conditions was considered as a building
structure. The number of past studies found on cast-in-place RC and steel structures in each
category is shown in Figure 4. This distribution is not shown for precast concrete structures
since no study on this structural type could be found which included experimental results from
a corner-column removal test. As such, all relevant articles on precast concrete buildings were
considered as being based on numerical modelling alone for the purpose of this review. It
should be noted that studies that validated analytical or numerical modelling strategies using
results from an experimental campaign that has already been presented in a past publication
were considered as being analytical/numerical only. In such cases, only the first publication
presenting the experimental results was considered as having a novel experimental component.
Naturally, only experiments involving corner-column failure were considered as being

experimental for the purpose of this review. It should be mentioned that the total number of
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studies on cast-in-place RC structures included in Figure 4 only amounts to 90, even if 91
references were considered for the review. This is because one of the articles, in which no
analytical or numerical modelling is presented, is also based on the same experiment presented
in another publication. Despite this, the article not considered in Figure 4 was still included in

the review because it provides different conceptual analysis.

corner column

Figure 3. Examples of tests on subassemblies (a; b) or building structures (c) for cast-in-place RC.
Subfigures (a) and (b) are courtesy of [23] and [24], respectively. Subfigure (c) is part of the study
carried out by Adam et al. [10].
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Figure 4. General approaches employed for studying progressive collapse of cast-in-place RC and steel
framed structures after corner-column failure. The number of studies in each category are also shown.

As can be seen from Figure 4, there is a far greater number of research works for both structural
types based on analytical or numerical modelling compared to experimental ones. This is of
course expected due to the significant costs associated to executing an experimental campaign.
Another expected observation is that the vast majority of studies using only analytical or
numerical modelling consider complete building structures instead of subassemblies. In many

of these cases, simulations are used to compare different initial failure scenarios of interest,

10
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often in an attempt to identify the most critical ones. For cast-in-place RC structures, the
majority of studies that include an experimental component involved subassemblies instead of
complete buildings. This must be due to the fact that, under most circumstances, it is
significantly less costly and more feasible to test subassemblies compared to complete
buildings. Nevertheless, it is important to highlight that tests on subassemblies typically rely
on strong assumptions on the boundary conditions imposed on part of a structure [25]. Since
these conditions may differ significantly in a real complete structural system, particularly
during abnormal loading situations, it can be difficult to reliably ensure that conclusions drawn
from an experimental study on subassemblies are applicable to more general cases. Although
the same trend concerning subassemblies was not observed in the case of steel structures, too
few studies consisting of an experimental component were found for this structural typology

(only 6) to identify any meaningful general trends.

Concerning experimental studies, an important aspect that needs to be given appropriate
consideration is the scale of the specimens tested with respect to real structures. The
distribution of experimental works on corner-column failures according to the scale of the
specimen(s) used is shown in Figure 5. It should be noted that the total number of experimental
studies on cast-in-place RC structures included in Figure 4 is 28 while the total included in
Figure 5 is 27. This discrepancy exists because one of the articles describing a test on a
complete building structure [26] did not explicitly mention its scale in comparison to a full-
scale structure. However, given the size of the specimen in that case (3.6 x 2.6 x 2.6 m3), the

scale can effectively be considered as being less than 0.5.

11
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Figure 5. Scales typically used for experimental studies on progressive collapse after corner column
failure. The number of studies in each category are also shown.

Itis clear to see that significantly more experimental tests of corner-column removal have been
performed on cast-in-place RC specimens compared to steel specimens. However, a large
number of these tests have been performed on subassemblies with a scale inferior to 0.5. In
many of these cases, it may be challenging to properly ascertain the extent of scale effects,
which introduces significant doubt on whether conclusions drawn from the tests can be
generalised to full-scale structures [27]. As can be seen in Figure 5, only a few tests have been
performed on full-scale complete building structures. These tend to be seminal works, such as
the articles describing the tests performed on the existing structures of the Hotel San Diego
[28] and of the Ohio Union building [29]. The former is the most highly cited document out of
all those on cast-in-place RC buildings considered for this review, while the latter is the third
most highly cited one out of all those on steel frame buildings. Besides these two cases and
another test on an existing steel frame building [30], the remaining two full-scale tests involved
a purpose-built cast-in-place RC structure [10,31]. Given the absence of effects due to imposed
boundary conditions or scale, it is undeniable that more general conclusions that are directly
applicable to other structures may be reliably drawn from the tests on full-scale buildings. Tests
on purpose-built structures allow embedded sensors to be placed during construction, an
advantage which is particularly important for RC structures, and which allows for improved

characterisation of secondary resisting mechanisms that are activated after column loss.
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Concerning structural analyses performed to study the response of framed structures after
corner-column failure, it was observed that three different types of models are typically used:
analytical models or numerical ones based either on the finite element method (FEM) or on the
applied element method (AEM). As shown in Figure 6, a very large majority of previous studies
have been based on the FEM. Being well-established and widely used, a great variety of FEM-
based modelling strategies have been observed for cast-in-place RC and steel structures
[21,22], ranging from linear elastic static analysis to nonlinear dynamic ones. It must be said
that even though it is not possible to adequately represent many important phenomena of
interest using linear elastic analysis, several authors have indeed used it to draw meaningful
conclusions, notably by combining simulation results with demand-capacity verifications,
often following guidelines prescribed in UFC-4-023-03 [5]. Although the number of studies
found concerning corner-column failure in precast concrete buildings (only 5) is too low to
derive any general trends, it is interesting to note that most of these studies have been based on
the AEM. This could partly be due to the difficulty involved in adequately representing the

connections between precast elements using most conventional finite element formulations.

_Analytical Analytical

Analytical + FEM Analvtical + FEM

(46)

(58) FEM
FEM FEM U
Cast-in-place RC Steel Precast RC

Figure 6. Analytical and numerical methods used to study the progressive collapse of framed structures
after corner-column failure. The number of studies in each category are shown in brackets.

Finally, regarding the use of analytical models, it was found that these are typically developed
to provide practicing engineers and other researchers with an efficient and fast method for
estimating residual capacity and even structural response after column failures. As shown in

13
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Figure 6, there are several instances where such methods have been used together with FEM-
based models, usually for validating their effectiveness. Although many of the proposed
analytical models are straightforward to apply, it is important to mention that they are usually
based on stronger assumptions compared to some of the numerical modelling strategies,

meaning that their applicability is also limited to a smaller set of situations.

3. Corner-column failure in cast-in-place RC structures

This section contains an extensive compilation of progressive collapse research carried out on
corner-column failure scenarios for cast-in-place RC structures, including two different
approaches based on studying: 1) subassemblies and 2) complete buildings (Figure 7). Some
of the most impactful works (evaluated using the number of citations as a metric) are described,

while all the references reviewed are included in summary tables (Table 2 and Table 3).

=S

c) Completeuildings - xprimetal (d) Complete buildings - Numerical

Figure 7. Examples of experimental and numerical studies in subassemblies (a; b) and complete
buildings (c; d) for cast-in-place RC structures subjected to corner-column failure scenarios. Subfigures
(a) and (b) are courtesy of [32] and [24], respectively. Subfigures (c) and (d) are part of the work carried
out by Buitrago et al. [31,33].

14



250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

3.1 Subassemblies

In 2012, Qian and Li [23] investigated the dynamic performance of RC beam-column
subassemblies under the corner-column removal scenario. This research included six one-third
scale specimens with changes in different parameters. The studied parameters included
transverse and longitudinal reinforcement, span length, and span aspect ratio. The authors
highlighted that span length significantly affects progressive collapse resistance, and
seismically detailed specimens showed more robustness against progressive collapse. In
investigating the behaviour of subassemblies in cast-in-place RC structures, the analysis of
beams, columns, and slabs without considering the slab effect produces unrealistic results. To
fill this gap, the same authors [34] performed six experimental tests on beam-slab
subassemblies under the corner column removal scenario to investigate the impact of slabs on
RC structures. They examined the force-displacement responses, crack patterns, and fracture
modes and showed that considering the concrete slab in the analysis of beam-column
substructures can increase the ultimate strength capacity by up to 63% and notably prevent

progressive collapse.

In 2013, Qian and Li [35] performed seven one-third scale tests to investigate the influence of
transverse reinforcement, seismic or non-seismic design, and beam span ratio on collapse
performance. Vierendeel mechanism was identified as a significant resisting action before
severe fracture of the corner joint occurred, and then a cantilever beam redistribution action
was the dominant effect. Another study of the same authors [36] included tests to understand
the effect of drop-panel on response of RC flat-slabs. Flat slabs are more vulnerable to
progressive failure compared to structures containing beams and columns because fewer load
redistribution mechanisms can be activated. The experimental results showed that considering
the effect of drop panels in flat slabs can increase the resistance capacity by 124.7% and

significantly prevent progressive collapse. Another article by the same authors [37] reports
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results of tests performed on 1/3-scale flat slab subassemblies strengthened with Carbon-Fibre-

Reinforced Polymer (CFRP), indicating that it is an effective means for improving robustness.

In 2015, Russell et al. [38] performed seven one-third scale tests to investigate the behaviour
of RC flat slabs after the sudden removal of a corner, penultimate edge, and internal edge
column. The results showed that the flat slab could effectively redistribute the load after
removing the column. Shear fracture due to punching was observed due to increased force in
the columns adjacent to the eliminated one, but no flexural failure was observed. Deformation
in the elastic range in tests under dynamic load was 1.5 times that of elastic deformation in
tests under static load. They also showed that Dynamic Amplification Factors (DAFs) are
reduced by considering the effects of nonlinear damage. Another interesting conclusion was
that the incorporation of the continuous bottom flat-slab reinforcement through the column and
increasing the strength of the material did not have a significant impact on the flat-slab
behaviour after column removal. In the same year, Qian and Li [39] continued investigating
the dynamic behaviour of RC beam-column subassemblies, now both with and without a
concrete slab. They compared the results of progressive collapse in the case of the sudden
removal of the corner column in these frames with static analysis results, using the definition
of load increase factor (LIF; according to UFC 4-023-03 [5]) to investigate the dynamic effects.

Results indicated that this factor ranged from 1.30 to 1.34 for the tested specimens.

In 2017, Lim et al. [40] conducted an extensive study which included performing experimental
corner-column removal tests on 2/5-scale RC frames both with and without slabs. The tests
were employed to study the contribution of catenary action and tensile-membrane action. They
concluded that the presence of the slab increased the bending capacity of the frame by about
55%. They also observed that the probability of shear fracture occurring in the corner column

removal scenario was low, and that residual load resistance could be attributed mainly to
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cantilever mechanisms. This last conclusion is perhaps limited, due to the fact that the study
was based on subassemblies, in which authors are not considering the contributions of more
than one floor. Pham et al. [24] investigated RC substructures under different column removal
scenarios. Their main goal was to examine the combination of catenary mechanism effects in
beams and tensile membrane mechanism in slabs under two methods of point load and
uniformly distributed load. Their results showed that loading affects both the resisting capacity
and the deformation and fracture modes. They concluded that the effect of the catenary

mechanism in beams is negligible compared to the tensile membrane mechanism.

Already in 2019, Feng et al. [41] investigated the progressive failure behaviour of RC slab-
beam substructures strengthened with Glass-Fibre-Reinforced Polymer (GFRP) subjected to
corner column failure scenarios. Tests showed that strengthening subassemblies using GFRP
increases the resistance of RC slab-beam subassemblies to progressive collapse. Ma et al. [42]
presented experimental results for RC flat-slab subassemblies under corner column removal.
They studied specimens' fracture and post-fracture behaviours, fracture modes, and resisting
mechanisms formed against progressive rupture for two different specimens with and without
overhangs. The study showed that these can contribute to reducing the risk of progressive

collapse.
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Table 2. Previous progressive collapse research involving cast-in-place RC subassemblies under corner column removal scenarios. The number of
citations shown is up to September 2022.

Authors and Analytical or Experimental | Cited b
oar Main findings and contribution numerical modelling (SCOPU)g)
y Yes/No Method | Yes/No Scale
RC slabs as well as secondary beams can enhance load resistance. Including
Guo et al. (2022) secondary beams in a design can improve ductility and change the failure mode.
[ 43;] Data-driven models based on machine learning are proposed as part of this research| Yes FEM Yes 1/3 -
to predict the peak resistance capacity of RC structures with slabs and secondary
beams.
Strengthening schemes aimed at slabs can greatly improve the performance of RC
structures against progressive collapse. For the specimens studied, near-surface-
mounted (NSM) bars increased the peak capacity more than adding a layer of
Qin et al. (2022) engineered cementitious composites using the equivalent strengthening quantity of .
[44] Glass-Fibre-Reinforced polymer (GFRP). A theoretical model for predicting the Yes  Analytical | Yes  1/2 2
ultimate capacity of RC structures after corner column failure is also proposed and
used to demonstrate that the capacity of flat slab systems is lower than that of beam-
column and beam-slab systems.
Qianetal.  Of all double-column removal scenarios investigated, the most hazardous one Yes FEM No i 3
(2022) [45] involved the loss of the corner and antepenultimate columns.
The way in which loads are applied significantly affects overall structural
responses, load transfer mechanisms, and failure modes. More significant
Qianetal.  Vierendeel action developed in the structure under concentrated loading compared Yes FEM No i 4
(2021) [46] to the one under uniformly distributed loading. Load transfer mechanisms that
developed in middle storeys differed significantly from those in the top and bottom
storeys.
After corner column removal, flexural actions mainly occurred in the directly
Xu et al. (2021) affected part while compressive arch action could be observed in the indirectly No i Yes  1/3 i

[47]

affected part. The slab was found to contribute greatly to progressive collapse
resistance.
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Analytical or

; . Experimental | cj
Authg;srand Main findings and contribution numerical modelling |~ " (gcl:tgliaé)
y Yes/No Method |Yes/No Scale
Savinetal. Propose a physical model and a methodology to study the buckling and fracture of Yes FEM No i 5
(2020) [48] RC moment frames after sudden corner column removal.
Du et al. (2020) In the subassembly tested, no tensile membrane mechanism could be activated in
[ 4'9] the slab as beams in both directions behaved like cantilevers. The asymmetrical| No - Yes 1/3 4
span design was also found to reduce resistance.
Prakash & . o : :
Experimental results show that infill walls can provide a suitable alternate load
Satyanarayanan ath and improve the collapse resistance of RC frames No ) Yes 15 3
(2020) [50] P P P '
Fengetal.  Strengthening with Glass-Fibre-Reinforced Polymer (GFRP) can greatly increase
(2019) [41] resistance of subassemblies after the loss of a corner column. Yes FEM Yes 172 22
Ma et al. (2019) Torsional strips (spandrel beams) or overhangs can contribute to reducing the risk
[ 4'2] of progressive collapse. It was shown that yield line theory can be used to estimate| Yes  Analytical | Yes 1/3 38
slab flexural capacities for corner column removal scenarios.
An approach for reduced-order modelling of joints is proposed and validated.
Based on the cases studied, it was found that for interior and exterior joints, seismic .
Abdelwahed inf detailing is suffici . : f - Analytical,
(2019) [51] reinforcement detailing is sufficient to resist progressive collapse. However, it is| Yes FEM No - 3
not sufficient in the case of knee joints for which additional vertical stirrups are
recommended.
Phametal. The presence of RC slabs can increase the torsional strength of perimeter beams
(2019) [52] by as much as 97%. Yes FEM ves 1 1
Zhang etal. An energy-based method for determining the collapse resistance of beam-slab Yes  Analvtical No i 4
(2018) [53]  structures subjected to edge or corner column removal is proposed and validated. y
The way subassemblies are loaded affects the resisting capacity as well as the
Phametal. deformation and fracture modes. Tests performed suggested that the catenary Yes FEM Yes  9/5 66

(2017) [24]

mechanism in beams is negligible compared to the tensile membrane mechanism
in slabs.
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Analytical or

; . Experimental | cj
Authg;srand Main findings and contribution numerical modelling |~ " (gcl:tgliaé)
y Yes/No Method |Yes/No Scale
. Slabs can contribute greatly to improving residual capacity. For the concerned i
Lim (2017) [54] specimen, this resulted in an additional capacity of 60%. Yes FEM Yes 25
Lim et al. (2017) Slabs can increase the capacity of frames by approximately 55% under corner
. No - Yes 2/5 51
[40] column removal scenarios.
The load capacity of the subassembly with an imposed uniformly distributed load
Lim et al. (2017) was more than 4 times greater than that with an imposed concentrated load. In the
[55'] latter case, the structure mainly relied on flexural capacity for resisting the imposed| No - Yes 2/5 -
loads whereas in the former case compressive arch action in the slab perimeter
region and tensile membrane action in the central slab region could also develop.
Wieczorek  Propose a theoretical model for calculating the strength of a corner of a slab- .
(2016) [56]  column structure based on interaction graphs of the load capacity. Yes  Analytical | Yes  1/2 1
An analytical model for predicting the load-displacement response after corner
Qian & Li  column removal is proposed and validated. The model is then employed to evaluate Yes  Analvtical No i 18
(2015) [57]  the effect of longitudinal reinforcement ratio as well as beam dimensions and span y
on the initial stiffness, yield strength, ultimate strength, and residual strength ratio.
Different types of reinforcement anchorage used in knee beam-column joints have
Abdelwahed et significant effects on shear capacity, load-deflection characteristics and failure Yes FEM No i 1
al. (2015) [58] modes. Better inelastic behaviour could be observed with U-shaped anchorage bars
compared to 90° hooks and headed bars.
Qian & Li  Dynamic Load Increase Factors for tested specimens ranged between 1.30 and i
(2015) [39]  1.34. No Yes 13| 64
In flat slab structures, shear fracture due to punching is a typical failure mode after
Russell etal. column loss. Within the elastic range, dynamic effects due to sudden column loss No i Yes  1/3 37

(2015) [38] can cause deflections to increase by up to 1.5 times those measured in the static
case.
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Analytical or

; . Experimental | cj
Authg;srand Main findings and contribution numerical modelling |~ " (gcl:tgliaé)
y Yes/No Method |Yes/No Scale
Wieczorek Propose a theoretical model for estimating the load capacity of a corner of a flat
(2014) [59] slab structure based on different assumed static equilibrium conditions and failure| Yes  Analytical | Yes 1/2 2
modes.
Zhang etal. Ultimate resistance of corner joints in RC frames are mainly influenced by the Yes FEM No i i
(2013) [60] moment carrying capacity of the beam and column ends.
Qian & Li Strengthening flat slabs with both orthogonally and diagonally bonded Carbon-
(2013) [37] Fibre-Reinforced Polymer (CFRP) laminates on the top surface is effective in| No - Yes 1/3 45
improving progressive collapse resistance.
. . Vierendeel mechanism identified as the principal resisting mechanism before
Qian & Li
(2013) [35] fracture of the corner joint. A cantilever beam redistribution mechanism dominated| No - Yes 1/3 147
following this damage.
Qian & Li Drop-panels can greatly increase the resistance capacity of flat-slab structures (by
(2013) [36] up to 124.7% according to tested specimens) and reduce the likelihood of brittle] No - Yes 1/3 68
punching failure from occurring.
Wieczorek  Higher ductility reinforcing steel can contribute significantly to reducing No i Yes 1/ 9
(2013) [32]  vulnerability to progressive collapse.
Qian & Li . . . . 0 ]
(2012) [34] Slabs can increase ultimate resistance capacity by up to 63%. No Yes 1/3 154
Qian & Li  Span length can significantly affect progressive collapse and seismically detailed No i Yes  1/3 147

(2012) [23]

specimens show more robustness.
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3.2 Building structures

In 2008, Sasani and Sagiroglu [28] investigated the progressive collapse of a six-story real RC
building in San Diego under a two-column removal scenario, including a corner column. They
analysed the load redistribution mechanism and the change in the axial force of the columns.
Bi-directional Vierendeel action was identified as the dominant resisting mechanism, and,

although the building lacked integrity, it withstood the failure scenario.

In 2009, Mohamed [61] used different analyses methods based on the FEM to study the
response of a RC building after corner-column loss. The results showed the importance of
considering three-dimensional effects to account for torsional shear stresses, which was found

to be most critical for progressive collapse design in certain situations.

In 2012, Helmy et al. [62] used nonlinear dynamic simulations performed using the AEM to
study the response of a typical 10-storey structure designed according to the ACI 318-08 code
[63] against several column-loss scenarios, including that of the corner column. They found
that the structure did not meet the progressive collapse resistance requirements established in
UFC-4-023-03[5]. It is worth noting that another similar study [64] published by the same
authors the following year found that the design of RC structures based on ACI 318-08 met the
requirements of the GSA code for progressive collapse resistance [65]. The importance of
considering the contribution of slabs for achieving a cost-effective design was highlighted in

both of these studies.

In 2013, Xiao et al. [66] investigated progressive failure behaviour in a three-story reinforced
concrete building with a one-half scale under different scenarios of sudden column removal.
Their experiments focused on the change in the load-resisting mechanism during progressive

collapse due to column removal, including corner column removal. During experimental tests
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in the corner column removal scenario, only the elastic response of the structure was observed,

and no failure occurred.

The work of Yi et al. [67] published in 2015 presented results of column-removal tests from a
3/7-scale flat slab RC structure. In the case of corner-column removal, the formation of a
positive yield line spanning between the two adjacent penultimate columns was observed on
the top surface. Test results also revealed that the removal of edge or corner columns was more

critical that the removal of an interior column for this case.

In 2016, Xue and Le [68] developed a two-scale numerical model to investigate the
probabilistic behaviour of RC buildings under progressive collapse due to column removal.
They used this model to examine the behaviour of a ten-story RC building under sudden corner
column removal scenarios, using probabilistic and deterministic analysis. The results showed
the importance of probabilistic methods for analysing progressive collapse. Still in 2016, Wang
et al. [69] conducted an experimental corner-column removal test of a one-third scale framed
structure of 2 x 3 bays with two storeys. They observed that the redistribution of loads occurred
mainly in components adjacent to the removed column. In this case, their experiments showed
that the beam resisting mechanism contributed most to load redistribution and that compressive
arch action in frame beams helped to significantly improve the structure's capacity. They also

developed a simplified method for obtaining the frame's collapse capacity.

In 2017, Bao et al. [70] developed a computational method based on a reduced-order modelling
technique for 3D RC structures to estimate robustness in RC buildings under column removal
scenarios (including corner columns). They used an energy-based method to consider the
dynamic effects of column removal. They also proposed a criterion for structural robustness
based on the normalization of the final capacities of the structure under the column removal

scenario.
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In 2019, Shan et al. [71] presented results of a parametric study performed using FEM
simulations. The study indicated that buildings having the same arrangement in plan but more

storeys tend to have greater progressive collapse resistance.

In 2020, Adam et al. [10] published the results of a highly-instrumented full-scale experimental
test on a RC building under the corner-column removal scenario. Using the test results, they
investigated the structure's dynamic behaviour, analysed the alternative load paths (ALPSs) that
formed in the system, and computed DAFs based on the difference with results from static
analyses performed using the FEM. These test results were also used to calibrate a nonlinear
dynamic model and perform a more extensive parametric study [33]. The outcomes of this
research could be useful for the development of recommendations against progressive collapse
in future design codes. Nyunn et al. [72] performed computational simulations of RC structures
to investigate the effect of masonry walls in preventing progressive collapse due to external
column removal scenarios, especially corner-column removal. The simulation results showed
that masonry walls significantly increase the resistance to progressive failure and have an

influential role in redistributing loads.

In 2021, Buitrago et al. [31] investigated the effect of infill walls on progressive collapse
resistance based on tests performed on a full-scale RC building with infill walls. The primary
purpose of this study was analysing ALPs after the sudden corner-column failure, and to

determine DAFs and LIFs in RC buildings accounting for the effects of infill walls.
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Table 3. Previous progressive collapse research involving cast-in-place RC buildings under corner column removal scenarios. The number of citations
shown is up to September 2022.

Analytical or

Authors and year Main findings and contribution numerical modelling Experimental gcl;tce)%aé
Yes/No Method |Yes/No Scale ( )
Kumar et al. (2022) After the removal of a ground floor column,_ the top ends of adjacent _columns are
[73]' more prone to damage compared to thEII_’ _bottom ends. The failure of the| Yes FEM No - -
penultimate column was found to be more critical than that of the corner column.
Glzsgigg:gﬁlrin tF:]irr;?(\i/;I I(())g (cj:olumns on the 5th floor can lead to an increase of more than 50% in Yes FEM No i i
(2022) [74] '
Seismic retrofitting with Carbon-Fibre-Reinforced Polymers (CFRP) can also
Scalvenzi etal. greatly enhance structural robustness. However, the effectiveness of this Yes FEM No i 9
(2022) [75] enhancement can become insufficient when the beam span length is greater than 5
m.
Buitrago et al Provide analyses o_f alternative load paths (ALPs), dynamic amplification _factors
(2021) [31] " (DAFs), a_nd_load increase factors (LIFs) for a flat slab structure accounting for| Yes FEM Yes 1 13
effects of infill walls.
For the cases studied, linear static and dynamic analysis led to errors in the range
Dmitriev & Lalin of 50-70%, nonlinear static analysis led to errors in the range of 10-400% while Yes FEM No i 1
(2021) [76] nonlinear dynamic analyses proved to be most accurate with a maximum error of
7%.
Garg et al. (2021) For the studied building, adding a perim_eter beam, adding shear walls, or doing
[77'] both were found to reduce_ maximum (_jl_splacements by up to 81% while also| Yes FEM No - 3
reducing the demand-capacity ratio of critical columns by up to 67%.
Abdulsalam & Increasir]g member cross-sectional dimensions was required_ to !mprove
Chaudhary (2021) progressive coIIapse_ performance for the corner qolurr_m loss scenario while more Yes FEM No i 1
[78] cost-ef_fectlve solutions could be derived for interior and edge column loss
scenarios.
Displacement controlled analysis methods can lead to more accurate results
Sheikh et al. (2021) compared to full loading methods. Based on the 2D analysis performed, adding an Yes FEM No i i

[79]

additional bay and an additional floor reduced the vertical displacement by 59% in
the corner column removal case.
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Analytical or

Authors and year Main findings and contribution numerical modelling Experimental (Sccl:té%ltjé)
Yes/No Method |Yes/No Scale
Garzén-Roca et al. Proposed a dynamic punching shear model for sudden column removal in flat slab Yes Analytical, No i 9
(2021) [80] structures. FEM
Dmitriev et al Applying Iingar static a_nd linear dynamic analy_sis pro_cedures can result in large
(2021) [81] " errors with dlffe_rences in terms of peak and residual dl_splacements_of up to_56% Yes FEM No - 2
and 72% respectively when compared to results of nonlinear dynamic analysis.
Ahmedetal.  Based on the cases studied, the removal of a corner column was found to be more Yes FEM No i 1
(2021) [82] likely to cause progressive collapse compared to the removal of a middle column.
Of all the cases studied, the greatest shear force demand-capacity ratios were
Prakash et al Qbserved for the removal of a corner coll_Jmn fr_om a ba_re frame structure (with
(2021) [83]. |r_nposed wall loads) that has an asymmetric \{ertlcal confl_guratlon Wlth_the tallest| Yes FEM No - -
side above the removed column. Results indicate that failure propagation would
not occur for the same case but with infilled frames.
Ksenofontova  For the case studied, failure of the corner column on the ground floor causes the Yes FEM No i i
(2021) [84] corner of the building to collapse globally.
Adam et al. (2020) Evaluation of alternative load paths (ALPs) and dynami_c am_plification factors
[10]' (DAFs) _ba§ed on the sudden corner column removal of a highly instrumented real-| Yes FEM Yes 1 35
scale building.
Wieczorek (2020) There were important differences between_ predictions of the numerigal models
[85] employed a}nd those of the concernec_i experiment. The r_no_de_:l_s still provide a good| Yes FEM Yes 1/2 -
representation of the observed experimental behaviour in initial stages.
Buitrago et al Exter_ls_ive _parametric study evaluatin_g alterr)ative load _paths (ALPs) and dyna_mic
(2020) [33] "~ amplification factors (DAFs) to provide design suggestions and recommendations| Yes FEM No - 1
for flat slab structures.
Nyunn ng; (2020) Demonstrate that masonry walls increase resistance to progressive failure. Yes FEM No - 22
Progressive collapse distribution patterns obtained from computational analyses of
Karimiyan (2020) low-rise and mid-rise buildings are proposed as a tool to predict collapse Yes FEM No i i

[86]

propagation in structural elements of similar buildings subjected to corner and edge
column failure.
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Analytical or

Authors and year Main findings and contribution numerical modelling Experimental (Scétgligé)
Yes/No Method |Yes/No Scale
Nyunn et al. (2020) Slabs contribute significantly to load redistribution and to enhancing structural
. Yes FEM No - 3
[87] resistance after the loss of a column.
Divya & Nikhil  Failure of the corner column causes more torsional vibration compared to other
Yes FEM No - -
(2020) [88] cases of column loss.
Mahrous et al Simulation results indicated that a post-tensioned RC flat slab structure designed
(2020) [89] " according to the ACI 318-14 code satisfied criteria established in UFC 4-023-03| Yes AEM No - 7
for progressive collapse resistance.
Parisi & Scalvenzi In the case of sequential column removal, the ratio between removal times plays Yes FEM No i 29
(2020) [90] an important role in determining load capacity.
Shan et al. (2019) The study results show that buildings with more storeys tend to have greater
[71'] resistance to progressive collapse for the same arrangement in plan. Guidance for| Yes FEM No - 19
comparing the relative robustness of buildings is also provided.
Liuetal. (2019) The extent of axial force redistribution to same-storey columns depends on load
; . Yes FEM No - 2
[91] magnitude and distance from the removed column.
Nassir et al. (2019) Of all damage scenarios studied, multi-column removal scenarios involving a
. o Yes FEM No - 4
[92] corner and another exterior column turned out to be most critical.
Esfandiari & Latifi Results of the analysis performed show that reinforcement with Carbon-Fibre-
Reinforced Polymer (CFRP) sheets is an effective way to rehabilitate and reduce| Yes FEM No - 9
(2019) [93] : o
progressive collapse risk in RC structures.
Abdelwahed (2019) A greater moment capacity of the joint above the removed column leads to less
. , Yes FEM No - -
[94] moment being generated at the beams' other ends.
Results indicate that structures are more vulnerable to progressive collapse after
Kuncham & :
: corner column removal when compared to middle column removal. For the
Pasupuleti (2019) . died. i found that di ) I is less likelv wh Yes FEM No - -
[95] scenarios studied, it was found that disproportionate collapse is less likely when
structures contain more storeys.
Kumari (2018) [96] Results indicate that bays with greater spans are more vulnerable to progressive Yes FEM No i 1

collapse.
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Analytical or

Authors and year Main findings and contribution numerical modelling Experimental S%%%Bé
Yes/No Method |Yes/No Scale ( )
Prakash et al.
(2018) [97] Corner column removal was found to have more severe effects on the structure vy
) es FEM No - -
Prakash etal.  compared to middle column removal.
(2018) [98]
Gowtham etal.  Corner column removal has a greater potential for progressive collapse compared
. Yes FEM No - 4
(2018) [99] to middle column removal.
Kravchenko et al. Several recommendations for the design of high-rise buildings to reduce Yes FEM No i i
(2018) [100] progressive collapse risk are given based on analysis results.
Experimental tests on a complete scaled building demonstrated that infill walls can
Stathas et al. (2017) provide an additional secondary load path and contribute to reducing damage in No i Yes  4/5 i
[101] the event of a column loss. Openings of various sizes did not seem to affect the
favourable action of the infill walls.
Besoiu & Popa Including autpcl_aved aerated concrete infill walls in the qumerical m.odel of a (eal
13-storey building resulted in a reduction of the maximum predicted vertical| Yes AEM No - 4
(2017) [102] di 0
isplacement above the removed corner column by 48%.
La Mazza et al. Adopting seismic detailing results in improved structural robustness Yes FEM No - 5
(2017) [103] '
Simulation results suggest that a dynamic increase factor (DIF) of 1.8 is suitable
Zhang et al. (2017) for performing static analysis of the removal of a corner column. The DIF in corner
. . . Yes FEM No - -
[104] column removal scenarios was found to increase as the floor from which the
column is removed increases.
Attia et al. (2017) Losing a gol_umn in a flat slab system is more critipal on upper floors. For the 10-
[105] storey building under s_tudy_, the most critical vertical elements to remove turned| Yes AEM No - 9
out to be a near-corner interior column and an edge shear wall.
Using energy dissipation devices such as viscoelastic dampers in irregular
Shah et al. (2017) buildings can contribute to reducing demand-capacity-ratios of adjacent structural Yes FEM No i 1
[106] members after the loss of a column. For the case analysed, removal of the interior
column was found to be more critical than the removal of a corner column.
Bao et al. (2017) Developed a computational methodology for evaluating structural robustness Yes FEM No i 35

[70]

against column removal scenarios and propose a criterion for structural robustness.
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Analytical or
Authors and year Main findings and contribution numerical modelling
Yes/No Method |Yes/No Scale

Experimental| Cited by
(SCOPUS)

Three stages of collapse after corner column failure were identified and defined
based on a quasi-static pushdown test: elastic response stage, plastic hinge| Yes FEM Yes - 1
formation stage, and failure stage.

Zhou et al. (2016)
[26]

Increasing section height and rebar ratio in the lower part of beams increase
Zhang et al. (2016) progressive collapse resistance. The specially shaped columns investigated do not
[107] significantly change the progressive collapse resistance and results in a reduction

of lateral stiffness.

Yes FEM Yes 1/3 4

Wang et al. (2016) The beam resisting mechanism and compressive arch action can contribute Yes Analytical,

[69] significantly to collapse resistance capacity. FEM Yes 153 13

Prakash etal.  Structures with infilled frames have better progressive collapse resistance Yes FEM No i 1
(2016) [108]  compared to bare frame structures.

Chiranieevi & Although the structure analysed satisfies progressive collapse design requirements
Simon (2(1)16) [109] established in UFC-4-023-03, plastic hinge formation was found to be more severe| Yes FEM No - 2
for corner column removal compared to interior column removal.

Xue & Le (2016) Demonstrated the importance of probabilistic methods for analysing progressive

. Yes FEM No - 14
[68] collapse behaviour.
Helmy et al. (2015) Masonry infill walls play a v_|tal role in preventing progressive collapse in the Yes AEM No i 12
[110] corner column removal scenario.
Removal of a corner column from a flat slab structure during a quasi-static
experiment led to the formation of a positive yield line on the top surface between
Yi et al. (2014) [67] the two columns adjacent to the removed one. The removal of an edge or corner| No - Yes 3/7 61
column was found to be more critical than the removal of an interior column in this
case.
Xiao et al. (2013) The three-storey building tested only exhibited an elastic response after corner
. No - Yes 1 18
[66] column removal and no failure occurred.
Wieczorek (2013) Adequately arranged reinforcement of considerable ductility can provide Yes FEM Yes  1/2 8
[111] additional load capacity due to part of the slab acting as a concave reversed shell.

* Scale not specified (specimen of 3.6 m x 2.6 m x 2.6 m)
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Analytical or

Authors and year Main findings and contribution numerical modelling Experimental S%%%Bé
Yes/No Method |Yes/No Scale ( )
Based on the cases studied, applying the simplified tie force method included in
Wang et al. (2013) UFC 4-023-03 did not significantly improve progressive collapse resistance since
: they could not be fully activated. On the other hand, it was shown that| Yes FEM No - 1
[112] : X ; . :
strengthening the structure with X-type tension cables did improve progressive
collapse resistance.
For the typical 10-story structure studied, it was found that performing the design
Helmy et al. (2013) according to the ACI 318-08 code resulted in a structure that met the requirements Yes AEM No i 17
[64] of the GSA guide for progressive collapse resistance. It was also shown that
considering the contribution of the slab leads to a more cost-effective design.
The nonlinear static alternative load path procedure described in UFC-4-023-03
Pachenari etal. was shown to be more conservative than the corresponding nonlinear dynamic Yes FEM No i 16
(2013) [113]  procedure. The maximum shear forces in beams estimated using the static
procedure were found to be up to 27% greater for the cases analysed.
Yu & Li (2013) For the 24-storey structure analysed, progressive collapse is more likely to occur Yes FEM No i i
[114] after failure of an edge column compared to that of a corner shear wall.
Hafez et al. (2013) Demonstrated the capability of the applied element method (AEM) for modelling v
X : es AEM No - 8
[115] progressive collapse behaviour.
Results of nonlinear dynamic simulations of typical shear wall buildings indicated
Yagob et al. (2012) that progressive collapse would occur in all of the column removal scenarios Yes FEM No i i
[116] investigated. The extent of collapse propagation was found to be greater when an
interior column is removed.
For the typical 10-story structure studied, it was found that performing the design
Helmy et al. (2012) acco_rding to the ACI 318-08 code resulted i_n a structure th_at did not meet the
[62]. requirements of UFC-4-023-03 for progressive collapse resistance. It was also| Yes AEM No - 56
shown that considering the contribution of the slab leads to a more cost-effective
design.
Sun & Lin (2011) Failure of a column leads to an increase of the maximum interlayer displacement
and of the basic natural vibration period while reducing the minimum ratio between| Yes FEM No - 1

[117] shearing force and weight.
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Analytical or

Authors and year Main findings and contribution numerical modelling Experimental S%%%Bé
Yes/No Method |Yes/No Scale ( )
Mohamed (2009) Three-dimensional analysis is particularly important for the case of corner column vy
i . es FEM No - 54
[61] removal to account for torsional shear stresses that can control the design.
Sasani & Sagiroglu Bi-directional Vierendeel action was identified as the dominant resisting No i Yes 1 184
(2008) [28] mechanism after loss of the corner column.
Limiting damage in corner panels to thresholds prescribed in building codes and
Mohamed (2007) guides can be achieved by adjusting the spans to the exterior columns adjacent to
the corner one, by designing steel bracing to support the additional load, by| Yes FEM No - 4

[118] designing the slab and beams to cantilever the full length after column loss, or by

stiffening columns for code specified pressure levels.
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4. Corner column failure scenarios in precast concrete structures.

Given the increasing use of precast concrete structures in recent years, there is undeniably a
need to better understand their progressive collapse resistance. However, compared to the
numerous experimental and numerical studies conducted on the progressive collapse behaviour
of cast-in-place RC structures, very little research has been done on corner-column failure in
precast RC buildings. All the relevant studies found are described in this section, and are
focused on complete building structures, as can be seen in the example of Figure 8. Table 4

summarizes all the references reviewed.

Figure 8. Example of numerical study in complete buildings for precast concrete structures subjected
to corner-column failure scenarios carried out by Makoond et al. [119].

In 2020, El-desoqi et al. [120] used the AEM to simulate the removal of different columns
(including corner columns) from different precast RC structures. Although the study showed
that floor systems with hollow-core slabs can contribute to improving a structure’s ability to
resist column removal, it was made clear that adequate connectivity between slabs and beams
is crucial for this contribution. Another study based on the AEM performed by Alanani et al.

[121] revealed that prestressing can help improve resistance after corner-column failure.
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In 2021, Ravasini et al. [122] investigated the robustness of precast RC frame buildings under
corner-column and other removal scenarios. Nonlinear analyses performed using the FEM
showed that the extent of failure propagation depends strongly on the strength of column-beam
joints and tying reinforcement. A simplified modelling approach was also proposed to

investigate the progressive collapse of precast RC structures after column removal.

In 2022, Makoond et al. [119] used a numerical model based on the AEM to study the effect
of different design options. The modelling strategy was based on calibrating the most uncertain
parameters using previous tests on subassemblies available in literature [25] and the base model
was built to help plan an experimental campaign on a 2-storey precast building with 3x2 bays.
The simulation results presented show the importance of considering system behaviour when

performing progressive collapse design.
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Table 4. Previous progressive collapse research involving precast RC buildings under corner column removal scenarios. The number of citations shown
is up to September 2022.

An_alytical or Experimental | Cited b
Authors and year Main findings and contribution numerical modelling (SCOPU)é)
Yes/No  Method | Yes/No Scale
Makoond et al.  Selective strengthening of specific structural members can lead to undesirable Yes AEM No i i
(2022) [119] load redistribution and to lower global residual load capacity after column loss.
A simplified modelling method for investigating the progressive collapse of
Ravasini etal. precast frame structures was proposed. It was also shown that tying systems in Yes FEM No i 7
(2021) [122] both directions play an important role in achieving an acceptable level of
structural robustness
Numerical analyses revealed that providing tying reinforcement through
Makoond et al. ifically designed sleeves in precast columns can provide sufficient Yes AEM No - -
(2021) [25]  SPecttically designed P P
robustness to prevent failure propagation after corner and edge column removal.
It was shown that the applied element method can be used to efficiently simulate
Alanani etal. progressive collapse scenarios of interest and that prestressing can help improve Yes AEM No i 5
(2020) [121] the progressive collapse resistance of precast concrete buildings, even when
faced with a corner column failure.
El-desogi et al Analysis_results revealed that not cpnsidgring the entire structural system or the
" contribution of slabs can lead to misleading results and that beams with greater Yes AEM No - 5

(2020) [120]

cross section dimension lead to greater compression arching resisting forces.

408
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5. Corner column failure scenarios in steel structures.

All the research reviewed on corner-column failures in steel and composite framed buildings
is presented in this section. Previous works have been organised in two subsections, one
concerning research on subassemblies and the other concerning research on building structures
(see Figure 9). These subsections are organised in the same way as those of Section 3 on cast-
in-place RC buildings, with the most impactful works described in the main body of the text

and all reviewed documents included in summary tables (Table 5 and Table 6).

@ Ubambly - Experimental | (b) Subassembly - Numerical

(c) Complete buildings - Experimental (d) Complete buildings - Numerical

Figure 9. Examples of experimental and numerical studies in subassemblies (a; b) and complete
buildings (c; d) for steel structures subjected to corner-column failure scenarios. Subfigures (a), (b), (c)
and (d) are courtesy of [123], [124], [29], and [125], respectively.

5.1 Subassemblies

In 2019, Fu and Tan [124] numerically investigated robustness in concrete-steel composite
floors under the corner-column removal scenario. A numerical model was calibrated based on
a previous internal-column removal experimental test performed on a steel frame-composite

floor subassembly. The validated modelling strategy was then employed to perform both static
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and dynamic simulations of a subassembly in a corner-column removal scenario, which
enabled the analysis of dynamic increase factors, load-deformation curves, load transfer
mechanisms, and failure modes. It was concluded that loads are mainly resisted by cantilever
action of beams and slab after the loss of a corner column, resulting in a more brittle global
failure mode compared to internal-column loss. In another article published the same year,
Zhang et al. [126] used analytical and numerical methods to investigate the effect of composite
slabs on failure modes and resistance mechanisms formed after corner-column removal in
subassemblies with beam-column joints. The results showed that the composite slab has a
significant effect on improving the behaviour of the structure against progressive collapse.
They divided the observed collapse development into four stages: elastic, elastoplastic, plastic,
and collapse limit. In the elastic stage, the flexural strength of the composite frame prevented
failure, and in the post-elastoplastic stage, catenary and tensile-membrane action were the

predominant mechanisms able to prevent progressive collapse.

In 2020, Li et al. [127] employed an analytical model they developed to perform a parametric
study on the progressive collapse resistance of multi-storey composite framed structures. The
analysis performed allowed them to conclude that Vierendeel action significantly enhances
structural capacity after corner-column failure, while catenary action was not found to

contribute to resistance.

In 2021, Qian et al. [123] reported results of several tests performed on five half-scale steel
frame subassemblies, one of which was designed to study the removal of a corner column.
Their analysis also led them to conclude that Vierendeel action contributes significantly to
resistance after corner-column failure. They also showed that increasing the thickness of top-

and-seat angle connections can increase residual capacity after column removal.
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Already in 2022, Kong et al. [128] tested a 1/3-scale three dimensional steel frame-composite
floor subassembly under corner-column removal and developed a theoretical model for
collapse assessment of this type of structure. They extracted the load-displacement curves,
failure modes, and deflection patterns from the test to study corner-column failure on these
structural systems and for developing the theoretical model. Regarding the theoretical model,
they found enough accuracy but also highlighted its limitations, which should be accounted for

in future research.
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Table 5. Previous progressive collapse research involving steel and composite subassemblies under corner column removal scenarios. The number of
citations shown is up to September 2022.

Analytical or

e I . . |Experimental| Ci
Authors and year Main findings and contribution numerical modelling| —c o (S(’:(I:tgolzl,aé)
Yes/No Method |Yes/No Scale
Kongetal.  Developed a theoretical model for predicting the load-displacement response of 3D Yes Analytical, Yes 13 i
(2022) [128] composite floor systems up to failure when subjected to a corner column removal. FEM
Overall, special moment resisting frames designed for lateral loads have a good
resistance to progressive collapse. It was concluded that a structure is more
Ghassemieh et al. vulnerable to progressive collapse after losing a corner column compared to losing Yes FEM No i i
(2021) [129] one of its central columns. It is deemed that progressive collapse potential reduces
as the number of storeys increase due to reduced beam rotations and ductility
demands.
Flexural action dominated the response of tested bare frames under a corner a corner
Qian et al. (2021) col_umn loss scenario. The fle>_<ural action was S|gn_|f|cantly enha_nped by Vierendeel Yes Analytical| Yes 1/2 4
[123] action. Load-resisting capacity was found to increase significantly when the
thickness of top-and-seat angle connections were increased.
An analytical method is proposed to predict progressive collapse resistance of multi-
. storey composite framed structures. It was found that the Vierendeel effect .
Lietal. (2020) ~. 7 i Analytical,
significantly enhances structural resistance after corner-column loss (by more than| Yes No - 8
[127] : : . FEM
60% in some cases). For the same corner-column loss scenarios, no noticeable
catenary action developed in steel beams.
Composite floor systems fail in a less ductile manner in corner column removal
Fu & Tan (2019) ; . . .
[124] scenarios compared to internal column removal scenarios. Dynamic increase factors| Yes FEM No - 8
for the former were found to be greater than those for the latter.
Four stages of a progressive collapse in composite frames have been identified and
Zhang etal.  defined: the elastic stage, the elastoplastic stage, the plastic stage, and the collapse- Yes Analytical, No i 3
(2019) [126] limit stage. It was also concluded that composite slabs have a significant effect on FEM
improving progressive collapse resistance.
. It was shown that increasing the thickness of the metal deck in composite slabs
Masajedian & . . .
. enhances the overall rotational and loading capacity of the structural system.
Driver (2016) . ; . . T : . Yes FEM No - -
[130] However, increasing the slab reinforcement did not significantly improve loading

capacity after corner column removal.
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5.2 Building structures

In 2008, Vlassis et al. [131] applied a design-oriented methodology that was presented in a
companion paper [132] to study the behaviour of a typical steel-framed composite building
after the removal of a peripheral column and a corner column from the ground floor. Their
study showed that steel-framed composite structures can be prone to progressive collapse,
particularly due to failure of support joints in transferring loads to surrounding undamaged
members. In doing so, they highlighted that structural robustness cannot be guaranteed by tying

force requirements alone without explicit consideration of ductility demand in support joints.

In 2009, Fu et al. [133] investigated the progressive failure of a 20-story steel building under
various column removal scenarios using the ABAQUS finite element software. The modelling
considered geometrical and mechanical nonlinearities and was validated based on previous
tests performed on subassemblies. The results showed that the models can accurately predict
the overall behaviour of a 20-story building against progressive collapse and provided useful

information for future structural robustness design.

Later, in 2012, Fu [134] created 3D finite element models, again using the ABAQUS software,
to investigate the behaviour of steel-framed composite structures against progressive collapse
caused by successive column removal scenarios. The results showed that different column
removal sequences can cause plasticity in the structure, activating ALPs and resisting
mechanisms. It was also found that removing the corner column causes more damage to the

system.

In 2013, Song and Sezen [29] presented results of an experimental campaign which involved
removing 4 columns from the existing steel-framed Ohio Union building that was scheduled
for demolition. The experimental results were used to assess the suitability and effectiveness

of several FEM-based methods used for progressive collapse design, namely: linear static,
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nonlinear static, linear dynamic, and nonlinear dynamic analyses of ALPs after column
removal. The results showed that amplification factors recommended for simplified analysis in
an older version of UFC 4-023-03 [135] could lead to very conservative outcomes. It is worth
highlighting that these amplification factors have since been modified in the latest version of

this code [5].

In 2014, Gerasimidis [136] used a previously validated analytical method [137] to study the
progressive collapse of multi-storey steel frames after corner-column failure. It was shown that
column buckling is one of the most important phenomena to consider in the case of failure of
columns in lower floors. On the other hand, flexural failure of beams was found to be more

critical after failure of columns in higher floors.

In 2016, Johnson et al. [138] conducted several experimental tests on a Y2-scale steel frame-
composite floor building structure under various column removal scenarios, including corner-
column removal. The specimen, designed for efficient gravity load transfer in a typical
commercial building, allowed the structural continuity and progressive collapse behaviour of
structures of this type to be analysed. The results showed that gravity systems for commercial
buildings do have a significant capability to redistribute loads, even if they have not been
specifically designed for progressive collapse. However, the resisting capacity was found to be
reduced by 28% in the corner-column removal scenario when compared to edge-column
removal. They also found that load redistribution occurred thanks to the activation of tension
ties as well as due to flexural action in the case of corner-column removal. Finally, they
concluded that for this specific case the capacities obtained for the examined frames were not
sufficient to prevent progressive collapse if it occurs at the accidental load combination

established in applicable building codes.
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Table 6. Previous progressive collapse research involving steel-framed buildings under corner column removal scenarios. The number of citations shown

is up to September 2022.

Analytical or

Authors and year Main findings and contribution numerical modelling Experimental gé%%gé
Yes/No Method |Yes/No Scale ( )
ch It was shown that dynamic amplification factors used in nonlinear static analysis
ua etal. (2022) ; . o .
[139] overestimate the displacement response of steel modular buildings in column| Yes FEM No - 4
removal scenarios.
Shokoohfar & The presence of openings in the composite floors of steel moment-resisting frame
Kaafi buildings can reduce the ability of the structure to withstand loads. It was found that Yes FEM No i i
Siyahestalkhi  an opening in the middle of the building causes more axial loads around the site of a
(2022) [140]  removed corner column compared to one which is closer to the corner.
Anusha & For the structure being analysed, corner column removal resulted in the smallest
Nahushananda vertical deflection while interior column removal resulted in the greatest, with the Yes FEM No i i
Chakravarthy latter being the most critical case. The effect of different bracing systems was also
(2022) [141] studied, and X-bracing was found to have good progressive collapse performance.
Yang et al. (2022) A design procedure_to avoid failure in composite_steel frames i_s proposed _in Cha_pter
[142] 4 based on experimental tests and computational modelling. The simulations| Yes FEM No - -
performed included cases of corner column removal.
Several sequential and simultaneous multi-column removal scenarios are analysed,
Elsanadedy et al. and the most critical ones are identified. Based on the analysis performed, dynamic Yes FEM No i i
(2022) [125] Increase factors for linear static analyses are recommended for both force and
deformation-controlled actions.
It was found that the modular steel buildings investigated are sufficiently robust to
Alembagheri et avoid failure propagation after the loss of a single corner column or of a single Yes FEM No i 1
al. (2021) [143] module. However, the simulations predict the occurrence of progressive collapse for
combined module removal scenarios.
In steel Modular integrated Construction (MiC) structures, inter-module connection
He et al. (2021) types greatly influence the beam-column joint properties which dominates Yes FEM No i 8

[144] progressive collapse resistance. A simplified macro-modelling approach is proposed
for this structural type.
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Analytical or
Authors and year Main findings and contribution numerical modelling
Yes/No Method | Yes/No Scale

Experimental | Cited by
(SCOPUS)

Bracing systems can enhance the structural robustness of modular buildings. The
removal of corner members from such structures was found to be more critical due| Yes FEM No - 3
to the presence of fewer adjacent elements for load redistribution.

Thai et al. (2021)
[145]

Two calculation models of progressive collapse resistance are proposed for middle

Qiao et al. (2020) and corner column removal considering the combined contributions of bending, Yes Analytical,
[146] Vierendeel and catenary action. It was also shown that bracing systems can improve FEM

structural robustness.

Dynamic increase factors for most models were found to be close to 1.5. Cross braces
could help mitigate effects of column failure in the affected bay, decreasing the peak| Yes FEM No - 2
displacement by more than 50% after corner column failure.

Hu & Zhao
(2020) [147]

Several multi-column-removal scenarios were investigated. It was found that linearly
consecutive column losses have less adverse effects compared to the loss of multiple
columns in a rectangular pattern. When the imposed loads are low, the structure| Yes FEM No - 3
proved to be most robust against corner-column-related losses whereas at higher load
levels it proved most robust against interior column losses.

Zhang et al.
(2020) [148]

It was shown that 3D and 2D skeleton frames cannot accurately represent the
structural response during progressive collapse. Of all the single-column removal
scenarios investigated, the removal of the corner column from the ground floor of a| Yes FEM No - 6
structure with double web angle connections proved to be the most vulnerable to
progressive collapse.

Galal et al. (2019)
[149]

For hybrid structures consisting of composite steel frames with a reinforced concrete
Chen et al. (2018) core, it was concluded that the loss of a shear wall or of a corner column were most

[150] likely to cause progressive collapse if they were to occur prior to or during an es FEM Yes 15 !
earthquake.
Qiao et al. (2018) Simplified models for calculating the resistance provided by beam, catenary and Yes Analytical, No i 19
[151] Vierendeel mechanisms are proposed and validated in this research. FEM
Hamidi et al Based on the scenarios studied, corner column removal_was found to be more critical
"~ than edge column removal. It was also shown that viscous dampers can improve| Yes FEM No - -

(2018) [152]

dynamic structural response after column loss in certain cases.
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Analytical or

Authors and year Main findings and contribution numerical modelling Experimental (S(:(l:té(;B)g)
Yes/No Method | Yes/No Scale
Based on the scenarios studied, the removal of edge columns was found to be more
Rahnavard et al. critical than that of corner columns. In general, it was found that fluctuations damped Yes FEM No i 24
(2018) [153] sooner in buildings with a regular arrangement in plan compared to those with an
irregular one.
It was shown that it is important to consider panel zone effects when simulating the
Kordbagh & . )
. progressive collapse of steel frames. In particular, these effects were shown to be
Mohammadi : . . : . Yes FEM No - 3
(2018) [154] important when simulating corner column removal in structures with I-section
columns.
. Based on the cases studied, it was found that moment-resisting steel frames had a
Nazri et al. . .
lower progressive collapse potential compared to steel frames. The study also found| Yes FEM No - -
(2018) [155] - o
corner column loss to be more critical than interior column loss.
Pujari & Sangle Based on the structure analysed, the loss of corner columns was found to be more Yes FEM No i i
(2018) [156] critical than the loss of middle edge columns.
.. Buckling restrained braced frames were found to have better progressive collapse
Akbarinia et al. . i
performance compared to conventional frames. Based on the cases studied, corner| Yes FEM No - 1
(2018) [157] . S
column removal was found to be more critical than interior columns.
Kordbagh & Based on the cases studied, it appears buildings with more storeys are safer against
Mohammadi  progressive collapse. In addition, structures with greater base shear resistance| Yes FEM No - 14
(2017) [158]  perform better against progressive collapse.
Chu et al. (2017) For the structure studied, no catenary resisting mechanism could develop in beams
[15'9] after the loss of a corner column although it could develop after the loss of a middle| Yes FEM No - 2
column.
Nanaiya etal. Removal of a corner column proved to be most critical compared to all removal
. Yes FEM No - 1
(2017) [160]  scenarios analysed.
From the numerical study of different 10-storey frames with semi-rigid connections,
Bandyopadhyay . : L : : :
: it was found that bracings significantly improve progressive collapse resistance and
& Banik (2016) h . . ! . . . | Yes FEM No - 1
[161] that placing them in a floor-wise arrangement is more effective than placing them in

a bay-wise arrangement.
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Analytical or

. . E i tal i
Authors and year Main findings and contribution numerical modelling| —P¢"'MeMa (S(:(l:té(;B)g)
Yes/No Method | Yes/No Scale
Based on the numerical study of 50-storey building models, it was concluded that
Mashhadiali et al. the steel plate shear wall lateral load-resisting system has greater progressive Yes FEM No i 12
(2016) [162] collapse resisting potential compared to X-braced and moment frame structures. The
most vulnerable structural components in each of these systems is also identified.
Load redistribution in the tested system was found to occur mainly due to composite
flexural response and through the activation of tension ties. The load capacity after
Johnson et al.
corner column removal was found to be 28% lower than that after edge column| No - Yes 1/2 63
(2016) [138] .
removal. All the observed capacities were lower than the extreme event load
combination commonly used for progressive collapse design.
. It was shown that buckling restrained braces can improve the progressive collapse
Hosseini et al. o X . A
performance of buildings. For the cases investigated, it was found that corner column| Yes FEM No - 1
(2016) [163] ) iy )
removal is more critical compared to middle column removal.
Jeyarajan et al. . . .
Analysis results reveal that simple braced frames are more vulnerable to progressive
(2015) [164] I q isting f : heni o
Jeyarajan et al. ]SO a_pselcobmpar((;)f to momentI reS|st||ng réalmej. Varlousds_tre?]gt en:jng approaches| Yes FEM No - 9,16
(2015) [165] or simple braced frames are also evaluated and compared in this study.
It was shown that it is important to use three-dimensional structural models that
L consider material and geometric nonlinearities for progressive collapse analysis. For
Gerasimidis et al. h lvsed | of | di di I
(2015) [166] the sf[ructure analysed, removal of a corner column cause |t_s two a J_acent columns Yes FEM No - 32
to fail due to flexural-torsional buckling, triggering sequential buckling of multiple
columns and resulting in the collapse of the entire structure.
Based on the analyses performed, it was found that decreasing joint rotational
Yang & Wang stiffness has a negative impact on progressive collapse performance. Of all the Yes FEM No i i
(2015) [167] scenarios investigated, this effect was found to be greater when the corner column
was removed.
Gao & GUo A modelling strategy with improved computational efficiency is validated in this
study. The model of a 20-storey building is then developed and proposed as a| Yes FEM No - 12

(2015) [168]

benchmark for the standardisation of design for progressive collapse prevention.
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Analytical or

. . E i tal i
Authors and year Main findings and contribution numerical modelling| = ¢ o (SC(IJtS(;,Bé)
Yes/No Method | Yes/No Scale
Valadbeigi & Based on the cases studied, it was found that the vertical displacement after column
Ghassemieh  loss is reduced in structures with more storeys. For these cases, corner column| Yes FEM No - -
(2014) [169] removal was found to be more critical than edge column removal.
The design of secondary beams and slab reinforcement were shown to be critical for
- . resisting collapse through the development of compressive arching and membrane
Khalili-Tehrani et _ .. . . . -
action. The design of ductile shear connections was found to be key for providing| Yes FEM No - 3
al. (2014) [170] . : : .
resistance against collapse in steel braced frames. It was deemed that catenary action
was of little significance for the cases studied.
Based on analysis results, it was concluded that steel moment resisting frames
Hosseini et al. designed according to the Iranian national building codes do not satisfy criteria of Yes FEM No i 9
(2014) [171] UFC-4-023-03 for progressive collapse resistance. Some suggestions for improving
the building codes are also described.
An analytical method for the vulnerability assessment of damaged systems is applied
N to study the effect of several factors on the progressive collapse of steel frames after
Gerasimidis . ) .
corner column loss. It was found that collapse mechanisms after column removal in| Yes  Analytical | No - 53
(2014) [136] . . )
lower floors is governed by column buckling, whereas the mechanisms after column
removal in higher floors are governed by the flexural failure of beams.
The analysis revealed that tilting of structures requires increased steel tonnage due
Kim & Jun to an increased p-delta effect and that there is a wider distribution of plastic hinges
9 in tilted building structures after edge or corner column removal. Nevertheless, it] Yes FEM No - 12
(2013) [172] . o .
was deemed that such structures can have an equivalent resisting capacity after
column loss if designed properly.
Spyridaki etal. A proposed analytical method was validated by comparing results from numerical Yes Analytical, No i 3
(2013) [137] simulations to those obtained by applying the method. FEM
. Based on the cases studied, corner column removal was found to be more critical
Tavakoli & . . .
. compared to middle edge column removal. The capacity of a structure to resist
Alashti (2013) . . . Yes FEM No - 29
[173] progressive collapse under lateral loading was found to increase as the number of

bays and storeys increase.
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Analytical or

Authors and year Main findings and contribution numerical modelling Experimental SC(IJtS(;,Bé
Yes/No Method | Yes/No Scale ( )
Experimental results obtained after removing 4 columns from an existing steel frame
Song & Sezen building are pre_sented_ in this article. These are pombined with results from
computational simulations to evaluate the effectiveness of commonly used| Yes FEM Yes 1 119
(2013) [29] ) ; _ 4
progressive collapse design methods. It was found that using a dynamic
amplification factor of 2 can be very conservative.
For a single storey structure, it was found that removing the corner column is the
Wang etal.  most critical scenario. However, this was found to change as the number of storeys Yes FEM No i i
(2012) [174] increase. A simplified approach for progressive collapse analysis involving
modelling storeys at weights is also proposed in this research.
Parsaeifard & It was concluded that the capacity of the studied structure to resist lateral loads would
Alahi (2012) reduce significantly if a corner column were to fail and that the damaged structure| Yes FEM No - 1
[175] would no longer exhibit ductile behaviour during an earthquake.
A finite element modelling technique developed by the author was used to evaluate
Fu (2012) [134] the behaviour of a multi-storey steel_ (_:omposite buil_ding under consecutive column Yes FEM No i 33
removal scenarios. Measures to mitigate progressive collapse are recommended
based on analysis outcomes.
Several modelling approaches for progressive collapse assessment are evaluated in
Yuetal. (2010) this study. The importance of considering slab effects was highlighted and a
T . . . Yes FEM No - 11
[176] simplified dynamic assessment procedure is recommended for multi-storey
buildings after column loss.
Experimental results obtained by removing columns from two existing buildings are
Song et al. (2010) presented in this study. This together with results from computational simulations
. . . : Yes FEM Yes 1 11
[30] are used to provide practical and fundamental information on the collapse response
of buildings with a regular structural arrangement.
Design guidance for progressive collapse is given based on results obtained by
Fu (2009) [133] applying a validated modelling strategy to the analysis of a 20-storey building. Yes FEM No ) 190
Bae et al. (2008) Removal of corner wall columns were shown to cause progressive collapse of a Yes FEM No i o5

[177] portion of the cold-formed steel frame structure analysed.
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Analytical or

Authors and year Main findings and contribution numerical modelling Experimental SC(IJtS(E,Bé
Yes/No Method | Yes/No Scale ( )
A new design-oriented methodology for progressive collapse assessment of multi-
Vlassis et al storey buildings is applied to the case of a typical steel-framed composite building.
: Yes FEM No - 220

(2008) [131]

It was demonstrated that tying force requirements alone cannot always guarantee
structural robustness without explicit consideration of ductility demand in support
joints.
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6. Discussion

The most striking observation that can already be made on the basis of the descriptive statistics
presented in Section 2 is the tremendous difference between the amount of research that has
been performed on corner-column failures in precast concrete buildings compared to the
amount of research performed on cast-in-place concrete and steel buildings. To a certain extent,
this could be expected since the development of prefabricated construction systems is more
recent compared to the other two types of structural systems. Nevertheless, precast concrete
construction does have significant advantages in terms of cost-effectiveness, quality assurance,
and durability, which means it can play a significant role in the necessary transformation
towards more sustainable construction practices. Many stakeholders in the construction
industry have recognised this potential, leading to more widespread use of precast concrete
components. When it comes to structural robustness however, the fact that there is inherently
less structural continuity in precast concrete systems means that providing ALPs to prevent
failure propagation may be more challenging. As such, in order to ensure that buildings do not
only become more sustainable, but also more resilient, it is clear that more research is required
towards better understanding the response of precast concrete buildings after corner-column
failure and towards developing solutions to enhance their robustness. More experimental
research is considered as being particularly important since all previous works found on this
issue for precast concrete buildings were based on computational simulations [25,119-122].
However, these studies have shown that the continuity provided by the joints between precast

elements is crucial in determining the progressive collapse resistance of this type of structure.

For both concrete and steel framed buildings, several works demonstrate that Vierendeel action
is @ dominant secondary resisting mechanism which contributes significantly to improving
progressive collapse resistance [10,28,35,46,123,127]. On the contrary, some works suggest
that these types of structural systems have a limited ability to develop catenary resisting
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mechanisms through beams after corner-column failures [24,127,159,170]. Nevertheless,
several authors have shown that the development of membrane actions in slabs is more
significant and can play an important role in the redistribution of loads after such initial failures

[24,55,170].

In fact, several studies have shown that slabs can significantly increase the ultimate strength
capacity of both concrete and steel framed structures after the loss of a corner-column
[34,40,54,126,176]. For concrete framed buildings, different works have reported that slabs are
responsible for an increase of 55% to 63% in the ultimate strength capacity of particular
structural systems [34,40,54]. Similarly, several articles focusing on concrete or steel framed
structures highlight that infill or shear walls can also significantly contribute to improving
collapse resistance by providing more ALPs for load redistribution after corner-column failure

[31,50,83,101,102,108,110,162].

Many previous works involving the simulation of complete buildings have provided
comparisons between different column-loss scenarios. In the case of steel framed structures,
the majority of such studies indicate that corner-column failure is more critical than other
scenarios. Specifically, 11 works reported that progressive collapse was more likely to occur
after corner-column loss compared to other scenarios [129,145,173,149,152,155-
157,160,163,169], while only 2 works reported that the loss of either an interior or an edge
column was found as being more critical [141,153]. In the case of concrete framed structures,
results from such studies were far more balanced. In particular, 4 articles reported that the
structural systems studied were more vulnerable to progressive collapse after corner-column
removal [79,83,95,99] and 5 articles reported that the systems studied were more vulnerable
after other column-removal scenarios [73,105,106,114,116]. It is interesting to note that 2 out

of the latter 5 studies found the penultimate column as being the most critical for progressive
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collapse resistance. All these results appear to suggest that although the loss of a corner column
does leave a structural system particularly vulnerable to progressive collapse, the question of
which column location is most critical for progressive collapse resistance is highly case-

specific.

It is worth mentioning that several other parametric studies based on numerical simulations
have also analysed different aspects of possible initial failure scenarios. A common underlying
conclusion from such studies include for example that having more storeys over a failed
column typically leads to greater residual capacity thanks to smaller beam rotations and lower
ductility demands [71,95,105,129,158,169]. Other conclusions more specific to steel frame
structures include the importance of designing sufficiently ductile joints to ensure the activation
of secondary resisting mechanisms [131,170] and the fact that certain types of bracing can
significantly improve collapse resistance [134,141,145-147,157,161,163-165]. It is worth
noting that braces can be included as part of the original design or as part of a strengthening
intervention [8]. Naturally, the available options for including bracing when retrofitting an
existing structure are more limited in comparison to those available when designing a new

building.

Finally, another general conclusion that can be made based on this review relates to the small
number of studies focusing on retrofitting exiting structures. Although significant research and
professional efforts have led to the incorporation of robustness criteria in building codes and
guidelines that new building designs need to comply with, a very large portion of the current
building stock in the world was designed without considering structural robustness. Despite
this fact, out of more than 150 references considered for this review, only 10 dealt with
retrofitting or strengthening existing structures [37,41,44,112,134,140,147,164,165,178]. In

particular, 5 of these concerned RC buildings [37,41,44,112,178] and 5 concerned steel frame
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buildings [134,140,147,164,165], 2 of which consisted of similar studies carried out by the
same authors [164,165]. In addition, the retrofitting solutions studied in these works tend to be
overly invasive or complex to implement. These are important limitations for their adoption in
industry which makes it clear that there is a need for more research on efficient and practical
methods to retrofit and strengthen existing structures to improve their progressive collapse

resistance after corner-column failures.

7. Conclusions

This paper presents an exhaustive review of research on the progressive collapse of framed
structures after corner-column failures. The scope of the review has been focused on the most
commonly used structural systems in industry, namely those consisting of cast-in-place
concrete structures, precast concrete structures, and steel structures. Both the main findings as
well as the methods employed to carry out the reviewed research works were analysed,
allowing meaningful general conclusions from past research and the most important future
research needs to be identified. In addition, interactive and searchable summary tables of all

reviewed works have also been made available at 10.5281/zenodo.7606906 to facilitate access

to the information collected for this review by other researchers, to enhance its usefulness, and

to ensure transparency.

One of the most meaningful conclusions that can be derived from past research on corner-
column failures is that Vierendeel action tends to contribute more often to load redistribution
than catenary action in beams. Another useful observation is the fact that slabs and infill walls
significantly change the response of structural systems after corner-column failures and should

therefore be considered in analyses aiming to be realistic.

Finally, the areas identified as needing most research effort in the future based on this review

on corner-column failures include the progressive collapse of precast concrete framed buildings
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and the retrofitting of existing buildings. With respect to the latter, it is worth highlighting that

the few solutions that have been proposed for improving the robustness of existing buildings

are usually overly invasive or complex to implement and thus present several important barriers

to their adoption in industry.
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