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Introduction
Term of progressive collapse means sequential (chain) 

destruction of load-bearing building structures, result-
ing in the collapse of the entire structure or its parts due 
to local damage [1]. Another definition, given in [2], ap-
points progressive collapse as the spread of an initial lo-
cal damage in a structure to surrounding elements which 
eventually leads to the collapse of a disproportionately 
large part or the entire structure. In various literature 

synonyms of this term can be found, namely dispropor-
tionate or chain collapse or progressive failure.

This phenomena attracted attention of researchers 
and practitioners firstly after collapse of entire south-east 
corner at Ronan Point apartment block in 1968 due to a 
gas explosion. This event can be considered the begin-
ning of exploration progressive collapse issues [3]. At the 
present moment this research area is only at the stage 
of genesis and formation into a separate scientific dis-

ARCHITECTURE AND URBAN PLANNING

DOI 10.15826/rjcst.2019.1.005 УДК 699.841

Burukhina O. S. 1, Ananin M. Yu. 2
1, 2 Ural Federal University, 
Ekaterinburg, Russia

E‑mail:  1olgaburuhina@mail.ru

RESEARCH AND STANDARDS ON PROGRESSIVE COLLAPSE 
OF STEEL BUILDING UNDER ABNORMAL LOADS

Abstract. The phenomenon of progressive collapse of building structures is an important focus in construction design. After 
the chain destruction of the Ronan Point in 1968, a range of studies were directed on the causes establishment of the appearance 
of progressive collapse and methods of protection against them. Trigger accident events contributed to damage have a different 
nature and are referred to as abnormal loading. The performance of the building collapse is also in depending on the construction 
materials and the design schemes. Many scientists from different countries dealt with the challenges of progressive collapse. Their 
research has found application in modern building codes and regulations. This article provides a brief review of current analysis 
methods for progressive collapse of steel structures under abnormal loads, as well as Russian and foreign standards related to this 
academic field.

Keywords: progressive collapse, abnormal loads, assessment methods

Бурухина О. С. 1, Ананьин М. Ю. 1
1, 2 Уральский федеральный университет, 
Екатеринбург, Россия

E‑mail:  1olgaburuhina@mail.ru

ИССЛЕДОВАНИЯ И СТАНДАРТЫ ПО ПРОГРЕССИВНОМУ РАЗРУШЕНИЮ СТАЛЬНЫХ ЗДАНИЙ 
ПРИ АНОМАЛЬНЫХ НАГРУЗКАХ
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cipline. Many scientists’ efforts were aimed at studying 
both causes of disproportionate collapse, and the me-
chanics of its origin and performance.

The following reasons may trigger progressive col-
lapse occurrence [4–6]: a natural event (hurricanes, 
earthquakes), accidental event (gas explosions, fires), in-
dustrial accidents, human errors in design, construction 
and reconstruction, deliberate event (terrorist attacks), 
soil collapsing and sinkhole, etc.

It is assumed all the mentioned above trigger events 
contributing to limited local damage unite at a group of 
abnormal loads. In [6] it is also describes possible scenar-
ios for the development of local deformations. Generally 
researchers are limited to only one of all scenarios name-
ly column loss scenario under abnormal loading to as-
sess the potential for progressive collapse, i. e. it is used to 
check if a building can successfully absorb loss of a critical 
column, or a brace or brace/column combination when 
pay no attention on the nature of loading [7]. There is 
also a less common scenario of sudden transport impact 
load considered in [8]. However the question of the oc-
currence probability of such scenario compared to others 
discussed in [9, 10] omitted in case of that researches.

There is a range of method of simulation the procedure 
of progressive failure analysis for definition the response 
of the frame, developed in recent years. They consider the 
process of developing progressive collapse from various an-
gles, including dynamic aspects, load history, time history 
analysis, etc. But there are no common methods and evalu-
ation criteria of progressive collapse resistance related for 
steel, reinforced concrete and composite construction [11].

1. Progressive collapse assessment regulation
Currently, more than 30 leading research, design and 

construction organizations are engaged in research in 
the field of progressive collapse. One of the goals of their 
work is to create novel design standards and update the 
existing ones with this phenomenon in mind.

1.1. Russian Federation regulations concerning 
progressive collapse
Due to the great interest on the part of scientific and 

design organizations, in recent years new regulatory doc-
uments in the field of progressive destruction have been 
developed and issued.

Contrary to popular belief, the first regulatory docu-
ments related to the progressive-failure issue appeared in 
the Soviet Union in 1986 [12]. At the beginning of the 
21st century, guidelines for protection of buildings with a 
long stay of a large number of people and unique build-
ings (high-rise and long-span) from progressive collapse 
were formulated in Russian standards. However, these 
recommendations mostly relate to reinforced concrete 
buildings of various design schemes and purposes, i. e. 
there is a gap in the regulatory framework governing the 
progressive collapse analysis of steel structures.

Currently, in the framework of progressive collapse 
of the supporting structures of buildings and structures, 

the main regulatory documents are: [1, 13] define the 
objects for which progressive collapse analysis is manda-
tory; [14] regulate load combinations for event of abnor-
mal loading; [15–16] determine the design rules and the 
procedure for calculating metal structures, as well as the 
recently introduced [4, 17] regulating the procedure of 
the progressive collapse analysis.

Additionally, the question of introducing an addition-
al third group of limiting states caused by special impacts 
and accidental events that lead to the damage of struc-
tures with catastrophic consequences is discussed in the 
Russian-language scientific community [18–19].

Nevertheless, gaps in the regulatory remain with 
the introduction of recent documents, for example, the 
procedure for accounting for dynamic coefficients, the 
criterion of progressive destruction of the structural sys-
tem of buildings with metal structures with no occur-
rence of stabilization of strength conditions for sections 
are not clearly defined.

1.2. The USA regulations concerning progressive 
collapse
Of all the variety of international codes and stand-

ards in the field of construction American guidelines, 
which acknowledged and depicted the outcome of the 
research efforts towards the quantification of dispro-
portionate collapse deserve special attention [20–24]. 
Nowadays they are the most advanced and constantly 
updated standards. Many countries use these standards as 
prototypes of their own. These documents so far include 
several different design methods; the indirect methods 
such as the tie force method and the direct methods such 
as the specific local resistance method and the alternate 
load path method.

The highest value represents the alternate path meth-
od incorporated the event of a vertical element failure 
tuning the structure such that can bridge over the failed 
element through the redistribution of the load to the re-
maining structure. Therefore, the critical elements of 
such structures mainly include columns. The method 
employs three analysis procedures: linear static, nonlin-
ear static and nonlinear dynamic.

Indirect measures imply prevention or reduction to an 
acceptable level of probability of appearance and/or in-
tensity of special impact due to the use of preventive or 
organizational measures (prohibition of storage of explo-
sive materials, installation of protective screens, shells, 
safety barriers, increase in areas inaccessible for terrorist 
threat, etc.). As well as carrying out constructive meas-
ures to ensure the integral integrity, continuity, multiply 
connectedness of the system, plastic deformability (tie 
method), etc.

1.3. Another regulations concerning progressive 
collapse
In the practice of international regulation of progres-

sive collapse, it is also worth to note the Great Britain 
regulation and Eurocodes.
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The UK was one of the first countries to incorporate 
the main provisions for assessing the progressive collapse 
of buildings into its standards. The main provisions of 
measures for protection against progressive collapse are 
given in BS 6399 [25]. Specific requirements for pro-
tection against progressive collapse for steel, reinforced 
concrete and masonry structures are given in material-
specific BS 5950 [26], BS 8110 [27], BS 5628 [28], re-
spectively.

Eurocode is a regional regulation of the European 
Union member countries. They are not intended for di-
rect use and must be adapted to local conditions. For this 
purpose, in each country, national annexes to Eurocodes 
are developed, which specify the parameters to the 
country, and may also provide additional explanations 
of inaccuracies that arose in connection with the trans-
lation of the standard from English to the national lan-
guage, application features and other information. In the 
Eurocode EN 1991-1-7 [29], provisions (strategies and 
rules) for designing buildings against identifiable and un-
identifiable specific impacts are provided. However, it is 
stated that this document does not specifically address 
the special effects caused by external explosions, military 
and terrorist acts. Thus, the design of structures against 
the possible threat of a terrorist attack must be carried 
out in accordance with the provisions on the specified 
special effect.

A comparative analysis of certain norms is given in [30].
2. Progressive collapse assessment methods
As noted above, at the moment there is universally 

accepted approach to the assessment of progressive col-
lapse, and the regulations may recommend different 
provisions and even contradict each other. The meth-
ods applied to structures made of different materials 
should reflect the main features of their work both at 
the design load stage and at the stage of operation loads. 
Additionally, the schematic diagram of the building de-
pended on the used materials determines the model of 
progressive collapse and means by which its effects may 
be mitigated. In this regard, it is advisable to separate the 
methods applied to metal, reinforced concrete, wood 
and combined structures.

There is no single concept for solving the problem of 
the progressive collapse of the steel frame structure in 
terms of modeling the emergency load situation and its 
consequences so far. Therefore linear static, quasi-stat-
ic, nonlinear static and nonlinear dynamic methods are 
outline in various literatures. Some of them are described 
below.

2.1. Approaches to progressive collapse  
assessment
Mainly methods progressive collapse assessment can 

be divided into linear and nonlinear calculations. A sim-
ple but rather conservative way of analyzing a structure 
under the scenario of a failed element is using a linear 
static method [31]. This method already has described in 

all the relevant American guidelines as an acceptable 
way of analyzing the problem. However, it involves the 
application of the load increase factors or dynamic am-
plification factors in order to compensate dynamic struc-
ture behavior which a static analysis cannot include. The 
nonlinear effects were deliberately not accounted in the 
study in order to highlight the results.

Quasi-static nonlinear pushover analysis methods 
originally use to estimation seismic load. And in article 
[32] its application for other extreme events, such as blast 
loads and tornado winds is considered and illustrated by 
an example.

In study [33] the vertical push-down analysis was 
conducted to investigate the resistance of steel moment 
frames for progressive collapse. The analysis was carried 
out by gradually increasing the vertical displacement in 
the location of the removed column and the vertical 
load in all spans corresponding to the increase of vertical 
displacement.

Nonlinear quasi-static computational procedure 
for progressive failure analysis use to trace the post-
elastic stiffness and strength deterioration of building 
frameworks subjected to abnormal loading [34]. Also a 
nonlinear dynamic analysis methodology has been pro-
posed for tracking the dynamic behavior of progressive  
collapse [35].

Kim and Park [36] applied a plastic design method for 
the design of steel moment-resisting structures against dis-
proportionate collapse using a dynamic method of analysis.

However, few researchers take into account the spatial 
behavior of regular framework, the consideration of vari-
ous combinations of internal efforts, and also require ver-
ification of the results of the proposed progressive-failure 
analysis procedure. Nevertheless, the nonlinearity of the 
phenomenon, which plays a major role in the response 
of the structure, is included in upcoming publications by 
other researchers.

2.2. Analysis levels of building structures  
for progressive collapse
When analyzing buildings for progressive collapse, 

it is represented as a hierarchical structure. The following 
structural elements of the building are distinguished: in-
dividual elements of the building (assembles and separate 
structures), substruction (groups of structural elements), 
flat spatial systems of several characteristic elements 
(floors or frames) and the building as a whole. Due to 
the different objectives of the study, scientists consider 
certain structures and their work under the influence of 
abnormal loads.

I n d i v i d u a l  e l e m e n t s  o f  t h e  b u i l d i n g . 
Rigid steel beam-to-column frame structures are applied 
to counteract to progressive collapse and to implement 
the alternative path method by means of catenary effects 
or compressive arching action.

Analysis of the actual operation of the connections 
shows that they have compliance [37]. Thus, when evalu-
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ating the progressive collapse, it is necessary to consid-
er not conditionally “rigid” and “hinge” joints, but to 
take into account their actual work.

The research works of George Vasdravellis et al., Bo 
Yang et al. [38–40] are devoted to the study of rigid con-
nection under the application of a abnormal load. The 
authors dealt with various types of assembles and created 
computational models of them in highly organized soft-
ware complexes ABAQUS and ANSYS, as well as verified 
such models using special tests. On the basis of verified 
models, the authors conducted numerical experiments 
and made recommendations on the use of joints of vari-
ous configurations.

S u b s t r u c t i o n  o f  b u i l d i n g  s t r u c t u r e . 
When analyzing the strength of structures for progressive 
collapse, it is necessary to analyze not only the connec-
tions, but also the stress-strain state of the structures im-
mediately adjacent to the damaged element.

The importance of this analysis lies in the fact 
that internal forces arise in the elements calculated for 
one stress-strain state, contributing to the transition of 
the structure to another. Thus, in [41] complex task of 
analyzing a flat frame section direct influence area re-
garded as the main investigation region when using the 
APM is considered. The paper discussed in detail aspects 
of modeling such structures in ABAQUS software, inves-
tigated the effect of the boundary constraints at the beam 
end on the anticollapse performance of an assembly and 
conclusions of flexural and catenary actions in a beam.

P l a n a r  f r a m e s  o f  b u i l d i n g  s t r u c t u r e .  At  
a certain stage in the development of mathematical mod-
eling, the analysis of progressive collapse was limited to 
flat frames because they are much simpler than spatial 
models. However, already on the basis of data from nu-
merical experiments [34, 42, 43] it was possible to get 
an idea of the mode of a chain reaction in the term of 
progressive collapse and on the entirely operation of the 
building frame during the occurrence of the column loss 
scenario entirely.

E n t i r e  b u i l d i n g .  The works, aimed to spa-
tial analysis of the building, are of particular interest. 
They implement the most complete force transfer mod-
el in the case of alternate load path method. In addition, 
in [42] a comparison of space and flat analysis of build-
ing structures was got. Such experiments in nature are 
quite costly. However Song et al. [44] managed to put 
an experiment of loss of columns of various positions on 
the plan in the building intended for demolition. Such a 
large-scale experiment allowed us to verify the numerical 
model for further research.

C o m p l e x  a n a l i s y s .  It is also worth noting 
the Izzudin and Vlassis research [9, 45], devoted to a 
comprehensive assessment of the progressive collapse 
of buildings. In this paper, an approach that allowed test 
how to resist constructions is formulated. In the com-
panion paper, the authors demonstrated their method on 
the example of a simple-shaped building model.

3. Development directions of progressive  
destruction analysis
The most dangerous structures from the of progres-

sive collapse point of view are long-span and high-alti-
tude (unique) one due to failure of structural elements 
such as supporting contour of guy or convex shells, bear-
ing pylons or columns of a high-rise building, suspen-
sion systems of cable-stayed systems, etc. Also, buildings 
with irregular structure and a small number of basic bear-
ing elements may be included to the group of such unique 
systems.

For industrial buildings of ferrous metallurgy of the 
review’s author interest, a cellular framing structural 
scheme is often used. The scheme consists of a series of 
flat frames located in the vertical planes of all transverse 
axes. Frames provide lateral rigidity and stability of the 
building. Longitudinal stiffness is achieved by introduc-
ing in some parts vertical ties, installed on the entire 
height of the building that forms a stable framework in 
combination with hard disks. Blast furnace buildings are 
objects of increased responsibility, since their failure can 
lead to great economic, environmental and material con-
sequences, as well as to human losses. However, the com-
plexity of the technological process that takes place in 
the blast furnaces building preclude the installation of a 
large number of redundant elements to provide excessive 
static indeterminacy, which in turn complicates the de-
signer’s task.

Blast furnaces buildings have some features of opera-
tion, which can contribute to the development of acci-
dents and as a result, progressive collapse. For instance, 
there is a strong temperature effect of a wide range of tem-
peratures with their uneven distribution in space and in 
time, low-cycle heavy loads, leading to the appearance of 
fatigue cracks in metal structures, as well as in homoge-
neity phenomena in welded joints [11].

These buildings are of interest to the researcher for 
several reasons. First, it is necessary to correctly build a 
analytical model and evaluate the influence of closely lo-
cated structures on each other in the event of a design ac-
cident. Secondly, it is necessary to analyze the possibility 
of the occurrence of a design accident and thereby limit 
the possible scenarios of progressive collapse. Thirdly, 
it is necessary to study the actual operation structural 
frame connections in the event of a abnormal load, since 
their shapes differs from those previously discussed in 
Sec. 2.2. Solving the above problems will improve the 
quality of design solutions and the level of safety during 
operation, reduce the risks of the possibility of progres-
sive collapse of ferrous metallurgy facilities, as well as the 
cost of constructing the facilities.

Conclusion
Experimental studies directly affect the further devel-

opment of regulatory documents in the field of construc-
tive safety of buildings and structures. At the moment, 
the study of the causes of progressive collapse and the 
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mechanism of operation of structures under the applica-
tion of anormal loads has already achieved success, but 
there is still an urgent need to formalize the methods of 
progressive destruction.

In conclusion, it can be noted that further theoreti-
cal and experimental research in this area is necessary for 
a detailed study of the redistribution of efforts in a con-
structive system and the stress-strain state of structures to 
a particular effect, especially operated and reconstructed 
buildings and structures.

Industrial buildings with steel framework are of par-
ticular interest in this matter. The wide size range of 
steel structures, the possibility of severe service and the 
resulting flexibility of space causes their widespread use. 
However, along with this, the risk of an emergency in in-
dustrial buildings is higher, as well as the complexity of 
design solutions. Therefore, the issue of safety and the 
protection of industrial buildings from progressive col-
lapse play an important role in design issues.
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