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Abstract-Progressive collapse is a 

disastrousstructural event that can be caused by man-

made and natural hazards. Regardless of the cause, 

only a single local failure can induce a significant 

chain of damage in structure which can eventually 

lead to the entire collapse. This paper aims to provide 

a comprehensive review on the most common 

triggering factors of progressivecollapse of RC 

structures such as blast, fire, earthquake, gas 

explosion, etc.  
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1. Introduction 
 

The flurry of interests of research on progressive 

collapse started after the disproportionate collapse of 

Ronan Point Apartment building in London, UK in 

1968. Such event is a landmark of progressive 

collapse in recent history, which has evoked the 

progression of many codification of the robustness 

design for building structures. There has been another 

heat of interests to tackle such type of collapse after 

the disproportionate collapse of Alfred P. Murrah 

Federal building, Oklahoma City in 1995 and the 

total collapse of the World Trade Center Towers, 

New York in 2001. It has also attracted more 

rigorous definition and research work towards 

various subjects surrounding progressive collapse. 

GSA[1] has defined progressive collapse in that 

―progressive collapse is a situation where local 

failure of a primary structural component leads to the 

collapse of adjoining members which, in turn, leads 

to additional collapse‖. To avoid such collapse mode, 

the structure is compelled to follow alternative load 

paths to redistribute the loads that are supposed to 

pass through the failed members and this dynamic 

process will continue until a new equilibrium position 

is obtained [2].  

2. Triggering Factors of Progressive Collapse 
 

Progressive collapse of building structures can be 

caused by either natural or man-made as shown in 

Fig. 1. The man made triggering factors can be 

intentional or unintentional such as explosive, blast, 

earthquake, fire, human errors in design, debris 

impact[33], large environmental loads [34]. 

Furthermore, it can be caused due to low grade 

material, construction overload, and inappropriate 

construction techniques [7]. The building structures 

are susceptible to collapse when localized damage, 

sometimes combined with improper deterioration or 

overloading [8] and sometimes the improper 

inspection during construction and the 

miscommunication between the contractors and 

engineering documents could be the cause for 

progressive collapse. 

2.1 Explosion 
 

In last 20 years, civil buildings and structures are 

being destroyed by terrorist attacks using high 

explosive devices. It is because, high explosives 

causes devastating effects and meager survivability 

of structure and its occupants. There has been a fierce 

of interests of research in particular to design, 



International Journal of Advanced Engineering and Management 

ISSN 2456-8066 
 

B. Sanjeev, J. Yang and Q. F. Liu, ―A Review on Progressive Collapse of Building Structure‖ 

International Journal of Advanced Engineering and Management. Vol 6, No. 1 Page 43-53, 2021 
 

analysis and protection of buildings against blast after 

the attack of Twin Towers, September 11, 2001.  

 

 

Fig. 1 Triggering factors of progressive collapse of 

building structures 

Explosions are categorized into three types: (1) 

mechanical; (2) nuclear; and (3) chemical [9]. 

Chemical explosion is mainly considered as primary 

source of terrorist attacks all over the world. 

Chemical explosion are caused by rapid oxidation of 

carbon and hydrogen atoms contained within the 

explosive compound. It releases huge volume of hot, 

dense and high pressure gas, which produces strong 

blast wave (a layer of compressed air) outward from 

the center of explosion with higher magnitude in 

short duration. This blast wave will load the 

structures to a very high magnitude of loading. 

Mostly high explosives results in ideal blast wave 

profile as shown in Fig. 2(a), and this pressure time 

history can be approximated by the exponential 

equation given in Equation (1) [10]. In an explosion, 

the blast wave is characterized by sudden increase in 

pressure from ambient pressure (𝑃0) to a peak 

positive overpressure (𝑃𝑠𝑜
+). This peak positive 

overpressure decays exponentially with time and 

return back to ambient pressure and this phase is 

known as positive duration(𝑡𝑝𝑜𝑠 ). This is followed by 

negative phase (𝑡𝑛𝑒𝑔 ) which lasts for approximately 

2-5 times of the positive phase [11]. However, for 

simplicity in most of the structure design and 

analysis, the negative pressure wave is usually 

neglected being very small and Equation (1) is often 

simplified as Equation (2) [12], considering a 

triangular blast loading pattern, Fig. 2(b). 

𝑃 𝑡 = 𝑃𝑠𝑜
+(1 −

𝑡

𝑡𝑝𝑜𝑠
)𝑒

−𝑏𝑡

𝑡𝑝𝑜𝑠    (1) 

𝑃 𝑡 = 𝑃𝑚𝑎𝑥 (1 −
𝑡

𝑡0
)   (2) 

Where 𝑃(𝑡)overpressure at time t, 𝑃𝑚𝑎𝑥  is the 

maximum overpressure in triangular loading pattern 

and b is an experimental constant.  

 

In a blast event, the blast wave propagates through 

the atmosphere and the air behind the shock front 

moves outward at lower velocity. This velocity of air 

is associated with the dynamic (blast wind) pressure. 

When the blast wave strikes on a rigid surface, it is 

reflected and the incident peak overpressures 𝑃𝑠𝑜
+ are 

intensified by a reflection pressure instantly 

developed on the surface as illustrated in Fig. 3 a). 

The over pressure causes hydro-static type load, 

which in general, is taken into consideration to 

account the destructive effects of the blast. However, 

dynamic pressure is another important quantity in 

blast damage characterization, which produces drag 

or wind type load [9]. Negative overpressures may 

cause some direct damage to structural elements such 

as dislodgement of window panels not secured 

against outward motion, brick veneer, plaster walls, 

etc. 
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(b) 

Fig. 2(a) Blast wave pressure-time history (b) Blast 

Loading[12] 

The overpressure is determined at the face of the air 

impact wave that spreads from the epicenter of 

explosion to the surrounding steams from the reduced 

distance (Z) is given by Equation (3)[13]. Fig. 3 b) 

illustrates that the threat for a conventional bomb 

depends on charge weight (𝑊𝑐) and the actual 

effective distance between epicenters of explosion to 

the target (R).  

𝑍 =
𝑅

𝑊𝑐
1/3    (3) 

 

(a) 

 

(b) 

Fig. 3(a) Incident and reflected pressures on building 

[9](b) Blast loads on a building [12] 

When the shock front strikes the front wall of a 

building, large pressure is exerted on exposed 

surfaces and enters to the inside through openings, 

subjecting the floors, ceiling, walls, contents, and 

occupants to sudden pressures. If a large scale blast 

wave loading is subjected to a large area of the 

structure, all members contribute some degree of 

resistance to the dynamic loading and there occurs 

the global deformation. If a relatively small charge is 

exploded sufficiently near to a substantial structure, 

the response of individual members needs to be 

considered separately since they are likely to be 

loaded sequentially. If the explosion is in close 

vicinity to a wall or floor slab, there can be gross 

damage which can injure people, damage property 

and, if primary structural element is sufficiently 

damaged, cause collapse of structure [9]. The 

sequence of air blast effects is explained by Koccazet 

at. [14], as shown in Fig. 4.  

 

Fig. 4 Sequence of air-blast effects[14] 

Early morning On May 16, 1968, there was gas 

explosion from the kitchen of apartment 90 on the 

18
th

 floor due to leak [3]. A corner wall was blown 

out due to this unintentional accident. This local 

damage initiated a partial collapse of Ronan Point 

Apartment that caused death of four people and 17 

injured. The loss of a load bearing wall caused the 

chain reaction in which floor just above the damaged 

wall collapsed one after another, propagating upward 

as shown in Fig. 5. The falling debris of floor 19-22 

added sudden extra load on floor 18 which caused 

second phase of collapse, collapsing floor 17 down to 

the ground [4]. Another devastating event took place 

On April 19, 1995, where Alfred P. Murrah Federal 

Building was attacked with a truck bomb at the front 

face of the building [6]. Few structural elements such 

as columns at the exterior side of the building were 

failed which initiated the progressive collapse [2]. 

The important feature of this building was the 

provision of transfer girder at the exterior face on the 

third floor that had 12.2m in span, supported the 

upper columns at 6.1m center to center [5]. This local 

failure caused the failure of transfer girder and 

eventually all the beam and floor areas above the 

failed columns were collapsed as shown in Fig. 5 and 

Fig. 6. 
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Fig. 5 Collapse of Ronan Point Apartment[4] 

 

Fig. 6 Partial collapse of Alfred P. Murrah Federal 

Building 

2.2 Fire 

 

Fire has been one of the major factors for causing 

building collapse. Beams and columns are the key 

load-bearing members of RC frame structures. When 

load carrying elements are exposed to fire, it leads to 

a decrease in its loading carrying capacity and service 

life. It is assumed that concrete cross-sections retain 

their integrity under fire conditions, and hence widely 

held perception among designers that steel structures 

are more vulnerable to collapse on fire than 

reinforced concrete structures. However, a 

preliminary evaluation of the failure criteria revealed 

that the failure of damaged concrete surface occurs 

most likely by development of cracks parallel to the 

hot surface, reducing the concrete strength and 

pressurization of concrete pores. Furthermore, 

authors [15–17] highlighted that spalling of concrete 

in fire events causes serious damage to concrete 

members. At a higher temperature, concrete 

experiences a variety of chemical and physical 

change. For example, enormous change in volume 

due to non-uniform thermal expansion of aggregates 

and shrinkage of the cement paste, resulting cracking 

and spalling of concrete [18]. Spalling of concrete at 

high temperatures can cause severe reduction in the 

cross-section of load bearing elements such as beam 

and column and could lead to early catastrophic 

failure [15]. For the RC beams and columns exposed 

to fire, the tensile failure of steel reinforcement 

occurs when its ultimate tensile strain is reached at a 

high temperature. Likewise, the compressive failure 

of concrete occurs when its ultimate crushing strain is 

reached [19]. According to thermal-mechanical 

coupled material constitutive law, the total strain of 

concrete (𝜀𝑐) at high temperature consists of stress 

strain𝜀𝜎
𝑐 𝑇, 𝜎 , free thermal expansion strain 𝜀𝑡ℎ

𝑐  𝑇 , 

short term high temperature creep strain 

𝜀𝑐𝑟
𝑐  𝑇, 𝜎, 𝑡 , and transient thermal strain 𝜀𝑡𝑟

𝑐  𝑇, 𝜎  as 

expressed in Equation (4) and total strain in 

reinforcement (𝜀𝑠) consists of all strains as that of 

concrete except transient thermal strain as expressed 

in Equation (5) [20]. 

 

𝜀𝑐 = 𝜀𝜎
𝑐 𝑇, 𝜎 + 𝜀𝑡ℎ

𝑐  𝑇 + 𝜀𝑐𝑟
𝑐  𝑇, 𝜎, 𝑡 + 𝜀𝑡𝑟

𝑐  𝑇, 𝜎  
 (4) 

𝜀𝑠 = 𝜀𝜎
𝑠 𝑇, 𝜎 + 𝜀𝑡ℎ

𝑠  𝑇 + 𝜀𝑐𝑟
𝑠  𝑇, 𝜎, 𝑡   

   (5) 

Fire effect spreads from ignition part in both 

horizontal and vertical direction with respect to time. 

The time-temperature curve adopted in standard fire 

resistance test is shown in Fig. 7 and defined by 

Equation (6) [10]. If fire spread vertically then the 

adjacent elements provide alternate load paths to 

some extent but if spreads over the entire cross-

section of a structure no alternative load path is 

available and the floors above the damage level starts 

to fall [10]. The lower floor encounters large impact 

load due to debris from upper floor and progressive 

collapse occurs, if the available strain energy in the 

structure is lower than the potential gravitational 

energy released during a fall [21]. Hence possibility 

of causing collapse decline with the rise of height of 

local failure in fire-induced progressive collapse [21–

23].  

𝑇 = 20 + 345𝑙𝑜𝑔10
(8𝑡+1)

   (6) 
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Fig. 7 Time-temperature curve[12] 

On February 12, 2005, it was believed that short-

circuit on the 21
st
 floor of 32-storey Windsor Tower, 

Madrid caused fire. Windsor Tower was a reinforced 

concrete core with two-way spanning waffle slab 

supported by internal reinforced concrete columns 

and steel beams and steel perimeter columns. At the 

time of fire the perimeter steel columns were left 

unprotected above the 17
th

 floor level [24]. The 

perimeter columns were supported by two heavily 

reinforced transfer structures provided between the 

2
nd

 and 3
rd

 floors, and the 16
th

 and 17
th

 floors, Fig. 

8(a). The fire spread to all floors above the 21
st
 floor 

within one hour and gradually spread downwards to 

the lower floors in the following hours. The 

unprotected steel perimeter columns above the 17
th

 

floor buckled and collapsed, Fig 8 b), and a large 

portion of the floor slabs progressively collapsed 

during the fire as shown in Fig. 8(c).  

 

(a) 

 
 

(b) 

 

 
 

(c) 

 

Fig. 8(a) Cross section of Windsor Tower, Madrid (b) 

Buckling of perimeter columns (c) Collapse situation 

of upper floor[24] 

2.3 Earthquake 

 

A structure is considered seismically collapsed, if a 

structural system, or a part of it, is unable to sustain 

gravity loads under earthquake loadings. Seismic 

loadings may either; trigger vertical collapse due loss 

of one or more vertical primary structural element or, 

lateral dynamic instability collapse caused by large 

displacement of a single or multiple stories. The 

former may arise due to loss of axial capacity of one 

or more vertical load carrying elements following 

their shear failure [25], whereas the latter is caused 

by large displacement of a single or multiple stories 

due to combination of P-delta effects and serious 

component deterioration. The collapse process is very 

sensitive to the input ground motion in terms of the 

intensity and ground motion profile [26].  

 

Earthquake loading can generate strong horizontal 

forces and stress reversals. These load effects can 

overload structural members which result in the loss 

of one or more load-carrying elements [27]. 

Observation of earthquake damage in past 
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earthquakes presented in Moehle et al. [28] shows 

that earthquake loading can cause loss of supports in 

the structures as shown in Fig. 9. During major 

earthquake, the continuous vibration after initial 

damage and the repeated stress reversals from cyclic 

inelastic action can lead to significant deterioration in 

stiffness, strength, and ductility capacity of the 

structural system due to accumulated damage effects. 

This deterioration in turn can affect the progression 

of failure and ultimate collapse behavior of the 

structure [29]. Most members in the upper floor of 

the structure experience severe damage at a lower 

intensity before the commencement of collapse and at 

high intensity sideway collapse is more likely to 

occur [26]. 

 

 
 

(a) 2016 Taiwan Earthquakes               

 

 
 

(b) 1999 Kocaeli Earthquakes 

 

Fig. 9Loss of supports due to earthquake[28] 

Research has shown that to enhance the seismic 

resistance of structure, good detailing and 

strengthening should be adopted in design [30,31]. 

The spread of initial damage can be restricted if 

beams, columns or joints of a framed structure are 

provide with the higher load carrying capacity 

considering the seismic loads in design [32]. The 

seismically designed beam provided with additional 

top and bottom longitudinal reinforcement facilitates 

for higher flexural capacity over the missing column 

[33]. In determining the seismic collapse behavior, 

the column to beam strength ratio shows a significant 

role [34] and ratio of 2.0 or more is suggested to 

avoid a storey mechanism [30]. Following the GSA 

criteria, seismically designed medium-rise reinforced 

concrete frame structures for moderate or high 

seismic risks zone prevent the occurrence of 

progressive collapse even when exterior or interior 

column is removed [35]. Surveys after 2012 Emilia 

earthquake in Northern Italy showed the main reason 

for collapse was that the Italian precast buildings 

were not designed considering the seismic detailing 

[36]. Design of precast panel shear wall adopting the 

seismic detailing requirement will enhance the shear 

ductility of connectors in vertical joints and shear slip 

in horizontal joints [37]. 

2.4 Impact of the Aircraft 
 

On September 11, Pentagon was collided by the 

hijacked aircraft from the southwest direction at 

approximately 780 ft/s, at an angle of approximately 

42 degrees to the normal to the face of the building, 

at or slightly below the second-story slab, Fig 10 

a)[38]. It was entirely cast-in-place reinforced 

concrete using normal-weight aggregate. The impact 

of aircraft and the debris on the building caused the 

complete removal of the exterior first-story columns 

from column line 10 to column line 14, Fig 10 b) and 

the exterior columns on column lines 9, 15, 16 and 17 

were severely damaged. On the second story, the 

impact of fuselage or tail caused the destruction of 

the exterior column on column line 14. Ring E 

structure deflected downward severely, about 18in. to 

2ft., at an expansion joint on column line 11 south to 

the west exterior column on column line 18. 

Approximately 20 minutes after the attack, Ring E 

collapsed, Fig. 10 (c) [38].  

2.5 Vehicular Impact 
 

RC columns are the most important part of a 

structureas it carries vertical loads or supports the 

superstructure. However, these structural members 

could be exposed to potential hazards of vehicular 

collisions, accidentally or intensionally, Fig.11. 
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(a) 

 

(b) 

 

(c) 

Fig. 10 (a) Aircraft aligned with damage on west 

facade (b) Damage to columns in first story viewed 

along path of aircraft (c) Aerial view of collapsed 

portion of Ring E[38] 

An impact load arising from a vehicle accident can 

cause localized damage to columns, which leads to a 

plastic hinge type of behavior [39]. This localized 

damage is similar to that caused by an earthquake or 

other dynamic-load related incident in which damage 

is concentrated in a small area of the structural 

element. The column might suffer brittle damage, 

localized spalling, and perforation. Alternatively, the 

column might just suffer flexural and shear damage 

associated with the global responses [40]. A collision 

from a fast-moving vehicle causes more severe 

damage than an earthquake or other dynamic-loading 

incident because of the additional load applied to the 

structure by the mass acceleration effect [41]. 

Transient impact loading is especially detrimental to 

a column, because the impact loading is extremely 

fast and the structure does not have time to absorb or 

transfer the applied load energy through thermal 

release or stress transfer; thus the structure can 

sustain severe damage due to the transfer of a large 

shear force [42]. Due to the short interval, the 

resisting mechanism is based on shear, inertia, and 

local deformation rather than overall displacement 

[43]. The damage state varies depending upon the 

impact parameters such as stiffness of the impact 

object in relation to the surface hardness of the 

column, the mass of the object in relation to the 

column, and the velocity on impact [40].  

 

Fig. 11 Vehicle crashed into a building near 

downtown Kansas City 

[https://fox4kc.com/2014/11/20/482563/] 

The impact process can be divided into two stages 

[43]. In the first stage, the vehicle collides with the 

RC column with an initial velocity. The first stage is 

the period from the time of initial contact of the RC 

column with the vehicle to the time when part of the 

RC column and vehicle attain a common velocity and 

move together. Due to inertia of RC column, a larger 

contact force develops in short interval [44]. The 

vehicle extends large force in order to move the 

column from rest. Since the RC column is at rest and 

has a large mass, a large contact force develops in 

order that both the RC column and the impacting 

vehicle attain a common velocity. The area of the RC 

column in contact with the vehicle experiences large 

force and acceleration. In the second phase, the 

impacting vehicle and part of the RC column move 

together with a common velocity. The second phase 

is the interval from the time when a part of a RC 

column and impacting vehicle attain a same velocity 
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to the time when either the failure of column occurs 

or vehicle comes to rest. The kinetic energy is 

transferred from the vehicle to the RC column. The 

amount of kinetic energy transferred to the RC 

column is proportional to the stiffness and the inertia 

of the column. Local displacement in the RC column 

occurs due to the crushing of the concrete. Moreover, 

part of the initial kinetic energy is absorbed by the 

vehicle as result of deformation of the vehicle. The 

forces developed in the first stage is low, whereas, 

larger forced are developed in the second stage which 

lead to failure of the RC column. Usually a shear 

failure is observed with the crushing of concrete and 

formation of hinge at the point of contact, near the 

bottom of the column [43].  

2.6 Impact of Debris from Upper Floor 
 

The loss of primary structural elements by an 

abnormal events can results the support failure for 

upper floor which in turn causes the impact load to 

the lower floor [12]. Impact problems are associated 

with two extreme possibilities, a fully plastic and a 

fully rigid impact [45]. The key feature of a fully 

plastic impact is that the two objects attach to each 

other after the initial collision, and part of the original 

kinetic energy is lost. However, there is no energy 

dissipation in fully rigid impact case and the two 

objects do not remain in contact after the collision but 

they deform individually. The theoretical results have 

shown that the imparted energy for fully plastic and 

fully rigid impact cases can fluctuate from 

approximately 40% to almost 100% of the initial 

energy, respectively. As a result massive vertical 

dynamic loads act on the underlying floor 

challenging its dynamic load carrying and 

deformation capacities. The situation can become 

more indefensible if there occurs the fall of multiple 

floors rather than a single floor [46].  

Impact of debris can be occurred both in construction 

phase and service phase. During construction, heavy 

machinery loads, weak shoring and falling impact 

load due to failure of crane while offloading 

structural components can load the structure much 

higher than its maximum designed load capacity 

resulting in partial or total collapse of structure. Due 

to explosion, blast, and fire, the failure of any 

structural component on the upper floor may occur 

which induces the structural debris loads on the lower 

floor. The gas explosion on 18thfloor of Ronan Point 

Apartment caused the failure of a corner wall which 

later caused the collapse of upper floors due to loss of 

support. The falling debris of floor 19-22 loaded 

much heavily than the maximum designed load 

capacity of 18
th

 floor and hence resulted in further 

collapsing of lower floors down to the ground [4]. 

Moreover, the debris of floors above the 21
st
 floor 

due to fire in case of Windsor Tower caused further 

collapse of lower floors as illustrated in Fig 8 c) [24].  

Apart from the aforementioned triggering factors of 

progressive collapse of structure, it may be caused by 

other several factors. On March 2, 1973, twenty-six 

stories Skyline Tower Building in Virginia collapsed 

due to removal of wooden shoring before the 

concrete set completely [47]. Likewise, On Nov 1, 

1996, seven stories University of Aberdeen Zoology 

Department building suffered a total collapse in 

construction phase due to poor girder welds which 

were weakened by metal fatigue [48]. Structural 

engineer forget to consider building dead load in 

design which caused the collapse of six-stories Sky 

Hotel New World in Little India, Singapore [49]. In 

addition, on June 29, 1995, five stories Sampoong 

department store in South Korea collapsed, due to 

removal of lower level columns to provide space for 

escalators [50]. Rana Plaza building in Bangladesh 

was originally designed for light foot traffic but later 

had been converted into a factory with heavy 

machinery on the upper floor and unfortunately on 

April 24, 2013, the building suffered collapsed due to 

induced oscillating forces to the building frame [51]. 

3. SUMMARY 
 

The underlying characteristic of progressive collapse 

is that the initial failure caused by any abnormal 

events, such as blast, fire, seismic or explosive, 

extends its magnitude at the final state. For this 

reason, beams, columns and frame connection should 

be analyzed and designed in order to provide an 

alternate path for the redistribution of large loads. 

This paper explores the most common factors that 

cause abnormal load to the structures and mechanism 

of progressive collapse caused by explosive, fire, 

seismic or impact load with examples. It also 

discusses progressive collapse provisions in existing 

codes and guidelines.  
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