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Abstract 
 

Progressive collapse is a situation when local failure is followed by collapse of adjoining 

members, which in turn causes global collapse, threatening life. Local failure of a vertical load 

carrying member, can be caused by abnormal loading such as explosion, bombing, sudden 

vehicle impact and design errors.  

 

The design of structures against progressive collapse has not been an integral part of structural 

design. It is difficult to predict the structural behaviour of building members during progressive 

collapse because of the dynamic nature of the event and the limited experimental tests conducted 

to understand the nature of progressive collapse. An experimental program comprising eight 

reinforced concrete (RC) beam-column sub-assemblages is presented to investigate the structural 

behaviour and progressive collapse resistance of RC frame members subjected to column 

removal scenario (CRS). The specimens were tested under quasi-static loading.  

 

Mitigation of progressive collapse has become a primary concern of engineers in recent years. A 

new mitigation scheme is proposed in this study to increase the resistance of RC beams against 

progressive collapse using modified detailing of reinforcement. The effect of the proposed 

scheme on the structural behaviour of sub-assemblages is investigated through testing some of 

the specimens with modified detailing. The test results showed that the proposed scheme was 

able and efficient to increase progressive collapse capacity. 

 

A finite element (FE) model was developed using the software package ANSYS in order to 

numerically simulate the structural behaviour of RC beam-column sub-assemblages under CRS. 

A macro-model based approach was used in the analysis using beam elements and a series of 

non-linear springs to capture the real behaviour of structural members associated with the 

redistribution of loads under CRS. Numerical results were compared with those obtained from 

the experimental program, and showed a good agreement. 

 

An analytical model was developed to predict the structural behaviour of RC structures under 

CRS. The development of the model equations was based on the concepts of equilibrium, 

compatibility, and material properties.  Steel bar fracture and the reduction in the effective beam 

depth due to concrete crushing were included in the model. The model was validated by comparing 

the results with the experimental results. The comparison shows that the model was able to 

capture the structural behaviour of RC beams under CRS. A parametric study was conducted to 

investigate the effect of different factors on the progressive collapse capacity. 
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1. CHAPTER ONE     INTRODUCTION  

 

1.1 GENERAL   

Concrete frame structures are very common, perhaps one of the most common type of 

construction for modern buildings. As the name suggests, this type of building is formed of a 

frame, or skeleton of concrete, usually reinforced with steel rebar. Horizontal members of this 

frame are called beams, and vertical members are called columns.  

 

Columns are the most important members, as they are the primary load-carrying element of the 

building. The damage of a beam in a building usually affects only one floor, but damage to a 

column could collapse the entire building. 

 

Nowadays, concrete is widely used in high-rise buildings. A major advantage of concrete 

construction for high-rise buildings is the material's inherent properties of strength and mass 

heaviness, which creates lateral stiffness, or resistance to horizontal movement. Occupants of 

concrete towers are less able to perceive building motion than occupants of comparable tall 

buildings with non-concrete structural systems such as steel. As a result, concrete has become 

the material of choice for many tall, slim towers (Buildings & Structures, 2014). 

 

In the conventional design of RC structures, the designer usually takes into account the dead 

loads of the structure, live loads, and the characteristics of the location of the structure, seismic, 

and climate-related loads such as wind and snow loads.  While the majority of structures 

experience the conventional type of loads during their lifetimes, some of them could be subjected 

to abnormal loadings which they were not explicitly designed for. 

 

Characteristically, abnormal loads usually act over a relatively short period of time in 

comparison with ordinary design loads. Abnormal loading conditions, such as blast, gas 

explosions, vehicle impact, support failure, in addition, design and construction errors are all 

possible actions. All these loads and inertial effects due to rate of loading become important 

which may cause the loss of one or more load bearing elements which could trigger progressive 

collapse. 
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1.2 PROGRESSIVE COLLAPSE BACKGROUND  

 

1.2.1 DEFINITIONS  AND CAUSES  

Progressive collapse of building structures is initiated when one or more vertical load carrying 

members, such as columns or walls, are removed. Once a column or a wall is removed due to 

abnormal loading, the buildingôs weight (gravity load) transfers to adjacent columns or walls in 

the structure. If these columns or walls are not adequate to resist and redistribute the additional 

gravity load, that part of the structure collapses. The vertical load carrying elements of the 

structure continue to collapse until the additional loading is stabilized. As a result, a large part of 

the structure may collapse, causing greater damage to the structure than the initial impact. 

 

Progressive collapse can be defined as the collapse of all or a large part of a structure caused by 

the failure or damage of a relatively small part of the structure. There are many definitions 

provided by some guidelines such as General Services Administration GSA (2003) and 

American Society of Civil Engineers (ASCE, 2005). 

 

The definition provided by General Services Administration is ñProgressive 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.ò, while the definition of (ASCE, 2005) is 

ñThe spread of local damage, from an initiating event, from element to element resulting, 

eventually, in the collapse of an entire structure or a disproportionately large part of itò. From an 

analytical point of view, progressive collapse occurs when a structure has its load pattern or 

boundary conditions changed so that other structural elements are loaded beyond their capacity 

and consequently fail (Krauthammer et al., 2002). 

 

(Abedi and Parke, 1996) Defined progressive collapse in braced domes as the widespread 

propagation of local instability, initiated by member or node instability, to a portion of a 

structure.  

 

(Allen, 1972) defined progressive collapse as a situation where the local failure of a primary 

structural component(s) leads to the collapse of adjoining members, which in turn leads to 

additional collapse. Thus, the extent of collapse is disproportionate to the original cause. In other 

words, progressive collapse is a chain reaction of failures following damage to a relatively small 

portion of a structure.  
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1.2.2 EXAMPLES  

Some of the more famous examples of progressive collapse phenomena include the collapse of 

the World Trade Centre (2001) towers due to terrorist attack, the bombing of the Murrah Federal 

Building (1995) in Oklahoma City, and the collapse of the Ronan Point (1968) building due to a 

gas explosion. The following gives examples pertaining to reinforced concrete (precast or cast-

in-place) structures: 

 

1.2.2.1 RONAN POINT 

The earliest and most famous examples of progressive collapse are the collapse of the Ronan 

Point apartment building in 1968 in the U.K., Figure 1-1. An accidental explosion caused by a 

gas leak blew out one of the precast wall panels on the 18th floor triggering the collapse of the 

upper floors.  

 

This failure was followed by the lower ones due to the additional dead load of the fallen upper 

floors, thus the impact loading on the 18th floor initiated a second phase of collapse, failure of 

the 18th floor and progressing in the lower floors until it reached the ground. While the initial 

damage due to the gas explosion was only on the 18th floor, at the end, the entire corner of the 

building collapsed.  

 

Four people were killed in the incident, and seventeen were injured. Figure 1-1 shows the final 

state of the Ronan Point apartment building after the collapse. 

 

The building was a precast concrete wall and floor system with the floors being supported 

directly by the walls. However, the connections between the walls and floors did not provide any 

alternate load path for load redistribution leading to the progressive collapse of the structure 

(NIST, 2007) 
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Figure 1-1 Ronan Point collapse (Nair, 2004) 

 

1.2.2.2 MURRAH BUILDING  

Another progressive collapse tragedy is the collapse of the Alfred P. Murrah federal office 

building in Oklahoma City on April 19, 1995, which was damaged by a bomb, Figure 1-2. The 

collapse of Murrah federal office building was initiated from the loss of support from first-floor 

columns leading to the catastrophic failure of a transfer girder between G16 and G24 as shown in 

Figure 1-3. 168 people were killed in the incident, and more than 500 were injured (Corley et al., 

1998). 

 

The Alfred P. Murrah building was a nine-storey reinforced concrete moment frame structure 

with shear walls, Figure 1-2(a). Different from the upper floors, there was a transfer girder at the 

third floor level in the north side of the building. Due to the blast, three exterior columns that 

supported the transfer girder on the third floor were destroyed.  

 

With the loss of these columns, the transfer girder at the third floor collapsed causing the 

progressive collapse of the upper storeys. Corley et al. pointed out that most of the devastation 

was due to progressive collapse rather than direct effects of the explosion. Ninety percent of the 

168 people who died in the Murrah building were killed by falling debris; therefore, limiting the 

collapse of the structure could have saved those lives (Corley et.al., 1998).  
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            Murrah Building before collapse                               Murrah Building after collapse  

                          (FEMA(277), 1996)                                    (Encyclopaedia Britannica, 2012) 

Figure 1-2 Murrah Building before and after collapse 

 

 

 
Figure 1-3 Murrah Building Sketch after collapse (Corley et.al., 1998) 

 

The above mentioned extreme events brought the problem of progressive collapse to the 

attention of the international structural community. In the UK, after partial collapse of Ronan 

Point, which is a landmark of progressive collapses in recent history that triggered code changes, 

the government's report revealed a number of deficiencies in the building regulations as there 

was no Code of Practice relating specifically to large concrete panel construction, and there was 

no Regulation or Code that took into account the possibility of progressive collapse. Thus the 

need for progressive collapse requirements to be included in standards and regulations has 

become very important. 
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The Workshop on Progressive collapse of Building Structures (Breen, 1975) concluded that if 

the Ronan Point had been designed in accordance with CEB - FIP Bulletin No. 60 (1967) 

"Recommendations for the Design and Construction of Large-panel Structures", the 

disproportionate collapse might have not occurred. The workshop proposed "The absolute 

necessity of effectively joining the various components of the structure together in order to 

obviate any possible tendency for it to behave like a house of cards".  

 

1.3 STANDARDS, CODES AND GUIDELINES  

To mitigate progressive collapse, efforts are directed at both code provisions and research work. 

Since the Ronan Point collapse event, design considerations to improve the integrity, robustness, 

and ability of structures to resist progressive collapse have been incorporated into building 

codes. After the Alfred P. Murrah federal building event, more specific structural analysis has 

been required for buildings with a certain level of protection in design guidelines. In this section, 

progressive collapse requirements in codes and guidelines will be presented. 

 

Before presenting the codes and guidelines requirements, it is useful to look at the main 

approaches to mitigate progressive collapse utilized by current codes, standards and guidelines. 

These approaches can be classified into two main categories, direct design approach and indirect 

design approach. Each of these approaches is described as follows: 

 

1.3.1 INDIRECT DESIGN  APPROACH 

The indirect design approach attempts to mitigate progressive collapse through the provision of 

minimum levels of strength, continuity, redundancy and ductility; it relies on an integrated 

system of tie forces so that a structure has an inherent resistance to progressive collapse. The 

examples of this approach are to improve joint connections by special detailing, to improve 

redundancy, and to provide more ductility to a structure. However, additional structural analysis 

beyond those considered in typical building design is not required. 

 

The indirect design approach is generally integrated into most building codes and standards since 

it can create a redundant structure that will perform under any conditions and improve overall 

structural response. For example, the UK design code (BSI, BS5950-1 2000) gives the 

requirement under section 2.4.5 of structural integrity that ñAll buildings should be effectively 

tied together at each principal floor level, and a specific factored tensile force should be resisted 

by all horizontal membersò.  
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1.3.2 DIRECT DESIGN APPROACH 

In contrast to the measures pertaining to the indirect design approach, which is characterised by 

an absence of detailed procedures, the direct design approach explicitly considers the resistance 

of a structure to progressive collapse during the design process. Additional structural analysis 

must be performed for loading conditions not considered in typical building design including 

cases where bearing members are removed from the structural model, and designing important 

bearing members (key elements) to resist extra abnormal loading conditions. 

 

There are two direct design methods: the specific local resistance method and the alternate load 

path method. The specific local resistance method seeks to provide strength to be able to resist 

progressive collapse. The alternate load path method seeks to provide alternative load paths to 

absorb localized damage and resist progressive collapse. 

 

 1.3.2.1 SPECIFIC LOCAL RESISTANCE METHOD (SLR)  

The specific local resistance method requires that a critical structural element is able to resist 

abnormal loading, so the designer should explicitly design critical vertical load bearing elements 

to resist the design level threat, such as blast pressures. In other words, this method, which is also 

referred to as ñkey element design ñ, provides sufficient strength to resist an abnormal load by 

ensuring all load-bearing elements remain intact and in place. 

 

1.3.2.2 ALTERNATIVE PATH METHOD (AP M) 

In the alternate load path method, the designer localizes response by designing the structure to 

carry loads by means of an alternate path in the event of the loss of a primary load bearing 

component. The alternate load path method provides a formal check of the capability of the 

structural system to resist the removal of specific elements, such as a column at the building 

perimeter. The method does not require characterization of the threat causing loss of the element, 

and is, therefore, a threat independent approach.  

 

Depending on the analytical method used to implement the alternate load path method, the 

results may not provide an accurate representation of actual performance in the event of a 

damaging event. The method may be viewed as a tool to ensure redundancy in the gravity load 

resisting system rather than a simulation of structural response after initial damage (NIST 2007). 
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1.3.3 BRITISH STANDARDS  

On November 15, 1968, after the partial collapse of the Ronan Point building, which is 

considered to be the watershed event initiating interest in the topic of progressive collapse, the 

U.K. Ministry of Housing and Local Government issued ñStandards to Avoid Progressive 

Collapse ï Large Panel Constructionò, which listed two methods:  

 

A) Provide alternate paths of support to carry the load, assuming the removal of a critical 

section of the load bearing walls. 

B) Provide a form of construction of such stiffness and continuity so as to ensure the 

stability of the building against forces liable to damage the load supporting members. 

 

The standards also specified an accidental static pressure of 34 kN/m2 (or 5 psi, a town-gas 

explosion of average intensity), and derived minimum tie forces. These standards became part of 

the Fifth Amendment that the British Parliament approved in April 1970 as part of mandatory 

Building Regulations that required consideration of progressive collapse for buildings taller than 

five storeys.  

 

Provisions for structural ties entered the British Standards in 1974. These provisions, with certain 

modifications that put less emphasis on explosions and more on ductile performance, are still in 

use today in the U.K. The notional removal of an essential structural element should cause only 

local collapse 70 ά  (750 ÆÔ) or 15 % of the plan area of the storey, Figure 1-4, whichever is the 

lesser, and buildings should be designed for an accidental pressure of 34 Ë.ȾÍ  or 5 psi acting 

simultaneously with dead and imposed loads (NIST 2007). 

 

 
Figure 1-4 Recommended limit of the admissible damage a) Plan b) Section (Minister 2004) 
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The new building regulations for England and Wales were published in 2004. The Section A3 of 

the Approved Document A (AD A) (Minister, 2004) deals with the requirement for 

disproportionate collapse. The new regulations classify all buildings into four categories, that is, 

class 1, class 2A, class 2B and class 3, based on the number of storeys, building type, and 

occupancy, Table 1-1. All buildings, regardless of the number of storeys, are required to have 

effective horizontal and vertical ties. The approach to satisfying the requirement for each class 

can be summarized as follows: 

 

a) For buildings in Consequences Class 1: Provided a building has been designed and 

constructed in accordance with the rules given in (AD A), and/or appropriate codes of 

practice for satisfying stability in normal use, no further specific consideration is 

necessary with regard to accidental actions from unidentified causes. 

 

b) For buildings in Consequences Class 2A (Lower Risk Group): In addition to the 

recommended strategies for Consequences Class 1, it is necessary to use effective 

horizontal ties, or effective anchorage of suspended floors to walls, as described in the 

Standards (BS 8110-1:1997). 

 

c) For buildings in Consequences Class 2B (Upper-Risk Group): In addition to the 

recommended strategies for Consequences Class 1, the provision of: 

- horizontal ties, as defined (BS 8110-1:1997) for framed and load-bearing wall 

construction together with vertical ties, in all supporting columns and walls should be 

provided, or alternatively, 

- the building should be checked to ensure that upon the notional removal of each 

supporting column and each beam supporting a column, or any nominal section of load-

bearing wall (one at a time in each storey of the building) the building remains stable and 

that any damage must be localized to the smaller of 15% of the floor area or (70 m2), and 

does not extend further than the immediate adjacent storeys, Figure 1-4. 

 

Where the notional removal of such columns and sections of walls would result in an extent of 

damage in excess of the agreed limit, or other such limit specified, then such elements should be 

designed as a "key element", which should be capable of sustaining an accidental design loading 

of 34 kN/m2 applied in the horizontal and vertical direction (in one direction at a time) to the 

member and any attached components (e. g. cladding etc.) having regard to the ultimate strength 

of such components and their connections. 
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Table 1-1: Building classes 

Classes Example of categorization of building type and occupancy 

Class 1 

- Single occupancy houses not exceeding 4 storeys. 

- Agricultural buildings. 

- Buildings into which people rarely go, provided no part of the building is 

closer to another building, or area where people do go, than a distance of 1.5 

times the building height. 

Class 2A 

Lower Risk 

Group 

-5 storey single occupancy houses. 

- Hotels not exceeding 4 storeys. 

-Flats, apartments, and other residential buildings not exceeding 4 storeys. 

-Offices not exceeding 4 storeys. 

-Industrial buildings not exceeding 3 storeys. 

-Retailing premises not exceeding 3 storeys of less than 2000 m2 floor area in 

each storey. 

-Single storey educational buildings 

-All buildings not exceeding two storeys to which the public are admitted and 

which contain floor areas not exceeding 2000 m2 at each storey. 

Class 2B 

Upper Risk 

Group 

-Hotels, flats, apartments and other residential buildings greater than 4 

storeys but not exceeding 15 storeys. 

-Educational buildings greater than the single storey but not exceeding 15 

storeys. 

-Retailing premises greater than 3 storeys but not exceeding 15 storeys. 

-Hospitals not exceeding 3 storeys. 

-Offices greater than 4 storeys but not exceeding 15 storeys. 

-All buildings to which the public are admitted and which contain floor areas 

exceeding 2000 m2 but not exceeding 5000 m2 at each storey. 

-Car parking not exceeding 6 storeys. 

Class 3 

-All buildings defined above as Class 2 Lower and Upper Consequences 

Class that exceed the limits on area and number of the storey. 

-All buildings to which members of the public are admitted in significant 

numbers. 

-Stadia accommodating more than 5000 spectators Buildings containing 

hazardous substances and /or processes. 
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The document does not suggest the load that should be used in the analysis of the structure after 

the removal of a vertical load bearing element. However, BS 8110-1:1997 Clause 2.4.3.2 gives 

the loads to be considered in case of taking an exceptional load or localized damage: 

- 1.05 of the dead load 

- One-third of the wind load 

- For buildings used predominantly for storage or industrial purposes or when the imposed loads 

are permanent, 100% of the imposed load or, for other buildings, one-third of the imposed load. 

Therefore, the equation of the load combination can be written as: 

 

ὒ  ρȢπυ Ὃ  ὗ  πȢσυ ὡ    &ÏÒ ÂÕÉÌÄÉÎÇÓ ×ÈÅÒÅ ÉÍÐÏÓÅÄ ÌÏÁÄÓ ÁÒÅ ÐÅÒÍÁÎÅÎÔ  (1-1) 

    

 

ὒ  ρȢπυ Ὃ  πȢσυ ὗ  πȢσυ ὡ       &ÏÒ ÏÔÈÅÒ ÂÕÉÌÄÉÎÇÓ                                               (1-2) 

                    

   

Where: 

 

    ὒ, is the combination of total load. 

    Ὃ , is the dead load 

    ὗ , is the imposed load 

    ὡ, is the wind load 

 
 

d) For buildings in Consequences Class 3: A systematic risk assessment of the building 

should be undertaken taking into account both foreseeable and unforeseeable hazards. 

Critical situations or design should be selected to reflect the conditions that can 

reasonably be foreseen as possible during the life of the building. Unfortunately, this 

guidance gives the designer little assistance and no references are provided. 

 

AD A refers to BS 8110-1:1997 as an appropriate standard for the details of ties and key 

elements (where required). BS 8110-1: 1997 defines four kinds of ties:  

 

a) Peripheral ties 

b) Internal ties 

c) Horizontal ties to column and walls 

d) Vertical ties 

 

British Standard also stated that the tying requirements can be met by using reinforcement 

provided for other purposes. Figure 1-5 shows some kinds of these ties. 
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PERIPHERAL TIES IN FLOORS  

At each floor and roof level, an effectively continuous tie should be provided within 1.2 m of the 

floor edge or within the perimeter wall. The peripheral tie should be able to resist a tensile force 

(Ὂ) in kN of the lesser of ὖ and 60, where ὖ is:  

 

 ὖ ςπτὲ  (1 - 3) 

   

Where 

ὲ, is the number of storeys in the structure.  

 

INTERNAL TIES IN FLOORS  

At each floor and roof level, internal ties should be provided in two directions approximately at 

right angles. The internal ties may be spread evenly in slabs or may be grouped at walls or other 

positions, with maximum spacing not greater than  ρȢυὒ. If located in walls, the reinforcement 

should be within 0.5 m of the top or bottom of the floor slabs. In each direction the tie needs to 

be able to resist a force, which should be taken as: 

  

 Ὂ Ȣ

Ὣ ή

χȢυ

ὒ

υ
Ὂ             Ὂ Ȣ    Ὂ (1 - 4) 

 

Where 

Ὣ▓  ή▓  = characteristic dead and imposed floor loads in (kN/m2) 

ὒ= greater of the distances (in m) between centres of the columns, frames or walls supporting 

any two adjacent floor spans in the direction of the tie under consideration 

 
Figure 1-5 System of tie forces 
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HORIZONTAL TIES TO COLUMNS AND WALLS  

Each external column and, if the peripheral ties are not located within the wall, every meter 

length of external wall carrying vertical load should be tied horizontally into the structure at each 

floor and roof level with a tie capable of developing a force in (kN) equal to the greater of: 

 

a) 2.0 Ὂ [or 
Ȣ
Ὂ if less, where ὒ  is the floor to ceiling height (in meters)]; or 

 

b) 3% of the total design ultimate vertical load carried by the column or wall at that level 

 

Corner columns should be tied into the structure at each floor and roof level in each of two 

directions. 

 

VERTICAL TIES TO COLUMNS AND WALLS  

Each column and each wall carrying vertical load should be tied continuously from the lowest to 

the highest level. The tie should be capable of resisting a tensile force equal to the maximum 

design ultimate dead and imposed load received by the column or wall from any one storey. 

 

1.3.4 GENERAL SERVICES ADMINISTRATION (GSA)  

The U.S. General Services Administration (GSA) guideline, entitled ñProgressive collapse 

analysis and design guidelines for new federal office buildings and major modernization 

projectsò, was specifically prepared for reducing or assessing the potential for progressive 

collapse of new or existing buildings. The latest version of these guidelines was released in June 

2003. 

 

The objective of the guidelines is not necessarily to prevent collapse initiation from a specific 

cause. It is to prevent or mitigate the potential for progressive collapse after having an initial 

damage as a result of an abnormal loading. The GSA provides a threat independent approach to 

mitigate the potential for progressive collapse. 

 

The GSA guideline has a detailed exemption process for evaluating if the risk of a structure 

experiencing progressive collapse is low enough that a detailed progressive collapse assessment 

is not required. The exemption process takes into account many factors such as the use of the 

building, the number of storeys, the type of the structure (reinforced concrete, steel structure, 

etc.), the level of protection, seismic zone, etc. Structures that are evaluated to be exempt are not 

required for further considerations. Otherwise, non-exempt structures are subjected to a rigorous 

progressive collapse resistance assessment. 
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The GSA (2003) recommends that a structure is analysed by instantaneously removing a column 

from specific locations of the structure, the middle of the traverse side of the building, near the 

middle of the longitudinal side of the building, and at the corner of the building, Figure 1-6. GSA 

guideline allows the analysis of the structure either statically or dynamically and using either a 

linear analysis for buildings of 10 storeys or less or using a nonlinear analysis for buildings of 

more than 10 storeys. 

 

 

Figure 1-6 Exterior Column Removal Process for A Typical Framed Structure (GSA 2003) 

 

When a static analysis procedure (either linear or nonlinear) is used the structure is required to be 

analysed for the following vertical load combination: 

 

 ὒέὥὨ  ςȢπὈὒ  πȢςυὒὒ (1 - 5) 

 

When a dynamic analysis procedure (either linear or nonlinear) is used the structure is required 

to be analysed for the following vertical load combination: 

 

 ὒέὥὨ  Ὀὒ  πȢςυὒὒ (1 - 6) 

                                

Where, DL is dead load and LL is live load  

 

The coefficient of 2.0 in the load combination to be used in the static analysis procedure 

accounts for the dynamic effects in the static analysis. Structural collapse resulting from the 

instantaneous removal of a primary vertical support should be limited to the smaller of:  
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For exterior considerations 

1. The structural bays directly associated with the instantaneously removed vertical member in the 

floor level directly above the instantaneously removed vertical member. Or  

2. 1800 ft2 (167 m2) at the floor level directly above the instantaneously removed vertical member.  

 

For interior Considerations 

1. The structural bays directly associated with the instantaneously removed vertical member, or  

2. 3,600 ft2 (334 m2) at the floor level directly above the instantaneously removed vertical member. 

 

ACCEPTANCE CRITERIA 

GSA uses an approach which identifies the magnitude and distribution of potential demands on 

both the primary and secondary structural elements for quantifying collapse areas. The 

magnitude and distribution of these demands will be indicated by Demand-Capacity Ratios 

(DCR), which can be calculated as follows: 

                 

  
ὈὅὙὗ Ⱦὗ  (1 - 7) 

Where,  

ὗ  Acting force (demand) determined in component or connection/joint (moment, axial 

force, shear, and possible combined forces)  

ὗ  Expected ultimate, un-factored capacity of the component and/or connection/joint 

(moment, axial force, shear and possible combined forces) 

 

Using the DCR criteria of the linear elastic approach, structural elements, and connections that have 

DCR values that exceed the following allowable values are considered to be severely damaged or 

collapsed.  

The allowable DCR values for primary and secondary structural elements are:  

 

Å DCR <   2.0 for typical structural configurations (Facilities that have a relatively simple layout) 

Å DCR < 1.5 for atypical structural configurations (i.e., buildings often contain distinguishing 

structural features or details). 

 

The step-by-step procedure for conducting the linear elastic, static analysis follows: 
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Step 1 Remove a vertical support from the location being considered and conduct a linear-static 

analysis of the structure.  The load combination is ςὈὒ  πȢςυὒὒȢ 

 

Step 2 Determine which members and connections have DCR values that exceed the 

acceptance criteria. If the DCR for any member end connection is exceeded based upon 

shear force, the member is to be considered a failed member. In addition, if the flexural 

DCR values for both ends of a member or its connections, as well as the span itself, are 

exceeded, the member is to be considered a failed member. Failed members should be 

removed from the model, and all dead and live loads associated with failed members 

should be redistributed to other members in adjacent bays. 

 

Step 3 For a member or connection whose DCR ratio exceeds the applicable flexural DCR 

values place a hinge at the member end or connection to release the moment. This hinge 

should be located at the centre of flexural yielding for the member or connection. Use rigid 

offsets and/or stub members from the connecting member as needed to model the hinge in 

the proper location. For yielding at the end of a member, the centre of flexural yielding 

should not be taken to be more than ρȾς the depth of the member from the face of the 

intersecting member, which is usually a column, Figure 1-7. 

 

Step 4 At each inserted hinge apply equal-but-opposite moments to the stub/offset and member 

end to each side of the hinge. The magnitude of the moments should equal the expected 

flexural strength of the moment or connection, and the direction of the moments should be 

consistent with the direction of the moments in the analysis performed in Step 1. 

 

Step 5 Re-run the analysis and repeat Steps 1 through 4. Continue this process until no DCR 

values are exceeded. If moments have been re-distributed throughout the entire building 

and DCR values are still exceeded in areas outside of the allowable collapse region, the 

structure will be considered to have a high potential for progressive collapse. 

 



   Chapter One                                                                   Introduction 

 

  
17 

 
Figure 1-7 Rigid offset placement (GSA 2003) 

 

1.3.5 AMERICAN DEPARTMENT OF DEFENSE (D OD: 2005) 

The Department of Defence introduced the first Unified Facilities Criteria (UFC) (DoD, 2005) 

for Design of Buildings to Resist Progressive Collapse in 2005. This document is updated in 

2010 including significant changes. The document provides the design requirements necessary to 

reduce the potential of progressive collapse for new and existing buildings that experience 

localized structural damage as a result of accidental events. 

 

Three design approaches are considered in the document to design new and existing structures to 

resist progressive collapse; Tie Forces, Alternate Path Method and Enhanced Local Resistance, 

which depends on the required level of protection for the facility. 

 

1.3.5.1 TIE FORCES APPROACH 

As described in the British Standard, the tie forces method prescribes a tensile force capacity of 

the floor or roof system, to allow the transfer of load from the damaged portion of the structure 

to the undamaged portion, by providing the continuity and ductility, which play the key roles in 

the redistribution of the loads over a damaged region. The approach categorizes the ties to be 

provided in the structure into three categories, Figure 1-8: 

 

1. Longitudinal and Transverse Ties. 

2. Peripheral Ties. 

3. Vertical Ties. 

 

The following floor load is to be used in the calculation of the required tie strengths: 

 

 ύ  ρȢςὈὒ πȢυὒὒ         (1-8)    

Where 

ύ   is floor load in (lb/ft2 or kN/m2), Ὀὒ and ὒὒ are dead and live load, respectively 
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1- Longitudinal and Transverse Ties 

The following formula is used to calculate the required tie strength for the longitudinal or 

transverse ties for framed structures as well as for load bearing wall structures: 

 

 Ὂ  σ ύ ὒ                                                        (1-9)          

   

Where 

Ὂ is the required tie strength (lb/ft. or kN/m), ύ  is the floor load and ὒ is the greater of the 

distances between the centres of the columns, frames, or walls supporting any two adjacent floor 

spaces in the direction under consideration (ft. or m).    

 

2- Peripheral Ties 

The following formula is used to calculate the required peripheral tie strength for framed 

structures as well as for load bearing wall structures:  

 

 Ὂ  φ ύ ὒὒ                                                  (1-10)          

 

Where 

ύ  is floor load, ὒ is the greater of the distances between the centres of the columns, frames, or 

walls at the perimeter of the building in the direction under consideration (for exterior peripheral 

ties) or the length of the bay in which the opening is located, in the direction under consideration 

(for peripheral ties at openings), and ὒ  is 3.3ft (1.0 m). 

 

3- Vertical Ties 

The vertical tie must have design strength in tension equal to the largest vertical load received by 

the column or wall from any one storey. Each column and load-bearing wall shall be tied 

continuously from the roof level down to the first column- or wall-supported floor above the 

foundation, i.e., the vertical ties are not required to extend to the foundation.  

 

In the case that the structural elements cannot provide the required tie strength, the elements and 

connections should be redesigned or retrofitted in order to develop the required tie force. For the 

vertical ties, however, if any structural element or connection fails to provide vertical required tie 

strength, redesigning is not required if it can be proven that the structure is capable of bridging 

over this deficient element using the Alternate Path Method. 
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Figure 1-8 Locations and Interruptions of ties (UFC 2009) 

 

1.3.5.2 ALTERNATE PATH METHOD  (APM) 

The second approach is based on the alternate path method, in which the building should bridge 

across a removed element. UFC allows the structure to be analysed after removing bearing 

element by using three analysis procedures:  

 

Linear Static (LSP), Nonlinear Static (NSP) and Nonlinear Dynamic (NDP). The load 

combinations that should be used are as follows: 

 

- For Linear, Non-Linear Static Analysis 

 

 Ὃ  ςȢπ ρȢς Ὀὒ  πȢυ ὒὒ έὶ πȢς Ὓ                (1-11) 

 

To be applied at the bays adjacent to the removed element, and at all floors above the removed 

element. 

 

         Ὃ  ρȢς Ὀὒ  πȢυ ὒὒ έὶ πȢς Ὓ    To those bays not loaded with Ὃ (1-12)                       

 

Where 

Ὃ ȟὋ = Increased gravity loads for Linear Static Analysis (lb/ft2 or kN/m2)   

       Ὀὒ = Dead load including façade loads (lb/ft2 or kN/m2)  

       ὒὒ = Live load (lb/ft2 or kN/m2)  

       Ὓ = Snow load (lb/ft2 or kN/m2) 
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- For Non-Linear dynamic analysis 

 

Ὃ   ρȢς Ὀὒ  πȢυ ὒὒ έὶ πȢς Ὓ       To be applied for the entire structure (1-13)          

  

Where 

Ὃ  = Gravity loads for Nonlinear Dynamic Analysis (lb/ft2 or kN/m2) 

 

It can be seen that the vertical load prescribed for a static analysis is twice the vertical load 

recommended for a dynamic analysis to allow for dynamic effects. 

 

ACCEPTANCE CRITERIA 

The DOD adopted an approach similar to that used by GSA to evaluate the magnitude and 

distribution of potential progressive collapse for a building. The magnitude and distribution of 

these demands will be indicated by (DCR), which can be calculated using equation (1-7).  

 

As mentioned before three analysis procedures are suggested in UFC for Design of Buildings to 

Resist Progressive Collapse; Linear Static Analysis Procedure, Nonlinear Static Analysis 

Procedure, and Nonlinear Dynamic Analysis Procedure.  

 

If the primary elements and components meet the acceptance criteria for the corresponding 

procedure, then the building satisfies the progressive collapse requirements, otherwise, it must be 

redesigned or retrofitted. 

 

1.3.5.3 ENHANCED LOCAL  RESISTANCE 

In the Enhanced Local Resistance approach, the shear and flexural capacity of the perimeter 

columns and walls are increased to provide additional protection by reducing the probability and 

extent of the initial damage. The Enhanced Local Resistance approach is required along with 

other approaches (e.g. Tie Forces, Alternate Path). 
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1.4   MOTIVATION AND RESEARCH SIGNIFICANCE  

The study of progressive collapse, although it has intermittently been a subject of interest in the 

academic and industrial structural engineering communities for several decades, has gained a 

heightened interest from not only engineers but also from the general public and government 

institutions (Almusallam et al., 2010). 

 

Recently, progressive collapse has become an issue of increasing importance because of 

escalation in terrorist activities worldwide. Therefore, interest in this phenomenon has increased. 

Current building codes provide general guidelines to prevent progressive collapse based on 

redundancy, integrity, continuity, and ductility. Progressive collapse is typically not considered 

in the conventional structural design process, although it is a devastating failure which may 

cause a huge loss of lives. 

 

The significant loss of lives in the event of progressive collapse introduces important questions. 

One question is whether existing buildings have adequate capacity to resist progressive collapse. 

The second question is whether available design guidelines are sufficiently clear for the engineer 

to design new buildings against progressive collapse. Researchers may need to develop a new 

and innovative robust structural systems that are economical and do not interfere significantly 

with the functionality of the building. The success of the structural system is gauged by its 

capacity of minimising loss of lives (Mohamed, 2006).  

 

Therefore, one of the goals of this research is to propose a new scheme to prevent or reduce the 

potential of progressive collapse. It cannot be assumed that progressive collapse can be totally 

prevented, so the aim of proposed scheme is to mitigate progressive collapse, not necessarily to 

prevent it. 

 

Experimental data are essential for practices in progressive collapse prevention (Ellingwood et 

al., 2009). Currently, limited experimental data is available to date to calibrate the critical 

parameters used to define the strength properties of structural components in nonlinear analysis 

modelling or to validate numerical simulation results.  

 

Therefore, one of the goals of this research is to better understand the resistance mechanisms of 

RC buildings against progressive collapse. The ultimate goal is to contribute to a set of 

guidelines on how to best resist progressive collapse.  
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One of the most effective load-carrying mechanisms for a structure following the loss of vertical 

load-bearing elements is for the beam and connection to develop catenary action. In catenary 

action, a beam or a system of beams deflects and develops plastic hinges at locations along the 

beam, such that it acts like a cable carrying its load in tension.  

 

This requires a connection first to develop a plastic hinge and then simultaneously, have enough 

capacity to carry large tensile forces. In other words, it is critical that the primary structural 

elements, such as girders and beams must be capable of spanning two full spans after the loss of 

a column. This requires that both beam-to-beam structural continuity across the removed 

column, and deform well beyond the elastic limit without experiencing structural collapse.  

 

All conclusions, analysis, and recommendations of previous studies are focussed on determining 

how to prevent the failure of the continuous beam when column loss occurs. With this idea in 

mind, it can be seen that establishing modified detailing of bar reinforcements in RC beams 

would be the ideal way to prevent or mitigate progressive collapse in RC structures through 

providing steel bars strategically placed in the beam section to absorb the released energy, and 

other steel bars to control the development of plastic hinges at specific locations to develop 

catenary action properly and effectively. 

 

1.5 RESEARCH OBJECTIVES  

In order to reduce the potential of progressive collapse, detailed behaviour of a structural system 

is needed when a structural load carrying member is damaged. Two main objectives of this 

research intend to be established.  

 

Firstly, to better understand the collapse resistance mechanisms of RC buildings under CRS. The 

effect of these resistance mechanisms needs to be studied because they are often not considered 

in the analysis and design, although there is an evidence of their effectiveness, but there is a lack 

of understanding regarding how to determine their capacities. Secondly, is to propose a new 

mitigation scheme to prevent or at least reduce the potential of progressive collapse of RC 

buildings in case of column failure or loss, by providing the RC beams with modified reinforcing 

details. The objectives of the research can be summarised into the points below: 

 

- Contribute to expanding the available experimental and analytical data on membrane action of 

RC beams and progressive collapse resistance of RC buildings. 
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- Enhance the understanding of the mechanisms of compressive and tensile membrane action of 

RC beams at the local level. 

- Provide a better understanding of the mechanism of dynamic load redistribution and progressive 

collapse resistance of RC buildings at the global level. 

- Investigate the effect of the modified proposed reinforcement detailing of RC beams on 

structural behaviour and structural capacity to resist progressive collapse. 

- Develop a beam-column joint model that can represent and simulate structural behaviour through 

finite-element analysis, in which beams and columns are modelled using fibre elements (line 

elements). 

- Develop an analytical model to predict the load-carrying capacity of a beam at the CAA and 

catenary action stage. 

 

1.6 SCOPE OF WORK  

The current proposed study is mainly concerned with RC frames, beams and joints without 

considering the effect from slabs and transverse beams. Therefore, the membrane action of RC 

slabs and transverse beams is outside the scope of current work, and the columns adjacent to the 

removed one are assumed to be able to sustain the increased axial loads and transfer the lateral 

loads from the two-bay beam after load redistribution. 

 

In addition, the threat which may cause the initial damage is not considered in this study, 

therefore, the investigation of specific threads such as blast, vehicle impact, etc. and their effect 

on the structural behaviour is outside of the scope of this study. 

 

In the experimental work, the size effect of specimens will not be of concern in this work 

although the specimens are one-half scale, this is because that one-quarter scale is regarded as 

the minimum scale for joint specimens fabricated with conventional deformed bars and 

aggregate concrete mix (Abrams, 1987), and shear behaviour is not dominant under CRS. 
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2. CHAPTER TWO   LITERATURE REVIEW  

 

2.1 GENERAL  

To mitigate progressive collapse, efforts are directed at both code provisions and research work. 

In general code provisions, structural integrity reinforcement is required to improve redundancy 

and ductility in structures. To achieve continuity in structural components, tie forces are required 

to tie the elements together so they act as one unit. When one of the critical load bearing 

elements is damaged or removed, connecting spans deflect until rotational capacity provided by 

the adjacent beams or slabs is exhausted. Then, the catenary action may allow the beam to carry 

vertical loads at large displacements. This behaviour is defined as ñCATENARY ACTIONò. 

 

- CATENARY ACTION 

Catenary action is considered as the last line of defence for a structure to mitigate progressive 

collapse when a load bearing element is removed or damaged. The beam above a removed 

column undergoes three stages or mechanisms i.e. flexural action, compressive arch action 

(CAA) and catenary action (Orton 2007). Initially, all beams mobilise flexural action, which they 

are designed for and they are able to sustain the design load. When a column is removed, the 

span of the beam increases and in most cases leads to larger deflections occurring in the 

remaining beam system. Compressive arch action, which enhances the flexural strength at 

critical sections, can be mobilised in the presence of axial compression provided by strong lateral 

restraints.  

 

At large deflections, catenary action can be mobilised. (Orton, 2007) discovered that catenary 

action will not begin until the beam has reached a deflection equal to the depth of the beam. This 

is due to the fact that the beam remains in axial compression until tension forces are mobilised. 

Furthermore, the design and steel detailing of a RC beam must ensure enough ductility so that 

the beam can reach catenary action without fracture of all the steel bars. Therefore, catenary 

action is an in-plane force that resists vertical loads by mobilising axial tension throughout the 

beam. 

 

Previous research indicates that development of catenary action depends on many factors such as 

large deformation, stiff lateral restraints from surrounding elements and the resistance of the 

beam under investigation. Furthermore, the resistance of the beam depends on, beam geometry, 

material properties and reinforcement detailing, which plays a fundamental role in the ductility, 

continuity and ultimate strength of structural members and connections for reinforced concrete 

structures. Figure 2-1shows the layout of catenary action forces.  
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However there are very few previous studies on catenary action of reinforced concrete beams 

and most of the experimental studies are concerned with catenary action of steel beams at 

ambient and elevated temperatures and under column loss scenarios ((Byfield et al., 2007); 

(Byfield and Paramasivam, 2007)  (Izzuddin, 2005);(Yin and Wang, 2005)).  

 

In this chapter, the very limited tests on RC frames under column loss scenarios, numerical 

works and approaches to mitigate progressive collapse will be presented. It should be mentioned 

that most of the experimental tests on concrete structures were implemented under quasi-static 

load despite the fact that the redistribution of loads after column loss is dynamic in nature. The 

reason for that is because static tests can provide more details and insight towards the 

development of different structural load resisting mechanisms. 

 

 
Figure 2-1 Catenary tension force (Orton 2007) 

 

2.2 EXPERIMENTAL STUDIES:  

In this section, the very limited tests on RC frames and beams under column loss scenarios will 

be reviewed, focusing on studies concerned with catenary action. 

 

2.2.1 Regan (1975) 

One of earliest works was reported by (Regan, 1975) at Imperial College in London. As shown 

in Figure 2-2. Regan conducted tests on precast floor strips ranging from 14 in. (356 mm) to 28 

in. (711 mm) wide and 18 ft. (5.5 m) long with a central joint at the ólost supportô between two 9 

ft (2.75 m) spans. The specimens comprised a 2 in. (50 mm) thick precast panel and a 2 in. (50 

mm) thick cast-in-place topping. Details of the ties between the panels varied according to the 

specimensô width. Specimens were loaded with hydraulic jacks. 
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For almost all the tests, there was an initial compressive arch phase, which was ñsnapped 

throughò and was followed by a catenary action phase. The majority of the beams failed by 

tearing out of the bottom bars near the supports at a deflection of 5 to 7% of the double span 

length (test #5 in Figure 2-3). However, some specimens were able to yield in flexure at the 

supports before tearing out of the bottom bars. In these cases, the catenary loads were much 

higher and the ultimate deflection was near 10% of the span length (test #3 in Figure 2-3). The 

beams eventually failed by fracture of the end rebar due to large rotation at the support. For most 

tests, catenary action started at around 6 to 7 in (150 to 175 mm) of displacement, which is 

slightly greater than the beam depth 4 in. (100 mm). 

 

The tests also included two specimens that were loaded by sandbags and the central support 

suddenly pulled out. For one test, the specimen did not fail, but the deflections were 50% greater 

than for the same load applied to an identical specimen that was loaded with hydraulic jacks. 

Another specimen failed, although the total weight was only 56% of the ultimate load reached in 

the hydraulically loaded test. 

 

Due to insufficient anchorage and poor continuity of specimens, not all of them could develop 

catenary action successfully. Based on the tests results, Regan concluded that ñsuccessful 

development of a catenary action requires that the members in question possess not only tensile 

strength but also ductility, which largely depends on the detailing of the longitudinal steel bar 

reinforcement.ò 

 

Figure 2-2 Catenary action tests of precast floor strips (Regan 1975) 
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Figure 2-3 Results of catenary tests of precast floor strips (Regan, 1975) 

 

2.2.2 Sasani and Kropelnicki (2007) 

Experimental and analytical research on the topic of progressive collapse was conducted by 

Sasani. In 2007, (Sasani and Kropelnicki, 2007) carried out an experimental program to evaluate 

the behaviour of a continuous perimeter beam in a reinforced concrete frame. He tested a 3/8 

scaled RC perimeter beam under a middle CRS. The specimen was designed in accordance with 

(ACI-318, 2002), which specifies integrity requirements. In order to investigate the behaviour of 

that beam analytically, they also implemented a detailed finite element model using the ANSYS 

software package. 

 

The actual dimensions of the beam were 13 ft. 8¼ in. (4170 mm) long, 12 in. (300 mm) width, 

and 20 in. (500 mm) depth. In order to examine the effects of splices on the development of 

catenary action in beams and progressive collapse of structures, the longitudinal reinforcements 

were spliced, Figure 2-4. Loading was applied by displacement control at the mid-span, and then 

vertical deflection versus applied load was plotted as shown in Figure 2-5. 

 

From Figure 2-5, and the test results, it was observed that the two bottom bars fractured at 

vertical displacements of about 6.0 in.(150mm) and 7.5 in.(190mm). Figure 2-6. In addition, they 

found that catenary action developed in the top reinforcement following the bar fractures by 

satisfying the integrity requirements of (ACI-318, 2002), and no indication of splice failure was 

observed. 
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Figure 2-4 Detailing of the test beam (Sasani and Kropelnicki 2007) 

 

 
 Figure 2-5 Forceïdisplacement relationships          Figure 2-6 Bar fracture 

 

2.2.3 Yi et al (2008) 

In 2008, (Yi et al., 2008) tested a one-third scaled specimen of four bays and lower three-storey 

RC frame extracted from a building of  a four-bay, eight-storey RC frame structure, as shown in 

Figure 2-7, designed in accordance with the concrete design code of China, which is similar to 

ACI 318-02. The dimensions of beam section were 200 mm in depth and 100 mm width, and the 

cross-section of columns was 200 mm by 200 mm. 

  

The experiment was conducted statically, the gravity load was applied by servo-hydraulic 

actuator to the upper floors, and the CRS was simulated by unloading a mechanical jacking 

system in a displacement-controlled manner. The main purpose of the testing was to observe the 

force-deformation response in the simulated failing column which was located at the centre of 

the lower storey. 
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The test results indicated that the beam above the removed column experienced three phases, i.e. 

elastic, plastic and catenary action as shown from the relationship between vertical displacement 

and middle column load as shown in Figure 2-8. Yi et al concluded that from the experimentally 

recorded results and the analytical approximations, that the failure load computed on the basis of 

a plastic mechanism is approximately 70% of the estimated capacity of the catenary mechanism. 

 

Also, they concluded that the failure of the RC frame resulting from column removal was 

controlled by the fracture of steel bars, different from the collapse of normal limit state for beam 

bending, which is controlled either by crushing of concrete in compression zone or shear failure. 

 

  
 

Figure 2-7: Specimen dimensions (Yi et al. 2008)   Figure 2-8: Middle col. load vs. deflection  

                       

2.2.4 Wei-Jian and Qing-Feng 2008 

 In 2008,(Wei-jian, 2008) tested five half scaled specimens to investigate the effect of steel 

reinforcement ratio, steel grade, steel type and loading rate on the resistance capacity of RC 

structures against progressive collapse.  

 

The specimens were RC beam-column sub-structure with various steel detailing and steel type, 

designed and detailed according to the Chinese design Code (GB50010-2008). Figure 2-9 shows 

specimen details. Both ends of the specimens were pin-connected. The load was applied on the 

top of the middle column using a hydraulic actuator with displacement control until the failure of 

the specimen. Figure 2-10 shows the test setup used.  

 

The behaviour of the specimens was monitored by recording applied loads, vertical displacement 

and horizontal displacement of the supports and steel strains at sections near the supports.  
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From the test results, it was found that as the steel ratio increased, the ultimate load capacity of 

the specimens proportionally increased. As the steel grade decreased, the ultimate deformation of 

the specimens increased and the load capacity decreased. The specimens reinforced with round 

steel bars were much better than the specimens reinforced with ribbed steel bars in forming the 

catenary action mechanism since the round steel bars deformed more evenly and had larger 

elongation than the ribbed steel bars. 

 

They concluded that the development of catenary action is strongly related to uniform elongation 

and strength of the steel, and the whole deformation process of the beam-column structure 

experienced all stages of elastic deformation, plastic deformation stage and catenary action. 

 

 

Figure 2-9 Specimens Detail (Wei-jian and Qing-feng 2008) 

 

 

Figure 2-10 Photograph of test setup (Wei-jian and Qing-feng 2008) 

 

 

2.2.5 Su et al. (2009) 

In 2009, (Su et al., 2009) tested twelve one-third-scale frame sub-assemblages to investigate 

their capacity to resist progressive collapse. Each specimen represented a two-bay beam and 

three column stub, as shown in Figure 2-11.  The specimens were restrained longitudinally 

against axial deformation to study the effect of CAA on the capacity of the beam against 

progressive collapse.  
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The specimens were divided into three groups to study the effect of the following parameters: 1) 

Flexural reinforcement ratio (group A), 2) Beam span to depth ratio (group B), and 3) Rate of 

loading (group C).  A servo-controlled actuator was used to simulate gravity loading by applying 

a downward displacement at the middle column stub.  

 

The behaviour of the specimens is monitored by recording the following readings, the vertical 

load P, horizontal reaction N, and vertical displacement at the centre column stub. For each 

group, the vertical load P and horizontal reaction N versus centre deflection to depth ratio (ŭ/h) 

were plotted as shown in Figures 2-12, 2-13 and 2-14. 

 

From the test results, it was concluded that the axial restraint enhanced the CAA, and increased 

loading capacity by 50 to 160% of the capacity estimated without considering axial restraint. In 

addition, the increase of beam span-depth ratio and the increase of flexural reinforcement ratio 

caused a decrease in the effect of the CAA. The effect of loading rate can be neglected.  

 

 

 

 

 

 

 

 

 

Figure 2-11 Schematic of the specimen               Figure 2-12 P and N versus (ŭ/h) for group A 

 

 

 

 

 

 

 

Figure 2-13 P and N versus (ŭ/h) for group B      Figure 2-14 P and N versus (ŭ/h) for group C 

 

2.2.6 H. Choi and J. Kim (2010) 

In 2010, (Choi and Kim, 2010) tested four sub-assemblages to investigate their structural 

capacity against progressive collapse. The specimens were one-third scale of two-bay and three 

column stubs sub-assemblages, which were designed as a part of five and eight-storey RC 

moment-resisting frames with and without seismic load according to the ACI 318-2005.  


































































































































































































































































































































































































































