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Abstract 

Following some incidents in high-rise buildings, such as Ronan Point London 1968, 

in which collapse of a limited number of structural elements progressed to a failure 

disproportionate to the initial cause, consideration of robustness was introduced in 

British Standard. The main method of preventing progressive collapse for providing 

robustness to steel framed buildings with precast concrete floor slabs focuses on the 

allowable tying forces that the reinforcement in between the slabs and in hollowcores 

should carry. However there are uncertainties about the basis of the practical rules 

associated with this method. This thesis presents the results of numerical and 

analytical studies of tie connection behaviour between precast concrete floor slabs 

(PCFS). It is shown that under current design regulations the tie connection is not 

able to resist the accidental load limit applied on the damaged floor slabs. 

By establishing the capability of a finite element model to depict and predict the 

behaviour of concrete members in situations such as arching and catenary action 

against several experimental tests, an extensive set of parametric studies was 

conducted in order to identify the effective parameters in enhancing the resistance of 

the tie connection between PCFSs. These parameters include: tie bar diameter, 

position, length, yield stress and ultimate strain; the slabôs height, length; and the 

compressive strength of the grouting concrete in between the slabs that encases the 

tie bar. Recommendations are made based on the findings of this parametric study in 

order to increase the resistance of the tie connection. Based on the identified 

effective parameters in the parametric study a predictive analytical relationship is 

derived which is capable of determining the maximum vertical displacement and 

load that the tie connection is able to undergo. This relationship can be used to 

enable the connection to capture the accidental limit load on a damaged slab.  

The identified parameters are examined in a three dimensional finite element model 

to assess their effect when columns of the structure are lost in different locations 

such as an edge, corner or internal column. Based on the findings of this study 

methods for improving the connections performance are presented. Also the effect of 

alternative transverse tying method is evaluated and it is concluded that although this 

kind of tie increases the load carrying capacity of the connection, its effect on the 

catenary action is not significant. 
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Chapter 1. Research Background 

1.1 Structural Robustness 

When subjected to any unpredicted and accidental loading, the ability of a structure 

not to suffer collapse disproportionate to the original cause is called robustness. 

Upon achieving robustness in a structure, accidental actions which are beyond the 

engineering design values should not cause damage to the structure which is not 

proportionate to the direct initial and local damage caused by the accidental actions 

(Menzies, 2005). In the literature the meaning of disproportionate collapse is not 

usually distinct from the meaning of progressive collapse, though the result of a 

progressive collapse usually leads to a disproportionate collapse, but their concepts 

are different. A progressive collapse happens when localised damage in a part of a 

structure, due to weakness in joints and linking elements, leads to further damage 

and progresses to other parts of the structure. Since the result of the first damage has 

widened its effect in other parts of the structure (i.e. progressed) and so is not 

proportionate to the initial damage, it is also a disproportionate collapse (Hai, 2009). 

The concept of progressive collapse has been considered in codes and building 

regulations since the partial collapse of the Ronan Point Building in East London in 

1968 (Moore, 2002), where a gas explosion on the 18
th
 floor caused the collapse of 

the whole corner of a 22 storey building. In this incident 4 people were killed. The 

explosion threw a wall panel out; consequently, without support, the upper floor 

structural elements fell down on the lower floors and this phenomenon made 

progress throughout the height of the building. As a result, in the early 1970s the 

concept of robustness was introduced to the building codes and regulations in the 

UK and later on the European and American codes (Pearson and Delatte, 2005).  

Figure  1-1 shows a schematic example of an accidental action and the possible 

scenarios that may happen afterwards. If the connections between the structural 

components are able to withstand the extra applied load (accidental load), in this case 

by bridging over the lost column, the floors above the lost column retain their 

integrity and the structure remains robust (Figure  1-1-a), otherwise progressive 

collapse occurs (Figure  1-1-b).  
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(a) (b) 

 

Figure  1-1: Effects of Losing an External Column to a Blast Loading: a) alternate load path 

design: no progressive collapse; b) conventional design: progressive collapse (Baldrid ge and 

Humay, 2003) 

 

 

Different types of structures have different rules for supplying robustness to the 

structure. Among them, due to their intrinsic discrete nature, structures constructed 

using precast concrete floor slabs (PCFS) are one of the most vulnerable to 

disproportionate collapse.  The scope of this study will be to examine methods of 

providing integrity of precast concrete floor slabs in steel framed buildings.  

The highest risk of progressive collapse occurs when a supporting element in the 

structure, most commonly a column, is lost due to an accidental action. In this 

situation the beams that were supported by the removed column may act like a 

hanging chain (catenary action), but the exact reaction of the connections of the 

beams and the column above, and the connections between the precast concrete 

elements that form the floor of which the column is lost, are most influential in 

determining  the behaviour of the remaining structural elements (Liu, 2010). To 

prevent progressive collapse, the PCFSs should be connected to each other and to the 

supporting frame, in such a way that the integrity and continuity of the floor remains 
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in an acceptable degree so that the first link of the progressive collapse chain does 

not form.  

For steel structures with precast concrete floor system, the required integrity of the 

connection between precast units is provided by the steel tie bars which are placed 

both in the hollowcore units and in between them in the longitudinal joints 

(Figure  1-2).  

 

 

Figure  1-2: Precast Floor Unit Connection Layout (FIB-Bulletin-43, 2008) 

 

However, although the tying method is commonly used in construction as a means of 

providing structural robustness, there are uncertainties about the basis of the practical 

rules associated with this method. Understanding and improving the effectiveness of 

these practical methods are the main aims of this research. 

 

1.2 Research Originality 

The present regulations for providing robustness to steel framed buildings with 

precast concrete floor slabs focus on the allowable tying forces that the 

PCFS 

Longitudinal Tie 

Transverse Tie 

Tie in the Hollowcore 
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reinforcement in between the slabs and in hollowcores should carry. This 

information is based on investigations on collapsed buildings such as Ronan Point, 

London (see section  2.1.1 for further details). The derivation of tying force 

relationship was based on equilibrium of catenary action force in the beam/slab and 

the applied load and assuming a vertical displacement of  (L being the beam/slab 

span for a span of 5m) and typical loading condition. This derivation did not 

consider whether the structure has sufficient deformation capacity. Neither did it 

consider whether the surrounding structure would be able to provide the necessary 

axial restraint that is required to activate catenary action. 

In the lack of research on performance of ties connecting the PCFS, the present study 

attempts to develop a thorough understanding of the response of steel framed 

structures with precast floor slabs on column removal and the fundamental 

mechanisms of catenary action in precast floor slabs. Through such a study, better 

methods of providing robustness to this type of structure will be recommended.  

1.3 Research Objectives 

The objectives of this study can be summarised as: 

¶ Establish the foundation of a reliable FE model to examine the factors 

affecting the behaviour of the tie connection between two Precast Concrete 

Floor Slabs (PCFS) until fracture; 

¶ Identifying the influential parameters that affect PCFS tie connections 

behaviour;  

¶ Developing a predictive analytical method to predict PCFS tie connection 

behaviour, validated by the parametric study results; 

¶ Assessing the effectiveness of current building code regulations and practical 

construction methods for providing robustness of PCFS in steel framed 

buildings; 

¶ Suggesting methods for improving robustness of precast concrete floors in 

steel frame buildings; 

¶ Studying the mechanisms of collapse, due to the loss of a column in different 

locations, in a representative steel framed building with PCFS. 
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1.4 Research Methodology  

Due to resource limits, this research will be conducted through numerical 

simulations using the finite element method (FEM). In this study the commercial 

FEM package TNO DIANA has been utilised owing to its powerful material models 

for concrete. The numerical modelling will be validated by comparison with 

available experiments on concrete structural elements that undergo arching and 

catenary actions which are similar to the expected behaviour of PCFS slabs under 

accidental loading.  

The validated modelling method will  then be used to conduct extensive parametric 

studies, one set for precast concrete slabs for thorough understanding of the catenary 

action mechanism, and one set for steel framed structures with precast concrete slabs 

for understanding of realistic whole structural behaviour. These parametric study 

results are then used to formulate an analytical predictive method which may be used 

in practical design. The parametric study results are also used to assess effectiveness 

of the current construction methods and to identify methods that can improve 

robustness of this type of construction.  

 

1.5 Thesis Structure 

Chapter 2 covers a review of literature in the field of robustness with special focus 

on precast concrete floor slabs in steel frame buildings, and explains the different 

approaches in building code regulations regarding the robustness concept and 

critically assesses the shortcomings of these methods, leading to justification for the 

current research. 

In chapter 3 tests, reported in literature, on concrete structural elements that undergo 

a very similar behaviour to the interest of the present study, are simulated. Using the 

validated numerical model, an extensive parametric study is carried out and the 

results are reported in chapter 4. Variables examined in the parametric study include: 

precast concrete slabôs height and length; connecting tie barôs position, length, 

diameter, yield stress, and ultimate strain; and grouting concreteôs compressive 

strength.  
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Based on the influential parameters identified in chapter 4, a mathematical 

relationship is formulated in chapter 5 to analytically predict the precast concrete 

slab load-deflection behaviour under catenary action until failure which is 

characterised by reinforcement fracture.  

Chapters 3-5 deal with catenary action in precast concrete slab elements in the 

direction of the span. In realistic structures, the slabs interact in directions 

perpendicular to their span and also with the surrounding structural elements.  

Chapter 6 reports the results of a numerical parametric study examining how this 

type of structure behaves with the removal of a supporting column in different 

locations. Comparisons will be made between structures using the existing practical 

construction details with the alternative details that have been shown in chapter 4 to 

provide improved robustness. 

Chapter 7 summarises the results of this study and presents topics for further 

investigation in this field.  
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Chapter 2. Literature Review 

This chapter presents a detailed introduction to background information related to 

current UK rules governing the design and construction of precast floor systems 

(PCFS) to meet the requirements of structural robustness. Further details related to 

technical investigations, including testing, numerical simulation and analytical 

calculation methods, will be presented in relevant chapters. 

First this chapter reviews major incidents that led to changes in the UK building 

regulations concerning robustness of structures. This is then followed by a summary 

of building rules and regulations that are intended to control disproportionate 

collapse of building structures. Among these, providing sufficient tying between the 

primary components of a structure is the main mean by which the regulations on 

structural robustness are achieved. 

This chapter will review the ties connecting PCFS and explain why the current tie 

force regulations may not be effective.  To help this review, this chapter will first 

provide a brief review of the design and construction technology of this type of 

structural units including placement of ties. 

Since the most important parameter affecting behaviour of the ties between the PCFS 

components is the bond between the steel reinforcement with the surrounding 

concrete, this chapter provides a review of research on this phenomenon as well. 

 

 

2.1 Major Accident s of Progressive Collapse 

2.1.1 Ronan Point Building 

All  of the current rules and regulations, governing the design and construction of 

buildings to control disproportionate collapse in the UK and elsewhere, can trace 

their origin to the Ronan Point accident. On May 16 1968, there was a gas explosion 

in an apartment on the 18
th
 floor of 22-storey Ronan Point building in east London, 

which commenced the partial collapse of the whole corner of the structure. The 
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pressure from the explosion blew out the walls of the apartment, which were the sole 

support for the walls directly above. The unsupported walls of the 19
th
 floor and the 

three other floors above fell down to the 18
th
 floor, and this sudden impact loading 

was much greater than its resistance. The corner of the 18
th
 floor collapsed and sent 

debris cascading down the corner of the building, causing damage to each of the 

floors below (Figure  2-1). Later, in investigations carried out on this building, it was 

found that there had been many flaws in both design and construction quality (Choi 

and Chang, 2009). However, it was the progressive and disproportionate manner in 

which the corner of the building completely failed that caused all those concerns 

(including public authorities, engineers, and academics) about the building 

regulations of the time. 

These investigations found that the pressure required for displacing the internal walls 

in the Ronan Point building was 1.7 kPa and the pressure which could displace the 

exterior walls was only 21 kPa (Griffiths, 1968). This showed the extremely poor 

workmanship applied to this structure, and also the weakness of the building codes 

used at that time, which were dated back to 1952. Later on it was also discovered 

that the load applied by winds to this structure could cause a progressive collapse, 

since the building code that the Ronan Point was designed according to, had not 

considered structures with that height (Pearson and Delatte, 2005).  

Continuing concerns over the structural integrity of the Ronan Point Building 

eventuated in its demolition in May of 1986. In order to study the joints of this 

structure carefully, Ronan Point was not demolished in the traditional fashion, it was 

dismantled floor by floor. During these investigations the extensive scale of the poor 

quality of the connections was evident throughout the building (Wearne, 2000). 

There were some connections where it was found that the necessary force to break 

them was as low as 15.6 kN (Hendry, 1979).  

After this incident, and considering the fact that the Ronan Point building was 

designed to comply with statutory building regulations of the time, the government 

investigations concluded that the codes did not provide secure and robust structures 

capable of resisting accidental actions. According to (Hendry, 1979), ñnew 

regulations é require that under specified loading conditions a structure must 

remain stable with a reduced safety factor in the event of a defined structural 
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member or portion thereof being removed. Limits of damage are laid down and if 

these would be exceeded by the removal of a particular member, that member must 

be designed to resist a pressure of 34 kN/m
2
 (5 lb/in

2
) from any direction. Of special 

importance in relation to load bearing wall structures is that these conditions should 

be met in the event of a wall or section of a wall being removed, subject to a 

maximum length of 2.25 times the storey heightò (Hendry, 1979).  

 

 

 

 

 

Figure  2-1: Ronan Point Building after collapse (MacLeod, 2005) 

 

 

The values that appeared in the robustness regulations (tying force of 60 kN/m for 

concrete structures, and the pressure of 34 kPa to be applied on the key element) 

have their origins in investigations of the Ronan Point incident. The value of 34 kPa 

was related to a severe gas explosion and is considered by some authors as overly 

conservative (Burnett, 1975).   
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By considering the weak connections between the precast concrete members of the 

Ronan Point building, it was assumed that if the structural elements were tied 

together in a better fashion, the extent of the damage would have been far more 

limited.  The tying force resistance was calculated based on the typical loading in 

concrete buildings with following assumptions: 

 

gk and qk: permanent and variable load of 3.8 kN/m
2
 (Burnett, 1975 assumes 3.6 

kN/m
2
) 

L: beam span before loss of a column: 5m 

ȹ: Allowable deflection of the span in catenary action: L/5 

Accidental loading condition: gk +  

The moment equilibrium of the tie connection in the middle of the span in catenary 

action would dictate (Figure  2-2): 

 

Figure  2-2: Estimation of tie force in catenary action 

 

 

 

ȹ 

Ft 

F
t
 

gk + (qk/3)  
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Equation  2-1 

 

By substituting the various assumed values, Equation  2-1 yields the tie force (Ft) of 

60 kN/m. 

 

2.1.2 Alfred P. Murrah Federal Building  

On April 19, 1995 in Oklahoma City a truck containing approximately 5000lbs of 

explosives was parked near the north side of the Alfred P. Murrah building 

(Figure  2-3), close to the middle point, where it was detonated.  Roughly 30% of the 

building was destroyed by the explosion, over 300 buildings nearby were destroyed 

or damaged, and 168 lives were lost (Piotrowski and Perdue, 1995). The explosion 

caused the destruction of the three columns adjacent to the blast on the ground floor, 

and some other floor slabs and walls in the vicinity of the blast. But the final 

destruction (Figure  2-4), being disproportionate to the initial incident, was due to a 

progressive collapse (Corley, 1998). 

 

Figure  2-3: Alfred P. Murrah Building, before the attack (Suni, 2005) 
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Figure  2-4: Alfred P. Murrah Building, after the attack (Chernoff, 2009) 

 

The structure of the Alfred P. Murrah building was an ordinary concrete frame 

designed in accordance with the ACI 318-71 code.  The construction of the building 

was of high quality and very well detailed. However, it was not designed to resist 

any abnormal loading such as earthquake or explosion similar to many other federal 

and office buildings of the time in that region (Corley, 1998).  

Investigations carried out following the incident pointed out some design and 

construction methods that could mitigate the effects of unpredicted accidental 

loading (Corley, 1998): 

a) If the building had been designed as a special moment frame or dual system 

with special moment frame, among the three destroyed columns adjacent to 

the blast loading, only the one which was the closest would have collapsed 

due to brisance, and the other two could have survived. The presence of more 

reinforcement in the concrete members of a special moment frame would 

have facilitated higher energy dissipation. This shows the key role of the steel 

bars in concrete members for prevention of progressive collapse which is the 

subject of the present study. 

b) Increased redundancy, in general, would have increased the chances of 

preventing a bad situation getting worse (progressive collapse). ñThere 

should be no single critical element whose failure would start a chain reaction 

of successive failures that would take down a building. Each critical element 
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should have one or more redundant counterparts that can take over the critical 

load in case the first should fail.ò  

c) Compartmentalized construction: this type of construction has proved to be 

able to resist progressive collapse to a good level. But the inflexible and 

rather small spaces that emerge by construction of this type, limits its 

application to office buildings. 

d) Dual systems (with special moment frame): the investigations concluded that 

if the A. P. Murrah building had been designed for a seismic area, its level of 

destruction could have been reduced by up to 85%. Utilizing more 

reinforcement and different types of connection in the dual systems with 

special moment frames would have given the building the capacity of 

absorbing more energy. 

Other investigations (Osteraas, 2006) have pointed out some general 

recommendations to enhance robustness of structures: 

a) To avoid irregularities in the structureôs plan and to have a three dimensional 

space frame.  

b) To avoid anti-redundant features (such as transfer girders) and to provide the 

structure with enough redundancy to form alternate load paths. 

c) To provide the structural frame with mechanical fuses which allows the walls 

and slabs to collapse without affecting other parts of the structural frame. 

d) To provide the structural frame with enough ductility for energy absorption 

(such as design of structures in highly seismic areas). 

2.2 Building Codes and Regulations on Robustness of 

Structures 

The risk of progressive structural collapse due to damages caused by accidental 

loading is different depending on the nature, the size and occupancy of the building. 

It is therefore important to strike an appropriate balance between the cost of 

providing a robust structure and the benefit of reduced risk of progressive collapse. 

In many parts of the world, this is done by dividing buildings into a number of 

classes and specifying different requirements for different classes. For example, in 
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the British Standard Approved Document A, buildings are divided into the following 

three classes (Table  2-1): 
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Table  2-1: Building classes (Approved Document A) 

Class Building type and occupancy 

1 Å Houses not exceeding four storeys. 

Å Agricultural buildings.  

Å 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. 

2A Å 5 storey single occupancy houses. 

Å Hotels not exceeding 4 storeys. 

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

Å Offices not exceeding 4 storeys. 

Å Industrial buildings not exceeding 3 storeys. 

Å Retailing premises not exceeding 3 storeys of less than 2000 m
2
 floor area 

in each storey. 

Å Single storey Educational buildings. 

Å All buildings not exceeding 2 storeys to which members of the public are 

admitted and which contain floor areas not exceeding 2000 m
2
 at each 

storey. 

2B Å Hotels, flats, apartments and other residential buildings greater than 4 

storeys but not exceeding 15 storeys. 

Å Educational buildings greater than 1 storey but not exceeding 15 storeys. 

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

Å Hospitals not exceeding 3 storeys. 

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

Å All buildings to which members of the public are admitted and which 

contain floor areas exceeding 2000 m
2
 for the notional but less than 5000 m

2
 

at each storey. 

3 Å All buildings defined above as Class 2A and 2B that exceed the limits on 

area and/or number of storeys. 

Å All buildings containing hazardous substances and/or processes. 

Å Grandstands accommodating more than 5000 spectators. 
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For building class 1, provided that they are designed and constructed based on other 

buildings codes and construction regulations there is no need for any action to assure 

their robustness. For class 2A buildings it is said that effective horizontal ties or 

effective anchorage of suspended floors to walls for framed and load bearing walls 

should be provided according to BS 8110-1:1997 and BS 8110-2:1985 for concrete 

structures, BS 5628-1:1992 for unreinforced masonry structures and BS 5950-1:2000 

for steel structures. For class 2B buildings there should be effective vertical ties for 

all supporting columns and walls and horizontal ties for frame and load bearing 

walls. For class 3 buildings a systematic risk assessment should be undertaken while 

considering all the normal predictable and unpredictable hazards and all the 

structural elements should be designed based on the aforementioned building codes 

and regulations. 

The European code EN 1991-1-7:2006 takes a similar approach. Table  2-2 compares 

the regulations between the British Standard and EuroCode for building 

classification and precast concrete structures. 
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Table  2-2: Differences in building classification in BS and EN 

Bld. Class Type Approved 

Document A- A3 

EuroCode 1991-1-7 

1 Houses not 

exceeding four 

storeys 

Single Occupancy 

houses not exceeding 

four storeys 

2A Retailing premises: 

less than 2000 m
2 

Retailing premises: less 

than 1000 m
2
 

2B Admissible damaged 

area: 15% or 70 m
2
 

whichever smaller 

Admissible damaged 

area 15% or 100 m
2
 

whichever smaller 

3 Bld. Containing 

hazardous 

substances 

N/A 

 

The value of 70 m
2 
for the admissible damage area is an estimation based on two 6 m 

× 6 m structural bays that at the time of drafting the British Standard was a typical 

bay size. But as the modern structural systems came into practice this size was 

augmented to 7.5 m × 7.5 m which is almost the 100 m
2
 recommended by the 

EuroCode considering two adjacent floor bays close to the lost column (CPNI, 

2011). 

 

2.2.1 Implementation of the robustness requirements 

The British standards were the first building code to recommend regulations for 

avoiding the progressive collapse of buildings, of which the catastrophic accident of 

Ronan Point Building in 1968 was the main motivation. In a number of publications 

of the British Standard such as those for steel, concrete, masonry and composite 
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structures, also steel and concrete bridges, the concept of robustness and 

recommendations for achieving it are given.  

The main methods proposed in the British Standards to ensure that the structure will 

not suffer from an accidental action in an amount which is not proportional to the 

cause, can briefly be described as follows (Moore, 2002): 

¶ The tying method: vertical and horizontal ties should be provided between 

the primary structural components (Figure  2-5). The assumption is that the 

provision of ties creates a structure with a degree of redundancy that 

increases the structural continuity, and thus provides the building with 

alternative load paths if part of the structure is removed by an accidental 

action. In general the ties are steel members or rebar, also the beam to 

column joint is considered to carry the tying force. The minimum value for 

tying force resistance is 75 kN is steel structures and 60 kN in concrete. 

 

 

 

 

Figure  2-5: Floor ties in a concrete structure (Brooker, 2008) 

 

¶ The bridging method: wherever tying is not feasible, the structure should be 

designed to be able to bridge over the loss of a member which has not been 

tied and the area of collapse should be limited and localised. To do so, each 

time an untied member is notionally removed (including vertical load bearing 

members and beams connected to one or more columns) and the area of the 
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affected zone in the immediate adjacent storeys, is checked so that the area at 

risk of collapse should be limited to the smaller of these values: 15% of the 

area of the considered storey, or 70 m
2
 (Figure  2-6). 

 

 

Figure  2-6: Area of the structure susceptible to collapse (Approved Document A) 

 

¶ The key element method: if bridging over a missing member is not possible; 

such a member should be designed as a key element which is capable of 

resisting a pressure of 34 kN/m
2
 from any direction. The value of 34 kN/m

2
 

(5 lb/in
2
) was chosen based on the observational evidence on an estimation 

that exterior wall panel would fail at Ronan Point (Hai, 2009). Such 

accidental design loading is supposed to act simultaneously with one third of 

all normal characteristic loading.  

 

Following the above recommendations in BS is considered to produce  robust 

structures that can resist disproportionate collapse due to various accidental causes, 

such as impact and gas explosions (Demonceau, 2008). 
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2.2.1.1  Application of the Tying Force Method to Precast Reinforced 

Concrete Structures 

 

Design codes for different types of structure provide detailed recommendations on 

how to apply the tying force method. Among the three methods presented in the last 

section, specific guidance is often necessary on application of the tying method. This 

section presents an overview of the tying method application to precast reinforced 

concrete structures. 

 

 

Figure  2-7: Vertical and Horizontal tying in a structure  (NIST, 2007) 

 

Figure  2-7 shows a scheme of providing ties. Internal ties should be available at each 

floor and roof level approximately at right angles and they should be continuous, and 

at each end they should be anchored to peripheral ties.  In the British Standard BS 

8110-1:1997, the internal ties should be capable of resisting a tensile force equal to 

the greater value of the two following relationships (in kN/m width): 
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Equation  2-2 

Ὂ ρȢπὊ 

 
Equation  2-3 

Whichever is larger. 

Where: 

Ὣ is dead load on floor (in kN/m
2
)    

ή is the imposed (live load) on floor (in kN/m
2
) 

ὰ is the greater of the distances between centres of columns, frames or walls 

supporting any two adjacent floor spans in the direction of the considered tie 

Ὂ is the lesser of these two values: (20 + 4n0) or 60 kN/m; where n0 is the number of 

storeys in the structure. 

The value of 60 kN was chosen based on an estimation of the equilibrium state that a 

tie connecting two horizontal members on top of the lost column should be able to 

provide with regard to the floor area applying load to the tie. 

But as will be seen in this study ( Chapter 4), for precast concrete floor slabs, this 

value is subject to many other local factors at the connection zone. Also it will be  

shown (in  Chapter 4) that solely specifying the tie force does not necessarily 

guarantee robustness of the structure, because in the case of the connection between 

PCFSs it is mainly the elongating capacity of the tie bar that provides this 

characteristic for the structure in catenary action.  

2.3 Research on Structural Tying System of PCFS 

There have been many experimental and numerical investigations regarding the 

robustness of steel and concrete frames. But most of the research in the field of 

progressive collapse focuses on the connections between the main structural 

elements i.e. columns and beams and they usually consider the flooring system as an 

integrated structural element which does not fall apart (Shi et al., 2010), (Zolghadr 
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Jahromi et al., 2013), (Vlassis et al., 2008), (Izzuddin et al., 2008), (Sasani, 2008). 

This assumption not only dismisses the intrinsic segmental nature of the precast 

concrete flooring system but also neglects the effect of the debris from such floors on 

the lower levels which itself causes extra loading on the remaining structure. This 

phenomenon has more importance as it has not been considered in the current 

building regulations (Izzuddin et al., 2008).  

Despite questioning the effectiveness of tying resistance for PCFS against 

progressive collapse (CPNI, 2011), there is a scarcity of experimental and numerical 

(finite element) research on connections between precast concrete floor units and 

how they contribute to the robustness of this type of structure. Most of the research 

on PCFS in steel frame concentrate on the composite behaviour of the PCFS on the 

steel beam, considering the shear stud (Lam et al., 1999), (Lam et al., 2000), (Lam 

and Nip, 2002), (Fu and Lam, 2006), (Hegger et al., 2009) and not the ties 

connecting the floor slabs especially in the case of loss of a column. The only major 

study on the tying system connecting the PCFS with special attention to the bond-

slip phenomenon of the rebar inside concrete was conducted  by Engström (1992). 

2.3.1 Bending Tests on Tie Connections 

Bending tests on the connection of PCFS have been conducted by Engström (1992), 

Rosenthal (1978), and Gustavsson (1974). The scope of these studies has been to 

obtain the adequate floor integrity by means of connection between the concrete 

floor slabs, deformation capacity and anchorage capacity of the tie connection 

respectively. In all of the mentioned experiments the PCFS units rested on three 

beams and the middle one (under the connection) was raised in order to apply 

bending to the slabsô connection (Figure  2-8). Although the boundary conditions of 

these experiments were not a faithful representation of the real PCFS flooring system 

(because there was no consideration of axial restraint), their results shed some light 

on the behaviour of tie connections between PCFS, including: 

¶ Smooth tie bars may enable more elongation in the connections, but the bond 

stress provided by them did not give sufficient anchorage between concrete 

and steel bars, in comparison to ribbed bars. 
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¶ Increasing the tie bar dimension increased the bending resistance of the 

connection, although a balance should be struck between concrete and steel 

tensile strength. 

¶ Due to pure bending action in these tests, under sagging moments, the tie bar 

served better if placed at the bottom of the section and under hogging 

moment at the top. Placing the tie bar at mid-height of the section would 

provide some resistance under bending in both directions. 

¶ Slabs were always separated first at one of the transverse joint interfaces. 

Once the transverse joint was cracked, the tensile strength was carried by the 

tie bar only. 

¶ The contribution of the tie bar in the transverse joint was negligible. 

¶ If the tie bar was sufficiently long (usually defined as 75ʟ ) the end hooks 

were not strained. 

¶ Smooth tie bars, even with end hooks, did not provide sufficient bond with 

concrete. 

However the lack of consideration of axial restraints and the different boundary 

condition of the other far ends of the slabs from the real structure condition in the 

aforementioned experiments, neglected the effect of arching action prior to the 

catenary stage. Also as the slabs can move freely on both far ends (from the 

connection, in the lack of axial restraint) the catenary action behaviour of these tests 

may not illustrate behaviour close to what may happen in real floor slabs; as 

adequate tension was not applied on the tie connecting the slab units. 
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Figure  2-8: Lifting tests on the connection between PCFSs (Engström, 1992) 

 

In the bending tests of Engström (1992) the type, dimension and position of the tie 

bars were studied. The present study will  broaden the scope of investigation by 

including the following additional parameters: grouting concrete strength, span and 

depth of the slabs, and tie bar length. Also the effect of yield stress and ultimate 

strain of the tie bars will be individually studied.  

 

2.3.2 Formulation of Tie Behaviour in Bending 

Engström (1992) seems to be the only one to have made an attempt to formulate the 

requirement on tie connection between PCFS in the case of column loss. It was 

assumed that after column loss, slabs are suspended by ties from both ends and that 

the elongations (w) of all of the ties were the same at all times (Figure  2-9). 
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Figure  2-9: Pure suspension mode of action in a precast floor after loss of an interior column 

(Engström, 1992) 

 

For this formulation, the following parameters were defined: 

Q: total load of each floor element applied at the centre of the element; 

N: tensile force of the tie bar; 

a: maximum vertical displacement of the connection 

aqz: vertical displacement of the driving force (Q), ὥ  

w: elongation (displacement) of the tie bar 

l: length of the slab  

For one slab, the deformed geometry yields: 

 

ὥ ὰ ὰ
σ

ς
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Equation  2-4 

 

Neglecting the quadratic terms of w, the vertical displacement of the driving force 

can be written as: 

 

ὥ
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Equation  2-5 
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The equilibrium of moments gives: 
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Equation  2-6 

 

The ultimate strength and elongation of the ties are Nmax and wmax respectively. 

Therefore, the maximum vertical resistance (Qmax) for the connection is defined as:  

 

ὗ ςὔ
σύ

ὰ
 

Equation  2-7 

 

The above procedure suffers from the following drawbacks: 

¶ While the slabs are assumed to be completely suspended, the expected 

behaviour from the side tie bars would be dowel action rather than catenary 

(capturing the tensile force). 

¶ Even if the two sides of the slabs were provided with vertical restraint so that 

the ties would only carry tensile forces, the assumption that all three would 

have equal elongations should have been substantiated. 

¶ The above arrangement of ties neglects slab connections with walls and 

beams e.g. at the edge of the structure. 

 

In the case of loss of a column, as long as the slabs have adequate axial, vertical, and 

rotational restraint at both far ends from the lost column, the connection between the 

PCFSs can undergo a large vertical displacement (h in Figure  2-10). Hence it is the 

tie barôs elongation (e) localized to the connection zone that may provide the 

required integrity of the floor slabs, provided that there is enough bond between the 

tie bar and surrounding concrete. 



42 

 

 

Figure  2-10: Resistance mechanism of tie connection between PCFS in the case of lost column 

 

 

The current tie connection regulation recommends a tie force derived based on 

equilibrium of slab forces in the catenary action stage (as shown in section  2.1.1); 

however, it neglects the fact that it is the ductility of the tie bar which dictates the 

extent of the catenary action development (Figure  2-10). The present study will 

demonstrate that a tie connection designed based on current regulations may fail. 

Importantly, this study will show how to achieve robustness of PCFS system. 

Based on the conducted literature survey presented above, the necessity of an 

investigation on effectiveness of the tie connection is apparent. Such investigation 

should particularly concentrate on parameters that affect the behaviour of the tie 

connection in the catenary action stage because it is considered the dominant 

mechanism under the column loss scenario (Elliot, 2002). 

 

2.4 Construction Technology of PCFS 

To understand the behaviour of the PCFS better, it is necessary to examine the 

different components of this structural element. This can be achieved by considering 

the design and manufacturing process of precast concrete members. 

Tie Bar 

PCFS Axial and Vertical Restraints 

    

h 

L 
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2.4.1 Design of PCFS 

PCFSs are designed mostly as simply supported, one-way spanning units. The main 

failure modes for PCFSs are (Elliot, 2002): 

¶ Flexural capacity 

¶ Shear capacity 

Other design considerations are: 

¶ Deflections limit 

¶ Bearing capacity 

¶ Handling restrictions (usually imposed by manufacturer) 

 

2.4.1.1 Flexural capacity  

The flexural capacity of a PCFS is checked in serviceability limit state (SLS) and 

ultimate limit state (ULS) designs. When using design factors of 1.35 for permanent 

and 1.5 for variable load, the SLS design check is usually the critical loading 

condition (Elliot, 2002). 

2.4.1.1.1 Serviceability limit state (SLS) 

The serviceability limit state of flexure is calculated based on lesser of the following 

two relationships (Equation  2-8 and Equation  2-9): 

 

 

ὓ Ὢ πȢτυὪ ὤ 

 

Equation  2-8 

ὓ Ὢ πȢσσὪ ὤ Equation  2-9 

 

Where: Zb and Zt are the section modulus to the bottom and top fibre respectively. fcu 

is the cube compressive strength of concrete. And fbc and ftc are the maximum fibre 

stress in the bottom and top of the section respectively, and defined as: 
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Equation  2-10 
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Equation  2-11 

 

 

in which 

The final prestressing force (Pf) is the product of the effective prestress in the tendon 

after all losses (fpe) and the cross sectional area of the prestressing strands (Aps): 

ὖ Ὢὃ   

e: eccentricity of the prestressing strand 

and A is the total cross sectional area of the precast member 

 

2.4.1.1.2 Ultimate limit state of flexure 

The ULS flexure resistance can be calculated based on the following relationship 

(Elliot, 2002): 

ὓ Ὢ ὃ Ὠ πȢτυὢ Equation  2-12 

 

in which: 

Mur: is the slab ultimate bending moment resistance 

fpb: is the design tensile stress in the tendons 

Aps: is the total cross sectional area of the tendons per unit area of slab 

d: is the effective depth of the precast concrete cross section 

and X is the depth of concrete in compression calculated by equating the tensile force 

in the tendons to compressive force of the concrete block 
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2.4.1.2 Shear capacity of PCFS 

Unlike the bending resistance, shear capacity is only considered at the ultimate state. 

The shear capacity is calculated for a cracked (Vco) and uncracked (Vco) section 

separately. Obviously the shear capacity of the uncracked section is more than that of 

cracked, as the whole section contributes to resisting the shear forces. 

The shear capacity of uncracked PCFS is given by the following relationship: 

ὠ πȢω
ὦ

ὃώ
Ὢ πȢψὪὪ 

Equation  2-13 

 

 

where 

Ὢ πȢςτὪ  

fcp is the compressive stress at centre axis resulting from prestress after all losses 

y
ô
 :is the distance from section centroid to total area (A) centroid 

bv :is the web width 

The shear capacity in the cracked region of concrete is given by: 
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Equation  2-14 

 

 

in which vc is a factor obtained from BS8110, Part 1, Table 3.9 

and fpu is the ultimate strength of the prestressing strands. 

Most PCFSs are manufactured with predefined standard specifications, and their 

load carrying capacities are reported by the manufacturing companies, giving load-

span tables. An example is shown in Table  2-3. 
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Table  2-3: Load/Span Table (Bison, 2012) 

Overall 

structural 

depth 

Spans indicated below allow for characteristic service load (live load) 

plus self-weight plus 1.5 kN/m
2
 for finishes 

Characteristic service loads (kN/m
2
) 

0.75 1.5 2 2.5 3 4 5 10 15 

Effective span (m) 

150 7.5 7.5 7.5 7.3 6.8 6.4 5.6 5 3.2 

200 8.25 8.25 8.1 7.9 7.7 7.4 6.9 5.8 4.6 

250 10.4 9.9 9.7 9.4 9.2 8.8 8.1 6.9 5.3 

300 11.7 11.2 10.9 10.6 10.4 9.9 9.5 7.8 6.8 

350 14.5 14 13.7 13.5 13.2 12.7 12.3 10.7 8.8 

400 16 15.5 15.2 14.9 14.6 14.1 13.7 11.9 10 

450 17.1 16.5 16.2 15.9 15.6 15.1 14.6 12.7 10.7 

 

2.4.2 PCFS Manufacturing  

The manufacturing process starts with cleaning the casting bed (Figure  2-11). The 

casting bed should have a smooth surface which is oiled to provide detachable 

surface with concrete. For concrete curing purposes there are heating pipes under the 

metal surface of the casting bed which itself lies on a concrete base and insulation 

material. The length of the casting bed depends on several parameters such as 

utilisation of the casting bed, production flexibility, available space in the factory, 

and strand patterns. The common length for the beds is 120m (Spiroll, 2014). 

 

Figure  2-11: Installed Casting Beds (Spiroll, 2014) 

 

The next step is positioning and pulling of the prestressing strands. This process is 

done, by some manufacturers, with the same machine that cleans the bed. The 
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strands are tensioned to the desirable stress and anchored at the other end of the 

casting bed.  

The main stage of the manufacturing process is performed with a machine called 

ñextruderò. Extruders have different characteristics in terms of speed, height of the 

slab they produce, number of hollow cores, slab width, and concrete compaction 

technology. The concrete mix is usually fed into the machine from the ñconcrete 

hopperò and transferred to the nozzles that move the extruder forward with their 

injection force (Figure  2-12).  

 

Figure  2-12: Extruder Components (Elematic, 2014) 

 

Most manufacturers use a concrete mixture with a rather low water to cement ratio. 

This dry mixture with intense concrete compaction allows the concrete mixture to 

plasticise during a short time and form and mould while the extruder passes on the 

casting bed. After the concrete is cured, slabs are ready to be sawed into the required 

lengths. 

Machines designed for sawing the PCFS use diamond blades with different 

diameters depending on the height of the slab. Based on the type of the cut required, 

machines with suitable angle of saw are chosen. Cuts may be longitudinal or 

transverse and each requires the corresponding saw. There are also saws that can be 

adjusted to any angle between 0 to 90 degrees (Figure  2-13). 
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Figure  2-13: Different types of cut on PCFS (Spiroll, 2014) 

 

Most of the transverse cuts are performed while the slab is on the casting bed, 

providing slabs segments which can be moved to the storage area. This allows the 

casting beds to have a faster turnaround. Slabs are lifted usually from their side 

grooves (Figure  2-14).  At the stock yard (storage area) other type of saws may be 

used to give the slabs the required shape and size.  

 

Figure  2-14: Slab lifting from its side grooves (Ultra -Span, 2012) 

 

Longitudinal Cut 

Transverse Cut 

Inclined Cut 
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2.5 Providing Tying Resistance in Precast Concrete Floor 

Slabs 

This research focuses on the behaviour of precast concrete floor slabs supported by a 

steel frame. It is necessary to understand details of the structural components and 

connections that are used to achieve sufficient tying resistance required for structural 

robustness according to current construction methods.  

 

2.5.1 Precast Concrete Floor Slabs  

Precast concrete floor slabs are prestressed units and are constructed in two main 

categories: 1) solid elements (planks) or 2) with longitudinal hollow cores (HC). The 

units usually have 1200 mm width and can be up to 10 m long, with different depths 

(Way et al., 2007).  

2.5.1.1 Hollowcore floor units 

The majority of the manufacturers produce units with depths ranging from 150 to 

450 mm and a nominal width of 1200 mm. High tensile prestressing strands or wires 

are used as the reinforcement in hollowcore floor slabs, and there is no shear 

reinforcement in them. 

 

Figure  2-15: Hollowcore unit profile  on steel structure (Hanson, 2014) 

PCFS 

Tie Bar 

Grouting 

Shear Key 
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The edges of the hollowcore units are profiled (shear key) such that it is possible to 

grout the joint between two adjacent units to provide enough shear resistance 

between them. The reinforcement for providing the tying resistance is located in this 

grouted or concreted joint between the floor slabs (Figure  2-15).  

 

2.5.1.2 Solid precast floor units 

This kind of floor slab is used usually with structural in-situ concrete topping, and 

their depth ranges from 75 mm to 100 mm. The prestressing reinforcement of solid 

precast floor units is the same as for the hollowcore units. As there are no 

hollowcores in this type of units their thickness is usually less than that of those with 

hollowcores. 

 

2.5.2 Connections of precast concrete floor slabs 

Apart from the tie force that was discussed in section  2.2.1.1, other regulations 

observe the placement of the tie bar in between the slabs for those types of structures 

that require tying.  Tie bars are normally placed in between the units and in the 

hollowcores. For the latter, the top flange of the PCFS is removed and the core is 

filled with in situ concrete (Figure  2-16).  

 

Figure  2-16: Placement of tie bar in hollowcores (CCIP-030) 

 

Placement of tie bars between units depends on the position of the grouting keys on 

side of the PCFS, as shown in Figure  2-17. Other arrangements of tie bar are 
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possible for connection of PCFS to supporting walls and beams, but they are out of 

the scope of the present study. 

 

 
(a) (b) 

Figure  2-17: Placement of tie bar in between units (CCIP-030) 

 

 

 

2.6 Bond-Slip 

As explained in the preceding section, in precast concrete floor systems, tying 

resistance is provided by the reinforcement between the floor units. It is therefore 

important that this means of resistance is reliably quantified.  

The tying resistance critically depends on the bond-slip behaviour between the 

reinforcement and the concrete. This behaviour is complex due to the nature of 

concrete and other factors such as: randomness of the size, shape and texture of the 

aggregates, and chemical and physical adhesion between the reinforcement and 

concrete. Many research studies have been devoted to this subject; examples 

including (Naaman and Najm, 1991), (Lahnert et al., 1986), (Edwards and 

Yannopoulos, 1979), (Huang et al., 1996), (Engström et al., 1998),  (Mazzarolo et 

al., 2012). 

Depending on the length of the reinforcement, there are two generic modes of bond-

slip behaviour: tie bar pull-out (anchorage failure) in the case of short tie bar and tie 

bar yield in the case of long tie bar. There have been pull -out tests conducted on the 




















































































































































































































































































