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sSummary

Since the catastrophic failures of the twin towers at the World Trade Centre, avoidance

of progressive collapse has become a major concern of designers of multi-storey
buildings. Following the partial collapse of a residential apartment block in the UK in
1968, the Building Regulations were amended and required designers to build in
measures to reduce the likelihood of damage to a small part of a building resulting in

collapse of a disproportionately large part of the structure. All parts of a building are
required to be tied together to ensure that they cannot be dislodged easily and, in the
event of structural failure of a member, alternative load paths may be mobilised. In the

years since 2001, UK practice has often been cited as good practice. Although the UK
approach has appeared to work well, there has been little investigation into whether the

design recommendations adequately protect a damaged structure from progressive or

total collapse.

For this reason, a series of studies was carried out on a typical steel-framed building

designed according to the guidelines given in the UK code for structural use of steel in
building (BS5950). The analysis used LS-DYNA, a non-linear explicit/implicit finite
clement code capable of modelling the dynamic behaviour of structures. This
Investigation examined the structural performance of the buildings, such as the resisting
mechanism or if collapse occurs, the failure mechanism during progressive collapse,

when key structural members were removed. Most current guidelines for designing
against disproportional collapse are based on a static analysis of a damaged structure or

an assumed alternative load path which is in turn assured by compliance with design



rules for tying together of the structural members. The investigation concluded that the

degree of deformation in a damaged structure is dependant on the time taken to remove
a structural element. Thus, dynamic effects should be taken into account when

studying/assessing building robustness. The study also examined the role of joint
stiffness in resisting progressive collapse, the effect of the rate of loading on structural
response, the magnitude of the force induced in the members adjacent to the damaged
area and the ability of a range of joints to withstand the these forces and etc. As a result

of the findings, a new design methodology (Hybrid design) to ensure robustness in steel

framed buildings is proposed and discussed.
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Chapter 1

Introduction

1.1 Introduction

Progressive collapse is defined as the spread of an initial local failure from element to

clement that eventually results in the collapse of an entire structure or
disproportionately large part of it. In the past few decades, research in this area has

generally been in response to specific incidents, for example the partial collapse of

Ronan Point, the Murrah Federal Building and, most notably, the total collapse of a

number of buildings at the World Trade Centre. These incidents focused attention on

civil design codes by raising the question of whether they provide adequate protection

to progressive collapse; more research is needed to answer this question.

The UK was the first country to address structural progressive collapse and draft rules

into 1ts codes. The current UK code for structural steelwork, BS 5950 [BSI, 2000],

clause 2.4.5 aims to prevent progressive collapse by tying the structure together to
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enable a damaged building to resist collapse by catenary action . However, there has
been little investigation into whether the design recommendations adequately protect a

damaged structure from progressive or total collapse.

In the UK, the design procedures implemented to avoid progressive collapse normally

have three stages arranged in order of design complexity:

1 Tying members together against the collapse; if the ‘tying’ strategy 1s not

adequate then -

2 ‘Localisation of damage’ should be checked by notionally removing an element.

The damaged area due to removal of the element is limited to 15% of the floor

area or 70m2, otherwise —

3 The element should be designed as a ‘Key element’ and be capable of resisting

accidental loading as specified in BS6399 [BSI, 1996].

This research focused on stage 1 i.e. determining the magnitude of the tying forces

generated in a damaged structure and comparing these to the prescribed design tie force.

Most design codes endorse the use of static analysis to safeguard buildings against

progressive collapse. Recently it has been suggested [Marjanishvili, 2004] that
progressive collapse should be considered a dynamic event because it ‘involves
vibrations of building elements and results in dynamic internal forces’. This research
aims to provide evidence to show that progressive collapse is a dynamic issue. But the

main purpose is to examine the structural performance of a building during collapse,
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with particular attention directed to the resistance mechanisms which enable buildings

to stand up and the magnitude of the forces induced in the remaining structure.

1.2 Objectives and Methodology

Progressive collapse is normally caused by accidental loads, which may arise from blast

or impact, but these studies did not attempt to model the load that caused the damage.

Rather, the main research objective of this research is to investigate the behaviour of
steel frame structures affer a key support is destroyed by an accidental load (i.e. blast).
For instance, what are the magnitudes of the forces induced in the damaged frame, what

Is the resisting mechanism if the building stands up; otherwise what is the failure

mechanism?

The studies were conducted using the non-linear Finite Element Package LS-DYNA

[Reid, 1998; Halliquist, 1999; LSTC, 1999], which is specifically designed for the

analysis of dynamic structural problems.

1.3 Thesis Layout

Chapter 2 Literature Review. This chapter reviews the historical lessons and considers

the research that has already been done in progressive collapse. Design methods and

design codes to prevent progressive collapse are reviewed
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Chapter 3 Finite Element Method: Formulation and Initial Studies. Details of the FE

package-LS-DYNA are presented and its use in this research justified.

Chapter 4 Finite Element Method: Modelling Strategy and Application. A small 3D
steel frame was examined to establish a reliable modelling strategy and test the use of

the analysis software.

Chapter 5 Modelling Structural Behaviour During Collapse. Two case studies are
reported 1n this chapter: a pin-rigid 3D frame and a pin-pin 3D frame. The studies were

designed to investigate the resisting mechanism for different forms of structure.

Chapter 6 Hybrid Design Method. A new alternative design method to improve the

structural robustness and prevent progressive collapse is presented and examined in this

chapter.

Chapter 7 Conclusions and Recommendations. Issues which have arisen from the

analyses are discussed and observations are made. The main conclusions are drawn

together and recommendations for future work are given.



Chapter 2

Literature Review

2.1 Introduction

Progressive collapse is a chain reaction of failures following damage to a relatively small
portion of structure [Ellingwood, 1978]. In non-technical words it is referred to as a
‘domino’ effect. UK Building Regulations refer to disproportionate collapse [HMSO,
1970; HMSO, 1976; HMSO, 1991; HMSO, 1992; DETR, 1994; ODPM, 2004] and
require that “the building shall be constructed so that in the event of an accident the
building will not suffer collapse to an extent disproportionate to the cause”. These are
different failure scenarios, although both maybe ‘disproportionate’ to the initial failure.
This study is focused on the issue of ‘progressive collapse’. The UK was the first country
to address progressive collapse following the in famous partial collapse of Ronan Point in

1968 [HMSO, 1968; The Structural Engineer, 1969; ISE, 1969;]. UK design rules to
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prevent progressive collapse have performed well and are often referred to as an example

of good practice and widely cited by other countries [CEN, 2005; ASCE, 2002].

Back in 1999, doubts were raised' about current guidelines given by BS 5950 [BS], 1990;

BSI, 2000], namely that they are adequate to protect buildings against progressive
collapse. By early 2001, a more detailed proposal for research funding had been

proposed* but not submitted. Instead the proposal was used as the basis for a studentship,
which the author accepted in August 2001 with a view to commencing the study in
October 2001. The events of September 11 2001 sparked worldwide interest in this topic.
However, recently published work [Corley, 2004; Marjanishvili, 2004] related to the
collapse of the World Trade Centre buildings was conducted in parallel with the author’s

studies and, although relevant, became available too late to inform the direction of this

study.

This chapter presents a brief overview of the information that contributes to an

understanding of progressive collapse. The related main subject areas are:

e the importance of structural progressive collapse in history.
After all *history is always repeated’, and lessons must be learned from tragedies.

e previous research conducted in this area

' DrJ.B. Davison and Dr. A. Tyas, Structural Integrity of Steel Framed Structures, Research Proposal, June, 1999 ( not submitted)
! DrJB. Davison and Dr. A. Tyas, Robustness of Steel Framed buildings, Rescarch Proposal, April, 2000
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e methods to design against progressive collapse

¢ design guidelines around the world

2.2 Historical lessons

Mechanisms that lead to progressive collapse may be investigated by firstly consulting
the historical literature. The following structural disasters occurred within the last 50

years in two different countries. However, all three buildings suffered catastrophic

failure due to progressive collapse, i.e. disproportionate structural failure following

damage to a relatively small area.

2.2.1 Ronan Point Residential Apartment, London UK, 1968

A notable example of progressive collapse was the partial collapse of the Ronan Point
apartment building in 1968 [HMSO, 1968; The Structural Engineer, 1969; ISE, 1969].

The collapse was caused by a gas explosion from a domestic cooker on the 18" floor
which blew out the exterior wall panels causing a chain reaction of failure to follow that

propagated honizontally and vertically.

The Ronan Point apartment building was constructed using pre-fabricated panels that

were designed to withstand horizontal wind pressures. When the explosion occurred, the
upper floor slabs failed at the outside edges because they were not supported by the

exterior cladding. Therefore, continuity in the vertical load path was lost for the upper
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floor. Debris from floors 18 through to 22 fell onto floor 17, causing a massive overload.
Floors 17 to 1 collapsed in succession as each floor became overloaded. This caused the

entire corner of the building to collapse (Figure 2-1)

*'r

J,.‘"I.
&
- .
- Gas cxgloswn on
- | 18" floor
l. - o #
- =
i o
R B
| 4 Damaged corner
<
d
e

Figure 2-1Ronan Point after a gas explosion on the 18" floor

Following the collapse, much work was done by UK code of practice writers. This

resulted in a number of recommendations to guard against disproportionate collapse. In
1975, UK Building Regulations adopted these recommendations, which cover horizontal
and vertical continuity, horizontal loading and ductility. For structures greater than a

certain number of storeys* [DETR, 1994; ODPM, 2004], where ties do not reach the
minimum requirements, any single vertical structural member must be able to be

removed without causing significant collapse. Where any vertical element cannot be

removed, it and its connections must be able to withstand a specified overpressure

* 5 storeys required in Approved Document -1994 [HMSO,1994] ; 4 storeys in Approved Document -2004 [ODPM,2004]
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applied in any direction [HMSO, 1970; HMSO, 1976; HMSO, 1991; HMSO, 1992;

DETR, 1994; ODPM, 2004].

The partial collapse of Ronan Point in UK 1968 exposed a significant gap in the
understanding of progressive collapse. The following Building Regulations [HMSO,
1968: HMSO, 1970; HMSO, 1976] were revised to explicitly account for accidental

loading and ‘tying’ structural members together was recommended.

2.2.2 Murrah Federal Building, Oklahoma City USA, 1995

A large vehicle bomb was detonated approximately Sm from the north face of the nine-

storey Murrah Building in Oklahoma City (Figure 2-2).

, - — T rl PIEE __..-* -ii
. i e IO d I i
- d--'ﬂ- -llr‘| »
- - I'I-
' N p \

Figure 2-2 Failure Boundaries in Murrah Building [Corley, 1998]
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The explosion and resulting collapse caused 168 fatalities [Corley et al, 1998; Corley,
2004]). The Murrah Building and other buildings nearby sustained substantial damage.
The reinforced concrete slab and column construction was severely damaged at the north
face. Column G20 was destroyed by the blast, causing other columns (1.e.G16 G24) to

fail in shear, as a consequence. The transfer girder (see Figure 2-2) was then unsupported
from the east wall to column G12. Calculations [Corley et al, 1998] indicated that the

frame could not support itself with three columns missing from the same column line
(Gl16, G20, G24). As a result, eight of the ten bays along the northern half of the building

collapsed progressively, together with two bays on the south side. A very recent research

paper [Corley, 2004] by Corley discussed three possible collapse mechanisms of the

Murrah Building based on its original design and the data collected from site. Corley

postulates that the root cause of the problem was a lack of continuity in the reinforcement

in the structure either in the transfer girder or at the base of the column.

From the Murrah Building study, recommendations [Corley et al, 1998; Corley, 2004]
have been drawn that progressive collapse can be avoided by considering structural
redundancy at an early stage in the design process. If a designer does not rely solely on

critical elements to support key parts of the structure, the chain reaction of successive

failures could be prevented.
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After the Oklahoma City bombing, Compartmentalised Construction', Special Moment
Frames and Dual Systems® were recommended for designing federal buildings in the US.

Those structural systems [Corley et al, 1998] would increase significantly the toughness

of a structure when subject to catastrophic loading and provide additional mass and

strength to help the building behave in a better way, by reducing the possibility of

collapse.

2.2.3 World Trade Centre, New York USA, 2001

Two commercial airliners were hijacked and crashed into the two, 110 storey high, World
Trade Centre towers on September 11, 2001. This was the worst building disaster in US

history and resulted in massive loss of life. Of the 58,000 people estimated to be at the

WTC Complex, over 3,000 lost their lives [FEMA, 2001}.

The structural damage sustained by each tower from the impact, combined with the

ensuing fires (Figure 2-3), resulted in the total collapse of each building. Corley [Corley,

2004] descnbed the collapse:

‘Once the collapse began, potential energy stored in the upper part of the

structure during construction was rapidly converted into kinetic energy.

' In Compartmentalised Construction, a large percentage of the building has structural walls that are reinforced to provide structural
integrity in case the building is damaged.
* A detailed definition can be found in FEMA-302 [FEMA, 1997].
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Collapsing floors above accelerated and impacted on the floors below, causing an

immediate, progressive series of floor failures, each punching in turn onto the

floor below. The collapse of the floors left tall, freestanding portions of the
exterior wall. As the unsupported height of these freestanding exterior wall
elements increased, they buckled at the bolted column splice connections and also

collapsed. The process was essentially the same for both Towerl and Tower?. ;

The tragic events shocked people and caused general awareness of catastrophic collapse

of structures. The World Trade Centre events have highlighted a lack of understanding of
progressive collapse. According to a recent report from the Multihazard Mitigation
Council (MMC), Americans concluded that progressive collapse is not well understood
and defined, and more effort needs to be put into collecting existing research, identifying

future efforts, and related areas. There is also a need to develop a National Standard for

the prevention of progressive collapse [MMC, 2003].
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2.2.4 Discussion

Progressive collapse is not a new research topic in the field of structural engineering.
Early research on structural collapse can be found in last century [HMSO, 1968; The

Structure Engineer, 1969; ISE, 1969; Allen and Schriever, 1972; Popoff, 1975]. Ronan

Point partial collapse is a classic example and prompted the UK was to draft rules

[HMSO, 1968; HMSO, 1970; BSI, 1972; HMSO, 1976; BSI, 1985; BSI, 1990; HMSO,

1991; HMSO, 1992] on preventing progressive collapse. The UK design procedures
implemented to avoid progressive collapse [BSI 2000; DETR, 1994; ODPM, 2004]
normally have three stages [BSI, 2000; Way, 2003; SCI 98/99] arranged in order of

design complexity. Details about the design stages will be discussed in section 2.35.

The tying strategy is a direct design procedure in which a minimum tying force is
specified. This minimum force is required to tie structural members in two horizontal
directions and it is an accepted solution for design against progressive collapse; it has
been adopted in many other countries’ design codes [ASCE, 2002; BSI, 2005;
CEN,2005]. However, there has been little investigation into whether the design

recommendations adequately protect a damaged structure from progressive collapse;

therefore it is necessary to conduct a study in this area.
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The events of September 11" have also made engineers rethink whether structural

performance to avoid a progressive collapse is well understood. Clearly, WTC is the
worst structure failure in US, but it is not the first terrorist attack. Back in 1995, the
Oklahoma City bomb caused 168 fatalities in the explosion and resulting collapse. The
investigations of Murrah Building concluded [Corley et al, 1998] that 80% of the deaths
were related to the progressive collapse rather than the blast. Subsequent research on the
Oklahoma City bomb highlighted that it is important to have more than one load transfer

path instead of relying on only a few key elements (the transfer girder). Following those
studies, new design methods (such as Compartmentalised Construction, Special Moment

Frame, Dual System) aimed to improve the structural redundancy have been

recommended for construction of all federal buildings in the US. To a certain extent,

those design approaches are useful to improve a structure’s behaviour under some
extreme threat, but for engineers it is more important to learn the lessons from those

tragedies, and avoid collapse in future designs or at least limit the damage.

2.3 Review of Previous Research Work on Prevention

of Progressive Collapse

Following the events of September 11, 2001 many reports have been published and much

has been written about how the avoidance of progressive collapse may be best addressed.

As much of this information became available after the research had commenced this
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section of the literature review has been divided into pre and post 11/9/01. The reader
should remember that reports published in 2003 and later were too late to change the

direction of the reported work. It is interesting to note that some of the recommendations

in the post 9/11 work are addressed by this work.

2.3.1 Before WTC collapse

The partial collapse of Ronan Point apartment made engineers notice that progressive
collapse is not understood and lots of related research work was conduced in the UK soon
after the collapse [HMSO, 1968; The Structural Engineer, 1969; ISE, 1969; HMSO,

1970). Ties, which provide structural integrity, were addressed in the UK building

regulations to prevent progressive collapse. Since then, new areas of research into

progressive collapse have opened.

Meanwhile in the US, parallel studies were carried out by Allen and Schriever [1972].
They summarised incidents involving progressive collapse/ abnormal load that happened
iIn North American (US, Canada) between 1969 t01972. In 1978, Ellingwood [1978]
discussed the design strategies that reduce the risk of progressive collapse by using the
probabilistic method. In 1979, Ravindra and Galambos [1979] gave an 1llustration to
develop the design criteria for steel buildings by applying the load and resistance factor
method. In 1983, Gross [1983] presented studies of progressive collapse. In his 2D

computer-based analytical model, he reported structural behaviour related to columns
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removed from different locations and he explained the alternative load path method

which it is claimed can prevent progressive collapse. Later on in 1983, based on his
previous study, Ellingwood [1983] discussed failure caused by abnormal load; the

analysis examined structural vulnerability arising from unreinforced masonry walls

facing a gas explosion.

In Sweden, Girhammar [1980] published his PhD thesis on ‘Dynamic Fail-safe behaviour
of steel skeleton structures having bolted connections’. In his thesis, the dynamic
behaviour of steel skeleton structures due to primary damage was examined and some

properties of different connections were taken into account.

In the UK, Pretlove [1991] reported his research into dynamic effects in progressive
failure. He examined a loaded structure in which members break progressively. In his

dynamic experiment, he included the transient overloads induced by the sudden fracture

of a member and he showed that fracture failure of one member can cause other elements

to fracture progressively before a new equilibrium state is reached.

In the UK, the tying strategy is the simplest way to provide the minimum robustness of

structure to resist accidental loading, which means the connections must be capable to

transferring the tying force. Therefore, in 1992, Owens and Moore [1992] presented a

series of test data aimed to investigate the ability of simple steel connections to resist
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tying forces. This experimental series provided the background for the connection design

approaches in the BCSA/SCI Green Book guide to simple connections [SCI /BCSA,
2002}

In 1996, Stefieck reported an interesting methodology to protect the exterior of a six-

storey building, New York City Technology Center [Stefieck, 1996]. The building had

been designed with a rigid frame but in order to increase its robustness the designer
increased the size of the spandrels and columns, as well as the moment capacity and

ductility of the beam-to column connections. In so doing, the frame had sufiicient

redundancy to enable it to withstand the removal of an exterior column.

After the Oklahoma City bomb, a number of researchers [Longinow, 1996; Yandzio,
1999] investigated the blast loading in detail. In 1998, Corley [Corley et al, 1998]
reported on an investigation of the Oklahoma city bomb aiming to ‘review the damage
caused by the blast, to determine the failure mechanism for the building, and to review
engineering strategies for reducing such damage to new and existing building in the
future’. As a result, the Compartmentalised Construction, Special Moment Frame and

Dual System were recommended for all the new Federal buildings in order to improve

structural redundancy.
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In the UK, Beeby [1999] discussed the safety of structures, as he believed that robustness

is not well understood. He devised a way to define robustness by using energy

absorption either in a structure or in a member.

This section has reviewed some historical contributions in the research area of
progressive collapse. Progressive collapse is not an isolated research area, instead it links
many topics, i.e. structural dynamics [Clough, 1975; Smith and Hetherington, 1994],
structural stability/ reliability [Lightfoot, 1961; Rubinstein, 1970; Melchers, 1987
Narayanan; 1989; Chen, 1991; Usami; 1998], material properties [Byfield, 1997], etc. It
is difficult to cover all the related contributions, therefore, the thesis only covers what the

writer considers to be the most relevant. The next section briefly reviews research

conducted after the WTC event.

2.3.2 After WTC

The US authorities have expended a lot effort in addressing concerns about progressive
collapse after 11/9/01. In May 2002, FEMA' in association with SEI/ASCE?® published

preliminary studies [FEMA, 2002] 9 months after the collapse. The report addressed

that ‘Structural framing systems need redundancy and or/ robustness, so that alterative

' FEMA= Federal Emergency Management Agency, US

? Structural Engineering Institute of the American Society of Civil Engineers
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paths or additional capacity are available for transmitting loads when building damage

occurs’ and additional studies were required.

At same time, in the UK the ISE' was working on ‘Safety in Tall Buildings’ [ISE, 2002]

aiming to ‘provide guidance and advice on the implications that follow that structural
collapses and loss of lift at the World Trade Center’. The recommendation for

consideration in the section on the Vulnerability to progressive collapse is given as ‘use

structural elements with robust, ductile, and energy absorbing properties and tie them

together with strong ductile connections’.

In February 2003, the NYC department of Buildings established a Task Force ‘fo ensure
that requirement, standards and practise in the design and construction of buildings
provide safety for occupants of tall building’ and recommended that ‘structural design

guidelines for optional application to enhance robustness and resistance to progressive

collapse’ be published.

Also in 2003, the MMC? [MMC, 2003] of NIBS? in association with GSA* held a

Workshop on ‘Prevention of Progressive Collapse’ with the aim of ‘collecting the

' ISE= the Institution of Structural Engineer, UK
* MMC= Multihazard Mitigation Council, US
* NIBS= National Institute of Building Science, US

‘ GSA=General Services Administration, US
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existing research and identifying future efforts to mitigate the impacts of progressive
collapse’. The report concluded ¢ It was the consensus of the participants that there is a
need for a coordinated national effort to develop engineering tools to assist in designing

structure to resist progressive collapse and to develop methods to rehabilitate structure

that are vulnerable to progressive collapse.’

In June 2003, the GSA [GSA, 2003] published design guidelines on progressive collapse
‘for minimizing the potential for progressive collapse in the design of new and upgrade

building, and for assessing the potential for progressive collapse in the existing

buildings®

In March 2004, Hamburger [Hamburger, 2004] reported an analytical study of a one
storey high 3D frame with the middle column removed using non-linear FE software

SAP2000. According to his research, he concluded that catenary action was an

alternative resisting mechanism for re-distribution of the load in a damaged frame.

At the same time in the UK, Byfield [Byfield, 2004] pointed out that since beams are

often designed strong enough to resist twice the design load then the building is likely to

be capable of surviving an extreme event. But he believed the strong beams would cause

the connections to be the weak point in the building, and therefore result in a damaged

structure which is non-ductile and potentially susceptible to progressive failure.
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In 2004, Alexander [Alexander, 2004] suggested that instead of checking the structural

behaviour of key element removal, there is a need to check all the columns removed in

turn.

This section has briefly reviewed research/report on progressive collapse after the WTC
event. It 1s difficult to include all the up-to-date research about progressive collapse as

some research has not yet to be finished, therefore only the most relevant studies are

given

2.4 Overview of Design Methods for Prevention of

Progressive Collapse Caused by Accidental

Loading

The probability of structural failure caused by abnormal load [Ellingwood and
Leyendecker, 1978; Ravindra and Galambos, 1979; Ellingwood et al 1982; Gross and

McGuire, 1983] can be stated as:

P (F)=P (F/A)P (A) (2.1)

in which
P (F) is the probability of failure;

P (F/A) is the probability of failure given that an abnormal load occurs:
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P (A) is the probability of the occurrence of an abnormal load.

There are two ways to reduce the probability of failure, either reduce the probability of
the occurrence of abnormal loading P (A) or reduce the probability that failure will be

caused by abnormal loading P (F/A). Therefore, the design approaches for reducing the

risk of a progressive collapse can be summarized as:

1. Event control — reduces P (A)
2. Indirect design - one way to reduce P ( F/A)

3. Direct design - another way to reduce P (F/A), attempts to ensure that the

structure can withstand abnormal loading

2.4.1 Event Control

Event control reduces the likelihood of the occurrence of an abnormal load P (A) and
refers steps taken to avoid or protecting a building against incidents that might cause
progressive collapse. This approach does not increase the inherent resistance of the

structure and also depends on factors outside the designers’ control therefore, in the past,

it has not been a popular design method [Ravindra, 1978; Ellingwood 1978; Ellingwood

1983]). With the increase of terrorist attacks, it becomes clear that it is important in some

cases to eliminate the possible threat and thereby reduce the risk of collapse. In this
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sense, event control becomes an important factor to be considered when protecting a

building against progressive collapse.

Back 1n 1999, the SCI guideline [Yandzio and Gough, 1999] believed that ‘preventive
measures’ were ‘the cheapest method of securing protection against the effects of blast’

and gave details such as external layout planning, access control, and etc. to minimize the

effects of bombs. After 9/11/01, the GSA [GSA, 2003] guidelines have adopted a

philosophy of event control and applied this to help to eliminate or at least reduce the

potential terrorist threat thus protecting buildings.

2.4.2 Indirect Design

An indirect design approach is a way to reduce the probability of failure caused by

abnormal loading (P (F/A)) by providing a minimum level of strength, continuity and

ductility so that a structure has an inherent resistance to progressive collapse [Ellingwood

1978; Ellingwood 1983].

For example, the UK design code BS5950 [BSI, 2000] gives the requirement under

section 2.4.5 of structural integrity that ‘all buildings should be effectively tied together at

each principal floor level’ and ‘a factored tensile force’ should be resisted by all

horizontal members. When designed in accordance with these requirements, a minimum
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tying force arising from ties is provided thus ensuring that the building possess a degree

of robustness that should prevent progressive ( disproportionate) collapse in the event of

damage to a small part of it.

2.4.3 Direct Design

There are two basic types of direct design, namely local resistance and alternate load path.

The local resistance method provides sufficient strength to resist an abnormal load by
ensuring all load-bearing elements remain in place. The alternate load path method

permits local damage to occur but provides alternate load transfer paths around the

damaged area. This enables the structure to sustain abnormal loads without total collapse.

2.4.3. Others

After the 11/09/01, a number of researchers [Hamburger, 2004; Marjanishvili, 2004;
Corley, 2004; Shankar, 2004; Ellingwood, 2003; Burns, 2003; Choi et al, 2003:
Krauthammer, 2003; Cagley, 2003] have expressed concern that ordinary building design
i1s not adequate to safeguard against progressive collapse, and therefore have suggested a

more sophisticated FEM analysis is necessary to assess the vulnerability of a building to

collapses when a component, usually a ground floor column, is removed. This approach
has been adopted in the GSA guidelines [GSA, 2003] on preventing progressive collapse.

It has been also suggested that the application of earthquake-proof design methods might

serve as a means of anti-progressive collapse design [MMC, 2003].
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2.5 Review of Current Design Practices for the
Prevention of Progressive Collapse

2.5.1 Introduction

Structural progressive collapse has resulted in loss of life and property throughout the
world. Each country has its own building protection philosophy but not all countries

recognise the need to mitigate against progressive collapse. The existence and potentially
devastating consequences of abnormal loads have led to progressive collapse being
acknowledged in most structural design standards. Most standards [BSI, 2000; ODPM,

2004; BSI, 2005; CEN, 2005; ASCE 2002] state that local damage to the structure shall

not have catastrophic consequences, but the detailed provisions against progressive

collapse vary from country to country.

The following section reviews the design requirements of European countries, and the US.

Due to the early and important influence of the UK rules, the UK design codes are

reviewed first.

2.5.1 UK design codes of practice

The UK Building Regulations are a legal statutory instrument, which refer to ‘British

Standard’ Codes of Practice to refer. The latest UK building regulations [ODPM, 2004]
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categorise all buildings into one of four classes, that is class 1, class 2A, class 2B and

class 3. All buildings, irrespective of the number of storeys, are required to have effective

horizontal ties but buildings over 4 storeys are also required to have effective vertical ties

[BSI, 2000; DETR, 1994; ODPM, 2004).

The investigation of the Ronan Point collapse indicated the importance of tying together

structural elements. The Institution of Structural Engineers report {ISE,1969] and the
subsequent Amendment (fifth) of the Building Regulations [HMSO, 1970], noted that
‘the building should be so constructed that, in the event of an accident, the structure will
not be damaged to an extent disproportionate to the extent of damage’ and recommended
‘tying’ structural members together. The tying can be developed either by supporting a
load directly or by supplying an alternative load path. The possible ‘post failure’

conditions resisted by tying are illustrated in Figure 2-4 [SCI 98/99].

Blowing out of columns T=tension Secondary beam
resisted by tie force at C=compression acting as catenary
floor levels

‘ !Q |
=

Loss of support to

primary beam

Q

(a)

Figure 2-4 Simulations of post failure condition [SCI 98/99)
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In the UK, the design procedures implemented to avoid progressive collapse normally

have three stages [Way, 2004, SCI 98/99] arranged in order of design complexity:

1. Tying members together against the collapse; if the ‘tying’ strategy is not

adequate then -

2. ‘Localisation of damage’ should be checked by notionally removing an element.

The damaged area due to removal of the element is limited to 15% of the floor

area or 70m°, otherwise —

3. ‘Key elements*, defined as elements whose removal would result in a

progressive collapse must be identified and designed out of the solution if
possible. Where it is not possible to eliminate key elements, they should be

designed to resist accidental loading as specified in BS6399 [BSI, 1996].

To determine the magnitude of the tying forces generated in a damaged structure, BS
5950 [BCI, 2000] requires steel members acting as horizontal ties to resist tensile forces

of:
0.5(1.4g:+1.64g4)s.L but not less than 75kN (internal ties) (2.2)
0.25(1.4g:+1.6g1)s.L but not less than 75kN (edge ties) (2.3)

Where

* Key elements are defined as those structural elements at any one storey whose loss results in a collapse of the structure more than

one storey above or below the element under consideration, or over a horizontal area in excess of that stipulated in the criterion.
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g is the specified dead load per unit area of the floor or roof;
L 1s the span;
qx 1s the specified imposed floor or roof per unit area;

s, 1s the mean transverse spacing of the ties adjacent to that being checked

For the equations above, it has been stated [SCI 98/99] that they are based upon a beam
with a span of twice the storey height deforming as shown in Figure 2-5. In the extreme
condition, it is assumed that the beam rotates 45° at the supports. In order to satisfy

equilibrium then the horizontal and vertical forces have to be equal. The 75kN limiting

(minimum value) is simply based on good practice which would employ a minimum of 2

Mile 8.8 bolts in any structural connection, resulting in this capacity.

W kN/m
VWV VVVVVVVVVVVVVVVVN VY

Grossly
deformed
beam

Figure 2-5 Derivation of catenary forces in BS 5950 [SCI, 98/99)

However, the accuracy and applicability of the guidance given in BS 5950 is questionable

for a number of reasons:
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1. It is assumed that the tie beams will be sufficiently ductile to allow a highly

deformed catenary to develop.

2. The strength and stiffness of the structure adjacent to the damaged bay may affect

the development of tie forces. This 1s not considered.

3. The interdependence of the response at different storey levels above the damaged

bay is ignored.
4. Resistance to the mobilised tie force in the rest of the structure is not addressed.

5. Beam tie action is the only load resisting mechanism considered. Other load

resisting mechanisms may exist.

2.5.2 Design Codes in Europe

The latest Eurocodel part 7 ‘General Action-Accidental Actions’ [CEN, 2005] provides

‘strategies and rules for safeguarding buildings and other civil engineering works

against identified and unidentified accidental actions’. It categorises building as class 1,

class 2- lower Risk Group, class 2- Upper Risk Group and class 3 which relates to the

low, medium and high ‘Consequence Classes’ [Gerhard, 2000; Gulvanessian et al, 2002;

Bertagnoli, 2003/2004; Moore, 2004; CEN, 2005]

EN 1991-1-7 covers the principles adopted in the previous draft code (i.e. ENV:1991-2-

7), and 1t improves and adds some specific rules for safeguarding buildings, due to the
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consequences of local damage or failure because of an unexpected event. In detail, when

designing limiting the extent of localised failure, mitigation can be achieved by using one

or more of the following approaches [CEN, 2005]:

o Designing key elements, on which the stability of the structure depends, to sustain

the effects of a model of accidental action A"

o Designing the structure so that in the event of a localised failure the stability of

the whole structure or of a significant part of it would not be endangered,;

o Applying prescriptive design/detailing rules that provide acceptable robustness
for the structure tying for additional integrity, or minimum level of ductility of

structural elements.

In order to achieve structural robustness, EN 1991-1-7 suggests using horizontal and

vertical ties. The tying force required in EN1991-1-7 for horizontal ties, is similar to that

specified in BS5950, that is
T1=0.8(gitwqi)sL or 75 kN, whichever is the greater (internal ties) (2.4)
Tp=0.4(gr+wqu)sL or T5kN, whichever is the greater (perimeter ties) (2.5)
Where
s 1s the spacing of ties

L 1s the span;

* the recommended value of 4, is 34kN/m?
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gt 1s the permanent load

g 1s the vanable load ;

wis 1.0

There are obvious similarities between the European Standard and British Standard on

designing against accidental loading. They implement similar design philosophies, that is

they require ties (horizontal as well as vertical), and the design of key elements to provide

structural robustness.

2.5.3 Design Codes in US

Before the WTC collapse, steel designers in the US faced the problem of a lack of a
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