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Abstract

Progressive collapse is a situation when local failure is followed by collapse of adjoining
members, which in turn causes glbballapse threatening life Local failure of avertical load
carrying membercan be caused by abnormal loadsuch as explosion, bombingudden

vehicle impactind design errors

The design of structures against progressive collapse has not begagsal ipart of structural
design. It is difficult to predict the structural behaviour of building members during progressive
collapse because of the dynamic nature of the event and the limited experimental tests conduct:
to understand the nature of pregsive collapse. An experimental program comprising eight
reinforced concretéRC) beamcolumn subkassemblages is presentednvestigatehe structural
behaviour and progressive collapse resistance of RC frame members subjected to colum
removal scenariCRS). The specimens were tested under egtasic loading.

Mitigation of progressive collapse has become a primary concern of engineers in recent years.
new mitigation scheme is proposkdthis studyto increase the resistance of RC beams against
progressive collapse usingpodified detailing of reinforcement. The effect of the proposed
scheme orthe structuralbehaviour of sutassemblages is investigated through testing some of
the specimenswith modified detailing. The test results showed that theposed scheme was

able and efficient to increase progressive collapse capacity.

A finite element(FE) model was developed using theoftware package ANSYS in order to
numerically simulatehe structuralbehaviour of RC bearoolumn subassemblagesnderCRS

A macremodelbased approach was used in the analysis using beam elements and a series
nortlinear springs to capture theeal behaviour of structural members associated with the
redistribution of loadsinder CRS Numerical results were compared lwihose obtaineétom

the experimental program, and showed a good agreement.

An analytical modelvas developed to predict the structural behaviour of RC structures under
CRS. The development of the model equations was based on the concepts of equilibrium,
compatibility, and material propertiesSteel bar fracture anithe reduction in the effective beam
depth due to concrete crushing were included in the mételmodelWwasvalidated by comparing

the resultswith the experimental result§he comparisont®ws that the model was able to
capture the structural behaviour of RC beams under CRS. A parametric study was conducted t

investigate the effect of different factors on gnegressive collapse capacity.

XX



Chapter One | ntroduction

1. CHAPTER ONE INTRODUCTION

1.1 GENERAL

Concete fame structures are very commoperhapsone of the most commotype of
construction formodern buildings. As the name suggests, this type of building is formad of
frame or skeleton of concreteisually reinforced with steel rebafiorizontal membes of this

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

Columrs arethe most importanmembersasthey are therimary loadcarrying element of the
building. The damage of a beam in a building usually affeoty one floor, but damge to a

column couldcollapsethe entire building.

Nowadays, concrete is widely used in higge buildings. A major advantage of concrete
construction for highise buildings is the material's inherent properties of strength and mass
heaviness, which cates lateral stiffness, or resistance to horizontal movement. Occupants of
concrete towers are less able to perceive building motion than occupants of comparable tal
buildings with norconcrete structural systerssich as steelAs a result, concrete hagsdome

the material of cbice for many tall, slim tower@uildings & Structures, 2034

In the conventional design &C structure, the designer usually takes into agebthe dead
loads of the structure, live logdsnd the characterist®fthe locaton of the structurgseismic,
and climaterelated loads such as wind and snow loadsWhile the majority of structures
experience theonventionatype of loads during their lifetimes, some of them could be subjected

to abnormal loadings which they weret raplicitly designed for.

Characteristically, abnormal loads usually act over a relatively short period of time in
comparison with ordinary design loads. Abnormal loading conditions, such as blast, gas
explosions, vehicle impact, support failure, in &odi, design and construction erraage all
possible actionsAll these loads and inerti@ffects due taate of loading become important
which may cause the loss of one or more load bearing elements which couldpragessive

collapse.
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1.2PROGRESSIVE COLLAPSE BACKGROUND

1.2.1DEFINITIONS AND CAUSES

Progressive collapse of building structures is initiated when one or veotieal load carrying
members, such as columns or wailssremoved.Once a columror a wallis removed due to
abnormalloading,t he b ui | d{gnawtydosad) tnaasfers adjacentcolumnsor wallsin
the structure. Ithese columnsr wallsare notadequateo resist and redistribute the additional
gravity load, that part of the structuiellapses The vertical lod carrying elements of the
structurecontinue tocollapseuntil the additional loading stabilized. As a result,largepart of

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

Progressive collapse can beidetl as the collapse of all or a large part of a structure caused by
the failure or damage of a relatively small part of the structure. There are many definitions
provided by some guidelines such as General Services Administr@®h (2003 and
American Societyf Civil EngineerdASCE, 200%.

The definition provided by Gener al Servic
situation where local failure of a primaririectural component leads to the collapse of adjoining

member s whi ch, in turn, | thedkfmition of(ASCE, 200§ is o n a
fiThe spread of local damage, from an initiating event, from element to element resulting,
eventually, in the coll apse of an entire st
analytical mint of view, progressive collapse occurs when a structure has its load pattern or
boundary conditions changed so that other structural elements are loaded beyond their capaci

and consequently fafKrauthammer et al., 2002

(Abedi and Parke, 1996Defined progressive collapse in braced domes as the widespread
propagation b local instability, initiated by member or node instability, to a portion of a

structure.

(Allen, 1972 defined progressive collapse as a situation wihieedocal failure of a primary

structural component(s) leads to the collapse of adjoining members, which in turn leads tc
additional collapse. Thus, the extent of collapse is disproportionate to the original cause. In othe
words, progressive collapse is a chain reaction of failures following damage to a relatively small

portion of a structure.
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1.2.2EXAMPLES

Some of the mre famous examples of progressive collapse phenomena include the collapse of
the World Trade Cerg (2001) towers due to terrorist attack, the bombing of the Murrah Federal
Building (1995) in Oklahoma City, and the collapse of the Ronan Point (1968jngudde to a

gas explosionThe following gives examples pertaining to reinforced concrete (precasist

in-place)structures

1.2.2.1RONAN POINT

The earliest and most famous examples of progressive cobapdiee collapse of the Ronan
Point apartmiet buildingin 1968 in the U.K.Figure 1-1. An accidental explosion caused by a
gas leak blew out one of the precast wall panels on the 18th floor triggeeimpltapse of the

upper floors.

This failure wadollowed by the lower ones due to the adutidll deadoad of the fallen upper
floors, thus the impact loading on the 18th floor initiated a second phase of collapse, failure of
the 18th floor and progressing in the lower floors until it reached the ground. While the initial
damage due to the gaspéasion was only on the 18th floor, at the end, the entire corner of the

building collapsed

Four people were killed in the incident, and seventeen were injeigule 1-1 shows the final

state of the Ronan Point apartment building dftecollapse

The buildingwas a precast concrete wall afidor system with the floors being supported
directly by the walls. However, the connections between the walls and floors did not provide any
alternate load path for load redistribution leading to the progeessiiltapse of the structure
(NIST, 2007
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Figurel-1 Ronan Point collaps@air, 2009

1.2.2.2MURRAH BUILDING

Another progressive collapse tragedy is the collapse of the Alfred P. Miadainal office
building in Oklahoma City on April 191995 which was damaged by a bonthgure1-2. The
collapse of Murratiederaloffice building was initiated from the loss of support fréimst-floor
columns leading to the catastrophic failure of a transfer girder between G16 and G24 as shown i

Figurel-3. 168 people were killed in the incideatyd more than 500 were injur@dorley et al.,
1998.

The Alfred P. Murra building was a ninestorey reinforced concrete moment frame structure
with shear wallsFigure1-2(a). Different from the upper floors, there was a transfer girder at the
third floor levelin the north side of the building. Due to the blast, three exteolumns that
supported the transfer girdem the third floor were destroyed.

With the loss of these columns, the transfer girder at the third floor collapsed causing the
progreswe collapse of the upper stoeyCorley et al. pointed out that mosttbe devastation

was due to progressive collapse rather than direct effects of the explosion. Ninety percent of th
168 people who died in the Murrah building were killed by falling debris; therefore, limiting the
collapse of the structure could have shir®se liveqCorley et.al., 198).
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Murrah Building before cédpse Murrah Building after collapse
(FEMA(277), 1996 (Encyclopadia Britannica, 2012)

Figurel-2 Murrah Building before ahafter collapse

~ Column F24
" Column G20

Transfer Girder

Figurel-3 MurrahBuilding Sketch after collapg€orley et.al., —1998)

The above mentioned extreme events brought the problem of gsogrecollapse to the
attentionof the internatioal structural community. In the UK, after partial collapse of Ronan
Point, which is a landmark of progressive collapses in recent history that triggered code change:
the government's report revealed a number of deficiencies ibuitteng regulations ashere

was no Code of Practice relating specifically to large concrete panel construction, and there wa
no Regulation or Code that took into account the possibility of progressive collapse. Thus the
need for progressive collapse requiremend be includedin standards and regulatiortsas
bemme very important.
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The Workshop on Progressive collapse of Building Struct(Besen, 197% concludedthat if

the Ronan Point had been designed in accordance @&® - FIP Bulletin No. 60 (1967)
"Recommendations for the Design and Consibac of Largepanel Structures”, the
disproprtionate collapse might have not occurrdidhe workshop proposed”"The absolute
necessity of effectively joining the various components of the structure together in order to
obviate any possible tendency for it to behave like a housards".

1.3 STANDARDS, CODES AND GUIDELINES

To mitigate progressive collapse, efforts are directed at both code provisions and research worl
Since the Ronan Point collapse event, design considerations to improve the inmaguginess

and ability of structures to resi progressive collapse have been incorporated into building
codes. Afterthe Alfred P. Murrahfederalbuilding event,more specific structural analysisas
beenrequired for buildings with a certain level of protection in design guidelinghis sectio,
progressive collapse requirements in codes and guidelines will be presented.

Before presenting the codes and guidelines requirements, it is useful to Idb& ra@in
approaches to mitigate progressive collapse utilized by current cidedardsand guidelines.
These approaches can be classified into two main categories, directajgsigachand indirect

designapproachEach of these approaches is descréetbllows

1.31 INDIRECT DESIGN APPROACH
The indirect design approach attempts to miégatogressive collapse through the pso of

minimum levels of strength, continuityedundancyand ductility it relies onan integrated
system of tie forceso that a structure has an inherent resistance to progressive collapse
examples of this @proach are to improve joint connections by special detailing, to improve
redundancy, and to provednore ductility to a structure. However, additional structural aizalys

beyond those considered in typical building dessgmot required.

The indirect dsign approach is generally integrated into most building codes and standards since
it can create a redundant structure that will perform under any conditions and improve overall
structural responseFor example, the UK design cod8SI, BS59501 200Q gives the
requirement undesection 2.4.5 of structurahtegrity thatii A buildings should be effectively

tied together atach principal floor leveland a specific factored tensile forsigould be resisted

by all horizontal membeés
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1.32 DIRECT DESIGN APPROACH

In contrast to the measures pertaining ® itidirect design approach, whighcharactesed by

an absence of detailed procedutee direct design approach explicitly considérsresistance

of a structure to progressive collapse during the design pro&ddgional structural analysi
must beperformed for loading conditions not considered in typical building design including
cases where bearing members are removed finemstructuralmodel, anddesigning important

bearing members (key elements) to resist edttreormaloading conditions.

There are two direct design methods: the specific local resistance method and the alternate loe
path method. The specific local resistance method seeks to provide strength to be able to resi
progressive collapse. The alternate load path method seeksvidepalternative load paths to

absorb localized damage and resist progressive collapse.

1.3.2.1SPECIFIC LOCAL RESISTANCE METHOD (SLR)

The specific local resistance method requires that a critical structural elenadaé to resist
abnormal loading,ssthe dsigner should explicitly desigeritical vertical load bearinglements
to resist the design level threat, such as blast pressures. In other words, this mettod, aléo
referredetemast Aidkeyi gn 0, p r o istiad @sormsluobd by c i

ensuring all loacbearing elements remaimtact andn place.

1.3.2.2ALTERNATIVE PATH METHOD (AP M)

In the alternate load path method, the designer localizes response by designing the structure
carry loads by means of an altetea path in the event of the loss of a primary load bearing

component. The alternate load path method provides a formal check of the capability of the
structural system to resist the removal of specific elements, such as a column at the building
perimeter.The method does not require characterization of the threat causing loss of the element

and is, therefore, a threat independent approach.

Depending on the analytical method used to implement the alternate load path method, th
results may not provide aaccurate representation of actual performance in the event of a
damaging eventThe method may be viewed as a tool to ensure redundancy in the gravity load

resisting system rather than a simulation of structural response after initial ddMB§e007)
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1.33 BRITISH STANDARDS

On November 15, 1968, after the partial collapse of the Ronan Point building, which is
considered to be the watershed event initiating interest in the topic of progressive collapse, thi
U.K. Ministry of Housing and Local Governme I Ssuedto ABIU #nogtegsivel s

Collapsei Lar ge Panel Constructiono, which Iiste

A) Provide alternate paths of support to carry the load, assuming the removal of a critical
section of the load bearing walls.
B) Provide a form of conaiction of such stiffness and continuisp as to ensure the

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

The standards also specified an accidental static pressure of 34 (/B psi, a towrgas
explosion of aerage intensily and derived minimum tie forces. These standards became part of
the Fifth Amendment that the British Parliament approved in April 1970 as part of mandatory
Building Regulations that required consideration of progressive collapse fomigsilidiller than

five staeys.

Provisions for structural ties entered the British Standards in 1974. These provisions, with certair
modifications that put less emphasis on explosions and more on ductile performance, are still ir
usetoday in the U.KThe notional removal of an essential structural elemeatkhcause only

local collapse70&  (7504B) or 15 % of the plan area of the sigrFigure1-4, whicheveris the

leseer, and buildings should be designed for an accidental pressurefoff84 or 5 psi acting

simultaneosly with dead and imposed load¢IST 2007)

area at risk of collapse : \
limited to 15% of the L

floor area of that storey I AR
or 70mz2, whichever is o

the less, and does not T

extend further than the

immediate adjacent -t
storeys

(b)
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The new building regulations for Engldand Wales were published in 2004. The Section A3 of
the Approved Document A (AD A)(Minister, 2003 deals with the requirement for
disproportionate collapse. The new regulations classify all buildings into four categories, that is,
class 1, class 2A, class 2B and class 3, basedemumber of storeys, building type, and
occupancy, Table-1. All buildings, regardless of the number of storeys, are required to have
effective horizontal and vertical tieShe approach to satisfying the requirement for each class

can besummarizeds bllows:

a) For buildings in Consequences ClassPtovided a building has been designed and
constructed in accordance with the rules giveifAD A), and/or appropriate codes of
practice for satisfying stability in normal use, no further specific considematis

necessary with regard &xcidental actions from unidentified causes.

b) For buildings in Consequences Cla&& (Lower Risk Group):In addition to the
recommended strategies for Consequences Class 1, it is necessary to use effectiv
horizontal ties, oeffective anchorage cfuspended floors to walls, as described in the
Standard¢BS 81101:1997%.

c) For buildings in Consequences ClagB (UpperRisk Group): In addition to the
recommended strategies fConsequences Class 1, the provision of:

- horizontal ties, as definedBS 81101:1997 for framed and loatbearing wall
construction together with vertical ties, in all supporting columns and wsiaflsld be
provided, or alternatively,

- the building should be checked to ensure that upon the notional removal of each
supporting column and each beam supporting a column, or any nominal section of load
bearing wall (one at a time in each storey of thédmg) the building remains stable and
that anydamage must be localized to the smaller of 15% of the floor area or?{7anm

doesnot extend further than the immediate adjacenegsoFigurel-4.

Where the notional removal of such columns and sestad walls would result in an extent of
damage in excess of the agreed limit, or other such limit specified, then such elements should k
designed as a "key element"”, which should be capable of sustaining an accidental design loadir
of 34 kN/n? applied n the horizontal and vertical direction (in one direction at a time) to the
member and any attached components (e. g. cladding etc.) having regard to the ultimate streng

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

Classs

Example of categazation of building type and occupancy

Class 1

- Single occupary houses not exceeding 4 st@ey

- Agricultural buildings.

- Buildings into which people rarelgo, provided no part of the buiing is
closer toanother building, or area where people do go, than a distarich

times the building height.

Class 2A
Lower Risk

Group

-5 storey single occupancy houses.

- Hotels not exceeding 4 storeys.

-Flats,apartmentsand other residential bdihgs not exceeding 4 storeys.
-Offices not exceeding 4 storeys.

-Industrial buildings not exceeding 3 storeys.

-Retailing premises not exceeding 3 storeys of lessab@ad m2 floor area it
each storey.

-Single storey educational buildings
-All buildings not exceeding two storeys to which the public are admitteg

which contain floor areas not exceeding 20GCatreach storey.

Class 2B
Upper Risk
Group

-Hotels, flats, apartments and other residential buildings greater tk
storeys but not exceeding &toreys.
-Educational buildings greater thaine single starey but not exceeding 1
storeys

-Retailing premises greater than 3 si@ but not exceeding 15 storeys
-Hospitals not exceedings2ore\s.

-Offices greater than 4 s&ys but not exceeding Eforeys

-All buildings to which the public are admitted and which contain floor g
exceeding 2000 frbut not exceeding 5000%mat each storey.
-Carparking not exceeding 6 storeys

Class 3

-All buildings defined above as Class 2 Lower and Upper Caresegs
Class thaexceed the limis on area and number tbie storey

-All buildings to which members of the public are admitted in signifi
numbers.

-Stadia accommodating more tha®(® spectatorBuildings containing

hazardous substances and /or psees
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The document does not suggest the load that should be used in the analysis of the structure af
the removal of a vertical load bearing element. However, BS-811997Clause 2.4.3.2 gives

the loads to be considered in ead taking an excepti@l loador localizeddamage:

1.05 of the dead load

One-third of the wind load

For buildings used predominantly for storage or industrial purposes or when the imposed load:
are permanent, 100% of the imposed load or, for other buildingshomdef the mposed load

Thereforethe equation of the loatbmbinationcan be written as:
0 p8i0 0 ™u &ITAOOEI AERGB DT ORAMBAOI AlAy O
0 PBIU0 MW TWuw &ITOOEMTET AET ¢O (1-2)

Where

0 , is thecombinationof total load
"0, is the dead load
0 , is the imposed load

W, is the wind load

d) For buildings in Consequences ClassA3systematic risk assessment of the building
should be und#aken taking into account botbreseeableand unforeseeable hazards.
Critical situations or design should be selected to reflectctialitions that can
reasonably be foreseen as possible during the life of the building. Unfortunately, this

guidance gives the designer litdlssistance and no ezénces are provided.

AD A refers to BS 81141:1997 as an appropriate standard for the details of ties and key
elemens (where requiredBS 81101: 1997 defines four kinds of ties:

a) Peripheral ties
b) Internal ties
c) Horizontal ties to column and s

d) Vertical ties

British Standard also stated thdwettying requirements can be met by using reinforcement

provided for other purposesigure1-5 showssomekinds oftheseties.
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PERIPHERAL TIES IN FLOORS
At each floor and roof level, an effectlyecontinuous tie should be provided within 1.2 m of the
floor edgeor within the perimeter wallThe peripheral tie should be able to resist a tensile force

('O) in kN of the lesser ob and 60, wher® is:
0 ¢ ¢ (1-3)

Where
¢ , is thenumber of stagys inthestructure

INTERNAL TIES IN FLOORS

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

right angles. The internal ties may be spread evenly in slabs or may be grouped at walls or othe
positions with maximum spacing not greater th@®0 . If located in walls, the reinforcement
should be within 0.5 m of the top or bottorhtlee floor slabs. In each direction the tie needs to

be able to resist a force, which should be taken as:
Vg ——— — 0 0 O (1-4)

Where
‘@ ng =chaacteristic dead and imposed floor lodl$kN/m?)
0 = greater of the distances (in m) between centrébeotolumns, frames or walls supporting

any twoadjacent floor spans in the direction of the tie urtdesideration

-
Corner
— " I—
Columm

Internal Ties , Ties
{Dotted Lines )y, -

e Lo ...............-.
e

Horizontal Tie to -_'__,
External -~
Zolumn or Wal =_-

r r
’, s
¢ -
# /
& #
rd r
L___———- ——-—-.V
Del pheral Ties T
(Dashed Lines) i ‘ll

Figurel-5 System of tie forces
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HORIZONTAL TIES TO COLUMNS AND WALLS
Each external column and, if the peripheral ties are not located within the wall, every met
length of external wall carrying vertical load should be tiedziootally into the structurat each

floor and roof level with a tieapable of developing a force k) equal to the greater of:
a) 2.0°0for - "Oif less, whera) is the floor to ceiling height (in meters)]; or

b) 3% of the total design ultimaterticalload carried by the colunor wall at that level

Corner columns should be tied into the structatreachfloor and roof level in each of two

directions.

VERTICAL TIES TO COLUMNS AND WALLS
Each column andach wallcarryingverticalload should be tied continuously from the lowest to
the highest level. The tie should bapable of resisting tensile forceequal to the maximum

design ultimate dead and imposed load received by the cauwall from any one storey.

1.34 GENERAL SERVICES ADMINISTRATION (GSA)

The U. S. Gener al Services Administration
analysis ad design guidelines for new federal office buildings and major modernization
project® was s peci for redadiny gr agsessng ahe ealential for progressive
collapse of new or existing buildingBhe latest version of these guidelines wasasge in June
2003.

The objective of the guidelines is not necessarily to prevent collapse initiation from a specific
cause. It is to prevent or mitigate the potential for progressive collapse after having an initial
damage as a result of an abnormal lngdihe GSA provides a threat independent approach to

mitigate the potential for progressigellapse.

The GSA guidelinehasa detailed exemption process for evaluating if the risk of a structure
experiencing progressive collapse is low enough that dletbf@ogressive collapse assessment
is not required. The exemption process takes into account many factorastbehuse of ta
building, the number of storsythe type of the structure (reinforced concrete, steel structure,
etc), thelevel of protecion, seismic zone, etc. Structures that are evaluated to beeasmot
required for furtheconsideratios. Otherwise, norexempt structures are subjectedatogorous

progressive collapse resistance assessment.
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The GSA (2003) recommends that a stuoets analysedy instantaneously removing a column
from specific locations of the structure, the middle of the traverse side of the building, near the
middle of the longitudinal side d¢ifiebuilding, and at the corner of the buildifggurel-6. GSA
guideline allows the analyss of the structure either statically diynamicallyand using either a
linear analysis for buildings of 10 storeyslessor using a nonlinear analysis for buildings of
more than 10 storeys.

e

1 Analyze for the instantaneous loss of a e
column for one floor above grade (1 story)
located at or near the middle of the short

side of the building.
Analyze for the mstantaneous loss of a /

column for one floor above grade (1 story)
located at or near the middle of the long
side of the building.

Analyze for the instantaneous loss of a / Plan
column for one floor above grade (1 story) — View
located at the corner of the building.

fl

=,

[§]

)

Figurel-6 Exterior ColumnRemoval Process for A Typical Framed Struc{@8A 2003)

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

analysedfor thefollowing vertical load combination:

D¢ OQcgod TR B O (1-5)

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

to be analgedfor thefollowing vertical load combination:
DEWQ O0 1™ 0O (1-6)
Where,DL is dead load antL is live load
The coefficient of D in the load combination to be used in the stanalysis procedure

accouns for the dynamic effects in the static analyssétuctural collapse resulting from the

instantaeous removal of a primary vertical support should be limited to the smaller of:




Chapter One | ntroduction

For exterior considerations
1. The structural bays directly associated with the instantaneously removed vertical member in the
floor level directly above the instantanelyugmoved vertical membe@r

2. 1800 ft (167 n¥) at the floor level directly above the instantaneously removed vertical member.

For interior Considerations
1. The structural bays directly associated with the insteaasly removed vertical member,

2. 3,600 ft (334 n?) at the floor level directly above the instantaneously removed vertical member.

ACCEPTANCE CRITERIA

GSA wes an approachhich identifiesthe magnitude and distribution of potential demands on
both the primary and secondary struatuelements for quantifying collapse areas. The
magnitude and distribution of these demands will be indicateddipandCapacity Ratios

(DCR), which can be calculated as follew
06'Y b 70 (1-7)

Where,

0 Acting force (demand) determined in component or comm@@int (moment, axial
force,shear, and possible combined forces)

0 Expected ultimate, ufactored capacity of the component and/or connection/joint

(moment, axial force, shear and possiwdenbined forces)

Using the DCReriteria of the linear elastic approach, structwlaimentsand connections that have
DCR values that exceed the following allowable values are considered to be severely damaged a
collapsed.

The allowable DCRvalues forprimary and secondary structural elements are:

ADCR< 2.0 for typical structural configuratiorfBacilities that have a relatively simple layout)
A D€ RS5 for atypical structural configurations (i.e., buildings often contain distinguishing

structual features or details).

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

analysis of the structurelhe lbad comhiation isg O0 T1& © 08

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

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

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

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

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

removed from the model, and all dead and live loads associatbdfaited members

should be redistributed to other members in adjacent bays.

Step 3 For a member or connection whose DE&Rio exceeds th applicable flexural DCR

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

shoul be located at the ceabf flexural yielding for the member or connection. Use rigid

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

the proper location. For yielding at the end aihnambey the cente of flexural yielding
should not be taken to be more thgdfg the depth of the member from the face of the

intersecting metmer, which is usually a columRjgurel1-7.

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

end to ach side of the hinge. The magnitude of the moments should equal the expectec

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

consistent witlthedirectionof the moments in the analysis performe&iap 1.

Step 5 Rerun the analysis and repesteps 1through4. Continue this process until no DCR
values are exceeded. If moments have besatistebuted throughout the entire building
and DCR values are still exceeded in areas outside of the allowable collajpse tegi

structure will be considered to have a high potential for progressive collapse.
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Hinge
Before After Location

Figurel-7 Rigid offset placemerniGSA 2003)

1.35 AMERICAN DEPARTMENT OF DEFENSE (D OD: 2005)

The Department of Defrce introduced the first Unified Facilities Criterfgl FC) (DoD, 2005

for Design of Buildings to Bsist Progressive Collapse in 2005. This document is updated in
2010 including significant changes. The document provides the design requirements necessary
reduce the potential of progressive collapse for new and existing buildings that experience

localizedstructural damage as a result of accidental events.

Three design approaches are considered in the document to design new and existing structure
resist progressive collapse; Tie Forces, Alternate Path Method and Enhanced Local Resistanc

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

1.35.1 TIE FORCES APPROACH

As described inthe British Standardthetie forces method prescribes a tensile force capacity of
the floor or roof system, to allow the transfer of load from theadgad portion of the structure

to the undamaged portion, by providing the continuity and ductility, which play the key roles in
the redistribution of the loads over a damaged reditie. approacltategorizeghe ties to be

provided in the structure inthreecategoriesFigurel-8:

1. Longitudinal and Transverse Ties
2. Peripheraflies
3. Vertical Ties

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

0 pg00 ™0 O (1-8)
Where

0 s floor loadin (Ib/ft? or kN/m?), O band0 (are dead and live load, respectively
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1- Longitudinal and Transverse Ties

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

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

"0 60 O (1-9)

Where
"Ois the required tie strengfftb/ft. or kN/m), 0 is the floor load and is the greater othe
distances between the cestif the columns, frames, or walls supporting any two adjacent floor

spaces in the direction under considerafforor m).

2- Peripheral Ties

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

structures as well as for load bearing wall structures:

0 @0 0D (1-10)

Where

0 is floor load,0 is the greater of the distances between theeenf the columns, frames, or
walls at the perimeter of the building in the direction under consideration (for exterior peripheral
ties) or the length of the bay in which the opening is la;atethe direction under consideration

(for peripheral ties at openings), aind is 3.3ft (1.0 m)

3- Vertical Ties

The vertical tie must hawiesign strength in tension equal to the largest vertical load received by
the column or wall from any onstory. Each column and loadearing wall shall be tied
continuously from the roof level down to the first colunom wall-supported floor above the

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

In the case thahe dructural elements cannot provide the required tie strength, the elements and
connections should be redesigned or retrofitted in order to develop the required tie force. For th
vertical ties, however, if any structural element or connection fails togeodartical required tie

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

over this deficient element using the Alternate Path Method.
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For internal Iongitudingl ties,r . Peripheral
place Type 1 mechanical splices, Tie
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shaded area. the shaded area

Figurel-8 Locations and Interruptions of tiel)FC 2009)

1.35.2 ALTERNATE PATH METHOD (APM)

The second approach is based on the alternate path method, in which the building should bridc
across a removed elemettFC allows the structureto be analysedhfter removing being

element by using three analysis procedure

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

combinations that should be usa@as follows:

For Linear NonLinear Static Analysis
O ¢Brpg 00 ™0 E ITR"Y (1-11)

To be @plied at the bayadjacent to the removed elemeatd at all fbors above the removed

element.

'O pg OO0 mO E Im®"Y Tothose bays notloaded with (1-12)

Where

"0 RO= Increased gravity loads for Linear Static Analy#i4t2 or KN/mg)
'O 0= Dead load including facade loads (b4t kN/n¥)
0 0= Live load (Ib/f¢ or kN/nv)
"Y= Snowload (Ib/f& or kN/n¥)
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For NorrLinear dynamic analysis

O pO0O mO & IMR"Y  To be applied fotheentire structure  (1-13)

Where
"O = Gravity loads for Nonlinear Dynamic Analyglb/ft? or KN/nv)

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

recanmended for a dynamic analysisallow for dynamic effects.

ACCEPTANCE CRITERIA
The DOD adopted an approach similar to that used by GSA to evaluate the magmtude a
distribution of potential progressive collapse for a buildifidhe magnitude and distribution of

these demands will be indicated (lYCR), which can be calculated usieguation (17).

As mentioned before three analysis procedures are suggested ifotUB€sign of Buildings to
Resist Progressive Collapse; Linear Static Analysis Procedure, Nonlinear Static Analysis

Procedureand Nonlinear Dynamic Analysis Procedure.

If the primary elements and components meet the acceptance criteria for the odirgspo
procedure, then the building satisfies the progressive collapse requirentieetajse it must be

redesigneadr retrofitted.

1.35.3ENHANCED LOCAL RESISTANCE

In the Enhanced Local Resistance approach, the shear and flexural capacity of theeperime
columns and walls are increased to provide additional protection by reducing the probability and
extent of the initial damage. The Enhanced Local Resistance approach is required along witl

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

The study of progressive collapse, although it has intermittently been a subject of interest in the
academic and industrial structural engineering communities for several decades, has gained
heightened interest fromot only engineersut also from the general public and government

institutions(Almusallam et al., 2010

Recently, progressivecollapse has become an issue of increasing importance because of
escalation in terrorist activiseworldwide. Therefore, interest in this phenomehasincreased.
Current building codes provide general guidelines to prevent progressive collapse based ol
redundancy, integritycontinuity, and ductility. Progressive collapse is typically not considered

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

cause a huge loss of lives.

The significant loss of lives in the event of progressive collapse introduces important questions
One question is whether existibgildings have adequate capacity to resist progressive collapse.

The second question is whether available design guidelines are sufficiently clear for the enginee
to design new buildings against progressive collapse. Researchers may need to develop a ne
and innovative robust structural systems that are economical and do not interfere significantly
with the functionality of the building. The success of the structural system is gauged by its

capacity ofminimising loss of livesMohamed, 2006

Therefore, one of the goals of this research is to propose a new scheme to prevent or reduce t
potential of progressive tapse. It cannot be assumed that progressive collapse can be totally
prevented, so the aim of proposed scheme msitigate progressive collapse, not necessarily to

prevent it.

Experimental data are essential for practices in progressive collapsetipreyEHingwood et
al., 2009. Currently, limited experimental datas available to date to calibrate the critical
parameters used to define the strength properties of structural componentsrnieanamialysis

modelling or to validate numerical simulation results.

Therefore, one of the goals of this research is to better understand the resistance mechanisms
RC buildings against progressive collaps&he ultimate goal is to contribute to a st

guidelines on how to best resist progressive collapse.




Chapter One | ntroduction

One of the most effective loazhrrying mechanisms for a structure following the loss of vertical
load-bearing elements is for the beam and connection to develop catenary action. In catenar
action, a beam or a system of beadeslectsand develops plastic hinges at locations along the

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

This requires a connection first to develop a plastic hinge and then simultaneously, have enoug
capacity to carry large tensile forces. In other words, it is critical that the primary structural
elements, such as girders and beams must be capable of spanning two full spans after the loss
a column. This requires that both betobeam structural antinuity across the removed

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

All conclusions,analysis and recommendations of previous studiesfacassed ometermining
how to prevent the failure of the camious beam when column logscurs With this idea in
mind, it can be seen that establishmgdified detailing of bar reinforcements in RC beams
would be the ideal way to preveat mitigate progressive collapse in RC structures through
providing steel b strategically placedh the beam section to absorb theleasedenergy, and
other steel bars to control the development of plastic hiagepecific locations to develop

catenary action properly and effectively.

1.5RESEARCH OBJECTIVES

In order to reuce the potential of progressive collapse, detdatdthviourof a structural system
is needed when a structural load carrying member is damaged. Two main objectives of this

research intend to be established.

Firstly, to better understand the collapssistance mechanisms of RC buildinggler CRSThe

effect of these resistance mechanisms sigethe studied because they are often not considered
in the analysis and design, although there is an evidence of their effectiveness, but there is a lac
of uncerstandingregardinghow to determine their capacities. Secondly, is to propose a new
mitigation scheme to prevent or at least reduce the potential of progressive collapse of RC
buildings in case of column failure or loss, by providing the RC beamswatlfied reinforcing

details. The objectives of the research casdmemarsedinto the points below:

Contribute toexpandhg the available experimental and analytical data on membrane action of

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

Providea betterunderstanding of the mechanism of dynamic load redistribution and progressive
collapse resistance of RC buildings & gfoballevel.

Investigate the effect othe modified proposed reinforcement detailing of RC beams on
structuralbehaviourand structural capacity to resist progressive collapse.

Develop a beancolumn joint model that can represent and simulate strudiahalviouthrough
finite-element analysis, in which beams and columns are modelled using fibre elements (line
elements).

Develop an analytical model to preditie load-carrying capacity of a beamat the CAA and

catenary action stage.

1.6 SCOPEOF WORK

The current proposed study is mainly concerned with RC frames, beams and joints without
considering the effect from slabs and transverse beams. Therefore, the membrane action of R
slabs and transverse beams is outside the scope of current work, andrimesajacent to the

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

loads from the twdbaybeam after load redistribution.

In addition, the threat which may cause the initial damage is not considerbad istudy,
therefore, the investigation of specific threads such as blast, vehicle impaatcethbeir effect

on the structurabehaviouris outside of the scope of this study.

In the experimental work, the size effect of specimens will nobfoeoncen in this work
although the specimens are dmaf scale, this is because that aperter scale is regarded as
the minimum scale for joint specimens fabricated with conventional deformed bars and

aggregate concrete mjAbrams, 198Y, and shear behawur is not dominant under CRS.
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2. CHAPTER TWO LITERATURE REVIEW

2.1 GENERAL

To mitigate progressive collapse, efforts are directed at both code provisions and research worl
In general code provisien structural integrity reinforcement is required to improve redundancy
and ductility in structures. To achieve continuity in structural components, tie forces are required
to tie the elements together so they act as one unit. When one of the criticdlebraty
elements is damaged or removed, connecting spans deflect until rotational capacity provided b
the adjacent beams or slabs is exhausted. Thenatenaryaction may allow the beam to carry

vertical loads at large displacementhisbehaviouisd ef i ned as ACATENARY

CATENARY ACTION

Catenaryaction is considered as the last line of defence for a structure to mitigate progressive
collapse when a load bearing element is removed or damaged. The beam above a remove
column undergoes threeages ormechanisms i.eflexural action, compressive arch action
(CAA) and catenary actiof©rton 2007) Initially, all beamamobilise flexural action, which they

are designed for and they are able to sustain the design load. When a column is removed, tt
span of the beanncreasesand in most cases leads to largkeflectiors occuring in the
remaining beam system Compressive arch action, which enhances the flexural strength at
critical sections, can bmobilisedin the presence of axial compression pded by strong lateral

restraints.

At large deflections catenary action can bmobilised (Orton, 2007 discoveredthat catenary
action will not begin until the beam has reached a deflection equal to the depth of the beam. Thi
is due to the fact that the beam remains in axial cossfme until tension forces amgobilised
Furthermore, the design and steel detailingt ®@Cbeam must ensure enough ductility so that
the beam can reach catenary action without fracture dhalsteel bars. Thereforeatnary
action is a in-planeforce that resists vertical loads yobilising axial tension throughout the

beam.

Previous researcimdicatesthat development of catenary action depends on many factors such as
large deformationstiff lateral restraints from surrounding elements and ésestance of the
beam under investigation. Furthermore, the resistance of the beam depends on, beam geomet
materialpropertiesand reinforcement detailing, which plays a fundamental role in the ductility,
continuity and ultimate strength of structuraémbers and connections for reinforced concrete

structuresFigure2-1showsthelayout of catenary action forces.
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However there are very few previous studies on catenary action of reinforced concrete beam
and most of the experimental studies are concemd#d catenary action of steel beams at
ambient and elevated temperatures and under column loss sce(Byiisld et al., 200V,
(Byfield and Paramasivam, 2007lzzuddin, 200%;(Yin and Wang, 2008.

In this chapter the very limited tests on RC frees under column loss scenariosimeical
worksand approaches to mitigate progressive collapkde presented. It should be mentioned
that most of the experimental tests on concrete structures were implemented undstatjoasi
load despite the fact that the redistribution of loads aftséumn losss dynamicin nature. The
reason for that is because static tests ceovigle more details and insighbwards the

development of different structuralad resistingnechanisms.
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Figure2-1 Catenary tension force (Orton 2007)

2.2 EXPERIMENTAL STUDIES:
In this section, the very limited tests on RC frames and beams under column loss scenarios wi

be reviewed, focusing on studiesncerned witltatenary action.

2.2.1Regan (1975)

One of earlist works was reported Regan, 197pat Imperial College in London. As shown

in Figure2-2. Regan conducteceests orprecast floor strips ranging from 14 in. (356 mm) to 28

in. (711 mm) wide and 18 ft. (5.5 m) longwith acentral jaitt t he Ol ost suppoc
ft (2.75 m) spansThe specimens comprised a 2 in. (50 mm) thick precast panel and a@ in. (5
mm) thick casin-place topping. Details of the ties between the panels varied according to the

S p e ci me nSpdcimens wete hoaded with hydraulic jacks.
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For al most al |l the tests, there was an in
thropho and was foll owed by a catenary acti
tearing out of the bottom bars near the supports at a deflection of 5 to 7% of the double spa
length (test #5n Figure 2-3). However, some specimens were able to yieldlexure at the
supports before tearing out of the bottom bars. In these cases, the catenary loads were mu
higher and the ultimate deflection was near 10% of the span length (tesEigBin@2-3). The

beams eventually failed by fracture of the endaredue tdargerotation at the support. For most
tests,catenaryaction started at around 6 to 7 in (150 to 175 mm) of displacement, which is

slightly greater than the beam depth 4(&20 mm).

The tests also included two specimens that were loadedrimbags and the central support
suddenly pulled out. For one test, the specimen did not fail, but the deflections were 50% greate
than for the same load applied to an identical specimen that was loaded with hydraulic jacks
Another specimen failed, althgh the total weight was only 56% of the ultimate load reached in
the hydraulically loaded test.

Due to insufficient anchorage and poor continuity of specimens, not all of them could develop
catenary action successfullfdased on the tests results, Reganncc | uded t hat
development of a catenary action requires that the membgresgtionpossess not only tensile
strength but also ductility, which largely depends on the detailing of the longitudinal ateel b

reinforcement. 0O
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Figure2-2 Catenary action tests of precast floor strips (Regan 1975)
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Figure2-3 Results of catenary tests of precast floor strips (Regan, 1975)

2.2.2Sasani and Kropelnicki(2007)

Experimental and analytical research on the topic of progressive collegseonductedy
Sasani. In 2004 Sasani and Kropelnicki, 20D¢arried out an experimental program to evaluate
the behaviourof a continuous perimeter beam in a reinforced concrete frelméested a 3/8
scaled RC perimeter beam under a mideiRS The specimen was designed in@dance with
(ACI-318, 2002, which specifies integrity criirements. In order to investigate thehaviourof
that beam analytically, they also implemented a detailed finite element modethesAlgSYS

software package.

The actual dimensions ¢iie beamwere 13 ft. 8% in. (4170 mm) long, 12 {800 mm) width

and 20 in. (500 mm) depthn order to examinehe effects of splices on the development of
catenary action in beams and progressive collapse of structures, the longitudinal reinforcement
werespliced,Figure2-4. Loading was applied by displacementtcoinat the midspan, and then

vertical deflection versus apetl loadwasplotted as shown iRigure2-5.

From Figure 2-5, andthe test resultsjt was observed that the two bottom bars fractured at
vertical displacements of about 6.0 in.(150mm) andriZ(2390mm).Figure2-6. In addition, they
found thatcatenary action developed in the top reinforcement following the bar fractures by
satisfying the integrity requirements @CI-318 20®), and no indication of splice failure was

observed
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Figure2-4 Detailing of the test beam (Sasani and Kropelnicki 2007)
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2.23Yi et al (2008)

In 2008,(Yi et al., 2008 testeda onethird scaled specimen dbur baysandlower threestorey

RC frame extracted from a building of a fehay, eightstorey RC frame structuteas shown in
Figure 2-7, designed in accordance with the concrete design code of China, whiaofilégs $b

ACI 31802. The dimensions of beam section were 200 mm in depth and 100dtimand he

crosssection of columns was 200 mm by 200 mm.

The experiment was conducted statically, the gravity load was appliesedvghydraulic
actuator to the um floors, and theCRS was simulated by unloading a mechanical jacking
system in a displacemenontrolled manner. The main purpose of the testing was to observe the

force-deformationresponse in the simulated failing column which was located at the aéntre
the lower storey.
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The test results indicated that the beam above the removed column experienced threeephases,
elastic, plastic and catenary action as shown from the relationship between vertical displacemer
and middle column load as shownHigure2-8. Yi et al concluded that frortihe experimentally
recorded results and the analytical approximations, that the failure load computed on the basis ¢

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

Also, they concluded that the failure ¢fie RC frame resulting from column removal was
controlled by the fracture of steel bars, different from the collapse of normal limit state for beam

bending, which is controlled either byushingof concrete in copresson zone or shear failure.
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Figure2-7: Specimen dimensions (Yi et al. 200&igure2-8: Middle col. load vsdeflection

2.24 Wei-Jian and Qing-Feng2008
In 2008(Wei-jian, 200§ tested five half scaled specimens to investigate the effect of steel
reinforcement ratio, steel grade, steel type and loaditeggon the resistance capacity of RC

structures against proggve collapse.

The specimens were RC beawlumn substructure with various steel detailing and steel type,
designed and detailed according to the Chinese design(G&i01062008).Figure2-9 shows

specimen details. Both ends of the specimens wereguinected. The load was applied on the
top of the middle column usirgghydraulicactuator with displacement control until the failure of

the specimerFigure2-10 showsthetest setup used.

Thebehaviourof the specimens was monitored by recordingiaddbads, verticatlisplacement

and horizontal displacement of the supports and steel strains at sections near the supports.
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Fromthetest resultsit was foundthat as the steel ratio increased, the ultimate load capacity of
the specimens proportiongiincreased. As the steel grade decreased,ltmate deformationf

the specimens increaseddathe load capacity decreased. Bpecimes reinforced with round
steel bars were much better than the speamanforced with ribbed steel bars in formitige
catenary action mechanism since the round steel bars deformed more aweritpd larger
elongation than the ribbed steel bars.

They concluded that the development of catenary actisindeglyrelated to uniform elongation
and strength of the steednd the whole deformation process of the beatamn structure

experienceall stages of elastic deformatigolastic deformatiostage and catenary action
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Figure2-10 Photograph of test setup (W&n and Qingfeng 2008)

2.25 Su et al. (2009)

In 2009, (Su et al., 200Ptested twelveonethird-scaleframe sulbbassemblageso investigate
their capacity to resist progressive collapse. Each specimen representeday theamand
three column stub, as shown kigure 2-11. The specimens were restrained longitudinally
against axial deformation to study the effect@AA on the capacity of the beam against

progressive collapse.
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The specimens were divided into three groupstidy the effect of the following parameters: 1)
Flexural reinforcement ratio (group A), Beam span to depth ratio (group B), andRa}e of
loading (group C). A servoontrolled actuator was used to simulate gravity loading by applying

a downward dispicement at the middle column stub.

The behaviourof the specimens is monitored by recording the following readithgsyertical

load P, horizontal reaction N, and vertical displacement at the centre column stub. For eacl
group,theverticalload P and brizontal reacton NV er sus centre defl ect
were plotted ashown in Figures 212, 2-13 and 214.

From the test result#, was concluded that the axial restraint enhantdetCAA, and increased
loading capacity by 50 to 160% of the capacity estimati#isowt considering axial restraint. In
addition, the increase of beam smhepth ratio and the increase of flexural reinforcement ratio
caused a decrease in the effedhefCAA. The effect of loading rate can beglected.
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Figure2-11 Schematiof the specimen Figure2-12P and N versué @)/for group A

Figure2-13P and N ersug @)/for group B Figure2-14 P and N versué @)/for group C

2.26 H. Choi and J. Kim (2010)

In 2010, (Choi and Kim, 201) tested four sulassemblages to investigate their structural
capacity against progressive collapse. The specimensoneitird scale of twebay and three
column stubs subssemblages, which were designed as a part of five andssiggyt RC

momentresisting framswith and without seismic load accordingtbe ACI 318-2005.




















































































































































































































































































































































































































































































































































































































































