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Abstract

Following some incidents in highse buildings, such as Ronan Point London 1968,
in which collapse ofa limited number of structural elemerpsogressedo a failure
disproportionate to the inél cause, consideration of robustness was introduced in
British StandardThe main method of preventing progressive colldpsgroviding
robustness to steel framed buildings with precast concrete floor slabs focuses on the
allowable tying forces that theinforcement in between the slabs and in hollowcores
should carryHoweverthere are uncertainties about the basis of the practical rules
associated with this methodhis thesis presents the results of numerical and
analytical studiesof tie connectiorbehaviourbetween precast concrete floor slabs
(PCFS).It is shown that under currentgilgn regulations the tie connection is not
able to resist the accidental load limit applied on the damaged floor slabs.

By establishing the capability & finite elemat model to depict and predict the
behaviour of concrete members situationssuch as arching and catenary action
against several experimental tests, an extensive set of parametric stadies
conducted in order to identify the effective parameters imecihg the resistance of

the tie connection between PCFS$ese parameters includée bar diameter,
position, l engt h, yield stress and wul tin
compressive strength of the grouting concrete in between thetsilencases the

tie bar. Recommendations are made based on the findings of this parametric study in
order to increase the resistance of the tie connecBased on the identified
effective parameters in the parametric study a predictive analyticabnslaip is
derived which is capable of determining the maximum vertical displacement and
load that the tie connection is able to undergbis relatiorship can be used to
enable the connection to capture the accidental limit load on a damaged slab.

The identified parameters are examiniaeda three dimensional finite element model

to assess their effegthen columns of the structure are lost in differladations

such asan edge, corner or internal columBased on the findings of this study
methods for improving the connections performance are presented. Also the effect of
alternative transverse tying method is evaluated and it is concluded that although this
kind of tie increasethe load carrying capacity of the connectidn,effect on the
catenary acion is not significant.
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Chapter 1. Research Background

1.1 Structural Robustness

Whensubjected to any unpredicted and accidental loadivgability of astructure

not to suffer collapse disproportionate to the origicaliseis called robustness
Upon acheving robustness in a strucg accidental actionsvhich are beyond the
engineering design valueshould notcause damage to the structure which is not
proportionate to the direatitial and local damage caused by Huzidental actions
(Menzies, 200b In the literature the meaning of disproportionate collapse is not
usually distinct from the meaning of progressive ajmdle, though the result of a
progressive collapse usually leads to a disproportionate collapse, but their soncept
are different A progressive collapse happens when ligeadldamage in a part of a
structure, due to weakness in joints and linking elemésasls to further damage
andprogresseso other parts of the structure. Since the result of the first damage has
widened its effect in other parts of theusture (i.e. progressed) and &o not

proportionate to the initial damage, italsoa dispropotionate collaps€Hai, 2009.

The concept of progressivenllapse has been considered in codes and building
regulationssince thepartial collapse ofhe Ronan Point Building iftast London in

1968 (Moore, 2002, where a gasxplosionon the18" floor caused the collapse of

the whole corner of a 22 seyrbuilding. In this incident 4 people were killed. The
explosion threw a wall panel out; consequently, without support, the upper floor
structural elements fell down othe lower flooss and this phenomenomade
progressthroughout the height of the buildinds a result in the early 1970s the
concept of robustness was introduced to the building codes and regulations in the

UK and later on the European and American cqBesarson and Delatte, 2005

Figure 1-1 shows a schematic example of an accidental action and the possible
scenarios that may happen afterwards. If the connections between the structural
components are able to withstand thea=gpplied load (accidental load), in this case

by bridging over the lost column, the floors above the lost column retain their
integrity and the structure remains robubig(re 1-1-a), otherwise progressive

collapse occursHigurel-1-b).
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@ (b)

Figure 1-1: Effects of Losing an External Column to a Blast Loading: a) alternate load path
design: no progressie collapse;b) conventional design: progressive collapg@®aldrid ge and
Humay, 2003

Different types ofstructureshave different rules for supplying robustness to the
structure. Among them, due tbeir intrinsic discrete nature, structures constructed
using precast concretBoor slabs (PCFS)are one of the mostuinerable to
disproportionate collapseThe scope of this study will ke examine methods of

providingintegrity of precast concrete floor slabs in steel framed buildings

The highest risk of progressive collapse occurs when a supporting element in the
structue, most commonly a column, is lodue to an accidental action. In this
situation the beams that were supported by the removed catmyract like a
hanging chain datenary actioly but the exact reaction of the connections of the
beams and the aminn above, and the connections between the precast concrete
elements that form the floor of which the column is lost, arstnmdluential in
determining thebehaviour of the remaining structural elemefital, 2010. To
prevent progressive collapshe PCFS should be connectéd each other and to the

supporting framen such a way that the integrity and continuity of the floor remain
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in anacceptable degree so that the finsk of the progressive collapse chain does

not form.

For steelstructures withprecast concretftoor system, the required integrity of the
connection betweeprecast unitss provided by thesteeltie bars which arelaced
both in the hollowcore units and in between th@mthe longitudinal joints
(Figurel-2).

Longitudinal Tie

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

However, although the tying method is commonly used in construction as a means of
providing structural robustness, there are uncertainties about thebidmractical
rules associated with this method. Understanding and improving the effectiveness of

these practical methods are the main aims of this research.

1.2 Research Originality

The present regulatisnfor providing robustness to steel framed buildingith

precast concrete floor slabs focus on the allowable tying forces that the
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reinforcement in between the slabs and in hollowcores should carry. This
information is basedn investigations on collapsed buildings such as Ronan Point,
London (see section2.1.1 for further details) The derivation of tying force
relationship was based @uguilibrium of catenary action force in the beam/slab and

the applied load and assuming a vertical displacemen{Lobeing the beam/slab

span for a span of 5mard typical loading conditionThis derivation did not
consider whether the structure has sufficient deformation capacity. Neither did it
consider whether the surrounding structure would be able to provide the necessary

axial restraint that is required totaate catenary action.

In the lack of research on performance of ties connecting the P& esent study
attemps to develop a thorough understanding of the response of steel framed
structures with precast floor slabs on column removal and the fumtEme
mechanisms of catenary action in precast floor sf@bsough such a study, better

methods of providing robustness to this typstaucture will be recommended.

1.3 Research Objectives

The objectives of this study can be sumisetias:

{ Establish the dundation of a reliable FE model to examine the factors
affecting the behaviour dhe tieconnection between two Precast Concrete
Floor SlabgPCFS)until fracture;

71 Identifying the influential parametersthat affect PCFS tie connections
behaviour;

1 Developng apredictive analytical method to predict PCRf& connection
behaviour, validated by the parametric study results;

1 Assesmg the effectiveness of currebtiilding code regulatianand practical
construction methods foproviding robustness of PCFS iresl framed
buildings

1 Suggestingmethodsfor improving robustness gfrecast concrete floors
steel frame buildings

1 Studying the mechanisms of collapse, duth&doss of a column in different

locations, inarepresentative steel framed building wREBFS.

19



1.4 Research Methodology

Due to resource limgt this research will be conducted through numerical
simulations usinghte finite element method (FEMMn this study the commercial
FEM package TNO DIANA has been u#id owing to its powerful material meds

for concrete The numerical modelling will be validated by comparison with
available experiments on concrete structural elements that undergo arching and
catenary actionsvhich are similar to the expected behaviour of PCFS slabs under

accidental loadig

The validated modelling methaalill thenbe used to conduct extensive parametric
studies, one set for precast concrete slabs for thorough understanding of the catenary
action mechanism, and one set for steel framed structures with precast concsete slab
for understanding of realistic whole structural behaviour.s€l@rametric study
results are then used to formulate an analytical predictive method which may be used
in practical designThe parametric study results are also used to assess effectiveness
of the current construction methods and to identify methods that can improve

robustness of this type of construction.

1.5 Thesis Structure

Chapter 2 covers a review of literatunethe field of robustness with special focus
on precast concrete floor slalvs steel frame buildings, anekplainsthe different

approaches in building code regulations regarding the robustness camzept
critically assesses the shortcomirajgshese methods, leading to justification for the

current research

In chapter 3 tesiseported in literaturepn concrete structural elements that undergo

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

validated numerical model, agxtensive parametric study is carried out dhe

results areeportel in chapter 4Variablesexamined in the parametric study include:
precast concrete slabés height leagthd | eng
diameter, yield stress, and ultimate straannd gr outi ng <concrete

strength.
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Based on theinfluential parametersidentified in chapter 4, a mathematical
relatiorship is formulated in chapter & analytically predict the precast concrete
slab loaddeflection behaviour under catenary action until failure which is

characterised by reinforcemerddture

Chapters & deal with catenary action in precast concrete slab elements in the
direction of the span. In realistic structyrethe slabs interact indirectiors

perpendiculato theirspan and also with the surrounding structural elements.

Chapte 6 reports the results of a numerical parametric study examiningthisw

type of structure behaves with the removal of a supporting column in different
locations. Comparisons will be made between structures using the existing practical
construction detés with the alternative details that have been shown in chapter 4 to

provide improved robustness.

Chapter 7 summarises the results éis study and present®pics for further

investigation in this field.
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Chapter 2.  Literature Review

This chapter preses a detailed introduction tbackground information related to
currentUK rules governing the design and construction of precast floor systems
(PCFS) to meet the requirements of structural robustness. Further details related to
technical investigations, ihaling testing, numerical simulation and analytical

calculation methods, will bpresented in relevant chapters.

First this chapter reviews major incidents that led to changes itJkduilding
regulations concerning robustness of structuréss is therfollowed by a summary

of building rules and regulations that are intended to control disproportionate
collapse of building structures. Among these, providing sufficient tying between the
primary components of a structure is the main mean by which théatiegs on
structural robustness are achieved.

This chapter will reviewthe ties connecting PCFS and explain why the current tie
force regulations may not be effective. To help this review, this chapter will first
provide a brief review of the design awdnstruction technology of this type of

structural units including placement of ties.

Since the most important parameter affecting behaviour of the ties between the PCFS
components is the bond between the steel reinforcement with the surrounding
concretethis chapter providea review ofresearclon this phenomenon as well.

2.1 Major Accidents of Progressive Collapse

2.1.1 Ronan Point Building

All of the current rules and regulationgpverning the design and construction of
buildings to control disproportionateliapsein the UK and elsewhere&an trace
their origin to the Ronan Point accident. May 16 1968, there was a gas explosion
in an apartment othe 18" floor of 22storey Ronan Point building in east London,
which commenced the partial collapse of thieole corner of the structure. The
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pressurdrom the explosion blew out the walls of the apartment, which were the sole
support for the walls directly abovEhe unsupportedalls of the 18 floor and the
three other floors above fell dovin the 18" floor, andthis sudden impact loading
wasmuch greater than its resistan@ée corner of the 8floor collapsed and sent
debris cascadingdown the corner of the buildingausing damage to each of the
floors below(Figure2-1). Later, in investigations carried out on this building, it was
found that therdnadbeen many flaws in both design and construction qu@liboi

and Chang, 20Q9However, it was the progressive and disproportionate arann
which the corner of the building completely faildtat caused all those concearn
(including public authorities, engineers, and academiaBput the building

regulationof the time

Theseinvestigationdoundthat the pressure required for displacthe internal walls

in the Ronan Point building was 1.7 kPa and the pressure which could displace the
exterior walls was only 21 kP@riffiths, 1969. This showed the extremely poor
workmanship applied to this structure, and also the weakness of the building codes
used at that time, which were dated back to 1®%®eron it wasalso discovered

that the load applied by winds to this structure could cause a progressive collapse,
since the building code that the Ronan Point was desigoedrding to had not

considered structures with that hei¢glgearson and Delatt2005.

Continuing concerns over the structural integrity of the Ronan Point Building
eventuated in its demolition in May of 198 order tostudy the joints of this
structure carefully, Ronan Point was not demolished in the traditional fashion, it was
dismantled floor by floor. During these investigations eékgensive scale dhe poor

quality of the connectionsvas evidentthroughout the buildingWearne, 2000

There were some connections where it was found that the necessary force to break
them wasas low asl5.6kN (Hendry, 1979

After this incident and considering the fact that the Ronan Point building was
designed to comply with statutory building regulasaf the time, the government
investigations concluded that the codis not provide secure and robust structures
capable of resisting accidental actions. According (kendry, 1979 fine w
r egul atrequoine shat é@der specified loading conditions a structure must

remain stable with a reduced safety factor in the event of a defined structural
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member or portion thereof being removed. Limits of damage are laid down and if
these would be exceeded by the removal ofrtiquéar member, that member must

be designed to resist a pressure of 34 KNBrib/in®) from any direction. Of special
importance in relation to load bearing wall structures is that these conditions should
be met in the event of a wall or section of allweeing removed, subject to a
maximum length of 2.25 times the sspr h e {Hgniri, @979.
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Figure 2-1: Ronan Poaint Building after collapse(MacLeod, 2005

The values that appeared in the robustness regulations (tying force of 60 kN/m for
concrete structures, artle pressuref 34 kPato be applied orthe key element)

have their origins imnvestigations othe Ronan Point incidenthe value of 34 kPa

was related to a severgas explosiorand is considered by some authors as overly

conservativgBurnett, 1975
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By considering the weak connections between the precast concrete members of the
Ronan Point building, it was assumed thfathe structural elementwere tied
together in a better fashipthe extent othe damage would have be&ar more
limited. The tying force resistancgas calculated based dme typical loadingn

concrete buildings witfollowing assumptiors

g« and g permanentand variable load of 8.kN/m? (Burnett, 1975 assumes 3.6
kN/m?)

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

o Allowable deflection of the span catenary actiornL/5
Accidental loading conditiorgx + —

The moment equilibrium of the tie connection in the middle of the span in catenary
action would dictateHigure2-2):

! Ok + (/3) !
A Y
t \\ //
/.% \\ a // !
' ~ < - !
: TTSE !
| L S '
i |

Figure 2-2: Estimation of tie force in catenary action
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0 % Equation2-1

By substituting the various assumealues,Equation2-1 yields the tie forceR;) of
60 KN/m

2.1.2 Alfred P. Murrah Federal Building

On April 19, 1995 in Oklahom&ity a truck containing approximately 5000Ibs of
explosives wasparked near the north side of the Alfred P. Murrah building
(Figure2-3), close to the middle point, where it was detonatedughly 30% of the
building was destroyed by the explosion, over BOldings nearby were destroyed
or damaged, and 168 lives ngdost(Piotrowski and Perdue, 1995The explosion
caused the destruction of the three columns adjacent to thebldst ground floor,
and some other floor slabs and walls in the vicinity of the blast. But the final
destruction FFigure 2-4), being disproportionatéo the initial incident was due to a

progressive collapg€orley, 1998.

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

The structure of the Alfred P. Murrah buildingas an ordinaryconcreteframe

designed in accordance with tA€1 31871 code The construction of the buily

was of high quality and very well detailedowever, it was not designed to resist

any abnormal loading such as earthquake or explasioitar to many other federal

and officebuildings of the timen that regionCorley, 1998.

Investigations carried out following the incident pointed out some design and

construction methods thacould mitigate the effect®f unpredicted accidental
loading(Corley, 1998:

a)

b)

If the buildinghadbeen designed as a special moment frame or dual system
with special moment frame, among the three destroyed columns adjacent to
the blast loadig, only the one which was the closest would have collapsed
due to brisangeand the other two coulthvesurvived. The presence of more
reinforcement in the concrete members of a special moment frame would
havefacilitated higher energy dissipation. Thie@ws the key role of the steel
bars in concrete members for prevention of progressive collapse which is the
subject of the present study.

Increased redundancyn general would have increased the chances of
preventinga bad situationgetting worse (progrssive collapse).fiThere
should be no single critical element whose failure would start a chain reaction

of successive failures that would take down a building. Each critical element
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should have one or more redundant counterparts that can take ovelichk crit
load in case the first should fail.

c) Compartmentalized constructiothis type of construction has proved to be
able to resist progressive collapgea good level But the inflexible and
rather small spaces that emerge by construction of this typds its
application tooffice buildings.

d) Dual systems (with special moment frantlpe investigations concluded that
if the A. P. Murrah buildindhad beerdesigned for a seismic area, its level of
destruction could have been reduckg up to 85%. Utilizng more
reinforcement and different types of connection in the dual systems with
special moment frames wouldave given the building the capacity of
absorbing more energy

Other investigations (Osteraas, 2006 have pointed out some general

recommendation® enhance robustness of structures

a) To avoid irregul ari t tobave aithmee tlirheasiosat r u c t
space frame.

b) To avoidantiredurdant features (such as transfer girdargjto provide the
structure with enough redundancy to form alternate load paths.

c) To provide the structural frame with mechanical fuses which altbeswvalls
and slabs to collapse without affecting other parts of the structural frame.

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

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

2.2 Building Codes and Regulations on Robustness of

Structures

The risk of progressive structural collapse due to damages caused by accidental
loading is different depending on the nature, the size and occupancy of the building.
It is therefore important to strike an appropriate balance between the cost of
providing a robust structure and the benefit of reduced risk of progressive collapse.
In many pats of the world, this is done by dividing buildings into a number of

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

threeclassesTable2-1):
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Table 2-1: Building classegApproved Document A

Class | Building type and occupancy

1 A Houses not exceeding four stor
A A dtural louildings.
A Buildings into which people r
closer to another building, or area where people do go, than a distance
times the building height.

2A A 5 storey single occupancy hou:g
A Hot extesding dstoreys.
A Flats, apartments and other ré
A Offices not exceeding 4 stor e\
A Industrial buildings not exce:@¢
A Retailing premises not e Xfoe arda
in each storey.
A Single storey Educational buil
A Al buil dings not exceeding 2
admitted and which contain floor areas not exceeding 280@t each
storey.

2B A Hot e,lapartmeritd and sther residial buildings greater than
storeys but not exceeding 15 storeys.
A Educational buil dings greater
A Retailing premises greater thda
A Hospitals not exceeding 3 stor
A Offices greater than 4 storey:¢
A All buildings to which member
contain floor areas exceeding 2009for the notional but less than 5066
at each storey.

3 A Al bui | dveragGlassd2é find 2B:that exdeex the limits

area and/or number of storeys.
A Al buildings containing hazai

A Grandstands accommodating mor g
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For building class 1, provided that they are desitand constructed based on other
buildings codes and construction regulations there is no need for any action to assure
their robustness. For class 2A buildingssitsaid that effective horizontal ties or
effective anchorage of suspended floors to wallrimmed and load bearing walls
should be provided according to BS 811:2997 and BS 811R:1985 for concrete
structures, BS 5628:1992 for unreinforced masonry structures and BS 398000

for steel structures. For class 2B buildings there should bete# vertical ties for

all supporting columns and walls and horizontal ties for &amd load bearing

walls. For class 3 buildings a systematic risk assessment should be undertaken while
considering all the normal predictable and unpredictable hazardsah the
structural elements should be designed based on the aforementiola@ny codes

and regulations.

The European code EN 19917:2006 takes a similar approadfable2-2 compares
the regulations between the British Standard and EuroCode for building

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

Bld. Class Type Approved EuroCode 19911-7
Document A- A3
1 Houses not Single Occupancy
exceeding four houses not exceeding
storeys four storeys
2A Retailing premises:| Retailing premises: les
less than 2000 than 1000 rh
2B Admissible damage( Admissible damaged

area:15% or 70 rh area 15% or 100 ™n

whichever smaller whichever smaller

3 Bld. Containing N/A
hazardous

substances

The value of 70 ifor the admissible damage aiisan estimation based on twarb

x 6 m structural bays that at the timedrafting the British Standard was a typical

bay size. But as the modern structural systems came into practice this size was
augmented to 7.5 m x 7.5 m which is almost the 160renommended by the
EuroCode considering two adjacent floor bays close & ltist column(CPNI,

2011).

2.2.1 Implementation of the robustness requirements

The British standards were the first building code to recommend regulations for
avoiding the progressive collapse of buildingsyich the catastrophic accident of
Ronan Point Building in 1968 was the main motivationa Inumber of publications

of the British Standard such dbkosefor steel, concrete, masonry and composite
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structures also steel and concrete bridgethe conceptof robustness and

recommendations for achieving it ageven.

The main methods proposed in the British Standards to ensure that the structure will
not suffer fom an accidental action in an amount which is not proportional to the

cause, can briefly be da#bed as followgMoore, 2002

1 The tying method: vertical and horizontal tiglsould be provided between
the primary structural componen(Sigure 2-5). The assumption is that the
provision of ties creates a structure wighdegree of redundancthat
increases the structural continuity, aftitus provides the building with
alternative load paths if part of the structure is removed by an accidental
action. In general the ties are steel members or rebar, also the beam to
column joint is considered to carry the tying foré@e minimum value for

tying force resistance is 75 kN is steel structures and 60 kN in cancrete

Floor ties either uniformaly
distributed or collected at columns

At Continuous peripheral gable tie

L
—

Continuity tie

Continuous peripheral tie(s) \

Perimeter floor ties (everywhere) —__ ||

L Ties anchored into columns where
continuity cannot be provided

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

1 The bridging method: wherever tying is not feasible, the structure should be
designed to be able to bridge ovke loss ofa member which has not been
tied and the area of collapse should be limited and localised. To do so, each
time an unted member isiotionally removed (including vertical load bearing

members and beant®nnected t@ne or more columns) and the area of the
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affected zone in the immediate adjacent stgnsyshecked so that the area at
risk of collapse should be limited the smaller of these values: 15% of the

area of the considered storey, omi(Figure2-6).

il

limited to 15% of the
floor area of that storey
or 70m? whichever is
the less, and does not
extend further than the 1 >
immediately adjacent

storeys /J

L area at risk of collapse
N
N
N

Figure 2-6: Area of the structure susceptible to collaps€¢Approved Document A)

1 The key element method: if bridging over a missing member is not possible;
such a member should be desidras a kg element which is capable of
resisting a pressure of 34 kNfritom any directionThe value of 34 kN/m
(5 Ib/in’) was chosen based on the observational evidence on an estimation
that exterior wall panel would fail at Ronan Poifiiai, 2009. Such
accidental design loading is supposed to act simultaneouslométithird of

all normal characteristic loading.

Following the above recommendations in BS considered to produce robust
structures that can resist disproportionate collapse due to vadoigentalcauses,

such as impact and gas explosi@dsemorceau, 2008
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2.2.1.1 Application of the Tying Force Method to Precast Reinforced

Concrete Structures

Design codes for different types of structure provide detailed recommendations on
how to apply the tying force method. Among the three methods preserites|ast

section, specific guidance is often necessary on application of the tying method. This
section presents an overview of the tying method application to precast reinforced

concrete structures.

Corner

Column
Internal Ties 1 Ties
(Dotted Lines )/ pulye e eessx- SO R 4

Herizontal Tie to
External
Column or Wal

’
R
’
< /
‘ ’

—?_ — 1 =
Pefipheral Ties !
(Dashed Lines) Ve#::alil]

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

Figure2-7 shows ascheme of providing tiesniernal ties should be available at each
floor and roof level approximately at right angbesd they should be continuous, and
at each end they should be anchored to peripheral liethe British Standard BS
81101:1997, be internal ties should be capableresistinga tensile force equal to

thegreater value of the two following relatisimps (in kN/m width):
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X® v Equation2-2

Equation2-3

Whicheveris larger.

Where

"Q is dead load ofloor (in kN/nv)

A is the imposed (live load) on floor (in kN#jn

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

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

"Ois the leser of these two value@0 + 4ny) or 60 KN/m whereng is the number of

storeys in the structure.

The value of 60 kN was chosen based on an estimation of the equilibrium state that a
tie connecting two horizontal members on top of the lost column sleuable to

provide with regard to the floor area applying loathitie.

But as will be seen in this studZlfapter 4, for precast concrete floor slabs, this
value is subject to many other local factors at the connection zone. Also it will be
shown {n Chapter 4 that solely specifying the tie force does not nssarily
guarantee robustness of the structure, because in the case of the connection between
PCFSs it is mainly the elongating capacity of the tie bar that provides this

characteristic for the structure in catenary action.

2.3 Research on Structural Tying Sygem of PCFS

There have been many experimental and numerical investigations regarding the
robustness of steel and concrete frantst most of the research in the field of

progressive collapse focuses on the connections between the main structural
elements.e. columns and beams and they usually consider the flooring system as an

integrated structural element which does not fall a(&int et al., 201)) (Zolghadr
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Jahromi et al., 2033 (Vlassis et al., 2008 (Izzuddin et al., 2008 (Sasani, 2008

This assumption not only dismisses the intrinsic segmental nature of the precast
concrete flooring system but also neglects the effect of the debris from such floors on
the lower levels which itself causes mxtoading on the remaining structure. This
phenomenon has more importance as it has not been considered in the current

building regulationglzzuddin et al., 2008

Despite questioning the effectiveness of tyingesistancefor PCFS against
progressive collapsgCPNI, 201), there is a scarcity oéxperimental and numerical
(finite element) rsearch on connectisrbetween precast concrete floor uregsd

how they contribute tthe robustness of this type of structuMost of the research

on PCFS in steel fram@moncentrate on the composite behaviour of the PCFS on the
steel beam, consideringetlshear stugLam et al., 1999 (Lam et al., 200p (Lam

and Nip, 2002 (Fu and Lam, 2006 (Hegger et al.,, 20Q09and not the ties
connecting the floor slabs especially in the case of loss of a collimenonly major
study on the tying system connecting the PCFS with special attention boribde

slip phenomenon of the rebar inside concrete was conduct&sgsyrom (199

2.3.1 Bending Tests on Tie Connections

Bending tests on the connection of PCFS have been conducEagbirém (199p
Rosenthal (1978 and Gustavsson (1974 The scope ofhese studies has been to
obtain the adequate floor integrity by means of connection between the concrete
floor slabs, deformation capacity and anchorage capacity of the tie connection
respectively. Inall of the mentioned experiments the PCFS units restedhree
beams and the middle one (under the connection) was raised in order to apply
bendi ng t o t heFigsre2a8p Although the moendaryi conditior(s of
these experiments were ndiaghful representation of theeal PCFS flodng system
(because there was no consideration of axial restr#iety, results shed some light

on the behaviour of tie connectmipetween PCFS, including:

1 Smooth tie bars magnablemore elongation in the connect®tut the bond
stressprovided by them id not give sufficient anchorage between concrete

and steel bay in comparison to ribbed bars
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1 Increasingthe tie bar dimension increagethe bending resistance of the
connectionalthough a balance should be struck between concretstaabd
tensile strength

1 Due to pure bending action in these tests, usdgging momentshetie bar
serval better if placed athe bottom of the section andnder hogging
moment at the topPlacing the tie bar at mildeight of the section would
providesome resistance under bendindpathdirections

1 Slabswere always separated first at one of the transverse joint interfaces.
Oncethe transverse joirwas crackedthe tensile strengtivas carried by the
tie bar only.

1 The contribution of the tie bar thetransverse jointvas negligible.

1 If the tie barwas sufficiently long (usually defined a& ) the end hooks
were not strained.

1 Smooth tie barseven with end hookslid not provide sufficient bond with

concrete.

However the lack of consideration of akirestraints and the different boundary
condition of the other far ends of the slabs from the real structure conidittbe
aforementioned experimentseglected the effect of arching action prior to the
catenary stage. Also as the slabs can move freelyooth far ends (from the
connectionin the lack of axial restraipthe catenary action behaviour of these tests
may not illustrate behaviour close to what may happen in real floor slabs; as

adequate tension was not applied on the tie connectingathesits.
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Figure 2-8: Lifting tests on the connection between PCFS&ngstrom, 1993

In the bending tests dngstrom(1992 the type, dimension and position of the tie
bars were studied. The present stuelyll broaden thescope of investigation by
including the following additiongbarameters: grouting concrete strength, span and
depth of the slabs, and tie bar leng#liso the effect of yield stress and ultimate

strain of the tie bawill be individually studied.

2.3.2 Formulation of Tie Behaviour in Bending

Engstrom (199Pseems to be the only onehltavemade an attemipto formulate the
requirement ortie connection between PCFS in the case of column losgsas
assumed that after column loss, slabs are suspended by ties from both ends and that

theelongations (w) of all of the ties wettee same at all tinsgFigure 2-9).
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Figure 2-9: Pure suspension mode of action in a precast floor after loss of an interior column
(Engstrém, 1992
For this formulation the following parameters were defined:
Q: total loadof each floor element applied at the centre of the element;
N: tensile force of the tie bar;
a: maximum vertical displacement of the connection

aqz vertical displacement of the drivingrte(Q), ® -

w: elongation (displacement) of the tie bar
I: length of the slab

For one slab, the deformed geometry yields:

o, Equation2-4

Neglecting the quadtic terms ofw, the vertical displacement of the driving force

can be written as:

Voa 0 Equation2-5

C
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The equilibriumof moments gives

Equation2-6

C
N Q-

The ultimate strengthand elongation of the ties aidn.x and wmax respectively.

Therefore, thenaximum vertical resistanc@®yay for the connection is defined as:

Equdion 2-7

The above procedure suffers from the following drawbacks:

1 While the slabs are assumed to be completely suspended, the expected
behaviour fromthe side tie bars would be dowel action rather tbatenary
(capturing the tensile force).

1 Even if the two sides of the slabs were provided with vertical restraint so that
the ties would only carry tensile forces, the assumption that all three would
haveequal elongationshould have been substantiated.

1 The above arrangement of ties neglects slab connectiith walls and

beams e.g. at the edge of the structure

In the case of loss of a column, as long as the slabs have adaxjahteertical and
rotationalrestrain at both far ends from the lost cohn, the connection between the
PCFSs can undergo a large vertical displacerftemt Figure2-10). Hence it is the

ti e bar 0s(e pdalzed gmtha aommection zone that may provide the
required integrity of the floor dtes, provided that there is enough bond between the

tie bar and surrounding concrete
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PCFS Axial and Vertical Restraints

‘:
- — ,1/ A /44

Tie Bar

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

The current tie connectioregulation recommends a tie force derived based on
equilibrium of slab forces in the catenary action st@geshown in sectio.1.]);
however, it neglects the fact that it is the ductility of the tie bar which dictates the
extent of the catenary action developmérigure 2-10). The present study will
demonstrate that a tie connection designed based on current regulations may fail.

Importantly, this study will show how to achieve robustness of PSyE@&m.

Based on the conducted literature sury@gsented aboyethe necessity of an
investigation on effectiveness of the tie connecit®@apparentSuch investigation
should particularly concentrate on parameters that affect the behaviour of the tie
connection in the catenary actistage because it isonsidered the dominant
mechanismunder thecolumnlossscenarigElliot, 2002).

2.4 Construction Technology of PCFS

To understand the behaviour of the PCFS better, it is necessaxamoinethe
differentcomponents of this structural element. This can be achievedrsydering

the design and manufaeing process of precast concrete members.
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2.4.1 Design of PCFS
PCFSs are designed mostly as simply supportedyayespanning unitsThe main
failure modedor PCFSs ar¢Elliot, 2002):

1 Flexural capacity

1 Shear capacity
Other design considerations are:

9 Deflections limit
1 Bearing capacity

1 Handling restrictions (usually imposed by manufacturer)

2.4.1.1 Flexural capaaty

The fexural capacity ofa PCFS ischeckedin serviceability limit state (SLS) and
ultimate limit state (ULSHesigns When using design factors of 1.35 for permanent
and 1.5 for variable load, the SL&esign checkis usually the critical loading
condtion (Elliot, 2002.

2.4.1.1.1 Serviceability limit state (SLS)
The serviceability limit state of flexure @alculated based on lesser of the following

two relationships Equation2-8 andEquation2-9):

i) "0 1@ LO & Equation2-8

0 N MR W Equation2-9

Where:Z, andZ; are the section modulus to the bottom and top fibre respectiygely.
is the cule compressive strength of concrete. Aipdandf,. are the maximum fibre

stress in the bottom and top of the section respy, and defined as:
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. - P Q Equation2-10
Q =~ o
'3 O
- x P Q Equation2-11
Q = o
'S O
in which

The final prestressing forc®q is the product othe effective prestress ithetendon

after all lossesff) and the cross sectional areatbé prestressing strand#\f):

U Q0
€. eccentricity of the prestressing strand

andA is the total cross sectional arealod precast member

2.4.1.1.2 Ultimate limit state of flexure

The ULS flexure resistance can be calculated based on the following r&fgion

(Elliot, 2002):

0 MO Q M ® Equation2-12

in which:

Myr: is the slab ultimate bending moment resistance

fob: is the design tensile stresstietendons

Aps is thetotal cross sectional are&the tendons per unit area of slab
d: is the effective depth of the precast concrete cross section

andX is the depth o€oncrete in compressiaalculated by equating the tensile force

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

Unlike the bending resistance, shear capacity is only considered at the ultimate state.
The shear capacity is calculated for a crackég) (and uncracked\t,) section
separately. Obviously the shear capacity of the uncracked section itharoteat of

cracked, as the whole section contributeesisting the shear forces.
Theshear capacity aincracked®CFS is given by the following relationship:
, ) Equation2-13
& T 0 TEQ q

where

N ™ TQ

fep IS the compressive stress at centre axis resulting from prestress after all losses
y°:is thedistance from section centroid to total area (A) centroid

by :is theweb width

The sheacapacity inthe cracked region of concrete is given by:

Q .
P T by LD Equation2-14

0
P 0

in whichv. is a factor obtained from B310, Part 1, Table 3.9
andfy, is the ultimate strength die prestressing strands.

Most PCFSs are manufactured with predefined standard specifications, and their
load carrying capadés are reportedby the manufacturingompaniesgiving load

span talds An example is shown ifable2-3.
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Table 2-3: Load/Span Table(Bison, 2012

Overall | Spans indicated below allow for characteristic service load (live loaq

structural plus selfweight plus 1.5 kN/rhfor finishes
depth Characteristic service loa@N/m°)
075 |15 |2 |25 |3 | 4 |5 |10 |15

Effective span (m)

150 7.5 7.5 7.5 7.3 6.8 6.4 5.6 5 3.2

200 825 | 825 | 8.1 7.9 7.7 7.4 6.9 5.8 4.6

250 104 | 9.9 9.7 9.4 9.2 8.8 8.1 6.9 53

300 11.7 | 112 | 109 | 106 | 104 | 9.9 9.5 7.8 6.8

350 145 14 13.7 | 185 | 13.2 | 12.7 | 123 | 107 8.8

400 16 155 | 152 | 149 | 146 | 141 | 13.7 | 11.9 10

450 171 165 | 16.2 | 159 | 156 | 151 | 146 | 12.7 | 10.7

2.4.2 PCFS Manufacturing

The manufacturing process starts with cleaning the castingHogar€ 2-11). The
castingbed should have a smooth surface which is oiled to provide detachable
surface with concrete. For concrete curing purposes there are heating pipes under the
metal surface of the casting bed which itself lies on a concrete base and insulation
material. Thelength of the casting bed depends on several parameters such as
utilisation of the casting bed, production flexibility, available space in the factory,
and strand patterns. The common length for the beds is (R8inoll, 2019.

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

The next step is positioningnd pullingof the prestressing strands. This process is
done, by some manufacturers, with the same machine that cleans the bed. The
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strands are tensioned to thHesirable stress and anchored at the other end of the

casting bed.

The main stage of the manufacturing process is performed with a machine called
Aextruder 0. Extruders have different <cha
slab they produce, nurab of hollow cores, slab width, and concrete compaction
technol ogy. The concrete mix i1s usually
hoppero and tr ansf enove the extruder foraedithntteez z | e s

injection force Figure2-12).

Power unit

| / <«—— Concrete
g - hopper

) Nozzle
- - ~, module

Figure 2-12. Extruder Components (Elematic, 2014

Most manufacturers esa concrete mixture with a rather low water to cement ratio.
This dry mixture with intense concrete compaction allows the concrete mixture to
plasticise during a short time and form and mould while the extruder passes on the
casting bed. After the conceeis cured, slabs are ready to be sawed into the required

lengths.

Machines designed for sawing the PCFS use diamond blades with different
diameters depending on the height of the slab. Based on the type of the cut required,
machines with suitable angle ebw are chosen. Cuts may be longitudinal or
transverse and each requitbe corresponding saw. There are also saws that can be

adjusted to any angle between 0 to 90 degiEgsie2-13).
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Figure 2-13: Different types of cut on PCFS(Spiroll, 2014)

Most of the transverse cuts are performedlevithe slab is on the casting bed,
providing slabssegmentavhich can be moved to the storage area. This allows the
casting beds to have a faster turnaround. Slabs are lifted usually from their side
grooves Figure 2-14). At the stock yard (storage area) other type of saws may be

used to give the slabs the required shape and size.

Figure 2-14: Slab lifting from its side grooves(Ultra-Span, 2012
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2.5 Providing Tying Resistance in Precast Concrete Floor
Slabs

This research focuses on thehaviour of precast concrete floor slabs supported by a
steel framelt is necessary to understand details of the structural components and
connectionghat are usetb achieve sufficientying resistanceequired for structural
robustness according torrent construction methods.

2.5.1 Precast Concrete Floor Slabs

Precast concrete floor slabs are prestressed units and are constructed in two main
categories: 1) solid elements (planks) or 2) with longitudinal hollow cores (HC). The
units usually have 1200 mmidth and can be up to 10 m Igngith different depths

(Way et al., 200y

2.5.1.1 Hollowcore floor units

The majority of the manufacturers produce units with dephging from 150 to
450 mm and a nominal width of 1200 mm. High tensile prestressing strands or wires
are used as the reinforoeent in hollowcore floor slabs, and there is no shear

reinforcement in them.

Figure 2-15: Hollowcore unit profile on steel structure(Hanson, 2014
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The edges of the hollowcore units are profi{sdear keypuch that it is possible to
grout the joint between two adjacent units to provide enough shear resistance
between them. The reinforcement for providihg tying resistance is located in this
grouted or concreted joint between the floor sl&ligure2-15).

2.5.1.2 Solid precast floor units

This kind of floor slab is used usually with structuraisitu concrete topping, and
their depth ranges from 75 mm to 100n. The prestressing reinforcement of solid
precast floor units is the same as for the hollo@canits. As there are no
hollowcores in this type of units their thickness is usually less than that of those with

hollowcores.

2.5.2 Connections of precast concrete floor slabs

Apart from the tie force that was discussed in sec#dhl.l other regulations
observe the placement of the tie bar in between the slabs for thoseftgpreictures
that require tying. Tie bars are normally placed in between the units and in the
hollowcores For the latterthe top flange of the PCFS iremoved and the core is

filled with in situ concreteRigure2-16).

A

h/2

\
Normal limits to ]
placing of tie bar

</>1
| |

Figure 2-16. Placement of tie bar in hollowcores (CCIP030)

Placement of tie batbetweenunits depends on the position of thewgjing keys on
side of the PCFSas shown inFigure 2-17. Other arrangements of tie bar are

50



possible for connection of PCFS to supporting walls and helamgheyare out of

thescope of the present study.

() (b)

Figure 2-17: Placement of tie bar in between units (CCIF030)

2.6 Bond-Slip

As explained in the preceding section, in precast concrete floor systems, tying
resisance is provided by the reinforcement between the floor units. It is therefore
important that this means of resistance is reliably quantified.

The tying resistance critically depends on the bslijg behaviour between the
reinforcement and the concretehig behaviour is complex due tbe nature of
concreteand other factors such asndomness of the size, shape and texture of the
aggregates, and chemical and physical adhesion bettheereinforcement and
concrete. Many research studies have been déviteths subject; examples
including (Naaman and Najm, 1931 (Lahnert et al., 1986 (Edwards and
Yannopoulos, 1979 (Huang et al., 196), (Engstrom et al., 1998 (Mazzarolo et

al., 2012.

Depending on the length of the reinforcement, there are two generic modes -of bond
slip behaviour: tie bar puthut (anchorage failuren the case of short tie bar and tie
bar yield in the case of long tie bdihere have been peout tests conducted on the
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