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ABSTRACT

This paperproposesa new desigioriented methodology for progressive collapse assessmépbof
systemswithin multi-storey buildingssubject to impact from an above failed flodihe conceptual
basis of the proposed framework is that #idity of the lowerfloor for arresting the falling floor
depends orthe amount of kinetic energy transmitted from theerpfloor during impactThree
principal independent stages are esgpd in the proposedamework, including(a) determination of

the nonlinear static response of the impacted floor sygt®rmynamic assessment usingienplified
energy balancapproat, and(c) ductility assessment at the maximum level of dynamic deformation
attained upon impactn order to calibrate the proposetethod the part of the kinetic energy of the
impacting floor that is transferred to the impacted floor is first theotkgtidatermined for the two
extreme impact possibilities, namefylly rigid and fully plastic impact. Moreover,a series of
numerical studies is carried otd further refine the accuracy tfis new approach with respect to
different impact scenarios, Wi the effects of detailed joint modelling and redundancy are also
investigated. e applicéion of the proposednethoalogy is demonstratethy means of a case study,
which considersthe impact response of a floor plate witha typical multi-storey steetframed
composite buildingSeveral possibilities regarding the location of the impacted floor plate, the nature
of the impact event and the intensity of the gravity loads carried by the falling floor are examined. The
applicationstudy illustrategshe extemely onerous conditions imposedtbe impacted floor resulting

in an increased vulnerability to progressive collafse structures of this type. Importantly, the
likelihood of shear failure modef addition to inadequate ductility supply under comHdine
bending/axial actions identified, thusestablishinghe need for further research work on the dynamic

shear capacity of various connection types subject to extreme events.
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1. Introduction

Sudden column loss ifié¢ most common direct desigmethodrecommendedor progresse
collapse mitigation bycurrentdesigncodes andyuideline§™. According to this approach,

also referred to ahe alternate load pathmethod the potential for progressive collapsay

be diminishedby designing the structure such that it can bridge across the local failure zone
resulting from instantaneous removal of a primary vertical support mekdbace, structural
robustness is dactly related tathe ability of the structurt redistribute the loadsnd remain
stablefollowing this extreme event he limit state that is considerad association with this
design scenario is failure of the figer above the removed colufif. Nonetheless no
matter how unlikely this seems in view of thgnificantkinetic energy acquiredy ore or

more falling floorsfollowing failure, it is still possibleunder specific circumstancésr the

lower part of the structure to arrest impact and @néyprogressive collapse. The factors that
mainly influencethis possibility include: ithe number of failed floors above the level under
considerationii) the reduction in kinetic energy through energy absorption within the failed
floors as well as engy loss upon imact and iii) the ability of the lowerstructuralfloor
systemto sustain the additional load from debris, accounting for the associated dynamic

effects.

Detailed modelling of the impact of an upper floor onto the floor below is feasiblg us
current sophisticated nonlinear dynamic analysis software. Yet the computational effort in the
case of large and complex structural systems can be excessive, especially if a detailed model
of the whole structure is considerédoreover, such analysigequires structural engineers

with considerable expertise in nonlinear structural dynamics. Due to these limjteataiked

impact modelling is not practical for design applications. On the other hand, design
approaches based on oversimplified assumgptame not deemed satisfactory either because,
even if they err on the conservative side, they may produce unrealistic results. tHerees

an evident need for simple, yet sufficiently accurate methodologies that can be used to
establish whether the stigth, ductility supply and energy absorption capacity of the lower
impacted floor are adequate to withstand the imposed dynamic loads from the falling floor(s).
In this respect, Kaewkulchai and Williamson recently extended the beam element formulation
and solution procedurehey previouslydeveloped for progressive collapse analysis of plane
frame&? to account for the impact of failed members on the structural componentd®below

This work was restricted to plane frames and considered ma$tic impat scenarios, in



which the impacting and impacted beams are assumed to move at the same velocity after

instantaneous impact.

In recognitionof both the complexity of the problem in hand and the scarcity of relevant
design tools, this paper describes a frammd for simplified progressive collapse assessment
of floor systems subject to impact froome uppeffailed floor, though the proposed method
can be generalised to deal with the initial failure of mtv@n one floor. Similar to the
assessment procedudeveloped by lzzuddiret al. for multi-storey buildings involved in
sudden column loss design scendrfdsthe proposed approach uses the nonlinear static
response of the impacted floor along with an enebglanceapproach to estimate the
maximum dynana deformation demands without the need for detailed nonlinear dynamic
analysis. Focussing on stédeimed buildings with partiadtrength joints, the overall ability of

the floor system to arrest thmpact of the abovdloor, and thus toprevent progressie
collapse, is determined through comparison between the ductility demands induced by the

impact and the ductility capacities of the jointhin the affected floor.

Since the ability of the lower floor to sustain impact is direlitliged to its energyabsorption
characteristics, the part of the kinetic energy of the impacting floor that is transferred to the
impacted floor is theoretically calculated prior to presentation of the method. The calculation
is carried out with reference to a simyglypportedoeam subject to the two extreme impact
scenarios, namely flly rigid and afully plastic impact. Building on the outcome of this
calculation, the proposed method is calibrated against the results of several numerical studies,
in which various ratios ofthe mass of the impacting to the impacted floor are taken into
account, and the effects of detailed joint modelling as well as redundancy are investigated in

some detail for bdt the plastic and rigid impact possibilities

The application of the proposegmoach to stedtamed composite structures with partial
strength joints is demonstrated by means of a case study which considers the impact response
of a floor plate within a typical sevestorey steeframed composite office building. Several
possibilies with respect to the location of the impacted floor plate, the nature of the impact
event and the intensity of the gravity loads carried by the falling floor are exantirnied.
concludedhat such structuremre susceptibléo progressive collapse irdted by impact of a

failed floor, mainly due to insufficient ductility supply under combined bending and axial
deformation modes. Moreover, the development of shear failure modes is identified, thus

further increasing the observed vulnerabilitiythe stalied floor systemSince these shear



modes of failure are expected to be even more pronounced when the actual dynamic rather
than the static response of the impacted floor is considered, the need for further research work
focussing on the shear capacityaotariety of connection types subject to extreme events is
establishedFinally, practical design recommendations that can improve the impact response
of floor systems exposed to impact from the floor above are made.

2. Theoretical Calculation of Energy Transfer due to Impact

In general, whea moving body impacts another body at restrt of the kinetic energy of the
impacting body is dissipated on impaahother part is retained by the impacting bosdlyile

the rest is imparted to the impacted body. Reitg impact, the two bodies move with
velocities which are different from their initial velocities such that the total momentum of the
system remains constafthe two extreme possibilities with regard to an impact problem are

a fully plastic ad a fully igid impact'?. The main feature of a fully plastic impact is that the

two bodies attach to each other after thiéial collision, and part of the original kinetic
energy is lost. The principle of conservation of momentum can be employed to calculate the
percentage of the kinetic energy that is transferred to the impacted body. On the other hand,
the problem of a fully rigid impact is somewhat more complicatedn impact is a result of

free fall under the action of gravity, since this scenamilves several bounce of the
impacting on the impacted bodgading to energy transfers at various discrete points in time
Importantly, n a fully rigid impact both the principles of conservation of momentum and
conservation of energy apply. A theoretical cition of the energy transfer during the two
limiting impact scenarios is presenteelxt with reference to the impact response of a simply
supported beam. The calculation is based on the assumption of a kinematically admissible
velocity field for the postmpact motion of the two colliding beams. The shape of this field in
each case is determined from the assumed static collapse Ptofiteere consideration is

given to a basic triangular failure mode.

2.1. Fully Plastic Impact

To determine the energy transtbat takes place in a fully plastic impact, a siripported

beam of spar is considered under impaby another beam of the same span falling from
heighth and travelling with initial velocity; just before impactThe uniformly distributed
masses bthe impacting and impacted beams areand mp, respectivelyBy equating the

total potential energy of the upper beam to the kinetic energy acquired at the time it reaches

the beam below, it can be easily shown thas given by:



vi=42gh 1)

If a triangular rigidplastic failure mechanism is assumed for the two combined beams after
impact,the single triangular velocity field of Fig. 1 can be considered for both bé&umasio
symmetry about the midspan, it is only necessary toidenshe portion & x ¢ L/2 of the

two beams (Figl).
Conservation of angular momentum of one half of the two beams about the support requires
that:
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in which, as illustrated in Figl, v is the joint velocity of the twdeams after impact.
Assuming that the two beams have the same size and carry equal gravity loads; ne.=

m, and solving fovm. we obtaift?:
3
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The relative energy transf&rduring impact, expressed as the ratiahaf kinetic energe, of
the two combined beams immediately after impact to the kinetic eBgrgfythe upper beam

immediately before impactesults from
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Using againm, = mp, = m and substituting Eq. 3) into Eq. @), the resulting relative energy
transfer isE = 37.5%. Accordingly, the dissipated energy in a fully plastic impact of two
identical beams is equal to 62.5% of the initial kinetic energy of the impacting pearided

the assumed triangular velocity field gsza good approximation of the actiedponse.



2.2. Fully Rigid Impact

The main difference between a fully plastic and a fully rigid impact is that there is no energy
dissipation in the latter case. Moreover, the two colliding beams do not remain in comtact af
impact but deform individuallyhencetwo independent velocity fields, one for each beam,
need to be assumed. The same assumptions as before regarding the properties of the two
beams are also made in the fully rigid impact case. It is notedthathe energy transfer
associated with the first rebound of the falling beam on the impacted bedtaisedherein.

It is anticipated that the actual part of the initial kinetic energy transferred to the lower beam
at the end of the impact event will be telaly higher due to the subsequent bounces that will

occur.

Consideringthe rebound velocities of the upper beam following impact, the velocity at the
midspan will not generally be equal to the velocity at the two supports. Therefore, assuming
that the inpacted beam will deform in a triangular mode, the transverse velocitys field
illustrated in Fig.2 may be considered for the two beams. It is noted that, similar to the

previous caseynly the portion 0¢ x ¢ L/2 of the two beams isonsiderediue to symmizy.

Applying again conservation of angular momentum about the support to the right half of the

two colliding beams we obtain:
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in which, as shown in Fi@, vin, andv;s are the rebound velocities of the upper beam at the
midspan and the supports, respectivelyjs the velocity of the lower beam at the midspan,
andv; is the uniform velocity of the falling beam immediately before impact given bylq. (
To ensure that the exchange of momentum is compressive along thedoll lengthym,
should be always positive. Furthermore, the physical constraimsi v, andvis 2 0 should

be observedf.

Taking two identical beams into account and performing the integrations5Egarf be

rewritten in the following form:

3\/ 20h=2vy -2vim wis (6)
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In addition to conservation of momentum, the kinetic energy immediately before and after

impactshouldalsobe conserved in a fully rigid impact:
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Based on Eqgs.6] and @), it is clearthat the postmpact velocity fields are not uniquely
defined using conservation of energy and momentum in the fully rigid impact Yege.
solving the system of Eqs5)(and @) we can obtain thgelocitiesvy, and vy, at the midspan
of the two beams as functions of the initial storey helighihd the rebound velocitys at the

two ends of the upper beam:
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Consideringa typical stoey height of 4m and using the velocities of E@.anhd (0), we can
determine the part of kinetic energy that is imparted to the impacted beam in a fully rigid
impact for several values of the rebound velogity(Tablel). It should be noted that the limit
value ofv,s is governed by the constraint, 2 7 v, which forh = 4m yieldsv,s = 12.97m/s.

As shown inTable 1, the relative energy transfé& associated with a fully rigid impact
scenario can gatly vary between 41% and 98%, depending/gnalthough itis generally

greater than 70%.

3. ProposedProgressive Collapse Assessment Methodology

When a floor fails and falls onto the floor below, the impulse transmitted to the lower system
results in thedevelopment ofconsiderableductility demands that, for the very common
structural class of steélamed buildings with partiedtrength joints, mainly affect the support

joint regions within the impacted flob?. The magnitudeof these demands, whichear
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generally significantly higher than those associated with a sudden column loss §cényio

is attributed to thesignificant amount of kinetic energy acquired by the upper floor
immediately prior to impact. Depending on the particular charactsrisfithe impact event,

the theoretical calculation discussed in the previous section has shown that the percentage of
the imparted energy can vary from approximately 40% to nearly 100% of the initial energy
for fully plastic and fully rigid impact scenas, respectively. As a consequence, the vertical
impact of the upper floor onto the lower floor applies massive vertical dynamic loads on the
underlying floor system, greatly challenging its dynamic load carrying and deformation
capacities. The situatioran become even more untenable if multiple floors rather than a
single floor fail and crash on the structure below, or if the falling floor disintegrates
completely prior to impact retaining no residual strength and/or spanning capability.

A simplified assesment framework is described in this section that can be used in association
with floor impact scenarios to evaluate the potential of the lower impacted floor for arresting
the falling floor and, thus, preventing progressive collapse. Due to the siedarftthe two
problems, the proposed methodology lasgely based on the corresponding framework
developed by Izzuddiat al®® for assessing the consequences of sudden column reroval.
this respectthe ability of a floor system subject to failuredasubsequent impact of the floor
above to withstand the imposed loads and prevent progressive collapse is assessed by
employing threendependent stagesamely i) determination of the nonlinear static response,

i) simplified dynamic assessmerand ii) ductility assessmentwhich are discussed in detail

hereafter

Knowledge of the nonlinear static response of timpacted floor constitutethe main
platform for assessment. Depending on the required level of sophistication and the availability
of analyical tools, the static floor response can be established using either detailed or
simplified modelling techniqueshe relativebenefits ofwhich are discussedisewheré>"*3,
Upon establishment of the nonlinear static response, the axes of theestadiosd>-us curve

are shifted to account for the initial deformatiarighe lower floor due to the original gravity
loads before impadfFig. 3). Thus, the resultar®-u's curve is used in the following dynamic
assessment stage of the proposed proeedudetermine the ductility demands induced to the

floor components as a result of the collision of the upper floor.

It is furtherassumed that the dynamic effects associated with floor impact can be reasonably

reproduced by considering the gravity loadrreed by the upper floor to be applied



instantaneously on the lower fldéb¥. Hence, an energy equilibrium approach is employed to
estimate the maximum dynamic deformation demands imposed on the lower impacted floor,
thus avoiding the performance of comgtionally demanding nonlinear dynamic analysis.
According to this approach, the point sthtionaryequilibrium following impact is reached

when the difference between the strain energy absorbed by the impacted floor system, as it
deforms downwards, arttie work done by the upper floor gravity load, effectively applied as

a step load, becomes equal to the part of the original kinetic energy that is imparted to the
lower floor in line with the assumed impact scenario. It is noted thigt approach
presuppses that a single mode of deformation will dominate the floor response following
impact. In this case, the actual load distribution on the impacted floor components does not
affect the incremental energy absorption capacity of the floor, especiallyefonagnitude of
deformations that are expected to develop due to ifMpadt

Application of the energy equilibrium approach is illustrated in Fggs.and3b for two
distinct impact scenarios related to two different levels of gravity loading sustiayndte

upper floor prior to failure. It is noted that the original static respdhse curve, which
includes the effect of the gravity loads carried by the lower floor system before impact, is also
shown. With reference to the shifted static respd?isés curve, the first level of impact
loading isP' = 0.50P, andcorrespondso the case that the falling floor carries one half of the
gravity loads of the lower floor, while in the second cBse 1.00P, (i.e. the two floors are
assumed to originally cgy equal gravity loads). The maximum dynamic displacemeats
andu'y, in each case are attained when the difference between the work performed by the
instantaneously applied gravity loadirfgrea under the step load curnend the energy
dissipated nternally (area under the shifted nonlinear static loleflection curvg becomes

equal tothe kineticenergy transfeed according tathe specificlevel of impact loading rad
assumegblastic/rigidimpact scenarigarea with verticahatching) In the geneal case that the

level of the suddenly applied gravity loading that is imparted from the impacting flB@ris

an Po, theexternal workW, done by this loading up to a dynamic displacement can be

obtained from:

Win = Uah BU d,h (112)

Furthermore, the strain energyy, absorbed by the impacted floor following impagigiven

by:
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It is noted thatJin Egs. (L1) and (L2) is a non-dimensional weighting factor which depends
on the assumed gravity load distition on the floor componeit§*3,

Finally, the amount of energy transf&,; during impact corresponding to thepact
loadingP', and impact scenariocan beobtainedfrom:

Etni=%@en Bh (13

whered; is anondimensionakeducton factor related to the percentage of the initial kinetic
energy of the impacting floor that is imparted to the impacted floor in line with the anticipated

impact characteristics, amds the original storey height.
Hence, setting the different#, 7 W, equal toEr i and solving fol?, = |, By we obtain:
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Providing the main features of the impact event and the resulting energy transfer from the
upper to the lower floor can be predicted with reasonable accuracyl&andy be used to
determine the levedf the suddenly applied gravity loadirig), that results in a particular
maximum dynamic displacementy, of the impacted floor system. Besides, similar to the
case of structural systems subject to sudden column loss scEfidtiothe overall maximam
nonlinear impact response of the floor system under consideration may be expressed in terms
of a P-uq curve, which, as illustrated in Fi@c, can be created by plotting the suddenly
applied gravity loading®,, at each load leveal versus the correspding maximum dynamic
displacementl'y,. To distinguish this response from the psegthtic response defineslith
reference tdnstantaneous column remoWaf, the termmodified pseudstatic responsés

used in the current contesince it also amunts for the additional energy introduced into the
system due to impact. Thus, based on the magnitude of the gravity loads sustained by the
upper floor before failure, taken as a proportion of the initial lower floor Idddshe
maximum dynamic defornten of the impacted floor system can be obtained directly from

the modified pseudstatic response.
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In order to facilitate the procedyra simple algorithntcan bedevised to obtain the modified
pseudestatic respons€-u'y curve when the shifted nonliae static responsé-u's curve of

the floor system as well as the energy trantdetorg associated with the assumed impact
scenario are known. Also, the maximum dynamic displacement resulting arspecific
instantaneously applied impact loadiag®, can be established notation consistent with

Fig. 3 is used withP' m\, representing th instantaneously applied gravity loagn Po, P'dmn
denoting the amplified static loa@h mn Po,, andm and n indicating the start and end of the
current increment, respectively. Hence, the required steps for obtaining the modified- pseudo

static resposeP'-u'y curve areas follows

1. Initialise:Pgm=Pmn=0,Ugm=0,A'y = 0;

choose a small displacement incremgniy

Set:U'gn=Ugm+ P
3. DeterminePy, corresponding to'y, from shifted static respong&-u's curve
obtain current area undtheP-u'scurve:A'n=A'm+ (Pam+ Pan) W2

4. Determine the current modified pseuskatic load?',, = UA'/(Uu'qn+ 3 h);

establish new pointP,, u'q) on modified pseudatatic response'-u'y curve

5. If Ph<aP, ¢ P, obtain and outpudynamic displacementy corresponding te-Po:
Ug=Ugm+ UgnT Ugm @PoT Pm)/(Pni Py)
6. If more points are required for modified psetatatic response curve:

updateP gm=Pan Pm=Phn, Udm=Udn A'm=A'n,
repeat from step 2.

According to the last stage of the proposed assessment methodology, the dynamic
deformation demand established from the modified psetatic response for the assumed
impact scenario can be translated into ductility demands on the various floor components.
These can subsequently be compared to the available ductility supply of the components to
assess the overall ability of the lower floor to withstand impact and prevent progressive
collapse. With particular reference to stfraimed building with partialstrength jointsthe

floor limit state is associated with failure of a single joint, which is assumed to occur when the
ductility demand exceeds the ductility capacity in one or more of the joint comp6flents
However, this approach may be unrealisticainerous for floor systems in which there is
sufficient residual redundancy and ductility following failure of a relatively-doctile joint

detail. In such cases, the failed joint along with the connected floor component should be
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disregarded and theisceptibility of the remaining floor system to progressive collapse due to

impact of the floor above should beeealuatetf!.

As a general remark on its applicability, it is evident that the proposed simplified assessment
framework presents several adiages, since it explicitly accounts for the nonlinearity of
floor response upon impact, while it also facilitates the use of both simplified and detailed
modelling techniques. Furthermore, it takes the dynamic nature of the impact event into
account, withat resorting to computationally demanding detailed nonlinear dynamic
analysis, through an energy balance approach

4. Calibration of the Proposed Methodology

The accuracy of thassessmentnethoalogy presented in the previous secti@ndirectly
dependent othe accurate prediction of the amount of energy transfer that takes place during
impact. In this respect, a series of numerical studies is carriedthevatfterin order to
calibrate the proposed method with respect to different impact scenboiosvegigate the
relationship between thgravity loads carried by the two floors and the amounerwgy
imparted to the lower flogvarious ratios of the mass of the impacting to the impacted floor
are taken into account, whilst the effects of detailed jmotlelling and redundancy are also

examined in some detail.

4.1. Plastic Impact Case

Based on the theoretical calculation of Section 2, the percentage of energy transfer during a
fully plastic impact of two identical floor beams is approximately 40% of thetikiemergy
acquired by the falling beam immediately before impact.védfy this value, the impact
response of avo-dimensionalfinite element floor beam modaelith partiatstrength support
joints is considered. The developed maqdelhich accounts for genetric and material
nonlinearity, consists of an -bection steel beam(flanges 210.0x17.2mM weh
515.6x11.1mM) wi t h Y o u &g @x1@Ndnu yield strengthl, = 235N/mnd,

and 1% strairhardening factorRegarding joint modellinga simplified approach is adopted
with the support joints represented by spring elements that exhibit uncoupled eafatly
plastic axial and rotational responsébe flexuralstiffness and strength of the support joints
are taken asBly/L and 30%M,, wherel, and M, are the second moment of area e
plasticmoment capacity of the beatmosssection respectivelyandL is the span of the floor
beam. It is noted thahe axial restraint at the beam ends from the neighbouring structural

members is ignoreth this specific calibration stufly.
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In order to investigate the effect of the relative intensity of the gravity loads carried by the two
floors on the impact responsea further mass ratios equalta/m, = 0.5 andm/m; = 2.0 in
addition tomy/mp = 1.0 are taken into account, thus corresponding to the cases where the
loads of the upper beam are half and double the loads of the lower beam, respectively. Finally,
two bean spans equal th = 8m andL = 20m and an initial storey height = 4m are
considered

To establishthe maximum dynamic response, the model is first considered with detailed
nonlinear dynamic analysis usirthe nonlinear structural analysis progra&BAPTICM,
where plastic impact is represented by the application of a uniform initial velocity on the
beam calculated from conservation of linear momenkama series of infinitesimal masses
Hence,the common posimpact velocityv, of the two beams in tersnof their respective
uniformly distributed massesy and n, and the velocity; (Eqg. (1)) of the falling beam
immediately before impact is given by:

Ve=—M (15)
mt mp

which formy/m, = 0.5, 1.0 and 2.Qields2.95m/s, 4.43m/s and 5.91nmy¥sspectivelyTable?2
summarizes the maximum midspan deflectitdmax attained by the two combined beams
following impact for the various modelling assumptions with regard to the mass ratio and
beam span. As expectadymax increases with increasing gravity loads of the falling bdam.

this respectwhen the upper beam carries double the loads of the lower beam, the resulting
maximum dynamic displacements corresponding to bpHnsare unrealistically large, and

thus unlikelyto be sustained.

In line with the proposed assessment methodology, static analysis of the beam model is also
performed under proportionally variedniformly distributed load (UDL)to obtain its
nonlinearstatic response-us curve, which is subsequentlyoaified to a shifted®-u's curve

by excluding the effect of the original gravity loads. Hence, the strain ehgrdigsipated
internally as the impacted beam deforms towards its maximum deformation can be
determined from the area under fleu’s curve p to the corresponding displacemehtmax
obtained from dynamic analysis. Moreover, the wéfldone by the instantly applied impact
loadingup to the same displacement can &lsaalculated and subtracted fraito estimate

the amount of energy tramsfEr during impact. Since the beam is assumed to sustain a UDL

13



and deform according to a triangular mode, the weighting fattsied in Eqgs.1(1) and (L2)

for calculatingW andU' is taken as 0'8%*3, The resulting)', W andEr values argivenin

Table3, where the energy transfer in each case is also expressed as a percentage of the kinetic
energy Ex of the falling beam immediately before impact. It can be seen that, when-an 8m
long beam is considered, the amo&ntof the energy imparted to the lower beam varies from
25.5% to 48.1% of the original kinetic enerfgy as the mass ratio increasesnfr0.5 to 2.0.

The corresponding range Bf/Ex for L = 20m is similar to that foL = 8m, varying from

26.1% to 51.4%.

The accuracy of the results presented ab@vdurther scrutinized by using a more
sophisticated floor beam model which allows for conmgoaction as well as interaction
between bending and axial actions within the support joirite.developed finite element
mode] which is similar to that shown in Fig. 3 of [fjas a span of 10m. The steel beam
employsan Fshape UC356x368x153 sectioittwmaterial propertiegs = 210x1GN/mnf, Oy

= 355N/mn?, and 1% straihardening factorThe concrete 6fl anged i s
with a dovetail profile and has an effective width of 3000mm and a total depth of 70mm that
only accounts for the concrete above the slab ribs, smeegibs runperpendicular to the
beam. The material properties &g, = 27.3x10°N/mnt andf,. = 30N/mn¥ for the concrete,

and Es = 200x10°N/mn, 8s, = 460N/mn? and 1% straishardening factor for the rebars. A

2% reinforcement ratio uniformly distributed along theaim and full shear connection are
also assumedVith regard tathe support jointsa mechanical modeadimilar to thatshown in

Fig. 6b of [7], which represerg a major axis partiatiepth flexible eneplate beanrto-column

joint, is employed at the two beasupport§ ™. Finally, no axial restraint from the adjacent

structural members is taken into account.

The original UDL carried by the lower floor beam is taken as3KM¥m. This value
corresponds to kvel of service loads at the time of floor impasken as DL + 0.25 It
where DL and IL are the dead and imposed loads acting on the floor platenfactbred
dead and imposed floor loads equal to 4.2kiNamd 5.0kN/m, respectivel}*. Moreover,
similar to the previous simplified model, threeioatof the mass of the impacting to the
impacted beam equal to 0.5, 1.0 and 2.0aame@unted farAgain, dynamic analysis is first
performed to determine the maximum dynamic deformatigmax of the two combined
beams following plastic impact of the wgpbeam. The resulting midspan deflections range
from 142.1mm formmy/m, = 0.5 to 947.7mm fomy/m, = 2.0. The nonlinear static response of

the composite beam is subsequently established and shifted accordingly, and thus the internal
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strain energyU' and tle external workW corresponding to the maximum dynamic
displacement in each case can be calculated. As demonstraiedblen4, the amount of
energy transfeEr associated with the three assumed mass ratios is in excellent agteem
with the results obtained from the simplified beam modeb(e 3), varying from 25.7% to
50.0% of the kinetic enerdsik acquired by the falling beam immediately before impact. It is
noted that a weighting factdf= 0.5 is agin utilized for the energy calculations in line with

the assumed UDL distribution on the beam and a triangular deformatiof®fridtievhile Ex

is determined based on an initial storey height of 4m. In view of the results of the simplified
and the detéeéd beam models, it can be concluded that the energy transfer between two floor
beams that collide in a plastic manner is relatively unaffected by the presence of composite
action as well as by the level of sophistication adopted in modelling the jomtibah

To investigate the possible effects of redundancy on the impact response of two floor systems
involved in a plastic impact scenario, a grillage floor system is now considered. As shown in
the plan view of Fig4, the member sizes of the floor commgmits are UB406x140x%39 and
UB305x102x25 for the primary and the secondary beams, respectively, while the material
properties areEs = 210x16N/mn?, G, = 358N/mnt, and 1% straithardening factor
Furthermore, simple connection details with uncoupled axial and moment actions are assumed

for the support joints of all membérs,

The same three cases as in the previousdimensional beam models are akaken into
account for the grillage system with respect to the relative magnitude of the gravity loads
sustained by the two impacting floors. The intensity of the UDL on the secondary beams of
the lower grillage prior tampact is assumed equal to NIm. It is noted thathis relatively

low value has been deliberately selected to facilitate the performance of dynamic analysis,
since even under these very light loads the impacted system exhibits very large deformations.
To simulate plastic impact, all @@ndary beams are subjected to a uniform initial velocity
field determined from conservation of linear momentum as explained above. The maximum
deflections at the midspan of the primary beam obtained from dynamic analysis are 444.7mm,
764.4mm and 1138.6mifor my/m, = 0.5, 1.0 and 2.0, respectively. These displacements are
used in conjunction with the shifted static respdfiseés curve, which is established when the
secondary beams of the grillage are subjected to proportionally varied UDL, to estimate the
strain energyJ' dissipated internally and the wow done by the impact loading. Thus, the
amount of energyer imparted to the lower floor grillage due to plastic impact can be

determined and expressed as a percentage of the original kinetic &reofythe falling
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floor. Since all secondary beams are assumed to sustain a UDL of equal intensity, the
weighting factorU for the considered grillage system under the obtained deformation mode
can be calculated as follows to satisfy work equivalénge

§ 05+ 0530814 2 05 (%447
5

0 ! (16)

in which 0.814 and 0.447 are respectively the average ratios of the deflectiomstlatdh
and sixthspans of the primary beam to its midspan deflection &jig.

Table 5 summarizes the calculated valuesWf W, Er and Ex for the three mass ratios
considered. It is observed that the estimated percentagefyetransfer is generally lower

for the grillage floor system in comparison with the individual beams examined before.
Moreover, the reduction i&r increases with increasing intensity of impact loads. As shown

in Fig. 5, due to the effects of redundantlye deformation mode associated with the grillage
system exhibits relatively localized deformations along the secondary beams on either side of

the primary beamwhich is largely responsible for the reduction in the energy traisfer

In summary, as lilstrated in Fig6 which depicts the variation d{/Ex with the mass ratio

my/m, of the two floors, when the beneficial effects of redundancy are ignored, the amount of
energy transfeEr during plastic impact of an upper floor onto the floor below gaher
varies from approximately 25% to 50% of the original kinetic en&ggf the falling floor,

with the higher percentages resulting frawmavierimpacting floors. It is noteworthy that
these results are in excellent agreement with the relative emargferE obtained from Eq.

(4) based on a triangular mode of deformation, which is also plotted if6.F@n the other

hand, the deformation mode associated with a redundant grillage floor system typically results
in a smaller percentage of energy trensfompared to the individual beams, especially for
mass ratios greater than one. In this case, rather than a triangular deformation mode, the
components of the impacted floor exhibit more localized deformations that reduce the

imparted energy.

4.2. Rigid Impad Case

The main feature of rigid impact, as indicated by ttheoretical calculation ofection2, is
thatthe energy transfas typically higher than that corresponding to plastic impact, and under
certain circumstances it can reach nearly 100% of tlggnaf kinetic energy of the falling

floor. Advanced numericatudiescarried out by Vlassi&’, in which contact elementsere
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employed to simulate rigid impact between two floor beaestablishedthat the most
conservative deformations result when tngper floor falls as debris and impact occurs
simultaneously along the entire length of the lower beam. It is worth noting that the
assessmemhethodologyproposed in Section 3 of this pagassumes that there is a transfer of
kinetic energy during impacand the additional loads continue to be exerted as dynamic
load$™. Unlike the plastic impact case, this assumption is not strictly true for rigid impact;
however, the approach is calibrated to estimate the energy transfer on this basis. Therefore, to
obtain an upper bound estimation of the amount of energy imparted to the impacted floor, the
response o& two-dimensional floor beam model subject to rigid impact from an above failed
floor, which disintegrates completely and falls as debris (Bigis gudiedin some detall

The model represents an axially unrestrained steel beam with simplified-padrajth joints

and material propertieBs = 210x18N/mn?, &, = 235N/mn3, and 1% straihardening®!.

The upper floodebrisis simulatedby a series ofumped masss which fallsimultaneously

onto the lower floor beanwith contact elements utilized to model rigid imp&ttSimilar to

the plastic impact case, three mass ratios equai/to, = 0.5, 1.0 and 2.0 are considered so

as to investigate whethéhe magnitude of the gravity loads carried by the upper floor beam

has a significant effect on the energy transfer.

Table 6 summarizes the maximum deflectiongmax at the midspan of the impacted steel
beamobtained from dynam analysis for the three mass ratios and the two beam spans of 8m
and 20maccounted farlt is observed that rigidnpact typically leads to higher displacements
than those associated with plastic impatakle 2). Upon establisiment of the maximum
dynamic response of the beam, its nonlinear static response under proportionally varied UDL
is also determined and shifted to exclude the effect of the original gravity loads. Hence, based
on the resultanP'-u's curve, the internal stin energyU' and the external workV up to the
corresponding’y max Can be obtained and subtracted to estimate the amount of dbergy
imparted to the lower beam in each case. Again, the weighting fafiodeterminingJ' and

W is taken as 0,5which is consistentvith a UDL distributionanda triangular deformation

mode ®®*3 As shown inTable 7, unlike the plastic impact case, the ratio of the energy
transferEr to the initial kinetic energ¥x for rigid impact is rathr insensitive to the relative
intensity of the gravity loads sustained by the two floors before impact, ranging between
51.6% and 53.8% fdr = 8m and between 50.8% and 57.7%lfer 20m.

To verify this observatiofurther, a detailed composite beam modath major axis partial

depth flexible eneplate support joints is alsoonsidered Apart from assuming a smaller
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effective width of 1500m instead of 3000m
a rigid-plastic shear response for the supporhts to overcome numerical instabilities
associated with dynamic analy$i§ the model is identical to that discussed in the previous
section with rérence to plastic impactRigid impact is again simulated using contact
elements, while complete digegration of the upper floor before it reaches the floor below
and simultaneous impact are assumed. Finally, the same three mass ratios of the two

impacting beams as in the simplified steel beam model are considered.

The maximum dynamic midspan deflectauiymax attained by the lower beam after impact

are equal to 192.3mm, 319.6mm and 659.0mmnfigm, = 0.5, 1.0 and 2.0, respectively.
Subsequently, the composite beam model is also considered with static analysis and, after
shifting the axes of the nonkar static respong®us curve, the strain energy’ dissipated
internally and the workV done by the impact loading are determined in each case to estimate
the amount of energy transféf during impact. It is noted that, similar to the previous case,

the weighting factolin Egs. (L1) and (12) is taken as 0.5. The resulting valuesJafW and

Er along with the corresponding kinetic eneigy of the falling beam are given ifable8. It

can be seen that the percentage of the energy impartée impacted beam is relatively
higher compared to the previous simplified steel beam model, varying from 62.484/rfpr

= 1.0 to 71.3% form/m, = 0.5. Although other factors mastso be responsible, a plausible
explanation for this increase in tBg/Ex ratio is the increased flexibility in shear exhibited by

the support joints of the composite beam model as opposed to the simplified model, in which
full shear restraint is provided at the beam ends. Nevertheless, the amount of energy transfer
does not apgar to vary in proportion to the mass ratio of the two beams, thus confirming the
conclusion drawn before that rigid impact is not particularly affected by the magnitude of the

original gravity loads sustained by the upper floor.

5.  Application Study
The appication of the proposed method to stralmed composite structures with partial
strength joints is demonstrated in this section by means of a case studyrwbgtigateshe

impact response of a floor plate within a typical sesemey building desigmefor office use

5.1. Overview of Floor Impact Case Study
The considered steélamed composite building, described in detail elsewh&teconsists of
seven identical floors in terms of structure and loading and has a storey height of 3.5m. Each

floor is designed to sustain uniformly distributed dead and imposed loads with unfactored
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values of 4.2kN/mand 5.0kN/rfi, respectively. With regard to the joints, simple connection
details that satisfy code prescribed tying force requiretiérase generally empyed with
partial depth flexible englatesutilized for the beanto-column jointsand fin platedor the
beamto-beam joint$.

Figure8 shows the geometry of the single floor plate exposed to impact from an upper floor.
To achieve a realistic assessinénat accounts for thre#imensional effects, which as pointed

out abovecan potentially play a significant role in determining the fraction of kinetic energy
transferred from the upper to the lower floor, a grillhgge approximation is adopted for
estdlishing the nonlinear staticesponse of the impacted plat&lthough detailed slab
modelling that may provide a more realistic representation of planar membrane effects is not
explicitly considered, the developed grillage system provides an approximétioembrane
effects via catenary action in the beams, while it is also capable of simulating composite
action between the steel beams and the concrete slab on metal decking. More importantly, the
adopted approach accommodates detailed mechanical joireldhdd that can effectively
replicate joint behaviour with respect to both the ductility demand on the individual joint
components as well as the interaction between bending moment and axiakHertster
beingimportant when the boundaries of tihgpacted floor system are subject to considerable
axial restraint from the surrounding structtifé®. Finally, to account for two different
scenarios with respect to the location of the impacted floor plate, the transverse primary beam
(Fig. 8) is assmed to be either axially unrestrained or partially restrained corresponding to a
peripheral or an internal floor plate, respectivdtyshould alsobe noted thathe effect of
nonstructural elements is not included in the current application saxdnthough it can be

readily accommodated by the proposed assessment framework

As noted above, the adopted limit state for the grillage floor system is associated with failure
of a single support joint in one of the grillage components, which occurs wheldhkty
capacity of the critical component within this particular joagfermined from explicit joint
failure criteria based on relevant experimental and numerical data, is exXt&ed@din this
respect, in addition to component failure mechagisvhich arise under combined bending

and axial deformations, it is important that other, perhaps less well understood, modes of
failure be also taken into account. Such modes include joint shear failure or local buckling in
the compressed regions of theeedt members due to local exceedance of their crushing
resistance. As explained in the following section, the development of such failure modes may

considerably compromise the ductility supply of the joints, and thus they should be carefully
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investigated, articularly since it is likely that at least the shear mode may be amplified by the
dynamic nature of thactual impact everiieyond what is allowed for in the proposed pseudo

static approach

5.2. Impact Response of Grillage Floor System

To obtain the staticessponse of the grillage systemhich constitutes the first stage of the
proposed assessment methodojotjye gravity load is apportioned to the longitudinal
secondary beams assuming a UDL distribution pattern as shown i@bFiDue to the floor

plate gemetry, the tributary areas of all secondary beams arsvi@m (Fig. 8). In this
respect, the beams are subjected to proportionally varied UDL of equal intensity, and static
analysis is performed using ADAPTI®. Regarding the original gravity loads dad by the

floor plate before impact, if a DL + 0.25 IL service load combination is Hsetie
apportioned total UDLon each doublespan secondary beam with a total length of 12m is
Po,ss = 195kN, thus resulting in a total floor gravity loBgl= 585kN.Agalin, it is important to

note that, even though a realistic load distribution on the floor components is beneficial, the
accuracy of the proposed method depends mainly on the dominance of a single mode of

deformation rather than the actual load pattern.

5.2.1Nonlinear Static Response

Figures Da and Db present the nonlinear static response of the grillage sysfgesenting
peripheral and an internal floor plates, respectively. It is noted that the totd ggulied to

the system is plotted versus thdléetion us in the middle of the plate, which because of the
floor geometry coincides with the midspan deflection of the intermediate longitudinal double
span secondary beam (Figb). It can be observed that the static response is relatively
insensitive ¢ the provision of axial restraint at the supports of the transverse primary beam,
and hence to the location of the considered floor plate. Moreover, in both cases, the floor limit
state is associated with shear failure, which is assumed to occur wistredinecapacity of the
support joints of the secondary beams is exceeded. As expected, the support joints of the
intermediate secondary beam fail first, thus determining the overall system failure, followed
by the joints at the supports of the remaininggitudinal beams, which due to symmetry fail
concurrently. As a result of shear failure, the deformation capacities of the peripheral and
internal floor plates are respectively limited to approximately 228mm and 225mm. In
addition, their static load carrygncapacities are both equal to around 2550kN, i.e. roughly 4.4
times the service gravity load assumed to be sustained by the grillage floor system before

impact.
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It is worth noting thatas long as the shear mode of failure is guaranteed to be ductihe for

two floor systems, their nonlinear static response can be substantially enhanced. With
reference to the peripheral floor plate case, the subsequent faduteé then begoverned by
reinforcement rupture at the support joints of the intermediate sagobelam. In view of this
ductile mode of failure, the floor deformation capacity increases to 474mm, while the static

load carrying capacity also improves to a lesser degree reaching 3105kN.

The development of shear failure is primarily attributed toptesence of alternative load
paths associated with the transverse primary beam. Due to the upward resistance of the
transverse beam, the floor gravity load imposed on the longitudinal secondary beams is
effectively distributed towards their outer suppdetsding to an increased shear force demand

at the support joints. This factor combined with the comparatively low shear capacity of the
fin plate beanto-beam joints (160kN) employed at the beam supports is deemed responsible
for the premature shear faief’.

With respect to the deformed shape of the grillage system, as illustrated it Fay. the
peripheral floor plate, the nonlinear static response is indeed dominated by a single mode of
deformation. Moreover, the ratio of the deflection at the padsof the two outermost
doublespan secondary beams to the midspan deflection of the middle beam is relatively
unaffected by the level of the applied gravity load, averaging 0.628 and 0.637 for the
peripheral and the internal floor plates, respectivelyis Dbservation implies that a SDOF
approximationcan be used to describe the nonlinear static response of the considered floor
plate upon impacBased orthis approximation, a linear compatibility conditioan relateghe
deflection 4 in the middle of he grillage system to the deflection;wf any other

componerit®*3:

Us,i = bj us (17

As noted before, the same approximation is assumed to be reasonably accurate for the
dynamic response under impact loading, and hence the enagytidn of the floor is easily
obtained as a weighted product of the static load resistance and a characteristic vertical

displacement.

5.2.2Modified Pseudstatic Response

The next step following establishment of the nonlinear static response of the didlaige
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system is the shift of the axes of the static resp@asecurve to account for the effect of the
initial deformations of the lower floor plate under its original gravity loads. In this respect, the
considered total floor gravity loae, = 585kN reslts in a middle deflection of about 14mm
regardless of the location of the floor plate. Based on the obtained shifted static ré&sponse
curve, the full modified pseudstatic loaddeflection response of the grillage system can be
determined as explaed in Sectior3.

Since all the longitudinal secondary beams are assumed to sustain a UDL and deform in a
triangular mode, the value of the weighting factbks;, Uss. and Usgs can be taken as
0.5%%3 Moreover, the deformation compatibility factofsgy, bsss, bsgs) corresponding to

the obtained grillage mode of deformation are equal to (0.628, 1.000, 0.628) and (0.637,
1.000, 0.637) for the peripherahdh the internal floor plates, respectivelyherefore work
equivalence requires that the weighting factbfor the considered grillage floor system
deforming according to the specific deformation mode should satisfy the following
relationship:

U Bss) = UbkpiPsg Pse +6e2 By Pse +dds 3P (18)

which for the plate on the periphery of the building leads to:

gy 05°1000+2 D5 8628
3

0 ? (19

Similarly, the weighting factodfor the internal floor plate can be obtained from:

gy 05°1000+2 D5 9637
3

0 (20)

As discussed ithe presentation of the proposed assessment methodology, to establish the
modified pseudsestatic response of the grillage floor system, it is necessary to estimate the

amount of energy transfé , ; associated with the specific characteristics of theachpvent

under considerationin the context of a thorough assessment strategy, several possibilities

with respect to the amount of energy transfer that takes place during floor impact, covering
the anticipated range between the two limiting cases diyadiastic and a fully rigid impact,

as well as various intensities of the gravity loads originally sustained by the falling floor are

accounted for.Hence the modified pseudstatic response of the considered grillage is
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obtained herein for a range obmdimensionalenergy reduction factorg that specify the
percentage of the initial kinetic energy of the impacting floor plate transferred to the impacted

floor plate.

Figures Pa and 12b depict the modified pseuestatic loaddeflection curves for the
peripheral and the internal floor platesspectively, corresponding to sevesafactors from

20% to 70%. It is noted that the deflection is plotted up to the critical deformation level
defined by shear failure at the outermost support joints of the intermediate longitudinal
doublespan secatary beam, while the right vertical axis indicates the percentage of the
initial lower floor loadsP, that can be sustained as dynamic impact loading by the grillage
system. Again, since the two considered floor plates fail in shear at a relativelytagelyos

the response, prior to the development of significant axial forces within the support joints of
the transverse primary beam, their modified psestdtic responses are practically identical.
Based onFigs. Ra and12b, it can be readily observedaththe grillage floor system has
limited modified pseudgtatic capacity?' to arrest impact of the floor above. It is remarkable
that even when a very low amount of energy transfer equal to 20% of the original kinetic
energy of the falling plate is assuthecorresponding to a rather favourable plastic impact
scenario, the impacted grillage system can only resist an impact loading that does not exceed
26% of its original gravity load®,. Also, for the almost certainly higher percentages of
imparted energgssociated with rigid impact possibilities, the modified psestdtic capacity

of the grillage system further decreases, with only an impact loading equal to 8% of

withstood wherp, = 70%.

To further highlight this observation, the following four impacenarios involving the

peripheral floor plate are investigated:

1 Scenario 1i plastic impact between the two floor plates is considered with the
falling floor originally carrying half of the gravity loads of the lower floor. The
occurring amount of eneygtransfer is estimated at 20% of the kinetic energy
attained by the upper floor immediately before impact.

1 Scenario 2 same as Scenario 1 except that the two impacting floor plates initially
carry equal gravity loads, and thus a higher percentage ofitfieal kinetic energy
of the falling floor equal to 30% is imparted to the lower floor.

1 Scenario 3 rigid impact between the two floor plates of Scenario 1 is taken into

account, where 50% of the kinetic energy of the impacting floor is transmittbd to t
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impacted floor.
1 Scenario 4i the two floor plates of Scenario 2 are considered with rigid impact.
Again, the proportion of energy transfer is estimated at 50% of the kinetic energy of

the upper floor.

Table 9summarizes the overall dynamic load cargycapacityP at the critical deformation

level as well as the corresponding demgexbressed as a proporti@rof the initial lower

floor loads P,) for the four scenarioslescribed abovelt can be seen that the obtained
Capacity/Demand ratios (or unitiactors) are significantly lower thaane in all cases.
Moreover, the greatest discrepancy between the estimated modified {ssaticicapacity

and the demand posed by the suddenly applied impact loaolirgsponds t&cenarios 2, 3,

and 4, in which eitér the two floor plates are equally loaded or a rigid impact scenario is
assumed. Hence, it can be easily concluded that in the event of failure and subsequent impact
of a single floor plate onto the floor plate below, the lower impacted system, modsiigdau
grillage-type approximation, is highly unlikely to possess sufficient dynamic load carrying
capacity to resist the imposed dynamic loads and prevent progressive collapse. This
conclusion is furthersupportedby the fact that all floors of the stefehmed composite

building under consideration are originally designed to carry equal gravity loads.

The obvious vulnerability of the considered grillage floor system to impact from the floor
above may to some extent be attributed to the premature shkae faiechanism that
determines the floor limit state. With reference to the floor plate on the periphery of the
building, a considerable improvement in the impact response can be achieved if the shear
response is considered to be ductile, thus leadinglitmitastate defined by reinforcement
rupture at the support jointd the intermediate secondary beam. In such case, the dynamic
load carrying capacitf? will increase substantially, varying from 124.44kN fpr= 70% to
373.94kN forg = 20%, leading to improved unity factors as giveable 10 Nevertheless,

these results show that if the upper floor carries equal gravity load to the lower floor, the

grillage system will still be unable to survive floor iagh even in the bestase scenario.

Even though the presented assessment of the resistance of the floor plate to impact and
subsequent progressive collapse draws a very negative picture, it is emphasised that this is
based on a simplified grillage approxtion of the actual floor plate response. An enhanced

behaviour as well as a more realistic simulation of the floor response upon impact may be
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achieved with a more detailed slab model of the nonlinear static response, capable of a more
accurate represenian of planar membrane action. Importantly, the outcome of the
assessment relies greatly upon the effectiveness of the adopted mechanical joint models to
accurately reproduce the behaviour of the pasti@ngth joints affected by this extreme
event. Itis therefore imperative that more research be carried out on various connection types,
particularly involving experimental validation of their available ductility supply. This need is
further highlighted by the identification of shear failure mechanisnmschwmay have a
detrimental effect on the joint ductility supply. In this respect, an additional cause of concern
is that a SDOF model based on a bending mode, similar to that considered in this study, can
underestimate the shear forces under dynamic tionsgli if these forces are determined from
static equilibrium. Hence, even if the nonlinear static response does not exhibit shear failure,
the shear forces may in fact be greater under the real dynamic loading. Since the proposed
approach does not accodot this effect, it should certainly be subject of future research.

6. Conclusions

This paper proposes a novel simplified framework for progressive collapse assessment of
floor systems within mulstorey buildings, considerinthe impact of failed floors as an
eventindependentlesign scenario. The main advantage of the introdoetiodologyover

other available approaches, which are either overly complicategutationally demanding

or unrefinedsimplistic, is that it addresses the problem in a practyedltheoretically sound
manner, allowing for the relative significance of all the important robustness parameters, such
as the energy absorption capacity, strength and ductility supply of the impacted flber, to
evaluated. The proposed assessment framewsomprisesthree major independent stages,
including: i) the establishment of the nonlinear static response of the impacted floor system
using either simplified or detailed models, ii) a simplified dynamic assessment approach to
estimate the maximum dsmic deformation demands upon impact, and iii) a ductility
assessment, in which the overall ability of the impacted floor system to arrest impact and stop
the progression of failure can be assessed based on the available ductility supply of its
componentsHence, a new modified pseudtaticfloor response is introduced, which forms

the basis for a comprehensiassessment that collectivedpnsidersall the aforementioned

structural robustness characteristics.

As the efficacy of the proposed method is dihe related to the accurate estimation of the

energy transfethat takes place duringipact, a theoretical calculation has demonstrétat
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the amount oénergy imparted to a beam of the lower impacted fioar fully plastic impact

is approximately egal to 40% of the kinetic energy acquired &y identicalfalling beam
immediately before impact. On the other hand, when a fully rigid impact is taken into account
in association with a triangular deformation mode for the impacted floor beam, the gesultin
energy transfer can vary depending on the characteristics of the assumed rebound velocity

profile, typically between/0% and 98% of the original kinetic energy of the impacting beam.

A series of numerical studigs also carried out with reference to theo limiting impact
scenarios. It is concluded that the amount of energy imparted to the lower floor beam when
plastic impact is assumed typically increases with increasing gravity loads sustained by the
upper floor, and can vary from approximately 25%@8%6 of the initial kinetic energy of the
falling beam. Less energy transfer compared to the individual beams occursegtirdancy

is considered, especially for heavily loaded falling flosisce the deformation mode of the
impacted floor exhibits mor®calized deformationsRegarding rigid impact, the performed
numerical studies have confirmed that the amount of energy transfer is generally higher than
that associated with plastic impact, ranging between 50% and 70% of the kinetic energy

acquired byhe falling floor immediately before impact.

The application of the proposed progressive collapse assessment framework tostaseven
steelframed compositduilding with simple/partiaktrength joints has clearly indicated that

the impacted floor plateystem modelled as a grillage system, is highly unlikely to withstand
impact of the floor above. Even for the least demanding impact scenario accounted for in this
study, which involves a falling floor that only sustains half of the impacted floor gtasitis

and assume®lastic impact with only 20% of the kinetic energy transferred, the estimated
dynamic capacitpf theimpactedplate marginally exceeds 50% of the imposed demand. It is
also notable that the development of shear failure mechanisms doiatEs with the
nonlinear static response of the grillage system cannot be deemed exclusively responsible for
this distinct vulnerability since even a ductile mode of shear failure is unable to guarantee
sufficient ductility supply that would prevent gr@ssive collapse. Thus, although assessment

is based on a simplified grillaggpe approximation rather than a detailed slab model, the
explicitnessof the results leads to the conclusion that a floor system within afisteedd
composite building with &ypical structural configuration has limited chances to arrest impact
of an upper floor. This is particularly true when the falling floor completely disintegrates and

falls as debris without retaining any residual strength or spanning capability.
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In this context, he inability of the grillage system to arrest impact is to some degree related to
the use of fin plate connection details for the beafeam joints at the supports of the
secondary beams. Hence, apart from the need for further static testsilitiwinfidently
establish the available ductility supply of this connection type, the extremely dynamic nature
of the impact event also necessitates the performance of dynamic tests that can identify the
real possibility of less well understood failurechanisms, mainly related to shear and local
buckling modes.

To conclude, although there is room for further improvements with respect to its accuracy and
applicability, the proposed assessment methodology provides an effective platform to
rationally tacké the scenario of floor impact, which is one of the most prevalent progressive
collapse initiation mechanismshe envisagednprovements mainly include the development

of refined simplified floor models, experimental investigations of the joint ducsiipply, as

well as numerical and experimental studies on the effect of material rate sensitivity.
Furthermore, additional numerical studies are needed to confidently estimate the amount of
energy transfer with particular reference to the response otdimemsional floor systems
subject to rigid impact scenarioget, even in its present form, the method is considered to err
on the conservative side because it is based on the onerous assumption of the upper floor
falling as debrisTherefore given the cmplexity of the problem in handt can potentially

constitute a useful design tool.
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Table 1 Energy transfer in a fully rigid impacdh € 4m,g =9.81m/$, v; = 8.86m/s)

nitial Final energy Relative
Vis (M/S) Vi (M/S) Vi (M/S) Lower Upper energy
energy beam beam transfer E (%)
0.00 15.22 1.93 19.62mL 19.31mL 0.31mL 98
4.00 14.87 -0.42 19.62mL 18.41mL 1.21mL 94
5.00 14.66 -1.13 19.62mL 17.90mL 1.72mL 91
6.00 14.39 -1.89 19.62mL 17.27mL 2.35mL 88
7.00 14.07 -2.71 19.62mL 16.51 mL 3.11mL 84
9.00 13.22 -4.57 19.62mL 14.56mL 5.06mL 74
12.97 9.89 -9.89 19.62mL 8.15mL 11.47mL 41
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Table 2 Maximum dynamic midspan deflectiofy paxdue to plastic
impact for simplified steel beam modél£ 4m)

U' g max (IMm)
m1/m2
L =8m L =20m
0.5 215.5 341.1
1.0 592.9 820.8
2.0 1476.0 2219.4
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Table 3 Energy transfer during plastic impact for simplified steel beam mbdel{n)

L=8m
my/m, W' (N mm) U' (N mm) E+ (N mm) Ex (N mm) E+/Ex (%)
0.5 8.27x10 88.05x10 79.78x10°  31281x10 25.5%
1.0 46.09x10° 27938x1F  23328x10°  62561x10° 37.3%
2.0 23014x1F  83L79x10° 60166x1C  125123x10 48.1%
L =20m
my/m, W' (N mm) U' (N mm) E+ (N mm) Ex (N mm) E+/Ex (%)
0.5 4.95x10 37.55x10° 32.61x10 12512x10° 26.1%
1.0 24.91x10 12294x10°  98.03x10°  25025x1CF 39.2%
2.0 137.28x1¢F  39440x10°  25713x1F  50049x10° 51.4%
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Table 4 Energy transfer during plastic impact for detailed composite beam nioder()

my/m, W' (N mm) U' (N mm) E+ (N mm) Ex (N mm) E+/Ex (%)
0.5 5.65x10° 89.07x10° 8342x10°  32520x10° 25.7%
1.0 30.04x10° 28494x10°  25490x10°  65040x10° 39.2%
2.0 15358x1¢F  80431x10  65073x10°  130080x1(° 50.0%

33



Table 5 Energy transfer during plastic impact for grillage floor system 4m)

my/m, W' (N mm) U' (N mm) E+ (N mm) Ex (N mm) E+/Ex (%)
0.5 17.65x10 11212x10° 94.48x10 480.00x10° 19.7%
1.0 62.25x10° 27907x1¢  21682x1F  96000x10° 22.6%
2.0 187.88x1¢F  70341x10°  51554x1¢  192Q00x1C° 26.9%

34



Table 6 Maximum dynamic midspan deflectiofy laxdue to rigid impact
for simplified steel beam modét € 4m)

U' g max (IMm)
m1/m2
L =8m L =20m
0.5 4115 552.5
1.0 785.2 1011.6
2.0 1550.7 2438.0
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Table 7 Energy transfer during rigid impact for simplified steel beam mdudel4m)

L=8m
my/m, W' (N mm) U' (N mm) E+ (N mm) Ex (N mm) E+/Ex (%)
0.5 15.93x10° 18414x10°  16821x10°  31281x1C 53.8%
1.0 6111x10 38614x10¢  32503x1F  62561x10° 52.0%
2.0 24202x10°  88809x10°  64607x10°  125123x10 51.6%
L =20m
my/m, W' (N mm) U' (N mm) E+ (N mm) Ex (N mm) E+/Ex (%)
0.5 8.26x10° 74.63x10° 66.37x10° 12512x10° 53.0%
1.0 30.85x10° 157.96x1¢F  12711x10°  25025x1CF 50.8%
2.0 15091x10°  43977x1C¢  28885x10°  50049x10° 57.7%
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Table 8 Energy transfer during rigid impact for detailed composite beam miodedin)

my/m, W' (N mm) U' (N mm) E+ (N mm) Ex (N mm) E+/Ex (%)
0.5 3.87x10° 11987x10°  116.00x160  16260x10° 71.3%
1.0 12.91x1@ 21581x1¢F  20290x16  32520x1C° 62.4%
2.0 5338x10  48202x1¢f  42864x10  65040x1(C° 65.9%
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Table 9 Overall dynamic capacity and demand for the peripheral fitade

Capacity/Demand
Scenario No.  Capacity P (kN) ~ Demanda-P, (kN) ratio
1 150.6 292.5 0.51
2 104.0 585.0 0.18
3 64.2 292.5 0.22
4 64.2 585.0 0.11
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Table 10 Unity factors corresponding to reinforcement rupture for the peripheral floor

9 (%) Capacity P (kN) Demanda-P, (kN) Unity factor
20 373.9 585.0 0.64
30 266.9 585.0 0.46
40 207.5 585.0 0.36
50 169.7 585.0 0.29
60 143.6 585.0 0.25
70 124.4 585.0 0.21
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Figure 7 Failed floor falling as debris.
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Figure 9 Floor impact assessment. (a) Original floor grillage; (b) Assumed initial gravity |
distribution and approximate deformation modempmpact.
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Figure 10 Static loaddeflection curve for the grillage system. (a) Peripheral floor plate; (
Internal floor plate.
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Figure 11 Deformed shape for the peripheflalor plate.
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