ROBUSTNESS OF STEEL AND COMPOSITE BUILDINGS
SUFFERING THE DYNAMIC LOSS OF A COLUMN

Abstract

In case a vehicle impacts a building frame, onsemeral columns may be damaged or
even completely destroyed. Nowadays, it is a cand¢ermitigate the risk of progressive
collapse of the whole structure further to suclo@alised exceptional event. Although this
robustness requirement is part of several desigesovery few precise practical guidelines
are provided, especially as far as dynamic failumes concerned. The present research
focuses on building frames suffering the loss & omternal column. The dynamic response is
more specifically investigated, with the aim to arstand this behaviour in order to
eventually derive simplified procedures for robestmassessment.

This paper first briefly presents the main previaghievements related to the prediction
of the static response of a plane frame sufferirgplamn loss. The investigations into the
dynamic behaviour are then summarised, which domss the core topic of the paper. For
sake of simplicity, the dynamic response is desdibising a basic substructure that was
proved to show many similarities in behaviour wihglobal frame losing a column. A
simplified model is finally developed for the pretion of the considered system dynamic
response.
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1 INTRODUCTION

Generally speaking, three main reference approashissto face the structural robustness
issue: the indirect “tying” method which providegcriptive rules, and two direct methods
(“specific local resistance method” and “alternativad path method”) which are based on
particular scenarios and require a structural @malyin the present study, the so-called
“alternative load path method” is followed and t@nventional scenario “loss of a column”
is considered. Basically, it means that a columthéoretically removed from the structure
and the redistribution of forces within the franseinvestigated to determine whether a final
stable state can be reached.

The loss of a column in a building frame can besedlby different types of exceptional
events: explosion, impact of a vehicle, fire... Amgst these actions, some induce a
sufficiently low decrease of the column bearingawaty for a static response of the frame to
be assumed. For example, it is the case when é&sleddire leads to a highly progressive
diminution of the mechanical properties of a columdpwever, in many other circumstances
such as impacts, the column is relatively quickiynoved inducing significant dynamic
effects that must be taken into account.

Different design codes include robustness requingsn@Refs. [1], [2], [3], [4] and [5]).
However, there is an obvious lack of simple, thoaghurate, procedures to assess building
robustness for practical use, even consideringcgbahaviour of the structure. As far as the



dynamic effects are concerned, still fewer indmasi are given. And when it comes to
simplified methods considering the dynamic ampdifions, only very rough rules are
suggested such as performing a static analysisruhdepplied loads multiplied by two (Ref.

[2] and [3]). This last rule gives correct resuitdy in the very restrictive case of a perfectly
elastic response under instantaneous loading. Baowtlitions are practically never fulfilled

and applying this simplistic procedure leads tailtsswhich might be far too conservative in
some cases but also, which is worse, unsafe uondes sther circumstances.

In 2005, Ellingwood and Dusenberry provided a #tare review in the field of
robustness summarising the information availablesome reference papers as well as in
national codes and standards from North AmericaEunpe [6]. At the end of this paper,
research issues and challenges are identified, gshavhich the development of practical
tools for design engineers. Indeed, although thesiral response of a frame losing a column
can be studied using finite element analyses asoach is not convenient for practical use:
such analyses have to account for both second effiects and plastic behaviour, which
makes them quite difficult to perform, especialljem dynamic effects have to be included.
That is why practical simplified procedures neetdéadeveloped.

The research that has been conducted at the Umywefd.iege for the last decade clearly
aims at achieving this goal. In two recent PhD eésef7] and [8]), a complete analytical
procedure permitting the prediction of the staéisponse of steel or composite plane frames
further to a column removal was developed. Moremdg, complementary research has been
undertaken with the objective to address the dyoafhects ([9], [10], [11]).

In this paper, the global approach followed to gttise response of a building frame
losing a column is first presented, as well as iptey research into the static behaviour of
such structures further to this event. In particuka substructure able to reproduce the
response of a 2D frame after the formation of tleba beam plastic mechanism induced by
a column loss is defined. Then, the dynamic behavid such a substructure is investigated
in details and the influence of different paramet@uch as the first vibration period and the
loading conditions) is highlighted. Finally, a siifipd approach is developed for the
prediction of the system maximum displacement aoldsequently the internal forces
developing in the substructure, permitting the mgbn of ductility and resistance
requirements for robustness.

2 GLOBAL APPROACH AND PREVIOUS RESEARCH

A structure suffering the loss of a column can beatinposed in two parts: (i) the directly
affected part, which is composed of the beams (th@gewith the joints at their extremities)
and the columns above the lost column; and (ii)inkéectly affected part, which consists of
the rest of the frame (Fig. 1).

The static evolution of the vertical displacemeXy at the top of the failing column

versus the axial loaN|, that it supports is represented by a curve astilited in Fig. 2. The
behaviour can be divided in three main phases fif$teone corresponds to the application of
the service loads on the structure. It goes fronmtpd) (unloaded,A, =0) to point (2)

(conventional loadingA , <<). The structure is assumed to remain elastic duhis phase.
At point (2), the exceptional event occurs and tilus column “AB” is progressively



removed. In practice, the compression that thenoplisustains starts to decrease. During
phase 2, the directly affected part goes from ly ®ibstic behaviour to a plastic mechanism.
The first plastic hinge appears at point (3) while complete plastic mechanism is formed at
point (4). After this point,A, rapidly increases and the second order effect®rbec

important. In particular, significant catenary aos develop in the bottom beams of the
directly affected part implying the increase of system stiffness and the decrease of the
deformation rate (due to the activation of the beaxial stiffness). Eventually, if the frame
exhibits sufficient robustness, and this is theaap this study, a final stable state is obtained
at point (5), whem,, = 0.
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Fig. 1: Directly and indirectly affected parts obailding frame / Fig. 2: Evolution of the vertical
Plastic mechanism caused by the loss of a column displacement) , versus the axial loabi

It is only possible to reach a final stable st&tea premature failure occurs, be it in the
directly affected part or in the rest of the stawet It is thus necessary that:

O the loads transferred from the directly affected pathe indirectly affected part do
not induce the collapse of structural elementhalatter (buckling of columns or
global plastic mechanism for instance),

O the compression supported by the upper beams dliteetly affected part due to
an “arch effect” does not lead to their buckling,

O the different structural elements of the directlfeeted part exhibit sufficient
resistance and ductility to reach the displacendgn, .

The static response of the structure during phasasd 2 as well as the behaviour of the
indirectly affected part during phase 3 were ingaded in [8] while the response of the
directly affected part during phase 3 was studiedi7i. During this last phase, the global
plastic mechanism is formed in the directly affdcteart and large displacements are
observed. As a consequence, the second order ftecome significant. In particular,
tension loads develop in the bottom beams of thecty affected part. It was shown that the
membrane forces developing in the two beams ovegrhgrdirectly the lost column (“CA”
and “AD” in Fig. 1) are significantly more importathan the ones developing in the other
beams. That is why the behaviour of this singleestavas specifically investigated. For that
purpose, a simplified substructure consisting ao$ thouble-beam and its beam-to-column
joints is extracted from the frame. This substrtetis represented in Fig. 3, whepeis the
downward force simulating the column loss. Theuefice of the indirectly affected part is
modelled using an elastic horizontal spring with astequately chosen stiffness and
resistanceFrq Analytical methods aiming at estimating the vabighese parameters were
developed; and the ability of such a substructareeproduce the behaviour of the directly



affected part with sufficient accuracy was validatgainst numerical tests. Finally, on the
basis of the substructure, an analytical approaah developed to predict the response of the
frame during phase 3. Consequently, the staticec(hy, , Ni;) can be entirely derived using
the combination of the developments detailed in §Ad [8], which provides a global
analytical procedure. However, it is only valid lagg as a static response of the frame is
observed.
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Fig. 3: Double-beam simplified substructure

3 DYNAMIC BEHAVIOUR OF A SUBSTRUCTURE
3.1 Description of the considered substructure and loading conditions

The dynamic behaviour of a simple substructure sashpreviously described was
investigated using numerical simulations performeith the homemade finite element
software Finelg (Ref. [12]), under the followingdotheses:

O steel structures are considered,

O the material behaviour law is admitted to be indeleat of the strain rate and a
guasi-static elastic-perfectly plastic law is asedr(infinite ductility),

O the stiffnesskK of the lateral spring remains constant and a higlue of its
resistancé-rqis assumed,

O the beam-to-column joints are perfectly rigid antlyfresistant.

A uniformly distributed loag is applied on the double-beam. Initially, the cahsupport
is present and sustains a foNg(N, = p0,, lo being the initial length of each beam). Then,

this support is progressively removed, which is giledl by applying a forc® equal and
opposite ta\p at mid length of the double-beam (Fig. 4(a)). Thenplete loss of the support
lasts a time; and a linear decrease of the force it sustairrsssimed (Fig. 5). Under static
conditions, it was shown in [7] that the uniforndigtributed loadg can be neglected as far as
the behaviour in phase 3 is investigated, i.e. Rogreater thanP,, which is the force
corresponding to the plastic plateau in the stative (development of a beam mechanism).
Indeed, for such values of the force, the statispldcement is the same whether the
distributed load is considered or whether it is taken equal to zem the concentrated load
P is applied alone. The validity of this assertion dynamic situations was studied in [9]. For
that purpose, numerical dynamic models of a subsire were completed in order to
compare the maximum displacement obtained in the twading situations (Fig. 4)
considering the same loading parameterandt;. It was observed that the difference is
limited provided that the force is large enough (above the static plastic plateBoat is the
reason why the behaviour of the substructure unbder simplified loading situation is
investigated herein. Moreover, it was also showj®jrithat the introduction of damping in the
system, though influencing its general responses dhmt induce a significant decrease of the
maximum displacement. As a consequence, undampstensy are considered, which
constitutes a conservative approach.
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Fig. 4: Considered system with realistic (a) anahgiified (b) loadings
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Fig. 5: Time evolution of the applied force P(t)

3.2 Influence of different parameterson the dynamic behaviour

To investigate the dynamic response of the sulistreica simplified loading consisting of
a single concentrated load applied at mid lengththef system is considered (Fig. 4(b)).
Obviously, as well as in the static case, the lefethe loadP and the geometrical and
mechanical characteristics of the structure havenfluence on its behaviour. In case of
dynamic loadings, the application rateRyfcharacterised by the rise tihéFig. 5), is also of
great importance. Besides, mass and damping prepexte essential factors on which the
dynamic response depends.

As mentioned above, the studied systems are undghones. As far as the mass influence
is concerned, a change in mass will first affeet pnincipal natural period of the system. In
fact, numerical tests performed in the frame of hesent research proved that the dynamic
response of a given structure is governed by twarpatersP andt,/T, whereT is the period
of the principal eigenmode in the elastic domainug, if the mass of the system is modified
but the rise time of the load is adapted so thatttho T ratio is kept constant, then the
maximum displacement remains unchanged. Furthermtive time evolution of the
displacement remains the same provided that itxgressed as a function of a non-
dimensional time/T (or t/t;).

In [9], the behaviour of the substructure accordimghe loading parametePsandt, (or
t/T) was investigated through numerical dynamic arsy#\l the results presented below
are related to the following particular substruetur

O beams:i, =6,5m, IPE 450, S235m=3000 kg/n (T =0, 31se0);

O spring: stiffnessK =10000kN/m, resistanc&gqy >>.
The value of the static force causing the formatdrthe beam plastic mechanism in this
substructure i®p = 248KkN, as it can be observed in the static curve ginefig. 6.

Several dynamic analyses for different loading ¢omas (P, t;) were achieved, and the
maximum displacementin.x recorded for each of them. It was thus possibledtablish
curves providingumax @s a function of the applied for€efor different values of; (constant



along one curve), see Fig. 6. In these curves, dyphamic loadings leading 1@,.x sSmaller
than the displacement corresponding to the complieiding of the beams in tension are
considered. The upper yellow curve correspondkécstatic case, while the lower blue curve
is the so-called pseudo-static one, which providesmaximum displacement reache® iis
applied instantaneously; (= 0). Such a curve can easily be established usegionlinear
static curve, following a procedure developed atlthperial College London (Refs. [13] and
[14]).
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Fig. 6: Maximal dynamic displacement accordingtie value of the load and its rise time

This method is based on energetic considerationrseeithe maximum displacement is
reached, the external woYK is equal to the internal strain enefdythat can be estimated as
the area under the static curve until the valudn@imaximum displacemeng;,x

W = U < Iqjlr*lax = J.:max I? Dls’[a’[lz| dl (1)

Thus, for any value otina, the level of the instantaneous loRdcausing this maximum
displacement can be deduced from Eq. (1) and, eakynt the pseudo-static curve can be
entirely derived from the static one. Numerical liveear dynamic analyses performed for
different values of the instantaneous Idadonfirmed the validity of this approach (see the
black curve labelledt; = 0” in Fig. 6).

Obviously, the maximum displacement corresponding torceP will always be situated
between the static displacemernt ( o) and the displacement caused by the sudden
application of the loadt(= 0). As a consequence, eveB (Inay curve will lie between the
static and the pseudo-static ones all along, fgr\aue oft,. As a general rule, for a given
value of P, the displacemeninax tends to decrease whénincreases (the dynamic effects
decrease when the load is applied more slowly).

Different types of behaviour can already be hidftigl from Fig. 6. For loadB > Py,
two types of response are observed according tto#tkeng parametel® andt.. For the first
type, the maximum dynamic displacemegty is greater than the static displacemeg;
while, for the second oneimay is very close tausi: (the dynamic curveR, Umay joins the



static curve). Examples of both response typep@sented in Fig. 7 and 8. For each of them,
the dynamic curve, providing the time evolutiontloé displacementiy(t), is compared to
the static curveusi(t), representing the evolution of the displacemédnthe dynamic
amplification is neglected. Accordinglys.{t*) is the static displacement associated with the
value of the applied loaé(t*) at the timd*.

A response of type 1 (Fig. 7) is obtained if thenalyic displacement reached after the
formation of the beam plastic mechanism is largantthe static displacement corresponding
to the final loadP. Then, the system finally oscillates around a &atd the displacement
greater than this static displacement. In case belsaviour of type 2 (Fig. 8), when the
system yields and the displacement suddenly ineseake latter however remains smaller
than the maximum static displacement correspontbng. Afterwards, the dynamic curve
uayn(t) oscillates around a relatively constant valuelstithe applied load continues to rise.
Once the forcé(t) has increased enough so that the associated dispiacement meets the
dynamic displacement, the latter starts to incregaen, oscillating around the static curve.
Finally, the maximum dynamic displacement is cltus@si(P).

t, = 0,5sec, P = 300 and 400 kN t. =5sec, P =400kN
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Fig. 7: Examples of the time evolution of the dispiment for a type 1 response
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Fig. 8: Examples of the time evolution of the dispiment for a type 2 response

The time evolution of the displacement for bothpmsse types can be explained as
follows. When the plastic mechanism forms, the ldisgment rapidly increases and a distinct
change in the slope of the curug.(t) is observed. However, due to its inertia, thetesys
starts moving progressively and, at the beginnihg,displacement remains below the static
displacementisio(t) corresponding to the applied loR@). The system starts to accelerate and



the dynamic displacement gets closer to the staie Then it exceeds the latter and the
velocity of the system begins to decrease. Whenvtiecity is reduced to zero (which
corresponds to the first maximum of the dynami@ldisement curve, for a value of the
displacement calledyiaeau— green point in Fig. 7 and Fig. 8), a “stabilisat of the system

is observed and the curugy(t) is characterised by a sort of plateau. This megupfor a
displacementiyaieau SMaller or greater than the static displacemeswaated with the final
load; and that is what distinguishes the two behaviypes. In the first case (type 1 — Fig. 7),
Uplateau > Usta{ P) @nd the plateau is infinite. In the second cagpe(2 — Fig. 8)Upiateau <
Usta P) and the plateau is then limited by the statioveuit carries on until the applied force
P(t) has sufficiently increased so that the correspundtatic displacement equals the
dynamic displacement. Afterwards, the dynamic curseillates around the static one and
finally stabilises at a level close tig(P).

As far as the internal forces are concerned, tid bbad in the beams remains very small
before the appearance of the three plastic hinyé®n the moment in the middle and at the
extremities of the double-beam reaches the plasiige My, the mechanism forms and the
displacement rapidly increases inducing significaetmbrane forces to develop in the beams.
As a consequence, the moment acting in the plastiges decreases with respect to the
plastic interaction betweed andN. At the end, oscillations dfl andN are observed while
the displacement is oscillating around a constatiter The amplitude of the oscillations of
the tension force is limited since the amplitudethad variations of the displacement is also
small. It is different for the moment that variesomm importantly, in phase with the
oscillations ofu. To this phenomenon corresponds a succession astielunloadings-
reloadings that can be observed usingMil interaction diagram or thd-u andN-u curves.
Moreover, it is interesting to note that the maxmuaxial load in the beams, which is
obtained whemn.x is reached, is equal to the tension force thatldvbave developed if this
displacement had been statically reached. Accolginigis membrane force can be deduced
from the sole knowledge of the maximum dynamic ldispmentunax and the static response
of the substructure.

3.3 Simplified approach to estimate the maximum dynamic displacement

The objective of this section is to develop a sifrgal method to estimate the maximum
displacement reached for a given loading condi(f®rt,/T) with P > P,. Then, it would be
possible to predict the required deformation cagaand tension resistance of the structural
members.

In view of the shape of thé>(umnay curves (Fig. 6), the concept is to approximatanth

beyond the plastic plateau, using segmented cestablished as follows (Ref. [9]):

O segment 1: horizontal line at the levelRyf;

[0 segment 2: pseudo-static curve;

00 segment 3: vertical line between the pseudo-sttid the static curve, at the

abscissa namag,,s at which the actuaP unay) curve joins the static curve;

[0 segment 4: static curve.
An example of such a curve is presented in Figndngly “correct” approximate curve in
red). The aim of the procedure developed below ipredict such a curve approaching the
“real” (P, umay curve obtained using several finite element asedy(performed with the
software Finelg fot, = 10secin the example — purple curve in Fig. 9). For low values of
thet, to T ratio, the dynamic curve does not join the statie and segments 3 and 4 cannot be



defined (see Fig. 6). It is also possible thatmsegt 2 does not exist (if th®,(umay curve
joins the static curve before segment 1 has reattteepseudo-static curve).

800 -
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500 - —— tr=10 sec

(Finelg)
_ 200 | “correct”
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z ] : curve
1 HI e e I e Y rigid-plastic
N model
final model
100 (with elastic

correction)

0.00 -0.20 -0.40 -0.60 -0.80 -1.00 -1.20 -1.40 u(m)

Fig. 9: Example of an approximate dynamic cuf?eUmayappr

Once the static curve is known, the pseudo-statigceccan directly be deduced and the
only thing that is still to be determined to beeatd draw the previously defined approximate
curve is the value oOfkans The point Pyans Uransg at which the dynamic curveP( Umay)
associated with a given value tofT joins the static curve (black point in Fig. 9) mmponds
to a transition between the two response typesiqusly described. Indeed, we haug.x >
Ustat TOr P < Pyans (type 1) andumax & Ustat TOr P > Pyans (type 2). As explained before, the
behaviour type is governed by the value of the ldegment (paeay When the velocity is
reduced to zero for the first time after the fornmatof the plastic mechanism. In fact, type 1
corresponds t0pjateau™ Usta P) While type 2 is associated withjateau < Usta{ P).

Consequently, ifuyaeau could be evaluated for a given loading, then tppr@ximate
dynamic curve R, Umayappr COrresponding to a fixed value ®f(or t,/T) could be established
following this procedure:

O evaluation of the displacememiaeayfor different values oP and comparison with
the static displacement(P);
O identification of the force for whichipiaeau €qualsusif P): this value of the load is
Ptrans;
O deduction olyans = Ustaf Pirang) from the static curve;
O determination of the complete curi (Imagappr.
In order to carry out the first stage of this prhaes, a simplified model is needed to estimate
Uplateas T he development of this model is explained below.

The model is based on energetic considerationscansiists in expressing that the work
done by the external force is equal to the sumhef Kinetic energy and the deformation
energy (Eq. (2)). Considering a rigid-plastic babav for the beams (while the horizontal
spring is defined by an elastic behaviour law)s ttieformation energy simply includes the
work related to the plastic hinges rotation anddlastic energy included in the lateral spring.

Vve = Ekinetic+ Ed = + E y E

efo” —kinetic hinges sprir (2)



This equation can be expressed as follows:
[P Edu:%DMg 0 +40] M@0+ § (&) 0, 3)

in which:
O M, =¥3mnC20, =¥ IM,, is the generalised mass of the system,

0 @ is the rotation of each plastic hinge aMdthe corresponding plastic bending
moment,

O ¢ is the elongation of the horizontal spring &hdthe force it is submitted to.
Eq. (3) was further developed considering:

O theM-N plastic interaction in the plastic hinges (therdase of the plastic resistant
moment of the profile cross-section is expressedutih a function of the normal
force):

My (N) =M, OF(N(W) = M, () < M, (4)

O the axial elongation of the beams using:

I=I(N)=Io+2D5NzIO+2E’P=I@) >1, (5)
N
whered is the elongation of half a beam afdthe associated elongation stiffness
(for more information about these parameters, gpe [

0 moderate displacements meaning that (Fig. 10):

& u?
6?~— (=sind=1tgfd) and co8= 1—= 41—
2 2

(6)

The validity of this assumption is discussed atehe of this section.

\LP( t)
0(1) K

lu(t)

x

Fig. 10: Considered system and main definitions

Finally, the following movement equation could berided from Eq. (3), using Egs. (4),
(5) and (6) and making a few conservative simaiiimns:

4TM
M [ PO (N(u Df’ 7
g(t)+() (N(uw) + |() (b= 3 (7)

with:
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As Eq. (7) has been developed considering the ahefioon energy related to the first
loading of the system and neglecting possible ielastloading, it is obviously only valid
before unloading. In other words, the displacenoemve u(t) that can be obtained resolving
this differential equation is only valid until ifgst maximum, which ipjaeas EQ. (7) also
assumes thaP(t) = P¥/t , which means it is only valid before the appliedd has become
constant (i.e. fot < t, — Fig. 5). However, these restrictions are of nasequence here.
Indeed, what we are interested in is the determoinaif Upaeas @and What happens after is no
concern. Moreover, as the final objective is thaleation ofPy.ns, Only responses relatively
close to the intermediate situation between the b@baviour types are interesting; and, in
such cases, the plateau always starts at atfigeg,<t:.

In order to solve Eq. (7), initial conditions hatee be defined. In the considered rigid-
plastic system, the displacement and the velo@th lequal zero until the plastic mechanism
is formed. So the equation is resolved from thetym with the initial conditions (Fig. 11):

0 u, =u(t,) =0,
0 U, =u(t,) =0.

u(t)

!N (f-m.w
Fig. 11: Typical response of the system definetherbasis of the model

Unfortunately, this equation has no analytical 8otuand thus numerical calculation has
to be performed to obtain the displacement cu¥}e which is only valid untiliyjateay OF t; iS
reached, as explained above. Using this model (BY.for the prediction olpjateas the
approximate curve labelled “rigid-plastic model” ig. 9 (brown dotted curve) could be
established following the previously described prhae. It is observed that it still leads to
underestimate the maximum dynamic displacementdiues of the forc® close toPans.

The reason is that the model is based on the assumgd a rigid-plastic behaviour of the
beams meaning that the elastic displacement reabbé&aie the formation of the plastic
mechanism is neglected. If this displacement iseddd the values afyjaeeau Obtained using
the proposed rigid-plastic model (Eq. (7)), a bedstimation of the displacemengans is
found. Finally, the last curve depicted in Fig.s9obtained (curve named “final model with



elastic correction”), which is very close to theofiect” approximate curve it was meant to
approach.

For the considered example, it can be observedthigaplastic hinges rotation does not
exceed 7° in the domain of deformation in which K@) is used and the moderate
displacements hypothesis (Eg. (6)) is thus justifladeed, this movement equation is used to
determineupiaeau for increasing values & until uyans is identified, according to the procedure
described at the beginning of this section to deitee the approximate dynamic curve, (
Umaxappr fOr @ given value of,. Consequently, the moderate displacements assum(ii.

(6)) is valid as long as the rotation correspondmghe vertical displacement,,s remains
smaller than about ten degrees. If it is not theecéarge displacements should be taken into

account and the relationshigs=arcsin()/| ) and cosd = 1—u2/|2 have to be considered

instead of the previous simplifications of Eq. (Bhe development of the movement equation
in such conditions leads to more complex expressionl is not detailed herein.

4 CONCLUSIONSAND PERSPECTIVES

The investigations reported in the present papemainly dedicated to the study of the
dynamic response of a simple substructure basicaltgisting of a double-beam subjected to
a forceP at mid length and laterally restrained by a hartabspring. Indeed, although not
detailed herein, the dynamic behaviour of buildiragnes further to the loss of a column was
studied and demonstrated to show many similantiéls the response of such a substructure
in terms of displacement, yielding and internatés.

The time evolution of the substructure displacemgrlding and internal forces was
studied in details using finite element models. Tifuence of different properties of the
structure (mainly its first period) and of the loading conditions (the value of tbedP and
the rapidity with which it is applied, charactedsay the rise timé) was highlighted. On the
basis of the conclusions drawn from these analysesmplified method was developed to
guantify the maximum dynamic displacementy suffered by a substructure under a given
loading condition®, t,/T). The proposed model is based on the system sta&fonse and has
been validated through comparison to results dgtefielement dynamic simulations.

The extension of the procedure presented hereirthrprediction of the substructure
dynamic response to global frames losing a colwrouirently under investigation. A general
model is being developed and implemented into avsoé that will be available in a near
future for easy practical use. This model will pérthe determination of the frame dynamic
response on the basis of its static behaviour hadmay the bearing capacity of the failing
column is supposed to decrease.
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