
May 7, 2004 14:47 WSPC/124-JEE 00151

Journal of Earthquak e Engineering, Vol. 8, No. 4 (2004) 497{522
c
 Imp erial College Press

AD VANT A GES AND LIMIT ATIONS OF AD APTIVE AND
NON-AD APTIVE FOR CE-BASED PUSHO VER PR OCEDURES

S. ANTONIOU

Department of Civil Engineering, Imperial Col lege London
Imperial Col lege Road, London SW7 2BU, UK

R. PINHO

European School for Advanced Studies in Reduction of Seismic Risk (ROSE School)
Col legio Alessandro Volta, Via Ferrata 17, 27100 Pavia, Italy

Received 25 November 2002
Revised 30 Octob er 2003

Accepted 30 Octob er 2003

The recent driv e for use of performance-based methodologies in design and assessment
of structures in seismic areas has signi�can tly increased the demand for the development
of reliable nonlinear inelastic static pushover analysis tools. As a result, the recent years
have witnessed the intro duction of the so-called adaptiv e pushover methods, which,
unlik e their conventional pushover counterparts, feature the abilit y to account for the
e�ect that higher modes of vibration and progressive sti�ness degradation might have
on the distribution of seismic storey forces. In this paper, the accuracy of these force-
based adaptiv e pushover methods in predicting the horizontal capacity of reinforced
concrete buildings is explored, through comparison with results from a large number
of nonlinear time-history dynamic analyses. It is concluded that, despite its apparent
conceptual superiorit y, current force-based adaptiv e pushover features a relativ ely minor
advantage over its traditional non-adaptiv e equivalent, particularly in what concerns the
estimation of deformation patterns of buildings, which are poorly predicted by both types
of analysis.

Keywor ds: Force-based adaptiv e pushover; incremental dynamic analysis; FAP.

1. In tro duction

Under the pressureof recent developments, seismiccodeshave begun to explicitly
require the identi�cation of sourcesof inelasticity in structural response,together
with the quanti�cation of their energy absorption capacity. Ideally, such perfor-
manceevaluation of structural systemssubjected to earthquake loading should be
basedon nonlinear time history analysis.However, the intrinsic complexity and the
additional computational e�ort required by the latter (especially if a �bre-based
distributed inelasticity modelling philosophy is adopted) do not justify its use in
ordinary engineeringapplications.

As a result of the above, nonlinear static, as opposed to dynamic, pushover
analysishasbeengaining signi�cance over recent yearsasa tool for assessment and
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designveri�cation. Indeed, and despite its relative simplicit y and easeof use, this
numerical tool can provide information on many important responsecharacteristics
that cannot be obtained from an elastic static or dynamic analysis. Conventional
pushover consistsin the application and monotonic increaseof a prede�ned lateral
storey force pattern, kept constant throughout the analysis.However, such a proce-
dure exhibits a number of limitations, mainly related to its inabilit y to account for
the progressive sti�ness degradation, the change of modal characteristics and the
period elongation of a structure subjected to monotonic loading. As a result, recent
yearshave witnessedthe intro duction of the so-calledadaptive pushover methods,
which overcome,at least from a conceptual viewpoint, such limitations.

In this paper, and following a brief review of latest developments in the �eld,
the accuracyof force-basedadaptive pushover methods in predicting the horizontal
capacity of reinforced concretebuildings is explored, through comparison with re-
sults from a large number of nonlinear time-history dynamic analyses.An extended
versionof the fully adaptivepushover algorithm proposedby Elnashai [2001],which
managesto encompassall advancedfeatures that have beenrecently proposedand
developed by a number of researchers and can thus be deemedas a satisfactory
representativ e of the current state-of-the-art in the �eld, is employed.

The results of the extensive parametric study carried out, summarised in the
body of the current presentation, indicate that, despite its apparent conceptual
superiorit y, current force-basedadaptive pushover features a relatively minor ad-
vantageover its traditional non-adaptivecounterpart, particularly in what concerns
the estimation of deformation patterns of buildings, which are poorly predicted by
both types of analysis. Therefore, possible areas of improvement of the adaptive
scheme are also identi�ed and suggestedas potential solutions to the seemingly
inherent shortcomingsof current force-basedpushover analysis methods.

2. Nonlinear Static Pusho ver Analysis in Earthquak e Engineering

Pushover analysis has served well as an e�cien t and easy-to-usealternativ e to
dynamic time-history analysis,since,despiteits simplicit y, it is capableof providing
important structural response information. Indeed, pushover can be employed to
identify critical regions,where inelastic deformations are expected to be high, and
strength irregularities in plan or elevation that might causeimportant changesin
the inelastic dynamic response characteristics [e.g. Krawinkler and Seneviratna,
1998]. In addition, pushover analysis can also provide realistic estimations of force
demandsin potentially brittle elements, such as shear-dominatedmembers, or the
consequencesof strength deterioration of given members on the overall structural
stabilit y. Finally, this type of analysis is also capable of predicting the sequence
of yielding and/or failure of structural components and the progressof the overall
capacity curve of the structure, thus verifying the adequacyof the seismicload path
(accounting for both structural and non-structural elements of the system).
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However, conventional pushover analysisexhibits also shortcomingsand limita-
tions that con�ne its range of application and raise doubts about its e�ectiv eness
to accurately estimate structural seismic demand, as demonstrated by a number
of researchers [Lawson et al., 1994; Krawinkler and Seneviratna, 1998; Kim and
D'Amore, 1999;Naeim and Lobo, 1999].For instance, the deformation predictions
can be highly inaccurate if higher modes are important and/or if the structure is
pushed highly into its nonlinear post-yield range. The latter is characterised by
gradual degradation and softening of the structural systemduring the analysispro-
cedure, which in turn leads to signi�can t elongation of the periods (seeFig. 1(a))
and changeof modal shapecharacteristics (seeFig. 1(b)), asa result of the tendency
for deformations to concentrate at the locations that sustain more damage.

Moreover, being a static method, pushover analysis reproducesmaterial strain-
ing only, neglecting other sourcesof energy dissipation that are associated with
dynamic response, such as kinetic energy and viscous damping, as well as dura-
tion e�ects. Finally, three-dimensional e�ects are di�cult to incorporate, whereas
the e�ects of cyclic earthquake loading cannot be modelled. In summary, pushover
analysislacks many important featuresof dynamic nonlinear analysisand thus can-
not really substitute the latter in the role of the most accurate tool for structural
analysis and assessment.

However, and nonetheless,several possibledevelopments can considerably im-
prove the e�ciency of the method, bringing it some steps closer to the realistic
modelling of nonlinear time-history analysis. Indeed, as shown further ahead,some
of the aforementioned limitations can be overcomewith the derivation of a fully
adaptive procedure, which accounts for both higher mode contributions as well
as alteration of the local resistanceand modal characteristics of the structure, as
induced by the progressiveaccumulation of damage.In this way, the sti�ness degra-
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dation, the period elongation and the in
uence of all signi�can t modesof vibration
can be explicitly considered. In addition, �nding a way to somehow incorporate
the expected ground motion in the analysis might also allow the attainment of
site-speci�c results, as required in some applications. This can be achieved with
the utilisation of responsespectra representativ e of such areas,derived from actual
accelerogramsor code provisions.

In recent years,a number of research endeavours have beencarried out with the
objective of intro ducing the aforementioned developments. The majorit y of such
are brie
y summarisedin the subsectionsthat follow.

2.1. Pushover pr ocedur es considering higher-mo de e�e cts

One of the �rst attempts to considerhigher mode e�ects was made by Paret et al.
[1996]and Sasakiet al. [1998],who suggestedthe simple, yet e�cien t, multi-mo dal
pushover procedure(MMP). This comprisesseveral pushover analysesunder forc-
ing vectors representing the various modes deemedto be excited in the dynamic
response.The individual pushover curves are then converted to the Acceleration-
Displacement ResponseSpectrum (ADRS) format, after which the Capacity Spec-
trum Method [Freeman, 1975] is utilised to compare the structural capacity with
the earthquake demand. In this manner, it becomesevident which mode is more
critical and where damageis likely to occur. The procedure is intuitiv e and does
indeed provide qualitativ e information on higher mode e�ects, which conventional
singlemode pushover analysisfails to highlight. However, the e�ects of thesehigher
modescannot be easilyquanti�ed, sincethe method doesnot provide an estimation
of the response.

A re�nement of the multi-mo dal pushover procedure is the PRC method
(Pushover Results Combination), which has beenrecently proposedby Moghadam
and Tso [2002].According to this method, the maximum seismicresponseis again
estimated by combining the results of several pushover analyses,which are car-
ried out using load patterns that match the modal shapesof a prede�ned number
of vibration modes. The �nal structural responseis obtained as a weighed (using
the respective modal participation factors) summation of the pushover results from
each analysis. Usually, the �rst 3 or 4 modesare considered.

A similar procedure,also basedon MMP, is the MPA (Modal Pushover Analy-
sis) method suggestedby Chopra and Goel [2002].According to MPA, the pushover
curves corresponding to forcing vectors representing the various modes of vibra-
tion are idealised and transformed into bilinear curves of single-degree-of-freedom
(SDOF) equivalent systems,soasto calculate the target deformation and the corre-
sponding responseparametersfor each mode separately. The total demand is then
determined by combining the peak modal demandsusing the SRSSrule. Typically,
two or three modes are enough to achieve accurate results. When compared to
ResponseSpectrum Analysis, the method gave rather good estimates for response
parameters such as interstorey drifts or 
o or displacements, and the results pre-
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sented were superior to the predictions of the pushover analyseswith the �xed
force distributions suggestedby FEMA [ATC, 1997],which greatly underestimated
drift demands.

Overall, the above multi-mo dal proceduresconstitute a signi�can t improvement
of conventional pushover analysis. The former are theoretically more robust and
conceptually more attractiv e, since they explicitly consider the response of more
than one vibration mode and the in
uence of the expected ground motion, thus
yielding results that are closerto rigorous inelastic time-history analysis.However,
thesemethods do not account for damageaccumulation and resulting modi�cation
of the modal parameters, which might considerably a�ect the responsecharacter-
istics of a given structure. Therefore, the fully adaptive methods presented in the
following subsection seemto constitute a better alternativ e, due to their abilit y
to adapt the load applied to the structure at di�eren t deformation levels (i.e. at
di�eren t analysis steps), leading to conceptually more correct results.

2.2. A daptive pushover pr ocedur es

Bracci et al. [1997]werethe �rst to intro ducea procedurethat utilises fully adaptive
patterns. The analysis starts by assumingan initial lateral load distribution, usu-
ally triangular, whereasthe additional loads imposedin subsequent increments are
calculated from the instantaneousbaseshearand storey resistancesof the previous
load step. The procedurewasimplemented in the dynamic analysispackageIDARC
[Valleset al., 1996]leading to the attainment of apparently promising results. Lefort
[2000] implemented an extended version of this method, which employed an addi-
tional force scaling equation to account for higher mode contributions, obtaining,
however, limitedly-accurate responsepredictions.

A di�eren t adaptive methodology was proposedby Gupta and Kunnath [2000],
in which the applied load is constantly updated, depending on the instantaneous
dynamic characteristics of the structure, and a site-speci�c spectrum can be usedto
de�ne the loading pattern. According to the method, eigenvalue analysis is carried
out beforeeach load increment, accounting for the current structural sti�ness state.
The number of modes of interest that are consideredis prede�ned and the storey
forcesfor each mode are estimated as the product betweenthe modal participation
factor, mass-normalisedmodeshape, weight of the storey and spectral ampli�cation
of the mode being considered.Then, a static analysis is carried out for each mode
independently and the calculated action e�ects for each mode are combined with
SRSSand added to the corresponding valuesfrom the previous step. At the end of
the step, the structural sti�ness state is assessedso as to be usedin the eigenvalue
analysis of the next step. The estimates of interstorey drifts and the sequenceof
the formation of local or global collapsemechanisms presented in the paper were
satisfactory. However, the employment of SRSSto combine the di�eren t pushover
responses,derived for each mode, implies that structural equilibrium is not satis�ed
at the end of each step.
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Another method proposedby Requenaand Ayala [2000],who discussedtwo vari-
ations of adaptive pushover (referred to asapproaches2-A and 2-B) and compared
them with a modal �xed-pattern scheme. Whilst in one of the proposedvariants
the storey loads were derived through SRSScombination of modal forces, in the
secondoption an \equivalent fundamental mode" is �rst determined (through an
SRSScombination of the vibration modes shapes) and then used to compute the
lateral loads. This procedureis repeated whenever the structural sti�ness changes,
as new plastic hingesform and develop, hencethe lateral load distribution re
ects
the current state of inelasticity. The two alternativ e adaptive methods are indeed
appealingsincethey are theoretically rigorous and they explicitly account for higher
modesand spectral contributions. In addition, the proceduressuggestedin the pa-
per for the determination of the target displacement are also of particular interest,
albeit beyond the scope of the present work. However, and unfortunately, the an-
alytical results presented by Requenaand Ayala [2000] were only limited and the
accuracyof the procedurescould not be e�ectiv ely assessedor judged.

A wholly alternativ eadaptivepushover methodology hasbeenrecently proposed
by Albanesi et al. [2002],who suggestedan Adaptiv e Energy-basedPushover Anal-
ysis (AEPO A) whereby the imposed lateral force/displacement pro�les at each
step supposedly take into account not only the inertial properties of the struc-
ture but also the kinetic energy that the latter is expected to mobilise when sub-
jected to earthquake loading. The results obtained, however, did not seempartic-
ularly exceptional, since, compared to conventional pushovers, the curves derived
by the AEPOA method were very unstable and tended to stop at very low defor-
mation levels (less than 1% in some cases),whereasthe predicted values of the
base shear strength of the building were unreliable. In addition, no clear proce-
dure for applying and updating the lateral loads (forces or displacements) was
described.

Finally, Elnashai [2001] proposed an adaptive pushover scheme that seemed
to encompass,within a single-analysispushover algorithm, all advanced features
described above. This single-run procedure is fully adaptive and multi-mo dal and
accounts for systemdegradation and period elongation by updating the forcedistri-
bution at every step (or at prede�ned steps)of the analysis.The dynamic properties
of the structure are determined by meansof eigenvalue analysesthat consider the
instantaneousstructural sti�ness state, at each analysisstep. Site- or record-speci�c
spectral shapes can also be explicitly consideredin the scaling of forces, so as to
account for the dynamic ampli�cation that expected ground motion might have on
the di�eren t vibration modesof the structure. This force-basedadaptive pushover
algorithm, deemedas a satisfactory representativ e of the current state-of-the-art
in the �eld, was further developed and tested by the authors of the present work,
for improved stabilit y and accuracy, and is thus presented and discussedin greater
detail in the remaining parts of this presentation.
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3. The Force-Based Adaptiv e Pusho ver Algorithm (FAP)

The force-basedadaptive pushover algorithm adopted and developed within the
current presentation has been implemented in SeismoStruct [SeismoSoft,2004], a
�bre-mo delling Finite Element program for seismicanalysis of framed structures,
which can be freely downloaded from the Internet. Full details on this computer
packagecan be found in its accompanying manual. The implementation of the pro-
posed algorithm can be structured in four main stages;(i) de�nition of nominal
load vector and inertia mass, (ii) computation of load factor, (iii) calculation of
normalised scaling vector and (iv) update of loading force vector. Whilst the �rst
step is carried out only once,at the start of the analysis, its three remaining coun-
terparts are repeated at every equilibrium stage of the nonlinear static analysis
procedure,as described in the following subsections.

3.1. Nominal load vector and inertia mass

In conventional pushover, a nominal load vector P0 is de�ned at the start of the
analysis.The magnitude of such vector is of reducedrelevancesinceit doesnot a�ect
the attained results, due to the fact that pushover solution algorithms automatically
scalethe load vector in order to meet the analysis target. Its real usefulnessresides
instead on the fact that (i) it de�nes the structural nodes where the loads are
applied and (ii) it characterisesthe load distribution shape (triangular, uniform,
etc.) that is to be usedthroughout the entiret y of the analysis.

In adaptivepushover, however, the loading vector shape is automatically de�ned
and updated by the solution algorithm at each analysis step, for which reason
the nominal vector P0 must always feature a uniform (rectangular) distribution
shape, in height, so as not to distort the load vector con�guration determined in
correspondenceto the dynamic response characteristics of the structure at each
analysisstep (seeSec.3.3). In other words, nominal loads,asde�ned at the start of
the analysis,must be equalat all storeys,whilst their magnitude may be arbitrarily
chosen(it is usually convenient to de�ne an initial load vector with such magnitude
so that the analysis load factor � can be made to range between zero and unit y,
the latter corresponding to the attainment of full horizontal structural capacity, or
thereabouts).

In addition, and still within the realmsof the de�nition of the start-up conditions
for the analysis, it is noteworthy that adaptive pushover requires the inertia mass
M of the structure to be modelled, so that eigenvalue analysis, employed in the
updating of the load vector shape(seeSec.3.3), may be carried out. In the proposed
adaptive pushover algorithm, both lumped and distributed masselements may be
employed, and freely spreadthroughout the structure.

The abovehighlights that, from a usability point-of-view, the implemented adap-
tiv epushover algorithm e�ectiv ely presents no additional e�ort and/or requirements
with respect to its conventional non-adaptive counterpart, since the only element
of novelty, in terms of analysis input, is the intro duction of the building's inertia
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mass, which, however, can usually be obtained directly from the vertical gravit y
loads, already included in any type of pushover analysis.

3.2. Computation of load factor

In the proposed algorithm, the magnitude of the loading vector P at any given
analysis step is obtained, in general terms, by the product of its nominal coun-
terpart P0, de�ned above, and the load factor � at that step (see Eq. (1)). The
latter is automatically increased,by means of a load control or response control
incrementation strategy, until a prede�ned analysis target, or numerical failure, is
reached.

P = � � P0 : (1)

Load control refers to the case where the load factor is directly incre-
mented/controlled by the pushover algorithm whilst the structural response
(e.g. nodal displacements and rotations) corresponding to such loading level (force
level in this case) is subsequently determined. In other words, and in the caseof
FAP, a force-controlled pushover is carried out, with the load factor being usedto
scaledirectly the applied force vector until the point of peak capacity.

In the caseof response control, on the other hand, it is the response of the
structure (e.g. a given nodal displacement or rotation) that is �rst directly incre-
mented/controlled, after which the load factor corresponding to such deformation
level can be computed. The load factor variation, therefore, is not prescribed by
the user, but is instead automatically calculated by the program so that the ap-
plied loading vector (force vector in this case)at a particular increment corresponds
to the attainment of the target responsedisplacement/rotation at the controlled
node. It is noted that this type of load factor incremental scheme di�ers signi�-
cantly from a displacement-controlled analysissinceit is the responsedeformation
of the structure, as opposedto a loading displacement vector, that is controlled by
the program.

A more detailed description of the workings of such loading/solution schemes
is beyond the scope of the current presentation, interested readers being instead
referred to the manual of the FE program, indicated earlier, where the proposed
adaptivepushover algorithm hasbeenimplemented. Here, it su�ces to note that for
the purposeof the current parametric study, and in generalfor all force-basedadap-
tiv e pushover applications, the responsecontrol algorithm schemeis the preferred
option sinceit (i) fully captures irregular responsefeaturessuch as soft-storey fail-
ures, (ii) models the softening post-peak loading/responsebranch of the structure,
(iii) provides an even distribution of force-displacement curve points throughout
both pre- and post-peak loading/responserangesand (iv) provides direct control
of structural deformations, which, aswidely acknowledged,provide a better insight
into the damageincurred by the structure.
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3.3. Calculation of normalise d scaling vector

The normalised modal scaling vector, �F , used to determine the shape of the load
vector (or load increment vector) at each step, is computed at the start of each load
increment. In order for such scalingvector to re
ect the actual sti�ness state of the
structure, as computed at the end of the previous load increment, an eigenvalue
analysis is �rstly carried out. To this end, the Lanczosalgorithm [Hughes,1987] is
employedto determine the modal shapesand participations factors of any givenpre-
de�ned number of modes,after which the modal storey forcesF ij canbe determined
as:

Fij = � j � ij M i ; (2a)

wherei is the storey number and j is the modenumber, � j is the modal participation
factor for the j th mode, � ij is the massnormalised mode shape value for the i th
storey and the j th mode, and M i is the massof the i th storey.

Alternativ ely, the modal storey forces can be computed using Eq. (2b), given
below, wherean additional parameter Sa;j that represents the accelerationresponse
spectrum ordinate corresponding to the period of vibration of the j th mode, here-
after referred to asspectral ampli�c ation, is entered into the computation of F ij . In
other words, the modal storey forcesare weighted by the Sa value at the instanta-
neousperiod of that mode, soas to take into account the e�ects that the frequency
content of a particular input time-history, or spectrum, have in the responseof the
structure being analysed:

Fij = � j � ij M i Sa;j : (2b)

Previous research [Mwafy and Elnashai, 2000; Antoniou, 2001] indicated that
consideringthe spectral ampli�cation of each particular mode in the computation of
the Fij , that is, the useof Eq. (2b) in favour of Eq. (2a), could contribute to an im-
provement in the similitude betweenstatic pushover and dynamic inelastic analysis
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results. These observations were con�rmed in the present study, where the inclu-
sion of ground motion characteristics in the adaptive pushover analysis (through
the use of responsespectra) provided an equally closer �t to the dynamic results,
as shown in Fig. 2. Although in several casesthe predictions with and without
spectral ampli�cation coincided, in none did the pushover with spectral ampli�ca-
tion (i.e. di�eren t Sa for each mode) perform worse. Therefore, the utilisation of
a spectral shape, either code-de�ned or derived from actual records, to determine
modal storey forcesis, in general, recommended.

Ideally, in order to assure full consistency between demand and supply duc-
tilities, multiple responsespectra, derived for varying values of equivalent viscous
damping, should be employed so as to re
ect the actual energydissipation charac-
teristics of the structure at each deformation level (i.e. at each analysis step). The
implementation of such re�nement, however, was beyond the scope of the current
work, for which reasona single constant responsespectrum derived for an equiva-
lent viscousdamping value of 5%, which the authors acknowledgemay contribute
to an overestimation of the �rst mode contribution, was used throughout the en-
tiret y of each analysis. Future work will target the assessment of the e�ects that
such apparent limitation has on attained results.

The lateral load pro�les of each vibration mode are then combined using ei-
ther the Square Root of the Sum of Squares(SRSS, Eq. 3(a)), if the modes can
be assumedas fully uncoupled, or the Complete Quadratic Combination (CQC,
Eq. 3(b)) method, if cross-couplingof modesand respective viscousdamping is to
be considered.It is noted that in Eq. (3b), n stands for the number of modeswhilst
� j k is the cross-model correlation coe�cien t, which can be approximated by Eq. (4)
if one assumesall modes to feature the samedamping coe�cien t � :

Fi =

vu
u
t

nX

j =1

F 2
ij ; (3a)

Fi =

vu
u
t

nX

j =1

nX

k=1

(Fij � � j k � Fik ) ; (3b)

� j k =
8 � � 2 � (1 + r ) � r 1:5

(1 � r 2)2 + 4 � � 2 � r � (1 + r )2 ; r =
! k

! j
: (4)

Further, since only the relative values of storey forces (F i ) are of interest in the
determination of the normalised modal scaling vector �F , which de�nes the shape,
not the magnitude, of the load or load increment vector (seeSec.3.4), the forces
obtained by Eqs. (3a) or (3b) are normalised with respect to the total value, as
follows:

�Fi =
Fi

� Fi
: (5)
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It is noted that, ashighlighted by Priestley [2003],the useof SRSSor CQC rules
to combine modal forcesmay not always lead to the attainment of an adequateload
vector shape that accurately represents the dynamic responsecharacteristics of the
structure at a particular deformation level. In fact, if true reproduction of dynamic
analysis response is the objective of the pushover analysis, then the normalised
scaling vector should ideally be obtained through a weighted vectorial addition
of the contribution of each mode, to avoid the not necessarilyrealistic storey force
increasewhen the forcevector from onemode is summed,through SRSSor CQC, to
the fundamental one.The employment of such alternativ e modal force combination
procedure, however, calls for additional in-depth studies that are conspicuously
beyond the scope of the present endeavour. Hence,and taking also account of the
fact that in the present work observed modes of vibration at every deformation
stage were always su�cien tly apart, the SRSSmodal combination procedure was
consistently employed throughout the analyses.

It is equally noteworthy that when the structural response reaches its post-
peak range, the eigen-solver can no longer output real eigen-solutions,due to the
presenceof negative valuesin the diagonal of the sti�ness matrix which in turn lead
to imaginary periodsof vibration, corresponding to wholly unfeasiblemodal shapes.
In such cases,the load vector shape is no longer changed (only its magnitude is
updated), e�ectiv ely meaning that a conventional non-adaptive pushover analysis
is employed thereafter. This is acceptable since, in the majorit y of applications,
entrance in the post-peak responserange corresponds to the formation of a given
failure mechanism, which then remains qualitativ ely unchanged until collapse is
reached.Furthermore, and asdescribed in Sec.4.3,whena givenstorey starts failing
due to damage accumulation, force-basedadaptive algorithms tend to generate
unrealistically high load concentrations at that given storey, leading to equally
unfeasible high drift values. Hence, and for this reason also, the employment of
a constant load vector shape in the post-peak softening structural responserange
seemsjusti�ed.

Finally, in caseswherea very largenumber of analysisstepsareemployedand/or
when the structural model is very large, it might prove advantageousfor the load
vector shape to be updated with a frequency lower than the number of analysis
steps, so as to reduce the computation e�ort. Such feature is explicitly available
in the algorithm developed by the authors. Within the framework of the current
parametric study, however, for reasonsof accuracy and analysis stabilit y, the load
vector shape wasupdated at every analysisstep, with up to ten modesof vibration
being consideredin its computation.

3.4. Update of loading for ce vector

Once the normalised scaling vector and load factor or load factor increment have
been determined, and knowing also the value of the initial nominal load vector,
the loading force vector at a given analysis step can be updated using one of two
alternativ es;total or incremental updating.
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3.4.1. Total Updating

With total updating, the load vector Pt at a given analysisstep t is obtained through
a full substitution of the existing balanced loads (load vector at previous step) by
a newly derived load vector, computed as the product between the current total
load factor � t , the current normalisedmodal scalingvector �Ft and the nominal load
vector P0, as schematically represented in Fig. 3 and numerically translated into
Eq. (6a):

Pt = � t � �Ft � P0 : (6a)

This load updating schemedoesseemto be the most adequateif one is looking
to reproduce in full the dynamic responsecharacteristics of a structure subjected
to earthquake loading, sincethe load vector is fully updated at every singleanalysis
step to re
ect the sti�ness state, hencethe vibration properties, of the structure at
that particular deformation level. This e�ectiv ely meansthat an adaptive pushover
that has beenstarted with a, say, �rst mode of vibration triangular force distribu-
tion, may then be concludedwith an applied forcedistribution that re
ects a second
or third mode of vibration, which might be controlling the responseof the structure
at that stage of the analysis. This behaviour was clearly observed in someof the
casestudiesconsideredin the parametric study described in Sec.4, asschematically
illustrated in Fig. 4 below.

Unfortunately , in addition to its auspiciousfull reproduction of inertia forcedis-
tribution patterns observed in nonlinear dynamic analysis,Total Updating features
also a conspicuouslack of numerical stabilit y, due to the di�cult y in intro ducing
the abrupt type of storey force changesdepicted in Fig. 4 below. This is partic-
ularly evident in those caseswhere the applied force at one storey level reduces
with an increasing load factor, whereasthe forcesat the adjacent levels augment.
In his work, Antoniou [2002]does present a solution to this numerical obstacle; if
at one or more storeys there is reduction of the applied forces,all storey loads are
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proportionally increasedso that at any given storey the loading force is at least
equal to that of the previous step. This loading vector corrective technique, how-
ever, cannot, for obvious reasons,be employed with a responsecontrol algorithm,
the preferred choice for force-basedadaptive pushover (Sec. 3.2, above). There-
fore, Total Updating has not beenadopted in the current parametric study, being
instead replaced by the stable, and comparably accurate, Incremental Updating
scheme,described below.

3.4.2. Incremental Updating

With IncrementalUpdating, the load vector Pt at a given analysisstep t is obtained
by adding to the load vector of the previous step Pt � 1 (existing balanced loads) a
newly derived load vector increment, computed as the product betweenthe current
load factor increment � � t , the current modal scaling vector �Ft and the nominal
load vector P0, as schematically represented in Fig. 5 and numerically translated
into Eq. (6b).

Pt = Pt � 1 + � � t � �Ft � P0 : (6b)

It is noteworthy that the results obtained with Incremental Updating werecon-
sistently very similar to those obtained with Total Updating, in those caseswhere
the latter could indeed be applied. This seemsto comeas a result of the fact that
in both schemesthe trends of the load distributions are similar, as shown by Anto-
niou [2001,2002],even though the absolute valuesof the forcesdi�er signi�can tly
in somecases.In addition, even in thoselimited caseswheredi�erences betweenthe
two load updating modalities were not negligible, it was by no meansclear which
variant provided better estimates.Finally, it is also noted that Bracci et al. [1997],
Gupta and Kunnath [2000] and Requenaand Ayala [2000], whosework has been
brie
y reviewed in Sec.2 of this paper, have also adopted the use of incremental
load vector updating.
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4. Parametric Study

In what follows, sample results of an extensive parametric study that aimed at
assessingthe e�ectiv enessof the proposedforce-basedadaptive pushover algorithm
(FAP), are presented. To this end, results obtained with the latter are compared
to well-established static and dynamic analysis methods, all of which have been
applied to a large number of casestudies, as discussedbelow.

4.1. Intr oduction

Adaptiv e pushover is intended to be a method for general use in design and as-
sessment. It is therefore imperative to verify its e�ciency for di�eren t structural
con�gurations subjected to equally diverse input ground motions. Extensive pre-
liminary testing, comprising 1200 dynamic and pushover analysis on 12 di�eren t
\stic k-models", has already beencarried out by Antoniou [2001], for which reason
the current study focusedinstead in the application of the proposedalgorithm to
more realistic structural models.A seriesof frame systemswerethus consideredand
analysed,using conventional pushover proceduresaswell as the suggestedadaptive
analysis scheme.Furthermore, and in order to fully assessthe method's accuracy,
or lack of, a considerablenumber of dynamic analyseswere conducted, with the
corresponding results being then compared with those from force-basedadaptive
pushover.

Three di�eren t structural con�gurations were employed in this study; a 12-
storey regular frame, an eight-storey irregular frame and a dual (wall-frame) system.
Moreover, di�eren t ductilit y classesand design ground accelerationswere consid-
ered, resulting in a total of 12 structural models. The latter represent common
reinforced concretestructures and are basedon buildings designedand detailed at
the University of Patras [Fardis, 1994],seeminglyaccording to the 1995version of

Table 1. De�nition of the structural systems considered.

Structure Structural No. of Ductilit y Design Behaviour T uncrac ked
Group Reference System Storeys Level PGA (g) Factor (q) (sec)

RF-H030/RH30 High 5.00 0.6970.30

1
RF-M030/RM30 Regular

12
Medium 3.75 0.719

RF-M015/RM15 Frame Medium 3.75 0.7450.15RF-L015/RL15 Low 2.50 0.740

IF-H030/IH30 High 4.00 0.5650.30

2
IF-M030/IM30 Irregular

8
Medium 3.00 0.536

IF-M015/IM15 Frame Medium
0.15

3.00 0.613
IF-L015/IL15 Low 2.00 0.614

FW-H030/WH30 High 3.50 0.5690.30
3

FW-M030/WM30 Regular
8

Medium 2.625 0.557

FW-M015/WM15 Frame-Wall Medium
0.15

2.625 0.601
FW-L015/WL15 Low 1.75 0.588
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Eurocode 8 [CEN, 1995].Subsequently , they weremodelled by Mwafy [2001]under
the framework of a di�eren t project, and were then adapted by Rovithakis [2001]
for the purposeof the current research endeavour. Their generalcharacteristics are
de�ned in Table 1 and schematically illustrated in Fig. 6.

It is also worth noting that many of the modelled buildings feature a column-
sway, rather than beam-sway, type of failure mechanism, and are thus likely to
experiencesigni�can t modi�cations of the applied force vector shape at di�eren t
deformation levels. This serveswell the purposeof the current study, since it is in
such non-beam-sway casesthat conventional non-adaptive pushovers struggle the
most to accurately reproduce the dynamic response characteristics of a building
subjected to a given input motion.

Four input time-histories, consisting of one arti�cially-generated accelerogram
[Campos-Costa and Pinto, 1999] and three natural records (Loma Prieta earth-
quake, USA, 1989), were employed for the dynamic analysesof the study. The
selectionof thesefour recordsaimed at guaranteeing that the twelve buildings de-
scribed above would be subjected to a wide-ranging type of earthquake action, in
terms of frequencycontent, peak ground acceleration,duration and number of high
amplitude cycles.Indeed, the original PGA of the recordsvariesbetween0.12g and
0.93g, the spectral shapesare markedly distinct and provide high ampli�cations at
di�eren t periods (seeFig. 7), and the ratio betweenthe signi�can t duration (de�ned
as the interval between the build up of 5% and 95% of the total Arias Intensity
[Bommer and Martinez-Pereira, 1999]) and the total duration rangesfrom 22% to
72%. The characteristics of the records are summarised in Table 2, whereastheir
elastic responsespectra for an equivalent viscousdamping of 5%areshown in Fig. 7.

The twelve building con�gurations subjected to four recordsresulted in a total
number of 12� 4 = 48 test cases,deemedadequateto provide a representativ e sam-
ple for the veri�cation of the proposedalgorithm. Two conventional pushover pro-
cedureswerecarried out for each of the 12 buildings, for which the two distributions
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Table 2. Characteristics of the records employed in this study.

Peak Peak
Record Ground Response 5% AI 95% AI Total Signi�can t t e� /t total

Acceleration Acceleration Threshold Threshold Duration t tot Duration t e�

AR 0.30g 1.28g 2.32 sec 12.75 sec 15.0 sec 10.43 sec 69.5%
NR1 0.25g 0.90g 11.23 sec 20.16 sec 40.0 sec 8.93 sec 22.3%
NR2 0.12g 0.50g 1.02 sec 9.52 sec 33.2 sec 8.50 sec 25.6%
NR3 0.93g 4.25g 1.44 sec 8.68 sec 10.0 sec 7.24 sec 72.4%
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Fig. 7. Elastic response spectra of the four records (5% equivalent viscous damping) 
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Fig. 7. Elastic response spectra of the four records (5% equivalent viscous damping).

proposedin the NEHRP Guidelines [ATC, 1997]were employed; the uniform dis-
tribution, whereby lateral forces are proportional to the total massat each 
o or
level, and the triangular distribution, in which seismic forces are proportional to
the product of 
o or massand storey height. Furthermore, in excessof ten adaptive
pushoverswere run per building, employing the di�eren t variants of FAP discussed
in Sec.3. The results of the 144pushover analysescarried out were then compared
to the envelopesderived with the recently proposedIncremental Dynamic Analysis
(ID A) procedure [Hamburger et al., 2000; Vamvatsikos and Cornell, 2002; Mwafy
and Elnashai, 2000; Papanikolaou, 2000], whereby a structure is subjected to a
seriesof nonlinear time-history analysis of increasing intensity (e.g. peak ground
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acceleration is incrementally scaled from a low elastic response value up to the
attainment of a pre-de�ned post-yield target limit state). To this end, about 20
inelastic dynamic analyseswith variable scaling factors were performed per case,
leading to a total of approximately 1000nonlinear time-history runs.

All the analyses,dynamic or static, were carried out up to the point of 3%
global drift, employing the previously intro ducedFE package,capableof predicting
the large displacement behaviour of spaceframes under static or dynamic loading,
taking into account both local (beam-column e�ect) and global (large displace-
ments/rotations e�ects) geometricnonlinearities aswell asmaterial inelasticity. The
spreadof the latter along the member length and acrossthe sectionareais explicitly
represented through the employment of a �bre modelling approach, implicit in the
formulation of the inelastic beam-columnframe elements employed in the analyses.
Structural members were subdivided into 4{5 elements, with smaller elements at
member endssoas to ensurethat inelasticity could be accurately modelled. Beams
and columns weremodelled asextending from the centre of onebeam-columnjoint
to the centre of the next, in order to take account, albeit in an indirect and empiri-
cal manner, of joint 
exibilit y that could be induced by joint sheardistortion, yield
penetration and/or bar slip. Inertia masswastaken aspermanent vertical load plus
30%of its variable counterpart. No viscousdamping wasconsideredin the dynamic
analysis, since energy dissipation through hysteresisis already implicitly included
within the nonlinear �bre model formulation of the inelastic frame elements, and
non-hysteretic type of damping was assumedto be negligible within the scope of
the present application.

In order to appraisethe applicabilit y and the e�ectiv enessof force-basedadap-
tiv e pushover, a seriesof top displacement versusbaseshearplots (capacity curves)
hasbeencreated,comparing the adaptiveand conventional pushover results against
the dynamic analysis envelopes obtained for each of the four accelerogramsde-
scribed above.The interstorey drift and storey shearpro�les, more representativ eof
local responsecharacteristics, at four di�eren t deformation levels(0.5%, 1.0%,1.5%
and 2.5% total drift) have also been plotted. Typically, the 0.5% plots described
the elastic (or better, pre-yield) behaviour of the buildings, those of 1.0{1.5% sig-
nalled the point of global yielding, where the sti�ness changessigni�can tly and the
load distributions are rapidly updated, whilst 2.5% global drift is deepwithin the
inelastic range.

Finally, it is noted that by comparingpushover resultswith IDA output obtained
for each single accelerogram,as opposedto the statistical averageof all dynamic
cases,a much more demanding and preciseassessment of the static proceduresis
e�ectiv ely carried out, since structural response peculiarities intro duced by indi-
vidual input motions are not smoothed out through results averaging. Within this
non-statistical veri�cation framework, and in order to facilitate interpretation of
the most important observations and exempli�cation of the signi�can t conclusions,
only representativ e plots are given henceforth.
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4.2. Capacity curves

As noted in Sec.3, the most advantageousforce-basedpushover variant, when both
numerical stabilit y and results accuracy are considered,is that featuring response
control, spectral ampli�cation and incremental updating. Consequently , in all plots
provided hereafter,only such FAP con�guration will becomparedwith conventional
pushover (uniform and triangular distributions), as well as IDA results.

It is also noted that in the current work the dynamic analysisenvelopesconsist
of the locus of maximum total drift versus corresponding base shear (i.e. peak
base shear within a time-window (� 0.5 secondsof the instant of maximum drift
occurrence). This re
ects a pragmatic, rather than judicious, choice, since it has
not been possible to unequivocally demonstrate that any of the three available
choicesfor plotting dynamic analysesenvelopes(max drift versusmax shear,max
drift versus corresponding shear, corresponding drift versus max shear) is more
meaningful than the other, for all structural typesand analysis cases.Future work
will hopefully clarify this matter, with the authors not excluding the possibility that
the use of only one of the three possible dynamic analysis results interpretation
to match an equally unique force-basedadaptive pushover might be deemedas
inappropriate.

In Fig. 8, representativ e casesof comparative plots for models with di�eren t
structural characteristics, and for di�eren t records, are shown. It is observed that
the IDA points lay between the uniform and the triangular distributions, at least
within the pre-yield range (some noticeable exceptions where these two distribu-
tions did not provide upper and lower bounds, even at pre-yield range, have been
recorded,asdiscussedlater in this section). The adaptive pushover curvesare typi-
cally located betweenthe two conventional curvesaswell, providing a slightly closer
�t to the IDA points.

In addition to the above, however, there have also beenseveral exampleswhere
the pushover methods (adaptive or not) failed to correctly predict the dynamic

 4 

 
 

0 1 2 3
period (sec)

0.0

0.2

0.4

0.6

0.8

1.0

ac
ce

le
ra

tio
n 

(g
)

 
0 1 2 3

period (sec)

0.0

0.2

0.4

0.6

0.8

1.0

ac
ce

le
ra

tio
n 

(g
)

 
(a) R ecord AR (b ) R ecord NR1 

0 1 2 3
period (sec)

0.0

0.1

0.2

0.3

0.4

0.5

ac
ce

le
ra

tio
n 

(g
)

 
0 1 2 3

period (sec)

0.0

0.6

1.2

1.8

2.4

3.0

ac
ce

le
ra

tio
n 

(g
)

 
(c ) R ecord NR2 (d ) R ecord NR3 

Fig. 7. Elastic response spectra of the four records (5% equivalent viscous damping) 

 

 
 
 
 

0% 1% 2% 3%

to ta l d rif t

0

1000

2000

3000

4000

5000

6000

7000

8000

b
a

se
 s

h
e

a
r 

(k
N

)

dy nam ic
adap t ive
un iform
tr iangular 

     
0% 1% 2% 3%

to t al d r if t

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

11000

12000

b
a

se
 s

h
e

a
r 

(k
N

)

dy nam ic
adapt ive
un ifo rm
tr iangular 

 
(a)  Model R L15- NR1 (b)  Model W M30- NR3 

Fig. 8. Adaptive and conventional pushover curves vs. dynamic analysis envelopes 

 
 
 

(a) Mo del RL15-NR1

 4 

 
 

0 1 2 3
period (sec)

0.0

0.2

0.4

0.6

0.8

1.0

ac
ce

le
ra

tio
n 

(g
)

 
0 1 2 3

period (sec)

0.0

0.2

0.4

0.6

0.8

1.0

ac
ce

le
ra

tio
n 

(g
)

 
(a) R ecord AR (b ) R ecord NR1 

0 1 2 3
period (sec)

0.0

0.1

0.2

0.3

0.4

0.5

ac
ce

le
ra

tio
n 

(g
)

 
0 1 2 3

period (sec)

0.0

0.6

1.2

1.8

2.4

3.0

ac
ce

le
ra

tio
n 

(g
)

 
(c ) R ecord NR2 (d ) R ecord NR3 

Fig. 7. Elastic response spectra of the four records (5% equivalent viscous damping) 

 

 
 
 
 

0% 1% 2% 3%

to ta l d rif t

0

1000

2000

3000

4000

5000

6000

7000

8000

b
a

se
 s

h
e

a
r 

(k
N

)

dy nam ic
adap t ive
un iform
tr iangular 

     
0% 1% 2% 3%

to t al d r if t

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

11000

12000

b
a

se
 s

h
e

a
r 

(k
N

)

dy nam ic
adapt ive
un ifo rm
tr iangular 

 
(a)  Model R L15- NR1 (b)  Model W M30- NR3 

Fig. 8. Adaptive and conventional pushover curves vs. dynamic analysis envelopes 

 
 
 

(b) Mo del WM30-NR3
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structural behaviour throughout the entire deformation range,even in the pre-yield
region. The most seriouscomplications have beencausedby record NR2, which fea-
tures an accelerationresponsespectrum with large ampli�cations for periods up to
0.4 secfollowed by a very steepdescendingbranch (seeFig. 7), which, associated to
the softening of the building's responseand consequential period elongation, lead
to scenarioswhere higher modes dominate the structural behaviour of the stud-
ied structures. This resulted in highly irregular interstorey drift and storey shear
pro�les, shown in Sec.4.3, and accordingly peculiar IDA envelopes.Consequently ,
none of the force-basedpushover proceduresemployed here, including the adap-
tiv e algorithm, managedto capture the characteristics of the dynamic responseof
structural systemssuch as those illustrated in Fig. 9.

As noted in Fig. 9, in some cases,the dynamic base shear was considerably
higher than the static shearestimatesprovided by the uniform distribution (or, less
frequently , lower than the triangular). These are induced by the highly irregular
shapesof the inertia forcesat the time stepof maximum displacement, which cannot
be adequately reproduced, throughout the entire deformation range, by any of the
force-basedstatic proceduresemployed in this work. Moreover, on many of such
cases,the slope of the IDA envelope was seen to change abruptly at a certain
point of the curve (e.g. Fig. 9(a), drift of 1.7%), due to the fact that, for someof
thesestructures, when subjected to a given accelerogramwith a certain frequency
content, the increaseof scalingfactors, thus deformation demandand henceperiods
of vibration, would at a certain point intro duce a sudden change in the dominant
responsemode of vibration, which would then lead to a markedly diverseresponse
trend, clearly identi�ed in the dynamic analysis envelopes. Similar observations
have beenmade by Vamvatsikos and Cornell [2002]and Antoniou [2001].

4.3. Interstor ey drifts and shear pr o�les

Interstorey drifts are crucial parameters in terms of structural response,especially
in view of the recent developments in the �eld of performance-basedengineering,

 5 

0% 1% 2% 3%

to ta l d rif t

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

b
a

se
 s

h
e

a
r 

(k
N

)

dy nam ic
adapt ive
un iform
t riangular 

   

 

0% 1% 2% 3%

to ta l d rif t

0

500

1000

1500

2000

2500

3000

b
a

se
 s

h
e

a
r 

(k
N

)

dy nam ic
adapt ive
un iform
t riangular 

 
(a)  Model R H30- NR2 (b)  Model I M15- NR2 

Fig. 9. Adaptive and conventional pushover curves vs. dynamic analysis envelopes 

 
 
 

(a) Mo del RH30-NR2

 5 

0% 1% 2% 3%

to ta l d rif t

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

b
a

se
 s

h
e

a
r 

(k
N

)

dy nam ic
adapt ive
un iform
t riangular 

   

 

0% 1% 2% 3%

to ta l d rif t

0

500

1000

1500

2000

2500

3000

b
a

se
 s

h
e

a
r 

(k
N

)

dy nam ic
adapt ive
un iform
t riangular 

 
(a)  Model R H30- NR2 (b)  Model I M15- NR2 

Fig. 9. Adaptive and conventional pushover curves vs. dynamic analysis envelopes 

 
 
 

(b) Mo del IM15-NR2

Fig. 9. Adaptiv e and conventional pushover curves versus dynamic analysis envelopes.



May 7, 2004 14:47 WSPC/124-JEE 00151

516 S. Antoniou & R. Pinho

since they are closely related to the damagesustainedby a building. Therefore, it
is essential for static methods to provide not only correct capacity curves,but also
drift valuesascloseaspossibleto the predictions of morerigorousdynamic analyses.

For this reason,the drift pro�les obtained in each of the pushover and dynamic
analyseswere examined at the four levels of total displacement intro duced earlier;
0.5%,1.0%,1.5%and 2.5%.It is noted that the drift pro�les from the dynamic anal-
ysis represent in fact envelopesof peak responseat the speci�ed total displacement
levels, not actual pro�les at a given instant of time. In other words, they represent
the drift maxima at each storey as obtained in the one time-history analysis (20
were carried out for each pair of building/record scenarios)where their sum comes
the closestto each of the aforementioned total displacement limits.

In Fig. 10, the sequenceof the storey deformations for one representativ e case
is shown. In general, the predictions were reasonablyaccurate in the pre-yield and
reasonablyearly inelastic range for both the adaptive and conventional procedures
(Figs. 10(a) and 10(b)). Although there was no clear \global winner", the force-
based adaptive pushover predictions were found to be slightly more accurate in
the majorit y of cases,in consistencywith the observations on the capacity curves,
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shown above. However, in the highly inelastic region, the FAP method failed to
provide correct responseestimates,by exaggeratingthe inelastic deformationsin the
locations of damageand underestimating them elsewhere(Figs. 10(c) and 10(d)).
Such erroneousbehaviour seemsto be related to the fact that at onset of damage
on a given storey, the resulting reduction in sti�ness and consequent changesin
the modal shapesderived by eigenvalue analysisat the corresponding analysisstep
inducesa concentration at that storey of the increment of forcesfor the next step,
thus increasing even more its damage and hence resulting in a sort of \vicious
circle" that leads to exaggeratedlylarge deformation levels at that such damaged
locations.

It is also noteworthy that, whereas the non-adaptive pushover with uniform
distribution yielded equally 
a wed results in that range, its triangular counterpart,
despite its �xed loading pattern, managedto provide better drift estimatesat high
deformation levels. This can be explained by the fact that, typically, the damage
occurred at the lower 
o or levels for all structural con�gurations and, contrary
to the uniform and the adaptive patterns, with the triangular distribution the
forces applied to the failed storeys were smaller than those applied to the upper
storeys, resulting in more reasonabledrift predictions. However, and although the
above doesindeed constitute an interesting observation, it should be stressedthat
such good performance of the �xed triangular patterns comesas a result of the
location of damage in the consideredcasestudies. Had damage occurred at the
upper 
o ors, the triangular distribution would have failed to predict accurately
the drifts pro�les. Such behaviour was indeed observed by Antoniou [2002],where
non-adaptive pushovers with triangular distributions failed to provide adequate
predictions for those structural models that featured a soft-storey located at mid-
height.

Similar observations were made also for the storey shearpro�les obtained from
each of the pushover and dynamic analysesat the aforementioned four levels of
structural deformation (0.5%, 1.0%, 1.5% and 2.5% total drift). Although di�er-
enceswerenot signi�can t, FAP sheardistribution predictions werefound to be typ-
ically between the results from the uniform and triangular non-adaptive pushover
analyses,and usually closerto the dynamic envelopes,at least for total deformations
levels of up to 1.5%. Thereafter, it wasconventional pushover with triangular force
distribution that presented the best predictions, for the reasonsdiscussedabove.

There have also been caseswhere the interstorey drift and shear distribution
predictions of the adaptive and the �xed distributions weretotally inadequate,even
at the early stagesof deformation. Typical examplesof such 
a wed behaviour are
depicted in the drift pro�les of Fig. 11 and sheardistributions of Fig. 12, the latter
clearly con�rming that for a full reproduction of dynamic responsecharacteristics it
is required that static analysismethods feature the capability of reversing the sign
of applied storey forces(in Fig. 12(a), for instance, dynamic inertia forcesapplied
at storeys eight and nine are negative). This is a feature that, as highlighted in
Sec.3.3, current force-basedpushover schemes,adaptive or not, seemto be lacking.
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Fig. 12.  Storey shear profiles at 0.5% total drift for different model configurations 
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Fig. 12. Storey shear pro�les at 0.5% total drift for di�eren t model con�gurations.

It is interesting to note that the above de�ciencies were not always re
ected
on the capacity pushover curves, discussedpreviously, which, on occasions,were
seento be correct even for thosecaseswherestorey drift and/or shearpro�les were
incorrect. This highlights the importance of considering local parameters, such as
storey drift and/or storey shearpro�les, when assessingthe e�ciency of pushover
methods, adaptive or not.

5. Conclusions

In this work, the accuracyof adaptiveand non-adaptive force-basedpushover meth-
ods in predicting the seismicresponsecharacteristics of reinforced concretebuild-
ings has been explored. To this end, a fully adaptive pushover algorithm, which
explicitly accounts for the e�ects that progressive sti�ness degradation and higher-
mode e�ects have on structural response,has beendeveloped and employed in the
veri�cation study. The latter comprised comparisonsbetween the capacity curves
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and drift/shear pro�les obtained through static and dynamic nonlinear �bre-based
analysis on a number of real structural models of di�eren t con�gurations and duc-
tilit y classes,subjected to equally diverseinput ground motions; each pushover was
compared with the IDA output obtained for each individual accelerogram,as op-
posedto the averageof the latter, to avoid smoothening out of important structural
responsepeculiarities intro duced by individual records.

A summary of the main observations and general conclusionsof the present
study is presented below:

� E�ectiv e assessment of the accuracyof pushover algorithms, through comparison
with time-history analysis results, should not be based on the comparison of
capacity curvesalone, but rather include an evaluation and comparisonof local
responsequantities, such as storey drift and storey shearpro�les.

� Non-adaptive pushover analyses,with the triangular and uniform distributions,
do not always provide curves that constitute a lower and an upper bound to
the IDA responsepoints. Moreover, they fail to reproduce accurately the local
dynamic responsecharacteristics of buildings, particularly within the post-peak
range.

� Force-basedadaptivepushover providesslightly improvedcapacity curvesover its
conventional counterparts, with a closer�t to the IDA points. Although the di�er-
enceswerenot always impressive, they wereclear in the vast majorit y of the cases.

� Accordingly, up to global yield, FAP derives interstorey drift and storey shear
pro�les closer to the dynamic envelopes. However, in the highly inelastic range
it tends to intro duce excessive forcesat the locations of plastic hingesand, sub-
sequently , to overestimate the drift valuesat such storeys.

� In someof the studied cases,noneof the force-basedstatic analysismethods em-
ployed in this study could correctly predict the dynamic responsecharacteristics
of buildings, even at pre-yield deformation stages,due to the di�culties facedby
current force-basedpushover algorithms in modelling a reversalof applied storey
force sign.

� Overall, it can be stated that force-basedadaptive pushover, in its present state
of development, features a relatively minor advantage over its traditional non-
adaptive counterparts, all of which present limitations in the accurateprediction
of dynamic responsecharacteristics of RC buildings.

The above clearly indicates that further research work is required before force-
basedadaptive pushover can be consideredasa valid alternativ e to nonlinear time-
history analysis. As highlighted in the body of the document, such developments
might include (i) the implementation of multiple response spectra to determine
the spectral ampli�cation of di�eren t modesat varying deformation stagesand/or
(ii) the employment of weighted vectorial addition, as opposedto SRSSand CQC
combination rules, in the computation of normalised scaling vector, as suggested
by Priestley [2003].
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