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Seismic performance evaluation for steel MRF:
non linear dynamic and static analyses
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Abstract.  The performance of steel MRF with rigid connections, proportioned by adopting different capacity
design criteria, is evaluated in order to highlight the effectiveness of static non-linear procedure in predicting the
structural seismic behavior. In the framework of the performance-based design, some considerations are made on
the basis of the results obtained by both dynamic time histories and push-over analyses, particularly with
reference to the damage level and the structure ability to withstand a strong earthquake.
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1. Introduction

During recent earthquakes unexpected serious damages to many buildings, even if designed accordin
to seismic codes, have driven researchers to a conceptual revision of the methodologies currently
adopted in practice. The criteria used to date in seismic design of structures, particularly devoted to
ensure the no-collapse requirement, are no longer considered fully satisfactory, due to their inadequac
in predicting and limiting damage levels. Since 1995 the so-called performance based design (SEAOC
1995) is considered the most appropriate way to face the problem ofllgunstucture prformance
with reference to different levels of seismic hazard (Bertero 1997, Hamburger 1997). While this new
approach is very attractive from a conceptual point of view, its practical application is not yet well
defined and many researchers are now working to develop simple and reliable methodologies to be
incorporated in the new codes (Gobagahl 1997). The prediction of structural performance related to
a specified level of ground motion, in fact, requires the evaluation of displacements and force
distributions also beyond the yield limit, which cannot be derived from simplified elastic calculations
(Priestley 2000).

Inelastic dynamic time history analysis seems to be the most effective tool for evaluating the
structural behaviour, but it is too cumbersome and time consuming. Furthermore this methodology is
closely connected to the earthquake charstiies, and the use of a large ensemble of accelerograms is
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necessary to obtain meaningful results. Static push-over analysis, on the other hand, asedoasid
suitable procedure for predicting the non-linear behaviour of the structure in a more accessible way
(Tso & Moghadam 1998).

In this paper, the performance of moment resisting steel frames with rigid connections, designed
according to different criteria, has been evaluated in order to judge: the effectiveness of the non-linear
static analysis if compared to the dynamic time history analysis, the influence of the overstrength given
by different capacity criteria and the effectiveness of a displacement oriented approach.

2. MRF performance evaluation

Force-based design is nowadays the methodology used in proportioning seismic structures and
required by present codes. Conventional horizontal forces are obtained by reducing elastic forces by
means of a factoR,, g-factor and so on), accounting for the plastic deformation experienced during
the ground motion. The resistance of the system under this load is then verified.

Obviously the necessary ductility has to be assured and, with this aim, theeceostcodes suggest
applying suitable methodologies usually called capacity design criteria. Whatever be the adopted
criterion, it can be said that the whole design procedure is really effective only if the structure is able to
withstand severe earthquakes without collapse.

The dynamic behaviour of MRFs, designed according to various criteria, has been atragdgd
by the authors (Calderoat al. 1996, 1997b). The obtained results have pointed out that a judgement of
the bearing capacity of structures, designed according to European seismic code - EC8 (Eurocode ¢
1994), cannot be independent of the way the design has been really developed, with particular referenc
to the amount and distribution of the design overstrength along the height of the frame. It was
highlighted that the capacity criterion, as proposed by EC8, sometimes can give also unsatisfactory
results, while it can be more effective and simple in many cases to provide the column with a given
overstrength, “correctly” distributed.

Frames designed in order to exhibit an ultimate global mechanism (Mazzolani and Piluso 1995), were
also analysed (Calderont al 1995): improvement of the structural inelastic performance has been
shown, facing a significant overstrength given to the columns and the corresponding increase of
structural weight.

Finally the conclusion was that the force-based design gives satisfactory resulefenghce to the
collapse behaviour, when a suitable capacity criterion is applied, even if some uncertainties are still
related to the force-reduction factor. The present criticism of this procedure is its inadequacy in
predicting and limiting damage levels, particularly for the action of earthquakes having a larger
probability of occurrence.

The displacement-based design (which falls within the framework of the performance-based
design), on the contrary, is not oriented to ensure an assigned strength for the structures, but tc
control the damage level related to displacements expected to occufféoerdi ground motion
intensities. In practise structural performance is evaluated in terms of deformation rather than of
resistance.

The application of the displacement-based design, however, requires the use of inelastic static
analyses. Therefore the behaviour of some MRFs has been evaluated by means of both static push-ov
and dynamic procedures, and the corresponding results are compared and discussed also with referen
to the adopted design criteria.
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3. Analysed frames and design criteria

Four different steel MRFs (named 13-14-17-18) have been analysed. Their geometrical and load
schemes are reported in Fig. 1, where the floor weight (W), constant at each storey, is also indicated. |
must be noted that the mass has been assigned in such a way that all the frames exhibit the same fii
period, equal to 1.5 s, despite differences in the element cross-sections. Two levels of vertical loads
have been considered for the beams: a lower one in the frames 13 and 17 and a higher one in the oth
two (frames 14 and 18).

All the frames have been designed according to EC8 requirements, for a seismic zone characterise
by PGA =0.35 g and soil type A. Multi-modal response spectrum analysis has been performed, by
adopting a reduction factay=5. PA effects have been also accounted for in the approximate way
allowed by the code. The inter-story drift limitation, stated by the code, has deliberately not been
accounted for.

Furthermore three different design criteria (named B, C and Z) (Cald=rahi1997a) have been
considered in proportioning the frame elements, and so twelve different structures have been analysed
The first adopted design criterion (B) consists in not applying any capacity criterion, i.e. in giving the
frame no design overstrength. This means that the section resistance is exactly equal to the desig

internal forces in all structural elements. The second one (C) is thatgapierion required by EC8,

which states that the ultimate strength of the columns must be always higher than the beam one. Th
last design criterion (Z) gives the columns a prefixed overstrength, with a linear distribution along the
height of the frame, and so is independent of the beam strength (Fig. 2). In greater detail, increases c
column strength (compared to that necessary to withstand the design external loads) equal to 25% at th
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first floor and to 75% at the top floor are given, with a mean value of 50% for the whole frame. Note
that this overstrength distribution is consistent with the column failure pattern, usually resulting from
dynamic analyses of frames designed without any overstrength (Caldeani995).

The definition of design overstrength has to be clarified. In this paper this word refers to a section and
points out its capacity to bear internal actions greater than those caused by the design load. In particula
it is simply evaluated as the ratio of the element cross-section bending moment resistance above th
maximum bending moment due to the design vertical plus (or minus) horizontal loads.

It must be pointed out that the necessary resistance has been assigned to the frame conventionall
by giving to each section a proper (anffadent) value of the yielding stress,thaut changing the
prefixed cross-section dimensions. In this way the structure is provided with the exact overstrength
required by the design criterion used, and contemporarily no variation affects the fundamental
period.

4. Dynamic analyses

The evaluation of seismic performance of the above described twelve frames was carried out by
means of a non-linear dynamic time history analysis. As dynamic behaviour is strongly affected by
ground motion, an ensemble of thirty actual records, selected from a large number of Italian
earthquakes (Fig. 3), was adopted as seismic input. The seismic records were suitably scaled in order t
improve their homogeneity and to obtain an average spectrum similar to the EC8 elastic one (Fig. 4),
used in the design phase, with a PGA=0.35 g (Caldetosli 1996, Rinaldi 1997).

The dynamic response of the frames subjected to the whole set of accelerograms was evaluated b
means of the Drain2DX code (Prakasthal 1993). The obtained dynamic quantities (displacement,
rotation etc), when statistically interpreted, refer to the mean values of the thirty results (corresponding
to the thirty ground motions), as the design spectrum is analogous to the mean spectrum of the selecte
records. The performance of the frames was then judged in terms of both collapse and damage, a
described below.

Furthermore incremental analyses were performed, for PGA values ranging from 0.1g to 0.8 g.
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4.1. Collapse analysis

The dynamic behaviour of the frames was firstly evaluated in terms of ultimate resistance. The
percentage of earthquakes, under which the structure reaches the limit fixed by a proper collapse
criterion at least in one section, is assumed as failure index.

Since the dynamic frame performance is defined by different response parameters, the choice of tha
related to the collapse is an initial problem. Once the parameter is chosen, thierd@firits limit
value is a further problem. A number of proposals on this matter can be found in literature. In this paper
three different collapse criteria, frequently used, have been considered, which refer to the attainment,
respectively, of:

- the maximum plastic rotation;

- the maximum accumulated plastic rotation;

- the maximum inter-story drift ratio.

According to many research results, failure is deemed to occur when the following values of the
selected parameters are reached:

- 4% for beams and 2.5% for columns as regards the plastic rotation;

- 10% for beams and 5% for columns as regards the accumulated plastic rotation (Akbas & Shen 1998)

- 1.5% for the inter-story drift ratio (life-safe limit in SEAOC 1995).

In Fig. 5 the failure index, evaluated on the whole frame, is plotted with reference to the three adopted
design criteria for each analysed scheme.

When maximum plastic rotation is used as collapse parameter (Fig. 5a), all the frames seem to behav
well, as the percentage of failures is always very low, quite independently of the adopted design criteria.
On the contrary, if we refer to the maximum accumulated plastic rotation (Fig. 5b), significant
differences appear: in this case the adoption of a capacity design criterion (C and Z) proves to be very
effective in reducing the failure probability. filct accumulated plastic rotation is related also to cyclic
behaviour and energy absorption, which are necessarily influenced by the adopted design criteria. It i
evident that in the cases C and Z the columns are less engaged in cumulative plastic deformation, due t
the overstrength given to them as compared to the beams. Furthermore, as already pointed out, the
criterion, which is very simple to apply, is equivalent or even safer than the capacity criterion prescribed
by EC8 (C criterion).

It is worth noting that collapse was reached at the top section in the columns of the top floor in a large
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Fig. 5 Failure index based on maximum plastic rotation (a), maximum accumulated plastic rotation (b) and
interstorey drift (c)
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number of cases, only when this last criterion was adopted. This is probably due to the fact that the
capacity design has not been applied “at the top floor of multi-storey buildings”, as explicitly stated by
Eurocode 8, while overstrength has been given to the bottom section of the same columns. Then the
failure index has been evaluated without including these failures, considering them as a local problem
not significantly affecting the global behaviour of the structure.

As far as the maximum inter-story drift is concerned (Fig. 5¢), the correspondimg fadex
has proved to be higher if compared with the first collapse criterion, but the pattern is similar. This
result was expected since the inter-story drift ratiaréfcally equal to the plastic rotation in the
columns (if elastic deformation is ignored). Collapsecgntage values are higherths last case,
due to the lower limit value adopted for the inter-story drift ratio (1.5% instead of 2.5% for plastic
rotation).

4.2. Damage analysis

The damage level of the frames has been evaluated by means of a damage index (DI), defined as tt
ratio of the maximum accumulated plastic rotation attained duringgifliequake above the limit value
of it. The index DI consequently varies in the rangé:Qhe value 0 means absence of anyding,
while the value 1 corresponds to the collapse of the section.

Mean values of DI for all the examined cases, obtained from the thirty earthquakes, are plotted
separately for beams, columns and whole frames in Fig. 6. It can be noted that the damage levels i
cases C and Z are higher for beams and lower for columns, if compared to the B frames. Moreover, the
DI for the whole frame is almost always lower in cases C and Z.

Similar results (not reported) have been obtained with reference to the maximum plastic rotation.

The adoption of any capacity design criterion is confirmed to be effective in reducing spread damages
in the structure, shifting the plastic engagement from columns to beams.

It can be noticed that a low level of vertical loads on the beams (frame 13 and 17) reduces the
effectiveness of the EC8 design criteria (C), both for failures and for damage, provided that the column
strength is dependent on that of the beams. On the contrary the effectiveness of the Z criterion in
reducing damage and failures seems to be independent of the vertical load level.

DI beams m B DI columns DI whole frame
m C
0.15 0.15 0.15
0.1 0.1 0.1
0.05 0.05 1 0.05
0 L 0 0
13 14 17 18 13 14 17 18 13 14 17 18

frame frame frame

Fig. 6 Damage index: mean values for beams, columns and whole frames
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Fig. 7 Lateral load distributions along the frame height

5. Static non linear analyses

The behaviour of the above considered frames has been studied also by means of s$itic inela
procedure. Push-over analysis has been performed on the structures by increasing a fixed pattern c
lateral forces. Since different criteria have been proposed in order to define the proper load pattern tc
perform an effective push-over analysis, in this paper two different lateral ikigdudions along the
frame height are considered. The shape of the first one corresponds to the first vibration mode, while
the second one is similar to the envelope of modal forces. Although these two patterns are quite
different (Fig. 7), the obtained results do not differ significantly, and thus the reported results will be
related only to the second adopted distribution.

The capacity curves (normalised base sMg&\W versus roof drift anglé,,/ H) for all the frames
and the considered design criteria are given in Fig. 8.

Three horizontal lines are plotted in each diagram, which are related to significant strength levels of
the frames. The lower one hights the design baseesdr {/pg), obtained by means of the hiwmodal
analysis performed in the design phase according to EC8 requirements.

Since no overstrength was given to the beams, the first plastic hinge, for all the frames, should be
developed at the attainment of this shear base value, as exhibited by frames 13 and 17, independently
the adopted design criterion, which gives overstrength only to the columns. Small shiftings are possible,
due to the approximate way tReA effects have been evaluated in the design phase.

However, frames 14 and 18, which bear more considerable vertical loads, experience the first
yielding for a higher base shear, when criteria C and Z are applied. For these frames the beam design |
governed by factorised vertical load condition rather than by seismic one, thus the beams exhibit some
overstrength compared to seismic strength demand.

Then, if no overstrength is given to the columns (case B), the first yieldivigs @iccurs in these
elements, while the elastic limit is clearly shifted up when a capacity design criterion is considered.

The higher horizontal line plotted in the diagrams points out the friimmate slear resistance/(),
defined as:

n

W2,

where Mu, and My, are the liimate bending moments at the end sections of the colanmthe

Mu, + Mu,

- (1)
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Fig. 8 Capacity curves of the frames for the adopted design criteria

inter-story height ana is the number of the columns in the floor.

In practiseV, is the ultimate shear strength provided by the first floor at mechanism development and
it should coincide with the design base shéaywhen no overstrength is given (case B). However an
additional strength compared to the design global base shear is due to gravity load presence, and
cannot be removed. In fact, while the bending moments for horizontal forces change in sign when
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inverting the action, those for vertical loaa® fixed, so forcing the columns to be oversized, when
symmetrical cross-sections are adopted, as usual. This means that a frame exhibits an additional amou
of horizontal shear strength simply because it bears gravity loads, even if the global base shear due t
vertical action is null.

The push-over curves show that, in all the cases, the frames exhibit a maximum strength practically
equal to the theoretical on¥).

The intermediate horizontal line indicates the increase in shear strength compggechbioelated to
the applied capacity design criterion (C, Z). Obviously, when no overstrength is given (B), this line is
coincident with the lower oné/fg). Note that, while the increase of resistance in the Z case is almost
constant whatever be the frame, being fixed a priori, in case C this increase is influenced by the beam:
strength, i.e. by the vertical loads level, so that the resistanmeagecis higher for frames 14 and 18 as
compared to frames 13 and 17.

On each curve the three vertical lines indicate the roof displacements related to the attainment of the
maximum inter-story drifts ratiod(h) in the frame, which define the performance levels stated by
SEAOQOC, as follows:

- Fully Operational (F.O.) 6/ h=0.2%

- Immediate Occupancy (1.0.)&/ h = 0.5%

- Life Safe (L.S.) -0/h = 1.5%

In Fig. 9 plastic hinge patterns are depicted referring to this last limit state, for only two frames but for
all the adopted criteria. It can be noted that no mechanism has yet been reached, even though the fir;
floor failure is close to be attained. Yielding is widespread both in columns and beams, but not
according to a global mechanism.

On the basis of the push-over results, it can be observed that, contrary to the expectation, no significar
differences among the behaviour of frames emerged. In fact, despite the various adopted design criterie
which provide the structures with different resistance levels, theihiait-story drifts, related to the
above said performance levels, are reached in all the cases almost for the same roof displacement
Furthermore, even the maximum values of plastic rotation in the elements (not reported in this paper for
sake of brevity) are quite similar and onligkt differences have been shown in plastic engagement
distribution.

However it must be borne in mind that the analysed frames have been designed without any
additional design resistance, contrary to most cases reported in literature, which almost always refer tc
real frames. The unavoidable overstrength of these last ones can, in fact, influence in a random way th
structural behaviour and can be misleading in the interpretation of the results.
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Fig. 9 Plastic hinge patterns at Life-Safe limit
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6. Comparison between static and dynamic behaviour

The results of the dynamic non-linear analyses are also reported on the push-over diagrams. The soli
square dots represent the couplgs.x- diopmaxObtained from the time histories performed for each of
the thirty used ground motions. The few cases in which dynamic instability has occurred have been not
considered. A vertical solid line points out the mean dynamic roofadisplent dy.).

A good agreement emerges between the dynamic dots and the static curves, although the push-ov
results are always conservative, i.e. the static procedure tends to underestimate the base shear capac
at any particular roof drift angle.

As predictable, the dynamic results are grouped close to the mechanisilin@réving the
development of several plastic hinges in the columns during the quakes. A slightly higher scatter is
shown when vertical loads are considerable and govern the beam design (frame 14 and 18). In thes
cases a number of dots can be found also below the mechanism line, although they almost always la
over the push-over curves.

In Fig. 10 the dashed line outlines the dynamic meéd shape of the frames 14 and 17. For each
floor the mean values of the maximum floor displacements obtained from the thirty dynamic analyses
are reported. The solid line, instead, represents the distribution of floaaispEnts from push-over
static analyses at the roof deflection corresponding to the above defined dynamic one.

A satisfactory agreement between static and dynamic displacement shape can be noted. The sligt
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Fig. 10 Static and dynamic floor displacements [m]
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scatters are due particularly to the different behaviour at the first floor. Anyway the figure confirms that
the push-over method can provide lateral deflections similar to the ones obtained frasticinela
dynamic analyses, and that the horizontal forces pattern used in performing the static analyses is quit
suitable, at least for frames of such height.

Similar consideration can be made also with reference to the inter-story drift ratios. In Fig. 11 the
solid line rders to the values obtained from the push-over analyses, at the top displacement already
reported in Fig. 10, while the dashed line refers to the mean values of the maximum dynamic drifts.

Again, significant scatters are shown particularly at the first floor, where the dynamic results are
almost always higher, highlighting a larger plastic engagement of columns.

Anyway, for both floor displacement and inter-story drift ratio, no meaningful differences of
behaviour have been pointed out among the frames, whatever be the adopted design criterion (B, C, Z)

It is also of interest to discuss about results obtained from the dynamic analyses performed by
increasing the PGA from 0.1g to 0.8 g. In Fig. 12 the relationship between the mean value of the roof
drift angle and the increasing PGA is plotted with reference to frame 13 C. This incremental dynamic
analysis (IDA) can be considered as a sort of dynamic push-over.

In Fig. 13 the zone closer to the origin of axes is enlarged. The three vertical solid lines drawn in this
figure indicate the roof displacements (from the static push-over analysis) related to the attainment of
the maximum inter-story drift ratio® ( h), which define the performance levels stated by SEAOC. The
horizontal solid lines, instead, highlight the PGA values corresponding to different levels of ground

motion.
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The higher line (PGA = 0.35 g) represents the design “strong” earthquake, for which no failure has to
occur in the structure (no-collapse requirement in EC8 or “life-safe” in SEAOC).

The intermediate line (PGA = 0.175 g) represents the senvitgaarthquake (the former reduced
by two), for which the maximum inter-story drift should be not greater than @8%, as stated in
ECS8. This no-damage requirement is equivalent to the “operational” SEAOC performance level related
to an “occasional”’ seismic event.

The lower line (PGA = 0.0875 g) represents, in authors opinion, the “frequent” earthquake, for which,
according to SEAOC, the structure must exhibit, at the most, negligible damages (“fully operational”)
with maximum inter-story drift ratio not greater then 0.2%.

The figures show that the limit value of inter-story drift ratio (1.5%), corresponding with the “life-
safe” performance level, is not exceeded at the design PGA (0.35 g), while the maximum ground acceleratiot
bearable by the frame is about 0.60 g, higher than the design value. The no-damage requirement is we
fulfilled too, while the “fully operational” performance level is not reached, but by a small margin.

Finally the global behaviour of the frame can be considered quite satisfactory, if judged by using the
dynamic results, both for serviceability and ultimate limit states.

If we refer to the static analysis, the value of the normalised base gphEa) (corresponding to the



Seismic performance evaluation for steel MRF 125
WW 0.2% 0.5% 1.5%
0254 i :

0.2 4

occasional e.q. .15 -

0.1 ~

frequent e.q. o
requent €.9. ) R S e

0.05 J----- e ot W O R —

0 I I . . .
0.00 0.25 0.50 0.75 1.00 1.25
&oo/H [%]
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reduced (by means gf=5) design forces for the “strong” earthquake, is about 5%, while thecela

(not reduced) one is about 25%. Consequently, the elastic valuéds W corresponding to the
“occasional” and “frequent” earthquakes, are about 12% and 6% respectively (i.e., %2 and % of the
elastic forces due to the “strong earthquake”). From Fig. 14, in which the push-over curve for frame 13C
is plotted again, it can be easily seen that the serviceabilityreaugnts are not met.

As regards the evaluation of frame performance under the “strong” earthquake (no-collapse requirement
according to the displacement-based design, i.e. when adopting a push-over analysis, it is necessary 1
refer to a target displacement.

This displacement could be evaluated by performing a number of time history dynamic analyses, as
made in this work; but, in this case, the static push-over would be useless.

At present some simplified criteria, suggested in order to make this kind of design procedure feasible
in the practice (Faijffar & Gaspersic 1996, Chopra & Goel 1999), can be used.

If we refer in particular to the SDOF equivalence approach, the target displacement is obtained from
the elastic displacement spectrum, considering the first period of the frame increased in order to
account for the plastic engagement of the structural elements. According to Mendis & Chandler (1998)
and setting the ductility index equal to the adopjddctor, the shifted period of all examined frames
becomes 3 s and, with reference to the mean displacement spectrum of the thirty adopted earthquake
(Fig. 15), the corresponding target displacement is 15 cm.

Note that this value is almost the same of the mean top displacements obtained for the frames fromn
the dynamic analyses and displayed above, as roof drift @gléd, in Fig. 8, so highlighting a
sufficient reliability of the adopted method, at least for frames of the analysed typology.

The target displacement thus evaluated is always lower than that corresponding to 1.5% inter-story
drift ratio, as can be seen in the push-over curves (Fig. 8). This means that, whatever be the adopte
design criteria (B, C, Z), all the analysed frames appear to be able to withstand the design “strong”
earthquake without exceeding the SEAOC life-safe limit, as already found from the dynamic results.

On the basis of these remarks, static and dynamic procedures might be considered as perfectl
equivalent in giving information about the behaviour of the frames at the ultimate seismic limit state.
Nevertheless, some uncertainties can arise if we consider that no significant differences have beer
shown by the push-over analyses developed for the three different adopted design criteria.



126 B. Calderoni and Z. Rinaldi

N P S —— | | D— R
fem} s a |
SR Se——— $ommooooe- booo -
Ty R Vi R —
5 fome - $ommmmmos qomee-
0 . ': :
0 1 2 3 Ts]

Fig. 15 Mean displacement spectrum of the thirty real earthquakes

On the contrary substantial differences among the design criteria are found when the damage inde
related to the accumulated plastic rotation, obtained by dynamic time history, is considered (see par.4).

In this case a better behaviour of the frame provided with some overstrength in the columns (C and Z
criteria) is clearly pointed out. In authors opinion, this is due to the fact that, while the results of
dynamic analyses are affected by structural cyclic behaviour, the static push-over procedure can neve
take account of this aspect.

With reference to the servicalty limit state, the static analyses have proved to be more severe than
the dynamic ones. More in detail, the displacements related to moderate earthquakes, when obtaine
from the push-over curve, do not fulfil at all the code requirements, contrary to what is highlighted by
the dynamic analysis, at least for the reported case.

7. Conclusions

The new performance-based design concepts appear to be useful antnigiteressaluating the
behaviour of steel MRFs for different levels of ground motion.

The comparison of the static non-linear approach, which is the most suitable tool for applying the
new criteria, with the dynamic time history methodology has shown a quite good agreement between
the two procedures.

However, the developed analyses have pointed out that inter-story drift ratio is not sufficient to
completely define the performance level of the structure, in contrast to what is stated in recent codes
This parameter, as well as the others related to a push-over curve, cannot account for the cyclic
behaviour and the accumulation of plastic deformations.

In fact, the static non-linear analyses have been not able to highlight significant differences in the
structural behaviour of frames having different amount and distribution of overstrength in the columns.
On the contrary, cumbersome dynamic analyses have shown the effectiveness of adopting capacit)
design criteria: lower damage level has been obtained, as expected, for the frames provided with a mor
correct overstrength distribution.

In order to make the static inelastic methodology more reliable and effective for practical application,
it is then necessary to improve the push-over analysis with @oadtparameter or procedure related
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to cyclic behaviour. The authors suggest the introduction of a numerical index correlated to plastic
energy dissipation, directly obtainable from the push-over curve. On the basis of the results reported
here, it seems adequate to define it as the area below the static curve in the field of plastic deformations
suitably corrected. A specific research is now in progress with this aim.

As regards the serviceability limit state, sincethe stage, the global behaviour of thenfie is not
affected in a significant way by cyclic plastic behaviour, static non-linear analysis seems to be suitable
to control the damage level when a moderate earthquake occurs. In this case, moreover, the push-ovi
results appear to be more conservative than the dynamic results.

References

Akbas, B. and Shen, J. (1998), “Energy-based earthquake resistant design methodology for steel moment resistin
frames”,Proc. 11" European Conf. Earthq. EngRaris, FranceSeptember.

Bertero, V. (1997), “Codification, design and application - General Regerti;. 29 Int. Conf. Behaviour of
Steel Structures in Seismic Areas STESSK@tp, JapanAugust.

Biddah, A. and Heidebrecht, A. C. (1998), “Seismic performance of moment-resisting steel frames structures
designed for different levels of seismic hazakfiithquake Spectrd4(4), 597-625.

Calderoni, B., Ghersi, A. and Rinaldi, Z. (1995), “Influenza dei criteri di progetto sul comportamento dinamico
dei telai in acciaio”, (in italian)Proc. 7" Nat. Conf. L'ingegneria Sismica in Italigjena, Italy September.

Calderoni, B., Ghersi, A. and Rinaldi, Z. (1996). “Statistical analysis of seismic behavior of steel frames: influence
of overstrength”J. Const. Steel Re89(2), 137-161.

Calderoni, B., Ghersi, A. and Rinaldi, Z. (1997a), “Column ovestrength distribution as a parameter for improving
the seismic behavior of moment resisting steel franfeig. 29 Int. Conf. Behaviour of Steel Structures in
Seismic Areas STESSA 8ypto, JapanAugust.

Calderoni, B., Ghersi, A. and Rinaldi, Z. (1997b), “Effective behaviour factor for moment resisting steel frames”,
Proc. 29 Int. Conf. Behaviour of Steel Structures in Seismic Areas STESKyo83, JapanAugust.

Chopra, A. K. and Goel, R.K. (1999 apacity-Demand-Diagram Methods for Estimating Seismic Deformation
of Inelastic Structures: SDF Systenfeport no. PEER 1999/02, Pacific Earthquake Engineering Research
Center, University of California, Berkelegxpril.

Eurocode 8 (1994)Pesign Provisions for Earthquake Resistance of Structures - ENV, T88, European
Committee of Standardization.

Fajfar, P. and Gaspersic, P. (1996), “The N2 method for the seismic damage analysis of RC buildings”,
Earthquake Engineering and Structural Dynamis 31-46.

Gilmore, A.T. (1998), “A parametric approach to performance-based numerical seismic desighguake
Spectra 14(3), 501-520.

Ghobarah, A., Aly, N.M. and El-Attar, M. (1997), “Performance level criteria and evaluakooc, the Int
Workshop on Seismic Design Methodologies for the Next Generation of BledesSlovenia, June.

Gupta, A. and Krawinkler, H. (1998), “Quantitative performance assessment for steel moment frame structures
under seismic loadingRroc. 11" European Conf. Earthg. EngRaris, France, September.

Hamburger, R.O. (1997), “Defining performance objectivdapceedings of the International Workshop on
Seismic Design Methodologies for the Next Generation of Codes, Bled, Slovenia, June.

Mandis, P.A. and Chandler, A. (1998), “Comparison of force and displacement based seismic assessments”
Proc. 11" European Conf. Earthq. EngRaris, France, September.

Mazzolani, F.M. and Piluso, V. (1995), “Failure mode and ductility control of seismic resistant MR-frames”,
Costruzioni MetallicheAcai servizi srl.,2(3-4), 11-28.

Priestley, M.J.N. (2000), “Performance-based seismic dedigne, 12" World Conf. Earthg. EngAuckland, New
Zealand, January.

Prakash, V., Powell, G.H. and Campbell, S. (1988AIN-2DX: base program description and user guide,
Version 1.10 Technical Report UCB/SEMM-93/17, Department of Civil Engineering, University of California,



128 B. Calderoni and Z. Rinaldi

Berkeley, November.

Rinaldi, Z. (1997))ndividuazione delle Caratteristiche Spettrali di Accelerogrammi Naturali Italiani e Selezione
di Registrazioni Compatibili con gli Spettri di Normati@JEN, Napoli, June (in italian).

SEAOC (1995)Vision 2000, A framework for Performance Based Dessgnuctural Engineering Association of
California, Sacramento, USA.

Tso, W.K. and Moghadam A.S. (1998) “Pushover procedure for seismic analysis of buildiregess in
Structural Engineering and Material$(3), 337-344.

CK



	Seismic performance evaluation for steel MRF: non linear dynamic and static analyses
	B. Calderoni†
	Department of Analysis and Structural Design, University of Naples “Federico II”, Naples, Italy

	Z. Rinaldi†
	DiMSAT, University of Cassino, Cassino, Italy
	(Received March 21, 2001, Revised August 9. 2001, Accepted March 28, 2002)
	Fig. 1 Analysed frames�-�Geometrical and load schemes
	Fig. 2 Frame 13�-�Overstrength distributions
	Fig. 4 Acceleration�mean elastic spectrum
	Fig. 6 Damage index: mean values for beams, columns and whole frames
	Fig. 7 Lateral load distributions along the frame height
	Fig. 8 Capacity curves of the frames for the adopted design criteria
	Fig. 9 Plastic hinge patterns at Life-Safe limit
	Fig. 10 Static and dynamic floor displacements [m]
	Fig. 11��Static and dynamic inter-story drift ratios [%]
	Fig. 12 Frame 13 C�-�Incremental dynamic curve (IDA)
	Fig. 13 Frame 13 C�-�Incremental dynamic curve (detail)
	Fig. 14 Frame 13 C - Capacity curve
	Fig. 15 Mean displacement spectrum of the thirty real earthquakes






