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ABSTRACT: In this paper, the effects of higher modes on seismic
response of multi degree of freedom (MDOF) steel moment-resisting
frames (SMRF) are investigated. Modification factors to the response
of first mode SDOF system are presented in order to estimate seismic
MDOF system demands. The study is based on spectral analysis and
linear and nonlinear dynamic time history analysis.of 4, 10, 15, 20 and
25 storey SMRFs under Elcentro, Tabas, Naghan and Manjil
earthquake loading. A modification factor afilisp is defined in order to
estimate roof elastic displacement demands of an MDOF frame from
first mode elastic displacement spectra. Base shear modification factor
aly,, (to compute MDOF strength reduction factors), maximum story
drift demand modification factor a%,,,, and maximum story dynamic
ductility demand modification factor @Y} ,, are defined and presented
for SDOF system responses in order to.estimate the main MDOF system
nonlinear seismic responses;.including higher mode effects.

Keywords: Seismic response; Demand; Higher mode effects; Dynamic

analysis; SMRF

1. Introduction

Different responses of MDOF' frames under seismic
motions are influenced by higher mode effects and
thus the overall response of the structure will be
usually significantly different from the first mode
response. The amount of this effect depends on
various parameters such as response type, earthquake
specifications, structural configurations and level of
ductility. Higher mode effects are clearly more
important for high rise structures and thus eliminating
higher modes may lead to incorrect results. The
sensitivity of different structural responses to higher
mode effects is also different.

Several studies on strength reduction factors,
have been conducted in SDOF systems, the most
important one is presented by Miranda and Bertero
[1] however only few researchers have studied the
MDOF effects on strength reduction factors. The
relationship between MDOF and SDOF systems was
first studied by Veletsos and Vann [2]. The objective of
their study was to identify the significant parameters

in the response of MDOF elastoplastic systems.
The relationship between the response of these
systems with the equivalent linear ones was also
studied. Nassar and Krawinkler [3] studied three
types of simplified MDOF models to estimate the
modifications required to the inelastic strength
demands, obtained from bilinear SDOF systems in
order to limit the story ductility demand in the first
story of MDOF systems to a predetermined value.
The three types of MDOF models were composed of
two-dimensional regular frames named “beam-hinge”,
“column-hinge” and “weak-story” models.

Humar and Rahgozar [4] studied a ten-story shear
frame with a uniform distribution of mass and story
heights. In the study, it was shown that for high
levels of ductility, the displacement ductility demand
in many stories of MDOF frame can be much higher
than the equivalent SDOF system. They also concluded
that the critical story in most of MDOF systems is
the lowest; however, the upper stories can also exhibit
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larger ductility demands due to the participation of
higher modes. Krawinkler and Seneviratna [5] studied
the modifications to SDOF system responses in
order to estimate seismic demands of MDOF frames
from elastic and inelastic spectra. They considered
two types of lateral load resisting systems of
moment-resisting frames and isolated structural
walls. This study concluded that except for short
period frames, the maximum story ductility
demand for MDOF models was higher than the
target ductility ratio of the first mode SDOF' system.
This amplification increases with increasing
periods, which indicates the importance of higher
mode effects.

Gupta [6] studied the behavior of moment frames
under different levels of seismic hazard. They consid-
ered 3, 9 and 20 story frames and evaluated higher
mode effects on maximum story drift demand. The
emphasis of their study was on quantification of
global and local deformation demands for various
hazard levels. It was concluded that for long periods,
as higher mode effects become more important, the
distribution of drift demands in the height of the
frame would be no more uniform and the difference
between global and story drift demands increase
with period. Santa-Ana and Miranda [7] stus a4
strength reduction factor of MDOF systet1s 'y
defining modification factors to SDOF system . . eV
also investigated soil condition affecion  hese
factors. Their study concluded that the modification
factors increase for long perinds <. thigi levels of
target ductility. This implies the .= vortan. > of higher
modes in strength (base she'r) resp nse of MDOF
frames. Daneshjoo and Ge. »mi [ -9] studied the
reasons contributing #» oversucength of highrise
SMRFs and higher modc =ffects importance on
seismic behavior. Thev cinsluded that higher mode
.uation of MDOF frames result
in the amplification »f ductility demand and thus

effects in seismic €

reduction of behavior factor. Therefore neglecting
these effects, specially in the case of tall buildings
would lead to unconservative results.

The main objective of this paper is to present
modification factors to the response of first mode
SDOF system in order to estimate seismic MDOF
system demands. In this context, seismic response of
five steel moment resisting frames models under four
different earthquakes are studied using spectrum
analysis, linear and nonlinear dynamic time history
analysis and DRAIN-2DX software [20]. The
influences of period and ductility level on higher mode
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effects are also investigated.

2. Steel Moment Resisting Frame Models

Two dimensional 4, 10, 15, 20 and 25 storey steel
moment resisting frames with three bays have been
designed according to Iranian 519 loading code and
Iranian 2800 code for seismic resistant design of
buildings and are used in this study. The configura-
tions of the frames together with their design
results are shown in Figure (1a). The inter-storey
height and span length of the frames are all constant
and equal to 4m and 5m, respectively. Storey masses
are calculated using dead load plus 20% of live load.
High seismic relative hazard for site region with design
base acceleration A -u.50 =, beds of gravel and sand
with weak ceme ‘tation fo. site soil classifications,
median importance ctor /such as residual building

frames) for fi. . frames, and a behavior factor of 6

1

have be‘a assumue 'in the designs. In mathematical
modelit. =9 amn h rdening ratio of 3% and damping
ratio of 5% of <.itical one have been assumed. The
¢ itoria for the formation of plastic hinge and the
elen. nts behavior, was an interaction of Moment-
Axic fo.ce (M-P) curve. The inter-storey drift angle
~apac.ty at the serviceability Limit State has been
assumed equal to 0.006rad. The stiffness requirement

has governed the design, as is usually the case for steel
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Figure 1a. Steel Moment Resisting Frame Models.
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3. The Seismic Input Characteristics T (st
Accaleralion Tima Hislory of Mangl Earthguake

Four ground acceleration time-histories (Tabas,
Naghan, Manjil and Elcentro earthquakes) have been
selected for performing numerical analysis. Tabas
earthquake has a peak ground acceleration (PGA) of
about 0.93g and strong motion duration of about 25
seconds. Its predominant period is 0.769 seconds.
Naghan earthquake has been recorded for 20.98
seconds and has a PGA of about 0.72g and predomi-
nant period of 0.764 seconds. The duration of
Manjil record is 53.52 seconds. The PGA and
predominant period of this earthquake are 0.5g and

Accaferation |omisensed )

0.556 seconds respectively. And finally Elcentro

Tiree [Bd)

earthquake has a strong motion duration of about T m——

12.1 seconds. Its PGA and predominant period ¢ e
0.32g and 0.555 seconds, respectively. Predominai.

periods of the ground motions are calculat«i" ™ om
predominant frequency content of the san : ¢fourd | L [, r T r
motions, which is quantified by plottir. v + wurier
Amplitude Spectrum (FAS) ard PGé.or S ectrum
Density (PSD), using Finite Fourier “ansform (FFT).

Figures (1b) and (1c) shew f'.c cce. ration time

Acceleration icmizecizsc)

history of these earthqu. e coi. ponents and

corresponding spectrums’ ogethe > with appropriate : R
Iranian 2800 design spect. *m.

Time [ sec)

4. Method Of Estim‘a\ !“g Inelastic Demands Azoal aration Time Hgtory of Naghan Earibguakse

Few researche s h7ve .ivestigated the methods of
estimating MDC  inelastic seismic demands. Their
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efforts can be catc zorized into following three main
groups:

7

%) Methods based on equivalent linear structures.

Pl e e e

Demands of an inelastic MDOF system are
estimated from an elastic analysis of an
equivalent MDOF system called “‘substitute
structure” [10]. In order to gain such a linear

Acceloraton {cmdeacisms)

structure, stiffness of potential inelastic elements

T I I
.. . . | | I |
of the original structure is reduced and their Loy TRETURITRE T s Ter e

effective damping is increased. Empirical

. Acoakreatian Tima Hiswey of EICentra Essthquaks
relations are presented to compute these N !

equivalent properties. ) Figure 1b. Acceleration time histories of earthquake
«  Methods based on equivalent SDOF systems. components.

JSEE: Fall 2003, Vol.;5 No, 3743



F. Daneshjoo and M. Gerami

Earthquakas and 2800 Cade Accelaralion Spactrums

- (%] 5] L L b=
i L=1 o {=1 o (=]

=

Areelaration (Misec*2)

Lo,

Penod [sec)

Figure 1c. Acceleration spectrum of the related earthquake
and design spectrum of Iran seismic code (2800).

The response of MDOF system is controlled by
a single mode and the shape of this mode
remains constant throughout the time history.
Although both assumptions are not always
correct, some studies conducted by several
researchers [11, 12, 13, 14, 15] have indicated
that they may lead to rather good predictions of

maximum seismic response of many MDOF

systems.
s Methods based on using inelastic response
spectral, with elastic modal combiruug

methods (i.e. SRSS and CQC) to compt . “.ie
seismic demands of inelastic MDOF s stei.s
[16, 17]. Although this methou has 10" hey veti-
cal justification, it is expected to >nproximate
the overall inelastic beha or/ot ». 01 systems.
The studies carried by some . >searchers [18, 19]
have shown that the re/ualts of.1.'s method may
need to be modifies’ to ~ke /ato account the
local concentratic. . of inelastic effects and
special effe”due to . »ar source motions.

In this paper, th  qus.itiication of seismic demands
for an MDOF sy. em is conducted through a
comparative evaluatio.  of inelastic dynamic response
of MDOF frames and their equivalent SDOF systems
and presenting modification factors to the response
of SDOF systems. Thus for each of the MDOF
frames, an equivalent SDOF system is defined. The
properties of these equivalent SDOF systems are set
such that the weight of the SDOF system is the same
as the total weight of the original MDOF frame and
the period of vibration and damping ratio of SDOF
system are the same as the fundamental mode
properties of the MDOF frame. The main reason of
difference between the response of an inelastic
MDOF frame and its equivalent SDOF system is the
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contribution of higher modes in the response of MDOF
system. However, other structural characteristics
such as the global mode of deformation, distribution
of strength and stiffness over the height of the
structure, structural system redundancy, mode of
failure at both element and global levels and finally
the torsional affects can also affect the difference
of responses between MDOF systems and their
equivalent SDOF ones.

5. Higher Mode Effects in Elastic Analysis

The maximum effect of each mode is determined by
considering the period of vibration of various modes
of the frames and making use of the design response
spectrum. Then the ' ma. mum effects are combined
using square rool ~f sum of ‘quares (SRSS) method to
obtain the required rv nong 1in the frames. In each one
of the perrend hular dircctions at least the first three
modes ¢ vibratian, »r all the modes of vibration with a
period ¢ ¢
that sum of the’. modal mass participation factors is

ore th: a 0.4 seconds, or all first N modes

n.> ¢ than 90 percent. The greater one is taken into
~angs, ‘eration. Modal properties of the frames are
show » in Table (1).

I+ can be observed that normalized first mode
modal masses (represented by WI*/W in percent)
decrease with increasing number of stories (period)
which indicates the importance of higher mode effects
in highrise frames. For the same reason, the number
of modes required for analysis, increases with number
of stories or the fundamental periods.

Various linear seismic responses of a frame R are

Table 1. Designed MDOF Frame Modal Properties.

Frame Type N4b3 [N10b3 [N15b3 |N20b3 | N25b3
Ti(Sec) 124 | 195 | 251 | 312 | 3.70
Tx(Sec) 0436 | 074 | 100 | 122 | 1.43
Ts(Sec) 0.264 | 0.43 0.59 | 0.76 0.86
T4(Sec) 0.176 | 0.30 0.41 0.53 0.60
Ts(Secy | -——-- 0.23 0.32 | 0.40 0.45
PF, 1.305 | 1.397 | 1.484 | 1.533 | 1.556
PF2 -0.489 | -0.587 1-0.729 [-0.867 | -0.880
PF; 0.289 | 0.309 | 0.382 [ 0.513 | 0.504
PF4 -0.105 ] 0.212 ] 0.285 [ 0.318 | 0.312
PFs | - -0.180 [ -0.181[-0.212| -0.278
Wl*/W(%) 79.94 | 75.99 | 70.98 | 67.15 | 66.28
Wz*/W(%) 13.65 | 12.41 | 1443 [ 14.58 | 15.28
W' /W(%) 385 | 455 | 502 | 6.01 | 593
W;/W(%) 2.56 2.62 2.71 3.55 3.11
Ws/W©%) | 122 | 159 | 1.84 | 1.81
Number of Modes
Required for 3 3 4 5 5
Analysis
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influenced by higher mode effects differently. In
this paper, higher mode effects on roof shear Y roop
base shear V,  and roof displacement U are
investigated. The higher model Eq. (1) is considered
as a criteria to evaluate the error caused by eliminat-

ing modes higher than one.

el _ RN " R] .
ap —R_N 100 (1)
a¢ is the percentage of higher mode effect in
response R of an N story frame. R, and R, are the
linear spectral response R of the frame (i.e. V'

roof’

Viuse a0d Umof) considering 1 and N modes of
vibrations, respectively.

For each of the frames, linear seismic spectral
responses i.e. Vroor Viase and U,,, are calculated
once using all the N required modes of vibrations
and another time using only the first mode of
vibration. The percentage of higher mode effect in
each response for each of the frames is then
calculated using Eq. (1). Figure (2) shows how the
higher mode effect factor a¢ varies with the first
period 7, of each frame for different spectral
responses.
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Figure 2. Higher m_1e effects on roof shear, base shear and
roof disple. ement of frames (%), linear spectrum
analyses.

It can be seen that the percentage of higher
mode effects in different responses of the frames
increases with increasing period which indicates
the importance of higher modes in high rise frames.
On the other hand for a certain frame, roof shear
is affected by higher modes more than the other
two responses and roof displacement takes the
o 7 e > 0y
about half of the overall roof shear response in
the frame n25b3 (45.3%) is allocated to higher

least affect (i.c. a,e,’m ). For example

modes while this percentage for base shear and roof
displacement responses decreases to 13.06% and
1.16%, respectively.

The above results were only presented for 3 bay
frames. Higher mode effects modification factors
are also calculated for 20 storey frames with 1, 2, 3
and 5 bays in order to investigate the effects of
number of bays. The higher mode effect modificat-
ion factor is computed for each response of these
frames (n20-bl, n20-b2, n20-b3 and n20-b5). The
results are shown in Figure (3).

2]
45 T e
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W35
ﬁﬂﬁ L *— ¥ baae
‘n:' —t— L rood
20— —
= 1
3 1ol N
= —
T 10
5
i
a L
a 1 2 3 4 ] i
Mumber of Bays

Fi. ure 3. Influence of number of bays in higher mode effects
on roof shear, base shear and roof displacement of
20-story frames.

It is observed that the trend of higher mode
effects on different responses holds true for all
number of bays. Higher mode effects in responses of
roof shear and base shear is reduced with increasing
number of bays. An opposite trend was concluded
for roof displacement response.

Elastic first mode spectral displacement can be used
to estimate the roof elastic displacement demands of
MDOF frames using the elastic displacement demand
modification factor affisp as defined by Eq. (2)

el
d;

el
dSD OF

a, = )

Where d“ is the maximum roof displacement
demand of an elastic MDOF frame under a particular
earthquake calculated by linear dynamic time history
analysis. And ajlisp is the elastic first mode displace-
ment obtained from response spectrum of the same
earthquake. Thus the maximum roof displacement of
an elastic MDOF frame is related to the elastic first
mode spectral displacement. Variation of affisp
computed for each of the five frames under the
different four earthquakes, together with variation of
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the first mode participation factors (PF, s) of the
frames are shown in Figure (4).

It can be seen that the mean values of af,’isp ampli-
fication factors for different records are in good
agreement with PF| factors. On the other hand, af,’isp
factors increase with increasing fundamental
period, and their variation is similar to PF| factors.
This means that maximum elastic roof displacement
demand of an MDOF frame can be estimated by
the product of elastic first mode spectral displacement
by first mode participation factor. PF, factors are
actually applied to account for higher mode effects.
The compatibility of PF, and a%¢; factors was also
concluded in other studies [21-22].
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Figure 4. Elastic normalized roof displacement dem-:.C
frame structures.

The important note in this process is cneve uate
fundamental period of the structures. Nesign codes
usually underestimate the peric. «°.Sm >Fs and
consequently elastic spectral disy acemei.'s (Sd) are
underestimated too. Thus, it i’ strong. - recommended
to compute fundamental pciiod ¢! the structures
through eigen value ana’sis in oruer to get relatively
justified estimatie=< of ma. mum roof displacement

demands in elastic MDr¢ ., “ames.

6. Higher Mode E. ‘ects on Strength Reduction
Factors of MDOF¥ Frames

Linear analyses are unable to predict the nonlinear
behavior of the structures under strong earthquake
excitations. A rational design concept should compare
the evaluated ductility reserves of the structure with
ductility demands evaluated for appropriate ground
motion by nonlinear time history analysis. Seismic
codes allow the structures to behave inelastically
when subjected to strong earthquake ground motions.
Nonlinear behavior of the structures in inelastic range
results in the reduction of effective lateral forces. This
reduction in design forces is applied through strength
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reduction factors Rp. In this paper, at first, nonlinear
effects of SDOF systems are investigated using R}1
factors and then a modification factor aj;,, is
defined to account for higher mode effects in
strength reduction factor of MDOF frames.

SDOF strength reduction factors R}1 that take
into account the nonlinear behavior of these systems
are defined by Eq. (3)

[
VS?DOF
R, =—SDOF

Vihor @
Where V& is the elastic strength demand of
SDOF system and Fg}, . is the minimum strength
demand required to keep displacement ductility
demand of SDOF ,ysten. ‘ess than a predetermined
value of target du tility p. ) gure (5a) illustrates how
Ry varies in«differen. #rar’.es with the period of first
mode of #Ura_ons of the frames under different
earthqu ke le"C7a. and for different values of .
Figure (o, shows the variation of the mean values.

The resul*“indicate that R_ factors increase with
th  ncrease in first natural period of vibration 7|, and
~2h nogrease in level of ductility p. The greater R
facto, | for large ductility values are due to the fact that
7. factors account for inelasticity in SDOF systems.
Thus, they must increase in high levels of ductility to
cause more reductions in design forces.

Due to the participation of higher modes, R}1
factors as defined by Eq. (3) can not be used as
MDOF strength reduction factors. In order to
account for higher modes effect, a},,, modification
factor is defined by Eq. (4)

m
Al = Vvpor
HM =

Vabor @

Where Vyj,, and Vg}, - are the minimum lateral
strengths required to limit the ductility ratio of MDOF
and SDOF systems to target values.

The strength demand of an SDOF system with
ductility p, is multiplied by the modification factor
al;,, to get the lateral strength demand of the
original MDOF frame with the same level of ductility
p. On the other hand, 1/a),,, represents a modifica-
tion factor to SDOF strength reduction factors Ru’
to be applied to original MDOF frames. Thus the
introduced modification factors must be applied to
Ru’ Y and mfactors, which are drawn from analytical
results, in order to account for higher mode effects
and not to the presently used reduction factors in
codes of practices.
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Figure 5b. S. “.r mean strength reduction factors.

In this study, a',,, modification factors for each
of the five frames are computed under the four
different earthquakes and with three different target
ductility values of 3, 5 and 7. Figure (6a) illustrates
how al,,, modification factors varies with the first
natural period of each frame 7' for different ductility
p. Figure (6b) shows the variation of the mean
values.

It can be observed that a},,, factors always
increase with increase in period T, indicating the
importance of higher modes in strength demands of
MDOF frames. They are also usually incremental

frames' height and the relationship between maximum
story drift and global drift demands are investigated.
The frames with three different levels of structural
yield strength p . of 3, 5 and 7 are subjected to the
four different earthquakes. Nonlinear dynamic time
history analysis are conducted and interstory drift
angles (i.e. storey drift over storey heigth) and global
drift angles (Roof drift over total heigth of frame)
are calculated. The corresponding results for the
20-story frame are shown in Figures (7a) and (7b).
The distribution of drift demands in the structures,
responding predominantly in their first mode, is
rather uniform over their height. As can be seen
from Figures (7a) and (7b), the distribution of story
drift demands over the height of the 20-story frame is

JSEE: Fall 2003, Vol.;5 No, 3747
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Figure 6b. Mean MDOF modification factor for base shear
(strength) demands.

not uniform, specially in higher stories that shows a
sudden amplification. Sudden amplification of story
drift in lower stories of a structure is due to P- D
effects, while the occurrence of such an amplification
in top stories is attributed to higher mode effects.
Maximum story drift angle, has been observed
larger than global drift angle under all earthquakes and
for all values of SDOF ductility, in 20-story frame,
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see Figures (7a) and (7b). The same result is observed
in all the other frames.

7. Higher MODF Effects on Story Drift and
Ductility Demands of MDOF Frames

Yield story drift d,; is computed using pushover
analysis of story i such that all the nodes beneath
the considered story are fixed by hinge supports and a
lateral load is applied to the story roof incrementally.
The consequent story drift corresponding to the
formation of the first plastic hinge in the story is
then yield story drift (d;; dynamic story ductility of
the frames under different earthquake records were
computed for p, . values of 3, 5 and 7 using

Eq. (5))
max{d+s,max, d;,max }
- (5)

y’i

m;=

Where p_. is dynamic ductility ratio of story i

and  d’smax, d; q and d,; are the maximum positive,

Vi
the maximum negative and the yield story drifts,

respectively.
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These parameters are illustrated in Figure (8),
schematically. In this study, the ductility of MDOF
frames is defined as story ductility which was
defined by Eq. (5). Yield story drift (dy,i) is computed
from pushover analysis of story i such that all the
nodes beneath the considered story are fixed by
hinge supports and a lateral load is applied to the story
roof, incrementally. The consequent story drift
corresponding to the formation of first plastic hinge
in the story is then yield story drift (dy,i).

Va,i
Story Shear

ﬂS.Ir-a:‘

=5

6:1'-' Shory Dl e

B

Ab, =
b el

Figure 8. Story shear vs. story drift response.

Figure (9a) shows the distribution of story
dynamic ductility demands over the height of 20-
story frame under different earthquakes. Figure (9b)
shows the variation of the mean values.

As can be seen there is a sudden amplification
in dynamic ductility demands of higher stories in
20-story frame that can be ascribed to higher mode
effects. The same trend was observed for story drift
demands. Distribution of story drift and its variation
trend in the height of a structure is generally closely

JSEE: Fall 2003, Vol.;5 /No, 3749
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related to the sto. 7 dr.ui.y demands of the same
structure.

The difference betv.een story and roof drift angles
can be a parameter for evaluation of higher mode
effects on maximum story drift demand. If a structure
is not affected by higher modes and its behavior is
controlled by one mode in linear state, the story and
roof drift angles are expected to be equal according to
the following equation

d _d
P (6)

It was observed from Figure (7) that the
distribution of story drift demands over the height
is not uniform, specially in higher stories that shows

50 / JSEE: Fall 2003, Vol. 5, No. 3

angle cannot be attributed only to higher mode
effects, but it can be said that higher modes have a
direct effect in this regard. The a4, ,, factor is defined
by Eq. (7) in order to evaluate higher mode effects
on maximum story drift demand

ad _ ds,max /hz
== ()

a4, ,, factors were computed under different records
for each value of p., . (3, 5 and 7). The results are
illustrated against T and pg, . in Figure (10a),
separately. Figure (10b) shows the variation of the
mean values.

It is observed that a%,, factors increase with
increasing period and level of SDOF ductility,
indicating the importance of higher mode effects.
The ratio of average interstory drifts to roof drift
angles is usually greater than unity. The reason is that
maximum story drifts of a frame under any earthquake
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do not occur simultaneously and sum of maximum
story displacements is always larger than roof
displacement under a certain earthquake. Thus in
order to estimate maximum story drift of a frame by
pushover analysis, target displacement is required to
be taken larger than roof displacement under design
earthquake. This case is intensified for significant
contribution of higher modes. In other words,
maximum story drift demand is underestimated by
Pushover analysis.

Due to the close relationship between story drift

and ductility demands, higher mode effects on

maximum story dynamic ductility are almost similar

to those for maximum story drift demands. The

following factor is defined to evaluate these effects

A, = (8)
DOF

Where m,,,, is the maximum story dynamic
ductility ratio in MDOF frame and my,,, is the
equivalent SDOF ductility ratio. Maximum story
ductility of an MDOF frame can then be related to
SDOF ductility through this factor which refers to
higher mode effects on maximum story dynamic
ductility ratio in an MDOF frame.

a}y,, factors were computed under different
earthquakes and for my,,r values of 3, 5 and 7. The
corresponding results are shown in Figure (11a).
Figure (11b) shows the variation of the mean values.

It can be seen that the amplification of maximum
story ductility demand in an MDOF frame, relative to
equivalent SDOF ductility (represented by a';,,),
mostly increases with increasing period and SDOF
ductility. This indicates the importance of higher
mode effect on maximum story ductility demand
in high rise frames and higher SDOF ductility levels.

JSEE: Fall 2003, Vol.;5, ;No, 3751



FE Daneshjoo and M. Gerami

45 LB}
_| ! Tabas Eaviheuake | Py vy e e a
4 H{B0AF)= 3.0 4 H {SDOF) = 3.0 f T N
15 — e =l {BOOF) = 5.0 9.8 — = — | (5DOF)= 5.0 \
v oasa H{EOOF) = T.0 +a @ WIGDOF)=T.0 / \
4 1 I i
N A
yic 5 | ) 1
" 25 } ; i
i o g | / \
[ F .'\ E | 5 <, %
2 2 7 LY @ 2 T ¥ f -
ha / \ - | .
= 1.5 L p, \ 1.4 7 o
|
/ | £ ) | ]
08 T et e 5 T = — 3 T
L Lo L | . \":‘:v;-‘-..._. [
0 - o
1 1.5 2 2.5 3 3.5 4 1.5 2 2.9 3 3.5 i
Period {sac) Period {sac)
4.5 4.8
1 Margl Earthauasa ElICanio Earghguaka
44— = H{EDOF} =30 4 FSD0F) = 3.0 |
—— = L {GDOF =80 — e [SOOR |
35T 15
+w @ s P(SOOF=T.0 s aes RBEUFI =70
3 I )
3 2 { I
25 26

b 27T N

fomman

AT
[

14 F 2.5 3 3.5 4
Period (zec]

Figure 11a. Higher mode effects o maxim. m story ductility demands.

Ty
———
05
o
1 i5 2 25 3 3.5 4
Pariod (zec)
4.5 : 4 U
o e Mean & e —||
44 [e— T i . win
a5 = e = HEDOF)EE0 | | 0000 B
- - «- - B{SDOFI=T0 - -
2 |
225 ___4
G2t
< |
= E "1 -
E q .
=|'_'1.5
4 .
T . P LELTTY o
s P g | G
E T
! 1 g =0 3 a5 4
v [sech

Figure 11b. Higher moc » effects on maximum story ductility
demands (m« an values).

8. Conclusions

The purpose of this study was to investigate higher
mode effects on different responses of MDOF steel
moment-resisting frames under seismic motions. In
this regard, some modification factors were defined to
estimate seismic demands of MDOF frames from
equivalent SDOF systems. The following conclusions
are drawn from different parts of this study:
A)  Higher mode effects in elastic analysis:

o The percentage of higher modes' participation
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B)

in all responses of MDOF frames increases
with number of stories (Fundamental period).
e Among different responses of an MDOF
frame, roof shear is the most influenced by
higher modes and base shear response is in
the next order. Roof displacement is not that
affected by higher modes.
responses are generally more dependent on
higher mode affects rather than deformation

much Force

responses.

o The percentage of higher mode effects in force
responses decrease with a rise in the number
of bays, while the opposite trend was observed
for deformation responses.

o The ratio of roof elastic displacement of an
MDOF frame to elastic first mode spectral
displacement, defined as a%¢, can be
approximated by PF| factors. These factors
always increase with an increase in period.

Strength reduction factors of MDOF frames:

. Ru factor, which accounts for inelasticity in
SDOF  systems, always increases with
increasing target ductility and mostly with
structural period.

o Strength reduction factors of MDOF frames,
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can be computed by multiplying R}1 by
1/al,,, modification factor which takes the
higher mode effects into account.

¢ Base shear higher modes modification factors
always increase with increase in fundamental
period of frames and mostly increase with
increase in target ductility.

Higher mode effects on maximum story drift and

ductility demand:

o Vertical distribution of story drift and ductility
in height of the frames show sudden increase
in higher stories. The reason is the contribu-
tion of higher modes which is of more signifi-
cance for long-period frames.

. aZ_M modification factor, which is a criteria
of higher mode effects on maximum story
drift demands, mostly increases with a rise in
period and level of SDOF ductility. In other
words, the difference between maximum story
and global drift demands increases in long-
period structures.

e a},, modification factors, implying higher
mode effects on maximum story ductility
demand, mostly increase with period and level
of SDOF ductility, which indicates the impor-
tance of higher modes.
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