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Abstract: This study compares the seismic demands for vertically irregular and ‘‘regular’’ frames determined by rigorous nonlinear
response history analysis~RHA!, due to an ensemble of 20 ground motions. Forty-eight irregular frames, all 12-story high with strong
columns and weak beams, were designed with three types of irregularities—stiffness, strength, and combined stiffness and strength—
introduced in eight different locations along the height using two modification factors. The effects of vertical irregularity on the median
values of story drifts and floor displacements are documented. Next, the median and dispersion values of the ratio of story drift demands
determined by modal pushover analysis~MPA! and nonlinear RHA were computed to measure the bias and dispersion of MPA estimates
leading to the following results:~1! the bias in the MPA procedure does not increase, i.e., its accuracy does not deteriorate, in spite of
irregularity in stiffness, strength, or stiffness and strength provided the irregularity is in the middle or upper story,~2! the MPA procedure
is less accurate relative to the regular frame in estimating the seismic demands of frames with strong or stiff-and-strong first story; soft,
weak, or soft-and-weak lower half; stiff, strong, or stiff-and-strong lower half,~3! in spite of the larger bias in estimating drift demands
for some of the stories in particular cases, the MPA procedure identifies stories with largest drift demands and estimates them to a
sufficient degree of accuracy, detecting critical stories in such frames, and~4! the bias in the MPA procedure for frames with a soft, weak,
or soft-and-weak first story is about the same as for the regular frame.
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Introduction

The seismic response of vertically irregular frames, the subject of
numerous research investigations, was reviewed in two recent
comprehensive investigations by Valmundsson and Nau~1997!
and Al-Ali and Krawinkler~1998!, both studies considering mass,
stiffness, and strength irregularities separately and in various
combinations. The first of these investigations focused on evalu-
ating building code requirements for vertically irregular frame
buildings, whereas the latter emphasized the effects of vertical
irregularities on height-wise variation of seismic demands and
behavior of frame buildings. It was found that among the four
types of irregularity, the effect of mass irregularity is the smallest,
the effect of strength irregularity is larger than the effect of stiff-
ness irregularity, and the effect of combined-stiffness-and-
strength irregularity is the largest. The roof displacement was
shown to be a stable parameter not affected significantly by ver-
tical irregularities~Al-Ali and Krawinkler 1998!.

Both of these comprehensive investigations were based on ide-
alized frames designed according to the strong-beam–weak-

column philosophy. Such a column-hinge model is likely to ex-
aggerate the effects of irregularity by restricting the redistribution
of yielding to the story that yields first and forms a story mecha-
nism. Therefore, this paper studies the effects of vertical irregu-
larities on seismic demands of frame buildings using the more
realistic strong-column–weak-beam frame or beam-hinge model
~Fig. 1!; mass irregularity is not considered here because its ef-
fects are known to be small~Al-Ali and Krawinkler 1998!.

Current structural engineering practice evaluates the seismic
resistance of buildings using the nonlinear static procedure or
pushover analysis described in FEMA-273~BSSC 1997!. Re-
cently, modal pushover analysis~MPA! has been developed to
improve conventional pushover procedures by including higher-
mode contributions to seismic demands~Chopra and Goel 2002!.
This MPA procedure offers several attractive features. It retains
the conceptual simplicity and computational attractiveness of cur-
rent pushover procedures with invariant force distributions—now
common in structural engineering practice. The computational ef-
fort involved in MPA including the first few—two or three—
modes is comparable to that required in FEMA procedures using
two or three lateral-force distributions. With the roof displace-
ment determined from the elastic design spectrum and empirical
equations for the ratio of peak deformations of inelastic and elas-
tic systems, pushover analysis for each mode requires computa-
tional effort similar to one FEMA force distribution.

Although rooted in structural dynamics theory~Chopra and
Goel 2002!, MPA is based on three principal assumptions:~1!
Coupling among modal coordinates arising from the yielding of
the system can be neglected,~2! the peak response of the inelastic
multi-degree-of-freedom~MDF! system associated with each
modal force distribution can be determined by pushover analysis,
and ~3! the total response can be determined by combining the
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peak modal responses by standard modal combination rules. Each
of these assumptions were justified in the original development of
the theory underlying MPA. This procedure, although somewhat
intuitive for inelastic buildings, is reduced to the standard re-
sponse spectrum analysis procedure~Chopra 2001: Section 13.7!
for elastic systems.

The accuracy of MPA must be evaluated for a wide range of
structural systems and ground motions to identify the conditions
under which it is applicable for seismic evaluation of structures.
To this end, it has been applied to code-designed buildings~Goel
and Chopra 2004!, and generic frames~Chintanapakdee and
Chopra 2003! designed according to the static force distribution
specified in the International Building Code~IBC! ~International
Code Council 2000!. By studying the bias and dispersion of this
approximate procedure, MPA has been shown to be accurate
enough in estimating seismic demands for the seismic evaluation
of such ‘‘regular’’ buildings. As mentioned earlier, because verti-
cal irregularities significantly influence the seismic demands on
buildings, the next logical step is to determine whether MPA can
estimate seismic demands on irregular buildings to a degree of
accuracy sufficient for practical application. Furthermore, as all
pushover analyses aim to detect any deficiency in the structure
that results in localizing large seismic demands, MPA’s potential
in this regard remains to be evaluated.

The objectives of this investigation are as follows:~1! To study
the influence of vertical irregularities in the stiffness and strength
distribution, separately and in combination, on seismic demands
of strong-column–weak-beam frames by comparing the median
seismic demands on irregular and regular frames computed by
nonlinear response history analysis~RHA! for an ensemble of
ground motions, and~2! to evaluate the accuracy of MPA in es-
timating seismic demands and detecting weakness in vertically
irregular frames by documenting the bias and dispersion of the
ratio of the seismic demands on irregular frames determined by
MPA procedure to their ‘‘exact’’ values computed by nonlinear
RHA.

The results presented in this paper show that the effects of
vertical irregularities on seismic demands on a beam-hinge model
~Fig. 1! of frames are significantly different than those reported
using the less realistic column-hinge model~Al-Ali and Krawin-
kler 1998!. It is also demonstrated that the MPA procedure has a
similar degree of accuracy for estimating seismic demands for
some types of irregular frames as it does for regular frames. In
addition, the MPA procedure detects which stories will be sub-
jected to large seismic demands; irregular frames for which MPA
does not work well are identified.

Structural Systems

Reference Regular Frame

The MPA procedure has already been evaluated for regular
frames of six different heights of 3, 6, 9, 12, 15, and 18 stories,
each designed for five different strength levels. The second phase
of the overall investigation concerned irregular frames, which is
the subject of this paper. To focus on the issue of height-wise
irregularity, the frame height was fixed at 12 stories, a midrise
frame for which pushover analyses are appropriate.

A previous study evaluated the MPA procedure for code-
designed buildings~Goel and Chopra 2004!. To broaden the scope
and cover a wider range of building properties, this investigation
studied generic frames. These frames are described fully in Chin-
tanapakdee and Chopra~2002!; a summary is included next. To
investigate the influence of vertical irregularity on seismic de-
mands for buildings and to evaluate the accuracy of MPA for
irregular frames, a 12-story regular frame was defined as the ref-
erence case for comparison. The reference frame was designed so
that the height-wise distribution of stiffness achieves equal drifts
in all stories under the IBC lateral forces. Assuming that the sec-
ond moment of cross-sectional area for each beam and its sup-
porting columns in the story below are the same, numerical values
for the flexural rigidities of structural elements were selected such
that the fundamental vibration periodT1 is 2.40 s. This is the
value determined fromTU50.045H0.8, whereH is the total height
of the frame, an equation that defines the mean-plus-one-standard
deviation of measured periods of steel moment resisting frames
~Goel and Chopra 1997!.

The frame is designed according to the strong-column–weak-
beam philosophy; therefore, plastic hinges form only at beam
ends and the base of the first-story columns. The columns in other
stories are assumed to remain elastic. The yield moments of plas-
tic hinges, with bilinear~3% postyield stiffness! moment–rotation
relation, are selected such that yielding occurs simultaneously at
all plastic hinges under the IBC lateral force distribution. The
yield base shear isVby5(Ay /g)W, whereW is the total weight of
the frame andAy is the median~over 20 ground motions!
pseudoacceleration for a single-degree-of-freedom~SDF! system
with vibration periodTn5T1 and a ductility factorm54.

The Rayleigh damping matrix is defined to obtain a damping
ratio of 5% in the first and fourth modes of vibration.

Vertically Irregular Frames

Forty-eight irregular frames, all 12-stories high, were considered
to account for three types of irregularities introduced in eight
different locations along the height using two modification fac-
tors, described next. Three types of irregularities in the height-
wise distributions of frame properties were considered: Stiffness
irregularity (KM ), strength irregularity (SM), and combined-
stiffness-and-strength irregularity (KS). Various irregular frames
are obtained by modifying the stiffness or/and strength of the
reference frame. To obtain a soft or stiff story, the story stiffness
was divided or multiplied by a modification factor; and to obtain
a weak or strong story, the story strength was divided or multi-
plied by a modification factor. Two values of the modification
factor ~MF! were considered:MF52 or 5 ~Chintanapakdee and
Chopra 2002!. For brevity, results presented here are only for
MF52. For each of the three types of irregularities, the following
eight cases were investigated:~1! Soft or/and weak top story,~2!
stiff or/and strong top story,~3! soft or/and weak midheight story,

Fig. 1. Beam-hinge model of a 12-story frame
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~4! stiff or/and strong midheight story,~5! soft or/and weak first
story,~6! stiff or/and strong first story,~7! soft or/and weak lower
half of structure, and~8! stiff or/and strong lower half of struc-
ture.

Stiffness-Irregular Frames
Fig. 2 shows the ratio of story stiffness, and of story strength of
stiffness-irregular frames to the corresponding properties of the
regular frame; KM j denotes stiffness-irregularity casej
(51,2...8). A total of 16 stiffness-irregular frames are considered
corresponding to the 8 cases mentioned aboveMF52.

The stiffness of a story was modified by changing the stiffness
of the columns in that story and the beam they support. To ensure
meaningful comparison of seismic demand on regular and irregu-
lar frames, their fundamental vibration period, yield base shear,
and damping properties were kept the same. Modifying the stiff-
ness of one or more stories by theMF obviously affects the
vibration period. To maintain the same period as for the regular
frame, all story stiffnesses were scaled uniformly, causing the
ratio of story stiffnesses of irregular and regular frames to be
different than theMF, as seen in Fig. 2.

The pushover curves using the IBC force distribution show
that although stiffness irregularity may influence the initial slope
significantly, it affects the yield strength only slightly~Chintana-
pakdee and Chopra 2002!. All story strengths were scaled uni-
formly to obtain an irregular frame with the same yield base shear
as the regular frame. Note that the postyield stiffness of irregular
frames can be slightly different than the regular frame.

The Rayleigh damping matrix for an irregular frame is defined
to maintain the modal damping ratio equal to 5% in the first and
fourth modes, as for the regular frame.

Strength-Irregular Frames
Fig. 3 shows the ratio of story stiffness and of story strength of
strength-irregular frames to the corresponding properties of the

regular frame;SM j denotes strength-irregularity casej. The story
stiffnesses, fundamental period, and damping matrix of strength-
irregular frames were kept the same as for the regular frame. The
strength of a story was modified by changing only the strength of
the beam at the top of the story~recall that the columns are
assumed to remain elastic!. However, in Cases 5 to 8, where the
strength of the first story was modified, the strength of columns in
the first story, which were designed to hinge at the base, is also
changed. All story strengths are scaled uniformly to obtain an
irregular frame with the same yield base shear as the regular
frame, causing the ratio of the story strengths of irregular and
regular frames to be different than the modification factor, as
shown in Fig. 3.

Stiffness-and-Strength-Irregular Frames
Fig. 4 shows the ratio of story stiffness and of story strength of
stiffness-and-strength-irregular frames to the corresponding prop-
erties of the regular frame;KS j denotes combined stiffness-and-
strength irregularity casej. Each frame is designed by modifying
the story stiffnesses and damping matrix as described earlier for
the stiffness-irregular frame, and the story strengths as described
earlier for the strength-irregular frame.

Ground Motions and Response Statistics

Ground Motions

The seismic excitation for these generic frames is defined by a set
of 20 large-magnitude–small-distance records~LMSR! listed in
Chintanapakdee and Chopra~2002!. These ground motions were
obtained from California earthquakes with magnitudes ranging
from 6.6 to 6.9 recorded at distances of 13 to 30 km on firm
ground. Their elastic pseudoacceleration and deformation re-
sponse spectra and the median spectrum are presented in Fig. 5.

Fig. 2. Ratio of ~a! story stiffness and of~b! story strength of stiffness-irregular frames to the corresponding properties of the regular frame for
modification factor,MF52
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Fig. 3. Ratio of ~a! story stiffness and of~b! story strength of strength-irregular frames to the corresponding properties of the regular frame for
modification factor,MF52

Fig. 4. Ratio of ~a! story stiffness and of~b! story strength of combined-stiffness-and-strength-irregular frames to the corresponding properties
of the regular frame for modification factor,MF52
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Response Statistics

The dynamic response of each structural system to each of the 20
ground motions was determined by nonlinear RHA, and MPA
~Chopra and Goel 2002! without consideringP–D effects due to
gravity loads; details of both analysis procedures are documented
in Chintanapakee and Chopra~2002!. The exact peak value of
structural response or demand,r, determined by nonlinear RHA
~NL-RHA! is denoted byr NL-RHA , and the approximate value
from MPA by r MPA . From these data for each ground motion, a
response ratio was determined from the following equation:
r MPA* 5r MPA4r NL-RHA . An approximate method is invariably bi-
ased in the sense that the median of the response ratio differs from
one, underestimates the median response if the ratio is less than
one, and provides an overestimate if the ratio exceeds one.

Presented in this paper are the median values,x̂, defined as the
geometric mean, ofn ~equals 20! observed values (xi) of r MPA ,
r NL-RHA , and r MPA* ; and the dispersion measured of r MPA* , de-
fined as the standard deviation of logarithm of then observed
values:

x̂5expF( i 51
n ln xi

n G (1a)

d5F( i 51
n ~ ln xi2 ln x̂!2

n21 G1/2

(1b)

For small values, e.g., 0.3 or less, the above dispersion measure is
close to the coefficient of variation. This measure will be referred
to as ‘‘dispersion’’ in subsequent sections. Eqs. 1~a! and 1~b! are
logical estimators for the median and dispersion, especially if the
data are sampled from lognormal distribution, an appropriate dis-
tribution for peak earthquake response of structures~Newmark
and Hall 1982; Shome and Cornell 1999!.

Effect of Irregularity on Story-Drift Demands

Fig. 6 presents median story-drift demands (DNL-RHA) determined
by NL-RHA for all cases and three types of irregularity with
MF52 and compares them to the regular frame. As expected,
vertical irregularity in stiffness or strength influenced the height-
wise variation of story-drift demands. For each of the eight cases,

the three types of irregularity influenced the height-wise variation
of story drifts similarly, with the effects of strength irregularity
being larger than stiffness irregularity, and the effects of
combined-stiffness-and-strength irregularity being the largest
among the three. This observation agrees with conclusions of Al-
Ali and Krawinkler ~1998!.

Introducing a soft and/or weak story~Fig. 6: Cases 1, 3, and 5!
increases the drift demands in the modified and neighboring sto-
ries and decreases the drift demands in other stories. On the other
hand, introducing a stiff and/or strong story~Fig. 6: Cases 2, 4,
and 6! decreases the drift demands in the modified and neighbor-
ing stories and increases the drift demands in other stories. Cases
7 and 8 will be discussed later. These trends differ from the re-
sults reported by Al-Ali and Krawinkler~1998!, where the drift
demand was affected to a greater degree, but only in the soft
and/or weak story; their column-hinge model restricts redistribu-
tion of seismic demands to adjacent stories.

Fig. 5. ~a! Pseudoacceleration spectra and~b! deformation spectra of
larger-magnitude-small-distance records set of ground motions,
damping ratio55%. The median spectrum is shown by a thicker line.

Fig. 6. Median story-drift demands determined by nonlinear
response history analysis for regular frame and stiffness-, strength-,
and combined-stiffness-and-strength-irregular frames denoted by
KM , SM, andKS, respectively, with modification factor,MF52
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To illustrate how significantly irregularity effects drift de-
mands, Fig. 7 presents the ratio of the median drift demands
(DNL-RHA) of irregular and regular frames; the difference between
this ratio and unity indicates the effect of irregularity. Essentially
independent of the location of the irregular story, the drift demand
in a soft and/or weak story~Cases 1, 3, and 5! with MF52
increases due to stiffness (KM ), strength (SM), and combined-
stiffness-and-strength (KS) irregularity by about 15%, 25%, and
40%, respectively. Similarly, the percentage reduction in drift de-
mand at the stiff and/or strong story~Cases 2, 4, and 6! with
MF52 was also essentially independent of the location of the
irregular story. As shown in Fig. 7, however, the effect of an
irregular story on drift demands at stories further away from the
irregular story is strongly dependent on its location: It is signifi-
cant when the irregular story is near the base~Cases 5 and 6! but
almost negligible when the irregular story is near the top~Cases 1
and 2!.

A soft and/or weak lower half of the frame~Case 7 in Figs. 6
and 7! slightly increases the drift demands for those stories, but
significantly decreases the drift demands in stories in upper half
of the frame. In contrast, a stiff and/or strong lower half of the
frame ~Case 8! reduces the drift demands for those stories but

significantly increases the drift demands in the upper half of the
frame. These observations imply that drift demands occurring in
the upper stories are much more sensitive to irregularity than the
drift demands in the lower stories.

As expected, Fig. 6~Cases 7 and 8! shows that the drift is
amplified—relative to the regular frame—in the weaker story ad-
jacent to the discontinuity in strength at midheight~irregularity
typesSM andKS). Note this amplification is distributed over all
weaker stories, not the concentrated amplification in one story as
predicted by the less realistic column-hinge model~Al-Ali and
Krawinkler 1998!.

Effect of Irregularity on Floor Displacements

Fig. 8 compares median values of floor displacements determined
by NL-RHA for three types of irregular frames withMF52 to
that of the regular frame. As long as the irregularity is in the mid-
or upper stories~Cases 1–4!, all three types of irregularities have
very little influence on floor and roof displacements. In contrast,
irregularity in the base story or lower half of the building~Cases

Fig. 7. Ratio of the median story-drift demands of regular and
irregular frames. Three types of irregularity—stiffness-, strength-,
and combined-stiffness-and-strength—are included with modification
factor,MF52.

Fig. 8. Median floor displacements determined by nonlinear
response history analysis for regular frame and stiffness-, strength-,
and combined-stiffness-and-strength-irregular frames denoted by
KM , SM, andKS, respectively, with modification factor,MF52
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5–8! significantly influences the height-wise variation of floor
displacements. As observed by Al-Ali and Krawinkler~1998!,
while the roof displacement is normally insensitive to vertical
irregularity ~Cases 1–6!; however, it is significantly different for
frames with a soft and weak lower half~CaseKS7), or a stiff and
strong lower half~CaseKS8).

Although the results of Cases 5–8 in Fig. 8 may seem coun-
terintuitive in that the roof displacements of irregular frames with
a soft and/or weak first story or lower half are smaller than the
regular frame, whereas the roof displacements of irregular frames
with a stiff or/and strong first story or lower half are larger than
the regular frames, these results can be rationalized by recogniz-
ing that the irregular frames were scaled to have the same vibra-
tion period and yield base shear as the regular frames. Thus, a
frame with a soft or/and weak lower half is not softer or weaker
than the regular frame in an overall sense, but its lower half is
softer and/or weaker relative to the upper half, compared to the
regular frame.

Bias and Accuracy of Modal Pushover Analysis

The median story-drift demands determined by MPA on regular
frames—including 1, 2, or 3 ‘‘modes’’—are compared to the re-
sults of nonlinear RHA@Fig. 9~a!#. The MPA considering only the
first mode is inadequate in estimating story drifts demands in
upper stories, where contributions of higher modes are known to
be significant, even in elastic systems~Chopra 2001, Chapter 18!.
With higher mode contributions included, however, MPA follows
the height-wise variation of drift demands reasonably well. Ex-
amining the median and dispersion of the ratioDMPA* indicates
that the bias in MPA@Fig. 9~b!# and its dispersion@Fig. 9~c!#
decreases as higher modes are included; however, even with three
modes included, MPA tends to underestimate the drift demands in
all stories of this frame except the top one. This underestimation
is similar to a trend found in response spectrum analysis of elastic
frames and does not disappear even if all modes are included. In
brief, MPA underestimates or overestimates the demand depend-
ing on the height, vibration period, and design ductility~Chin-
tanapakdee and Chopra 2003!.

Fig. 10 presents the median of the ratioDMPA* of drift demands
obtained from MPA~including four modes! and from NL-RHA
for all eight cases and three types of irregularity withMF52 and
compares them to results for the regular frame. As mentioned
earlier, the difference between medianDMPA* and unity represents
the bias in the MPA procedure. These results demonstrate that the
bias in the MPA procedure does not increase, i.e., its accuracy
does not deteriorate, in spite of irregularity in stiffness, strength,

or both stiffness and strength, provided the irregularity is in the
top story or midheight story~Cases 1–4!.

The MPA procedure is less accurate for structures where the
irregularity is in the first story or in the lower half of the frame
~Cases 5–8!. The bias is significantly larger for:~1! The lower
stories of an irregular frame with strong or stiff-and-strong first

Fig. 9. ~a! Median story-drift demands for the regular frame determined by modal pushover analysis with variable number of modes and by
nonlinear response history analysis;~b! median story-drift ratioDMPA* ; and ~c! dispersion of story-drift ratiosDMPA*

Fig. 10. Median story-drift ratiosDMPA* for regular frame and
stiffness-, strength-, and combined-stiffness-and-strength-irregular
frames with modification factor,MF52
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story~CasesSM6andKS6! compared to the regular frame,~2! the
upper stories of frame with a soft, weak, or soft-and-weak lower
half ~CasesKM7, SM7, KS7), and ~3! the lower stories of a
frame with stiff, strong, or stiff-and-strong lower half~Cases
KM8, SM8, KS8). Note that the bias in the MPA procedure for
frames with a soft, weak, or soft-and-weak first story~Cases
KM5, SM5, KS5) is about the same as found for the regular
frame.

The larger bias in the MPA estimates suggests that the MPA
procedure is not appropriate for estimating story drift demands for
irregular frames corresponding to Cases 6–8. To better under-
stand the limitations of the MPA procedure, Fig. 11 compares the
median story drift demands determined by the MPA including
three modes to the results of NL-RHA. The MPA procedure de-
tects the concentration of drift demand in lower stories due to the
presence of a weak and/or soft first story~Case 5! and estimates
reasonably well the drift demands in all stories. Similarly, the
MPA procedure identifies the larger drift demands in lower stories
of frames with weak and/or soft lower half~Case 7!; the drift
estimates are accurate enough for practical application, although
they are less accurate compared to the regular frame. Although
the MPA procedure detects the larger drifts in the upper stories of
frames with a stiff and/or strong first story~Case 6!, it may un-
derestimate significantly the smaller drift demands in the first few
stories of the frame. Although this underestimation by the MPA
procedure becomes larger in frames with stiff and/or strong lower
half ~Case 8!, MPA still detects larger drifts in the upper stories of
such frames and estimates them to a useful degree of accuracy.
The overall impression that emerges is that the MPA procedure is
able to identify the stories with the largest drifts, even for Cases
5–8, and hence able to detect critical stories in such frames with
the caveat that it may underestimate significantly the smaller drift
demands in other stories.

Also presented in Fig. 11 are the drift demands computed by
MPA considering only the first mode of vibration. Clearly, even
for irregular frames, the first mode alone is inadequate in estimat-
ing the drift demands in the upper stories where the contributions
of higher modes are significant.

Dispersion of Modal Pushover Analysis

Fig. 12 presents the dispersion ofDMPA* for all eight cases and
three types of irregularity withMF52 and compares them to the
regular frame. The dispersion ofDMPA* for irregular frames is
similar to that found for the regular frame, except that it is much
larger for the lower stories of Cases 6 and 8 of strength- and
stiffness-and-strength-irregular frames, for which the bias in MPA
is also large~Fig. 10!. Except for these two cases, the MPA pro-
cedure should be similarly reliable in estimating the seismic de-
mands of irregular and regular frames due to an individual ground
motion, although pushover analysis procedures may be inappro-
priate for such applications.

Fig. 11. Median story-drift demands of stiffness-, strength-, and
stiffness-and-strength-irregular frame Cases 5–8 with modification
factor,MF52, determined by MPA including 1, 2, and 3 modes and
by nonlinear response history analysis

Fig. 12. Dispersion of story-drift ratiosDMPA* for regular frame and
stiffness-, strength-, and combined-stiffness-and-strength-irregular
frames with modification factor,MF52
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Conclusions

This investigation of the effects of stiffness, strength, and com-
bined stiffness-and-strength irregularity on seismic demands of
strong-column–weak-beam frames~beam-hinge model! has led to
the following conclusions:
1. The three types of irregularities similarly influence the

height-wise variation of story drifts, with the effects of
strength irregularity being larger than stiffness irregularity,
and the effects of combined-stiffness-and-strength irregular-
ity being the largest among the three.

2. Introducing a soft and/or weak story~Cases 1, 3, and 5!
increases the story drift demands in the modified and neigh-
boring stories and decreases the drift demands in other sto-
ries. On the other hand, a stiff and/or strong story~Cases 2,
4, and 6! decreases the drift demand in the modified and
neighboring stories and increases the drift demands in other
stories.

3. Drift demands in the upper stories are much more sensitive
to irregularities in the lower stories than the response of
lower stories is affected by irregularities in the upper stories.

4. While the roof displacement is usually insensitive to vertical
irregularity ~Cases 1–6!, it is significantly different for
frames that are stiffness-and-strength irregular in their lower
half ~CasesKS7 and KS8!. Irregularity in the base story or
lower stories~Cases 5–8! has a significant influence on the
height-wise distribution of floor displacements.

Concerning the accuracy of the MPA procedure in estimating
seismic demands for vertically irregular frames, the following
conclusions were reached:
1. The bias in the MPA procedure does not increase, i.e., its

accuracy does not deteriorate, in spite of irregularity in stiff-
ness, strength, or stiffness and strength provided the irregu-
larity is in the top story or midheight story~Cases 1–4!.

2. The MPA procedure can be more biased, i.e., less accurate,
relative to the regular frame in estimating the seismic de-
mands of frames with strong or stiff-and-strong first story;
soft, weak, or soft-and-weak lower half; stiff, strong, or stiff-
and-strong lower half. In contrast, the bias in the MPA pro-
cedure for frames with soft, weak, or soft-and-weak first
story is about the same as for the regular frame.

3. In spite of the larger bias in estimating drift demands for
some stories in Cases 6–8, the MPA procedure identifies the
stories with largest drift demands and estimates them well,
detecting the critical stories in such frames.

4. The dispersion ofDMPA* for irregular frames is similar to the
regular frame, except in the lower stories of the frames with
a strong first story~CasesSM6 and KS6! or with strong
lower half ~CasesSM8 and KS8), for which the bias in
MPA is also large.

5. The MPA procedure also provides usefully accurate seismic
demands for irregular frames, except for those with a strong
first story or strong lower half. The seismic demands for
such irregular frames should be determined by NL-RHA.

The preceding conclusions were based on an investigation of
frames designed according to the strong-column–weak-beam phi-
losophy, pervasive, and preferable in seismic design. These con-
clusions may not be valid if columns are also expected to yield.
The conclusions are also limited to frames with 12 or fewer sto-
ries.
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