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Abstract The drift pushover analysis method for tall and regular buildings is extended in
this paper to the third dimension. The focus of study is on the structures with important
torsional response. For this purpose, 10, 15, 20 and 30-story steel moment frame buildings
having unsymmetrical plans with 5-30% eccentricity ratios are studied. For evaluation of
accuracy, nonlinear dynamic response of the buildings is determined under a consistent suit
of earthquake ground motions. The maxima of the story drifts and shears and cumulative
plastic hinge rotations of stories are calculated under the ground motions and their averages
along with those of the modal pushover procedure are compared with the results of the
presented method. The comparative analysis establishes the good accuracy of the three
dimensional drift pushover method.

Keywords Drift pushover - Three-dimensional - Unsymmetric - Tall - Nonlinear
dynamic

1 Introduction

The nonlinear static, or pushover, analysis method has been established as an approximate
and more practical substitute for the exact but cumbersome nonlinear dynamic analysis
procedure. The conventional pushover method is mainly useable only for the structures for
which just the fundamental mode governs the total dynamic response. In recent years,
many attempts have been performed to overcome this limitation and extend the pushover
method to be used for tall and/or irregular buildings. The approaches taken can be divided
in two categories.

In the first category, it has been tried to modify the pattern of the lateral load distribution
as the structure assumes more and more extensive nonlinear response by using its
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momentary mode shapes. This approach is called the adaptive pushover. The methods
proposed by Bracci et al. (1997), Gupta (1999), Gupta and Kunnath (1999), Requena and
D’ Ayala (2000), Antoniou and Pinho (2004) and others are among the different adaptive
methods.

In the second category, while the simplicity is retained by use of the initial elastic
dynamic properties of a structure, effects of higher modes are included one way or another.
This approach is called the mode-based pushover analysis. The mode-based approach has
been implemented in several variations. Chopra and Goel (2000) presented a force-based
alternative called the modal pushover analysis (MPA) method in which the lateral response
was calculated by combining those of several pushover analyses each one for a certain
mode of vibration. Extension of the MPA method to unsymmetric-plan buildings was made
by Chopra and Goel (2004). Afterwards, Reyes and Chopra (2011a, b) extended the
procedure to 3D eccentric buildings subjected to bi-directional ground motions within the
framework of the practical modal pushover analysis (PMPA). The method was called
practical because a major simplification was made to its predecessor by determining the
seismic demands directly from a design acceleration spectrum, not by performing non-
linear dynamic analysis.

A significant fact that differs the 3D pushover from the previous 2D ones is that in
unsymmetric buildings a single target displacement is no longer sufficient to describe the
lateral behavior. The reason is clearly because the torsional resonse results in simultaneous
amplification and reduction of the displacement demand at the two opposite sides of a
story. In this line of thinking, Tso and Moghadam (1997) and Moghadam and Tso
(2000a, b) developed a procedure for one-way unsymmetric buildings subjected to single-
component excitations. In their method, the target displacement of each lateral system is
determined using an elastic response spectrum analysis. Then the associated load patterns
are calculated and a 2D pushover analysis is performed for each system.

In a similar framework, an important development for inclusion of torsional effects into
pushover analysis was made by Fajfar et al. (2005a, b) with introducing an extended
version of their original 2D pushover procedure called the N2 method. In the extended
version, a linear elastic analysis was performed to calculate the torsional amplification of
lateral displacements at the corners of plan, assuming that the elastic design spectrum is
conservative with respect to the inelastic one.

Albanesi et al. (2002), Parducci et al. (2006), and Tjhin et al. (2005) developed energy-
based variations of the mode-based pushover procedure. In their methods, it was attempted
to retain the expected maximum kinetic energy of vibration in the nonlinear static analysis.

In the displacement-based variation, the modal displacements or drifts of stories have
been taken as the basis of pushover analysis. The works of Antoniou and Pinho (2004),
Poursha et al. (2009), Sahraei and Behnamfar (2014) and Behnamfar et al. (2016) are
within the mentioned approach. For instance, in the drift pushover analysis (DPA) pro-
posed in reference (Behnamfar et al. 2016), first the maximum modal drifts were calculated
using conventional procedures. Then, a combined story drift was determined by simple
summation of modal responses and use of a modal correction factor, for each story in each
mode. The above procedure was used instead of SRSS or CQC to retain the sign of modal
responses when combining their values. Several approaches were tested for calculation of
the modal correction factor and the one with an accuracy superior to other well-known
procedures, like MPA, was identified. An equivalent lateral load pattern consistent with the
distribution of story drifts was also proposed. For a class of 2D regular buildings, it was
shown that the proposed pushover procedure could suitably follow the averaged maximum
nonlinear responses of studied structures under a suit of consistent ground motions.
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In line with the method proposed by Behnamfar et al. (2016), in this paper the DPA
procedure is applied to torsional 3D buildings with mass eccentricity in plan. Several
eccentricity ratios and several approaches for combination of modal drifts are examined.
Moreover, effect of distribution pattern of the equivalent lateral forces is explored using
two different alternatives. Accuracy of the nonlinear story responses is studied by com-
parison with the exact nonlinear time history analysis (NTA) responses calculated as the
average of maximum nonlinear dynamic responses of the buildings under a consistent suit
of ground motions.

2 Formulation of the method

The DPA procedure is implemented in four different steps (Behnamfar et al. 2016):

1. Calculate the maximum story drifts in each mode using the mass and (elastic) stiffness
properties of the structure.

2. Add the modal drifts and calculate a unique maximum story drift by including
contribution of at least the important modes and retaining the signs of modal
responses. A modal combination factor is introduced for this purpose. The important
number of modes is determined by including all of the lower modes that make the
cumulative modal mass participation factor add up at least to 90% of the total seismic
mass of the structure at hand.

3. Calculate distribution of the equivalent lateral forces consistent with the maximum
story drifts.

4. Perform the pushover analysis in a single stage by the use of the equivalent lateral
forces with a distribution calculated in the previous step.

The above steps are described in detail in the following subsections.

2.1 Calculation of the maximum story drifts

Under earthquake ground motions, the lateral displacement of the i-th story in the j-th
mode for a rigid diaphragm, called u;;, is calculated using Eq. (1):

uij = Py (1)

For a rigid diaphragm assumption, the in-plane motion of every diaphragm only
includes two perpendicular horizontal displacements and a torsional rotation about the
vertical axis. Therefore, accounting only for translational components of the ground
motion, ¢; will be the element of the j-th mode shape vector corresponding to the hori-
zontal motion of the i-th story parallel to the ground motion direction, and y; is its cor-
responding modal response.y; is determined using Eq. (2):

yi = 1S4 (2)

where I'; and S;; are the modal contribution factor and the spectral displacement of the j-th
mode, respectively, determined using Egs. (3) and (4):
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L,
r=2 (3)
M
Tj2
Saj =\ 32 |54 (4)

in which T} and S,; are the j-th mode period and spectral acceleration, respectively, and M;
and L; are calculated from Egs. (5) and (6):

M; = ¢ M (5)
L= ¢/ Mr (6)

where qu is the j-th mode shape vector, M is the mass matrix, and r is an influence vector
with its elements being all zero except the ones corresponding to the structure’s horizontal
degrees of freedom parallel to the ground motion.

Substitution of Eqgs. (2—4) in Eq. (1) results in:

2
wj; = it Sy, iy = ;1 T_f (7)
i ijRaj> i i\ a2

The modal story drift, dj;, is calculated by deducting the lateral displacements of con-
secutive stories as follows:

dij = Ujj — Ui—1j (8)
or, using Eq. (7):
_ T? _
dj = ¢yl (ﬁ) Sajy by =Py — binyj ©)
Equation (8) can also be written as:
- - T?
di/ = dijSaj7 dij = ¢ijrj (4_22) (103)
dyj = dySgj,  dij = PyT; (10b)

where Sg; is the j-th mode spectral displacement.
Therefore, the i-th story drift in the j-th mode is calculated using Eqgs. (10a, 10b).

2.2 Determination of the maximum story drift

The maximum drift of the i-th story, d;, has to be calculated by combining the modal
maxima in some way. The conventional method is using one of the well-known modal
combination rules such as SRSS or CQC. The severe drawback to the mentioned methods
is that by using them, signs of the modal responses are lost. Therefore, they might be good
only for design, not analysis.
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In this study, the maximum story drifts in each mode, dj;, are first modified using a
modification factor, «;;, and then combined to result in the absolute maximum story drift,
d;, as follows:

d,‘:ZOC,'jd,‘j (1])
Jj=1

where n is number of the desired modes.

As seen, the proposed summation keeps the signs of the modal responses. The modi-
fication factor a; is used to account for the fact that the modal maxima do not occur at the
same time and thus are not directly additive.

By resorting to the physics of the problem, the following alternative formulas are
examined for oy;:

= ¢, T; (12)
‘Zj l U v
D; 17
ojj = n ) ¢l F 13
7 ’211 Dl] 7 ( 472 ) ( )
D Ui
2y = | oy <4712> Saj (14)
Zj:l i
_ Dy;
o=y = ZlejDN, » Dyj= oyl (1)
i Dy, T?
: _ , D T 16
=04 27:1 Dy; N = Pl <47r2 (16)
_ Dy; T?
> -1 Dy

In Egs. (15-17), N is number of stories and ¢,; is the element of the j-th mode shape
corresponding to the horizontal displacement at the roof parallel to the ground motion.

As observed, in Egs. (12-14) a different modification factor is determined for each story
in each mode. But, in Eqgs. (15-17), a unique modification factor is calculated in each mode
for all stories. In Eqs. (12) and (13) o;; varies as the weight of D,-j, i.e. ratio of D,j to sum of
D;’s. In Eq. (12), Du is taken to be the coefficient, or influence factor, of Sy in Eq. (10b),
while in Eq. (13), D;; is assumed to be the influence factor of S,; in Eq. (10a). In Eq. (14),
D,/ is taken to be the i-th story drift at the j-th mode itself; therefore, its weight is calculated
by dividing it to the total story drift that is calculated using the SRSS rule.

Equations (15-17) follow the same path but instead of the story responses here the
weight is given to the response at the roof only, called the target response in the
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conventional pushover analysis (CPA). Moreover, opposite to Eqs. (12, 13, 15 and 16), «;
is always less than unity in Eqs. (14) and (17).

The inherent approximation in Sects. 2.1 and 2.2 is use of elastic stiffness of structure
all the way to computing its maximum story drifts. This strategy has been selected
deliberately to retain the simplicity of the proposed pushover procedure. However, this
should not have severe consequences since it has been already known that the linear and
nonlinear drift responses are similar for buildings having fundamental periods larger than
0.5 s. Use of elastic dynamic characteristics in an inelastic static analysis (pushover)
method is common. It is used in the conventional as well as the modal pushover proce-
dures, to name just the more pronounced methods.

2.3 Calculation of distribution of the lateral forces

In a more involved procedure, distribution of lateral forces which produce the story drifts
d; (i = 1,..., N) calculated by Eq. (11), should change with the plastically decreasing shear
stiffness of each story. This fact is not in line with the goal of simplicity in pushover
analysis. Therefore, one has to make logical simplifying assumptions at this step, as
follows.

Two alternative assumptions are examined for calculating the distribution of the
equivalent lateral forces, f, First, the lateral forces are determined as the difference
between the elastic story shears of the successive stories. These are then normalized to the
base shear as:

Kid; — Ki1diy

18
Kid, (18)

ﬁ =
Second, the lateral forces distribution is taken to be similar to that of lateral displace-
ments normalized to the displacement of roof as follows:

fi = de/zly:_ldm (19)
m=1

Considering six alternatives for calculation of the total story drift d; (Eqs. 11-17) and
two alternatives for determining distribution of the equivalent lateral forces f; (Eqs. 18 and
19), totally 12 cases has to be considered for response calculation using DPA and com-
parison with CPA, MPA and NTA.

3 Buildings considered

Since the three dimensional DPA method is being proposed to extend the pushover analysis
to taller irregular buildings, 10, 15, 20 and 30-story moment frame structures are con-
sidered. To have a same basis for comparison, the buildings are assumed to be symmetrical
in stiffness, meaning that the center of stiffness is located at the center of plan (or area) at
each story. To make eccentricity later in the nonlinear analysis, only the center of mass will
be changed. This way, variety of live load location is simulated. Therefore, no eccentricity
is assumed when designing the structures. Of course, the developed pushover procedure is
independent of the type of torsional eccentricity.
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The buildings under study are steel special moment frames. The story plan is identical
for all stories and buildings. It has three bays in each direction and the bay spans are
identically 5 m (Fig. 1). It should be mentioned that in the case of concrete structures, the
effective section of each member should be used in the analysis.

The story heights are equally 3.2 m. The buildings rest on a firm soil, i.e. the soil type C
according to ASCE7-10 (2010). Seismicity of the area is assumed to be very high repre-
sented by the design spectrum shown in Fig. 2. The total dead load including partitions is
taken to be 6 kN/m? and the live load is 2 kN/m?. The buildings are calculated according to
ASCE7-10 (2010) and AISC360-10 (2010).

Box and I sections are used for the columns and girders, respectively, as shown in
Table 1. The dynamic characteristics of the first three modes of the buildings are shown in
Table 2. The mode shapes of the first, second and third modes are shown in Fig. 3.

4 Nonlinear modeling of the structures

For nonlinear dynamic analysis, the structures are modeled by OpenSees software (Maz-
zoni et al. 2006). The nonlinear bending action is assumed to be potentially concentrated at
the ends of the beams and columns. Such sections are assumed to be composed of lon-
gitudinal steel fibers. The nonlinear behavior is a resultant of one-dimensional nonlinear
deformation of fibers. Since the dynamic analysis includes several reversals of loading at
each section, the nonlinear stress—strain model of the fibers should realistically include the
cyclic behavior of steel. The Steel02 material of OpenSees can take care of loading
reversals by a smooth transition between the elastic and inelastic regions and by accounting
for the Bauschinger effect. The stress—strain behavior of Steel02 material is shown in
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§> CM and CS

1 ey

| 3@5=15m |

Fig. 1 Typical story plan
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Fig. 2 The design spectrum
S The ground motions

For consistency of the analysis results, the selection criteria of the ground motions are
taken as follows. The soil type C (ASCE7-10) that is a medium soil is assumed for the
location of the recordings. The fault distance is taken to be intermediate (20-50 km) and
the earthquake magnitude is 6—8 Richters. The PEER database is consulted for ground
motion selection (PEER Ground Motion Database 2016).

Use of the above criteria results in finding 61 earthquake records in the database as of
July 2016. For screening, in each earthquake only a single recording station with the largest
peak ground acceleration (PGA) is retained. Between the remained records, 10 earthquakes
with the scale factors nearest to unity are retained because of their more consistency with
the design spectrum.

Finally, the original records of the selected earthquakes are scaled such that, according
to ASCE7-10 (2010), the averaged response spectrum is not lower thanthe design spectrum
nowhere in the range of 0.2 T-1.5 T where T is the fundamental period of the building
under study. The scale factor appears to be 1.94, 1.73, 1.47 and 1.47 for 10, 15, 20 and
30-story buildings, respectively. Table 3 shows the characteristics of the selected
earthquakes.

For instance, the average response spectrum is shown in Fig. 5 before and after scaling
for the 20-story building against the design spectrum.

6 The analysis results
6.1 Time history analysis

Nonlinear dynamic analysis of the buildings is performed under the selected records. The
response parameters to be calculated are maximum lateral displacements of stories that
happen at the corner of plan at the side of the mass center (points A and CM in Fig. 6,
respectively), maximum story shears, and maximum plastic hinge rotations of stories. For
calculation of the latter parameter, time histories of the plastic hinge rotations of the beams
and columns of each story are added at each time step after removing signs of the numbers
and the maximum value is extracted at each story. The perpendicular horizontal
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Table 1 Section properties
Story 10-story 15-story 20-story 30-story

Beams Columns Beams Columns Beams Columns Beams Columns
1 IPE400 BOX350 IPE450 BOX450 IPE450 BOX500 IPE550 BOX550
2 IPE400 BOX350 IPE450 BOX450 IPE450 BOX500 IPE550 BOX550
3 IPE400 BOX350 IPE450 BOX450 IPE450 BOX500 IPE550 BOX550
4 IPE360 BOX350 IPE450 BOX400 IPE450 BOX500 IPE550 BOX500
5 IPE360 BOX350 IPE450 BOX400 IPE450 BOX500 IPE550 BOX500
6 IPE360 BOX350 IPE450 BOX400 IPE450 BOX500 IPE550 BOX500
7 IPE330 BOX350 IPE400 BOX350 IPE450 BOX450 IPE550 BOX450
8 IPE330 BOX350 IPE400 BOX350 IPE450 BOX450 IPE550 BOX450
9 IPE330 BOX350 IPE400 BOX350 IPE450 BOX450 IPE550 BOX450
10 IPE330 BOX350 IPE400 BOX350 IPE450 BOX450 IPE550 BOX400
11 IPE400 BOX350 IPE400 BOX400 IPE550 BOX400
12 IPE400 BOX350 IPE400 BOX400 IPE550 BOX400
13 IPE360 BOX350 IPE400 BOX400 IPE550 BOX400
14 IPE360 BOX350 IPE400 BOX350 IPE550 BOX400
15 IPE360 BOX350 IPE400 BOX350 IPE550 BOX400
16 IPE400 BOX350 IPE500 BOX400
17 IPE360 BOX350 IPE500 BOX400
18 IPE360 BOX350 IPE500 BOX400
19 IPE360 BOX350 IPES500 BOX400
20 IPE360 BOX350 IPE500 BOX400
21 IPE500 BOX400
22 IPES500 BOX400
23 IPES00 BOX400
24 IPE500 BOX400
25 IPES500 BOX350
26 IPE450 BOX350
27 IPE450 BOX350
28 IPE450 BOX350
29 IPE450 BOX350
30 IPE450 BOX350

components of ground motions are applied to the models simultaneously in x and y-di-

rections (Fig. 6).

The above calculations are implemented for 0, 5, 10, 15, and 30% eccentricity ratios.
The eccentricity is constructed by displacing the center of mass from the center of plan (or
the stiffness center) equally in x and y directions at a value normalized to the plan
dimension by the above amounts. Although a 30% eccentricity seems to be rare, it is also

included as an extreme case.
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Table 2 Dynamic characteristics of the buildings

No. of stories  First mode Second mode Third mode
T r Sa PF* T T Sa PF* T r Sa PF*
10 194 134 022 076 065 —0.53 067 012 035 031 091 0.05
15 241 135 0.18 0.75 0.83 —056 052 0.12 048 033 090 0.04
20 311 137 0.14 074 110 —-058 039 0.13 0.63 033 0.69 0.04
30 394 141 0.1 072 131 —-062 033 0.14 0.74 034 058 0.04
*PF Mass participation factor
10 15
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9 13
8 12
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g 6 9
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Z :
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Fig. 3 Natural mode shapes. a 10-story; b 15-story; ¢ 20-story; d 30-story building

Mode shape relative ampiltude

(c)

6.2 Pushover analysis

Mode shape relative ampiltude

(d)

For comparison, in addition to the methods proposed in this study, results for the con-
ventional pushover analysis (CPA) and modal pushover analysis (MPA) are also presented.

In all of the pushover procedures, the buildings are pushed by a certain distribution of
lateral forces up to the point where the center of mass of the roof is displaced equal to a
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Fig. 4 The stress—strain behavior of the Steel02 material

Table 3 Characteristics of the earthquakes

Order EQ. name PEER no. Distance (km) Magnitude (Richter) Year PGA (g)
1 San Fernando 88 24.87 6.61 1971  0.22
2 Irpinia, Italy 286 21.26 6.90 1980 0.13
3 Loma Prieta 755 20.34 6.93 1989  0.51
4 Chi—Chi, Taiwan 1484 26.31 7.62 1999  0.33
5 Cape Mendocino 3750 25.91 7.01 1992 0.37
6 Landers 3757 26.95 7.28 1992 0.20
7 Tottori, Japan 3932 26.51 6.61 2000 0.53
8 Chuetsu-Oki, Japan 4882 23.44 6.80 2007  0.49
9 Iwate, Japan 5663 20.18 6.90 2008 1.04
10 Darfield, New Zealand 6915 24.47 7.00 2010 0.86

value called the target displacement. It is an amount expected to occur in the design
earthquake. In ASCE41-13 [16], a procedure, called the displacement coefficients method,
has been given for calculation of the target displacement. In this procedure, first the
spectral displacement (at the mass center of the building) is determined. It is then con-
verted to the lateral displacement of roof using the first mode characteristics of the
building. It is also somewhat magnified for the effects of nonlinear behavior and the
P-delta phenomenon. The target displacements are proved to be 36.85, 45.4, 59.4, and
79.5 cm for the 10, 15, 20, and 30-story buildings under study.

@ Springer



5408 Bull Earthquake Eng (2018) 16:5397-5424

Fig. 5 The scaled and non- 2.5
scaled average response spectra ——ASCE
against the design spectrum for — —Initial
the 20-story building - < —Scaled
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Fig. 6 Eccentricity in the plan

The CPA procedure in this paper is the one introduced in ASCE41-13 (2014). In this
method, distribution of the lateral forces is taken to be the same as the fundamental mode
shape of the building. In MPA, according to Chopra and Goel (2000), the target dis-
placement and lateral load distribution are calculated similar to CPA but for each mode
separately. The response results are then combined using one of the modal combination
rules.

In Sect. 2 of this paper, a drift pushover analysis (DPA) procedure has been introduced
in 12 variations. Distribution of the equivalent lateral forces that produces the drifts given
in Eq. (11) is taken to be calculated from Eqs. (18) or (19) where the modification factor
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o;; is determined using one of the approaches given in Egs. (12)—(17). To distinguish
between the different DPA procedures, they are named as DPA1 to DPA6 when Egs. (12)—
(17) are used with Eq. (18), respectively, and as DPA7 to DPA12 when they are used
respectively with Eq. (19).

In all, results of the pushover analysis, for the same response parameters as described in
Sect. 6.1, will be presented and compared for CPA, MPA, and DPA1-DPA12.

Two series of results are discussed. First, for each building, deviation of the response
parameters from those of NTA are presented as resultant RMS error values for different
eccentricities in a number of tables. The resultant RMS error percent is the resultant of
error all over a structure as defined in Eq. (20):

1N /Xip — Xip\ 2
RMS(%) = 100 NZ(T) (20)

where X;p and X;p are values of the story response parameter according to the nonlinear
time history and pushover analysis, respectivel, and N is number of stories.

In the second series, distributions of RMS of the response parameters are presented
comparatively as graphs drawn along height of the buildings for DPA, MPA, and CPA
procedures only for a 15% eccentricity as an example for the torsional cases. In this case,
the RMS value for the i-th story is equal to the value of the quantity between parentheses in
Eq. (20).

One important fact regarding the PHRs should be noticed. It is well known that plastic
hinges usually are more concentrated in the lower half of frame buildings. Sometimes,
there are some upper stories that do not experience nonlinear behavior at all. Therefore, the
following approach is taken to deal with the RMS of the PHRs. In each building, first the
story having the maximum PHR is identified. Then all of the story PHRs are normalized to
the maximum value. In the upper stories where this normalized value falls below 0.05, i.e.
5% of the maximum value, the PHRs are neglected and no RMS is calculated for the PHRs
there.

6.3 Resultant RMS of the pushover procedures

In Tables 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 and 15, the RMS values are given for each
building and response parameter for different values of eccentricity. They are calculated
using Eq. (20). For better display, the cases of DPA where the RMS is smaller than that of
MPA (referenced as an enhanced pushover method being superior in accuracy with regard
to CPA) are indicated in italics.

Table 4 The RMS errors (%) with respect to NTA for the corner displacement of plan, 10-story building

Ecc. Calculation method (MPA, CPA, DPAn where n = 1-12)
(%)

MPA CPA 1 2 3 4 5 6 7 8 9 10 11 12

108 124 738 221 102 65 45 86 755 303 629 499 499 499

5 1.1 127 739 223 92 57 45 9.0 758 304 625 49.6 49.6 49.6
10 119 136 738 228 79 46 53 99 762 292 602 477 477 477
15 131 149 738 238 59 32 70 113 766 273 569 449 449 449
30 224 244 746 313 98 126 19.2 214 783 20.6 447 344 344 344
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Table 5 The RMS errors (%) with respect to NTA for the corner displacement of plan, 15-story building

Ecc. (%) Calculation method (MPA, CPA, DPAn where n = 1-12)

MPA CPA 1 2 3 4 5 6 7 8 9 10 11 12

8.1 7.1 527 204 207 203 28 59 479 46.1 824 652 652 652

5 8.5 75 539 205 192 188 35 57 483 448 804 636 63.6 63.6
10 8.8 7.8 544 207 172 167 3.0 52 487 428 773 61.1 61.1 6l1.1
15 8.8 80 542 207 151 147 15 4.2 489 409 741 587 58.7 587
30 10.6 108 529 214 13.0 125 6.1 70 490 378 700 56.6 56.6 56.6

Table 6 The RMS errors (%) with respect to NTA for the corner displacement of plan, 20-story building

Ecc. Calculation method (MPA, CPA, DPAn where n = 1-12)
(%)
MPA CPA 1 2 3 4 5 6 7 8 9 10 11 12

0 225 200 49.1 173 438 428 199 255 384 63.0 96.6 819 819 819
5 236 199 478 17.1 427 418 199 252 381 622 962 812 812 812
10 227 183 463 163 404 395 184 233 379 604 941 794 794 794
15 208 164 455 154 384 372 166 21.1 377 585 91.6 775 715 715
30 133  10.6 464 166 29.7 27.1 11.5 129 389 472 787 672 672 672

Table 7 The RMS errors (%) with respect to NTA for the corner displacement of plan, 30-story building

Ecc. Calculation method (MPA, CPA, DPAn where n = 1-12)

(%)
MPA CPA 1 2 3 4 5 6 7 8 9 10 11 12
141 179 646 157 456 456 100 21.6 528 752 1212 965 965 96.5
5 155 196 665 153 459 458 124 227 536 751 1201 96.0 96.0 96.0
10 143 185 669 146 444 444 125 213 538 739 1177 945 945 945
15 94 138 650 143 391 393 9.7 161 532 689 1109 889 889 889
30 59 60 600 191 219 226 25 25 521 515 905 712 712 712

Looking through Tables 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 and 15 reveals two important
points. First, there are DPA procedures for all of the buildings studied, all of the response
parameters, and all of the eccentricity rations, that perform better and have more accuracy
with respect to MPA. Second, while number of better DPA procedures decreases for taller
buildings, DPAS always is the most accurate within the studied pushover procedures.
Distribution of the equivalent lateral forces in DPAS is shown in Fig. 7 Here, the first three
modes are included, i.e., n = 3 in Egs. (11) and (16).

As stated in Sect. 2, in DPAS the modal drift modification factor o;; is calculated from
Eq. (16). It is then used in Eqgs. (11) and (18) to calculate the story drifts and distribution of
lateral forces, respectively. According to Eq. (16), as explained in Sect. 2, o;; is assumed to
be proportional to the influence factor of the spectral acceleration (not displacement) and
the roof displacement in each mode. Since the lateral forces vary also with the response
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Table 8 The RMS errors (%) with respect to NTA for the story shear, 10-story building

Ecc. Calculation method (MPA, CPA, DPAn where n = 1-12)

(%)
MPA CPA 1 2 3 4 5 6 7 8 9 10 11 12
10.8 320 184.6 11.8 346 188 86 104 17713 279 41.1 413 413 413
5 106 319 1849 11.7 346 188 &85 103 1774 28.0 41.1 413 413 413
10 99 317 1842 11.6 346 188 &85 103 1766 28.1 413 414 414 414
15 88 31.7 183.7 116 345 187 86 103 176.1 28.1 41.1 413 413 413
30 88 347 1765 147 346 197 86 13.1 1688 28.1 40.6 409 409 409

Table 9 The RMS errors (%) with respect to NTA for the story shear, 15-story building

Ecc. Calculation method (MPA, CPA, DPAn where n = 1-12)

(%)
MPA CPA 1 2 3 4 5 6 7 8 9 10 11 12
19.7 279 1089 127 332 204 9.7 115 965 332 426 422 422 422
5 19.7 277 1087 127 331 203 9.7 115 963 333 42,6 421 421 421
10 195 273 108.0 126 329 201 9.6 112 955 333 425 420 420 420
15 174 274 1068 125 329 202 94 112 943 33.0 426 421 421 421
30 10.8 320 102.0 135 337 215 113 132 889 327 424 423 423 423

Table 10 The RMS errors (%) with respect to NTA for the story shear, 20-story building

Ecc. Calculation method (MPA, CPA, DPAn where n = 1-12)

(%)

MPA CPA 1 2 3 4 5 6 7 8 9 10 11 12
0 279 220 101.6 191 330 237 172 176 837 374 450 441 441 44.1
5 27.8 219 101.8 194 330 238 174 178 838 37.6 451 442 442 442
10 267 21.8 1015 195 330 237 174 177 835 37.6 451 441 441 44.1
15 240 222 1008 19.1 326 231 168 171 824 37.1 44.6 437 437 437
30 123 259 1008 16.1 31.6 21.1 134 142 80.1 34.6 423 418 418 418

acceleration, such a result more or less is expectable. Performance of DPAS along building
height is discussed in the next section.

6.4 Height-wise distribution of RMS for the pushover procedures

Figures 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18 and 19 exhibit how the RMS values of the
response parameters change along height of the buildings for CPA, MPA, and DPAS. The
later method was shown to be the superior DPA procedure in the previous section.

In Figs. 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18 and 19 it is very interesting to note that in
most cases DPAS performs better than CPA and MPA along height of the buildings too.
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Table 11 The RMS errors (%) with respect to NTA for the story shear, 30-story building

Ecc. Calculation method (MPA, CPA, DPAn where n = 1-12)
(%)

MPA CPA 1 2 3 4 5 6 7 8 9 10 11 12

235 193 959 23,6 262 204 185 166 910 324 435 41.7 41.7 417

5 23.1 193 959 234 263 206 184 166 910 325 43.6 41.8 41.8 41.8
10 215 196 96.1 221 264 20.7 17.8 163 90.8 32.6 43.7 419 419 419
15 189 202 956 199 260 204 165 154 899 327 437 418 41.8 418
30 93 255 933 127 249 191 94 99 86.1 322 433 415 415 415

Table 12 The RMS errors (%) with respect to NTA for the story plastic hinge rotation, 10-story building

Ecc. Calculation method(MPA, CPA, DPAn where n = 1-12)
(%)

MPA CPA 1 2 3 4 5 6 7 8 9 10 11 12

574 63.6 4344 452 565 534 438 459 261.8 709 987 873 873 873
5 55.8 59.0 3772 422 555 512 404 433 236.1 67.8 92.6 83.0 83.0 83.0
10 550 564 3328 40.5 550 499 385 412 2183 652 871 79.1 79.1 79.1
15 550 558 2953 402 550 49.7 384 40.7 203.1 634 831 763 763 763
30 573 623 2448 46.0 58.6 54.0 454 47.0 1824 632 776 73.1 73.1 73.1

While in the lower half of the building height accuracy of DPAS is generally similar to or
better than MPA, in the upper half it performs almost always better than MPA.

The RMS errors of DPAS for story displacements in Tables 4, 5, 6, 7, 8, 9, 10, 11, 12,
13, 14 and 15 and Figs. 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18 and 19, are everywhere
smaller than 20%. This is sufficiently small for engineering purposes. For the case of story
shears, the maximum resultant RMS errors of DPAS (mentioned in the tables) are again
less than 20% that is good. The maximum RMS error at a story (mentioned in the figures)
reaches to about 40% for the two taller structures. This happens in the upper half of the
buildings. Therefore, if it is desired that the story shears are estimated with smaller errors
in any story (say with an RMS < 30%), DPAS should be modified in this regard in the
upper half of the taller buildings.

For story plastic hinge rotations, the maximum resultant RMS errors of DPAS are
25-50% in different cases that is not too much compared to other existing methods. On the
other hand, the maximum RMS error at a story can be as large as 80%. As appears in the
figures, it can be large both for the short and tall buildings and can happen both in the lower
and upper half of the structures. Therefore, it seems necessary to modify DPAS for the total
height of all buildings to give better estimates of story PHR values. However, due to the
large number of plastic hinges in frames and variety of their rotations, the tolerable
estimation error for the PHR’s should be larger than the other response parameters. The
acceptable resultant RMS error for PHR can be taken as 40% compared to 30% for shear
and 20% for displacements.

A remedy for the mentioned issue is suggested in the next section.
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Fig. 7 Distribution of equivalent lateral forces by combining the first three modes, DPAS

10
9 —8— CPA
8 MPA
7 DPA

6

Story number
W

0 T T T T T 1
0 5 10 15 20 25 30

RMS of corner displacement (%)
Fig. 8 RMS values for a 15% eccentricity, 10-story building, corner displacement (point A in Fig. 6)
6.5 Reduction of RMS errors of DPAS
6.5.1 Story shear estimation in the upper half stories of the taller buildings
The goal in this section is to reduce the resultant RMS error of DPAS in estimating the

story shears in the upper half stories of the 20 and 30-story buildings.
According to Eq. (11), the story shear is calculated as:
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Fig. 9 RMS values for a 15% eccentricity, 15-story building, corner displacement (point A in Fig. 6)
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Fig. 10 RMS values for a 15% eccentricity, 20-story building, corner displacement (point A in Fig. 6)

Vi=Ki ) ody (21)
=

in which «; is determined using Eq. (16). According to Eq. (16), o; is likely to be larger and
smaller than unity for lower and higher modes, respectively. Therefore,z:j'f:1 o; is always
larger than unity. As observed in Figs. 14 and 15, the story shear estimated by DPAS in the
upper stories is generally larger than its exact value (because the story RMS, that is the
term inside parentheses in Eq. 20, is negative). Therefore, it can be expected that by
reducing V;, RMS is also decreased. Then, it is decided to reduce the story shears in the
upper half stories by dividing them byz;’:l o; as follows:
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Fig. 11 RMS values for a 15% eccentricity, 30-story building, corner displacement (point A in Fig. 6)
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Fig. 12 The story-wise RMS values for a 15% eccentricity, 10-story building, story shear

B 7 " oid
Vi= :K~ij,1 Y i=[N/2],...,N, n=20 or 30 (22)

27:1 % l Zj:l %
where [N/2] shows the integer part of N/2 and V; is the modified value of V; in the upper
stories. Use of Eq. (22) is equivalent to calculating V;’s using the weighted average of
modal story drifts of the i-th story. Values of o; are given for the studied buildings in
Table 16. In Table 17, it is shown that the above procedure has been successful in reducing
the resultant RMS errors, as well as the maximum story RMS error, of DPAS in estimating
the story shears in the upper half of the taller buildings to values much smaller than those
of the CPA and MPA procedures. This resultant is calculated using Eq. (20) by i = [N/2],
. N
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Fig. 13 The story-wise RMS values for a 15% eccentricity, 15-story building, story shear
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Fig. 14 The story-wise RMS values for a 15% eccentricity, 20-story building, story shear

6.5.2 Story PHR estimation

As shown in Figs. 16, 17, 18, 19, the relative error of the estimated story PHRs are in most
cases positive. It shows that the estimated value is too small in those cases (see Eq. 20).
Therefore, it seems appropriate to multiply the estimated values by a value larger than
unity, say by E;l:1 ®;., to reduce the estimation error. Then, PHR;. that is the modified

PHR;, is calculated using Eq. (23):
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Fig. 15 The story-wise RMS values for a 15% eccentricity, 30-story building, story shear
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Fig. 16 The story-wise RMS values for a 15% eccentricity, 10-story building, story plastic hinge rotation
n
PHR; = PHR; » _ o (23)

J=1

The resultant values of RMS errors for PHR;, as well as the maximum story RMS error,
of DPAS are exhibited in Table 18 for the studied buildings in comparison to CPA and
MPA. The resultant RMS error of DPAS is reduced to less than 40% after modification.
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Fig. 18 The story-wise RMS values for a 15% eccentricity, 20-story building, story plastic hinge rotation

7 Conclusions

The drift pushover method, developed previously by the authors for 2D structures, was
extended in this paper to 3D buildings focusing on torsional structures. In this method, the
story drifts are calculated in each mode using conventional relations of the modal analysis.
They are then combined using the proposed procedure that retains their signs. The push-
over analysis then is implemented using the equivalent lateral forces that produce the same
drifts. Six approaches for combination of the modal story drifts and two approaches for

determination of the equivalent lateral forces were examined.
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Fig. 19 The story-wise RMS values for a 15% eccentricity, 30-story building, story plastic hinge rotation

Table 16 Values of o; for DPAS

Mode no.  10-story 15-story 20-story 30-story
1 2 3 1 2 3 1 2 3 1 2 3
o 1.04 005 0.01 104 005 001 1.04 0.05 001 099 0.14 0.05

Table 17 Comparison of resultant and maximum RMS errors (%) in the upper half stories for the story
shears, 15% eccentricity

Method Itant RMS Max RMS

CPA MPA  DPA DPA (modified) = CPA MPA  DPA DPA (modified)

20-story  28.69  29.27 18.07 12.10 4296  40.07 38.89 3422
30-story  35.26 2824 2096 13.74 4273 3337 2996  20.73

The DPA approach with the superior accuracy with regard to other well-known push-
over methods was identified in comparison to the exact nonlinear dynamic response. The
accuracy analysis was performed by calculating story displacements, shears, and plastic
hinge rotations of 10-30 stories buildings with increasing mass eccentricities under several
consistent earthquakes.
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Table 18 Comparison of the resultant and maximum RMS errors (%) of the story PHR’s, 15% eccentricity

Method Resultant RMS Max RMS

CPA MPA  DPA DPA (modified) = CPA MPA  DPA DPA (modified)

10-story ~ 55.8 55 38.4 32.8 88.9 85.6 55.8 51.44
15-story ~ 56.7 533 41 36.7 90.08  89.8 79 76.95
20-story  39.3 353 26 26 81.09 778 68.02  64.82
30-story  60.79  33.69 24.11 18.81 97.84  63.08 4291  32.63

In the proposed method, the modal combination of story drifts with retaining their signs,
was shown to be best implemented if the modal drifts were weighted based on the modal
accelerations and were calibrated using the mode shape amplitudes at the roof of the
buildings. It was shown that the proposed DPA procedure had a better accuracy regardless
of the value of the torsional eccentricity. It performed better than CPA and MPA methods
both regarding the resultant RMS error of responses and height-wise distribution of RMS
in each building. Therefore, the proposed DPA method can act as an effective and efficient
tool in estimation of maximum seismic responses of unsymmetric plan buildings with a
better accuracy compared to the major existing methods.

While the resultant RMS errors of story displacements and shears are small enough for
all of the building and eccentricity cases, they are larger for story plastic hinge rotations in
the proposed method. Moreover, the story RMS error is too large in some cases. Further
development of the study should focus on improving the accuracy of story RMS or dis-
tribution of RMS along height of the torsional buildings.
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