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ABSTRACT

This paper focuses on the interstory drift ratio (IDR) demands of building structures subjected to near-
fault ground motions having different impulsive characteristics based on generalized interstory drift
spectral analysis. The near-fault ground motions considered include the idealized simple pulses and
three groups of near-fault ground motions with forward directivity pulses, fling-step pulses and
without velocity pulse. Meanwhile, the building systems are equivalently taken as shear-flexural beams
with representative lateral stiffness ratios. The IDR distribution of continuous beams subjected to three
groups of near-fault ground motions is acquired. It is illustrated that the maximum IDR shifts from the
upper half to the lower half of buildings with an increase in lateral stiffness ratio. For long-period
systems, the average IDR under impulsive ground motions is significantly greater than that under non-
pulse motions. Finally, for moment-resisting frame buildings the forward directivity pulses amplify the
drift response of higher modes, while the fling-step pulses excite primarily their contribution in the first
mode and generate large deformation in the lower stories. The essential reason for this phenomenon is
revealed according to the distinct property of near-fault impulsive ground motions and generalized

drift spectral analysis.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Interstory drift ratio (IDR) is an important damage demand
parameter of building structures under earthquake loads. Conse-
quently, the correct and convenient evaluation on maximum
interstory drift is fairly significant to seismic analysis and design
of buildings. Based on the continuous shear-beam model and
wave propagation theory, Iwan [1] proposed an interstory drift
spectral method to directly compute the interstory deformation
under earthquake action, especially near-fault ground motions
with long-period pulses. Despite its new concept and its many
characteristics superior to traditional response spectrum, the
early drift spectrum has some limitations. For instance, Chopra
and Chintanapakdee [2] showed that the wave propagation
analysis cannot be well grasped by structural engineers and the
drift spectrum can also be calculated using modal analysis
techniques. Kim and Collins [3] pointed out that the original
formulation of drift spectrum corresponds to a cantilever shear-
beam model attached to external springs with dampers anchored
to a fixed point, and this formula results in residual drifts for
certain ground motions.
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Later, some improvements about the drift spectrum are carried
out [4-11]. Sanani et al. [9] improved the wave propagation
model of shear beam to properly account for the dispersive type
of damping. Zembaty [10] implemented a random vibration
analysis of shear beam under non-stationary excitations in terms
of modal superposition. These works are all based on the pure
shear-beam model, which cannot characterize the flexural
structures. However, it is worth noting that Miranda and Akkar
[11] developed the generalized interstory drift spectrum accord-
ing to a versatile shear-flexural beam model and modal
superposition technique, so that it can estimate rapidly the elastic
interstory drift demands and acceleration and force responses of
high-rise buildings with different lateral stiffness ratios
representing various kinds of structures.

Near-fault ground motions are generally referred to as the
ground motions of site within a distance of about 20 km from
the rupture fault, which is significantly different from those at
far-fault region. The distinct characteristics of near-fault ground
motions are originated from the rupture forward directivity, fling-
step effect, hanging wall effect, etc [12-17]. Due to the former
two effects, the near-fault ground motions usually show two
important characteristics: a pulse-like velocity waveform and a
permanent ground displacement, which had caused severe
structural damage in recent major earthquakes, e.g., Northridge
in 1994, Kobe in 1995 and Chi-Chi, Taiwan in 1999 and Wen-
Chuan, China in 2008, etc. Especially in recent years, the
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characteristics of near-fault ground motions and their effect on
engineering structures are very important research topics to both
the seismological and engineering communities [18-29].

The rupture forward directivity occurs when a fault rupture
propagates towards a site with a rupture velocity close to the
shear-wave velocity [12-13,15-17,27]. The forward directivity
conditions can be present for both strike-slip fault and dip-slip
events. This phenomenon causes most of the seismic energy from
the rupture process to arrive in a single large, long-period pulse at
the beginning of the record in a short duration. The intense
velocity pulse is primarily oriented in the fault-normal direction
because of the radiation pattern of the shear dislocation on the
fault plane.

On the other hand, pulse-like motions can be also generated by
fling step, i.e. the permanent ground displacements associated
with surface rupture and tectonic deformation. The characteristic
of pulses from the fling step differs from that of the rupture
forward directivity. Generically, fling step is the result of a
permanent ground displacement that generates one-sided
velocity pulses, whereas forward directivity is a dynamic
phenomenon that produces no permanent ground displacement
and hence two-sided (reversing) velocity pulses [12,16-17,19,27].
It is believed that the reversing pulse motion in a fault-normal
component is potentially more damaging than the one-sided
pulse [19,27]. Fling step is observed as a distinct step in a
displacement time history in the fault-parallel direction for strike-
slip earthquakes or in the fault-normal direction for dip-slip
events [12,16-17,27]. For strike-slip events, the forward directiv-
ity pulses are partitioned mainly in the strike-normal direction,
whereas the fling-step effects are partitioned in the fault-parallel
direction. If the static ground displacement is removed from the
fault-parallel component, very little dynamic motion remains.
For dip-slip events, the forward directivity and the fling-step
effects are both coupled to the fault-normal component, and there
is a little of either motions on the strike-parallel component
[12,16-17]. If the static ground displacement is removed from the
fault-normal component, a large forward directivity pulse
remains.

As is known, the near-fault pulse-like ground motions transmit
high energy to the structure at the onset of earthquake, thus
resulting in an intensive structural damage. Accordingly, many
efforts are made to examine the seismic response of engineering
structures subjected to forward directivity pulses of ground
motions [18-27,30-31]. For example, Krawinkler et al. [30] and
Alavi and Krawinkler [24,31] analyzed the seismic drift
and ductility demands of moment-resisting frame structures
under near-fault ground motions with forward directivity pulses.
Unfortunately, a few investigations account for different effects
between fling-step pulses and forward directivity pulses of near-
fault ground motions on structural responses, except the recent
work of Kalkan and Kunnath [17]. They evaluated the influence of
two kinds of velocity pulses of near-fault records on the inelastic
seismic demands of three steel-frame buildings with 4, 6 and 13
stories, respectively. It was demonstrated that although the fling
effects on buildings are less significant than the forward
directivity in the upper and intermediate levels, the systems
subjected to records with fling-step pulses respond primarily to

the lower stories. But they did not explain theoretically the reason
why this phenomenon occurs based on the distinct characteristic
of impulsive ground motions.

Actually, the influences of near-fault ground motions with
different impulsive characteristics on structural seismic responses
should be scrutinized carefully for seismic design and safety
assessment of engineering structures. This paper aims to
investigate different effects of the two types of velocity pulses
of near-fault ground motions with forward directivity and fling
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step on the IDR of buildings, from the perspective of theory and
computation, using the generalized interstory drift spectrum.
Three sets of near-fault ground motions are assembled containing
forward directivity pulses, fling-step pulses and non-pulse
motions, respectively. Furthermore, the idealized simple pulses
are introduced to simulate the impulsive near-fault ground
excitations. Meanwhile, the building systems are equivalently
taken as shear-flexural beams with representative lateral stiffness
ratios and representative fundamental periods (i.e. T;=0.3, 1.0
and 3.0 s corresponding to stiff building, intermediate-period and
flexible building systems, respectively). According to the general-
ized drift spectral analysis, the IDR distribution of various types of
building structures over the height are obtained and compared.
Moreover, the essential reason for the IDR distribution mode of
moment-resisting frame buildings subjected to near-fault ground
motions is revealed, which is another key objective of this work.

2. Generalized interstory drift spectrum of shear-flexural
beam

The interstory drift ratio of building structures is one of the
most important damage parameters corresponding to damage
potential of strong earthquake ground motions. Based on
interstory drift spectrum earlier proposed by Iwan [1], the
generalized drift spectrum of a shear-flexural beam is extended
by Miranda and Akkar [11] to quickly estimate the IDR and force
responses of high-rise buildings under ground motions, insensi-
tive to the variation of lateral stiffness [32]. The dynamic response
of undamped uniform shear-flexural beam shown in Fig. 1 under a
horizontal acceleration iiz(t) at the base is expressed as a partial
differential equation [11]

pPuxt 1 Muxt o FPuxt)  pdug(t)
El  ot? H? ot* H* ox2 ~  El ot?
where p denotes the mass per unit length in the model; H is the
total height of the building; u(xt) represents the lateral
displacement at the dimensionless height x=z/H, which varies
between zero at the base of the building and one at the roof level
at time t; EI means the flexural stiffness of the flexural beam and o
is the lateral stiffness ratio written as

GA
O(:H\/; (2)

where GA denotes shear stiffness of the shear beam. A value of o
equal to zero corresponds to a pure flexural beam and o equal to
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Fig. 1. Continuous beam model in generalized interstory drift spectrum.
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infinity represents a pure shear-beam model. The lateral deflected
shapes of buildings whose lateral resisting system consists only of
structural walls can usually be approximated by using the values
of o between 0 and 2. Moreover, for buildings with dual lateral
resisting systems consisting of a combination of moment-
resisting frames and shear walls or a combination of moment-
resisting frames and braced frames, the values of o are commonly
between 1.5 and 6, while for buildings whose lateral resisting
system consists only of moment-resisting frames the values of «
are typically between 5 and 20 [11,32].

The total displacement response of the system can be
computed by modal superposition as

uE b= uixt) 3)
i=1
Assuming that the system is classically damped, the contribu-
tion of the ith mode of vibration to the lateral displacement at
relative height x=z/H at time t is shown as

u;(x,t) = I'j;Dy(t) “4)

where I'; is the modal participation factor of the ith mode of
vibration; ¢; denotes the amplitude of the ith mode at non-
dimensional height x; Dy(t) represents the relative displacement
response of a single degree of freedom (SDOF) elastic system with
the period of the ith mode T; and modal damping ratio ¢&;
subjected to a given ground acceleration ig(t).

The derivative of lateral displacement in Eq.(3) with respect to
x provides the rotation response history at dimensionless height x
HXD _ 13" Liieodio )

i=1

O(x,t) =

where ¢;(x) represents the first derivative of the ith mode shape
¢i(x) with respect to dimensionless height x.

The IDR of buildings is defined as the difference of displace-
ments at the adjacent two floors normalized by the interstory
height. Here, the IDR at the jth story is approximated by the
rotation in the beam model at the height corresponding to the
middle of the story of interest as follows [11]:

IDR,0~ 0060 = 1 >~ T{(0Di(® ©®

i=1

where x is the average height of the j+1 and j floors.

Actually, for Eq.(6) in most cases only a relatively small
number of modes is sufficient to obtain good estimates of the
peak rotation demand in the beam model [1,11]. Hence, the IDR at
dimensionless height x can be approximated as

1 & /
DR~ 1> Tihi(0Di(t) @)
i=1
where m denotes the number of vibration modes considered in
the spectral analysis.

The generalized interstory drift spectrum is a plot of the
fundamental period T of the building versus the maximum IDR.
The ordinates of a generalized drift spectrum are defined as the
maximum peak rotation over the height of the building and IDR is
computed as
®)

IDR = max|6(x,t)| ~ max
VX, t VX, t

1& ,
q Zj] TigioDi(t)

Finally, it should be pointed out that the main assumption
behind the applied modal superposition technique in generalized
interstory drift spectrum is that the modal responses are assumed
to be uncoupled, which is not the case for a structural system
when its response extends into a nonlinear range. In nonlinear

domain, the modal shapes and corresponding modal participation
factors may be significantly altered owing to the reduction of
stiffness in building system.

3. Data of near-fault ground motions with forward directivity
and fling-step effects

The data of near-fault ground motion records with forward
directivity and fling-step effects are selected from the Northridge
earthquake (1994, 1, 17, Mw=6.7) and Chi-Chi earthquake
(1999, 9, 21, My,=7.6). It should be noted that some procedures
of data processing can filter and remove the permanent displace-
ment of raw ground motions containing fling-step effect [17,27,28].
Herein, the near-fault records of Chi-Chi earthquake are chosen
from the database processed by Wang et al. [14], which reserved
well the fling-step effect. The near-fault ground motion records of
Northridge earthquake are taken from the strong motion database
in Pacific Earthquake Engineering Research Center. Because the
records with fling-step pulses in the existing database are quite
limited, ten different records having the character of fling step and
forward directivity are used here. Table 1 lists the important
parameters of three groups of near-fault ground motions such as
the closet distance to fault rupture d, site condition S, PGA (peak
ground acceleration), PGV, PGD, PGV|PGA, predominant period of
pulse Tpy (which corresponds to the period where the pseudo
spectral velocity reaches its maximum, and is used to characterize
the pulse period Tp because it is correlated well with the latter [26-
28]) and 95% significant duration t; [29]. The closet distance to
rupture these records is smaller than 20 km, whereas PGA is larger
than 0.1 g and PGV is greater than 30 cm/s. In order to avoid the
interference to the nature of near-fault ground motions, these
original records are employed and no scaling is performed in the
generalized drift spectral analysis in the next sections.

The velocity pulses of near-fault ground motions with forward
directivity or fling-step effects in Table 1 depend on their waveforms
of velocity and displacement time histories. Generally speaking, the
large ratios of PGV/PGA of ground motions imply that these records
could contain velocity pulses, and for the non-pulse ground motions
the ratios of PGV/PGA are usually smaller than 0.20 [22]. Furthermore,
the impulsive ground motions have larger predominant periods Tpy,
while the non-pulse ground motions have smaller predominant
periods. Fig. 2 shows the velocity and displacement time histories of
near-fault ground motion RRS-228 with forward directivity pulse
where its velocity pulse displays two-sided (reversing) form. Fig. 3
illustrates the velocity and displacement time histories of near-fault
ground motion TCU052-NS with fling-step pulse where its velocity
pulse displays one-sided (non-reversing) form, and the displacement
time history exhibits the distinctive large step corresponding to the
permanent ground displacement.

4. Simple pulses and their generalized drift spectra

The structural effects of near-fault ground motions are
associated with the impulsive nature of these ground excitations.
Accordingly, there are a substantial number of simplified pulse
representations that attempt to capture the salient features of
near-fault ground motions within limitations [17,19,21,23-
25,28,33]. Many acceleration formulations of pulse are simply
square, triangular or trigonometric functions, but some
representations are more complicated [23,25]. However, it is
unreasonable to expect that the simple pulses can represent
accurately and fully the impulsive waveforms of near-fault
ground motions. Despite the limitations of simple pulses, it is
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Table 1
Basic parameters of three groups of near-fault ground motions.
Ground motions Station, component d (km) S PGA (g) PGV (cm/s) PGD (cm) PGV/PGA (s) Tpy (S) tq ()
Forward directivity pulse TCUO51-EW 6.95 C 0.160 51.53 124.52 027 6.6 24.18
TCU054-EW 4.64 D 0.146 45.96 121.47 0.32 8.1 23.98
TCUO082-EW 4.47 D 0.226 51.54 152.35 0.23 7.6 23.28
TCU102-EW 1.19 D 0.304 87.16 163.13 0.29 2.6 14.93
TCU120-EW 9.87 C 0.228 62.58 107.63 0.28 2.0 32.35
JEN-022 5.43 D 0.424 106.22 43.06 0.26 2.8 12.42
RRS-228 6.50 D 0.838 166.05 28.78 0.20 1.0 7.03
SCE-288 5.19 D 0.493 74.58 28.69 0.15 2.2 7.53
SCS-052 535 D 0.612 117.45 53.47 0.20 3.0 15.10
SYL-360 530 D 0.843 129.71 32.68 0.16 2.6 532
Fling-step pulse TCU052-NS 1.84 D 0.488 220.64 723.27 (676.90) 0.46 7.9 15.92
TCU052-EW 1.84 D 0.356 182.96 506.73 (—443.10) 0.52 5.6 16.78
TCU065-EW 249 D 0.789 132.29 194.31(134.20) 0.17 44 28.78
TCUO067-EW 1.11 D 0.499 97.26 186.16 (102.95) 0.20 2.3 21.71
TCUO068-NS 3.01 D 0.365 291.94 867.76 (619.30) 0.82 10.0 13.21
TCUO068-EW 3.01 D 0.505 279.88 709.11 (—-567.30) 0.57 9.4 12.36
TCUO075-EW 3.38 D 0.332 116.05 171.07 (120.00) 0.36 4.2 26.92
TCUO76-EW 3.17 D 0.343 69.29 108.55 (87.56) 0.21 3.7 29.68
TCU087-NS 3.42 C 0.113 45.20 93.09 (—81.23) 0.41 4.5 24.10
TCU128-EW 9.08 C 0.144 60.58 145.39 (118.80) 0.43 7.4 19.20
Without pulse TCUO71-EW 4.88 D 0.528 69.83 170.60 0.08 1.5 24.56
TCUO072-EW 7.87 D 0.476 85.51 223.86 0.18 0.8 21.92
TCUO078-EW 8.27 D 0.442 42.14 98.88 0.10 0.7 25.95
TCUO079-EW 10.95 D 0.589 64.49 173.20 0.11 0.8 24.24
TCUO089-EW 8.33 C 0.354 4543 194.62 0.13 5.7 2411
KAT-090 13.42 D 0.640 37.84 5.09 0.06 0.5 6.57
PKC-360 7.26 D 0.433 51.49 7.21 0.12 0.6 9.82
SPV-360 8.44 D 0.939 76.60 14.95 0.08 0.9 8.20
STC-180 12.09 D 0.477 61.48 22.06 0.13 1.3 10.61
TAR-360 15.60 D 0.990 77.62 30.45 0.08 0.7 12.66
Note: The data in the bracket correspond to the static displacement of near-fault ground motions with fling-step pulses.
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Fig. 2. Velocity and displacement time histories of near-fault ground motion RRS-228 with forward directivity pulse.

still beneficial to apply them to simulate and analyze the
structural drift effects of real near-fault ground motions. More-
over, the use of simple pulses can offer some insights in
distinguishing the seismic responses of typical structures to
variation in pulse characteristics. Makris and Chang [21] sug-
gested three kinds of simple velocity pulses such as Type-A, -B,
and -C, for characterizing the near-fault pulse-like ground
motions. Type-A can represent the one-sided (non-reversing)
fling-step pulse with static offset at the end of the displacement
time history and Type-B and Type-C, represent the two-sided
(reversing) forward directivity pulses [17,28]. In practice, the
waveform of impulsive ground motions with fling-step effects in

Table 1 resembles Type-A model and the waveform of impulsive
ground motions with forward directivity effects resembles Type-B
and -C,, models.

4.1. Simple pulse models and their response spectra

The acceleration, velocity and displacement time histories
governing the Type-A pulse are written as follows[21,28]:

a?

Vv, . vV, V \% V .
2= 7” sin(wpt) Vi == —=L cos(pt), df = 7” t— T”)p sin(wpt), 0<t<T,

g= 2 2 2
C)
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Fig. 3. Velocity and displacement time histories of near-fault ground motion TCU052-NS with fling-step pulse.

where V, represents the amplitude of pulse velocity, T, denotes

the pulse period and w,=2mn/T,. The Type-B pulse is expressed as

ag = wpVycos(wpt), VE=Vpsin(wyt), df = % - % cos(wpt), 0<t<T,
p p

(10)

For the Type-C, pulse, the velocity and displacement histories
display one or more long duration cycles. An n+half cycles for
Type-C,, are defined by

C

ag

= wpVpcos(@pt+@), Vg =V,sin(wpt+@)—V,sin(e)

Vv , v, 1 ¢
c__"'p - £ 2
ds = @y cos(wpt + @)—Vptsin(p)+ @ cos(p), O0<t< (n+ 5 n)Tp

an

where the phase angle ¢ is determined by imposing zero ground
displacement at the end of the pulse duration.

The time histories and 5% damped elastic pseudo-acceleration
spectra of Type-A, -B and -C, (¢=0.041m) pulses are shown in
Fig. 4. The parameters of simple pulses in Fig. 4 are taken as:
V=100 cm/s, T,=4s; Type-A, PGV=100cm/s, PGA=78.5 gal;
Type-B, PGV=100cm/s, PGA=157.1gal and Type-C,,
PGV=112.8 cm/s, PGA=157.1 gal. It is noted that the three types
of simple pulses have the same or close PGV, and each type of
pulse with T,=2 s rather than T,=4 and 6 s presents the largest
PGA. Hence, the acceleration response of simple pulses
corresponding to T,=2 s is largest near the period 2's of SDOF
system. Moreover, the spectral acceleration of idealized pulses
attains the maximum at the vicinity of period T=T,, which
verifies the resonant phenomenon [24]. Finally, it should be
pointed out that the pulse models in Eqs.(9)-(11) attempt to
represent velocity time history of near-fault records. In this case
V, would correspond to PGV, which is true for Type-A and -B pulse
models. However, this is not the case for Type-Cn pulse model.
Since PGV is a good indicator of damage potential in the near-fault
ground motions, it is important to understand the resemblance or
difference between V, and PGV.

In addition, the velocity and displacement time histories of
ground motions RRS-228 and TCU052-NS are shown in Figs. 1 and
2, respectively, and the time histories of simple pulses are
displayed in Fig. 4. By comparison, it is found that the forward
directivity pulse Type-B has the similar velocity and displacement
time series to ground motion RRS-228. Meanwhile, the fling-step
pulse Type-A has the similar velocity and displacement time
series to ground motion TCU052-NS. But the acceleration time
series between them demonstrate their difference, which is

actually the common limitation for the idealized pulses
[21,23-25,28]. Moreover, the idealized pulses can generally
characterize the coherent component of near-fault ground
motions, and cannot replicate the incoherent (high-frequency)
seismic radiation. Therefore, the spectral responses of ideal pulses
can represent the seismic responses of long-period structures
with fundamental period longer than pulse period (T>Tp),
instead of those of short-period structures [25].

4.2. Generalized interstory drift spectra of simple pulses

According to the generalized interstory drift spectrum intro-
duced in Section 2, the IDR of simple pulses is computed. Fig. 5
illustrates the generalized drift spectra of Type-A, -B and -C,
with different T,. Similar to elastic response spectra in Fig. 4,
the IDR demands of simple pulses are largest near the period
T=T,, which indicate that there is a quasi-resonant phenomenon
in the interstory drift spectra. Moreover, the IDR of
the simple pulses with T,=2s is larger than T,=4 and 6 s in the
short and medium periods and the IDR of the simple pulses
with T,=4s is the largest about the period 4s. Thus, the
IDR of the simple pulses with T,=6s is the largest in
the period greater than 6s. On the other hand, the amplitude
and the form of drift spectra of three types of simple pulses
with the same V}, and T, display significant difference. The IDR of
Type-C, model is the largest and the IDR of Type-A is the
smallest in the whole period, which means that the simple pulses
with forward directivity produce more intense drift demands,
and the pulses with several cycles also generate larger drift
ratios [24].

One important advantage of generalized interstory drift
spectrum lies in that the drift spectral analysis can offer
the maximum dynamic responses (i.e. drift ratio, displacement,
acceleration etc.) of equivalent beam along the height.
Fig. 6 demonstrates the IDR along the dimensionless
beam height for representative fundamental periods (T;=0.3,
1.0 and 3.0s) and different stiffness ratios (=0, 20 and
650) under simple pulses Type-A, -B and -C, with T,=2s
and V,=100 cm/s, respectively. It is expected that the IDR of
building under these simple pulses corresponding to fundamental
period T;=2.0s is larger than that of the three representative
periods owing to resonant effect.

From Fig. 6, it is observed that for pure flexural beam
representing flexural buildings (¢=0), the maximum IDR occurs
at the top story of buildings; for the pure shear system («=650),
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Fig. 5. Generalized interstory drift spectra of Type-A, -B and -C, with different T),

the maximum IDR occurs at the ground story and for the
combined system («=20), the maximum IDR presents at the
lower level of buildings. Furthermore, the deformation mode of
Type-A pulse with fling-step differs from that of Type-B and
especially Type-C, with forward directivity when the fundamen-
tal period of the system is longer (T=3.0s). For instance, for
combined shear-flexural system characterizing the reinforced
concrete (RC) moment-resisting frame building (¢=20, T=3.0s)

[11], the maximum IDR=1.60% of Type-C, pulse occurs at the
normalized height z/H=0.35, but the largest IDR=1.08% of Type-A
pulse occurs at the lower height z/H=0.18. It appears that the
forward directivity pulses can amplify the contribution of higher
modes of system, and the fling-step pulses can excite a primarily
first-mode response, which agrees with the observation in the
reference [17]. However, this phenomenon needs to be investi-
gated when subjected to actual near-fault pulse-like ground
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Fig. 6. Interstory drift ratio along dimensionless height for fundamental periods T=0.3, 1.0 and 3.0 s under simple pulses Type-A (fling tep), -B and -C, (forward

directivity).

motions. Moreover, the cause responsible for the above phenom- is
enon should have to be explored theoretically. The next section
devotes to reveal the fundamental reason in terms of the distinct
property of near-fault impulsive ground motions and generalized

drift spectral analysis.

4.3. Analysis on IDR distribution along height based on generalized

drift spectrum

Firstly, we recall the formula (7) to examine the contribution
of each mode of vibration to the IDR of continuous beam. It

seen from Eq.
product of the modal participation factor I';, the derivative
of the mode shape ¢ix) and the relative displacement
response of a SDOF system Dj(t). If the fundamental period of

(7) that the

IDR depends

on the

the building is known, the periods of vibration of higher modes
can be computed as

l2 12
Ti:lel OC+))'1

ViV o2yt

(12)

where the eigenvalue y; of the ith mode of vibration can be
obtained by solving a characteristic equation [11]. For a
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continuum model with uniform mass distribution, the modal
participation factors I'; can be given by [11]

1
Iy = Jo i (13)
Jo ®i )dx

It can be seen that the product of the modal participation
factor and the derivative of the mode shape I'ip(x) only relies on
the lateral stiffness ratio o of building, and it has no relation with
ground excitation at all. Nevertheless, the modal displacement
Di(t) depends on both the modal period T; and the ground
acceleration iig(t). In other words, Di(t) depends on the character-
istic of ground motion given a specific stiffness ratio. Hence, IDR is
also related to the property of near-fault ground motions via the
modal displacement Dj(t). Moreover, the IDR is approximately
equal to the product of modal peak displacement D; (=max|Dy(t)|)
and I'j{(x) in a simplified way according to Eq.(7), namely

m
IDR&)~ > Fi(0D; a4
i=1

Fig. 7 shows the product I'ji(x) of the first four modes of
vibration depending on lateral stiffness ratios (=0, 3, 7, 20 and
650). It is easily seen that the influence of stiffness ratio on the
product I'jpi(x) is significant. The stiffness ratio has also a
remarkable effect on the amplitude and location of the
maximum value of the product along dimensionless height. For
the first mode, the influence of « is particularly large near the top
and bottom of the structure, while at the middle height the
influence of o is moderate. Examination of this figure indicates
that for large values of the lateral stiffness ratio (« > 20), the IDR
distribution is like the shape of the letter ‘D’, and the maximum
contributions of the first mode to the IDR will tend to occur toward
the bottom of the building, while for small values of stiffness ratio
(o <3) the maxima tend to present in the upper portion of the
building. It can also be seen that, as expected, for the shear beam
(«=650) the contribution of the first mode attains its maximum at
the base of the building, while for a pure flexural beam (0c=0) the
contribution of the first mode has its maximum at the top. For
higher modes, the influence of « on the amplitude and location of
the maximum value of the product I';pi(x) is also noticeable [11].
In contrast to Fig. 7, the results in Fig. 6 demonstrate that the
contribution of the first mode to IDR is primary, and the
contributions of higher modes to IDR are secondary.
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Meanwhile, Fig. 8 illustrates the 5% damped elastic
displacement spectra of three types of simple pulses with
T,=2s and V,=100cm/s. Table 2 presents the modal peak
displacement of shear-flexural beam (¢=20) with fundamental
periods (T;=3.0, 1.0 and 0.3 s) subjected to simple pulses. The
number of modes of vibration is set as four (m=4). According to
Eq.(12), if the fundamental period of continuous beam is taken as
T:=3.0s, then the modal periods are equal to: T,=0.98s,
T5=0.56s and T,=0.38s. The percentage of modal peak
displacement of shear-flexural beam is also listed in the bracket
in Table 2. For this case of shear-flexural beam (=20, T;=3.0s),
the modal peak displacement D; of beam model under forward
directivity pulse Type-C, is the largest, while the modal peak
displacement D; of beam model under fling-step pulse Type-A is
the smallest. Furthermore, the modal IDR is approximately equal
to the product of I'ipi(x) and the modal peak displacement D;.
Therefore, the maximum IDR along the dimensionless height
under Type-C; is larger than that under Type-A as shown in Fig. 6.
On the other hand, for the first mode, the percentage (88.1%) of
modal peak displacement of shear-flexural beam under fling-step
pulse Type-A is the largest. Consequently, the contribution of the

160 - Tp=2's, Vp=100 cm/s
—— Type-A (fling step)
----Type-B (forward directivity)
o4 v L Type-C2 (forward directivity)

Spectral displacement [cm]

Period [s]

Fig. 8. Elastic displacement spectra of simple pulses with T,=2s and V,=100
cm/s.

Fig. 7. Effect of o on the product of modal participation factor and derivative of mode shape.
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Table 2
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Modal peak displacement of shear-flexural beam (o=20) with fundamental periods (T;=3.0, 1.0 and 0.3 s) subjected to simple pulses (D;, cm).

T,=3.0s T,=1.0s T,=03s

Type-A Type-B Type-C, Type-A Type-B Type-C, Type-A Type-B Type-C,
D, 63.91 (88.1%) 84.78 (77.5%) 99.35 (80.3%) 6.44 (89.2%) 18.28 (86.8%) 18.31 (87.3%) 0.39 (81.3%) 1.28 (79.0%) 1.24 (79.0%)
D, 6.42 (8.8%) 18.12 (16.6%) 18.26 (14.7%) 0.51 (7.1%) 2.07 (9.8%) 1.96 (9.3%) 0.04 (8.3%) 0.14 (8.6%) 0.14 (8.9%)
D3 1.62 (2.2%) 4.30 (3.9%) 4.18 (3.4%) 0.22 (3.0%) 0.56 (2.7%) 0.55 (2.6%) 0.03 (6.3%) 0.11 (6.8%) 0.11 (7.0%)
Dy 0.63 (0.86%) 2.17 (2.0%) 1.93 (1.5%) 0.05 (0.7%) 0.15 (0.7%) 0.15 (0.7%) 0.02 (4.1%) 0.09 (5.6%) 0.08 (5.1%)

Note: The data in the bracket denote the percentage of modal peak displacement of shear-flexural beam under simple pulses.

ing-s S TCUO89EW (without pulse
TCU102EW (forward directivity pulse) 3.0 TCUO052EW (fling-step pulse) 3.0 { pulse)
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Fig. 9. Effect of stiffness ratio o on generalized interstory drift spectrum under representative ground motions.

first mode to IDR under Type-A is the largest, and the location
(z/[H=0.18) of the maximum IDR along height of building under
fling-step pulse Type-A is lower than that of (z/H=0.35) under
forward directivity pulse Type-C,, as observed in Section 4.2.
Additionally, the large percentage (>75%) of modal peak
displacement of shear-flexural beam for the first mode under
simple pulses in Table 2 explains the cause why the contribution
of the first mode to IDR is primary. To sum up, the modal peak
displacement of shear-flexural beam under ground excitations
determines the maximum IDR and the IDR distribution along the
height of the structure to a great degree.

5. IDR distribution of buildings under representative near-
fault ground motions

Actually, the model parameters (lateral stiffness ratio «,
damping ratio ¢ and number of modes m ) of buildings (which
are equivalently taken as shear-flexural beams) affect the
generalized interstory drift spectrum subjected to three repre-
sentative near-fault ground motions in Table 1 with the close PGA,
i.,e. TCU102-EW (forward directivity pulse, PGA=0.304g ),
TCUO052-EW (fling-step pulse, PGA=0.356 g) and TCUO89-EW
(without pulse, PGA=0.354 g) from Chi-Chi earthquake, Taiwan.

According to Eqs.(7) and (8) and considering the first six
modes of vibration (m=6), Fig. 9 demonstrates the generalized
interstory drift spectrum for 5% damped shear-flexural beam with
four typical values of « (0, 1, 20 and 650) subjected to three
typical ground motions. For a given fundamental period, the total
height of the model in Eq.(7) is calculated using the relationship
suggested for steel moment-resistant frames in the 1997 UBC
code, namely, T;=0.0853H%7°[11]. It is shown that for the
systems with fundamental period less than 1.2 s, the influence
of o on the interstory drift spectrum is negligible. But for the
systems with longer period, the influence of o on the interstory
drift demands becomes large, particularly for TCU102-EW ground

motion with forward directivity pulse and TCU052-EW ground
motion with fling-step pulse. On the other hand, comparing Fig. 9
with Fig. 5, it is observed that the forms of generalized interstory
drift spectra are different. The generalized interstory drift
spectrum of TCUO052-EW with fling-step effect presents more
peaks than that of ideal pulse Type-A in Fig. 5, in which the
spectral shape is more smooth. Similarly, the generalized drift
spectrum of TCU102-EW with forward directivity has more peaks
than that of the simple pulse Type-B in Fig. 5.

In terms of the generalized interstory drift spectral analysis of
three representative ground motions, the influence of damping
ratio and the number of modes on interstory drift spectrum of
shear-flexural beam are basically in agreement with the findings
of Miranda and Akkar [11]. Herein, the IDR distribution over the
height of buildings is emphasized to investigate.

Fig. 10 shows the IDR distribution of buildings along the
dimensionless height for different fundamental periods (T=0.3,
1.0 and 3.0s) and different stiffness ratios («=0, 20 and 650)
subjected to three typical ground motions, respectively. It can be
seen that the maximum IDR shifts from the upper half to the
lower half of buildings with an increase in the lateral stiffness
ratio «. Further, the long-period structures under impulsive
ground motions suffer more intensive IDR, which is consistent
with the previous observations [22,24]. Meanwhile, for
the moment-resisting frame building («=20, T=3.0s) [11], the
maximum IDR=1.20% of the TCU102-EW with forward directivity
pulse presents at the height z/H=0.20. But the largest IDR=1.99%
of the TCUO52-EW with fling-step pulse occurs at the height
z/[H=0.16 slightly lower than the former height, which is similar
to the observations in Section 4.2, indicating that the ground
motion with fling-step pulse excites the first-mode response more
than the ground motion with forward directivity pulse.

Fig. 11 displays the 5% damped displacement spectra of three
typical near-fault ground motions, which are different from the
displacement spectra of idealized simple pulses in Fig. 8. Table 3
presents the modal peak displacement of buildings («=20) with
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Fig. 10. IDR distribution of buildings with fundamental periods T=0.3, 1.0 and 3.0 s under representative ground motions with similar PGA.

fundamental periods (T;=3.0, 1.0 and 0.3 s) subjected to typical first mode, the percentage (78.2%) of the modal peak
ground motions (TCU102-EW, TCU052-EW and TCU089-EW). As displacement of buildings under TCU052-EW is also the largest.
pointed out in Section 4.3, the modal peak displacement of Accordingly, the contribution of the first mode to IDR subjected to
continuous beam subjected to ground excitations determines the TCUO052-EW is the largest, and the location (z/H=0.16) of the
IDR response of structure to a large extent. For the moment- maximum IDR along height of building under ground motion with
resisting frame buildings («=20, T;=3.0s), the modal peak fling-step pulse TCUO52-EW is lower than that (z/H=0.20) under
displacement D; of buildings under ground motion with fling- forward directivity pulse TCU102-EW. In addition, the large
step pulse TCU052-EW is the largest, while the modal peak percentage of modal peak displacement of buildings for the first
displacement D; of buildings under non-pulse motion TCU0O89-EW mode under typical ground motions in Table 3 makes the
is the smallest. Thus, the maximum IDR along the dimensionless contribution of the first mode to IDR important.

height under TCUO52-EW is larger than that under TCUO89-EW Although PGA is a widely-used intensity measure parameter of
and TCU102-EW as shown in Fig. 10. On the other hand, for the earthquake ground motions, for near-fault ground motions PGV is
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also an appropriate intensity index especially to medium-period
structural systems [29]. Accordingly, three near-fault ground
motions with similar PGV , namely, TCU120-EW, PGV=62.58 cm/
s; TCUO76-EW, PGV=69.29 cm/s and TCUO79-EW, PGV=64.49
cm/s are chosen as input to compare their seismic effects. Fig. 12
illustrates the IDR distribution of buildings over the
dimensionless height for different fundamental periods and
stiffness ratios subjected to three ground motions with the close
PGV, separately. For the moment-resisting frame building («=20,
T=3.0s), the maximum IDR=0.75% of TCU120-EW with forward
directivity pulse occurring at a height z/H=0.17. Whereas, the
largest IDR=0.79% of TCUO76-EW with fling-step pulse
presenting at the height z/H=0.16 slightly lower than the
former height, also indicating that the ground motion with
fling-step pulse can excite the first-mode response more than
ground motion with forward directivity pulse. Fig. 13
demonstrates the 5% damped displacement spectra of three
near-fault ground motions with similar PGV. Furthermore, based
on Fig. 13 and simplified formulation Eq.(14), we can explain the
above phenomenon. Nevertheless, the different waveforms and
amplitudes of acceleration time histories of the three ground
motions cause different IDR distributions of buildings shown in
Fig. 12 from Fig. 10.

6. Interstory drift spectral analysis of three groups of near-
fault ground motions

In the past years, the effects of characteristic of near-fault
ground motions on dynamic responses of building systems were
mainly investigated by time history analysis [17-24]. In this
section, the IDR demands of buildings subjected to three distinct
groups of near-fault ground motions with forward directivity

1807 [——TCU102EW (forward directivity pulse)
1 |---- TCUO52EW (fling-step pulse)
1504 |- TCUO89EW (without pulse)
120 e
90 - .7

60

Spectral displacement [cm]

304

Period [s]

Fig. 11. Elastic displacement spectra of three typical near-fault ground motions
with similar PGA.

Table 3

pulses, fling-step pulses and without pulse listed in Table 1 are
examined based on generalized drift spectra.

6.1. Generalized drift spectra of three groups of near-fault ground
motions

Figs. 14-16 show the 5% damped generalized interstory drift
spectra of three groups of near-fault ground motions with six
vibration modes (m=6) and four different lateral stiffness ratios
(x=0, 1, 20 and 650). Some observations are obtained as
follows:

(1) Both the form and amplitude of generalized drift spectra are
similar for different lateral ratios o of shear-flexural beam.
For example, for the ground motions with forward directivity
pulses, the difference in drift spectra among lateral
stiffness ratios is very small except in the range of long
period for «=650. Furthermore, the spectral variance among
all records in three groups of ground motions differs
from each other significantly. The spectral dispersion of
near-fault ground motions with fling-step pulses is the largest
especially in the long-period range. Whereas, the spectral
dispersion of ground motions without pulse is the smallest
indicating that the dispersion among non-pulse ground
excitations is small.

For three groups of ground motions with different characters,

the discrepancy of generalized drift spectra is remarkable. As

for near-fault ground motions with forward directivity,
the IDR in drift spectra is larger in the range of short-
and medium period, and the spectral predominant period is
between 0.5 and 2.2s. In the long-period range, the

IDR decreases slowly with the increase in fundamental period.

Furthermore, the spectral form of non-pulse ground

motions is similar to that of ground motions with

forward directivity pulses, but its predominant period is
shortened in the interval of 0.3 and 2.0s. In the short
period, the IDR increases to the vertex sharply. Then, it
decays gradually. The IDR of non-pulse ground motions
is less than 1.0% except in the short period. But in contrast
with the former two kinds of drift spectra, the
spectral predominant period of ground motions with fling-
step pulses is prolonged. Individually, when the structural
period is larger than 6.0 s, the spectral IDR of ground motion

TCUO68-NS is still large and reaches to 2.5% where its

predominant period is 8.0 s.

(3) As shown in Fig. 14, the IDR under three ground motions
(RRS-228, SCS-052 and SYL-360) with forward directivity
pulses exceed 2.5% in the short period and medium period.
Moreover, as illustrated in Fig. 15, the IDR under several
ground motions (TCU065-EW, TCU052-NS, TCUO68-NS,
TCUO068-EW and TCU052-EW) with fling-step pulses exceed-
ing 2.5% in the medium and long periods. However, as
illustrated in Fig. 16, the IDR under one ground motion

(2

~—

Modal peak displacement of buildings («=20) with fundamental periods (T;=3.0, 1.0 and 0.3 s) subjected to typical near-fault ground motions (D;, cm).

T,=3.0s T,=1.0s T;=03s

TCU102-EW TCUO052-EW TCUOS9-EW TCU102-EW  TCUO52-EW  TCUO089-EW  TCU102-EW  TCU052-EW  TCUOS9-EW
D, 27.62 (77.7%)  42.73 (78.2%) 10.62 (59.9%)  5.40(90.3%)  9.17(92.1%)  4.19(73.4%) 033 (80.5%) 041 (83.7%)  0.90 (85.7%)
D, 5.40 (15.2%) 9.12 (16.7%) 413 (23.3%) 0.43 (7.2%) 0.58 (5.8%) 1.04 (18.2%) 0.03 (7.3%) 0.03 (6.1%) 0.06 (5.7%)
D3 1.82 (5.1%) 1.95 (3.6%) 1.64 (9.3%) 0.11 (1.8%) 0.16 (1.6%) 0.34 (5.9%) 0.03 (7.3%) 0.03 (6.1%) 0.05 (4.8%)
D.  0.72 (2.0%) 0.84 (1.5%) 1.33 (7.5%) 0.04 (0.7%) 0.05 (0.5%) 0.14 (2.5%) 0.02 (4.9%) 0.02 (4.1%) 0.04 (3.8%)
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Fig. 12. IDR distribution of buildings with fundamental periods T=0.3, 1.0 and 3.0 s under near-fault ground motions with similar PGV.

(TAR-360) without pulse attaining 2.5% in the short period.
These observations demonstrate that the impulsive ground
motions have larger damage potential than the non-pulse
ground motions especially for the medium- and long-period

systems.

The generalized drift spectra in Figs. 14-16 are averaged, and
the mean drift spectra of three groups of near-fault ground
motions with four different lateral stiffness ratios («=0, 1, 20 and
650) are presented in Fig. 17, respectively. It can be seen that the
influence of stiffness ratio « on the average IDR is small. In
particular, it is negligible in the short-period range. The average

IDR attain 1.5% in respective periods for the three groups of
records implying that the building could suffer heavy damage. As
expected, the average IDR spectra among three groups of ground
motions have significant discrepancy. In the short period, three

mean spectra increase sharply to peak especially for non-pulse
ground motions. Then, the mean IDR spectra of impulsive ground
motions present a flat to keep large drift ratios. For ground

prolonged

to

range 1.1-8.0s

motions with forward directivity pulses, the period corresponding
to the flat is in the range 1.3-2.5 s. Moreover, for ground motions
with fling-step pulses, the period corresponding to the flat is
the
IDRs are remarkably larger than those under ground motions
with forward directivity pulses for the long-period systems

and their average



1194 D. Yang et al. / Soil Dynamics and Earthquake Engineering 30 (2010) 1182-1197

(T > 3.0 s). Essentially, the abundant long-period components of
impulsive near-ground motions cause this phenomenon.

Nevertheless, for non-pulse ground motions, the mean
180
150 1 [——TCU120EW (forward directivity pulse)
E - - - - TCUO76EW (fling-step pulse)
g 1204 |------- TCUO79EW (without pulse)
Q
=
S 90
B
o
T& 60 n
3
& 30
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0 2 4 6 8 10
Period [s]

Fig. 13. Elastic displacement spectra of three near-fault ground motions with
similar PGV.
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IDR spectra do not have such a flat. Its average IDR goes
through the peak at the predominant period 0.6s, and then
decays quickly. When the period is longer than 3.0 s, it decreases
slowly.

Finally, it is noted that the spectral averages of IDR in
Fig. 17 are computed for narrow magnitude range. Because
the ground motions of the Chi-Chi and Northridge earthquakes
with magnitudes of 7.6 and 6.7 are used separately, the average
IDR barely considers the possible effect of magnitude on the
interstory drift demands. Meanwhile, the aforementioned ob-
servations are valid for dense-to-stiff soil sites, e.g. site classes C
and D.

6.2. IDR distribution of buildings under three groups of near-fault
ground motions

Fig. 18 presents the mean IDR distribution of buildings with
=20 and different fundamental periods (T=0.3, 1.0 and 3.0 s)
subjected to three groups of ground motions, respectively.
It is found that the deformation mode of mean IDR varies
from short- to long-period system under different groups of near-
fault motions. Furthermore, for the moment-resisting
frame building («¢=20, T=3.0s), the largest mean
IDR=1.03% under ground motions with forward directivity
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Fig. 14. Interstory drift spectrum of near-fault ground motions with forward directivity pulses for «=0, 1, 20 and 650.
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Fig. 15. Interstory drift spectrum of near-fault ground motions with fling-step pulses for «=0, 1, 20 and 650.

00 (=5% —+—TCU052NS ~ —— TCUO68EW
4.0 TSR —+—TCU052EW  ——TCUO75EW
1 ——TCUO65EW ——TCUO76EW
3.5 4 —<+—TCUO67EW ——TCUO87NS
1 —=— TCUO68NS TCU128EW
3.0 p—
2.5 4
S T T | LR S
Z 20
a) |
1.5 4
1.0 4§
0.5
0.0 F T T " T T " 1
0 2 4 6 8 10
Period [s]
4.0 0=20,5=5% —+— TCUO052NS —— TCUO68EW
1 —e—TCUO52EW  ——TCUO075EW
3.5 A ——TCUO65EW  ——TCUO076EW
4 —<+—TCUO67EW  —*— TCUO87NS
3.0 A —=— TCUO68NS TCU128EW
2.5 4
o)
= 2.0
=
1.5
1.0 vwy,
05 A
0.0 ! y T T T T T T T T 1
0 2 4 6 8 10
Period [s]
pulses presents at the height z/H=0.18. Nevertheless,

the largest mean IDR=1.25% under ground motions with
fling-step pulses occurring at the height z/H=0.15 slightly
lower than the former height. It again implies that the
ground motions with fling-step pulses tend to generate
the fundamental-mode response compared to ground motions
with forward directivity pulses, which is harmful to structural
seismic safety. Similar to Sections 4.3 and 5, the cause for this
phenomenon can be revealed based on the distinct characteristic
of impulsive ground motions and drift spectral analysis.
Moreover, it is noted that for the long-period systems (T=3.0s),
the average IDRs under non-pulse ground motions are fairly
smaller than those under impulsive ground motions and are
distributed more uniformly along the total height. Therefore, the
non-pulse ground motions lead to less damage potential for long-
period structures.

7. Conclusions

Interstory drift ratios of building structures subjected to near-
fault ground motions are examined systematically in this paper.

The near-fault ground motions considered contain non-pulse
motions and two kinds of impulsive ground motions with forward
directivity and fling-step effects from Chi-Chi, Taiwan earthquake
and Northridge, California earthquake. Meanwhile, three types of
idealized simple pulses are applied to mimic the impulsive
ground motions. Furthermore, the building systems are equiva-
lently taken as flexural-shear cantilever beams with representa-
tive lateral stiffness ratios (¢x=0, 1, 20 and 650), and the
generalized interstory drift spectrum is introduced in terms of
the wave propagation and modal superposition.

The general drift spectral analysis under simple pulses is
implemented. The IDR demands under simple pulses provide
some insight in distinguishing the dynamic responses of typical
buildings to variations of pulse characteristics. It is shown that the
simple pulses with forward directivity produce more intense drift
demands, and the pulses having multiple cycles result in larger
drift ratios due to the cumulative effects. Moreover, the fling-step
pulses tend to excite primarily the first-mode response for
moment-resisting frame building («=20), which agrees with the
observation for the real buildings in the literature.

The IDR distributions of continuous beams subjected to three
groups of near-fault ground motions are obtained. It is illustrated



that the maximum IDR shifts from the upper half to the lower
half of buildings with increase in lateral stiffness ratio. For
long-period systems (T > 2.0 s), the average IDR under impulsive
ground motions is significantly greater than those under non-pulse
ground motions. Finally, for moment-resisting frame buildings, the
ground motions with forward directivity pulses activate the drift
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Fig. 16. Interstory drift spectrum of near-fault ground motions without pulse for «=0, 1, 20 and 650.
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Fig. 17. Mean interstory drift spectrum of three groups of near-fault ground motions for =0, 1, 20 and 650.

response of higher modes, while the ground motions with fling-
step pulses excite primarily their contribution in the fundamental
mode and lead to a large deformation in the lower stories, which is
detrimental to structural safety. The essential cause for this
phenomenon is exposed based on the distinct property of near-
fault impulsive ground motions and drift spectral analysis.
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