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13
14  Abstract

15 A pseudo-double impulse (PDI) is proposed as an extension of the ordinary double impulse (DI) as a
16  substitute of a one-cycle sine wave. PDI is treated as a set of impulsive lateral forces while the ordinary
17 DI was introduced as an impulsive ground acceleration. The deformation and acceleration responses
18  of multi-degree-of-freedom (MDOF) models under DI largely exceed those under the corresponding
19  one-cycle sine wave as a main part of a near-fault ground motion. This is because DI has multiple
20  frequency components and the higher-mode responses are excited. While the influence coefficient
21 vector of the ordinary DI consists of 1 at every component, the influence coefficient vector of PDI is
22 set to be proportional to the undamped fundamental natural mode. Therefore, the fundamental-mode
23 response is mainly excited and the higher-mode responses are hardly excited by PDI. The displacement
24 responses, the velocity responses and the input energy under DI and those under PDI are derived here
25  for both elastic proportionally and non-proportionally damped MDOF models. The critical timing
26 under PDI is also derived. The critical timing can be obtained by the time-history response analysis
27  without repetition. It is demonstrated through the time-history response analysis that the distributions
28  of interstory drifts and floor accelerations under the critical PDI correspond well to those under the
29  critical one-cycle sine wave. Moreover, it is shown that, as far as the input level is large, the critical
30 input period of PDI and that of the one-cycle sine wave correspond well. Since this procedure is not
31 limited to elastic models, the proposed procedure helps to efficiently estimate the critical responses
32 under the one-cycle sine wave for elastic-plastic MDOF models. Finally, the responses under recorded
33  near-fault ground motions are compared with those under PDI. It is shown that the correspondence of
34  the response under PDI and that under the recorded ground motions is fairly good although recorded
35 ground motions are not always critical inputs for elastic-plastic MDOF models.

36
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1. Introduction

Ground motions observed in recent years greatly exceed the level specified in the code for building
structural design. Especially, a pulse-like motion and a long-period, long-duration motion could
cause large damage to a specific class of building structures because these ground motions have
characteristics extremely different from ground motions of random nature [1-3]. Therefore, it is
necessary to establish a design method that takes account of the natures of these earthquake ground
motions.

To develop effectively the seismic design against pulse-like motions, the following treatments may
be necessary; 1) characterization and simplification of such ground motions and 2) investigation on
the effectiveness of innovative base-isolation systems and structural control systems. Regarding the
former, the expression of the pulse-like motions using trigonometric functions and wavelets have
been investigated [4, 5]. It has also been clarified that a one-cycle sine wave effectively expresses a
main characteristic of a fling-step motion [2, 6-8]. Since the relation among the parameters of the
ground motion (e.g. the input frequency and the input amplitude), the structural parameters and the
response quantities is quite complicated, an innovative approach has been desired. The critical
excitation method using the worst input has been used to overcome this difficulty [9-12]. Regarding
the latter, some researchers investigated the effectiveness of passive dampers under pulse-like
motions [11-13]. It is also important to investigate the elastic-plastic response characteristics and the
tendency of the structural damage under pulse-like motions [14-23].

The critical excitation method was initiated by Drenick [24] and has been investigated extensively
[25, 26]. Kojima and Takewaki [27] introduced a simplified conceptual input called ‘double impulse
(DI)’ as a substitute of the fling-step motion to capture the intrinsic natures of critical responses in
closed form for elastic-plastic SDOF models. DI consists a set of two impulses, and its ground
acceleration is defined by two parameters, V (velocity amplitude) and t, (time interval between two
impulses). The most important subject on DI is to find the critical timing of two impulses under
constant V . The closed-form solutions of the critical deformation responses and the critical timing
for elastic-plastic SDOF models were derived based on the energy balance law. This critical
excitation method using DI was applied to long-period, long-duration ground motions [9, 28].

As stated above, the transformation of ground motions into impulses enables one to derive the critical
deformation for elastic-plastic SDOF models. On the other hand, for elastic-plastic MDOF models,
only a few investigations have been conducted [29, 30]. In the case of MDOF models, the energy
balance law cannot be used effectively due to the phase lag among masses, and floor acceleration
responses under DI and those under the one-cycle sine wave do not correspond well due to the
impulsive nature of DI [31]. In addition, the deformation responses of MDOF models with small
damping under DI largely exceed those under the one-cycle sine wave. This is because DI has
multiple frequency components different from the one-cycle sine wave. The overestimation of the
responses may lead to extremely conservative designs. Moreover, the evaluation of floor acceleration
responses is needed for the design of nonstructural components and facilities [32, 33].
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In this paper, a pseudo-double impulse (PDI) is newly introduced. PDI is treated as a set of
impulsive lateral forces while the ordinary DI was introduced as an impulsive ground acceleration. It
is noted that the influence coefficient vector of PDI is set to be proportional to the undamped
fundamental natural mode while the influence coefficient vector of the ordinary DI for a shear
building model consists of 1 at every component. The fundamental-mode response is mainly excited
and the higher-mode responses are hardly excited by PDI. The displacement responses, the velocity
responses and the input energy under DI and those under PDI are derived here for both elastic
proportionally and non-proportionally damped MDOF models. Finally, the time-history response
analysis is conducted to compare the responses for elastic-plastic MDOF models under DI, PDI, the
corresponding one-cycle sine wave, and recorded ground motions.

2. Response characteristics of elastic MDOF models under double impulse

It has been clarified that a one-cycle sine wave effectively expresses a main characteristic of a fling-
step motion [2, 6-8]. Although the one-cycle sine wave is simple, the time-history response analysis
is inevitable to obtain the maximum elastic-plastic response even for SDOF models. To respond to
this issue, DI was introduced by Kojima and Takewaki [27] as a substitute of the fling-step motion.
DI consists a set of two impulses, and its ground acceleration is defined by two parameters V (the
velocity amplitude) and t, (the time interval between two impulses). This simple expression enables
an independent treatment of the input period ( 2t,) from the amplitude of the input. In addition, the
closed-form solutions of the critical deformation responses and the corresponding critical time
interval for elastic-plastic SDOF models can easily be derived based on the energy balance law.
Moreover, the velocity amplitude VV was adjusted so that the maximum value of the Fourier
amplitude of DI coincides with that of the one-cycle sine wave. This treatment leads to a good
correspondence of the Fourier amplitude of DI and that of the one-cycle sine wave in the range of
0<w<2x/ty. When t; is the critical time interval for the SDOF model, the transfer function of the
SDOF model has the peak in this frequency range. Therefore, in the case of elastic-plastic SDOF
models, DI works well as a substitute of the critical one-cycle sine wave.

In the case of elastic-plastic MDOF models, the contribution of higher modes to the responses under
the one-cycle sine wave with relatively long period is slight. However, the higher modes are excited
by DI because DI has multiple frequency components. This means that the use of DI may lead to the
overestimation of the responses under the corresponding one-cycle sine wave. To overcome this
difficulty, PDI is newly introduced in this paper. PDI is treated as a set of impulsive lateral forces.
Especially, while the influence coefficient vector of the ordinary DI as an acceleration base input for
a shear building model is the vector such that all the components are one, the influence coefficient
vector of PDI is set to be proportional to the undamped fundamental natural mode. For elastic
proportionally damped MDOF models, the response excited by PDI is equal to the fundamental mode
response under DI. The ordinary DI introduced by Kojima and Takewaki represents a ground motion,
and each impulse provides the change of the relative velocity response V to all the mass. On the
other hands, the change of the relative velocity response along height provided by PDI is proportional
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to the undamped fundamental natural mode. It should be noted again that, PDI is a set of impulsive
lateral forces, not a ground motion. Figure 1, 2 show the relation between DI, PDI and the
corresponding one-cycle sine wave.

It should be noted that a one-cycle sine wave with short period may excite the higher-mode
responses. In such case, the use of PDI is inappropriate since it mainly excites the fundamental
natural mode response. However, a one-cycle sine wave with relatively long period, which mainly
excites the fundamental natural mode response, often maximizes the deformation response of elastic-
plastic MDOF models. Therefore, the response under PDI and that under the one-cycle sine wave
correspond well in the critical case.

In this section, the responses of elastic MDOF models under DI are derived for the comparison with
the responses under PDI, which will be derived in Section 3.
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135 2.1 Displacement response and input energy for elastic SDOF models under DI

136  Consider an SDOF model of mass m, undamped natural circular frequency e, , damping ratio h,
137 damped natural circular frequency wp, = a/1—h? . The ground acceleration of DI is expressed by

138 Uy () =Vo(t)-Vo(t—tp) (1)
139
140  where V is the input velocity amplitude, t, is the time interval of two impulses and o(t) is the Dirac

141  delta function.

142 The displacement response of an elastic SDOF model under DI can be expressed as follows.

_\/e et

143 U(t) = = sin cp,t O<t<t) (2a)
Opy
_\/a—ant —hyeon (t-tg)
Op; Wp;

145
146  Furthermore, the velocity response can be expressed by

147 i(t) Ve ! (@pgt + ) (O<t<t)) (3a)
u = ——=CO0S(® + <l< a
ﬁ D1 0

_\e et Ve Met-to)

148 U(t) =——=—=-cos(wpt + @) + ———=—C0s(wp; (t—t5) +¢) (t>t;) (3b)
JL-h? J1-h?

149

150  where

151 ¢ = arctan(hlla/l— h?) (3c)

152
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Since the impulse input does not change the displacement at once (the strain energy does not change
at once), the input energies E,, E, by the first and second impulses can be derived by subtracting the
kinetic energy just before one impulse input from that just after that impulse input.

E, = % mV 2 (4a)

2 2
—haty —hanty
E,= Lhvzlio e_z cos(wpyty +A) ¢ — Lhvz)® cos(wpty +4)
’ vi=hi ’ - (4b)

_Llovelh 2e M cos(wpity + )
-5 I el D1*0
2 — hLz

It should be remarked that an input energy can be expressed as —J' muti,dt in general.

In the case of MDOF models, the following relation is helpful in deriving E;, E, for MDOF models.

I f(t)o(t)dt= %{f (0-)+ f(0+)} (5)

2.2 Displacement response and input energy of elastic, proportionally damped MDOF model
under DI

Consider an elastic, proportionally damped MDOF model of n-th undamped natural mode vector ¢,
n-th damping ratio h,,, undamped n-th natural circular frequency «, , mass matrix M and damped n-
th natural circular frequency oy, = a)n«/l— h? . The displacement response of this model under DI
can be expressed by

T

N[ @ M1 V' _hot -

uit)=-> (p-] e ' sin ap;t (O<t<ty) (6a)
ZI_1£(PTM(pi ' opi !

T
N[ @M1 V [ hat g (t-to) o
u(t =—§. ; e "“Vsinopt—e ! 07sin wpy; (T —t t>t 6b
() I_l[(P}I-M(Pi (plja)Di{ Di DI( 0)} ( 0) ( )

Following the modal orthogonality with respect to the mass matrix, the displacements can be
obtained as follows.

uy =" —— ~ve'" (a,q),)sme,t O<t<ty) (7a)
D

hje; (t-tg)
uty =", Vz) (a(p)Slna)D,t+lelvew—(a(p)SIna)D,(t th) (t>t) (7b)

Di Di
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177  where

179

180  The velocity response can then be expressed by

Ve Iaﬁt

181 u(t) = le\/_(aq))cos(letJrgb) (O<t<ty) (9a)
1—h?

—\Vefiat

(t) Zl -1 \/_7hl (0((|) )COS(wDIt+¢)

182 o (t>t,) (9b)
N Ve Miei(t=to)
Y T (1) 008 () + )
«/1—hi

183

184  where

185 ¢ = arctan(h, /ﬁ/l— h?) (10)
186

187  The input energies E,, E, by the first and second impulses can be expressed by

188 Z. V(@) ML= Z, ' V2 (ci0) M(aiy) = Z. ' M2 (11a)
1 <N ) 2~ hiaito
189 EzzzzileiV 1- — cos(@p;ity + &) (11b)
i
190

191 where M, = (a,@,)" M(«,@,) is the n-th generalized mass.

192

193 2.3 Displacement response and input energy of elastic, non-proportionally damped MDOF
194  model under DI

195  Consider next an elastic, non-proportionally damped MDOF model. The displacement response of
196  this model under DI can be expressed by

197 ut) =X Ve I8 cos(apt) — v sin(wpt)} O<t<ty) (12a)

t) = NV —hi*w,*t g *_t _~n9gj *-t
. u(t) = 3. Ve " By cos(wpit) — v sin(wpit)} (t>t)) (12b)

N R (t— * . *
-y Ve e (B9 cos(ap; (t—t9)) — v sin(ep; (t—t))}
199
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where ., A, =~ +iop, =—hon +ion1-(hy)?, h, @, denote the n-th complex eigenvector,
the n-th eigenvalue, the n-th damping ratio and the n-th pseudo-undamped natural circular frequency,
and

. 2y M1
BA +ivq = s

— v (13)
22 Wi My, +ylCy, "

Introducing the linear combination of the undamped natural modes, B2,y2 can then be expressed as

By ::Bng,lal(pl"'“""ﬂng,NaN(pN (14a)
't :7r?,1a1(|)1+"'+7r$,NaN(pN (14b)
Let us define 47 ;,67; as
18 5 = w0 (B8 )P + (78 )2 (15a)
Hr‘ﬂj :arctan(,B’ng’j /;/r?’j) (15b)

Equations (144, b), (15a, b) lead to

u(t) = ZN _Ve*l tz M (ae))sin(opit—65)  (0<t<ty) (16a)

*  *

—hi i t
N _Ve Lt N g . * g
u(t):2i=1—w*_ ijlzui,j(aj(pj)sm(a)Dit_ei,j)
o (t>ty) (16b)
N Ve e tl) 9 o .
+Zi:l—w* ijllui,j(ajq)j)sm(wDi(t_to)_ei,j)

Di

The parameter j can be regarded as a weighting coefficient of the undamped j-th mode vector
component in the i-th complex mode. It is true that 4?; is dominant among z%,...., 1% as far as the
damping matrix has weak non-proportionality.

The velocity response can be expressed by

Ve~ ,aqt

u(t) = Z_lﬁZ

JNlﬂ,J(aJ(p )cos(wpit—0 +¢) (0<t<ty) (17a)
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_\e hiat . .
u(t) = Zilf—NZ?_lﬂﬁj (a9 ;) cos(wpit =67 +¢)
(h (t>t)) (17b)

N * *
+Zi=1—* > ijllui?j (aj ;) cos(wp; (t—t)) =6 + )

where
¢ =arctan(h / 1/1—(hi*)2) (18)

The input energies E,, E, by the first and second impulses can be expressed by
1N V72 .
Elzazizlmz _1/J| jM COS( +¢| ) (193)

__Z_lmz _l,uIJM cos(— H +¢)

N Ve h oty N )
_z Z _1/J| JM COS(a)DItO QIQJ +¢|)

(19b)

3. Concept of PDI and response characteristics of elastic MDOF models under PDI

In this section, PDI, which is a set of impulsive lateral forces, is introduced. The influence coefficient
vector of PDI is set to be proportional to the undamped fundamental natural mode. The responses of
elastic MDOF models under PDI are derived. It should be noted that. although the formulations for
the responses of elastic MDOF models under PDI cannot be applied directly to the elastic-plastic
MDOF models, the formulations for the critical input timings of PDI are applicable to elastic-plastic
MDOF models. The critical input timings of PDI will be derived in Section 3.3. Moreover, additional
investigations are presented in Appendices 1, 2 (transfer function of acceleration and phase properties
of maximum responses).

3.1 Displacement response and input energy of elastic, proportionally damped MDOF model
under PDI

When Dl is treated as an equivalent lateral force, the equation of motion is expressed by

M + Cu + Ku = —Mhi(V S(t) -V S(t —t,)) (20)
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where 1,C, K denote the influence coefficient vector, the damping matrix and the stiffness matrix. In
the case of the ground motion acceleration input as DI, v becomes 1 consisting of 1 at every
component. The displacement response of an elastic, proportionally damped MDOF model under
PDI can be expressed by

T

N P Mu V. hat o

ut)=->» .~ (p-J e 1" sin wp;t O<t<ty) (21a)
Z:'_1[(PiT'V|(Pi ') opi '

T
N[ @i M V ([ —haot o N (t—tg) o
u(t :—z. ; e "“"sinoyt—e ! 07sin oy, (t -t t>t 21b
() |=1((|)-ir|\/|(|)i (lea)Di{ Di DI( O)} ( 0) ( )

When v = 49, this impulsive lateral force is called the pseudo-double impulse (PDI). The
displacement response under PDI can be expressed by

_Ve_hlm_Lt .
u(t)=—— (4 9q) sin wp,t (O<t<ty) (22a)
Wpy
Ve Nt ) Ve Me(t-to) _
u(t) = ————(9,)sin opt + ————(n9y)sinop (t-t5)  (t>1y) (22b)
®p; Wpy

From Equations (7a, b), (22a, b), it is understood that the response excited by PDI is equal to the
fundamental mode response under DI. The velocity response can be expressed by

Ve
u<t)=%(a1¢1)cos(wmt+¢l) (O<t<ty) (23a)
1K
1= Y () cos(@pdt + )
U(t) = —— (o) COS(wp;t +
2
VLh t>t) (23b)

Ve_hla)l(t_to )
+

S (c1) cOS(p (t—tg) + 1)
V1N

The input energy E,, E, by the first and the second impulse of PDI can be expressed by

1N 1
El:EZizlvz(ai(pi)TM(ai(Pi):EMlvz (24a)
1 ) 2e et
E, ==M;V*°{1l-————cos(wp;ty + &) (24b)
2 { N— h12

3.2 Displacement response and input energy of elastic, non-proportionally damped MDOF
model under PDI

Akehashi and Takewaki 11
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The displacement response of an elastic, non-proportionally damped MDOF model under PDI can be
expressed by

u() =X Ve 1B, cos(wpt) —; sin(@pt)} O<t<ty) (252)
u(t) =31 Ve T B, cos(apt) — v, sin(apt)}

L (t>ty) (25b)
_Zi’\il\/e—hi @; (t—to){Bi COS((OBi (t—1t))—v; Sin(a)gi (t—t))}

where

. 2y M(9,)

Bo ity = ALy, (26)
24vn My, +y, Cy,

Introducing the linear combination of the undamped natural modes as in Equations (14a, b), B,,,v,
can be expressed as

Bn = Lnaca® +...+ By nONON (27a)
Yn =7n1®P1+ - TV NENPN (27b)
Then, u, .6, ; are defined as
3 = D[ (Bo 1) + ()P (28)
Onj = arctan(ﬂn,j /7n‘j) (28b)

Equations (27a, b), (28a, b) lead to

N —Ve_hi*(q*t N . *
u(t) = zi:la)—*zj:lﬂi,j (ajoj)sin(opit—6 ;) (0<t<ty) (29)
Di

u(t) = Z’i Ve~

i=1 *
Wp;

Nart _ o«
ijllui,j(aj(Pj)Sln(a)Dit_ei,j)
. % (t>ty) (29b)
N Ve N (t-to) N _ .
+Zi=l a)* ijl,ui’j(aj(pj)S”](a)Di(t—to)—ei’j)
Di

The velocity response can be expressed by

. N _Ve_hi*aﬁ*t N * *
u(t) :Z —ijlﬂi,j(aj(Pj)COS(a)Dit_Hi,j +4¢) (30a)
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*

1=, 7 Ve SN g0, Cos(mt =6, + )

—(h)?
(30b)
N Ve o) x w
+Zi=1 1—(h*)2 zjzlﬂi,j(aj¢j)C05(wDi(t—to)—9i,j +é)
i
The input energies E;, E, by the first and second impulses of PDI can be expressed by
1N V2
El ZEZi:]_—/ullM COS( 1+¢ ) (313)
1-(h)?
1N V2 .
E, :Ezizlmﬂi,llvll cos(=6,, + ¢ )
-~ (31b)
N Ve el .
_Zizl _MlM cos(wpity — G1+4)
1—(h)?

The parameter s, can be regarded as the weight of the undamped fundamental mode vector
component in the i-th complex mode. Equations (31a, b) mean that the input energy to the i-th
complex mode by PDI depends on only s, N0t on 4 5,...., 44 y -

Unlike the case of proportionally damped MDOF models, all the complex modes for non-
proportionally damped MDOF models are excited by PDI. However, the contribution of the higher
modes is slight as far as the damping matrix has weak non-proportionality. In Section 4, the
contribution of each mode will be investigated through the time-history response analysis.

3.3 Critical input timing of second impulse of PDI

Akehashi and Takewaki [10] derived the critical timing of the double impulse for MDOF models. In
this section, the critical timing of PDI is derived.

The input energy E, by the second impulse of PDI can be expressed by

E, =%(u +V1)T M(U +W) —%UTMU =0 M(Vv) +%V2lTMl (32)

where u is the velocity just before the input of the second impulse. Introducing the linear
combination of the undamped natural modes, U and v can be expressed as

U= py(to) @ +...+ Py (t)an @y (33a)
L=0hon@g + ...+ NN PN (33b)

Akehashi and Takewaki 13
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Substituting Equations (33a, b) into Equation (32), another expression of E, is obtained as follows.

1
E, =V (py(ty) @y +...+ Py (t)an o )T My +---+QN05N(PN)+EV “ATMu

(34
1
=V{,M;py(ty) +...+ Ay My Py (t) 3+ EV ATMu
The partial differentiation of E, with respect to t, provides
%, =V{gM,p, (t M Py (t 35
ot {M; Py () +...+ My Py (t)} (35)
0

In the case of proportionally damped MDOF models, M, p,, represents the n-th mode inertial force.
Therefore, Equation (35) means that, when the weighted sum of the modal inertial forces attains zero,
E, is maximized. In the case of non-proportionally damped MDOF models or the case of elastic-
plastic MDOF models, Equation (35) is also applicable. However, Equation (35) does neither strictly
provide the complex modal decomposition nor the elastic-plastic modal decomposition. For these
models, Equation (35) means just a change of a reference coordinate system. It should be pointed out
that p, (t) is calculated by Equation (36), and the critical timing can be obtained by the time-history
response analysis.

@p Mi(t)

(36)
a9, Mo,

(P-rl; MU(t) = pn (t)an(p-rl; M(pn = pn (t) =

It is also noted that, when v is equal to «,@,, the critical timing for the elastic, proportionally
damped MDOF models can be expressed by

=26, (37)
@pp

4. Comparison of responses and input energy of elastic MDOF models under DI, PDI and one-
cycle sine wave through time-history response analysis

In this section, the time-history response analysis is conducted to compare the responses of elastic
MDOF models under DI, PDI, and the one-cycle sine wave. The input circular frequency @, and the
velocity amplitude V,, of the one-cycle sine wave are set following [27], namely @, =7 /1,

V, =1.222V . This adjustment gives a good correspondence of the Fourier amplitude of the one-cycle
sine wave and that of DI in the range of 0 < <27/t (see Figure 2). MATLAB has been used for
the numerical analyses and all the codes have been originally made. The accuracy has been checked
through the comparison with a general-purpose structural analysis software.

This is a provisional file, not the final typeset article 14
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4.1 Models for numerical examples

Consider two shear building models of 12 stories with different damping distributions of passive
dampers. Both models have a trapezoidal distribution of story stiffnesses (k; / k;, =4). The
undamped fundamental natural period is 1.2 [s]. All the floor masses have the same value. The
common story height is 4 [m]. P-Model has stiffness proportional type damping and NP-Model has a
uniform distribution of damping coefficients. For both models, the sum of damping coefficients is set
to 10x107 [Ns/m]. The fundamental damping ratio of P-Model is 0.035. Figure 3 shows the 1-4th
participation vectors (eigenmode x participation factor) and the undamped natural periods.

12

10}

>
g0 T, =1.20[s]
4t T, = 0.462[s}
)l T, = 0.285[s].
. | T, =0.209s]
-1 -0.5 0 0.5 1 1.5

participation vector
Figure 3 Participation vectors and natural periods

4.2 Comparison of elastic responses and input energy

Figures 4-9 show the distributions of peak interstory drifts, the distributions of floor accelerations,
and the input energy under DI, PDI and the corresponding one-cycle sine wave for the inputs with

t, =0.3,0.6,0.9[s] . The time interval t, =0.6[s] is nearly the critical timing for the fundamental
natural mode. Figure 10 shows the time-history floor acceleration in the case of t, =0.6[s]. The
negative peak interstory drifts correspond to the maximum deformation after the first impulse, and
the positive peak interstory drifts correspond to the maximum deformation after the second impulse.
The velocity amplitude of DI is set to V =0.5[m/s] . It can be observed from these figures that
higher modes contribute to the responses under DI. This is because DI has multiple frequency
components. It is also noted that, just after each impulse input, the change of the interstory velocity
and the corresponding damping force are provided only in the first story, and the inertial force also
arises to balance with the damping force. Therefore, the floor accelerations in lower stories becomes
large. In the case of t, = 0.6[s], the responses under PDI and the one-cycle sine wave correspond
well. The phase lag in the responses and the presence of the ground acceleration give the difference
of the floor accelerations in lower stories. However, the difference is small. In the case of t, =0.9][s],
the higher-mode responses are hardly excited by both PDI and the one-cycle sine wave. However, the
interstory drift response and the floor acceleration under PDI are about 1.3 times larger than those
under the one-cycle sine wave. This results from the fact that DI has multiple frequency components

Akehashi and Takewaki 15
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and the input energy by PDI largely exceeds that by the one-cycle sine wave. In the case of

t, = 0.3[s], the responses under PDI and the one-cycle sine wave do not correspond well. This is
because the one-cycle sine wave excites not only the fundamental-mode response but also the
second-mode response.

It can be observed from Figures 7-9 that the non-proportional damping provides the slight
contribution of higher complex modes to the responses under PDI.
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Figure 4 Comparison of distributions of interstory drifts, distributions of floor accelerations and
input energy (P-Model, t, =0.3[s]), (a) DI, (b) PDI, (c) one-cycle sine wave.
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input energy (NP-Model, t; =0.9[s]), (a) DI, (b) PDI, (c) one-cycle sine wave.

Akehashi and Takewaki

21



474

475
476

477
478

479

480
481
482
483
484

485

486

487
488

489
490

This is a provisional file, not the final typeset article

Akehashi and Takewaki Critical Pseudo-Double Impulse for MDOF

20 20
1st floor
- === top floor
— . 10 _. 10
& & &
\w \w ’ - \ - - Q PRERN
£ £ 0 _:&/'—‘\_,;:—\L__r'——. £ ol—= T A I
< < \ / \ 7 Ny, - ] \ 7 N4
o o N/ N, ~ 3 \\ 7 N
& & - &
-10 -10
P-Model P-Model P-Model
-20 -20 -20
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
t [s] t [s] t [s]
20 20 20
1st floor
- —=-- top floor
_ P 10 _ 10
& & &
& Q > - - \u) VARRN
£ - SO NSNS B - SN > R N
. . d
T‘; E \\ , \\,/ N 78 Y II \\// N_v
s s i s
-10 -10
NP-Model NP-Model NP-Model
-20 -20 -20
1 2 3 4 0 1 2 3 4 0 1 2 3 4
t [s] t [s] t [s]
(a) (b) (c)

Figure 10 Time-history floor acceleration at 1st floor and top floor,
(a) DI (t; =0.6[s] ), (b) PDI (t, =0.6[s] ), (c) one-cycle sine wave (t, =0.6[s] ).

Figure 11 shows the maximum interstory drift d,,,, with respect to t,. The critical timing under DI
and that under PDI are also illustrated. It can be observed that the critical timing under DI differs
from the timing which maximizes the value of d,, . On the other hand, the critical timing under PDI
corresponds to the timing which maximizes the value of d,,, . Moreover, the value of max(d,,,,)
under PDI is almost equal to that under the one-cycle sine wave. o
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Figure 11 Maximum interstory drift with respect to t,, (a) DI, (b) PDI, (c) one-cycle sine wave.
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5. Comparison of responses and input energy of elastic-plastic MDOF models under DI, PDI
and one-cycle sine wave through time-history response analysis

In this section, the time-history response analysis is conducted to compare the responses of elastic-
plastic MDOF models under DI, PDI, and the one-cycle sine wave. P-Model and NP-Model are used
again. The common yield interstory drift is 4/150 [m] and the story shear-interstory drift relation
obeys the elastic perfectly-plastic rule. It should be pointed out that, due to the nonlinearity of the
story restoring-force characteristics, the elastic modes and the plastic modes are coupled. The plastic
modes mean the modes evaluated by using the post-yielding story stiffness. This phenomenon is
called nonlinear coupling [34]. The contribution of the plastic modes to the responses depends on the
state at the timing when the model attains the yield deformation. However, it is true that the
fundamental mode is dominant in the response under PDI and that under the one-cycle sine wave
with long period. Therefore, it is expected to investigate the correspondence of the elastic-plastic
response under PDI and that under the one-cycle sine wave.

Figures 12-15 show the elastic-plastic responses under DI, PDI, and the one-cycle sine wave. Figure
12 indicates the input energy with respect to t,. Figure 13 shows the maximum interstory drift with
respect to t,. In Figures 12, 13, the critical timing (maximizing the input energy) and the timing
which maximizes the value of d,, at each input level are also plotted. Figures 14, 15 present the
distributions of interstory drifts and the distributions of floor accelerations under the critical DI, and
those under the critical PDI, and those under the one-cycle sine wave with t, which maximizes the
value of d,, ateach input level. The velocity level V is increased from V =0.5[m/s] to

V =2.0[m/s] by 0.25 [m/s]. It can be observed from Figure 12 that t,, which maximizes the input
energy, smoothly shifts with the increase of the input level. Especially in the case of PDI, the critical
timing and the timing which maximizes the value of d,, correspond well for all the input level.
Moreover, the critical timing under PDI and the timing which maximizes the value of d ., under the
one-cycle sine wave correspond well in the range of V >1.3[m/s]. It can be observed from Figure 13
that, in the case of DI, d,,,, has multiple peaks with respect to t, under the condition of constant V .
As a result, the timing which maximizes the value of d,, shows the unstable shift with the increase
of the input level. In the case of PDI and the one-cycle sine wave, d,, has few peaks with respect to
t, under the condition of constant VV . Moreover, max(d,,,,) under PDI and that under the one-cycle
sine wave correspond well for all input level. It can Be observed from Figure 14 that the deformations
in the middle stories under PDI are slightly larger than those under the one-cycle sine wave, and the
deformations in the lower stories under PDI are slightly smaller than those under the one-cycle sine
wave. However, the correspondence of the distributions of interstory drifts under PDI and those
under the one-cycle sine wave is fairly good. On the other hand, the distributions of interstory drifts
under DI do neither correspond to those under PDI nor those under the one-cycle sine wave. It can be
observed from Figure 15 that the distributions of floor accelerations under PDI and those under the
one-cycle sine wave correspond well. On the other hand, the floor acceleration response under DI is
quite large.
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From the above results, the distribution of interstory drifts and the distribution of floor accelerations
under the critical PDI correspond well to those under the one-cycle sine wave with t, which
maximizes the value of d,,, . As far as the input level is large, the critical timing under PDI
corresponds well to the timing which maximizes the value of d,,, under the one-cycle sine wave.
Moreover, the critical timing can be obtained from the time-history response analysis without
repetition. Therefore, using the critical PDI helps to efficiently estimate the responses and the input
period under the critical one-cycle sine wave for elastic-plastic MDOF models.
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Figure 12 Input energy with respect to t,, (a) DI, (b) PDI, (c) one-cycle sine wave.
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Figure 13 Maximum interstory drift with respect to t,, (a) DI, (b) PDI, (c) one-cycle sine wave.
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Figure 14 Distributions of interstory drifts, (a) critical DI, (b) critical PDI, (c) one-cycle sine wave
with t, which maximizes value of d

NP-Model

max

NP-Model

at each input level.

20

P-Model
10 V =2.0[m/s] 10
8 8
ey >
26 26
4 4
P-Model
2}v Zo.5[m/s] 2 ode
0 5 10 15 20 0 5 10 15
a_ [m/s4 a_ [m/s?]
max max
12 12
NP-Model
10 10
8 8
ey Iy
36 36
4 4
2 2 NP-Model
0 5 10 15 20 0 5 10 15
a_ [m/s%] a_ [m/s?]
max max
(a) (b)

20

12

10

story
N £ [=2] (o]

P-Model

0 5 10

a_ [m/s]]
max

15

20

NP-Model

0 5 10

a  [m/s%]
max

()

15

20

Figure 15 Distributions of floor accelerations, (a) critical DI, (b) critical PDI, (¢) one-cycle sine
wave with t, which maximizes value of d,,, at each input level.

Akehashi and Takewaki

25



562
563

564
565
566
567
568
569
570
571

572
573
574
575
576
577
578
579
580
581
582

583

584
585

586
587
588

589

590

591

Akehashi and Takewaki Critical Pseudo-Double Impulse for MDOF

6. Comparison of responses of elastic-plastic MDOF models under recorded near-fault ground
motions, DI, PDI and one-cycle sine wave through time-history response analysis

In this section, the time-history response analysis is conducted to compare the responses of elastic-
plastic MDOF models under recorded near-fault ground motions, DI, PDI, and the corresponding
one-cycle sine wave. In Sections 4, 5, the critical responses of the elastic-plastic MDOF models were
mainly treated. However, recorded ground motions are not always critical inputs for the models.
Therefore, the correspondence of the responses under PDI and those under recorded ground motions
are investigated here. Application of the procedure presented in Section 5 (time modulation of PDI,
i.e. time modulation of recorded ground motions for finding the critical input for a given structural
model) will be discussed briefly at the end of this section.

The Rinaldi station fault-normal component during the Northridge earthquake in 1994 (Rinaldi Sta.
FN) and the Kobe University NS component during the Hyogoken-Nanbu (Kobe) earthquake in 1995
(Kobe Univ. NS) are employed. The main part of each motion is approximated by a one-cycle sine
wave following the procedure shown in [35]. Namely, the acceleration amplitude and the period of
the approximated one-cycle sine wave for the Rinaldi station fault-normal component are

A, = 7.85[m/32],Tp = 0.8[s] and those for the Kobe University NS component are

A, = 2.6[m/sz],Tp =1.0[s]. The time interval of impulses in DI and PDl is given by T, /2. The
velocity amplitudes V =0.25,1.0[m/ s] are selected for DI and PDI. The amplitudes of the ground
motions and the approximated one-cycle sine waves are adjusted to the levels of DI and PDI. Under
the velocity level V =0.25[m/s], the models perform elastically. Figure 16 shows the adjusted
ground accelerations of the recorded motions and the approximated one-cycle sine waves.
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Figure 16 Accelerations of recorded ground motions and approximated one-cycle sine waves whose
amplitudes are adjusted to the maximum velocity level V =0.25[m/s] of DI and PDI,
(a) Rinaldi Sta. FN, (b) Kobe Univ. NS
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Figures 17 shows the elastic-plastic responses under Rinaldi Sta. FN, DI, PDI, and the approximated
one-cycle sine waves for V =0.25,1.0[m/s]. It can be observed that the distributions of interstory
drifts and the distributions of floor accelerations under PDI slightly smaller than those under the
ground motion and the one-cycle sine wave. This is because the time interval t, is shorter than the
critical one. However, the correspondence of the distributions of interstory drifts under PDI and those
under the ground motion and the one-cycle sine wave is fairly good. On the other hand, the
distributions of floor accelerations under DI do not correspond to those under the ground motion, the
one-cycle sine wave and PDI.

Figures 18 shows the elastic-plastic responses under Kobe Univ. NS, DI, PDI, and the approximated
one-cycle sine wave. The distributions of interstory drifts and the distributions of floor accelerations
under PDI and those under the one-cycle sine wave correspond well. On the other hand, the response
under the ground motion is about 1.6-1.7 times larger than those under the one-cycle sine wave and
PDI in the case of V =0.25[m/s]. This is because the ground acceleration of the Kobe University
NS component becomes large at plural timings and the hysteretic energy dissipation does not exist in
the elastic response range. In the case of V =1.0[m/s], due to the residual deformation, the
deformations in the lower stories under the ground motion slightly exceed those under PDI.
However, the correspondence of the distributions of interstory drifts under the ground motion and
PDI is fairly good. Moreover, the distributions of floor accelerations under PDI correspond well to
those under the ground motion. As in the case of Rinaldi Sta. FN, the distributions of floor
accelerations under DI do not correspond to those under the Kobe University NS component, the
one-cycle sine wave and PDI.

From the above results, it can be concluded that the correspondence of the response under PDI and
that under the recorded ground motions is fairly good although recorded ground motions are not
always the critical inputs for elastic-plastic MDOF models. Especially, the floor acceleration
response under PDI corresponds well to that under the ground motions while that under DI largely
exceeds those.

Although the time modulation of recorded ground motions for finding the critical input for a given
elastic-plastic MDOF model was not conducted, this procedure can be performed straightforwardly
by using the procedure shown at the end of Section 5. If we do not use PDI, many repetitive
procedures including time-history response analyses are necessary for the recorded ground motions
to find the critically time-modulated version of recorded ground motions.
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Figure 17 Distributions of interstory drifts and distributions of floor accelerations under Rinaldi Sta.
FN, approximated one-cycle sine wave, DI and PDI, (a) P-Model, (b) NP-Model
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Figure 18 Distributions of interstory drifts and distributions of floor accelerations under Kobe Univ.
NS, approximated one-cycle sine wave, DI and PDI, (a) P-Model, (b) NP-Model

7. Conclusions

In this paper, a pseudo-double impulse (PDI) was proposed as an extension of the ordinary double
impulse (DI). The main conclusions can be summarized as follows.

(1) The deformation response and the acceleration response under DI largely exceed those under the
corresponding one-cycle sine wave as a main part of a near-fault ground motion. This is because
DI has multiple frequency components. To resolve this issue, PDI was introduced. PDI is treated
as a set of impulsive lateral forces which is equivalent to an ordinary double impulse. While the
influence coefficient vector of DI for a shear building model is the vector such that all the
components are one, the influence coefficient vector of PDI is set to be proportional to the
undamped fundamental natural mode.
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(2) The displacement responses, the velocity responses and the input energy under DI and those under
PDI were derived for both elastic proportionally damped MDOF models and elastic non-
proportionally damped MDOF models. In the case of elastic proportionally damped MDOF
models, the responses under PDI is equal to the fundamental mode response under DI. In the case
of elastic non-proportionally damped MDOF models, all the complex modes are excited by PDI.
However, the contribution of higher modes is slight as far as the non-proportionality of the damping
matrix is small.

(3) The critical timing under PDI was derived. The critical timing is the timing which maximizes the
input energy. The critical timing can be obtained by the time-history response analysis without
repetition. Especially in the case of elastic proportionally damped MDOF models, the input energy
is maximized when the sum of the first mode inertial forces (equal to the base shear) attains zero.

(4) The distributions of interstory drifts and the distributions of floor accelerations under PDI
correspond well to those under the one-cycle sine wave as far as t, is close to one half of the
fundamental natural period. In the case that t, is small, the responses under PDI and the one-cycle
sine wave do not correspond well. This is because the one-cycle sine wave excites not only the
fundamental-mode response but also the higher-mode responses. In the case that t, is large, the
higher-mode responses are hardly excited by both PDI and the one-cycle sine wave. However, the
responses under PDI are larger than those under the one-cycle sine wave. This is because DI has
multiple frequency components and the input energy by PDI exceeds that by the one-cycle sine
wave.

(5) The distribution of interstory drifts and the distribution of floor accelerations under the critical PDI
correspond well to those under the one-cycle sine wave with t, which maximizes the value of d, .
As far as the input level is large, the critical timing under PDI and the timing which maximizes the
value of d,,, under the one-cycle sine wave correspond well. Moreover, the critical timing can be
obtained by the time-history response analysis without repetition. Therefore, using the critical PDI
helps to efficiently estimate the responses and the input period under the critical one-cycle sine
wave for elastic-plastic MDOF models.

(6) The response of elastic-plastic MDOF models under recorded near-fault ground motions was also
compared with that under DI, PDI and the one-cycle sine wave. It was shown that the
correspondence of the response under PDI and that under the recorded ground motions is fairly
good though recorded ground motions are not always critical inputs for elastic-plastic MDOF
models. Especially, the floor acceleration response under PDI corresponds well to that under the
ground motions while that under DI largely exceed those. The proposed procedure for finding the
critical PDI enables the search of the critically modulated recorded ground motions. If we do not
use PDI, many repetitive procedures including time-history response analyses are necessary for the
recorded ground motions to find the critically time-modulated version of recorded ground motions.

The use of the critical PDI is highly recommended to simulate the acceleration responses, in addition
to the deformation responses, under the critical one-cycle sine wave for elastic-plastic MDOF models
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in place of DI. It is noted that PDI is applicable not only to simple shear frames but also to complicated
frame structures. This is because higher-mode responses are hardly excited under the ‘critical’ one-
cycle sine wave in the case that the natural circular frequencies of the higher modes are separated
enough from the fundamental natural circular frequency. It is also noted that the influence coefficient
vector ¢ should be modified when the natural circular frequencies of the higher modes are not
separated enough from the fundamental natural circular frequency. For example, : should be modified
to 1= @, + a,¢, to treat the critical responses of the buildings with TMD.

Pulse-like motions may cause devastating damage to building structures. Especially, the plastic
deformation concentration to specific stories must be prevented for the safety of buildings and human
lives. The simulation of the critical elastic-plastic responses of buildings under pulse-like motions by
PDI will help to design safer buildings by capturing simultaneously the resonant deformation and
acceleration responses without repetitive procedures for finding the resonant period.
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Appendix 1: Transfer function of acceleration

Figure Al shows the transfer functions HZ\, of the absolute accelerations at the top story with respect
to input ground acceleration and the transfer functions Haf’N of the ‘relative’ (to ground) accelerations
at the top story with respect to lateral force input with v = @, . The latter transfer function is the ratio
of the relative acceleration at the top story with respect to VJ(t) -V J(t—t,) in Eq.(20). It can be
observed that higher modes hardly contribute to H, and the values of H at @=0 are zero due
to the absence of the ground motion. Although the components of Haf'N in a higher frequency range
are thought to enlarge the acceleration responses under PDI, this is not true. These components
correspond to the Dirac delta function in time domain since the real parts of these components are
almost constant and the imaginary parts are almost 0. In other words, an impulsive lateral force causes
impulsive relative acceleration responses. Such impulsive acceleration responses are excluded in the
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evaluation of the maximum acceleration responses. This fact supports the validity of using PDI in the

evaluation of acceleration in place of DI.
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Figure A1 Transfer functions HJ of absolute acceleration at top story with respect to input ground
acceleration and transfer functions H af,N of relative acceleration at top story with respect to lateral
force input with v= @, , (2) H7\ of P-Model, (b) Haf’N of P-Model, (c) HZ of NP-Model,
(d) HSy of NP-Model

Appendix 2: Phase properties of maximum responses
The phase properties corresponding to the maximum responses under PDI are derived for
proportionally damped elastic MDOF models. Figure A2 illustrates the phases of the maximum
responses under the critical PDI in the complex plane. The timing ty, at which the displacement
response attains the maximum under the 1% impulse of the critical PDI is the timing at which the
velocity response attains 0. t, ; is expressed as follows.

ty1={(z/2)-d} wp,

In the same way, the timing t,, at which the velocity response attains the maximum under the 1%
impulse of the critical PDI and the timing t, , at which the acceleration response attains the maximum
are derived as

(AT)

(A2)
(A3)

t1= (7=2¢)/ op,
tas ={(7z/2)-3¢} op,
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The timings ty ,,t,,,t,, at which the displacement, velocity and acceleration responses attain the
maximum under the 2" impulse of the critical PDI are derived as follows.

ty2 =16 +{(x/2)~ (h— A} oy (A4)
to =t + (7~ )/ oy (AS)
taz =15 +{(x/ 2~ (h+ A} op (A6)
where ¢31 is the phase angle between G and the imaginary axis, and ¢31 is expressed by
¢ = arctan sin(2¢) (A7)

cos(2¢) +exp(-hatg)

¢ satisfies ¢ < ¢ < 2¢,. By substituting Equations (A1-A6) into Equations (22a, b), (23a, b), the
maximum responses under the critical PDI are evaluated.
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Figure A2 Phases of responses under critical PDI in complex plane
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