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CRITICAL EARTHQUAKE RESPONSE OF ELASTIC-PLASTIC STRUCTURES WITH
NONLINEAR VISCOUS DAMPING UNDER DOUBLE IMPULSE AS SUBSTITUTE FOR
NEAR-FAULT GROUND MOTION
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and Izuru TAKEWAKI

The double impulse is introduced as a substitute for the fling-step near-fault ground motion and a closed-form expression is derived for the

elastic-plastic response of a structure with nonlinear viscous damping under the ‘critical double impulse’. It is shown that, since only the free

vibration appears under such double impulse, the energy approach enables the derivation of the closed-form expression of a complicated

elastic-plastic response with nonlinear damping. The quadratic or elliptical-function approximation for the damping force-deformation

relationship is introduced. The validity and accuracy of the theory are investigated by using the response analysis to the corresponding

one-cycle sinusoidal input.
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(a) (b)
Fig.1 Modeling of near-fault ground motion:(a) Fling-step input and

double impulse,(b) Forward-directivity input and triple impulse 14
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deformation relation velocity relation
Fig.2 Elastic-plastic SDOF model with nonlinear viscous damper

(a) SDOF model
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Fig.3 Critical timing of elastic-plastic SDOF model with nonlinear
viscous damping under double impulse
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HT 22 eBTED, 2L, 2O & SHRENd, & OFR/NERIC
LG ERINBETH D, BRI DL bRICHEINY Y —7
WHEZ FED5E (upy <d,)« uow 1 FRE)TREND, —T7, WE
AWV V=7 i5EE FHD &0 bRICERBEE 258 (d, <upy,)
upp FTFVF—LMHANC LV RO L 2 12EBNR D,

0.5mV> =0.5mV,j +0.5kd + kd, (1, —dl, )+ CV iyt (24)
& o :0.5(?2 Vo +1)/(1+2h?m) (25)

H(5) & @B DI Ly =d, &5 Z LIZE VKA TREND,

Vbl = I7 = \jl + 4h171)R + ?f)R (26)

BLA SV ARER LT bR RERIC#ET D £ TR

BRI FFR(DERCTH D, 5o Ty M (0,—cVpp) K (—u,,,,,,0) [
DOZFNF—HALY |, TROI /NS,
0.5mV> =0.5kd; +kd, (1, —d, )+ Ep, (27
&t =(37 — 4 it +3)/(6+8WDR) (28)

iz, REHHWIFREE)EMAT D Z & TRARE LN D,

—@ = —
Umax (V) = Umaxl

—2 252 = — — o
3V +3+8h Vi 2hV pr '(4/!2 *I)V;)R n VZ (VY <Vm) (29)

2(3+4hV ) T

—2 —3
Vo+1 hV pr
+

21420V e) (14247 on ) (3+ 4RV or ) B

F. T AoV TE, RAD K OCRCOICE N T twa =1 £ T 2
Llcknfiensd. ¥ 61E. CASE R1,R2 TIEA (—u,,,,0)
LETEH 0 DA ECOREEN u,,, THDHDIZx L, CASER3 Tl
ZTOREEN d, L0 D6THD, E->T, v, FRO LI IZHFOH
Do

(CASE D3a O#4)

W == exp{ —(h =i )(0.57r+ arctan(h/1— 12 ))} (30)

(CASE D3b, D3c D4

W% :{VZR +(2ha,) +(1-2ha,)’ (I—VDR /ai)

_ _ — 12 (31)
—8h2a, V or +4h(1—2ham)(am - VDR)Jl Vil d }
4.3.4 CASE R3 /D CASE D1, D2 DiH&
SR 1A AR LT KB, HR D E

TOWRT, HIL DR, WMENDPHRIEOLETHY | 4.3.3
iz L L b OIS T 5,

ZOEEE 1AV ABLDORKREMN u,,, VX, 4.3.2 i & [FEE
12, RE@IDE 1 RICBN T V-V 352 THLRD,

st (V) = s = 1.5(1 +I72)/(3 +4n7) (32)
FT20 (Al 0) MBI 0 O E CTOMREL g THREND

. v RGO R UL B,
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Table 1 All Cases (2" impulse timing: Restoring force is zero)

Damping force-deformation relation
CASE CASE CASE case | S8
D1 D2 D3a D3b
D3c
— —() [ —(2) (5
7|6 Unmaxi umax(V) umax(V)
[0]
w2 - U -2 -3
S| Ve Ve Ve Ve
% E - =0 (= = - (-
1) Unmax2 llnm(V+V() u.mx(V +v‘)
8‘ — —(1) [—= —(2) (75
é o Umax1 Umax (V) Umax (V)
;
o | o = - -2 -3
g & Ve Ve Ve Ve
o - - I a—
SR e | )] (7 )
(V]
= — -0 (7 —4 (1
5 s a2 (P) | uit ()
el o)
o | - —(4) —(5
—_ | »
o @ Ve Ve Ve
2
N -
8 @ Umax2 Mmax(V+V ) Upi ‘ Mxnax(V+V ) Up

4.3.5 CASE BDER

Table 1124 CASE IZ%f LT trmunt, Ve, ttmaz & F & O TR, 0
TSV T, CASE R1 & CASE R2 D B2 HUT o =1 , CASE R2
& CASE R3 OFEFUT et =1 TH D, —F WESFFEIC OV T,
CASE D1 & CASE D2 DB FE V +v. =V .CASE D2 & CASE D3a
OBEFIZV=Vm . CASE D3a & CASE D3b O FUL v =V T
%, Fio. AR OWE-EN RO ERIENC LV . CASE D3b
X CASE D3c & A% o CASE & L C#Hbid,

4.4 FWME CRERRKDZA I VT TE24 VNILADER)

W, HERKDZA I LT TE2A SV ARENT 25HEIC
DWTIRKREMOMHBERBZENT 5, 2oL &, CASE D3 I3,
B2 AV AERBIOREIZIG U TEBHIZ 2 2l bhb,
CASE D3a 1355 2 1 > 73V ZHE BT O KIgE A3 U U — 7 fif LA
ToHA, CASE D3c 1355 2 1 V/f/bz{’rfﬂ%ﬁﬁ(?)%j@ﬁz%ﬁbi% z
VU —TWMEICEELTCWIEATHE, BERKKOXA I LI T
B2 IVARMERT 2854, 438 TR L7 CASED3b AL
20, fEo T, MET B CASE ITit 12 &7 5,

% CASE Ot /1B MR % Fig.8 I, = /- A% % Fig.9
RS, 551 A 7OV A DR RN u,,, 1 4.3 Bl CEHE AT
HD, LinL, BERKOZA I T TH2A 7 SVAMERT S

&, 4.3 EW)J: INZE 1A V7SV ABRDEKREN u,,,, & OBLIME
EFALTE 2 A V7 SVABORKEN u,, , ZRDDHZ LIF T
RN, GEo T, REITIEE 2 A 27V AEHBIOHREE v, . KO
H 2 A IR DI RN u,y,,, DT EZ R,

4.41 CASE R1 D> CASE D2, D3a, D3c Mi5&

T, E 2 A SV ABRER L T RREN v, , ZHZD
ETOM %aaf I DB, WEABIFRETHY | H 1A 3
WAL BIBUEER B un=0 DBETH D, HEIDBRIEOEE
(CASEDDIFZ Z N ZFMEL L7z b OIS T 572, Z 2 Cldkic
BEBIFRIZE OB EICONTE R D,

IXUOIT, H2 A 7V ZERRTO KR v, 23855,

% 1A VA GOBWREANY Y — 7 HHELL T O8546(CASE D2)

TP ERND Z e <M FRAEZMS L TERDE DI
fo?fbéo
mii+cii+ku=0

{uw):o WO =1 u(t) =, i) =v, L ii1)=0 D
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fr fr fr

fRy | @ :1%impulse fry
kumaﬂ" ; A :2"impulse

“Umax1 ~Um

“Unmaxt ~Up

u

-d, ; Umaxz dy [
& -ku

_fR

dy Unaxz -d,a dy Una

'max1

KUt
TRy -} 'fRy
Upy

(a) CASE R1 (b) CASE R2 (c) CASE R3
Fig.8 Restoring force-deformation relation

(2™ impulse timing: Velocity is maximum)

Y

fp fp

u,

(c) CASE D3a (d) CASE D3c
Fig.9 Damping force-deformation relation

(2" impulse timing: Velocity is maximum)

S ttm =2hvm , Ve =vm=allV (34)

Flo, FE2 A OV AMERRTOERIBE NN Y ) — 7 R T O
5A(CASE D3a), #5 2 A 7L ZEMIRT O i K EE v, 13, %’ 14
VIOV AR DI RN uy, VD E Y R AR 2
DIROEDITR/BIND,

max 1

mii+cti+ ku =0
. (35)
u(0) ==ty , 0(0)=0, u(t,)=-u, ,u,)=v, , u(t,)=0
& U =2V Vo =V =, et (36)

m

—h. B2 A OV AERETOR KRR HBEEC ) U — 7 fifEIC
2L T AHA(CASE D3e). 4 2 A v 7OV AEHRTO R KL v,
(=N ME&‘J ﬁuﬁ%'»@#f%ﬁ;ﬁﬁ %43Enkl’l$§ HHCIEPT 5
LRV DAL D, FE & B £, =V DAL u JERE

okt it(w)f%énéo T Uy ERWD L v, 3 TR

%ﬁq& CHIREVRDEIITKRDDL Z B TE D,
mii+cVpy, +ku=0
, . (37)
M(O) =-u DR1 » u(o) VDR > u(fm) m > u([m) m > u(fm) 0
S it =21V bk, Vi =\/( o= 2V o1 ) +V o (38)

TRISRADE AT B L KRS B RS,
2
WD =n= \/{zh(am;mm o0 )+ (1250, Whows 7 /a;} Vo (39)

WIT, &2 A RNV ABDRKRENM u,,, ZEET D,
CASE D2, D3a, D3¢ DWW FHUZHONT H, 5 2 A > UL X I
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FHPDTY U — 7 8% FIE D WO LR up, 1. 5 (—u,,,cVpp) -
(s V) FAD = F L F—EMHANC LY | RO L ICHE BN D,

0.5m(V +v,,) +0.5ku’, = 0.5mV yy +0.5kut gy, + Vg (14, +1,, ) (40)

S upra = \/(4h2 )W + (17 Vi )2 . (&m 74h17m) —2hV e (41)

Fio. 4.3 Hi L FERIC, BRI AN RO IERIGE S A R
(U5 0) TS E U TA (uppyn V) 202 2 IRBIEL TS D & |
B2A SNV APER LT b R RENIET L £ TICHER 2378
FTHEF Ey, 1R L 2 B,

(42)

E,, =cV,,(2u, +3u, +upp,)/3

max 2

INEMND & B (~u,,cVpp) 5 (u
Bl/INE TR =) PR R & 1 2F g I

max 2

0) [ 0> = L F — A Hl|

max2?

0.5m(V +v,)’ +0.5ku?, = 0.5ku?, , +E,, (43)

max 2

S U = {(16/9)#?& —(4/3)hV prttor2 +(V+;m)2
_ _ 12 _ (44)

+um(um—4hVDR)} — (4137 o
TS, upem & LTAMD), u, & LT CASE D2,D3a O¥BAIE
tm =2hv . CASE D3¢ DAL um =20V ox ZICAT 2 = & T

BRFHND,
(CASE D2, D3a D56

W (7)== {_<4 I o [0 4 (7 450+ 4802 (2P ) (45

—_ — — — — — 12 —
+(40/ RV br +(V + v )Z + 40 (v —2V b )} —(4/3)V o

(CASE D3c DEA)

oo (V) =t :Jghzvzﬂ 2 (7)o (7470 ) - 270 (46)

4.42 CASER1 »™D CASE D1 D&

ZHUEL 2 AV OV ADBMER LT B IRKREN u,,, ZHZ D
ETORRT, B EWMBENNEBITREOLATHY . 4.4.1
iz b L2 b OICHY 5 5,

ZDEEHE2A LV AMERRTIORIHE v, 1IZREH)TER SN
Do Flo. 2 A NV ABEDRKREN u,,, 1T, 4.3.2 i & FERD
2R, RUBDICEBN TV >V+va ETHZ L THRLND,

2 (7) =t = J(?JM )zghz + IJ—%hz;m (47 +30) = 34(7 +50) (47)

4.4.3 CASE R2 /™D CASE D2,D3a,D3c DHE

ZHUE, BB 2 A OV AMER L T IR KRB u,,, XD
ETOMBBT, BT/, BEADE LICHERETHY . 1108
NALE DL R un =0 ODBRATH D, WEIDBRBOEHE
(CASEDDIF Z N AL L= b OIS § 572, 2 Z Tk
BEDPIRIEOB/EITONTERD, ZDOLE, H24 7 UVAE
FBTORFGEE v, 1%, CASE D2 04 13:X(34), CASE D3a 0
£13(36). CASE D3c »#& 1339 THREND,

Flo B2 A LSV AGE O KEN u,, , LT O X512 L TR
HHND, FT. H2 ALV ABITHEABDTY U — T HfE
% A% W DLy, 13, 4.4.1 Ei & RIBRIC = 3L F— P2l A fif <
ZEIZEoTHEIT LI ENTE D, I2EL, 2oL RREN ,

B

EORNERICEDLEEDTPMETH D Z LITHEET D, BFRIKT
X0 BEICWRANY V=T FHEE TS (U, <d) e
FREDTERIND, . BEANV YV —TREEZTESL L0 b
SACRRIRDE X DI B (d, <tpg,) « gy 12T /L F —F RN LY
/RSN CT2¥ (N

0.5m(V +v,) +0.5ku?, = 0.5mV 2, +0.5kd’ (48)
+kd, (uDRZ —dy)+cVDR (uDR2 +u, )

= ;nm =0.5 {(17 + ;m )2 - 173)13 +1+ ;m (;m - 4hl7/)1e )} /(1 + 2hl7me) (49)

XD L AUDDEER Ty, =d, LT 2T LICE D RATEEN D,

Vo = \/1 ARV o+ T o — it (;n, _ Wm) (50)

Ero, B2 A VOV ARMEA LT BRRENICET B £ TICH
HANRGTAFIRU)TREND, > T 1K (-u,,cVp) ~A
(U, 0) FID TN — PR LD | g, , BRI L 2D,

‘max 2

0.5m(V +v,) +0.5ku’, =0.5kd} +kd, (u d,)+Ep, (51)

max 2

3 (I7 + ;m )2 +3- 4h?DR ;DRZ + 3;,;1 (;m - 4h§m{ )

_ (52)
6+ 8V pr

< Umax2 =

£(50), KGDIT, upm & LTRUAD FE 7 17U49), u, & LT CASE
D2,D3a DEAIE un =2hv, . CASE D3¢ DIFBAIE w, =20V or 1A
T5ZETHRANTLEND,
(CASE D2, D3a ®#4)
s (V) =t
3(7 4+ ) +3 4120 v (v~ 27 on ) + 82V i
2(3+ 4RV or )

2hV ok

o 7o+ (7 ) 48 (=2 )

(53)
(V + v <th)
(7 + v ) 14 4070 (30— 27 0n) P
— + — —
2(1+ 24V on ) (14287 o )(3+ 44V e )
o (Vi <V +vm)

v, = \il AV o+ V o — 4P (Qm W ) (54)

(CASE D3¢ D¥4)
i (V) = s
— -2 )52 _
3(V +vn) +3-40Vie 247

— — (; + ‘:m )Z - ?5}1{
2(3+ 41V or ) 34 4hV pr

oV +vw <Vi3) (55)
(V+;m)z +1 6p2 T (4h2 +1)hVLR
2(14 247 ) T (1+ 287 on ) (3 + 44V on )

(I_/bs <?+\jm)

v, :J1+4h?m (48 1)V o (56)

4.4.4 CASE R2 /D CASE D1 Di5&

THUEL B2 A VSV ABMER L T bR E M, XD
FCOWBRT, @I IR IERIE, BENIPREOLETHY | 4.4.3
2 s b Lz b OIS 35,
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TDLE, 24 L AERBTIORIGEE v, 1IZRBY TR SN

m

Do Eio. HB2A LV ABORKEN T 1k, 4.3.2 i & FEEO

EZzHEky, RGIDE 1 RITBN TV >V 4vm &TH2ET
WD EHE/EBND,

3(74va) +3-400 (47 472

e o
e (V) = thmaa = — (57)
(7) =t 2{3+4h(V+v,,,)}
4.45 CASER3 D84
SR B 2 A VLA BER LT b KR, A B

FTOBRTEILHDPIERETHY . up >0 DBFAETH D,
ZDEE, FE2 AV AMERRTORKEE v, 1X, 4.3.3 Hi&[F
HoEZ kv, 236), REMNZB N T umi =1 ETHZ EITE
D, KDOEHITH/BND,
(CASE D1, D2, D3a D4

T

Vi =Vm=a, (58)

(CASE D3c ®354)

2
o j{zh(am—17DR)+(1—2ha,,,)J1—?ZR/a;} +Ve (59

FI2, B2 A LV AB DRI uy,, IOV TIE, CASE D2,
D3a OE13A(53), CASE D3c 04 13(55), CASE D1 04
EAGDIZKH LT H 1A v SV A K DA B, 2L,
Umax2 —>Umax2 +Uup1 T HZETELND,

4.4.6 CASE RIDER

Table 2124 CASE 12593 ttmaxt, Vi, timax2 & £ & O TRY, 8
JESIHPEIZ OV T, CASE R1 & CASE R2 D523 tma2 =1 . CASE
R2 & CASE R3 OBER 1T umax1 =1 TH D, — 7, BREIFEIZ OV
TiX, CASE D1 & CASE D2 OB LV +vim =Vpr . CASED2 &
CASE D3a ®BE/13 ¥V =Vpr . CASE D3a & CASE D3c DB
v =Vpr TH 5

5 BTNAVINILAAAZRN-BRBEGESRTEDOLRIZLDS
¥ AREE

ADBE VSV VAT D A TNA LSV AATC R D%
KEM OISR (Approximation) & JikE1-ZA1BILR Ol % H
N TR W LIRS B RAT IS L 2 fif#rfRs . (Time History Response

Table 2 All Cases (2" impulse timing: Velocity is maximum)

Damping force — deformation relation
Case ‘ Case Case ‘ Case
D1 D2 D3a D3c
o | e s (V) it (7)
QD
g8 w v v v
87| ae | () | W) o (7)
>
a% o | T un (7) o (7)
232 - ) - -G)
Sl = Vm Vm Vi Vi
1% e | ) | W) e (7)
o
35| st (V) o (7)
— | D
S8 w W e
Sl e | (D) | wm(P)-u, | e (V)-u,,
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B

Analysis) [ZOWT, RANISEMEOLEKE Fig.10 1, B JI-E6r
IR D el % Fig 111287, 2 2 CTIBEER h=0.15030 &35,
FZIE L EREC W TIE, L 0D XA I T TH2 4 3L
AMEMT DA OB (closed-form A) & HEEHR RO K A 3
VITTE 24 L OVARERT 556 OISR (closed-form B) @
Ib, KEVWHFERALTWS, £/, BRZEISE M T
Newmark @ BiEZHWTIR Y | A 7L ARG 1 2737 A B
Uy 7 ICEB SE TR REMBBAK L 25 L EOIREZRAL T
%, %72, Non-Relief 13V U — 7 EL Vi >0 & LTZHA ORI
TERRATAE R 2 R Fig10 (213, ANHE L~V /Y, % 0.1 Z 4
Tl & E7- & Z 128l b CASE B2 A bETURL TN S,

Fig.10 XY | ¥, /¥, =051.0 DHEITE, ALYV, 23
RKIELE I, WEHOV VU — T ERRENFRIZEITL AT
THEY . V[V, =15 DA, SRR BRI O Y Y —=
WHEFECEITLTEC TN D, 20L& &, BRREE Y, 3R 1
AHERICH L TERSNIMETH D720, V[V, =10 TH->ThH
RSOV Y — 7 AFEBIEE E BRIZFEIRFICR Z 5702 SR
Do Flo. WLIEMATREAR L0 . IEEESR R BRES VY —7
B Ve (1, BVNEWVIEE U ) — 7RO BRI < Blbi T
Wb ENGND,

R S PR P 5 AT A T & 4 B G L 72 iR IS X B e RIS Al %

—umax/dy(T\me history response analysis) U /dy(Approximation) - umax/dy(Approximation)

max1
umax/dy(T\me history response analysis,Non-Relief) »»umEXQIdy(Approxlmatlon)

CASE CASE CASE CASE CASE

CASE CASE CASE CASE CASE
R1-D1 R1-D2 R1-D3a R2-D3a R2-D3c CASE

R1-D1 R1-D2 R1-D3a R2-D3aR2-D3c CASE
_——

5 R3-D3c . o R3-D3c
! T T
closed— L elosedf B H I i
dosed - dosetiom 5 closed - closed-form B
V__/V =05
10 | R Ty 10
3 3
\X \é
s 5 = 5
[ k!
0 lm= 0 lmmim=" | .
0 1 2 3 4 5 0 1 2 3 4 5
V/Vy V/Vy

(@) h=015,Vp /V, =05

CASE CASE CASE CASE
R1-D1_R1-D2 R2-D2 R2-D3a CASE

(b) 7=030,Vp, /¥, =0.5

CASE CASE CASE
R1-D1 R1-D2  R2-D3a CASE

| 5\ R3-D3a 1 5\ - R3-D3a
T
closed- N P closed-] el form-B
form A — form A -
10 10
> >
o o
~, S
g £
ER 5 5
[ s, o
0 lmm®* 0 [mmi=d
0 1 2 3 4 5 0 1 2 3 4 5
V/Vy V/Vy

(©) h=0.15,Vpe [V, =10 (d) h=030,V,/¥,=1.0

CASE CASE CASE CASE
R1-D1R2-DI R2-D2 R3-D2 CASE
Vol

CASE CASE CASE
R1-D1 R2-D2 R3-D2 CASE

R3-D3; R3-D3:
15 = 2 15 e =
closed- I £ B closed- | fi B
form A form A
T |
10 [ Vo'V, 715 H 10 | VoV 715 H

>
5

~ I
s

L
|
|
L

u aX/ dy

: | h=030 o
5 5 :
0 [ i 0 |mma ==
0 1 2 3 4 5 0 1 2 3 4 5

V/Vy V/Vy
() h=0.15,V,,/V,=15 (f) h=030,V,,/V, =15
Fig.10 Comparison of maximum elastic-plastic deformation of
model with nonlinear viscous damping under critical double impulse
by approximation with that by time history response analysis
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Time history response analysis
----- Approximation(2nd impulse timing:Restoring force is 0)
== Approximation(2nd impulse timing:Damping force is maximum)

03
I 1 i N
0.2 T — :
01 b= 05 -+
. TR
o
&y P o { \
~ = A\
> \, =
01 = VAT 05 N\ Vor/V, 1511
or 'y \ Sl
| he0is I 4 h=0.15

.3 L
-03 -02 -01 O 01 02 03 -2 -15-1-05 0 05 1 15 2
v/VDR v/VDR

(@) ¥/¥,=02 (CASER1-D1) (b) V/¥,=12 (CASE R2-D2)

1 = 1
0\
05 ,,J-’ 05
& { g
<0 } =0
s | w2
[} — —
-05 \ VoV, 715 ]| -05 V,/V,=05 ]
» h=015 || 1 h=015 ]

-4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3 4
v/ \ZA

(c) V/V,=2.0 (CASER3-D3a) (d) V/V,=2.0 (CASE R3-D3c)

Fig.11 Comparison of elastic-plastic response under critical double

impulse using approximation of damping force-deformation relation
with that by time history response analysis

oy 5 & gUNEER 2V U — 7 W v, /v, DR/ K
53 BIARIIRRRRAN 2 7 LA 2 7L 21256 2 IR R I R R
DOWMVEIRE ZRE LM cCETCnD Nz D, Z0EE, AT
LoUL AN S Wi Tl closed-form A, A ) L L3 K & W EFH C
1% closed-form B 3 ERA SN TEY, i 3.2 BiOFER & xfsd
%o

6. il 1 YA UV ILERREAVBHRABEGCERINEDLERICKLD
FEERELE

AREITIE, W R O BBy ORHE AR AT 1A 2 v

W DIERLE LTHE T A 3V 2% N D 2 & ONSEEGEE & 1T
Vo BTNA IOV A LA 1A 7 VIERL L, IEED 7 — 1
TIREORRMEAR S L 2D LIICAA LV EREL D, &
i 1WA 7 JVIERE O MR & L TR@)EHW 5,

Fig.12 12, AJJ@UE L ~v ¥V VIS5 % e RN O 35 P iR

(Approximation) & i 1 A 7 )VIESEH & ATy Liz46 ORF
GRS BMREATIC K DTS 3 (1-cycle sine wave) O b4 /%97,
IRRIZ DWW TIXATR OB Y | closed-form A & closed-form B @ 9
HbREWGTOMEEHNTWD, Fiz, RIS TIE, F1l
1 YA 7 VERE ORI T, =27/ 0, (f 273V ARG ( D 2 £
(AR 2, MBI OESE V, —ERIFTANT A MY w7 B S
THRREMPHER &R DROINEZRA L T D,

Fig12 K0 ALV /Y, /NS WEIFI T, U Y — 758
H Vg 1V, DI K S FTH TR k<~ LTV 5 2 E B0
=T ANV IV, BERT HIZONTAOEFIRELSRD
B BRERE D ROV V=T HEL v, /v, BPRELBDIELE, £
DIBRFEIT/NS L Mo TV D, Fio, ITERITEM 1 1 7 /VIETKE
WX D INE A AL M FHETE TS, 2D DOFREENS
#ﬁ%*ﬁ‘ﬂiﬁﬁi’ﬁ@“éﬁﬁ‘ﬂi 1 HHERICH LTS, W@

DFEPE LTHTNA NV AEZRHND LIRS THDLLEE
ns,

-5

0¥

— el dy =] = Umax/dy - y
(1-cycle sine wave) VDR/Vy_O'E - (1-cycle sine wave)}. VDR/V =05}
Umax/dy h=0.15 | Unax/dy h=0.30
10 (1-cycle sine wave, {-’ 10 (1-cycle sine wave, }
= Non-Relief)  fr-ord iy’ Z Non-Relief)
Sy —8— Unad/dy e -
€ (Approximation) ZNe S5 tldy
5 ; B AR , 5 (Approximation)
e a
0 1 2 3 4 5 2
V/Vy V/Vy
(@) h=0.15,Vp, /¥, =05 B (b) 7=0.30,Vp, /¥, =05
15 : ‘ —Unaldy Vv =[]
—Umaldy o VDR/Vy:1~5 | (1-cycle sine wave)| LR 1]
(1-cycle sine wave)| o
/d -| h=0.15 I’ 10 Unax/dy L _h=030 []
10 Umax/dy . (1-cycle sine wave,
N (1-cycle sine wave, < Non-Reli
N Non-Relief) A ~, - on-Relis?)
E ] = unaddy ) sz;?gximation) o
S 5 (Approximation) |82 —Z— 5 J”;V ,,,,,
—l‘;-
0 lut® 0 i
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Fig.12 Comparison of maximum elastic-plastic deformation of
model with nonlinear viscous damping under critical double impulse
(approximation) with that under equivalent one-cycle sine wave
(time history response analysis)
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After Parkfield earthquake (1966), San Fernando earthquake (1971), Northridge earthquake (1994) and Hyogoken-Nanbu earthquake
(1995), many aspects of near-fault ground motions have been made clear and the effects of near-fault ground motions on structural
response have been investigated. The fling-step (parallel to the fault plane) and forward-directivity (perpendicular to the
fault plane) inputs have been characterized by two or three sinusoidal wavelets. For such near-fault ground motions, many
analyses have been conducted from various viewpoints. However, as far as a forced base input is used, both a
free-vibration term and a forced-vibration term arise inevitably and the closed-form expression of the elastic-plastic
response may be difficult. In order to overcome this difficulty, the double impulse has been introduced by some of the
present authors as a good substitute for the near-fault ground motion and the closed-form expression has been derived
for the undamped elastic-plastic response and linearly damped elastic-plastic response of a structure under the critical
double impulse. Furthermore, this approach has been extended to other various vibration models, e.g. soil-structure
interaction problems, dynamic collapse problems, repeated ground motion problems, overturning rocking problems of
rigid blocks.

The double impulse input is introduced here again as a substitute for the fling-step near-fault ground motion and
some closed-form expressions are derived for the elastic-plastic response of a structure with nonlinear viscous damping
under the ‘critical double impulse’. It is shown that, since only the free vibration appears under such double impulse,
the energy approach enables the derivation of the closed-form expression of a complicated elastic-plastic response with
nonlinear viscous damping. It is also shown that the critical timing of the second impulse is the time with the zero
restoring force in the case where the input velocity is small. On the other hand, the critical timing of the second
impulse is the time with the maximum velocity in the case where the input velocity is large. The quadratic-function or
elliptical-function approximation for the damping force-deformation relationship is introduced. The combination of the
timings of the structural yielding and the damper relieving is considered in detail and the closed-form expressions are
derived for all the combinational cases.

The validity of the proposed theory using the quadratic-function or elliptical-function approximation and the
assumption of the critical impulse timing has been investigated through the comparison with the critical elastic-plastic
response under double impulse using the time history response analysis. The validity of the proposed closed-form solution
has also been demonstrated through the comparison with the response analysis to the corresponding one-cycle sinusoidal input as a
representative of the fling-step near-fault ground motion. It has been demonstrated that the maximum response to the critical double
impulse and the response to the corresponding one-cycle sinusoidal input coincide fairly well. This supports the validity of the

proposed theory.
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