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Abstract: Local site conditions, particularly those involving thick sedimentary layers that are suscepti-
ble to the amplification effects, can significantly modily seismic ground motions, often exacerbating
structural damage and posing catastrophic risks to major cities. To advance risk assessment and mitiga-
tion for future mega-earthquakes, this paper presents a systematic and critical review of the global ob-

servations and insights from the past century on nonlinear site effects in deep soft soil deposits. It fo-
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cuses on the evolution, current state, and persistent challenges in site response analysis methodolo-
gies. First, drawing on macroseismic site effect phenomena and strong-motion records from regions
such as the San Francisco Bay Area (1906 M,,7.8 and 1989 M6.9 earthquakes), the Mexico City Ba-
sin (1985 M 8.1 and 2017 M7.1 earthquakes), the Weihe Basin (2008 Wenchuan M8.0 earthquake),
and the Tokyo Bay Area (e.g., 1923 M7.9 and 2011 M,9.1 earthquakes), we reveal characteristic
features of nonlinear site amplification in deep alluvial plains and sedimentary basins. These include
pronounced amplification of long-period ground motions from far-field large earthquakes, prolongation
of strong shaking, site-structure double resonance effect, and basin-edge effects, among others. Next,
we outline the development of site response analysis methods and corresponding software, from one-
dimensional frequency-domain equivalent linear analysis to time-domain nonlinear methods (total
stress and effective stress approaches), and further to complex two- and three-dimensional nonlinear
wave propagation simulations. The theoretical principles, validation against downhole array record-
ings, applicability, and limitations of these approaches are extensively discussed. Finally, considering
potential extreme earthquake risks facing metropolitan regions in China's alluvial plains composed of
deep soft soil deposits (e.g. the Haihe Plain and Yangtze River Delta), we identify three fundamental
issues: (1) constitutive models capable of capturing the strong nonlinear behavior of very deep soft soil
deposits; (2) the construction of regional-scale numerical models that reasonably represent not only the
inherent spatial variability of extremely deep, complex deposits, but also the associated parameter un-
certainties; and (3) the development of efficient yet high-precision 2D and 3D nonlinear wave simula-
tion methods. Addressing these challenges is crucial for deepening the fundamental understanding of
site effects and establishing a robust scientific basis for enhancing urban seismic resilience against fu-
ture mega-earthquakes.

Keywords: seismic site effects; deep soft deposits; basin effects; long—period ground motion amplifica-

tion; soil nonlinearity; strong motion records; site response analysis techniques
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Fig.11 Recorded spectral accelerations recorded during the 1985 earthquake vs the seismic design spectra in the 1976 Mexico’ s
code (source: RAIIFTUNAM)

30 30 30
o x R
2 20 B oot 2 20t
= = B
2 10 2 10 2
B B B
*® * *®
0 f . . P i 0 d 0 d
00 10 20 30 40 50 6.0 00 1.0 00 1.0 20 30 40 50 6.0
T/s T/s
(8) SAser/SAcm (¢) SArus/SAcm
30r 30
------- NS SAras/SAcce:
= —FEW x
2 20 BUBH: 5% 2 20 ;
2 B
= =
a 10 =3
% % .
0 1 1 1 1 1 ) 0 1 1 1 1 1 )
00 10 20 30 40 5.0 6.0 00 10 20 30 40 5.0 6.0
T/s T/s
(d) SApua/SAcier (&) SAuo/SAcuny
30 30 30
X x x
2 B ol 2 0}
=3 2 B
& = 10 K 2 10F §Y
B B § S B
ﬁ .~ . ., % e’ “‘ ﬁ -
ol— = \ \ Bl i 0 ) T . \ L ) 0 - \ \ A )
00 10 20 30 40 50 6.0 00 10 20 30 40 50 6.0 00 10 20 30 4.0 50 6.0
T/s T/s T/s
() SAger/SArncy (8) SAser/SAmacy (1) SApro/SAracy

B12 19854 A IA SCT .CAO . TLHD Al TLHB ic 5% (93 hi BE A X CU S TACY i YR e (B : RATTUNAM)
Fig.12 Spectral acceleration amplification ratios recorded at strong-motion stations SCT, CAO, TLHD, and TLHB relative to
the reference rock station CU (or TACY) during the 1985 earthquake (source: RAITI-UNAM)

222



(F B X)) b 78 B 7E 32 5 W B fig i 459 (5 2 s i I 4y
HARFEFE A ), SALHAH 0.30g~0.45g.

X AT Xochimilco-Chalco #] X & ¥4 TLHB
A TLHD 2R U] & 37200 . TLHB 53 NS
SRR PGALZY 0.14g, 1B SAL 2 0.75g(DSA,,
B 345%), T,~1.8 s; TLHD 5 ¥ NS 2 it #1 % PGA,,
25 0.12g, WA SA, 29 0.45g(DSAL 1 1.94%5) , T, 4
1.3 s. W5 U EW 40 i SA,, il 28 52 B XU0E 58 Jit 4
fiE , W& {5 23 % M 0.43g 55 0.30g, T,~2 s. TLHD g
s EW 5 NS W43 A1 X T e B2 DX b 52 20 09 37 b 7
AR, 3/ AR JH A A T 2~3.5 s 896 10 il 5 1
TLHB ic 5% W 43t 1) 3 HicR 22 57 1 3, O 1)
b ) AR X 2 3~5 s, K E R RS
TLHB & #5411 Fe (8] 4 HiL A7 ¢, S 30 EW 19 (SH
Wl )5 NS [ (SV i ) W &7 AR
BT 2D I 2 40 B0 5 0) 1l 5% 8 (g 52 e

E 1985 4F b 5% v, 36 17 J] 320 R ARG 2 A 500 10 i 4R
JUT R 28 s S0 0 ™ F A b T I8 X L R
e L X (b AT e X : & 35 SCT frfE X k) , T,
AF2.0s53.0s(E 7). B ™ & Xk E 125
20~50 m, )2 VAT K& 30 2 DA b @ s F i i, i
5~20 J2 d HL K L2 B IR o™ |EHR K R T
S5 VG R IR 1 AR 2 R W R A L H R b R AR
L 70 35t 7 b 52 ) 00 T 24 S W RE AR, 25 4 iE A 98 P
Jo TR SE A A T TR 3R ey A A A R
A F 1.5~2.5 70 BUKRTF b il X BT R
TR 2~4 s bR B A i JF RE A T b AR B RS
(9. MEBINXE T, T, 58K WA [ IR
JE (T 33, 2 W1 2% X S8 A 7™ 3 O J2 ol g 60
N VHRTUIRY S T, =2~3.5 s (8 51 4 W i AL
PN BT 8. BE e T X £ 3 CDAF AR JLA
RRENEA TR By, HASET 151
SA I A 1 PR AL BT RN, X A B R T
2 DXCBRAE 1985 4F i 52 oK H 3 Wk S IR 0 IR
PRI, 26 PG A, 7K IF A i B A8 V8 A 3k i) )™ o
I Hezs ) o A 22 5 0 3 i e R R A
1.2.2 2017 5 2 83 Puebla ¥ E 69 3 Mok

2017 4, B VY 5 & 4= Puebla M, 7.1 #157% (Hi P4 1E
Wi )2 ), Z A7 T Puebla LAEF 55 km | &% 74 514 L)L 42
B 120 km Ab7% 5 YR b R A B IE K48 1E 1985 4F
i TE S AR R 20 6 vk S T BRI TR R

UK b 75 T 3508 PG ROk 228 A BB TS, 77 A SR

W 43 858 A 18 85, 24 8 000 A5 1 S5 W) 1 52 A []
FE AR, AR Y. Alberto 25 B B 7 K
WAL A 2 273 JE P SR AR Y, 3 492 MR it
W 5 1985 4F M52 2B, oK 8 43 (81 55 ™ HE B IR Y
AR 30T P N PG g AR — A R K PR X (24
7 km X 20 km) , M B (09 T,/ F 0.8~1.5 s, A M -
B DX 3y W XA = AN MR 43 IX e I XL [T a XA
b X (E8(4)). #HH CICM" ™ $dl , 1% i 47 38
PrRet $0 o0 2 E0  B0a MRl 2 7 E A AR S5 R
SR PERRIN . RIS EI @ S, A Tt XX
(T, 291 ) VEF AP R A O, 7 T X [l a X
AL X (T, 292 )45k 15 1285 3 H L
Xof 4 b A S AR 4 R A0 A ke ) OGS A P L 4R R AR
FEEAES~SZEmMEEEN., REN Maf
b DX A T 85% 1) 7™ B 45 U4 22 51 1 95% 1) 15 45
B, H X B 57 o 25 90% T 1985 4F |y \57% H A
P25 2 43% 0 T 45 X 55 M b (10% R B 540
T A SR Al 4 R G, VF 2 A A O I M R AR, L
P BT 19 SALME H 1985 4F J5 59 T 5% M8 3T 2
N B SALEAR 40% , A 1F 2 & H @ 5 7E 1985 4F
b2 AR BT A R D 5 R 5 B0 2 Y S P
AR 0T T i g i sk 5 SR 40 1Y) T
TG 7R 22 1 U T IR AR R S AN AT 4 R R
A7 A 22 o 22 A A 500 1) ™ A O e e T S iR &K
N MR S e R AR E I 0.15~1.0 s A it IR
MalX b FA W (T,=1.0~1.5) b IT,
XX T2 0.8~1.6 sHI5 % SJZ A MIE T &
Wi P 8( ) R T A5 v BF I 0 X AE 1985 45 Al
2017 4F- T Y b 7% v 380 355 £ 90 A 6 EE A 2

F 1985 4F- Michoacan i 7% Ji5 , #& VG Af 3k 58 7% &
W2 T R S B8 . 2017 4F Puebla Hh 5%
197 18] , 5B V4 BF 3R 5 W RAIIFUNAM i1 CIRES. A.
C. g Ko 5 0 AR A5 T 3 U R i Z il sk . Y.
Alberto 55 42 5| (5 3 4 FRA A B X NS #1EW
S PGA LAY 51 0.076g #110.081g (5 T 1985 #b
g sk PGAL ) 248%) , &L I X NS fil EW 43 it 19
PGA, %3 54 0.072g F10.085g (£ 2y 1985 H1 72 10 ¢
PGAL I 1.6~1.9f%) . X kb 1985 #b73% SCT ic 5% 1
PGA,E 2 30%. F. A. Galvis Z&17 00 32 2] 67 T 1l
W) X Bg #B A9 Culhuacan ¢ + & 3% 12 5% B9 PGA,~
0.23g, 3% It 1985 M1 7% SCT it 3 PGA, 55 4 30%.
K13 R T 875 5F 3k 39 4~ &5 34 id sk EW A NS 43

223



99.2 99.1 99.0°W 99.2 99.1 99.0°'W
T T T T T T SRR o
g n B -
19.5°N | —— 19.5°N | S e SN
2 . 1
PN , —— ’ A QuIB) ]
. P
14 _*'"— EBE
T L —
7 15 16 7 s 16 1:CS78 4:PA34
r 17:_*-.-—':‘*.27_. - —— -y l?—*——-—‘*:y—l 2iF74  5:CES
_*._—:9. 20 o f——— _*—_'19 23*-——_
—p—L e 294 . —— |ﬂ’| ) 29 '
. . & 24 25 '2_2*'5_ . —— ¢ 24 25 = 26, 6:DR16 9:A024
194°F 1 #" 50 30%'—+————. 1947 1 fe— 30'—*——-—' 7:MES2 10:DX37
—— 53 e =0 —*"—923 = - 8:E030 11:GC38
—— ’ 32 " L om Ay
44— B e WY I HHE
ST R . HETES:
: ? B 3 2 3 @ B 14:TLS5 28:NZ31
g T \ T .. b |ESEE
37 . 37 3 : :
. 3 . .—*—-— 17:BL4S 31:1B22
19.3° 19.3° 18:CI0S 32 MY19
19°CJ03 33°CHs4
o - 20:BA49 34:]C54
21:5S60 35:CUSO
ﬁg L ﬁg[ 22:AULL 36:MIIS
R mffH, 100s 4 R AHE, 1008 4 Er b e
— - i
(2) EWAHE (b) NSAHE

FI13 2017 4F i i 85 P4 5k 39 D £ S IC S A9 EW NS 3 & int B2 i #2 Ok U : CIRES. AL C.)
Fig.13 Seismograms (EW and NS components) recorded at 39 strong-motion stations in Mexico City during the 2017 earthquake

(source: CIRES. A. C.)

I AR AT L B R S R Y R R
i 5 ZU AR T g b 2% 5 S 30 1L 3 T R PR A b i 2%
SR T BE K SR B MR AR . P Heresi %35 76 5
VY BF 3 45 b 300 2 7 A 0 S R T 5 ) R T A b 3
BNE L T LA S A b i % T R S B0 MR

99.2° 99.1°

S C SR 1 R PGA iR B oy B 2 B4

& 14 B T 2017 45 1 7% 1 18] A3 15 7 25 VG &F 3%
) 33 4~ 5ik 5% U A B 7 B ] R ) i R PGA
([ 45 5 o 57 0 3 4% & EW ONS B UD 4y 2 (1)
PGA,cm/s*) . K 15 /R T i% Hb 52 BF 58 V5 B 3 32

99.0° 98.9°W

19.5°N (123.0, 104.1, 25.9) LV17.

(84.7,119.6,44.8) GR27
[

© BO3

(825,692,33.6) TLS5@ @ VGO09 (11
(734,855,41.0) CCCL

(125.3,124.9,41.7) UC44 ®

(112.0, 98.0, 36.4) CJ03

(58.4,62.2,34.3) ® 0 BA49 (11
TACY @ o < (

194 (83.9,70.5,28.2) ES57

(129.0, 177.6, 56.8) SIS3 @

(1064, 119.7, 47.9) AO24 @

(187.7, 123.9, 52.4) DX37
(58.8, 55.4, 34.0) CUl’S
(220.3,204.1,59.9) JC54 @

19.3° -
3]

PGA(em/s”): (EW, NS, UD)
BIHNE @

S X

1 OMa e

I (JIIb B 1d

O MI1S5 (

@ [B22 (119.0, 160.9, 46.2) ® MY19 (119.9, 111.6, 85.4)

©® CHS84 (149.0, 225.6,83.8)

@ CUS0 (144.1. 1683, 41.7)

3.0,104.1,25.9)
720 (145.7,142.0, 72.3)

(137.9, 113.4, 65.3) LI3‘3

H35 (189.9, 186.7, 59.0)

P14 2017 45 i 309 ) S 4 5F 3k 33 MR 63 346 ) (07 1 S0 SR 9 PGA OR ¥R : RATFUNAM Al CIRES. A. C.)
Fig.14 Locations of 33 seismic stations and recorded PGAs in Mexico City during the 2017 earthquake ( sources: RAII-UNAM

and CIRES. A. C.)

224



99.2° 99.1°

99.0° 98.9W

19.5°N

(1.9,1.6,1.1) CJO
TACY @

194°r (1.2,13,1.0) ES5

19.3°+ Ef

BHEREEY: TACY
JORAES: (EW, NS, UD)
RYME @

sy X.

[T OIMa 1IIe

11 CIp Emd

. 1.0)
(2.5,23,2.1)

(2.4,1.8,1.9) LI3

15 2017 4F M 52 0] 1) 88 74 5F 36 324> & sl il A9 PGA X &

U TACY BB K I G : RAIIFUNAM 1 CIRES. A. C.)

Fig.15 Amplification ratios of PGAs recorded at 32 seismic stations (relative to reference station TACY) in Mexico City during
the 2017 earthquake (sources: RAII-UNAM and CIRES. A. C.)

A uE S I H R PGA MIXTSEA G 35 TACY ML
KAGEC . B 16 B T 1% i i N 5] X 15 B H 3
TESE Y SA M Z . LT sl Sl 15 LT 458
(1) 2017 4 Hb 5% B Bk X b 72 8 19 PGA, JL T = ik
1985 4F 1 52 1Y 2 45 5 (2) A [7] 3 Hb &4 07 43 DX 1Y) b 3%
PGA, SA, 14 M 72 2 5 i i 22 55 5 3 5 (3) 1y 180
X 4% 45 o 10 3% f0 06 (B S A, T X6 107 A o e B 3 T (i
P F 5 3 J7 2 5 1F B A Hb R Bl 4 R A
A1 (4) 5300 1 Fe i DX 38 R 2 b 2k 7 26 B o B v 1
HhF SAE . BEAM, 2 95 R R BE RS A R0 R 3L
0.7~2.0 s J& W DX 8] /) M 3¢ SA, BH 5 3% K, 3 1 £ 45
28 A AR JE ) (T,) b 7 32 DX [R] PN 1 4 30 7K 52 B O i
FUHY ML= AE

S48 2017 AE ML RR I RE 4R 1L 1985 AF M RR /N 191,
B FHZ A R, AN B 1985 4F i 52 (1 — 2, 76 71 18]
X [ & uh SI53 A jg iy 5 35 IB22—~>DX37>CH84—~
JC54—>CU80—>MI15—~>X036 % TH35 Ay Bl Y, BiF
i SE A b 3 PGA A X e b5 X B R W o 2%,
1K 2.6~3.84% , H¥ 7 T 1985 4E #7278 &5 ul SCT JiF
ICSEH PGA. JUH & CH844C 5% NS4 1 PGA,,

# ik 0.230g, JC54 3E 5 EW 43 & [ PGA, & ik
0.225g, M X BB X 65 3 TACY i 5% AH B 43 2 /9
PGA, 43 SR 29 3.6 45 A1 3.8 1% , J& 1985 4F Ml 5% Aif
F Ul SCT Lk PGAL LY 1.4 R5 . RV A7 T iy 18 X
W B B X 4 1Y £ 3 THS35 F NZ20, Hiid 5
1) PG A, 43 5] 755 3k 0.194g F1 0.149g , A % Fr B X
IR T 2.5~3.34% . R0, 78 2017 AF M2 v, [ 7y
W X PE10 £ JL WY & ¥ PE10>SCT2>BA49—>
CJ04—~UC44—CCCL—~TL55 & LV17 —# ,id 3
9 PG A, H1 5 30 H 828 A ) 19 J50R FRAE L A L B B
R 1.4~2.1 £, W 3 I8 T 1985 4F #b 5% h 5 3
SCTiC## A PGA,. S. K. Singh " 80 48 1, Hz
PN b 7% T BE A B AR O ST R v b AR R 1Y
PGA,. i3t H % 1985 4F Michoacan {ff s H 5% 1
2017 4F Puebla Az P 12 119 58 7% 10 5%, 3% — WA 15 )
TIE S« 24 b 2 7 B P BF i T T 51 R 1 3 M
AR 2ZS . X —255 8 T M. Campillo 5
(R 30 < fR T 8 DORRUZE B VORI, A4 R T 1
] A5 Ak 7T BB 5 SR T BE B P MR Bh R Y B

225



04r
0.3 BEJE H:5%
&0 00 AN‘ — Cs78
~ ~ — CUP5
< & o.2r jw /\\ — FIn4
éj A — TACY
0.1 w % ) TP13
&A U2l
B
0.0 1 5
0.06 0.1 1 5
T/s
(a) Zone I : NS (b) Zone I: EW
16 16¢
r L RAJE H:5%
1.2 1.2 — AO24
o0 oo — AU46
3 ost o8t — 0047
;ﬁ) % — ES57
EO030
04t é& 04f GR27
Ao 2L — ME52
OO—_’—VW’;‘A <2 ~ Ooiiﬁj MT20
0.056 0.1 1 5 0.05 0.1
T/s T/s
(c) Zone 1I: NS (d) Zone II: EW
1.6 1.6
Zone Ila: NS Zone Illa: EW
mus 5%
— CH34
a0 oo — DX37
} :: — JC54
< < — L33
Lv17
MI15
— SI563
0.0 L
0.05 0.1 1 5 . A
T/s T/s
(e) Zone IMa: NS (f) Zone Ma: EW
Lér 16r
BEJE H:5%
12 1.2F — AL(O1l --- MY19
- o0 — BL45 --- PEI0
~ Ny — CCCL --- RM48
= = 0.8F — CJ03 SCT2
5 b CI05 TLO8
Q - - TLS5
% --- UCM
VGO09
(g)Zone TIb: NS (h) Zone IlIb: EW
Lér 161
el v BUB 5%
o 0
> 3 os — Bo%
T r 0.8F J—
§) 5) — CA5B9
— JA43
041 H)72
~ > VM29
- = \ — XPOG
0.05 0.1 1 5
T/s T/s
(i) Zone IMIc: NS (j) Zone Illc: EW

BI16 2017 4F Hu 7 i A5 P RF S AR 45 4> 5 0 3 S oKF il 385 0 B2 (A5 # 20 ORI : RATIFUNAM Fil CIRES. A. C.)
Fig.16 Comparison of recorded spectral accelerations (EW and NS components) at 45 stations in Mexico City during the 2017

earthquake (Revised) "”. (sources: RAIIFUNAM and CIRES. A. C)

JRAE g X & uh MR ] S AE 0.5~1 Hz 3 B 1) vl NZ20 B9 15500 5% 8o 55 % Rz, 5 1l b
fe B AR, (T b X 32 551 B Hb 52 25 hl 4 9t o 21k X &3 SCT2.CIO3F1 1l ¢ X & i BA49 il 3% ) 37 Hh
FE 4% % X8 e MR S R Ak . Md X & TR AL, 3% Fh T B 0 A 3D P sh N T, R4

226



1B XM AR S B K R (T>2 ) fig i 2, (H X 2
JI 3 A A O 2 P Z R (R e AR )
i W X 5k ESS57 (4 F & uh CJO3 VH mg il iy AR 3k vz
B H R C S R SR/ IR (AT BB PR X ST
MAEE), mEAAHX (Ma b . McAlldX)&H
il b 7R 0 SR 48 2 B M b AL R AN, BRIV AR
FEAY 1 km (19 65 35 CJO3 F BA49 (1) 11 7% T % W A7 78
BEMZESE, WK 16 1] LLE H B4 3 b 7 5%
N 43 DX E S B 1 SAL BRI TR 9 RS AR AR
FE U T80 BN A5G 45 40 R 12 )2 8 RS 1
AR FEAR SR Xt S H RL R 1 5 T R AE

2017 4F b 7% 19 18] 30 S A 28 VG BT 0 b AR Bl DA
0.50~1.0 Hz 4 A8 X 85 450 B 23 hy 3, 3% 26 B 43 78 K
S R 1 3 b RT R DA 2 b i AK0NE T #E E ZUOKR , 2
JZHEFER R S B (K 8) . BhE A hid s B A
S HT R A X UL X 1~2 Hz(T=0.5~1s)
1) 1 7% 2h o B HL A B B R RO o 3K — O AR
F- 5 d5 " A AL T Ok P X H B R
PR AW (A E 0.5~1.5 o) B IEdE & — B . R
LB X5 AR 0 S BT A A A, (R SR A3 ) 0
T DX R O S A i Dy — L 4 S R ik
KA FEAE LM« [l ¢ X 15 35 BA49 i sk Bl i K i
AR R A3 (T>1 ) 28 HAAAB 1 km AR AY I b X
B 3l CIO3 90 5% H A 1 72 2 43 dt 20 8 38 el . o P
JE AR T IR S 25 4 o 5 v AR SR B R T 2 s i At
B AL %32 B, 3X R PR Ry R AR AR T
AE 5 BRI R DL iy Se PR e M A OGN 30 T
ILPRFN B LK 2017 4E MR B & T )2 5 5~8)2
B T PR 1 X SRR

M. Celebi %5 % F 3% b 2 0510 H - (1) 2017 4F
MR E WX 5 SCT2iE MW T, 4 8 2s, 5
1985 4E 72 Wi 1] &5 3 SCT L 1Y T, 2% —E iy 5 (2)

T X 6wl CUPS 78 0~2 Hz 854 79 6 W 4 il 5 b
JAW;(3) it X A3 (COVM . CTVM Ml ES57) i
SR T,A~1.0~1.43 s5 ()X F Al X [l a X £ 3
(JC54, CH84 . SI53 fl LEAC) i 5% ) T,~1.18~
1.43 s; b IX 64> &3k (&% CCCL M SCT2)id 5% 1
T~1.78~2.86 s; [l cIX 1 M B uiid 31 T,~2.22 s;
[MdIX 34851 T,2~3.03~4.17 s, A L&, %t T
2017 4F M 7% 0 55 79 B G b0 sk L 3 ik TSR I
DAL SR T A, 5 2017 kit 28 P4 B 0 R ML) Hh i)
Yy Mo 43 X (L 7) 1KY T A2 — 2, 1 X
SR T, H RS KT 3% B3 o 3 200 43 X 11 XY
T AH . Ho22 5 nl AR IR T M Lo il £ v o (i 401 % 1
PR 2Z UL EE T2 F Gy H/H( /%5 KF
] /K1) ) 1% L vk 5 3k R — 5 3 i HVSR 2%
2 [ 1 ) P 2 S T 386
1.2.3 19855 # EF 2017 F 3 E W il b &R
ST 1985 4F M 7E Al 2017 4 Hb 7R 1 g 2 5
UCAE SR VY R IR AL R P B S K 1T T
X T R Hb = 0 1B B B X G CUPS F TACY il 5%
AR X b X A 3 SCT(SCT2)ic 5 il {4 Lt
% {8 (Fourier amplitude, FA) 3% . £ 1985 4F M 52
J& X AR R AR A . X
— P g 2 i 1 N S 1 2508 40 1) Konno-Omachi
B A S BR A o BE R UK b R ) AE g X
T ) DX 65 3 0% 5 R T S AR A3 B R o R AR Y
e PR AL ] 28 2o X I by 76 08 DR B D S T ARV R T
51 % 1) b 75 2 R AE TN d R S0 1Y) 25 S i
YL . ATLAFE L 5 1985 4E 2 0 S Y FA 3%
AHEG, 2017 47 Hb 58 1Y Fr B IX b 7% 8l & A7 5 5 1 &
BB 43, AR T 0.5 He i g 840 it A9 FA 3% ik
KSAE LA b, DA X i i) 400 45 4 328 B bE 1985 4F b 72
T EE A 5 0 I T 0.5 Hz B9 HRE 3h 4,

o 107 10T o0

g

= 107t \-g/ 10°+ 5 10°+

~ ~ ~

# P #L

g 10k E w0} E 10

éﬁ X 1985 M, 8.1: NS ?ﬁ , \ 1985 M, 8.1: NS ?ﬁ X 1985 M, 8.1: NS

@ 10°r - 2017M, 7.1: NS @ 10T o0 2017M, 7.1:NS @ 100 -oor 2017M, 7.1:NS

% 1985 M, 8.1: EW Ji% 1985 M, 8.1: EW % 1985 M, 8.1: EW

| — 2017M, 71:EW o — 2017M., 7.1:EW o — 2017M, 7.1:EW

= 10 f J = ! 1 J = B - )

| 10g 10° 100 & 10t 10° 100 T 107 10° 10*
PR/ Ha PR/ He B/ Hz
(a) TACY (b) CUP5 (c) SCT

Bl 17 1985 F1 2017 45 3 7% i B8 PG 5F Ik /5 35 TACY, CUPS HISCT e 19 FA % (FE# 8 4)™ Ok I : RAIFUNAM)
Fig.17 Comparison of recorded Fourier amplitude spectra at the stations TACY, CUP5, and SCT in Mexico City during the
1985 and the 2017 earthquakes (Revised)"" (source: RAIIFUNAM)

227



1E 4 5 A B2, 1985 4F i 52 B CUPS e S /9 FA 3%
B 2017 AF MR A FA 3% = th 2~3 4%, S B
2 — N EE R

B 18 L 1 1985 4F 1 2017 4 9 vk M 7% Y Fr 5
X Gl CU A I X b X &3 SCT(SCT2)id %
19 SAL R . nT DL & B, A8 W I b 7% 1) CU il
S PGAGHHIT , 2R, 2017 4F Mo 7% CU ic 5 SA, il £k
1) T,=0.2 s, 1M 1985 4E 158 CU IC 5% SA,, i 2 7
W T =0.7~3.0 s Bt 30 2 A~ W (H, 52 58 Wil R AE

0.3r
----- CUOL EW: 1985
— CUP5 EW: 2017
02k BEJB L: 5%

SA,/¢g

T/s
(@)

B 19X b T 1985 4F 5 2017 4F 4 v 1 7% 49 1a] oy
W X 4 7% 2 (SCT i 5% ) AH X T Fe B X 3 3 24
R (TACY 0 5% ) WL R RN o DA IZ T i 38 B2 L
i £ T T, 1985 4F 5 2017 4F Hiu 7% xif 1oz 1% 24 4% J# 191 43
SR 1.85 s Fl 2 s 4R JE A FEAR T REJE B T4
it 32AE S VE I Ja £ 2 AR AR T Oy R s, R’
I R b R O SR T I R Ll R R R B 8
Sy AL B FE W T=0~5 s N 2017 4E 52 o SCT
10 SR AR X TACY g 5% 09 355 i B2 e/ 7 1985 Hiy
o X4 R SR E MR —F: 2017 4F Hh 5E 5]+

251 SAw/SAmcy <+ NS: 1985
— NS: 2017
ke 201 BEJB EE: 5%
% 15
= 0t
o
=5
0

(@

P19 1985 F 2017 4F Hb 7% i 5 36 SCT Jc s A X 15 3 TACY i 5% 9 7K F 1 38 A 3 39 e K b (FF 3 40 Ok 8

RAIIFUNAM)

Fig.19 Comparison of horizontal spectral acceleration amplifications at station SCT (relative to reference station TACY) between
the 1985 and the 2017 earthquakes (Revised)*"*” (source: RAIIFUNAM)

228

w1 JE I R BB . 2017 4F MR8 SCT id 5 19 SA, #h
R RSB — A sk FU R IR I (R L (H T, 29 1.6~
1.8 s, W% /NF 1985 4E 1 E SCT il 1Y TEH (22 s) .
AN, R 2017 4EHb 5% CUE # 19 PGAL(0.058g) kK
T 1985 4E #b 7% #H B 9 PGA, (29 0.03g) , 1H 2017 4
H1 7 SCT AT s AW SA,, (25 0.6g) /T 1985 4F Hy
R0 SR I SA L (2 1.0g) , 76 A 1 K F T, 19 X i)
W, 2017 4FE M 230 s B9 SA £k 2K T 1985 4F
DR SAHh 2k .

1.0
& --=-SCTLEW: 1985
0.8} it  ——SCT2EW: 2017
St BEJB LE: 5%
w 0.6
3
5 o4t
0.2 Ly

0.0
0

T/s
(b)

Pl 18 1985 1 2017 4F 7% ik B P4 A 3k CU R SCT AT 5% EW 434t 13 I B (V% T 48)™ ORI : RATI-UNAM)
Fig.18 Recorded spectral accelerations (EW component) at stations CU and SCT in the 1985 and the 2017 earthquakes (Revised)
57 (source: RAIFUNAM)

Sl R 0 1 NI 0 G P (VA RV 2 P~k 2t ANl T i
I U DX BT 5 (RS A B AR B /N T 1985 4F M i .
LI A BR 2017 4F M 7200 sk 1Y SA /N Z Ah i A 4
1985 4F 4 7% Ji (A& 74 AF W0 HLE ) h iy SA EHE
AT e VF 2 IR # ST TN .

1985 4F- b 2 W1 a] , i T 32 461 1% 6 2] 15 J2 /&5 1y 2
WS R T, =2~4 s (7% 8 kAR SRR
23k JE i S e 2B O™ A2 Y L B 20 R B
BRI R T 1985 4F i 78 1 2017 4 b 72 Y XL
PR o KT 1985 4F b iR H A LR Bh i T, 24

251 SA/SArcy <o EW:1985
— EW: 2017
»Or BB K 5%
pid
A 151
iy
% 10F
=
=5
0
T/s
()



19854E MR

5~20ZEH

T:~2.0s

R 0

Tmp e < 03 cyor <UD
e o 5 —NS
............................. £ 0.2 — EW
S B BHJB EE: 5%
............... X o9

i é 00
T:~2.0s

20174E R

T,015~1.0s 2

P20 XU R RO R R (f & B )™

Fig.20  Schematic plot of potectial double resonance effect (Revised)

20s, 5 WX MbX K TA~20sHEYA,B55
B2/ TA~2.0s—, T,.T,5 T.Z =&
VERC , i & WK T A S i 8 32 1 bR A L T
T BOZ M R X 2 O ™ R L 0
XS T 2017 4 Hb 5& | X 107k 5 b 52 5l o OB 79 T,
A F0.15~1.0s, 5 MaX K T,(~ 0.8~1.5
$) MR R Y (5~8)2) 1 T.(~ 0.8~1.6 )T
BT R 3K — R T S
M o % B 1 b AR VR AR KRR B e T T, F
TR o B, 75X IR HE h, R 2B
F 0 35 B8 A [R) R 8 1 U 5 b 7R A0 ) ) 3 b K
T i BUAE R 0 B 58 Sl R 2 DDA G

1.3 011K 3t 5= B 472 377 37 3t 380 Bz 45 iE

1.3.1 B a b GRS
2008 4F- 1311 M8.0 Hiu 7% H [ , 75 4 1 52 3 b [X
Py O 1 2 v B Sl B . A P b IR
& 1 24 550~650 km, {H H 32 52w #2 B2 B 2 T A
AR R R, 09 DX 38, PG 22 Ry VIBE oy BB S 1K, 3
Ay Z ST (U 28~29 )2 L5 90.05~94.85 m Ay &
S0 BRK S 7 B 2o KO & A= AR 25 48 A 1 1 7 E
PRI X ) Sk I e B S X, P R X
TN LIRS L R ORZE R HE B4R 55 8 K AE
ZR RO TR A 45 4 Py S 5 i A7 46 E B0 ik TR A
A Gl R L A AR T e B SR X R,
T YT 35 i ot 5 A 3 AR R M S A A TR O

VG 22 U1 5 b A 3 YT 20 b v R 3 Ay L AR () AN X

[10]

R R W7 B 2 s A DT AR o o R RR )2 X Ml AR
W HAT W TORAE T 02 2 300G 4 i B S 2
BRA . HUTRP S A T L b R LU A
W IR Ve e b a ik g 3, 58 45 8 it
RUTBERE B K, E2 AT A b e s,
W Z b A SRR 5 U R R — O i 500 m,
e JEAR AT IR 1000 m PA &, T 0B S8 LA AR B £ B
i 7 = S0 L0 < N o D R 1 1 R AL 52
JE AR KR S el gt SRR B
WRAT BB B RE  HL2 M LS 2% 1 B 41 R R A
R 8 MEDTRR A R AH AR PR DR 2

FE XS ASE T T AT A b VG S o T T Y 2R AR T Y B
Y55 R LA T R S XS Ik L 3 X e 1] b
RN B R X TR S A R
I Z TR G S AR RD T A DA e iR s, B
Ge LA - AR U A R b A MR R S U R
WHRhEkE, FEFENWAHEE S5m0 R,
- b BT G DAIR R KU+ S AR b iR A B
J2 R ARRAE 4T 0 A BRARTAT 188 W AR D Bk A7 B — B
H TR o 3% DXUTAUAH LAYRT 3 AH AL AT SRR
R v 7 5 T SRR RO B b 2 b B
IR A R

21 7R T I8 VAT 48 b b v 5 (G 22 [MTBG L E 0
W 25 R L AT ) 11 A 3R AR Bl i AL B R TR L
FE BN M5 rfoil SR R PGA L Hh 36 5 N 8K
F AR EW (NS #il UD 43 & ) PGA (em/s?) , &
R (km). 7 (J8 &) K2 G FRIGHES -,

229



B:3772  f&: 227 010203040
(3="1 7?51 EA/m we—wmkm

1 (40.1,33.0, 18.4,623)
~(177.4,93.7,27.6, :71) L]
NP

o I
(18.1,21.8,10.5,623)
( 2 &

Eﬂ (529,445,133 631)\“'

107°0'0" ‘ 107°30'0" 108 O'O" 108" 30'0" 109 O'O"E

010203040
o BB —— HNRSER/m 2203040

34°30'0"N

34°00"

107°0'0" 107°30'0" 108°0'0" 108°30'0" 109°00"E

P21 1 T 7 b ob 7 0 b T RS DU R DUARZ S TR AR TR Bl L B 5 R P IR, B 2008 4E B M AR il S R PGA (KL

P : Flatfile, http://www.gmm-cn.com/)

Fig.21 Map of the Central-Western Weihe Basin showing topography (top), quaternary overburden thickness (bottom), locations

and epicentral distances of strong-motion stations, and the recorded PGAs during the 2008 Wenchuan earthquake (source:

Flatfile,, http://www.gmm-cn.com/)

W2 6 3l 0 TR T A M A % R LA K 1l e, Ay
84K L JE Bk, o A T 1E T B b (BR & s BH v
2 YO A k) GEIE R O B (AT
AU (I 1) DL R I B b (R &) . mis &
ST PE M BE (FR 4629 108.5° LR ) 5 08 ke 45
(REZ 1078 IVE) Z M e 1 ik Y . K% ol
AR T S Il A b il ol b T
M1 B 5 58 X 0k Ay 22 ) Y L P A T R OT . T Y
T PE K WA R K R LB P
7 B 65 3l B9 R, 20 600~630 km; J& & 7 vl
i, 2 575 km (R BH 5 #2 0% & s AH AN 640 m) o fif
T e N ok A I RO L BR G RTIE L B R,
24 520~560 km, 7 T M1 B 5 b 23 5 P A 19 I
Ui R, 29 550 km

T KL Bl L RIE Sk I EW [ PGA,
BN EEIE (439 R 0.018 7g.0.017 8g 11 0.018 4g) ,
i % W3 65 3l NS [1] PGA,, & 0.031g, & #F & T K%
(0.020g) FIHE B 6 35 (0.022g) o MR T i =" (1 #F
98, M 6 i RS D ok IS B AE S FHh R
Bl ORISR LV S A . A T e G
yﬂi,@ﬁ\@ilﬂﬁﬁ%ﬂi%ﬂ%f@%mﬁﬂﬂﬁﬁwwrrﬂ
PGA, 43 9 K 2.88.2.18.3.59.2.35 f1 4.21 1% ,N
fi) D) i K 1.47.1.09.3.03.1.31 F1 3.09 £, Hiepr, F'
SR B 5 0l 0RO Bk 2 . RO BR
U7 111 45 3 Hb 22 19 EW 1] PGA, 3 918K 4.45.4.97
H12.63 4%, NS itk 1.66.3.55F1 2.59 % , IR & &
il TSR R0 e R

TE VG 22 U B Sask 4, B R BH £ 36 b 3% NS 1]

230

PGA5ZH AL FEA BN, KR LZH 0
iR EW 1] 5 NS 6] PGA, ¥ W 0k K, H.EW [
RAEEL(2.2~4.245%) 8 T NS ) o 52X Ik K iof I
i )2 B0 PGA, R 2 UK EW [0 J6 oy 58
t(2.6~5.01%) . WAk, BRRUEHFIEZ B2 6 i ob , H A
12 & U0 sk 0 HF I B I A B R K
MK, 52090k b 2 EW [ PGA, B9 5K & T8
B b 3, X 5 3t 7E 0 O A — B

B 22 W) 878 13X 11450 5% 6wl 76 501 b 72 wp
ICSE BN R R B BT RE . T 11 a3 s 2 AR IR
TR MR 0 s R R il Sk . BT Bk Gk
1 R, 22 58/, G K Vo BR A 6 0k 58 %
B R AR skt EA JE(VMZWJ\%]ZS.OS
374.1.257.7.278.3 F1407.8 m/s) , UL [ 17 s Ik =
i 5 R s R R ﬁ(vgoﬁw\pﬂmom
361.1.360.1 m/s) Iric 5% i) b 5% g R Pk 0 22 5%, 0]
22 W 1 5 U 1) A B s AR AN, 2 U IR R R 3 b

AR RE M . W LLE B, M TS % I s R

ek, T2 G ulic 5k A R B R e i e R
EH AR 3L L

& 23 J& 7 T B0 b 532 40 18] V8 VAT 48 4 vp v 5 8
A1 )2 6w R0 AT T IF IR LA B0 EW 4 &
(49 7K S T8 o JBE R % (SA) LR . T RLE
TR ZE U0 T2k % B s 2, il
SAW LK Fe /N, 98 8 WE Bl (T~0.25~6.6 s) [
SALHR A T 2~5 5%, 72 AW T~1.4 s kb {l SA,
MK R 4745 . BRt & Iid sk 10 SALTE T~1 s
BRI R R 38 10~15 48 , £E 0.2~4.9 s i A 4 T /Y



&l 22

PGA/(em-s?) EW PGA/(cm-s™®) NS

BE 529 ——W«w«v—w—— 14,5 A
FUR 401 —eeaflipme e 33,0 b

WBE 18.1 —s—o 21.8 —lp—

JAZ 43.3 —elgo— 39.6 il

Uil 48.3 -%——— 78.7'+'——\
Mefr 91.5 +——— 107.6+—-

0100 200 300 400
}E] / s
T8 0] 73 b v P S B

0100 200 300 400
}E] /s

PGA/(m-s™®) EW PGA/(em-s™®) NS
K 17.5 - 19.9 ——W——

FE 66.0 ‘%”‘*—91.9 %—
BB 774 +*’ 93.7 %’7

IR 18.4 —w— 30.3

R 81.8-*“« 23.0 eifpion—
0100 200 300 400
B}E] / s

0100 200 300 400
BffE] /s

B U AE 2008 4F- 130 1| 5% Hh i S B Y b 72 sh A RE (B - Flatfile, http://www.gmm-cn.com/)
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Fig.31

Peak acceleration ratios of surface-to-downhole bedrock motions recorded at 61 seismic stations in the Kanto region dur-

ing the 2011 Tohoku earthquake (sources: KiK-net and K-NET)
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Fig.32 Seismograms (EW and NS components) recorded at the surface by 12 strong-motion stations in the Tokyo Bay area dur-
ing the 2011 Tohoku earthquake (sources: KiK-net and K-NET)
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Tokyo Bay area during the 2011 Tohoku earthquake (sources: KiK-net and K-NET)
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Fig.36 Surface velocity waveforms and velocity response spectra (EW and NS components) recorded at the stations KNGHO010,

KNGHO11, and KNGOO in the west Tokyo Bay during the 2011 Tohoku earthquake (sources: KiK-net and K-NET)

JRIC SR 1 S o R 315 A%, M 1Y b 3 PGV, 20 R
28.95 cm/s. HLFE SV, Lk 2 WA, = g T, 4>
B2y K 2.94 s F10.81 s, W& {H SV, 43 ] 4 84.55 Fi
81.89 cm/s, t RV, 1% 37 M $th 3 Ml 52 3h 00 5 A N W 3
BRI 2 1 s 3 s B I I o . LU, AR
T8 LA VG 3 b i i 1 b 2 b R 3l 254 5 A Y 5 1 K
SEpa) K R (T0.5 ) i 343

37 X H T 2R 5V LAV B AR 5 6 3l TKY007
UL 0T & 3 CHBHIO0 78 2011 48 & H A
M,9.1 #5755 2004 4 5 6 v B M, 6.8 Hi 72 3 18] 1T 5%
B 7K S [ b % B ) R S L SV, £ . AH X X
G AR H AR R F ARG, 5 EE 00 2k
390 km ( TKYO007) 1 365 km (CHBH10) ; 57 15 Hb 52
S F PG, 52 v BE 2 51 25 24 190 km (TKY007) Al
230 km(CHBH10) . 7k H A #b5Z #[1] , TKY 007

20045 UL R CHBHI0: NS

PGV: 400 cm/s
B Zl: 204.53 s

M TKYO007: EW
PGV:5.18 cm/s

t%l: 102.35 s
2011478 B A4S 3R CHBHI0: NS

.PGV:24.41 cm/s
A2 141.66 s

TKY007: NS
.PGV: 24.36 cm/s “‘ '

B2 138.97 s . .
0 100 200 300
t/s
(@)

CHBHI0 #b 3 1c 5% NS 43 1 (1 W {8 SV, 43 51 35 3]
59.4 em/s (LA W] T,=2.61 s) i1 76.6 cm/s(T,=
4.34 ), I3 L () M 3% SV, il £k 4 0l 78 R ) T>
0.3 s T>>0.7 s &8 /3 F5 2k i T 30 em/s. 1M 7EH7 I
r b 5 0T 1R], A 65 0 34 3R B T G A A ] A0
ARG : TKYO007 & H EW 43 12 1Y 1§ SV,
9 23.7 em/s(T,=6.22 s) , CHBH10 37 1 NS 73 i 1
Wl SV, 49 19.0 em/s(T,=6.80 s) , #1136 SV, K
PR TR 6~8 sy, X5 Y. Tanaka %5 % T
KR L T~T sWEEIE—8, MILZ T 72
L JE (T<<4 )VU I, 36 SV, 2 35 FEAK , Ui % b
AT R @R T 2L 302 M EZ 150 m
DL ) Y 5% ) AH X5/ o e 4, [ — & 3 TKY 007
8¢ CHBHI10 7E 2004 4 ik v B 1 7% vp 10 5% 1Y #b 3%
SV, B BARFHAE 2011 4E R H A< 5B w93 5% 5 1

100r  20044E37R bR

—— CHBHI10: NS

--- TKY007: EW
2011427 BAHIR

— CHBHI0: NS

60F --- TKY007: EW “

BB LE: 5%

T/s
(b)

B 37 2011 4EZR H AN 2004 557 755 v ke 7= 30 18] 25 5298 DAVE 5 35 TKYO007 M LA ZR 5 35 CHBHI10 i 51 #8 7K - 1] b 26 3 J8 1 72

Ko HL R I N % 0 S (B - KiKnet 5 K-NET)
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Fig.43 Comparison of site surface seismograms, spectral accelerations and velocities (NS component) recorded at CHB009 and
CHBO024 stations in the Tokyo Bay during the 2011 Tohoku earthquake (source: K-NET)
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Fig.44 Comparison of seismograms and the corresponding spectral accelerations and velocities recorded at stations IBRH11 and

IBRO14 in the relatively near-source region during the 2011 Tohoku earthquake (sources: KiK-net and K-NET)
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Fig.45 Comparison of normalized Stockwell transform amplitudes of surface horizontal seismograms recorded at stations

IBRH11, CHB024, and IBR0O14 during the 2011 Tohoku earthquake (sources: KiK-net and K-NET)
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Fig.47 Layered soil system for 1D SH wave propagation and soil parameters for EQL site response analysis
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Fig.59 Soil column developed in LS-DYNA (left) as well as both recorded and predicted acceleration time histories (right)
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Fig.60 Comparison of FN and FP measured and predicted response spectra for both 2D and 1D input motions at 2.4 m depth®”
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Fig.61 Comparisons of the simulated and recorded accelerograms and 5% damping spectral accelerations at the liquefied site,

Port Island borehole array: (a) horizontal and (b) vertical™"”
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Fig.67 Schematic diagram illustrating the non-stationarity of variability in dynamic properties of soil
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