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Background

Ground motion spatial variation (GMSYV) is
S G RDile and local site conditions
make seismic ground motions vary
spatially

1. Wave passage effect: seismic waves
arrive at different locations at different times
2. Incoherence effect: seismic waves
scatter in the heterogeneous medium of the
ground

3. Local site effect: differences in local soil
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Spatially varying earthquake ground motions result in different structural responses.

They excite asymmetric modes that will not be excited by uniform ground motions; and 2) cause relative
responses between adjacent structures
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Damage associated to relative
displacement and torsional response

Vertical axis

In most of the damaged OC's the entire deck twisted or rotated about a vertical axis
representing center of stiffness (see next slide). In these OC’s shear keys were weak,

flexible and heavily damaged. They were constructed at the exterior face of the exterior - o =
girders over the abutments and interior bent (6 shear keys n total). i l I r t-l I l I I -I U e r S ] t g
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Most seismic design codes point out the importance of considering
ground motion spatial variations, but do not provide detailed analysis
and design procedures

AASHTO, Caltran, Eurocode8, Fib, ISO3010, MCCER-ATC,
NCHRP, NZ Transportation Agency

Seismic design code (spatial

————————————————————————

v Ground motion
Simplified simulation
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Caltran
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Figure 1(a)-(c) Seating length on (a) pier, (b) abutment and (c) at a joint ﬁ
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RPN R DesRoches and Fenves
Restrainers Y.
Bolster (20.00) proposed a method to
| estimate the required cable
Brackets ) restrainer stiffness to avoid
unseating
e . 4 . - P .é?
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Gap . 4118m 5338 m . 53.38 m . 5338 m . 4118m
—SMA Frame 1 e "l'_\ Joint Frame 2
— — Steel cable L x - : A - ~ — e
§ 8| e 5 ¢
E g Pier 1 19.83 m Pier 2 19.83 m Pler 3 1983 m Pier 4| 1983 m
= Abul.mfnt 1 = Fix Fix Fis Abutment 2
Site 1 Site 6
Site 2 Site 3 Site 4 Site 5
SolL =
BACKFILL n
Abutment \ / ;
Wall Steel Plate
\ V-type Damper >

Bipin Shrestha, H. Hao and Kaiming Bi, ‘Effectiveness of using Rubber Bumper and Restrainer on Mitigating Pounding and Unseating
Damage of Bridge Structures subjected to Spatially Varying Ground Motions’, Engineering Structures, 2014.
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Ava bridge collapse, 2025

After over 60 years efforts, it is still a challenge to reliably design structures to
resist spatially varying ground motions



Characteristics and modelling of ground motion spatial variations

Recorded ground motion at SMART-1 array, 200 m

recorted sccelecagremn ot SUART—1 e I-OSne
e A5

Eas TR -

LL= =R
s oo ‘“'—'“MMWWMNW

Rl

1 2rm 2mm
Smlz:(w]‘:'i; Z W, Xl(w-i-T)Xl( +T)
e =— M
l &M

Ss;mz{"“’)zf Z W Xl(w+h—m)x*(w me]

T

Recorded ground motions at Zhigong, separation
distance 100 m

Acceleration/gal

i 1 i
9 % o]

jur
w

Coherency and phase
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S,z (i) beres () = tan™> (imiﬂmn @)
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Coherency loss function |y ,(iw)|, Phase shift Ox(w), which can be
easily determined if apparent wave velocity Vapp is determined
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Spatial ground motion apparent wave velocity Vapp

Assuming ground motion consists 0 N 1.0 ervrrrrrserrererre errerrrrerrTrY ,
of mainly she{a/r wave . .k - 1.95H:3
= 'S . € 0.5f € o.5f o)
e ————— s (8} 4
Vapp™ 5., Apparent wave velocity 3 1 8
w» 0.0 1 o 0.0F % :
. 7] o 3
Vs Shear wave velocity Y ] £ E
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av / ” ;3 7 :
_1.0 ;llllllllllllllllll_lll“llllllllllllls _1.0 —(illllllllltllllll llllllllllllllllllq
Ground motion incident angle to the site, 1.0 -0.5 0.0 0.5 1.0 1.0 -0.5 0.0 0.5 1.0
which in practice is difficult to be determined SLOWNESS (SEC/KM) SLONNESS (SEC/KM)
F-K analysis, Event 45, SMART-1 Array, 15-25 sec
. . , window
Assume uniform site, two extreme values of apparent velocity
. . . time window (3sec—8sec) time window (15sec—25sec) time window (20sec—30sec)
1) Horizontal incident : Vapp=Vs '4 " 2 "
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Currently, no reliable model or methodology to predict seismic wave propagation
apparent velocity yet. In practice a constant apparent velocity is usually
assumed, e.g., 1000 m/s, or the extreme values Vs and oo. This simplification
may bring uncertainties in modelling spatial ground motion time delays. It is
commonly understood that the influence of spatial ground motion phase shifton

structural responses depends on the dimensionless parameter fd/Vapp

1.0

Hong Hao, ‘Response of multiply-
supported rigid plate to spatially
correlated seismic excitations',
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fo/fa folfa
fd/Vapp=1.0, 2.0, ...: spatial ground motion phase shift and vibration mode is in-phase

fd/Vapp=0.5, 1.5, ...: spatial ground motion phase shift and vibration mode is out-of-phase
They correspond to the extreme values of phase shift effect, which can be used

in analysis to define the range of phase shift influences
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Coherency (ﬁz&g -lagged coherency, depicts incoherence effect

loss :
1) theoretical model : based on wave propagation in random field

i) B. J. Uscinski, ¥y=Eo exp{-I[1 - exp{—(§? +n*)/m*}]}
ii ) Kazimierz
Sobc Z) Vi (l0) = ‘ V(@ m)‘ exp(—ied,  cosal/v,, )= exp(—ﬁaxifj. [V ) - €XP(—led,. . cOsa /v, )

1) Provide the fundaments of wave coherency loss during propagations in random field
2) Highly idealized, not easy to reliably determine the respective parameters



2 ) Semi-empirical model

1) Der

Kiureghian
11) Lué’,o and

ivi\{?%{%hg and

(le €ng.

- basd 2 2 252
—l';-fl __E—rer

ly(&, w))

Yiotal (w’d) = Vsource (a”d) "V path (w’d)

Needsgsﬁéﬂaﬁd»"r?fdllhemotion records to fit and determine the respective
parameters

|
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|
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rw(w,é )| = tanh(eexp[-mw —né]+ p)

N k 3 . (a) honz‘cnlal out-of-plane motion .
/ No.4 Sandy fill, h=5m, G=30MPa, p =1900kg /m*, £=5%, v=0.40 o — e
AN e e -
; / No.3 Soft Clay, h=15m, G=20MPa, p=1600kg/m’» &=5%, v=0.40 ‘an A g SN -E Ka|m|ng Bi and Hong Hao,
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properties on coherency loss
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¥ K N\ A of spatial seismic ground
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3. Empirical model

Number of

Site

g s Number of Dates of Site : = E g
Location Array Name Owner Stations Operation Characterization Station Spacing Layout Events
AMERICA
Yellowknife Seismic 1962 min: ~2.5 km; cross with >10,000 seismic events
1 | Canada Amay CTBT 19 ~present max: ~22.5 km unequal arms and nuclear tests
Il and interme- =
. : . 4/1/1994 : min: ~150m; gnd; aperture 24
2 | Mexica Jurdin Amay UhAM ! 0514194 | Gistezomeonedse | T se5 ~500m (.0:M<62)
of Vally of Mexico
7 lake-bed zone of mun: ~92m; 5 =4
21| Medco RomaMicroamay | UNAM | 3 (otl3) | 1993~present | yoneyofMesico | max:~140m manglar | (5 eMwe75:  distant)
. 1km (average);
San Jose Dense 52 (imtially Apnl 1999 ~ . reh 4 .
4 [ CA,USA Seismic Armay USGS 1) present alluvium :::11?73& gnd 11 M2.35-M7.1)
B EPRI Parkfield Dense . min: 10m Y-shaped
5 | CA USA Seismic Ay EPRI 13 (total 21) 1987 alluvium a5 (120m)
USGS Parkfield
- . distributed 625
6 | CA,USA Small (?JPP?AH;;) Amay USGS 14 May 1989~ Paso Robles 25m-952m skalicas knd (05/1989 ~12/1990)
Turkey Flat Strong
7| CA,USA motion Array
8 | CA USA Gilroy Amray 7
n Gamer Valley Aray | UC. Santa 5 . ! 1162 (to 10/01) weak
S ]ch.tsa (GVDA) Bubin | (o) | '97-present v o lineer and swong events
15 m (average) i
10 | CA.USA ZAER Fortente 30 May. 1991 rock @ 38w, | ¢ i wy | 5 chemsical explosions
max: 14.2 m)
thin weathered layer radu: 150m, .
3 Small-Aperture Array el four concentric
11 | CA,USA at Pinyon Flat 25 1991 over crystalline 32%81%:1 ings
7x7 element gnd
5 High-frequency 4/18/1990 ; min- 7Tm @m & 11
12 | CA,USA Amay at Pinyon Flat N ~05/27/1990 decomposed granite max: ~390m element linear .
armay
Parking Garage
(4), Mulholland
13 | causa San Femando Valley (3), Sherman 1/18/1994 aperture of Northridge Earthquake
g Portable Arrays (five) oaks (8) White ~02/24/1994 200 m ~ 500 m aftershocks
Oak (3), 1-10
)
San Femando Valley | SCEC/ - min: 0.5 km distributed 25
il s Dense Amay UsGS - 1% sit,clay, sand max Skm | Glmxskw Q.5ML<40)

; e Dates of :
Location Array Name Owner Stations Operat Chidactiatialion Station Spacing Lavout Events
15 | ca.usa Swmyvale Ansy 4 Ociober. 1989 | albwviomvalley | TE-SSm mangle Euthquabe
. max: 335 m (sides ~ 300 m) fershocks
El Centro Dufferential staton distanse " Impenal Valley
16 | CA, USA . 7 0008 linear (350m) Fartiqn
Borrego Valley Data 13 130
17 | CA,USA Array (BVDA) (total 18) 1993~ alluvium max: ~4km two linear armays (1.5-M-68)
L’CSB-SC%(‘ Dense n X oun ~§5m; WO amrays
18 | CA.USA Qe A UCsB - :‘:G : June. 1992 alluviam: rock i . 45000 (= 3 b 0wy 5 Landers aftershocks
G 5G (3), each array
San Bemnardino T 200m 40 Landers-Big Bear
19 | CA USA Valley Amay GEOS (::u(ﬁ] Jume. 1992 alluvium Pty - afirskacts
T i ﬂ:::: lslmg&m NN
arzapa Nursery = sensors at ag 20N
20 | CA USA Ammay UsSGS b | 1994 shales 15~50m apart (550m): 9 stati ahicisie
cross (380m)
Bullion Wash: Bul Wash: two
Hector Mines (Two) | UC Santa $m - 11kmg “lines” (T3deg) &
21 | CA,USA s Bark 40+22 October. 1999 Bul M grid: Bul Mount
D,E, Om . Mem two “lines”™ {5%!)
Hollister Tential mn: 6lm
22 | CAUSA e 4 soil s 15 1 (M=5.3)
man32m
23 | CAUSA Stanford 4 soil max 185m 4 (M4
mun: 48m
24 | CA,USA Coalinga 7 R o)
63 radially from
" . T. muned spoils - explosion & 39 20 under water
25 | IN.UsA Glendora Ammay NSWC 102 19008 & solls min: 10m moving, high destoess
density ones
nested mangles
26 | NV, USA Colwick Amay 9 mim: 100m: | (aee 100, 200 & explosion
max: 400 m 100m)
§ vertical, one
" , three- " WO concentric nngs seismic &
27T | TX USA Lajitas Seismuc Amay SMU o limestone ofndii 1 &4ka dosions
center
ANTARCTICA
Alfred
= t 2 15 (vertical February 1997 ice nises (ice on 200 m-
28 | Antarctica VNA2 Amy ?_::':' ) = solid rock) 1.96 km 3 concentric nings
. 7, Number of Dates of St . .
Location Array Name Owner ;:ﬁo;: 0;'::';, - Charac t‘c:iulion Station Spacing Layout Events
ASIA
Gami Dense 3-D ’ linear with three
29 | Armema Amay USGS 10 July 1!;0 ~ tunnel 100m (average) additional stations 11 (09/90 ~ 11/90)
s B 13 Apnl 1981 ~ minarea 0.3 [ along and normal to 416
0 | L Tanghandmy | Caltech | ool | December1084 sl ek k2 Lulons fault (12:ML=5.7)
31 | Japan Chiba Dense Armay TUO;;E, 15 loam SmB0 | aiad e
Yokohama Dense distnbuted stati
32 | Japan o iy 150 May 1997~ 2km (average) ks a0km | 29 (Mw4.0-Mw7.3)
Fuchu Strong Motion " . . min: ~ 3km . -
33 | Japan Amay NEID 6 (total 10) 1983 alluvium max: ~8 Skm two ~ linear amrays 6
Ashigara Valley rock (6),
34 | Japan Ang',’_‘h <y ERI 20 (23 total) allovium (14) distributed stations 4 2.9<Mj<5.1)
35 | 1 Osaka Basin Amay
apan Japan
36 | Japm TckthBlsm Amay, 5
apan
37 | Japan Kushiro v, Japan JESG _—
an 1SIuC mun: 4 distnbuted (3.5km
38 | Kazakhstan Aray KazNDC 9 T x Skm)
= tWwo concentric
39 | Kazakhstan Kantw Seismic | gaaNDC ° circles (500m &
y 2km);
Kurchatov Seismic cross (11 stations /
40 | Kazakhstan Amy KazNDC 2 am)
41 | Kazakhstan Afbulak Seismic | g e 10 2003 ~ present ~ ""ﬁg‘”‘“‘
Strong Motion Array .
42 | Taiwan inTaiwan, PhaseI | UCB, IES 37 1980~1991 alluvium s codominc 60 2.7<ML<6.5)
- (SMART ) e
tong Motion Amay December 1990 63 (t0 3/02)
- . - i " : 2
43 | Taiwan in 'l;nsxwan. ;hﬁ)se I IES 45 g t firm gravel deposits | 2km (average) | distributed stations Q.6-ML=73)
] Lotung Large Scale TaiPuwer f ] 30
44 | Taiwan Seismic Test IES 15 (37 total) 1985 ~ 1990 alluvium Y-shaped (10/85~ 07/90)
(@LLSST) (3.7<ML<6.5)




Empirical Coherency loss models

. A _ b 1/2
Harichandran ly (&, ) = Aexp{—f((l‘k)A) o (fi) } +(1—A)
0
Novak and Hindy (£, 0)| = exp|:— K o5 )v}
(1979, the 1* one in Ve
earthquake engineering) l¥(&, f)] = tanh {(2.54 —0.012¢) [exp[(—().l 15 —0.00084¢) f]
Abrahamson et al (LSST .
¥(€. )| = exp(—a(@)é) data) o ] +u.35}
wé i
|¥(§, w)| = exp (—a_') Iyt N — ¢ { cr (§)
: ) y" (&, f)] = tanh <

Loh and his co-workers e L +c;'(€)f +eil (§)f?

ly(§, )| = exp((—a — b)) H H

+(4.80 = cf' (&) exp [} &) f] +u.35}
|y (&, w)| = exp((—a — bw)E") Abrahamson e
v —peded G o Ban WS
ly(§, @,0)] = exp((—a; — by»*)|§ cos B])exp((—ar — brw?)|€ sin b)) ly" @, )l = [““h{ I+ &) + (4.65 — ¢/ (§) exp [¢5 () f] +0-35}
2B 2B
ly(&, f)l = Aexp (——E>+(l — A)exp (— &)
, av(f) v(f) Menke et al
Harichandran and Vanmarcke =1 l¥ (&, f)l = exp(—af§)
V(f)=k{1+(fi)] s B=(1—-A4aA)
! etc

There are about 100 empirical models from different researchers, and they vary
substantially.
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Y, (

di dy,

(J A 1y

/) =exp(—Bd - Bd")

_ L1/2 Tl/2) 2
xexp| = (eyd);'* + ayd}'? ) f
o an
; i
xXexp|i2nf (12)
\ Capp
a d
al(f)=?+bf+c az(f)=}:+€f+g
Event 20 22 23 24 25 29
B, 5.350x10 | 1.130x10™%| 5.200x107%| 2.622x107%| 2.300x107%| 3.550x107%
By | 3-670x107%| 3.710x107%| 1.860x107%| 1.211x107*| 1.820x107*| 6.310x107*
Event 30 31 33 36 37 40
B, 2.950x10 | 4.620x10 }| 2.810x10 7| 3.530x107 %] 7.010x107%| 9.323%10™°
By |5.100x107%| 4.820x107*| 3.710x107*{ 2.830x107*| 6.830x107*| 1.421x107*
Event 41 45 46 47 48
By | 3.062x107%| 1.109x107%| 1.193x1073| 7.420x107%| 1.391x1073
Py | 6.894x107%| 6.730x107°] 9.010x107%] 1.202x1073] 4.723x107*

No guide on how to select an appropriate coherency loss

model, arbitrary selection may lead to different structural

response predictions




To establish a guide for coherency
loss model selection, available
coherency loss functions were
collected and classified into three
groups according to the site
conditions, statistical analyses
were conducted to determine the
mean and standard deviation
coherency loss functions.

Three site

conditions :
1) Baserock
Vs=>750 m/s;
2 ) Hard soil
250 m/s<Vs<750 m/s;

3) Soft soil
\/e<HDEN m/e

Individual

Bedrock site

Mean

Hard soil site |
d=100m

= = == MNean = STD

1.00s.

Soft soil site

10h

Soft soil site

d=500m




Statistical coherency loss functions

I Fitting £ o — 0.8 pa Fitting SSSNSSNASS SN 0.3
2 R | 0. | s
1o, o4 Y o - | 10.4 4
102 G L |02 p—— e |0
0.0 % / —J00 /Q 00
10057 >0 O " 199200505 15 1OfS(H )
300 H 300, 15 f(Hz) 400 z
damy “Wsg020 0 T dm 950020 d(m 50020
Baserock Hard Soft
sot soil
: Paramet Bedrock Hard soil Soft soil
Mean coherency loss function
ers site site site
ly(f,d)| = 1/exp (aif* + apf + azfd)
1.83x103 8.05x10* 7.97x1073
7.70x 10

-1.73x 107 4.32x10- 3



Standard deviations

0.35 STD 0.35 4(\
0.28 ! 1Fitting | 008 I a Fitting 29

|
=

10
J (Hz)

10
200 f(Hz) 200

S (P
o= (bf?+bsf?d+ byfd? + bsfd + bgd)/exp (b f)

15 15

Parameter
S
Bedrock
. 1.70x 10! 8.60x 10+ -3.19x10° 1.07x 107 2.99x 10+ 4.68x 10" 0.95
site
Hard Y&l d)l — |V(f d)lmean T oy
3x 10! 11x10-3 2.71x10°  -7.01x107 6.50x 10+ 2.06x10+ 0.87

Hainseid.ing, Hong Hao, Chao L|, Kaiming Bi, Xiaojun Fang, ‘Statistical Analysis of Earthquake Ground Motion
Coherency.Loss and a Simplified Evaluation Method of Its Effect on Structural Responses’, SDEE, Volume 194, 2025,



h/(f; d)l — h/(fJ d)lmean T Oy

This model defines the statistical variation range of coherency
loss functions, overcomes the dilemma of arbitrarily selecting a
coherency loss function in modelling earthquake ground motion
spatial variations. It provides a guide in modelling spatial ground
motion coherency loss, i.e., mean, or mean plus/minus one
standard deviation

It facilitates a prediction of the influence range of spatial ground
motion coherency loss on structural responses

% Curtin University




Predictions of spatial ground motion

Pl 1) determine baserock motion
/ p— _g/m .5—5/0~U—0.45 . . .
y No.2 Soft Clay, h=15m, G=20MPa, 2 ) Consider P, SH, SV incident to
L / p=1600kg /m’. &=5%: v=0.40 local site, calculate site
No.3 Silt sand, h=6m. G=220MPa, No.3 Silt sand, h=6m, G=220MPa,
p=2000kg /m’ &=5%, v=0.33 é / p =2000kg /m’. £=5%. v=0.33 responses
o No.4 Firm clay, h=7m, G=30MPa, p 1600]g/m =5%., v=0.40 3
N 7A 7 7
a= 600\/ Base rock, G=1800MP&” p = 2300kg /m* & = 5%, v =0.33 /
Ruiz-Penzien Design response Attenuation
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Spatial ground motion simulation
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i=1,2,...,n; j=1,2,...,i.
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Hong Hao, C.S. Oliveira and J. Penzien, "Multiple station ground motion processing and simulation based on SMART-1 data’,

International journal of nuclear engineering and design, Vol. 111, No.3, pp293-310, Elsevier Science Publishers, Holland, Feb.
1989.



i) Uneven site 3

e
A

No.1 Sandy fill, h=5m. G=30MPa,

Assume different incident angles and 0 =1900kg /m*. &=5%, v=0.45
wave types, calculate site responses No.2 Soft Clay, h=15m, G=20MPa,
f p =1600kg/m’. &=5%. v=0.40

A\
No.3 Silt sand, h=6m, G=220MPa, No.3 Silt sand, h=6m, G=220MPa,
p=2000kg/m>, £=5%, v=0.33

f p=2000kg /m*, £=5%, v=0.33
]’ No.4 Firm clay, h=7m, G=30MPa, p2:’1600kg/ m’, £=5%.0v=040 3
T . 7 Pr 77777 77 P ITFTITT LTI LTI TTZ7 Pr iz
S (@) =|Hj (m))| S, (@) j=12..n A
a = 60 Base rock, G=1800MPa/p = 2300kg /m*, £ =5%., = 0.33

Syio)y=H, (io)H, (io)S, ((o)yj.k. (dj.k. Jdo)  jk=12...n

o

Site 1(m/s?)
=
Site 1{m})
o

0.1 03 01
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1 oy
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€ £ o 2 i
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Kaiming Bi and Hong Hao, ‘Modelling and simulation of spatially varying earthquake ground motions at a canyon
site with multiple soil layers Probabilistic Engineering Mechanics’, International Journal of Probabilistic Engineering
Mechanics, Vol.29, pp92-104, 2012



Structural response analvsis :

MU + CU + K ,U=MK;'K,V,

! d, A, d, A,
it Hele v
L | | ]
i)
4 c
B
h, |Soil 4 Soil C |,
. hg | Soil B
A B 54
Base rock

Relative response power spectrum

l ch'
2%t | + |712| cos z

1
Sy, (@) = { lH]Hf'Z — cfr_zrea](Hl ) +

1) Stochastic analysis

Dynamic
ul (1) = -(1[ + Uy)

Pseudo-static
uy (1) = v3

Sk(iw) = Sg(@)yu(iw,dy) Cross power spectrum

spectral moment Zero mean cross rate Shape factor

. “ m . 1 2'2
A = _[} " S(o)dw e =N S =
# 0
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Mean peak response

5 .
vy, = (2T + 2172 o =\

+ [HzH_{ - 52 real(FH,) + ;4] — |real(H\HY) — (!_)LzreaI(Hl) 2Inv T
I ad. ads max(2.1.207) 0<0<0.1
- gereal(h) + 35 | [lnaleos B+ pafeos P2 | Ls,@) vT =10.630" 0380T 0.156<069
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Hong Hao, A parametric study of required seating lengths for bridge decks during earthquake, International Journal
of Earthquake Engineering and Structural Dynamics, Vol. 27, pp91-103, 1998.



- f= = . =
3 47 f=0.5Hz, d=100m, £0.25Hz, £=0.6, PGA=0.5g, medium firm ste B 0 4100, £-025Hz, 06, PGA=0.55
) medium firm site
————— uniform E=1% _—
--------- - phase shift only £=5% Sresssmcssen
————— general E-10% —_—————
——s—s—+— Event 45 Ews0
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Hong Hao, A parametric study of required seating lengths for bridge decks during earthquake", International Journal
of Earthquake Engineering and Structural Dynamics, Vol. 27, pp91-103, 1998.

Axial Force /% no phase shift R
no_coherency loss — — ——
uniform input = ~-----

Normai U .

no phase shift [ —
Tangential W = -— - no_fgohe[encgg loss —~ ——— . no ph:w shiﬂ.] J— 0.5 dynamic

unirorm  INpPUt = c e e m o 088 — — — — =

P niform npar % TIIIT shedr force
0.0 T T ] C.0 T — T —
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Hong Hao, ~"Arch responses to correlated multiple excitations™"
International Journal of Earthquake engineering and Structural
Dynamics, Vol. 22, pp389-404, USA, May 1993.

Mode shapes



Time-history analysis, an elevated aqueduct PGA= 70 cm/s?, #ii PGA= 400cm/s?

27500
600 | 8300 700 8300 700 8300 _|e0C

1 Comparison of measured and calculated aqueduct vibration frequencies

S — M | [ i

I i Water level Longitudinal (Hz) Transverse (Hz)

B Test | Numerical | Emor | Test | Numerical | Eror
Empty 200 1 270 | 23% | 4T3 ] 395 |-165%
, Full 261 2700 1 205% | 359 | 304 |-153%

| oo | y 1
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Wenyi Chen and H. Hao, ‘Dynamic response analysis of large aqueduct to earthquake ground excitations’, Proceedings of 13th

WCEE, Vancouver, Canada, August 1-6 2004.
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Kaiming Bi, Hong Hao. Numerical simulation of pounding damage to bridge structures under spatially varying
ground motions. Engineering Structures 2013; 46: 62-76.




Design Analysis: EUROS8 & Italian Code

1 ) Use standard design response spectrum for uniform input, calculate
dynamic response Md -

2 ) From design spectrum, calculate the maximum ground displacement
dg:

3 ) Determine a set of in-phase ground displacement at multiple supports
A,

4 ) Apply ground displacement set A at multiple bridge supports, calculate
pseudo response Ma.

5 ) Determine a set of out-of-phase ground displacement at multiple
supports B .

6 ) Apply ground displacement set B at multiple bridge supports, calculate

- I I DI B DI N DN EEE DN EEE DG BEE BEE DN BEE BN BEE B A B EEE e ey

7) Combine,’ SRSS-A: \\i‘\o
response | — \/ 2 L g2 pture
responsea: M,, Mg+ M, |

| SRSS-B: :
| _ 2 2
My, _\/Mdi+MBi : 0
| |
|
_ 2 2 2 |
'\ M 4, _\/Mdi+MAi+MBi /’

~ >

— Ground type B
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A
0.4
0.2
0.0 l l : - :
0 1 2 3 4 5 6
T (s)
“d =0025-a -S-T.-T
j— . -a . . .
ds\/i [ — g .................... %- _____ C D
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& Ll G i+
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Verification Analysis

ol

L=70m L=70m 4 I=70m  L=70m ; L=70m j L=70m _
77§i;7
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T, T, T, T, T,
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- == Simulated
— 8r
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2
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Simulate response spectrum compatible ground motions

A 4 \ 4

)C2I

A 4 \ 4
=

X

Bridge response under support movement set A

»d,

e

o

& drS

> X,

Bridge model Parameters

Parameter | Span | Deadload | Height | Fundamental | Damping
length Period ratio

Value 70m 200kN/m 75m 043s 5%
g N e B AN SR S
7 0 T T ”1_____I__ T . (.

*m X *m Xe VM Xe X X

Dynamic response analysis subjected to uniform excitation

Bridge response under support movement set B
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X, X e,

Response prediction of bridges subjected to spatially varying

ground motions
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1(s)
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25}
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i%(nw%ﬁ

251

-5.0
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t(s)

Simulated spatially varying ground motions

145
Cases
Pier 1 Pier 2 Pier 3 Pier 4 Pier 5
Highly correlated Case 1 -27.16% 0.83% 27.28% 6.39% -25.33%
Inter. correlated Case2 500m/s -29.25% -10.02% 6.89% -7.60% -23.50%
Weakly correlated Case 3 -31.02% -23.14% -19.17% -21.71% -30.48%
Highly correlated Case 4 -5.64% 22.37% 76.98% 51.22% 11.69%
Inter. correlated Case 5 1000mM/s _11 66% 2.47% 14.70% 15.83% -8.24%
Weakly correlated Case 6 -27.24% -19.96% -13.84% -15.98% -23.23%
Highly correlated Case 7 -4.63% 3.83% 13.41% 17.09% 13.88%
Inter. correlated Case 8 2000m/s -12.40% -7.48% -0.63% -3.23% -4.82%
Weakly correlated Case 9 -24.80% -26.11% -16.03% -18.55% -22.45%




Structural response to spatially varying ground motions

Dynamic response MU + CU + K, U=MK;'K,V,

Quasi-static response . =Ru, R=-K K.,

. . . 1.0} — Ground B
Code method: uniform ground motion assumption for e
. . . . 0.8 H
dynamic response analysis, which fails to capture the s |
inertial, damping and elastic resistance of structures =
associated to nonuniform ground excitations
Assumed two sets of nonuniform support displacements may *%———5 3+ &

not represent the true spatially varying ground displacements

de A
dgV2 |

..................




To improve the prediction accuracy for design analysis, we recently proposed a Multi
Supports Response Spectrum (MSRS) method. The method keeps the simplicity as
the normal design analysis methodology, but more realistically account for the effects
of ground motion spatial variations on structural responses.

Step-1: Establishment of SVGEM Design-oriented MSRS procedure
Database T T T

A large amount of ground motion time . .
histories is simulated, accounting for | || Multi-support design
the wave-passage and coherency loss | [ [€SPOnse spectrum s

effects. #’developed using a &
one-span  (wo-support
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X d g 0.10

* ' ' ' . ' Mean VAN 1.0
m 0.08 Bedrock site - EuFitting NNV | () o
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Consider a SDOF system with two supports with separation distance d and vibration frequency f,
the design response spectrum such as those defined in the Chinese seismic design code
GB50011, the mean or mean plus/minu standard coherency loss function, and assume an
apparent wave propagation velocity, simulate a set of spatially varying, response spectrum and

coherency loss compatible ground motions
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Step 2

Varying the vibration period T and separation distance d, calculate the
peak response of the SDOF system with two supports, construct the
MSRS with respect to T and dv=ad/Vapp.

0.08 10.08
e 4 {0.06 10.06
10.04 S, (m) 10.04 8, (m)
0.02 10.02
0.00 0.00

(a) Bedrock site (b) Hard so1l site (c) Soft soil site



Step 3
Estimating the equivalent span length of multiple span bridges for directly
reading the peak responses from the MSRS

d d d; deff
» 1 e 2 >< : > < 4 >
e e
m
—> |k k-
_:\}VH Ug] A U g > 1 g3 A U g —ﬂ{,;m» Ug) —ﬁ‘;\w—» Ug)

(1) total span length, (ii) average span
length, (iil) maximum span length, (iv) the
interquartile range (IQR) of span lengths,
and (v) the square root of the sum of
squares (SRSS) of span lengths



Verification and Comparison

Site Category<’

Span length¢

Bedrock site / Hard soil site / Soft soil site<]

100m-200m¢’

200m-200m¢”

200m-300m+’

300m-300m¢«”

300m-400m¢«”

300m-500m¢”
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100m-200m-300m¢<’

200m-200m-200m¢”

Frrrrrra
—fmp,—p- ”gl ng

wla d wl

TP TR
A Ug3 A Ugj

Two to five span structures, calculate responses using the
proposed MSRS and EUROCODE 8-2 methods, compare
them with time history analyses results, which are used as
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== ECB8 method (B edrock site)
| == Proposed method (Bedrock site)
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Lab tests

| 100 m |
I |
- Bridge segment | Bridge segment I1 Bridge segment 111
[ ] [ ] [ ]
Pier A Pier B Pier C Pier D Pier E Pier F
<+ <+ <>
ag1 ap agp
N——
50 m
= - Seismic wave =—p I< }I{ }I
Segment I Segment 11 Segment I11 100 m 100 m

Bo Li, Kaiming Bi, Nawawi Chouw, John W Butterworth, Hong Hao. Experimental investigation of spatially varying
effect of ground motions on bridge pounding. Earthquake Engineering and Structural Dynamics 2012; 41(14):
1959-107¢&
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Bo Li, Kaiming Bi, Nawawi Chouw, John W Butterworth, Hong Hao. Effect of abutment excitation on bridge
pounding. Engineering Structures, Vol. 54, 2013, pp57-68.



Tests in Central South University, two spans, 16m model : 1) fixed pier, 2 ) rocking pier

SET1 TEST4 RUN3

Bipin Shrestha, Li-Xiang He, Hong Hao, Kaiming Bi, Wei-Xin Ren, ‘Experimental study on relative displacement responses of bridge
frames subjected to spatially varying ground motion and its mitigation using superelastic SMA restrainers’, Soil Dynamics and
Earthquake Engineering, Vol. 109, 2018, pp76-88.
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Yuanzheng Lin, Zhouhong Zong, Kaiming Bi, Hong Hao, Jin Lin and Yiyan Chen, ‘Experimental and numerical studies of the
seismic behavior of a steel-concrete composite rigid-frame bridge subjected to the surface rupture at a thrust fault’, Engineering
Structures, Volume 205, 2020, Article 110105.
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Concluding remarks

1) Earthquake ground motions at multiple structure supports inevitably vary.

2) Ground motion spatial variations excite some structural response modes that
would not be excited by uniform ground motion inputs.

3) Most seismic design codes state the importance of considering ground motion
spatial variations in the analysis and design of large dimensional structures, but
do not give specific guides. Those provide design analysis method may not
lead to reliable estimations of structural responses.

4) The ground motion spatial variation models, simulation methods, structural
response analysis and response characteristics are summarized in this talk.

5) Some recent research results on statistical coherency loss model, Multi
Support Response Spectrum method for design analysis are introduced

6) Some laboratory tests using multiple shake tables are also presented

7) A new Chinese Civil Engineering guides on analyses and tests of large
dimensional structures subjected to spatially varying ground motions, which is
under the final stage of evaluation before publication, is briefly introduced.

% Curtin University
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Thank you for your
attention!

% Curtin University
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