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S o u rc e ,  p a t h  a n d  lo c a l  s i t e  c o n d it io n s  
m a k e  s e is m ic  g ro u n d  m o t io n s  va ry 
s p a t ia l ly 
1 . Wa ve  p a s s a g e  e ff e c t : s e ism ic  w a ve s  
a r r ive  a t  d iffe r e n t  loca t ion s  a t  d iffe r e n t  t im e s
2 . In c o h e re n c e  e ff e c t : s e ism ic  w a ve s  
s ca t t e r  in  t h e  h e t e r og e n e ou s  m e d iu m  of t h e  
g r ou n d
3 . Lo c a l  s i t e  e ff e c t : d iffe r e n ce s  in  loca l soil 
con d it ion s  a t  e a ch  s t a t ion  m a y a lt e r  t h e  
a m p lit u d e  a n d  fr e q u e n cy con te n t  of t h e  b a se  
r ock m ot ion s  d iffe r e n t ly.

Recorded ground motions at SMART-1 array in Taiwan, 
separation distance 200 m

Recorded motions in 
2021 Lushan 
earthquake in China, 
separation distance 
100 m

Background
Gro u n d  m o t io n  s p a t ia l  va ria t io n  ( GM S V)  is  
in e vit a b le
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Asymmetric fundamental 
mode of arch structure

Relative displacement Torsional response

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



Curtin University is a trademark of Curtin University of Technology
CRICOS Provider Code 00301J

Early Research
1 . Bog d a n off N L, Gold b e r g  JE , S ch iff AJ, ‘Th e  Effe c t  of Gr ou n d  

Tr a n sm is s ion  t im e  on  t h e  r e sp on se  of lon g  s t r u c tu r e s ’, Bu ll. S e ism ol. 
S oc . Am , 1 9 6 5

2 . N e w m a r k N M , ‘Tor s ion a l Re sp on se  of S ym m e t r ic  Bu ild in g s ’, 
P r oce e d in g s  4 WCEE 1 9 6 9

3 . S a n d i H , ‘Con ve n t ion a l S e ism ic  For ce s  Cor r e sp on d in g  t o  N on -
syn ch r on ou s  Gr ou n d  M ot ion ’, P r oc  of 3 r d  Eu r op e a n  S ym p  Ea r th q u a ke  
En g in e e r in g , S ofia , Bu lg a r ia  1 9 7 0 .

4 . M or g a n  JR, H a ll WJ a n d  N e w m a r k N M , ‘S e ism ic  Re sp on se  Ar is in g  
fr om  Tr a ve llin g  Wa ve s ’,  J. S t r  En g , AS CE, 1 9 8 3

5 . Wilson  E , S AP4 , 
6 . Pe n zie n  J. N EABS
7 . E tc , e t c   

On ly c o n s id e re d  s e is m ic  w a ve  p a s s a g e  
e ff e c t ,  n e g le c t e d  lo s s  o f  c o h e re n c y 
b e t w e e n  s p a t ia l  g ro u n d  m o t io n s

a 1 (t
)

a 2 (t
)

a 2 (t )= a 1 (t -
d /v)
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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

S e is m ic  d e s ig n  c o d e  ( s p a t ia l  
g ro u n d  m o t io n ) : 

AAS H T
O

M CEER/
ATC-4 9

Ja p a n e s e  
c o d e EU RO 

c o d e

It a l ia n  
c o d e

GB 5 0 0 1 1 -
2 0 1 0

N e ce ssa r y S e a t in g  
le n g th

S im p lifie d  
m e th od  

Ground motion 
simulation
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DesRoches and Fenves 
(2000) proposed a method to 
estimate the required cable 
restrainer stiffness to avoid 
unseating

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.



Practice

Extending seat length Stopper

Restrainer

Modular expansion joint

Rubber expansion joint



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

Ava bridge collapse, 2025



Characteristics and modelling of ground motion spatial variations
Recorded ground motions at Zhigong, separation 
distance 100 mRecorded ground motion at SMART-1 array, 200 m

Coh e r e n cy a n d  p h a se  
fu n c t ion  

 

Auto and Cross Power Spectrum
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Coherency loss function | jk(i)|, Phase shift θjk(ω), which can be 
easily determined if apparent wave velocityVapp  is determined 



Spatial ground motion apparent wave velocity Vapp 

Apparent wave velocity

Shear wave velocity

Ground motion incident angle to the site, 
which in practice is difficult to be determined

Assume uniform site, two extreme values of apparent velocity

1 ） Horizontal incident ： Vapp=Vs

2 ） vertical incident ：                  ， no 
phase shift

ap pv

Assuming ground motion consists 
of mainly shear wave 。

F-K analysis, Event 45, SMART-1 Array, 15-25 sec 
window

1.46Hz 1.95Hz

Vapp is time, frequency and azimuth 
dependent. 
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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 ꝏ. 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

Hong Hao, ‘Response of multiply-
supported rigid plate to spatially 
correlated seismic excitations', 
International Journal of earthquake 
engineering and structural 
dynamics, Vo1. 20, 1991. 

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



  10 ijkCoherency 
loss ：

i) B. J. Usc in ski, 

ii ） Ka zim ie r z 
S ob czyk, 

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

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

i) De r  
Kiu r e g h ia n , 
ii) Lu co a n d  
Won g ,iii) Ya n g  a n d  
Ch e n g ,

Needs spatial ground motion records to fit and determine the respective 
parameters

iv) 
S om e r ville , 

Model wave propagation in random local site

Kaiming Bi and Hong Hao, 
‘Influence of irregular 
topography and random soil 
properties on coherency loss 
of spatial seismic ground 
motions’, Earthquake 
Engineering & Structural 
Dynamics, 2011, Vol. 40, 
pp1045-1061 



3 .  Em p iric a l  m o d e l



Empirical Coherency loss models

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



No guide on how to select an appropriate coherency loss 
model, arbitrary selection may lead to different structural 

response predictions 



Three site 
conditions ： 
1 ） Baserock
      Vs≥750 m/s; 
2 ） Hard soil
    250 m/s<Vs<750 m/s;  
3 ） Soft soil 
   Vs≤250 m/s

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.



Statistical coherency loss functions
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Mean coherency loss function



0
5

10
15

20 0
100

200
300

400
500

0.00

0.07

0.14

0.21

0.28

0.35

d (m)

σ

f (Hz)

 STD
 Fitting

0
5

10
15

20 0
100

200
300

400
500

0.00

0.07

0.14

0.21

0.28

0.35

d (m)

σ

f (Hz)

 STD
 Fitting

0
5

10
15

20 0
100

200
300

400
500

0.00

0.07

0.14

0.21

0.28

0.35

d (m)

σ

f (Hz)

 STD
 Fitting

基岩 硬土 软土

Pa r a m e te r

s

Be d r ock 

s it e
1 .7 0 × 1 0 -1 8 .6 0 × 1 0 -4 -3 .1 9 × 1 0 -5 1 .0 7 × 1 0 -7 2 .9 9 × 1 0 -4 4 .6 8 × 1 0 -5 0 .9 5

H a r d  soil 

s it e
2 .0 3 × 1 0 -1 1 .1 1 × 1 0 -3 -2 .7 1 × 1 0 -5 -7 .0 1 × 1 0 -7 6 .5 0 × 1 0 -4 2 .0 6 × 1 0 -4 0 .8 7

S oft  soil 

s it e
3 .2 2 × 1 0 -1 3 .3 5 × 1 0 -3 -1 .5 3 × 1 0 -4 -1 .7 8 × 1 0 -6 1 .6 9 × 1 0 -3 1 .6 4 × 1 0 -4 0 .8 6

Standard deviations

 Haimei Ling, Hong Hao, Chao Li, 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,
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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 



Predictions of spatial ground motion
1 ） determine baserock motion
2 ） Consider P, SH, SV incident to 

local site, calculate site 
responses

Ru iz -Pe n z ie n  
m o d e l

D e s ig n  re s p o n s e  
s p e c t ru m

At t e n u a t io n  
m o d e l         fIfGfRPfMEfRMY ,,,, 00 



Spatial ground motion simulation
i) Flat site



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.



ii) Uneven site
Assume different incident angles and 
wave types, calculate site responses

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 analysis ： 1 ） Stochastic analysis
Dynamic

Pseudo-static

Relative response power spectrum

Cross power spectrum

spectral moment Zero mean cross rate Shape factor

Mean peak response

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.



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.

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/s2, 极端 PGA= 400cm/s2 

单跨 40 m, 单跨水重 5717 ton ， 共 17
跨，总长 680 m 

Housner 水模
型，

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. 







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: EURO8 & 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 
pseudo response MB 。

7 ） Combine the dynamic response obtained from step 1 and pseudo 
response from step 4 & 6 through SRSS to derive the bridge structure 
responses 。

In-phase ground displacement set A

Out-of-phase ground displacement set B

2 2
Ati di AiM M M 

2 2
Bti di BiM M M 

 

 

SRSS-A:

SRSS-B:

2 2 2
ABti di Ai BiM M M M  



Verification Analysis
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Simulate response spectrum compatible ground motions
Dynamic response analysis subjected to uniform excitation
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Bridge response under support movement set B



`

m

1T 2T 3T 4T 5T1gx

2gx 3gx 4gx 5gx 6gx

7gx

Response prediction of bridges subjected to spatially varying 
ground motions Simulated spatially varying ground motions



Structural response to spatially varying ground motions
Dynamic response

Quasi-static response

Code method: uniform ground motion assumption for 
dynamic response analysis, which fails to capture the 
inertial, damping and elastic resistance of structures 
associated to nonuniform ground excitations
Assumed two sets of nonuniform support displacements may 
not represent the true spatially varying ground displacements



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. 



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

Step 1



Design response spectrum and coherency loss function compatibility check



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=d/Vapp. 

dv (s)

Step 2



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

 

(i) total span length, (ii) average span 
length, (iii) 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

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 
the benchmark responses of the bridge 



Two span structure



Three 
spans

Four spans

Five spans

MSRS outperforms EUROCODE for 
all the considered cases, reducing 
the largest prediction errors from 
over 70% to less than 15%



d=200m

Spectral analysis, mode superposition



Lab tests

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): 
1959-1976.

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

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.




Tests in Chongqiang Transportation research institute

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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Provide guides on selecting ground motion spatial variation models. For phase shift effect: range of 
apparent wave velocity Vs to , structural response extreme values ꝏ fd/vapp=0.5, 1.5 or 1.0 and 2.0
For coherency loss: | jk （ i ） |=1.0, | jk （ i ） |≤0.3 for perfectly correlated or uncorrelated, and 
mean, mean plus/minus standard deviation coherency loss function
Method for scaling apparent velocity                           and coherency loss                 for scaled model 
test                                       

app m l f app pv v  
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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 is a trademark of Curtin University of Technology
CRICOS Provider Code 00301J

Thank you for your 
attention!
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