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I. Research Background and Significance
The  safe  service  of major eng ineering  structures under long-term and hazard 

loads is becoming  increasing ly critical.

Civil engineering 
structures

Early service stage Essentially 
intact

Minor 
damage

Severe damage 
or collapse

Mid-service stage Late service stage

Civil structures under long-term loading  are  e ssentially time-varying  and 
nonlinear structural systems .

Monitoring system design

Monitoring-data analysis theory

Structural parameter 
estimation

Structural reliability 
assessment



I. Research Background and 
Significance

Ma'anshan Yangtze  River Highway Bridge  - Left-
Channe l Suspension Bridge

The  le ft-channe l m a in  bridge  adopts a  th ree -
tower, two-span  suspension  schem e  with  a  span  

a rrangem ent of (360+2*1080+360) m . The  
m iddle  tower uses a  non-floa ting  structu ra l 

system  and  a  stee l-concre te  com posite  tower.

Wangdong  Yangtze  River Highway Bridge

The  m ost conven ien t Yang tze  Rive r crossing  
on  Na tiona l Expressway G35. The  1,250 m  
m ain  bridge  is a  two-tower, double -cab le -

p lane , sem i-floa ting  cab le -stayed  bridge  with  
a  638 m  m ain  span  and  a  span  a rrangem ent 

of (78+228+638+228+78) m .

Wuhu Yangtze  River Second Highway 
Bridge

The  1,622 m  m ain  bridge  is a  five -span , 
sepa ra ted-stee l-box-g irde r cab le -stayed  

bridge  with  sp lit-colum n towers and  four 
cab le  p lanes. It  adopts a  fu lly floa ting  
system ; the  tower he igh t is 262.48 m .The  Im plem entation Plan for Build ing  Structural Health Monitoring  System s for Long-Span Highway Bridges states 

clearly that the  construction of structural health monitoring  systems for long-span bridges is an important measure  for 
promoting  the  high-quality deve lopment of bridges, an essential component of new infrastructure  deve lopment, a key 
means of ensuring  the  safe ty and durability of long-span bridges, and an important approach to  improving  scientific 

bridge  maintenance  and management.



I. Research Background and Significance

Typhoon Muifa: maximum wind 
force  near the  center reached Leve l 
14

Typhoon Haikui: maximum wind force
 at landfall reached Leve l 14

Typhoon  Haiku i:
Maxim um  la te ra l 
d isp lacem ent of 
the  m ain  cab le : 1.42 m

Typhoon  Haiku i:
Maxim um  la te ra l 
d isp lacem ent of 
the  stiffen ing  g irde r: 1.49 m

Typhoon  Muifa :
Maxim um  la te ra l 
d isp lacem ent of 
the  m ain  cab le : 1.06 m

Typhoon  Muifa :
Maxim um  la te ra l 
d isp lacem ent of 
the  stiffen ing  g irde r: 0.98 m

Design  va lue : stiffen ing  g irde r = 
10.65 m

Design  va lue : m a in  cab le  = 10.1 
m

Key challenges remain in both theory and practice , including  re liable  structural sensing , accurate  and credible  

measured data, the  gap be tween data mining  and engineering  applications, and the  unclear evolution of 

structural performance .
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Significance

Data-driven structural 
dynamic response

Probabilistic mode l parameter e stimation

Computational 
uncertainty

Mode l 
uncertainty

Measurement 
uncertainty

Data-driven parameter estimation for 
probabilistic mode ls of nonlinear bridge  

structures

Effects of multi-source  
uncertainty on probabilistic 

mode l parameter e stimation

GPR surrogate  
mode l

GAN
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Shaking-table  validation using  a 
stee l-concre te  composite  bridge  

tower

Sampling  
method

Sample  
size



II. Data-Driven Parameter Estimation 
for Probabilistic Mode ls of Nonlinear 

Bridge  Structures



GPR-GAN-Based Parameter Estimation for Probabilistic Mode ls of Nonlinear Bridge  

Structures

Existin
g  

Issues

Propose
d 

Solution

Accura te  structu ra l pa ram ete r e stim a tion  unde r SHM, re liab ility ana lysis, and  risk 

assessm en t, and  d irectly affects re sponse  pred iction  and  sa fe ty eva lua tion . Trad itiona l 

approaches re ly on  h igh-fide lity physica l m ode ls and  extensive  m easured  da ta , lead ing  to  h igh  

com puta tiona l cost and  lim ited  pe rform ance  for h igh-d im ensiona l, non linea r, and  com plex 

structu ra l system s.

Generative  Adversarial Network (GAN)
En a b le s  ra p id  re sp o n se -to -
p a ra m e te r  in ve rs io n  by le a rn in g  
s t ru ctu ra l p a ra m e te r  d is t r ib u t io n s .

Gaussian Process Regression (GPR)
Re p la ce s  co s t ly fin ite -e le m e n t  
a n a lys is  with  a n  e ffi cie n t  p a ra m e te r -
to -re sp o n se  su r ro g a te .

GPR-GAN probabilistic mode l parameter-
estimation method

GPR-GAN in tegra te s a  GPR-based  
forward  su rroga te  in to  an  im proved  GAN 
fram ework, com bin ing  gene ra tive  
represen ta tion  with  efficien t re sponse  
pred iction  to  ach ieve  accura te  pa ram e te r 
e stim a tion  for com plex non linea r 
structu res.

II. Data-Driven Parameter Estimation for Probabilistic Mode ls of Nonlinear 
Structures



GPR-GAN Model Architecture
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The  cab le -stayed  bridge  has 249.5 m  side  spans, a  
550 m  m ain  span , and  a  tota l leng th  of 1,599 m . It is 
supported  by m ain  towers 3-5, auxilia ry p ie rs 2 and  
6, transition  p ie r 1, and  abu tm ent 7. The  m ain  
g irde r is a  stee l-concre te  com posite  system  with  a  
30.2 m  deck wid th . Two I-shaped  stee l longitud ina l 
g irde rs spaced  24.7 m  apart form  the  p rim ary 
fram e; web  and  flange  th icknesses a re  20 m m  and  
16 m m . Stee l crossbeam s and  secondary 
long itud ina l g irde rs a re  connected  with  h igh-
strength  friction  bolts, and  the  concre te  deck slab  is 
com posited  above  them .

Structu ra l Pa ram e te rs of the  Three -Tower Cab le -Stayed  Bridge

Example : Probabilistic Mode l Parameter Estimation for a Three -Tower Cable -Stayed Bridge

North ridge  ea rthquake  load ing  tim e  h istory (PGA=0.3g)

Acce le ra tion  re sponse  a t the  top  of the  m idd le  
tower

II. Data-Driven Parameter Estimation for Probabilistic Mode ls of Nonlinear 
Structures

Main-g irde r 
section



Com parison  of acce le ra tion  re sponses a t the  m idd le -
tower top

Param ete r-e stim a tion  re su lts  for 
the  th ree -tower cab le -stayed  

b ridge

GPR m ode l p red iction  re su lts

Genera tor loss cu rve

II. Data-Driven Parameter Estimation for Probabilistic Mode ls of Nonlinear 
Structures
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III. Effects of Multi-Source  Uncertainty on Parameter Estimation

•Param ete r e stim a tion  requ ire s 
m any fin ite -e lem ent m ode l ca lls, 
which  crea te s h igh  com puta tiona l 
cost and  m akes it  d ifficult to  bu ild  
la rge , we ll-cove red  tra in ing  
da tase ts.
•Sim plifica tions and  
approxim ations in  physica l or 
m a them atica l m ode ls in troduce  
m ode l e rror. During  pa ram e te r 
e stim a tion , th is e rror can  crea te  
system atic b ias and  reduce  
accuracy and  re liab ility.
•Measurem ent noise  
con tam ina tes  re sponse  da ta , 
am plifies unce rta in ty in  pa ram ete r 
e stim a tion , and  widens confidence  
in te rva ls.

Existing  Issues Proposed Solution

Multi-
sourc

e  
uncer
tainty

•Effect of tra in ing-sam ple  size  on  
pa ram ete r e stim a tion ;
•Effect of sam pling  stra tegy on  
pa ram ete r e stim a tion .

•DenseNet m ode l-e rror su rroga te ;
•GPR-DN-GAN conside ring  m ode l 
e rror.

•Effect of noise  in tensity on  
pa ram ete r e stim a tion ;
•Sensitivity ana lysis of noise  types;
•Hiera rch ica l noise -robust 
stra tegy.

Observation 
uncertainty

Computation
al uncertainty

Mode l 
uncertainty



III. Effects of Multi-Source  Uncertainty on Parameter 
Estimation Influence  of Sample  Size  on Parameter Estimation

Number of sampling  
points

Number of sample  
groupsTo study the  effect of sam pling-poin t num ber on  

estim ation  accuracy and  com puta tiona l tim e , 64 (Case  
1), 256 (Case  2), and  1024 (Case  3) acce le ra tion-
response  sam pling  poin ts a re  used  to  tra in  GPR-GAN.

The  resu lts show tha t GPR-GAN can  still cap tu re  the  
non linear in form ation  and  d istribu tiona l fea tu res 
em bedded  in  structu ra l param ete rs and  responses with  
fewer sam pling  poin ts. However, increasing  the  num ber 
of sam pling  poin ts is necessa ry and  effective  for 
im proving  estim ation  accuracy and  reducing  
uncerta in ty.

GPR-GAN is tra ined  using  100 (Case  1), 300 (Case  
2), and  500 (Case  3) sam ple  g roups, with  each  
acce le ra tion-response  sam ple  con ta in ing  256 sam pling  
poin ts.

Increasing  sam ple  size  im proves pred iction  accuracy and  
stab ility, bu t a lso  increases com puta tiona l burden . A 
reasonab le  sam ple -group  size  im proves tra in ing  stab ility 
and  m ode l gene ra liza tion  while  reducing  cost under the  
requ ired  e stim ation  accuracy.



Three  hundred  sam ples a re  genera ted  in  the  pa ram ete r space  using  PRS (Case  1), LHS (Case  2), and  Sobol sequence  
sam pling  (Case  3), re spective ly. To isola te  the  influence  of each  m ethod  and  ensure  independen t ana lysis, GPR-GAN and  its 
em bedded  GPR m ode l a re  tra ined  with  sam ples genera ted  by the  sam e  sam pling  stra tegy.

Com parison  of acce le ra tion  re sponses unde r d iffe ren t sam pling  
stra teg ie s

GPR pred iction  resu lts under d ifferen t sam pling  
stra teg ies

Effect of sampling  strategy on probabilistic mode l parameter e stimation

(a ) PRS

(b) LHS

(c) Sobol sequence  
sam pling

Param ete r-sam ple  h istogram s unde r d iffe ren t sam pling  
stra teg ie s

A-1 A-2 A-3



Because  a  num erica l m ode l is  a  sim plified  and  
d iscre tized  represen ta tion  of the  rea l structu re , 
unavoidab le  re sponse  d iscrepancies rem ain  even  
when  the  structu ra l pa ram ete rs θ  a re  p recise ly 
de te rm ined . Mode l e rror is  in troduced  to  
d istingu ish  th is system atic b ias be tween  num erica l 
p red ictions and  the  rea l structu re .

Structu ra l 
pa ram ete rs 

θ

Design  
va riab le s x

In itia l 
conditions

Boundary 
conditions

In itia l 
tem pera tu re , 

e tc.

Fabrica tion  
pa ram ete rs, 

e tc.

Physica l 
pa ram ete r

s
Tun ing  

pa ram ete r
s

Specific 
pa ram ete r

s

Mate ria l 
p rope rtie s, 

e tc.
Multip lica tiv

e  factors, 
e tc.

Use r-defined  
pa ram ete rs, 

e tc.

   r , y x θ δ xm

True  
response

Num erica l m ode l 
re sponse

Mode l 
e rror

When m easurem ent noise  is conside red , the  
equa tion  can  be  fu rthe r expressed  as:

   m ,  y x θ δ x εm
Measurem ent 

noise

Parameter classification Representation of mode l 
error

III. Effects of Multi-Source  Uncertainty on Probabilistic Mode l Parameter 
Estimation

Rela tionsh ip  am ong  m ode l p red iction , true  va lue , and  m easured  
va lue



GPR pred iction  resu lts withou t conside ring  m ode l 
e rror

GPR pred iction  resu lts conside ring  m ode l 
e rror

Loss cu rve  of the  m ode l-e rror 
su rroga te

Genera tor loss curve  of GPR-DN-
GAN

Param ete r-sam ple  h istogram s for the  th ree -tower cab le -stayed  bridge  conside ring  
m ode l e rror

Com parison  of acce le ra tion  re sponses a t the  m iddle -tower top  conside ring  m ode l 
e rror



III. Effects of Multi-Source  Uncertainty on Parameter Estimation

Noise  type Engineering  background

Gaussian  white  noise Therm al and  e lectron ic noise  in  acce le rom ete rs, ve locity sensors, stra in  
gauges, and  othe r e lectrica l m easurem ent devices

Pink noise Wide ly p re sen t in  changing  environm enta l backgrounds, wind  load ing , 
and  long-te rm  founda tion  se ttlem en t

Red  noise Can  sim ula te  low-frequency nonsta tionary p rocesses such  as sensor 
ze ro  drift and  da ta -acqu isition  base line  va ria tion

Im pulse  noise Usua lly caused  by rap id  transien ts from  e lectrom agne tic in te rfe rence , 
sensor jum ps, or sam pling-synchron iza tion  fa ilu res

Influence  of Measurement Uncertainty on Parameter 
EstimationMeasurem ent unce rta in ty m a in ly appears a s noise  in te rfe rence  in  dynam ic structu ra l re sponse  

m easurem ents. Beyond  sensor the rm al noise  and  ana log-circu it e lectron ic noise , it  m ay include  

environm enta l d istu rbances, da ta -acqu isition  base line  sh ifts, tem pera tu re -hum id ity effects, 

synchron iza tion  e rrors, and  drift e rrors. These  e rrors p ropaga te  th rough  structu ra l re sponses in to  

pa ram ete r e stim a tion , poten tia lly causing  system atic b ias, increased  unce rta in ty, convergence  

fa ilu re , or ove rfitting , the reby reducing  m ode l gene ra liza tion .



Structu ra l-pa ram e te r sam ple  h istogram s for the  th ree -tower cab le -
stayed  b ridge

Com parison  of acce le ra tion  re sponses a t the  m idd le -tower top



IV. Shaking-Table  Validation Using  a Stee l-
Concre te  Composite  Bridge  Tower



The  bridge -tower te st m ode l is  sca led  accord ing  to  sim ila rity theory with  a  sca le  ra tio  of 1:172. The  2.0 m  
m ode l consists of an  upper stee l tower colum n and  a  lower re in forced-concre te  tower colum n . The  0.6 m  
upper colum n uses Q420qD h igh-streng th  stee l to  sim ula te  the  stee l anchor-box reg ion  for cab le  
anchorage  in  the  p rototype ; the  1.4 m  lower colum n is re in forced  concre te  with  C60 concre te , 
corre sponding  to  the  m a in  load-bearing  pa rt of the  p rototype .

IV. Shaking-Table  Test of a Stee l-Concre te  Composite  Bridge  
Tower

Mate ria l Pa ram e te rs of the  Stee l-Concre te  Com posite  
Bridge  Tower

Test Structu re  of the  Stee l-Concre te  Com posite  Bridge  
Tower



Six un id irectiona l acce le ra tion  sensors (A1-A6) a re  
insta lled  on  the  te st structu re . Three  
d isp lacem ent transduce rs (V1-V3) a re  p laced  a t 
the  tower top , the  stee l-concre te  transition  
segm ent, and  the  m id-tower position  to  record  
horizon ta l d isp lacem ent.

IV. Shaking-Table  Test of a Stee l-Concrete  Composite  Bridge  
Tower

Measurem en t-poin t layou t

The  non linea r fin ite -e lem en t m ode l of the  stee l-
concre te  com posite  b ridge  tower is deve loped  
in  OpenSees using  the  geom etry and  m ate ria l 
pa ram ete rs of the  sca led  shaking-tab le  m ode l.

Bridge-tower fin ite -e lem ent m ode l and  nonlinear m ate ria l constitu tive  
re la tionsh ips



GPR pred iction  re su lts  for the  stee l-
concre te  com posite  b ridge  tower

Genera tor loss cu rve  for the  stee l-
concre te  com posite  b ridge  tower

Com parison  of acce le ra tion  
re sponses of the  stee l-concre te  

com posite  b ridge  tower

Param e te r-e stim a tion  sam ple  h istogram s for the  stee l-concre te  com posite  b ridge  tower

GPR-GAN-Based Probabilistic Mode l Parameter Estimation for a Stee l-Concre te  Composite  Bridge  
Tower



Pred iction -accu racy com parison  of the  GPR su rroga te  for the  
stee l-concre te  com posite  b ridge  tower

Acce le ra tion -re sponse  com parison  with  the  noise -
robust m e thod

Structu ra l-pa ram e te r sam ple  h istogram s conside ring  m ode l e rror

Parameter Estimation for the  Stee l-Concre te  Composite  Bridge  Tower Considering  Mode l 
Uncertainty

IV. Shaking-Table  Test of a Stee l-Concrete  Composite  Bridge  
Tower

Loss cu rve  of the  m ode l-e rror su rroga te Genera tor loss cu rve

The  response  e rror decreases from  14.10% in  the  base line  case  to  12.74%.



Copyr ight  © 2018 芃苇 _PengV. Al l  Rights  Reserved.  

Thank you for your attention.
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