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 01. Research Background

Typ ica l d is t r e s se s  in c lu d e :
 Ca r b on a t ion  is  w id e ly ob se r ve d  in  t h e  con cr e t e  cove r ;
 Th e  r e in for ce m e n t  in  t h e  b r id g e  p ie r s  is  e xp ose d  t o  w a te r  

a n d  su ffe r s  fr om  cor r os ion -in d u ce d  e xp a n s ion ;
 S u b se q u e n t  s t r e n g th e n in g  a n d  r e h a b ilit a t ion  a r e  

ch a lle n g in g , m a in t e n a n ce  cos t s  a r e  h ig h , a n d  n u m e r ou s  
u n for e se e a b le  r isks  m a y a r is e .

1 .1  Reinforced concrete (RC) bridge piers

Ke y is s u e  1 ：
Ad d re s s  t h e  p ro b le m  o f 

e n viro n m e n t -in d u c e d  
c o rro s io n  in  RC p ie rs
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1 .2  S t e e l  b rid g e  
p ie rs

 H a ife n g  Li , Ka ip in g  Jia n g , Yisu  Ch e n , Xu e  H a n . S e ism ic  b e h a vior  of s t e e l t u b u la r  b r id g e  colu m n s  
e q u ip p e d  w ith  low -yie ld -p oin t  s t e e l p la t e s  in  t h e  r oot  r e p la ce a b le  p ie r [J]. Ea r t h q u a k e  En g in e e r in g  
a n d  En g in e e r in g  Vib r a t io n , 2 0 2 3 , 2 2 (2 ): 5 2 7 -5 4 8 .

 H a ife n g  Li , Ku n d e  Lv, Ru n sh e n g  Cu i. S e ism ic  b e h a viou r  of e cce n t r ica lly com p r e s se d  s t e e l-b ox 
b r id g e -p ie r  colu m n s  w ith  e m b e d d e d  e n e r g y-d is s ip a t in g  sh e ll p la t e s [J]. B u lle t in  o f  Ea r t h q u a k e  
En g in e e r in g , 2 0 2 0 , 1 8 : 3 4 0 1 -3 4 3 2 .

 H a ife n g  Li , Yon g fe n g  Lu o. Exp e r im e n ta l a n d  N u m e r ica l S tu d y on  Cyc lic  Be h a vior  of Ecce n t r ica lly-
com p r e s se d  S t e e l Box Colu m n s [J]. T h in -W a lle d  S t r u c t u r e s , 2 0 1 5 , 9 6 : 2 6 9 -2 8 5 .

Local buckling

Corrosion of Steel 
piers 

Ke y is s u e  2 ：
Ad d re s s  t h e  

p ro b le m s  o f  

c o rro s io n  

s u s c e p t ib i l i t y a n d  

lo c a l  b u c k lin g  

fa i lu re  in  s t e e l  

p ie rs .
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1 .3  Ru b b e r 
c o n c re t e

Rubber concrete

Wa s te  t ir e s  (S olid  
w a s t e )

Ru b b e r  
p a r t ic le s

 Go o d  e la s t ic i t y,  
vib ra t io n  re d u c t io n ,  
a n d  n o is e  re d u c t io n ;

 H ig h  d e fo rm a b il i t y;

 Fa t ig u e  a n d  a g in g  
re s is t a n c e ;

 Im p a c t  a n d  c ra c k  
re s is t a n c e

 Go o d  d u ra b i l i t y a n d  
t o u g h n e s s ;

 Lo w  s t re n g t h .

Ch
ar

ac
te

ris
tic

s

Ke y is s u e  3 : Ove rc o m e  t h e  l im it a t io n s  o f  in s u ffi c ie n t  
s t re n g t h  in  t h e  e n g in e e rin g  a p p l ic a t io n  o f  ru b b e r c o n c re t e .



 01. Research Background

1 .4  N o ve l  c o m p o s it e  
m a t e ria ls

N o ve l  c o m p o s it e  m a t e ria ls  

a re  c o n s id e re d  id e a l  

c a n d id a t e s  fo r e xt e n d in g  

t h e  s e rvic e  l i fe  o f  

e n g in e e rin g  s t ru c t u re s  

b e c a u s e  o f  t h e ir c o rro s io n  

re s is t a n c e ,  lo w  w e ig h t ,  a n d  

h ig h  s t re n g t h .

I
s
s
u
e
s

To  a d d re s s  t h e  d e t e rio ra t io n  o f  
RC p ie rs  in d u c e d  b y 
e n viro n m e n t a l  e xp o s u re ;To  a d d re s s  t h e  c o rro s io n  
s u s c e p t ib i l i t y a n d  lo c a l  b u c k lin g  
fa i lu re  o f  s t e e l  p ie rs ;
To  o ve rc o m e  t h e  l im it a t io n s  o f  
in s u ffi c ie n t  s t re n g t h  o n  t h e  
e n g in e e rin g  a p p lic a t io n  o f  
ru b b e rize d  c o n c re t e .

FRP

GFRP

CFRP

et al.
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1 .5  D e s ig n  o f c o m p o s it e  
b rid g e  p ie rs

Composite
bridge piers

G F R P
t u b e

H o l l o w
S t e e l  t u b e

R u b b e r
c o n c r e t e

GFRP-s t e e l  d o u b le -s k in  c o n fi n e d  
ru b b e r c o n c re t e  c o m p o s it e  b rid g e  

p ie rs

S te e l 
t u b e

Ru b b e r
con cr e

t e

GF RP

S te e l 
t u b e

GF RP

Ru b b e r  
con cr e t

e

 En h a n c e d  lo a d -b e a rin g  c a p a c it y,  
d u c t i l i t y,  a n d  d u ra b i l i t y;

 Im p ro ve d  m e c h a n ic a l  p ro p e rt ie s  
o f  ru b b e r c o n c re t e ;

 S t e e l  t u b e s  re p la c in g  re in fo rc in g  
b a rs  t o  p ro vid e  s u ffi c ie n t  
fl e xu ra l  re s is t a n c e ;

 H ig h e r c o n s t ru c t io n  e ffi c ie n c y;
 Re d u c e d  c a rb o n  e m is s io n s .
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 02. Axial compressive behavior

2 .1  Te s t s  a n d  re s u lt s  a n a lys is  o f  s q u a re  
c o m p o s it e  b rid g e  p ie rs

Co n s t ru c t io n  
P ro c e s s

Steel tubes
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2 .2  Pa ra m e t e r a n a lys is  a n d  lo a d -c a rryin g  c a p a c it y p re d ic t io n  o f  s q u a re  
c o m p o s it e  b rid g e  p ie rs

An a lys is  of ke y 
p a r a m e te r s
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Ca lc u la t io n  m o d e l  fo r lo a d -c a rryin g  
c a p a c it y

 Ka ig e  Liu , H a ife n g  Li , H a n h u a n g  H u a n g , e t  a l. Axia l com p r e s s ive  b e h a vior  a n d  ca p a c ity ca lcu la t ion  
of GF RP-r u b b e r ize d  con cr e t e -s t e e l d ou b le -skin  t u b u la r  sq u a r e  colu m n s  w ith  la r g e  void  r a t ios [J]. 
S t r u c t u r e s , 2 0 2 6 . (Un d e r  Re vie w )
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2 .3  Te s t s  a n d  a n a lys is  o f  e l l ip t ic a l  c o m p o s it e  
b rid g e  p ie rs De s ig n  a n d  fa b r ica t ion  of 

sp e c im e n s

F in it e  e le m e n t  
m od e lin g

Loa d -d isp la ce m e n t  
cu r ve s
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 02. Axial compressive behavior

Ste e l t u b e  
th ickn e s s

H ollow  
r a t io

Ru b b e r  
con t e n t

Ru b b e r  
p a r t ic le

GF RP 
th ickn e s s

Ru b b e r  con te n t  (S olid  
colu m n )

2 .4  Pa ra m e t ric  a n a lys is  o f  e l l ip t ic a l  
c o m p o s it e  b rid g e  p ie rs
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H o o p  s t ra in ： Ca lc u la t io n  m o d e l ：

 H a ife n g  Li , Yin g le i Li, Zh e  Xion g , e t  a l. Exp e r im e n ta l a n d  t h e or e t ica l s t u d y on  e llip t ica l r u b b e r  
con cr e t e  fi lle d  d ou b le -skin  GF RP sh or t  t u b e s  u n d e r  a xia l com p r e s s ion [J]. C o n s t r u c t io n  a n d  
B u ild in g  M a t e r ia ls , 2 0 2 3 , 4 0 1 : 1 3 2 7 9 6 .

2 .5  lo a d -c a rryin g  c a p a c it y p re d ic t io n  o f  e l l ip t ic a l  
c o m p o s it e  b rid g e  p ie rs
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 03. Seismic performance

3 .1  Te s t  d e s ig n  o f s q u a re  c o m p o s it e  
b rid g e  p ie rs

S p e c im e n
ID

Axia l  
c o m p re s s i

o n  
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Ru b b e r 
c o n t e n t
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3 .2  Exp e rim e n t a l  p ro g ra m  o f s q u a re  
c o m p o s it e  b rid g e  p ie rs
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3 .3  Fa i lu re  m o d e s  o f  s q u a re  c o m p o s it e  
b rid g e  p ie rs

 Th e  com p os it e  p ie r  colu m n s  e xh ib it e d  s im ila r  fa ilu r e  m od e s , w ith  d a m a g e  c o n c e n t ra t e d  
w it h in  0 -1 5 0  m m  a b o ve  t h e  p i le  c a p .

 Afte r  t h e  GF RP tu b e  w a s  r e m ove d , it  cou ld  b e  s e e n  t h a t  ob viou s  c ra c k s  a p p e a re d  in  t h e  
ru b b e r c o n c re t e  o n  t h e  in n e r s id e  c o rre s p o n d in g  t o  t h e  d a m a g e d  lo c a t io n s  o f  t h e  
GFRP  t u b e , w h e r e a s  n o ob viou s  c r a ckin g  or  oth e r  s im ila r  p h e n om e n a  w e r e  ob se r ve d  on  t h e  
su r fa ce  of t h e  r u b b e r  con cr e t e  cor r e sp on d in g  t o  t h e  u n d a m a g e d  loca t ion s  of t h e  GF RP tu b e .  

 Afte r  t h e  r u b b e r  con cr e t e  w a s  r e m ove d , t h e  su r fa ce  of t h e  h ollow  s t e e l t u b e  sh ow e d  n o  
o b vio u s  b u c k l in g ,  c ra c k in g ,  o r o t h e r d a m a g e ,  a n d  re m a in e d  in  g o o d  c o n d it io n .

S id e  
N

S id e  
W

S id e  S S id e  E

Fa ilu r e  m od e s  of t yp ica l 
sp e c im e n s

No obvious 
changeCracking

Concrete
crushing

Fa ilu r e  m od e s  of r u b b e r  con cr e t e  a n d  
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3 .4  h ys t e re s is  b e h a vio r o f  s q u a re  c o m p o s it e  
b rid g e  p ie rs
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 Jia n h u a n g  Ya n , Ju n ch a o Wu , Ya n g  Xia n g , An lon g  Jia n g , H u a lin  Ca o, Xu e  H a n ,  H a ife n g  Li . S e ism ic  p e r for m a n ce  
a s se s sm e n t  of GF RP-s t e e l d ou b le -skin  con fin e d  r u b b e r  con cr e t e  com p os it e  colu m n s [J].  Jo u r n a l  o f  
C o n s t r u c t io n a l  S t e e l  R e s e a r c h ,  2 0 2 4 , 2 1 6 : 1 0 8 5 9 7 .
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3 .5  P re d ic t io n  o f  la t e ra l  c a p a c it y o f  s q u a re  
c o m p o s it e  b rid g e  p ie rs
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3 .6  Te s t s  a n d  a n a lys is  o f  c irc u la r c o m p o s it e  
b rid g e  p ie rs

Failure modes

Loading protocol

S p e c im e s R /% D1/m m n N 1/kN
R0 -D1 8 0 -N 0 .2 0 1 8 0 0 .2 6 6 0

R2 0 -D1 8 0 -N 0 .2 2 0 1 8 0 0 .2 5 9 0
R4 0 -D1 8 0 -N 0 .2 4 0 1 8 0 0 .2 4 6 2
R2 0 -D1 6 8 -N 0 .2 2 0 1 6 8 0 .2 5 6 6
R2 0 -D1 5 9 -N 0 .2 2 0 1 5 9 0 .2 5 6 8
R2 0 -D1 8 0 -N 0 .1 2 0 1 8 0 0 .1 2 9 5

R2 0 -D1 8 0 -N 0 .2 5 2 0 1 8 0 0 .2 5 7 3 8
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3 .7  D e ve lo p m e n t  o f  a  re s t o rin g  fo rc e  m o d e l  fo r c irc u la r 
c o m p o s it e  b rid g e  p ie rs
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 Ka ip in g  Jia n g , Jin g jie  Ya n g , Xu e  H a n , Ziq in  Jia n g , H a ife n g  Li . S e ism ic  p e r for m a n ce  of GF RP-
r u b b e r ize d  con cr e t e -s t e e l h yb r id  solid  colu m n s [J]. S t r u c t u r e s , 2 0 2 3 , 5 8 : 1 0 5 4 3 0 .
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 04. Residual seismic performance

4 .1  D e s ig n  a n d  
m a n u fa c t u rin g

S p e c im e n R 
( %)

D 1  

( m m )
t 1  

( m m )
D 2  

( m m )
t 2  

( m m ) n
N i  

( k N )
R0 N 0 .2 0 1 6 8 6 3 0 0 6 0 .2 6 7 2

R1 5 N 0 .2 1 5 1 6 8 6 3 0 0 6 0 .2 4 0 1
R3 0 N 0 .2 3 0 1 6 8 6 3 0 0 6 0 .2 5 8 2
R1 5 N 0 .1 1 5 1 6 8 6 3 0 0 6 0 .1 2 9 1

R1 5 N 0 .2 5 1 5 1 6 8 6 3 0 0 6 0 .2 5 7 2 8
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4 .2  M a t e ria l  p ro p e rt ie s  
a n d  lo a d in g

R  ( %)

f c u  ( M Pa )
f c  

( M Pa
)

1 2 3 Ave r a g
e

0 5 4 .4 5 5 4 .1 7 5 3 .0 2 5 3 .8 8 4 2 .5 7
1 5 4 2 .2 5 4 2 .1 6 4 1 .5 7 4 1 .9 9 3 3 .1 7
3 0 1 9 .6 7 1 7 .9 4 1 6 .6 1 1 8 .0 7 1 4 .2 8

S p e c im e
n t /m m f y/M Pa f u /M Pa Yie ld  

ra t io
Q3 5 5 B 6 .2 3 3 6 9 .7 9 4 8 7 .3 6 0 .7 6

1 0  m m 1 0 .4 8 3 2 6 .6 3 6 3 3 .1 4 0 .5 1

6  m m 6 .7 9 4 2 3 .9 2 6 0 6 .7 0 0 .7 0
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4 .3  Lo a d in g  s c h e m e  a n d  re s u lt s  o f  t h e  
p s e u d o -d yn a m ic  t e s t
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4 .5  D e ve lo p m e n t  o f  s k e le t o n  
c u rve  m o d e ls

 Ziya n g  Xie , Xu e  H a n , Jin h u o Zh e n g , Ron g  Ch e n , Zh e n  M e i, Xia om e i Liu ,  H a ife n g  Li . Re s id u a l 
s e ism ic  b e h a vior  of GF RP-r u b b e r  con cr e t e -h ollow  s t e e l t u b e  com p os it e  colu m n s [J]. S t r u c t u r a l  
C o n c r e t e , 2 0 2 5 , 2 6 (4 ): 4 9 2 9 -4 9 4 9 .
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 05. Conclusions and Outlook

 Th e  c o n fi g u ra t io n  a n d  c ro s s -s e c t io n a l  fo rm s  of GF RP-s t e e l d ou b le -t u b e  con fin e d  
r u b b e r  con cr e t e  com p os it e  b r id g e  p ie r s  a r e  d e sc r ib e d . Th e  r e su lt s  of a xia l  
c o m p re s s io n  t e s t s  a n d  s e is m ic  t e s t s  on  t h e  com p os it e  b r id g e  p ie r s  a r e  
p r e se n t e d . Th e  m e c h a n ic a l  b e h a vio r , fa i lu re  m o d e s , a n d  re s id u a l  s e is m ic  
p e rfo rm a n c e  of t h e  com p os it e  b r id g e  p ie r s  a r e  in ve s t ig a t e d , a n d  t h e  e ffe c t s  of 
va r iou s  p a r a m e te r  ch a n g e s  on  t h e ir  b e h a vior  a r e  sys t e m a t ica lly a n a lyze d .

 Ba se d  on  t h e  p la n e -se c t ion  a s su m p t ion , m a te r ia l con s t it u t ive  r e la t ion sh ip s , a n d  
m e ch a n ica l e q u ilib r iu m  e q u a t ion s , a  m e th od  for  d e t e r m in in g  t h e  lo a d -c a rryin g  
c a p a c it y a n d  s e is m ic  d e s ig n  of GF RP-s t e e l d ou b le -t u b e  con fin e d  r u b b e r  con cr e t e  
com p os it e  b r id g e  p ie r s  is  p r op ose d .

 Th e  op t im ize d  com b in a t ion  of GF RP, r u b b e r  con cr e t e , a n d  s t e e l t u b e s  ca n  im p r ove  
t h e  s t r e s s  s t a t e  of t h e  com p os it e  s t r u c tu r e , t h e r e b y e n h a n c in g  it s  d u c t ilit y a n d  
d e for m a t ion  ca p a c it y a n d  a ch ie vin g  e ffe c t ive  vib r a t ion  r e d u c t ion  a n d  e n e r g y 
d is s ip a t ion . M or e ove r, i t  o ff e rs  g o o d  c o s t -e ff e c t ive n e s s  a n d  b ro a d  e n g in e e rin g  
a p p l ic a t io n  p ro s p e c t s .

5 .1  
Co n c lu s io n
s



 05. Conclusions and Outlook

 To in ve s t ig a t e  t h e  fa i lu re  m o d e s , e n e rg y d is s ip a t io n  c a p a c it y , a n d  d e fo rm a t io n  
c h a ra c t e ris t ic s  of p r e fa b r ica t e d  com p os it e  b r id g e  p ie r s ;

 To r e ve a l t h e  e ffe c t s  of ke y p a r a m e te r s  on  t h e  fa i lu re  m e c h a n is m s , m e c h a n ic a l  b e h a vio r , 
a n d  d a m a g e  e vo lu t io n  of p r e fa b r ica t e d  com p os it e  b r id g e  p ie r s ;

 To e s t a b lish  a  r e fin e d  fi n it e  e le m e n t  m o d e l  of p r e fa b r ica t e d  tw in -colu m n  b r id g e  p ie r s  a n d  
e xt e n d  th e  p a r a m e t r ic  a n a lys is  of s e ism ic  p e r for m a n ce  in  t e r m s  of t h e  d ia m e te r -t o-th ickn e s s  
r a t io , r e in for ce m e n t  r a t io , a n d  oth e r  va r ia b le s .

5 .2  
Ou t lo o k

(b )  P r e ca s t  d ou b le -colu m n  com p os it e  
p ie r s  w ith  d ou b le -skin  tu b e  con fin e d  

r u b b e r  con cr e t e

(a ) Pr e ca s t  s in g le -colu m n  com p os it e  
p ie r s  w ith  d ou b le -skin  tu b e  con fin e d  

r u b b e r  con cr e t e
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shear connector
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rebars
Stirrups
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corrugated tubeStainless steel tube

Longitudinal rebars

Stirrups

Rubber concrete

Grouted 
corrugated tube

UHPC grouting
 material

Infill concrete

Steel tube

Hollow

Steel tube 
shear connector

Cushion layer

Stainless steel tube

Longitudinal rebars

Stirrups

Rubber concrete

Grouted corrugated
 tube

UHPC grouting
 material

Steel tube
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Mass block

Energy-dissipating 
brace

Composite pier

Shaking table

5 .2  
Ou t lo o k To con d u c t  q u a s i-s t a t ic  t e s t s  a n d  s h a k in g  t a b le  t e s t s  on  p r e fa b r ica t e d  

com p os it e  b r id g e  p ie r s  w ith  sp a t ia l e n e r g y-d is s ip a t in g  b r a ce s ;
 To r e ve a l t h e  in t e rn a l  fo rc e  re d is t rib u t io n  p a t t e rn s  in  t h e  c rit ic a l  re g io n s  of 

su ch  p r e fa b r ica t e d  com p os it e  b r id g e  p ie r s ;
 To p r op ose  a  s e is m ic  d e s ig n  m e t h o d  for  t h is  t yp e  of p r e fa b r ica t e d  com p os it e  

b r id g e  p ie r.

(c )  S ch e m a t ic  d ia g r a m  of 
sh a kin g  t a b le  t e s t  for  com p os it e  

p ie r s

(b )  S ch e m a t ic  d ia g r a m  of 
q u a s i-s t a t ic  t e s t  for  com p os it e  

p ie r s

(a )  S ch e m a t ic  
d ia g r a m  of 

com p os it e  p ie r s

Reaction wall

Reaction frame
Hydraulic jack
Actuator

Composite pier
Anchor bolt

Sliding bearing

Energy-dissipating 
brace

Bent cap

Composite
 pierEnergy-

dissipating 
brace

Pile cap



 06. 实验中心大型设备

(1 ) 台面尺寸： 5  m × 5  m + 1 .5  m  
× 1 .5  m  
(2 ) 控制自由度：三向六自由度
(3 ) 最大模型质量： 5 0  T
(4 ) 满载最大加速度： X/Y:1 .5 g ；
Z:1 .0 g
(5 ) 最大倾覆力矩： 1 5 0  t • m  
(6 ) 液压油源： 3 0 0 0  LPM

大型地震模拟振动台

(1 ) 包括立式炉、卧式炉、燃烧系统、控制系
统、燃气接入

(2 ) 加载系统和反力系统（ 5 0 0 0  kN ）
(3 ) 水平炉膛净尺寸： 6 .0  m 4 .5  m 1 .5  
m
(4 ) 垂直炉膛净尺寸： 4 .2  m 2 .5  m 3 .0  
m

大型工程结构火灾实验平台

三向六自由度地震模
拟振动台系统

MTS水平单向
振动台系统

结构抗火试验平台
立式炉

结构抗火试验平台
水平炉



 06. 实验中心大型设备

性能参数

作动器： 1 4 套M TS 2 4 4 系列
控制器： F le x-Te s t  1 0 0
油源： 5 0 5 .1 8 0 （ 6 0 0 LM P ）
液压子站： 7 台
（ 1 9 0 ~ 1 5 0 0 LPM ）

 MTS多通道拟动力试验系统 30000kN电液伺服多功能结构试验机

 MTS高性能动态疲劳试验机 2000kN结构疲劳试验机

性能参数

有效试验力：压

≥ 3 0 0 0 0 kN
                        

拉≥ 1 0 0 0 0 kN
竖向加载净高度： 

≥ 5 0 0 0 m m
相邻丝杠净距： 

≥ 1 7 0 0 m m
高刚性底座：长度 

≥ 4 0 0 0 m m
                        

宽度≥ 3 2 0 0 m m
                        

高度≥ 1 1 0 0 m m

性能参数

动态荷载能力：优于 + /-1 0 0 0 kN
动态行程：不低于 1 5 0 m m
垂直测试空间：不小于 2 5 0 0 m m
荷载框架立柱间距：不小于

7 0 0 m m
T型台深度：不小于 1 0 0 0 m m

性能参数

试验空间： 1 0 0 0 ~ 3 0 0 0 m m
底座工作区域尺寸：

1 5 0 0 × 2 0 0 0 m m
底座外形尺寸： ≥ 

3 0 0 0 × 2 0 0 0 m m
试验力： 2 0 0 0 kN
最高工作频率： 2 0 H z



Thanks for your attention!
Prof. Hai-feng Li 
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