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Motivation

= Develop modeling capabilities for assessing seismic
vulnerability of existing RC Structures

= Nonlinear methods of analysis

= Static Pushover and Nonlinear Dynamic

= Concentrate on frame approach

= Force-based elements
= “Exact” Euler-Bernoulli Beam Element (fiber section)

= Rome and Berkeley schools (Ciampi, Spacone, Filippou, ...,
OpenSees, ...) — commercial software

= “"Exact” Timoschenko Element (fiber section)

= Rome school (Petrangeli, Ciampi, Pinto)
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The beam finite element

concrete fibre

—

| Element I\ | // steel fibre

[ Sections |

1) Element

2) Section

3) Fibre
ssteel uniaxial constitutive law
sconcrete biaxial constitutive law

(microplane model — Petrangeli and Ozbolt) 1
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Element force recovery (state determination)

[
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Element deformations

Q:[g;ri;rj]T

Nodal forces

P=[N;M;M, T

our

Element Iterative solution based
on beam equilibrium
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Element state determination
Iterative solution based beam equilibrium

Element deformations Nodal forces
. T ! ! T
Qz[g,ri,rj] P:[N,Mi,Mj]
Generalised deformations (section) Generalised stresses

A(x)=[&(x);8(x);7(x)1" p(x)=[N(x);M(x);V(x)]"

Q= [bT(x)-q(x)dx D(X)=D(X)- P?| shapa fnctions
I

matrix (right)

N X
M(x)zMi+(Mj—Mi)|—
Mi Mj |\/|--|—|\/|I
V(x)= ‘I
v}
N(x)=N
: (x) .
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Element state determination
Iterative solution based beam equilibrium

Ag; (X) = Agy (X) + D ra; (X)

[

particular solution homogeneous solutions
AQ = [ b(x)" Agy(x)dx rp; (X) =b(X)AP, — Ap; ; (x)
I
boundary condition b ( X )API oy I G

Api_l( AQ; ) by constitutive laws

therefore corrective terms of deformations field are:

"4 () = O] ety mari
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Element state determination
Iterative solution based beam equilibrium

AQ
corrective term of
deformation field
Aqo(x)< rql(x):f(x)rpl(x)
LC
Ap,(X)
beam
Integration
AP,(X) rp,(x)=b(x)4P, —4p,
beam
equilibrium check 1

convergence
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Section state determination

IN
Generalised deformations
q( X) . [8; ¢( X ) : 7/( X )]T Generalised forces T
p(x)=I[N(x);M(x);V(x)]
1

Qre strains>
\ (ibre stres@
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The steel fibre is characterized:
eNormal area (Asxx)

O = T&)

The concrete fibre is characterized:
eNormal area (A°xx)

eLateral area (A%yy)

eRatio lateral reinforcement (pyy)

o =[O'§X;G§y;2'fw]

g =eg:6p164] o
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Section state determination

C te fibre strains: Generalised deformations
oncrete fibre strains: 40x) = [£0X). (X)) 7(X)]

»axial strain (also fibre steel — perfect bond)

0=+ K

s|ateral strain

c C
Cpxt Py 1:(<9W,k )=0 k=1.n,

(hp. plane sections)

(fibre equilibrium
lateral reinforcement
and concrete)

C c,0 cl (o
iterative solution &y = Ey T E L T T EG
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Section state determination

Concrete fibre strains:

»shear strain (DUAL SECTION APPROACH)
This approach is based on the beam differential equilibrium equation

aM _,
dx

When this eq. is applied in the beam element with discrete fibre section

Foe = (Fe (X ) S ()= (FE () + o (X))

Re-arranging in the stress fibre

k k k k
Zo-gx,k(xnﬂ )A)(;x,k _Z Gix,k(xnﬂ )A)fx,k Zagx,k(xn )A:(:xk _Z O-;x,k(xn )A;x,k
iy s = O - 1

_Xn) B°(Xn+1_xn)

n+1
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Section state determination

Concrete fibre strains:
»shear strain (DUAL SECTION APPROACH)

Xn Xn+1
stx (Xn) : 5 N stx (Xn+l)
C é‘% 7 C
F XX (Xn) : b %;;;;;;;;, §=[> F XX (Xn+1)
el i = 277777777777/
F Xy

52 | O Ox
% Vo
MMJK 7745 k < —

/ C Txy,k |
XX |
|
|
A)s(x / y ® nfc |
B Xn+1_Xn /l
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Section state determination

Concrete fibre strains:
=shear strain (DUAL SECTION APPROACH)

iterative solution

£21 =00y ) Hregi - 9(yOR OO+ {res, — gy RI())

particular term \ /

homogeneous corrections

g( Y, ) shape distribution shear strain along the
section

respect of boundary condition

nfc

Z g)fy,k (X) A:x,k
]/(X) == nfc

kz A)fx,k
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Section state determination

Concrete fibre strains:
=shear strain (DUAL SECTION APPROACH)

iterative solution

homogeneous corrections

C
T T | =IT where 7,, shear stress found an incorrect
K k 1DS K Y : :
& Y Y strain deformation
C
(o, =Dk
xy,k
G
nfc
C C
Z IF‘S‘xy k k
_ k=l
RJ/ (X) nfc

c
> A 22
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Section state determination

Concrete fibre strains:

»shear strain (DUAL SECTION APPROACH)

iterative solution

& = g(y r(x)+(resk —g(y R(X))+ ..+ (resh, —g(y, R(x))

0 e, ! 1 ¢, !
&y,k r&y,k g(yk)R;/ &y,k 23
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TESTS: short bridge piers
University of California San Diego - 42 ‘
Yan Xiao, 1993 ® ® !
Shear Strength Of :
Short Rectangular Reinforced Columns’”. 3
O O |
#2 hoops @5" (76.5) i
22 #6 bars (119)
N b
) i m T 9
A5%:500mm2/m . o
In/ =5%
fb — NS S S S S .
24
R-1 R-5

steel ratio (%) 2.5 2.5 |

aspect ratio (-) 2 15 [T rrrorrrrresaveres
compression (MPa) -2.1 2.1 =
f.. (MPa) -37.9 -32.7 .
fy’bars (Mpa) 317 469 \_‘ ééééééééé — ‘

£, hoops (MPQ) 360 324 =
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TESTS: short bridge piers
R-1 R-5
800 800
z
=
600 ) 600
Experimental response Experimental response
400 -~ - Cyclic analysis 400 --=--Cyclic analysis
Monotonic analysis Monotonic analysis
200 200
" x‘x“&:kx
x"x‘* x"x X% o Xe Ko X -3 PR —*-n,mew ;?‘:?";(-“-xx
0 < S 0 ” = x
xxx xxx *x;{ % £ x;:xx-§(xnm«xx»-xxg.a,(m-ﬁ(-n-u-#-x-x-x*

xx" x)‘ xx x" '*‘x' x x’x'x‘," X'Xx Xx "f ;

_200 *xxx xxx)( ,;x:y{a:gg _200 X X o :‘, "”x
"/ . xx: .'l" ," x*.,(x
-400 x" ,sf**x :x*’;'xx",:' -400 e o
x'xxx’("*"*x xx*ﬂ“ﬁx*“*§”w‘
-600 -600
-800 -800
-40 -30 -20 -10 0 10 20 30 40 -40 -30 -20 -10 0 10 20 30 40

25



§ Aix en Provence - France
May 29 - June 1, 2012 A C
/—_

oncrete

TESTS: short bridge piers

Evolution of concrete fibre shear stress-strain by dual section approach
Column R-5

16 16
4 15 —B8— displ(mm)=3 15
14 : 14
13 —=— displ(mm)=8 13
12 —8— displ(mm)= 13 12
{111 41 11
10 10

—8— displ(mm)=3
—=— displ(mm)=8

—8— displ(mm)= 13

P NDNW S OOTO N 00O
concrete fibre

P NW S OTO N 0O
concrete fibre

-0.6%  -0.5% -0.4% -03% -02% -0.1% 0.0% L8 -6 -4 -2 0

shear strain - concrete fibre shear stress - concrete fibre [MPa]
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