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» The damage, destruction
and collapse of concrete
structures under major
disasters are the key
causes of casualties and
property losses.

1971 San Fernando 2008 Wenchuan 2010 Yushu 2011 earthquake
Earthquake earthquake earthquake off the Pacific coast of Tohoku

https://earthquake.usgs.gov/ n
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» Stochastic damage
constitutive model A

o= (I—D):o ;
=(I—D):Ey:(e—e”)
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D=d P +d P Complete uniaxial compressive
stress-strain curves

Nonlinearity
and
Randomness

» Nonlocal Macro-Meso-Scale
Consistent Damage Model

Dasnge
Wm(\.—l”"l
1192

a(MPa)

» Unified phase-field theory

Li ] Ren XD. International Journal of Solids and Structures, 2009, 46(11-12): 2407-24109.
Lu GD, Chen JB. Computer Methods in Applied Mechanics and Engineering, 2020, 362: 112802.

Wu JY. Journal of the Mechanics and Physics of Solids, 2017, 103: 72-99.
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Step: Step-2 Frame: 0
Total Tjie: 0.100000

» All Kinds of complex high-rise
building structures and their
models
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Height: 86.4 m Height: 269.2 m Height: 238.8 m

Elements: 53k Elements: 85k Elements: 160k Height: 600 m

Elements: 500k n
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» Concrete properties

In situ compressive strength: f =« (t, T )fcf;

Tensile strength: f.=03f%

Modulus of elasticity: E =105f" |:1+ﬂd¢(t’ T)T
Ultimate compression strain: &, = 6x107 76 [Hﬂd(ﬁ(fﬂ )}

Where:

J.o the compressive strength of standard test specimens;

A the systematic variation of in situ compressive strength;

a(t, ) the concrete age at the loading time and the duration of loading;
¢(t, 7) the creep coefficient;

B4 the ratio of the permanent load to the total load.



where
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@ Jcss Code 148 | semsa.
» Concrete properties
35
O Simplified stress-strain relationship: ol
A25*
%20*
E ¢ for e<g, _ %05
o= with ¢, = f, /E. 5
f. for e, <e<g, |
N A
O The stress-strain relationships for the PR mm et
design of cross-sections:
_ 35
E k 30
S 1= 1=—1| |, for 0<e<g, o)
o=A & g

S \%20*
> £1s|
| /., for e=¢, z
5|

gs:O-OOIIXfcl/6 : szch/]Fc . % 05 1 1.Isstrain2| 25 3Xl0_33.5
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» The probabilistic model

The strength of concrete at a particular point i in a given structure j:

Jei = a(t, T)fcg,,-jK,j

where Y, ; 1s a log-normal variable representing additional variations,

Jeo,; 18 log-normal variable:

0.5
U4 U4 1
oy =exp(U,Z, +M,) Lo =exp{m +1,.8 (1+—”j }

n

where U is a standard normal variable representing

the variability within one structure. 0slh

The variables U; and Uj; within one member: el

) 0.4
p(%a%)m(lp)exp{(@ ;fq) ]

C

0
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» The probabilistic model
The other three basic properties:

Joi = 0'312,2;31/2,1
L= 105]2? [l+,8d(p(t,r)]_l Y,
£,; =6.107 [ V[ 1+ Bo(1,7) |Y, |

where Y, ; to Y, ; reflect variations due to factors not well accounted for by

concrete compressive strength.

Data for parameters Y, ;

Variable  Distribution type =~ Mean Cojgli;i;;lltl of Related to
Y, LN 1.0 0.06 Compression
Y, LN 1.0 0.30 Tension
Y3 LN 1.0 0.15 E-modulus
Yy, LN 1.0 0.15 Ultimate strain
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» The probabilistic model
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E.g., C35. Number of samples: 200

Stress (MPa)
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Number of samples: 20000

» The probabilistic model
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Where:

fom: @ mean value of compressive strength;

=

53

» Concrete properties
femn = fa+ Af;
Af—=8MPa;
fom = 0.3 (fa) *";

Ge="T3" fom s

fa @ a specific characteristic compressive strength
fem: @ mean value of tensile strength;

Gr : the fracture energy of concrete;
E. : 21.5X10°MPa

1/3
E.=E. o - (‘ﬂk%oAf) E. : the modulus of elasticity at
the concrete age of 28 days;

» Uniaxial compressive stress-strain curves
o. ( k-n—n?

) for |€c|<|€c,1im|

foo  \1+(—2)'n
cm
Where:

£ n—¢&. / €cl ;3
%:_ ' k — Eci /Ecl 7
; plasticity number: . . .
g : = La €.1 : the strain at maximum compressive stress
‘g cl
o o .
- E.,: the secant modulus from the origin to

concistesisin 4, <0 the peak compressive stress m
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> Uniaxial tensile stress-strain curves
O-Ct:ECi ° gct fOI' O-CtSO-g ° fctm

B B 0.00015 — &,
Oer = Joum (1 0-15.00015—0.9- fetm /B

> fOI' O.g'fctm<0-ct§fctm

act:fctm-<1.0—o.sﬂ> for w < w,
wq

act:fctm-<o.25—0.05ﬂ> for w, < w<w,

Wy
fctm fctm
09 : fctm I
! a
i . g
S ] 1)
17 | ]
@ Z
g : g 0 2. f
g | = & ctm | = :
. 0.15 ] ] ws = Gr [fum we="5" G /fam
oncrete straine,; [ 7o Crack openin
Where: pening
w : the crack opening in mm,;

wl : Gy /fuw in mm when o.,=0.20 - f.,.;
we : 5+Gp/fim in mm when o,=0 . m
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> Failure criterion:

/aJ; +A‘/72 + 5 —1:0\
cm fcm me
where:
1
A =c; - cos {5 - arccos (¢s - cos39)}
33,
NI J

(J’l [MPa] 10 40
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» Elastoplastic model:

/a:Eo(s—sp
_ 99
Ep )\80

A=0, fA=0, f=0
A: the plastic multiplier

- f . Of . _
f= a—l—aa a—=20
o'z:)\h(a,a)
dg  Of"
| g _ Eo.aa’ﬁa.EO
N 6_fTE LO9  Oof
oo 0" 9o Ooa

» Damage models:

/ oc=F-¢
E=-)NG
A': the damage multiplier

N=>0, FN=0, F<0

F= D s—I— 5 -3=0
B=XNH(g,0B)

B 1 OFT | .
o= E+8—g h,G-s- 88}6

E=(1—D)E,, E=

N

_DE(), G:EO

~
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Developmentof  f () = Bec (8)] fom E.(t)=|8z ()} E.,
strength with time: r 3

a function to describe the a coefficient which depends
strength development with time on the age of concrete

Creep and shrinkage: €. (t) = €, (o) + €oe (t) + €cs () + o1 (£)
£.:the initial strain at loading;
£...the creep strain;
£.:the shrinkage strain;

g.r:the thermal strain.

Temperature effects:  f (T)=f.,(1.06 —0.003 - T')

.
Compressive ) feimp i /fom = (€c [Ec0) 00 for £, <30s!

stren th c,im cm — 0’012 éc éc 13 fOI‘ éc > 30871
Properties related to S N Fempi/ ] (& /éc0)

non-static loading: Tensil ( /. . No0.018 © 1)1
Cnslic fct,imp,k fctm — (gct /8ct0) fOI‘ Eet 108

SUENZ ) £ g e/ feom = 0.0062 (£t /o) V* for & > 105}
|
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» Concrete properties

fa ()= fuu (1) — 8(MPa) for 3 <t< 28days
fac ()= fa for t = 28days

fct =0. gfct,sp
» Uniaxial compressive stress-strain curves
o. _( k-n—n?
1+(k—2)7n
%) Where:

fom: @ mean value of compressive strength;

) for |e.] < lew]

fac ¢ a specific characteristic compressive strength;

fem: @ mean value of tensile strength;

0,4 fom | - - Gy : the fracture energy of concrete;

E. : 21.5X10°MPa

FE, : the modulus of elasticity at

N

” . the concrete age of 28 days;
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Developmentof  f._ (£)={Bec (£)] fom B (8) = (fom (8) /for) *** B

strength with time:
A 4

a function to describe the
strength development with time

Creep and shrinkage: ¢ (t) = e, (to) + €. (00,t0) + Ecs ;Ecs = Eca + Eca

Where:
g.:the Total strain; €, the Initial strain at loading;

.. (00,t,):the creep strain; £..the shrinkage strain;

£.4:the drying shrinkage strain; . :the autogenous shrinkage strain.

Confined concrete:

for 0, <0.05f.

fck,c :fck(]-O +5002/fck)
for (o)) > 005fck

fck,c = Jex (1 125 + 2. 502/fck)
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» Concrete properties
Where:

femim: @ mean value of strength;

fcm — fck/(l T ]- 64566)7
fom = fu /(1 —1.6456,);
10°

34.7
2.2+ o

Eir=fOP1X65x10°
o, =0.312f2,

fasu @ & specific characteristic strength;

E. = (MPa) 5.

: coefficient of variation of

concrete strength;
fewrx : standard values for compressive

strength of cubes;

er = (700 + 172@) X107 E. : modulus of elasticity;
. =0.157f27 —0.905 Eir/er: Deak tensile/compression strain;
zcu _ 2; (1 12, + M) Oty /e :tensile/compression damage

curve parameters.
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Tension Damage: Compression damage:
c=01—d,)E.¢
O — (]. - dt) Ec€ -
pn
— <
1—p[1.2—0.22°] z<1 ] 1= r=1
dt — 1 Pt 1 © < Pc
T 1 1.7 T > 1 - B) xr > ].
a(z—1) "+ o.(z—1) "4z
9 ft T
T="—""35 Pt= 1o
8t,r Ecgt,r
3
25
2t &
; 2
g 15 a
g &
2 5
1H O
0.5
%0 02 04 05 08 1 12 14 16 1IE %0 oo.nz O[;CM o.olos ot;oa 02)1 00112 Dt;ld ool1a o.[;m 0
Tension strain . 1072 Compressive strain m
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> Biaxial stress state:

Ly: fi+fi—2vfifo=(f0)"
Ls: \/f12‘|‘f22_f1f2_as(fl‘l‘fz):(l_as) |fc,r|

. f2 — fl —
L3. |ft,r| |ft,r| !

. fl — f2 p—
L4. |ft,r| |fC,r| 1
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> Triaxial stress state:

o 14 | :
¢ ; wo0 |
| i afa=-0.01 5

. i g/ o= -0.02 ;

_ ] o/o=-0.04 ;

o6 :-' &/o=~0.05 i

s &lo=—0.08 :

" '..' &la=-01 E
glo=-0.12 ;

02- il HZDE —
_________ - A 075 :

00 i

Ll B T T T T

Triaxial compressive strength of
concrete under triaxial tensile-
compressive stress state

— 7T " T T* T T T T T
06 04 -02 00 02 04 06 08 10

1

12
ayfa,

o 4.0-
Ny
3.5- ,
{
3.0- Ji """::;’fs 10
7 — i 272
2.54 / o i,
£ : g:: 23
}; q" = .
2.0 ] 2.(31
] /g =0.08 12
.54 / a,/0=0.05 14
y ;
1/ . 1.2
1.0_5--""-.-_ o/ =0
|
0.5
0.0 — —
0.0 02 0.4 0.6 0.8 1.0
0,/a,

Triaxial compressive
strength of concrete under
triaxial compression



f==l
Background

Concrete Properties
Possible Improvements

Some results

Concluding Remarks




c‘wn:- r=1
. . o =
@ Uniaxial compression N L | asensn.

» Consideration of descending part

i k
f{l—(l—g) }, for 0 <e<e,

)

0 =1

fe, for € = ¢, 30
25

—JCSS model

Stress (MPa)
O

v

Stress (MPa)
&

0 1 2 3 4 5 6 7

Strain x 107
0 ' V' ! L 1 L ] .
«—>' .0 Nonlinear analysis and
X i ] )
€ numerical simulation

Sectional analysis and design
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» Involvement of damage concept

o H1=(1=2) Joro<esa > o=/()

fe, for € = ¢,

3

—icssma| c=(1—d)E.e

f. | &\

¥ " Damage index/variable

0 L 1 1 1 1 L
e l3y2 3 4 5 6 7
€

Strain %1073
S

Stress (MPa)
&

Sectional analysis and design
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» Involvement of (passive) confinement effect

Compressive Stress, fp

Assumed for

cover concrefe
k NN

EcolEco Esp cc

|‘ % >Unconfined
%k e N\
1)

Compressive Strain, €c

Stress-strain models

A Confined First R
concrete hoop | |
— ——— = fracture, l :
\‘s‘\ =
\\\"‘“‘: | |

\ | | —

cu

Confinement effect
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> Residual strain

Stress (MPa)
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> Continuum models for tension

Tension stress
s
— w

0 0.2 04 0.6 0.8 1 1.2 14 16 18 2
Tension strain <10°2

Experimental results o=f(&)

or

oc=(1-d)E.¢
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Uniaxial tension OAAS | sszazn
» Fracture model under tension
A
fctm fctm
O 9 ' fctm :
' A
A ' Q
= : =
- | o
Q@ : 5
z ' 5
|G—J i |_0'2'fctm -—I
I > |
0. 15 . W) = GF/fctm We — SR GF /fctm
Concrete strain E il [%O] Crack opening

Randomness of fracture energy?
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» Time dependent behaviors

3.5 T
T T T
B Tedesco&Ross (1998 ) ® Malvern & Ross (1984, 1985)
7 V¥ Gary & Klepaczko (1992) A Grote Park & Zhou (2001 Mortar) A
Lok & Zhao (2004 SFRC) <« Dong et al (1997) A
3.0 4 Abrams (1917) ®  Watstein (1953, 1955)
B * Hatano & Tsutsumi (1960) © Ban & Muguruma (1960)
= | & Takeda (1959, 1962) U Cowell (1966)
8 A Atchley & Furr (1967) X Milstein & Sabnis (1982)
Y= H  Wesche & Krause (1972) @ Sparks & Menzies (1973)
g 2.5+ B Bresler & Bertero (1975) & Hjorth (1976)
© Kvirikadze (1977) v Popp (1977) fa A
() - Elastic damage model
o ~>¢~ Plastic damage model
£ 2.0
o
e 4
g
> 1.5+
a
1.0 1 s
=¥ 3
4 =
0 ——

1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 0.01 0.1 1
Strain rate 1/S
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Creep Strain (x107)

50 5
Experiment Simulation
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40 A 5/f-035 ——o/f=035
1 & or-0s0 o/f-0.50
® o/f~0.65 o/f=0.65
30
20
10 H

I
100
Time (Days)

Creep deformations
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» Biaxial envelop

»=——=x [3, =180 kp/cm? (2700 psi)
o——o [, =315 kpicm? (4450 psi)

e— o [p=-590kp/cm?2 (8350 psi) *e“l 0. T T T T
02 _ __q_g;-;‘:_:_;-u:&i&'—"-‘-:
0. 7 /-,_ il
'/ / 'I: -
-0.2 ,4: y ,’f [|
o * ff |
0.4~~~/ | —— Theory Mean F 4
s )/ / | |- --TheoryMean+STD| | || |
S VG ke - - - Theory Mean-STD | |11
© 08 ' §_
1. ,,," :-'I -
'1. _':__.-’o”,//..b/‘,
. Seilic
'1 L \~~ e -
\!%l hh N Y S
S | 186 1412-10-08-06-04-02 00 02
Fig. 6—Biaxial strength of concrete; results of experi- '
mental investigation 01/1:
C

Randomness of biaxial envelop? o
Ky
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> Full multiaxial criterion

Zuile

FG,5)=(aly+ V3], + B Guw ) — (1~ )T <0
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» Plasticity model

. 3f.E i
a5 L&
GIEOZ(S—SP) A= ——2% -
/.0 O 00
< %-EO-%JFE,'IZ;E,
o of m . of
p — }\9f0.9) P — 80 L0 5y :
& =50 == of .g.. 00 | Of pr.0f ©
! 9o 0 9o Tag 1 By

» Damage model
oc=(1—D):o
= (I—D):Ey:(e —€”)

D=d" P +d P e"=E;":F(D):E,:€

Damage (tensor) Plastic strain
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> Parameters of Constitutive model

O JCSS method

Y:C.:°gl(X)

O Random function model 28083 - e
2.00 - = qi(fe) +2-g2(Je)
150 --a(f)—2-gf)
Y — X + ° X 20 SIO 46 5I0 6I0 76 80
g (X)+& g, (X) P

O Copula function
X= [XI:!X%XS]

F(5tan) = £i(5)- o (5)- £ (%) PN
o {F (%), 5, (x,)}
'Cla{Fl (xl),F3(x3)}

<T> X27X1 X3:X1|

Vine copula

"Co3p {F2|1 (xz |x1)aF3|1 (x3 | x,

Chen JB, Wan ZQ, Song PY. Scientia Sinica Physica, Mechanica & Astronomica, 61(1): 014609.



@ Probabilistic model

=l
=

LF21FL
COLLEGE OF CIVIIL ENGINEERING

R %+ 5
TONGJI UNIVERSITY

» Spatial variation
O JCSS method

Z]k f ( zy ’ Yzyk)

p(U,.U,

lj’

OO0 Synthesizing the spatial correlation function

and the multi-variate copula function

f221222211212 (221 12225211y Z12)

— fzmzu (221 |Z11) : fz22|z12 (Z22|212) fZHZ12 (7511,212)

0 Variation in structures

=1

—— i ——————————

Different variables

& copula function
[ X ]

[ ]
299 A 2 '
0221 correlation

/ — function

______________ ) gLt
L7

>
>

e I
Spatial direction

"

E gomponent

omponent omponent E gomponent
| L | |
RVE| [RVE| [RVE| |RVE| |RVE| |RVE| [RVE| |RVE| [RVE| [RVE| [RVE| [RVE
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» Uncertainty quantification of constitutive parameters

Stress (MPa)

Std.D (MPa)

(=]

c=(1—d.)E.c

_ P
1 n—1-+z" A

:< °
_ Pe
1 o.(z—1)*+=z z=>1 y

p.= f/(E.c.), n=FE.e/(E.e.— [.), T= /e, *

de
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Strength f.
Modulus of elasticity E.
Peak strain ¢,

Descendent parameter .

2
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Random transition of failure modes
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0 Synthesizing the Bayesian compressive sensing (BCS) and the stochastic
harmonic function (SHF)
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Randomness collapse of high-rise buildings

Zhou H, Li ], Ren XD. International Journal for Multiscale Computational Engineering, 2016, 14(3):303-321.
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Background

Concrete Properties
Possible improvements
Some results

Plan of next move
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1. To accommodate the complete process of stress-strain curves with
concept of damage
2. To consider the full-probabilistic joint distribution of model parameters

3. To consider both compressive and tensile stress-strain curves

4. To include particular models for multi-dimensional constitutive
relationship (at least multi-axial strength)

5. To involve time-dependent effect or not?

The investigations have been done.
The reportis in preparation.

The draft of main content will be start soon.
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Thanks for your attention!

E-mail:

Research Group: Jianbing Chen & Xiaodan Ren

Ali Ragab, Jiaging Duan, Jinju Tao, Liang Xue




