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A recent report by the NSF Blue Ribbon Panel on

SBES (Simulation Based Engineering & Science)

 Background

The use of computer simulation in engineering systems become an essential scientific
methodology for research and education in nearly all areas of engineering and in

many branches of science.
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Almost in all areas of engineering and science, computer simulation has enabled
the researchers to study and predict the physical events, as an extension of their
theoretical investigations. In many cases, it also provides a powerful alternative to the
experimental science When phenomena are not observable or measurements are

Impractical or too expensive.
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The report concludes that
“SBES is indispensable

to the nation‘s continued leadership in science and engineering”
(SBES I TE K AEFAF 5 T2 M35 5 AR st b5 & ] SRR h9)
and that “computer simulation is central to advances in
biomedicine, manufacturing, homeland security,

microelectronics, energy and environmental sciences, advanced
materials, and product development”.
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In short, future advances in SBES research and education will
significantly impact virtually every aspect of human experience.
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Chaired by J. Tinsley Oden, 2006 report on “Simulation-based
Engineering and Science”:

“Advances

 in mathematical modeling,

 in computational algorithms,

* in the speed of computers,

* in the science and technology of data intensive computing

have brought the field of computation simulation to the threshold

of a new era, (C3&++ AT 2| T —/AN %)

an era in which unprecedented improvements in the health, security,

productivity, and competitiveness of our nation may be possible.

A host of critical technologies are on the horizon that cannot be

understood, developed, or utilized without simulation methods”
(EZANHHRFRMNEAER (£8) THRERE. £, L5 F
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(Simulation-based Engineering and Science)
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Li Xikui, Zienkiewicz OC, Xie YM. A numerical model for immiscible
two-phase fluid flow in a porous medium and its time domain solution,
Int. J. Numerical Methods in Eng., 1990, 30(6): 1195-1212.

Li Xikui. Finite element analysis for immiscible two-phase fluid flow in
deforming porous media and an unconditionally stable staggered solution,
Communications in Applied Numerical Methods, 1990, 6(2): 125-135.

Li Xikui, Zienkiewicz OC. Multiphase flow in deforming porous media and
finite element solutions, Computers & Structures, 1992, 45(2): 211-227.
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® Xikui Li, Xianhong Han, M.Pastor. An iterative stabilized fractional step algorithm for finite
element analysis in saturated soil dynamics,

Computer Methods in Appl. Mech. Eng., 2003, 192:3845-3859. FIC:
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® Xikui Li, Xue Zhang, Xianhong Han, D.C.Sheng
An iterative pressure-stabilized fractional step algorithm in saturated soil dynamics
Int. J. Numerical and Analytical Methods in Geomechanics, 34:733-753, 2009.
® Xikui Li, Qinglin Duan
Meshfree iterative stabilized TGBS/CBS fractional step algorithms for incompressible N-S equations,
Computer Methods in Appl. Mech. Eng., 2006, 195: 6125-6145.
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® Xikui Li, Xue Zhang, Xianhong Han, D.C.Sheng. An iterative pressure-stabilized fractional step algorithm in
saturated soil dynamics, Int. J. Numerical and Analytical Methods in Geomechanics, 2010, 34(7): 733-753.



Example : a soil layer of 5 m deep lying on a rock bed
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Load history: a step load

The first stage: from zeroto 1 KPain0.1s
The second stage: remains constant
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at time t=5s
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at time t=0.06 s

step loading with a ramp between
t=0 and t=0.01s
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® Xikui Li, S Cescotto.
Finite element method for gradient plasticity at large strains
Int. J. for Numer. Methods in Eng., 1996, Vol.39, 619-633.

* Xikui Li, S Cescotto.
A mixed element method in gradient plasticity for pressure
dependent materials and modelling of strain localization,
Comput Methods in Appl Mech and Eng, 1997, Vol.144, 287-305.
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* Xikui Li, Hongxiang Tang

A consistent return mapping algorithm for pressure-dependent
elastoplastic Cosserat continua and modelling of strain localisation
Computers and Structures, 83(1):1-10, 2005.
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* Junbo Zhang, Xikui Li*
A mixed finite element and mesh-free method using linear complementary theory
for gradient plasticity in solids and saturated porous media

Computational Mechanics 47(2): 171-185, 2011.
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Xikui Li, Dongmei Yao, R.W.Lewis. A discontinuous Galerkin finite element method
for dynamic and wave propagation problems in non-linear solids and saturated porous media,
Int. J. for Numerical Methods in Eng. 2003, 57(12): 1775:1800.
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effecitve plastic strain
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> ;R: T Xikui Li, S. Cescotto. Finite element method for gradient plasticity at large
strains, Int. J. for Numer. Methods in Eng., 1996, Vol.39, 619-633.
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Three independent variables for each coupled phase (THM)

%k

® The solid phase: u,g,0
* The pore water phase: Pu 8w Wy
e The pore gas phase:  Pa:8a:W,

® The temperature field: T,g.,q-

€w: 82,87 - gradients of Py, P,, T inspace

W, W,,q; - Darcy’s velocities and heat flux



The weak form of three-field variational approach
oll =oll +oll, +dll, +0dll,
31, = [[ce’ (De+m(mp, — K(B.AT + £.c,) - o)
A

+66° (e—Vu)+35(Vu) (6" —mp,)—du’ p(b—ii)]dA

= [ ( 15.0.) 5. (05, p, )+ (mm))d&
A

+ [ [ow )+ (w, +k, (g, - o, (b—ii)))dA

A

ETFHEZ —Washizu=2 X X5 FHE



The weak form of three-field variational approach
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* Xikui Li, Zejia Liu, R.W. Lewis, Kiichi Suzuki. Mixed finite element method for
saturated poro-elasto-plasticmedia at large strains,
Int. J. Numer. Methods Eng. 2003, 57(6): 875-898.

 Xikui Li, Zejia Liu, R.W. Lewis. Mixed finite element method for coupled
thermo-hydro-mechanical process in poro-elasto-plastic media at large strains
Int. J. for Nume. Methods in Eng. 2005, 64(5): 667-708.
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a - View of NSC after fire-resistance tests b - View of HPC after fire-resistance tests
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Spalling of fire-exposed concrete in Hertz’s test,
2003.
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the solid skeleton

the matrix components } Solid mixtures (&7 b5 = AH L AR,)
chemically bound water

Liquid phase

Gasous phase
Solid phase

the matrix components

(dissolved from the solid phase) Liquid mixtures
capillary water (free water) (d 5 = A0 2H AR)
physically adsorbed water

dry air
vapor
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» Dehydration: (BL/K)
solid matrix + energy => chemically adsorbed water
( B AR =——> #&AR )
o Desalination: (BLE)
solid matrix + energy => matrix components
( B4R —> &A8)
» Evaporation: (&%)
capillary water + energy => water vapour
(#&AR —> JA8)
Xikui L1, Rongtao Li, B.A. Schrefler A coupled chemo-thermo-hygro-mechanical

model of concrete at high temperature and failure Analysis,
Int. J. for Numerical and Analytical Methods in Geomechanics, 2006, 30(7): 635-681
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mdehy - the rate of the lost mass of the solid phase due to the dehydration
m

des - the rate of the lost mass of the solid phase due to the desalination

mvap - the rate of the lost mass of the liquid phase due to the evaporation
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> Effective stress tensor : o

K, _1_ 5ij Di?IF()I Ou
K 3K,

S

> Biotconstant: a =1-

e the bulk moduli of the solid material: K

S

* the bulk moduli of the solid skeleton: K,
o 41 order elasto-plastic constitutive tensor: D
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Rongtao Li, Xikui Li*. A coupled chemo-elastoplastic-damage constitutive Model
for plain concrete subjected to high temperature, I J Damage Mechanics, 19(8): 971-1000, 2010.
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Choice of Primary Variables

» Displacements u

» Gas Pressure Py

» Capillary Pressure P,

» Temperature

» Mass of Dissolved cP
Matrix Component




The natural (Neumann’s) and the mixed
(Cauchy’s) boundary conditions

B, =(0"V,, +J%)-n—q, =0 on I}(T)
B, =(0", + Vet ) n-[0, 0, + A (5, ~2,.]=0 on L,(T)
B, :(PwvlsNLap"‘ﬂeffVT)'n"‘[QT +ay(T _Too)+e%(T4 T, )] =0 on I:(T,)
B =(-D,Vc)-n—q, =0 on I,(I;)
> MR T AT EANEAREF 742
&/\44:#] =TFE
FZEAREFE

B R+RD D RET B
R R EE T S
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F,=F — fe—jw L,dQ+ [W, B,dI, =0
F

F,=F, —f = jWLdQ+ W,B,dl, =0
I,

F,=F —f¢= jw LdQ+jw B,dI’, =0

F, =F! —f¢ = jw LdQ+jw B,dl, =0

F,=F —f° = jWLdQ+jWBdr ~0
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Newton-Raphson procedure

OF*
oX

+ AXX

n+1

F*(X},1) = AXpy  X(h =X,

n+1 n+1
k
Xn+1

> F' =[F, F, F, F F]
> X' :[ﬁTaﬁgaﬁgaTTaépT]
> the time step index : n

» the iteration index : k



the Jacobian matrix
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oF; OF, OF; 81E 0 B 19 Te m

ou 8§g op., OT _Kpu Ko Kpo Ky Kpp_ _
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Temperature distributions in concrete column at time levels:

(@) 4 min. (b) 8 min. (c) 12 min. (d) 16 min.



(a) (b)

(c) (d)

Vapor pressure distributions (Pa) in concrete column at time levels:

(@) 4 min. (b) 8 min. (c) 12 min. (d) 16 min.



(a)

(c) (d)

Equivalent plastic strain distributions in concrete column at time levels:

(@) 4 min. (b) 8 min. (c) 12 min. (d) 16 min.
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(c) (d)

Mechanical damage distributions in concrete column at time levels:

(@) 4 min. (b) 8 min. (c) 12 min. (d) 16 min.



. 0%
0.01%
0.03

0.05%

0.2

(a) (b)

(c) (d)

Chemical damage distributions in concrete column at time levels:

(@) 4 min. (b) 8 min. (c) 12 min. (d) 16 min.
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(c) (d)

Total damage distributions in concrete column at time levels:

(@) 4 min. (b) 8 min. (c) 12 min. (d) 16 min.
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 Li Xikui, Cescotto S, Thomas HR. Finite element method for contaminant transport in
unsaturated soils. ASCE Journal of hydrologic Eng., 1999, 4: 265-274.

 Li Xikui, Wu Wenhua, Cescotto S. Contaminant transport with non-equilibrium processes in
unsaturated soils and implicit characteristic Galerkin scheme.
Int. J. for Numerical and Analytical Methods in Geomechanics, 2000.24: 219-243.

* Wu Wenhua, Li Xikui, Charlier R, Collin F. A thermo-hydro-mechanical constitutive model and
its numerical modelling for unsaturated soils Computers & Geotechnics, 2004, 31: 155-167.
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Li Xikui, Wu Wenhua, O.C.Zienkiewicz. Implicit characteristic
Galerkin method for convection - diffusion equations.
Int. J. for Numerical Methods in Eng, 2000, 47: 1689-1708.




”The rotating hill*|n] 23

#]1{E : a hill located and described as
x,=[05, 0q[

#(x)],_, = exp(-10(x - x,)*)
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