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Abstract

The welding involves various physical phenomena, such as heat generation,
heat and mass flow, melting and solidification, phase transportation and generation

of residual stresses and distortions.

Among theses, mathematical and numerical

bases for the theoretical prediction of the mechanical phenomena are relatively well
established However, the theoretical predictions using thefinite element method, for

example, is not widely accepted in assembly lines or construction sites.

In this

report, potential usefulness of the computational welding mechanics is demonstrated

through various examples.

1. Introduction

In this report, practical application of
computational welding mechanics is discussed.
The first milestone in the computational weld-
ing mechanics is the theoretical establishment
of the Finite Element Method (FEM) based on
the thermal-elastic-plastic (T.E.P.) theory® 2.
Since then, theoretical model for the welding
has been advanced by introducing various phe-
nomena, such as creep, phase transformation
and full coupling among material, temperature
and mechanical fields. Also, the rapid ad-
vances of the computing facilities must be
mentioned. Now, three dimensional simula-
tion of practical welding problem can be solved
on apersonal computer. Thecomputedresults
can be displayed in wonderful color three di-
mensional graphics.

Then, we must ask ourselves, "Is the
computational welding mechanics truly attrac-
tive for people in industries now?". Figura-
tively speaking, it is like a human being. A
man or awoman must have strong bones, brain,
mussels, skin and wear decent clothes. The

bones or the framework may correspond to the
mathematical representation of physical phe-
nomena. Themussels correspondtonumerical
methods such as finite element methods and
finite difference methods. The brain is a com-
puter or a system of computers. The skin and
the clothes may be regarded as the computer
graphic technology for pre/post processings. In
addition to these, the most important thing in
judging the attractiveness is what he or she does.
In other words, whether the computational
welding mechanics is useful for industries?

The computational mechanics, in
general sense, is widely employed in researches
and designs. But, the gap between the com-
puter simulation and the welding in assembly
lines or construction sites are extremely large.
At the same time, it may be true that unrecog-
nized but immediate needs for the theoretical
prediction existin these fields of the industries.
Since all the fundamental elements, including
easy access to computers, are available, now is
the ideal time to introduce the computational
welding mechanics into to assembly lines or
construction sites.
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2. Various Aspects of Computational
Welding Mechanics

From the aspect of modeling, the com-
putational welding mechanics can be divided
into four parts, namely,

(1) mathematical modeling of physical phenom
ena

(2) numerical solution model

(3) conceptual modeling

(4) strategic modeling

The ‘last two modelings are rather
strange but very important to make the compu-
tational welding mechanics attractive. The
conceptual modeling is the model which helps
the understanding and the interpretation of the
phenomena in a general and consistent manner.
The strategic modeling is the overall planing
which makes the research successful by inte-
grating the mathematical modeling, numerical
modeling and conceptual modeling. These
four aspects of the modeling are discussedusing
the problems of welding and line heating as
examples in chapters 4 and 5.

On the other hand, the process to be
studied can be divided into the following stages,
namely

(1) heat source (heat generation, heat flow)

(2) material (melting, solidification, phase
transformation)

(3) mechanics (distortion, strain, stress)

(4) assessment (strength, elongation, fracture
toughness)

(5) optimization of design and control (process
control, material choice)

Thus, the computational mechanics
must cover the whole scope from the heat source
to the optimization ofthe welding process. In
chapter 6, the spot welding is chosen as an ex-
ample to demonstrate potential usefulness of
the c'omputational welding mechanics which
covers a broad aspect of engineering problems.

3. FEM and Inherent Strain

3.1 Histories of computational weld-

ing mechanics

Important concepts in welding me-
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chanics were established quite early basedon the

analytical investigations. N.S. Boulton?,

J.T. Norton, D. Rosenthal®, T. Naka, T. Oku-
mura®, M. Otani®, M. Watanabe, K. Satoh” and
I. Tuji® were the pioneers in this field. The
invention of the digital computers and the de-
velopments of numerical methods such as the
Finite Element Methods during the 1970's made
us possible to start new generation of welding
mechanics. That is the computational welding

mechanics. The problems solved in 1970's are
rathersimple. But, two dimensional problems

under moving heat source were already studied.

The FEM was soon applied to multi-pass

welding problems.

One of the significant differences be-
tween the researches in the 1970-80's and these
in the 90's is the scale and the precision of the
models. Due to the great advance in the com-
puter technology, large scale nonlinear tran-
sient problems can be solved on work stations.
This makes it possibleto analyze the real model
rather than the scaled or simplified experimental
model and gives special advantage to the
computational mechanics compared to physical
experiments. The advantages of computa-
tional welding mechanics over the experiments
are,

(1) The size of the model and the welding
conditions are not subjected to physical
limitations of apparatus.

(2) Cost may be less than experiments.

(3) The information which is not physically
measurable can be obtained.

(4) Ideal condition can be easily achieved. Thus,
computational welding mechanics is effec-
tive to identify the influential factors.

3.2

Framework of thermal-elastic- -
lastic model '

In general, mechanical behavior of
elastic-plastic material under a thermal cycle
can be described by,

(1) strain-displacement relation (compatibility
condition)

(2) stress-strain relation (constitutive relation)

(3) equilibrium condition

(4) appropriate boundary conditions

Among these, the constitutive relation is the



most important in the welding mechanics. One
of the fundamental assumption is that the total
strain can be separated into the sum of the
elastic, the plasticand the thermal strains, i.e.,

e=¢+¢e +¢' (1)

where, €, €%, €  and et are the total, the elastic,
the plastic and the thermal strain, respectively.

3.3 Concept of inherent strain®!%

Since, the thermal strain disappears
when the temperature returns to the room tem-
perature after the thermal cycle, Eq.(1) be-
comes,

e=¢ +¢f (2)

where the elastic strain €° is produced by the
residual stress and the total strain € corre-
sponds to the residual deformation. By
rewriting Eq.(2) as, '

e*(inherent strain)= €° = €°(residual stress) -€
(residual deformation) 3)

it is seen, conceptually, that the residual stress
and the residual deformation are produced by the
inherent strain. In other words, the residual
stress and the residual deformation can be de-
termined when the inherent strain is known. In
case of the thermal-elastic-plastic problem, the
inherent strain is the residual plastic strain it-
self if there is no initial stress or initial gap in
geometry.

When the problem involves phenom-
ena, such as creep and phase transformation,
creep strain and volumetric change due to the
transformation can be includedin Egs. (1) and (3)
as a part of the inelastic strain and the inherent
strain.

3.4 Inherent strain in computational
welding mechanics

The distortion and the residual stress
due to thermal processes, such as cutting,
bending and welding, are very important to en-
sure the geometrical precision and the
mechanical strength and reliability. As it is
discussed in the preceding section, both the
distortion andthe residual stress are produced by

Trans. JWRI, Vol. 25(1996), No.2

inherent strain. Thus, the inherent strain can
be a conceptual backbone for the consistent
understanding of the phenomena and the better
usage of the computational method. Though it
is a powerful tool, the Finite Element Method
alone is just a numerical method. When the
concept of inherent strain is combined with the
FEM, the computational welding mechanics
becomes truly attractive and useful.

The concept of inherent strain is very
useful in the following aspects;

(1) It helps the understanding of the mechanism
which produces the welding residual stress
and distortion.

(2) It can be used for the measurement of the
three dimensional residual stress'?.

(3) Once the inherent strain is known, the
residual stress and the distortion can be com-
puted by elastic analysis.

(4) In the assessment of the effect of the welding
residual stress and the distortion on the
strength and the reliability of structures, in-
herent strain is an ideal physical value to
describe the problem. :

3.5 Mechanism of inherent strain pro-
duction

Since, heat is applied along the line,
the thermal cutting, the line heating and the
welding are basically the same processes in
terms of inherent strain. Only difference is the
difference in net heat input per unit length and
its distribution on the cross-section. Such
differences of heat input make variations in in-
herent strain, thus in distortions and residual
stresses.

The mechanism in which the inherent

- strain is produced in thermal processes can be

explainedby using asimple model of ametal bar
constrained by an elastic spring as shown in
Fig.1. When the bar is heatedto Tmax from the
room temperature (zero degree) and cooled down
to the room temperature, the compressive
thermal stress is producedin the heating process
as shown in Fig.1. The phenomena change
with the value of the maximum temperature
Tmax relativeto T1 and T2 which are defined as,

T,=0y/BaE
T,= 2T, (4)
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Thermal cycle

‘Temperature

—oy

Fig. 1 Stress history of a bar with elastic constraint
under thermal cycle.

where, E : Young's modulus
Oy : yield stress
o : thermal expansion ratio
B : constraint parameter defined using
the stiffnesses of the bar k and the
spring k* as in the following equa-
tions.
B=k*/(k+k*) (5)
k=aE/L : stiffness of bar
k*: stiffness of spring
a: cross-sectional area of bar
L: length of bar

When T,,,<T,, thethermal stress does not reach
the compressive yield stress in the heating
process. Thus, no plastic strain (inherent
strain : €*) is produced. - Since there is no in-
herent strain, no residual stress nor residual
deformation is produced, i.e.

e* =0
ogr =0
0z =0 (6)

When T1<T,_,,<T,, the thermal stress reaches
the yield stress and compressive inherent strain
is produced. . However, the behavior of the bar
is elasticin the cooling process. Theinherent
strain €*, residual stress o and the residual
deformation Oy in this case are,

e* 'Tmax a + EY/B = 'Tmax o + 0'Y/Ela

Or -BEE* = BTmax o E- Oy

8 = (£* + e)L = (1-B)(-Tpur @ + Oy/EB)L
)
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When T_,,>T,, plastic deformation takes place
in both the heating and the cooling processes.
The inherent strain € *, residual stress Oy andthe
residual deformation Oy in this case are,

€* -EY/BZ = 'GY/EBZ
Og = Oy
dp = (e* + £°)L = (1-1/p*)eyL

)

As itisseen from Eq.(7) and Eq.(8), the inherent

strain is basically determined by both the

highest temperature T and the constraint pa-
rameter P.

4. Prediction and Control of Distor-
tion in Assembly Process

4.1 Strategy to tackle problem

For the automation or the introduction
of robots in assembly, the precision of parts at
each stage of the assembly process, such as
cutting; bending andwelding, is one of the most
important factor to be controlled. To tackle
the problem of precision, the following strategy
can be proposed.

(1) Precision of the assembly must be consid-
ered in the total process including cutting,
bending, welding and correction of the dis-
tortion.

(2) Identify the most influential factor using
FEM simulation

(3) Inherent strain can be used to predict the
deformation in cutting and welding.

4.2 Transverse welding deformation in
butt weld

The first example is the identification
of the influential factors on the transverse
welding deformation in butt welding of ship
plates’®. The size of the plate is 8 m by 6 m
and the details such as the tack weldings andthe
tab plates are taken into account as shown in
Fig.2. From the computations assuming
different interval of tack welds and different
types of tab plate, the effect of the differences
in tack and tab plate is found to be very small
as shown in Fig.3. Another factor suspected
is the geometrical error due to cutting. When
large root gap is found, it is closed before
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Fig. 2 Types of tack weld and tab plates.

(a) 50 mm line from seam
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(b) Outer line of plate(y=3000mm)
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Fig. 3 Effect of tack weld and tab plate types on
transverse shrinkage.

welding by appropriate methods such as the
choice of tack weld sequence or the thermal de-
formation by gas heating as shown in Table 1.
The effect of the initial gap on the
welding deformation in the transverse direction
is shownby Fig.4'®>. Thelines with solidand
open circles represent the case with initial gaps
of 2 mm and 4 mm at the center, respectively.
The simple solid line corresponds to that with-
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Table 1 Correction method of root gap in butt weld.

Before tack Size
Type welding of gap Procedure of correction
Heat shaded areas.
About Weld tacks right
5 mm after gas heating.
Middle Close the gap up to

-gap about 2-3 mm.

2-3 Weld tacks from the ends to the middle
mm | of the gap. Close the gap up to 1-2mm.

End- 5
gap
2-3 Weld tacks from the middle to the ends

mm of the gap. Close the gap up to 1-2mm.

Heat shaded areas.
Weld tacks after the
plate is cooled
down.

Close the gap up to
about 2-3 mm.

Double
-gap

Weld tacks from the place in contact
to the middle of gap.
Close the gap up to 2-3 mm.

(a) 50 mm line from seam

x{mm)
4000

0 2000 6000 8000
T T T

0.2 Case C1
—&—— Case C2

(b) Outer line of plate (y=3000mm)

x(mm)
0 2000 4000 6000 8000
0.0 T T —T T
o2t Case C1
—&— Case C2
———o— Case C3
sy 04T
(mmy)

Fig. 4 Transverse shrinkage of welded plate with initial
gap.

out the gap. Itis seen that the effect of initial
gap is very large. This suggests that the
accuracy of cutting must be maintained for the
better control of the welding deformation.

4.3

Out-of-plane welding deformation
in butt weld

The out-of-plane deformation of the
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plate due to the butt welding is also analyzed
considering the contact between the plate and
the working table under the gravitational
force’®. In this study the effectiveness of the
constraint by the magnets as shown in Fig.5 is

Megnet

Plane support
Backing force

200, 1400 fo 1400 -
2| B ] 18
ok 200 T , !

Fig. 5 Arrangements of support, magnet and backing

force.
10.0
D = 850 mm
50
|

x=0mm
—0— x=1750mm
——&—  x=3500 mm

o
(=]
T

Displacement in z direction (mm)
o
o

100 ) L L 1 '
Q 500 1000 1500 2000 2500 3000
y (mm;
(a) Transverse section
— 10.0
€
E — y=17mm
c —o— y=500mm
£ so0f sememesnsy = 850, 3000 mm
g —+— y=1300mm
=
©
I o o PR - _._.',J
N 00 oot
o wv o 00004
=
@
% -5.0 M
<
=3
(7]
3 100 : . . . J .
0 500 1000 1500 2000 2500 3000 3500
X {mm,

(b) Longitudinal section

Fig. 6 Computed out—of—plane welding deformation
(without magnet).

0.7
€
EO6[ 2B=60 mm
= °
1= | ®
% 0.5 °
§oa4f Q)
a
2o3f o
@ —9%— Calculation
% 0.2} b4 Measurement .
B
§0.11® o
=
OAOO L L 1 1 N

50 100 150 200 250 300
) x (mm} .

Fig. 8 ‘Computed and measured cutting deformation of

thin plate.
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examined. The welding deformations with and
without the constraint are compared in Figs. 6
and 7.

4.4 Geometrical error in thermal cut-
ting

The same thermal-elastic-plastic FEM
which is used for the welding problem can be
applied to the thermal cutting problems'®. To
clarify the validity of the FEM., the deforma-
tion and the residual stress of a plate cut by
air-plasma are computed and compared with the
measuredvaluesinFigs.8 and9. Forboththe
deformation along the cutting line and the

residual stress, the accuracy of FEM is
E 1.0
£
« 08§
o = x=0mm
g o x=1750mm
= —— x=3500mm
N
£
€
[
£
3
8 hd
]
a L . .
500 1000 1500 2000 2500 3000
) y (mm)

(a) - Transverse section

1.0

Displacement in z direction (mm)

500 1000 1500 2000 2500 3000 3500
X (mm)

(b) Longitudinal section

Fig. 7 Computed out—of—plane
(with magnet).

welding deformation

200

Calculation
L] Measurement

2B=60 mm
100

Stress in x direction (MPa)
o

-200 —

0 0 - 15 20 25 30
y{mm) )
Fig. 9 Computed and measured residual stress due to
cutting.



0.3
02 y = 1500 mm 8000
—t— By :
ady y Cutting line
0.1 Sey + Bdy L et B8
< ™| O

Transverse displacement (mm)

0.2 ;
0 1000 2000 3000 4000 5000 6000 7000 8000
x(mm)

Fig. 10 Distribution of cutting error (two side simulta-
neous cutting).
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Fig. 12 Models of cutting with different constraint.

satisfactory. The cutting error can be sepa-
rated into two parts. One is the deviation of
torch from the cutting line due to the transient
thermal deformation, 8,,. The other is the de-
formation caused by the residual plastic strain
(inherent strain), 0,,. Figures 10 and11 sy
are smaller in the two-side simultaneous how
that both components of the error d,, and d,, are
smaller in the two-side simultaneous cutting
compared to one-side cutting.

4.5 Inherent strain in thermal cutting

The concept of the inherent strain can
be used to study cutting deformation. As it is
discussed in chapter 3, the inherent strain pro-
duced during the thermal cycle is strongly
influenced by the highest temperature and the
constraint. Figure 12 shows three models of
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Fig. 11 Distribution of cutting error (one side cutting).
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Fig. 13 Simplified constraint model of cutting.

cutting specimen with different constraint con-
dition. The strength of the constraint in-
creases in the sequence of Case-1, -2, -3. Ifthe
half of the plate with respect to the cutting line
is divided into the heated area and the
constraining elastic area as shown in Fig.13,
the problem can be reduced to the problem of
elastically constrained bar discussed in chapter
3. Sincethebending deformation is allowedin
Case-1, the constraint is small compared to that
in Case-2 or-3 in which bending deformation is
constrained. Similarly, the constraint becomes
larger when the breadth is larger. Figure 14
shows the effect of the breadth on the inherent
strain when the traveling speed of the touch is
kept 500 mm/min in Case-1. The solid lines
and the broken lines in the figure show the re-
sidual plastic strain computed using the ther-
mal-elastic-plastic FEM and that predicted us-
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Fig. 14 Effect of plate width on residual plastic strain.
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Fig. 15 Bead welding model.

ing aequation derivedbasedon the simple model
of a bar with elastic constraint. Since the
constraint becomes large as the breadth B in-
creases, the area of inherent strain distribution
becomes small, while the value of the inherent
strain becomes large when B is large. This can
be explained from the general discussion in
chapter 3 on T, and T,. The temperatures T,
and T, which determine the distribution area of
inherent strain become high if the constraint is
small.

4.6 Inherent strain in welding

The fundamental idea involved in the
elastically constrained bar can be applied to
predict three dimensional distribution of the
inherent strain in welding. In case of bead
welding as shown in Fig.15, the distribution of
the inherent strain is given by the following
equations depending on the highest temperature
reached at each point'®.

when T, ,,<T,,
* ok — = = =
£ x_s y-E*z—Y xy‘Y zx“Y yz_O

€))
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when T, ,<T_,,<T,,
e*x='aTmax+£Y/Bx
e*,=0
8*z='(e*x+€*y)
Y yz=0

when T,,<T,,,
6*x='£’){/l3x
e* =-Aa(T,,,-C)
E¥,=-(E* +E*))
Y *yz=Ba (Tmax'T2x)(y/h)

(10)

(11)

The unknown coefficients in the above formulas
are A, B, C andpBx. These can bedetermined
using T.E.P. FEM or experiments.

4.7 Comparison between results by
T.E.P. and Elastic FEM's

The distribution of inherent strains on
the surface at the middle transverse section
calculated by the proposed formulas is shown in
Fig.16(c). The heat input per unit length Q
is assumed to be 800 J/mm in this case. Figure
17 shows the comparison between the residual
stresses computed by the T.E.P. and the Elastic
FEM's when Q=1067 J/mm. The transverse
shrinkage and the angular distortion computed
by the FEM's are compared with the values
measured by Satoh et. al’” in Figs.18 and19,
respectively. As seen from these comparisons,
the elastic FEM using the inherent strain de-
termined by the proposed formulas can be used
to predict the welding residual stresses and
distortions with an acceptable accuracy. Figure
20 shows the welding deformation of large test
model of the ship structure computed using the
proposed inherent strain.
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{a) Pillow shape

Fig. 21 Typical examples of curved plates in ship structure.

5. Generation of Process Planning for
Line Heating

5.1 Characteristics of problem

The FEM and the concept of inherent
strain can be also applied to plate bending by
line heating. In ship yards in Japan, line-
heating or flame bending is widely employedto
form curved plate. FEM can be used to predict
the deformation caused by the line heating with
given heating conditions. If it is used in the
inverse manner, instructions on where and how
to heat the plateto achieve desired curvedshape
can be generated'®.

The line heating or the flame bending
requires special skill because of the following
~ reasons.

(1) To form a plate, both bending strain and
inplane shrinkage are necessary as the
inherent strains. _

(2) Given inherent strain is turned into the de-
formation and the residual stress which is
invisible.

(3) Plate forming is a geometrically nonlinear
problem. ’
(4) When gas flame is used as a heating device,
it is difficult to exactly control the heating

condition.

5.2 Strategy to tackle problem

Such a process largely depending on
the skill can be a challenging application of
computational mechanics.  The following
strategy was proposed when this research proj-
ect was started.

(1) The objective is to propose a system for
automatic generating of process planning.

200

(2) To organize the system, the inherent strain
is introduced as a fundamental concept.

(3) Since invisible residual stress is difficult to
control, inherent strain which does not pro-
duce residual stress (compatible strain) must
be used for forming.

(4) Compatible inherent strain can be computed
by simulating the forced deformation from a
flat plate by FEM.

(5) Inherent strain must be separated into the
bending and the inplane components.

(6) Ideal heating condition must be selected to
create the bending and the inplane inherent
strain, respectively.

5.3 Application of computational me-

chanics

Figure 21 shows three typical shapes
of the curved plate for ship hull, namely pillow,
saddle and twisted shapes. By analyzing the
deformation of a plate from the flat form to the
final curved form by FEM, the inherent strains
necessary to form the plate is computed. Fig-
ures 22 and 23 show the distribution of the
computed bending and inplane strains, respec-
tively. It is seen that the distribution of the
bending strain is rather simple. While, the
inplane strain shows complex distribution due
to its nature of nonlinearlity. Basically, the
instruction on where to heat can be generated
using these inherent strain distributions. On
the other hand, the ideal heating condition for
selective generation of the bending or the in-
plane inherent strain is studiedby T.E.P. FEM.
According to the similarity, if the temperature
field is same, the deformation becomes same. It
can be shown that the temperature field is gov-
erned by two dimensionless parameters B and §
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which indicate the maximum surface tempera-
ture and the traveling speed of the heat source.
The computed value of the bending deformation
and the inplane shrinkage are plotted against
these parameters in Figs.24 and 25. It is
clear that there is an ideal point where the
maximum bending deformation can be achieved.
Using theses figures, ideal heating conditions
for generating the bending deformation and the
inplane shrinkage can be selected. If the ideal
heating condition is not achieved by the con-
ventional gas flame, feasibility of alternative
heating method such as induction heating or
laser may be tested to innovate the process.

6. Resistance Spot Welding

6.1 Simulation of welding process

Resistance spot welding is slightly
different from arc welding. Since the heat is
generated by Jbule'_heat’ing, full simulation of
the spot welding process including the heat
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generation is relatively easy. It can be ana-
lyzed by FEM!®?® if the electric field, the
thermal field and the displacement field are
considered together with the change of contact
state, as shown by the flowchart inFig.26. As
an example, dome-type and R-type electrodes
which are shown in Fig.27 are considered.
Figures 28 and29 showthetime histories of
the highest temperature at the nugget. From
these computations, weldability lobes shown in
Figs. 30 and 31 can be drawn. Thus, the
performance of the electrodes can be predicted
without experiments.

6.2 Application to controlling prob-
lem

FEM simulation can be applied to test
the controlling method of the power system. In
the practical situation, there are various
statistical variations. Assuming that the
thickness of the plate has variations character-
ized by the standard variation of 10 %, the
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effectiveness of the current control is examined

using the FEM simulation.

Very simple fussy

control, in which the current is controlled to
achieve ideal time histories of voltage and dis-
placement between the electrodes, is examined.
The effectiveness of the control is demonstrated
by Figs.32 and 33 which show the histogram

of nugget diameter.

Itis seen that insufficient

nugget size is eliminated by the current control.
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6.3 Computational mechanics for as-

sessment of strength

If prediction of metallurgical proper-
ties such as hardness and fracture toughness are
integrated in the simulation, the strength of the
weld joint can be predicted. Figure 34 shows
the measured hardness distribution on the
cross-section ofthe weldjoint. This measured
data is used to examine the influence of the
hardening of the heat affectedzone (HAZ) on the
strength of the joint. The strength is analyses
by 3-dimensional FEM assuming large strain
elastic-plastic deformation. Computed de-
formation of thejoint is shown in Fig.35. The
force-displacement curves computed for models
with and without hardening are compared in
Fig.36. It is observed that the hardening of
HAZ has a significant contribution on the
strength. Though the simulations shown in
this chapter involves simplifications and as-
sumptions, theyindicatepotential usefulness
of computational welding mechanics in broad
area of application.
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7. Conclusion

The computational welding mechanics
is not fully established as a science but it is
matured enough to be applied to various indus-
trial problems. As mentioned in this report,
there is a big gap between the computational
welding mechanics and the industrial people.
Computational welding mechanics may not be
so attractive if it is only the mathematics and
computers. The interface is necessary To draw
attention of the industry, clear and easily ac-
cessed interface is necessary. Such interface
can be formed if conceptual modeling and stra-
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tegicmodeling are integrated with mathematical
and numerical modelings. These conceptual
and strategic modeling will promote not only
practical applications but also further advances
of fundamental mathematical and numerical
modelings.
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