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1. Introduction
This report describes the implementation of 3D linear Lagrange continuum elements in
EUROPLEXUS.

EUROPLEXUS [1] is a computer code for fast explicit transient dynamic analysis of fluid-structure
systems jointly developed by the French Commissariat a I’Energie Atomique (CEA Saclay) and by

the Joint Research Centre of the European Commission (JRC Ispra).

Parabolic Lagrange continuum elements in 2D (the Q9x 9-node element family, containing the Q92,
Q92A, Q93 and Q95 elements) were among the first elements implemented in EUROPLEXUS pre-
decessor codes at JRC in the late 70’s, see e.g. references [2-5]. These elements are relatively expen-
sive computationally but offer outstanding numerical accuracy and are typically used to obtain
reference solutions in complex elasto-plastic problems, for the validation of other more computation-

ally efficient elements, such as shell or beam elements.

Recently a 3D version of the parabolic Lagrange elements, the C27x hexahedra with 27 nodes
(named C272 and C273), have been developed in EUROPLEXUS and are described (together with

the Q9x 2D elements) in reference [6].

In the late “‘80s and early ‘90s a linear version of the Q9x, the 4-node 2D quadrilaterals Q4xL
(namely Q41L and Q42L), had been developed, but not documented. The final L in their names indi-
cates that these elements are for Lagrangian calculations only, i.e. for solid materials. This was to
distinguish them from similar versions of the 4-node 2D elements (Q41, Q42, Q41N, Q42N, Q42G)
which can be used either in Lagrangian or in ALE/Eulerian calculations (such as for example in

metal forming).

The present report shortly summarizes the implementation of the Q4xL 2D 4-node linear displace-

ment quadrilateral elements and then introduces the implementation of their 3D equivalents, the
C8xL 8-node linear hexahedra. The main issue in the 3D element formulation is the treatment of

large strains and in particular of large rotations, see Section 3.7.

This document is organized as follows:

» Section 2 briefly recalls some aspects of the previous implementation of Q4xL elements in 2D.
» Section 3 presents the newly implemented C8xL 3D elements.

 Section 4 shows a series of numerical examples that check the performance of the 2D element and

of the new 3D element.

The Appendix contains a listing of all the input files mentioned in the present report.



2. The 4-node linear displacement element in 2D

The 4-node Lagrange linear displacement element (Q4) for 2D plane and axisymmetric analysis in

fast transient dynamics is shown in Figure 1 in the so-called parent element configuration, i.e. for

normalized coordinates -1 < <1, -1<n<1. The local element numbering is anti-clockwise, as

shown in the Figure.

2.1 Shape functions and their derivatives

The nodal shape functions N,(§,n), | = 1, ..., 4 are obtained by blending of the 1-D linear shape

functions L (6), K = 1, 2, also shown in Figure 1:

L,(8) = 3(1-5)

L,(8) = 5(1+8)

and result in the following expressions:

Ny (& M) = Ly(E)Ly(n) N3(&,m) = Ly(§)L,(n)
N,(E, 1) = Ly(E)Ly(n) N,(E M) = LyE)L,(m)

(1)

(2)

Yo

. ALd)
. A ; ’ 1.0
L.(8) L,(0)
(@, o O
1.0 0.0 10 &
>
S -1.0 o 1o
1 2 0lo
-0.125

Figure 1 - The 4-node Lagrange linear element in 2D (Q4)




By replacing (1) into (2) one obtains:

Ny = 3(1-E)(-m)

1
N, = Z(1+§)(1—ﬂ)
1 ©)
N = Z(1+é)(1+n)
1
Ny = 3(1-8)(1+m)
or, in compact form:
1
Ny = 21+ 58T +nm) (nosumon I) 4)
The shape function derivatives then result in:
oN 1 oN 1
a_gl =—z70-m) 8_1]1 =-7(1-8)
oN, 1 oN, 1
A A U iy (R 5
8N3_11+ 8N3_11+
E A A U Tl G
9E —Z(l"‘ﬂ) I Z(l—é)
or, in compact form:
8N| _1 1+ aN, 1 L+ A
Pl ZE.~|( nmn) am Zm( &%) (6)

Any of the element’s kinematic variables (coordinates x;, displacements d;, velocities v;, accelera-
tions a;, I = 1,2), say fp, at a generic point p = (&, n) in the parent element are obtained by inter-

polation from the corresponding nodal values using the shape functions (3):

4
fp = f(é’ n) = Z|:1N|(E.nn)f|- (7)
Since the same interpolation (7) is used for the geometry (f=x) as well as for the kinematic vari-

ables, the formulation is called isoparametric.



2.2 Lumped mass matrix

The consistent mass matrix for the generic element e with n nodes reads:

M® = [MS)] = UVeN,pNJdv} LJ=1,...n. (8)

The (diagonal) lumped mass matrix:

= [M},] 9)

E

is obtained by row summation:

n |

|
Mp= My = > My

. (10)
M, =0  for I%]

The generic diagonal term becomes therefore:

_ n I _ n _ n _ n
Mp=20-Mu = ijl(jveNleJdV) = [ NipNpdv = [ Np(3)_ Nyav (1)

But the sum of the shape functions is 1 in every point by definition:

n
ijlNle, (12)
therefore (11) gives:
M, = jVeN,pdv (13)

and, if the density p is element-wise uniform:

M, = ijeN,dv. (14)

The volume integral appearing in expressions (13) or (14) is then expressed in terms of the normal-

ized coordinates. Then (14) becomes:

My = p[ NeyIaV = pf” [7 Ny(E mydet Jdgdn, (15)

where J is the Jacobian matrix of the coordinates transformation between (&, n) and (x, y):

oX ox 9
J=13:] = |=d| = |95 5| 16
) = (3] [agj o (16)
on on



so that:

_ XYy dydx
detJ = o ~ 9Eam” N (17)
The derivatives of the geometry with respect to the normalized coordinates a‘él appearing in (17) are
obtained by means of the interpolation (7): J
x =S NG, (18)
so that:
X —a ON 19
a—g—j_2|:1§§x“’ (19)
oN
where — are given by (5).
8&1-
2.3 Spatial integration
Space integrals such as for example the one in (15) are computed numerically according to:
1 (1
= [0 [ 6 mdedn = S W,G(& ), (20)

where (&,, 1, ) are appropriately chosen locations in the parent domain and W, are the correspond-
ing integration weights. In general the greater the number of sampling points m, the greater is the
precision. For the present element, Gauss integration is adopted: the integration points are obtained

by combining 1-D Gauss integration rules along each of the global spatial directions.

Either 1 x 1 (i.e., single-point) or 2 x 2 Gauss integration can be chosen. The first choice corre-
sponds to element Q41L and the second one to element Q42L. The positions and numbering of the
corresponding Gauss points is shown in Figure 2. The Gauss points are numbered first along the y

(or m) direction, and then along the x (or &) direction.



1x1 2X%X2
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4 3 4 3
? 1.0 ? ? 1.0 ?
NY=2 X X
2 4
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NY=1 | |
1
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X X
-1.0 -1.0
O O O O
1 2 1 2
NX=1 NX=1 NX=2
Figure 2 - Gauss point positions in the Q4 element
2.4 Treatment of large deformation
The Lagrangian description of motion reads:
X = XX 1), (21)

where x are so-called spatial coordinates denoting the current position of each particle and X are so-
called material coordinates, denoting the position of each particle in a reference configuration (usu-
ally at t = ty, i.e. in the initial configuration). A particle occupying position X at time t, occupies

position x at time t, i.e. the description (21) follows the particles.

Measures of the instantaneous (i.e. of the rate of) deformation and rotation can be obtained e.g. from

the spatial velocity gradient L, defined as:

L = x 22
=T X (22)
where a superposed dot denotes derivative with respect to time (particle velocity in this case):
=% 23
X=5x =V (23)

The L tensor can be (like any tensor) decomposed into a symmetric and an antisymmetric compo-

nent by the following additive decomposition:

L = D+W, (24)



where:

1 T
= Z(L+
D =3(L+L)
and
_1 T
W= 3(L-L).
In the above:

» Asuperposed T denotes the transpose of a matrix or tensor.

» D, i.e. the symmetric (see below) part of L, is called the stretching tensor.

* W, i.e. the anti-symmetric (see below) part of L, is called the spin tensor.

From the definitions (25) and (26) it is immediate to verify that (24) holds:

L=D+W

]
NI

(L+Lh+ -t = 2+t +L-LD)

Furthermore, one sees from (25) that:
D.. = 1(|_..+|_..) D.. = 1(|_..+|_..)
IJ_2 ij ji jl_2 ji ij
so that:
i.e. D is symmetric. Moreover:

1
Dii = 5(Lii+Lip) = Ly,
i.e., the diagonal of D is equal to the diagonal of L.

Finally, from (26):

so that:

L.

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

I.e. W is anti-symmetric. Note also that the diagonal of W is zero (as for any anti-symmetric tensor):

1

(33)



Consider the following example of additive decomposition:

123 T 147
L=1l456 L' =258
789 369
135 0-1-2
1 T 1 T
D=35L+L)=1357 W=5L-L)=1]10-1
579 sym. 210 anti-sym.
123
D+W =456 =L
789
2.5 Calculation of the spatial velocity gradient
From (22) one can write, in componentsT:
_0xj _ 9Y;
L = X o (34)
Where>_'< = v denotes the particle velocity.
For an iso-parametric element formulation:
n
Vi) = N (35)

where N, are the element’s shape functions, n is the number of nodes of the element and v;; is the j-

th component of the velocity at node |. Thus, from (34)-(35):

L ~ avj(>_<) < ON, 36
ij(X) = ox; _lelﬁﬁvi" (36)

Therefore, we need to compute spatial derivatives of the shape functions N, with respect to the glo-

bal coordinates x;. These can be expressed as follows:

N L[N, (&)
{a_x,l} = |9 1{al—g,} (37)

. It seems that the expression of L is the one given by (34) and not its transpose (Lij = avi/axj ). Otherwise, there
are differences in sign in the formulas for Cauchy stress rotation implemented in the Q4 routine. But this should be fur-

ther verified.



where { } denotes a column vector (j = 1,2), & are normalized coordinates (parent element)
ranging from -1 to 1, and |§| is the determinant of the Jacobian matrix J of the coordinates transfor-

mation between § and x.

The Jacobian matrix is given by:

5 oX ay

X 3E 3¢

= (3.1 = |l = |98 &

1=y = | 7] ol (39)
on Jan

In two spatial dimensions, (37) becomes:

oo L (B oy

00X detJ\ondg dEan )
%&_L@%L%%y
dy  detJ\dEon dn o
where the determinant is given by:
_ Xy My
detJ = o~ It (40)
oN
In the above expressions, terms of the form a_gl are obtained by direct differentiation of the shape
X .
functions, while those of the type a‘g‘J are compLIJted based on (35):
i
% _ Z” %x- (41)
a&i =1 a§| 1
In two spatial dimensions, (37) becomes:
%:;qQ%L@%)
ox  detJ\dndg dEan @)
%&_L@@L%%y
dy  detJ\dEon on d§
where the determinant is given by:
_ XY XYy
det J = % ot (43)



2.6 The Zaremba-Jaumann-Noll (ZIN) rate of Cauchy stress

A hypo-elastic material can be defined as behaving in the following way:

¢ = C(9)D, (44)
i.e. the rate of Cauchy stress E_s is proportional to the stretching D via a material response function C

which depends only on the stress .

The stress rate é is called the co-rotational or the Zaremba-Jaumann-Noll (ZJN) stress rate, and is

given by:

1Q»

= o-Wo+oW, (45)
where W is the spin tensor. It can be verified that this stress rate is (infinitesimally) objective: it pre-
serves invariance under superposed rotation in an infinitesimal sense, i.e. in the limit of vanishingly

small time steps.

The spatial velocity gradient L given by (22) furnishes, as already stated above, the rate of deforma-
tion (stretching) in its symmetric part and the rate of rotation (spin) in its anti-symmetric part, as

expressed by the additive decomposition (24)-(26):

Q)lQJ
<

|:: :|:_)+V_V, (46)

It may be noted that the ZJN stress rate é is linear in the stretching D and that the material response
function C depends on the stress o only. If C is further restricted to be stress-independent, a hypo-
elastic material of grade 0 (Jaumann type) is obtained. Then C can be viewed as a generalized
Hooke matrix depending on the elastic constants k (bulk modulus) and w (shear modulus) only.
This offers a computationally tempting opportunity to include elasto-plastic material behavior by
merely replacing the elastic matrix by the elasto-plastic matrix as classically used in small-strain

analysis. As this depends on the stress state only, a form coherent with (44) is apparently obtained.

From a numerical point of view it is important to note that a straightforward use of (45) preserves
objectivity only in an infinitesimal sense, i.e. objectivity is achieved only in the limit of vanishingly
small time steps. From geometrical considerations, an elementary algorithm preserving objectivity
for an arbitrarily large time step can be designed in 2-D. If the rotation angle during a time step is
denoted by 6, atensor T (the stress for instance) transforms like: ITﬂ_:I , Where the rotation matrix T

is given by:

(47)

T = [COSO sinB|
- —sin 6 cos 0

10



In the discrete process it is easily seen that the angle 0 is related to the spin W,, at the mid-step (i.e.,

obtained from the mid-step velocity \_/n ¥ 1/2) by the expression:

AW, = 2tan 5. (48)

This discrete procedure for preserving objectivity is equivalent in 2-D to a general procedure based
on polar decomposition rather than on separation between the symmetric and anti-symmetric parts of
the velocity gradient. It should be noted, however, that in practice direct use of (45) delivers satisfac-
tory results for all applications where the rotation increments remain small. When a discretization
process is applied, it is necessary to define how to compute the approximate strain rate (in fact, how
strain increment is performed). It can be shown that the best approximation for strain rate is obtained

by making use of the stretching obtained at n + 1/2 through the mid-step velocity \_/n Y172

. In par-
ticular, the accumulated strain in the absence of rotation then provides an excellent approximation to
the natural logarithmic strain, which is of great advantage in the interpretation of large strain consti-

tutive relations.

Going further into the discretization process and in order to preserve maximum accuracy in the
application of the constitutive relations, a double transformation can be performed. First the stress is
rotated by an angle 6/2 to the configuration n+ 1/2, then the constitutive relation is applied and
finally the updated stress is transformed to configuration n+ 1 by a second half-rotation of 6/2.
This procedure thus requires two isoparametric transformations at each time step: one for configura-

tion n +1/2 and one for configuration n + 1.

The half-angle transformation (rotation) matrix is constructed according to (48) as:

Wy, At

0 _ 1 .e_ 2
cosz = sm2 = (49)

2 .2 2 .2
/1 . WipAt /1 . WipAt
4 4

Using half-step approximations for the stretching and spin, and implementing the constitutive rela-

tions with care, nearly exact solutions can be obtained.

The expressions (49) are obtained as follows. From (48) one gets:

At
2

tan

NID

Wi, (50)

11



However, we need sin (6/2) and cos (6/2) in order to build the half-rotation matrix (see 47):

cosg sing
T, = : (51)
- . 0 0
—Slni COSE
The following trigonometric identities hold:
cosa = L sino. = tana (52)

A/1+(tanoc)2 A/1+(tanoc)2.

By replacing the expression (50) of tan(6/2) for tanc. in (52) one obtains the expressions (49).

It is readily verified that the first of (52) is an identity. In fact, by squaring each member and by
recalling that tano. = (sina)/(coso) one gets:

2
(cosoc)2 = 1 5 = 1 s = (cgsoc) ZE(COSOL)Z. (53)
1+ (tano) 1+ (sina) (cosa)” + (sina)
(cosa)

The second identity is then obtained from the first one as follows:

sina, tano

sinob = ——coso. = tanocosol = ——————.

coso /l N (tanoc)z

Given a (2-D) stress tensor ¢, the rotated stress ¢, . according to a rigid-body rotation of angle 6./2
is:

(54)

.
St = 12677 (55)

=rot —

with T, given by (51).

By expanding this expression one obtains:

cosQ —sinQ cos9 sinQ
lcx Txy] - 2 2 [Gx Txy] 2 2| (56)
Txy Oyl ot sing cosg Txy Oy —sing cosg

12



By performing the multiplications one obtains, first:

((5 cosg—r sing) (r COSQ—G sing) 0 §in®
lox TX)i _ X 2 Xy Xy 2 y COSE sm§ 57)
Ty O . 0 0
Xy Yot (sting+rxycosg) (txysing+cycosg) —sin3 cos3
and finally:
c =0 (cose)2 27 sinecose+<5 (sing)z
x, rot — 9x 2) ~hxy s 2 y 5)
2 2
Tyy, rot = Tyx,rot = (ox—oy)singcosg+1Xy[(cosg) —(sing) } (58)
2 2
Oy rot = cx(sing) + erysingcosg + Gy(cosg)

2.7 Calculation of the strain increments and of the rotation increment
over the step

The strain increments over a time step At are given by:

Ae = DA, (59)
where D is the stretching tensor given by (25):

D=z(L+L" (60)

and L is the spatial velocity gradient given by (22) or (34):

NI

_0X oV o] _ 9V
L = x X [Lj] = |:8_XJ = [B_XJ (61)
By denoting Au = [Au Av AW]T the displacement increment over the time step:

Au = vAt = v" %At (62)

one obtains from (61) and (59):

J(AU) 9(AV)
_0AU) _rd(AupT [ Tox " ox
Lo = 200 riay, -
= X ox; d(Au) 9(AvV)
ay ay

(63)

13



Then the strain increments result in:

_ _ _ d(Au)
Agyy = DpAt = LAt = ==
1 179(Av) . d(Au
Aejy = DpAt = 5Ly + Ly At = 5[ (ax ) 4 (ay )}
0 ) ' (64)
L 1ro(Au Av
Agy = DyAt = E(L21+ L)AL = §|: (ay )+ (8 )} = Agp,
Agyy = DAt = Ly,At = JI(AV)
dy
By recalling that, as concerns shear components:
Yij = 28ij for 1#] (65)

and by using the iso-parametric expression of the displacement increments one has:

_ a(Au) 3N|
Agyy = ZI =1 ax
I(AV) 0 Au oN
AYip = AYy = —(8x) ( ) = Z|_1( jy‘IAUJ- (66)
8 Av

One can proceed similarly to compute the rotation half-increment (6/2) over the step. From (48)

one has:

tn 3 = 3w, (67)
where W is the spin tensor given by (26):
w=2a-Lh. (69)
From (68) one has:
_1

and by using the expression (63) of the spatial velocity gradient:

17(AV) a(Au)]

5 (70)

14



Finally, by using the iso-parametric expression of the displacement increments one has:

_1Tn oN, oN,
AthZ = EI:ZI _ 1(-8—)'(—AV| - 'é-y—Aul):| (71)
or, from (67):
0 _ 1ln oN, oN,
tan é = A—].|:Z| _ 1(&—AV| - jy—Aul)} (72)

2.8 Stress increment procedure
The stress increment procedure at a generic Gauss point can now be summarized as follows for the

2-D plane stress case.

Let c_sn denote the old stress, i.e. the stress at the beginning of the time stepn > n + 1:

o, T
o = | X M, (73)
Txy Oy

Compute the partial derivatives of (x, y) with respect to (&, 1) at the current Gauss point:

ox _ n aNl ox _ n aNl
a_g_Z‘A:lfxl on _Z|:1EX| 74)
dY _ oN, 9y _ < oN, ,
a_g_Z‘A:lfyl a_n_2|:1%y|
on the configuration n + 1/2, i.e. by using as nodal coordinates:
_ n+172 _ n+1 1
X=X =X _QAL_JV (75)
Evaluate the determinant of the Jacobian at n + 1/2 with (43):
= 9Xdy _oxoy
detJ = o oot (76)
Compute the partial derivatives of the shape functions at n + 1/2 with (42):
Ny 1y oy Ny
ox  detJ\on d§ dEan
B . (77)
My _ L(%?ﬁl-?ﬁﬁ)
dy  detJ\dEon dn o

15



Compute the strain increments over the step by (66):

0 Au oN,
feyy = 258 = S0 S
d(AV) 9 Au oN aN
AYp = AYy = (BX) ( ) - 2 —1( A aylAul) (78)
_ d(AV) _ n aNl
Ay = =57 = D=1y AV

and the rotation increment over the step by (72):

tan = = [zl_l(aal:l('A v, aa’:l/'A )} (79)

Now we can rotate the old stress by 6/2 . Compute first:

2
(tan g) = fan Qtan 9

2 2
0 _ 1
(COSZ) 1+ (tang)z -

in8os? = (c0s2)tan &
SIF\ZCOS2 = | COS tan2

then the rotated stresses from (58):

2 2
Oy rot = ox(cosg> —21Xysingcosg +oy(sing)
2 2
Tuy, rot = Tyx,rot = (cx—cy)singcosg+rxy[(cosg) —(sing) } (81)
c = smg) + 21, sin> cose+cs (cosg)z
y, rot 2 y

At this point, the material’s constitutive equation is used to compute the stress increments Ac corre-
sponding to the strain increments Ae given by (78), and the new (rotated) stresses c_s:O: t Formally,

this can be expressed by (44):

Ac = C(o)Ae (82)

and by:

"'l =g +Ac = o, +C(0)Ae (83)

—rot —rot
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Finally, the new stress c_s” *1atn+1 is obtained by rotating c_s:O: ! by the angle 6/2. By applying

once more the expressions (81) one gets:

n+1 _ 0\ 2 . 0 0 . 0\2

o, = 0X7rot(cos§) - 27, rotSIN5 C0S5 + 6y, rot(smz)

Tt =0 = (6, -0 )SinQCOSQ+T [(cosg)z—(sing)z} (84)
Xy yX X, rot y, rot 2 2 Xy, rot 2 :

2 2
n+1l _ . 0 .6 6 0
oy, = = Oy rot(smi) + 21, rotSIN5 C0S5 + 6, rot(003§

2.9 Calculation of internal forces
Once the stresses have been updated, the element’s (e) contributions to internal forces can be com-

puted. These read:

int T
F. = jveg odv, (85)
where V° is the element’s current volume (current configuration), B is the matrix of shape function

(N) derivatives (see below) and o is Cauchy stress. Ata node | of the element e, this can be partic-

ularized as follows (we drop the superscript “int” for simplicity):

.
Fy = jveglc_sdv, (86)

where B, is the sub-matrix of B relative to node I. Note that in this expression ¢ represents a col-

umn vector containing (in a certain order) all the significant components of the stress tensor.

In 2D plane stress or plane strain it is:

N
ox ! S,
B, = a_Ny o = o, 87)
oN, oN, Ty
[y ox]
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Recall that the expression of B, can be deduced from the strain-displacement relations:

_ . -
£, oX
e=Bu=le|=| M |, (88)
- _— y ay
Ty duy . auy
[y Ox]
with (for example):
U, 9 _n _<n  ON,
ox W(Zth'uX') =2 -1 9% (89)
By expanding (86) one gets:
Fix = _[Ve(ﬁcx + a_yTXV) v
: (90)
F = (% +% )dV
ly = Ive ay Oy ox oy
In 2D axisymmetric (r, z coordinates) it is:
- oNy]
0z o
oN, O,
ar ° o
BI = r c = r (91)
° N 0
1 0 Co
r TFZ
aNI aNI - B
[ 9z or ]
where o is the hoop (circumferential) stress.
By expanding (86) one gets:
oN, N, oN,
I:Ir = J’Ve(ﬁ'cr + TGG + 'E'Z'Trz) dv
: (92)

oN oN
F, = -[ve(a_zlcz + a—r'rrz) dv
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The spatial integrals in (90) or (92) are computed numerically by Gauss integration rule, and

become, in the plane case:

N, N,
Fix = Z| = 12] (ax oy TXY) Windet‘J (93
F, = S0e ”G(aN' ) WWdetJ,
y = it j \ oy Oyt ax

where i, j from 1 to 2 are the Gauss points along each spatlal direction, ( )ij means that the expres-
sion must be evaluated at the corresponding Gauss point, W;, W; are the weights and detJ is the
determinant of the Jacobian matrix for the transformation between local (€, ) and global (x,y)

coordinates, given by (43).

In the axisymmetric case the expression is:

oN, NI oN, |
Fro= 3203 (ar "GJ’ET”)UW‘WJ'”J et (94)
_ nG nG aNI !
Fly_zizl i (az +'§'r-rz) WWI’ detJ

where rij is the mean radius, i.e. the radius at the corresponding Gauss point.

2.10 External pressure forces
An external pressure can be applied to the side of a Q4 element by attaching to it a “boundary condi-
tion” element of type CL22 with a material of type IMPE PIMP. The CL22 element has 2 nodes and

Is shown in Figure 3.

Figure 3 - The 2-node boundary condition element CL22

The element geometry is interpolated as:

=¥ 2

where L, are the 1-D linear shape functions given by (1), function only of the curvilinear abscissa & .
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If a normal pressure p acts along the side s (i.e. along the CL22 element), then the nodal pressure

forces can be computed as:

Fiy = [ Lipnids, (96)
where n; are the global components of the unit normal vector r:1 to the side. If the pressure p is uni-

form over the element then:

Fit = p| Lynids. (97)
The tangent vector t to the curve is given by:
t = ax 98
L= @! ( )
or, in components:
dL
_ 2 l dy _
- lelﬁ)—(l Y Zl—l@ ' (99)
The normal vector n is obtalned by rotating t antlclockW|se by 90°, i.e.:
d dx
n = -t, = dé DR (100)
The integral in (97) is normalized by noting that:
ds = |t|dS. (101)

From (100) one sees that:

=19 = (§) (5" (102

so that the components of the unit normal vector r:1 can be written as:

n n n n

X

>

n, = —% = X% n = L = Y (103)
ol 1l Tl
From (103) and (101):
Nyds = ”t” <[t]d€ = n,d&  nyds = ||t||||t||o|§ = n,dg. (104)
The pressure forces (97) become therefore:
Fi = p[ Lifids = p[ Lynde. (105)
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If one evaluates the integral in (105) numerically by Gauss integration by using G Gauss points
along the CL22 element (with either G = 1 or G = 2) then:

p_ 1 _ G
Fij = pf_ll—.nidi =Py, -1 Wokindg, (106)
where W, are the integration weights and ( ), indicates that the quantity has to be evaluated at the

g -th Gauss point. By using (100) one obtains finally for the pressure force components:

P _ G dy
Fai = —ng _ 1Wg(l—|£>g
: (107)
P _ G dx
Fyo=p g:lwg("'ﬁ)g
2.11 Stability step
The element’s stability step is computed as:
A™ = Lc, (108)

where L is the element’s characteristic length and ¢ the sound speed in the material. To compute L

the following procedure is adopted, see Figure 4:

» Compute the four side lengths s, , s,, S5 and s, to account for the element’s “stretching”. For

example:
s; = [12]. (109)
* Build up the four mid-side points M;, M,, M5 and M, . For example:
oM, = %(cﬁ +02) (110)

* Build up the two vectors a and b (which are only approximately perpendicular to each other):

a=MM, b=MM, (112)

* Build up two unit vectors r:\a, r]b perpendicular to a and b, respectively:

A

o = ay/lel B = by )
Moy = /3] Moy = Dy/0]
» Compute the following two “heights”, to take into account element’s “shearing”:
ha=a-f,  hy=b-i,. (113)
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* The characteristic length is the minimum of the computed lengths:

L = min(sy, Sy, S3, 84, hy, hy). (114)

=

2

Figure 4 - Computing the characteristic length for the 4-node element
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3. The 8-node linear element in 3D

The 8-node Lagrange linear element (C8) for 3D analysis in fast transient dynamics is shown in Fig-
ure 5 in the so-called parent element configuration, i.e. for normalized coordinates -1<§<1,
-1<n<1,-1<{<1.The local element numbering is as follows: first the 4 “lower” nodes, so that
the oriented normal to the so-defined lower face points inside the element, then the 4 “upper” corre-

sponding nodes.

3.1 Shape functions and their derivatives
The nodal shape functions N,(&, n,{), | = 1,...,8 are obtained by blending of the 1-D linear
shape functions L (6), K = 1, 2 given by (1) and shown in Figure 1:

L,(8) = 5(1-8)

. , (115)
Ly(8) = 5(1+8)
and result in the following expressions:
N1(§7 n,¢) = Ll(ﬁ)Ll(ﬂ)Ll(C) N5(§,n, 0 = Ll(‘i)Ll(n)Lz(C)
N2(§7 n,¢) = Lg(ﬁ)Ll(ﬂ)Ll(C) Ns(ﬁ,n, 0 = Lz(‘i)Ll(n)Lz(C) (116)

N3(€ M, §) = Ly(E)L(m)Ly(0) N7(& 1, §) = Lr(E)Ly(m)Ly(8)
Ny(& M, §) = Li(§)L(m)Ly(E) Ng(&. M, §) = Li(E)L,(Mm)L,(E)
The derivative of the |-th shape function N, (I = 1, ..., 8) with respect to the K-th normalized

coordinate &, (K = 1, ..., 3) assumes the form:

aN| _ aLy(&K)
aTK - La(&a)LB(ﬁb) agK ) (117)

where the coefficients a, B, v, a, b (all varying between 1 and 2) can be deduced from (116). For
example:

INg JdNg 5

@ = %— = a—ﬁ[Lz(i)Ll(n)Lz(C)] = Lz(é)Lz(C)

dL;(m)
on
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Figure 5 - The 8-node Lagrange linear element in 3D (C8)

Any of the element’s kinematic variables (coordinates X;, displacements d,, velocities v;, accelera-
tions a;, i = 1, ..., 3), say fp, at a generic point p = (&, n, {) in the parent element are obtained

by interpolation from the corresponding nodal values using the shape functions (116):

8
fp = f(é’ n, Z;) = Z| = 1NI(§’ n, C)fl ' (118)
Since the same interpolation (118) is used for the geometry (f = x) as well as for the kinematic vari-

ables, the formulation is called isoparametric.

3.2 Lumped mass matrix
The consistent mass matrix for the generic element e with n nodes reads:

M° = [MS)] = UveNleJdV} LJ=1,...n. (119)
The (diagonal) lumped mass matrix:

My = [M)] (120)
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is obtained by row summation:

- Mll - ZJ—lMlJ
M,J-O for 1#J

The generic diagonal term becomes therefore:

M= S M = ([ NeNgav) = [T NNV = [ Np(ST

But the sum of the shape functions is 1 in every point by definition:

n -—
ZleNJ =1

therefore (122) gives:

M, = [ Npdv

and, if the density p is element-wise uniform:

M, = ijeN,dv.

(121)

N,)dV

(122)

(123)

(124)

(125)

The volume integral appearing in expressions (124) or (125) is then expressed in terms of the nor-

malized coordinates. Then (125) becomes:

M, = ijeN,(x, y,z)dV = pﬁlﬁlﬁlN,(ﬁ,n, ¢)det JdEdnd(,

(126)

where J is the Jacobian matrix of the coordinates transformation between (€, n, {) and (X, y, z):

ox dy %
d€ 9§ dE
J=1J :[%}: ox dy 0z
- om on on
ox dy %
198 9C dg

so that, for example:

oX oy 0z

detJ = Alla& + Alza& + A138§
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and Ajj is the (2 x 2) minor determinant of J, obtained by eliminating the i-th row and the j-th col-

umn:
AL = ydZ_odzoy o _dzdy dyde , _ dydz ozdy
1 ondl andg 2L 9EdL Lot 3L 0k 9o
= Jzdx _dxor = 9Xxoz _ Jzox - 9zox _oxoz
Az ™ Gnag amar M T gEar aEa AT o aEa (129)
A = OXOY_dyox o, o _dyox odxoy ) - _ JXoy dyox
B dna dnog 2 980G 0EAL ¥ 98on axaian
The derivatives of the geometry with respect to the normalized coordinates a_a' appearing in (128)
are obtained by means of the interpolation (118): :
x= 3 NENOx, (130)
so that:
o s ON 131
{T%_lela—ggx“' (131)

oN, _

where — are given by (117).
dg;

3.3 Spatial integration

Space integrals such as for example the one in (126) are computed numerically according to:

L= [0 5 [F 6@ Ddednds = ST WG (& e Gy, (132)
where (&, n,. ;) are appropriately chosen locations in the parent domain and W, are the corre-
sponding integration weights. In general the greater the number of sampling points m, the greater is
the precision. For the present element, Gauss integration is adopted: the integration points are

obtained by combining 1-D Gauss integration rules along each of the global spatial directions.

Either 1 x1x 1 (i.e., single-point) or 2 x 2 x 2 Gauss integration can be chosen. The first choice
corresponds to element C81L and the second one to element C82L. The positions and numbering of
the corresponding Gauss points is shown in Figure 6. The Gauss points are numbered first along the

z (or §) direction, then along the y (or n) direction, and finally along the x (or &) direction. Nodes
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are not shown in Figure 6 because it represents cross-sections of the element with planes normal to

the C axis.
Ix1x1 2X2%X2
s

1.0
NY=2 X X
4 8

-1.0 0.0 1.0 &
P | Nz=2

NY=1 )(
X 5

-1.0
NX=1 NX=2

n A n A

1.0 1.0
NY=2 NY=2 X )¢
3 7

-1.0 0.0 1.0 E; -1.0 0.0 1.0 é
| p | Nz=1
1

NY=1 NY=1 x
X 2

-1.0 -1.0
NX=1 NX=2 NX=1 NX=2

Figure 6 - Gauss point positions in the C8 element

3.4 Treatment of large deformation
The treatment of large deformation follows the lines presented in the previous Section for the 2D
case, i.e. for the 4-node linear element. The key point is the separation of deformation from rigid-
body rotation:
 We assume the instantaneous rate of deformation to be given by the stretching tensor D, as
given by (25), i.e. the symmetric part of the spatial velocity gradient L expressed by (22),
(34) or (61).
« Similarly, the instantaneous rate of (rigid-body) rotation is given by the spin tensor W as

given by (26), i.e. the anti-symmetric part of spatial velocity gradient L .
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3.5 Calculation of the spatial velocity gradient

From (22) one can write, in components:

_ o _ 9Y;
Ly = 51 ==, (133)

where >_< = v denotes the particle velocity.

For an iso-parametric element formulation:

n
Vi) = N (134)
where N, are the element’s shape functions, n is the number of nodes of the element and v;; is the j-

th component of the velocity at node |. Thus, from (133)-(134):

avj(x) n ON,
—_—— ——V .
X; 1=19x; !

Therefore, we need to compute spatial derivatives of the shape functions N, with respect to the glo-

Ljj(x) = (135)

bal coordinates x;. These can be expressed as follows:

oN _1[9N, (&)
)

where { } denotes a column vector (j = 1, ..., 3), &; are normalized coordinates (parent element)
ranging from -1 to 1, and |§| is the determinant of the Jacobian matrix J of the coordinates transfor-

mation between § and x.

The Jacobian matrix is given by:

ox dy Jz
0§ d§ d§
3= = [—J} = |ox oy oz} (137)
on on Jn

ox dy Jz
19C dC o]
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In three spatial dimensions, (136) becomes:

oN, 1 (A oN, A oN, . A 8Nl)
'5;(_ - (Fé 11 ag Zla 313{
My _ (A Ny a, D, a—N-') (138)
ay det ‘J 12 aé 228 32 az; J
oN, 1 (A oN, A oN, . A 8N>
'3'2_ - detJ 1Sa§ 238 338C
where the determinant is given, for example, by:
oX d 0z
det J = Anaé+A128§ * Ara3e (139)
and Ajj is the (2 x 2) minor determinant of J, obtained by eliminating the i-th row and the j-th col-
umn:
A, = ydZ_dzoy o _dzdy dyde - _ dyor ozdy
1 ondl andg 217 0EdL 9gag 3L 0B 9&on
= JzdX _oxoz = 9xoz _ dzox - dzdx _oxoz
Az = 505 “amat P2 T aEat aEar M T 3Ean 2Eam (140)
A, = OXdy_dyox - o _dyox dxoy ) _ Jxoy dyox
137 9ol onaC 23 7 9EQL  0EOC 3 7 9Eon  oEom
In the above expressions, terms ofa the form aﬁ-l are obtained by direct differentiation of the shape
functions, while those of the type = ag are computed based on (134):
1
% - 3 N (141)
a&i 1=1 a&l il

3.6 Calculation of the strain increments over the step

The strain increments over a time step At are given by:

Ae = DA, (142)
where D is the stretching tensor given by (25):

D = 3L+L) (143)
I [%} = [%] (144)
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T . . .
By denoting Au=[Au Av Aw| the displacement increment over the time step:

AL_J - \_/At - \_/n+1/2

one obtains from (144) and (142):

At, (145)

[A(AU) A(AV) I(AW),
oX oX oX
Lag = AW [3(“])} _ [3(Au) 9(AV) AAw)| (146)
- ox oX; dy ay Iy
d(Au) J(AV) d(Aw)
| dz oz 0z |
Then the strain increments result in:
_ _ _ J9(Au)
1 179(Av) , d(Au
1 179(Aw) , d(Au
Aoy = Dyght = 5(Lyy +Lgat = 5[ A S|
1 179(Au) , d(Av
Aey; = Dyt = 5(Ly; +Lyp)At = 3 (ay ) 4 (ax )} - Ae,,
Aty = DyyAt = LAt = a(aAyV) (147)
1 170(AW) |, d(AV)T
1 170d(Au) |, d(Aw)T]
1 170(AV) | d(Aw)T]
Aegy = DypAt = 5(Lgy *+ Lyg)AL = 5| (az ) + (ay )_ = Ay,
By recalling that, as concerns shear components:
Yy = 28 for i#]j (148)

1
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and by using the iso-parametric expression of the displacement increments one has:

Agyy = a(A“) = Zl_l%li-m,

Ay = AYy = a_(%v_) a(AU) - Z|—1(8NI +%EI/JAU')

Aty = Ay, = a<§xw> B(Au) ZI—l(aal:l(l aaN. Au,) »
AYps = Avgp = a(gyW) a(AV) =2 —1(_AW' aaN Av )

Agg = a(Aw) _ Z| B az

3.7 Calculation of the rate of rotation and of the rotation increment over
the step

The spin tensor W expressed by (26) is a measure of the instantaneous rate of (rigid-body) rotation

and results in:

1 o1 0 (Lip=Lo1) (Lyz—Lay)
(L31—Li3) (Lgp—Ly) 0

By using the expression (36) of the components of the spatial velocity gradient L one gets:

1 1(ov du
Wi = 5(Lp—Ly) = 5(5;(‘8) = Wy

y
1 1(ow du
Wig = 5(Lig—Lgy) = Q(&‘g} = Wy (151)
1 1(ow ov
Was = 5(Lag—Lg) = 5(5;‘5‘ = -Wg

and by introducing the expansion of the velocities (134):

Wyp = =Wy = %(g\';‘g—;) = %[ZT;l(%}IVI_%}IUJ}
Wy, = Wy, = %@lx"—%) [ZT=1(%WI‘%“I)] (152)

Waog = -W3, = z(alv‘g\'l) =
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The three (significant) components of the spin tensor W,,, W,; and W,; are a measure of the
instantaneous rates of (rigid-body) rotation 8,, 6y, 64 around the (positive) global axes directions z,

y and x, respectively:

0, = Wy,
ey = W13, (153)

Thus the body is instantaneously rotating (rigidly) at a rate & given by:

B = J0)7+ (B + (00" = JW2, W+ W (154)

around the axis defined by the unit vector ? of components:

N

ro= 0,0 = W23/jwfz+wf3+wﬁszg

X

A

)= 0,/60 = Wi/ JW2,+ W2y + Wo =7 (155)

S A 2 2 2
£, = 0,/0 = W,/ (W2, + W2y + W, = ¢
By passing from the instantaneous rate of rotation to the time-discrete rotation increment 6 (around

the F axis), one can write in analogy with the 2D case (48):

0
2 H
and from this equation one can obtain the half-rotation angle 6/2.

AtD = AL W2, + W, + W2, = 2tan (156)

Then the (half-)rotation matrix T, is given, in analogy with (51), by the following expression [7]:

(EM+C) (ENM+LS) (ELM—-1S)

T2 = |EnM-LS) m*M+C) LM +ES) (157)
(EEM+1S) (NEM—-ES) (§*M +C)
where &, 1, { are the global components off given by (155) and:
= cos? = sin® = 1-C = 1-cos?
C = cos2 S = sm2 M=1-C=1 cosz. (158)
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3.8 Stress increment procedure

. . . . n
The stress increment procedure at a generic Gauss point can now be summarized as follows. Let ¢

denote the old stress, i.e. the stress at the beginning of the time stepn > n + 1:

n n n
Oy Tyy Txz
gn = Tny csy Tyz : (159)
n n n
_sz Tyz
Compute the partial derivatives of (X, y, z) with respect to (&, n, {) at the current Gauss point:
ox _ n aN| X _ n aN| ox _ n aNI
o lel'a—é:X' - lel'a—n_xl oC ~ lelﬁfxl
ay _ 8N| ay _ 8N| ay _ aN|
8&_, Zl—lag ' Zl—lan 8?; Zl—la(‘; I (160)
0z oN, oN, 0z oN,
BE_. Zl—lag Zl-lan BC Zl—laz; '
on the configuration n+1/2, i.e. by using as nodal coordinates:
_ .n+1/2 _ _n+1 lA 161
T A U (16D
Evaluate the minors of the Jacobian at n + 1/2 with (140):
AL = ydZ_odzoy o _dzdy dyde  , _dydz ozdy
L onal anag 2L 7 980 0EAC 8L 7 9ton  oEon
0z 0X 0X 0z 0X0dZ dZoX 0Z0X 0X 0z
S T T T R A TR = T I
A = OXOY_dyox o, o _dyox odxoy ) - _ Jxoy dyox
B na dnog 2 980G 0EAL 3 9fon  dEom
and the determinant of the Jacobian at n + 1/2 with (139):
d d d
detJ = A ag + AL, aé + A aé (163)
Compute the partial derivatives of the shape functions at n + 1/2 with (138):
oN, 1 oN, oN, oN,
ox E(All o€ A218 +Agy ac)
oN, 1 (A aN oN, . A aN)
T E 12 8& 275, T Aagg (164)
oN, 1 oN, oN, oN,
0z E(AB o€ A238 + Ags ac)
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Compute the strain increments over the step by (149):

Agq =

Ayyp =

Ayg =

Ag,, =

AYyg =

Agqs =

a(Au)

B Zl—l Au,
_ A(AV) a(Au) aNu oN,
ATa = =577 - Zl-l( +§y—Au|)
_A(Aw) a(Au) aN. LN
Ava = —5 ZI—l(ax " Au')
a(Av)
ZI -1 a
y
AAW) , AAY) _ o (IN oN,
AYzp = 3y az == 1(a_yAW| + EAVJ
a(Aw)
B ZI =1 az

(165)

Compute the rotation increments during the step around the three global axes, i.e. the components of

the spin tensor multiplied by At

AU, AV, AW:

AtW,,

AtW

(see 152 and 153), by using the displacement increments

NI I\JIH I\)IH

(BN,

Z| =1
ZI = 1(aal:l(l

N,

n
_ZI = 1(§y_AW'

Compute the direction of the axis of rotation, see (155):

<

>

-

z

—aaﬂy'Aulﬂ

%l\zl_lAu'ﬂ

—%NZ—'AV,H

2 2 2
AW,/ J(AEW, ) + (ATW,13)? + (AtW,5)2 = &

2 2 2
AtW13/J(AtW12) + (AtWy3) + (AtW,5) =1

2 2 2
AthZ/A/(Ath) + (AtWy3)" + (AtW,5) =

Compute the rotation increment over the step by (156):

tan

6 _1
2
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Compute the half-rotation matrix T, by (158), (157) and the identities (52):

0
tan=
0 1 9 _ 2 S = 1 ensd
5 = ——— 5 T T——— M=1-C=1 0052(169)

2 2
1+(tang) 1+(tan@

2

(E°M+C) (EnM +LS) (EEM-nS)
T2 = |EnM=C8) (’M+C) MM +ES)|- (170)

2
(EEM +MS) (NEM-&S) (M +C)
Compute the stress rotated by 6/2 around the F axis by:
LT

Srot = 1-2(_51-2' (171)
At this point, the material’s constitutive equation is used to compute the stress increments Ac corre-
sponding to the strain increments Ae given by (149), and the new (rotated) stresses c_s:'o: ' Formally,

this can be expressed by (44):

Ac = C(0)Ae 172)
and by:

Ol = Ot AT = G+ C(0)A (173)
Finally, the new stress c_sn *1atn+1 is obtained by rotating c_s:O: ! by the angle 6/2 around the F
axis. By applying once more (171) one gets:

n+1 _ T
9 - IZgrotIZ' (174)

3.9 Calculation of internal forces
Once the stresses have been updated, the element’s (e) contributions to internal forces can be com-
puted. These read:

int _
e =

;
Fe =[,.Baodv, (175)

where V¢ is the element’s current volume (current configuration), B is the matrix of shape function
(N) derivatives (see below) and o is Cauchy stress. Ata node | of the element e, this can be partic-

ularized as follows (we drop the superscript “int” for simplicity):

F = [ Blodv. (176)
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where B, is the sub-matrix of B relative to node I. Note that in this expression ¢ represents a col-

umn vector containing (in a certain order) all the significant components of the stress tensor.

In3Ditis:

B - s =% (177)
=1 |oN, oN, -

T
oy ox T
oN, oN, T

0z dy -
NN
| 0z oX |

Recall that the expression of B, can be deduced from the strain-displacement relations:

duy
ox
m ou
e, 5
&y au,
e=Bu=|7l=| % | (178)
Yy |k, Yy
sz 8y oX
- Jz oy
du, du,
2
with (for example):
aux _ 0 n _ n aNI
ox &(lelNluxl) N lel'a—x_uxl' (179)
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By expanding (176) one gets:

Fix = J-Ve('a—x'cx + WTxy + gz_fczx) dv

Cp (N NN,
= B B o o

oN 8N 8N
Fiz = J-ve(azl ayl vz ox ¢ )dv

The spatial integrals in (180) are computed numerically by Gauss integration rule, and become:

oN oN oN
_ ng Ng <—Ng | I I
Fix = Zi =144 Zk = 1( Tyy + _sz) ijkW‘WJ'WkdEt‘}

w Ty
=3 12% o 1(aayl Oy aa’:I(ITxy * %I\ZI'ITVZ) i jkWinWkdet:] ! (181)
. aN, aN, aN "
DN (5 20+ o et 5t )Ukw,ijkdetg
where i, j, k from 1 to 2 are the Gauss points along each spatial direction, ( )ijk Means that the
expression must be evaluated at the corresponding Gauss point, W;, W;, Wy are the weights and
detJ is the determinant of the Jacobian matrix for the transformation between local (€, n, {) and

global (x, y, z) coordinates, given by (40).

3.10 External pressure forces

An external pressure can be applied to the face of a C81L or C82L element by attaching to it a
“boundary condition” element of type CL3Q with a material of type IMPE PIMP. The CL3Q ele-
ment has the shape of a 4 node quadrilateral in 3D and is shown in Figure 7.
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1<

Figure 7 - The 4-node boundary condition element CL3Q

The element geometry is interpolated as:

X = S0 M, (182)

where M, = M,(&,n) are the 2-D linear shape functions (obtained by blending of the 1-D func-
tions) given (under the name N, ) by (2) or (3), function of the curvilinear coordinates & and n. The
symbol M is used instead of N to distinguish these shape functions from the (volumetric) shape
functions (116) of the C8xL elements.

If a normal pressure p acts along the face S (i.e. along the CL3Q element), then the nodal pressure

forces can be computed as:

Fi = [(Mpnids, (183)
where n; are the global components of the unit normal vector r:1 to the face. If the pressure p is uni-

form over the element then:

Fil = pJ Mnids. (184)
Following the paper by Hughes and Liu [8] (but see also references [9-10]) on degenerated shell ele-
ments (and by noting that the CL3Q element corresponds to a lamina of a degenerated shell), in each
point P = P(&, m) of the CL3Q element one can build up unit tangent vectors Tg, in tothe £ and n

coordinate directions, respectively:

. ox
I -

_ oX
le = a_i/

X ox
ok

om

=X
.n_an

, (185)
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or, from (182):

ox IM, _ X e IM
_(2 ZI—lag-l !n_a_n_2|_lan_| (186)
Then, the unit normal vector !3 = r_1 IS given by:
ly=n = o</ <] (187)

where X represents the vector product operator. The normal vector n is given by:

n= x| (188)

The integral in (184) is normalized by noting that:

dS = |n[d&dn. (189)
From (187-189) one sees that:

nds = Wgﬂ”r_\”d&dn = nd&dn. (190)

The pressure forces (184) become therefore:

~ 1 (1

Fi = p[Mynids = p[” [© M;n;dédn. (191)
If one evaluates the integral in (191) numerically by Gauss integration by using G x G Gauss points
along the CL9x element (with either G = 1 or G = 2) then:

1 (1 G G
R = pfL [ Mindedn = pYC_ S WeW (M (192)
where Wy, Wy, are the integration weights and ( )gh indicates that the quantity has to be evaluated

at the (gh) -th Gauss point.

3.11 Stability step
The element’s stability step is computed as:

crit

At" = L/c, (193)
where L is the element’s characteristic length and ¢ the sound speed in the material. To compute L

the following procedure is adopted, see Figure 8:

» Compute the twelve corner lengths s, , k = 1, ..., 12, to account for the element’s “stretching”.

For example:

s, = || 12]. (194)
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* Build up the six mid-face points M;, f = 1, ..., 6. For example:
OM, = %((ﬁ+(ﬁ+@+(ﬁ) (195)

* Build up the three vectors a, b and ¢ (which are only approximately perpendicular to each
other):

a = M;M, b = MsMg ¢ = MM, (196)
» Compute the three “heights”, to take into account element’s “shearing”:
(bxc) (cxa) (axb)
h. = L= = h. = L= = = = 197
N LS B = o
» The characteristic length is the minimum of the computed lengths:
L = min(sy, Sy, ..., Sq9, Ny, hy, he). (198)

Figure 8 - Computing the characteristic length for the 27-node element

An alternative calculation of L as the minimum intra-nodal distance between any couple of nodes

can be activated by the option OPTI DTML.
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4. Numerical examples

Some numerical examples are presented illustrating the performance of the new elements introduced

in the previous Sections.

4.1 Large-shear tests

We start by some one-element large-shear tests inspired by the calculations performed in references

[2-5] when discussing the treatment of large strains in 2D. The tests performed are summarized in

Table 1.
Name Description Steps | CPU (s)
SHEAI1l Q41L 50000 | 5.44
SHEA12 Q42L 50000 | 5.10
SHEA13 | C81L shear along x | 50000 | 5.65
SHEA14 | C82L shear along x | 50000 | 5.37
SHEA15 | C81L shearalongy | 50000 | 5.556
SHEA16 | C82L shear along y | 50000 | 5.46
SHEA17 | C81L shear along z | 50000 | 5.65
SHEA18 | C82L shear along z | 50000 | 6.15
Table 1 - Shear tests
SHEA11

This is a 2D plane strain calculation using the Q41L element, to be used as a reference for subse-

quent 3D calculations. The problem is shown in Figure 9. A square is subjected to a large shearing

by blocking the base and by imposing horizontal displacements to the other nodes of the element as

shown in the Figure. The material is

assumed elastic.

X

—_— — — — — — =

Figure 9 - The large shear problem in 2D.
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The outcome of the calculation is the shear stress in the element which, according to the Zaremba-
Jaumann-Noll formulation, has a periodic (sinusoidal) variation. In this case the maximum imposed
horizontal displacement at the top of the element is 10 times the element length over a time span of 1

second.

The imposed displacements are shown in Figure 10 and the resulting stresses are shown in Figure 11.

The stresses have a sinusoidal shape, as expected.

SHEA12
This is a repetition of test SHEA12 by using the Q42L (fully integrated) element instead of Q41L
(reduced integrated). The results are practically identical as shown for example in Figure 12 for the

shear stress.

SHEA13
This test is 3D and uses the C81L under-integrated hexahedron element. The base of the element (in
the x-y plane) is blocked in all directions. All other nodes are blocked in the y and z directions and

are assigned suitable displacements along x, corresponding to those of the previous 2D cases.

SHEA14
This test is similar to SHEA13 but uses the C82L fully-integrated element.

SHEAOQ05

This test is similar to SHEA13 but the shearing occurs along the y -direction.

SHEAO06
This test is similar to SHEA15 but uses the C82L fully-integrated element.

SHEAOQ7

This test is similar to SHEA13 but the shearing occurs along the z -direction.

SHEAO08
This test is similar to SHEA17 but uses the C82L fully-integrated element.

Comparisons
The results of all these 3D tests are all very similar and in very good agreement with the 2D refer-

ence. A comparison of the corresponding shear stresses is shown in Figure 13.
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Figure 10 - Displacements in case SHEA11l.
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Figure 11 - Stresses in case SHEA11l.
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Figure 12 - Comparison of shear stresses in cases SHEA11 and SHEA12.
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Figure 13 - Comparison of shear stresses in cases SHEA1l to SHEA18.
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4.2 Large-rotation tests

The next series of tests is used to check large rotations. An elastic beam of square cross section and
length equal to ten times the cross-section side is subjected to an applied pressure along the whole
length of the beam and is clamped at one extremity. This test is inspired from a similar test reported

in reference [11].

The tests performed are summarized in Table 2.

Name Description Steps | CPU (s)

POUT54 Q42L + CL22 5814 | 1.78
POU201 C81L + CL3Q 12034 | 12.57
POU202 C82L + CL3Q 11682 | 33.79

POU203 C81L + CL3Q 11784 | 12.34
rotated around X

POU204 C81L + CL3Q 12034 | 12.46
rotated around y

Table 2 - Pressurized beam tests

POUT54
This is a 2D plane strain calculation [11] using the Q42L linear quadrilateral and the CL22 boundary
condition element to represent the applied pressure. This solution is then used as a reference for the

subsequent 3D calculations.

The beam undergoes very large displacements and rotations. Figure 14 shows the initial beam con-
figuration and the deformed configuration at 3 ms, corresponding approximately to the maximum

deflection. Figure 15 shows the displacements of the nodes at the free beam end.

POU201
This is a 3D calculation using C81L and CL3Q (under-integrated) elements.

POU202
This test is similar to POU201 but uses C82L and CL3Q (fully-integrated) elements.

POU203
This test is similar to POU201 but the beam is rotated by 90° around the x -axis.

POU204
This test is similar to POU201 but the beam is rotated by 90° around the y -axis.
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Comparisons

A comparison of the corresponding displacement of the mid-node at the free beam tip is shown in
Figure 16 for all these tests. Two sets of curves are obtained: a set of slightly “stiffer” solutions is
obtained by the fully-integrated elements, while a set of slightly “weaker” solutions is obtained by
the reduced-integrated elements. The discrepancy is larger than in the case of parabolic elements (see
Section 4.2 of reference [6]). In the case of reduced-integrated elements, some small mechanisms are

observed.

POUTS4 - 2D Q42L+CLZ22 DOUBLE LAYER
TIME: 3.00000E-03 STEP: 2933

Figure 14 - Deformations in case POUT54.
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4.3 Elastic wave propagation tests
The next series of tests is used to check elastic wave propagation. An elastic beam of square cross
section and length equal to one hundred times the cross-section side is subjected to an initial velocity

and is clamped at one extremity.

The tests performed are summarized in Table 3.

Name Description Steps | CPU (s)
BARE11 Q41L 800 0.59
BARE12 Q42L 800 0.69
BARE13 C81L 800 0.73
BARE14 C82L 800 1.05

Table 3 - Elastic wave propagation tests

BARE11l

This is a 2D plane stress calculation using the Q41L linear quadrilateral. This solution is then used as
a reference for the subsequent 3D calculations. The resulting stress at two points close to the bar
mid-point are compared in Figure 17 against the analytical solution of the problem (a double step

function).

BARE12
This test is similar to BARE11 but uses the Q42L element.

BAREO03
This test is similar to BARE11 but uses the C81L element.

BAREO4
This test is similar to BARE11 but uses the C82L element.

Comparison

The results of these tests are all very similar and in very good agreement with the 2D reference. A
comparison of the corresponding stress at the mid-point of the bar is shown in Figures 18 (using the
average stress in the element to the left of the bar mid-point) and 19 (using the average stress in the

element to the right of the bar mid-point).
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Figure 18 - Stress in test cases BARE11 to BARE14 compared with the analytical solution.
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Figure 19 - Stress in test cases BARE11 to BARE14 compared with the analytical solution.

4.4 Elasto-plastic bar impact test
The next series of tests is used to check elasto-plasticity in large-strain deformation. The test is a

classical elasto-plastic bar impact test, see e.g reference [12].

The tests performed are summarized in Table 4.

Name Description Steps CPU (s)
BARI23 Q41L, OPTI PART 2,760 macro 13.8
BARI24 C81L (17,225 for 26 us) | (11.8)
BARI25 C82L, 12 x 40 4,115 8.9
BARI26 Q42L, OPTI PART 2,802 macro 20.5
BARI30 Q42L 34,088 51.3
BARI31 Q41L 38,998 32.9
BARI32 Q42L, OPTI PART PLIN 2,802 macro 13.5
BARI33 Q41L, OPTI PART PLIN 2,760 macro 9.2

Table 4 - Elasto-plastic bar impact tests
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BARI23

This is a 2D plane axisymmetric calculation using the Q41L linear quadrilaterals. The mesh (1/2 of
the bar cross-section by symmetry) uses 12 x 120 linear elements. This solution is then used as a
reference for the subsequent 3D calculations. The resulting radial and axial maximum displacements
are shown in Figure 20 and are in excellent agreement with the solutions obtained in reference [6]
with the parabolic elements. This calculation uses time step partitioning (OPTI PART) to decrease
the CPU time.

BARI24

This is a 3D calculation using the C81L linear hexahedron. The mesh (1/4 of the bar), shown in Fig-
ure 21, is relatively coarse and uses 12 x 40 elements. The calculation stops at about 26 us because
the element near the center of the impacting section becomes too squeezed and therefore the stability

time step drops unacceptably.

Displacements are compared in Figure 22 with the reference solution, showing excellent agreement
as long as the 3D simulation is capable of advancing in time. The deformed mesh at calculation stop

is shown in Figure 23.
BARI25
This is a 3D calculation using the C82L linear hexahedron. The mesh is the same as in case BARI24.

This calculation reaches without problems the final time of 80 us. However, the solution exhibits

severe locking (the deformation of the bar is largely underestimated).

Displacements are compared in Figure 24 with the reference solution. The deformed mesh at calcula-

tion stop is shown in Figure 25.

Due to the presence of severe locking, no further solutions with C82L are attempted.
BARI26

This calculation is similar to BARI23 but uses the Q42L element instead of Q41L.

Displacements are compared in Figure 26 with the reference solution, showing poor agreement. The
2D fully integrated solution exhibits some locking, although less pronounced than in the 3D fully

integrated case.

BARI30
This is a repetition of test BARI26 but without time step partitioning. Results are nearly identical to

those of case BARI26 as shown in Figure 27, and the speed-up (in case BARI26) is about 2.5 times.
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BARI31
This is a repetition of test BARI23 but without time step partitioning. Results are nearly identical to

those of case BARI23 as shown in Figure 28, and the speed-up (in case BARI23) is about 2.4 times.

BARI32
This is a repetition of test BARI26 but using the LINK COUP directive instead of LIATI and the

OPTI PART PLIN option for time step partitioning. Results are nearly identical to those of case
BARI26 as shown in Figure 29, and the further speed-up (with respect to BARI26) is about 33%.

BARI33
This is a repetition of test BARI23 but using the LINK COUP directive instead of LIATI and the

OPTI PART PLIN option for time step partitioning. Results are nearly identical to those of case
BARI23 as shown in Figure 30, and the further speed-up (with respect to BARI23) is about 33%.
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Figure 20 - Displacements in case BARI23.
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Figure 21 - 3D mesh of case BARI24.
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Figure 27 - Displacements in cases BARI26 and BARI30.
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Figure 28 - Displacements in cases BARI23 and BARI31.
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Figure 29 - Displacements in cases BARI26 and BARI32.
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Figure 30 - Displacements in cases BARI23 and BARI33.
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barel1.dgibi

6. Appendix

Sample input files

This Section contains, in alphabetical file order, the
listings of all input files related to the examples
which were proposed in the previous Sections.

|
barell.dgibi

*%sizt100
opti echo 1;
opti dime 2 elem quad;

pl =0 0;

p2 = 1 0;

p3 = 0.5 0;

tol = 0.001;

dy = 0.01;

n = 50;

barll = (pl d n p3) coul vert;

bar2l = (p3 d n p2) coul vert;

barl = (barll tran 1 (0 dy)) coul vert;
bar2 = (bar2l tran 1 (0 dy)) coul vert;
elim tol (barl et bar2);

bar = (barl et bar2) coul vert;

el = barl elem cont p3;

e2 = bar2 elem cont p3;

bartip = bar2 elem cont p2;

mesh = bar et el et e2 et bartip;
tass mesh;

opti sauv form 'barell.msh';

sauv form mesh;

opti trac psc ftra 'barell mesh.ps';
trac qual mesh;

fin;

|
barell.epx

BARE11l
ECHO
ICONV win
CAST mesh
CPLA LAGR
GEOM Q41L bar TERM
COMP NGRO 1 'end' LECT bar TERM COND X GT 0.999

EPAI 2.5E-8 LECT bar TERM
MATE VM23 RO 8000. YOUN 2.0E1l NU 0.0 ELAS 2.0E1l

TRAC 1 2.0E1l 1.EO0
LECT bar TERM

LINK COUP BLOQ 1 LECT end TERM
INIT VITE 1 100.0 LECT bar DIFF end TERM
ECRI DEPL VITE CONT ECRO TFREQ 0.1E-3

FICH ALIC TEMP FREQ 1

POIN LECT p3 p2 TERM
ELEM LECT el e2 TERM

FICH ALIC FREQ 1
OPTI PAS UTIL NOTE LOG 1
CALC TINI 0. TEND 4.0E-4 PASF 5.0E-7
SUIT
Post-treatment
ECHO
RESU ALIC TEMP GARD PSCR
SORT GRAP
AXTE 1.0 'Time [s]'

COUR 1 'dx_2' DEPL COMP 1 NOEU LECT p2 TERM
COUR 2 'dx_3' DEPL COMP 1 NOEU LECT p3 TERM
COUR 3 'sg 1' CONT COMP 1 ELEM LECT el TERM
COUR 4 'sg_2' CONT COMP 1 ELEM LECT e2 TERM
DCOU 5 'Analytical' 6

0.0 0.0

0.1E-3 0.0

0.1E-3 -4.E9

0.3E-3 -4.E9

0.3E-3 0.0

0.4E-3 0.0
TRAC 1 AXES 1.0 'DISPL. [M]'
TRAC 2 AXES 1.0 'DISPL. [M]'
TRAC 3 AXES 1.0 'CONTR. [PA]'
TRAC 4 AXES 1.0 'CONTR. [PA]'
TRAC 5 3 4 AXES 1.0 'CONTR. [PA]' YZER

COLO ROUG NOIR NOIR
DASH 2 0 0

LIST 1 AXES 1.0 'DISPL. [M]'
LIST 2 AXES 1.0 'DISPL. [M]'
LIST 3 AXES 1.0 'CONTR. [PA]'
LIST 4 AXES 1.0 'CONTR. [PA]'
FIN

|
barel2.dgibi

*%sizt100
opti echo 1;
opti dime 2 elem quad;

pl =0 0;

p2 = 1 0;

p3 = 0.5 0;

tol = 0.001;

dy = 0.01;

n = 50;

barll = (pl d n p3) coul vert;

bar2l = (p3 d n p2) coul vert;

barl = (barll tran 1 (0 dy)) coul vert;
bar2 = (bar2l tran 1 (0 dy)) coul vert;
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elim tol (barl et bar2);

bar = (barl et bar2) coul vert;
el barl elem cont p3;

e2 = bar2 elem cont p3;

bartip = bar2 elem cont p2;

mesh = bar et el et e2 et bartip;
tass mesh;

opti sauv form 'barel2.msh';

sauv form mesh;

opti trac psc ftra 'barel2 mesh.ps';
trac qual mesh;

fin;

|
barel2.epx

BARE12
ECHO
ICONV win
CAST mesh
CPLA LAGR
GEOM Q42L bar TERM
COMP NGRO 1 'end' LECT bar TERM COND X GT 0.999

EPAI 2.5E-8 LECT bar TERM
MATE VM23 RO 8000. YOUN 2.0E1l NU 0.0 ELAS 2.0El1l

TRAC 1 2.0El1l 1.E0
LECT bar TERM

LINK COUP BLOQ 1 LECT end TERM
INIT VITE 1 100.0 LECT bar DIFF end TERM
ECRI DEPL VITE CONT ECRO TFREQ 0.1E-3

FICH ALIC TEMP FREQ 1

POIN LECT p3 p2 TERM
ELEM LECT el e2 TERM

FICH ALIC FREQ 1
OPTI PAS UTIL NOTE LOG 1
CALC TINI 0. TEND 4.0E-4 PASF 5.0E-7
SUIT
Post-treatment
ECHO
RESU ALIC TEMP GARD PSCR
SORT GRAP
AXTE 1.0 'Time [s]'

COUR 1 'dx_2' DEPL COMP 1 NOEU LECT p2 TERM
COUR 2 'dx 3' DEPL COMP 1 NOEU LECT p3 TERM
COUR 3 'sg_1' CONT COMP 1 ELEM LECT el TERM
COUR 4 'sg_2' CONT COMP 1 ELEM LECT e2 TERM
DCOU 5 'Analytical' 6

0.0 0.0

0.1E-3 0.0

0.1E-3 -4.E9

0.3E-3 -4.E9

0.3E-3 0.0

0.4E-3 0.0
TRAC 1 AXES 1.0 'DISPL. [M]'
TRAC 2 AXES 1.0 'DISPL. [M]'
TRAC 3 AXES 1.0 'CONTR. [PA]'
TRAC 4 AXES 1.0 'CONTR. [PA]'
TRAC 5 3 4 AXES 1.0 'CONTR. [PA]' YZER

COLO ROUG NOIR NOIR
DASH 2 0 0

LIST 1 AXES 1.0 'DISPL. [M]'
LIST 2 AXES 1.0 'DISPL. [M]'
LIST 3 AXES 1.0 'CONTR. [PA]'
LIST 4 AXES 1.0 'CONTR. [PA]'
FIN

barel3.dgibi

*%sizt100

opti echo 1;

opti dime 3 elem cub8;
pl =00 0;

p2 =10 0;

p3 = 0.5 0 0;

dy = 0.01;

dz = 0.01;

n = 50;

basll = (pl d n p3) coul vert;

bas21 = (p3 d n p2) coul vert;

basl = (basll tran 1 (0 dy 0)) coul vert;
bas2 = (bas2l tran 1 (0 dy 0)) coul ver

barl = basl volu tran 1 (0 0 dz);
bar2 = bas2 volu tran 1 (0 0 dz);
elim tol (barl et bar2);

bar = (barl et bar2) coul vert;
elim tol bar;

mesh = bar;

tass mesh;

opti sauv form 'barel3.msh';

sauv form mesh;

opti trac psc ftra 'barel3_mesh.ps';
trac cach qual (barl et bar2);
fin;

|
barel3.epx

BARE13

ECHO

ICONV win

CAST mesh

TRID LAGR

GEOM C81L bar TERM

COMP GROU 2 'el' LECT bar TERM COND XB GT 0.49
COND XB LT 0.50

'e2' LECT bar TERM COND XB LT 0.51

COND XB GT 0.50

NGRO 1 'end' LECT bar TERM COND X GT 0.999

MATE VM23 RO 8000. YOUN 2.0E1l NU 0.0 ELAS 2.0Ell
TRAC 1 2.0El1l 1.E0
LECT bar TERM

LINK COUP BLOQ 1 LECT end TERM

Page 60



bare14.dgibi

INIT VITE 1 100.0 LECT bar DIFF end TERM
ECRI DEPL VITE CONT ECRO TFREQ 0.1E-3
FICH ALIC TEMP FREQ 1
POIN LECT p3 p2 TERM
ELEM LECT el e2 TERM
FICH ALIC FREQ 1
OPTI PAS UTIL NOTE LOG 1
CALC TINI 0. TEND 4.0E-4 PASF 5.0E-7
SUIT
Post-treatment
ECHO
RESU ALIC TEMP GARD PSCR
SORT GRAP
AXTE 1.0 'Time [s]'

COUR 1 'dx_2' DEPL COMP 1 NOEU LECT p2 TERM
COUR 2 'dx_3' DEPL COMP 1 NOEU LECT p3 TERM
COUR 3 'sg 1' CONT COMP 1 ELEM LECT el TERM
COUR 4 'sg_2' CONT COMP 1 ELEM LECT e2 TERM
DCOU 5 'Analytical' 6

0.0 0.0

0.1E-3 0.0

0.1E-3 -4.E9

0.3E-3 -4.E9

0.3E-3 0.0

0.4E-3 0.0
TRAC 1 AXES 1.0 'DISPL. [M]'
TRAC 2 AXES 1.0 'DISPL. [M]'
TRAC 3 AXES 1.0 'CONTR. [PA]'
TRAC 4 AXES 1.0 'CONTR. [PA]'
TRAC 5 3 4 AXES 1.0 'CONTR. [PA]' YZER

COLO ROUG NOIR NOIR
DASH 2 0 0

LIST 1 AXES 1.0 'DISPL. [M]'
LIST 2 AXES 1.0 'DISPL. [M]'
LIST 3 AXES 1.0 'CONTR. [PA]'
LIST 4 AXES 1.0 'CONTR. [PA]'
FIN

|
barel4 .dgibi

*%sizt100

opti echo 1;

opti dime 3 elem cubsg;
pl =00 0;

p2 =10 0;

p3 = 0.5 0 0;

tol = 0.001;

dy = 0.01;

dz = 0.01;

n = 50;

basll = (pl d n p3) coul vert;

bas2l = (p3 d n p2) coul vert;

basl = (basll tran 1 (0 dy 0)) coul vert;
bas2 = (bas2l tran 1 (0 dy 0)) coul vert;

barl = basl volu tran 1 (0 0 dz);
bar2 = bas2 volu tran 1 (0 0 dz);
elim tol (barl et bar2);

bar = (barl et bar2) coul vert;
elim tol bar;

mesh = bar;

tass mesh;

opti sauv form 'barel4.msh';

sauv form mesh;

opti trac psc ftra 'barel4_mesh.ps';
trac cach qual (barl et bar2);
fin;

|
barel4d .epx

BARE14

ECHO

ICONV win

CAST mesh

TRID LAGR

GEOM C82L bar TERM

COMP GROU 2 'el' LECT bar TERM COND XB GT 0.49
COND XB LT 0.50

'e2' LECT bar TERM COND XB LT 0.51

COND XB GT 0.50

NGRO 1 'end' LECT bar TERM COND X GT 0.999

MATE VM23 RO 8000. YOUN 2.0E1l NU 0.0 ELAS 2.0Ell
TRAC 1 2.0E1l 1.E0
LECT bar TERM
LINK COUP BLOQ 1 LECT end TERM
INIT VITE 1 100.0 LECT bar DIFF end TERM
ECRI DEPL VITE CONT ECRO TFREQ 0.1E-3
FICH ALIC TEMP FREQ 1
POIN LECT p3 p2 TERM
ELEM LECT el e2 TERM
FICH ALIC FREQ 1
OPTI PAS UTIL NOTE LOG 1
CALC TINI 0. TEND 4.0E-4 PASF 5.0E-7
SUIT
Post-treatment
ECHO
RESU ALIC TEMP GARD PSCR
SORT GRAP
AXTE 1.0 'Time [s]'

COUR 1 'dx_2' DEPL COMP 1 NOEU LECT p2 TERM
COUR 2 'dx_3' DEPL COMP 1 NOEU LECT p3 TERM
COUR 3 'sg_1' CONT COMP 1 ELEM LECT el TERM
COUR 4 'sg_2' CONT COMP 1 ELEM LECT e2 TERM

DCOU 5 'Analytical' 6

0.0 0.0

0.1E-3 0.0

0.1E-3 -4.E9

0.3E-3 -4.E9

0.3E-3 0.0

0.4E-3 0.0
TRAC 1 AXES 1.0 'DISPL. [M]'
TRAC 2 AXES 1.0 'DISPL. [M]'
TRAC 3 AXES 1.0 'CONTR. [PA]'
TRAC 4 AXES 1.0 'CONTR. [PA]'
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TRAC 5 3 4 AXES 1.0 'CONTR. [PA]' YZER
COLO ROUG NOIR NOIR

DASH 2 0 0
LIST 1 AXES 1.0 'DISPL. [M]'
LIST 2 AXES 1.0 'DISPL. [M]'
LIST 3 AXES 1.0 'CONTR. [PA]'
LIST 4 AXES 1.0 'CONTR. [PA]'
FIN

barel4c.epx
BARE14C

RESU ALIC TEMP 'barel4.alt' GARD PSCR
SORT GRAP
AXTE 1.0 'Time [s]'
COUR 43 'sg_1' CONT COMP 1 ELEM LECT el TERM
COUR 44 'sg 2' CONT COMP 1 ELEM LECT e2 TERM
DCOU 45 'Analytical' 6

0.0 0.0

0.1E-3 0.0

0.1E-3 -4.E9

0.3E-3 -4.E9

0.3E-3 0.0

0.4E-3 0.0
RCOU 13 'sg_1' FICH 'barell.pun' RENA 'sg_1_11
RCOU 14 'sg 2' FICH 'barell.pun' RENA 'sg 2 11
RCOU 23 'sg_1' FICH 'barel2.pun' RENA 'sg_1_12'
RCOU 24 'sg_2' FICH 'barel2.pun' RENA 'sg 2_12'
RCOU 33 'sg 1' FICH 'barel3.pun' RENA 'sg 1 13'
RCOU 34 'sg_2' FICH 'barel3.pun' RENA 'sg_2_13'

TRAC 13 23 33 43 45 AXES 1.0 'CONTR. [PA]' YZER
COLO NOIR BLEU TURQ VERT ROUG

TRAC 14 24 34 44 45 AXES 1.0 'CONTR. [PA]' YZER
COLO NOIR BLEU TURQ VERT ROUG

FIN
|
bari23.dgibi

opti echo 1;

opti titr 'BARI23';

opti trac psc ftra 'bari23_mesh.ps';
opti dime 2 elem qua4;

p0=0 0;

pl=3.2E-3 0;

p2=0 32.4E-3;

tol=0.01E-3;

base=p0 d 12 pl;

stru=base TRAN 120 p2;
symax=stru poin droi p0 p2 tol;
top=stru poin droi p2 (pl PLUS p2) tol;
elax=stru ELEM APPU LARG symax;
elot=diff stru elax;

strl=chan 'POIl' stru;
basl=chan 'POIl' base;
viti=diff strl basl;

mesh=stru et symax et viti;
tass mesh;

opti sauv form 'bari23.msh';
sauv form mesh;

trac qual mesh;

fin;
|
bari23.epx

BARI23
ECHO
!CONV WIN
CAST mesh
LAGR AXIS
GEOM Q41L elax Q41L elot TERM
COMP EPAI 1 LECT tous TERM
MATE VM23 RO 8930. YOUN 1.17D11 NU 0.35D0 ELAS 4.D8
TRAC 2 4.D8 3.418803D-03 1.004D11 1000.003418803
LECT tous TERM
LIATI BLOQ 2 LECT base TERM
CONT SPLA NX 1 NY 0 LECT symax TERM
INIT VITE 2 -227. LECT viti TERM
ECRI DEPL VITE TFRE 10.E-6
POIN LECT pl top TERM
FICH ALIC TFRE 10.E-6
FICH ALIC TEMP TFRE 1.E-7
POIN LECT pl top TERM
OPTI PART NOTE CSTA 0.5 STEP IO LOG 1
CALC TINI 0. TEND 80.D-6

FIN
|
bari23a.epx

BARI23A

ECHO

CONV WIN

RESU ALIC 'bari23.ali' GARD PSCR
SORT VISU NSTO 9

FIN

bari23b.epx

Post-treatment (time curves from alice temps file)

ECHO

RESU ALIC TEMP 'bari23.alt' GARD PSCR

COMP NGRO 2 'pOb' LECT tous TERM COND NEAR POIN 0.0 3.24E-2
'plb' LECT tous TERM COND NEAR POIN 3.2E-3 3.24E-2

SORT GRAP

AXTE 1.0 'Time [s]'
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COUR 1 'dx_pl' DEPL COMP 1 POIN LECT pl TERM
COUR 2 'dy_pOb' DEPL COMP 2 POIN LECT pOb TERM
COUR 3 'dy_plb' DEPL COMP 2 POIN LECT plb TERM
1 2 3 AXES 1.0 'DISPL. [M]' YZER
LIST 1 2 3 AXES 1.0 'DISPL. [M]' YZER

FIN

|
bari24.dgibi

opti echo 1;

opti titr 'BARI24';

opti trac psc ftra 'bari24_mesh.ps';
opti dime 3 elem cubsg;
p0=0 0 0;

pOp=0 0 32.4E-3;
pl=3.2E-3 0 0;

p2=0 3.2E-3 0;
p3=1.6E-3 0 0;

p4=pl tour 45 p0 pOp;
p5=0 1.6E-3 0;

x3 y3 z3 = coor p3;

x4 y4 z4 = coor p4;

x5 y5 z5 = coor p5;

+ x4 + x5) /
y6 = (y3 + v4 + y5) /
26 = (23 + z4 + z5) /
p6 = X6 y6 z6;
tol=0.01E-3;

www
oo o

n p3;

n pé;

n ps;

n po;

dall c1 c2 c3 c4 plan;
dn pl;

c n p0 p4;

d n p6;

p6 d n p3;

dall c1 c2 c3 c4 plan;
d n p4;

c n p0 p2;

d n p5;

dn p6;

base3 = dall cl c2 c3 c4 plan;
base=basel et base2 et base3;
elim tol base;

list (nbel base);

list (nbno base);

stru=base volu tran nz pOp;
trac cach qual stru;

*

2 oo Q.

mesh=stru;

tass mesh;

opti sauv form 'bari24.msh';
sauv form mesh;

fin;

|
bari24 .epx

1CONV WIN
CAST mesh
LAGR TRID
GEOM C81L stru TERM
COMP NGRO 5 'blox' LECT tous TERM COND X LT 1.
'bloy' LECT tous TERM COND Y LT 1
'nbas' LECT tous TERM COND Z LT 1
'top' LECT tous TERM COND Z GT 32
'viti' LECT tous DIFF nbas TERM
GROU 1 'ebas' LECT tous TERM COND ZB LT 5.E-4
COUL ROSE LECT stru TERM
MATE VM23 RO 8930. YOUN 1.17D11 NU 0.35D0 ELAS 4.D8
TRAC 2 4.D8 3.418803D-03 1.004D11 1000.003418803
LECT stru TERM
LIAI BLOQ 3 LECT nbas TERM
BLOQ 1 LECT blox TERM
BLOQ 2 LECT bloy TERM
INIT VITE 3 -227. LECT viti TERM
ECRI DEPL VITE TFRE 10.E-6
POIN LECT pl p2 top TERM
FICH ALIC TFRE 10.E-6
FICH ALIC TEMP TFRE 1.E-7
POIN LECT pl top TERM
OPTI PAS AUTO NOTE CSTA 0.5 STEP IO LOG 1
CALC TINI 0. TEND 80.D-6

E-5
E-5
E-5
9E-

FIN

bari24a.epx
Post-treatment

ECHO

RESU ALIC 'bari24.ali' GARD PSCR

SORT VISU NSTO 5
FIN

bari24b.epx

Post-treatment (time curves from alice temps file)

ECHO

RESU ALIC TEMP 'bari24.alt' GARD PSCR

COMP NGRO 3 'pOb' LECT tous TERM COND NEAR POIN 0.0 0.0 3.24E-2
'plb' LECT tous TERM COND NEAR POIN 3.2E-3 0.0 3.24E-2
'p2b' LECT tous TERM COND NEAR POIN 0.0 3.2E-3 3.24E-2

SORT GRAP

AXTE 1.0 'Time [s]'
COUR 1 'dx_pl' DEPL COMP 1 POIN LECT pl TERM
COUR 2 'dz_pOb' DEPL COMP 3 POIN LECT pOb TERM
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3 'dz_plb' DEPL COMP 3 POIN LECT plb TERM
COUR 4 'dz_p2b' DEPL COMP 3 POIN LECT p2b TERM

12 3 4 AXES 1.0 'DISPL. [M]' YZER
LIST 1 2 3 4 AXES 1.0 'DISPL. [M]' YZER
RCOU 11 'dx_pl' FICH 'bari23b.pun' RENA 'dx_pl_23'
RCOU 12 'dy pOb' FICH 'bari23b.pun' RENA 'dy pOb_23'
RCOU 13 'dy_plb' FICH 'bari23b.pun' RENA 'dy plb 23'
TRAC 11 12 13 1 2 3 4 AXES 1.0 'DISPL. [M]' YZER
COLO ROUG ROUG ROUG
NOIR NOIR NOIR NOIR

bari24f.epx

RESU ALIC 'bari24.ali' GARD PSCR
SORT VISU NSTO 4
FIN

bari25.dgibi

opti echo 1;

opti titr 'BARI25';

opti trac psc ftra 'bari25_mesh.ps';
opti dime 3 elem cub8;

3.2B-3 0;

v3 z3 = coor p3;
y4 z4 = coor p4;

vy5 z5 = coor p5;

(x3 + x4 + x5) / 3.0;
(y3 + y4 + y5) / 3.0;
z6 = (23 + z4 + z5) / 3.0;
pé = x6 y6 z6;
tol=0.01E-3;

n=2;
nz = 40;

cl = p0 d n p3;
c2 = p3 d n p6;
c3 = p6 d n p5;
c4 = p5dn po;

basel = dall cl c2 c3 c4 plan;
cl = p3 d n pl;

c2 = pl ¢ n po p4;

c3 = p4 d n p6;

c4 = p6 d n p3;

base2 = dall cl c2 c3 c4 plan;

cl d n p4;
c2 c n po p2;
c3 d n p5;
c4 d n p6;

base3 = dall cl c2 c3 c4 plan;
base=basel et base2 et base3;
elim tol base;

list (nbel base);

list (nbno base);

stru=base volu tran nz pOp;
trac cach qual stru;

*

mesh=stru;

tass mesh;

opti sauv form 'bari25.msh';
sauv form mesh;

fin;

|
bari25.epx

BARI2S

ECHO

!CONV WIN

CAST mesh

LAGR TRID

GEOM C82L stru TERM

COMP NGRO 5 'blox' LECT tous TERM COND X LT 1.E-5

'bloy' LECT tous TERM COND Y LT 1.E-5
1.E-5
3 9E-

'nbas' LECT tous TERM COND Z LT
'top' LECT tous TERM COND Z GT
'viti' LECT tous DIFF nbas TERM
GROU 1 'ebas' LECT tous TERM COND ZB LT 5.E-4
COUL ROSE LECT stru TERM
MATE VM23 RO 8930. YOUN 1.17D11 NU 0.35D0 ELAS 4.D8
TRAC 2 4.D8 3.418803D-03 1.004D11 1000.003418803
LECT stru TERM
LIAI BLOQ 3 LECT nbas TERM
BLOQ 1 LECT blox TERM
BLOQ 2 LECT bloy TERM
INIT VITE 3 -227. LECT viti TERM
ECRI DEPL VITE TFRE 10.E-6
POIN LECT pl p2 top TERM
FICH ALIC TFRE 10.E-6
FICH ALIC TEMP TFRE 1.E-7
POIN LECT pl top TERM
OPTI PAS AUTO NOTE CSTA 0.5 STEP IO LOG 1
CALC TINI 0. TEND 80.D-6

|
bari25a.epx

Post-treatment

ECHO

RESU ALIC 'bari25.ali' GARD PSCR
SORT VISU NSTO 9
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bari25b.epx

p2=0 32.4E-3;

tol=0.01E-3;

base=p0 d 12 pl;

stru=base TRAN 120 p2;
symax=stru poin droi p0 p2 tol;
top=stru poin droi p2 (pl PLUS p2
elax=stru ELEM APPU LARG symax;
elot=diff stru elax;

strl=chan 'POI1' stru;
basl=chan 'POIl' base;
viti=diff strl basl;

tol;
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bari25b.epx

Post-treatment (time curves from alice temps file

ECHO

RESU ALIC TEMP 'bari25.alt' GARD PSCR

COMP NGRO 3 'pOb' LECT tous TERM COND NEAR POIN 0.0 0.0 3.24E-2
'plb' LECT tous TERM COND NEAR POIN 3.2E-3 0.0 3.24E-2
'p2b' LECT tous TERM COND NEAR POIN 0.0 3.2E-3 3.24E-2

SORT GRAP

AXTE 1.0 'Time [s]'

COUR 1 'dx pl' DEPL COMP 1 POIN LECT pl TERM

COUR 2 'dz_pOb' DEPL COMP 3 POIN LECT pOb TERM

COUR 3 'dz_plb' DEPL COMP 3 POIN LECT plb TERM

COUR 4 'dz_p2b' DEPL COMP 3 POIN LECT p2b TERM

TRAC 1 2 3 4 AXES 1.0 'DISPL. [M]' YZER

LIST 1 2 3 4 AXES 1.0 'DISPL. [M]' YZER

RCOU 11 'dx_pl' FICH 'bari23b.pun' RENA 'dx_pl_ 23"

RCOU 12 'dy pOb' FICH 'bari23b.pun' RENA 'dy pOb_23'

RCOU 13 'dy plb' FICH 'bari23b.pun' RENA 'dy plb_ 23'

TRAC 11 12 13 1 2 3 4 AXES 1.0 'DISPL. [M]' YZER

COLO ROUG ROUG ROUG

NOIR NOIR NOIR NOIR
FIN

|
bari26.dgibi

opti
opti

echo 1;

titr 'BARI26';

opti trac psc ftra 'bari26_mesh.ps';
opti dime 2 elem qua4;

po0=0 0;

pl=3.2E-3 0;

p2=0 32.4E-3;

tol=0.01E-3;

base=p0 d 12 pl;

stru=base TRAN 120 p2;

symax=stru poin droi p0 p2 tol;
top=stru poin droi p2 (pl PLUS p2) tol;
elax=stru ELEM APPU LARG symax;
elot=diff stru elax;

strl=chan 'POIl' stru;

basl=chan 'POIl' base;

viti=diff strl basl;

mesh=stru et symax et viti;

tass mesh;

opti sauv form
sauv form mesh;
trac qual mesh;
fin;

'bari26.msh';

|
bari26.epx

BARI26
ECHO
1CONV WIN
CAST mesh
LAGR AXIS
GEOM Q42L
COMP EPAI
MATE VM23

elax Q42L elot TERM

1 LECT tous TERM

RO 8930. YOUN 1.17D11 NU 0.35D0 ELAS 4.D8
TRAC 2 4.D8 3.418803D-03 1.004D11 1000.003418803
LECT tous TERM

2 LECT base TERM

SPLA NX 1 NY 0 LECT symax TERM

VITE 2 -227. LECT viti TERM

VITE TFRE 10.E-6

LECT pl top TERM

TFRE 10.E-6

TEMP TFRE 1.E-7

LECT pl top TERM

NOTE CSTA 0.5 STEP IO LOG 1

TINI 0. TEND 80.D-6

LIAI

INIT
ECRI

FICH
FICH

OPTI
CALC
FIN

mesh=stru et symax et viti;

tass
opti
sauv
trac
fin;

mesh;

sauv form

form mesh;
qual mesh;

'bari30.msh';

bari30.epx

BARI30

ECHO

!CONV WIN

CAST
LAGR
GEOM
COMP
MATE

mesh
AXIS
Q42L
EPAT
VM23

BLOQ
CONT
VITE
DEPL
POIN
ALIC
ALIC
POIN

elax Q42L elot TERM
1 LECT tous TERM

RO 8930.

YOUN 1.17D11 NU 0.35D0 ELAS 4.D8

TRAC 2 4.D8 3.418803D-03 1.004D11 1000.003418803
LECT tous TERM

2 LECT base TERM

SPLA NX 1 NY 0 LECT symax TERM

2

-227.
VITE
LECT
TFRE
TEMP
LECT

LECT viti TERM

TFRE 10.E-6
pl top TERM
10.E-6

TFRE 1.E-7

pl top TERM

PAS AUTO NOTE CSTA 0.5 STEP IO LOG 1
TEND 80.D-6

TINI

0

bari30b.epx
Post-treatment (time curves from alice temps file
ECHO
RESU ALIC TEMP 'bari30.alt' GARD PSCR
COMP NGRO 2 'pOb' LECT tous TERM COND NEAR POIN 0.0
'plb' LECT tous TERM COND
SORT GRAP
AXTE 1.0 'Time [s]'
COUR 1 'dx pl' DEPL COMP 1 POIN LECT pl TERM
COUR 2 'dy pOb' DEPL COMP 2 POIN LECT pOb TERM
COUR 3 'dy plb' DEPL COMP 2 POIN LECT plb TERM
TRAC 1 2 3 AXES 1.0 'DISPL. [M]' YZER
LIST 1 2 3 AXES 1.0 'DISPL. [M]' YZER
RCOU 11 'dx_pl' FICH 'bari2éb.pun' RENA 'dx_pl 26"
RCOU 12 'dy_pOb' FICH 'bari2éb.pun' RENA 'dy pOb_26'
RCOU 13 'dy plb' FICH 'bari26b.pun' RENA 'dy plb_26'
TRAC 11 12 13 1 2 3 AXES 1.0 'DISPL. [M]' YZER
COLO ROUG ROUG ROUG
NOIR NOIR NOIR
FIN

bari3l.dgibi

3.24E-2

NEAR POIN 3.2E-3 3.24E-2

opti
opti
opti
opti
p0=0
pl
p2=0

echo
titr
trac
dime
0;

.2E-3

1;

'"BARI31';
psc ftra 'bari3l_mesh.ps';
2 elem qua4;

0;

32.4E-3;
tol=0.01E-3;
base=p0 d 12 pl;

stru=base TRAN 120 p2;

symax=stru poin droi p0 p2 tol;
top=stru poin droi p2 (pl PLUS p2
elax=stru ELEM APPU LARG symax;
elot=diff stru elax;

strl=chan 'POIl' stru;

basl=chan 'POIl' base;

viti=diff strl basl;

tol;

bari2éb.epx
Post-treatment (time curves from alice temps file)
ECHO
RESU ALIC TEMP 'bari26.alt' GARD PSCR
COMP NGRO 2 'pOb' LECT tous TERM COND NEAR POIN 0.0 3.24E-2
'plb' LECT tous TERM COND NEAR POIN 3.2E-3 3.24E-2
SORT GRAP
AXTE 1.0 'Time [s]'
COUR 1 'dx_pl' DEPL COMP 1 POIN LECT pl TERM
COUR 2 'dy pOb' DEPL COMP 2 POIN LECT pOb TERM
COUR 3 'dy_plb' DEPL COMP 2 POIN LECT plb TERM
TRAC 1 2 3 AXES 1.0 'DISPL. [M]' YZER
LIST 1 2 3 AXES 1.0 'DISPL. [M]' YZER
RCOU 11 'dx_pl' FICH 'bari23b.pun' RENA 'dx pl 23'
RCOU 12 'dy pOb' FICH 'bari23b.pun' RENA 'dy pOb_23'
RCOU 13 'dy_plb' FICH 'bari23b.pun' RENA 'dy_plb_23
TRAC 11 12 13 1 2 3 AXES 1.0 'DISPL. [M]' YZER
COLO ROUG ROUG ROUG
NOIR NOIR NOIR
FIN

|
bari3z0.dgibi

opti
opti

echo 1;

titr 'BARI30';

opti trac psc ftra 'bari30_mesh.ps';
opti dime 2 elem quad;

po0=0 0;

pl=3.2E-3 0;

mesh=stru et symax et viti;

tass
opti
sauv
trac
fin;

mesh;

sauv form

form mesh;
qual mesh;

'bari3l.msh';

bari3l.epx

BARI31

ECHO

I!CONV WIN

CAST
LAGR
GEOM
COMP
MATE

LIAI

INIT
ECRI

FICH
FICH
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mesh
AXIS
Q41L
EPAT
VM23

elax Q41L elot TERM
1 LECT tous TERM

RO 8930.

YOUN 1.17D11 NU 0.35D0 ELAS 4.D8

TRAC 2 4.D8 3.418803D-03 1.004D11 1000.003418803
LECT tous TERM

2 LECT base TERM

SPLA NX 1 NY 0 LECT symax TERM

2

-227.

LECT viti TERM

VITE TFRE 10.E-6
LECT pl top TERM
TFRE 10.E-6

TEMP TFRE 1.E-7



bari3la.epx

POIN LECT pl top TERM
OPTI PAS AUTO NOTE CSTA 0.5 STEP IO LOG 1
CALC TINI 0. TEND 80.D-6
FIN

|
bari3la.epx

BARI31A

ECHO

CONV WIN

RESU ALIC 'bari3l.ali' GARD PSCR
SORT VISU NSTO 9

FIN

bari3lb.epx

Post-treatment (time curves from alice temps file)

ECHO

RESU ALIC TEMP 'bari3l.alt' GARD PSCR

COMP NGRO 2 'pOb' LECT tous TERM COND NEAR POIN 0.0 3.24E-2
'plb' LECT tous TERM COND NEAR POIN 3.2E-3 3.24E-2

1.0 'Time [s]'

1 'dx _pl' DEPL COMP 1 POIN LECT pl TERM
COUR 2 'dy pOb' DEPL COMP 2 POIN LECT pOb TERM

3 'dy_plb' DEPL COMP 2 POIN LECT plb TERM

12 3 AXES 1.0 'DISPL. [M]' YZER
LIST 1 2 3 AXES 1.0 'DISPL. [M]' YZER
RCOU 11 'dx_pl' FICH 'bari23b.pun' RENA 'dx_pl 23"
RCOU 12 'dy pOb' FICH 'bari23b.pun' RENA 'dy pOb_23
RCOU 13 'dy plb' FICH 'bari23b.pun' RENA 'dy plb_ 23'
TRAC 11 12 13 1 2 3 AXES 1.0 'DISPL. [M]' YZER
COLO ROUG ROUG ROUG
NOIR NOIR NOIR

|
bari32.dgibi

opti echo 1;

opti titr 'BARI32';

opti trac psc ftra 'bari32_mesh.ps';
opti dime 2 elem qua4;

p0=0 0;

pl=3.2E-3 0;

p2=0 32.4E-3;

tol=0.01E-3;

base=p0 d 12 pl;

stru=base TRAN 120 p2;

symax=stru poin droi p0 p2 tol;
top=stru poin droi p2 (pl PLUS p2) tol;
elax=stru ELEM APPU LARG symax;

mesh=stru et symax et viti;
tass mesh;

opti sauv form 'bari32.msh';
sauv form mesh;

trac qual mesh;

fin;

|
bari32.epx

BARI32
ECHO
!CONV WIN
CAST mesh
LAGR AXIS
GEOM Q42L elax Q42L elot TERM
COMP EPAI 1 LECT tous TERM
MATE VM23 RO 8930. YOUN 1.17D11 NU 0.35D0 ELAS 4.D8
TRAC 2 4.D8 3.418803D-03 1.004D11 1000.003418803
LECT tous TERM
LINK COUP BLOQ 2 LECT base TERM
CONT SPLA NX 1 NY 0 LECT symax TERM
INIT VITE 2 -227. LECT viti TERM
ECRI DEPL VITE TFRE 10.E-6
POIN LECT pl top TERM
FICH ALIC TFRE 10.E-6
FICH ALIC TEMP TFRE 1.E-7
POIN LECT pl top TERM
OPTI PART PLIN NOTE CSTA 0.5 STEP IO LOG 1
CALC TINI 0. TEND 80.D-6
FIN

|
bari32b.epx

Post-treatment (time curves from alice temps file)

ECHO

RESU ALIC TEMP 'bari32.alt' GARD PSCR

COMP NGRO 2 'pOb' LECT tous TERM COND NEAR POIN 0.0 3.24E-2
'plb' LECT tous TERM COND NEAR POIN 3.2E-3 3.24E-2

SORT GRAP

AXTE 1.0 'Time [s]'

COUR 1 'dx_pl' DEPL COMP 1 POIN LECT pl TERM
COUR 2 'dy_pOb' DEPL COMP 2 POIN LECT pOb TERM
COUR 3 'dy_plb' DEPL COMP 2 POIN LECT plb TERM
TRAC 1 2 3 AXES 1.0 'DISPL. [M]' YZER

LIST 1 2 3 AXES 1.0 'DISPL. [M]' YZER
RCOU 11 'dx_pl' FICH 'bari2éb.pun' RENA 'dx pl 26'
RCOU 12 'dy pOb' FICH 'bari2éb.pun' RENA 'dy pOb_26
RCOU 13 'dy plb' FICH 'bari2éb.pun' RENA 'dy plb_ 26'
TRAC 11 12 13 1 2 3 AXES 1.0 'DISPL. [M]' YZER
COLO ROUG ROUG ROUG

NOIR NOIR NOIR
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|
bari33.dgibi

opti echo 1;

opti titr 'BARI33';

opti trac psc ftra 'bari33_mesh.ps';
opti dime 2 elem qua4;

p0=0 0;

pl=3.2E-3 0;

p2=0 32.4E-3;

tol=0.01E-3;

base=p0 d 12 pl;

stru=base TRAN 120 p2;
symax=stru poin droi p0 p2 tol;
top=stru poin droi p2 (pl PLUS p2) tol;
elax=stru ELEM APPU LARG symax;
elot=diff stru elax;

strl=chan 'POI1l' stru;
basl=chan 'POIl' base;
viti=diff strl basl;

mesh=stru et symax et viti;
tass mesh;

opti sauv form 'bari33.msh';
sauv form mesh;

trac qual mesh;

fin;
|
bari33.epx

BARI33

GEOM 0Q41L elax Q41L elot TERM
COMP EPAI 1 LECT tous TERM
MATE VM23 RO 8930. YOUN 1.17D11 NU 0.35D0 ELAS 4.D8
TRAC 2 4.D8 3.418803D-03 1.004D11 1000.003418803
LECT tous TERM
LINK COUP BLOQ 2 LECT base TERM
CONT SPLA NX 1 NY 0 LECT symax TERM
INIT VITE 2 -227. LECT viti TERM
ECRI DEPL VITE TFRE 10.E-6
POIN LECT pl top TERM
FICH ALIC TFRE 10.E-6
FICH ALIC TEMP TFRE 1.E-7
POIN LECT pl top TERM
OPTI PART PLIN NOTE CSTA 0.5 STEP IO LOG 1
CALC TINI 0. TEND 80.D-6

FIN
|
bari33a.epx

BARI33A

ECHO

CONV WIN

RESU ALIC 'bari33.ali' GARD PSCR
SORT VISU NSTO 9

FIN
|
bari33b.epx

Post-treatment (time curves from alice temps file
ECHO
RESU ALIC TEMP 'bari33.alt' GARD PSCR
COMP NGRO 2 'pOb' LECT tous TERM COND NEAR POIN 0.0 3.24E-2
'plb' LECT tous TERM COND NEAR POIN 3.2E-3 3.24E-2

SORT GRAP
1.0 'Time [s]"'

1 'dx_pl' DEPL COMP 1 POIN LECT pl TERM
COUR 2 'dy_pOb' DEPL COMP 2 POIN LECT pOb TERM

3 'dy_plb' DEPL COMP 2 POIN LECT plb TERM

12 3 AXES 1.0 'DISPL. [M]' YZER
LIST 1 2 3 AXES 1.0 'DISPL. [M]' YZER
RCOU 11 'dx_pl' FICH 'bari23b.pun' RENA 'dx_pl_23
RCOU 12 'dy pOb' FICH 'bari23b.pun' RENA 'dy pOb_23
RCOU 13 'dy plb' FICH 'bari23b.pun' RENA 'dy plb_23
TRAC 11 12 13 1 2 3 AXES 1.0 'DISPL. [M]' YZER
COLO ROUG ROUG ROUG

NOIR NOIR NOIR

FIN
|
pou201.dgibi

opti titr 'pou201';

opti echo 1;

opti dime 3 elem cub8;

opti trac psc ftra 'pou20l_mesh.ps';
p1=0 0 0;p2=10 0 0;

p3=10 1 0;p4=0 1 0;
P04 = 0 0.5 0.00;
pld = 0 0.5 0.25;
p24 = 0 0.5 0.50;
p34 = 0 0.5 0.75;
p4d4 = 0 0.5 1.00;
tol=0.001;

* define structural mesh

*

cl=pl d 40 p2;

c2=p2 d 4 p3;

c3=p3 d 40 p4;

c4=p4 d 4 pl;

base=daller cl c2 c3 c4 plan;
pout=volu base tran 4 (0 0 1);
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pou201.epx

*
presslow = base;
baseup base plus (0 0 1);

baseup = orie baseup poin (5 0.5 0);
*

pressup = baseup;

elim tol (pout et pressup);

elim tol (pout et p04 et plé et p24 et p34 et p4d);
*

pression=presslow et pressup;
*

* define total mesh object and eliminate double points
*

mesh = pout et pression;

elim tol mesh;

tass mesh;

*

* store the results

*

opti sauv form 'pou20l.msh';
sauv form mesh;

trac cach qual pout;

trac cach qual (base et baseup);

fin;
|
pou20l.epx

POU201
ECHO
!CONV WIN
CAST mesh
LAGR TRID
GEOM C81L pout CL3Q pression TERM
COMP NGRO 1 'bloxz' LECT tous TERM
COND X GT 9.99
MATE VM23 RO 1.030E-6 YOUN 1.2E4 NU 0.2 ELAS 1.32E4
TRAC 1 1.32E4 1.1
LECT pout TERM
IMPE PIMP RO 0 PREF 0 PRES -1.425
TABP 2 0.0 1.0 1.0 1.0
LECT pressup TERM
IMPE PIMP RO 0 PREF 0 PRES
TABP 2 0.0 1.0 1.0 1.0
LECT presslow TERM
LINK COUP BLOQ 2 LECT tous TERM
BLOQ 13 LECT bloxz TERM
ECRI DEPL VITE CONT TFRE 3.D-3
FICH ALIC TFRE 1.E-3
FICH ALIC TEMP TFRE 1.E-5
POIN LECT p04 pl4 p24 p34 p44 TERM
OPTI PAS AUTO NOTE CSTA 0.5 STEP IO LOG 1
CALC TINI 0.0 TEND 6.E-3

1.425

SUIT

Post-treatment (time curves from alice temps file
ECHO

RESU ALIC TEMP GARD PSCR

SORT GRAP

AXTE 1.0 'Time [s]'

COUR 1 'dz_p04' DEPL COMP
COUR 2 'dz_pl4' DEPL COMP
COUR 3 'dz_p24' DEPL COMP NOEU LECT p24 TERM
COUR 4 'dz_p34' DEPL COMP NOEU LECT p34 TERM
COUR 5 'dz_p44' DEPL COMP 3 NOEU LECT p44 TERM
TRAC 1 2 3 4 5 AXES 1.0 'DISPL. [M]' YZER

LIST 1 2 3 4 5 AXES 1.0 'DISPL. [M]'

FIN

NOEU LECT p04 TERM
NOEU LECT pl4 TERM

pou20lb.epx

CONV WIN

RESU ALIC 'pou20l.ali' GARD PSCR
SORT VISU NSTO 4

FIN

pou202.dgibi

titr 'pou202';

echo 1;

dime 3 elem cub8;

trac psc ftra 'pou202_mesh.ps';
0 0;p2=10 0 0;

1 0;p4=0 1 0;
0 0.5 0.00;
0 0.5 0.25;
0 0.5 0.50;
0 0.5 0.75;
0 0.5 1.00;

.001;

* define structural mesh

*

cl=pl d 40 p2;

c2=p2 d 4 p3;

c3=p3 d 40 p4;

c4=p4 d 4 pl;

base=daller cl c2 c3 c4 plan;
pout=volu base tran 4 (0 0 1);

*

presslow = base;

baseup = base plus (0 0 1);

baseup = orie baseup poin (5 0.5 0);
*

pressup = baseup;

elim tol (pout et pressup);

elim tol (pout et p04 et pld et p24 et p34 et p4ad);
*

pression=presslow et pressup;

*

* define total mesh object and eliminate double points
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*
mesh = pout et pression;

elim tol mesh;

tass mesh;

*

* store the results

*

opti sauv form 'pou202.msh';
sauv form mesh;

trac cach qual pout;

trac cach qual (base et baseup);

fin;
.
pou202.epx

GEOM C82L pout CL3Q pression TERM
COMP NGRO 1 'bloxz' LECT tous TERM
COND X GT 9.99
MATE VM23 RO 1.030E-6 YOUN 1.2E4 NU 0.2 ELAS 1.32E4
TRAC 1 1.32E4 1.1
LECT pout TERM
IMPE PIMP RO 0 PREF 0 PRES -1.425
TABP 2 0.0 1.0 1.0 1.0
LECT pressup TERM
IMPE PIMP RO 0 PREF 0 PRES
TABP 2 0.0 1.0 1.0 1.0
LECT presslow TERM
LINK COUP BLOQ 2 LECT tous TERM
BLOQ 13 LECT bloxz TERM
ECRI DEPL VITE CONT TFRE 3.D-3
FICH ALIC TFRE 1.E-3
FICH ALIC TEMP TFRE 1.E-5
POIN LECT p04 pld p24 p34 pdd TERM
OPTI PAS AUTO NOTE CSTA 0.5 STEP IO LOG 1
CALC TINI 0.0 TEND 6.E-3

1.425

SUIT

Post-treatment (time curves from alice temps file)
ECHO

RESU ALIC TEMP GARD PSCR

SORT GRAP

AXTE 1.0 'Time [s]'

COUR 1 'dz_p04' DEPL COMP
COUR 2 'dz_pl4' DEPL COMP
COUR 3 'dz_p24' DEPL COMP 3 NOEU LECT p24 TERM
COUR 4 'dz_p34' DEPL COMP 3 NOEU LECT p34 TERM
COUR 5 'dz_p44' DEPL COMP 3 NOEU LECT p44 TERM
TRAC 1 2 3 4 5 AXES 1.0 'DISPL. [M]' YZER

LIST 1 2 3 4 5 AXES 1.0 'DISPL. [M]

FIN

NOEU LECT p04 TERM
NOEU LECT pl4 TERM

pou202b.epx

POU202B

ECHO

CONV WIN

RESU ALIC 'pou202.ali' GARD PSCR
SORT VISU NSTO 4

FIN

pou203.dgibi

opti titr 'pou203';

opti echo 1;

opti dime 3 elem cub8;

opti trac psc ftra 'pou203_mesh.ps';
p1=0 0 0;p2=10 0 0;

p3=10 1 0;p4=0 1 0;
P04 = 0 0.5 0.00;
pld = 0 0.5 0.25;
p24 = 0 0.5 0.50;
p34 = 0 0.5 0.75;
p4d4 = 0 0.5 1.00;
tol=0.001;

* define structural mesh

*

cl=pl d 40 p2;

c2=p2 d 4 p3;

c3=p3 d 40 p4;

c4=p4 d 4 pl;

base=daller cl c2 c3 c4 plan;
pout=volu base tran 4 (0 0 1);

*

presslow = base;

baseup = base plus (0 0 1);

baseup = orie baseup poin (5 0.5 0);
*

pressup = baseup;

elim tol (pout et pressup);

elim tol (pout et p04 et pl4 et p24 et p34 et p44);
*

pression=presslow et pressup;
*

* define total mesh object and eliminate double points
*

mesh = pout et pression;

depl mesh tour 90 p2 pl;

elim tol mesh;

tass mesh;

*

* store the results

*

opti sauv form 'pou203.msh';
sauv form mesh;

trac cach qual pout;

trac cach qual (base et baseup);



pou203.epx

fin;
|
pou203.epx

POU203

GEOM C81L pout CL3Q pression TERM
COMP NGRO 1 'bloxy' LECT tous TERM
COND X GT 9.99
MATE VM23 RO 1.030E-6 YOUN 1.2E4 NU 0.2 ELAS 1.32E4
TRAC 1 1.32E4 1.1
LECT pout TERM
IMPE PIMP RO 0 PREF 0 PRES -1.425
TABP 2 0.0 1.0 1.0 1.0
LECT pressup TERM
IMPE PIMP RO 0 PREF 0 PRES
TABP 2 0.0 1.0 1.0 1.0
LECT presslow TERM
LINK COUP BLOQ 3 LECT tous TERM
BLOQ 12 LECT bloxy TERM
ECRI DEPL VITE CONT TFRE 3.D-3
FICH ALIC TFRE 1.E-3
FICH ALIC TEMP TFRE 1.E-5
POIN LECT p04 pld p24 p34 p4d TERM
OPTI PAS AUTO NOTE CSTA 0.5 STEP IO LOG 1
CALC TINI 0.0 TEND 6.E-3

1.425

SUIT

Post-treatment (time curves from alice temps file)
ECHO

RESU ALIC TEMP GARD PSCR

SORT GRAP

AXTE 1.0 'Time [s]'

COUR 1 'dy_p04' DEPL COMP 2 NOEU LECT p04 TERM
COUR 2 'dy_pl4' DEPL COMP 2 NOEU LECT pl4 TERM
COUR 3 'dy p24' DEPL COMP 2 NOEU LECT p24 TERM
COUR 4 'dy_p34' DEPL COMP 2 NOEU LECT p34 TERM
COUR 5 'dy p44' DEPL COMP 2 NOEU LECT p44 TERM
TRAC 1 2 3 4 5 AXES 1.0 'DISPL. [M]' YZER

LIST 1 2 3 4 5 AXES 1.0 'DISPL. [M]'

FIN

|
pou203b.epx

POU203B

ECHO

CONV WIN

RESU ALIC 'pou203.ali' GARD PSCR
SORT VISU NSTO 4

FIN

pou204 .dgibi

opti titr 'pou204';

opti echo 1;

opti dime 3 elem cub8;

opti trac psc ftra 'pou204_mesh.ps';
p1=0 0 0;p2=10 0 0;

p3=10 1 0;p4=0 1 0;
p04 = 0 0.5 0.00;
pla = 0 0.5 0.25;
p24 = 0 0.5 0.50;
p34 = 0 0.5 0.75;
p44 = 0 0.5 1.00;
to0l=0.001;

* define structural mesh

*

cl=pl d 40 p2;

c2=p2 d 4 p3;

c3=p3 d 40 p4;

c4=p4 d 4 pl;

base=daller cl c2 c3 c4 plan;
pout=volu base tran 4 (0 0 1);

*

presslow = base;

baseup = base plus (0 0 1);

baseup = orie baseup poin (5 0.5 0);
*

pressup = baseup;

elim tol (pout et pressup);

elim tol (pout et p04 et pl4 et p24 et p34 et p44);
*

pression=presslow et pressup;

*

* define total mesh object and eliminate double points
*

mesh = pout et pression;

depl mesh tour 90 pl p4;

elim tol mesh;

tass mesh;

*

* store the results

opti sauv form 'pou204.msh';
sauv form mesh;

trac cach qual pout;

trac cach qual (base et baseup);

fin;
|
pou204.epx

!CONV WIN
CAST mesh
LAGR TRID
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GEOM C81L pout CL3Q pression TERM
COMP NGRO 1 'bloxz' LECT tous TERM
COND Z LT -9.99

MATE VM23 RO 1.030E-6 YOUN 1.2E4 NU 0.2 ELAS 1.32E4

TRAC 1 1.32E4 1.1

LECT pout TERM

IMPE PIMP RO 0 PREF 0 PRES -1.425
TABP 2 0.0 1.0 1.0 1.0
LECT pressup TERM
IMPE PIMP RO 0 PREF 0 PRES

TABP 2 0.0 1.0 1.0 1.0

LECT presslow TERM
LINK COUP BLOQ 2 LECT tous TERM

BLOQ 13 LECT bloxz TERM
ECRI DEPL VITE CONT TFRE 3.D-3
FICH ALIC TFRE 1.E-3
FICH ALIC TEMP TFRE 1.E-5

POIN LECT p04 pl4 p24 p34 p44 TERM
OPTI PAS AUTO NOTE CSTA 0.5 STEP IO LOG 1
CALC TINI 0.0 TEND 6.E-3

1.425

SUIT

Post-treatment (time curves from alice temps file
ECHO

RESU ALIC TEMP GARD PSCR

SORT GRAP

AXTE 1.0 'Time [s]'

COUR 1 'dx _p04' DEPL COMP
COUR 2 'dx_pl4' DEPL COMP
COUR 3 'dx_p24' DEPL COMP NOEU LECT p24 TERM
COUR 4 'dx_p34' DEPL COMP NOEU LECT p34 TERM
COUR 5 'dx _p44' DEPL COMP 1 NOEU LECT p44 TERM
TRAC 1 2 3 4 5 AXES 1.0 'DISPL. [M]' YZER

LIST 1 2 3 4 5 AXES 1.0 'DISPL. [M]

NOEU LECT p04 TERM

1
1 NOEU LECT pl4 TERM
1
1

FIN
.
pou204b.epx

POU204B

ECHO

CONV WIN

RESU ALIC 'pou204.ali' GARD PSCR
SORT VISU NSTO 4

FIN
I
pou204c.epx

POU204C

RESU ALIC TEMP 'pou204.alt' GARD PSCR

SORT GRAP

AXTE 1.0 'Time [s]'

COUR 43 'dx_p24' DEPL COMP 1 NOEU LECT p24 TERM
RCOU 13 'dz_p24' FICH 'pou20l.pun' RENA 'dz_p24 201
RCOU 23 'dz_p24' FICH 'pou202.pun' RENA 'dz_p24 202"
RCOU 33 'dy p24' FICH 'pou203.pun' RENA 'dy p24_203
RCOU 44 'dy p24' FICH 'pout54.pun' RENA 'dy p24 54"
TRAC 13 23 33 43 44 AXES 1.0 'DISPL. [M]' YZER

COLO NOIR TURQ VERT ROUG ROSE

. ____________________________________________
pout54 .dgibi

opti titr 'pout54';

opti echo 1;

opti dime 2 elem qua4;

opti trac psc ftra 'pout54_mesh.ps';
pl=0 0;p2=10 0;

p3=10 1;p4=0 1;

pléa = 0 0.25;

p24 = 0 0.50;

p34 = 0 0.75;

tol=0.001;

* define structural mesh

*

cl=pl d 40 p2;

c2=p2 d 4 p3;

c3=p3 d 40 p4;

c4=p4 d 4 pl;

pout=daller cl c2 c3 c4 plan;

elim tol (pout et pl4 et p24 et p34);
*

* define nodes subjected to blockages or TPLOT
*

bloc=pout poin droi p2 p3 tol;

tpln=pout poin droi pl p4 tol;

*

* define applied pressure elements

*

opti elem seg2;

presslow=pl d 40 p2;

pressup=p3 d 40 p4;

pression=presslow et pressup;

*

* define total mesh object and eliminate double points
*

mesh=pout et pression et bloc et tpln;
elim tol mesh;

tass mesh;

*

* store the results

opti sauv form 'pout54.msh';
sauv form mesh;
trac qual mesh;
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|
pout54.epx

POUT54 - 2D Q42L+CL22 DOUBLE LAYER
ECHO
!CONV WIN
CAST mesh
LAGR DPLA
GEOM Q42L pout CL22 pression TERM
COMP EPAI 1.0 LECT pout TERM
MATE VM23 RO 1.030E-6 YOUN 1.2E4 NU 0.2 ELAS 1.32E4
TRAC 1 1.32E4 1.1
LECT pout TERM
IMPE PIMP RO 0 PREF 0 PRES -1.425
TABP 2 0.0 1.0 1.0 1.0
LECT pressup TERM
IMPE PIMP RO 0 PREF 0 PRES
TABP 2 0.0 1.0 1.0 1.0
LECT presslow TERM
LIAI BLOQ 12 LECT bloc TERM
ECRI DEPL VITE CONT TFRE 3.D-3
FICH ALIC TFRE 1.E-3
FICH ALIC TEMP TFRE 1.E-5
POIN LECT tpln TERM
OPTI PAS AUTO NOTE CSTA 0.5 STEP IO LOG 1
CALC TINI 0.0 TEND 6.D-3

1.425

SUIT
Post-treatment (time curves from alice temps file
ECHO

RESU ALIC TEMP GARD PSCR

SORT GRAP

AXTE 1.0 'Time [s]'

COUR 1 'dy_pl' DEPL COMP
COUR 2 'dy_pl4' DEPL COMP
COUR 3 'dy_p24' DEPL COMP NOEU LECT p24 TERM
COUR 4 'dy_p34' DEPL COMP NOEU LECT p34 TERM
COUR 5 'dy_p4' DEPL COMP 2 NOEU LECT p4 TERM
TRAC 1 2 3 4 5 AXES 1.0 'DISPL. [M]' YZER

LIST 1 2 3 4 5 AXES 1.0 'DISPL. [M]'

FIN

NOEU LECT pl TERM
NOEU LECT pl4 TERM

pout54b.epx

CONV WIN

RESU ALIC 'pout54.ali' GARD PSCR
SORT VISU NSTO 4

FIN

|
sheall.epx

!CONV WIN
LAGR DPLA
GEOM LIBR POIN 4 Q41L 1 TERM
00101101
1234
COMP EPAI 1.0 LECT 1 TERM
MATE VM23 RO 8000 YOUN 2.E1l NU 0.3 ELAS 2.E12
TRAC 1 2.E12 10
LECT 1 TERM
LINK VITE 1 10 FONC 1 LECT 3 4 TERM
BLOQ 2 LECT tous TERM
BLOQ 1 LECT 1 2 TERM
FONC NUM 1 TABL 2 0 1 10 1
INIT VITE 1 10 LECT 3 4 TERM
ECRI DEPL VITE CONT ECRO TFRE 100.D-3
FICH ALIC FREQ 10
POIN LECT tous TERM
ELEM LECT tous TERM
OPTI PAS UTIL NOTE CSTA 0.5 LOG 1
CALC TINI 0.0 TEND 1000.D-3 PASF 2.E-5

SUIT

Post-treatment (time curves from alice file
ECHO

RESU ALIC GARD PSCR

SORT GRAP

AXTE 1.0 'Time [s]'

COUR 1 'dx_3' DEPL COMP 1 NOEU LECT 3 TERM

COUR 3 'sx_11' CONT COMP 1 GAUS 1 ELEM LECT 1 TERM
COUR 5 'sy 11' CONT COMP 2 GAUS 1 ELEM LECT 1 TERM
COUR 7 'txy_ 11' CONT COMP 3 GAUS 1 ELEM LECT 1 TERM
COUR 9 'sz_11' CONT COMP 4 GAUS 1 ELEM LECT 1 TERM
TRAC 1 AXES 1.0 'DISPL. [M]' YZER

TRAC 3 5 7 9 AXES 1.0 'CONT. [PA]' YZER

LIST 1 AXES 1.0 'DISPL. [M]' YZER

LIST 3 5 7 9 AXES 1.0 'CONT. [PA]' YZER

FIN

|
sheal2.epx

ICONV WIN
LAGR DPLA
GEOM LIBR POIN 4 Q42L 1 TERM
00101101
1234
COMP EPAI 1.0 LECT 1 TERM
MATE VM23 RO 8000 YOUN 2.E11 NU 0.3 ELAS 2.E12
TRAC 1 2.E12 10
LECT 1 TERM
LINK VITE 1 10 FONC 1 LECT 3 4 TERM
BLOQ 2 LECT tous TERM
BLOQ 1 LECT 1 2 TERM
FONC NUM 1 TABL 2 0 1 10 1
INIT VITE 1 10 LECT 3 4 TERM
ECRI DEPL VITE CONT ECRO TFRE 100.D-3

12 January 2015 2:26 pm

FICH ALIC FREQ 10
POIN LECT tous TERM
ELEM LECT tous TERM
OPTI PAS UTIL NOTE CSTA 0.5 LOG 1
CALC TINI 0.0 TEND 1000.D-3 PASF 2.E-5

SUIT

Post-treatment (time curves from alice file)
ECHO

RESU ALIC GARD PSCR

SORT GRAP

AXTE 1.0 'Time [s]'

COUR 1 'dx 3' DEPL COMP 1 NOEU LECT 3 TERM

COUR 3 'sx_11' CONT COMP 1 GAUS 1 ELEM LECT 1 TERM
COUR 4 'sx_14' CONT COMP 1 GAUS 4 ELEM LECT 1 TERM
COUR 5 'sy_11' CONT COMP 2 GAUS 1 ELEM LECT 1 TERM
COUR 6 'sy_14' CONT COMP 2 GAUS 4 ELEM LECT 1 TERM

COUR 7 'txy_11' CONT COMP 3 GAUS 1 ELEM LECT 1 TERM
COUR 8 'txy_14' CONT COMP 3 GAUS 4 ELEM LECT 1 TERM
COUR 9 'sz_11' CONT COMP 4 GAUS 1 ELEM LECT 1 TERM
COUR 10 'sz_14' CONT COMP 4 GAUS 4 ELEM LECT 1 TERM
TRAC 1 AXES 1.0 'DISPL. [M]' YZER

TRAC 3 4 56 7 8 9 10 AXES 1.0 'CONT. [PA]' YZER
LIST 1 AXES 1.0 'DISPL. [M]' YZER

LIST 3 4 56 7 8 9 10 AXES 1.0 'CONT. [PA]' YZER
FIN

sheal2b.epx

Post-treatment (time curves from alice file)
ECHO

RESU ALIC 'sheal2.ali' GARD PSCR

SORT GRAP

AXTE 1.0 'Time [s]'

COUR 33 'txy_11' CONT COMP 3 GAUS 1 ELEM LECT 1 TERM
RCOU 13 'txy 11' FICH 'sheall.pun' RENA 'txy 11 11'
TRAC 33 13 AXES 1.0 'CONT. [PA]' YZER

COLO NOIR ROUG

sheal3.epx

SHEA13

LAGR TRID
GEOM LIBR POIN 8 C81L 1 TERM
000100110010
001101111011
12345678
MATE VM23 RO 8000 YOUN 2.E11 NU 0.3 ELAS 2.El2
TRAC 1 2.E12 10
LECT 1 TERM
LINK VITE 1 10 FONC 1 LECT 5 6 8 7 TERM
BLOQ 23 LECT tous TERM
BLOQ 1 LECT 1 2 4 3 TERM
FONC NUM 1 TABL 2 0 1 10 1
INIT VITE 1 10 LECT 5 6 8 7 TERM
ECRI DEPL VITE CONT ECRO TFRE 100.D-3
FICH ALIC FREQ 10
POIN LECT tous TERM
ELEM LECT tous TERM
OPTI PAS UTIL NOTE CSTA 0.5 LOG 1
CALC TINI 0.0 TEND 1000.D-3 PASF 2.E-5

SUIT

Post-treatment (time curves from alice file)

ECHO

RESU ALIC GARD PSCR

SORT GRAP

AXTE 1.0 'Time [s]'

COUR 2 'dx 5' DEPL COMP 1 NOEU LECT 5 TERM

COUR 3 'sx_11' CONT COMP 1 GAUS 1 ELEM LECT 1 TERM
COUR 5 'sy_ 11" CONT COMP 2 GAUS 1 ELEM LECT 1 TERM
COUR 7 'txy 11' CONT COMP 3 GAUS 1 ELEM LECT 1 TERM
COUR 9 'sz_11' CONT COMP 4 GAUS 1 ELEM LECT 1 TERM
COUR 11 'tyz_11' CONT COMP 5 GAUS 1 ELEM LECT 1 TERM
COUR 13 'txz_11' CONT COMP 6 GAUS 1 ELEM LECT 1 TERM
TRAC 2 AXES 1.0 'DISPL. [M]' YZER

TRAC 3 5 7 9 11 13 AXES 1.0 'CONT. [PA]' YZER

LIST 2 AXES 1.0 'DISPL. [M]' YZER

LIST 3 5 7 9 11 13 AXES 1.0 'CONT. [PA]' YZER

FIN
.
sheal3b.epx

Post-treatment (time curves from alice file)

ECHO

RESU ALIC 'sheal3.ali' GARD PSCR

SORT GRAP

AXTE 1.0 'Time [s]'

COUR 31 'sx_11' CONT COMP 1 GAUS 1 ELEM LECT 1 TERM
COUR 32 'sy_11' CONT COMP 2 GAUS 1 ELEM LECT 1 TERM
COUR 33 'txy 11' CONT COMP 3 GAUS 1 ELEM LECT 1 TERM
COUR 34 'sz_11' CONT COMP 4 GAUS 1 ELEM LECT 1 TERM
COUR 35 'tyz_11' CONT COMP 5 GAUS 1 ELEM LECT 1 TERM
COUR 36 'txz_11' CONT COMP 6 GAUS 1 ELEM LECT 1 TERM
TRAC 31 32 33 34 35 36 AXES 1.0 'CONT. [PA]' YZER

RCOU 11 'sx_11' FICH 'sheall.pun' RENA 'sx_11 11
RCOU 12 'sy 11' FICH 'sheall.pun' RENA 'sy 11 11
RCOU 13 'txy 11' FICH 'sheall.pun' RENA 'txy 11 11
RCOU 14 'sz_11' FICH 'sheall.pun' RENA 'sz_11 11
TRAC 11 12 13 14 31 32 33 34 35 36 AXES 1.0 'CONT.
COLO NOIR NOIR NOIR NOIR

ROUG ROUG ROUG ROUG ROUG ROUG

[PA] ' YZER

.
sheal4d .epx

SHEAl4
ECHO
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sheal4b.epx

!CONV WIN
LAGR TRID
GEOM LIBR POIN 8 C82L 1 TERM
000100110010
001101111011
12345678
MATE VM23 RO 8000 YOUN 2.E1l NU 0.3 ELAS 2.E12
TRAC 1 2.E12 10
LECT 1 TERM
LINK VITE 1 10 FONC 1 LECT 5 6 8 7 TERM
BLOQ 23 LECT tous TERM
BLOQ 1 LECT 1 2 4 3 TERM
FONC NUM 1 TABL 2 0 1 10 1
INIT VITE 1 10 LECT 5 6 8 7 TERM
ECRI DEPL VITE CONT ECRO TFRE 100.D-3
FICH ALIC FREQ 10
POIN LECT tous TERM
ELEM LECT tous TERM
OPTI PAS UTIL NOTE CSTA 0.5 LOG 1
CALC TINI 0.0 TEND 1000.D-3 PASF 2.E-5

SUIT

Post-treatment (time curves from alice file

ECHO

RESU ALIC GARD PSCR

SORT GRAP

AXTE 1.0 'Time [s]'

COUR 2 'dx_5' DEPL COMP 1 NOEU LECT 5 TERM

COUR 3 'sx_11' CONT COMP 1 GAUS 1 ELEM LECT 1 TERM
COUR 4 'sx_18' CONT COMP 1 GAUS 8 ELEM LECT 1 TERM
COUR 5 'sy_11' CONT COMP 2 GAUS 1 ELEM LECT 1 TERM
COUR 6 'sy_18' CONT COMP 2 GAUS 8 ELEM LECT 1 TERM
COUR 7 'txy_11' CONT COMP 3 GAUS 1 ELEM LECT 1 TERM
COUR 8 'txy_18' CONT COMP 3 GAUS 8 ELEM LECT 1 TERM
COUR 9 'sz_11' CONT COMP 4 GAUS 1 ELEM LECT 1 TERM
COUR 10 'sz_18' CONT COMP 4 GAUS 8 ELEM LECT 1 TERM
COUR 11 'tyz_11' CONT COMP 5 GAUS 1 ELEM LECT 1 TERM
COUR 12 'tyz_18' CONT COMP 5 GAUS 8 ELEM LECT 1 TERM
COUR 13 'txz_11' CONT COMP 6 GAUS 1 ELEM LECT 1 TERM
COUR 14 'txz_18' CONT COMP 6 GAUS 8 ELEM LECT 1 TERM
TRAC 2 AXES 1.0 'DISPL. [M]' YZER

TRAC 3 4 56 7 8 9 10 11 12 13 AXES 1.0 'CONT. [PA]' YZER
LIST 2 AXES 1.0 'DISPL. [M]' YZER

LIST 3 456 7 8 9 10 11 12 13 AXES 1.0 'CONT. [PA]' YZER

sheal4b.epx

Post-treatment (time curves from alice file

ECHO

RESU ALIC 'sheal4.ali' GARD PSCR

SORT GRAP

AXTE 1.0 'Time [s]'

COUR 31 'sx_11' CONT COMP 1 GAUS 1 ELEM LECT 1 TERM
COUR 32 'sy_ 11' CONT COMP 2 GAUS 1 ELEM LECT 1 TERM
COUR 33 'txy_ 11' CONT COMP 3 GAUS 1 ELEM LECT 1 TERM
COUR 34 'sz_11' CONT COMP 4 GAUS 1 ELEM LECT 1 TERM
COUR 35 'tyz_11' CONT COMP 5 GAUS 1 ELEM LECT 1 TERM
COUR 36 'txz_11' CONT COMP 6 GAUS 1 ELEM LECT 1 TERM
TRAC 31 32 33 34 35 36 AXES 1.0 'CONT. [PA]' YZER

RCOU 11 'sx_11' FICH 'sheal3.pun' RENA 'sx 11 13'
RCOU 12 'sy 11' FICH 'sheal3.pun' RENA 'sy 11 13
RCOU 13 'txy_ 11' FICH 'sheal3.pun' RENA 'txy 11 13'
RCOU 14 'sz_11' FICH 'sheal3.pun' RENA 'sz_11 13'
RCOU 15 'tyz_11' FICH 'sheal3.pun' RENA 'tyz 11 13'
RCOU 16 'txz_11' FICH 'sheal3.pun' RENA 'txz 11 13'
TRAC 11 12 13 14 15 16 31 32 33 34 35 36 AXES 1.0 'CONT.
COLO NOIR NOIR NOIR NOIR NOIR NOIR

ROUG ROUG ROUG ROUG ROUG ROUG

[PA] ' YZER

|
sheal5.epx

SHEA1S
ECHO
!CONV WIN
LAGR TRID
GEOM LIBR POIN 8 C81L 1 TERM
000100110010
001101111011
12345678
MATE VM23 RO 8000 YOUN 2.E11 NU 0.3 ELAS 2.E12
TRAC 1 2.E12 10
LECT 1 TERM
LINK VITE 2 10 FONC 1 LECT 5 6 8 7 TERM
BLOQ 13 LECT tous TERM
BLOQ 2 LECT 1 2 4 3 TERM
FONC NUM 1 TABL 2 0 1 10 1
INIT VITE 2 10 LECT 5 6 8 7 TERM
ECRI DEPL VITE CONT ECRO TFRE 100.D-3
FICH ALIC FREQ 10
POIN LECT tous TERM
ELEM LECT tous TERM
OPTI PAS UTIL NOTE CSTA 0.5 LOG 1
CALC TINI 0.0 TEND 1000.D-3 PASF 2.E-5

SUIT

Post-treatment (time curves from alice file

ECHO

RESU ALIC GARD PSCR

SORT GRAP

AXTE 1.0 'Time [s]'

COUR 2 'dy_5' DEPL COMP 2 NOEU LECT 5 TERM

COUR 3 'sx_11' CONT COMP 1 GAUS 1 ELEM LECT 1 TERM
COUR 5 'sy_ 11' CONT COMP 2 GAUS 1 ELEM LECT 1 TERM
COUR 7 'txy_11' CONT COMP 3 GAUS 1 ELEM LECT 1 TERM
COUR 9 'sz_11' CONT COMP 4 GAUS 1 ELEM LECT 1 TERM
COUR 11 'tyz_11' CONT COMP 5 GAUS 1 ELEM LECT 1 TERM
COUR 13 'txz_11' CONT COMP 6 GAUS 1 ELEM LECT 1 TERM
TRAC 2 AXES 1.0 'DISPL. [M]' YZER

TRAC 3 5 7 9 11 13 AXES 1.0 'CONT. [PA]' YZER

LIST 2 AXES 1.0 'DISPL. [M]' YZER

LIST 3 5 7 9 11 13 AXES 1.0 'CONT. [PA]' YZER

FIN

12 January 2015 2:26 pm

sheal5b.epx

Post-treatment (time curves from alice file)

ECHO

RESU ALIC 'sheal5.ali' GARD PSCR

SORT GRAP

AXTE 1.0 'Time [s]'

COUR 31 'sx_11' CONT COMP 1 GAUS 1 ELEM LECT 1 TERM
COUR 32 'sy_11' CONT COMP 2 GAUS 1 ELEM LECT 1 TERM
COUR 33 'txy 11' CONT COMP 3 GAUS 1 ELEM LECT 1 TERM
COUR 34 'sz_11' CONT COMP 4 GAUS 1 ELEM LECT 1 TERM
COUR 35 'tyz_11' CONT COMP 5 GAUS 1 ELEM LECT 1 TERM
COUR 36 'txz_11' CONT COMP 6 GAUS 1 ELEM LECT 1 TERM
TRAC 31 32 33 34 35 36 AXES 1.0 'CONT. [PA]' YZER

RCOU 11 'sx_11' FICH 'sheal3.pun' RENA 'sx_11 13
RCOU 12 'sy_11' FICH 'sheal3l.pun' RENA 'sy 11 13
RCOU 13 'txy_ 11' FICH 'sheal3.pun' RENA 'txy 11 _13'
RCOU 14 'sz_11' FICH 'sheal3.pun' RENA 'sz_11 13
RCOU 15 'tyz_11' FICH 'sheal3.pun' RENA 'tyz 11 13
RCOU 16 'txz_11' FICH 'sheal3.pun' RENA 'txz 11 _13'
TRAC 11 12 13 14 15 16 31 32 33 34 35 36 AXES 1.0 'CONT.
COLO NOIR NOIR NOIR NOIR NOIR NOIR
ROUG ROUG ROUG ROUG ROUG ROUG

[PA] ' YZER

|
sheal6.epx

SHEAl6
ECHO
!CONV WIN
LAGR TRID
GEOM LIBR POIN 8 C82L 1 TERM
000100110010
001101111011
12345678
MATE VM23 RO 8000 YOUN 2.E11 NU 0.3 ELAS 2.El2
TRAC 1 2.E12 10
LECT 1 TERM
LINK VITE 2 10 FONC 1 LECT 5 6 8 7 TERM
BLOQ 13 LECT tous TERM
BLOQ 2 LECT 1 2 4 3 TERM
FONC NUM 1 TABL 2 0 1 10 1
INIT VITE 2 10 LECT 5 6 8 7 TERM
ECRI DEPL VITE CONT ECRO TFRE 100.D-3
FICH ALIC FREQ 10
POIN LECT tous TERM
ELEM LECT tous TERM
OPTI PAS UTIL NOTE CSTA 0.5 LOG 1
CALC TINI 0.0 TEND 1000.D-3 PASF 2.E-5

SUIT

Post-treatment (time curves from alice file)

ECHO

RESU ALIC GARD PSCR

SORT GRAP

AXTE 1.0 'Time [s]'

COUR 2 'dy 5' DEPL COMP 2 NOEU LECT 5 TERM

COUR 3 'sx_11' CONT COMP 1 GAUS 1 ELEM LECT 1 TERM
COUR 4 'sx_18' CONT COMP 1 GAUS 8 ELEM LECT 1 TERM
COUR 5 'sy_ 11" CONT COMP 2 GAUS 1 ELEM LECT 1 TERM
COUR 6 'sy_18' CONT COMP 2 GAUS 8 ELEM LECT 1 TERM
COUR 7 'txy 11' CONT COMP 3 GAUS 1 ELEM LECT 1 TERM
COUR 8 'txy 18' CONT COMP 3 GAUS 8 ELEM LECT 1 TERM
COUR 9 'sz_11' CONT COMP 4 GAUS 1 ELEM LECT 1 TERM
COUR 10 'sz_18' CONT COMP 4 GAUS 8 ELEM LECT 1 TERM
COUR 11 'tyz_11' CONT COMP 5 GAUS 1 ELEM LECT 1 TERM
COUR 12 'tyz_18' CONT COMP 5 GAUS 8 ELEM LECT 1 TERM
COUR 13 'txz_11' CONT COMP 6 GAUS 1 ELEM LECT 1 TERM
COUR 14 'txz_18' CONT COMP 6 GAUS 8 ELEM LECT 1 TERM

TRAC 2 AXES 1.0 'DISPL. [M]' YZER

TRAC 3 4 56 7 8 9 10 11 12 13 AXES 1.0 'CONT. [PA]' YZER
LIST 2 AXES 1.0 'DISPL. [M]' YZER
LIST 3 4 56 7 8 9 10 11 12 13 AXES 1.0 'CONT. [PA]' YZER

shealé6b.epx

Post-treatment (time curves from alice file)

ECHO

RESU ALIC 'sheal6.ali' GARD PSCR

SORT GRAP

AXTE 1.0 'Time [s]'

COUR 31 'sx_11' CONT COMP 1 GAUS 1 ELEM LECT 1 TERM
COUR 32 'sy_11' CONT COMP 2 GAUS 1 ELEM LECT 1 TERM
COUR 33 'txy 11' CONT COMP 3 GAUS 1 ELEM LECT 1 TERM
COUR 34 'sz_11' CONT COMP 4 GAUS 1 ELEM LECT 1 TERM
COUR 35 'tyz_11' CONT COMP 5 GAUS 1 ELEM LECT 1 TERM
COUR 36 'txz_11' CONT COMP 6 GAUS 1 ELEM LECT 1 TERM
TRAC 31 32 33 34 35 36 AXES 1.0 'CONT. [PA]' YZER

RCOU 11 'sx_11' FICH 'shealS5.pun' RENA 'sx_11 15
RCOU 12 'sy 11' FICH 'shealS5.pun' RENA 'sy 11 15
RCOU 13 'txy_ 11' FICH 'shealS5.pun' RENA 'txy 11 15
RCOU 14 'sz_11' FICH 'shealS5.pun' RENA 'sz_11 15
RCOU 15 'tyz_11' FICH 'shealS5.pun' RENA 'tyz 11 15
RCOU 16 'txz_11' FICH 'shealS5.pun' RENA 'txz 11 15
TRAC 11 12 13 14 15 16 31 32 33 34 35 36 AXES 1.0 'CONT.
COLO NOIR NOIR NOIR NOIR NOIR NOIR
ROUG ROUG ROUG ROUG ROUG ROUG

[PA]' YZER

|
sheal7.epx

SHEA17
ECHO
!CONV WIN
LAGR TRID
GEOM LIBR POIN
0001001
0011
1234

8 C81L 1 TERM

10010
01111011
5678
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sheal7h.epx

MATE VM23 RO 8000 YOUN 2.E11 NU 0.3 ELAS 2.E12
TRAC 1 2.E12 10
LECT 1 TERM
LINK VITE 3 10 FONC 1 LECT 4 3 8 7 TERM
BLOQ 12 LECT tous TERM
BLOQ 3 LECT 1 2 5 6 TERM
FONC NUM 1 TABL 2 0 1 10 1
INIT VITE 3 10 LECT 4 3 8 7 TERM
ECRI DEPL VITE CONT ECRO TFRE 100.D-3
FICH ALIC FREQ 10
POIN LECT tous TERM
ELEM LECT tous TERM
OPTI PAS UTIL NOTE CSTA 0.5 LOG 1
CALC TINI 0.0 TEND 1000.D-3 PASF 2.E-5

SUIT

Post-treatment (time curves from alice file

ECHO

RESU ALIC GARD PSCR

SORT GRAP

AXTE 1.0 'Time [s]'

COUR 2 'dz_5' DEPL COMP 3 NOEU LECT 5 TERM

COUR 3 'sx_11' CONT COMP 1 GAUS 1 ELEM LECT 1 TERM

COUR 5 'sy_11' CONT COMP 2 GAUS 1 ELEM LECT 1 TERM

COUR 7 'txy_11' CONT COMP 3 GAUS 1 ELEM LECT 1 TERM

COUR 9 'sz_11' CONT COMP 4 GAUS 1 ELEM LECT 1 TERM

COUR 11 'tyz_11' CONT COMP 5 GAUS 1 ELEM LECT 1 TERM

COUR 13 'txz_11' CONT COMP 6 GAUS 1 ELEM LECT 1 TERM
'

TRAC 2 AXES 1.0 'DISPL. [M]' YZER

TRAC 3 5 7 9 11 13 AXES 1.0 'CONT. [PA]' YZER
LIST 2 AXES 1.0 'DISPL. [M]' YZER
LIST 3 5 7 9 11 13 AXES 1.0 'CONT. [PA]' YZER

FIN

|
sheal7b.epx

Post-treatment (time curves from alice file)

ECHO

RESU ALIC 'sheal7.ali' GARD PSCR

SORT GRAP

AXTE 1.0 'Time [s]"'

COUR 31 'sx_11' CONT COMP 1 GAUS 1 ELEM LECT 1 TERM
COUR 32 'sy_11' CONT COMP 2 GAUS 1 ELEM LECT 1 TERM
COUR 33 'txy 11' CONT COMP 3 GAUS 1 ELEM LECT 1 TERM
COUR 34 'sz_11' CONT COMP 4 GAUS 1 ELEM LECT 1 TERM
COUR 35 'tyz_11' CONT COMP 5 GAUS 1 ELEM LECT 1 TERM
COUR 36 'txz_11' CONT COMP 6 GAUS 1 ELEM LECT 1 TERM
TRAC 31 32 33 34 35 36 AXES 1.0 'CONT. [PA]' YZER

RCOU 11 'sx_11' FICH 'sheal5.pun' RENA 'sx 11 15'
RCOU 12 'sy_ 11' FICH 'sheal5.pun' RENA 'sy 11 15°'
RCOU 13 'txy_ 11' FICH 'sheal5.pun' RENA 'txy 11 15
RCOU 14 'sz_11' FICH 'sheal5.pun' RENA 'sz 11 15'
RCOU 15 'tyz_11' FICH 'shealS5.pun' RENA 'tyz 11 15'
RCOU 16 'txz_11' FICH 'sheal5.pun' RENA 'txz 11 15'
TRAC 11 12 13 14 15 16 31 32 33 34 35 36 AXES 1.0 'CONT.
COLO NOIR NOIR NOIR NOIR NOIR NOIR

ROUG ROUG ROUG ROUG ROUG ROUG

[PA] ' YZER

|
sheal8.epx

SHEA18
ECHO
1CONV WIN
LAGR TRID
GEOM LIBR POIN 8 C82L 1 TERM
000100110010
00110111
12345678
MATE VM23 RO 8000 YOUN 2.E1l NU 0.3 ELAS 2.E12
TRAC 1 2.E12 10
LECT 1 TERM
LINK VITE 3 10 FONC 1 LECT 4 3 8 7 TERM
BLOQ 12 LECT tous TERM
BLOQ 3 LECT 1 2 5 6 TERM
FONC NUM 1 TABL 2 0 1 10 1
INIT VITE 3 10 LECT 4 3 8 7 TERM
ECRI DEPL VITE CONT ECRO TFRE 100.D-3
FICH ALIC FREQ 10
POIN LECT tous TERM
ELEM LECT tous TERM
OPTI PAS UTIL NOTE CSTA 0.5 LOG 1
CALC TINI 0.0 TEND 1000.D-3 PASF 2.E-5

SUIT

Post-treatment (time curves from alice file)

ECHO

RESU ALIC GARD PSCR

SORT GRAP

AXTE 1.0 'Time [s]'

COUR 2 'dz_5' DEPL COMP 3 NOEU LECT 5 TERM

COUR 3 'sx_11' CONT COMP 1 GAUS 1 ELEM LECT 1 TERM
COUR 5 'sy_11' CONT COMP 2 GAUS 1 ELEM LECT 1 TERM
COUR 7 'txy_ 11' CONT COMP 3 GAUS 1 ELEM LECT 1 TERM
COUR 9 'sz_11' CONT COMP 4 GAUS 1 ELEM LECT 1 TERM
COUR 11 'tyz_11' CONT COMP 5 GAUS 1 ELEM LECT 1 TERM
COUR 13 'txz_11' CONT COMP 6 GAUS 1 ELEM LECT 1 TERM
TRAC 2 AXES 1.0 'DISPL. [M]' YZER

TRAC 3 5 7 9 11 13 AXES 1.0 'CONT. [PA]' YZER

LIST 2 AXES 1.0 'DISPL. [M]' YZER

LIST 3 5 7 9 11 13 AXES 1.0 'CONT. [PA]' YZER

FIN

|
sheal8b.epx

Post-treatment (time curves from alice file

RESU ALIC 'sheal8.ali' GARD PSCR

SORT GRAP

AXTE 1.0 'Time [s]'

COUR 31 'sx_11' CONT COMP 1 GAUS 1 ELEM LECT 1 TERM
COUR 32 'sy_11' CONT COMP 2 GAUS 1 ELEM LECT 1 TERM
COUR 33 'txy_ 11' CONT COMP 3 GAUS 1 ELEM LECT 1 TERM

12 January 2015 2:26 pm

COUR 34 'sz_11' CONT COMP 4 GAUS 1 ELEM LECT 1 TERM
COUR 35 'tyz_11' CONT COMP 5 GAUS 1 ELEM LECT 1 TERM
COUR 36 'txz_11' CONT COMP 6 GAUS 1 ELEM LECT 1 TERM
TRAC 31 32 33 34 35 36 AXES 1.0 'CONT. [PA]' YZER
RCOU 11 'sx_11' FICH 'sheal7.pun' RENA 'sx_11_17
RCOU 12 'sy_ 11" FICH 'sheal7.pun' RENA 'sy 11 17
RCOU 13 'txy_ 11' FICH 'sheal7.pun' RENA 'txy 11 17
RCOU 14 'sz_11' FICH 'sheal7.pun' RENA 'sz_ 11 17
RCOU 15 'tyz_11' FICH 'sheal7.pun' RENA 'tyz 11 17
RCOU 16 'txz_11' FICH 'sheal7.pun' RENA 'txz 11 17
TRAC 11 12 13 14 15 16 31 32 33 34 35 36 AXES 1.0 'CONT.
COLO NOIR NOIR NOIR NOIR NOIR NOIR

ROUG ROUG ROUG ROUG ROUG ROUG

[PA] ' YZER

|
sheal8c.epx

Post-treatment (time curves from alice file)

ECHO

RESU ALIC 'sheal8.ali' GARD PSCR

SORT GRAP

AXTE 1.0 'Time [s]'

COUR 81 'tyz_11' CONT COMP 5 GAUS 1 ELEM LECT 1 TERM
RCOU 11 'txy 11' FICH 'sheall.pun' RENA 'txy 11 01
RCOU 21 'txy 11' FICH 'sheal2.pun' RENA 'txy 11 02'
RCOU 31 'txz_11' FICH 'sheal3.pun' RENA 'txz 11 _03'
RCOU 41 'txz_11' FICH 'sheald.pun' RENA 'txz 11 04'
RCOU 51 'tyz_11' FICH 'shealS.pun' RENA 'tyz 11 05
RCOU 61 'tyz_11' FICH 'sheal6.pun' RENA 'tyz_ 11 06'
RCOU 71 'tyz_11' FICH 'sheal7.pun' RENA 'tyz 11 07
TRAC 11 21 31 41 51 61 71 81 AXES 1.0 'CONT. [PA]' YZER
COLO NOIR BLEU VERT TURQ JAUN ROSE ROUG NOIR

FIN
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