SBM Simulations of Thermo-Mechanics

“Sponge-like” boundary test
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SBM Simulations of Thermo-Mechanics

Simulation on a complex structure (Naval Research Laboratory):
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SBM Simulations of Thermo-Mechanics

Simulation on a complex structure (Naval Research Laboratory):

Temperature

51.7 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500.

traction-free BCs +
fixed normal heat flux BCs

Initial temperature set to a
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temperature BC
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\ Fixed temperature BCs + clamped displacements



SBM Simulations of Thermo-Mechanics

Simulation on a complex structure (Naval Research Laboratory):

Displacement, x-component
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SBM Simulations of Thermo-Mechanics

Simulation on a complex structure (Naval Research Laboratory):

Displacement, y-component
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SBM Simulations of Thermo-Mechanics

Simulation on a complex structure (Naval Research Laboratory):

Displacement, z-component
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The Shifted Fracture Method

[Collaboration with Antonio Rodriguez-Ferran Universitat Politecnica de Catalunya]

The Shifted Fracture Method (SFM) in a nutshell:

= An attempt to overcome the challenges in the X-FEM/G-FEM/PU-FEM approach
maintaining a comparable accuracy

= A surrogate fracture is introduced and constituted of edges/faces of the mesh that
are in some sense close to the true fracture

= Fracture interface conditions are computed on the surrogate fracture

= The value of interface conditions is shifted (or perturbed) by means of Taylor
expansions, to preserve accuracy and avoid mesh dependencies

Advantages of the Shifted Fracture Method:

= No cut cells: simplified data—structure and quadratures
= No small-cut cell problem affecting stability and matrix conditioning
= SFM solutions are mesh independent, unlike node-release techniques

= Continuous representation of the fracture surface in three dimensions
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Overview: Cohesive Zone Models

Xl=x—x" {xb,=4xt+0 -y
Governing equations

Linear elasticity in mixed form
O0=b+V-0(e),

£ =Viu.

Cohesive zone model [Pandolfi-Ortiz, INME 44 (1999)]
CZMs were initially proposed by Dugdale, Barenblatt, Hillerborg, Bazant, et al.:
t=t"=o0(e)"-n" =—-06(e)"-n" =-t— onT,

t=t,,(w) onl,

wu)=u —u' = [u]
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| 2 S
' ty = P71 (W)
. > — 2 2 15 § eqr-"eq ?
0 w* W, weq weq - \/wn + ﬂ ws weq




Overview: Cohesive Zone Models

X-FEM/PU-FEM variational formulation [Moés-Belytschko or Wells-Sluys]

Variational equations
(Vé,o(E)ayr, + (W, — Vo\r + ([P1: ton)r, — (@, b)oyr, — (P, ty)r, = 0

Euler-Lagrange equations on the fracture surface

{{0'}},1’1 —ton = 0, on Fc Cohesive traction

[cln= 0, on I' | Normal stress continuity/balance

A Ixl=x -1 {xd,=Ar"+A =Dy
teq(weq)

ﬂ
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The Cohesive Shifted Fracture Approach

Geometric setting of the Shifted Fracture Approach
Surrogate fracture: the set of edges/faces closest to the true crack (in red)
d: the distance vector of the surrogate crack from the true crack

~

A: the surrogate crack tip, corresponding to A

\ /
| u~ u+Vud,
A o6~ oc+Vod,
A
Fc 4 Iﬂcoh <
T d
ocs d A
Mh . I_‘C -2 1—‘C ’ > Fcoh
LT, n(x) :=n(M,(x))
AV AV AVA 7

Idea of the Shifted Fracture Method: use Taylor expansions to evaluate
approximate fracture conditions on the surrogate fracture

t=t,,w@)=énR|c+Vod)n~ t,,(wu+Vud))| onl,, .




The Cohesive Shifted Fracture Approach

Derivation of the variational equations

Function spaces (piecewise linear FEMs, discontinuous across the surrogate crack)
FHQ\T,) ={ve @\ : v, =up, vipe (P @), VT € J,},
FSHQ\T,) ={w e (C'Q\T )™ : o|re (P TN, 0=0, VT € ,},

YHQ\T) ={ve(C@Q\T))? : vy, =0, v|,€ (P D), VT € F,},
Y rONT =N T

Galerkin projection:
- (¢’ V. 6(5))Q\r’c — (¢’ b)Q\f‘c s
(W’ S)Q\fc = (V” Vsu)Q\fc ’

Integrating by parts ...
(V. o)\, + ([P, fo(e)},n)r,

+({d}i-s [[0'(8)]]ﬁ)f; = (¢, b)g\f“c + (¢, tN)I“N ’




The Cohesive Shifted Fracture Approach

Shifted interface conditions
(V. o()a\r. +([P], fo@},;n)r + ({Phi_,, [o@In)r, = (@, b)a\r, + (P, tx)r,




The Cohesive Shifted Fracture Approach

Shifted interface conditions
(V. o@))a\r. +([P], fo@)},n)r + ({Phi_, [o@In)r, = (@, b)a\r, + (P, tx)r,

{{0(8)}}[ = flo(®)}((n-mn + (n - 7)7)

= (A(%) - 1(X)) {o(e(X) }, A(%) + (A(X) - T(X)) {o(e(X)) }, 7(X)




The Cohesive Shifted Fracture Approach

Shifted interface conditions
(Vo,o(e)q\r. + ([¢], fo®)},n)r + ({d}i_s [o@)Dn)r = (. b)a\r. + (D, tx)r,

fo(e)},n= {o©)}((n-mn+(a-7)7)

= (i(%) - 1(X)) {o(e(X)) }, A(X) + (A(X) - T(X)) {o(e(X)) }, 7(X)

fo(ex)}, n(x) = fon}, = {(6-Vod)n},
=f{t-(Vod)n},=t-{(Vod)},n,




The Cohesive Shifted Fracture Approach

Shifted interface conditions
(Vo,o(e)q\r. + ([¢], fo®)},n)r + ({d}i_s [o@)Dn)r = (. b)a\r. + (D, tx)r,

fo(e)},n= {o©)}((n-mn+(a-7)7)

= (i(%) - 1(X)) {o(e(X)) }, A(X) + (A(X) - T(X)) {o(e(X)) }, 7(X)

{oe(®)}, A%) = {o ), = {5 - Vo d) A},
= {i-(Vod)a}, 51} {(Vod)}, A,

t=t,,w@)~ t,,(wu+Vud)), onl,,




The Cohesive Shifted Fracture Approach

Shifted interface conditions
(Vo,o(e)q\r. +([P], fo®)},n)r [+ ({d}i_s [o@)Dn)r = (. b)a\r. + (D, tx)r,

fo(e)},n= {o©)}((n-mn+(a-7)7)
= (i(%) - 1(X)) {o(e(X)) }, A(X) + (A(X) - T(X)) {o(e(X)) }, 7(X)

o)}, A% = for}, = {(G - Vo d)a},
={i-(Vod)a}, =i} {(Vod)},n, in u+Vad, |

t=t, ,(w@)~ t,,(wu+Vud)), onl,, &= o4-Vod

(L], fo@},n)r |= (@], (- n) (- {(Vo(e)d)},n)+ (@ -7) {o(e)}, T)r
= ([P G- D)1, W+ Vud))r ([Pl @ - 7) ({(Vole)d)};7) - (- 7) {o(e)}, T)r.




The Cohesive Shifted Fracture Approach

Shifted interface conditions

(Vo,o()q\r. +([P], Lo },n)r [+[{({d}i_s [o@)Dn)r | = (. b)a\r. + (D, tx)r,

fo(e)},n= {o©)}((n-mn+(a-7)7)

{o(E()}, A%) =
= {I-(Vod)a}, J1} (Vo d)}, 7,

= (i(%) - 1(X)) {o(e(X)) }, A(X) + (A(X) - T(X)) {o(e(X)) }, 7(X)

fon), = {6 -Vodn},

t=t,,w@)~ t,,(wu+Vud)), onl,,

([P, fo(e) } n)r,

({e}i-s [o@®]a)r,

= ([¢l, (@ -n) (T - {(Vo(e)d)},n)+ (n-7) {o(e)}, T)r,

u~ u+Vud,

6~ oc+Vod,

= ([], G- W)t + Vud))r —([], G- ) ({(Vo(e)d)}, /) — (- 7) {o(e)}, T)r.

=({o}_;, @-n)[6(e) - Vo(e)d]n+ (i - 7) [o(e)] T)r,

=({oh_i, —@-n)[Vo(e)dln+ (- 7)[o(e)] ),
=({o}_;, [o@li - (7 - n) [o(e) + Vo(e)dl ) .



The Cohesive Shifted Fracture Approach

Shifted interface conditions

(Vo,o()q\r. +([P], Lo },n)r [+[{({d}i_s [o@)Dn)r | = (. b)a\r. + (D, tx)r,

fo(e)},n= {o©)}((n-mn+(a-7)7)

= (A(X)

fo(e(x)}, n(x) =

-1(X)) fo(e(X)}, a(%) + (A(X) - T(X)) {o(e(X)}, 7(X)

fon), = {6 -Vodn},

= {i-(Vod)a}, 51} {(Vod)}, A,

t=t,,w@)~ t,,(wu+Vud)), onl,,

([P, fo(e) } n)r,

= (l¢l,(@-n) (1 {(Vo(e)d)},n)+ (- 7) {o(e)}; T)r

u~ u+Vud, |

6~ oc+Vod,

= ([], G- W)t + Vud))r —([], G- ) ({(Vo(e)d)}, /) — (- 7) {o(e)}, T)r.

= ({¢hi_s» (- D[[6()|- Vo@©)d] i+ (i - 1) [0 7).

({e}i-s [o@®]a)r,

=({¢h_i, —(@-n)[Vo(e)dln+ (- 7)[c(e)] )
=({o}_;, [o@li - (7 - n) [o(e) + Vo(e)dl ) .

[6(e)ln=0




The Cohesive Shifted Fracture Approach

X-FEM/PU-FEM vs shifted variational formulations

X-FEM/PU-FEM Euler-Lagrange equations:
fo}y,n—-t.,,=0, onl’,
[cln= 0, onl’,

Shifted Fracture Method Euler-Lagrange equations:
|§ﬁ -n) ({S(c)},n—t,,,(w(Sw)) =0, onI", |Cohesive EraetisR ereAmersaction

- ~ (ensures grid independence
SoE)n= 0, onI’, |Traction equilrigfire energy)

X-FEM/PU-FEM weak form:
(V¢9 G(£))§2\Fc g3 (‘I’a &€ — Vsu)Q\Fc + ([[‘p]]a tcoh)I"C - (¢9 b)Q\Fc - <¢’ tN)FN =0

Shifted Fracture Method weak form (VMS stabilization terms omitted):

(V.0 )arr +W.e = VU)o + ([], @ - m) 1, (wu+ Vud))y

+ (@1, fo(e)} ;i — {o(e) + Vo(e)d} (7 - n)n).

+{({}i_s, [o@li — (7 - n)[[o(e) + Vo(e)dl n)r — (¢, b)o\r — (P, tn)r, = 0



The Cohesive Shifted Fracture Approach

An efficient implementation

Find [u, €] € V, ,(Q) X V, ,(Q,) such that, V¢, y] € V, ,(Q) X V, ,(Q,),

‘@sm([u’ El; [¢’ v]) = oZ;FM([d” v,
B[, €1 (9, W) = (CV°u, Vi), + Bt ([, €]; [, w))
Ln(D WD) = ($.b)o\a, + (D tx)r, + Lo (W)

Idea: The SFM mixed formulation

is applied only on a layer of v ]
elements near the fracture, and : [
a primal formulation is applied A
everywhere else ¥ A—— ’
Euler-Lagrange coupling conditions A

—V.-o(V'u)= b, inQ\Q,,
oc(V'ut)ynt +0(e) " n =0, onl, ,
CVuyn=ty, ony NA(Q\Q,),

) AN N




Numerical Examples

Three-point bending test: true and surrogate crack paths

T Note: The true crack path is
: directly estimated using the
T b maximum principal stress
' criterion (i.e., it is not given
) a priori)
True crack path
Surrogate crack path




Numerical Examples
Three-point bending test: Mixed vs. efficient implementations

0.2

~«Mesh 1, h=5 mm

0.18 - ~--Mesh 2, h=2.5 mm
-4-Mesh 3, h=1.25 mm
-o-Mesh 4, h=0.625 mm
---Carpinteri & Colombo
~--Moés & Belytschko

0.16

cr

Load/(t_b?)
N

/ S
S
v el
)7 S
O e —
0 1 I 1 I L >

0 0.5 1 1.5 2 25 3 3.5 4

Deflection/b x10™
Meshes Number of elements Number of nodes Average element size around crack path
Mesh 1 1,565 851 5 mm
Mesh 2 3,477 1,828 2.5 mm
Mesh 3 10,513 5,385 1.25 mm

Mesh 4 19,318 9,774 0.625 mm



Numerical Examples

Three-point bending test: SFM vs. node-release technique

T

\i i 03! #NRT, Mesh 1, h=5 mm
i | % NRT, Mesh 2, h=2.5 mm y
I f +SFM, Mesh 1, h=5 mm VA
\ X --SFM, Mesh 2, h=2.5 mm
) ,_ 025
‘{/. /:
‘; o
\ 0.2
\ Y ~
I ‘.: N-DH
I i RS
| l =
5 2 0.15
| Q
1 —
, [
/'; fl
0.1
\‘\:‘ \
\
| | 0.05
{ z
( : 5
Mesh 1 Mesh 2

Deflection/b x10™



Numerical Examples

Three-point bending test: SFM vs. node-release technique

e, = / |x, — x,|In,-n,|dl, s A T 0 s SR
P --SFM True Crack ——
? -e-SFM Surrogate Crack
' -=-NRT Crack
---Reference First Order
10°F
10'




Numerical Examples

Three-point bending test: SFM vs. node-release technique

ey =W,y

~ Y.l

¥

Wea = /f-du—%u
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Numerical Examples
Three-point bending test for fracture toughness = 50 & 200 (ductile)

Fracture energy G, = 50 N/m Fracture energy G = 200 N/m
0,25 T T T T T T
~+#-Mesh 1, h=5 mm o3 L ~#Mesh 1, h=5 mm
--Mesh 2, h=2.5 mm ’ --Mesh 2, h=2.5 mm
---Carpinteri & Colombo \ -——Carpinteri & Colombo
~--Moés & Belytschko \ ~--Moés & Belytschko
02+ I \
0.25 A
0.2r
NA 015 [ NA
o, =
4—'0 t;o
3 3 015"
g 3
= 01
0.1F
0.05 |
0.05- 7
0 t | ! I I ! 1 I 01‘ 1 1 1 -
0 1 2 3 = 5 6 7 8 0 0.5 1 1.5 2

Deflection/b x107 Deflection/b x107



Numerical Examples
L-shaped panel:

A




Numerical Examples
L-shaped panel:

8 B T T T T T T
Experiment Experiment
--Mesh 1, h=6 mm e -+Mesh 1, h=6 mm
~-Mesh 2, h=3 mm 77 A\ ~-Mesh 2, h=3 mm
—--Dumstorff & Meschke 4 ' ---Dumstorff & Meschke

0 1 L

1 1 J

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Deflection (mm)

(a) SFM true crack path for the L-shape panel test with  (b) Load-deflection curve for the L-shape panel test with
SIF. SIF.




Numerical Examples

L-shaped panel:

l Experinllent i
-+ SFM, Mesh 1, h=6 mm
-+ NRT, Mesh 1, h=6 mm
---Dumstorff & Meschke

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Deflection (mm)



Numerical Examples

Four-point bending test:

F,=1/11F mFl = 10/11F

i




Numerical Examples

Four-point bending test:

100 | r x . 100 1 . |
-4-Mesh 1, h=5 mm -4-Mesh 1, h=5 mm
-&-Mesh 2, h=2.5 mm -4-Mesh 2, h=2.5 mm
-e-Carpinteri & Colombo -e-Carpinteri & Colombo
501 -o-Moés & Belytschko - 50 -=-Moés & Belytschko
-o-Experiment -o-Experiment
0r 1 0F 1
=50+ - 50+ |
_100 | 1 1 | - 0 | 1 1
-150 -100 50 100 150 -150 -100 50 100 150

(a) SFM true crack path computed with the maximal (b) SFM true crack path computed with the stress inten-
tensile principal stress criterion. sity factor criterion.



Numerical Examples

Four-point bending test:

7 X 10" ‘ ‘ I ‘ ; [ 7 X 10" ‘ ] ‘ T ‘ .
2 F .5 --Mesh 1, h=5 mm ¢ [ ls --Mesh 1, h=5 mm
f 1™ --Mesh 2, h=2.5 mm I 11 -4-Mesh 2, h=2.5 mm
i -+-Carpinteri & Colombo | -+-Carpinteri & Colombo |

+-Moés & Belytschko
-&-Experiment

-+-Moés & Belytschko
-&-Experiment

Deflection(m) %107 Deflection(m) %10

(c) Load-deflection curves for the loads F; and F, (max- (d) Load-deflection curves for the loads F; and F, (SIF
imal tensile principal stress criterion). criterion).



Numerical Examples

Four-point bending test: SFM vs. node-release technique




Numerical Examples

Three-dimensional pull-out test

u,=0

/

600

— 700 v ¥



Numerical Examples

Three-dimensional pull-out test

Note: The surrogate and estimate of the true fractures are always continuous




Numerical Examples

Three-dimensional pull-out test

Note: The surrogate and estimate of the true fractures are always continuous
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Numerical Examples

Three-dimensional pull-out test

600 -

500 -

200

100 -

—~-Mesh 2, Linear CZM
-&-Mesh 2, Exponential CZM
---Gasser & Holzapfel

|

700

=

500 -

1 200

1 100

—~-Mesh 2, h=30 mm
e 600 - “Mesh 3, h=15 mm

—Mesh 1, h=50 mm

0.05 0.1 0.15 0.2
Deflection (mm)

0.25

035 04 0

(a) Linear and exponential cohesive zone model.

0.05 0.1 0.15 02 025 0.3 0.35 0.4
Deflection (mm)

(b) SFM: Linear cohesive zone model.

Meshes Number of elements Number of nodes Average element size around crack path
Mesh 1 10,690 2,176 50 mm
Mesh 2 13,122 2,745 30 mm
Mesh 3 23,443 4,791 15 mm



The Shifted Boundary Method

Theoretical developments for the following equations:
Poisson (with Alex Main, Nabil Atallah & Claudio Canuto)
Darcy (with Nabil Atallah & Claudio Canuto)

Stokes (with Nabil Atallah & Claudio Canuto)
Advection-diffusion (with Alex Main)
Linear Elasticity (wih Nabil Atallah)

Computational developments for the following equations:
Thermo-mechanics (with Kangan Li)
Navier-Stokes (with Alex Main)
Free-surface flow (not discussed here, with Alex Main, Léo Nouveau and Oriol Colomés)

Acoustics and shallow water equations (not discussed here, with Ting Song and Alex Main)

Fracture mechanics (with Kangan Li, Nabil Atallah, and Antonio Rodriguez-Ferran)

Under development, ongoing work:
Nonlinear mechanics (with Nabil Atallah, Vladimir Tomov & Bojan Lazarov)
Shock hydrodynamics (with Nabil Atallah, Vladimir Tomov & Bojan Lazarov)
Higher-order SBM (with Nabil Atallah, Claudio Canuto, Vladimir Tomov & Bojan Lazarov)
Moving boundaries (with Danjie Xu, Oriol Colomés, Léo Nouveau, & Vladimir Tomov)



