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Motivation - Industrial context

m Finite element numerical simulations to study large
hydraulic structures and evaluate their safety ’A

Complex behavior due to the combination of code_aster
different effects (mechanical, thermal, hydraulic)

Nonlinearity at the interface level

Concrete dams show different interface zones:
0 concrete-rock contact in the foundation
[ joints between the blocks of the dam
O joints in concrete
o ...

Gleno (ltaly, 1923), Malpasset (France, 1959) Gleno

Malpasset
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Contribution of the thesis

m Introduction of a posteriori error estimates for contact problems

n
M
)

B Improvement of the current constitutive relations for joints
(JOINT_MECA_RUPT and JOINT_MECA_FROT)

~
m

0
adhesion ! cohesive zone ! fissure
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A posteriori estimate background
o System of PDEs with exact solution u
o Numerical method = approximate solution uj
A posteriori error estimate:

1/2

lla—wll < [ D nr(u)? (1)

TEThH

where ||| - ||| is some norm.
» Error control
» Local and global efficiency (n7(un) < C [[[u — up||r, for every element T)
» Error localization
» ldentification and separation of different components of the error
» Adaptive mesh refinement (with some stopping criteria)
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Unilateral contact problem

Strong formulation
Y
Mo divo(u)+f=0 in Q, (2a)

o(u) =Ee(u) in Q, (2b)

u=0 onlp, (2)

o(u)n =gy only, (2d)

up <0, on(u) <0, op(u)u, =0 onlTc, (2€)
oi(u)=0 onTc.  (2f)

[e]

u: QCRY) — RY, d € {2,3} is the unknown displacement

Bu,- + an
Ox; OXi

[¢]

e(u) = (ej(u))y, where gj(u) = % ( ) is the strain tensor

[e]

o(u) =Ee(u) = Mre(u)ly + 2ue(u) is the elasticity stress tensor

f € L>(Q) and gy € L?(Ty) are volume and surface forces, respectively

[¢]

o u=upn+ u and o(u)n = op(u)n+ o(u) on I'c
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Unilateral contact problem

n
Y
Mo divo(u)+f=0
o(u) =Ee(u)
u=20
o(u)n =gy
up <0, on(u) <0, op(u)u, =0
oi(u)=0
On Ot

Conclusions and perspectives
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in Q,
in Q,
on Ip,
on r/\/7
on rc,

on rc.

Un

(273

Strong formulation

(22)
(2b)
(2¢)
(2d)
(2¢)
(2f)
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Unilateral contact problem

n
Y

Mo divo(u)+f=0

o(u) =Ee(u)

u=20

o(u)n =gy
up <0, on(u) <0, op(u)u, =0
O't(u) = 0

HA() = {ve H'(Q) : v=0on FD}
K = {ve HLH(Q) : va<O0on Fc}
Weak formulation

Find u € K such that

(o(u)e(v — u)) = (F,v— u) + (gu. v — u)r,

Conclusions and perspectives

0000

in Q,
in Q,
on Ip,
on r/\/7
on rc,

on rc.

Vv € K.

Strong formulation

(22)
(2b)
(2¢)
(2d)
(2¢)
(2f)

(3)

8/37



A posteriori error analysis
000e000000000

Unilateral contact problem - Numerical approach

Let 75 be a triangulation of Q, and V4, := HL(Q) N PP(Ts), p > 1. Moreover,
we define [-]p— as the projection on the half-line of negative real numbers R™,

and the following operator

P,:Vi—  L*(T¢)

Vi = 0n(Vh) — YVh,n.
The contact boundary condition (2e) can be rewritten as

on(u) = [Py (u)]g- . (4)

Nitsche-based method [Chouly-Hild2013]

Find u, € V; such that

(U(Uh),E(Vh))—([PW(Uh)]R_, Vh,n) = (F, va)+(8n, Vi)ry Yy € V.

F'c
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Unilateral contact problem - Numerical approach

Nitsche-based method

Find u, € V}, such that

(U(”h)ve(Vh))—([PW(Uh)]R,7 Vh,n) = (f, vi)+(8n, vi)ry Yv, € V.

F'c
In order to solve this nonlinear problem -4 o
> X
1. we regularize the projection ’ /
operator [-]gp— with [+]reg,s, o ¥
2. we use Netwon method. (X] e 5

At each step k > 1 we have to solve the linear problem: Find uf € V,, such that

(o(ui), e(v)) — (Piy " (un), Vh,n)rc = (F,vn) + (gn,vn)ry  Yvh € Vi (5)

10/37
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A posteriori analysis - Measure of the error

At the k-th iteration of the Newton algorithm, we define the residual operator
R(uy) € (Hp(Q))" by

(R(u),v) = (F,v) + (g V) = (o), e(v) + ([P ()], o v)  (6)

for all v € HL(Q). Then, the error between u and uf is measured by the dual
norm

IR = sup (Rub).v) )
vEHL(9),
[lvlic,n=1
where || - ||c,n is @ norm which takes into account the contact boundary part:
1
vl = IVvl+ > vl Vv € Hb(Q). (8)
F
FeFf
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A posteriori analysis - Measure of the error

At the k-th iteration of the Newton algorithm, we define the residual operator
R(uy) € (Hp(Q))" by

(R(u),v) = (F,v) + (g V) = (o), e(v) + ([P ()], o v)  (6)

for all v € HL(Q). Then, the error between u and uf is measured by the dual
norm

IR = sup (Rub).v) )
vEHL(9),
[lvlic,n=1
where || - ||c,n is @ norm which takes into account the contact boundary part:
1
vl = IVvl+ > vl Vv € Hb(Q). (8)
F
FeFf

=- Comparison between the residual dual norm and the energy norm

llu — |2, = (o (u — ), e(u — up)).

Conclusions and perspectives

11/37



Introduction A posteriori error analysis Constitutive relations for joints Conclusions and perspectives
000 0000008000000 000000000000 000 0000

A posteriori analysis - Stress reconstruction
In general,

o (uy) ¢ H(div, Q)
uf € Hp(Q)  but divo(uf) # —f
o(uf)n# gy on Ty

where H(div, Q) := {r € L*(Q) | divT € L*(Q)}.

12/37
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A posteriori analysis - Stress reconstruction

In general,
o(uf) ¢ H(div, Q)
uf € Hp(Q)  but divo(uf) # —f
o (uy)n 7 g on Ty
where H(div, Q) := {r € L*(Q) | divT € L*(Q)}.

of € H(div, Q)
Stress reconstruction: { (divef 4+ f,vr)r =0 VYvr € PY(T),VT € Ts
(ofn,ve)r = (gn, ve)r Vve € P°(F),YF € F

k k k k
Op =0hdis T Ohreg T Ohlin "
—— ~—~—
regularization linearization .

Local problems defined on patches using Arnold—
Falk—Winther FE space. [Arnold-Falk-Winther2007) Figure: Patch around a vertex

= Equilibrated, H-div conforming and weakly symmetric tensor o",j

nd perspectives
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Local estimators
® Stress estimator:
K K k. K K
Ohais 7# o(up) = Neer, 7 = ||Oh,a1s — o (uy) ||
® QOscillation and Neumann estimators:

dvok £ —f = b= T ||F—dival]|,
s

Uf,:" #gnvonly = nl,\(leu,T = Z Ct,T,Fh;:/Z ||gN — Ufk;"HF

C
FeF<
® Contact estimator:
k k k L Z 1/2 k k
Uh dis,n # [ (uh)} = ncnt,T — hF || [P’Y(uh)]R_ - Uh,dis,n F
FeF<
® Regularization and linearization estimators:
k o k d k __ 1/2
nregl,T — Ho-h,rchT an nrogZ,T — Uh reg,n || g
FeFS
k o k d k o 1/2
Min1, T = HUh.liuHT an Min2, T = Uh lin,n|| £
FeF¢
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A posteriori analysis

THEOREM (A posteriori error estimate)

1/2

IR@, < [ 3 (ko) + o ?)

TEThH

Kk K K K K
Na,T = Nosc, T + Nstr, T T MNeu, T + Mregt, T + Miin1, 7>

k_ .k k k
na,T — ncnt,T + 7]reg2,T + Min2, T+

where

COROLLARY (A posteriori error estimate)

RG] < ((f) + @l?) ™

k. k k k k k
N2 = Nosc T Mstr T MNeu T Mregl + Min1>

k .k k K
M3 = Nent T Treg2 + Min2s

TEThH

2
)

1/2
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A posteriori analysis

THEOREM (A posteriori error estimate)

1/2

IR@O|, < [ S () + (ki r)?)

TETh
where
k .k k k k k
na,T = nosc,T + nstr,T + nNeu,T + nregLT + Tin1,T

k. k K kK
MNa, T = MNent, T + Nreg2, T + Min2, 7-

Adaptive algorithm
® Only the element where 7ot 7 = ((775’7-)2 + (7711;’7_)2)1/2 is high are refined.

® The number of Newton iterations and the value of § can be fixed
automatically by the algorithm using some stopping criteria:

nlizgl + nfeg2 S f)/l’eg(ncl)(sc + nsktr + nll\(leu + nfnt + 7]I‘i<nl + 77\1i<n2)> (9)
’/\li<n1 + T/I,i<n2 S ’Y“n(ngsc + n:tr + nlﬁleu + ngnt)' (10)
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Numerical results

-1073
IsoValue
4 — I'c - reference conf.

3.5 | =TI - deformed conf.
] 3
]
L] 25
]
- 2
u-0.00164807 15
-0,000257042 s
m0.00113399
m0.00252501 1
m0.00391604
m0.00530707 0.5
m0.00669809
m0.00808912 0
m0.00948015
m0.0120577 00 02 04 06 08 1.0

Figure: Vertical displacement in the deformed domain (amplification factor = 5):
whole domain (left) and displacement of the contact boundary (right).
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Adaptive mesh refinement

16/37



Introduction
000

IvIien -

10718

1072
10—2.2
10724

10—2.6

A posteriori error analysis
0000000000080

Constitutive relations for joints
000000000000000

Adaptive VS Uniform refinement

= (o(v),e(v))

10

dim(V},)

o |l@) — upllio - un.

a- |y = unll @ - ad.
o ||@ — wpllen - un.
17 — wp|len - ad.

1072

1072.5 4

o L(uy) -un.
—— L(up) - un.
@~ Ttor - UN.
—A— ot - ad.
-~ U(uy) - un.
—A— U (up) - ad.

€DF

dim(V3)

Number of elements |75,

Number of elements |7,

Conclusions and perspectives
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Stopping criteria

| [[ Initial | 15t [ 2nd [ 3d ] 4th T 5th [ gth [ 7th T gth T oth T q0th [ 17%h |

Nreg 7 0 1 0 0 0 0 0 0 0 0 0
Niim 26 2 | 4 | 5| 3| 4| 4] 45| 8 8 7
Table: Number of regularization iterations Nreg and Newton iterations N, at each
refinement step of the adaptive algorithm with the stopping criteria (8) and (9).
W7 e 03
A e
1077
10°¢
—4— Tltot
1078 4 Mfiux
—4— Tdisc
107 ——Tlreg
o1 —— in
10744 107"
T T T T T T T
2 1 6 8 2 4 6 & 10 12
Newton iterations Newton iterations

Figure: 3™ (left) and 9t (right) adaptively refined mesh
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Contact problem (without cohesive forces)

n divo(u)+f=0 in Q, (11a)
My o(u) =Ee(u) in Q, (11b)
) u=20 on p, (11c)
o(u)n =gy on Iy, (11d)
ou(w) = [Py()],-  onTe,  (ile)
oi(u)=0 onTlc. (11f)
On Ot
un ut

Find u, € V such that
(o (un),e(vh)) — ([Pw(uh)]R,, Vh,n) =(F,vn)+ (gn,vh)ry  Yva € Vi (12)
e

20/37
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Joint problem with cohesive forces

My I" divo(u)+f=0 in Q\ ¢, (13a)
e o(u) =Ee(u) in Q\ ¢, (13b)
ln_ O u=0 onTlp, (13¢)

2 o(u)n =gy on Iy, (13d)

Mo o=F(@) onfc, (13e)

The displacement jump d and the force (on = o) between the two sides of the

interface I'¢ are related through a mechanical constitutive relation.
On Tn

Oc Oc
d=—[u] = (v —u)
6c dn 8= (9,80, 8) 5 0 On

Dugdale model Bilinear model

Find u, € V} such that
(o (un), e(vi))arre + (F(8n), 01)rc = (f, vi)arre + (8N vi)ry Yy € Vp, (14)

where d;, == —[up] and 8} = —[v].
21/37
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® Generalized standard materials — [Halphen-Quoc Son1975]

Geomaterials = It establishes a class of elasto-plastic materials that satisfy the
Clausius—Duhem inequality, and offers an energetic formulation for constructing
a constitutive relation.

Adaptation to joint modeling = Variational framework (Energy minimization)
[Francfort-Marigo1998]
Ingredients (joint modeling):
o State variables (4, a)
o Surface energy density (d, a)
o Reversibility domain K (= Potential of dissipation ¢(A))

Features (joint modeling):

» The stress between the two sides of the interface and the thermodynamical
internal forces are obtained by differentiation:

U
1) Oa

» The reversibility domain K is convex

o

» The flow rule for a follows the normality rule

22/37
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Example of shear test

Source: TEGG Lab - EDF [Unpublished]
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Results of a shear test
High surface roughness
Low surface roughness
Smooth surface ox THiN
N I
.
[,1», ly ®
=
: ;= 1\Pa
U, u 69, mm
v 10 15
G,=1MPa ®
6¢ mm
/// T T T
e i 15
Dilatancy
N
Contractancy u

Figure: Typical curves of shear tests with fixed compression for joints: evolution of the
shear stress (top) and of the normal displacement (bottom).
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Results of a shear test

High surface roughness
Low surface roughness
—— Smooth surface

Dilatancy

Contractancy u

000008000000000 0000
TTEN
T A
! I @
|
s b 0= 1MPa
|
|
2% |
I
| 80 mm
Y L e ™ T
| 5 1 13
5hr‘nm fp=1MPa @

Figure: Typical curves of shear tests with fixed compression for joints: evolution of the
shear stress (top) and of the normal displacement (bottom).
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Existing constitutive relations in code_aster

® JOINT_MECA_RUPT: ® JOINT_MECA_FROT:
Rupture in traction Mohr—Coulomb non-associative
standard law
> Rupture without plasticity! > Friction without rupture!

[R7.01.25] Lois de comportement des joints des barrages: JOINT_MECA_RUPT et JOINT_.MECA_FROT,
code_aster
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Coupling plasticity and damage

» Phenomena to be reproduced: hardening/softening in traction and
shear, dilatancy, ...

» To keep the normal flow rule for the evolution of plasticity

» To have a minimal number of parameters

e State variables: displacement jump § € R?, plastic component p € R3,
and damage variable « € [0, 1]

® (4, p, ) is the surface energy density function, convex with respect to 6,
p, «
® By differentiation, we obtain the thermodynamical forces related to the
state variables:
oY oY oY
=2 X = y = _2%
7= 96 op 9o

[Marigo-Kazymyrenko2019]

26/37



Introduction A posteriori alysis Constitutive relations for joints Conclusions and perspectives

00000000 e000000

6n_ " 2 6 _ 2 i 2 2
w(é,p,(r) — Kn( 2P ) + KtH t 2Pt|| —‘y—A,,(()z) (P2) _,'_At((y)@

® Kinematic hardening with the coupling of plasticity and damage, and
(1—a)™
= se{n,t}

am

damage functions defined by As(«) := Bs

® Reversibility domains (fixed in the thermodynamical space):

ot X,
Ko Kx
—_— >
/‘ " A X ° ° 4

oc=X+A(a)p I Xell + uXa —c <0 0o<Y<D

® Irreversibility of damage (& > 0)

® Simultaneous evolution of p and «
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6!7_ n 2 6 = 2 n 2 2
w((s’p’”):K”( 2p) + 12 2ptH FA"(Q)(,OQ) +At(a)@
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Ko Kx
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6" — by 2 6 _ 2 - 2 2
w(ts,p,oz) :Kn( 2P) +Kt|| t 2pt|| HAH(Q)(pz) +At(()é)||p2t“

® Kinematic hardening with the coupling of plasticity and damage, and
(1—a)™
~——— se{n,t}

am

damage functions defined by As(«) := Bs

® Reversibility domains (fixed in the thermodynamical space):
Ot
N

oc=X+A(a)p I Xell + uXa —c <0 0o<Y<D

Tn

X, 0 D Y

iy
]

® Irreversibility of damage (& > 0)

® Simultaneous evolution of p and «
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Numerical results

® Shear test with fixed compression
Ot 6"

o —

Ot \ 6f

® Traction test
On

dn
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Some possible modifications

Conclusions and perspectives
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» Direct modification of the plasticity criterion (= stress elastic domain K,)

Ot

Résistance de pic [MPa]

On

» Addition of hyperelasticity

Kn(6n), Kn(0¢), Kn(6n, 0¢)

4 Carottes
o Echelle intermédiaire - Type B + Grande échelle
o Résistance 4 la traction

45 | €=289
R?=0,8688
c-274

R?*=0,7726

Contrainte normale [MPa]

= Echelle intermédiaire - Type A

[Mouzannar2016]

K:(9n), Ke(8¢t), Ke(6n, O¢)
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» Direct modification of the plasticity criterion (= stress elastic domain K,)

Ot

Résistance de pic [MPa]

On

» Addition of hyperelasticity

4 Carottes
o Echelle intermédiaire - Type B + Grande échelle
o Résistance 4 la traction

45 | €=289
R?=0,8688
c-274

R?*=0,7726

Contrainte normale [MPa]

= Echelle intermédiaire - Type A

!

K"(6f)7 Kﬂ(6ﬂ7 6t)

[Mouzannar2016]

(Ke(Ba)) Ke(82). Ke(60, 60)
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Model with hyperelasticity

5n — pn)? 5, — 2 )2 2
" :Kn(én) 2P ) Kt((sn)| t 2Pt|| +A,,(O()% +At(O¢)Hp2tH
® Two new parameters: 5, > 0 and 3: >0
KsO
Ki(0p) = ———— ,
(6n) 3KeoBotn T 1 se{n,t}
® Domain transformation:
\ Xe . Ot
KX \
Ko h
\
/ X,, // In
[| Xel| + aXn — b <0 l|loe|| = VA—Bo,—C<0
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Model with hyperelasticity

5n — pn)? 5e — i 12 )2 2
w:Kn(én) 2P ) Kt((sn)| t 2Pt|| +An(a)%+At(a)Hp2tH
® Cyclic shear loading (asymptotic behavior, i.e., without damage):
dn
~ -
—St ‘ - Stét
| Z
With hyperelasticity Without hyperelasticity
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An example on a dam

w _ Kn,O (6n - Pn)2 Kt,O ||6t - pt||2
2/'(n,O,Bnén + 1 2 2Kt’0ﬂt6n + 1 2

We consider the 2D dam model shown by the figures (validation test
ssnpl142a): the height of the dam is 10 m, the length of the joint is 5 m, the

length of the top part of the dam is 1.5 m, and the rock foundation has length
15 m and height 5 m.

Dam

Joint

Rock

€DF

Conclusions and perspectives
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~1-107"
~2:107"4
—3.1077
8, —3-10
41077

51077

—6-1077

—=— Linear
Parabolic - K$ ~ 7-10'°
Parabolic - K2 ~ 3101

T
0

Figure: Vertica
water pressure.

1 2 3 4 5

Constitutive relations for joints

Conclusions and perspectives
0000

—=— Linear
4 Parabolic - K¢ ~ 7-10'
- ©- Parabolic - K{ ~ 310

0000000000000 e0
—1-10° 1
On
—2-10° 1
—3-10° -
T T
0 1

T T T T
2 3 4 5

| displacement &, (left) and normal stress o, (right) without lateral

25.107°

5:10° &
2:107°
15-107°
1-107°

5.107°

—=—Linear
Parabolic - K ~ 710"
Parabolic - K2 ~ 3-10'

T
0

a,
" 2.10°

—=— Linear
4 Parabolic - K ~7-10"
- - Parabolic - KO ~ 310"

—4-10° -

T T
0 1

T T T T
2 3 4 5

Figure: Vertical displacement ¢, (left) and normal stress o, (right) with lateral water
pressure (9 meters) and imposed pressure inside of the joint.
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Extension to geomaterials

(e, p) = %K(Tre)(Tre — Trp)® + u(Tre)||e® — p" |

_x 2 D D 2
o =X~ (Bn( Xn )+ 8°1 X2, I?)
=TrX/3 =X—Xmh

L
NG

IXP| +aXn—b<0 = \/i6||0'D||— A—Bom—C<0

Hock-Brown

Mohr-Coulomb

o2
o1

Drucker-Prager

[Mehranpour et al.2016] [Ghasempour et al.2017]
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Conclusions:

» A posteriori estimate of the error measured with a dual norm for the
contact problem without friction via stress reconstruction.

» We distinguish the different error components and we propose an adaptive
algorithm with stopping criteria.

» Better asymptotic convergence with adaptive refinement.
» Joint model coupling plasticity and damage.

» Joint model with hyperelasticity: modification of the shape of plasticity
criterion; stabilization of dilatancy in cycling loadings.
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Perspectives:
m Improve a posteriori error analysis to contact problem with cohesive forces.

m Continue the analysis and study of the unified constitutive relation for
joints.

m Industrial application on hydraulic structures.
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» A posteriori estimate of the error measured with a dual norm for the
contact problem without friction via stress reconstruction.

» We distinguish the different error components and we propose an adaptive
algorithm with stopping criteria.

» Better asymptotic convergence with adaptive refinement.
» Joint model coupling plasticity and damage.

» Joint model with hyperelasticity: modification of the shape of plasticity
criterion; stabilization of dilatancy in cycling loadings.

Perspectives:
m Improve a posteriori error analysis to contact problem with cohesive forces.

m Continue the analysis and study of the unified constitutive relation for
joints.

m Industrial application on hydraulic structures.

Thank you for your attention!
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Equilibrated stress reconstruction

Find (o7, i, AR) € Zf n.c x Up x A such that:

(027 Th)wa Jr (rﬁ7 diVTh)Wa Jr (AZ7 Th)wa = (’(/}aO'(Uh), Th)wa (153)
(divos, vh)w, = (—taf + o(Un)Via, i),  (15b)
(oh, mh)ws, =0 (15¢)

for all (7, vi, n) € X x Uj x Aj.

. § a
Op . — Op

acvy,

32 = {1 € PP(wa) NH(div,wa) : Hom. cond.} ‘
32 v.c = {h € PP(wa) NH(div,wa) : Non-hom./Hom. cond.} A
Ug = PP (wa) / PP (wa) 1 (RM)"

Af = {pn €PPH(wa) : pp = —pn}

()

[e)

(e}

o
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Constitutive relation for joints - Hypotheses
® Cohesive zone model (CZM) — [Dugdale1960], [Barenblatt1962]

- 5= —lul = ~(u' — )

& 8 = (6 01, 0y)

adhesion | cohesive zone | fissure

The displacement jump § and the force between the two sides of the interface
"¢ are related through a mechanical constitutive relation:

On o = (0"70t170t2)T = F(6)

Oc

On

Oc

5. 6 5. 0 O

Dugdale model Bilinear model
(Sc 6!1

Softening linear model
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Constitutive relation for joints - Hypotheses
® Cohesive zone model (CZM) — [Dugdale1960], [Barenblatt1962]

- 5= —lul = ~(u' — )

& 8 = (6 01, 0y)

The displacement jump § and the force between the two sides of the interface

"¢ are related through a mechanical constitutive relation:
T

o= (0"7 Oty Otz) = F(é)

On On

oc on oc

Oc

5. 6 5. 6

Dugdale model Bilinear model
(SC 6n

Softening linear model

[R3:06.09] Elements finis de joint mécaniques et éléments finis de joint couplé hydromécanique, code_aster 30/37
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Joint finite elements

40/37



A posteriori error analysis Constitutive relations for joints
. 00@00000

Constitutive relation for joints - Hypotheses

® Variational framework —> Energy minimization [Francfort-Marigo1998]
Ic

n o 6= —[u] =—(v' — )
Q 8 = (60,84, 00)"

muin Eiot(u)
Etot(u) - Etot(u7 6) = el(u) + Esur((s) - Wext(u)

o Eq(u) = fQ\I’ o(e(u))dQ = fQ\I’ (%s(u)]Es(u)) dQ2 is the elastic energy,
o Ewr(d) = fr 1(8) dr is the surface energy,

o Wext(u) = fQ\I’ fudQ + f"/v gy udrl is the work of the external forces
Fint(u, v) = Fine(v) Viv
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o] 000e0000
Existing laws in code_aster
® JOINT_MECA_RUPT: Rupture in ® JOINT_MECA_FROT:
traction Mohr—Coulomb non-associative
. standard law
n(8n) = AQGRYUS" (8r) + B(Sn)UE" (61) ) N Y &
+ C(é,,) gis(én) d)( 7Pt) - wn( n) + t#

Conic surface of charge du type Drucker—Prager
(with possibly isotropic hardening):

P lloell + pon —c— KA =0
_|ot On
[ —
3n N 5
Vi &)
> Rupture without plasticity! > Friction without rupture!

[R7.01.25] Lois de comportement des joints des barrages: JOINT_MECA_RUPT et JOINT_.MECA_FROT,
code_aster

Constitutive relations for joints
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Constitutive relations for joints

0O000@000

Parameters fitting

6n_ Y 2 O — 2 n 2 2

Parameters of the model: ‘ Kn, Kt, || Bn, Bt, mi, ma,

[me](0]

Xi
o K, >0 and K: > 0 — normal and tangential
rigidity Kx
c
o u>0and ¢ >0 — shape of Kx (friction b Xn

coefficient and residual adhesion)

On Ot
1—a)m c
As((%) = Bs% 3;0 -% HZBn+ B,
o B, and B; — peaks = ¢ e
(tensile strength and g B
cohesion) on

Ot
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o

o m >1and 0 < m <1 — damage evolution

Ot

o D — snapback

m =1
m =2
m =3
m =4
m =5
d¢

Constitutive relations for joints

00000000
Ot
my =0.1
— my =03
— my =05
— my =07
—my =10.9
0t
D =K,/3
—D=K,
— D =5K,/3 .
— D—7KJ3 Evolution of the

d¢

tangential stress
in a shear test
with fixed com-
pression
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Possible modifications
» Modification of the plasticity criterion

= Echellentermédiaire -Type A
-Types + Grande échelle

o
o1

Drucker-Prager

[Ghasempour et al.2017]
[Mouzannar2016]

» Evolution of the plasticity criterion with damage

fx(X) = || Xe|| + pXo —c <0
p—0  with p(a) or p(Y) e X,

» Addition of hyperelasticity
K"(6")7 K"((sl)v Kﬂ(5ﬂ7 6t) Kt(én)v Kf(‘st)v Kf(5"7 6t)
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® Relation between o and X:

Constitutive relations for joints
O000000e

{Un =X, + An(O‘)Pn - Bn(Xn + An(O‘)Pn)2 - IBtHXt + At(o‘)prz

Ot — Xt —+ At((l)pt

® K, is fixed during hyperelastic loadings

® The asymptotic dilatancy is related to the normal to Ko

® Cyclic shear loading (asymptotic behavior, i.e., without damage):

dn

; g

F i - 5.0¢

3

With hyperelasticity

d¢

Without hyperelasticity
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