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Summary. The first part of this manuscript discusses a finite element method that
captures arbitrary discontinuities in a two-phase medium by exploiting the partition-
of-unity property of finite element shape functions. The fluid flow away from the
discontinuity is modelled in a standard fashion using Darcy’s relation, and at the
discontinuity a discrete analogy of Darcy’s relation is used. Subsequently, dynamic
shear banding is studied numerically for a biaxial, plane-strain specimen. A Tresca-
like as well as a Coulomb criterion are used as nucleation criterion. Decohesion is
controlled by a mode-II fracture energy, while for the Coulomb criterion, frictional
forces are transmitted across the interface in addition to the cohesive shear tractions.
The effect of the different interface relations on the onset of cavitation is studied.

Key words: shear band, dynamic fracture, two-phase medium, partition-of-
unity method

1 Introduction

Broadly speaking, two approaches exist for the numerical analysis of the nucle-
ation and propagation of discontinuities in solids, such as cracks, shear bands
and faults. Within the classical theory of continuum mechanics, the approach
in which discontinuities are distributed over a finite volume, so that relative
displacements across the faces of a discontinuity are transformed into strains,
is perhaps the most natural. Also in an engineering sense, it offers advantages,
since there is no need to keep track of all individual microcracks that arise in a
solid. Indeed, for computations of large structures, any attempt to model each
individual crack would exceed even the currently available computing power.
However, from a theoretical point of view, the modelling of discontinuities
in a distributed or smeared sense has a limitation, namely that at a certain
level of accumulated damage, the set of governing equations locally changes



character, from elliptic to hyperbolic for quasi—static loadings, and from hy-
perbolic to elliptic for dynamic loadings. Unless a regularisation is applied,
the resulting initial /boundary value problem becomes ill-posed, resulting in
numerical solutions that depend severely on the discretisation [1].

Intuitively the most appealing approach is to model discontinuities in a dis-
crete manner, thus reflecting the change in topology that actually takes place
in the solid when a discontinuity propagates. Recently, such finite element
methods have been constructed that exploit the partition-of-unity property
of finite element shape functions [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12]. While pre-
serving the original discretisation, the addition of extra degrees-of-freedom
to nodes whose support is crossed by a discontinuity allows to construct two
continuous displacement fields that are separated by a Heaviside function at
the discontinuity. As a consequence, discontinuities can propagate, not biased
by the original discretisation.

Many problems in geomechanics involve the coupling of the set of equa-
tions that describe the stress evolution and those which describe diffusion-type
processes, e.g. water or ion transport. Indeed, hydro-mechanical interactions
have been recognised to play a crucial role in geotechnical, petroleum and
mining engineering since the pioneering works by Terzaghi [13] and Biot [14].
It is the purpose of this manuscript to formulate a numerical model that is
capable of describing dynamic shear band propagation in a porous medium,
with a solid skeleton and an interstitial fluid as the constituent phases, in a
discrete, mesh-independent manner. The model exploits the partition-of-unity
property of finite element shape functions, and can therefore be considered
to be an extension to earlier works on fracture for single-phase media. On
the other hand, the present methodology can be extended in a fairly straight-
forward manner to introduce discontinuities, including cracks, in initial value
problems where several diffusion-type problems play a role.

The manuscript starts with a concise derivation of the balance equations
for a fluid-saturated porous medium. Subsequently, the general methodology
and the assumptions regarding the introduction of a discontinuity in a finite
element model are discussed. The approach is specialised to a medium where
the (discrete) failure mode is caused by exhaustion of the shear stress capacity
on a critical plane. Next, studies are carried out for a plane-strain, biaxial
specimen. Two different nucleation criteria for shear band propagation are
investigated, and the role of localisation on cavitation in a fluid-saturated
porous medium is highlighted.

2 Balance equations

We consider a two-phase medium subject to the restriction of small displace-
ment gradients and small variations in the concentrations [15]. Furthermore,
the assumptions are made that there is no mass transfer between the con-
stituents and that the processes which we consider, occur isothermally. With



these assumptions, the balances of linear momentum for the solid and the
fluid phases read:

I(pr Vr)
ot

with o, the stress tensor, p, the apparent mass density, and v, the absolute
velocity of constituent 7. As in the remainder of this paper, @ = s, f, with
s and f denoting the solid and fluid phases, respectively. Further, g is the
gravity acceleration and p, is the source of momentum for constituent =
from the other constituent, which takes into account the possible local drag
interaction between the solid and the fluid. Evidently, the latter source terms
must satisfy the momentum production constraint:

> Pr=0 (2)

T=s,f

V.or+Drt+prg= + V- (prvr @ Vy) (1)

We now neglect convective terms and the gravity acceleration, so that the
momentum balances reduce to:

. OV
V-O‘W%—pwzpnﬁ (3)
Adding both momentum balances, and taking into account eq. (2), one obtains

the momentum balance for the mixture:

Ov, ovy
o g O )

where the stress is, as usual, composed of a solid and a fluid part,

V-0 — ps

O=0;+0¢f (5)

For relatively slow dynamic loadings, the assumption is often made that the
accelerations of the solid and of the fluid are equal: 2¥= ~ 88%. With the mass

ot
density of the mixture, p = ps + py, the balance of momentum (4) reduces to:
Ovg
V-0o— =0 6
o—p—, (6)

Numerical analyses are usually conducted with the latter equation as bal-
ance of momentum, cf [16], but the accuracy of this assumption is seldom
quantified.

In a similar fashion as for the balances of momentum, one can write the
balance of mass for each phase as:

Opr B
W + V- (p7rV7r) =0 (7)

Again neglecting convective terms, the mass balances can be simplified to
give:
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We multiply the mass balance for each constituent 7 by its volumetric ratio
nr, add them and utilise the constraint

Z ny =1 (9)

w=s,f

to give:
ns Ops  ny Opy
V - vy V- — Vg ——— 4+ —— =0 10
Vs +ngV - (vy V)+ps 8t+pf 5 (10)
The change in the mass density of the solid material is related to its volume
change by:
K ng 0ps

vy = s s 11
Vv Kt Ps 8t ( )

with K the bulk modulus of the solid material and K; the overall bulk
modulus of the porous medium. Using the definition of the Biot coefficient,
1 —a = K;/K [16], this equation can be rewritten as

ns Ops
1V v, = -2
(a=1V v PR

(12)

For the fluid phase, a phenomenological relation is assumed between the in-
cremental changes of the apparent fluid mass density and of the fluid pressure
p [16]: )
nf

—dp=—dp (13)

Q pr !
with the overall compressibility, or Biot modulus

1 a—ny ny

0~ K. +Kf (14)

where Ky is the bulk modulus of the fluid. Inserting relations (12) and (13)
into the balance of mass of the total medium, eq. (10), gives:

10

on-vs#—an-(vf—vs)—i—@a—}Z:O (15)
The field equations, i.e. the balance of momentum of the saturated

medium, eq. (4), and the balance of mass, eq. (15), are complemented by

the boundary conditions
nr-oc=t, , v=v, (16)

which hold on complementary parts of the boundary 0f2; and 0f2,, with
I' = 002 = 00, U082, 0§, N 082, = 0, t, being the prescribed external

traction and v, the prescribed velocity, and
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ng(vi—vs) nr=gq, , p=pp (17)

which hold on complementary parts of the boundary 0f2, and 0f2,, with
I' =00 = 00,U 0, and 92, N 012, = 0, q, and p, being the prescribed
outflow of pore fluid and the prescribed pressure, respectively. The initial
conditions which specify the displacements u,, the velocities v,, and the
pressure field at ¢t = 0:

u,(x,0) = u?r, vr(x,0) = v?r, p(x,0) = p° (18)

close the initial value problem.

I'=0Q

Fig. 1. Body composed of continuous displacement fields at each side of the dis-
continuity [y

3 Discontinuities in a two-phase medium

A finite element method that can accommodate the propagation of disconti-
nuities through elements was proposed by Belytschko and co-workers [3, 4],
exploiting the partition-of-unity property of finite element shape functions [2].
Since finite element shape functions ¢; form partitions of unity, Z;.Lzl p; =1
with n the number of nodal points, the components v; of a velocity field v
can be interpolated as

v; = Z ©j (dj + Zwk&jk> (19)
=1 k=1

with a; the ‘regular’ nodal degrees-of-freedom for the displacements, 1, the
enhanced basis terms, and a5, the additional displacement degrees-of-freedom
at node j which represent the amplitude of the kth enhanced basis term .
Next, we consider a domain {2 that is crossed by a single discontinuity at Iy
(see Figure 1). The velocity field v can be written as the sum of two continuous
velocity fields v and v:

v=v+HpV (20)

where H, is the Heaviside step function centred at the discontinuity. The de-
composition in eq. (20) has a structure similar to the interpolation in eq. (19),



e.g. [17]. Accordingly, the partition-of-unity property of finite element shape
functions enables the direct incorporation of discontinuities, including cracks
and shear bands, in finite element models such that the discontinuous char-
acter of cracks and shear bands is preserved. With the standard small-strain
assumption that the strain-rate field of the solid, €;, is derived from the sym-
metric part of the gradient of the velocity field, we obtain:

€ :VS\‘/S+deV8\75+6pd(x78®npd)8 (21)

with the superscript s denoting the symmetric part of the gradient operator.

With respect to the pore fluid, we consider the case that a diaphragm
with a permeability kg is placed at the discontinuity in the displacement. As
a consequence, the fluid pressure can be discontinuous across Iy and, similar
to eq. (20), we have:

p=p+ deﬁ (22)

It is noted that this assumption is different from that of Armero and Callari [18],
who adopt a smooth pressure field (and therefore p = p) and is also different
from that of Larsson and Larsson [19], who assume that a regularised Dirac
distribution is added to the continuous pressure field at the location of the
discontinuity in the displacement field. For the fluid flow, gradients of the
pressure need to be computed. Differentiating eq. (22), we obtain:

Vp=Vp+Hr,Vp+or,pnr, (23)

T4A

LN

S

»
»

Fig. 2. Relation between relative sliding at the discontinuity and shear tractions

4 Constitutive equations

4.1 Models for the bulk

The effective stress increment in the solid skeleton, do’, is related to the strain
increment de; by an incrementally linear stress-strain relation for the solid
skeleton,



do’, = D" : de, (24)

where D" is the fourth-order tangent stiffness tensor of the solid material
and the d - symbol denotes a small increment. Since the effective stress in the
solid skeleton is related to the partial stress by ¢/, = a5/ns, the above relation
can be replaced by

do, = D" : de, (25)

where the notation D*" = n,D?*" has been used. In the examples, a linear-
elastic behaviour of the bulk material has been assumed, and we have set
D! = D, the linear-elastic stiffness tensor.
For the flow of the pore fluid, Darcy’s relation for isotropic media is as-
sumed to hold,
ny(vs—v.) = —ksVp (26)

with ky the permeability coefficient of the porous medium. For loading situ-
ations in which high strain rates play a significant role, Darcy’s relation can
be extended with a so-called dynamic seepage term [16, 20], which results in:

ovy
ng(vy—vs) = —ky (Vp + oy W) (27)
In line with the earlier assumption to neglect the gravity acceleration, this
term has also be%n omitted here. In practical situations, following the as-
Ovs ~, 9vy

sumption 5= ~ 5l for relatively slow dynamic loadings, eq. (27) is often
approximated by

A
np(vy—vs) = —ky <Vp + 5 W) (28)

4.2 Interface behaviour

At the discontinuity I'; a discrete relation holds between the interface tractions
tq and the relative displacements 9:

tq =t4(d, k) (29)

with k a history parameter. After linearisation, necessary to use a tangential
stiffness matrix in an incremental-iterative solution procedure, one obtains:

tq=Té (30)

with T the material tangent stiffness matrix of the discrete traction-separation
law:

B Oty oty Ok
T=725 " or % (31)

A first possibility that has been used in the example calculations for shear
band initiation is the use of a maximum shear stress criterion in the spirit



of Tresca. With the resolved shear stress 7, a shear-band like discontinuity
is created when the criterion equals the critical value 7.: 7 = 7.. The ori-
entation of the interface is such that it maximises the shear stress. In this
orientation, the shear stress 7 = @, 01, 02 being the principal stresses. A
maximum shear stress nucleation criterion is primarily applicable when com-
pressive stress states around the discontinuity prevail, such as in rocks and
soils. Then, the failure mode will only involve sliding at the discontinuity, but
no crack opening. For this reason, in the example calculations only degrees-of-
freedom that describe this sliding mode have been added to the finite element
model, which is different from earlier shear-band simulations (for single-phase
media) [5, 6, 12] that have exploited the partition-of-unity property of finite
element shape functions, but is similar to [9]. Dilatancy in the shear band
can be incorporated when, in addition to the tangential degrees-of-freedom,
during propagation extra degrees-of-freedom are activated which are normal
to the shear band.

A key element is the presence of a mode-II fracture energy, G?, which
governs the shear band evolution and enters the interface constitutive rela-
tion (29) in addition to the shear strength 7.. It is defined as the work needed

to create a unit area of fully developed shear band, e.g. [21]:
0! = [ ras (32)
6t=0

with 7 the shear stress across the shear band, and J; the relative sliding
between both faces of the shear band. G equals the area under the decohesion
curves shown in Figure 2.

tan ¢

M
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Fig. 3. Relation between relative sliding at the discontinuity and friction coefficient

Alternatively, a Coulomb criterion for local inception of the shear band has
been used in the examples at the end of this paper. In this criterion nucleation
starts when

T = Teoh + Tfr (33)
with
Tcoh = Co
the cohesive contribution and ¢y the cohesion. Decohesion is governed by the
fracture energy GIZ, similar to the Tresca-like criterion, cf. eq. (32). Tfr is the



frictional contribution, which is defined as a function of the traction normal
to the discontinuity and the effective friction coefficient u:

Tfr = p0ry; -0 -1y

The effective friction coefficient has a virgin value y = tan ¢, with ¢ the
friction angle. The vector nr, is such that it is normal to the critical plane
where Coulomb’s criterion for incipient shear failure is satisfied. A frictional
softening relation models the microstructure evolution of the solid grains in
the interface. The particular relation used in the example calculations is shown
in Figure 3. In it, p. is the threshold value and J. the relative sliding at this
value. It is assumed that 6. = 2G!! /¢, which equals the value defined by the
cohesive softening relation.

As with the Tresca-like criterion, it is assumed that the failure mode only
involves sliding. Possible dilatancy effects are not included in the kinematics
of the discontinuity. For this reason, one can also now suffice by adding only
degrees-of-freedom to the finite element model that describe the discrete slid-
ing mode. It is interesting to note that, unlike in non-associated plasticity, the
resulting stiffness matrix remains symmetric.

A discrete equivalent of Darcy’s relation is now defined for the fluid flow
qq at the discontinuity as:

nr, qq = —ka(p" —p~) = —kaD |xer, (34)

where kg is the permeability of the diaphragm that has been assumed to coin-
cide with the displacement discontinuity I'y and p™ and p~ are the pressures
in the 27 and 2~ domains, respectively. For an impervious boundary, kq = 0,
which implies that nr, - q4 = 0 according to eq. (34). Conversely, ideal per-
meability requires that kq — oo, so that nr, - qq can only be bounded if
pT — p~ = 0, which implies that no discontinuity can exist in the pressure
field and the formulation of Armero and Callari [18] is retrieved.

5 Numerical elaboration

5.1 Weak forms

To arrive at the weak form of the balance equations, we multiply the momen-
tum balance (4) and the mass balance (15) by test functions for the velocities
of the skeleton and for the pressures. In the spirit of a standard Bubnov-
Galerkin approach, they are assumed to be of the following format:

n=n+Hrm (35)

for the velocities, and

C:C+Hm§ (36)



for the pressures. Substitution into eqs (4) and (15), and integrating over the
domain {2 leads to the corresponding weak forms:

/(1_7+Hrd1~7)-<v-0—paa‘;‘s>d!2:0 (37)
Q
and
/ _ - 1 dp
(¢ +Hr,Q) (aV~vs+an-(vf—vs)+——> d2 =0 (38)
Q Q ot

Using the standard procedure of applying the divergence theorem, using the
external boundary conditions (16) and (17), eliminating the Heaviside func-
tions by changing the integration domain from {2 to £27, eliminating the Dirac
delta functions by transforming the volume integral into a surface integral, and
introducing the shorter notation of a superimposed dot for 9/9t, the balance
equations take the form:

/pﬁ-vsdﬂ+/ i - Ved 2+
2 0+

/(V-f;)-adg+/ (V- 5) - od+ (39)
9]

n+

| et = [ @i e, 4
Iy I
and
—/ kfpfvé-vsdrz—/ kippVE-vedf2
£ 0+

—/ aév-vsdﬁ—/ alV - vyd2

_ 2 ) Q+~ (40)

—/ kfvg-vpdn—/ kfvg-vpd(z—/ (np, -qq dI’
0 n+ Iy

- [opae- [ apae= [ (¢ mndg ar
Q o+ r
where for the derivation of the latter equation also Darcy’s relation (28) has
been employed.

5.2 Discretisations

We now switch to matrix-vector notation and discretise the trial functions v
and p and the test functions  and (¢ as:
v, = N(a+ Hr,a)
=H(p+Hr.o
P Tp) (41)
n=N(WwW+Hp,wW)
¢(=H(z+Hr,z)

10



Eqgs (41) can be inserted into eqs (39) and (40) to obtain the semi-discrete
form under the requirement that the result holds for all admissible w, z, w
and z.

The semi-discrete initial value problem is second order in time with respect
to the displacement variables and first order for the fluid pore pressure. Yet,
the same integration scheme will be used for both variables, in particular the
Newmark method commonly used in structural dynamics. Let y denote an
array which is a function of time. At the discrete time instant ¢, its value is
vn. Under the assumption of time continuity, the updating equations of the
Newmark method are:

. 1 . .
Yntl = Yn + Aty, + (5 - ﬁ)Atzyn + 5At2)’n—|—1 (42)
Yntl1 = Yn + (1 - ’V)Atyn + VALY 11 (43)

with (3,7~ the parameters of the time integration scheme. The equations can
be recast as:

Vel = @o(Ynt1 — Yn) — Q2¥n — 4¥n

. . . (44)
Vnt1 = @1(Ynt1 — Yn) — Q3Yn — Q5¥n
with
1 1 1 |
ag = g = —— oy = — —
Y Y Y
- =L = (L —1)At

For future use we also list the expressions for the variations that can be derived
from expressions (44):

5yn—|—1 = a05Yn+1 ) 5}"714—1 = &15Yn+1 (45)

Application of the time integration scheme (44) to semi-discrete balance
equations results in a set of coupled, discrete equations, which is nonlinear.
Therefore, an iterative solution procedure has to be applied within each time
step At. When using the Newton-Raphson method, as has been done in the
ensuing examples, and exploiting the variations defined in eqs (45), one obtains
a sequence of linearised problems, which for implementation purposes are
conveniently be cast in a matrix-vector format:

oaoMaa + Kaa  aoMaz + Kag Kap Kajp da £
aoMaa + Kaa  aoMag + Kaa K Kip da| | 2
oMpz + OélK%p aoMps + a1 K1 aon My + Ky a1 My + K dI:) | £
oMz + a1 Kg; aoMpa + a1 Kg; aiMps + Kjp aoa M + K f5
(46)

with the external force vectors:

11



fert — / NTt,dr , & = / Hr,NTt,dI
r r

fert = /F H'qdl" | £ = /F Hr,H" q,dI’

the internal force vectors:

wnt
fd

/ BTodn
0

fint — / Blod2 + [ Nttzdrl
0+ Iy

with B = VN and, for two dimensions, m = [1, 1, 0]. The mass matrices:
Mgz = / pNTNA? |, Maz = Mgz = Mgz = / pNTNdS?
0 0+
M, = —/ kips VHTNAR? | Mz = Mz = Mz = —/ kipy VH'NA
—/ Q'HTHAN? , My =My =Mz =— [ Q 'HTHAR
0

n+

the stiffness matrices:

™

Kap = — / aBTmHA? |, Kip =Kap = Kap = — / aBTmHdS
0 N+t

Kyp = —/ kL, VHTVHAR? | Ky =Ky = —/ ky VHTVHAS
0 N+t

Kpp = — / ks VH'VHA? — / kgH HAD
I’y

K., = / BTDBA? , K = Kaa :/ BTDBd

0+
Kaz = / B'DBd? + [ NT'TNdI

0+ Iy

and the arrays at the right-hand side:

£2 = £ — (F"') — apMggal, ., — apMgaal,
fg,: — fgwt — (fént)l — OzoMaaéiH_l — OZOMadé;L’z—i—l
fg = fga:t — QoMﬁaazib_Fl — aOMﬁdéiH_l - alMﬁﬁf):L—{—l o alMﬁﬁIL)f"H—l
—Ole — OélK

* __ pext =3 . X1 . . . .
f5 =" + —awMjaa, | — aoMjaa;, a1MpDy, 4 alMpppn—{—l

ap n+1 ap n—l—l

_alKapan—{—l T QlKap n+1

where the superscript signifies that the correspondmg quantlty has to be evalu-
ated at iteration i. The quantities a%,_ ,,a%_ ;,a%_ ;,a% 1, P41, an are eval-
uated using eqs (44).

12



The stiffness matrix of eq. (46) is not symmetric. Symmetry can be re-
stored by multiplying the third and the fourth row of submatrices by o L and
omitting the contributions in the tangent stiffness matrix that are due to the
dynamic seepage term — the submatrices Mpg, Mpa, Mg and My;. Since the
corresponding terms are retained in the right-hand side, the results are not
affected, only the convergence speed of the iterative procedure.

5.3 Stress computation at the tip

The nucleation criterion requires the determination of the stresses at the tip
of the discontinuity. Unfortunately, the stresses vary strongly in the vicinity of
the tip and an accurate estimate of them is difficult to obtain. In the present
case, the stress in the bulk of the specimen is almost homogeneous except
for a small area around the tip, which exacerbates the problem. Following
Wells [5] and Jirasek [23] we use a smoothing of the stresses around the tip
and compute the stress at the tip by the following nonlocal-like procedure:

 Jowo d©2
L T )

where w is a Gaussian weight function:

w = 6—7"2/2[2
with r the distance to the tip, and [ a characteristic length which defines the
size of region of influence of the stress. Because of the nearly homogeneous
stress state in the specimen, a small value of [ is desired, preferably in the same
order of magnitude as the characteristic element length. This is accomplished
in the following manner. By virtue of the linear behaviour of the solid phase in
the bulk, a separate, independent integration domain can be defined, which
follows the tip during propagation. This domain contains integration cells
smaller than those of the mesh used in the discretisation — typically their
length is in the order of 15-20% of the element size. Moreover, a higher-order
Gaussian quadrature is used over this domain, which results in a very accurate
determination of the tip stress.

6 Example calculations

All results of the computations are based for the same two-dimensional spec-
imen with a width w = 0.04 m and a height H = 0.1 m, see also Fig-
ure 4, which is loaded under plane-strain conditions. The sides are traction
free and the external loading is applied via an imposed constant velocity
Vo = —1072 m/s. Undrained conditions have been imposed on the entire
boundary of the specimen, because fast transient phenomena have been con-
sidered. The solid constituent is assumed to behave in a linear elastic manner

13
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Fig. 4. Geometry and boundary conditions

with a Young’s modulus £ = 20 GPa and a Poisson’s ratio v = 0.35. The
absolute mass densities are p, = ps/ns = 2000 kg/m3 for the solid phase
and ps = py/ny = 1000 kg/ m?> for the fluid phase, while the fluid fraction
ny = 0.3. The Biot coefficient o has been set equal to 1, the Biot modulus has
been assigned a value () = 5.0 GPa, while the bulk material was assumed to
have a permeability kf = 107!% m3/Ns. The permeability of the diaphragm
was assigned a value kg = 0.5 - 10714 m? /Ns. Shear-band formation was trig-
gered by a small imperfection, see Figure 4.

A structured mesh has been used and consists of 5841 four-noded elements
with equal (bilinear) interpolations for the displacements and the pressure.
The simulation is started using a time step of 0.4 s, which is small enough to
accurately follow the pressure evolution and the near quasi-static behavior of
the solid skeleton before the onset of the shear band. When the shear band
starts to propagate, the phenomenon becomes dynamic and the time step size
is reduced severely in order to properly capture the propagation of the stress
wave. The parameters of the Newmark scheme are v = 0.5 and g = 0.25.

6.1 Tresca-like initation criterion

The simulation for the Tresca-like nucleation criterion from which most of
the results derive, has been obtained with the following parameters: the time
step size during the shear-band formation equals 0.2 ps, nucleation traction
7. = 50 MPa and mode-II fracture energy G = 750 J/m2. The dynamic
seepage term has not been taken into account in the analysis.

The evolution of the pore pressure field following the time ¢y at which the
shear band starts to propagate, is shown in Figure 5. The scale has been chosen
such that the white regions on the picture have a pore pressure below the
cavitation pressure (here: —107°Pa). One observes that, initially, cavitation
occurs only in the close vicinity of the discontinuity. When the shear band tip
reaches the centre of the specimen, the level of the pore pressure above the

14



t =10+ 4.0 us t =10+ 8.0 us t =10+ 12.0 us t =10+ 16.0 us

Pore pressure (Pa)
-1.0e+05 1.0e+07 2.0e+07

Fig. 5. Evolution of the pressure field for the Tresca criterion

Fig. 6. Pressure field near the process zone and tractions at the discontinuity. The
scale of the pressures is equal to that in Figure 5. The magnitudes of the tractions
are proportional to the lengths of the bars
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discontinuity increases and pore pressures that exceed the cavitation pressure
develop over a larger region below the interface. Subsequently, this region
follows the tip of the shear band, and when it reaches the right boundary of the
specimen, the cavitation phenomena extend over the entire specimen. Because
of the limitations of the model — a gas phase has not been modelled separately
— the physical interpretation of the numerical results at this advanced stage
of shear band propagation becomes questionable.

As illustrated by Figure 6, it seems that in the present simulations that
utilise the Tresca-like criterion, cavitation is a consequence of local elastic un-
loading behind the process zone, where cohesive softening takes place. Indeed,
Figure 6 shows the pressure field as well as the values of the shear tractions in
the cohesive interface (with bars orthogonal to the discontinuity). The cavita-
tion front appears to coincide with the transition zone between the damaged
and the intact parts of the interface.

t=to+5.0 us t=to+10.0 us t=to+ 15.0 ps t=to+ 20.0 us

Pore pressure (Pa)
-1.0e+05  Z0e+0B 4.0e+06

Fig. 7. Evolution of the pressure field for the Coulomb criterion with A[i? - = 0.024

6.2 Coulomb initiation criterion

For the Coulomb criterion, the following model parameters have been used:
cohesion ¢y = 10.0 MPa, friction angle ¢ = 30°. The threshold value in the
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t =10+ 5.0 us t=to+ 10.0 us t=1to+ 15.0 us t=1to+ 20.0 us

Pore pressure (Pa)
-1.0e+05 Z.0e+0E g4.0e+0E

Fig. 8. Evolution of the pressure field for the Coulomb criterion with

=0.16

AU’LTLZ

frictional softening law is u. = 0.2 tan¢. A parametric study has been car-
ried out with respect to the influence of Ag , where 0. is the tangential
displacement jump when the cohesive part of ‘the traction has vanished, and
AUj;p; the value of the prescribed displacement at the top of the specimen
at shear-band initiation. The simulations have been carried out using a time
step size of 0.25 us.

A ﬁrst simulation has been carried obtained for a fracture energy G!1 =
15 J/m?. In this case AUC - equals 0.024. The evolution of the pressure field
is shown in Figure 7. The results are qulte similar to those obtained with the
Tresca criterion since the values of AUjm are close. Figure 10 shows that for
this case the process zone, i.e. where the tractions do not vanish, is rather
small. As a consequence, local unloadings are obtained behind this process
zone and cavitation occurs only in a small zone behind the shear-band tip.

Increasing the value of AU to 0.16, the length of the process zone be-
comes approximately equal to "that of the shear band, see Figure 10. Now,
local unloadings are not observed, but a global unloading occurs that can be
associated with the strain localisation inside the shear band and the softening
of the interface at the end of propagation. As a consequence, the pressure
evolution on Figure 8 has no local cavitation zone. Indeed, cavitation is first

obtained around the initiation locus and, subsequently, in the entire specimen.
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t =10+ 5.0 us t =to+ 10.0 us t=1to+ 15.0 us t =1to+ 20.0 us

Pore pressure (Pa)
-1.0e+05% Z.0e+0B 4.0e+06

Fig. 9. Evolution of the pressure field for the Coulomb criterion with Agf - =0.24

Instability patterns are observed on the last two figures that plot the pressure
distribution.

Such instabilities, which are due to friction, are observed at a larger scale
when Al&f@im is increased further up to 0.24. Now, the shear band propagates
because the stress is higher than the material strength, but the mechanical
energy is not sufficient to damage the interface. Consequently, no localisation
is obtained, but only frictional instabilities are observed. No cavitation is

induced because of the absence of strain localisation.

7 Concluding remarks

In this contribution a numerical model has been elaborated which can cap-
ture discontinuities, e.g. cracks or shear bands, in a fluid-saturated medium.
The representation of the discontinuity is truly discrete and unbiased by the
discretisation. Moreover, the constitutive relations for the bulk and for the
discontinuity can be specified independently, for the solid phase as well as for
the fluid phase. Example calculations of dynamic shear band propagation have
been presented with a Tresca-like and a Coulomb criterion for shear band ini-
tiation. The results show that the propagation of the shear band is strongly
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e Se P
T =0.024 s =0.16 T =024

Shear traction (Pa)
0.0e+00 1.5e+07 3.0e+07
Fig. 10. Shear traction distribution at the end of the shear-band propagation for

: S
different values of AT

influenced by the constitutive assumptions in the discontinuity. Indeed, as
highlighted by the results of the calculations, the cavitation phenomenon is
triggered by unloading of the solid skeleton, which is a direct consequence
of strain localisation and strongly depends on the constitutive model for the
discontinuity.
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