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Abstract

In this investigation, we use a recent constitutive framework and remeshing technique for tetrahedra
to analyze the pressure-driven crack propagation of limestone intruded by basaltic magma. Limestone is
represented by an elasto-plastic capped Drucker-Prager model with an hypoelastic term in order to account
for inelastic effects from plastic signature. Kinematic hardening is considered for limestone, whereas magma
is modeled by means of a compressible Bingham fluid. Classical limit surfaces of the capped model are
used to initiate the crack events in the limestone. Propagation is performed by a local remeshing technique
with mesh smoothing for uncracked elements. Arnold’s MINI element is used to avoid locking in the quasi-
incompressible case. Verification (for limestone) examples and a crack propagation example in 3D are
performed. A mesh convergence study is performed, exhibiting very promising results.

KEYWORDS: dike intrusion, computational fracture, limestone basaltic magma.

1 Introduction

Modeling fracture events in rocks and geological materials is a matter of a notable importance in practical
applications. Particularly, in this study, we are concerned with the interaction between basaltic magma and
limestone rocks, and specifically crack propagation of limestone under the pressure effect of magma. These
are called dike intrusions and are comprehensively described in chapter 3 of the book by Philpotts and Ague
[28]. In this sense, we include here well-established features from several works on interaction. The work of
Rivalta and Segall [35] where volume growth of the magma chamber due to fracture is accompanied by decrease
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Figure 1: Gray Ordovician Trenton limestone intruded by aphanitic basalt (adapted from [28]).

in magma pressure feeding the dike. Compressibility and decompression effects are included. The concept by
Clemens and Mawer [I4] where (granitic) magma transport is performed by crack propagation is carried over
here for the basaltic magma. As an illustration, Figure [lis adapted from [28] and shows the result of a basaltic
magma intruding in a limestone block: white marble is produced.

Although finite element solutions of magma interacting with pre-existing rock are available, as the 2D analysis
by Kabele et al. [20], realistic crack propagation in 3D with the relevant ingredients is still not available. We have
the finite element framework to perform such an analysis, see [6,[2]. Alternatives are the 3D XFEM technique [7],
the strong discontinuity approach [26], phase-field technologies [24] [3T], 27], dual-horizon peridynamics [32, [33]
and cracking particles [30].

In this work, the focus is on intrusion of magma in basalt with a correct constitutive representation. The
isothermal case is considered and we emphasize correct constitutive behavior and crack growth by a verification
test.

This work is organized as follows: Section [2] presents the governing equations and a constitutive framework
with modifications to our previous works, including the geometrical treatment of the back-stresses. Section
describes, in detail, the elasto-plastic constitutive equations and integration for the limestone model. Section [
presents the visco-plastic constitutive model for the basalt, including the pressure term resulting from volume
injection. After that, section [l succinctly describes our remeshing algorithm, adapted for this problem. In this
work, limestone cracks by element erosion, where material reaching the limit surface is replaced by magma,
whose volume is increasing. Volume changes are accounted for at the constitutive level. A simple verification
exercise is presented in section [l and the adaptation of Arnold’s MINT element [8] is detailed in section [l A
complete dike intrusion problem is presented in section 8l Finally, conclusions are drawn in section [l

2 Governing equations

2.1 Equilibrium
Using conventional notation in continuum mechanics, we write the equilibrium equations as [25]:

80’@'

P = 1
B +b;=0 (1)

J

with the Cauchy tensor components being o;; (4,5 = 1,2,3). In Eq. () ¢ is the direction index and j is the
facet index. The components of the body force vector are b;. Moreover, in the previous expression, z; are
the coordinates of a given point under consideration in the Lagrangian description. In addition, the following
natural and essential boundary conditions hold on each part of the boundary I' = I'* UT" where I'? is the natural
boundary and I'* is the essential boundary (I'* N T* = ©):
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where t is the known stress vector on I'* where v is the outer normal and @ is the prescribed displacement field
on I'*. As customary, conditions expressed in Egs. (IJ) in the domain and (2H3)) at the boundaries, are satisfied
for a time parameter ¢ € [0,7] with T being the total time of analysis and for a point with position & € Q
belonging to the deformed configuration at the time of analysis. Equilibrium configuration corresponds to the
domain Q. In tensor notation, equation () yields:

V.ol +b=0 (4)

with V = 9/ax being the spatial gradient operator. After multiplication by the velocity field 4, integration in
the deformed configuration {2 and application of integration by parts component-wise, we obtain the following

power form (Wiy is the internal power and Wy is the external power):

/adm:/bﬂm+/fﬂﬂ (5)
Q Q Tt

Wint Wext
where [, the velocity gradient reads: [ = % = g—’;. For reasons in the corresponding algorithmic treatment, Eq

(@) is written in a reference frame b (and configuration €2;) which is obtained by transformation (see, e.g. [2])
/ Sab : éabde = Wext (6)
Qp

with the Cauchy stress being given by o = S, = %bFabSabFi. ), is the current configuration and F is the

relative deformation gradient between conﬁguratioﬁs ), and . We now have to relate é,, with I:

1 . .
RI o R = 5 (FILE S + FuoFu ) (7)
éaa ;

where ()¢ is the initial configuration. In order to simplify the analysis herein conducted, isothermal equilibrium
and crack propagation are considered (see also Balmforth et al. [9] who also considered the isothermal case).

2.2 Finite strain updating constitutive framework

Without loss of generality, in the present investigation, we use a specialized elasto-plastic framework which is
a further development of the recent work [2], based on the regularization of the loading/unloading conditions
with a specific semi-implicit integration of kinematic quantities, see also [5]. Limestone plasticity requires the
use of back-stresses (a comprehensive discussion of this concept is provided by Simo and Hughes [I8]). Since
remeshing is performed (see [4]), the back-stress tensor should be therefore mapped between meshes. In finite
strains, this implies the use of a common configuration to ensure that the correct local quantities are obtained
(i.e. local frames between two successive meshes are not necessarily coincident).

In Algorithm [Il we obtain the stress tensor in frame b, SZb and its sensitivity %, as a function of the input
data egb and Ryp. Voigt form is considered and upright bold notation is used for Voigt forms: Sgb = Voigt [Sgb]
(see [11]). Storage of SY (the second Piola-Kirchhoff stress in the global frame 0), e}, (Green-Lagrange strain
in the global frame 0) and BJ, (the back-stress in the global frame 0) is also required. In Algorithm [ the
transformation matrices ¥;(F) and ¥.(F') are given by:

Fj F3 F3 2651 F1q 2F31F 231y
F?, F3, F3, 2F50 F1o 2F3F12 2F39F5
2 F2 F2 2F53 F; 2F33 F 2F33 F:
Y (F) = 13 23 33 23F13 33113 33F53 (8)

Fi1Fy Fo1Fhy F31F39 Iy Fio + FiilFay  F31Fio + Fi1F3e F31F99 + Fo1F3o
Fi1Fs Fo1Fby Fi1F33 FoiFis + Fiifes  F31Fi3 + FiiF33 F1E93 + Fo1F3g
| FioF13  FooFaz  F3pF33  FoolFi3 + FioFos  FaoFiz + Fiak3s  FioFos + FooFig

Ve (F) = V¢ (F) 9)




Implicit graph of Ay — Sgrror (A + @) =0

Error = 0.01

0.0

*Error = 0.05

+/—Error = 0.1

-0.21

Skrror(®) = @+ (1/a) In(1 4 e7**)

-04 1+ -

a, = In(2) /Error

—06- 4

-081 -

-1.0 B
. . . . I . . .

0.0 ‘ ‘ ‘ 0.2 ‘ 0.4 0.6 ‘ ‘ ‘ 0.8 ‘ ‘ ‘ 1.0
Ay

Figure 2: Replacement of p*Ay — (u* Ay + ¢) by p* Ay — Sgrror (* Ay 4 ¢) as a function of a Error parameter
(u* =1 is depicted).

In this setting, in Algorithm [Il to obtain the right-stretch, use is made of a matrix square-root of eZO,

U,fo = \/2eg0 + I which requires a spectral decomposition. Omitting the configuration indices, to alleviate the
notation, we introduce a general elasto-plastic system as:

e— %”I;;TAS — nAxvy

(pError(S; e7 B) = M*A'Y - SError (M*A'Y + f) (10)
AB = g(B, S)

where, besides the already introduced quantities, n is the flow vector, A~ is the increment in the plastic
multiplier, u* > 0 is a positive constant, f is the yield function and Sgyror is the Chen-Mangasarian function
(see the details in [5]) represented in Figure

For the kinematic hardening, g(B,S) is a function providing the increment in the back-stress. This function
will be specialized later. The solution of ¢ (S,e,B) = 0 ([I0) is performed with the Newton-Raphson method
at the Gauss point level.

3 Specific constitutive law for limestone

We now introduce the constitutive behavior of limestone block. Limestone is here considered a rate-independent
elasto-plastic material, with a failure surface in the stress space. Two differences with the report [I6] exist:
temperature and rate dependence are not considered for the limestone (only in basaltic magma). Elastic
behavior follows a modified Hooke law with variable bulk and shear moduli and the plastic yield function is the
capped Drucker-Prager version. We consider a rate-independent, isotropically hardening limestone. For the
elastic part of the stress, an hypoelastic law is used. We first decompose S,; in pressure and deviatoric terms :

Sab = pabI + Sgb (11)



Algorithm 1 Relative Lagrangian formulation (Voigt notation adopted) for elasto(visco) plastic materials.
Frame b, reference configuration 2, and equilibrium configuration €2,,.

Input data

Given e?, (Voigt form) and Ry,
Recover from storage Sy, e}, and BY,

Stress/strain updating

Accumulated Green-Lagrange ep, = 7. (RY,) edy
strain in frame b

Right stretch tensor for U,fo = \/2620 +1

configuration §2;

Jacobian determinant Jpo = det Ul(;o

Update total strain in frame b eby =ep+ 1. (Ufy) €l
Stress in frame b Sgb = ﬁﬁl/s (Ué’OROTb) Sgo
Back-stress in frame b ng = J%U“VS (Ué’OROTb) Bgo

Constitutive subproblem

Determine stress and SZb = Sgb + AS, (egb)
back-stress sz = B’gb + AB, (Sgb, egb)
and sensitivity Coup = %A—?“

Cab

Stress updating after constitutive solution

Determine the total strain in ey =7 (Ru) e’

frame 0

Determine th d S0, = Jyo UL) | st
etermine the secon a0 = J07s | Rop ( bO) ob

Piola-Kirchhoff stress in frame 0

Back-stress stress in frame 0 BY) = Juo¥s [Roz) (Ué’o)fl} B,

Store S%, BY, and €%,

Return to the element S%,, €,




where pgp is the continuum mechanics pressure, pgp = t*[Sasl/3, Sgb is the deviatoric stress. For conciseness, we
omit the configuration and frame indices. Plastic and elastic strain rates are additively decomposed:

6= &P 4 e (12)

where €P is the plastic part of the strain rate and €° is the elastic part of the strain rate. Given the bulk modulus
% and the shear modulus u, hypoelastic relations are used to obtain the components given in Eq. 1k

D= ke (13)
S? = 2uede (14)

where ¢¢ is the elastic volumetric strain rate and €% is the elastic deviatoric strain rate (in matrix form):

€° = tr[e” (15)
el =e° — _I¢° (16)
Stress invariants are defined as usual:
L =tr[S]=3p (17)
1 i
Ji= <t [(87)] (18)
We also adopt the overbar notation for I; and J;: I; = —I; and J3 = —J;. Accordingly, Lode coordinates
follow the definition:
! ial coordinat (19)
z = — axial coordinate
V3
r = 4/2Jy radial coordinate (20)
e Js (3\7 .
sin (30) = 5\ 7 equation for the Lode angle (21)
2

The hypoelastic bulk modulus « and the shear modulus p are functions of I;:

Ii([l) = bo + bl exp |:|?—f|:| (22)
u(Ir) = go ] efp(glgm/z)] (23)

The yield function corresponds to a capped Drucker-Prager formulation, where the material parameters are
estimated from experiments. The yield function can be written as [16]:

f=TO) T2 — f; (I1) — N] fo(I, K, X) (24)

where f; (shear term) and I" are functions accounting for the presence of microcracks and f. accounts for porosity
and it denominated cap function. The term N in (24)) identifies the initial distance to the limit function, as will
become apparent. The elastic region is defined as f < 0. We introduce the cap function as:

) 1 -1 <?
fc = 1_(_%1__??)2 —112? (25)
(- - K)(|-h - K|+ (-, - K))

23X _K)?

=1—-



where K is the threshold of I from which the cap region of the yield surface is active and X is the (evolving)
maximum value of ;. The flow law follows the definition:

9f (S)

P _ a 9
e’ =9 —5¢ (27)
—
n
from which the equivalent strain is obtained.
T
gb = / tr [eP] dt (28)
0 ~—~—
2
The shear term in (24)) is written as:
fr=a1 —asexp [—agjl] +aql; (29)
We use the Gudehus function for the dependence on the Lode angle:
1 o 1 -
OES {1 + sin (36) + " [1—sin (36)] } . T <1h <97 (30)

with 1 being an additional constitutive property. The relation between X and 7 is given by inverting the
expression in [16] with the crushing curve:

log [;Dspjgg }

b1

X =—po+ (31)

where p3 is the maximum attainable volumetric strain (equivalent to initial porosity). When g2 > p3, the model
is no longer significant and a post-localization constitutive law is typically used. We note that the parameter ps
described in [16] is not used here. In [I5], the Authors used a re-worked version of ([BI]). The relation between
K and X is ruled by a shift relationship: :

K =X — Rfy (32)

where R is the eccentricity of the cap function. In summary, Table [l shows the relevant properties for the
current Salem limestone.

Kinematic hardening is now considered. We use the back stress B and use the corrected stress

£E=S-B (33)
The following law for B is used, according to [16]:

B =HG(B) [ép - %Itr (ép)] (34)

with G(B) being the retarding function:

VP
G(B)=1-*= (35)

where H is a new constitutive property. Time integration and Newton iteration on (34) for fixed Adeve? =
Ae? — 1Ttr (AeP) results, for iteration n, as:
aG17!
Bn+1 = Bn + I-H (Adevep) ® a—B [—Bn_;,_l + Bn + HG(Bn)Adevep] (36)

The yield function including back-stress is therefore given by:

f=T(0¢)\/J2e — [fs (1) — N] fe(I1, K, X) (37)



Table 1: Salem limestone properties

Mechanical properties obtained from [16]

Prop.  Description Value Units
bo Initial bulk modulus 13 x 10° Pa
by bo + by is the bulk modulus asymptote 42.47 x 10° Pa

at high pressure
by Bulk modulus curvature parameter 0.4107 x 10° Pa
9o Initial shear modulus 9.86 x 10° Pa
g Shear modulus will have an asymptote 0 —
equal to go/(1 — g1)
g2 Shear modulus curvature parameter 0 Pa~!
a 843.02 x 106 Pa
@2 Parameters for the shear yield function 2731 % 1071 Pa™
as 821.92 x 108 Pa
as 1x10710 —
Do Initial value of —I; at collapse —314.4 x 10° Pa
1 Proportional to slope of porosity vs. 1.22x 10710 pa~!
pressure
D3 Initial value of porosity 0.084 —
R Eccentricity of the cap function 6 —
P Triaxial extension to compression 0.72 —
N Initial shear yield shift 12 x 108 Pa
H | Kinematic hardening parameter 1 x 10t Pa

Iex | Limit value of the first invariant (limit 3 x 109 Pa

in tension)

In (37), 55 is obtained by specializing the invariants J> and J3 for the tensor &:

3/2
oz J. 3
sin (30¢) = —%ﬁ (IE) (38)

We therefore have three competing limit criteria:

e Failure by crushing: d. = ;—Z > 1.

NONEA
fr(l1)

e Failure by shear: dg; = > k with k£ < 1 being a constitutive parameter.

e Failure by tension d, = % > 1.
1

Figure B shows the representation of the yield function in the —I;,+/J> space. Also shown are the two limiting
surfaces, with failure by shear (with x = 1) and by tension.

The effect of isotropic hardening as a function of ps3/z is shown in Figure dal and the effect of kinematic
hardening is shown in Figure @Bl It is observable that, in terms of proximity to the failure surfaces, isotropic
hardening is innocuous and kinematic hardening can result in shear failure.

Including the effect of I', we represent the yield function in the sin (35) , —1I1,+/J3 space. Figure [ depicts
the yield function with the effect of sin (35).

4 Constitutive law for basaltic magma

The second material under study is basaltic magma, where a non-Newtonian fluid is here considered, specifi-
cally with Bingham rheology. This behavior is known to be representative of magma in a significant range of
temperatures [19, [38]. Since a strictly rigid “elastic” behavior is difficult to implement, a small elastic region is
introduced. Previous works such as Walsh and Saar [40] and Piombo and Dragoni [29] follow analogous con-
stitutive approaches. A comprehensive characterization with magma flowing in a open channel was performed
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Figure 3: Limestone yield surface in —I1,+/J> space. We use sin (35) =1and N = 0 (no kinematic hardening).

by Lev, Spiegelman, and Wysocki [22] where 3D finite elements were employed with the experimental setting
image.

We therefore use a Jo plasticity formulation with rate dependence, corresponding to the intended behavior.
Recalling the previous considerations, the corresponding stress tensor of the model can be decomposed as follows:

S =pI + S¢ (39)

We use the dependence of the viscosity as a function of temperature measured for Grimsvotn basaltic magma
[I7], omitting the strain rate dependence. We are focusing on quasi-static applications and therefore only the
temperature dependence is included:

no_ )
Pas P <P1 + T ) (40)

where P = —38 and P, = 62 x 10 K. At this stage we use 7' = 1448 K. The yield function is now given by:

=558y, (a1)

This yield function is a variant of the von-Mises [36] and subject to the same treatment. Specifically, the
Algorithm in page 152 of Simo and Hughes [36] is adopted. Since magma is the driving force for the cracking of
limestone, pressure in ([B9]) has two sources. The decomposition into constitutive and imposed pressure makes
use of the following notation:

P="De—pi (42)
where p. is the constitutive pressure, p. = ke, where e, is the integrated elastic strain and « is the bulk modulus.

We also have p; = fix“,/"' as the imposed pressure, where V is the undeformed volume and V; is the imposed
volume variation, multiplied here by the proportionality value y.
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Table 2: Constitutive properties for basaltic magma

Mechanical properties obtained from [39], [13] and [35]

Prop. Description Value Units
K Bulk modulus 24.2 x 10? Pa
v Poisson coefficient 0.25 —
E Elasticity modulus (= 3x(1 — 2v)) 36.3 x 10? Pa
n | Viscosity [I7]. T € [1448,1623] K exp (—38 + M) Pas
Y Initial yield stress (71 in Chevrel et al. 3.49 x 103 Pa
[13]) see also Piombo [29]
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Figure 6: Edge split condition based on edge length and the value of d.

5 Remeshing algorithm

Local remeshing is adopted to obtain sufficient resolution at the magma/limestone interface. This section
presents the fundamental operations of the remeshing algorithm. We use the maximum of d., d; and d, as an
indicator for replacement of limestone by basaltic magma:

d = max (d¢, ds, dp) (43)

Note that the rationale for this criterion is the loss of validity of the limestone yield surface when the failure
surface is reached. A threshold value of d is used (dpmax = 0.9) such that replacement takes place when d > dpax.
Edge splitting takes place when the edge size condition is met:

hopt < tol * he
hopt N (1 - de>he + dehmin (44)

where tol = 0.7 and Ay, is the minimum edge size which is here given as a problem data. d. is the average d
value of the surrounding elements of edge e.

In this process, three major steps are performed (1. edge marking, 2. creation of new nodes and elements,
3. mesh smoothing and mapping). Splitting edges is simpler than rotating edges (cf. [3]) since no specific crack
path tracking is required. We classify each edge according to the maximum value of this mean d for adjacent
elements, cf. An optimal length h,p: is introduced and, if it is smaller than the actual edge length h., the
edge is marked for splitting. A total of 11 independent subdivision cases are possible (removing cycles and
symmetries) which are presented in Figure [[l Further details concerning this subdivision and the important
aspect of avoiding Steiner-points is discussed in [4].

6 Verification test: compression of a cylindrical limestone block

A cylindrical specimen is used with @50 mm and L = 100 mm [23]. Figure B shows the dimensions and
boundary conditions for this test. The first case consists of a monotonously increasing displacement w with
confining pressure whereas the second case is a cyclic load. Contour plots for €%, d., ds and d, are also shown.
Two formulations (B-bar [37] and MINI [g]) are tested. Results are presented in Figures D for the reactions and
[IQ for d., d, and d,. for the two formulations and three values of confining pressure (0,10 and 20 MPa). We
conclude that the element formulation has a diminutive effect in the results and tetrahedra, which are more
suitable to remeshing, can be used for limestone.

We note that ductility increases with increasing confining pressure and marked differences are observable
between B-bar and the present assumed-strain formulation when low confining pressures are applied. For case II,
we test the effect of kinematic hardening. In this case, there are differences between the two element formulations
(see Figure [T]), with slightly stiffer results for the B-bar formulation.

12
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F4={N2,N3,N4}
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46 ‘\! N5
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Figure 7: Tetrahedron subdivision: 11 independent cases (permutations and reflections removed). Node num-
bering for each case is in a one-to-one relation with local node numbering for each element. N; are nodes
(i=1,...,4,5,...,10), E; are edges (i = 1,...,6) and F; are faces (i = 1,...,4).

13



us

Confining
pressure
o o

1020001 6676001

7608002 2180001
50902 44320201
2500002

66810401

00008100 59308401

us
/ as e
’ - -
A /
, o .
0.0025 kCase I
Case 11
- | o
3 !
| s s
1
0.25 0.5 1.0

Figure 8: Limestone cylindrical specimen: dimensions and boundary conditions. The contour plots of €0 and
d., ds and d, are also shown for uz = 0.005 m.

7 MINI Tetrahedron: element technology for quasi-incompressible
problems

Elasto-plastic quasi-incompressible constitutive laws severely reduce the performance of displacement-based
elements. Mixed elements are a solution for avoiding locking in quasi-incompressible problems. The low-order
MINT element by Douglas Arnold ([8]), see also Bathe [10] and Cao [12], is based on a two-field formulation
where:

e Pressure is linearly interpolated using the corner nodes.

e An internal shape function, named a bubble, enriches the displacement field.

*b

Cauchy stress is calculated from the constitutive stress S}, as:
N (45)
“ Jab ¢
The Cauchy pressure is obtained as:
(Sawp)" Iy
_ _ 46
Pa 30 ( )
We can therefore write S,; in Voigt form as a sum of deviatoric and pressure terms:
Sab = - abpaI3 + Tdevsab (47)

where Tgey is the following sparse matrix:

14
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In terms of power balance, we use the following relation, where gab depends on the independent pressure p.
It corresponds to a classical two-field variational principle:

~ T - Sa T I ;S J
| (8w) eluan+ [ (mw+i—ﬂ—ﬁ>mmb=wat (49)
Qb (zb 3

Wing

where the relative Jacobian J,; is used to ensure correct volume calculation. We note that the product J.pp
cannot be used as an unknown field. In ([@9)), we have the following quantities:

gab = _Jabﬁliﬁ + Tdevsab (50)

Discretization follows the standard MINI formulation:

5
u(€) = > Nk (&) ux (51)

Independent pressure p is interpolated using the corner nodes:

p&) =Y Nk (&) br (52)

Shape functions N (€) are written according to their definition (cf. [I8]):

Ni(§) = 1-&—-&—& (53a)
N2 (&) = & (53b)
N3(§) = & (53c)
Niy(§) = & (53d)

The bubble function, for tetrahedra, is given by:
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Figure 10: Limestone specimen: d. —w, d, —w and ds; — w for case L.
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Figure 11: Limestone specimen: R3-w results for case II cyclic loading results for p = 0.

N5(§) = 6168 (1 - & — & —&3) (53e)

For the calculation of the stiffness matrix, the variation of [@9]) is required. Not all quantities are determined
by hand-derivation, and we use Mathematica [34] with the AceGen (cf. [21]) add-on to calculate some derivatives.
Using ([@9), we obtain:

. ~ \T  \T

AW, = / [(dsab) &by + (S dé’;b] Ao, (54)

Qp

_ _ (dSap) T3 | «
+/ dJasp + Japdp + %1 pdQy, (55)
Qp
where the following notation was used:

dsab = (gabdeab (56)
dSep = TaeyCupdely, — dJunpls — Jurdpls (57)

Specifically, the terms de,;, and d.J,;, are determined by Mathematica with the AceGen add-on [34] 21].

8 Intrusion example

This section concerns the assessment of the proposed numerical technique by means of a benchmark application.
SimPlas [I] (code 2281/D/17 ASSOFT), created by the first Author, was used. We now focus on an ellipsoid
magma region within a block of limestone. Figure[[3shows the relevant data for this problem. For this example,
the evolution of the mesh as a function of xV; is provided in Figure [[3] with detailed pictures. Growth starts
near the outer edge of the ellipsoid and then bifurcation occurs and the magma flow reaches the outer faces
of the limestone block. Damaged elements of limestone are progressively replaced by magma elements, whose
volume growth is corrected to account for the difference. The evolution of the transversal displacement for
seven distinct initial meshes is shown in Figure [4 This result shows that the appropriateness of our crack
growth algorithm with replacement of materials. As mesh is refined, a shallower intrusion appears, but after
some refinement, the magma region starts to converge to a stable thickness. Considering the complexity of this
problem, reasonable agreement is observed. Mesh evolution for the seven distinct initial meshes is depicted in
Figure
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Figure 12: Intrusion example: geometry and relevant data. Magma was removed in the magnified depiction.
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Figure 13: Magma intrusion in a limestone block.
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Figure 14: Mid-surface displacement evolution as a function of xV; for seven initial mesh densities. Point P in
Figure 2 is used.

9 Conclusions

Our framework was specialized to represent rock plasticity with kinematic hardening and rock fracture. It was
able to simulate a magma basalt intrusion in a limestone block with a 3D tetrahedra model. Both basalt and
limestone were represented with current constitutive laws and published properties. Crack in the basalt are
filled with magma, whose volume growth is imposed. Mesh refinement was adopted to enhance the crack path
resolution. Volume changes due to cracking are accounted for and therefore the initial mesh has only a moderate
effect on the results. To correctly implement the mesh refinement algorithm, both stresses and back-stresses
are stored in a global frame and transformed for constitutive integration. The MINI element was found to be
sufficiently accurate for modeling finite strain plasticity and fracture. Intrusion results agree with the geological
experience and the model will be further extended to account for thermo-mechanical coupling.
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Figure 15: Mesh (nodes and elements) growth for the initial values of h. Seven initial meshes are tested
(h=0.25,0.2, 0.19, 0.18, 0.17, 0.16 and 0.15 m).
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Highlights

August 30, 2018

Coupled basaltic magma,/limestone interaction with fracture.

Dike intrusion by remeshing.

Use of MINI element.

Capped Drucker-Prager - Bingham fluid implementations in finite strains
Smoothed complementarity implementation of plasticity.

3D Fracture verification test.
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