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Robust virtual element methods for 3D
stress-assisted diffusion problems
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Abstract

This article presents an initial exploration of stress-assisted diffusion
problems in three dimensions within the framework of the Virtual Ele-
ment Method. Hilbert spaces enriched with parameter-weighted norms,
the extended Babuska—Brezzi—Braess theory for perturbed saddle-point
problems, and Banach fixed-point theory play a crucial role in per-
forming a robust analysis of the fully coupled non-linear system. The
proposed virtual element formulations are provided with appropriate
projection, interpolation, and stabilisation operators that ensures the
well-posedness of the discrete problem. Numerical simulations are
conducted to show the accuracy, performance, and applicability of the
method.
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1 Introduction

Scope. Stress-assisted diffusion appears broadly in applications like lithium-
ion battery cells, silicon rubber and hydrogen diffusion, polymer-based coat-
ings, semiconductor fabrication, oxidation of silicon nanostructures, and
enhancing of conductivity properties in soft living tissue. In these processes,
the stress of the material involved affects the patterns of diffusion. This article
addresses one of the simplest models for such an interaction, incorporating
stress effects inside the diffusion coefficient, and recovering Fick’s law in the
absence of these phenomena [e.g., 2]. Moreover, we extend the analysis done
by Khot et al. [6] such as the definition of the Virtual Element Method (VEM)
spaces in 3D and the polynomial, interpolation, and stabilisation operators
used in this framework.

Outline. The content of the article is organised as follows. The remainder
of this section presents the strong form of the coupled fully coupled stress-
assisted diffusion problem. Section 2 is devoted to presenting the weak
formulation and well-posedness analysis using perturbed saddle-point theory
and fixed-point arguments. In Section 3 we define the discrete problem, show
the existence and uniqueness of a discrete solution, and outline the a priori
error analysis. Finally, in Section 4 we provide numerical results that illustrate
the theoretical results, and as an application of the model we present the
lithiation of a perforated cylindrical anode particle.
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Model statement. Let us consider the nonlinear formulation for stress-
assisted diffusion of a solute that interacts with an elastic material in a domain

Q with boundary 0Q =Tp UTy:

—div(2ue(u) —pl) =f inQ, u=0 onlp, (1a)
p=—-Adivu+{(ep) inQ, (2ue(u)—plln=0 only, (1b)
¢=M(e(u),p)Veo inQ, @=¢p onlp, (1c)

O —div(()=¢g inQ, ¢-mn=0 only, (1d)

where 1w and A are the Lamé parameters, { is the active stress coefficient, f
is a vector of external body loads, ¢ is the diffusive flux, g is a given net
volumetric source of solute, 0 is a positive model parameter, and M(&(u),p)
is the stress-assisted diffusion coefficient.

Equations (la) and (1b) constitute a Herrmann-like mixed formulation for
linear elasticity. The coupling between the displacement u of the material,
the pressure p, and the solute concentration ¢ follows Hooke’s law to express
the Cauchy stress tensor as 2pe(u) —pl. Equations (1d) and (1c) correspond
to the reaction-diffusion equation written in mixed form.

We adopt mixed loading boundary conditions for the coupled problem: the
structure is clamped and has a given concentration @p on Iy, where the
boundary subset I'p C 0Q) is of positive surface measure. In addition, zero
traction and solute flux are prescribed on Iy := 0Q \ I'p, where n denotes
the outward unit normal vector to I'y.

The nonlinear terms. We assume that M(-, -) is symmetric, positive defi-
nite and uniformly bounded in L>°(Q), and likewise for its inverse M~'(-,-).
More explicitly, for all w € H'(Q), r € L?(Q) and x,y € R? there exists
M € R such that 0 < M~! < M with

M7x.-x <x- M '(e(w),r)x] and y-[M '(e(w),7)x] < Mx-y. (2)

In addition, we assume that € : L*(Q) — L*(Q) and satisfies 1€ o0 S
19]|o.c for all ® € L*(Q). Moreover, we assume that M~'(-,-) and £(-) are
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Lipschitz continuous with Lipschitz constants Ly and L,. Examples of these
terms are given by Grigoreva et al. [5] for the stress-assisted diffusion and
Taralov [8] for the active stress.

2 Weak formulation
In view of the boundary conditions, we define the Hilbert spaces

HE(Q) ={veH (Q):v=0o0np},
Hy (div, Q) :={& € H(div,Q) : § -m =0 on I\},

with the boundary assignment understood as the trace of Sobolev functions
(e.g., H' functions) onto the boundary, and consider the following weak
formulation: for given f € L*(Q), g € L*(Q), and @p € HY2(Ip), find
(u,p, &, @) € HL(Q) x L*(Q) x Hx(div, Q) x L*(Q) such that

ZuJ a(u):e(v)—J pdivv:J f-v WweHLQ), (3a)
Q Q Q
- [ advu=a [ pg=r| tola vaeria), ()
Q Q Q
J M(i(u))P)_]C'E.-FJ' (PdiVE.:<(PD,£,'T1>rD ngHN(diV)-O-)) (3C)
Q Q

bedivc—ejgcpw:—ng W € 1(0). (34)

Unique solvability with parameter-weighted norms. Adopt the follow-
ing notation for the functional spaces for displacement and total volumetric

stress: Vi = H]]D(Q) and Q1 = Qy, = L*(Q), equipped with the scaled
norms and semi-norms given by

lully, =2ule@)§a, PG, = (2w +27") Ipl§a,

’v’81 V] = Zl“l‘lv|s1 Q) |q|s]‘Qb L ( ) 1|q|31’
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Denote the functional spaces for diffusive flux and concentration as V, =
Hn (div, Q) and Q; = Qp, := L?(Q), furnished with norms and semi-norms:

1) = LM(e(u),pwc ¢,

2R, = lelza +Mildivala,  llol, = (M7 +0) flo
|£'|§2»Vz = M|£|§2,Qa |1|)|§2,sz = M_]|1|)|§2)Q .

2
0,0

Section 2 shows the robust unique solvability of our weak formulation when
using the proposed spaces in conjunction with the extended Babuska—Brezzi—
Braess theory for perturbed saddle-point problems and a fixed-point argument.

We finish this section by stating the continuous dependence on data [for
further details: 6, Section 3].

Theorem 1. Let W = {W c Qz: ||W||Q2 < Cz\/MH(pDH]/z)rD + ||g 0’_0_)}.
Under the assumptions over the non-linear terms (2), suppose further that
1<A, 1< 6<M, and CL/2uM?*CiLy( @b iz + [19llo0) < 1.
Then, for @ € W there is an unique solution (u,p, ¢, @) € Vi x Q1 x V2 x Q;
of (3) such that

1w, )llvy i < Cr (Fillvg + 16 llgy ) (4a)
106 @)llvaxq: < C2 ([Fallvs + [1Gallay) » (4b)

where the constants C; and Cy do not depend on the physical parameters.

3 Virtual element discretisation

Mesh assumptions. Let 7™ be a decomposition of Q into polyhedral
elements P with diameter hp, let F" be the set of faces f with length hg, and
let ™ be the set of edges e of 7™ with length h.. Throughout this article we
assume that there exists a universal constant p > 0 such that the following
mesh assumptions hold.
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(M1) Each polyhedral element P is star-shaped with respect to a ball of radius
> php.

(M2) Every face f of P is of diameter h¢ and is star-shaped with respect to a
disk of radius > php.

(M3) Every edge e of P has length > php.

Polynomial spaces. Given an integer k > 0 the space of polynomials
of degree < k on P is denoted by Py (P) (resp. for faces f). The space of
the gradients of polynomials of grade < k+ 1 on P is denoted as Gy(P) :=
V(Py41(P)) with standard notation P_;(P) = {0} for k = —1. Let GZ(P) C
(Pw(P))? be any space that satisfies the property (Py(P))® = Gr(P)DGZ (P) . In
particular, following Beirdo da Veiga et al. [12], we set GZ(P) := x/\(Pyx_1(P))3
with x = (x7,%2,%3)", and /\ denoting the usual cross product. Likewise, the
space that defines the rotational of polynomials with degree < k 4+ 1 is
denoted as Ry(P) := curl(Py1(P)), and RY(P) C (Pk(P))® satisfies the
property (Pi(P))* = Ri(P) ® Ry (P) with R (P) = xP1(P).

Let xp = (X1,p,X2,p, X3p)" denote the barycentre of P and let My (P) be the
set of scaled monomials

M (P) := {(X ;PX")“,O <ol < k} ,

where o = (o, &, a3)" is a non-negative multi-index with || = o +
o + a3 and x* = x]"x3?*x3°. In particular, a basis of G¢(P) and GZ(P)
is MY (P) := VM, 1(P)\ {0} and MP(P) := xp A\ (My_1(P))?, where
(M (P))? = MY (P) ® MP(P) holds. In addition, we introduce the notation
Mik—1(P) := My (P)\ My (P).

Discrete formulation for the elasticity problem. The definition of the
enhanced 3D Virtual Element (VE) space follows the approach for Stokes-like
problems given by Beirao da Veiga et al. [11]. Given ky > 2, first, we define
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an extended enhance local space as

VI(P) = (v € H'(P): wilop € (B (9P))° for divvn € P—1(P),
—2udive(vy) — Vs € QS? (P) for some s € L§(P),

JP(Vh — ﬂf’hvh) . m% =0 Vm% c M%\k] —Z(P)}

The boundary space of VE functions, along the boundary OP of P, is defined
as
B (9P) == {vi, € C°(dP): wnls € B (), Vf C dP}.

For each face f € 0P, the enhanced VE space B’T *1() locally solves the
Poisson equation with Dirichlet boundary conditions and is defined by

B (f) := {vi, € H'(f): wilor € C°(3F)  for vl € Py, (€), Apvi € Py, 11(f),

J (o =T Ve g =0 Ve © OF, ¥im 1 € Migsr2(F),
f

where A; denotes the tangential differential operator on f, and TT} kb i the
restriction to the face f of the energy projection operator for scalar functions
defined in (5). The global discrete spaces are set defined as

\/h’k1 = {Vh c V] : Vh|P € Vh’h (P) y VP e Th})
thq ={qn € Q1: qnlp € Pr,—1(P), VP € Th}-

Discrete formulation for the reaction-diffusion problem. The con-
struction of H(div, Q) conforming 3D VE space naturally follows the same
approach as its 2D counterpart. Further details, are given by Beirao da Veiga
et al. [10]. In this case, we differ from the 2D version by setting k, > 1. The
discrete VE space locally solves the V(div) — curl problem:

V2 (P) :={&,, € H(div,P) N H(curl, P): &, - nkl; € Py, (f), Vf € P,
V(div &) € Gy, —2(P),curl &, € Ry,—1(P)}.
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Then, the discrete global spaces are defined by

Vh’kz ={& e Vi &ulp € Vh’kZ(P) VP e T},
P2 = {n € Qa: Yulp € Pyy,—1(P), VP € T}

Polynomial projections. The energy projection operator given by TTp k1
H'(P) — (Py, (P))3, and the L2-projections operators defined as nj"‘) :
L*(P) — (P, (P))? with j = 1,2 ensure that

Javh—ni’kwh):s(mk]):o vmy, € (My, (P))?,
P (5)

J ns k1vh _vh) mRBM - 0 vaBI\’I G RBM(P) y

oP

oJ (v — l'l;)’k"vh) my, =0 Ymy, € (M (P))?, (6)
P

where RBM(P) denotes the set of scaled rigid body motions. We recall
that the definition for scalar functions is analogous with the usual notation
T8 and T[;)’k" for j = 1,2. Finally, we refer the reader to Beirao da Veiga
et al. [11, Proposition 5.1] for the computability of projection operators
ﬂf’h and ﬂ?’kj, pointing out that the enhance the property plays a key role
(resp. [10, Theorem 3.2] for TIY').

Interpolation operators. Let 1/2 < sy < ky and 0 < 's; < k;. The
Fortin-like [7, 3] interpolation operators ﬂf’k‘ - HOY(P) = V?’k‘ (P), and
l'l;*k2 cH2H(P) - VE’kZ(P) are defined via the degrees of freedom:

DoF;(v —TTPMv) =0 v e HH(P),j =1,...,dim(V]"™*(P)),i=1,2,

where the operator DoF; indicates the application of the jth degree of free-
dom [11, 10]. Note that the associated commutative property is given as

divIT () =TI div().
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Approximation and interpolation estimates. The following two Lem-
mas collect all the results involving approximation and interpolation estimates
needed for the discrete formulation. We recall that these estimates arise as
consequence of classical estimates and the robust version are given by Khot
et al. [6, Section 4]. The extension to the 3D estimates follow similarly.

Lemma 2. For any v € H" ' (P)NV,;(P), q € H'(P)NQy, (P), & €
H*2(P) N V,(P) and P € H*2(P) N Qw, (P), the projections ﬂek‘v, kg,
T1Y2E and TIY* satisfy the estimates

v =TTy, p) S R Vs 1,v, P lq =T qllqu, (p) < 15141100, )

1€ — ”g’sziHM,P S R IEL, Vs () b = T2 Wllg,, p) < h#Wls,qu, )

Lemma 3. Givenv € H" 7 (P) NV, (P) and & € H*2(P) N V,(P), the Fortin
interpolation operators ﬂFk‘ and ﬂsz satisfy

v =T Vly, p) S Vs vieyy 18 =TI E e S hPIEL, v, )
The virtual element formulation for the stress-assisted diffusion
problem. The discrete formulation for the fully-coupled problem reads:

For given f € L*(Q), g € 12(Q), and @p € HY*(Ip), find (Un, pr, Cn, @n) €
VIR e QMR e v 2 o QM such that

5 [ZHL e(1) ¢ £(9) + by — Ty v = 0) = | phdivvh]

PeTh
_ J v Y e VPN (7a)
pe7h 7P
Z —J qhdivuh— - J phqh‘| = Z A J (ph Jn th € Qhk1
pern b P PeTH
(7b)

Z J M (T, Pr) " G - En 4+ SEPPMP (G — Ty En — G) + J @n div E,h]
P P
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- Z (@D, En - M)oprry,  VER € VP2 (7c)
PeTh
| wava—of oun] == ¥ [ o mneQi, @
P Q P

PeTh PeTh

with W, == TP wy, By o= TP vy, £i= TIVO 72, G = TG, and &, =
ﬂ%kz & . The stabilisation terms are any symmetric and positive semi-definite
bilinear forms such that in the kernel of TI?™ (resp. TTY*?) we have |[wy|lv, <

SEvnyvi) < Vnllv, ) and [|En|lma S Sgh’ph’E(ﬁm &) S &l -

Similarly to the continuous case, the continuous dependence on data for (7)
follows as an extension of Theorem 1 of Khot et al. [6, Section 4]. This is a
consequence of the stabilisation operators and the Fortin-like interpolation
operators that lead to the discrete inf-sup condition [defined Lemma 3, 1].
Note the associated constants C; and C, that appear in the discrete well-
posedness result of Rekha et al. [6, Theorem 4.11] (independent of the physical
parameters) do not need to coincide with C; and C, in (4). We finalise by
recalling the convergence result of the VE scheme.

Theorem 4. Under the assumptions of Theorem 1, let (u,p, ¢, @) € (HY(Q)
N Vi) x (H'(Q) N Qy,) x (H*NV3) x (7?2 N Qu,) and (Un, P, Gn, ©n) €

VIR QM V2 5 Q12 be the respective solutions of the continuous and dis-
crete problems, with the data satisfying f € HS ™ NQy, and g € H2(Q)NQy, .

If Civ/ML + CovM3Lygv2Zi([| @bl /2, + llglloa) < 1/2, then, the total er-
707 € 1= || (W —Un, P — Py C— Chy @ — ©n)lv, xQi xV,xQ, decays with the rate

s := min{sy, s;} and

éh. 5 hs(|f|81—],Qb] + |u|51+],V1 + |]D|S],Qb1 + |9|sz,Qb2 + |C|52,V2 + |(p|82,Qb2) .

4 Numerical results

The simulations presented are implemented in VEM++ [4] for lowest case
order (k1 = 2,k; = 1). The fixed point algorithm based on the analysis
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of Khot et al. [6] is optimised to ensure that, in each iteration, only the
blocks containing non-linearities are reconstructed, improving the performance
of the code. We recall that the computational error is computed as €, :=
| (W=, P —Phy C— Chy @ — @) |V, xQ xV,xQ, » and the fixed point tolerance
is set to 1077,

Example 1. Let Q = (0,1)® with Iy = {(x,y,z) € R* : x,y,z = 1} and
b =00\ I'y. We set the manufactured solutions as

u(x,y,z) = L [x* + x cos(x) sin(y), y* + x cos(y) sin(x), z* + x cos(x) cos(y)] ,
¢ (x,y,z) = cos(my) + sin(mx) + x> +y> + 22.

The non-linearities are M(e(u),p) = 1072 [e= 10" r((2ue(W) =PI and €(¢) =
1+ @?/(1 + ¢?), with the adimensional parameters p = 10?2, A = 10° and
0=103 M=2x10.

Figure 1 confirms the linear convergence rate predicted in Theorem 4 for a
variety of meshes, thanks to the flexibility provided by the proposed VEM
scheme.

Example 2. The lithiation process is configured in a perfored cylindrical
particle of outer radius 5 um, inner radius of 1um, and height of 5 pm.
The boundary conditions are clamped and zero lithium fluxes on the inner
circumference, the maximum lithium concentration Q) = 2.29x 10~ mol/pm?
is fixed on the outer circumference, and a traction of —2 x 10~% N/um?
is applied on the outer circumference. The Young’s modulus is given by
E =1x 1072 N/um? and the Poisson ratio is v = 0.3. The diffusive source is
zero and there is no body load force. The non-linear terms are M(e(u),p) =
mo []I—i— memy ([2ue(u) —p]]I)z} and {(@) = Ko, with my = 1 x 10*um? /s,
my = 1 x 10> um?/N, Ko = Q(2p + 3A)/3 and the partial molar volume
Q = 3.497 x 10" pm3/mol. Finally, ® = M = 1. In this experiment, we
check the behaviour of the solution when the top and bottom bases are
unclamped (Figure 2) and clamped (Figure 3). The results coincide with the
expected behaviour [9], confirming the applicability of the model.
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Cube Octa Voro Novedri

0.7 3 mesh: cube, k1 =2,k2=1

0.6 I |s~mesh: novedri, k1 =2,k2 =1
0.5 |emesh: octa, k1 =2k2=1
[ |%mesh: voro, k1 =2,k2=1

0.4 ¢ :

03" .

0.2 ¢ .
oY)

0.1 0.2 03 04 05 06 0.70.8

Figure 1: Example 1. (Top) An illustration of the distinct meshes used (top
row), and (Bottom) the converge plot under uniform refinement.
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Figure 2: Example 2. Snapshots of the variables of interest in the reference
configuration for the unclamped configuration: (top left) displacement; (top
right) pressure; (bottom left) flux; and (bottom right) concentration.
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