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IMPLICIT-EXPLICIT SCHEME WITH MULTISCALE VANKA TWO-GRID
SOLVER FOR HETEROGENEOUS UNSATURATED POROELASTICITY*
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Abstract. We consider a coupled nonlinear system of equations that describe unsaturated flow in heterogeneous
poroelastic media. For the numerical solution, we use a finite-element approximation in space and present an efficient
multiscale two-grid solver for solving the coupled system of equations. The proposed two-grid solver contains two
main parts: (i) an accurate coarse-grid approximation based on local spectral spaces, and (ii) coupled smoothing
iterations based on an overlapping multiscale Vanka method. A Vanka smoother and local spectral coarse grids
come with significant computational cost in the setup phase. To avoid constructing a new solver for each time step
and/or nonlinear iteration, we utilize an implicit—explicit integration scheme in time, where we partition the nonlinear
operator as a sum of linear and nonlinear parts. In particular, we construct an implicit linear approximation of the stiff
components that remains fixed across all time, while treating the remaining nonlinear residual explicitly. This allows us
to construct a robust two-grid solver offline and utilize it for fast and efficient online time integration. A linear stability
analysis of the proposed novel coupled scheme is presented based on the representation of the system as a two-step
scheme. We show that the careful decomposition of linear and nonlinear parts guarantees a linearly stable scheme. A
numerical study is presented for a nonlinear coupled test problem of unsaturated flow in heterogeneous poroelastic
media. We demonstrate the robustness of the two-grid solver, particularly the efficacy of block smoothing compared
with simple pointwise smoothing, and illustrate the accuracy and stability of implicit—explicit time integration.

Key words. unsaturated poroelasticity, heterogeneous porous media, implicit—explicit time integration, additive
scheme, multiscale Vanka smoother, local spectral coarse space, two-grid solver
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1. Introduction. Accurately simulating unsaturated flow is essential in hydrology, soil
science, reservoir simulation, and environmental engineering. It describes water movement
through porous media where both air and water coexist, and is governed by nonlinear par-
tial differential equations (PDEs) combining Darcy’s law and the continuity equation [12].
The model includes highly nonlinear relationships between moisture content, pressure, and
hydraulic conductivity, often described by empirical functions such as the van Genuchten
or Brooks—Corey models [7, 36]. Coupling mechanics with flow is crucial, as changes in
water content affect both permeability and the mechanical properties of the porous matrix,
leading to complex interactions [11, 34]. Numerical modeling of such coupled processes in
heterogeneous media is challenging due to strong nonlinearity, multiphysics interactions, and
scale dependencies. Advances in numerical methods can directly enhance the accuracy and
efficiency of simulations in geotechnical engineering, reservoir modeling, and environmental
hydrology [39].

Classical numerical schemes for solving time-dependent problems are based on explicit
or implicit time approximation. Explicit methods are straightforward in implementation, but
can require very small time steps for stability, making them impractical for problems with
heterogeneous properties. Implicit schemes enhance stability for stiff equations, but require
computationally expensive linear and nonlinear solves. An alternative approach involves
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combining the two methods using an implicit—explicit (ImEx) time-stepping scheme, which
applies an explicit scheme to non-stiff components and an implicit scheme to stiff components
that require improved stability [5, 35]. However, even in ImEx schemes, the bulk of the
computational cost is in solving the implicit equations.

Recent studies have demonstrated the effectiveness of various multigrid methods on
poroelastic models, e.g., [2, 25]. For challenging problems, robust multigrid methods can
require more advanced smoothers than simple pointwise methods such as Jacobi or Gauss—
Seidel. This has led to renewed interest in block- or patch-based smoothers, e.g., [14], along
the lines of Schwarz or Vanka methods [37], and related to (spectral) domain decomposition
methods [31]. Such methods can be overlapping or non-overlapping with respect to patches
or “subdomains” that are locally solved, and additive or multiplicative in nature. Multicolor
smoothers, e.g., [17, 41], that combine ideas from additive and multiplicative methods are
often used for improved parallelization over multiplicative methods and improved performance
over additive methods.

In this work, we develop both a time-discretization strategy and corresponding two-
level solver framework for unsaturated flow in heterogeneous poroelastic media. Our main
contributions are as follows:

1. We consider nonlinear poroelastic systems with high spatial variations in conductivity
and elastic properties, as well as sharp wetting fronts, requiring fine-scale resolution.

2. We develop a novel implicit—explicit null (EIN) scheme, splitting the operator into a
linear approximation fixed for all time (treated implicitly) and a nonlinear residual
(treated explicitly). It is proven that the proposed splitting ensures unconditional
linear stability, and the reuse of the linear implicit component across all time is key
to constructing an efficient linear solver.

3. We propose a new and efficient multiscale two-grid solver, consisting of:

e a coarse-grid solver based on local spectral enrichment for flow and mechanics,
and

o anew coupled multiscale Vanka smoother with overlapping subdomains defined
by multiscale basis supports, coarse cells, or extended coarse-cell neighbor-
hoods, and multicolor additive implementations.

4. We demonstrate that, despite the additional cost of computing multiscale basis
functions and Vanka smoothers, these components can be precomputed offline and
reused, yielding highly efficient simulations for nonlinear unsaturated poroelastic
problems.

The paper is organized as follows. In Section 2, we describe the continuous PDE problem
formulation for unsaturated flow in poroelastic media. Section 3 proceeds to introduce a
finite-element approximation in space, and Section 4 proposes a new implicit—explicit time
integration scheme. We then provide a stability analysis demonstrating that the proposed
additive partitioning of the operator leads to an unconditionally stable scheme. In Section 5,
we propose the construction of a multiscale two-grid solver based on a multiscale Vanka
approach, and describe the construction of local spectral multiscale basis functions for the
flow and mechanics parts of the system. The performance of our proposed two-grid solver
with local smoothing iterations for the nonlinear poroelastic problem in heterogeneous media
is demonstrated in Section 6. Conclusions are discussed in Section 7.

2. Problem formulation. We consider the unsaturated poroelasticity model that de-
scribes the coupled behavior of fluid flow and mechanical deformation in partially saturated
porous media. Specifically, we utilize the model from [18, 38, 39] with an additional nonlin-
earity to account for elastic properties [24].
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2.1. Unsaturated flow. The Richards equation given below describes an unsaturated
flow in porous media, which combines Darcy’s law for variably saturated flow with the mass
conservation equation [12]:

ahw

2.1) Cw (T, hay) 5

V- (ko (%, 1) (Ve + VC)) = fuo

Here 6 is the water content, h,, is the pressure head, ( is the elevation head, f,, is a fluid
source/sink term, k,, is the hydraulic conductivity, and ¢, (x, by ) = 00/ 0hy,.

The nonlinear conductivity coefficient and water content depend on the pressure head /.
The shape of the water retention curves can be characterized by the van Genuchten model [36]:

2.2) O(hw) = 0, + (0 — 0,)[1 + (Blha|)™]™™,  hy < 0.

Here 6 is the saturated water content, ,. is the residual water content, 5 is an empirical
parameter related to the inverse of the air entry pressure, and ng and my are fitting parameters
with mg = 1 — 1/ny. The unsaturated hydraulic conductivity function is defined as

2.3) (@, o) = ko (2) (S (ha))"{1 = [1 = (Se(ha))/ ™)™},

where k is the saturated hydraulic conductivity, Se(hy) = (0(hy) — 6,)/(0s — 0,) is the
effective saturation, and 7 is a pore connectivity parameter.

2.2. Mechanics. For the mechanics, we consider the following momentum balance for
the porous medium’s displacement under the quasi-static and small-deformations assumptions
[18, 38, 39]

-V or = PvyY,
where
or =0 —aSpZ, o(u) =2us(u) + \(V-u)Z, e(u)=0.5(Vu+ (Vu)l).

Here, o is the total stress tensor, o is the stress tensor, p is the water pressure, S is the
water saturation, « is the Biot coefficient,  is the displacement vector, ¢ is the strain tensor,
Pb = @Spw + (1 — @) ps is the bulk density, g is the gravity vector, ¢ is the porosity, p., is the
water density, p, is the solid-phase density, Z is the identity tensor, and A and p are the Lamé
coefficients.

Additionally, we consider nonlinear elastic properties that describe the effect of changes
in water content on the mechanical properties [24]:

M, hy) = T 0a-m) f(:)’gw)gyy w(, he) =

E(x, hy)
21+v)’

Here v is the Poisson’s ratio and F(z, h,,) is the Young’s modulus given by
(24) E(z,hy) = Ea(z) + (Ew(z) — Ed(x))(se(hw))< = Eq(z)[1 + (r — 1)(Se(hw))<]7

where rg = Fy,(2)/Eq4(x). The elastic properties of the porous matrix are water-dependent,
meaning that soils and rocks tend to soften as they absorb water, leading to increased deforma-
tions. Here E4 and E,, are the Young’s modulus of the dry and wet states, respectively, and ¢
is the empirical fitting parameter [24].
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We note that the relationships (2.2) and (2.3) are expressed in terms of water content
and pressure. Therefore, we adapt the original van Genuchten model to water pressure and
saturation representation by using the following relations:

S=0/¢ and p=pyghy.

Here, instead of formulation (2.1) for (6, h.,), we write a mass conservation equation in terms
of (S, p) [18, 38, 39]. A full derivation from physical principles can be found in Appendix A.

2.3. Problem setting and assumptions. We let  C R¢ be the computational domain
and consider the following coupled nonlinear poroelasticity system in :

(V- u)

ot
=V -o(u)+aV(S(p)p) = ppg, =€ Q,

(2,2 + aS(p) V- (Rap)Vp) = F,  xeQ, t>0,

2.5) ot
with f = f+ V- (k(z,p)V(pug)) and

)

C(xvp) = [(wa + (a - (;5)055]5 + [¢ + (a - ¢)CsSp]SI7 /i(x,p) = ks(x) L

Here k is the intrinsic permeability tensor, p,, is the water dynamic viscosity, k., is the
relative permeability, C,, is the water compressibility, C is the compressibility of the solid
grains, S = S(p), and S" = 0S/0p.

We supplement equations (2.5) with the following initial conditions,

(2.6) p=p", u=u", ze€Q, t=0,
and boundary conditions,

57 —kVp-n=vy(p—p1), zel), —kVp-n=0, z€0Q/T), t>0,
@D u =0, zely,, c-n=0, z€dQ/T,, t>0.
Here p, is the given pressure on the boundary I',, and + is the exchange coefficient in a
Robin-type boundary condition.
We assume the following:
e ki(z) and E4(x) are the intrinsic permeability tensor and drained Young’s modulus,
respectively, which may vary spatially.
® i, is the constant water dynamic viscosity, k., (.S) is the relative permeability, and
S(p) is the saturation function, modeled using the nonlinear van Genuchten relation.
e (', is the constant water compressibility, and C is the constant solid-grain compress-
ibility.
e ¢ is the constant porosity, « is the constant Biot coefficient, p;, is the constant bulk
density, and g is the gravity vector.
For the analysis and numerical solution, we assume that the following hold:
e c(z,p) > 0 and x(x, p) is symmetric positive definite for all admissible z and p.
e S(p) is smooth and monotone increasing, with 0 < S(p) < 1.
e k() and E4(x) are bounded and strictly positive.
e The domain () is Lipschitz, and the boundary portions I', and I',, have positive
measure.
Discretizations in space and time are detailed next.
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3. Spatial discretization and semi-implicit time integration. Here we will detail a
finite-element method (FEM) discretization with linear basis functions for both the pressure
and displacement equations. In principle, an additional regularization can be included in the
pressure equation to prevent oscillations and stabilize the discretization for certain param-
eter regimes [1, 19, 20, 22, 28], but here we focus on the standard case without additional
regularization.

Let

V={veH'@Q)":v=00nT,}, Q=H Q).
We define a variational formulation of the unsaturated poroelasticity problem (2.5)—(2.7) as

follows: Find (p,u) € Q x V such that

/ aS(p ) dx—|—/ c(z, p)%rdm—!—/n(x,p)Vp-Vrdx
Q

—|—/ yprds = frdm—i—/ ypirds, VreQ,
r Q r

/Qa(u)p: e(v) dx —i—/QaV(S(p)pp) cvdr = /Qpbgv dx, YveV.

We use a finite-element method for spatial discretization. Let 7" be a partition of
the domain €2, £ be a set of all boundary interfaces, and 55 be a subset of the boundary
interfaces 8}; =&n I',. Consider the first-order backward Euler implicit scheme with

constant time-step size 7. Then we obtain the following discrete system in matrix form for
1 1
(P up ™) € Qu x Vi

n+1 n+1 n n

i LMET D ah
oo 0 | [uptt —up
Up, h

n+1
_ th

)

AZ+1 0 pz+1
n+1 n+1 n+1
oGy Ky up,

et
where ¢" Tt = ¢(p"t1), k" = k(x,p"T), and

APt = _a?j-i-l _ /QKn—HV¢i Ve dm],

Kt = -b”“ :/Q[ (@) i e(®,) dr + ATV - B, V- B, dm],

Dyttt = _d”“ / S(p" T,V - P dx]

Gt = [t = [ 9sron - wids),

Fpit = :f”,i“ =/Qf"“¢idx+/rp mqbids},

Fyt = _fliz“ = /Q Py g d:v]y

n+l __ n+1l _ n+1
Mh = mij = / C ¢1¢J dJ?:l 5
L Q

with

n+1 Z unJrl (I)l and anrl an+1¢i~

=1
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Here {®;} are the linear basis functions for displacements, {¢; } are the linear basis functions
for pressure, and N, is the number of vertices on the grid 7y,.

Each implicit time step requires solving a nonlinear system. To linearize, we will use a
Picard iteration in the form
1 M}zH»l,(m) OéDZ+1’(m) pz+1,(m+1) _ pz
T 0 0 uz—&-l,(m—i—l) . UZ

n+1,(m) n+1,(m+1)
n+1,(m+1)
Un

3.2)
+

n+1,(m)
Fr ]
n+1,(m) |
F, h

u’

1 1
QG perLi(m)

where (m) denotes nonlinear iteration, and the process continues until a desired tolerance
. . . 1, 1 1, 1, 1
between successive iterates is obtained, [|pj ™" — pr LM | < 5o and (uf T -

1
u}f (m) | < 3¢, for tolerances , and ¢,

Using an analogous linearization, we may also linearize (2.7) on the level of the time
integration scheme using the solution from the previous time step to evaluate certain nonlinear
quantities:

3.3) L R ey 3 I I N I P o
' (U B et ] B CTCH I 1) I i R

Such an approach is a simple way to reduce computational costs by solving only a single linear
system each time step, rather than resolving a fully nonlinear system, albeit typically at a cost
of reduced stability and/or larger error constant. This approach balances stability, accuracy,
and computational efficiency for the nonlinear poroelastic system, and belongs to the broader
class of first-order semi-implicit integrators and nonlinear operator partitions [10].

4. Implicit—explicit scheme for time approximation. To approximate the nonlinear
flow problem in time, we now construct an additive EIN splitting, with an implicit linear
term that is fixed for all time. We follow our previous work [20], in which we developed a
splitting scheme for the poroelasticity equations to construct stable solvers and decouple the
displacement and pressure equations. While the present approach is still based on additive
splitting, it is conceptually different. Here, we propose using additive splitting to derive an
EIN scheme.

4.1. Additive scheme. In the poroelasticity system (2.5), the second equation does not
contain a time derivative, and the system is in the form of differential algebraic equations. To
construct an additive scheme and analyze the stability of the resulting linearized formulation,
we begin by differentiating the displacement equation with respect to time:

c(xm)%—&-a&'(p)w—V-(n(x,p)Vp)zf, re, t>0,
O0(V-o(u) | 9(S(p)Vp) _ 9(psg)
ot + « 5t =5 ze, t>0,

with initial conditions p = p° and v = u° such that

—V-o(w®)+aVp’ =pg, z€Q, t=0.
Then, for a semi-discrete system, we have the following matrix form for U = (pp,up) €
Qn X Vi

oUu
@.1) CoL+LU=F,
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with

M;, D A, 0O F
C= h al/p L= h - p,h )
oG, Ky 0 O 0Fyn

The resulting semi-discrete system can be viewed as an initial-value problem for a system of
ordinary differential equations [20, 27].
The standard implicit approximation for the problem (4.1) has the following form for

Un+1 _ (pz—&-l’ UZ_H):

Un,+1 —_yn
Ct—

T LnU71,+1 — Fn,
with

cr =

Myttt Dyt 4 L {A;;“ 0]
n+1 n+1 an - .
aGy K 0 0
To eliminate the need for reassembling the problem operator at each time step, we define
the following additive representation of the problem operators:

M}(Llin) aDélin)] [Mg,(nl) O[D;Lz,(nl)‘|

cn (C(l'in) Cn,(nl) ) :
lin lin n,(nl n,(nl
au( ;'EL ) K,(l ) aGh (nd) Kh (nl)

lin n,(nl
0 0 0 0

Here M (in) | plin) - Gtin) = A(tin) “and K (") are linear operators, and M™ (") D™ (nd),
G (D A and K™(™) are nonlinear residual operators, which depend on current
solution (p}, u}') and should be updated at each time step, i.e.,

M;;L,(nl) _ M’? . M}(llin)’ DZ’(nl) _ D]CL . D}(—Llin)7 Gz,(nl) _ Gz . ngn),
Az,(nl) _ AZ . Agln) K;lz,(nl) _ K}? o K}(len)

)

Such an additive representation separates the nonlinear parts, and by approximating it explicitly,
we obtain a linear system without updating the operator at each time layer.
Then, the proposed implicit—explicit scheme can be written as a three-step scheme:

n+l _ yrn n _ yrn—1
(C(lzn) U U + ]L(lzn) Un+1 + Cn,(nl) U U + Ln,(nl)Un — Fn7
T T
linear/implicit nonlinear/explicit
or
M}(len) OéD](_Llin) prz+1 . pz TASML) 0 pz+1
aGElen) K}(llzn) UZ+1 _ uz 0 0 u’;ll-i-l
linear/implicit
“42) N M;Lh(”l) OéDZ’(nl) pzz _ pz—l TAZ;(nl) 0 pz
' aG D gD | g — 0 0| |un

nonlinear/explicit
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The main question in this implicit—explicit approximation is how to split the operators to
ensure the unconditional stability of the scheme. We will discuss this in the following sections.

4.2. Stability analysis. Traditionally, splitting schemes for the poroelasticity system
have been developed and analyzed by separating the displacement and pressure calculations,
allowing each variable to be solved independently. Common approaches include the undrained
split, fixed-stress split, drained split, and fixed-strain split methods, whose stability properties
have been studied extensively in the literature [19, 20, 26]. Our proposed approach differs
from traditional splitting methods for poroelasticity and is specifically designed to address
nonlinearities, where we treat part of the coupling implicitly to avoid these stability problems.

We use a linear stability analysis of time-dependent PDEs and derive the unconditional
stability of the proposed implicit—explicit scheme [35]. The stability here does not imply
nonlinear stability and should be interpreted within the framework of linearized analysis.
Next, we show that the scheme is unconditionally stable provided that the explicitly treated
residual is bounded by the implicitly treated approximation [4, 9, 21]. For notation, we
let Ag"l) < (- Q)AZ’(“") imply that, for Ag"l) linearized about any state, the operator
(1— g)AZ’(“") - Agl"l) is symmetric positive definite (SPD).

THEOREM 4.1. Let nonlinear discretization operators be linearized about some valid
state, and assume all linearized discretization operators and corresponding linear approxima-

tions, e.g., A;Lnl) and AZ’(lm), are symmetric. Assume that

Aglnl) < (1 - Q)AZ’(M”), K}(Lnl) < (1 - (Q)KZ’(M”), M}(Lnl) < (1 - Q)M}';L,(lzn)
D}(Lnl) < (1 _ Q)DZ’(lin), Génl) < (1 - Q)Gz,(lzn)

9

with O < o < 1. Then the solution of the discrete problem (4.2) is stable.
Proof. We use a general framework for the three-step scheme (4.2) and represent blocks

of the system as follows [35]:

o tl o n _ n—l .
M}(le)ph . Dh —i—M,TLL’(nl)ph Tph +A§fm)pﬁ+1+AZ’(m)pﬁ

pn+l 7pn—1
= Bll h 5 h +R11(pz+1 _ 2p';lz _,'_pzfl) _"_Aan’
n+1 n n n—1 n+1 n—1
in) W —Uu Uy — U u —Uu
K;len) h = h +KZ’("1) h . h__ — By,—h = h JrRQQWZH 72u2+u;§_1),
n+1 n n n—1 n+1 n—1
in) W — U n.(nl) Uy, —U u — U n n n—
D;(Ll )b h - by Dh7( Db _h - b = Bt——h o7 i +R12(Uh+1 — 2up, +uy, Y
n+1 n n n—1 n+1 n—1
lin) P —p n,(nl)Pp, — P by —Pp n n—
Gy - by gyt b Th = Byt o b+ Raa (' = 20 + 0 )
with
in n,(n in 1 in n,(n in
Buy =M™ + M0 r A Ry = (" = Y Al ),
A = AP 4 ApD = ap,
By = K™ 4 K, Roo = Z(K,(f - w),
in n,(n @ in n,(n
Bis = a(D{"™ 4 D), Riz = (D)™ — D),
in n,(n @ in n,(n
By = @(Gg ) + Gh7( l)), Ry = 7(G§Ll ) _ Gh)( l))

2T
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We let yi' = pj and y3 = uy, and introduce auxiliary variables in order to represent the
scheme (4.2) as a two-step scheme:

n n—1
w; = y;l — y;ﬂ717 ’U,? = 7?!1 +2yz y 7= 172

For w}* and v]*, we have
n+1 n __ n+1 ny _ ,n+l n—1
wiT +w =20 - o) =y -y
n+1 n _ ,ntl n n—1
w; T —wg =y =2y Yy
n+1 n __ n n+1 n
o =207 + (v =),
n __ 1 n+1 n 1 n+1 n
Yi —§(Ui +Ui)_1(wi —wy').

It follows that

+1 n—1 n+1 n
yn — Y. n , n w - + wk n
Bij= 5+ Rij(yj ™! = 2y + 4] 7Y = By~ + Rij(wy ! —wj)
and
yn+1 _ yn 1
Bl b R - 2 ) + A
n+1 n
= By — o L+ Ryy (wi™ —wi) + 51411(111Jrl + 1) — ZAH(UHH —wy)
n+1 n
w + w 1 , " 1 n
= BlllTl + (Rll — ZAll) (UJlL+1 — 'lUl) —+ §A11(U?+1 —+ Ul)
1 n n 1 n n 1 n n n
= ;Bn(%H —vf) + (Rn - ZA”) (Wit —wi) + §A11(v1+1 — 1) + Aoy
1 T n n n n n
T (B“ T §A11) (0P — o) + Quu(wi™ —w}) + Agyof,
with
_(n 1A 1 2 D) 1 Aim) _ gni(nD)
Qu—(u—z 11)—§( o — My )+Z(h - A7),
Then, we can rewrite (4.2) as follows:
T 1+1 — v 1
(311 + 51411) + Qn(w{H_ —wy) + Ao}
Ty
+ By -2 2+ Rip(wy ™ —wp) = Fpy,
(43) ’U?—H B ’U? n+1 n
Bo + Rop (w] wy)
vngl B ,UEL n-+1 n n n—1
+ Bas - + Raa(wy _wz):Fu,h_Fu,h .

Additionally, we add the equations for w; and ws to produce a general system with square
matrices [35]:

UTH‘l — % T wn+1 — w
J J J J n
_TQijf + §Qljf + szwz

n 1 n
= —Qu(vj T =) + §Qij<wj rwl) =0,
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where the matrices ();; will be defined later in order to ensure that the resulting general block
matrix is skew-symmetric.

We let Y = (v1, w1, va, wo) and rewrite the system (4.3) in the following form:

YnJrl _ Yn
(4.4) B———— +AY" =F,
T
with
[Bi1 4+ 37411 7Qu Bys TRz
B = —TQn %TQH TQ12 —%Tle
By 7 Ro1 B T Rao
TQ21 —%7Q21 —7Q22 %TQ22
(A, 0 0 0 Fp
0 0 - 0
A= Q11 Q12 . and F" = ,
0 0 0 0 3
0 —Q2a1 0 Q2 0

where F|' = F;’;h and F3' = Fﬁh - Fagl. Here, we set Q22 = Rgo, Q12 = Ry2, and
Q21 = Ro1 to preserve the skew-symmetry of the block matrices B and A with R15 = —RQTl.

Next, we employ the additive representation
B=B® +B® and A=A 4AD,

where the superscripts (0) and (1) correspond to the linear and nonlinear parts, respectively,
so that

B TQ11 Bia TQ12

T —-7Q11 0 Q12 0 (0) (1)
W= (B-1a)= — WO 4 W),
( 2 ) Bor TQa1 B TQa +

TQ21 0 —TQ22 0
With Ay, = A{, My, = MhT K = K{, Dy, = ng, and Y = (01,1, U2, 1W2), we have

(AY,Y) = (A11v1,51) + (Quiwr, w1) — (Qraws, w1) — (Q21wr, W) + (Qaows, W2)
= (A11v1,01) + (Quiwy, 1) + (Qoowa, W2) = (AY,Y),

(WY,Y) = (Briv1,v1) + 7(Quiwy, v1) + (Biavz, v1)
+ 7(Qr2wz, v1) — T(Qu1v1, w1) + T(Q12v2, w1 )
+ (B21v1,v2) + T(Q21w1, v2) 4 (Ba2va, v2)
+ 7(Q22w2, ,v2) + T(Q21v1, w2) — T(Q22v2, Ww2)
= (B11v1,v1) + (Bagva, v2) > 0.
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Furthermore, W is skew-symmetric and we choose an additive representation that gives
skew-symmetric matrices W > 0 and W) > 0, where

M A AN 4 1Al oD fapf
WO — —(%M;(lhm + iTAgm)) 0 %O‘D}(zlm) 0
aGgllin) %aGgin) K,(L”") %K](llm) )
Lagit™ 0 — Lt 0
r M;:’(nl) —(%M;:’(nl) + iTAZ,(nl)) ozDZ’("l) —%QDZ’(M)
W — (3M; 00 4 AR D) 0 —taDp 0
an»(nl) _%anv(nl) K,’f’("l) _%K;,(nl)
| ey 0 LR 0

Then, we have
Yn+1 o Yn

T

n+1 n
po Y Y oy _p Fop_pO _ Ay

T

or
Yn+1 —_yn Yn+1 —_yn 1
B(O)f + A(O)Yn _ E(O)f + 5A(O)((Y'n-i-l + Yn) _ (Yn-‘rl _ Yn))
yrtl —yn -
= W<0>f + 5A<°>(Y"+1 +Y") =F,

with

X yntl—yn 1
F=F-— W(l)f - §A<1>(Y”+1 +Y7").

Finally, by multiplying by v = (Y"*! — Y™)/7 and using the Cauchy—Schwarz and
Young’s inequalities, and assuming that
AL < (1-9A0 BO <(1-9BO, 0<p<1,

we obtain

Yn+1 _yn» Yn+1 _yn» 1 Yn+1 _yn»
(WX YT A gy YT
- Yn+1 —_yn»
- <F’ )
T
yn+t _yn|? 1 s
<2 ||———— —||F 1
S ze€ - o + 2€H [lweo
Yn+1 _ Yn Yn+1 _ Yn
1—9) (WO
+(1-0) ( — .
1 yrtl _yn
+(1-0); (A@ (YY), ) .
T

Then, with (A©) (Y +1 4y ) yntl —yn) = (AQyn+ yntl) _(AOy™ yn) we

obtain
0 oT
ﬁ”yn—i_l - Yn”%wm) + 272 ||Yn+1Hz(o)

oT 9 2e 11 9 1 9
< ﬁHYnHA(m + ﬁ”yn = Y550 + ZHFH(w(m)—l-
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We set £ = /2 and get

2T
YY" 30 < 1Y 30 + E”F“?W(o))—v

Therefore, we have the stability of the scheme (4.4) in A©) norm. a

REMARK 4.2. We emphasize that the above result concerns the linear stability of the
proposed implicit—explicit scheme. Nonlinear stability and convergence are not directly
guaranteed by this analysis. However, in practice, the linear stability result is expected to
provide useful guidance in regimes where the nonlinear dynamics are well resolved by the
discrete time steps, and the linearized operators are bounded as assumed in the statement of
Theorem 4.1. The numerical experiments in Section 6 confirm that the scheme remains robust
and accurate for the considered range of time steps and problem parameters, suggesting that
the linear stability analysis offers practical insight into the method’s behavior. A detailed
investigation of nonlinear stability and convergence will be pursued in future work.

4.3. Choice of the additive representation and system of linear equations. Let

éz)= max c(z,p), S(r)= max S(z,p),
pe[pminapmax] pe[pmin7pmax]

R(r)= max k(x,p), E(x)= max E(z,p).
PE[Pmin;Pmax] PE[Pmin,Pmax]

Here, for example, pyin can be given as the boundary condition p; = puin, and ppax can be
given as the initial condition pg = Prmax.
Then, we set

& = 27()e() + A@)(V - wT, A@w) = 2 () = 5
and

&(x,p) = c(x,p) —e(x),  K(z,p) = Kz, p) — K(x),
S(a,p) = S(,p) = S(z), fle,p) = plz,p) — alz), Aw,p) = Az,p) = M),

Finally, we have the following operators in the implicit—explicit scheme (4.2):

e Linear/implicit

A — | gl :/QRqui~V¢j dx}

M = |m™ = /Q cdid dm}

K’(lzm) _ bl(f:'n) _ /9[2/15((1)[) 1e(®,)dr + AV -, V- D, dx |,

D’(llin) _ dffln) — /QSQS7V - P dQZ:| )

Ggllm) _ gl(ilin) _ i V(S‘cﬁz) - @, da:].
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e Nonlinear/explicit
A = _a;;’(nl) = /Q RV - Vo, dm],
MO = [t /Q & pi; dw}
o P /Q[zfﬂa@l) L e(@,) dz + A"V - @ V- D,] da

Dy — "<"” / Sm;V - @ldx}

G _ gZ,(nl):/Qv(S‘”qsi)-q)ldx}

The implementation of the scheme (4.2) at each time iteration can be written as follows:

“5) M’(llzn) + TAELlin) OéD}(Llin) p2+1 B b;r;h
' (lin) (lin) nt+l| pr )
oGy K, uy |0,
with
b, TFy M api™] o]
bz,h F;),’h _ Fa;l OzGEllm) K}(Llin) UZ_

M:,(nl) QDZ’(nl) P _pz—l -
()ZGZ7(nl) K;le("l) ’U’Z _ UZ_l

TAZ’(M) 0| |pp
0 of |upl|

Here, at each iteration, we have a linear system, where the matrix does not depend on the
current solution. Therefore, the matrix is constructed only once, and by pre-inverting/pre-
factorizing or pre-initializing a solver, we can significantly accelerate the simulations.

5. Two-grid solver. This section outlines the construction of the two-grid solver for the
unsaturated poroelasticity problem, focusing on its two main components: (1) the construction
of the coarse-grid approximation, and (2) the design of the coupled smoothing iterations.

Using the proposed implicit—explicit scheme (4.5), we consider the following linear
system on each time iteration for y; ™! = (pp !, ut):

lin) n n
Lg )th = by,

where Lg ™) is defined using the linear part of the operators,

lin lin lin
Lo _ [M A aDp and or— ||
h OéGEllln) K}(len) ? bz7h

In this work, we consider the following two-grid algorithm for a given initial guess 3(?).
1. Coarse-grid correction:
(a) Restriction: g = PT (b7 — L\ ),
(b) Coarse-grid solution: L™ ey = rp with L™ = pTL{™ p
(¢) Interpolation and update: y(!) = y(©) + Pey.
2. Post-smoothing: y? = y(M) 4+ S,:l(bz — Lgm) (1) and y"+1 y@.
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Here, S, € RV»*Nr is a smoothing operator and L%m) € RNuxNu g the Galerkin coarse-
grid matrix constructed using the prolongation operator P € R™»*Nu and the restriction
operator R = PT € RN#*Nt_ We note that, in this setting, we only use post-smoothing
iterations [13, 33].

5.1. Coarse-grid solver. To construct a coarse-grid solver, we follow a similar approach
as considered in the geometric multigrid method and apply a continuous Galerkin approxima-
tion on the coarse grid. We define the local domain w; as a combination of several coarse-grid
cells K; that share the same coarse-grid node (I = 1,. .., Nf , where Nf is the number of

H
coarse-grid vertices). We denote the coarse grid with 7H = Uiv:cl K; (see Figure 5.1). We
note that the multiscale space is constructed in a preprocessing stage for a given heterogeneity
setting [3, 8].

Local domain

Oversampled
coarse cell

i

FIG. 5.1. Fine grid (blue color), coarse grid (black color), local domain wy, coarse cell K; and oversampled
coarse cell K7 for o = 2 with local fine-grid resolution.

Multiscale basis functions for pressure. We solve the following local spectral problem for
(Ap.js qb;”) in the local domain w; with a fine-scale resolution

5.0 Agllin),wt (z)ajuz _ )\pij;:l,wz qs;’l’
where
A;llin)’wl = [aij]a Aij = / R(.T)V(]Sl ’ VQSJ dl‘,
wy

S =lshl sl = / Rlw)¢id; da.
wy

We choose eigenvectors ¢;’l (j = 1,..., M"P) corresponding to the smallest M P eigenvalues
in w; and multiply by linear partition-of-unity functions x! to obtain conforming basis functions

Qms = span{y)f", | = 1,...,NH j=1,... M"}

where w;” = Xlgb;‘.” and y! is the linear partition-of-unity function in w;.
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Multiscale basis functions for displacements. We solve the following local spectral
problem for (A, ;, ®5") in the local domain with a fine-scale resolution

(5.2) K =, S0,

where

£

K}(le)’wl =[bi;], b a(®;) : e(®,) dz,

St (s8], st =

We choose eigenvectors <I>‘]f” (j = 1,..., M"") corresponding to the smallest M"" eigen-
values and multiply by linear partition-of-unity functions to obtain conforming basis functions

Vins = span{¥5", | = 1,...,NH j=1,... M},
where U5! = leb;”.

Coarse-grid system. Using constructed multiscale basis functions for pressure and dis-
placements, we define the prolongation matrix as follows:

r=[% A
where
Py = (-, - ..Q/JTN# ---z/):;vﬁi;,p)a
Py= (U5 W 0w )

We note that, for discretization in the local domain w;, we use the same approximation method
as used in the global problem (3.1) and construct a map from local degrees of freedoms (DOFs)
to global ones as the prolongation operator.

Therefore, we have

[ pT lin lin lin
p(lin) _ prp(in)p _ Py 0 M,S ) + TA,(z ) O‘D;(L NP, o
H h - T (lin) (lin)
L0 A aG, K| 0 P,

[Pro 7 A ™ P, aPT D™ P,
aPTG"p, PTE"™ P,

with
M[({lin) _ P,,TM;(,lm)va Agin) _ PgAgin)Ppa Kgm) _ PEK,ELIM)PW
Dﬁrm) _ Pg“Délzn)Pu’ Ggl{zn) _ PEG;L””)PP.

We use a direct solver to solve the coarse-scale problem, assuming aggressive coarsening so
that the resulting coarse system is small and can be inverted efficiently. The total number

H
of coarse-scale unknowns is Ny = Nb + N}, where Nb, = Zl]il (1+ M'P)and N% =

H
Zzszl (1 + M"%). For smoothing iterations, we consider the classical pointwise smoothers,
Jacobi and Gauss—Seidel, and further propose a coupled blockwise smoother.
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5.2. Smoothing iterations. We start with defining subdomains based on the coarse grid
that effectively balances computational efficiency with inter-subdomain communication, and
reduces errors in a coupled way for our poroelasticity problem. In our approach, a coarse grid
is aligned with coarse facets, such that K; N K; = E;;. Then the computational domain §2

is divided into N’ subdomains {K z}f\z with minimal overlap consisting of nodes located
on the interfaces F;;. We then increase overlap, considering the oversampled local domain
K, which is constructed based on the coarse cell K; by adding o layers of fine-mesh width
h (o = 1,2). The combination of overlapping Schwarz smoothers of this form with local
spectral coarse grids is highly related to domain decomposition methods based on generalized
eigenvalue problems in the overlap (GenEO) [31]. Last, we consider the case with the largest
overlap defined by the support of coarse-grid basis functions w;. In Figure 5.1, we depicted
local domains w; and K for o = 0 and o = 2. In the context of multigrid smoothing, we
update the approximation in each iteration based on the local residual over a subdomain
corresponding to either the coarse-grid cell ¢; = K; or the support of the multiscale basis
function ¢; = w;.

Let ¢; be the subdomain of global domain {2 = Uf\g t;, where v; = K;, K, or w;, with
N4 = NH for1; = K;, K¢, and N = NH for 1; = w; (with N and N the number of
coarse-grid cells and vertices, respectively). Then, we formulate the smoothing iterations as a
Schwarz-type method, where we solve the following local coupled poroelasticity problems
within each local domain ¢;:

(lin)i n _ m
L, w, =1

Here L;llm)’i is the restriction of the global system matrix L;llm) to the subdomain K, and 7}’

is the restriction of the global residual " to the local domain K, i.e.,
lin),i lin n n
L™t = RLV"™RT, = Ry,

where R?; is the restriction operator that maps global degrees of freedom to local degrees of
freedom in the ith subdomain. Due to overlaps at coarse cell interfaces or on bigger overlap,
the global correction can be expressed as a weighted average at interface points,

N/
n __ § : T n
i=1

where W, is the weighting matrix to account for the overlapping degrees of freedom, with each
diagonal entry equal to the reciprocal of the number of patches that contain the corresponding
degree of freedom [15, 29].

Then, the smoothing iterations can be represented as follows:

Y@ =y 5l = g0 4,

with w™ = Sh_lrn and " = b} — Lgm)y(l), where (! is the given approximation on the
fine-grid solver and the global smoothing operator .S, !is defined as
N
— lin),i\ —
Syt = ZRiTWi(Li ")7IR;.
i=1
The smoothing iterations can therefore be formulated as
NH
(5.3) y@ =y + 3 RIWL(LI™ ) T Ry, — L™y ),

i=1
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which corresponds to the additive type of smoothing iterations in subdomains.

We focus on the structured uniform coarse grid and define four groups of subdomains,
Jk = Uie 1, ti (k =1,...,4), based on indexing groups I for a colored patch relaxation.
This adds a level of sequential solving to the relaxation, as patches in group k + 1 will relax
with an updated residual following relaxation on patches in group k. In Figure 5.2, we plot
a coarse grid (black lines) and groups of subdomains for ¢; = w; (maximal overlap) and
t; = K (minimal overlap). We use four different colors to represent these groups in Figure
5.2, with each colored point indicating the center of a subdomain (either a coarse node or a
coarse cell) belonging to a specific index set I}.

8x8 Coarse Grid with 4-Colored Nodes and Triangular 128x128 Mesh 8x8 Coarse Grid with 4-Colored Centers and Triangular 128x128 Mesh

FIG. 5.2. Coarse grid and groups of subdomains J* (k = 1,...,4). Left panel: v; = w;. Right panel: v; = K?.

In the additive approach (5.3), updates are performed in each subdomain independently
in a parallel manner, making it highly scalable with N independent local solves. We can
also formulate the smoothing iterations in a multiplicative way, where updates are applied
sequentially in each subgroup using the latest available solution from the previous groups,
leading to faster convergence than for the additive process. Moreover, the sequential approach
is scalable in each group of subdomains, where calculations within the group can be done in
parallel with N/ /4 independent local solves. The sequential iterations over groups can be
represented as a fractional stepping [32],

y(1+lc/M) _ y(1+(k—1)/M) + Z R?Wi(Lgm)’i)_lRi(bZ . Lgm)y(1+(k—1)/M))’
i€lk
where k = 1,..., M and M = 4 is the number of subdomain groups (colors).

6. Numerical results. We consider two numerical tests to evaluate the proposed splitting
algorithm for the unsaturated poroelasticity problem in a heterogeneous domain.

Test 1 (splitting scheme and two-grid solver). We consider a fixed heterogeneous medium
with prescribed contrast and model parameters in a two-dimensional setting. (Test la) First, we
assess the accuracy of the proposed implicit—explicit splitting scheme by comparing it with an
implicit time-stepping method employing nonlinear iterations. (7est 1b) Next, we investigate
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the performance of the proposed multiscale two-grid solver with coupled smoothing iterations
on three different fine-scale grids.

Test 2 (model parameters and computational cost). We study the performance of the
proposed two-grid method under varying heterogeneity and model parameters. (Test 2a)
First, we examine the effects of heterogeneity, contrast, nonlinearity, and boundary conditions
on the performance of the two-grid method. (7est 2b) Next, we analyze in detail the offline
(precomputation) and online computational costs of the proposed two-grid method for both two-
and three-dimensional problems. In addition, we present results obtained without additional
spectral basis functions, corresponding to the first constant eigenvector. In this case, the
resulting coarse space consists of standard linear basis functions, making the method similar
to the geometric multigrid-like approach. However, due to the aggressive coarsening strategy
and the use of only two levels, this approach is not a classical geometric multigrid method.

For the two-grid solver, we consider the following:

e The implicit—explicit scheme with [N, = 20 time steps and fixed coarse-grid solver
on an 8¢ coarse grid, where d denotes the spatial dimension (d = 2, 3).

e The number of local spectral basis functions M = 1,2, 4, 8, where local spectral basis
functions for pressure and displacement are precomputed for a given heterogeneous
field based on the linear setting described above.

e Smoothing iterations are chosen as follows: (i) Gauss—Seidel (GS) iterations from
the pyamg library [6]; (ii) the proposed coupled smoothing iterations relative to the
overlapping domain decomposition method, with local domains corresponding to
the support of the multiscale basis functions w; (V); and (iii) coupled smoothing
iterations with local domains corresponding to the coarse cells K = K; (VK) and
overlapped coarse cells including a few fine-cell layers K with o = 1 and 2 (VK1
and VK2).

e Simulations are performed without pre-smoothing iterations, and the number of
post-smoothing iterations is varied from one to three.

The implementation is carried out in Python using the SciPy sparse library (version 1.16.2)
to solve the linear systems at each time step [40]. Finite-element matrices are constructed using
first-order continuous polynomial spaces for both the pressure and displacement variables.
The finite-element implementation is based on the FEniCS library [23] (version 2019.1.0). To
solve the eigenvalue problems arising in the construction of the multiscale basis functions, we
use slepc4py, the Python interface to the SLEPc library [16] (version 3.23.3). For the iterative
solver, we set the relative tolerance to 10~° and the maximum number of iterations to 500.
Simulations are run on a MacBook Pro with an Apple M2 Max chip and 32 GB RAM.

6.1. Test 1. We consider a two-dimensional formulation on the computational domain
Q = [0, L)? with L = 10 m. The heterogeneous saturated hydraulic conductivity k() [m?]
and the heterogeneous Young’s modulus in the dry state E4(«) [Pa] are shown in Figure 6.1
(first and second panels), respectively.

In Figure 6.1, we plot a reference solution for an unsaturated poroelastic model with
Ny = 20 on a 128 x 128 grid. We depict the pressure and the = and y components of the
displacements at final time t59. We can observe a strong influence of property heterogeneity
on both pressure and displacements.

The model parameters are specified as follows:

e The van Genuchten model (2.2) and (2.3) is employed to describe the hydraulic
nonlinearity, with v = 0.37, 8, = 0.03, 6, = 0.45, 3 = 0.01 [cm '], and ng = 1.6,
where my = 1 — 1/ny. These parameters correspond to silt-type soils [24, 30]. For
the nonlinear elastic model (2.4), we set rg = E4/E,, = 2 and { = 1.5 [24].
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FIG. 6.1. Test 1. Heterogeneous coefficients ks(x) [m?] and Eq(x) [Pa], pressure [Pa], and x and y
components of displacement [cm] at the final time (from left to right).

e The porosity is set to ¢ = 0.45 and the Biot coefficient is set to « = 0.2. The
compressibilities of water and solid grains are taken as C,, = C, = 10710 [Pa—1].
We assume water density p,, = 1000 [kg m~3] and gravitational acceleration g =
9.8 [ms—2].

e For the flow problem, a Robin-type boundary condition is imposed on the top bound-
ary with p; = 202860 [Pa] and v = 10%, while no-flux boundary conditions are
applied on the remaining boundaries. For the mechanical problem, zero displacement
is enforced in the z-direction on the left boundary and in the y-direction on the
bottom boundary, whereas the remaining boundaries are assumed to be stress-free.

o The initial pore pressure is set to pg = 602 700 [Pa]. Simulations are carried out over
the time interval ¢ € [0, Tinax] With Trax = 2 days. The time-step size is defined as
T = Thax / Ni.

We consider the following numerical tests:

o Test la (accuracy of the splitting scheme). We assess the accuracy of the proposed
implicit-explicit splitting scheme by comparing it with a fully implicit time-stepping
method employing nonlinear iterations. The comparison is performed for varying
numbers of time steps, Ny = 10, 20, 40, 80, on a fixed, uniformly refined 128 x 128
fine grid.

o Test 1b (performance of the two-grid solver). We investigate the performance of
the proposed two-grid solver on N x N grids composed of triangular elements,
with N = 64,128,256. Linear basis functions are used for both pressure and
displacement variables. The corresponding total numbers of degrees of freedom are
DOF}, = 3(N + 1)% = 12657, 49923, and 198 147, respectively.

6.1.1. Test 1a (implicit—explicit scheme). First, we compare the performance of the
three time integration schemes: (i) an implicit time-stepping scheme combined with Picard
iterations to resolve the nonlinearity (3.2) (Im); (ii) a semi-implicit scheme, linearized about the
previous solution (3.3) (sIm); and (iii) our proposed implicit—explicit scheme for linearization
as in (4.2) (ImEx).

To compare two approaches for time integration, we calculate the relative error in Lo
norm,

l|trer — ul|

(|t |

Hpref _p”

2
. Ipll? = (p.p),
o] Ipl™ =

€p (prefa p) = , eu(ureﬁ U) =
where prr and uyr are the reference solutions using the implicit scheme and Picard iterations.
In nonlinear iterations, we set an = 10 as a maximum number of nonlinear iterations and
iterate till e, (p) " pr My < 0.1% and e, (ul THTY WY < 0,19,

In Figure 6.2, we plot the number of nonlinear iterations for an implicit scheme (Im)
with Picard iterations in green color. We investigate the influence of the number of time steps

)
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Ny = 10, 20, 40. For all tested N, more Picard iterations are required in the initial time steps,
eventually stabilizing to two iterations per step. Larger /V; leads to a quicker reduction to two
nonlinear iterations. We note that in the linearized scheme (sIm — blue, ImEx — red), only
one iteration is performed per time step. In Figure 6.3, we represent errors at a final time for
different V; showing stable first-order convergence of both schemes. We observe almost the
same errors for pressure and displacement for both linearization methods (sIm and ImEx),
which decreased for a larger number of time steps as expected.
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FIG. 6.2. Number of nonlinear iterations for implicit scheme with Picard iterations. The legend shows the total
number of nonlinear iterations (N fl‘l’t ).
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FIG. 6.3. Number of time steps (IN¢) versus relative error for pressure ey, (left) and displacements e, (right) at
final time.

6.1.2. Test 1b (multiscale two-grid solver with coupled smoothing iterations). Next,
we consider the performance of the proposed two-grid solver for an unsaturated poroelasticity
problem in heterogeneous media. In the proposed approach with the additive splitting of
the linear and nonlinear parts, we have the advantage of pre-initializing a solver for given
heterogeneous properties. This includes the construction of a projection/prolongation operator,
the construction of a coarse scale matrix based on the operator’s linear part, and initializing a
coupled smoother that includes pre-inverting local matrices in the smoothing algorithm based
on the linear part of the operator.

We present results with three smoothing iterations for all types of smoothers, and the
proposed coupled smoothing iterations are performed using a multiscale Vanka smoother with
four colors and three post-smoothing iterations. In Figure 6.4, we investigate the convergence
and the corresponding solve time. We show an average number of iterations of the linear
solver and solve time (without “offline” time of generating system and initializing coarse
solver) for a multiscale two-grid solver with different types of smoothers for the poroelasticity
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problem on three grids (N = 64, 128, 256). We observe a clear dependence of the solution
time on the number of basis functions, where increasing the number of basis functions from
one to eight almost always leads to improved wall clock times. When we precompute the basis
functions, the overhead cost of eight versus one is very small, so the best practice here is using
more basis functions. All of the overlapping Vanka approaches reduce iteration counts by an
order of magnitude or more on the finest grid compared with Gauss—Seidel, and demonstrate
scalability in fine-mesh size, whereas Gauss—Seidel results in increased iteration count with
mesh refinement. This is to some extent to be expected, because the size of the subdomains
increases relative to fine-scale mesh with mesh refinement, but when the subdomain inverses
can be precomputed and used across all times, such an approach does not raise significant
scalability issues. In almost all cases, coarse cell-based Vanka with overlap of one or two cells
is the best in terms of wall clock time. Using Vanka over the full subdomains {w; } decreases
iterations versus Vanka based on coarse cells, but is working too hard in the sense that it
increases wall clock time compared with cell-based Vanka.
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FIG. 6.4. Average number of iterations of linear solver (first row) and solve time (second row) for a multiscale
two-grid solver with different types of smoothers for 64 x 64, 128 x 128, and 256 X 256 grids (from left to right).
GS, Gauss—Seidel; V, H/2 overlapped subdomains w;; VK, VK1 and VK2, minimal (interface), h, and 2h overlapped
subdomains K witho = 0,1, 2.

In Figure 6.5, we present a visual comparative performance study of the VK2 smoother
across different multicoloring strategies and coarse-grid resolutions. The first row represents
the average number of linear iterations versus the number of multiscale basis functions for
three grids (from left to right). The corresponding solve times (in seconds) are in the second
row. Across all grids, the number of iterations decreases significantly as the number of
multiscale basis functions M increases due to the better accuracy of the coarse space. We
see that, for M = 1, all smoother configurations require more than 10 iterations. When we
take a larger M > 4, most smoother configurations converge in about three or four iterations,
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indicating that the solver becomes increasingly robust as the coarse space captures more
global solution behavior. Among smoother variants, the four-color smoother configurations
consistently converge with two to four iterations. Varying the number of smoothing iterations
from one to three 3 improves convergence speed but increases solve time. We observe that
multicoloring is essential in the proposed approach, where four-color smoothers consistently
reduce both the number of iterations and wall clock time.
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FIG. 6.5. Performance of coupled smoother (VK2) with different multicoloring strategies and number of
smoothing iterations (log scale). Results for three grids, 64 x 64, 128 x 128, and 256 X 256 (from left to right).
Top: average iteration counts of linear solver. Bottom: corresponding solve times.

6.2. Test 2. We consider both two- and three-dimensional formulations on the computa-
tional domains 2 = [0, L]? and [0, L]? with L = 1 m. We investigate the performance of the
proposed two-grid method under varying levels of heterogeneity, different model parameters,
and different boundary conditions, through the following numerical tests:

o Test 2a (model parameters). We study the influence of heterogeneity, contrast,
nonlinearity, and boundary conditions on the performance of the proposed two-grid
method for a two-dimensional problem using a 128 x 128 fine grid (N, = 49 923)
with IV, = 20 time steps (see Figures 6.6, 6.8, and 6.9).

o Test 2b (computational cost). We analyze both the offline (precomputation) and
online computational costs of the proposed two-grid method for two- and three-
dimensional problems (see Figures 6.6 and 6.7). In addition, we consider a coarse
space constructed using standard linear basis functions only (i.e., without additional
spectral basis functions). We consider 128 x 128 and 256 x 256 two-dimensional
problems in 7est 2a and the three-dimensional problem on a 32 x 32 x 32 grid
in Test 2b. The corresponding total numbers of degrees of freedom are DOF), =
3(N + 1)2 = 49923, 198 147, and 143 748, respectively.
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FIG. 6.6. Test 2a. Heterogeneous coefficients ks(x) [m?] and Eq(x) [MPa], pressure [MPa], and x and y
components of displacement [m] at final time (from left to right).
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FIG. 6.7. Test 2b (3d). Heterogeneous coefficients ks(x) [m?] and E4(x) [MPa], pressure [MPa], and = and
y components of displacement [m] at final time (from left to right).

The model parameters are specified as follows:

e The van Genuchten model (2.2) and (2.3) is used to describe the hydraulic nonlinear-
ity, with parameters v = 0.37, 6, = 0.03, 6, = 0.45, 3 = 1 [m~!], and ny = 1.6,
where my = 1 — 1/ngy. These values correspond to silt-type soils [24, 30]. For the
nonlinear elastic model (2.4), we set rp = E4/FE,, = 2 and { = 1.5 [24].

e The porosity is set to ¢ = 0.45, the Biot coefficient is set to a = 0.2, and the
compressibilities of water and solid grains are taken as Cy, = C; = 1073 [MPa~'].
The water density is p,, = 1000 [kg m~2], and the gravitational acceleration is
g=98[ms2].

e For the flow problem, a Robin-type boundary condition is imposed on the top bound-
ary with p; = 0.0020286 [MPa] and v = 100, while no-flux conditions are applied
on the remaining boundaries. For the mechanical problem, zero displacement is
enforced in the z-direction on the left boundary and in the y-direction on the bottom
boundary, whereas the remaining boundaries are assumed to be stress-free.

e The initial pressure is set to pg = 0.006027 [MPa]. Simulations are performed over
the time interval ¢ € [0, Tax] With Trnax = 2.31 days.

In Figures 6.6 and 6.7, we depict the solutions for Test 2a and Test 2b using the parameters
described above.

6.2.1. Test 2a (model parameters variation). In 7est 2a, we examine the effects of
heterogeneity, contrast, nonlinear parameters, and boundary conditions on the performance of
the method using a fixed 128 x 128 grid. Taking 7est 2a as a baseline, Figure 6.8 presents two
additional tests.

In Test 2a-bc, we reduce the boundary coefficient to v = 0.1 to investigate the influence of
boundary conditions by varying the parameter associated with the Robin-type boundary condi-
tion. The default value v = 100 in (2.7) corresponds to Dirichlet-type conditions, whereas the
smaller value v = 0.1 represents flux-related (Neumann-type) boundary conditions. In 7est
2a-nl, we study the influence of nonlinear parameters on the solution and the performance of
the two-grid method. The default setting corresponds to silt-type rocks, while in this additional
test we consider a nonlinear model corresponding to sand. In the van Genuchten model (2.2)
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Test 2a-bc (boundary conditions). Test 2a-nl (nonlinear model parameters).

FIG. 6.8. Pressure [MPa], and u, and w, components of displacement [m] at the final time (from left to right).
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FIG. 6.9. Test 2a-c (contrast). Heterogeneous coefficients ks(x) [m?] and Eq(z) [MPa], pressure [MPa], and
x and y components of displacement [m] at final time (from left to right).
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F1G. 6.10. Tests 2a, 2a-bc, 2a-nl, and 2a-c (from left to right). Average number of iterations of linear solver
(first row) and solve time (second row) for a multiscale two-grid solver with different types of smoothers for 128 x 128
grids (from left to right). GS, Gauss—Seidel; V, H/2 overlapped subdomains w;; VK, VKI, and VK2, minimal
(interface), h, and 2h overlapped subdomains K¢ with o = 0,1, 2.

and (2.3), the parameters are set as v = 0.5, 6,. = 0.018, 8, = 0.39, 8 = 0.035 [m~—1], and
ng = 2.52, with my = 1 — 1/ny [24, 30]. For the nonlinear elastic model (2.4), we set
rg = Eq/FE, = 2 and ¢ = 0.2 [24]. Additionally, the parameters o = 0.8 and ¢ = 0.39 are
used. Furthermore, we investigate the effect of contrast on the convergence of the method in
Test 2a-c (see Figure 6.9).

Figure 6.10 summarizes the robustness and efficiency of the proposed multiscale two-
grid solver under variations in boundary conditions, nonlinear material parameters, and
coefficient contrast. Across all variants of Test 2a, the iteration counts remain uniformly
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bounded, demonstrating that the two-grid method is robust with respect to changes in boundary
conditions (7est 2a-bc) as well as increased nonlinearities associated with sand-type parameters
(Test 2a-nl). In particular, the coupled overlapping Schwarz/Vanka-type smoothers with
enlarged overlap (VK1 and VK2) consistently achieve the smallest number of iterations.
Although these smoothers incur a higher per-iteration cost, the total solve time remains
competitive and is often reduced due to the significantly lower iteration counts. In Test 2a-c,
decreasing the coefficient contrast leads to a reduction in the number of iterations, and solvers
with colored oversampled smoothers preserve fast convergence. Moreover, for this lower-
contrast setting, convergence is also observed for the simple pointwise smoother (GS). Overall,
the results confirm that the proposed two-grid framework exhibits robust performance with
respect to both coefficient contrast and nonlinear effects, achieving a favorable balance between
iteration counts and wall clock time when appropriate overlapping smoothers are employed.

6.2.2. Test 2b (computational cost). Finally, we compare the performance of the pro-
posed two-grid method for both two- and three-dimensional problems (see Figures 6.6 and 6.7).
In addition, we consider a coarse space constructed using standard linear basis functions.
Specifically, we examine two-dimensional problems on 128 x 128 and 256 x 256 grids in
Test 2a, as well as a three-dimensional problem on a 32 x 32 x 32 grid in Test 2b.
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— VK:2(), 4(12.25), 8(5.95) —8 VK:0(), 1), 2(-), 4(58.85), 8(38.95) -8~ VK:0(74.35), 1(69.25), 2(65.25), 4(62.35), 8(53.35)
@+ VKL:0(18.25), 1(), 2(11.65), 4(6.25), 8(3.75) @+ VKL:0(61.35), 1(41.55), 2(27.15), 4(24.95), 8(22.05) +@- VKL:0(56.35), 1(51.95), 2(51.15), 4(48.65), 8(42.55)
-+ VK2:0(11.65), 1(13.4s), 2(7.35), 4(5.05), 8(3.15) - VK2 :0(56.55), 1(27 85), 2(20.4s), 4(17.95), 8(16.15) =@ VK2:0(64.45). 1(62.95), 2(63.35), 4(60.15), 8(51.95)

FIG. 6.11. Test 2a on a 128 X 128 grid, Test 2a on a 256 X 256 grid, and Test 2b on a 32 X 32 x 32
grid (from left to right). Average number of iterations of linear solver (first row) and solve time (second row) for a
multiscale two-grid solver with different types of smoothers and one post-smoothing iteration (from left to right). GS,
Gauss—Seidel; V, H/2 overlapped subdomains w;; VK, VK1, and VK2, minimal (interface), h, and 2h overlapped
subdomains K7 with o = 0,1, 2; GS(3), Gauss—Seidel with three post-smoothing iterations.

Figure 6.11 compares the performance of the proposed multiscale two-grid solver for both
two- and three-dimensional problems. The results indicate that simple pointwise Gauss—Seidel
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smoothing is insufficient for robust convergence in the two-dimensional case and is effective
only for relatively small three-dimensional problems. In contrast, overlapping Schwarz and
Vanka-type smoothers significantly enhance robustness across all considered test cases. In
particular, the multiscale Vanka smoothers with enlarged overlap (VK1 and VK2) consistently
achieve the smallest iteration counts across all tested configurations, leading to a reduction in
overall solve time due to faster convergence. The advantages of increased overlap become
more pronounced in three dimensions, where minimal or pointwise smoothers result in a
substantial growth in iteration counts, whereas oversampled multiscale smoothers maintain
stable and efficient convergence. These results demonstrate that an appropriate choice of
coupled overlapping smoothers is essential for achieving scalable performance of the proposed
multiscale two-grid framework.

Tables 6.1 and 6.2 report offline (precomputation) and online costs. The offline stage is
dominated by solving the local generalized eigenvalue problems (5.1) and (5.2) for pressure
and displacement. Table 6.1 (eight eigenvectors per subdomain) lists the average basis-
construction time (¢mf'.), average local problem size (DOF}%’), and the total offline time
summed over subdomains (tmf)of?). Because the local eigenproblems are independent, these
computations are naturally parallelizable.

TABLE 6.1
Test 2a on a 128 x 128 grid, Test 2a on a 256 X 256 grid, and Test 2b on a 32 x 32 x 32 grid (from left to

right). Computational time of the offline stage (eight eigenvectors per local domain). Here tmf.), DOF/", and

tmf)"t denote the average time (seconds) for solving the local eigenvalue problem (basis construction), the average
size of the local problem, and the total time calculated as the sum over all local domains.

128 x 128 256 x 256 32 x 32 x 32

tmiy. DOFy tmg% | tmiy, DOFG. tmif | tmiy. DOFg tmy
p| 0045 8669  3.633 | 0259 335112 21.024 | 0.507 262807 63.430
w| 0230 17339 18.600 | 1936 670225 156.887 | 9.307 7884.22 116338

Table 6.2 compares online performance in two and three dimensions for standard lin-
earized implicit (sIm), implicit—explicit (ImEx), and multiscale implicit—explicit (MsImEx)
schemes with various solvers/smoothers. For sIm, Krylov solves (BiCGStab in scipy [40])
with smoothed-aggregation AMG preconditioning (pyamg [6]) require many iterations and
long solve times, reflecting the difficulty of monolithic AMG solvers and resolving nonlinear
coupling. ImEx reduces per-step time by fixing the matrix and no longer having to resolve the
nonlinearity, but Krylov iteration counts remain similar. In contrast, MsImEx substantially
lowers iteration counts and solve times by using an enriched multiscale coarse space with over-
lapping Schwarz and Vanka-type smoothers. Although MsImEx adds one-time offline setup
(multiscale bases and local block solvers), these costs are amortized across nonlinear time
steps since the precomputed components are reused. We also report the non-enriched coarse
space (M = 0), as a loose proxy for geometric multigrid, which improves over sIm/ImEx but
is less effective than spectral enrichment. Overall, once the offline stage is complete, MsImEx
consistently converges in only a few iterations and delivers the lowest per-step solve times,
especially for larger problems.
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Test 2a on a 128 X 128 grid, Test 2a on a 256 X 256 grid, and Test 2b on a32 x 32 x 32 grid (from left
to right). Computational time and average size of local problem (it). Here tmp, tmsys, and tmg,; denote the

cumulative wall clock times (seconds) for initialization, linear system generation, and linear system solution. The “—

symbol indicates that the method did not converge.

128 x 128 256 x 256 32 x 32 x 32
tMin tMsys tmsel it tMmin tMsys tMmsel it tmin tMmsys tmgep it
sIm
biCG+mg ‘ — 18.38 54.07 213.0 ‘ —_ 69.15 399.87 419.0 ‘ —_ 2650.7 19197 86.0
ImEx
biCG+mg ‘ 0.20 9.63 50.93 214.0 ‘ 0.74 4143 404.55 415.0 ‘ 241 749.22 184.00 83.0
MsImEx, M =0
GS 1 — — — — — — — - 236 713.83 200.29 3164
2 — — — — — — — — 2.39 72216 149.37 160.2
3 — — — — — — — — 236  721.87 133.49 108.3
A\ 1 1081 1129 834 175|580 4324 3490 12.8 |154.05 723.80 138.76 8.6
2 | 081 11.37 1441 156 | 555 4336 63.85 11.8 [154.64 722.26 21559 6.9
31067 1148 2006 14.6 | 563 4361 9299 11.3 |154.38 722.70 318.63 6.8
VK 1 — — — — — — — — 6.20 72253 7430 343
21032 11.39 18.09 62.8 | 1.35 4323 100.62 789 | 6.12 722.17 78.04 19.6
31031 11.29 21.65 530 | 1.30 43.69 11975 63.7 | 6.18 72348 85.83 14.8
VKI 1 | 036 1146 1823 99.2 | 1.26 4323 61.27 80.5 | 11.97 723.15 5631 17.6
2 1036 11.32 16.61 504 | 1.44 4338 8431 60.2 | 11.81 723.16 71.11 11.8
31035 1149 2160 456 | 1.44 4323 109.85 54.0 | 11.87 722.89 95.78 10.8
VK2 1 | 040 1142 1158 552 | 1.63 43.02 56.51 69.2 | 25.37 723.06 6442 13.1
2 1040 11.31 1724 452 | 1.59 4357 84.13 55.0 | 2541 722.63 93.48 9.8
31041 11.51 2209 398 | 1.56 43.09 111.49 49.6 | 25.25 723.34 12475 8.9
MsImEx, M = 8
GS 1 — — — — — — — — — — — —
2 — — — — — — — — 6.33  719.73 7272 534
3 — — — — — — — — 6.30 714.10 63.54 383
v 1 1.11  11.00 4.12 7.8 6.90 44.03 20.61 6.8 | 156.57 71433 9846 6.0
2 | 1.08 1098 6.54 6.8 6.74 4345 3265 59 |15594 71433 180.54 5.7
3 1.07 11.03 9.22 6.7 6.55 4323 4793 5.8 |[15594 714.70 23191 5.0
VK 1 0.58 1091 5.91 27.6 | 221 43.13 38.89 43.0 | 10.17 714.12 5326 20.6
2 1055 11.07 450 132 | 231 4299 3469 239 | 10.05 71449 54.05 122
3 1057 1098 4.71 10.2 | 2.23 4336 3332 169 | 10.04 715.05 60.99 9.8
VKI 1 | 061 1091 3.71 158 | 2.38 42.63 22.04 23.1 | 1596 71449 4251 11.8
2 1060 1097 3.54 94 | 231 4254 1993 129 | 1578 714.64 56.95 8.8
31061 11.01 4.39 84 | 238 4322 2145 98 1577 71429 73.16 179
VK2 1 | 065 11.01 310 11.8 | 244 4260 16.14 158 | 29.09 713.79 5195 9.8
2 1063 11.08 3.62 84 | 241 4202 1540 92 | 29.10 71444 76.10 7.8
3 1066 11.04 4.67 7.8 246 43.00 1847 7.8 | 29.02 71436 9836 6.8

”»
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7. Conclusion. In this work, we consider a coupled nonlinear system of equations that
describe an unsaturated flow problem in heterogeneous poroelastic media. We derive a standard
implicit scheme for the coupled system and then propose an implicit—explicit formulation, in
which the stiff components of the problem are represented by a single linear operator that is
treated implicitly. Careful construction of the additive splitting approach is presented for the
unsaturated poroelasticity problem with the van Genuchten nonlinearity model and power law
for the elastic modulus. We show that the proposed implicit—explicit scheme is unconditionally
stable in the linear stability sense and enables an efficient implementation. Next, based on
the proposed linearization, we develop a multiscale two-grid solver with coupled overlapping
Schwarz smoothing iterations. Accurate coarse-grid approximation is constructed based on
an enrichment of the linear coarse space with local spectral basis functions for both pressure
and elasticity equations. A coupled smoothing iteration is proposed based on the overlapping
Vanka approach and defining blocks relative to a coarse grid (oversampled coarse cell and local
support of multiscale basis functions). Although the block smoothers present a significant
computational cost, similar to the multiscale basis functions, by combining with the implicit—
explicit formulation we are able to precompute these quantities once “offline” for a full
nonlinear simulation. A numerical study is presented for a nonlinear coupled test problem of
unsaturated flow in heterogeneous poroelastic media.

Acknowledgments. B.S.S. was supported by the DOE Office of Advanced Scientific
Computing Research Applied Mathematics program through Contract No. 89233218CNA000001.
Los Alamos National Laboratory report number LA-UR-25-25055.

Appendix A. Details on the mathematical model.
We have a mass conservation equation in terms of (S, p) [18, 38, 39]:

0
= (PwdS) + V- (puwdSqw)

ot
Opw 6 a8
(A.1) ~¢S p + puwS a(f+¢pw + pwV - (¢Squs) + pudSV - qs

—pw(qssc +ol 4y qw)+pws<a¢

puwf =

where C,, is the water compressibility, g,,s = g, — ¢s is the velocity of the water with respect
to the solids, and ¢, = ¢Sq,s is the Darcy velocity of the water phase,

ki (S)

w

qw = —k(z) V(p = puwg).

Here £ is the intrinsic permeability tensor, i, is the water dynamic viscosity, and k., is the
relative permeability that accounts for the simultaneous flow of water and air. In hydrology,
Darcy’s law is often expressed in terms of the pressure, where h,, = (p — pa)/(pwg) is the
water pressure head (relative to the atmospheric pressure p,) and k., = pwg K/ is the
hydraulic conductivity at saturated conditions. Under Richards’ assumption (p, = 0), we
obtain equation (2.1).

For the conservation of the solid phase, we have [38]

0
0= 2 ((1=0)ps) + V- (1 = #)pags)
~ ps 3¢
(=) — e + (1= 0)pV - g5

_ % . Ips &2 dps Ops
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Here, we have

Ips __ psCs dps _ _pscs¢

aG'T 1-— (ﬁ’ 8ps 1— ¢ ’
_ Oz, dor 1 a8 dp
Vg5 = = V-qs—apat—a53t7

ot’ o Cp
withe, =V -u, ps = Sp, and @ = 1 — C5/C,,, where C and C,,, are the compressibility of
the solid grains and the porous medium, respectively. Therefore, we obtain

(A2)

5(25 _ 99 . Ips &2 Ops Ops
8t +¢v ds = (8t + PV - q‘z> +(1 ¢)(8UT ot + aps ot +psv qs
dor Ops Oey
_Cs<c’)t+¢ ot ) o
1 Oe, 0S Oey
=" (C’mﬁt_apat +¢ ;oS > ot
_ Oey a8 dp
o s au(@- o’y + (o ¢’>Sat>~
By combining equations (A.1) and (A.2), we obtain
9] 0
[ =95C, p+¢ stV qw+5(8¢+¢v qs)
_ Oe, oS Op
=050 + 0% +9 4w+ 0552 +5C,((a - op + (a5 )
0 oS Oey
= (0Cu + (0 = B)CuS)S T + (6 + (0= $)CuSp) 5 + a8 L+ V-
Then, we have
op Oey B
C(l',p)a +as ot -V (R(I,p)V(p - ng)) =
with
’ krw (S)
c(z,p) = (¢Cw + (a = §)Cs8)S + (¢ + (v — ¢)CsSp) S, k(w,p) = k’(x)T7

where S = S(p) and S' = 8S/0p.
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