CHAL

UNIVERSITY OF TECHNOLOGY

Numerical Model Reduction with error estimation for computational
homogenization of non-linear consolidation

Downloaded from: https://research.chalmers.se, 2026-04-03 09:35 UTC

Citation for the original published paper (version of record):

Ekre, F., Larsson, F., Runesson, K. et al (2022). Numerical Model Reduction with error estimation
for computational homogenization of non-linear

consolidation. Computer Methods in Applied Mechanics and Engineering, 389.
http://dx.doi.org/10.1016/j.cma.2021.114334

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



:‘) Available online at www.sciencedirect.com

e H H Computer methods
_ ScienceDirect B od
E » mechanics and
m— ‘ engineering
ELSEVIER Comput. Methods Appl. Mech. Engre. 389 (2022) 114334

www.elsevier.com/locate/cma

Numerical Model Reduction with error estimation for computational
homogenization of non-linear consolidation

Fredrik Ekre*”, Fredrik Larsson®, Kenneth Runesson®, Ralf Janicke®
4 Department of Industrial and Materials Science, Chalmers University of Technology, SE-41296 Gothenburg, Sweden
Y Institute of Applied Mechanics, Technische Universitiit Braunschweig, 38106 Braunschweig, Germany

Received 5 July 2021; received in revised form 1 November 2021; accepted 6 November 2021
Available online 29 November 2021

Abstract

Numerical Model Reduction (NMR) is adopted for solving the non-linear microscale problem that arises from computational
homogenization of a model problem of porous media with displacement and pressure as unknown fields. A reduced basis is
obtained for the pressure field using Proper Orthogonal Decomposition and the pertinent displacement basis is obtained using
Nonuniform Transformation Field Analysis. An explicit, fully computable, a posteriori error estimator is derived based on the
linearized error equation for quantification of the NMR error in terms of a suitably chosen energy norm. The performance of
the error estimates is demonstrated via a set of numerical examples with varying load amplitudes.
©2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Keywords: Computational homogenization; Error control; Model reduction

1. Introduction

Computational homogenization using the so-called “Finite Element squared” (FE?) procedure, cf. Feyel et al. [1],
is a known approach to multiscale modeling where the constitutive relation is replaced with subscale computations
carried out on Representative Volume Elements (RVE). The main advantage of FE?, compared to a fully resolved
solution, is the reduced computational cost, while still taking small scale processes or structures into account.
However, the FE? scheme can still be very computationally demanding for practical problems since the number of
RVE problems rapidly increases with the macroscale mesh density. It is therefore of interest to investigate methods
to reduce the computational cost of solving the individual RVE problems.

A number of Numerical Model Reduction' (NMR) methods have been proposed for reducing the solution
space of a discrete RVE problem. Many strategies are based on superposition of characteristic “modes”. Waseem
et al. [2] and Aggestam et al. [3] presented reduced models for computational homogenization of linear transient
heat flow based on Spectral Decomposition (SD). Another example is the “eigendeformation-based reduced-order
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homogenization” technique introduced by Fish and coworkers [4,5], which relies on the concept of Transformation
Field Analysis (TFA) [6]. A similar approach, Nonuniform Transformation Field Analysis (NTFA), were presented
by Michel and Suquet [7,8]. Fritzen et al. [9—12] combined NTFA with Proper Orthogonal Decomposition (POD)
for visco-elasticity. Janicke et al. [13] applied this approach to poroelasticity, whereby the pore pressure acts similar
to inelastic strains in the NTFA framework. The result of applying the reduced model to the RVE problem(s) is
that the macroscale problem reduces to a single-phase continuum with the “mode coefficients” as internal variables.
The same POD-base reduction model is considered in this paper. Other reduction techniques have been studied
in the context of multiscale finite element methods by e.g. Nguyen [14] for parametrized PDEs and by Efendiev
et al. [15,16] for flows in heterogeneous media. A related topic is the concept of “hyperreduction”, which has also
been investigated for multiscale methods by, for example, Herndndez et al. [17] and Memarnahavandi et al. [18],
where, in addition to reducing of the number of degrees of freedom, also the cost for evaluating the residual is
reduced. Reduced integration is, however, not considered in this paper.

Application of the reduced basis induces an error in addition to other modeling errors and the error inherent to
the underlying (FE) discretization. In order to verify results from the reduced model it is of interest to control and
quantify this error. Different error estimators have been developed in the context of multiscale modeling for different
model reduction techniques. For example, methods for estimating the error from POD type reduction techniques have
been presented by Abdulle et al. [19,20] for heterogeneous multiscale methods and by Boyaval [21] for numerical
homogenization. Ohlberger and Schindler [22] developed a method for estimating the error for localized reduced
basis multiscale methods. Error estimation based on the constitutive relation error have been proposed by Kerfriden
et al. [23] and Chamoin and Legoll [24]. For the estimator proposed in this paper, we focus entirely on estimation
of the NMR error and consider the fully resolved finite element solution to be the exact one, cf. e.g. Aggestam
et al. [3] and Ekre et al. [25,26].

In this paper, we consider a continuum mechanics model of porous media as the model problem, cf. e.g. Janicke
et al. [13] but with non-linear permeability. We construct a reduced basis for the microscale problem using POD. The
main contribution of this paper is the derivation of an explicit error estimator for estimation of the error stemming
from the reduced basis. The estimate is based on the linearized version of the error equation together with an
auxiliary symmetric form, cf. e.g. Pares et al. [27-29] which serves as an approximate bound. From the auxiliary
form we obtain error bounds based on the discrete residual, cf. e.g. Jakobsson et al. [30]. We aim to base the estimate
on the “active” modes, i.e. only the modes used for the reduced solution, and will thus not consider hierarchical
approaches (e.g. by computing additional modes used solely for the purpose of estimating the error).

Throughout this paper, regular font is used to denote scalars (e.g. «), bold italic font is used to denote first and
second order tensors (e.g. u, &), and bold font to denote fourth order tensors (e.g. E). The scalar product (single
contraction) is denoted with ‘-’, double contraction is denoted with ‘:’ and the outer product is denoted with ‘®’.
For first order tensors a, b, second order tensor A and fourth order tensor B, we thus have

a-b=ab;, (la)
(A -b); = Ajjbj, (1b)
(B: A)ij = BijuAu, (I¢)
(a ® b)ij = aibj, (1d)

for Cartesian components, where repeated indices are summed over (Einstein summation convention). A superposed
dot is used for time derivatives (e.g. i = 94). Volume averaging of a field e is denoted as

dr
(o) L
o) =

[920] Jon
where ()5 is the domain occupied by an RVE, and |{Jg| the corresponding volume.

The remainder of this paper is outlined as follows: Section 2 introduces computational homogenization for the
model problem of porous media and defines the RVE problem, Section 3 introduces numerical model reduction
(NMR) applied to the microscale (RVE) problem(s), Section 4 presents an error estimator for the NMR error in
terms of an energy norm, Section 5 presents numerical examples demonstrating the behavior and effectivity of the
estimator, and finally the paper is concluded in Section 6 with a summary and outlook for future work.

edf?, (2)
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2. Two-scale analysis based on computational homogenization

2.1. The model problem - strong and space—time weak formats

As a model problem we consider a continuum mechanics description of a linear-elastic porous medium, where
the pores are filled with a viscous fluid. We base our model on Jénicke et al. [13] which adapts Biot’s equations
for linear consolidation [31,32], with displacement # = u(x, t) and pressure p = p(x, t) as the primary fields

—o(u,p)-vV=0 Vx € 2 x (0, T1], (3a)
S, p)+V-w(Vp)=0 Vxe2x(T], (3b)
where o is the Cauchy stress tensor, @ the fluid storage function and w the seepage velocity. The two fields are

subjected to standard boundary conditions on the Dirichlet (F]()”"” )) and Neumann (Flfl”"” )) parts of the boundary,
respectively

u=u" on Fl()”) x(0,T], t:=0-n=1t"" on FIEI”) x (0, T], (4a)
p=p™ on F]()p) x(0,T], h=w-n=h"" on FIEIP) x (0, T]. (4b)

We consider linear constitutive relations for the stress, and fluid storage. The stress is given by
o = E:elu] —apl, )
where E is the constant elastic stiffness tensor, e[u] = [u ® V]® is the linear strain tensor and « is the Biot
coefficient. The storage function and seepage velocity for the liquid phase are given by
d=¢+aV-u+Bp, (62)
w=-K-Vp, (6b)
where ¢ is the (initial) porosity, K is the permeability tensor, and g is the effective compressibility parameter of

the fluid-filled pore space. « and B can be estimated in terms of the bulk moduli of the fluid, K f and the solid,
K*, phase as follows:

K
a=1-— F’ (7a)
ﬂ=%+a,;¢- (7b)

In previous papers [13,26] the permeability tensor K has been constant. In this paper, however, we consider a
non-linear formulation and let K depend on the volumetric part of the strain, viz.

1
K(V-u):= f(V-uKy, f(V.u)= 07(010 +V ~u)2, (8)
0

where « is a material parameter, and where K, = kI is a reference permeability.

Remark. In the limit o9 — co we obtain the classical linear formulation K — K,. [

Finally we need an initial condition for @, viz.

Pli=0 = Po = ¢ +aV - ug + Bpo. )
The standard weak format in space—time, corresponding to (3), reads: Find (u, p) € U x P such that
// [e[v] "E:elu]—V-v ap] d0dr = // vt drdr Vv eV, (10a)
1J02 1JIN

// [q,B]i+Vq-K(V-u)-Vp+V-i4aq]d()dt+/[q¢]|,:0d.(2=

1J802 2
// ghPs drdt+/ [qPollicod? Vg € Q. (10b)
1y 0

3
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The semi-discrete version of (10) is obtained by defining

U@t) ={veUy: v=u"® on F]()")}, (11a)
U:={velU,: v=0o0n F]()”)}, (11b)
P(r):={q €Py: g = p” on Iy}, (11c)
P :={gePy: g=0on I} (11d)

where Uy, € [H'()]? and P, € H'(2) represents the finite element discretization, and H' the space of functions
with square integrable derivatives of order O and 1. The spaces used in (10) are consequently defined as

U= H'I;U@), (12a)
V= Ly(I; 0%, (12b)
P = H'(I; P(t)), (12¢)
Q:={q(x.1): gqlico € P’, ql; € Lo(I; PO)}. (12d)

Here, we introduced Bochner spaces for space—time functions, such that, e.g., H'(I; X) = {v(x,1) : |v(e,t)|x €
H'(I)} and Ly(I; X) = {v(x,t) : |lv(e,1)|[x € Ly(I)} for a space X of spatial functions with suitable norm
ll®llx. Lo(I) and H'(I) are the spaces of square integrable functions and functions of square integrable derivatives,
respectively, on the time interval 7.

Remark. In order to shorten notation, we henceforth adopt the convention that the trace is included in H (D,
meaning that e.g., ¢ € H'(I; X) infers that ¢(0) and g(T) exist and reside in X. [

2.2. First order selective homogenization in the spatial domain

The single-scale problem in Section 2.1 is replaced by a two-scale problem. We introduce (i) running averages in
the weak form and (ii) scale separation via first order selective homogenization, following Larsson et al. [33]. As a
first step we replace the single-scale problem (10) with the following, two-scale, problem: Find (u, p) € Upp2 X Ppp2
such that

AW, p;v) — LY®) =0 Vv € Vg, (13a)
AP, p;q)—LP(q) =0 Vg € Qp, (13b)
where the space—time variational forms are defined as
AW, g; w) ::// [ag>(v, w)—b[](q,w)] dQdt, (14a)
1J02
L (w) := / / w - P ddr, (14b)
1JIN
AP, g 7) :=// [mg(q,r)—l—a(mp)(q,v;r)—i—bg(r, i))] det—l—/ [mg(q,r)—l—bg(r, v)]‘ A2, (o)
1J0 n 1=
LP@) = / / rhPe AT dr + / [mg(po,r)—i-b[,(r, uo)]‘ an. (14d)
1JIy Q 1=0

In (14) we introduced pertinent space-variational RVE-forms, representing running averages on domains {25 located
at each macroscale spatial point x:

a(D”)(v, w) = (e[w]: E:e[v])p, (15a)
bo(g, v) = (V- vaq)n, (15b)
mp(g, r) = (rfq)o, (15¢)

a”(q,v;r) = (Vr-K(V -v)-Vg)n. (15d)

In order to define the two-scale trial spaces U2, Prp2 and the corresponding test spaces Vpg2, Qpp2, We introduce
first order homogenization. However, to simplify matters we adopt selective homogenization, in the sense that it is

4
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only the displacement field u that is decomposed into macroscale and microscale parts, whereas p is represented
only as a fluctuation field. Hence, in each RVE, centered at macroscale coordinate x, we thus decompose u as

ui; x, 1) =uM@E; x, )+ uG; x, 1), x,1)€nxI, (16)
where we use first order homogenization for the macroscale part, viz.

uM@; x, 1) = a(e, 1)+ &(x, 1) - [x — X, 17
with & := [u ® V]°. As to the pressure field we have

px;x,t)=ptx;x,1), ((x,1)enxlI, (18)

i.e., the pressure field “lives” entirely on the subscale.
Remark. In view of the two-scale parametrization, the integrals for, e.g., A in Eq. (14) should be interpreted as
1 _
A, q;w) = /f —— | e[du@E;x,n]:ox; x, 1), p(¥; x, 1)) dd0dt, (19)
1J0Q |‘QD| 20

where consequently the RVE forms are parametrized with x, e.g., a(D")(o, °) = a(l:”,‘)(o, o){x}. O

We are now in the position to define the two-scale ansatz and test spaces

Uppr = {u s ulg, = uMa] + ut, u'ﬂ&“) =i, utell, ue Z/_[], (20a)
Vg2 1= {v oloy = B+, vl =0, Vi eV, e D}, (20b)
Pz i={p play = 0", p" € Pa), (200)
Qe =1{4+ alas =4, ¢" € @}, (20d)

cf. Ekre et al. [25]. The details of the ansatz and test spaces in (20) are discussed in sections 2.3 and 2.4.
2.3. The macroscale (homogenized) problem

The macroscale problem is obtained from Eq. (13) by setting v* = 0 and ¢ = 0. Find & € I such that

// e[f)]:&(ﬁ,u“)d!?dt:// 5. drdr Vi eV, 1)
1J02 1JI'N

where U/ and V are the ansatz and test spaces for the macroscale problem. We omit the exact definitions of these
spaces, since we henceforth in this paper focus solely on the local microscale RVE-problem. The homogenized
stress ¢ is defined as

of{elul} == (o), (22)
where o {e} is implicit due to the history dependence.
2.4. The microscale (RVE) problem
Since we shall (in this paper) be concerned only with the solution of the RVE-problem, we consider the situation

where #M from (17) is known, i.e. &(t) and &(t) are known functions in time (for the given RVE in question). The
problem (13) thus reduces to that of finding (u”, p) € Z/l[’]‘ X Pq that solve

AY @, p;vy =0 Vot eV (23a)
AP @, prg) - L@ =0  VgeQn, (23b)
where we introduced the RVE space—time variational forms
AR ®, g w) = /[a(g")(uM + v, w) — bo(q, w)]dt, (24a)
I

5
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AL i) = [ [+ o g, i+ oo i+ 9)Jdr o+ [+ bota ]|
1

t=0

(24b)
LO(r) = I:mg(p(), ) + bo(r, uo)]‘ . (24c¢)

t=
We adopt Dirichlet boundary conditions, for both #* and p, and the spaces of spatial functions for the RVE problem
are consequently defined as
Y = fveUgp: v=0o0n I}, (25a)
Po:={¢ €Pan: ¢ =0o0n I}, (25b)
where Ugy, and Poy, are the (spatially) FE-discretized function spaces. The trial and test spaces in (23) can be
expressed as

Ul = H'(I1; 0Y), (26a)
VA = Ly(1; UY), (26b)
Po = H'(I: Po), (260)
Qn ={q(x.1): qli=o € Po, ql; € Ly(I; Po)}. (26d)

3. Numerical Model Reduction

In this Section we present the NMR procedure for establishing the reduced version of the RVE problem in
Eq. (23). The Section is organized as follows: Section 3.1 introduces an alternative formulation of Eq. (23) utilizing
that Eq. (23a) is time invariant, Section 3.2 introduces the NMR-ansatz of p and u" based on spatial modes,
Section 3.3 presents the explicit reduced RVE problem, Section 3.4 discusses the mode identification strategy,
Section 3.5 defines a projection operator onto the reduced space (used for error estimation, cf. Section 4), and
Section 3.6 summarizes the NMR strategy.

3.1. Preliminaries
We will now use the fact that Eq. (23a) is time-invariant, and does not contain any time derivatives, of u# or p, to

reduce the problem further. As a preliminary step we introduce an implicit reduction of the displacement fluctuation
u". For any t € I we define

u'(t) = ug (1) + ul {p(1)}, (27)
where u (1) € U, satisfies

a k1), sut) = a¥(—uM(@), Su)  Vou' e VD, (28)
and the implicit function u/, is defined from

u {q} =ul, € U - a(D”)(uZ, du) = bpo(q, du) Véu € UY. 29)
In summary, for a given RVE, we use the following decomposition of u

u=uM+u“:uM+u§+u‘p‘=u5+ug. (30)

%/_J
=Ug

Remark. We note, from (28), that u} can be directly assessed in terms of unit strain perturbations, i.e.

Ndim
wie. )=y i’ (x)E@) : [e; ® e, 31

ij=1
where the “unit fields” 12(6” )(= ft(éj Dy e UY, are solved from
a @i’ suty = —ae; @e; - [x — %], Sut)  Vout eUY i, j=1,2,...,ngm. (32)
O
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With the displacement fluctuation implicitly known from p we can formulate a condensed version of the original
problem in (23): Find p € Py such that

Ap(p,q) — Lo(g) =0 Vg € Op, (33)

where we defined

Actg.) = [ [ r) + actgir) + bt s + (@D Jar + [mota. )+ bos +uplaD]| . G4
1

1=

Lo(g) = [matpo. @) + botg.wo)|| . (34b)

=
with

an(q: r) = a(q. uz + ult{q}: r). (35)

3.2. NMR-ansatz

We now introduce the concept of Numerical Model Reduction (NMR) with the aim to reduce the computational
cost of solving each RVE problem (33). To this end we construct a reduced spatial basis for the pressure, and define
pr(x, 1) as the approximation of p(x, t) with an expansion using Ng modes

Nr
P, 1)~ prix, 1) =Y pa(x)E.(1) € Pog = H'(I; Pop), (36)
a=1

Nr

where {p,},=, is a set of linearly independent basis functions that span the reduced RVE space

Por = span{pa}fJV:R1 c P, 37)

and where &, are mode “activity coefficients”. The identification of the spatial modes p, will be discussed further
in Section 3.4.
In order to satisfy (29), and find u/,{p(r)}, we make the following ansatz
NR
wh o (6. 0) = ul(x)E,(0) (38)
a=1
where u/; (x) are (spatial) displacement modes and where &,(t) are the same mode activity coefficients as those used
for the reduced pressure field. Due to linearity, the sequence of displacement modes can be solved from (29), i.e.
find u, = ul{p,} € Uy such that

auh, sut) = bo(pg, Sut)  Vout eUY  a=1,2,..., Ng. (39)
This corresponds to solving one stationary, linear, problem for each mode p,. We note that there is no need to

establish the full u)y{gq}: Po — UY.

Remark. We note that there is no reduction of the balance of momentum equation, and the residual of Eq. (23a)
is guaranteed to be zero. This follows from time invariance of Eq. (23a), the definition of the displacement
field (Egs. (30), (38)) and the definition of the modes ul (x) solved from the corresponding pressure modes p,
(Eq. (39)). O

3.3. Explicit form of the reduced subscale problem

With the approximations from the previous section we can, following the procedure in Jénicke et al. [13], define
the reduced equivalent of (23): Find pgr € Por such that

Ag(pr,qr) — Lo(gr) =0 VYgr € Onr, (40)
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where Qg follows from (26d), with Py replaced by Por. Hence, we can expand the test function ¢ using the
spatial pressure modes, i.e. gr = Zflvﬁl Palla, and express (40) explicitly as the problem of finding the mode
coefficients &,(t) € H'(I), b=1,2, ..., Ng such that

f Ua[mD(Z Pos, Pa) + aDP)(Z P, Uz + Zubsh, Pa) + b0(pas it + Zué,‘&)]dr +

b=1 b=1
NR Nr
1(0) [mm(; Pty )+ Dol + 3 uf)]| = me@[matpo. po) + batpawo]| =0
Vn.eX, a=1,2,..., Ny, 41)
where
={v(®): vli=o € R, v|; € La(I)}. (42)
Eq. (41) can be formulated as a semi-discrete, non-linear, system of size Ny as follows
ME+RE) - f=0, (43a)
ME - f0=0, (43b)
where é is the vector of unknowns, § = (&1, %, ...,&n), and where
M)ap = (M)ba = ma(pp, Pa) + bo(pa, ul), (44a)
Nr
(R)q = W(Z PoEpr s + > Ul (E)i pa). (44b)
b=1 b=1
Ndim .
(fla = bo(pa. —itz) = [Y_bo(pa. —€: @ e; - [x — %] — g Ve; @ ¢))] : &, (44c)
ij
() = [mepo. po) + bo(pas wo —ua)]| . (44d)

Symmetry of M follows from symmetry of mg(e, @), symmetry of a(")(o, o), and from the definition of the
displacement modes in (39), i.e. bo(p,, u/ ) = a(”)(ua , ub) = bo(py, ub).

The full two-scale model involves the solutlon of (reduced) microscale problems (41), typically one for each
macroscale quadrature point, in order to find homogenized stress ¢ and the sensitivity w.r.t. the macroscale strain
g—‘g. In particular, the homogenized stress can be formulated as

Nr
() =Es:e()+ ) Epq &), (45)
a=1
where the fourth order tensor Eg and the second order tensors E p.a can be computed in the “offline stage”, resulting
in efficient evaluation of the homogenized stress, i.e.

Ndim

+Z E:elal " Noe ®e;, (46a)

E,,=(E: e[uf;]m — (pa)ol, (46b)

where E is the fourth order stiffness tensor for linear elasticity.
3.4. Identification of the reduced basis

In this section we discuss the procedure of constructing the reduced basis. In this paper we will use Proper
Orthogonal Decomposition (POD), cf. Jinicke et al. [13], however there are other options. As an example, similar
to Ekre et al. [26], it is possible to find a basis using Spectral Decomposition also for the nonlinear problem by (i)
ignoring the coupling and (ii) using a constant permeability.

8
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The POD basis is extracted from a dataset of spatial pressure “snapshots” collected during fully resolved training
simulations where the RVE is subjected to prescribed macroscopic load meant to activate the typical behavior of

the material. For a dataset of Ng snapshots py := p(&%), k = 1,2, ..., Nsg we first form the correlation matrix C
with entries’

O = (pepPr)o k1=1,2,..., Ns. 47)
The correlation matrix is used to solve the eigenvalue problem C¢ = Ag, from which we obtain eigenvalues 1,
and eigenvectors ¢,, ordered based on the eigenvalues in decreasing order such that A; > A5, .. .. The final modes,

used for the reduced pressure solution, are computed as
Ns

Pa=D Pl =12 N (48)
k=1

Remark. The number of modes Ny is determined by truncation of the eigenvalues series, in practice when the
quotient Ay /A; becomes “sufficiently small”. [

3.5. Projection onto the reduced space

For the subsequent error analysis we define a projection operator IIg : L»(f25) — Por such that, for any given
q € Ly(§20) and for any given reduced set P g, the projection Ilrqg € Por is defined by the following identity

mo(Ilrg, 8q) = molg. 8q) Vg € Pog. (49)
We also define the complementary operator

e =1- 1 (50)
where I is the identity operator. We note that for p, g € L,({25) the following identity holds

mo(p, llcq) = mp(llcp, q) (51)

since
(50) (49)
mo(p, leq) = mo(p, q) — ma(p, [Irq) =

49) 50
mo(p, @) — mo(kp, Irg) ‘= ma(p, q) — mo(kp. ) = mo(lep. g). (52)
3.6. Summary of NMR procedure

The NMR procedure is summarized in Fig. | where we highlight the following steps corresponding to the figure:

1. Training simulations solving Eq. (23) with representative loading while capturing pressure snapshots;

2. Computation of pressure modes p,(x) based on snapshot POD (Eq. (48)), and the corresponding displacement
modes ul (x) (Eq. (39));

3. Pre-computation of fixed quantities based on the modes used for the solution and error estimation (e.g. M
and i for the discrete system (43));

4. Solution of the reduced system Eq. (43);

5. Estimation of the NMR error (see Section 4).

The figure also illustrates which steps can be performed in the offline stage and which steps belong to the online
stage.

p.and p

2 Another common approach is to define the entries as the scalar product of the “nodal values”, i.e. (C)y = EA: ﬁl, where b, b,

are vectors containing the finite element representation of p; and p;, respectively.

9
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Offline stage Online stage

\'"1. Training simulations with snapshot collcctionn\

l 4. Solution of reduced system M § +R(§) = i‘
\/2. Mode computations (p,, u#) based on snapshots\’ 1
l \/5A Estimation of NMR error:

(3. Pre-computation of basis-dependent fixed quantities

Fig. 1. Schematic illustration of the major steps for establishing the reduced RVE problem.

4. Estimation of the NMR error

The reduced solution based on the reduced basis is an approximation of the exact solution, which is an extra
source of error in addition to e.g. space- and time-discretization errors, model errors, etc. In what follows we ignore
errors stemming from other sources, and focus solely on the error introduced by NMR, by considering the solution
to the fully resolved (finite element) problem to be exact.

We define the exact error in the pressure as

gex(x,1) = p(x,t) — pr(x,t) € Pn, (53)

where p € Pg is the exact solution, and where pr € Py is the reduced solution. Since the problem is non-linear
the equation for solving the exact error is also non-linear. We will therefore base the error estimate on a linearized
error equation.

The following building blocks are used in order to obtain the explicit error estimate:

e definition of the error and corresponding error equation (Section 4.1);

e definition of the approximate error solved from the linearized error equation (Section 4.1);
e definition of an auxiliary form and corresponding auxiliary error equation (Section 4.2);

e derivation of explicit estimates based on the auxiliary error equation (Section 4.3).

The steps of the procedure are summarized in Section 4.4.
4.1. Linearized error equation and residual

Formally, the exact error g.x must be solved from the following (non-linear) equation:

Ap(pr + gex>»q) — L(g) =0 Vg € Opn. (54

For estimating the error we will use the linearized version of (54) and define the approximate error g(x, t) & gex(x, 1)
which is solved from the following problem: Find g(x, t) s.t.

Agr(g,9) = Ro(q) = Lo(g) — An(pr,q) Vq € Qp, (55)

where the linearized form is defined as follows

d
A . — | =
Aor(g, ) = Ap(pri g, 8) = [dr Ao(pr + 78, q)])mo

[ [met. o)+ aonts. @ + vota. wt@n]ar + [mote. )+ bota.whian)]| . (56)
1 t=
with
/ d
aor(g. q) = ag(pr: q. 8) = [Eam(pa + g, q)]‘tzo =
(Vg-K-Vg+Vq-K' - Vpr[V-upigiho. (57)
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The residual from Eq. (55) can be written explicitly as

Ro(@) = Lo(@) = Ac(pr, @) = [mo(po. @) + botg. wo)]|_ -

=

[t )+ acton )+ g, s+ i Jor = oo )+ bt s+ wh e ]|

[ [t = 59 -t + witied). o)+ (Va - K -V pro
1

+[mm(po — PR+ %V uo — uz —ul,{prll, q)]‘tzo =

[ [mott )+ Vg - cwonc]ar + [mooo o] (58)
where we defined
M, =~ — %V lis + (e}, (59a)
w, = —K(V - [uz + ul{pr}]) - Vg, (59b)
Mo = po — pr + %V uo — us — uwi,{pr}l. (59¢)

For the linear problem, cf. Ekre et al. [26], it is possible to parametrize the residual w.r.t. {Sa(t)}ivjl and £(¢) in
time, and trivially define M, to include also the contribution from w, without requiring any extra work in the online
stage. For this formulation, M; and Mj in (59) can be parametrized. However, due to the non-linearity, w, cannot
be parametrized in the same (low) order.

Since Eq. (40) is assumed to be solved exactly we note that

Ro(gr) =0 Vgr € Qor, (60)
whereby the following Galerkin-like orthogonality holds:
Ro(q) = Ro(g) — Ro(llrg) = Ro(lleq) Vq € Qo. (61)

4.2. Auxiliary symmetric form and auxiliary error equation

We now define an auxiliary form with the requirements that it should (i) define a norm, (ii) localize in time, and
(iii) (approximately) bound A r from below. We define A (e, o) as follows:

A N 1 1
Ao(g. q) = / (8. )+ 518, @l + 5108 Dot (62)
I
where we also defined

an(g,q) =(Vg-Ko-Vq)o. (63)

Ap now defines the following global space—time norm

A 1 1
ligll ==+ Aclq. q) = \// lqli5ds + zllqllgnlmo + E“q”%l't:T (64)
1

together with the spatial norms || e || and || e ||

lglla :== v dnlg, q), g llm == vmalg, g). (65)

As we discussed earlier the auxiliary form should be a lower bound of the true tangent A, i.e.

An(q, 9) S AL(pr: 9, 9) = Aor(g, ). (66)

This approximation is motivated by the follow inequality for the limit p — 0:

Anlg.q) = lim AG(pig.q) (67)
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which holds for the auxiliary form, as defined by Eq. (62), since the bilinear form pertinent to the linearized problem
lim An(p;q,9) = /[mm(é, q)+ lim a(p; g, 9) + bo(g, uﬁﬁ{é})]dt +
p—> 0 I p—>0
[mu(q, q) + bo(q, u’;{q})]‘ =

t=

[[im, st .0 ]ar + 5 [meta. o+ bota wpta] | + 5 [mta )+ bota.wpian]] =

2 t= 2 =
" >0 >0
=an(q.q)
n 1 1 ~
f ol @)t + 3000, 9],y + 3m0. )|,y = Aoig. 9, (68)
I

where we used that (i) lim, . oa/(p;q,r) = (Vg - Ko - Vr)o, and (i) b(g, u{g}) = a™@"{q}, u'i{q}) = 0
from Eq. (39).
We now define the auxiliary error equation for an auxiliary error representation g: Find g € Pg such that

An(g, ) = Ro(g) = Ro(Ilcq) Vg € Qn, (69)

where the right-hand side can be substituted due to the orthogonality property in (61). We note that the norm of the
auxiliary error is an approximate upper bound on the true error, i.e. ||g|| < ||g]|l. This follows from the definition
of the error equations, and the approximate bound from Eq. (66):

lgl* = An(g, 8) < Anr(g, 8) = Ro(g) = An(g, g) < lgllligll- (70)

In summary, we obtain the estimator || g|| < |g]l, where the bound is guaranteed in the limit of linear response, cf.
Ekre et al. [26]. The bound can thus be considered reliable for moderate non-linearities. However, even for strong
non-linearities, we remark that || g|| reflects the full residual due to the coercivity of AD(Q, °).

A more conservative estimate can be obtained by replacing the inequality from Eq. (67) with

A 1
An(g,q) < FAD,R(q, ), (71)

and finding an estimate for f~ < 1. This gives a bound that is valid also outside the limit p — 0. In place of
Eq. (70) we obtain

N 1 1 1 . 1
gl = An(g. 8) < —Anr(¢. q) = —Ro(g) = ——An(@. ) < —lllligll- (72)
I f- f- f-
For the considered model problem, f~ could be estimated by considering Eq. (8) and let
fT= min_ f(V-u(x,t)). (73)
tel, xelln

Discarding the skew-symmetric term, we may assume

ag(pr:q.9) = [~ aolq, q), (74)
which motivates Eq. (71).

4.3. Explicit estimate

We shall now derive an explicit, fully computable, estimate for the (approximate) error using the auxiliary error
equation (69). From the definition of the norm we have

N A a R B, 1 .
gl S 18l =+ An(@. &) = \// lgll%dt + Ellgllfnlz=o + §||g||,2n|z:T~ (75)
1

Since the auxiliary error equation localizes in time we shall in the following three sections derive upper bounds on
I §||ﬁ, [| <§||§1|,:0, and || §||ﬁ1|,:r, respectively. More specifically, upon considering (58) and (62) the problem in (69)
localizes into one problem for ¢+ = 0, one problem for each ¢ € I, and one problem for t = T.

12
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4.3.1. Auxiliary error equation at time t =0
At time ¢ = 0 the auxiliary error equation is reduced to the following problem: Find g(0) =: gy € Py such that

1 .
Emu(go, q) = mg(My, Ilcq) Vq € Po. (76)

Using the identity from (52), and Cauchy—Schwartz inequality, we obtain the following upper estimate

180112, = ma(8o, o) = 2ma(Mo, cgo) = ma(llcMo, &) < || Tc Mo|lwmll €0l m. 77

which results in the following contribution to the global estimate in (75):

1,
5||g<0)||2 < 2| e Moll%,. (78)

Remark. If the initial condition can be represented exactly using the reduced basis, for example if p(e,0) = 0,
then we obtain the trivial contribution %H 2(0)] ﬁl =(0since My =0. O

4.3.2. Auxiliary error equation at time t € |
In the time interval the auxiliary error equation reduces to the problem of finding g(z) =: g, € Py such that

ag(&r, 9) = mo(M,, Ilcq) + (VIleq - (—w))o Vg € Po. (79)

As discussed previously, for the linear problem (Ekre et al. [26]) it is possible to parametrize the residual w.r.t.
time, and trivially project the full residual into an effective M, (whereby w; = 0) without requiring any extra work
in the online stage. However, it is not possible to use that strategy for the non-linear problem since it would require
the solution of a (linear) problem of size N at each timestep. Instead we will propose a different strategy for shifting
data from w, to M, in Eq. (85) by using a decomposition of w, using POD.

We first decompose w,(x) at each time ¢ as follows

M
w(x) = (%) + wi(x), ,(x) € Wo =) wa(xX)xa, (80)

a=1

where W = span{wa(x)}f:”: | defines a spatial basis of M modes for the seepage, and where x, are the mode

activity coefficients. The new basis functions w, are obtained by employing POD (cf. Section 3.4) on a dataset of
seepage snapshots collected during either the (original) offline training stage, or during the simulation itself. For
each time ¢, W, is thus defined as the projection of w, onto Wy. The M mode coefficients x, are solved from®

(W, - Ky' - 80)g = (w, - K, - 8W), (81)

i.e. a linear problem of size M <« N for each timestep.
To shift w into a contribution to mg(e, @), we define AM, € Py as the projection of w, onto Py

mo(AM,, q) = (Vq - (=)o Vg € Po. (82)
With the definition of AM, and @, we can rewrite the residual in Eq. (79) as follows
mo(M;, q) + (Vg - (—w))g = mg(M;, q) + (Vg - (-, — w)))g =
mo(M; + AM;, q) + (Vq - (—w))o = ma(M/, ¢) + (Vq - (—w)))o, (83)

where we defined M; = M, + AM,. Finally, from linearity, AM, = 234:1 M, ,x. where the spatial modes
M; , € P can be solved from the seepage modes w,

mD(Ml,LH Q): <VQ’(_wa)>D Vq EPEM a = 1725"'7M' (84)
The localized error equation (79) now gives the following contribution to the global norm

18117 = 60(8r, &) = mo(M], IIcg,) + (Vg - (—w)))o. (85)

3 Ultimately we want to minimize w, = w, — W, in terms of Hw;HKal = /(w} - Kal -w;), and thus solve the coefficients from the

corresponding stationary point.

13
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The first term of (85) can be bounded using Cauchy—Schwartz inequality as follows
mo(My, Heg) = mo(le My, &) < I M |lwll & llm, (86)

where the first identity follow from the orthogonality property of Il- in (51). To proceed we need a relation between
|| ®|lm and || e ||4. To this end we define the following eigenvalue problem

ao(@a, 8p) = ramolga, 8p)  Vip € Pp, a=12,...,N, (87a)

mo(@a, ¥p) = dap a=1,2,...,N, (87b)
where (¢4, Ay), a = 1,2,..., N are eigenpairs ordered such that A; < A, < --- < Ay. We can compose any
q € Pg as follows

N

e (88)

and obtain a relation between || e ||, and || e |4
rabl o 2 1 L
lqll%, Zs Z < A—Zxasu = 5-80@.9) = -l (89)
1 1

a=1 a=1 a=1

Combining (86) and (89) gives the following upper estimate for the first term of (85)

mo(My, 1Icg) < IIHCM 1 la- (90)

The second term of (85) can similarly be bounded, using Cauchy—Schwartz inequality, as follows:
1 _1
(VIcg - (—w))o = (VIcg - Ky - Ky* - (—wy))o <
\/(Vncgf Ko Vncgrf)\/(w; CKG e wl) = e lallw) 1. O

where we defined

lollg-1 ==/ (e Kg' o). 92)

As the last step we need to relate || IIcg; ||« to [1&/]la- A first, conservative, option is to use the identity operator
in place of Il already in (85), since the right hand side of the residual can be substituted, cf. Eq. (61). In this case
we directly obtain

(V& - (—w))o =< I8 lallwell - 93)
Remark. This option requires that the identity operator is used in place of II- also in the bound for first term in
Eq. (90). O

A second, approximate, option is to simply assume that || IIcg;|la < ||&;|ls Which results in

(VIIcg - (—wp)o < ||§t||a||w;||K61- (94)

Combining the results from (90) and (93) or (94) with (85) we obtain the following upper bounds for the
time-interval contribution

. M} . Il L1 M{ ||
l&illa = I + [w tllK—l, I8lla < s + IlwﬁllKal- (95)

4.3.3. Auxiliary error equation at time t = T
At time ¢t = T the auxiliary error equation is reduced to the following problem: Find g(T) =: gr € Py such that

1 .
zmm(gr, q)=0 VqelPg, (96)
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Table 1
Material parameters for the three material phases in the RVEs used for the numerical
examples.
Phase 1 (matrix) Phase 2/3 (inclusions)
G [GPa] 8.8 15.8
K [GPa] 9.6 16.2
] [-] 0.2 0.1
K* [GPa] 36 36
Kf [GPa] 0.022 2.3
k [m?MPa~!s™1 2 0.033/0.0033
ap [-] 0.2 0.2

which gives the following trivial contribution to the global norm:
L. 2
EIIg(T)IIm =0. L)

4.3.4. Final estimate of NMR error
Eq. (75) together with Egs. (78), (95), and (97) gives the following estimates of the auxiliary error

o . 1 . 1 .
I8l < \// Ig112dt + Ellgll?nlbo + Ellgll?nltg =
1

/ 2
< \/f, | M )l | e+ 20 Mol =: Ees,
(98)

/ 2
HcM;||lm 11
s\/f, [ Mot w1 ] e+ 20 e Mo, = EX,

where E. is a guaranteed estimate, and EenstC a sharper, but approximate, estimate of the auxiliary error. However,
from (70) we know that both options are approximate upper bounds on the true error, i.e.

~ ~ 11
gl S N8I < Eests gl S NEINS Eesf- 99)

4.4. Summary of error estimation procedure

The steps to obtain the final expression in (98) are summarized below:

e Linearization of the error equation, cf. Eq. (55) and definition of the approximate error g;

e Definition of an auxiliary symmetric and bilinear form AD(O, o) that localizes in time, cf. Eq. (62), and the
auxiliary error representation g;

e Explicit residual based estimates of the terms in Ag(o, o) (cf. sections 4.3.1, 4.3.2, and 4.3.3), with an extra
POD based projection of the seepage term in the residual, cf. Eq. (82).

We emphasize once again that the estimate is approximate upper bound, since, due to the non-linearity of the
problem, the following approximations were introduced in the derivations: linearization of the error equation,
linearization around p = 0 when defining the auxiliary form A, and assumption that || IIcg|ls < ||&]la-

5. Numerical examples

For the numerical examples we consider an RVE in three spatial dimensions consisting of gas saturated matrix
material (phase 1) with spherical, water saturated, inclusions of two different types (phases 2 and 3, respectively),
see Fig. 2. The material parameters for the three phases are presented in Table 1.

In order to quantify the sharpness of the error estimate (as compared to the exact error) we define the effectivity
index as

: (100)

where E. is the estimate (Eq. (98)), and E := ||p — pgr]|| the “exact” error.
15
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Fig. 2. RVE for the numerical examples with matrix Phase 1 matrix material (transparent) with spherical inclusions of Phase 2 (blue) and
Phase 3 (red). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

T T T
1
<t
~
= 05 a
1©
0 | Lol L1

10~7 10-6 10-5 10~¢ 1073
t [s]

Fig. 3. Prescribed macroscale strain components used for training computations in the 11-direction, normalized with the amplitude A such that
max; tr(&(1)) = A. The same loading is used for the 22- and 33-directions. Snapshots are collected during relaxation i.e. for > 1 x 107%s.

5.1. Training computations for basis extraction

The reduced pressure basis is constructed using POD where snapshots are extracted from training computations.
For the training we use a stress-relaxation test by ramping up the macroscale strain &(¢), cf. Fig. 3, while keeping
the other components fixed to O (and similarly for &€,,(¢) and €33(¢)). Three different amplitudes of the loading
A = 0.01, A = 0.1, and A = 0.2 are considered, resulting in three different profiles for the pore pressure, see
Fig. 4. In order to quantify the magnitude of the non-linearity, the volume average of the permeability coefficient
introduced in Eq. (8) is shown in Fig. 5.

The snapshots are collected from the “relaxation part” of the simulation, e.g. from the time steps where
t > 1 x 107%s. From the snapshot dataset, with snapshots from all three training simulations, the POD basis is
extracted as described in Section 3.4. In Fig. 6 the first pressure mode, p;, and the corresponding displacement
mode, u/ are visualized.

5.2. Example 1: Reduced solution of training simulations

As a first example we consider the macroscopic loading used for the training (see Section 5.1) and try to replicate
the training simulations using the reduced basis. The result are presented for different magnitudes A, and for
different tolerances used as the cutoff in the “residual-shifting” POD basis for the seepage w;, see Section 4.3.2,
i.e. Ay /A < TOL where M determines the resulting number of modes. The seepage POD is based on snapshots
from the reduced simulation. In Figs. 7 the number of seepage modes M are visualized for different Ng and for the

16
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1072
OJH\\ T \\\HH\ T \\\HH\ T \\\HH\ T \\\Hl

i
<
R
< 4
a
s —-= A =0.01
6l —— A=0.1
—— A =02

Ll Lol Lol NN N
- 10°% 10° 100* 1073
t [s]

Fig. 4. Volume-averaged pressure (p)m, normalized with the bulk modulus K and the amplitude A, corresponding to the macroscopic loading
given in Fig. 3 for three different amplitudes.

10~7 10-6 10-5 10~ 1073
t [s]

Fig. 5. Volume-averaged permeability coefficient (f)m, corresponding to macroscopic loading given in Fig. 3, for three different amplitudes
A.

different loading amplitudes A. The exact error and the estimate and the resulting effectivity index n are plotted
in Figs. 8 and 9 for A = 0.01, in Figs. 10 and 11 for A = 0.1, and in Figs. 12 and 13 for A = 0.2. We note
that as the amplitude increases the exact error (and the estimates) also increases, i.e. the basis performs worse for
higher non-linearities. The figures show the importance of the residual shifting POD: using a better basis, in this
case using a lower tolerance leading to more modes, have a significant impact on the estimate and the effectivity
index.

5.3. Example 2: Combined macroscopic loading

In order to test the effectiveness of the reduced basis we also try a different macroscopic loading where the
macroscopic strains £y, £, and £33 are varied according to Fig. 14. The same amplitudes used for the training
is also used to define this loading (A = 0.01, A = 0.1, and A = 0.2), where each amplitude approximately
corresponds to same maximum averaged pressure (p)g, see Fig. 15, and the same maximum averaged permeability
(f)o, see Fig. 16.

The exact and estimated error in energy norm is plotted in Fig. 17 for A = 0.01, in Fig. 18 for A = 0.1,
and in Fig. 19 for A = 0.2. In this example only the POD threshold Ay /A; < 107!% is used for the seepage
basis. The figures also include results from the bound given in Eq. (72), i.e. the estimate is scaled with f~ =

17
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Fig. 6. The first mode shapes visualized on the yz-plane in the middle of the RVE: p;(x) top left, uﬁ‘ (%) top right, u’f y(x) bottom left,
and u’]‘ .(x) bottom right.

—— A =0.01, TOL=10"¢
-e- A=0.01, TOL = 10~12
—— A =0.1, TOL = 10-¢
-4- A=0.1, TOL = 10~
-8 A =02, TOL=10"¢
-8- A=0.2, TOL = 10~12

Fig. 7. Example-1: Number of seepage modes M obtained in the seepage POD, for the different tolerances and the different amplitudes A,
as a function of number of modes Nr used for the pressure approximation.
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Fig. 8. Example-1: Exact and estimated error in energy norm for amplitude A =

POD basis in the residual shifting.
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0.01, for different tolerances for generating the seepage
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Fig. 9. Example-1: Effectivity index for the estimated error in energy norm for A = 0.01, for different tolerances for generating the seepage

POD basis in the residual shifting.
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Fig. 10. Example-1: Exact and estimated error in energy norm for amplitude A = 0.1, for different tolerances for generating the seepage

POD basis in the residual shifting.
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Fig. 11. Example-1: Effectivity index for the estimated error in energy norm for A = 0.1, for different tolerances for generating the seepage
POD basis in the residual shifting.
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Fig. 12. Example-1: Exact and estimated error in energy norm for amplitude A = 0.2, for different tolerances for generating the seepage
POD basis in the residual shifting.
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Fig. 13. Example-1: Effectivity index for the estimated error in energy norm for A = 0.2, for different tolerances for generating the seepage
POD basis in the residual shifting.
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Fig. 14. Example-2: Prescribed macroscale strain components used for prediction normalized with the amplitude A such that max, tr(&(7)) = A.

(p)o /(K A) [-]

Fig. 15. Example-2: Volume-averaged pressure (p)g, normalized with the bulk modulus K and the amplitude A, corresponding to the
macroscopic loading given in Fig. 14, for three different amplitudes.
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Fig. 16. Example-2: Volume-averaged permeability coefficient (f)g for the macroscopic load case given in Fig. 14, for three different
amplitudes A.

minge o er f(V-u(x,t)). However, we note the estimate is robust also without this, and, since f~ locally becomes
very small for the higher amplitude loads, the resulting effectivity is very poor.
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Fig. 18. Example-2: Exact and estimated error in energy norm (left) and effectivity index (right) using amplitude A = 0.1. The more

conservative estimator is obtained through scaling by the factor f~.
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Fig. 19. Example-2: Exact and estimated error in energy norm (left) and effectivity index (right) using amplitude A = 0.2. The more

conservative estimator is obtained through scaling by the factor f~.

6. Conclusions and outlook

In this paper we have presented NMR applied to the RVE problem arising from computational homogenization
of porous media with a non-linear constitutive relation for the seepage. We derived an explicit, fully computable,
a posteriori error estimator based on the linearized error equation for estimation of the NMR error in terms of the
energy norm pertinent to the linearized problem. The results for the chosen numerical examples demonstrate the
performance of the estimator and it was shown that the estimator overestimates the true error between one and two
orders of magnitude. For the studied model problem, the estimator is conservative also for strong non-linearities.
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As shown for the linear problem [26], the effectivity of the estimator can be improved by including spectral
modes in the reduced basis. This should be investigated also for the non-linear problem. Left for future work is also
to further develop the estimator for estimation of user-defined quantities of interest (cf. [26]), and the application of
the estimator to a full-fledged nested FE? procedure (cf. [25]), which would require taking care of error transport
between the two scales. Finally, the procedure can be applied to other important applications of non-linear transient
problems, accounting for e.g. inelastic deformations.
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