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Abstract

In this paper, we consider a high-order discontinuous Galerkin (DG) method for modelling wave propagation
in coupled poroelastic-elastic media. The upwind numerical flux is derived as an exact solution for the
Riemann problem including the poroelastic-elastic interface. Attenuation mechanisms in both Biot’s low-
and high-frequency regimes are considered. The current implementation supports non-uniform basis orders
which can be used to control the numerical accuracy element by element. In the numerical examples, we
study the convergence properties of the proposed DG scheme and provide experiments where the numerical
accuracy of the scheme under consideration is compared to analytic and other numerical solutions.

Keywords: Discontinuous Galerkin method, Non-uniform basis order, Poroelastic waves

1. Introduction

The current work has grown out of the authors’ interest in using ground motions to quantify aquifer
features of interest. The motivation comes from groundwater engineering where (in the authors’ experience)
it is very often the case that detailed subterranean knowledge is lacking. We mention Canterbury, New
Zealand, where, as well as supplying the province’s capital city of 400,000, groundwater accounts for around
30% of the irrigation water. A naive picture of large and vaguely spatially homogeneous and isotropic
aquifers is far from the truth [1]: collective drilling experience over many years suggests a more complicated
network of subterranean flow paths, [2]. Conventional groundwater engineering is based on drilling and
pumping tests to estimate potential yield and the rate at which water can be abstracted. Apart from cost
considerations, interpreting pump test data will, at best, reveal only local information about an aquifer’s
state, [3, 4]. This motivates our interest in non-invasive subsurface imaging, where the intention is to build
a more comprehensive map of an aquifer and its physical features. The impetus for our work arose from the
Canterbury/Christchurch earthquakes of 2010-11 [5, 6], when lack of sufficiently resolved knowledge about

the groundwater system became particularly poignant.
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Inverting ground motion data to reveal aquifer features of interest (e.g. dimensions, porosity and perme-
ability) requires the modelling of poroelastic waves. The generally accepted theory is due to Biot [7, 8], who
proposed an extension of the ordinary elastic theory (see below). The most notable aspect of the Biot theory
is the existence of a (usually much slower) secondary P-wave. For example, when a seismic wave meets a
fluid-saturated medium it scatters and, in addition to the usual S-wave, the transmitted wave splits into fast
and slow P-waves. Biot also identified two regimes, depending on the frequency content of the propagating
wave. In the low-frequency regime fluid flow is laminar and the wave is diffusive. In the high-frequency
regime the viscodynamic effects are more complicated (see Section 4). In practice the existence of the slow
P-wave puts a significant constraint on numerical schemes, making the task of solving related inverse prob-
lems very challenging, [9, 10]. In these preliminary papers we addressed some restricted inverse problems
and dealt mainly with the computational challenges associated with poroelastic inverse problems. For the
forward model we used the SPECFEM2D code based on the spectral element method due to Morency and
Tromp, [11]. However issues with the SPECFEM2D code (discussed later in the paper) led us to developing
the discontinuous Galerkin (DG) formulation discussed in this paper.

Methods for simulating poroelastic waves range from finite differences, spectral and pseudo-spectral
methods to the more recent DG method. A broad ranging review of computational poroelasticity is given
n [12]. We refer also to the recent papers [13, 19, 20] who work in a finite volume setting. DG methods
have been implemented previously for poroelastic wave propagation; we mention [14, 15] who worked in the
time domain, while the recent paper [16] considers frequency domain solutions. Wilcox et al. [17] consider
three-dimensional coupled acoustic/elastic wave propagation. They note that the method of [18] uses a flux
that takes into account material properties from only one side of an interface. Instead in this paper we solve
an exact Riemann problem as in [17].

The DG method was originally proposed in 1973 by Reed and Hill to solve first-order scalar hyperbolic
problems [21]. Since then the method has been extensively analysed [22, 23, 24, 25, 26, 27]. Furthermore,
the DG method and many variants have been applied to many problems, including first- and second-order
hyperbolic problems such as Maxwell’s equations and the elastic and acoustic wave equations [28, 29, 30, 31,
32, 17, 33].

The first step in a DG method is to divide the computational domain into a set of elements. Polynomial
basis functions are then defined for each element, where often a subclass of the Jacobi polynomials are
used. Omne or two applications of Green’s theorem give so-called weak or strong variational forms of the
underlying hyperbolic system where, as usual, the solution and the test functions belong to the span of the
basis functions, see [34] . The surface term that appears as a result of the local integration over an element
is interpreted as a numerical flux at the interfaces between pairs of adjacent elements. Here, the DG method

borrows heavily from the finite volume method and the theory of Riemann solvers, see [35, 34], to estimate
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the numerical flux. In this work, time integration is carried out mainly using the low-storage Runge-Kutta
(LSRK) method, see [36, 34], while in the Biot low frequency regime we also consider an IMEX implicit-
explicit scheme [48]. However, there are many alternatives including the space-time DG method [33, 37]
and the ADER approach using arbitrary high-order derivatives [38, 39, 40]. For example, the ADER scheme
with the DG method has been successfully applied to model elastic, poroelastic, and electromagnetic wave
propagation, see for example [30, 32, 15, 41]. Reviews of developments in the DG methods in are given in
[42, 34].

The structure of this article is as follows. First, in Section 2, we outline formulations of Biot’s equa-
tions. In Section 3, we describe the numerical scheme used in this study while Section 4 we consider
poro-viscoelasticity. In Section 5, we discuss the coupling between elastic and poroelastic material. Then,
in Section 6, we present a numerical experiments. Finally, a discussion and concluding remarks are given in

Sections 7 and 8, respectively.

2. Formulations of Biot’s equations of motion

2.1. Background

In [7] and [8] Biot proposed a theory of poroelastic wave propagation through a saturated medium, which
may be regarded as an extension of the classical elastic theory. In this situation it is necessary to model the
coupled mechanism of stress transmission through the solid and fluid parts. Assuming that the strain energy
is a quadratic function of the solid matrix and fluid dilatations, one obtains a natural coupling between the
pore pressure and the effective stress, in which the parameters may be interpreted as generalised stiffness
parameters. Biot also postulated a quadratic form for the kinetic energy in terms of the solid and fluid
displacements, where the coefficients are interpreted as generalised densities. For practical purposes this
term is most satisfactorily written in terms of the fluid tortuosity, [43]. As noted above the most notable
conclusion of the elementary Biot theory is the existence of a secondary slow P-wave, where the solid and
fluid wave amplitudes have opposite phase. This has the undesirable feature that it may set an inconvenient
restriction on a numerical scheme, since the grid refinement is controlled by the shortest wavelength, see
[9, 10]. Biot also considered the situation of wave dissipation, which may occur when there is a relative
motion between the solid and fluid, and identified a low-frequency (laminar) and high-frequency regime.

There are several formulations of the Biot equations of poroelastic wave propagation, which roughly track
the evolution of Biot’s work. For convenience we begin with the original Biot formulation and then give an
account of the formulations commonly found in the literature.

Letting us denote solid displacement and us denote fluid displacement, and assuming laminar (Poiseuille)
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flow, Biot’s model as given in [7] may be stated as follows:

0%uy 0%y 0
Pllw +p12W+ba(us_Uf):V.(1_¢)TS, (1)
9%u 0%y 0

P128T2S +P22W_b§(us—uf)zv'¢rrf’ (2)

where p11, p12 and pos are generalised densities and the ‘Biot coefficient’ b is given in terms of the matrix
permeability k, porosity ¢ and fluid viscosity 1 as follows:

b
k

The stress tensors T and Ty were given as generalised isotropic Hooke’s laws and were later formulated in
[44] in terms of theoretically measurable stiffness coefficients. These will be discussed in more detail below.

In [45], equation (8.21), Biot shows that the coupling coefficient p12 may be interpreted in terms of the
fluid tortuosity 7:

P12 = ¢,0f(1 - 7’),

which permits the effective mass densities p12 and pao to be expressed as

p11=(1—9¢)ps —o(1 —7)ps (3)

P22 = TPps (4)

where ps and pr are the solid and fluid densities, respectively. For modern derivations see [43], Section 7.4,
and [11].
The second notable aspects of Biot’s early analysis [7, 8] is that he obtains a characteristic frequency f,,

below which the Pouiselle assumption is valid and inertial forces are negligible to viscous forces:

__ne
2nTpek’

Je (5)

See [43], Section 7.6.1. At higher frequencies, inertial forces are no longer negligible, and the viscous resistance
to fluid flow given by b is frequency-dependent. In [8] Biot uses a frequency-dependent correction factor in
b, while in [45] considers a viscodynamic operator.

In [45] Biot reformulates his equations in terms of u, and the relative displacement of fluid w = ¢(ug—uy).
This is the formulation normally found in the literature, and the one considered in this paper. Note that w

is volumetric flow per unit area of the bulk medium. Adding equations (1) and (2) gives

0%ug 0w
PaW‘FPfW:V'T (6)

where p, is the average density

Pa = (1 - ¢)ps + ¢pr
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and T = (1 — ¢)T, + ¢T¢ is total stress. Equation (2) can also be reformulated in terms of ug and w which

gives Biot’s revised system (equation (8.24), [45]):

0%u, 0w
Pa o2 +PfW*V'T, (7)
9%uy PPw  now
MMM v AN, )
Pge T e =V T (8)
where
m = p7/¢. 9)

For a detailed derivation see [43]. Note that this formulation presumes a constant porosity. However, Morency
and Tromp [11] and Carcione [43] show that the same equations hold for variable porosity. We note that our
numerical implementation accurately resolves discontinuous porosities as well as material discontinuities in
general, the former being a problem for the spectral element method; see Section 13.3.3 in [11]. At this point
there are several options for reformulating and generalising the second equation to include the high-frequency

regime. Carcione, for example, in [43], Section 7.6.1, introduces the low-frequency viscodynamic operator
Y (t) = mdyd(t) + L 0(1) (10)

in which case the second equation can be written as

0%uy ow
Pt o2 —&-Y*E—V'Tf (11)

Morency and Tromp, [11], work with a second-order frequency-dependent symmetric tensor b = b(t) and

write the second equation in the form

*w 0%uy Oow
mw+pfw+b*a—v~rrf. (12)

This will be considered in more detail in Section 4.
With regards to generality we note that the original theory was developed for isotropic media, [7] and
[8], whereas [45, 46] consider extensions to anisotropic media. In this paper we deal with the isotropic case,

while [13] deals with the more general case of orthotropic media.

2.2. Poroelastic Hooke’s laws
In [7] Biot proposed generalised Hooke’s laws to describe the stress-strain coupling between solid and

fluid. Letting E denote the solid strain tensor
1
E= i(vus + (VUS)T)
and € = V - uy the strain in the fluid, these may be stated in the form:

(1-9)Ts = 2uE+ Atrace(E)I + Qel (13)

¢T: = Qtrace(E)I+ Mel (14)
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where g and A correspond to the usual Lamé coefficients, @@ and M are Biot’s original notation defined in
equations (18) and (19) below, and I denotes the identity tensor. As usual, under the assumption that the
fluid does not support shear stress, one may interpret p as the dry matrix shear modulus pg,.

Biot and Willis [44] showed that the elasticity coefficients postulated above may be written in terms
of bulk moduli defined by idealised experiments, viz. the bulk frame modulus of the frame kg, the bulk
modulus of the solid ks and the bulk modulus of the fluid x¢. Carcione gives a detailed account in [43]. Since

we are interested in the system (7)—(8), we may write

2
T = 2uE+ <B - 3;%) trace(E)I — CCI (15)
Ty = Ctrace(E)I — M(I (16)
where ( = —V - w is the variation of fluid content, and the moduli B, C, and M can be written as

Rs — (1 + ¢)’€fr + ¢K§sﬁ:fr/;‘£f

(1 - Hfr/lis) - Qb(]. — I{S/K‘,f)’
— (1 — kn/ks)ks A
“= (1= ke /ks) — p(1 — ks /rg) @ (18)

B= (17)

and
Ks

M= (1 - ’%fr/"{';s) _¢(1 — Iis/,‘{f) ' (19)

One of the less desirable aspects of poroelastic theory is the proliferation of constants. A neater formu-

lation that is possibly better suited to estimation is to introduce the Biot effective stress constant « given

by

a=1-— @.
Rs
Then we can write the solid and fluid stress tensors as
2
T = 2usE+ (Kfr +a?M — 3/,6fr> trace(E)I — aM (I (20)
Ty = M(atrace(E)— ()L (21)

3. Numerical scheme for the inviscid case

3.1. Hyperbolic system
We use a velocity-strain formulation to express (7)—(8) as a first-order conservative hyperbolic system.
Introducing the variable

q= (611,622,612,C,US,’US,Uf,Uf)T (22)



where the ¢;; are components of the solid strain tensor, ¢ is the variation of fluid content, vy = (us, vs) are
ou

the x and y components of the solid velocity 8—; and v¢ = (ug,v¢) the components of the relative fluid
locity 2 viz
velocity — -, viz.
€ €
B |1 a2 (23)
€12 €22
and
(=-V-w (24)
du
(usavs)T = 8ts (25)
0
(ur, o) = S (26)
we obtain
dq dq  9d(Aq)  0O(Bq)
2 LV-F=02 = 27
Q5 + Corton T o, —BTEY (27)
where
F = [F1, F»] = [Aq, Bq]
and
1000 0O 0O O O
0100 0 0O 0 O
001 0 0 0 0 O
0001 0 0 0 O
Q= (28)
000 0 pa 0 pr O
00 0 0 0 pa O p¢
00 00 pp 0 m 0
0000 0 pr 0 m
The Jacobian matrices A and B are given by
0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 1/2 0 0
0 0 0 0 0 0 -1 0
A=— (29)
2+ XA 0 —aM 0 0 0 0
0 0 2ug 0 0 0 0 0
Mo« Ma 0 -M 0 O 0 0
0 0 0 0 0 0 0 0



and

0 0 0 0 0 00 0
0 0 0 0 0 1.0 0
0 0 0 0 1/2 0 0 0
s__| 0 0 0 0 0 0 0 -1 (30)
0 0 2pe 0 0 00 0
A 2up+XN 0 —aM 0 0 0 0
0 0 0 0 0 00 0
Ma Mo 0O -M 0 00 0

where A\ = kg + o2 M — % e For the low-frequency dissipative regime considered in Section 4 the source
term g is given by
g = (0,0,0,0,0,0, Lur, — )T (31)
while gy is a volume source, which is defined later in Section 6.
The eigenstructure of Q1A (and Q! B) parallels the elastic case given in [17]. See also [35], Chapter 22

for background material. The derivations are given in the appendix and are summarised below. Introducing

the quantities

Zy =mpa — P} (32)
Zy = =2ptaM + paM + mA + 2mpig (33)
Z3 = pa(4am — daps + pa) M? — 2(2amps + mpa — 2p7) M (2 + N) + m2(2ug + N)? (34)
Zy = paM — mA\ — 2myig (35)
Zs =2(am — ps) M (36)
we have the following expressions for the wave speeds for the non-dissipative case:
Zy+ 7
1 2 3
=4y =1 37
c 7 (37)
Zo — N2
11 2 3
=4y —=—F— 38
= 57, (38)

o m iy
Cs = E4/ 7 (39)

Here cé is the speed of the fast P-wave corresponding to the P-wave of ordinary elasticity, c]I} is Biot’s slow P-

wave, and c¢; is the speed of the shear wave, where usually c]ID <cg < cg. Writing A = diag(—c}g, —Cg, —cg, 0,0

CH

»po

Cs, C

11
P

)



110

115

120

we show in the appendix that representative eigenvectors of Q' A are given by the columns of

1 0 1 0 2up/3—ky 1 0 1
0 0 0 0 4dpg/3+ kp 0 0 0
0 1/2 0 0 0 0 1/2 0

— 0 — 0 210y — 0 —

R— g4l V2 [t V2 g4l (40)

cl 0 cg 0 0 —cg 0 —cZIj
0 Cs 0 0 0 0 —Cs 0

710119 0 720;1 0 0 —72021 0 —’)’10;
0 —cspe/m 0O 1 0 0 cspg/m 0

where v, = (Zy +/Z3)/Z5 and v2 = (Zy — \/Z3)/Z5 and hence we obtain the spectral decomposition
A = RAR™!. Note that in the dissipative low-frequency regime wave speeds become frequency-dependent.

Formulae are derived in the appendix.

3.2. Discontinuous Galerkin method

In this section we outline the DG method. Our formulation follows Hesthaven and Warburton, [34] where
a detailed account of the DG method can be found. We first suppose that the computational domain  C R?
is triangulated using K elements p

o=|JD"
k=1

The boundary of element D* is denoted by dD*. We assume that the elements are aligned with material
discontinuities. Furthermore, for any element D* the superscript ‘—’ refers to interior information while ‘+’
refers to exterior information.

To obtain the strong form we multiply (27) by a local test function p* and integrate by parts twice to
obtain an elementwise variational formulation

/ (QEJrv-f—g—gv)p’%Fj{ - (F7 - Fh)phdr, (41)
Dk ot oDk

where f is an outward pointing unit normal, q¥ is the restriction of q to the element D* and F* is the
numerical flux across neighbouring element interfaces. In the discrete form, the test functions p* are assumed
be multivariate Lagrange polynomials resulting from the nodal DG method (we refer to [15] for a detailed
discussion of the nodal spatial discretization).

To approximate the numerical flux F* along the normal nn we solve the Riemann problem at an interface.
With this in mind we define

II=n,A+n,B
so that
n-F=1Iq
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3.83. Boundary conditions

The ground surface of the porous medium is modelled as a free surface by assuming that the strain

components and the variation of fluid content vanish, [43]:
€11 =€ =€2=0, ¢=0. (42)

The other boundaries are modelling as absorbing boundaries. We implement these boundaries as outflow
boundaries by setting the flux equal to zero. This is only exact for one-dimensional problems and may

introduce boundary artefacts. This is discussed in Section 7.

3.4. Riemann problem

Now that the eigenstructure of Q' A has been established we proceed to solve the Riemann problem for
(22) using essentially the same calculations carried out in [17] with a modest loss in elegance and simplicity.

In the following calculations it is convenient to work with a local interface basis {n,s} where § is a unit
tangent vector. Using a prime to denote vectors with respect to the interface basis, we write q = Lq’ where
L is the change of basis map from {n,§} to the physical Euclidean basis {€;,é5}. It is straightforward to
show that

qd=L'q=(n"En s Es$ s En(,n-vs§ vy, n-ve,s-ve)'. (43)

Letting P = [f §] the first three terms follow from the change of basis formula for a matrix E' = PTEP,

and the last four terms follow from v/ = PTv. We also have
LML =Aand L7'Q 'TIL=Q'A (44)

To compute an upwind numerical flux across an interface for the two-dimensional locally isotropic poroe-
lastic system (22) we solve a Riemann problem at an interface. This consists of solving the system (22) with
initial data

q ifa-(x—x0) <0
Qo(x) =
qt ifn-(x—x¢)>0
where x( is a point on the interface.

For each wave speed ¢, the Rankine-Hugoniot jump condition, [34, 35]
—eQla™ —q*]+[(lq)” — (q)*] =0

holds across each wave, where the superscripts — and + refer respectively to the interior and exterior

information on an element. We have six unknown states (q%,q’ q%, q%,q% qf) shown in Figure 1, with the

10



following jump conditions:

(¢)"Q (a” —q")+ 1 (a” —q") (45)
(es)"Q (a" —d") + 1 (q" —q") =0 (46)
()" Q (d"—a)+ 1 (q" - q°) (47)

M q°—TTq? = (48)

—(e)"QM (@’ —q) + 1 (q" —q°) =0 (49)
(50)

(51)

—(e)tQT(q° — /) +TT (q° —q) =

—(e)tQM (@’ —q") + 1t (g —q) =0

\(5>

material 1 material 2

Figure 1: Schematic showing characteristic wave speeds at a poroelastic interface between two states q~ and qt. q%— qf

denote the intermediate states.

Thus:
q —q"=piry (52)
qa — qb = ﬂzrg (53)
Q" —q° = fsry (54)
q’ —q° = ferg (55)
q° —qf = Borf (56)
a’ —q = fsry (57)
where r]j-[ is an eigenvector of (Q) 1T corresponding to wave speed C;E and hence
q  —q° = pBir] + fBary + fBsry (58)
q’ —q" = Ber{ + Brrd + Berd (59)

11
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We now make use of the orthogonality of the P-wave and the S-wave eigenvectors to uncouple the system
(58) and (59). Recall that the eigenvectors ri,rd correspond to fast P-waves, r3,rg to slow P-waves, and
r,, v to S-waves. First we deal with the P-wave coefficients 31, 3, 36, Bs-

From the interface condition (48) we have
quc — H+qd
and so
LI q¢ = L't g%,
Using the first equality in (44) this gives
A—(L—lqc) _ A+ (L—lqcl)7
that is
A7 (q%) = AT (q")". (60)

Recalling that
T* = 24 E + \F trace(B)I — ot M (¢

2
where At = nfir +o?FME — g/‘fir and the + indicates whether T is evaluated on the interior or exterior of

the interface, it follows that

AT T h = 2uEaTEF A + M trace(EF) A In — o ME¢Fa I
= 2uEnTET A 4 AT trace(EY) — aFMECE

= 2uEA EF A + A (2 TE*A + §TEFS) — o MECE (61)

since the trace is invariant under orthogonal transformations. We also have

§TT*h = 24,8 "ET R (62)

We obtain similarly for

T = M* (o™ trace(BF) — ¢4)I
the following identity:
' Tin = MEa™ trace(EF) — ME¢E
= M*o®(a"ETh + sTEES) — MECE (63)

Also



From (60) we obtain the following flux continuity relations

n-vé=n-v? (65)
§-vi=5 v¢ (66)
n-vi=n-vf (67)
' T = n' T (68)
§TTn =8"T% (69)
' Tfa =0’ Tia (70)

where we have used (61), (62) and (63).

We now proceed with the evaluation of the 8 terms. From (58) we have
L7'q™ = L7'q" = fi(r)) ™ + Ba(rh) ™ + Bs(rh)~

where the (r})~ are the j’th columns of the eigenvector matrix R given by equation (40) evaluated in the

interior of an element. Unwrapping, and using (43), we obtain the relationships

n'E"n—n"E°h =3 + B3 71
72
73

(71)

(72)

STE A —8"Eh = $y/2 (73)
C = =—1b—7bs (74)

Bevy —h-ve=(c,) Bt (c) Bs (75)
S-ve —8-vi=(cs) P2 (76)
f-vi — A v = (n1c)) B+ (12ey) Bs (77)
(78)

§-vy —8-vi=—(csps/m)” Pa. 78

We derive similar relations on the right-hand side. From (59) we have

L7 q? — L7'q" = Bs(rg) " + Br(xh) T + Ba(rg) ™t

13



Thus:

A'E‘D —ATETh = 35 + fBs
sTEls =5"E*s
$"E‘h —s"ETh = 3;/2
¢d—¢t = —v5 Bs — V1 Bs
fe-vl—n-vi=—() "B — ()" Bs
S-vi—8-vli=—clp
n-vi =i vi = —(y20)) "B — (116,) " Bs

§ v —8-vi = (cspr/m)T Br.

Using the continuity condition (65), (75) and (83) we obtain

(cp) ™1+ (cp) ™ B3 — ()" s — ()T Bs = - (vi© — ).
Next from (67), (77) and (85) we obtain
(16)) ™ B1 + (v2¢5) ™ B3 — (2t T Bs = (mep) T Bs = - (vi —v{).
Using the continuity condition (68) and the identity (61) we obtain
2up T ECA + AT (ATEA +8TES) —a” M (¢ = 2ufa"ElA + AT (ATEY + §TES) —a T M (!
We now substitute for E¢ and E? using (71), (72), (74), (79), (80) and (82)
(2pg + A7 +a” M7y)Br+ Qug + A7 +a” M7y,)Bs + (2 + AT + o M)
+2uf + AT +aT M) By =T (T~ — THa.
Finally using the continuity condition (70) and the identity (63) we obtain
M~ a  (A"Eh+8"E%S) — M (¢ = MTat(a"E%h 4+ sTE%) — M ¢
Substituting again for E¢ and E¢ gives
M~ (o™ +97)B+ M~ (a7 +93)Bs + MT(a* +93)8s + M* (o +9{)Bs =™ (Ty — T )n.
There is no straightforward solution to the system (87)—(91). Inverting the coefficient matrix

2up + AT +a M7y 2un AT +a My, 2uf + AT+ at My 2ud + AT +at My

M~(a™ +77) M~ (o™ +75) M* (o +77) M* (o™ + )
(cp)~ ()™ —(e)* ()t
(iep)™ (72¢) ™ —(y2ey) ™ —(ney)t

14

(91)



we obtain the following expressions:

61 = dllflT(T7 — T+)fl + dlgn (Tf — Tf )fl —|— d131’1 (V; — V:r) + d14ﬁ (Vf_ — VP_) (92)
By =dyn (T~ — TT)A + dpott (T; — T )0+ dostr - (vy — vI) + doatt - (vi — vi) (93)
Be = dglﬁT(T_ — T+)fl + d32ﬁT(T; — Tf+)fl + dz3n - (VS_ - V:) + dz4n (V; % V;F) (94)
ﬁg = d41flT(T_ — T+)fl + d4211 (Tf - Tf )fl + d4311 (VS_ — V:) + d44f1 (V; -4 V;L) (95)
Here the d;; are the entries of the inverse of the coefficient matrix above.
Now we deal with the shear waves. Using the continuity condition (69) with the identity (62)
2u; 8 ECh = 2§ TE A, (96)
Substituting for E¢ and E¢ using (73) and (81)
(1)~ B2 + (pse) * 7 = 8T(T~ — TH)n. (97)
Finally using (66), (76) and (84) gives
(cs) B2 = (cs)"Br =35~ (vi — V). (98)
Therefore,
By = (cs)'*'éT(T; — Tt)ﬁ + ,LLf'Eé . (Vj__ —v) (99)
(Cs) (/’Lfr) + (Cs) (Mfr)
(es)t(pee) ™ + (es) ™ (pr)
w 3.5, Upwind numerical flux
We define an upwind numerical flux (IIq)* along n by
(Ma)* =T7q™ + Q™ (Bi(e,) ry + Balcs) 15 + Ba(ey) ry). (101)

We now compute the §;r; terms. First, noting that r; = Lr}, a simple computation gives

72 A A2
n3 282 3
A1 Ly + pd) A1
= | = ’ S|
(c}) M (cs)™ 51 (ep)) "M
(c}) o (cs)™ 82 CORE
7 (eh) " ey Yo ()"
7 (€)7o () i g, V5 (€p) Mz



ACCEPTED MANUSCRIPT

where fi = (721, 72) " and § = (51, 82)". In what follows, we make multiple use of the simple vector identity

a=(s"a)s+ (n'a)n.
We define

[T]=T n~ +Ta"
[T¢]=T;a +Tfa"
[Vl=a"Tv +afTv*t
+

[vl]=v  —v

For the fast P-wave term we have

,61(6;)_1‘1_ = (C;)_(dllﬁT[[T]] + dlgflTﬂTf]] + d13[[vs]] + d14|IVf]]) X ( I)— R (102)

~

(c)) " M2
(’)/10;)_711

(1)) e
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For the S-wave term we have

1

BacgTy = (cs)t ()™ + () (g )T

Finally for the slow P-wave we have

Ba(cy) 1y = (c;) " (dain"[T] + doo " [T(] + da[vs] + daal[vi]) x

X

(CS)_(CS)+

JF(CS)ilL?r_

4. Consideration of poro-viscoelasticity

4.1. Introduction

The low-frequency regime is straightforward and follows Biot’s 1956 paper [7].

of equations (7) and (8), the low-frequency dissipative regime is modelled by the term

n1([T]y — AT [T]n,)
fi2([T]2 — 0T [T]ns)
5 ([T]o — aT[T]az) + % ([T]: — aT[T]n)

0
(cs)"([Th — aT[T]n1)
(cs)~([T]2 — 2T[T]n2)
(cs) Py

ﬁl([vs]l i [[Vs]]ﬁl)
na[vsla — [Vs] )

B ([vslz = [vslfz) + 2 ([vsls — [vs]in)

n ow

kot

(103)

(104)

Using the conventions

For the

hyperbolic system (27) we simply add the source term (31). We note that in certain physical situations

(when the permeability of the solid matrix is very small and the frequency content of the propagating

17
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wave very low) the second P-wave can be essentially static and highly diffusive (so has a characteristic
timescale much smaller than the time step of the non-dissipative hyperbolic system), rendering the system
stiff and requiring extremely small time steps in an explicit scheme to capture the dissipative effects. This
is considered by Carcione and Quiroga-Goode in [47] who used an operator splitting approach to avoid this
issue and treated the viscous dissipation term analytically. In a more recent paper Lemoine et al. [13] work
in a finite volume setting and again implement an operator splitting on the dissipative part. We refer to
Section 3 of their paper for a detailed discussion. In this paper we use an implicit-explict (IMEX) scheme
to deal with an extreme case of very small permeability, see 6.1.1.

We have had trouble understanding the various treatments of the viscous high-frequency dissipative
regime [14, 11, 43]. Since, in applications to groundwater tomography, due to the relatively large permeabil-
ities of aquifers, one often has to work in the high-frequency regime, this takes on a particular significance
for us. On the one hand there appears to be a lack of consistency with the modelling of the high frequency
viscodynamic operator. Morency and Tromp [11] state that they consider a high-frequency viscodynamic
operator of the form b x 68—? where b is given in terms of a relaxation function (see below), although we
have been unable to follow the derivations in Section 8.3.2 of their paper, nor the implementation in the
SPECFEM2D code, which we have used extensively; whereas de la Puente [14] considers the convolution

2
w
with acceleration noew which has the merit of being dimensionally consistent, and is the convention we

k ot2”’

adopt here. However, as Carcione points out in [43] the modelling of the high-frequency regime is purely
phenomenological. In a personal communication Professor Carcione confirmed that his development is based

2
k: %‘;V, see Section (7.17) in [43].

4.2. High-frequency case
2

92 where

10
In the high-frequency case the term Ea—‘;v in equation (8) is replaced by a convolution b

b(t) = $W(t)H(t), (t) is a relaxation function of the form

L l
=1+ (; —~ 1) et/ (105)
=1 g

with relaxation times 7. and 7, and H () is a Heaviside function. Thus the relaxation mechanism corresponds
to a generalised Zener model; see [43]. In practice it is common to deal with a single Zener model, which is

the case we deal with here. We have

3Vf ove
_ TV —=—d 1
otk / Vo7 4 (106)
_ ﬂ/ %d + n i Lﬁl 1 /t e~ (t=")/7 %d (107)
k) o Or Tk — 7L oo ar "
L 1 t
_ Ny N Te ~(t—r)/7. OVE
= -1 o 1
LVt + ’ 2 (T(l, > 7006 5 dr (108)
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We now introduce memory variables
l t o
ol — (Tz _ 1)/ o (=)L OVE o (109)
TS e or

A straightforward calculation show that we have an additional 2L differential equations:

de! 7t ovy €
— € 1) 2= - = 11
ot <T}, > ot Tl (110)
and
ove 1 7 ZL !

It is customary to express the relaxation times in terms of a quality factor )y and a reference frequency fy

as

e =(\/Q§ +1+1)/(2mfoQo) (112)

7o = (/@5 +1—1)/(27 foQo). (113)

1.

For L = 1 the variable q defined in (22) must now be augmented with two additional variables el, €y

T
q = (611,622,6127<,US,’US7’U/f7'Uf,€i,€;) (114)

and the various coefficient matrices inflated in an obvious manner.

Implementation of the high-frequency case needs to be carried out some care. Solving the ten-variable
system as an inflated hyperbolic system results in a memory variable that converges to zero very quickly.
An accurate scheme is obtained by treating the memory equations (110) as an uncoupled system of ordinary

ov
differential equations and evaluating a‘tf from its gradient and flux terms.

5. Elastic/poroelastic coupling

In many applications to geophysics, one is interested in coupling elastic and poroelastic wave propagation;
see [9, 10]. In this section we outline the DG discretisation for two-dimensional elastic waves, again for a
velocity /strain formulation. The derivation is essentially the same as the poroelastic case except that the
details are somewhat more straightforward since one does not have to deal with the splitting into fast and
slow P-waves. For three-dimensional waves a complete account has been given in [17]. In the two-dimensional
setting the only difference is one in detail in the final assembly of the numerical flux. To avoid unnecessary
repetition our derivations in this section are given with brevity.

Expressed as a second-order system the elastic wave equation takes the form

0%u,
T

=V-S (115)
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where p, is density and S is a stress tensor. In the isotropic case we consider here S may be written in the

usual form

S = 2u.E + A trace(E)I

(116)

where E is the solid strain tensor and . and A\, are Lamé coefficients. Expressed as a first-order hyperbolic

system with variable

T
gqe = (611; €22, €12, Ue, Ue)

., Oue .
where v, = (ue, v,) are the x and y components of the velocity —— gives

ot
0.0 v. 5~ .00, Wha) , UDq
where
Fe = [F1, F2] = [Acq, Bed],
and
100 0 O
01 0 0 O
Qe=|[0 0 1 0 0
0 0 0 po O
000 0 pe
The Jacobian matrices A and B are given by
0 0O 0 1 0
0 0O 0 0 0
Ae=— 0 0o 0 0 1/2],
2e+Xe Xe O 0 O
0 0 2u. 0 O
and
0 0 0 0 o0
0 0 0 0 1
Be=—-1|0 0 0 1/2 0
0 0 2ue 0 O
Ae 2+ 0 0 O

Writing A, = diag(—c,, —¢s, 0, ¢s, ¢,) we have the well-known expressions for elastic wave speeds

Ae + 2e e
o [Nt U o [Re
Pe Pe

20

=0

(117)

(118)

(119)

(120)

(121)

(122)



Moreover, we have the spectral decomposition A, = R.AR_ ! where R, is a matrix of representative eigen-

vectors

1 0 —Ae 0 1
0 0 2ue+Xr O 0
Re=1|0 1/2 0 1/2 0
cp, O 0 0 -—c
0 ¢4 0 —Cs 0

(123)

Solving the Riemann problem as before we obtain the following coefficients corresponding to the non-zero

wave speeds

(cp)™AT(S™ = ST+ (A 4+ 2u)n - (v —v)

= T ) et 2me) + (@) (O + 2ud)

By — (cs)T8T(S™ =ST)n+pfs- (vo —vi)
(es) T (pe)™ + (cs) ™ (pe)™

5y (688"~ 890 — s (v = v2)

s) T (pe)™ + (cs) ™ (pe) T

(
5, = (cp) AT(S™ —ST)a — (AJ +2p0)n - (vo —vd)
’ (o)t (Ae +208) + ()~ (AN +2ud)

Defining an upwind numerical flux (IIq)* along i by

where

(Mq)* =T"q™ + Q" (Ailep) 1 + falcs) r3)

ni n181
A2 fods
ry = mny |, Ty = %(ﬁ1§2 +M251) | >
(cp) ™M1 (cs) ™81
(cp) M2 (cs) 32

and f = (71, 72)" and § = (51, 82)". We define
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Assembling the flux terms corresponding to P- and S- waves we obtain respectively

9
1
i3
_ o (ep) T[S + (ep) T (A + 2ud) [ve] L
Bl(cp) ry = c;(/\g—l—ng)—i—c;()\i—&-Quj) ninsg (129)
(cp) "M
(cp)_ﬁQ

and

i ([Slh — AT [S]n1)

f2([S]2 — 0T [S]Az)

BT = ) e G ) )" | 31T — ATISVe) + (18T - a"IS]n)
(cs)=([S]: — T [S]1)

(cs)7 ([S]> — T [S]72)

>

f1([Velr — [ve]f1)
na([Velz — [ve]722)
+(es) T | B ([Vel2 — [Velfi2) + 22 ([velr — [ve]in) (130)
(cs)™([Vel1 — [ve]n)

cs)” ([v.
(cs) ™ ([ve]2 — [[VC]]TALZ)

5.1. Elastic/poroelastic interface

190 The interface between an elastic and poroelastic medium needs to be treated with some care. In principle,
it is possible to work entirely within a poroelastic framework and take the limit as ¢ — 0 but this is somewhat
cumbersome. We prefer here to solve a Riemann problem at the interface subject to the following flux

continuity conditions at the interface:

n-vl=n-v¢ (131)
§-vh=5-v¢ (132)
0=rn-vf (133)
n'S'n =a'Tn (134)
(135)

where we now have 7 unknown states shown in Figure 2.
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elastic material poroelastic material

Figure 2: Schematic showing characteristic wave speeds at an elastic/poroelastic interface between two states g~ (elastic) and

qt (poroelastic). q%— q° denote the intermediate states.

105 Note that the normal fluid and solid velocities in the poroelastic medium are assumed to be the same as

the solid velocity in the elastic medium at the interface. From the Rankine-Hugoniot conditions we obtain

— a €._.€
q —q =iy
a b __ pe_e
qQ‘ —q’ = Bir5
c d __ pp..p
q —4q4 =PeTg
d e __ Qp..p
q —q = pPrry

e — _ AQb..DP
q —q = pPgTy

136

(136)
(137)
(138)
(139)
(140)

140

where r§ is an eigenvector for the elastic domain and r? is an eigenvector for the poroelastic domain corre-

sponding to wave speeds c;t and hence

q —q° =] + 5515

q° —q* = BErg + phrl + BEry.

Using (131), (133) and (134) we obtain

()™ B = () 7AE — () TBE =h - (vg — i)

(720?)*55 + (%CL)Jrﬁg =n-vf

(2ug +A0)BY + Cud + AT + ot M) Bs + 2ud + AT + ot M T )Bs =aT (ST — TH)h.
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As in the poroelastic case, we invert the coefficient matrix

2 +As 2pf + AT Hat My 2uf 4 AT ot My

(cp)™ ()" —(ep)*
0 (v2cy) ™ (mep)t

to solve for 8¢, B and S and obtain coefficients czij such that

ﬁf = czuﬁT(S_ — T+)ﬁ + Czlgﬁ . (Ve_ - V:) + dlgﬁ . V;r (146)
g = (ZQlﬁT(87 - T+)ﬁ + (ZQQﬁ . (Vg — V;L) + d~23ﬁ . V?_ (147)
ﬂS = (ZglﬁT(Si — T+)ﬁ + (Zggfl . (V; - V:) + dggﬁ . Vzr. (148)

Finally, we deal with the shear waves. Using (132) and (135) we obtain

hef + b pE =8T(S™ — A (149)
()85 — ()" = 8- (vi — ). (150)
Therefore,
e (e2)*t8T (S~ — T+)n+ufré (vi — V;r)
& (@) i)+ (e2) (i)™ (150)
o (02)*éT(S**T+)n*u;é (vi — v¥)
T T ) (@) () (152

5.2. Upwind numerical flux

For the interface element on the elastic domain, we define an upwind numerical flux (IIq)* along n by

(Mq°)" =1I"q"~ + Q~ (Bi(cy) 1y + B5(cS) r3) (153)

while, for the poroelastic domain, we define an upwind numerical flux (IIq)* along n by

(Mg")* =gt — QT (BE(c)) Trd + Bh(cs)Trd + BE(ch) Trd). (154)

We define

[S, T =S A~ +Ttat

T tTyF

[Ve,vs] =07 'v, + 1

[vi] = 2" v

“t

[Vo,Vs] = v, — Vv,
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We now assemble the flux terms for the elastic element:

B (co) ey = () (dirAT[S, T] + diz[ve, vi] + dis[ve]) X | gy (155)

and

Ay ([S, T]1 — AT[S, T]#)

f2([S, T]2 — AT[S, T]ir)

)7 (cs)™ | B[S, T]2 — AT[S, T]hs) + %2 ([S, T]y — AT [S, T]1)
(cs)=([S,T], — T[S, T]1)

(cs)~([S, T[> — AT [S, T]n,)

Paes ey = B e 1 (@) Gy |

ﬁl([veavs]l - IIVe7VS]]7A7/1)
n2([Ves Vsla — [Ve, vs]fi2)
+(C§)_M§ %([Veavsb L\ [[Veavs]]ﬁ2) + %([Veavs]l - [[Veyvs]]ﬁl) . (156)

Bg(c£1)+r6+ =5 (CLI)+(J211A1T[[S, T]] + &22 [[Ve, Vs]] + 6223 [[Vfﬂ) X (157)
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For the S-wave, we have

—pe (c}

Finally, for the fast P-wave, we have

B(ep) ey = (

6. Numerical experiments

)+

)~ (

1 ([Ve, Vsl — [Ve, vs]i)
2 ([Ve, Vsla — [Ve, Vs]ia)
B ([Ves Vilo = [Ve, Vil i) + B ([Ve, Vi1 — [Ve, Vi] )
0
—(es) T ([Ves vil1 — [ve, vi] i)
—(cs)T([Ve, Vsl — [Ve, vs]nz)
COLE (v, vels — [ve, valin)
(CS,ZIW ([Ves vsl2 = [ve, vs]i2)

CL)JF((ZmﬁT[[Sa T] + dsa[Ve, vs] + daz[ve]) x

i1 ([S, T]1 — AT[S, T]is)

fa([S, T]y — T[S, T[ns)

2([S, T]2 — aT[S, T]az) +
0

—(es)*([S, T]y — aT[S, T]iu
—(cs)*([S, T]z — nT[S, T]i.
(co)® P?([[s T, — aT[S, T]#,
(Cs> L ([S, T[> — AT[S, T]fs

%([[SvT]]l - ﬁT[[S’ T]]ﬁl)

(158)

(159)

In this section, we consider several numerical experiments. First, we consider the convergence properties

205 of the numerical scheme, and verify that our code produces the reported convergence behaviour of the DG

method (see discussion in [34] and references therein). Next, we consider several examples of heterogeneous

poroelastic material and coupled poroelastic/elastic materials in Biot’s low- and high-frequency regimes.

We use the SPECFEM2D code as reference code (version 7.0, date: Wed Dec 10 02:43:39 2014) and show
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that our code naturally handles material discontinuities, a necessary feature in applications to groundwater
tomography. Another merit of our DG framework is that it permits non-uniform basis functions, so the basis
order can be specified element by element. One can therefore control the accuracy both locally and globally.
In the examples we specify a region of interest where we set the numerical accuracy to be at an error level
0.1%, while over the rest of the domain it is set at a 10% level. The larger domain is to avoid spurious
reflections at the absorbing boundaries.

In the following simulations, the length of the time step At is computed from

Rt .
mln) , =1, K (160)

ai=0 (e

l
Crmax

0

max

where C is constant, ¢!, is the maximum wave speed, N* is the basis order, h’ is the smallest distance
between two vertices in the element ¢, and K is the number of elements. In the simulations, we set C' = 0.5

except in Section 6.1.1.

6.1. Convergence analysis

Convergence tests were carried out on a square domain Q = [—5, 5] x [=5, 5] metres with regularly
refined grids and inhomogeneous Dirichlet boundary conditions. The material parameters are given in Table
1. We consider three cases. In the first case we consider wave propagation in an inviscid setting, while the
other two involve viscous flow in Biot’s low- and high-frequency settings respectively. In Table 2, we list the
assumed frequencies, viscosities, permeabilities, and the derived wave velocities. The frequency was set at
2,000 Hz so that the test domain captured around five wavelengths of the fast P-wave. Note that with the
high-frequency case we also need to define the quality factor (see Section 4.2).

Analytic plane wave solutions consisting of fast and slow P-waves and S-waves were constructed from
plane wave solutions of the form

q= qoei(kmx+kyy—wt)

where i = /-1, w are frequencies, and k, and k, are complex wave numbers in the z- and y-directions,

respectively. In the inviscid case, we consider dissipating waves of the form

8
q=Re (Z aprpei(kz.p+ky~p—“’t)>

p=1

where r,, is an eigenvector of the 8 x 8 matrix

Q H(ng A+ nyB)
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where n, and n, are direction cosines. In the reported examples, we set k, = k, = 1. For the viscous
low- and high-frequency cases the wave speeds and dissipation are frequency-dependent. Formulae for the

respective wave speeds and eigenvectors are given in the appendix.

Table 1: Material parameters used in the convergence analysis.

variable name symbol
solid density ps (kg/m?) 2650
fluid density pr (kg/m3) 900

fluid bulk modulus ke (GPa) 2.0
frame bulk modulus | kg (GPa)  10.0
solid bulk modulus ks (GPa)  12.0
frame shear modulus | pg (GPa) 5.0
tortuosity T 1.2
porosity 10 0.3

Table 2: This table lists the plane wave frequency fo, viscosity 1, permeability k, quality factor Qo, Biot’s characteristic

I II

frequency f., and wave velocities (c,, ¢, , cs) for the three cases studied.

prTp?
case fo (Hz) 7 (Pas) k (m?) Qo fe (Hz) ci, (m/s) cg (m/s) ¢s (m/s)
inviscid 2000 0 - - - 2967 1411 1622
low-frequency 2000 0.001 10712 - 44209.71 2817 414 1534
high-frequency 2000 0.001 1078 30 4.42 2967 1411 1622

The numerical solver was initialised with the analytic plane wave solution at time ¢ = 0, and the boundary
values were set with the values of the analytic plane wave. The tests were carried out using plane waves
with a fixed frequency fy (see Table 2). The total simulation time was taken to be 1/fy. The analytic and
numerical solutions were compared at the final simulation time over the whole computational domain €2
using the discrete L? norm. Errors are reported only for the solid velocity component ug in all cases.

The convergence rate is defined by

lle]]2 ) s
te =1 — /1 L 161
e e <||€£_12 /g R oy

min

where ||e‘||2 is the discrete L? norm of the error e’ and h’,  is the shortest distance between vertices at the

min
£’th refinement.
Table 3 shows the convergence rate for the inviscid, viscous (low-frequency), and viscous (high-frequency)

cases. The results shows that method provides convergence rate of N + 1.
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Table 3: The convergence rate as a function of the grid parameter hpyi, for three basis orders starting from order 3 (top), order
5 (middle), and ending with order 6 (bottom). Convergence rates together with the L2-error values are reported for the inviscid

(columns 2 and 3), viscous (low-frequency, columns 4 and 5), and viscous (high-frequency, columns 6 and 7) cases.

inviscid low-frequency | high-frequency

Bnin (m) | L?-error rate | L?-error rate | L*-error  rate

0.32 5.02e-01 - 4.27e-01 - 5.00e-01 -

0.26 2.56e-01  3.93 | 2.09e-01  4.10 | 2.55e-01  3.93
0.21 1.46e-01  4.01 | 1.17e-01  4.13 | 1.46e-01  4.00
0.18 8.90e-02  4.16 | 7.38e-02  3.93 | 8.86e-02  4.16
0.32 5.08e-03 - 5.07e-03 - 5.07e-03 -

0.26 1.65e-03  5.90 | 1.66e-03  5.87 | 1.64e-03  5.90
0.21 6.59e-04 5.91 | 6.44e-04 6.07 | 6.58e-04  5.91

0.18 3.00e-04  6.01 | 2.94e-04 5.99 | 2.99¢-04  6.01
0.32 4.04e-04 - 4.11e-04 - 4.04e-04 -
0.26 1.03e-04 6.97 | 1.06e-04 6.90 | 1.03e-04  6.97

0.21 3.29e-05  7.10 | 3.48e-05 6.98 | 3.29¢-05  7.10
0.18 1.30e-05 6.91 | 1.36e-05 6.96 | 1.30e-05  6.90

6.1.1. The low frequency case: very small permeability
As noted above the accuracy of the low-storage Runge-Kutta (LSRK) scheme falls off as the permeability
decreases to zero in the low frequency regime. In this section we give convergence results for an example

in which the permeability is & = 10~'* m?

, which may be regarded as a fairly extreme test of a time
integration scheme, on both physical and numerical grounds. For comparison we give results for both LSRK
and implicit-explicit Runge-Kutta (IMEX) time integration schemes in which the constant C' in equation
(160) is allowed to vary from 0.1 to 1.

In implicit-explicit Runge-Kutta schemes the idea is to solve the nonstiff terms using an explicit method
while the stiff terms are solved using an implicit scheme. In practice, for the system considered in this paper,
this means for solving the stiff source terms defined in (31) by using an implicit scheme. In this paper,
we use the fourth-order additive Runge-Kutta scheme ARK4(3) developed in [48]. The scheme consists of
two coupled Runge-Kutta schemes, namely the fourth-order explicit Runge-Kutta (ERK) and fourth-order
explicit singly diagonally implicit Runge-Kutta (ESDIRK) scheme. The method has also been used in the
context of DG schemes in [49, 50]. We note that IMEX schemes have been widely studied see, for example,
[51, 52, 53].

In this second part of the convergence analysis, the computational domain 2 is set to Q = [—1, 1] x[—1, 1]

metres. Here we set for the permeability & = 107'* m? while the other material parameters remained
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unchanged. These parameter choices lead to wave speeds cL = 2817 m/s, cg =42 m/s, and ¢; = 1534 m/s
with a Biot characteristic frequency f. = 4,420,970 Hz.

Table 4 shows L2-error values and corresponding convergence orders for the ARK4(3) time stepping
scheme for three values of C' in (160). Similarly in Table 5, corresponding results for the LSRK time
stepping are shown. It is evident that the ARK4(3) scheme gives acceptable results in all cases, whereas it
is necessary to make a substantial reduction in the time step for the LSRK scheme to work. We note that

the convergence orders are suboptimal in that the orders are of order N — 1.

Table 4: The convergence rate as a function of the grid parameter hyi, and constant C' (see Eq. 160) for three basis orders

starting from order 3 (top), order 5 (middle), and ending with order 6 (bottom) for the ARK4(3) time stepping scheme.

C=0.1 C=05 C=10

hin (cm) | L?-error rate | L2-error rate | L*-error rate

2.86 1.88e-02 - 1.88e-02 - 1.88e-02 -

2.67 1.80e-02  1.59 | 1.80e-02 1.59 | 1.80e-02 1.56
2.50 1.72e-02  1.75 | 1.72e-02 1.73 | 1.72e-02 1.73
2.35 1.63e-02  1.89 | 1.63e-02 1.90 | 1.63e-02 1.91

3.70 5.49e-03 - 5.50e-03 - 5.51e-03 -

3.39 4.35e-03  3.63 | 4.36e-03 3.63 | 4.37e-03  3.62
3.12 3.39e-03  4.08 | 3.39¢-03 4.08 | 3.40e-03 4.07
2.90 2.60e-03  4.54 | 2.60e-03 4.54 | 2.61e-03 4.53

5.00 4.18e-03 - 4.19e-03 - 4.19e-03 -

4.44 2.91e-03  4.09 | 2.91e-03 4.10 | 2.91e-03 4.10
4.00 1.92e-03  4.93 | 1.92e-03 4.92 | 1.93e-03 4.89
3.64 1.20e-03  5.91 | 1.20e-03 5.92 | 1.21e-03 5.91

6.2. Heterogeneous models

In this section we show results for two heterogeneous cases. In Section 6.2.1 we consider two poroelastic
subdomains while in Section 6.2.2 the model consists of one poroelastic and one elastic subdomain.

As a reference solution, we use the spectral element method code SPECFEM2D [54, 55, 11]. With this
code we select the basis order equal to four for each quadrilateral element and the grid density is chosen to
be seven elements per wavelength. As a time stepping scheme we use the Newmark time integration scheme.

All material and geometrical definitions are the same as those used with the DG scheme.
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Table 5: The convergence rate as a function of the grid parameter hpi, and constant C' (see Eq. 160) for three basis orders

starting from order 3 (top), order 5 (middle), and ending with order 6 (bottom) for the LSRK time stepping scheme.

=01 C=05 C=1.0
Pmin (cm) | L?-error rate | L?-error rate | L-error rate
2.86 1.88e-02 - fail - fail -
2.67 1.80e-02  1.59 fail - fail -
2.50 1.72e-02  1.75 fail - fail -
2.35 1.63e-02  1.89 fail - fail -
3.70 5.49e-03 - fail - fail -
3.39 4.35e-03  3.63 fail - fail -
3.12 3.39e-03  4.08 fail - fail -
2.90 2.60e-03  4.54 fail - fail -
5.00 4.18e-03 - fail - fail -
4.44 2.91e-03  4.09 fail - fail -
4.00 1.92e-03  4.93 fail - fail -
3.64 1.20e-03  5.91 fail - fail -

6.2.1. Poroelastic-poroelastic

In this first heterogeneous experiment, the computational domain is a rectangle Q = [0, 4.8] x [0, 4.8]
km. Here the interface between subdomains is at y = 2.4 km. Material details for both subdomains are
given in Table 6 while the derived wave speeds are given in Table 7. On the top surface, we use the free
boundary condition (42) while other parts of the exterior boundary are modelled as outflow boundaries. In
this experiment, the model setup is chosen so that we do not get any unwanted reflections from the outflow
boundaries within the studied time window.

We note that the two subdomains have a jump in porosity. This presents a problem for the spectral
element method as discussed in Section 13.3.3 [11] where the authors write that ‘the SEM discretization
naturally accounts for porosity gradients, but not for discontinuities in porosity’, as shown in their Figure
12. To overcome this problem they implement a ‘domain decomposition’, although it would appear that this
has not been implemented in version 7.0 (date: Wed Dec 10 02:43:39 2014) that we used in the following
examples. In this example we set the viscosity equal to zero to permit comparison with the analytic solution
in [56]. While the spectral element method can evidentally deal with this situation, one merit of the DG
method is that it can resolve discontinuities on an element by element basis.

The seismic source is introduced using the seismic moment tensor M via

gs = (Gu,9y) " = —M - V(2s,y5)9(t) (162)
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where § is the Dirac delta function and g is the time-dependent source function. The source is a Ricker
wavelet with peak frequency fyo = 15 Hz, time delay to = 1.2/ fo, and location (zs, ys) = (2.0, 2.8) km. In
the simulation, we set the components M,, = M,, = 1, off-diagonal component M,, = 0, and magnitude

My = 10'° N-m. The volume source term gy is then introduced in to model (27) by

gv = (0,0,0,0, gz, gy, 9> 9y) - (163)

Table 6: Material parameters used with the poroelastic-poroelastic case in Section 6.2.1.

variable name symbol upper lower
solid density ps (kg/m3) 2200 2700
fluid density pr (kg/m?) 900 600
fluid bulk modulus kt (GPa) 1.0 2.0
frame bulk modulus | kg (GPa) 3.0 2.0
solid bulk modulus ks (GPa) 5.0 40.0
frame shear modulus | ug (GPa) 1.0 8.0
tortuosity T 2.0 2.5
porosity 10) 0.4 0.2
viscosity n (Pa-s) 0 0

Table 7: Derived wave speeds for upper and lower subdomains for the poroelastic-poroelastic case in Section 6.2.1.

material | ¢ (m/s) ¢ (m/s) ¢ (m/s)

upper 1724 735 816

lower 2990 844 1893

As noted above, non-uniform basis orders are used. The order N, of the basis function in element £ is
defined by
2maht -‘

N@Z ’V max +b

% (164)

4

where \¥ = ¢t /f is the wavelength, c’ . is the minimum wave speed, and [-] is the ceiling function, see
[26, 57, 58]. The parameters a and b control the local accuracy on each element. In the simulations we set
(a, b) = (1.2768, 1.4384) (this corresponds to 0.1% numerical accuracy), if the centre point (cp) of the £’th
triangle is in bounds 1.9 < zf, < 2.5 km and 1.7 < £, < 3.1 km, otherwise (a, b) = (0.7775, 0.2505) (this
corresponds to 10% numerical accuracy). These parameter choices mean that we obtain a more accurate

solution in a neighbourhood of the source and receivers. Values for parameters a and b are taken from [57].
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The domain €2 is partitioned by an irregular triangular grid of 53,401 elements and 26,991 vertices
(Amin = 19.6 m and hy,ax = 81.0 m) shown in Figure 3. In this experiment, the element size is chosen to be
coarser in the lower subdomain which has one element per shortest wavelength while the upper domain has
two elements per the shortest wavelength. The accuracy is then controlled using the basis order selection

method described above.

4.8

3.6

1:2

w A~ OO0 O N 0 ©

24
z (km)

Figure 3: Discretisation of the computational domain €2 via irregularly refined triangular grid for the heterogeneous poroelastic-
poroelastic case in Section 6.2.1. The colour bar shows the order of the basis functions for each element. Right: The number

of elements as a function of basis order.

The use of non-uniform basis order can have a major effect on the degrees of freedom (DOF) and hence
potentially speed-up the overall computation. The DOF (for each field component) can be computed as

DOF — EK: (N + 1)2(Nf +2)

=1
The basis order distribution given in Figure 3 gives a DOF = 735,725 while with the constant basis order

(for example, N = 6) we get a DOF = 1,495,228 and hence the DOF reduction is evident.

The snapshot of the norm ||vg| of the solid velocity vy in Figure 4 shows scattering at the material
interface. The detail of the computational grid in the bottom graph shows the disparity in scales between
the two poroelastic subdomains. This does not affect the accuracy of the solution as we now show.

Seismograms for the solid velocity are shown in Figure 5 at (z, y) = (2.4, 3.0) km (top) and (z,y) =
(2.4, 1.8) km (bottom). The DG seismograms show good agreement with the analytic solution “Gar6more2D”,
[56] while the SPECFEM2D seismograms show some divergence. Furthermore, the seismograms show that
the numerical accuracy is well-controlled using the non-uniform basis order selection described above. We
note that we also carried out same experiment but constant porosity across the two subdomains and obtained

very good agreement between SPECFEM2D, the analytic solution, and our code.
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Figure 4: Snapshot of the solid velocity component ||vs|| at time instant 1.11 s for the poroelastic-poroelastic simulation in
Section 6.2.1. The figure on the left shows the full structure of the wave field while the figure on the right shows more detailed
structure of the grid and one wave component at the material interface. The cross denotes the source location while circles are

the receiver locations.

6.2.2. Poroelastic-elastic

In this second heterogeneous experiment, we consider a model consisting of one poroelastic and one elastic
layer. The computational domain is a rectangle = [0, 6] x [0, 4.2] km, with the interface between the
subdomains at y = 3.2 km. As in Section 6.2.1, we set the free boundary condition (42) on the top surface
while the other boundaries are modelled using the outflow condition.

Detailed material description of the poroelastic material is given in Table 8 while in the elastic medium
we set A\ = 63 GPa, 1. = 31.5 GPa, and p, = 3500 kg/m>. Wave speeds for both domains are listed in
Table 9.

The source is a Ricker wavelet with peak frequency fo = 15 Hz, time delay to = 1.2/ fy, and location
(zs, ys) = (2.25, 3.70) km. The source is introduced using the point source defined in (162) with the same
moment tensor values as used in Section 6.2.1. From Table 9 we see that we operate in Biot’s low-frequency
regime since f < fe.

The computational domain €2 is partitioned by an irregular triangular grid of 60,117 elements and 30,402
vertices (Amin = 13.7 m and hyax = 97.4 m) as shown in Figure 6. As in the previous experiment, the element
size is chosen to be coarser in the lower subdomain. The global numerical accuracy is then controlled using
the basis order selection method explained above. It is evident from Figure 6 that the coarser grid in the

lower subdomain forces the basis orders to be higher than in the more finely resolved upper subdomain. The
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Figure 5: Poroelastic-poroelastic simulation of wave propagation in the two layered model of Section 6.2.1. Time history
of velocity component us (Left) and vs (Right) at two locations. In the top row receiver location is (z, y) = (2.4, 3.0) km
and in bottom row (z, y) = (2.4, 1.8) km, respectively. Seismograms are visualised for two numerical solutions (DG and

SPECFEM2D) and for analytic solution.

region of interest is defined by the rectangle with opposite corners (x1, y1) = (2.15, 0) km and (22, y2) =
(3.60, 2.65) km as shown in Figure 6.

The snapshot of the norm ||vs]| of the solid velocity vy in Figure 7 clearly shows reflections from the free
surface and scattering at the material interface. The detail of the grid in the right plot shows the disparity
in scales between the two subdomains.

Seismograms for the solid velocity vg are shown in Figure 8 at (z, y) = (3.5, 3.3) km (top) and (z, y) =
(3.5, 3.1) km (bottom). Results shows that we get very good agreement for both numerical solutions.
Again we note that the numerical accuracy of the DG solution is well controlled by selecting the basis order

individually for each element of the computational grid.
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Table 8: Values of the physical parameters for the poroelastic subdomain in the coupled poroelastic-elastic case in Section 6.2.2.

variable name symbol upper
solid density ps (kg/m3) 2200
fluid density pr (kg/m?) 950

fluid bulk modulus kt (GPa) 2.0
frame bulk modulus | kg (GPa) 6.5
solid bulk modulus ks (GPa) 7.0

frame shear modulus | pug (GPa) 3.0

tortuosity T 2.0

porosity 10) 0.2
permeability k (m?) 10~10
viscosity n (Pa-s) 0.001

Table 9: Derived wave speeds for upper and lower subdomains for the coupled poroelastic-elastic case in Section 6.2.2.

material | f. (Hz) ¢, (m/s) ¢ (m/s) cs (m/s)
upper 167.53 2328 458 1241

lower - 6000 - 3000

6 36623

z (km)

Figure 6: Discretisation of the computational domain  via irregularly refined triangular grid for the poroelastic-elastic case in
Section 6.2.2. The colour bar shows the order of the basis functions chosen on each element. Right: The number of elements
as a function of basis order.

6.3. Active seismic prospecting experiment

The following experiment is motivated by applications to groundwater tomography where the aim is to

estimate aquifer features of interest (e.g. aquifer boundaries, porosity, and permeability). To do this in a
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Figure 7: Snapshot of the solid velocity component ||vs|| at time instant 0.897 s for the poroelastic-elastic simulation in Section
6.2.2. Figure on the left shows the full structure of the the wave field while the figure on right shows more detailed structure of
the grid and one wave component on the material interface. The cross denotes the source location while circles are the receiver

locations.

statistical (Bayesian) setting requires a framework for handling model and material uncertainty [9, 10]. One
way to do this is to model the unknown parameters as realisations of Markov random fields (MRF).

We consider a case that consists of one elastic and two poroelastic subdomains. The upper poroelastic
layer is air-saturated while the lower layer is water-saturated and so the interface corresponds to the water
table. The computational domain is a rectangle Q = [-0.4, 0.4] x [-0.6, 0] km. The interface between the
air- and water-saturated layers is at 10 metres while the interface between the aquifer and the rock basement
is at 60 metres. Again, we set the free boundary condition (42) on the top surface while other boundaries
are modelled as outflow boundaries.

The fluid parameters for the air-saturated part are given by: density pr = 1.2 kg/m?, fluid bulk modulus
ke = 1.4 x 10° Pa, and viscosity n = 10~* Pa-s. For the water-saturated part we set pf = 1040 kg/m?,
ke = 2.5 GPa, and = 1073 Pa-s.

The remaining material parameters are realisations of Gaussian MRF. The MRF’s are generated using
an anisotropic smoothness prior [59, 60]. For the rock medium we took correlation lengths of 300 m and 30
m in the horizontal and vertical directions while in the aquifer we chose 50 m and 5 m in the horizontal and
vertical directions, respectively. These choices correspond to a stratification with a higher spatial smoothness
in the z direction (horizontal) and a lower degree of smoothness in the y direction. The standard deviation
was taken to be 15% from the mean value for solid material components which are shown in Table 10 (the
fluid density p¢, fluid bulk modulus k¢, and viscosity n are assumed to be constant). In the rock layer
below the aquifer we assume very low porosity and hence the model is considered to be purely elastic with

parameters A\, = 63 GPa, p, = 31.5 GPa, and p, = 3500 kg/m?. Figure 9 shows the distribution of the slow
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Figure 8: Coupled poroelastic-elastic simulation of wave propagation in the two layered model of Section 6.2.2. Figure shows time
history of velocity component us (Left) and vs (Right) at two locations. In the top row receiver location is (z, y) = (3.5, 3.3)
km and in bottom row (z, y) = (3.5, 3.1) km, respectively. Seismograms are visualised for numerical solutions (DG and

SPECFEM2D) and the residual between them.

pressure wave speeds cII?I for the air- and water-saturated zones (left) while the shear speeds ¢, are shown for
the elastic rock layer (right).

The seismic source is a Ricker wavelet with peak frequency fo = 40 Hz, time delay to = 1.2/ fp, and
location (xg, ys) = (0, —0.5) m. The source is introduced using the point source defined in (162) with the
moment tensor values: My, = My, =1, M., = 0.

In this example, we operate in Biot’s high-frequency regime in the water-saturated subdomain (due to the
relatively high aquifer permeability), while in the air-saturated subdomain we operate in the low-frequency
regime (see Tables 10 and 11). In the high-frequency subdomain the quality factor Q) is set to 30.

The computational grid shown in Figure 10 consists of 43,962 triangular elements and 22,449 vertices

(Amin = 0.9 m and hyax = 21.2 m). In this example, for the grid density we choose three elements per shortest
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Table 10: Mean values of the physical parameters for the aquifer in the active prospecting experiment in Section 6.3.

variable name symbol aquifer
solid density ps (kg/m3) 2650
frame bulk modulus | kg (GPa) 0.3
solid bulk modulus ks (GPa) 3.0
frame shear modulus | ug (GPa) 0.15
tortuosity T 2.0
porosity 10) 0.25

permeability k (m?) 8 x 107

Table 11: Computed mean speeds in different subdomains for the active prospecting experiment in Section 6.3.

Subdomain fe (Hz) ¢, (m/s) ¢} (m/s) ¢ (m/s)
air-saturated 221.79 550 134 307
water-saturated 2.89 1242 259 282
rock - 6014 - 3065

! (m/s), air-saturated subdomain

625
¢s (m/s), rock subdomain
i212 s (m/s), ‘ A5
-0.1
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Figure 9: Slow pressure wave speed (left) and shear wave speed (right) in the active prospecting experiment in Section 6.3.

s wavelength in the aquifer and four elements per wavelength in the rock subdomain, which is visually sufficient
to capture the heterogeneous material structure shown in Figure 9. The region of interest is defined by the
rectangle with opposite corners (1, y1) = (=250, 0) m and (z2, y2) = (250, —120) m.

The snapshots of the norms ||v¢|| and ||vg|| of the fluid and solid velocities in Figure 11 show more scattered
wave fields than the previous examples due to the underlying heterogeneity of the material (see Figure 9).

a5 This is reflected in the seismograms in Figures 12 and 13 whose complexity makes them appear superficially
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Figure 10: Discretisation of the computational domain € via irregularly refined triangular grid for the active prospecting
example in Section 6.3. On the left we show a closeup that is highlighted by the white line in the middle picture. The colour

bar shows the order of the basis functions chosen on each element. Right: The number of elements as a function of basis order.

more ‘realistic’. It is evident that the amplitudes of velocity for the fluid components are somewhat smaller
that the solid velocity components, as expected. The seismograms for the surface receivers shown in the

upper plots in Figures 12 and 13 have the greatest amplitudes due to surface wave effects.

[[vill, t=0.171s IIvell, t=0.171s
7 e x

y (m)

y (m)

y (m)

 (m)
Figure 11: Snapshots of the fluid velocity component [|v¢| (Left) and solid velocity component ||vs| (Right) at three time

instants for the active prospecting example in Section 6.3. The cross denotes the source location while circles are the receiver

locations.
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Figure 12: Time history of normalised velocity components us (Left) and vs (Right) at two locations for the active prospecting
example in Section 6.3, where the normalisation is taken with respect to the top right-hand plot. In the top row receiver location

is (z, z) = (100, 0) m, in the middle row (z, z) = (100, —5) m, and the in bottom row (z, y) = (100, —35) m, respectively.
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Figure 13: Time history of normalised velocity components u¢ (Left) and v¢ (Right) at two locations for the active prospecting
example in Section 6.3. In the top row receiver location is (x, z) = (100, 0) m, in the middle row (z, z) = (100, —5) m, and

in the bottom row (x, y) = (100, —35) m, respectively.
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7. Discussion

Our main motivation in this paper was to develop an accurate solver for poroelastic wave propagation in
two dimensions in Biot’s low and high-frequency regimes, coupled with elastic wave propagation for ground-
water tomographic applications. (For application examples see [61, 62].) In applications to groundwater
tomography where aquifer permeabilities can be quite large (up to k ~ 10~7 m?, [63]), one is forced to oper-
ate in the high- and low-frequency regimes for the water-saturated and air-saturated subdomains respectively
(since the density of air forces that part of the domain to fall within Biot’s low-frequency domain).

One of the requirements of our solver is that it can resolve material discontinuities. As we stated
earlier and have shown in the numerical experiments, the discontinuous Galerkin method coupled with a
full solution to the Riemann problem handles this naturally. The convergence test results indicate that
the solver satisfies the theoretical convergence properties (convergence rate = polynomial order + 1) for
typical parameter ranges one is likely to encounter in groundwater tomography. However, we note that
when the wave is highly dissipative and slow in Biot’s low-frequency regime (corresponding to very low
permeabilities), it will be necessary to implement an operator splitting technique or IMEX scheme to deal
with the diffusive part, which in certain circumstances can be quasi-static [43, 47, 13]. In any event, the slow
P-wave can impose a significant restraint on the grid resolution or basis order, and hence the time step, in
the poroelastic part. Usually this makes it impracticable to use a finely-resolved poroelastic model to invert
data, even in a synthetic setting [9, 10], necessitating viscoelastic approximations [64].

To illustrate the use of non-uniform basis functions, we considered examples with two subdomains in
which one subdomain’s grid was chosen to be somewhat coarser than the other’s. A stipulated level of
accuracy was maintained by compensating the more coarsely resolved part of the grid by higher-order basis
functions. While this has a degree of artificiality we remark that, particularly for more complex geometries,
there is no a priori guarantee that the grid quality is uniformly good. The use of non-uniform basis functions
is an effective way to deal with this. Moreover, another merit of taking a relatively coarse computational
grid is that it is usually computationally cheaper to use higher-order basis functions than to resolve and use
lower-order basis functions, [34]. There can also be a storage handling consideration to discourage very dense
grids required for large-scale models when low-order bases are used (e.g. domain size is ‘many’ wavelengths)
which require significant accuracy (e.g. ten elements per wavelength).

We remark that the importance of the slow P-wave is not entirely evident to us. In our previous studies
[9, 10], we have have shown in the content of full wave inversion that one cannot ignore the slow P-wave
without introducing unacceptable error in the prediction (albeit for synthetic data), although its existence
in real situations is debated, [43]. One of the problems is that with scattering in heterogeneous media, it is
very difficult to isolate the slow P-wave.

Regarding poroelastic inverse problems, our experience is that a deterministic approach to parameter
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estimation will be particularly problematic given both the complex coupling between the solid and fluid
parameters and the model uncertainties without significant prior information (e.g. from well logs or ‘known’
material properties, which allows one to reduce the problem to estimating essential parameters of interest).
It is common statistical understanding that even small model error can result in large predictive error [65]. In
our view the only feasible approach is to work in a statistical (Bayesian) framework in which the uncertainties
are explicitly modelled as probability distributions, [9, 10], although this adds another layer to the overall
computational burden. For this reason we need a solver that can resolve material heterogeneities modelled
as random fields as in the active prospecting experiment. This is the topic of future studies.

We note that the outflow boundaries implemented here are only exact in the one-dimensional case and
permit boundary artefacts in the two-dimensional situation considered in this paper. In applications to
poroelastic inverse problems we think that this is not very important, and speculate that with realistic levels
of noise encountered in practice that it probably does not significantly affect the inversion. We further remark
that implementation of perfectly matched layers or high-order absorbing boundary conditions for a coupled
elastic/poroelastic in all frequency regimes with comprehensive viscoelastic and poroelastic modelling is likely
to be extremely challenging.

The formulation considered here for isotropic media can be extended with some loss of elegance to non-
isotropic media, e.g. orthotropic media as in [13], since the eigenstructure now needs to be dealt with

numerically.

8. Conclusions

In this paper we developed a DG solver for a coupled two-dimensional poroelastic/elastic isotropic model
incorporating Biot’s low- and high-frequency regimes in Hesthaven and Warburton’s framework [34]. This
formulation allows us to use different basis functions in different elements, so that numerical accuracy is
controlled by both the grid resolution and the local basis order. Time integration was carried out using
both an explicit low-storage Runge-Kutta scheme as well an implicit-explicit scheme for a stiff example.
We considered free surface and absorbing boundary conditions, where the latter were modelled as outflows.
Numerical experiments showed that the solver satisfied theoretical convergence rates for LSRK time integra-
tion, while the IMEX time integration gave suboptimal but consistent convergence rates, and that choosing
higher-order basis functions on poorly resolved parts of the grid maintained accuracy. Furthermore, the
exact Riemann-problem-based numerical flux implementation resolves naturally all material discontinuities.
While two-dimensional poroelastic wave solvers are useful for theoretical studies, particularly inverse prob-

lems, genuine applications require three-dimensional solvers. This is the topic of a forthcoming paper.
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Appendix
Appendix A. Derivation of the eigenstructure

Appendiz A.1. 2 X 2 scalar matrices

All the eigenvalue calculations below ultimately decouple into 2 x 2 matrices, whose eigenvalues and
eigenvectors can be found explicitly. For later use, we record the results of this simple calculation. Suppose
we have a 2 X 2 matrix M = (mjk)?,kzr It turns out to be convenient to consider the characteristic
polynomial of M, multiplied by some factor Z;. Let as, ay, ag be the coefficients of this polynomial, so
as = Zy, a1 = —Zytrace(M) and ag = Z; det(M). Now let Zy = —ay and Z3 = a? — 4apaz. In terms of
these abbreviations, the quadratic formula gives us the eigenvalues:

Zo £/ 73
27,

It is now a straightforward calculation to see that the eigenvectors are
(Zs, Zs £/ Z3)"

where

Zy = Za — 2Z1ma1; Zs = 2Z1m12.

Here, we have arbitrarily chosen to represent the eigenvectors in terms of the eigenvalues and the first row

of the matrix; we could equally have used the second row.

Appendiz A.2. 2 x 2 block matrices

In order to decouple our eigenproblems, we repeatedly find and exploit 2 x 2 block matrix structure. We
record here some general results about 2 x 2 block matrices, all of which are easily verified. We consider

2 x 2 block matrices of the form
My, | Myr

My, | Mir

M =

where My, and My are m X m and n X n matrices, which we refer to as an m + n block decomposition of
M. Suppose x and y are respectively m- and n-dimensional (column) vectors. Denote by
x

() = | —
y

the (m + n)-dimensional column vector formed by stacking z on top of y. The matrix M acts on (z;y) by

My, | Myr x Muyrx + Mury

My, | Mir Y Mirr + Miry
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Appendiz A.3. 2 x 2 block triangular matrices

If M has either of the block triangular forms

My, | 0 o My, | Myr

My | Mir 0 | Mur

M =

then ¢ is an eigenvalue of M if and only if ¢ is an eigenvalue of either diagonal block, My, or Mg (this
can most easily be seen by putting the two blocks into triangular form using e.g. the Schur triangularisation
theorem). These block forms include several useful special cases, notably the block diagonal case in which
Mg and Myy, are both zero and the cases in which both blocks in the same row or column are zero.

It is not difficult to describe the eigenvectors of M in terms of those of the diagonal blocks, although
some care needs to be taken if the two blocks have a common eigenvalue. Here we note only that, in the
special case of a block diagonal matrix, an eigenvector  of Myy, corresponds to an eigenvector (z;0) of M

and an eigenvector y of Myr corresponds to an eigenvector (0;y) of M.

Appendiz A.4. 2 x 2 block antidiagonal matrices

Here we consider the case
0 Myr

My, 0

M =

Notice that M? is a block diagonal matrix, with diagonal blocks MyrMzyr, and My, Myr, which have the
same non-zero eigenvalues. The non-zero eigenvalues of M are the square roots (both branches) of these. We
can construct the associated eigenvectors of M from those of Myr My, and My Myr: if MyrMipx = c*x
then (d-cx; M) are eigenvectors of M with eigenvalues +c and if My, Myry = c*y then (Myry; £cy) are
eigenvectors of M with eigenvalues +c.

The zero eigenvalue needs to be handled separately: its eigenspace, the nullspace of M, is spanned by

vectors of the form (z;0) and (0;y) where My2z = 0 and Mygry = 0.
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Appendix B. Wave speed and eigenvector computations

Appendiz B.1. The inviscid case

Starting with the non-dissipative case, we have

1 000[0 0 0 0
01 00[0 0 0 0
001 0/0 0 0 0
00010 0 0 0
Q:
000 0fp. O pr O
000 0[O0 pa O pf
000 O0lpg 0O m 0
000 0[O0 p 0 m
and
0 0 0 0 | -1 00
0 0 0 0 /0 0 00
0 0 0 0 [0 -2 00
0 0 0 0|0 0 10
A:
A =25 —A 0 Ma| O 0 00
0 0 —2u 0 [0 0 00
—Ma —-Ma 0 M | 0 0 00
0 0 0 0|0 0 00

We can see that @ and A are both 2 X 2 block matrices, with 4 x 4 blocks, and are respectively block diagonal
and block antidiagonal. However, this is not the “best” block decomposition we can find. If we exchange

rows 6 and 7 and columns 6 and 7 in both matrices, we obtain

1000/0 0 0 0
01000 0 0 0
00100 0 0 0

, looo1jo 0o 0 o0

QiOOOOpapfOO
000 0|p m 0 0
00000 0 pu pr
00000 0 p m
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and

0 0 0 0 |-1 0 0 0
0 0 0 0|0 0 0 0

0 0 0 0 [0 0 -3 0

e 0 0 0 0|0 1 0 0
“XA =25 —A 0 Ma| O 0 0 0

~-Ma  -Ma 0 M |0 0 0 0

0 0 —2u 0 |0 0O 0 O

0 0 0 0|0 0 0 0

Physically, this represents reordering the terms in the vector, grouping by dimension (z then y) instead of by
medium (solid then fluid). In this form, the original zero blocks have been retained and the non-zero blocks
have acquired their 2 x 2 structure: Qp and Aj are respectively block diagonal and block triangular, both
with 2 x 2 blocks. The blocks in Q] are equal to each other so we can now find Q’~*A’ by multiplying the

inverse of this 2 x 2 block against the top and bottom halves of Af ;.

000 0|]=1 0 0 O
00000 O 0 O
00000 0 -0
oA = 00000 1 0 O
* ~ 0 x| 0 0 0 O
* » 0 | 0 0 0 O
00 00 0 0 O
0000 0O 0 O
where the stars represent the block
Maps —m (X + 2pug) Maps — Am 0 M (am — py)
(@ Ay = 1 i ~Moap, + pr (A +2u)  —Map, + Aps 0 M (—apt + pa)
mpa — p; 0 0 —2myug 0
0 0 2ttt 0

Because (Q'~tA’) is block anti-diagonal, its eigenvalues are (Section Appendix A.4) the squares of those of

(QI7 1 A/)LL (Q/il A)URI explicitly,

—Maps +m (A+2pu,) M (am — py) 0 0

1 Mapa — ps (N4 2p5) M (—aps + pa) 0 0
MpPa — Pt2' 0 0 mpg 0
0 0 —paps 0
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In fact, we could have found this matrix without explicitly computing Q' ~*A’: because of the block nature
of the matrices, we have

(Q"ANLL(Q " A)ur = (QLr) " ALLAUR-

This is a block diagonal matrix so (Section Appendix A.3) its eigenvalues are the union of those of its two
diagonal blocks.

The lower right block is easy: its eigenvalues are 0, with eigenvector (0,1)T, and mpug/(mp, — p?), with

eigenvector (—m, pt)T.

For the upper left block we use the formulae in Section Appendix A.1. Firstly, let Z; = det(Qir) =
det(Q’) (which is a common denominator for the coefficients of the characteristic polynomial) and define

Zs, ..., Z5 as in Section Appendix A.1. Explicitly,

Zy =mp. — p;
Zy = (pa — 2apr) M + m(2us + N)
Z3 = pa(4a®m — daps + pa) M? — 2(2amps + mpa — 2p8)M (2pge + A) +m° (2ue + A)?
Zy = paM — m2pe + )
Zs = 2(am — pr) M.
In terms of these, the eigenvalues are

Zs + /75
27,

and the eigenvectors are

(Zs5, 24 £/ Z5)".

Now, following Section Appendix A.3, we can assemble the eigenvectors y), ) 43 44 of (Q" "1 A)r(Q' T A")ur

with eigenvalues
02:Z2+\/ZS_ 02:Z2_\/Z. 2 Mgy
1 221 ’ 2 2Z1 )

as

Yy = (Zs, Zy +\/Z3,0,0)7
y® = (Zs, Zs — \/23,0,0)"
y® = (0,0,—m, pp)"

y@ =(0,0,0,1)".

Following Section Appendix A.4, we calculate

) = (Q 1A ura")  (j=1,2,3)
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’r(l) = (7Z5707 Oa Z4 + Z3)T
.T(Q) - (_Z57070a Z4 Y Z3)T

23 = (0,0,m/2,0)"

and note that
@ = (=Ma? + X\, Mao? — X\ — 2., 0, —Qa,ufr)T

is a null vector of (Q' 1A )yr(Q'~*A L. Still following Section Appendix A.4, we can now write down
eigenvectors of Q' 1A’ corresponding to +¢; as (z\9); £¢;49)) (j = 1,2,3) and (#™*);0) and (0;y*?) corre-
sponding to +c¢4 = 0. Finally, to return to the original ordering of the physical variables, we need to swap

entries 6 and 7 in each of these vectors to give eigenvectors of Q1 A.

Appendiz B.2. The low-frequency dissipative case

Here we have a similar problem, but with somewhat more complicated formulae. Let E be the 8 x 8
matrix that is zero in all places except (7,7) and (8,8), which hold the value —n/k. We now repeat the
earlier analysis but with @ replaced by @ —iE/w. We can see from the structure of @), F and A that this is
equivalent simply to changing m to m+in/(kw) throughout the problem, and hence throughout the solution.
This leads to the following modified values of Z1,..., Z5:

Z{ = (m+in/(kw))pa — pi
NPa
kw

73§ = —=2praM + po M + (m + in/(kw))(2ue + A)

28
:Z2+iw
kw

Z§ = pa(4a®(m +in/(kw)) — daps + pa) M? = 2((2aps + pa)(m + in/ (kw)) — 2pF) M (2ps + ) +

(m + in/(kw))*(2ugs + A)?

2 2
n*(2ue + A) .21
S A ol i SR A 2
3 k2w? * lk‘w

= 71 +i

202 pa M? — (2aps + pa) M (205 + X) + m (205 + A)?]

Z§ = paM — (m+ in/(kw)) (2 + A)
_ Z4 _ 177(2/1'1% + )‘)
kw
7§ = 2(a(m + in/(kw)) — pr) M
2anM

=Z5—|—1 kw .

Notice that, except for j = 3, Z; is a linear function of m, so we have Re(Z;i) = Z;. The eigenvalues of

(Q —iE/w)~ 1A are complex but still occur in + pairs with the following squares:

(c)* =0
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(Cd)2 _ (TI’L + iﬁ/(kw))ﬂfr
z

1
dy2 _ d | 7d
)= Zy +1\/Z
( 3) 2Zii ( 2 3)
1
dy2 d d
) =—= 25 —1\/2Z5 ).
(c%) 224 ( 2 3)
The expressions for the eigenvalues contain many square roots of complex numbers. Care must be taken,

especially in computer implementation, with the two branches of the complex square root function. One

way to do this is to use the formula

Vz = g ( |z| + Re(z) —icsgn(iz)\/|z] — Re(z)) (z€C,z#0).

Here, the square roots are non-negative square roots of non-negative real numbers and

sgn(Re(z)) if Re(z) #0
csgn(z) =

sgn(Im(z)) if Re(z) = 0.
This ‘complex sign’ partitions the complex plane into left and right half-planes. The formula above returns
the unique square root /z of z # 0 such that csgn(y/z) > 0. In particular, if z is real and positive then /z is
the positive real square root of z; if z is real and negative, then /z is a positive multiple of i. Alternatively,
this can be constructed by removing the negative real axis from the complex plane, analytically continuing
the non-negative real square root to the cut plane and finally extending to a function continuous from above

on the negative real axis.

Appendiz B.3. The high-frequency dissipative case

Here we must deal with 10 x 10 matrices, closely related to the 8 x 8 matrices in the earlier sections. We

are concerned with

10000 0 0 0 0 0
01 00[0 0 0 0 0 0
0010[0 0 0 0 0 0
000 1[0 O 0 0 0 0

th:0000%0 Pt 0 0 0
000 0|0 pa 0 pe 0 0
000 Ofp O m 0 0 0
000 0[]0 p 0 m 0 0
0000[0 0 7/rp—1 0 -1 0
000O0[0 O 0 T/t —1 0 -1
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and

0 0 0 0 | -1 0 00 0 O

0 0 0 0 0 0 0 0 0 O

0 0 0 0 0 —-1/2 0 0 0 O

0 0 0 0 0 0 1 0 0 0

Ayr— —A—2up = 0 Ma | 0 0 00 0 O
0 0 —2pe 0 0 0 00 0O

—Mao —Ma 0 M |0 0 00 0 O

0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 00 0 O

0 0 0 0 0 0 0 0 0 O

We also introduce the 10 x 10 matrix Eyps whose bottom right 4 x 4 submatrix is

—n/k 0 —n/k 0
0 -n/k 0 —n/k
0 0 1/7, 0
0 0 0 17,

and which is zero in all other places. We seek the eigenvalues of (Quns — (i/w)Ent) *Ane and begin by

considering
10 0 00 O 0 0 0 0
01 0 00 O 0 0 0 0
001 0[0 O 0 0 0 0
00 0 1|0 O 0 0 0 0
O (B — | © O 00 fpe 0 ot 0 0 0
00000 pa 0 P 0 0
0 00 O0fpsr O m—+in/(wk) 0 in/(wk) 0
0 00 0|0 pr 0 m +in/(wk) 0 in/(wk)
00000 0 -1 0 1 —i/(wry) 0
000 0[0 0 0 )Ty — 1 0 1 —i/(wry)

As illustrated, we have a natural 4 + 6 block structure. As in the low-frequency case, we can find a finer
structure by permuting the variables to group terms by dimension instead of medium (this is evident from
the chessboard pattern of zero and non-zero terms in the lower right 6 x 6 block). We make the following

permutation of rows and columns to give Q1;, Ef; and Af;:

5 6 7 8 9 10
5 7 9 6 8 10
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which leads to a block decomposition

I 0 0
Qus — (i/w) By = 0|/Co| O
0| 0 | Cy

where [ is the 4 x 4 identity matrix and Cj is the 3 x 3 block

Pa %3 0
pr m+in/(wk)  in/(wk)
0 Te/To — 1 -1 —-i/(wry)

The corresponding refined block structure on Aj, is

0 0 0 o0 |-t 00| 0o 0o
0 0 0 00 00/ 0 00
0 0 0 00 00|12 0 0
0 0 0 00 10 0 00
;| A-2 -x 0 Majo 00| 0 00
"l Mo -Ma 0 M |0 00 0 00
0 0 0 00 00/ 0 00
0 0 2w 0,0 00/ 0 00
0 0 0 00 00/ 0 00
0 0 0O 00 00/ 0 00

Because of the block diagonal structure of Qp; — (i/w)Ef, we can find (Q}; — (i/w)E};) ' A} by multiplying
the second and third block rows of A by Cj'; the first row of (Q}; — (i/w)Ej;) "' A}, is the the same as
that of Af;. We can see from this that (Qf; — (i/w)E];) "' A}, has a 4+ 6 antidiagonal block decomposition.
Following Section Appendix A.4, we need to consider the product of the lower left and upper right blocks.
By associativity of matrix multiplication and because of the diagonal structure of (Q}; — (i/w)E{;)~!, we
can first find (A} )11 (A} ;)ur and then multiply the top and bottom 3 x 6 blocks by Cy " (which is somewhat

simpler because of the prevalence of zero terms in Af;). We have

A+2uy Ma 0] 0 0 O

Mo« M 0|0 0 O

(ALe)LL(ALe)ur = ! L
0 0 0|uy 0 0

0 0 0 0 0 O

0 0 00 0 O
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This is block diagonal, so when we multiply its top and bottom block rows by C ! we obtain another block

diagonal matrix whose eigenstructure is determined by its two diagonal blocks, namely
-1

Pa Pt 0 A+ 2un Ma 0O
Ci=|pr m+in/(wk) in/(wk) Ma M 0
0 T /7o —1  —1—1/(wTy) 0 0 0
and 1
Pa Pt 0 pe 00
Co=|pr m+in/(wk) in/(wk) 0 0 0
0 T /7o — 1 —1—i/(wTy,) 0 0 0

The non-zero eigenvalues of (Qnt — (i/w)Ens) "1 Apt are exactly the square roots of the non-zero eigenvalues
of Cy and of Cs.

Notice that the right-hand column of C; is zero. We can think of this as a 2 + 1 block upper triangular
matrix: one of its eigenvalues is zero, from the zero lower right 1 x 1 block, and the other two are eigenvalues
of the upper left 2 x 2 block of C}.

Similarly, the second and third columns of C5 are zero, and we can think of this as a 1 + 2 block lower
triangular matrix with two zero eigenvalues from the zero lower right 1 x 1 block and one other eigenvalue,
which is just the upper left entry of Cs.

This gives us an eigenvalue

e (N — kmw?7, — iw (n7e + km))
Npa — kmw?pats + kw?p3t, — iw (npate + kmp, — kp?)

and a 2 x 2 block too long to fit on the page: it consists of a factor

1
npa — kmw?p.7, + kw2P%Ta —iw (NpaTe + kmp, — kp%)

multiplied by two columns:

Moakw?pery + (17 y kmwzr,,) (AN 2u8) +1(Makwps — w (A + 2ug) (e + km))
kw (—Mawpat, + wpete (A4 2ug)) + thw (—Mapa + pe (A + 2p4))

and
M (om — akmw?t, + kw2pf7},) —iMw (anTe + akm — kpg)

Mkw?7, (aps — pa) +iMkw (aps — pa)

and its eigenvalues can be found using the formulae in Section Appendix A.1.
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