BIOT-PRESSURE SYSTEM WITH
UNILATERAL DISPLACEMENT CONSTRAINTS
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ABSTRACT. A fully saturated poroelastic medium is confined by the sides of a cylin-
der, and the regions below and above the medium are filled with fluid at respective
constant pressures. The filtration flow of fluid through the poroelastic medium and
the small deformations of the medium are described by a quasi-static Biot system of
partial differential equations. Our objective here is to establish the well-posedness of
an initial-boundary-value problem for this system in which the poroelastic medium is
fixed and sealed on the sides, free and in contact with the exterior fluid on the top and
bottom, and displacement of the medium is unilaterally constrained on the top by a
Signorini-type free boundary condition.

CONTENTS
1. Introduction 2
The Plan 3
Notation 3
2. The Biot System 6
2.1. Boundary Conditions 9
2.2. The Assumptions 10
3. Mixed Variational Formulations 12
A Reduced Weak Problem 15
The Fluid-Content Operator 16
4. The Evolution Equation 18
The 3-field Biot System 18
The 2-field Biot System 21
5. Summary: The Weak Solution 22
References 22

Date: December 28, 2020.
2000 Mathematics Subject Classification. Primary 76505, 74F10, 76M30; Secondary 35Q30, 35F10.
Key words and phrases. Coupled fluid - porous medium interface, unilateral displacement constraint,
poroelasticity, Biot system, filtration-deformation, Signorini free boundary, interface permeability.
1



2 ALIREZA HOSSEINKHAN AND RALPH E. SHOWALTER
1. INTRODUCTION

The Biot model of poroelasticity arose from classical consolidation [6, 58]
and acoustics problems [18, 24, 30] in soil science and has been developed
for increasingly more demanding modeling needs of geophysics. Recently
developed sensor technologies continue to deliver large amounts of detailed
data which will be useful with appropriate models, but there is a corre-
sponding need to determine coefficients for these models from laboratory
experiments, many of which involve contact or indentation problems [5].
Similar problems arise in the manufacture of composite materials by in-
jection molding [46]. These involve injection of a liquid into a porous
matrix of reinforcing elements and depend on the rheological properties
of the liquid as well as the mechanical properties of the solid matrix; this
is constrained by a form to determine its final shape. The case of in-
compressible components arises in soft hydrated biological tissue modeled
as a solid-fluid aggregate [38]. Biomechanical experiments on soft tissue
have shown that it is often described well by the Biot system of poroe-
lasticity. The best example is articular cartilage, a particularly simple
tissue to model because it is mostly water by weight, and it follows a re-
markably linear relationship between stress and strain up to about 20%
of strain [37, 40]. In addition to a myriad of forward contact problems of
interest for cartilage behavior in joints, obstacle problems for this system
arise naturally in indentation experiments to calibrate the model by deter-
mining the coefficients in the system [5]. Fractures in deformable porous
media and debris-filled fractures in rigid porous media have been studied
[39]; their response to increased fluid pressure can be modeled as contact
problems. In each of these areas, computational modeling has made sub-
stantial strides, but the theory of contact problems for the Biot system is
very limited.

The paper [59] proves existence for an analogous problem of quasistatic
unilateral frictionless contact of a thermoelastic body with a rigid con-
straint. The contact is modeled by Signorini’s condition, but the thermal
coupling depends on the distance between the medium and the rigid foun-
dation. Similar problems were developed earlier in [2, 4, 48]. Existence
theory was presented in [56] for a highly nonlinear Biot system model-
ing diffusion of a slightly compressible fluid through a partially saturated
poroelastic medium, and the seepage surface was determined there by a
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variational inequality on the boundary for a unilateral constraint on the
pressure.

We develop here an initial-boundary-value problem for the Biot system
with a unilateral constraint on the normal displacement at the boundary,
and it includes additional aspects of the applications that are frequently
omitted in the theory. The poroelastic medium may have a resistance
to normal fluid flow across the boundary [31]; this reflects an additional
concentrated drag due to a filter cake or a semi-porous membrane. It is
manifested as a jump in fluid pressure or a steep pressure gradient near the
interface, and we shall see that it determines the appropriate space for the
pressure or flux. In many applications both the fluid and the material of
the porous medium may be incompressible, and this degenerate condition
is permitted below. It may lead to special behavior of solutions.

The Plan. The notation to be used together with relevant classical ma-
terial for the development constitute the remainder of this Introduction.
The Biot system of partial differential equations and the boundary condi-
tions for our problem are presented in Section 2, and these lead to a weak
formulation of the problem. In Section 3 we write the weak problem in an
abstract mixed form and construct a nonlinear operator that contains the
elasticity problem with a unilateral boundary constraint. This operator
gives the local fluid content as a function of pressure. Section 4 begins
with the construction of the linear symmetric flux-pressure operator and
the corresponding Hilbert space in which the weak problem is then shown
to be well-posed. This is done by reducing it to an initial-value prob-
lem, first for a semilinear implicit evolution equation and then by using
techniques from [54] for an evolution equation with a single m-accretive
operator in the Hilbert space. Section 5 contains a summary of the results
for the weak problem.

Notation. We assume the mechanical behavior of the porous medium is
determined by classical small-strain elasticity. In order to describe this,
we denote hereafter by X the space of symmetric second-order tensors.
Boldface letters will be used to indicate vectors in IR* and Greek letters to
indicate second-order tensors in 3. With § = {d;;} we denote the identity
tensor consisting of ones on the diagonal and zeros elsewhere. We adopt
the convention that repeated indices are summed. In particular, the scalar
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product of two vectors is v-w = v;w;, and that of two second-order tensors
IS 01 T = 04Tjj.

For any piecewise smoothly bounded region  in IR®, we denote its
boundary by I' = 0€). A unit normal vector on a surface is denoted by
n = {n;} and on I' it is always oriented outward. For a vector w, we
denote the normal coordinate w,, = w - n and the tangential component
wr = w — w,n. Likewise for the tensor 7 in >, we have the value at w,
7(w) = {r;;w;} € R?, its normal coordinate 7(w),, = 7(W) - n = 7;;w;n;,
and its tangential component 7(w)yr = 7(w) — 7(w),n. We also set 7, =
7(n) - n.

For any Banach space B we denote its dual space of continuous linear
functionals on B by B’. Standard function spaces will be used [1, 20, 57].
Let H'(Q) be the Sobolev space consisting of those functions in L*(Q)
having each of their partial derivatives also in L?(€). The trace map or
restriction to the boundary is the continuous linear map v : H'(Q2) —
L2(T) defined by ~v(w) = w]r; its range is Hz(dQ) with the scalar-product
inherited from the quotient map, and the dual of the range is H %(89)’ =
H: (092). Corresponding spaces of vector-valued functions will be denoted
by boldface symbols. For example, we denote the product space L*(2)? by
L%(Q2) and the corresponding triple of Sobolev spaces by HY(Q) = H'(Q2)3.
We shall also use an intermediate space L% (2) of vector functions in
L?(Q2) for which the divergence belongs to L?(2). Recall that for the
functions r € L3 (Q) there is a normal trace on the interface, and this is
denoted by 7, € H-2(9%) since it takes the value v(r) - n on the smooth
functions r in L% (©2). Then we have the Stokes formula [20, 57]

/Q(V ‘rv+r-Vo)dr =r,(y(v)) for r € L% (Q), v € H'(Q).

Here V- denotes the divergence and V is the gradient differential operator.
If r = Vu, then V - r = Au is the Laplacian of u, and r, = g—z is the
normal derivative on the boundary. We denote by L?(Q2) the indicated
space of X-valued functions on 2.

Corresponding spaces of vector-valued functions of time will be used. If
H is a Hilbert space and 1 < p < oo, then LP(0,T'; H) is the Banach space

of (equivalence classes of) H-valued functions v for which the Bochner
integral fOT |v(t)||% dt is finite, and we define its norm by |[v|| o0, r,m) =
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fo lv()||5; dt)/P. For p = oo, L>(0,T; H) denotes the bounded mea-
surable functlons with the essential supremum norm. Wlp(() T;H) is
the Banach space of antiderivatives, u(t) = u(0) + fo s) ds, Wlth v e
LP(0,T; H). A superscript dot will denote the time derlvatlve dt, SO
u € WHP(0,T; H) is absolutely continuous and @ = v. If H is a space
of real-valued functions on 2, then for u € W(0,T; H) superscript dot
corresponds to the time derlvatlve gt

We will use some concepts and constructions from monotone operators
and convex analysis in Hilbert space [10, 21, 49]. Let V' be a Hilbert space
and A : Dom(A) — V' a function with domain Dom(A) C V. Then A
is monotone if (A(v) — A(w))(v —w) > 0 for all v,w € Dom(A). More
generally, let A C V x V' be a multi-valued relation on V x V’ with domain
Dom(A) = {v € V : (v, f) € A} and range Rg(A) = {f € V' : (v, f) €
A}. Then the domain Dom(.A) is the set of all v € V' with A(v) = {f €
V' (v, f) € A} # 0. The relation A is monotone if (f — g)(v —w) > 0
for all (v, f), (w,g) € A, that is, for all f € A(v), g € A(w). It is strictly
monotone if strict inequality holds whenever v # w.

Suppose j : V — IR U {+o00} is an extended real-valued function. It is
proper if Dom(j) = {x € V : j(z) < +oo} is non-empty and convez if
jitr+ (1 —=1t)y) <tj(x)+ (1 —1t)j(y) for x,y € Vand 0 < ¢ < 1. Assume
it is also lower semi-continuous. The subdifferential of j is the relation
07 : V — V' defined by f € 0j(u) if

weV, feV' flo—u)<jlw)—ju)forallveV.

Then 07 is a monotone operator, possibly multi-valued. If j has a Gateaux
differential j'(u) € V' at u € V, then 9j(u) = {j'(u)}. ff aset K C V is
non-empty, convex and closed, its indicator function is defined by I (v) =
0 if v € K and Ig(z) = +0o otherwise. It is proper, convex and lower-
semicontinuous, and f € 0l (u) if and only if

we K, feV' flu—u)>0forallvekK.

This is an example of a wvariational inequality, and it means that f is
minimum at u along every line segment [u, v] in K.

If the dual space V' is replaced by V above and the duality f(v) by
the scalar product (f,v)y, then monotone is replaced by accretive. In
particular, if R : V' — V' denotes the Riesz isomorphism, then A : V' — V’
is monotone if and only if A = R~ A is accretive, that is, (u—v, z—y)y > 0
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for all w € A(z),v € A(y). Moreover, A is mazimal monotone if it is
monotone and R + A is surjective. This is equivalent to I + A being
surjective, and we say that A is m-accretive.

2. THE BI10T SYSTEM

Let G x IR denote the cylinder in IR? with connected and simply con-
nected horizontal cross-section G C IR%. The poroelastic medium initially
occupies the region

(2.1) Q={x=(x1,22,23) : (x1,22) € G, @o(x1,22) < x3 < P1(x1,22)}

in the cylinder between the graphs of two prescribed smooth functions,
;G —= R for j =0,1 with @g(x1,22) < p1(21,22) for (z1,22) € G. The
boundary of €2 consists of the sides, bottom and top given respectively by

g ={x: (z1,72) € 0G, @o(x1,12) < w3 < Q1(x1,72)},
Lo = {x: (z1,22) € G, 13 = po(z1,72)},
I'={x:(z1,22) € G, z3=i1(z1,22)}.

The regions in the cylinder below I'y and above I'y are filled with a slightly
compressible viscous fluid at pressures Py and Pj, respectively, and the
medium is fully saturated by that fluid. Another smooth non-negative
function h : G — [0, 4+00) determines the location of a rigid drained con-
straint above the medium at

Iy ={x:(21,22) € G, 23 = p1(21,72) + h(w1,22) }

By drained we mean that it constrains the porous solid but does not impede
the flow of fluid. The function A(-) is the initial vertical gap between the
top of the medium and the constraint.

We write the constitutive equations in the poroelastic medium €2 to-
gether with the equations for mass and momentum balance as a Biot
system of partial differential equations. In particular, 1 and p are the
velocity corresponding to a displacement u = u(x,t) of the porous struc-
ture ) and the rate of change of the pressure p = p(x,t) of the fluid
in €2, respectively. We work within the framework of the infinitesimal
theory for deformations and define the small strain tensor or the [in-
earized strain tensor ¢ € ¥ as e(u) = 1(Vu+ (Vu)?). Its components
are given by ¢;;(u) = 1(d;u; + 0;u;). Then Hooke’s law takes the form
oij(u) = Eijrecre(u) in § for the elastic stress o(u) corresponding to the
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strain £(u) in the solid matrix of the porous medium. Here E is the
elasticity tensor. In the case of a homogeneous and isotropic medium,
this tensor is Ejjre = A0ij0ke + 11(0ixdje + diedjr), so the stress is given by
Eijkeere(0) = Aojjepr () + 2pei;(u), where the constants A > 0 and p > 0
are the Lamé coefficients, the dilation and shear moduli of elasticity, re-
spectively. See [28, 32, 34] for more details on the constitutive relations in
elasticity.

The slow flow of fluid at pressure p through a fully-saturated poroelastic
medium displaced by u is described by the fully-dynamic Biot system

(2.2a) cp+aV-u—-V . -k(Vp—g)=F,
(2.2b) pi— pAu— A+ p)VV-u+aVp=1=.

This system with p > 0 was developed by Biot [16, 17, 18, 19] to describe
(higher frequency) deformation in porous media. Here f = f(x) denotes
the volume distributed external forces acting on the structure, and F' =
F(x,t) denotes any volume distributed fluid source density within that
medium. The coefficient ¢(x) > 0 is a measure of the amount of fluid which
is forced into a constant volume of the medium at x by pressure increments.
When the fluid and solid are both incompressible we have ¢(x) = 0; even
then, the volume of the medium will vary as fluid is gained or lost or
as displacements lead to consolidation of the solid. The Darcy (relative)
velocity of fluid flow within the porous medium 2 is q = —k(Vp — g),
where k = k;; is the permeability tensor divided by fluid viscosity and
g = g(x) is the gravitational force. The total fluz of pore fluid is au + q,
where a ~ 1 is the Biot-Willis constant; it depends on the mechanical
properties of the medium. Note that o(u) — apd is the total stress due
to the combined elastic solid deformation and pore fluid pressure p within
the structure. The term aVp arises from the additional stress of the fluid
pressure within the structure, and a'V - u accounts for the variation in
fluid content due to the local change in pore volume, so cp+ aV - u is the
fluid content of the medium. For the theory of this system in the formally
equivalent context of coupled thermoelasticity, see [47], the fundamental
work of Dafermos [27], and the exhaustive and complementary accounts
of Carleson [25] and Kupradze [36].

For deformations with sufficiently slow variations of the solid velocity
the inertia effects of the solid are negligible, i.e., the first term in (2.2b)
is negligible, so we formally set p = 0. In this case the solid matrix
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displacement responds instantly to variations of the pressure gradient of
fluid, and the flow and deformation are described by the quasi-static Biot
system [6, 7, 8, 13, 14, 15, 41, 42, 50, 51]

(2.3a) cp+aV-u—-V-xk(Vp—g)=F,
3b) —pAu— A+ pu)VV -u+aVp="=.
The incompressible case ¢ = 0 is studied in [43]. The system (2.3) results

from the elimination of the variables q and ¢ from the fundamental 4-field
system [11, 52, 53]

(2.4a) p+V -q+aV-u=F,
(2.4Db) Qq+Vp=g,
(2.4c) —V.-04+aVp=f{,
(2.4d) o—Fe(u)=0in Q.

Conservation of fluid mass is (2.4a) and conservation of solid momentum
is (2.4c). The equation (2.4b) is Darcy’s law in which @ = s~ ! is the
resistance tensor due to the medium drag and g is the gravitational force;
the equation (2.4d) is Hooke’s law. For both analytical and numerical
purposes, it is useful to differentiate (2.4d) with respect to ¢ and resolve
for the stress variables p, o and velocity variables q, v . where v = u.
This formulation extends easily to much more general cases, including
the fully-dynamic system and visco-plastic porous media, and it identifies
the physical quantities that need to be specified in boundary or interface
conditions [31, 52, 55]. Moreover, the numerical implementation of such
mixed models often leads to better accuracy of the variables of primary
interest, namely, flux and stress [20]. See [35, 60] for equivalent systems
written with total stress to avoid locking. Here we shall retain u as an
unknown due to the unilateral boundary constraint on displacement, so we
eliminate stress and write (2.4) as the 3-field system [12, 26, 45, 55, 56, 61]

(2.5a) PH+V-q+aV-u=F,
(2.5b) Qq+ Vp=g,
(2.5¢) —V - Ee(u)+aVp=Hf.
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However we shall retain the symbol o to be defined by (2.4d). See [3, 9,
23, 52, 53] for coupling of the Biot system to a free fluid and [22, 44, 47]
for alternative 3-field formulations.

In the following section we introduce operators on appropriate function
spaces for which the restrictions to 2 represent the terms in this system.
These operators and the underlying spaces depend as well on the boundary
conditions of solutions. After describing the boundary conditions for the
poroelastic medium in a cylinder, we shall list the assumptions that will
be followed thereafter and develop a weak formulation of the problem.

2.1. Boundary Conditions. The poroelastic medium is fixed and sealed
along the sides. That is, we have null displacement and fluid flux deter-
mined respectively by

(2.6a) u=0and ¢, =0onIg.

On the bottom there is a fluid entry resistance vy > 0 to fluid flux across
the interface, and the total stress from the medium is balanced with the
known external fluid pressure Py below. These lead to the conditions

(2.6b) p — vgn = I,
(2.6¢) o(n)r =0, and
(2.6d) o, —ap =—PF; on I'.

The absence of any tangential friction implies that o(n) = o,n. From
(2.6b) and (2.6d) it follows that o, = a vyg, + (1 —a)(—Fy). We note that
1—a =~ 0. The permeability of the interface is commonly reduced by a flux
resistance due to damage or clogging by fracturing fluids or their additives.
The resulting pressure discontinuity or steep gradient is modeled by this
interface resistance [41, 42].

On the top the conditions are similar, but the stress balance depends
also on the rigid constraint. We have there

(2.6€) p—vign = 1,
(2.6f) o(n)r =0, and
(2.6g) up < h, 0y —ap+ P <0,

(up — h)(op —ap+ P) =0on I'y,

where v; > 01is the fluid entry resistance on this interface, and P, is the ez-
ternal fluid pressure above the medium. The constraints (2.6g) extend the
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classical Signorini contact conditions which model the contact of an elastic
structure with a rigid constraint. Normal displacement wu,, is bounded by
the constraint, total normal stress o,, —ap is bounded by the fluid pressure
at the top, and the medium is either in contact with the constraint or not.
If the medium is in contact with the constraint at a point x € I'y, then
u,(x) = h(x) and the constraint provides an additional negative normal
stress 0, — ap + P, to the medium; otherwise, u,(x) < h(x) and we will
have 0, = ap — P;. See [28, 32, 34] for more details.

2.2. The Assumptions. Hereafter we shall assume the following condi-
tions hold.

e The domain G in IR? is open, bounded, connected and simply con-
nected, and the boundary 9G is Lipschitz continuous. The top and
bottom functions ¢; : G — IR are Lipschitz, j = 0,1, ¢y < o1, and
the constraint gap h € H'/?(I'y) satisfies h > 0. Define Q by (2.1).

e The elasticity tensor E is symmetric and positive-definite, that is,
FEo: 7= FE71:0 for all o,7 € ¥, and there is an ¢y > 0 for which
ET:7 > e|7||? for T € .

e The permeability tensor x and its inverse @ = k! in ¥ are positive
definite.

e The compressibility and coupling coefficients, ¢ € L*(Q2) and «a €
IR, satisfy ¢(x) > 0 a.e. and o > 0.

e For j = 0,1, we have exterior pressure P; € H'/2(T';) and interface
resistance v; € L*(I';) satisfying v;(x) > 0 a.e. in I';. Let I'Y C T}
denote the closed and connected support of v;, and assume v; L e
Ll(nyf ).

The Weak Formulation. Define linear spaces that are determined in part
by boundary conditions (2.6a), namely, the spaces

V={veH (Q):vy(v)=0ae in HTg)}, H=L*Q),

W={rel? (Q):r,=0in H Y*Ig) and/ 2 dS < +oo, k=0,1},
Iy

for solid displacement, fluid pressure, and flux, respectively. Since the
trace operator is continuous, the set V is a closed subspace of H!(Q)
with the same norm. The last boundary conditions on W mean that
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V;/27’n e L2(I'y) ¢ HY2(I'y), k = 0,1. Wherever v, = 0, the correspond-

ing condition is not necessary. The space W equipped with the norm
HI'H%V = fg |1'|2 dx + fQ (V- I‘)2 dr + > fl“k Vkr% dS is complete.
k=0,1

Lemma 2.1. We have inclusions V;/QHl/Q(Fk) c L*T}) and VC W,

Proof. Since T';, has dimension 2, the Sobolev imbedding theorems show
that H'/%(T';) € L*(T';). Then the result follows from the Hélder inequal-
ity. [

We also define the set of admissible displacements K by
K={veV:yw,)<hae in H/*I)}.

This is a closed convex subset of V with 0 € K. It determines the first
constraint in (2.6g); the remaining conditions are the complimentary con-
straints.

We seek a solution with p(t) € H, q(t) € W, u(t) € K for t > 0. Mul-
tiplying the fluid conservation equation (2.5a) by s € H and integrating
give

(2.7a) /Q(cps + 6§ (o +q)s) do = /QF(t) sdz.

Next multiply the Darcy law (2.5b) by r € W integrate the gradient term
using Stokes’ formula and use (2.6a), (2.6b), and (2.6e) to obtain

(2.7b) /Q(Qq-r—pézs(r))da:%—/r(Von-q+P0)n-rdS

+/(uln-q+P1)n-rdS:/g-rdx.
Iy Q

Finally, multiply the momentum equation (2.5¢) by v —u with v € K and
make use of the Stokes formula [, (V-0)-(v—u)dz+ [, 0 : e(v—u)dz =
J50 0(n)-(v—u) dS and the boundary conditions (2.6¢), (2.6d), (2.6f) and
(2.6g) to get

(2.7¢) /Q(Es(u) ce(v—u)—apd:e(v—u)) dx

+/F po(v_u).ndS+/ Pl(v—u)-ndSZ/f-(V—u)da:.

Iy Q
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Define the functional P € W’ by

(2.8) P(r)=r,(R) +rm.(P1) = / Pyr, dS +/ Pir,dS, re W,

Fo F1
where the first equality is the definition and the second equality holds

for smoother r,. In summary, the weak formulation of the problem will
require (p(t),q(t),u(t)) € H x W x K for t > 0 such that

(2.9a) /Q(cps—%d:g(aquq)s) d:z::/QF(t)sda:, seH,

(2.9b) /(Qq-r—pé:s(r)) da:—l—/ VoanndS—l—/ V1T dS
Q F()

Iy

:/g-rdx—P(r), reWw,
Q

(2.9¢) /Q(Es(u) ce(v—u)—apd:e(v—u)) de

Z/f-(v—u)d::r;—P(v—u), v e K,
0

and the nitial condition
(2.10) (cp+ V -au)(0) =by in Q.

We have shown that the equations (2.9a) and (2.5a) are equivalent in the
space L2(€2). Also the equation (2.9b) implies (2.5b) in the space H (),
so we get p € HY(Q), vp € HY?(99) and boundary conditions. Finally,
the equation (2.9¢) implies (2.5¢) in the space H™}(Q), which gives us
V -0 € L*Q), hence, o(n) € H'/2(9Q) and boundary conditions. In
order to arrive at (2.9c), we made use of the boundary conditions (2.6¢),
(2.6d), (2.6f), (2.6g). The variational inequality in (2.9¢) is equivalent to
(2.5¢) and 7/(0(n) —apn+ Pn) € —0Ik(u).

3. MIXED VARIATIONAL FORMULATIONS

The weak formulation (2.9) is in the mixed variational form of a cou-
pled pair of saddle point problems [20, 29]. We shall construct operators in
Hilbert spaces to represent this problem as a single semilinear implicit evo-
lution equation for a corresponding pair of monotone operators in Hilbert
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space. Then it will follow from the theory for the corresponding Cauchy
problem that the initial-boundary-value problem for this mixed formula-
tion is well-posed in appropriate spaces.

We make use of the equations (2.9) to define the linear and continuous
operators A; : W — W', B; : W — H’, and functional ¢ € W’ as

Alq(r> - / Qq rdr —J’_/ YodnTn as +/ V1dnTn dS)
0 Ty Iy
Bir(s) = —/ V -rsdzx,
Q

plr) = [ gorde—Plr),

the maximal monotone operator As : V. — V', the linear and continuous
operators By : V — H'. C: H — H’, and functional ) € V' by

As(u)(v) = / Ee(u) : e(v)dz + 0k (u)(v),

Q

Byv(s) = —/ aV - -vsdx, Cp(s) :/ cpsdzx,
0 0

b(v) = /Q £.vdz— P(v).

Note that the constraint is part of the nonlinear multi-valued operator As.
Then the weak problem (2.9) can be written in the mixed form

(3.11a) q(t) € W: Aiq(t) + Bip(t) = in W/,
(3.11Db) u(t) e V: Ay(u(t)) + Byp(t) > in 'V,
(3.11c) p(t) € H: —Biq(t) — Bou(t) +Cp(t) = F(t) in H'.

The system (3.11) consists of two standard mixed problems which are
coupled in (3.11c¢). The flux-pressure pair Ay, B; will be used to construct
a linear operator A and the displacement-pressure triple As, By, C will be
used to construct a second operator B. The pair A, B will be used to
express the system as a single implicit evolution equation for pressure in
the space H'. The second operator contains the variational inequality and
consequently is nonlinear. In order to resolve the system, we first develop
elementary properties of the operators in the system (3.11). Then we
construct from these the corresponding pair of operators for the evolution
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equation. First we recall some range conditions on the operators B; and
By. In fact we will confirm that they both have full range.

Lemma 3.1. Rg(B;) = L*().
Proof. If F' € L*(Q), then there exists a unique p € H'(f2) such that

/Vp-Vsder/ v(p)w(s)dS:/ Fsdx, Vs € H' ().
0 Ty 0

Set q = Vp. Since p € HY(Q), we have q = Vp € L2(Q), and -V - q =
—Ap = F € L*(Q) which implies q € L3 (). Moreover, by Stokes’
formula we have

W@+ [ An(e)ds =0, ¥s € H'(@).

FQUFl

This gives ¢, = 0 on I's and ¢, = —v(p) on 'y UT'y. So from Lemma 2.1

1 1 1
we obtain v?q, = —vfp € vPH2([y) C L*(T'x). Hence q € W and
Biq = F. (]
Corollary 3.2. B} : H — W' is bounding.
Lemma 3.3. Rg(Bs) = L*(9).

Proof. First we show that B is injective: if Bis = 0, then Vs = 0 which
gives s = ¢ for a constant c¢. Now notice that for all v. € V we have
Byc(v) = Byv(c) = —c [,V - vdr = —c [i.  av,dS = 0, which in turn
implies that ¢ = 0. Hence Ker(B)) = {0}.

Next we show that By is surjective. Since €2 is bounded, we have the
gradient estimate for s € L%(Q),

(312) oo < el (1 [ sdel + Vsl ).

For a proof see [57]. We can regard Vs as the restriction of Bhs to H} (),

i.e. aVs = Bjslgiq). Note that Hj(€2) C V, and for v € Hj(Q) we have

Ivily < a |IVHH(1J(Q). Then we get

B, B,

(3.13)  «f||Vs|g-1 = sup [Bys(v)| < sup| 25(v)|
ver) |Vl vev [Vily

= o1 [Byslly

We claim that B} is bounding, i.e. there is a constant ¢ > 0 such that
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1Byslly: > ¢ sl , Vs € L*(€).

If it is not the case that B} is bounding, then there exists a sequence
sp € L*(Q) with ||sg]|;z = 1 and s € L*(Q2) such that s; — s, i.e. sj con-
verges to s weakly in L%, and ||Bjsg|ly, — 0. The weak convergence implies
that [, spdz — [, sdx. Then using (3.12) and (3.13) we see that s is a
Cauchy sequence, hence the convergence is strong, s, — s in L*(Q) = H
and ||s||zz = 1. Continuity of Bj leads to Bjsy — Bjs = 0, but by injec-
tivity of B} it follows that s = 0, a contradiction. O

A Reduced Weak Problem. By means of a translation we can assume
without loss of generality that ¢o = 0 in (3.11a). To see this, we use the
linear first standard mixed problem for flux and pressure in the system
(3.11).

Lemma 3.4. For ¢ € W', there is a unique pair (qy,p,) € W X H such
that

Aiq, + Bipso =@ in W,
_qucp =0 in H/,

and the map @ — (dy, py) from W' to W x H is linear and continuous.

Proof. The operator A; is symmetric, non-negative, and W-coercive on
Ker B;. Since by Corollary 3.2 the operator Bj is injective and bounding,
there exists a unique solution (qy, p,,) of the above mixed problem [20]. [

Let u, q, p be a solution to (3.11). Then u, q — q, p — p, is a solution
of (3.11) with ¢ = 0 and %) replaced by ¥ — Byp,. The converse follows
similarly, so solvability of the reduced weak problem

(3.14a) qt) e W: Aiq(t) +Bip(t) =0 in W,
(3.14b) u(t) e V: Asy(u(t)) + Byp(t) > in 'V,
(3.14c) p(t) € H: —Biq(t) — Bou(t) +Cp(t) = F(t) in H'.

is equivalent to that of (3.11).
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The Fluid-Content Operator. Next we consider the complementary
nonlinear mixed problem for displacement and pressure,

(3.15a) As(u) + Byp 3 1p in V',
(3.15b) —Bu+Cp=F in H.
Since A, is strongly monotone and V-coercive, it is invertible and the

inverse A,' : V' — V is monotone and Lipschitz. Define the nonlinear
operator B : H — H' for fluid content by

B(p) = Cp — BoAy ™' (v — Byp).
The system (3.15) is equivalent to the single equation
pe H: B(p)=Fin H'.

We show that this operator is monotone. For a pair of solutions (uy, p;)
and (ug, ps) of (3.15) with corresponding F; and Fj, we have

As(ur) — As(uz) + Bypr — Biypa 3 0,
—[52111 + BQU_Q + Cp1 — Cpg = F1 — FQ.

Evaluating the first equation at u; — uy and the second at p; — py, we
obtain

(Az(u1) — Ax(uz))(uy — ug) + (Bypr — Bypa)(ug — uz) 3 0,
—(Byuy — Boug)(p1 — p2) + (Cp1 — Cp2)(p1 — p2) = (F1 — F2)(p1 — p2).

Add these equations together and use the duality of By and B} to get
(Az(u1) — Az (uz))(ur — 1) + (Cp1 — Cp2)(p1 — p2) 3 (F1 — F2)(p1 — p2).

Since Ay and C are monotone, this shows the following.

Lemma 3.5. The operator B is a monotone Lipschitz function from H
into H'.

It follows that B is a maximal monotone relation on H x H’. Without ad-
ditional assumptions, it is not necessarily injective, but B~! is a maximal
monotone and possibly multi-valued relation.

Commonly ¢(x) > ¢y > 0, and then we are in the following situation.

Corollary 3.6. Assume C is H-coercive. For 1 € V' and F € H', there
is a unique pair u € V, p € H such that (3.15) holds.
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Proof. Since A, is strongly monotone and C is coercive, it follows from the
preceding monotonicity estimate that there exist constants ¢; > 0, co > 0
such that

crljuy — wal% + c2llpr — 2|l < (Fy — F2)(p1 — po),

and this shows that B is strongly monotone.
Next we prove that B is coercive. Proceeding as above, (3.15) implies

Az (u)(u) + Byp(u) 3 9(u),
—Bou(p) + Cp(p) = B(p)(p),

and adding these two equations yields
Az(u)(u) +Cp(p) > B(p)(p) + ¥ (u).
Since As and C are coercive, we obtain

collully + c2llpllz < B(p)(p) + [l lullv,

with positive constants cy and ¢y, which in turn implies that

Kl

4602 .

e |pllE < B(p)(p) +
This inequality shows that

lim plly' B(p)(p) = +oo.

1Pl —o00

Thus the operator B is coercive, and the Minty-Browder Theorem ([49],
Ch.II) asserts that for each F' € H', the equation B(p) = F' has a unique
solution. Set u = A, ' (1) — Byp) to obtain the corresponding solution u, p
of (3.15). O

/
Note that in the situation of Corollary 3.6 the matrix operator ( AZSQ’ 122) ;
—D2

V x H — V' x H' is strongly monotone, so the Minty-Browder Theorem
shows directly it is surjective. However, compressibility can be very small,
so any estimates obtained from ¢ > 0 could be delicate.
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4. THE EVOLUTION EQUATION

The monotone Lipschitz continuous operator B : H — H’ constructed
from the displacement-pressure system (3.15) is the first of the two that
will be used to represent the 3-field system (3.14) as a single nonlinear
evolution equation. For the second operator, we return to the flux-pressure
system. Define a linear function A : Dom(A) — H' by p € Dom(A) C H
with Ap = F if there exists a q € W for which the pair (q,p) € W x H
is the unique solution to the system

(4.16a) Aiq+ Bijp=0 in W/,
(4.16b) —Biq=F in H'.
Since A; is invertible on Ker(B;) , we have Rg(A) = Rg(B1) = H'. The
uniqueness of p follows from Ker(B]) = {0}. Now we can rewrite the

system (3.14) as the implicit nonlinear evolution equation
(4.17) p(t) € Dom(A) C H : 4B(p(t))+Ap(t) = F(t)in H', 0<t < T,

for fluid pressure. The first term represents the rate of increase of fluid
content in each local cell, and the second is the outward flux across its
boundary.

The 3-field Biot System. We shall show that the Cauchy problem is
well-posed in a superspace of H' (with a weaker norm) for a formally
weaker form of (4.17) determined by an extension of the operator A. This
will be a weak solution that takes values in the domain of a restriction of
the operator B. Note that A is not defined on all of H and that B need
not be injective, e.q., if C = 0. That is, A is an unbounded linear operator
and B is nonlinear and possibly degenerate, i.e., not injective.

Lemma 4.1. The operator A constructed from (4.16) is a symmetric
monotone bijection of Dom(A) C H onto H'.

Proof. Let Ap = —B1q and As = —Bjr. Using the facts that A4; is linear
continuous and symmetric, we have

Ap(s) = —Biq(s) = _5/15(01) = Air(q)
= Aiq(r) = —Bip(r) = —=Bir(p) = As(p).

Since Q@ = k! is positive-definite and vy, ; > 0, the operator A; is
monotone, so Ap(p) = A1q(q) > 0. Also Bj is injective, and this gives
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the strict monotonicity of A. Notice that A is onto H’, and from the
Poincaré inequality it follows that it is H-coercive, therefore the inverse
A~': H' — H exists and is continuous. [

First we extend A from Dom(A) to a larger Hilbert space H,. Since
A is a closed linear bijection onto H’, its domain Dom(A) is a Hilbert
space with the scalar-product (p, s)poma) = (Ap, As)g. A continuous
scalar-product on Dom(A) is given by (p,s)n, = Ap(s), p,s € Dom(A).
Define H, to be the completion of Dom(A) with that scalar-product; H,
is a Hilbert space in which Dom(A) is dense and continuously imbedded.
The dual space H, consists of those linear functionals in Dom(A)’ that are
continuous with the weaker norm of the H, scalar-product. Then A has
a unique extension by continuity from Dom(A) to H,, and this extension,
denoted also by A : H, — H/, is the Riesz isomorphism of the Hilbert
space H, onto its dual. Since A is coercive over H, we have the second of
the continuous inclusions Dom(A) C H, C H of the three Hilbert spaces.
The identity (u,v)g = v(A ™ w) for the scalar product in H will be crucial
below. Next restrict the function B : H — H' to H, — B(H,). Then
the inverse is a (possibly multi-valued) relation B~! : B(H,) — H,. Note
that B(H,) C H' C H! and that the relation B~! is monotone. These are
summarized in the following diagram.

H & H

U U
B A )
B(H,) <+— H, — H)
U U
Dom(A) N &
Finally, we define Dom(C) = B(H,) and set C = AB™! to obtain the
composition C : Dom(C) — H/ with domain Dom(C) C H' C H!.

Lemma 4.2. The relation C C H] x H! is accretive and the range of the
sum C+1=(A+B)B™!is H..
Proof. Let u; € C(v;) for j = 1,2. That is, u; = As; for some s; €
B~!(v;), so v; = B(s;). Then we have

(U1 — ug,v1 — Vo) = (v1 — v2)(81 — 52) = (B(s1) — B(s2))(51 — 52) > 0

since B is monotone, and this shows C is accretive on H!. Moreover,
we have v € (C + I)(v) in H] if and only if there is an s € H, with
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u = As+ B(s) and v = B(s). Since the range of B is equal to Dom(C),
it suffices to check that A + B maps H, onto H,. But B is monotone and
Lipschitz, hence, maximal monotone, and A is the Riesz isomorphism for
H,, so this follows from Minty’s Theorem. ]

As a consequence of Lemma 4.2, the relation C is m-accretive, so its
negative is the generator of a nonlinear semigroup of contractions in the
Hilbert space H!. This implies that the initial-value problem for the cor-
responding abstract evolution equation is well-posed in H] [10, 21, 33, 49].

Theorem 4.3. Let C be m-accretive in the Hilbert space H!. For each
b € Dom(C) and absolutely continuous F € WHL(0,T; H!), there is a
unique absolutely continuous solution w € WHL(0,T; H)) of the initial-
value problem

(4.18) w(t) + C(w(t)) 3 F(t) in L'0,T;H'), w(0)=b.

This solution is Lipschitz continuous (w € W1°(0,T; H))) and w(t) €
Dom(C) for every t € [0,T].

Choose p(t) = AN F(t) —w(t)) € B Y(w(t)). Then p(t) € H, for
almost every ¢ € [0,T] and we have a weak solution of (4.17). Since B is
a function, B(p(t)) € WH>(0,T; H!) and we have obtained the following
result.

Corollary 4.4. Assume the conditions of Section 2.2. Let the data F' €
W0, T; H.) and b € B(H,) be given. Then the reduced weak problem
(3.14) is equivalent to (4.17). It has a unique weak solution
(4.19)

p € LX(0,T; H,) : 4B(p(t)) + Ap(t) = F(t) a.e. in L>(0,T; H}),

with B(p(0)) = b.

It remains to characterize the space H, and the corresponding extension
of A. Each p € Dom(A) with Ap = F € H’ satisfies

(4.20a) peH: Qq+Vp=0, V-q=F in Q,
(4.20b) ¢ =0on S, vjg,—p=0onljy, =01,
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for some q € W. Thus p € H*(Q) and

(4.21) Ap(p):/Qq'qu—l—/ VoqfldS—l—/ v1g>dS
Q Ty I'y

:/fin-Vpdx+/
Q r

Recall that I'Y denotes the support of v;, j =0, 1.

Suppose Ap(p) = 0. Then ¢, = 0 and p = py, a constant; then (4.20b)
shows p = 0, so Ap(p)"/? is a norm. Completion of Dom(A) in this norm
yields the space

(4.22) H, ={s € H'(Q) : v(s) € ) *L*(T) ® v/*L*(I"))}.

vy 'p*dS —|—/ vy p*dS < +oo0.

v v
0 Fl

Conversely, note that for every p € H'(€) the boundary integrals in (4.21)
are finite by Lemma 2.1, so Ap(p) is equivalent to the H'(2) norm.
The extension A : H, — H/ is defined by

(4.23) Ap(s) :/

/ﬁ:Vp-Vsd:ch/
Q

I/O_Ips dS—i—/ Vl_lps dS, p,s € H,.
1t

Iy

This is the Riesz map of H, with the norm determined by (4.21). It is the
classical minimization formulation of the elliptic equation —V - kVp = F
with Neumann and Robin boundary conditions (4.20b) for the reduced
weak formulation (3.14). Note that for s € H, we have v(s) = 0 on
Iy \T'%. Also, the space H, has boundary values, unlike H’, and these are
part of an equation in H..

The 2-field Biot System. Finally we show directly that the space H,
is the pressure-space for the weak formulation of the 2-field system (2.3).
Recall that Q7! = k. Define Kj = 1/]71 on F? for j = 1,2 so that

H,={se H(Q): /4;;/27(3) € L*(I) for j = 1,2}.

For a stationary solution of equations (2.5a), (2.5b) and boundary condi-
tions (2.6a), (2.6b), (2.6e) we compute

(4.24) /Fsd:r::/V-qsdx:—/q-Vsder/ qns dS
0 0 QO o0
://ﬁ;(Vp—g)Vsder/ /io(p—Po)stJr/ ki(p— P1)sdS
Q Lo

Iy
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for s € V. After translating to obtain homogeneous data g = 0, Fy =
Py =0, we obtain the characterization (4.23) of A.

5. SUMMARY: THE WEAK SOLUTION

Theorem 5.1. Assume the conditions of Section 2.2 and define H, by
(4.22). Let the data be given with F € WY1(0,T; H'), b € B(H,). Then
the reduced weak problem (3.14) has a unique weak solution for which
ue L>*0,T;V), pe L*(0,T;H,),

(5.25a) As(u(t)) + Bsp(t) 3 v in L>(0,T; V'), and
(5.25b) Ap(t) + L(Cp(t) — Bou(t)) = F(t) in L*(0,T; H}),
and Ap(t) is given by (4.23).

The weak solution obtained in Theorem 5.1 differs somewhat from the
weak problem (3.14). The pressure p(t) is obtained in the space H,, so
it is smoother than the required p(t) € H for (3.14). If additionally
p(t) € Dom(A), then

(5.26a) A1q(t) + Bip(t) = 0in L>(0,T; W'),
(5.26b) As(u(t)) + Bsp(t) > ap in L>(0,T; V'), and
(5.26c) —Bia(t) + L(Cp(t) — Bou(t)) = F(t) in L>(0,T; H)),
and the equation (5.26¢) holds in the larger dual space H,.
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