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Abstract: In this article we conduct an analytical study of a poroviscoelastic mixture model stemming
from the classical Biot’s consolidation model for poroelastic media, comprising a fluid component and
a solid component, coupled with a viscoelastic stress-strain relationship for the total stress tensor. The
poroviscoelastic mixture is studied in the one-dimensional case, corresponding to the experimental
conditions of confined compression. Upon assuming (i) negligible inertial effects in the balance of
linear momentum for the mixture, (i) a Kelvin-Voigt model for the effective stress tensor and (iii) a
constant hydraulic permeability, we obtain an initial value/boundary value problem of pseudo-parabolic
type for the spatial displacement of the solid component of the mixture. The dimensionless form of the
differential equation is characterized by the presence of two positive parameters y and 7, representing
the contributions of compressibility and structural viscoelasticity, respectively. Explicit solutions are
obtained for different functional forms characterizing the boundary traction. The main result of our
analysis is that the compressibility of the components of a poroviscoelastic mixture does not give rise
to unbounded responses to non-smooth traction data. Interestingly, compressibility allows the system
to store potential energy as its components are elastically compressed, thereby providing an additional
mechanism that limits the maximum of the discharge velocity when the imposed boundary traction is
irregular in time.
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1. Introduction

Poroviscoelastic models of multi-component mixtures are often utilized in biological applications
to describe the flow of fluids within the pores of a deformable solid skeleton, see e.g., [1-4]. Skeleton
viscoelasticity is often due to the complex structures including extracellular matrix, collagen and
elastin that are present in biological tissues. Specifically, our work focuses on the
bio-fluid-mechanical response of poroviscoelastic media to non-smooth data, since this aspect is
crucial in understanding the mechanisms leading to tissue damage in the optic nerve head, and
consequent vision loss, associated with glaucoma [5-8].

In the absence of viscoelasticity, we have recently shown that time irregularities in the volumetric
and/or boundary sources of linear momentum lead to a blow-up in the solution of poroelastic
models [1,4]. Interestingly, the blow-up can be prevented by including structural viscoelasticity [4].
From the application viewpoint, examples of time-irregularities in the data are discontinuities in
intraocular pressure, which acts as a boundary traction for the optic nerve head tissue, or
discontinuities in the gravitational force, which acts as a volumetric source of linear momentum. The
intraocular pressure exhibits rapid changes every time we rub our eyes or we change posture [9],
whereas rapid changes in the gravitational acceleration are experienced by jet pilots and astronauts
during flights [10, 11]. Since tissue viscoelasticity has been shown to decrease with age and/or disease
conditions, the solution blow-up identified by our theoretical work led to hypothesize that rapid
changes in intraocular pressure and gravitational acceleration, even if within physiological ranges,
could damage the optic nerve head tissue if its viscoelasticity was pathologically reduced.

It is important to emphasize that our previous work was built on the assumption that the
poroviscoelastic medium under consideration was made of incompressible components. The
incompressibility assumption is quite common in biological applications, since tissues are mostly
made of water. However, compressibility is always present in real tissues, and this leads to wonder
whether and to what extent compressibility of the mixture components would affect the tissue
response to non-smooth data. The present work aims at addressing this question.

Proceeding as in [4], we assume: (i) a one-dimensional (1D) geometry; (ii) negligible inertial terms
in the linear momentum balance equation; (iii) a Kelvin-Voigt model for the effective stress tensor and
(iv) a constant hydraulic permeability of the porous medium. Then, we express the fluid pressure and
the solid stress as functions of the sole solid phase displacement, and we obtain an initial-boundary
value problem (IBVP) of pseudo-parabolic type for the solid phase displacement. For this equivalent
formulation we are able to construct an analytical solution and prove the well-posedness of weak
solutions. Moreover, we recover analytical formulas for fluid pressure and discharge velocity, and
discuss their regularity in terms of the regularity of the data. Finally, we analyze the behavior of all
the solutions for various continuous and discontinuous boundary loads, which are of particular interest
in understanding how changes in intraocular pressure would impact the bio-fluid-mechanics of ocular
tissues.

The main conclusion of our analysis is that the compressibility of the components of a
poroviscoelastic mixture does not give rise to unbounded responses to non-smooth traction data.
Interestingly, compressibility provides an additional mechanism that limits the maximum of the
discharge velocity when the imposed boundary traction is irregular in time. This mechanism
originates from the capability of the system to store potential energy as its components are elastically
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compressed, thereby delaying the transmission of irregularities in the linear momentum from the solid
to the fluid. As a result, the fluid has the time to accommodate for sudden changes, resulting in
bounded velocities.

Our results fit well with other poroviscoelastic studies motivated by geomechanical applications,
where viscoelasticity was found to play a crucial role in the response of the medium to impulsive
loads. Specifically, the studies focused on evaluating the consequences that different choices for the
viscoelastic models would have on the medium response to external loads. For example, in [12],
Schanz and Cheng considered a Kelvin-Voigt viscoelastic model and investigated the consequences
of adopting it for the bulk compression modulus, the shear modulus and the compression modulus
of the solid material. In [2, 3], Huang et al. utilized the quasi-linear viscoelastic theory to study the
response of articular cartilage under compression and tension experiments. However, these studies did
not consider how the mechanical responses of the poroviscoelastic mixture would change depending
on the level of compressibility of the mixture components, which is the main focus of the present work.

The outline of this article is as follows. In Section 2 we describe the compressible
poro-visco-elastic model under consideration and discuss the finite compressibility of the components
of the mixture. Section 3 introduces the energy identity associated with the system. In Section 4 we
present an equivalent form of the fluid-solid mixture system, written solely in terms of the solid phase
displacement. To simplify the theoretical analysis, in Section 5 we reduce the poroviscoelastic model
into dimensionless form. Section 6 studies the well-posedness and regularity of solution for the IBVP
introduced in Section 4, and provides analytical formulas for the elastic displacement, fluid pressure
and discharge velocity. In Section 7 we compute and analyze the behavior of the solid displacements,
the fluid pressures and the discharge velocities associated with different continuous and discontinuous
boundary sources. We also display the energies, as well as the dissipation and source terms associated
with the various cases. We conclude the article with Section 9, where we discuss our results and draw
our final conclusions.

2. The compressible poroviscoelastic model

In this paper, we focus on a viscoelastic, compressible Biot model in one spatial dimension. Let
x and ¢ denote the spatial and temporal coordinates, respectively. In the case where inertial terms
are negligible, displacements are infinitesimal and external sources of linear momentum and mass are
absent, the balance equations to be solved in the spatial interval (0, L) and in the temporal observational
interval (0, T'] can be written as:

Jdo

- = 2.1
Fp 0, (2.1a)
o ov

5 + e 0, (2.1b)

where o is the total stress, £ is the fluid content and v is the discharge velocity. Equations (2.1) are
complemented with the following constitutive laws:

o =—ap+ 0y, (2.2a)

ou 0 (Ou
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ou
{=cop+ s (2.2¢)
)
= —Wa—i. 2.2d)

Equation (2.2a) expresses the fact that the total stress is the sum of a contribution due to the interstitial
fluid pressure (or pore pressure) p and one due to the effective stress o, which is assumed to be
characterized by viscoelastic behavior of Kelvin-Voigt type (see Eq (2.2b) where u denotes the solid
phase displacement). Equation (2.2c) expresses the fact that the fluid content is altered by changes in
fluid pressure and solid deformation. Equation (2.2d) is Darcy’s law relating the discharge velocity
v with the pressure gradient by means of the hydraulic permeability K. The Biot coefficient «, the
storage coeflicient ¢, the material parameters 6 and 7 and the permeability K are assumed to be given
positive constants.

In the classical Biot’s theory, the material parameter 6 can be expressed as 8 = K —(4/3) G, where K
is the drained bulk compression modulus and G is the shear modulus. In the following, we will simply
refer to 8 and 7 as the elastic and viscoelastic parameters, respectively [12]. In addition, we will use
the notation K = K| to emphasize the fact that the permeability is assumed to be a given constant.

The problem must be equipped with appropriate boundary conditions. In the following, we will
assume that the boundary located at x = 0 is fixed and impermeable, namely:

u(0,1) =0, (2.32)
v(0,1) = 0, (2.3b)

and that the boundary located at x = L experiences an external stress P (a compressive stress if P
is positive, a tensile stress if P is negative) that is supported entirely by the solid component of the
mixture (condition of exposed pores [13]), namely:

p(L’ t) = 07 (23C)
o(L,t) = —P(2). (2.3d)

Finally, we complete the formulation of the problem by prescribing the following initial conditions:

u(x,0) =0, (2.4a)
p(x,0) =0. (2.4b)

We notice that (2.4a) and (2.4b) also imply the following initial conditions for the dilation of the solid
material and the discharge velocity, respectively:

0

M0 =0, (2.5)

0x

v(x,0) =0. (2.5b)
Remark 1. The case of incompressible mixture components can be obtained by setting ¢y = 0 and
a = 1 in the model described above, as detailed in [14, 15]. The study of analytical solutions for the

incompressible model was addressed in [1,4].
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3. Energy identity

The mathematical system described in Section 2 satisfies an energy identity that helps provide a
physical interpretation of the solutions, assuming they exist. To this end, let us multiply (2.1a) by
ou/ot € L*0,L); integrating over (0, L) and using the constitutive laws (2.2a) and (2.2b) and the
boundary conditions (2.3a), (2.3¢) and (2.3d),we obtain

_Qi‘@u 02u2

L 6u
ou P gy = PO (Lt 3.6
241 ||ax d1ox LZ(OL)”f aiox " () (L0 :0)

L2(0,L)

Multiplying (2.1b) by p € L*(0,L), integrating over (0,L) and using the constitutive laws (2.2c)
and (2.2d) and the boundary conditions (2.3b) and (2.3c), we obtain

(9p2

ax
Subtracting (3.6) from (3.7) we get the following evolution equation for the total energy stored in the
poroviscoelastic system

+7(0

=0. (3.7

N 3. ”p”iZ(O L)
2 dt ” 12(0,L) 0 otox

%SW(I) + D) =F @), te(O,T], (3.8)

where the energy functional &,,, = &,,(?), the dissipation functional D = PD(¢) and the force term
F = F(¢) are defined as:

2

Eror (1) 1= @ lp G, t)||i2(o,L) + 2 Ha_ St L2(0 L) , G5
(9
D) =Ko || = ( f) — ( 1) ; (3.9b)
L2(0 L) ata Lz(O,L)
F (1) = —P(t)a—b;(L, ) (3.9¢)

Remark 2. The physical units of E, are Joules per unit area, namely J m=2. This is due to the fact
that we are considering a one-dimensional problem in space and, as a consequence, all the problem
variables are assumed to be constant on every plane perpendicular to the chosen direction x.
Mathematically, &,,, is obtained by integrating in x between 0 and L the energy density &, defined as
2

u
—(x,t
2 ‘Ox x.1)
The units of &, are J m~>. Analogously, the units of D and F are J m™2 s

C 0
Eror (X, 1) = 3°p<x, 0+ =

-1

Since &, > 0 and D > 0, in absence of forcing terms (i.e., P = 0) the energy decreases in time.
It is important to emphasize that the terms proportional to the storage coefficient ¢y and the elastic
parameter 6 contribute to the total energy in the form of potential energy, so that we can write

2

C
Ee, (1) := 50 ”p("’)”i%o,m’ &y (D) := 2 HEC( )

Conversely, the terms proportional to K and n contribute to dissipate energy via viscous effects within
the fluid and solid components. We notice that # does not have a definite sign since it depends on the
boundary terms. The energy identity (3.8) will be very useful in interpreting the results presented in
Section 7.

Wlth 810[ = SCO + 89 .
L2(0,L)
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4. The 1D poroviscoelastic model in displacement form

Now we express problem (2.1)—(2.4) solely in terms of the solid displacement. Combining (2.1a)
and (2.3d), we obtain that the total stress is given by

o(x,t) = —P(t), forall xe€ (0,L] and forall r € (0, T7],

and, moreover, the fluid pressure p and the discharge velocity v can be written in terms of the solid
displacement u as:

Pt = <P (1) + 0 (1), (4.102)
(04 (04

v(x,t) = —%%O‘o (u(x, 1), (4.10b)

where oy = o (u(x,1)) is given by (2.2b). Let us now derive the problem satisfied by u. Integrating
Eq (2.1b), where ¢ is given by (2.2c), over the space interval [0,x] and taking the boundary
conditions (2.3) into account, yields

*dp ou
=4 - =0
coj(; ” y+a t+v

Now we substitute p and v by expressions (4.10) and note that

oody = Ou + n—
0 0dy Tor

by virtue of (2.3a). Then we obtain

0*u 0*u s Fu B
ot ot o Towx) ™

/ 8” 2
coxP’ (1) + ¢ (0— + UW) +a"— —Kp (0—
The boundary conditions are (2.3a) and o|,-;, = —P (¢) (coming from (2.3c) and (4.10a)). The initial
conditions are (2.4a) and, on using (2.4b), (4.10a), (2.2b) and (2.5a),

0*u
Otox

n (x,0) = -P(0)

or equivalently
0 1
2 (x,0) = —=xP(0) + uy
ot n

u; being an arbitrary constant. Note that #; = 0 if and only if the compatibility condition with (2.3a)

ou
—(0,0)=0 4.11
3 t( ) (4.11)
is satisfied. Summing up:
Find u = u(x,t) such that:
0u ou 0u u .
C()T]W + (CZ2 + Cog) E - 7(09@ - V(OT]W = —coxP’ (1) in (0,L) x (0,71, (4.12a)
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u(0,t) =0 in (0, T], (4.12b)
ou 0u .

HEC (L,1) + n% (L,H)=-P@® in (0,71, (4.12¢)

u(x,0)=0 in (0, L), (4.12d)

%(x, 0) = —le(O) + u, in (0, L). (4.12¢)

ot n

Remark 3. The solution u(x,t) of the problem (4.12) is the sum u; (x,t) + ug (x,t) of the solution
uy (x,1) of (4.12) where P = 0, and of the solution uy (x,t) of (4.12) where uy = 0. In the first case,
a perturbation is generated at time zero, with a certain initial velocity of propagation (u, # 0): then
uy (x,t) measures how the solid displacement changes through the medium when no disturbance is
created at the boundary (P = 0). On the other hand, if there is no “initial impulse” (i.e., u; = 0)
and a disturbance is generated at the boundary (P # 0), then the corresponding change of the solid
displacement is represented by uq (x,t). Therefore, the compatibility condition (4.11) simply means to
consider the response of the system to the sole external stress P.

Remark 4. We assume throughout the article that co > 0 and n > 0, i.e. the system is characterized by
finite compressibility and structural viscoelasticity.

Remark 5. The IBVP (4.12) has a markedly different character compared to the linear poroviscoelastic
system studied in [4] because of the second-order time derivative on the left-hand side of (4.12a).

Remark 6. If we define the following quantities:

— 1L com
p-= Ko % + o’
— 1 1 * ou
=—00— = —(y, t)dy,
v CYZ+C090-O (](0 0 Gt(y )y
~ 1 Co
=————xP' (1),
/ ‘Koa/2+c00x @

then the partial differential equation (4.12a) that describes the dynamics of the solid phase
displacement can be written as
_0u o ~
— =—+f
Por = ax /

Such an equation can be formally interpreted as a linear momentum balance equation for a single
phase solid material whose dynamics is equivalent to that of the fluid-solid mixture under the
assumptions of Section 2. In particular, we see that the finite compressibility of the mixture
components, corresponding to co > 0, provides:

(i) an inertia-like term for the equivalent solid, even though inertial terms were neglected for the
original solid phase within the mixture;
(ii) an additional term in the stress tensor introducing nonlocal effects in space;
(iii) a volumetric forcing term that results from the load applied as a boundary condition.
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5. The linear 1D model in dimensionless form

In order to simplify the theoretical analysis, in this section we reduce the 1D model (4.12) into
dimensionless form. With this aim, for any variable Y, we define the corresponding non-dimensional
variable by

= Y
Yy
where [Y] is a suitably chosen scaling factor that has the same units as Y. The selection of the scaling
factor is not unique and, in general, not trivial. In this article we generalize the choice made in [4], by

introducing the following scaling factors:

[x] =L, (5.1a)
L? (012 + COQ)
(7] = To, (5.1b)
(7] = ol], (5.1¢)
o] = [o0] = [P] = Prer, (5.1d)
] = £t (5.1¢)
0
_lu
[u] = Tk (5.1F)
_ (](OPref
vl = ol (5.1g)
Pre
[p] = =<, (5.1h)
a
D _ 7: _ (}(OPrZef 5 1
[D]=[F]= m, (5.11)
LP?ef .
[Eior] = [Eco] = [E6] = [D][1] = 3 (5.1j)

We also define the non-dimensional quantity

Co@
Y=

= —\ 52
a? + ¢y (5-2)

Note that 0 < y < 1. We recover the same definitions of the scaling factors as in [4] by setting @ = 1
and ¢p = 01in (5.1).
Remark 7. For notational simplicity we will drop the - notation for the dimensionless variables and

instead use the same symbols adopted for the dimensional variables.

The linear 1D model for a poroviscoelastic mixture in dimensionless form reads:
u  ou u u

"ar T " o Moo
u(0,1) = 0 in (0,71, (5.3b)

= —yxP' (1) in (0,1) x (0, T1, (5.3a)
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2
—(1 t)+naa—8(1 1)=-P(1) in (0,71,
u(x,0) =
ou
E(x, 0) = ——xP0) + uy

Once u (x, t) is known, the functions o, p and v can be computed as follows:

O'(X, t) = _P(I)’
ou 0u
=P —
p(x, 1) 0+ o Taor

0*u u Ou  Ou ,
v(x,t) = _(W +n8t0x2) = —( (9t2 + i + yxP (t))

Lastly, the dimensionless energy equation is written again in the form (3.8) where

Spor (1) = 800 N +& (),

2

ou
2
/ - t )= —||l— (..t
850 ( ) 2 1 ||p( )||L2(O,1) ’ 80( ) 2 ”ax ( ’ ) 12(0,1) ’
5 2
D) = n _u G, 0
1 12(0,1) otox ’ 12(0,1) ’

ou
H=-Pt)—(1,1).
F (@) (0 3 t( )
6. Well-posedness and Regularity of Solution

We make the following assumption on the boundary traction in (5.3).

Assumption 8. P (¢) is a piecewise smooth function on [0, T .

(5.3¢)
(5.3d)

(5.3e)

(5.4a)

(5.4b)

(5.4c)

(5.52)

(5.5b)

(5.5¢)

(5.5d)

We recall that a function P (f) is piecewise smooth on [0, 7] if both P and its derivative P’ are
continuous on [0, T'], except possibly at a finite number of points in (0, 7), where they have simple

jump discontinuities.

6.1. Auxiliary Problem
Define
1, I r—s
U@)=—-e""«P(t) = - exp|———| P (s)ds.
n nJo n

Using Assumption 8 we have that U (¢) is absolutely continuous on [0, 7] and

nuv'@®=Pt-U@), UW0O)=0, U0 = ?

Now we introduce the change of variable

wx,t) =u(x,t)+xU (1),

(6.6)

(6.7)

(6.8)

Mathematical Biosciences and Engineering Volume 16, Issue 5, 6167-6208.



6176

and note that w solves the following auxiliary IBVP with homogeneous boundary data:

Pw  ow  Pw PPw )
Mt 2 " a2 "ot - f(x,0) in (0,1) x (0,77, (6.9a)
w(0,7) =0 in (0,71, (6.9b)
ow o*w
—( — (1,0 = i T .
ax( ,t)+77(9tax( =0 in (0,71, (6.9¢)
w(x,0) =0 in (0, 1), (6.9d)
c;_v: (x,0) = ¢ (x) in (0, 1). (6.9¢)
where the volumetric source and initial datum are given by:
fn=0=-y)xU" @, (6.10a)
@ (x) = u. (6.10b)

We shall prove the existence and uniqueness of the solution w (x, ¢) for a very general class of data
f (x,1) and ¢ (x). For sake of exposition we write H = L? (0, 1), and define the real Hilbert space

V={vew'?(,1):v(0) =0} 6.11)
endowed with the equivalent norm [|v||y, = [|0v/dx||;2(01), due to Poincaré’s inequality.

Remark 9. Sobolev’s Embedding Theorem gives W'?(0,1) c C°[0, 1] so that v(0) = 0 holds in a
strong sense for every v € V.

Now we make the following assumptions on the functions f (x, ¢) and ¢ (x):
fel*0,T;H), oeH (6.12)
and write w (1) = w (-, 1), w () = ow (-, 1) /0t, etc. We then define weak solutions of (6.9) as follows.

Definition 10. [Weak solution of problem (6.9)] A function w : [0, T] — V is a weak solution of the
auxiliary problem (6.9) if:

D1 we W2 (0,T;V)and w”’ € L*(0,T;V’);
D2 for every v € V and for t pointwise a.e. in (0,T)
W’ (), Vv + W (D), V) + ' @O +w (@), v)y = (f @), v)y (6.13)

or, equivalently,
d
7 (ymw' @O +w@),v)y +(mw @) +w@®),v), = @®),v)y; YveV,; (6.14)

D3 w(0) = 0 and w' (0) = ¢.

Remark 11. Condition [DI1] implies that w € C°([0,T];V) and w' € C°([0,T];H), and thus
condition [D3] is well defined. The Dirichlet boundary condition in (6.9) at x = 0 is included in the
regularity requirement that w (t) € V, whereas the boundary condition at x = 1 is satisfied in a weak
sense.
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6.2. A-priori Estimates

Lemma 12. Let w be a weak solution of (6.9). Then there are constants C;’s, depending only on vy, n
and T, such that the following estimates hold for t pointwise in [0, T]:

by’ (@) +w Ol < Cr (Il + 112 0.7am) (6.152)
I I < Ca (gl + 11120 7a1)) (6.15b)
I Ol < Cs (Il + 112070 - (6.15¢)

Proof. Using (ynw’ +w) € L? (0, T; V) as multiplier in (6.14), we get

d ’ ’ ’ ’
Sl il (4w W)y = (f i+ w),y
Integrating in time over (0, #) and using the given initial conditions, we obtain

, n(y +1) t :
lbymw” + wilfy + == —Iwlly + f (I, + 7 IWI7) s
0

Tt
= VPl + f (fymw’ +w),, ds.
0

Using Cauchy-Schwarz and Young’s Inequalities for the last term on the right-hand side, we obtain the
following estimate:

: (y+1D ’ ,
I’ + il + L=l + | (Iwlfy + o Iw'IR) s
0
1 1 )
< Vnlielly + S0 * 5 f lynw’ + wil ds. (6.16)
0

Now, dropping the second and third terms on the left-hand side of (6.16) and using Gronwall’s
Inequality, estimate (6.15a) follows. Similarly, by dropping the first and third terms on the left-hand
side and using (6.15a), we get (6.15b).

Lastly, we use triangle inequality and the embedding V < H to write

Wiy < llygw” +wlly + lIwlly
1
V2

Then, estimate (6.15¢) follows from (6.15a) and (6.15b). O

IA

lymw' @) +w Ol + —= Iw @lly -

Lemma 13. Let w be a weak solution of (6.9). Then there is a constant C, depending only on vy, n and
T, such that

W70y + W 20,7y + W 20y < C (el + 1A lz0.m) - (6.17)

Proof. From (6.15b) it immediately follows
Wiy < VCa (Il + 1A L2070 -
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In addition, Eqs (6.16) and (6.15a) give

T T
’ 1 1 ’
v fo Wil ds <y nliglly + S + 5 fo lynw’ + wllg; ds
2.2 T 2 1 2
< (y T+ Ecl)nson,, + 5 A+ TCD 0 7.
so that
W 20,7y < € (el + 1207 (6.18)

for a suitable C = C (y,n, T).
Lastly, using the definition of a weak solution, we have that forv € V

W Vvl < Wl I + i+ wlly VIl + 1f 1l VIl
1 ’ ’
< N W lly + 1w’ + wily + 1 ll) VIl -
This implies that
77 TI + 1 /
w” Olly, < (Uw’lly + Iwlly + 11f11)

V2
from which, using estimates (6.15b) and (6.15a), we obtain
W 20750 < € (llellyy + 1l 0.7.00))
for a suitable C = C (y,n, T). m]
The following corollary is an immediate consequence of Lemma 13.
Corollary 14. (Uniqueness and continuous dependence on data) The weak solution to problem (6.9)

is unique and depends continuously on the data.

6.3. Existence of Solution

The IBVP (6.9) can be solved formally using separation of variables. If we look for solutions of the
form w(x, t) = T(t)X(x), then the associated regular Sturm-Liouville Problem is

X"+ AX =0, O<x<l1
(6.19)
X(@0)=0, X'(1) =0,
with eigenvalues and eigenfunctions given by:
\2
A, = (mz' " 5) L n>0, (6.20)
X, (x) = sin ((mr N g)x) n>0. 6.21)

Remark 15. The sequence of functions {\/EX,, (x)} forms a Hilbert space basis for H, whereas the
sequence of functions { \/AZX,, (x)} forms a Hilbert space basis for V (see [17]).
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The solution w of (6.9) has the expansion
W= ) T, X, (x), (6.22)
n=0

where T,(t) can be recovered using the data. Similarly, we use the basis {X,, (x)} to represent ¢ and f
as follows:

OEDND AR (6.23a)
n=0
Foen=> HOX ), (6.23b)
n=0

where ¢, and f,(¢) are the Fourier coefficients of ¢ and f(,7) with respect to X,(x), respectively.
Parseval’s identity (consequence of Remark 15) provides the following relations:

1 [ee]
2 _ 1 2
el = 5 Z; o (6.24)
1 (o)
SO = = (D), 6.25
If Gl Z;M(» (6.25)
1 (T
Exran = 5 fo AR (6.26)
n=0
Note that 7,,(¢) satisfies the following ordinary differential equation (ODE) for all n > 0:
ynT) () + (1 +n,) T,(t) + L,T(t) = f,(2), (6.27)
and initial conditions
7,000=0 and T,(0) = ¢,. (6.28)

The characteristic equation for the homogeneous counterpart of (6.27) is given by
ynA* + (1 +nA,) A+ 4, =0.
Since the discriminant of the equation is
(1+74,)* = 4yna, = (1 = nA,)* + 4 (1 = y)na, > 0,

then for each n > 0 the characteristic equation has two real, negative, distinct roots r;, = —Aj, and
ry, = —A,,, where:

1

Ay, = (1 +nd, — \/(1 + nd, ) — 4’}/77/1,,), and (6.29a)
2y
1

Ao, = (1 +nd, + \/(1 +14,)° — 4yna, ) (6.29b)
2y
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Remark 16. A, and A, satisfy the following relations:

0< A, <Ay,
1 +nA, A,
A+ Aoy = —2 ApAg =22 1=y =—y@An - 1) @A - 1)
n n
1 (1-v9\1 1 A, 1- 1
Aln:——( 27)—+0(_2)’ A2n:_+ y+0(_) ((,lSI/L—>OO)
n n- ) A A, Y n Ay
A, 1 +na, A,
A, = +0((y), Ay = - +0 0
1 T+, (y) 2 s T+71, (y) (asy —0)

Therefore the solution for the homogeneous ODE (6.27) is given by T,?(t) = a,e Ml 4 pe Mt
The particular solution is obtained from variation of parameters formula. The Wronskian is given by
W(t) = (Ay, — Ayy)e Mrle™ 1 5o that the particular solution has the following form

» 1 ! e_Aln(t_S) — e_AZII(t_S)
T' (1) = —f (s) ds. (6.30)
1 Jo Agy — Ay /

We introduce the following notation

exp (—=Aq,t) — exp (—Az,t)

G, := 6.31
) Ay — AL (6.31)
and then write the solution to (6.27) as
1
T,(t) = a,e™™" + be™™' + — (G, * f,) (1) (6.32)
v
where we used the following formula for convolution
!
(G fu) (1) = f G, (t—s) fu(s)ds.
0
Now we use (6.32) back into (6.22) and impose the initial conditions. We have:
w(x,0)=a, +b, =0, and
W,(X, 0) = _A]nan - Aann = ¢n
which yields a, = —b, = ¢,/ (A2, — Ay,). In conclusion, we obtain:
1
T,(1) =G, () Yn + —(G,, = fn) (), and (6.33a)
'
— 1
w(x, 1) = Z [Gn (D n + —(Gp = f) ()] X, (%) (6.33b)
n=0 v

We note that the terms G, (¢) given in (6.31) satisfy the following estimates.

Lemma 17. There exists a constant C > 0 such that for all n > 0 and for all t € [0, T| we have:

C
0<G, ()< —, (6.34a)

G,(n|<cC (6.34b)
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Proof. Since 0 < Ay, < Ay, then 0 < exp (=Ay,f) < exp(=Ay,t) < 1 and thus for all ¢ € [0,7] we
have

0<G,(t) < ———
B ()<A2n_A1n

YNin

An _
A=At (a2 =4y,

and we get (6.34a) since the sequence

forall r € [0, T]

— y as n — co. Moreover, we have that

G;, (t)| — A2n exXp (_AZnt) - Aln exXp (_Alnt) < 2A2n
AZn - Aln A2n - Aln
and (6.34b) follows since AZA_zj\l — lasn — oo. O

Now we can state and prove our well-posedness result.

Theorem 18. (Well-posedness of problem (6.9)) For every f € L*(0,T; H) and ¢ € H there is a unique
weak solution of (6.9), in the sense of Definition 10. Moreover, the solution depends continuously on
the data.

Proof. Uniqueness and continuous dependence of weak solution have already been proved, see

Corollary 14, so that it remains to prove existence, i.e. that w(x, ) given in (6.33b) satisfies conditions
(D1)—(D3) of Definition 10.

(D1) (A) First we show that w € L? (0, T; V). For all ¢ € [0, T], we have

1 [
WOl = 5 T30 < Z 0 1G, (D @ + Z A,
n=0 n=0

Using Lemma 17, we obtain®

2

f G,(t—s) f,(s)ds
0

()

IA

OMS "M

0 ’ 2
+ +CZ%(I |fn(s)|ds)

b +CZ f o P ds < C (el + 1f1B2 0 7rn) - (6.35)

lw(e)II?

IA

Therefore w € L* (0,T; V) c L>(0,T; V).
(B) The weak derivative of w with respect to time is given by

(o)

S 1
OESWHOACEDY [G; () gn + %(G; * Ja) (t)] X, (%),
n=0

n=0

and we obtain the following estimate

1 oo o0 oo £ 2
W O = 5 Y07 < Y lGiwaf + Y| [ G- fiwas
n=0 n=0 n=0 10

“In what follows, for notational convenience, C will denote possibly different constants depending only on y,n, T.
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Again by Lemma 17, we obtain

o0 ‘ 2 00 00
Zw +cZ(f Ifn(S)ldS) ch|¢n|2+chOT|fn(s>|2ds
n=0 n=0

(||¢||H + 1B 0.700) - (6.36)

Thus w € L*(0,T;H) ¢ L*(0,T;H). In order to show that w € L*(0,T;V), we first use the
Monotone Convergence Theorem to write
Il (7
— /ln

1 (7T
m2 _
[[w ||L2(O,T;V) = Ef
0 n=0

We use multiplier 7, in (6.27) and the initial conditions (6.28) and obtain the following estimate:

IA

W (@)1

IA

(6.37)

T T + (1 +d,) T2 + AT, T, = £,T, =
d A, d
m—(T;,)2 (T + AT+ F () = AT, =
?(T,;(t))2 22y f(T) ds+f A (T ds + 2 ST = f £Tds =
’ m
f nAu(T;)* ds < 905 ++ f fu (P ds +
0
Now we use (6.38) back into (6.37), and take advantage of estimate (6.36) to obtain
[ee] (o8] T
cy ey [ i
n=0 n=0 Y0

C Il + 120z, + W 120 7200
C Il + 1207} - (6.39)

n(s)|2 ds. (6.38)

IA

" ()| ds

2
HW’”LZ(O,T;V)

IA

and this gives the desired conclusion that w’ € L* (0, T; V).

(C) Left to show that w” € L?(0,T;V’). For any v(x) = Y2, c,X,(x) € V and for ¢ € [0,T], we
use (6.27) to define the linear functional w” (¢) as follows

124 1 - 144
WO Wy = 3 Z; e, Ty (©)
= —— T (t)ch — — LT, )+ T, ®)cy + — f(@®cy
2yn Z{ 2yn Z:(; 2yn Z::g

1 , 1 , 1
—— WO V)g-—mw @O +w@),v)y+— (O, vy .
vn i n
Hence, by virtue of the embedding V — H, we obtain that
|<777W" @, v)v,xv| < AW Ol Vil + lgw” @) +w Olly [VIly + [1f Ol VIl
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< C{Iw Olly + w Olly + Lf Ol Ivlly -

This shows that w”’(¢) € V' and

W’ Olly: < C (W Olly + Ilw Olly + I1f Olly)
or, equivalently,
W @I, < C (I O+ Iw Ol + 1If OF).-
In conclusion, using the estimates in part (A) and part (B), we obtain that w”’ € L (0, T; V").

(D2) Now we show that w satisfies condition (D2). Since the {\/AZX,,} is a basis in V, it suffices

to consider the test function v = X,,. For ¢ pointwise almost everywhere in (0, T), we use (6.27) and
obtain

ynw” (0, V>v xv + W (@), V) + (W' () +w (t) Vv

na, Ay,
= 21+ —T' )+ 2T, (0 + 2T, () = fn(r)=<f(t),v>H.

2

(D3) As stated in Remark 11, condition (D1) implies that w € C° ([0, T]; V) and w’ € C° ([0, T]; H).
Moreover, solution w(x, f) satisfies the initial conditions (D3) of Definition 10 by virtue of (6.28). This
concludes the proof of our well-posedness theorem. O

6.4. Regularity of the Solution

We have established the existence and uniqueness of the weak solution w to the auxiliary
problem (6.9). Now we examine its regularity.

Proposition 19. (Regularity of w and w,) Under the hypotheses in Theorem 18, the following is true:

w(x, ) € C°Q),  where Q =[0,1] x [0, T], (6.40a)
We € L (0,T; H). (6.40b)

Proof. (A) The result follows from Lemma 17, the fact that |X,(x)| < 1 and Weierstrass Test. Indeed,
forall x € [0,1] and ¢ € [0, T], and every n > 0, we have

1T, ()Xl <G () X (X)|+ I(Gn*fn) (0 X, (0 .

Now, due to Lemma 17, we have

IA

S 0exm < 6 <r>son|<CZ |¢n|<6i( +90n)

n=0 n=0

o 1
(Z; ||<,0||12q]<<>0,
=0

Mathematical Biosciences and Engineering Volume 16, Issue 5, 6167-6208.



6184

and

DG fYOX 0 < > 1Gos ) (t)|<2 f G (2 = 5) f, ()| ds
n=0

n=0
- 1
Zofo 1 <s>|ds<ch(ﬂz+|fn<s>|)
1
C(Zoﬂ IIfIILz(OTH)) < co.

Applying Weierstrass Test, we obtain that the series )", T,(1)X, (x) converges absolutely and
uniformly in Q = [0, 1] X [0, T']. Moreover, we note that G, (¢) ¢, X,,(x) + #(Gn x £,)(0) X, (x) € C°(Q),
for every n > 0, and thus w(x, t) € C°(Q).

IA

IA

(B) The second order weak derivative in space of w is given by
0w - 0

Then we use estimate (6.34a) in Lemma 17 and obtain

2

82
75 | = Z'G 0 @udal’ +Z|<G # ) (0 Af
< Cz(pn ()| ds <CZ¢H+CZf|fn(S)| ds
= (IIsOIIH + ||f||Lz(O,T;H))
so that w,, € L* (0,T; H). |

If the data are more regular with respect to x the weak solution w(x, f) enjoys stronger regularity
properties.

Proposition 20. (Regularity of w,, w,, and w,.) In addition to the hypotheses in Theorem 18, we make

the following ones:
fel*0,T;V) and @€V

Then the following is true:

wi(x, 1) € C°(Q), where Q = [0,1] x [0, T], (6.41a)
we € L% (0,T; V), (6.41b)
Wy € L2 (0, T H). (6.41¢)

Proof. (A) Forall x € [0,1] and ¢ € [0, T], and every n > 0, we have

T, (DX <

1
G/, (1) 0uX, (0)] + o (G, £) () X, ()] -
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Now, due to Lemma 17, we have

[ [ (&9 (o) 1
QG wex.| < Y16 0e]<C) el < CZ(; +mﬁ)
n=0 n=0 n=0 n=0 n
> 1
- C(Z = ||¢||2V) < o0,
n=0 "

and

IA

DG 1) 0 X, ()| G, (t - 5) f, (5)| ds

n=0

A ENN
n=0 n=0 ~0
CEfTv(nd <CEIT(1 +2 If()lz)d
n S § = - nlJn S S
n=0 ~0 n=0 ~0 /l”
o 1
< C(Z T ||f||iz(0,T;V)] < co.

n=0

IA

Applying Weierstrass Test, we obtain that the series )., 7,(1)X, (x) converges absolutely and
uniformly in Q = [0, 1] x [0, T'] hence w,(x, ) € C°(Q).

(B) Like in the proof of (6.40a), we have

2

0w
F .0

IA

D G Ol + ) Gk ) () AP
n=0 n=0

o0 (oo} l 2 (o) (oo} [
C>» Ly,+C )y A, f I (lds| <C > 4,02 +C f A, \f () ds
C(llelly + 112 0:0,)

so that w,, € L* (0, T; V).

1%

IA

(C) Since the second order weak derivative in space of w’ is given by

FW e f T/ () A, X, (x)
x7 = - n n x
OtOx? g "
then )
FPw 1 fT 3, 2
= — E AT, (s)| ds (6.42)
010X 207y 2 Jo0 &

In order to estimate the right hand side, we use multiplier 4,7, on the ODE (6.27) that T}, solves to
obtain

1 ,
nlT? = -A,T7- 3 (ynd, T2 + BT2) + A f (O T,
1 :
< -3 (ynA T2 + BT2) + Aufu () T,
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Now we integrate from O to ¢ and use the initial conditions (6.28), to get

! 1 1 !
n f 2T 9| ds < —E(Wn T,;<t>|2+ﬂi|Tn<t>|2)+Eynanso% f Anfu ()T (s)ds
0 0
1 ! !
< E(yn/lngoﬁ+ f o1 fo ()P ds + f A, T,;(s)|2ds). (6.43)
0 0

Thus, using (6.43) back into (6.42), we obtain

Pw 2 [00 T T s
< Cl) 102+ f A, 1f (OF dt + f A, [T, )| at
010X || 2o 1o ; 0 ; 0 ;
= C(llelly + 12070 + W 207211
and the assertion follows from estimate (6.17). O

6.5. Analytical formulas for solid displacement and discharge velocity

Now we are in a position to return to our original linear 1D problem (5.3). The solid displacement
solution u (x, t) of (5.3) is the sum

ulx,t)=-xU@ +wi(x,t) (6.44)
where we recall that

U@ = le-f/" % P (1)
n

and w (x, 1) is the unique weak solution of the auxiliary problem (6.9) with special data (6.10). From
the Fourier expansions

| 1 (1) X
_Xn (x) = = Xn (-x) = = 0 S X S 1’
; va, 2 Z:;‘ Ay 2

as well as the Fourier series (6.23) of ¢ and f with respect to the basis {X,}, their Fourier coefficients
are given by:

2L£1

O = \/_/1_", (6.45a)
fu =2 (;nn" A=-NU Q. (6.45b)
To summarize, we can write the solution « as a sum
u(x,t) =u (x,1) +uy(x,1), (6.46)
where:
w (x,1) = uy Z; %Gn (1) X, (%), (6.47a)
o (1) = —xU (1) + -7 i 20D G U 0% . (6.47b)
02/ e B
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Remark 21. The solid displacement solution u (x,t) € C° (Q) since the physical data (6.10) satisfy f €
L*(0,T;V)and ¢ € H. Notice, however; that our special ¢ belongs to V if and only ifu; = 0, i.e. ¢ =0
and u; (x,1) = 0.

By virtue of (6.46), the discharge velocity (5.4c¢) is given by

v(x,t) =vi(x, 1) +vy(x, 1) (6.48)
where:
V0 =u )23, (Gy (1) +nGl (0) X, (), (6.492)
n=0
1 _ o0
vo (x, 1) = y—ny Z 2(=D)"[Gu(®) * U'(®) + n(G(2) * U' (1)) 1Xu(x). (6.49b)
n=0

Remark 22. It should be stressed that the Fourier coefficients of vy (x,t) are O (n), hence the
component of the discharge velocity due to the presence of an initial impulse u; always exibits a
blow-up whatever boundary traction P (t) is considered.

7. Continuous vs. discontinuous boundary sources

In this section, we analyze the behavior of the solutions obtained for model (5.3) in the case where
the compatibility conditions are satisfied (i.e., #; = 0), and the boundary traction P() is characterized
by continuous or discontinuous waveforms. To graphically represent the model solutions we proceed
as follows: (1) we define the numerical values of model parameters (in dimensional form) consistently
with the experimental data illustrated in [16]; (2) we perform the non-dimensionalization of the model
equations according to the procedure described in Section 5; (3) we compute the model solutions in
non-dimensional form; (4) we multiply the non-dimensional input data and model solutions by the
scaling factors introduced in (5.1) and plot the obtained results for subsequent analysis. For each
considered waveform of P(¢), we provide the non-dimensional expressions of the solutions u, p and
v. These latter expressions allow us to compute the non-dimensional energies &y, &, and &, the
non-dimensional dissipation functional 9 and the non-dimensional force term # using the expressions
(5.5). The resulting non-dimensional energies are then multiplied by the scaling factor [&,,,] introduced
in (5.1j) and the same is done for the non-dimensional dissipation and force terms that are multiplied
by the scaling factor [D] introduced in (5.11).

Table 1 reports the numerical values of model parameters (in dimensional form) that are used in the
next sections. The values for L, T, 6, K, and P, have been chosen consistently with the experimental
data illustrated in [16]. To observe the asymptotic behavior of the modeled system, 7 has been taken
equal to 10° s in the example illustrated in Section 7.1. In this example, the corresponding value of 7
is 4.85 - 10° Nsm~2. The value of the Biot coefficient a has been set equal to 0.9, whereas in [16] it
was equal to 1 since both mixture components were assumed to be incompressible. The values of the
viscoelastic parameter 17 and of the compressibility parameter ¢, (which were not present in the model
studied in [16]) have been set equal to 61, and 1/P,, respectively, where 7, is an elastic time constant
that has been set equal to 7'/20.
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Table 1. Numerical values of model parameters utilized in the numerical simulations.

symbol value units

L 0.81-1073 m

T 10°, 10* S

0 0.97 - 10° Nm™

Ko 2.9-1071° m*N-!s7!
Pyt 6-10* Nm™?

Co 1.67 - 107 m>N~!

n 4.85-10% 4.85- 108 Nsm™

The numerical values of the parameters (in dimensionless form) that are used in the computations
discussed in the next sections are reported in Table 2. These values have been obtained by applying
the scaling procedure described in Section 5 to the values in Table 1. With a slight abuse of notation,
the symbols used to denote the dimensionless parameters are the same ones that we used for the
corresponding parameters expressed with their physical units.

Table 2. Numerical values of model parameters in dimensionless form.

symbol value

L 1

T 2.5, 0.25

n 1.26- 107, 1.26-1072
Yy 0.95

For convenience, we recall here the formulas that we use to compute the solid displacement, the
fluid pressure and the discharge velocity in dimensionless form:

ug(x, 1) = —xU (@) + l;ny ; 2 (/;nl)nG,, O=U (X, (x)), (7.1a)
22 (=1)"
=3 2B 0%, 0, (7.1b)
n=0 n
vo (x,1) = > 2(=1)" B,()X, (), (7.1¢)
n=0
where
1 - ’
B, (1) = 77 G+ UY @) +1(Gu = U 0)) | (7.1d)

Recalling formula (6.31) and using the fact that (G, * U’)’ = G, * U’, we obtain the following
simplification for the coefficients B, (t)

L—vy(1-nAy, —Aut ’ 1 — Ay, —Aout
B, (1) = s U — ————e "' = U'|. 7.1
( ) (AZn - Alne i A2n - Alne ’ ( e)
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7.1. The case of step pulse att = t*
Let t* € [0, T). We consider the following boundary source

y 0 if r<¢
P(’):H("”:{l it 1>

Figure 1 gives a graphical representation of P(z) for t* € (0, T).

0 t* t
Figure 1. The step pulse at ¢ = 1.

Replacing (7.2) into (6.6) we obtain

0, t<t 0, t<t
U@ = e and U'(¢) = e
1—e t>r se t>r.

s 5 =

We can now compute the convolution needed in (7.1a)

0, t<t,
1 o= _ g A=)
G" (t) * U, (t) = n(AZn - Aln) [ Aln - 1/77
e—(l‘—l‘*)/ﬂ — e—AZn(f—f*)
- , >t
AZn - 1/77 :|

We observe that for ¢ > ¢*,

1
G, ()= U () = E(Gn (t—1)— (G, = U)),

(7.2)

(7.3)

(7.4)

and therefore the coefficients (7.1d) present in the expansions of pressure and discharge velocity

become

1 -
B, (1) = —7Gn (t—1r"), forany t > 1"
n

Then displacement, pressure and discharge velocity are all zero for t < ¢*, and have the following

representations for ¢ > ¢*:

Xn(x),

(x.1) i 2(=1)" e (@A, = 1) = e MDAy, ~ 1)
u(x,t) = —x —
=0 /ln U(AZH - Aln)

(7.52)
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1—y o 2(=1)

9 = (;n - )(2 9 7.5t)
plnn = — Z; G (1= X,() (7.5b)
v(x,t) = 1—_7 Z 2(-1)"'G, (t — ') X,,(x). (7.5¢)

m o=

Note that all three series in the expressions (7.5) converge absolutely and uniformly on [0, 1]Xx[#*, T],
and therefore p,v € C°([0,1] x [¢*, T]). Moreover, we observe that p(x,f) — 0 and v(x,f) — 0, as
t—o .

Remark 23. Note that if t* = 0, then this is the case of a continuous constant boundary source
P(t) =1, for all t > 0. Then the solid displacement, the fluid pressure and the discharge velocity have
the following representations for t > 0:

B o 2(=1) e Ml (A, — 1) — e M (nAy, — 1)
u(x,t) = —x — Z:; T TV X, (%), (7.6a)
1=y < 2(-1) ,

1) = G, (1) X'(x), 7.6b
plnn = — Z; TG (X, (7.6b)
vty = 1Y > 217G, (1 X, (). (7.6¢)

bl n=0

All three series in (7.6) converge absolutely and uniformly on [0,1] X [0,T], and therefore p,v €
C2([0, 11 % [0, T']).

5 a(L,t)[m p(0,)[Nm2 9 w(L,t)[ms!
010 (L) [m] 5500 (0, 1) | 5 x10 (L £)[ms™]
-1
2000
1.5
-2
1500
-3 1
1000
-4
0.5
5 500
-6 0 0
0 5 10 0 5 10 0 5 10
t[s] x10* t[s] x10% tls] <104

Figure 2. Left panel: solid displacement u at x = L as a function of 7. Middle panel: fluid
pressure p at x = 0 as a function of 7. Right panel: discharge velocity v at x = L as a function
of 7. The applied boundary traction is a step pulse of amplitude P,.; at t* = 0.
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u(z,t)[m]

p(z, t)[Nm™?]

2000

1500

1000

500

0

1.8
©10° /\

2

tfs] 10 1 2[m]

Figure 3. Top panel: solid displacement u as a function of x and t. Middle panel: fluid
pressure p as a function of x and z. Bottom panel: discharge velocity v as a function of x and
t. The applied boundary traction is a step pulse of amplitude P, at t* = 0.
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7.1.1. Thecaset =0

Figure 2 illustrates displacement, fluid pressure and discharge velocity (left, middle and right panel,
respectively) as a function of #. Displacement and velocity are evaluated at x = 1 (right boundary)
whereas the pressure is evaluated at x = 0 (left boundary). Within the observational time interval,
the displacement decreases monotonically till it reaches an asymptotic value of approximately 50 um.
Conversely, pressure and discharge velocity exhibit a nonmonotonic behaviour, characterized by a
rapid increase, attaining a maximum value of approximately 2.3 kPa and 0.002 ums~!, respectively,
followed by a monotonic decrease that approaches zero asymptotically The behavior of the simulated
solutions are consistent with those reported in [12, 16].

Figure 3 illustrates displacement, fluid pressure and discharge velocity (left, middle and right
panel, respectively) as a function of x and . We see that, after an initial transient due to structural
viscoelasticity, the solid displacement tends to a linear behavior along the domain length, being
maximum (in absolute value) at x = L. Mathematically, this behavior is due to the fact that, for long
times, the viscoelastic terms in the series in (7.6a) become negligible with respect to the linear elastic
component. Both pressure and discharge velocity distributions decrease as time — +oco, in agreement
with the fact that definition (6.31) implies that }_1}130 G,(t) =0foralln > 0.

Figure 4 illustrates the energies per unit area &y, &, and &, (left, middle and right panels,
respectively) as a function of 7. In agreement with the previous analysis for the displacement and
pressure profiles, we see that &, tends to a constant value as time increases because the deformation of
the mixture tends to become uniform in all the domain. At the same time, &, decreases in time
following the decrease of the pressure, being significant only during the initial transient. As a result,
the total potential energy &, of the mixture tends to coincide with &, as demonstrated by the right
panel of Figure 4.

Eq(t)[Jm™? Ee(t)[Jm 2 Eror (t)[Jm—2
s 5(t)[Jm~?] 0.02 ()[Jm~] L5 ot (£)[Jm ]
0.015
1 1
0.01
0.5 0.5
0.005
0 0 0
0 5 10 0 5 10 0 5 10
ts] «10* tls] x10% t[s] x10*

Figure 4. Simulated profiles of &, (left), &, (middle) and &,,, as a function of ¢. The applied
boundary traction is a step pulse of amplitude P, at t* = 0.
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Figure 5 illustrates the dissipation 9 and force term ¥ (left and right panel, respectively) as a
function of #. The temporal profiles of both functions rapidly decay to zero as time increases. This is
consistent with the fact that the domain of the mixture tends to deform in a uniform manner as time
gets large so that its time variation becomes rapidly negligible.

<104 D(t)[Wm2] «1074 F(t)[Wm™2]

w

0 2 4 6 8 10 0 2 4 6 8 10
t[s] «10% t[s] %104

Figure 5. Left panel: dissipation as a function of 7. Right panel: force term as a function of
t. The applied boundary traction is a step pulse of amplitude P, at t* = 0.

+10°  u(L,t)[m] p(0,)[Nm~2] «107°? v(L,t)[ms™]

0 3000 \

-1 2500
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1500
1000

500 1
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0 5000 10000 0 5000 10000 0 5000 10000
t[s] t[s] t[s]

Figure 6. Left panel: solid displacement u at x = L as a function of z. Middle panel: fluid
pressure p at x = 0 as a function of 7. Right panel: discharge velocity v at x = L as a function
of #. The applied boundary traction is a step pulse of amplitude P,.; at t* = 0.257T.

7.1.2. Thecaset >0

We assume that the external traction applied at the right boundary x = L has a jump discontinuity
atr* = 0.25T.

Figure 6 illustrates the computed displacement, fluid pressure and discharge velocity (left, middle
and right panel, respectively) as a function of 7. Displacement and velocity are evaluated at x = L (right
boundary) whereas the pressure is evaluated at x = 0 (left boundary). We notice that the three graphs
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are the translation of the corresponding graphs in Figure 2. In particular, we see that u, p and v are
continuous at ¢ = ¢*, where their value is equal to zero.

Figure 7 illustrates the displacement, fluid pressure and discharge velocity (left, middle and right
panel, respectively) as a function of x and ¢.

u(z, t)[m]

%107

p(; t)[Nm~?]
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3500 + 2500

3000 +

2000
2500 +

2000 +
1500

1500+

1000 - 1000

500 ~f

10000 1 z[m]

v(z, t)[ms™!] %109

2[m]

Figure 7. Top panel: solid displacement u as a function of x and t. Middle panel: fluid
pressure p as a function of x and z. Bottom panel: discharge velocity v as a function of x and
t. The applied boundary traction is a step pulse of amplitude P, at t* = 0.25T .
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Figure 8 illustrates the energies per unit area &y, &
respectively) as a function of 7.

Figure 9 illustrates the dissipation 9 and force term ¥ (left and right panel, respectively) as a
function of 7. We notice that both 9 and ¥ are discontinuous at ¢ = ¢* where they experience a finite
jump.

and &, (left, middle and right panels,

€0

E(t)[Jm~2 Ee, (£)[Jm ™2 Eior (t)[Im—2
15 o (t)[Jm=?] 0.05 (t)[Jm™?] 15 ot ()[Jm~?]
0.04
1 1
0.03
0.02
0.5 0.5
0.01
0 0 0
0 5000 10000 0 5000 10000 0 5000 10000
t[s] t[s] t[s]

Figure 8. Simulated profiles of &, (left), &, (middle) and &,,, as a function of ¢. The applied
boundary traction is a step pulse of amplitude P, at t* = 0.257T.
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Figure 9. Left panel: dissipation as a function of 7. Right panel: force term as a function of
t. The applied boundary traction is a step pulse of amplitude P, at t* = 0.25T.
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7.2. The case of unbounded ramp pulse

Let P (¢) be the dimensionless unbounded ramp pulse of unit-slope starting at t = 0, represented in
Figure 10

P)=tH(t)=1t, t>0. (7.7)
In this case, we have
U =t-n(l-e) and U =1-e€7, 120, (7.8)
so that:
1 1 —ehmt ] — g At
G,(H)*1= [ — ], t>0, (7.9a)
(A2n - Aln) Aln A2n
. 1 e~ — o= At o=t/ _ p=Aot
G,(t)xen = [ — ] ,t>0. (7.9b)
(A2n - Aln) Aln - 1/77 A2n - 1/77

Summing the two above expressions we obtain

1 _ oAt 1 _ o Aot =t/n _ ,=At =t/n _ Aot
[ e " _"e " ¢ "e " ¢ "¢ ],IZO. (7.10)
(AZn - Aln) Aln A2n Aln - 1/77 A2n - 1/77

G, () U'(1) =

Note that the above expression can be rewritten as

1 1 e_Alnt e_AZrlt nzy ;
G,()xU () = + - + en.
AlnAZn (AZn - Aln)(Aln(nAln - 1) A2n(77A2n - 1)) I- Y
The time derivative of expression (7.10) is given by: forz > 0,
1
Gn (l-) * U’ (l-) ’ - —Ajpt _ e_AZnt
( ) (AZn - Aln)(
(e = A (/e = Ae™)
Aln_l/n AZn_l/n
1 _ —Aqnt —Aopt .
_ (oot ) - e, (7.11)
(A2n - Aln) nAln -1 UAZn -1 I- Y
Note that
(G, ()« U (1) =G, (1) xexp(=t/n) =G, () *1 -G, ()« U’ (1),
and the coeflicients B, () become
1- 1- !
B, (1) = 7—777/Gn )+ 1= y—ny f G, (s)ds. (7.12)
0

Then the displacement, the pressure and the discharge velocity have the following representations for
t>0:
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-y o 2(=1)" 1
uo(x, 1) = —x(t —n) +
’ Yn HZ:(; n AlnAZn
1 e—/\l,,l e—Az,,l‘ ):|
+ - X, (x), (7.13a)
Aoy — Aln (Aln(ﬂAln - Ay(mAz, - 1)
-y O 2(=1) 1 -t 1 —ehnt] |
,t — X (x), 7.13b
Pl ) = Z T B Am | An e (7135
0 1 — e_Alnt 1 — e_A2nt
,1) = - X, (x). 7.13
vl = Zo - Am) [ Ann Aon ] (0 (7:139)
P(t)
0 4
Figure 10. The unbounded ramp pulse.
0 %10°¢  w(L,t)[m] 800 p(0,1)[Nm~?] «10710 v(L,t)[ms™!]
6
B 600 >
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6 400 3
8 200 ’
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Figure 11. Left panel: solid displacement u at x = L as a function of . Middle panel: fluid
pressure p at x = 0 as a function of 7. Right panel: discharge velocity v at x = L as a function
of t. The applied boundary traction is an unbounded ramp pulse.

Figure 11 illustrates the displacement,
panel, respectively) as a function of .
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Displacement and velocity are evaluated at x L (right
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boundary) whereas the pressure is evaluated at x = 0 (left boundary). Unlike the case presented in
Section 7.1, here the external pressure load continues to increase linearly with time, thereby inducing
a continuous increase in displacement, pressure and velocity as time goes by. Over the observational
time interval, the magnitude of the external load is smaller than what considered in Section 7.1 and

this leads to a smaller (absolute) value of the maximum displacement, which is about 10 um in this
case.

u(x, t)[m]

%1076
2

-2

-4 4

-8

-10 4

-12 4
o]

5000
#s] 10000 1 w[1n] x10®

p(z, t)[Nm 2]

710000

0.5
[m)] 10 tls]

v(a, t)[ms™1]

wm]

Figure 12. Top panel: solid displacement u as a function of x and ¢. Middle panel: fluid
pressure p as a function of x and 7. Bottom panel: discharge velocity v as a function of x and
t. The applied boundary traction is an unbounded ramp pulse.
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Figure 12 illustrates the displacement, fluid pressure and discharge velocity (left, middle and right
panel, respectively) as a function of x and ¢. The displacement profile exhibits an approximately
bilinear variation with respect to temporal and spatial coordinates, whereas pressure and velocity
display a nonlinear behavior in the space-time domain. All dependent variables tend to increase in
magnitude as a function of time at any spatial position of the mixture, the discharge velocity being
closer to reach a stationary condition than the pressure.

Figure 13 illustrates the energies per unit area &y, &, and &, (left, middle and right panels,
respectively) as a function of 7. Interestingly, &y exhibits a nonlinear increase with respect to time in
accordance with the fact that deformation is not constant in space. &, follows a similar pattern
because of the nonlinear trend of the pressure, but has a much smaller value, so that the &,,, almost
coincides with &, for all times.

01 Eo(t)[Jm2] 5 X 103 &, ()[Jm™? o1 Eiot ()[IJm 2]
0.08 15 0.08
0.06 0.06
1
0.04 0.04
0.02 0-5 0.02
0 0 0
0 5000 10000 0 5000 10000 0 5000 10000

t[s] t[s] t[s]

Figure 13. Simulated profiles of & (left), &, (middle) and &,,, as a function of . The applied
boundary traction is an unbounded ramp pulse.

Figure 14 illustrates the dissipation D and forcing term ¥ (left and right panel, respectively) as a
function of ¢. Dissipation increase with time is characterized by two markedly different slopes. In a first
time interval, approximately equal to 7'/5, dissipation increases rapidly and is mainly determined by
the fluid component of the mixture. In the remaining part of the observational time interval, dissipation
increases less rapidly and is mainly determined by the structural viscoelasticity of the mixture. The
forcing term increases linearly with time in accordance with the trend of the temporal variation of solid
displacement at the right boundary of the domain, as shown in Figure 12.

7.3. The case of bounded ramp pulse

Let P () be the dimensionless ramp pulse of unit amplitude and finite rise time (= & > 0) starting
atr =0
1 0 if r<0
PO =-[tH@O-(t-e)H({t—e)]={t/e if 0<t<e (7.14)
€ 1 if 1>,

represented graphically in Figure 15.
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12 x107° D(t)[Wm ] «107 F(t)[Wm™2|
1.8}
1}
1.6f
oslh 1.4}
1.2+
0.6t 1 1t
0.8
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0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
t[s] t[s]

Figure 14. Left panel: dissipation as a function of z. Right panel: force term as a function of
t. The applied boundary traction is an unbounded ramp pulse.

P

0 £ P

Figure 15. Bounded ramp pulse.

Using the linear superposition principle, the solid displacement, fluid pressure, and discharge
velocity are given by:
1
—ug (x,1) if 0<t<e
g
ug (x’ t) — (7153)

1
—Jug (x, 1) —ug (x,t —¢)] if t>¢
e

1
—po (x,1) if 0<t<e

&

po(x,0) = (7.15b)

1
—[po(x,) = po (x,t —g)] if t>e.
e
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1
—vo (x,0) if 0<t<e
&
vy (x, 1) = (7.15¢)

1
—[vo(x,t) = vy (x,t —&)] if t>e&.
£

where the expressions of uq (x, 1), po (x, t) and vq (x, ¢) are given by (7.13).
Notice that p (x, 1), V5 (x,1) € C°(Q) since p (x,1), v (x,1) € C°(Q) and py (x,0) = vy (x,0) = 0.

Figure 16 illustrates the displacement, fluid pressure and discharge velocity (left, middle and right
panel, respectively) as a function of . Displacement and velocity are evaluated at x = L (right
boundary) whereas the pressure is evaluated at x = 0 (left boundary). We see that the displacement
increases in magnitude almost linearly during the increase in time of the externally applied pressure.
Then, it rapidly tends to stationary conditions once the external applied pressure becomes constant.
The asymptotic value of the displacement is the same as in the case of the step pulse illustrated in
Section 7.1. The profile of fluid pressure increases in time and the externally applied pressure
increases; once the solid deformation attains stationary conditions, the fluid pressure decreases. A
similar trend is shown by the discharge velocity. The maximum value of pressure is the same as in the
case of a step pulse external pressure whereas the maximum value of the discharge velocity is slightly
smaller and coincides with the value of the velocity at ¢t = 7 /2 that is obtained in the case of an
unbounded ramp external pressure (cf. Figure 11, right panel).

S5 w(L,t)m] p(0,)[Nm~2] 9 (L, t)[ms™]
1740 3000 4220
0 2500
3
-1 2000
-2 1500 2
-3 1000
1
-4 500
-5 0 0
0 5000 10000 0 5000 10000 0 5000 10000

t[s] t[s] t[s]

Figure 16. Left panel: solid displacement u at x = L as a function of . Middle panel: fluid
pressure p at x = 0 as a function of 7. Right panel: discharge velocity v at x = L as a function
of . The applied boundary traction is a bounded ramp pulse with € = 0.57'.

Figure 17 illustrates the displacement, fluid pressure and discharge velocity (left, middle and right
panel, respectively) as a function of x and ¢. The spatial variation of the displacement becomes linear
after the external pressure ceases to increase, whereas, in the same time interval, both fluid pressure
and discharge velocity exhibit a spatial decrease.

Mathematical Biosciences and Engineering Volume 16, Issue 5, 6167-6208.



6202

u(z,t) ] 0
107 05
1~
-1
04 15
214 -2
24 =25
; 3
35
-4
L 4
'5 ke 0
0 45
%103
1] 10000 1 /] x10%
p(x,t)[Nm?
—_———————_—_____________.—————— 3000
3500
3000 2500
2500
2000 2000
1500
1500
1000
500 1000
0 500
%1073
10000
8000
6000 0
o[m] 17, 2000 4000
[
(x, t) [ms’l] x10°°
%10
35 3
3
25
2.5
2 2
1.5
15
1
0.5 1
0!
1
0.5
%103

5000
zm 0 10000 s

Figure 17. Top panel: solid displacement u as a function of x and z. Middle panel: fluid
pressure p as a function of x and 7. Bottom panel: discharge velocity v as a function of x and
t. The applied boundary traction is a bounded ramp pulse with € = 0.5T.
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Figure 18 illustrates the energies per unit area &y, &, and &, (left, middle and right panels,
respectively) as a function of 7. Both & and &, increase in time until the external pressure increases.
Then, &y becomes constant since deformation is constant in time, whereas &, decreases because of
the decrease of fluid pressure. As in all previously considered examples, the contribution of &, is
much smaller than that of &g so that the &;,; almost coincides with &y.

Eg(t)[Jm~2 Ee, (t Jm~2 Epor () [Jm—2
15 a(t)] ] 0.0 o (E)] ] 15 ot ()] ]
0.03
1 1
0.02
0.5 0.5
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0 0 0
0 5000 10000 0 5000 10000 0 5000 10000
t[s] t[s] t[s]

Figure 18. Simulated profiles of &, (left), &, (middle) and &,,, as a function of z. The applied
boundary traction is a bounded ramp pulse with & = 0.57,
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Figure 19. Left panel: dissipation as a function of 7. Right panel: force term as a function of
t. The applied boundary traction is a bounded ramp pulse with € = 0.5T,
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Figure 19 illustrates the dissipation 9 and forcing term # (left and right panel, respectively) as a
function of ¢. Both terms exhibit an increase with respect to time during the increase of the externally
applied pressure. Then, they both experience a sudden decay once the externally applied pressure
becomes constant. Dissipation tends to an asymptotic value that is much smaller than the value attained
at t = T/2 whereas the force term tends to zero since the boundary displacement is almost constant in
time after t = 7/2.

8. Dependence of the solution on compressibility

In this section we investigate the dependence of the solution of model (4.12) on the compressibility
parameter c¢o. In terms of the dimensionless equation system (5.3), this amounts to analyzing the
solutions as a function of the quantity y defined in (5.2). We denote by co,.; = 1.67 - 107°m*N™" the
reference value of the compressibility parameter. This value has been used in all the computations
illustrated in Section 7. Then, we let ¢y assume the following values:

co = [0.001, 0.01, 0.1, 1, 10100, 1000] co s

and we compute the solid displacement and discharge velocity at x = L, the fluid pressure at x = 0 and
the energies &y, &, and &, as functions of time in the interval [0, T'], T = 10000s being the width of
the observational window considered in Section 7. All the other model parameters have been set equal
to the values adopted in Section 7. The applied boundary traction is a step pulse of amplitude P,,; at
r=0.

«10> u(L,t)[m] <104 p(0,t)[Nm~?] w1077 v(L,t)[ms™1]
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-1 A | Co.re f 4 | ——Co.ref = CO,re [
\ 10 Co,re | = < —— 10 corey =10 Coey
AN 100 core s I S S 100 co.re 100 co ey
N 1000 co,res 5h ~ 1000 co res | 1000 co.ve ||
2t . ‘l ~
| ~
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Figure 20. Left panel: solid displacement u at x = L as a function of ¢. Middle panel:
fluid pressure p at x = 0 as a function of 7. Right panel: discharge velocity v at x = L as a
function of ¢. The applied boundary traction is a step pulse of amplitude P,.; at t* = 0. The
compressibility parameter ¢ varies in the range [1073, 10°]cq,. #, where the reference value
Cores 18 set equal to 1.67 - 10°m?N~! as in all the computations illustrated in Section 7.
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Figure 20 shows the profiles of solid displacement (left panel), fluid pressure (middle panel) and
discharge velocity (right panel) as functions of time and of the compressibility parameter ¢y. We
notice that compressibility has a significant impact on the quantitative values attained by the solution
variables. In particular we see that increasing ¢, gives rise to:

e an increase of the magnitude of the solid displacement;
e a decrease of pressure and velocity;
e aright shift of the peak of pressure and velocity.

These behaviors are indicative of the fact that the compressibility of the mixture components allows
the body to deform more under the same pressure load, thereby reducing the internal level of fluid
pressure and limiting the impact on the fluid velocity. We also notice that decreasing cy has a much
more significant impact than increasing c, on solution range variation. From the theoretical viewpoint,
this is due to the fact that y — 1~ for large values of ¢y and, as a consequence, the ratio (1—7)/(yn), that
characterizes the mathematical form of the solution expressions (7.5), tends to 0. From the physical
viewpoint, decreasing the value of ¢y implies that the body cannot significantly deform upon applying
a pressure load, thereby inducing higher levels of fluid pressure whose gradients lead to larger fluid
velocities.

2.5 T T T T T T T T I
oy =0
0.001 ¢y
= =0.01¢p,pef
= =0.1coef

2 =0 ref

—10c),cs
100 ¢ 1cs
1000 ¢,

[
[
5 Model with ¢) =0
|
|
|

% 100 2000 3000 4000 50[0]0 6000 7000 8000 9000 10000
t|s
Figure 21. Discharge velocity v at x = L as a function of z. The applied boundary traction is
a step pulse of amplitude P, at t* = 0. The compressibility parameter ¢, varies in the range
[1073, 10%]cq,.s, where the reference value cg . is set equal to 1.67 - 10 m?N~"! as in all the
computations illustrated in Section 7. The black solid line represents the discharge velocity
computed by the model studied in [4].

Figure 21 illustrates the discharge velocity computed by the model studied in this work and the
discharge velocity computed by the model studied in [4]. The principal difference between the two
models is that no compressibility was included in [4]. We see that:
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e the velocity predicted by the model of [4] is a (very sharp) upper bound for all the velocities
predicted by the model studied in the present work, when ¢y — 0%;

e for increasing values of ¢, the velocities predicted by the present model differ substantially from
the upper bound velocity yielded by the model in [4]. In particular, we see that increasing ¢, gives
rise to a decrease and to a right shift of the peak in the velocity profile.
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2 ! ¢ ¢
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Figure 22. Simulated profiles of &y (left), &, (middle) and &, as a function of 7. The
applied boundary traction is a step pulse of amplitude P,.r at * = 0. The compressibility
parameter ¢ varies in the range [1073, 103]c0,,e +, where the reference value ¢ . 1s set equal
to 1.67 - 10°m>N~! as in all the computations illustrated in Section 7.

Figure 22 shows the profiles of &y, &, and &, as a function of # and of ¢y. We see that increasing
co has the effect of increasing substantially and monotonically the magnitude of &y because the
deformation profile gets larger as the components become more compressible, in accordance with
Figure 20, left panel. On the contrary, &., exhibits a nonmonotonic dependence on cy. Specifically,
for ¢y < co oy We see that increasing co gives rise to an increase of &, with a right shift of its peak;
then, for ¢y > ¢ .r, we see that increasing ¢ leads to a significant monotonic decrease of &,. For the
theoretical viewpoint, this is due to the fact that the ratio y/(1 —y) — +o00 as ¢¢ — +oo and the
pressure profile tends to decrease in accordance with Figure 20, middle panel. The physical meaning
of these results can be appreciated by observing that the predicted total energy is mainly determined
by &y for large values of ¢, since larger deformations can occur for more compressible components,
whereas the contribution to the total energy given by &, becomes more significant for smaller values
of ¢y, since larger pressures develop for less compressible components.

9. Conclusions

The analysis presented in this work shows that the solutions of a poroviscoelastic model with
compressible components remain bounded even in the case when the imposed boundary traction is
irregular in time. In particular, given a certain functional form for the boundary traction and a certain
level of structural viscoelasticity, the discharge velocity attains a maximum value that is lower when
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compressibility is higher. By investigating the dynamics of the energy functionals characterizing the
system, we showed that this limiting effect is due to the capability of the system to store potential
energy as its components are elastically compressed, thereby delaying the transmission of
irregularities in the linear momentum from the solid to the fluid. As a result, the fluid has the time to
accommodate for sudden changes, resulting in bounded velocities. This mechanism is very different
from that provided by structural viscoelasticity, whose limiting effect on the discharge velocity is due
to increased viscous dissipation, as shown in [4].

Ultimately, this work elucidates the specific role that compressibility plays in the control of fluid
flow through complex deformable porous structure, which finds numerous applications in science and
engineering. The work presented here offers many future directions of research. For example, it
would be very interesting to investigate how the findings concerning the role of compressibility would
translate to a more realistic three-dimensional setting. Furthermore, different viscoelastic models could
be considered and the specific roles of fluid and solid viscosities could be investigated and compared.
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