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Abstract: Within this work, we upscale the equations that describe the pore-scale behaviour of
nonlinear porous elastic composites, using the asymptotic homogenization technique in order to
derive the macroscale effective governing equations. A porous hyperelastic composite can be thought
of as being comprised of a matrix interacting with a number of subphases and percolated by a
fluid flowing in the pores (which is chosen to be Newtonian and incompressible here). A general
nonlinear macroscale model is derived and is then specified for a particular choice of strain energy
function, namely the de Saint-Venant function. This leads to a macroscale system of PDEs, which is
of poroelastic type with additional terms and transformations to account for the nonlinear behaviour
of the material. Our new porohyperelastic-type model describes the effective behaviour of nonlinear
porous composites by prescribing the stress balance equations, the conservation of mass and Darcy’s
law. The coefficients of these macroscale equations encode the detailed microstructure of the material
and are to be found by solving pore-scale differential problems. The model reduces to the following
limit cases of (a) linear poroelastic composites when the deformation gradient approaches the identity,
(b) nonlinear composites when there are no pores and (c) nonlinear poroelasticity when only the
matrix—fluid interaction is considered. This model is applicable when the interactions between
various hyperelastic solid phases occur at the pore-scale, as in biological tissues such as artery walls,
the myocardium, lungs and liver.

Keywords: asymptotic homogenization; nonlinear elasticity; poroelastic composites; pore-scale

1. Introduction

The theory of poroelasticity can be used to describe the effective mechanical behaviour
of porous elastic materials with fluid flowing in the pores. This modelling approach can be
applied to materials undergoing both linear and nonlinear deformations. The linear theory
was developed by Biot in [1-4]. Due to the desire to apply poroelasticity to biological
tissues, the theory was adapted to nonlinearities in [5-8]. The poroelastic modelling frame-
work is applicable to a wide variety of physical scenarios, in particular to biological tissues,
where the deformations are in general nonlinear. For example, a poroelastic approach
has been taken to model organs such as lungs (see, e.g., [9]) and to consider the perfused
myocardium [10,11]. Poroelasticity has also been applied to studying the artery walls
(see, e.g., [12,13]). Nonlinear poroelasticity has also been applied to modelling tumour
growth [14] and in imaging to locate tumours in an incompressible medium [15]. It is
also of interest in porous thermoelasticity (see [16]). For a general overview of the mi-
cromechanics of porous media, we refer the reader to [17], where an overview of upscaling
techniques, the linear theory of porous media and also the extension of the analysis to the
nonlinear homogenization of a large range of scenarios including strength homogeniza-
tion, nonsaturated microporomechanics, microporoplasticity and microporofracture and
microporodamage theory were discussed.

We consider hyperelastic deformable porous media, and in general, these types of
materials have a variety of structural features characterised over multiple scales. We have
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a scale (called the pore-scale) where the interactions between the fluid and the solid take
place, and this scale is much smaller than the scale at which we describe the whole material
(which is called the macroscale).

The coupled fluid-structure balance equations that describe the material on the pore-
scale can be used in an upscaling process to obtain the macroscale governing equations
of a poroelastic material. The upscaling process can be carried out by a variety of homoge-
nization techniques. These homogenization techniques include effective medium theory,
mixture theory, volume averaging and asymptotic homogenization. These techniques were
discussed and described in [18,19].

We develop our analysis by means of the asymptotic homogenization technique [20-23].
This technique requires a sharp length-scale separation, between the pore-scale and the
macroscale, to enable the decoupling of spatial variations that exist in the system. This
technique expresses the relevant fields from the pore-scale fluid—structure interaction prob-
lem as power series of the ratio between the two different typical length scales. The balance
equations obtained via this method describe the effective behaviour of the material in the
homogenized macroscale domain. A key feature of this technique is that the coefficients of
the macroscale model encode information about the microstructure of the material, and
they are to be computed by solving differential problems at the pore-scale. In the literature,
the asymptotic homogenization technique has been applied to various physical systems.
For example, the asymptotic homogenization technique has been used to derive Biot’s
poroelasticity (see [24,25]) and extended to study vascularised poroelastic materials [26],
poroelastic composites [27] and modelling of the bones [28].

In the asymptotic homogenization literature, the majority of the applications focus on
linearised balance equations. This is due to the fact that in the linearised case, it is possible
to fully decouple the pore-scale and the macroscale (under some simplifying assumptions).
This decoupling then leads to a large reduction in the computational complexity of the
system. In the literature, the homogenization of systems involving nonlinear mechanics is
generally carried out by other homogenization techniques, such as average field techniques
(see, e.g., [29,30] and the references therein). These other techniques do not provide a
precise description of the model coefficients in the way that the asymptotic homogenization
technique can and, instead, provide bounds for the model coefficients. There are currently
only a few examples of using asymptotic homogenization in situations where the material
undergoes large deformations. In [31], the effective poroelastic model of Biot was extended
to a nonlinear Biot model that includes pore-scale deformation. In [32], a system of effective
equations that describe the flow, elastic deformation and transport in an active medium
was derived. The authors considered the spatial homogenization of a coupled transport
and fluid—structure interaction model. In [33], the asymptotic homogenization technique
was applied to the equations that describe the dynamics of a heterogeneous material
with an evolving microstructure to obtain a set of effective equations. The heterogeneous
body is assumed to be composed of two hyperelastic materials, and the evolution of the
microstructure is through plastic-like distortions.

We investigate materials that are subject to large deformations that have the underlying
microstructure comprised of both a hyperelastic-fluid-filled porous matrix and a number
of embedded hyperelastic subphases (fibres or inclusions). We then assume that both the
matrix and the subphases interact with each other and the fluid at the pore-scale. This
type of structure can be described as a poroelastic composite material that undergoes large
deformations. For example, this is applicable to artery walls, which can be considered
as a composite nonlinear elastic material consisting of a matrix with two families of
symmetrically arranged embedded collagen and elastin fibres as well as fibroblast cells
that interact with the fluid that is flowing in the pores [12,34-37]. If we wish to consider
the artery walls in our framework, then the matrix can be identified with our matrix in the
model, and the fibres and fibroblast cells could all be considered as the elastic subphases
that are embedded in the matrix. The fluid in this setting would be the water that flows in
the pores of the matrix. This modelling approach is applicable to the myocardium in the
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heart, which is a nonlinear elastic porous structure that consists of a matrix with muscle
cells, fibroblasts, collagen fibres and embedded blood vessels [10,11,38]. Again, here, the
various muscle cells, fibroblasts and fibres would all be the elastic subphases embedded in
the matrix. By considering these systems as poroelastic composites, we are able to account
for the mechanical contribution of each of the various phases individually.

Here, we generalise [27] to account for nonlinear deformations by using the asymptotic
homogenization technique to upscale the interaction between a hyperelastic porous matrix
where there is an incompressible Newtonian fluid flowing in the pores and a number of
embedded hyperelastic subphases. We make the assumption that both the hyperelastic
matrix and subphases interact with the fluid that is flowing in the pores. We assume that
the length scale where the individual hyperelastic subphases are clearly visible from the
surrounding matrix is comparable to the pore size. We therefore determine that this scale
will be the pore-scale of the material, that is the distance between adjacent subphases is
comparable with the size of the pores. This length is assumed to be much smaller than the
size of the whole domain, which is denoted the macroscale. The upscaling process is then
used taking into account the continuity of the stresses and elastic displacements across the
interfaces between the matrix and the subphases, as well as the continuity of the stresses
and velocities across the interfaces between the fluid and solid domains. Furthermore,
an appropriate coordinate transformation is carried out on some quantities to formulate the
full problem in the undeformed /reference configuration, i.e., by solely using Lagrangian
coordinates. The resulting system of governing equations is of poroelastic type and is a
generalization of the formulations for (a) multiphase elastoplastic composites [33] in the
limit of no plastic distortions and (b) the formulations for hyperelastic porous media [31]
in the limit of only one elastic phase. It is also a natural extension to the formulation
for linear poroelastic composites [27]. All three of these formulations are recovered as
particular cases by assuming that: (a) our matrix is not porous; (b) that no elastic phase
other than the matrix is present; and (c) by performing a linearisation. The coefficients of
the model encode the properties of the microstructure and are computed by solving local
differential problems.

The paper is organised as follows. In Section 2, we formulate the fluid—structure
interaction problem that characterises the behaviour of the hyperelastic porous matrix,
the hyperelastic subphases and the fluid flowing in the pores. We also perform a change
of coordinates, which allows the fluid—structure interaction problem to be formulated
in the reference configuration. In Section 3, we apply the asymptotic homogenization
technique to the system of PDEs that were described in Section 2 and determine the
new model that describes the effective macroscale mechanical behaviour of nonlinear
poroelastic composites. In Section 4, we discuss the general nonlinear macroscale model
before prescribing a specific strain energy function, namely the de Saint-Venant, for the
material and then give a physical interpretation of the novel terms. We also consider
particular cases for our new model and are able to obtain previously known models from
the literature. Section 5 concludes our work by highlighting and discussing the limitations
of the current model and by providing further directions in which the model could be
extended for particular biological applications.

2. Formulation of the Fluid-Structure Interaction Problem

We assume that we have a continuum body that is not subject to any surface or body
forces to have a reference configuration, which we denote by %, € R3. The body % has
a periodic microstructure that consists of the union of a porous hyperelastic matrix Q,
an interconnected fluid compartment QOf and a set QO of K disjoint hyperelastic subphases
00, where:

K
ol =), 1)
a=1
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and Q% = O UQY U QY. We note that when any domain, interface or normal vector has the
superscript 0 then it is in the reference configuration. We provide a sketch of this structure
as shown in Figure 1. The body undergoes a deformation described by the deformation
function ), and the deformed body is denoted by %;. Each point x € % is such that
x = x(X, t) with X € % being the point in the reference configuration. We assume that
the periodicity of the body’s microstructure is preserved during the deformation, and
we now denote the deformed solid porous matrix as (), the deformed connected fluid
compartment as ()} and the set of K disjoint deformed subphases ()}, as Qf in %;. When
any domain, interface or normal vector has the superscript ¢, this denotes the current
configuration. The deformation from % to %; is described by the deformation gradient
F = Grady. Figure 1 highlights the description of this structure pictorially.

We now wish to describe the equations for the fluid and the solid compartments and
the interface conditions in our structure. These equations however are not all in the same
coordinate systems. We wish to work in the reference configuration so we have to perform
a pull back to some of the equations that are described in the current configuration. We
begin by describing all equations in their natural coordinate systems before discussing the
coordinate transformations.

The balance equations for the various hyperelastic domains (), and )y can be written
as,Va =1,...,K,

Vx-0x=0 in QI 2)

and:
Vx-opn=0 in Q) (3)

where we neglect any volume forces and inertia. The tensors o, and oy are the solid
stresses. Each subphase (), has the stress tensor o, and the porous matrix )y has solid
stress tensor oy The matrix and the subphases are anisotropic, hyperelastic solids, and
therefore, the constitutive laws for o, and oy, are given in terms of strain energy functions,

d .

oy = E)llfz in Qg, 4)
d .

on = %III m Q?I’ (5)

where F, and F;; are the deformation gradients in the subphases and the matrix, respectively,
and ¢, and ¢y are the strain energy functions in the subphases and matrix, respectively.
We do not define a specific strain energy function at this stage and wait until Section 4.1
to specify it.

We also require equations for the fluid phase. The balance equation is given as:

Vi og=0 in Qf, (6)

where we denoted the fluid stress tensor by ;. The fluid is assumed to be an incompressible
Newtonian fluid and, so, has the constitutive law:

or = —pl+u((Vxv) + (Vxv)1) in Qf 7)

where v is the fluid velocity, p is the fluid pressure and y is the fluid viscosity. As we
consider an incompressible fluid, the incompressibility condition reads:

Vx-v=0 in Of (8)

We can substitute the constitutive law (7) into the balance Equation (6), and then, by
using (8), we obtain the Stokes problem:

0=—Vxp+uVx- ((Vxv) + (Vxv)T) in QL )
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In order to set up an appropriate fluid-structure interaction problem, we require
interface conditions between the fluid and the various solid phases and also interface
conditions between the various solid subphases and the matrix. The conditions we impose
are the continuity of velocities, the continuity of stresses and the continuity of displace-
ments. This presents an issue since the fluid and solid equations are described in different
coordinate systems. The fluid equations are currently presented in Eulerian coordinates
and the solid equations in Lagrangian coordinates. It is not possible to properly express
continuity on the interface between the fluid and solid whilst the governing equations are
in different coordinate systems. For this reason, we only describe the interface conditions
between the elastic subphases and the matrix here and wait until Section 2.1 to describe the
interface conditions between the fluid and solids once we have formulated all equations in
Lagrangian coordinates. We define the interface between each elastic subphase and the
matrix as T, := 900 N 9O and impose continuity of stresses and displacements, namely:

0 0 0
TNy = Oy on Iy, (10)

u, =u; on FZH, (11)

Va =1,...,K, where we define the unit vector normal to the interface I'Y; as n,,, and it is
pointing into the subphase Q) and where u, and uy are the elastic displacements in each
subphase and the matrix, respectively.

We describe the deformation from %, to %; by the deformation gradient F = Grady.
For convenience, we use the notation:

F, in QY
F={F in QY (12)
F; in Q)

Figure 1. A 2D sketch that shows the poroelastic composite microstructure of the body in the
reference configuration %. It also shows the deformation F and gives the resulting microstructure of
the deformed/current configuration %;. In both configurations, the porous matrix is shown in red,
the subphases in green and the fluid in blue.

We note that our deformation gradient is in general discontinuous. It is however
useful here to consider the alternative definition of the deformation gradient:

F =1+ Gradu, (13)

where I is the identity tensor and Gradu is the gradient operator of the elastic displace-
ment. We use the notation Grad with a capital G to denote the gradient in Lagrangian
coordinates and grad for Eulerian coordinates. We can specialise relationship (13) in each
of the reference elastic subphases as follows:
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F, = I+ Gradu in QY
F o { w o 4 (14)

N Fy = I+ Graduy in Qg,

We should note that the sketch here highlights a number of possible arrangements for
the subphases. We can have subphases fully embedded in the matrix, fully embedded in
the fluid or in contact with both the matrix and the fluid. We set up our fluid-structure
interaction with the assumption that all elastic phases are in contact with each other and
the fluid.

2.1. Fluid—Structure Interaction in Lagrangian Coordinates

Within this section, we apply a coordinate transformation to the equations in the
fluid—structure interaction (FSI) in order to obtain a full system of PDEs that describe the
structure in the reference configuration. We do this in order to preserve the local periodicity
of the microstructure, as was done in [32]. We define the Piola transformation, G, and the
Jacobian, J, by:

J=detF and G=]JF}, (15)

where we have that:
Gy = LF;! in QY

G = GII = ]HFI?l ln Q?I/ (16)
G =JiF,' in Q)

Here, we wish to make a remark regarding the continuity of the Piola transformation.

Remark 1 (Continuity of G'). Here, we wish to explain the continuity of GT across the various
interfaces appearing in our structure. We begin with Nanson’s formula:

nda = JF TNdA, (17)

where n is a general unit normal and da is a general area element in the current configuration and
N is a general unit normal and dA is a general area element in the reference configuration. Using
our notation for the Piola transform, we can rewrite this as:

nda = G'NdA. (18)

By using this relationship, we are able to deduce the continuities on our various interfaces I'y,
rH and rD{II/ that iS,

T..0 T..0 T..0 T..0
Gyn, =Gin, on T, Gun; =Gyny on Iy,

(19)
and GInQ, =GInd on Ty

These formulas are used in later sections of this work.

We use the following formulas to make the change of the coordinate systems. For a
scalar ¢, a vector a and a tensor A, we have:

Vil =F TVxé and Vya= (Vxa)F L (20)
By again using Nanson’s formula:
nda = JF TNdA, (21)
the transformation rule for a general volume element:

dv = JdV, (22)
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and by applying the divergence theorem, we obtain the coordinate changes:
1 1 T
Vy-a= TVX~(Ga) and V- -A= TVX~(AG ). (23)

We are now able to use (20) and (23) to write our FSI problem in the reference con-
figuration. The equations governing the fluid in the reference configuration are therefore
given by:

Vx - (0¢Gf) =0 in QF, (24)

with the fluid stress tensor o transformed as:
oGl = —pGl + u((VxV)F'Gf + F,T(VxV)TGl) in QF, (25)

to correspond to the fluid balance equation, where V is the fluid velocity in the reference
configuration. The incompressibility condition also transforms as follows:

Vx-(GeV) =0 in Q. (26)

The Stokes’ problem in the reference configuration is obtained by substituting (25)
into (24) and using (26), that is,

0=—GIVxp+uVx- (VxV)GF; T+ GH(VxV)TE,T) in Q. 27)

Now that all our governing equations are described in the Lagrangian framework,
we are able to describe the interface conditions between the fluid and solid phases that
we require to set up an appropriate FSI problem. We note that these interface conditions
take place on the interfaces between the fluid and the elastic subphases in the reference
configuration. Defining the interfaces between the fluid phase and each of the & subphases
in the reference configuration as I} := 009 N0 and defining the interface between
the matrix and the fluid phase, again in the reference configuration, as I’ := 9Q) N 92,
we can impose the continuity of the velocities and stresses on the various interfaces. We
therefore have:

Jdu

at”‘ =V on IY (28)
UfoTng = o,n on 9, (29)

d

% =V on F?I, (30)
o'foTnIOI = U'Hng on Fg, (31)

Va = 1,...,K. We have that du, /0t and duy /9t are the solid velocities in each of the
subphases and the matrix, respectively. We have that n and n), are the unit outward
normals to the interfaces ') and T}, respectively.

Our complete FSI problem in the reference configuration is therefore given by (2)-(5),
(10), (11), (14) and (24)—(31).

Within the next section, we carry out our analysis by first nondimensionalising the
system of partial differential equations (PDEs) that we formulate in the reference config-
uration within this section. We introduce two well-separated length scales that allow us
to apply the two-scale asymptotic homogenization technique to the nondimensionalised
PDEs. This allows the derivation of the macroscale governing equations.
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3. The Asymptotic Homogenization Method

Here, we summarise the fluid—structure interaction problem in the reference config-
uration that we introduced in the previous section. We will then be ready to perform a
multiscale analysis.

Vx-0a=0 in QY (32)
Vx-oy=0 in QY (33)
Vx-(0GH)=0 in QF (34)
Vx-(GV)=0 in QY (35)
a;t t=V on o, (36)

% =V on I (37)
UfoTng = o,n on 9, (38)
oG nd = oynf on 9, (39)
o), = oynd, on . (40)
Uy = uy on o, (41)

We have that the constitutive relationships for the fluid and the multiple solid phases
are given as:

oG = —pGf + u((VxV)F1Gf +F, 1(VxV)TGl)  in  Qf, (42)
9 .

oy = allfz in Qg, (43)
) .

op = % in Qb (44)

We then use the constitutive relationship (42) with the incompressibility constraint (35)
in the balance Equation (34) to obtain:

0=—G{Vxp+uVx  (VxV)GF, T+ G (VxV)TF;T)  in Q. (45)
We also have the deformation gradients for each of the solid phases:

F,=1+Vxu, in QY (46)
Fy=I+Vxu; in Q) (47)

Va =1,...,K. We assume that the system possesses two distinct length scales. The whole
domain has a length scale, which we denote by L, and this is referred to as the macroscale.
There also exists a second length scale, which we denote by d, and this describes the pore-
scale. The length d is comparable to the intersubphase distance and the size of the pores.
Therefore, to capture the true difference between the two scales, it is useful to perform a
nondimensional analysis of the system of PDEs (32)—(47). This nondimensionalisation is
carried out in the next section.

We should note that this fluid-structure interaction is the nonlinear counterpart to the
one found in [27] for linear poroelastic composites. We also highlight that this FSI problem
is formulated with the intention that all elastic phases are in contact with each other and
the fluid.

3.1. Nondimensionalisation

We carry out the nondimensionalisation process by relying on the standard parabolic
fluid velocity in the pores, which is quadratic in the pore-scale d and proportional to a
given pressure gradient C. This scaling is the classical one, which ensures that a Newtonian
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fluid flowing in the pores is macroscopically governed by porous media flow equations
(e.g., of Darcy’s type) (see [39], where this is discussed). There are of course alternative
scalings available for the fluid velocity; however, these scalings do not account for the
appropriate effective behaviour of a fluid flow in porous media.

Therefore, we choose the scalings:

Cd?
x=Lx, wy=1Lu, u =Lu, V= TV/, p=CLy, o4=CLc,, )
on = CL(TH/.
We then use (48), and the gradient operator becomes:
V= 1v’ (49)
=7V,
and the nondimensionalised form of the system of the PDEs (32)-(41) is given by,
Vx-0,=0 in QI (50)
Vx-op=0 in Q) (51)
Vx-(0sGH)=0 in QF (52)
Vx-(GV)=0 in QY (53)
Ju
at“ =V on I (54)
0
% =V on 9, (55)
afoTng = o,n on 9, (56)
afoTn?I = anng on 1“8, (57)
o'angn = o'llngn on rz?cnr (58)
Uy = ug on 9. (59)

We also nondimensionalise the constitutive relationships for the fluid and the solid,
and these are given by:

oGl = —pGf +*((VXV)F 'Gf +F, 1 (VxV)TGf) in  QF, (60)
_ 0P 0
oy = oF, in Q) (61)
d .
= B%E in Q?I. (62)

We also have the nondimensionalised fluid balance equation and solid deformation
gradients given by:

0= —GlVxp+eVx- (VxV)GEF T+GI(VxV)TF;T)  in Q)  (63)
F,=14+Vxu, in QY (64)
FII - I + quu ln le (65)

where in (50)—(65), we drop the primes for the sake of a simpler notation, and we have

the parameter:

€= % (66)

Within the next section, we introduce the two-scale asymptotic homogenization
technique, which we then use to upscale our system (50)—(65) in order to obtain our
macroscale model.
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3.2. The Two-Scale Asymptotic Homogenization Method

Here, we now introduce the asymptotic homogenization technique, which we will
use to derive the effective macroscale governing equations for our structure. As described
above, we have the pore-scale, denoted by d, and the macroscale, which is the average size
of the whole material, denoted by L. We assume that these scales are well separated, i.e.,

d
e=7< 1. (67)
We can describe € as the scale separation parameter. We require a local scale spatial
variable, which will capture the pore-scale variations of each of the fields appearing
in (50)-(65), that is,

- X
Y ="—.
. (68)
We also have the macroscale variable:
X=X (69)

The newly introduced spatial variables X and Y represent the macroscale and the pore-
scale respectively and are to be considered formally independent. The gradient operator
also transforms, by the application of the chain rule, to become an operator of both scales,
which we can write as:

Vx = Vg + %VY (70)

We also make the assumption that all the fields in (50)-(65), Va = 1, ..., K, are functions
of the two spatial variables X and Y and that every field can be written as a power series
expansion in €:

XY, 1) =Y o (X Y 1), (71)
0

where ¢ is used to denote a general field in (50)—(65).

Remark 2 (Pore-scale periodicity). We assume that every field o) in our analysis is Y-periodic,
and this allows us to focus our attention on a single periodic cell in our structure. This is a technical
assumption that is related solely to the microscale. The fields can still vary with respect to the
macroscale. Making this assumption means that we formulate the pore-scale differential problems
on this periodic cell, and it is these problems that are to be solved to determine the macroscale model
coefficients. In [40], the authors assumed that all the fields are periodic in the pore-scale variable and
are able to compute the coefficients of the model of standard poroelasticity obtained via asymptotic
homogenization. In comparison, in [41], the macroscale model of poroelasticity was solved. As such,
although the effective coefficients used are those computed by following the methodology described
in [40], the illustrated solution solely depends on the macroscale and is in general not periodic. It is
possible to relax this assumption that all fields are Y-periodic and assume instead that all the fields
are locally bounded. This assumption is less strict than local periodicity and means that all the fields
are finite with respect to the pore-scale variable Y when € — 0, but not necessarily periodic. This
assumption however only permits the functional form of the macroscale model to be derived and
does not in general allow for the model coefficients to be computed without further assumptions
(see [21,23] for further details) in multidimensional problems [23].

We have that our periodic cell could potentially contain a variety of subphases and these
subphases could possess various geometries and elastic properties. This assumption is particularly
useful as it allows us to solve the differential problems obtained from the asymptotic homogenization
technique on a single periodic cell instead of the whole material domain, therefore reducing the
computational complexity. This periodic cell where we solve the differential problems is shown in
Figure 2.
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Remark 3 (Macroscopic uniformity). We know that the pore-scale structure of a material can
vary with respect to the macroscale position (see [21,25,39,42,43]). In general, this dependence is
neglected in the literature due to wanting to simplify the analysis. Here, we assume that the pore-
scale geometry does not depend on the macroscale variable X, i.e., the material is macroscopically
uniform. This assumption allows for simple differentiation under the integral sign to take place,

that is:
[ Vs (0) = Vs [ (o). (72)

If we do not assume macroscopic uniformity, then (72) is not satisfied, and in this case, the
application of the Reynolds’ transport theorem is required. This may lead to additional terms
appearing in the macroscale governing equations.

Remark 4 (Pore-scale geometry). In our description so far, we assume that there are various
different subphases included within our periodic cell; however, without loss of generality, we can
focus our attention on the case where each periodic cell contains only one hyperelastic subphase.
This structure is shown in Figure 3. Therefore, we do not require the index w, and the notation
can be adjusted as follows. We have the continuum body 98y, which has a periodic microstructure.
Within %, we have many periodic cells; however, due to periodicity, we can identify the domain
QO with the periodic cell, which has a hyperelastic subphase, hyperelastic matrix and fluid portions
denoted by 0, QY and 0, respectively. We are also able to simplify the notation we use for
the different interfaces. The interface between the subphase and the fluid is TY := 90 N 0QY;
the interface between the matrix and the fluid is T3 := 9Q N 9QYY; the interface between our two
hyperelastic solid phases is T, := 9QY N 9O, with corresponding unit normal vectors n?, nf
and nY,. If a specific application required multiple subphases to be contained in the periodic cell, then
it would be simple to extend the formulation, as has been done in the case of elastic composites [44].

73 — ‘Q%
7 — (I)I
.‘ — Q(z

Figure 2. A 2D cross-section of a single periodic cell in our structure. We have the fluid represented
in blue, the hyperelastic porous matrix in red and the hyperelastic subphases in green. We highlight
that the subphases (), for « = 1,..., K can interact with both the matrix and the fluid or be fully
embedded in the either the matrix or the fluid.

Figure 3. This is a sketch of a 2D cross-section of the periodic cell on which we focus. We have one
hyperelastic subphase shown in green that is in contact with the hyperelastic matrix shown in red
and the fluid shown in blue. We also highlight the interfaces I';, I'y and I'y; between the phases.
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3.3. The Macroscale Results

The assumptions (70) and (71) of the asymptotic homogenization technique can be
applied to Equations (50)—(65). We then obtain the following multiscale system of PDEs:

Vy- o] +eVx-0f =0 in Q?, (73)
Vy-05+eVg-c6=0 in Q) (74)
Vs (0€(GHT) +eVx- (ef(GHT) =0 in  QF, (75)
Vy- (GEVE) +eVy- (GEVE) =0 in  QF, (76)
% =V° on v (77)

ot I’

€

3;11 — V€ on F?I, (78)
UfE(Gf)Tn? = afn? on F?, (79)
afe(Gf)Tng = zrflng on Fg, (80)
afngl = (TflnIOH on Fgl, (81)
uf = uj on Fgl, (82)

as well as the multiscale constitutive equations for 0 (G¢)T, of and ¢, which are given by:

0i°(GH)T = = p*(Gf)T +e((Vs V) () TH(GE)T + (F) T (Vy V)T (G)T)
((VxV)(F) TH(GHT + (F) T(VxV)T(GHT) in QF (83

a €
o = alll:);l*f in QY (84

a €
= aﬁg in Q) (85

and the fluid balance equation and the solid deformation gradients are given by:

0= —(G})T(eVxp® + Vyp°) +€Vy- ((VyVE)Gi (Ff) T

+(GHT(VsVI)T(F) 1) +0(e)  in QF (86)
eFf = el + eVxuf + Vyu? in o, (87)
eF§ = el + eVxu§ + Vyu$ in 0 (88)

where the power series representation (71) is implied in Equations (73)—(88) through the
use of the superscript e. We then proceed with the technique by equating the coefficients of
€ forl =0,1,..., and this way, we derive the effective macroscale model in terms of the
relevant zeroth-order fields. Following the asymptotic expansion, if any term still retains a
dependence on the pore-scale, then we can apply the integral average formula. The integral
average can be defined as:

1 o Ay
<(,,>l:m L PX Y, HdY i =£ LI, (89)

and again, ¢ is a general field. The integral average is performed over one representative
cell due to the assumption of Y-periodicity, as discussed in Remark 2, so it is therefore a cell
average. We have that the volume of the domain is given by |Q°| = |Q9] + |Q0[ + |QF].
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We can equate the coefficients of €” in (73)-(82) to obtain:

Ve =0 in QY (90)

Vol =0 in QY (91)

Vs (@GP =0 in Qf (92)
Ve - (GOVOy—0 in (93)
agl(:) =vO on T, (94)

831(20) =vO on 9, (95)
af(o)(GEO))Tn? = al(o)n? on IV, (96)
(Tf(o)(GEO))Tn?I = 0'1(1())“?1 on 9, (97)
0'1(0)“81 = aﬁo)ngl on o, (98)

ul(o) = uI(IO) on . (99)

The constitutive Equations (83)—(85) have coefficients of el given by:

O GNT = —p@@GHT  in (100)
(0
O, (101)
oF?)
ONE
o= lp?o) in Q) (102)
oF

1T

and the fluid balance equation and the deformation gradients (86)—(88) have coefficients
of €

GTvp® =0 in 0 (103)
vaul”? =0 in QY (104)
vl =0 in QY (105)

Now, equating the coefficients of €' in Equations (73)—(82) gives:

Vs oV 4V =0 in Q0 (106

Vi-oD4vg- o =0 in  Q° (107)

Vs - (D (GNT) + Vi (of Q6 T) + V- (0@ (6")T) =0 in Q)  (108)
V- (GOVD) 4 Vo (6vO0) 4+ v¢ - (6OVvO) =0 in Q) (109)

(1)
W v on 0, (110)
ot
(1)
a‘;} =v® on IO  (111)

(oG + oG )nf = of'nf on T, (12
(oG + o (6)nf = ofnd on T (13)
n),=c;'nY on TV, (114)

u’ =uy on F?II, (115)
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and the coefficients of €! in the constitutive Equations (83)—(85) are:

D6+ (6{")T = —pW ()T = p@ (6T

H(VeVOYED) TGN 4 FO)yT(vevO)TG)T)  in QO (116)
(1)
cf”:all’ll in QY (117)
oF
(1)
o =M 0 i)
oFlV

while the fluid balance equation and the deformation gradients (86)—(88) have coefficients
of el:

0= —(G)T(Vxp@ + Vep™M) + Vy - (V5 V)60 (FO)-T
+GT(WVOYTED)T) in 0l (119)
FO =14V 4 veu” in Q0 (120)
FO =14+ vl + vl in Q) (121

We can show that the Piola transformation (G¢)T, where we exploit the notation (16),
is divergence free and derive some useful identities. We have:

Vx - GTdVy = / GT.NdA = / JE-TNdA — / I-nda
B 9%, 9%, 9%,

- / V- 1dVy = 0, (122)
J#,

and so, (G¢)T is divergence free. We can also consider the expansion of (G¢)T, which is:
(G)T = ()T +(GM)T +0(e?), (123)
and the expansion of V - (G¢)7 is:
(€Vs+ Vy) - (60T +e(6M)T +0(e?)) = 0. (124)
Then, equating the coefficient of €” gives:
Vy- (GOHYT =, (125)
and equating the coefficient of €! gives:
Vs (GNT 4+ Vs - (6T =0 = Vi (GNHT = —vy- (cM)T, (126)

We can use the notation (16) to write (125) and (126) as their counterparts in each of
the solid domains and the fluid domain as:

Vs (6T =0, Vi (G)T =0, Vi (G)T =0, (127)

and:
Vs (G = —vy- (6T, Vg (6T = —vy - (6T,

(128)
Vs - (GEO))T — V- (Ggl))T_
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Here, we also wish to perform the multiscale expansion of (19). We have:
(6)Tnf = ("8 on T, ()Tl =(G)Th on
(GF)'nf = (G)"nj; on T,
and equating the coefficients of " gives:
0 0 0
(6”)"n) = (6)n} on T, (6)Tmh=(6)n} on T
(61”)"nfi = (") 'nly on T
Similarly, equating the coefficients of €! gives:
1 1 1 1
(GI( ))Tn? = (GE ))Tn? on I, (GI(I )) (G( )) nn on I, (131)

(GI( ))Tngl = (G( ))Tngn on Iy

Equating higher powers of epsilon leads to the continuity at higher orders also. We
use these expressions in later sections.

We can see using (92), (100) and (125) that (G; Gl ))Tvyp( ) = 0. This implies that p(%)
does not depend on the pore-scale Y, that is:

p 0 = pO)(x, 1) (132)

We can deduce from (104) and (105) that ul( ) and u(o) do not depend on the pore-scale
Y, that is,

u® =u”(X1), (133)
0 —
ul? = o (x 1), (134)
and since we have the boundary condition (99), we can write:
u® = ul(o) = ul(lo). (135)
We use (132) and (135) throughout the remainder of this work.

3.4. The Macroscale Fluid Flow

We can investigate the leading order velocity, which we denote by vi0). We begin by
defining the relative fluid—solid displacement, w, as:

(0)
w:=v0O _ a‘;—t. (136)
We can rearrange (136) to obtain:
VO = w+a® (137)

We are then able to use (137) and Equations (93)- (95), (100), (108) and (116) to form a
Stokes’-type boundary value problem given by:
~(G(Vxp )+ Vip) + Ty (Vew) 6 (FY) T
+( G T(Vew)TE) Ty =0 in Q) (138)
Ve-(6Pw)=0 in 0 (139)
w=0 on T0UTY (140
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The boundary value problem (138)-(140) admits a solution. Exploiting linearity,
the solution is given by:

w=—WVgp, (141)
p1) = —PVgp® 4 ¢(X), (142)

where p(!) is defined up to an arbitrary Y-constant function given by ¢(X). The second
rank tensor W and the vector P are the solution to the cell problem given by:

Vs (TsW)6) (F) T+ (6T (wxW)T(F?) T)
+(G)T(1 - v P) 0 in Qf (143)
Vs (6w ) 0 in QY (144)
=0 on TIOury, (145)

This cell problem is to be supplemented by periodic conditions on the boundary
80?\(F? UTY), and for the uniqueness of the solution, a further condition on the auxiliary
variable P is required, i.e., (P); = 0. Since the quantity w retains a dependence on the
pore-scale, we take the integral average of (141) over the fluid domain, which leads to:

(W) = —(W)Vgp' (146)

Therefore, the macroscale fluid flow is described by Darcy’s law.
We also consider the incompressibility constraint (109), and we integrate over the fluid
domain to obtain:

/ Vs (GOVO0)dY + / Vs (6VO 4 OvD)ay = (147)

Applying the divergence theorem to the second integral and using (94), (95), (110)
and (111) give:

/0 Ve (GOVO)aY + /O(Gﬁl)u@) +6Pa{V)nfds
+ / Ya© 4+ 6P ndds = (148)
We are able to rewrite this as:
/ Vx - NdY + / @@ 6T+ a6 T)n0ds +
+ qu )(G§ )) )ngdS = 0, (149)

and accounting for the continuity of the transpose of the Piola transformations applied to
the normal (130) and (131) gives:

/ Vs (GOVO)aY + / 16T 4 0V (6”)T)n0ds

+ [, @O+ uf (6))Tnfds = o. (150)
R it
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This can be rewritten as:
/oV*'(GEO)V(°)>dY+/O(G§”ﬁ(°)+GE°)u§1))n?ds

+ / Va© 4+ 694V )ndds = o, (151)

where we use the notation that () = 9()/dt. We wish to apply the divergence theorem
again; however, to do this, we must include the terms on the interface I'y, that is:

/va.(GEO)V<o))dY+/O(GI(1)ﬂ(0)+G( )ul( s
+ fy @00+ 6 aindas + [ (@06 +a(6") nfas

_/1- (ﬁ(O)( I(I ))T + uI(I )(G(O)) )nmds =0, (152)

0
1

where we can add these terms on I'y because they are effectively zero because of the
continuity of the transpose of the Piola transform (130) and (131). Applying the divergence
theorem again gives:

Vi (GOVO / Vs (M@ + 6¢VaV)ay

- / Ve (Gu® 4 <°)u§})) —0. (153)
QH

Therefore, we can write this as:
Vi (60VO) = (Vs (60 + 6% + (V5 - (6@ + 6Pa))y.  (159)

Since we have that w = V(© — 4(© from (136), then this can be rearranged, and
multiplying by GEO) gives GEO)V(O) = GEO)W + Gﬁo)u(()). We then take the integral average

over the fluid domain, which gives <GEO)V(O)>f - <G§O)W>f + (Gf(0)>fﬁ(0), and this can be
used to replace the LHS of (154). Therefore, we have:

Vi (@ Wi (6 ) = (9 6+ 6fult)
+ (Vi (6@ 4+ 6Da(Vyy,. (155)
Then, we wish to expand the two terms on the RHS of (155), which gives:
Ve (6@ + 6ValV) 4+ vy - (6 + 6V al)
— V(6N a® + 6 %alV) + Trvy (6N a® + 6V al)
= (Vs (")) -u® + Ty (6)) -u® + 67 - Ty
+ 6 vyl + (V- (6w + (V- (G)T) - a!
¢ vea® 4+ 60 via®, (156)
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We can cancel the terms in (156) due to u(®) = u(© (X,t) and using (127) and then
rewrite (155) using (156) as:

Vs - <<c§0>w>f+<cﬁo>>fu<°>) = —((Vx- ")+ (Vi (G)T)y) - u®
+(62: veuM), + (60 vealV)y, (157)

where we also use (128) to replace the first two terms in (156). We return to this expression
in Section 4.

3.5. The Macroscale Poroelastic Relationships

We require the macroscale constitutive relationship. To begin, we sum up the integral
averages of Equations (106)—(108), that is,

/OVY‘U'I(l)dY+/O VY'U'I(Il)dY+/OVY'(U'f(l)(GEO))T)dY
+/ Vs - (o ()T dY+/ Vs - o dY+/ vs-ol0ay

+ / Vs - 60)T)ay = (158)

We apply the divergence theorem to the first four integrals and then rearrange the last
three integrals due to the assumption of macroscopic uniformity (72) to obtain:

o Wn
/;mf’\(r?ur%l) o rpurgy 45+ ”I npds - / o 71 Vnls +
My (10
/a Of \(ThUTgy) i Rog rfurgy) st ‘TH 'njds +/ o MpdS +
(1) (gONT 0) T 0
/BQO\(I“?UFIOI) e (G )'n 00\ rourd) ds - ‘Tf ) mydS — / tTf nlds +
0) (T _ a0
/QO\(rOUr%) o (Gf ) nog\(r?urg)ds o ‘Tf anS / ¢Tf IdS +
Vx / o 0dY + Vs / oDy + vy / o0 GEO))TdY =0, (159)
ay b 0o
1 il £
0 10 10 10 0 )
where n;, ny, ng, 0\ (rourd ) g (rourd,) and nQO\ (rourg) are the unit normals corre-

sponding to the interfaces I, I'}, I, 900 \ (I? UTY), 903\ (T UTY,) and 0O \ (Y U
I'Y). The contributions over the external boundaries of OY, QY and Q? cancel due to
Y-periodicity, so (159) becomes:

/ I(l)n?dS / ¢7f O))T 0ds — / (0) ))Tn?dS—i—/ alll)anS—
/ n%dS — / 96!V Tndds — / o Wn0 ds + / oUn0ds +
Vs / f)dY+v / 04y + vy / (0>)TdY:O. (160)

The first eight integrals cancel using the continuity of stresses (112)—(114), so we obtain:

Vi (@) + Vi (@O — Vs - (pO((6I)T)) = 0, (161)
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where we use (100). Then, we have that:
Vx - ogg =0, (162)
where: . . .
o = (01 )+ (ef)n = pOUG)")s. (163)

We can describe (162) and (163) as the average stress balance and constitutive law for
our nonlinear poroelastic composite material.

We can write the following problem for ul(l) and ul(ll) using (90), (91), (96)-(98), (100)
and (115):

Vi-e =0 in QO (164)

Vi-o®=0 in QO (165)

uV=u  on T, (166)

O'I(O)ngI = (TI(IO)II?H on o, (167)

o0 = —(pO(G") ¢ on TV, (168)
oi'nd = —(pO(6")")n} o TH (169)

Since our solid stress tensors o; and oy are described by a constitutive law, our
problem here is the general case. It is possible to state a generalised ansatz to this problem
and state the cell problems. However, we wait to do this until the constitutive law has been
specified. Within the next section, we state the macroscale model for this general case and
then specify this problem for a specific choice of the constitutive law.

4. The Macroscale Model and Particular Cases

We begin by stating the general nonlinear macroscale model for poroelastic composite
materials undergoing large deformations where the specific constitutive law for the material
has not yet been specified, that is,

(W)= —<W>fv>'<]0(o),
Vx-ogg =0,
a¢§°>> <a¢ﬁ°>> )/ (ONT
TRt = + — POy,
B <aFI(O) I aFI(IO) 1l f !
Vs (60w)s = — ((Vx- (G ) + (Vs - (G )i + (V- (GI)T)g) - a©
+(6" : Vi) (6 V) — (%) : Vs,

where ¢; and ¥y, are the strain energy functions for the material in the subphase and
matrix, respectively. This model comprises Darcy’s law for the relative fluid—solid velocity.
The second and third equations are the stress balance and the constitutive law for the
nonlinear poroelastic composite material. The constitutive law is to be specified further
by choosing a specific strain energy function for the matrix and the subphase, relevant to
the intended application. The final equation is the conservation of mass equation. This
equation is also be influenced by the choice of strain energy function for the matrix and
the subphase. Within the next subsection, we prescribe a particular constitutive law for
the elastic materials, and this leads to a specified model that reduces to three previously
known models under appropriate simplifying assumptions.
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ES =

[

1

NI~ NI

4.1. Constitutive Law

We choose a very simple constitutive law for our solid material, which is the de
Saint-Venant strain energy function given by:

1
Po =B :Co: By in Q% where v =11 (170)

where 1, is described by different parameters depending on the solid domain that it is
describing and E; is the Green-Lagrangian strain tensor for each solid domain, that is,

1 .
1/]1 = EEI H (CI : EI m Q?,

Py = 1 (171)
l/JH = EEH : CH : EH in Qg
We adopt the notation that:
o (172)
B (CH in Q%

and the subscript v = I,1I, where I is the subphase and II is the matrix throughout this
section. We have that the expansion of v, is given by:

1
s = EEZ :C:ES, (173)
and we note that C is the fourth rank elasticity tensor with major and minor symme-
tries, namely:
Cijki = Cjiri = Cijik = Caij- (174)

We can now determine E,. We have:
1
E, = = ((Fo)"Fy — 1) = 5 (Vxuo + DT (Vxu, +1) —1)

((quv)TvXuv + (VXHD)T + Vxuy), (175)

NI~ N

where the subscript v = L II denotes the subphase and the matrix. We now apply the
asymptotic homogenization technique to (175). Using the transformation of the gradient
operator (70):

Vx = Vx+ %VY/ (176)

we can write Ef as:

1 1 1 1
(Vs + Vo) (Vi + L) + (Vs + 2 Voud) T+ (Vs + - Viut)
1 1 1
{(qui)Tqufj + E(qui)TVYui + E(VW?)TVX“Z + g(VYUf})T(VYui)

1 1
+ V,-(uf, + Euni + (V)'(uze,)T + E(ung)T . (177)
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Then, using (177), we are able to write the expansion of the strain energy function

Py as:

5 =g | (Vx0T 4 (Vo) TVu o (V)W + 5 (Vsus) (V)
VS + LV 4 (V)T 4 i(vyug)T) .C: ((quf,)TqufJ
+ %(v,—(u;)Tqug + é(qug)Tqu; + elz(vyug)T(qug)
+ Vs + Vs + (Vxud)T + i(vyug)T)] . (178)
Multiplying (178) by €2, we obtain:

ezlpg :% [(ez(qus)Tqufj +e(Vxu$)TVyus + e(Vyus) 'Viué + (Veus)TVius

+ e2Vxu§ + eVyus + e2(Vsus)T + e(VYuf,)T) 1 2C (eZ(qui)Tqufj
+€(Vxu§) TV + €(Vyu§) TViu§ + (Vyus)TVyu§ + €2Vius

+ eVyu§ + e2(Vxud) T + e(vyu;)Tﬂ . (179)
We can then equate the coefficients of €°, ! and €2 in (179). For €°, we have:

0= ;{((Vyu(o))TVyu(o)) : ((qu(O))TVYu(O))] =0. (180)

Equating the coefficients of €! gives:
0= 5| (T TVl + (75T V (Va5 4 (50 TVl
+ Vu® + (vyu“)))T) : ((vxu@))Tqu(O) + (Veu)Tvu® 4 (Veul)Tviu©
+ (Vyu(o))TVYuz(,l) +Vsul® + (Vyu(o))T)} =0, (181)

and finally, equating the coefficients of €? gives:

(0)

v :% [((qu(o))Tqu(o) + (qu(o))TVYuz(;l) + (Vyuél))Tqu(O) + (Vyug,l))TVYuz(,l)

+ Vsu® + Veul! + (Vu©@)T + (quS}))T> :C: ((qu(o))Tvxum)
+ (Viu(o))Tquz(Jl) + (VYugl))Tqu(O) + (quz()l))Tquz()l) + Vxu® + VYuz()l)

+ (T4 (Vo)) |

:%EE,O) .C:EV, (182)
where we have that:

Ez(,o) = (qu(o))Tqu(O) + (Vgu(o))TVYuz(,l) + (Vyuz(,l))Tqu(o)

+ (Vyu(l))TVyuz(jl) + qu(o) + Vyuz(jl) + (qu(o))T + (quz()l))T' (183)

v
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Therefore, we have that the leading order term of the constitutive law in the subphase
and the matrix respectively are:
1 1
1/11(0) = EEI(O) : G EI(0> and 1/11(10) = EEI(IO) :Cy: EI(IO). (184)
Now that we have an expression for l/ngo), we can use this to find the leading order
term of the second Piola-Kirchoff stress, that is we take the derivatives of (184) with respect

to EI(O) and EI(IO), respectively. Therefore, we have:

(0)
sV — al"’”o —C: eV, (185)
9g\Y

where we have a different second Piola—Kirchoff stress for both the subphase and the
matrix, respectively, that is,

(0) _ {SI(O) =G EI(O) in Q?I (186)

So
0 0 .
SI(I ) = (CH : EI(I ) m Qg
We now wish to linearise the second Piola—Kirchoff stress SZ(,O). To do this, we can use
the expression Fz(,o) = I+ H where:

H = {HI Vs VY“I(ll) in O, (187)
Hy = Vxu® + Vg(ul(I ) in Q?I.
Therefore, carrying out the linearisation, we have that:
st —c: gl
1
~c: (SR - )
=C: (;((I+H)T(I+H) —1)) (188)
=C: (; H+H + HTH)) : (189)
Ignoring the nonlinear terms, we have:
©y _c. (L ) _ .
(So )in =C: E(H +H") | =C:SymH. (190)

We are now able to use the second Piola—Kirchoff stress Sgo) to find the first Piola—
Kirchoff stress:

o0 — f0g®

= (1+H)C:EY, (191)

where we can define the first Piola stress ¢(?) in both of the solid constituents, the subphase
and matrix, as:

Oy
O'I(IO) (I+Hy)Cy : EI(IO) in Qg.
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We can also linearise the first Piola—Kirchoff stress ¢(?). Therefore, we have:

(0'1,)(0) = C:SymH, (193)

lin
and since we have that C is major and minor symmetric, then we can write this as:
(o)) =C: H. (194)
We therefore can define the solid stresses in the subphase and matrix as:
(@ Din=Cr: (Vi@ + Vsu) i, (195)
(i = Cu 2 (Viu@ + V) in Qf, (196)

respectively, for our chosen constitutive law. We can then use these expressions in the

problem for ul(l) and ul(ll) given by Equations (164)—(169), that is,

Vs - (C V) + Vg - (C V5 (u®)) =0 in Q%  (19)

V- (CuVyu) + Vy - (CuVx®)) =0 in QY (198

ul(l) = qu) on Tgl, (199)

CIVY(ul(l))n?H — (CHVY(u,(Il))ngI = (Cy — Cl)Vx(u(O) ngl on 1"81, (200)
(C V() + €V (@@))n? = —(p©@(6)T)n? on IY (201
(CaVs(uf)) + CuVs(@)ng = (@G Nnd  on T (02

The problem given by (197)-(202) admits a unique solution up to a Y-constant function.
Exploiting linearity, the solution is given as:

ul(l) — AIVx(u(O)) + alp(o) +c1(X), (203)
ul(ll) = AHV)’((U(O)) + aIIP(O)C2<X)/ (204)

where ¢;(X) and cp(X) are Y-constant functions. The third rank tensors A; and Ay are the
solutions of the pore-scale problems given by:

Vi (CGVy(A))+Vy-CG=0 in QY (205)

Vi (CyVy(Ap)4+Vy - Ch=0 in  QF, (206)

Al=A; on T9, (207)

CVy(A)nY, — CyVy(ApnY = (Cy —C)nY,  on 1Y, (208)
(CVy(A))N? +Cn® =0 on TV (209)

(CuVy(Ap))nY +Cnd =0  on 1Y, (210)

and the vectors a; and ay are the solution to this pore-scale problem:

Vi (CVy(a))=0 in QY (211)
Vy-(CyVy(ag)) =0 in QY (212)

a; = ag on 1"81, (213)

(CVy(a;))n, = (CyVy(ag))nd, on IV, (214)
(CVs(a)+ G =0 on TV, (215)

(CuVs(an) + (G) Ty =0 on T (216)
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Both (205)—(210) and (211)—(216) are to be solved on the periodic cell. To ensure
the uniqueness of the solution, we also require a further condition on A;, Ay, a; and ay,
for example:

(A1 + (An)u =0 and (ap); + (am)n = 0. (217)

Here, we wish to discuss in detail the cell problems (143)—(145), (205)—(210) and
(211)—-(216) and how they can potentially be solved. These pore-scale periodic cell problems
are to be solved to determine the model coefficients of the final macroscale model. It is
through these model coefficients that the complexity of the materials microstructure is
encoded in the final model.

In general, with the asymptotic homogenization technique, these cell problems would
only depend on the pore-scale and therefore can be solved in a straight-forward way.
For example, solving the pore-scale asymptotic homogenization cell problems for linear
elastic composites was carried out in [44], and for linear poroelasticity, the problems were
solved in [40]. Similarly, it would be possible to solve the cell problems arising from linear
poroelastic composites by combining the techniques used in both of these previous works.
In the linear case, we have the problems (143)—(145), (205)—(210) and (211)—(216) with the
simplification that (G EO) )T approaches the identity. This simplification means that the two
scales are fully decoupled, and we can solve the fluid and the elastic-type cell problems.

However, due to the nonlinearity of the system we consider here, the two scales are
coupled, meaning that the pore-scale periodic cell problems have a dependence on the
macroscale and therefore cannot be easily solved. This dependence is through the quantity
(GEO))T appearing in (143)—(145) and (215)-(216). This quantity is the Piola transform,
which involves the leading order deformation gradient F(*). This depends on both the
pore-scale and the macroscale, as can be seen in Equations (120) and (121). This means
that the two scales are not fully decoupled, and therefore, this dramatically increases the
computational complexity.

It is however crucial for a realistic analysis of the scenarios of interest (such as bio-
logical tissues) to be able to solve problems of this type. Despite the complexity, there
are some potential emerging techniques that may mean it would be possible to solve this
model numerically in the future. A recent example of a proposed method that could be
potentially used to solve the types of problems arising in this work is found in [45]. This
work investigated the potential of using Artificial Neural Networks (ANNSs) for quick,
accurate upscaling and localisation of problems. The method involves an incremental
numerical approach where there is a rearrangement of the cell properties relating to the cur-
rent deformation, and this means that there is a remodelling of the macroscopic model after
each incremental time step. This method is applicable to finite strain and large deformation
problems, whilst there will only be infinitesimal deformation within each incremental time
step. Reference [45] investigated the full effects of the coupling between the macroscale
and microscale for the first time in the analysis of fluid-saturated porous media. We believe
that by following an approach similar to the one set out in [45], we could obtain a solution
to our model numerically.

(1) (1)

We can use our expressions (203) and (204) for u; ’ and uy; ’ to rewrite ((TI(O))hn and
(U'I(IO) )1in- We have:

(0'1(0))lin =CVy(AVu® +ap®) + ¢, Viu®
=CVyAVsu® + ¢ Vsap® + € viu®
=CM;Vsu® + ¢, Vxu® 4+ C,Qp ¥
=(CM; + C)Vxu® +C,0,p©, (218)
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and:
(UI(IO))lin :CIIVY(AIIVXU(O) + anp(o)) + (CHV)’(U(O)
:CIIVYAHVXH(O) + (CHVYaHP(O) + (CHVXU(O)
:CIIMIIV)'(“(O) + CHVXU(O) + CIIQIIP(O)
:((CHMH + (CH)V,-(u(O) + (CHQHP(O)/ (219)
where we define the pore-scale gradients of the auxiliary variables as:

M; = VyA;, My = ViAy, Q= Vya, Qu= Vyan (220)

Then, we can return to (163) and use our linearised solid stresses to find the effec-
tive stress:

et = ()it + (@) — PO ((GV) T,
= (<CIMI + (C1>1 + <(C11Mu + Cu>u)v>'(u(0) + (<CIQ1>1 + <(CHQH>H
(G Ty) p 0. (221)

As mentioned in Section 3.4, we return to the expression (157), restated here for
convenience,

Vi (61w (6 ) = (T (67T + (T (6)T) -
+(617: vy + (6 : veal)y (222)

(1) (1)

We obtain expressions for u;"’ and u;; * by taking the time derivative of (203) and
(204), and we then substitute these expressions into (222) to obtain:

Vs - ((60w)s + (6)a@) = (61 : vy, : V@ + (G : Vyay)p®
+ <G1(10) : VA v)‘(ﬁ(o) + <G1(10) : VY311>11}5(0)
~ (V- @)+ (Ve (67T -6 (@229)
Expanding the LHS in (223) and using (220), we obtain:

Vs (6 w)s + Vs (67 ®) =(6{* s M), : Vs ® + (6" : @1),p®
+(GY : M) - Vxa® + (G : Qu)up¥
— (Vx (G4 (T (67) ) - u. - (229)
Expanding the second term on the LHS further and rearranging, we obtain:
Vs (6 Wi+ (67 Veal® =(61” M) - Vs 4 (6% - @u)ip”
+(G : M = Vxa©@ + (G : Qu)up® — (V- (S
(VG + (Ve (67)T)) -, (225)
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Rearranging and collecting () terms gives:
0 _ 1 l o Oy |
p Vi (6w + (67— (6l s 14,
<G(O (Qu) + <G1(10 : Qu)u f I
Mu II> vxu < V)’( : (GI(O))T>I + <V>'< : (GI(IO))T>II
+(Vx- (6T f>-u >]- (226)
We define: 1
M:= — (227)
< QI>I + < QII>
and: o 0 .
7= (G — (69 : M)y — (G : My, (228)
and we can then use (227) and (228) to rewrite (226) as:
pO = - M[V- (V) +&: Vsa® + (V- (62)T) + (Vs - (G )y
+ (V- (G T)y) - )], (229)
Finally, we can divide by M to obtain:
p QIR ON: )T
M =— Vs (G 'w)g—a: Vxa®” — ((Vx- (G7) )i+ (Vx- (G ')
+ (V- (G T)) - u©. (230)

We therefore have now derived the effective macroscale governing equations for a
nonlinear poroelastic composite that has the constitutive law given by the de Saint-Venant
strain energy function. We state our novel macroscale model and then consider limit cases
for the model where we obtain previously known results from the literature. The equations
in the macroscale model represent a poroelastic-type system of PDEs. Therefore, the
macroscale model is given by:

(W) = —(W)¢Vxp©, (231)
Vg - o =0, (232)
OEff = (<(CIMI + (C1>1 + <CIIMII + CII>H) : qu(o) + (<C1Q1>1 + <CIIQII>H
(6T p@, (233)
0) _ 1 [v O ( Oy /e |
p s (G w4 ( (G ) — (G M)y
<G(0) ( Qi)+ <G1(10) 1 Qu)n f f I

(60 MH>) Vu<°>+(< (GO 1 (Vs - (GO)T)y
+(Vx- <G£°)>T>f) : u<°>], (234)

where the macroscale pressure is denoted by p(?), u(® is the leading order elastic dis-
placement, the solid velocity is represented by u(®) and, finally, w is the leading order
relative fluid—solid velocity. Equation (231) in the macroscale model is Darcy’s law for w.
Equation (232) of the macroscale model is the stress balance equation with the effective
stress tensor ogg. The constitutive equation given by (233) is of poroelastic type; however,
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it contains a nonlinear coordinate transformation. The effective elasticity tensor for the
material is given by: N
C = (CiM; + Cp); + (CyMy + Cy)yy (235)

Finally, (234) is the conservation of mass for a nonlinear poroelastic composite material.
The three terms in our expression for p(o) that are the divergence of the Piola transforms in
the subphase, matrix and fluid, respectively, describe the volume changes related to the
deformation and can be viewed as a correction term that maintains the conservation of mass
despite the nonlinear coordinate transformations. We can say that the effective mechanical
behaviour of our nonlinear poroelastic composite material can be fully described by the
model coefficients, that is the effective elasticity tensor C, the hydraulic conductivity tensor
(W), the transformed Biot’s tensor of coefficients, & and the transformed Biot’s modulus,
M. We note that although, structurally, this model is similar to that of linear poroelasticity,
the key novelty resides in the model coefficients that capture the nonlinear deformations
and the additional terms. These model coefficients are to be obtained by solving the novel
cell problems (143)—(145), (205)—(210) and (211)—(216)

Next, we consider particular cases for our model and are able to derive previously
known models that were developed using the asymptotic homogenization technique.

4.2. Comparison with Linear Poroelastic Composites

We begin with the case where the poroelastic composite solids that we are considering
are linearly elastic. This setting is applicable to many situations including the interstitial
matrix of biological tissues and when describing hard hierarchical materials such as bones
and tendons where deformations are very small. We note that to reduce to the linear elastic
case, we have that G — 1. We also introduce the notation:

(@01 + (@u)n = (@1 + @u)s, (236)

for fields @ with components ¢; and @y defined in the solid cell portions QY or )Y, respec-
tively. This means that the model (231)—-(234) reduces to:

(w)r = —(W)Vxp?,
Vx - ogg =0,

OEff = <CIMI + G, + CyMy, + CH>SV>’<11(O) + (<CIQI + CIIQH>S - (PI)P(O)/ (237)
1
PO = ORI DIN (vx (W)g+ (@1 — (Tr(My + My))s) : vxa“’)),

This is identically the model for linear poroelastic composites presented in [27]. We
note that the integral average over the fluid domain of the identity tensor, (I)¢, is ¢I. We

also have that <G/(50) : Qp)p, where B = I, Il becomes (TrQp) 4 in the limit G — 1. Similarly,

<G(ﬁo) : Mig)p : Vxu(® becomes (TrMg)p : Vxal®). As a result of taking the limit GO -1,

we also have that F©) — I, and using this in the cell problems (143)—(145), (205)—(210) and
(211)—(216), we recover the same cell problems as in [27] and therefore obtain exactly the
same model coefficients under this limit.

We also note, as remarked in [27], that if we consider only one elastic phase, then
the model reduces to the macroscale model for a standard poroelastic material (see the no
growth limit in [39], as well as [22,25]). Furthermore, in the limit of zero fluid (no pores),
then this macroscale model reduces to the model for an elastic composite [46].

4.3. Comparison with Nonlinear Poroelasticity

We now wish to recover previous work on nonlinear poroelasticity. For this, we
assume that our material has only one hyperelastic phase, the matrix that we denote by
)5, with fluid flowing in the pores. We wish to compare our Equation (225) under the
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assumption of only one elastic phase with the generalised Biot fluid equation found in [31].
We can rewrite our equation with only one elastic phase as:

V- (6 W) Vxp® = (60 : My : Vi@ + (671 Qo)spl® — (V- (61)T)s - 0
V- ((67)u®). (238)

We note that we do not consider any body forces, so the f appearing in [31] equals
zero here. A general ansatz for uD) was also used in [31], but we are still able to make some
identifications between the terms in our Equation (238) and the terms in their generalised
Biot fluid equation. We note that the model coefficients of [31] all involve (G(O)T, so we
should point out that due to a different choice in the definition of the Piola transformation
between this work and [31], we have that (G(O))T in [31] equals G in this work. We

also use a modified (16) where G(0) = Géo) in Qf and GO = GEO) in Q?, and we have the

continuity of Gé‘)) and G EO) on the interface between the phases. This means that we can
identify the coefficients:
K = —(GOW), A" = (Vs(6¥A))s = (G : M),

(239)
B* = (Ve(GYa)), = (G : Q,), D

I
—~
(9]
°
~
o]

The difference in sign between K* and W is due to the difference in the choice of
ansatz for the fluid problem. We therefore can recover the generalised Biot fluid equation
from our Equation (238).

We now wish to compare the macroscale elasticity equation in [31] with our macroscale
balance equation and constitutive law (232) and (233). We first should note that in our
work, we are not considering any body forces, and therefore, we can assume that the f
and b appearing in [31] are both zero. Using (233) in (232) and reducing to only one elastic
phase, we obtain:

Vs - (((CM +C), : Vsu® + ((€Q), — ((GV)T)y) p<0>> -0 (240)

We are able to make the identifications between the equation of [31] using a generalised
ansatz and our Equation (240), where a specific ansatz is used. The term Ce, (1) can be
identified with our term C : Vxu(©). Similarly, the term Cey(N(po, Vxuig)) can lead to our
terms CM : Vxu(®) + CQp(©) when using our ansatz. Finally, we need to compare the term
$1(po, Vi) Vxpo appearing in [31] with the final term in (240). The final term in (240) can
be expanded as:

— V- (6N Tp©@) = (6T vgp® — (Vs - (GV)5)p© (241)

The term ¢ (po, Vo) Vxpo can be identified with the first term in (241), and when

we assume that G EO) is a constant, then we recover exactly the macroscale elasticity equation
of [31].

We also wish to make a comparison between the cell problems found in [31] and our
cell problems. The fluid cell problem (143)—(145) matches exactly the first cell problem
found in [31]. We however do not require the second cell problem found in [31] as we
do not include any forces in our formulation, so f = 0. We also have the two elastic cell
problems (205)-(210) and (211)-(216), and these cannot be directly compared with the cell
problems found in [31] as these arise after the application of a specific ansatz. We can
however compare the elastic problem of [31] with (165) and (169), and it is clear that if (165)
and (169) are identical, up to a choice of sign, to the balance equation of [31]” and continuity
of stresses, then the same ansatz would produce the same cell problems.
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4.4. Comparison with Nonlinear Elastic Composites

We now consider the case that our structure has no pores and therefore can be de-
scribed as a composite comprised of two hyperelastic materials. We can instantly reduce
our model (231) by removing the equations that govern the fluid. We are able to obtain the
model derived in [33], where we make the assumption that plastic distortions are absent,
that is assuming F, = I'in [33].

When we assume that F, = I in [33], then we have that the plastic Green-Lagrange
strain tensor E;,O) = %((F;O))TF;O) —1I) = 2(I—1) = 0. This means the first Piola stress
obtained in [33] becomes:

Tl — % : H, (242)
and we can make the identifications in the notation that 4g = C and Tl(ig) = O'I(ion) in our
case. Therefore, the first Piola stress tensor (194), that we obtained here matches the first
Piola stress obtained by [33].

We should note that within this work, we use notation to specifically identify the two
constituents of the composite, whereas [33] kept the different constituents implicit. We can
modify our problem (197)-(202) to remove the involvement of the fluid. We therefore end
up with the problem for elastic composites, which is given by:

Vy (V) + Ve (V@) =0 in Q°,  (243)
Vi (CuVe(ui) + Vi (CuVs@) =0 in Qf  (244)

uI(l) = qu) on F?H, (245)

CVy(a)nd — CyVy(ui)nd = (Cr — C)Vs(@@)nd,  on TY.  (246)

When using the notation of [33], we can write (243)—(246) as:

Divy T =0, (247)
(] =0, (248)
[T .NJ]] =o. (249)

This matches identically the problem given by [33]. The reduced problem (243)—(246)
has the ansatz:
ul(l) = AIqu(O) and ul(ll) = AHqu(O), (250)

where A; and Ay are third rank tensors. This is the ansatz (203) and (204) where we take
p(o) = 0. This leads to the cell problem for A; and Ay:

Vi (CiVy(A))+Vy-C =0,

Vy - (CuVy(An)) + Vy - Cy =0,

A= Ay,

CiVy(A)nj — CuVy(An)nj = (Cy — Cn),

(251)

which is again cell problem (205)—(210) reduced under the assumption that our material
has no pores. In [33], they remarked about the case of no plastic distortions occurring and
stated the cell problem they obtained under those circumstances, and this is identical to
the cell problem (251) where we make the identification that TGrady¢ = VyA = M in our
work and where we use the implicit notation that:

M] in Q? P
M — oo (252)
MII m QII .
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Therefore, the cell problem from [33] that matches (251) is given by:

Divy(% + % : TGrady¢) =0,

[[¢]] =0, (253)
[(€ + ¢ : TGrady¢) - N|] = 0.

Finally, under the assumption of no fluid-filled pores, our macroscale model (231) can

be reduced to:
{Vx ~oggs =0,

(254)
oggr = (CiM;y + C; + CyMy + CH)sVXu(O)-

We can make the identification that o = € : Gradgu?), then we can see that (254)
matches the model obtained in [33] in the absence of plastic distortions. This is given by:
Div;((‘f : Gradgu(o))s =0, (255)
(€ Gradxu(o)>s = (% : TGrady¢ + ‘K)sGradgu(O).

Therefore, we can conclude that our model for nonlinear poroelastic composites can
reduce to the model of [33] under the assumption of no plastic distortions.

5. Concluding Remarks

We derived a novel framework consisting of partial differential equations that describe
the effective mechanical behaviour of nonlinear poroelastic composites. These structures
are comprised of a porous hyperelastic matrix with embedded hyperelastic subphases, both
of which interact with the fluid flowing in the pores. This type of structure is applicable
to many real-world situations, including modelling of soft biological tissues. We began
by considering the multiphase fluid—structure interaction (FSI) problem among all the
constituents. The problem is closed by appropriate interface conditions arising from the
continuity of stresses, displacements and velocities. We also performed a coordinate trans-
formation on certain quantities in the FSI problem in order to obtain a formulation in the
reference configuration. We exploited the length scale separation between the pore-scale
(where the pores and elastic subphases are clearly visible) and the macroscale (average
size of the material domain) to apply the asymptotic homogenization technique to the
nondimensionalised system of PDEs in order to obtain a macroscale system of governing
equations. We were able to recover previously known results in the literature by consider-
ing particular limit cases of our model. The new model encodes the detailed properties of
the microstructure in its coefficients, that is the microstructural details are encoded in the
effective hydraulic conductivity tensor, the Biot modulus and Biot’s tensor of coefficients.
These are computed by solving the arising differential problems on the periodic cell.

The model obtained here is a generalisation of the formulations for multiphase elasto-
plastic composites [33] in the limit of no plastic distortions and the formulations of hy-
perelastic porous media [31]. The model is also a natural extension to the formulation
for linear poroelastic composites [27]. All three of these models are recovered as partic-
ular cases of our new macroscale model. The key novelty of this work is the ability to
describe a scenario where the hyperelastic matrix is inhomogeneous at the pore-scale, that
is we are able to account for the interactions between various hyperelastic phases and
the fluid flowing in the pores. This is generally the case in biological tissues. This means
that this model is applicable to a wide range of biological scenarios including modelling
lungs. The lungs have previously been approached in a biphasic (tissue and air) man-
ner [9]. However, the lung microstructure is more complex, and there exist collagen and
elastin fibres embedded in the matrix and in the fluid, so it could therefore be beneficial
to use a nonlinear poroelastic composite approach to modelling. Another example is [12],
where the interaction between pulsatile blood flow and the arterial wall mechanics was
modelled. The blood flow was modelled as an incompressible viscous fluid, confined
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by Biot’s equations of poroelasticity for the artery wall. This model could be generalised
by considering the wall as a nonlinear poroelastic composite of the type we modelled in
this work. The formulation of standard nonlinear poroelasticity is applicable when the
solid phase can be approximated as a homogeneous matrix. The linear formulation of
poroelastic composites is applicable to situations where the deformations are small such as
in hard hierarchical material such as bones (see, e.g., [28,47]). Our novel model provides a
formulation that bridges a gap that has not previously been considered and can be grouped
with those found in [17] for strength homogenization, nonsaturated microporomechanics,
microporoplasticity and microporofracture and microporodamage theory as an extension
to the nonlinear homogenization of porous media.

There are some limitations of the current model, and there are a number possible
theoretical extensions that could potentially improve its applicability to certain biological
systems. At present, the macroscale model is derived by accounting for a quasistatic regime
and only considering the incompressibility of the fluid. Within this work, we used the
de Saint-Venant strain energy function for the sake of simplicity. To study a wider range
of scenarios, we would need to select a variety of more detailed constitutive laws and
then use those to formulate the problem before finding the corresponding cell problems
and the homogenized macroscale model. Strain—energy functions specific to certain ap-
plications could be used in our formulation, for example the Holzapfel-Ogden Law for
the myocardium. Another possible extension, which would be of particular interest, is
to incorporate growth and remodelling in our framework. Growth and remodelling are
of particular importance to settings such as arteries or heart subject to disease or ageing.
Finally, a third theoretical extension we could consider would be the assumption that the
solid matrix and the subphases are both incompressible, in addition to the fluid incompress-
ibility, which was already assumed in this work. This would require the incompressibility
constraint to be imposed when defining the strain energy function and when determin-
ing the Piola stresses in the material. This would lead to alternative cell problems and
macroscale model. Moreover, it would be possible to assume that the fluid was in fact
compressible, and this would lead to the appearance of the fluid bulk modulus in the
resulting Biot’s modulus of our system. This modification could be particularly useful to
modelling applications in lungs where acoustic properties can be used to aid the diagnosis
of respiratory diseases [9,48]. It would also be possible to consider a three-scale approach
where there would exist an intermediate local scale between the pore-scale and macroscale
that is still well separated. To do this, we could follow the approach taken in [49,50] for
fibre-reinforced composites.

There are a number of potential next steps for this work; however, potentially the
most important of these is to investigate the model by numerical simulations. Recently, the
numerical simulations of the cell problems arising from the asymptotic homogenization
technique when studying linear elastic composites and linear poroelasticity were carried
out by [40,44]. The simulations for a linear poroelastic composite could be obtained by
using the techniques in [40,44] to compute the poroelastic coefficients in the linear problem.
Obtaining numerical results for the nonlinear macroscale model is significantly more
complex due to the coupling between the macroscale variables and the cell problems.
Developing suitable computational schemes is a current active area of research. A recent
example of a proposed method that could be potentially used to solve the types of problems
arising in this work is found in [45]. It is important to note that the potential results of
any simulations should be validated by experimental data, which could be related to
biological tissues.

Author Contributions: L.M. wrote the manuscript, performed the analysis and contributed to
conceiving of the project; R.P. conceived of the project, oversaw the research and contributed to
performing the analysis; Both L.M. and R.P. reviewed the manuscript. Both authors read and agreed
to the published version of the manuscript.



Appl. Sci. 2021, 11, 6611 32033

Funding: L.M. is funded by EPSRC with Project Number EP/N509668/1, and RP is partially funded
by EPSRC Grants EP/S030875/1 and EP/T017899/1.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Biot, M.A. Theory of elasticity and consolidation for a porous anisotropic solid. J. Appl. Phys. 1955, 26, 182-185. [CrossRef]

2. Biot, M.A. General solutions of the equations of elasticity and consolidation for a porous material. J. Appl. Mech 1956, 23, 91-96.
[CrossRef]

3.  Biot, M.A. Theory of propagation of elastic waves in a fluid-saturated porous solid. II. Higher frequency range. . Acoust. Soc.
Am. 1956, 28, 179-191. [CrossRef]

4. Biot, M.A. Mechanics of deformation and acoustic propagation in porous media. J. Appl. Phys. 1962, 33, 1482-1498. [CrossRef]

5. Berryman, ].G.; Thigpen, L. Nonlinear and semilinear dynamic poroelasticity with microstructure. J. Mech. Phys. Solids 1985,
33, 97-116. [CrossRef]

6. Bemer, E.; Boutéca, M.; Vincké, O.; Hoteit, N.; Ozanam, O. Poromechanics: From Linear to Nonlinear Poroelasticity and
Poroviscoelasticity. Oil Gas Sci. Technol. Rev. IFP 2001, 56, 531-544. [CrossRef]

7. Norris, A.N,; Grinfeld, M.A. Nonlinear poroelasticity for a layered medium. J. Acoust. Soc. Am. 1995, 98, 1138. [CrossRef]

8.  Zakerzadeh, R.; Zunino, P. A computational framework for fluid-porous structure interaction with large structural deformation.
Meccanica 2019, 54, 101-121. [CrossRef]

9.  Berger, L.; Kay, D.; Burrowes, K.; Grau, V.; Tavener, S.; Bordas, R. A Poroelastic Model Coupled to a Fluid Network with
Applications in Lung Modelling. 2015. Available online: http://xxx.lanl.gov/abs/1411.1491 (accessed on 4 April 2019).

10. Chapelle, D.; Gerbeau, ].E,; Sainte-Marie, J.; Vignon-Clementel, L.E. A poroelastic model valid in large strains with applications to
perfusion in cardiac modeling. Comput. Mech. 2010, 46, 91-101. [CrossRef]

11. May-Newman, K.; McCulloch, A.D. Homogenization modeling for the mechanics of perfused myocardium. Prog. Biophys. Mol.
Biol. 1998, 69, 463—481. [CrossRef]

12.  Zakerzadeh, R.; Zunino, P. Fluid-structure interaction in arteries with a poroelastic wall model. In Proceedings of the 2014 21th
Iranian Conference on Biomedical Engineering (ICBME), Tehran, Iran, 26-28 November 2014; pp. 35-39.

13.  Auton, L.C.; MacMinn, C.W. From arteries to boreholes: Steady-state response of a poroelastic cylinder to fluid injection. Proc. R.
Soc. A Math. Phys. Eng. Sci. 2017, 473, 20160753 [CrossRef]

14. Fraldi, M.; Carotenuto, A.R. Cells competition in tumour growth poroelasticity. J. Mech. Phys. Solids 2018, 112, 345-367. [CrossRef]

15. Babaniyi, O.; Jadamba, B.; Khan, A.A.; Richards, M.; Sama, M.; Tammer, C. Three optimization formulations for an inverse problem
in saddle point problems with applications to elasticity imaging of locating tumour in incompressible medium. J. Nonlinear Var.
Anal. 2020, 4, 301-318.

16. Guesmia, A.; Kafini, M.; Tatar, N. General stability results for the translational problem of memory-type in porous thermoelasticity
of type III. J. Nonlinear Funct. Anal. 2020. Available online: http://jnfa.mathres.org/issues/JNFA202049.pdf (accessed on 4
April 2019).

17.  Dormieux, L.; Kondo, D.; Ulm, E]J. Microporomechanics; John Wiley and Sons, Ltd.: Hoboken, NJ, USA, 2006.

18.  Hori, M.; Nemat-Nasser, S. On two micromechanics theories for determining micro-macro relations in heterogeneous solid. Mech.
Mater. 1999, 31, 667-682. [CrossRef]

19. Davit, Y,; Bell, C.G.; Byrne, H.M.; Chapman, L.A.; Kimpton, L.S.; Lang, G.E.; Leonard, K.H.; Oliver, ] M.; Pearson, N.C.; Shipley,
R.J. Homogenization via formal multiscale asymptoticsand volume averaging:how do the two techniques compare? Adv. Water
Resour. 2013, 62, 178-206. [CrossRef]

20. Auriault, J.L.; Boutin, C.; Geindreau, C. Homogenization of Coupled Phenomena in Heterogenous Media; John Wiley & Sons: Hoboken,
NJ, USA, 2010; Volume 149.

21. Holmes, M.H. Introduction to Perturbation Methods; Springer Science & Business Media: Berlin/Heidelberg, Germany, 2012;
Volume 20.

22. Mei, C.C,; Vernescu, B. Homogenization Methods for Multiscale Mechanics; World Scientific: Singapore, 2010.

23. Penta, R.; Gerisch, A. An Introduction to Asymptotic Homogenization. In Multiscale Models in Mechano and Tumor Biology;
Springer: Berlin/Heidelberg, Germany, 2017; pp. 1-26.

24. Lévy, T. Propagation of waves in a fluid-saturated porous elastic solid. Int. |. Eng. Sci. 1979, 17, 1005-1014. [CrossRef]

25. Burridge, R; Keller, ].B. Poroelasticity equations derived from microstructure. J. Acoust. Soc. Am. 1981, 70, 1140-1146. [CrossRef]

26. Penta, R.; Merodio, ]. Homogenized modeling for vascularized poroelastic materials. Meccanica 2017, 52, 3321-3343. [CrossRef]

27.  Miller, L.; Penta, R. Effective balance equations for poroelastic composites. Contin. Mech. Thermodyn. 2020, 32, 1533-1557. [CrossRef]

28. Parnell, WJ.; Vu, M.B.; Grimal, Q.; Naili, S. Analytical methods to determine the effective mesoscopic and macroscopic elastic
properties of cortical bone. Biomech. Model. Mechanobiol. 2012, 11, 883-901. [CrossRef]

29. Castafieda, P. The effective mechanical properties of nonlinear isotropic composites. |. Mech. Phys. Solids 1991, 39, 45-71. [CrossRef]

30. Castafieda, P.; Zaidman, M. Constitutive models for porous materials with evolving microstructure. J. Mech. Phys. Solids 1994,
42, 1459-1497. [CrossRef]

31. Brown, D.L.; Popov, P; Efendiev, Y. Effective equations for fluid-structure interaction with applications to poroelasticity. Appl.

Anal. Int. |. 2014, 93, 771-790. [CrossRef]


http://doi.org/10.1063/1.1721956
http://dx.doi.org/10.1115/1.4011213
http://dx.doi.org/10.1121/1.1908241
http://dx.doi.org/10.1063/1.1728759
http://dx.doi.org/10.1016/0022-5096(85)90025-0
http://dx.doi.org/10.2516/ogst:2001043
http://dx.doi.org/10.1121/1.413612
http://dx.doi.org/10.1007/s11012-018-00932-x
http://xxx.lanl.gov/abs/1411.1491
http://dx.doi.org/10.1007/s00466-009-0452-x
http://dx.doi.org/10.1016/S0079-6107(98)00020-0
http://dx.doi.org/10.1098/rspa.2016.0753
http://dx.doi.org/10.1016/j.jmps.2017.12.015
http://jnfa.mathres.org/issues/JNFA202049.pdf
http://dx.doi.org/10.1016/S0167-6636(99)00020-4
http://dx.doi.org/10.1016/j.advwatres.2013.09.006
http://dx.doi.org/10.1016/0020-7225(79)90022-3
http://dx.doi.org/10.1121/1.386945
http://dx.doi.org/10.1007/s11012-017-0625-1
http://dx.doi.org/10.1007/s00161-020-00864-6
http://dx.doi.org/10.1007/s10237-011-0359-2
http://dx.doi.org/10.1016/0022-5096(91)90030-R
http://dx.doi.org/10.1016/0022-5096(94)90005-1
http://dx.doi.org/10.1080/00036811.2013.839780

Appl. Sci. 2021, 11, 6611 330f33

32.
33.
34.
35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Collis, J.; Brown, D.; Hubbard, M.; O'Dea, R. Effective equations governing an active poroelastic medium. Proc. R. Soc. A Math.
Phys. Eng. Sci. 2017, 473, 20160755. [CrossRef]

Ramirez-Torres, A.; Stefano, S.D.; Grillo, A.; Rodriguez-Ramos, R.; Merodio, ].; Penta, R. An asymptotic homogenization approach
to the microstructural evolution of heterogeneous media. Int. . Non-Linear Mech. 2018, 106, 245-257. [CrossRef]

Jayaraman, G. Water transport in the arterial wall—A theoretical study. J. Biomech. 1983, 16, 833-840. [CrossRef]

Klanchar, M.; Tarbell, ].M. Modeling water flow through arterial tissue. Bull. Math. Biol. 1987, 49, 651-669. [CrossRef]
Holzapfel, G.; Ogden, R.W. Constitutive modelling of arteries. Proc. R. Soc. A Math. Phys. Eng. Sci. 2010, 466, 1551-1597.
Bukac, M.; Yotov, I.; Zakerzadeh, R.; Zunino, P. Effects of Poroelasticity on Fluid-Structure Interaction in Arteries: A Computational
Sensitivity Study. In Modeling the Heart and the Circulatory System; Springer International Publishing: Berlin/Heidelberg, Germany,
2015; pp. 197-220.

Cookson, A.; Lee, J.; Michler, C.; Chabiniok, R.; Hyde, E.; Nordsletten, D.; Sinclair, M.; Siebes, M.; Smith, N. A novel porous
mechanical framework for modelling the interaction between coronary perfusion and myocardial mechanics. J. Biomech. 2012,
45, 850-855. [CrossRef]

Penta, R.; Ambrosi, D.; Shipley, R. Effective governing equations for poroelastic growing media. Q. J. Mech. Appl. Math. 2014,
67, 69-91. [CrossRef]

Dehghani, H.; Penta, R.; Merodio, J. The role of porosity and solid matrix compressibility on the mechanical behavior of
poroelastic tissues. Mater. Res. Express 2018, 6, 035404. [CrossRef]

Dehghani, H.; Noll, I; Penta, R.; Menzel, A.; Merodio, J. The role of microscale solid matrix compressibility on the mechanical
behaviour of poroelastic materials. Eur. ]. Mech. A/Solids 2020, 83, 103996. [CrossRef]

Dalwadi, M.P; Griffiths, LM.; Bruna, M. Understanding how porosity gradients can make a better filter using homogenization
theory. Proc. R. Soc. A Math. Phys. Eng. Sci. 2015, 471, 20150464. [CrossRef]

Penta, R.; Ambrosi, D.; Quarteroni, A. Multiscale homogenization for fluid and drug transport in vascularized malignant tissues.
Math. Model. Methods Appl. Sci. 2015, 25, 79-108. [CrossRef]

Penta, R.; Gerisch, A. Investigation of the potential of asymptotic homogenization for elastic composites via a three-dimensional
computational study. Comput. Vis. Sci. 2015, 17, 185-201. [CrossRef]

Dehghani, H.; Zilian, A. ANN-aided incremental multiscale-remodelling-based finite strain poroelasticity. Comput. Mech. 2021,
68, 131-154. [CrossRef]

Penta, R.; Gerisch, A. The asymptotic homogenization elasticity tensor properties for composites with material discontinuities.
Contin. Mech. Thermodyn. 2017, 29, 187-206. [CrossRef]

Weiner, S.; Wagner, H.D. The material bone: Structure-mechanical function relations. Annu. Rev. Mater. Sci. 1998, 28, 271-298.
[CrossRef]

Siklosi, M.; Jensen, O.E.; Tew, R.H.; Logg, A. Multiscale modeling of the acoustic properties of lung parenchyma. ESAIM 2008, 23,
78-97. [CrossRef]

Ramirez-Torres, A.; Penta, R.; Rodriguez-Ramos, R.; Merodio, J.; Sabina, F.; Bravo-Castillero, J.; Guinovart-Diaz, R.; Preziosi, L.;
Grillo, A. Three scales asymptotic homogenization and its application to layered hierarchical hard tissues. Int. J. Solids Struct.
2018, 130, 190-198. [CrossRef]

Ramirez-Torres, A.; Penta, R.; Rodriguez-Ramos, R.; Grillo, A.; Preziosi, L.; Merodio, J.; Guinovart-Diaz, R.; Bravo-Castillero, J.
Homogenized out-of-plane shear response of three-scale fibre-reinforced composites. Comput. Vis. Sci. 2019, 20, 85-93. [CrossRef]


http://dx.doi.org/10.1098/rspa.2016.0755
http://dx.doi.org/10.1016/j.ijnonlinmec.2018.06.012
http://dx.doi.org/10.1016/0021-9290(83)90007-6
http://dx.doi.org/10.1016/S0092-8240(87)90013-9
http://dx.doi.org/10.1016/j.jbiomech.2011.11.026
http://dx.doi.org/10.1093/qjmam/hbt024
http://dx.doi.org/10.1088/2053-1591/aaf5b9
http://dx.doi.org/10.1016/j.euromechsol.2020.103996
http://dx.doi.org/10.1098/rspa.2015.0464
http://dx.doi.org/10.1142/S0218202515500037
http://dx.doi.org/10.1007/s00791-015-0257-8
http://dx.doi.org/10.1007/s00466-021-02023-3
http://dx.doi.org/10.1007/s00161-016-0526-x
http://dx.doi.org/10.1146/annurev.matsci.28.1.271
http://dx.doi.org/10.1051/proc:082306
http://dx.doi.org/10.1016/j.ijsolstr.2017.09.035
http://dx.doi.org/10.1007/s00791-018-0301-6

	Introduction
	Formulation of the Fluid–Structure Interaction Problem
	Fluid–Structure Interaction in Lagrangian Coordinates

	The Asymptotic Homogenization Method
	Nondimensionalisation
	The Two-Scale Asymptotic Homogenization Method
	The Macroscale Results
	The Macroscale Fluid Flow
	The Macroscale Poroelastic Relationships

	The Macroscale Model and Particular Cases
	Constitutive Law
	Comparison with Linear Poroelastic Composites
	Comparison with Nonlinear Poroelasticity
	Comparison with Nonlinear Elastic Composites

	Concluding Remarks
	References

