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ABSTRACT The maximum entropy theory has been used in a wide variety of physical, mathematical and engineering
applications in the past few years. However, its application in numerical methods, especially in developing new shape
functions, has attracted much interest in recent years. These shape functions possess the potential for performing better
than the conventional basis functions in problems with randomly generated coarse meshes. In this paper, the maximum
entropy theory is adopted to spatially discretize the deformation variable of the governing coupled equations of porous
media. This is in line with the well-known fact that higher-order shape functions can provide more stable solutions in
porous problems. Some of the benchmark problems in deformable porous media are solved with the developed approach

and the results are compared with available references.
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1 Introduction

Studying porous materials to characterize their mechanical
behavior in different conditions is essential in many
engineering applications, including groundwater flow,
wells, oil reservoirs, biological tissues, nano-scale materi-
als, etc.

Movement of fluid in a porous medium can cause
deformation in its solid structure. While this phenomenon
may be less important in many engineering problems,
deformation of solid structures is crucially important in
certain civil engineering applications to ensure that solid
foundations remain stable, as consolidation of foundation
and settlement of structures can lead to severe damages of
buildings.

Analytical solution of the multiphase flow in porous
media may be applicable in very simple problems using
some simplified assumptions to reduce the complexity of
non-linear equations. In general, however the governing
coupled differential equations for deformable porous
systems have been solved numerically using, for instance,
the finite difference method [1-3], the finite volume
method [4-6] and discontinuous Galerkin methods [7,8],
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mostly used for modelling of flow and transport of miscible
and non-miscible fluids in porous media. For coupled
deformation analysis, the finite element method [9-15],
meshless techniques [16-19] and XFEM [20-22] have
been frequently used for continuum applications, disconti-
nuities and fracture problems. Moreover, application of
multiscale homogenization modelling in porous media has
been widely increased in recent years [23-26].

In a pioneering work, Beltzer evaluated the complexity
of finite element method with the maximum entropy [27].
Sukumar applied the Shannon’s entropy [28] to obtain the
minimum-biased interpolants on polygonal domains to
construct polygonal shape functions [29] and Arroyo and
Ortiz modified the local maximum entropy basis for
numerical solution of PDEs [30]. Millan et al. used the
Galerkin method with cell-based maximum entropy basis
functions for PDEs to construct a smooth response with a
good control on unstructured meshes [31].

Ortiz et al. showed the robustness of the maximum
entropy meshless method with a tetrahedral background
mesh for integration of formulations of incompressible
problems and locking-free small strain elasticity [32,33].
Quaranta et al. used the maximum entropy basis function
to analyze nonlinear reinforced concrete shear walls [34].
Ullah et al. proposed an adaptive finite element-maximum
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entropy method, to refine the initial finite element model
with the maximum entropy approach [35]. Moreover, the
method was adopted for applied fracture problems [36—
38]. Wu et al. applied the adaptive method for material and
geometrical nonlinearities to solve the convection-diffu-
sion problem [39].

Application of the maximum entropy meshless method
in incremental small strain elastoplastic analysis of
geotechnical models was reported by Kardani et al. [40]
and Nazem et al. employed this method for consolidation
of porous media and investigated its robustness and
stability [41]. Navas et al. proposed a meshfree porous
media model based on the maximum entropy principle and
validated a set of benchmark steady seepage problems as
well as static and dynamic consolidation with the B-bar
algorithm to prevent the locking of the fluid phase [42—44].
Also, Zakrzewski et al. used this method to simulate an
undrained layer of soil with large deformations [45].

In numerical modelling of thermo-hydro-mechanical
coupled problems, which the major variables are tempera-
ture, pressure and displacement, it is generally accepted to
adopt a higher order interpolation scheme for displacement
[46]. In the conventional finite element method, this is
usually performed by higher order Lagrangian basis shape
functions, which require more nodes per element. The
maximum entropy shape functions, however, can provide
higher order continuity with the same number of nodes. In
this paper, the work of Sukumar [29] is extended to porous
media and its performance is assessed with available
reference analytical and numerical results.

After this introduction, the maximum entropy shape
function is presented in Section 2. Then, the governing
equations of porous media are described in Section 3.
Section 4 is dedicated to solution and discussion of the
benchmark problems of porous media. The concluding
remarks are presented in Section 5.

2 Maximum entropy shape functions

The concept of entropy in the information theory was
defined by Shannon [28] for measuring the uncertainty of
data or the insufficiency of knowledge. The maximum
entropy concept was then introduced by Jaynes [47] based
on the Shannon theory [28] as the least biased statistical
inference of an event occurrence. He discussed the relation
between the maximum entropy and other spectral methods
and concluded that this method could have an optimal
result where prior information was available. The concept
of maximum entropy has been applied to a wide range of
applications, from atomic and molecular problems and
nuclear physics [28] to image processing [48] and
economics [49], as a good mean for fields with insufficient
data.

Shannon proposed a robust method for making decision
and predicting occurrence of an event in the case of

uncertainty in data interpolation problems [28].

H(p1.paspa) = —ks»_ plogps, (1)
i=1

14

where p; represents the probability of phase case i to
happen and £ is the Boltzmann constant. A higher entropy
indicates the most probable state, which is associated with
more disorder [50].

H(py,p2,---spy) should be a continuous monotonically
increasing function for the case of equal probabilities. This
condition can well be satisfied by the logarithmic form.
The entropy of a continuous distribution, as defined in the
information technology systems, can be written as Ref.
[28]:

1= [ px)logox)a. @)

H is a good measure of uncertainty and Jaynes showed
that maximizing the defined entropy would lead to the
most unbiased state [51]. The term p(x) is the density
distribution function and states the probability of occur-
rence. It is noted that kp is considered unity in the
informational entropy and is the key point of difference
with the thermodynamic entropy defined in Eq. (1).
Similarly, the entropy for a discrete set of probabilities of
an event i is written in the form of Eq. (3),

H=-Y" pjlogp;. 3)
=1

It is clear that the summation on non-negative

n
probabilities is always one; Z p; = 1, which represents
=1
the concept of partition of unity. This fact can be
considered as a constraint to the maximizing problem.
Also, there may be extra information, which should be
considered in the form of following constraints in terms of
x and y for each state.

Y pi=1 “)
X = Z DiXi, %)

y=>_ ps (6)
=1

where x and y are the coordinates of a point inside the
element and x; and y; are the nodal coordinates. The
Lagrange multipliers method is employed to impose the
mentioned constraints. Therefore, the functional L is
defined as:



Emad NOROUZI et al. Maximum entropy based finite element analysis 3

L= - ipilogpi + (a—1) (1 - il%’)
=1 P
+5 (x me) + V(y Zpiyi) (7)
i=1 i=1

Differentiating the functional L with respect to p;,
maximizes the entropy and fits the constraints. The
Lagrange multiplier oo—1 is assumed in this form to
simplify the manipulation process:

oL

o = —1-logp;—(a—1)—pB(x;) —y(y;) =0,

for i =1,2,3... ®)
Rewriting Eq. (8) leads to:

logp; = —a—fx;—yp—p;=e “ P (9)

The calculated p; corresponds to the maximum uncer-
tainty, defined in Eq. (3), along with constraints of Egs. (4)
to (6). The partition of unity Eq. (4) is used to obtain:

n n
E pi=¢ § e Piwi — |5
i=1 i=1

1
TS e (10)

i=1

Substituting the last term of Eq. (10) into Eq. (9), the
weighed form of probability is obtained,

e*ﬂxi Wi

S ST
>

Here, the two remaining coefficients are calculated by
multiplying p; to e“; and e“y;, respectively, and a
summation on the probabilities leads to:

(11)

n
e“xp; = e_ﬂx"_yy"xi = e g X;p;

i=1

n
XZE XiPi n By — .
E e Pi=wix.

n — .
= Ze*ﬂxﬁyyixi = i x=0,
. e’
i=1
(12)
n
ey =e Py = e
=1
- —pxi =i y:":Z'yipi Z:’:le—ﬂx,—yyiy[
:Ze Ty = e’ =0
i=1
(13)

S and y are obtained by solving the two Egs. (12) and
(13) simultaneously. This step becomes highly complex if
more constraints are involved. The numerical method
developed by Sukumar [29] is adopted for solving these set
of equations. The calculated probabilities can be consid-
ered as finite element shape functions, because they
possess the necessary condition of partition of unity.

The exponential form of obtained shape functions leads
to higher order of continuity. The developed shape
functions NZ (in terms of p;) also can be used for
interpolating the displacement field:

4
u="» N, N=p:. (14)
i=1

It is noted that the entropy based shape functions
become bi-linear for a rectangular finite element, whereas
they become highly non-linear in terms of exponential
functions for general distorted elements [29]. Figure 1
shows the generated shape functions on a typical distorted
element, with coordinates of (0,0), (1,0.5), (0.5,1) and
(1,1), showing a major difference in comparison with the
conventional finite element shape functions.

3 Governing equations

Linear momentum, mass conservation (continuity equa-
tion) and energy conservation (enthalpy equation) govern
the behavior of porous media. All the assumptions, the way
the equations are derived and the finite element weak forms
are well covered in many references [18,46,52,53].

Beginning with the list of governing equations for an
unsaturated multi-phases porous medium:

Linear momentum conservation:

L .o+pb=0, (15)
Linear elastic isotropic constitutive relation:
o" =D, (16)
Darcy low:
v = Ko g, ), a7)
Ha
Mass conservation for phase o (no mass transfer):
D
S 1ape) + 1p Vv =0, (18)

where vector b is the body force, p is the average density of
system, o, 0" and & are the total stress, effective stress and
strain tensors respectively, D, is the elastic stiffness matrix,
v* is the relative velocity of phase a to solid, k is the
intrinsic permeability, k,,is the relative permeability of
phase a and p, is the viscosity of phase a.

The initial conditions are:
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Fig. 1 Comparision between conventional and maximum entropy shape functions in a non-rectangular element

ui—0) = 0, Py—0) = Pu(0)> Poi=0) = Pg0)-  (19)
The essential boundary conditions are:

u=1uonTl, (20)

P,=P, onTp, 21

Py =P, on Ip, (22)

and the natural boundary conditions can be written as:

t=omnp onl, (23)
qw =Vy-nr, on T, , (24)
4y =Vvg-nr, on Ly, 25)

where %, P,, and P,are the predefined values of the
independent variables on the essential boundary conditions
Iy, I'p,, and I'p , respectively. Also, t, g, and g, are the
rate of external force and flux vectors on the natural
boundary conditions I';, I, , and I'; , respectively.

For an unsaturated porous medium, the following

discretized set of coupled simultaneous equations are
obtained [54]:

0 0 0 u
d
Cws P ww ng —| P w
dt
CgS CgW ng Pg
K, —Cy, —Cyqlu F,
+l0 H, 0 P,| =|F,|, (6
0 0 Hy | P, F,

where the maximum entropy shape function N is used for

the displacement discretization, while the classical finite
element shape function Np is used for discretizing the
pressure and:

K. = [ (BI)'D(Bdo, 27)
Cov = [ (BI) am$ N a0, (28)
Cyg = f Q(Bf ) amS,N pdQ, (29)
Fo= [ (N pgao - [ (viTEar, Go)
with
kk,,,
How = [ B =7 Brd0, 31)
oy
Cps = f QNpTaSWmT(BuH)dQ, (32)
S, (a—n) oS, S
P = J. NI |2w 2 7/ p v Zw
o= ol { K, (S” CaPc)+”1<w

as,,

e ]dig, (33)
Sy(a—n) oS oS,
_ T |[Pw _ ow w
Cog = f N [7& (Sg P, 6Pc> +n 6PC]NPdQ’
(34)
Kk

Fo= [ B = pgd0- [ NpTgdr, 69)
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and
H, - [ B, p.40 36
88— fQ P . pESS (36)
Cp = f NoTaS,m" (B,1)de, (37)
S, (a—n) oS, oS
_ T|~g “Ow w
Cou = f N [7& <Sw +P, aPc) tn anNPdQ,
(38)
S, (a—n) oS, oS,
— T|Zg _p Pw) w
P = [ Ve { K, <Sg Fe aﬂ) "ap,
Se
12N pdQ, (39)
K,
1 kg T
F, = J-QBP pgng—erP q.dT, (40)

Hg

where 7 is the porosity of material, S,, and S, are the water
and gas saturation, ratio a is Biot constant, m = [1 1
0 ]T, K, K,,, and K, are the bulk modulus of solid, water,
and gas respectively.

B = L, N and Bp = LpNp, where L, and Lp are the
differential operators:

o
Ox ﬁ
0 Oox
L,=|0 £ , Lp = e (41)
9 9 oy
| Oy Ox |

w

oS,
P is the capillary pressure and both P, and P

c

are

chosen from the experimental relations [10,55].
Equation (28) can be rewritten as:

P —
7 1000 (N/m?)

B v =F,
dt
which is a nonlinear differential equation in time. This
time-dependent set of equations is solved in time by the
fully implicit method [46]:

(42)

B B
—+C X .- |— X, =F,_;. 43
[At " :| n+1 e |:At:| n+1 " G ( )

A Newton-Raphson scheme is adopted to solve the
nonlinear set of Eq. (43) [46].

4 Numerical simulations

In this section, benchmark porous media problems are
solved with the maximum entropy shape functions in order
to verify the developed algorithm and the results are
compared with the available reference results.

4.1 Saturated porous medium

4.1.1
loading

Two-dimensional saturated foundation under a strip

The first example is the consolidation of a layer of soil
under a strip loading. A semi analytical solution of this
example was derived by Brooker and Small [56,57] using
the finite difference method and the Fourier transform of
governing equations of saturated porous media.

The length of foundation is 12 m and only the half of the
problem is modeled, due to the symmetry of problem
(Fig. 2). The layer is 1 m height and 6 m length and 1000
Pa magnitude strip loading is applied to the foundation
between 0 <<a<<1 m. This problem is now solved for two
types of boundary conditions, defined in Table 1. The
material properties are presented in Table 2.

The problem is solved for the total time ¢, = 10,000 s
and with the time step Az=0.1 s. The results are compared
with the analytical solution of Gibson et al. [58] and
numerical solution of Samimi and Pak [16]. Figures 3 and

PN A R AR

'l“ll..ll‘.l" 1S
AN

Y ¥ ¥ .

w |

Symmetric line

Fig. 2 Meshing and natural boundary conditions
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Table 1 Definition of boundary conditions of example 4.1.1

base position  x direction y direction water pressure
rigid base top free free constant P,=0.0 Pa
bottom rigid rigid impermeable
left rigid free impermeable
right rigid free impermeable
smooth base top free free constant P,,=0.0 Pa
bottom free rigid impermeable
left rigid free impermeable
right free free impermeable
Table 2 Material properties of example 4.1.1
item symbol value
porosity n 0.3
biot coefficient a 1
elastic module of solid (N/m?) E led
Poissoin’s ratio v 0.0
solid density (kg/m?) Ps 2700
water density (kg/m®) Pw 1000
intrinsic permeability (m?) k le—6
dynamic viscosity of water (Pa-s) Fo l.1e3

4 present changes of surface settlement and water pressure,
respectively, along the middle height of symmetric line in
time. Clearly, they are in good agreement with the
references results, even though a randomly generated
mesh has been adopted.

4.1.2 Thermo-elastic porous medium

The second problem is about a saturated elastic porous
medium under the heat loading. In a thermo saturated
porous medium, all phases are locally in a state of

thermodynamic equilibrium [46]. With this assumption,
the general form of enthalpy equation (without considering
heat transfer) can be written as:

(pC)eff%—f + (pwCovyy + peCyvy) VT~ Ao V*(T) = 0,
(44)

with the effective heat capacity (pC).g:
(PC)etr = (1-n)p,Cs + np,C,,. (45)

Also, the effective heat conductivity is:
Aett = (1=n)A; + na,, (46)

where C, is the heat capacity and A, is the heat
conductivity of phase a.

This example, previously solved by Aboustit et al. [59]
and Lewis and Schrefler [46], is comprised of an elastic
soil column under a vertical load on the top of the column.
A temperature increase of AT = 50 K is also applied on
the surface of soil. Figure 5 shows the finite element mesh
and part of boundary conditions. Four-node elements with
the size of 25 mmx25 mm are used and each element has
four Gauss points.

The boundary conditions are defined in Table 3, and the
material properties are shown in Table 4. The time step is
set to Ar=0.1 s and the total time is #,, = 10,000 s.

Figures 6, 7, and 8 depict the changes of water pressure,
temperature, and vertical displacement, respectively, in
time at distances of 0.2 m, 1 m, and 3 m from the surface.
The results are in agreement with the reference results.
Figure 9 outlines the contours of variation of temperature,
which shows how the temperature changes across the
height of the specimen in time and towards a uniform
temperature.

4.2 Unsaturated porous medium

In this section, an unsaturated porous medium test, known
as the Liakopolous problem, is studied by two methods.

Settlement (m)

LI i T T T T T T TT

= = Rigid base

— Smooth base
% Samimi and Pak H
O Gibson

10! 10°

Fig. 3

10° 10*
Time (s)

Changes of settlement in the middle of foundation
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| T T T T T T°T

— = Rigid base

- v — Smooth base
700 W v Samimi and Pak [
o
£ 600 | v -
2 - .
Z
g
5
o=
=
Time (s)
Fig. 4 Changes of water pressure in the middle of foundation
1000 (N/m?) Table 4 Material properties of example 4.1.2
item symbol value
porosity n 0.3
Permeable  AT=50(K) A biot coefficient a 1
iD Q elastic module of solid (N/m?) E 6e6
Poissoin’s ratio v 0.4
solid density (kg/m®) Ds 2000
water density (kg/m®) P 1000
i intrinsic permeability (m?) k 4e-9
dynamic viscosity of water (Pa-s) Ly le-3
7m Effective special heat capacity (kcal/m-K-s) (PC)esr 40
% Effective thermal conductivity (kcal/m-K-s) Aetr 0.2
% non-saturated porous media, as the sample becomes non-
saturated due to water discharge from the bottom of
sample. This experiment has been examined by several
researchers numerically [11,19,52-54,61-67]. The experi-
Impermeable v mental conditions can be assumed as a uniaxial sample

¢ 2m 5

Fig. 5 Finite element mesh and boundary conditions of example
4.1.2

Table 3 Boundary conditions of example 4.1.2

position x direction y direction water pressure Heat condition

top free free constant P, = 0.0 Pa constant 7 = 50 K
bottom rigid rigid impermeable impermeable
left rigid free impermeable impermeable
right rigid free impermeable impermeable

The test performed on Del Monte sand by Liakopoulos
[60], is recognized as a benchmark problem in

column with 1 m height, which is filled by sand and then
the water is poured from the top of sample, until the porous
medium becomes saturated. Then, the inflow rate of water
is ceased and the water is discharged from the bottom of
sample, changing the state of porous medium to an
unsaturated condition. The test is solved without and in the
presence of air flow in the following sections. The material
parameters are listed in Table 5.

4.2.1 A Porous medium with deactivated air flow

In this case, the independent unknowns are displacement
and water pressure and the air pressure is assumed to
remain constant at atmospheric pressure all over the
sample. Hence, the capillary pressure is P, = —P,,. In
addition, it is assumed that after the inflow of water is
ceased, the pressure at the top of sample remains constant
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Fig. 6 Water pressure changes versus time
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Fig. 7 Temperature changes versus time
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Fig. 8 Settlement changes versus time

at the atmospheric pressure. The finite element mesh of
problem is shown in Fig. 10.
The initial capillary pressure is zero at t=0 s in every

nodes. Water pressure and displacement boundary condi-
tions are defined in Table 6.
As illustrated in Fig. 10, the problem is solved with a
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5 —» 10 —» 30 —>» 60 —» 9% —» 120

Fig. 9 Contour of temperature in different times

Table 5 Material properties of examples 4.2.1 and 4.2.2

item symbol value
porosity n 0.2975
biot coefficient a 1
elastic module of solid (N/m?) E 1.3e6
Poissoin’s Ratio v 0.4
density of soil (kg/m?) Ps 2000
density of water (kg/m®) Pw 1000
density of gas (kg/m®) Pg 1.22
bulk module of solid (N/m?) K lel2
bulk module of water (N/m?) K, 2e9
bulk module of gas (N/m?) K, 0.1e6
intrinsic permeability (m?) k 4.5¢-13
dynamic viscosity of water (Pa-s) Ly le-3
dynamic viscosity of gas (Pa-s) Hg 1.8e-5

25 cmx25 cm mesh and each element has 4 Gauss points.
In order to calculate the saturation and water relative
permeability equations in every time steps and every
Gauss points, the following empirical relation is adopted
[54]:

2.4279
Sw:1—0.10152< > for 5,>091, (47

Pw&

kyy = 1-2.207(1-5,,)0121, (48)

The problem is solved by Az=20 s for the total time of
two hours and the results of water pressure, capillary
pressure, saturation and vertical displacement are pre-
sented in Figs. 11-14, respectively. The results illustrate
variations of each variable in different times versus the
height of sample. Clearly, the results are perfectly
compatible with the reference results.

Temperature (K)
320
315
1 310
= 305
= 300
1 295
1 290
| 285
280
275
270
Time (min)
Water impermeable A
I'm
Permeable
Free water outflow v
FTTTr T T T
<>
0.1m

Fig. 10 Finite element mesh of problem 4.2.1

Table 6 Boundary conditions of problem 4.2.1

position x direction y direction water pressure
top free free impermeable
bottom rigid rigid constant P,,=0.0 Pa
left rigid free impermeable
right rigid free impermeable

4.2.2 A porous medium with activated air flow

The problem of 4.2.1 is solved again with the assumption
of change of air pressure along the column. Therefore, the
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7 Schrefler and Scotta
—10000 I T 1 | 1 |
0 0.1 02 03 04 0.5 0.6 0.7 0.8 0.9 1.0
Height (m)
Fig. 11  Water pressure changes versus height at different time
10000 I I T T T T T T T
— Pc¢Smin
=+ PclOmin
- 8000 H ssas: Pc20min
£ ==+ Pc30min
bt =y= Pc60min
5 6000 H =&= Pcl20min
] v Schrefler and Scotta
{=H
24000
o
o
2000
0
0 0.1 0.2 03 04 0.5 0.6 0.7 0.8 0.9 1.0
Height (m)
Fig. 12 Capillary pressure changes versus height at different time
1.00
0.98
= 096
2
= Swimin
2 094 | =+ SwlOmin
el e SW20min
== Sw30min
0.92 || = Sw60min
=4= Sw120min
v Schrefler and Scotta
0.90 | 1 1 | 1 1 | 1 I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Height (m)

Fig. 13 Saturation changes versus height at different time

air pressure is assumed as an independent variable in the
finite element formulation. The air pressure at the top and
bottom of sample is assumed constant (atmospheric
pressure). Hence, the capillary pressure is equal to the

difference of air and water pressures: P, = P, —P,,. The
material properties are defined in Table 5. Also, the
adopted finite element mesh is depicted in Fig. 15.

The capillary pressure is zero at each node due to
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uySmin
= uyl0min
G [ u;'ZOmin
== uy30min
=¥ uy60min
~1.4 - =% uyl20min
v Schrefler and Scotta

Vertical displacement (m)
|
=
o0
T

-1.6 I 1 L 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Height (m)
Fig. 14 Vertical displacement changes versus height at different time
Water impermeable N The elements are similar to the previous example and the

Free gas outflow

I'm

Permeable
Free water outflow
Free gas outflow v
T aima iy amiar i
<>
0.1 m

Fig. 15 Finite element mesh of problem 4.2.2

Table 7 Boundary conditions of problem 4.2.2

position x direction y direction  water pressure air pressure

top free free impermeable  constant P,;;=0.0 Pa
bottom rigid rigid constant P,,=0.0 Pa constant P,;=0.0 Pa
left rigid free impermeable impermeable
right rigid free impermeable impermeable

imposition of initial conditions. Displacement, water
pressure and air pressure boundary conditions of problem
4.2.2 are defined in Table 7.

time step and total time are At=0.1 s and ¢, = 7200 s,
respectively. For calculation of water pressure and relative
permeability of water, Egs. (47) and (48) are used. For the
air relative permeability, the Brooks and Corey relation is
utilized [55]:

kr_air = (1 7Se)2/(1 7S£2+A)/A)> (49)

Se = (swfswr)/(l 7Swr)5

where s,, s,,=0.2 and A=3 are the effective water
saturation, the residual water saturation and the pore size
distribution index, respectively. The results for 5, 10, 20,
30, 60, and 120 minutes are depicted in Figs. 16-20.

Finally, the outflow rate of both methods are obtained in
time and compared with the laboratory data in Fig. 21 to
examine the best performance.

(50)

5 Conclusions

In this paper, the recently developed basis of maximum
entropy concept is used to construct the shape functions of
finite element method, to study the behavior of porous
problems. The shape functions have the capability of
solving the problem even in distorted meshes and are
capable of obtaining higher orders of continuity with the
same degrees of freedom.

Some of the major problems in saturated, thermo-
saturated and unsaturated porous media have been studied
with this method. The results are in good agreement with
available references.

The method has been used in the field of porous media
and coupled problems. Nevertheless, it is potentially
attractive in other complex problems such as disconti-
nuities and fracture. On the other hand, the complexity of
solving equations and high expenses of constructing the
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shape functions, should be realistically examined for
general engineering applications.
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