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This paper examines the coupled hydro-thermo-mechanical behaviour of a fluid-saturated
porous sphere with a skeletal fabric that can exhibit either elastic or elasto-plastic
mechanical behaviour. Analytical results for the thermo-poro-elastic response of the
sphere subjected to transient heat transfer are complemented by computational results
for the analogous thermo-poro-elasto-plastic problem. The results presented in the paper
examine the influence of the permeability, thermal expansion properties of the pore
fluid and the skeleton, and the elasto-plasticity effects of the porous skeleton on the
time-dependent pore fluid pressure, displacement and stress within the sphere.
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1. Introduction

An understanding of the thermo-hydro-mechanical (THM) behaviour of
geomaterials is mnecessary for many applications in the environmental
geosciences and geoenvironmental engineering. In the area of deep geological
disposal of heat-emitting radioactive wastes (Gnirk 1993; Selvadurai &
Nguyen 1997; Rutqvist et al. 2001; Stephansson et al. 2004; Alonso et al.
2005), earthquake hazards along fault zones (Rice 2006), geothermal energy
extraction (Dickson & Fanelli 1995; Duffield & Sass 2003) and ground
source energy extraction (Knellwolf et al. 2011; Laloui & Di Donna 2011),
the coupled processes associated with heat transfer, mechanical deformations
of the porous skeleton and fluid movement under thermal, hydraulic and
mechanical effects are recognized as important considerations. Knowledge
of the coupled THM processes in the fluid-saturated geological medium
is also essential to accurately evaluate the pore-fluid pressure responses,
where adverse fluid pressures can induce damage in the form of micro-
fracturing to the porous skeletal structure. Investigations dealing with the
modelling of THM processes in poro-elastic fluid-saturated media are quite
extensive. The reader is directed to recent literature in geomechanics,
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particularly those conferences devoted to poromechanics (Selvadurai 1996;
Thimus et al. 1998; Auriault et al. 2002; Abousleiman et al. 2005), articles
with extensive reviews (Selvadurai 2007; Schanz 2009; Selvadurai & Selvadurai
2010) and the recent articles on nuclear waste management cited previously,
for further information.

Conventional poro-elasticity and thermo-poro-elasticity problems have been
examined in the literature, starting with the classical studies by Mandel (1953)
and Cryer (1963) (see also Selvadurai & Shirazi 2005), and the amplification of
the pore-fluid pressure during radial loading of a saturated clay was confirmed
in the experimental studies conducted by Gibson et al. (1963). The thermo-poro-
elastic problem for a hollow sphere subjected to a sudden rise in temperature
and pressure on its inner wall was studied by Kodashima & Kurashige (1996).
In their work, the heat transport equation included a nonlinear convective
term; the analytical solution of the problem was obtained for the steady-state
case, and the transient solution was obtained numerically. Similar studies were
conducted by Rehbinder (1995), who considered problems with cylindrical and
spherical symmetries, and the stationary solutions for the nonlinear thermo-poro-
elastic problem were obtained using a perturbation technique. Belotserkovets &
Prevost (2011) studied the transient response of a thermo-poro-elastic sphere
subjected to an applied radial stress. The goal of their studies was to characterize
the influence of the applied stress on the change in the temperature within
the sphere.

The present paper includes the study of an idealized problem where the
skeleton of the fluid-saturated material exhibits elasto-plastic effects. The
treatment of such effects is not generally considered applicable to brittle
geomaterials that have a greater susceptibility for damage development in the
form of micro-cracks and micro-fissures that can alter the stiffness and fluid
transmissivity properties (Selvadurai & Mahyari 1997; Mahyari & Selvadurai
1998; Selvadurai 2004; Selvadurai & Shirazi 2004, 2005; Shirazi & Selvadurai
2004). The consideration of plasticity effects is largely of interest to soft rocks
that could display elasto-plastic constitutive behaviour in their skeletal responses,
particularly in the small strain range (Desai & Siriwardane 1984; Darve 1990;
Davis & Selvadurai 2004; Pietruszczak 2010). Thermo-poro-elasto-plasticity of
clays has been discussed in connection with engineered clay barriers that have
been proposed for high-level nuclear waste disposal endeavours (Hueckel &
Borsetto 1990; Hueckel & Peano 1996; Laloui et al. 2005; Sanchez et al.
2008). Analytical investigations are rare; an example of the consolidation of
a poro-elasto-plastic column is given by Pariseau (1999) and the Cam Clay
plasticity model applied to the problem of thermal failure in saturated clays
was considered by Hueckel et al. (2009). The Cam Clay model was also used to
obtain an analytical solution for the undrained expansion of a spherical cavity
(Silvestri & Abou-Samra 2011).

This paper presents a comparison of analytical and computational results for
the idealized problem of the external heating of a fluid-saturated sphere with a
skeletal response that can be described by elastic or elasto-plastic phenomena.
The objectives of the computational studies presented in the paper are to
develop a set of benchmark computational results that can be used to validate
computational codes (such as COMSOL and ABAQUS) in their ability to provide
inter-code validations.
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2. Governing equations

We consider the class of porous materials in which the pore space is fluid-
saturated and the skeleton can exhibit mechanical and thermal deformations
associated with stresses and temperatures applied to the skeletal phase. The
porous material undergoes failure, which can be described by an appropriate
elasto-plastic model, characterized by an yield condition, a flow rule and a
hardening law. It is assumed that the thermo-physical properties for the solid
phase of the geomaterial are the same, irrespective of whether it exhibits elastic
or plastic responses. Similarly, we assume that the fluid transport properties in the
porous medium are the same in both the intact and yielded regions. We denote the
total stress tensor in the pore skeleton by o;(z;, t) and the pore-fluid pressure by
p(zi, t). The development of the poro-elastic part of the constitutive modelling
adopts the procedures described by Selvadurai & Nguyen (1995). Briefly, the
constitutive equation governing the poro-elastic response of the fluid-saturated
porous medium is given by

g = 2GD€ij + (KD — %Gp)ekkéﬁ — 0[])51']' — 3Kpag T&,‘j, (21)
where 0;; is Kronecker’s delta and
e = 5 (i + ;) (2.2)

is the infinitesimal strain tensor expressed in terms of the displacement
components u;; T is the temperature; K and Gp are the bulk and shear moduli
of the porous skeleton, « is the coefficient of linear thermal expansion of the solid
phase and the comma denotes the partial derivative with respect to the spatial
variable z;. In (2.1), « is Biot’s coefficient defined by

(2.3)

where K is the bulk modulus for the solid phase. In most geomechanical
applications, Ky — 0o, with the result that « = 1. In the absence of body forces
and gravity effects, the equation of equilibrium expressed in terms of the
total stress

0'7;]'7]‘ =0 (24)

can be combined with the constitutive relationship (2.1) to give

1
GpV3u; + <KD + gGD> i o 3KDas% =0, (2.5)

where V? is Laplace’s operator. The flow of water through the porous medium
is described by the conventional form of Darcy’s law applicable to an isotropic
porous medium: i.e. the fluid velocity in the pore space (vf) relative to the porous
skeleton velocity (v}) is given by

Kd
o == P (2.6)
n Ox;
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where K is the permeability and 7 is the dynamic viscosity. The mass conservation
equation for the fluid-saturated poro-elastic geomaterial can be written as

K_, ouy, 1 1 a—¢@)\ Op oT

nV p+a—, +<Kf+ K ) 5 = w3ar + (a0 — ¢)3as] =, (2.7)
where «y is the coefficient of linear thermal expansion of the solid phase, af is
the coefficient of linear thermal expansion of the pore fluid, wu (= éyo) is the
volumetric strain of the skeleton, which can include both elastic and plastic
components, K; is the bulk modulus of the fluid and ¢ is the porosity. Equation
(2.7) also holds for elasto-plastic porous materials with incompressible and elastic
solid phases.

When dealing with quasi-static thermo-poro-elasto-plastic materials, we can
assume that neither the deformations of the medium nor the fluid flow process
results in heat generation, and therefore does not contribute to any change
in temperature within the medium. This considerably simplifies the equations
governing the heat transfer process, which can be expressed as a classical heat
conduction equation of the form

VTr="2"—_ (2.8)

where k., p and ¢, are, respectively, the effective values of the thermal
conductivity, mass density and heat capacity of the saturated porous medium.
These can be expressed as the averages of the properties of the solid (subscript s)
and fluid (subscript w) phases: k. =@k + (1 — @)k and pe, =@(pcy)w +
(1 - 0)(pcy)-.

In addition to the elastic response associated with the porous skeleton, we
assume that the skeleton can exhibit failure upon attainment of a stress state
prescribed by a yield condition. The choice of a yield condition is dependent
on the type of geomaterial and, for the purposes of illustration, we consider the
modified Cam-Clay model (Schofield & Wroth 1968; Desai & Siriwardane 1984;
Davis & Selvadurai 2004; Pietruszczak 2010). The yield surface is given by

(6 —a)*+ (2)2 —a’=0, (2.9)

where ¢ is the von-Mises stress, a is the radius of the yield surface, M is the slope
of the critical state line and ¢ is the isotropic stress applicable to the skeletal
stress: i.e.

3. . - 1. - L. -
q= isijsij; 0'=—§O'kk; G'Z'j=0'j]‘—ap6ij; SZ‘]‘ZG'Z']'-FO'(SL']'. (210)

The centre of the yield surface (a,0) in the (&, ¢q) plane can be expressed as

2a =0+ &C(eﬁ), where ¥ is the initial yield stress for the isotropic compression
stress state, and

Go = Gelel)) (2.11)

is the hardening law that prescribes the dependence of the isotropic stress on the
volumetric plastic strain.
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The yield condition (2.9) can be written as

Go G\ g\t 60 Gu(e)
&—7“——‘32’“"‘ +(—) > L A (2.12)

To determine the incremental plastic strains, we specify an associated flow rule
such that

2
G GO Go(e) g\2 60 (D)
de¥' =di—: G= |[|¢— = - 2K/ L) - (213
=Yg, (‘7 2 2 +<M> 2 2 (213)

The plastic multiplier dA can be found from the consistency condition

0G oG
—d0'7;j+ —
oe?

- de? = 0. 92.14
aaij bl kk ( )

Substituting the flow rule (2.13) into the consistency condition (2.14), the plastic
multiplier can be obtained as

Di— . 0G/0Gy)ddy (0G/06) Dydeyy
(0G0 ) (0G/05,)8;;  (0G/0eR)(0G /06 ;)4 + (0G /36 57) Dija (0 G /06 1)

(2.15)

where Dy = (Kp —2/3Gp)0;0i + Gp (0407 + 6;40;) is the elastic constitutive
tensor.
The incremental plastic strains can now be obtained as

~ iy
(0G/0eP)(0G /06 ;)6
. (6G/O&mn)(6G/6&7;j)D,;jkldskl
(3G /0e},) (0G/06 )8y + (0G /06 5) Dija (0G /95 1)
The incremental form of the elasto-plastic constitutive tensor defined as do; =

D%dekl can be expressed as

pl _

mn ~

(2.16)

Dijrs (6 G/a&m) (a G/a&mn)Dmnkl

Di = Diju — o - - —. (2.17)
(GG/Gekk)(a G/adij>6ij + (6 G/anJ')DT;j]d(a G/a()’kl)
The hardening rule adopted here assumes that
Go=Ge(ely) = H(—eb)), (2.18)

where H is a positive constant. If the volumetric strain is negative (compaction),
hardening takes place and the yield stress ¢0 also increases. In this case, the
loading path in the (&, ¢)-plane intersects the yield surface when the effective
pressure ¢ is larger than the radius of the yield surface. On the other hand, if the
volumetric strain is positive (dilatation), the yield stress decreases. In this case,
the loading path in the (d, ¢)-plane intersects the yield surface when the effective
pressure ¢ is smaller than the radius of the yield surface.
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3. Analysis of the thermo-poro-elastic sphere

Ideally, the results derived from the computational modelling should be validated
through comparisons with either exact or approximate mathematical solutions of
the governing linear or nonlinear partial differential equations applicable for both
the thermo-poro-elastic and thermo-poro-elasto-plastic material responses. Such
solutions are either unavailable or available in forms that are not amenable for
convenient calibration of the computational codes. Some progress can be made
in the analysis of the thermo-poro-elasticity problem related to boundary heating
of a fluid-saturated poro-elastic sphere and the problem of uniform heating of
a poro-elasto-plastic sphere. The basic approach for the poro-elastic sphere will
be described in this section.

We consider the problem of a fluid-saturated poro-elastic sphere of radius Ry
that is subjected to boundary heating, i.e. a prescribed temperature change at
the boundary. Because the problem related to the heating of the sphere exhibits
spherical symmetry, the only non-zero primary-dependent variables are the radial
displacement u(R, t), the pore-fluid pressure p(R, t) and the temperature T'(R, t).
The solution of the problem of the sphere subjected to the temperature change at
the boundary will allow us to derive solutions for other (related) problems such
as a sphere subjected to radial stress at the boundary, and also to the uniform
temperature change applied to the entire sphere.

The equilibrium equation (2.5) in the spherical coordinate system takes
the form

4 02 4 10 4
(KD+§GD) a—}g;-l-?(KD-i-—GD) __u_2<KD+—GD) —

oT op
- 3KDasﬁ - a@ =0. (31)

The equilibrium equation (3.1) can also be written in terms of the volumetric
strain e = (0u/0R) + (2u/R) as

(Kp+ 3Gp)Ve — 3Kpa, VT — aVp=0. (3.2)
From (3.2), the pressure can be expressed as
Oép(R, t) = (KD + %GD)6 —3Kpas T + f(t)a (33)

where f(t) is an arbitrary function of time.
The fluid flow equation (2.7) is given by

K(62p+26p>+ (au+2a>+1ap KV2+ _+1,

—— =+ == al—+— — = ae+ —

n \orz2 T ROR oR " R) T Mpor g P Mt
=30pa; T + 3(a — @), T, (3.4)

where Mg = [(¢/K; + (« — ¢)/K;)]™! is the Biot modulus.
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Now assume that the fluid and solid phases are incompressible. By taking
the divergence of the equilibrium equation (3.2) and substituting V?p into
the fluid flow equation (3.4), we can obtain the governing equation for the
volumetric strain,

. K 4 9 K ) . .
ée=—|[Kp+ §GD Vie— —3KpasV'T +3pas T +3(1 — @) T (3.5)
n n

In the case of compressible phases, the equation (3.5) will be coupled with the
fluid pressure (Belotserkovets & Prevost 2011).
The temperature satisfies the heat conduction equation

62T+26T _ pe 0T
OR?  ROR) k. ot

(3.6)

A solution to the governing equations (3.5) and (3.6) for the volumetric strain
and temperature should satisfy the boundary and initial conditions applicable to
a problem.

The boundary of the sphere is subjected to the temperature change 7, the
fluid pressure and the radial stress at the boundary are maintained at zero
values: i.e.

T(Roy,t) =Ty, p(Ro,t)=0, arr(Ro,t)=0. (3.7)

It was shown by Mason et al. (1991) that the stress boundary condition can be
written in terms of the volumetric strain as

4Gp JRO
: (

4
‘TRR(RO, t) = <KD + gGD> G(Rg, t) —
)

R*¢(R,t)dR — 3Kpa, TRy, t)
0

—ap(Ry,t)=0. (3.8)

At time ¢t =0, all the dependent variables within the sphere are assumed to
be zero.

The solution of the heat conduction equation (3.6) can be obtained by using a
Laplace transform technique; the Laplace transform of the temperature field can
be found as

T(R.s) = Ty Ro sinh(R/Rov/sk) o Ripc, (3.9)
’ s R sinh(y/sx) ke '

By using the Cauchy residue theorem, the expression (3.9) can be inverted and
the temperature field can be obtained in the form

= 2 2 si R/Ry) ke t t
T(R, 1) = Ty — 27T, _qyrmewe SR/ R) | K Lt g,
()= Ty 2 | Sy SO | o

In the limit as R — 0, sin(nwR/Ry)/(nmR/Ry) = 1.
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By taking the Laplace transform of the governing equation for the volumetric
strain (3.5), we obtain

_ Ry sinh(y/swR/Ry) 1 Ty Ry sinh(y/skR/Ry)
G(R,S)ZA(S)— . + Ca ——— N
R sinh(y/sw) (1—k/w) s R  sinh(y/sk)
2
K
W= fign and  C, =3¢as + 3(1 — @)y 3hp r

T Kp+4/3Ch 0 Y
(3.11)
where the transform of the temperature field (3.9) has been used. The unknown

function A(s) can be found by enforcing the zero-traction boundary condition
(3.7), and the result can be written as

K(Kp +4/3Gp)

1 T() F(SK) TU 1
A(s) = o — Kpoy— ———
(s) kK/w—1 " s F(sw) +3Kpa s F(sw) (3.12)
4 th 4 '
and F(s) = K + Gy — 4Gy 25) | 4Go
3 Vs $

The Laplace transform of the pressure can be found by using (3.3) and a null
boundary condition for the pressure (3.7)

p(R,t) = (KD + %lGD> [é(R, s) — &(Ry, s)] — 3Kpa [T(R, 5) — 5} . (3.13)

S

The radial displacement can be found using the formula (Mason et al. 1991)

L,
UZEL Re(R,t)dR, (3.14)

which gives

_ _ R2 [ cosh(y/sw R/ Ry) sinh(y/sw R/ Ry)
W(R, 5) = A(5) (R Jrosimh(vam) 0 s sinh(v/50) )

o 1 ER_% Rcosh(ﬁR/Ro) Rsinh(ﬁR/Ro)
+ “1—k/w s R2< sk sinh(y/sk) I sinh(/sk) >

(3.15)

Using the final value theorem, it can be shown that the displacement distribution
within the sphere in the long term is given by

uw(R,t=00)=0o;T R, (3.16)

which is independent of the thermal expansion of the fluid phase. When
applying the final value theorem, the useful relations are 4/sw sinh(y/sw R/ Ry) =
(R/Ry)(sw+ (R*/R%)((sw)?/6) + - --) and  cosh(y/swR/Ry) = (1+(R?/R3)
(sw/2) +---).

In order to find the inverse Laplace transform of &(r, s), it is important to note
that the zeros of F'(sw), i.e. F(s,w) =0, are among the poles of the first term of
the expression for (R, s); these coincide with the poles found by Mason et al.
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(1991) for the problem of a sphere subjected to a mechanical load and can be
found by solving the following equation

2(1 — 2VD)\/x_n

tan \/z, =
[2(1 = 2vp) — (1 — vp)x,]
K(Kp+4/3G
and snz—ﬁz—xﬂ, ( D+2/ D), z, >0
3 nR;

where vp is the skeletal Poisson’s ratio. When n — oo, x, — (nm)?. The other
poles are s, =—(n’n?/k) and s=0. By applying the Cauchy residue theorem,
the expression for the volumetric strain can be obtained as

e(R,t)= m Co Ty + 3, Ty
e L P
+8Gh a _// ] Co To ni:); é% sin (mr\/%}%) exp (— n2:2t)
+ T ge) f/:/w Co Ty i m%% sin (m%) exp (_ x(j)
+ 3Kpa, Ty i i% sin (*/?;R) exp <_%t) (3.17)
where

1) (22) o)
o ( [)% i (om,?)

2 K _G 0 A/ +n

H,=|Kp— = Gp | sin( b3 D)/ cos( /)
3 2
4 -\ n

and Tn:<KD+_GD> (—xK)sin( xK>—4GD /—Kcos( ﬂ)
3 W W w w
—|—4GDSH1< an>7 n=1,2,.... (3.18)
w

The fluid pressure can be obtained from (3.13) using the volumetric strain given
in (3.17) and the temperature field (3.10),

p(R,t)=p(Ro, t) + (Kp + 3 Gp)le(R, t) — e(Ro, )] — 3Kpa[ T(R, t) — Ty].
(3.19)
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Remark 3.1. From the stress—strain constitutive equations, the mean effective
stress is equal to

= Kp(e—3asT) — ap. (3.20)

On the external surface, R = Ry, the radial stress and the fluid pressure are equal
to zero, and therefore the effective hoop stress ¢, can be obtained from (3.20) as

&¢¢(R0,t)=%KD(€—3aST) atRZRo. (321)

Using the stress—strain relationships, we obtain
4 2
KD+§GD (&‘RR—(XST)—FQ KD_gGD (e(p(p—asT):O

2 1 3
(KD - gGD) (err —asT) + 2 (KD + gGD) (epp — s T) = §KD(6 —3a,T),
(3.22)

and the strains on the external surface can be expressed in terms of the volumetric
strain e as

2Gp — 3K]
SRR(RO, t) = D6TDD(€ — 3o T) +a,T
3.23
4Gp + 3Kp ( )
epp(Ro, 1) = W(e —3a,T) + o T.

Because u(R, t) = €,,(R, t)R, the expression for the hoop strain ¢,,( Ry, t) enables
us to find the surface displacement in terms of the volumetric strain,

4G 3K,
w(Ro, 1) = =P 38D s TVRy + TRy (3.24)
12Gp
The initial volumetric strain on the external surface R = Ry can be derived from
(3.11), using the initial value theorem,

Kp

Ry,0) =3, Ty ———.
6( 07) o 0KD+(4/3)GD

(3.25)

Substitution of this value into (3.23) allows us to find the initial strains on the
external surface,

3KDOZS TU

0)= "D
SRR(R()a ) KD+(4/3)GD7

£p(R0,0) =0. (3.26)

This shows that the initial value of the surface displacement u(Ry,0) is zero.
In the long term t— oo, the sphere is stress-free, and the displacement of the
poro-elastic sphere is equal to that of the elastic sphere, i.e. u(R) = asTyR.
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Again, using the expression for the initial volumetric strain (3.25) in (3.20),
the initial value of the hoop stress on the external surface can be obtained as

6KD GDOZS TO

&(P(P(RO’O) = _KD + (4/3) GD.

(3.27)

The initial skeletal hoop stress on the external surface is compressive if the
temperature change is positive. In the long term, the sphere is stress-free.

Remark 3.2. We now consider a problem when the initial temperature is non-
zero. At first, it is sufficient to assume that T'(R,t) = T¢, constant, for all R and
t, and then use the superposition principle, if necessary. For this particular case,
the volumetric strain can be obtained from (3.17) by taking the limit x — 0 and
setting Ty = T,

o0

1 R R it
e(R,t) =3asTc + Kp(3pasTc — 3pas Tc) — 0 sin(/x, — ) exp _It,
1 Hn R Ro w
(3.28)

The fluid pressure can still be found from (3.19) but with T'(R,t) = Tc. It can
be shown that the initial value of the fluid pressure p(R,0) = ¢ Kp[3as — 3a5] Tc,
0 < R < Ry, derived from (3.19), is in fact equal to the pressure in the undrained
sphere, when the change in the mass of the fluid is zero. However, for a sphere
with a drained boundary condition, the same response can be observed initially at
t=0for 0 < R < Ry, if the temperature inside the sphere instantaneously becomes
equal to T¢. For this case, the pressure distribution inside the sphere exhibits a
Mandel-Cryer-type effect (Mason et al. 1991). (In general, the Mandel-Cryer-
type effect can take place in a poro-elastic sphere when there is a sudden change
in the fluid-flow boundary condition on the external surface from an initially
undrained state to a drained state.)

Let us find initial values of strains and stresses inside a sphere that is heated
uniformly and instantaneously. From (3.5), the initial value of the volumetric
strain is given by

e(R> 0) = 3[<P04f + (1 - (P)as] TC> 0<R< RO- (329)

Because the heating is uniform, we can assume that the displacement depends
linearly on R, and therefore the components of the strain tensor are equal, i.e.

err(R,0) =¢,p(R,0) =[pas + (1 — @)as]Tc, 0<R < Ry. (3.30)

From the stress—strain constitutive relations, analogous to (3.22), the components
of the stress tensor can be obtained as

&RR(R>0) =5¢¢(R,0) =3KD(p[af — o] Tc, 0<R< RO. (3.31)

At the boundary R = Ry, the initial hoop strain is given by the same expression
owing to continuity of the displacement, i.e.

€(P¢(R07 0) = [qoaf + (1 - <P)04s] TC- (332)
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The radial component of the strain tensor can be found from the constitutive
relations (3.22) by setting the radial stress to zero, ¢ zr(Ry,0) = 0. This gives

2 (2Gp —3Kp)
err(Ro,0) = o Tc + 31Ky + (4/3)Gol
We can then compute the initial hoop stress from (3.22)
B 6 Kp Gp

~ Ko+ (4/3)Gpl”
The initially drained condition is another admissible set of initial conditions. For
this case,

olay — ag]Tc. (3.33)

5¢¢(R0, 0) ((Xf — Oés) Tc. (3.34)

ERR = ¢Epp = s T (3.35)
t=0. '

and ORr =09, =p=0 VR,
Remark 3.3. Suppose that the thermal expansion coefficients and temperature

change in (3.28) are Kp3asTc=—Py; ¢/(1 — ¢)Kp3asTc = Py, where Py is a
positive constant. Then the expression (3.28) can be simplified to

1 4 & (1 —2vp)(1 4+ vp)
e(R, 1) = _POK_D (1 + 3 HX_; 2(14+wp)(1 —2vp) — (1 — vp)2m,

y %%exp <—x—t>) (3.36)

where vp is the Poisson’s ratio for the undrained material. In deriving (3.36),
we have used the equation for the roots z,. Equation (3.36) corresponds to the
equation derived by Mason et al. (1991) for a poro-elastic sphere subjected to a
compressive radial stress — Py at the boundary R = Rj.

Remark 3.4. It is instructive to solve the problem for the undrained poro-
elastic sphere subjected to the temperature change T'(Ry,t) = Ty on the external
surface. The volumetric strain for the undrained sphere can be obtained from
(3.5) by setting the permeability equal to zero,

e(R,t) =3¢pasT(R,t) +3(1 — @), T(R, t). (3.37)
The fluid pressure on the external surface can be found from (3.8)

4 4Gp [fo
p(Ro, t) = (KD + —GD> e(Ro, t) — —?J
3 Ry

R?¢(R,t)dr — 3Kpa, Ty.  (3.38)
0

Using the expression (3.37) for the volumetric strain, the fluid pressure on the
external surface R = Ry can be evaluated from (3.38) as

(R, t) = Kpl[3pa; Ty — 3pa Tyl
o0

1 t
+8Gp[3par Ty + 3(1 — ) To] Y | —— exp (—n27r2—>. (3.39)
nem K

n=1

This expression can be substituted into (3.19) to obtain the fluid pressure for all
points within the sphere.
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The fluid pressure in the undrained sphere subjected to a uniform and constant
temperature change, i.e. T(R,t)= T, can be found from (3.39) by setting T =
Tc and t — o0,

p(Ry, t) = Kp[3par — 3pas] Tc. (3.40)

It is clear that if the temperature T¢ > 0, the thermal expansion of the solid
phase induces negative fluid pressure, and the thermal expansion of the fluid
phase results in positive fluid pressure.

Remark 3.5. Consider the case where the poro-elastic sphere with
incompressible constituents is subjected to a non-zero fluid pressure and zero
temperature change on the external surface. For this type of loading, the resulting
strains will be zero and no change in the mass of the fluid will occur. The fluid
pressure within the sphere will be equal to the applied pressure at the boundary
at all times.

Remark 3.6. The inverse Laplace transform can also be found numerically
by using an expansion involving Legendre polynomials. Suppose that F' is the
Laplace transform of a function f, i.e.

F= J:Of(t) exp(—st) dt. (3.41)

Then the original function f(¢) can be found using the Legendre polynomial
expansion method,

N
f= Z cnPn(1 —2exp(—at)),
n=0
cn=0(2n+1) Z %F(a(mik 1) ( (3.42)
_ In(2)
and o= W’

where P, is the Legendre polynomial of order n. The first five Legendre
polynomials are: Py =1, Pi(2) =z, Py(z) =1/2(32> — 1), P3(z) =1/2(52® — 31),
Py(z) =1/8(352* — 302% + 3) and Ps(x) =1/8(632° — 702° + 15z).

Special attention is required when two time constants w and « are equal, i.e.
w =k, because the particular solution of the inhomogeneous equation (3.5) needs
to be modified. However, a good approximation to the actual solution in this case
can be obtained by setting w = k.

4. Results for the thermo-poro-elastic sphere

To validate the analytical solution for the thermo-poro-elastic sphere presented
in §3, we consider a thermo-poro-elastic sphere of radius Ry =10 m subjected to
a temperature rise of 100°C on the external surface. We implicitly assume that
although the temperature of the fluid is set to 100°C, we do not account for
any phase transformations during heating. The initial temperature is assumed
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Figure 1. The two-dimensional finite-element discretizations used in COMSOL (241 elements).

equal to zero. The fluid pressure and the radial stress at the boundary are set
to zero. The results were evaluated analytically (using the closed-form analytical
expressions (3.17)—(3.18) for the volumetric strain, (3.19) for the fluid pressure,
(3.21) for the hoop stress and (3.24) for the surface displacement) and numerically
(using the finite-element program COMSOL). The problem can be solved using a
two-dimensional axisymmetric formulation. Figure 1 shows the projection of the
sphere onto the z; — 2, plane of the Cartesian coordinate system and the finite-
element mesh generated by COMSOL. Appropriate zero-boundary conditions
were imposed on the displacements, fluid velocity and tractions at the relevant
boundaries of the domain to ensure symmetry.

The mechanical and physical parameters of the thermo-poro-elastic problem
are specified as follows: Young’s modulus of the drained skeleton E =60 x 10° Pa;
Poisson’s ratio v =0.30; viscosity of the pore fluid n=0.001 Pas; permeability
K=3x10"" or 3x1072m? thermal conductivity k =3.15Wm™'°C™!;
specific heat of the solid material ¢, = 700 J kg™' °C™!; density of the solid material
ps = 2700 kg m~3; specific heat of the fluid ¢, =4190J kg™ °C™'; density of the
fluid py, = 1000kg m~3; coefficient of linear thermal expansion of dry skeleton
oy =8.3 x 1076°C™!; coefficient of linear thermal expansion of fluid a; =69 x
107%°C™!; porosity ¢ =0.25. The solid material composing the porous skeleton
and the fluid are assumed to be incompressible.

The time-dependent evolution of the temperature in the sphere can be obtained
using the analytical expression (3.10). The temperature is initially equal to zero
at all points, except at the external surface, where it is prescribed equal to Ty =
100°C, and it then gradually increases reaching the maximum value of 100°C.
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elastic sphere of radius Ry=10m
temperature rise T(R,,1)=100°C
a,=8.3x1076°C!,
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Figure 2. Volumetric strain for the poro-elastic sphere of radius 10m subjected to a sudden
temperature rise of 100°C at the boundary. The permeability is 3 x 10719 m?. (Dotted line indicates
the solution derived using the COMSOL code and the solid line indicates the analytical solution.)
(Online version in colour.)

The time-dependent evolution of the volumetric strain inside the poro-elastic
sphere is shown in figure 2. The volumetric strain is plotted for the centre, the
mid-radius and the external surface. The permeability of the sphere is set to
K =3 x 107" m?. The initial value of the volumetric strain is zero at all points
inside the sphere except at the boundary, where it is equal to 3asToKp/(Kp +
(4/3)Gp) =0.0015. The long-term value of the volumetric strain is equal to that
of the elastic sphere, i.e. 3ax Ty = 0.0025, for all points.

Figure 3 shows the volumetric strain at the boundary of thermo-poro-elastic
sphere for two values of permeability, K =3 x 107 m? and K =3 x 107* m?.
If the permeability is K =3 x 107 m?, the volumetric strain monotonically
increases as a function of time. If the permeability is an order of magnitude lower
(i.e. K=3x 1072"m?), the evolution of the volumetric strain is not monotonic
and the transient value of the strain exceeds its steady-state value, i.e. 3o Ty =
0.0025. This behaviour does not occur in the thermo-elastic sphere and is a
consequence of the thermal expansion of the fluid that flows out of the sphere
very slowly because of the low permeability.

Figure 4 displays the evolution of the hoop stress at the boundary of the
thermo-poro-elastic sphere. As before, two values of permeability are used,
K=3x10""Ym?and K =3 x 1072 m?. From (3.27), the initial value of the hoop
stress is given by —6asTyKp Gp/(Kp + (4/3) Gp) = —71.1 MPa. The hoop stress
is a monotonic function of time and entirely compressive if the permeability is
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Figure 3. Volumetric strain at the boundary of the poro-elastic sphere for two values of permeability,
3 x 10719 and 3 x 10720 m2. The sphere is subjected to a sudden temperature rise of 100°C at the
boundary. (Dotted line indicates the solution derived using the COMSOL code, and the solid line
indicates the analytical solution.) (Online version in colour.)
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Figure 4. Hoop stress at the boundary of the poro-elastic sphere for two values of permeability,
3 x 10719 and 3 x 10720 m?2. The sphere is subjected to a sudden temperature rise of 100°C at the
boundary. (Dotted line indicates the solution derived using the COMSOL code, and the solid line
indicates the analytical solution.) (Online version in colour.)
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Figure 5. Radial displacement of the boundary of the poro-elastic sphere for two values of
permeability, 3 x 10712 and 3 x 10729 m2. The sphere is subjected to a sudden temperature rise of
100°C at the boundary. (Dotted line indicates the solution derived using the COMSOL code, and
the solid line indicates the analytical solution.) (Online version in colour.)

K =3 x 107" m?. However, if the permeability is K =3 x 1072°m?, the hoop
stress is not a monotonic function and can become tensile for some period of
time during the deformation. This phenomenon can be explained by the thermal
expansion of the fluid and cannot be captured by the thermo-elastic model. The
steady-state value of the stress is zero.

The surface displacement of the poro-elastic sphere is depicted in figure 5
for two permeability values, K =3 x 107 m? and K =3 x 1072 m?. The initial
displacement is zero and the final displacement is equal to that of the elastic
sphere, a5 Ty Ry = 0.0083 m. If the permeability of the sphere is small, the surface
displacement is not a monotonic function of time and exceeds its steady-state
value for some period of time.

A striking feature of the poro-elastic solution is the presence of the fluid
pressure as a dependent variable. Figure 6 shows the fluid pressure at the
centre of the poro-elastic sphere for two permeabilities K =3 x 107" m? and
K =3 x1072m?. The fluid pressure is shown to be smaller in the sphere with
the greater permeability. The fluid pressure is a non-monotonic function of
time for both values of the permeability. The initial and the final values of
the fluid pressure are zero, consistent with the diffusive character of the pore
pressure variation.

Figure 7 shows the influence of the thermal expansion coefficient of the solid
and fluid phases on the fluid pressure at the centre of the poro-elastic sphere.
The thermal expansion of the solid phase is oz =0 or ay =8.3 x 1075°C~!, and
the thermal expansion of the fluid phase is ay = 6.9 x 1079 °C~1. The permeability
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Figure 6. Fluid pressure at the centre of the poro-elastic sphere for two values of permeability,
3 x 10719 and 3 x 10720 m2. The sphere is subjected to a sudden temperature rise of 100°C at the
boundary. (Dotted line indicates the solution derived using the COMSOL code, and the solid line
indicates the analytical solution.) (Online version in colour.)
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Figure 7. Fluid pressure at the centre of the poro-elastic sphere for two values of the thermal
expansion of the solid phase equal to 0 and 8.3 x 107°C~!. The thermal expansion of the fluid
is 69 x 1076°C~! and the permeability is 3 x 10720 m?. The sphere is subjected to a sudden
temperature rise of 100°C at the boundary. (Dotted line indicates the solution derived using the
COMSOL code, and the solid line indicates the analytical solution.) (Online version in colour.)
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Figure 8. Fluid pressure at the centre of two poro-elastic spheres subjected to a uniform and
constant temperature rise of 100°C inside the domain. The two poro-elastic spheres have either
zero pressure or zero flux prescribed at the boundary. (Dotted line indicates the solution derived
using the COMSOL code, and the solid line indicates the analytical solution.) (Online version
in colour.)

is set to K =3 x 1072 m?. By comparing the two graphs, it is apparent that the
thermal expansion of the solid phase gives rise to negative fluid pressure, while
the thermal expansion of the fluid phase leads to positive pressure.

Figure 8 shows the fluid pressure evolution at the centre of two poro-elastic
spheres subjected to a uniform temperature change T'(R,t)=100°C for all R
and ¢. It is assumed that this temperature change is applied instantaneously as
a Heaviside step function of time. For the first sphere, the fluid pressure at the
boundary is zero (drained sphere), and for the second sphere, the velocity at the
boundary is zero (undrained sphere). For the latter case, from (3.40), the pressure
is constant and equal to 3¢ Kp(as — o) T =227 MPa, if the porosity is ¢ = 0.25.
This expression shows that the thermal expansions of the phases result in fluid
pressures of opposite signs. In the short term, the drained sphere experiences the
Mandel-Cryer effect (Mason et al. 1991) because the fluid pressure inside the
drained sphere in fact turns out to be larger, in absolute value, than the fluid
pressure inside the undrained sphere.

5. Results for the thermo-poro-elasto-plastic sphere

In this section, we examine the time-dependent response of a poro-elasto-plastic
sphere of radius Ry subjected to a sudden positive temperature change T on the
external surface. The fluid pressure and applied radial stress 0’% » at the boundary
are set to zero.
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Figure 9. Initial yield surface of the modified Cam-Clay model for two values of the initial yield
stress 40 and 50 MPa plotted in the effective stress space. The stress state is axisymmetric. (Online
version in colour.)

The elasto-plastic behaviour of the skeleton of the geomaterial is described by
the isothermal-modified Cam-Clay model. Since this model is not implemented in
COMSOL, the finite-element code ABAQUS was used instead, since the modified
Cam-Clay plasticity model is in the library of plasticity models implemented
in ABAQUS.

The initial yield stress or initial size of the yield surface is assumed to be
72 =40 or 50 MPa; further evolution of the yield surface is controlled by the

specified hardening rule 6. = 10(—82}6) GPa; the parameter M in (2.9) is set to 1.

Figure 9 displays two yield surfaces of the modified Cam-Clay model for the
values of the initial yield stress ¢° equal to 40 and 50 MPa. The yield surfaces
are plotted in the effective stress space (dgr,d,,) and in fact correspond to any
axisymmetric stress state irrespective of the values of the temperature or fluid
pressure. The equation for the yield surface illustrated in figure 9 can be obtained
from (2.12) as

1 - 1. . - - -
5(0’}3}34—204,(,,)2-{-§0’8((TRR+20¢¢)+(URR—0'W,)2:O. (5.1)

We immediately observe from figure 9 that the material cannot withstand large
tensile stresses but the range of admissible compressive stresses is much broader.

In fact, it can be shown that the tensile radial stresses lie in the range [0, (v/13/3 —

1)6%/2], but the compressive radial stresses can change from —(+/13/3 +1)¢"/2
to 0. These bounds can of course be changed owing to material hardening or
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softening but we do not expect these changes to be significant. Therefore, we can
place a bound on the admissible compressive and tensile radial stresses that can
be applied to the surface of the elasto-plastic sphere.

The yield surface always passes through the origin (0,0) regardless of the
changes in the yield stress; thus we can consider this point to be stationary.
The yield surface intersects the hoop stress axis at two points d,, =0 and
Gpp=—6/136".

For calibrating a numerical solution of the problem of transient heat transfer, it
is useful to consider first the porous elasto-plastic sphere subjected to the uniform
temperature change [0, T] applied instantaneously to the entire sphere because,
for this case, the analytical solution can be obtained. For this case, according to
(3.31) and (3.34), the initial values of stresses for the poro-elastic sphere are

6Kp Gp -
— o) Tc; Ry,0) =0
o+ (473) Gy P ~ ) Tes - GrrlFo,0) (5.2)

and 0~RR(R, 0) = &(p(p(R, O) =3Kpolay — as]Te; 0< R < Ry.

5w¢(R070) =

It is clear that the loading path for the elastic sphere makes an acute angle with
the outward normal to the yield surface at the zero stress point if

1. ~
—=(Grr +G4p) = 0. (5.3)

V2

From (5.2), this inequality holds if af > a5. Therefore, given that af > oy, the
loading path for the elasto-plastic sphere cannot be within the yield surface and
plastic deformations must be involved; on the other hand, the loading path cannot
go outside the yield surface because the zero stress point is stationary and there is
no expansion or contraction of the yield surface at this point. Hence, the loading
path for the elasto-plastic sphere must either remain at the zero stress point or
continue to move along the yield surface. Let us assume that ¢z =d,, =0 and
show that this is in fact the correct solution if o > a.

Consider a porous elasto-plastic sphere with af > a4 subjected to the uniform
temperature change [0, T¢] applied instantaneously. Suppose that the effective
stresses are zero, i.e. Grr =0y, =0. From the equilibrium equations (2.4), it
follows that the fluid pressure must be uniform; however, since p=0 at the
boundary, the fluid pressure must be zero throughout. The traction boundary
condition azz(Ro, t) =0 is trivially satisfied. The fluid flow equation (2.7) can be
satisfied if we set the volumetric strain equal to

e(R,t) =3[pas + (1 — ¢)as] T, 0<R<Ry. (5.4)

Owing to the uniform character of the stress state, the strain components are
equal and can thus be obtained from (5.4) as

err(R,t) =¢epp(R, t) =[oas + (1 — @)as] Tc. (5.5)

The elastic components of the strain tensor can be derived from the stress—strain
relationships (3.22), using the fact that the effective stresses are zero. This gives

S%R(Rv t) = SZ(p(Ra t) =as Tc. (56)
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Therefore, the plastic strains are given by
e%R(R, t)= 8%(}27 t)=o(as — o) Te, o > as. (5.7)

If, however, a; < a, the plastic strains are initially equal to zero, and the loading
path must lie within the yield surface; the solution sought has thus been obtained.
Clearly, this solution is not dependent on the value of the yield stress and
hardening.

Consider now the original problem of the porous elasto-plastic sphere subjected
to the temperature change Tj prescribed on the external surface. The radial stress
d rr and fluid pressure p are zero at the boundary. It is clear that the loading path
for the external surface will always lie on the d,,, axis. The initial hoop stress for
the elastic range is given by (3.27), and the temperature that corresponds to the
onset of yielding on the external surface can be derived from

- 6 .
U¢¢(R07 0) = _1_30'2’ (58)

which for an initial yield stress of 40 MPa, gives

. U(C) KD + (4/3) GD
- 13 KD GDO[S

Figure 9 shows the loading path for the external surface when the applied
temperature Ty =20°C. Because this temperature is smaller than the critical
temperature (5.9), the loading path starts at a point within the yield surface
and no yielding will occur in the short term. For ¢ > 0, the hoop stress starts
to decrease until the loading path hits the zero stress point. From this time on,
deformation on the external surface takes place at the constant zero stress state,
i.e. Gpp =04y =0, and accumulation of the plastic strain takes place at this point.
Note that, at this point, the normal to the yield surface always measures 45° to
the horizontal axis and therefore, the radial and circumferential components of

the plastic strain must be equal, i.e. e%lR = egl(p.

Figure 10 shows the hoop stress—hoop strain curve for the external surface
of the porous sphere subjected to the temperature change Ty =20°C at the
boundary Ry=10m. At time ¢=0, the hoop stress is —14.22 MPa as follows
from (3.27). The permeability of the sphere is K =3 x 107 m?, and therefore,
for the analagous poro-elastic sphere, as was shown in figure 4, the hoop stress
is a monotonic function. In the long term, this stress reduces to zero and the
value of the hoop strain is o Ty = 1.66 x 10~*. For the poro-elasto-plastic sphere,
however, the accumulation of the plastic strain takes place at the point of zero
stress, which results in the development of the horizontal segment on the graph.
Because the stress is zero on this part of the curve, the increment of the elastic
strain is also zero. The final value of the strain for the poro-elasto-plastic sphere
is approximately equal to 4.9F — 4. This result was obtained using the ABAQUS
finite-element program. Dashed lines indicate the position of the initial yield
surface for ¢° =40 MPa.

Figure 11 shows the evolution of the surface displacement of the poro-elasto-
plastic sphere subjected to the temperature change Ty =20°C at the boundary.
The permeability of the sphere is K =3 x 107 m?. Results are shown for two

values of the thermal expansion coefficient of the solid phase, o = 8.3 x 107%°C~*

T, =25.95°C. (5.9)
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Figure 10. Hoop stress—hoop strain curve at the boundary R=10m of the poro-elasto-plastic
sphere. The temperature change of 20°C is applied on the external surface. The modified Cam-Clay
model with the initial yield stress equal to 40 MPa is used. (Online version in colour.)
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Figure 11. Surface displacement of the poro-elasto-plastic sphere of radius 10 m subjected to the
temperature change of 20°C at the boundary. The modified Cam-Clay model with the initial yield
stress equal to 40 MPa is used. (Online version in colour.)
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Figure 12. Fluid pressure at the centre of the poro-elasto-plastic sphere of radius 10 m subjected
to a temperature change of 20°C at the boundary. The modified Cam-Clay model with the initial
yield stress equal to 40 MPa is used. (Online version in colour.)

and ag = 0. The thermal expansion of the fluid phase is af = 6.9 x 107°°C~L. As
was shown in figure 10, deformation on the external surface of the sphere with
s =8.3x 107%°C7! is initially elastic until the hoop strain reaches e,, = a5 Tp,
and the loading path reaches the zero stress point. After the loading path has
reached the zero stress point, the plastic strain begins to accumulate with no
further increment in the elastic strain. Therefore, in the long term, the total
surface displacement can be written as

u(Ro, t) = Ro(as Ty + €b,), (5.10)

where eglq, is the plastic hoop strain.

For the elasto-plastic sphere with oy = 8.3 x 1076°C™", the surface displacement
in the long term is w(Rp,t=00)=0.0049m and for the elasto-plastic sphere
with as =0, u(Ry,t=00)=0.0035m. These values can be compared with the
displacement of the elasto-plastic sphere heated uniformly and instantaneously to
the temperature T = 20°C. From (3.32), the surface displacement of such a sphere
is equal to u(Ry, t) = Rolpas + (1 — ¢)as] Ty which gives the value of 0.0047 m if
as=8.3 x 1075°C™! and 0.00345m if a; =0. Although these displacements are
very close to those of the elasto-plastic sphere heated at the boundary, it is
worth noting that in the case of the elasto-plastic sphere subjected to a uniform
temperature change, the strain is entirely plastic, whereas in the case of the
sphere heated at the boundary, part of the total strain, namely ¢,,(Ry, t) = a5 Tp,
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is elastic. The present results do not depend on the value of the hardening
modulus because all plastic deformation is accumulated at the state of the
constant zero stress.

Figure 12 shows the fluid pressure at the centre of the elasto-plastic sphere as
a function of time. As before, the sphere is subjected to the heating T, =20°C
at the boundary. The permeability of the sphere is K =3 x 107 m?. The
results are depicted for two values of the thermal expansion of the solid phase,
oy =8.3 x 107%°C™! and «a, =0. The initial negative values of the fluid pressure
are larger for the sphere with o, = 8.3 x 107%°C™!, which supports our assumption
that the thermal expansion of the solid phase causes negative fluid pressure
(compare this result with the elastic sphere in figure 6). After some time, owing
to the thermal expansion of the fluid phase, the fluid pressure becomes positive.
The value of the positive fluid pressure for the elasto-plastic sphere is expected
to be lower than that for the elastic counterpart owing to the loss of stiffness
of the skeletal structure of the material during plastic deformation. In fact, if
ag = 8.3 x 1079°C™!, the maximum value of the positive fluid pressure is 4.17 MPa
for the elastic sphere (this can be deduced from figure 6), and only 0.692 MPa
for the elasto-plastic sphere (figure 12). The long-term value of the fluid pressure
is zero. As before, these results do not depend on hardening but depend on the
value of the initial yield stress.

It is important to recognize that the plastic deformations always take place
in the given elasto-plastic sphere subjected to heating, no matter how small the
applied temperature is. If the temperature is smaller than the critical temperature
(5.9), the plastic strain is confined in the short term to a region that does
not include the external surface and the centre of the sphere. In the long
term, however, the plastic strain becomes non-zero in the entire sphere. The
maximum of the plastic strain occurs some distance away from the external
surface, approximately equal to 1/4 of the radius. The plastic strain is minimal on
the external surface. The plastic deformations can be avoided if the compressive
stress is applied on the external surface along with the temperature change.

6. Concluding remarks

The coupling of thermo-poro-elasto-plastic effects in fluid-saturated porous media
continues to be of interest to many areas of geosciences and geomechanics. This
paper presents a benchmark problem that gives a comparison of results for the
transient heating of poro-elastic and poro-elasto-plastic spheres derived using
analytical techniques and two computational codes COMSOL and ABAQUS.
The results compare favourably.

The transient solution obtained for the fluid-saturated poro-elastic sphere
heated at the boundary shows that the consideration of thermo-poro-elastic
effects is important. First of all, poro-elasticity of the fluid-saturated material
gives rise to the pore fluid pressure as a dependent variable, which is absent
in the analogous thermo-elastic problem. Also, certain parameters, such as
the permeability and thermal expansion of the fluid, excluded from the
standard thermo-elastic analysis, have a considerable influence on the transient
values of the fluid pressure, hoop stress and surface displacement during the
heating process.
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For the present problem, we showed that the fluid pressure is dependent on
the permeability and thermal expansion coefficients of the phases. As expected,
for low permeabilities, the fluid pressure is significantly larger. Furthermore, the
thermal expansion of the solid phase in general leads to a negative fluid pressure
in the short term but the thermal expansion of the fluid results in positive fluid
pressure over the longer term. We also observed that for sufficiently small values
of permeability, the surface displacement can exceed the steady-state value that
is obtained by performing standard thermo-elastic analysis. Tensile hoop stress
can also be created on the external surface of the sphere if the permeability is
sufficiently small.

The importance of the elasto-plastic effects is emphasized by considering the
problem of a porous elasto-plastic sphere heated at the boundary and also the
problem of instantaneous uniform heating over the entire domain. The modified
Cam-Clay plasticity model is used for the elasto-plastic analysis. For the problem
of the uniform heating of a sphere, a simple analytical solution can be constructed,
which by itself can serve as a benchmark for the computational codes that include
plasticity models. The yield surface plotted in the radial-hoop stress space shows
that the range of admissible tensile radial stresses that can be applied safely
at the boundary of the elasto-plastic sphere is much smaller than the range of
admissible compressive stresses. For the problem of the sphere heated at the
boundary, we showed that the loading path for the external surface can initially
lie inside the yield surface but then it intersects the yield surface at the stationary
zero stress point in which accumulation of the plastic strain takes place. For the
elasto-plastic sphere, owing to the thermal expansion of the skeleton and positive
volumetric plastic strain, a negative fluid pressure is created in the short term,
and, because of the thermal expansion of the fluid, a positive fluid pressure is
induced subsequently. The magnitude of the positive fluid pressure in the poro-
elasto-plastic sphere is, however, smaller than that in the poro-elastic sphere
because the solid phase becomes less stiff in the elasto-plastic sphere.

The work described in this paper was supported by a Natural Sciences and Engineering Research
Council of Canada Discovery Grant awarded to the first author. The authors are grateful to the
comments of the reviewers that resulted in the new developments presented in the paper. The
use of the computational codes COMSOL and ABAQUS is purely for demonstration purposes
only. Neither the authors nor the research sponsors advocate or recommend the use of these codes
without conducting suitable validation procedures that test their accuracy in a rigorous fashion.

References

Abousleiman, Y., Cheng, A. H.-D. & Ulm, J.-F. (eds) 2005 Poromechanics III. In Proc. 3rd Biot
Conf. in Poromechanics, Norman, OK, USA, 2005. Rotterdam, The Netherlands: A.A. Balkema.

Alonso, E. E. et al. 2005 The FEBEX benchmark test: case definition and comparison of behavior
approaches. Int. J. Rock Mech. Min. Sci. 42, 611-638. (doi:10.1016/j.ijrmms.2005.03.004)

Auriault, J.-L., Geindreau, C., Royer, P., Bloch, J.-F., Boutin, C. & Lewandowska, J. (eds) 2002
Poromechanics II. In Proc. 2nd Biot Conf. on Poromechanics. Rotterdam, The Netherlands:
A.A. Balkema.

Belotserkovets, A. & Prevost, J. H. 2011 Thermoporo-elastic response of a fluid-saturated
porous sphere: an analytical solution. Int. J. Eng. Sci. 49, 1415-1423. (doi:10.1016/j.ijengsci.
2011.05.017)

Proc. R. Soc. A (2012)


http://dx.doi.org/doi:10.1016/j.ijrmms.2005.03.004
http://dx.doi.org/doi:10.1016/j.ijengsci.2011.05.017
http://dx.doi.org/doi:10.1016/j.ijengsci.2011.05.017
http://rspa.royalsocietypublishing.org/

Downloaded from http://rspa.royalsocietypublishing.org/ on February 1, 2015

Poro-elasto-plastic spheres 2805

Cryer, R. W. 1963 A comparison of three-dimensional theories of Biot and Terzaghi. Q. J. Mech.
Appl. Math. 16, 401-412. (doi:10.1093/gjmam/16.4.401)

Darve, F. (ed.) 1990 Geomaterials: constitutive equations and modelling. London, NY: Elsevier
Applied Science.

Davis, R. O. & Selvadurai, A. P. S. 2004 Plasticity and geomechanics. Cambridge, UK: Cambridge
University Press.

Desai, C. S. & Siriwardane, H. J. 1984 Constitutive laws for engineering materials: with emphasis
on geologic materials. Englewood Cliffs, NJ: Prentice Hall Inc.

Dickson, M. H. & Fanelli, M. (eds) 1995 Geothermal energy. New York, NY: John Wiley.

Duffield, W. A. & Sass, J. H. 2003 Geothermal energy-clean power from the earth’s heat. Technical
Report C1249, U. S. Geological Survey, Reston, VA, USA.

Gibson, R. E.; Knight, K. & Taylor P. W. 1963 A critical experiment to examine theories of
three-dimensional consolidation. In Proc. European Conf. on Soil Mechanics and Foundation
Engineering, Wiesbaden, Germany, 1963. vol. 1, pp. 69-76.

Gnirk, P. 1993 OECD/NEA International Stripa project overview. Natural Barriers, Sweden: SKB:
Stockholm.

Hueckel, T. & Borsetto, M. 1990 Thermoplasticity of saturated soils and shales. Constitutive
equations. J. Geotech. Eng. 116, 1765-1777. (d0i:10.1061/(ASCE)0733-9410(1990)116:12(1765))

Hueckel, T. & Peano, A. 1996 Thermomechanics of clays and clay barriers. Eng. Geol. 41, 1-4.
(doi:10.1016,/0013-7952(95)00045-3)

Hueckel, T., Francois, B. & Laloui, L. 2009 Explaining thermal failure in saturated clays.
Geotechnique 59, 197-212. (doi:10.1680/geot.2009.59.3.197)

Knellwolf, C., Peron, H. & Laloui, L. 2011 Geotechnical analysis of heat exchanger piles. J. Geotech.
Geoenviron. Eng. 137, 890. (doi:10.1061/(ASCE)GT.1943-5606.0000513)

Kodashima, T. & Kurashige, M. 1996 Thermal stresses in a fluid-saturated poro-elastic hollow
sphere. J. Therm. Stresses 19, 139-151. (doi:10.1080/01495739608946166)

Laloui, L. & Di Donna, A. 2011 Understanding the thermo-mechanical behaviour of energy piles.
Civil Eng. 164, 184-191. (doi:10.1680/cien.2011.164.4.184)

Laloui, L., Cekerevac, C. & Francois, B. 2005 Constitutive modelling of the thermo-plastic
behaviour of soils. Eur. J. Civil Eng. 9, 635-650. (doi:10.1080/17747120.2005.9692774)

Mahyari, A. T. & Selvadurai, A. P. S. 1998 Enhanced consolidation in brittle geomaterials
susceptible to damage. Mech. Cohes. Frict. Mater. 3, 291-303. (doi:10.1002/(SICI)1099-1484
(199807)3:3<291::AID-CFM53>3.0.CO;2-K)

Mandel, J. 1953 Consolidation des sols (¢tude mathématique). Geotechnique 3, 287-299.
(doi:10.1680/geot.1953.3.7.287)

Mason, D. P., Solomon, A. & Nicolaysen, L. O. 1991 Evolution of stress and strain during
the consolidation of a fluid-saturated porous elastic sphere. J. Appl. Phys. 70, 4724-4740.
(doi:10.1063/1.349065)

Pariseau, W. G. 1999 Poroeastic-plastic consolidation-analytical solution. Int. J. Numer.
Anal.  Methods Geomech. 23, 577-594. (doi:10.1002/(SICI)1096-9853(199906)23:7<577::
AID-NAG984>3.0.C0O;2-U)

Pietruszczak, S. 2010 Fundamentals of plasticity in geomechanics. Boca Raton, FL: CRC Press.

Rehbinder, G. 1995 Analytical solutions of stationary coupled thermo-hydro-mechanical problems.
Int. J. Rock Mech. Min. Sci. 32, 453-463. (doi:10.1016/0148-9062(95)00035-F)

Rice, J. 2006 Heating and weakening of faults during earthquake slip. J. Geophys. Res. 111, 1-29.

Rutqvist, J., Borgesson, L., Kobayashi, A., Jing, L., Nguyen, T. S., Noorishad, J. & Tsang, C.-F.
2001 Thermo-hydro-mechanics of partially saturated geological media: governing equations
and formulation of four finite element codes. Int. J. Rock Mech. Min. Sci. 38, 105-127.
(doi:10.1016/S1365-1609(00)00068-X)

Sanchez, M., Gens, A., Guimares, L. & Olivella, S. 2008 Implementation algorithm of a
generalized plasticity model for swelling clays. Comput. Geotech. 35, 860-71. (doi:10.1016/
j.compgeo.2008.08.004)

Schanz, M. 2009 Poroelastodynamics: linear models, analytical solutions and numerical methods.
Appl. Mech. Rev. 62, 030803. (doi:10.1115/1.3090831)

Proc. R. Soc. A (2012)


http://dx.doi.org/doi:10.1093/qjmam/16.4.401
http://dx.doi.org/doi:10.1061/(ASCE)0733-9410(1990)116:12(1765)
http://dx.doi.org/doi:10.1016/0013-7952(95)00045-3
http://dx.doi.org/doi:10.1680/geot.2009.59.3.197
http://dx.doi.org/doi:10.1061/(ASCE)GT.1943-5606.0000513
http://dx.doi.org/doi:10.1080/01495739608946166
http://dx.doi.org/doi:10.1680/cien.2011.164.4.184
http://dx.doi.org/doi:10.1080/17747120.2005.9692774
http://dx.doi.org/doi:10.1002/(SICI)1099-1484(199807)3:3<291::AID-CFM53>3.0.CO;2-K
http://dx.doi.org/doi:10.1002/(SICI)1099-1484(199807)3:3<291::AID-CFM53>3.0.CO;2-K
http://dx.doi.org/doi:10.1680/geot.1953.3.7.287
http://dx.doi.org/doi:10.1063/1.349065
http://dx.doi.org/doi:10.1002/(SICI)1096-9853(199906)23:7<577::AID-NAG984>3.0.CO;2-U
http://dx.doi.org/doi:10.1002/(SICI)1096-9853(199906)23:7<577::AID-NAG984>3.0.CO;2-U
http://dx.doi.org/doi:10.1016/0148-9062(95)00035-F
http://dx.doi.org/doi:10.1016/S1365-1609(00)00068-X
http://dx.doi.org/doi:10.1016/j.compgeo.2008.08.004
http://dx.doi.org/doi:10.1016/j.compgeo.2008.08.004
http://dx.doi.org/doi:10.1115/1.3090831
http://rspa.royalsocietypublishing.org/

Downloaded from http://rspa.royalsocietypublishing.org/ on February 1, 2015

2806 A. P. S. Selvadurai and A. P. Suvorov

Schofield, A. N. & Wroth, C. P. 1968 Critical state soil mechanics. New York, NY: McGraw-Hill.

Selvadurai, A. P. S. (ed.) 1996 Mechanics of poroelastic media. Dordrecht, The Netherlands: Kluwer
Academic Publishers.

Selvadurai, A. P. S. 2004 Stationary damage behavior of poro-elastic contact. Int. J. Solids Struct.
41, 2043-2064. (doi:10.1016/j.ijsolstr.2003.08.023)

Selvadurai, A. P. S. 2007 Analytical methods in geomechanics. Appl. Mech. Rev. 60, 87-106.
(doi:10.1115,/1.2730845)

Selvadurai, A. P. S. & Mahyari, A. T. 1997 Computational modeling of the indentation of a cracked
poro-elastic half-space. Int. J. Fract. 86, 59-74. (doi:10.1023/A:1007372823282)

Selvadurai, A. P. S. & Nguyen, T. S. 1995 Computational modeling of isothermal consolidation of
fractured porous media. Comput. Geotech. 17, 39-73. (doi:10.1016/0266-352X(95)91302-K)
Selvadurai, A. P. S. & Nguyen, T. S. 1997 Scoping analyses of the coupled thermal-hydrological-
mechanical behavior of the rock mass around a nuclear fuel waste repository. Eng. Geol. 47,

379-400. (doi:10.1016/S0013-7952(96)00100-7)

Selvadurai, A. P. S. & Selvadurai, P. A. 2010 Surface permeability tests: experiments and
modelling for estimating effective permeability. Proc. R. Soc. A 466, 2819-2846. (doi:10.1098/
rspa.2009.0475)

Selvadurai, A. P. S. & Shirazi, A. 2004 Mandel-Cryer effects in fluid inclusions in damage susceptible
poro-elastic media. Comput. Geotech. 37, 285-300. (doi:10.1016/j.compgeo.2004.02.008)

Selvadurai, A. P. S. & Shirazi, A. 2005 An elliptical disk anchor in a damage-susceptible poro-elastic
medium. Int. J. Numer. Methods Eng. 63, 2017-39. (doi:10.1002/nme.1354)

Shirazi, A. & Selvadurai, A. P. S. 2004 Fluid-filled spherical cavity in a damage susceptible poro-
elastic solid. Int. J. Damage Mech. 13, 347-370. (doi:10.1177/1056789504044283)

Silvestri, V. & Abou-Samra, G. 2011 Application of the exact constitutive relationship of modified
Cam Clay to the undrained expansion of a spherical cavity. Int. J. Numer. Anal. Methods
Geomech. 35, 53-66. (do0i:10.1002/nag.892)

Stephansson, O., Hudson, J. & Jing, L. (eds) 2004 Coupled thermo-hydro-mechanical-chemical
processes in geo-systems; fundamentals, modelling, experiments and applications, vol. 2. Elsevier
Geo-Engineering Book Series. Amsterdam, The Netherlands: Elsevier.

Thimus, J. F., Abousleiman, Y., Cheng, A. H.-D., Coussy, O. & Detourney, E. (eds) 1998
Poromechanics. In Proc. 1st Biot Conf. on Poromechanics, Louvain-la-Neuve, Belgium, 1998.
Rotterdam, The Netherlands: A.A. Balkema.

Proc. R. Soc. A (2012)


http://dx.doi.org/doi:10.1016/j.ijsolstr.2003.08.023
http://dx.doi.org/doi:10.1115/1.2730845
http://dx.doi.org/doi:10.1023/A:1007372823282
http://dx.doi.org/doi:10.1016/0266-352X(95)91302-K
http://dx.doi.org/doi:10.1016/S0013-7952(96)00100-7
http://dx.doi.org/doi:10.1098/rspa.2009.0475
http://dx.doi.org/doi:10.1098/rspa.2009.0475
http://dx.doi.org/doi:10.1016/j.compgeo.2004.02.008
http://dx.doi.org/doi:10.1002/nme.1354
http://dx.doi.org/doi:10.1177/1056789504044283
http://dx.doi.org/doi:10.1002/nag.892
http://rspa.royalsocietypublishing.org/

	Boundary heating of poro-elastic and poro-elasto-plastic spheres
	Introduction
	Governing equations
	Analysis of the thermo-poro-elastic sphere
	Results for the thermo-poro-elastic sphere
	Results for the thermo-poro-elasto-plastic sphere
	Concluding remarks
	References


