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Thermo-Poro-Elastic System

» The rock is
v'Heated
v'Porous
v'Elastic
v'"What’s gonna happen?



Rock is Heated

 The rock
v'"Wants to expand
v'But it is confined
v'The rock gets a thermal stress

« How much is the rock thermally stressed?
v'f3 is the linear thermal expansion coefficient
v'The volumetric expansion coefficient is 38
v'Volumetric strain = 38 (T — Ty..r)
v'Thermal stress = 38K (T — Tyer)



Rock is Porous

* The rock

v'Has fluid in the porous space
v'And the fluid defies external stresses

« How much is the rock effectively stressed?
v'Total (external) stress — Biot’s coefficient * Pore pressure

vo' =o0—aP



Rock is Elastic

* The rock deforms elastically

« What is the relation between stresses and elastic strains?
V oy = 2Gexy + Ay + Eyy T €17)
Vo, =2Ge,, + AMexy + Eyy T €17)
V0., =2Ge,, + Mexy + £y N E17)
VOxy = Oyx = 2GExy = 26
Voy, =0, = 2Ge,, = 2G&,,

VO, = 0y = 2GE,, = 2G&,,



Thermo-Poro-Elastic System

« How much stressed is the rock effectively when the rock is heated, porous, and elastic?
vo'=0—aP +3pK(T —Tyef)
v’ Effective stress = Total stress — Pore pressure + Thermal stress

« What is the relation between effective stress and elastic strain when the rock is heated,
porous, and elastic?

V Oyx — aP + 3BK(T — Trep) = 2Gexy + A exy + &5y + €22)
v oy, — aP + 3BK(T — Tref) = 2Geyy + A exy + &yy + €22)
V 0y, — aP + 3BK(T — Trer) = 2Gez; + Mexy + €yy + €27)
V Oyy = Oyy = 2G&yy, = 2G &y,
v 0y, = 0, = 2Gey, = 2G&,,

V Oyx = Oxy = 2GE55 = 2G &y,



Mean Normal Stress and Volumetric
Strain

1) Oxx — AP + 3BK(T — Trep) = 2GExx + A(exx + &y + EZZ)
2)  0yy— aP +3BK(T — Tref) = 2Geyy + Mexy + &5y + &17)
3)  Og— aP +3BK(T — Trep) = 2Gez, + Mexy + &5y + €45)

4) o, = axx+a;,y+azz

5)  Substitute 4) into 1) +2) + 3)

6)  Om—aP +3BK(T = Trep) = (1+26) (exx + &3y + £22)

7)  Om=aP = 3BK(T = Tre) + (A+26) (exx + &5y + £22)

O'm—OlP+3ﬁK(T—Tref)
2
/’l+§G

8) Ep = Exx + Eyy + &7, =

9 O =&, +=6)+aP = 3BK(T — Trep)

10) Aoy = Aey(A+2G) + aAP — 3BKAT



Force Equilibrium Equation

0 0
o 29xx Oyx _I_asz_I_pbB — 0

dx ady
00xy . 00yy aazy
9% 3y + PbB 0
oo do oo
« X2 4 4 —~+ppB; =0




Substitution the Constitutive Relation
into the Force Equilibrium Equation

00xy  00yy 00y
L] =
ox dy + 0z +pbBy 0
o aO'xZ ao—yz aO'ZZ
P + 3y + P +ppB, =0

* Oyx = aP = 3BK(T — Trep) + 2Gexy + Ay + &y + €27)
* Oyx = 2GEyy
* O, = 2GE,
a(sxx+syy+szz) asyx

Osxx aszx

¢ @D 3BK T4 260 4 ) S +2622 4 0%z 4 5 g =0
. P 6£yy 0(exx+eyy+esz) Dexy Oezy _
3pK S + L +2652 42652 + pyB, =0
a xXx ZZ a zZ XZ
¢« @S- 3K 426224 ) (e i ) 4 9% gy +2652 4 p,B, =0



Relation between Strain and
Displacement

€xx €Exy €Exz A
€ = |:ny Eyy EyZ] Exy ny
€zx €zy €3z /
ou, 1/0u, " ou,\ 1/[/0du, ) ou, \ |
ox 2\ dx  0dy 2\ 0x 0z
|1 (Gux A u, 0%y 1[0u, N du,,
|2 (ody  Ox ady 2\ dy 0z
1 /du, N duy\ 1/0u, N ou, ou,
2\ 0z = Ox 2\ 0z 0dy 0z
9
aax Ou,/0x Ou,/0x Ou,/0x
Vu = a— [ux Uy uz] = aux/ay auy/ay 6uz/ay‘
ay du,/0z 0u,/0z Ou,/0z
|92

1
€= E[Vu + VuT]

Strains can be expressed using displacements



Substitution Relation between Strain
and Displacement (1)

P 3 K6T+(ZG+A)azu Aazuy+/162uz+6 azux+azuy +G azux 0%, + ppBy = 0
“ox 3P axdy | " axoz 022 | axdz) T PrPx T

op 3 K6T+(ZG+A)azu +Aazux+zazuz+6 azuy+azux +G azuy+azuz +ppB, =0
“ay p dy 0y? 0x0y ~ 0yoz Poby =

P _3 KaT + (26 +/1)62” NPT Y (AT B (e DR
“ozF 0zdy = 0x0z dx2 = 0x0z Ppbz =



Substitution Relation between Strain
and Displacement (2)

opP ; KGT £G4+ D) azux N 0%u, s 0%u, i 0%u, s 9%u, N 0%u, & o
“ox 3P dxdy | 9x0z 0xZ ' 9yz T gz )T PpEx T

oP ; KGT LG4+ D) 62u s 0%u, \ 0%u, - 0%u, ) 0%u, 0%u, 5 -0
“ dy p dy 0x0y 0y?  0yoz 0x2  0y? T oz ) T Prby =

oP oT 0%u, 0%u, 0d%u, 0%u, 0%u, 0%u,

— — 3K p -
g, 3K G )<6xaz T oyoz " 972 ) <6x2 Ty T 92 ) tpplbz =0

aVP — 3BKVT + (A + G)V(V - @) + GV2h + pp,B = 0



Rock Deformation and Porosity

Mass Balance : During a very short time,
inlet fluid mass = outlet fluid mass
in a very small rock volume

1 0(pVext)
dxdydz Ot

However, if we consider rock deformation caused by effective stress changes
in the rock, then the bulk volume changes.

0
mathematically\‘ V-(pV) + Em (pp) =

In the mass balance equation, we assume that the bulk volume(=very small
rock volume) is constant, but this is not valid any longer if the rock is
deformed.
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