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ABSTRACT

Some fundamental mechanisms associated with
cooling/heating of the rock in the context of
drilling and reservoir stimulation in enhanced
geothermal systems are described. The role
of temperature and pore pressure in wellbore
failure and fracture width is considered us-
ing analytical and boundary element models.
Results indicate that cooling induces a pore
pressure drop inside the formation that tends
to increase the effective stresses near the well-
bore but, it reduces the total stresses in the
rock near the well more significantly (decreas-
ing the stress difference, i.e., Mohr’s circle ra-
dius). Thus, cooling causes wellbore stabil-
ity with respect to shear failure and insta-
bility with respect to tensile failure. Con-
sequently, one often observes tension cracks
whereas compressional wellbore breakouts may
be absent. The cooling mechanism is useful in
stimulation by cold fluid injection to enhance
fracture permeability. Cooling increases joint
aperture and the stress intensity at the frac-
ture tip leading to crack growth. As a re-
sult, fracture slip may occur leading to per-
meability enhancement. On the other hand,
increased pore pressure in the rock matrix re-
duces fracture width.

INTRODUCTION

Coupled thermal and poro-mechanical processes
play an important role in a number of prob-
lems of interest in geomechanics such as sta-
bility of boreholes and permeability enhance-
ment in geothermal reservoirs or high tem-
perature petroleum bearing formations. when
rocks are heated/cooled, the bulk solid as well
as the pore fluid tend to undergo a volume
change. A volumetric expansion can result in
significant pressurization of the pore fluid de-
pending on the degree of containment and the
thermal and hydraulic properties of the fluid
as well as the solid. The water trapped in

the pores may undergo pressure increases on
the order of 1.5MPa per degree Kelvin during
heating for conditions typical of earth’s upper
crust (Williams and McBirney 1979). The net
effect is a coupling of thermal and porome-
chanical, and chemical processes when devel-
oping a geothermal reservoirs. These processes
occur on various time scales and the signifi-
cance of their interaction and coupling is de-
pendent upon the problem of interest. For ex-
ample, in drilling operations there is a strong
coupling between thermal and poromechani-
cal effects that has significant impact on the
stress/pore pressure distribution around the
wellbore and thus hole failure and fracture ini-
tiation. This is caused by the contrast in ther-
mal and hydraulic diffiusivities of the rock and
also because drilling through rock takes less
time than the characteristic time a

2

cf
, where a

is the radius of the well and cf is the fluid
diffusivity. On the other hand in hydraulic
fracturing, the evolution of the fluid-rock me-
chanics coupling evolves rapidly (on the scale
of minutes, hours to possibly days) compared
to thermal pro-cesses, thus the thermal ef-
fects have little effect on the fluid-mechanical
processes involved in fracture propagation. How-
ever, During a long term injection phase (time
scale of years), the thermo-mechanical cou-
pling can no longer be neglected. Accord-
ingly, different levels of coupling are necessary
when studying wellbore failure, fracture prop-
agation, and fluid circulation.

PORO-THERMOELASTICITY

A poro-thermoelastic approach combines the
theory of heat conduction with poroelastic con-
stitutive equations (Biot, 1941), coupling the
temperature field with the stresses and pore
pressure. The governing equations of poro-
thermoelasticity are (McTigue, 1986; Palci-
auskas and Domenico, 1982):
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Constitutive equation (tension positive):

∆εij =
∆σij
2G

, i 6= j (1)

∆εkk =
∆σkk
3K

+
α∆p

K
+ β

0
s∆T (2)

σij = 2Gεij + (
2Gν

1− 2ν ε− αp+Kβ
0
sT )δij (3)

∆ζ =
α

3K
∆σkk +

α∆p

BK
− φ0(βf − β

00
s )∆T (4)

Equilibrium equations:

σij,j = 0 (5)

Darcy’s law:

vi = −k
µ
p,i (6)

Continuity equations:
∂ζ

∂t
+ qi,j = 0 (7)

Fourier: qTi = −kTT,i (8)

where σij denotes the components of the to-
tal stress tensor, ζ is the variation of the fluid
content per unit volume of the porous mate-
rial, and εij are the components of the strain
tensors related to the solid displacements ui
by εij = 1

2(ui,j + uj,i). The constant K is the
rock’s bulk modulus; B is Skempton’s pore
pressure coefficient; α = 3(νu−ν)

B(1−2ν)(1+νu) is Biot’s
effective stress coefficient; β

0
s is the volumet-

ric thermal expansion coefficient of the bulk
solid under constant pore pressure and stress;
and β

00
s and βf represent volumetric thermal

expansion coefficients of the solid matrix and
the pore fluid, respectively. The former, β

00
s ,

reflects the phenomena engendered by the in-
ternal pore geometry and stress fields that are
caused by a temperature change; it may be
considered equal to β

0
s (henceforth denoted

by βs) if the change in temperature is not
expected to change porosity, φo. κ = k

µ , in
which k is dynamic permeability and µ is the
fluid viscosity; kT is the thermal conductivity
and cT is the thermal diffusivity. The above
equations can be combined to yield a set of
field equations:

Gui,jj +
G

1− 2ν εkk,i − αp,i − βsKT,i = 0 (9)

1

M

∂p
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=
k

η
p,ii − α

∂εkk
∂t

+D
∂T

∂t
(10)

∂T

∂t
= cTT,ii (11)

with M = 2G(νu−ν)
α2(1−2ν)(1−2νu) is Biot’s modulus,

G is shear modulus, andD = αβs+φ(βf−βs).
It should also be noted that for most rocks,
heating/cooling produces thermal stresses and
changes pore pressure, but stress and pressure
changes do not significantly alter the temper-
ature field so that the latter is not coupled to
the equations for the pore pressure and solid
displacements.

Poro-Thermoelastic BEM

A few analytical procedures have been devel-
oped and used to solve rock mechanics prob-
lems of interest involving coupled thermal and
poromechanical problems (Delaney, 1982; Wang
and Papamichos, 1994; Li et al. 1988; Ghas-
semi and Diek, 2002). However, often times
many problems are not amenable to analyti-
cal treatment and need to be solved numeri-
cally. The boundary element method (BEM)
or the boundary integral equation formulation
also has proven effective for the poroelastic
and thermoelastic problems (e.g., Ghassemi &
Roegiers, 1996; Cheng et al. 2001; Ghassemi
et al. 2001, 2003). The fictitious stress (FS)
and the displacement discontinuity (DD) tech-
niques are indirect boundary element meth-
ods. The former is based on the fundamental
solutions to the problems of fluid/heat source
and point force in an infinite solid; the latter
utilizes similar singular solutions with a point
DD used instead of a point force. Both of
these techniques have been combined herein
to enable treatment of a problems involving
wellbores and cracks. For the sake of brevity,
the details of the formulation are not pre-
sented. The interested reader is referred to
(Ghassemi and Zhang, 2004).

APPLICATIONS

Consider a borehole with a radius R = 0.1
m in a reservoir that is at a temperature of
200oC. The wellbore wall is suddenly cooled
by water and maintained at 80oC. For clarity
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of presentation and investigation of the role
of temperature, only induced stress and pore
pressures are studied. Thus, pore pressure
and stress loadings are not considered. Due
to symmetry only a quarter of the wellbore is
modeled using 10 elements. For each compu-
tation, the time is divided into 10 steps with
the value of increment adjusted accordingly.
The input parameters are shown in Table 1.
Figures 1-4 illustrate the profiles of tempera-
ture, induced pore pressure, induced tangen-
tial stress, and induced radial stress around
the wellbore. Analytical results are also shown
for comparison. As can be observed, the nu-
merical results are in agreement with the an-
alytic solution ( e.g., Li et al. 1998). Fig-
ure 1 shows the transient temperature dis-
tribution; it is typical of a conductive heat
transfer situation. The formation is gradu-
ally cooled off when the borehole temperature
is suddenly reduced. Figure 2 is the distrib-
ution of induced pore pressure; a significant
pressure drop is generated near the borehole
at early times. With increasing time, the pore
pressure peak is reduced and moves away from
the well where it gradually recovers the orig-
inal state. Figure 3 presents the thermally
induced tangential stress. With cooling, a
significant tangential tensile stress is induced
around the wellbore. This is caused by the
tendency of the rock to shrink near the bore-
hole wall. Away from the borehole wall, the
magnitude of the induced tensile stress de-
creases and changes its sign at some point in-
side the formation i.e., turns into a compres-
sive stress. This is because the shrinkage of
the material near the borehole tends to pull
on the outer rock, thus inducing a compressive
stress. The compressive zone gradually moves
away from the borehole and is diminishes in
magnitude. Figure 4 illustrates the thermally
induced radial stress; a significant radial ten-
sile stress peak is produced inside the forma-
tion. At later times, the tensile stress zone
moves inside the formation while the magni-
tude of the “peak” increases.

We now solve a crack problem using the
DD part of the model. Consider a crack of
length 2L in a reservoir that is at a temper-
ature of 200oC. The crack surfaces are sud-
denly cooled by water and maintained at 0oC
(shown in Figure 5). This problem of fracture
pressurization by a cooler fluid under pres-
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Figure 1: Temperature distribution around

the well for various times.

sure P may be decomposed into three sub-
problems corresponding to three fundamen-
tal modes of loading: a normal stress loading,
a pore pressure loading, and a temperature
loading:

σn p(x, t) T (x, t)

Mode1 PH(t) 0 0

Mode 2 0 PH(t) 0

Mode 3 0 0 T1H(t)

whereH(t) denotes the Heaviside step func-
tion. The initial conditions for each sub-problem
are zero stress, pore pressure, and a temper-
ature of T0 everywhere. Due to symmetry,
only a half of the crack is modeled using 10
elements. For each computation, the time is
divided into 10 steps with the value of incre-
ment adjusted accordingly. The input para-
meters are shown in Table 1.
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Figure 2: Pore pressure distribution around

the wellbore.

Table 1. Input Parameters

G shear modulus 1.50e04 MPa

ν, νu Poisson’s ratio 0.25, 0.33

Ks solid modulus 4.50e04 MPa

C heat capacity 790.0 J/(kg·oC)
cT thermal diff. 5.10e-6 m2/ sec

cf fluid diff. 6.16e-5 m2/ sec

βs solid exp coef. 2.40e-5 m/oC

βf fluid exp. coef. 3.00e-4 m/oC

k permeability 4.053e-7 darcy

The result of Mode 1 loading is shown in
Figure 6. This mode of loading is responsi-
ble for the opening of the fracture. At time
t = 0+, the fracture opens according to the
well known solution of Sneddon (1946) with
undrained material properties (Detournay &
Cheng, 1991):

W = −2pL(1− νu)

G

µ
1− x

2

L2

¶
(12)

As time increases the crack opening also
increases, approaching the steady-state solu-
tion given by the previous equation with drained
material properties. This stage of rock defor-
mation is referred to as the drained stage. The
crack opening is a maximum at this stage re-
flecting the softer material behavior.
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Figure 3: Tangential stress distribution

around the wellbore.

The fracture response in Mode 2 is illus-
trated in Figure 7. A purely thermoelastic for-
mulation cannot consider this loading mode
which causes the crack to close progressively,
starting from a zero value and reaching a fi-
nal normalized maximum closure value of 0.22

given by (
∧
Dn)max = 2η(1− ν), where η is the

poroelastic stress parameter η = α(1−2v)
2(1−ν) : [0-

0.5], and (
∧
Dn)max =

Dn(0,t)G
PL . Physically, the

two crack surfaces cannot overlap, this closure
is possible only if the crack remains open, un-
der appropriate stress, pore pressure and tem-
perature. The numerical model overestimates
the fracture opening by about 5 per cent. This
may be attributed to the use of constant ele-
ments. A comparable error was also observed
when modeling pressurized cracks in elastic
media using constant elements (Crouch and
Starfield, 1983).

The Mode 3 fracture response as a func-
tion of time is illustrated in Figure 8 . It can
be seen that cooling the crack surfaces and
the surrounding rock results in opening of the
fracture. This is the opposite of the effect of
fluid invasion into the rock mass that tends to
close the crack.

The fracture opening approaches the as-
ymptotic value, the latter is obtained using
an approach similar to the poroelastic case
(Zhang, 2004). This consists of applying the
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Figure 5: Uniformly pressurized, cooled crack.

steady-state thermal stresses that are gener-
ated by a heat sink to the surfaces of a Grif-
fith crack. For a two dimensional geometry
(plane strain) it can be shown analytically
that the stresses induced on the fracture faces
(at steady-state) are given by:

σxx = σyy =
βsE∆T

6(1− ν)
(13)

and equal 40 MPa for a crack in Westerly
Granite. This stress will cause a significant
reduction in the effective stress acting on nat-
ural fractures causing fractures to open and
to slip under tectonic stresses thus increasing
fracture permeability.

We now present some applications of the
numerical models to the Coso geothermal field.
We first consider wells 38A-9 and 38B-9 and
study the stress distributions and the poten-
tial for drilling-induced fractures around them
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Figure 7: Crack closure resulting from a fluid

pressure diffusion into the rock.

at a depth of 5000 ft and 7800 ft., respec-
tively. In doing this, we consider two possi-
ble estimates of the in-situ stress magnitudes
and directions as reported in the preliminary
study of Sheridan et al. 2003 namely (nor-
mal and strike slip faulting regimes). It is as-
sumed that the principal stresses are parallel
to the x- and y-coordinate axis and the well
pressures are 16.5 and 25.81 MPa. Figures 9-
10 show that after 10 hours of cooling signif-
icant tensile effective stresses develop around
the well 38A-9 for both stress regimes. Simi-
lar results are observed for the other well (not
shown). This has implications for wellbore
stability as well as stimulation/injection op-
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erations. These results are in agreement with
the borehole image data from FMS surveys
(Sheridan et al. 2003) that indicate the pres-
ence of drilling induced cracks and the absence
of compressive type breakouts. One can ex-
pect similar results (induced tensile stresses)
for well 83-16 when it is injected with cold
water. The tensile stresses lead to fracturing
which in turn enhances permeability and in-
creases injection rate.

CONCLUSIONS

Transient porothermoelastic boundary element
methods were used to study wellbore and crack
problems to demonstrate some fundamental
mechanisms associated with pressurization and
cooling of the rock. The results presented il-
lustrate the importance of the role of temper-
ature in hydraulic fracture initiation and well-
bore failure. Cooling of the rock near the well-
bore reduces the total stresses (since radial
stress at the well is constant, the stress differ-
ence, i.e., Mohr’s circle radius is reduced) and
induces a pore pressure drop inside the forma-
tion that increases the effective stresses near
the wellbore. As time increases, the mud tem-
perature will equilibrate with its surroundings
so that the formations higher in the section
being drilled are subjected to the increased
temperature of the mud. Heating increases
pore pressure and total stresses near the well-
bore, the former reduces the effective stresses.

Figure 9: Well 38-9A, normal faulting regime,

5000 ft.

Figure 10: Well 38-9A, reverse faulting

regime, 5000 ft.
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The heating and cooling processes may be oc-
curring simultaneously in the lower and upper
segments of the wellbore, respectively. Cool-
ing causes wellbore stability with respect to
shear failure and instability with respect to
tensile failure. The latter mechanism is use-
ful in fracture initiation in stimulation; it also
significantly enhances fracture permeability.
Cooling increases the stress intensity at the
fracture tip leading to crack growth, the lat-
ter will be further investigated in the future
using the displacement discontinuity method.
The results also show that cold fluid injection
in the reservoir can alter the stresses signifi-
cantly and reduce the effective normal stress
on joints. As a result, fracture slip is highly
likely and can lead to permeability enhance-
ment.
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