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Abstract: Coupling effects of stress, temperature, pore pressure and damage on hydraulic parameters
of hydrocarbon and geothermal reservoirs and their production wells show that the realistic design of the
production process from these reservoirs requires a comprehensive stress-strain behavioral model. In this
study, through presenting a novel definition of total damage due to the effects of high temperature fluid
in porous medium, a coupled stress-strain thermo-hydro-mechanical-damage behavioral model of rock
in three-axial loading condition is performed based on the effective medium theory, the concept of Biot
effective stress, power probability density function and convection and conduction heat transfer. Results
show that: A) Increasing Biot effective stress coefficients, rock permeability, pore pressure and temperature
leads to the augmentation of the coupled thermo-hydro-mechanical damage while the increase in confining
pressure reduces damage thus improves rock bearing capacity. B) As temperature increases, total thermo-
hydro-mechanical damage rate decreases and its peak occurs at larger strains, C) Modified Lade failure
criterion provides a more realistic prediction from coupled thermo-hydro-mechanical-damage behavior
compared with Mohr-Coulomb and Dragger-Prager failure criteria. Generally, it is concluded that taking
into account the concept of Biots effective stress and convection heat transfer along with power distribution
function will lead to more accurate predictions of the coupled thermo-hydro-mechanical-damage model.

Keywords: Coupled Thermo-Hydro-Mechanical-Damage behavioral model (THMD), Convection heat
transfer, Effective medium theory, Power probability density function, Biot effective stress theory.

INTRODUCTION

Mechanical behavior of rocks can be generally demonstrated based on the theory of elastoplasticity
and the application of non-associated plastic flow rule [1], Cossaret continuum theory and the application
of the bifurcation theory [2,3], damage mechanics and the application of equivalence strain principle [4]
and statistical distribution functions [5]. Based on the theory of effective medium and equivalent strain
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principle with respect to the effect of temperature, the coupled mechanical- damage behavior of rock is
defined as follows [6]:

0',»=E03,»(1—D,,,)(1—Dr)+u(0'j+Gk) (1)

Where EO is elasticity modulus at room temperature, D_ and D, are mechanical and thermal damage
parameters, respectively, p is Poisson’s ratio, and 6. and o, are stress in j and k direction (lateral direction),
respectively. Due to the stochastic nature of micro-cracks distribution and damage evolution in rock,
damage parameter can be described using the probability density function of statistical distributions such as
Weibull, normal and power distributions [5].

In this study, in order to provide a more realistic simulation from thermo-hydro-mechanical model of
saturated rocks, a model is presented based on the effective medium theory and using the concept of Biot
effective stress, convection and conduction heat transfer and probability density function.

Coupled Thermo-hydro- Mechanical damage behavioral model of rock (THMD Model)

Considering the convective heat transfer, Biot effective stress and the mechanical damage parameter
definition based on the probability density function of the power distribution, thermo-hydro-mechanical-
damage behavioral equation under triaxial loading conditions is proposed as follows:

o =KEz,(1-(F/ F,)")(1-0.0664k°g *h"*1"° 9, )(E, | E, ) +u(0, + 0, )+ bP, (1-241) )

where ¢ is axial Biot effective stress, K is the coefficient for correcting nonlinear part of the stress-
strain diagram as the result of crack closure, F and F and n are Power Probability Density Function
parameters, k; is reference permeability, h is hydraulic flow head, §, is fluid kinematic viscosity, g is
gravitational acceleration, o is rock Thermal coefficient, E. is elasticity modulus at desired temperature, b
is Biot coefficient and P is pore pressure. Accordingly, thermo-mechanical-damage (TMD) and thermo-
hydro-mechanical-damage (THMD) are defined as follows:

Dy, =(1-D,)(1-D,)=1- 2L exp| -| £
E, £
3)
’ I+J7, ) Lo
Dy =| 1= exp| | £ (1—0.664Re<”2)Pr<“3>)=1—Qexp NEIANA x| 1-0.664Re? Pr>
E, Fy E, £

Where Re and Pr are Reynolds and prantdl numbers, and I, and j, are first and second stress tensor
invariants, respectively.

Furthermore thermo-hydro-mechanical-damage parameter evolution rate “dD,, /de,” and energy
release rate (y) under three-axial loading conditions based on the proposed model are presented as follows:

n-1 i
Dy [1_0.664]{6;”1) nE, [M J X[a dl, 1 _dJ, Jexp[_[mJJ 4)
ds, F

d, RE R de, 27,
y—zE(quTHM)Zﬁ(w)w(l—zu)(«m+oz+ag>/3)/(J<<al—az)2+(az—ag>2+(al—ag)2>/z))z} (5)

It should be noted that in the proposed formulation, the model will be reduced to “Equation 2” [6]
considering zero values for the parameters of the effective Biot stress, convective heat transfer and power
distribution. In addition, in order to validate the proposed base model, data presented in Tables 1 and 2 are
used based on the experimental results published in [6,7].
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Table 1. Parameters used in proposed THMD model [7]

Permeability (m/s) 1.431x 10716
Fluid viscosity (Pa.s) 1.001x 1073
Rock thermal conductivity (m?/s) 2.219% 10
Poison ratio (-) 0.3
Biot coefficient (-) 1

Table 2. Statistical distribution constants and elasticity modulus of granite at different temperature [6]

Temperature Constants Value
n 12.67
25°C Fo 12.79
Er (GPa) 31.31
n 7.99
200 °C Fo 146.65
Er (GPa) 28.56
n 5.75
400 °C Fo 129.7
Er (GPa) 27.46
Cohesion C (MPa) 12
Internal friction angle @ (©) 27
RESULTS AND DISCUTION

Validation of the proposed model

In order to validate the proposed model, due to the inaccessibility to laboratory data in accordance with
the proposed model conditions, and considering zero values for convective damage parameter and Biot
effective stress coefficient, model is reduced to a basic thermomechanical model based on the modified
Lade criterion and power distribution function. Then, this model is compared to the laboratory data and

thermomechanical model presented in [6] in order to evaluate the prediction accuracy and error magnitude.
Results are shown in Figure 1.

cmo-430

Figure 1. Stress-strain response of granite at 400 °C (based on proposed THMD model, thermomechanical model and
experimental data)

As shown in Figure 1, the proposed thermo-hydro-mechanical model is in good agreement with the
experimental data in the pre-peak area of the rock stress- strain curve. Moreover, it is a more accurate
model for predicting post-peak behavior of the thermomechanical model (TM) than that of [6] which is
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based on Dragger-Prager failure criterion (DP) and Weibull distribution function (revise needed, not clear).
Accordingly, the proposed THMD model has been utilized to investigate different aspects of rocks thermo-
hydro-mechanical behavior under triaxial stress state loading. It should be noted that in this study water
at temperature 400 ° C is considered as saturating fluid and it is in accordance with geothermal projects.
Therefore, the results can be used in these reservoirs behavioral analysis.

Impact of Biot Coefficient on the evolution of THM Damage and Stress-strain Behavior

At confining stress and pore pressure of 5 and 4 MPa, respectively, increasing Biot coefficient led to
increased amount of damage and consequently rock bearing capacity decreased. This increase in damage
can be attributed to the increased share of grains from the applied stress and the development of intergranular
cracks. Therefore, we expect to see a further decrease in the deformation modulus with increasing Biot
coefficients in the medium with incompressible grains.

Impact of permeability coefficient on the evolution of THM Damage and Stress-strain Behavior

Under confining stress and pore pressure of 5 and 4 MPa, respectively, permeability coefficient was
increased due to increasing fluid velocity (according to Darcy’s law). As a result, convective heat transfer
inside porous medium is intensified which increases the overall thermo-hydro-mechanical damage of the
medium. In addition, increasing fluid velocity increases the friction between fluid and grains, thereby
exacerbating mechanical damage. Hence, at a certain temperature, permeability coefficient, bearing capacity
and deformation modulus of the rock will decrease with increasing permeability coefficient.

Variations of strain release rate with temperature changes

At confining stress and pore pressure of 10 and 4 MPa, respectively, as temperature increases, energy
release rate and the corresponding peak strain increase due to the development of thermal stresses in the rock
and the growth of micro-fractures. This leads to development of damage and reduced rocks bearing capacity.

CONCLUSIONS

In this study, based on the thermomechanical model presented in literature review, a coupled thermo-
hydro-mechanical-damage model is proposed in order to simulate rocks stress-stain response in geothermal
reservoirs and oil wells. The unique feature of this model is the addition of the damage parameter due to
convective heat transfer and Biot effective stress, compared to the previous statistical thermomechanical
models. The proposed model is in good agreement with experimental data in pre-peak portion of the stress-
strain curve, however, due to violating its initial assumption, (i.e., micro-fractures and their propagation are
randomly distributed in the rock), acceptable errors appear in the post-peak portion. Overall, the proposed
model offers accurate predictions for rocks, with perfect plastic behavior in the post-peak portion. In
addition, based on the results of sensitivity analysis of the proposed model with different parameters, it is
concluded that:

* Use of the modified Lade failure criterion leads to a more realistic prediction of post-peak behavior
compared to Mohr-Columbus and Drager-Prager failure criteria.

* The effect of convection and the Biot effective stress makes the behavioral models more realistic in
simulating coupled thermo-mechanical response.
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