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Coupled Thermal-Hydraulic-Mechanical Phenomena in Saturated 
Fractured Porous Rocks' Numerical Approach 

J. NOORISHAD, C. F. TSANG, AND P. A. WITHERSPOON 

Earth Sciences Division, Lawrence Berkeley Laboratory, University of California, Berkeley 

The fundamentals of the theory of consolidation and thermoelasticity are recast into the formulation 
of a phenomenon called thermohydroelasticity. Subsequently, a variational principle and Galerkin for- 
mulation are combined with the finite element method to develop a new technique to investigate coupled 
thermal-hydraulic-mechanical behavior of liquid-saturated, fractured porous rocks. A code-to-code ver- 
ification of the method is performed. Finally, the environment of a heater emplaced in hard rock is 
simulated. The effects of the coupled thermal stresses in the fractured rock are evident from the dramatic 
reduction of permeability due to the deformation of the fractures. These results can improve the under- 
standing of observations and displacement measurements made in the in situ experiments at the Stripa 
mine in Sweden. 

INTRODUCTION 

The presence of heat in a liquid-saturated geologic medium 
brings about a chain of events that is caused by what are 
referred to as coupled thermal-hydraulic-mechanical phenom- 
ena. The interdependence of each of these three phenomena 
leads to a coupled behavior that is very complex. However, 
recent progress in coupled analyses among pairs of these three 
phenomena provides a basis for treating all three phenomena 
in a fully coupled manner. In this paper, we first review the 
developments for coupled hydromechanical, hydrothermal, 
and thermomechanical processes and then present the fully 
coupled problem. 

Hydraulic behavior of saturated porous media has been 
studied for a long time, and excellent reviews can be found in 
recent publications [Weeks, 1977; Freeze and Cherry, 1979]. 
In the usual treatment of fluid flow in porous media, defor- 
mation of the medium is considered by introducing a coef- 
ficient of specific storage [Theis, 1938]. This approach, al- 
though by no means precise, is adequate to represent most 
fluid flow problems. However, the well-known theory of con- 
solidation, introduced by Terzaghi [1925], which is mainly 
used for settlement analysis, was the first rigorous means of 
analyzing the effects of deformability on flow of fluid in a 
medium. Terzaghi introduced the concept of effective stress 
and accounted for the coupling of fluid flow and deformation 
of the solids. Biot 1-1941] introduced a more general theory of 
consolidation that makes possible a more realistic treatment 
of the hydromechanical behavior of saturated porous rocks. 
The early work of Blot [1941-1 appeared to be physically moti- 
vated but was later supplemented by a thermodynamic base 
[Biot, 1956]. 

The theories of mixtures [e.g., Green and Naghdi, 1965; Cro- 
chet and Naghdi, 1966; Aifantis, 1977] have a sound thermo- 
dynamic base and a general associated constitutive theory. 
They provide a basis for developing, as a special case, a theory 
for flow of fluids through porous elastic solids that is equiva- 
lent to Biot's result. 

For a long time, solution techniques for hydromechanical 
problems lagged behind theory and were restricted to simple 
geometries. With the advent of computers, numerical solution 
techniques were developed for coupled one-dimensional equa- 
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tions of consolidation and multidimensional equations of fluid 
flow. This provided an approximate means of analyzing gener- 
al fluid flow problems in deformable porous media [Helm, 
1974; Narasirnhan and Witherspoon, 1977]. In an attempt to 
develop a method for the solution of general consolidation 
problems, Sandhu and Wilson [1969] applied the variational 
finite element method to the problem of fluid flow through 
saturated, porous elastic solids. This method was extended by 
Ghaboussi and Wilson [1973], who considered the effects of 
fluid compressibility. 

Recently, Safai and Pinder [1979] developed a Galerkin 
finite element method of analyzing fluid flow through deform- 
able porous media and made an attempt to consider the entire 
saturated-unsaturated flow regime. The proper constitutive 
stress-strain relationships for the extension of Biot's 1-1941-1 
theory to the entire flow regime was later provided by Noori- 
shad et al. [1982b]. 

Unlike soils (porous media), which exhibit the dramatic 
settlement behavior that motivated the development of con- 
solidation theories, fractures and the effects of their defor- 
mation went unnoticed until recently. Davis and Moore [1965] 
presented one of the first direct measurements of fracture de- 
formation (of the order of microns) caused by earth tides. 
Snow [1968] reported strains of 10 -? to 10 -8 at a distance of 
about 300 ft (91.4 m) from a water well in metamorphic rocks 
subjected to 30 ft (9.14 m) of drawdown. More indirect evi- 
dence of fracture deformation has accumulated from (1) the 
difference between pumping into and pumping out of a well 
[Evans, 1966], (2) the nonlinear relationship between fluid 
pressure and flow rate during injection tests [Snow, 1965; 
Louis and Maini, 1970], and (3) the pressure dependence of 
transmissivity in the Precambrian reservoir beneath the 
Denver Basin [Van Poollen, 1969]. For some time, hydraulic 
and hydromechanical analyses of fractures were achieved 
using an equivalent porous medium approach. Noorishad 
[1971] conducted theoretical and numerical studies of fluid 
flow in a rock mass, taking into account the deformable 
nature of fractures in a discrete manner. This work was based 

on earlier studies of discrete fracture behavior from a load- 

deformation point of view by Goodman et al. [1968] and a 
fluid flow point of view by Wilson and Witherspoon [1970]. 
Further laboratory and field tests by Gale [1975] provided 
strong evidence of nonlinear fracture deformability induced by 
fluid pressure changes and also verified the capability of ear- 
lier numerical solution techniques [Noorishad, 1971]. 
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A deterministic solution for transient flow of fluids in de- 

formable fractured porous rocks was not achieved until re- 
cently. Ayatollahi [1978] has used an enumerative approach 
that is based upon a generalization of Biot's [1941] constitu- 
tive stress-strain law and incorporates a Gurtin [1964] type 
variational principle. An extension of this work by Noorishad 
et al. [1982a] provides a general two-dimensional finite ele- 
ment solution technique for the study of the deformation, 
stress distribution, fluid storage, and hydraulic properties of a 
fractured porous medium under the influence of fluid flow and 
structural boundary conditions. Reviews of other recent efforts 
to develop hydromechanical models are also available [Baca, 
1980; Tsang, 1980]. 

Coupled phenomena of fluid flow and heat flow, usually 
known as hydrothermal flow, have been the subject of detailed 
studies. Recent accounts of the state of the art can be found in 

the works by Pinder [1979] and Wang et al. [1980]. 
Study of thermal effects on linear and nonlinear elastic ma- 

terials, known as thermoelasticity, is a discipline that has been 
thoroughly covered in physics and engineering and need not 
be considered here. As far as rock mechanics usage is con- 
cerned, thermoelasticity lies mostly within the confines of con- 
tinuum applications. An account of the status and needs of the 
thermomechanical modeling techniques for continuous and 
discontinuous media is given by Hocking [1979]. More recent 
reports [Baca, 1980; Tsang, 1980] indicate that some models 
being developed either have provisions for incorporating frac- 
tures in them or actually have the capability for determinis- 
tically modeling discontinuous media. 

The studies cited above have each focused on only two 
aspects of a much broader question that needs investigation. 
This is the fully coupled problem of how to analyze the behav- 
ior of a fractured rock mass that is subject to the effects of 
thermal, hydraulic, and mechanical perturbations. We shall 
refer to the combined effects as thermohydroelasticity. From 
reviews by Atherton et al. [1976], Baca [1980], Miller et al. 
[1980], and Wang et al. [1980] it appears that a number of 
workers [e.g., Pritchett et al., 1975; Bear and Corapcioglu, 
1981] have been and are considering the fully coupled prob- 
lem of thermohydroelasticity, but to our knowledge very little 
on this subject has appeared in the literature. One case of 
interest has recently been reported by Aboustit et al. [1982]. 
They have developed a variational formulation for the cou- 
pled thermal-hydraulic-mechanical behavior of elastic porous 
media. However, the role of convection in the transfer of 
energy had to be disregarded, and the contributions of the 
compressibility and thermal expansion of the fluid were not 
considered. Only an indirect coupling between the energy and 
fluid flow equations resulted. 

This work is the result of our effort to treat the fully cou- 
pled problem of thermohydroelasticity and is a natural out- 
growth of earlier work in this laboratory. We first present the 
fundamental equations and then define the initial and bound- 
ary conditions. Because of the complexity of the problem, we 
have not attempted an analytical solution. Therefore this 
paper is concerned with a numerical solution and the devel- 
opment of a finite element code, ROCMAS, that is based on a 
mixed variational and Galerkin approach. A partial ver- 
ification of the code was reported earlier [Witherspoon et al., 
1981b], and a code-to-code comparison utilizing the results of 
Aboustit et al. [1982] will be presented here. Also discussed 
are the results of an application, the simulation of the environ- 
ment of an emplaced heater. A second paper will be prepared 
when comprehensive application studies of this work become 
available. 

FIELD EQUATIONS 

The displacement field within a saturated, porous elastic 
medium is defined by two field variable quantities; U• and Us, 
which represent displacement vectors of the fluid and the 
solid, respectively. The velocity field vectors are correspond- 
ingly defined as V• and Vs, leading to the representation of the 
fluid relative velocity as 

¾• = ¾,- ¾s (1) 

Using (1) in the Eulerian form of the mass balance equation, 
given in the absence of a source term as [Mercer, 1973] 

+ v. fitv, = o (2) 
8t 

yields 

-- + fi,V. Vs + Vs. Vfi, + V. fi,V• = 0 (3) 

where 

and (p and Pt are the porosity of the medium and the fluid 
mass density, respectively. Employing the comoving time de- 
rivative, for following the motion of a solid particle along its 
trajectory, expressed as 

D 8 

DSt 8t 
-- --- + Vs. V (4) 

in (3) results in the following form of the continuity equation: 

+ fly. Vs + v. fi, = o (5) 

Similarly, the Lagrangian form of the differential mass balance 
for the solid is obtained as 

Dfis 
+ fisV. V s = 0 (6) 

DSt 

This equation provides an important relationship for use in (5) 
as follows. Substitution of rs(1 - •b)ps, with Ps being constant, 
in (6) results in 

1 O•b 
- v. (7) 

l--c) DSt 

However, V. V s can be expressed in terms of skeleton volume 
strain e as 

8 8 8e 

V. Vs = • V. Us = • (80e o) - 8t (8) 
Accordingly, (7)can be written as 

D•b 8e 
- (1 - •b) (9) L)St •'• 

Substitution of (8) and (9) in (5), along with simple manipu- 
lations, results in a new form for the relative mass balance 
equation for the fluid, 

Dpt 8e 
q5 DS • + p, •-• + V. f,V• = 0 (10) 

Development of the momentum balance for the fluid flow in 
porous media under usual assumptions [Mercer, 1973] yields 
the generalized Darcy equation of motion in the Cartesian 
coordinate system: 
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where 

kf 
q .... (VP + p•gVz) 

r/l liquid dynamic viscosity; 
q &Vr; 

kf local intrinsic permeability tensor; 

(11) 

0 

P liquid pressure. 

Substitution of (11) in (10) yields the following equation: 

Dpl Oe Plkf 
& •-• + Pl • = V. ß (VP + plgVz) (12) rh 

Further development of (12) requires the fluid state equa- 
tion relating fluid density to temperature and pressure. As- 
suming small changes of density, the truncated Taylor series 
expansion of Pl about the reference density Po provides the 
required relationship: 

Pl = Po + kOT/o (T- To) + k•p•fo (P- Po) (13) 
The coefficients in the above equation can be defined as 

(Opl/OT)o (OPl/OP)o 
Po Po 

where fir is the coefficient of thermal volume expansion for the 
liquid and fie is the compressibility coefficient of the liquid. 
Substituting fir and fi•, in (13) and taking the comoving time 
derivative of the fluid density, with respect to solid velocity, 
gives 

Dpl DT DP 
DSt - POfiT • + POfiP DS'• (14) 

Using (14) in (12) and neglecting the ¾s' VP and ¾s' VT 
terms yields 

Ot po Ot - V. ß (VP + plgVz) (15) porh 

where 

Equation (17) provides the first constitutive relationship for 
the analysis of thermohydroelastic phenomena. 

The next important constitutive equation that is comple- 
mentary to (17) relates the total bulk stress components % to 
strain components %, fluid pressure P, and the thermal stress 
•ru' Biot [1941, 1956] provides such a relationship in the 
absence of thermal stresses. It is known that any rise or fall of 
temperature acts in the form of initial strains [Zienkiewicz, 
1976] that are independent of other mechanical stresses. 
Therefore, Biot's [1941] stress-strain law for the mechanically 
isotropic case needs to be modified in the following way: 

'rij -- 2#(eij -- eTij) -[- J. SijS•a(e•a - ertl) + •zgi.iP (18) 

Assuming a thermal expansivity tensor 7u, the above equation 
can be written as 

Tij = 2#eij + ;•SUS•le•l- •rij + •zSuP (19) 

where % = 1/2(U•,• + U•,i), • and # are Lame's constants, and 

•:ro = (2#7o + 2t505kffkl)T (20) 

For thermal isotropy conditions, (19) can be written as 

Tij = 2#% + J. SijS•,te•, l -- ]•SijT + •zSuP (21) 

where fi = (2# + 3;t)7 and 7 is the isotropic linear solid ther- 
mal expansion coefficient. 

The dependent variables of the above equations (i.e., e, P, 
and T) are all regarded as being incremental in value and 
represent deviation from the zero (stress-free) state. Also in the 
above development, thermal contact equilibrium between fluid 
and solid is assumed. Equations (17) and (21) provide the 
constitutive equations relating stresses to strain in thermohy- 
droelasticity phenomena. 

Governing equations of the phenomena are (1) the static 
equilibrium law given as 

•F ij 
Ox• + Psf• = 0 (22) 

where f• is the component of the body force, which is gravity 
in this case, (2) the law of fluid flow in porous media, given in 
the form of (15), and (3) the well-known law of conservation of 
energy, expressed in the form [Mercer, 1973] 

1 1 
• = P'•-• c•ijeij + P + • T (16) Po • Mr 

and 

M = 1/•]•p Mr = 1/•bfir 

Equation (15) is the final form of the combined mass and 
momentum balance law for the moving fluid in thermohy- 
droelasticity. In isothermal conditions, (16) takes the familiar 
form of Biot's equation, under the assumption of solid grain 
incompressibility. The same assumption is used in this study 
in the derivation of (7). Considering the contribution of the 
second-order term (e/PoXOPl/Ot) as negligible, the variable • 
can be equally termed as the equivalent fluid volume strain in 
nonisothermal cases. It may, therefore, be generalized for con- 
sideration of solid grain compressibility by introduction of 
Biot's coupling coefficient • in the following manner: 

1 1 
• = P.•t •Sue u + P + T (17) Po • Mr 

OT kœ 
(pc)•t -•- + PlCvl • ' (VP + plgVz)' VT = V. K•t' VT rh 

(53) 

where (pc)M and KM are the specific heat capacity and thermal 
conductivity of the fluid-filled media, defined as 

(pC)• = qbplCvl + (1 - qb)psC•s 

KM = 4•Kl + (1 - 4•)Ks 

in which C•l and C•s are the fluid and solid specific heat 
constants at constant volume and Kl and Ks are the total fluid 
thermal dispersion tensor and the solid thermal diffusion 
tensor. In the development of (23) the reverse effect of temper- 
ature distribution caused by the elastic deformation of solid 
and dilatation of the fluid is neglected. Inclusion of the solid 
deformation energy, the most important of the two effects, 
brings about the thermoelastic coupling effect. Addition of this 
thermoelastic dissipation rate term, given by Blot [1956] as 
[T•fi(c•/c•t)](Sijeij), to (23) completes the energy equation: 
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•T • k s 
(PC)st '•- + Tr•fi • (c5oe o) + P•Cv• m . (VP + p•gVz) . VT 

= V. Kst. VT (24) 

where Tr] designates the absolute temperature in the stress- 
free state. 

Besides neglecting the energy associated with fluid dilat- 
ation, thermal contact equilibrium between fluid and solid and 
absence of fluid shearing stresses in the macroscopic sense are 
assumed. An energy source term in (24) and a mass source 
term in (15) are neglected for the sake of brevity. Both source 
terms can be added to the fluid flow and heat equation with 
no difficulty if so desired. 

As may be seen, the fundamental laws governing the static 
equilibrium, flow of fluid, and flow of heat are coupled 
through the dependent variables of solid displacement vector, 
fluid pressure, and the macroscopic medium temperature. 
These governing laws, expressed in (15), (22), and (24), in con- 
junction with constitutive equations (17), (21) and the equation 
of state, (13), provide the complete mathematical formulation 
of the linear thermohydroelastic phenomena in saturated 
porous media. The foregoing equations, along with the follow- 
ing general initial and boundary conditions, define the mixed 
initial boundary value problem of thermohydroelasticity for 
which a numerical solution approach is suggested. 

INITIAL AND BOUNDARY CONDITIONS 

The general boundary and initial conditions for the satu- 
rated porous elastic medium are 

U(x, t)= •J(x, t) on 

x(x, t). n(x)= 0,(x, t) on 

P(x, t)= P(x, t) on 

k•. v(P + p•z). n(x)= •,(x, t) 
r/l 

T(x, t)= •(x, t) 

Kst. VT. n(x)= Qh(x, t) 

U(x, 0) = 0 

•(x, 0)=0 on V 

P(x, 0)=0 on V 

T(x,O)=O on V 

,4x x [0, 

A2 x [0, 

B1 x [0, 

on B2 x [0,•) 

on C1 x [0, 

on C2 x [0, 

on V 

(25) 

A, B, C represent parts of the boundary for stress- 
displacement, pressure-fluid flow, and temperature-heat flux 
considerations. The quantity V represents the volume under 
consideration. As mentioned earlier, the dependent variables 
U, P, and T represent incremental deviations from strain-free 
state assumed by the above choice of initial conditions. Con- 
sideration of a different set of values for the initial conditions 

will necessitate replacement of U, P, and T by (U- Uo), (P 
- Po), and (T- To) in the developed equations. Moreover, x 

has to be replaced by (x- To). In application, however, the 
displacement initial condition is seldom included, but this 
practice does not affect the results of the analysis. 

SOLUTION APPROACH 

The degree of complexity of the thermohydroelasticity 
equations leaves little possibility for developing analytic solu- 
tions for even simple initial and boundary value problems. 
However, numerical solutions to the most general initial and 

boundary value problems can rather easily be found. Various 
numerical schemes, such as finite element and finite difference 
methods, can be utilized. In this work the finite element tech- 
nique is used. A mixed variational and Galerkin finite element 
method forms the basis of this approach. 

Variational Formulation 

The variational method is used to formulate the hy- 
droelastic part of the thermohydroelastic phenomena. 

Let R = {U, P) be an admissible state in J defined in 
V x [0, •), and let the functions U and P possess the appro- 
priate continuity and differentiability conditions. J is the set of 
all admissible states, V is the region of space occupied by the 
fluid-porous solid mixture. A function fl,(R) over J for each 
time t e [0, •) is defined as 

•'•t(R) = ;v (eij * Cijklekl -- 2T ß fic•ijeij -- 2psfi * Us 
ks + 2P ß ?__! (•ijei j _ 1 ß VP ß • VP 

Po 

1 1 
-P,m P - P,• T 

M M T 

kf •A + 2 ß PlgVZ * • VP) dv- 2 G i * U i ds 
rll 2 

- 2 1 ß Ql * ?ds (26) 
2 

where the asterisk denotes convolution product and Cij•,l rep- 
resents the elasticity tensor. It can be shown that 

d 

•i•f•(R) =•vv f•(R + vR) = 0 for every R • J v=0 

if and only if R is a solution state of the mixed boundary value 
problem. The presence of temperature terms in the variational 
principle is also justified physically by the fact that thermal 
effects act in the form of initial strains, as explained earlier. 

Galerkin Formulation 

A Galerkin method is used to obtain a numerical formu- 

lation for the energy equation. Choosing approximating func- 
tions of the form T = q•T, where • represents the ith basis 
functions and • denotes the discrete temperature values to be 
determined, the Galerkin procedure, modified by the appli- 
cation of Green's second theorem, requires the following: 

(•C)M* i • + fiTo* , • (Ooeo) + •iCvl*iq ß VT 

+ V•i' K• ' VT dv - •iQ• ds = O (27) 
2 

where the volume integral in (27) represents a global re- 
statement of (24) and the surface integral indicates the global 
satisfaction of the heat flux boundary condition [Hsu and 
Nickell, 1974]. 

Finite Element Discretization 

The field variables, the displacement vector U, the pressure 
P, and the temperature T, are interpolated as follows: 

U = •uTrU 

p = •t,p (28) 

T = (!)t'T 
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where T• stands for matrix transpose operation and the tl)i are 
piecewise continuous polynomial functions that are used in 
conjunction with the mixed isoparametric quadrilateral ele- 
ments. Proper substitution of (28) and related derivatives of 
•u and • represented by •e and •0 in the Galerkin integral 
and the functional, after taking variations with respect to U 
and P for the functional, yields the following matrix finite 
element formulation: 

KU + CupP q- CuTT = F (29) 

CpuU q- (E s + 1 ß Hs)P + CpTT -- - 1 ß Q• (30) 

CruU q- [En + 1 .(Has + Hn)]T = -1 *Qn (31) 

where 1' represents time integration. Matrix coefficients of 
above formulation are presented in the appendix. 

Solution Scheme 

Two different schemes of time integration are used to inte- 
grate the matrix equations (29), (30), and (31). A predictor- 
corrector scheme [Taylor, 1974] is used for the integration of 
the first two implicitly coupled equations [Ayatollahi, 1978]. 
For the energy equation the Crank-Nicolson step-by-step pro- 
cedure is used, where the solution of each step is sought in the 
middle of the interval. The solution technique for both sym- 
metric and nonsymmetric matrices, finalized in the above pro- 
cedures, is the LU decomposition Gaussian method. 

The coupling of (31) and (30) is nonlinear and is implicitly 
expressed in Has, the nonsymmetric convective thermal con- 
ductivity matrix. The large time constant of the energy equa- 
tion, as compared to that of the flow equation, makes the 
above presentation of the numerical equations quite attractive 
for an interlacing scheme of solutions such as used by Sorey 
[1975]. This interlacing scheme uses the fluid velocity ob- 
tained from a direct solution of (29) and (30) and feeds back 
the temperature resulting from solution of (31 ) to the first 
equation pair to repeat the cycle. Quasi-linearization of tem- 
perature dependent material properties is embedded in this 
procedure. This approach of solving the coupled equations is 
enhanced by the low sensitivity of the dependent variables P 
and U within some ranges of temperature in different prob- 
lems. Therefore energy equations in these ranges can march 
through time using large time steps compared to the small 
time steps required in the simultaneous solving of the other 
two equations. This scheme has still further advantages in 
situations where the mass transfer contribution to temperature 
distribution is negligible. In these cases a single solution of the 
energy equation provides the needed temperature information 
for the stepwise solution of the other two equations. 

However, the present formulation of the coupled equations 
(29), (3,0), and (31) needs to be altered if a one-step direct 
solution (fully implicite) is desired, as opposed to the inter- 
laced solution. To obtain a useful form, a Crank-Nicolson 
approximation to (31) is used and the following manipulation 
is performed' 

VP ' VT = «PtT'*oIIDoT'Tt+At q- « TtT'•, o•J]itoT'Pt+At 

where VP = •0T'P, VT = IDoT'T, and APAT is neglected. As a 
result, the new matrix representation of energy equation will 
be of the form 

CTU U q- (1 ß CTp)P q- (En + 1 ß Hn')T = - 1 ß Qn (32) 

where CTp and Ha' are defined as 

CTp = n• • T'nT'•n•nT' dvn n 

Ha '= Ha + n=•l • ptnTr•on(•o nTr dv n 
Now accurate direct solution of (29), (30), and (32) can be 
properly handled. It is important to notice that the total 
system matrix is nonsymmetric and of much larger order; 
therefore, in the one-step solution approach some computer 
solution efficiency is lost in comparison with the interlacing 
solution scheme. However, at the expense of increased solu- 
tion time, the required computer storage might be reduced by 
the use of schemes [Hsu and Nickell, 1974] that make the 
system matrix symmetric. 

In the above development the medium was assumed to 
behave linearly with respect to all physical properties under 
consideration. However, at this point the stage is set for the 
introduction of material nonlinearities to the numerical ap- 
proach presented here. At present, the nonlinearities con- 
sidered in this work are limited to those brought about by the 
introduction of fractures in the problem domain and those 
originating from the thermal dependency of physical proper- 
ties. FollOwing the common practice [Zienkiewicz, 1976], no 
major basic change of the numerical method is needed. Frac- 
tures are represented by two nodal point line elements 
[Wilson and Witherspoon, 1970] for flow modeling and by 
four nodal point joint (line) elements [Goodman et al., 1968] 
for mechanical modeling. The hydromechanical nonlinearity, 
caused by fracture deformability, is treated by a secant iter- 
ation scheme within each time step. Details regardin g the in- 
troduction of fracture elements are thoroughly covered in an 
earlier paper [Noorishad et al., 1982a]. As far as thermal non- 
linear effects are concerned, the quasi-linearization approach 
used in our interlaced method allows for a proper treatment in 
most situations. In cases of severe nonlinearities, iterations in 
each cycle can be performed. 

VERIFICATION AND APPLICATION 

Because other methods were not available, full-capability 
verification of ROCMAS was not possible for some time. Ear- 
lier publications [Witherspoon et al., 1981b] provide an ac- 
count of partial testings of the code. A recent publication by 
Aboustit et al. [1982], however, provided an opportunity for 
the code-to-code verification that is presented below. An at- 
tempt is made here in a scoping study to simulate the effect of 
the emplacement of a thermal source in a fluid-saturated, frac- 
tured rock environment. 

TABLE 1. Data Used in Sand Column Consolidation Analysis 
, , , 

Property Value 

Porosity, •b 
Young's modulus,* E• 
Poisson's ratio, v• 
Thermal expansion coefficient, 
Matrix heat capacity, pC 
Solid-fluid-thermal conductivity, 
Permeability,]. k s 
Biot's coupling coefficient, • 

2.0x 10 -x 
6 x 10 3 Pa 
4.0x 10 -x 
3.0x 10 -7 
167.2 kJ/m 3 øC 
8.36 x 10- x kJ/m s øC 
4.0 x 10- 6 m/s 
1.0 

Material is rock. 

*See notation section for relationship with Lame's constants. 
]'Fluid properties are assumed to be constant in this prob16m. 
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Fig. 1. Consolidation history for the one-dimensional finite element model. 

Verification' Thermoelastic Consolidation of a Sand Column 

Aboustit et al. [1982] used a nonconvective coupled vari- 
ational finite element approach to analyze the thermoelastic 
consolidation of a sand column. Table 1 gives the data used in 
this problem. Results of their analysis have been reproduced in 
Figure 1 along with our solution of the same problem. There 
is almost perfect agreement between the two solutions. The 
slight discrepancy is due to the interlaced solution scheme of 
the present work, in which tempe. rature solution lags one step 
behind the hydromechanical c.alculations. Reduction of the 
time step size will decrease the difference. In solving this prob- 
lem, the advection of energy along With the effects of fluid 
compressibility, thermal expansivity, and viscosity variations 
were assumed to be negligible. All of these assumptions, in 
addition to linear material behavior, can be relaxed at will in 
the program ROCMAS. ' 

TABLE 2. Data Used for Analysis of Fracture Inflow to a Heater 
Borehole; 

Material Property Value 

Rock mass density, Ps 2.6 x 10 3 kg/m 3 
porosity, 4• 5.0 x 10 -2 
Young's modulus, E s 51.3 GPa 
Poisson's ratio, Vs 0.23 
thermal expansion coefficient,//, 8.8 x 10 -5 C ø-• 
specific heat, Co 2.1 x 10 -• kJ/kg øC 
thermal conductivity, Ks• 3.18 x 10 -3 kJ/m s øC 
permeability, k s 1.0 x 10 -x8 m 2 
Biot's storativity constant, 1/M 5.0 GPa 
Biot's coupling constant, • 1.0 

Fracture initial aperture, 2b 10- • m 
Biot's storativity constant, 1/M 5.0 GPa 
initial normal stiffness, K N 85 GPa/m 
initial tangential stiffness, Ks 0.85 MPa/m 
friction angle, • 30 ø 
cohesion, ½ 0.0 
porosity, 4• 1.0 

The developments presented in this paper do not contain the ex- 
pansions needed for the inclusion of the nonlinear fracture element, 
for the sake of brievity. However, as it was explained in the text, this 
task has been performed along the lines of Noorishad et al. [1982a], 
and the ROCMAS code can handle porous fractured rocks. 

Application' A Scoping Analysis of the Occurrence 
of Coupled Thermal-Hydraulic-Mechanical 
Phenomena Near a Heater 

, 

To demonstrate the ability of ROCMAS to simulate the 
thermohydromechanical environment around a waste canister 
or heater, the changes of fluid inflow to a heater borehole 
induced by the temperature rise are studied. A 5-kW heater is 
located at a depth of 350 m in granite. A horizontal fracture is 
assumed to lie 3 m below the heater midplane and extend 
from the heater borehole to a hydrostatic boundary at a radial 
distance of 20 m from the borehole. The properties of rock 

Overburden 8 74 MPa 

Drift 

m m 

(0,- 326)' (20,-326) 

5kwi 
heater! 

Fracture 

m m 

(0,-364)x4 ,-,, • • • •20,-364) 
(r,z) 

Fig. 2. Finite element model of the heat source environment. 
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and fracture are given in Table 2, and the two-dimensional 
axisymmetric (r, z) finite element grid is shown in Figure 2. 
The heater drift, approximated by the cylindrical hatched 
area, is simulated by assigning a very low value of Young's 
modulus to the elements. Before the heater raises the temper- 
ature of a large volume of the rock, the flow from the hydro- 
static outer boundary to the atmospheric ("zero" hydraulic 
pressure) borehole is high. Later in time, with the heated rock 
above the fracture expanding and the fracture aperture near 
the heater borehole closing, the flow decreases sharply, as 
shown in Figure 3. The evolution of the fracture aperture 
profile, together with the variations of the pressure and tem- 
perature distributions, are shown in Figure 4.. As may be seen, 
in the pressure-distance graph of this figure, at 0 day, before 
the tapping of the fracture, full hydrostatic p•ress•ure prevails in 
the fracture. This pressure diminishes rapidly at 0.25 day 
before major development of the thermal front. However, as 
thermal stresses are established, the fracture starts closing. As 
a result, the pressure inside the fracture starts rising, thus 
leading to the establishment of full pressure in the fracture at 
14 day, similar to the Q davy case. These results may provide a 
bet(er understanding of some of the observations made in the 
in situ heater experiments in the Stripa granite. The delayed 
responses of the e•tensometers in these experiments [Wither- 
spoon et al., 1981'•] may be explained by the closing of the 
fractt•re. Similarly, reduction leading to •(oppage of the water 
inflo.•s into the heater boreholes [Nelson et al., 1981] can also 
be explained by [h e same phenomena. 

CONCLUSIONS 

The work presented here provides a new technique for in- 
vestigation of thermal-hydraulic-mechanical behavior of frac- 
tured porous rocks. The work is based on the fundamentals of 
consolidation and thermoelasticity, which are recast into what 
we cal ! thermohydroelasticity theory. 

A direct solution process has been employed that involves a 
variational formulation and a Galerkin integral to produce a 
set of three matrix equa•tions. In this presentation the equa- 
tions of static equilibrium and fluid flow appear in an im- 
plicitly coupled form, and the energy equation is explicitly 
coupled to these equations. In this scheme, referred to as the 

10-6 

IO-? 

10-8 
0 2 4 6 8 I0 

Time, doys 

Fig. 3. Variation of fluid inflow to the heater borehole as a function 
of time. 

CL 4 -- /O-day - 
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o 

100 •o 75- y - 
•o• 
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0 

O, I E 

• _ 

0 I I 
O,E 0,5 I 5 I0 20 

Rdd•us, m 

4. Pressure and aperture pro•le m the fracture for •arious du- 
rations and t•m?•ratur• profiles alon• th• h•at•r mid?lan•. 

interlafing scheme, a compatible solution is obtained. To pre- 
pare the formulation for a complete direct solution scheme, 
the Crank-Nicolson approximation is introduced in the 
energy equation, and as a result, the energy equation also 
becomes linearly coupled to the oth• two equations. An ac- 
count of the partial verification o[ the developed code 
ROCMAS can be found in the work by Witherspoon et al. 
[1981b]. In this paper, the results of a code-to-code ver- 
ification of the triple analysis capabilit• of ROCMAS are pre- 
sented for the first time. Also, in a scoping analysis, thermohy- 
dromechanical simulation of fracture inflow near a heater was 

performed. It was illustrated that the nonlinear fracture be- 
havior activated by coupling effects can change fluid flow be- 
havior in the rock dramatically. 

APPENDIX' MATRIX COEFFICIENTS OF 

EQUATIONS (29), (30), AND (31) 

Matrix coefficients of the solution formulation (equations 
(29), (30), and (31)) are defined in the following equations•' 

K = n• 1 (•enCn(•e nTr dv" = n 

Cpu:CupTr:•;(•nO•nf)lni(•enTrdl)n n = 1 n •0 n 

CU T = n• 1 •n• i •e NTr n 

1 

Cry = • Cvr • 

E• = .•1 •. __ •.T, dv" 

n = n 

CpT = .• •. __ •.T, du" = . MT" 
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where 

PlY] iz dvn 

The superscript Tr stands for matrix transposition operation; 
n•, n2, and n3 designate parts of A2, B2, and C2 boundary 
surfaces, respectively. 

NOTATION 

Ax, A2 structural boundaries where displacements and 
surface tractions are prescribed. 

Bx, B2, Cx, C2 fluid flow and heat flow boundary parts 
where Dirichlet or Neuman boundary 
conditions are prescribed. 

C elasticity matrix. 
Cij•,t components of elasticity tensor for solid phase. 
Cvr pressure-temperature coupling matrix. 
Cvf displacement-pressure coupling matrix. 
Cvr displacement-temperature coupling matrix. 
C•,t specific heat capacity of liquid at constant volume. 
Cvs specific heat capacity of solid at constant volume. 

D/DSt comoving time derivative following solid motion. 
% components of strain tensor for solid phase. 
E Young's modulus, #(32 + 2#)/(2 + #). 

E s fluid storativity matrix. 
Eh heat capacity matrix. 
f/ components of body force vector. 
F force vector. 

g gravitational acceleration. 
C, traction vector on A 2 boundary. 

H s fluid conductivity matrix. 
H• heat conductivity matrix. 

H•s mass transfer conductivity matrix. 
k s intrinsic permeability tensor. 
K stiffness matrix. 

K t liquid thermal conductivity tensor. 
KM solid-fluid mixture thermal conductivity tensor. 
Ks solid thermal conductivity tensor. 
M Biot's constant, 

MT constant, 1/&fiT. 
N total number of elements in finite element 

idealization. 

n outward normal direction cosine vector. 

n index used to designate element number. 

P pressure. 
P pressure vector. 
Pt element pressure vector at preceding time step. 
q fluid flow vector. 

Qa heat flow vector. 
Q• fluid flow vector. 
• normal fluid outflow from B2 boundary. 
T temperature. 

Tr• absolute temperature in stress-strain free state. 
Tr matrix transpose sign. 
T temperature vector. 
Tt element temperature vector at preceding time step. 

U, Us solid element displacement vector. 
Ut, Vt liquid displacement and velocity vectors. 

Vs solid velocity vector. 
V space occupied by fluid-solid mixture. 
u n region of space occupied by fluid-solid mixture of 

an element n. 

xi or x, y, z Cartesian coordinates, i -- 1, 2, 3. 
• Biot hydroelastic coupling coefficient. 
fi thermoelastic coupling coefficient, equal to 

(2# + 3X)7. 
fie fluid compressibility. 
/•t fluid thermal expansion coefficient. 

7 solid thermal expansion coefficient. 
6 o Kronecker delta function. 
A first order difference operator. 
r/t liquid dynamic viscosity. 
2 Lam6's elasticity constant. 
# Lam6's elasticity constant. 
v functional perturbation parameter. 
v s Poisson's ratio, 2/2(2 + #). 
• fluid volume strain. 

Pt, fit liquid mass density and average liquid mass density. 
p•,/5• solid mass density and average solid mass density 

of porous space. 
Pta solid-fluid mixture mass density. 

(pC).• solid-fluid mixture heat capacity. 
r, % stress tensor and components (compression 

negative). 
'l•t, '•tij thermal stress tensor and components. 

•b porosity. 
ß • displacement interpolation function matrix. 
ß • strain-nodal displacement transformation matrix. 
ß pressure and temperature interpolation function 

matrix. 

•0 transformation matrix for pressure or temperature 
gradients. 

½ fracture friction angle. 
^ signifies assigned boundary conditions or average 

values of some thermodynamic quantity. 
0 signifies initial conditions 
ß time convolution sign 
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