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ABSTRACT

Natural rocks in geothermal energy reservoir are heterogeneous and consist of fractures, solid and fluid phases that form complex
structures at multiple scales. Explicit incorporation of multiple scales of fractures and heterogeneities into large-scale tightly coupled
models is impractical and would cause tremendous computational costs. Therefore, efficient multi-scale and multi-physics strategies are
necessary for capturing sub-grid-scale processes and their impacts on macroscopic behavior. In this work, we present a multiscale
framework for coupled thermo-mechanical behavior of rocks in geothermal reservoir. The proposed approach allows for separate micro-
constitutive laws, which provides an efficient way of capturing both large- and small-scale processes. The performance of the modeling
framework in simulation of geothermal energy reservoir is demonstrated through numerical examples.

1. INTRODUCTION

Enhanced geothermal systems (EGSs) are underground reservoirs where fluid can flow through the hot rocks, absorbing heat from the
rocks that can be brought to the surface for use in a variety of applications (Tester et al., 2006). The importance of geothermal systems is
increasing due to their energy security and low-carbon emissions compared with many other renewables. However, EGS requires reliable
prediction and management of subsurface behavior. Unlike many engineered energy systems, EGS performance is controlled by coupled
processes in a heterogeneous geological medium where heat transport occurs through fractures and pores which can evolve under
changing thermo-mechanical conditions. Predicting the performance of EGS systems requires advanced modeling approaches that can
link rock properties and microstructure to field-scale responses.

In order to ensure the long term EGS stability and serviceability during injection and production of fluid wells, factors such as heat
transfer, stress response, and thermo-mechanical (TM) coupling must be studied thoroughly. TM coupling refers to the interaction
between temperature and displacement fields: temperature changes cause deformation through thermal expansion or contraction and
potentially, deformation alters conductivity properties and heat flow. In geothermal applications, injection of cooler fluid into hot rock
commonly induces thermal contraction near injection wells, producing thermal stress concentration that can open or close fractures
(Rathnaweera et al., 2020; Zhou et al., 2024; Parisio et al., 2019). Similarly, deformation and stress alter fracture apertures and contact
conditions, ultimately influencing heat extraction efficiency. Coupled TM modelling is therefore central to predicting reservoir
performance and risk. Reviews of fractured rock modeling in geothermal applications commonly identify TM coupling as essential for
predicting fracture network evolution and long-term performance (Vaezi et al., 2025). From a modeling standpoint, TM coupling typically
enters through thermoelastic or thermoplastic constitutive relations, where temperature changes produce thermal strains that affect the
total stresses (Jiménez-Camargo et al., 2025). This can further promote or suppress fracture opening and influence the mechanical
interaction among fracture planes (Salimzadeh et al., 2018; Pandey et al., 2017; Zhou et al., 2024; Aliyu, 2025).

EGS performance is controlled by strongly coupled thermo-mechanical processes that act across spatial scales: from microscopic mineral
fabric to geothermal reservoir. Natural soils and rocks are typically anisotropic with direction-dependent thermal conductivity,
mechanical properties, and thermal expansion. In geological settings, anisotropy commonly arises from fabric, layering, mineral
orientation, and fractures, where bedding planes create strong contrasts between in-plane and cross-plane transport and deformation
mechanisms (Abuel-Naga & Bergado, 2005). Shales are common examples of transversely isotropic rocks, where anisotropy arises in
the bedding plane normal direction (Kim et al., 2012). Thermal anisotropy is also widely observed in clay-rich and layered formations,
where thermal conductivity parallel to bedding planes can differ significantly from that normal to bedding, affecting predicted temperature
fields (Davis et al., 2007). Mechanical anisotropy similarly impacts wellbore stability, fracture growth, and stress evolution (Choo et al.,
2021). Recent studies emphasize the possibility of scale dependence in heterogeneous geomaterials, which motivates homogenization
and upscaling approaches for field-scale simulations (Wu et al., 2021).

A central challenge in modeling anisotropy is that fully anisotropic constitutive descriptions are often difficult to derive and involve
intensive computational time. Existing anisotropic modeling approaches can be broadly grouped into either thermal or mechanical.
Thermal anisotropic models used in the literature have employed the generalized Fourier’s law to form a second-order conductivity tensor,
enabling representation of transversely isotropic, orthotropic, and fully anisotropic conduction (Wang et al., 2021; Kim et al., 2012),
homogenization and upscaling methods that compute effective conductivities from multi-phase microstructures in composites (Giraud et
al., 2007; Giraud et al., 2008). Mechanical anisotropy is often captured with anisotropic elastic, path- or rate-dependent response
considering strength criteria that embed plane of weakness which are widely observed for layered sedimentary rocks (Choo et al., 2021;
Semnani & White, 2020). Additional anisotropic models such as critical-state-based models incorporates rotated yield surfaces and
rotational hardening rules (Wheeler et al., 2003; Dafalias et al., 2006; Rezania & Dejaloud, 2021; Semnani et al., 2016). Viscous

1



Semnani and Wu

extensions further combine anisotropy with rate dependence to represent creep and time-dependent deformation (Yin et al., 2010).
Microstructure-based approaches for anisotropic clayey rocks employ multistep homogenization to determine macroscopic elastic tensors
and yield behavior (Chen et al., 2023). Thermo-mechanical anisotropy models typically require both anisotropic thermal and mechanical
responses. Classical thermo-elasticity generalizes the constitutive relation by introducing a directional thermal expansion tensor, as well
as an anisotropic stiffness, enabling directional thermal stress development (Cooper & Simmons, 1977).

While rock microstructure determines the macroscopic anisotropic thermo-mechanical behavior of these materials, directly resolving
microstructure at the microscale is computationally infeasible. Homogenization techniques provide a systematic approach to bridge these
scales by deriving macroscopic constitutive behavior from representative microstructures while preserving coupling between thermal and
mechanical fields. This work is motivated by the need for reliable coupled TM predictions in EGS performance and risk assessment by
providing a methodology to embed microstructural anisotropy into continuum-scale TM simulations. We develop a multiscale thermo-
mechanical homogenization framework tailored to layered rocks, in which anisotropic thermo-mechanical response is naturally captured
due to the layered microstructure. We develop a material update algorithm based on the proposed homogenization scheme and implement
it within the Finite Element framework to perform boundary value simulations. The paper is organized as follows: Section 2 discusses
the technical details of the homogenization framework for thermo-mechanical coupling and the material point update algorithm. Section
3 includes the corresponding finite element method (FEM) implementations. Section 4 is dedicated to numerical examples for verifying
the homogenization model against high-fidelity FEM simulations, as well as a wellbore boundary value problem to demonstrate the
applicability of the proposed approach in practical geological settings.

2. MULTI-SCALE MODELING FRAMEWORK

In the following sections, we present a multiscale thermo-mechanical homogenization framework for layered materials. The approach
combines microscale boundary-value problems defined on periodic unit cells with macroscopic balance laws for energy and linear
momentum. The methodology produces homogenized stress and heat flux, as well as effective macroscopic stiffness and conductivity
tensors to be implemented in a macroscopic thermo-mechanical finite element framework. Furthermore, the proposed approach allows
us to incorporate path- and rate-dependent behaviors of the rock materials.

2.1 Asymptotic Homogenization

Consider a macroscopic body 2 with a microstructure represented by a spatially periodic unit cell Y. The unit cell is composed of repeating
parallel layers Y, with index m € L = {1,2, ..., M}. The material is Y-periodic in the direction normal to the layers, n, resulting in a
unidirectional microstructure. We assume that the displacement field is continuous within each layer Y,,. Following the asymptotic
homogenization theory a macroscopic coordinate, X, and a microscopic coordinate, y are considered. We define L and [ to be the
macroscopic and microscopic characteristic length scales and define the period € of the unit cell as

e=1, €«1 (1)

with the two coordinate systems related as
y=x/e 2

Due to the unidirectional periodicity of the unit cell, a scalar microscopic coordinate y is defined as
1
y=y n=-(x'n 3)

It is assumed that the two scales, X and y are clearly separated and all material properties are Y-periodic fields. The microstructure at
each integration point is assumed to be periodic. Accordingly, the material model developed here is applied at an integration point within
a finite element solver. We note that the total derivative with respect to X can be computed as

d a 10

= ox oy Q)

Similarly, divergence of a continuous second order tensor @ can be written as

. | .
V6=V 6+0-6 (5)
where
. 6 . 96
(Vx . G)ij = ;}] and (Vy . G)ij = 6_y] le (6)

2.2 Governing Equations

Let us denote by u(x,y) the displacement field and T(X,y) the temperature field where both unknown fields are a function of the
macroscopic and microscopic coordinates. Because we are interested in nonlinear material behavior, we choose to work with the rate
form of the momentum equation to derive the homogenized model. Consider the balance of linear momentum as:
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V-6+b=0 ™
V-[C(¢—asT)]+b=0 ®)
in which C is the stiffness tangent, ay is the thermal expansion matrix, and b is the body force. The energy balance equation is
(POecT +V - qr =17
qr = kr - VT ©)
where p and ¢ denote the mass density and specific heat capacity of the mixture, qr denotes heat flux, K is the thermal conductivity
matrix and 7y is the energy source term. following the asymptotic homogenization theory, the unknown displacement and temperature

fields can be represented by a truncated power series of € as

ux,y) = u® + eu® + 2u® + ...

Tx,y) = TO 4T 4 2T7@ 4 ... (10)
We have
6=e160D 4+ %6 4 1M 4 ...
—1g(-1 0 1
qr = € 1q% )+60q”(1‘)+€1q(r)+”‘ an

2

By replacing Equation (11) in Equations (7) and (9) and setting orders of €2, €~* and €° to zero, we obtain for the balance of momentum:

7,60V =0 (12a)
V-6V +7,.60 =0 (12b)
7,69 +1,-60=0 (12¢)

For the balance of energy, we obtain:

7 qD = o (132)
7eoav U +7,-q0 =0 (13b)
Ve aY + 7, - q% + (p)ereT @ = 1y (13¢)

From Equations (12a) and (13a) we have

aua®

u® = a®(x), 0, ¢"V=0 (14)

7O = 7O (%), ‘37(;_;” =0, ¢ =0 (15)

Here, u® (x) and T (x) represent the macroscopic component of the displacement and temperature fields, which are only a function
of the macroscopic coordinate. In contrast, u (x, y) and T (x, y) represent the microscopic displacement and temperature fluctuations,
which vary quasi-periodically across unit cells. Using Equation (14) in Equation (12b) leads to the microscopic momentum balance:

v,-6© =0 (16)

Therefore, 6(® - n = £(x) is constant in unit cell Y. Similarly, using Equation (15) in Equation (13b) leads to the microscopic energy
conservation:

0
7,-q® =0 a7
Therefore, q,(ro) -n = f;(X) is constant in unit cell Y. Here, t(X) denotes the traction vector resulting from stresses acting in the bedding
normal direction, which must be continuous in all layers to satisfy unit cell equilibrium. Similarly, fr(x) denotes the heat flux vector that

must also be in equilibrium in the bedding normal direction.

Let us define the averaging operator (s) = ﬁ fy ('*)dy. Applying the averaging operator to Equation (12c¢) yields the macroscopic balance

of momentum as
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[, V- 6@dy + [, 7, - 6Wdy + [, b dy] =0

vl
Llp . [ 6®@ 510 . - i =
il f,6@dy+ [ 6@ n-dr+ [ b dy] = 0 a8)

V- (6©@) +(b) =0
V.-T+B=0

Similarly, applying the averaging operator to Equation (13c) gives the macroscopic balance of energy equation as

1 0 ; 1

vl [fy 7 qPdy + Sy (pc)effT(o)dy] = mfy rrdy
Xy . 1 q©@ (0) =1
T [Vx Joar dy + T [, (pc)esr d}’] v J,rrdy (19)

V- <q"(r0)> + ((pc)eff>T(o) =Rr
Vi Qr+ (pc)effT(o) =Ry

The displacement, temperature, strain and temperature gradient fields can be additively decomposed using two scale approximations as

u=u® +eu® (20)
T=TO +eT® 21
e=¢g, =Vu@®+5u® =ERx) +e (22)
VT = VTy = V,TO + 7,TW = Gr(x) + gr (23)

The strain and temperature gradient fields are potentially discontinuous at the layer interfaces, despite the continuity of displacement and
temperature fields throughout the unit cell. Since u(® and T(™ are periodic in ¥, the following compatibility conditions must be satisfied:

ou®

Zmer Jy <, dy=0 (24)
ar
Smer Jy, %, 4y =0 25)

where m denotes the m-th layer. We also define the microscopic displacement gradient vectors and microscopic temperature gradient
vectors of the layers as

au® S
Vm=a—;”, en=E+v,®n (26)
ariP
gr, ==, Vln=Gr+gr,n 27

By denoting ¢, to be the volume fraction of layer m, with X,,,c; ¢ = 1, Equation (24) and (25) become

Ymet Pm Vm = 0 (28)
Ymer Pm g1, = 0 (29)
The micro-scale balance equations to be satisfied for each layer are

.1 = ty(x) (30)
ar,,-n = fr(%) (€1))

where 6, and qr,, denote the stress tensor and heat flux within each layer, respectively. Note that the particular models chosen for the
layers do not impact the overall homogenization algorithm.

2.3 Solution to the Micro-scale Problem

We use brackets {. } to denote a second order tensor that has been converted to a vector form. Let
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[ 0 0 1
| 0 n; 0 | n,
_|0 0 ny -
Bizlo ny m| B[V @2)
ny 0 n
lnz n, 0 J

The strain and temperature gradient of the layers are defined in vector form as

{Sm} = {E} + Byvp,

VT = Gr + Bagr,, (33)

For the case of a bi-layer medium with two layers A and B, applying the microscopic continuity and periodicity conditions gives the
following residual and unknown vectors

[ Bi'{oa}—t |

\Z
B, {05} —t | [VB ]
$ava + Ppvp | €]
R(X) = =0 with X= 34
X B, qr, — fr |9Tai (34)
| BZTqTB - fr | 9Ts
I | fr
bagr, + PsIr,
The Jacobian matrix is derived by linearization of the nonlinear residual vector as
[BchAsl -1 ]
| B,"Cz;B; -1 |
? $al ¢p1
g=2=| " 7 BT ~ (35)
2 Kr,B2 1
| B, k1B, —1|
l 9 ¢s

At convergence, we calculate the macroscopic stress tensor, X, and the macroscopic heat flux tensor, Q, which are defined as the volume
averages of the microscopic stress and heat flux tensors in each layer, respectively,

I= ZmEL Omom, Qr= ZmeL bm qr,, (36)

Letting G = J~1, the homogenized consistent tangent operator is calculated as

Az}

C= ﬁ = ZmeL ¢mcm - ZmEL ZneL ¢mCmB1g%nln BlTCn (37)

where GL1, represents the upperleft sub-block of matrix G, whose row and column indices correspond to the residual equations for layer
m and n. Similarly, the homogenized thermal conductivity tensor is obtained as:

_ aQ
Kr = Jar = Zmer OmKr,, — Zmer Zner $m¥r,, B2Giin B2 K, (38)

where K, denotes the thermal conductivity matrix of layer m and G33, represents the lower-right sub-block of matrix G.

3. FINITE ELEMENT FORMULATION

By decomposing the boundary I' of the problem domain {2 into regions where essential and natural boundary conditions are specified,
the boundary conditions are given as

u=u on I
n-o=t on Iy
TO =T on I
QT.leqT Ol’quT.
[Qr.n] =0
TO(x,y,0) = To(x,¥) 39
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where [, is the solid displacement boundary, I; is the solid traction boundary, I is the temperature boundary, and I, is the heat flux
boundary. Finally, for all X € 2 initial conditions at t = 0 are given as

ux,t=0)=uy, TEt=0)=T, (40)
We consider the spaces of trial functions defined as

U ={wN->R}|y;,€H u=1uonl}

_ 41
T ={T:0->R3|TeHLT=Tonl;} “h
where H' denotes a Sobolev space of degree one. We also define the corresponding spaces of testing functions
(. 3. 10—
u M2 ->RIn,eH M =00nTl} )

T* ={¢:N->R3|peEH,p=0o0nl;}
Defining 6" = C: £ and B = C: &g , the weak form of the problem is then to find {u, T} € U X T such that for all {n), ¢} € U* X T*,
S 2. o _ S . RT _ 1 _ i —
J,Vin:6"da — [ Vem: BT d2 — [, m - bd®2 fnn tdr=0

. 43
_fg¢(pc)efde-Q+an¢'qun+quT¢quF:0 )

h h
Using space discretization by introducing a discrete trial space U" X T" and testing space U* X T* corresponding to the chosen finite
element interpolations, the fully discrete weak form of the problem is now

o (7ont: 6" — vonP BT — " -b)do - [ " Edr =0

; ; (44)
o (8" (p)erT™ + 79" - q) A + [, _¢" Grdl = 0
The displacement, pore pressure, and temperature fields are approximated as
u" =N4d, T"=N"T (45)

where N¢, and N™ are matrices of displacement and temperature shape functions, and d and T are the corresponding vectors of
displacement and temperature unknowns. Furthermore, we define the following transformation matrices:

7su = Bd
(46)
vTh = EthT

Similarly, for temporal discretization, we use the generalized trapezoidal integration method and rewrite the balance of energy at a discrete
time step n such that

h
Tn+1_Tr{l

fo =" @Ot + TG -k, + [, @" G, AT =0 7)
where

q1,.0 = 941,,, + (1 — O)qr,

48
ar.., =6qr.,. +(1—6)ar, “8)

and 6 € [0,1] is an integration parameter. & = 1 gives the first-order backward-Euler scheme, and 8 = 1/2, gives the second-order
Crank-Nicolson scheme. The incremental solution for the Newton-Raphson update at iteration k + 1 is determined as

K A] [Ad Ra]
= 49
0 G]R[AT w+ny  LRy1 (49)

where

K = [, BTCBdn
A =—[ BTBN™dn (50)
G =04t [ E™ Ky EM do — [ N®" (o) ouN™ d0

where C and l_(Tk are the homogenized consistent tangent and thermal conductivity tensors. The corresponding residual equations are
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R¢ = fn (Vsnh:zﬁﬂ -n"- b) dn - frtnh tpgg dl

n
Tt

T _ 51)
Ry = [y =" (0O 5+ V" - Qt,, + [ " r,,,odT

Here, £, ; and Q'-IEM , are the homogenized macro stress at time step n + 1 and homogenized macro flow at time step n + 6.

Finally, the following material point update algorithm is implemented at each integration point of the Finite
Element solver:

Input: E™, and G}
Output: 2", C*, Q%, and K%

l. Set local iteration counter k = 0 and initial guess X* = 0.
2. For each layer m € L:
- Call solid material subroutine for layer m:
Inputs: €, = E + Byv,,, g1
Outputs: 6,,, Cpp,.
- Call thermal subroutine for layer m:
Inputs: VT, = G + Bagr,, VTt
Outputs: qr,, Kr,,-
Assemble residual R¥(X*).
If | R¥ |I< g, go to Step 7.
Else, perform Newton update X*+1 = X* — (J=1)k Rk,
Set k « k + 1 and return to Step 2.
Compute the macro-stress £ = Y Gm Om.
Compute the macro-flux Qr = Ymer m qr,,-
Compute the consistent tangent operator C™,
and macroscopic heat conductivity matrix K7.
10.  Save the sub-model states of each layer for the next timestep:
- £} — &,

— VTR VT,

e R Al ad

4. RESULTS AND DISCUSSION

In this section, we present several numerical examples using the proposed multiscale modeling framework to assess its performance in
capturing the thermo-mechanical response of rocks. This includes anisotropy in mechanical and thermal properties. We will incorporate
different constitutive laws for the layers at the microscopic scale to demonstrate the flexibility of the framework.

4.1 Micro-constitutive Models
For a linear elastic material, the stress tensor of the layers is related to the strain tensor of the layers as

c=C%e, CC=KA®D+26(-;1®1) (52)
in which K and G denote the bulk and shear moduli, respectively. The elasto-plastic model considered is the Modified Cam-Clay (MCC)
model, with the following yield function:

f®,4,p) =15+ p(—p) <0 (53)

where M > 0 is the slope of the critical state line (CSL), and p. > 0 is the pre-consolidation pressure. p and q are the volumetric and
deviatoric stress invariants, respectively, which are defined as

pi=tue), q:= [2lo-p1l (54)
The hardening law is given by
pe = h tr(&P) ©3)

In which tr(.) Denotes the trace of a tensor and h is the hardening modulus.

4.2 Example 1: Comparison of the Homogenized and High-fidelity Models

This example demonstrates the performance of the proposed model for general initial-boundary value problems. For this purpose, we
simulate a time-dependent, anisotropic thermo-mechanical plane strain problem for consolidation of a layered thermo-elastic column of
height L and width L. The domain consists of 20 layers of equal size (alternating as layer A and layer B), with a constant distributed load
w and a constant heat flux applied on the top. The lower boundary is fixed in the vertical direction, with its midpoint also fixed in the
horizontal direction. The column is discretized uniformly into 20 quadrilateral elements with biquadratic displacement and bilinear
temperature. The prescribed distributed load is w = —1 x 10> Pa and the prescribed heat flux is 1.59 W/m?. The material properties
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selected for the layers are shown in Table 1. Using the standard displacement-based finite element method in conjunction with Newton’s
method, we solve this problem with a constant time increment of 1 day. The deal.Il Finite Element Library is used for the finite element
simulations.

We once simulate this problem by explicitly modeling the individual layers (shown with label “direct” in Figures 1 and 2), and once with
the proposed homogenization approach in which a two-layer unit cell consisting of layer A and layer B is used (shown with label
“homogenized” in Figures 1 and 2). We observe from Figures 1 and 2 that the homogenization approach captures the overall responses
of the layers well. The homogenized strain and temperature gradient align exactly with the direct responses and reflect the variation in
strain and temperature gradient in layers A and B. Figure 2 verifies that the stresses in layers A and B are in equilibrium with the
macroscopic applied stress.

Table 1: Simulation parameters used in Example 1.

Properties E (Pa) v p (kg/m%) Gy (J/kg/°C) as(1/°C) K (W/m/°C)
Layer A 40%10° 0.25 2000 1000 5x10° 2
Layer B 75%x10° 0.25 2000 1000 5x106 4

x1071
1.04 8
0.8 » o
"‘r
0.6+ ¥ a
" .’J‘:
0.41 ot
—e— homogenized g4 Yy —e— homogenized VT,
direct g4 0.21 ¥ direct VT,
—e— homogenized &g ' ::754 —e— homogenized VT
—u— direct g5 0.0/ —u— direct VT
3.412 3.414 3.416 3.418 3.420 3.422 0 2 4 6 8
strain %1074 temperature gradient  x107!

Figure 1: Results of explicit modeling of layers (labeled as “direct”) and homogenization model results for strain and temperature
gradient at the integration points along the vertical direction for layers A and B.

x1071 x10~!

1.0 . 1.01 .

—e— homogenized g, —e— homogenized g4
direct ga direct ga

0.81 —e— homogenized gz 0.8 —e— homogenized gp
—s— direct g —e— direct gg

0.6 0.61

>

0.4 0.4

0.2 0.2

0.04 0.0

-1.4 -1.2 -1.0 -0.8 -0.6 -1.50-1.25-1.00 -0.75 -0.50 -0.25 0.00
stress %10° heat flux

Figure 2: Results of explicit modeling of layers (labeled as “direct”) and homogenization model results for stress and heat flux
gradient at the integration points along the vertical direction for layers A and B.

4.3 Example 2: Borehole Problem

This example aims to investigate the performance of the homogenization model in simulating boundary value problems. For this purpose,
the thermo-mechanical material point update algorithm is implemented within each integration point of a nonlinear finite element solver
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to simulate the anisotropic response. Specifically, we study the performance of the homogenization model in the application of time-
dependent behavior of boreholes in anisotropic rocks, which is relevant for wellbore stability.

[ [ ]/
11/

01m

LV AN

Figure 3: The geometry and mesh used for the borehole problem in Example 2.

We consider a borehole with a radius of 0.1 m represented in 2D as a circle inside a square domain in plane strain conditions (Figure 3).
The dimension of the model is | m by 1 m in the x and y directions. Due to symmetry, only a quarter of the geometry is simulated. In this
case, all external boundaries have a roller support and zero flux boundary conditions, while the borehole surface is subjected to radial
traction and heat flux. The domain consists of Haynesville shale material with properties shown in Table 2. The mechanical properties
are based on the parameters calibrated by Choo et al. (2021). The initial rock temperature is assumed as 0°C. Using the standard
displacement-based finite element method, we simulate the domain using quadrilateral elements with biquadratic displacement and
bilinear temperature at a constant time increment of 0.5 day. To examine the effect of anisotropy on the borehole behavior, we repeat the
simulations with three different bedding plane orientations of 8 = 0°, 8 = 45°, and 6 = 90°.

Table 2: Simulation parameters used in Example 2 for anisotropic Haynesville shale.

o

I» -8e-5
9.7e-05

Property | ¢ E (Pa) v M pc(Pa) | h(Pa) | p(kg/m®) | C, (/kg/°C) | as(1/°C) | k(W/m/°C)
Layer A | 0.455 | 5.9x10° | 0.28 0.9 18x10° | 225%10? 2366 1004 11.39x10° 1.8
Layer B | 0.545 | 41x10° | 0.36 - - - 2366 1004 11.39x10° 5.8
(¢ uy (m) uy (m)
2e+00 0.08400 006400
w £ =
i f= s
g e ees
1135 Tes — a5
1% -8e-5 765
12 9e-5 -8e-5
s [.n 0001
e+00 1.1e-04 97005
(a) (c)
T(O uy (m)
126400 1.80-05
i
e
Tl - e
i
113 ~ Be-5
it =
1115 15
116400 81005
(d) (e)
('@ uy (m)
20+00 0.08400
178 leb
o [-2e-s
125 -3e-5
5 -de-5
i el
138 -6e-5
13 e
12
a
R

Figure 4: Temperature and displacement responses for (a-c) 6 = 0°, (d-f) 8 = 45°, and (g-i) 8 = 90°
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I (Gpa) Z, (Gpa) I, (Gpa)
-31e-02  -0.02-0015001 -24e-03 -3.1e02 0020015001 -24e-03 -17e-050.002 0.004 0.006 B8.4e-03
| L I J | L , —

— I l

()

)}

Figure 5: Macroscopic stress responses for (a-c) 8 = 0°, (d-f) 6 = 45°, and (g-i) 0 = 90°

x10~°
1.18 04
1.17
_2—
1.16
o 1L.15 —
& E-H —— u, (8=0°)
— 1.14 = - u, (6=90")
1.13 =61 T ux(8=457)
- u, (6=45")
1.12 el — 0 (8=90°)
1.11 - u,(6=0")
1 2 3 4 5 6 7 1 2 3 4 5 6 7
r(m) x10°t r(m) x10°*
(a) (b)

Figure 6: Temperature (a) and displacement (b) variations in the radial direction for three bedding plane angles.

The results are shown in Figures 4 to 6. It is observed that the x and y displacement responses (Figure 4) as well as the macroscopic
stresses Xy, Zyy and Z,, are dependent on the bedding plane angle, where the x and y displacement and stresses between 6 = 0° and
6 = 90° are mirrors of each other around the diagonal axis, as expected due to symmetry. Similarly, we observe in Figure 6(b) that u,
at 6 = 0°is the same as uy, at 6 = 90° and vice versa. Figure 6(a) shows that the variation of temperature in the radial direction is the
same for @ = 0° and 6 = 90°, while it is different for & = 45°. Bedding plane orientation of 8 = 45° leads to the largest magnitude of
shear stress in the domain.
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5. CONCLUSION

Accurately representing anisotropy of rocks in geothermal applications is challenging because anisotropy can be scale-dependent, where
direct discretization of all layers is typically infeasible. Homogenization and multiscale methods provide a systematic approach to derive
effective macroscale constitutive behavior from an explicit description of the microscale. This work develops a thermo-mechanical
homogenization framework tailored to layered geomaterials relevant to EGS applications. By constructing effective thermo-mechanical
properties from microstructural descriptions, our homogenization model avoids the expensive cost of using fine mesh in field-scale finite
element simulations.
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