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ABSTRACT 

This paper summarizes the results from three problems that were developed for the Geothermal Code Comparison Study organized by 

the United States Department of Energy Geothermal Technologies Office. The problems in the study were designed to involve different 

physical processes related to geothermal reservoir engineering and Enhanced Geothermal Systems. The three problems described in this 

paper, Problems 2, 3, and 6, were focused on processes related to coupling of fluid flow and fracture deformation. Twelve groups 

participated in the study, each using separate numerical approaches, though not all groups participated in every problem. Problem 2 was 

a continuum approach to shear stimulation of randomly oriented fractures due to injection of cold water. Problem 3 involved injection 

into three fractures and investigated the coupling of fluid flow, fracture shear, and fracture opening. Problem 6 involved injection into a 

fault surrounded by a poro-thermoelastic medium. Comparison of results between groups showed broad agreement, though some 

discrepancy was present. Matches between the codes were imperfect because of the different numerical approaches used by the groups 

and because of the difficulty of communicating between groups to ensure that simulations were performed with identical constitutive 

relations and input parameters. 

INTRODUCTION 

The Geothermal Code Comparison Study was initiated by the United States Department of Energy Geothermal Technologies Office and 

involved twelve groups, each using different preexisting numerical modeling codes. The affiliations, team members, and code(s) used 

by the different groups are given in Table 1. In Phase I of the study, the groups simulated seven benchmark problems, which were each 

developed by a participant in the study. The benchmark problems were designed to be well-defined and with relevance to geothermal 

energy extraction and Enhanced Geothermal Systems. In Phase II of the study, which has not yet been performed, the groups will 

attempt "challenge" problems that involve open-ended problem descriptions, with at least one involving a field dataset. The objective of 

this paper is to describe the results from three of the problems in Phase I: Problems 2, 3, and 6. These problems were grouped together 

because they involved the coupling of fluid flow and deformation in fractures. The modeling codes used by each group were developed 

with different objectives and design philosophy, and none of the codes were well-suited to solve all seven of the benchmark problems. 

Therefore, only a subset of the groups participated in each of the problems. 

In the following sections, Problems 2, 3, and 6 are described. A detailed problem description is provided, followed by simulations 

results and comparison and discussion. 
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Table 1. GTO-CCS teams and codes. 

Team Affiliation Team Members Code(s) 

Idaho National Laboratory Robert Podgorney, Hai Huang, Mitch 
Plummer, and Yidong Xia 

FALCON 

Itasca Consulting Group Jason Furtney, Azadeh Riahi, and Branko 
Damjanac 

FLAC3D 

Lawrence Berkeley National Laboratory Jonny Rutqvist, Eric Sonnenthal, and Jens 
Birkholzer 

TOUGH and FLAC3D 

Lawrence Livermore National Laboratory Charles Carrigan, Pengcheng Fu, Bin Guo, 
Yue Hao, and Souheil Ezzedine 

NUFT 

Los Alamos National Laboratory Sharad Kelkar FEHM 

Oak Ridge National Laboratory Charlotte Barbier and Yarom Polsky PFLOTRAN 

Oklahoma University Ahmad Ghassemi  

Pacific Northwest National Laboratory Mark White, Signe White, Diana Bacon, and 
Tim Scheibe 

STOMP 

Pennsylvania State University Derek Elsworth, Yi Fang, KJ Im, and 
Baisheng Zheng 

TOUGHREACT and FLAC3D 

Stanford University Roland Horne, Jack Norbeck, and 
Yang Wong 

CFRAC_Stanford and GPRS 

University of Texas, Austin Mark McClure and Kitkwan Chiu CFRAC_UT 

University of Nevada, Reno George Danko and Davood Bahrani MULTIFLUX, TOUGH2, NUFT, 
TOUGHREACT, and 3DEC 

 

 

2. PROBLEM 2: SHEAR STIMULATION OF RANDOMLY ORIENTED FRACTURES VIA PORE PRESSURE INCREASE 

AND THERMAL STRESS 

This problem involved injection of cold water at a specified pressure at one location inside a 3-dimensional domain with outside 

boundaries held fixed at initial conditions of pressure, temperature and far-field stresses. This problem was motivated by the shear 

stimulation treatment of the well Desert Peak 27-15 conducted in September 2010 (Chabora et al. 2012, SGW) and the subsequent 

modeling analysis (Dempsey et al. , 2013) . The governing equations for the problem are single phase fluid mass balance with Darcy’s 

law, thermal energy balance including advection and conduction, static force balance with linear poro-elasticity (Biot’s theory) and 

thermal stress, the Mohr-Coulomb criteria for shear failure using effective stress (Eq. 1), and permeability enhancement as a specified 

function of Mohr-Coulomb stress upon reaching the failure criteria (Eq. 2) 

2 1/2

1 3 1 3 0

1 1
( )( 1) ( )

2 2
MCStress P S                         ………………………………………… Eq. 1 

Where 1 and 3 are the local maximum and minimum principal stresses, P is the pore pressure,  is the coefficient of friction, and 

0S is the cohesion. 

𝐾 = 𝐾𝑖𝑛𝑖𝑡𝑖𝑎𝑙   𝑖𝑓 𝑀𝐶𝑆𝑡𝑟𝑒𝑠𝑠 < 0 

𝐾 =  𝐾𝑖𝑛𝑖𝑡𝑖𝑎𝑙 + (
𝑀𝐶𝑆𝑡𝑟𝑒𝑠𝑠

𝑀𝐶𝑟𝑎𝑚𝑝
) ∗ (𝐾𝑚𝑎𝑥 − 𝐾𝑖𝑛𝑖𝑡𝑖𝑎𝑙)        𝑖𝑓 0 < 𝑀𝐶𝑆𝑡𝑟𝑒𝑠𝑠 ≤  𝑀𝐶𝑟𝑎𝑚𝑝     ….................................................... Eq. 2 

𝐾 =  𝐾𝑚𝑎𝑥          𝑖𝑓 𝑀𝐶𝑆𝑡𝑟𝑒𝑠𝑠 > 𝑀𝐶𝑟𝑎𝑚𝑝 

Where 𝐾𝑖𝑛𝑖𝑡𝑖𝑎𝑙 is the initial permeability, 𝐾𝑚𝑎𝑥 is the maximum allowed permeability, and 𝑀𝐶𝑟𝑎𝑚𝑝 is the ramp stress - range of 

MCStress over which the permeability ramps from the initial to the final value. 

The problem was taken to have spherical symmetry, and only 1/8th of the domain was included in the model. The injection point was 

chosen to be one corner of the model and the far filed boundaries were placed at 2 km in x,y,z directions from the injection point (Figure 

1). The model was required to output injection rate as a function of time, and temperature, permeability, Mohr-Coulomb stress and 

displacements at two specified locations 2.5m and 7.5 m form the injection point within the domain. The run duration was 27 days.  

Initially the model was specified to have a pore pressure of 9.81 MPa and temperature of 1900 C. Fluid and heat flux through the 

boundaries of the model were kept zero through the simulation. The three faces of the model though the injection point assigned 

mechanical roller conditions, i.e. the displacement normal to each boundary face was specified to be zero. The far field model faces had 

applied normal stress on them, with vertical being the maximum principal stress of 22.7 MPa, minimum principal stress of 13.88 MPa in 
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the horizontal direction and the median principal stress of 18.3 MPa in the other horizontal direction. A constant pressure and 

temperature liquid water source at 12.91 MPA and 1000C was applied at the injection point. The material properties used are specified 

in Table 2. 

 

 

 

 

Five teams participated on this test case: PNNL, LANL, PennState, LBNL, and Itasca. The methods and codes used by each team have 

been described by White & Phillips (2015). Near the injection point, PNNL, PennState, and LBNL models used a grid spacing of 1m, 

LANL model used a grid spacing of 1.25m, and the Itasca models used a grid spacing of 5m. PNNL, PennState and Itasca-local models 

used a local approximation for calculating the MCStress, not solving the stress-displacement equations and MCStress by using far field 

stresses and local values of temperature and pressure at each node – these models are refered to as the ‘local’ models. The PNNL and 

PennState models solved the three-dimensional porous flow and advective-conductive heat transfer equations. Itasca-local model solved 

the porous flow equations while using a simplified semi-analytical approach for the temperature calculations. The LBNL and LANL 

models solved the three-dimensional porous flow and advective-conductive heat transfer equations sequentially coupled with the three-

dimensional solution of static linear elastic stress-displacement equations. The Itasca-mech model solved the three-dimensional porous 

flow equations while using a simplified semi-analytical approach for the temperature calculations, and sequentially coupled with the 

three-dimensional solution of static linear elastic stress-displacement equations. These three models are referred to as the ‘non-local’ 

models. 

The injection flow rates, scaled by a factor of 8 for the entire spherical domain, as functions of time for the various models are plotted in 

Figure 2 with time. Also shown in this figure are the two bounding curves calculated using the LANL model shown by dashed grey 

lines for constant permeabilities with  the high (143 md) and low (2.6 md) values – these can be expected to be the high and low bounds 

on the flow rates. In the case of constant formation permeability, the injection rate at a constant injection pressure can be expected to 

decrease with time. Since the permeability increases with the Mohr-Coulomb stress in this problem (Figure 3), however, the flow rate 

increases with time. The increase is rapid at the start slowing down as the time progresses as seen in the colored plots in Figure 2. All 

the curves fall within the expected bounds. With the exception of Itasca-mech model, the predicted injection rates after 27 days in the 

interval of 3.5 to 5.8 kg/s, with the PennState model predicting the highest and the LBNL predicting the highest values.  

Table 2. Material Properties  

Parameter Value 

Material properties  

Thermal conductivity 2.2 W m
-1

 K
-1

 

Rock Density    2480 kg m
-3

 

Specific heat capacity 1200 J m
-3

 K
-1

 

Porosity     0.1 

Initial permeability (𝐾𝑖𝑛𝑖𝑡𝑖𝑎𝑙) 2.6 ×10
-15

 m
2
 

Maximum permeability 

(𝐾𝑚𝑎𝑥) 

55*2.6 ×10
-15

 m
2
 

Ramp Stress (𝑀𝐶𝑟𝑎𝑚𝑝) 15 MPa 

Young’s modulus   25 GPa 

Poisson’s ratio    0.2 

Coefficient of thermal 
expansion 

0.5×10
-5

 K
-1

 

Biot’s coefficient for the poro-
elastic stress-strain equation 

0.5 

Mohr-Coulomb properties  

            Cohesion, 𝑆0 3.0 MPa 

    Static friction coef., 𝜇𝑠  0.5 
 

Figure 1. A schematics of the model domain showing 

the injection point and boundary conditions. 
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Figure 2. Injection rate as a function of time for the various models. 

 

Figure 3. Permeability calculated by the LANL model at 4.33 m from the injection point as a function of time. 

Temperature as a function of time at a distance of 4.33m from the injection point is shown in Figure 4. The general trend in Figure 4 is 

similar for all models, temperature dropping form the initial value of 1900C down to close to the injection value of 1000C in less than 9 

days. Also shown in Figure 4 are the two bounding curves with high (143 md) and low (2.6 md) values of permeability. With the 

exception of Itasca-local and Itasca-mech models, the other model curves fall between these two bounding curves as expected. Of these 

models, the LBL model showed the most rapid temperature decrease, followed by PNNL and then PennState, LANL being the slowest.  

It is interesting to note by comparing Figures 2 and 4 that while PNNL and LBNL models show similar flow rate trends, the LBNL 

model predicts faster cooling at the 4.33m point. The PennState model predicts lower flow rates than the above models, and also shows 

slower cooling. However, while LANL model calculates flow rates higher than the PennState model, the cooling in the LANL model is 

slower. The flow rates for the PNNL and PennState models are different as seen in Figure 2, however they predict similar cooling 

curves at 4.33m distance. These differences are likely due to the different approaches taken by each model.  
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Figure 4. Temperature at a distance of 4.33m from the injection point 

Temperatures at a distance of 13m from the injection point are shown in Figure 5. The general trends are similar, cooling commencing 

at a somewhat time due to the distance from the injection point. Again, with the exception of Itasca-local and Itasca-mech models, the 

other model curves fall between these two bounding curves as expected. The relative order of the rate of cooling for LBNL, PennState, 

and LANL are similar to those in Figure 4, LBNL showing the most, and LANL showing the least cooling. The PNNL model shows the 

least amount of cooling at 13m. 

 

Figure 5. Temperature at a distance of 13 m from the injection point 

It was noticed in the LBNL, PNNL and the PennState models that the way the constant pressure injection condition was implemented 

affected the calculated injection rates, and the temperature drawdowns. Hence the modelers elected to adjust the grids and surface areas 

to a nominal value. The LANL code implements this boundary condition using a reservoir connected via impedance. The results of 

LANL model were not found to be sensitive to the impedance value. 
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Considering the practical importance of the stimulation scenarios represented by this test problem, we would like to offer a few 

suggestions for future work. It would be instructive to attempt the derivation of a semi-analytical solution to the problem under 

appropriate realistic simplifying assumptions for verification. This will facilitate a more detailed comparison between the results of 

various models. 

3. PROBLEM 3: FRACTURE OPENING AND SLIDING IN RESPONSE TO FLUID INJECTION 

The objective of this problem was to simulate injection into a system with three fractures, as shown in Figure 6. The minimum principal 

stress was oriented parallel to the x-axis (perpendicular to the two peripheral fractures), with the central fracture being oriented so that it 

would slide in response to injection. The problem was based on simulations performed by McClure (2012) and Mutlu and Pollard 

(2008). Leakoff from the fractures was neglected. Injection was performed at constant pressure until the fluid pressure in all three 

fractures had become constant. The injection pressure was less than the minimum principal stress.  

 

Figure 6. Problem geometry for the base case (three preexisting fractures). Injection is performed at center of the problem, at 

(0, 0). The fractures are linear, with the central fracture having endpoints at (-10, -17) and (10, 17), and the peripheral 

fractures having endpoints at (-10, -27) and (-10, -17) and (10, 27) and (10, 17). 

The stresses induced by the deformation of the fractures had strong effects on the simulation results. Stresses induced by the sliding of 

the central fracture induced tension on the surrounding fractures, causing them to partially open, even though fluid pressure was below 

the minimum principal stress. The peripheral fractures initially bore zero shear stress, but experienced sliding in response to shear 

stresses induced by the sliding of the central fracture.  

This problem setup is relevant to EGS because it has been hypothesized that hydraulic fractures propagate off sliding natural fractures 

during stimulation (McClure, 2012; Jung, 2013; McClure and Horne, 2014). The concentration of tensile stress created by the fracture 

sliding could enable hydraulic fractures to form even if the injection pressure is less than the minimum principal stress. This problem is 

a simplified demonstration of that process. 

3.2 Physical processes and governing equations 

The simulations had no fracture propagation (the fractures are preexisting) and included the following physical processes: (1) unsteady 

state mass balance coupled with Darcy's law and (2) linear elastic deformation of the material around the fractures (quasistatic stress 

equilibrium, Hooke's law, and the compatibility equations). The simulations also had the following properties: (1) when fluid pressure 

on a fracture was less than the normal stress, the fracture was "closed;" closed fractures slid when their shear stress reached the frictional 

resistance to slip, as defined by Coulomb's law, (2) when fluid pressure reached the normal stress, fractures opened (walls out of 

contact); open fractures had fluid pressure equal to their normal stress and did not bear any shear stress, (3) stress calculations were two-

dimensional and plane strain, and (4) for the flow calculations, an out-of-plane thickness, h = 100 m, for the fractures was assumed (so 

that the elements did not have infinite volume).  

Coulomb's law is: 

|𝜏| ≤ (𝜎𝑛 − 𝑃)𝜇 + 𝑆0 ............................................................................................................................. ........................ Eq. 3 

where τ is shear stress, σn is normal stress, P is fluid pressure, μ is the coefficient of friction, and S0 is the cohesion. If shear stress in the 

simulation was less than the frictional resistance to slip as given in Equation 3, the fracture was assumed to be locked (infinite elastic 

shear stiffness). 

Simplifying assumptions were: (1) isothermal, (2) no leakoff from the fractures, (3) constant fracture transmissivity, even for open 

fractures (walls out of contact), (4) constant fluid viscosity, (5) injection of water with constant compressibility, (6) no chemical effects, 

and (7) stresses induced by the very slight normal displacements of closed fracture elements are neglected. With respect to assumption 
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7, UT Austin performed simulations with the stresses induced by normal displacements of closed fracture elements included, and found 

that including these stresses had a minor effect on the simulation results. The fractures were assumed to have a constant compressibility, 

cE, so that the fracture aperture, E, of a closed element could be given by the equation:  

𝐸 = 𝐸𝑟𝑒𝑓exp (𝑐𝐸(𝜎𝑛 − 𝑃)). ............................................................................................................................. ....................... Eq. 4 

For an open fracture element, aperture was given by the equation: 

𝐸 = 𝐸𝑟𝑒𝑓 + 𝐸𝑜𝑝𝑒𝑛, ............................................................................................................................. ....................................... Eq. 5 

where Eopen is the mechanical opening of the fracture. The aperture E is the volume of fluid stored per surface area of fracture. Because 

the fracture transmissivity was assumed constant for simplicity, the hydraulic aperture was effectively assumed to be constant. Constant 

fracture transmissivity is not a realistic, but this assumption was made in order to simplify the problem. 

The initial fluid pressure was set to be 18 MPa. The initial stress state was σxx equal to 21 MPa and σyy equal to 26 MPa. It was assumed 

that any stress caused by the formation of the preexisting fractures was negligible, so that the normal and shear stress on the fractures 

could be calculated solely by resolving the remote stress field. For example, the peripheral fractures were perpendicular to the minimum 

principal stress (Figure 6), so they bore 21 MPa of normal stress, zero MPa of shear stress, and had an initial aperture of 9.7e-4 m (from 

Equation 4).  

Injection was performed at constant pressure of 20.25 MPa. The simulation was performed for one week, long enough that the fluid 

pressure everywhere in the three fractures reaches 20.25 MPa. Detailed simulation settings are given in Table 2. 

Table 2. Simulation settings for Problem 3 

Property Units Value 

Shear modulus, G MPa 15,000 

Poisson's ratio, υ  0.25 

Out of plane thickness, h m 100 

Coefficient of friction, μ  0.6 

Fracture cohesion, S0 MPa 0 

Fracture transmissivity, T m
3
 10

-13
 

Fracture compressibility, cE 1/MPa 0.01 

Reference aperture, Eref m 0.001 

Fluid viscosity, μf cp 1.0 

Initial fluid density, ρinit kg/m
3
 1000.0 

Fluid compressibility, cf 1/MPa 0.00458 
 

3.3 Results and Discussion 

UNR, OU, LLNL, Berkeley, Itasca, PSU, Stanford, and UT Austin provided results for this problem. UNR provided two simulation 

runs. In UNR's first submission, the effect of fracture sliding was neglected. In UNR's second submission, a proxy model was tuned to 

include the effect of sliding on aperture, by matching to the UT Austin simulation result. The UNR simulations did not predict the 

magnitude of fracture sliding. 

Figures 7 - 11 show the simulation results. The simulations can be compared on the basis of the change in aperture after 60 seconds, the 

change in aperture at the end of the simulation, the sliding displacement after 60 seconds, the sliding displacement at the end of the 

simulation, and the injection rate versus time. The spatial plots show properties as a function of "y-coordinate position," as shown in 

Figure 6. In Figures 8 and 10 (showing sliding displacement), the range of "y-coordinate position" is from zero to 27 (rather than the full 

range of -27 to 27) because the results are symmetrical. In Figures 7 and 9 (showing opening displacement), the range of "y-coordinate 

position" is from 12 to 27, because the results are symmetrical and to focus on the most interesting part of the aperture distribution.  

At the end of the simulation, fluid pressure should have reached 20.25 MPa everywhere in all three fractures, and so the final 

deformations should not be affected by time-dependent processes. The predicted final change in fracture aperture from UT Austin, 

Stanford, OU, LBNL, LLNL, and UNR Run 2 were quite similar. The main point of difference occurred at the juncture between the 

central and peripheral fracture at y = 17. Fracture opening sharply increased on the peripheral fracture near the juncture. This sharp 

gradient created a strong mesh dependence that could not be captured fully by the groups using a relatively coarse mesh.  

The UT Austin, Stanford, and OU groups had nearly identical solutions, and their results showed the sharpest increase in aperture near 

the fracture juncture. These three codes all used the boundary element method, and it is probable that the boundary element method was 

especially well-suited for this particular problem, which involved a sharp gradient in aperture in a small region due to a localized 

concentration of stress. The UNR Run 2 was tuned to match the UT Austin result for final opening displacement, and so the results 

match very closely. The UNR Run 1 result neglected the effect of sliding on aperture and so did not show any perturbation in aperture 
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near the fracture juncture. The PSU result had significantly larger opening displacement along the length of the peripheral fracture, 

though the maximum displacement calculated at the juncture was similar to other results.  

For the final fracture sliding distribution, all results were fairly similar. The LLNL and PSU results showed modestly less sliding along 

the fractures than the other submitted results. 

The aperture results showed quite a bit of variability at 60 seconds of injection. These simulation results were affected by the time-

dependent process of fluid pressure spreading through the fractures, and it is difficult to say what caused the differences. At 60 seconds, 

the region where significant aperture change occurred was small, and the gradient in aperture was significant. Some of the simulations 

were not performed with adequate mesh refinement to capture this behavior in detail. The PSU result showed a bit more opening along 

the peripheral fractures than the other results. The UNR2 result matched several other simulations in maximum opening near the 

juncture, but predicted significantly more opening along the length of the peripheral fractures. As with the other results for Problem 3, 

the Stanford and UT Austin results were nearly identical, with the Stanford curve overlaying and obscuring the UT Austin result on the 

figure. 

The sliding results at 60 seconds were fairly similar, except that the PSU result predicted significantly more sliding on the peripheral 

fractures than the other results. 

Figure 11 shows injection rate versus time. As expected, the injection rates were very high at the beginning of the simulations and 

decayed to zero. Most results fell along a similar line. The PSU and LBNL results had a lower rate than the other simulation results at 

all times, suggesting that there was less cumulative fluid injection in these simulations than in the others. Both UNR results deviated 

significantly from the general trend of the other results. The Itasca result had one of the lowest injection rates at early time, and the 

highest rate at late time, suggesting that a similar cumulative volume of fluid was injected, but perhaps there was some difference in the 

time-dependent process. The OU result deviates significantly from the other results during the first 100 seconds, before settling onto a 

very similar trend. This was probably because the OU result started the simulation with rather large timesteps (around 30 seconds). 

Overall, there was a qualitative, but not exact, match between the different simulation results. There is a theoretically "exact" solution to 

this problem, but it is not known, and so we cannot say decisively which results were most accurate. Some differences between the 

results are clearly due to differences in mesh refinement. However, some results deviate so significantly from the others that the 

differences must be due to differences in accuracy or the way the problem was set up by the groups. 

 

Figure 7. The change in fracture aperture along the three fractures at the end of the simulation. 
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Figure 8. The sliding displacement along the three fractures at the end of the simulation. 

 

Figure 9. The change in fracture aperture along the three fractures after 60 seconds of injection. 

 

Figure 10. The sliding displacement along the three fractures after 60 seconds of injection. 
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Figure 11. Injection rate versus time. 

 

PROBLEM 6: INJECTION INTO A FAULT/FRACTURE IN THERMO-POROELASTIC ROCK 

Problem Description:  

The objective of the problem is to illustrate the role of coupled thermo-poroelastic processes related to water injection, on natural 

fracture opening and shear deformation as well as on pore pressure and stress redistributions in the neighborhood of the natural fracture. 

Both aspects have implications for stimulation and induced seismicity. Consider the 2D plane strain problem of a fracture oriented at 45 

in the xy plane. The fracture is 40 m long under the action of in-situ stresses as shown in Figure 12. The initial pore pressure is 10 MPa 

and the rock/fracture system is at a temperature of 420 K. The rock matrix is assumed to be Westerly granite with properties shown in 

Table 1.  

                          

Figure 12. Problem geometry and conceptual model of injection/cooling effect on joint. 

Initial and Boundary Conditions: 

The joint is in equilibrium with prescribed stress and pore pressure, and temperature conditions and has an aperture of 0.5623 mm. This 

is the actual joint aperture under reservoir conditions and is calculated internally using the prescribed initial stiffness and stress state. 

The maximum joint closure is 3 mm. Injection begins at time t=0+ at a constant rate specified in Table 1.  Water viscosity is calculated 

for the average system temperature. The injection water temperature is specified as 400 K and the reservoir rock temperature is 420 K.  

Coupled Processes Considered 

The problem involves a number of coupled processes such as fluid flow and advective heat transport in the natural fracture, fracture 

deformation, fluid and heat diffusion into the rock matrix and associated poroelastic and thermoelastic stresses and pore pressures. 

Metrics: 

Currently, the metrics are pressure, fracture opening, and shear deformation as a function of time (0-180 days), fracture opening, and 

shear at 5, and 180 days (isothermal case), and fracture opening at 72 and 180 days (non-isothermal case).  
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Table 3. Data used in simulations (Modified from McTigue, 1990). 

Shear modulus, G (GPa) 15 

Poisson’s ratio, υ 0.25 

Undrained Poisson’s ratio, υu 0.33 

Matrix permeability (m
2
) 4.010

-19
 

Matrix porosity,  0.01 

Biot’s coefficient,  0.44 

Water viscosity,  (Pa.s) at avg. temperature 2.049510
-4

 

Fluid compressibility (MPa
-1

) 4.210
-4

 

Thermal expansion coefficient of solid, s (K
-1

) 2.410
-5

 

Thermal expansion coefficient of fluid, f (K
-1

) 2.110
-4

 

Thermal diffusivity of intact porous rock, c
T
 (m

2
/s)  1.110

-6
  

Fluid density, w (Kg/m
3
) 1 10

3
  

Heat capacity of fluid, cw (J kg
-1

 K
-1

) 4200  

Initial reservoir temperature (K) 420 

Injection water  temperature (K) 400, and 340  

Initial  joint normal and shear stiffness, kn , ks (GPa/m) 0.5; 50 

The maximum joint closure, Dcmax (mm) 3.0 

Fracture aperture initial, Dni (mm) 0.563 

In-situ stress (MPa) – y direction 20 

In-situ stress (MPa) – x direction 13 

Initial reservoir pore pressure (MPa) 10 

Injection rate (m
3
/s) /m thickness of reservoir 0.610

-7
 

friction angle (effective), cohesion (MPa) 30 

 

Different groups might consider different levels of coupling between temperature, pore pressure, and deformation. 

OU Solution 

In this study, the natural fracture is modeled using the non-linear Barton-Bandis joint mechanical deformation model for opening and 

closure, and a linear shear deformation model. The joint models are implemented in a thermo-poroelastic fracture network flow and 

deformation displacement discontinuity code (see Ghassemi and Zhang, 2006, Ghassemi at al., 2007, Tao et al, 2009, Lee and 

Ghassemi, 2011, Safari and Ghassemi, 2014). An analytical solution for a simplified version of this problem can be found in Ghassemi, 

et al., 2008.  Here, the problem is solved by dividing the fracture into 59 constant (in time and space) boundary elements. The solution 

time is divided into 60 (variable) steps. Simulations show that the rate of convergence and solution accuracy are dependent on the 

following solution control parameters. This is because earlier opening of the joint enhances flow causing higher and more rapid cooling 

of the joint’s entire surface and creating a larger opening for the given simulation time (through earlier joint rupture). Under very high 

injection rates, or injection temperature differential, a very fine time step should be used to reach a stable solution.   
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Penn State Solution: 

The discrete fracture in this problem is represented by an equivalent continuum approach, which is incorporated in the framework of 

hydro-mechanical continuum simulator TFREACT (Taron and Elsworth, 2010). It couples analysis of mass and energy transport in 

porous fractured media (TOUGH) and combines this with mechanical deformation (FLAC3D). The crack tensor theory (Oda, 1986) is 

employed to determine the mechanical properties of fractured rock masses in the tensor forms. To implement the equivalent continuum 

model accommodating the fractured rock mass, the constitutive models including crack tensor, permeability tensor, porosity model 

representing effective fracture volume, and stress-dependent aperture model are developed in the simulator.  The cracks are 

characterized as tiny flows in an elastic medium, In this solution, the gridding is created at 40 × 40 × 1 in the reservoir scale at 40m × 

40m × 1m. The fracture configuration is defined with length of 39m, width of 1mm. The thickness (vertical direction) is 1 m at 90 

degrees. The fracture gridding is independent of reservoir gridding. The fracture information is calculated according to the state of 

fracture intersecting in an element. 

Stanford Solution 

The Stanford team used a modified version of a simulator called CFRAC to solve this problem. The original version of CFRAC coupled 

fluid flow in fractures and mechanical deformation of fractures (McClure and Horne, 2013). Norbeck et al. (2014) and Norbeck and 

Horne (2014) extended CFRAC to consider fluid and heat exchange between fractures and surrounding rock using an approach called 

embedded fracture modeling. The main advantage of using an embedded fracture approach is that the matrix discretization is not 

required to conform to the fracture discretization. In addition, poroelastic and thermoelastic stresses that are generated due to fluid 

pressure and temperature gradients in the matrix rock were calculated using an approach based on elastic potentials. 

University of Texas Solution 

The UT Austin team also used a version of CFRAC. The version used by UT Austin did not account for poroelastic or thermoelastic 

stresses, unlike the Stanford version. The UT Austin code calculated leakoff using a full numerical solution using the finite volume 

method on a conforming triangularized mesh, as described by McClure (2014). The UT team's submission included the stresses induced 

by the normal displacement of the fracture even when the fracture was "closed" with the walls in contact (unlike in Problem 3 above, 

when the problem statements asked that teams neglect these stresses). The fracture had an aperture of 3 mm or less when the fracture 

was closed. The Stanford solution neglected the stresses induced by the normal displacements of the fracture when closed, a major 

reason why the Stanford and UT results are so different. 

 

Figure 13. Pressure and aperture as a function of time at the wellbore. 

 

Comparison 

Figure 13 illustrates the pressure and aperture variation with injection time for the poroelastic case. The submitted solutions are in 

general agreement. Variation can be attributed to various simplifying assumption made in the solution procedures. 

Note that cooling tends to increase the fracture aperture, however, in view of the low temperature contrast (DT) between the injection 

water and the rocks and the low value of thermal diffusivity, thermal stress is not very large and develops very slowly. The thermal 
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stress effect is focused in the central region of the fracture where most cooling occurs, and it expands with time.  Increasing DT, 

increases the cooling-induced crack opening. Note also the contrast between the profiles for the isothermal and cooling cases. It should 

be emphasized that cooling in the crack in controlled by the residence time of the fluid which is influenced by injection rate and leak-

off, fracture permeability. 

 

Figure 14: normal and shear displacement along the fracture. 

To differing degrees, the solution could be affected by the following factors including coupling level in the constitutive equations, leak-

off into the matrix and its dependence on pressure, whether 1D or 2D calculation of induced poroelastic and thermoelastic stresses, 

inclusion of stresses caused by joint deformation (these can play a role in this problem and can contribute to the timing of joint element 

separation. These influencing can be very conspicuous in their impact on pore pressure and stress distributions around the fracture.  

CONCLUSIONS 

Results submitted for the test problems showed broad agreement. However, there was considerable variability in the details of the 

results. Differences in mesh refinement, numerical approaches, and approximations caused variability. It is also very likely that there 

were inconsistencies in the problem setup between the different groups. Despite considerable effort, it was challenging to communicate 

simulation details between a large number of groups, especially because of the complexity of the simulations and the large number of 

physical processes, constitutive relations, and input parameters involved.  
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