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A B S T R A C T   

We present results from an international model comparison study involving a series of controlled fault activation 
experiments in Opalinus Clay at the Mont Terri Laboratory, Switzerland. The fault activation experiments were 
conducted in situ by water injection at variable pressure from boreholes targeting different parts of the Main 
Fault crossing several tunnels and galleries of the Mont Terri Laboratory. The model simulations focused on (1) 
an experiment activating a discontinuity (fracture or minor fault) within the damage zone of the main fault, and 
(2) an experiment activating discontinuities close to the core of the Main Fault. The experimental data consist of 
coupled hydraulic and mechanical responses monitored at an injection borehole and a monitoring borehole 
located a few meters away. After overcoming several modeling issues along with necessary model developments, 
a reasonably good agreement was achieved between the modeling results and the field observations. The fault 
activation experiments displayed an abrupt flow rate increase associated with a sudden fracture opening and 
rupture propagation after the injection pressure reached above the estimated normal stress on the fracture. This 
was followed by an abrupt flow rate decrease, indicating hydraulic closing, once the injection pressure decreases 
to an estimated 1–2 MPa below the stress normal to the opened fracture. The models were able to capture this 
abrupt hydromechanical behavior, including an observed dominant opening behavior along with the rupture 
propagation, while the spatial extent of the shear rupture and the quantity of peak injection flow were the most 
challenging to predict.   

1. Introduction 

The potential for activation of faults and fractures in low perme
ability argillaceous (compacted) claystone or shale is relevant to a 
number of geo-energy activities, such as to ensure caprock integrity of 
geologic sequestration sites,1 for improved stimulation and production 
from shale gas reservoirs,2–4 and for safe permanent geologic disposal of 
nuclear waste in argillaceous clay formations.5 The main concern 
associated with nuclear waste disposal is the potential for repository 

induced or natural perturbations to create permeable flow paths through 
the initially impermeable host rock barrier. If such a flow path is created 
and remains open permanently, it could provide a transport path for 
radionuclides if released from a waste package. 

In geologic nuclear waste disposal in argillaceous clay, fault activa
tion may be caused by repository-scale thermally-driven stress changes 
and so-called thermal pressurization.6,7 Thermal pressurization is a 
process of pressure increase by thermal expansion of pore-fluids trapped 
within pores of the low permeability host rock (Fig. 1). If not carefully 

* Corresponding author. 
E-mail address: Jrutqvist@lbl.gov (J. Rutqvist).  

Contents lists available at ScienceDirect 

International Journal of Rock Mechanics and Mining Sciences 

journal homepage: http://www.elsevier.com/locate/ijrmms 

https://doi.org/10.1016/j.ijrmms.2020.104505 
Received 28 April 2020; Received in revised form 28 August 2020; Accepted 25 September 2020   

mailto:Jrutqvist@lbl.gov
www.sciencedirect.com/science/journal/13651609
https://http://www.elsevier.com/locate/ijrmms
https://doi.org/10.1016/j.ijrmms.2020.104505
https://doi.org/10.1016/j.ijrmms.2020.104505
https://doi.org/10.1016/j.ijrmms.2020.104505
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijrmms.2020.104505&domain=pdf
http://creativecommons.org/licenses/by/4.0/


International Journal of Rock Mechanics and Mining Sciences 136 (2020) 104505

2

managed by an appropriate repository design, the repository tempera
ture and associated thermal pressurization could become so high that it 
could potentially cause hydraulic fracturing or shear activation of 
existing fractures and minor faults.8 The impact of such thermal pres
surization with respect to shear activation is two-fold in that it can (1) 
reduce the effective stress and shear strength of fractures (or faults), and 
(2) increase the shear stress across fractures (or faults) (Fig. 1). Other 
potential causes of fault activation or fracturing of a low permeability 
host rock include gas generation within the engineered barrier system of 
a repository9 or seismic motion from a distant earthquake.10 Distant 
earthquakes produce dynamic strains that give rise to pore pressure 
changes11 that could potentially trigger shear slip on faults that are 
stressed near instability.12 

In this article we present results from an international modeling 
comparison study of controlled fault activation experiments that were 
conducted in Opalinus Clay at the Mont Terri Laboratory, 
Switzerland.13–15 The study was part of the international collaborative 
project DECOVALEX-2019 (from 2015 to 2019) where it was denoted 
Task B.16 While this article aims at synthesizing some of the most 
important results and findings related to interpretative modeling of 
observed hydromechanical fault behavior, a complete coverage of all the 
results and model comparisons are reported in Graupner et al.17 In the 
next section of this article, we introduce the DECOVALEX-2019 Task B, 
the international modeling teams and their models. This is followed by 
results from an initial benchmark model exercise, before presenting the 
modeling of two controlled fault activation experiments at Mont Terri. 
We end with a discussion on the results and conclusions with implica
tions to nuclear waste disposal in argillaceous clay formations. 

2. DECOVALEX-2019 TASK B description 

The objectives of DECOVALEX-2019, Task B, were to develop, 
compare and validate models for fault hydromechanical behavior in 
argillaceous clay (shale) formations, relevant to deep underground nu
clear waste disposal.16,17 The main task was to develop models and 
perform interpretative modeling of water-injection fault activation ex
periments at the Mont Terri Laboratory. The model simulations focused 
on (1) one experiment activating a discontinuity (fracture or minor 
fault) within the damage zone of the Main Fault, and (2) a second 
experiment activating discontinuities close to the core of the Main Fault. 
The experimental data from these fault activation experiments consist of 
flow, pore pressure and three-dimensional fault displacement continu
ously monitored at an injection borehole and a monitoring borehole 
located a few meters away. 

In DECOVALEX-2019, Task B, the modeling teams were tasked to 
conduct modeling in three steps of increasing complexity:  

• Step 1 - Model inception and benchmarking using a simplified setup  

• Step 2 - Modeling fault activation experiment in the fault damage 
zone, and  

• Step 3 - Modeling fault activation experiment at the fault core 

The Step 1 benchmarking involved modeling of a single disconti
nuity, a simplified version of the Step 2 fault activation experiment, 
whereas Step 3 involved modeling of several connected discontinuities. 
Here we use the term discontinuity as a general term that includes 
fractures, faults (fractures or discontinuities with previous shear offset), 
bedding planes, as well as interfaces between rock units, such as the 
discontinuity that may exist between a fault core and surround rock. 

The objective of Step 1 was to provide modeling teams with a well- 
defined benchmark exercise considering a detailed specification of the 
discontinuity plane, including a pre-defined hydromechanical model 
with clearly specified material properties and model geometry. This was 
intended as a model inception for the modeling teams to familiarize 
themselves with the problem and allow for necessary model de
velopments and testing. During the course of the three-year project 
(2015–2019), more benchmarks were defined, including uncoupled 
flow problems that were used to help the teams identifying technical 
issues with their models.17 

Step 2 and 3 were focused on interpretative modeling of the actual 
field experiments and in addition to providing model valuation they are 
modeled to advance our understanding of fault activation processes 
based on measured data. Both of these experiments involved activation 
of discontinuities at the scale of a few meters, within the Main Fault 
(Fig. 2). The activation experiments were carried out by water injection 
into isolated borehole sections (2.4 m in length) that were intersected by 
a number of discontinuities of various types and orientations. These 
boreholes were drilled vertically downward from a tunnel in the Mont 
Terri Laboratory, with the borehole test sections far enough away from 
the tunnel to avoid any related stress perturbation. Stepwise increases in 
borehole pressure were imposed until the pressure was sufficiently high 
to cause an activation of one or several of the discontinuities. Injection 
rate, fluid pressure and three-dimensional borehole deformations were 
measured at high frequency with a specialized borehole monitoring 
equipment.13,14,18 A protocol for measurements with this borehole 
monitoring equipment was described in Guglielmi et al.18 The protocol 
was presented as an International Society of Rock Mechanics (ISRM) 
suggested method for step-rate injection method for fracture in-situ 
properties (SIMFIP). The two fault activation experiments are further 
described in Sections 5 and 6 related to the Step 2 and Step 3 modeling 
activities. 

3. Modeling teams and numerical simulators 

Seven modeling teams of the DECOVALEX-2019 initiative partici
pated in analyzing the experimental data using different modeling 

Fig. 1. Conceptual model of a nuclear waste repository in low permeability argillaceous claystone where the heating of the rock mass induces thermal stress and 
thermal pressurization that could activated faults and fractures and thereby potentially create a permeable flow path for transport of radionuclides if released from a 
waste package. 
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approaches and computer codes (Table 1). The fault activation models 
can be categorized into models representing a fault by an interface and 
models representing a fault by finite thickness solid elements. In all 
models, the fault geometry is simplified as a plane cutting the entire 
model. The differences between interface and solid element represen
tations of faults are conceptually described in Fig. 3. That is, a fracture or 
fault represented by an interface or discontinuity explicitly models 
normal and shear displacements as a function of changes in effective 
normal and shear stress.13,19–24 Transmissivity for fracture flow can be 
directly related to fracture aperture through the parallel plate flow 
assumption.25,26 For a finite thickness solid element representation of a 
fracture or fault, a fracture aperture is considered implicitly within the 
element thickness and equivalent properties are calculated to represent 
fracture stiffness and flow transmissivity.27–32 This includes equivalent 

elastic modulus and permeability, both of which may involve anisotropy 
through constitutive models. Another variant is the linking of mechan
ical codes representing fractures or faults with interface elements to 
porous media flow in finite thickness elements.33,34 

A diverse set of numerical simulators (or computer codes) where 
applied in this study (Table 1). The TOUGH-FLAC simulator35,36 used by 
KIGAM and LBNL is based on sequential coupling of the TOUGH2 
multiphase flow simulator37 with the FLAC3D geomechanical simu
lator.38 TOUGH-FLAC has previously been extensively applied for 
modeling fault activation associated with carbon sequestration,39,40 

stimulation of shale gas, and geothermal reservoirs,41,42 and during 
production from hydrocarbon reservoirs.43 For the finite thickness fault 
element approach, an anisotropic elasto-plastic model is used such that 
shear failure occurs along the fault plane, considering normal and shear 
stress across the fault. This is based on the so-called ubiquitous joint 
model available as a constitutive relationship in FLAC3D, considering 
failure along weak planes.38 KIGAM applied both finite thickness ele
ments and interface elements to represent the fault mechanical behavior 
in TOUGH-FLAC. In the case of interface elements, KIGAM developed 
new coupling routines between TOUGH2 and FLAC3D through fracture 
mesh aperture changes calculated in FLAC3D.22 

OpenGeoSys (OGS) is an open source finite element simulator44,45 

that was applied by the BGR/UFZ and ENSI research teams, respectively 
using interface and solid element fault models. BGR/UFZ extended OGS 
towards the capability of dealing with discrete approaches for the 
simulation of hydraulic fracturing and fault activation. To this end, 
lower-dimensional interface (LIE) elements with local enrichments have 
been implemented in OGS.23,46 The ENSI research team developed and 
implemented into OGS an elasto-plastic constitutive model that includes 
sliding failure along weak planes.32 

Two modeling teams, INER and LBNL, developed models for the fault 
activation simulations using 3DEC, a code that is based on the Distinct 
Element Method (DEM). 3DEC handles coupled fluid flow and geo
mechanics by considering fractures or faults represented by interfaces 

Fig. 2. Fault activation experiments at Mont Terri Laboratory that were used for interpretative modeling in DECOVALEX-2019, Task B. (A) Three-dimensional view 
of the Main Fault plane with the experimental location; (B) map view of the location of the vertical geologic cross section in (C) and boreholes; (C) Simplified geologic 
vertical cross section of the Main Fault and boreholes, with blue sections indicating the location of the packed-off sections (test intervals) in boreholes and locations of 
fault activation experiments modeled in DECOVALEX-2019 marked as Step 2 and Step 3 activations; (D) Isolated borehole injection chamber by upper and lower 
packers; (E) SIMFIP borehole instrumentation for mechanical deformation measurements across a deforming discontinuity (Modified from Guglielmi et al.13,15). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Modeling team information.  

Research 
Team 

Computer 
Code 

Fault 
Model 

Principal 
investigator(s) 

Funding 
Organization 
(Country) 

BGR/UFZ OpenGeoSys6 Interface G. Ziefle J. 
Maßmann 

BGR (Germany) 

CNSC COMSOL Solid 
Elements 

S. Nguyen CNSC(Canada) 

ENSI OpenGeoSys5 Solid 
Elements 

L. Urpi B. 
Graupner 

ENSI 
(Switzerland) 

DynaFrax PFC3D Interface J.-S. Yoon SSM (Sweden) 
INER 3DEC Interface W. Shiu Taipower 

(Taiwan) 
KIGAM TOUGH-FLAC Interface J.W. Park KAERI (South 

Korea) TOUGH-FLAC Solid 
Elements 

T. Kim 

LBNL 3DEC Interface Y. Guglielmi DOE (USA) 
TOUGH-FLAC Solid 

Elements 
J. Rutqvist  
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between deformable blocks.47,48 Finally, the DynaFrax team applied a 
three-dimensional (3D) particle flow code (namely, Particle Flow Code 
3D, PFC3D) to model fault activation.49 This is also based on DEM, with 
faults formed between particles through variable bond strength and 
porous media fluid flow.50 DynaFrax researchers have in this task 
extended their particle-flow fault activation modeling to full 3D from 
previous work in 2D.51 

In all of the above models, whether finite thickness solid elements or 
interfaces, a Coulomb criterion was used to evaluate shear failure.52 As 
an exception, CNSC considered shear failure using a Drucker-Prager 
yield criterion.31 CNSC calculated permeability evolution based on the 
elastic and plastic strain normal to the finite thickness fracture plane 
model, including a damage enhancement factor to enhance the effect of 
plastic normal strain on fracture permeability.31 This fault activation 
model was implemented in COMSOL Multiphysics53 for fully coupled 
hydromechanical modeling. 

4. Step 1 - model inception and benchmarking 

A set of well-defined benchmark calculations was first defined to 
allow for necessary model developments and testing related to fault 
activation modeling.17 As opposed to Steps 2 and 3, here the modeling 
problem is exactly specified, from the model geometry to the rock 
properties and constitutive relationships such as the fault permeability 
as a function of aperture and shear. In contrast, in Steps 2 and 3, 
modeling teams were expected to move from simple benchmarking to 
complex conceptual model building and comparison of model results 
with the field experiments. 

In the benchmark, the model geometry was defined to broadly 

represent the geometry and stress conditions for the subsequent Step 2 
fault activation experiment. A 3D model domain was defined to have 
side-lengths of 20 m and to contain a discontinuity dipping at 65◦

(Fig. 4). The initial fluid pressure is set to 0.5 MPa, as estimated from 
site-specific measurements in the Mont Terri Laboratory. The stress 
field, somewhat simplified from current site-specific estimates54, as
sumes that the maximum compressive principal stress is exactly vertical 
at a magnitude of 7.0 MPa, whereas the intermediate principal stress 
(and maximum horizontal stress) is oriented exactly normal to the strike 
of the fault at a magnitude of 6.0 MPa. The minimum horizontal stress is 
parallel to the strike of the fault at a magnitude of 3.3 MPa, but because 
it is parallel to the fault this stress does not impact the potential for fault 
activation. For simplicity, the pressure and stress fields are assumed to 
be uniform over the 20 m cube domain, neglecting gravity. The outer 
boundaries of the 20 m cube model are defined to be held at constant 
fluid pressure of 0.5 MPa and mechanically the displacements normal to 
each boundary are fixed to zero (roller boundaries). The benchmark 
injection is conducted in controlled pressure steps as shown in Fig. 5. 
This injection schedule is the same as was applied in the field during the 
Step 2 fault activation experiment. A number of monitoring points and 
profiles were defined for comparison of simulation results between the 
different teams.17 Here we focus comparison on injection rate, defor
mation at the injection borehole and pore pressure at monitoring point 
P2 located within the fault plane at 1.5 m radius from the injection point 
(Fig. 4). Borehole deformations where evaluated from relative anchor 
displacements corresponding to Fig. 2e and with coordinates of anchors 
defined in Fig. 4b. 

The benchmark host rock properties are listed in Table 2. These 
properties are representative of the Mont Terri Laboratory, but 

Fig. 3. Conceptual models and main features for representing faults with interface elements and solid finite thickness elements.  

Fig. 4. Model setup for the Step 1 benchmark simulations. (a) 3D model geometry and locations of output points. (b) Detailed view of the fault plane near the 
injection point. 
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simplified in the sense that isotropic and homogeneous properties are 
assumed over the model domain except for the fault discontinuity. For 
example, mechanical properties are assumed to be linear elastic and 
isotropic with a bulk modulus of 5.9 GPa and a shear modulus of 2.3 
GPa, which represent average values at the Mont Terri Laboratory.54,55 

Moreover, the host rock is considered impermeable, which is reasonable 
considering the very low permeability of undisturbed Opalinus Clay and 
the relative short duration of these experiments. 

In these benchmark simulations, a single fault or fracture plane is 
defined with opening as a result of changes in effective stress assuming a 
linear elastic normal stiffness, but with a tensile strength of 0 MPa. That 
is, effective normal stress is governed by (assuming compressive stress is 
positive) 

σ′

n = σn − P, (1)  

where σ′
n and σn are effective and total normal stresses [Pa], respec

tively, and P is fluid pressure [Pa]. 
Shear displacement is assumed to be governed by a linear elastic 

shear stiffness and a shear strength according to the Coulomb criterion. 
Based on site investigations at Mont Terri and some initial test simula
tions, the friction angle was set to 22◦ with a cohesion equal to 0. 

Fluid flow along the fault is governed by Darcy’s law with cubic 
dependency between flow rate and hydraulic conducting aperture, i.e. 
the fluid flow per unit width is calculated as 

q= −
b3

hρg
12μ∇h (2)  

where bh is hydraulic conducting aperture [m], ρ is fluid density [kg/ 
m3], g is the acceleration due to gravity [m/s2], h is hydraulic head [m], 
μ is dynamic fluid viscosity [Pa s], and ∇ is the gradient operator. For 
simplicity, it is assumed that the hydraulic conducting aperture is equal 
to a mechanical aperture with the change in fracture aperture being 
equal to fracture normal displacement. 

The hydraulic aperture is comprised of an initial aperture [m], bhi, an 
induced fracture creation aperture [m], Δbhc, an induced elastic aperture 
change [m], Δbhe, and an induced aperture change due to shear dilation 
[m], Δbhs, according to: 

bh = bhi + Δbhc + Δbhe + Δbhs. (3) 

Two different models or parameter sets are applied for dealing with 
shear-induced hydraulic aperture changes, and associated changes in 
fracture transmissivity. 

FM1: An elastic (normal) and plastic (shear) opening of the fault is 
only possible when shear failure occurs. 

FM2: An already existing aperture of the fracture, where elastic 
(normal) opening is allowed from the beginning with propagating pore 
pressure, while shear (dilatant) opening is only possible when shear 
failure occurs. 

FM1 (Fault Model 1) is defined based on experience with modeling 
similar fault activation experiments at the Tournemire site in Southern 
France.56 It is a simple model, but one that reasonably reproduced 
measured responses at the Tournemire site. In this model, as soon as 
shear- or tensile-failure occur, an induced change in aperture of Δbhc =

28 μm occurs, signifying that an open fault surface has been created. The 
value of Δbhc = 28 μm comes from the modeling and evaluation of 
similar field experiments at the Tournemire site.56 Thereafter, the 
fracture can respond as a function of effective normal stress [Pa], σn, 
depending on the fracture normal stiffness [Pa/m], kn, according to: 

Δbhe =Δσ′

n

/
kn. (4) 

The relations used in FM1 were applied by Guglielmi et al.56 at the 
Tournemire site because measurements indicated substantial perme
ability increases with shear displacement despite an apparent lack of 
shear dilation. 

The second fault model (FM2) could be viewed as a more conven
tional hydromechanical fracture model in which hydraulic aperture is 
equal to the mechanical aperture that in turn depends on opening as a 
result of reduction in effective stress, fracturing, and shear dilation 
governed by 

Δbhs = us × tan φ⋅, (5)  

where us is shear displacement [m] and ϕ is the dilation angle [◦], which 
in FM2 is set to 10◦. 

The model parameters for FM1 and FM2 are listed in Table 2. These 
parameter values have been developed from the site investigations at the 
Mont Terri Laboratory, including laboratory and field testing.54,55 

Therefore, the parameters listed in Table 2 were used as a starting point 
for the subsequent Step 2 and Step 3 modeling. 

Fig. 4b shows a view of the fault plane for FM1. The figure shows that 
an initial fracture exists around the well to a radius of 0.5 m which has 
an aperture equal to the creation aperture of 28 μm. In the case of FM2, a 
uniform initial aperture of 10 μm exists in the entire fault plane from the 
injection point to the outer boundaries. The 28 μm creation aperture is 
taken from Guglielmi et al.,56 whereas the 10 μm initial aperture is 
arbitrarily defined as a small initial aperture for the benchmark calcu
lations. These differences in the fault hydromechanical models cause 
strongly different hydromechanical behavior between FM1 and FM2. 

Each of the modeling teams listed in Table 1 used their respective 

Fig. 5. Injection pressure steps applied at the injection point (P1) in the Step 1 
benchmark simulations. 

Table 2 
Material properties for Step 1 benchmark simulations.  

Material Parameter Value 

FM 1 FM 2 

Fault (Elasto-plastic) Normal stiffness, kn (GPa/m) 20 20 
Shear stiffness, ks (GPa/m) 20 20 
Cohesion (MPa) 0 0 
Static Friction Angle (◦) 22 22 
Dilation angle (◦) 0 10 
Tensile strength 0 0 
Initial aperture (μm) 0 10 
Initial creation aperture (μm) 28 0 

Host Rock Matrix (Elastic) Bulk Modulus, K (GPa) 5.9 5.9 
Shear Modulus, G (GPa) 2.3 2.3 
Bulk density, ρR (kg/m3) 2450 2450 
Permeability 0 0 

Fluid Density (kg/m3) 1000 1000 
Compressibility (Pa− 1) 4.4e-10 4.4e-10 
Dynamic Viscosity (Pa s) 1.0e-3 1.0e-3  
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numerical simulators to build the models according to the benchmark 
description. For comparison of the modeling results between the teams, 
a number of monitoring points and profiles were defined. These 
included the injection flow rate, as well as the pressure at the injection 
point (P1) and the monitoring point (P2) located 1.5 m from the injec
tion. Moreover, the relative displacements between two points bracing 
the fault vertically at the injection point were compared corresponding 
to a SIMFIP measurement (Figs. 2e and 4b). Such output results and 
comparison between the modeling teams are shown in Figs. 6 and 7 for 
FM1 and FM2, respectively. 

In the case of FM1, an abrupt increase in the injection flow rate 
(Fig. 6a) and pressure at the monitoring point P2 (Fig. 6b) occurs after 
about 420 s. This is followed by an abrupt decrease after around 450 s. 
These abrupt flow and pressure responses are a result of the fault hy
dromechanical model assumed for FM1. Before 420 s, the initial 0.5 m 
radius fracture is pressurized step-wise which causes elastic fracture 
opening locally, as observed in the calculated anchor displacements 
(Fig. 6c) and normal displacements (Fig. 6d). At about 420 s, the pres
sure is sufficiently high to cause the rupture to propagate from the initial 
0.5 m radius to and past the monitoring point P2 located at a radius of 
1.5 m. Along with this rupture propagation, shear failure and shear slip 
occur, as was calculated by most models (Fig. 6d). At 450 s, the injection 

pressure is stepped down, the fracture closes, and the injection flow rate 
decreases to a small value. 

In the case of FM2, the hydromechanical response of the fault follows 
the step-wise increase and subsequent decrease of the injection pressure 
(Fig. 7). This behavior reflects the FM2 fault hydromechanical model 
where a fracture with an initial aperture of 10 μm exists that connects 
the injection point at P1 with the monitoring point at P2. Thus, the in
jection flow rate (Fig. 7a) increases with each injection pressure step at 
P1 as a result of increasing pressure gradient and permeability caused by 
fracture opening, and a pressure increase at P2 is recorded almost 
immediately after each increase at P1. At the peak injection pressure of 
6.3 MPa, shear failure occurs with some calculated shear slip for most 
models (Fig. 7d). 

Overall, the different models applied to this benchmark show a 
general agreement in the modeling results regarding the activation 
mechanisms and trends, though some discrepancies occur, especially for 
FM1. In the case of FM1, the agreement is very good during the first 420 
s, when pressurization of the existing fracture around the injection point 
results in elastic opening. The timing of the rupture and flow increase is 
also in good agreement. However, the extent of rupture propagation, the 
magnitude of shear slip, and the total injection volume differ signifi
cantly for some models. Two teams, BGR and KIGAM, did not achieve 

Fig. 6. Modeling results for the FM1 benchmark with input injection pressure at P1 in gray shade. (a) Injection flow rate, (b) pressure at P2, (c) anchor displacements 
at P1, and fracture normal and shear displacements at P1. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version 
of this article.) 
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rupture propagation all the way to P2 and consequently no pressure 
increases occurred at P2 (Fig. 7b). The two teams that used the DEM 
code 3DEC calculated much larger shear slip displacements than other 
teams. Also in the case of FM2, the biggest disagreement between the 
modeling results occurs for the shear slip magnitude towards the end of 
the simulation (Fig. 7d). This shows that the greatest model uncertainty 
will be on the modeling of shear slip, whether slip does occur and if so 
what it’s magnitude will be. Shear failure is a hydromechanical response 
that can depend on very small differences in shear stress and shear 
strength on the fault. These evolve over time and are sensitive to 
modeling choices, such as the mesh discretization or the fault modeling 
approach, including interface versus finite thickness elements. In FM2, 
some disagreement also occur in the flow rate response (Fig. 7a), which 
is affected by the very sensitive cubic-law relationship between flow rate 
and aperture. 

5. Step 2 – modeling activation experiment in the fault damage 
zone 

In the following subsections, we first present the Step 2 field exper
iment and data with some general observations and interpretations, 
followed by the models and their parametrizations, and finally the 
model results with comparison between simulated and experimental 

data. 

5.1. Field experimental data 

The Step 2 fault activation experiment was conducted by fluid in
jection into a 2.4-m long isolated injection chamber of borehole BFS2 
with monitoring of fluid pressure responses in borehole BFS4 located at 
a horizontal distance of 1.5 m (Fig. 2 and 8). Guglielmi et al.14 describes 
12 discontinuity planes intersecting the injection chamber of BFS2 being 
pressurized during the experiment (Fig. 8). Most of these discontinuities 
strike N030◦-060◦E and dip 50–70◦SE and thus one or several of these 
discontinuities could be opened and activated during the borehole 
pressurization. Also, the monitoring borehole BFS4 is located along the 
strike of those discontinuities and signals measured there can indicate 
when flow paths form along one or more of these discontinuities 
(Fig. 8c). The stress field estimated at the Mont Terri Laboratory54,57–59 

is oriented such that the maximum stress is approximately vertical at a 
magnitude of 6–7 MPa, while the intermediate principal stress is 
approximately horizontal at 4–5 MPa and oriented approximately 
perpendicular to the average strike of the discontinuities observed in the 
BFS2 borehole section (Fig. 8a and b). 

The specific injection cycle analyzed for Step 2 was the first of several 
injection cycles performed using an electric motor pump. However, this 

Fig. 7. Modeling results for the FM2 benchmark with input injection pressure at P1 in gray shade. (a) Injection flow rate, (b) pressure at P2, (c) anchor displacements 
at P1, and fracture normal and shear displacements at P1. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version 
of this article.) 
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borehole interval had previously been pressurized using a hand pump, 
which resulted in a fracture created along an intersecting discontinuity 
plane. This fracture corresponds to the created fracture shown in Fig. 4 
for the FM1 benchmark example, which indicates that activation must 
have been initiated along one of the discontinuities (weakness planes) 
intersecting the injection interval. The motor pump injection would 
result in further propagation of this initial fracture to beyond the 

monitoring well according to the conceptual model in Fig. 8c. 
Fig. 9 presents the field data during this injection experiment in 

which the injection pressure followed the schedule similar to the one 
shown in Fig. 5. Injection flowrate, injection chamber pressure and 
borehole displacements were monitored at a 500 Hz sampling fre
quency. The borehole deformations were measured between anchors, 
fixed to the borehole wall in a 0.5 m vertical section of the injection 

Fig. 8. Mapped fractures within injection chamber of Step 2 fault activation experiment and synthesized Mont Terri stress estimates based on Corkum and Martin54 
and Amann et al.59 (A) vertical cross section of the injection chamber, (B) lower hemisphere stereographic projection with average discontinuity orientation marked 
in red, and (C) conceptual model of injection-induced rupture propagation along the weak plane to finally connect P1 with P2. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 9. Field data related to the Step 2 fault activation experiment conducted within the damage zone of the Mont Terri Main Fault (Modified from Guglielmi et al.13). 
(Top) Controlled injection pressure P1 in BFS2 and resulting pressure response P2 at BFS4, (Middle) injection rate into BFS2 and (Bottom) anchor displacements at 
the injection borehole BFS2. 
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borehole (Fig. 2). Thus, the deformation measurements are anchored 
within the central part of the injection chamber. The anchor displace
ments shown in Fig. 9b are the displacements of the upper anchor 
relative to the lower anchor, in vertical up, northern and western di
rections. Moreover, the relative displacements shown in Fig. 9b have 
been corrected to filter out elastic deformations of the equipment and 
injection chamber in order to deduce the displacement of the disconti
nuity itself.15 

The fluid flow data in Fig. 9 show a sharp increase in injection flow 
rate at about 430 s, which is about 10 s after the injection pressure was 
increased to the peak pressure of just above 6 MPa. At this point in time, 
a sharp increase in fluid pressure can be observed at the monitoring 
point in borehole BSF4, located about 1.5 m horizontally from the in
jection point. Thereafter, as the injection pressure is reduced below 
about 4 MPa, an abrupt decrease in injection flow rate is noted at 453 s. 
The anchor displacements in Fig. 9 indicate that fracture deformation 
occurs already during the first few injection pressure steps, with dis
placements correlated to injection pressure steps. This may be inter
preted as opening of the small fracture around the injection borehole 
that had been previously created during the initial hand pump injection. 
The displacements shown in Fig. 9 indicate opening of a steeply dipping 
discontinuity with a strike and dip similar to those shown in Fig. 8. 
However, these anchor measurements can be a result of complex 
discontinuity opening and shear that can be analyzed in more detail with 
coupled hydromechanical numerical modeling. 

5.2. Models and parameters 

The teams applied similar models to those that had been developed 
and verified in the previous benchmark tests. Also, most teams assumed 
a similar geometry, i.e., activation of a discontinuity dipping 65◦ and 
with the strike being approximately parallel to the minimum principal 
stress direction. As seen in Fig. 8, this is consistent with the estimates of 
the in-situ stress field at Mont Terri.46 This means that the potential for 
shear activation of the fault would depend on the shear stress as a result 
of the difference between the vertical and maximum horizontal stress 
magnitudes. 

Fig. 10 shows the mesh design for the six different models applied by 

various teams for the Step 2 modeling. CNSC’s COMSOL and LBNL’s 
TOUGH-FLAC models are half symmetric, which is possible considering 
the orientation of the fault relative to the stress field, with the minimum 
compressive stress oriented along the strike of the fault. Other models, 
including KIGAM’s TOUGH-FLAC model, ENSI’s OGS model, as well as 
LBNL’s and INER’s 3DEC models include the entire 20 m cube and can 
therefore be exposed to a stress field that is not exactly orthogonal to the 
strike of the fault. 

All teams, except CNSC, considered a fault hydromechanical model 
based on FM1. That is, rupture propagation along an initially imper
meable weakness plane formed by the discontinuity. As soon as rupture 
occurs, a fracture creation aperture is added, which results in a sub
stantial increase in the local fracture permeability. The CNSC team used 
a model that is more similar to FM2, but with the addition of a “damage 
enhancement permeability factor” associated with plastic strain. This 
damage enhancement factor correlates with failure and thus may have a 
similar effect on local fracture permeability as the fracture creation 
aperture model adopted by other teams. 

Table 3 summarizes key parameters of all the six models. As learned 
from modeling of the previous benchmark experiments, the key for 
predicting the timing of the rupture is to accurately calibrate the pa
rameters to induce shear failure or tensile failure and rupture propa
gation at 420 s. All teams applied a friction angle of 22◦, which was a 
parameter given to the teams in the earlier benchmark calculation and 
this value is based on laboratory testing on Opalinus Clay within the 
Mont Terri project.54,55 A number of teams also followed the benchmark 
calculation by assuming a cohesionless fault, i.e., cohesion was set to 0. 
Note that this would also imply a tensile strength equal to 0. Considering 
such strength properties, teams then varied the stress magnitudes and 
orientations to calibrate for rupture initiation and thereby attempted to 
achieve the best possible match with observed data. 

5.3. Modeling results with comparison to field data 

Fig. 11 presents comparison of the field data with the simulation 
results obtained with the six models that were applied to the Step 2 fault 
activation experiment. A good agreement with field data is obtained by 
all the modeling teams regarding the timing of the abrupt flow rate 

Fig. 10. Mesh discretization applied by the different teams for modeling the Step 2 fault activation experiment.  
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increase at 430 s and the subsequent flow rate decrease at 453 s 
(Fig. 11a). A similarly good agreement is achieved for the timing of the 
pressure response at the monitoring well (Fig. 11b), as well as the trends 
of the borehole anchor displacements (Fig. 11c). Some systematic dif
ference can be observed between the teams that used the FM1 approach 
with rupture propagation along an impermeable weakness plane 
compared to CNSC who was using the FM2 approach with reopening of 
an initially slightly permeable discontinuity. The CNSC modeling shows 
a smoother pressure response at the monitoring borehole with a final 
pressure at the end (800 s) that is closer to the field measurements. 

The total injection flow volume and the evolution of the injection 
rate is captured very well by most teams (Fig. 11a). The key parameters 
for matching the measured peak flow rate are the creation aperture (or 
damage enhancement factor) and fracture normal stiffness. These pa
rameters determine how much permeability and flow rate can increase 
as a result of rupture and subsequent changes in effective normal stress 
as fluid pressure propagates into the created fracture. CNSC who uses an 
FM2 model, substantially underestimates the peak flow rate and total 
injection volume. Further sensitivity studies would be required to 
determine the exact reason for the lower injection rate achieved by 

Table 3 
Key parameters applied by the different modeling teams derived from the interpretative modeling of the Step 2 fault activation experiment.  

Input parameters Unit ENSI CNSC KIGAM INER LBNL TOUGH LBNL 3DEC 

Fault Normal stiffness GPa/m 120 60 60 60 116 35 
Cohesion MPa 1.45 0 0.2 0 2.0 0.5 
Friction angle ◦ 22 22 22 22 22 22 
creation aperture μm 28 (damage) 40 28 28 10 
Fault Dip direction ◦ 132 135 140 145 135 135 
Fault Dip ◦ 80 65 70 82 65 60 

Initial stress σv MPa 6.0 7.0 5.1 5.7 6.0 6.0 
σH MPa 4.2 6.0 5.0 5.8 4.2 5.7 
σh MPa 3.3 3.2 2.0 4.9 3.3 4.5  
σH direction 

◦ 132 135 140 150 135 137  

Fig. 11. Comparison of modeling results with field data for the Step 2 fault activation experiment with the controlled injection pressure in gray shade and other field 
data in black. (a) Injection flow rate, (b) pressure at P2, (c) anchor displacements at P1, and (d) fracture normal and shear displacement at P1. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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CNSC, though it could be a matter of the choice of damage-permeability 
factor. Finally, there is an apparent disagreement between model results 
and experiments related to flow back. As observed in Fig. 11a, the 
modeling resulted in a significant flow-back volume seen as a negative 
flow rate after 453 s. In the experiments, fluid was released by opening a 
valve and letting the fluid flow back to reduce the injection borehole 
pressure, but the rate of flow back was not measured. Thus, we have no 
means of comparing modeled and experimental flow-back volumes. 

Good agreement is achieved regarding the relative anchor dis
placements, especially for the north and west relative displacements 
(Fig. 11c). The north and west displacements are each at an angle 
approximately +45◦ and − 45◦ off the discontinuity dip direction, but 
are approximately equal in magnitude. This fact, together with the 
somewhat smaller magnitude of the vertical relative anchor displace
ments, indicates a fracture opening rather than shear as the dominant 
mechanism. The key parameters to match the measured anchor dis
placements are normal stiffness, shear stress, shear strength, and the dip 
of the discontinuity. The normal displacement determines the fracture 
opening that occurs at each pressure step during the initial 420 s of the 
injection. Thereafter, around 420 s, the rupture occurs, which induces 
some additional displacements and this is followed by a rebound when 
the injection pressure is reduced. 

While the modeling results are in very good agreement with the two 
horizontal displacements (northern and western), the vertical displace
ment is generally overestimated. The teams that are closest to match the 
vertical displacement are INER and ENSI who are using a fault dip of 82◦

or 80◦, respectively, rather than 60–70◦ used by other teams. In fact, the 
initial elastic opening was used by INER to determine the exact orien
tation of the opening discontinuity. The INER team noted a slightly 
larger initial elastic displacement in the northern compared to the 
western direction and therefore set the dip direction of the discontinuity 
to N145 rather than N135 that was used by most other teams. However, 
the steep fault dip of 80 or 82◦ is steeper than any detected discontinuity 
on the borehole wall. 

After reaching the peak injection pressure of 6 MPa, most teams 
calculated a shear failure with a relatively small shear displacement 
(Fig. 11d). For most teams, such shear displacement impacted the ver
tical displacement, leading to a rebound that is most obvious in the re
sults for ENSI, who obtained the largest dip-slip shear displacement. 
Several modeling teams found that a large shear slip upon shear failure 

needs to be prevented in order to match the observed anchor displace
ments. This was achieved by some of the teams by either keeping the 
shear stress on the fault relatively small (i.e., limiting the difference 
between σV and σH), or by considering an increased cohesion. INER and 
LBNL-3DEC used a horizontal principal stress field not exactly parallel 
and normal to the strike of the discontinuity to capture an observed 
dominant (though small) strike-slip shear displacement. 

6. Step 3 – modeling fault activation experiment at the fault core 

For the Step 3 fault activation experiment, we first present the field 
experiment and data with general observations and interpretations, 
followed by the models, their parametrization, and results for the two 
modeling teams who completed the Step 3 fault activation modeling. 

6.1. Field test data 

The Step 3 fault activation experiment was conducted by injecting 
into another interval of BFS2 closer to the core of the Main Fault (Figs. 2 
and 12). During this injection experiment, fluid pressure and deforma
tion were monitored at the injection borehole BFS2 and at the moni
toring borehole BFS1 (about 3.5 m away in horizontal direction), at an 
interval which straddles the upper boundary of the fault core. The Step 3 
fault activation experiment is more complex than Step 2, involving 
opening and shear deformations first along a discontinuity in the dam
age zone of the Main Fault which then connects with a prominent 
discontinuity along the interface between the fault core and the adjacent 
fault damage zone.14 

Fig. 12 presents a detailed view of the injection interval, which is 
located in the fractured damage zone, about 3.4 m above the fault core 
interface. As determined by a borehole optical log, the injection cham
ber is intersected by 13 subparallel fault planes with a strike of N40-50 E 
and a dip of 35-55SE (Fig. 12c). As noted in Guglielmi et al.,13 the 
displacement sensor is anchored across a 2-to-3-cm-thick minor fault 
that is striking N42E with a dip of 36SE. In the monitoring hole, the 
displacement sensor is centered at 35.9 m depth (measured from the 
overlying tunnel) across the upper boundary of the fault core, which is 
locally oriented N50◦E and dipping 61◦SE (Fig. 2). 

Fig. 13 shows experimental data of injection flow rate and pressure at 
BFS2, as well as pressure and displacements at BFS1. An abrupt increase 

Fig. 12. (a) Optical log of the injection interval. (b) Schematic geological structure of the interval with the displacement sensor’s location. (c) Stereographic lower 
hemisphere plot of the interval fractures. Rose diagram of the interval fractures orientations.15 
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in flow rate occurs in the injection chamber of BFS2 once the pressure 
increases to between 5.4 and 5.7 MPa. A hydraulic connection estab
lishes quickly between the injection (BFS2) and the monitoring chamber 
(BFS1), about 21 s after the rupture occurs at the injection hole. At this 
instance, a pressure increase of up to 4.2 MPa is observed in the moni
toring borehole at the fault core, about 3 m away from the injection hole. 

Fig. 13C shows a temporal close up of the pressure evolution, as well 
as the shear and normal displacements evaluated from the borehole 
deformation tool in the monitoring chamber BFS1. Included is also the 
occurrence of a swarm of small micro-seismic events. A millimeter sized 
shear displacement is triggered, which is partly aseismic since seismic 
events were only recorded after the main shear. These displacements are 
about 2.4 times larger than in the injection fault segment, corresponding 
to a normal fault activation. In detail, hydromechanical coupling effects 
are very complex, potentially occurring on several different fault planes 
affecting the BFS1 interval. For example, a large pressure drop is 
observed at the onset of the main shear displacement in BFS1, but not in 
BFS2, indicating a hydraulic de-connection between the injection and 
the monitoring points. Following this pressure drop, an apparent closing 
of the fault while shearing is observed. 

6.2. Models and parameters 

It was found early on that a successful simulation of the Step 3 fault 
activation experiment requires to include at least two intersecting dis
continuities: one representing the fracture or minor fault connecting the 
injection well to the fault core, and another discontinuity representing 
the interface between the fault core and the surrounding damage zone. 
Four modeling teams, LBNL, ENSI, CNCS and DynaFrax attempted to 
model this experiment and provided some results for comparison.17 The 
LBNL, ENSI and CNSC applied the same conceptual relationships for 
hydromechanical coupling as used and validated against the Step 2 
experiment, whereas DynaFrax applied a newly developed 
three-dimensional fault hydromechanical model using the PFC3D code. 
Here we present comparison for two teams, LBNL and ENSI, that 
managed to model and provide a complete set of results for comparison 
of hydraulic and mechanical responses at both the injection and moni
toring wells. 

Fig. 14 shows the models of LBNL-3DEC and ENSI, containing the 
two main discontinuities, with an additional discontinuity added in the 
LBNL-3DEC model. This additional discontinuity belongs to a disconti
nuity set observed mainly in the fault zone while not common in the 
injection interval. The discontinuity intersecting the injection interval in 
BFS2 is described in Guglielmi et al.15 as a minor fault consisting of a 
discontinuity plane and a centimeter thick layer of shaly scale (Fig. 12). 
This minor fault intersects BFS2 with a dip of 36◦ to the SE at a strike of 
N42E, which is approximately parallel to the minimum compressive 
horizontal stress (σh). In both LBNL-3DEC and ENSI models, this 
discontinuity is assumed to strike parallel to σh, while the dip is set to 
37◦ in the LBNL-3DEC model and 30◦ in the ENSI model. The disconti
nuity at the boundary of the fault core has a dip of 60◦ to the SE in both 
the LBNL-3DEC and ENSI models. However, the strike has been some
what simplified in the ENSI model to be exactly parallel with the minor 
fault in BFS2 and hence parallel to σh. 

Table 4 lists the key parameters used by the ENSI and LBNL teams to 
model Step 3. Both LBNL and ENSI used an approach based on the FM1 
concept, similar to what these teams applied in the Step 2 experiment. 
The Step 2 parameters were used as a starting point, but then fine-tuned 
to match the Step 3 experimental data in terms of timing and magnitudes 
of flow rate, pressure and borehole deformations. The final set of pa
rameters are very consistent between the two teams (Table 4). These 
include an equivalent stress field, with exactly the same values of σV =

5.5 MPa and σH = 4.7 MPa, as well as the same friction angle and cre
ation aperture, whereas there are some small differences regarding 
fracture normal stiffness and cohesion. The cohesion is higher in the case 
of ENSI (0.85 vs 0.5 MPa), which may be a result of a different dip of the 
minor injection fault (30 vs 37◦). The main difference is the model ar
chitecture with the additional discontinuity in the LBNL model, which 
also very much favorably oriented for slip. 

6.3. Modeling results with comparison to field data 

Fig. 15 presents selected results from the ENSI and LBNL-3DEC 
simulations with comparison to the field measurements. The simula
tion for LBNL-3DEC was stopped after about 900 s as the fluid pressure 
had propagated toward the outer boundary and was thereafter impacted 
by boundary effects.15 The simulation results are in reasonable agree
ment with measured data, in particular the timing of the sudden in
creases and decreases of the flow rate, which occur after 800 and 1050 s, 
respectively. The simulated evolution of pore pressure in the BFS1 
monitoring chamber also agrees well with the measurements with 
respect to timing and pressure magnitude. The simulations show that a 
high permeability connection has formed along the two connected dis
continuities and is held open at a pressure of about 4 MPa. Water is 
injected at a high rate until the injection is shutdown at about 1050 s 
when the injection pressure is reduced below 4 MPa. Whereas both LBNL 
and ENSI accurately capture the timing of the injection rate, ENSI’s 
modeling results show only about one third of the measured injection 
rate. In contrast, LBNL’s results agree well with the observed injection 
rate. 

For Step 3, the field data include relative anchor displacements at 
both the injection and monitoring boreholes, via two SIMFIP probes 
installed at these locations. Here we compare simulation results with the 
relative anchor displacements at the monitoring point in BFS1, at the 
fault core boundary (Fig. 15c). LBNL’s results display larger magnitudes 
than ENSI results although both models reproduce well the orientation 
of the displacements. At 800 s, LBNL displacements show a sharp 
displacement variation followed by a partial more progressive reverse 
effect. This is in good agreement with what is observed in the mea
surements at 820 s (the model rupturing 20 s before what is observed in 
the field). This is not reproduced in the ENSI model results for the reason 
that it corresponds to the activation of the additional discontinuity 
which is only included in the LBNL model. 

Fig. 15d shows the displacements in Fig. 12c re-plotted but here in 

Fig. 13. Cross-section view of the activated fault patch, B – Pressure and 
flowrate-vs-time variations at the injection chamber (respectively PBFS1 and 
QBFS1 continuous lines) and pressure-vs-time variations at the monitoring 
chamber (PBFS2 dashed line), C – Detail of pressure-shear-normal- seismic 
displacements-versus-time measured on the Main Fault in the BFS1 monitoring 
chamber (red circles figure when events triggered during the test) (Modified 
from Guglielmi et al.14,15). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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terms of shear and normal displacement on the main N50◦E and dipping 
61◦SE fault plane. A larger shear slip of ~300 μm is observed in the LBNL 
data, compared to the ENSI results. Nevertheless, this calculated slip still 
underestimates the in situ one which is about 850 μm (Fig. 13). The 
LBNL model reproduces reasonably well the complex opening – closing 
observed in the field. As mentioned before, this event is explained by the 
additional plane considered in the LBNL model. Comparison between 
these two models thus highlights the strong effect of the fault zone 
structural complexity on the local displacement measurements. Both 
models reasonably well reproduce the activation of the fault as a normal 
fault. The LBNL model which considers an additional local complexity 
much better reproduces both the magnitudes of displacements and the 
injected flowrate showing the strong effect of a local complexity on fault 
leakage. This is also the reason why the LBNL model is stopped earlier 
that the ENSI’s one. A leakage flow path preferentially formed along that 
structure that fast reached the boundaries of the model. Main reason for 
that is that this structure although secondary is favorable oriented for 
shear than the main fault. 

7. Discussion 

In the following we discuss the overall model comparison and pa
rameters (Section 7.1), the relevance of the findings to the performance 

assessment of a nuclear waste repository (Section 7.2), and finally we 
discuss more advanced fault friction models that were not applied in this 
model comparison study (Section 7.3). 

7.1. Overall model comparison and key parameters 

The different numerical simulators and fault hydromechanical 
models applied in this study were all able to model the hydromechanical 
behavior observed in the field with reasonable accuracy. These include 
hydromechanical models that are fully coupled or sequentially coupled, 
and models with fault behavior represented by either an interface or by 
finite thickness solid elements. The hydromechanical behavior of the 
fault was represented best when modeling a propagating rupture along 
an existing weakness plane (that has very low initial permeability) 
which causes sudden permeability increases, simulated by an aperture 
opening or damage enhancing factor. Such models capture the observed 
behavior of abrupt flow increase when pressure increases over the 
pressure required to propagate the rupture, and the subsequent flow 
decrease once the injection pressure is lowered below a threshold 
pressure to hydraulically close the fracture. 

The model parameters applied by the various teams are realistic; in 
many cases these are based on and agree reasonably well with the best 
estimates of properties of Opalinus Clay from the site investigations at 
the Mont Terri laboratory.54,55 As mentioned, the timing of the rupture 
for both Step 2 and Step 3 experiments was captured by balancing the 
applied shear strength and shear stress on the fault. While all teams used 
the same values of friction angle there were some differences in the 
cohesion and applied shear stress. The applied shear stress is determined 
by the dip of the modeled discontinuities and by the values σV and σH, 
which vary significantly for the different models. This indicates a degree 
of non-uniqueness of the calibrated parameters. 

It is relevant to compare the stress input applied by the different 
teams with estimates of the Mont Terri stress field, such as given in the 
comprehensive analysis of Corkum and Martin54, who reviewed previ
ous stress measurements and suggested σV = 6–7 MPa and σH = 4–5 
MPa, leading to a differential stress (σV - σH) averaging 2 MPa. While 
ENSI and LBNL-TOUGH applied a stress field within this range with a 
differential stress of 1.8 MPa for modeling the Step 2 experiment 
(Table 3), other teams applied a stress field with much less difference, 
ranging from 0.1 to 1.0 MPa. A low stress difference was necessary in 
some cases to prevent too early shear failure and too large shear slip 
magnitude. ENSI and LBNL-TOUGH could appy σV and σH within the 
range of estimates of Corkum and Martin46 by impeding shear through a 

Fig. 14. Model geometry for modeling Step 3 fault activation experiment. (a) LBNL model for 3DEC, and (b) ENSI model for OGS (modified from Guglielmi et al.15 

and Urpi et al.,32). 

Table 4 
Key parameters applied by the different modeling teams derived from the 
interpretative modeling of the Step 3 fault activation experiment.  

Input parameters Unit ENSI LBNL 3DEC 

Minor 
Fault 

Fault-core 
Interface 

Minor 
Fault 

Fault-core 
Interface 

Fault Normal 
stiffness 

GPa/ 
m 

84 20 100 100 

Cohesion MPa 0.85 0.85 0.5 0.5 
Friction 
angle 

◦ 22 22 22 22 

Dilation 
angle 

◦ 0 10 11 11 

creation 
aperture 

μm 28 28 28 28 

Fault Dip ◦ 30 60 37 60 
Initial 

stress 
σv MPa 5.5 5.5 
σH MPa 4.7 4.7 
σh MPa 4.2 3.8  
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higher cohesion value. 
Finally, for the Step 3 models, both ENSI and LBNL-3DEC applied a 

stress field of σV = 5.5 MPa and σH = 4.2 MPa, therefore with a vertical 
stress below the 6–7 MPa range estimated from previous studies. In fact, 
Guglielmi et al.13 performed a detailed analysis of the displacement 
responses at the injection borehole to back-calculate the stress field, 
which indicated that the smaller value of 5.5 MPa is a better estimate for 
the test location. It is possible that this could reflect a stress disturbance 
around the Mont Terri Main Fault, leading to slightly different stress 
compared to the general stress field at Mont Terri. Note that the Step 3 
experiment was conducted well within the damage zone of the fault, and 
close to a section where the fault core bends, meaning that the maximum 
principal stress may not be exactly vertical as has been assumed in the 
current models of DECOVALEX-2019 Task B. Models in step 3 also 
highlighted the importance to choose the model complexity that best 
represents the fault zone in order to get a relevant estimation of both 
fault displacement and flow rate. 

7.2. Relevance to repository performance 

In the performance assessment of a repository, the evolution of the 
isolation barriers should be estimated.60 In this case we have to estimate 

the evolution of the host rock barrier function. As illustrated in Fig. 1, 
thermo-poroelastic stress changes may lead to hydraulic fracturing or 
shear activation of faults and fractures that may impact the host rock 
barrier function. These processes have to be considered in the thermal 
management and repository design.61 

We found that certain input parameters impact different processes 
and events during the Mont Terri fault activation experiments. In 
Table 5 we relate these key parameters and events to the repository 
performance associated with the sealing capacity of the host rock bar
rier. We found that the timing of the shear activation was determined by 
the balance between the shear stress acting on the fault and its shear 
strength. The key parameters for the balance between shear stress and 
strength include the three dimensional in situ stress field, the orientation 
of the fault or fractures relative to the principal stresses, and the shear 
strength of the fault (cohesion and friction angle). On top of this, the 
thermo-poroelastic stress changes and their impact on fault shear stress 
and shear strength will have to be estimated. 

Accurate determination of the initial three-dimensional stress field 
will be critical for predicting when a fault could be reactivated or when 
more wide spread activation of fractures could occur. As experienced 
from the Mont Terri site, stress determination in claystone is difficult 
and there could be significant uncertainty in the estimate of the three- 

Fig. 15. Comparison of modeling results with field data for the Step 3 fault activation experiment with the controlled injection pressure in gray shade and field data 
in black. (a) Injection flow rate, (b) pressure at P2, (c) anchor displacements at the monitoring point, and (d) fracture normal and shear displacement at the 
monitoring point. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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dimensional stress field, especially related to the magnitudes of the 
principal stresses.58 Model parameters such as friction angle and cohe
sion can be estimated based on laboratory tests on rock cores from the 
site such as have been done at the Mont Terri Laboratory.55 Finally, if 
fractures and faults are activated, the potential changes in permeability 
depends of whether the fractures dilate and open during shear, or if they 
rather compact without any significant permeability increase. The 
modeling of the field tests in this study showed that most significant 
permeability change occurred when fluid pressure approached and 
exceeded the estimated initial stress normal to the opened fractures. 
However, as soon as the pressure was reduced to about 1–2 MPa less 
than the estimated normal stress, injection rate declined to close to zero 
indicating hydraulic closure. The fact that the activated discontinuity 
closes as soon as the pressure decreases provides an important and 
beneficial feature for nuclear waste disposal in argillaceous clays, i.e., 
demonstrating a self-sealing mechanism which keeps the host rock 
barrier tight and limits the longevity of transport pathways. 

This study demonstrates how these types of in situ experiments can 
be used to evaluate potential permeability changes and the self-sealing 
performance. The tests can provide for an in situ determination of 
fracture and fault properties not impacted by sample disturbance. 
Moreover, these in situ characterization tests can also be used to better 
constrain the three-dimensional stress field.15,24 

7.3. Consideration of advanced fault friction models 

The modeling performed in this study could reproduce the overall 
hydromechanical responses observed from the experiments using basic 
constitutive models, such as the Coulomb criterion, a linear normal 
stiffness, and the cubic law for fracture flow. The models were sufficient 
to model observed elastic opening and shear activation of the fault, the 

abrupt changes in injection rate, as well as hydraulic closure when the 
injection pressure was reduced. However, a more detailed examination 
of the different stages of the field data reveals more complex behavior. 
For example, Park et al.22 examined the benchmark cases under slightly 
different stress conditions and found an initial stable shear slip event 
prior to the main shear slip. Moreover, Guglielmi et al.14 examined in 
detail the transient fault displacement evolution of the Step 3 experi
ment and identified a small slow slip event. Such slow slip events have 
been observed in the past at similar field experiments.56 The phenomena 
of stable to unstable slip have been quite extensively studied and 
modeled with slip weakening models,19,41,62,63 or with rate-and-state 
friction models.33,64,65 This is related to an aseismic to seismic slip 
transition in which rupture extent and the stress transfer from asseismic 
slip at the center can drive the seismic front at the edges of the rupture 
zone.63,66 A rate frictional law combined with a rate-and-state perme
ability law have also been applied for reproducing some of the complex 
behavior at the Mont Terri fault activation experiments.67 This is an 
active research area which to a large part has been triggered by the need 
for a better understanding of induced seismicity mechanisms associated 
with underground injection activities. One questions is whether such 
complex fault constitutive models are necessary for the performance 
assessment related to nuclear waste repository; simplified models for 
bounding estimates of possible changes to the sealing barriers may be 
sufficient. However, subtle aseismic changes in permeability as have 
been observed in some of the Mont Terri experiments may be relevant 
and should be assessed over the long-term repository performance 
period. 

8. Conclusions 

Overall, this DECOVALEX-2019 task has (1) resulted in important 
model developments and adaptations of numerical simulators to simu
late fault activation and (2) provided an increased understanding of the 
hydromechanical behavior of minor faults and fractures in low- 
permeability shale formations. Two different injection experiments 
which activated discontinuities within the Mont Terri Main Fault, 
including parts of the damage zone and close to the fault core, were 
successfully modeled by a variety of research teams. The key for accu
rately representing these two activation experiments is a hydrome
chanical fault model that captures the abrupt activation behavior. The 
first characteristic of this activation behavior is a sudden increase in 
fracture permeability and flow rate along with a rupture propagation 
that is triggered at a certain injection pressure magnitude higher than 
the estimated stress normal to the discontinuity. The second character
istic is a sudden hydraulic closure of the discontinuity that occurs when 
the injection fluid pressure is reduced to about 1–2 MPa less than the 
stress normal to the fault. This behavior was modeled by permeability 
enhancement resulting from damage induced plastic failure and a sub
sequent permeability reduction as a result of elastic fracture closure. The 
fact that the activated discontinuity closes as soon as the pressure de
creases provides an important and beneficial feature for nuclear waste 
disposal in argillaceous clays, i.e., demonstrating a self-sealing mecha
nism which keeps the host rock barrier tight and limits the longevity of 
transport pathways. The models developed and tested within this 
DECOVALEX task can now be applied to predict such behavior at a re
pository site in an argillaceous claystone, but the hydromechanical fault 
activation models would ideally be tested and validated by site specific 
experiments of the type conducted and analyzed in this task. 
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Table 5 
Key parameters and their relevance for predicting repository barrier perfor
mance based on their impact on the experimental response during the Mont 
Terri fault activation experiments.  

Parameters Experimental response Relevance for repository 
barrier performance 

Fracture normal 
stiffnes 

Impacted initial elastic 
opening and peak injection 
rate 

Impacts fracture permeability 
and flow especially during 
high over pressure by thermal 
pressurization or gas 
generation 

Cohesion and 
friction angle 

Affected the timing of shear 
activation 

Shear strength parameters 
that are important for 
predicting when a fault could 
be activated or when more 
widespread shear activation 
of fractures can take place in 
the host rock. 

Dilation angle Had an impact only in cases 
of large shear such as at the 
monitoring well in the Step 3 
test. 

Important for how much 
permeability might change 
due to shear and therefore 
potential permanent 
permeability enhancement 

Fracture creation 
aperture 

Permeability increase and 
peak injection rate and 
provided for an abrupt 
pressure response at 
monitoring wells 

Results in a damage induced 
permeability increase due to 
fracture creation that may 
remain after overpressure is 
reduced. 

Fault or fracture 
Orientation 

Adopted fault dip affected 
shear and normal stress 
across the fault, which in 
turn impacted the timing of 
shear activation 

Critical for determine if a 
fault or fracture will be 
activated in shear or tensile 
opening or a combination 
thereof 

Principal stress 
magnitudes and 
orientation 

Adopted stress field, affected 
initial normal and shear 
stress on the fault and 
therefore the timing of shear 
activation. 

Critical for determine if a 
fault or fracture will be 
activated in shear or tensile 
opening or a combination 
thereof  
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