
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


 

  

공학박사학위논문 

 

Implicit and Explicit Fracture Shear 

Slip Analysis for Geological Storage of 

Carbon Dioxide and Nuclear Waste 

 
 

이산화탄소 및 방사성폐기물 지중저장을 위한 

암묵적 및 명시적 절리면 전단 거동 해석 

 

 

 

2014년 8월 

 

 

 

 

서울대학교 대학원 

에너지시스템공학부 

이 재 원 

  



 

  

Implicit and Explicit Fracture Shear 

Slip Analysis for Geological Storage of 

Carbon Dioxide and Nuclear Waste 
 

 

지도 교수  민 기 복 

 

이 논문을 공학박사 학위논문으로 제출함 

2014 년 5 월 

 

서울대학교 대학원 

에너지시스템공학부 

이 재 원 

 

이재원의 공학박사 학위논문을 인준함 

2014 년 6 월 

 

위 원 장       전 석 원                

부위원장       민 기 복                

위    원       박 의 섭                

위    원       송 재 준                

위    원       김 형 목                

 



 

 i

Abstract 

 

Implicit and Explicit Fracture Shear 

Slip Analysis for Geological Storage of 

Carbon Dioxide and Nuclear Waste 

 
Jaewon Lee 

Department of Energy Systems Engineering 

The Graduate School 

Seoul National University 

 

Shear slip at a fracture is a critical issue for many applications of 

geological engineering, such as the design of the geosequestration of CO2 and 

an underground repository for nuclear waste. Shear slip can induce mechanical 

instability and additional fluid flow in the fracture which results in the enhanced 

permeability of the region. Microseismic events that occur in the 

aforementioned applications are also explained by the mechanisms of shear slip 

in small fractures. There are various reasons for shear slip at existing fractures. 

When injecting CO2 into a reservoir for the carbon storage, the increased pore 

pressure decreases the effective normal stress on the fracture, and this is 

expected to induce fracture shear slip. In a deep geological repository for high-
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level nuclear waste, heat is emitted by the nuclear waste, and thermal stress is 

generated due to confined nature of the rock. The thermal stress alters the stress 

distribution throughout the rock mass, and, therefore, the condition for shear 

slip changes. The phenomenon of shear displacement and dilation of fractures 

due to pore pressure change is termed ‘hydroshearing’ and due to thermal 

loading is termed ‘thermoshearing,’The main focus of this thesis is to provide 

systematic quantitative analysis for the hydroshearing and thermoshearing. 

This thesis is divided into two parts; implicit fracture shear slip analysis 

and explicit fracture shear slip analysis. For the implicit fracture shear slip 

analysis, the probability of shear slip is evaluated considering a Coulomb 

failure analysis and the statistical fracture distributions from In Salah and 

Forsmark site. The calculation of stress evolution is divided into three parts; 

numerical analysis at the hypothetical CO2 storage reservoir, analytic solution 

at the reservoir with underground injection, and numerical analysis at nuclear 

waste repository. For the explicit fracture shear slip analysis, TOUGH-UDEC 

coupled code is developed and verified. After that, numerical analysis is 

conducted for the hypothetical CO2 storage reservoir with pre-existing fracture 

to investigate the effect of fracture shear slip on the leakage of CO2. 

With implicit fracture shear slip analysis and explicit fracture shear slip 

analysis, systematic quantitative analysis for the hydroshearing and 

thermoshearing is conducted. Techniques of leakage and reservoir 

geomechanics analysis that is developed in this thesis are essential for Carbon 

Capture and Storage (CCS) technology in view of selection investigation. The 
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result of this analysis can provide a guideline for performance assessment of 

CO2 reservoir and can help to determine the critical injection pressure at a given 

reservoir condition and layout of the injection wells. Also the microseismic 

events which are expected to occur after the injection of CO2 can be reliably 

predicted. The prediction of ground heave in conjunction with monitored 

results can improve the confidence in the performance of CO2 reservoir and 

nuclear waste repository. 

 

Keywords : Fracture shear slip, CO2 geosequestration, Nuclear waste 

repository, Probabilistic analysis, TOUGH-UDEC 
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1. Introduction 

 

1.1 Motivation 

 

Shear slip at a fracture is a critical issue for many applications of 

geological engineering, such as the design of the geosequestration of CO2 and 

an underground repository for nuclear waste. Shear slip can induce mechanical 

instability and increased permeability of the region in the fracture which results 

in the enhanced fluid flow. Microseismic events that occur in the 

aforementioned applications are also explained by the mechanisms of shear slip 

in small fractures. This issue of permeability can be a concern because it cause 

the leakage of injected CO2 and pathway for radioactive nuclide. There are 

various reasons for shear slip at existing fractures. When injecting CO2 into a 

reservoir for the carbon storage, the increased pore pressure decreases the 

effective normal stress on the fracture, and this is expected to induce fracture 

shear slip. In a deep geological repository for high-level nuclear waste, heat is 

emitted by the nuclear waste, and thermal stress is generated due to confined 

nature of the rock. The thermal stress alters the stress distribution throughout 

the rock mass, and, therefore, the condition for shear slip changes. The 

phenomenon of shear displacement and dilation of fractures is termed 

‘hydroshearing’ and ‘thermoshearing’, which is induced by pore pressure and 

thermal stress, repectively. 
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In the context of the sequestration of carbon dioxide in deep geological 

formations, which is a promising option for reducing carbon dioxide emissions 

(IPCC, 2005; Holloway, 2007; Bickle, 2009), the principal means for storing 

CO2 is structural and stratigraphic trapping, in which low-permeability caprock 

prevents CO2 from migrating to the surface (IPCC, 2005; Bachu, 2008; Benson 

and Cole, 2008; Zahid et al., 2010). However, a number of technical hurdles 

still need to be resolved before deploying the deep geologic storage of CO2 at 

a scale that could make a significant contribution in reducing CO2 emissions to 

the atmosphere. Technical challenges include the accurate estimation of storage 

capacity, characterization of storage sites, monitoring and confirmation of 

injected CO2, and detection and prevention of CO2 leakage to the biosphere. 

Figure 1.1 shows geomechanical processes and key technical issues associated 

with CCS in deep sedimentary formations (Rutqvist, 2012). The injection-

induced fluid pressure may result in small seismic events and this microseismic 

events could affect the caprock integrity, and the effectiveness of the CO2 

geosequestration itself (Zoback and Gorelick, 2012). Moreover, the potential 

for leakage may be impacted by injection-induced geomechanical changes, 

such as stress and deformations affecting fractures and permeability; thus, it is 

important to analyze such changes to ensure the security of industrial-scale CO2 

storage sites (Yamamoto and Takahashi, 2004; Hawkes et al., 2005; Rutqvist, 

2012). Injection-induced mechanical stress and deformation at depth can also 

result in ground heave, a phenomenon that might be detectable by geodetic 
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monitoring. For example, at the In Salah CO2 storage project in Algeria, the 

first few years of injection resulted in an observed ground heave of 

approximately 5 mm/year, affecting an area extending several kilometers from 

each injection well (Rutqvist et al., 2010). In addition, the increased reservoir 

pressure could potentially result in the reactivation of fractures that might exist 

within and around the injection zone. The reactivation of existing fractures in a 

capping formation above the injection zone could result in dilatant fracture 

opening and enhanced permeability (Min et al. 2004), which could, in turn, lead 

to an enhanced upward CO2-fluid migration. Shear reactivation along fractures 

or minor faults might also result in microseismic events or even events that 

might be felt by the local population (Zoback, 2010; Rutqvist, 2012). Events 

associated with CO2 injection are analogous to those occurring during the 

stimulation of geothermal reservoirs, which are usually explained by the 

mechanisms of shear slip within small fractures (Moeck et al., 2009). It is 

difficult to predict how much permeability would change upon the reactivation 

of fractures and is at least equally difficult to quantify the CO2 leakage resulting 

from such permeability changes. Therefore, the monitoring and analysis of both 

surface deformation and seismicity from the start of injection can be useful for 

constraining geomechanical models and predicting the potential for fracture 

reactivation in future injection scenarios (Rutqvist, 2012). A conservative 

approach might be to design CO2 injection in such a way that fracture 

reactivation could be avoided, thereby ensuring that the permeability of the 
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caprock would remain essentially unchanged during the injection.  

 

 

Figure 1.1 Geomechanical processes and key technical issues associated with 

CCS in deep sedimentary formations (Rutqvist, 2012) 

 

As for the disposal of intermediate-level waste (ILW) and high-level waste 

(HLW), deep underground repositories in suitable geological formations have 

been investigated by many countries worldwide (NEA, 2008; Hudson et al., 

2001). The intention of such disposal is to provide sufficient isolation of 

radioactive wastes from reaching humans and the environment for as long as 

100,000 years. In order to fulfill such a strenuous criterion successfully, the 

evaluation of the combined effects of mechanical deformation, groundwater 

flow through the repository, and thermal loading from the decaying waste on 

the performance of the repository is important (Min et al., 2005). Especially, 

the thermal stress generated from heat-generating nuclear waste is the main 
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factor that contribute to alteration of the stress state, which influences from tens 

of meters to a few hundred meters from the periphery of the repository. Thermal 

stress is generated predominantly in a horizontal direction due to the 

horizontally confined nature of the rock. This thermal stress will be generated 

beyond the near-field of the repository, and the resulting high thermal stress 

ratio generally will act in favor of shear slip and dilation in the geological 

repository (Min and Stephansson, 2009). The dilated fractures will become the 

major pathway for fluid flow in the fractured rock mass, it is vitally important 

that the mechanisms of this phenomenon be studied and understood to ensure 

the safe disposal of nuclear waste in deep underground repositories. A field 

investigation by Barton et al. (1995) indicated it is the critically stressed 

fractures that carry the major portion of the fluid flow, and this finding was also 

numerically demonstrated by Min et al. (2004).  

The dilatancy phenomenon of irregular fractures induced by shear slip is 

the main factor of transmissivity change at the deep geological storage of CO2 

and nuclear waste. The prediction of the dilatancy phenomenon subjected to 

direct shear loading has been addressed by numerous researchers. Figure 1.2 

shows the compilation of dilation angle according to normal load from direct 

shear tests (Barton, 1982; Barton et al., 1985; Homand et al., 2001; Bandis et 

al., 1981; Huang et al., 2002; Wibowo et al., 1994; Lee, 1999; Yeo et al., 1998). 

Data derived from several types of rock; granite (Barton, 1982; Barton et al., 

1985; Lee, 1999), sandstone (Bandis et al., 1981), marble (Lee, 1999), and 
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replicas (Homand et al., 2001; Huang et al., 2002; Wibowo, 1994; Yeo et al., 

1998). All data except for that by Barton et al. were under low normal load (less 

than 6 MPa), and the range of dilation angle was between 0° and 20°. It is 

important that any measured dilation even under high normal stress is 

significantly enough to receive due attention. 

  

 

Figure 1.2 Compilation of the dilation angle versus normal load from direct 

shear tests 

 

Chen et al. (2000) measured fracture volume and permeability under 

different confining pressures and shear displacements to study the effects of 

confining pressure and shear displacement on fracture aperture and 

permeability. According to them, the sample GO1 had about 2.2° shear dilation 

angle under 20 MPa confining pressure which is similar or lower than 

confinement at Forsmark. Esaki et al. (1999) also showed the increase of 
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hydraulic aperture (hydraulic conductivity) versus shear displacement under 20 

MPa normal stress by direct shear test. Moreover, after reversed movement, the 

hydraulic aperture did not decrease to its initial state, but left a residual aperture. 

That result means that shear dilation is an irreversible mechanism. Increased 

hydraulic aperture induced by thermal loading will remain unchanged even 

with decreased temperature of the canister. Moreover, in the vicinity of the 

repository, the shearing is not likely to be reversed due to elastoplastic fracture 

behaviour. Koyama et al. (2006) conducted the numerical simulation of shear-

induced flow anisotropy, the flow rate perpendicular to shear was larger than 

the flow rate parallel to shear. Flow channels newly formed perpendicular to 

the shear direction were responsible for this particular observation. A numerical 

study conducted by Park and Song (2009) showed that shear dilation can be 

affected by the magnitude of normal stress. However, the magnitude of that 

shear dilation is still significant enough to be considered. Normal dilation can 

be up to 400 microns with shear displacement of 1.6 mm under a normal stress 

of 15 MPa. This finding also indicates that the existing empirical equation may 

indeed underestimate actual shear dilation. In conclusion, hydraulic aperture 

can increase due to shear even under high normal stress (Chen et al., 2000; 

Esaki et al., 1999). Moreover, shear mechanism was irreversible which meant 

that hydraulic aperture would not recover to its initial state (Esaki et al., 1999). 

Finally it is noted that fluid flow perpendicular to shear direction increased 

more than the flow parallel to shear direction (Koyama et al., 2006). 
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1.2 Objectives 

 

The main focus of this thesis is to provide systematic quantitative analysis 

for the fracture shear slip induced by hydraulic pressure and thermal stress for 

the storage of CO2 and nuclear waste. 

The specific objectives are; 

 

(i) Demonstration of an approach for probabilistic fracture shear 

slip analysis 

A. Evolution of shear slip potential by pore pressure change 

B. Role of in-situ stress 

C. Effect of geomechanical and hydromechanical parameters 

D. Evolution of shear slip potential by thermal stress change 

 

(ii) Development and verification of TOUGH-UDEC coupled 

code for the numerical analysis with pre-existing fractures 

(Explicit fracture shear slip analysis) 

A. Development of TOUGH-UDEC 

B. Fracture shear slip and permeability change 
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1.3 Outline of dissertation 

 

Figure 1.3 Outline of dissertation 

 

This thesis is divided into two parts; implicit fracture shear slip analysis 

and explicit fracture shear slip analysis. Figure 1.3 shows the outline of 

dissertation. For the implicit fracture shear slip analysis, the probability of shear 

slip is evaluated considering a Coulomb failure analysis. The geological data, 

such as statistical fracture distributions and properties of reservoir, are taken 

from In Salah, Algeria and Forsmark, Sweden. The calculation of stress 

evolution is conducted by numerical analysis and analytic analysis. For the 

explicit fracture shear slip analysis, TOUGH-UDEC simulator is developed and 

verified. Verification is conducted in terms of hydromechanical and 

thermomechanical analysis. Numerical analysis is conducted for the 

hypothetical CO2 storage reservoir with pre-existing fracture to investigate the 

effect of fracture shear slip on the leakage of CO2.  
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2. Implicit fracture shear slip analysis 

 

2.1 Introduction 

 

Characterizing and quantifying the potential for fracture reactivation in 

terms of shear slip have been the subject of a number of previous studies for 

CO2 storage, enhanced geothermal system, and nuclear waste disposal (Morris 

et al., 1996; Alaniz-Alvarez et al., 1993; Ito and Hayashi, 2003). Morris et al. 

(1996) introduced the concept of slip tendency analysis, defining slip tendency 

(Ts) as the ratio of shear stress to normal stress on a plane. They defined TsMAX 

as the maximum value of Ts at a given stress condition and analyzed slip 

tendency for all possible orientations of fractures in terms of the ratio Ts/TsMAX. 

Morris et al. (1996) applied this concept to investigate the potential for 

reactivation of major faults at a depth of 5 km below Yucca Mountain in the 

United States. Ito and Hayashi (2003) used a similar analytical-solution 

approach to estimate possible fracture orientations that could result in shear slip, 

thereby impacting the performance of hot dry rock (HDR) geothermal 

reservoirs. They calculated shear slip and sheared-fracture surface rupture area 

by approximating the Coulomb failure line using a series of circles of different 

radii. Alaniz-Alvarez et al. (1998) developed and applied a so-called slip-

rupture graph technique, in which the Coulomb failure criterion was used to 

determine the possibility of both slip along existing fractures and failure of the 
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intact rock. If the principal stress difference (i.e., the difference between 

maximum and minimum compressive principal stress) required for fracture 

shear slip along existing fractures is larger than the stress difference necessary 

to make a new fracture, then a new fracture plane will be created. This could 

happen if the pre-existing plane was not optimally oriented for shear slip failure 

while the shear strength of the intact rock is exceeded. Finally, Rutqvist et al. 

(2008) proposed the concept of pressure margin in analyzing the potential for 

both tensile and shear failures in a CO2 sequestration reservoir. They defined 

pressure margin as the fluid pressure minus the critical fluid pressure for failure, 

thereby indicating a safety margin for the maximum injection pressure. 

However, although the aforementioned studies were used to investigate the 

potential for fracture reactivation, they did not consider the fracture statistical 

distribution and, therefore, did not provide a quantitative analysis for fracture 

shear-slip probability under specific stress conditions. 

 

 

2.2 Probabilistic fracture reactivation analysis 

 

For the fracture reactivation analysis, we generated two types of fracture-

orientation data sets: one for random fracture orientation and another for actual 

fracture orientation based on field data. The Latin Hypercube Sampling (LHS) 

method, developed by McKay, Conover, and Beckman (McKay et al., 1979), 
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was used to generate fractures. This method is similar to the Monte Carlo 

method, in that it is used to select n different values from each of k variables. 

However, the Monte Carlo method randomly selects n different values based 

on the probability of a cumulative distribution function (CDF); as such, it yields 

reasonable values only if the value of n is quite large. Thus, to increase the 

efficiency of the sampling method, the LHS method makes selections in each 

of the non-overlapping intervals based on the equal probability of CDF, 

providing reasonable values even when the value of n is relatively small. In 

addition, the values of n associated with certain variables were paired with the 

values of n associated with other variables in a random manner, until an n × k 

matrix was formed. 
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(a)           (b) 

Figure 2.1 Flow chart for calculating the probability of shear slip: (a) 

sampling part, (b) analysis part 

 

Figure 2.1 shows a flow chart for calculating the probability of shear slip. 

We developed a program to generate fracture orientations and calculate the 

probability of shear slip. The code divided into two parts: a part that generates 

the fracture orientation using the LHS method and a part that conducts a 

probabilistic analysis of shear slip. In the sampling part, we generated virtual 

fractures using two kinds of fracture distribution—namely, Fisher and uniform 

distributions. The information on the number of fractures, Fisher constant, and 

mean dip/dip direction were needed for the Fisher distribution whereas only the 
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number of fractures was required for uniform distribution. In the analysis part, 

normal and shear stresses for each fracture orientation were calculated using 

fracture orientations and stresses evolution. More detailed information on 

discrete fracture networks was not incorporated in the current analysis, such as 

the spatial distribution, size, shape, and connectivity of fractures.  

To evaluate the probability of shear slip of generated fractures, we adopted 

a Coulomb failure criterion (assuming zero cohesion), as follows: 

 

         (2.1) 

 

where τ is shear stress, σ is the stress normal to the fracture, and μ is the 

coefficient of friction. According to this failure criterion, shear slip occurs if 

shear stress is greater than the normal stress multiplied by the coefficient of 

friction. 

Figure 2.2 shows that the normal stress and the shear stress that act on a 

given plane depend on the orientation of the plane.  
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Figure 2.2 Normal stress σ and shear stress τ acting on a given plane 

 

When a stress field is defined by a stress tensor, the stress vector acting on 

a plane with normal vector n can be calculated using Cauchy’s formula (Jaeger 

et al., 2007). 

 

j ij iT n     (2.2) 

 

where Tj is the traction vector, σij is the stress tensor, and ni is the normal 

vector of the fracture plane. The magnitude of the normal stress σ and shear 

stress τ of any stress vector T acting on an arbitrary plane with normal vector n 

at a given point is expressed as follows: 

 

  T n     (2.3) 
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2 2( )  T     (2.4) 

 

Thus, when the orientation of a fracture and the stress field is given, 

normal and shear stress acting on the fracture plane can be determined. Using 

these normal and shear stress values, we can determine whether shear failure 

occurred at a specific orientation. The probability of fracture shear slip was 

calculated as the number of fractures failed in shear, divided by the total number 

of generated fractures. 

In order to generalize the effect of in-situ stress on the fracture shear slip, 

we adopted the concept of stress polygons. Stress polygon indicate the possible 

range of maximum and minimum horizontal stresses under specific vertical 

stress (Zoback et al., 2003). Figure 2.3 shows stress polygon and selected points. 

At depths below 1,000 m, the ratio of horizontal stress to vertical stress (K) has 

been observed to range between 0.5 and 2.0 (Brown and Hoek, 1978). To 

investigate the shear-slip potential at a specific point, nine points are selected 

within the stress polygon, as shown in Figure 2.3. Points Ⅰ, Ⅱ, and Ⅲ are 

under normal faulting stress regime, points Ⅳ, Ⅴ, and Ⅵ are under strike-

slip faulting stress regime, and points Ⅶ, Ⅷ, and Ⅸ are under reverse 

faulting stress regime. 
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Figure 2.3 Stress polygon and selected points 

 

 

2.3 Geological data 

 

The geological data are either synthetically generated or taken from In 

Salah and Forsmark. Brief explanation on the site and geological data are 

provided in this section. 

 

2.3.1 In Salah CO2 geosequestration project 

 

The In Salah project in Algeria is the industrial-scale CO2 storage project 

that has been in operation since 2004. About 0.5–1 million tonnes CO2 per year 

has been injected into a relatively low-permeability, 20-m-thick, water-filled 

carboniferous sandstone at a depth of about 1800–1900 m, around the Krechba 
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gas field (Wright, 2006; Mathieson et al., 2008). The three CO2 injection wells, 

as well as the gas production wells, are drilled across principal open fracture 

set (maximum horizontal stress direction) (Durucan et al., 2011). Rutqvist et al. 

(2010) reported a coupled fluid flow and geomechanical modelling study of 

CO2 injection into a single well under In Salah storage conditions, using the 

available rock mechanical properties of the Krechba reservoir and overburden 

formations. They reported that the reservoir layer itself could not generate the 

level of surface uplift (~2 cm) observed. The surface uplift would be increased 

(from ~1.2 cm to ~2 cm) by allowing upwards pressure propagation into the 

overlying tight sandstone layer and the lower caprock, with increased pressure 

up to 50 m above the top of the reservoir. 

 

 

Figure 2.4 Location of In Salah and Krechba field layout showing the 

locations of the three CO2 injection wells and the five production wells 

(Mathieson et al., 2010) 
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Random orientations were generated based on a probability distribution 

function (PDF) with a uniform distribution of orientation. The probability 

distribution function of the actual fracture data from In Salah has a Fisher 

distribution function that has orientations distributed around a mean orientation 

(Iding and Ringrose, 2010; Smith et al., 2011). Ten thousand fractures were 

generated for both the cases of random fracture orientations and the actual 

fracture orientations. Figure 2.5 shows the distribution of the generated 

orientations in an equal area net. 

 

 

(a)                     (b) 

Figure 2.5 Distribution of 10,000 generated orientations in an equal area net: 

(a) random distribution of general data, (b) data from In Salah 
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Table 2.1 Orientation model of the In Salah fracture (Iding and Ringrose, 

2010; Smith et al., 2011) 

Probability 

distribution 

Mean pole Distribution of 

Fisher κ Dip (°) Dip direction (°)

Univariate 

Fisher 
86.5 46.7 150 

 

The data from the In Salah site are listed in Table 2.1. At In Salah, the 

dominant fracture orientation is a NW-SE strike with a variation of about 15 °, 

with an almost vertical dip angle. In our analysis, we assumed a constant Fisher 

distribution (κ) of 150, which means that the deviation angles of approximately 

99 % of the fractures are less than 15 °. 

 

 

2.3.2 Forsmark nuclear waste repository project 

 

The Forsmark area is located the municipality of Östhammar, about 120 

km north of Stockholm (Figure 2.6). The candidate area for site investigation is 

located along the shoreline. It extends from the Forsmark nuclear power plant 

and the access road to the SFR-facility, a repository for low- and intermediate 

level radioactive waste. The site is approximately 6 km long and 2 km wide. 

The north-western part of the candidate area was selected as the target area for 

the complete site investigation work (SKB, 2005). 
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The field data were acquired during site investigations between 2002 and 

2007. The data acquisition comprised three main categories of investigations, 

and this investigation structure was also applied during the succeeding data 

freezes. The three investigation categories were (SKB, 2008): 

(i) Geoscientific and ecological investigations of the surface system. 

   (ii) Borehole investigations. 

a. Drilling of long conventionally drilled cored boreholes, 

percussion boreholes and shallow boreholes. 

b. Measurements carried out during drilling, investigations of 

drill cores, drill cuttings, and down-hole logging. 

c. Sampling of intact rock material for several types of laboratory 

investigations 

   (iii) Monitoring of geoscientific parameters and ecological objects. 

Especially, the fracture orientation model was defined primarily using data 

recorded from outcrop fracture mapping. The borehole data record was 

included in the analysis, and does contribute towards the final parameterization. 

However, the identification of orientation sets is largely based on outcrop traces. 

The recorded strikes and dips were used to define spherical probability 

distributions for individual fracture sets. Set membership was determined 

primarily by a combination of pole orientation and geometric relationships to 

other fractures on the outcrops (Fox et al., 2007).  
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Figure 2.6 Location of the Forsmark candidate area (red) for site investigation 

(SKB, 2008) 

 

Random orientations were generated based on a probability distribution 

function (PDF) with a uniform distribution of orientation. The probability 

distribution function of the actual fracture data from Forsmark has a Fisher 

distribution function that has orientations distributed around a mean orientation 

(Fox et al., 2007). Ten thousand fractures were generated for both the cases of 

random fracture orientations and the actual fracture orientations. Figure 2.7 

shows the distribution of the generated orientations in an equal area net. 
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(a)                      (b) 

Figure 2.7 Distribution of 10,000 generated orientations in an equal area net: 

(a) random distribution of general data, (b) data from Forsmark 

 

The data from the Forsmark site are listed in Table 2.2 (Fox et al., 2007). 

Since we assumed that the four fractures have the same density, we generated 

2500 samples for each set of fractures. 

 

Table 2.2 Orientation model of Forsmark fractures (Fox et al., 2007) 

Fracture 

set 

Probability 

distribution 

Mean pole Distribution of 

Fisher κ Trend (°) Plunge (°) 

NE 
Univariate 

Fisher 
314.9 1.3 20.9 

NS 
Univariate 

Fisher 
270.1 5.3 21.3 

NW 
Univariate 

Fisher 
230.1 4.6 15.7 

SH 
Univariate 

Fisher 
0.8 87.3 17.4 
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3. Fracture shear slip potential for the CO2 

geosequestration 

 

For the hydroshearing analysis at the hypothetical CO2 storage reservoir, 

coupled multiphase fluid flow and geomechanical simulations are conducted 

based on the geometry and properties from Rutqvist and Tsang (2002). These 

simulations are conducted using the TOUGH-FLAC simulator (Rutqvist et al., 

2002; Rutqvist, 2011) for three different stress regimes (normal, reverse, and 

strike-slip faulting). The probability of shear slip is evaluated at different points 

within the injection zone and in the caprock just above the injection zone. 

 

3.1 TOUGH-FLAC 

 

TOUGH-FLAC is a numerical simulator based on linking the two 

computer codes TOUGH2 (Pruess et al., 1999) and FLAC3D (Itasca, 2009). 

TOUGH2, developed at the Lawrence Berkeley National Laboratory (LBNL), 

is widely used for modeling heat transfer and multiphase, multicomponent fluid 

flow in applications such as geologic CO2 storage. FLAC3D, developed by 

ITASCATM, is a well-known finite difference program for soil and rock 

mechanics—a powerful tool for describing the mechanical behavior of soil and 

rocks. The two codes are sequentially coupled, and the TOUGH-FLAC 
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simulation runs seamlessly for coupled analysis (Rutqvist, 2011). 

 

 

Figure 3.1 Schematic of TOUGH2 and FLAC3D interactions for coupled 

multiphase and geomechanical simulations (Rutqvist, 2011) 

 

Figure 3.1 shows the principal couplings between TOUGH2 and FLAC3D 

(Rutqvist, 2011). For a specific problem, the two codes are linked through a 

central THM model for passing parameters between the two codes. The 

simulation progresses in time along with the multiphase fluid flow simulation 

in TOUGH2, with FLAC3D invoked intermittently, when desired, for a quasi-

static mechanical calculation. For example, in the standard version, FLAC3D 

is called once each TOUGH2 time step. After a TOUGH2 time step, 

temperature (T), fluid pressure (Pl), gas pressure (Pg), and fluid saturation (Sl) 
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are passed from TOUGH2 to FLAC3D elements. These parameters are passed 

directly to the FLAC3D elements via FLAC3D FISH—a programming 

capability in FLAC3D that facilitates linking the two codes (Itasca, 2009). 

When updating these parameters in FLAC3D, the mechanical state is set in 

disequilibrium due to the internal changes induced, for example, by thermal 

strain and effective stress changes. A quasistatic mechanical simulation step in 

FLAC3D then takes it to a new mechanical equilibrium with an updated stress 

state. The new stresses and/or accumulated strain changes are then used to 

update the porosity and permeability within the TOUGH2 multiphase flow 

simulation. A detailed description of the simulator and its recent applications 

can be found in Rutqvist (2011). 

 

 

3.1.1 Verification 

 

To verify and gain confidence in the numerical approach and analysis of 

this particular case, two independent code verifications are conducted relevant 

to fluid injection and coupled hydromechanical responses in reservoirs. For 

fluid injection, a two-dimensional well-pumping test simulation is conducted 

and compared the numerical results with the Theis solution (Theis, 1935). 

Equation 3.1 is the drawdown at the point where the distance from the well is 

r. 
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       (3.1) 

 

where h0 is the initial head, h is the head at time t, s is the drawdown, Q is 

the constant pumping rate, T is transmissivity, and S is storativity. A semi-

infinite one-dimensional model was used to conduct the numerical analysis; 

Table 3.1 shows the properties and initial conditions used for the verification. 

Figure 3.2 shows the drawdown versus distance from the pumping well at a 

specific time. The numerical results match the analytical solution nearly 

perfectly. 

 

 

Figure 3.2 Drawdown versus distance from the pumping well at a specific 

time 
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Table 3.1 Properties and initial conditions used for verification analysis 

Property Value 

Thickness of aquifer (m) 1 

Permeability (m2) 1×10-13 

Porosity (–) 0.12 

Rock density (kg/m3) 2,500 

Specific storage (1/m) 5.46×10-7 

Initial pressure (Pa) 1×105 

Pumping rate (kg/s) 1×10-3 

 

For the hydromechanical response, a uniaxial consolidation analysis is 

conducted the TOUGH-FLAC numerical results are compared with Terzaghi’s 

analytic solution for this problem (Terzaghi, 1923). If mechanical loading (P) 

is applied suddenly at the upper boundary of the one-dimensional saturated 

poroelastic media with the height h, the pore pressure (Pp) at height z and time 

t is given as follows (Jaeger et al., 2007): 

 

2 2

2 2
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n
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    (3.2) 

 

where α is the Biot constant (Biot, 1941), M is the Biot modulus, λ is the 

Lame constant, G is the shear modulus, k is permeability, μ is fluid viscosity, 

and S is the storage coefficient. Equation 3.3 is the vertical displacement (w) at 

the upper boundary versus time is given: 
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Figure 3.3 Schematic view of the uniaxial consolidation model 

 

Table 3.2 Properties of the uniaxial consolidation analysis 

Property Value 

Biot constant (–) 1 

Permeability (m2) 1×10-14 

Porosity (–) 0.1 

Rock density (kg/m3) 2,500 

Bulk modulus (GPa) 3.0 

Shear modulus (GPa) 0.3 
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Figure 3.3 shows a schematic view and the boundary conditions of the 

numerical model; Table 3.2 shows the properties used for the verification of the 

consolidation analysis. 

Because TOUGH-FLAC cannot model the pore pressure induced by 

mechanical loading, an excess pore pressure was used as input variable. After 

mechanical loading, we applied undrained pore pressure as an initial condition. 

Figure 3.4 (a) shows the evolution of pressure at the lower boundary whereas 

Figure 3.4 (b) shows the evolution of displacement at the upper boundary. The 

numerical results are in close agreement with the analytical solution. 

 

 

 (a)                   (b) 

Figure 3.4 Results of the uniaxial consolidation analysis: (a) evolution of 

pressure at the lower boundary, (b) evolution of displacement at the upper 

boundary 

 

 

 



 

31 

 

3.2 Numerical model 

  

The model for CO2 reservoir is shown in Figure 3.5. The injection of CO2 

is simulated into a 300 m thick injection zone (storage reservoir) located 

between 1200 and 1500 m depth. The overburden consists of a 1000 m thick 

upper layer and a 200 m thick caprock located just above the injection zone. 

The exact location of the CO2 injection point is 1460 m in depth. Although the 

model was set up in three dimensions, the analysis was conducted effectively 

in two dimensions, with no-flow and no-displacement boundary conditions 

imposed in the direction normal to the model. Over a ten-year period, CO2 was 

injected at a constant flow rate of 0.05 kg/s per meter normal to the model plane 

(Rutqvist and Tsang, 2002). This flow rate is equivalent to 1.6 Mt/year if the 

injection were conducted along a 1000 m thick section of the reservoir normal 

to the model plane, which would, for example, represent the injection rate for a 

1 km long horizontal well. This also can be related to real injection rates at the 

In Salah CO2 storage project, where injection rates have been 0.5 to 1.0 million 

tons per year distributed over 3 horizontal injection wells, each of which is 1 to 

1.5 km long (Rutqvist et al., 2010). To minimize boundary effects, the lateral 

boundaries are located 100 km apart, which is sufficiently far from the CO2 

injection point. 
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Figure 3.5 Schematic view of the analysis model 

 

Material properties and boundary conditions are presented in Table 3.3 and 

Figure 3.6, respectively. The reservoir is assumed to behave elastically, and 

horizontal displacement is fixed only on the lateral boundaries, whereas vertical 

displacement is fixed at the bottom. For the hydraulic and thermal boundary 

conditions, the ground-surface temperature and pressure are set to 10 °C and 0 

Pa, respectively. A thermal gradient of 25 °C/km and hydrostatic pressure are 

assumed leading to a temperature and pressure at the lower boundary of 60 °C 

and 19.62 MPa, respectively. 

 

 

Figure 3.6 Boundary conditions 
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Table 3.3 Properties of the reservoir (Rutqvist and Tsang, 2002) 

Property Upper Caprock Aquifer Basement 

Elastic modulus (GPa) 5 5 5 5 

Poisson’s ratio (-) 0.25 0.25 0.25 0.25 

Saturated rock density 

(kg/m3) 
2260 2260 2260 2260 

Zero stress porosity (-) 0.1 0.01 0.1 0.01 

Residual porosity (-) 0.09 0.009 0.09 0.009 

Zero stress 

permeability (m2) 
1×10-15 1×10-17 1×10-13 1×10-17 

Biot coefficient (-) 1 1 1 1 

 

To investigate the shear slip potential at a specific point, we selected four 

points within the reservoir and the caprock, as shown in Figure 3.7 Points 

selected for measurement. Point A is the CO2 injection point, Point B is located 

horizontally 1000 m away from the CO2 injection point, Point C is located 50 

m above the lower boundary of the caprock, and Point D is located 50 m below 

the upper boundary of the caprock. Three kinds of stress regimes were 

considered: (1) normal faulting, (2) reverse faulting, and (3) strike-slip faulting 

(Figure 3.8). At depths below 1000 m, the ratio of horizontal stress to vertical 

stress (K) has been observed to range between 0.5 and 2.0 (Brown and Hoek, 

1978). In this study, vertical stress was fixed as gravitational stress, and 

horizontal stresses were chosen to be 0.5, 0.75, 1.5, or 2.0 times the vertical 

stress, depending on the stress regimes. Thus, vertical stress is the maximum, 
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minimum, and intermediate principal stress in normal faulting, reverse faulting, 

and strike slip faulting regimes, respectively. The friction coefficient used for 

this study was 0.6, which is the lower bound of typical values (Byerlee, 1978). 

 

 

Figure 3.7 Points selected for measurement 

 

 

(a)   (b)              (c) 

Figure 3.8 In situ stress regime: (a) normal faulting stress regime, (b) reverse 

faulting stress regime, (c) strike slip faulting stress regime 
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3.3 Ground heaving induced by CO2 injection 

  

The ground deformation due to fluid extraction or injection has been 

recognized one of the important geomechanical response that have to be 

monitored. Injection of supercritical CO2 generate excess pore pressure in the 

reservoir, and the evolution of pressure near the injection point is shown in 

Figure 3.9. The maximum pore pressure near the injection point is about 26 

MPa after 10 years of injecting CO2. Because the permeability of the caprock 

and the basement is four orders of magnitude lower than that of the aquifer, the 

injected CO2 spreads primarily in a horizontal direction. 

 

 

Figure 3.9 Pressure change with time near the injection point (Units: MPa) 
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Figure 3.10 shows the vertical displacement profile after 30 days, one year, 

three years, six years, and 10 years. The changes in effective stress induced by 

the increase in pore pressure result in the poroelastic expansion of the reservoir 

and the uplifting of the ground surface (Rutqvist and Tsang, 2002). The 

maximum vertical displacement after 10 years is approximately 0.88 m—in 

other words, 88 mm/year; this large value results from the reservoir thickness 

of 300 m and a relatively low elastic modulus of 5 MPa. In comparison, only 

about 5 mm/year of uplift has been observed at the In Salah CO2 storage project, 

which has a reservoir formation of only 20 m in thickness (Iding and Ringrose, 

2010). The investigation of uplift is a good measure of reservoir performance, 

in that it can both (1) be an effective monitoring activity and (2) potentially 

have an impact on surface structures. Moreover, in a field situation, the 

observed ground-surface heave can be used to constrain the value of the elastic 

modulus of the reservoir. 
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Figure 3.10 Vertical displacement of the surface after CO2 injection 

 

The maximum vertical displacement can be roughly calculated using a 

simplified uniaxial vertical displacement model. If the lateral extent of the 

reservoir is much larger than its thickness, the reservoir responds as if it were 

laterally confined, and the vertical displacement can be calculated as follows 

(Fjaer et al., 2008): 

 

1 (1 )(1 2 )

1

h
P

h E

  


  
 


   (3.4) 

 

where E is the elastic modulus, ν is poisson’s ratio, α is the Biot coefficient, 

∆P is the increment of pore pressure, ∆h is the vertical displacement, and h is 

the thickness of the aquifer. 

Equation 3.4 can be used to give a first order estimation of vertical 

displacement with the change in reservoir pore pressure. For example, when the 
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maximum pore pressure from the numerical result was used, the calculated 

vertical displacement using Equation 3.4 was about 1.07 m after 10 years, 

which is about 20 % higher than the numerically calculated value. Similarly, in 

the case of In Salah, the measured and numerically calculated vertical 

displacement was about 2.5 cm, while vertical displacement using the uniaxial 

strain model was about 3 cm (Rutqvist, 2012). The uniaxial model 

overestimates the vertical displacement compared to the real case or numerical 

results as the pore pressure is not distributed uniformly in the reservoir, unlike 

the assumption in Equation 3.4. Another factor is that the overburden stiffness, 

which tends to restrict vertical deformation in a real three-dimensional situation, 

is not considered in the uniaxial strain model of Equation 3.4. 

 

 

Figure 3.11 Vertical displacements of the uniaxial model and the numerical 

model with reservoir thickness of 100 m 
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Figure 3.11 shows the calculated vertical displacement for both the 

uniaxial strain model and numerical modeling. The thickness of the aquifer in 

this example was set at 100 m, with other properties kept the same, as shown in 

Table 3.3. In this figure, uniaxial displacement is calculated using the maximum 

reservoir pressure from the numerical modeling. Vertical displacement of the 

uniaxial strain model and vertical displacement at the top of the aquifer were 

rather similar (within 5 %), whereas greater differences were observed when 

comparing vertical displacement at the surface. As the thickness of the 

overburden increases, the vertical displacement at the surface decreases. 

Therefore, the discrepancies between the numerical model and uniaxial strain 

model can be explained mainly by the stiffness of the overburden and, to a 

lesser degree, by the non-uniform pore pressure. Finally, differences in the 

boundary conditions for the uniaxial strain model and our numerical model can 

also have an impact. Because the lateral boundary condition was not a precisely 

fixed displacement condition, the generated lateral stress was less than the 

theoretical one, which resulted in slightly smaller vertical displacement. 
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3.4 Evolution of effective stress 

  

The evolution of the increments of total stress and pore pressure at points 

A, B, C, and D is shown in Figure 3.12. Total stress increases in the horizontal 

direction occur proportional to the pore pressure increase, while a much smaller 

increase in total stress occurs in the vertical direction because of the free vertical 

displacement condition at the ground surface. The increase in lateral stress is 

caused by poroelastic stress, which has been observed in oil fields and also in 

coupled geomechanical modeling (Hillis, 2003; Rutqvist, 2012). In this study, 

the magnitude of the increased total stress in the horizontal direction is 

approximately half the increased pore pressure. Pore pressure increases at Point 

C and Point D, located in the caprock, amount to 8 MPa and 3 MPa, respectively, 

although the permeability of the caprock is lower than that of the reservoir by 

four orders of magnitude. 
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  (a) (b) 

 

  (c)   (d) 

Figure 3.12 Increments of pore pressure and total stress: (a) at point A, (b) at 

point B, (c) at point C, (d) at point D 
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Using the Mohr circle for stress representation, the effective stress change 

is investigated at Points A through D (Figure 3.13, Figure 3.14, Figure 3.15, 

andFigure 3.16). At the initial state of normal and strike-slip stress regimes, 

there were fractures with the potential for shear slip in the current stress field, 

meaning that these fractures were critically stressed for shear slip (Zoback et 

al., 2002). After 10 years of CO2 injection, the Mohr circle moved to the left 

regardless of the stress regime, and there was an increase in the area that 

reached failure. The size and location of the Mohr circle and the size of the 

failed area are different depending on the stress regime because the magnitude 

of effective stress changes is different for horizontal and vertical directions. The 

size of the Mohr circle decreases in the case of a normal faulting stress regime, 

increases in the case of a reverse faulting stress regime, and both decreases and 

increases in the case of a strike-slip faulting regime. The amount of decreased 

effective stress is highest for the vertical direction, which has a significant 

impact on the shear-slip potential. 
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(a) 

(b) (c) 

Figure 3.13 Mohr circles at point A: (a) normal faulting stress regime, (b) 

reverse faulting stress regime, (c) strike-slip faulting stress regime 
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(a) 

(b) (c) 

Figure 3.14 Mohr circles at point B: (a) normal faulting stress regime, (b) 

reverse faulting stress regime, (c) strike-slip faulting stress regime 
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(a) 

(b) (c) 

Figure 3.15 Mohr circles at point C: (a) normal faulting stress regime, (b) 

reverse faulting stress regime, (c) strike-slip faulting stress regime 
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(a) 

(b) (c) 

Figure 3.16 Mohr circles at point D: (a) normal faulting stress regime, (b) 

reverse faulting stress regime, (c) strike-slip faulting stress regime 
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3.5 Probability of fracture reactivation 

 

To quantitatively investigate the probability of fracture reactivation, the 

probability was calculated using virtually generated fracture orientations and 

the effective stress evolution. Figure 3.17 shows the evolution of fracture shear 

slip probability for the three different stress regimes at Point A and Point B 

during CO2 injection. In all cases, the probability increases with the injection 

of CO2. When the fractures are distributed randomly, the maximum probability 

of fracture shear slip after 10 years of CO2 injection at Point A is about 40 % 

for a normal faulting stress regime, 40 % for a reverse faulting stress regime, 

and 70 % for a strike-slip stress regime. In the case of fracture statistics derived 

from In Salah, the probability of the fracture shear slip is almost 100 % for the 

normal faulting stress regime, while fracture shear slip did not occur in the 

reverse faulting stress regime case. Moreover, under the assumed stress 

magnitudes, all fractures were calculated to slip for the strike-slip faulting stress 

regime both before and after the injection of CO2. 
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(a) 

(b) (c) 

Figure 3.17 Evolution of the probability of fracture shear slip at point A and 

B: (a) normal faulting stress regime, (b) reverse faulting stress regime, (c) 

strike-slip faulting stress regime 
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(a) 

(b) (c) 

Figure 3.18 Evolution of the probability of fracture shear slip at point C and 

D: (a) normal faulting stress regime, (b) reverse faulting stress regime, (c) 

strike-slip faulting stress regime 

 

Figure 3.18 shows the evolution of the fracture shear slip probability at 

Point C and Point D, located in the caprock. In all cases, the probabilities of 

fracture shear slip at Points C and D in the caprock are lower than at Points A 

and B in the reservoir. Fracture shear slip at Points C and D did not occur for 

the normal faulting stress regime, even when the fracture–shear–slip probability 
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at Point A is almost 100 % in the fracture statistics derived from In Salah. 

Because Point D is located in the upper part of the caprock, the pressure 

increase is less than 3 MPa (Figure 3.12), which is insufficient to induce any 

substantial increase in the probability of fracture shear slip. Although the 

pressure increase at Point C is somewhat larger, it was not sufficient to induce 

fracture shear slip. To explain the shear slip mechanism more effectively, a 

stereonet is used to plot the actual orientation data, together with the possible 

range of orientations that can be allowed for shear slip at Points A through D 

(Figure 3.19, Figure 3.20, Figure 3.21, and Figure 3.22). The red area is the 

distribution of fractures over which shear slip can occur; the black points are 

the actual orientation data from the In Salah fracture data set. The analysis of 

the stereonet shown in Figure 3.19 indicates why such large differences in 

shear-slip potential occur depending on the stress regime, especially with the 

actual orientations in the In Salah fracture data set. As shown in Figure 3.19, 

Figure 3.20, Figure 3.21, and Figure 3.22, no overlapping area occurs between 

the shear-slip area and actual fracture orientation for the reverse faulting stress 

regime. In the case of the In Salah fracture data set, the majority of the fractures 

were not vulnerable to shear slip even under more substantial pore pressure, 

because of the presence of near-vertical fractures. However, most fractures 

were located in the shear slip area for the strike-slip faulting stress regime, 

resulting in a high probability of fracture shear slip. The reverse faulting stress 

regime had the least probability of a fracture shear slip, mainly due to the 
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highest minimum principal stress being vertical. As already shown in Figure 

3.13, the minimum principal stress of the reverse faulting stress regime is 

greater than that of other stress regimes; consequently, the Mohr circle does not 

meet the failure criterion. 

 

Initial 

 

After 3 

years 

 

After 10 

years 

 

 (a) (b) (c) 

Figure 3.19 Shear slip area at point A: (a) normal faulting stress regime, (b) 

reverse faulting stress regime, (c) strike-slip faulting stress regime 
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Initial 

After 3 

years 

After 10 

years 

 (a) (b)  (c) 

Figure 3.20 Shear slip area at point B: (a) normal faulting stress regime, (b) 

reverse faulting stress regime, (c) strike-slip faulting stress regime 
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Initial 

 

After 3 

years 

 

After 10 

years 

 

 (a) (b) (c) 

Figure 3.21 Shear slip area at point C: (a) normal faulting stress regime, (b) 

reverse faulting stress regime, (c) strike-slip faulting stress regime 
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Initial 

 

After 3 

years 

 

After 10 

years 

 

 (a) (b) (c) 

Figure 3.22 Shear slip area at point D: (a) normal faulting stress regime, (b) 

reverse faulting stress regime, (c) strike-slip faulting stress regime 

 

Based on this observation, the reverse faulting stress regime seems to 

provide the most suitable conditions for CO2 geosequestration among the three 

kinds of stress regimes considered in this study. However, this result must be 

interpreted with caution. If a site has fracture sets that are vulnerable to shear 

slip for the reverse faulting stress regime, the probability of shear slip may 

become the greatest for a reserve faulting stress regime. In other words, the 

probability of fracture shear slip is site specific, and it is a function of both the 

local stress field and orientations of the fractures. In addition, the magnitudes 

of shear stress, as dictated by the stress ratio in each stress regime in this study, 
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were upper-bound values; it is a conservative choice with respect to the 

potential for fracture shear slip. If the ratio of stress, i.e., the ratio of vertical to 

horizontal stress or ratio of the minimum to maximum horizontal stresses, 

approaches unity, the probability of shear slip dramatically decreases regardless 

of the stress regime, and the distinction of different stress regimes may not be 

meaningful. Therefore, a site-specific study must be conducted to investigate 

the actual probability of shear slip induced by CO2 injection. 

 

 

3.6 Effect of caprock permeability 

 

In numerical model, the permeability of the caprock is lower than that of 

the aquifer by four orders of magnitude. This value of caprock permeability 

(1×10-17 m2) probably belongs to the higher end of the typical range; therefore, 

the results presented in this study can be considered to be conservative. In order 

to investigate the effect of caprock permeability, additional analyses were 

conducted by varying the caprock permeability from 1×10-17 m2 to 1×10-20 m2. 

Figure 3.23 shows the evolution of pore pressure at Point C with different 

caprock permeability. If the caprock permeability is lower than 1×10-19, the pore 

pressure at Point C increases less than 1 MPa after 10 years of CO2 injection, 

which means that the caprock effectively prevents the upward migration of 

injected CO2. 
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Figure 3.23 Pore pressure evolution at point C with different caprock 

permeability 

 

Figure 3.24 shows the probability of fracture shear slip at Point C, with 

random fracture orientations for different caprock permeability. In all cases, the 

probability of fracture shear slip decreases with the decrease in caprock 

permeability, which consequently means that the potential for CO2 leakage 

decreases. As expected, the permeability of caprock plays a significant role in 

controlling the shear slip in the caprock. 
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(a) 

 

(b) (c) 

Figure 3.24 Probability of fracture shear slip at point C with random fracture 

orientations for different caprock permeability: (a) normal faulting stress 

regime, (b) reverse faulting stress regime, (c) strike-slip faulting stress regime 

 

It is worth noting that the reactivation of fractures in the reservoir and 

caprock does not necessarily result in the leakage of CO2 due to the requirement 

that fractures must have a high degree of connectivity through the lower and 

upper parts of the caprock. In addition, the actual magnitude of permeability 

increases in the reactivated fractures was not quantified in the current approach. 

Further work is therefore suggested to incorporate the connectivity of fractures 
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into the fracture reactivation analysis as well as quantify fracture permeability 

after shear slip in both the caprock and reservoir. 
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4. Effect of geomechanical parameter on shear slip 

potential 

 

In order to provide a quick assessment of effective stress and fracture shear 

slip probability associated with underground injection, the effective stress 

evolution is calculated using an analytic solution, and then the probability of 

shear slip is evaluated. To generalize the effect of in-situ stress on the fracture 

shear slip, the concept of stress polygons is adopted. Thereafter, the probability 

of shear slip is evaluated at different points within the stress polygon. Finally, 

the effect of Poisson’s ratio and Biot’s coefficient are investigated on the 

fracture shear slip probability.  

 

 

4.1 Effective stress calculation 

  

Conventionally, the effective stress change due to pore pressure increase 

is described as follows: 

 

 ' P        (4.1) 

 

where σ′ is effective stress, σ is total stress, α is Biot coefficient, and P is 
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pore pressure. The effective stress is proportional to the pore pressure change 

multiplied by a hydromechanical constant.  

Because of the reservoir geometry and boundary condition, however, the 

total stress of horizontal direction increases due to the injection of fluid as 

mentioned in Chapter 3.4.2. If the reservoir with underground injection is 

assumed thin and horizontally infinite, the increments of total stresses are 

defined as: 

 

0v     (4.2) 

1 2

1h P
 



  


    (4.3) 

 

where σv is vertical total stress, σh is horizontal total stress, and ν is 

Poisson’s ratio (Segall and Fitzgerald, 1998). 

Consequently, the total stresses are defined as: 

 

v vi      (4.4) 

1 2

1h hi P
  



  


   (4.5) 

 

where σvi is initial vertical total stress, σhi is initial horizontal total stress. 

There is the change of total stress only in horizontal direction, and 

consequently, the effective stresses are computed as follows: 
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'v v viP P             (4.6) 

1 2
'

1 1h h hi hiP P P P
        
 


          

 
 (4.7) 

 

where σ′v is vertical effective stress and σ′h is horizontal effective stress. 

According to Equations 4.6 and 4.7, the effective stress change is same as 

conventional concept in vertical direction, however, different in horizontal 

direction. 

 

 

4.2 Probability of fracture reactivation 

 

For the analysis, lithostatic and hydrostatic pore pressure condition are 

considered and the density of the rock and water are assumed as 2,500 kg/m3 

and 1,000 kg/m3. Figure 4.1 and Figure 4.2 show the contour of the probability 

of fracture shear slip at 1000 m and 2000 m depth, respectively. As shown in 

the figures, the shear slip probability increases along with the increasing 

reservoir pressure along with the injection of CO2. A greater stress difference 

between vertical and horizontal stress, corresponding to a greater initial shear 

stress, results in a higher probability of fracture shear slip. Moreover, the deeper 

the underground reservoir, the less effect by pore pressure due to the high initial 

pore pressure and stress state relatively. 
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(a) 

 

(b) (c) 

Figure 4.1 Contour of the probability of fracture shear slip at 1000 m depth: 

(a) initial state (b) 5 MPa pore pressure increase (c) 10 MPa pore pressure 

increase 
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(a) 

(b) (c) 

Figure 4.2 Contour of the probability of fracture shear slip at 2000 m depth: 

(a) initial state (b) 5 MPa pore pressure increase (c) 10 MPa pore pressure 

increase 
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Figure 4.3 show the shear slip area of selected points at 1000 m depth for 

initial state, 5 MPa pore pressure increase, and 10 MPa pore pressure increase. 

Shaded area indicates the range of fracture orientation over which shear slip 

can occur. As shown in Figure 4.3, the shear slip area increases with increasing 

fluid pressure along with the injection of CO2. According to the direction and 

magnitude of principal stresses, the shear slip area has different shape. 

 

(a) 

 

(b) (c) 

Figure 4.3 Shear slip area at 1000 m depth: (a) initial state (b) 5 MPa pore 

pressure increase (c) 10 MPa pore pressure increase 
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4.3 Effect of Biot coefficient 

 

The contour of the probability of fracture shear slip is shown in Figure 4.4 

with different values of the Biot coefficient at 1000 m depth and 10 MPa 

increased pore pressure. As shown in the figure, the shear slip probability 

increases along with an increasing Biot coefficient because low Biot coefficient 

means low effect of pore pressure. 

 

(a) 

 

(b) (c) 

Figure 4.4 Contour of the probability of fracture shear slip at 1000 m depth 

and 10 MPa increased pore pressure: Biot coefficient (a) 0.6 (b) 0.8 (c) 1.0  
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Figure 4.5 show the shear slip area at 1000 m depth with 0.6 Biot 

coefficient, 0.8 Biot coefficient, and 0.8 Biot coefficient. As shown in Figure 

4.5, the shear slip area increase with increasing Biot coefficient along with the 

injection of CO2. 

 

 

(a) 

 

(b) (c) 

Figure 4.5 Shear slip area at 1000 m depth: Biot coefficient (a) 0.6 (b) 0.8 (c) 

1.0 
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4.4 Effect of Poisson’s ratio 

 

Figure 4.6 shows the contour of the probability of fracture shear slip with 

different Poisson’s ratio at 1000 m depth and 10 MPa increased pore pressure. 

As shown in these figures, the blue area of low probability for shear slip moves 

to the reverse faulting stress regime along with the increase of Poisson’s ratio. 

This movement means that the shear slip probability increases with increasing 

Poisson’s ratio under normal and strike-slip faulting stress regimes and 

decreases under reverse faulting stress regime. Figure 4.7 show the shear slip 

area at 1000 m depth for increasing Biot coefficient from 0 to 0.5 Biot 

coefficient with 0.1 increment.  
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(a) (b) 

 

(c) (d) 

 

(e) (f) 

Figure 4.6 Contour of the probability of fracture shear slip at 1000 m depth 

and 10 MPa increased pore pressure: Poisson’s ratio (a) 0 (b) 0.1 (c) 0.2 (d) 

0.3 (e) 0.4 (f) 0.5 
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(a) (b) 

 

(c) (d) 

 

(e) (f) 

Figure 4.7 Shear slip area at 1000 m depth: Poisson’s ratio (a) 0 (b) 0.1 (c) 0.2 

(d) 0.3 (e) 0.4 (f) 0.5 
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In order to explain the shear-slip mechanism for different values of 

Poisson’s ratio, we plotted Mohr’s circle for each of the stress the three stress 

regimes. According to Equation 4.7, Poisson’s ratio of 0 means no effect of 

fluid pressure on horizontal effective stress and Poisson’s ratio of 0.5 means 

that horizontal effective stress changes by the same amount as vertical. As a 

result, pressure-induced horizontal effective stress will decrease with 

increasing Poisson’s ratio. Figure 4.8 shows Mohr circle representing the final 

stress state after a fluid pressure increase of 10 MPa and how it depends on the 

Poisson’s ratio. Black line is the case of low Poisson’s ratio and dotted red line 

is the case of high Poisson’s ratio. As shown in Figure 4.8, the vertical effective 

stress does not depend on the Poisson’s ratio, but the final horizontal effective 

stress decrease with increasing Poisson’s ratio. For normal faulting stress 

regime, minimum and medium effective principal stresses decrease and the size 

of Mohr circle increases. For strike-slip faulting stress regime, minimum and 

maximum effective principal stresses decrease and the location of Mohr circle 

moves to the left. For reverse faulting stress regime, medium and maximum 

effective principal stresses decrease and the size of Mohr circle decreases. 

Consequently, the area over the failure criterion increases when Poisson’s ratio 

increase under normal and strike-slip faulting stress regimes, however, the area 

over the failure criterion decreases under reverse faulting stress regime. 
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(a) 

 

(b) (c) 

Figure 4.8 Change of principal stress state due to the increase of Poisson’s 

ratio: (a) normal faulting stress regime (b) strike-slip faulting stress regime (c) 

reverse faulting stress regime 
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5. Thermally-induced fracture shear slip of 

geological repository for nuclear waste 

 

For the thermoshearing analysis at the nuclear waste repository, thermal 

stress evolution was taken from a previous study conducted by Min et al. (2013) 

and then the probability of shear slip is evaluated.  

 

 

5.1 Thermal stress evolution from geological repository 

  

Thermal stress data were taken from a previous study conducted by Min 

and Stephansson (2008). They conducted thermomechanical analysis using the 

finite element method for the deep geological repository based on the 

geological data at Forsmark, as illustrated in Figure 5.1 (Min et al., 2013). The 

initial stress data are given in Table 5.1. 
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Figure 5.1 Geometry used in this study. (a) Repository model, (b) Location of 

monitoring points. A1, A2, and A3 are located 200 m apart in a vertical 

direction. (Min et al., 2013) 

 

Table 5.1 Magnitudes and orientations of initial stress at different depths 

(Martin, 2007) 

Depth range (m) σH (MPa) Trend (°) σh (MPa) Trend (°) σv (MPa) 

0 – 150 19+0.008z 145 11+0.006z 55 0.0265z 

150 – 400 9.1+0.074z 145 6.8+0.034z 55 0.0265z 

400 – 600 29.5+0.023z 145 9.2+0.028z 55 0.0265z 
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The evolutions of stresses in the horizontal direction at various points are 

shown in Figure 5.2 and Figure 5.3. The maximum horizontal compressive 

stress of 20 MPa was observed at the center of the repository after about 100 

years. At the periphery of the repository, anisotropic horizontal compressive 

stresses (B3 and C3) were observed. Furthermore, the time for maximum 

compressive stress to develop varied from 100 to 1,000 years, depending on the 

location of the monitoring points.  

The maximum tensile stress was on the order of 10 MPa at the ground 

surface, directly above the center of the repository. Transition from tensile to 

compressive stress occurred at about the mid-depth point above the repository 

(A2 and B2). Even though tensile stresses near the surface were in the 

horizontal direction, vertical tensile stresses were observed at the repository 

level in the vicinity of the repository (points C3 and D3).  

 

 

Figure 5.2 Evolution of notable compressive stresses at selected points at a 

repository level of 400 m (Min et al., 2013) 
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Figure 5.3 Thermally-induced horizontal tensile, vertical tensile and shear 

stresses at various locations. (a) Tensile stress at ground surface, (b) Stresses 

at mid-depth, (c) Vertical tensile stress at repository level, (d) Shear stresses at 

selected locations. (Min et al., 2013) 
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5.2 Evolution of the probability of fracture shear slip 

 

 

        (a)                 (b) 

Figure 5.4 Probability of shear slip with time using general data with random 

distribution: (a) A3, B3, C3, and D3 (b) A2, B2, C2, and D2 

 

A random-distribution case of fracture orientation was chosen in order to 

provide a base study that was not connected to a specific site. Figure 5.4 shows 

the variation of the probability of shear slip with time at the eight selected points.  

Figure 5.4 (a) shows the probability of shear slip at randomly-oriented 

fractures for points A3, B3, C3, and D3. As expected, the probability of shear 

slip increases as the thermal stress increases. The probability of shear slip at 

location A3 increased to about 40 %, more than double the probability of initial 

shear slip. This increase was the result of the thermal stress creating significant 

differences in the horizontal and the vertical stresses. Horizontal thermal stress 

is substantially larger than vertical thermal stress because of the unconfined 

surface, and the increased difference between the two stresses causes the 
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increase in the size of the Mohr Circle, which results in increased probability 

of shear slip. The probability of shear slip decreases as thermal stress decreases, 

i.e., when the temperature of the repository decreases. However, it is noted that 

this observation does not necessarily mean the recovery of the lower 

permeability that existed before fracture shear slip and dilation occurred.  

The difference between location A3 and B3 was due mainly to the fact that 

A3 was located in the middle of the repository, where larger thermal stress was 

generated. While the maximum probability of fracture slip was observed at 

around 100 years at both A3 and B3, a delayed maximum probability was 

observed at C3 between 300 and 400 years. This difference is attributed to the 

delayed generation of thermal stress because C3 is 200 m away from the 

repository.  

Interestingly, the maximum probability of shear slip at C3 was greater than 

the probability at B3 even though the stress variation at B3 was greater than the 

variation at C3. An explanation for this can be based on stress differences. 

While the differences between both horizontal thermal stresses at B3 are small 

(i.e., the thermal stresses generated in both directions are essentially the same), 

the stress differences at C3 are larger, and the horizontal thermal stresses are 

generated unevenly. Also, the tensile stress of as much as 3 MPa at C3 

contributed to the higher probability. Therefore, the probability of shear slip at 

C3 was much greater than the probability at B3. The probability of fracture slip 

at D3 increased by only about 10 % because D3 had less thermal stress because 
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it was about 300 m away from the corner of the repository.   

Figure 5.4 (b) shows the probability of shear slip with randomly oriented 

fractures at A2, B2, C2, and D2. As expected, the overall shape of the graph is 

similar to the graph shown for A3, B3, and C3. The initial probability of shear 

slip at A2, B2, C2, and D2 was greater than the initial probability of shear slip 

at A3, B3, C3, and D3 because the ratio of horizontal stress to vertical stress 

was greater at the shallower depth. The maximum probabilities of shear slip at 

B2 and C2 were larger than the maximum probability of shear slip at A3. It was 

noted that the shape of the graph for A2 was distinctly different from that of the 

other graphs. When the temperature at A2 increased, tensile stress was 

generated, and this generation caused a decrease in the horizontal compression 

explaining why the probability of shear slip at A2 decreased.  

 

 

   (a)                (b) 

Figure 5.5 Probability of shear slip with time using data from Forsmark: (a) 

A3, B3, C3, and D3 (b) A2, B2, C2, and D2 
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The results with actual fracture orientation data from the Forsmark site are 

shown in Figure 5.5. The shapes of the probabilities of shear slip were largely 

similar to the graph in Figure 5.4 with random orientation. As shown in Figure 

5.5, the probabilities of shear slip with actual fracture orientation were less than 

half the probabilities with random distribution. During 10,000 years, the 

maximum shear slip probability was about 20 % at B2 and C2. This lower 

probability than the case with random orientation is explained by the fact that 

the orientations of four fracture sets were almost vertical or horizontal, and 

there were fewer fractures vulnerable to shear slip in spite of increased thermal 

stress. However, this result must be interpreted with caution. If different sites 

contain fracture sets whose orientations are vulnerable to shear slip, the 

probability of shear slip may become even greater than with random orientation, 

producing a significant effect on the performance of the underground 

repositories. Therefore, site-specific studies must be conducted to investigate 

the potential for shear slip. 
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Initial state after 100 years after 1,000 years after 10,000 years 

(a) 

  

Initial state after 100 years after 1,000 years after 10,000 years 

(b) 

Figure 5.6 Evolution of shear slip zone with time, showing the shaded shear 

slip zone and the distribution of actual fracture data from Forsmark (dotted). 

(a) location A3, (b) location B2 

 

In order to investigate the cause of the difference in shear slip probabilities 

between the random orientation and the fracture orientation data from Forsmark, 

the actual orientation data is plotted together with the possible range of 

orientations that could allow for shear slip (Figure 5.6). The red-shaded area is 

the distribution of fractures for which shear slip can occur, while the black 

points are the actual fracture orientations. The evolution of the size of the 

shaded shear slip area shows that its size reaches a maximum at 100 years, and 

it then returns almost to its initial state after 10,000 years. Moreover, the shape 

of the shear slip area at 100 years showed that increased horizontal thermal 
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stress dominated the state of stress and that shear slip was not necessarily 

focused on a particular dip direction as in the initial state. 

Inspection of the stereonet shown in Figure 5.6 explains why there is a 

difference of probability for shear slip between the random orientation and the 

actual fracture orientation data from Forsmark. As Figure 5.6 shows, the extent 

of overlap of the shear slip area with the actual orientation is small. In Forsmark, 

since the NE, NS, and NW fracture sets, as shown in Table 2.2, were almost 

vertical and the SH fracture set was almost a horizontal plane, the majority of 

the data are less vulnerable to shear slip compared with a random orientation, 

even with substantially greater thermal stress. A notable difference in location 

B2 located at 200 m depth is the slight tilting of the shaded slip zone at 100 

years, which is explained by the thermally-induced rotation of principal stress 

at mid-depth of the repository. Figure 5.7 presents the probability of shear slip 

with different coefficients of friction at A3, and the dependence of the 

probability of shear slip on the coefficient of friction is evident. 
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Figure 5.7 Probability of shear slip with time using general data with random 

distribution at A3 
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6. Explicit fracture shear slip analysis 

 

6.1 Introduction 

 

Many decades of research and development have resulted in highly 

sophisticated modeling codes for geological applications, because of a steadily 

growing interest in coupled THM phenomena in geological media. Especially, 

numerical codes applied in the field of rock mechanics includes THAMES 

(Ohnishi and Kobayashi, 1996), MOTIF (Guvanasen and Chan, 2000), 

FRACON (Nguyen, 1996), ROCMAS (Noorishad et al., 1984), FRT-THM (Liu 

et al., 2008), FEMH (Bower and Zyvoloski, 1997), GeoSys/Rockflow (Wang 

and Kolditz, 2007), FRACture (Kohl and Hopkirk, 1995), GEOCRACK 

(Swenson et al., 1997), ABAQUS (Börgesson et al., 2001), TOUGH-FLAC 

(Rutqvist et al., 2002), TOUGHREACT-FLAC (Taron et al., 2009), FLAC3D 

(Itasca, 2009), UDEC (Itasca, 2011), PFC (Itasca, 2008). 

In order to properly model hydroshearing and thermoshearing, there are a 

number of basic requirements and desired features of the numerical code. First, 

the numerical code should be able to model coupled fluid flow and heat 

transport in fractured and porous rock, including both fractures and the rock 

matrix between fractures. Moreover, it is critical that the coupled 

hydromechanical and thromomechanical behavior of fractures can be 

adequately modeled. Moreover, in certain applications, such as for the analysis 
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of CO2 geosequestration and geothermal energy extraction from high-

temperature steam reservoirs, appropriate modeling of multiphase and 

multicomponent fluid flow processes is required. However, most of the existing 

simulators, such as the ones listed above, are based on continuum modeling 

approaches, which cannot explicitly consider fracture hydromechanical and 

thermomechanical processes. Although there are numerical codes capable of 

modeling fracture behavior mechanical and hydraulic behavior explicitly, 

including codes based on the distinct element method (DEM) such as UDEC 

(Itasca, 2011) or the distinct deformation analysis (Shi, 1988), they have to date 

been predominantly used for modeling of mechanical behavior, whereas the 

fluid flow has been limited to single phase flow confined within the fractures. 

In this study, an alternative approach of linking two existing codes are 

applied for modeling of coupled multiphase fluid flow, heat transport, and 

mechanical processes in complex fractured rocks, including explicit modeling 

of fractures. A simulator is developed based on linking the TOUGH2 finite 

volume multiphase flow and heat transport code (Pruess et al. 2011), with DEM 

geomechanical code UDEC (Itasca, 2011). This method is similar to the one 

adopted for TOUGH-FLAC simulator which has been applied in a wide variety 

of applications in the past decade (Rutqvist et al., 2002, Rutqvist, 2011). The 

different feature of the current simulator is that the mechanical code UDEC can 

be more effectively handle the shear slip and associated dilation of the fractures. 

The two codes are linked using sequential execution and data transfer through 
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a coupling module. Although, it is well known that stability and convergence 

rate are the key issues for the success of a sequential scheme, it has significant 

advantage due to its modularity such that the fluid and the mechanical solver 

for corresponding governing equations can be executed separately without 

much modifications, which is particularly desirable in many practical 

applications (Xie and Wang, 2014). Additionally, a sequential coupling of 

existing simulators will typically be more rapid and less expensive to develop, 

and the modular construction allows for easier implementation of future 

advances in constitutive relationships or modeling structures (Settari and 

Mourits, 1998). It can take many years for a new numerical model to be 

developed and validated by the research community, but in the case of 

TOUGH2 and UDEC, both codes are well tested and widely applied in their 

respective fields. Moreoer, by choosing an appropriate coupling scheme, so-

called fixed-stress split, the solution for such sequential coupling is 

unconditionally stable and convergence properties are comparable to the fully 

coupled method (Kim, 2010). TOUGH-UDEC can handle only the explicit 

sequential logic which is a kind of loose coupling. If implicit sequential logic 

is considered, we can consider appropriate coupling scheme, like fixed-stress 

split, which is used in TOUGH-FLAC (Rutqvist et al., 2002). This coupling 

effect is important to the short term modelling, and for the storage of CO2 and 

nuclear waste, this effect can be neglected. However, more systematic analysis 

should be conducted for this problem.  
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6.2 Code description 

 

The manuscript in this chapter is the part of the manual of each code. 

 

6.2.1 TOUGH2 (Pruess, 1998) 

 

TOUGH2 (Transport Of Unsaturated Groundwater and Heat) is a general-

purpose numerical simulation program for multi-dimensional fluid and heat 

flows of multiphase, multicomponent fluid mixtures in porous and fractured 

media. Developed at the Lawrence Berkeley National Laboratory (LBNL) in 

the early 1980s primarily for geothermal reservoir engineering, TOUGH2 is 

now widely used at universities, government organizations, and private industry 

for applications to nuclear waste disposal, environmental remediation problems, 

energy production from geothermal, oil and gas reservoirs as well as gas 

hydrate deposits, geological carbon sequestration, vadose zone hydrology, and 

other uses that involve coupled thermal, hydrological, geochemical, and 

mechanical processes in permeable media.  

TOUGH2 solves mass and energy balance equations that describe fluid 

and heat flow in general multiphase, multicomponent systems. Fluid advection 

is described with a multiphase extension of Darcy’s law; in addition there is 

diffusive mass transport in all phases. Heat flow occurs by conduction and 

convection, the latter including sensible as well as latent heat effects. For 
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numerical simulation the continuous space and time variables must be 

discretized. Space discretization is made directly from the integral form of the 

basic conservation equations, without converting them into partial differential 

equations. This integral finite difference method (IFDM) avoids any reference 

to a global system of coordinates, and thus offers the advantage of being 

applicable to regular or irregular discretizations in one, two, and three 

dimensions. The IFDM also makes it possible, by means of simple 

preprocessing of geometric data, to implement double- and multiple-porosity 

methods for fractured media. Time is discretized fully implicitly as a first-order 

backward finite difference. This together with upstream weighting of flux terms 

at interfaces is necessary to avoid impractical time step limitations in flow 

problems involving phase (dis-)appearances, and to achieve unconditional 

stability. 

Basic mass and energy balance equations solved by TOUGH2 can be 

written in the general form as follow: 

 

n n n

Vn n Vn

d
M dV d q dV

dt
  



     F n   (6.1) 

 

The integration is over an arbitrary subdomain Vn of the flow system under 

study, which is bounded by the closed surface Γn. The quantity M appearing in 

the accumulation term (left hand side) represents mass or energy per volume, 

with κ from 1 to NK labeling the mass components (water, air, H2, solutes, etc.), 
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and κ = NK + 1 the heat component. F denotes mass or heat flux, and q denotes 

sinks and sources. n is a normal vector on surface element dΓn, pointing inward 

into Vn. 

The general form of the mass accumulation term is 

 

M S X 
  



      (6.2) 

 

The total mass of component κ is obtained by summing over the fluid 

phases β (liquid, gas, NAPL, etc.).   is porosity, Sβ is the saturation of phase 

β, ρβ is the density of phase β, and X 
  is the mass fraction of component κ 

present in phase β.  

Similarly, the heat accumulation term in a multiphase system is as follow: 

 

1 (1 )NK
R RM C T S u  



          (6.3) 

 

where ρR and CR are, respectively, grain density and specific heat of the 

rock, T is temperature, and uβ is specific internal energy in phase β. 

 

Advective mass flux is a sum over phases 

 

adv
X 

 


 F F    (6.4) 
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and individual phase fluxes are given by a multiphase version of Darcy's 

law: 

 

( )rk
k P 

    



 


    F u g   (6.5) 

 

Here uβ is the Darcy velocity (volume flux) in phase β, k is absolute 

permeability, krβ is relative permeability to phase β, μβ is viscosity, and 

 

cP P P      (6.6) 

 

is the fluid pressure in phase β, which is the sum of the pressure P of a 

reference phase (usually taken to be the gas phase), and the capillary pressure 

Pcβ. g is the vector of gravitational acceleration. 

 

Heat flux includes conductive and convective components 

 

1NK T h 


    F F    (6.7) 

 

where λ is thermal conductivity, and hβ is specific enthalpy in phase β. 
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The continuum equations (Equation 6.1) are discretized in space using the 

integral finite difference method (IFDM). Introducing appropriate volume 

averages, we have 

 

n

n n

V

MdV V M    (6.8) 

 

where M is a volume-normalized extensive quantity, and Mn is the average 

value of M over Vn. Surface integrals are approximated as a discrete sum of 

averages over surface segments Anm: 

 

n nm nm
mn

d A F



    F n    (6.9) 

 

Here Fnm is the average value of the (inward) normal component of F over 

the surface segment Anm between volume elements Vn and Vm. The discretization 

approach used in the integral finite difference method and the definition of the 

geometric parameters are illustrated in Figure 6.1. 
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Figure 6.1 Space discretization and geometry data in the integral finite 

difference method (Pruess, 1998) 

 

 

6.2.2 UDEC (Itasca, 2011) 

 

The Universal Distinct Element Code (UDEC), developed by ITASCATM, 

is a two-dimensional numerical program based on the distinct element method 

for discontinuum modeling. UDEC simulates the response of discontinuous 

media (such as a jointed rock mass) subjected to either static or dynamic loading. 

The discontinuous medium is represented as an assemblage of discrete blocks. 

The discontinuities are treated as boundary conditions between blocks; large 

displacements along discontinuities and rotations of blocks are allowed. 

Individual blocks behave as either rigid or deformable material. Deformable 

blocks are subdivided into a mesh of finite-difference elements, and each 

element responds according to a prescribed linear or nonlinear stress-strain law. 

The relative motion of the discontinuities is also governed by linear or nonlinear 
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force-displacement relations for movement in both the normal and shear 

directions. UDEC is based on a “Lagrangian” calculation scheme that is well-

suited to model the large movements and deformations of a blocky system.  

UDEC is primarily intended for analysis in rock engineering projects, 

ranging from studies of the progressive failure of rock slopes to evaluations of 

the influence of rock joints, faults, bedding planes, etc. on underground 

excavations and rock foundations. UDEC is ideally suited to study potential 

modes of failure directly related to the presence of discontinuous features. The 

program can best be used when the geologic structure is fairly well-defined 

(e.g., from observation or geologic mapping). 
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Figure 6.2 Calculation cycle for the distinct element method (Itasca, 2011) 

 

In the UDEC, a rock mass is represented as an assembly of discrete blocks. 

Joints are viewed as interfaces between distinct bodies. The contact forces and 

displacements at the interfaces of a stressed assembly of blocks are found 

through a series of calculations that trace the movements of the blocks. 

Movements result from the propagation through the block system of 
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disturbances caused by applied loads or body forces. The calculations 

performed in UDEC alternate between application of a force-displacement law 

at all contacts and Newton’s second law at all blocks. The force-displacement 

law is used to find contact forces from known (and fixed) displacements. 

Newton’s second law gives the motion of the blocks resulting from the known 

(and fixed) forces acting on them. If the blocks are deformable, motion is 

calculated at the gridpoints of the triangular finite-strain elements within the 

blocks. Then, the application of the block material constitutive relations gives 

new stresses within the elements. Figure 6.2 schematically shows the 

calculation cycle for the distinct element method.  

 

The motion of an individual block is determined by the magnitude and 

direction of resultant out-of-balance moment and forces acting on it. Consider 

the one-dimensional motion of a single mass acted on by a varying force, F(t). 

Newton’s second law of motion can be written in the form 

 

du F

dt m



    (6.10) 

 

where u  is velocity, t is time, and m is mass. 

The central difference scheme for the left-hand side of Equation 6.10 at 

time t can be written as 
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( /2) ( /2)t t t tdu u u

dt t

 



  

   (6.11) 

 

Substituting Equation 6.11 in Equation 6.10 and rearranging yields 

 

( )
( /2) ( /2)

t
t t t t F

u u t
m

       (6.12) 

 

With velocities stored at the half-timestep point, it is possible to express 

displacement as 

 

( ) ( ) ( /2)t t t t tu u u t       (6.13) 

 

Because the force depends on displacement, the force/displacement 

calculation is done at one time instant. Figure 6.3 illustrates the central 

difference scheme with the order of calculation indicated by the arrows. The 

central difference scheme is “second-order accurate” (i.e., first-order error 

terms vanish from the solution). This is an important characteristic that prevents 

long-term drift in a distinct element simulation. 
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Figure 6.3 Interlaced nature of the calculation cycle used in distinct element 

formulation (Itasca, 2011) 

 

For blocks in two dimensions that are acted upon by several forces as well 

as gravity, the velocity equations become 

 

( )
( /2) ( /2)

t
it t t t

i i i

F
u u g t

m
   

     
 

    (6.14) 

( )
( /2) ( /2)

t
t t t t M

t
I

    
    

 

    (6.15) 

 

where   is an angular velocity of block about centroid, I is moment of 

inertia of block, M is total moment acting on the block, iu is velocity 

components of block centroid, and gi is components of gravitational 
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acceleration (body forces). 

In summary, each timestep produces new block positions that generate 

new contact forces. Resultant forces and moments are used to calculate linear 

and angular accelerations of each block. Block velocities and displacements are 

determined by integration over increments in time. The procedure is repeated 

until either a satisfactory state of equilibrium or one continuing failure results. 

 

 

6.3 TOUGH-UDEC simulator 

 

6.3.1 Mesh convertor from UDEC to TOUGH2 

 

In order to link TOUGH2 and UDEC, the geometry and element 

numbering along fractures as well as within matrix blocks should be consistent 

in two codes for any given problem. . Consistent element numbering can be 

achieved by generating the meshes using a special MATLAB routine that is 

programmed such that it produces the same mesh consistent with UDEC. In 

TOUGH2, the numerical grid is defined by finite volume elements with one 

node located within the element boundaries that is connected to neighboring 

elements center nodes. In UDEC, on the other hand, corner nodes define the 

element (or zone) shapes. Moreover, so-called domains are defined in UDEC 

for apertures between nodal points along fractures. One problem is that these 



 

98 

 

fracture domains have small size (aperture) compared with zones in the matrix 

blocks, and this can bring about numerical problems in TOUGH2 flow and heat 

calculation. To reduce this problem, the fractures are in TOUGH2 represented 

by equivalent porous media elements having an equivalent permeability and 

porosity representing a parallel plate model with fracture aperture obtained 

from UDEC (Figure 6.4).  

 

 

Figure 6.4 Schematic view of UDEC and TOUGH mesh 

 

Although hydraulic properties are not changed at TOUGH2 elements in 

blocks, equivalent permeability and porosity are considered for the 

permeability and porosity of TOUGH2 fracture elements to match the 

transmissivity and storativity of the UDEC fracture domains. Equivalent 

permeability is calculated based on the cubic law. Following this rule, 

equivalent permeability and porosity for the TOUGH2 fracture elements are 

calculated as follows: 
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b
     (6.1) 

e

e
n

b
     (6.2) 

 

where ke is equivalent permeability, ne is equivalent porosity, e is aperture 

(hydraulic), and b is spacing and the width of TOUGH2 mesh. 

 

6.3.2 Code-linking logic 

 

The code-linking logic of TOUGH-UDEC as shown in Figure 6.5 is 

similar to that of TOUGH-FLAC (Rutqvist et al., 2002; Rutqvist, 2011). When 

linking two codes, the coupled equations cannot be solved simultaneously; they 

should be solved sequentially, with coupling parameters passed to each 

equation at specific intervals (Figure 6.5). After solving thermal-hydraulic 

equations in TOUGH2, pressure (P) and temperature (T) are supplied to UDEC. 

Pressure is directly stored at the center of UDEC zones and domains while 

temperature is interpolated from the TOUGH2 element centers to the UDEC 

corner nodes (Figure 6.6). After solving mechanical equations in UDEC 

reaching equilibrium conditions with minimum unbalanced forces considering 

pressure and temperature, updated apertures of each fracture domain is 

converted to permeability and porosity and then supplied for the TOUGH2 fluid 

flow calculation (Figure 6.7). The solution is calculated by iteratively following 
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an explicit sequence for numerical efficiency. 

 

 

Figure 6.5 Schematic view of code-linking logic for TOUGH-UDEC 

 

 

Figure 6.6 Information conversion from TOUGH2 to UDEC 

 

 

Figure 6.7 Information conversion from UDEC to TOUGH2 
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6.4 Verifications 

 

The respective codes TOUGH2 and UDEC have been extensively verified 

for multiphase fluid flow and geomechanics, with each code having a large user 

base that provides additional confidence in their validity and applicability. Thus, 

our verification presented in this section is focused on verification related to the 

coupling between TOUGH2 and UDEC. Thus, to verify TOUGH-UDEC, four 

independent code verifications are conducted relevant to code linking, coupled 

hydromechanical responses and thermomechanical responses in reservoirs. 

 

6.4.1 Equivalent permeability 

 

For the code linking, equivalent permeability is verified using parallel 

plate model. The flow rate is calculated as follows: 

 

3

12

e P
Q

x





   (6.3) 

 

where Q is flow rate, e is aperture, μ is fluid viscosity, and /P x   is 

pressure gradient. 

Figure 6.8 shows the schematic view of parallel plate model. The flow rate 

is calculated to be about 3.33×10-7 m3/s using Equation 6.3, and this compares 

well with the flow rate as 3.29×10-7 m3/s calculated by the numerical analysis.  
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Figure 6.8 Schematic view of parallel plate model 

 

 

6.4.2 Uniaxial consolidation 

 

For the hydromechanical response, a uniaxial consolidation analysis is 

conducted the TOUGH-UDEC numerical results are compared with Terzaghi’s 

analytic solution for this problem which is same model in Chapter 3.1.1.  

 

 

Figure 6.9 Schematic view of model geometry and boundary condition 
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Figure 6.9 shows a schematic view and the boundary conditions of the 

numerical model and Table 6.1 shows the properties used for the verification of 

the consolidation analysis. 

Because TOUGH-UDEC in the current setup cannot model the pore 

pressure induced by mechanical loading, an excess pore pressure was used as 

input variable. After mechanical loading, we applied undrained pore pressure 

as an initial condition. Figure 6.10 shows the evolution of pressure at the lower 

boundary whereas Figure 6.11 shows the evolution of displacement at the upper 

boundary. Figure 6.12 shows the pressure distributions at specific times. The 

numerical results are in close agreement with the analytical solution. 

 

Table 6.1 Properties for the uniaxial consolidation model 

Property Value 

Porosity (–) 0.1 

Biot coefficient (–) 0.64 

Water density (kg/m3) 1,000 

Gravity (m/s2) 10 

Bulk modulus (GPa) 13 

Shear modulus (GPa) 8.43 

Biot modulus (–) 5.3648×107 
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Figure 6.10 Evolution of pressure at the lower boundary 

 

 

Figure 6.11 Evolution of displacement at the upper boundary 

 

 

Figure 6.12 Pressure distributions at specific times 
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6.4.3 Heating of a hollow cylinder 

 

For verifying algorithms and code implementations related to 

thermomechanical responses, heating of a hollow cylinder simulation is 

conducted with comparison to an analytic solution. Nowacki (1962) provides 

the solution to this problem in terms of the temperatures and radial, tangential 

and axial stresses at the steady-state thermal state as following: 
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where 
3

2

K
m

G







, 
2

3
K G   , T is temperature, r is radial distance 

from the cylinder center, a is inner radius of the cylinder, b is outer radius of 

the cylinder, Ta is temperature at the inner radius, σr is radial stress, σt is 

tangential stress, σa is axial stress, K is bulk modulus, G is shear modulus, and 

ɑ is linear thermal expansion coefficient. 
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Figure 6.13 Geometry and boundary condition 

 

A quarter section of the cylinder is modeled. Figure 6.13 shows the 

geometry and boundary condition. A constant temperature boundary of 100 °C 

is specified for the inner radius of the model; the temperature at the outer radius 

is specified to be 0 °C. Table 6.2 shows the properties for this verification model. 

 

Table 6.2 Properties for a hollow cylinder model 

Property Value 

Density (kg/m3) 2,000 

Specific heat (J/kg °C) 880.0 

Thermal conductivity (W/m °C) 4.2 

Thermal expansion coefficient (/ °C) 5.4×10-6 

Bulk modulus (GPa) 48.0 

Shear modulus (GPa) 28.0 
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Figure 6.14 shows the temperature distribution at steady state, and Figure 

6.15 shows the temperature distribution, radial stress, tangential stress, and 

axial stress compared with that of the analytic solution. The plotted values are 

normalized, in which temperature is normalized by dividing by Ta, and stress 

is normalized by dividing by mGTa. As shown in Figure 6.15, the results of the 

numerical analysis are in good agreement with that of the analytical solution. 

 

 

Figure 6.14 Temperature contour (units: °C) 
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(a) (b) 

 

(c) (d) 

Figure 6.15 Temperature and stress results at steady state: (a) temperature 

distribution (b) radial stress (c) tangential stress (d) axial stress 
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6.4.4 Heating around a single inclined fracture 

 

In order to verify algorithms and code implementation related to transient 

thermomechanical behavior of fractures, heat injection is conducted at a single 

inclined fracture, using the model as in Figure 6.16. 오류! 참조 원본을 찾을 

수 없습니다. lists the thermal and mechanical properties. Initial temperature 

is 10 °C in the entire domain. For the purpose of demonstrating the TOUGH-

UDEC capability of modeling fracture shear slip, temperature was increased by 

assigning a constant heat flow rate of 100 J/s at the center of the fracture. 

 

 

Figure 6.16 Schematic view of single inclined fracture model 

 

 

 

 



 

110 

 

Table 6.3 Properties of heating around a single inclined fracture model 

Property Value 

Density (kg/m3) 2,000 

Specific heat (J/kg °C) 762.96 

Thermal conductivity (W/m °C) 3.57 

Thermal expansion coefficient (/ °C) 7.7×10-6 

Bulk modulus (GPa) 13.0 

Shear modulus (GPa) 8.43 

Aperture (m) 1×10-4 

Friction coefficient (–) 0.57735 

Dilation angle (˚) 3.2 

Fracture normal stiffness (GPa) 1 

Fracture shear stiffness (GPa) 0.1 

 

Figure 6.17 shows temperature contours and Figure 6.18 and Figure 6.19 

how contours of horizontal and vertical stress, respectively. UDEC and 

TOUGH-UDEC results matches well, and this provides a verification of 

TOUGH-UDEC related to modeling of transient thermomechanical behavior of 

fractures. 
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Figure 6.17 Temperature contour of single inclined fracture model after 6 

months of heat injection: (a) UDEC (b) TOUGH-UDEC (units: °C) 

 

 
Figure 6.18 Stress contour of horizontal direction at single inclined fracture 

model after 6 months heat injection: (a) UDEC (b) TOUGH-UDEC (units: Pa) 

 

 
Figure 6.19 Stress contour of vertical direction at single inclined fracture 

model after 6 months heat injection: (a) UDEC (b) TOUGH-UDEC (units: Pa) 
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6.4.5 Comparison between TOUGH-UDEC and TOUGH-FLAC 

 

Another type of verification is conducted by TOUGH-UDEC to compare 

with TOUGH-FLAC results with same model as shown in Chapter 3.2. 

Geometry and boundary condition are same as Figure 3.5 and Figure 3.6, except 

the half model for TOUGH-UDEC, and properties are presented in Table 3.3. 

 

 

Figure 6.20 Comparison of vertical displacement at surface between TOUGH-

UDEC and TOUGH-FLAC after 1 year injection 
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(a) 

 

(b) 

Figure 6.21 Comparison of pressure contour: (a) TOUGH-FLAC (b) TOUGH-

UDEC (Units: MPa) 

 

Figure 6.20 shows the comparison of vertical displacement at surface 

between TOUGH-UDEC and TOUGH-FLAC after 1 year injection. As shown 

in Figure 6.20, the vertical displacement profiles have similar trend with some 

notable discrepancy. TOUGH-UDEC vertical displacement is larger than that 

of TOUGH-FLAC result at right above the injection point by about 4.5 cm. In 

order to identify the reason, pressure contours are compared (Figure 6.21). 
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Compared with TOUGH-FLAC result, the pressure between 500 m and 800 m 

depth increases. In TOUGH-FLAC, TOUGH2 input properties are affected by 

stress state of FLAC3D. However, there is no TOUGH2 input property change 

in TOUGH-UDEC except the fracture domain permeability. Because of that, 

the pore pressure is more concentrated on the right above the injection point in 

TOUGH-UDEC, and that make larger vertical displacement compared with 

TOUGH-FLAC. 

 

 

6.5 Applications 

 

6.5.1 Fluid injection into a single inclined fracture 

 

In order to test algorithms and code implementation and to demonstrate 

the capability of modeling transient hydromechanical behavior of fractures, a 

simulation is conducted in which fluid is injected into a single inclined fracture. 

Figure 6.22 shows the model geometry and boundary conditions while Table 

6.4 presents material properties. The initial stress is anisotropic with 10 MPa 

vertical stress and 5 MPa horizontal stress, whereas zero initial fluid pressure 

is assumed. For the purpose of demonstrating the capability of simulating fluid 

pressure triggered fracture shear slip, we simulate fluid injection with an 

injection rate of 100 kg/s at the center point of the fracture. The rock matrix is 
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assumed impermeable and fluid flow occurs in the fracture only. 

 

 

Figure 6.22 Schematic view of single inclined fracture model 

 

Table 6.4 Properties of fluid injection at a single inclined fracture model 

Property Value 

Biot constant (–) 1.0 

Aperture (m) 1×10-4 

Bulk modulus (GPa) 13.0 

Shear modulus (GPa) 8.43 

Friction coefficient (–) 0.57735 

Dilation angle (˚) 3.2 

Fracture normal stiffness (GPa) 100 

Fracture shear stiffness (GPa) 10 
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Figure 6.23 shows pressure evolution at injection point and Figure 6.24 

shows fracture normal and shear displacement at the injection point. Because 

of a constant injection rate, pressure increases continuously and normal 

displacement (fracture opening) occurs as a result of reduced effective normal 

stress. When pressure reaches specific magnitude which is enough to make 

shear stress larger than the shear strength (or effective normal stress multiplied 

by friction coefficient), shear failure and shear slip displacement occur. In this 

stage, shear dilation gives rise to an additional normal displacement, and 

consequently, the normal displacement increases more steeply than without 

shear dilation. 

 

 

Figure 6.23 Pressure evolution at the injection point. 
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Figure 6.24 Normal and shear displacement of fracture at the injection point 

 

 

6.5.2 CO2 injection with an existing fracture in the caprock 

 

Developed TOUGH-UDEC simulator is applied to the larger scale model 

to demonstrate its capability. In order to investigate the permeability change 

due to fracture shear slip, a TOUGH-UDEC numerical analysis with a single 

fracture across the caprock is considered in the current study. Figure 6.25 shows 

the schematic view of the system with a vertical (Figure 6.25 (a)) and inclined 

fracture (Figure 6.25 (b)). In this model simulation CO2 was injected into a 300 

m thick aquifer located between 1200 m and 1500 m depth. The overburden 

consists of a 1000 m thick upper layer and a 200 m thick caprock located just 

above the aquifer. To minimize boundary effects, the lateral boundaries are 

located 50 km apart, which is sufficiently far from the CO2 injection point. The 

single joint is located in the caprock layer, and the center of the joint is located 
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500 m from the injection point. The inclined fracture has 45° angle which 

therefore can slide more easily. 

 

 

(a) 

 

(b) 

Figure 6.25 Schematic view of single fracture model: (a) vertical fracture (b) 

inclined fracture 

 

Boundary condition are same as Figure 3.6, except the half model for 

TOUGH-UDEC, and properties are presented in Table 3.3 and Table 6.5. 
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Table 6.5 Properties of the fracture 

Property Value 

Aperture (m) 1×10-4 

Friction coefficient (–) 0.57735 

Dilation angle (˚) 3.2 

Fracture normal stiffness (GPa) 100 

Fracture shear stiffness (GPa) 10 

 

The injection of CO2 is simulated at a constant flow rate of 0.025 kg/s per 

meter (per meter normal to model; Rutqvist and Tsang, 2002) over a 1 year 

period. Figure 6.26 shows the contour of vertical displacement near the 

injection point after 1 year injection. In the case of an inclined joint, vertical 

displacement is larger than in the case of a vertical joint. However, the 

difference is relatively small compared with total vertical displacement. 
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(b) 

Figure 6.26 Vertical displacement contour after 30 days injection: (a) vertical 

joint (b) inclined joint (Units: m) 

 

Figure 6.27 shows the permeability change due to CO2 injection. After 1 

year, maximum permeability of the vertical fracture increases to about 1.5×10-

13 m2, which is almost double the initial fracture permeability. In the case of an 

inclined fracture, permeability increases to a maximum of 2.4×10-13 m2 at the 

top of the caprck and this corresponds to a factor of 3 permeability increase 

from the initial value. In order to investigate the effect of shear displacement 

on the permeability change, Figure 6.28 shows shear displacement graph versus 

depth (Figure 6.28). As shown in Figure 6.28, the maximum shear displacement 

of the inclined fracture model is definitely larger than that of vertical one, and 

we can notice the permeability is affected by shear dilation. However, the shear 

displacement is very small compared with the overall length of fracture and that 

means direct normal deformation due to pore pressure increase is more 

dominant mechanism than shear dilation at early injection stage. 
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Figure 6.27 vertical profile of permeability change within the joint across the 

caprock after 1 year of injection 

 

 

Figure 6.28 Shear displacement after 1 year of injection 
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7. Conclusions and discussions 

 

7.1 Conclusions 

 

Systematic quantitative analysis for the hydroshearing and thermoshearing 

is conducted by implicit fracture shear slip analysis and explicit fracture shear 

slip analysis. For the implicit fracture shear slip analysis, the probability of 

shear slip is evaluated considering a Coulomb failure analysis and the statistical 

fracture distributions from In Salah and Forsmark site. The calculation of stress 

evolution is divided into three parts; numerical analysis at the hypothetical CO2 

storage reservoir, analytic solution at the reservoir with underground injection, 

and numerical analysis at nuclear waste repository. For the explicit fracture 

shear slip analysis, TOUGH-UDEC coupled code is developed and verified. 

After that, numerical analysis is conducted for the hypothetical CO2 storage 

reservoir with pre-existing fracture to investigate the effect of fracture shear 

slip on the leakage of CO2. This study is summarized as follows. 

 

(i) Demonstration of an approach for probabilistic fracture shear slip 

analysis 

 After 10 years of injection, the reservoir pore pressure increased 

by about 12 MPa near the injection point, which (according to the 

coupled numerical simulation) induced vertical ground-surface 
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displacement of around 0.87 m. A simplified analytical uniaxial 

strain model could provide an approximate estimation of the 

surface uplift, with some discrepancies related to non-uniform 

pressure distribution and the effects of overburden stiffness. 

 The probability of fracture shear slip increases with the injection 

of CO2. In the case of the In Salah fracture data set, the majority 

of the fractures were not vulnerable to shear slip even under more 

substantial pore pressure, because of the presence of near-vertical 

fractures. 

 Because the reverse faulting stress regime had a greater minimum 

principal stress than other stress regimes, there was less chance 

for shear failure in this stress regime. In fact, among the three 

types of stress regimes considered in this study, the reverse 

faulting stress regime was generally the most suitable for CO2 

geosequestration, leading to the least probability of the fracture 

reactivation. 

 When caprock permeability is lower than 1×10-19, pore pressure 

in the caprock increases by less than 1 MPa after 10 years of CO2 

injection, and fracture reactivation in the caprock is not likely to 

occur. 

 The shear slip probability is higher for higher values of Biot 

coefficient. The shear slip probability is higher for a higher 
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Poission’s ratio under normal and strike-slip faulting stress 

regimes, but is lower for higher Poisson’s ratio under reverse 

faulting stress regime. 

 Higher probability of shear slip was expected with higher 

differential thermal stress. When the actual fracture orientation 

data from Forsmark were used, the probability of shear slip was 

less than 20%. This low probability is explained by the fact that 

the orientations of four fracture sets were almost vertical or 

horizontal, and there was a very small area of overlap between 

the possible shear slip orientation and actual orientation in spite 

of increased thermal stress. 

 

(ii) Development and verification of TOUGH-UDEC coupled code for the 

numerical analysis with pre-existing fractures (Explicit fracture shear slip 

analysis) 

 Two existing well-established codes, namely TOUGH2 and 

UDEC, are coupled to cover THM process. The coupled 

equations cannot be solved simultaneously; they should be 

solved sequentially. A big advantage with coupling of TOUGH2 

and UDEC is that both codes are well tested and widely applied 

in their respective fields. 

 In order to simulate TOUGH-UDEC, the geometry and element 
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numbering should be consistent in TOUGH2 and UDEC for any 

given problem. Especially for fracture domain, the apparent 

numerical grid is adopted for TOUGH2 and equivalent 

permeability is used. 

 TOUGH-UDEC can demonstrate the fracture shear slip and 

permeability change, however, direct normal deformation due to 

pore pressure increase is more dominant mechanism than shear 

dilation at early injection stage.  

 

 

7.2 Discussions 

 

For the implicit fracture shear slip analysis, the probability of fracture 

shear slip is a function of the stress field, injection pressure, and fracture 

geometry; thus, future site-specific studies should be conducted to investigate 

the probability of shear slip. The orientation of fractures was used as a key 

geometrical parameter in the current study; however, the mechanism of a 

fracture shear slip is not straightforward in the field as fracture shear slip is also 

affected by other factors, such as fracture size, roughness, fillings in the 

fractures, and connectivity of fractures. Fracture size within the reservoir and 

caprock will greatly affect the magnitude of fracture dilation. Connectivity will 

also play an important role in any shear slip, resulting in an actual increase in 
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permeability and leakage. The current study is a conservative one, given the 

consequences of the leakage and the uncertainty associated with information 

regarding the discrete fracture network at a given CO2 reservoir, which will 

likely be located at a depth of 1 to 2 km. Although characterization fractures at 

such a depth will be challenging, more elaborate analysis considering such 

factors will help in evaluating the feasibility of CO2 storage in geological media 

or nuclear waste repository. Moreover, an initially tight, low-permeability 

caprock could effectively delay pressure diffusion into the caprock, thereby 

preventing the reactivation of fractures across the caprock. Thus, if fractures 

are sealed with minerals, the likelihood of fracture reactivation could be much 

less. On the other hand, a few slightly permeable fractures might be susceptible 

to being breached, leading to an enhanced upward migration of CO2. The 

difficulty lies in being able to quantify such an enhancement—which is also a 

subject for future research. 

For the explicit fracture shear slip analysis, techniques of leakage and 

reservoir geomechanics analysis that is developed in this thesis are essential for 

Carbon Capture and Storage (CCS) technology in view of site investigation. 

The result of this analysis can provide a guideline for performance assessment 

of CO2 reservoir and can help to determine the critical injection pressure at a 

given reservoir condition and layout of the injection wells. Also the 

microseismic events which are expected to occur after the injection of CO2 can 

be reliably predicted. The prediction of ground heave in conjunction with 
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monitored results can improve the confidence in the performance of CO2 

reservoir and nuclear waste repository. However, there are several 

considerations about TOUGH-UDEC analysis to evaluate the effect of pre-

existing fracture appropriately. For the TOUGH-UDEC coupling module, only 

permeability change due to the stress state is considered. To model more 

realistic hydromechanical responses, permeability, porosity, and capillary 

pressure change by stress evolution should be considered. Despite the explicit 

sequential solution, time for computation is much longer than TOUGH-FLAC. 

Mostly, that is due to the number of zone for TOUGH-UDEC, and the efficient 

way to construct a mesh should be found. At last, UDEC is two dimensional 

code, then coupled analysis is expanded to three dimensional modelling for 

more realistic consideration of joint shape and orientation. 
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초  록 

 

절리면 전단 거동은 이산화탄소 지중저장이나 방사성폐기물처분장과 

같은 많은 지질 공학 응용 분야에서 매우 중요한 이슈이다. 절리의 전단 

변형이 발생하게 되면 역학적인 불안정성을 야기할 뿐만이 아니라 

절리면의 틈이 벌어져 더 많은 물이 흐를 수 있게 되고, 그에 따라 그 

지역의 투수율이 증가하기 때문이다. 또한 작은 절리들이 전단 변형을 

일으킴으로 인해 미소지진이 발생하기도 한다. 기존의 자연 절리가 전단 

거동이 발생하는 데에는 다양한 원인이 있다. 이산화탄소 지중저장에서 

이산화탄소를 주입하게 되면 간극 수압 증가로 인해 절리에 작용하는 유효 

응력이 감소하게 된다. 이에 따라 절리면 전단 거동이 발생할 확률이 

증가하게 된다. 깊은 심도의 고준위 방사성폐기물처분장의 경우 사용 후 

핵 연료에서 열이 발생하게 되는데, 주변이 구속되어 있으므로 주변 

암반에 열응력이 발생하게 된다. 이렇게 발생한 열응력은 주변 암반의 

응력 분포를 변화시키기 때문에 절리의 전단 변형이 발생할 확률을 

변화시킨다. 이와 같이 간극 수압 변화에 의해 발생하는 절리면 전단 

거동을 ‘수리전단’ 이라 하며, 열응력에 의한 절리면 전단 거동은 ‘열전단’ 

이라 한다. 이 논문의 주된 목표는 수리전단과 열전단에 관한 체계적이고 

정량적인 해석 방법을 제안하는 데 있다. 

이 논문은 크게 암묵적 절리면 전단 거동 해석과 명시적 절리면 전단 

거동 해석 두 부분으로 나뉘어 있다. 암묵적 절리면 전단 거동 해석은 In 

Salah 지역과 Forsmark 지역의 절리 분포를 이용하여 확률론적으로 절리면 
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전단 거동 가능성을 판단하는 해석 기법이다. 이 때, 해석에 사용된 응력은 

가상 이산화탄소 지중저장을 이용한 수치해석, 유체 지중 주입 시 응력 

변화에 대한 정해, 방사성폐기물처분장에 대한 수치해석 이 세 가지 

방법으로 계산되었다. 명시적 절리면 전단 거동 해석은 TOUGH-UDEC 

연동 코드의 개발 및 검증 부분이 포함되어 있으며, 이후 실제 절리를 

고려한 가상의 이산화탄소 지중저장 부지 해석을 수행하여 절리면 전단 

거동이 이산화탄소 누출에 미치는 영향에 대해 살펴보았다. 

이산화탄소 및 방사성폐기물 지중저장을 위한 암묵적 및 명시적 

절리면 전단 거동 해석을 통하여 수리전단과 열전단에 대해 체계적이고 

정량적인 해석을 수행하였다. 본 연구에서 개발된 누출 예측 및 저류층 

암반역학 거동 해석은 향후 한국에서 진행될 이산화탄소 지중저장 및 

방사성폐기물처분장 부지선정 작업의 기본자료로 활용할 수 있으며 선택된 

부지의 성능평가에 이용할 수 있다. 또한 이산화탄소 지중 주입시 

임계주입압력과 주입량을 산정하는 등 이산화탄소 주입공의 설계에 활용할 

수 있다. 저류층 암반역학 해석을 통하여 획득된 주입시의 지표 융기 

자료는 계측자료와 함께 이산화탄소 지중저장시설 및 방사성폐기물처분장 

운용시 활용되어 저장에 대한 신뢰성을 높일 수 있다. 

 

주요어: 절리면 전단거동, 이산화탄소 지중저장, 방사성폐기물처분장, 

확률론적 해석, TOUGH-UDEC 
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