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ABSTRACT 

Coupling effects between ttiermai, hydraulic, chemical and mechanical (THCM) 

processes for rock materials are one of major issues in Geological engineering. Civil 

engineering. Hydrology, Petroleum engineering, and Environmental engineering. In all of 

these fields, at least two mechanisms of THCM coupling are considered. For an example, 

thermal, hydraulic, and mechanical coupling effects are important in Geological 

engineering and Civil engineering. The THM coupling produces effects on underground 

strucmres, since the underground structures are under influences of geothermal gradient, 

groundwater, gravitational stresses, and tectonic forces. In particular, underground 

repository of high-level nuclear waste involves all four of the THCM coupling processes. 

At the University of Arizona, each of the THCM coupling effects has been studied 

on various rock materials. For all of these studies, changes of fracmre characteristics such 

as length, orientation, and aperture are focused as one of major factors of the THCM 

coupling. Nickerson and Kemeny [1996] conducted coupled permeability tests on Bolsa 

quartzite related to closing, sliding and growth of cracks. Kemeny and Zomeni [1998] 

conducted thermo-mechanical coupling tests by measuring the thermally induced 

microfracturing and coupled changes in mechanical properties at the same rock type. 

Chemical effects on mechanical behaviors of rock materials have been studied by 

conducting mechanical tests on Navajo sandstone saturated with various chemical fluids. 

Thermo-hydro-mechanical coupling model for ftactured rock media has been 

developed based on micromechanical fracture model [Kemeny 1991, Kemeny & Cook 

1987]. The THM coupling model is able to simulate time- and rate-dependent fi-acture 

propagation on rock materials, and quantify characteristics of damage by extensile and 

shear fracture growth. The THM coupling model can also simulate coupled thermal 
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effects on underground structures such as high-level nuclear waste repository. The results 

of thermo-mechanical coupling model are used in conducting a risk analysis on the 

structures. In addition, the THM coupling model is able to investigate variations of fluid 

flow and hydraulic characteristics on rock materials by measuring coupled anisotropic 

permeability. Later, effects of chemical coupling on rock materials are investigated and 

modified in the THM coupling model in order to develop a thermo-hydro-chemo-

mechanical coupling model on fractured rocks. The THCM coupling model is compared 

with thermal, hydraulic, chemical, and mechanical coupling tests conducted at the 

University of Arizona. The comparison provides a reasonable prediction for the THCM 

coupling tests on various rock materials. Finally, the THCM coupling model for fractured 

rocks simulates the underground nuclear waste storage in Yucca Mountain, Nevada, and 

conducted performance and risk analysis on the repository. 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction to thermal, hydraulic, chemical, and mechanical coupling effects 

Coupling phenomena in rock materials are very complicated and include 

thermal, hydraulic, chemical, and mechanical (THCM) processes. Figure 1.1 illustrates 

the coupling between thermal, hydraulic, chemical, and mechanical processes. The 

coupling effects are extremely important because they alter the physical and/or 

chemical characteristics of the rocks. Alterations include microstnicture changes of the 

rock materials, especially characteristics of discontinuities such as length, orientation 

and aperture. The coupling processes are important for many rock mechanics 

applications such as the underground storage of high-level nuclear waste, oil recovery, 

acid mining, groundwater contamination, and geothermal exploration. 

The coupling effects of rock materials are of interest in many engineering 

disciplines. Geological engineers and civil engineers are interested in the thermal, 

hydraulic, and mechanical coupling effects on underground structures since these 

structures are under the influence of geothermal gradient, groundwater, and gravity 

[Berge at al. 1999, Bower & Zyvoloski 1997]. Environmental engineers, hydrologists, 

and petroleum engineers are particularly interested in how underground fluid flow is 
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Figure 1.1 Thermo-hydro-chemo-mechanical (THCM) coupling effects on rock fracture 
mechanics. 
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affected by the thermal, chemical and mechanical couplings [Chen et al. 1999, Chen & 

Bai 1998]. Mining engineers are interested in the chemical and mechanical coupling 

effects on acid mining and drilling processes [Rehbinder 1972]. Coupling effects related 

to the underground storage of high level nuclear waste is important, since all four of the 

coupled conditions are involved [Berge at al. 1999, Kemeny & Cook 1991]. 

Many of the coupling mechanisms involve the presence of large or small-scale 

discontinuities in the rock mass. In particular, one of the THCM coupling processes can 

affect the characteristics of discontinuities such as the opening and closing of pre

existing cracks as well as the generation of new cracks. These changes can then affect 

other coupling processes in return. For an example, thermal loading can result in the 

generation of new cracks in rock mass. This cracking then alters the mechanical 

properties of rocks such as the Young's modulus and Poisson's ratio. As another 

example, mechanical loading on rock materials changes the hydraulic characteristics 

due to the opening, closing, sliding, and/or growth of cracks. In short, a given THCM 

process can cause changes in fracture characteristics (lengths, orientations, and 

apertures), and these changes in fracture characteristics can alter the properties of other 

THCM processes resulting in a coupled behavior. Modeling the growth of cracks in 

rock is therefore a fundamental way to develop complex coupling relationships, which 

is the subject of this dissertation. 

Time is a fiindamental mechanism involved in theses coupling processes as well. 

Under thermal, hydraulic, mechanical, and some chemical environments, the change of 

the crack population is a function of time, because crack growth in rock materials is 
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time- and rate-dependent. This time- and rate-dependent crack growth is referred to as 

subcritical crack growth [Lawn 1993, Atkinson 1987]. Effects of time and mechanical 

coupling include rate-dependent excavation and the creep of rock masses. By modeling 

the growth of cracks in rocks using subcritical crack growth, coupling relationships of 

time and THCM processes that are time- and rate-dependent are simulated. 

At the University of Arizona, separate experimental studies of each of the four 

couplings have been conducted. In each of these studies, changes of the fracture 

characteristics by growth or closure are primarily responsible for the each coupling. 

Wang [1994] conducted fundamental studies on microcrack generation and coupled 

hydraulic effects in tuffaceous rocks. Nickerson and Kemeny [1996] conducted coupled 

permeability tests on Bolsa quartzite to look at the effects of hydro-mechanical 

coupling. At the same time and using the same rock type, Kemeny and Zomeni [1998] 

conducted thermo-mechanical coupling tests by heating rock samples and measuring the 

thermally induced microfracture and changes in the mechanical and material properties. 

Finally, studies have been conducted looking at changes in the mechanical properties 

due to different fluid chemistries saturating the rock (described in this dissertation). 

1.2 Objectives of the project 

The objectives of this research project are to 1) investigate THCM coupling 

processes in rock materials, and to 2) develop a fmite element model that simulates the 

THCM coupling processes, including rate- and time-dependence. The basis for the 



20 

Hnite element model is the growth of cracks due to thermal and mechanical loading, and 

subcritical crack growth that depends on the chemistry of the saturating fluid. The 

model is at least partially validated by simulating THCM coupling effects due to 

underground nuclear waste storage at Yucca Mountain, Nevada. The finite element 

model is based on the micromechanical fracture model developed by Kemeny and Cook 

[1991, 1987], which is modified to simulate the time- and rate-dependency of rock 

materials. The micromechanical fracture model is incorporated into ABAQUS, a 

commercial finite element program, through the use of user subroutines. Sequentially, 

the THCM processes are integrated into the finite element model, and the resulting 

coupling is illustrated. 

The flnite element model that is modified for subcritical crack growth, simply 

called THCM coupling model for fractured rock media, is focused on the most serious 

coupling phenomena such as thermal to mechanical coupling, mechanical to hydraulic 

coupling, and chemical to mechanical coupling. All of the coupling effects are the 

results of changes in the fracture population (lengths, orientations, and apertures) due to 

the THCM processes. The change of crack properties also includes the effects of time. 

The fmite element model is nonlinear due to the irreversible growth of cracks. 

Therefore, the THCM coupling model for fractured rocks can simulate inelastic rock 

behavior and coupled phenomena, including important problems such as the 

underground nuclear waste repository at Yucca Mountain. 

This dissertation consists of four main sections: 1) Introduction, 2) Development 

of modiHed micromechanical fracture model, 3) Development of THCM coupling 
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model, and 4) Simulation of underground nuclear waste storage in Yucca Mountain, 

Nevada. In the introductory section, the basics of rock deformation and fracture 

mechanics are introduced (Chapter 1). This is followed by a historical description of the 

micromechanical fracture model (Chapter 2). The development of the modified 

micromechanical fracture model is described in Chapter 4, including time- and rate-

dependency of rock materials. In chapters 5, 6, and 7, the THCM coupling model is 

developed by exploring the connection between crack growth and hydraulic 

conductivity, and connections between thermal loading, fluid chemistry, and crack 

growth. The micromechanical fracture model considering THCM processes is also 

compared to the laboratory testing data conducted at the University of Arizona. Finally, 

using the THCM coupling model for fractured rocks, the underground storage of high-

level nuclear waste at Yucca Mountain is simulated (Chapter 8). Even though the 

simulation of coupled effects of rock materials has been attempted by many 

investigators, the approach taken in this dissertation is unique for several reasons. First 

of all, it is recognized that crack growth is central to many important coupling 

mechanisms and crack growth is also affected by the coupling mechanisms. 

1.3 Discontinuities in geological materials 

Rocks are highly complex geological materials with regards to mineral content, 

texture, and structure. Virtually thousands of minerals make up a rock material along 

with hundreds of different textures and structures at various scales. Geological materials 
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are both mechanically heterogeneous and anisotropic. For instance, a massive sandstone 

with few structures such as bedding, folding, faulting, and jointing may be 

homogeneous and isotropic on the macro-scale but heterogeneous and anisotropic on 

the micro-scale since it contains microstructures such as lineations and microcracks. 

In many cases, the heterogeneity and anisotropy are highly influenced by 

discontinuities. Unlike the other textures and structures, discontinuities are a primary 

concern for mechanical safety, since the discontinuity is a zone of weakness (damage). 

Also, discontinuities can propagate or slip under time- and rate-dependent mechanical 

loading. The continuous growing and sliding of discontinuities under time- and rate-

dependent conditions could change the mechanical properties of rock materials by 

causing additional heterogeneity and anisotropy. Also, the fracture growth could 

ultimately lead to the failure of geological materials and/or geological structures, which 

makes it a concern to structure and civil engineers. 

The fracture propagation or crack growth in rock materials might signiHcantly 

alter the physical characteristics of the rock, resulting in increased deformation and 

decreased rock strength. In addition to altering the physical properties, the crack growth 

changes the chemical characteristics by making chemical reaction more effective 

through an increased porosity and permeability [Atkinson and Meredith, 1987]. The 

increased ability for chemical reaction could decrease the tensile and/or compressional 

strength of the rock [Seto et al 1996]. 

Discontinuities in rocks include faults, joints, and fractures. A fault is a fracture 

or zone of fractures along which there has been displacement of the sides relative to one 
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another and parallel to the fracture (shear displacement). A joint is a parting in a rock 

without a shear displacement along the surface, and a "fracture" is the general term for 

any break in rock, whether or not it causes displacement, due to mechanical failure by 

stress [Brate & Jackson, 1987]. The terms fracture is most commonly used to refer to 

relatively small discontinuities compared to joints and faults. In this thesis, the terms 

fracture or crack refers to all discontinuities on the macro-scale (over 1 mm), and the 

terms microfracture or microcrack refer to micro-scale discontinuities (less than Inmi). 

There are three categories of rock deformation according to the conditions of the 

confining stresses: brittle, transitional and ductile deformation (Figure 1.2) [Twiss & 

Moores, 1992]. Under the conditions of uniaxial compression and low confming 

stresses, brittle deformation occurs in which the development of fractures is common. 

From the observation of experimental data, two major fundamental types of failure have 

been observed, longitudinal splitting and shear faulting (Figure 1.3). Splitting failure 

and shear faulting occur by the formation of extensile and shear fractures, respectively. 

The extensile fractures are parallel to the maximum principal stress, o,, and normal to 

the minimum principal stress, (compression positive). Compared to the extensile 

fractures, the shear fractures are inclined less than 45° to the maximum principal stress, 

o„ and parallel to the intermediate principal stress, Oj- shear fractures are dominant 

in relatively higher conflning stresses while the extensile fractures develop under low 

confining stresses. In spite of the differences, microscopic studies have shown that the 

shear fracture is genetically formed through the initial growth and coalescence of 

extensile cracks [Moore and Locker 1994]. The mechanism for the formation of the 
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Figure 1.2 Three types of deformation according to increase of conHning stresses; a 
brittle, transitional and ductile deformation. 
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Figure 1.2 Continued. 
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Figure 1.2 Continued. 
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Figure 1.3 Two types of failure, longitudinal splitting and shear faulting, due to 
extensile and shear crack growth under the brittle deformation. 
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shear fractures is explained with the relationship between normal and shear stresses on 

an arbitrary plane (Figure 1.4). The critical shear stress, a*, on the plane varies with the 

angle, 62. The optimal angle is 55° to 65° inclined to the maximum principal stress, and 

this is orientation for shear faults found in practice. For the special case of macroscopic 

splitting fracture, tension fractures are developed if the minimum principal stress, (T3, is 

small enough that tension can locally occur at microcrack tips. The macroscopic tension 

fracture is perpendicular to the direction of the minimum principal stress (Figure 1.2c). 

Under the conditions of high confining stresses, brittle deformation is replaces 

by ductile deformation (Figure 1.2a and 1.2b), and fracturing is not the dominant 

phenomenon of deformation. Dislocation glide and dislocation creep are the controlling 

factors of ductile deformation [Twiss & Moores, 1992]. Under the conditions of 

intermediate confming stresses, the brittle and ductile mechanisms exist together in the 

processes of deformation (Figure 1.2a). 

In displacement- or stress-controlled laboratory tests, the brittle deformation 

process for most rock materials follows five stages: crack closure, linear elastic 

deformation, stable crack propagation, unstable crack propagation and failure, and post 

failure behavior [Bieniawski, 1967] (Figure 1.5). When a rock material is first subjected 

to loading, pre-existing cracks begins to close. This crack closure process is responsible 

for nonlinear elastic behavior at the first stage of rock deformation. As the load is 

increased, a period of linear elastic deformation occurs. In this stage, elastic material 

properties such as Young's modulus and Poisson's ratio can be obtained. At this point, 

the deformation is recoverable if the loading is removed. 
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Figure 1.5 Five stages of brittle deformation process: 1. Crack closure, 2. Leaner elastic 
deformation, 3. Stable crack propagation, 4. Unstable crack propagation and strength 
failure, and 5. Post failure behavior. 
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As the load is increased further, a period of stable crack growth starts to occur. 

The stable crack growth is directly controlled by the loading, which means the velocity 

of crack growth depends on the rate and magnitude of loading. Stable crack growth 

causes a damage to the rock material, and results in non-linear inelastic deformation 

(strain hardening). Stable crack growth that can occur below the fracture toughness is 

called kinetic or subcritical crack growth. The stable crack growth is a time-dependent 

and also a rate-dependent process that is important in the long-term behavior of 

geological structures. 

While stable crack propagation causes non-linear inelastic behavior of rock 

materials, unstable crack propagation is responsible for rock failure (Figure 1.5). An 

unstable crack begins to grow whenever the stress reaches a critical value. Since it is 

unstable and uncontrollable by any outside factors, unstable crack growth is time and 

rate-independent. After the ultimate failure of a rock sample occurs by unstable crack 

growth, the complicated coalescence and healing of the fractures begins, which leads to 

a significant change in material properties, a dramatic change in the strain-stress 

relationships, and a final rupture of the rock material. This stage after the ultimate 

failure of the rock is the post failure stage. 

The crack growth process a^ects not only the mechanical properties of the rock 

such as Young's modulus and Poisson's ratio, but also other physical properties such as 

mechanical strength, permeability, and thermal conductivity (Figure 1.6). Crack growth 

under brittle deformation induces complex changes in permeability due to the change in 

the rock fabric caused by the closing, opening, sliding, and/or growing of cracks. This 
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Figure 1.6 Variation of permeability coupled with the crack growth and the brittle 
deformation process. 
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coupled permeability of rock materials is important in the fields of Geological 

engineering. Civil engineering. Environmental engineering. Hydrology, Petroleum 

engineering, and all fields where the prediction of rock strength and fluid flow through 

fractures are important. 

1.4 Rock fracture mechanics 

In the nineteenth century, the critical applied-stress concept in traditional 

structural mechanics was applied to the mechanics of fracturing in order to predict the 

fracture strength [Lawn 1993]. The fracture strength of a material is very attractive to 

structural engineers because of its simplicity for structural design. However, as more 

laboratory data were accumulated, the critical stress approach for fracture mechanics 

was challenged. The fracture strength by the critical stress concept was not reproducible 

and repeatable in laboratory tests with values that fluctuated by an order of magnitude. 

Also, a minor change in test conditions such as temperature, chemical environment or 

loading rate changes the fracture strength significantly. Due to these problems, the 

critical stress concept was simply incapable of predicting fracture strength. 

A new energy-balance concept for fracture mechanics was introduced by A. A. 

Griffith [1920]. Griffith adopted a fundamental energy-balance theorem used in 

classical mechanics and thermodynamics, and developed a criterion for fracture 

development. The Griffith energy-balance concept states that the total energy in a 
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system, U, is in thermodynamically equilibrium and always conserved as the crack 

grows: 

^ = 0 
dc  

where c is the crack length. The total energy, U, is the sum of the mechanical energy 

stored in the medium, UM, and the free surface energy for the crack. Us (Figure 1.7). 

According to this criterion, if the crack grows by an amount, dc, the free surface energy 

of the crack would increase and the mechanical energy in the medium should decrease 

by the same amount for equilibrium. 

The Griffith energy-balance concept has become a fundamental theorem for 

brittle fracture mechanics. In order to quantify the energy-balance theorem, the 

mechanical energy release rate, G, is introduced, which is expressed as: 

dc  

where Um is the mechanical energy stored in the medium. 

Later, based on the energy balance theorem, Irwin developed his well-known 

near crack tip Held solution [1958]. In this solution, the stress intensity factor, K, is used 

as a measure of the driving force of fracture propagation. The stress intensity factor 

depends on the specific loading condition, fracture geometry, and the interaction with 
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U„ J, 

U = Um + U« = Constant 

Figure 1.7 Griffith energy-balance concept for fracture development. The total energy, 
U, that is the sum of a mechanical energy stored in the medium, and a free surface 
energy for a crack, Uj, is conserved as the crack grows. 
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other cracks or boundaries. According to the mode of crack loading (Figure 1.8), the 

stress intensity factor is distinguished as either K,, K,i, or Kni- The opening mode I 

develops a tension crack, while the sliding mode n and the tearing mode m generate a 

shear crack and a torsion crack, respectively. The mode n and mode m cracks are 

observed in limited geological and laboratory conditions such as an en echelon fault and 

a notched torsion test. 

Since the mechanical energy release rate, G, and the stress intensity factor, K, 

are both based on the Griffith energy-balance concept, G and K are related by: 

EE E 

where E' = E for plane stress and E' = E / (1 - v^) for plane strain, and v is the Foisson's 

ratio. 
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Mode I Mode n 
Opening mode Sliding mode 

1 
Tensile crack Shear crack 

Modem 
Tearing mode 

Torsion crack 

Figure 1.8 The modes of crack; mode I of opening crack, mode n of sliding crack, and 
mode m of tearing crack. 
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CHAPTER 2 

MICROMECHANICAL FRACTURE MODEL 

2.1 Sliding crack model 

The mechanisms of microcrack growth under compression have been studied 

from laboratory tests, microscopic observations, and theoretical consideration [Fredrich 

et al. 1989, Nemat-Nasser & Horri 1982, Brace et al. 1972, Brace et al. 1966]. From 

these studies, a simple theoretical model, the sliding crack model, was proposed and has 

been developed [Kemeny & Cook 1987, Ashby & Hallam 1986, Horri & Nemat-Nasser 

1985] in order to explain the mechanism of extensile crack growth. The sliding crack 

model is based on sliding along a pre-existing crack surface induced by a surface shear 

stress, T*, on the crack surface (Figure 2.1): 

T* = <y  ̂(sin 0COS0 - /x cos^ 0) - 0*3 (sin dcosd + //sin^ d) 

where o, and 03 are the maximum and minimum principal stress, respectively, 6 is the 

angle between the Gj axis and the pre-existing crack, and ^ is the coefflcient of friction 

on the crack surface. The sliding on the pre-existing crack generates a tension on the 
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i" 

, / , / 

y /  

T 
Figure 2.1 The surface shear stress, x*, on the pre-existing crack induces a shear 
dispiacement (sliding) on the crack surface, and generates a tension at the crack tip to 
initiate a new crack. 
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crack tips (Figure 2.1), causing the growth of "wing cracks" in the natural rock material. 

This wing crack growth is simpliHed in the sliding crack model as shown in Figure 2.2. 

The interactive sliding crack model [Kemeny & Cook 1987] is proposed to 

simulate not only the effects of extensile crack growth but also fracture interaction 

when the cracks grow longer (Figure 2.3). The stress intensity factor for the interactive 

sliding crack model is: 

where IQ and 1 are the initial half-crack length and the new half-crack length by crack 

growth, and b is the spacing between the individual cracks. Following previous studies 

[Jeon 1996, Kemeny & Cook 1987], the initial crack interaction ratio IQ / b is taken to be 

0.15. 

The additional deformation and strain due to sliding cracks is quantified by 

Castigliano's theorem (Figure 2.4) [Reisman & Fawlik 1980]: 

where Xj is the displacement at point a under a load Pj, and is the elastic energy stored 

in a system £2. Castigliano's theorem for a single cracked body is expressed as: 
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a 

2/T*COS0 

Figure 2.2 The wing crack growth due to the shear force on the pre-existing crack is 
idealized to the extensile crack growth in the sliding crack model. 
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Figure 2.3 The interactive sliding crack model is proposed by Kemeny and Cooks 
[1987] for multiple column cracks. 
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System Q 

Figure 2.4 A schematic diagram for Castigliano's theorem based on energy 
consideration. 
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x'"^=-^\'Gdl 
apJ-' 

where x""'' is the displacement on the entire system caused by a crack, P is the far-field 

load, 1 is the half-crack length, and G Is the Griffith's energy-release rate. The Griffith's 

energy-release rate is expressed as; 

where E' = E for plane stress and E' = E / (1 - v^) for plane strain, and v is the Poisson's 

ratio. 

The effect of multiple sliding cracks on the inelastic strain of a rock material is 

calculated with Castigliano's theorem and the stress intensity factor for the interactive 

sliding crack: 

2d f '  

E9pk  i rKl) 
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For plain strain, the axial strain caused by the N sliding cracks, is: 

i-v'»I6;,'c(sc-^c^) 

£  • r  nA 
r*Cln 

"S 
"(S 

tan 
-<T,--ln-

7('4 

tan— 1 + 

where E is the Young's modulus, v is the Poisson's ratio, A is the cross-sectioned area 

of the sample containing the cracks, N is a number of sliding cracks, and S and C 

represent the sin6 and cos6 respectively. The total strain is obtained simply by 

superposing the inelastic crack strain and elastic body strain: 

e, 

giving: 

ei=-
1-v^ 

<^1-
1-v 

^ 16/o^C(5C-/iC') 

TIA 
T*CLR 

I 
2b  

tan 
2b  

'U  ,  <. tan- 1+^ 
bj  

for plane strain. Similarly, Castigliano's theorem is also used to calculate the related 

volumetric strain, £v, which gives 
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V — (l-2vX<T,+a,)H-£^^a,. 

In previous studies, the onset of crack growth was determined with a critical 

crack growth criterion [Jeon 1996, Kemeny & Cook 1987]. Whenever the stress reaches 

the critical stress, a^, which makes the stress intensity factor, K„ reaches the fracture 

toughness value, K,c, crack growth begins. In these studies, a crack growth increment is 

used for a controlling factor in the model. For each step, the crack grows l/IO of its 

original length, and a new stress intensity factor is calculated. Using the new stress 

intensity factor, crack growth is re-evaluated. The problem with the critical sliding 

crack model is that it is not time- and rate-dependent, and therefore can not simulate 

real geological materials. As described later, in this thesis the model is extended to 

simulate rate- and time-dependence using subcritical crack growth. 

2.2 Shear crack model 

The development of shear cracks and shear failure are significant phenomena in 

the mechanics of real geological structures. In particular, numerous laboratory triaxial 

tests indicate that the shear crack is dominant at high conHning stresses instead of the 

extensile crack. However, the sliding crack model only represents the mechanical 

effects of extensile crack growth [Kemeny 1991, Kemeny & Cook, 1987]. The shear 
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crack model [Kemeny 1993] is introduced to simulate shear failure under high 

conHning stress conditions (Figure 2.5). 

The additional deformation and strain due to shear cracks is calculated using the 

Castigliano's theorem, where the stress intensity factor is: 

AT/, =t*VH 

for a shear crack. The inelastic strain due to N shear cracks is expressed as: 

crack 1-v^ 

for plane strain. Using superposition of the elastic and inelastic crack strains, the total 

strain for an elastic body containing shear cracks is given by: 

e. =• 1-v' 

By combining the sliding crack model and the shear crack model, the complete 

inelastic behavior of brittle deformation under compression is taken into account 

[Kemeny 1993]. In this thesis, the sliding cracks or shear cracks will initiate and/or 

continue to propagate from pre-existing cracks, whenever they reach a critical value for 
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Figure 2.5 The surface shear stress, -r*, on the pre-existing crack develops a shear crack 
growth subparallel to a pre-existing crack. 
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crack growth. The crack growth criterion for the sliding and shear crack are provided by 

subcritical crack growth criterion in the next chapter. 
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CHAPTERS 

LABORATORY TESTS AND ANALYSIS 

At the University of Arizona, a series of coupled thermal, hydraulic, chemical, 

and mechanical tests have been conducted to investigate the coupling effects on rock 

materials. Each of the coupled tests separates studies the effect of a particular coupling: 

hydro-mechanical, thermo-mechanical, and chemo-mechanical. Data from the 

laboratory tests are used to develop and validate a thermo-hydro-mechanical coupling 

model for fractured rock media. The tests are described in this chapter. The models 

developed from these tests are described in future chapters. 

3.1 Coupled hydro-mechanical tests 

Special coupled permeability tests have been developed and conducted by 

Nickerson and Kemeny [1996]. In these tests, 2-inch cylindrical samples were used with 

a half-inch hole for fluid input (Figure 3.1b). Under uniaxial or triaxial loading, 

fractures develop which changes the flow behavior. Radial flow tests are conducted, 

where a fluid pressure is input in the inner hole, resulting in radial flow towards the 

outer boundary. The radial flov^r is distinguished from the axial flow (Figure 3.1a) 

utilized in conventional coupled permeability tests. 
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Flow In 

Flow In 

Flow Out 
4 

'I I • 
Flow Out 

(a) (b) 

Figure 3.1 Schematic diagram of a) axial flow test and b) radial flow test [From 
Nickerson 1997]. 
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A special procedure for conducting the hollow cylinder tests under a triaxial 

conHning stress has been developed to collect the outflow without interruption (Figure 

3.2). Steel BB balls are placed on the outer boundary, allowing a confining stress to be 

applied and also the measurement of outflow. A very slow loading rate of 0.5 x 10 ® is 

applied instead of the typical loading rate of 1.0 x 10"^ (Table 3.1). The slow loading 

rate allows time for accurate permeability measurements to be made continuously, as 

the load is increased to failure. 

The permeability of the samples as a function of applied load or displacement is 

calculated by: 

2nkh{P,-P^) 

/zln 

where Q is the radial outflow rate, k is the radial permeability, h is the height of the 

sample, is the fluid pressure out of the sample, is the fluid pressure inside the hole, 

p. is the viscosity of the fluid, r^ is the radius of the sample , and is the radius of the 

inside hole. The results of the coupled permeability tests are presented in Figures 3.3 to 

3.8. The figures illustrate the typical U-shape of the coupled permeability due to initial 

crack closing followed by crack growth near the peak stress (Figure 1.5). This 

laboratory data will be used to validate the hydro-mechanical coupling model that is 

developed later in this thesis. 
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Figure 3.2 Schematic diagram of triaxial hollow cylinder test method [From Nickerson 
1997]. 
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Table 3.1 Loading rates of individual triaxial hollow cylinder tests [From Nickerson 
1997]. 

Confining Pressure Loading Rate 

3000 psi 5xl0°in/s 

4000 psi 7.3xlO"'in/s 

5000 psi 7.3xlO"in/s 

6000 psi 6.3xl0"in/s 
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Figure 3.3 Coupled permeability result of hollow cylinder test under uniaxial stress 
[From Nickerson 1997]. 
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Figure 3.4 Coupled permeability result of hollow cylinder test under 1000 psi confining 
stress [From Nickerson 1997]. 
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Figure 3.5 Coupled permeability result of hollow cylinder test under 3000 psi confining 
stress [From Nickerson 1997]. 
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Figure 3.6 Coupled permeability result of hollow cylinder test under 4000 psi confining 
stress [From Nickerson 1997]. 
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Figure 3.7 Coupled permeability result of hollow cylinder test under 5000 psi confining 
stress [From Nickerson 1997]. 
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Figure 3.8 Coupled permeability result of hollow cylinder test under 6000 psi confining 
stress [From Nickerson 1997]. 
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3.2 Thermal cracking tests 

The coupling of thermal and mechanical processes has a significantly effect on 

the behavior of rock. One aspect are processes occurring at the grain scale including 

intra- and inter-granular cracking. Thermally induced microcracking and the coupled 

effects on mechanical properties has been studied by Kemeny and Zomeni [1998]. In 

these laboratory tests, the thermo-mechanical coupling effects are carefully measured as 

a function of increasing temperature on samples of Bolsa quartzite. Changes in the 

following material properties have been studied: P-wave velocity, tensile strength, 

uniaxial compressional strength, porosity, Young's modulus and Poisson's ratio, and 

microcrack density. 

Bolsa quartzite from the Whetstone Mountains, Arizona was chosen as the 

testing material. This quartzite has a quartz content of 98% (Table 3,2), and a very low 

porosity of 2%. The high quartz content has the advantage of focusing the thermal 

effects on the quartz crystals only. Detailed mechanical properties of Bolsa quartzite are 

presented in Table 3.3. 

Microscopic aspects of the thermo-mechanical coupling are conducted through 

thin sections of samples [Zomeni 1997]. Two distinctive crack types are observed as 

heating up to 800 °C takes place. One is a "grain crack" that is developed inside the 

grain, and the other is a "boundary crack" that is generated around the grain boundary. 

Boundary cracks are observed in the high temperature region around 800 °C, while the 

grain cracks are primarily exhibited in the lower temperature region under 600 "C. The 



Table 3.2 Mineral composition of Bolsa quartzite [From Zomeni 1997]. 

Mineral Mineral Ibrmula % by volume 

Quartz SiO, 98.0 

Calcitc CaCOj 01.9 

Hematite FCjOj 00.1 



Table 3.3 Mechanical properties of Bolsa quartzite [From Zomeni 1997]. 

Property Bolsa quanzitc 

Young's modulus, E (GPa) 38.9 

Poisson's ratio, v 0.16 

Uniaxial compressive strength, q„ (MPa) 274.4 

Tensile strength, a, (MPa) 9.56 

Comprcssional wave velocity, (m/scc) 3307 

Fraclurc toughness (MPu m'") 1 - 1.4 

Eircctivc porosity, n^(%) 1.86 

Fraclurc index, PL(mm ') 0.16 

Dry bulk density, pj (g/cm^) 2.59 

Saturated bulk density, p, (g/cm') 2.61 

Linear thermal expansion coefficient, a ("C"') -17.5 X lU" 

Volume thermal expansion coefficient, p (°C') -45.0 X 10' 

Thermal dil'fusivity, Dj. (m'/scc) ~2.8x 10" 

50% grain size (j.im) 240 
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microscopic observations are associated with the other changes of basic mechanical 

properties for Bolsa quartzite. Summarized results are presented in Table 3,4. The 

results indicate that the mechanical properties of Bolsa quartzite are significantly altered 

at a temperature range from 600 °C to 700 °C. For example, the values of P-wave 

velocity and uniaxial compressional strength rapidly decline after 600 °C, while the 

tensile strength, porosity, and microcrack density change dramatically after 700 °C. 

Young's modulus and Polsson's ratio change in a more linear fashion with these 

temperature changes. 

The thermal-microcracking tests provide valuable information for understanding 

microstructural changes of rock materials due to thermo-mechanical coupling. The 

results show gradual changes of mechanical properties under 600 °C due to the grain 

crack growth. The results also suggest that the microstructure of Bolsa quartzite 

changes significantly above 600 °C through the generation of boundary microcracks 

instead of the grain cracks. The results of thermo-mechanical coupling provide critical 

data for developing and evaluating a thermo-mechanical fracture model. 

3.3 Coupled chemical-effect tests 

Coupled chemical effects on the properties of rock and rock masses occur in 

several applications such as acid mining and borehole drilling [Rehbinder 1972]. The 

chemical solutions in acid mining and borehole drilling dramatically change the 

properties of the rock, most notably the tensile and compressional rock strengths. 
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Table 3.4 Summarized results of thermo-mechanical coupling effects for Bolsa quartzite 
[From Kemeny and Zomeni 1998]. 

Temp rC) Vp (m/s) To MPa qu MPa n (%) ECPa V PL (mm) 
25 3307 9.56 274 193 39 0.16 0.16 

215 - - - - - 0.28 
300 3162 9.18 - 1.67 - - -

400 2764 8.28 228 1.94 45 0.3 -

500 2550 S.40 219 2.01 - - 0.41 
600 1887 8.31 177 2.90 27 0.36 0.53 
700 1523 2.36 147 3.74 - - 0.75 
800 1128 1.70 69 6.07 9 0.43 1.99 

Vp : P-wave velocity 
To ; Tensile strength 
qu : Uniaxial compressional strength 
n : Porosity 
E : Young's modulus 
V : Poisson's ratio 
PL : Crack density. 



Coupled chetno-mechanical tests have been conducted in order to investigate the 

coupling effects of fluid chemistry on rock materials. Different types of tests were 

conducted including point load tests, Brazilian disc tests, uniaxial and triaxial 

compressional tests, and small-scale direct shear tests. The results of point load tests 

and Brazilian disc tests can be indirectly converted to tensile and compressive strengths. 

Navajo sandstone from St. George, Utah was used as a testing material. Navajo 

sandstone consists of 90% quartz, 8% feldspar and about 2% heavy minerals. The 

sandstone has a porosity of 10 %, which is a typical value for sandstone. Each sample is 

prepared by saturation with various types of chemical solutions: dry, distilled water, 

saline water, HCl solution, NaOH solution, and H2SO4 solution. To ensure a complete 

saturation, samples are emersed in the solutions for several weeks. Detailed laboratory 

results are presented from Table 3.5 to 3.9 according to test type. 

Averaged tensile and uniaxial compressional strength values from the tests are 

presented in Table 3.10. A systematic change of failure strength is observed on both 

tensile and uniaxial compressional tests in the chemical solutions. However, the 

decrease of tensile strength is lager than that of uniaxial compressional strength, which 

results in an increase in the tensile / uniaxial strength ratio (Table 3.10). The results are 

consistent with those discussed in Seto et al. [1997]. Since the opening of cracks in 

tensile tests is bigger than crack opening in the compressional tests, it is possible that 

the chemical solution could be more effectively transferred through fractures and 

increase significantly the coupling effects in tensile tests. The laboratory data is utilized 

to develop a chemical 



Table 3.5 Point load tests for Navajo sandstone. 

Sample# I. (psi) I.adj (psi) l.fMpa) I. adj (Mpa) C|„ (psi) 

P12 1S7.3 1SS.7 1.291 1.301 452S.8 
P13 125.S 126.5 0.87 O.S72 3036 
P15 437.1 440.3 3.01 3.03 10567.2 
P17 162.3 163.6 1.119 1.12S 3926.4 

MEAN 228.13 229.78 1.572 1.5S3 5514.6 
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Table 3.6 Brazilian disc tests for Navajo sandstone. 

Sample# Fluid Loadinjj Tensile Strength Tensile 
Environment Rate (Ibs/s) (psi) Strength 

(MPa) 

B1 Dry manual 722.6 4.9S 
B2 Dry manual 565.S 3.90 
B3 Dry manual 392.6 2.71 
B4 Dry manual 549.4 3.79 

B5 Dry manual 669.2 4.61 
B6 Dry manual 663.S 4.5S 
B7 Dry manual 403.2 2.78 
BS Dry m-viual 65S.9 4.54 
B9 Dry m.Tnual 596.3 4.11 

BIO Dry manual Needle Stuck 
Bll Dry manual Needle Stuck 
B12 Dry manual 

O
y-

C
O

 *O
i 

1 1 

11.65 
B13 Dry manual 299 2.06 

B14 Dry manual 714.1 4.92 

B15 Dry manual 318.6 2.20 
B16 Dry manual 484.1 3.34 

B17 Dry manual 280.8 1.936 

BIS Dry manual 513.4 3.54 

MEAN For Dry 522.1 4.1() 

B19 distilled water 60 166.1 1.145 

B20 distilled water 60 269.0 1.855 

B2l distilled water 60 245.6 1.693 



69 

Table 3.6 Continued. 

Sample# Fluid Loading Tensile Strength Tensile 
Environment Rate (Ibs/s) (psi) Strength 

(.MPa) 
B22 distilled water fast advanced 392.0 2.70 

Mean for dist water 268.2 1.848 
B23 saline water 500 421.5 2.91 
B24 saline water 500 42S.4 2.95 
325 s.^line water 50 426.4 2.94 
B26 saline water 50 450.4 3.11 

Mean for saline water 431.7 2.9S 
B27 dry 50 41S.3 2.88 
B2S dry 50 597.6 4.12 
B29 dry 500 590.2 4.06 
B30 dry 500 1192'' S.21 

Mean for dry controlled rate 535.36 4.82 
B33 0,1 NHCl 50 235.5 1.62 
B34 O.l NHCl 50 2IS.43 1.51 
B31 O.l NHCl 500 723.1* 4.99 
B3S 0.1 NHCl 500 443.2 3.06 

Mean for 0.1 HCI controlled rate 299 2.06 
B32 I N H C l  50 S96.8* 6.18 
B35 1 N HCl 50 242 1.67 
B36 1 N HCl 500, 440.1 3.03 
B37 L N HCl 500 298.8 2.06 

Mean lor 1 N HCl controlled rate 327 2.25 
B39 distilled water 50 416.6 2.87 
B40 distilled v/ater 50 437.5 3.02 
B41 distilled water 500 318.5 2.20 
B42 distilled v/ater 500 397.7 2.74 

Mean lor dist water controlled rate 392.6 2.71 
B46 NaOH 50% 500 763.9 5.27 
B47 NaOH 50% 500 492.7 3.40 
B4S NaOH 50% 50 387.6 2.67 

B49 NaOH 50% 50 626 4.31 

Mean for NaOH 50% controlled rale 567.6 2.71 
B50 H:S04 3% 50 261.4 1.80 
B51 H:S04 3% 50 295.1 2.03 
B52 H:S04 3% 500 329.9 2.27 
B53 HiSO, 3% 500 315.3 2.17 

Mean for HiSGj 3% controlled rate 300.5 2.07 



Table 3.7 Uniaxial compressional tests for Navajo sandstone. 

Sample# Fluid Environment Stress (psi) Stress (M Pa) 

U1 dry 7935 54.7 
U2 dry 9433 65.04 
U3 dry 8975 61.88 

Mean l o r U l - l 3 *  87SI 60.54 
U14 dry 14S53 102.4 
U15 dry 14254 9S.2S 
U16 dry 14910 102.8 

Mean for L'l4 tlirii U16 14673 101.2 
U12 saline 4164 28.7 
U13 saline 5787 39.9 

Mean for saline 4975 34.3 
U17 disrilled water 5232 36.07 

U l l  distilled water"* 7600 52.4 

Mean for distilled water 6416 44.23 
U20 HCl IN 5413 37.32 
U2I HCl IN 5457 37.62 

Mean for HCl IN 5435 37.47 

U22 KiOH 50% 6594 45.46 

U23 NnOH 50% 6978 4S.11 

Mean NaOH 50% 6786 46.78 

U24 HClO.l N 4953 34.15 
U25 HQ O.I N 5701 39.31 

Mean lor HCl 0.1 N 5327 36.73 

U27 H:S04 3% 4853 33.46 

U2S H:S04 3% 3372 23.3 

Mean lorll;S04 3% 4 1 1 3  28.35 



Table 3.8 Triaxial compressional tests for Navajo sandstone. 

Sample 
# 

Sigma 
3 

(psi) 

Sigma 
3 

(MPa) 

Sigma 
1 

(psi) 

Sigma 
1 

(MPa) 

c, 
(psi) 

Co 
(MPa) 

Piii 
calculated 
(degree) 

Phi 
measured 
(degree) 

T2 1000 6.9 14.809 102.1 1777 12.25 43.4 43.0 

T3 1000 6.9 12.309 84.9 1777 12.25 43.4 43.0 

T3 500 3.4 11,004 75.9 1777 12.25 43.4 43.0 



Table 3.9 Small-scale direct shear tests for Navajo sandstone. 

Sample 
# 

Normal 
Load 
(lbs) 

Normal 
Stress 
(psi) 

Residual 
Load 
(lbs) 

Residual 
Stress 
(psi) 

Peak Shear 
Load (lbs) 

Peak Shear 
Stress 
(psi) 

SSRobl 70 25 70 26.9 98 37.69 
«» 141 50 108 41.5 107 41.2 
«» 2S1 100 213 81.9 210 80.76 
u  562 200 390 150 420 161.5 
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Table 3.10 Averaged tensile and uniaxial compressional strength values of Navajo 
sandstone under coupled chemical effects. 

Averaged Tensile & Uniaxial Strengths Compared 

Fluid Uniaxial Strength 
(psi) 

Tensile Strength 
(psi) 

Tensile / Uniaxial 
ratio 

Dry (manual Braz) S781 522.1 0.0594 
Dry (rate controlled) S7S1 535 0.0609 
Distilled water 
(manual contr) 6416 268.2 0.0-! 18 
Distilled water (rate 
controlled) 6416 392.6 0.0612 
Saline 4975 431.7 0.037 
HCl O.i N 5327 299 0.0561 
HCl IN 5435 327 0.0601 
NaOH 50% 67S6 567.6 O.OS36 
H:S04 3% 4 1 1 3  300.5 0.0731 



and mechanical coupling model in order to complete the thermo-hydro-chemo-

mechanical (THCM) coupling model on fractured rock materials. 
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CHAPTER 4 

DEVELOPMENT OF TIME- AND RATE-DEPENDENT 

MICROMECHANICAL CRACK MODEL 

4.1 Time- and rate-dependent crack growth 

Fractures and their development in rock materials are the most important 

phenomena associated with geological environments. The fracture generation is often 

time- and rate-dependent. Also, the development of fractures in geological 

environments is controlled not only by the mechanical loading conditions but also by 

the chemical environments. Time- and rate-dependent crack growth in rock materials 

mainly occurs primarily through subcritical crack growth [Lawn 1993, Atkinson 1984]. 

Unlike traditional critical crack growth, subcritical crack growth can occur far below 

the fracture toughness of a rock material, which makes it sensitive to time, loading rate, 

and chemical environments. Subcritical crack growth can result in signlHcant changes 

in the mechanical properties, and even endangers geological structures subjected to 

loading for a long period of time. In short, subcritical crack growth is a dominant and 

critical phenomenon for the stability of long-term geological structures. 

Subcritical crack growth is slow or kinetic crack growth of 10 cm to 10 nm/sec 

compared to critical or dynamic crack growth of 10 cm to 10 km/sec. Stress corrosion is 
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the most common subcritical crack growth mechanism. Figure 4.1 illustrates water 

weakening, a common example of stress corrosion, in which the strong bond of Si-O-Si 

is replaced by the weak bond of OH.HO preferentially in the highly stressed crack tip 

region. Under these conditions, geological fracturing is a chemical process that is 

depending on the chemical environment of the fluid or gas. 

One expression for crack velocity due to subcritical crack growth is the Charles 

power law [Charles 1958]: 

v = A 
/ X** 
A 
K,' 

where v is the crack growth velocity, n is the subcritical crack growth index. K, is the 

mode I stress intensity factor, and K,* is a normalizing factor (often set equal to K,c or 1 

MPa m"^ in many cases). The n and A values are the material properties that can be 

obtained from fracture velocity tests. Figure 4.2 shows how the n and A values can be 

determined from fracture velocity tests. Temperature and fluid chemistry have strong 

effects on the n and A values, as does rock type [Atkinson 1984]. 

4.2 Time-and rate-dependent micromechanical fracture model 

In the micromechanical fracture model developed in this thesis, crack growth is 

calculated using subcritical crack growth and in particular the Charles power law. 
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SiO^ 

H-O-H +ESi-0-SiE 

E Si-OH. HO-SIE 

Figure 4.1 An example of stress corrosion; water weakening. At a crack tip, the water 
weakens the strong bond of Si-O-Si by exchanging to the OH.HO bond. 
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log V 

logK, 

Figure 4.2 Schematic diagram of obtaining the subcritical crack parameters, n and A 
from fracture test data. 
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Whenever the value of the stress intensity factor increases due to increased loading or 

loading rate, the crack velocity increases. The velocity of crack growth in the model is 

controlled by the Charles power law: 

where K,c is the fracture toughness and Gc is the shear fracture energy. For 

programming purposes, subcritical crack growth under a very low stress intensity value 

is ignored. However, whenever the K, or Kq values reaches 1 /10th of K,c or (GcE')"^, 

the sliding and/or shear cracks begin to grow. The actual length of crack growth, Al, is 

calculated numerically from the time increase, At, for each time step; 

for the extensile crack 

dl / Kn 1 — = A , 
dt 

for the shear crack 

for the extensile crack 

for the shear crack. 
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A 2-D anisotropic Hnite element model has been developed based on the 

analytical micromechanical crack model. Both extensile and shear crack growth renders 

the initially isotropic material anisotropic with associated changes in the material 

properties. Ellipsoids of anisotropy for Young's modulus by both extensile and shear 

crack growth are shown in Figure 4.3. Initially, the rock material has isotropic material 

properties. However, due to the growth of cracks, anisotropic ellipsoids of material 

properties are developed. The crack-induced anisotropy has been incorporated into the 

ABAQUS finite element program as anisotropic material properties such as E„ E2, Gj, 

v„ and V2. 

Since the crack growth model is two dimensional, crack growth causes the 

material to become transversely isotropic (Figure 4.3). The transverse isotropy for the 2 

plane is expressed as [Lekhnitskii 1963]: 
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3 

Figure 4.3 Transverse isotropy for the micromechanical-based finite element model. An 
example of induced anisoiropy for Young's modulus is also shown as E, and E2. 



82 

For the plane strain condition, the sti^ness matrix for the transverse isotropy problem 

is: 

"22 

I ̂ 12 J 
l - y  2 § . V , '  

Ex 

Ey - Vi'E, 
(l + v,)£j 

v, 

0 

V, 0 
^11 

0 ^22 
«?2 7.2 

where the out of plane principal stress, 033, is obtained from: 

(Tjj = Vitr,, +V2O22 

Using Castigliano's theorem, the anisotropic material properties are calculated 

by considering separately loading in each principal direction and in direct shear [Jeon 

1996]. The detailed anisotropic material properties for the sliding crack model are: 

E,=. 
f 7d 
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c g. 

1+y 26 

2b 

V  ^ 3 3 - ^ ^ l l - y  
^11 ^11 

» l6<,tC(5C-^C') "°4('-^t 

^ ,^16/o-C-(5C-/iC^)'^^^^ 
;c4 " 

-(S) 

where N is the number of sliding cracks. Since the 2 plane is a plane of isotropy, v, 

keeps its original value of Poisson's ratio, v [Goodman 1989]. 

Similarly, the anisotropic material properties due to shear crack growth are; 

£,= 
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v,=v 

"== 

I 

where N is the number of shear cracks. 

4.3 Simulation of uniaxial and triaxial compressional tests 

A series of micromechanical-based fmite element models have been developed 

based on the 2-D anisotropic micromechanical fracture model. The results of Hnite 

element modeling are compared to the analytical modeling results and the actual 

laboratory data for Bolsa quartzite [Nickerson 1997]. The material and fracture 

parameters for the modeling are obtained from previous laboratory tests and 

microscopic observations [Kemeny & Zomeni 1998, Zomeni 1997, Jeon 1996, Kemeny 

1993]. 
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For the analytical and numerical models, random initial cracks were generated 

with a crack density (No. of cracks per unit area) of 10'm'^ [Zomeni 1997]. The initial 

cracks have a normal distribution of crack lengths with an average half-crack length of 

0.0008 m and a standard deviation of 0.00028 m. The initial cracks have a uniform 

distribution of crack orientations, which means no preferred crack orientation. A 

fracture toughness value, K,(., of 0.5 MPa m"^ is used for the sliding crack growth 

criterion, which is a reasonable value for quartzite. A shear fracture energy, Gc, value of 

0.25 X 10"* joules/m- is used for shear crack growth. The values of 25 and 10 ' m/sec are 

used for the subcriticai crack parameters, n and A, which are also typical values for 

quartzite. In order to generate a condition conducive to subcriticai crack growth, the 

laboratory tests and the modeling were conducted under a very slow loading rate of 0.5 

X 10"^ /sec. A summary of the material and fracture properties is presented in Table 4.1. 

An example of the analytical modeling results for Bolsa quartzite is presented in 

Figure 4,4. The resulting stress / strain curve exhibits a linear response followed by the 

ultimate rock failure. A comparison of the failure strength between the laboratory test 

data and the analytical modeling results is presented in Figure 4.5. There is a close 

agreement between model and test data. In addition, the failure envelope of both the test 

and the analytical modeling results has two distinguishable stages; one at low confining 

stresses and the other at higher confming stresses. This bilinear strength envelope 

represents the transition from extensile (sliding) cracks to shear cracks with increasing 

confining stress. 
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Table 4.1 The material and fracture parameters used in the micromechanical model. 

Property Value 
Young's modulus 20 GPa 
Poisson's ratio 0.25 
Kic 0.5 MPa m -
Gc 2.5 kJ m 
n 25 
A 10 m/sec 
Average crack length 0.0008 m 
Std. Dev. Of crack length 0.00028 m 
Crack density 10 m 
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3000 psi Confining Stress 
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Figure 4.4 An example of the analytical model simulating the inelastic and nonlinear 
behavior of Bolsa quartzite under 3000 psi confming stress. 
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Figure 4.5 Failure envelopes of the laboratory test and analytical model for Bolsa 
quartzite. 
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The transition from extensile to shear cracking in the model is presented in 

Figure 4.6. This Hgure presents the number of growing sliding and shear cracks in the 

model as a function of time. Under uniaxial compression, for example, there is no shear 

crack growth observed (Figure 4.6a). However, a transition from sliding to shear 

cracking occurs at a confining stress of 1000 psi (Fig. 4.6b). Shear crack growth 

becomes dominant at a confining stress of 3000 psi (Fig. 4.6c). Figure 4.7 helps to 

explain this phenomena. For example, figure 4.7 shows that the stress needed for shear 

crack growth is much less than that for sliding crack growth in the high conHning stress 

region. The opposite is true at low confining stresses. In conclusion, the analytical 

micromechanical subcritical crack model reasonably well simulates the inelastic and 

nonlinear behavior of rock materials, and can give detailed information about the state 

of microscopic damage (crack growth) at any stage of loading. 

A comparison between the analytical and numerical models is shown in Figure 

4.8, which mean that the analytical model is a mathematica model and the numerical 

model is a finite element model. The strains caused by sliding crack growth in the 

numerical model have almost the same values as that of the analytical model (Figure 

4.8a). However, the numerical model shows slightly more strain than the analytical 

model when dominated by shear crack growth (Figure 4.8b). The result suggests that 

the numerical model would predict a lower failure strength than the analytical model 

under high conHning stresses where the shear crack is dominant. Figure 4.9 compares 

failure strength between the analytical and numerical models. As expected, the results 

of the numerical model predict smaller failure values than in the analytical model under 



90 

a) 

Uniaxial 

350 

300 Sliding 

~ 250 
u 
~ 
;...... 

200 u 
~ 
0 

150 
0 z 100 

50 
Shear 

10 20 30 '10 50 60 

Time (xlOO sec) 

Figure 4.6 Number of sliding and shear crack growth in the analytical micromechanical 
fracture models. The transition from the sliding to shear crack begins in the confining 
stress of 1000 psi. 
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Figure 4.6 Continued. 
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Figure 4.6 Continued. 
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Figure 4.7 Critical stress in order to initiate the sliding and shear crack growth with 
increasing confining stress for a same 1 mm crack. 
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Figure 4.8 Strain caused by the crack growth under a same condition. a) Sliding crack 
and b) shear crack. 
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Figure 4.9 Failure envelopes of the laboratory test, analytical model, and numerical 
model for Bolsa quartzite. 
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higher confining stress conditions. However, both results still give reasonable 

predictions compared with the laboratory results. 

Additional results from the numerical model for a uniaxial test and a 3000 psi 

conHning stress test are presented in Figure 4.10 and Figure 4.11. Since the extensile 

crack and the shear crack are dominant in the uniaxial compression model and the 3000 

psi confining stress model, respectively (Figure 4.6), these two models help to 

distinguish the differences between sliding and shear crack dominant models. The 3000 

psi triaxial model exhibits more crack strain than the uniaxial test (Figure 4.10a and 

4.1 la). This is due to the fact that E, and E2 in the 3000 psi triaxial model has changed 

more signiHcantly compared to the uniaxial model (Figure 4.10c and 4.1 Ic). Dilatation 

of volumetric strain occurs for both models (Figure 4.10b and 4.11b). The 3000 psi 

model shows a small volume increase, while the uniaxial model shows a significant 

increase of volume due to the lack of conHning stress. The volumetric strain values are 

well matched to laboratory data [Kemeny 1993]. In conclusion, the micromechanical-

based fmite element fracture model provides more detailed data on the anisotropic-

nonlinear behavior of rock materials than the analytical model. However, a more 

complete evaluation of the numerical model including detailed comparisons with 

laboratory data is recommended for the future. 

4.4 Simulation of creep on underground tunnel 

A small-scale underground tunnel (borehole) has been modeled to demonstrate 
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Figure 4.10 Numerical modeling results under uniaxial compression. 
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the capability of the micromechanical-based finite element model (Figure 4.12). Unlike 

the previous models that were under rate-dependent loading conditions, this model is 

subjected to a time-dependent creep condition for simulating the long-term behavior of 

geological structures. The model is subjected to a constant in situ stress of SO MPa 

(vertical) and 30 MPa (horizontal). Before excavation, the rock material is in a static 

state, and has the isou-opic material properties of Bolsa quartzite. After excavation, the 

rock builds up a stress concentration around the tunnel, which induces crack growth and 

subsequent material anisotropy. 

The model predicts failure at the wall of the tunnel 2900 seconds (48.3 minutes) 

after excavation. A plot of maximum principal stress inmiediately before the failure is 

shown in Figure 4.13. The stress is primarily concentrated on the wall of the tunnel in 

which the failure occurs. A plot of crack density (damage) is presented in Figure 4.14. 

According to the crack density plot, shear cracks have developed all around the tunnel. 

The wall of the tunnel has more damage compared to the roof of the tunnel. Only a 

small number of extensile cracks are detected in this simulation due to the large size of 

the elements and associated high confining stresses for the elements at the boundary of 

the opening. An example problem with a Hner mesh is described later. 

In summary, the micromechanical-based finite element fracture model 

successfully predicts the evolution of damage on geological structures. From the 

damage data, a structural performance of the underground tunnel could be estimated for 

the purpose of risk analysis. Furthermore, the model can simulate hydro-mechanical 

coupling, as described in the next chapter. 
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Figure 4.13 Maximum principal stress plot for the small scale underground tunnel. 
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Figure 4.14 Plot of crack growth density (damage). The solid line and dashed X 
represent the amount and orientation of sliding and shear crack growth, respectively. 
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Figure 4.14 Plot of crack growth density (damage). The solid line and dashed X 
represent the amount and orientation of sliding and shear crack growth, respectively. 
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CHAPTERS 

HYDRO-MECHANICAL COUPLING 

5.1 Coupled hydraulic-mechanical effects 

As discussed previously, the inelastic and anisotropic behavior of rock materials 

often occurs due to subcritical crack growth under low differential stress conditions. 

Subcritical crack growth occurs far below the failure strength of a rock material, and 

significantly alters its mechanical behavior. The crack growth can induce changes in 

fluid flow inside the rock mass, due to the closing, opening, sliding, and/or growing of 

cracks. The coupling between fracturing and permeability has become a major issue in 

engineering in rock masses. When designing an underground structure, increased fluid 

flow through a rock mass where crack growth has occurred could make the structure 

hazardous and even useless. 

Approaches for simulating fluid flow through a fractured rock mass fall into two 

categories. One is a continuum approach, and the other is a discrete approach. The 

continuum approach considers the fractured rock mass as an anisotropic medium, 

putting less effort into investigating characteristics of the individual fractures. The 

continuum approach is simple and cost-effective assuming an appropriate representative 

element volume (REV) is used. However, the continuum approach has drawbacks, most 
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notably that it is difficult to simulate the various couplings in the rock mass. In contrast 

to the continuum approach, the discrete approach emphasizes the characteristics of 

individual fractures such as length and aperture, and characteristics of the fracture 

system such as spacing and connectivity. The discrete approach is complicated and 

requires a lot of computer power. However, it has advantages in simulating the hydro-

mechanical coupling in the rock mass. 

Hydro-mechanical coupling models for extensile and shear crack growth have 

been developed and added to the micromechanical fracture model in order to simulate 

the coupled permeability of rock masses. The hydro-micromechanical model is 

compared to actual laboratory data [Nickerson 1997]. Based on the hydro-

micromechanical coupling model, the micromechanical fmite element model has been 

modified for simulating complicated coupled fluid flow problems in geological 

structures. As examples, coupled permeability tests and a small-scale underground 

tunnel are simulated with the hydro-mechanical coupling model. 

5.2 Hydro-micromechanical fracture model 

Hollow cylinder tests involving mechanical loading and simultaneous 

permeability measurement have been conducted [Nickerson 1997, Nickerson & 

Kemeny 1996]. The hollow cylinder sample under uniaxial or triaxial stress loading 

develops micro- and macro-fractures. A continuous radial flow test measures the flow 

through this system of fractures. The radial flow can be simpliHed as l-D "lateral" flow 
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for modeling purposes (Figure S.l). The lateral flow is modeled assuming a radial crack 

with an elliptical shape: 

^ Tdx /V 1 Q = r ^ Ah 
A  4 ( / ^  + j c ^ )  / I  

where x is the half aperture of the crack, A is the area of rock material, p. is the 

viscosity, and Ah is the pressure gradient. The flow equation is implemented into the 

analytical micromechanical fracture model in order to simulate the coupled hollow 

cylinder tests and also to evaluate the accuracy and usefulness of the hydro-

micromechanical fracture model. Based on the results of the simple 1-D hydro-

mechanical coupling model when compared with laboratory data, a more complicated 

2-D coupled permeability model is proposed to simulate coupled permeability in 

geological structures. 

Coupled permeability of extensile cracks 

A lateral coupled-permeability model based on extensile crack growth is 

developed. Extensile crack growth is usually observed in low confining pressure 

conditions such as a slope or dam, or near the boundary of an underground opening. 

The coupled permeability of a crack is dependent on characteristics of the crack such as 
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Figure 5.1 Lateral permeability (direction 3) through a single tabular crack. 
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length and aperture. The length of crack growth at any stage of loading is obtained from 

the previous micromechanical crack model. In order to complete the calculation of 

coupled permeability, a formulation for the opening at the center of the crack is derived 

using Castigiiano's theorem. The stress intensity factor for an extensile crack subjected 

to triaxial stresses and an opening force, F, at the center of the crack is: 

The force, F, is a fictitious force that is set to zero after inserting into Castigiiano's 

theorem to give the opening displacement at the center of the crack. The opening of the 

extensile crack is given by; 

_ 8/0 
Xopening — 

nE 
T*cos01n 

where E' = E for plane stress and E' = E / (1 - v^) for plane strain. If the open extensile 

crack is assumed to have an elliptical shape, the lateral permeability for the body 

containing the crack is given by: 
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^lateral K I'x' 

4A 

where x is the half opening of crack, and A is the area of the body. 

The coupled permeability of a body containing extensile cracks is a function of 

crack length and crack opening. Crack opening is also a function of crack growth, 

loading condition, and confining stress. For instance, the permeability is found to 

increase with increasing crack growth, increase for increasing a,, and decrease for 

increasing In the models containing only extensile cracks, predictions of failure 

strength are much higher than expected (factor of 2 or 3) in high confming pressures, 

which allows unreasonably high coupled-permeability in the model. This problem is 

solved by adding shear cracks to the model, which replaces extensile crack growth at 

high confining pressures. 

Coupled permeability of shear cracks 

Unlike the opening of extensile cracks under load, the opening for a shear crack 

is a combined effect of fracture roughness and shear displacement on the crack surface 

(Figure 5.2). Whenever shear displacement occurs along the crack surface, an opening 

is induced by the fracture roughness. Barton's empirical shear strength formula [Barton 

1973] has been adopted: 
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Figure 5.2 Shear crack opening, x, induced by the shear displacement, Ds, and the 
dilation angle, i. 
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T = <Tntan(0*-+1) 

for calculating the shear crack opening. In the Barton's formula, the dilatation angle, i, 

is expressed as; 

where JRC is the joint roughness coefficient, and JCS is the joint compressive strength. 

Tan i is the ratio of the normal (opening) displacement to shear displacement. Using this 

formulation, the shear crack opening, Xope„„g, is simply: 

Xopening = Ds tan i 

where Ds is the shear displacement on the individual crack surface. The shear 

displacement, Ds, is calculated from Castigliano's theorem, based on the stress intensity 

factor for shear displacement on a crack surface; 

/ = JRC\og\o 
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Again a fictitious force, F, is used to calculate the shear displacement at the center of 

the crack. The shear displacement on the crack surface is: 

E 

where E' = E for plane stress and E' = E / (1 - v^) for plane strain. 

One of problems with this model is that the JRC value for a microcrack surface 

is hard to define, since the JRC is originally defined for a macro size (10 cm) joint or 

crack. Therefore, scale effects of the JCR value should be considered. The empirical 

equation for the scale effect is presented by Barton and Bandis [1982]: 

JRC, = y/?Co 
, \-o.o2y«Co 

Jo J 

where JRC„ is the new scaled JRC value, JRCq  is the original JRC value for the 10 cm 

crack, 1„ is the actual crack length, and Iq is the basic crack length of 10 cm. The 

relationship between JRC values for the original 10 cm crack and the 1 mm crack are 

presented in Figure 5.3. While there are large differences for JRCq values over 5, only 

small differences exists for JRCq values under 5. To represent the smooth surface of a 

microcrack, a low JRC„ value of 4 is assumed and used in our model, which 

corresponds to a JRCq of 3. For the JCS value, the failure strength for the given rock 

material is used. 
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Figure 5.3 Scale effect between the original joint roughness coefficient, JRC0 and the 
new JRC value for a 1 mm crack, JRC0 • 
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Coupled initial permeability 

An initial permeability for the unstressed rock material is assumed in the model 

before subcritical crack growth. The initial opening for cracks in the model is assumed 

to be 1/1500th of the original crack length, which works out to be 0.5 ^.m. This 

assumption for the initial crack opening is based on microscopic observations in Bolsa 

quartzite [Zomeni 1997]. Under increasing load, the initial cracks begin to close, and 

the coupled permeability decreases. For the initial cracks subjected to triaxial stresses, 

the mode I stress intensity factor is: 

K, =-<T,.,/^cos*0-(Ti.^/^sin"0 

Crack closure for these initial cracks is calculated from Castigliano's theorem: 

4/o / 1 - • "> /%\ 
^closing = ® 

Thus, the total opening of the initial crack is: 

^ ~ ^closing 

where is the initial opening under unstressed conditions. 
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Once a pre-existing crack has closed, it is subject to frictional forces and a small 

amount of shear opening is expected by the fracture roughness. This is given by; 

_4 /o r*^__ ,  
Xopming — tan I 

E 

where i is the dilatation angle from Barton's empirical formula. 

5.3 Simulation of coupled permeability tests 

The results of several hydro-mechanical coupling models are compared with 

coupled permeability laboratory data [Nickerson 1997, Nickerson & Kemeny 1996]. 

The modeling results of lateral coupled-permeability with the laboratory test data are 

presented for confining stresses of 0, 1000, 3000, and 5000 psi (Figure 5.4). The 

coupled permeability data from the models do not match exactly with the laboratory 

permeability tests. However, the general trends in the coupled permeability models are 

reasonably matched to the actual permeability data. 

Since there is no shear crack growth in the uniaxial micromechanical fracture 

model (Figure 4.6a), the coupled permeability in the hydro-mechanical model is only 

controlled by sliding cracks in this case. The modeling result of coupled permeability 

under uniaxial compression is shown in Figure 5.4a. The modeling results exhibit a 

typical U-shape coupled permeability, which represents the three stages of coupled 

permeability: crack closure (stage 1 and 2), stable crack propagation (stage 3), and 
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Figure 5.4 Modeling results of hydro-mechanical coupling for each confining stress 
conditions. 
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unstable crack propagation (stage 4). Also, the coupled permeability data from the 

model matches reasonably well to the laboratory test data. 

The pattern of coupled permeability for the 1000 psi confining stress model 

(Fig. S.4b) shows the same general pattern as the laboratory data. It should be noticed 

that the permeability values for the 10(X) psi model have larger values than that of the 

coupled permeability test. The difference may come from the difference in the predicted 

failure strengths, where the model predicts a higher strength value of 250 MPa 

compared with the test result of 220 MPa (Fig. 4.5). These differences may also explain 

the prediction of larger coupled-permeability values in the 3000 psi conHning stress 

model (Figure 5.4c). 

Unlike the uniaxial and the 1000 psi confming stress models, the shear crack is 

dominant in the 3000 and 5000 psi models (Figure 4.6). Consequently, the coupled 

permeability patterns in the high confining stress models are different from those in the 

low confming stress models. The resulting patterns and values in these models exhibit a 

reasonable prediction for the high permeability region, while the permeability patterns 

and values show a relatively large offset for the initial part of the models. However, 

since the high permeability region is usually of primary importance in many practical 

cases, the shear crack permeability model is useful to predict the coupled permeability 

of geological structures. Also, the test data is subject to a large amount of error for the 

reasons described in Nickerson [1997]. In conclusion, the hydro-micromechanical 

fracture model makes a reasonably accurate prediction of the hydro-mechanical 

coupling in rock materials. 
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5.4 Anisotropic hydro-mechanical coupling model 

A lateral hydro-mechanical coupling model has been developed in order to 

simulate the laboratory coupled-permeability test data as discussed in the previous 

section. A shortcoming of the model is that it does not simulate the anisotropy of 

coupled permeability induced by the development of extensile and shear cracks, and 

therefore can not be utilized in fmite element calculation without modification. In order 

to overcome this deHciency, a simple anisotropic permeability model is proposed here. 

An anisotropic ellipsoid of permeability is Hrst introduced for extensile cracks (Figure 

5.5). The tensor of anisotropic permeability, kjj, represents the effective fluid flow 

through a fracture or fracture set [Chen et al. 1999, Chen & Bai 1998]. The actual 

anisotropic permeability is calculated from the cubic law for parallel plates: 

12 

ii 0 0 
2h 
0 0 0 

0  0 -
L 

where 2x is the averaged crack opening, 2h is the height of the rock body, and L is the 

lateral length of the rock body. <t> is the fracture porosity represented as: 

xlL 
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Figure 5.5 Anisotropic coupled-permeability for an extensile crack. 
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where w is the half height of the body. The matrix of the anisotropic permeability 

provides an assessment of the effective flow area for a fracture or fracture set [Chen & 

Bai 1998]. This simple linear assessment of effective flow area does not exactly 

represent the actual fracture system, since a linear relationship between fracture flow 

and effective flow area doesn't exist in actual fracture systems. However, the 

assumption of a linear relationship is an appropriate first-order assumption for modeling 

the complicated anisotropic permeability of fracture systems. A natural second-step 

would be the development of a more advanced and realistic model for anisotropic 

fracture permeability. 

Based on the anisotropic permeability model above, the anisotropic ellipsoid of 

permeability is calculated for shear cracks: 

where 6 is the inclination angle of the shear fracture (Figure 5.6). The total 2-D 

anisotropic tensors of coupled-permeability are expressed as: 

0 0 

—cos^ 0 0 
2h 

0 i 
L 

0 
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Figure 5.6 Anisotropic coupled-permeability for a shear crack. 
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k^='Li4i 

where is the permeability tensor for an extensile crack, and k' is the permeability 

tensor for a shear crack. 

The anisotropic hydro-micromechanical coupling model is tested on the small-

scale underground tunnel model as described previously in chapter 4.5. An example of 

the anisotropic coupled permeability right before failure at the tunnel walls is presented 

in Figure S.7. All material properties and boundary conditions are identical to the 

previous tunnel model. No fluid flow or infinitesimal permeability for the matrix is 

assumed. Therefore, the anisotropic coupled-permeability is solely induced by the 

change of crack characteristics: opening, closing, and crack growth. An increase in 

permeability primary occurs at the boundary of the underground tunnel where crack 

growth occurs (Figure 4.14). 

A thorough investigation of the induced anisotropic permeability compared with 

changes in crack density (Figure 4.14) reveals some of the connections between crack 

growth and coupled permeability. While the crack growth or damage is relatively 

uniform all around the tunnel, the coupled permeability mainly increases at the wall of 

the tunnel. This difference is expected, since the maximum principal stress is 

concentrated in the wall of the tunnel (Figure 4.13). The higher stress in the wall of the 

tunnel induces more crack opening compared to the roof of the tunnel. Contour plots of 

the coupled permeability are presented in Figure S.8. 
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Figure 5.7 Plot of anisotropic coupled-permeability for. the small-scale underground 
tunnel right before the failure. 
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The results of the anisotropic hydro-micromechanical fracture model suggest 

that the coupled permeability is a complicated phenomenon depending not only on the 

effects of stress distribution but also the effects of crack growth or damage. Also, the 

model demonstrates that coupled permeability is a time dependent phenomenon since 

crack growth is a time dependent phenomenon. In summary, our relatively simple 

hydro-mechanical fracture model has a great potential to predict the complicated 

phenomenon of time-dependent coupled-permeability, in spite of its linear assumption 

for the fracture permeability. 
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CHAPTER 6 

THERMO-MECHANICAL COUPLING 

6.1 Coupled thermal effects 

In most underground structures, the effects of thermo-mechanical coupling are 

minimal and can be ignored in practice, since the typical geothermal gradient is only 

about 3 "C per 100 m depth. For instance, the temperature increase for underground 

storage at a depth of 350 m is only 10 °C. Consequently, thermally induced stresses and 

their effects on underground structure is of importance in only special cases. However, 

some underground structures require the consideration of thermal-mechanical coupling, 

such as the storage of high-level nuclear waste or liquefied natural gas (LNG). 

The thermally induced stress or simply the thermal stress is a major aspect of the 

thermo-mechanical coupling. In the linear elastic state, strain induced by a change of 

temperature can be expressed as [Boley & Weiner I960]: 

= aAr 
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where a is the coefficient of thermal expansion (°C'') and AT is the change in 

temperature (°C). For example, the thermal stress related to the thermal strain for a 

uniaxially confined body (no axial displacement) is; 

<T^ = EE^ = ofAJ 

where E is the Young's modulus. The thermal stress coupled with the mechanical stress 

completely alters the stress state of an underground structure, and could induce more 

microfracturing (damage). Based on the micromechanical fracture model, a simple 

thermo-mechanical coupling model has been developed, and tested on the small-scale 

underground tunnel (borehole) model. Detailed calculations on the thermally induced 

stress on the model are conducted in the ABAQUS program using the thermal stress 

option. The results of the thermo-mechanical coupling model compared to the original 

micromechanical model are presented and discussed. 

6.2 Simulation of thermo-mechanical coupling 

As a Hrst step in investigating the thermo-mechanical coupling, a heat transfer 

analysis from the nuclear waste project is conducted. The Fourier heat conduction law is 

used to measure the thermal conductivity of a rock material: 
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where Q is the heat flow, k is the thermal conductivity (W m '^C '), A is the cross-

sectional area of system, and T is the temperature (°C). Thermal conductivity is one of 

the material properties related to the heat transfer ability of a material. 

An equation for heat transfer is derived from a balance of energy [Boley & 

Weiner I960]: 

where q is the heat energy generated per unit volume (W m"^), p is the density of the 

rock material, and c is the specific heat of the rock material (J kg''°C''). If there is no 

heat generation inside the rock mass, the heat transfer equation becomes: 

assuming a constant value of thermal conductivity and cross-sectional area of the rock 

mass. This equation is used in the ABAQUS program for the calculation of transient 

heat transfer in the thermo-mechanical coupling model. The actual values of thermal 

parameters for the Bolsa quartzite are presented in Table 6.1 [Zomeni 1997]. 
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Table 6.1 Thermal parameters of Bolsa quartzite used in the thermo-mechanical fracture 
model. 

Property Value 
Thermal Conductivity 2 .0Wm C 
Thermal Expansion 10 C 
Density 2600 kg m 
Specific Heat 1000 J kg-' ' 
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The small-scale underground tunnel that was used in the hydro-mechanical 

coupling modeling is utilized here in order to demonstrate the effect of thermal coupling 

compared to the non-coupled model (Figure 6.1). The tunnel has a constant heat source 

of 100 °C at the inner boundary. The other boundary conditions are identical to the 

hydro-mechanical coupling model. The results of the thermo-mechanical coupling 

model are presented in Figure 6.2 through Figure 6.4. The model exhibits a failure in 

400 seconds (about 6.7 minutes), which is much shorter than the 2900 seconds failure 

time for the hydro-mechanical coupling model. The change in failure time is due to 

alteration of the stress state due to thermal loading. The thermal stress induced only by 

the heat source inside the tunnel is presented in Figure 6.2. The thermal maximum 

principal stress is highly concentrated on the boundary of the tunnel, with values up to 

16.4 MPa. Figure 6.3 shows the maximum principal stresses due to both far field 

stresses and the thermally induced stress (Figure 6.1) at 400 seconds. The thermal stress 

coupled with the mechanical stress around the tunnel enhances the damage and shortens 

the life of the tunnel. An example of the transient heat transfer analysis at 400 seconds 

in the ABAQUS program is presented for reference (Figure 6.4). 

In conclusion, the thermal stress due to the heat source significantly changes the 

stress state around the underground tunnel, and develops faster crack growth and 

increased damage. The faster crack growth causes failure of the tunnel walls at an 

earlier time than they would otherwise. 
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Figure 6.1 Geometry and boundary condition of thermo-micromechanical coupling 
model simulating effects of an underground heat source. 
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Figure 6.2 Contour plot of thermal stress induced by the heat source inside stress 
(Maximum principal stress). 
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Figure 6.3 Contour plot of coupled thermo-mechanical stress (Maximum principal 
stress). 
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Figure 6.4 Contour plot of temperature right before the failure . 
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CHAPTER 7 

CHEMO-MECHANICAL COUPLING 

7.1 Coupled chemical effects 

Properties of rock materials are significantly affected by chemical environments. 

The chemical environments can be simply underground water, chemical fluids used in 

acid-drainage mining, and contamination around high-level nuclear waste storage 

facilities. The effects of chemical-mechanical coupling on subcritical crack growth and 

the strength of metallic materials have been well studied for decades. However, only 

limited research has been conducted to understand the coupled-chemical effects for 

non-metallic materials, especially natural rock materials. The studies of chemical-

mechanical coupling on rock materials have focused on two aspects. One is the 

chemical effects on subcritical crack growth, which involve changes to the material 

properties, A and n. The other involves mechanical tests on rock materials saturated 

with various chemical fluids to determine changes in the mechanical properties: 

uniaxial tensile, uniaxial compressional and triaxial compressional strength. 

Several previous studies have been conducted that are relevant to the 

micromechanical model for chemical-mechanical coupling developed here. Studies of 

the chemical effects on subcritical crack growth have been conducted on synthetic 
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materials such as Na-lime glass and synthetic quartz [Atkinson 1984, Atkinson and 

Meredith 1987, and Dunning et al 1993]. The data on the subcritical crack growth 

properties of synthetic quartz are relevant to rocks such as quartzite and sandstone. 

There have only been few organized research studies on the chemical effect on actual 

rock properties [Hadizadeh and Law 1991, and Seto et al. 1997]. 

Data on the mechanical properties associated with fluid chemistry have been 

obtained from the previously mentioned papers [Atkinson 1984, Atkinson and Meredith 

1987, and Dunning et al 1993]. Table 7.1 summarizes data for synthetic quartz crystal 

and the quartz dominant rock types such as quartzite and sandstone. The only consistent 

data for the chemical effect on subcritical crack growth is for synthetic quartz crystal. 

Quartz crystal has an n value that varies with fluid chemistry, but a constant A value 

regardless of the chemistry of the fluid [Atkinson 1984, and Atkinson & Meredith 

1987], 

Mechanical test data showing the effects of fluid chemistry in Chapter 3.3 are 

sununarized in Table 7.2. Data is also available for the water weakening of sandstone 

and quartzite [Hadizadeh and Law 1991], and the effects of different chemical fluids 

[Seto et al. 1997]. However, only the data in Table 7.2 is consistent with Table 7.1. This 

data is used to simulate the coupled chemical effect using the micromechanical crack 

model. 

From the data in Tables 7.1 and 7.2, the necessary material properties for the 

micromechanical crack model can be obtained or assumed. However, some of the data 

in Tables 7.1 and 7.2 do not agree. In particular, the n values for synthetic quartz in 



Table 7.1 The effects of chemical fluids on fracture properties. 

K, log A N Paper No. 

Syn. Qt. air 1.0 -2.0 19.9 1 

water -2.2 12.0 1 

2N HCI -1.8 19.3 1 

2N NaOH -1.8 9.5 1 

INNaOH -2.1 8.9 3 

Mojave Qtzt air 2.1 1 

water -6 35.0 1 

Berea SS air 0.5 1 

water 

Tennessee SS air 0.45 -1 17.2 1 

water 2 13.7 1 



Table 7.2 Rock strength data for Navajo sandstone for various chemical fluids. 

UTS* UCS** 

Navajo SS air 3.7 60.5 

water 2.7 44.2 

IN HCI 2.2 37.5 

25N NaOH 3.9 46.8 

Uniaxial tensile strength (MPa) 

Uniaxial compressional strength (MPa) 
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contact with HCl and NaOH suggest a high failure strength under HCl and low strength 

in a NaOH fluid. However, Table 7.2 shows a high failure strength in NaOH fluid. This 

discrepancy may be due to differences between quartz crystal and actual sandstone, or 

differences in the test methods. 

The data from the tests and Seto et al. [1997] show a disagreement on the 

uniaxial compressional strength (UCS) values. While the test data shows that the UCS 

values decrease with the chemical fluids in the same manner as with the uniaxial tension 

strength (UTS) values, Seto et al. [1997] show little change in the UCS associated with 

the chemical fluids. In spite of these differences, the results are still interesting, since 

they suggest that the chemical effects of fluids are less effective in changing 

compressional strengths [Seto et al. 1997]. 

7.2 Tension crack model 

A micromechanical crack model for uniaxial tension is developed here. The 

uniaxial tension or tension crack model is important for simulating the chemical-

mechanical coupling of rock materials, since this coupling of rock materials is more 

sensitive to tensile loading [Seto et al. 1997]. The interactive tension crack model has 

the following stress intensity factor: 
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where a is the uniaxial tension, I is the half-crack length, and b is the spacing between 

cracks (Figure 7.1). Crack spacing perpendicular to b is assumed large compared to b, 

and interaction between the cracks in this direction is ignored. The inelastic strain due 

to multiple tension crack growth is derived from Castigliano's theorem: 

for plain strain. 

The results of the micromechanical tension crack model for uniaxial tension 

tests are shown in Figure 7.2. For this simulation, Bolsa sandstone is used as the model 

material with the exact same material properties as used in the simulation of the uniaxial 

and triaxial compressional tests. The tension model predicts an UTS of 7 MPa at 0.04% 

strain, which is approximately 1/lOth the UCS of 70 MPa determined from the 

compression model. This ratio falls into the typical range of 1/10 - l/20th [Goodman 

1989]. 

7.3 Simulation of chemical-mechanical coupling 

A series of micromechanical models have been developed for simulating the 

effect of fluid chemistry on the material properties of rock materials. Since all the 
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Figure 7.1 Schematic diagram of micromechanical tension crack model. 
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Figure 7.2 The results of uniaxial tension crack for Bolsa sandstone, a) Strain and stress 
curve, b) time and no. of crack growth curve. 
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material properties required are not available, some of the material properties have been 

assumed. Navajo sandstone is chosen as the model material with a Young's modulus of 

17 GPa and a Poisson's ratio of 0.25. We use the same crack properties as that found for 

Bolsa sandstone, including an average crack length of 0.008 m and a total of 500 cracks 

for a 2-inch diameter sample. 

Detailed data on the fracture properties for subcritical crack growth are determined from 

tests on Tennessee sandstone (Table 7.1). Table 7.3 summarizes the fracture properties 

used for subcritical crack growth under different chemical fluids. One problem with 

these properties is the subcritical crack growth index, n, for 2N HCl. The failure 

strength of synthetic quartz in 2N HCI fluid (Table 7.1) should be similar to that of 

synthetic quartz in air, since the n values of 2N HCl and air have the similar values, 

19.9 and 19.3. But the tests show that Navajo sandstone has a much lower strength 

value in IN HCl than in air (Table 7.2). The problem might originate from the 

differences between synthetic quartz and the actual sandstone. For instance, sandstones 

contain feldspar that is very sensitive to the presence of acids. An n vale of 8 is assumed 

and used to match the test data in the micromechanical fracture modeling. The problem 

of mismatched fracture properties and rock strength is reversed in NaOH fluids, but the 

high concentration of 25 N in the test data makes the data somewhat unreliable. 

Therefore, the modeling of rock containing a NaOH fluid has not been conducted, and 

more tests are warranted. 

Results of the uniaxial tension and the uniaxial compression modeling are 

summarized in Table 7.4. Also, the modeling results are compared to the test data, as 
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Table 7.3 Subcritical crack properties in the different chemical fluids. 

K, log A n 

Navajo SS Air 0.5 -1.0 17.0 

Water 0.5 -1.0 13.0 

1NHCI 0.5 -1.0 8.0* 

assumed for the model. 



Table 7.4 The results of uniaxial tension and uniaxial compression model. 

UTS UCS UTS/UCS 

Navajo SS air 4.04 42.4 0.0953 

water 3.57 36.0 0.0992 

INHCI 2.26 23.4 0.0966 



148 

presented in Figure 7.3. The modeling results for uniaxial tension reasonably predict the 

test data for each case. The simulation for uniaxial compression predicts smaller values 

than the test data by about 20 MPa for each case. The offset of UCS values may be due 

to a computational error in the model or problems with the tests. However, any 

conclusions from our modeling and test data are premature, and additional studies are 

recommended. 



a) 

b) 

., 
0.. 
I: 

., 
0.. 
I: 

149 

Uniaxial Tensile Strength 

5 ~--------------------------------------~ 

-+--Test 
---Model 

o r-------------~------------~----------~ 

air water 1N HCI 

Uniaxial Compressional Strength 

70 

60 

so 

40 
-+--Test 

30 ---Model 

20 

10 

0 

air water 1 N HCI 

Figure 7.3 The modeling results of chemical-mechanical coupling for Navajo sandstone. 
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CHAPTERS 

THM COUPLING FOR UNDERGROUND NUCLEAR WASTE STORAGE 

8.1 Underground nuclear waste storage in Yucca Mountain 

Underground nuclear waste storage (UNWS) at Yucca Mountain, Nevada has 

been investigated using the THM coupled micromechanical fracture model. The time-

and rate-dependent micromechanical model is used to predict the quantity and quality of 

long-term damage on the underground structure, and estimate the potential 

contamination due to fluid flow. Simulation of the UNWS is extremely difficult, since 

any model must handle the complicated coupling processes of temperature, fluid flow, 

mechanical loading, and even the effect of fluid chemistry. Also, the model must deal 

with the time-dependence of rock deformation and failure. Only after considering all of 

these aspects, the safety of the proposed repository can be fully evaluated. 

The UNWS in Yucca Mountain is located at a depth of approximately 350 m, 

and will contain dozens of parallel tunnels (Figure 8.1). The individual tunnels have a 5 

m diameter, and the tunnels are spaced apart by a distance of 25m. Far Held stresses at 

the repository horizon are Gh = 1.7 MPa and Gh = 2.9 MPa, based on hydraulic 

fracturing tests [Lee & Haimson 1999]. The repository rock material, TSw2 tuff, is 
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Figure 8.1 Underground nuclear waste storage in Yucca Mountain, Nevada. 



152 

highly fractured providing high permeability pathways for flow. Thermal conditions 

inside the repository are time-dependent due to the decay of nuclear waste. The average 

temperature variation of the heat sources is provided in Figure S.2 [Kemeny & Cook 

1991]. According to the data, the maximum room temperature is approximately 165 C 

at 100 years after the emplacement. Detailed material, thermal and fracture properties of 

TSw2 tuff are presented in Table 8.1. 

8.2 Simulation of UNWS 

A schematic diagram of the UNWS model is presented in Figure 8.3. The 

vertical stress at the top of the model is (direction 2); 

Oi = Pgh 

where p is the rock density, g is the gravitational acceleration of 9.8 m/sec^, and h is the 

depth of the repository. Since the horizontal far field stress values at Yucca Mountain 

are not significantly different from the stresses due to uniaxial strain [Lee & Haimson 

1999], a uniaxial strain condition is assumed by conHning the model in the horizontal 

direction (Figure 8.3). The resulting stress state in the model is presented in Figure 8.4. 

A high maximum principal stress of 21.7 MPa is concentrated on the wall of the 

repository, and a maximum principal stress of only 0.06 MPa is observed on the roof of 

the repository. 
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Figure 8.2 Temperature variation of the repository in Yucca Mountain due to decay of 
nuclear waste. 



Table 8.1 Modeling parameters for UNWS in Yucca Mountain. 

Property 
Young's modulus 
Poisson's ratio 
K1c 

Gc 
n 
A 
Average crack length 
Std. Dev. Of crack length 
Crack density* 
Thermal Conductivity 
Thermal Expansion 
Density 
Specific Heat 

Value 
15-34 GPa 

0.22 
1.0MPam·2 

5.0 kJ m 

25 
5x10 m/sec 

0.0016 m 
0.0004 m 

10m 
1.4 W m C 

8.4xl0·6 -I 

2400 kg m 
900 J kg·l -I 

* number of crack + area 
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Figure 8.3 Schematic diagram for the UNWS model in uniaxial strain condition. 
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Figure 8.4 Contour plot of the geostatic stress in UNWS (Maximum principal stress). 
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Two THM coupling models for the UNWS are implemented representing the 

heterogeneity of rock materials in Yucca Mountain area. The main difference between 

the models is Young's modulus: 34 GPa and 15 GPa (Table 8.1). The Young's modulus 

of 34 GPa comes from intact rock samples of TSw2 tuff that do not consider large-scale 

discontinuities, while 15 GPa considers fractures appropriate for a fair-good rock. The 

32 GPa model is appropriate for good-excellent quality rock masses at Yucca Mountain. 

Results of the two models exhibit distinctly different behaviors. While the 34 GPa 

Young's modulus model exhibits failure in 32 years, the 15 GPa model becomes stable 

and shows no failure until 10,000 years. The 15 GPa case is not appropriate for our 

model since we do not take into account large-scale discontinuities, which could cause 

failure sooner than 10,000 years. For this reason, we only consider the 34 GPa model in 

all further discussion. 

Maximum principal stress values in the 34 GPa model immediately before 

failure (32 years) are displayed in Figure 8.5. Alteration of the stress state from the 

geostatic stress (Figure 8.4) is noted due to the heat source inside the repository (Figure 

8.2). For instance, the maximum principal stress increases from 0.06 MPa to 98.7 MPa 

in the roof of the repository, while the stress decreases from 21.7 MPa to 0.06 MPa in 

the wall of the repository. The data suggest that the effects of the gravitational stress 

(Figure 8.4) are minimal compared to the thermal stress, and failure occurs in the roof 

of the repository. For reference, a contour plot of heat transfer at 32 years is presented 

in Figure 8.6 where a maximum temperature of 152 °C is observed around the 

repository. 
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Figure 8.5 Contour plot of maximum principal stress for 34 GPa Young's modulus 
model right before the failure. 
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Figure 8.6 Contour plot of temperature for 34 GPa Young's modulus model right before 
the failure. 



160 

Results of the 34 GPa Young's modulus model are presented for points on the 

roof and wall of repository: points A and B (Figure 8.1). Plots of principal stresses and 

crack growth through time at the roof and wall of the repository are presented in Figures 

8.7 and 8.8. The maximum principal stress, PI, at point A (Figure 8.7a) increases with 

increasing temperature (Figure 8.2) for 10 years. Then, the maximum principal stress 

begins to decrease due to the increase of crack growth (Figure 8.7b), in spite of the 

increasing temperature. At year 32, the increase in damage results in failure on the roof 

of the repository. In contrast to point A, the maximum principal stress values at point B 

continue to decrease through time (Figure 8.8a), which suggests minimal damage even 

after long periods of time. Figure 8.8b actually exhibits a decrease in the number of 

growing cracks and no damage after 10 years. The results of point B suggest that the 

rock material should be stable and safe in the wall of the repository. 

In addition to the stress and damage results, variations of Young's modulus and 

shear modulus are presented in Figures 8.9 and 8.10. Young's modulus and shear 

modulus at point A decrease with time (Figure 8.9), supporting the stress and crack 

growth results. Figure 8.10 shows a minimal change of modulus values, and confirms 

the stress and crack growth results at the wall of the repository where the rock material 

is stable and safe. 

Detailed data for the 15 GPa Young's modulus model at points A and B are 

presented in Figures 8.11, 8.12, 8.13, and 8.14 in order to compare with the 34 GPa 

model. The modeling results at point A shows a dependency on temperature through 

time (Figure 8.11); the stress and damage increases with increasing temperature, and 
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Figure 8.7 Plots of modeling results at point A for 34 GPa Young's modulus model. a) 
Principal stresses and b) numbers of crack growth. 
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Figure 8.8 Plots of modeling results at point B for 34 GPa Young's modulus model. a) 
Principal stresses and b) numbers of crack growth. 
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Figure 8.9 Plots of Young's modulus and shear modulus at point A for 34 GPa Young's 
modulus model. 
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Figure 8.10 Plots of Young's modulus and shear modulus at point B for 34 GPa 
Young's modulus model. 
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Figure 8.11 Plots of modeling results at point A for 15 GPa Young's modulus model. a) 
Principal stresses and b) numbers of crack growth. 
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Figure 8.12 Plots of modeling results at point B for 15 GPa Young's modulus model. a) 
Principal stresses and b) numbers of crack growth. 
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Figure 8.13 Plots of Young 's modulus and shear modulus at point A for 15 GPa 
Young's modulus model. 
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decreases with decreasing temperature. The decrease of stress and damage with 

temperature makes the rock material at point A stable and safe until 10,000 years. The 

principal stress and crack growth at point B is similar to those in the 34 GPa model, 

with the exception of an increase of maximum principal stress, PI, after 100 years (no 

data available for the 34 GPa model). This small increase of stress doesn't affect the 

damage and stability of the rock material at point B. 

A crack density plot is presented in Figure 8. IS, which is an interesting result of 

the UNWS model. The crack density plot shows the amount of damage around the 

repository at year 32. The plot indicates that the most damaged region is the roof of the 

repository where large amount of extensile and shear fractures are observed. Minimal 

crack growth is observed in the wall of the repository. Extensile cracking is dominant 

all around the repository. In particular, a large extensile crack zone is observed between 

the roof and the wall. A large amount of shear cracking is observed inside the roof of 

the repository where the stress is highly concentrated (Figure 8.5). 

Related to the damage plot, an anisotropic coupled-permeability plot is 

presented in Figure 8.16. The permeability plot shows a large permeability increase in 

the roof of the repository due to the high density of extensile and shear cracks. Since the 

extensile crack is dominant in the model, only a small amount of 2-direction 

permeability, kj, is observed inside the roof of the UNWS where the shear cracks exist. 
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CONCLUSION AND FUTURE WORK 

9.1 Conclusion and Discussion 

A Hnite element model has been developed to simulate thermo-hydro-chemo-

mechanical coupling effects in rock materials. The basis for the model is the growth of 

cracks. The hypothesis was that if the growth of cracks in rock materials could be 

accurately simulated, then important coupling relationships would naturally fall out of 

the model. In the model developed in this dissertation, cracks grow due to mechanical 

or thermal loading. Also, the chemistry of fluid in the cracks affects crack growth 

through subcritical crack growth. Both extensile and shear crack growth is included in 

the model, allowing for the complex material behavior seem in actual rocks. In the 

model developed in this dissertation, a primary result of crack growth involves changes 

in the permeability of the rock. The results of the model indicate that the hypothesis was 

correct and that complex coupling phenomena can be produced by simulating the 

growth of cracks under specific mechanical, thermal, and chemical conditions. Some 

specific outcomes of this dissertation work are described below. 

The THCM coupling model is able to simulate time- and rate-dependent fracture 

propagation in rock materials, and to quantify the characteristics of damage by extensile 
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and shear fracture growth. The model successfully simulated the failure strength of 

Bolsa quartzite and Navajo sandstone. Also, bilinear pattern of failure envelope for 

Bolsa quartzite was predicted by the model due to the transition of failure type from 

splitting failure to shear faulting. The model simulated creep failure in a small-scale 

underground tunnel (borehole), which provided detailed results on the damage and 

failure type around the tunnel. 

The THM coupling model can simulate coupled thermal effects on underground 

structures such as tunnels for the storage of high-level nuclear waste, since the model is 

able to calculate transient heat transfer and the associated thermal stress. The 

underground storage of nuclear waste at Yucca Mountain was modeled in order to 

obtain detailed data of heat transfer and thermally induced stress around the repository. 

The thermally induced stress altered the stress state around the repository, and enhanced 

crack generation (damage) in the roof of the repository. The results of the thermo-

mechanical coupling model can be used to conduct a risk analysis of the underground 

strucmres. 

In addition, the THM coupling model is able to investigate variations in fluid 

flow and hydraulic characteristics of rock materials by predicting a coupled anisotropic 

permeability due to the growth of cracks. The model has been compared to coupled 

hydraulic tests at the University of Arizona [Nickerson 1997, Nickerson & Kemeny 

1996] and showed reasonable predications of coupled permeability values and U-shape 

patterns due to the closing and growth of cracks. Based on the comparison between tests 
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and model, a simple 2-D anisotropic coupled permeability model has been developed 

and used in modeling underground structures. 

The effects of chemical coupling on rock materials were investigated, and based 

on this investigation the THM coupling model has been modified in order to develop a 

complete Thermo-hydro-chemo-mechanical coupling model for fractured rocks. The 

model is compared to mechanical laboratory tests conducted with different chemical 

solutions. These tests include point load tests, Brazilian tests, uniaxial compressional 

tests, and direct shear tests. The model reasonably well predicted the UTS and UCS of 

Navajo sandstone saturated in various fluids. 

Finally, the underground nuclear waste storage at Yucca Mountain has been 

simulated using the THCM coupling model for fractured rocks. The model fails at 32 

years in the roof of the repository, where stress was highly concentrated. High density 

of extensile and shear crack growth (damage) is also observed in the roof of the 

repository. Related to the crack growth, large increase of coupled permeability was 

observed in the roof of the repository. 

The complicated THCM coupling effects of rock materials are not completely 

understood, yet. The finite element model for fractured rock media with THCM 

coupling effects can only simulate limited aspects of the THCM coupling such as 

thermal to mechanical, mechanical to hydraulic, and chemical to mechanical coupling. 

For examples, thermal parameters in the model keep constant, which represents no 

mechanical to thermal coupling. However, effects of the mechanical to thermal 

coupling is signiHcant in rock materials, since change of mechanical properties due to 
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subcritical crack growth also alters the thermal properties of rock materials. One of the 

most important coupling processes that is not considered in the model is the hydraulic to 

mechanical coupling. The hydraulic pressure inside fractures induces and enhances 

fracturing in rock materials and the hydraulic fracturing changes mechanical properties 

of rocks, significantly. 

In spite of these shortcomings, the THCM coupling model demonstrates great 

potentials to simulate the time-dependent behaviors and THCM coupling effects of rock 

materials. First, the model can provide detailed information of damage, displacement 

and strength failure of structures related to the time-dependent crack growth. The 

information is extremely important to geological engineers, geotechnical engineers, and 

structural engineers who are working on long-term geological structures such as tunnel, 

slope, dam, and underground storage. 

The model also provides limited but valuable information on THCM coupling 

effects, which can be used in Geological engineering. Civil engineering, Hydrology, 

and Environmental engineering. Especially, the modeling on the hydro-mechanical 

coupling effects presents unique information of coupled permeability due to not only 

elastic or inelastic deformation of fracture aperture, but also generation and/or sliding of 

fracture. The modeling on the thermo-mechanical coupling provides critical information 

for building an underground repository of high level nuclear waste. For an example, 

interval of each repository at Yucca Mountain increased from 25 m to SO m based on 

other thermo-mechanical coupling analysis. Chemo-mechanical coupling modeling 



180 

provides change of failure strength due to fluid chemistry, which can be used in acid 

mining and drilling processes. 

9.2 Future work 

The fmite element model for fractured rock media with THCM coupling is 

based on the micromechanical fracture model [Kemeny 1991, Kemeny & Cook 1987]. 

The micromechanical fracture model was developed for a 2-dimentional body, while 

actual fracture is a 3-dimentional problem. Naturally, 3-D micromechanical fracture 

model is proposed in order to simulate actual fracture propagation, and the 3-D model 

will be incorporated into a 3-D finite element model. 

Related to the 3-D fracture model, a 3-D anisotropic fracture permeability model 

will be developed from the previous 2-D anisotropic fracture permeability model. The 

new 3-D permeability model will have a realistic non-linear flow area assessment in its 

calculation. A modification of the hydro-mechanical coupling effects will also be 

conducted including the consideration of hydraulic to mechanical coupling. The effects 

of hydraulic fracturing due to pore pressure will be added to the existing THCM 

coupling model. This modification will deHnitely increase the accuracy of coupled 

permeability from the model. 

An enhancement of thermo-mechanical coupling effects in the model is 

proposed with regards to subcritical crack growth. Since subcritical crack growth 

criterion is also sensitive to temperature, this sensitivity will be added to the THCM 
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coupling model. In addition, mechanical to thermal coupling effects will be considered 

in the model by changing thermal parameters related to the growth of cracks. 

In order to investigate more detailed chemo-mechanical coupling effects, a 

series of mechanical tests are proposed including uniaxial tensile tests and fracture 

toughness tests in various chemical solutions. 
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