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ABSTRACT

The work presented in this report is part of an on-going activity to evaluate the finite element code
ABAQUS as a possible code for analyzing coupled thermal-mechanical-hydrological problems related to
the review of a license application for the proposed Yucca Mountain high-level nuclear waste disposal
facility. This report presents the results of the evaluation of the code with respect to hydrological, thermal,
and thermomechanical problems.

The hydrological problem examined the infiltration of water vertically downward into an unsaturated rock
column. The transient problem was solved using ABAQUS and V-TOUGH; a steady-state analytical
solution of the problem was also obtained. The histories of pore-water pressure and saturation profiles
calculated using ABAQUS agree satisfactorily with those calculated using V-TOUGH and the analytical
solution.

The second problem examined the temperature distributions and thermally induced mechanical response
within a cracked thick-walled cylinder. The internal and external surfaces of the cylinder were maintained
at constant temperatures. The ABAQUS-calculated solutions for the cracked cylinder were found to relate
to the analytical solutions for the uncracked cylinder in a way that is consistent with the expected effect of
cracks on the behavior of the cylinder.

The third problem examined the performance of ABAQUS in modeling both excavation- and thermally
induced mechanical responses of an interior drift within a fractured rock mass containing an array of drifts.
The problem was also solved using the distinct element code UDEC. The ABAQUS-calculated responses
were found to be consistent with the expected behavior within the rock mass. Differences between the
magnitudes of fracture-surface shear stress calculated using ABAQUS and UDEC were demonstrated to
have been caused by differences in the methods used by the two codes to model the elastic shear stiffness
of rock discontinuities. Similar differences between the values of fracture-surface normal stress calculated
using the two codes are believed to be caused by differences in their methods of modeling the normal
stiffness of discontinuities. The ABAQUS modeling of the stiffness of discontinuities will be examined
further in subsequent problem sets.

The performance of ABAQUS in the first two problems was found to be satisfactory. Further examination
of its simulation of discontinuities will be conducted as part of subsequent problem sets. Moreover, the
code still needs to be tested against the remaining problems selected for the code evaluation project, before
a final conclusion can be drawn regarding its suitability for coupled thermal-mechanical-hydrological
analyses related to compliance determination.
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EXECUTIVE SUMMARY

This report discusses the progress made during the 1994 fiscal year on the evaluation of the finite element
code ABAQUS as a possible computer code for conducting coupled thermal-mechanical-hydrological
(TMH) analyses, including mechanical-effect-dependent fluid flow through fractures. These analyses are
anticipated to be conducted in the context of reviewing a license application for the proposed Yucca
Mountain (YM) high-level nuclear waste repository. The rationale for conducting coupled TMH analyses
for the YM project and the selection of ABAQUS for evaluation of its TMH modeling capabilities has
been discussed by Ghosh et al. (1994). The objective of evaluating the code is to determine whether it can
reproduce the response of benchmark and test case problems associated with a fractured rock mass, under
(i) individual mechanical (including dynamic), thermal, and hydrological processes; (ii) two-way coupled
processes, such as thermomechanical (TM), mechanical-hydrological (MH), and thermal-hydrological
(TH); and (iii) TMH coupled processes. The capabilities of the code to reproduce the response of
benchmark problems associated with a fractured rock mass under static and dynamic mechanical processes
were examined during a previous phase of the code evaluation exercise (Ghosh et al., 1994). In addition,
the evaluation of ABAQUS against two coupled test case problems, i.e., an MH experiment set up by the
Center for Nuclear Waste Regulatory Analyses and the Japanese Big Ben Experiment (DECOVALEX,
1993) is in progress under the international cooperative project DECOVALEX (acronym for the
DEvelopment of COupled models and their VALidation against EXperiments in nuclear waste isolation).
The current report presents the results of the evaluation of the code against thermal, hydrological, and
coupled TM problems. The evaluation of ABAQUS is scheduled for completion in FY95.

The hydrological problem was designed to examine the capabilities of ABAQUS in modeling the
isothermal flow of water in unsaturated rock. The problem dealt with matrix flow only. Modeling of
fracture flow in ABAQUS relies on the modeling of matrix flow in the neighboring blocks, in order to
calculate the fluid pressure that drives flow in the fracture. Therefore, this problem was selected to evaluate
the matrix-flow modeling capabilities of the code, as a first step toward evaluating its fracture-flow
modeling capabilities. The test problem considered the vertically downward infiltration of water into an
unsaturated column of rock. The histories of the vertical profiles of pore-water pressure and saturation
calculated using ABAQUS were compared with results from V-TOUGH, a finite difference code
developed at the Lawrence Livermore National Laboratory (Nitao, 1989). The steady-state profiles were
also calculated analytically (Kapoor, 1994) for comparison with the ABAQUS results. The problem was
solved for a material with hydraulic properties similar to the Topopah Spring welded tuff, and for a higher
permeability material. The ABAQUS-calculated profiles compare satisfactorily with those calculated
using V-TOUGH and the analytical solution.

The second test problem examined the temperature distributions and thermally induced mechanical
response within a cracked thick-walled cylinder. The inner and outer surfaces of the cylinder were
maintained at constant temperatures of 300 0C and 25 'C, respectively. The focus of the problem was to
examine the heat-flow-modeling capabilities of the ABAQUS interface elements, which are provided for
modeling the mechanical, thermal, and hydrological properties of geologic discontinuities, such as
fractures, joints, faults, and bedding planes. The performance of the code in this problem was evaluated
qualitatively by comparing its calculated temperature distributions, stresses, and displacements with the
analytical solutions for the uncracked cylinder. It was demonstrated that the ABAQUS-predicted responses
for the cracked cylinder relate to the analytical solutions for the uncracked cylinder in a way that is
consistent with the expected effects of the crack on the behavior of the cylinder. For example, the
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ABAQUS-calculated temperature distribution for the case of a crack filled with material of the same
thermal conductivity as the surrounding rock showed no effect of the crack on heat transfer. On the other
hand, its calculated temperature distribution for the case of a perfectly insulating crack showed
temperature contours that are normal to the crack surface in the vicinity of the crack, which is consistent
with the crack being a perfect barrier to heat flow.

The third test problem examined the modeling of the excavation- and thermally induced mechanical
response of a drift within a fractured rock mass that contains an array of drifts. This drift is assumed to be
surrounded by other drifts and thus its response is influenced by the thermal and mechanical interactions of
neighboring drifts.

The inter-drift interactions for the interior drift problem were modeled by considering a single drift
surrounded by a zone of influence that is bounded by vertical and horizontal symmetry planes. The
conditions at such an external boundary would cause the temperature to approach the same value
everywhere within the influence zone of the drift. Such a uniform-temperature condition, coupled with the
mechanical restraints on the symmetry planes, would cause the stresses within the influence zone to tend
toward a hydrostatic compressive state. As a result, the fractures within the influence zone would close,
and the fracture surface stresses would change in a way that makes fracture-slip less likely. The ABAQUS-
calculated responses for the interior drift problem were all consistent with this expected response.

The interior drift problem was also solved using UDEC (a distinct element code), and the profiles of
fracture-surface stress calculated using the two codes were compared. The two codes agree satisfactorily in
the shapes of the profiles, but disagree on the magnitude of the fracture-surface stresses. It was
demonstrated that the disagreement in the magnitudes of shear stress is caused by differences between the
methods used by the two codes to model the elastic shear stiffness of rock discontinuities. It is believed
that the disagreement in the magnitudes of normal stress is also caused by differences in their methods of
modeling the normal stiffness of discontinuities. ABAQUS modeling of discontinuities will be tested
further in subsequent problem sets.

It was concluded that ABAQUS has performed satisfactorily in the first two problems. Its performance
with respect to modeling the stiffness of rock discontinuities will be examined further in future tests.
Moreover, the code still needs to be tested against the remaining problems selected for the code evaluation
project, before a final conclusion can be drawn regarding its suitability for TMH analyses related to
compliance determination.
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1 INTRODUCTION

1.1 BACKGROUND AND OBJECTIVES

Yucca Mountain (YM), located approximately 160 km northwest of Las Vegas, Nevada, has
been designated by the United States Congress for characterization as a potential repository site for
high-level nuclear waste disposal. A general description of the YM site for the proposed repository has
been given in the U.S. Department of Energy Site Characterization Plan (U.S. Department of Energy,
1988). The area is characterized by north to northwest trending mountain ranges composed of volcanic and
volcanoclastic strata that dip eastward. The strata are broken into en-echelon fault blocks. The
geomechanical conditions in the proposed repository horizon are characterized as a highly jointed rock
mass with prominent vertical and subvertical faults and joints (fractures). The potential repository location
is in the densely welded, devitrified part of the Topopah Spring (TSw2 unit) member of the Paintbrush tuff,
which is about 350 m below the ground surface and 225 m above the water table (Klavetter and Peters,
1986). At YM, the zone above the water table contains capillary water, estimated at about 65 percent in
saturation. There may also be potential perched water zones above the repository horizon. The repository
construction and emplacement of radioactive waste in this partially saturated geologic medium is expected
to cause major perturbations to the system involving coupled thermal, mechanical, hydrological, and
chemical processes. The extent of the perturbed zone depends on many factors such as the initial state of
stress, method of excavation, orientation and properties of fractures, site structural geology, the magnitude
and recurrence time of seismic events, and the magnitude of thermal load.

Significant coupled thermal, mechanical, and hydrological (TCm) interactions are anticipated in
the perturbed zone at the YM site (Ghosh et al., 1993; 1994). The emplaced waste generates heat that will
cause the temperature of the rock mass around the emplacement areas to rise. If the temperature in the rock
mass reaches the boiling point, the pore water in the rock matrix is likely to vaporize and flow away from
the emplacement areas, condensing in regions where the temperatures are below boiling conditions. Thus a
dry-out zone may be created (Buscheck and Nitao, 1993). The condensate in the zones above the
emplacement areas would tend to drain back toward the emplacement areas due to gravity and capillary
effects. The extent of this saturation redistribution depends on the amount of heat generated from the
waste. Key questions which need to be answered in order that the performance of waste packages can be
assessed reliably include (i) whether or not the reflux of the condensate can reach the waste packages,
(ii) if so, what is the rate of condensate-flow towards the waste package and when does the flow begin, and
(iii) what is the chemical content of the condensate that may contact the waste packages? It has been
argued (Buscheck and Nitao, 1994) that, at YM, fracture flow may be the most likely means for condensate
to flow back toward the heat source (waste packages) since the matrix permeability of the TSw2 unit is so
small that the matrix flow in the near-field is of lesser concern to repository performance. Because the
matrix permeability is small, the fracture-flow of condensate may persist for a long distance before being
arrested by re-vaporization or matrix-imbibition, or both. It would, therefore, appear that the extent of the
dry-out zone, amount of water available above the emplacement areas (which may be enhanced by both
condensation and rainfall infiltration), and the hydrological properties of fractures are the predominant
factors that will determine the answers to the first two questions asked earlier in this paragraph.

The performance issues are complicated further by the possibility that the hydrological
properties of fractures may not remain constant throughout the life of the waste package and repository.
These properties will be perturbed in several ways. First, the construction of the repository will change the
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state of stress, which, in turn, will cause mechanical deformation of the rock mass. It is believed that most
of the rock-mass deformation will arise from normal and shear displacements on fractures (Kana et al.,
1991; Hsiung et al., 1992). Fracture normal and shear deformations will not only have implications
regarding the stability of excavations but will also affect fluid flow and solute transport in the rock mass
through changes in fracture aperture. It should be noted that excavation stability is an important issue
related to waste retrievability. Excessive falls of large rock blocks may affect the performance of the waste
packages during the operational and containment periods.

Second, the heat generated from the emplaced waste is expected to be active over an extended
period of time. This thermal load induces rock expansion. The rock expansion may also cause dilation,
closure, and shear failure of fractures, thus leading to changes in the hydrological properties of fractures.

Third, dynamic ground motions due to earthquakes, nearby underground weapons testing, etc.,
will take place in the environment of in situ stresses and thermally induced phenomena in the repository.
The dynamic ground motions, including the cumulative effect of repetitive seismic motions (Hsiung et al.,
1992), will cause further dilation, closure, and shear of fractures. A typical example of the effect of
earthquakes on hydrology is that which occurred in California during the Loma Prieta earthquake
(Rojstaczer and Wolf, 1992). In the case of the Loma Prieta earthquake, it was inferred that the increased
fracture permeability allowed the water table in the mountains to drop more than 21 m while greatly
increasing the flow of springs and streams in the foothills. Hydrologic changes due to earthquakes have
also been observed in connection with several other earthquakes (e.g., Ofoegbu et al., 1994). At YM, the
change of fracture permeability may occur due to the ground motion from earthquakes and underground
nuclear explosions at the Nevada Test Site. Recent observations (Hill et al., 1993) that a large earthquake
can induce smaller earthquakes at great distances from its epicenter makes this issue much more significant
than previously thought. The cumulative effects of repetitive seismic loads may form preferential
pathways connecting the emplacement area with the condensation zones above the emplacement area,
perched water zones, or neighboring steep hydraulic gradient zone. Thus, the chance for water to contact
waste packages could increase significantly.

In addition to the three causes mentioned previously that may induce changes in fracture
hydrological properties, it is well recognized that rock strength properties are a function of time (or stress),
that is, rock mass deteriorates as time passes. This deterioration may be a possibility for the rock mass
surrounding the repository since the potential backfill for the emplacement drifts after permanent closure is
not expected to be sufficient to support the rock mass on the top of drifts to prevent such a deterioration.
The rate and extent of the deterioration depend primarily on the strength properties of fractures. All these
factors are likely to increase the capability of fractures to conduct flow. Furthermore, pore water or vapor
in the rock matrix tends to expand as temperature increases, causing the development of excess pore
pressure. Since the rock matrix permeability at YM is low, the excess pore pressure may not dissipate
quickly. Laboratory data presented by Althaus et al. (1994) suggest that such pressure increase in the rock
matrix may weaken the rock enough to increase the likelihood of microfracturing. The occurrence of
microfracturing may cause considerable increase in the rock-mass permeability. However, it is not yet
clear how such changes in rock-mass permeability may affect the performance of the proposed repository.

In addition to the coupled TMH interactions discussed previously, there is also the issue of
chemical and thermomechanical coupling with the flow field. This coupling may be related to the
precipitation or dissolution of minerals, which will decrease or increase the permeability of the fracture
network (Lin and Daily, 1989; de Marsily, 1987). However, this issue of the effects of chemical reactions
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on the TMH processes, and vice versa, was not considered in this code evaluation study, primarily because
no code known to the authors can deal with all four processes in a coupled manner. The effects of chemical
reactions on TMH processes, and vice versa, will be considered at a later date, if appropriate.

The selection of ABAQUS (Hibbitt, Karlsson & Sorensen, Inc., 1994) to evaluate its coupled
TMH interactions modeling capability, including modeling of mechanical-effect-dependent fluid flow
through fractures, has been discussed by Ghosh et al. (1994). The overall objective for the evaluation of
ABAQUS is to determine if the code can reproduce the response of benchmark and test case problems
associated with a fractured rock mass, under (i) individual mechanical (including dynamic), thermal, and
hydrological processes; (ii) two-way coupled processes, such as thermomechanical (TM),
mechanical-hydrological (MH), thermal-hydrological (TH); and (iii) TMH coupled processes. The
capabilities of ABAQUS to reproduce the response of benchmark problems associated with a fractured
rock mass under static and dynamic mechanical processes were examined previously (Ghosh et al., 1994).
In addition, the evaluation of ABAQUS against two coupled test case problems, i.e., the MH experiment
set up by the Center for Nuclear Waste Regulatory Analyses (CNWRA) and the Japanese Big Ben
Experiment (DECOVALEX, 1993), has been initiated in FY94 under the international cooperative project
DECOVALEX (acronym for the DEvelopment of COupled models and their VALidation against
EXperiments in nuclear waste isolation). The objective of the current report (which is being submitted as a
Progress Report on the continuing ABAQUS-evaluation project) is to present the results of evaluating
ABAQUS against thermal, hydrological, and coupled TM problems. The final ABAQUS-evaluation report
is scheduled for submission to the Nuclear Regulatory Commission (NRC) in FY95.

1.2 SCOPE

The scope of work for this progress report on the evaluation of ABAQUS includes analysis of
three problem sets briefly discussed below.

*Transient infiltration through unsaturated rock matrix. The fracture flow model in ABAQUS
is closely tied to the matrix flow model. Thus, it is considered necessary to verify the matrix
flow model before verifying the fracture flow model. In this problem set, a column of
unsaturated porous rock is subjected to vertical infiltration by maintaining a zero suction head
(i.e., saturation condition) at its top and non-zero suction head at its base. In order to test the
modeling capability of ABAQUS with a wide range of hydraulic conductivities, two problems
are solved: one using the material parameters for the Topopah Spring welded tuff, and the
other using parameters for a higher permeability material. The ABAQUS results of both
problems are compared with the analytical solution for the steady-state condition that has
been developed at the CNWRA by Kapoor (1994), and the V-TOUGH (Nitao, 1989) solution
for both steady-state and transient conditions. The solutions for both problems are presented
in terms of suction head profiles along the length of the specimens at selected times, including
the steady-state profile.

*Thermal analysis of thick-walled cylinder with annular crack. The purpose of this problem set
is to verify the performance of the ABAQUS interface elements for heat-conduction analyses.
The interface elements are used to model the behavior of rock discontinuities, such as joints
and faults, and their mechanical performance was examined by Ghosh et al. (1994). This
problem set simulates conductive heat flow and the development of thermal stresses around a
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circular opening in a rock mass, with and without fractures. A thick-walled cylinder with
different constant temperatures at the internal and external radii is analyzed. Three problems
are solved using ABAQUS: the first problem, a base case, consists of intact rock; the second
problem includes rock fractures with thermal conductivity the same as that of the intact rock
of the base case; and the third problem consists of fractured rock with fracture thermal
conductivity equal to zero. The temperature distribution for the intact rock thick-walled
cylinder as calculated by ABAQUS is compared with the analytical solution provided by
Carslaw and Jaeger (1959), and the thermally induced stresses and displacements with the
analytical solutions provided by Boley and Weiner (1960). For the second problem, which
includes rock fractures with thermal conductivity the same as that of the intact rock of the
base case, the temperature distribution should be the same as the temperature distribution for
the base case. For the third problem, consisting of fractured rock with zero fracture thermal
conductivity, the temperature distribution is expected to show clear evidence of heat flowing
around, instead of across the crack. The result of this problem is evaluated qualitatively in
terms of the difference between the calculated temperature distributions for the cracked and
uncracked thick-walled cylinders.

Thermal-mechanical analysis of fractured rock mass. The purpose of this problem set is to
evaluate the two-dimensional coupled TM modeling capability of ABAQUS, including the
prediction of change of fracture opening under thermally and excavation-induced stresses.
The problem set consists of a circular horizontal tunnel, intersected by a vertical fracture, a
horizontal fracture, and two other fractures dipping 45- into the tunnel. This test problem is
solved for two in situ stress conditions: (i) hydrostatic, and (ii) nonhydrostatic. The sequence
of events simulated consists of excavation followed by the application of a temperature
history simulating the thermal load due to emplaced waste. The problem is solved using both
ABAQUS and UDEC.
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2 TRANSIENT INFILTRATION

The problems in this set (Problem Set 1) were selected to evaluate the modeling capabilities of ABAQUS
for the flow of water through porous rock. The rock is unsaturated (i.e., less than 100 percent of the
available pore space is occupied by water), and it is assumed that the rock is not fractured, such that water
flows through interconnected pore spaces. These problems were chosen as a first step toward the
evaluation of the coupled matrix- and fracture-flow modeling capabilities of ABAQUS. In ABAQUS, the
fluid pressure that drives flow in fractures is computed by resolving porous-medium flow through the
neighboring blocks. As a result, it was considered necessary to evaluate the capabilities of the code in
modeling porous-medium flow before proceding with the evaluation of its fracture-flow modeling.

A similar problem has been solved in the ABAQUS Example Manual. The problem considers the
one-dimensional wicking test, in which the absorption of a fluid takes place against the gravity load caused
by the weight of the fluid. In such a test, fluid is made available to the material at the base of a column, and
the material absorbs as much fluid as the weight of the rising fluid permits. At steady state, the pore
pressure gradient must equal the unit weight of the fluid. Although satisfactory results were obtained for
this problem using ABAQUS, the performance of the code in modeling the flow of water through
unsaturated rock matrix cannot be evaluated based on that problem alone, because the range of conditions
(suction head gradient, hydraulic conductivity, etc.) covered by the problem is quite small. The problems
in Problem Set 1 were selected to extend the range of conditions over which the code is tested.

2.1 PROBLEM DEFINITION

The problems in this set consider the infiltration of water into a rock mass. The rock mass is
assumed to be homogeneous and isotropic, the ground surface horizontal, and a steady supply of water is
maintained on the ground surface, at the same rate everywhere. The initial value of degree of saturation is
the same throughout the rock mass. Under these conditions, water flows vertically downward, and the rate
of flow does not vary laterally. The problem is therefore one-dimensional.

The flow of water under such conditions is governed by the following equation:

a ~aqz
,(AS) + paz - ° (2-1)

where t stands for time, + is the porosity of the medium, p is the density of water, z is the vertical
coordinate (positive upward), qz is the vertical flux of water, and S is the degree of saturation (S = v,,Iv,
where vv is the volume of water and vv is the volume of pore space); the term degree of saturation will
hereafter be referred to simply as saturation. The water flux qz is governed by Darcy's law, which gives the
equation

q K<(p a _z PgZ) (2-2)

where Kc is the permeability of the medium (m2), r1 is the dynamic viscosit! of water (Pa-s), p is the water
pressure (Pa), and gz is the z-component of gravitational acceleration (mr-s ).
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The substitution of Eq. (2-2) into Eq. (2-1) gives one equation with the two unknown field
variables S and p. The additional equation needed to solve this equation is obtained from the constitutive
law that governs the development of suction (i.e., negative pore-water pressure) in unsaturated porous
media. This law defines the relationship between suction and saturation. The relationship depends on the
microstructure of the porous medium and its interactions with water and air. It is very difficult to describe
these interactions mathematically; therefore, mathematical formulations of the constitutive law are usually
based on functional generalizations of empirical data, or on mathematical relations based on idealized
models (such as a capillary tube, spheres of constant radius, or a bundle of parallel circular rods), or both.
For example, the van Genuchten (1980) function expresses the relationship in terms of the following
equation:

S 1 (2-3)
e [1 + (-oh)n]

where S. is the effective saturation, defined as follows:

S-S
e r (2-4)

r

h is the pressure head (m), related to the water pressure through the equation:

h P (2-5)

and -yw is the unit weight of water (N-m-3). The material parameters 0, n, and Sr in Eqs. (2-3) and (2-4) are
evaluated using laboratory test data, and m = 1 - 1/n.

Because the water permeability of an unsaturated porous medium depends on the distribution of
water in the pore spaces, its value varies with the value of saturation. Its relationship with saturation is
given in terms of functional generalizations of empirical data. Two such functions were used in the work
described in this report, namely, the Gardner (1958) function and the Mualem-van Genuchten function
(van Genuchten et al., 1991). These functions define the effective permeability (Kc) as the product of two
parameters, as follows:

Ke KKr (2-6)

where K is the intrinsic permeability of the medium, which depends only on the properties of the porous
medium, and ,r is the relative permeability. The values of ICr vary from 0 for a porous medium containing
no mobile water, to 1 for a saturated porous medium. Therefore, the effective permeability for a saturated
porous medium, denoted Ksa, is numerically equal to the intrinsic permeability. The Gardner function
defines relative permeability as an exponential function of pressure head, as follows:

ah
K = e-7)
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where a is an empirical parameter. On the other hand, the Mualem-van Genuchten function defines it as a
function of saturation, as follows:

K = S1e I -( 1- S/m) (2-8)

where L is the pore-connectivity parameter, usually assigned a value of 0.5 for soils (cf. van Genuchten et
al., 1991); it was assigned a zero value for both the ABAQUS and V-TOUGH analyses in this study.

The saturated permeability, Ka is related to the saturated hydraulic conductivity, K (m s-1),
through the following equation:

Ksat iK (2-9)

2.1.1 Material Properties

Two groups of material properties were used for the study, as is shown in Table 2-1. The first
group represents a material with hydraulic properties similar to the Topopah Spring welded tuff
(Bagtzoglou and Muller, 1994); the second represents a higher permeability material (Ababou and
Bagtzoglou, 1993).

The properties of water were set as follows: p=1,000 kg-m73 and 1l=8.95 x 104 Pa-s; the value
of gravitational acceleration was set to 10 m-s- 2 (vertically downward).

Table 2-1. Material and model parameter spedfications for Problem Set 1

Value for Value for
Material and Model Parameters Ilbpopah Spring Higher Permeability

Welded Tuff Material

Height of rock column (i) 1.0 3.0

Pressure head at the (saturated) top surface (m) 0.0 0.0

Pressure head at the base (m) -1,000 -2.5

Initial saturation everywhere 0.274 0.288

Initial pressure head everywhere (m) -1,000 -2.5

Saturated hydraulic conductivity (m-s-1) 6.693 x 10-12 1.625 x 10-5

Porosity 0.0925 0.3

Gardner permeability parameter, a (mnf) 0.0177 7.3

Residual saturation, S. 0.0724 0.1833

van Genuchten parameter, P (nft) 0.0072 2.9227

van Genuchten parameter, n 1.7664 2.0304
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2.1.2 Boundary and Initial Conditions

The initial condition in each rock column was set by suction head, to a value of 1,000 m for the
Topopah Spring material, and 2.5 m for the higher permeability material. The initial values of saturation
corresponding to these values of suction head were calculated using Eq. (2-3) and the appropriate material
parameters from Table 2-1. The values of suction head at the base and at the top surface of each column
were held constant.

2.1.3 Evaluation Strategy

The problem was solved for the two groups of material properties using ABAQUS and
V-TOUGH (Nitao, 1989). Each of the codes was used to generate solutions in terms of the depth profiles of
pressure and saturation for selected values of time, including a time long enough to give the code's best
estimate of the steady-state solution. The Gardner permeability formulation [Eq. (2-7)] is not implemented
in V-TOUGH; therefore, V-TOUGH solutions were obtained using only the Mualem-van Genuchten
permeability formulation [Eq. (2-8)]. On the other hand, because ABAQUS uses table lookup to describe
both the h versus S and t. versus S functions, it was possible to obtain the solutions using both
permeability formulations, hence giving two sets of ABAQUS solutions for each material property group.

The steady-state solution for the problem was also obtained analytically, using the Gardner
permeability formulation. The solution, in terms of suction head v (V---h), is given by the following
equation (Kapoor, 1994):

VD; - VO) - f[l 1 - a N() kiWeaH)] (2-10)

where 4 is the depth below surface; -O at z-O, and 4-H at z-H, where H is the height of each rock
column and z = 0 at the top surface of the column.

Having obtained these solutions, the performance of ABAQUS was evaluated as follows:

(i) By comparing the V-TOUGH and ABAQUS solutions for the case of the Mualem-van
Genuchten permeability formulation; and

(ii) By comparing the ABAQUS steady-state solutions with the analytical solution for the
case of the Gardner permeability formulation.

2.2 ABAQUS MODELS

Two ABAQUS models were prepared for the vertical infiltration problem set, one for the
Topopah Spring material, and the other for the higher permeability materiaL Each model consisted of 100
CPE8RP elements stacked as shown in Figure 2-1. The designation CPE8RP stands for eight-noded
quadrilateral plane-strain elements with reduced order of integration and pore-pressure modeling
capability (Hibbitt, Karlsson & Sorensen, Inc., 1994). The width of the elements was selected to obtain
squares, which resulted in a width of 0.01 m for the Topopah Spring model and 0.03 m for the other. The
shape of elements would usually not be the only concern in setting element sizes; however, because this
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problem is one-dimensional, the width assigned to the elements is not very important. It was necessary to
solve the vertical infiltration problem as a purely hydrological one, in order to compare ABAQUS results
with those of VTOUGH, since the latter does not account for mechanical effects. Therefore, all vertical
and horizontal displacements were constrained to zero, to preclude mechanical deformation.

l l

column height

gI
I ~~~~gravity

Figure 2-1. Schematic illustration of finite element mesh for Problem Set 1

2.2.1 Material Property Definitions

The moisture retention and relative permeability behavior were defined in terms of tables of
values of p versus S and Cr versus S, using the *SORPTION and *PERMEABELIlT commands,
respectively. The p versus S values were calculated using Eq. (2-3), whereas the 's versus S values were
calculated using either Eq. (2-7) or Eq. (2-8), depending on which permeability model was being used in
the analysis. ABAQUS requires that both the imbibition and drainage parts of the moisture retention
behavior be defined. On the other hand, because no drainage was expected to occur in the models
(saturation was expected to either increase or remain the same everywhere), it was not necessary to specify
the drainage response accurately. Therefore, the drainage data were obtained using the imbibition data in
Table 2-1 with a slightly larger value of residual saturation, Sr The drainage data were obtained with
Sr=0.0832 for the Topopah Spring material, and Sr=0.217 for the higher permeability material. Each of the
tables of values was defined using 500 points. A preliminary analysis conducted using 50 points gave very
poor results. Although a table with less than 500 points, say 200, might have been adequate, this possibility
was not investigated.
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2.2.2 Loading Procedure

Each analysis was conducted in eight steps. During the first step, gravity loading was turned on
using the GRAV option of the *DLOAD command in a "*SOILS, CONSOLIDATION" procedure; the
pore pressure at the base of the column was constrained to its initial value, whereas the pore pressure at the
top was constrained to zero value, using the *BOUNDARY command. This step lasted for 1 s. The reason
for such a short-duration step was to establish the required boundary and initial conditions (presented in
Section 2.1.2) without significant water flow. It is also possible to start such an analysis from an initial
no-flow state by prescribing an initial pore pressure distribution with an upward gradient equal to the unit
weight of water, but such an initial condition would redefine the problem. Therefore, it was decided to
allow some amount of flow during the initial step, but make it insignificant by running the step for a
negligible amount of time.

The analysis in Steps 2 through 8 could have been accomplished in one step. However, it was
necessary to divide it into seven steps, in order to have results saved at specific times, and only at those
times. Each of Steps 2 through 8 consisted of a "*SOILS, CONSOLIDATION" procedure with no change
in boundary conditions. The steps were run to generate the distributions of pore pressure and saturation at
the end of 1, 5, 10, 50, 100, 500, and 1,000 d, respectively, for the Topopah Spring material; and at the end
of 0.005, 0.05, 0.1, 0.15, 0.25, 0.5, and 1 d, respectively, for the higher permeability material.

2.3 V-TOUGH MODELS

Two V-TOUGH models were set up, each consisting of 100 cells, stacked vertically to form a
one-dimensional model, such as is shown in Figure 2-1. Each of the 98 middle cells had a cross-sectional
area of 10 4 m2 and a length of 0.01 m (i.e., a volume of 106 m3 per cell), for the Topopah Spring model;
for the higher permeability material, each cell had a cross-sectional area of 9.0 x 10 4 m2 and a length of
0.03 m (i.e., a volume of 2.7 x 10-5 m3 per cell). Each of the two end cells in each model was assigned a
volume of 1050 m3. The two large end cells were necessary in each case to simulate fixed-pore-pressure
boundary conditions. This type of boundary condition is not direcdy supported in V-TOUGH, but can be
achieved by letting water flow into what essentially is an infinite volume. Hence, the initial values of pore
pressure and saturation in those cells (which were assigned to satisfy the boundary conditions specified in
Section 2.1.2) remained essentially unchanged during the simulation period.

2.4 RESULTS

2.4.1 ABAQUS Results Versus V-TOUGH Results

The pressure head and saturation proffles obtained using ABAQUS and V-TOUGH, are
compared in Figures 2-2 through 2-5. The figures demonstrate good agreement between the predictions of
the two codes. Based on the difference between the locations of corresponding solid lines (ABAQUS
profiles) and broken lines (V-TOUGH profiles) in the figures, it can be concluded that the rate of
infiltration predicted using V-TOUGH is higher than the rate predicted using ABAQUS, but the difference
between the two rates is very small. The humps at the low-saturation end of the ABAQUS saturation
profiles are caused by the discontinuity at the corresponding end of the pore-pressure profiles. In the
ABAQUS formulation of the solution procedure, the governing equation [such as Eq. (2-1)] is solved in
terms of pore pressure, p, and the saturation increment AS is computed as follows:
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0

AS - af,= af-aP?Žtap ' ap at (2-11)

where f is the S versus p function, such as given in Eq. (2-3). The derivative ap/at may give inaccurate
results if the shape of the curve p(t) changes rapidly, as may occur at the wetting front. On the other hand,
as the figures show, its effect on the ABAQUS-predicted values of saturation is negligible.

The histories of wetting front elevations calculated for the two problems are plotted in Figures
2-6 and 2-7, where the wetting front is defined as the boundary between the part of the rock at initial
saturation and the part for which values of saturation are larger than the initial value. The figures further
illustrate the small difference in the infiltration rates predicted using the two codes.

2.4.2 ABAQUS Results Versus the Analytical Solution

The ABAQUS-predicted profiles of pressure head and saturation, for the cases in which the
Gardner permeability formulation [Eq. (2-7)] was used, are compared with the steady-state analytical
solution [Eq. (2-10)] through the plots in Figures 2-8 through 2-11. As these figures show, the
ABAQUS-predicted profiles approach the analytical steady-state solution as time increases. This
relationship is consistent with the expected response.
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Figure 2-6. History of wetting front elevations: Topopah Spring Welded Tbff with Mualem-van
Genuchten permeability formulation
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3 THICK-WALLED CYLINDER WITH ANNULAR CRACK

The problems in Set 2 were selected to evaluate the capabilities of the ABAQUS interface elements under
heat flow. The interface elements are provided in ABAQUS for modeling rock discontinuities, such as
joints, bedding planes, and faults. They are provided with the capabilities to model the mechanical,
thermal, and hydrological responses of such structures. Their performance in modeling the mechanical
response of discontinuities was examined during previous code evaluation study (Ghosh et al., 1994), and
was found to be acceptable.

There is little evidence in the literature regarding the effect of discontinuities on the thermal response of a
rock mass. Lin et al. (1991) reported experimental data that suggested that fractures may reduce the
effective thermal conductivity of a rock mass, in the direction normal to the fractures. On the other hand,
they concluded that the observed effect of fractures on heat flow is very small. It is expected that the effect
of discontinuities on the thermal performance of a rock mass will vary, depending on such things as the
aperture, orientation, and nature of filling of the discontinuity. Therefore, it is likely that the decision
regarding the significance of their effect may be made by analyzing specific cases. The purpose of this
problem set is to determine if the ABAQUS interface elements may be suitable for such analysis.

3.1 PROBLEM GEOMETRY AND MATERIAL PROPERTIES

The problems in this set consider heat flow and thermal stress development within a
thick-walled cylinder of internal and external radii, a and b, respectively. The temperature on the interior
surface, that is at r=a (where r is the radial distance from the axis of the cylinder), is fixed at Ta; at the
exterior surface, that is at r=b, it is fixed at Tb. A cross-section normal to the axis of the cylinder is shown
in Figure 3-1. As the figure shows, the specific dimensions for this problem are a-4.5 m and b-50 m. The
cylinder has two incomplete annular cracks at r-9 m; one crack extends from 0-45' to 0-45o, and the
other from 0-135° to 0-225°, where e is the angle measured anti-clockwise, starting from the
right-extending horizontal radius, as shown in the figure. Both cracks had an initial aperture of 2 mm. The
interior and exterior temperature settings were Ta-300 0C and Tb-25 'C. The initial temperature of the
solid, that is at the zero-strain state, was 25 'C everywhere. The material of the cylinder is assumed to be
similar to the Topopah Spring welded tuff, and the parameters were assigned values taken from the
Reference Information Base (RIB), Version 4.4 (cf. Hardy et al., 1993), as shown in Table 3-1.

Table 3-1. Material property specifications for Problem Set 2

Property, symbol, and unit Value

Young's modulus, E (M0a) 3.27 x 104

Poisson's ratio, v 0.25

Coefficient of linear expansion, a (K-1 ) 8.5 x 10-6

Thermal conductivity, kg (MJ-m 1-sl-K-1 ) 2.1 x 10-6

Specific heat capacity, C, (MJnm73-K-1 ) 2.2

Density, p (106 kg.m-3) 2.0 x 10-3
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Figure 3-1. Problem geometry for thick-walled cylinder with annular crack

3.2 EVALUATION STRATEGY

The authors are not aware of any available analytical solution for the cracked-cylinder problem
illustrated in Figure 3-1. On the other hand, analytical solutions are available for the uncracked
thick-walled cylinder, both for temperature distributions and thermally induced mechanical response.
Therefore, the performance of ABAQUS with respect to this problem set was evaluated qualitatively, by
comparing the ABAQUS-predicted response for the cracked cylinder with the analytically predicted
response for the uncracked cylinder.

ABAQUS models heat conduction across the interface elements using a user-specified property
referred to as gap conductance. If the value of gap conductance is assigned in such a way as to give the
interface elements the same thermal conductivity as the surrounding solid elements, then the temperature
distribution calculated for the cracked cylinder should be the same as that of the uncracked cylinder. On
the other hand, the temperature distribution for the cracked cylinder for the case of zero gap conductance
should show clear evidence of heat flowing around the cracks instead of across them.

Therefore, three problems were solved, as follows:

(i) The problem of steady-state heat flow in the uncracked cylinder was solved analytically,
for the temperature distribution and thermally induced stresses and displacements.

(ii) The problem of steady-state heat flow in the cracked cylinder, with the crack space
assigned the same thermal conductivity as the intact rock, was solved using ABAQUS, for
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the temperature distribution and thermally induced stresses and displacements. The cracks
for this case will be referred to hereafter as fully conducting cracks. The solution for this
problem should be the same as for the first one.

(iii) The problem of transient and steady-state heat flow in the cracked cylinder, with the crack
space assigned zero thermal conductivity, was solved using ABAQUS, for the temperature
distribution and thermally induced stresses and displacements. The cracks for this case
will be referred to hereafter as perfectly insulating cracks.

3.3 ANALYTICAL SOLUTION

The steady-state analytical solution for the temperature, T, for the case of the uncracked cylinder,
is given by the following equation (Carslaw and Jaeger, 1959):

log 1 [T log(b') + T log(] (3-1)
log (bla) I a gr) b (ar)](31

As Eq. (3-1) shows, the only geometrical variable that influences the temperature is the radial distance, r,
therefore, temperature contours for this case should form concentric rings around the inner surface of the
cylinder. The corresponding analytical solutions for stresses and displacement are given by the following
equations (Boley and Weiner, 1960):

aT aE[r a Trdr - J'Trdr] (3-2)

000 [ r2 [b J Y Trdr + f Trdr - Tr2] (3-3)

U (1 + V) Trdr + (1 )Tr (2r) dr] (3-4)

where ca, oee, and uT are the radial stress, circumferential stress, and radial displacement, respectively.
The previous equations, Eqs. (3-2) through (3-4), are for plane-stress conditions. In order to obtain the
corresponding solutions for plane strain, the parameters E, a, and v, are replaced with E1, a,, and vj,
respectively; where

Ev, = a, = a ( v)(3-5)

1 V2v 1 1_-v 1 (+ )

Equations (3-2) through (3-4) give the thermally induced mechanical response due to an arbitrary
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temperature distribution, T The specific equations for the mechanical response due to the temperature
distribution specified in Eq. (3-1) were obtained by substituting that equation into Eqs. (3-2) through (3-4).
The integral expressions in the resulting equations were evaluated using Mathematica (Wolfram, 1991),
which gave the following expressions:

JaTrdr = b(b2 [T - Tb + 2Tblog( a)] - a( [3- ) Tb + 2 yljg(a)] )

JrTrdr = (b[Ta - Tb + 2Talog()1 (37)

+ ro( ) [2 (Ta - Tb) log () + T- Tb + 2Tblogt a)]

Eqs. (3-6) and (3-7) were substituted into Eqs. (3-2) through (3-4) to obtain the expressions for aO7, are,
and ur

3.4 ABAQUS MODEL

There are two possible methods for solving thermal-mechanical problems using ABAQUS. The
first is the fully coupled analysis, which is recommended for problems that include mechanical-to-thermal
coupling. For example, if it is necessary to account for the effect of changes in fracture aperture on thermal
conductivity, or the effect of heat generation due to frictional sliding, then the fully coupled approach will
be adopted. The second method relies on sequential coupling in order to account for thermal effects on
mechanical response. This method is appropriate for problems in which mechanical changes have no effect
on heat flow. For example, sequential coupling would be appropriate for analyzing the thermal-mechanical
response of a fractured rock if it can be assumed that the effect of fractures on heat flow does not depend
on the fracture aperture. In that case, the heat flow analysis and thermal stress analysis can be run
separately, using the temperature distribution obtained from the heat flow analysis as input to the thermal
stress analysis. ABAQUS provides an interface for using the results of a heat flow analysis in a subsequent
mechanical analysis, without any user-manipulation of the heat flow results.

The sequential-coupling method was used in these studies. Because the thermal conductivity of
the crack space was assigned either a zero value or a value equal to that of intact rock, it was not dependent
on the crack aperture. That is, the problems in this set did not include any mechanical effects on thermal
response. As a result, each analysis was conducted in two phases, namely, a heat conduction analysis to
obtain the temperature distribution, and a mechanical analysis using the temperature distribution as input.
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3.4.1 Thermal Analysis Model

The problem geometry illustrated in Figure 3-1 was selected to permit the use of
quarter-symmetry. The problem is symmetrical about the horizontal and vertical lines that pass through the
center of the two circles in the figure. Therefore, only the region of the problem bounded by these two
lines, which represents one-quarter of the problem, need be analyzed. The finite element discretization of
this region is shown in Figure 3-2.

Figure 3-2. Finite element mesh used for both thermal and mechanical analyses

The mesh consists of 1,488 4-noded quadrilateral elements, for modeling intact rock; and 12
4-noded interface elements for the crack. The appropriate elements of these categories for heat conduction
analysis are named DC2D4 (solid elements) and DINTER2 (interface elements).

3.4.1.1 Boundary and Initial Conditions

Boundary conditions consist of fixed temperature values at the two circular boundaries (300 'C
on the inner circle and 25 'C on the outer circle), and zero heat flux (symmetry condition) normal to the
horizontal and vertical boundaries, of the model. The initial temperature was set equal to 25 0C at every
node.

3-5



3.4.1.2 Material Property Definitions

The material properties required for the solid elements are the thermal conductivity, density, and
heat capacity per unit mass (equal to Cl/p); these properties were defined as specified in Table 3-1. Heat
flow normal to the interface elements is controlled by the gap conductance, j, which is defined through the
equation

q = A B) (3-8)

where q is the heat flux (quantity of heat per unit time per unit area) in the normal direction of the interface
element, OA is the temperature at point A on one surface of the element, and OB is the temperature at point
B on the opposite surface (the line AB is normal to the element surface). ABAQUS requires the user to
specify the value of j, as a function of crack aperture or normal pressure. It was specified as a constant in
these studies. In order to assign the crack space the same thermal conductivity as the intact rock, the value
of p. was calculated as follows:

ko

d (3-9)

where d is the crack aperture. The value of d was fixed at 2 mm during the heat flow analysis, which
implied a value of 1.05 x 10-3 MJ-m-2-s-1-K-' for p.

3.4.1.3 Loading Procedure

Each of the steady-state analyses was conducted in one step, during which the fixed boundary
temperatures were applied instantaneously in a "*HEAT TRANSFER, STEADY STATE" procedure. The
transient analysis was conducted in five steps, to generate the temperature distributions at the end of 1 hr.
1 d, 100 d, 1 yr (i.e., 365 d), and 10 yr. The fixed boundary temperatures were applied instantaneously
during the first step of the transient analysis. The values of temperature at all nodal points were stored in a
file at the end of each analysis step, using the "*NODE FILE" command. ThW - constitutes the interface
between the heat-transfer and mechanical analyses in a sequentially couple. _rmomechanical analysis,
in ABAQUS. It is necessary that node numbers in the thermal and mechamcat models refer to the same
nodal points, in order that the information in the temperature file be transferred correctly to the mechanical
model.

3.4.2 Mechanical Analysis Model

The same finite element mesh (shown in Figure 3-2) was used for both the mechanical and
thermal analyses. The nodal point numbers were the same for both analyses, and all elements were
4-noded quadrilaterals. On the other hand, whereas the DC2D4 and DINTER2 elements were used for the
thermal analyses, the mechanical analyses required CPE4 and INTER2 elements, for the intact solid and
cracks, respectively.

3-6



* 0

3.4.2.1 Boundary and Initial Conditions

The only user-specified mechanical boundary conditions in this problem arise from symmetry,
and consist of no vertical displacement along the horizontal boundary, and no horizontal displacement
along the vertical boundary. The initial conditions were a temperature of 25 'C and zero stress and strain
everywhere.

3.4.2.2 Material Property Definitions

The required material parameters are the Young's modulus, Poisson's ratio, and coefficient of
linear expansion for the solid. These parameters were assigned the values specified in Table 3-1.

3A.23 Loading Procedure

Mechanical analyses were performed for the steady-state temperature distributions only, and
each of the analyses was conducted in a single-step *STATIC procedure, during which the temperature
distribution was introduced using the *TEMPERATURE command. No mechanical analysis was
performed for the transient temperature distributions, because the transient heat-transfer analyses were
performed only to ensure that the long-term temperature distribution obtained for the case of the perfectly
insulating crack is consistent with the steady-state temperature distribution obtained for the same case.

3.5 RESULTS

3.5.1 Temperature Distributions

Temperature distributions are presented in this section to compare the ABAQUS solutions for
the cases of fully conducting and perfectly insulating cracks with the analytical solution for the case of the
uncracked solid. Figure 3-3 shows the temperature contours calculated using ABAQUS for the case of
fully conducting cracks. The name NTl I in the legend refers to nodal temperature, which is assigned
degree-of-freedom number 11 in ABAQUS. Values of temperature in the figure are in 'C. The dark dotted
line in the figure marks the location of the crack. As the figure shows, the cracks in this case have no effect
on the temperature distribution; the temperature contours form concentric rings around the inner surface of
the cylinder, which is the same result given by the analytical solution, as was noted in Section 3.3.

The temperature contours for the case of perfectly insulating cracks are presented in Figure 3-4.
As the figure shows, the only difference between the contours for this case and those for the case of the
fully conducting cracks is that the contours for this case are normal to the crack surface in the immediate
vicinity of the crack. The direction of heat flow is normal to the temperature contours. Therefore, the shape
of the contours in Figure 3-4 implies the flow of heat around the cracks, which is the expected effect of
perfectly insulating cracks.

The steady-state radial profiles of temperature are given in Figure 3-5, for both the ABAQUS
solution for the case of fully conducting cracks (which is independent of the angle e as Figure 3-3 shows)
and the analytical solution for the uncracked solid. The figure illustrates satisfactory agreement between
the two solutions.
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Figure 3k4. Temperature contours calculated using ABAQUS for the case of perfectly insulating
cracks
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Figure 3-5. Steady-state temperature profiles based on the ABAQUS solution for the case of fully
conducting cracks and the analytical solution for the uncracked solid
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Figure 3-6. Steady-state temperature profiles based on the ABAQUS solution for the case of
perfectly insulating cracks and the analytical solution for the uncracked solid
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The steady-state temperature profiles calculated using ABAQUS for the case of perfectly
insulating cracks are presented in Figure 3-6, along with the steady-state analytical solution for the
uncracked solid. The radial temperature profile for the case of perfectly insulating cracks varies with the
angle 8 (defined in Section 3.1), because the cracks cause the effective thermal conductivity of the cylinder
to be anisotropic. Therefore, temperature profiles are given in Figure 3-6 for three radii, along 8=0° (i.e.
horizontal radius), 45°, and 90° (i.e., vertical radius), respectively. The figure shows that the effect of the
crack on the temperature distribution is strongest along the horizontal radius and weakest along the vertical
radius, which is consistent with the expected response, considering the location of the cracks shown in
Figure 3-1.

The radial temperature profiles based on the transient analysis of the case of perfectly insulating
cracks are presented in Figure 3-7, for the end of 100 d, and Figure 3-8, for the end of 10 yr. The
steady-state analytical solution for the uncracked solid is also shown in the figures. These figures illustrate
that the transient solutions are similar to the corresponding steady-state solution, and the magnitudes of
temperature calculated through the transient analyses approach the corresponding steady-state magnitudes
as time increases.

300 - ,

250 -

U 200-

S-.

150-
0

0 100-

50 -

k
0 Analytical steady state solution (uncracked solid)

- Horizontal radius (ABAQUS: cracked solid)

- 45 degree radius (ABAQUS: awked solid)

- - Verdcal radius (ABAQUS: cracked solid)

D60060060000 0.0.00--O-

0 I. t I , I .1

0 10 20 30 40 50

Radial distance (i)

Figure 3-7. Temperature profiles for the end of 100 d, based on the ABAQUS transient analyses for
the case of perfectly insulating cracks

3.5.2 Stresses and Displacements: Case of the Uncracked Solid

The thermally induced stresses and displacements for the uncracked thick-walled cylinder are

included here as a base case. The stresses and displacements for the cracked cylinder deviate from the base
case because of the thermal or mechanical effects (or both) of the cracks. Therefore, it was decided to
determine the level of agreement between the analytical and ABAQUS solutions for the base case before
proceeding with the other cases.
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Figure 3-8. Temperature profiles for the end of 10 yr, based on the ABAQUS transient analyses for
the case of perfectly insulating cracks

The radial profile of radial displacement, a,, is presented in Figure 3-9. Radial displacements
directed outward from the axis of the cylinder were considered positive. Therefore, the figure shows that
the uncracked cylinder would expand by an amount ranging from about 2.5 mm at its inside surface to
about 30 mm at the outside surface. Radial profiles of the associated stresses, A, (radial stress) and Adg
(circumferential stress), are given in Figure 3-10, which shows that the radial stress is compressive
everywhere, whereas the circumferential stress is compressive near the inner surface of the cylinder and
tensile near its outer surface.

Both figures show satisfactory agreement between the analytical and ABAQUS solutions for the
base case.

3.5.3 Stresses and Displacements: Case of Fully Conducting Cracks

Although the cracks have no effect on the temperature distribution for this case (see Figure 3-3,
for example), they are expected to affect the distribution of stresses and displacements. Because the cracks
are oriented normal to the direction of expansion (compare Figures 3-1 and 3-9), they are expected to
close, and their closure would cause the stresses and displacements in the crack vicinity to deviate from the
analytical solution for the uncracked solid.

Because of the crack-induced stifftess-anisotropy, the mechanical response varies with the angle
0. As a result, it was considered necessary to present the profiles of displacements and stresses along three
radii, namely, the O-nO (horizontal), 0-450, and 0=900 (vertical) radii. The radial displacement profiles are
presented in Figure 3-11. As the figure shows, the displacement profile along the horizontal radius deviates
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Figure 3-9. Radial displacement profiles for the case of the uncracked solid
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Figure 3-10. Profiles of radial and circumferential stresses for the case of the uncracked solid
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Figure 3-11. Radial displacement profiles for the case of fully conducting cracks

most from the analytical solution. Along this radius, the displacement of points on the near side of the
crack (on the side of the crack closer to the inner surface of the cylinder) is larger than the displacement of
corresponding points in the uncracked solid. A displacement discontinuity of about 2 mm magnitude
occurs at the crack location, the near surface of the crack having been displaced about 2 mm more than the
far surface. The magnitude of this discontinuity is the same as the initial aperture of the crack.

The stresses associated with these displacements are plotted in Figures 3-12 through 3-14.
Generally, the magnitudes of compressive stress close to the crack on its near side are smaller than the
magnitudes calculated using the analytical solution for the uncracked solid. The smaller value of
compressive stress for the cracked solid is consistent with the fact that the displacements on the near side
of the crack are larger than the displacements at corresponding points in the uncracked solid. The 450
radius passes through the crack tip (see Figure 3-1), and, as a result, stress concentration at the crack tip
causes larger-than-normal compressive stress in the vicinity of the point of intersection of the radius with
the crack.

3.5.4 Stresses and Displacements: Case of Perfectly Insulating Cracks

The stresses and displacements for the case of the perfectly insulating crack deviate from the
analytical solution for the uncracked solid, because of both the thermal and mechanical effects of the crack
(unlike the case discussed in Section 3.5.3, in which the deviations in mechanical response are due to the
mechanical effects only). As was illustrated in Figure 3-4, the cracks act as thermal barriers, such that
values of temperature are lower on the far side of a crack and higher on its near side, when compared with
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Figure 3-12. Stress profiles along the horizontal radius for the case of fully conducting cracks

80

la
C4)

W

Ua

U,

0
Q

60

40

20

0

-20

50

Radial distance (m)

Figure 3-13. Stress profiles along the 45° radius for the case of fully conducting cracks
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Figure 3-14. Stress profiles along the vertical radius for the case of fully conducting cracks

the temperatures calculated at corresponding points in the uncracked solid. The mechanical effect of this
thermal barrier consists of smaller magnitudes of compressive stress close to the crack on its far side, when
compared with the compressive stress at corresponding points in the uncracked solid. This mechanical
effect is superimposed on the effect of crack closure that was examined in Section 3.5.3.

Figure 3-15 shows the radial displacement profiles along the horizontal, 450, and vertical radii;
the analytical solution for the uncracked solid is also shown in the figure. The figure shows that the
cylinder with perfectly insulating cracks would undergo less expansion than the uncracked cylinder. The
smaller expansion is caused by the fact that a large volume of the solid in the cracked cylinder is exposed
to lower temperatures than would occur at corresponding points in the uncracked cylinder (compare
Figures 3-3 and 3-4, for example). Displacements on the near side of the crack along the horizontal radius
are larger than the displacements at corresponding points in the uncracked cylinder, because of the effect of
crack closure, which was discussed in Section 3.5.3.

The profiles of radial and circumferential stresses are presented in Figures 3-16 through 3-18,
which show that stress magnitudes in the cracked cylinder (for the case of perfectly insulating cracks) are
generally smaller than those at corresponding locations in the uncracked cylinder. The largest difference
between the stress profiles for the cracked and uncracked cylinders occurs in the values of circumferential
stress close to the crack on its far side. Generally, the effects of the crack are most pronounced near the
horizontal radius, and least pronounced near the vertical radius. This distribution of the effects is consistent
with the locations of the cracks shown in Figure 3-1.
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Figure 3-15. Radial displacement profiles for the case of perfectly insulating cracks
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Figure 3-16. Stress profiles along the horizontal radius for the case of perfectly insulating cracks
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Figure 3-17. Stress profiles along the 450 radius for the case of perfectly insulating cracks
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Figure 3-18. Stress profiles along the vertical radius for the case of perfectly insulating cracks
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4 HEATED DRIFT IN FRACTURED ROCK MASS

This problem set was selected to examine the capabilities of ABAQUS in modeling both excavation- and
thermally induced stresses and deformations in a fractured rock mass. The level of complication in the
problem is higher than in the Thick-Walled Cylinder problem presented in Chapter 3, but the selected
geometry is simple enough to allow the use of symmetry to reduce the problem size.

One of the concerns in evaluating the performance of a proposed nuclear waste repository at Yucca
Mountain is the effect of thermal and mechanical loads on the hydraulic conductivity of fractures.
Mechanical effects on the flow of water through fractures arise from changes in fracture aperture. It is
expected that the magnitude of such effects will vary, depending on such factors as the fracture orientations
and surface properties, the distribution and connectivity of fractures, the initial stress state, and the
distribution of water in the rock mass. Therefore, the decision regarding the extent to which thermal and
mechanical loads may affect the deformation of fractures and, subsequently, their hydraulic conductivity is
likely to be made on the basis of the analyses of specific cases. The heated-drift problem was chosen to
determine the extent to which ABAQUS may be suitable for calculating stresses and deformations in a
fractured rock mass, including fracture deformations due to thermal and mechanical loads.

4.1 PROBLEM GEOMETRY AND MATERIAL PROPERTIES

The problem considers a horizontal drift in a rock mass containing four sets of fractures as
follows: a vertical set, a horizontal set, and two orthogonal sets dipping at 450 into the drift. All the
fractures were assumed to be infinitely persistent, and initially closed. All the fracture planes were
assigned a strike parallel to the drift axis. The drift was assumed to be infinitely long, and the directions of
the three in situ principal stress components were assumed to be vertical; horizontal and coincident with
the drift axis; and horizontal and normal to the drift axis. These assumptions for the strike direction of the
fracture planes and the orientations of the principal stress components permit the problem to be analyzed
using plane strain.

The analyses considered only two fractures from the vertical set, two from the horizontal set,
and one from each of the inclined sets, in order to simplify the problem geometry. Furthermore, the
selected fractures were assumed to intersect the drift wall at the locations shown in Figure 4-1, which
permits the problem to be symmetrical about the horizontal and vertical planes that intersect along the drift
axis. Therefore, only one-quarter of the problem domain needs to be analyzed, and the quadrant selected
for analyses (any of the four could have been selected) is shown in Figure 4-2.

The drift was assigned a circular cross-section, with a diameter of 9 m. The horizontal, inclined,
and vertical fractures intersect the drift wall at 0 - 22.50, 450, and 67.50, respectively, where 0 is the angle

measured anticlockwise, from the x-axis (Figure 4-2). The initial temperature (i.e., at the zero-strain state)
was 25 0C, and the initial principal compressive stress components were 10 MPa (vertical) and 2 MPa
(horizontal). This problem set was also to be solved for the case of a hydrostatic initial stress state, but the
results of an initial scoping analysis indicated that this case does not add any information on the
performance of the code. Therefore, the hydrostatic case was dropped from the study. The intact rock was
assumed to be similar to the Topopah Spring welded tuff; the values for material parameters were assigned
from the RIB (Version 4.4), and are given in Table 4-1. The simulated sequence of events consisted of drift
excavation under constant temperature, followed by heating. The thermal history of emplaced waste was
simulated by subjecting the drift wall to the temperature history shown in Figure 4-3 (cf. Manteufel et al.,
1993). As this figure shows, the wall temperature attained a maximum of 230 IC after 9 yr, thereafter it
decreased, reaching 120 0C in 1,000 yr. The entire 1,000-yr temperature history was applied.
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Figure 4-1. Problem geometry for heated drift in fractured rock: A vertical section through the drift
showing the fractures selected for analyses

Figure 4-2. Problem domain discretized for the analyses of heated drift in fractured rock
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Figure 4-3. Temperature history applied to the drift wall to simulate the thermal history of emplaced
waste

Table 4-1. Material property specifications for Problem Set 3

Property, symbol, and unit Value

Young's modulus, E (MPa) 3.27 x 104

Poisson's ratio, v 0.25

Friction angle for fracture surfaces, 0 400

Cohesion for fracture surfaces (MPa) 0.0

Coefficient of linear expansion, a (K 1) 8.5 x 106

Thermal conductivity, k (MJ m 1l.s 1-. K1') 2.1 x 106

Specific heat capacity, C4 (MJ.nM3.K-1) 2.2

Density, p (106 kg.nM3) 2.24 x 10-3

4.2 BOUNDARY CONDMONS

The boundaries of the problem domain can be classified into internal and external boundaries.
The internal boundaries are the drift wall (represented by curve ABC in Figure 4-2), and the synmmetry
planes (represented in the same figure by the horizontal line AD and vertical line CF) that were established

4-3



as a result of the assumptions presented in Section 4.1. The external boundary is represented in Figure 4-2
by curve DEF; the shape of the external boundary may vary, depending on the method chosen to model the
problem domain.

The conditions at the internal boundary were specified as follows: (i) values of temperature were
specified at the drift wall, according to the temperature history described in Section 4.1; also, the condition
of zero normal stress was specified for this boundary after the drift was excavated; (ii) symmetry boundary
conditions (i.e., zero heat flux and displacement perpendicular to the boundary) were specified on AD and
CF.

The appropriate external boundary conditions for a drift depend on its location relative to other
drifts, such as is shown in Figure 4-4. Each interior drift interacts with its neighbors, such that symmetry
conditions exist on a part or all of its external boundary. On the other hand, zero-perturbation conditions
need to be enforced on at least some part of the external boundary of each exterior drift; that is, the part of
its boundary that coincides with the boundary between the perturbed and unperturbed regions of the rock
mass surrounding the drift array. These variations of the external boundary conditions can be considered to
lie between two extremes; namely, (i) a pure interior problem, for which symmetry conditions exist on the
entire external boundary, and (ii) a pure exterior problem, for which the entire external boundary is
assigned zero-perturbation conditions.

,... ............... .. ....

External budr
0 0far entire drift amayJ

: 0 0 0

:~~~ :
', O 'l0 ,O '

f.,,in,, inerordL,

...

... .. ........... . . . .. ..

Figure 4-4. A vertical section through a hypothetical array of horizontal drifts showing one interior
drift surrounded by eight exterior ones

The boundary conditions for the interior problem were used for this problem set. The external

boundary for the problem was established along the lines x=50 m (vertical external boundary) and y=50 m

(horizontal external boundary); symmetry conditions were applied on the boundary. Such an external

boundary implies the assumption that the drift is surrounded by other drifts located at a distance of 100 m

center-to-center, both in the vertical and horizontal directions, such as in Figure 4-4.
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43 EVALUATION STRATEGY

The problems in this set cannot be solved analytically, because of (i) the complexity of the
driftwall temperature history, and (ii) the possibility of inelastic response on parts of the fractures.
Therefore, it was decided to evaluate the performance of ABAQUS by comparing the
ABAQUS-calculated responses with those calculated using the distinct element code UDEC (ITASCA
Consulting Group, 1992).

The responses calculated using the two codes will be compared through plots of the shear stress,
I, and normal stress, an, on the three fractures shown in Figure 4-2. In addition, contours of the principal
stress components, a, (maximum principal compressive stress) and a3 (minimum principal compressive
stress), will be presented. Some of the comparisons will be semiquantitative, whereas others will be purely
qualitative; attempts will be made to explain any differences that are observed between the responses
calculated using the two codes.

4.4 ABAQUS MODEL

The ABAQUS model was based on the sequential-coupling approach that was described briefly
in Section 3.4. This approach was chosen because a decision was made to ignore the effect of fractures on
heat transfer (by conduction), in order to avoid further complication of the comparison of ABAQUS- and
UDEC-calculated responses. Changes in fracture aperture may occur during the simulation period, which
may change the contribution of fractures to the effective thermal conductivity, as was demonstrated in
Chapter 3. Although the effect of fracture aperture on thermal conductivity can be incorporated in the
ABAQUS model using the procedure described in Section 3.4.1.2, it cannot be incorporated in the UDEC
model. Therefore, this effect was ignored in the analyses, and, as a result, the sequential-coupling approach
could be used.

The finite element mesh used for the analyses is shown in Figure 4-5. The mesh consisted of
1,028 four-noded solid quadrilateral elements for the intact rock, and 80 four-noded interface quadrilateral
elements for the fractures. The mesh was generated using PATRAN (PDA Engineering, 1994).

4.4.1 Thermal Analysis Model

The elements used for the heat transfer analyses were the DC2D4 (solid elements) and
DINTER2 (interface elements). The material properties required for the solid elements are the thermal
conductivity, density, and heat capacity per unit mass (equal to C./p); these properties were defined as
specified in Table 4-1. The unit of time was changed from second to day, in order to reduce the size of
numbers required to specify time. As a result, the thermal conductivity, 4, was specified as
0.1814 MJ-ml -c 1-K71. The value of gap conductance, 1i, obtained using Eq. (3-9) would be infinite for
zero fracture aperture. Therefore, 1i was set to 1,000 times 4, and was held constant at that value
throughout the heat transfer simulation period.
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Figure 4-5. Finite element mesh used for the interior problem

4.4.1.1 Definition of Thermal Boundary Conditions

The temperature history shown in Figure 4-3 was defined in the model using the *AMPLITUDE
command, as follows:

*AMPLITUDE,NAME-TEMPHIST,DEFINITION-TABULAR,TIME-TOTAL TIME

0.000,25.000,1.000,25.000,132.400,41.072,263.800,56.488
395.200,71.248,526.600,85.352,658.000,98.800,789.400,111.592

920.800,123.728,1052.200,135.208,1183.600,146.032,1315.000,156.200

etc.

where the numbers are given in the sequence ti Gi, ti,, Oj+ 1, etc., and 0i is the temperature (0C) at the time
t, (d). The temperature was kept constant at 25 IC from time of 0 through 1 d to synchronize the thermal
and mechanical analyses; the excavation phase of the mechanical analysis, which was conducted under
constant temperature (as is discussed later) was completed from time of 0 through 1 d. The above
*AMPLrl¶JE command essentially established the temperature-time function (Figure 4-3) under the
name TEMPHIST. Thereafter, the drift-wall temperature was assigned a value in each thermal-analysis
step, using the command:

*BOUNDARY,AMPLITUDE-TEMPHIST

WALL,11, ,1.0

where the node set named WALL contains all, but only, the nodal points on the drift wall. This statement
causes ABAQUS to calculate the temperature at such nodal points at any time by multiplying the % a; Je of
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temperature given for that time by the function TEMPHIST with the number 1.0 (given in the
*BOUNDARY command).

The condition of zero heat flux perpendicular to the remaining part of the internal boundary (i.e.,
lines AD and CF in Figure 4-2) was specified using the *DFLUX command. For the interior problem, the
*DFLUX command was also used to specify the zero perpendicular heat flux condition for the external
boundary (i.e., the lines x-50 m and y-50 m).

4.4.1.2 Thermal Analysis Steps

Each of the heat transfer analyses was accomplished in nine steps, as shown in Table 4-2. All
zero-flux and fixed-temperature boundary conditions were defined during the first step, which lasted until
the end of 1 d. The *BOUNDARY command for the drift-wall temperature was invoked during each step.
The values of temperature at all nodal points were saved at the end of each step, using the "*NODE FILE"
command. The saved file constitutes the interface between the thermal and mechanical analyses.

Table 4-2. Thermal analysis steps for the ABAQUS model

Total time at end of step
Step number Remarks

d yr

1 1.0 1/365 Initial temperature; zero boundary flux
established.

2 1,643.5 4.5 Drift-wall heating started in this step.

3 3,286 9.0 Drift-wall heating continues in this and
subsequent steps.

4 36,501 100

5 73,001 200

6 109,501 300

7 146,001 400

8 182,501 500

9 365,001 1,000

4.4.2 Mechanical Analysis Model

The elements used for the mechanical analyses were CPE4 (solid elements) and INTER2
(interface elements). The material parameters required for the solid elements are the Young's modulus,
Poisson's ratio, and coefficient of linear expansion. The only parameter required for the interface elements
is the friction coefficient for the fracture surfaces. The shear resistance of the fracture surfaces was
modeled using the Coulomb failure criterion. These parameters were assigned the values specified in
Table 4-1.
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4.4.2.1 Definition of Mechanical Boundary and Initial Conditions

The condition of zero normal displacement was prescribed at all times for the horizontal and
vertical internal boundaries (lines AD and CF in Figure 4-2), as well as for the external boundaries x-50 m
(vertical) and y-O m (horizontal). The boundary conditions for the drift wall (the remaining part of the

internal boundary) required special treatment, as is explained in the next section.

The initial conditions (i.e., for the state of zero strain) were specified using the "*INITIAL
CONDITIONS" command, as follows:

*INITIAL CONDITIONS,TYPE-STRESS

BODY,-2.0,-10.0,-2.0,0.0
*INITIAL CONDITIONS,TYPE-TEMPERATURE

ALLN,25.0

where the element set named BODY includes all, but only, the solid elements, and the node set named
ALLN includes every nodal point in the model. The first use of the command (first two lines in the above
paragraph) assigned initial values to the stress components ax, ay a.z, and cl,, for all elements in the set
BODY; the values are negative, because ABAQUS uses the tension-positive sign convention. The second
use of the command assigned an initial temperature of 25 'C at every nodal point.

4A.2.2 Mechanical Analysis Steps

Each mechanical analysis was accomplished in 10 steps, as described in Table 4-3. During the

first step, the drift-wall part of the internal boundary was fixed using the following command:

*BOUNDARY, FIXED

WALL,1,2

where the node set named WALL includes all, but only, the nodal points on the drift wall. This command
causes ABAQUS to hold the x- and y-displacements at all such nodes at their current value, which in this
case is zero. This value is held constant until a new boundary-condition definition is entered for the same
nodes. Having fixed the drift wall, the only thing accomplished in this step was to establish the initial stress
state in the rock mass, under zero strain.

Thereafter, the excavation of the drift was simulated during the second step, by redefining all
boundary conditions, as follows:

*BOUNDARY,OP-NEW

LEFT,1

BASE,2

RIGHT,1

TOP,2

where the node sets named LEFT and BASE consist of nodes on the vertical and horizontal internal

boundaries, respectively; those node sets named RIGHT and TOP consist of nodes on the vertical and

horizontal external boundaries, respectively. The nodes in the named sets were fixed in the specified
directions (direction 1 is the x-direction, whereas 2 is the y-direction). The modifier "OP-NEW" in the

command causes ABAQUS to fix the named nodes in the specified directions and free all nodes as follows:
(i) all nodes not named in the command are freed in every direction, and (ii) all the directions not specified
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for the named nodes are freed. Because the node set WALL was not named, all the member nodes of this
set were freed in accordance with this prescription. Therefore, the drift wall was free to move as it would,
in this and subsequent steps.

Table 4-3. Mechanical analysis steps for the ABAQUS model

Total time at end of step
Step number Remarks

d yr

1 0.5 0.5/365 Initial temperature; initial stress; perim-
eter of proposed drift fixed.

2 1.0 1/365 Initial temperature; drift excavation
completed, excavation-induced dis-
placements and stress change.

3 1,643.5 4.5 Temperature change due to drift-wall
heating introduced at the beginning of
this and subsequent steps.

4 3,286 9.0

5 36,501 100

6 73,001 200

7 109,501 300

8 146,001 400

9 182,501 500

10 365,001 1,000

4.5 UDEC MODEL

The thermormechanical solution scheme adopted in UDEC (ITASCA Consulting Group, Inc.,
1992) is a sequential-coupling scheme, similar to the scheme described in Section 4.4. After specifying the
problem geometry, appropriate mechanical and thermal material properties, and both thermal and
mechanical boundary and initial conditions, the problem is cycled (CYCLE command) to bring it to
mechanical equilibrium. A small net unbalanced force in this explicit mechanical formulation is taken as
the mechanical equilibrium. Once the mechanical state was ready for thermal analysis after the drift was
excavated, thermal time steps were taken, using the RUN command, until the desired time (0.36 yr in this
simulation) was reached. At this point, the mechanical cycling was carried out to bring the problem
domain to mechanical equilibrium. Thermal cycling using explicit logic was repeated at an increment of
0.36 year followed by mechanical cycling to bring the problem back to mechanical equilibrium until the
desired simulation time of 9 yrs was reached.

The mechanical properties for intact rock needed for UDEC analysis are: density 2,240 x 10-6 in
unit of 106 kg.n- 3, bulk modulus K equal to 21,800 MPa, and shear modulus G equal to 13,080 MPa. The
values of basic friction angle and cohesion for the fracture surfaces were assumed to be 400 and 0 MPa,
respectively. The normal and shear stiffnesses were 3.5 x 104 MPa-rm and 0.5 x 104 MPa m-'
respectively. The Mohr-Coulomb joint constitutive model (ITASCA Consulting Group, Inc., 1992) was
used to model the load-deformation response of all the fractures. A dilation angle NV equal to 2.90 and a
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critical shear displacement of 0.037 m were assumed for all three joints. These values were within the
measured ranges for natural joints in Apache Leap tuff (Hsiung et al., 1994). Domain boundaries in UDEC
models, such as the boundary between the fine- and coarse-mesh regions in Figure 4-6, are defined using
fractures. If the corresponding boundaries in the physical problem are not formed by fractures, then the
fractures used to represent them in the model should be assigned values of properties that would preclude
their contributing to the response of the model. Such fictitious fractures used in the study were assigned
property values as follows: tensile strength of 102° MPa; cohesion of 20 MPa; normal stiffness of 4 x 105
MPa-rn-, and shear stiffness of 2 x 104 MPa.-mf.

The thermal properties required by UDEC in consistent units are specific heat (9.821 x 108 in
unit of 106 J.kg-t .K-1), thermal conductivity (2.13 W-mnf-K-), and coefficient of linear thermal
expansion (8.5 x 106 K-1). These values are consistent with the values given in Table 4-1.

4.5.1 Discretization

The discretization of the problem domain is shown in Figure 4-6. The region up to 10 m from
the drift center was discretized into triangular finite difference grid with maximum edge length of 1 m.
Outside this region, the mesh size was increased to 2 m.

4.5.2 Initial and Boundary Conditions

The initial conditions for both problems include an ambient temperature of 25 'C (298 K), and in
situ vertical and horizontal stresses of 10 and 2 MPa, respectively. The INSITU command was used to
apply these initial conditions.

All the horizontal and vertical boundaries of the problem domain were symmetry planes. Both
horizontal symmetry lines were assigned a zero-vertical-velocity condition. Horizontal velocity was
restricted to zero for both vertical symmetry lines.

4.5.3 Loading Procedure

For all the problems, a temperature time history, as described in Section 4.1, was applied at the
drift wall at a constant time interval of 0.36 year. Temperature data at the specific time intervals were
obtained from the equation describing the temperature history in Figure 4-3.

4.6 RESULTS

It should be recalled that the interior problem, as modeled in this code-evaluation study,
represents an infinitely long horizontal drift surrounded by other such drifts, each at a center-to-center
distance of 100 m. A vertical section normal to the axial direction of such drifts is shown in Figure 4-4.
The drifts are excavated in a fractured rock mass; the intact rock is homogeneous, linear-elastic, and
isotropic; and the fractures intersect each of the drifts as shown in Figures 4-1 and 4-2.

The responses calculated for the interior problem are presented in two parts, as follows:
(i) ABAQUS results; and (ii) comparison of ABAQUS and UDEC results.
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Figure 4-6. Distinct element discretization used for UDEC analyses

4.6.1 ABAQUS Results

The temperature distributions around the drift are given in Figures 4-7, 4-8, and 4-9, for the
conditions after 9, 300, and 1,000 yr. respectively. The name NT11 in the figures refers to nodal
temperature, which is assigned degree-of-fr-eedom number II in ABAQUS. The figures suggest that, for
the specific conditions of the interior problem and the specific thermal-output history used in this study,
long-term temperature approach the same value everywhere within the region around the interior drifts.
Because of this uniform-temperature condition, the stress state within the region would tend to be
hydrostatic (equal magnitude in every direction) and compressive everywhere, except very close to the
drift, where the mechanical effects of the opening hinder the development of hydrostatic stress states.
Furthermore, the symmetry condition on the external boundaries will tend to increase the degree of
confinement within the region, thereby reinforcing the effect of the uniform-temperature condition in
causing the development of hydrostatic compressive stress states. Most fractures within the region are
likely to close (i.e., attain minimum aperture) under this stress condition.

The distributions of the horizontal and vertical stress components (arr ad s,, rsetvely) ae

> ( X W D C Z, ~~~~~~~~~~~,a crreci.

plotted in Figures 4-10 through 4-15. The names s 11 and s22 in the figures refer to s. and
respectively; the values of stress are negative because ABAQUS uses the tension-positive sign convention.
The observation (illustrated in Table 4-4) that the values of a nd and a re nearly equalinalarge area of
the problem domain is consistent with the expected development of nearly hydrostatic stress states. The
same conclusion can be reached by examining the distributions of the maximum and minimum principal
stress components (agni and oyine, respectively), which are summarized in Table 4-5.
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Figure 4-7. Temperature distribution around an interior drift, 9 yr after waste emplacement, based
on ABAQUS-calculated response
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Figure 4-8. Temperature distribution around an interior drift, 300 yr after waste emplacement,

based on ABAQUS-calculated response

4-12



14Tl VALUE
*1.202*02

* 1. 202*02

+1.202+02

*1.212+02

+1. 21Z+02

+1. 212+02

*1. 21Z*02

+1. 222*02

*1. 22Z+02

1 .222+02

L

Figure 4-9. Temperature distribution around an interior drift, 1000 yr after waste emplacement,
based on ABAQUS-calculated response
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Figure 4-10. The distribution of horizontal stress, a.e around an interior drift, 9 yr after waste
emplacement, based on ABAQUS-calculated response
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Figure 4-11. The distribution of vertical stress, ac. around an interior drift, 9 yr after waste
emplacement, based on ABAQUS-calculated response
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Figure 4-12. The distribution of horizontal stress, a=, around an interior drift, 300 yr after %4aste
emplacement, based on ABAQUS-calculated response
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Figure 4-13. The distribution of vertical stress, at) around an interior drift, 300 yr after waste
emplacement, based on ABAQUS-calculated response
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Figure 4-14. The distribution of horizontal stress, ax, around an interior drift, 1000 yr after % aste
emplacement, based on ABAQUS-calculated response
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Figure 4-15. The distribution of vertical stress, ac,>, around an interior drift, 1000 yr after waste
emplacement, based on ABAQUS-calculated response

Table 44. Values of compressive stress within most of the region around the drift

Values of compressive stress components within most of the problem
Year domain Figure number

As & ½w-iPa)o,,,, (MPa)

9 49 - 72 58 - 85 4-10 and 4-11

300 63 - 82 52- 76 4-12 and 4-13

1000 52 - 68 45 - 66 4-14 and 4-15

Table 4-5. Values of principal compressive stress within most of the region around the drift

Values of principal compressive stress components within

Year most of the problem domain

amax (MPa) cmin (Wa)

9 70 - 81 56 - 70

300 69 -78 59 - 66

1000 57 - 65 49 - 55
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These stresses caused the fractures to close, as would be expected. The stress conditions on the
fractures are presented in Figures 4-16 through 4-21, in terms of the profiles of normal and shear stresses
(an and ar, respectively) on the fracture surfaces. The figures show the values of a, and t at the end of
excavation (i.e., prior to waste emplacement) and at the end of 9, 300, and 1,000 yr following waste
emplacement. Based on these figures, the effect of heating on the fracture-surface stress, for the case of the
interior drift, can be summarized as follows:

(i) Increase in the magnitude of the normal compressive stress by about 70 MPa, for the
vertical, horizontal and inclined fractures. The magnitude of the increase is largest at the
drift wall, and it decreases rapidly to a constant value as the distance from the wall
increases. All open fractures close as a result. For example, as Figure 4-18 shows, the
vertical fracture was open to a depth of about 2 m at the end of excavation (a5n-O on open
fractures), but closed up thereafter as a result of heating. The discontinuity in the cy
contours in the vicinity of the vertical fracture (which is shown in Figures 4-11, 4-13, and
4-15) is believed to have been caused by the fracture being open during the early part of
the simulation period.

(ii) Increase in the magnitude of shear stress on horizontal and vertical fractures. The increase
in shear stress is limited to about a 10-m-length of the fracture closest to the opening;
furthermore, the amount of the increase is not sufficient to cause slip on the fractures,
because of the large increase in normal stress. The inclined fractures experienced no
change in shear stress. The change in shear stress on fractures dipping at 450 is equal to
(day, - Aai.)/2, where A stands for "change in". In this case, ha>,), - aq, Hence there

was essentially no change in the shear stress on the inclined fractures, as Figure 4-21
shows.

The drop in the values of an and X at the external end of the inclined fracture (see Figures 4-20
and 4-21) is believed to have been caused by a numerical problem that may occur when the displacement
at an interface-element node is restricted in a direction normal to the interface element. But as the figures
show, the effect of the problem is limited to a short distance from the boundary.

Based on the results presented in Figures 4-10 through 4-21, it can be concluded that the stresses
calculated using ABAQUS are consistent with the expected mechanical response within the region that
surrounds an interior drift. As pointed out at the beginning of this section, the mechanical response within
such a region is influenced most by two factors: (i) the existence of almost-uniform temperature conditions
within the region, which causes the stress components to approach equal magnitudes; and (ii) the existence
of symmetry conditions on the external boundary, which causes increased confinement within the region.
In the next section, the stresses calculated using ABAQUS will be compared with those calculated using
UDEC.

4.6.2 Comparison of ABAQUS and UDEC Results for the Interior Drift

The profiles of a, and X calculated for the three fractures using ABAQUS and UDEC are
compared in this section, for the condition at the end of 9 yr following waste emplacement. The 9-yr
condition was selected for two reasons: (i) as Figures 4-16 through 4-21 show, the long-term stress profiles
are similar to the 9-yr profile, such that conclusions based on the examination of the 9-yr data, regarding
the relative performance of the two codes, are likely to hold for the long term; (ii) the conditions at the end
of excavation arise from purely mechanical effects, and the performance of the two codes for such effects
has been examined previously (Ghosh et al., 1994).
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The comparative profiles are presented in Figures 4-22 through 4-27, which show significant
differences between the magnitudes of fracture-surface stresses calculated using the two codes. The two
codes agree in the shapes of the profiles, but disagree on the magnitudes of the stresses. The values of shear
stress calculated using the two codes compare better than the values of normal stress. The apparent
disagreement is caused by differences in the elastic stiffness assigned to the fracture surfaces in the two
codes. Because the fractures are under pre-slip stress states, the magnitude of stress developed on each
fracture surface depends on its elastic stiffness.

In UDEC, the elastic stiffness of fracture surfaces is defined through the user-supplied values for
Ks (shear stiffness) and Kn (normal stiffness). The use of finite values for these two parameters implies that
relative movement of the two adjacent blocks that define the fracture surface can occur under pre-slip
stress states. In that case, the effective stiffness of the rock mass is smaller than the stiffness of the intact
rock, even if the fractures have zero aperture and are under pre-slip stress states. On the other hand, the
elastic stiffness of rock fractures vary with stress in ABAQUS, and the values of Ks and Kn are not
specified directly by the user. The magnitude of elastic stiffness applied to a fracture surface may be
controlled by the user as follows:

(i) If a fracture has zero aperture, then its normal stiffness is the same as the stiffness of the
adjacent rock blocks in the direction normal to the fracture surface; in that case, the
fracture does not contribute to the elastic stiffness of the rock mass in that direction. There
is no user control for this case.

(ii) If a fracture has non-zero aperture, its normal stiffness can be controlled by the user
through the "*SURFACE CONTACT, SOFTENED" command. This command causes
ABAQUS to permit such open fractures to transmit compressive stress. The normal
stiffness of the fracture depends on the largest value of aperture that permits the
transmission of compressive stress across the fracture, and the value of compressive stress
at which the fracture aperture decreases to zero, both of which are user-specified. This
model was not applied in this study, because the fractures were closed most of the time
along most of their length.

(iii) The pre-slip shear stiffness of a rock fracture may be assigned an infinite value using the
command "*FRICMlON, LAGRANGE". In that case, the fracture does not contribute to
the shear stiffness of the rock mass, unless the stress state on the fracture surface attains
the user-specified slip condition. This approach was used in this study.

(iv) Alternatively, a user may specify the amount of relative displacement that may occur on a
fracture surface under pre-slip stress states. The amount of such relative displacement can
be specified as a fraction of the length of the interface elements, using the command
"*FRICTION, SLIP TOLERANCE-f'; in that case the interface element (representing a
part of a fracture) for which this property is specified may undergo pre-slip shear
displacement, up to a maximum of f, where A is the length of the element. The exact
magnitude of K. implied by a given value off depends on X and on the stress state of the
fracture surface. As a result, it is not possible to determine the value of f that would be
equivalent to a given value of K, which would be necessary in order to use equivalent
models of the elastic shear stiffness of a fracture in both UDEC and ABAQUS.
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Therefore, the observed difference between the magnitudes of fracture-surface stresses
calculated using the two codes does not reflect a difference in the performance of the codes; instead, it is
caused by differences in the elastic stiffness of the fracture surfaces. The validity of this statement was
investigated using the results of three sets of ABAQUS analyses of the interior drift. The three sets differ
with respect to the amount of pre-slip shear displacement permitted on the fracture surfaces, as follows:

(i) The "*FRICrION, LAGRANGE" command was applied, thereby prohibiting the
occurrence of pre-slip shear displacement in the first set of analyses. The results of this set
have already been presented (Figures 4-16 through 4-21).

(ii) The "*FRICTION, SLIP TOLERANCE-0.005" command was applied in the second set,
thereby permitting up to 0.005k of pre-slip shear displacement.

(iii) The "*FRICI'ON, SLIP TOLERANCE-0.05" command was applied in the third
analyses set.

The results of the three analyses sets are compared in Figures 4-28 through 4-30, using the
profiles of shear stress on the fracture surfaces. The "*FRICTION, LAGRANGE" analysis is identified in
the figures as a "SLIP TOLERANCE-0.0" case. The figures confirm that the value of the parameterf has a
strong effect on the magnitude of shear stress. For the vertical and horizontal fractures, the magnitude of
shear stress close to the drift wall decreased from about 50 MPa to about 17 MPa as the value of f
increased from 0 to 0.05. An increase in the value of f implies a decrease in the value of K. In fact, the
shear stress profiles obtained with f - 0.05 would closely match the corresponding UDEC-calculated shear
stress profiles in Figures 4-23, 4-25, and 4-27. The effect of K. on the UDEC-calculated values of
fracture-surface shear stress was also investigated. The values of shear stress increased as the value of K.
increased.

The value of f does not affect the normal stress profile as strongly. Figure 4-31 shows its effect
on the normal stress profile for the inclined fracture. As the figure shows, its effect on normal stress is
limited to a short length of the fracture close to the drift wall. In order to reduce the magnitude of normal
stress on the fractures, each fracture would have to be assigned a non-zero initial aperture, and the
"*SURFACE CONTACT, SOFTENED" command would have to be applied to enable the open fractures
to transmit compressive stress, with a value of normal stiffness that varies with the normal stress,
according to a user-specified rule. The use of the "*SURFACE CONTACT" command was not
investigated in this study, because a different discretization of the domain would be required in order to
assign non-zero initial aperture to the fractures.

The following conclusions can be reached regarding the interior-drift problem, by considering
the results presented in Figures 4-22 through 4-31, along with the foregoing discussion of these results:

(i) The shapes of corresponding profiles of fracture-surface stresses calculated using
ABAQUS and UDEC match each other satisfactorily;

(ii) The two codes would predict satisfactorily similar magnitudes for fracture-surface shear
stress, if the values of pre-slip shear stiffness used in both codes were matched.

(iii) ABAQUS allows the user the flexibility of assigning a wide range of values of pre-slip
shear stiffness to fractures, including infinite stiffness. The specific values used within this
range are a modeling decision that would have to be made for each given case.
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Figure 4-28. The effect of pre-slip shear stiffess on the 9-yr profile of shear stress on the horizontal
fracture: Case of the interior drift, based on ABAQUS-calculated response
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Figure 4-29. The effect of pre-slip shear stiffness on the 9-yr profile of shear stress on the vertical
fracture: Case of the interior drift, based on ABAQUS-calculated response
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Figure 4-30. The effect of pre-slip shear stiffness on the 9-yr profile of shear stress on the
45°-inclined fracture: Case of the interior drift, based on ABAQUS-calculated response
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Figure 4-31. The effect of pre-slip shear stiffness on the 9-yr profile of normal stress on the
45'-inclined fracture: Case of the interior drift, based on ABAQUS-calculated response
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The ABAQUS model for open fractures, which permits user-control of the normal stiffness
through the "*SURFACE CONTACT' command, will be examined in a subsequent problem set.
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5 CONCLUSIONS

The finite element code ABAQUS was evaluated with respect to hydrological, thermal, and
thermomechanical problems.

The hydrological problem consisted of the infiltration of water vertically downward into a column of
unsaturated rock. The vertical profiles of pore pressure and saturation for both steady-state and transient
conditions were calculated using ABAQUS and the finite difference code V-TOUGH. The same profiles
were also calculated for the steady-state condition using an analytical solution. The problem was solved
for a material with hydraulic properties similar to the Topopah Spring welded tuff, as well as for a higher
permeability material. The profiles calculated using ABAQUS agree satisfactorily with the analytical
solution, as well as with the solutions calculated using V-TOUGH.

The thermal problem examined the temperature distributions and thermally induced mechanical response
within a cracked thick-walled cylinder. The external and internal surfaces of the cylinder were held at
constant temperatures. The performance of ABAQUS in this problem was evaluated qualitatively, through
an examination of the relationship between its calculated responses for the cracked cylinder and the
analytical solutions for an uncracked cylinder. The ABAQUS-calculated thermal and mechanical
responses for the cracked cylinder were found to be consistent with the expected effects of the cracks on
the analytically calculated responses for the uncracked cylinder.

The third problem examined the capabilities of ABAQUS in modeling both excavation- and thermally
induced mechanical responses within a fractured rock mass containing an array of drifts. The rock-mass
response within the array differs from the response outside the array, because of the interactions of
neighboring drifts. The performance of ABAQUS was examined for the interior problem, which
considered a drift completely surrounded by other drifts. The performance of ABAQUS was evaluated in
two ways: (i) through an examination of the ABAQUS-calculated responses, with reference to the
expected behavior within the rock mass; and (ii) by comparing the ABAQUS-calculated fracture-surface
stresses with those calculated using the distinct element code UDEC. The ABAQUS-calculated responses
were found to be consistent with the expected response of the model.

Differences between the magnitudes of fracture-surface shear stress calculated using ABAQUS and UDEC
were demonstrated to have been caused by differences in the methods used by the two codes to model the
elastic shear stiffness of rock discontinuities. It is believed that the differences in the magnitudes of
fracture-surface normal stress calculated by the two codes are also caused by their different methods of
modeling the normal stiffness of discontinuities. This influence will be factored in selecting a subsequent
problem set.

The performance of ABAQUS in the first two problems was found to be satisfactory. Its performance with
respect to modeling the stiffness of rock discontinuities will have to be examined further, as discussed in
the preceding paragraph. Moreover, the code still needs to be tested against the remaining problems
selected for the code evaluation project, before a final conclusion can be drawn regarding its suitability for
TMH analyses related to compliance determination.
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