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ABSTRACT
The objective of this study is to select a computer code for simulating coupled processes that can be used
by the U.S. Nuclear Regulatory Commission (NRC) and the Center for Nuclear Waste Regulatory
Analyses (CNWRA), with necessary modifications, for determination of U.S. Department of Energy
(DOE) compliance with NRC regulations on thermal loads. This study will be conducted in two phases;
only the first phase has been completed and is reported herein. In Phase I of the code selection study,
fifteen computer codes were evaluated. Each of these codes has, at a minimum, the capability to simulate
thermomechanical effects. Three major evaluation criteria were developed as bases for the evaluation of
the codes: number of coupled processes implemented, capability of including rock joints explicitly, and
capability of simulating responses due to seismic loading. A subjective numerical scoring system was used
for this evaluation. The "coupled processes" criterion has been broken down further, based on the nature
of coupling (e.g., thermal to mechanical) included in the code. Two-way coupling between the mechanical
processes and the fluid flow through joints has been deemed most important in the near-field environment
of the proposed nuclear waste repository at Yucca Mountain, Nevada. Consequently, it has received
double weighting in the scoring and ranking analyses. Four codes - ROCMAS, ABAQUS, FEHMS, and
UDEC - received a score of 6 or more, out of a maximum possible score of 9. Neither FEHMS nor
ROCMAS is publicly available for further evaluation. The distinct element code UDEC and the finite
element code ABAQUS were selected for further evaluation in Phase II of the code selection study. One
of these two codes will be selected for further development for use as a compliance determination code.
This code will be suitable for modeling thermal, mechanical, and hydrological processes. If necessary,
the chemical processes will be incorporated at a later stage of code development.
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EXECUTIVE SUMMARY
The design and performance assessment of the proposed high-level nuclear waste (HLW) repository at
Yucca Mountain, Nevada, likely will be based on numerical simulations of several coupled processes.
These simulations may consider thermal (T), mechanical (M), hydrological (H), and chemical (C)
processes and their interactions (TMHC) over a variety of spatial scales (e.g., individual excavation such
as from the drifts to the whole repository) and temporal scales (e.g., 0 to 10,000 years). The U.S.
Nuclear Regulatory Commission (NRC) staff technical position on "Geologic Repository Operations Area
Underground Facility Design - Thermal Loads" (Nataraja and Brandshaug, 1992), outlined an acceptable
method for U.S. Department of Energy (DOE) demonstration of compliance with the NRC regulations
on thermal loads, as specified in 10 CFR 60.133(i). The objective of this study is to select a computer
code that can be used by the NRC and the Center for Nuclear Waste Regulatory Analyses (CNWRA),
with necessary modifications, for determination of DOE compliance with NRC regulations on thermal
loads. During Phase I of the code selection study reported herein, fifteen computer codes were evaluated.
Each of these codes has, at a minimum, the capability to simulate thermomechanical effects.
The fifteen codes were evaluated based on predetermined sets of criteria - number of coupled processes
included, rock joint model, and capability of simulating responses due to dynamic and seismic loads. A
rating system with these criteria was devised for comparing the capability of these codes in the context
of reviewing design and performance of the repository. Among the coupled processes, two-way coupling
between the mechanical process and the flow of fluid through rock joints (M-H-) has been considered
very important in the near-field environment at the proposed nuclear waste repository at Yucca Mountain,
Nevada. The symbol H1 denotes joint flow. As a result, M-H received a double weight of 2. The
coupled model for simulating the coupling between the thermal (T) and matrix flow (Hm) is under
development by the Performance Assessment Element at the CNWRA. This model will be adopted and
coded in the computer code selected. As a result, the coupled processes between thermal (T) and matrix
flow (Hm) were not included as criteria in this study. The M-T coupling was not included either since
it was judged not important (Manteufel et al., 1993). Each of the remaining coupled processes under
consideration in this study, namely T-*M, T-H 1, H1-T, and M-Hm received an equal weight of 1. Of
these latter couplings T-H- also been thought important with NRC's rule on thermal loads, due to the
impact of repository-heat-driven hydrothermal flow on fracture-dominated flow (Buscheck and Nitao,
1993). Four codes - ROCMAS, ABAQUS, FEHMS, and UDEC - received a score of 6 or more, from
a maximum possible score of 9. Although FEHMS and ROCMAS have been reported in the open
literature, these codes are not in the public domain and are not available for further evaluation by the
CNWRA. As a result, these two codes cannot be chosen at this time for further consideration in the Phase
II study.
The distinct element code UDEC and the finite element code ABAQUS were selected for further
evaluation during Phase II of the code selection study. UDEC has undergone some qualification study
at the CNWRA (Brady et al., 1990). ABAQUS will go through a similar qualification program during
the Phase II study. One of these two codes will then be selected for further development for use as a
compliance determination code. After appropriate modification, the selected code will be suitable for
modeling thermal, mechanical, and hydrological processes to the extent needed to determine compliance
with NRC regulations on thermal loads.

Vi

Section 1 of this report briefly discusses the code selection study and states the objectives. It also gives
a list of publications from which the candidate codes were selected for evaluation in this study. These
publications have extensive lists of codes capable of modeling structure in geological media. Section 2
describes the problems anticipated to be encountered in design and assessment of performance of the
proposed nuclear waste repository. It also briefly discusses the coupling among thermal, mechanical, and
hydrological processes. The rationale for identification of the candidate codes is provided in Section 3.
The selection criteria are given in Section 4. Capabilities of each of the codes corresponding to the
individual selection criterion also are given. A ranking system and the rank of the codes are given in
Section 5. Recommendations are given in Section 6. Additional information about each of the computer
codes is given in the Appendix. Although the information in the Appendix was not directly used in the
selection process, it makes the discussion of each code more complete.
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1 INTRODUCTION
1.1

GENERAL

The response of a rock mass in a high-level nuclear waste (HLW) geologic repository is a
coupled phenomenon involving thermal (T), mechanical (M), hydrological (H), and chemical (C)
processes. Coupled processes imply that one process affects another and that rock mass response in a
repository environment cannot be predicted by considering each process independently. The importance
of various processes will depend upon the thermal loading of the repository, the design of the engineered
barriers, properties of the geologic medium, the time and spatial scales at which these processes are of
interest, and the measure selected to characterize response.
There is a general consensus in the literature concerning the importance of considering coupled
processes at the proposed nuclear waste repository at Yucca Mountain (Manteufel et al., 1993). A recent
U.S. Nuclear Regulatory Commission (NRC) staff technical position provided an acceptable methodology
for systematically considering thermal loads and thermally induced mechanical, hydrological, and
chemical processes (Nataraja and Brandshaug, 1992). The primary purpose of the NRC technical position
is to outline an acceptable method of comprehensively, systematically, and logically understanding and
evaluating TMHC responses for the design and performance assessment of a geologic repository and for
demonstration of compliance by the U.S. Department of Energy (DOE) with the NRC regulations on
thermal loads (U.S. NRC, 1992).
The spatial scale of interest in this code selection study is the near-field which includes both
emplacement borehole and emplacement drift scales. The near-field complex environmental conditions
at the repository horizon include mechanically disturbed jointed rock, elevated temperature, and thermally
induced mechanical, hydrological, and chemical processes - including phase changes of groundwater.
Ground motions due to earthquakes, underground weapons effect testing, etc., are superimposed on the
in situ stresses, thermal loads, and thermally induced phenomena in a repository. It is necessary to have
appropriate conceptual models and associate computer codes describing the coupled phenomena to
effectively determine compliance with various regulations.
The ultimate objective of this study is to select a computer code for NRC use in determining
DOE compliance with NRC regulations on thermal loads. During Phase I of this code selection study,
which is presented in this report, a number of coupled computer codes were evaluated based on reported
information. Only two of these codes were selected for Phase II evaluation and one code eventually will
be selected that could be used, possibly with some modifications, for determination of DOE compliance
with NRC regulations on thermal loads.
This study concentrates on the interactions among the thermal, mechanical, and hydrological
processes relevant to HLW disposal at Yucca Mountain. The effect of chemical reactions on these
processes and vice versa were not considered in this report, primarily because (i) no code was available
that can deal with all 4 processes; and (ii) chemical processes are not considered to be important for
design purposes. The final code which eventually will be selected in Phase II should have the capabilities,
at a minimum, to simulate the thermomechanical responses of the fractured rock mass. Other capabilities
that will be considered in code selection include the ability of the code to model stress-dependent fracture
and matrix flow and vice versa. In the near-field, modeling of flow through the fracture network is
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considered to be important (Buscheck and Nitao, 1993; Norris, 1989). However, calculation of flow
through rock joints or fractures is complex and remains a subject of further research. Nevertheless, the
code should have some capabilities to model the fracture flow even if in a simplistic way. Matrix flow
depends on the spatial distribution of porosity in the rock mass, on the fracture density and
interconnectivity, and on fluid properties. Modeling matrix flow is a desirable feature in the selected
code. The temperature distribution in the rock mass affects both the fluid flow and the mechanical
stresses. Determination of thermal stress distribution in the medium and modeling of thermally induced
fluid flow are also desirable features in the selected code. The code should also be able to accept the
actual time history of seismic load for calculating the response of the rock mass. Modeling of natural
discontinuities is considered essential for the selected code. The code should be able to properly model
the displacement discontinuity associated with the fracture and to redistribute the stresses accordingly in
the surrounding media. It is understood that uncertainties in the above parameters will affect the ability
of the selected computer code to predict long term repository performance under TMH processes. All of
the codes considered in this study are purely deterministic in nature. Thus, uncertainty and sensitivity will
likely be addressed through either parametric studies or possibly inclusion of Monte Carlo simulation
capabilities within the code.
Fifteen computer codes were considered in this phase of the study. Each of these codes has, at
a minimum, the capability to simulate thermomechanical processes. Most of the information given in this
report comes from users' manuals of the codes and published reports. Wherever available, the personal
experiences of the authors are also included in the evaluation of a particular code.

1.2

OBJECTIVES
The objectives of this study are to:

1.3

(i)

Compile a list of computer codes that can simulate the coupled phenomena among TMH
processes to be encountered at the proposed HLW disposal site at Yucca Mountain,
Nevada. Each candidate computer code, at a minimum, should be able to simulate
thermomechanical processes.

(ii)

Establish a set of criteria for code evaluation for simulating the coupled effects among
TMH processes.

(iii)

Produce a short list of codes from the list developed in the first objective based on the
evaluation criteria for a next level of detail evaluation (Phase II) to select a code for
further development.

EXISTING SURVEYS

As a starting point for this study, the following documents were reviewed to accomplish the first
objective listed in Section 1.2:
(i)

Site Characterization Plan, Yucca Mountain Site, Nevada Research and Development
Area, Volume VII, Part B, Chapter 8, Section 8.3.5.19.1 (Tables 8.3.5.19-1 and
8.3.5.19-2) (U.S. DOE, 1988).
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(ii)

A Literature Review of Coupled Thermal-Hydrologic-Mechanical-Chemical Processes
Pertinent to the Proposed High-Level Nuclear Waste Repository at Yucca Mountain,
NUREG/CR-6021 (Manteufel et al., 1993).

(iii)

Rock Engineering Software, International Journal of Rock Mechanics and Mining
Sciences & Geomechanics Abstracts, Vol. 25, No. 4. (International Society for Rock
Mechanics, 1988).

(iv)

Computer Aided Engineering Systems Handbook, Computational Mechanics Publications
and Springer-Verlag, (Puig-Pey and Brebbia, 1987).

(v)

Critical Assessment of Seismic and Geomechanics Literature Related to a High-Level
Nuclear Waste Underground Repository, NUREG/CR-5440 (Kana et al., 1991)

In addition to the above publications, the personal knowledge of the authors was used in
generating the list of candidate codes.
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2 GENERAL DESCRIPTION OF THE COUPLED PHENOMENA
AT YUCCA MOUNTAIN
2.1

GENERAL DESCRIPTION OF THE SITE AT YUCCA MOUNTAIN

A general description of the Yucca Mountain site for the proposed HLW repository is presented
in the DOE Site Characterization Plan (U.S. DOE, 1988). Yucca Mountain is located in southern Nevada
about 160 km by road northwest of Las Vegas. The area is characterized by north to northwest-trending
mountain ranges, composed of volcanic and volcanoclastic strata that dip eastward. These strata are
broken into en-echelon fault blocks. Arid climate prevails in the Yucca Mountain area with less than 25
cm of rain per year. No perennial streams exist in the general vicinity.
The Paintbrush Tuff in the Yucca Mountain area is more than 460 m thick. It makes up nearly
all of the strata exposed at Yucca Mountain (U.S. DOE, 1988). The four members of the Paintbrush Tuff
in ascending order are: Topopah Spring, Pah Canyon, Yucca Mountain, and Tiva Canyon. The Topopah
Spring and Tiva Canyon members consist predominantly of devitrified and densely welded ash-flow tuffs.
They enclose between them nonwelded to partially welded and ash-flow tuff and tuffaceous sediments of
the Pah Canyon and the Yucca Mountain members. The densely welded, devitrified part of the Topopah
Spring tuff is currently considered as the likely emplacement horizon. The Topopah Spring tuff has lateral
continuity and is above a major aquitard (Wahmonie formation) (U.S. DOE, 1988). The fractures at the
Yucca Mountain site are mostly stratabound. The preferential pathways for migration of radionuclides
depend on complex intersections of fracture networks at strata boundaries as well as on some vertically
continuous fractures. Cooling fractures of the Tiva Canyon member have formed in two distinct sets in
3- to 5-m wide swarms spaced at 150 to 200 m. Fractures with tectonic origin postdate the cooling
fractures and have no well defined set. Fracture frequencies for short traverses in the densely welded
middle part of the Tiva Canyon member are about 6 to 8 fractures per m3 and reduce to 2 to 4 fractures
per m3 for long traverses, which generally include less fractured parts of the exposures. The saturated
liquid conductivity of fractured, densely welded tuff in the saturated zone is 3 to 8 orders of magnitude
larger than that of the rock matrix (U.S. DOE, 1988).
It has been assumed that, on a regional scale, two of the in situ principal stresses are
approximately horizontal and the third is approximately vertical (U.S. DOE, 1988). At a depth of 300
m, the vertical stress varies from 5 to 10 MPa with a mean of 7 MPa. The ratio of minimum horizontal
to vertical stress varies from 0.3 to 0.8 with a mean of 0.55. The maximum horizontal to vertical stress
ratio has a mean value of 0.65 and varies from 0.3 to 1.0.
Data on temperature profile with depth show large variations in natural geothermal gradients
near Yucca Mountain (U.S. DOE, 1988). Upper and lower bounds are 37 'C/km and 20 'C/km,
respectively. In situ temperature at the repository horizon (about 300 m beneath the mountain) is about
22 to 30 OC.

2.2

DESCRIPTION OF THE COUPLING PHENOMENA

In a previous study, coupling among the TMHC processes in a rock mass has been described
by Manteufel et al. (1993). This study concentrates on the coupled interactions in the near-field
environment among the TMH processes relevant to the proposed repository at Yucca Mountain. The
effect of chemical reactions on these processes and vice versa were not included in this report, for reasons
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mentioned in the introduction section. In this report, only the important features of different aspects of
coupling among these processes are described briefly. All the discussions given below are related to the
selection of a code which will be used to simulate the rock mass responses caused by these coupled
processes at Yucca Mountain due to the emplacement of nuclear waste. One-way coupling has been
defined as the effect of one process on another. For example, one-way coupling between mechanical and
hydrological processes means the effect of mechanical stresses in the rock mass only on the fluid flow.
It is represented by a one-way arrow from M to H: M-*H. Similarly, other one-way coupled processes
are: M- T, H-.M, H-*T, T-EM, TUH. Two-way coupling between two processes means the effect of one
on another and vice versa. This is represented by a two-way arrow: MAT, MESH, and HAT. Three-way
TMH coupling represents interaction among the three processes.

2.2.1

Thermal to Mechanical Coupling

Heat generated by emplacement of HLW in underground excavations will expand the
surrounding rock mass. The restriction of the expansion by the surrounding rock will result in thermally
induced mechanical stresses. This thermally induced stress field, in addition to the in situ stresses and the
stresses induced due to excavation and repeated seismic effects, can induce normal and shear
displacements of the rock joints. This increases the potential for rock mass failure resulting from
excessive joint shear displacement. It will also induce microcracks in the rock which may lead to the
formation or extension of a fracture network and, thereby, the formation of preferential flow paths.
The thermal load is a result of heat generated due to decay of the nuclear waste. The magnitude
of the thermal load depends on the age and/or the form of HLW, and number and configurations of spent
fuel assembly for disposal. The effect of thermal load decreases rapidly with distance from the canister.
High temperature gradients near the canisters are expected to cause high stress gradients. The thermal
stresses are expected to persist during a significant part of the life of the repository (Manteufel et al.,
1993).
Results of preliminary investigations of the thermal properties of the Topopah Spring member
of the Paintbrush Tuff at Yucca Mountain show that the rock has low coefficients of thermal expansion
and higher than expected thermal conductivity (Nimick, 1990). As a result, emplacement of the waste
will induce relatively low thermal stresses. It is likely that thermally induced stresses will be of the same
order of magnitude as the stresses induced by the excavation at the proposed repository level assuming
an initial power of 3.2 KW per canister (Christianson, 1988) and seismic events. Further, the effect of
thermal loads on the mechanical properties of the rock in the repository horizon is not well understood
and needs further investigation.
Young's modules of a rock sample from the potential repository horizon decreased about 16
percent as temperature was increased from 22 to 150 0C under both uniaxial and biaxial compression
(5 MPa) (Price et al., 1987). It is well known that the brittle-ductile transition pressure decreases with
increasing temperature (Jaeger and Cook, 1979). However, the temperature anticipated for HLW
emplacement at Yucca Mountain (U.S. DOE, 1988) is not large enough to cause a substantial decrease
of the transition pressure.
Arulmoli and St. John (1987), Christianson and Brady (1989), and Bauer and Costin (1990)
have concluded that spalling and slip along discontinuities due to thermal stresses are expected to be
minor for a temperature increase in the range of 200 to 240 'C. Results from the studies conducted by
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Kemeny and Cook (1990) contradict these conclusions. They concluded that, in a worst case scenario,
about 35 percent of the boreholes in the proposed repository at Yucca Mountain will experience some
kind of rock failure. It should be indicated that this conclusion applies to a specific design, and also that
failure of borehole does not mean failure of waste package. Their study includes fracture formation by
microcrack coalescence and degradation of material stiffness due to time-dependent thermal and
mechanical loads.
In summary, the effects of thermal loads on mechanical processes may be significant during
operation and containment periods of the proposed HLW repository at Yucca Mountain. It is also
potentially important during the isolation period.

2.2.2

Mechanical to Thermal Coupling

Mechanical processes can change the aperture of natural discontinuities of the rock mass which,
in turn, can change the effective thermal conductivity. Mechanical energy also can transform into thermal
energy through frictional dissipation, but it is expected to be a minor fraction of the dissipative heat load.
Therefore, mechanical to thermal coupling has not been considered important and is rarely mentioned in
connection with the nuclear waste disposal at Yucca Mountain.

2.2.3

Mechanical to Hydrological Coupling

Mechanical processes can affect the flow of fluids in the rock mass by changing the joint
aperture and the bulk porosity of the rock matrix. Changes in aperture, in turn, would change the
permeability of the joints. The change in joint aperture may be due to both normal and shear
displacements of the joints. Shear displacement causes dilation which increases the joint aperture. The
aperture of a joint also increases with the decrease of normal stress acting on it.
Creation of an opening in the rock mass redistributes the in situ stress field. Stress concentration
around the excavation changes the apertures of the existing joints. Seismic loading from earthquakes can
also change the aperture of the joints. Change in apertures not only changes the hydraulic conductivities
of the rock but may also change the preferential flow paths.
Rock mass may also fail due to displacements along the joints. Depending on the strength of
the rock, additional fractures can form which also change the hydraulic conductivities of the rock mass
surrounding the excavations. The method of excavation can create additional fractures in the surrounding
rock. These fractures reduce the load-bearing capacity and increase the bulk hydraulic conductivities of
the rock mass. At the proposed repository horizon, which is approximately 300 m below the surface, the
failed region around the excavations is expected to be small as the in situ stress field is relatively low and
the Topopah Spring welded tuff is quite strong.

2.2.4

Hydrological to Mechanical Coupling

The state of stress in a rock mass is coupled to the flow of groundwater. The proposed
repository is located in an unsaturated zone. In an unsaturated condition, the fluid pressure is expected
to be very small (close to atmospheric). From this sense, the H-eM coupling will be insignificant. Also,
even if there is a perched water zone in the near vicinity of the repository, the water pressures will still
be close to atmospheric as a result of the perched water zone being unconfined.
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Presence of fluid in the rock can change the mechanical properties. In unconfined compression
tests (Olsson and Jones, 1980), saturated samples of Grouse Canyon tuff, a volcanic rock located at the
Nevada Test Site, are 24 percent weaker than dry samples. Presence of water increases the coefficient
of friction for some minerals and decreases it for other minerals (Jaeger and Cook, 1979).

2.2.5

Thermal to Hydrological Coupling

Emplacement of HLW in an underground repository increases the temperatures and the thermal
gradients near the waste canisters. This can create thermally-driven natural convection currents resulting
in accelerated spread of radionuclides; however, this effect may be weaker in the unsaturated zone than
in the saturated zone. In unsaturated rock, the increase in temperature can dry the surrounding rock mass
by vaporizing the water. The vapor can flow to the cooler regions of the rock mass and condense. If the
rock matrix has a low permeability, condensate (water) may drain considerable distances along rock
discontinuities before being totally imbibed by the matrix (Manteufel et al., 1993). In field experiments
(Zimmerman and Blanford, 1986), downward liquid flow (presumably condensate flow) near heated zones
has been observed. Manteufel et al. (1993) conclude that thermal to hydrological coupling is important
at the proposed HLW repository at Yucca Mountain.

2.2.6

Hydrological to Thermal Coupling

Hydrological processes may influence thermal processes through condensate dripping in
fractures, buoyancy-driven natural convection, changing thermal properties of the medium, and heat pipe
effects (Manteufel et al., 1993).
The condensate formed due to condensate drainage, discussed in Section 2.2.5, can flow back
into a "boiling zone" influencing the thermal processes. A strong hydrological feedback to the temperature
field may occur when condensate drains into a "boiling zone," thereby maintaining the temperature near
100 'C. The heat will be transferred through conduction into the boiling region where it is removed by
vaporization and vapor flow. Condensate dripping in fractures has been observed in field experiments
(Zimmerman and Blanford, 1986; Patrick et al., 1986; Buscheck et al., 1991).
Fluid flow can affect the temperature distribution in the rock mass by removing heat by
convection. Moisture content of a porous medium can influence the thermal conductivity of rock.
Rasmussen et al. (1990) report that the thermal conductivity for Apache Leap tuff decreases
approximately 30 percent from fully saturated to oven-dried condition. The relationship between the
thermal conductivity and the degree of saturation is nonlinear and becomes more important for drier
samples.
Although hydrological processes can influence thermal processes in several ways, most do not
appear to be significant at Yucca Mountain. The most prominent and important mechanism is condensate
dripping in fractures.
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3 IDENTIFICATION OF COMPUTER CODES
Many public domain and commercial computer codes are available for numerical analysis of underground
structures. These codes have been designed and developed to solve specific types of problems related to
underground excavations. Most of these codes are general purpose codes and have capabilities that may
not be directly relevant in simulating coupled phenomena in an HLW repository at Yucca Mountain. In
order to reduce the number of computer codes for consideration in the selection process, a subjective
screening criterion was developed and applied, based on Objective 1 given in Section 1.2 of this report.
This subjective screening criterion is that a code qualified for consideration should be mechanically based
(for stress analysis of underground structures) and coupled with at least the thermal processes. Based on
this screening criterion, the following computer codes were identified as suitable for this phase of the
study from the list of publications given in Section 1.3. The reported information and the authors'
experience with various computer codes were used in identifying these computer codes as candidates for
further evaluation.
* 3DEC (version 1.2) (ITASCA Consulting Group, Inc., 1992c; 1992d)
* ABAQUS (version 5.2-1) (Hibbit, Karlsson & Sorensen, Inc., 1992a; 1992b; 1992c; 1992d;
1992e; and 1992f)
* ADINA (version 6. 1) (ADINA R&D, Inc., 1987; 1992a; 1992b; 1992c; 1992d; 1992e; and
1992f)
* ANSYS (version 5) (Swanson Analysis Systems, Inc., 1992a; 1992b; 1992c; and 1992d)
* BEASY (version 4) (Computational Mechanics Publications, Inc., 1990)
* BEST3D (version 3) (BEST Corp., 1989)
* FEHMS (Kelkar and Zyvoloski, 1991).
* FLAC (version 3.0) (ITASCA Consulting Group, Inc., 1992e; 1992f)
* GENASYS (Wijesinghe, 1989).
* MSC/NASTRAN (version 67) (MacNeal-Schwendler Corp., Inc., 1991a; 1991b; 1991c;
1991d; and 1991e)
* ROCMAS (Noorishad et al., 1984; 1992; and Noorishad and Tsang, 1989)
* SANGRE (Anderson, 1986)
* STEALTH (version 4-1A) (Hofmann, 1981a; 1981b)
* THAMES (Ohnishi et al., 1990).
* UDEC (version 1.8) (ITASCA Consulting Group, Inc., 1992a; 1992b)
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4 SELECTION CRITERIA
The computer codes identified in Section 3 vary considerably in their capabilities and in their states of
development and verification. It is important to focus the code evaluation process so that the objectives
set forth in Section 1 can be fulfilled. Toward this end, a list of code evaluation criteria, based on a
philosophy that a code should have sufficient ability of modeling the important coupled phenomena as
identified in Section 2 and may require relatively less effort for further development, was established.
These selection criteria are listed in the first column of Table 4-1. It is recognized that the approach for
developing evaluation criteria is relatively subjective; nevertheless, it serves the purpose of this study.
Based on these criteria, information regarding the features and capabilities of each code is given in Table
4-1.
A discussion of additional capabilities of each code, that may be of interest but not provided in Table 4-1,
is provided in the appendix. Whenever possible, a discussion on the user friendliness of the program and
readability of the manual(s) is given. It is recognized that this information is highly subjective, and may
depend on limited exposure to the code and a less than thorough familiarity with the manual; nevertheless,
this information has been included here to provide a qualitative judgement about the difficulties that may
be experienced in using the code for modeling the proposed HLW repository at Yucca Mountain, Nevada.

4.1

COUPLED PROCESSES MODELED

This is a critical criterion for selecting the code for modeling the interactions among the
near-field coupled TMH processes for repository design and performance assessment. This criterion has
been divided into several subcriteria following individual coupled processes: T- M, T-.H), Hi-4T, M-Hi,
M*Hm, T Hm and Hm-T. A distinction has been made between fluid flow through the matrix, Hm7
and fluid flow through the rock joints, Hj. As the M-*T coupling is not considered important in the
proposed HLW repository (Manteufel et al., 1993), it is not included here as a subcriterion. T-4bE, Hj -T,
T Hm, and Hm -T are used as subcriteria. It was considered that two-way couplings between mechanical
and hydrological processes for both matrix and joint flow are important. Therefore, they are designated
as two-way coupled processes.

4.2

JOINT CONSTITUTIVE LAWS

This criterion checks the ability of the computer code to model joints in a jointed rock mass and
the associated mechanical behavior. The model should be able to simulate the joint behavior with both
shear and normal deformations. There are a number of rock joint models in the literature (Patton, 1966;
Ladanyi and Archambault, 1970; Jaeger, 1971; Jaeger and Cook, 1979; Goodman, 1976; Bandis et al.,
1983; Cundall and Hart, 1984; Barton et al., 1985; Bandis et al., 1985). Most of the codes include some
form of mechanical Mohr-Coulomb or Coulomb rock joint model. Constitutive laws for the thermal and
hydrological behavior along the joint are also important for the selected code.

4.3

DYNAMIC AND SEISMIC CAPABILITiES

The selected code should be able to model the response from a given dynamic or time-dependent
load. The ability of the code to incorporate the actual time history from an earthquake loading is included
here as a selection criterion.
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4.4

TWO-PHASE FLOW

Two-phase flow has special significance in the near-field environment. The heat from the
nuclear waste is expected to increase the temperature of surrounding rock mass, which will, in turn,
increase the vapor pressure of in situ water. Due to increased temperature, part of the liquid phase (water)
will vaporize and the pressure in the gas phase (vapor) will rise to achieve thermodynamic equilibrium.
Significant drying of the rock will occur in the near-field. Water vapor will flow away from the waste
package towards the cooler regions where it will condense. This condensate (water) may travel
considerable distances along fractures (Manteufel et al., 1993). To simulate this process, the code should
be able to model two-phase flow with the associated phase changes.

4.5

SOURCE CODE

If the selected code does not have the capability to model the coupled TMH phenomena that are
determined to be important, then further improvements of the code will be necessary. These
improvements may include incorporation of the results of research activities, including those being carried
out by various program elements at the CNWRA. In addition to integrating the results of the relevant
research activities into the selected code, this code or abstracted version of it will also serve as a module
of the Total System Performance Assessment Computer (TPA) code (Sagar and Janetzke, 1991).
Depending on the extent and nature of required improvements, it may be necessary to have the source
code available at the CNWRA. Alternatively, it may be possible to get the code enhancement work done
by the supporting group for a commercial code, with verification and validation work being performed
by the CNWRA.
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Table 4-1. List of candidate coupled codes and their function capabilities

3DEC (version 1.2)

UDEC (version 1.8)

Criterion
Coupled Processes Modeled:
T- M
T-H.
M4 H.

Yes
No
No
Yes

Yes
No
No
No

M4*m

No

No

TH
Hm
Hm-T

No
No

No
No

Joint Constitutive Laws

Joint: Continuous-Yielding,
Mohr-Coulomb,
Barton-Bandis

Joint: Continuous-Yielding,
Mohr-Coulomb

Dynamic and Seismic
Capabilities

Yes

Yes

Two-Phase Flow

No

No

Source Code

Available

Not Available

Criterion

ANSYS (version 5)

ADINA
(version 6.1)

MSC/NASTRAN
(version 67)

Coupled Processes Modeled:
T bM
T-H.
Hex~
MOTH.

Yes
Yes
No
No

Yes
Yes
Yes
No

Yes
No
No
No

M4m

No

Yes

No

TH
Hm

No

Yes
Yes

No

Slide Line:
2D and 3D

Slide Line:
Coulomb or

Slide Line

interfaces/gaps

frictionless

Dynamic and Seismic
Capabilities

Yes

Yes

Yes

Two-Phase Flow

No

Partial (without
phase change)

No

Source Code

Not Available

Not Available

Not Available

Hm IT

Joint Constitutive Laws
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No

Table 4-1. List of candidate coupled codes and their function capabilities (cont'd)
Criterion
Coupled Processes Modeled:
T- M
T-Hj
H--T
M
jYes
M-Hm
T Hm
HmT

ROCMAS

|

[

GENASYS

|_THAMES

Yes
Yes
Yes

Yes
No
No
No
Yes
Yes
Yes

Yes
No
No
No
Yes
Yes
Yes

Joint Constitutive Laws

Goodman Joint model

No

No

Dynamic and Seismic
Capabilities

No

No

No

Two-Phase Flow

No

No

No

Source Code

Not Available

Not Available

Not Available

SANGRE

STEALTH
T L A)
(version

Criterion
Coupled Processes Modeled:
T- M
T-H.

Yes
Yes
Yes

FLAC (version 3.0)
Yes
No
No
No
Yes
No
No

Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes
No
No
No
Yes
Yes
Yes

Interface/Slide Line:
Friction, no slip.
Only a few simple
interfaces should be
included in a model

Slide Line:
with or without
friction

Slide Line:
Frictionless, tied

Dynamic and Seismic
Capabilities

Yes

No

Yes

Two-Phase Flow

No

No

No

Source Code

Not available

Available

Available

H. IT
MUSHj
M4Hm
T Hm
Hm. T
Joint Constitutive Laws
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Table 4-1. List of candidate coupled codes and their function capabilities (cont'd)

Coupled Processes Modeled:
T- M
T-H1TbH.--No
iHj.
M-Hm
T BHM
Hm-T

BEST3D (version 3)

FEHMS

Criterion

Yes

Yes
No
No
No
No
No
No

Joint Constitutive Laws

Joint

Slide Line: spring, friction

Dynamic and Seismic Capabilities

Yes

Yes

Two-Phase Flow

No

No

Source Code

Not Available

Available

Criterion
Coupled Processes Modeled:
T- M
T-H.
H IT~
iM-HJ
M-Hm
TAHm
Hm IT

Yes
No
Yes
Yes
Yes

ABAQUS (version 5.2-1)

[_BEASY (version 4)

No

Yes
No
No
Yes
Yes
No
No

Joint Constitutive Laws

Slide Line:
without friction

Interface, Slide Line:
friction

Dynamic and Seismic Capabilities

No

Yes

Two-Phase Flow

No

No

Source Code

Not Available

Not Available

Yes
No

No
No
No

No
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5 CODE RANKING
5.1

APPROACH OF CODE RANKING

The primary objective for this code selection is to have a code that can model near-field rock
to predict coupled TMH responses resulting from the disposal of HLW. The ability of the
behavior
mass
recommended codes to simulate rock joint behavior under both pseudostatic and dynamic loads and
coupled TMH processes is considered to be of paramount importance. Therefore, the first three criteria
of Table 4-1, that is, coupled processes modeled, joint constitutive laws, and dynamic and seismic
capabilities, were used to calculate the score and to rank the codes. Codes with high scores will be
examined in Phase II to further determine their capabilities for final code selection. The result will be
documented in a separate report. Two-phase flow was not considered as an evaluation criterion in this
rating exercise as none of the candidate codes has the desired capability.

5.2

RANKING OF COMPUTER CODES

A ranking system was developed based on the three criteria. Among the coupled processes,
M-4T is not considered significant in the Yucca Mountain environment (Manteufel et al., 1993).
Therefore, it was excluded from the ranking system. Also excluded from the ranking system are the
coupled processes T -Hm and Hmr-T since the thermohydrology research under the Performance
Assessment element at the CNWRA is developing and validating model(s) of them. The model(s) will be
adopted and coded into the selected computer code.
The rock joint model and the two-way coupled process MHJ criteria are each given a score
of 2 while each of the remaining coupled processes and the dynamic capability criterion receives a score
of 1. As discussed before, rock joint behavior is considered to be of primary importance in modeling the
near-field response of excavations in the proposed repository. Therefore, this feature receives a weighted
score of 2. In order to receive a score of 2, the rock joint model in a code should have the capability of
modeling rock joint behavior with both shear and normal deformations of the joints. If only a portion of
the joint behavior is simulated, a score of 0 is assigned. M-H- describes the coupled behavior of two
individual processes in the near-field. As a result, it also receives twice the score. In the near-field
environment around the waste package, the fluid flow will be predominantly through the joints or
fractures. As a result, the effects of mechanical processes on the fluid flow through the rock matrix and
vice versa, M*Hm, have been considered somewhat less significant than MSH- for this code selection
process. M-Hm receives the same score as one-way processes T-.M, T-.H), and l14- T. Only the ADINA
system of codes has the capability to model two-phase flow but they cannot simulate phase changes.
Therefore, this criterion is not shown in Table 5-1.
It is recognized that the scoring process described above is highly subjective. However, it is
considered to be appropriate in the context of TMH modeling. Table 5-1 presents the score of the codes
listed in Section 3.
Based upon the scoring system, the candidate codes are ranked in Table 5-2 with 1 being the
More than one code received the same score and, therefore, the same rank. This subjective
rank.
highest
ranking system uses only seven features to differentiate among the codes. It is not sensitive enough to
break the tie among the codes receiving the same rank.
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Table 5-1. Ranking analysis of the computer codes
Criterion

3DEC

ADINA

[_ABAQUS

|[

ANSYS

|j

BEASY

M-H;

0

2

0

0

0

M-Hm

0

1

1

1

0

T-M

1

1

1

1

1

T-H;

0

0

0

0

0

H bT

0

0

0

0

0

Rock Joint
Model

2

2

0

0

0

Dynamic

1

1

1

1

0

4

7

3

3

1

Composite
Score

Criterion

|BEST3D

FEHMS

FLAC

|_GENASYS _IMSC/NASTRAN

M-H;

0

2

0

0

0

M-Hm

0

1

1

1

0

T-.M

1

1

1

1

1

T-Hi

0

1

0

1

0

H bT

0

1

0

1

0

Rock Joint
Model

0

0

2*

0

2

Dynamic

1

1

1

0

1

2

7

5

4

4

Composite
Score
*

Only a few interfaces should be used in a model
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Table 5-1. Ranking analysis of the computer codes (cont'd)

STEALTH |_THAMES

|_ UDEC

ROCMAS

SANGRE

M-Hi

2

0

0

0

2

M*Hm

1

1

1

1

0

T-M

1

1

1

1

1

T-H

1

1

0

0

0

Hi bT

1

1

0

0

0

Rock Joint Model

2

0

0

0

2

Dynamic

0

0

1

1

1

Composite Score

8

4

3

3

6

Criterion

Table 5-2. Ranks of the computer codes

(

Code

Score

Rank

ROCMAS

8

1

ABAQUS

7

2

FEHMS

7

2

UDEC

6

3

SANGRE

4

4

3DEC

4

4

MSC/NASTRAN

4

4

ADINA

3

5

ANSYS

3

5

STEALTH

3

5

FLAC

3

5

THAMES

3

5

GENASYS

2

6

BEST3D

2

6

| BEASY

1

7
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6 DISCUSSION AND RECOMMENDATIONS
Based on the criteria used in Table 5-1, the total available score for a code is 9. An arbitrary decision
was made that if a code receives a total score of more than half of the total available score it should be
qualified for the next level of code selection. This decision is important because the ranking of the codes
is primarily based on the information provided by the corresponding users' manuals. It may be possible
that some information in the manuals has been misinterpreted or misunderstood by the authors of this
study due to lack of actual verification. Further, the criteria in Table 5-1 are relatively general in nature.
For example, the comparison of a similar capability between two codes is not factored into the scoring
process. Among the fifteen computer codes, four - ROCMAS, ABAQUS, FEHMS, and UDEC received a score greater than 5. Of these, only UDEC is a discrete element code; all the others are finite
element codes. ROCMAS has been developed at the Lawrence Berkeley Laboratory, California.
ABAQUS is a commercial code, with an executable version available on lease from Hibbit, Karlsson &
Sorensen, Inc., Rhode Island. FEHMS has been developed at the Los Alamos National Laboratory, New
Mexico. UDEC is also a commercial code; both source and executable codes are available from Itasca
Consulting Group, Inc., Minnesota. These codes need to be examined further to support selection and
further development of a particular code for compliance determination.
Of these codes, only UDEC has been subjected to a qualification study (Brady et al., 1990). Other codes
should go through the same qualification process to be compared on an equal basis. There are some
problems in subjecting ROCMAS and FEHMS to this qualification study. Although the capabilities of
these codes to simulate coupled phenomena among TMH processes have been reported in the open
literature (Noorishad et al., 1984, 1992; Noorishad and Tsang, 1989; Kelkar and Zyvoloski, 1991), the
complete codes along with the manuals are not available in the public domain. Therefore, both ROCMAS
and FEHMS cannot be examined further at this time.
ABAQUS will undergo a qualification study similar to that of UDEC (Brady et al., 1990). Details of this
study will be described in a later report. That report will also include appropriate comparisons between
UDEC and ABAQUS and the selection of one of these two codes for further development.
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APPENDIX
Additional Information On The Computer Codes
This appendix includes supplemental discussions on each code described in Table 4-1 of this
report. Any additional information which is not included in the table or is not adequately described in the
text is given here. As far as possible, the information given in Table 4-1 is not duplicated in this appendix,
although some repetition has been necessary to make the discussion complete.
A.1

3DEC (VERSION 1.3)

3DEC (3 dimensional Distinct Element Code) is a three-dimensional distinct element code to
simulate the behavior of jointed rock masses under quasi-static and dynamic loads (ITASCA Consulting
Group, Inc., 1992c; 1992d). It is written mainly for 80386 based IBM-compatible microcomputers. 3DEC
has been developed especially for geomechanical problems. Its features include:
The rock mass modeled as a three-dimensional assemblage of rigid or deformable blocks
The discontinuities regarded as distinct boundary interactions between these blocks
An explicit solution algorithm that accommodates both large displacement and rotation
Structural elements available to simulate rock reinforcement and internal supports
One-way coupling from thermal to mechanical processes, assuming the material is thermally
homogeneous and isotropic with thermally invariant material properties, and
* Point or line heat sources embedded in the material
*
*
*
*
*

Material constitutive models include:
* Isotropic linear elastic, and
* Elastic-plastic with Mohr-Coulomb failure criterion
3DEC has the option of modeling nonreflecting or viscous boundaries in a problem. This is very
useful in wave propagation problems to simulate the passage of the waves outside the modeled region.
A.2

ABAQUS SYSTEM (Version 5.2)

The ABAQUS system of programs includes ABAQUS/Standard, ABAQUS/Explicit, and
ABAQUS/Post. ABAQUS/Standard (Hibbit, Karlsson & Sorensen, Inc., 1992c; 1992d) is a general
purpose finite element program. ABAQUS/Explicit (Hibbit, Karlson & Sorensen, Inc., 1992e; 1992f) is
an explicit dynamic finite element program fully vectorized for use on supercomputers. ABAQUS/Standard
can analyze both linear and nonlinear static and dynamic problems. Nonlinear stress analysis can have three
sources for nonlinearity.
* Material nonlinearity: material models depend on the loading history which requires solution
following the actual loading sequence.
* Geometric nonlinearity: due to large displacement and rotations.
* Boundary nonlinearity: due to contact or interface between two regions. In static analysis,
there is no loss of energy when two nodes come in contact, although iteration is necessary to
determine whether or not they are in contact. In dynamic applications, some energy is lost in
generating stress waves when two nodes come in contact. ABAQUS automatically solves
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impact equations at contact to provide new initial conditions for the continuation of the
dynamic response.
ABAQUS has the rezoning capabilities to develop a new mesh for the problem when large
deformation has distorted the original mesh considerably.
ABAQUS/Standard has two-way coupling between:
* Mechanical and thermal processes, and
* Mechanical and hydrological processes
If the temperature distribution does not depend on the stress solution, then one-way coupled
thermal stress analysis can be carried out. Heat transfer analysis includes:
* Temperature distribution, which can be time-dependent
* Material properties, which can be temperature-dependent, and
* Conduction, forced convection caused by fluid flowing through the mesh, heat storage
(specific heat and latent heat), and boundary radiation and convection
Two-way coupled pore fluid diffusion and stress analysis can be carried out for problems
involving partially and/or fully saturated fluid flow and include:
*
*
*
*

Transient or steady state formulation
Mechanical part of the model based on effective stress principle
Continuity equation for the mass of the wetting fluid in a unit volume of the medium, and
Partially saturated flow occurring when the wetting fluid is absorbed into or exsorbed from
the medium by capillary action

Features of interface elements available in ABAQUS include:
* Interface elements for problems involving two deforming bodies that may undergo large
relative motions
* Either temperature or pore pressure prescribed as an additional nodal degree of freedom to
perform analysis coupled with the mechanical responses, and
* Slide line elements available to model the interaction between two deformable bodies along
the slide line where separation and sliding of finite amplitude and arbitrary rotation of the
surfaces may arise
An equivalent continuum material model containing a high density of parallel joint surfaces in
different orientations is available. The model provides for opening of the joints and frictional sliding in
each of these systems. Failure and flow parameters are given as functions of temperature and other
predefined variables. Under compressive stress, the joints can slide following Coulomb criterion. Bulk
failure of the medium is based on the Drucker-Prager failure criterion.
Both ABAQUS/Standard and ABAQUS/Explicit can calculate the responses of the model from
time-dependent applied loads such as an earthquake loading history (displacement, velocity, or
acceleration). In explicit dynamic analysis, the equations of motion for the body are integrated using the
explicit central difference method. The explicit dynamic analysis procedure is based upon the
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implementation of this explicit integration rule together with the diagonal or "lumped" element mass
matrices. Infinite elements are used in boundary value problems defined in infinite or unbounded regions
or problems in which the region of interest is small compared to the surrounding medium. Isotropic linear
material properties are assumed in the infinite elements. Infinite elements provide a static force that is
present at the start of the dynamic response analysis on this boundary. The infinite elements introduce
additional normal and shear tractions at the boundary, with boundary damping constants chosen to minimize
the reflection of dilational and shear wave energies back into the mesh of the finite element model.
A.3

ADINA, ADINA-T, AND ADINA-F (Version 6.1)

ADINA, ADINA-T, and ADINA-F are general purpose finite element codes developed by
ADINA R&D, Inc. (1987; 1992a; 1992b; 1992c; 1992d; 1992e; and 1992f). The programs are numerically
coupled to simulate the coupled interactions among the thermal, mechanical, and hydrological processes.
ADINA is the mechanical code for calculating displacements, stresses, etc., due to loads applied on the
model. ADINA-T calculates the distribution of temperature in the modeled region from given heat sources
and heat fluxes. ADINA-F is designed for fluid flow and heat transfer analysis (conduction, convection,
and radiation). ADINA uses the temperature distribution calculated by ADINA-T to determine the
distribution of thermal strains and stresses over the modeled region. The ADINA system of codes does not
solve the coupled equation for simultaneous stress and fluid flow analysis. Instead, ADINA and ADINA-F
are coupled internally so that the results from fluid flow analysis (ADINA-F) are fed to ADINA for stress
calculations. Results from ADINA become input to ADINA-F. This process is repeated until the results
converge.
ADINA has both static and dynamic analysis capabilities in two and three dimensions and can
handle problems associated with material nonlinearity, large displacement and small strain (less than
2 percent), and large displacement and large strain.
Material constitutive models include:
* Linear elastic, linear orthotropic, thermo-isotropic and thermo-orthotropic elastic, rock model,
cap model, von Mises isothermal plasticity, and curve description
* User-supplied material model in the form of FORTRAN code [Code recompiling and relinking
are necessary]
* Cracking model
* Isothermal plastic material models including the von Mises, Drucker-Prager, and Ilyushin, and
* Thermo-elasto-plastic and creep models including the effects of thermal strains,
time-independent plastic strains, and time-dependent creep strains
Other features of the ADINA system of codes include:
* Element birth and death options available for adding or taking out elements from the total
system of elements.
* Two- and three-dimensional contact surfaces: both sticking and frictionless or frictional sliding
can be modeled. Repeated contact and separation are permitted in any sequence.
ADINA-IN is the preprocessor and ADINA-PLOT is the postprocessor for the ADINA system
of codes. Interface with PATRAN for preprocessing and postprocessing is available through another code
TRANSOR.
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The manuals available for the ADINA system of codes are far from user-friendly. They lack a
clear discussion of the capabilities of each code. The theory manual is more than five years old and does
not report the capabilities incorporated in the codes in the last five years. Most of the discussions,
especially in user's manuals, are buried under individual keywords used in the program. Because of sketchy
explanations of the capabilities and less than desirable discussions of the verification problems, it is hard
for a new user to get a good grasp of the system in a relatively short time.
A.4

ANSYS (Version 5.0)

ANSYS is a general purpose finite element code developed by Swanson Analysis Systems, Inc.,
Houston, Pennsylvania (1992a; 1992b; 1992c; and 1992d). It is capable of analyzing two- and
three-dimensional static and dynamic problems. Both linear and nonlinear problems can be analyzed by
ANSYS. Three types of nonlinear problems can be analyzed:
* Nonlinear behavior due to changing status - nonlinear elements (contact element), birth and
death option
* Geometric nonlinearities - large deformation, and
* Material nonlinearities - nonlinear stress-strain relations
Material constitutive models include:
*
*
*
*
*
*
*

Elastic
Plastic
Viscoplastic
Viscoelastic
Creep
Swelling, and
Temperature-dependent properties

ANSYS also can model coupling between thermal and mechanical processes in the structure. Fluid
flow through a porous medium is analyzed using a separate program called FLOTRAN, a computational
fluid dynamics program which has direct interface with ANSYS. Both batch and interactive modes are
available for analyzing problems.
Both linear and nonlinear (material and geometric nonlinearity) analyses can be carried out for
static problems. Dynamic analyses can be carried out with three different solution schemes. Five different
damping schemes are available for analyzing transient dynamic problems. Contact elements are used to
model interfaces between two regions. Contact elements fail in tension and follow Coulomb friction law
in sliding. The material properties can be temperature dependent. Contact elements operate bilinearly only
in a static or a nonlinear transient dynamic analysis. Infinite boundary elements are available to model
infinite domain in thermal analysis.
ANSYS has the built-in capabilities of generating finite element models interactively.
Postprocessing and graphical display of outputs are also possible in ANSYS, which interfaces with
PATRAN for model generation and postprocessing of the results.
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A.5

BEASY

BEASY is a general purpose boundary element computer code (Computational Mechanics
Publications, Inc., 1990) that allows continuum modeling of two-dimensional, axisymmetric, and
three-dimensional problems for:
*
*
*
*

Steady state potential flow (i.e., heat transfer and flow through porous media)
Time-dependent (or transient) heat transfer
Static, linear elastic stress analysis, and
Thermal stress analysis (BEASY will perform the full heat transfer analysis, followed by the
stress analysis)

A major application of BEASY is in the area of fracture mechanics.
BEASY offers two different types of elements - continuous and discontinuous. Continuous
elements have nodes on the edges and corners of the element. These nodes are shared with neighboring
elements. Discontinuous elements do not share nodes with neighboring elements. Therefore, the nodes are
not at the edges and corners of the element, but are displaced towards the element centroid. Thus, for
discontinuous elements, continuity of variables is not enforced between neighboring elements. The use of
discontinuous elements is necessary to obtain accurate results when there is an actual discontinuity in the
problem, such as a crack tip.
Zoning within a BEASY model can be done to simulate, for instance, two or more distinct
materials or to create an interface within the interior of a model. If there is some design feature internal
to the material, then it may be effective to split the model into zones to create an element in a particular
location suitable for applying an interface condition to model the feature. The following three interface
conditions are considered by BEASY:
* No contact - the two surfaces are not in contact with each other.
* Sticking contact - the surfaces are in contact, but the tangential force is not sufficient to
overcome the static frictional resistance.
* Sliding contact - the surfaces are in contact, and the tangential force has become large enough
to overcome static frictional resistance. The surfaces slide tangentially and the dynamic
frictional coefficient is used to calculate the frictional resistance.
Other conditions also can be imposed along interface elements, such as prescribed potential, added
flux density, convection condition, thermal contact resistance (membrane), prescribed displacement, or
added traction.
In simulating steady state or transient potential flow problems with BEASY, the material
properties may be nonlinear functions of the potential. For example, in heat transfer analysis, the
conductivity, specific heat, density, and thermal diffusivity may be functions of temperature. However, for
stress analysis, the code is limited to only static analysis with linear elastic material properties. Dynamic
loading is considered in a pseudostatic way and is not adequate if the effects of true dynamic loading need
to be simulated.
Preprocessing and postprocessing can be carried out with BEASY-IMS which has direct interface
with BEASY.
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A.6

BEST3D

BEST3D (BEST Corp., 1989) is a three-dimensional boundary element method. The code is
capable of elastic static and dynamic analysis, thermal analysis, as well as nonlinear stress analysis. For
nonlinear analysis, material models, including a nonlinear strain-hardening Von Mises model, a
multi-surface cyclic plasticity model, and a thermally sensitive viscoplastic model, are available. For stress
analysis problems, material properties can be input as a function of temperature (e.g., elastic modulus,
thermal expansion coefficient).
Interfaces also can be simulated easily with BEST3D. The following interface conditions are
recognized in the code:
* Fully bonded interface
* Sliding interface in which movement in the plane tangent to the interface is allowed - only
normal displacement compatibility is imposed across the interface
* Spring resistance along an interface between corresponding surfaces - the tractions across this
interface are linearly related to the difference in displacements between the two surfaces, and
* Thermal resistance between the corresponding surfaces - the flux across this interface is
linearly related to the temperature difference between the two surfaces
Material constitutive models include:
*
*
*
*
*

Isotropic elastic
Cross-anisotropic
Isotropic plasticity with variable hardening
Kinematic plasticity with multiple yield surfaces, and
Anisotropic viscoplastic with temperature-dependent material behavior

The BEST3D code cannot simulate fluid flow. The only coupling mechanism is thermal to mechanical.
A.7

FEHMS

FEHMS (Finite Element Heat Mass Stress) (Kelkar and Zyvoloski, 1991) is a finite element code
capable of solving two-dimensional and three-dimensional coupled problems of TMH effects in fractured
rocks. Its fully implicit coupled formulation allows for large time steps to be used in the analysis.
Fluid flow through the compressible fractured rock is modeled using the mass balance equation
combined with Darcy's law. The permeability and porosity of the rock matrix can vary as a known function
of the local fluid pressure. The permeability of the discontinuities is expressed as a power law function of
the fracture aperture, calculated from the stress-displacement equations.
Assuming that the rock and fluid are in equilibrium everywhere in the modeled region, the energy
of the system is balanced. Solid displacements are calculated using the equilibrium equation with Biot's
poroplastic equations for small displacements (Biot, 1955). Linear thermoelastic formulations are used to
model the effects of thermal expansion or contraction. Points on the discontinuity surfaces also experience
the effects of pore pressure present in the discontinuity. Using the theory of linear poroelasticity for small
strain including thermal load, the strain tensor is calculated.
A-6

Thermal to hydrological coupling occurs through the pressure and temperature dependence of
fluid density, viscosity, and enthalpy. The porosity and permeability of the rock vary with the change in
pressure, temperature, and displacement. As a result, the mass balance and the conservation of energy
equations are affected. Mechanical to hydrological coupling occurs due to the strong dependence of fracture
permeability on the normal and shear displacements of the surfaces. Inclusion of the pore pressure term
in Biot's equation accounts for the hydrological to mechanical coupling. Thermal to mechanical coupling
is taken into account through the temperature term in the thermoelasticity equation.
At the time of preparing this report, the relevant manual was not available. The above information
was extracted from Kelkar and Zyvoloski (1991)
A.8

FLAC (Version 3.0)

FLAC (Fast Lagrangian Analysis of Continua) is a two-dimensional explicit finite difference
program for modeling soil and rock behavior (Itasca Consulting group, Inc., 1992e; 1992f). FLAC is
oriented specifically to geotechnical applications, with the following features:
* Cable (grouted) elements and beam elements for modeling concrete, shotcrete, reinforcement,
and similar features
* Flexible and easily-controlled excavation sequence modeling
* Interfaces to represent joints or thin seams that are characterized by Coulomb sliding and/or
tensile separation
* Automated mesh generation
* Groundwater flow and consolidation modeling
* Infinite elastic boundary conditions, and
* Built-in programming language (FLACish or FISH) which enables the user to define new
variables and functions
Material constitutive models include:
*
*
*
*
*
*
*
*

Null
Isotropic elastic
Transversely isotropic elastic
Mohr-Coulomb plasticity

Ubiquitous joint
Strain-hardening/softening
Double yield, and
Creep

The standard version of FLAC provides approximately 2,000 elements of Mohr-Coulomb material
with 2 Mbytes of RAM and approximately 10,000 elements with 4 Mbytes of RAM.
Specific features of FLAC include:
* Groundwater/Consolidation Model Upgrades
-

Automatic calculation of phreatic surface

-

Approximated unsaturated flow
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-

Porosity and permeability dependent on volumetric strain

-

Effective stress used on interfaces
Fluid streamlines
Fluid particle tracking

-

* Infinite Elastic Boundary Condition
-

Analytic solution used for infinite elastic boundary

* Experimental Double-Yield Constitutive Model to simulate, for example, volumetric yielding
of backfill
A.9

GENASYS

GENASYS (Geotechnical ENgineering Analysis SYStem) is a two- and three-dimensional hybrid
boundary element-finite element code for computing the coupled fracture flow, heat flow, and deformation
response of fractured rock mass (Wijesinghe, 1989). The discontinuities in the rock mass are modeled as
one or more discrete curved surfaces. The fracture surfaces can have any arbitrary shape and orientation,
and can intersect to form a fracture network. The far-field response is simulated using a linear elastic
material model. The fractures show nonlinear behavior. The hybrid formulation keeps the computational
problem at a manageable level.
At the time of preparing this report, the relevant manual was not available. The above information
was extracted from Wijesinghe (1989).
A.10

MSC/NASTRAN

MSC/NASTRAN is a general purpose finite element program, developed originally at the
National Aeronautic and Space Administration and, at present, maintained and marketed by the
MacNeal-Schwendler Corporation, Los Angeles, California. The code can model both linear and nonlinear
problems (material and geometric nonlinearity) under static and dynamic loads, including piecewise linear
analysis of nonlinear static response and transient analysis of linear dynamic problems. It has extensive
error checking capabilities.
Equivalent loads due to thermal expansion are calculated by separate routines to analyze the heat
in
transfer the medium. Temperature at grid points, temperature gradients, and heat flow into the elements
are calculated. Temperature-dependent thermal expansion coefficients and elastic moduli can be specified
for each material type. Radiation from a distant source can be modeled by a prescribed flux into a surface
element which depends upon the orientation of the radiation vector relative to the element.
Three types of dynamic analysis can be carried out in MSC/NASTRAN:
* Eigenvalue extraction
* Frequency response analysis, and
* Transient response analysis
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For each type of problem, both direct and modal formulations can be specified. Different load
histories can be specified for each point in the structure. Loads can be either time-dependent or
frequency-dependent.
Gap elements are used to model an interface with frictional properties. Two types of gap elements
are available:
* Adaptive, and
* Nonadaptive
For adaptive elements, static and dynamic coefficients of friction are used. Adaptive gap elements
have special features such as gap-induced stiffness update, gap-induced bisection, subincremental process,
and adjustment of penalty values or axial stiffness. When the gap is open, a small stiffness is defined in
the axial direction and there is no transverse stiffness. If the element is closed, that is, the relative
displacement between the surface is less than the initial gap, the axial stiffness has a very large value
relative to the adjacent structures. The gap has a transverse stiffness until the frictional force is exceeded
and slippage starts to occur.
MSC/NASTRAN can simulate fully coupled fluid-structure interactions but the principal
applications are in the areas of acoustics and noise-control. Development of the model and analysis of the
results can be done using PATRAN.
A.11

ROCMAS

ROCMAS (ROCk Mass Analysis Scheme) is a finite element code developed at the Lawrence
Berkeley Laboratories for solving two- and three-dimensional problems of coupled thermal, hydraulic, and
mechanical processes in the geologic medium (Noorishad et al., 1984; 1992; Noorishad and Tsang, 1989).
The discontinuities are represented explicitly as four-noded joint elements with strain-softening behavior
for stress analysis and one-dimensional line elements for fluid flow in the discontinuities. The peak shear
stress of the discontinuities is based on the criterion of Ladanyi and Archambault (1970). Normal stress
and dilation behavior are modeled using Goodman's joint element (Goodman, 1976). The discontinuities
are modeled as parallel plates for fluid flow calculations.
At the time of preparing this report, the relevant manual was not available. The above information
was extracted from Noorishad et al. (1984, 1992) and Noorishad and Tsang (1989).
A.12

SANGRE

SANGRE is a two-dimensional finite element code for simulating fluid migration, heat transport,
and faulting in highly deformable, porous geologic media (Anderson, 1986). It can carry out coupled fluid
flow and structural deformation, including large deformation and faulting, as well as heat transport by
conduction and convection. It is claimed that the SANGRE code can be altered easily to include formation
of fractures in the medium and subsequent changes of permeability.
SANGRE solves the consolidation equations of Biot (Biot, 1955). These equations have been
modified to account for inelastic creep of solid matrix. The pore pressure drives the fluid through a
deforming solid. It also provides resistance to gravity load and traction applied to the boundary of the
region being modeled.
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SANGRE uses the "leapfrog" time-stepping method to circumvent the numerical instability
problem caused by the large difference in rates for fluid flow and structural deformation. Although the
accuracy of this method is less than that achieved by regular implicit methods that are unconditionally
stable, it produces a 50 percent smaller system of equations for the global model. Consequently, about four
times the savings in computer time can be achieved.
SANGRE models the interfaces (e.g., fault planes) as slide lines. These interfaces are
characterized by reduced or no resistance to relative motion of the two surfaces along the tangential
direction. The penalty function method is used to formulate the equations for dependent variables at nodes
adjacent to the slide lines. No a priori assumption is made about the contact locations. Large relative
motions of the regions can be modeled. The rezoning capability of SANGRE can be used in problems
where severe mesh distortion occurs.
Change of temperature in the modeled region occurs through heat changes in the solid as well
as conduction of heat in the solid and convection of heat by the fluid in the medium.
Material constitutive models include:
*
*
*
*

Isotropic elastic
Anisotropic elastic
Mohr-Coulomb, and
Temperature-dependent material properties

The available documentation does not give any information about the preprocessor and
postprocessor to be used with SANGRE. The manual lacks sufficient details of modeling techniques
required to use the program at its full potential. Only five verification problems are given in the manual.
A. 13

STEALTH

STEALTH (Hofrnann, 1981a; 1981b) is a general purpose explicit finite difference transient
continuum computer code for solid, structural, and thermohydraulic analysis. It can carry out one-, two-,
and three-dimensional calculations. The STEALTH program is formulated based on the three conservation
laws of physics and allows the simulation of "three-way" coupled thermal-hydrologic-mechanical behavior
of a continuum. Since STEALTH is a continuum code, no fracture flow capability is provided. STEALTH
has an automatic rezoning capability that gives it an arbitrary Lagrangian-Eulerian-like character that makes
the code capable of performing large deformation calculations. Other code capabilities include:
* A boundary interaction logic that helps defining internal sliding and debonding surfaces. The
Coulomb friction law governs the sliding behavior. This boundary interaction logic does not
include the ability of accepting normal and shear stiffnesses input. This logic gives a user the
option to couple STEALTH to other types of codes.
* Temperature and pressure dependency of viscosity coefficient and dilatational viscosity of fluid
and gas.
* Temperature and pressure dependency of shear and bulk modulus of solids.
* Ability to restart with a change of material properties. One typical example of this capability
is simulation of the potential effect of excavations and backfilling.
* Temperature dependency of thermal conductivity and specific heat capacity.
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* Use of user provided material models, for instance, stress or pressure dependency of thermal
conductivity.
Several limitations of the STEALTH code were also identified. The code is not appropriate for:
* Finding "modes" in linear structural dynamics analyses
* Solving incompressible flow problems, and
* Efficiently solving steady-state boundary value problems and elastic static analyses
The results can be analyzed with the postprocessor ADAPRO.
A. 14

THAMES

THAMES (Thermal, Hydraulic, And MEchanical System analysis) is a finite element code for
three-way coupled thermal, hydraulic, and mechanical processes in saturated and unsaturated geologic
media (Ohnishi et al., 1990). The effect of discontinuities in rock mass is taken into account by using the
concept of crack tensor. The coupled processes considered are based on the following assumptions:
* Medium is porous and elastic
* Darcy's law models the flow of water in saturated and unsaturated medium
* Fourier's law models the heat transfer in both solid and liquid phases with no consideration
given to gaseous phase
* Phase change between water and vapor is not modeled, and
* Density of water is dependent on both temperature and pressure
Heat flow causes thermal stress on the model producing deformation of the rock mass.
Mechanical work generates heat in the system. Heat flow causes buoyancy driven water flow in the model.
Flow of water causes heat flow by convection. Change in fluid pressure due to flow of water changes the
effective stress in the system. Mechanical deformation changes the storativity of the rock mass.
At the time of preparing this report, the relevant manual was not available. The above information
was extracted from Ohnishi et al. (1990).
A. 15

UDEC (VERSION 1.8)

The Universal Distinct Element Code (UDEC) is a two-dimensional distinct element code
developed by Itasca Consulting Group, Inc. (1992a; 1992b). It is specifically written for 80386 based
IBM-compatible computers, although an X-window version of the program is also available. UDEC
simulates the response of discontinuous medium, such as jointed rock mass, subjected to either static or
dynamic loads through an explicit solution algorithm, although a limited implicit solution scheme is also
available. UDEC is especially designed for geomechanics problems with the following features:
* The medium is represented as an assemblage of either rigid or deformable discrete blocks.
* The discontinuities are treated as the boundary conditions between the blocks: large
displacements along the discontinuities and rotation of the blocks are permissible.
* The user can develop the data structure interactively through the built-in commands or it can
be read from an input file.
* A boundary element model is available for simulating the boundary of an infinite elastic body.
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* Structural elements are available to simulate rock reinforcement and interior support.
* A visco-plastic model is available to simulate flow of cement grout in the discontinuity.
* The code simulates the transient flux of heat in materials and the induced thermal stresses
(deformable blocks only). The flow of heat within the blocks is by conduction only. Heat
transfer properties are independent of strain or pressure. Material properties and failure
characteristics of blocks and joints are also temperature-independent.
* Heat sources can be added in real time and can decay exponentially with time.
Material constitutive models include:
*
*
*
*
*
*

Null
Isotropic elastic
Drucker-Prager plasticity
Ubiquitous joint
Double-yield, and
Strain-hardening/softening

UDEC has an option for using non-reflecting boundaries in the model in dynamic analysis. This
capability is very useful in wave propagation problems to simulate the passage of waves outside the
modeled region. Loads, stresses, and velocities at the boundaries can be applied as a constant, linear,
sinusoidal, or user-supplied function. Alternatively, loads, stresses, and velocities can be defined as a series
of discrete points given in a tabular form or can be read from a file. This capability is very important in
modeling the responses from actual time-history of applied load, stresses, or velocities.
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