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ABSTRACT

Thermal and mechanical models for intact and jointed rock mass

behavior are being developed, verified, and validated at Sandia National

Laboratories for the Yucca Mountain Site Characterization Project.

Benchmarking is an essential part of this effort and is one of the tools
used to demonstrate verification of engineering software used to solve

thermomechanical problems. This report presents the results of the third

(and final) phase of the first thermomechanical benchmark exercise. In the

first phase of this exercise, nonlinear heat conduction codes were used no

solve the thermal portion of the benchmark problem. The results from the

thermal analysis were then used as input to the second and third phases of
the exercise, which consisted of solving the structural portion of the

benchmark problem. In the second phase of the exercise, a linear elastic
rock mass model was used. In the third phase of the exercise, two

different nonlinear jointed rock mass models were used to solve the

thermostructural problem. Both models, the Sandia compliant joint model

and the RE/SPEC joint empirical model, explicitly incorporate the effect of

, the joints on the response of the continuum. Three different structural
codes, JAC, SANCHO, and SPECTROM-31, were used with the above models in the

third phase of the study. Each model was implemented in two different
codes so that direct comparisons of results from each model could be made.

The results submitted by the participants showed that the finite element

solutions using each model were in reasonable agreement. Some consistent
differences between the solutions using the two different models were noted

but are not considered important to verification of the codes.
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This work was performed under WBS 1.2.4.2.3.1. The SNL Quality

Assurance Program Plan (including Department 6310 QAPP specific to the YMP)
was in effect during the course of this work. Criteria i-7 and 15-18 of

the QAPP applied to this work. Department Operating Procedures 2-4, 3-2,

and 3-3 were specifically used to assure quality in the conduct of these

analyses. The analysis definition was developed interactively through
interactions with the participants. This report was reviewed by two

w

technical peers, line management, and was reviewed for policy concerns by
the YMP Office. The future application of the exercise detailed in this

report will be considered quality affecting. More discussion of the

specific QA requirements are in Section 4.1 of this report.
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1 0 INTRODUCTION

i.i Background

Computer software that incorporates thermal and structural models for

intact and jointed rock mass behavior is being developed, verified and
validated at Sandia National Laboratories (SNL) for the Yucca Mountain Site

Characterization Project (YMP), administered by the Nevada Operations

Office of the U.S. Department of Energy. Scientific and engineering

software used in substantiating a license application for a potential
radio_,ctive waste repository must meet certain requirements intended to

satisfy the Nuclear Regulatory Commission as to the the quality of the

software. Software verification is addressed in this report. In this
context, a distinction between software and models needs to be made. A

model is a mathematical representation of a physical process. Software is

a numerical tool used to solve the equations associated with the model.

Thus, software verification addresses the correctness of the implementation

of the model equations and numerical techniques used to solve those
equations.

One means of demonstrating verification and assessing the

characteristics of engineering software is henchmarking, defined here as

the comparison of the results obtained using one piece of software with

those obtained using other software applied to identical problems. One

advantage of benchmarking is that many parameters are available for

independent comparison. In a benchmarking exercise, numerous mechanical

and thermal parameters (stresses, strains, strain rates, displacements,

joint motion, temperatures, etc.) can be compared over the entire analysis

region. With the exact specification of geometry and material properties,
many uncertainties in the comparison of results can be removed.
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1.2 Objectives and Scope of the Benchmark Exercise

In the first thermomechanical benchmark exercise, a specific

thermomechanical boundary value problem is solved. The problem is a

generic extraction of a typical problem likely to be run by design

analysts. However, the analyses performed as part of this exercise should

not be considered to repc,, ,_nt any type of "reference" analysis for

repository design. The benchmark exercise as specified by Problem

Definition Memo 71-032 (Appendix A of Costin atld Bauer, 1989) includes

three separate comparative analyses: a thermal analysis (Costin and Bauer,

1989), a structural ana]ysis using a linear elastic rock mass model (Bauer

and Costin, 1990), and a structural analysis using two different nonlinear

continuum joint rock mass models (this report). The two structural

analyses use, as inputs, the temperature histories resulting from the

thermal analysis. Each of the three analyses were performed by several

different analysts using a number of different codes. The participating

analysts and the codes used in this exercise are discussed in Section 3.

The codes and models to he used for this problem were chosen so that

several comparisons could be made. For the thermal analysis, one

c.omparison was among the results of several thermal codes solving the same

problem. This comparison assisted in documenting the verification of the

thermal codes. In addition, the results obtained by different analysts

usitlg the same code were compared to document the variability in results

that can be expected solely as the result of the analysts' preferences in

meshing and running a problem (Costin and Bauer, 1989). In the second part

of the benchmark exercise, the results of the structural calculations using

a linear elastic rock mass model (denoted linear elastic analysis) were

compared. This comparison assisted in demonstrating verification of the

structural codes for their intended use within the YMP and will provide

baseline results for assessment of the results from the nonlinear analyses.

The final analysis, a thermomechanical analysis using nonlinear continuum

rock mass models, compares results from two different models as well as

results from different codes using the same model. Thus, further code

verification will be achi¢.ved as well as verification of the implementation

of these new models. Ir, addition, a direct comparison of the results of

both models run with the same codes will provide a means of assessing the

differences in the response predicted by the two models. The two continuum

joint models to be used are the compliant joint model (CJM) (Chen, 1987)

a11d the joint empirical mode] (JEM) (B1.anford and Key, 1989). These models

are esseI_tia]]v different mathematical descriptions and implementations of

the same physical processes; that is, joint closure under normal stress and

joir_t shear as a result of normal and shear stresses are explicitly
_tddressed in both models.

"I't,_.: codes and models used in this benchmark exercise are only a subset

of tt_ose being considered for use iii repository design. Other codes, such

as those based oll discr'et_e block motion rather than cont. i ntmm principles,
have beetl developed and reported [n the literature. This class of model is

also under consideratioll for use,. in the project.
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1.3 Bepor_ Outl_ne

The remainder of this report will be limited, as much as possible, to

discussions and results of the third part of the benchmark problem, the

jointed rock mass analysis. In Section 2, a general description of the

benchmark problem will be presented. The structural portion of the problem

• will be discussed in some detail. The participant groups, analysts, codes,

and models used for the jointed rock mass solutions are presented in

Section 3. An overview of the benchmarking process is given in Section 4,

along with a discussion of the the specific control precedures and

requirements specified in the problem definition memo. These controls were

instituted to ensure that project quality assurance requirements were met.

Section 5 presents the comparison of the results from ali participants in

graphical form. Three separate sets of analyses were performed during the

jointed rock mass analysis phase of the benchmark exercise. The initial

attempt at a solution was suspended after some participants reported

difficulties in obtaining solutions beyond the first few time steps. Such

difficulties are not unusual when attempting to solve nonlinear problems.

After meeting to discuss and resolve the problems, a second attempt at

completing the solution was successfully completed by ali participants.

During this analysis, it was noted that some improvements to the numerical

method used in the CJM to solve the joint stress-strain equations could be

easily implemented. Thus, a new release of the CJM was produced. Further,

the differences were noted between solutions using the same model. In

order to investigate the reasons for these differences and to provide a

benchmark comparison of the revised CJM, a third analysis was performed.

Comparative results of ali three analyses, as well as discussion of the

decisions and evaluations made during the course of this portion of the

benchmark exercise, are given in Sec ion 5. The results from the latter

two analyses, which were completed, are evaluated in Section 6. Section 7

presents conclusions of the authors based on their review of the results.
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2.0 PROBLEM FORMULATION

2. 1 Problem Selectiotl

The benchmark problem was designed to be a generic representation of a

tvpicai repositorv design analysis. For thi_: reason, the drift dimensions,

rock properties, and nominal in situ stresses were taken to be identical

with those listed in the YMP Reference Information Base (RIB), Version

2.002 (draft). ]'he rationale for using a geometry and material properties

typical of those expected ill waste emplacement panels at Yucca Mountain was

to make the benchmark problem typical of the kind of problem that the codes

being benchmarked would be required to solve as part of the license

application design process. The principal investigators (PI) thought that

it was highlv desirable to provide evidence and documentation of code

verification efforts that were specific to the intended use of the

particular codes involved.

The initial_ problem was formulated and issued to the participants on

November 2, 1087, in the form of a draft pr,:biem definition memo (PDM).

The participants had several weeks to review the draft and prepare

comments. On December 13, 1987, a meeting of the Pis and participants was

held to review the comments. As a result of this review, several minor

changes to the draft were made, and a final PDM was issued under a cover

letter dated December 23, 1.987 (Appendix A, Costin and Bauer, 1989). The

PDM completed management review and was sent to the participants on

January 4, 1(.}88.

"2.2 Problem Definit:ion

The problem is described in detail in Problem Definition Memo 71-032

(Appendix A, Costin and Bauer, 1989) . Only a brief summary of the

important features of the problem definition is presented here.

2.2.1 General Description

The problem geometry is a two-dimensional idealization of an infinite

series of drifts with the approximate dimensions of the proposed design for

vertical emplacement of nuclear waste at Yucca Mountain (Figure 2-1). From

symmetry, the region to be analyzed can be reduced to a vertical strip

extending from the centerline of the drift to the centerline of the

adjacent pillar. Plane strain conditions were assumed for the structural

calculations. The analyses were to be performed in three phases' thermal

solution (usi_:g thermal codes only - documented in Costin and Bauer, 1989)

. thermomechanical solution using the linear elastic rock mass model

(mechanical codes with input from the thermal solutions documented in Bauer

and Costin, 1990) and thermomechanical solution using jointed rock mass
- models (mechanical codes with i nptlt from the thermal solutions). After

each phase was completed, a letter _eport and results from each participant

were to be forwarded to the Pis for review arm comparison of result:s. This

report discus;ses the results of the thi zd phase, (jointed L'ock mass

analysis) oill ;'.
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2.2.2 Jointed Rock Mass Analysis

The structural analysis using jointed rock mass models was conducted

with three finite element codes: JAC (Biffle, 1984), SPECTROM-31 (Key and

- Labreche, 1990), and SANCHO (Stone et al, 19_5). Two different jointed

rock mass models were used. The CJM (Chen, 1987) was implemented in both

JAC and SANCHO whereas the JEM (Blanford and Key, 1989) was implemented in
" SPECTROM-31 and SANCHO.

2.2.2.1 Geometry, Boundary Conditions, and Loads

The problem geometry and boundary conditions are shown in Figure 2-2.

The region analyzed is a strip that is bounded by the centerline of the

drift on the left and by the centerline of the pillar on the right. The

rock mass is assumed to be uniform and homogeneous throughout. The drift

has a horizontal floor, a vertical side wall, and an arched roof. The roof

is formed by a circular sector with a radius of 2.74 m. The intersection
of the floor with the side wall is rounded with a radius of 0.3 m. This

was done to reduce the stress concentration at the corner of the drift.

The floor of the drift is located 311 m below the surface, and the lower

boundary of the modeled region extends i00 m below the drift floor.

A line of heat sources was simulated as being buried 3.05 m below the

center of the drift floor. Details of the thermal phase of the benchmark

problem are given in Costin and Bauer (1989). The temperature histories of

each nodal point in the finite element mesh resulting from the thermal

calculations were used as input to the structural analyses (both the linear

elastic and the nonlinear jointed rock analyses). The thermal solutions

generated in part i of the benchmark exercise were close enough that they
L

do not cause discrepancies in results generated in Part 3 of the benchmark
exercise. For the structural analyses, the heated region was assumed to

have the same mechanical properties as the surrounding rock.

The analysis region was defined as a vertical slice taken from an

infinite array of emplacement drifts. The vertical boundaries of the

region extend through the centerline of the drift and the centerline of the

pillar. The vertical extent of the modeled region extends I00 m above and

below the floor of the drift (Figure 2-2). The vertical extent of the

analysis region is somewhat smaller for the structural calculations than
was the case for the thermal calculations. This is because the thermal

problem required that the boundaries be farther away from the drift to

avoid having them affect the thermal solution in the region to be used for

the structural analysis. To account for the overburden load of the rock
and soil over the modeled region, an overburden pressure of 4.72 MPa was

• applied to the top of the region. This pressure was calculated from the
thickness and density of the overlaying strata as given in the RIB (see

Appendix A of Costin and Bauer, 1989). A vertical body force equivalent to

• the gravitational loading of the rock in the modeled region has also been

applied. In the PDM the ratio of initial horizontal to vertical in situ

stress in the modeled region was specified as 0.5. Thus, both the

horizontal and vertical in situ stresses increased with depth in the

modeled region. The bottom of the modeled region (I00 m below the floor of
the drift, 411 m below the earth's surface) has been constrained from
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vertical displacement. Because of the assumed symmetry, horizontal

displacements are c(;nstrained to be zero along the vertical boundaries

(Figure 2-2) . Plane -strain conditions were assumed to exist so that

strains parallel to the drift are zero.

The solution was to start at a problem time of zero years and run

through a problem time o _ i01 yr. The drift was assumed to be mined

instantaneously at a time of 0.5 yr. The heat source became active at a

problem time of 1 yr.

2.2.2.2 Material Characterization

Both the t[Jermal and mechanical properties were assumed to be uniform

throughout the rock mass. The value of each propert F or material model

parameter used in the solution was taken from the RIB Version 2.002

(draft), assuming the drift was located in the TSw2 thermal/mechanical

unit. Specific values assigned each parameter are given in Table 2-1.

Because two different jointed rock mass models were used in this phase of

the benchmark analysis, two sets of material parameters for the jointed
rock mass were identified. Care was taken to ensure that the values

assigned to the material parameters of each model were such that the

behavior of the models would be as nearly equivalent as possible.

Completely equivalent behavior, of course is not pnssible because of the

somewhat different assumptions about the physical behavior of joints that

are incorporated into the models (Section 3). The judgment on equivalent

behavior was based on making the normal closu_'e versus normal stress and

the shear displacement versus shear stress (at constant normal stress)

curves for joints in each model as nearly the same as possible. The JEM

contains an empirical method for scaling joint properties, as measured on

laboratory samples, to the equivalent field-scale joint properties. The

CJM assumes that laboratory and field properties are equivalent. Thus, the

scaling parameters in the JEM were set such that laboratory and field

scales were the same. Further, the JEM allows for dilatation of the joint

resulting from slip displacement. The CJM does not contain this feature,

so no joint dilatation was used in the JEM.

2.2.2.3 Output Specifications

Specific information concerni1_g the calculation. _, and the results was

required in order to completely evaluate the benchmark exercise and the

codes and models used. In addition, the results provided by each

participant was to be sent in a specific format so that direct comparisons

could be made easily. All results were transmitted by a letter report to

the Pis along with a computer-readable copy (magnetic tape or floppy disk)

" of the source code and required plot files.

Each participant was required to provide the following inforatation for
their solution:

• problem run time (CPU seconds);

• computer used;

25



TABLE 2-1

MATERIAL PROPERTIES USED IN THE JOINTED ROCK MASS MODEL

BENCHMARK ANALYSIS

Material/Model Parameter Value
A

Intact Rock

Young's modulus 30.4 GPa
Poisson's ratio 0.24

Rock Mass

Dendity 2.32 Mg/m 3
Coefficient of

thermal expansion 8.8 X 10 .6 K -I (T < 200°C)
24.0 X 10 .6 K "I (T > 200°C)

Joint spacing 0.i m (vertical joints)
1.0 m (horizontal hoints)

Compliant Joint Model
Joint cohesion 0.I MPa

Joint friction

coefficient 0.54

Unstressed aperture 0.030 mm
Half closure stress 2.0 MPa

Shear stiffness (Gs) 1.0 X 106 MPa/m

Shear hardening (Gsp) 1.0 X 104 MPa/m

Joint Empirical Model

Unstressed aperture 0.030 mm
Half closure stress 2.0 MPa

JRC o 9.0 °

JRS o 171.0 MPa
Base (residual)

friction angle 28.4 °
Joint dilatation None

Laboratory joint

length (Lo) 0.i m (both sets) °
Characteristic (block)

length (Ln) 0.i m (both sets)

2-6



• convergence criteria and tolerance used for the solution; and

• mesh statistics:

- figure showing the undeformed mesh,
- the number of nodes,

- the number and type of elements,

- the number of degrees of freedom, and

° - the minimum and maximum node spacing.

Three sets of solution results were required. First, the displacement

histories of three points on the perimeter of the drift were required.
These displacement histories included the vertical and horizontal

displacements of Point B (shown in Figure 2-3) and the vertical

displacement at Points A and E. Second, displacement profiles along Lines

I and 3 (Figure 2-3) were required. The vertical displacement as a

function of position along Line i and the horizontal displacement along

Line 3 were required for problem times 0.5, i, 6, ii, 26, 76, and i01 yr.

Finally, stress profiles along Lines I, 2, 3, and 4 were required at times

0.5, 6, ii, 26, 76, and i01 yr. Specifically, plots of the horizontal and

vertical normal stress components along Lines i and 2, the vertical normal

stress and the in-plane shear stress along Line 3, and the horizontal

normal stress along Line 4 were required. These results produced 60

different plots from each solution that could be compared.
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3.0 PARTICIPANTS

. 3.1 Participant Identification

The participant groups, specific analysts assigned, and the structural

• codes used are shown in Table 3-1. Three organizations are participating
in the exercise" J.F.T. Agapito & Associates, Inc. (JFTA&_A), located in

Grand Junction Colorado; SNL's Applied Mechanics Division (Division 1523);

and RE/SPEC Inc. (RSI), located in Albuquerque, New Mexico. Because of the

number of thermal and structural code combinations being used in the

benchmark exercise, SNL and RSI each assigned two analysts to the problem
so that each analyst would be responsible for only one thermal and
mechanical code combination.

The thermal codes used to generate the temperature histories that were

in turn used as input to the structural calculations are discussed in a

previous report (Costin and Bauer, 1989). In that report, the results from

the three thermal codes (DOT, COYOTE, and SPECTROM-_I) used as input for

the present calculations were shown to be nearly identical. Thus, any
differences in results from the structural calculatio1_s should not be a
result of using temperature histories from different codes.

The code designator given each analyst-code combination listed in Table 3-1

is used to identify the results from that run in the figures presented in
Section 5.

TABLE 3-1

PARTICIPANT ORGANIZATIONS, ANALYSTS, AND CODES USED

Participant Structural

Organization Analyst Code/Version Joint Model Designation

JFTA&A Asgian JAC v2.01 a CJM DOT/JAC/CJM

SNL Holland JAC v2.0 a CJM COY/JAC/CJM

Koteras SANCHO vi.0 b CJM COY/SANCHO/CJM

RSI Petney SANCHO vl.03 b JEM SP41/SANCHO/JEM

Labreche SPECTROM-31 v3.09 JEM SP41/SP31/JEM

a. JAC v2.01 is identical to JAC v2.0 except for modifications required to
• run on the JFTA&A computer.

b. SANCHO vl.03 is identical to SANCHO vl.O except for modifications
required to run on the RSI VAX system.
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3.2 Code and Model Descriptions

In this section, the three codes and two material models used in the

jointed rock mass model solution portion of the benchmark exercise are

briefly described.

3.2. i JAC

JAC (Biffle, 1984) uses the nonlinear conjugate gradient procedure to

solve iteratively quasistatic nonlinear mechanics problems. A set of

continuum equations is used that is very convenient for use with the

conjugate gradient method and accurately describes nonlinear mechanics

involving large rotation and strain. The method is exploited in a two-

dimensional plane-strain or axisymmetric setting while using various

methods for accelerating convergence. Sliding interface conditions are

also implemented using a master-slave algorithm. A four-node Lagrangian

uniform strain element with single point integration is used with

orthogonal hourglass viscosity to control the zero energy modes. The

program is vectorized to make optimal use of the CRAY 1 computer
architecture.

3.2.2 SANCHO

SANCHO (Stone et al., 1985) was developed to solve the quasistatic,

large deformation, inelastic response of two-dimensional solids. The

element used is a bilinear isoparametric quadrilateral with a constant bulk

strain. The equilibrium solution strategy uses an iterative scheme

designed around a self-adaptive dynamic relaxation algorithm. The

iterative scheme is based on explicit central difference pseudo- time

integration with artificial damping. The code is explicit in nature so

that no stiffness matrix is formed or factorized, which reduces the amount

of computer storage necessary for execution. A sliding interface

capability, based on a master-slave algorithm, is also incorporated in
SANCHO.

B. 2.3 SPECTROM- 31

SPECTROM-31 (Key and Labreche, 1990) is a finite element method

computer program designed to calculate the large deformation, elastic and

inelastic, static and quasistatic response of two-dimensional solids. To

accommodate a wide variety of applications, finite strain calculations are

incorporated. Spatially, the program uses an eight-node isoparametric

quadrilateral element. In time, the program solves for equilibrium using a

modified Newton-Raphson iteration. Because the time-stepping scheme is

sensitive to material nonlinearities and geometric changes, the program

continuously monitors the number of iterations per load step and adjusts

the load step to keep the calculation stable. Fixed or moving displacement

boundary conditions are provided. Pressure and shear boundary loadings are

allowed. Thermal loads are implemented via a predefined temperature

history. Body forces resulting from gravity are incorporated. Initial

stress conditions tailored to the in situ stresses common in geologic

analyses are a feature of the code. The program functions entirely in core

using a symmetric linear equation solver that stores only active column

heights.
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3.2.4 Compliant Joint Model

The CJM is a continuum constitutive model for describing the behavior

of jointed media (Chen, 1987). A two-dimensional version of the model was

numerically implemented in the form of a subroutine called ORTHO.UPD. This

subroutine is used by the JAC and SANCHO codes to solve structural

problems. The current numerical model (ORTHO.UPD) allows for two different
" sets of joints oriented orthogonally to each other with their strikes

normal to the plane of interest. The model is a continuum approximation

based on summing the discontinuous displacements across a number of joint

planes contained within a representative elementary volume. The continuum

approximation captures the gross response of the rock by smearing the

individual responses of the joints. The approximation yields satisfactory
results when the least dimension of the representative rock volume is

approximately five to ten times larger than the joint spacings so that

enough joints exist in the representative volume to validate the averaging

process. The constitutive description of the rock mass assumes a linear
elastic rock matrix with nonlinear normal and shear joint behavior between

the joint planes. The deformation response normal to each joint is assumed
to be nonlinear elastic. Joint shear response (shear stress versus shear

displacement) is treated as linear elastic before attaining a critical

stress level governed by the Coulomb friction criterion. Beyond the
critical stress value, a linear relationship, analogous to strain-hardening

plasticity, governs the shear stress versus joint slip displacement
relationship. In this model there is an explicit coupling between joint

slip and the normal stress on the joint through the Coulomb criterion.

However, there is no coupling between slip displacement and normal

displacement (i.e., shear induced dilation or compaction of the joint is
not accounted for). Ali material parameters in the model, with the

exception of the joint aperture, which should be measured on in situ

joints, can be obtained from laboratory experiments on single-joint

specimens.

3.2.5 Joint Empirical Model

The JEM (Blanford and Key, 1989) is a continuum numerical model that

can be used in finite element based stress analyses. The model was

developed under the assumption that joints are contact discontinuities;

that is, the stress normal to the joint surface and the shear stress

parallel to the joint surface are continuous across the joint. Because of

the continut_ approximations, the joint spacing is assumed to be small

compared to a representative volume of material. The implementation is

fully three-dimensional and allows for up to four sets of joints to be

specified. However, when used with a two-dimensional code, the
orientations of the joints are restricted by dimensional and symmetry
considerations. The matrix rock is assumed to be linearly elastic and

isotropic. The behavior of individual joints is based on Barton's (1982)

o empirical relations that were developed from field and laboratory

experiments on joints . The joint normal behavior is assumed to be
nonlinear elastic (identical to the CJM). The shear behavior of the joints

is assumed to be governed by Amonton's law of friction (Bowden and Tabor,

1954), which is similar to the Coulomb slip criterion used in the CJM.

However, in the JEM, a joint sustains any shear stress up to its current
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s|_ear strength without displacement. The shear strength is proportional to

the normal stress acting across the joint. The shear strength is also a

comulex function of geometry (joint roughness coefficient, JRC), strength

(joint compressive strength, JCS), and scaling (ratio of field to

laboratory-scale lengths) parameters. Thus, some attempt is made to scale

laboratory measurements of joint slip to the behavior of in situ joints

based on measurements of in situ joint apertures and roughnesses. Finally,

dilation of the joint resulting from shear displacement is characterized by

a dilatation angle, the tangent of which is the rate of change in normal

displacement with respect to shear displacement. The dilatation angle is a
function of the roughness (JRC) and the applied normal stress.
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4.0 CONTROL PROCEDURES

4.1 Quality Assurance Requirements
v

This benchmark exercise is being conducted under the procedures

detailed in Nuclear Waste Repository TechlloLosy (NWRT) Department Operating

• Procedures for An.alysis Control and Verification (DOP 2-4) and for Analysis

Definition (DOP 3-3). For the wo_k done, the data transmission procedures

are described in Section 4.3_ no interface procedural controls were in

place at the time the work was done. The analysis was defined in a PDM

that completely described the problem to be solved and the reporting
requirements (Appendix A of Costin and Bauer, 1989). A draft of the PDM

was first issued so that the participants could review the problem and

submit co_nents on it. The participants then met to review and resolve all
comments to their satisfaction so that a final PDM could be issued. DOP

2-4 requires that the conduct and results of the benchmark analyses be

subjected to independent technical review. This requirement is being met

by documenting fully each phase of the exercise in a report and submitting
the report to technical and mallagement review before release. In addition,

it is intended that the results of this benchmark exercise be subjected to

a peer review by a pane], composed of technical experts not directly
connected with the hq_P.

Department operating procedures also specify requirements for control

and documentation of the software used in the analyses (DOP 3-2, Rev. A).
These procedures did not come into force before the start of the benchmark

analyses. However, for the jointed rock mass analysis phase of the

benchmark exercise, all requirements for software configuration management
and certification had been met. The specific versions of the codes

certified for use at the beginning of this portion of the exercise are

given in Table 3-1. To ensure that a complete record of the codes and

procedures used in the benchmark exercise is maintained, the PDM required

each participant to submit a computer-readable version of each code used,

the input files for the code, and the required output files.

During the course of the initial analyses using the CJM an error in the

way the model subroutine (ORTHO.UPD versions 1.0 and 1.01) calculated the

unloading shear behavior was discovered. In addition, several improvements

to the numerical solution routines used in the model were suggested by the

participants. The error was corrected and the improvements were

implemented using the procedure given in NWRT DOP 3-2. As a result, a new
release of ORTHO.UPD was produced for use in the remainder of the benchmark

exercise. During the time the model was being modified, a second set of

analyses was authorized by the Pis. For these analyses, the participants

were instructed (through a revision to the PDM) to use the original model

(ORTHO.UPD versions 1.0 and 1.01) and set the shear hardening parameter

• (Gsp) to zero. This allowed the calculations to be completed with the
original model without invoking the portion of the subroutine that

contained the error. After modification, a new release of ORTHO.UPD was

issued for use (version I.i for SNL and version 1.02 for JFTA&A). A third

set of calculations was then performed using the new version of the model.

Thus, three separate analyses were performed for the jointed rock mass
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portion of the benchmark exercise. A complete history and comparison of

results of each analysis is given in Section 5.

4.2 Communication with Participants

Ali communication regarding the benchmark exercise was distributed

through the Pis. Because eac_ _nalyst, who was assigned a specific code to

use, was expected to work the problem with no outside assistance, the PDM "

specifically required that the analysts not communicate among themselves.

This also applied to analysts working for the same participant organization

but using different codes. This requirement was invoked because of the

desire to simulate conditions that occur during normal analyses. That is,

the analyst was expected to follow the PDM exactly and contact only the P1

for clarification, if required.

4.3 Transmission and Verification of Data

When each phase of the benchmark exercise was completed, the

participants were required to submit a letter report that included how the

analysis was conducted, any problems encountered, and hard copy and plots
of the results. In addition, seven computer files of results (for the

jointed rock mass analysis) were submitted on magnetic tape or floppy disk

in ASCII format. These files were then read into the SNL VAX computer

system and processed for comparison plots. Each set of computer results

was plotted using the SNL system and compared with hardcopies of the plots

provided by each participant. This allowed the Pis to verify that the data

was transmitted and read correctly. No problems were encountered in

transferring data to the Pis. Once the data was verified, a series of

plots was prepared that compared the results from ali participants. These
results are discussed in the next section.
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5.0 RESULTS

Although the PDM required that only a single analysis be completed by

• each participant using the assigned code and model combination, certain
difficulties encountered during the analysis effort and the de.-ire to

document, as completely as possible, the effect on the results of certain

• analyst-controlled variables such as mesh size and convergence tolerance,

three sets of analyses were actually completed and reported. In this

section, the results of each analysis are presented separately along with

observations concerning the comparisons of results. In addition, a

narrative of the entire process is included to help the reader understand

the progression of events and to document the rationale for the decisions

made during this part of the benchmark exercise.

5.1 Results from the Initial Analysis

The initial analysis of the third part of the benchmark exercise began

in May 1988. Several weeks later, an informal review of progress on the

analyses re, aled that several analysts were having difficulty compl_ting

the calculaLions. The analysts at RSI reported that their calculations

using the JEM were proceeding very slowly, and they were having

difficulties achieving global convergence of the solution at each time

step. Similar problems were reported by Holland of SNL using the JAC code

with the CJM. The two remaining analysts reported minor difficulties in

getting solutions beyond 80 yr of problem time. As a result, the Pis

decided that the effort should be suspended, and the results of the

analyses, even though not complete in most cases, should be submitted in a

letter report as prescribed in the PDM. After the results were compiled

and compared, a review meeting was held on August 25 and 26, 1988, to

discuss the prob]ems encountered, review the results obtained thus far, and

decide whether or not to continue the analysis. The results of this

initial effort are given below in Sections 5.1.1 through 5.1.4.

5.1•i Mesh Statistics and Computer Usage, Initial Analysis

Only one of the five analysts was successful in completing the

calculation to the final problem time of i01 yr. The remaining four

analyses were terminated before completion for various reasons. Table 5-1

gives a summary of the extent to which each calculation was completed, the

computer time (CPU time) used, and the reason for suspending the

calculation. Computer usage was not reported by JFTA&A for the initial
analysis using DOT/JAC/CJM.

As part of the reported results, each participant was also required to

" provide some general information regarding the finite element mesh used.

Table 5-2 lists the mesh statistics required by he PDM and discussed in

• Section 2.2.2.3 of this report. A mesh typical o_ those used by ali finite

element analyses is shown in Figure 5-1. The mesh shown in the figure is

for the DOT/JAC/CJM computation. Meshes used by other analysts were quite

similar, _.iffering only in degree of coarseness or fineness near the drift.
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TABLE 5-1

PROBLEM STATUS AND COMPUTER USAGE FOR INITIALANALYSIS

Last Problem

CPU Time Time Solved Reason for

Code/Model Computer (sec) (yr) Suspension '

SP41/SANCHO/JEM CRAY XMP 54,0001 7.125 Excessive CPU
time

COY/SANCHO/CJM CRAY XMP 49,9209 6.1 Convergence
failure

SP41/SP31/JEM VAX 11/750 892,800 6.0 Convergence
problems

COY/JAC/CJM CRAY XMP 53,580 29 Convergence
failure

DOT/JAC/CJM IBM PC/AT ....... I01 ............

TABLE 5-

MESH STATISTICS FOR INITIAL ANALYSIS

Number of Nodes/Degrees Type of Number of Spacing (m)
Nodes of Freedom Element Elements Minimum Maximum

SP41/SANCHO/JEM 981/1962 4-node quad 903 0.13 13.11

COY/SANCHO/CJM 2762/5524 4-node quad 2624 0.2959 2.608
9

SP41/SP31/JEM 2181/4362 8-node quad 682 0.02 12.7

COY/JAC 2144/4288 4-node quad 2068 0.185 5.469

DOT/JAC/CJM 851/1702 4-node quad 760 0.15 9.08

o

5.1.2 Displacement Histories at Selected Points, Initial Analysis

The vertical displacement histories at Points A and E (Figure 2-3) and
the vertical and horizontal displacement histories at Point B from each

code are compared in Figures 5-2 through 5-5, respectively. The
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predictions of vertical displacement at Points A, B, and E are all in

reasonable agreement, except for the SP41/SP31/JEM calculation, which is

obviously different at Points A and E. In addition, the COY/SANCHO/CJM

calculation shows a large oscillation at Point E after about 60 yr. There

• is considerably more scatter in the predictions of horizontal displacement
at Point B. The three CJM calculations show the same trend as do the two

JEM calculations. However, the CJM calculations appear to converge at

• later times whereas the JEM results appear to diverge.

5.1.3 Displacements Along Selected Paths at: Seven Times, Initial Analysis

The vertical displacements along Line I (from Point K through Point I

on Figure 2-3) at 0.5, I, 6, II, 26, 76, and I01 yr are shown in Figures

5-6 through 5-12. Because Point K was restrained from vertical motion, the

displacement at this point should be zero. The results at both 0.5 and

i yr were requested to see if any effects of the instantaneous mining of

the drift would show up in the results. The "ND" attached to the end of a

code and model designator in the figures signifies that no data were

available from that code and model combination for that plot time (i.e.,

the analysis was terminated before the time shown on the plot). Although

the SANCHO/CJM calculation only ran through 96 yr, the final (96 yr)
results are plotted for comparison on the lOl-yr plots. The three CJM

solutions agree quite well through 6 yr. At: ii and 26 yr the two JAC/CJM

solutions are in good agreement with a small difference observed between

those solutions and the SANCIIO/CJM solution. Beyond 26 yr, the DOT/JAC/CJM

and the COY/SANCHO/CJM solutions (the only two that went that far) are in

good agreement, except for some oscillations in the COY/SANCHO/CJM solution

near the drift. The two JEM solutions do not agree with each other and are

different from the CJM solutions at 0.5 and I yr. At 6 and II yr, the
SANCHO/JEM solution is in agreement with the three CJM solutions; but, the

SP31/JEM solution is not in agreement at 6 yr, and no results are available
at ii yr.

Predictions of horizontal displacement along Line 3 (from Point D to

Point H in Figure 2-3) are compared in ,'igures 5-13 through 5-19. Because

of the symmetry conditions, the hor zontal displacement at the two end

points of Line 3 should be zero. The three CJM solutions are in good

agreement through 26 yr, except for some oscillations in the DOT/JAC/CJM

solution near the heat source (zero position on Line 3). At 76 and i01 yr,

the DOT/JAC/CJM and the COY/SANCHO/CJM solutions are significantly

different. The two JEM solutions predict: somewhat larger displacements
than those us ing the CJM. In additio1_, the two JEM solutions show a

progressive divergence from 0.5 through 6 yr.

5.1.4 Stress Components Along Selected Paths at Six Times. Init!al

• Ana !ys.is

o Comparisons of predicted vertical and horizontal normal stresses along

Line 1 (from Point K to Point I in Figure 2-3) at 0.5, 6, ii, 26, 76, and

I01 yr are given in Figures 5-20 through 5-31. For the vertical stress,

the agreement among the three CJM solutions up to 26 yr is good. The only
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differences occur in the heater region Just below the floor of the drift.
The SANCHO/CJM solution does differ slightly from the two JAC/CJM solutions

near the drift. At late times the SANCHO/CJM solution has large

oscillations near the drift. The near drift region is where the stress and

displacement gradients are expected to be most severe. The oscillations in

some of the solutions indicates that, locally, equilibrium is not being

satisfied by the solution, although globally the measure of equilibrium may

well be better than the required solution tolerance. The horizontal stress

predictions are in better agreement overall, although oscillations in the

SANCHO/CJM solution are evident at late times.

Figures 5-32 through 5-43 present the comparison of predicted vertical
and horizontal stresses along Line 2 (from Point L to Point J in Figure

2-3) at the same times as the comparisons for Line i. The results are

somewhat better than those for Line 1 in that better agreement was achieved

among codes using the same model. Because of its distance from the drift

and heater, the stress gradients along Line 2 are less severe than those

along other paths shown. Note that the oscillations in the solutions

evident along Line I are not present along Line 2.

Along Line 3 (Point D to Point H in Figure 2-3) the PDM requested that

the participants report both the vertical normal stress and the in-plane

shear stress. These results are compared in Figures 5-44 through 55.

Consistent with the previous results, there was good agreement among the

predictions of vertical stress (Figures 5-44 through 5-49) for the two

models beyond about 5 m from the heater. Within 5 m of the heat source,

the solutions vary somewhat with sharp oscillations evident in some

solutions. The predictions of shear stresses (Figures 5-50 through 5-55)

show some variations in the reported results. The two JEM solutions appear

to agree at 0.5 and 6 yr. The three CJM solutions also agree up to 26 yr

with the exception of the DOT/JAC/CJM solution predicting lower stresses

near the heat source. At 76 and i01 yr, the DOT/JAC/CJM and the SANCHO/CJM

solutions are in total disagreement.

The horizontal normal stress predicted along Line 4 (Point B to Point C

in Figure 2-3) from each code is compared in Figures 5-56 through 5-61.

Because of the traction-free boundary at Point B (Figure 2-3), the

horizontal stress should be zero at that point. Again, the three CJM

solutions show some disagreement near the drift (4- to lO-m region along

Line 4) but are in agreement farther from the drift. The two JEM solutions

show just the opposite trend.

5.1.5 Evaluation and Discussion of Results from the Initial Analysis

In general, the results from ali code and model combinations were in

agreement. The exception was the SP31/JEM solution, which contained an

input error resulting from the analyst's incorrect interpretation of the

input parameters given for the JEM in the PDM. Specifically, the wrong

scale factor (ratio of laboratory joint length to field-scale length) was °
used. lt should be noted that the JEM and CJM showed the same trends in

displacements and stresses, with the JEM tending to predict somewhat larger

displacements than the CJM. Vertical stresses and displacements tended to

be similar to the elastic solution (Bauer and Costin, 1990). The elastic
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solution used a rock mass modulus that was one-half of the inr :t rock

modulus used in the present calculations. Thus, it appears that the l-m

spacing for horizontal joints, along with the proscribed joint properties

is approximately equivalent to reducing the intact modulus by 50%.
• Horizontal di_Dlacements and stresses, especially near the heat source and

the drift, tended to be more varied and, generally, larger than those

predicted by the elastic solution. At later times (76 and i01 yr) large

• differences between the SANCHO/CJM and the DOT/JAC/CJM solutions were noted

in some places.

One problem experienced by ali analysts was the excessive amount of

computer time required to obtain solutions at each time step. The CJM

required a substantial amount of time in the fourth order root solver to

find the roots during each global solution iteration. This, combined with
the fact that from 1,000 to 80,000 iterations were required for each

solution step, resulted in a large amount of computer time being used. The

JEM apparen:-_y also caused very slow convergence at each time step. The

slow convergence was attributed to the fact that it is implemented as a
three-dimensional model. Thus, additional calculations are being performed

that are not necessary for a simplified, two-dimensional problem.

A review meeting with the participants was held on August 25-26, 1988,

to discuss the results of the initial analysis effort and to decide what

steps needed to be taken to complete the benchmark exercise. The

discussion during the meeting focused on two issues: first, determining

what steps should be taken to improve the numerics of the models (so that

the class of problems represented by the benchmark problem can be solved

more easily) and second, determining what needs to be done to complete the
benchmark exercise.

Two deficiencies in the CJM (ORTHO.UPD code) were brought to light as a

result of the initial analysis. First, the shear hardening as envisioned

in the model is not correctly implemented; second, the fourth-order root

solver algorithm needs improvement because a great deal of computational

time is spent in this routine. As a result, a modification request (MOD)

was submitted as required by DOP 3-2 to correct these two problems. A new

version of the model was expected to be released after completing the MOD.

Several potential problems regarding the reasons analysts were having

difficulties with solution convergence in the nonlinear calculations were

discussed at the review meeting, lt was noted that the convergence

criteria of the different codes were ali different. Further, there is no

single convergence criterion for explicit codes, such as those used in this

exercise, that is accepted as the best. That is, it is very difficult to

formulate a method for judging whether equilibrium has been achieved. The

• result is that the analyst must apply a quality judgment as to whether

reasonable equilibrium has been achieved. This is especially difficult in

nonlinear problems because what represents an adequate equilibrium solution

is highly problem-dependent. Finally, it was noted that problems that are

driven principally by thermal strains are an especially difficult class of

problems for explicit codes to solve because of the large rigid body

motions that may occur.
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Based on the results of the review meeting, the Pis directed that the

analysis effort should continue in an effort to get a complete set of
results from each code and model combination. The PDM was modified to

allow those using the CJM to use a shear hardening parameter (Gsp) of zero.

This would circumvent the problem with the error in the unloading behavior •

and not significantly affect the results. The analysts were allowed to use

reasonable means to obtain a complete solution to I01 yr problem time,

which may include coarsening the mesh and loosening convergence tolerances.

Once the solutioDs using the current versions of the models were completed,

the models could be revised to correct any errors found or to improve the

numerical methods. A second analysis of the benchmark problem would then
be run to document the verification of the new model versions. This course

of action was taken because the models are thought to contain the correct

physics, and the improvements and error correction required for the CJM

should not alter the solution to the benchmark problem. In addition, a

full comparison of results would provide a good basis for updating the

models if that proves necessary.

5.2 Results from the Second Analysis

The results of this second analysis were submitted by letter report

from the participants during November 1988. On December 12, 1988, a second

review meeting was held to present and discuss the results. All analysts

succeeded in obtaining a complete solution to the problem; i.e., all

solutions went to I01 yr. Before going into the details of the results, a

brief discussion is presented on the differences in approach and

methodology used by each analyst in running the benchmark problem the

second time versus the initial analysis.

Sharon Petney (RSI) performed the SP41/SANCHO/JEM analysis. In the

initial analysis, an error tolerance of 0.1% was used up to a limit of 800

iterations. If the error was 0.35% or less after 800 iterations, the

solution was accepted. The calculation was terminated at 17.1 yr because

of the large amount of computer time used to that point (900 CPU minutes on

the Cray-XMP). For the second run, the error tolerance was increased to

0.2% and the problem was restarted. The problem ran to completion with an

additional 270 minutes of computer time. This indicated that, in the first

attempt, a great deal of computer time was used in iterations where the

error was less than 0.2% but greater than 0.1%.

Richard Koteras (SNL) performed the COY/SANCHO/CJM analysis. Although

the analysis was supposed to be performed with the original version of the

CJM (ORTHO.UPD version 1.0) and with the shear hardening parameter set to

zero, the calculation was performed with the updated version of the model

(ORTHO.UPD version i.i), and the originally specified value of the shear

hardening modulus was used. Because no change to the physics of the model °

was made in the updated version and the model behavior is very insensitive

to the shear hardening modulus, there should be no difference between the

results of this calculation and the others using the earlier version. For

the second analysis, a convergence tolerance of 3.0% was used along with

changing DXSCALE from the default value of 0.9 to 0.5 (DXSCALE multiplies
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the internal time step used in the central difference time integrator in

SANCHO and allows the user some control over the stability of the
integration scheme).

Duane Labreche (RSI) performed the SP41/SP31/JEM analysis. The initial
calculations were terminated at the 6-yr problem time because of excessive

computer usage and the small step size required to get convergence. After

the results were compared with other solutions, an input error in the joint
scaling parameter was discovered. For the second analysis, this error was

corrected, double precision was used, and an enhanced Newton-Raphson
iterative solution method in SPECTROM-31 was invoked.

John Holland (Technadyne, SNL) performed the COY/JAC/CJM analysis. In

the initial analysis, the calculation run terminated after the 29-yr

problem time because of a failure to converge on the next time step, even
with zero shear hardening specified. The convergence failure was

apparently a result of large displacements being predicted in the floor of

the drift. These displacements were apparently the result of zero energy-
mode (keystone) deformations. For the second analysis, the artificial
viscosity, used to control keystone deformations, was increased from i0 to

I00. This was the only change made. The convergence tolerances used were

0.001 on forces and 0.0001 on displacements. The problem ran to completion
at I01 yr. Results from the second run compared with those from the

initial analysis from zero to 26 yr showed very good agreement, which
demonstrates that the increased viscosity used in the second run did not

significantly alter the solution but did suppress the zero energy mode
deformations that had stopped the first run.

Margaret Asgian (J.F.T. Agapito & Asso,_iates, Inc.) performed the
DOT/JAC/CJM analysis. For the second analysis, no modifications to the

mesh, time steps, or other user-defined control parameters were made. The

only change was to set the shear hardening parameter to zero as required.

The convergence tolerances for solutions at each time step were set to

0.003 on the forces and 0.001 on displacements. The artificial (keystone)
viscosity was set to the default value of 1.0. A complete solution to i01

yr was obtained; however, some convergence problems were noted at some

solution times greater than 20 yr (e.g., convergence on the displacement
rather than on force balance after more than 2,000 iterations).

In the following sections, the results of the second analysis are

presented in detail. For comparison, one of the elastic analysis solutions

to the benchmark problem (Bauer and Costin, 19o0) is plotted along with the

present results. This solution is designated COY/JAC/LE on the plots.
Note that the elastic analysis used a rock mass modulus of one-half the

- intact rock modulus.

5.2.1 Mesh Statistics and Computer Usage, Second Analysis

Computer usage for the second analysis is given in Table 5-3. The

calculation time for the JEM appears to be significantly greater than that
for the CJM, even for the same code run on the same machine. The new

version the CJM, which was run for the SANCHO/CJM analysis and contains the

simplified root solver, showed substantial improvement in run time.
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TABLE 5- 3

COMPUTER USAGE FOR SECOND ANALYSIS

CPU Time

Code/Model Computer (sec)

SP41/SANCHO/JEM CRAY XMP 70,740

COY/SANCHO/CJM CRAY XMP 7,020

SP41/SP31/JEM VAX 11/750 1,220,900

COY/JAC/CJM CRAY XMP I0,560

DOT/JAC/CJM IBM PC/AT 216,000

Table 5-4 lists the mesh statistics required by the PDM and discussed

in Section 2.2.2.3 of this report. Only the mesh for the SP41/SP31/JEM

calculation was modified for the second analysis.

TABLE 5-4

MESH STATISTICS FOR SECOND ANALYSIS

Number of Nodes/Degrees Type of Number of Spac.ing (m)
Nodes of Freedom Element Elements Minimum Maximum

SP41/SANCHO/JEM 981/1962 4-node quad 903 0.13 13.11

COY/SANCHO/CJM 2762/5524 4-node quad 2624 0.2959 2.6089

SP41/SP31/JEM 2065/4130 8-node quad 646 0.02 15.2

COY/JAC/CJM 2144/4288 4-node quad 2068 0.185 5.469

DOT/JAC/CJM 851/1702 4-node quad 760 0.15 9.08

5.2.2 Displacement Histories at Selected Points, Second Analysis

The vertical displacement histories at Points A and E (Figure 2-3) and

the vertical and horizontal displacement histories at Point B from each

code are compared in Figures 5-62 through 5-65, respectively. The

predictions of vertical displacement at Points A, B, and E are ali in

reasonable agreement. Minor deviations from the mean are noted for the
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SANCHO/CJM solution at early times (I-i0 yr) and for the SP31/JEM solution
at late times (60-101 yr). In addition, the predicted displacements from

the joint models are quite close to those from the elastic rock mass model.
There is considerably more scatter in the CJM predictions of horizontal

• displacement at Point B (Figure 5-65). The three CJM calculations show the
same trend, but there is a consistent 2- to 3-mm difference in the

. displacements predicted by the SANCHO/CJM and the COY/JAC/CJM solutions.

The DOT/JAC/CJM is in good agreement with the COY/JAC/CJM solution at times

less than i0 yr. After that the DOT/JAC/CJM solution deviates considerably
from the two other CJM solutions. The two JEM solutions are in good

agreement over the entire history of the calculation. Finally, the
horizontal displacements at Point B predicted by both jointed rock models

are considerably greater than those predicted by the elastic rock mass

model.

5.2.3 Displacements Along Selected Paths at Seven Times, Second Analysis

The vertical displacements along Line I (from Point K through Point I

on Figure 2-3) at 0.5, i, 6, ii, 26, 76, and i01 yr are shown in Figures

5-66 through 5-72. Because Point K was restrained from vertical motion,

the displacement at this point should be zero. The results at both 0.5 and

I yr were requested to see if any effects of the instantaneous mining of
the drift would show up in the results. The three CJM solutions agree

quite well at ali times except 6 yr where the SANCHO/CJM solution differs
from the other two by as much as 30_. The two JEM solutions are in

agreement through ii yr but show increasing deviation from 26 through i01

yr. The JEM solutions also differ from the CJM solutions after the drift
is mined (at 0.5 yr) but before heating begins (at I yr). After I yr, the

two models appear to agree with each other and with the elastic solution,

except for the SP31/JEM solution, which deviates from this trend after

26 yr.

Predictions of horizontal displacement along Line 3 (from Point D to

Point H in Figure 2-3) are compared in Figures 5-73 through 5-79. Because

of the symmetry conditions, the horizontal displacement at the two end

points of Line 3 should be zero. The three CJM solutions are in good

agreement for ali times shown. Note that the oscillations that appeared in
some of the initial analysis results are absent from these results. Also,

the CJM solutions are in agreement with the elastic solution after the

mining phase but predict larger displacements than the elastic solution
after heating begins. The two JEM solutions consistently predict more

positive displacements than the elastic solutions. The JEM solutions also

predict larger displacements than the CJM solutions after heating begins.
In addition, there is an apparent consistent difference between the the two

' JEM solutions that is most evident in the 3- to 10-m range from the heater.

5.2.4 Stress Components Along Selected Paths at Six Times. Second

Analysis

Comparisons of predicted vertical and horizontal normal stresses along

Line i (from Point K to Point I in Figure 2-3) at 0.5, 6, 11, 26, 76, and

]01 yr are given in Figures 5-80 through 5-91. For the vertical stress,
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I01 yr are given in Figures 5-80 through 5-91. For the vertical stress,

the two JAC/CJM solutions are in good agreement. The SANCHO/CJM solution

is in general agreement with the JAC/CJM solutions except in regions below

the drift, especially at 6 yr. The fact that the SANCHO/CJM solution does
not approach the in situ stress at -I00 m on Line i indicates that the

equilibrium solution tolerance used in the computation may be too loose.

The two JEM solutions are in agreement except for small differences in the °

first I0 m above the drift. None of the vertical stress profiles predicted

by the jointed rock models is significantly different from that predicted

by the elastic analysis. The horizontal stress predictions along Line i

are ali in good agreement overall, although small differences are noted in

the SP31/JEM solution at late times. The jointed rock models predict

stresses that are larger than those predicted from the elastic analysis and

this difference increases over time. At I01 yr, the maximum horizontal

stresses predicted by the jointed rock models are larger by nearly a factor

of two than those predicted by the elastic analysis.

Figures 5-92 through 5-103 present the comparison of predicted vertical

and horizontal stresses along Line 2 (from Point L to Point J in Figure 2-
3) at the same times as the comparisons for Line i. The results are

somewhat better than those for Line i in that better agreement was achieved

among codes using the same model. The one obvious exception is the

predictions of vertical stress from the SANCHO/CJM analysis. As with the

comparisons of vertical stresses along Line i, the SANCHO/CJM solution does

not converge to the in situ stress in the region well below the heater.

This is a clear indication that the solution is not in equilibrium. The

predictions of horizontal stress (Figures 5-98 through 5-103) are in good
agreement except for the SP31/JEM solution, which predicts somewhat lower

stresses at later times. As was noted with the stresses along Line I, the

vertical stress along Line 2, predicted from the jointed rock models, does
not differ significantly from the elastic solution. However, the

horizontal stresses are consistently larger than those from the elastic
solution.

Along Line 3 (Point D to Point H in Figure 2-3) the PDM requested that

the participants report both the vertical normal stress and the in-plane

shear stress. These results are compared in Figures 5-104 through 5-115.

Consistent with the previous results, there was good agreement among the

predictions of vertical stress (Figures 5-104 through 5-109) for each model

beyond about 5 m from the heater. Within 5 m of the heat source, the
solutions vary somewhat with a large difference between the CJM and JEM

solutions. The CJM solutions tend to predict larger stresses in this

region and somewhat smaller stresses than the JEM at distances farther away

from the heater. This is most likely because the JEM allows slip on the

joints at lower stresses than the CJM, thus relieving some of the stress #,

near the heater. The predictions of shear stresses (Figures 5-110 through
5-115) are consistent with this explanation. The three CJM solutions

predict larger shear stresses than the two JEM solutions, especially in the

region near the heater. The DOT/TAC/CJM solution predicts a somewhat
different response than the other two CJM solutions, with the difference

becoming more evident at later times. The JEM solutions are in quite

consistent agreement over the span of Line 3. At 76 and i01 yr, some
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oscillations in the COY/JAC/CJM solution are evide1_t near the heater (zero
position on Line 3).

The horizontal normal stress predicted along Line 4 (Point B to Point C

" in Figure 2-3) from each code is compared in Figures 5-116 through 5-121.

Because of the traction-free boundary at Point B (Figure 2-3), the

horizontal stress should be zero at that point. At times 0 5 through 26P •

yr, the two JAC/CJM solutions are in agreement but are different from the

SANCHO/CJM solution. After 26 yr, the SANCHO/CJM and the DOT/JAC/CJM
solutions show the same trend and are in general agreement, but the
COY/JAC/CJM solution is quite different. The two JEM solutions show the

same trend throughout with a slightly, but consistently increasing
difference between them.

5.2.5 Evaluation and Discussion of Results from the Second Analysis

On December 12, 1988, a meeting between the Pis and the participants in
the benchmark exercise was held to review and discuss the results from the

second analysis. The following discussion is a summary of the evaluation
of the results of the second analysis based on the consensus of those at
the meeting.

In general, the results from different codes using the same material

model were consistent. The differences noted between the SANCHO/CJM

calculation and the two other analyses using the CJM were judged to be a
result of using too loose a convergence tolerance. The fact that the

SANCHO/CJM calculation was performed with the updated CJM (ORTHO.UPD

version i.i) probably did not contribute to the discrepancies. However, it

was thought that this should be demonstrated with an additional analysis.
The differences in the two solutions using the JEM were attributed

primarily to differences in the degree of mesh refinement used near the

drift, lt was also thought that this conjecture should be investigated
further.

Based on the evaluation of the results, the Pls decided that to

complete the exercise a third analysis should be undertaken. The primary
purpose of this analysis would be to benchmark the codes with the new

version of the CJM because the updated version is the one expected to

become the standard version for use in later analyses. In addition, mesh
sensitivity should be explored by repeating one of the JEM calculations

with a revised mesh that closely matches the mesh used by the other JEM

calculation in the second analysis. Therefore, the following additional

calculations were requested' (I) the SANCHO/CJM analysis would be re_un
using the updated version of the CJM and a tighter tolerance on the

equilibrium convergence criterion; (2) the COY/JAC/CJM analysis would be

rerun using the updated CJM, and the artificial viscosity and convergence

tolerances set to the values used by JFTA&A on the DOT/JAC/CJM analyses;

. (3) the DOT/JAC/CJM analysis would be rerun using the updated CJM; and (4)

the SP31/JEM analysis would be rerun using a mesh nearly identical to that
used for the second SANCHO/JEM analysis.
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5.3 Results from the Third Analysis

The results of the third analysis effort were submitted by letter

report from the participants during the first quarter of 1989. For the

third analysis, new releases of ORTHO.UPD (CJM) were issued (version I.i

for SNL and version 1.02 for JFTA&A) with the changes implemented through a
Modification Request (DOP 3-2j Rev. A). The new release contains revisions

to the root solver and shear hardening routine. Ali three CJM analyses

were rerun using the new CJM and convergence tolerances and other control

variables set so that the three analyses would use comparable values. For

the JEM, only the SP31/JEM analysis was rerun using a mesh comparable to

that used by the second SANCHO/JEM analysis.

5.3.1 Mesh Statistics and Computer Usage. Third Analysis

Computer usage for the third analysis is given in Table 5-5. The new

version the CJM showed substantial improvement (factor of i0) in run time

for the COY/JAC/CJM analysis. Table 5-6 lists the mesh statistics required

by the PDM and discussed in Section 2.2.2.3 of this report. Only the mesh

for the SP41/SP31/JEM calculation was modified for the third analysis.

5.3.2 Displacement Histories at Selected Points, Third Analysis

In ali the figures reporting results from the third analysis, the "R"

attached to the analysis designators in the legend indicates that the

results plotted are from the (rerun) third analysis. Also included in each

figure are the results of the second SANCHO/JEM analysis and one of the

results from the previous elastic analyses (COY/JAC). The vertical

displacement histories at Points A and E (Figure 2-3) and the vertical and

horizontal displacement histories at Point B from each code are compared in

Figures 5-122 through 5-125, respectively. The predictions of vertical

displacement at Points A, B, and E for both jointed rock models are ali in

reasonable agreement. In addition, the predicted displacements from the

joint models are quite close to those from the elastic rock mass model.

TABLE 5-5

COMPUTER USAGE FOR THIRD ANALYSIS

CPU Time

Code/Model Computer .....(sec)

SP41/SANCHO/JEM* CRAY XMP 70,740

COY/SANCHO/CJM CRAY XMP 49,920 L

SP41/SP31/JEM VAX 11/750 190,380

COY/JAC/CJM CRAY XMP 780

DOT/JAC/CJM IBM PC/AT 216,000

*Analysis was not repeated; results shown are for the second analysis.
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TABLE 5-6

MESH STATISTICS FOR THIRD ANALYSIS

Number of Nodes/Degrees Type of Number of Spacing (m)
Nodes of Freedom Element Elements Minimum Maximum

Q

SP41/SANCHO/JEM* 981/1962 4-node quad 903 0.13 13.11

COY/SANCHO/CJM 2762/5524 4-node quad 2624 0.2959 2.6089

SP41/SP31/JEM 1110/2220 8-node quad 341 0.12 24.4

COY/JAC/CJM 2144/4288 4-node quad 2068 0.185 5.469

DOT/JAC/CJM 851/1702 4-node quad 760 0.15 9.08

* Analysis was not repeated; the results shown are for the second analysis.

The horizontal displacements at Point B (Figure 5-125) predicted by the

three CJM analyses show some differences (maximum of 3 mm), but the trend

and magnitude of the predicted displacements over the lOl-yr time span are

in reasonable agreement. The two JEM calculations are in excellent

agreement. Note that both jointed rock models predict considerably greater

displacements than those predicte_ by the elastic rock mass model.

5.3.3 Displacements Along Selected Paths at Seven Times, Third Analysis

The vertical displacements along Line I (from Point K through Point I

on Figure 2-3) at 0.5, I, 6, ii, 26, 76, and i01 yr are shown in Figures
5-126 through 5-132. Because Point K was restrained from vertical motion,

the displacement at this point should be zero. The results at both 0.5 and

i yr were requested to see if any transitory effects of the instantaneous

mining of the drift would show up in the results. For ali times, the three

CJM calculations are in agreement as are the two JEM calculations. The JEM

predicts somewhat larger vertical displacements than the CJM just after

mining the drift. However, these differences are negligible after heating

is established (6-101 yr). After heating begins, both models are in

agreement with the elastic solution.

Predictions of horizontal displacement along Line 3 (from Point D to

• Point H in Figure 2-3) are compared in Figures 5-133 through 5-139.

Because of the symmetry conditions, the horizontal displacement at the two

end points of Line 3 should be zero. The three CJM solutions are in good

" agreement for ali times shown, as was the case for the second analysis.

The two JEM solutions consistently predict more positive displacement than
either the CJM or the elastic solutions. The two JEM solutions are in

excellent agreement, indicating that the differences noted in the results
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from the second analysis are, in fact, a result of the differences in mesh

refinement used in the second analysis.

5.3.4 Stress Components Along Selected Paths at Six Times, Third Analysis

Comparisons of predicted vertical and horizontal normal stresses along
Line 1 (from Point K to Point I in Figure 2-3) at 0.5, 6, ii, 26, 76, and

i01 yr are given in Figures 5-140 through 5-151. For the vertical stress,
the results from both models show very good agreement within each set of

calculations using the same model. Small differences are observed only in
the region Just above and below the drift where the vertical stress

gradient is very large. Within a region of 30 m above and below the drift,
the two models predict slightly different behaviors, with the JEM

predicting lower stresses than the CJM. Note that the SANCHO/CJM solution
is in much better agreement with the two JAC/CJM solutions than was

observed for the second analysis, indicating that the loose convergence
tolerance used in the second analysis was probably the cause of the

differences in the results. The vertical stress profiles predicted by the

jointed rock models are not significantly different from those predicted by
the elastic analysis.

The horizontal stress predictions along Line 1 (Figures 5-146 through

5-151) are all in good agreement with both jointed rock models predicting
approximately the same behavior. The jointed rock models predict stresses

that are larger than those predicted from the elastic analysis, and this
difference increases over time. At I01 yr, the maximum horizontal stresses

predicted by the jointed rock models are larger by nearly a factor of two
than those predicted by the elastic analysis.

Figures 5-152 through 5-163 present the comparison of predicted
vertical and horizontal stresses along Line 2 (from Point L to Point J in

Figure 2-3) at the same times as the comparisons for Line i. For each

model, the results using the different codes are quite consistent. For the

vertical stress (Figures 5-152 through 5-157), the two models predict quite
different behavior in the region near the elevation of the drift. The CJM

predicts stresses larger than the elastic solution whereas the JEM predicts
stresses somewhat smaller than the elastic solution. It should be noted

that the SANCHO/CJM solution still shows some problems in achieving
equilibrium at II and 26 yr, but the differences are substantially less
than those resulting from the second analysis. The predictions of

horizontal stress (Figures 5-158 through 5-163) are in good agreement both
within each model group and between models. As was noted with the stresses

along Line I, the horizontal stresses predicted by the jointed rock models
are consistently larger than those from the elastic solution.

Along Line 3 (Point D to Point H in Figure 2-3) the PDM requested that •

the participants report both the vertical normal stress and the in-plane

shear stress. These results are compared in Figures 5-164 through 5-175.

Consistent with the results from other lines, there was good agreement

among the predictions of vertical stress (Figures 5-164 through 5-169) for
each model beyond about 5 m from the heater. Within 5 in of the heat

source, the solutions vary somewhat with the SANCHO/CJM solution predicting
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larger stresses than the other analyses. There is also a moderate
difference between the CJM and JEM solutions. The CJM solutions tend to

predict larger stresses in this region and somewhat smaller stresses than

the JEM at distances farther away from the heater. This is most likely

. because the JEM allows slip on the joints at lower stresses than the CJM,

thus relieving some of the stress near the heater. The predictions of

shear stresses along Line 3 (Figures 5-170 through 5-175) are consistent

• with this explanation. The three CJM solutions predict larger shear

stresses than the two JEM solutions, especially in the region near the

heater. The CJM solutions are in good agreement except in the region near

the heater where the stress gradients are large. Part of the difference
seen in the solutions could be attributed to the inherent errors involved

in reportin_ the average stress in elements (or averaging the stress

computed at 1_eighboring Gauss points) where the gradients are large. The

JEM solution_ show somewhat better agreement over the span of Line 3 than
the CJM solutions.

The horizontal normal stress predicted along Line 4 (Point B to Point C

in Figure 2-3) from each code is compared in Figures 5-176 through 5-181.

Because of the traction-free boundary at Point B (Figure 2-3), the

horizontal stress should be zero at that point. The three CJM solutions

agree at early times but tend to disagree along the middle of the line for

later times. The COY/JAC/CJM solution seems to diverge the most. The same

solution for the second analysis agrees better with the other CJM results

from the third analysis. This indicates that loosening the tolerance and

reducing the artificial viscosity for the third analysis had some

detrimental effects. The two JEM solutions show the same trend throughout

with a slightly, but consistently increasing difference between them. This

difference, although small, becomes more evident at later times.

5.3.5 Evaluation and Discussion of Results from the Third Analysls

A review of the comparison plots from the third analysis shows that the

two JEM solutions are in quite good agreement. The differences observed in

the result from the second analysis were apparently the result of the

differences in mesh resolution. The revised (third) SP31/JEM calculation

used iii0 nodes with 341 8-node elements whereas the second analysis used

2065 nodes and 646 elements. The SANCHO/JEM calculations used 981 nodes

with 903 4-node elements. The effect of changing the mesh by approximately

a factor of two changed the predicted maximum displacement along Line 3 by

15%. Smaller changes were noted in the horizontal and vertical stresses

near the opening.

The results from the third analysis also showed better agreement among

the three CJM solutions. Some differences remain, however, especially in

• the stresses along Line 4 where the stress predictions near the center of

the line differ by I0 MPa at later times. The tighter convergence

tolerance applied to the SANCHO/CJM solution resulted in much better

agreement with the two JAC/CJM solutions. The revision to the COY/JAC/CJM

solution was primarily one of reducing the antikeystoning viscosity and

loosening the convergence tolerance slightly. This resulted in some

oscillations in the solution, especially in the horizontal stress along
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Line 4, that were not present in the second analysis solution. The

DOT/JAC/CJM solution was arrived at with the identical viscosity and

tolerance settings and does not show this oscillation. The major
differences in the two calculations are that the DOT/JAC/CJM calculation

used a much coarser mesh (760 elements versus 2068 elements) and was run on

a PC instead of a CRAY.
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Figure 5-1. Finite Element Representation of the Thermomechanical Problem.
(Mesh showln_is from the DOT/JAC analysis.)
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Vertical Displacement Along LINE 1 at 0.5 Years
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Line i (Figure 2-3) at 0.5 Yr, Initial Analysis
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Vertical DisplacementAlong LINE1 at 1.0 Years
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Figure 5-7. Comparison of Results for the Vertical Displacement Along

Line 1 (Figure 2-3) at 1 Yr, Initial Analysis

5-23



Vertical Displacement Along LINE 1 at 6.0 Years
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Figure 5-8. Comparison of Results for the Vertical Displacement Along

Line i (Figure 2-3) at 6 Yr, Initial Analysis
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Vertical Displacement AlongLINE 1 at 1 1 Years
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Figure 5-9. Comparison of Results for the Vertical Displacement Along
Line I (Figure 2-3) at ii Yr, Initial Analysis
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Vertico_ Displacemenf Along LINE 1 af 26 Years
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Vertical DisplacementAlongLINE1 at 76 Years
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Verfical Displacemenf Along LINE 1 at 10 1 Years
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Horizontal Displacement Along LINE3 at 0.5 Years
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Figure 5-13. Comparison of Results for the Horizontal Displacement Along

Line 3 (Figure 2-3) at 0.5 Yr_ Tnitial Analy.qi.s
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Horizontal Displacement Along LINE3 at 1.0 Years
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Horizontal Displacement Along LINE3 at 6.0 Years
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Figure 5-[5. Comparison of Results for the Hot'izontal Displacement:. ALong
Line 3 (Figure 2-3) at 6 Yr, /n_i_aL Analysis
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Horizontal Displacement Along LINE 3 at 1 1 Years
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Figure 5-16. Compari.son of Results for the Hor[:.:ont:al Disptacement Al.ong

Line 3 (Figure 2-3) at _'_ 'fr, Initl.al. Ana_:7:;is
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Horizontal Displacement Along LINE3 at 26 Years
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Figure 5-17. Comparison of Results for the Horizontal Displacement Along

Line 3 (Figure 2-3) at 26 Yr, Initial Analysis
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Horizontal Displacement Along LINE3 at 76 Years
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Fig,,_,,r,_5-18. Comparison of Resu]ts for the Horizontal bisplacement Along

Line 3 (Figure 2-3) at 76 Y_-, Initial Analysis
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Horizontal Displacement Along LINE3 at 10 1 Years
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Vertical Stress Along LINE1 at 0.5 Years
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Vertical Stress Along LINE 1 at 6.0 Years
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Figure 5-21. Comparison of Results for the Vertical Stress Along Line I

(Figure 2-3) aL 6 "li., Initial ^--_"-'-
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Vertical Sfress Along LINE 1 af 11 Years
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Vertical Stress Along LINE 1 at 26 Years
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Figure 5-23. Comparison of Results for the Vert_ca] Str_qq A]nng Line !

(Figure 2-3) at 26 Yr, Initial Analysis

5-39



Verfical Stress Along LINE1 at 76 Years
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Figure 5-24. Comparison of Results for the Vertical Stress Along Line 1

(Figure 2-3) at 76 Yr, Initial Analysis
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Vertical Sfress Along LINE 1 af 10 1 Years
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Horizonfal Sfress Along LINE 1 af 0.5 Years
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Figure 5-26. Comparison of Results for the Horizontal Stress Along Line

(Figure 2-3) at 0.5 Yr, Initial Analysis
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Horizontal Stress Along LINE 1 at 6.0 Years
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Figure 5-27. Comparison of Results for the Horizontal Stress Along Line i
(Figuce 2-3") at 6 Yr, Initial Analysis
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Horizontal Stress Along LINE 1 at 1 1 Years
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Horizontal Stress Along LINE 1 at 26 Years
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Figure 5-29 Comparison of Results for the Horizoncai Stress Aio:Ig Liz_e. 1

,.Figure 2-3) at 26 Yr, Initial Analysis
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HorizonfalSfressAlongLINE1 af 76 Years
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Figure 5-30. Comparison of Results for the Horizontal Str_,.ss Along Line I

(Figure 2-3) at 76 Yr, Initial Analysis
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Horizontal Stress Along LINE 1 at 10 1 Years
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Vertical Stress Along LINE2 at 0.5 Years
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Figure 5-32. Comparison of Results for the Vertical Stress Along Line 2
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Vertical Stress Along LINE2 a_ 6.0 Years
O 1' t '1 1 1 I ' ! ' • I I ' 1 1 • I 1 I i 1

sP41/sANO40/Ju_ PDM7 1-0 3 2
- - - co¥/s_;Ho/c_

-2 ...... sP__/sP3_/.e_
..... COY/JAC/C,lll /"&:

......... DOT/JAC/C_ // _'_

// '\'_.. .

li i,V iv_,-----_.---" --_- -6 ".2/ .--L-"--
__..'" -- __ _

--8 "_/,w.,_

--10 ,1 1 1 z 1 1 i _L _ 1 l l , 1 I , 1 1

-100 --50 0 50 100

Position on LINE2 (m)

Figure 5-33. Comparison of Results for the Vertical Stress Along Line 2

(Figure 2-3) at 6 Yr, Initial Analysis
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Vertical Stress Along LINE2 at 11 Years
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Vertical Stress Along LINE2 at 26 Years
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Vertical Stress Along LINE 2 at 76 Years
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Figure 5-36. Comparison of Results for the Vertical Stress Alone Line 2

(Figure 2-3) at 76 Yr, Initial Analysis
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Vertical Stress Along LINE 2 at 10 1 Years
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Figure 5-37. Comparison of Results for the Ver:ical Stress Along Line 2

(Figure 2-3) at i01 Yr, Initial Analysis
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Horizontal Stress Along LINE2 at 0.5 Years
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Figure 5-38. Comparison of Results for the Horizontal Stress Along Line 2

(Figure 2-3) at 0.5 Yr, Initial Analysis
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Horizontal Stress Along LINE2 at 6.0 Years
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Figure 5-39. Comparison of Results for nhe Horizontal Stress Along Line 2

,,Figure 2-3) at 6 Yr, Initial Analysis
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Horizontal Stress Along LINE 2 at 1 1 Years
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Figure 5-40. Comparison of Results for the Horizontal Stress Along Line 2

(Figure 2-3) at Ii Yr, Initial Analysis
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Horizontal Stress Along LINE2 at 26 Years
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Figure 5-41. Comparison of Results for the Horizontal Stress ALong Line 2

(Figure 2-3) at 26 Yr, Initial Analysis
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Horizontal Stress Along LINE2 at 76 Years
0 '' ' ' ' i ' ' ...... I ....

-5 PDM7 1-032 _"
.,P

.,,"
-- 10 "_ -"

%% ./
o -15 _.

_: %. ./
k ./

-20 k ./

_- \ i'. ./"/

-30 _ _ ----- sP4_/_/JB4/N[_,. /r: COY/SANCHO/CJM"
x...:/! sP__/sP__/Jm_/_

-3 5 / : ..... COY/JAC/CJ./ND
.......... DOT/JAC/CJM

-40 , , , , l , , , , i , , , , J , , , ,
-100 -50 0 50 100

Position on LINE2 (m)

Figure 5-42. Comparison of Results for the Horizontal St:re._;sAlo[Ig Line 2

(Figure 2-3) at 76 Yr, Initial Analysis
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Horizontal Stress Along LINE2 at 10 1 Years
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Vertical Stress Along LINE3 at 0.5 Years
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Figure 5-44. Comparison of Results for the Vertical Stress ALong Line S
<Figure 2-3] at 0.5 ',fr,Initial Analysis +



Vertical Stress Along LINE .3 af 6.0 Years
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Figure 5-45. Comparison of Results for the Vertical Stress Along Line 3
(Figure 2-3) at 6 Yr, Initial Analysis
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Vertical Stress Along LINE3 at 1 1 Years
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Figure 5-46. Comparison of Results for the Vertical Stress Along Line 3

(Figure 2-3) at II Yr, Initial Analysis

5-62



-25
0 5 10 15 20

Positionon LINE3 (m)

Figure 5-47. Comparison of Results for the Vertical Stress Along Line 3
(Figure 2-3) at 26 Yr, Initial Analysis
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Vertical Sfress Along LINE 3 af 76 Years
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Figure 5-48. Comparison of Results for the Vertical Stress Along Line 3
(Figure 2-3) at 76 Yr, Initial Analysis
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Vertical Sfress AlongLINE3 af 10 1 Years
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Figure 5-49. Comparison of Results for the Vertical Stress Along Line 3
(Figure 2-3) at i01 Y_, Initial Analysis
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Shear S_ress Along LINE .3 at 0.5 Years
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Figure 5-50. Comparison of Results for the Shear Stress Along Line _3
(Figure 2-3) at 0.5 Yr, Initial Analysis
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Shear Stress Along LINE .3 af 6.0 Years
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Figure 5-51. Comparison of Results for the Shear Stress Along Line 3

(Figure 2-3) at 6 Yr, Initial Analysis
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Shear Sfress Along LINE3 af 1 1 Years
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Figure 5-52. Comparison of Results for the Shear Stress Along Line 3
(Figure 2-3) at II Yr, Initial Analysis
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Figure 5-53. Comparison of Results for the Shear Stress Along Line 3
(Figure 2-3) at 26 Yr, Initial Analysis

5-69



Shear Sfress Along LINE3 a_ 76 Years
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Figure 5-54. Comparison of Results for the Shear Stress Along Lf.ne 3
(Figure 2-3) at 76 Yr, Initial Analysis
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Shear Stress Along LINE 3 at 101 Years
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Figure 5-55. Comparison of Results for the Shear Stress Along Line ]
(Figure 2-3) at i01 Yr, Initial Analysis
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Horizontal Stress Along LINE4 at 0.5 Years
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Figure 5-56. Comparison of Results for the Horizontal Stress Along Line 4

(Figure 2-3) at 0.5 Yr, initial Analysis
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HoHzonfai Stress Along LINE4 af 6.0 Years
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Figure 5-57. Comparison of Results for the Horizontal Stress Along Line 4
(Figure 2-3) at 6 Yr, Initial Analysis
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Horizontal Stress Along LINE4 af 1 1 Years
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Figure 5-58. Comparison of Results for the Horizontal Stress Along Line 4

(Figure 2-3) at II Yr, Initial Analysis
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Horizontal Stress Along LINE 4 of 26 Years
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Figure 5-59. Comparisor: o[ Res,_its for the Horizontal Stress Along Line 4

(IF'-gure "2- 3) aL 26 ",.',.:,Initial Analysis
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Horizontal Stress AlongLINE4 at 76 Years
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Figure 5-60. Comparison of Results for the Horizontal Stress Along Line 4
(Figure 2-3) at 76 Yr, Initial Analysis
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Horizonfal Sfress Along LINE4 at 10 1 Years
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Figure 5-61. Comparison of Results for the Horizontal Stress Along Line 4
(Figure 2-3) at !01 Yr, Initial Analysis
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Verfical Displacement a_ Point A
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Figure 5-62. Comparison of Results for the Vertical Displacement History
au Point A (Figure 2-3), Second Analysis
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Vertical Displacement af Point E
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Figure 5-63. Comparison of Results for the Vertical Displacement History
at Point E (Figure 2-3), Second Analysis
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Vertical Displacement at Point B
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Figure 5-64. Comparison of Results for the Vertical Displacement History
at Point B (Figure 2-3), Second Analysis
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Horizontal Displacementat Point B
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Figure 5-65. Comparison of Results for the Horizontal Displacement History

at Point B (Figure 2-3), Second Analysis
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Vertical Displacement Along LINE 1 af 0.5 Years
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Figure 5-66. Comparison of Results for the Vertical Displacement Along

Line 1. (Figure 2-3) at 0.5 Yr, Second Analysis
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Vertical Displacemenf Along LINE 1 af 1.0 Years
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Figure 5-67. Comparison of Results for the Vertical Displacement Along

Line i (Figure 2-3) at I Yr, Second Analysis

5-83



Vertical Displacement Along LINE 1 af 6.0 Years
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Figure 5-68. Comparison of Results for the Vertical Displacement Along

Line i (Figure 2-3) at 6 Yr, Second Analysis
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Vertical Displacement Along LINE 1 at 1 1 Years
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Figure 5-69. Comparison of Results for the Vertical Displacement Along
Line i (Figure 2-3) at II Yr, Second Analysis
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Vertical Displacement Along LINE 1 a_ 26 Years
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Figure 5-70. Comparison of Results for the Vertical Displacement Along
Line 1 (Figure 2-3) at 26 Yr, Second Analysis
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Vertical Displacement Along LINE1 at 76 Years
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Figure 5-71. Comparison of Results for the Vertical Displacement Along
Line I (Figure 2-.3)at 76 Yr, Second Analysis
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Vertical Displacement Along LINE 1 af 10 1 Years
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Figure 5-72. Comparison of Results for the Vertical Displacement Along
Line I (Figure 2-3) at I01 Yr, Second Analysis

5-88



Horizontal Displacement Along LINE 3 at 0.5 Years
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Figure 5-73. Comparison of Results for the Horizontal Displacement Along
Line 3 (Figure 2-3) at 0.5 Yr, Second Analysis
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Horizontal Displacement Along LINE3 at 1.0 Years
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Figure 5-74. Comparison of Results for the Horizontal Displacement Along

Line 3 (Figure 2-3) at i Yr, Second Analysis
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Horizontal Displacement Along LINE 3 at 6.0 Years
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Figure 5-75. Comparison of Resuics for the Horizontal Displacement Along

Line 3 (Figure 2-3) at 6 Yr, Second Anaivsis
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Horizontal Displa,'.-emenf Along LINE .3 at 1 1 Years
' I ' I l ' I I I " I J

3.0 ,,,, i , , , , i ...___,SP_I/S._NCHO/JEM
PDM7 1-0 3 2 - - - COY/SANCHO/CJM J

2.5 ..... SP4 1/SP3 1/ JEM

COY/JAC/CJI_

_" 2.0 CJM .

_ 1.5

_ 1.0 /,,,, ,,...%

0.0

--0.5 , _ , , 1 , , l 1 I I i , ' 1 J , I A
0 5 10 15 20

Position on LINE3 (m)

Figure 5-76. Comparison of Results for the Horizontal Displacement Along
Line 3 (Figure 2-3) at ii Yr, Second Analysis
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Horizontal Displacement Along LINE5 at 26 Years
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Figure 5-77. Comparison of Results for the Horizontal Displacement Along
Line 3 (Figure 2-3) at 26 Yr, Second Analysis
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Horizontal Displacement Along LINE.3 af 76 Years
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Figure 5-78. Comparison of Results ior the Horizontal Displacement Along
. _ " at 76 Yr Second AnalysisLine 3 _Figure o.3.. , ,
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Horizontal Displacement Along LINE ,3 at 10 1 Years
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Figure 5-79. Comparisou of Results for the Horizontal Displacement Along

Line 3 (Figure 2-3) at I01 Yr, Second Analysis
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Figure 5-80. Comparison of Results for the Vertical Stress Along Line i

(Figure 2-3) at 0.5 Yr, Second Analysis
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Figure 5-81. Comparison of Results for the Vertical Stress Along Line i

(Figure 2-3) at 6 Yr, Second Analysis
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Vertical Sfress Along LINE 1 a_ 1 1 Years
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Figure 5-82. Comparison of Results for the Vertical Stress Along Line i

(Figure 2-3) at ii Yr, Second Analysis
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Vertical Sfress Along LINE 1 a_ 26 Years
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Figure 5-83. Comparison of Results for the Vertical Stress Along Line I

(Figure 2-3) at 26 '{r, Second Analysis
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Vertical Stress Along LINE 1 at 76 Years
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Figure 5-84. Comparison of Results for the Vertical Stress Along Line I

(Figure 2-3) at 76 Yr, Second Analysis
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Vertical Stress AlongLINE 1 at 10 1 Years
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Figure 5-85. Comparison of Results for the Vertical Stress Along Line I
(Figure 2-3) ac i0i YL, S_cond *--_"-:_
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Horizontal Stress Along LINE 1 at 0.5 Years

0 , , , , , , , , , _ , , , , i , , , , .

-5 - F "

-10 ----sP4_l_mOl_
,,, - - -co'rl_lc_
© PDM7 1-0 3 2

- 15 ..... SP41/SP31/JE_tj1

..... COY/JAC/CJM
-20 .........DOT/JAC/C_

z_ CO¥/JAC/LE

--25 , , , I I _ , , i ! , , , , I , , , ,
-100 -50 0 50 100

Position on LINE 1 (m)

Figure 5-86. Comparison of Results for the Horizontal Stress Along Line i

(Figure 2-3) _L 0.5 Yz-, Se_uL_d Analysis
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Horizonfal Sfress Along LINE 1 at 6.0 Years
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Figure 5-87. Comparison of Results for the Horizontal Stress Along Line I
(FiguL_ 2-3;, _ 6 Yr. _,_,:__..... Analysis
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Horizontal Stress Along LINE 1 at 1 1 Years
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Figure 5-88. Comparison of Results for the Horizontal Stress Along Line i
(Figure 2-3) at Ii Yr, Second Analysis
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Horizontal Stress Along LINE 1 at 26 Years
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Figure 5-89. Comparison of Results for the Horizontal Stress Along Line i

(Figure 2-3) at 26 Yr, Second Analysis
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Figure 5-90. Comparison of Results for the Hori_o,:_tal Stress Along Line i
(Figure 2-3) at 76 Yr, Second Analysis
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Horizontal Stress Along LINE1 at 10 1 Years
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Figure 5-91. Comparison of Results for the Horizontal Stress Along Line I

(Figure 2-3) at i01 Yr, Second Analysis
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VerticalSfressAlongLINE2 af0.5 Years
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Figure 5-92. Comparison of Results for the Vertical Stress Along Line 2
(Figure 2-3) at 0.5 Yr, Second Analysis
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Vertical Stress Along LINE2 a_ 6.0 Years
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Figure 5-93. Comparison of Results for the Vertical Stress Along Line 2
(Figure 2-3) at 6 Yr, Second Analysis
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Vertical Sfress Along LINE2 af 1 1 Years
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Figure 5-94. Comparison of Results for the Vertical Stress Along Line 2
(Figure 2-3) at Ii Yr, Second Analysis
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Vertical Stress Along LINE2 at 26 Years
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Figure 5-95. Comparison of Resuits for the Vertical Stress Along Line 2

(Figure 2-3) at 26 Yr, Second Analysis
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Vertical Stress Along LINE2 a_ 76 Years
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Figure 5-96. Comparison of Resu]._s fo_ the Vertical Stress Along Line 2

(Figure 2-3) at 76 \_, Second Analysis
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Vertical Stress Along LINE 2 at 10 1 Years
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Figure 5-97. Comparison of Results for the Vertical Stress Along Line 2

(Figure 2-3) at i01 Yr, Second Analysis
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Horizontal Stress Along LINE2 at 0.5 Years
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Figure 5-98. Comparison of Results for the Horizontal Stress Along Line 2

(Figure 2-3) at 0.5 Yr, Second Analysis
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Horizontal Stress Along LINE 2 at 1 1 Years
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Figure 5-100. Comparison of Results for the Horizontal Stress Along Line 2

(Figure 2-3) at ii Yr, Second Analysis
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Horizontal Stress Along LINE2 at 26 Years
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Figure 5-101. Comparison of Results for the Horizontal Stress Along Line 2
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Horizontal Stress Along LINE2 at 76 Years
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F_gure 5-I02. ComDarison of Results for the Horizontal S_i-ess Along Line 2

(Figure 2-3) at 76 Yr, Second Analysis=
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Vertical Sfress Along LINE3 af 0.5 Years
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Figure 5-I04. Comparison of Results for the Vertical Stt-_s'_ Al.ong Line 3

(Figure 2-3) at 0.5 Yr, Second Analysis
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Vertical SfFess Along LINE3 af 6.0 Years
5 , , , , I ' ' ' ' I ' ' ' ' I ' ' ' '

0 I
.- I PDM 7 1-0 3 2

--5 :t ._. ..... ._- A

wm- 10 [ _i .'¢'-_.-" .,./._:P' $P41/SANCHO/JEM "
, ,,.I .f/ ---

_" ; ILl .#' / -- COY/SANCHO/CJM
"" I . _/
m -15 ,., _'.. // ..... SP4 1/$P3 1/JEM

I i'".i'l ..... COY/JAC/C._

I \'" / ......... DOT/JAC/CJM

-20 \ /
v _ COY/JAC/LE

-25 , , , , , ,I , , , , I , ' ' ' I , , , ,
0 5 10 15 20

Position on LINE3 (m)

Figure 5-105. Comparison of Results for the Vertical Stress Along Line 3
(Figure 2-3) at 6 Yr, Second Analysis
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Vertical Sfress AlongLINE3 af 1 1 Years
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Figure 5-i06. Comparison of Results for the Vertical Sl:_-cssAJor:g Line }
(Figure 2-3) at II Yr, Second Analysis
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Vertical Stress Along LINE 3 at 26 Years
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FLgu_-e 5-107. Comparison of ResuLts Lo[ _:t_e Vei:t:[cal Stress Along Line 3
(Figure 2-.3) at: .'.!6 Yr, '..-;,,,or_d An_l'i:-i.s
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Vertical Sfress Along LINE3 af 76 Years
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Figure 5-i08. Comparison of Results for the Vertical Stress Along Line 3
(Figure 2-3) at 76 Yr, Second Analysis
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Vertical Stress Along LINE3 at 10 1 Years
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Figure 5-I09. Comparison of Results for the Vertical Stress Along Line 3
(Figure 2-3) at i01 Yr, Second Analysis
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Shear Sfress Along LINE3 af 0.5 Years
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Figure 5-110. Comparison of Results for the Shear Stress Along Line 3

(Figure 2-3) at 0.5 Yr, Second Analysis
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Figure 5-111. Comparison of Results for the Shear Stress Along Line 3

(Figure 2-3) at 6 Yr, Second Analysis
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Shear Stress Along LINE3 at 1 1 Years
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Figure 5- 112. Comparison of Results for tile Shea_" Stress Along Line 3

(Figure 2-3) at ii Yr, Second Analysis
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Shear Stress Along LINE 3 af 26 Years
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Figure 5-I13. Comparison of Results for the Shear Stress Along Line 3
(Figure 2-3) at 26 Yr, Second Analysis
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Shear Sfress AlongLINE3 af 76 Years
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Figure 5-I14. Comparison of Results for the Shear Stress Along Line 3
(Figure 2-3) at 76 Yr, Second Analysis
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Shear S_ressAlong LINE3 a_ 10 1 Years
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Horizontal Stress Along LINE4 at 0.5 Years
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Fi£ure 5-i16. Comparison of Results for the Horizontal Stress Along Line 4

(Figure 2-3) at 0.5 Yr, Second Analysis
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Horizontal Stress Along LINE4 at 6.0 Years
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Figure 5-117. Comparison of Results for the Horizontal Stress Along Line 4
= (Figure 2-3) at 6 Yr, Second Analysis
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Horizonfal Stress Along LINE4 at 1 1 Years
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HorizontalSfressAlongLINE4 at 26 Years
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Figure 5-I19. Comparison of Results for the Horizontal Stress Along Line 4
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Horizontal Stress Along LINE4 at 76 Years
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Figure 5-120. Comparison of Results for the Horizontal Stress Along Line 4
(Figure 2-3) at 76 Yr, Second Analysis
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Horizontal Stress Along LINE4 at 10 1 Years
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Figure 5-121. Comparison of Results for the Horizontal Stress Along Line 4
(Figure 2-3) at I01 Yr, Second Analysis
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Figure 5-122. Comparison of Results for the Vertical Displacement History

(Figure 2-3) at Point A, Third Analysis
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Vertical Displacement at Poinf E
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Figure 5-123. Comparison of Results for the Vertical Displacement History

(Figure 2-3) at Point E, Third Analysis
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Vertical Displacement at Point B
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Figure 5-124. Comparison of Results for the Vertical Displacement History

(Figure 2-3) at Point B, Third Analysis
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Horizonfal Displacemenf at Poinf B
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Figure 5-125. Comparison of Results for the Horizontal Displacement
History (Figure 2-3) at Point B, Third Analysis
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Vertical Displacement Along LINE 1 at 0.5 Years
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Figure 5-126. Comparison of Results for the Vertical. Displacement ALong
Line I (Figure 2._) at 0.5 Yr, Third Analysis
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Vertical Displacemenf Along LINE 1 af 1.0 Years
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Vertical Displacement Along LINE 1 af 6.0 Years
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Figure 5-128. Comparison of Results for the Vertical Displacement. ALong
Line i (Figure 2-3) at 6 Yr, Third Analysis
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Vertical Displacement Along LINE 1 af 1 1 Years
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- Figure 5-129. Comparison of Results for the Vertical Displacement Along
Line i (Figure 2-3) at ii Yr, Third Analysis
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. Vertical Displacement Along LINE 1 af 26 Years
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Figure 5-130. Comparison of Results for the Vertical Displacement Along

Line I (Figure '2-'3)at 26 Yr, Third Analysis
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Vertical Displacement Along LINE 1 at 76 Years
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Fig,_re 5-i31. Comparison of Results for the Vertical Displacemen'_: A].o_:g

Line I (Figure '2-3) at 76 Yr, Third Analysis
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Vertical Displacement Along LINE 1 af 10 1 Years
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Figure 5-132. Comparison of Results for the Vertical Displacement Along

Line i (Figure 2-3) at i01 Yr, Third Analysis
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Horizontal Displacement Along LINE3 at 0.5 Years
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Figu=c q_l_ Comparison of Results for the horizontal Displacement Along
Line 3 (Figure 2-3) at 0.5 Yr, Third Analysis
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Horizonfal Displacemenf Along LINE 3 at 1.0 Years
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Figure 5-134. Comparison of Results for the Horizontal Displacement Along
Line 3 (Figure 2-3) at i Yr, Third Analysis
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Horizontal Displacement Along LINE3 at 6.0 Years
3.0

FLgure 5-135. Comparison of Results fol: ul_e Horizontal Displacemen_ A]o_g

Line 3 (Figu_-e ?-3) at 6 ":'r, Third Analysis
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Horizontal Displacement Along LINE 3 at 1 1 Years
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Figure 5-136. Comparison of Results for the Horizontal Displacement Along
Line 3 (Figure 2-3) at ii Yr, Third Analysis

5-152



Horizontal Displacement Along LINE 3 at 26 Years
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Figure 5-137. Comparison of Results for the Horizontal Displacement Along
Line 3 (Fig,_,r_P-3_ at 26 Yr. Third Analysis
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HorizontalDisplacementAlongLINE3 at 76 Years
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Figure 5-138. Comparison of Results for the Horizont:a]. Displacement Alon_
Line 3 (Figure 2-3) at 76 Yr, Third Analysis

5-154



Horizonfal Displacemenf Along LINE 3 at 10 1 Years
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Figure 5-139. Comparison of Results for the Hori:ontal Displacement Along
Line 3 (Figure '2-_) a_ 1.01 '{_. Th/.rd Analvsi:;
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Figure 5-I_0 Comparison of Results for the Vertical Stress Along Line 1

(Figure 2-3) at 0.5 Y[', Third Analysis
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Vertical Stress Along LINE 1 at 6.0 Years
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Figure 5-141. Comparison of Results for the Vertical Stress Along Line 1

(Figure 2-3) at 6 Yr, Third Analysis
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Vertical Stress Along LINE 1 af 1 1 Years
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Figure 5-142. Comparison of Results for the Vertical Stress Along Line 1

(Figure 2-3) at ii Yr, Third Analysis
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Vertical Sfress Along LINE 1 af 26 Years
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Figure 5-143. Comparison of Results for the Vertical Stress Along Line i

(Figure 2-3) at 26 Yr, Third Analysis
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Vertical Stress Along LINE 1 at 76 Years
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Figure 5-144. Comparison of Results for the Vertical Stress Along Line I

(Figure 2-3) at 76 Yr, Third Analysis
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Figure 5-145. Comparison of Results for the Vertical Stress Along Line 1
(Figure 2-3) at I0i Yr, Third Analysis
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Horizontal Stress Along LINE 1 at 0.5 Years
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Figure 5-146. ' Comparison of Results for the Horizontal St.,+'e_-"..,sA]_ong Line I

(FLgure 2-3) at_ 0.5 Yi', Third Analysis
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Horizontal Stress Along LINE 1 at 6.0 Years
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Figure 5-147, Comparison of Results for the Horizontal St:_ess Alor_g Line l

{Fizure 2-3) at 6 Yr, Third Analysis
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Horizontal Stress Along LINE1 at 11 Years
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Figure 5-148. Comparison of Results for the Horizontal Stress Along Line l

(Figure 2-3) at ii Yr, Third Analysis
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Horizontal Stress Along LINE 1 at 26 Years
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Figure 5-149. Comparison of Results for the Horizontal Stress Along Line I

(Figure 2-3) at 26 Yr, Third Analysis
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Horizontal Stress Along LINE 1 at 76 Years
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Figure 5-150. Comparison of Results for the Horizontal Stress Alorlg Line I

(Figure 2-3) at ;6 Yr, Third Analysis
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Horizontal Stress Along LINE 1 at 10 1 Years
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Figure 5-151. Comparison of Results for the Horizontal Stress Along Line i
(Figure 2-3) at i01 Yr, Third Analysis
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Vertical Sfress Along LINE 2 af 0.5 Years
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Figure 5-152. Comparison of Results for the Vertical Stress Along Line 2
(Figure 2-3) at 0.5 Yr, Third Analysis
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Vertical Stress Along LINE2 af 6.0 Years
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Figure 5-153. Comparison of Results for the Vertical Stress Along Line 2

(Figure 2-3) at 6 Yr, Third Analysis

5-!.6q



Vertical Sfress Along LINE2 af 1 1 Years
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Figure 5-154. Comparison of Results for the Vertical Stress Along Line 2
(Figure 2-3) at II Yr, Third Analysis



Vertical Stress Along LINE2 at 26 Years
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Figure 5-155. Comparison of Results for the Vertical Stress Along Line 2

(Figure 2-3) at 26 Yr, Third Analysis
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Vertical Stress Along LINE2 at 76 Years
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Figure 5-156. Comparison of Results for the Vertical Stress Along Line 2
(Figure 2-3) at 76 Yr, Third Analysis
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Vertical Stress Along LINE2 af 10 1 Years
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Figure 5-157. Comparison of Results for the Vertical Stress Along Line 2

(Figure 2-3) at i01 Yr, Third Analysis
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Horizontal Stress Along LINE2 at 0.5 Years
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Figure 5-158. Comparison of Results for the Horizontal Stre:;s Along Line 2
(Figure 2-3) at 0.5 Yr, Third Analysis
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Horizontal Stress Along LINE2 at 6.0 Years
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Figure 5-159. Comparison of Results for the Horizontal Stress Along Line 2
(Figure 2-3) at 6 Yr, Third Analysis
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Horizontal Stress Along LINE2 at 1 1 Years
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Figure 5-160. Comparison of Results for the Horizontal Stress Along Line 2

(Figure 2-3) at ii Yr, Third Analysis
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Horizon+alStress Along LINE2 at 26 Years
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Figure 5-161. Comparison of Results for the Horizontal Stress Along Line 2
(Figure 2-3) at 26 Yr, Third Analysis
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Horizontal Stress Along LINE2 at 76 Years
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Figure 5-162. Compari_()n of Results for the Horizontal Stress Along Line 2
_Figure 2-3) at 76 Yr, Third Analysis
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Figure 5-163. Comparison of Results for the Horizontal Stress Alorlg L[tle 2

(Figure 2-3) at I01 Yr, Third Analysis
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Vertical Stress Along LINE3 af 0.5 Years
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Figure 5-164. ComparLson of Results for the Vertical Stress Along Line 3

CFigure 2-3) at 0.5 Yr, Third Analysis
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Vertical Sfress Along LINE 3 af 6.0 Years
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Figure 5-165. Comparison of Results for the Vertical Stres_ Along Line 3

(Figure 2-3) at 6 Yr, Third Analysis
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Vertical Stress Along LINE3 at 1 1 Years
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Figure 5-166. Comparison of Results for the Vertical Stress Along Line 3

(Figure 2-3) at Ii Yr, Third Analysis
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Vertical Sfress Along LINE3 at 26 Years

0
PDM

7 1-032 i.....
CL r.i_, .,,-_'_.>"C._'_"

m ' _,\."-_v.'..>"2 _4 1t S_O/JEM "

'- - - - COY/SA_KmO/C,_/R"- - I "'""/
- / sP41/sP_1/_'M,'R15 - I /

"_ ..... COY/JAC/C,_/R

-20 - ......... DOT/JAC/CJM/R
A COY/JAC/UE

--25 j , j _ 1 , , , , 1 , , , , I , J ,
0 5 10 15 2O

Pos[fion on LINE3 (m)

Figure 5-167. Comparison of Results for the Vertical Stress Along Line 3
(Figure 2-3) at 26 Yr, Third Ap'_lysis
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Vertical Stress Along LINE 3 af 76 Yec_rs
5 ' '

f ' ' ' " I ' ' ' ' 1 ' ' ' ' I ' ' ' '
0

PDM 7 1-032

-5
0 A & A -
Q- &

:E it.i.-I0

cn "A \ _ SP4 1/SANCHO/JEM

_ _-COY, Z,_ICHO/CJM/R
o,') _ 15 SP4 1/SP3 1/JE_/R

..... COY/JAC/C,_IR
-20 .........DOT/JAC/C,_/,_

A COY/JAC/LE

-25
0 5 10 15 20

Position on LINE3 (m)

Figure 5-168. Comparison of Results for the Ver_:ical Stress Along Line 3

(Figure 2-3) at 76 Yr, Third Analysis
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Vertical Stress Along LINE 3 a_ 10 1 Years
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Figure 5-169. Comparison of Results for the Vertical Stress Along Line 3

(Figure 2-3) at i01 Yr, Third Analysis
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Shear Stress AlongLINE3 af 0.5 Years
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Figure 5-170. Comparison of Results for the Shear Stress Aiong Line 3

(Figure 2-3) at 0.5 Yr, Third Analysis
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Shear Sfress Along LINE3 af 6.0 Years
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Figure 5-171. Comparison of Results for the Shear Stress Along Line 3

(Figure 2-3) at 6 Yr, Third Analysis
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Shear Sfress Along LINE3 af 1 1 Years
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Figure 5-172. Comparison of Results for the Shear Stress Along Line 3

(Figure 2-3) at ii Yr, Third Analysis
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Shear Stress AlongLINE.3 ai 26 Years
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Figure 5-173. Comparison of Results for the Shear Stress Along Line 3
(Figure 2-3) at 26 Yr, Third Analysis
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Sheor Sfress Along LINE 3 of 76 Yeors
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Figure 5-174. Comparison of Results for the Shear Stress Long Line _
(Figure 2-3) at 76 Yr, Third Analysis
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Shear Sfress Along LINE3 af 10 1 Years
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Figure 5-175. Comparison of Results for uhe Shear- Stress Along Line 3

(Figuce 2-3) at i01 Yr, Third Anai,/sLs
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Horizontal Stress Along LINE4 at 0.5 Years
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Figure 5-176 Comparison of Results for the Horizontal Stress Along Line 4
(Figure 2-3) at 0,5 YE, Third Analysis
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Horizontal Stress Along LINE 4 at 6.0 Years
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Figure 5-177. Comparison of Results for the Horizontal Stress Along Line 4
(Figure 2-3) at 6 Yr, Third Analysis
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Horizontal Stress Along LINE4 at 11 Years
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Figure 5-178. Comparison of Results for the Horizontal St_,:essAlong Li.he 4

(Figure 2-3) at ii Yr, Third Analysis
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Horizontal Stress Along LINE4 at 26 Years
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Figure 5-179. Comparison of Results for the Horizontal Stress Along Line 4
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Horizontal Stress Along LINE4 at 76 Years
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Figure 5-180. Comparison of Results for the Horizontal Stress Along Line 4

(Figure 2-3) a_ 76 Yr, Thi[d Analysis
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Horizonfal Stress Along LINE4 at 10 1 Years
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Figure 5-181. Comparison of Results for the Horizontal Stress Along Line 4
(Figure 2-3) at i01 Yr, Third Analysis
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6.0 ASSESSMENT OF RESULTS

The final results, obtained after several iterations of analysis, are
quite consistent for each model. Based on their review ef the results from

the second and third analyses, the Pis and the participant analysts have

, concluded that the small differences remaining in some of the comparisons

between the various solutions for a given model are primarily a result of
variations in the way the analysts approached the problem. The fact that

several iterations of analysis were required to resolve most of the

differences points to the fact that analysis using nonlinear material

models is a difficult endeavor, and the results are somewhat analyst-
dependent. Solving such problems with state-of-the-art numerical methods,

requires considerable judgment and experience on the part of the analyst.

Differences in the choices of meshing, type of element, number of time

steps, and solution control variables (such as solution tolerance), ali

contribute in subtle ways to differences in the reported solution, even

when using identical software. For this benchmark analysis, such

differences may never be completely resolved. However, the agreement among

the solutions is sufficiently good to conclude that it is highly unlikely
that the remaining differences result from errors in the codes used.

The principal purpose of this exercise was to assist in verification of
the codes and models for their intended use within the YMP and not to make

any judgment regarding the validity of the models used. However, some

differences in the behavior of the two jointed rock mass models were noted,

and, for completeness, some comment is warranted. Differences are noted as

early as upon "excavation". The JEM tends to predict somewhat larger

displacements and smaller stresses than does the CJM. This is especially

true in regions near the drift where shear stresses are larger. The reason

for this is most likely related to the differences in the two models in the

way the shear stress versus joint slip relationship is formulated. The

normal stress versus joint closure behavior is nearly identical in the two
models. The JEM tends to allow slip at lower stresses; thus, the stresses

in regions where this occurs are lower, and the displacements are larger

than those predicted by the CJM. lt is worth noting, however, that this

difference tends to be smaller after heating of the rock is well

established. This is because the thermal expansion of rock tends to close
the joints and prevent further slip.

The results from the calculations using the two jointed rock mass

models were compared to those from the previous calculations using the
elastic rock mass model. In the elastic model, the rock mass is treated as

homogeneous, isotropic, elastic material with a Young's modulus of one-
half that of the intact rock. The reduction in modulus is intended to

account for the lower stiffness of the rock mass because of the joints, lt

is interesting to note that the results from the elastic analysis compared

quite favorably with those from the more complex jointed rock analyses, in

some respects. For example, when comparing vertical displacements and

vertical _tresse_, the elastic model was in good agreement with both

jointed rock mod_Is. However, for horizontal stresses and displacements,

agreement was not very good. The jointed rock models predicted

significantly latimer stresses and displacements than those predicted by the

_]_tic mo_.! The _p_r_F_ joint spacing for the j_=_ rock
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calculations was i m for the horizontal joints and 0.I iiifor the vertical

joints. Horizontal joints would mostly affect the vertical normal stresses
and displacements whereas the vertical joints have a greater effect on the

horizontal normal stress and displacement. Thus, it appears that the

elastic calculation (using one-half the intact rock modulus) best simulates

a rock with a l-m joint spacing, at least if the joints have properties •

similar to those assumed for the jointed rock mass analysis. Decreasing

the joint spacing by a factor of ten (horizontal to vertical) does not

affect the corresponding stresses and displacements by same amount, i.e.,
there is a nonlinear effect. The horizontal stress and displacements

predicted by the jointed rock models are approximately 20-503 larger than

the elastic model prediction in regions near the drift. In the far field,

at a distance greater than 20-50 m from the drift and heater, the jointed

rock solutions agree very well with Lhe elastic solution. This is, for the

most part, a result of the imposed symmetry of the problem and the fact

that both sets of solutions were required to satisfy the same boundary
conditions.
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7.0 CONC_JDING REMARKS

The intent of this report is to document the results from the jointed

• rock mass model analysis portion of the first benchmark exercise to an

extent sufficient to support the verification of the codes involved. The

results in this report were presented as they were received from the

participants and plotted in a form that the authors judged to be convenient

for comparisons. Sufficient detail is provided for readers to assess the

results and their implications.

Some further observations can be made about the results of this portion

of the benchmark exercise. First, one of the objectives of the benchmark

exercise is to uncover any errors in the numerical implementation of the

codes and models used. As a result of the jointed rock mass analysis

portion of the benchmark exercise, one error in the CJM implementation was

discovered and corrected. In addition, the initial analyses lead to

further improvements in the numerical methods incorporated in the model

subroutine. Thus, as a result of the exercise, a significantly more

efficient implementation of the model is now available. Second, this

portion of the benchmark exercise has lead to a successful demonstration of

the capability to perform complex, nonlinear thermomechanical analyses of

underground openings under conditions typical of those expected in a

nuclear waste repository. While this does not indicate that the models

used here are the same as those necessary to model the Yucca Mountain

behavior (i.e. , exploratory shaft evaluations are planned), it is

sufficient to indicate that a variety of codes can be used for

thermomechanical analyses of repository behavior. Finally, as noted in the

evaluation of the results of this portion of the benchmark exercise

(Section 6), the results obtained with nonlinear jointed rock mass models

may depend somewhat on the analyst's approach to the problem and their

experience with the codes used. This is in contrast to the thermal (Costin

and Bauer, 1989) and thermoelastic (Bauer and Costin, 1990) analyses that

were performed as the first two parts of this benchmark exercise in which

it was shown that the results were not sensitive to the analyst's choice of

meshes or numerical control variables. Thus it might be concluded that,

when using nonlinear methods, greater attention to the way the problem is

addressed is necessary. For critical design or performance calculations,

more than one set of independent analyses should be performed, as operator

influences upon the results are inherent. Some of the operator influence

could possibly be better understood through systematic studies of, for

example, mesh refinement, convergence tolerance evaluations, etc. The work

done to date does not allow one to prescribe a "correct" analysis procedure
which obviates the need for redundant calculations for critical situations.
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Appendix A: Comparison of Report Data with Those in the RIB and SEPDB

Ali material property and design configuration data used in the

benchmark calculations reported in this document were taken from the NNWSI

Reference Information Base, Version 2.002 (draft). For specific values of

the data used see Appendix A, Section 4 of Costin and Bauer (1989). This

, report contains no data taken from or that should be included in the SEPDB.
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