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ABSTRACT

The U.S. Department of Energy's (DOE) Yucca Mountain Site Characterization Project (YMP) is
studying Yucca Mountain in southwestern Nevada as a potential site for a high-level nuclear
waste repository. Site characterization will be facilitated by the construction of an Exploratory
Studies Facility (ESF). The ESF and potential repository will be excavated from both nonwelded
and welded ashflow tuff with varying rock quality (degree of welding, rock mass strength, etc.)
and fault and fracture characteristics. Design concerns for the construction of these facilities
include the integrity of the structure during underground testing operations and, if it occurs, the
emplacement and storage of high-level nuclear waste which could increase the local temperatures
in the underground rock mass to as high as 300°C. Because of the associated issues regarding
personnel and long-term environmental safety, sophisticated jointed rock mass models will be
required to provide a high degree of confidence for decisions regarding the design, site
characterization, and licensing of such facilities.

The objective of the work documented in this report is to perform code validation calculations
for three rock-mass computer models. The three rock-mass computer models used for this report
are the discrete element code UDEC, Version 1.82; and the finite element continuum joint
models JAC2D Version 5.10 and JAS3D Version 1.1. The rock mass behavior predicted by the
models are compared to the results of laboratory experiments on layered polycarbonate (Lexan)
and granite plate experiments. These experiments examine the rock mass behavior of well-
defined jointed rock structures or models of jointed structures under uniaxial and biaxial loading.
The laboratory environment allows control over the boundary conditions, material properties,
and quality and quantity of the data obtained. Such experiments are ideal for model validation
purposes and provide a foundation on which to base future validation efforts using field rock-
mass data. A comparison of all of the predicted results to the experimental results points to the
necessity of quantifying the joint normal and shear stiffnesses for a given system in order to better
estimate frictional slip.
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1.0 Introduction

The U.S. Department of Energy's (DOE) Yucca Mountain Site Characterization Project (YMP) is
studying Yucca Mountain in southwestern Nevada as a potential site for a high-level nuclear
waste repository. Site characterization will be facilitated by the construction of an Exploratory
Studies Facility (ESF). The ESF and potential repository will be excavated in both nonwelded
and welded ashflow tuff with varying rock quality (degree of welding, rock mass strength, etc.)
and fault and fracture characteristics. Design concerns for the construction of these facilities
include the integrity of the structure during underground testing operations, facility construction,
and, if it occurs, the emplacement and storage of high-level nuclear waste which could increase
the local temperatures in the underground rock mass to as high as 300°C. Because of the
associated issues regarding personnel and long-term environmental safety, sophisticated jointed
rock mass models may be required to provide a high degree of confidence for decisions regarding
the design, site characterization, and licensing of such facilities.

The design of underground facilities and the predicted long-term performance of an underground
nuclear waste repository will be evaluated with complex numerical models. One example of
these models is the group of jointed rock mass models which predict the mechanical and
thermal-mechanical behavior of underground excavations and the surrounding host rock. These
jointed rock mass models include continuum and noncontinuum geomechanical codes. A
validation effort is required for all the numerical codes which may be used to support repository
design, licensing, and operation decisions. As discussed here, the term "validation"” should be
understood to mean the evaluation of a numerical model (i.e., code) for its strengths and
weaknesses in modeling the type of behavior it is designed to simulate. Therefore, a code may
be shown to be easily applicable and physically accurate when modeling some particular set of
boundary conditions with well-known material properties. The same code will also produce
results highly dependent on the input parameter assumptions which may possess a high degree of
uncertainty. Calculations are highly dependent, also, on the experience level and expertise of the
modeler. Such validation efforts require laboratory and in situ experiments to model rock mass
behavior, accompanied by numerical analyses which simulate the physical experiments and
whose results are directly compared with the experimental data. The laboratory experiments
described and simulated in this report (Perry et al., 1995) are intended to provide highly
controlled initial and boundary conditions which should be relatively easy to model; these efforts
will give an indication of the expected difficulties in modeling in situ processes, and the types of
in situ data or experiments which may provide the most effective validation of the code. This
validation effort is intended to develop an understanding of the regimes and conditions to which
the various rock-mass models are applicable. As an understanding develops of how these
models can represent experimental data, so will the confidence in using these models. Over
time, this ongoing effort will provide the required validation of the rock-mass models used for
design and performance assessment as planned for site characterization and will be required to
satisfy federal regulations.

Data from laboratory intact rock tests and rock-mass field tests are required to validate any rock
mass models used for the YMP. Major problems associated with using data from rock-mass
field tests are that the data are relatively sparse or limited, boundary conditions are hard to




replicate, joint geometries are difficult to model, and material properties are not known
precisely. These problems make the use of field test data difficult albeit necessary for model
validation efforts. To address these problems, a series of lab-scale experiments of increasing
complexity is underway. These experiments examine the behavior of well-defined jointed rock:
structures or models of jointed structures under uniaxial loading. The laboratory environment
allows control over the boundary conditions, material properties, and quality and quantity of the
data obtained. Such experiments are ideal for model validation purposes and provide a
foundation on which to base future validation efforts using field rock-mass data.

The objective of the work documented in this report is to perform code validation calculations of
layered polycarbonate (Lexan) plate experiments performed for Sandia National Laboratories
(SNL) at the Idaho National Engineering Laboratory (Perry et al., 1995). In addition, the results
of a similar series of experiments for which granite is the test medium will be predicted by the
same rock mass codes. The experiments will be modeled using three rock-mass computer
models: the discrete element code UDEC, Version 1.82 (Itasca, 1992); and the finite element
codes JAC2D Version 5.10 (Biffle and Blanford, 1994) and JAS3D Version 1.1!'. The codes
UDEC and JAC2D are in the Software Configuration Management System and their use is
controlled by SNL-YMP Quality Assurance Implementation Procedure 19-1 (Software QA).

1 The 3-D compliant joint model JAS3D has not yet been submitted to the SNL-YMP Software Configuration
Management System. The initial code validation and benchmark calculations are near completion as of the writing
of this report, and thus JAS3D should be submitted under Software QA controls in 1996. The version 1.1 listed
here is 2 number used by the code authors and should not be used for QA purposes. The user documentation of this
code, which is currently in preparation, is a SAND report by Blanford, M.L., JAS3D. A Multi-Strategy Iterative
Code for Solid Mechanics Analysis.




2.0 Description of the Layered Rock Experiments

The Idaho National Engineering Laboratory (INEL) has performed experiments to model rock-
mass behavior using layered plates of two different simulated rock materials, a polycarbonate
(Lexan) and granite. The methodology and results of the experiments performed on Lexan plates
are reported in Perry, et al. (1995); the methodology of the tests with granite plates is nearly
identical, but the results have not yet been reported. Results from the Lexan tests will be directly
compared to the calculations described later. Both experiments involve applying a vertical
loading to a stack of plates with a hole drilled in the middle to induce stress-related slippage. The
experimental data is obtained using the technique of phase shifting moiré interferometry
employing lasers. Figure 1 (from Perry et al., 1995) shows the Lexan plates load test setup, and
Figure 2 (also from Perry et al., 1995) shows the interferometer schematic. The dimensions of the
test specimens differ slightly; there were 24 Lexan plates, each with the reported dimensions of
12"x2"x0.25" (304.8%50.8%6.35 mm), with a 1.5"- (38.1 mm-) diameter hole drilled in the
middle, whereas for the granite tests there were 16 plates, each 10"x2"x0.375"
(254x50.8x9.53 mm), with the same size of hole.

The following material properties are required for the characterization of the test media:

Poisson's ratio;

Young's modulus, or modulus of elasticity (in GPa);
Shear modulus (in GPa);

Bulk modulus (in GPa);

Friction coefficient;

material density (in kg/m3);

compressional wave velocity (in m/s); and,

shear wave velocity (in m/s); where
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The values of p, Vp, Vs, and |1 were measured for the Lexan and granite specimens (except for [,
which had not yet been measured for the granite specimens as this report was being written).
These values are listed in Table 1. The values listed for Lexan are taken from Perry et al. (1995),
except the value for K, which is calculated from the measured data. The value for the density of




the granite used in the experiments was measured at SNL?; the compression and shear wave
velocities for the granite specimens were measured at INEL®>. The three geomechanical codes
each require some subset of the values as input parameters: UDEC requires p, G, K, and W; and
JAC2D and JAS3D require p, v, E, and [L.

Table 1: Measured Lexan and Granite Properties
Compression| Shear Rock Young's | Shear
Wave Vel., |Wave Vel.,| Density, | Poisson's | Modulus | Modulus Friction
m/s m/s kg/m3 Ratio (E, GPa) | (G, GPa) Coeff.

Lexan (Perry, et al.) 2200 920 1200 0.39 2.84 1.02 . 0.47

Granite (see footnotes 1 6200 3630 2960 0.239 96.7 39.0 ‘Ng‘r‘a‘x’ii“;jff
and 2) available)

For the Lexan experiments described in Perry et al. (1995), the displacements from the
experimental data were "nulled,” meaning they are absolute measurements representing the
deformation accumulated during the application of the load. The displacement data were
differenced above and below the joints to produce the relative slip between each pair of plates. A
constant value was then added to each set (i.e., for each contact surface) of relative slip data, so
that the slip at the hole or vertical centerline would be zero. Thus, plots of relative slip, with zero
slip arbitrarily assigned to the edge of the hole, were obtained from the Lexan loading tests and
published in Perry et al. (1995). Plots of experimentally determined slippage at loads of 0.14,
0.43, and 0.56 MPa are given in Figures 3 through 5, respectively?. At 0.14 MPa, the slip
between the plates appears to be uniformly distributed around the hole. However, at 0.43 MPa,
the slip along the first and second interface from the top of the measured section has increased
dramatically. Finally, at 0.56 MPa, the second interface from the top has become the primary
location for slip, while the top interface indicates no slip directly above the hole, and a reduced
value of slip far from the hole.

The preliminary results of the Lexan experiments confirmed the feasibility of using phase shifting
moiré interferometry for quantifying slip during laboratory experiments with layered rock models.
Results for the Lexan show a clear evolution of slip as a function of load. The trends apparent in
these experiments were reproducible between experiments. As a second phase in the development
of laboratory data to be used for rock mass model validation, similar experiments have been
performed on granite plates. Granite was chosen because it was easily available, easily
machineable, and chemically similar to the tuff which is the primary rock type at Yucca Mountain.
The analysis of the experimental data and reporting of the results are in progress as of the

2 Specifically, the mass and volume of a sample of the granite used in the INEL lab tests were measured at SNL.
The granite sample was found to have a mass of 33.69 g, and a volume of 11.4 + .2 cm?®. The resulting density was
2.96 + 0.05 g/cm?.

3 These values were documented in a memo from Karen Wendt to Hugh Bruck (both of INEL) dated June 29,
1995. A copy of this memo is included in the records files for work agreements WA-0165 and WA-0190 in the
SNL YMP Local Records Center.

4 Note that the hole cuts into the fourth plate above the horizontal centerline. The reported hole diameter of 1.5"
is correct, but the plates were about 0.01" thinner than reported. It is this reason which explains why the third
interface above the horizontal centerline is not tangent to the hole, as the reported dimensions would indicate.
This information was reported in a personal communication (via e-mail) from Brent Buescher, INEL to Steven R.
Sobolik, SNL, dated September 20, 1995.




completion of this report, so no experimental results of slip are available. However, most of the
material properties of the granite are known (see Table 1). At the time rock-mass model
calculations-were performed, the maximum load tested by INEL was approximately 13 kN (3000
pounds), which for the size of plates tested translates to about 1 MPa. The granite is a much
stiffer material than the Lexan, so naturally less contact displacement was expected; indeed,
qualitative observations of the raw data from initial loading tests confirmed this assumption.

The uniaxial loading tests performed by INEL were designed to produce experimental data
quantifying the behavior of a jointed rock mass under loaded conditions. The frictional slip of
intact rocks along joints such as fractures is a characteristic of rock mass behavior which is
important to the characterization of an underground facility such as the ESF at Yucca Mountain.
Because of the simple geometries and controlled boundary conditions of the laboratory
experiment, sensitivities of the codes to items such as material and joint properties, gridding
schemes, and incremental accumulation of the static load may be easily tested. The laboratory
experiments simulated by the calculations described here do not measure such values as principal
stresses, rock mass strength, and thermal effects on these properties. However, increasingly
complex laboratory experiments have been planned to predict frictional slip for similar sets of
plates undergoing biaxial loading, followed by the prediction of the frictional slip of a "blocky"
model consisting of evenly-spaced, orthogonal, discontinuous fractures. These experiments
would be conducted using the same granite material used previously, as well as plates made from
welded tuff obtained from the Yucca Mountain area.
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Figure 3: Slip along interfaces at og = 0.14 MPa. The position scale is in millimeters, and the slip
is in microns.
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Figure 4: Slip along interfaces at 09 = 0.43 MPa. The position scale is in millimeters, and the slip
is in microns.
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Figure 5:Slip along interfaces at o¢ = 0.56 MPa. The position scale is in millimeters, and the slip
is In microns.




3.0 Calculations Using UDEC

Calculations of uniaxial loading of layered Lexan and granite plates have been performed with the
discrete element code UDEC (Itasca, 1992). These initial calculations are intended to determine
if the results reported by UDEC may be realistically compared to experimental data obtained
under heavily controlled conditions, such as the INEL lab tests, and if the computed values
reasonably predict the experimental results.

The Universal Distinct Element Code, also known as UDEC (Itasca, 1992), is a two-dimensional
numerical program based upon the distinct element method for noncontinuum modeling. UDEC
simulates the response of discontinuous media (such as a jointed rock mass) subjected to either
static or dynamic loading. The discontinuous medium is represented as an assemblage of discrete
blocks. The discontinuities are treated as boundary conditions between blocks; large displace-
ments along discontinuities between blocks are allowed. Deformable blocks are subdivided into a
mesh of finite difference elements and each element responds according to the prescribed stress-
strain law (constitutive model). The block constitutive model applied to the plate materials for
these calculations was the classic elastic, isotropic model (which is the default model in UDEC).
The relative motion of the discontinuities is also governed by linear or non-linear force-
displacement relations for movement in both the normal and shear directions. The default joint
constitutive model, a joint area contact elastic/plastic model with Coulomb slip failure, was
employed for these calculations. UDEC is based on a Lagrangian calculation scheme which is
well suited to model large movements and deformations of a blocky system.

3.1 Lexan Modeling with UDEC

The mesh used for the Lexan calculations is shown in Figure 6. Each of the 24 plates was
subdivided into finite difference zones, and the plates from which the hole was drilled were given
a higher concentration of elements. All of the plates were allowed to slip along the contact
surfaces between plates. The boundary conditions imposed on the problem included the
downward load across the top of the stack of plates (ranging from 0.15-0.55 MPa), a zero
velocity (and therefore, zero displacement) boundary for the bottom surface, and free surfaces at
the sides. The material properties used for Lexan are those described in Table 1. In addition, the
joint constitutive model employed for these calculations required the input of joint stiffness
properties. The joint normal stiffness and joint shear stiffness were both set to 10 GPa/m; a
discussion of the choice of parameters for these values is reserved for later in this chapter.

Most of the results from these calculations will be expressed as displacements or slips occurring at
the sliding interfaces (i.e., joints) between plates. Figure 7 uses the UDEC Lexan model to
describe the location of the horizontal centerline and the first four interfaces above the centerline.
The prescribed diameter of the hole (1.5 inches) and thickness of the plates (0.25 inches) place the
third interface above the horizontal centerline tangent to the top of the hole. As stated in Chapter
2 (see Figures 3-5), the actual thickness of the plates displayed in the plots of experimental data
was somewhat smaller than 0.25 inches, which is why the third interface above the horizontal
centerline from the actual experiment is not tangent to the hole. Any interface above or below the
centerline in the UDEC calculations would be expected to have less slip than those interfaces




intersecting the hole. For this reason, the displacement and slip at the second interface in the
UDEC calculations may be the best choice to compare to those at the third interface in the
experimental results.

Figures 8 through 12 are contour plots displaying the predicted horizontal displacements of the
Lexan plates under loads of 0.15, 0.30, 0.45, 0.50, and 0.55 MPa, respectively. These
displacements are absolute to the original frame of reference, and represent both the slippage
between plates and elastic deformation of the Lexan. Note that Figures 8, 9, and 10, which
display displacement for 0.15, 0.30, and 0.45 MPa respectively, are nearly identical other than the
magnitude; i.e., the displacements shown for 0.30 MPa are approximately twice those shown for
0.15 MPa, and those for 0.45 MPa are three times the magnitude of those for 0.15 MPa. The
UDEC program uses the displacements of pairs of points on opposite sides of plate contact
surfaces to calculate the relative slip between the plates at each location. These slip values are
plotted for the 0.15 MPa loading case in Figure 13. A positive slip in Figure 13 indicates the
bottom plate at a contact location is slipping further to the left than the top (or, the top plate is
slipping further to the right than the bottom plate). The results of the calculations indicate that
the portions of Lexan plates near the hole are deforming towards the hole, while the outlying
portions of the plates are slipping away from the hole.

Plots of experimentally determined slippage at loads of 0.14 MPa, 0.43 MPa, and 0.56 MPa are
given in Figures 3, 4, and 5. These plots of relative slip may be compared to the UDEC
calculations for 0.15 MPa, 0.45 MPa, and 0.55 MPa presented in Figures 14, 15, and 16. A
comparison of the third interface in Figure 3 and the second interface of Figure 14 shows fair
agreement in terms of general trends and magnitude of the observed slip. The interface above the
hole in Figure 14 shows negative slip for a distance, which is unlike the measured slip. There is a
more noticeable difference in the magnitudes of slip displayed in Figures 4 and 15. The third
interface of Figure 4 shows a slip of 6 microns, whereas the second interface in Figure 15 predicts
a slip of about 10 microns. A similar difference can be seen between Figures 5 and 16. The other
interfaces in these figures are slightly different both in magnitudes and trends. UDEC has the
capability of plotting x-y and principal stress fields that correlate to the slip patterns shown here,
so relationships between slip distances and stress may be estimated. Some plots of y-direction

stress corresponding to the slips shown in Figures 14 through 16 will be discussed later in this
chapter.

3.2 Granite Modeling with UDEC

Similar calculations were performed to simulate the granite experiments. The grid used for the
granite calculations is shown in Figure 17. Note that the second interface above the centerline is
tangent to the top of the hole, not the third as in the case of the Lexan simulations. The material
properties used for granite were those listed in Table 1; due to a lack of better information, the
values for friction coefficient and joint properties used for the Lexan plates were also used for the
granite plates. The granite is a much stiffer material than the Lexan, so naturally less contact
displacement is expected. Simulations were run for loads of 0.5 and 1 MPa. Two horizontal
displacement plots are displayed in Figures 18 and 19 for loads of 0.5 and 1 MPa, respectively.
The magnitude of maximum displacement for a load of 0.5 MPa are about one-third less for the




granite than for the Lexan (see Figures 11 and 18). Figures 20 and 21 show the slip predicted by
the calculations after the slip values were zeroed at the hole. Again, the trends are similar to
those for Lexan, but the slip magnitude is less by approximately one third for the closest
corresponding load. Of course, some uncertainty exists in these calculations because of the lack
of a measured friction coefficient for the granite. Additionally, the selection of joint stiffness
properties may be important in determining the predicted slip; this possibility is discussed in the
next section.

3.3 Results and Discussion

The discrete element code UDEC has been used to predict frictional slip measured in uniaxial
loading of Lexan and granite plates with parallel interfaces. The predictions of slip for the Lexan
experiments have been compared to experimental results and found to have inconsistent
agreement with the magnitude and direction of the slip. The prediction of slip for the granite
experiments indicates a stiffer system, as would be expected. The validity of the prediction of slip
(and, subsequently, the prediction of the related principal stress field) by UDEC is highly
dependent on three factors: the choice of material and joint properties, the ability to determine
when a "steady-state” solution is reached, and the physical reality of the steady-state solution
based on the predicted overlap of discrete blocks.

The results of these UDEC calculations are dependent on the assumptions regarding the choice of
both material and joint properties. Because the dynamic measurements of compression and shear
wave velocities were obtained in a laboratory environment with unfractured samples, the use of
these values to determine bulk modulus and Poisson's ratio should produce representative intact
rock values. The granite calculations should be re-done with a measured friction coefficient from
the samples used in the load tests.

The choice of joint stiffness properties used for these calculations is more uncertain than the
collection of the material properties. The joint normal stiffness is derived by dividing the half-
closure stress by the maximum joint closure value. The half-closure stress is the compressive
stress that it takes to close the joint to half the maximum joint closure value. The maximum joint
closure is usually assumed to be the average joint normal opening when the joint is in an
unstressed condition. The elastic shear stiffness is the slope of the curve (actually a straight line)
of shear stress versus joint deformation, analogous to the elastic modulus being the slope of the
line for stress vs. strain. The change from elastic to inelastic slope is governed by the Mohr-
Coulomb failure criterion (which depends on the normal stress, coefficient of friction, and
cohesion). These types of data can be obtained from laboratory experiments. There are no
readily available data concerning joint stiffness properties of Lexan. Table 2-6 in the Site
Characterization Plan Conceptual Design Report (SNL, 1987) lists a lower-bound value of 100
GPa/m for joint shear stiffness for all tuff units at Yucca Mountain, to which granite is a
chemically-similar material. Several calculations by SNL personnel for informal investigations of
tunnel, drift, grout, and fill design concerns used values for both normal and shear stiffness
ranging from 1 to 1000 GPa/m. The median value seemed to be about 10 GPa/m, and this value
was chosen for both joint normal and shear stiffness for the Lexan and granite calculations
presented in Figures 8 through 21. Joint shear stiffness values are included for tuffs at various
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Rock Mass Quality Category numbers in the Reference Information Base (RIB) (DOE/YMP,
1989). Values for the half-closure stress and the maximum joint closure value may be taken from
the RIB for-determining joint normal stiffness properties to be used with a continuum joint mode].
Clearly, site data for determining joint normal and joint shear stiffness are either available or can
be obtained. In addition, the documentation for the UDEC code (Itasca, 1992) suggests a way to
estimate the joint normal stiffness, k,, and the joint shear stiffness, k,, based on bulk and shear
moduli:

4
(K+§G)

k, = k, =10 e max

n

where Az, is the smallest width of an adjoining zone (finite difference element) in the normal
direction. The max[ ] notation indicates that the maximum value over all zones adjacent to the
joint is to be used. For the Lexan and granite calculations, a good value for Az;, was 0.01 m. As

a result, according to the above equation recommended values for joint stiffness were
5660 GPa/m for Lexan and 100,000 GPa/m for granite.

Calculations for the Lexan experiments using joint stiffness values ranging from 2 to 5660 GPa/m
at 0.45 MPa loading indicated significant dependence of the predicted slip on these variables. The
calculations at k,=k.=2 GPa/m suffered numerical problems and could not converge to a solution.
The horizontal displacement predicted using k,=k,=5 GPa/m is shown in Figure 22. Note that the
displacement in the plates above and below the hole are approximately the same for both
stiffnesses (compare to Figure 10), but that there is significantly more displacement in the plates
on either side of the hole for the lower stiffness. Similar horizontal displacement plots for joint
stiffnesses of 100 GPa/m and 5660 GPa/m are shown in Figures 23 and 24. As the joint stiffness
increases, the response is increasingly more similar to a solid block rather than individual plates.
The corresponding slip profiles for these calculations are presented in Figures 25 through 27.
Note that the magnitude of slip predicted over this range of stiffness values is approximately two
orders. [Especially interesting is that the magnitude of slippage exhibited by the Lexan
experiments is bounded by the results predicted by joint stiffnesses of 10 and 100 GPa/m,
indicating a considerable amount of sensitivity to these variables. Figures 28 and 29 show the slip
and horizontal displacement of the granite plates with 0.5 MPa load at the UDEC-recommended
stiffness of 10° GPa/m. In comparison to Figures 20 and 18, respectively, at a stiffness of
10 GPa/m, Figures 28 and 29 indicate a much stiffer system with the primary displacement being
the deformation equivalent to a solid block of granite. Obviously, more information is needed to
determine the true physical and numerical dependencies of frictional slip on the joint stiffness.

One of the concerns with using UDEC to predict the resultant stress and displacement fields due
to a static loading condition is the difficulty in determining when a "steady-state" condition is
attained. UDEC performs static loading problems by creating a dynamic pulse with a very small
timestep. A steady-state solution is achieved when the static load modeled by the dynamic pulse
has completed propagated through the modeled system and the maximum unbalanced force
calculated for all the finite difference cells is approximately zero. The term "steady-state" refers




to the fact that a static process is being modeled by calculating with a time-dependent (i.e.,
dynamic) equation, with the notion that a static condition is achieved when all changes to the
system have approached zero. The code user must be able to determine how many computational
cycles are required for the dynamic pulse to propagate completely through the system. If "steady-
state" is not reached at the end of the prescribed number of cycles, problems such as the uniaxial
loading experiments modeled here (which should have an essentially symmetric solution across the
horizontal axis of symmetry) will exhibit a physically-unrealistic asymmetry. Note the
displacements displayed in Figures 8 through 12, 18, 19, 22, 23, 24, and 29; all of these are
nearly, but not quite, symmetrical, indicating that steady-state had not yet been reached. The
same behavior can be seen in the corresponding y-direction (in the direction of the load) stress
fields; Figures 30 through 32 present the vertical stress fields corresponding to the displacements
in Lexan predicted by Figures 8, 12, and 23 respectively. The reason for asymmetric displacement
across the horizontal centerline was because UDEC did not perform enough computational
cycles; the trick is knowing when the results have reached steady-state (over and above just
having a solution that "looks" correct). The number of computational cycles is set in the UDEC
input file, along with an overlap tolerance. The overlap tolerance is the maximum allowable
overlap distance in space of two contiguous discrete blocks, which may numerically cross over
one into the other. At each cycle (timestep), a maximum unbalanced force is calculated;
theoretically, this number should approach zero at the end of the calculation. The problem lies in
the fact that as the number of cycles is increased, thereby allowing more time for the dynamic
pulse to extend through the system, the amount of overlap between blocks increases. This
overlap, which is a numerical artifact, may increase to levels which may bring into question the
physical reality of the solution. This is the type of code difficulty which seems to require a great
deal of familiarity with the code to address appropriately; it would seem that the code user, as
well as the code itself, should go through a validation process.

The run time for UDEC on these problems was in the range of 20-30 minutes on Sparc 10
workstation, depending on the applied load and the amount of deformation.

13
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Figure 13: Slip vs. Distance, Lexan Plates, Load=0.15 MPa
(Numbers Directly from UDEC run)
—%—— Horizontal Centerline
g ——— st Interface Above Centerline
% ——4&—— 2nd Interface Above Centerline
% ~—— 3rd Interface Above Centeriine
—— 4th Interface Above Centerline

Horizontal Distance from Center of Hole, mm

Figure 14: Slip vs. Distance, Lexan Plates, Load=0.15 MPa
(Point at Hole or Vertical Center Used as Zero Reference)
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—&— 2nd Interface Above Centeriine
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Horizontal Distance from Center of Hole, mm

Figure 15: Slip vs. Distance, Lexan Plates, Load=0.45 MPa, Joint Stiffness=10 GPa/m

.
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——¢—— 1st Interface Above Centeriine
—&— 2nd Interface Above Centeriine

—o—— 3rd Interface Above Centeriine
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—0— 4th Interface Above Centerline

Horizontal Distance from Center of Hole, mm

Figure 16: Slip vs. Distance, Lexan Plates, Load=0.55 MPa
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Figure 20: Slip vs. Distance, Granite Plates, Load=0.5 MPa
(Point at Hole or Vertical Center Used as Zero Reference)
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Figure 21: Slip vs. Distance, Granite Plates, Load=1.0 MPa
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Figure 25: Slip vs. Distance, Lexan Plates, Load=0.45 MPa, Joint Stiffness=5 GPa/m
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Figure 26: Slip vs. Distance, Lexan Plates, Load=0.45 MPa, Joint Stiffness=100 GPa/m




—®—— Horizontal Centerline
—— 1st Interface Above Centeriine
——4— 2nd Interface Above Centerline

—=-—— 3rd Interface Above Centerline

Slip, microns

—10~—— 4th interface Above Centerline

Horizontal Distance from Cenier of Hole, mm

Figure 27: Slip vs. Distance, Lexan Plates, Load=0.45 MPa, Joint Stiffness=5660 GPa/m
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Figure 28: Slip vs. Distance, Granite Plates, L.oad=0.5 MPa, Joint Stiffness=100,000 GPa/m
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4.0 Calculations Using JAC2D

Uniaxial loading calculations simulating the INEL plate tests were also performed with the quasi-
static finite element code JAC2D (Biffle and Blanford, 1994). JAC2D is a two-dimensional
program designed for use on solid mechanics problems using a nonlinear conjugate gradient
method to solve a set of continuum equations based on four-node Lagrangian uniform strain
elements. Several different material constitutive models are available in JAC2D, including the
isothermal (temperature-independent) elastic and elastic-plastic models. The code includes the
capability of defining various sliding interfaces in the solution domain, which was used for this
application. A compliant joint model (or elastic joint model) is available in JAC2D, but was not
appropriate for this work because there was no way to output joint slippage values versus
distance results.

The interfaces between the plates, or joints, were defined discretely in JAC2D by a contact
surface model using a sliding interface algorithm. The sliding interface algorithm in JAC2D
allows general contact between two surfaces of the model. It is a general capability in that it
allows the contact to be either fixed, intermittent (i.e., allows gaps to re-open after initial contact),
or sliding only (i.e., once in contact the two surfaces are always in contact but may slip in relation
to each other) depending on how the model is defined in the input file for the program. The
interfaces may include frictional behavior ranging from frictionless to full friction (fixed). The
sliding interface definition governs how forces are transmitted across the contacting surfaces. For
example, tensile, compressive, and shear forces are all transmitted across a fixed interface, but
only compressive (bearing) force may act across a frictionless sliding interface.

4.1 Lexan Modeling with JAC2D

The Lexan plate experiment was modeled as two-dimensional and doubly symmetric about the
center hole cut through the plates. The finite element mesh is shown in Figure 33. The mesh
included twelve Lexan plates plus an approximation for the steel platen of the testing machine-.
The assumption of double symmetry translates into a displacement constraint against horizontal
displacement along the left edge of the finite element model, which is the vertical centerline
through the center of the hole in the actual experiment, and into a constraint against vertical
movement of the model along the model's bottom edge--the bottom side of the twelfth plate
below the platen. The right edge of the model was not constrained. Twelve sliding interfaces
were defined: eleven partial-width ones between the twelve stacked plates and one of full width
between the uppermost Lexan plate and the platen. The eleven sliding interfaces between the
Lexan plates did not extend across the full width of the (half) plates, but to within one-quarter
inch (6.35 mm) of the model's right boundary, where full connectivity between elements of the

5 The results of the Lexan experiment as reported in Perry, et al. (1995) described the dimensions of the plates in
English units (inches), but described the material properties, loads, and displacements in SI units (MPa, microns,
etc.). The results of the JAC2D and JAS3D calculations are described in the same manner as the report to provide
easier comparison. The calculations performed under JAC2D and JAS3D were performed in English units (thus
the mesh dimensions in Figure 32 are in inches, as are the contour plots of displacement) Displacements and slips
along plate interfaces were calculated in a manner similar that described earlier and were converted to microns
units.
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adjacent plates simulated how the stack of plates had been glued together in the actual
experiment. Each plate-to-plate interface was assigned a coefficient of friction of 0.47, while the
interface between the Lexan plate and the steel platen was modeled as frictionless. The interfaces
were not constrained against separation, although each plate was modeled as being initially in
contact with adjacent plates. The finite element model consisted of 17,473 elements, 18,989
nodes, and 13 material blocks, since each plate was modeled as a separate material block although
all of the Lexan material blocks used the same material property definitions.

Each Lexan plate was modeled as an isothermal elastic material. Only the elastic modulus and
Poisson's ratio were necessary to define the material. The elastic modulus value used for Lexan
was 2.84 GPa (0.4118x10¢ psi), while 0.39 was the value input for the Poisson's ratio. The steel
platen was also modeled as an isothermal elastic material with Young's modulus equal to
206.9 GPa (30x10¢ psi) and Poisson's ratio of 0.30. Because only one element was used to model
the platen, it had a relative stiffness compared to the Lexan even greater than the ratios of their
moduli suggest.

The downward pressure of the platen on the stack of plates was implemented via pressure loading
on the top surface of the one-element platen. The pressure was increased linearly in one hundred
increments up to the full value of 1.0 MPa (145 psi). Thus each load step in the calculation
represented a 0.01 MPa increase in the pressure load. An EXODUS (Mills-Curran et al., 1988)
format plot-file database was written out every fifth load step (at 0.05 MPa increments).

Results of the JAC2D Lexan plate simulation are shown in Figures 34 through 43. Deformed
mesh contour plots of the progressive horizontal displacement throughout the Lexan plate model
at load increments of 0.15, 0.30, 0.45, 0.50, and 0.55 MPa are shown, respectively in Figures 34
through 38. The displacements shown on the contour plots are always relative to the undeformed
state of the mesh, and are shown in the units of inches. In order to discern the relative slippage
between plates, the nodal displacements along the sliding interfaces were extracted from the
EXODUS database created by JAC2D and plotted separately. The nodal displacements were
converted to SI units to facilitate comparison with the reported experimental results and the
results reported with the UDEC models. Slippage was calculated by subtracting the horizontal
nodal displacement at each node on the lower plate's upper surface from the horizontal
displacement value at the node across the sliding interface from it on the upper plate's lower
surface. In cases where the two adjoining surfaces did not have matching nodal coordinate
values, a spline fit of the horizontal displacement data for each surface was generated so that the
ordinates at matching abscissas could be subtracted and the slippage curve plotted. The plate
slippage plots, at the load increments corresponding to the five displacement-contour plots, are
shown in Figures 39 through 43, respectively, for the five inter-plate sliding interfaces beginning
at the horizontal centerline of the hole and progressing upward. Due to the vertical symmetry
assumption, there is of course no slip along the bottom plate boundary although there is
horizontal displacement, which is shown in Figure 39. Positive slip indicates that the lower
surface of the upper plate has displaced to the right, outward from the hole, relative to the upper
surface of the plate below it.

The horizontal displacement contour plots indicate that there is some inward displacement
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around the hole, but this is relatively minor in extent. Most of the horizontal displacement is
outward, away from the hole, growing larger as the plates are squeezed under more pressure.
Most of the slippage occurs between the third and fourth plates above the horizontal centerline
(in the third sliding interface above the horizontal centerline), which is the sliding interface
exactly level with the top of the hole. In this interface, slippage of as much as five microns (at
0.50 MPa pressure load) was recorded over a distance of about ten to twelve centimeters
horizontally from the center of the hole. No other interface exhibited any significant slippage.

4.2 Granite Modeling with JAC2D

The granite plate model was similar to the Lexan plate model. The finite element mesh is shown
in Figure 44. The basic difference between the two models was the granite plate model's
dimensions matched those of the actual experiment: each granite plate was ten inches (254 mm)
long by 0.375 inches (9.53 mm) high. Otherwise the meshing scheme (with minor adjustments),
boundary conditions, symmetry assumptions, and loading conditions were carried over virtually
the same way they were defined for the Lexan plate model. The granite plate model included
17,497 elements, 18,561 nodes, 9 material blocks, and 8 sliding interfaces. Granite was assumed
to be an isothermal elastic material with a Young's modulus of 14x10¢ psi (96.7 GPa) and
Poisson's ratio equal to 0.239.

Results from the two-dimenstional JAC2D granite plate model are plotted in Figures 45 through
53. Figures 45 through 49 show horizontal displacement contours overlying the deformed mesh
at load increments of 0.15, 0.30, 0.45, 0.50, and 0.55 MPa, respectively, while Figures 50 through
53 show the slippage along the four inter-plate contact surfaces passing through and nearest the
hole. As in the Lexan model, the bottom of the model is a symmetry plane representing the
contact interface between the two middle-most plates. The symmetry assumption precludes
relative slippage but allows horizontal displacement, which is shown in Figure 50. Again,
slippage was calculated by subtracting the horizontal nodal displacement at each node on the
lower plate's upper surface from the horizontal displacement value at the node across the sliding
interface from it on the upper plate's lower surface. Positive slip indicates that the lower surface
of the upper plate has displaced to the right, outward from the hole, relative to the upper surface
of the plate below it.

The granite is a much stiffer material than Lexan, which is evident in the much smaller values
recorded in the contour plots of horizontal displacement. The displacement results for the
granite model are two to three orders of magnitude less than the results for the Lexan model.
Relatively more of the granite plate deflects inward horizontally, however, as the line separating
inward from outward displacement extends more or less directly above the entire hole (however,
note that the granite plates are not as wide as the Lexan ones, so the same size hole is relatively
larger in the granite model).

Slippage between the plates of the granite model is also proportionately reduced from the Lexan
model, although it appears to have been more evenly distributed among the sliding interfaces
than in the other two-dimensional model. Slippage magnitudes of from five to ten thousandths
of a micron (at pressure loads of 0.30 MPa or greater) over a horizontal distance of 30
millimeters or so from the hole center are seen in the first interface (between the first and second

38




plates) above the horizontal centerline. The peak value of slippage of about thirty-five
thousandths of a micron was recorded in the second interface above the horizontal centerline,
which, as was the case in the Lexan model, was located exactly at the top of the hole. Slippage
reaching over ten thousandths of a micron was reached in the third interface above the horizontal
centerline.

The run time for JAC2D was dependent primarily on the number of contact surfaces modeled for
each experiment. For the Lexan problems, JAC2D required approximately 35 CPU-hours
(125713 CPU-seconds) on an HP9000/730 computer. On the same computer, the granite
simulations required approximately 20 CPU-hours (71,438 CPU-seconds). A two-dimensional
model has three degrees of freedom at unconstrained nodes (x-displacement, y-displacement,
and rotation about the z-axis), and there are additional equations to solve for any contact
conditions at the nodes. The Lexan model had about 19,000 nodes and 12 contact surfaces, and
the granite model had about 18,600 nodes and 8 contact surfaces. A comparison of the two
problems indicates that the number of contact surfaces was the determining factor in the
difference in run times. The 2-D Lexan problem had 1.5 times as many contact surfaces as the
2-D granite problem, and the ratio of CPU-seconds is about 1.76. The predicted magnitudes of
deformation may have also contributed to the difference in run times, as increasing gradients in
the primary variables tend to add computational complexity to finite element calculations.
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Undeformed Mesh for the JAC2D Granite Plate Model

Figure 44
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5.0 Calculations Using JAS3D

A three-dimensional model of the Lexan plate experiment was created for use with the JAS3D
code (Blanford, in preparation; see footnote 1). JAS3D is the algorithmic successor to the
JAC2D and JAC3D codes and uses much of the same logic as the earlier codes, as well as
incorporating new capabilities and enhancements. The initial validation calculations modeling
the Lexan plate experiment were designed such that comparable results would be obtained with
models as similar as possible for JAC2D and JAS3D. For the Lexan experiment calculations
only the elastic material model in JAS3D was used; this is the same model which was
implemented in JAC2D. The conjugate gradient solution method was used (also the same as for
JAC2D). JAS3D is a code still under development and thus many of the capabilities of JAS3D
were not exercised in these calculations. The dynamic relaxation method was not utilized
because of indications that the run time for this sort of problem would be excessive. The
compliant joint model was not appropriate for this work because there was no way to output
joint slippage values versus distance results.

The three-dimensional Lexan plate model was deliberately created to be as similar as possible to
the two-dimensional JAC2D model in order to compare directly the results from the two codes.
The material properties used for Lexan in the JAC2D simulations were employed in the JAS3D
simulations. The same contact surface representation of joint behavior used in JAC2D was used
in JAS3D, as well as the same values for friction coefficient. The mesh for the JAS3D model is
shown in Figure 54. As stated in Chapter 4, the mesh in Figure 54 and the JAS3D calculations
were done in English units; the displacements and slips were then converted to SI units for
comparison with the other experiment and numerical results.

The three-dimensional model was defined as tri-symmetric, representing one-eighth of the actual
geometry. Symmetry planes were assumed to exist passing both horizontally and vertically
across the center of the hole, as well as on one of the two model surfaces which the hole passes
through (which will be referred to as the "back" surface; the "front" surface was unconstrained).
As before, the outer one-quarter inch (6.35 mm) of the plate surfaces were generated with
uninterrupted connectivity in order to simulate the glue holding the plates together. The mesh
was somewhat coarser than the equivalent two-dimensional one due to the necessity of adding
layers of elements to create depth in the third dimension, and consisted of 59,425 elements,
75,689 nodes, 13 material blocks, and 12 sliding interfaces. There were 7,428 eight-node, six-
sided (brick) elements in each of the eight equally-sized element layers across the depth of the
model.

Horizontal displacement contour plots at load levels of 0.15, 0.30, 0.45, 0.50, and 0.55 MPa,
respectively, are shown in Figures 55 through 59, for the front (visible) face of the model.
Comparable plots for the (hidden) back face of the model, which was constrained to in-plane
displacements only due to the symmetry assumption and represents physically the middle
vertical surface of each plate, are shown in Figures 65 through 69. The back face results are
shown because they include the least influence from unconstrained edge effects and thus should
provide the closest comparison to results from the plane strain assumption-based two-
dimensional calculations. The overall magnitude of horizontal displacement achieved in the
JAS3D Lexan model was about the same as for the JAC2D model, although with somewhat

61




different characteristics. At the higher load increments, for instance, the contour lines of equal
displacement magnitude are oriented at an angle running diagonally from the hole upwards
toward the outside end of the platen, whereas in the two-dimensional model the plotted contours
are much more vertical in orientation. (Although at lower load levels, 0.30 MPa or less, the 3-D
and 2-D plots are much more alike, with both showing the more vertical contour lines.) The
area of inward horizontal displacement extends outward farther from the hole than it did in the
JAC2D model, especially in the uppermost plates closest to the platen.

Slippage between plates of the JAS3D Lexan model is illustrated in Figures 60 through 64 for
the front face plate edges and in Figures 70 through 74 for the back face. At first glance there
appears to be widespread albeit small magnitude slippage occurring along each of the four plate
interfaces above the horizontal midplane. However, this may be mostly a result of numerical
"noise" due to the mesh coarseness and insufficient tightening of the code tolerance (residual
force imbalance) values. In all but one case, slippage of less than a micron is indicated from this
calculation. The most consistently indicated slippage occurs at the front face in the second plate
interface above the horizontal midplane. The largest amount of slippage, almost two microns,
occurs near the hole at the back face edge of the plate interface one plate above the horizontal
midplane (the bottom of the model).

JAS3D required approximately 2.8 CPU-hours on SNL's Cray Y-MP computer running under
Unicos 7.0. A comparison with the run times reported in Chapter 4 shows that JAC2D took a lot
longer than JAS3D (20-35 CPU-hours for JAC2D versus 2.8 CPU-hours for JAS3D). This
significant difference in run time occurred primarily because the Cray is a much faster machine
than the HP900O by over an order of magnitude. JAS3D could not be run on the HP9000 due to
insufficient memory the number of elements used for these calculations. To do a valid
comparison of run times for different codes, one must compare the number of equations that
each code is solving, which is roughly equal to the number of degrees of freedom in each mesh.
A two-dimensional model has three degrees of freedom at unconstrained nodes (x-displacement,
y-displacement, and rotation about the z-axis), whereas a three-dimensional model has six
degrees of freedom (x-, y-, and z-displacements plus rotations about each axis) for each node
without constraining boundary conditions. There are additional equations to solve for any
contact conditions at the nodes. The three-dimensional Lexan model had about 75,700 nodes
(nearly four times as many nodes as the JAC2D Lexan simulation) and 12 contact surfaces (the
same as the JAC2D Lexan simulation but with more nodes on each contact surface even with
coarser node spacing because of the third dimension). Therefore, with twice the degrees of
freedom and four times the number of nodes, the Lexan calculations performed with JAS3D
with the conjugate gradient solver would be expected to run at least eight times longer on the
same computer than the JAC2D calculations reported in Chapter 4.



2.0 3.0

1.0

-1.0 0.0
Undeformed Mesh for the JAS3D Lexan Plate Model (front surface of model)

.
.

Figure 54

-2.0

-3.0

L3
> -
—_
Bt
(]
a
w
X
[ah]
o
.
m[")
—
[Sad
=Z0L
Lo
=
M >t
e
LJ
| —
T i [E111
i 11
1l 1l
1141} 1
T 1l Hu
:: i
! T
— 1} 1] I
il 1 1 ]
i |
1 It I
i) i
s : : It
| nitjity
il
Ii il E: ] ﬁ
b
H Fyilt
1 i ;: i
§ M4
e
!: I+
- 1 ::
1 M
fu8
(AT
Py
i il i
! gttty
i fyf sty 1
f,' it 1
[ iyttt
il AT
1 T 1t
i w4 s
A
! i
ALK ]
WK u
[T i ::! IR
i) f:’ T
— ] Sty
W]
T 3
WAMTHTIES
It il ! 11
I i
i i
i i I
| :'
— 1 I Hi '}HHH’ 111
! ! | | | l ]
(am] [ew) o O o (en]} (@]
. . . . . . .
[ap] (@Y} — o — (9} [np]
I | §

63




X

X
00SI1°0 AWIL
9-31¥'¥L =X
9-3£¢°0C- =0
9-305'¢cg =4
9-3d0S5°4%y =43
9-305'¢¢ =40
9-30S°4Z1 =10
9-40S°¢ = §
9-30s'¢l- =4
X1dS1d

¢l 4021

:3ATL3AY SX30718 IN3IW3IN3
0°00T7T A9 Q3IJINSUKW

(20JINS JUOIJ) PeoT BJIN ST°0 1 [OPOIAl d1e[d Uexa] ESVI 9Y) WI0LF SINOIUOD) Judwade[dsi(] [eU0ZLIOH :CS am3ng

0°'¢ 0°¢ 0°1 0°0 0°1- 0'¢- 0'¢-
_ _ [ _ | I I
i | T q 7Y
& D/m QW mmw { /w
[ L —— —
&N U\ N AN
m/ a/ o/ m/
N . W
HEN /u/ /D/ A\ DN
:._/ u/ D/ o/ m_/
A3 i 3
P , , , !

0'¢-

0°c-

0°1-

00

0°1

0 ¢

0°¢




(eoByINS JUOI}) PLOT BJIAL 0€ 0 & [OPOIN A1B[d UBXe JESVI Y3 WOIY SIN0JUOY) Juoweoedsi(] [eU0ZLOY :9¢ amSng

0 02 0°1 0°0 0°1 - 0 z- 0 g-
X < L | | | | | | |
- oe-
{
B oy -1 0e-
000§'0 AWl g A a
e 7 —7 \\\E&W
N\ T SY Sd OO
B 4 U~ LS N S~ 2 1 1,
q LN sy o — =g
N & S T
C-20b%1°0 =X N 5 S S 3
£-311500- =6 | L 3 'y T Sy
. - 100
0300810 Z4| [ Ty S > o
CRs | S
L e — e —
X1dSI1a
- oz
¢1 40 21
:3AILOY S¥0078 INIWAN3 | e
07001 A8 O3IJINOUN | | |




(90vJans Ju0I]) PeoTT BN S0 18 [OPON 21e[d UeXaT dESVI Y} WOIJ MO0 WSWIOR[ASI(] [MIU0ZLIOH LS dm3L]

> 02 01 0°0 01 - 0°z- 0'g-
X | | | | | | |
. —] O.ml
X

| —] D.Nl

005%°0  dWIL N 3 q
| EY ————F o
. A S B
A A g Jad ek JE dore
e 4 J 0
\r._ wﬁ_c mrc d
. s
£-36198°0 =X §u S J Y 8
£-39£80°0- = @ T T ——F @ .
c-asszs0 =4 | A A < 8 00
£-38¢¢%:0 =13| o DL g
¢-35221:0 =0 | d
g P —
£-387%0°0- =Y a £ g
X1ds1a
- - 02
€1 40 21
:JATLOY 539078 INIWAN3 | e
07007 X8 Q3TJINOUW | | m




(90vzINS JUOIJ) PEOT BJIN 0S'() Y8 [PPOIN 9IB[d Uexd] (IESV( oY) WOIJ STNOIU0Y) JUdWooRldsi(] [euozZLIoH 8¢ Sy

0°g 0°Z 0'1 0°0 0°1- 0 z- 0°g-
X | _ | | | | |
. — D.Ml
X

- ¥ ~{oe-

0005°0  3FWIL E )
VL i gl
Ja _s4 U AN
Pt %] — @ aad - J 8T
- H01-
g g 70 —%
—] 700 70 L
£-38805°0 =X e 0 P J - 5
€-31£80°0- =& D ——— 9 @
-gpases 1q| — I
gty ———
¢-30060°0 =19 L /
¢-30050°0- =4 ~ d o
X1dS10
u oz
c1 40 2l
:3AILOH S¥00718 INIW3N3 | —Hog
0°001 A8 Q31 JINILK




(eoepms ju01y) Peo BN SS'0 I8 [SPOJAl e[ UeXe] AESVS Y WOIJ SINO0IU0)) Juswde[dsi( [BIUOZLIOY 65 dmBT]

0'¢ 0°¢ 0'1 0°0
_ ! _ _

00SS°0 JWIL

o
DX

oo

[apInD]
It
Wtd

S9
80
06§
0S¥
0S&”
0&¢
061
0S50

8¢
06
40
-4d0
30
J0
40
Jd0

[aplapiplapinplnp]
|

!
{1 T [ A T 1

— O0CO00O00o

o

9]

_

O CooOoOLln.

>

£1 40¢l
:JATL3Y SX3078 IN3IW3T3

0°00T7 X9 Q3IJINSBKW




(ooryImS JUOL) [OPOIN B UBXT AESVI Y JO SUIANU) [RIUOZLIOH SuoTy syuowRoedsiq :09 amnSig
(ww) Jea) 8joH woi IONVLSIQ [eozuoH
GG 05 S Oy S8 08 G 02

L

I
0'L-

lllllllllllllllllllllll 00

xxxxxxxxxxxxxxxxxxxxxx o'l
0'¢
0¢
oY

09

e - — —
- —
" —
—

69

09

(wn) X1dsIa

0L
0’8
06

ediN GG'O e
BdN 050
edN Gv'0 - — - —
E4WN0E0 —~ - -
BANGLO — — — Oct

00}

i
Inubhaddo e beibisaedeeeetesn donnebepnabonna ot tans

LU L RN LN RS LN L RN LR L
'

0Ll

(e0e} Juoly) BuIlIEIUST [eJuoZiIoy Buoje JDONV.LSIA SA LNFWIOV1dSIA

(L0 = M) |opo\ passhe uexaT TINI JINA AESYI




(9oeyIns juoxy)

[OPOJA J1B[d UeX9 CIESVL SY} JO SUIISIUQ)) [BIUOZLIOH 9y} 9A0qR 9dvjIaiu] a1kl 1S} Suoly dijS pue sjuoweoe(dsiq 19 iy
(ww) J81ue) 910H WOl IDNV.LSIA eluozuoH

GG 0S (1% oy GE o€ G2 02

11 O

0¢

0'L-

00
o'l
0¢
0'€
oV

COEETEE -
(dus) edW 05°0
(d1S) BN G0 © wm o o
(dis) edIN OE'Q =« o =
(lyS) BAIN GL'Q o s s
(+eddn) ediN G5°0
(+8ddn) edIN 05°0
(+eddn) edIN S¥°0
(4addn) edN 0E'0 — - — -
(4oddn) edIN GL'O - -
(4amo)) 4N G5°0 ©
(1aMm0]) BdIN 050 5——A
(1oMmo)) BdW SP'0 @ — - -8
(1lomo)) W 0E'O V- - - | £ .77
(omopediNGloc-— o Fr Y S s laa e s b oo by oo bea s bo s tegsrlagg 0oLl

(99} 1UOJY) BUIMBIUSD "ZIIOY BAOQR BorLelUl IS| Buoe JONVLSIA SA dI1S

(210 = 1) |opo\ pasehe] uexsa TIANI AINA AESYE

09

(wr) xIdsiIa

09
0L

08

0’6

lyoptlpeaeteen bpnestaee e nn b ians st pnna b bt b

00l




(9oryIns Ju0L))
TOPOJA S1e[d UBXYT AESVI Y JO SUI[IANUS)) [BIUOZLIOH A1 2A0qE 08131 de[d Pu0des Suory dijs pue stuswadeldsiq 79 2ungny

(ww) Jejue) sloH woly JONVLSIA [euozUoH

Ga 04 1417 (0)7 Ge (0] T 0c Gl (0] N
' I O OO NI LI BN BRLILILI P 0'¢c
2 Jon
= o8-8 9768 3
AP T - PP - Sl O ol = MR AN 4 00
..llu. ....... ||.I._ O.—.
= .= Foz
C a-2~\" =
- = g 4 .. O
- e E- =T 4 0¢ %)
C JE e ) - H
(dus) BAIN GG semsemmeeesne | |2 o Joy X _
(diis) ediN 0570 s o . =) "
(diis) edN G0 « e = == | | d ..
(dys) eaw o0 ~---( A 7 = 0s 3
(d1s) BdIN GL'O e woe o | = -
(1eddn) edy GG'Q - - v T e -1 09
()eddn) edW 050 —— | |0 A -
(Jaddn) ediN Sp'Q - - - - - N 5 = 0/
(seddn)edmoeo ----|E o -
(1oddn) ediN G510 — — — | E e J .
(1oMO)) BN §S'0 O~ ol IE P . -4 08
(omol) BN 050 a——a| B 2 T 3
(1oMo)) BAN GY0 8 — - —8 | 4 06
(1amoy) BdIN 0870 V- - - ¥ | | 5
(JemopedN G0 — O Flyy b et baa e breaa i r e bagaa byt asa b 00l

(908} JUOL}) BUIIBIUBD “ZLOY BAOJE 8deuslul pug Buoje 3DONVYLSIA SA dI1S

(210 = M) |9pol\ passhe uexa 1INI JINA AESYP




(9ovyIns Ju0Iy)
SPOIN S1e]d UBXST ESV Y} JO SUIEINUY)) [BIUOZLIOH Y} 9A0QE 9deyIau] e[ pay], Suoy dif§ pue stuswooedsiq :g9 am3ry

(ww) s8us) 8joH Wolj IONVLSIQ [eluozuoH

G¢6 05 o Oy G& 0€ G 0 G OFL § O

RN R L N N RN AR LN AR RN R 0'c-

(dis) ediN 65°0
(1IS) BAIN 0G0 memmommmssse
(di|s) BN GP'Q « o = oo
(diis) BAN 0E°0 = = = =
(d1IS) BN GL'Q o oo e
(1eddn) ediN 55°0
(1eddn) edN 0G50 ————
(1eddn) ediNl S¥°0
(1eddn) edN 0€°0 - - - -
(4eddn) edN G510 — — —
(1emo)) BdIN 650 ©
(1am0j) ediN 050 &——n
(Jemo)) edN SY'0 B — - —a| [ -
(lomop) BN OEO V-~ ~ v | B .
(omoNedNGI0-—-©| Fypaalaraalanradaoeralosuobovardboanntonnnlosenlboneslyngi 0’8

(80®) JU0J}) BUIIBIUBD "ZIIoY BA0ge eoreualul pig Buoje JONVLSIA SA dI1S

(210 = M) |9po\ pasehe] uexa] TaNI dNA AESYP




(9oeyIns JU0xy)
[OPOJN Ne[J UBXS] (IESVL 9Y) JO QUIINUI)) [BIUOZLIOY] U} 9A0QE DeJINU] Ne[d Yunog Juofy dijs pue sjuowederdsiq :p9 sam3ig
(Ww) Jeue) sjoH wolf IDNVLSIA [eluozuoH

66 09 G Oy G€ 0 S O0¢c Gt O &9 O

NN LA RN RN R RN R RN R D RN 0}-
n - 0}
_ - O¢ O
N 5 %
o . e
(dis) BdIN GG'O wwramarasenar | f 3 oe m i
(dis) BdIN 0G0 s | = - N R
(dus) ediN S¥'0 - ==~ | [ . w
(dus) edW 0E0 — === | |- 4 =)
(diis) edN G1°0 = wom = | [~ o 4 o
(1addn) edN G§'0 oo L - o :
(teddn) edWN 050 —— | ¢ o -
(1oddn) edN Sp°Q - - - o o e o'
(Jeddn) edWoe'0 ----| | 7 -
(jeddn)edwslo ——— |, @ -
(48Mmo]) BJIN G50 -+ ol o s .
(temo)) ediN 05°0 &——aA| \ - 09
(1amo)) BdW S0 — - —&| [~ i
(emol) edW 0E0 V- - - 9| |- .
(Jemo edNSL'06-— 0| My loaaalaeaateaaadeneadonanbonoatoenadonsabonsatond] 0/

(901} 1UOL}) BUIIBIUBD "ZIIOY BA0E 8deuU8lUl Uiy Buoje JONV.LSIA SA IS

(110 = 1) jopoiN pasahe] uexe] TaANI WA AESYI




(908Jans Yorq) peor] eI ST°0 I8 [SPOIN SIB[d UBXST JESV Y} WOIJ SIMOIU0)) JUawade[dsiq [BIU0ZLIOH 69 dmSL]

00S1°0

I
OOO00O000 py—
wnwmmmLw p<-
ANNANNAN O
>X o= MO N

9-3
9-3
9-3
9-3
9-4
9-3
9-3
9-4

JWIL

Imu

SXK

L T I AR E I
0O CoOoQaL.

]
o
w
L]

g1 40 cl
:JATLOH SXNO018 INJIW3TTd

0°00T X8 Q3T JINIUNW

0°¢

0°¢

0°1

0°0

0°1-

0°¢-

0'¢-

_

_




(ooeyIns ovQ) PeOT BJI €0 18 [SPOIN [ UBXT AESVI S WOIJ SINOJUO)) JUSWOR[dSI( [BIU0ZHOY (99 amSLy

0°¢ 0°¢ 0°1 0°0 0°1- 0°¢- 0°c-
X _ | _ | [ | _
| —H 0c-
N
- - 0e-
. g J g
000£°0  3WIL N \ J
Jy ~ 9
. 7 ) 7 3
i T A pch I .
> & & i
= = LA A
TR 28 5 i
o ol i T ] ot
£-300€1.0 = < 4 g &£ L
e Ty
¢-30010°0 =4
£-30020°0- =4 | q LD g
X1dSId o J d .
— —1 0°¢
61 40 ¢l
*3ATL3Y SH3071E IN3WET3 | o¢
0°007 X8 Q3I4INIYNW _ : _




(208pInS jorq) e BdIN St'() I8 [OPOJA A1B[d UBXd (ESVI Sy WI0IJ SINOJUOY) JUSWSIR[ASI(] [BUOZLIOY L9 dn3n]

00S%'0

!
non
DX

I

MMIMMNIMM M
I
WML LI

X O00000O0 oo

-1
a
w
—t

wmwmwmmmu oo
NINOINONIN
ANONINAN oW
OO——NM O
nwnnun

O CoOOLIL

1
1

£1 40¢1

JWIL

:JATL3B SXH3018 INIW3'13

0°007 X8 Q3TJINIBN

0'¢ 0'2 0'1 0°0 0°1- 0°2- 0°¢-
_ I [ _ _ _ _
B 7
- - u//m ]
T__ q T3
— 3 o a 7 .
m/m_vf Ju/mjo LY Jmmm/
7o 0 T AN
I L ——
 — m/ﬁ o/ Q/
T N\ )N
i ) o |

0" %-

0'¢c-

0'1-

0'0

01

0°¢

0'¢

76




(90ryINS YoBq) PEOT BJIN (S0 18 [SPOIA el UeX9] dESVI Yl WO SI0Iu0)) Juawadeldsi( [ejuozLIoy :89 m3ny

0°¢ 0'z 01 0'0 0'1- 0'z- 0°¢-
X _ _ _ _ _ _ i
- 4 0¢-
X
| —] D.Nl
. /J N
000S°0  AWIL i~ = 5
.A/ : oot
) 7 T cjuce
- ) r._/ 4 10 1-
~C ] a T~
T~ e N SRR
£-79805'0 =X S J J qoTa_ S
€_371€60°0- = & T~ T T~_ N .
¢-3005%°0 =4 IR T~_ 1) — 0°0
£-300G6£°0 =13 g g T N
€-30052°0 =0
€-30051°0 =0 S T~ T~
€-30050°0 =4 . N
¢-30050°0- =4 N\ )
— A 3 — 01
X1dS10 |
= — 0z
€1 40 21
:3IAILOY SX00718 INIW3T3 | A ge
0°007 X8 Q31 JINSUMN _




(9oryIns yorq) PRoT BJIN SS°0 18 [OPOIAL A1e[d UeXeT (JESVI Y WOIJ SIN0I0)) JUawaoR[dsi(] [eluozZLIOH :69 31y

0°g o'z 0T 0°0 0°1- 0'2- 0°g-
X | | | _ _ | |
L 4 0¢-
X
- U — D-NI
00SS°0  3WIL m?/ Vu/ ,J/ k
T__ 0 TC 3
] S 0~ 0 00 TR .
N 3 0 g
BY I ] T
£-39£59°0 =X A O TN o™~ 0
£-30680°0- =@ T~ 9~ T _ NN .
£-3008810 =4 | L S NG
£-3008£°0 = @ X N\ N,
52900870 - 8 —\ N
£-30050°0 =4 | c/¢ me 1o
X1dS1a |
- — oz
€1 40 21
:JALLOH $Y00778 IN3W313 | Ao
0°001 X8 031JINIUH _ _




(90RyINS 2BQ) [OPOI Ne[J UBXST (JESVL oY JO SUIIAIUI)) [eiuozuof] Suopy ssuowaderdsiy (L 2m3ny
(Ww) JeusD sjoH wol IONV.LSIA eIuozLoH

GG 011 12174 0)7 Ge o€ Géo 0¢ St
= [RLNL I L L LB L LB O
= 3o
= J oz
= 3 o
W 7 J 0t O
= - ] o
=T T Jos =2
~a m Py o
= 409 = N
: 1 5
-y - 0L
3 J o8
= 4 06

MQ_meO ............. |H|-. .................................................................. lwo.o—.

ediN 090 ~ -

BN G0 -—-— | | 4 011

edWNog0 ----| F m

BAWNGSI0 —— — Bl s baa s bea g daaaadsgaatsa e taa s baai g 0zl

(e0e) 3oRQ) BUIKBIUSD [RlUOZIIOY Buole JONVYLSIA SA INIWIOVdSIA
(2¥°0 = M) |opo paleAe uexa TIANI ANA AESYP




(eovns 3oeq)
[SPOIN J1e[d Uexd T (QES VI Y} JO QUILIIUD)) [BIUOZLIOH dY3 3A0qR ddejdU] 9l 1811 Suoly dijs pue sjuoweoe[dsiq :1. 2nguy
(ww) Jsluan 8j0H wol JONY.LSIA [eluozLoH

o S Y et

1} 0g 14174 )7 Ge 0} ge 0¢ =]
= INLJLINL L LN L L L LB BLBLBLIL™ "L BRI 0'¢-
3 4 0k
> 400
401
4 o0¢
40¢ o
3 %)
4 0V _..m
(dlIS) BIN GG'Q  sweasaseaacas = G )
(dIS) BAIN 0G"Q s B 3o —_— %
(dIS) BN G50 e e | EET0 T 4 0'S E
(dis) BAW 0E'0 = =~ = = 09 =
(dIS) BN GL'O meme e e -
(toddn) ediN G§'0 - 1
(1eddn) 4 05°0 4 0.
(toddn) ediN Gp°Q - - - 3
(+oddn) edy 080 - - - - -4 08
(+oddn) edN G40 — — — -
(1oMmo]) BN GG'Q © - © d o6
(4omo]) B4IN 0G'0 A——A 3
(lemo}) edN SY 0 — - = E.-< = ]
(1emo]) B4 0€'0 V- - - ¥ =
(omoBdWSI0G-——O | F) yyya tara s b e oo daaa b da s besaadagss- oLl

(e0e} YorQ) BUIMBIUSD "ZIIOY BA0gR 8oeMalUl IS| Buoje 3ONVLSIA SA dI1S

(2°0 = 1) |9po pasohe] uexa TINI dWNA AESYP




(qoeyms qoeq)
[OPOIAl 91B[d UexdT JESVL Y} JO SUIIAUI)) [EIUOZLIOY] Y} 9A0QE 20RLINU] e[ puoddS Suory difS pue sjuowadedsyq 7/ 2mIn]

(ww) J9ue) ojoH woly IONV.LSIA [euozuoH

Ggq 0S Gy (07 Gg o€ G¢o 0¢ Gl ol
LN L LR L L LR LA L 0¢c-
4 0'L-
___________________ m 00
401
q07¢
- )
14 0¢€ &
- By
(A1S) €N GGQ_wwerrerene Jdoy % ~
(dus) ediN 05°0 - - = =
(dis) ediN G¥°0 > =~ — d ..
(diis) BdW 0EQ = = = = 3 0% 3
(d1IS) BIN GL O e e e =
(deddn) BN GG°0 - -1 09
(1oddn) edW 0650 — 2
(toddn) edN Gp°Q - - - - = Y
(4oddn) edW 00 - - - - -
(daddn) ediN L0 — — — 4 A
(1omo}) BAIN GG'0 & © - 08
(1omo)) B4 05°0 &——=~ . =
(1emo)) edN G¥'0 & — - —a 4 06
(+emo)) YN 0E°0 V- — — ¥ 3
(tamo)ediNSt 0o ——o| Py g aa bt er e b ea i o e be o g s banaadba s oo toenales g 00l

(eor} ¥orQ) BUIIBIUBD "ZIIOY 8A0de 8deUBUl pug Buole IONVLSIA SA dITS

(21°0 = 1) [9pOIN paiahe uexa 1INI dINA AESYI




(9ovyms yoeq)
[OPOIAl S1B[d UBXd] ESVL SY) JO UIIUIY) TRIUOZLIOK YY) 9A0QR 98I eld payL, Suoly di§ pue syuowddR[dsI(q €/ 2mS1g
(ww) I8 8|0+ Wol IDNVYLSIA [ewozioH

— NV e

¢¢ 09 Sy Oy S€ 08 G¢ Oc Gl oL ¢ 0

L L LR UL RN RN L LR LN LR 0'L-

0l

0'¢

0¢€

DT  ——
a__mvmn_s_om.o
A

OV

difs) BdIN GP'0 » e = e
(di1S) BN Q0 e v o
(d1iS) BN GL'O e s o

(4oddn) edIN SS°0

(teddn) ed§ 0G0~
Cmaazvmms_mv.o,
A
A

(wr) x1dsIa

0'S

09

leddn) edW 0E'0 - - - —
leddn) ediN G610 — — —
(48mo]) BdIN G50 ©

(4omo]) edIN 0G0 ——2A
(4emol) BN SY'0 0 — - —B
(4emo)) BdiN 00 V- - - ¥
(Jamo]) BN G1'0 - — —© AENIERINIRNERIRRENEANERNNRNEARENE NN INRNERNERINNAN) 0'6

(e08e} YorQq) BUINBIUBD "ZIIOY BAode eoepaiul pig Buoje JONV.LSIA SA dI1S

(270 = M) |9po\ patehe uexa TIANI JINA AESYr

0L

LI} LI 1 L) | IR LR ] L) I
| l\l | l.g LN RN BLE

08

L I RN




(soryIns joeq)
JOPOIN e[ UexXd | AESV/ SY) JO SUIINU)) [RIUOZLIOH Y} FA0QR DBLIAU] [ Yuno Suory dif§ pue sjuowededsiq :pL 2ndiy

(ww) 18U 8joH Wolf JONVY.LSIA [euozioH
GG 0S5 Sy Oy G& 0 S2 02 SL 0L S O

L N A R N N RN R RN RN RN RN A REE LR 0}
R 8 e Camcaansan ns i i S WO 00
e ey m\m\\MMMM\%
a8 A ]
...... B =gl 8 b\b\M\Q i .
= N\m\- NA\w\ .n.@... Il O —.
- o & -
" oo e \&\N\Q\Q. ]
T el Joz o
T H =l e T - \&\\ < - Nl\lu
-7 el ° N T
(dlS) BAIN GG'O <wsenssesee -] = o s & u [ m 3}
(cIS) BAIN 0G'O wwmmemmmmn | |- Y ¢ - - %
(dils) BN S0 « s = oo | [ A . & . .w
(dis) edW 0E0 ===~ | |- o 1 3
(dYS) BN G1'0 = woee e | [ ra - o
(teddn) edIN GGO - - T o -
(doddn) ed 050 —— - | | \ o .
(1eddn) edN G0 - - - ..I\\\ o0 o0 - 0’
(teddn) edW 0e0 ----| F & ]
(foddn) BdN G40 — — — | [ @ .
(1omol) BdN §G°0 - o| fo .
(1amo)) BdW 050 &——a| b= d o9
(iomo)) edN Sp'0m— - —a| | -
(temol) edW 0EO V- - - v| | -
(Jemol) edW SL'06- — —O| Myaagbora b bessaboenstsna e besaa oo beena ot 0L

(908} oBQ) BUIPBIUSD “ZIOY BAOJE BdBUSIUI Uiy Buole IONVLSIA SA dITS

(2¥'0 = 1) |9po paisahe] uexa T3NI ANA AESYP




6.0 Conclusions

This report describes the results of computational analyses modeling a series of uniaxial loading
experiments designed to produce frictional slip in a stack of plates. The results of these analyses
will be compared with each other as well as with the data from the uniaxial loading of Lexan
plates.

There are several significant observations that can be made from a comparison of the UDEC,
JAC2D, and JAS3D calculations for the Lexan experiments. The horizontal displacement
contours from the three codes show significant differences in their prediction of the general
displacement patterns. The UDEC predictions (Figures 8-12, 22-24) predict similar patterns to
the JAS3D predictions at the higher loadings (=0.45 MPa; Figures 57-59, 67-69); the contours
run diagonally from the hole toward the corners of the stack of plates. These predictions indicate
that the highest amounts of horizontal displacement are occurring in the plates through which the
hole has been cut. On the other hand, the JAC2D calculations (Figures 34-38), and the JAS3D
calculations at the lower loadings (Figures 55-56, 65-66), predict horizontal displacement
contours which are roughly vertical and indicate the greatest amount of displacement at the corner
of the stack of plates. The magnitude of horizontal displacements predicted by the UDEC runs
with higher joint normal and joint shear stiffnesses are approximately the same as the JAC2D and
JAS3D (with contact surface model, i.e. no assigned joint stiffnesses) runs, whereas the UDEC
runs with lower joint stiffnesses predict displacement as much as three times greater.

The predictions of frictional slip of the Lexan plates are more dissimilar. The slip predictions
from UDEC for the cases where k,=k=10 GPa/m (Figures 14-16) are much higher than all the
JAC2D and JAS3D predictions because of the relatively small joint stiffness values. The UDEC
predictions for the cases of 0.45 MPa loading and k,=k=100 GPa/m and 5660 GPa/m (Figures 26
and 27, respectively) are best used for comparison with the same loadings for JAC2D (Figures
40-43) and JAS3D (Figures 60-64, 70-74). For the sake of comparison, the predicted slips for
each of the first four interfaces above the centerline for five sets of calculations at a loading of
0.45 MPa are shown in Figures 75-78, respectively. The magnitudes of slip for the UDEC and
JAS3D plots were all on the order of 0.3-2 microns, although the slip gradient as shown by
UDEC tended to occur directly next to the hole, whereas for JAS3D the changes in slip were
more oscillatory and not necessarily next to the hole. The JAC2D calculations predicted the
greatest slip would occur at the third interface, about 4 microns for the 0.45 MPa load. There
was no apparent correlation between the three codes in terms of the predicted slip patterns (i.e.,
location of positive or negative changes in slip). When comparing all of the predicted results to
the experimental results (Figures 3-5), it is apparent that the actual system of plates probably had
a joint shear stiffness value toward the lower end of the range of values studied here. These
calculations point to the necessity of quantifying the joint normal and shear stiffnesses for a given
system in order to better estimate frictional slip.

The predictions of the frictional slip in the granite plates by UDEC and JAC2D displayed many of
the same characteristics as the Lexan predictions. The horizontal displacement contours from the
UDEC predictions (Figures 18, 19, and 29) showed the maximum displacement occurring in the
plates through which the hole had been drilled, whereas those from the JAC2D predictions
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(Figures 45-49) indicated the maximum displacement to occur in plates between the hole and the
steel platen. The slip predicted by UDEC for k,=k=10 GPa/m was on the order of a few
microns; the slip predicted by UDEC for k,=k~=100,000 GPa/m and by JAC2D was on the order
of hundredths of microns. Again, the codes indicate that a better quantitative and qualitative
understanding of joint normal and shear stiffness is required for their continued validation for
design and performance assessment calculations.

Each of the models implemented in this preliminary validation effort has certain strengths and
weaknesses which were exercised by these calculations. One of the conclusions from the work
described in Chapter 3, 4, and 5 is that because of the non-linear nature of the models, code users
as well as the codes themselves may require some sort of validation. The discrete block code
UDEC probably did the best overall job in predicting slip along the interfaces. However, the
difficulties in knowing when a "steady-state” solution to a static problem is achieved make the
results obtained using UDEC dependent upon the skill of the UDEC user. Additionally, because
UDEC is a discrete block code, its use for problems with large domains (e.g., several tunnel
diameters) of highly fractured tuff may be limited to problems involving well-defined features,
such as faults. For the cases involving JAC2D and JAS3D, slide lines were used to model the
joints; the primary strength of these codes, the continuum joint model, was not exercised. The
continuum joint models in the codes JAC2D and JAS3D are well-suited to evaluating stress fields
in large domains of fractured rock. However, the behavior of discrete fractures is averaged over
each element, so a validation exercise such as the uniaxial loading experiments does not
adequately exercise the capabilities of these codes. Furthermore, it was demonstrated in the
UDEC calculations that the magnitude of slip was highly dependent on the joint normal and shear
stiffness values; therefore, the impact of the choice of joint model and joint stiffness values as
input to JAC2D and JAS3D on prediction of in situ rock mass behavior requires further
investigation.

The next natural steps in this rock mass model validation effort would be to predict slip for similar
sets of plates undergoing biaxial loading, followed by the prediction of the frictional slip of blocky
mode] consisting of evenly-spaced, orthogonal, discontinuous fractures. These experiments
would be conducted using the same granite material used previously, as well as plates made from
welded tuff obtained from the Yucca Mountain area.
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