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1.0 EXECUTIVE SUMMARY

This document describes a mechanistically based model that describes possible spallings events
occurring as a result of an inadvertent human intrusion into the Waste Isolation Pilot Plant
(WIPP). Development of this model was initiated in response to Conceptual Model Peer Review
Panel (CMPRP) findings that the end-state erosional model used in the Compliance Certification
Application (CCA) inadequately represented key physical elements of the spallings process. The
strategy implemented to address panel concerns, and to form a basis for evaluating the volumes
reported in the CCA, has been to evaluate the events and processes that are realistically expected
to occur during a drilling intrusion, and to use this evaluation to develop a preliminary model that
specifically addresses these events and processes. Whereas the model used in the CCA computes
the expected total spall volumes by simulating only an end state of the spall process, the new
model explicitly incorporates the entire response of the system from the time of the intrusion to
the end of the event.

Three computational methods have been developed to quantify the mechanisms of the new
conceptual model, and these have been used to calculate failed volumes of material. Consistency
in the results obtained from these different computational approaches has provided internal
validation of the assumptions used to implement the mechanistic conceptual model.
Complementary efforts have been made to characterize the underground environment and waste
forms to provide realistic parameters values and boundary conditions for the calculations.
Corroboration of the physical processes, and of the calculated values for the failed volumes, is
provided by analogous oil and gas production experience. The results obtained from the various
computational models, using the parameters and boundary conditions provided by the
characterization efforts and validated by a study of analogous situations, have led to a conclusion
that, although the spallings model currently used in the CCA fails to capture the processes
completely, the release volumes predicted by that model are a reasonable upper bound for the
spalling process.

This conclusion is based on the comprehensive investigation described in this report and outlined
in Figute 1-1. The basis for the conceptual model is a consideration of the probable state of the
repository at the time of an intrusion, including the likely condition of the waste and the
probability of potential spall drivers occurring, such as high gas pressures. In terms of the
underground setting, it is noted that spall cannot occur if the gas pressures are not high enough to
displace the drilling mud in the borehole, which requires pressures in excess of about 8 MPa. It is
also clear from the results of these studies that the highest potential releases are associated with
pressures close to lithostatic. The probability of these high pressures is low (of the order of 1 in
100), although they can still occur frequently enough to impact the final Complementary
Cumulative Distribution Function (CCDF) for the repository.

An evaluation of the processes that will occur in the repository during spallling has guided
characterization of the likely condition of the waste. This has enabled surrogate materials to be
specified, and laboratory tests of these matertals have provided estimates to be made of the salient
mechanical and physical properties. Evaluation of waste states has emphasized that the probable
nature of the waste will be as a mesoscopically heterogeneous material with some cohesion, as
opposed to the cohesionless granular material assumed in the CCA. Evaluation has also
emphasized that the brine saturation of the waste will be very low under the highest pressure
scenarios, and the potential for blocky material with reasonable cementation will be high.

1-1
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Figure 1-1. Spalling conceptual model: systems analysis.

Evaluation of the underground setting and of the waste characteristics provide input to the
conceptual model, which is based on the physical and mechanical processes likely to accompany
a drilling intrusion. These processes include initial mud ejection from the drillhole due to gas
flow from the repository, the later flow of gas up the wellbore, and the associated change in the
stress field near the intrusion. The basic assumption has been made that the waste will fracture,
and spall will occur where the effective stresses are tensile and in excess of the tensile strength.
The removal of fragmented material by the flow of high velocity gas during the later stages has
been considered. These analyses show that at large fragmented volumes all the material will
probably not be removed. However, the calculated volumes are small enough that it is
conservatively assumed that all failed material is removed to the surface.

Having identified the governing physics of the spall event, the conceptual model was evaluated
quantitatively using computational methods employing a semi-analytic solution technique and a
full numerical approach. The primary semi-analytic approach is based on a transient solution for
the gas flow in the repository, including cavity growth. Numerical calculations have been carried
out by explicit coupling of a two-phase finite difference code for gas flow and a poroelastic finite
element code for stress calculations. Comparisons of the computational resuits from the different
methods have demonstrated quantitative agreement in the calculated values of failed volumes,
which adds confidence to the various simplifications used in these approaches.
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A better sense of validation for the computational results is usually derived by comparison of
calculations to full scale experimental results. A study of analogs has provided this higher level
of validation, with analogs from the petroleum production industry validating the methods used,
while numerical values estimated from a study of the very similar analog from methane
production demonstrate that the conceptual model for spallings represents the physics of the
phenomena. Figure 1-1 shows how the several paths taken to evaluate spall events lead to
reasonable approximations of spall release volumes. At the end of computational analyses of the
spall event, the gas pressures, failed waste volumes, and probabilities of occurrence are
collectively interpreted in terms of regulatory compliance.

The complete report of this systematic approach to potential spall events is extensive and includes
detailed and rather complex arguments. Each of the evaluation paths shown schematically in
Figure 1-1 represents large quantities of scientific work that comprise sections of the main report.
Discussion of limiting conditions, conservatism, and the bounding nature of computations is
found in the text itself and in completed records packages. These documents have received
technical and Quality Assurance reviews and are available for reference.

1.1 Conclusions

A mechanistically based conceptual model for spalling release at the WIPP has been developed
and evaluated. This model captures the expected form and characteristics of the waste as well as
physical processes that would occur during a drilling intrusion. The physics underlying this
model] includes the important processes of the wellbore hydraulics as the borehole initiaily
penetrates the waste panel, the coupled transient gas flow within the waste, and the mechanical
response of the waste form to the gas transients. Possible failure mechanisms include tensile
failure and shear-induced yield, while erosion at the end state will remove fractured material.
Mechanisms of concern to the CMPRP, such as seepage forces and liquefaction, are included in
these failure mechanisms.

Calculations have been based on an evaluation of the processes leading to potential spall
conditions. These processes indicate that attainment of high pressures requires microbial action
and incomplete corrosion of the waste drums, Probable conditions in the repository have been
evaluated and probable degradation byproducts have been identified. Specimens of surrogate
waste were fabricated using proportioned mixtures of degraded materials. Strength of degraded
waste is expected to be a function of its saturation state. Repository pressure and saturation are
also directly related: high gas pressures occur only when the waste is very dry. Tensile strength
of saturated waste averages 0.074 MPa, and the average dry tensile strength increases to 0.151
MPa. In the saturated condition, surrogate specimens exhibit a cohesion of 0.13 MPa and a
friction angle of 44°.

Spall volumes predicted by this modeling approach are extremely small for all gas pressures
below lithostatic, with calculated solid release volumes significantly smaller than those used in
the CCA. At any pressure below lithostatic, volumes of failed material available for transport to
the surface are essentially very smail for all values of waste strength. Very limited volumes are
calculated even when conservative boundary conditions are used, including instantaneous
blowout of wellbore mud. In extreme cases, where gas pressures approach or equal lithostatic,
predicted spall volumes increase, but are still significantly lower than those used in the CCA.
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The mechanistic conceptual model has been evaluated quantitatively using a semi-analytic
approach and using numerical calculations that couple a finite difference fluid flow code and a
finite element rock mechanics code. The semi-analytic approach, which is called the cavity
growth method because it allows the region of tensile failure to grow progressively during a
calculation, is used to determine the failed volumes listed in Table 1-1. The resuits from the
cavity growth method are partly verified by comparison to the coupled numerical approach and by
comparison to a simpler semi-analytic approach based on a quasi-steady approximation.

These calculations show that for repository gas pressures below 14 MPa there is no tensile failure
predicted under realistic but conservative assumptions, and that predicted failed volumes are low
at pressures above that. For example, solid volumes released for any single spall event when the
initial repository effective stress is greater than 0.3 MPa are much smaller than values used in the
CCA. The largest volumes occur when the repository gas pressure equals lithostatic (14.8 MPa),
where additional levels of complexity occur. Consideration of several mitigating factors leads to
the conclusion that release volumes are overpredicted by the numerical and analytical approaches.
Realistic conditions of the waste form, including waste strength, particle size, waste plasticity,
and heterogeneity, will readily mitigate releases, even at zero effective stress.

Table 1-1. Failure Radii and Uncompacted Volumes Calculated by the Cavity Growth Model

Initial Gas Tensile Strength Tensile Radius (m) Uncompacted
Pressure (MPa) (psi) Volume {m°)
12 0.156 0
10 0.156 0
15 0.156 0
14 5 0.37 0.19
10 0.21 0.02
15 0.156 0
14.3 10 0.28 0.07
15 0.20 0.02
20 0.156 1]
14.5 10 0.33 0.13
15 0.23 0.03
20 0.156 0
14.6 10 0.35 0.16
15 0.24 0.04
20 0.156 0
14.7 10 0.37 0.19
15 0.26 0.06
20 D18 0.01
14.8 10 040 0.25
15 0.27 0.07
20 0.21 0.02
1-4
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The suite of calculations used a tensile strength of 0.07 +0.3 MPa (10 5 psi) for gas pressures
below 14 MPa. This is very conservative because brine saturation is below 0.5 for any gas
pressure above 8 MPa. As the strength data are based on saturated conditions, the average tensile
strength inherently reflects the lowest expected strength conditions. At pressures between 14
MPa and lithostatic, a tensile strength of 15 +5 psi is used, representing a very conservative
strength distnibution when the repository is dry.

These volumes are independently corroborated by directly analogous experience in coal seam
methane production, where cavity development and physical models for the formation response to
high gas pressures and intentionally introduced gradients have been examined in detail. Applying
conditions closely paralleling the mechanistic conceptual model for spalling, industry experience
and associated analytical calculations show cavity development to be very limited and
conservatively approximated by the computational techniques used in the mechanistic spalling
model.

The results presented in Table 1-1 indicate that release volumes presented in the CCA, which
vary between 0.5 and 4 m®, are conservative with respect to the releases predicted by the new
mechanistically based spalling model. The volumes used in the CCA are conservative at all
probabilities.

1.2 Summary of Text

Sections within this report include details from several complementary paths taken to evaluate
spall phenomena. Investigation into the waste form, strength, and future states of the repository
establish expected conditions in the underground. Analytical and numerical computational
approaches have been used to implement the conceptual model. Computational results for the
physical system are compared to and corroborated by analog experience. The predicted volumes
for spall releases are compared to spall releases currently used in the CCA. The executive
summary continues with a synopsis of major elements of this report.

1.2.1 Form and Strength of WIPP Waste

A number of potential future states of the repository are possible at the time of an intrusion.
Those in which spall releases may occur are limited because, for spall to occur, gas pressure in
the waste must be greater than 8 MPa, the pressure of the mud column. The state of the waste is
such that a reasonable tensile strength and cohesion are anticipated for the waste, while the waste
itself will consist of varying particulate sizes, including moderate to large pieces that will be
difficult to remove through gas flow.

The conditions necessary for a large spall release include extremely high gas pressures, fine
particle sizes, and absence of strength. High gas pressures require significant microbial
degradation and some corrosion. However, even when biodegradation and corrosion occur,
pressures near lithostatic are rarely developed in the performance assessment for the WIPP.
Degradation processes would produce a layered, blocky structure comprising a substantial
percentage of undegraded waste. Natural compression of degrading waste will produce a
consolidated medium that is cemented to varying degrees by salt precipitate and corrosion
reaction products. Taken separately, each of the primary driving influences for a large spall
release is unlikely to develop. Simultaneous attainment of high gas pressure, fine particle sizes,
and absence of strength is 2 low probability event.

1-5



Draft for Technical Review — 5/1/97

Surrogate materials for mechanical properties determination were derived by logically tracing
degradation processes and evolution of the underground setting from the CCA performance
assessment. Beginning with a known inventory of materials placed in the WIPP, products of
reactions were used to assemble relevant surrogates. Mechanical testing emphasized
conservative, saturated conditions. Strength of degraded waste increases as saturation decreases
because halite precipitation provides cement between particles. Brine saturation decreases as gas
pressure in the repository increases. For example, pressures above 14 MPa always have
saturations less than .25.

Permeability, failure strength, and elastic constants have been determined for saturated waste.
Tensile strength of saturated samples averages 0.074 +0.04 MPa. Unconfined compressive
strength of saturated samples ranges from 0.32 to 1.4 MPa. The angle of internal friction is high
(44.4°), indicating a pressure-sensitive material. Poisson’s ratio is approximately 0.35, Young’s
modulus is approximately 300 MPa, and permeability is of the order of 4x10™* m?.

Any drying increases strength of the degraded waste surrogate material, as would be expected to

occur in the repository when gas pressures are highest. Tensile strength, averaging 0.074 MPa in
the saturated state, increases to an average of 0.151 MPa in the dry state. Conditions of high gas
pressure in the repository favor increased strength because of precipitate cementation in the drier
environments.

1.2.2 Computational Approaches

In response to concerns expressed by the CMPRP, the DOE has reevaluated the model used in the
CCA and has proceeded to develop refined models that include realistic representation of the
waste as well as a more comprehensive evaluation of the various mechanisms that might lead to a
spall release. Given a borehole intrusion into the repository, the release of material through
spalling is a possibility if the gas pressures are in excess of about 8 MPa. If gas pressures in the
waste are less than 8 MPa, there is no mechanism to drive spalling, so drilling will continue, and
waste could only be transported to the surface by the cuttings and cavings mechanisms.

When the wellbore intersects the disposal room at pressures above 8 MPa, gas will flow into the
wellbore and eject the mud in the hole at a rate controlled by the wellbore hydraulics and the
deliverability of the gas reservoir. Calculations show that evacuation of mud requires between
about 50 and 100 seconds, with the bottomhole pressure falling relatively slowly during this
unloading period. As the wellbore depressurizes, pressure gradients are created in the waste. If
these gradients are steep enough, the combination of low wellbore pressures and higher near-
wellbore pore pressures can lead to tensile effective stresses. Calculations show that because of
the combination of relatively slow depressurization as the wellbore unloads and a relatively high
permeability of the waste, significant tensile regions are only predicted for the very high initial
gas pressures. Shear stresses in excess of a possible Mohr-Coulomb yield stress can also occur.
These effects will likely induce localized fracture and increased permeability, rather than
immediate material removal. Given the small volumes of fractured material computed, it is
conservatively assumed that all material failed in tension is available for transport to the surface.

After these very early time mechanical effects, spalling may continue due to other mechanisms
related to the drag effects from flowing gas. These mechanisms include erosion due to the flow
of gas over surfaces with loosened materials; however, volumes produced by these mechanisms
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are found to be small unless the material is previously fractured and disaggregated. Under some
realizations the effective stresses prior to intrusion are zero, which implies a potential for

liquefaction. The computational approaches include liquefaction explicitly, but this condition
does not persist near the borehole due to relatively high tangential stresses and waste cohesion.

Semi-analytic Calculations

A semi-analytic approach has been implemented to represent the borehole intrusion and waste
response and to predict failed volumes. This approach simulates transient fluid flow with cavity
growth. Wellbore unloading has been calculated through an analytical sclution to slug flow,
through coupled pipe flow, and through approximate transient gas reservoir flow solutions.
Stresses have been calculated using spherical and cylindrical analytical solutions for a poroelastic
material.

In the cavity growth method, the bottomhole pressure during mud ejection is calculated as a
function of time by coupling the mass flux from the reservoir with the equations of motion for the
mud. Pore pressure gradients in the waste (and mass flux from the waste) are calculated using a
numerical solution for transient porous flow. These bottomhole pressures and pore pressure
gradients are used to calculate radial effective stresses, using an analytical solution for spherical
geometry, and hence to estimate failed volumes. Effective tension in excess of the tensile
strength is assumed to result in failure and fragmentation of the waste.

Calculations using the cavity growth method show that for repository gas pressures below 14
MPa there is little or no tensile failure predicted under realistic but conservative assumptions. At
gas pressures above 14 MPa, predicted volume of failed material increases. The cavity growth
model is used as the primary calculational basis for failed volumes because it can dynamically
couple the borehole hydraulics with a growing cavity in the waste. Calculated failed volumes are
presented in the last section (1.2.5) of this summary, where they are compared graphically to
those of the CCA.

1.2.3 Numerical Calculations

Numerical techniques, used to validate analytical methods, simulate the processes of two-phase
pressure decay within the waste region following a drilling intrusion and the mechanical response
of the waste formation to stresses induced by the changing pore pressure field. Numerical
calculations simulate a waste panel conceptualized as a cylindrical volume. The radius of the
cylinder is approximately 60 m, and its height is 2 m. A drill bit is assumed to penetrate at the
center of the panel. The mesh for the cylinder is finely gridded (on the order of 1 cm radial and
vertical extent) in the immediate vicinity of the drilling intrusion, with mesh size increasing in a
regular manner with distance from the wellbore. Calculations have been made for gas pressures
as high as lithostatic (14.8 MPa) and an initial wellbore pressure of 8 MPa. Each numerical
simulation was run to highlight certain features controlling failure of degraded waste releases, as
discussed below.

Fluid Flow Calculations

Pore pressure decay due to two-phase flow (brine and gas) was simulated using the TOUGH28W
(Version 2.0) multiphase flow code. A “base case” model was developed to assess the
depressurization process assuming a drill string instantaneously depressurizes the waste room.
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This represents a conservative, upper bound of the resultant pore pressure gradients that could
occur. The waste was assumed to consist of a homogeneous material with permeability and
porosity consistent with realizations in the CCA. The drill string and annulus were assumed to
have the same geometry as that used for the CCA intrusion scenarios.

In addition to these base case calculations, the influence of heterogeneity in the waste was
considered. In the first set of heterogeneous calculations undertaken, an ordered variation in the
waste properties was considered. Waste at the top of the room, comprising mechanically
compressed, relatively undegraded waste, was assumed to have a high permeability and porosity.
The lower regions of the room, consisting of degraded waste, degradation products that have
migrated downward, and a higher brine saturation, were assumed to have a lower permeability
and porosity. A fully random approach to waste heterogeneity was also evaluated. Five material
types were ascribed to the waste, each having a different permeability. The grid elements were
then randomly assigned to one of these material types. Evaluation of the effects of heterogeneity
leads to the conclusion that results of the homogeneous models are highly conservative.

Mechanical Calculations

Mechanical response was evaluated using SPECTROM-32, Version 4.09 to calculate the poro-
mechanical response of the simulated region, using pore pressure gradients supplied from the
TOUGH28W calculations. In poromechanical simulations, the equilibrium equations are in terms
of effective stresses, which are proportional to the forces acting on the waste matrix. Only
changes in these forces can cause deformation (strain) of the waste. The two approaches used to
calculate the effective stress states resulting from the given pore pressure field are as follows:

1. A poroelastic response (no plastic deformation) assumes that the material continues to accept
load, regardless of the magnitude of the tensile stresses present. This approach therefore
calculates the maximum volume within the domain that can be subjected to tensile stresses.

2. A limited tension response (incremental plasticity) tracks propagation of material failure that
leads to fragmentation of the waste. This propagation of material failure causes redistribution
of the stresses in the waste from the states predicted using the poroelastic model.

Two calculation sets have been completed using the base case pressure gradients provided by the
TOUGH28W model. In the first set, a tensile failure criterion appropriate for the waste is
assumed. The volume of material that experiences tensile failure depends on the chosen failure
criterion and associated parameter values.

The second calculation considered the influence of inelastic material response on the mechanical
response. For the extreme case of zero effective stress, the volume subjected to tensile failure for
this limited tension model was approximately 10% of that predicted using the linear elastic
model. This calculation demonstrates that failure volumes predicted using the linear elastic
model are highly conservative.

Computational approaches that implement the mechanistic spall model vary in their relative
sophistication and conservativeness. For example, the cavity growth model accounts for detailed
wellbore hydraulics and cavity expansion, which lowers pressure gradients at the growing void
surface. However, it is limited to one-dimensional cylindrical or spherical geometries. The full
numerical calculations can model transient pressure gradients in nonspherical geometries and
simultaneously allow inelastic deformation, thereby reducing stresses within the waste. In their
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respective application to the spall model, each analysis technique provides insight o the
governing phenomena. Using these calculations, the physics of the processes can establish trends
under different conditions, The more basic calculations corroborate the cavity growth model,
which by including fewer simplifications provides a more realistic evaluation of failed volumes.
The fully coupled numerical simulations provide the ability to examine other important processes
applicable to the conceptual model and are the most difficult of the three analysis techniques to
implement.

1.2.4 Analogs

After evaluating published data from various engineering disciplines, several situations from the
petroleum industry were selected for further evaluation as analogs to the spall of waste. These
included wellbore stability during drilling, the production of formation particulates during
depletion/production of the reservoir itself, the flowback of proppant from hydraulic fractures,
and dynamic open hole cavitation of coalbed methane seams. Coalbed methane industry
experience provides several similarities to the spall process, including material response to rapid
pressure drop. Cavitation is most commonly attempted in the San Juan Basin of New Mexico
and Colorado (it is successful only in parts of this basin because cohesion of coal in this area
often prevents cavity growth). Material properties of this coal and the surrogate waste material
for the WIPP site are remarkably similar. Material properties of the surrogate waste material
possess strength properties sufficient to preclude cavity development and growth based on
analogous industrial experience.

Cavitation of coalbed methane reservoirs, sometimes called dynamic open hole cavitation,
employs a series of surging cycles to create a cavity across the coal zone. Two variations on the
surging process are typically carried out: natural surging and injection surging. During natural
surging, the well is shut-in (a valve is closed at the surface) before being abruptly opened for
blowdown. During this blowdown period, gas, air, and sometimes solids are violently ejected.
This process is repeated numerous times over a ten to fifteen day period. This analog has direct
relationship to the WIPP because of the similarity in the material properties of coal to those for
the WIPP surrogate materials and because of the similar pressure conditions and the fact that gas
is the flowing fluid. Differences include the rapid, intentional depressurization of the coal seams
compared to the somewhat slower depressurization expected at the WIPP because of mud
blowout. Other differences include the fact that only one surging cycle is represented at the WIPP
site, whereas multiple surging and shut-in cycles are imposed in coalbed methane cavitation
situations.

Documented mechanical properties from coal are presented and compared with the WIPP site
surrogate data. Public domain, numerical simulation data for single cycle (only one surge and
instantaneous pressure reduction) are aiso presented. These published simulations were
performed with one of the petroleum industry’s most advanced, fully coupled flow and
deformation models (originally developed for modeling unconsolidated oil sands in Alberta).
Single phase, transient gas flow was represented. The model tracked changes in permeability
resulting from changes in stress and/or volumetric strain, and allowed for the development of
cavitation when tensile failure occurred. The input data and boundary conditions for these
coalbed simulations are compared with the WIPP site conditions.
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The published results for this analogous coalbed methane situation indicated no increase in the
original welibore dimensions as a consequence of instantaneous pressure reduction for cohesion
greater than (.1 MPa. The cohesion of the WIPP site surrogate material exceeds this limiting
value, even in the saturated condition. This analog strongly suggests that the cohesive strength of
WIPP degraded waste will prevent cavity growth and will prevent the creation of spalled material
with depressurization of the wellbore.

A consideration of analogs from evaluations of sand production and wellbore stability have
shown that the methods used in the semi-analytic studies are appropriate and have highlighted the
relevance of several parameters, including cohesion and the effects of capillary tensions. In
addition, these analogs have highlighted the essential conservatism of most analytic approaches
based on continuum mechanics. As noted by Fairhurst (1990), these analytic models commonly
underestimate the integrity of the formation and thus will tend to overestimate spall releases. As
shown by many other studies, this is especially true when linear elastic methods are used and
nonlinear effects and plasticity are ignored. An evaluation of various analogs from petroleum
engineering has allowed the semi-analytic methods used to be validated.

1.2.5 Release Volumes

Current results, summarized earlier in Table 1-1, indicate that the spalling volumes from the
mechanistic model are always less than the minimum volume for a CCA spalling event. The
maximum spalling volume from the mechanistic model, 0.25 m”, is a factor of 2 less than the
minimum spalling volume in the CCA, 0.5 m®. Comparing these volumes to the CCDF in the
CCA requires consideration of the probability that these volumes are released. The impact to the
CCDF is demonstrated in Figure 1-2.

A spalling CCDF depends not only on the consequence of spalling events but also on the
probabilities of specific spall events occurring. The new spalling model differs from the CCA
model in that low or zero volume release events are much more probable because they span a
wide range of initial repository pressures from 8 MPa to 14 MPa. An analysis of the mean CCDF
for pressure at first intrusion shows that the pressure exceeds 14 MPa with a probability of only
0.01. Furthermore, second and subsequent intrusions at high pressure are extremely unlikely.

Based on these analyses, the DOE has demonstrated that the releases used in the CCA due to a
spalling event are, in fact, greater than those determined by a variety of other methods, and are
therefore reasonable for the purposes of evaluating compliance to 40 CFR 191.

1.3 Reference

Fairhurst, C. 1990. “General Report: Deformation, Yield, Rupture and Stability of Excavations
at Depth in Rock,” in Rock at Great Depth, Maury, V. and Fourmaintraux, D., Balkema,
Rotterdam: 1103-1114.
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Figure 1-2.  Comparison of effects of gas-pressure-dependent volumes from the new spalling
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2.0 WASTE STRENGTH

This section discusses degraded waste strength, which greatly influences potential spail release.
Evolution of the waste room and degradation of emplaced waste are discussed for the purpose of
identifying suitable surrogate waste materjals. A perspective from performance assessment (PA)
regarding spall conditions is included. Utilizing the inventory of waste materials placed in the
underground and following waste degradation through possible scenarios, recipes for surrogate
products are determined. Specimens of representative degradation products have been fabricated
and mechanically tested using standard laboratory procedures. Tests determine tensile strength,
uniaxial and triaxial compressive strength, elastic constants, and brine permeability. Testing
concentrates on the saturated state because it represents a conservatively low strength.
Representative surrogate recipes derived from corrosion of 50% of the iron-based inventory
comprise most test specimens because partial degradation is the expected condition. Sufficient
experimental information has been collected for comparison between 50% and 100% degraded
surrogate waste properties. Results from 38 tests are included in this report. For all tests on 50%
degraded saturated surrogates, tensile strength ranges from 0.01 to 0.13 MPa, and unconfined
compressive strength ranges from 0.32 to 1.4 MPa. Strengths of 100% degraded saturated
surrogates are within these ranges. Poisson’s ratio averages 0.35, Young’s modulus is about 300
MPa, brine permeability is of the order of 4x10™"° m?, and the angle of internal friction (9 is
approximately 45°. These results are used in semi-analytic and coupled numerical calculations of
waste material response in the event of an inadvertent human intrusion at the WIPP.

2.1 Introduction

As noted by the Engineered Systems Data Qualification Panel, “degraded waste tensile strength
can vary significantly.” The Engineered Systems Panel recommended assigning distribution
functions as a means of addressing strength uncertainties. We have chosen an empirical approach
to reduce uncertainty in degraded waste strength. First the inventory of waste was surveyed and
quantified. Degradation scenarios were evaluated to determine potential amounts of degraded
product that would occur under the various predicted histories of the WIPP. Four evolutionary
cases that capture the range of future states were developed. Based on these histories and
operative degradation mechanisms, compositions of surrogate materials were defined.
Experimental work emphasized conservative potential states, i.e., dominantly saturated conditions
without MgO. Surrogate specimens were assembled by mixing degraded waste product and
consolidating and saturating the mixture at pressures expected at the WIPP. Strength results were
determined first because the new conceptual model for spall events is based on waste strength
failure criteria.

Elements of these strength studies provide information on the range of potential forms of the
waste (especially at the times and under the conditions at which spall events might occur) and are
necessary to evaluate the resistance of degraded waste to spall release. The remainder of Section
2.0 presents results of several activities involved in determining surrogate degraded waste
strength. First, salt creep is discussed because room closure greatly affects future states of the
repository. Characteristics of the underground setting and the waste are described on the basis of
room closure. Second, waste inventory and degradation history are used to develop surrogate
combinations of materials for mechanical testing. Specimen preparation is discussed in some
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detail. Testing techniques are recognized rock mechanics procedures and each technique is
briefly summarized. A complete data summary is provided.

2.2 Waste States

The potential of solid material to discharge out the annulus of a drill string is governed by the
evolution of the physical and mechanical properties of the emplaced waste materials. To examine
a possible spalling event, estimation of waste degradation is necessary. Characterization of the
setting over time begins with known initial conditions. Creep closure of the surrounding
formation has been quantified through many in situ field-scale experiments, which validate the
predictive capabilities of rock mechanics analyses. Mechanical response of waste drums as they
are loaded by the creeping salt has been measured in the laboratory. Room closure and waste
drum compression are relatively rapid processes. Over time, waste degradation and gas
generation are postulated to occur. Characteristics of the underground setting can be followed
logically to describe possible conditions that could exist at the time of a borehole intrusion.
Characteristics of the waste (such as size, arrangement, strength, permeability, and porosity),
coupled with gas pressure in the room, govern the potential for spalled waste volume release.
The following subsections discuss evolution of the underground setting into which an inadvertent
borehole could penetrate.

2.2.1 Amount of Compaction

The plastic flow qualities of salt are one of the primary reasons the National Academy of Sciences
recommended bedded salt as a preferred medium for permanent storage of nuclear waste. Salt
creeps readily into underground openings, thereby compressing and entombing waste emplaced in
the excavations. Predictions of repository rock mechanics response benefit from several full-
scale room closure experiments spanning periods greater than a decade. Rock mechanics models
for salt creep have been validated against long-term field measurements to the extent that
confidence in room closure expectations exists in the technical community. In a recent report the
National Research Council WIPP committee notes that “as a result of an extensive rock
mechanics research program, prediction of creep closure of repository excavations at WIPP is
relatively straightforward” (NRC, 1996). On the basis of field measurements and validated
constitutive models, prediction of room closure is understood and reliable.

Over the history of the WIPP studies, many calculations of room closure have been made.
Several calculations of room closure performed with assorted materials placed in the rooms for
longer times (Callahan and DeVries, 1994) show rapid closure for the first 50 years after
excavation, then appreciable slowing after attaining closure of 50% or more, as illustrated in
Figure 2-1. Compaction of room contents continues until the stress state reestablishes
equilibrium. Waste compaction offers little resistance to creep closure for the first several
decades, during which most closure occurs. Theoretically, gas generation could produce a
backstress inhibiting closure, but the corrosion and microbial action necessary to produce gas
proceed at rates that are slow compared to mechanical closure. In other words, waste and other
materials placed in the repository disposal rooms will be compacted to a thickness of less than
2 m before gas pressures increase significantly.
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Figure 2-1. Room closure history of a disposal room filled with TRU waste and crushed salt
(after Callahan and DeVries, 1994),

2.2.2 Waste Corrosion/Degradation

Conceptually, gas pressures in the WIPP are produced by corrosion of ferrous and nonferrous metals
and by microbial degradation of cellulosic, plastic, and rubber waste constituents. A linkage can be
developed between waste inventory and physical and chemical processes to quantify appropriate
surrogate materials for degraded waste experiments. At the outset, it was decided not to specify the
expected average waste condition but rather to emphasize extreme conditions in terms of
degradation. Extreme conditions would be the most likely source for high pressure production and
would also require ample brine. It was further recognized that more fully degraded waste leads to
smaller average particulate sizes, most susceptible to gas transport in a spall event.

Salado brine will slowly enter the repository through brine seeps and DRZ drainage. In the
presence of water, chemical degradation of the waste will occur. The corrosion of iron-bearing
metals, aluminum, copper, and lead; the microbial-induced destruction of cellulosic materials;
and the breakdown of solidification media lead to a decrease in the grain size of the initial waste
constituents. The volume of metai-bearing solids in the repository will increase, however, as a
result of corrosion reactions generating solid metal hydroxides, oxides, and carbonates.

Analysis of the vectors comprising the Compliance Certification Application (CCA) calculations
shows that, in the undisturbed repository, corrosion of iron is limited by the availability of brine.
In undisturbed cases, corrosion consumes up to a maximum of approximately 60 wt% of the iron
present at the end of the 10,000-year performance period. The amounts of iron consumed at the
time of the first spalling release are significantly less than 60 and 86 wt% for the undisturbed and
disturbed cases, respectively. For the surrogate waste materials, we assume iron corrosion of 50
and 100 wt%.
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Corrosion and microbial degradation of the waste are modeled in CCA calculations. Waste
histories are expanded in a memorandum attached as Appendix A, which provides logic for
surrogate mixtures. Initial repository inventory of waste materials is documented in the Baseline
Inventory Report (BIR). Given the inventory, logical scenarios are followed through and a
determination of the degraded and corroded residue is made. Representative surrogate materials
are identified for the degraded waste residuals.

Waste emplacement at the WIPP is assumed to be a random distribution from the waste streams.
Waste radionuclide content is considered homogeneous on that basis. However, in the analysis of
possible spalling of materials, possible heterogeneous characteristics may have important
implications. For example, heterogeneous layering of the waste is likely to result. A layered
waste with less degraded material at the top represents one possible situation that would limit
potential spall volumes because of large particle size. Layered heterogeneity is evaluated along
with analyses of more fully degraded, uniformly weak degraded waste.

2.2.3 Surrogate Materiails

Development of surrogate waste materials begins with definitions of waste categories and their
degradation products for cases of metal corrosion, microbial degradation of cellulosics, and
microbial degradation of plastic and rubber. The probabilities of these processes are sampled iri
CCA calculations. Surrogate mixtures are defined for four waste degradation and MgO backfill
emplacement scenarios. Several mixtures representing the degraded waste are developed.

Degradation scenarios representing four representative cases are defined in Appendix A. They
include:

1. A 50% case where half of the iron is corroded and half of the cellulosics, plastics, and rubber
are degraded.

2. A 100% case where all of the iron is corroded and all cellulosics, plastics, and rubber are
degraded.

3. A 50% case with MgO, which is identical to Number 1 above with an appropriate amount of
MgO added.

4. A 100% case with MgO, which is identical to Number 2 above with an appropriate amount of
MgO added.

The mitial charactenistics of WIPP waste are described in the TRU Waste Baseline Inventory
Reports (US DOE, 1995; 1996). The following waste categories and descriptions in Table 2-1
are taken from the BIR.

The extent of corrosion of iron-bearing materials and steel waste containers is constrained by
parameters used in the CCA calculations. It is likely that the extent of degradation of iron-
bearing materials will be affected by their initial surface-to-volume ratio and the vertical position
of the waste in the repository.

The saturation of the repository is uncertain, depending on location, time following closure, and
the values of sampled parameters. The existence of a gas phase may limit the corrosion of the
materials in the upper portions of the repository, but downslope areas of the repository tend to
have higher brine saturations.
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Table 2-1. Waste Concentrations

Waste Category Inventory, Inventory without Inventory with
average MgO backfill MgO backfill
_(kg/m®) (Wt%) (wi%)
Iron-base metal, alloys 170 22 14
Steel container matenial 139 18 12
Aluminum-base metal, alloys 18 2 1
Other metal, alloys 67 9 6
Other inorganic materials 31 4 3
Vitrified 55 7 5
Cellulosics 54 7 4
Rubber 10 1 1
Plastics 34 4 3
Plastic container/liner material 26 3 2
Solidified inorganic material 54 7 4
(including the cement)
Solidified organic material (not 56 1% 0%
including the cement)
Solidification cement 50 7% 4%
Soils 44 6% 4%
MgO backfill 451 0% 3%

Table 2-2 is a summary of representative surrogate materials. Further discussion is provided in
Appendix A. For degraded iron and small quantities of other corrodible metals, rusted metal and
crushed limonite-goethite-rich rock samples are used. As iron corrodes to Fe(OH), there is an
increased volume, on a mole-per-mole Fe basis, of about 1.6, which is taken into account in
developing waste mass distributions.

Many of the materials listed in the BIR categories “other inorganic materials” and “vitrified” are
essentially inert at 20-25°C. In Cases 1 and 3—where one-half of the material is degraded-—
disaggregated paper, plastic, and rubber scraps are used. Degradation of cellulosics may be
accompanied by the formation of humic materials, and peat is designated as an appropriate
surrogate. Concrete and Environstone are simulated with pulverized dried concrete and gypsum
board. The texture of sludge solidified in the case of the “solidified organic material” category is
captured by the finer-grained component of the pulverized concrete and gypsum board. The soil
component can accurately be represented with natural soil.

Table 2-3 is a summary of the constituents representing each case. Testing reported here includes
only one surrogate specimen having an MgO constituent. Recipes from Case 1 and Case 2 are
used for the greatest number of test