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This report presents the results from a study of various sealing alternatives for the WIPP
sealing system. Overall, the sealing system has the purpose of reducing to the extent
possible the potential for fluids (either gas or liquid) from entering or leaving the repository.
The sealing system is divided into three subsystems: drift and panel seals within the
repository horizon, shaft seals in each of the four shafts, and borehole seals.

Alternatives to the baseline configuration for the WIPP seal system design included
evaluating different geometries and schedules for seal component installations and the use
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but the advantages and disadvantages of the alternatives are discussed. Technical
information deficiencies are identified and studies are outlined which can provide required
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1.0 INTRODUCTION

The Waste Isolation Pilot Plant (WIPP) near Carlsbad, New Mexico, is planned as the

first mined geologic repository for transuranic (TRU) wastes generated by defense programs

of the United States Department of Energy (DOE). Sealing systems in the panels, drifts,

shafts, and boreholes are important components of the WIPP facility that will be designed

to limit the release of waste materials to the accessible environment.

This document presents the results from a study of various sealing alternatives for WIPP
seal design. The seal system will be designed to reduce to the extent possible the potential
for radionuclide release to the accessible environment and to reduce the flow of

groundwater into the repository. Materials used in the seals will be selected to be

compatible with the surrounding rock. Emplacement procedures will be selected to
minimize construction time and cost, and to provide for safety while producing an effective

seal. The sealing system includes multiple redundant barriers to provide greater confidence

for sealing of the repository.

The sealing system has been organized into four subsystems that include panel, drift,

shaft, and borehole seals. The shaft sealing subsystem has been further divided into lower,

upper, water-bearing, and near-surface.

The functions of these seals cover different times consisting of two phases: (1) the

operational phase (lasting approximately 35 years) and (2) the postclosure phase (lasting

10,000 years). The operational phase consists of the waste emplacement period (30 years)

and the underground decommissioning period (5 years). The postclosure phase consists of

the short-term period (100 years) and the long-term period (beyond 100 years).

A summary of the seal functions is given by Bailey et al. (1992a) and is shown in Table

1-1. The redundant features listed in Table 1-1 were considered to be mandatory functions,

Le., the redundant features must be provided by the sealing subsystem. For example, the

panel seals must include a long-term barrier to release of waste materials in addition to its

principal function of limiting release of waste materials in the operational period.
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Table 1-1. Sealing Subsystem Functions (from Bailey et aI., 1992a)

Sealing Subsystem

Panels

Drifts

Lower
(Salado)

Principal Function

Limit release of waste materials during
the operational phase.

Limit release of waste materials during
the operational phase.

Limit release of waste materials during
the short-term period.

Redundant Feature

Limit release of waste materials during
the short-term period.

Limit release of waste materials during
the long-term period.

Limit release of waste materials during
the short-term period.

Limit release of waste materials during
the long-term period.

Limit groundwater flow during the
short-term period.

Shafts

Boreholes

Upper
(Rustler/
Salado)

Water­
Bearing

Near­
Surface

Limit relea<;e of waste materials to the
accessible environment during the long­
term period.

Limit groundwater flow during the short­
term period.

Separate aquifers.

Cap and provide marker.

Limit release of waste materials during
the short-term period.

Limit release of waste materials to the
accessible environment during the long­
term period.

Limit groundwater flow during the short­
term period.

Separate aquifers.

Cap and provide marker.

None

None

None

None identified at this time.

Note: Operational Phase - Release is in gaseous medium
Short-Term - Release is in gaseous medium
Long-Term - Release is in gaseous or liquid medium.
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1.1 Seal Requirements

The functional requirements for the WIPP sealing system are:

• Provide engineered barriers that will prevent WIPP excavations from becoming
preferred pathways for the release of waste materials in quantities that compromise

compliance with applicable regulations.

• Limit groundwater flow into the repository underground during the short-term to
allow consolidation of the salt to take place.

• Form multiple barriers to gas/liquid flow at strategic locations.

Specific seal performance criteria for the various subsystems will be described In

sections of the report appropriate to that sealing subsystem.

1.2 Purpose of the Alternatives Study

The Initial Reference Seal System Design (IRSSD) (Nowak et aI., 1990) provides one

type of seal for each of the sealing subsystems. This study explores other types of seals
which involve different sizes, shapes, materials, seal installation schedules, elimination or

addition of components, and remediation and maintenance requirements. Sealing

subsystems are evaluated qualitatively as to whether or not the sealing subsystem can meet

the performance criteria. The evaluation often is that engineering judgment deems one

alternative to have greater subjective probability of failure compared to another alternative,

despite the fact that both alternatives have a reasonable expectation for success. Cost

differences are developed for each alternative. Factors influencing the cost are size, shape,

materials, seal installation schedule, and remediation and maintenance requirements, and

for boreholes, the number of holes considered for sealing.

The alternatives study as performed did not include detailed cost comparisons or

technical evaluations. In that regard, neither specific recommendations nor comprehensive
performance conclusions are made. Rather, alternatives are compared mostly in terms of

their advantages and disadvantages.
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1.3 Report Organization

This report is organized as follows. Section 2.0 describes several rock mechanics issues

relevant to the design of seals or schedule for seal installation. Issues discussed include:
(1) consolidation of crushed salt as a seal component, (2) the development and extent of a

disturbed rock zone around openings, and (3) the loading imposed on load-bearing seal

components. The results from rock mechanics studies are applicable to panel and drift

seals, shaft seals, and borehole seals.

Sections 3.0, 4.0, and 5.0 present the alternatives studies for panel and drift seals, shaft

seals, and borehole seals, respectively. In each of these sections, the reference seal design
and seal materials are presented followed by discussions of alternative seal components,

materials, and schedules for installation, as appropriate. The alternatives for seal subsystems

in each section are then evaluated in terms of its favorable features and shortcomings and

order-of-magnitude costs. Future work required to validate or reconcile issues and

assumptions is identified where necessary.

Section 6.0 lists studies or future work that provide missing information or validate
concepts for the seal system. Section 7.0 provides a list of references for the report.
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2.0 ROCK MECHANICS

Rock mechanics analyses were used to provide basic information on three concerns

relevant to the design of the sealing system:

1. The time required for consolidation of crushed salt or quarried-salt blocks into

a nearly impermeable seal material.

2. The development and extent of a disturbed rock zone (DRZ) around openings,

where such a DRZ may be in the salt or the interbeds and is time-dependent in

its characteristics.

3. The loading on rigid structures resulting from salt creep surrounding the

structure.

Information about each of these concerns is presented in separate sections In this

chapter. Whenever possible, the discussion of rock mechanics analysis uses normalized

results such that the same results can be applied to seal design in either panel and drift

seals, shaft seals, and borehole seals.

For most of the analyses, the thermomechanical finite-element program SPECTROM-32

(Callahan et aI., 1989) was used to model the mechanical behavior of the host rock

surrounding the opening and the concrete structure(s), if any. Four-noded, quadrilateral

elements were used in all of the finite element meshes. Material properties listed in the

preliminary Design Data Base Document (Bailey et aI., 1992b) were used unless otherwise

noted. For salt, the Munson-Dawson creep law and parameter values determined from

laboratory tests and field data verification analyses [e.g., Munson et al. (1992)] were used

in these analyses. For concrete, an elastic model was used. The following initial conditions

and assumptions were used:

1. For axisymmetric analyses, the WIPP stratigraphy can be ignored and an all-salt

medium assumed.

2. For plane strain analyses, the stratigraphy, with the exception of the location of

Clay Seams F and G, was modeled as shown in the preliminary Design Data

Base Document (Bailey et aI., 1992b) for the WIPP sealing system. The location

of Clay Seams F and G are modeled as shown in the WIPP alcove gas barrier

(AGB) final design report (Lin and Van Sambeek, 1992b).
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3. The modeled excavations are sufficiently remote from other excavations that a

single-room in an infinite medium is representative.

4. The initial stress-state prior to excavation is lithostatic and equal to -14.76 MPa

at the WIPP horizon (655-m depth). The stress varies 0.0226 MPa/m above and

below the WIPP horizon from gravitational loading.

5. The mechanical behavior of the rock mass surrounding the excavation was

predicted using the material models and properties for halite, argillaceous halite,

anhydrite, polyhalite, and clay as given in the preliminary Design Data Base

Document (Bailey et aL, 1992b) for the WIPP sealing system.

6. The modeled region remains isothermal at 2rc.

7. The excavation and emplacement operations can be performed instantaneously

without impacting the utility of the results.

Similar assumptions and modeling approaches were used to model experiments and in situ

measurements at WIPP: South Drift, Room G, and Room D (Munson and DeVries, 1991;

1990), heated rooms (Munson et aI., 1990; 1991), heated pillar (Munson et aI., 1988), and

shaft closure measurements (Munson et aI., 1992).

2.1 Crushed Salt Consolidation

According to the WIPP IRSSD (Nowak et aI., 1990), reconsolidated crushed salt is the

principal long-term barrier to fluid flow. The crushed-salt emplacement density and the

time required to achieve reconsolidation to the desired density are two interrelated design

considerations. Modeling the consolidation of crushed salt within the WIPP seal system is

an intensive computational effort. The consolidation process is driven by the creep closure

of the opening, such that whenever the opening experiences a volume reduction because of

closure, the same volume reduction (by way of consolidation) is also experienced by the

crushed salt.

The development of internal stress in the consolidating crushed salt is a complex, time­

dependent function of the current consolidation rate and the density. The stiffness of the

crushed salt in terms of its bulk and shear moduli can be related to the density (Sjaardema

and Krieg, 1987). Because crushed salt will consolidate by creep (e.g., Holcomb and Shields,

1987), the lowest possible stresses exist when the volumetric strain rate from creep

6



consolidation equals the imposed volumetric strain rate closure. When the two strain rates

are equal, none of the imposed volumetric strain is available for elastic volumetric strain,

which induces a stress increment. Therefore, so long as the closure rates for a salt-filled

opening are low, the stresses in the crushed salt will also be low until the density no longer

allows the crushed salt to creep consolidate at a fast enough rate. The density at which this

transition seems to occur is about 95 percent of the intact salt density (Holcomb and

Hannum, 1982; Holcomb and Shields, 1987).

One way to determine whether or not a region of crushed salt in the sealing system can

possibly achieve consolidation to a predetermined density within a desired time frame is to

inspect the expected closure history for the same region without crushed salt. A region

without crushed salt will always exhibit a faster closure rate than the same region with

crushed salt. Thus, if the region does not meet a time-to-consolidation objective without

crushed salt, it will never meet the same objective with crushed salt.

The volumetric strain, tv' required to consolidate crushed salt from a starting density

of Po to p is

(2-1)

where tv is negative for volume reduction. For example, to consolidate from a starting

density of 1,700 kg/m3 to 2,000 kg/m3 requires a volumetric strain of -15 percent. This

volumetric strain corresponds to the volumetric room closure required to cause the

consolidation. The density terms in Equation 2-1 can be either density or fractional density.

Numerical modeling analyses were made to determine the volumetric closure rates and

times required to achieve given amounts of closure for several geometric situations of

interest for drift and shaft seals.

2.1.1 Shaft Closure

Munson et al. (1992) describe an analysis that was performed to calculate the long-term

closure rates for shafts and boreholes. The results from their calculation were obtained

from the authors and used in this study. It is emphasized that the closure rates presented

7



by Munson and coworkers are for an empty opening in salt; that is, there is no lining or

crushed salt in the opening to impede closure.

The closure rate in various intervals of shafts and boreholes is highly dependent on the

depth of the interval. The lithostatic stress increases with depth and the closure rate is a

strong function of the stress state. The closure rate also depends on the time that has

elapsed between the excavation of the shaft or the drilling of the borehole and the time at

which the closure rate is desired. Munson et al. (1992) shows the influence of a 2D-year

elapsed period on the resulting time to achieve a given volumetric strain (areal closure) as

a function of depth.

The procedure and modeling results of Munson et al. (1992) were used to determine

the influence of a 50-year elapsed time between shaft excavation and shaft sealing. The

results are shown in Figure 2-1 for several depths in the shaft. In Figure 2-1, the closure

was converted to volumetric strain to facilitate determining the degree of consolidation

resulting from the closure.

At a depth of 2,000 ft, the volumetric strain increases from zero at 50 years after

excavation (time equal to zero in the figure) to 14 percent at 100 years after closure. If

crushed salt had been placed in the 50-year-old shaft, the crushed salt would have had to

consolidate 14 percent in order to accommodate the closure. This volumetric strain relates

directly to the change in density or fractional density as used in Equation 2-1. A caveat to

this example is that if crushed salt had actually been present in the shaft, the closure rate

will slow when the crushed salt began to develop internal stress, which in turn will slow the

creep of the surrounding salt. The information shown in Figure 2-1 must not be used

without recognizing this simplification.

2.1.2 Drift Closure

The design of the drift seals requires estimates of the consolidation rate of crushed salt

in the permanent seal region. An approximation of the consolidation rate for drifts was

obtained by converting open drift closure rates (no crushed salt or rigid structures) to a

volumetric closure rate quantity, which provides an upper-bound estimate of the

consolidation rate for crushed salt in the drift. It is emphasized that this procedure

produces a result that is only an order-of-magnitude result because the back pressure from

the crushed salt (or quarried-salt blocks) and the restraint from rigid structures will cause

8
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slower drift closure rates, and it is the drift closure rate that controls the consolidation rate

of the emplaced salt. The results shown in Figure 2-1 for a depth of 2,150 ft are also

applicable to drift and panel seals within the WIPP horizon.

Figure 2-2 presents a plot of volumetric closure for a 50-year time period after

excavation for two different drift geometries (14 x 12- and 25 x 12-ft drifts). During the

first 40 years of the 50-year period, the drift is open and unsupported. After 40 years, a

rigid sleeve was installed in the drift and closure is effectively arrested. Of interest here is

the closure during the first 40 years. The difference in closure rates for the two drift

geometries is not large despite the relatively large difference in size and shape. In

particular, the volumetric closure rate after about 20 years is relatively constant. This

constant rate is used to estimate the consolidation time for a crushed-salt filled portion of

a drift.

The time required (years), te, for consolidation of crushed salt (or quarried-salt-block

mortar) in the permanent seal region of drift/panel seals is estimated (order-of-magnitude

only) by

C
te = -=-0.-=-00=-=3-=-3

(2-2)

where C is the required volumetric consolidation strain and the denominator (0.0033) is the
average slope of the two curves shown in Figure 2-2. For example, if a 15 percent

volumetric strain (closure) is required to consolidate a crushed-salt fill, at least 45 years is

required. An uncertainty exists because some back stress will develop in the crushed salt,

which slows the closure and extends the consolidation time required.

2.1.3 Closure Between Rigid Structures

The reference seal systems include rigid structures to provide confinement of other seal

materials such as crushed salt and bentonite. The rigid structure will prevent the natural

creep closure of opening at the location of the structure and reduce the creep closure for

some unknown distance beyond either end of the structure. Because crushed salt must be

forced to consolidate by the creep closure in order to be an effective sealing material,

calculations were made to determine the degree of creep closure reduction for different
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spacings between rigid structures.

Rigid structures in an opening will retard the closure of the opening both in the

immediate area of the structure and for some distance on either side of the structure. The
geometric situations modeled to study the influence of rigid structures on the closure

between the structures are shown in Figure 2-3. The following steps (which are also shown

in Figure 2-4) were included in the analysis:

1. Excavate a circular opening of sufficient length to simulate a very long opening

in a homogeneous material. (The diameter of the opening (W) is not important

to the results as no stratigraphy is included in the models).

2. Analyze the creep of the salt surrounding the unsupported opening to 10 years.

3. Install a rigid sleeve over an appropriate length of the opening; for example, five

times the diameter of the opening (5W) in the case of the eventual3W salt-filled

region.

4. Analyze the creep of the salt surrounding the supported and unsupported areas

of the opening for an additional 5 years.

5. Remove the sleeve in the central portion of the supported opening to produce

the region to be filled with salt (for example, 3W-Iong in the case of the 3W

backfilled region). Convert the two 1W-Iong sections of rigid sleeve to
monolithic structures, one at each end of the salt-fill region. Record the liner

loading on the monolithic structures after the removal of the central portion of

the rigid sleeve.

6. Analyze the creep of the salt for the new geometry to about 100 years. Record

the closure of the central portion (salt-filled region - although no salt fill is

actually emplaced). Also record the liner loading on the monolithic structures.

The numerical modeling results for the different geometrical situations show that the

volumetric strain from room closure is relatively uniform between the two monolithic

structures. The closure is restrained by the rigid sleeve to a distance of about 1 opening
radius into the central portion from each rigid sleeve. This is in agreement with earlier

calculations made by Argiiello (1988).

In terms of cumulative room closure (volumetric strain) for the three cases, the greater

the span between rigid sleeves, the greater the volumetric strain, although the difference is

12
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not large. The volumetric strains at the midlength of the salt-filled regions are shown in

Figure 2-5 for the 2W-, 3W-, and 4W-Iong central portions.

2.2 DRZ Around Openings

2.2.1 Types of DRZ

It is commonly recognized that a disturbed rock zone (DRZ) develops around any

underground excavation. At the WIPP, a DRZ is defined by J.e. Stormont in the 1991

memorandum titled "An Approach to Address DRZ Development and Healing in Rock" as

that region near an excavation that experiences a change in its hydrologic or mechanical

properties. Boreholes in the roof, floor, and ribs at WIPP have revealed fracturing within

the first meter beyond the excavation surface. Some of the fracturing, particularly that in

interbeds (anhydrites, clays, polyhalites, and argillaceous halite), increases in frequency and

aperture through time. In general, the DRZ consists of an "initial" DRZ that develops

upon excavation of the opening and a "secondary" DRZ that develops in the salt and

interbeds because of the creep deformation of the salt and the stress redistribution as a

consequence of creep. A DRZ is generally assumed to have the following characteristics

(e.g., Stormont, 1990; Stormont et aI., 1987; and Stormont et aI., 1991):

• Increased volume resulting from micro- or macro-fracturing,
• Decreased load-bearing capacity, and
• Increased fluid (gas or liquid) permeability.

2.2.1.1 DRZ IN SALT

Studies of the development of a DRZ in salt lead to the conclusion that the DRZ is

intimately tied to the stresses that occur in the zone. In particular, certain combinations of

applied stresses cause dilation in laboratory tests on salt cores. The stress states can be

represented by stress measures describing the bulk pressure (mean stress or first invariant

of the total stress tensor) and shear stress (second invariant of the deviatoric stress tensor).

The two stress measures signal both the development of the DRZ in rock salt and the

healing of damage (e.g. fractures) within salt.

Two efforts at characterizing the DRZ in WIPP salt use the assumption that the extent

of the DRZ (at any time) can be determined through an examination of the two
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instantaneous values of the aforementioned stress invariants (Ratigan et al., 1991 and

Stormont 1991 memorandum, as cited above). Another effort is pursuing the development

of a rate-based constitutive model with mechanistically based, stress-invariant dependence

that requires integration of the rate equations to determine DRZ extent (Fossum et al.,

[1992]). Each effort recognizes that the DRZ is a zone of damaged rock that has

experienced an increase in volume, which is commonly referred to as dilation, and is

attributable, at least in part, to microfacturing.

Ratigan et al. (1991) proposes that the states of stress that do and do not cause dilation

in laboratory creep tests are separated by the relationship

II: = 0.27 II '
(2-3)

where J
2

is the second invariant of the deviatoric stress tensor and II is the first invariant

of the total stress tensor (II = 3 CTm)' This equation can be used to determine the potential

for a DRZ whenever the stress state is known or can be calculated.

2.2.1.2 DRZ IN INTERBEDS

The anhydrite of Marker Bed 139 (MB139) is the closest major interbed to the panel

and drift seal locations. The anhydrite is brittle, unlike the WIPP salt. When an excavation

is made a short distance above MB139, the rock stress at the boundary of the opening is

reduced to zero, creating an upward thrust on the bed. The bed deforms upward toward

the excavation because of both elastic and creep deformation of the salt. The deformation

of MB139 is most severe directly under the excavation, but deformation of MB139 extends

under the adjacent pillars as well. The deformation will produce a DRZ within MB139,

which is characterized by micro- and possibly macro-fractures. When fractures develop in

MB139, the permeability of the interbed will increase significantly, and such fracturing is not

expected to heal naturally, except by long-term mineralization. Grouting should reduce the

permeability; however, the effectiveness of grouting is diminished if the salt continues to

creep toward the excavation, resulting in further deformation and potential continued

fracturing of MB139.

Clay seams also exist near the WIPP excavations. Characterization of DRZs around the

day seam interbeds has not been performed. It is possible that the zone of damage outside
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the seam itself is small because the "clay" is weak and will yield before allowing shearing

stresses to build to the point where the surrounding rock (salt) is damaged.

2.2.2 Opening-Shape Effects

2.2.2.1 CIRCULAR OPENINGS

A necessary element of the conceptual design of a shaft seal within the Salado

Formation is determining the thickness of the DRZ around the shaft after standing unlined

for 30 to 50 years. A first approximation of the thickness of the DRZ will be made in this

subsection using analytical solutions for the stress distributions in the salt around the shaft

and a salt damage criterion based on stress invariants.

The calculation could also be made using numerical modeling methods, but modeling

the problem is a more intensive effort and is beyond the scope of a first approximation.

The analytical solution for the stress distributions are available, for example, in Van

Sambeek (1986). The analytical solution applies only if the following conditions are met or

assumed:

1. No creep strain occurs in the direction parallel to the axis of the shaft, and

2. The creep behavior of the salt can be described by a Norton-type creep law, a
condition that applies a long time after excavation (i.e., after any transient creep

phase has ended).

A condition of stationary stress, as defined by Van Sambeek (1986), is assumed to exist

around the shaft at the time of sealing; that is, some 30 to 50 years after shaft excavation.

Moreover, a condition of zero vertical creep displacement is assumed in order to meet the

"axially restrained" condition. An axially restrained condition is not truly appropriate

because subsidence is known to occur, but the vertical strain is believed to approach zero

at moderate distances above the repository horizon.

According to Van Sambeek (1986), the stationary stress distributions around a circular
opening in an infinitely extending material whose creep behavior can be modeled by a

Norton-type creep law are
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(Jrr =pJ (a/r)21n - 1]

(Jee = pJ(1-2/n)(a/r)2/n - 1]
(2-4)

where "a" is the excavated radius of the shaft, "r" is an arbitrary radius, Po is the lithostatic

stress magnitude for the depth of interest, and "n" is the effective stress exponent in the

Norton creep law. The Norton creep law can be assumed to represent an individual steady­

state mechanism of the Munson-Dawson creep law.

Combining the equation for the deviatoric stress states that cause dilation in laboratory

creep tests (Equation 2-3) and the stationary stress condition (Equation 2-4) around a shaft:

(2-5)

from the stress invariants

Rearranging and substituting Equation 2-4,

(3a - 1)(Jee + (3a + 1)(Jrr = 0

(3a - 1)Po [(1 - 2/n)(a/r
d

)2/n - 1] + (3a + 1)Po[(a/r
d
)2/n - 1] = 0,

(2-6)

(2-7)

where rd is the radius to the edge of the DRZ where the equality in Equation 2-3 is met

exactly. Solving for this radius as a proportion of the shaft radius gives

rd = [(1 - 2/n)(3a - 1) + (3a + 1)] 11/2

a 6a
(2-8)

Typically, the Norton-type creep law exponent is in the range 3 ::5; n ::5; 6, and a = 0.27

according to Ratigan et al. (1991). For the extreme values for n, the radius to the DRZ
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'dedge is relatively insensitive (1.119 ~ ~ 1.122), and 'd = 1.12a IS a good
a

approximation.

The thickness of the DRZ surrounding a shaft in salt is, therefore, expected to be about

12 percent of the excavated shaft radius. The DRZ thickness is relatively insensitive to the

creep law stress exponent (n) within the range of expected values for n and is, at least

theoretically, independent of the initial stresses as determined by the depth below the

ground surface.

2.2.2.2 RECTANGULAR OPENINGS

Two numerical modeling analyses were performed to predict the extent of the DRZ

around drift and panel excavations at the WIPP that are left open for 40 years after
excavation. The DRZ is assessed both in the salt surrounding the excavations and in MB139

directly below the excavations. In order to bracket the DRZ for all drift and panel

excavations, both the smallest (14 x 12 ft) and the largest (25 x 12 ft) excavation sizes were

evaluated.

2.2.2.2.1 DRZ in the Salt

A quantity termed the "damage factor" is used to illustrate the extent of the DRZ. The

damage factor is the ratio of the predicted deviatoric stress and the deviatoric stress state

at the same mean stress that would produce dilation in salt based on laboratory core testing

(Ratigan et aI., 1991). A damage factor value of 1.0 is the limit stress state for dilation to

occur. Dilation (and hence, permeability) is expected to increase with increasing damage

factor values. On the other hand, dilation is not expected for damage factors less than 1.0.

It must be recognized that damage factors are time-dependent so long as the stress state is

changing. Therefore, regions that initially dilate can reheal if the more favorable stress state

occurs later. Healing is expected when the damage factor becomes less than 1.0 (Le., as the
damage factor decreases, the expectancy for healing increases). Qualitatively, it is also

expected that the lower the damage factor value, the faster that healing may occur.

Contours of the damage factor are shown immediately after excavation (Figure 2-6),

after 1 year (Figure 2-7), and after 40 years (Figure 2-8) for a 14- x 12-ft rectangular
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excavation. Immediately after excavation, a significant amount of salt surrounding the
excavation experiences stresses which will cause damage. Within 1 year after excavation,

the damaged zone is almost completely developed. Only very small increases in the
cross-sectional area of the DRZ in the WIPP salt are predicted between 1 and 40 years.
The fully developed DRZ for the 14- x 12-ft excavation extends from the floor of the
excavation to MB139. The DRZ extends a maximum of about 1 m horizontally into the

pillar and about 1.5 m above the excavation.

Figures 2-9 through 2-11 show contours of the damage factor for a 25 x 12-ft

rectangular excavation. Similar to the 14- x 12-ft excavation, most of the DRZ is developed
during the first year after excavation. However, growth of the DRZ above the excavation

over the 40 years is somewhat larger than that seen for the 14- x 12-ft excavation. The fully
developed DRZ for the 25- x 12-ft excavation extends from the floor of the excavation to
MB139. The DRZ extends to a maximum of about 1 m horizontally into the pillar and

about 2.75 m above the excavation.

2.2.2.2.2 DRZ in Marker Bed 139

Figures 2-12 and 2-13 show the calculated vertical deflection (uplift) of the top of
MB139 at various times for the 14- x 12- and the 25- x 12-ft excavations, respectively. The
maximum uplift occurs at the center of the excavation. The maximum for the 14- x 12-ft
excavation uplift is about one-half of that for the 25- x 12-ft excavation. The uplift of
MB139 is most rapid immediately after excavation and slows with time as evidenced by the

deflection curves.

The potential for yielding (based on the Drucker-Prager yield criterion) in MB139 for

the two excavation geometries was examined for both geometries. Although the confidence

in the analysis results is not high because material properties of this anhydrite are not well

defined, a qualitative comparison of the influence of excavation geometry can be made.
Yielding was not indicated in the finite element analysis until 10 years after excavation for
the 14- x 12-ft opening and the severity of damage continued to increase for the duration

of the simulation. By 40 years, most of the marker bed within 10 m of the excavation
centerline showed a high potential for yielding. For the 25- x 12-ft excavation, yielding in

the marker bed was possible within the first year after excavation. Similar to the smaller
excavation, the potential for yielding in the marker bed continued to increase throughout

the duration of the simulation.
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In summary, numerical modeling suggests that around rectangular openings the DRZ

in salt develops to almost its full extent in the first year after excavation. The calculated

expansion of the DRZ during the time period from 10 years to 20 or 35 years after

excavation is negligible [e.g., compare Figure 2-7 to Figure 2-8]. The DRZ in the interbeds

(particularly MB139) does continue to expand, but at a diminishing rate. For instance, the

uplift of MB139 shortly after excavation is about one-third the long-term uplift (40 years).

Two-thirds of the uplift occurs in the first 10 years. The zone of yielding within the MB139

expands throughout the 40 years in direct response to the imposed uplift. The size of the

zone for which yielding of the rock is suggested by a Drucker-Prager failure criterion is not

well defined because of uncertainty in material properties presently available for use in

calculations.

Another consideration is the uplift and deflection of MB139 below the salt seal portion

of drift seals during the consolidation period (see Section 2.1.2). Based on the volumetric

closures shown in Figure 2-2 and the MB139 uplifts shown in Figures 2-12 and 2-13, about

2.5 and 3.5 mm uplift occurs at the centerline of 14- x 12- and 25- x 12-ft drifts for each

1 percent closure. Thus, for 15 percent closure, about 40- to 55-mm uplift could occur

during the crushed-salt consolidation. Uplifts of this magnitude are of the same order as

what occurs during the first 10 years after excavation.

Installing a rigid sleeve in the existing 25- x 12-ft drifts will soon prevent accumulation
of additional deformation in the salt and marker bed, but the most significant damage would

already have occurred before the rigid sleeve is installed. One benefit of installing a rigid

sleeve (regardless of when it is installed) is preserving the integrity of the salt rock in the

roof. If the roof rock will fall at some time during the operational phase, perhaps it is

better to have a sleeve in place to hold the roof rock there, rather than having to fill a void

later.

2.2.3 Stratigraphical Influences

It is possible that particular stratigraphic units might influence the DRZ in other

stratigraphical units beyond that considered above. For example, a clay seam is modeled

at the bottom of MB139, and it possibly influences the extent of the DRZ in salt below

MB139 and the calculated factors-of-safety within MB139. A question remains concerning
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whether or not a similar weak seam or sliding interface should also be modeled above

MB139 to debond the anhydrite from the salt.

It is also emphasized that the mechanical and strength properties for MB139 may not

be representative of the anhydrite. Laboratory testing on representative samples of MB139

material are being performed. Preliminary, unpublished results indicate that the material

being tested is less stiff (lower Young's modulus) and weaker (lower unconfined compressive

strength) than indicated by the properties listed in the preliminary Data Base Document

(Bailey et al., 1992b).

2.3 Loading on Rigid Structures Emplaced in Salt

Rigid structures are included in the seal system to provide confinement of seal materials

such as crushed salt, bentonite, or asphalt, or to prevent the natural creep closure of an

opening as a means of avoiding damage in the salt and interbeds. Whenever a rigid

structure is placed in contact with salt, loading will develop on the structure because the

structure restrains the salt creep. If the rigid structure was infinite in length, the loading

magnitude would eventually equal the lithostatic stress in the salt and the salt would no

longer creep. The rigid structures in the sealing system are finite in length, however, and

the liner loading will eventually exceed the lithostatic stress because of stress concentration

and end-effect loading. A series of analyses was performed to determine the time­

dependent characteristics and magnitudes for loading based on different schedules and

geometries for the rigid structures.

The need for a confinement structure at both ends of the crushed-salt-filled region of

the drift and panel seals has not been demonstrated. If redundant operational seals are not

required, one of the rigid structures can possibly be omitted and a longer region of crushed

salt can be used to provide any required confinement. The confinement structure issue will

require additional study relative to operational seal requirements.

2.3.1 Schedule Effects on Loading MagnitUde

The loading that develops on rigid structures emplaced in salt results from restraining

the creep closure of the opening. The long-term load on the structure must be the same
regardless of when the structure was installed relative to the time of excavating the opening.
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However, the short-term loading, i.e., during a few years after installation, may be a function

of the length of time the opening was allowed to creep unrestrained. It is intuitively

expected that the sooner a rigid structure is installed after excavation, the faster the loading

will develop. If the design life is within the ''window'' for the faster loading, then a larger

design loading must be accounted for. This aspect was studied in the following manner.

The axisymmetric geometry for the calculations described in Section 2.1.3 was

reanalyzed with a different time sequence for excavation and liner installation. Two

analyses were performed; in one case the liner was installed 5 years after excavation and in

the other it was installed 35 years after excavation. The liner loadings as a function of time

after installation are shown in Figure 2-14. The development of loading is moderately

influenced for a 5-year design life (the design load would need to be increased from about

9 MPa to 13 MPa.) However, for a 50-year design life, the design loads are about the same.

2.3.2 Geometrical Effects on Loading Distribution

A calculation involving three different geometries was described in Section 2.1.3. The

liner loadings from that calculation are discussed here. The liner loading for the three

different geometries is essentially the same. The only difference noted is that the liner

loading increases somewhat faster initially for the longer unsupported spans, but by 50 years,

the liner loadings are the same for all three cases. The eventual average load on the liner
is about 17 MPa (2,500 psi) in the center and about 25 MPa (3,600 psi) at the edges; these

values are, however, specific to a liner whose length equals its diameter.

2.3.2.1 EFFECT OF OPENING SHAPE

Lin and Van Sambeek (1992a) present numerical modeling results concerning the

variation in liner loading around circular and horseshoe-shaped liners. The variation is

small and subsequently there is no need to incorporate special design considerations.

2.3.2.2 EFFECT OF INTERBEDS

Lin and Van Sambeek (1992b) present numerical modeling results that show the

influence of interbeds (i.e., the clay seams and MB139 are most significant) on liner loading.
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Figure 2-14. Liner loading as affected by delayed liner installation.
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The clay seams cause some variation in liner loading above and below the contact with the

liner, but the effect is small. The influence of MB139 on the liner loading distribution

depends on the thickness of salt between the liner and MB139. For a thickness of 4 ft or

more, MB 139 does not affect the distribution enough to warrant special design consider­

ation.
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3.0 DRIFT AND PANEL SEALS

The alternatives study for drift and panel seals has two objectives:

• To evaluate design alternatives to the initial reference seal system design (IRSSD)

(Nowak et aI., 1990), and

• To define future study required for the preliminary design of the drift and panel

seals.

The study was performed in the following steps. First, the requirements for the drift
and panel seals, as defined in the Design Requirements Document (DRD) and IRSSD, were

studied to determine both the function- and performance-related issues that could be
addressed by different design alternatives. These preliminary requirements are discussed
in Sections 3.1 and 3.2. The reference seal design is also briefly described in terms of the

components involved and the number and location of the drift and panel seals (Section

3.2.1).

Second, considerations for alternatives to the reference design were developed, such as
size of excavations, the DRZ at seal locations, schedule, cost, and modifications of the
sealing requirements. Together with these considerations, assumptions were formulated
(Section 3.3) that address schedule uncertainties, operational needs, and construction costs,

regardless of the specific alternative. Evaluation criteria are presented in Section 3.4. The

rock mechanics aspects of the design for various alternatives were based on the information

presented in Section 2.

Third, a series of types of design were developed based on considerations for when
various seal construction was to occur (Le., now versus later) and the size of excavations.
These design types were further developed into different arrangements of seals and different
options within the same design type to explore cost variations. The descriptions of the seal

designs, arrangements, and options are presented in Section 3.5.

Finally, the alternatives are discussed in terms of effectiveness, constructibility, and cost.
The evaluations are discussed in Section 3.6. Conclusions about the arrangements and
options are discussed in Section 3.7. Recommendations for future work and technology

development were also identified and are discussed in Section 6.0.
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3.1 Purpose of the Drift and Panel Seals

The principal function of the panel seals is to limit the release of hazardous material

from filled disposal rooms during the operational phase to meet EPA requirements. The

reference seal-design (Nowak et aI., 1990) uses components which consist of a permanent
salt seal placed between two concrete monoliths seals. The monoliths are operational seals

which limit release of waste by providing resistance to gas flow and confine the crushed salt

of the long-term seal. Confidence for sealing during the operational phase is bolstered
because access will exist for remedial maintenance, ventilation, and monitoring.

In addition to the reference design, other design options should also be considered for

decision making. Such options may entail the timing of seal emplacement; viz, whether

action needs to be taken immediately prior to the development of an emplacement panel,

or construction of the seal should start subsequent to waste emplacement in the panel.

Design options may also include various shapes and sizes and construction materials.

Further, before a decision can be made, cost estimates for various options are needed.

This study provides the information on the impact of shapes, sizes, construction
materials, timing and cost, and discusses the pros and cons, including performance
evaluation, of the various design options.

3.2 Requirements

3.2.1 Reference Seal System

The reference seal system is defined in the Design Requirement Document (Bailey et

aI., 1992a), which is based largely on the design (see Figure 3-1) described in the IRSSD

(Nowak et al., 1990). The reference seals consist of monoliths and grouting for the short­

term seals and emplaced WIPP-salt as the long-term seal. The short-term component of the
drift and panel seals will function as barriers to the migration of the hazardous material

from the waste disposal area during the operational phase. Additionally, the short-term seal

is considered necessary for confinement of the emplaced WIPP-salt until the long-term salt
seal becomes adequately consolidated by creep closure of the host rock salt. The long-term
seal is required to consolidate to 95 percent fractional density to achieve a state of

permeability to fluids comparable to the permeability of undisturbed host rock salt

(Holcomb and Hannum, 1982; Holcomb and Shields, 1987). Figure 3-2 depicts the drift and
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Figure 3-1. Reference drift and panel seals, plan, elevation, and section.
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Figure 3-2. Drift and panel seals location plan.



panel seal location plan in the IRSSD. There are 30 seals; 14 seals are located in the
haulage and ventilation drifts and 16 seals are located at the entrance drifts of the eight
panels. Thirteen seal sites (Seal Nos. 2 and 5 through 16) have already been excavated.

These sites were excavated for site characterization activities and have been open for
periods ranging from 5 to 10 years. An average age of excavations for all existing drifts is

assumed to be 10 years.

3.2.2 Considerations for Design Alternatives

Basic data, such as the excavation widths and heights, and the underground layout, are

provided in the IRSSD, the Design Requirements Document, and the Data Base Document.
Considerations for alternatives are as follows:

1. Adequacy of the sizes of the planned openings,

2. Prevention of DRZ growth by early installation of a rigid sleeve,

3. Postponing all sealing activities until as late as possible,

4. Construction cost, and

5. Justification of the need for a long-term seal and a redundant short-term seal.

The study includes discussions on the design, analysis, seal performance, constructibility,

and future works needed for the preliminary design.

3.3 Assumptions

To reduce the number of possible alternatives and because of a lack of data and
precedence in seal construction techniques, certain assumptions were made. These

assumptions include:

1. The existing drifts are assumed to be 10 years old (as-built condition),

2. New panels are to be excavated, emplaced, and sealed over a period of 5 years

(based on engineering judgment),
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3. For rigid sleeve installation, a salt thickness of 4 ft is provided between the

bottom of the rigid sleeve and the top of MB139 (Lin and Van Sambeek, 1992a).

The salt floor in the area of the rigid sleeve will be ramped up and down at a 10

percent maximum slope as required to provide this thickness. The salt bed under

the "rigid sleeve is to provide a cushion for uniform distribution of the liner

loading and to mitigate the upward thrust of MB139 during construction of the

rigid sleeve,

4. Airlocks are not required for personnel radiation safety at any drift and panel

seal locations,

5. The minimum clear opening for access to a repository panel is 14 x 12 ft with

no operational inconvenience, or 12 x 12 ft with some operational inconvenienc-

es,

6. Some form of grouting will be effective for plugging the disturbed rock around

the operational/short-term seals. However, the confidence for preventing

leakage by grouting is less than that for preventing flow by not allowing a

disturbed zone (DRZ in salt or damage in the marker bed) to develop,

7. Cost for the salt seal emplacement can be based on unit costs of nonshrink

cement-based grout ($1,800/cy) as an approximation for cost evaluation. The

unit cost of the mechanically compacted salt is assumed to be one-half of the cost

of the salt block scheme,

8. The length of the seal is assumed to be five times the width of the excavation.

The seal pattern is B-3B-B for monolith-salt-monolith, respectively, where B is

the width of excavation and is equal to the width of the drift, W, plus the depths

of excavation at the ribs for seal installation. This pattern is derived from an

engineering rule of thumb that the length of a rigid, solid seal shall be as long

as its width. The 3B length for the salt seal is based on one B minimum

permanent seal plus one B allowance at each side of the salt seal to minimize the

end effects of the monolith on the consolidation of the salt seal,

9. The volume of seal construction warrants custom-designed construction

equipment, as required, for excavation and erection of the seals, and

to. High-strength concrete, fiber-reinforced concrete, and nonshrink, cement-based

grout will be developed as required to supplement the concrete mixes provided

in the Data Base Document.
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3.4 Evaluation Criteria

Various options of seal design will be evaluated for the advantages and disadvantages
without weighting or ranking. Seal design alternatives are evaluated primarily by
engineering judgment and such factors as:

• Seal effectiveness,

• Constructibility, and

• Rough order-of-magnitude construction cost.

3.5 Seal Design Types

Due to the constraints of the as-built conditions at WIPP, the waste panel layout, and
requirements for the waste emplacement operations, several design types must be considered

for the drift and panel seals. Four design types are established based on NOW vs. LATER
concepts and engineering requirements for the DRZ and MB139. Each design type consists
of two variations: a Base Case and an Alternative Case. Figure 3-3 shows two cases for
each design type. The Base Case seal has two identical concrete monoliths designed to

provide redundant operational seals. The Alternative Case seal has only one operational
seal and the near-end (drift side) monolith of the Base Case seal is replaced by a plain
concrete monolith for the purpose of confining the emplaced salt of the long-term seal. In

both cases, confidence for sealing during the operational phase can be bolstered by remedial

maintenance, ventilation, and monitoring measures at the access drift adjacent to the near­

end monolith.

For convenience, a shorthand notation for the four design types is used in the text:

• NR = "NOW RIGID"

• LG = "LATER GROUT'

• LE = "LATER EXCAVATE"

• NR/LE = "NOW RIGID/LATER EXCAVATE"
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Figure 3-3. Types of seals with base case and alternative case.



The "NOW RIGID" concept is centered around the assumption that a rigid sleeve is

installed at the future seal location immediately after excavation. Based on the results of

rock mechanics analyses in Section 2, a rigid sleeve installed as soon as possible after

excavation prevents some deformation of MB139 and arrests development of the DRZ. In

the absence of a timely placed rigid sleeve, the deformation in MB139 and the development

of the DRZ will likely compromise the seal system or at least require remedial activities to

achieve an adequate seal. The "LATER" concepts assume nothing is done to the

excavation until time for seal emplacement (i.e., a rigid sleeve is not immediately installed).

Therefore, remedial grouting and/or excavation of MB139 and the DRZ is considered

necessary for these types of seals. Excavation of MB139 may be required for the salt seal

region of NR seals also, as will be discussed below.

Each of the seal types will require technology to be developed for emplacing the salt

(whether crushed or as blocks) in the salt seal portion of the drift and panel seals.

3.5.1 Type 1 - NRxx Seal

The Type 1 - NR Seal is a "NOW RIGID" seal which uses a 5B pattern rigid sleeve

(Figure 3-3; for details, see Sketches SK-l, SK-2, and SK-3) to check and control the

development of the DRZ around the opening and deformation of MB139. The rigid sleeve

is installed in the seal area prior to further development of the drifts and panels. The

dimension B is established by the width of excavation in the seal. The term "xx" in NRxx

denotes the width of the passageway through the rigid sleeve; three sizes, 12 ft, 14 ft, and

20 ft, are considered. After waste emplacement, the middle section of the sleeve (length

= 3B) will be removed, the end sections (lB each) will be filled with concrete, and the

middle (3B) section will be filled with emplaced salt for development of a long-term seal.

The rigid sleeve is a steel shell and concrete composite structure similar to that

described in the WIPP alcove gas barrier (AGB) final design report (Lin and Van Sambeek,

1992b). The lining is made of ring segments which consist of four precast elements. Figure

3-4 depicts the basic construction sequence for a rigid sleeve ring segment. A more detailed

construction procedure is presented in the AGB final design report (Lin and Van Sambeek,

1992b). One edge of the roof element is modified to include a rigid sleeve removal key

block. Additionally, the connection details between two adjacent ring elements will provide

a bond breaker so the rigid sleeve can be removed with nominal prying force as shown in
Figure 3-5.
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Figure 3-4. Construction sequence for a rigid sleeve ring segment.



Bum-off the circumferential seal welds

2 Bum-off the longitudinal shell plate around the key block

3 Erect the back element support bent

4 Remove the key block

5 Bum-off the longitudinal seal weld

6 Pry loose and remove the rib element

7 Erect the back element support platform

8 Bum-off the longitudinal seal weld

9 Pry loose and remove the back element and the platform

10 Bum-off the longitudinal seal weld

11 Pry loose and remove the rib element

12 Pry loose and remove the invert element

Nole: The pull force T may be applied by a double action
hydraulic cylinders attached by a pair of eye brackets
welded to the shell plate

TAI·6121·7S·0

Figure 3-5. Rigid sleeve demolition sequence.
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The rigid sleeves are sized according to a working stress design for an average liner
loading of 2,150 psi, which approximates the lithostatic stress magnitude. A rock mechanics

study (see Section 2.3) indicated that the average liner loading approaches the lithostatic
stress in 5 years and exceeds that value in later years. The maximum loading at the ends

of the rigid sleeve is about 3,500 psi. The NR12 sleeve is 21-in thick with a 1 3/4-in steel

shell. The NR14 sleeve has the same thickness, but with a 2 1/4-in steel shell. The NR20

sleeve is 33-in thick with a 3 1/4-in steel shell. The structure is expected to have a ductile
mode of failure so ample warning will be given prior to any failure. Refined design
calculations will be necessary for selection of material strength and monolith configuration

at the design stage.

The monoliths are built within the IB segment at each end of the rigid sleeve. Figure
3-6 illustrates a concept for construction of the cast-in-place (eIP) monolith at the drift side

of the seal. Two 3/8-in steel plate bulkheads serve dual functions as a gas barrier and as

the formwork for a prepacked concrete monolith. These steel plates are protected from
corrosion by a 2-ft thick concrete covering. The solid core masonry wall is a construction

form for placement of the cast-in-place concrete. Prepacked concrete block is used to

minimize any concrete shrinkage problems.

The 3B (central) portion of the rigid sleeve is removed prior to construction of the salt
seal. The construction scheme for the salt seal is similar to the one shown in Figure 3-7

except there is no further excavation required beyond the rigid sleeve. The lower portion

of the salt seal is placed in layers and mechanically compacted to at least 80 percent
fractional density. The upper portion of the salt seal, approximately 10 ft high, uses

quarried-salt blocks and salt mortar and is built like a masonry block structure. The

concrete grout placed in the construction access protects the steel bulkhead in the outer

monolith from corrosion.

The DRZ in the salt around the monolith is expected to be healed so the monoliths can

act immediately as operational seals. The two monoliths will function as redundant

operational seals. The outer rigid sleeve may serve as the core structure for remedial
grouting of the DRZ if required. A rock mechanics calculation in Section 2 suggests that

the emplaced salt with 80 percent minimum fractional density may consolidate enough in
about 45 years to meet the requirement of the long-term seal. A more conservative

statement is that the emplaced salt is expected to consolidate adequately within the lOO-year
time frame.
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Figure 3-6. Cast-in-place monolith in a rigid sleeve or grouting sleeve.
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Figure 3-7. Construction scheme for long-term salt seal.
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An unresolved concern is the deflection of MB139 beneath the salt seal region during

the consolidation period. As much as 20 percent room closure must occur before an 80

percent emplaced-density crushed salt is completely consolidated (5 to 10 percent room

closure could be required for quarried-salt blocks). Therefore, significant deflection and

fracturing of MB139 could occur in the salt seal region, despite continued restraint against

deflection in the monolith regions. This may necessitate removal of the marker bed before

salt emplacement or development of a special method for sequential rigid sleeve removal

with concurrent high-density salt emplacement (salt blocks) to reduce the amount of closure

and subsequent deflection of the marker bed.

3.5.2 Type 2 - LGxx Seal

The Type 2 - LG Seal is a "LATER GROUT' seal in which nothing is done to the

excavated opening until time for seal construction after waste emplacement. The seal uses

a BI-3B2-B1 pattern, where B1 is the width of the existing excavation at the monolith location

and B2 is the width of the excavation in the central portion where the salt seal is to be

constructed. The term "xx" in LGxx denotes the width of the initial passageway. Five sizes

(12 ft, 14 ft, 18 ft, 20 ft, and 25 ft) are considered for this type of seal.

After waste emplacement, the seal construction will begin with the erection of the

grouting sleeves at the monolith locations. The two grouting sleeves, each made of a B1 ft

long, 10 ft inside diameter steel shell, and cast-in-place concrete, are located 3B2 distance

apart (Figure 3-3; for details, see Sketch SK-4). The sleeve provides the resistance against

the pressure loading from the DRZ grouting. Grouting fans will be drilled through the shell

plate through which the DRZ will be grouted. When the DRZ grouting is completed, the

far-end monolith may be constructed according to the sequence shown in Figure 3-6.

The next step is to excavate the DRZ and MB139 which might have been fractured in

the middle 3B2 section. From the rock mechanics study in Section 2.2, it can be seen that

the DRZ extends about 3 ft horizontally into the ribs, about 5 to 10 ft above the roof, and

to the bottom of MB139. During the 5-year period when the panel is being developed and

emplaced, additional rock bolts may be needed at the roof of the drift for operational safety,

or there could be significant damage at clay seam G which is located about 9 ft above the

roof of the drift, as shown for example in Figure 2-7. It is assumed that during the salt seal
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construction, the DRZ below clay seam G will be removed both for safety and for a

conservative design.

A DRZ excavation concept for the salt seal is shown in Figure 3-8. The excavation will
be done by a custom-made shearer, starting from the roof down to the bottom of MB139.
The equipment will be designed to fit the lO-ft-diameter access through the outer grouting

sleeve. A roof support shield is required for personnel safety during excavation of the roof.

A placement scheme for the salt seal is shown in Figure 3-7.

3.5.3 Type 3 - LExx Seal

The Type 3 - LE Seal is a "LATER EXCAVATE" seal in which nothing is done to

the seal area until time for seal construction after waste emplacement. This seal also uses

a B-3B-B pattern, with B being the width of excavation at the monolith locations. The term

"xx" in LExx denotes the width of the initial passageway.

Five sizes (12 ft, 14 ft, 18 ft, 20 ft, and 25 ft) are considered for this type of seal. The

seal consists of two cast-in-place concrete monoliths at the ends and a salt seal in the center
(Figure 3-3; for details, see Sketch SK-5). Prior to the seal construction, the DRZ around
the seal area and MB139 will be excavated.

Based on analysis, the DRZ extends into the stratigraphy as shown in Section 2.2, the

overexcavation extends about 10 ft above the roof, about 3 ft into the ribs, and to the

bottom of MB 139. The construction starts with DRZ removal similar to that shown in

Figure 3-8, but for the total length of 58. The far-end (waste side) monolith is placed with

steel plate bulkheads and cast-in-place concrete. An interface grouting system or

longitudinal membrane system is provided around the monolith for an operational seal.

Placement of the salt seal is similar to that of the Type 2 seal. The near-end (drift side)

monolith is built similar to the far-end (waste side) monolith.

3.5.4 Type 4 - NR/LE14 Seal

This NR/LE ("NOW RIGID/LATER EXCAVATE") seal combines the features of the

Type 1 rigid sleeves and the Type 3 overexcavation for the central salt seal at a later time.

It uses the B.-3B2-B, pattern described for Type 2 seals. Fourteen denotes the size of the
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Grouting Sleeve

Near-End
Monolith

Clay Seam G

Clay Seam E
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Salt Seal

DRZ Excavation Sequence

1. Construction berm to suit the roof
support shield and the shearer.

2. Install the roof support shield. under the
area the rockbolts are to be removed.

3. Remove all rockbolts in the area to
be excavated.

4. Excavate the roof DRZ with a custom­
made shearer in slices. Repeat steps 2
and 3 as required.

5. Remove the construction berms. as
required, for invert excavation.

6. Excavate the invert.

Notes

1. For type 2 seal systems, the grouting
sleeve and DRZ grouting shall be
completed prior to the DRZ excavation.

2. The roof support shield and the shearer
for DRZ excavation are to be custom­
made to suit the dimension of the
grouting sleeve.

8

Far-End
Monolith

38
Waste Panel

TAI·6121·77·Q

Figure 3-8. DRZ excavation concept for salt seal.
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initial passageway. Only one size is considered for this type.

The two rigid sleeves, each BI long, oval-shaped steel shell, and precast concrete, are

located 3B2 apart and are installed "NOW" (Figure 3-3; for details, see Sketch SK-6) prior

to further development of the drifts and panels. The rigid sleeve installation procedure is

similar to that of Type 1. At the time for salt seal construction, the concrete monoliths can

be built with the concept shown in Figure 3-6.

The central 3B2 portion of the seal will be overexcavated at a later time. The

excavation boundary is similar to that for the Type 3 seals and the excavation concept shown

in Figure 3-8. The construction scheme for the salt seal shown in Figure 3-7 could also be

used here.

3.6 Evaluation and Selection of Design Types

3.6.1 Evaluation of Design Types

The design types are discussed in terms of the following criteria: (1) effectiveness, (2)

constructibility, and (3) cost. No attempt is made in this study to rank the design types.

The construction cost evaluation is made in fourth quarter 1992 U.S. dollars. When

material cost data are not available, the unit cost is based by analogy to the cost of other

material available in the market. Some unit costs from the AGB final design report (Lin

and Van Sambeek, 1992b) are also used in the cost estimate.

The engineering quantities and an order-of-magnitude cost estimate for each design type

are presented in Appendix A. Table 3-1 tabulates the estimated unit cost of all seal designs.

For comparison purposes, all unit costs are normalized with respect to the cost of the NR 14

type. In general, the "NOW" rigid sleeve seals, NRxx, cost about twice that of the

"LATER" seals, LGxx or LExx. It is also noted that the unit cost of the seal increases

disproportionately to the size of the seal. For instance, the increase in size from 12 x 12

ft to 20 x 12 ft is about 1.67 times; however, the illcrease in unit cost is about three times

from NR12 to NR20, and two times from LG12 or LE12 to LG20 or LE20. The

considerations for "NOW" vs. "LATER" seals are summarized in Table 3-2. The features

and viability of the types of seals are discussed in Sections 3.6.1.1 through 3.6.1.4. However,

some of the assumptions made need to be verified for implementation in the design phase.
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Due to the lack of practical data for cost and schedule for large-scale emplacement of
crushed salt to the required 80 to 90 percent (or greater) fractional density, the comparisons

of "NOW" versus "LATER" salt seal construction are order-of-magnitude only in terms of

either cost or schedule. All seal types require salt emplacement, but the volume required
varies by the seal type.

Table 3-1. Order-of-Magnitude Unit Cost Estimates for Base Case and Alternative Case
Seal Types

Seal Base Case Normal ized(a) Alternative Normal ized(a)

~ Seal LO. Cost Cost Case Cost Cost

1 NR 12 $4,053,000 73% $3,425,000 61%

NR14 $5,587,000 100% $4,693,000 84%

NR 20 $12,472,000 223% $10,468,000 187%

2 LG 12 $1,886,000 34% $1,704,000 30%

LG 14 $2,379,000 42% $2,122,000 38%

LG 18 $3,044,000 54% $2,660,000 48%

LG 20 $4,041,000 72% $3,579,000 64%

LG 25 $5,841,000 105% $5,163,000 92%

3 LE 12 $2,535,000 45% $2,028,000 36%

LE 14 $3,236,000 58% $2,632,000 47%

LE 18 $4,156,000 74% $3,298,000 59%

LE 20 $5,401,000 97% $4,277,000 77%

LE 25 $7,760,000 139% $6,263,000 112%

4 NR/LE 14 $3,706,000 66% $2,812,000 50%

(a) Normalized with respect to base case cost of NR14 type.

3.6.1.1 TYPE 1 - NRxx SEAL

The Type 1 - NR Seal uses a rigid sleeve installed as soon as possible after excavation

to check and control the development of the DRZ around the opening and deformation of

MB139. In the operational phase, it can be expected that the monolith will be effective
immediately after installation since substantial healing of the salt DRZ will already have
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Table 3-2. Drift and Panel Seals "NOW" Versus "LATER" Considerations

NOW LATER NOW/LATER

Type 1 - NRxx Type 2 - LGxx Type 3 - LExx Type 4 - NR/LExx

Operational
Seal

1. Type of By checking develop- By effective grouting of By removal of DRZ to Same as NR seals.
Barrier ment and healing of DRZ and MB139 and the bottom of MB139

DRZ and using gas- using concrete mona- and either an interface
tight steel bulkhead lith with gas-tight steel grouting system or lon-
and concrete monolith. bulkheads. gitudinal membrane

system around the con-
crete monolith with
gas-tight steel bulk-
heads.

2. Salt DRZ Rigid sleeve will check DRZ almost fully Salt DRZ will be re- Same as NR seals
the DRZ development developed 1 year after moved, but removal
and promote healing. excavation. Grouting may promote new

sleeve will promote DRZ.
healing. Grouting in
salt is unproven.

3. MB139 Rigid sleeve checks Deformation grows MB139 will be Same as NR seals
MB139 deformation with time and yielding removed during seal
after installation and will occur. Grouting installation.
prevents ongoing yield- will be used in MB139.
ing.

4. Reduced Clear passageway re- No restriction for panel Same as LG seals Same as NR seals
Access duced to 14 x 12 ft work or seal construc-

during panel work and tion. The near-end gra-
seal construction. Hoor uting sleeve may be
requires ramp from constructed after com-
drift floor. pletion of the salt seal.

Salt Seal

1. Salt DRZ Although DRZ Salt DRZ fully devel- Same as LG seals Same as LG seals
checked initially, DRZ oped and may require
could develop during remediation during
salt consolidation. construction. Salt DRZ
Sequential sleeve re- will reheal during long
moval and salt em- term.
placement could mini-
mize DRZ develop-
ment. Will reheal in
long term.

2. MBI39 MBl39 will deform MBI39 removed. Same as LG seals Same as LG seals
during salt consolida-
tion (perhaps signifi-
cantly). High salt em-
placement density is
required.

3. Excavation No additional excava- Need to remove roof Same as LG seals Same as LG seals
tion after removal of bolts and poor roof except excavate entire
rigid sleeve. salt, salt DRZ in ribs seal area.

and floor, and MBl39
in salt seal region.
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Table 3-2. Drift and Panel Seals "NOW" Versus "LATER" Considerations
(continued)

Now Later Now/Later

Type 1- NRxx Type 2 - LGxx Type 3 - LExx Type 4 - NRlLExx

Constructi-
bility

I . Personnel No need of rock bolts Roof above the drift Same as LG seals Same as LG seals
Safety or roof shield for per- may need additional

sonnel safety. rock bolts or heavy
roof shield for person-
nel safety.

2. Equipment No special mining Requires custom-made Same as LG seals Same as LG seals
Develop- equipment. Special roof shield and mining

ment forklift for rigid sleeve shearer for removal of
erection and demoli- the rock bolts and
tion. DRZ.

3. New As with other types, Effective DRZ Concrete snd salt seal Same as NR seals
Technology salt seal emplacement grouting, concrete, and emplacement methods

method to be devel- salt seal emplacement to be developed.
oped. methods to be devel-

oped.

Unit Cost $5,587,000 $2,379,000 $3,236,000 $3,706,000
14'W X l2'H
Base Case

Alternative $4,693,000 $2,122,000 $2,632,000 $2,812,000
Case

been achieved during the assumed 5-year period of panel development and emplacement.

Damage in MB139, which occurs during the time between excavation and sleeve installation,

will not be healed naturally. Remedial grouting is not planned for this alternative, but could

be used if required.

Mter waste emplacement, the middle section (3B) is removed and replaced by crushed

salt which will be compacted to overall 80 percent fractional density. In order to develop

the 95 percent fractional density required for the permanent seal, 15 percent volumetric

strain is required from consolidation by creep closure. Based on the discussion in Section

2.1.2 and Equation 2-2, it can be concluded that the portion of the salt seal inside the

opening will be effective in less than 100 years for the postclosure phase. The closure which

provides the consolidation may, however, allow detrimental deflection of MB139 below the

opening and the marker bed may not be as tight as the consolidated salt portion. Additional

discussion on this consideration is provided in Section 2.2.2.
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No custom-made equipment or new technology is required for construction of this type.

Three sizes of NR type are considered in this study. The NR12 seal has the minimum

access of 12 X 12 ft considered here and would require a modification of the reference

design. The reduced access has an inherent disadvantage during development, operation,

and construction of the monoliths and salt seal after waste emplacement. The NR14 seal

accommodates a 14- x 12-ft opening for standard one-way access, while the NR20 seal

provides a 20- x 12-ft opening for two-way access. All three rigid sleeve seals require

ramping the access floor up and down (about 4 ft, 4.4 ft, and 6.6 ft for the NR12, NR14, and

NR20 seals, respectively; see Sketches SK-1, SK-2, and SK-3 in Appendix D). For the NR20

seal, the ramps and seal require a minimum length of 287 ft, which does not fit in the space

for the panel arrangement as required in the Design Requirement Document (Bailey et aI.,

1992a). Additionally, the NR20 seal would require a 3 1/4-in thick steel shell which presents

significant constructibility problems such as welding and handling.

The unit costs of the NR12, NR14, and NR20 seals are $4,053,000, $5,587,000, and

$12,472,000, respectively (see Table 3-1). The use of a smaller rigid sleeve, NR12, trades

off some operational handicaps for about 25 percent capital cost savings compared to the

cost for a NR14 seal. The use of a larger rigid sleeve, NR20, would cost more than twice

the NR14 seal. The Alternative Case, which has one operational seal at the far-end (waste

side), costs about 16 percent less in comparison with the Base Case, which has redundant

operational seals, one located at each end of the salt seal.

3.6.1.2 TYPE 2 - LGxx SEAL

For the Type 2 - LG seal, nothing is done to the excavated opening until time for seal

construction after waste emplacement. At the time of seal construction, a DRZ will have

developed around the opening, including significant deformation of MB139. Remedial

grouting is planned for this type of seal. Based on the assumptions made (Section 3.3),

grouting will be effective for plugging the DRZ and for the potentially fractured MB139.

However, these assumptions need to be verified by field demonstration.

After waste emplacement, operational seals are placed at each end of the 3B2-long salt

seal by first constructing the grouting sleeve followed by remedial grouting and placement

of a monolith barrier inside the rigid sleeve at the far-end of the salt seal. Then, the

opening for the salt seal is excavated to remove the salt DRZ and damaged MB139. The

opening will be filled with crushed salt compacted to an overall 80 percent fractional
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density. Then, the near-end concrete monolith will be placed to confine the emplaced salt

for creep consolidation. The results of rock mechanics analysis in Section 2 suggests that

the salt will achieve the required density of 95 percent within 100 years. Therefore, it can

be concluded that the salt seal will be effective in the postclosure phase.

The Type 2 seal will require custom-made roof shields and an excavation shearer for

overexcavating the salt seal area. Also, the large volume of crushed salt in the salt seal

emplacement, whether by compacted salt or by quarried-salt blocks, will require new

technology. The excavation for installation of the salt seal in this type of seal is

handicapped by the reduced access through the near-end sleeve and by the need for possible

repairs or replacement of the heavy excavation equipment.

Table 3-1 shows that the cost of the Base Case LG seals with redundant operational

seals is about 42 percent of that of the NR seals. About 10 percent additional cost savings

are provided by the Alternative Case of the LG seal which has only one operational seal.

3.6.1.3 TYPE 3 - LExx SEAL

Like Type 2, the Type 3 - LE Seal is a "LATER" seal. Seal construction starts with
DRZ removal (both salt and MB139) for the total length of 5B, where B is the width of

excavation. This is followed by constructing a large cast-in-place concrete monolith

operational seal at the far-end. The operational seal does not require effective grouting as

in a Type 2 seal; however, an elastomeric membrane is required at the concrete/salt

interface to assure that there is no leak-passage at the interface which is the most critical

item of the operational seal. Next, the salt seal is constructed similar to that of Type 2.

This type also requires a custom-made roof support shield and excavation shearer for the

construction. The large volume of salt emplacement to 80 percent overall fractional density

may require new technology to be developed. However, there is no access limitation to

hinder the operation of the heavy excavation equipment because the near-end concrete

monolith may be placed after completion of the salt seal emplacement.

Table 3-1 shows that the unit cost of the Type 3 seal is about 58 percent of the cost of

a Type 1 seal, and is about one-third more than Type 2 for the Base Case with the

redundant operational seal. For the Alternative Case with only one operational seal, the

unit cost is about 80 percent of that of the Base Case.
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3.6.1.4 TYPE 4 - NR/LE14 SEAL

This design type combines features from Types 1 and 3 and subsequently inherits some

of the advantages and disadvantages from these two types. As in the case of Type 1, the

monolith operational seal will be effective immediately after installation since DRZ

development is under control. Construction of the salt seal is similar to that of Type 3. The

emplaced salt will be consolidated to the required 95 percent fractional density in 100 years

or less, which provides an effective long-term seal.

This type may also require custom-made equipment to excavate the large volume of salt.

Reduced access through the near-end sleeve may hinder the operation of the heavy

excavation equipment.

Table 3-1 shows that the unit cost of the Type 4 seal is about 66 percent of the cost of

Type 1 seal for the Base Case with redundant operational seals. For the Alternative Case

with only one operational seal, the unit cost is about one-quarter less than the Base Case.

3.6.2 Seal Type Selection and Combination

3.6.2.1 SELECTION BASIS FOR SEALS LOCATED IN EXISTING EXCAVATIONS

There are 13 seal sites that have already been excavated (see Figure 3-1 for seal

locations). The excavation sizes vary from 14 X 12 ft to 25 X 12 ft. The existing sizes and

the site conditions will limit the choice of design options. The "NOW" seals, NRxx type,

are not applicable to existing excavations.

From the rock mechanics study (Section 2.2), it can be seen that within 1 year after

creating a rectangular-shaped excavation, the damaged zone around the excavation is almost

completely developed. However, the severity of damage of the DRZ in MB139 continues

to increase with time. For larger excavations (25 X 12 ft), yielding in the marker bed is

possible within the first year after excavation and can actually be observed at the WIPP.

In this study, an average age of excavations for all existing drifts is assumed to be 10 years.

By then, the DRZ around the excavation is expected to be fully developed, and MB139 will

likely have been fractured. In order to provide an effective seal design, only "LATER"

seals (Type 2 - LGxx and Type 3 - LExx) can be selected for the existing excavations, which

include Seal No.2 and Seal Nos. 5 through 16.
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The lengths of the "LATER" seals, LGxx and LExx types, are not restricted by the
layout of the waste panel. The unit cost for "LATER"-type seals is about one-half or less
the cost of "NOW"-type seals of similar size. However, the LGxx seals are viable only if

the grouting for DRZ and damaged MB139 is effective for an operational seal.

3.6.2.2 SELECTION BASIS FOR SEALS LOCATED IN NEW EXCAVATIONS

From the results of the rock mechanics study (see Section 2), it can be shown that when

a rigid structure, such as a rigid sleeve, is emplaced in salt, it will arrest development of the

DRZ around the opening and induce back pressure on the salt to promote healing of the
DRZ. The rigid structure will also stop further deformation of MB139 so long as the liner
remains in place. Since MB139 does not have the self-healing characteristic of the salt, it
is essential to minimize damage to MB139. The effectiveness of the salt seal is assured by
initial compaction of the salt to 80 percent, or more, overall fractional density.

The choice of sizes for NR type seals, however, is limited to NR14 and NR12 by the

existing layout dimensions. The rigid sleeves for the NRxx type of seal need to be installed

immediately after excavation for assurance of the effectiveness of the operational seal. The
Base Case seals of NRxx type are handicapped by restricted access through the near-end
(drift side) sleeves for construction of the far-end (waste side) monolith and emplacement

of the salt seal.

If nothing is done to the newly excavated opening until time for seal construction after

waste emplacement, then Type 2 - LGxx and Type 3 - LExx seals are the only seal types

that can be used for Seal Nos. 1, 3, 4, and Seal Nos. 17 through 30.

A Type 4 - NR/LE14 seal, which combines the features of Types 1 and 3, can also be

considered for all new excavations.

3.6.2.3 SEAL COMBINATION OF DESIGN ALTERNATIVES

From the selection basis elucidated in the previous sections, LG or LE type seals are
needed in the existing excavations, while seals in the new excavations could be either a NR,

LG, LE or NR/LE type. Theoretically, there are a very large number of design
combinations when all options are considered. In order to get a rough order-of-magnitude
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cost estimate of the whole drift and panel seals for the WIPP sealing program, four seal

combinations are postulated (see Table 3-3). For each seal combination, a cost estimate is
made for the Base Case and Alternative Case designs.

The Base ~ase design uses the IRSSD (Nowak et aI., 1990) concept providing redundant
operational seals. The Alternative Case design has only one operational seal placed at the

far-end (waste side) and provides a plain concrete monolith inside the existing drift for the
purpose of confining the near-end (drift side) of the emplaced salt. At a waste panel, there
is no need of two-way traffic in the panel drift and reduction in the cross-sectional area has
little impact on the ventilation requirement. Therefore, a pair of 14-ft and 12-ft panel
accesses seem to be adequate for the construction and operation of the panel. Combina­

tions will be developed to determine the potential cost saving by downsizing the panel
accesses from 20 ft and 14 ft to 14 ft and 12 ft.

Seal Combination 1 maximizes the use of "NOW RIGID," Type 1 Seals by selecting
NR14 seals for all new excavations. In the existing drifts, the "LATER EXCAVATE," Type
3 - LExx seals are used. This combination does not depend on grouting for an operational

seal. Seal Combination 2 uses "LATER GROUT," Type 2 - LGxx seals at all 30 seal
locations. Seal Combination 3 uses "LATER EXCAVATE," Type 3 - LExx seals at all 30

seal locations. Seal Combination 4 uses the "NR/LE" concept for new excavations. In the

existing drifts, the "LATER EXCAVATE," Type 3 - LExx seals are used.

3.6.2.4 ROUGH ORDER-Of-MAGNITUDE COST ESTIMATE

Herein, rough-order-of-magnitude costs imply standard construction industry estimates

of ±50 percent.

3.6.2.4.1 Unit Cost of Seals

The engineering quantities and order-of-magnitude cost estimate for the unit cost of
Type 1, 2, 3, and 4 seals are shown in Tables A-I through A-4 in Appendix A, and

summarized in Table 3-1.
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Table 3-3. Drift and Panel Seal Combination

Seal Combination Note:
Seal

No. Location ~ ! ~ l ~ I. See Figure 3-2 for the seal location.

2.·: Existing Excavation
D 1 DI-I 14 x 12 NR14 LG14 LE14 NR/LEI4
R 2 DI-2 25 x 12" LE25 LG25 LE25 LE25 3. Seal Type designation:
1 3 DI-3 14 x 12 NRI4 LGI4 LEI4 NR/LEI4
F 4 DI-4 14 x 12 NRI4 LGl4 LEI4 NR/LEI4 Design Type I NRxx
T Design Type 2 LGxx

5 02-1 14 x 12" LE14 LGl4 LEI4 LEI4 Design Type 3 LExx
6 02-2 25 x 12" LE25 LG25 LE25 LE25 Design Type 4 NRILE
7 D2-3 14 x 12" LE14 LG14 LEI4 LEI4
8 D2-4 14 x 12" LEI4 LG14 LE14 LEI4 Where:

9 03-1 14 x 12" LEI4 LGI4 LEI4 LEI4
10 D3-2 25 x 12" LE25 LG25 LE25 LE25 Tr - Time of sleeve installation.

11 D3-3 20 x 12" LE20 LG20 LE20 LE20
o year for new excavation.

12 D3-4 14 x 12" LEI4 LGl4 LEI4 LEI4
Ts - Time of seal construction; it

13 04-1 14 x Ill" LE18 LGIS LEIS LEI8 varies from 5 to 35 years from
0\ 14 D4-2 25 x 12" LE25 LG25 LE25 LE25 excavation.......

P 15 PI-I 14 x 12" LEI4 LG14 LEI4 LEI4 xx- Width (ft) of passageway.

A 16 PI-2 20 x 12" LF.20 LG20 LE20 LE20
N NR- Install rigid sleeve at time Tr

E 17 P2-1 14 x 12 NRI4 LGl4 LE14 NR/LEI4 and remove rigid sleeve at salt

L 18 P2-2 20 x 12 NRI4 LG20 LE20 NR/LEI4 seal location at time Ts.

19 P3-1 14 x 12 NRI4 LG14 LEI4 NR/LEI4 LG- Install grouting sleeve at

20 P3-2 20 x 12 NRI4 LG20 LE20 NR/LEI4 monolith location at time T5:

excavate DRZ at salt seal

21 P4-1 14 x 12 NRI4 LG14 LEI4 NR/LEI4 location at time Ts.

22 P4-2 20 x 12 NR14 LG20 LE20 NR/LEI4
LE- Excavate DRZ at seal location

23 P5-1 14 x 12 NRI4 LGI4 LEI4 NR/LEI4 at time Ts.

24 P5-2 20 x 12 NRI4 LG20 LE20 NR/LEI4
NR/LE - Install rigid sleeve at time Tr

25 P6-1 14 x 12 NRI4 LG14 LE14 NR/LEI4 at monolith location. excavate

26 P6-2 20 x 12 NRI4 LG20 LE20 NR/LEI4 ORZ at salt seal location at
timeTs.

27 P7-1 14 x 12 NRI4 LGI4 LEI4 NRILE14

28 P7-2 20 x 12 NR14 LG20 LE20 NR/LEI4

29 PS-1 14 x 12 NRI4 LG14 LE14 NR/LEI4

30 PS-2 20 x 12 NRI4 LG20 LE20 NR/LEI4



3.6.2.4.2 Total Estimated Capital Cost

The total order-of-magnitude capital cost for the WIPP drift and panel seals associated
with the seal Combinations 1 through 4 are obtained by summation of the product of the
number of seal type and the corresponding unit cost. Cost estimates for each individual
combination are tabulated in Tables A-5 through A-II in Appendix A. Table 3-4 shows the

summary of the order-of-magnitude cost evaluation for all seal combinations.

The total cost ranges from a maximum of $160,400,000 for the Base Case of seal
Combination 1 to a minimum of $76,400,000 for the Alternative Case of seal Combination

2A (see Table 3-4). If there is no need for the redundant operational seal, the Alternative
Case has a cost about 20 to 25 percent less than the Base Case. Therefore, eliminating one
of the two operational seals warrants further investigation in the preliminary design of the

WIPP drift and panel seals. For the Alternative Case, the order-of-magnitude total cost is

about $100 million + 30 percent. Downsizing the access widths reduces the total cost about
15 percent compared to the Base Case. No specific combination of seals seems to have
significant cost advantages over other combinations of seals.

Table 3-4. Summary of Rough Order-of-Magnitude Cost Evaluation

Seal Base Case Alternative CaseCombination Total Amount Total Amount
No.

1 $160,387,000 $132,487,000

lA(a) $149,648,000 $123,608,000

2 $100,833,000 $89,647,000
2A(a) $85,753,000 $76,390,000

3 $135,579,000 $108,960,000
3A(a) $115,516,000 $93,215,000

4 $123,415,000 $100,508,000

(a) Panel seals at new excavation with passageway width downsized from 20 ft to
14 ft and 14 ft to 12 ft.
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3.7 Conclusion

Since about one-half of the seal sites are in existing drifts, both "NOW" and "LATER"
types of seals may be used. The "NOW" seal uses rigid sleeves in yet to be excavated drifts
to check the growth of DRZ and provide backpressure for healing the DRZ in salt. It may

provide the most effective operational seal among those types studied, particularly if an
effective grouting procedure cannot be developed. NR seals have a constructibility problem
if the clear opening through the seal must be larger than 14 x 12 ft or 12 x 12 ft. The unit
cost of the "NOW" sleeve is about twice that of the "LATER" sleeves.

Two types of seals, LGxx and LExx, have been studied for the "LATER" seal to be

installed in the drift opening after waste emplacement. The LGxx seals use grouting of the
DRZ, especially the damage in MB139, for an operational seal, but such an effective

grouting procedure is yet to be developed and demonstrated. Both LG and LE types of the
"LATER" seals use excavation to remove the salt DRZ and the damaged MB139 for the
emplacement of the permanent salt seal component. The rock mechanics study showed that
the effectiveness of these salt seals can be achieved if the emplaced salt is compacted to an
overall fractional density of 80 percent or more. Both types of the "LATER" seal will
require custom-made equipment for excavation.

MB139 is not protected after removal of the rigid liner from the salt seal portion of NR­
type seals during salt consolidation. A combination of NR-type operational seals and LE­

type salt seals (with removal of the MB139) may solve this problem. Other variations or

methods of salt emplacement could also provide acceptable control of the marker bed
during the salt consolidation period.

Two cases (Base Case and Alternative Case) of seals have been studied. The Base Case

uses the monolith at each end of the salt seal as redundant operational seals. The
Alternative Case provides a single operational seal at the far-end (waste side) monolith and
uses a plain concrete block at the near-end (drift side) monolith for confinement of the salt
seal. The unit cost of the Alternative Case is about one-fifth less than that of the Base

Case. The need of a redundant operational seal has not been resolved. Therefore, the
Alternative Case warrants further refinement in the preliminary design of the WIPP drift

and panel seals.

The cost estimate for this study is a rough order-of-magnitude in that there is no
precedent for this type of underground work under the rigid control of NQA-l requirements.
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The unit cost for the salt seal emplacement is based on an estimate for a comparable

nonshrink, cement-based structure.

For the Alternative Case, the total cost for the WIPP drift and panel seals may range
from about $130 million for seal Combination 1 to about $90 million for seal Combination

2. About 15 percent cost savings may be realized if the panel seals at the new excavations
(Panel Nos. 2 through 8) uses the minimum size of 12 x 12 ft for passageway. This

refinement would require study of the construction and operation methods for the waste
panel, which are not in the scope of this study. From this study, it can be concluded that
the rough order-of-magnitude cost for the WIPP drift and panel seals is about $100 million.
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4.0 SHAFT SEALS

Four seal subsystems are included in the shaft sealing system. Because different

materials are needed to meet the sealing requirements in each subsystem, a study of

alternative materials comprised a large part of the shaft seals alternative study. The

alternatives study proceeded in the following manner.

First, the purpose and requirements for the four seal subsystems were identified and are

described in Sections 4.1 and 4.2. The DRD and IRSSD formed the basis for the reference

design and materials, which includes concrete, bentonite, crushed salt, and compressed-salt

blocks as the seal components.

Second, alternative materials were identified: asphalt or bitumen, a chemical seal

material, and quarried-salt blocks. Performance of the alternative and reference materials

was based on the rock mechanics analyses results (see Section 2.), literature citations, and

manufacturers' information.

Third, eight material configurations in the shaft seal subsystems were evaluated in terms

of sealing effectiveness, constructibility, and cost. Effectiveness became a dominant concern
in the lower shaft seals because not all materials could be shown to be capable of meeting
the design requirements presented in the DRD.

Finally, conclusions and recommendations on the shaft seal system alternatives were

formulated and requirements for future work identified.

4.1 Purpose

Sealing functions for the WIPP shaft seals are to be carried out by a combination of

short-term and long-term seals (Nowak et al., 1990). Short-term seals provide the initial

sealing functions necessary until the long-term, crushed-salt seal component becomes

adequately consolidated by creep closure of the shafts.

The design lifetime of short-term seal barriers is 100 years. The main functions of

short-term seal barriers are: (1) prevent water-brine seepage into the area of long-term
seals, (2) prevent gas migration from waste repository, and (3) confine the long-term seal
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during its reconsolidation period. In the reference design, the short-term seals consist of

swelling clay and concrete. The swelling clay components are intended to limit water inflow

from above to protect the crushed salt from saturation with brine. The concrete

components provide some flow resistance to help control the release of possible gas

generation in the waste disposal area. They also provide physical containment for the

swelling clay and consolidating crushed-salt materials.

The design of long-term seal components is based on the DRD and the DBD (Bailey

et aI., 1992a; 1992b) and the IRSSD by Nowak et aI. (1990). The fundamental strategy in

the design of the long-term seal barriers is two-fold.

1. Use the same material for the seal as found in the repository (Le., WIPP salt).

2. Maximize the length of the shaft section (seal barrier) with WIPP salt in the

Salado Formation.

In the reference design, it is assumed that within 100 years, the creep closure of the shaft

will reconsolidate the emplaced salt to nearly the same sealing capacity as the host rock.

Two forms of salt material were considered for use in the long-term barriers in the

reference design, WIPP crushed salt and compressed-salt blocks made of WIPP crushed salt.

Little compositional difference is expected between the emplaced seal and the surrounding

host rock salt from which it was mined. The salt seals are therefore expected to be

mechanically and chemically stable in the WIPP environment for the required lifetime of

the seal system. Design alternatives, including different types of sealing materials, are

evaluated in this study to provide a comparison of various design options for effectiveness

and relative cost. Alternatives for short-term components are considered and different ways

of emplacing WIPP salt in the shaft are evaluated.

4.2 ReqUirements for the Shaft Seals

The shaft sealing subsystems provide the long-term sealing capability to meet EPA

regulatory requirements for the postclosure period in terms of preventing excessive release

of waste materials to the accessible environment. The shaft seals also control the down flow

of brine from the water-bearing zones, separate aquifers, and provide near-surface seals to

meet State of New Mexico regulations. Shaft seals are not designed to prevent brine inflow

from the salt in the Salado Formation. Calculations show that brine inflow from the

surrounding salt will not interfere enough to prohibit consolidation of the emplaced salt seal
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components (Nowak et aI., 1990). The four WIPP shafts are the Salt Handling Shaft, the

Waste Shaft, the Air Intake Shaft, and the Exhaust Shaft. All are partially lined and contain

existing concrete structures (keys).

Seals are to be installed in each of the four shafts at selected locations in the lower

shaft, the upper shaft, the water-bearing zone, and near-surface. Shaft seals will be

emplaced starting at the bottom of the shaft and proceeding upward toward the top (see

Figure 4-1).

4.2.1 Lower Shaft Seals

The lower shaft sealing subsystem is located within the Salado Formation in each of the four

shafts (see Figure 4-1). The lower shaft sealing subsystem consists of seals within the Salado

Formation, including seals below the Rustler/Salado Formations contact zone. The seals consist

of short- and long-term components. A column of emplaced salt in the lower shaft seal system

is the primary long-term barrier to the escape of waste materials from the repository horizon.

The long-term seals control fluid flow and waste release for the purpose of meeting EPA

requirements during the postclosure phase. In the reference design, it was estimated that the

emplaced salt components of these seals would be sufficiently consolidated by creep closure

within 100 years after emplacement to meet the long-term sealing functional requirements

(Nowak et al., 1990). The DRZ at these seal locations is expected to be sufficiently healed as

a result of the back pressure from the consolidating emplaced salt to meet the long-term sealing

functional requirements within the same time interval of 100 years. Short-term seals in the

lower shaft are intended to provide short-term waste isolation, gas flow control, and redundant

water inflow control for approximately 100 years after emplacement.

Preliminary short-term criteria from the DRD for the lower-shaft seals (Bailey et al., 1992a)

are:

1. Waste release rate to be determined from calculations,

2. Withstand calculated loads from gas pressure, lithostatic loading, and swelling clay,

3. Contain swelling clay and crushed-salt materials,

4. Provide seal structure permeability of 1 x 10-7 darcy (1 x 10-19 m2
) or less, and

67



Confining Bed

Hydro-Stratigraphic
Divisions (within

Rustler Formation)

Sittstonel
Claystone

Halite
(Rock Salt)

Sandstone

Anhydrites Confining Bed 4
(Calcium SuHates)
MudstonetHahte 3 Water-Producing Unit3-

nhydnte 2 ,Con lnln9 Bed 3 _

~~:~~~~~~it;_ Water-Producing Unit 2
nhydnte 1 Conflnlng Bed.2 :::;;:==

TConfimng WherE! Ha~t8. Wator·
Mudstone/Halite 1 Produang Whore Pv1udstone

Tron Itional Sandston~ 7~n~ Wat;'-Produc~ng-u~~ ~ -
Bioturbated Ftaa

Clastic Interval F/ctIt

utfalo Urut Cn nflning..B"'o"'d""1__--'

Divisions of Holt
and Powers (1988)

(within Rustler
Formation)

7:z. 1.:z.:z..:z::j

Ground Level

._.. _--_..-
"'-.'7.C,.,".-:-.:=.. .....=
=~~::=:.==

==::;=:~.,'- ... _.__ ....-
~._=::~ .••..
:..:-=~-.:;:~::~~~~

~'"'"'""'''''""" Anhydr~es x:.,,_ ~~~o::.,~u~n2
W3 ·P,odu 'n9 nl

Dewey Lake Red Beds

Formal
Geologic

Nomenclature

Top of Rustler Formation

Forty-niner Member

~ Seal Structure
ISM Tamarisk Member

: Seal Structure

Surtace Cap

Shall
Fill

~=M!92!~~~!!:!~~:c:=ll~'\.,'\..~'~·","~.'\..'~,'\..~'~·",'\..~·t:::=::::J~A~n~hvicd]r~~e~4~L==it~::· Confining Bed 5__--£l-!-_-"M"'agen18 olomite Member Magenta olomite Flew Water·Prod 'ng.l!!!i!..i...-

~

- --- ~ Santa Rosa and
/"" [I Gatuna Formations ' ..,':", ..

Near-Surtace "'~-----------40;';';-;';';"',;",;,";'~------------l
Plug ""=~=-:::=

=---:-~-.:'=.c:;=

'.7~';:::-~,:~.~-=·.':;;;'

='=;".=-

Near-Surtace
Subsystem

(Approx. 600 ft,
Not to Scale)

Sealing
Subsystem

11
J-Water·Bearing Zone

Subsystem (Approx. 60 h.
Not to Scale)_t_

Approx. 2150 It ~;I ? Culebra Dolomite Member

(Not to Scale) - f --- - ~.:~":Seal Structure
Upper.Shall Lower ISM
Subsystem Rustler - U d L M rr/)

(Approx. 200 ft. Seals : '.- nname ower e er
Not to Scale) - - . , ISM

t
Rustier Salado \:,,) Base of Rustler Formation
Contact Seals .I ISM Top of Salado FormatIOn

opp~~~~.a:~o': /:;Seal Structure
Shall ,::
Fill:

: ~'.'" Seal Strudure
Preconsol,dated ISM

Crushed WIPP Salt . ISM
... : Seal Structure

ISM. Impermeable
Seal Material

1. Seals locations.
profiles and
dimensions are
representative
only and are subject to
final design.

2. Adapted from Lappin
et al.. 1989, Figure 3-1
and Nowak et aI., 1990,
Figure 3.

Notes:

MR 126

Halite
(Rock Salt)

Halite
(RockSatt)

Vaca nsle M

Uppor Merrber of
Salado Formation

McNutt Member of
Salado Formation

Seal Structure
ISM

". ISM
:.,:' Seal Structure

Preconsohdaled
Crushed WIPP Salt

IC,;:';:""'i::I;'~"
Lower-Shaft
Subsystem

(Approx. 1200 ft.
Not to Scale)

1Preconsolidated
Crushed WIPP Salt

1 J::: Lower Member of
::= Salado Formation

.~. Seal Structure
Preconsol,dated :.. ISM

Crushed WIPP Salt ISM
;:.: Seal Structure

MB 139 TRI-6346-297-0

Figure 4-1. Schematic location of shaft sealing subsystems.

68



5. Provide permeability of less than 2 x 10-7 darcy (2 x 10-19 m2
) in the DRZ and the

interface between the seal structure and the host rock.

Preliminary long-term criteria from the DRD for the lower-shaft seals (Bailey et al., 1992a)

are:

1. Waste release rates to be provided from calculations,

2. Crushed salt to be reconsolidated by creep closure to provide permeability of 1 x

10-8 darcy (1 x 10-20 m2), and

3. Reloading from creep closure will restore DRZ permeability to 1 x 10-8 darcy, (l

x 10-20 m2).

4.2.2 Upper-Shaft Seals

The upper-shaft seals consist of components in the Lower Rustler, the Rustler/Salado

contact, and the Upper Salado (see Figure 4-1). Multiple seals are located in the upper shaft

for redundancy. Because saturation by brine may inhibit the consolidation of emplaced salt in

the lower-shaft seal, control of brine inflow from the Rustler Formation is the principal

determinant of performance requirements for the upper-shaft seal system. The upper-shaft seals

are designed to limit groundwater flow at least until reconsolidation of the emplaced salt in the

lower shaft is sufficient for sealing effectiveness.

Preliminary criteria from the DRD for the upper-shaft seals (Bailey et al., 1992a) are:

1. Maximum allowable water flow rate from Rustler Formation to be 35 ff (l m3
) per

year,

2. Withstand calculated loads from gas pressure, lithostatic, shaft fill loading, and water

pressure,

3. Contain swelling clay material loads,

4. The seal structure to provide a barrier to fluid flow equivalent to permeability of 2

x 10-7 darcy (2 x 10-19 m2),

5. An impermeable seal material to provide a permeability of 1 x 10-7 darcy (1 x 10-19

m2
) or less after saturation with water, and
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6. Provide permeability of less than 2 x H)"7 darcy (2 x 10-19 m2
) in the DRZ and the

interface between the seal structure and the host rock.

4.2.3 Water-Bearing Zone Seals

The water-bearing zone sealing subsystem separates the Culebra and Magenta aquifers.

Components consist of seal structures, swelling clay, and grout placed in the DRZ at seal

locations. The components separate the aquifers by containing the swelling clay, which provides

resistance to flow.

The water-bearing zone components are located in the Tamarisk Member between the

Magenta Dolomite Member and the Culebra Dolomite Member (see Figure 4-1).

Preliminary criteria from the DRD for the water-bearing zone seals (Bailey et aI., 1992a)

are:

1. Groundwater flow between aquifers to be permanently separated.

2. Withstand calculated loads from lithostatic and shaft fill. Contain swelling clay

material loads.

3. Barrier to fluid flow equivalent to permeability 2 x 10-7 darcy (2 x 10-19 m2
.)

4. Exhibit swelling clay permeability of 1 x 10-7 darcy (1 X 10-19 m2
) after saturation

with water.

5. Grouting will achieve a permeability in the DRZ and interface between the seal

structure and host rock equivalent to 2 X 10-7 darcy (2 X 10-19 m2
).

4.2.4 Near-SUrface Shaft Seals

Near-surface seals are placed as final cover to the shaft after all other components of the

shaft sealing systems and shaft-filling material have been emplaced. They are protective covers

on the top of the shaft and for that part of the shaft immediately below ground surface level.

The near-surface shaft seals present markers and keep surface water out of the shaft. The near­

surface portion of the shaft is filled with earthen material. The near-surface sealing components

are located at the top of each of the four shafts (see Figure 4-1).
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Preliminary criteria from the DRD for the near-surface shaft seals (Bailey et al., 1992a) are:

1. Cap, fill, and marker will meet State of New Mexico regulations,

2. Cap and marker per applicable rules and regulations, and

3. Fill shaft per applicable rules and regulations for abandonment.

4.3 Reference Design/Materials

The short-term sealing materials identified in the reference design are bentonite and concrete

(Nowak et al., 1990). The long-term sealing materials are reconsolidated crushed salt and

compressed-salt blocks placed at various elevations in the shaft from the repository level up to

the top of the Salado Formation. The short-term seal consists of a bentonite layer sandwiched

between two confining concrete plugs. The short-term seal provides structural support to the

long-term salt seal and limits groundwater flow into the crushed salt during the short-term

period. The primary requirement of the upper shaft subsystem is to limit water/brine inflow into

the lower-seal subsystem during the short-term period. The reference design consists of three

short-term seals in the lower subsystem, three in the upper subsystem, and one short-term seal

between the main aquifers.

4.3.1 Bentonite

Bentonite is the main sealing material for the short-term reference shaft seals. The use of

bentonite as a seal material in radioactive waste disposal has been studied in Sweden, Canada,

Great Britain, Germany, and the United States (e.g., Pusch, 1979, 1982; Pusch et aI., 1987;

Boisson, 1989; and Gray et al., 1984).

Bentonite is the term for montmorillonite-rich clay formed by devitrification of the natural

glass component of volcanic ash deposited in prehistoric lakes (Pusch, 1979; 1982). In the

United States, high-quality bentonite can be obtained from deposits in Wyoming and South

Dakota. Studies have been performed in Sweden using commercial bentonite powder (Volclay

MX-80) to produce samples and blocks of highly compacted clay powder. Pressures in the

range of 50 to 100 MPa have been used for compaction of blocks with densities from 2 to 2.3

g/cm3 (10 percent water content).
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When water contacts an unrestrained, partially water-saturated, compacted bentonite body,

the bentonite will begin to swell to several times its original volume. If the bentonite is

restrained, however, the bentonite will develop considerable swelling pressure. The water

uptake proceeds until equilibrium is reached at which time the swelling pressure reaches a

maximum value: The swelling pressure for bentonite depends on the dry bulk density and the

salinity of the water and varies from 0.5 MPa to 50 MPa. Empirical formulae which define the

relationship between bulk density and swelling pressure are given by Pusch (1980) and Gray et

al. (1984). The proposed emplaced density of bentonite for the reference design seals is 1.8 to'

2.05 g/cm3
•

The very low permeability of bentonite results in an essential barrier to the flow of water.

The permeability of water-saturated bentonite varies inversely with its bulk density; permeability

coefficients decrease from 1 x 10-12 to 1 X 10-14 m/sec as the density increases from 1.1 to 2.2

g/cm3 (Pusch, 1980). Permeability of bentonite to brine is about an order of magnitude higher

than for fresh water.

Field tests of bentonite plugs up to I-m-diameter were carried out in Sweden (Pusch et al.,

1987). Results obtained from the Swedish tests confirmed the sealing properties of bentonite.

Review of the Swedish results, however, prompted some points of concern regarding the use of

bentonite in the WIPP shafts.

1. Construction of a bentonite seal in a 20-ft-diameter shaft (6 m) at WIPP to a density

of about 2 g/cm3 may not be as achievable as in the I-m-diameter Swedish tests.

Yet, the swelling pressure depends on the emplaced density of the seal mass.

2. The Swedish tests showed significant nonuniformity in the distribution of water

content. Even more nonuniformity can be expected in larger WIPP shafts. A

nonuniform distribution of water will prevent a uniform build-up of swelling

pressure.

3. The development of swelling pressure in the Swedish test was relatively slow. The

recorded swelling pressures during the 12-month test ranged from 0 to a maximum

of 2.8 MPa. Until the bentonite swelling pressure becomes greater than the

hydrostatic brine pressure at the seal level, the brine could bypass the seal.

4. The bentonite swelling pressures were monitored for only 12 months so information

is not available to show that swelling pressures will develop to magnitudes in excess

of the brine pressure which is required to prevent the vertical migration of
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water/brine under hydrostatic pressure in the WIPP shafts.

Despite these concerns, the properties and behavior of bentonite have been studied and tested

by many researchers who have concluded that bentonite should be considered as a sealing

element for nuclear waste repositories. Bentonite is a durable material and is not expected to

deteriorate in the WIPP environment. As already mentioned, the maximum recorded swelling

pressure was 50 MPa in laboratory tests. The recorded swelling pressures during the Swedish

test were surprisingly low and may be because the water distribution was nonuniform. In order

to prevent water-brine migration along the interface with the host rock, the bentonite swelling

pressure must exceed the water-brine pressure. The DRD specifies that seals must be designed

to include a safety factor of at least 1.1. The brine pressures shown in Table 4-1 indicate that

in the lower-sealing subsystem, a bentonite swelling pressure of 2.8 MPa would not meet the

DRD requirement.

Construction of a full cross-section shaft seal from bentonite will require the manufacturing

of high-density bentonite blocks and positioning them in the shaft opening in order to obtain the

high, overall emplacement density of about 2 gm/cm3
• While these operations will probably be

performed with some difficulties, the manufacturing costs for the bentonite blocks will be a

significant expense. Two concrete confining components are also required: one above and one

below the bentonite layer.

Bentonite can also be used in a circumferential ring rather than a full cross section. A

bentonite ring is a confined annular strip of bentonite placed between a concrete component and

the shaft wall. The bentonite seal ring has the following advantages because of its reduced size

and geometry in comparison with a bentonite layer:

• Uniformity in the emplaced bentonite density,

• Better uniformity in the distribution of absorbed water,

• Better uniformity and higher magnitude of the swelling pressures,

• Less bentonite material (lower cost), and

• Only one concrete seal structure is required per bentonite seal (lower cost).

The disadvantages of the bentonite seal ring are as follows:
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Table 4-1. Brine Pressures at Various Depths in Shafts.

Brine Hydrostatic Brine Required Lithostatic
Density Head Pressure Seal Stress
(g/cm3) @ WID Pressure(a) mill

Ullil
Top of Salado 1.16 492 247 272 922
Formation 851 ft

Top Seal Barrier 1.18 591 302 332 1,029
.Salado Formation
950 ft

Seal at 1,500 ft 1.19 1,141 588 647 1,625

Seal at 1,700 ft 1.20 1,341 697 767 1,842

Seal at 1,800 ft 1.20 1,441 749 824 1,950

Seal at 1,900 ft 1.20 1,541 801 881 2,059

(a) The required seal pressure is 1.1 times the brine pressure (Bailey et al.,
1992a).

• Bentonite seal rings have not been built and subjected to full-scale industrial tests,

• The adequacy of bentonite performance as a seal material for WIPP shafts has not been

established,

• An interaction with water or brine is necessary to develop swelling pressure,

• The seal ring configuration at the interface surfaces is larger than with the bentonite

layer system, and

• Only the concrete component of the bentonite seal ring provides the cross-sectional seal.

A bentonite ring is expected to perform equal to or better at the circumference of the seal

than a layer of bentonite, and the cost of the bentonite ring will be considerably lower.
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4.3.2 Crushed Salt

Crushed salt is a primary shaft seal material because it is compatible with the host rock and

expected to consolidate into a low-permeability mass comparable to the intact salt as a result of

the creep closure of the surrounding rock mass. Crushed salt has been shown to consolidate

relatively quickly when subjected to a hydrostatic stress (e.g., Holcomb and Hannum, 1982;

Pfeifle and Senseny, 1985; Stroup and Senseny, 1987; and Holcomb and Zeuch, 1988). It is

also readily available from the mining operations. Adding bentonite may be a way to improve

the properties of pure crushed salt, as bentonite further reduces the permeability (e.g., Brodsky

and Pfeifle, 1992a; 1992b) and increases its radionuclide absorbing ability.

A barrier from crushed salt can be created by placing and compacting the salt in the shaft

opening and confining it with concrete plugs (short-term seals). Numerous studies and

laboratory tests have been performed on crushed salt and its application as a long-term seal for

the WIPP Project. As a result of these studies, it has been concluded that crushed salt will

achieve the required permeability of 1 x 10-8 darcy (1 x 10-20 m~ when it is reconsolidated

to 95 percent of intact salt density. In order to satisfy the sealing criteria within 100 years, the

crushed salt must reconsolidate to at least 95 percent of intact salt density. The critical items

for the consolidation process are:

• Initial compacted density of the crushed salt (start at 80 to 85 percent density), and

• Sufficient closure to achieve 95 percent density at 100 years.

The specified compacted density of crushed salt in the DRD is 80 percent of the intact WIPP

host rock density. Such density is obtainable for laboratory samples and salt blocks fabricated

from crushed salt; however, it may not be possible to achieve it throughout a shaft opening

several hundred feet long. The density of emplaced backfills in mine openings is generally 55

percent to 70 percent (Van Sambeek, 1992).

The creep-closure rate for shaft openings in the Salado Formation is discussed in Section

2. In particular, Figure 2-1 shows volumetric strains for various depths in the shafts assuming

a 50-year-old shaft at the time of sealing. Figure 2-1 does not include the effect of back stresses

on slowing the consolidation. With an 80 percent installed fractional density, the required

consolidation to 95 percent (15 percent volumetric strain) within 100 years would only occur up

to the 2,OOO-ft-level depth. Further, based on Figure 2-1, it can be expected that reconsolidation

from an initial 85 percent to 95 percent fractional density (10 percent volumetric strain) will be

75



reached within 100 years only to depths of about 1,800 ft and below. In order to achieve an 85

percent fractional density during the placing of crushed salt in the shaft openings, a special

method of compaction or preconsolidation will need to be developed. It must also be kept in

mind that the negative effect of even small back stresses has not been considered in the estimates

of consolidation". The final length of the long-term seal within 100 years may be significantly

reduced if back stresses develop (e.g., Sjaardema and Krieg, 1987).

The cost of the crushed-salt material will be insignificant compared to the costs of

precompacting the crushed salt in the shaft opening to achieve the required density. Direct use

of crushed salt without precompaction for the long-term seal is not considered to be feasible if

a substantial length of the emplaced-salt seal must be reconsolidated in the lOO-year time frame

(see Section 2.1.1; Figure 2-1).

4.3.3 Compressed-Salt Blocks

Compressed-salt blocks represent a precompacted form of "crushed" salt. Compressing

crushed salt into blocks yields a material with density and properties somewhere between crushed

salt and the quarried-salt blocks, which will be described later. Experience in the Small-Scale

Seal Performance Tests (SSSPT) at WIPP shows that compressed-salt blocks can be

manufactured and installed to overall fractional densities of 83 to 84 percent (Torres et al.,

1992). In order to obtain a desired fractional block density over 90 percent, a special

manufacturing method must be developed. A crushed-salt mortar will be needed to reduce the

voids between adjacent compressed-salt blocks.

The main advantage of using compressed-salt blocks is the possibility to achieve a higher

initial overall seal density compared to compacted crushed salt. As was described for crushed

salt, obtaining an overall fractional density of 85 percent is critical to obtaining a seal density

of 95 percent within 100 years. At present, only limited data and information are available on

the manufacturing method and physical properties of such salt blocks. The required fractional

density of individual compressed-salt blocks is greater than 90 percent considering a 10 percent

mortar volume. Compressed-salt blocks provide the following advantages over quarried-salt

blocks (which will be described later):

• Fabrication and storage of blocks can be on the surface and in one place,
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• Costs for manufacturing and handling compressed blocks will be lower than for

quarrying blocks,

• Number of rejected blocks may be smaller, and

• Manufacturing tolerances can be tighter and imperfections will be smaller than those

obtained by quarrying.

The density of compressed-salt blocks will not match that of the quarried block. However, if

the fractional density of individual blocks can be kept above 90 percent, compressed-salt blocks

should be seriously considered. Based on a 90 percent overall density of compressed-salt blocks

and creep closure (see Figure 2-1), the reconsolidation process could reach 1,700-ft depth in 100

years, creating a 400-ft-Iong seal barrier.

It is anticipated that the cost of manufacturing crushed-salt blocks will be lower than

quarrying salt blocks, but will probably be higher than for compacting crushed salt in the shafts.

4.3.4 Concrete

Concrete has an important role in the WIPP shaft seals because of its characteristic rapid

development of structural properties. Concrete can be designed to suit specific performance

requirements of the WIPP environments. Properties can be changed by adjusting the mix

proportions and ingredients - chemical, phase composition, and particle characteristics of the

cementitious binder; "inert" components; coarse and fine aggregate; chemical and other

admixtures; soluble salts; and water - and the way the concrete is batched, mixed, emplaced,

and cured. A large data base and extensive experience are available in the form of American

Concrete Institute codes, standards, and special publications. The technology for use of concrete

is well established for underground uses in the oil, gas, and mining industries. Additionally,

a number of methods have been developed for nondestructive, in situ evaluation of concrete

properties. Some shortcomings or uncertainties for concrete are its geochemical compatibility

in terms of alterations and phase stability in the presence of high-ionic, high-magnesium brines,

interface problems at the contact between the concrete and host rock, and large-volume

emplacement concerns. Some of these concerns have been addressed in the concrete

formulations contained in the DBD (Bailey et al., 1992b).

The ingredients for concrete are generally abundant and inexpensive. The concrete elements

of the shaft seals can be constructed with the industrial codes and standards in the U.S. Some
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types of concrete have been known to last for thousands of years; the Portland cement concretes

have been used throughout the world for about 200 years with good results. A large number

of contractors are also available for construction/emplacement.

Discussions of the WIPP shaft sealing system require that a distinction be made between

static abutments and the sealing elements. The principal functions of a concrete seal structure

are to confine other sealing materials (bentonite, chemical seal ring, bitumen, preconsolidated

crushed salt, or salt blocks) and to provide resistance to gas flow. As a redundant function, the

concrete seal structure provides resistance to groundwater flow. Assuming that these functions

are adequately satisfied, the dimensions of a concrete seal structure are dictated by structural

considerations. The concrete seal structure must have sufficient structural integrity, be

sufficiently impermeable to liquids and gases, and have a corrosion resistance over the duration

of the short-term period. During construction of massive concrete seal structures, the heat

generated from the exothermic hydration reaction can raise the temperature of the concrete to

high levels (Van Sambeek, 1987). This will cause thermal cracking during cooling of the mass

and lead to permanent damage. The high temperature may negatively affect other sealing

materials and increase the creep closure of the contiguous salt rock. The subject of detrimental

temperature effects on the concrete seal structure and sealing materials should be addressed in

a separate study (e.g., inspecting the results of large monolith constructions at Weeks Island,

Louisiana).

Concrete structures will be exposed to the following loads:

• Vertical pressure exerted by swelling bentonite,

• Weight of the plug itself,

• Vertical pressure exerted by the weight of overlying fill,

• Lateral rock pressures,

• Brine pressure, and

• Pressure from gases generated in the repository.

For the reference design, it was assumed that the length of a concrete plug should be greater

than the shaft diameter and not smaller than 33 ft (10 m). The assumed shape is a truncated

cone to resist vertical pressures.
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4.3.5 Alternative Seal Materials

Materials other than those proposed for the reference shaft seals have widespread sealing

applications in construction and industry. In the mining industry, asphalt sealing systems and

the Dow Chemical Seal Ring have gained wide acceptance. Asphalt has been used for about 50

years and has successfully sealed out water inflows at high hydrostatic pressures. The Dow

Chemical Seal Ring has been used for 25 years to seal off potential water inflows at hydrostatic

pressures up to 1,370 psi (see Table 4-2). Other sealing materials are finding increasing usage

in building maintenance and underground construction. Transportation tunnels and their

ventilation shafts are waterproofed by materials such as epoxy adhesives, elastomeric sealants,

and high-density polyethylene (HDPE) membranes, the latter particularly as a gas-tight tunnel

lining membrane. These other materials appear to have restricted potential as WIPP shaft

sealing system materials. The materials under consideration in this study are asphalt, chemical­

and bentonite-seal rings, and quarried-salt blocks.

Table 4-2. Dow Chemical Seal Ring Installation Locations and
Hydraulic Pressure Resisted

Alwinsal No.1,
Saskatchewan

Alwinsal No.2,
Saskatchewan

Rockenville No.1,
Saskatchewan

Rockenville No.2,
Saskatchewan

Cominco No.2,
Saskatchewan

Dennison Mines No. 1
New Brunswich

Boulby, England

Date
Installed

1967

1974

1968

1969

1982

1983

1971
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Resisted
Pressure

1,040 psi

1,080 psi

1,200 psi

1,200 psi

1,100 psi

1,000 psi

1,370 psi

Reference

Storck, 1968

Potash Corporation
of Saskatchewan

Pence et al., 1971

Pence et al., 1971

Cleasby et al., 1975



4.3.5.1 ASPHALT

In Europe, asphalt is favored for waterproofing mining shafts that are subject to subsequent

movement (subsidence). In these applications, the annular gap between the shaft liner and the

shaft wall is filled with asphalt to provide (1) water tightness of the shaft liner, (2) an interface

seal between the liner and the aquiclude rock to prevent downward leakage, and (3) to absorb

the effects of vertical and horizontal rock movement caused by subsidence. The experience

gained in sealing mine shaft linings is applicable to sealing nuclear waste repositories. For the

WIPP Project, asphalt can be applied as a short-term sealing component in all four shafts. In

order to prevent a seal failure due to loss of sealant by seepage into the rock mass, the asphalt

must be contained by a leak-tight liner and aquiclude rock (such as the Salado formation).

Furthermore, the asphalt seal must be able to maintain a pressure greater than the water

pressure; otherwise, the asphalt will be forced out by the water pressure resulting in leakage.

At temperatures expected in the shafts, asphalt (bitumen) is a viscoelastic material that is

both water-insoluble and chemically stable in solutions of chlorides, sulfates, and nitrates, as

well as halite and potash brine. The asphalt used as a seal in shafts is produced by mixing

bitumen at high temperatures with rock dust filler or aggregates which are neither soluble nor

expandable in water. The filler material is used to obtain the desired specific gravity to meet

the sealing requirement. Voids in the asphalt mixture between rock particles are completely

filled with bitumen due to the high bitumen content in the mixture. The specific gravity of

asphalt is greater than that of water or brine, hence for any given vertical interval, the pressure

of the asphalt column will be greater than the respective hydrostatic pressure of the formation

water. Consequently, the asphalt column forms an impervious barrier which will not allow

water or brine to penetrate or infiltrate through the asphalt itself nor through the interface

between the contiguous rock and the asphalt mass, provided the asphalt column is approximately

equal in height to the water or brine column.

A key characteristic of asphalt is its low viscosity, enabling it to penetrate into the fissures

and crevices of the DRZ in the contiguous rock and to displace the water. The depth of

penetration dependents on:

• the width of fissures,

• viscosity of bitumen/asphalt,

• pressure height of the asphalt column, and

80



• time for penetration.

Oellers (1983) presents a study on the penetration depth of bitumen in relation to the type

(viscosity) of bitumen and penetration time. The analysis indicates that after 75 years and at a

column height of 170 m (560 ft), bitumen B200 will penetrate up to 50 m (165 ft) and bitumen

B80 up to 15 m (50 ft) into a I-mm-wide fissure. The depth of asphalt penetration is expected

to be less than that for bitumen because of the filler material in asphalt.

Because asphalt is a mixture of bitumen and filler particles, the filler particles will tend to

settle in the bitumen mass as time passes. Settling results in a lower specific gravity in the

upper portion of the asphalt column and a higher specific gravity in the lower portion. Studies

were made to determine the sinking rate of filler particles (Kerkhoven, 1959; Oellers, 1983) in

a bitumen mass. The rate of settling of particles (about 4 m in 100 years) is considered

acceptable for the WIPP sealing system requirements. An example (Kerkhoven, 1959; Oellers,

1983) of sedimentation behavior of an asphalt mixture (P A = 1.3 g/cm3
) with bitumen B300

(low viscosity) is that after 75 years of settling, an asphalt density greater than 1.27g/cm3 was

sustained to within 6 m from the top of the asphalt column.

The asphalt column must be confined at the bottom by a concrete structure. The height of

the asphalt column will diminish with time because of asphalt losses by penetration into the

contiguous rock. To avoid topping the asphalt column from the surface and to compensate for

the penetration losses, an additional length of asphalt column can be provided. The length of

the additional column can be evaluated from the rock condition and type of bitumen used. A

5-ft layer of fine sand and 15-ft layer of sand-asphalt barrier can be placed at the bottom of the

asphalt column to prevent escape of asphalt through the interface between the concrete plugs and

the shaft wall (Oellers and Sitz, 1985).

4.3.5.2 DOW CHEMICAL SEAL RING

The Dow Chemical Seal Ring was developed in the U.S. and Canada to provide a fluid-tight

barrier in boreholes and shafts. The seal ring may have application as short-term seals in the

lower- and upper-shaft sealing subsystems at the WIPP. The Dow Chemical seal is normally

applied as a narrow annular band, approximately 2 m in height at the interface between an

aquiclude rock and the outside surface of the shaft liner. The sealing properties result from the

swelling pressure of the chemical seal material. Chemical seal rings are widely used together

with watertight liners in shafts; example potash and salt mines are listed in Table 4-2. Chemical

seal rings were installed in the WIPP shafts in 1981. Thus, at the end of the waste emplacement
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phase (35 years), chemical seal rings will have been in place at least 45 years and can be

examined in situ to evaluate its durability under WIPP conditions. Currently, chemical seals are

being installed in the two Markel Isolation Bulkheads for the Strategic Petroleum Reserve at

Weeks Island, Louisiana. The seal rings have been used successfully for about 25 years. In two

instances, some repressurization was performed to obtain a satisfactory seal (Storck, 1968, and

Cleasby et al., 1975). The main purpose of the repressurization was to initiate the swelling

process.

The chemical seal ring is an elastic, polymeric material. It can be mixed and placed as a

slurry that sets and cures into a nonpermeable, rubber-like material. The engineering properties

of the cured polymer are given in Table 4-3. This polymeric compound increases its volume

(swells) when contacted by water and maintains its integrity as a sealing material in its swollen

state. In confined conditions, the swelling properties pressurize the state of the seal. This

compound is sufficiently pliable to accommodate any expansion or contraction of a confining

concrete plug.

As stated, the chemical seal ring is placed as a slurry of mixed powdered polymer. The

initial viscosity of the slurry is very low (approximately 4 poises). The setting of a chemical

ring is controlled by the addition of a catalyst to the slurry during mixing. The seal ring

material is considered to be set when the viscosity reaches 10,000 poises.

Penetration of the chemical seal ring into the fissures of the contiguous rock has not been

investigated. A low initial viscosity allows some penetration into the rock fissure before the

slurry sets. Once set, no further penetration by the rubbery ring material is possible. The seal

can be pressurized by cementitious grout after the slurry has set (Cleasby et aI., 1975).

According to manufacturer's literature (Dowell Division of the Dow Company), laboratory

tests were made of the development of swelling pressure in a confined chemical seal without

water. The swelling pressure recorded 80 days after setting was 220 psi. Field measurements

of Dow Chemical seal show that the pressure exerted against a shaft liner after setup is in the

range of 90 to 150 psi. The swelling pressure in rigidly restrained tests in the laboratory with

optimum water exposure reaches 4,000 to 5,000 psi. The swelling pressure depends on the

tightness of the confinement, amount of the entrapped air in the seal mass, and the amount of

water available.
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Table 4-3. Properties of Dowell Chemical Seal Ring Formulations (Pence et al., 1971).

Property
Thickness, ASTM

201 System 300 System
Inches Method

Tensile Strength, Ultimate, psi 1/8 D412 61 60

Tensile Strength, Ultimate, psi 1/4 0412 80 56

Elongation, Ultimate, percent 1/8 0412 118 330

Elongation, Ultimate, percent 1/4 0412 137 335

Secant Modulus at 2 % Elongation, psi 1/4 D638 151 33

Shear Strength, psi of Shear Area 1/2 D732 192 58

Tear Resistance, lbs/in of Thickness 1/8 01004 13.1 7.8

Tear Resistance, lbs/in of Thickness 1/2 DlOO4 14.7 7.1

Hardness, Durometer A 1/2 D2240 30 10

Thermal Conductivity, BTU in/hr of If Dow Heat 3.3 2.0
Flow Meter

Method
(Modified)

Compressive Strength, psi at:
5 % Deformation 0695 7.3 1.3
10% Deformation D695 15.0 2.7
25 % Deformation D695 44.0 8.0

Compressive Modulus, psi D695 146 27

Resistivity, ohm-em 1/4 D257 2.7 X 107 5.2 X 107

Compressibility, in/in/psi 7.02 X 10-6

Density, gm/cm3 1.367 1.194
lbs/gal 11.40 9.96
lbs/cu ft 85.27 74.50

The life expectancy of a chemical seal ring is not known; the material is relatively new and

there is no method for determining exactly how long it will last. Manufacturers' literature

indicates that accelerated tests have been conducted for periods of 90 days to 4 years in

concentrated environments of acid, caustic brine, ozone, ammonia, hydrocarbons, and fresh

water. In all cases, the chemical seal compound has maintained its integrity and sealing

properties without any apparent deterioration.

The disadvantages of the chemical seal ring are that:

1. An interaction with water or brine is necessary to develop a high swelling pressure,
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2. The 1oo-year longevity of the chemical seal material has not been established, and

3. The chemical seal material is proprietary to Dow Chemical and they may be the only

source of data and information.

The advantages of the chemical seal ring are that:

1. The sealing performance of chemical seal rings have been proven up to 1,370 psi

(Table 4-2),

2. No failure of a chemical seal ring has been recorded, and

3. Installation of a chemical seal ring is simple and can be accomplished in a relatively

short time.

4.3.5.3 QUARRIED-SALT BLOCKS

The principal advantage of using quarried-salt blocks as a form of emplaced salt is that their

density is essentially equal to the density of the host rock. The overall density of an assemblage

of salt blocks will be less than that of the blocks because of the joints between the blocks and

the gap at the shaft wall. A stacked salt block seal will also contain voids because of dimension

tolerances and surface and shape imperfections. These voids and joints will be eliminated by

brittle and viscoplastic deformation caused by creep closure of the shaft excavation wall, but

such deformation will result in partial destruction of the monolithic structure of the salt blocks.

Van Sambeek (1988) proposes using salt mortar between quarried blocks and in the gap at the

shaft wall. The reconsolidation of the seal barrier will then be reduced to consolidation of the

salt mortar. The salt mortar area constitutes 10 to 12 percent of the total cross-sectional seal

area in comparison to 100 percent for the crushed-salt seal area. A description of the salt mortar

properties is given by Van Sambeek (1988).

Construction of a long-term seal barrier from quarried-salt blocks probably provides the

longest and earliest long-term seal. This is because the fractional density of the blocks is equal

to that of the host rock and consolidation of the barrier is reduced to consolidation of any

crushed-salt mortar only. As a result, the consolidation time for the barrier is significantly

reduced.

To calculate whether or not reconsolidation can occur in a loo-year time frame, the

following assumptions were made concerning a quarried-salt-block seal:
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• Joints between blocks are 3/8 in wide and are filled with a salt mortar,

• Gap between the salt blocks and the shaft wall is 3 in wide and is mortar-filled,

• Salt mortar has an initial fractional density of 50 percent,

• Horizontal joints are not considered,

• Back pressure slowing the creep closure is not considered,

• Seal installation is in a 50-year-old shaft, and

• Salt blocks are 12 x 12 x 12 in (0.03 cubic m).

Based on these assumptions, the emplaced fractional density is nearly 90 percent, but the mortar

(with a fractional density of only 50 percent) must still be consolidated to achieve a true, overall

95 percent fractional density. According to the volumetric strains for various depths in a shaft

shown in Figure 2-1, reconsolidation of the mortar to 95 percent fractional density will reach

approximately the 1,500-ft depth below the surface within 100 years. This would create a 600­

ft-long seal in the lower-shaft seal subsystem.

The advantage of using the quarried-salt blocks is that within 100 years the length of the

reconsolidated salt seal barrier will be about twice that of crushed salt. The disadvantages of

quarried-salt blocks are:

• Cutting and removing blocks from an in situ location at the WIPP repository horizon and

storing them on the surface will be both troublesome and time-consuming,

• Cost of retrieving, shipping, handling, and placing blocks in the shaft can be very

significant, and

• The number of rejected blocks could be relatively high.

4.4 Description of Seal Design Alternatives

Each of the four shafts will be sealed using four sealing subsystems: a lower-shaft, an

upper-shaft, a water-bearing zone, and a near-surface sealing subsystem. The lower sealing

subsystem will consist of:
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• A long-term, emplaced-salt seal,

• A short-term seal above the long-term, emplaced-salt seal,

• Emplaced salt above the short-term seal,

• A short-term seal above the emplaced salt, and

• Plain (unreinforced) concrete above the short-term seal.

Unless an asphalt column is used, the upper sealing subsystem will consist of a short-term

seal barrier and a plain concrete fill above the short-term seal and the water-bearing sealing

subsystem will consist of a short-term seal barrier. If asphalt is used, the upper and the water­

bearing zone subsystems will consist of an asphalt column.

For all arrangements, the near-surface sealing subsystem will consist of earthen fill, a

concrete cap at the shaft collar, and a grout curtain around the collar.

4.4.1 Lower-Shaft Sealing Subsystem

The lower-shaft seals will be located between the top of the Salado Formation and stations

at the repository level (see Sketch SK-7 in Appendix D). At the top of the Salado Formation,

a reinforced concrete foundation key has been constructed in each shaft. In the conceptual

design, it is assumed that these foundation keys will remain in place but the keys are not

considered to be part of the lower-shaft sealing subsystem. The shaft station and the shaft brow

will be filled with concrete to approximately 30 to 40 ft above the station level. This concrete

plug will serve as a base for the long-term seal barrier. The following levels below the surface

are specified for the four WIPP shafts.

Top of Bottom Shaft

Salado Foundation Station

Formation Key Level

Waste Shaft 844 ft. 900 ft. 2,158 ft.

Air Intake Shaft 822 ft. 903 ft. 2,162 ft.

Exhaust Shaft 851 ft. 907 ft. 2,157 ft.

Salt Handling Shaft 851 ft. 880 ft. 2,162 ft.

86



4.4.1.1 SHORT-TERM SEAL BARRIERS

Within the Salado formation, all four shafts are unlined. The shaft walls are probably

damaged by creep, weathering, and excavation methods, and a disturbed rock zone has already

formed (see Section 2.2.1). In order to obtain a tight interface between the seal material and

the rock wall, the damaged part of the excavation wall should be removed. At present, it is

estimated that the shaft radius will have to be increased approximately 2 ft at the short-term seal

locations.

Excavated Overexcavated

Radius Increase Radius

Waste Shaft 10ft 2 ft. 12 ft

Air Intake 10ft 2 ft. 12 ft

Exhaust Shaft 7.5 ft 2 ft. 9.5 ft

Salt Handling Shaft 5.9 ft 2 ft. 7.9 ft

Two locations for the short-term seal are proposed in the lower shaft seal subsystem. One

is placed just above the long-term seal and a second one is in the upper part of the Salado

Formation below the existing foundation key. The shaft section between these two short-term

barriers will be filled with some form of WIPP salt. The shaft section between the top of the

second short-term seal barrier and bottom of the upper shaft sealing subsystem (except the

asphalt seal alternative) will be backfilled with plain concrete to provide structural competence

to the shaft lining. Locations for the short-term seal barriers will be linked together with the

top of the long-term seal barriers. That is, they should be placed at the top of the expected

reconsolidation depth of the salt barriers in the loo-year time frame.

4.4.1.1.1 Bentonite Layer Seal

The concept for a bentonite layer seal is shown on Sketch SK-8 in Appendix D (concept of

this type of seal was taken from Stormont (1988) and Nowak et al. (1990). The seal barrier is

comprised of:

• A lower, 33-ft-thick, concrete plug,

• A 13-ft-thick bentonite layer emplaced to about 2.0 g/cm3 density, and
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• An upper 33-ft-thick concrete plug.

The lower and upper concrete plugs are designed to confine the bentonite disk and to form

redundant water-brine seals. Both plugs will be located in salt. The closure generated by creep

of the excavation wall will create a tight interface with the concrete, resulting in a positive seal.

However, structural competence should be the principal function of a concrete plug. The

bentonite layer is emplaced in the shaft after removal of any weathered salt rock within the seal

area.

The bentonite plug will be constructed from blocks compacted from air-dried bentonite

powder. The assumed size of bentonite block is 12 x 12 x 12 in. The assumed thickness of

the bentonite plug is 13 ft. The upper concrete plug will be equipped with water-injecting pipes

and a silica sand layer, 3-4 in thick, will be placed between the bentonite layer and upper

concrete plug. The silica sand will be composed of screened 0.5-2 mm particles to facilitate

effective saturation. The water-injecting pipes can be made of almost any material or they can

be just holes in concrete. After completion of the water injection operation, the pipes or holes

will be grouted and capped. As the pipes or holes are located above the bentonite layer, they

will not constitute a leakage path through the seal barrier. A detail design of the water-injecting

arrangement would be part of the design phase. The purpose of the sand layer is to evenly

distribute water from injecting pipes into the bentonite mass and to initiate the swelling process.

The suggested bulk density of the bentonite blocks is 2.0 to 2.2 g/cm3 with a 10 percent water

content. The average density of the bentonite in the seal is expected to be in the range of 1.95

to 2.0 g/cm3
•

4.4.1.1.2 Bentonite Seal Ring

The bentonite seal ring barrier (see Sketch SK-9 in Appendix D) is composed of a concrete

plug with a bentonite ring on the outside of the plug. On the top of the seal ring, a thin layer

of sand will be placed. The primary function of the plug is structural support; the actual sealing

function lies with the bentonite ring. Two locations for bentonite seal rings are proposed: a

bottom seal with one bentonite ring and a top seal with two bentonite rings. The concrete plug

is assumed to be cylindrically shaped with a bottom key and be either 36 or 57 ft long,

depending on the number of bentonite seal rings.

The bentonite seal ring will be constructed from compacted bentonite powder or blocks and

will be located between the concrete and the host rock. The assumed size of the bentonite seal

ring is 10 ft long (vertically) and 16 in thick. The bentonite seal ring is expected to have an
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average installed density that is slightly higher (2.05 g/cm3
) than that of the bentonite layer seal

because it can be easily compacted in a 16-in narrow slot. Similar to the bentonite disk,

swelling of bentonite can be initiated with a 2- to 3-in sand layer and water injection pipes in

the upper part of the concrete plug. Again, the weathered salt rock within the seal area would

need to be removed.

4.4.1.1.3 Chemical Seal

The concept for a chemical seal is adopted from the sealing practice in the salt and potash

mining industry. Based on experience in shafts, the recommended size for the chemical seal ring

is 7 ft high and 6 in wide. The Dow Chemical seal ring assumed is a No. 300 system for slurry

placement mixed with silica flour particles or 3/4 in aggregate. The arrangement for the Dow

Chemical seal ring is shown in Sketch SK-IO. The concept of this seal, including water­

injecting pipes, is similar to that of the bentonite seal rings.

4.4.1.2 LONG-TERM SEAL BARRIERS

The long-term seal barrier in the lower shaft system will be some form of emplaced WIPP

salt: precompacted crushed salt, compressed-salt blocks, or quarried-salt blocks. The use of

each of these materials in the long-term seal was discussed in Section 4.3.

4.4.2 Upper-Shaft Sealing SUbsystem

The upper-shaft sealing subsystem will be located in the Rustler formation and above. The

top of the existing reinforced concrete key structure is below the Culebra aquifer. Important

depths for the upper-shaft sealing subsystem are:

89



Bottom of Top of

Culebra Top of Salado

Aquifer Shaft Key Formation

!ill !ill !ill

Waste Shaft 729 834 844

Air Intake Shaft 709 843.5 822

Exhaust Shaft 736 841 851

Salt Handling 734 842.4 851
Shaft

4.4.2.1 SHORT-TERM SEAL BARRIER

The principal function of the upper-shaft, short-term barrier is to prevent any water

migration from the Rustler Formation into the lower shaft during the short-term period.

Performance of this barrier is critical to the whole lower-shaft sealing subsystem. Four types

of seal barriers are considered:

• Bentonite layer seal,

• Bentonite seal ring,

• Chemical seal ring, and

• Asphalt column.

In the Rustler formation, the shafts are lined with concrete. Installation of a concrete liner

does not need to be made in dry conditions (concrete liners in shafts are sometimes installed with

water inflows over 100 gpm). However, seals must be installed in a dry environment because

their effectiveness depends on interaction with water in a fully confined space. Before removing

any liner, the region between the bottom of the Culebra and top of the Magenta aquifers must

be completely grouted. At the planned seal locations, the shaft liner must be removed and the

walls scaled and cleaned in order to obtain a firm interface for the seal barrier. The exact

location of the seal barrier will be selected after removal of the concrete liner and a visual

inspection of the host rock condition. It is assumed that the shaft excavation radius must be

increased along the seal location approximately 2 ft.
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Excavated Overexcavated

Radius Radius

Waste Shaft 11.5 ft 13.5 ft

Air Intake Shaft 10.2 ft 12.2 ft

Exhaust Shaft 8.3 ft 10.3 ft

Salt Handling Shaft 5.9 ft 7.9 ft

4.4.2.1.1 Bentonite Layer Seal

The description and data for the bentonite layer barrier for the upper shaft sealing subsystem

are the same as those for the lower-shaft sealing subsystem (see Sketch SK-8 in Appendix D).

The required bentonite swelling pressure (see Table 4-4) for an upper-shaft seal in the Rustler

Formation may be adequate because of the lower brine pressures encountered.

The bentonite layer seal barrier will be located between the following approximate depths:

Waste Shaft

Air Intake Shaft

Exhaust Shaft

Salt Handling Shaft

4.4.2.1.2 Bentonite Seal Ring

834 - 755 ft

844 - 765 ft

841 - 762 ft

842 - 762 ft

A bentonite seal ring in the Rustler Formation would be similar to the top seal barrier in the

lower-shaft seal subsystem (see Sketch SK-9 in Appendix D). It would be constructed with two

bentonite rings. The seal is located below the Culebra aquifer. The upper bentonite seal ring

should face the anhydrite-confining bed. The barriers will be located between the following

approximate depths:

Waste Shaft

Air Intake Shaft

Exhaust Shaft

Salt Handling Shaft

729 - 786 ft

709 - 766 ft

736 - 793 ft

734 - 791 ft
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Table 4-4. Brine and Rock Pressures Against Seals in the Upper-Shaft Seal System.

Depth Head
Brine Required Lithostatic

Pressure Pressure(a) Pressure
ill.) ill.)

Will Will Will
Top of Salado 851 492 247 272 922

Rustler Seal 770 411 207 227 834

Water-Bearing
670 311 156 172 726

Zone Seal

(a) Includes 1.1 safety factor specified in DRD (Bailey et at, 1992a).

4.4.2.1.3 Chemical Seal

This seal is similar to the top chemical seal ring in the lower shaft seal subsystem (see

Sketch SK-lO in Appendix D) and is located at the same depth as the bentonite seal ring. The

seal is constructed with two chemical rings.

4.4.2.1.4 Asphalt Column

The asphalt seal is placed as a continuous column in the shaft opening. The concrete liner

must be removed in the aquiclude section (Salado Formation) and any aquifer formations. The

exact locations where the liner should be removed will be decided during construction. Because

asphalt's specific gravity is greater than that of water or brine, it creates an overpressure system

which prevents downward water/brine migration along the host rock and asphalt interface. The

asphalt, which has a low viscosity, will penetrate into fissures and crevices in the contiguous

rock and seal the DRZ.

The asphalt seal consists of:

• an asphalt column,

• a sand asphalt seal at the bottom, and

• a lower concrete plug, 50 ft long, with a chemical seal ring.

92



The pressure required at the bottom of the asphalt column to prevent water flow is about

315 psi (2.2 MPa). Such a seal requires a 560-ft-long asphalt column of 1.3 g/cm3 density

asphalt. An additional l00-ft-length is provided to compensate for potential loss of asphalt into

the salt DRZ. In order to prevent leakage of asphalt at the bottom of the column, two layers

of sand and sand asphalt are installed as an additional seal. The chemical seal ring around the

concrete plug is also installed to prevent leakage of asphalt into the lower shaft. The lower

concrete plug must be designed to carry the weight of the asphalt column and to withstand the

swelling pressure of the chemical seal ring.

Asphalt is insoluble in water and chemicals and does not pose a pollution threat for the

aquifer waters. The use of asphalt in European shafts has not created any environmental

problems. If asphalt creates a problem for the New Mexico Water Authorities, a lining scheme

could be used in which the asphalt would not come into contact with the aquifers.

The asphalt seals will be located between the following depths:

Asphalt Lower

Column Concrete

(ffi (ffi

Waste Shaft 292 - 952 952 - 1,002

Air Intake Shaft 297 - 957 957 - 1,007

Exhaust Shaft 297 - 957 957 - 1,007

Salt Handling Shaft 270 - 930 930 - 980

4.4.3 Water-Bearing Zone Sealing Subsystem

The water-bearing zone sealing subsystem has the function of separating the Culebra and

Magenta aquifers. The seal barrier will be located in the Tamarisk Member of the Rustler

Formation in the Anhydrite No.3 bed. The seal barrier will be located between the following

depths:

Waste Shaft

Air Intake Shaft

Exhaust Shaft

Salt Handling Shaft

621 - 705 ft

598 - 685 ft

627 - 714 ft

626 - 710 ft
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The exact location of the seal will be established after visual inspection of the host rock during

construction.

As the seal has to be installed in a dry environment, both aquifers (Magenta and Culebra)

should be sealed by grouting before removing the existing shaft liner. To obtain an undisturbed

interface between the seal material and rock wall, part of the excavation wall must be removed.

It is assumed that the shaft excavation radius will be increased 1.5 ft at the seal barrier location.

Four alternatives for the seals are considered: a bentonite layer seal, a bentonite seal ring, a

chemical seal ring, and asphalt seal column. The installation of any of these alternatives would

be similar to that described in the lower-shaft sealing subsystem.

4.4.4 Near-Surface Shaft Sealing SUbsystem

The near-surface shaft seal prevents migration of surface water through the interface

between the shaft liner and the Santa Rosa and Gatuna Sandstone Formations. Moreover, it

should form a protective cover for the shaft. This protective cover should be built in the

existing collar structure.

The depths of the existing collars and the Santa Rosa and Gatuna Sandstone Formations are:

Waste Shaft

Air Intake Shaft

Exhaust Shaft

Salt Handling Shaft

21 ft

16 ft

10ft

Santa Rosa and

Gatuna Sandstone

54 ft

45 ft

Preventing water migration on the interface can be achieved through cementitious grouting

of the interface along the Santa Rosa and Gatuna Sandstone Formations. The protective cover

of the shaft will be in the form of a concrete cap located at the surface and built into the existing

collar structure. Below the concrete cap, the inside of the shaft will be filled with earthen fill.
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4.5 Evaluation of Alternatives

Eight alternative sealing arrangements were considered for the WIPP shafts:

1. Bentonite layer seal and crushed salt (Sketch SK-8 in Appendix D),

2. Bentonite layer seal and quarried-salt blocks (Sketch SK-8 in Appendix D),

3. Bentonite ring seals and crushed salt (Sketch SK-9 in Appendix D),

4. Bentonite ring seals and quarried-salt blocks (Sketch SK-9 in Appendix D),

5. Chemical seal rings and crushed salt (Sketch SK-IO in Appendix D),

6. Chemical seal rings and quarried-salt blocks (Sketch SK-IO in Appendix D),

7. Asphalt seal column and crushed salt (Sketch SK-ll in Appendix D), and

8. Asphalt seal column and quarried-salt blocks (Sketch SK-ll in Appendix D).

The costs for the alternative sealing arrangements and the expected performance of the sealing

materials is described below.

4.5.1 Cost Evaluation

Order-of-magnitude capital costs for the four shafts using the eight shaft sealing alternatives

are shown below. Further breakdowns of the costs are given in Appendix B.

1. Bentonite layer seal and crushed salt . . . . . . . . . . . . . . . . . .. $42,602,000

2. Bentonite layer seal and quarried-salt blocks $69,811,000

3. Bentonite seal ring and crushed salt $33,762,000

4. Bentonite seal ring and quarried-salt blocks . . . . . . . . . . . . . .. $60,950,000

5. Chemical seal ring and crushed salt $39,132,000

6. Chemical seal ring and quarried-salt blocks . . . . . . . . . . . . . .. $66,320,000

7. Asphalt column and crushed salt $46,221,000

8. Asphalt column and quarried-salt blocks " $73,394,000
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NOTE: The costs shown are for labor and materials only.

4.5.2 Material Performance Evaluation

Each of the eight arrangements of seal components for lower- and upper-shaft sealing

subsystems for the WIPP shafts is expected to comply with the preliminary DRD requirements.

Specific concerns about selecting the appropriate seal materials are addressed for the short-term

and long-term seals in the following subsections.

4.5.2.1 LONG-TERM SEALS

Selection of the long-term seal material ultimately depends on the required length of

reconsolidated salt above the shaft station. Three materials are considered, each with a higher

emplaced fractional density. Emplacement at a higher density results in shorter reconsolidation

times and a longer length of reconsolidated salt. The effective length of the reconsolidated

crushed-salt barrier density after 100 years is expected to be about 310 ft for an emplaced

fractional density of 85 percent. Quarried-salt blocks can be installed at nearly the same density

as intact salt, such that only the salt mortar between blocks requires reconsolidation. The length

of the reconsolidated quarried-salt barrier after 100 years is about 610 ft for an emplaced mortar

volume of 10 percent. Compressed-salt blocks are similar to quarried blocks, but with a lower

block density. The reconsolidated length after 100 years is about 410 ft for blocks with a

starting fractional density of 90 percent and a 10 percent salt-mortar volume.

If a 300-ft-Iength for the long-term salt seal is adequate, then crushed salt emplaced at 85

percent fractional density is the most economical long-term seal material. If the long-term seal

barrier must be more than 300 ft, then either quarried-salt blocks (600 ft reconsolidated length)

or compressed-salt blocks (400 ft reconsolidated length) must be considered, and a higher cost

incurred.

4.5.2.2 SHORT-TERM SEALS

Performance of the short-term barriers is crucial during the first 100 years as the barriers

cannot be monitored, modified, tested, or maintained after installation. Three materials (other

than concrete) were considered for the short-term seals: bentonite, the Dow Chemical seal, and
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asphalt. The sealing performance of the last two materials has been confirmed through

successful applications in mine shafts. Bentonite performance has not been confirmed in mining

or similar projects.

The complexity of the confined bentonite layer seal component results in high material and

construction costs. Bentonite- and chemical-seal rings, which use a simpler and more

economical structure, provide an attractive sealing arrangement because the reduced volume of

sealing material and simpler construction. Both types of ring seals, however, block the flow

only at the interface with the shaft wall. Flow at locations other than the interface is blocked

by the concrete structures only. An advantage of the Dow Chemical seal ring over the bentonite

seal ring is that it has been successfully applied in mine shafts and has withstood water/brine

pressures up to 1,300 psi. The performance of asphalt as a sealing component has also been

proven in mine shafts. There are no known cases of failure of asphalt as a seal component in

shafts. Based on this experience, it is unlikely that the asphalt seal, if properly installed, will

fail or deteriorate. Asphalt will penetrate into the fissures and openings of the contiguous rock

and decrease the permeability of the DRZ during the short-term sealing period. Installation of

an asphalt seal column, however, is costly and time-consuming.

4.6 Conclusion and Recommendations

The proposed shaft seal alternatives are based on reference design/materials, new material

concepts, and sealing materials used in mine shafts. Sealing nuclear repository shafts is a new

and without-precedent operation. Available information on seal materials developed in

laboratories and scientific institutions is not adequate for engineering design. No engineering

description of a shaft sealing operation of the required performance is available in the literature.

In this alternatives study, additional sealing alternatives are introduced using different, promising

sealing materials. Alternatives were considered for long- and short-term seal barriers. At this

time, a fully defensible recommendation of any of the presented alternatives cannot be made.

The long-term seal alternatives are crushed salt, compressed-salt blocks, and quarried-salt

blocks. Sealing performance for all three alternatives is based on the same premises. The

sealing materials must achieve 95 percent density of the intact salt within 100 years after

emplacement. The length of the seal barrier attaining this density depends on the emplaced

density of each of the three materials.
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The design criteria (DRD) do not define the required length of the long-term seal barriers.

The crushed salt with an emplaced density of 85 percent could form a 300-ft-Iong seal barrier

in 100 years. During small-scale compaction tests on crushed salt, greater than 85 percent

densities have not been achieved. Four considerations related to the length requirement of the

long-term seal barrier are:

• Decrease length requirement (less than 300 ft) for crushed salt,

• Develop a compacting method for emplacing crushed salt in shaft at greater than 85

percent density,

• Develop a method to fabricate compressed-salt blocks to greater than 90 percent density,

and

• Use quarried blocks.

For the short-term seal barrier, the following alternatives were considered:

• Bentonite layer with two confining plugs,

• Bentonite seal ring or rings around a concrete plug,

• Chemical seal ring or rings around a concrete plug, and

• Asphalt column in the shaft opening.

The first three alternatives are for the lower and upper sealing subsystem, the fourth one is only

for the upper sealing subsystem.

Use of bentonite as a sealing material is promising in the upper sealing subsystem. In order

to use bentonite in the lower sealing subsystem, compaction and swelling pressure tests on an

industrial scale need to be performed. The difference between a bentonite layer seal and a

bentonite ring seal will be mainly in cost. The bentonite layer seal is a full, cross-section seal,

while the bentonite ring seal is an interface (circumferential) seal only.

Chemical seal rings have been used in mine shafts with good results. Since chemical seal

rings can develop high swelling pressure, they can be used in both the lower and upper sealing

subsystems. Studies on the longevity of the chemical seal material and its interaction with brine

water are recommended.
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Asphalt has been used successfully for sealing shaft linings. There are no known cases of

failure of asphalt as a seal component. It can be expected that asphalt will be a reliable seal in

the upper sealing subsystem including the water-bearing zone. In addition, the penetration of

asphalt into the contiguous rock will help seal the fractures in the DRZ.
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5.0 BOREHOLE SEALS

The borehole seals portion of the alternatives study was performed by first identifying

and describing the purpose and requirements for the borehole seals. The purpose and

requirements described in Sections 5.1 and 5.2 were taken from the DRD (Bailey et al.,

1992a).

Secondly, the boreholes requiring sealing (Section 5.3) and sealing strategies (Section

5.4) were identified. Two schemes were evaluated: (1) the DRD borehole sealing scheme,

which involves only boreholes located within the facility boundary, and (2) a proposed

alternative scheme, which is based on Christensen et al. (1983) borehole classification.

Thirdly, four sealing alternatives, comprising cementitious grout, asphalt and

combinations of cementitious grout, crushed salt, and crushed salt/bentonite mix were

evaluated. Materials, emplacement methods, and constructibility considerations are

discussed in Section 5.6.

Finally, the alternatives are evaluated in terms of their effectiveness and costs in Section
5.7, and discussions and conclusions are given in Section 5.8.

5.1 Purpose

Boreholes drilled in the vicinity of the repository are potential preferential pathways for

groundwater flow and hazardous mixed waste release to the accessible environment. To

mitigate this potential, borehole seals will be designed to limit the volume of water that

could be introduced via the boreholes to the reposito....j from the overlying water-bearing
zones and the amount of contaminated brine that could move up the boreholes to either the

surface or the water-bearing zones.

This portion of the seal design alternative study examines and compares four borehole

sealing alternatives with respect to seal effectiveness, emplacement techniques, and order-of­

magnitude capital cost for three cases as follows:

Case 1 - Nine boreholes located within the facility boundary as indicated in the Design
Requirements Document (DRD);
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Table 5-1. Borehole Sealing Subsystem (from Bailey et aI., 1992a)

Functional Requirements

SALADO PENETRATING

1. Limit release of waste materials in
gaseous medium during the short­
term period.

2. Limit water flow through the bore­
holes down to the underground area
of the repository; limit saturation of
consolidating salt in the repository
during the short-term period.

3. Prevent excessive release of waste
materials from the repository to the
accessible environment during the
long-term period.

4. Separate the water-bearing aquifers.

5. Provide borehole cap and markers.

WATER-BEARING PENETRATING

1. Separate the water-bearing aquifers.

2. Provide borehole cap and marker.

Performance Criteria

1. Waste release rate from perform­
ance assessment. Permeability 2
x 10-7 darcy (2 X 10-19 meters
squared)(a) .

2. Maximum allowable water flow
rates 35.3 cubic ft (1 cubic meter)
per year. Provide flow barrier
with an equivalent permeability of
1 x 10-7 darcy (l x 10-19 meters
squared) or less(a).

3. Waste release rates as a function
of time from performance assess­
ment. Permeability 1 x 10-8

darcy (10-20 meters squared)(').

4. Borehole seals will separate the
aquifers in the boreholes between
the Culebra and Magenta water­
bearing members. These seals'
performance will exceed the stan­
dards of approved practice perme­
ability 2 x 10-7 darcy(').

5. Borehole seals will meet or ex­
ceed applicable regulations(h).

1. Borehole seals will separate the
aquifers in the boreholes between
the Culebra and Magenta water­
bearing members. These seals'
performance will exceed the stan­
dards of approved practice 2 x
10-7 darcy(a).

2. Borehole seals will meet or ex­
ceed applicable regulations(h).

Constraints/Assumptions

None identified at this
time.

NOTE: It is assumed that borehole seals have the same functional requirements as shaft seals.
(a) Nowak et aI.. 1990
(b) State of New Mexico Minerals and Natural Resource Department
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Case 2 - Twelve boreholes meeting Condition 1 (see Section 5.3); and

Case 3 - Fifteen boreholes meeting Conditions 1 and 2 (see Section 5.3).

5.2 Requirements for the Borehole Seals

Preliminary functional requirements and performance criteria for Salado penetrating and

water-bearing penetrating borehole seals are provided in the DRD (Bailey et aI., 1992a) and

reproduced here in Table 5-1. According to the DRD, the water-bearing penetrating

borehole seals (WBBS) separate the water-bearing aquifers and a borehole cap and marker

are to be provided. The DRD gives the Salado-penetrating borehole seals (SBS) the

following short-term and long-term functional requirements.

For the short term, the Salado-penetrating borehole seals shall:

• limit release of waste material in gaseous form,

• limit water flow through the boreholes down to the underground area of the

repository, and

• limit saturation of consolidating salt in the repository.

During the long-term period, the Salado-penetrating borehole seals shall prevent excessive

release of waste material from the repository to the accessible environment.

An assumption explicitly made in the DRD is that borehole seals have the same

functional requirements as shaft seals. Further definition of borehole criteria is planned by

Sandia National Laboratories and it is anticipated that modifications will be made because

of different functions and locations of boreholes. Note-worthy differences between shafts

and boreholes that have implications on sealing include:

• Location - Unlike the boreholes, the shafts are a direct link between the repository

and the upper aquifers,

• Size - According to Daemen et ai. (1983), there would be a much greater

generation of heat of hydration for cement-based plugs in shafts than in boreholes,

103



• WIPP-19

Storage
Borehole Depth (tt) Area

ERDA-9 2877
WIPP-19 1038
WIPP-21 1046
WIPP-22 1448

H-1 856
H-2 795
H-3 894
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Figure 5-1. Approximate locations of boreholes in relation to the WIPP underground (from
Lappin et aI., 1989, p. 1-3).
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• Emplacement method - As opposed to shaft sealing, borehole sealing entails
remote emplacement,

• Excavation method - Blasting during excavation for some of the shafts would cause

fracturing of surrounding rock and increase the DRZ. Field and laboratory tests

indicate only a small effect of the disturbed zone is associated with boreholes (less

than 3 percent of the borehole radius vs. 30 to 100+ percent of the radius for shafts;
Christensen and Peterson, 1981; Kelsall et aI., [1982]), and

• Seal Construction Schedule - Whereas shafts must be left open during the
operational phase, boreholes can be sealed now or later.

5.3 Boreholes Requiring Sealing

Existing borehole and casing locations and depths are presented in Appendix B of

Brinster (1991) as a compilation of geohydrologic data from various sources. Coordinates

given for each borehole in Table B-1 of Brinster are Universal Transverse Coordinates

converted to the study area coordinates.

Figure 4-11 of the Data Base Document shows boreholes within the facility boundary

as those to be sealed. This figure is reproduced here as Figure 5-1.

Sketch SK-12 in Appendix D of this report presents three location figures - the WIPP

Site Boring Locations (Stormont, 1984), a General Location Map (adapted from Lappin et

aI., 1989), and a figure showing Borehole Classification as to Location (Christensen et aI.,

1983). The Borehole Classification as to Location is an alternative scheme which could be

used to determine boreholes requiring sealing.

Christensen et al. (1983) proposes plugging only those boreholes meeting either

Condition 1 or Condition 2, defined as follows.

Condition 1: Boreholes terminating in the Salado formation and within 300 m (1,000

ft) horizontally of the maximum potential lateral extent of repository development.

(This involves 12 boreholes.)
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Condition 2: Boreholes terminating below the Salado/Castile interface within 3,168

m (2 miles) of the site center. These boreholes might link the upper and lower

aquifers and could conceivably exhibit a two-aquifer communication scenario with

faster diffusion rates than those in Condition 1. (This involves 3 additional

boreholes.)

Boreholes meeting either of these conditions are identified in Christensen et al. (1983) and

in Sketch SK-12 in Appendix D, and may be sealed in accordance with the functional

requirements and performance criteria defined in the DRD. Technically, however, the seals

for these boreholes do not need to meet the stringent requirements of the DRD.

5.4 Borehole Sealing Strategy

The conclusions reached from consideration of a worst-case, two-aquifer communication

scenario in open existing boreholes, as part of the Final Environmental Impact Statement

(FEIS, US DOE, 1980) and from a study by Intera Environmental Consultants, Inc. (1981)

are incorporated into the sealing strategy. In this scenario, an uncased, open borehole is

assumed to penetrate the Rustler, the center of the repository, and the Bell Canyon aquifer.

Such a borehole, which connects the upper and lower aquifers, might dissolve salt faster

than one penetrating only the upper aquifer because circulation could be established

between the two aquifers in the former case. Based on flow rates calculated from the FEIS

assessments for the two-aquifer communication scenario, it would take more than 1.3 My

(for the unplugged case) and 30 My (for the plugged case) to dissolve the repository

contents. The plugged case assumes that the cement grout used ultimately degrades to a

condition equivalent to that of sand. The whole-body dose received by the maximally
exposed individual is about 0.012 percent of the natural background radiation. Subsequent

hydrologic investigations and calculations by Intera (1981) indicate that the FEIS

calculations are very conservative.

None of the existing boreholes penetrate the WIPP facility. Therefore, salt has to be

dissolved between a borehole and the repository for breach of the repository to occur. In

boreholes penetrating only the upper aquifer, the dissolution is controlled by diffusion and

proceeds so slowly that it poses no threat to the WIPP even if the borehole were left open

(Stormont, 1988).
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Since concerns regarding long-term performance are alleviated for borehole seals,

cementitious mixtures can be used as the principal seal material (Stormont, 1988).

Borehole sealing entails remote emplacement and requires the sealing material
completely fill the borehole and makes good contact with the borehole wall, especially in

boreholes penetrating rock susceptible to substantial washouts (Christensen et aI., 1980).

Cement grouts have known flow properties and established emplacement techniques that

produce good rock/seal contact. Even if the grout degrades into its constituents (principally
sand), adequate resistance to flow should exist (Stormont, 1984).

5.5 Evaluation Considerations

To fulfill their primary functions as detailed in Section 5.2, borehole plugs should

provide a variety of secondary functions, including mechanical support for the surrounding
rock, maintenance of their own physical integrity, and minimization of water movement.

5.5.1 Seal Effectiveness

The effectiveness of the seal material is examined from the following perspectives.

• Permeability of the seal - the performance criterion for borehole seals with regards
to permeability is given in the DRD as 1 x 10-7 darey (1 x 10-19 m2

) or less, as
compared to the expected permeability of the host rock salt 10-10 to 10-8 darey (10-22

to 10-20 m2
).

• Stability/Longevity - prediction of long-term behavior of seal materials using

models is difficult to verify because of the diversity between the seal and rock
material and the long time of interest. Similarity between the seal material and its
host formation implies compatibility, which increases long-term stability of the
sealing system, reduces the burden on predictive modeling, and adds confidence in

long-term isolation.

• Swell Potential - the potential of the seal material to swell, fill voids, heal fractures

within the seal and the host rock.
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• Remediation of Disturbed Rock Zone (DRZ) - the potential for increased

permeability within a DRZ is of concern to any sealing program. Around a

borehole, the DRZ results primarily from energy imparted during drilling. Field

tests indicate only a small disturbed zone is associated with boreholes (Christensen

and Peterson, 1981).

5.5.2 Emplacement Techniques

It is not obvious that all candidate seal materials can be adequately emplaced and retain

the low permeabilities (exhibited in laboratory tests) over an extended period of time. In

particular, remote emplacement poses special problems for some seal material types

including assurance of complete filling of the void and avoiding bridging. The technology

for cementing of boreholes (whether cased or not) is well established and considerable

experience exists within contractor organizations.

5.6 Description of Alternatives

Four candidate borehole sealing alternatives (see Sketch SK-13 in Appendix D), are

considered.

• Alternative A - A cementitious grout alternative, using the reference saltwater

(BCf-lF) and freshwater (BCf-lFF) formulations described by Gulick and Wakeley

(1987).

• Alternative B - An alternative using BCf-lFF grout in combination with crushed

salt.

• Alternative C - An alternative usmg BCT-IFF grout m combination with a

bentonite-crushed-salt mixture.

• Alternative D - An alternative using asphalt.
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5.6.1 Definition

5.6.1.1 ALTERNATIVE A: CEMENTITIOUS GROUT

Gulick and Wakeley (1987) provide the reference formulations and properties for

candidate grouts to be used in the WIPP sealing program. Both a freshwater grout (BCf­

IFF) and a saltwater grout (BCf-lF) are specified. As shown in Sketch SK-13 in Appendix

D, Alternative A would place saltwater grout in the borehole to the top of the Culebra

dolomite member (approximately at 200 m (700 ft)). The use of saltwater grout in the

Salado would preclude dissolution of the host rock. The freshwater grout mix would then

be used to fill up the borehole to the ground surface (approximately the remaining nonsalt

strata). A concrete plug would be placed at the top of the borehole, as shown in Sketch SK­

13 in Appendix D.

5.6.1.2 ALTERNATIVE B: FRESHWATER GROUT AND CRUSHED SALT

In Alternative B, crushed salt would replace the saltwater BCf-lF grout in Alternative

A. Crushed salt would be placed generally from the bottom of the borehole to a depth of

approximately 200 m (700 ft). To protect the underlying crushed salt from saturation by

inflow of water from the upper aquifer, a single, 4-m-Iong (13-ft) bentonite seal would be

placed above it. Calculations by Stormont and Arguello (1988) show that this length of

bentonite seal would sufficiently reduce water flow to the crushed-salt layer to allow

reconsolidation of the crushed salt. Freshwater grout mix would then be used to fill up the

borehole to the ground surface. A concrete plug would be placed at the top of the

borehole, as shown in Sketch SK-13 in Appendix D.

5.6.1.3 ALTERNATIVE C: FRESHWATER GROUT AND BENTONITE-CRUSHED SALT

Alternatives Band C are identical except that the crushed salt in Alternative B would

be replaced with a bentonite/crushed-salt mixture in Alternative C. Use of bentonite as a

sealing material is discussed in Section 4.3.1.

109



5.6.1.4 ALTERNATIVE 0: ASPHALT

Alternative D would use asphalt exclusively to seal the boreholes. Previous WIPP seal
concepts have not included asphalt, and the experimental program has not evaluated asphalt

as a candidate seal material. As previously noted by Stormont (1988), asphalt warrants

consideration as a possible seal material based on its successful applications, especially in

Germany.

Asphalt's low viscosity enables it to penetrate fissures of the DRZ in the contiguous

rock and to displace water. The degree of penetration depends on the width of fissures,

viscosity of the asphalt, pressure of the asphalt column, and the time for penetration. Use
of asphalt as a sealing material is discussed in Section 4.3.5.1.

The asphalt in Alternative D is produced by mixing bitumen with limestone filler at high

temperatures. To reduce the possibility of asphalt running out into the formation

continuously leading to an incessant fall in the level of asphalt, type 80 or type 65 asphalt

should be considered. The penetration rate of the candidate asphalt decreases with

increasing penetration depth. The time at which asphalt flow into the borehole walls ceases

depends basically on the width of the fissures (Kerkhoven, 1959). The depth of asphalt

penetration will diminish when dust filler particles are included. The asphalt and limestone

filler mixture should be homogeneous, free from water, and should not foam when heated

to 370°F. Furthermore, it should conform to requirements of the American Association of
State Highway and Transportation Officials (AASHTO) and the American Society for
Testing and Materials (ASTM) publications for Asphalt and Filler Materials. A concrete

plug would be placed at the surface, as shown in Sketch SK-13 in Appendix D.

5.6.2 Emplacement Considerations and Constructibility

5.6.2.1 BOREHOLE CLEANING AND CONDITIONING

Boreholes would be surveyed by downhole TV camera methods, and/or geophysical and

caliper logs taken to determine the extent of borehole deterioration, including borehole

enlargement or closure, or any other conditions which could adversely affect the emplace­

ment/performance of seals. Boreholes would be cleaned and conditioned, as required, prior
to sealing. This may involve washing, reaming and, if necessary, redrilling the boreholes to

provide fresh and stable borehole walls. These measures would ensure the integrity of the
boreholes as it affects seal placement and performance.
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Figure 5-2 shows a partially cased borehole being cleaned and conditioned with the aid

of cleaning tools at the end of a drill string and circulating slurry. The drill string is lowered

from a drill rig at the surface.

5.6.2.2 BOREHOLE CASING

Boreholes that penetrate the Salado (with the exception of borehole ERDA-9), are

unlined below the Salado/Rustler contact. Therefore, for the purpose of this study, two

representative casing lengths are assumed - 260 m (850 ft) from the ground surface to the

Salado/Rustler contact and 850 m (2,800 ft) from ground surface to the bottom of the

Salado for ERDA-9. Given that metal casing will corrode over long time periods leaving

a permeable flowpath through the seal (American Society for Testing and Materials, [1966]),

it seems judicious to either perforate or remove the casing.

The concepts behind several methods for casing perforation and removal are shown in

Figure 5-3. As indicated in the figure, perforation of the casing can be effected either by

using an expandable knife tool at the end of a drill rod or using a fired projectile.

Casing removal can be done by wash-over, underreaming or milling methods. As

indicated in Figure 5-4, wash-over methods involve a wash pipe having an inside diameter

slightly larger than the casing which slips over the casing and cuts through the cement that

bonds the casing to the host rock.

In the underreaming method, expandable cutter heads at the end of a drill string are

used to remove the casing. The underreamer is inserted to a desired elevation, the cutters

are expanded by applying hydraulic pressure to the drill string, and grinding downward to

remove the casing.

In milling operations, the mill has a fixed diameter and is run on the end of a drill string

until it encounters the casing from the top. Rotation of the drill string and application of

a downward force then grinds the casing up, allowing it to be removed by the circulation of

a fluid down the drill string.

Complete casing removal is not recommended for two reasons.

1. Casing removal methods are difficult at best, and in the shallow, unconsolidated

zones, their removal could cause enough damage to the borehole to more than

offset the benefits of removal. Damage related to the stability of the borehole
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walls and subsequent borehole enlargement would be likely in the shallower

zones; therefore, it is not recommended that milling operations be attempted as

this would require all the casing be removed. However, at greater depths where

the formations are more consolidated and certainly in the salt sections, the
underreaming method of casing removal would be possible. As a precautionary

note, it should be understood that as the depth increases, the difficulty of the

mechanical work increases, but the maximum depth of 2,800 ft is certainly within

the current technology level for the underreaming of casing.

2. Removal of the casing in any of the boreholes where fresh water is cemented

behind the casing could facilitate fresh water inflow from the upper aquifer,

making sealing of the lower portions of the boreholes difficult for Alternatives

Band C, which use crushed salt.

Well casings can be perforated as an alternative to casing removal. Each well should

be carefully evaluated to determine if perforating or selective casing removal would be the

best solution. If perforating is chosen, a fired projectile is the recommended method of

perforating. The perforation interval and the thickness of the injection zone would depend

on the sealing alternative.

It is proposed that casings be perforated with a fired projectile in all cases, except for

alternatives using the crushed salt or bentonite/crushed-salt mix, where casing removal
below the Salado/Rustler contact would be warranted. The perforation interval and
thickness of the injection zone would depend on the sealing alternative.

5.6.2.3 CEMENTITIOUS GROUT INJECTION

Figure 5-5 illustrates an emplacement concept for placing cementitious grout mix in the

borehole. The grout pipe is filled with the grout mix and lowered to the bottom of the

cleaned borehole. The mix is then deposited by opening the foot valve located at the

bottom of the grout pipe. The pipe is withdrawn as the mix is being deposited. The tip of

the pipe is maintained at a minimum of three borehole diameters below the surface of the
grout mix to ensure absence of entrapped air in the deposited mix.
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5.6.2.4 ASPHALT INJECTION

A conceptual method of emplacing asphalt borehole seals is illustrated in Figure 5-6.
Asphalt injection involves use of a packer above an injection zone. For the cased hole, the
injection zone is defined by the zone of perforated casing. The asphalt is injected through
a pipe to fill the borehole and the annulus between the casing and the borehole wall.

Asphalt is prepared into mastic in the refinery, or alternatively, filled into convective
tube heaters on-site at a temperature of 350°F from insulated trucks. The injection pipe
will be sumped about 15 m (50 ft) into the asphalt in the borehole during placement to
achieve a tremmie effect. The tremmie pipe is withdrawn as the asphalt is being deposited.
To avoid premature cooling of the asphalt during placement, heating strips may be placed
as required for maintaining the optimum temperature of asphalt in the borehole. The
heating device will be removed before placing the surface concrete cap.

Details of asphalt preparation, mixing, and placement will need to be developed and
called out in appropriate specifications that would be prepared in later stages of design.

5.6.2.5 EMPLACEMENT AND COMPACTION OF SALT/BENTONITE-SALT MIX

A conceptual method of emplacing crushed salt or a bentonite/crushed-salt mixture is

illustrated in Figure 5-7. A custom-made material transporter/compactor is required for
emplacement and compaction of the seal material. The material will be deposited and
compacted in lifts of about one borehole diameter. For cost evaluations in this study, the
density for the emplaced salt is assumed to be 80 percent fractional density at all depths.

The required density of the emplaced salt or salt-bentonite mix would need to be refined
in the preliminary design phase. Furthermore, the emplacement tools and methodology
need to be verified in the detailed design phase.

It is anticipated that boreholes with relatively shallow casing (uncased below the
Salado/Rustler contact) or in effect, all boreholes except ERDA-9, can be dewatered, and
crushed salt or bentonite/crushed-salt mixture can be emplaced as outlined here. Wellbore

conditions at each of the well sites will need to be considered when actual plugging
operations commence.
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5.7 Evaluation of Alternatives

This section will compare and evaluate the relative strengths and weaknesses of the

candidate borehole seal alternatives using the evaluation criteria identified in Section 5.5.

No attempt to either rank them or pick the best seal alternative will be made in this seal

design alternative study.

5.7.1 Seal Effectiveness

Permeability - According to the DRD, the short-term performance criterion for

limiting waterflow for boreholes is given as 1 x 10-7 darcy (1 x 10-19 m2
).

Both BCf 1-FF (fresh water grout) and bentonite seals have permeabilities of 1 x 10-7

darcy (1 x 10-19 m2
), which meet the short-term performance requirements. By using the

coarser available grinds of cement and using water reducers and retarders, the water-to­

cement ratio in the grouts was reduced, thus reducing permeability and porosity and
increasing density and strength.

In summary, with regards to permeability, Alternative A (the cementltlOus grout

alternative) would readily satisfy the short-term performance criteria in the DRD, required

to:

• limit release of waste materials in gaseous form during the short-term period, and

• limit water flow through the boreholes, down to the underground area of the

repository, etc.

However, the sealing alternative barely satisfies performance criterion during the long-term

period. It is recognized that the physical separation of the boreholes from the repository

will likely preclude any waste material from ever entering the boreholes.

On the other hand, Alternatives Band C which would use crushed salt or bentonite­

crushed salt mixture might meet both short and long-term criteria for the corresponding

functions outlined. Creep of host rock from the bottom of hole to about a 1,800-ft-depth
is expected to adequately reconsolidate the crushed-salt fill (as was discussed in Section 4).
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Asphalt (proposed in Alternative D) is a bituminous material produced by the

distillation of crude oil. Many of its properties can be tailored by the distillation process

and by the addition of weighting materials and blending and dissolving agents. The
functional requirements can therefore be called out in the specifications.

Stability/Longevity - Real-time observance of the long-term chemical and mechanical

stability of sealing materials in their host geologic environment is not possible. Therefore,

similarity between the seal material and the host formation enhances compatibility, which

increases long-term stability of the sealing system.

Asphalt should perform well as a long-term seal because bacterial degradation requires

micro-organisms and moisture and proceeds very slowly even when these conditions are met

(ZoBell and Molecke, 1978). To reduce the possibility of asphalt running out into the

formation and leading to an incessant fall in the level of asphalt, type 80 or type 65 asphalt

should be considered.

With regard to bentonite, clays exist naturally in geologic formations, including bedded

salt, and clay sealants have been used by man for as long as 2,100 years (Lee, 1985).

Furthermore, at nonelevated temperatures, bentonite transformations to other clays are

expected to be very slow, on the order of millions of years (Meyer and Howard, 1983).

The long-term stability of the cementitious grout formulations BCf I-F and BCf I-FF

is unknown. Even though sulfate attack is resisted by developing cements low in tricalcium

aluminate, cementitious grouts will usually not be in chemical equilibrium with their

environment (Lambert, 1980). Potential mineralogic phase changes in the plug, rock, and

groundwater system could occur.

In summary, Alternatives Band C which utilize crushed salt and bentonite, albeit in

conjunction with the freshwater grout formulation, have merit. Similarly, Alternative D,

which uses asphalt, has merit as well. However, long-term stability of Alternative A (with

its cementitious grouts) is uncertain.

Swell Potential - Mixtures containing bentonite develop swelling pressures if confined

and saturated with water. Therefore, the bentonite/crushed-salt mixture in Sealing

Alternative C should swell and fill voids, heal fractures within the bentonite seal and also,

to a limited degree, in the adjacent host rock. Consequently, the crushed-salt filler material

120



merely acts as an inert filler, and the swelling pressures of the mixture should depend
primarily on the effective clay density (Gray et a1., 1984).

Alternative C (bentonite/crushed-salt mixture in combination with BCT I-FF grout) is
the superior alternative in this regard. The Ber-IFF grout is an expansive grout, developed

to improve the interface bonding with the host rock. The expansion is based on the

form,ation of calcium aluminate phases such as ettringite (Gulick et a1., 1982). The

expansion will improve the mechanical bond and should reduce plug movement and
permeability especially at the interface.

Remediation of the DRZ - The DRZ surrounds the borehole in rock and has physical
characteristics differing from those of the virgin formation. The potential for increased
permeability in this zone is of concern to the WIPP sealing program.

Effective cementitious grouts to be used in grouting fractures in the host rock need to

be developed in the preliminary design phase to supplement the data in the DBD. Crushed
salt/bentonite seals will provide backpressure which will eventually heal the DRZ.

Asphalt in Alternative D has a specific gravity that is 30 to 40 percent greater than
water. It therefore tends to move out into the formation rather than formation water
moving into the borehole. Its low viscosity facilitates its penetration into fissures and
fractures of the host rock. It will also provide some backpressure to heal the DRZ.

5.7.2 Emplacement Techniques

The desirability of a crushed-salt seal option is offset by concerns regarding inadequate
remote emplacement techniques and poor consolidation when saturated with brine from the
host rock salt. Concerns over bridging during remote emplacement in a relatively small
diameter can be reduced by initially screening the salt to eliminate large grains. However,
the conceptual emplacement method discussed in Section 5.6.2.5 using a material

transporter/ compactor should be considered.

It should be noted that for Alternatives Band C, the casing in boring ERDA-9 would

have to be removed below about 213 m (700 ft), despite the difficulty anticipated with casing

removal. This would be necessary to ensure a continuous interface between the crushed-salt
seal and the halite host rock in the zone occupied by the crushed-salt seal.
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5.7.3 Cost

An order-of-magnitude cost evaluation is made for the capital cost of WIPP borehole
sealing. The cost of design, finance, and management are not included. The costs are in

fourth quarter 1992 U.S. dollars. A brief cost estimate and the assumptions made for the
cost estimate are presented in Appendix C. A summary of the total capital cost for sealing

using the three cases of WIPP boreholes for the four alternatives is shown in Table 5-2.

Table 5-2. Order-of-Magnitude Cost Estimate (x $1.0 M)
Summary of Total Capital Cost for Borehole
Seal Alternatives(al .

Total Alternative C
Hole Alternative A Alternative B Alternative

Case Upper Concrete Seal

Length Concrete Seal
Upper Concrete Seal

Lower BentoniteJ D
Lower Salt Seal Asphalt Seal

® Salt Mix

Case 1
11,677 $2.102 $2.699 $2.736 $1.4029 Boreholes(b)

Case 2
(Condition 1) 17,993 $2.860 $3.576 $3.638 $2.052
12 Boreholes<C)

Case 3
(Conditions 1 &

29,762 $4.978 $5.188 $5.293 $3.444
2)
15 Boreholes<cl

(a) Cost for material and labor only.
(b) DRD requires sealing 7 boreholes; 2 additional holes, P-2 and P-3, located within the WIPP

boundary have been included.
(c) Conditions 1 and 2 as per Christensen et al. (1983).

The capital cost for Case 1 (Base Case) borehole seals is about $2.1, $2.7, $2.74 and
$1.4 million for Alternatives A, B, C, and D, respectively. In general, the following trends
can be observed from Table 5-2.

1. The order-of-magnitude cost for Cases 2 and 3 are about 150 percent and 250
percent of the Base Case cost.
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2. There is no significant cost difference among Alternatives A, B, and C and the
cost of Alternative D is about one-third less than those of Alternatives A, B, and

C.

3. The worst case cost for WIPP borehole seals considering Conditions 1 and 2
borehole seals (15 total) is about 5 million dollars in fourth quarter 1992 costs.

5.8 Discussions and Conclusions

5.8.1 Discussions

Except for Alternative D which uses asphalt exclusively, the alternatives examined in this

study use cementitious grouts, crushed salt, bentonite, and concrete in various combinations.

Alternative A - This alternative uses cementitious grout for the whole length of the
borehole. The simplicity of handling and emplacement of the grout makes it an attractive
alternative. It meets the short-time performance criteria called out in the DRD; however,

the geochemical and geophysical stability of the concrete for the long-term (10,000 years)
performance at WIPP underground environment cannot be assured. In this study,
conservative assumptions were made for the as-built borehole conditions and the unit cost
for factory-packaged, nonshrink cementitious grout. The capital cost for Alternative A is

about $2.1, $2.9 and $5 million for Cases 1, 2, and 3, respectively.

Alternatives Band C - These alternatives use emplaced salt or a salt/bentonite mix

for the borehole seal and a grout seal above the salt formation. They can be designed to

meet both short-term and long-term criteria for functions called out in the DRD. However,

there is no precedence for emplacing salt in a borehole to an 80 to 90 percent fractional
density. The emplacement tools and methodology for the salt seal would need to be
developed and verified for implementation in the final design. Again conservative

assumptions are made for the cost evaluation. The capital costs for these alternatives are

about the same as those for Alternative A.

Alternative D - This alternative uses an asphalt column for the whole length of the

borehole seal. Asphalt columns have been widely used in European mines for effective
sealing of groundwater for about 50 years. The ingredients of asphalt are known to be
stable. However, the asphalt placed with a unit density of about 1.3 g/cm3 produces a
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hydraulic head which is greater than the hydrostatic pressure of the groundwater, and

therefore, it may leak out through seepage into the fissures of the host rocks. Nevertheless,

the filler material and cooling of bitumen will increase the viscosity and slow down and

eventually halt the seepage. The creep closure of salt around the asphalt column will also
reduce the size of the fissures with time and reduce the leakage. The uppermost portion

of the borehole at the collar contains a significant portion of the total volume of the asphalt

column. The asphalt inside the collar may serve as reserve for nominal leakage during early

years after placement of the asphalt column.

The capital cost for this alternative is about $1.4, $2, and $3.4 million for Cases 1,2, and

3, respectively. It is the low-cost alternative being about one-third less than the cost of the

other three alternatives.

Cases 1. 2. and 3 - Case 1 includes nine Base Case borehole seals required by the

DRD. Cases 2 and 3 are studied only for the purpose of obtaining cost data for decision

making. From Table 5-2, it can be seen that for all four alternatives, Case 1 has the least
cost and Cases 2 and 3 cost about 50 percent and 150 percent, respectively, more than the

Base Case.

5.8.2 Conclusion

This borehole seal study indicates that Alternative D, asphalt column, is one of the

viable types of borehole seal, which could be further developed. Asphalt has been used for

a fairly long time for water-tight shaft linings but has not been widely used as a borehole

seal. The capital cost of an asphalt column seal is about one-third less than the cost of the

other three alternatives studied. Asphalt column seals can be constructed with known

technology. Seepage of asphalt into the host rock, if there is any, will take place early after

emplacement and is beneficial in terms of sealing the fractures around the borehole.

The order-of-magnitude cost for the conservative Case 3 borehole seals is about $5

million in fourth quarter 1992 U.S. dollars. However, improvements in the cost estimate can
be made by detailed examination of the as-built data and/or field verification of the

boreholes to eliminate the need for the conservative assumptions made in this study. A

summary of comparisons of all alternatives is shown in Table 5-3.
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Table 5-3. Summary of Comparisons of Alternatives.

Alternatives

C
A B BCT-IFF/

D
Cementitious BCT-IFF/Crushed Bentonite-

Grout Salt Crushed Salt
Asphalt

Mix

Seal Effectiveness Cementitious grout Can meet both Same as B. Same as B.
needs to be devel- short- and Iong-
oped. Satisfies term criteria.
short-term criteria.
Barely satisfies
long-term criteria.

Salt DRZ Backpressure will Same as A. Same as A. Superior sealant
heal DRZ. and provides

backpressure
unless a breach
drains it away.

Material Stability Uncertain. Good. Good. Good.

Constructibility:

1. Removal of Removal not Required. Required. Same as A.
Casing recommended,

perforation
preferred.

2. Equipment No special May require Same as B. No special
equipment custom-made equipment
required. material transport- required.

er/
compactor

3. New Technology None required. Emplacement tool, Same as B. None required.
methodology to be
developed and
verified.

Cost:

Case 1 $2,100,000 $2,700,000 $2,740,000 $1,400,000

Case 2 $2,860,000 $3,580,000 $3,640,000 $2,050,000

Case 3 $4,980,000 $5,190,000 $5,290,000 $3,440,000
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6.0 FUTURE WORK

The design and construction of all seals can be made with the prevailing industrial codes
and standards in the United States. However, some assumptions made for this study,
specifically Assumptions Nos. 6 and 7 of Section 3.3, need to be verified for implementation

in the detailed design of the seals.

Assumption 6 of Section 3.3 relates to the effective grouting for the operation­

al/temporary drift seal. Assumption 7 of Section 3.3 provides an estimate of the upper
bound unit cost for placement of the long-term salt seal. These assumptions and other
design issues need to be refined as follows.

1. Development of grouting for effective control of the leakage path in DRZ and

MB139. For the "LATER GROUT' type of seals (LGxx) described in Section

3 to be viable, it is necessary to identify the grout material that is compatible with

the geochemical and geophysical environment of the WIPP salt and grouting

technology. Otherwise, the design options are limited to either rigid sleeves in
new drift and panel excavations or "LATER EXCAVATE" type of seals (LExx),
which requires the removal of the DRZ in salt as well as the damaged MB139.
It should be noted that the development of grout is occurring as part of the
Sandia National Laboratories' seal program for WIPP.

2. Strength testing of concrete under confining pressure to facilitate reduction of the

steel plate thickness of the rigid sleeves for improved constructibility. The state­
of-the-art concrete technology uses the unconfined strength, f~, of the concrete

for the design of the rigid sleeve. The thicknesses of the steel sleeves for Type

1 seal (Section 3) ranged from 1 3/4 in to 3 1/4 in, which could pose some
constructibility problems. The loading on the rigid sleeve is applied gradually by

creep-closure of the salt and the concrete stress is subjected to the confinement
pressure exerted by the steel liner. The objective of the testing is to establish a
data base to increase the allowable stress of the concrete in the rigid sleeve and

reduce the thickness of the steel liner.

3. Salt Seal Emplacement Study. The objective of the study will be to evaluate
alternative methods of salt seal emplacement and establish a database for
estimating emplacement densities and the costs associated with achieving those
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densities.

• Salt Block Manufacturing Study - Rock mechanics studies predict that crushed
salt will consolidate under a low pressure of about 1 MPa (150 psi) or less until
the density of the salt reaches 95 percent fractional density, if given enough time.

The shape of the block may be a cube, a cylinder, or a hexagon prism. The

density of the salt block may be increased by increasing the time of pressure
application.

• In-Situ Compaction of Crushed Salt - Crushed salt may be placed and
consolidated in layers of about equal thickness or by use of mechanical expansion

devices (by balloon or expanded wedges) to create the required volumetric strain

for the consolidation. Full-scale tests in a drift and/or a shaft are required to
establish the methodology for in situ compaction of crushed salt.

• Salt Block Quarrying Feasibility Study - Salt block quarrying may use a track­
mounted core drill to harvest cylindrical core from the ribs of drifts in the WIPP
test area. A custom-made shearer or wire saw may be used to cut salt blocks

between two drifts. These concepts need further study, particularly in terms of

cost for cutting, handling, and storing (warehousing) of blocks for later use.

4. Development of a Non-Rigid Liner System for DRZ Control. The NRxx seals
(Section 3) use a rigid sleeve system erected soon after excavation to check
development of the DRZ and to provide the back pressure for healing of the
DRZ in salt. Based on rock mechanics analysis (Section 2.3), the average back

pressure (liner loading) on the rigid sleeve is between 2,500 psi and 3,500 psi.

In mining and tunneling industries, it is commonly known that a nominal 2-in

thick shotcrete can stabilize mined opening from raveling. Similarly, a nominal
back pressure of approximately 150-300 psi may stop formation of DRZ in salt.

If the liner loading is limited to 150-300 psi, the thickness of the steel sleeve can

be reduced from about 2 1/2 in to about 1/2 in, which would have a significant
impact on the capital cost and constructibility. Therefore, a nonrigid liner system
should be studied, which would produce a nominal back pressure to check
development of the DRZ. The nonrigid liner system could be made of a thin
steel shell liner with an elasto-perfectly plastic material, such as Hexcell Tube­

core honeycomb or foam-concrete, between the steel shell and the host rock.
The structure-salt interaction of the nonrigid liner system needs to be evaluated
by rock mechanic analysis and verified by a large-scale test program.
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5. Development of a Large-Scale (About 150-Cubic-Yard/8-Hour Shift) Concrete
Casting Plan. The plan should be developed to include a demonstration of
placement of approximately 50 cubic yards (or more) of concrete at the WIPP
horizon with instrumentations for monitoring the heat of hydration, expansion or
contraction, and permeability through the concrete mass. Concrete formulations

developed by Waterways Experiment Station (WES) should be used as a basis for

commercial ready-mixes of fresh-water and salt-water concrete using local
(Carlsbad, New Mexico) aggregates and commercial facilities.

The concrete should be batched, mixed, and delivered in 6-cubic-yard units to the

WIPP site and placed underground at a constant rate without interruption from
start to finish. The concrete could be transported through the Waste shaft;

however, it is preferable to use the Salt Handling shaft or the Air Intake shaft
without interfering with the normal functions of these shafts.
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Item

!. Rigid Sleeve

Unit
Unit Price

Table A-1. Order- of- Magnitude Cost Estimate
Type 1 °NOW RIG10° Rigid Sleeve Se81s NR12, NR14 and NR20

SeallD (WxH)
_ _ NR1~_J12'xl =-2)7.---=-___ _-;;-_--=----'-'N:..:.R-'-14'------'('<-14i:-'=-xl'-"2~)____,,.____--_..-...,....,;-:-:-:.:N:.:R20==-_--'(207.:-·:=:xl==2~)~=:-::--

Base Case Allemative Ca.e Base Ca.. AIl.mative Ca.. Ba•• ea.. AIl.rnaliv. Ca••
auantiti--cost- .:::O",u:::an",t:.:<itY,------,Co=.,,-t_--=O::.::u:=a::.,:nt::.;ily:L-_-=CO=.t'---_O=ua::.::nt.:;:it""Y'-----=CO=•.:..t_--=O:..:u",a::..:.ntity:..:·L-_;CO-=-.::.:t__O=u-=-a=-ntity:.::·~_--,CO:..o...:..t~_

Steel (100 ksi) TON $10,000.00 205 $2.050,000 164 $1,640,000 316 $3,160,000 252.8 $2,528,000 752 $7.520,000 602 $6,016.000

Precast Cone. CY $400.00 371 $148,400 296 $118,400 425 $170,000 340 $136,000 1163 $465,200 930 $372,160

Cement-based Grout CY

2. Monolith

$1,500.00

Subtotal

66 $99,000

$2,297,400

52.8 $79,200

$1,837,600

78 $117,000

$3,447,000

62.4 $93,600

$2.757,600

135 $202,500

$8,187,700

108 $162,000

$6,550.160

Masonry CY $600.00 23 $13,800 115 $6,900 26 $15,600 13 $7,800 40 $24,000 20 $12,000

CIP Concrete CY $400.00

Prepack Cone. CY $900.00

SI. Bulkhead (36 ksi) TON $6,000.00

67

264

27

$26.800

$237.600

$162.000

33.5

132

135

$13,400

$118,800

$81,000

79

348

27

$31,600

$313,200

$162,000

39.5

174

13.5

$15,800

$156,600

$81,000

lt9

760

33

$47.600

$684,000

$198,000

59.5

380

16.5

$23,800

$342,000

$99,000

Plain Cone. CY $400.00 131 $52,267 143 $57,244 276 $110,222

Rigid Sleeve Demolition CY $400.00 358 $143,200 358 $143,200 421 $168,400 421 $168.400 995 $398,000 995 $398,000

Ouarried Blocks CY $1,800.00 420 $756,000 420 $756,000 506 $910,800 506 $910,800 897 $1,614,600 897 $1 ,614,600

462 __~ 15,800 ~__ $538,200 598 $538,200 1465 $1.318,500



Table A-2. Order- 0'- Magnitude Cost Estimate
Type 2 "LATER GROUT" Grouting Sleeve Seals LG12. LG14, LG18. LG20 and LG25

8.a110 (WxH)
LG1~2'xI2) L014 (14'x12) L018 (14'x18)

Unit Bas. Cas. Ah.rna~veCas. Bas. Case Ah.malive Cas. Bas.ease Alternalive Cas.
It.m Unit Price QuantitL Cost Quantity eost Quantity eost Quantity eost Quantity eost Quantity eost

L§~Ql!!!!!.II.§]••v.

Steel (36 ksi) TON $6,000.00 9 $54,000 4.5 $27,000 10 $60,000 5 $30,000 15 $90,000 7.5 $45,000

CIP Concrete. CY $400.00 94 $37,600 47 $18,800 134 $53,600 67 $26,800 201 $80,400 100.5 $40,200

Cone Core-drilling LF $20000 433.3 $86,667 217 $43,333 640 $128,000 320 $64,000 960 $t92,000 480 $96,000

Salt Core-drilling LF $50.00 2167 $108,333 1083 $54,167 3200 $160,000 1600 $80,000 4800 $240,000 2400 $120,000

Grouting CY $1,200.00 5826 $69,910 29 $34,955 85.29 $102,353 43 $51,176 127.9 $153,529 64 $76,765

:> g. Monol!!!!

J:. Masonry CY $600.00 8 $4.800 4 $2,400 8 $4,800 4 $2,400 12 $7,200 6 $3,600

CIP Concrete CY $400.00 23 $9,200 11.5 $4,600 23 $9,200 11.5 $4,600 34.5 $13,800 1725 $6,900

Prepack Cone. CY $900.00 74 $66,600 37 $33,300 85 $76,500 42.5 $38,250 127.5 $114,750 63.75 $57,375

St. Bulkhead (36 ksi) TON $6,000.00 3 $18,000 1.5 $9,000 3 $18,000 1.5 $9,000 4.5 $27,000 2.25 $13,500

Plain Cone. CY $400.00 112 $44,800 124 $49,778 187 $74,667

~, ~altSeal

Excavation CY $200.00 771 $154,200 771 $154,200 934 $186,800 934 $186,800 1124 $224,793 1124 $224,793

Quarried Blocks CY $1,800.00 360 $648.000 360 $648,000 445 $801,000 445 $801,000 535.5 $963,915 536 $963,915

.~echcC0!!1pactio~ .. _ CY $900.00 699 ._~~~,lQQ. 699 $629,100 865 _.!778,SOO_ 865 $778,500 1041 $936,839 1041 _.$936,839_----.- ---_.
~c~~itCos!_____ ._ ._~ __ --"-,-_..•_. -- _ . _ ~1,~8l),~lQ. ____ 1... __~Y03,65~ ___ .~~?8,753 $2,122,304 $3,044,227 $2,659,55~



Table A-3, Order-o'-Magnitude Cost Estimate
Type 3 "LATER EXCAVATE" Overexcavatlon Seals L.E12. L.E14, L.E18, L.E20 and L.E25

--------- ---

Item

LE12
Unit Base Case

.::U:.::nit"--:...P:.::ric=.:e'-----_---""Oulll1tiiY=:=;Co~st~

(IZxI2')
A1temalMl Case

Qulll1tity Coat

SeellD
LEt4

B_Case
Qulntity Cost

LE18

Qulntity Coat

(14'xI8')
Altemlllve Cue
Quantity Coat

1. Monoli1h

$200.00 1300

$1,200.00 29.13

$130,000 1920

$17,478 42.65

$44.800

$124,600 749.7 $149,942 749.7

$436,000 1049 $1,049,366 524.7

$149,942

$524.678

$346.576

$46,189

$59.902

38

150

$92,378

$693,153 1733$1912,000 3486

$25,588 76.98

$49,n8

21

124

436

960

623$124,600

5872,000

$384,000

$51,176

623

872

$51,400

$353,000

15

112

353

650

257$1Q2,8OO

$700,000

$2ro,OOO

$34,955

706

514$200.00

$400.00

$1,000.00

Lf

CY

CY

CY

CY

Plain Cone.

Exc8\lation

Monoli1h Assembly

Grou1 piping

Grouting

:>
I

0'1

Ouarried Blocks

CY

CY

$200.00

$1,800.00

771

360

$154,200

$648,000

771

360

$154,200

$648,000

934

467

$186.800

$840,600

934

467

$186,800 1124 ~,793 1124 $224,793

$840,600 562 $1,011,569 562 $1,011,569

Mech. Compaction $934,673 _1~ _ $934,673$77'6,700 1~

~$2~,63=2~,066=-___=____~$4~.~155=.864=__'_____=__~$3,,298,323$3,235,8761 _ $2,535,a>5 $2,027,978

CY ~9lXlQQ

3. Unit COs:.:,t EA



Table A-3. Order-of-Magnitude Cost Estimate (Continued)
Type 3 "LATER EXCAVATE" Overexcavation Seals lE12, lE14, lE18, lE20 and lE25

Seal 10 (WxH)
LE20 (2O'x12J LE25 (25'x12J

Unit Base Case Alternative Case Base Case Alternative Case
Item Unit Price Quantity Cost Quantity Cost Quantity Cost Quantity Cost

1. Monolith

Excavation CY $200.00 1011 $202,200 505.5 $101,100 1405 $281,000 1405 $281,000

> Monolith Assembly CY $1,000.00 1473 $1,473,000 736.5 $736,500 2094 $2,094,000 1047 $1,047,000
I
-l

Grout piping LF $200.00 3150 $630,000 1575 $315,000 4715 $943,000 2358 $471,500

Grouting CY $1,200.00 106.4 $127,714 53 $63,857 192.4 $230,923 96 $115,461

Plain Cone. CY $400.00 231 $92,444 344 $137,n8

2. Salt Seal

Excavation CY $200.00 1517 $303,400 1517 $303,400 2108 $421,600 2108 $421,600

Quarried Blocks CY $1,800.00 751 $1,351,800 751 $1,351,800 1068 $1,922,400 1068 $1,922,400

Mech. Compaction CY $900.00 1459 $1,313,100 1459 $1,313,100 2074 $1,866,600 2074 $1,866,600

3. Unit Cost EA $5,401,214 $4,277,202 $7,759,523 $6,263,339



Table A-4. Order-of- Magnitude Cost Estimate,
Type 4 Rigid Sleevel Overexcavation Seals HAlLE14

Seal 10 (WxH)
NFVLE14 (14'x12'&2O'x12')

Unit Base Case Altemlllive Case
Item Unit Price Quantity Cost Qusntity Cost

1. Rigid Sleeve

Steel (100 ksij TON $10,000.00 127 $1,270,000 64 $635,000

Precast Conc. CY $400.00 170 $68,000 85 $34,000

Cement-based Grout CY $1,500.00 31 $46,800 16 $23,400

2. Monolith

Masonry CY $400.00 26 $10,400 13 $5,200

CIP Concrete CY $400.00 79 $31,600 39.5 $15,800

Prepack Conc. CY $900.00 348 $313,200 174 $156,600

St. Bulkhead (36 ksi) TON $6,000.00 27 $162,000 13.5 $81,000

Plain Conc. CY $400.00 143 $57,244

3. Salt Seal

Excavation CY $200.00 934 $186,800 934 $186,800

Quarried Blocks CY $1,~.00 467 $840,600 467 $840,600

Mech. Compaction CY $900.00 863 $776,700 863 5776,700

4. Unit Cost EA $3,706,100 $2,812,344
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Table A-5. Rough Order-ot- Magnitude Cost Evaluation ot Combination 1

Design No. Of Base Case Altematlve Case
Type Seals Unit AmOomt Amount Unit AmOomt Amount

NR14 17 $5,586,800 $94,975,600 $4,693,444 $79,788,556
LE14 6 $3,235,876 $19,415,258 $2,632,066 $15,792,396
LE18 1 $4,155,864 $4,155,864 $3,298,323 $3,298,323
LE20 2 $5,401,214 $10,802,429 $4,277,202 $8,554,403
LE25 4 $7,759,523 $31,038,090 $6,263,339 $25,053,356

30 $160,387,242 $132,487,034

Table A-5. Rough Order-ot-Magnitude Cost Evaluation ot Combination 1A

Design
Type
NR12
NR14
LE14
LE18
LE20
LE25

No. Of
Seals

7
10
6
1
2
4

30

Base Case
Unit AmOomt

$4,052,600
$5,586,800
$3,235,876
$4,155,864
$5,401,214
$7,759,523

Amount
$28,368,200
$55,868,000
$19,415,258

$4,155,864
$10,802,429
$31,038,090

$149,647,842

Altematlve Case
Unit AmClJnt Amount

$3,424,967 $23,974,767
$4,693,444 $46,934,444
$2,632,066 $15,792,396
$3,298,323 $3,298,323
$4,277,202 $8,554,403
$6,263,339 $25,053,356

$123,607,690

Table A-7. Rough Order-ot-Magnitude Cost Evaluation ot Combination 2

Design No. Of Base Case Altemative Case
Type Seals Unit AmClJnt Amount Unit AmClJnt Amount

LG14 16 $2,378,753 $38,060,045 $2,122,304 $33,956,867
LG18 1 $3,044,227 $3,044,227 $2,659,554 $2,659,554
LG20 9 $4,040,729 $36,366,560 $3,597,409 $32,376,680
LG25 4 $5,840,595 $23,362,380 $5,163,375 $20,653,501

30 $100,833,212 $89,646,602
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Table A-8. Rough Order-ot-Magnitude Cost Evaluation ot Combination 2A

Design
Type
LG12
LG14
LG18
LG20
LG25

No. Of
Seals

7
16

1
2
4

30

Base Case
Unit Amount

$1,886,410
$2,378,753
$3,044,227
$4,040,729
$5,840,595

Amount
$13,204,871
$38,060,045

$3,044,227
$8,081,458

$23,362,380

$85,752, 980

Altemative case
Unit Amount Amount

$1,703,655 $11,925,585
$2, 122,304 $33,956,867
$2,659,554 $2,659,554
$3,597,409 $7,194,818
$5,163,375 $20,653,501

$76,390,325

Table A-g. Rough Order-ot-Magnitude Cost Evaluation ot Combination 3

Design
Type

LE14
LE18
LE20
LE25

No. Of Base Case Altemative Case
Seals Unit Amount Amount Unit Amount Amount

16 $3,235,876 $51,n4,022 $2,632,066 $42, 113,056
1 $4,155,864 $4,155,864 $3,298,323 $3,298,323
9 $5,401,214 $48,610,930 $4,m,202 $38,494,815
4 $7,759,523 $31,038.090 $6,263.339 $25,053,356

30 $135,578,907 $108,959,550

Table A-10. Rough Order-ot-Magnitude Cost Evaluation ot Combination 3A

Design No. Of Base Case Altemative Case
Type Seals Unit Amount Amount Unit Amount Amount
LE12 7 $2,535,055 $17,745,385 $2,027,978 $14,195,843
LE14 16 $3,235,876 $51,n4,022 $2,632,066 $42, 113,056
LE1a 1 $4,155,864 $4,155,864 $3,298,323 $3,298,323
LE20 2 $5,401,214 $10,802.429 $4,m,202 $8,554,403
LE25 4 $7,759,523 $31,038,090 $6,263,339 $25,053,356

30 $115,515,791 $93,214,981
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Table A-11. Rough Order-of-Magnitude Cost Evaluation of Combination 4

Design No. Of Base Case Altemative case
Type Seals Unit Amount Amount Unit Amount Amount

NRlLE14 17 $3,706,100 $63,003,700 $2,812,344 $47,809,856
LE25 4 $7,759,523 $31,038,090 $6,263,339 $25,053,356
LE14 6 $3,235,876 $19,415,258 $2,632,066 $15,792,396
LE18 1 $4,155,864 $4,155,864 $3,298,323 $3,298,323
LE20 2 $5,401,214 $10,802,429 $4,277,202 $8,554,403

30 $128,415,342 $100.508,334
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Table B-1

Bentonite Layer Seal & Emplaced Salt Seal

Order-of-Magnitude Capital Cost Estimate for Four WIPP Shafts

Item Item Description Unit auanitity Unit Price Total
No $ $

1 Crushed WIPP Salt CY 12000 1000 12000000
2 Quarried Salt Blocks (12"X12"X12" Using Rock Splitters) EA 360000 67 24120000

to 3 Bentonite Blocks (12"X12"X12") EA 80000 56 4480000
I

YJ 4 Concrete CY 23000 613 14099000
5 Crushed WIPP Salt - Backfill in Salado Formations CY 27000 215 5805000
6 Lean Concrete CY 5500 538 2959000
7 Earthen Bcckfill CY 16700 30 501000
8 Remove Concrete Liner ($75000 per day/25' per day) LF 1300 3000 3900000
9 Scaling Excavation Wall CY 11200 540 6048000
10 Grouting LF 1100 3300 3630000
11 Subtotal- item 3 thru item 10 41422000

Total A Item 1 + Item 11 (Bentonite Layer Seal & Crushed WIPP Salt) 53422000
Total B Item 2 + Item 11 (Bentonite Layer Seal &_Quarried Salt Blocks) 65542000



Table B-2

Bentonite Ring Seal & Emplaced Salt Seal

Order-ot-Magnitude Capital Cost Estimate tor Four WIPP Shafts

Item Item Description Unit Ouanitity Unit Price Total
No $ $
1 Crushed WIPP Salt CY 12000 1000 12000000
2 Quarried Salt Blocks (12"X1 ?"X12" Using Rock Splitters) EA 360000 67 24120000
3 Bentonite Blocks (12"X12"X12") EA 22S00 68 1530000

tp
4 Concrete CY 14500 650 9425000,

~
5 Crushed WIPP Salt - Backfill in Salado Formations CY 27000 215 5805000
6 Lean Concrete CY 5500 538 2959000
7 Earthen Bockfill CY 16700 30 501000
8 Remove Concrete Liner ($75000 per day/25' per day) LF 750 3000 2250000
9 Scaling Excavation Wall CY 6500 250 1625000
10 Grouting LF 1100 3300 3630000
11 Subtotal- item 3 thru ~em 10 27725000

Total A Item 1 + Item 11 (Bentonite Ring Seal & Crushed WIPP Salt} 39725000
Total B Item 2 + Item 11 (Bentonite Ring Seal & Quarried Salt Blocks) 51845000



Table B-3

Chemical Ring seal & Emplaced Salt seal

Order-of-Magnitude Capital Cost EsllmaIB for Four WlPP Shafts

Item Item Description Unit Quanitity Unit Price Total
No $ $

1 Crushed WlPP Salt CY 12000 1000 1200000O
2 Quarred Salt Blocks (12"X12"X12" Using Rock Splitters) EA 360000 67 24120000
3 Dow Chemical Seal Ring EA 24 250000 600000O

tI:l 4 Concrete CY 14500 613 8888500I
VI 5 Crushed WlPP Salt - Backfill in Salado Formations CY 27000 215 5805000

6 Lsan Concrete CY 5500 538 2959000
7 Earthen Backfill CY 1660 30 49800
8 Remove Concrete Liner ($75000 per day/25' per day) LF 750 3000 2250000
9 Scaling Excavation Wall CY 6500 540 3510000
10 Grouting LF 1100 3300 3630000
11 Subtotal- item 3 thru item 10 33092300

Total A Item 1 + Item 11 (Chemical Ring Seal & Crushed W1PP Salt) 45092300
Total B Item 2 + Item 11 (Chemical Ring Seal & Quarred Salt Blocks) 57212300



Table B-4

Asphalt Column & Emplaced Sah Seal

Order-a.-Magnitude Capital Cost Estimate 'or Four WIPP Shafts

Item Item Description Unit Quanitity Unit Price Total
No $ $
1 Crushed WIPP Salt CY 12000 1000 12000000
2 Quarried Salt Blocks (12"X12"X12" Using Rock Splitters) EA 360000 67 24120000
3 Dow Chemical Seal Ring EA 8 250000 2000000
4 Asphalt CY 25250 425 10731250

o:l 5 Sand Asphalt CY 1800 275 495000
I

0\ 6 Sand CY 350 40 14000
7 Concrete CY 9200 613 5639600
8 Earthen Bockfill CY 7160 25 179000
9 Remove Concrete liner ($75000 per day/25' per day) LF 1360 3000 4080000
10 Scaling Excavation Wall CY 8000 540 4320000
11 Grouting LF 1250 3300 4125000
12 Crushed WIPP Salt - Backfill in Salado Formations CY 27000 215 5805000
13 Subtotal- item 3 thru item 12 37388850

Total A Item 1 + Item 13 (Asphalt Column & Crushed WIPP Salt) 49388850
Total B Item 2 + Item 13 (Asphalt Column & Quarried Salt Blocks) 61508850
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SEAL MATERIAL

Cementitious
Grout(l)

Crushed Salt(2)

Bentonite!
Crushed Salt(3)

Asphalt(4)

Table C-l - WIPP Conceptual Seal Design
Alternative Study

Borehole Sealing Unit Costs

UNIT COS,.<5)

Sl,SOO/CY (S120/LF)

Sl,6S0/CY (S110/LF)

S1,7S0/CY ($117/LF)

S900/CY (S60/LF.)

MATERIAL & LABOR

SSOILF & $40/LF

S9ILF & S65/LF

$471LF & S70/LF

S16/LF & S34/LF

ACTIVITY

Drilling with
Casing Removal

Drilling with
Casing Perforated

Drilling with
No Casing

UNIT COST

S300/LF

S60/LF

S4S/LF

NOTES:
(1) Material cost based on prepackaged non-shrink grout.
(2) Crushed salt emplaced and compacted in-situ to 80% +1- fractional density.
(3) Salt-Bentonite mixture emplaced and compacted in-situ to 80% +1- fractional density
(4) Asphalt density is taken as 1.3 g/cm3 +1-
(S) Cost per linear foot based on an assumed average borehole diameter of 18 inches after

casing removal.
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Table C-2 - WIPP Conceptual Seal Design
Alternative Study

Borehole Sealing Alternative Cost Estimate

Cost of Alternatives (x $ 1.0 m)
Ilml Borehole lmUh Casin~ Depth A B C D

1 ERDA-9 2,877 2,877 0.518 1.019 1.034 0.345

2 WIPP-19 1,038 850 0.187 0.208 0.211 0.125

3 WIPP-21 1,046 850 0.188 0.209 0.211 0.126

4 WIPP-22 1,448 850 0.261 0.253 0.259 0.174

5 H-l 856 856 0.154 0.190 0.191 0.103

6 H-2 795 795 0.143 0.165 0.166 0.095

7 H-3 894 894 0.161 0.206 0.207 0.107

8 P-3 785 785 0.141 0.161 0.161 0.094

9 B-25 901 901 Rework; portion of~ole (top 450 ft.)
backfilled with sand.

10 P-2 1.938 850 0.349 0.288 0.296 0.233

TOTAL: Case 1 (ORO based) 11,677 9,607 2.102 2.699 2.736 1.402

11 WIPP-18 1,730 850 0.311 0.284 0.292 0.208

12 p-s 1,800 850 0.108 0.292 0.300 0.216

13 P-4 1,885 850 0.339 0.301 0.310 0.226

TOTAL: Case 2 (Condition 1) 17,993 13,058 2.860 3.576 3.638 2.052

14 WIPP-12 3,884 850 0.699 0.533 0.547 0.446

15 WIPP-13 3,808 850 0.685 0.525 0.538 0.457

16 DOE-l 4,077 850 0.734 0.554 0.570 0.489

TOTAL: Case 3 29,762 15,608 4.978 5.188 5.293 3.444
(Conditions 1 &. 2)
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....t. taolat.lon PUot Plant tor the P\l~ of
hrtol'anee ,........nt·. by It. P. BrinatAr, 1991.
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1. conditionl
1 and Condition 2 boreholes refer to

borehole classific.tion •• to location by
Christens,n 1982 (s.. Sheet No. 11.

2. OnIV bor",ole ERDA-9 CnH to this depth. Por
borehole coordin.te., see App.ndix a at SMlDtA
REPORT SAJro 89-7147, -Prelbin.ry ~ydroloqic
Conc.ptua~ Mod.l at tn_ Los Ned.no. Req10n ....r
WIPP feu th. Purpo.e ot Pertor.-nc.
Aaaea__nt-, by It. ,. Brin.t.r, 1991.

J. Washouts ind other .nlsrqed snnulus %on_ to be
qrouted t.hrol)qb pertorated caalnq.

4. 9traUqraphy Is repr•••nted ac.;cordl09 to In(OI­
_t10n in D. W. Powera, .t al., Auquat 1971,

i:~:1:!pi1;:a:r;::'l:::Jfnsite8';~ ••:::~
'ow 11I,111;;0, Vol. 1, 5.Uf071-1 !t96 , 5andl.
N.t ional ~r.tories, Albuquerque, 11... Mas1co.
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