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A Executive Summary 

Scope, Under contract to Westinghouse Electric Corporation (Westinghouse), Waste 

Isolation Division (WID), IT Corporation has prepared a detailed design of a panel-closure 

system for the Waste Isolation Pilot Plant (WIPP). Preparation of this detailed design of an 

operational-phase closure system is required to support a Resource Conservation and 

Recovery Act (RCRA) Part B permit application and a no-migration variance petition. This 

report describes the detailed design for a panel-closure system specific to the WIPP site. The 

recommended panel-closure system will adequately isolate the waste-emplacement panels for ,,,. 

at least 35 years. 
- 

! 
# + . , . . ., , \ q ,;,, ,:> ' , 

Purpose. This report provides detailed design and material engineering specifications for ':. y ,  
.. 

the construction, emplacement, and interface-grouting associated with a panel-closure system '-' 

at the WIPP repository, which would ensure that an effective panel-closure system is in place 

for at least 35 years. The panel-closure system provides assurance that the limit for the 

migration of volatile organic compounds (VOC) will be met at the point of compliance, the 

WIPP site boundary. This assurance is obtained through the inherent flexibility of the panel- 

closure system. The panel-closure system will be located in the air-intake and air-exhaust 

drifts (Figure ES-1). The system components have been designed to maintain their intended 

functional requirements under loads generated from salt creep, internal pressure, and a 

postulated methane explosion. The design complies with regulatory requirements for a panel- 

closure system promulgated by RCRA and the Mine Health and Safety Administration 

(MSHA). The design uses common construction practices according to existing standards. 

Background. The engineering design considers a range of expected subsurface conditions 

at the location of a panel-closure system. The geology is predominantly halite with 

interbedded anhydrite at the repository horizon. During the operational period, the panel- 

closure system would be subject to creep from the surrounding host rock that contains trace 

amounts of brine. 

During the conceptual design stage, two air-flow models were evaluated: (1) unrestricted 

flow and (2) restricted flow through the panel-closure system. The "unrestricted air flow 

model is defined as a model in which the gas pressure that develops is at or very near 

atmospheric pressure such that there exists no back pressure in the disposal areas. Flow is - 
unrestricted in this model. The "restricted" air flow model is defined as a model in which the 
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-. back pressure in the waste emplacement panels develops due to the restriction of flow through 

the barrier, and the surrounding disturbed rock zone. The analysis was based on an assumed 

gas generation rate of 8,200 moles per panel per year (0.1 moles per drum per year) due to 

microbial degradation, an expected volumetric closure rate of 28,000 cubic feet (800 cubic 

meters) per year due to salt creep, the expected headspace concentration for a series of nine 

VOCs, and the expected air dispersion from the exhaust shaft to the WIPP site boundary. 

The analysis indicated that the panel-closure system would limit the concentration of each 

VOC at the WLPP site boundary to a small fraction of the health-based exposure limits during 

the operational period. 

Alternate Designs. Various options were evaluated considering active systems, passive 

systems, and composite systems. Consideration of the aforementioned factors led to the 

selection of a passive panel-closure system consisting oE (1) a standard concrete barrier, 

rectangular in shape, or (2) an enlarged tapered concrete barrier. Options (1) and (2) will be 

grouted at the interface and may contain an explosion-isolation wall or a construction- 

isolation wall. This system provides flexibility for a range of ground conditions likely to be 

encountered in the underground repository. No other special requirements for engineered 

components beyond the normal requirements for fire suppression and methane explosion or 

deflagration containment exist for the panel-closure system during the operational period. 

The panelclosure system design incorporates mitigative measures to address the treatment of 

fractures and therefore minimizes the potential migration of contaminants. The design option 

for mitigating fractures includes excavating the disturbed rock zone (DRZ) and emplacing an 

enlarged concrete barrier. 

To be effective, the excavation and installation of the panel-closure system must be completed 

within a short time frame to minimize disturbance to the surrounding salt. A rigid concrete 

barrier will promote interface stress buildup, as fractures are expected to heal with time. For 

this purpose, the main concrete barrier would be tapered to reduce shear stress and to increase 

compressive stress along the interface zone. If ground conditions are more favorable, the 

design can be simplified to a standard concrete barrier with an explosion-isolation or 

construction-isolation wall without DRZ removal.' 

'DRZ removal is used in the context of the removal of fractured 



Design Classification. hocedure WP 09-CN3023 (Westinghouse, 1995a) was used to 

establish a design classification for the panel-closure system. It uses a decision-flow-logic 

process to designate the panel-closure system as a Class mB structure. This is because 

during the methane explosion the concrete barrier would not fail. 

Design Evaluations. To investigate several key design issues, design evaluations were 

performed. These design evaluations can be divided into those that satisfy (1) the operational 

requirements of the system and (2) the structural and material requirements of the system. 

The conclusions reached from the evaluations addressing the operational requirements are as 

follows: 

Based on an air-flow model used to predict the mass flow rate of carbon 
tetrachloride through the panel-closure system for the alternatives, the air-flow 
analysis suggests that the fully enlarged banier provides the highest protection 
for restricting VOCs during the operational period of 35 years. 

Results of the Fast Lagrangian Analysis of Continua (FLAC) analyses show that 
the recommended enlarged configuration is a circular rib-segment excavated to 
Clay G and under MB 139. Interface grouting would be performed at the upper 
boundary of the concrete barrier. 

The results of the transverse plane-strain models show that higher stresses would 
form in MB 139 following excavation, but that after installation of the panel- 
closure system, the barrier confinement will result in an increase in barrier- 
confining stress and a reduction in shear stress. The main concrete barrier 
would provide substantial uniform confining stresses as the barrier is subjected 
to secondary salt creep. 

~1 
\ 
!The removal of the fractured salt prior to installation of the main concrete barrier ! : would reduce the potential for flexure. The fracturing of MB 139 and the 
attendant fracturing of the floor could reduce structural load resistance (structural 
stiffness), which could initially result in barrier flexure and shear. With the 
removal of MB 139, the fractured salt stiffens the surrounding rock and results 
in the development of more uniform compression. 

The trade-off study also showed that a panel-closure system with an enlarged 
concrete barrier with the removal of the fractured salt roof and anhydrite in the 
floor was found to be the most protective. 

The conclusions reached from the design evaluations addressing the structural and material 

requirements of the panel-closure system are as follows: 



Existing information on the heat of hydration of the concrete supports placing 
concrete with a low cement content to reduce the temperature rise associated 
with hydration. Plasticizers might be used to achieve the required slump at the 
required strength. A thermal analysis, coupled with a salt creep analysis, 
suggests installation of the enlarged barrier at or below ambient temperatures to 
adequately control hydration temperatures. 

In addition to installation at or below ambient temperatures, the concrete used in 
the main banier would exhibit the following: 

- An 8 inch (0.2 meter) slump after 3 hours of intermittent mixing 

- A less-than-25-degree Fahrenheit heat rise prior to installation 

- An unconfmed compressive strength of 4,000 pounds per square inch (psi) 
(28 megapascals [MPa]) after 28 days , 

- Volume stability 

- Minimal entrained air. 

The trace amounts of brine from the salt at the repository horizon will not 
degrade the main concrete barrier for at least 35 years. 

In 20 years, the open passage above the waste stack would be reduced in size. 
Further, rooms with bulkheads at each end would be isolated in the panel. It is 
unlikely that a long passage with an open geometry would exist; therefore, the 
dynamic analysis considered a deflagration with a peak explosive pressure of 
240 psi (1.7 MPa). 

The heat-transfer analysis shows that elevated temperatures would occur within 
the salt and the explosion-isolation wall; however, the elevated temperatures will 
be isolated by the panel-closure system. Temperature gradients will not 
significantly affect the stability of the wall. 

The fractures in the roof and floor could be affected by expanding gas products 
reaching pressures on the order of 240 psi (1.7 MPa). Because the peak internal 
pressure from the deflagration is only one fifth of the pressure, fractures could 
not propagate beyond the barrier. 

A composite system is selected for the design with various components to provide flexibility. 

These design options are described below. 



Design Options. Figure ES-2 illustrates the options developed to satisfy the requirements - 
for the panel-closure system. The basis for selecting an option depends on conditions at the 

panel-closure system locations as would be documented by future subsurface investigations. 

These design options provide flexibility in satisfying the design migration limit for the flow 

of VOCs out of the waste-emplacement panel. An enlarged concrete barrier would be 

selected for the air-intake and air-exhaust drifts that have fractured rock to eliminate 

significant flow of VOCs. Several methods are available for detecting the location and extent 

of fractures in the DRZ for optimum placement of an enlarged concrete banier. These 

detection methods include ground-penetrating radar (GPR) and inspection of observation 

boreholes. 

For future waste panels, GPR would be used to monitor fracture development. Radar surveys 
. . 

would be conducted shortly after excavation to provide a baseline for comparison to future , . 
radar surveys. GPR would be used periodically to monitor the development of brittle , , 

deformation in the new air-intake and air-exhaust drifts of a panel. . , . 

Observation boreholes would be drilled into the roof or floor of an excavation and would be 
A 

inspected for fractures and bed separation. Observations in the boreholes can be made with a 

small video camera, or a simple scratch rod. 

While no specific requirements exist for barricading inactive waste areas under the MSHA, 

their intent is to safely isolate these abandoned areas from active workings using barricades of 

"substantial construction." A previous analysis (DOE, 1995) examined the issue of methane 

gas generation from transuranic waste and the potential consequence in closed areas. The 

principal concern is whether an explosive mixture of methane with an ignition source would 

result in deflagration. If a methane explosion is considered possible, a concrete block wall of 

sufficient thickness will be used to resist dynamic and salt creep loads. A construction 

isolation wall will be used in the absence of explosive conditions. 

It was shown (DOE, 1995) that an explosive atmosphere may exist after approximately 

20 years. A panel-closure system with a closure life less than 20 years would not require an 

explosion-isolation wall, because an explosive mixture could not accumulate. A construction- 

isolation wall will suffice to provide isolation during construction of the main concrete 

barrier. 
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Design Components. The enlarged concrete barrier will be located at the optimum 

location in the air-intake and air-exhaust drifts following observation of subsurface conditions. 

The enlarged concrete barrier will be composed of plain concrete with sufficient unconfined 

compressive strength. The barrier will consist of a circular rib segment excavated into the 

surrounding salt where the central portion of the barrier will extend just beyond Clay G and 

MB 139. FLAC analyses showed that plain concrete will develop adequate confined __-- _ 
d . , 

compressive strength. 

The enlarged concrete barrier will be placed in four cells, with construction joints forme 
ad-' 

perpendicular to the direction of potential air flow. The concrete will be placed through 6- 

inch (15.2 centimeter) diameter steel pipes and will be vibrated from outside the formwork. 

The formwork is designed to withstand the hydrostatic loads that would occur during 

installation with minimal bracing onto exposed salt surfaces. This will be accomplished by a 

series of steel plates that are stiffened by angle iron, with load reactions carried by spacer 

rods. Some exterior bracing will be required when the concrete is poured into the first cell at 

the location for the enlarged concrete barrier. All structural steel will be American Society of 

Testing and Materials [grade] A36 in conformance with the latest standards specified by the -. 
American Institute for Steel Construction. After concrete placement, the formwork will be 

left in place and will stiffen the enlarged concrete barrier if nonuniform reactive loadings 

should occur after panel closure. 

After completion of the enlarged concrete barrier installation, it will be grouted through a 

series of grout supply and air return lines that terminate in grout boxes. The boxes will be 

mounted near the top of the barrier. The grout will be injected through one set of lines and 

returned through a second set of air lines. 

An explosion-isolation wall, constructed with concrete-blocks, will mitigate the effects of a 

methane explosion. The explosion-isolation wall would consist of 3,500 psi (24 MPa) 

concrete blocks mortared together with a bonding agent. The concrete-block wall design 

complies with MSHA requirements, because it consists of noncombustible materials of 

"substantial construction." The concrete-block walls will be keyed into the salt. For the 

WIPP, an explosion-isolation wall is designed to resist loading from salt creep. 



.- The compliance of the detailed design was evaluated against the design requirements 
established for the panel-closure system. The design complies with all aspects of the design 
basis established for the panel-closure system. 
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- 1.0 Introduction 

The Waste Isolation Pilot Plant (WIPP), a U.S. Department of Energy (DOE) research facility 

located near Carlsbad, New Mexico, was established to demonstrate the safe disposal of 

defense-generated transuranic (TRU) waste. The WIPP repository is approximately 2,150 feet 

(ft) (655 meters [m]) below the surface, in the Salado Formation. The WIPP facility consists 

of a northern experimental area, a shaft-pillar area, and a waste-emplacement area. 

One important aspect of future repository operations at the WIPP is the activities associated 

with closure of waste-emplacement panels. Each panel consists of air-intake and air-exhaust 

drifts, panel-access drifts, and seven rooms (Figure 1-1). After completion of waste- 

emplacement activities, each panel will be closed, while waste emplacement may be occurring 

in the other panel(s). The closure of individual panels during the operational period will be 

conducted in compliance with project-specific health, safety, and environmental performance 

criteria. 

1.1 Scope - This report provides information on the detailed design and material engineering 

specifications for the construction, installation, and interface grouting associated with a panel- 

closure system for a minimum operational period of 35 years. The panel-closure system 

design provides assurance that the limit for the migration of volatile organic compounds 

(VOC) will be met at the point of compliance, the WIPP site boundary. This assurance is 

obtained through the inherent flexibility of the panel closure system. The panel-closure 

system will be located in the air-intake and air-exhaust drifts to each panel (Figure 1-1). The 

panel-closure system design maintains its intended functional requirements under loads 

generated from salt creep, internal panel pressure, and a postulated methane explosion. The 

design complies with regulatory requirements for a panel-closure system promulgated by the 

Resource Conservation and Recovery Act (RCRA) and Mine Safety and Health 

Administration (MSHA). 

Figure 1-2 illustrates the design process used for preparing the detailed design. The design 

process commenced with the evaluation of the performance requirements of the panel-closure 

system through review of the work performed in developing the conceptual design and the 

"Underground Hazardous Waste Management Unit Closure Criteria for the Waste Isolation - 
Pilot Plant Operation Phase" (Westinghouse, 1995b). The various design evaluations were 



Room 

Room 6- 

Room 5 - 

Room 4 - 

- 
Room 3- 

Room 2- 

-p System P a n e ; ; r r  Resewed 

Underground Waste 
DlspOSd Panel 

Nole: Figure is Not lo Scale 
All Dimensions Shown are Nominal 

1 

L. 33.0' C 

t 
1 Y.0' 

\ I 
Secllon A-A 

Dspasat Room 

Seclion 8.0 
Panel-Accers Drills 

1 C -0. 

12'-0' rE Ail-Exhaust See lm 0.0 Dlill 

Typlcsl Excavallon Sections 

x Typical - Disposal Room - - - - . - - _ - __-_ -- - - 
XL - 

.. .. . .. 

Maim Bed 139 

Figure 1-1 
Typical Facilities-Typical Disposal Panel 

(After Westi- house, 19952) 3 

Dlsposal Horlzon Slratlgraphy 



~ e p a e  Paamem Fa.. Loads. - 
Figure 1-2 

Design Process for the Panel-Closure System 



performed to address specific design-implementation issues identified by the project. The - 
results of these design evaluations are presented in this report. 

1.2 Design Classification 
Procedure WP 09-CN3023 (Westinghouse, 1995a) was used to establish a design 

classification for the panel-closure system. The design classification for the panel-closure 

system evolved from addressing the short-term operational issues regarding the reduction 

VOC migration. Figure 1-3 shows the decision flow logic process used to designate the 

panel-closure system as a Class IIIB structure. 

1.3 Regulatory Requirements 
The following subsections discuss the regulatory requirements specified in RCRA and MSHA 

for the panel-closure system. 

1.3.1 Resource Conservation and Recovery Act (40 CFR 264,268, and 270) 
In accordance with Title 40, Code of Federal Regulations (CFR), Part 264, Subpart X 

(40 CFR 264, Subpart X), "Miscellaneous Units," and 40 CFR 270.23, "Specific Part B 

Information Requirements for Miscellaneous Units," a RCRA Part B permit application has - 
been submitted for the WIPP facility. According to 40 CFR 268.6, the DOE has opted to 

pursue a no-migration variance petition (NMVP) instead of treating waste to meet the land 

disposal restrictions (40 CFR 268) (EPA, 1995). 

1.3.2 Protection of the Environment and Human Health 
Both the draft NMVP and the WIPP RCRA Part B permit application indicate that VOCs 

must not exceed health-based standards beyond the WIPP site boundary. Worker exposure to 

VOCs, and VOC emissions will not pose greater than a 10 .~  excess cancer risk to the nearest 

resident in order to meet health-based standards. The paneltlosure system design 

incorporates measures to mitigate VOC migration for compliance with these standards. 

1.3.3 Closure Requirements (20 New Mexico Administrative Code 4.1, 
Subpart V) 

The DOE will notify the Secretary of the New Mexico Environment Department in writing at 
V 

least 60 days prior to the date on which partial and final closure activities are scheduled to 

begin. 
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1.3.4 Mining Safety and Health Administration 
The significance of small natural-gas occurrences within the WIPP repository is within the 

classification of Category IV for natural gas under the MSHA (30 CFR 57, Subpart T) 

(MSHA, 1987). These regulations include the hazards of methane gas and volatile dust. 

Category IV "applies to mines in which non-combustible ore is extracted and which liberate a 

concentration of methane that is not explosive nor capable of forming explosive mixtures with 

air based on the history of the mine or the geological area in which the mine is located." For 

"barriers and stoppings," the regulations provide for noncombustible materials (where 

appropriate) for the specific mine category and require that "barriers and stoppings" be of 

"substantial construction." Substantial construction implies construction of such strength, 

material, and workmanship that the barrier could withstand air blasts, methane detonation or 

deflagration, blasting shock, and ground movement expected in the mining environment. 

1.4 Report Organization 
This report presents the engineering package for the detailed design of the panel-closure 

system. Chapter 2.0 presents the design evaluations. Chapter 3.0 describes the design and 

Chapter 4.0 presents the Constructability Design Calculations Index. Chapter 5.0 shows the 

technical specifications. Chapter 6.0 presents the design drawings. The conclusions are 

presented in Chapter 7.0 and the references presented in Chapter 8.0. Appendices to this 

report provide detailed information to support the information contained in Chapters 2.0 

through 7.0 of this report. 



2.0 Design Evaluations 

This chapter presents the results of the various design evaluations that support the panel- 

closure system: (1) analyses addressing the operational requirements, and (2) analyses 

addressing the structural and material requirements. The first group includes air-flow 

analyses, an advectionldispersion analysis, and stress analyses using the Fast Lagrangian 

Analysis of Continua (FLAC) (Itasca, 1995). which support a trade-off study comparing 

grouting to removal of fracture zones in both the roof and floor. The second group addresses 

the issue of material compatibility with the host rock and heat-generation that may cause 

thermal cracking in the main concrete barriers during cement hydration. The second group 

also includes methane-explosion and fracture-propagation evaluations to address the dynamic 

pressure and subsequent temperatures generated by a postulated methane explosion. 

2.1 Analyses Addressing Operational Requirements 
The panel-closure system incorporates design features to address a range of ground 

conditions, including the most severe ground conditions expected in the air-intake and air- 

exhaust drifts. The alternatives for dealing with the most severe ground conditions include 

excavating the fractured disturbed rock zone (DRZ)~  and installing an enlarged concrete - 
barrier or partially enlarged concrete barrier with interface grouting or emplacing a standard 

concrete barrier with formation grouting. To evaluate the effectiveness of these altematives 

for a panel-closure system, air-flow analyses and structural analyses were performed. The air- 

flow analyses examined the flow of VOCs through the panel-closure system for these 

alternatives. 

The flow of VOCs is influenced by interface stress development. At the interface, the flow 

was assumed to be equivalent to a fracture zone. To investigate interface-stress development 

and the influence of barrier shape, structural analyses were performed for the main concrete 

barrier. These structural analyses were then used to determine the loads on the main concrete 

barrier. 

The following sections address the air-flow analyses, the advectioddispersion analysis, and 

the stress analyses that support the trade-off study for designs with or without DRZ removal 

for overall protection of human health and the environment and compliance at the W P P  site 

boundary. -. - , . 

2 ~ R Z  removal is used in the context of the removal of fractured rock in the DRZ. 



2.1.1 Air-Flow Analyses - 
The purpose of the air-flow analysis was to evaluate the trade-offs among a standard concrete 

barrier with formation grouting, a partially enlarged concrete barrier with partial DRZ 

removal (roof), and a fully enlarged concrete barrier with complete DRZ removal. 

Subsequent analyses were performed to evaluate air flow for these alternatives. The air-flow 

model (DOE, 1995) was used to evaluate the effective intrinsic barrier permeability of the , .. 

main concrete barrier for these alternatives and to assess VOC flow performance. 

In previous studies (DOE, 1995), two air-flow models were evaluated: I)  unrestricted flow, 

and 2) restricted flow through a panel-closure system. Unrestricted air flow is defined as 

flow in which the gas pressure develops at or very near atmospheric pressure. No back 

pressure exists in the waste emplacement areas. Restricted flow is defined as flow in which a 

back pressure develops due to the restriction of flow through the barrier and the surrounding 

disturbed rock zone. The analyses were based on an assumed gas generation rate of 8,200 

moles per panel per year (0.1 moles per drum per year) due to microbial degradation, an 

expected volumetric closure rate of 28,000 ft3 (800 m3) per year due to salt creep, the 

expected headspace concentration for nine VOCs, and the expected air dispersion from the 

exhaust shaft to point of compliance, the WIPP site boundary. The previous analyses - 
indicated that the panel-closure system would limit the concentration (Figures 2-1 and 2-2) of 

each VOC to a small fraction of the health-based exposure levels during the operational 

period at the WIPP site boundary. 

2.1.1.1 Evaluation Procedure 
In the following analysis, the gases generated in the waste-emplacement area are in part 

compressed in the void space within a panel and in part flow into the main return air. The 

following assumptions were made in this model: 

That the gases (including VOCs) within the void space will obey the ideal gas 
law. The gases will be generated at a rate of 0.1 moles per drum per year and 
will be stored by an increase in gas pressure. The rate of pressure buildup will 
be so gradual that it occurs at constant temperature. 

That volumetric reduction due to creep will reduce the void space at a rate of 
28,000 ft3 (800 m3) per year and will result in pressurization. 

That the flow of gas out of the panel will obey Darcy's law under quasisteady- 
state conditions. Under quasisteady-state conditions, the air pressure within the 
panel-closure system will change so gradually that the compressive storage of 
the air within the void space of the panel-closure system could be neglected. 
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That the rates of gas generation, air outflow, and change in compressive storage 
will balance. 

That hydrodynamic dispersion will be neglected in the analysis. 

That the analysis will consider the superposition of flow rates from individual 
panels according to the operating schedule for an operational life of at least 
35 years. 

The air flow under these assumptions follows a nonlinear first-order ordinary differential 

equation. The model is characterized by molar gas generation and a reduction in void volume 

that results in an increase in air pressure. 

The problem can be stated by solving the system of nonlinear ordinary differential equations 

as derived in Appendix A: 

where 
dt = Change in time (years) 
R = Universal gas constant 
T = Absolute temperature 
n = Moles of gas in the panel that is a function of 
P = Pressure 
Pam, = Atmospheric pressure 

time 

C 
A = Conductance of the panel-closure system = K, *- 
L 

% = Air conductivity of the panel-closure system 
A = Cross sectional area of the panel-closure system 
L = Flow path length of the panel-closure system 
Y = Air density 
gr = Gas generation rate 
V = Panel volume 



- dV = Panel volumetric-closure rate 
dt 

- dP = panel-pressure rate 
dt 

- dn = Panel-molar storage rate. 
dt 

The above relationships are subject to the following initial conditions: (I)  that the pressure in 

the panel will be atmospheric, and (2) the moles equals the moles of gas occupying the initial 

panel void volume at the temperature of the repository. 

The analysis assumed that the volume of the waste is equal to the total waste capacity of a 

panel (600,000 ft3 [16,990 m3]) (DOE, 1994a) times the assumed average solid volume of the 

waste drums (23 percent) (IT, 1994). The analysis uses a solid waste volume equal to 

138,000 ft3 (3,910 m3) for the panel and this volume remains constant during the operational 

life of the panel. The analysis then evaluates the void volume at panel closure, approximately 

four years after panel excavation. 

The waste-emplacement capacity of a panel includes the seven rooms and the panel-access 

drifts from Room 1 to Room 7. The analysis uses closure rate and total closure data from the 

Geotechnical Analysis Report (DOE, 1994b). A combination of field data and empirical 

analysis is used to determine long-term closure rates for 35 years as presented in Appendix B. 

The effective conductivity (K,) can be further expressed in terms of an effective intrinsic 

panel-closure system permeability as (Freeze and Cherry, 1979): 

where 

% = Air conductivity 
k~ = Effective concrete barrier permeability (m2) 



P = Mass density 
g = Acceleration due to gravity 
P = Absolute viscosity. 

The calculations assumed that the cross-sectional area for flow through the DRZ and the 

panel-closure system will equal 9 times the air-intake and air-exhaust area or that the DRZ 
extends out 3 radii from the center. Case and Kelsall (1986) evaluated permeability 

measurements performed by Peterson et al. (1985). These data showed a zone of increased 
19 2 permeability (10''' to 10"~ ft2 [lo- m to m2]) from (3 to 42 ft [l to 14 m]). The 

boundary of the DRZ used in the analysis falls within their range. 

The effective intrinsic permeability was calculated by considering the permeabilities over their 

respective areas of the various media, as presented in Table 2-1. The assumed flow path 

length equaled 26 ft (7.92 m). The effective permeability was equal to 1 x 10-l5 ft2 
(10.'~ m2) for the standard concrete barrier with formation grouting. For an enlarged 

concrete barrier with complete DRZ removal, the effective permeability would equal .. 
16 2 17 2 1 x 10- ft (10- m ). - 

Table 2-1 
Intrinsic Permeability of Flow Components 

2.1.1.2 Modeling Results 
Figure 2-3 shows that, after closure, the pressure within the panel will build up gradually, due - 
to the large compressibility of the panel void space relative to the air flow rate out of the 
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panel. The panel-closure system will be effective in restricting flow to a value less than the 

unrestricted flow rate during this period. 

2.1.1.3 Conclusions 
The air-flow model (DOE, 1995) was used to predict the performance of a grouted standard 

concrete barrier, a partially enlarged concrete barrier, and a fully enlarged concrete banier for 

the mass flow rate of carbon tetrachloride. The analysis suggests that the alternate banier 

systems would be effective in restricting air flow over the operational period and that the 

panel-closure system will restrict flow to at least 1 order of magnitude below the health-based 

migration limit in preventing the release of VOCs (Figure 2-3). 

2.1.2 Advection/Dispersion Evaluation 
The purpose of the advection/dispersion evaluation was to assess contaminant transport time 

through various media. The panel-closure system will be constructed to reduce the air flow- 

rate by using compressive storage in the panel void space. The model (DOE, 1995) showed 

that the panel-closure system will restrict transient flow for at least the operational period to 

an effective gas-generation rate that is substantially less than the steady state flow rate of 
.- about 35,000 ft3 (1,000 m3) per year. 

2.1.2.1 Evaluation Procedure 
As panel pressure develops with time, the gases generated from the waste will travel through 

the panelclosure system to the active underground workings. The model (DOE, 1995) 

considered that the VOC concentration front will instantaneously develop in the active 

underground workings and the gases would advect due to velocity variations as panel 

pressures increased. The more detailed analysis presented below considers the flow 

distribution and how the concentration of VOCs would be affected by the mechanisms of 

advection and dispersion. If movement were slow through the panel-closure system, the 

breakthrough would be delayed. 

The relative significance of each of the air-flow zones can be evaluated by studying flow 

conductance. The flow conductance through the panel-closure system is given by the 

equation: 



where: 

C = Flow conductance 

Ki = Air conductivity of the im component 

*i = Cross sectional area of the im component 

4 = Length. 

The conductance through the panel-closure system will depend on the cross-sectional area and 

the length. Table 2-2 summarizes the values for each component. The calculations show that 

flow through fractured salt and MB 139 will dominate the conductance. 

Table 2-2 
Air Conductance Through System Components 

Component 

Dilated salt 

Fractured salt 

Concrete barrier 0.200 6.2 10-l4 27 1 1 . 7 x 1 0 - ~ ~  11 
Clay seams 

The contaminant breakthrough of VOCs through the panel-closure system under the 

assumption of advection will occur when the contaminant front traversed the length. The 

average linear velocity equals the Darcy flux divided by the effective porosity for the various 

flow components. The average linear velocity that varies with time is given by: 

Effective 
Porosity 

0.001 

0.040 

0.400 

Air Conductivity 
(meters per second) 

6.2 lo-'4 

6.2 x 

6.2 x lo-12 I 0.09 1 5.6x10-13 

Marker Bed 139 1 0.040 

Approximate 
Cross-Sectional 

Area 
(mete?) 

170 

16 

6.2 x lo-" 

Conductance 
per Unit 

second) 

1.0 x lo-" 

9.9 x 

11 1 6.8 x 10-lo 



where: 

V(P(~))~,~ = Average linear velocity for the im component 
% = Air conductivity 
p(t) = Panel pressure as a function of time 
Pam = Atmospheric pressure 
L = Length of the barrier 
Y = Air density 
ne = Effective porosity. 

The second evaluation of the air-flow modeling evaluated the effects of hydrodynamic 

dispersion on contaminant transport, using a one-dimensional dispersion model. This model 

was chosen to evaluate the effects of dispersion on VOC migration rates through the panel- 

closure system. To isolate the effects of mechanical dispersion, molecular diffusion was 

considered insignificant. The advection-dispersion equation is given by Freeze and Cheny 

(1979): 

where: 

and 

erfc = Complimentary error function 

DL = Longitudinal coefficient of dispersion 
aL = Dispersivity 
V, = Average linear velocity 
C = Concentration of contaminant at time t 
D* = Molecular diffusion 
C, = Initial concentration 
t = Time 
L = Length. 



That the air-flow velocity will be constant. 

That the gases (including VOCs) within the void space will obey the ideal gas 
law. 

That the flow of air out of the panel will obey Darcy's law under quasisteady- 
state conditions. Under quasisteady-state conditions, the air pressure within the 
panelclosure system will change so gradually that the compressive storage of air 
within the void space of the air-intake and air-exhaust drifts will be neglected. 

That two-phase flow and interactions between air and brine will be neglected, 
although the resaturation of salt would tend to reduce the flow of VOCs through 
the banier system. 

The air-flow velocity was calculated for each component of the panel-closure system using 

the maximum pressure determined from the air-flow model (DOE, 1995). Once a constant 

velocity was calculated for each component, the concentration as a function of time was 

determined for each of the panelclosure system components: fractured salt, fractured 

anhydrite, clay seams, and the standard concrete b a n i e ~ . ~  To study the effects of dispersion, 

a range of different dispersivities was used. Mass flow as a function of time was then 

determined for carbon tetrachloride and was summed over all components of the panel-closure 

system. 

2.1.2.2 Modeling Results 
In the model presented for air flow, the pressure varies as a function of time for flow through 

the panel-closure system. This will result in a change in the average linear velocity as a 

f ~ c t i o n  of time that was calculated for each of the various components: fractured salt, 

MI3 139, clay seams, and the panel-closure system. The average linear velocity was then 
.,~. -A_\ 

integrated over time. 

Breakthrough times for a panel-closure system length of 40 ft (12 m) were computed 

(Figure 2-4). The analysis suggests that contaminant breakthrough through fracture zones 

may occur within one to several years, while contaminant breakthrough in the banier and the 

dilated salt would not be expected during the WIPP operational period. The analysis shows 

that for fractured components with high air conductivity and low fracture porosity, large 

linear velocities result, with breakthrough occurring within months of panel closure. For the 

- 
3 ~ o  credit is taken for the explosion isolation or construction isolation wall which is a conservative assumption. 
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other components, with much lower air conductivity and higher effective porosity the 

breakthrough would occur many years after panel closure. 

In summary, the results of more detailed air-flow modeling suggest the appropriateness of the 

model for the instantaneous breakthrough of contaminants and the insignificance of 

dispersion. The results of the air-flow model emphasize the importance of treating fracture 

zones, either by removal or by grouting for restricting the flow of VOCs. 

The results from the second evaluation support the conclusion that breakthrough of VOCs will 

occur rapidly through the dominant paths of the fractured salt and fractured anhydrite. . . 

Because of this, the effects of dispersion will be insignificant on the VOC mass flux. . ' w 

; , 1  / 
1 \ 

2,123 Conclusion . . 

In conclusion, because air-flow modeling results show that breakthrough will occur rapidly 

and that the effects of hydrodynamic dispersion will be insignificant, the air-flow model 

(DOE, 1995) is conservative and appropriate. 

2,1.3 Stress Analysis 
The purpose of the stress analysis was to evaluate the interaction of the main concrete barrier 

of the panel-closure system with the surrounding salt for different combinations and 

geometries. The panel-closure system will consist of: (1) a standard concrete barrier or (2) 

an enlarged concrete barrier. Options (1) and (2) will contain interface grouting and be 

combined with an explosion-isolation or construction-isolation wall. The walls will isolate 

the concrete barrier from the waste-emplacement panel and the effects of a postulated 

methane explosion. Stresses are expected to develop in the concrete-barrier component due to 

continued primary and secondary creep closure of the air-intake and air-exhaust drifts after 

installation of the concrete barrier. An estimate of the stress levels expected in the concrete 

barrier determined the deformability and strength required for the concrete. The development 

of stresses in the salt around the concrete barrier was also evaluated to estimate the time 

required for DRZ healing for these options. 

2.1.3.1 Evaluation Procedure 
The evaluation was performed using the FLAC computer code (Itasca, 1995). Six detailed 

structural-analysis models were prepared to evaluate the salt/stmctural interaction of the 

proposed system. These models included two transverse-plane strain models across the air- - 
intake and air-exhaust drifts associated with a waste-emplacement panel, two long 



.- axisyrnmetric models, and two short axisyrnrnetric models. The properties used in these 

models were taken from the Backfill Engineering Analysis Report (IT, 1994) as presented in 

Appendix C. 

2.1.3.2 FLAC Models 
Since 1991, FLAC has been used to model underground excavations at the WIPP. FLAC is a 

two-dimensional, explicit finite difference code that simulates the behavior of rock and soil- 

like structures. The WIPP Reference Creep Law is built into FLAC and has been verified to 

US.  Nuclear Regulatory Commission standards (Itasca, 1995). In addition, FLAC has been 

verified against the WIPP Second Benchmark Problem (Krieg, 1984). The following 

subsections describe the geometry and boundary conditions of the model used in the FLAC 

analysis. 

Plane-Strain Model Geometry. Two cross-sectional transverse plane-strain models were 

run using the air-intake and air exhaust drift geometries. These models used a simplified 

stratigraphy for approximately 250 ft (75 m) above and below the excavation horizon 

(Figure 2-5). The models included the interaction of the excavation and the main concrete 
- barrier with MB 139 over time. The cross-sectional dimension of the air-intake drift is 13 by 

20 ft (4 by 6 m), while the air-exhaust drift is 12 by 14 ft (3.6 m by 4.3 m). Each model was 

run with the initial excavation and allowed to creep for a period of 5 years,4 the time 

expected for panel excavation and waste emplacement. After 5 years, the drift at the concrete 

barrier location was excavated just beyond Clay G and Clay E, removing MB 139, and the 

ribs were excavated to curved segments between these clays. Each model was then run for an 

additional month simulating the time required to excavate the enlarged area and install the 

concrete barrier. After the enlarged excavation was open for one month, the model was 

continued with the installed concrete barrier. The actual construction schedule may be longer 

for the enlarged barrier; however, the effects on long-term interface stress buildup will be 

insignificant. As the stresses increased in the concrete barrier and the surrounding salt the 

model was run for an additional 35 years, representing the required period of performance for 

a concrete barrier. 
.. . - 

, . . .  , 

4 ~ o r  Panel One, the period between excavation and banier emplacement would be greater than 5 years. A - longer period of time might result in more bed separation. However, since fractured salt is removed to Clay G 
and the barrier is placed over a short period, the design is considered robust, and the effects of a longer period 
for Panel One are insignificant. 
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Figure 2-5 
Transverse Model for FLAC Analysis 




























































































































































































































































































































































































