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EXECUTIVE SUMMARY 

The U.S. Department of Energy is conducting studies for characterization of Yucca Mountain, Nevada, 

as a potential site for the nation's high-level nuclear waste repository. The plans for characterization 

include extending exploratory shafts into the Calico Hills nonwelded (CHn) unit of volcanic tuff at Yucca 

Mountain. Concerns have been raised that extending the exploratory shatt(s) will compromise the 

integrity of the CHn unit, which Is considered a natural barrier to the migration of radionuclides to the water 

table. This characterization activity has been deferred, and a risk/benefit analysis is being conducted to 

recommend a strategy for characterizing the CHn unit. The risks assodated with this activity are the 

potential adverse impacts to site pertonnance, while the benefits would be realized as improved con­

fidence in predictions of site performance. 

To support the risk/benefit analysis, Pacific Northwest Laboratory(a) performed several numerical 

simulations of the CHn unit at the spatial scale of the hydrologic disturbance caused by the presence of a 

vertical shaft. The conceptual model for our study is based on the stratigraphy of borehole USW·G4. Only 

the CHn unit was considered, and was separated into vHric and zeolitic layers, based on lithologic char· 

acteristics. The shaft was assumed to extend into the CHn unit to a point 50 m above the water table. A 

modified permeability zone (MPZ) around the shaft was included in the model to account for changes in 

rock mass permeability that result from shaft construction. Coarse material (crushed tuff) with hydraulic 

properties of gravelly sand was assumed as the backfill material for the shaft. The region around the 

exploratory shaft extending into the CHn unit was represented as a three-dimensional, radially symmetric 

region, and was modeled with the POAFLQ.3@(b) computer code. 

Several cases were simulated to test different aspects of the conceptual model. The response of the 

flow system to changes in the conceptual model was shown using graphs of hydraulic head, saturation, 

and streamlines. Ratios of travel time and outflow arrival curves were also used to compare between 

undisturbed conditions and conditions after shaft extension. Jn general, the results strongly depend on 

the hydraulic properties assumed to represent the backfill material. Therefore, it is important to select and 

specify backfill material with hydraulic properties that minimize the potential influences of the shaft and the 

M PZ. Impacts of the backfilled shaft and MPZ were also amplified by heterogeneities present in the 

conceptual model in the form of stratigraphic layers of differing properties and by increases in the recharge 

rate. The reduction in travel time across the CHn unit due to the presence of a shaft and MPZ ranged from 

{a) Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle Memorial 
Institute. 

(b) POAFL0-3<> is copyrighted by Analytic and Computational Research, Incorporated, subject to the 
Limited Government License. 



0% to approximately 58% under expected hydrologic conditions, compared to the undisturbed flow 

regime. However, no travel time predicted in this analysis was less than the 1 OOO·yr minimum traveltime 

required by regulations. The effects were restricted to the 80-m radius modeled. Therefore, the effects 

are expected to be small compared to the overall size of the potential repository. Furthermore, the 

presence of a shaft and MPZ produced only slight changes in outflow arrival curves compared to 

corresponding undisturbed conditions. 
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1.0 INTBOQUCI!ON 

1.1 BACKGROUND 

The U.S. Department of Energy (DOE) is performing analyses to address an objection by the 

U.S. Nuclear Regulatory Commission to plans in the Consultation Draft of the Site Characterization 

Plan (DOE 1988a) for direct excavation of the Calico Hills nonwelded (CHn) unit within the repository 

exploration block at Yucca Mountain, Nevada (Figure 1.1). The excavation was planned as part of site 

characterization activities for the potential high-level nuclear waste repository at Yucca Mountain. This 

characterization activity has been deferred, pending the results of a risk/benefit analysis of alternative 

methods for obtaining needed characterization data from the CHn unit. The benefits from characterizing 

the CHn unit are generally related to obtaining information leading to improved confidence in predictions 

of site performance. The risks are generally associated with potential adverse impacts to site performance 

that result from excavation or other intrusion into the CHn unit. 

The purpose of the risk/benefit analysis is to produce a recommendation to the Director, Regulatory 

and Site Evaluation Division, DOE/Yucca Mountain Site Characterization Project Office for a strategy for 

characterizing the CHn unit. The recommendation will describe characterization activities that are 

expected to provide the needed information while limiting adverse impacts to site performance to the 

extent practical. The recommendation is to be based on comparative analyses of alternative strategies 

generated from systematic review of characterization technologies. A working group was formed by DOE 

to conduct the risk/benefit analysis. The working group is responsible for developing a list of information 

needed to characterize the CHn unit, identifying characterization techniques that are appropriate for 

obtaining this information, proposing alternative characterization strategies, and performing comparative 

analyses to develop a recommendation for characterization of the unit. The approach and assumptions 

are to be clearly stated in documentation for the analyses. 

The risk/benefit analysis was supported with scoping calculations to provide a quantitative evaluation 

of the impacts associated with different strategies. The working group responsible for the risk/benefit 

analysis requested that these scoping calculations be supported with more detailed performance 

assessments for evaluating irJl)acts of different characterization activities. This report summarizes the 

results of these performance assessment analyses. 

The performance assessment calculations proposed to support the risk/benefit analysis included a 

number of different analyses. The analyses included in this study were designed to provide 1) an 

estimate of the properties of the modified permeability zones (MPZs) around boreholes, shafts, drifts, and 

ramps in the nonwelded tuff and 2) an evaluation of the effects of the backfill materials and the MPZ on 

travel time by comparison with undisturbed areas. 
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1.2 PREVIOUS ASSESSMENTS Of EXPLORATORY SHAFT FACILITY IMPACTS 

Other researchers participating in the Yucca Mountain Project have investigated the effects of shafts 

and drifts on water flow through the mountain. The exploratory shaft facility is expected to be composed 

of shafts, inclined ramps, and drifts. Analyses have been conducted to evaluate the effects of these dif­

ferent construction features on expected performance of the potential repository at Yucca Mountain. 

Relatively early in the investigation of Yucca Mountain as a potential repository site, Fernandez and 

Freshley (1984) and Freshley, Dove, and Fernandez (1985) investigated the effects of shafts and drifts 

on flow in the Topopah Spring welded unit in their development of concepts for sealing the potential 

repository. They used a model, based on the TRUST computer code, to perform preliminary calculations 

for different backfill materials under consideration for sealing the potential repository in the Topopah 

Spring welded unit. They did not evaluate the effects of MPZs surrounding drifts and shafts on their 

predicted flow fields. Freshley, Dove, and Fernandez (1985) found that coarse materials used for backfill, 

such as crushed tuff that was represented by hydraulic properties of coarse sand, performed more satis­

factorily as a barrier to water flow through drifts and shafts than fine materials. Water flow into the drift was 

found to depend on the saturation level of the surrounding host rock. As the saturation increases. water 

flow into the drift increases. At very high saturations (98% to 99%), corresponding to a recharge rate at 

the upper boundary of the model of 0.4 mm yr-1, the water inflow to the drift as a percent of the water 

flowing into the intercept area ranged from 0% to 17% (Fernandez and Freshley 1984). The intercept 

area is the width of the drift at the top boundary of the model. 

In addition to the analyses of the repository drift, Freshley, Dove, and Fernandez (1985) also evalu­

ated the impacts of a vertical shaft that intersects a geologic contact between volcanic tuff units. Different 

combinations of welded and nonwelded tuff units were used to represent the geologic contact, which was 

inclined 8 degrees to the east. Each of these combinations was used to test a different conceptual model 

for the geologic contact. A two-dimensional model, based on the TRUST computer code, was used, 

though it was recognized that the flow system was strongly three dimensional in nature. The shaft and 

inclined geologic contact were simulated in transient mode until steady-state conditions were reached. 

None of the different conceptual models for the geologic contact produced either a perched water table at 

the interface or flow into the shaft under steady-state conditions. However, a combination of a welded tuff 

overlying a nonwelded tuff produced a perched water zone under transient conditions. The saturated 

zone dissipated as the solution approached steady state. The transient perched water may have occurred 

because of initial conditions that resulted in additional water moving through the profile. 

Fernandez, Hinkebein, and Case (1989) evaluated the impacts of exploratory shafts on performance 

of the potential Yucca Mountain repository with several different analyses. They concluded that, given the 

current knowledge of the unsaturated zone hydrology at Yucca Mountain, the presence of the shafts and 

associated MPZs do not significantly impact the long-term isolation capability of the repository. The 
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primary concern that they evaluated was the significance of the MPZ on the long-term performance of the 

potential repository. They performed calculations designed to investigate influx of water to the explora­

tory shaft by flooding and erosion and by intersection of the shaft by inclined fractures. They determined 

that flooding events and associated erosion and water flow through fractures contributed a relatively small 

amount of water to the exploratory shaft, and drainage was expected to be able to handle the amount of 

water that would result from extreme events. They determined that the presence of the shafts, including 
I 

the shaft backfill and MPZ, did not significantly affect the performance of the potential repository because 

of the small amount of water predicted to enter the shaft, even for extreme events. 

Fernandez, Hinkebein, and Case (1989) included an evaluation of the impacts of extending the 

exploratory shafts into the CHn unit. They assumed that extending the shafts into the CHn unit would not 

reduce the unit to less than its minimum thickness anywhere in the perimeter of the potential repository, 

based on plans for site characterization at that time. They determined that the impact of water percolating 

through the shaft backfill and MPZ on the performance of the CHn unit would be negligible because water 

passing through the exploratory shaft is expected to be separated from wastes stored in the potential 

repository. 

Williams, Vincent, and Bloomsburg (1990) evaluated the impacts of mined openings (drifts) for the 

potential repository at Yucca Mountain. They used a two-dimensional model, based on the UNSAT2 

code, to evaluate the impacts of the drifts on a local flow field in the Topopah Spring welded tuff and to 

investigate drift design parameters that impact mine water inflow. The design variables they investigated 

included spacing of drifts, height and width of drifts, and shape of drift roofs. They did not include the 

effects of the MPZ surrounding mined drifts in their model. They concluded that mine water inflow is 

possible under conditions of unsaturated flow, and that the rate of mine water inflow is proportional to the 

magnitude of the recharge. These results are similar to those of Freshley, Dove, and Fernandez (1985), 

in that a high-recharge rate results in high saturations and that water flow into the drifts was predicted to 

occur. 

Rockhold, Sagar, and Connelly (1990) evaluated unsaturated flow in the vicinity of exploratory shafts 

at Yucca Mountain. They performed simulations with a three-dimensional model, based on the 

PORFL0-3e computer code. The three-dimensional model extended from the land surface to the water 

table, for a total unsaturated zone thickness of 530 m. Two exploratory shafts were represented with a 

vertical line element feature in the PORFL0-3<0 code. The exploratory shafts were connected with a short 

drift located in the Topopah Spring welded unit. The model was used to investigate the influence of the 

exploratory shafts and MPZs on unsaturated flow through Yucca Mountain. The results demonstrated that 

the exploratory shafts and MPZs influenced the flow field near the shafts and this influence decreased 

with depth. Their model results demonstrated that when locally saturated conditions occur, such as near 

perched water zones, these features may become preferential flow paths. However, they cautioned that 
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the shafts were treated as one-dimensional features imbedded in three-dimensional computational cells 

and that the results of the simulations near the shafts are not as accurate as if the features were repre­

sented explicitly in the rumerical grid. This conclusion influenced the way that the exploratory shaft was 

treated in our simulations. 

1.3 OYERYIEW OF ANALYSIS 

The approach to our study was to construct a model of an exploratory shaft (described in Section 2.0), 

that extends into the CHn unit at Yucca Mountain. The conceptual model is based on the stratigraphy of 

borehole USW-G4. The numerical model, based on the PORFL0-3C computer code and the conceptual 

model, Is three dimensional, radially symmetric, and centered on an exploratory shaft that extends into the 

CHn unit to a depth 50 m above the water table. The model builds on past work by Freshley, Dove, and 

Fernandez (1985); Fernandez, Hinkebein, and Case (1989); and Rockhold, Sagar, and Connelly (1990). 

Specifically, Rockhold, Sagar, and Connelly (1990) represented shafts in their three-dimensional model 

with the line element feature in PORFL0-3e. This line element feature is an approximation, and the 

results predicted with their model are not as accurate as if the feature was explicitly included in the com­

putational grid. Therefore, in this analysis, a smaller region was simulated by restricting the model to the 

CHn unit and explicitly including the shaft and MPZ in the grid. 

The upper boundary condition for the analyses presented in this report was assumed to be uniformly 

distributed recharge. At depth within Yucca Mountain, the recharge is probably not uniformly distributed 

because of heterogeneities in the overlying geologic formations. However, the area represented by the 

upper surface of the radially symmetric model used for these analyses of the shaft extending into the CHn 

unit is smal relative to the surface area of Yucca Mountain. Furthermore, to assume a nonuniform or ran­

domly varying recharge distribution would violate a primary assumption of radial symmetry and would 

require significantly greater COrTlXJter resources to address the problem. Therefore, we considered the 

flux to be uniformly distributed over the upper surface of the model. 

The analyses described in this report were completed within a relatively short time (one month). 

Because of the need to complete the analyses rapidly, existing deterministic models were used. There­

fore, this report presents the mean or expected response of the system for the base case and includes 

perturbations to the mean response introduced by simple variations in the input parameters. 

Several different cases were simulated with the radially symmetric model of the shaft to examine the 

response of the flow system to changes in hydrologic conditions and to compare the total impact of the 

shaft on the flow regime to undisturbed conditions. Different measures of performance were considered 

in the analyses. The first performance measure was travel time of the disturbed case compared to the 
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undisturbed case. The second performance measure was represented by outflow arrival curves that 

illustrate the distribution of flow at the outflow boundary, in this case the water table, resulting from water 

flow through the modeled region. 

This report is organized as follows: the conceptual model, hydraulic properties, and modeling cases 

for our study are described in Section 2.0. The simulation results. travel-time comparisons. and outflow 

arrival curves used to assess the predicted impact of the exploratory shaft extension into the CHn unit are 

presented in Section 3.0. Conclusions from our study are summarized in Section 4.0. and references 

cited in this report are contained in Section 5.0. 
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2.0 MODEL DEVELOPMENT 

The objective of this study is to expand on previous investigations of the hydrologic impact of explora­

tory shafts and drifts at Yucca Mountain to evaluate the impact of extending an exploratory shaft into the 

CHn unit. This objective requires both estimation of the properties of the MPZ around the shaft and evalu­

ation of the effects of backfill materials and MPZs on travel time. The numerical flow and transport simula­

tor, PORFL0-3C (Runchal and Sagar 1989; Sagar and Runchal1990) with a particle-tracking algorithm for 

travel-time calrulation, is used to determine the potential effects of shaft backfill materials and MPZs on the 

travel time of water moving along flow paths from the top of the CHn unit to the water table. The 

conceptual model, hydraulic properties, initial and boundary conditions used in the numerical model, and 

specific modeling cases are described in this section. 

2.1 CONCEPTUAL MODEL 

The conceptual model developed for flow simulations is based on the stratigraphy of borehole 

USW-G4, as depicted in Figure 2.1. Only the CHn unit is considered in these analyses. This unit is sepa­

rated into vitric and zeolitic layers based on lithologic characteristics. In the vicinity of borehole USW-G4, 

the vitric layer is relatively thin (•5 m), and overlies the thicker (• 125-m) zeolitic layer. In general, both the 

vitric and zeolitic layers of the CHn unit have few fractures, relative to overlying welded units (Peters et al. 

1984). Therefore, no specific fracture effects are considered in the simulations. Data reported in Peters 

et al. (1984) for two boreholes, USW-G4 and USW-GU3, were assumed to represent the mean physical 

and hydrologic properties of the CHn unit. 

Construction of shafts and drifts in volcanic tuffs and other rocks produces changes in stress fields 

and in hydrologic properties such as permeability. Case and Kelsall (1987) developed a model of permea­

bility changes as a function of radial distance from a shaft in fractured, welded tuff. Their model was based 

on analyses that considered modifications in rock mass permeability resulting from stress redistribution 

and expected increases in fracture frequency within blast-damaged zones caused by shaft excavation. 

Their model predicts that relative rock mass permeability decreases exponentially with distance from an 

excavation surface. However, because changes in fracture frequency associated with blasting have not 

been well documented, their model is regarded as preliminary. 

Case and Kelsall (1987) use 1 mas the MPZ dimension in an upper-bound blast-damage model for 

welded tuff. However, they also note that this dimension actually corresponds to the approximate maxi­

mum depth of disturbance measured in dolomite by Worsey (1985) under controlled blasting conditions. 

Case and Kelsall (1987) speculate that because nonwelded tuff is more ductile than welded tuff, it might 
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sustain greater strain and be less susceptible to fracturing. Therefore, considering that the CHn unit is 

nonwelded, a 1.0-m MPZ dimension is probably greater than the actual width of the MPZ that would result 

from excavation of a shaft in this unit. 

In our conceptual model, developed for flow slrrulations and travel-time computations, the exploratory 

shafts are assumed to be 4.4 m in diameter, with MPZs extending 1.1 m from the shaft walls. Rather than 

using a function in which relative permeability decreases exponentially with increasing distance from the 

shaft as descri>ed In Case and Kelsall (1987), the entire 1.1-m-wide M PZ is assumed to have a constant 

permeability. The average properties in this 1.1-m MPZ were derived from the exponential function. 

A three-dimensional, radially symmetric model was used for the numerical sirrulations. Although the 

volcanic tuffs at Yucca Mountain dip approximately 6 degrees to the east, the effects of tilting beds were 

assumed negligible for unsaturated flow at the local scale modeled. The exploratory shaft was assumed to 

extend into the CHn unit to a depth 50 m above the water table. The locations of material zones and the 

corfl)Utational grid are depicted in Figure 2.2. Only the inner 10 m of the model are depicted in Fig-

ure 2.2, though the computational grid was extended to several model radii, ranging from 1 0 to 80 m, in 

our study. After preliminary examination of the effect of maxirrum radial extent on the solution, the 80-m 

radius computational grid was employed throughout our study. 

2.2 HYDBAUL!C PROPERTIES 

The vitric layer of the CHn unit is characterized as having a higher saturated hydraulic conductivity and 

higher porosity than the zeolitic layer (Peters et al. 1984). The van Genuchten (1980) model was used in 

our study to represent the hydraulic properties of all materials simulated. The model parameters required 

by the van Genuchten model were the saturated hydraulic conductivity (Ks). the saturated moisture con-

tent (9s). the residual moisture content (OR), and two empirical curve-fitting parameters (a and n). The 

moisture-retention and hydraulic-conductivity curves for the vitric layers of the CHn unit are shown in 

Figure 2.3. FIQUre 2.4 shows the moisture-retention and hydraulic-conductivity curves for the zeolitic 

layer. Moisture-retention data reported in Peters et al. (1984) are shown as symbols (circles, triangles, and 

diamonds) in the moisture-retention curves in Figures 2.3 and 2.4. The vertical axis of the moisture­

retention curves is the tension head, defined as the negative of the pressure head. The van Genuchten 

model parameters listed in Figures 2.3 and 2.4 were used in our model sirrulations. 

The hydraulic properties of a gravelly sand (Mualem 1976) were used to represent crushed tuff, the 

expected backfill material. The moisture-retention and hydraulic-conductivity curves, along with the asso­

ciated model parameters used to represent this material, are shown in Figure 2.5. Although the selection 

of these particular properties was arbitrary. we assume that the material to be used for shaft backfill will be 

coarser and more permeable and will have lower air-entry potentials than the undisturbed CHn unit 
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FIGURE 2.2. Material Types and Computational Grid Represented in the Conceptual Model 
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FIGURE 2.5 Moisture-Retention and Hydraulic-Conductivity Curves for 4135 Gravelly Sand (Mualem 1976) 



(Freshley, Dove, and Fernandez 1985). One case (described in Section 2.4) was developed to demon­

strate the importance of the a curve-fitting parameter by using a value 0.01 times the expected value. 

Because a is the inverse of the air-entry head, this increases the air-entry head by a factor of 1 00. Implicit 

in a higher air-entry head for the shaft backfill is the greater potential for water flow into the shaft from the 

surrounding formation. The dashed line, labeled 0.01 a in the moisture-retention curve in Figure 2.5, 

shows the appropriate fit for this case. The hydraulic-conductivity curve shown in Figure 2.6 is the same 

for the 0.01 a case. 

Case and Kelsall (1987) estimated that the average permeability of the MPZs in the Topopah Spring 

welded tuff unit could be 20 to 80 times greater than that of the undisturbed rock. These estimates were 

made for depths of 100 and 310m below the surface, considering overburden stress and the variation in 

hydraulic and mechanical properties in the Topopah Spring welded unit with depth. 

For flow simulations and travel-time computations, the saturated hydraulic-conductivity value assigned 

to the MPZs in the CHn unit is assumed to be 20 times greater than that of the undisturbed rock. In addi­

tion, the air-entry potential (1 /a) of the MPZs in the CHn unit was assumed to be one-half that of the undis­

turbed rock. Selection of these values was also somewhat arbitrary, but again reflects the assumption that 

the MPZs in the CHn unit will effectively behave as coarser porous media with higher permeabilities rela­

tive to the undisturbed rock. The CHn unit is nonwelded, and is assumed to be less disrupted by con­

struction of the exploratory shaft than are welded units. Therefore, the lower degree of disruption or 

factor of increased hydraulic conductivity (20) is employed for the MPZ in the CHn unit. 

2.3 BOUNDARY CONDITIONS 

The elevation datum for the model was taken as the water table, assumed to coincide with the lower 

boundary of the CHn unit. The lower boundary condition is, therefore, a prescribed-pressure boundary at 

atmospheric pressure. A one-dimensional model of the CHn unit, without shafts or MPZs, was used to 

provide a pressure-head distribution (depicted in Figure 2.6) and undisturbed travel-time value. The 

outer boundary opposite the axis of symmetry is a prescribed-pressure boundary, or Dirichlet condition, 

equal to the pressure-head distribution obtained from the one-dimensional, undisturbed model. The 

boundary along the shaft's axis of symmetry is a prescribed no-flow boundary, or Neumann condition, for 

all cases. The upper boundary is a uniform, constant-flux boundary, or Neumann condition, with a value of 

0.1 or 0.3 mm yr-1 . The assumption of a uniform flux across the upper boundary presupposes that the 

flux is not influenced by the overfying Topopah Spring welded unit. Variations in the specified boundary 

conditions will be discussed in a subsequent description of the modeling cases (Section 2.4). 
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AGUBE 2.6. Pressure-Head Profile from One-Dimensional Model Sirrulation 

Preliminary sirrulations with the radial model were conducted using successively larger model radii to 

ensure that the radial dimension of the model domain was large enough to minimize the effects of the 

outer boundary on the solution near the shaft. To evaluate the adequacy of different model radii, a particle­

tracking algorithm was used and travel time was plotted as a function of radial distance from the model's 

axis of symmetry. The 0.01a condition was used to size the model with this method because this con­

dition allows more water to enter the shaft, and hence, leads to a larger radius of influence by the shaft. 

Figure 2.7 shows travel time as a function of initial radial distance of travel-time particles for a number of 

different model radii. When the travel time reached the undisturbed, steady-state travel time and 

remained at that value with increasing radial distance, the model radius was assumed to be sufficiently 

large. It was detennined that a radial dimension of approximately 80 m was required to minimize the effects 

of the outer boundary on the solution near the shaft. This is demonstrated by the nearly identical traces in 

Figure 2. 7 for the 70- and 80-m model radii. In contrast to the 0.01 a condition, use of the expected value 

of a leads to quite different results, as shown In Figure 2.8. The smaller radius of influence (in Figure 2.8) 

indicates that the 80-m-radius model is more than adequate to minimize the effects of the outer boundary 

on the solution near the shaft. 
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2.4 MODELING CASES 

The average annuaJ precipitation at Yucca Mountain is estimated to be approximately 150 mm yr-1 

(Montazer and Wilson 1984). An upper-bound estimate of recharge to the saturated zone is approxi­

mately 0.50 mm yr-1 (Montazer and Wilson 1984). However, the downward flux in the CHn unit is esti­

mated to be limited to approximately 0.006 nvn yr-1 (Montazer and Wilson 1984). Several modeling cases 

were simulated to determine the response of the flow field In the vicinity of the extended shaft, the effects 

of different recharge rates, the effeds of the vitric layer of the CHn unit, the potential for formation of 

perched water zones, and the results of shaft flooding. 

The base case represents the expected hydrologic conditions in the CHn unit based on available 

data. Two versions of the base case are simulated to provide hydrologic conditions for the undisturbed 

flow field (i.e., without the shaft or MPZs) and for the disturbed flow field after extension of an exploratory 

shaft into the CHn unit. The undisturbed flow field Is siroolated with a one-dimensional model and a 

recharge flux of 0.1 mm yr-1. The steady-state pressure distribution obtained from this simulation is used 

to specify the initial and outer boundary conditions for the disturbed two-dimensional flow field simulation. 

Potentially adverse conditions of the site were examined by extension of the base case. The high­

recharge case is identical to the base case, except that the recharge flux is increased to 0.3 mm yr-1 . The 

high-recharge case is designed to explore the lmpad of underestimating the recharge rate through the 

CHn unit on predicted performance. The no-vitric case is defined by the reduction of the model to include 

only the zeolitic layer of the CHn unit. This case is designed to illustrate the importance of the vitric layer 

by comparison of a simulation without that layer to other cases with it. The thin-perching-layer case is a 

revision of the model in which a hypothetical, thin, low-permeability zone is embedded in the model 

domain at an elevation of approximately 85 m above the water table. This case was included to determine 

the potentiaJ for perched water to occur over a zone of lower permeability. The importance of the value of 

the curve-fitting parameter a, the inverse of the air-entry potential of the shaft backfill material, is demon-

strated in the low-alpha case. The low-alpha case is identical to the base case, ex~ that the value of a 

for the shaft backfill is divided by 100. The final case is the shaft-water-release case, representing a flood­

ing scenario in which the recharge rate into the top of the shaft is very high (equal to one-half the saturated 

hydraulic conductivity of the backfill) . The 0.01 a condition is aJso used in this case. This case is the least 

realistic because it is based on introduction of water on a scale not expected at Yucca Mountain and 

because it ignores the use of shaft seal materials in the overlying Topopah Spring welded unit that would 

prevent such an event. This final case was included to examine the response of the disturbed CHn unit to 

a large water flow down the shaft, however unlikely the event. 
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3.0 MODEL RESULTS 

3.1 SIMULATION RESULTS 

Sirrulations of the radially synvnetric shaft model (described In Section 2.0) are presented in this 

section. The design and rationale for each case were presented in Section 2.4. 

3.1.1 Base Case 

Figure 3.1 depicts the hydraulic-head contours slrrulated for the base case In the RZ plane. The 

hydraulic heads range from 0 m at the water tab6e to greater than 41 m at the upper boundary. The R 

dimension (horizontal axis) of Figure 3.1 is the radial distance, ranging from 0 m at the center of the 

backfilled shaft to 80 m at the outer boundary. The hydraulic-head contour lines are nearly horizontal 

throughout the model domain, indicating that the influence of the shaft and MPZ on the flow regime is 

minimal for expected conditions. The saturation contours for the base case are shown in Figure 3.2. The 

range of saturations within the zeoutic layer is small, from 0.95 to 1.0. The large contrast In saturation is at 

the boundary between the vitric and zeolitic layer and within the shaft. Streamlines, the paths that water 

particles take in the porous media under steady-state conditions, are shown for the base case in Fig-

ure 3.3. These paths correspond to the 30 particles used to compute the travel times shown in Fig-

ure 2. 7. The deflection of streamlines from vertical paths point out that the vitric layer is more influenced 

by the shaft than the zeolitic layer and, owing to its higher hydraulic conductivity, the relatively high­

saturation level, and the interface between the vitric and zeolitic layers, the MPZ appears to act as a 

vertical preferential flow path. 

3.1.2 High-Recharge Case 

The high-recharge case was identical to the base case, except that the constant flux at the upper 

boundary was changed from 0.1 to 0.3 mm y~1 . The hydraulic-head contours for this model, shown in 

Figure 3.4, range from 0 m at the water table to greater than 88 m at the upper boundary. This range is 

over twice that of the base case. As with the base case, the hydraulic-head contour lines are nearly hori­

zontal throughout the model domain. The saturation contours in Figure 3.5 Indicate that the range of 

saturations in the zeolitic layer is still narrow (0.95 to 1.0), but In this case, the vitric layer is also nearly 

saturated (approximately 0.90). Travel time Is shorter throughout the model domain because the recharge 

is higher and saturations are not significantly higher. Streamlines for the high-recharge case are shown in 

Figure 3.6. Unlike the base case, these streamlines are not essentially vertical in the vitric layer. At higher 

saturations, the vitric layer begins to function as a horizontal preferential flow path and directs water toward 

the MPZ. The combined effect of the high-conductivity vitric layer and the MPZ is to decrease travel time 

in the vicinity of the shaft. Therefore, the high-conductivity vitric layer is important at higher recharge rates. 

3.1 



140 

120 

100 

E 
-; 80 
(,) 
c 
C'Cl -1/) 

0 
~ 

·~ 60 
Q) 

> 

40 

20 

0 

,. -----...... --- .. ---.. ------ .. -... ---.. -.. --...... --.. ----------------.--- .. 
: :: : 
+ ------------------'1!:------------------: 
~-------------------39. ----------------~ 

'J7 • ... 
~ . --------------~ 

•" 
n. ----------------~ 

~. ~: :-------------------31. ----------------~ 

~-----------------~. --------------~ 
~. #: ,-----------------~. --------------~ 

~-------------------~.----------------~ •" 

~·~ .. ~-----------------n . ----------------~ •" 

-: ~;;-------------------21. ----------------~ 
' " 
~· ~ .. ~-----------------19. ----------------~ . :: 
. " 
·~"------------------ 17 . -----------------~· ~: : ___________________ 16.----------------~ 
·~::------------------- IS . ----------------~ '" ----------------- li . ----------------~ ~ ill----------13. ______ ____,; 
;.....; --- 12. 
~-----------------11 . --------------~ ;..---'"" 
~-----------------IO. -------------~ 
~-------------- 9.0 --------------~ :,_ _________________ 8.0 _____________ __. 

:....,. ____________ 7 . 0 -------------~ 

:,_ _______________ 6.0 ------------~ 

~--------------s.o------------~ 
~-------------------i.O ----------------~ 
:----------------3.0---------------
:._ _______________ 2 .0----------~ 

:----------------- 1.0----------------
........................................................................................ Q.O..aaa au nn no nn a n .. ...; 

0 20 40 60 80 

Radial Distance (m) 

FIGURE 3.1. Hydraulic-Head Contours for Steady-State Solution of Base Case 

3.2 

: 



·. 

140 

120 

100 

-E -Q) 
u 

80 
c: 
co 
(i) 
C5 
~ . ~ 
t: 60 
Q) 

> 

40 

20 

0 

0.35 
-----------······---~---································: .... ~------..--~..35..C.4D . t ~ 

~ ~ . ... . 

. . . . . . . . 
........: 
' ' 

0.40 : 

0.95 s Saturation s 1.0 

' 

' 
' 

~-------------~~----------~ 

0 20 40 60 80 
Radial Distance (m) 

FIGURE 3.2. Saturation Contours for Steady-State Solution of Base Case 

3.3 



-.§. 
(l) 
0 
c: 
nJ -(/) 

i5 
n; 
.Q 
t:: 
Q) 

> 

120 

100 

80 

60 

40 

20 

~~- -- -- -- -7-r·---,-----,----,----- ----·---- ----- ---- ----- ----- - -: 
~ . lt- ..... -- ..... ---------- ---- ---- ---- --- -·-· --- -·-- ·-· ... : .. .. 

~ : 
~ 

0+--r~~~~~~-+--~~~~~~--+-~--r-~~! 
0 1 0 20 30 40 50 60 70 80 

Radial Distance (m) 

FIGURE 3.3. Streamlines for Base Case 

3.4 

_. 



. . 

140 

120 

100 

I 
Q) 80 
(,) 
c: 
tV -fl) 

0 
tV 

~60 
Q) 

> 

40 

20 

0 

~ ::-----------.. --.------.. -----------.-----------------------~ 
1 I f f 
I It f 

:'"'~--------------------------------------· 

~: ~·:------------------~.--------------~ 
!-. ~ .. ------------------81. ---------: 

" 
:-, ""+ .. ------------------eo.--------~ 

~. ++ .. ----------------76. -------~ 
~. ~:.------------------72.------------

. -~: :----------68. ------------
~. ~::---------6-t. ----------... . -~::---------~.--------~ ... 
!""", ~::---------------$.-------------~ 
: .. 
~~------------~.-----------~ •" 

~· ~"-----------------~.----------~ . :: 
~: ~ .. ~-----------~.-----------•" 

~~--------------10.----------------
·:::--------------------------~ ' " --------36. ---------, 
~-----------------------------~ ~------32.-------
~----------------------~ .....------------28. ---------' :...----= 

~-------------~. --------~ 
~---------~.--------~ 
~------------~.--------­
~--------------18.------------~ 
~-----------------16.---------------­
--------------11.--------~ 
~-----------------12.-------------~ 
~----------10.--------­
~------------a.o-----------­
~-----------------6.0----------~ 
~---------------1.0--------------­
~------------2.0------------~ 

0 4 •••••••••••• • ••••••• a.a-•••••••••••••••••••••• ~ 

0 20 40 60 80 
Radial Distance (m) 

FIGURE 3.4. Hydraulic-Head Contours for Steady-State Solution of High-Recharge Case 

3.5 



-E -Q) 
(.) 
c: ns 
c;; 
i:5 
ns 

.S:2 
1:: 
Q) 

> 

140 

120 

100 

80 

60 

40 

20 

---------------------·-·---------------------------------... 
n---------0.90----~ 

~~-~-------------9~·------~ 

,.; 
' 
' 

~ 
' ' 0.95 s Saturations 1.0 ' ' ' ' ' ' ' 
' ' ' ' ' ' ' ' 
' ! 

;........: 

' 

0 ~-----------------------------.. .LA •••••• - -------------------

0 20 40 60 80 
Radial Distance (m} 

FIGURE 3.5. Saturation Contours for Steady-State Solution of High-Recharge Case 

3.6 

.. 



120 

·. 100 

·. 

80 

-E -(I) 
(J 
c: 
ca -.!!2 60 c 

1\ 
n; 
.2 
1: 

~~ 
(I) 

> 

40 

20 

Radial Distance (m) 

FIGURE 3.6. Streamlines for High-Recharge Case 

3.7 



3.1.3 No-vMc Case 

The base case was modified by removing the vitric layer to demonstrate the importance of the 

heterogeneity introduced by the contrast between the vitric and zeolitic layers through comparison with 

other cases. The model thickness for the no-vitric case is 125 m, rather than 130 m. The recharge rate 

and hydraulic properties were held to the base case specifications. The hydraulic-head contours for the 

no-vitric case are shown in Figure 3.7. As with the base case, the range of hydraulic heads is still from 0 to 

41 m, but the radius in which the contours are perturbed from the background condition is reduced. The 

saturation contours shown in Figure 3.8 are also similar to the base case, except that, without the contrast 

in properties at the upper boundary, the wide range of saturations is not present at the top of the model. 

The streamlines in the zeolitic layer, shown in Figure 3.9, are slightly less influenced by the presence of 

the shaft than in the base case. In contrast to the base case, however, the missing vitric layer results in 

fewer streamlines entering the MPZ. The results of this simulation reveal that thin, relatively high­

conductivity layers that may be unimportant in the undisturbed environment of the CHn unit are potentially 

very important in the presence of a vertical preferential flow path, such as that formed by the MPZ. 

Comparison of the results of this case with other cases in our study illustrates the manner in which 

heterogeneity, in the form of layering, amplifies the impact of the shaft on the surrounding flow field. It is, 

therefore, very important to characterize the high-conductivity layers in the CHn unit to accurately predict 

performance of the unit in the proximity of an exploratory shaft. The importance of contrasting layers could 

not be observed from a one-dimensional analysis of the flow field. Therefore, an adequate assessment 

requires that flow be examined in multiple dimensions to prevent underestimating the impact. 

3.1.4 Thjn-Perchjng-Layer Case 

The thin-perching-layer case was designed to examine the impacts resulting from the presence of an 

undetected thin layer of low conductivity in the CHn unit. The model was modified to introduce this layer, 

represented by a two-element (2-m) thick material zone with saturated hydraulic conductivity equal to 

one-tenth of the recharge rate, or 0.01 mm yr-1 . The resulting steady-state hydraulic-head contours for 

this model are shown in Figure 3.10: notice the grouping of contour lines at the Z = 80-m elevation, the 

location of the thin perching layer. As seen from the saturation contours in Figure 3.11, perched water did 

not occur above the thin perching layer, as intended for this case. This is because the MPZ and outer 

boundary conditions essentially allowed sufficient water movement around the thin perching layer, or out 

of the model domain, to prevent saturation from occurring. This case would have to be redefined so that 

the outer boundary represented a no-flow boundary, or approximated an infinite boundary, to force 

perched water to occur in the upper portion of the zeolitic layer. We expect that, under such modeling 

constraints, the perching layer would be shown to be more important than was demonstrated in this case. 

Streamlines for the thin-perching-layer case are shown in Figure 3.12: notice the vertical path that the 

streamlines follow through the thin perching layer. 
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3.1.5 Low-Alpha Case 

The low-alpha case is Identical to the base case, except that the value of the van Genuchten (1980) 

curve-frtting parameter, a , is decreased by a factor of 100 for the shaft backfUI material. The physical conse­

quence of this is to raise the air-entry potential of the backfill material, allowing more water to enter the 

shaft than is nominally expected. The differences in the model results were dramatic, as the shaft no 

longer excluded flow but, rather, functions as a drain for a large radial area. The hydraulic-head contours 

for the low-alpha case solution, shown in Figure 3.13, are more vertical than horizontal in the vicinity of the 

shaft and MPZ. The flow regime is perturbed significantly, up to approximately 40 m, from the center of 

the shaft. The saturation contours, shown in Figure 3.14, are not noticeably different than the base case, 

except for the range of saturations inside the backfilled shaft. The differences in the streamlines, 

depicted in FIQUre 3.15, are substantial COI'J1)ared to the base case. Even at the expected recharge rate 

(0.1 mm yr-1), the vitric layer functions as a horizontal preferential flow path. More irJ1)0rtant, the backfilled 

shaft itself becomes a significant vertical preferential flow path. The combined effect is to decrease travel 

time over a large radius centered on the shaft. The results of this case make it clear that the air-entry 

potential of the backfill material must be characterized, and that backfill material must be specified or 

selected, in part, based on air-entry potential to meet the objectives of shaft backfilling and sealing. 

3.1.6 Shaft-Water-Release Case 

The results of a hypothetical water release into the backfilled shaft above the CHn unit were predicted 

by repeating the base case (see Section 3.1 .1) with a high-recharge rate imposed at the upper boundary 

of the backfilled shaft. The recharge rate was assumed equal to one-half the saturated conductivity of the 

backfill material, or 43.86 m yr-1 , which is more than 400 times the expected recharge rate for the base 

case. Further, the 0.01 a condition was assumed for this sirrulation. This case was designed to deter­

mine the extent to which the surrounding CHn unit would Imbibe increased flow through the shaft. 

Hydraulic-head contours, based on the steady-state solution of the shaft-water-release case, are 

shown in Figure 3.16, and the saturation contours are shown in Figure 3.17. The saturation contours best 

illustrate the predicted response of the flow system during a large water release down the shaft. A region 

of saturation occurs near the lower portion of the shaft as in the high-recharge case, while rruch of the 

water is directed horizontally in the vitric unit and exits the model because of the prescribed-head bound­

ary condition. The vitric unit in this case reverses its previous behavior, acting as a preferential flow path 

away from the shaft rather than toward the shaft, as seen in the saturation contours in the vitric layer in 

Figure 3.17. These results suggest that the preferential flow path formed by the vitric unit may act 

beneficially in a shaft-water-release event, routing water away from the shaft to regions where it must then 

transit the full thickness of the zeolitic unit. 
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3.2 COMPARISON OF PREDICTED UNSATURATED ZONE TRAVEL TIMES 

One way to assess the impact of the presence of the backfilled shaft in the CHn unit is through com­

parison of the travel times in the affected radius to the travel times for corresponding undisturbed con­

ditions. To obtain a relative measure, the ratio of disturbed to undisturbed travel times can be used. If 

there is no effect on travel time, this ratio would equal one. On the other hand, values of this ratio less 

than one would Indicate comparatively shorter travel times and, consequently, greater water movement 

through this portion of the unsaturated zone. Values greater than one are also possible, where the 

streamline distance is increased by the horizontal velocity components induced by the presence of the 

backfilled shaft and the MPZ, and where the vertical velocity components are not of large enough 

magnitude to compensate. The ·overshoot" of the 80-m model in Figure 2.7, in which the travel-time 

function exceeds the undisturbed travel time in the 60-m radius proximity, is an example of a case where 

this ratio exceeds one. 

Because the impact on travel time varies with radial distance from the shaft, a single value of the 

disturbed to undisturbed travel-time ratio is meaningless. Instead, the range of values is indicated 

graphically to show both the relative impact with radial distance and the differences between the cases 

examined. 

Figure 3.18 shows the range of the disturbed-undisturbed travel-time ratio over the 80-m model 

radius for five cases: base, high recharge, thin perching layer, no vitric, and low alpha. Because the ratio 

represents a normalized travel time (relative to the corresponding undisturbed case) , different traces of 

the travel-time ratio can be directly compared. Several observations with regard to these traces are worth 

noting. First, not including the vitric unit in the model gave travel times very similar to the base case for 

these conditions. Second, the high-recharge rate increased the radius of influence compared to the base 

case. Third, the presence of the thin perching layer served to increase the horizontal component of the 

streamline lengths, which in tum resulted in a zone of increased travel time. Finally, the use of a lower 

alpha for the backfill leads to a much different spatial distribution of travel times and a much larger radius of 

influence by the shaft and MPZ. The overall effect of the spatial distribution of travel time will be examined 

in the following section through the use of outflow arrival curves, which integrate the total volumetric flow 

in the modeled area in both time and space. 

The minimum disturbed travel time occurs at the radius where the disturbed-undisturbed travel-time 

ratio is lowest. Table 3.1 lists the undisturbed travel time and the minimum disturbed travel times for the 

base, high-recharge, no-vitric, thin-perching-layer, and low-alpha cases. The shaft-water-release case was 

performed to examine flow response, rather than travel-time effects, and is, therefore, not included in 

Table 3.1. The reduction in travel times ranges from 58.1% to 83.1 %, an impact that is very important if 

performance of a natural barrier is measured in terms of the minimum travel time. Regulations specified in 

10 CFR 60.113 and 10 CFR 960.5-2-1 require that ground-water travel time along the fastest path of likely 
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TABLE 3.1 . Predicted Values of Undisturbed and Minimum-Disturbed Travel Time 

Undisturbed Minimum-Disturbed 
Cilia navel Time (yrl Travel Tjme (y[) Reduct jon 

Base 313,100 129,500 58.6% 

High Recharge 109,900 42,530 61.3% 

No Vitric 313,100 130,700 58.3% 

Thin Perching Layer 313,100 56,040 73.1% 

Low Alpha 313,100 53,030 83.1% 
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radionuclide travel from the distulbed zone to the accessible environment shall be at least 1000 yr. The 

minirrum travel time predicted in any case s!rrulated for this analys!s was 42,530 yr, which is well above the 

regulatory limit. 

3.3 OUTFLOW ARRIVAL CURvES 

In addition to the travel-time comparisons between disturbed and undisturbed conditions, we con­

sidered another measure of irtl)act, represented by outflow arrival curves. The outflow arrival curve is a 

graph of the volume of water per unit time for the 80-m radius model as a function of arrival time at the lower 

boundary of the model (Nelson 1978, 1981). Conceptually, the outflow arrival curve represents the total 

outflow rate at the lower boundary that started as a uniform flux at the upper boundary and was tracked 

from its start at time zero. In the undisturbed, horizontally homogeneous case, this is a uniform flux that is 

represented graphically as a step function. The height of the step function is equal to the uniform flux rate 

at the upper boundary and is located at the time equal to the undisturbed travel time for the model domain. 

Outflow arrival curves, as defined here, are not contaminant arrival curves, though similar curves can be 

prepared for contaminant-transport s!rrulations. 

The outflow arrival curves were prepared by relating outflow versus radial distance information with 

travel-time versus outflow radius Information to obtain outflow versus travel-time results. To produce the 

outflow arrival curve, the flux rates at the lower boundary are summed with respect to travel time. The 

summed flux rates are then converted to a volumetric flow rate by multiplying the flux for each computa­

tional grid node on the outflow boundary by the outflow area for that node. For this model, these nodal 

areas are bounded by concentric circles located half-way between successive nodes. Summing the nodal 

flow rates at a given time then yields the desired outflow arrival curve. 

The outflow arrival curve for the disturbed base case, with a single shaft and MPZ, is plotted in Fig-

ure 3.19 (dashed line), and is contrasted with the outflow arrival curve predicted for the corresponding 

undisturbed, steady-state case (solid line). This graph shows that the presence of the exploratory shaft is 

predicted to cause a very small portion of the water in the 80-m radius area that was modeled to arrive 

sooner than In the undisturbed case, while a greater portion would arrive later. The outflow arrival curve for 

the high-recharge case is plotted in Figure 3.20, and shows, in contrast to the base case in FIQUre 3.19, 

both the shorter arrival time (caused by high-recharge rate) and the much larger volume of water involved 

(three times the base case recharge rate) . The outflow arrival curve for the no-vitric case is plotted in 

Figure 3.21 . Without the relatively high-conductivity vitric layer, the outflow arrival curve for the single­

shaft model is closer to the corresponding one-dimensional undisturbed case than for the base case 

described above. Finally, Figure 3.22 shows the outflow arrival curve for the low-alpha case. The low­

alpha outflow arrival curve shows the greatest impact of all cases examined. A large portion of water arrives 

sooner than in the corresponding undisturbed solution, and a smaller portion arrives later. The vertical 
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difference in the two lines in Figure 3.22 reflects the additional water provided by the prescribed-head 

outer boundary, implying that the model radius was still not quite large enough to eliminate boundary 

effects on the solution of this case. 

3.4 MOQEL DISCUSSION 

All of the case simulations described in this report were designed and performed to assist in assessing 

the potential impact of extending an exploratory shaft into the CHn unit. All models are necessarily approxi­

mations of actual conditions, and as such, their limitations must be kept in mind when interpreting the 

results. The i"l>Ortant limitations of the model used for this study include the vertical extent of the model 

domain, the finite radius of the model, the arbitrary selection of shaft backfill material properties, the values 

of the CHn unit properties assumed, and the spatial distribution of MPZ properties assumed. 

The vertical extent of the model domain is an important consideration, as shown by our results that 

indicate the effect a stratigraphic unit can have on an underlying unit in the proximity of a vertical prefer­

ential flow path. The contrast between the base case (with a vitric layer) and the no-vitric case illustrates 

that the vertical flux above a stratigraphic unit may not always be assumed to be uniform. Rockhold, Sagar, 

and Connelly (1990) predicted the shaft to have a greater impact near the land surface than at depth. 

They based this prediction on their three-dimensional model of the entire Yucca Mountain stratigraphy, 

which used a linear approximation feature to represent exploratory shafts, rather than the explicit descrip­

tion of the shaft used in our study. Our study ignored the influence of the exploratory shaft and the 

overlying units (e.g., the Topopah Spring welded unit) on the distribution of recharge at the upper 

boundary of the CHn unit. Instead, we focused on the CHn unit itself. Nevertheless, the nature of the 

impact on the hydrologic regime modeled would be similar, though the numerical values would differ if the 

overlying units were included in the model. In particular, if overlying units functioned in a manner similar to 

that predicted for the CHn unit by our model, a higher recharge rate would occur near the shaft and MPZ 

and would amplify the impacts predicted by our study. 

The outflow arrival curves demonstrate the effect of the outer radial boundary on the flow field. A 

numerical solution requires a finite model, whereas the shaft effects extend to some boundary at a great 

distance (or, conceptually, to infinity). Therefore, to use a numerical solution, we must compromise 

between the need for numerical accuracy and the computer resource constraints on model size. The 

80-m-model radius was deemed sufficient to capture most of the detail desired for this study while 

sacrificing little accuracy. 

Our analysis results predict that increased water flow would occur through the MPZ and possibly 

through the shaft backfill if the air-entry head of the backfill material was high. Results of other models of 

the shaft backfill for the potential repository (Freshley, Dove, and Fernandez 1985) demonstrated that the 

backfill materials behave as a capillary barrier to water flow. The behavior of the backfill materials is strongly 
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strongly influenced by the hydraulic properties relative to those of the surrounding media and the 

recharge rate through Yucca Mountain. The properties of the backfill material can be controlled through 

selection of materials with specified hydraulic properties. Our model, therefore, represents the flow field 

near the exploratory shaft for only two possible designs (corresponding to values chosen for a). 

The physical and hydraulic properties used in our analyses to represent the vitric and zeolitic layers of 

the CHn unit are from the literature (Peters et al. 1984; Montazer and Wilson 1984). These values are 

based on a limited number of sai'Jl)les from boreholes USW-G4 and USW-GU3 that represent our current 

understanding of the subsurface hydrology at Yucca Mountain. 

Finally, as shown by Case and Kelsall (1987), the hydraulic conductivity in the MPZ surrounding a 

shaft is not uniform. Rather, the increase in hydraulic conductivity is a function of distance from the shaft 

and decreases exponentially with distance as it approaches the undisturbed conductivity. Our model 

applied a uniform, average value for the MPZ's conductivity to approximate the increased permeability. 

One consequence of our constant-value assumption about the MPZ properties is that the continuous 

variation of properties across the MPZ is modeled as an abrupt change. This results in a somewhat 

different physical model because of the abrupt change in properties at the Interface between the MPZ 

and the undisturbed rock. For example, the abrupt contrast in air-entry potentials across this interface, as 

represented in our model, may lead us to predict that water Is precluded from the MPZ when, in reality, it is 

not. An exponentially changing hydraulic conductivity distribution lrJl)Osed on our model would result in 

much higher values of hydraulic conductivity in the vicinity of the shaft wall ; however, values in the vicinity 

of the MPZ interface with the undisturbed rock would be virtually that of the undisturbed rock. In reality, 

there is no interface between the MPZ and the undisturbed rock; rather, it forms a continuum. The conse­

quence of imposing the exponential relationship between MPZ conductivity and radial distance would be 

that water reaching the shaft wall vicinity would move more rapidly than we predicted, but movement 

between undisturbed rock and the shaft wall may be slower. The overall impact of such a model refine­

ment is unresolved. 
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4.0 CONCLUSIONS 

The results of this study suggest that the exploratory shaft and MPZ will influence the unsaturated 

flow field in the CHn unit near these features. In general, the MPZ will locally reduce the minimum travel 

time for water to transit the CHn unit to the regional water table by at least 58% under expected conditions. 

These results are illustrated in the contour plots of hydraulic head, saturation, and streamlines. For a 

recharge rate of 0.3 mm yr-1, which is three times higher than the expected rate for the CHn unit, the effect 

'• is similar. 

·. 

• 

Simulation results are strongly influenced by the hydraulic properties assumed to represent the shaft 

backfill. To form a capillary barrier to water flow, the conceptual design calls for backfilling shafts with a 

coarse material, such as crushed tuff. For our sirrulations, the backfill material properties were approxi­

mated using the properties of a gravelly sand. Under certain conditions, such as higher recharge flux or 

contrasting layer properties, water may be diverted toward the shaft and MPZ. If the backfill material has a 

significantly lower air-entry potential, the impact of the shaft on the surrounding flow field is much larger 

than for expected values of air-entry potential. Because selection of backfill properties strongly influences 

the behavior of the flow system, backfill materials can and should be selected in designing these facilities 

to minimize water flow into shafts and drifts. 

The simulation results also indicate that the effects of the shaft and MPZ are restricted to an approx­

imate 40-m radius, and should not exceed an 80-m radius, which represents an area of 20,106 m2 in the 

horizontal plane. Current plans for the potential repository indicate that the underground facility will cover 

approximately 1380 acres (DOE 1988b), or 5,600,000 m2. Therefore, the potential area impacted by an 

exploratory shaft and its radius of influence in the CHn unit is equal to only 0.36% of the total area for the 

potential repository. To avoid impacts altogether, the exploratory shaft could be located outside, but 

adjacent to, the sphere of influence of the potential repository. This would provide the characterization 

data without compromising the integrity of the CHn unit beneath and downgradient of the repository. 

Heterogeneities in the form of thin layers of higher and lower permeability materials will influence the 

unsaturated flow field near the exploratory shaft and MPZ. Comparison of simulation results for a case with 

both the vitric and zeolitic layers of the CHn unit to results for a case that included only the zeolitic layer 

demonstrates that the presence of the vitric layer decreases travel time in the presence of a shaft and 

MPZ. When the relatively high-conductivity vitric layer is present, flow is channeled in that layer toward the 

exploratory shaft. The presence of the vitric layer reduces the minimum travel time only a small amount in 

COrTlJarison to the base case simulation. In the low-alpha case, however, this heterogeneity is much more 

important. The boundary conditions erTlJioyed in the simulation prevented the occurrence of a saturated 
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zone in the thin-perching-layer case; however, the presence of a lower permeability layer was shown to 

divert water laterally. From our results, we conclude that the impact of the shaft and MPZ will depend on 

the actual heterogeneities present in the CHn unit. 

The purpose of our study has been to quantify the negative impacts on site performance of seeking a 

greater knowledge of the CHn unit. Qualitatively, we have shown that expected values of travel time 

through the CHn unit, which now range in the hundreds of thousands of years, may be compromised and, 

at worst, would range in the tens of thousands of years. All estimates exceed 1000 yr. the minimum travel 

time required by regulations, by a factor of 40 or higher. The positive impacts gained through sampling 

and study of the CHn unit were not considered. The parameters of importance for site characterization 

have been shown to include the recharge rate and the effective hydraulic properties of the formations, 

MPZ, and backfill material and their ranges of variability. It is also important to identify any thin layers with 

contrasting physical and hydraulic properties that may be present within the CHn unit because of the 

hydrologic importance such layers have in the vicinity of a shaft. 
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