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ABSTRACT

Through the technique of computer simulation, the authors investigate the

flow characteristics of groundwater from surface influx into a host medium

of unsaturated tuff. The study is designed to assess the potential in-

fluence of backfilled drifts on the groundwater flow past vertically

emplaced waste canisters in a prospective nuclear waste repository.

Numerical- modeling with the code SAGUARO is used to determine the magnitude

and direction of flow in the vicinity of a waste package below a drift

backfilled with various materials. Sand and clay represent potential back-

fill materials which are significantly different in hydrologic properties.

Results indicate that clay in a drift reduces the flow immediately adjacent

to the waste package to 1 to 96% of the natural flow. Sand in the same

drift acts as an extremely effective barrier to flow; however, below the

drift at the waste package level, the groundwater flow is 81% to 92% of the

natural volumetric flow. Therefore, backfilling a drift does not provide a

significant reduction of flow in the vicinity of a vertically emplaced waste

package. The effect of the drift on flow extends only slightly over a drift

length below and a drift width to the side of the backfilled region.
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1. INTRODUCTION

The purpose of the Nevada Nuclear Waste Storage Investigations (NNWSI)

Project, managed by the Nevada Operations Office of the U. S. Department of

Energy, is to examine the feasibility of siting a repository for high-level

nuclear waste at Yucca Mountain on, and adjacent to, the Nevada Test Site.

As part of these investigations, Sandia National Laboratories is engaged in

evaluating the need for backfilling and sealing of this prospective nuclear

waste repository located in an unsaturated tuff environment. In this

report, we describe a computer analysis of groundwater influx in the

vicinity of repository drifts when the drifts are filled with either sand or

clay and discuss how these two backf ills affect the flow past the waste

package.

Hydrologic characteristic curves for a sand, a clay, and a welded tuff

were chosen for use in these analyses: the clay and sand to represent

materials with quite different hydrologic behavior, and the tuff to repre-

sent a type of host rock possible in a provisional nuclear waste repository

[7]. The sand contains mostly coarse-sized particles and is highly perme-

able when saturated. The clay contains many fine-sized particles and, so,

is less permeable than sand when saturated. However, the permeability of

unsaturated sand can be far smaller than that of clay. When unsaturated,

both sand and clay can be less permeable than tuff.

A simplified geometry (shown in Fgure 1) represents a cross-section of

a drift and a waste canister in the floor emplacement configuration, in

which the waste canisters are placed in vertical emplacement holes spaced

along the drift centerline with isolation plugs sealing the individual

emplacement holes. The water is assumed to be influx from the surface

flowing past this drift. The finite-element code SAGUARO [1] is used to

describe two-dimensional, isothermal, flow through the porous matrix in this

geometry. Flow in fractures is not being considered.

Because the permeability of sand varies dramatically with saturation

and this in turn causes numerical instabilities, we use two methods to

simulate sand in the drift. The first method is to modify the assumed

properties of the sand. The second is to model sand as an impermeable

material. The hydrologic properties of clay cause no numerical problems,

and, hence, are used without modification.
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Figure 1. Simplified cross-section of a drif t in the f loor emplacement

configuration.



This report contains:

A description of the numerical model

A discussion of the properties of the materials used in the

analyses

A discussion of the numerical instabilities encountered when model-

ing sand

The expected steady-state velocities near the various backfilled

drifts and waste packages

The expected flow through the various backfilled drifts at steady

state.
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2. A DESCRIPTION OF SAGUARO AND THE MODELS ANALYZED

The authors use SAGUARO, a finite-element code developed by Eaton, et

al. [1], to model the flow of vadose water near a vertically emplaced

nuclear waste package. For isothermal flows, SAGUARO solves the well-known

Richards equation [2], which has the form:

Here k is the intrinsic permeability tensor and is the dynamic viscosity

of water. is the effective pressure, i.e. the hydrodynamic pressure plus

the pressure due to gravity,

(2)

where is the pressure head (P/pg); p is the density of water; and g is the

acceleration due to gravity. The specific moisture capacity C, is the

derivative of the moisture content with respect to pressure head (/ay).

For unsaturated flow, the properties k and C are strongly dependent on .

Thus, equation (1) is highly non-linear. Finally, Equation (1) describes

the flow through the porous matrix. Although highly fractured regions of

tuff may exist, this study does not address the issue of flow through

fractures.

Figure 1 illustrates the two-dimensional approximation of the geometry

of the drift and waste canister modeled. In this representation, we assume

that the plug and waste package are impermeable. Note that in this two-

dimensional representation, all zones are treated as semi-infinite slabs

extending in the direction perpendicular to the plane of Figure 1. Figure 2

shows the finite-element mesh used.

As the rock is unsaturated, we assume that the source of groundwater

movement is the influx of rainwater from the surface above. (We are assum-

ing that liquid free convection due to the heat release by the waste is

negligible in unsaturated porous media 3). Vapor flow cannot be addressed

with SAGUARO.) We assume a constant velocity of 0.4 cm/yr (1.097 x 105

m/day) at the upper boundary of our model [4] and impose a constant pressure
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Figure 2. Finite-element mesh with drift and waste package outlined in bold
(not to scale -- horizontal axis has been stretched to show
detail).
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condition at the lower boundary. For example, if the bottom surface is the

water table, this lower boundary condition implies that the water table does

not rise as it rains. The pressure at the bottom of the mesh is chosen so

that at hydrostatic conditions (uniform effective pressure), the tuff has an

initial saturation of 86% at drift level [4].

The left boundary is a plane of symmetry. The right boundary is also a

plane of symmetry, if we model a drift in the interior of the repository.

Therefore, the width of the model is half the distance between drifts. The

upper and lower boundaries are sufficiently far from the drift so that they

do not influence the flow near the drift. We assume steady state is reached

when the moisture front is well below the waste package and a material

balance on the drift shows no accumulation or depletion of water.
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3. MATERIAL PROPERTIES AND INITIAL CONDITIONS

The material properties for the tuff, sand, clay and water used in the

SAGUARO simulations are listed in Table 1.

TABLE 1.
MATERIAL PROPERTIES

Material Property Value Reference

Density of Water 1000. kg/m3 [5]

-4
Viscosity of Water 9.82 x 10 Pa-s. [5]

-16 2[7
Saturated Permeability of Tuff 1.21 x 10 m

(USW GU-3, Sample S-19 at 1730 ft
depth) -16 2

Saturated Permeability of Clay 3.92 x 10 m [6]
(Chino clay)

Saturated Permeability of Sand 1.93 x 10 3 m [6]
(Crab Creek sand)

Porosity of Tuff 0.221 [7]
(USW GU-3, Sample S-19 at 1730 ft
depth)

Porosity of Clay 0.532 [6]
(Chino clay)

Porosity of Sand 0.371 [6]
(Crab Creek sand)

In unsaturated zones, the permeability and saturation are strongly

dependent upon the pressure head. For the analysis reported here, the

hydrologic relationships for tuff, clay, and sand necessary for implementing

SAGUARO are represented by the curves in Figures 3 through 7. Each material

has three characteristic curves relating the permeability k, the moisture

content , and the storage capacity C (3 /) to the pressure head .

SAGUARO actually requires Input of the moisture content in terms of satura-

tion, where hence, these figures show the relationships between

saturation and pressure head. We assume all materials are isotropic in

terms of permeability (ie., ki kji). The curves for the permeability and
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Figure 3. Permeability vs pressure head -- characteristic curves for tuff
clay, and sand.
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Figure 4. Saturation vs pressure head -- characteristic curves for tuff,
clay, and sand (Note that the kink in the curve for clay is an
artifact of the spline fit used and that it is not in the pres-
sure range of interest).
{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



Figure 5. Derivative of saturation with respect to pressure head --
characteristic curve or tuff.
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Pressure Head

{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}
Figure 6. Derivative of saturation with respect to pressure head

characteristic curve for clay.



Pressure Head

{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}

Figure 7. Derivative of saturation with respect to pressure head
characteristic curve for sand.



data points using a standard library spline routine [8]. In all cases, the

curves for the derivative of saturation (Figures 5 through 7) are calculated

numerically using the same spline routine.

Notice that the permeabilities of two different materials at the same

pressure head can vary over several orders of magnitude (Figure 3). Notice,

also, that the permeability of a single material can vary over several

orders of magnitude with very little change in head. When modeling a region

of clay or sand backfill immediately adjacent to an area of tuff, we place a

sharp discontinuity in the permeability at the boundary of the two regions.

This is especially true when placing sand adjacent to tuff.

The steepness of the permeability curve of sand can lead to numerical

instabilities. At each time step, a solution to the pressure field is

obtained through iteration. If the calculated pressure changes a small

amount between iterations, the flow changes dramatically, making convergence

of Richards equation difficult and the calculated velocities unrealistic.

Several minor modifications to the code and element grid can help overcome

this problem, and these will be discussed in the next section. However,

because of limits on computer time and storage, we elect to modify the

assumed characteristic permeability curve of sand. Therefore, we ar-

bitrarily assume that below a permeability of 2.2 x o19 m the logarithm

of the permeability function varies linearly with the logarithm of the

pressure head, as illustrated with the dotted line in Figure 8. This

modified function ensures that the assumed permeability of sand is always at

least three orders of magnitude below that of the tuff (at the same suction

head), while allowing computational convergence to occur.

SAGUARO sets the initial effective pressure () equal everywhere for

each material; in other words, each material is in hydraulic equilibrium

within itself but not necessarily with surrounding materials. Therefore,

the initial pressure head (), and hence the initial saturations, are not

uniform throughout the element mesh, but vary with height. We set the

initial saturation at the height of the midpoint of the drift to be the

initial average saturations for sand and clay, chosen by PNL as possible

water-contents necessary for packing. These saturations set at the midpoint

(0.86, 0.72, and 0.64 for tuff, clay and sand, respectively) lead to the

initial saturations as a function of height, listed in Table 2.
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Figure 8. Modified permeability characteristic curve for sand.



TABLE 2.
SATURATION CONDITIONS
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4. NUMERICAL INSTABILITIES WHEN MODELING SAND

As mentioned above, the steep gradients of the characteristic curves of

sand can cause numerical difficulties. The finite-element method employed

suggests three different approaches to cope with these difficulties: the

mesh can be made finer, the time steps smaller, and the iteration criterion

tighter. Each of these procedures results in an increase in the computer

time required to reach a solution. We feel that refining the mesh is the

least effective way to overcome the numerical instabilities, because the

sand permeability (Figure 3) can change over seven orders of magnitude with

a change of 0.1 m in pressure head, and because the number of elements

allowed in SAGUARO is limited to one thousand. Shortening the time steps

helps improve the stability of the numerical solution; however, the computer

time increases prohibitively. Tightening the convergence criterion

(decreasing the allowed difference between iterations in the calculated

effective pressure) results in excessive time spent in iterating. If the

pressure changes too drastically in one time step, the convergence criterion

may not be met at all.

Another procedure, using an adaptive time step coupled to the number of

iterations required to meet the convergence criterion, saves considerable

computational time 9]. This procedure allows larger time steps to be taken

in intervals of slowly changing permeability and specific moisture content,

but automatically reduces the time step when a more difficult solution

interval is encountered. We specify a convergence tolerance (e) and a

maximum number of iterations. SAGUARO then iterates until the normalized

difference in effective pressure between iterations is less than

or the number of iterations in the time plane is greater than the maximum

specified. If the latter is the case, the time is backed up to the last

solution reached, the time step automatically reduced, the time advanced by

the smaller step size and the solution attempted again. If convergence is

achieved, the time step is increased by a specified percentage. Often we

approach convergence alternately from both sides of an asymptote.

Therefore, the convergence criterion is based on the average pressure value

of successive iterations rather than on the last value.
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These modifications help stabilize the solution; however, the sand

curve must be modified to be less steep. Since the main goal of this model-

ing effort is to compare the effects of various backfill materials in the

drift on the flow-rate past the waste package, a major change in the assumed

permeability of the sand backfill can affect the conclusions. From compar-

ing the permeability of tuff and sand, we expect that the sand will behave

as though it were impermeable. In a separate simulation to test this

hypothesis, we have modeled the drift as an impermeable zone. Using pres-

sure information obtained with this approximation, we can predict the flow

behavior if the true sand properties were included in the model. If indeed

it appears that the sand will approximate an impermeable material, the two

sets of velocities calculated with the two different drift models can be

compared to ensure that the modified permeability of sand is a valid ap-

proximation at the steady state conditions. Note that although modeling

sand as an impermeable material leads to no numerical difficulties, it

cannot predict the behavior of sand in higher saturation regimes where the

sand can become much more permeable than the surrounding host rock. It is

desirable to be able to estimate the behavior of sand using characteristic

curves that will give physically correct solutions if the sand is saturated

(especially because part of the drift is assumed to be saturated initially).

The pressure head at the drift boundary increases as the permeability

difference across the boundary increases, reaching a maximum if the drift is

impermeable. By looking at the pressure head, calculated for an impermeable

drift, and taking it as the maximum that could exist, one can argue that a

negligible amount of moisture will infiltrate a sand-filled drift consider-

ing the permeabilities of sand and tuff at this pressure. The pressure head

calculated at the impermeable drift boundary is less than -1.5 m. From the

permeability versus pressure curves in Figure 3, the permeability of tuff

(k ) at -1.5 m is approximately 1 x 10 m , whereas the permeability of

sand (k ) is about 1 x 10 22m The sharp disparity between the per-

meabilities across the interface indicates that sand in the drift would

allow negligible flow.

Using the effective pressure seen across the impermeable drift (again

the maximum that could occur), we can also estimate the velocities that

might occur in a sand-filled drift. With steady, one-dimensional flow,

Richards equation reduces to:



(3)

We can calculate the velocity (v) in the sand due to the effective pressure

drop across the entire drift. The necessary parameters are:

Therefore, v is approximately 1.7 x 10 5m/s downward. This velocity is

very small compared to the velocity in the tuff of about 1.3 x 10 m/s,

indicating that an extremely small fraction of the influx would travel

through the drift. In the Results section, we compare the velocities near

the waste package calculated with the two drift models.

The velocities calculated by SAGUARO have an inherent error bar as-

sociated with them. The iteration criterion used in these simulations is

With the steady-state value for , and at the levelmax
midway between the drift.and the bottom of the waste package, this criterion

gives 0.06 m in the tuff. In the center of the sand-drift, it gives

0.07 m. At the final conditions, this translates into an allowed

variation in permeability of the tuff and modified sand of about 4%. At

steady state the velocities are directly proportional to the permeability.

Hence, the velocities can vary within an 8% band due to changes in per-

meability only. A changing pressure at one point can cause the gradient of

pressure with distance to change also. This variation of pressure gradient

multiplied by the variation in permeability leads to an even greater per-

centage of uncertainty in velocity. We estimate this uncertainty to be

about 12%.

The gridding can also cause instabilities, although these are less well

understood. In order to extend the grid far below the area of interest, we

allowed a large jump in element size immediately below the canister. The

velocities along this boundary vary cyclically in time and with somewhat

greater changes in amplitude than the velocities elsewhere.
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5. RESULTS

Figures 9 through 11 depict contours of constant effective pressure

(equipotentials) at various times when groundwater is flowing downward

toward a drift filled with clay (flow paths lie perpendicular to the

equipotentials). Flow begins immediately outward from the drift, because'

the clay is initially at a higher effective pressure. As water enters from

the top of the mesh, a pressure front propagates downward, eventually

encountering the circular push from the drift. In the Figure 11 the front

has passed the drift and waste package. This last figure shows the steady-

state equipotentials in the vicinity of the drift and waste package. Note

that the drift does not cause significant disturbance to the downward flow.

The infiltration process is not rapid; Figure 11 is 600 years after time

zero. Not only are we essentially assuming that the infiltration rate is

constant over hundreds of years, but we are setting the tuff to be initially

at hydrostatic conditions and the infiltration to begin at time equals zero.

Hence, this early time behavior is of qualitative interest only. The se-

quence of events of a sand filled drift is similar to that of the drift

filled with clay; although the water is deflected more dramatically away

from the drift. Note that at steady state (Figure 12) the drift disturbs

the downward flow significantly only very near the drift (within about one

drift width), even when no flow is allowed through the drift.

Steady state in the region of the drift is achieved within 600 years,

when the drift moisture content no longer is changing and the pressure front

is well past the depth of the waste package. The final conditions are

outlined in Table 3. The steady-state saturation of the sand (with the

modified permeability) ranges from approximately 0.17 to the residual

saturation (-0.15). Note that the sand-filled drift drains so that its

final saturation is much lower than the initial average saturation. This is

in contrast to the water absorption by a clay-filled drift. The clay has a

final saturation of 0.90 to 0.98, whereas its initial saturation was lower

than 0.81.
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Figure 9. Contours of constant effective pressure at time - 50 years for a
clay filled drift.
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{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}
Figure 10. Contours of constant effective pressure at time 109 years for

a clay-filled drift.
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{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}
Figure 11. Contours of constant effective pressure at time 600 years

(steady state) for a clay-filled drift (not to scale -- horizon-
tal axis has been stretched to show detail).
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Figure 12. Contours of constant effective pressure at time 600 years for

an impermeable drift (not to scale -- horizontal axis has been
stretched to show detail).
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TABLE 3.
STEADY-STATE CONDITIONS

(Infiltration rate 0.4 cm/yr 1.097 x 10 m/day)

Fill Material Condition

Clay Saturation Range of Tuff 0.92 - 0.99

Clay Saturation Range of Fill 0.90 - 0.98

Sand Saturation Range of Tuff 0.92 - 0.99
(modified permeability)

Sand Saturation Range of Fill 0.17 - residual
(modified permeability)

Clay Flux Through the Drift 4.5 x 10 5m3/m depth/day

Sand Flux hrough the Drift 0 m3 /m depth/day
(impermeable)

The flow-rates listed here are gross flow-rates through the entire drift
(only half the drift is actually modeled due to symmetry).

Once steady state near the waste package has been reached, quantitative

values of flow-rates through the drift and past the waste package are of

interest. Recall that the floor emplacement drift is assumed to be 4.57 m

(15 ft) wide and 6.1 m (20 ft) high (see Figure 1). The flow-rates listed

in Table 3 are gross flow-rates through the entire drift (only half the

drift is actually modeled due to symmetry). The flow-rate through the clay

drift overestimates the flux that would actually occur, because the

velocities calculated at the boundary of the drift and surrounding tuff

reflect the higher permeability of the tuff. This will be discussed in

detail in the following paragraphs. Because we have modified the sand's

permeability, the calculated velocities using this approximation overes-

timate the flow through the drift perhaps by several orders of magnitude.

If sand is modeled as impermeable, obviously no flow is allowed through the

drift. From arguments detailed in Section 4, the flow through a sand-filled

drift is very likely to be close to zero.
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In Tables 4 through 6, the flows between individual elements in and

near a clay-filled drift are listed. Figure 13 is a blow-up of the area of

interest, with the elements numbered for reference. The velocities are

averaged along the line shared by two adjacent elements and, therefore,

represent the component of velocity from the center of one element to the

center of the next element.

TABLE 4.
STEADY-STATE FLOW THROUGH THE CLAY-FILLED DRIFT

{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}

*Flow from elements 10 and 27 to the impermeable zone below is due to the
averaging of effective pressure gradients and permeabilities.

Note that the representative velocities inside the drift are lower than

those on the perimeter. This is partly because the velocities are calcu-

lated from Richards equation (1), and the effective pressure gradients and

permeabilities calculated across this boundary between materials reflect
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{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}
Figure 13. Close up of the finite-element mesh in the vicinity of the drift

and waste package.
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TABLE 5.
STEADY-STATE FLOW INSIDE CLAY-FILLED DRIFT
{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}

tables above and Table 6 is that the steady-state permeabilities found

inside the clay drift are not considerably smaller than those in the sur-

rounding tuff, and consequently the velocities in the two materials are

often within an order of magnitude of each other.

Flow from elements 10 and 27 to the impermeable zone below is due to

the averaging of pressure gradients and permeabilities. Also a small amount

of flow at the impermeable side boundaries is allowed because of the ap-

proximate (quadratic) form of the pressure profile used to calculate the

velocities. The materials we are modeling are so impermeable as to allow

flow only one or two orders of magnitude higher than this "residual" flow.

This affects the material balance obtained in the third significant figure

of the overall volumetric flow.

Table 6 lists the velocities under a clay-filled drift. The third

column in Table 6 is the fraction of the prescribed influx seen along the

canister; in other words, it is the calculated velocity divided by 1.097 x
10 m/day.
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TABLE 6.
NEAR DRIFT AND WASTE PACKAGEVELOCITIES IN TUFF

{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



Part of the fluid is flowing around the drift, and, therefore, the

gross flow under the drift has a vector component toward the canister. The

water traveling through the drift is flowing horizontally out from the drift

symmetry plane (especially near the center where it must detour around the

impermeable region directly below). These two flows meet at element 43 and

account for the very small magnitude of the horizontal flow there. Element

91 is located at the level of the center of the waste package and to the

right of the drift above. The velocity in this element is very close

(differs by less than 1%) to that prescribed at the top boundary, indicating

that the drift does not affect the flow-rate at the waste package level much

beyond the width of the the drift. Even the flow in the elements im-

mediately adjacent to the waste package is 91% to 96% of the influx rate.

The velocities for elements in the vicinity of a waste package below a sand-

filled drift are listed in Tables 7 and 8. Table 7 contains the velocities

calculated when sand with modified permeability is in the drift. The third

column in Table 7 is the calculated velocity divided by 1.097 x 10 5m/day.

The last column in the table is the velocity, when sand is in the drift,

divided by the velocity when clay is the backfill.

The vertical flow in the elements immediately adjacent to the waste

package is 81% to 92% of the influx rate. This indicates that the drift

influences the flow past the waste package somewhat. Because the drift has

a low permeability, most of the fluid must flow around it. The gross flow

under the-drift, therefore, has a component of velocity toward the waste

package. Because more water is forced around the sand-filled drift than is

deflected when the drift is filled with clay, the horizontal component under

a sand-filled drift is larger than that under a clay-filled drift. Recall

that with the clay as a backfill, the horizontal component of flow is small

near the interface of the drift and the impermeable waste package, where the

water traveling through the drift meets the water flowing under the drift.

With sand in the drift, there is very little flow through the drift to meet

with the flow around it.

Listed in Table 8 are the values of the velocities calculated when the

drift- is assumed to be completely impermeable. The last column is the ratio

of the velocities calculated when the drift is impermeable to the velocities

calculated when the drift is filled with a sand with the modified per-

meability curve.
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TABLE 7.
VELOCITIES IN TUFF NEAR DRIFT AND WASTE PACKAGE

WITH A SAND-FILLED DRIFT
{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



TABLE 8.
VELOCITIES IN TUFF NEAR DRIFT AND WASTE PACKAGE

WITH AN IMPERMEABLE DRIFT
{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



top of the drift and out to the side with the impermeable approximation to

the sand. The general nature of the flow is illustrated for the modified

permeability and the impermeable approximations to sand, respectively, with

velocity vectors in Figures 14.

Figures 15 through 20 outline the final velocity profiles for the floor

emplacement configuration with the drift filled with clay. The horizontal

and vertical velocities at discreet points along a path from below the drift

to the top of the mesh are plotted in Figures 15 and 16. In Figures 17 and

18 the path has been moved to the right approximately half the width of the

drift so that it is through tuff only. Figures 19 and 20 show the two

components of velocity from the left-hand boundary to the right, midway up

the height of the drift. The horizontal velocities in the tuff along the

top of the drift increase toward the right, as some water is diverted to

flow around the drift. Under the drift the horizontal velocities reverse

direction and then decrease in magnitude as the water turns to spread out in

the tuff below. However, the horizontal velocities along each of the three

paths are an order of magnitude smaller than the influx rate. The vertical

velocities are affected in a relatively narrow band -beginning within 3 m of

the top. Below the drift the velocities are affected by the impermeable

zone; they increase slightly, near the waste package, because there is less

volume in which the water can travel. The downward velocities decrease

inside the drift.

Figures 21 through 26 show the components of velocity in the vicinity

of an impermeable drift. Again the horizontal and vertical velocities of

discrete points are plotted along paths from below the drift to the top of

the mesh, parallel and to the right of the first path, and from the left-

hand to the right-hand boundaries. The plots illustrate the same

qualitative flow around the drift as seen in the clay-filled drift.

However, since no flow is allowed inside the drift, the horizontal flow is

larger with an impermeable drift, and the vertical velocity through the

drift goes to zero. The direction (sign) of the horizontal velocity changes

as the groundwater flows around the drift at the top and then flows back

under the drift. The vertical flow to the side of the impermeable drift is

higher than the flow near a clay-filled drift, again because no water is

allowed through the drift.
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Figure 14. Velocity vectors of steady-state flow near a sand-filled drift
(sand modeled with modified permeability and as an impermeable
material).
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Distance (m)

Negative Velocities are toward the drift center line
Positive Velocities are away from the drift center line

Figure 15. Steady-state profile of the horizontal components of velocities
along a path (shown with the dotted line on the element grid
above) from below the waste package through a clay-filled drift
to the top boundary.
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{ C O U LDN O T B E CO N VER T EDTOSEARCHABLE TEXT}
* Negative Velocities are downward

Figure 16. Steady-state profile of the vertical components of velocities
along a path (shown with the dotted line on the element grid
above) from below the waste package through a clay-filled drift
to the top boundary.
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Distance (m)

*Negative Velocities are toward the drift centerline
Positive Velocities are away from the drift centerline

Figure 17. Steady-state profile of the horizontal components of velocities
along a path (shown with the dotted line on the element grid
above) approximately 2.3 m to the side of a clay-filled drift.
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Negative elocities are downward

Figure 18. Steady-state profile of the vertical components of velocities
along a path (shown with the dotted line on the element grid
above) approximately 2.3 m to the side of a clay-filled drift.
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*Positive Velocities are away from the drift center line

Figure 19. Steady-state profile of the horizontal components f velocities
along a path (shown with the dotted line on the element grid
above) through a clay-filled drift from the left to the right
side boundary.
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*Negative Velocities are downward

Figure 20. Steady-state profile of the vertical components of velocities
along a path (shown with the dotted line on the element grid
above) through a clay-filled drift from the left to the right
side boundary.
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* Negative Velocities are toward the drift center line
Positive Velocities are away from the drift center line

{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}
Figure 21. Steady-state profile of the horizontal components of velocities

along a path (shown with the dotted line on the element grid
above) from below the waste package through an impermeable drift
to the top boundary.
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*Negative Velocities are downward

Figure 22. Steady-state profile of the vertical components of velocities
along a path (shown with the dotted line on the element grid
above) from below the waste package through an impermeable drift
to the top boundary.
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Distance

Negative Velocities toward the drift centerline
Positive Velocities are away from the drift center line

Figure 23. Steady-state profile of the horizontal components of velocities
along a path (shown with the dotted line on the element grid
above) approximately 2.3 m to the side of an impermeable drift.
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Distance

Negative Velocities are downward

Figure 24. Steady-state profile of the vertical components of velocities
along a path (shown with the dotted line on the element grid
above) approximately 2.3 m to the side of an impermeable drift.
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*Positive Velocities are away from the drift centerline

Figure 25. Steady-state profile of the horizontal components of velocities
along a path (shown with the dotted line on the element grid
above) through an impermeable drift from the left to the right
side boundary.
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*Negative Velocities are downward

Figure 26. Steady-state profile of the vertical components of velocities
along a path (shown with the dotted line on the element grid
above) through an impermeable drift from the left to the right
side boundary.
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Figures 27 through 32 are velocity profile plots for a drift filled

with sand (having the modified permeability characteristic curve). The

qualitative behavior is the same as that calculated when the drift is as-

sumed impermeable. The horizontal velocities in Figures 27 and 29 are

slightly smaller than those seen in Figures 21 and 23 because some of the

water is allowed to flow through the drift. For the same reason, the verti-

cal velocities in Figures 28 and 32 do not go exactly to zero in the drift.

Recall that all of the velocities have about a 12% error band associated

with them, as discussed in Section 4 of this report.
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Negative Velocities are toward the drift center line
Positive Velocities are away from the drift center line

Figure 27. Steady-state profile of the horizontal components of velocities
along a path (shown with the dotted line on the element grid
above) from below the waste package through a (modified
permeability) sand-filled drift to the top boundary.
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Figure 28. Steady-state profile of the vertical components of velocities
along a path (shown with the dotted line on the element grid
above) from below the waste package through a (modified
permeability) sand-filled drift to the top boundary.
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* Negative Velocities are toward the drift centerline

Positive Velocities are away from the drift centerline

Figure 29. Steady-state profile of the horizontal components of velocities
along a path (shown with the dotted line on the element grid
above) approximately 2.3 m to the side of a (modified
permeability) sand-filled drift.
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Negative Velocities are downward

Figure 30. Steady-state profile of the vertical components of velocities
along a path (shown with the dotted line on the element grid
above) approximately 2.3 m to the side of a (modified
permeability) sand-filled drift.
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*Positive Velocities are away from the drift centerline

Figure 31. Steady-state profile of the horizontal components of velocities
along a path (shown with the dotted line on the element grid
above) through a (modified permeability) sand-filled drift from
the left to the right side boundary.
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Negative Velocities are downward

Figure 32. Steady-state profile of the vertical components of velocities
along a path (shown with the dotted line on the element grid
above) through a (modified permeability) sand-filled drift from
the left to the right side boundary.
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6. SUMMARY AND CONCLUSIONS

In this analysis, we calculate the flow past the waste package below a

clay-filled drift to be over 91% of the influx rate. The velocities near

the waste package below a sand-filled drift are over 81% of the influx.

This indicates that backfilling the drift with sand or clay does lower the

flow past the waste package from the undisturbed influx; however, it appears

that backfilling a drift with clay does not provide significant reduction of

flow in the vicinity of the waste package in the floor emplacement

configuration. Backfilling with sand instead of clay can only lower the

flow another 10%.

Water is deviated only one to two drift widths to the side of the

drift, even if no flow is allowed through the drift. Although, in this

model, the side boundary conditions are lines of symmetry for a floor

emplacement configuration, conclusions can be drawn regarding a wall

emplacement configuration in which waste packages are placed horizontally in

boreholes between the drifts. The fact that the groundwater does not flow a

significant distance to the side of the drift implies that the drift would

not influence flow past a waste package in the wall emplacement design if a

stand-off distance between the drift and the waste is included in the

design.

Because of the extremely large gradients in permeability with pressure

for sand, numerical difficulties occurred in modeling a sand-filled drift in

unsaturated tuff. The behavior of the sand as a backfill had to be

approximated. Two approximations were considered: the permeability versus

pressure characteristic curve was modified to be less steep, and the sand

was modeled as a completely impermeable material. The two approximations

yielded very similar velocities (differing by 2% or less) immediately ad-

jacent to the waste package.

There are several limitations to this analysis. The model is two-

dimensional, which creates an artificially high influence of the assumed

impermeable waste package below the drift. Obviously, the magnitude of the

calculated steady-state velocities are dependent on the assumed influx;

however, because the boundary conditions and the characteristic curves

determine the steady-state pressure profiles, not only the velocities, but
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also the final saturations are dependent on the assumed hydrologic

properties and influx rate. Probably the most influential approximation is

that the flow is modeled as matrix flow, ignoring possible fractures.
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