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CENTER FOR NUCLEAR WASTE REGULATORY ANALYSES 

TRIP REPORT 

SUBJECT: Trip Report for the Society of Mining, Matallurgy, and Exploration (SME) 

Conference, Hydrology Session on Seepage into Underground Openings 

(20.01402.861) 

DATE/PLACE: February 28-March 1, 2000, Salt Lake City, Utah 

AUTHOR: D. Hughson and R. Fedors 

PERSONS PRESENT: 

R. Codell of the Nuclear Regulatory Commission (NRC) and S. Mohanty, D. Hughson, and R. Fedors of the 

Center for Nuclear Waste Regulatory Analyses (CNWRA) attended the Society of Mining, Metallurgy, and 

Exploration. Other active participants included S. Finsterle and R. Trautz from Lawrence Berkeley National 

Laboratory (LBNL), B. Marshall and A. Flint from the U.S. Geological Survey (USGS), and a representative 

of the Nuclear Waste Technical Review Board.  

BACKGROUND AND PURPOSE OF TRIP: 

The Hydrology II Session, Tuesday afternoon Februrary 29, 2000, was organized by R. Codell (NRC) and 

S. Mohanty (CNWRA) to bring together scientists working on the Yucca Mountain, NV, potential geologic 

repository for nuclear waste and researchers in the mining industry to discuss seepage into underground 

openings from unsaturated, fractured rock. S. Mohanty co-chaired this session at SME and papers describing 

research conducted at CNWRA were presented by R. Fedors and D. Hughson. Preprints of five of the papers 

presented at the Hydrology II session are included with this report as attachments.  

SUMMARY OF ACTIVITIES: 

Papers presented at the SME Hydrology II session on unsaturated seepage into underground openings 

illustrated the present inadequate theoretical understanding of this process. Three presentations, Hughson and 

Codell, Trautz and Wang, and Finsterle and Trautz, depended upon or utilized results from the early 

theoretical work of Philip (Philip, 1990; Philip et al. 1989) regarding seepage exclusion from underground 

openings by capillarity and the existence of a seepage threshold below which dripping does not occur. The 

paper by Fedors, Ghezzehei, and Or, on the other hand, analyzed a seepage threshold due solely to 

evaporation in their force balance approach for drop formation. Without evaporation, their model of film and 

groove flow on fracture surfaces predicts dripping even at extremely low flow rates. Their model incorporates 

capillary forces only due to the roughness of otherwise flat surfaces; it does not include diversion around an 

opening caused by capillary force or moisture movement along alternative fracture pathways. A 

counterweight to the theoretical and numerical models of dripping could be found in the data presented by 

Marshall et al. on secondary minerals in lithophysal cavities. Even though there are many uncertainties in the 

flux estimates calculated from assumptions about secondary mineralization, the actual presence of secondary
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minerals in small lithophysae implies water entered these cavities and this fact must be reconciled with 
models of seepage threshold. An important apparent discrepancy between models and data present in the 
attached papers submitted to this forum is elucidated here.  

Seepage threshold is the deep percolation flux below which water will not enter an underground opening but 
is held in the formation by capillary forces and diverted around the opening. The concept of a seepage 
threshold is part of the DOE postclosure Repository Safety Strategy which states: 

"The seepage threshold concept will be pursued through field and laboratory testing, 
improved models, and sensitivity analyses. If the seepage threshold concept becomes 
sufficiently defensible, seepage will be specified to zero except when and where extreme 
flow conditions or adverse conditions (e.g. significant changes in drift geometry that 
could affect the seepage threshold) are present" (TRW Environmental Safety Systems, 
Inc., 2000) 

The paper presented at SME 2000 by Finsterle (Finsterle and Trautz) was a portion of an Analysis/Models 
Report (AMR) with the title "Seepage Calibration Model and Seepage Testing Data" (Finsterle and Trautz, 
1999). The portion Finsterle presented at the SME involved a modeling exercise intended to demonstrate that 
treating unsaturated fracture flow as a heterogeneous porous media continuum is adequate for predicting 
seepage into waste emplacement drifts at Yucca Mountain, NV. The remainder of this AMR, not presented 
at SME, goes on to use the calibrated heterogeneous porous media continuum model to predict seepage 
threshold for Niche 3650 in the Exploratory Studies Facility (ESF) at Yucca Mountain. The lowest seepage 
threshold resulting from those predictions was 250 mm/yr. The model representation of Niche 3650, used 
in those predictions, was 4 m wide and 2.5 m high with an arched ceiling of a radius larger than the width 
and height dimensions. Analytical solutions for seepage exclusion from horizontal cylindrical (Philip et al., 
1989) and spherical (Knight et al., 1989) cavities are used here to illustrate how results from a continuum 
model of seepage into an opening the size of a niche might scale to the dimensions of lithophysal cavities.  
Using a permeability of 2.5x 10-13 m2, an exponential relative hydraulic conductivity alpha parameter of 
a = 0.0 15 Pa', and the properties of water at 20'C, a horizontal cylindrical underground opening of 2 m 
radius would have a seepage threshold of about 260 mm/yr. A spherical lithophysal cavity in this same 
formation of 25 cm radius would have a seepage threshold of almost 4000 mm/yr. Reducing the lithophysal 
cavity radius to 4 cm increases its seepage threshold to almost 20,000 mm/yr.  

While Philip's approach is for homogeneous porous media, it illustrates how seepage threshold depends not 
only on the capillary strength of the porous media but also on the size and shape of the opening. Evidence 
of secondary mineralization in lithophysae places the burden on the developers of the seepage models to 
demonstrate how seepage could enter small cavities if a relatively large seepage threshold exists for larger 
cavities on the scale of waste emplacement drifts. Furthermore, the hypothesized mechanism by which water 
enters the smaller lithophysal cavities should not be incompatible with petrographic observations and 
radioisotope data regarding the depositional history of the secondary minerals. No matter what mechanisms 
are postulated for seepage entering the small lithophysae, whether by episodic pulses of infiltration, 
breakdown of the continuum approach for the scale of lithophysae, or disequilibrium between matrix and 
fracture waters, it's clear that secondary mineralization presents an invaluable database against which the 
validity of seepage models can be assessed.  

In addition to addressing the small-scale seepage evidence provided by secondary mineralization, larger scale 
behavior as evidenced by an ongoing infiltration experiment at Alcove I (presented by A. Flint) provides
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additional opportunities for seepage model and data comparisons. The data presented by Trautz and Wang, 

and utilized by Finsterle and Trautz, were collected on the relatively small spatial scale (0.65 m) of the liquid 

injection tests in Niche 3650 in the ESF. Flint reported on a larger scale liquid injection test analyzing 

unsaturated flow from the ground surface through approximately 30 m of welded Tiva Canyon Tuff. The 

initial period of influx, of about 2 months at the ground surface above Alcove 1, was to establish steady state 

conditions. This was followed by experiments using tracers and variations in the influx rates. Seepage rates 

into Alcove I responded to changes in the influx rate within 36 hours, whereas measured tracer responses 

were more on the order of 25 to 30 days. The injection rates ranged approximately from 700 mm/yr to 

14,000 mm/yr as compared to present-day shallow infiltration estimates averaging 5-10 mm/yr over the 

repository footprint. During the discussion following Finsterle's presentation, Finsterle and Flint agreed that 

modeling the Alcove I experimental results using Finsterle's seepage model would be an interesting and 

potentially useful exercise.  

Seepage threshold estimates for the Alcove 1 liquid injection tests can be estimated by extrapolating from 

the seepage data collected at different influx rates. Flint pointed out that the method used for this 

extrapolation effectively determined the estimate. Flint thought a reasonable seepage threshold estimate lies 

between the extremes of a straight-line regression extrapolation and an asymptotic trend extrapolation 

towards zero. Thus the estimated seepage threshold for Alcove I could lie anywhere from less than 

700 mm/yr down to zero. Differences in seepage thresholds estimated from Alcove I and the niches could 

either be attributed to dimensionality and spatial scale or to differences between the fracture system of the 

different rock units. Also, effects of ventilation in the ESF may be an important factor in these differing 
estimates.  

The seepage data collected in Alcove I also support the mechanism of structural control (i.e. focusing) of 

flow in the Tiva Canyon Tuff. When viewed alone, the seepage flux data are inconclusive. However, the 

timing and magnitude of the tracer response data suggests that the intensely fractured zone crossing the 

alcove ceiling is diverting flow; the flow of water is redirected down the slope of the high-angle fracture zone 

rather than passing vertically through the zone. The combined information from both seepage flux and tracer 

data in Alcove 1 indicates that geological features such as fracture zones strongly influence unsaturated flow 

around, and seepage into, underground openings.  

List of Presentations: 

Hughson, D.L. and R. Codell 
Comparison of Numerical and Analytical Models of Unsaturated Flow around Underground Openings, 

Considerations for Performance Assessments of Yucca Mountain 

Trautz, R.C., J.S.Y. Wang 
Evaluation of Seepage into an Underground Opening Using Small-Scale Field Experiments, Yucca Mountain, 

Nevada 

Flint, A.L. and W.R. Guertal 
Monitoring Seepage into a Mined Opening Below an Unsaturated Infiltration Experiment 

Marshall, B.D., L.A. Neymark, J.B. Paces, Z.E. Peterman, and J.F. Whelan 

Seepage Flux Conceptualized from Secondary Calcite in Lithophysal Cavities in the Topopah Springs Tuff, 
Yucca Mountain, Nevada
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Finsterle, S. and R.C. Trautz 
Numerical Modeling of Seepage into Underground Openings 

Fedors, R., T. Ghezzehei, and D. Or 
Dripping into Subterranean Cavities from Unsaturated Fractures under Ventilated Conditions 

OVERALL IMPRESSIONS: 

Technical sessions at SME are rather poorly attended compared to similar conferences in Earth Sciences. As 
a result, interactions between researchers in the Yucca Mountain project and the mining community were 
limited. This session did, however, bring together some of those in the NRC/CNWRA and DOE most 
knowledgeable on the technical issues of seepage into drifts. The resulting exchange was both useful and 
informative and may eventually help in resolving some Key Technical Issues of the suitability of Yucca 
Mountain as a geologic repository for nuclear waste.  

PROBLEMS ENCOUNTERED: 

None 

PENDING ACTIONS: 

None 

RECOMMENDATIONS: 

The NRC should utilize the differences, as well as the similarities, between the models of seepage developed 
at LBNL and the data on secondary mineralization collected and analyzed by USGS in helping to resolve the 
issue of seepage into waste emplacement drifts at Yucca Mountain, NV.  

REFERENCES: 

Finsterle, S., and R.C. Trautz. Seepage Calibration Model and Seepage Testing Data: Analysis/Model Report 
U0080 MDL-NBS-HS-000004. Revision 0OD. Las Vegas, NV: Office of Civilian Radioactive Waste 
Management System, Management & Operating Contractor. 1999.  

Knight, J.H., J.R. Philip, and R.T. Waechter. The Seepage Exclusion Problem for Spherical Cavities. Water 
Resources Research 25(1): 29-37. 1989.  

Philip, J.R. Some General Results on the Seepage Exclusion Problem. Water Resources Research 26(3): 
369-377. 1990.  

Philip, J.R., J.H. Knight, and R.T. Waechter. Unsaturated seepage and subterranean holes: Conspectus and 
exclusion problem for circular cylindrical cavities. Water Resources Research 25(1): 16-28. 1989.  

TWR Environmental Safety Systems, Inc. Repository Safety Strategy: Plan to Prepare the Postclosure Safety 
Case to Support Yucca Mountain Site Recommendation and Licensing Considerations TDR-WIS-RL-000001 
REV 03. Las Vegas, NV: TRW Environmental Safety Systems, Inc. January, 2000.
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COMPARISON OF NUMERICAL AND ANALYTICAL MODELS OF UNSATURATED FLOW AROUND 

UNDERGROUND OPENINGS, CONSIDERATIONS FOR PERFORMANCE ASSESSMENTS OF YUCCA 

MOUNTAIN, NEVADA, AS A HIGH-LEVEL NUCLEAR WASTE REPOSITORY 

D. L. Hughson 
Ctr for Nuc Waste Rgltry Analyses 

San Antonio, TX, USA 

R. Codell 
U.S. Nuc Rgltry Com 
Rockville, MD, USA

ABSTRACT 

While benchmarking the integrated finite-volume 
code MULTIFLO against the analytical solution of 
Philip et al. (1989) for cylindrical underground open
ings, we found numerical simulation of dripping 
threshold flux consistently higher than the analytical 
solution for both rectangular and unstructured grids.  
The magnitude of error is proportional to the alpha 
parameter characterizing capillarity. This may bias 
estimates of repository performance towards non
conservatism.  

INTRODUCTION 

Performance calculations for the proposed reposi
tory at Yucca Mountain, Nevada, are sensitive to 
estimates of water dripping into waste emplacement 
drifts. In the performance assessment for the Viabil
ity Assessment (DOE, 1998), abstraction for 
seepage flux magnitude and fraction of affected 
waste packages was based on a 3-D heterogeneous 
porous continuum representation of flow through the 
fracture network in Topopah Springs welded tuff.  
Simulations using the TOUGH code (Birkholzer et al.  
1999) showed reasonable agreement with analytical 
solutions. While testing the integrated finite-volume 
two-phase water-energy flow and reactive transport 
code MULTIFLO 1.2p3, developed at the Center for 
Nuclear Waste Regulatory Analyses (Lichtner and 
Seth, 1998), we benchmarked it against the analyti
cal solution of Philip et al. (1989) for horizontal 
cylindrical underground openings. This analytical 
result gives the magnitude of infiltration and deep 
percolation flux that is the threshold for dripping to 
occur into the cavity, assuming a homogenous 
porous medium characterized by an exponential

relative permeability model (Gardner, 1958) and 
steady state flow. The focus of this work is a com
parison between the analytical solution and 
numerical simulations using unstructured and rec

tangular element grids for varying Gardner ax 
parameter in the relative permeability model. Com
parisons were made using a 2-D grid of rectangular 
elements and an unstructured grid with several 
refinements of node placement around a circular 
interior no-flow boundary. Our results indicate that 
numerical simulations, using both grid types, tend to 
predict a greater dripping threshold than the analyti
cal solution and that this error increases with 
increasing a.  

MODEL GRIDS 

Rectangular Grids 

The vertical 2-D grid consisting of 30 elements in 
the horizontal direction and 40 elements in the 
vertical direction, with each element a cube 0.5 m on 
each side, is shown in Figures 1 and 2. A 5 m di
ameter circular drift, centered between no-flow side 
boundaries and 7.5 m above the bottom prescribed 
state boundary, is approximated by using a material 
property such that capillary pressure P, = 0 for all 
saturations. For flux to cross the boundary between 
material properties, the rock immediately adjacent to 
the drift wall must be saturated with a capillary 
pressure of zero. Gravity then causes flow to cross 
the boundary and enter the opening. However, since 
the rock and drift are represented by elements of 
finite volume, there is a gravitational component of 
head difference equal to the vertical distance be
tween the nodes of these elements. This causes flux

Copyright © 2000 by SME1
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in the discretized domain to cross the material 
property boundary when cap'illary pressures in the 
rock are negative. We examined two different strate
gies for minimizing the gravitational component of 
head difference between nodes above and below 
the drift wall due to element size. The first, used with 
grid 1 shown in Figure 1, is to assign the connection 
distance between the boundary and the node above 
a value of zero and the distance between the 
boundary and the node below a comparatively small 
value of 1 mm. Each element of the grid is a cube 
0.5 m on a side with a volume of 0.125 m3, interfacial 
areas of 0.25 m2, and distances of 0.25 m from the 
centered nodes to the interfaces between. Adjust
ments to node connections made for the second 
strategy, grid 2, are detailed in Table 1 with refer
ence to Figure 3. For example, the block volume of 
element number 4 in Figure 3 was reduced to 
0.03125 m3, as indicated by the quarter of element 4 
that is shaded. The distances from the node of 
element 4 to the interface with element 3, and vice 
versa, were left as 0.25 m but the distance to the 
interfaces with elements 5 and 7 were set to zero.  
Likewise the distance from the node of element 5 to 
the interface with element 4 was left as 0.25 m but 
the distance from the node of element 7 to the 
interface with element 4 was set at 0.0001 m. The 
small connection lengths between nodes result in 
large conductances between those elements. How
ever, since the drift elements are at residual 
saturation, "upwinding" results in zero relative per
meability while capillary pressures in the rock 
elements are negative.  

1.0 

0.9 

L 10.8 
0o.7 

0.6 
I i I IA0.5 

1 i0.3 
E0.2 

0.1 
- 0.0 

Figure 1. Rectangular element grid 1. Saturation is con
toured and arrows denote locations of the first drips.

2

-0.3 

-0.2 

-0.1 

0.0

Figure 2. Rectangular element grid 2. Saturation is con
toured and arrows denote locations of the first drips.  

Table 1. Nodal connection details for elements defining 
the drift in arid 2. A and B refer to numbers in Fic ure 3.  

Nodes A to B (m) B to A (m) Area (m2) Vol A (mi) 
A-B1 
1-3 0 0.01 0.25 0.125 

2-4 0 0.25 0.125 0.125 

3-4 0.25 0.25 0.125 0.125 

4-5 0 0.25 0.125 0.03125 

4-7 0 0.0001 0.125 0.03125 

5-8 0 0.01 0.125 0.09375 

6-9 0 0.25 0.125 0.125 

8-9 0.25 0 0.125 0.125 

9-10 0.25 0.25 0.125 0.03125 

9-11 0 0.001 0.125 0.03125 

11-12 0.25 0.25 0.125 0.125 

12-14 0 0.25 0.125 0.09375 

13-14 0.25 0 0.125 0.125 

14-15 0.25 0.25 0.125 0.03125 

14-16 0 0.001 0.125 0.03125 

Unstructured Grids 

Nodal placements were generated with transcen
dental functions and further refined by placing rings 
of nodes slightly larger than the 2.5 m radius interior 
no-flow boundary. The base-case refinement, grid 
uO shown in Figure 4, was to place a ring of nodes 

Copyright © 2000 by SME
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at 2.501 m so that the gravitational componer)t of 

gradient at the drift crown was 1 mm. An additional 

refinement of 2 rings, one with a radius of 2.55 m 

and the other 2.6 m, was required to reduce error to 

a magnitude similar to that of grid 2. The drift in 

these unstructured grids is represented by a 2.5 m 

radius circular no-flow boundary made up of 0.01 m 

segments. Nodal and interfacial dimensions for 

hexagonal elements were generated using the code 

AMESH (Haukwa, 1998).

,~L ,__4 2 i 

_i_ 7_ __ __ 9 10! 

i3'11 2 

16 
Figure 3. Close up view of the upper portion of the drift in 

Figure 2. Details of nodal connections for the numbered 

elements are given in Table 1.

Figure 4. Unstructured grid uO. Side length Is 25m. A 5 m 
diameter internal no-flow boundary represents the drift. Grid 

u2 has nodes for grid refinement around the drift

RESULTS
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Steady state flow was simulated with prescribed 
flux at the top boundary, prescribed state at the 

bottom boundary, and no-flow along the sides. Rock 
permeability was 1.0 x 10' 3 m2 with a porosity of 0.1.  

Saturation contours at dripping threshold for grids 1 

and 2 are shown in Figures 1 and 2 for a = 3.3E-3 
Pa". Locations in the drift where drips first form are 
indicated by arrows. Dripping threshold for the 

rectangular grids 1 and 2 was taken to be the 

boundary flux that resulted in a non-zero vertical flux 
vector at the drift wall boundary. For the unstruc

tured grids, dripping threshold was taken to be the 
boundary flux that resulted in a saturation of 0.9999 
for at least one node on the drift wall boundary. With 

(x = 3.3E-3 Pa' and a drift radius of 2.5m the solution 
of Philip et al. (1989) for threshold flux is 372.7 
mm/yr. Percent error is calculated as 

numerical -analytical X100 Error - lO 
analytical 

Flux into the drift, at the locations indicated by 

arrows in Figure 1, occurred with a uniform flow 
condition of 780.3 mm/yr imposed along the top 
boundary, which is an error of 109%. By adjusting 
element volumes, interfacial areas, and nodal con

nections distances, as shown in Table 1, the error 
was reduced to 49% and drips formed at the loca
tions indicated by arrows in Figure 2 with a flux 
boundary condition of 556 mm/yr.  

..0 

........ .......... 0 

I0.  

10.  

. ." 

- 0.2 
07 

I0.  I . . . ..... ..¢•. .... .  

... . . . ..... .  

Figure 5. Saturation contours and location of first drip 

with the refined unstructured grid u2 

For a small pore size distribution parameter of a = 

1.OE-5 Pa", dripping threshold estimated using the 

unstructured grid in Figure 4 results in an error of 

1.2%. For larger a, however, the error increases 

substantially reaching 453% for a = 3.3E-3 Pa 1 . The

Copyright © 2000 by SME3
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inverse of a is approximately equivalent to the height 
of capillary rise, or the pressure head at which the 
larger pores de-water. For a = 1.OE-5 Pa', this is 
about 10 m and for a = 3.3E-3 Pa - this is about 0.03 
m. Clearly, additional grid refinement is needed to 
capture the sharp gradient in the 3 cm boundary 
layer that forms at the drift crown. Adding an extra 
ring of nodes between the inner ring 1 mm from the 
inner boundary and the next 0.33 m from the inner 
boundary decreases error depending on its location.  
With the extra ring of nodes placed at 0.1 m from the 
inner boundary, error in simulated dripping threshold 
was 109%. Further reduction in error, to 49%, was 
attained by adding yet another ring of nodes at 0.05 
m from the inner boundary. Saturation contours at 
dripping threshold for (a = 3.3E-3 Pa" are shown in 
Figure 5 for this additional refinement, referred to as 
grid u2. The arrow in Figure 5 indicates the location 
where the first drip forms. Dripping threshold flux as 
a function of ax for a horizontal 2.5 m radius cylindri
cal tunnel in a homogeneous porous medium is 
shown in Figure 6 compared to the analytical solu
tion. Except for the rectangular element grids 1 and 
2 at the small a: = 1.OE-5 Pa', results from the 
numerical simulations over-predict dripping threshold 
and this error increases with a. Percent error com
pared to the analytical solution for rectangular and 
unstructured grids is shown in Figure 7. Error result
ing from the unstructured grids approaches zero as 
a becomes small. The unstructured grid is also 
apparently sensitive to grid refinement. Error in
creases markedly with ax for grid uO. Refinement with 
two additional rings of nodes in the region adjacent 
to the drift wall boundary (grid u2) resulted in an 
error of 49% for a = 3.3E-3 Pa'. Error with the 
rectangular grids also increases with a but less than 
the unstructured grid uO. For the rectangular grids, 
error also becomes negative at small ax.  

104 

E 

- •--- , Id 1 ..  

"2 I( - Phi~p "outx 

---- grid u2 

0102

0 le-3 2e-3 3e-3 

a (Pa"1 ) 
Figure 6. Dripping threshold as a function of a obtained 

from numerical simulations compared to the analytical 
solution of Philip et al. (1989).
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Figure 7. Percent error resulting from numerical simula

tions as compared to the analytical solution.  

DISCUSSION 
The presence of an underground opening creates 

a boundary layer at the drift wall with sharp gradients 
in pressure and saturation, as shown in Figures 1, 2, 
and 5. The thickness of this boundary layer is pro
portional to a` and is on the order of 3 cm for a = 
3.3E-3 Pa". It follows that to obtain an accurate 
numerical solution, node spacings in this region 
must be smaller than the boundary layer thickness in 
order to resolve the sharp gradients. The effect of 
grid refinement is clearly shown by the dramatic 
reduction in error obtained from grid u2 as compared 
with grid uO. Attempts at further grid refinements 
within the boundary layer formed by a =3.3E-3 Pa', 
however, resulted in increased error apparently 
caused by truncation to fixed decimal formats in the 
meshing and input formatting codes.  

Rather surprisingly, the ad hoc arrangement of 
nodal connections in the rectangular elements 
defining the drift wall boundary, as detailed in Figure 
3 and Table 1, results in comparatively reasonable 
error over the range of (a values considered here.  
The first drips form and leakage into the drift subse
quently develops at nodal connections away from 
the crown of the drift. The theoretical analysis by 
Philip et al. (1989) shows that, for a horizontal 
cylindrical opening, the first drips form when a 
saturation of 1 is attained at the top center crown of 
the drift. In this respect, the unstructured grids with 
the drift wall defined by a circular boundary are 
consistent with theory. In the rectangular element 
grids 1 and 2, the elements above the drift crown 
remain unsaturated while leakage into the drift 
occurs from elements away from the drift crown.  
This suggests the possibility that additional nodal 
connection adjustments could further reduce the 
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error and result in a better match to theory both in 

location and threshold for dripping. Grids with rec

tangular elements have the advantage of simplicity 

in assigning property values from random field 

generation for heterogeneous models. Future work 

with the unstructured grids will involve defining the 

drift by a change in material properties to estimate 

not just dripping threshold but also flow rate into the 

drift after the threshold has been exceeded. An 

unstructured grid will probably be necessary to 

accurately characterize the effects of irregularities in 

drift shape, perhaps due to partial drift collapse, on 

seepage into waste emplacement drifts.  
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ABSTRACT 

A 9-meter-long drift was constructed in the unsatu

rated-fractured tuff at Yucca Mountain to evaluate 
the potential for water seeping into an underground 
opening. Forty seepage tests were performed by 
releasing a finite volume of water at a constant rate 

into short test intervals located in boreholes posi
tioned above the drift. The seepage threshold flux, 

defined as the liquid-release flux at and below which 

water will not drip into the opening, was determined 
for 10 test intervals. The seepage data, observa
tions, and model results indicate that a seepage 
threshold exists because a capillary barrier diverts 
water around the opening.  

INTRODUCTION 

The safe disposal of spent nuclear fuel and high
level radioactive waste is a pressing issue facing the 

U.S. Department of Energy (DOE), the nuclear 
power industry, federal, state, and local regulators, 
and society as a whole. The Nuclear Waste Policy 
Act of 1982, as amended, requires that the DOE 
undertake site characterization activities at Yucca 
Mountain, Nevada to provide information and data 
required to evaluate a proposed action to construct, 
operate, monitor, and eventually close a geologic 
repository containing spent nuclear fuel and radioac
tive waste (DOE, 1998).  

Yucca Mountain is located approximately 160 km 
northwest of Las Vegas, Nevada along the western 
boundary of the Nevada Test Site in an arid region 
of the Basin and Range province. The Yucca 
Mountain area receives approximately 100 - 250 

mm of precipitation on average per year, depending 
upon topographic elevation and exposure (DOE, 
1998). If licensed by the Nuclear Regulatory Com
mission, the geologic repository would be 

constructed within a thick sequence of unsaturated 
rhyolitic ash-flow tufts exhibiting various degrees of 
welding, vitrification, fracture density, and abun-
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dance of lithophysae cavities, which influence the 
mechanical and hydrogeologic properties of the host 
rock (Buesch et al., 1996; Buesch and Spengler, 
1998; Flint, 1998). The geologic repository would be 
located approximately 200 m below the land surface 
and at least 100 m above the regional water table 

and would include 117 km of waste emplacement 
drifts housing containers of radioactive waste (Daniel 
et al., 1998).  

A key question concerning repository performance 
is whether infiltration water entering Yucca Mountain 
now and under wetter climate scenarios in the future 
will percolate through the deep unsaturated zone to 

the repository horizon, where it may seep directly 
into a waste emplacement drift or move around the 
opening because of the presence of a capillary 
barrier. A capillary barrier forms when an unsatu
rated hydrogeologic unit containing relatively fine 

pores or fractures overlies a unit consisting of rela
tively coarse pores. Coarse-pore soils typically drain 
at relatively large water potentials and, like any 
porous material, will not conduct appreciable 
amounts of water at or below their residual satura
tion. In contrast, a relatively fine-pore soil may still 

be able to conduct water at and below the same 
water potential. Since the fine-pore soil can still 
conduct water and the underlying coarse-pore soil 
cannot, a capillary barrier is created at the contact 

between the two layers under unsaturated condi
tions. If the contact is tilted, then water may move 
laterally in the upper fine-grained unit down dip 
(Ross, 1990; Oldenburg and Pruess, 1993).  

By analogy, the potential exists for a capillary bar
rier to form when a fine-grained unit, such as a 

highly fractured rock, overlies a large open space, 
such as an underground waste emplacement drift. It 
is important to determine whether a capillary barrier 

will form above a waste emplacement drift because 
such a barrier can have a direct impact on waste 
isolation and repository performance. Water perco
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lating down from the land surface may be excluded 
from seeping into the drift and instead may be 
diverted laterally around the opening if a capillary 
barrier forms. In contrast, if a capillary barrier does 
not form or is short lived, then water may drip into 
the opening, come in contact with the waste pack
age, hasten canister corrosion and failure, and allow 
the downgradient migration of dissolved radionu
clides from the repository toward potential human 
and environmentally sensitive receptors.  

Lawrence Berkeley National Laboratory performed 
a series of tests in boreholes located above a spe
cially constructed drift, called a niche, located in the 
Exploratory Studies Facility (ESF), a 7.8-km-long 
tunnel bored into the flanks of Yucca Mountain. The 
niche consists of a 9.0-m-long drift constructed on 
the west side of the ESF main drift at construction 
station 36+50 within the middle nonlithophysal zone 
of the Topopah Spring Tuff, a densely welded, 
devitrified, fractured, unsaturated rhyolite (Buesch et 
al., 1996). Air-injection tests and liquid-release tests 
were conducted prior to excavating the niche to 
characterize the flow of air and water through rela
tively undisturbed fractures and after excavation to 
quantify water seeping into an underground opening 
from a small-scale percolation event of known 
duration and intensity.  

PRE-EXCAVATION TESTS 

More than 200 air-injection tests were conducted in 
seven 1 0-m-long boreholes installed parallel to the 
axis of the niche prior to its construction (Figure 1).  
The test results were used to determine the distribu
tion of single-hole air permeabilities within the rock 
mass (Cook, 1999). The air permeability results are 
representative of fracture permeabilities, because 
the permeability of the rock matrix is five orders of 
magnitude lower (Flint, 1998).  

The air permeability data were used to select test 
intervals for subsequent liquid-release tests. A series 
of low-flow-rate, liquid-release tests were conducted 
in the same boreholes as the air-injection tests, by 
pumping approximately 1 liter of water containing 
colored or fluorescent dyes into 0.305-m-long test 
intervals straddling both high and low air
permeability zones. The water was introduced into 
each test interval by pumping the fluid into the 
borehole at a constant rate with little pressure 
buildup, if any. Various dyes were used during the 
study to document the flow path traveled by the 
wetting front.  

NICHE EXCAVATION ACTIVITIES 

The niche was excavated dry using an Alpine 
Miner to observe and photograph the distribution of 
fractures and dye within the welded tuff. Dye was
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observed along individual fractures as well as along 
intersecting fractures to depths ranging from 0 to 2.6 
m below the liquid-release points. The flow path 
taken by the water through a relatively undisturbed 
fracture-matrix system was mapped and docu
mented in this manner. Two primary types of flow 
paths were observed in the field during the mining 
operation, including: (1) flow through individual or 
small groups of high-angle fractures; and (2) flow 
through several interconnected low- and high-angle 
fractures creating a fracture network.
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Figure 1. Niche and Borehole Configuration.  

The mass of water released into each interval was 
compared to the maximum depth/distance of infiltra
tion, lateral distance traveled by the wetting front, 
and ratio of depth to lateral distance. As one would 
expect, there was a general trend for the wetting 
front to move deeper into the rock and farther from 
the release location as the mass of water released 
increased. The type of flow (i.e., flow through indi
vidual high-angle fractures versus fracture networks) 
did not appear to influence how far the wetting front 
traveled. In contrast, the data showed that water 
spread laterally over larger distances in the inter
connected network of fractures than in high-angle 
fractures. The ratio of depth to lateral distance 
traveled versus mass of water injected showed an 
important trend. Namely, the aspect ratio is consis
tently higher for the high-angle fracture flow data 
than for the fracture network data.  

POST-EXCAVATION TESTS 
The air-injection tests were repeated in three bore

holes (UL, UM, and UR in Figure 1) that remained 
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after the niche was excavated to determine the post

construction distribution of air permeabilities. A 

dramatic increase in air permeabilities was observed 

after the niche was constructed. The geometric 

mean air permeability of zones tested in borehole 

UM increased by nearly two orders of magnitude 

after the niche was excavated because of mining

induced damage to the surrounding formation (Cook, 

1999; Wang and Elsworth, 1999).  

An extensive series of seepage tests was per

formed after the niche was constructed to quantify 

the amount of water seeping into the drift from a 

localized source of water of known duration and 

intensity. A seepage test was typically conducted by 

pumping 1 liter of water at a constant rate into a 

select test interval in borehole UL, UM, or UR, 

located 0.65 m above the niche (Figure 1). Water 

that migrated from the release point to the ceiling of 

the niche and dripped into the opening was collected 

and weighed. The seepage percentage, defined as 

the mass of water that dripped into the opening 

divided by the mass of water released, ranged from 

0 to 56.2 percent. The seepage threshold flux, K., 

defined as the liquid-release flux at and below which 

water will no longer seep into the drift, was deter

mined for a given test interval by performing multiple 

seepage tests at different liquid-release fluxes (q%).  

The liquid-release flux is defined as the volumetric 

rate at which water was released into the borehole 

divided by the approximate cross-sectional area of 

the test interval. Initial tests were conducted at high 

liquid-release fluxes with subsequent tests per

formed at lower fluxes until water no longer seeped 

into the opening (i.e., 0% seepage). A two to four 

week inactive period separated each individual test 

allowing the water within the fracture to re-equilibrate 
with the surrounding rock matrix. Figure 2 shows the 

test results including the seepage threshold flux for 

test interval UM 5.49-5.79 m.  

Forty liquid-release tests were performed on 16 

test intervals positioned above the niche. Seepage 

threshold fluxes ranging from 200 to 136,000 

mm/year were determined for 10 test zones that 

seeped. The seepage threshold flux data were 

interpreted using an analytical solution formulated by 

Philip et al. (1989) describing the exclusion of water 

from a buried cylindrical cavity due to Figure 2. Test 

Results and Seepage Threshold Flux, K.. for Test 

Interval UM 5.49-5.79 m. the presence of a capillary 

barrier. Philip et al. (1989) derived the following 

steady-state solution relating Ko. to the saturated 

hydraulic conductivity, K, and the capillary properties 
of the porous medium, s: 

. K = K1` (sl -' (1)
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where 0 is the dimensionless potential, s is the value 

of the dimensionless cavity length, and t9 _ is the 

maximum value of the dimensionless potential at the 

boundary of the cavity. Philip et al. (1989) show that 

t. occurs at the apex or crown of a cylindrical 

cavity. The dimensionless cavity length, s, is a 

measure of the relative importance of gravity and 

capillarity in determining flow. As s -- 0, capillarity 

dominates, whereas gravity dominates as s ---) . in 

turn, s is related to a, the sorptive number (m-1), 

which enters into the exponential representation of 

the unsaturated hydraulic conductivity, K (m/sec), as 

a function of water potential, ig, (m).

K(V) = K, exp(a (V - y"e )) (2)

where K, should be set equal to the saturated hy
draulic conductivity of the soil and V. = 0, or if the 

soil exhibits a significant air entry potential, then Kis 

the conductivity at the entry value V= V..

1.000 10.000 100,000 1,000.000 10.o0o.000 

Liquid-Release Flux, q, (mm/year) 

Figure 2. Test results and Seepage Threshold Flux, Ko* for 

test Interval UM 5.49-5.79 m.  

When s is large in Equation (1), Philip et al. (1989) 

demonstrate that a boundary layer adjoining the 

ceiling of the cavity surface will develop. This allows 

the steady flow equation to be replaced by a bound

ary layer equation that is readily solved. The 

asymptotic expansion of ,,. for large values of s is 
given by Equation (3).

(3)6. = 2s + 2 - (l/s) + (21s') - ...

Philip et al. (1989) note that the first three terms on 
the right hand side of Equation (3) produce an 

adequate engineering estimate that is within 10% or 

better of the exact value of 6 ., when s > 1. There

fore, Equation (1) and the first three terms in the 

series of Equation (3) were used to generate the two 
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lines representing Philip et al.'s (1989) solution 
plotted on Figure 3 using two different values for s.  
The s values were selected so the lines produced 
the best fit possible by eye to the data set. Two lines 
were used instead of one because the data appear 
to be grouped into two distinct sets. The first line 
was produced using an s value of 1,000, which fits 
four data points that exhibit a very nice linear trend 
(triangles on Figure 3). The second line was created 
using an s value of 20. Although the data for the 
second line show greater variability (squares on 
Figure 3), a weak linear trend in the data is still 
apparent. We believe the data appear to fit two lines 
with different s values because they were derived 
from two distinct fracture populations. As noted 
earlier for the pre-excavation liquid-release tests, 
fracture flow paths appear to be grouped into two 
general populations, including flow through individual 
or small groups of high-angle fractures and flow 
through an interconnected network of fractures.  
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; .-0• Philip's .&Ie with s = 1000 

A il.E-04elf~ 

= AA U-04 U 

B: % 
E, 12-05 Z 

LE-06 
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Seepage Threshold Flux, K.. (mm/year) 

Figure 3. Seepage Threshold Flux versus the Equivalent 
Saturated Hydraulic Conductivity Determined from Air 
Injection Tests for 10 Zones that Seeped.  

Philip et al. (1989) noted that the dimensionless 
cavity length s is related to the sorptive number a 
and a characteristic length of the cavity t (m) by the 
following expression:

S = 0.5 at (4)

Using Equation (4) and assuming a value of 2 m 
for t, which is approximately equal to the equivalent 
radius of the niche, a ' takes on the values in Equa
tion (5) for the different fracture populations: 

-1i ax H•,I-A,V,g.F,.Or, ,(,=,.o0)0 = 0.00

a " FMCV", N~t (a• 20) = 0.05 m (5)

White and Sully (1987) recognized that a ' is a K
weighted mean soil-water potential related to the 
macroscopic capillary length. These authors recog
nized that the macroscopic capillary length, and 
hence a ', can be thought of as a "mean" height of 
capillary rise above a water table, or the "mean" air 
entry head. In our case, this implies that the capillar
ity of the fracture system is weak compared to other 
porous media because the mean height of rise of 
water in the fractures above the opening due to 
capillarity is less than 5 cm; however, the capillarity 
of the fractures is strong enough that a capillary 
barrier still present at the boundary of the opening.  

SUMMARY 

Seepage data from small-scale tests performed at 
Yucca Mountain were used along with the air- per
meability values to demonstrate that water was 
excluded from entering an underground opening 
because of the presence of a capillary barrier. The 
analysis produced realistic estimates of the quantity 
a -1 defined as a macroscopic capillary length, a 
useful parameter that characterizes the capillary 
properties of the unsaturated medium. Values of a ' 
equal to 0.001 m and 0.05 m were measured and 
believed to be representative of flow through two 
types of in situ fractures intersecting the opening, 
including individual or small groups of high-angle 
fractures and interconnected fracture networks, 
respectively. Numerical models (Finsterle and 
Trautz, 2000) were also used to model the behavior 
of the capillary barrier.  

The results of this investigation and future study 
will be part of the input used in the design and 
construction of the geologic repository.  
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ABSTRACT 

Observations of calcite and opal in cavities in the 

unsaturated zone at Yucca Mountain indicate that: 1 ) seeps 

are not regularly spaced in underground workings and not 

all fractures sustain flow, 2) many cavities represent sites 

of seepage that have remained stable for millions of years, 

3) typically there is no evidence (such as dripstone) for 

seepage dripping into cavities from their ceilings, and 4) 

seepage is not likely to be greater than about 1 liter of 

water per year (per 5-m-long drift) based on calcite abun

dances observed in the ESE This estimate of seepage is 

significantly lower than that used for performance assess

ment.  

INTRODUCTION 

Yucca Mountain, a ridge of stratified felsic volcanic 

rocks in southwest Nevada, is being studied for the siting 

of a potential high-level nuclear waste repository. The 

potential repository would be constructed in a thick unsat

urated zone approximately equidistant from the water 

table and the land surface and would rely on a combination 

of natural and engineered barriers to safely contain radio

active materials for up to 106 years. The characteristics of 

the barriers and their interactions with the waste are used 

to calculate the safety of the potential repository; this cal

culation is referred to as a performance assessment (PA).  

Recent PA calculations (U.S. Department of Energy, 1998) 

indicate that the fraction of waste packages contacted by 

water is the most important factor for waste containment, 

especially at the 105 to 106 year time-scales.  

In the PA calculation of seepage, a model of infiltra

tion is used in conjunction with a continuum distribution 

of hydrologic properties around the hypothetical waste 

emplacement drifts. The detailed permeability distribution 

around a drift controls the likelihood of seepage onto the 
waste packages. Because amount and character of seepage 

depend on small-scale irregularities in the rock, this model 

assigns a large uncertainty to seepage amounts. This limi

tation of continuum models for describing flow in a frac

tured rock has been recognized, and an alternative model 

of seepage using a stochastic seep distribution and time
varying infiltration has been proposed (Gauthier. 1994).  

However, both modeling approaches rely on extrapolated 

or synthetic data sets that match the actual rock character

istics only in a gross statistical sense. Also, the probable 

spatial localization of flow within the unsaturated zone and 

its possible episodic character have not yet been recon

ciled with the current models (Pruess, 1999). This paper 

examines the possibility that low-temperature calcite and 

opal deposits observed within the potential repository 

horizon can be used to conceptualize and bound the long

term history of seepage.

CALCITE, OPAL, AND WATER COMPOSITION AT 
YUCCA MOUNTAIN 

Calcite (CaCO 3) and opal (SiO 1-nH20) are com

monly observed within fracture openings and lithophysal 

cavities in the welded Topopah Spring Tuff, the host rock 

for the potential repository. Calcite is predominant. but 

opal is common, and both phases may be admixed on a 

micron scale. In zones with abundant lithophysal cavities.  

the fraction of cavities with calcite and opal coatings 

ranges from less than 1% to about 40%, indicating that the 

presence of an opening is not the only controlling factor 

for calcite and opal deposition. Furthermore, no relation 

exists between cavity size and thickness of calcite and opal 

deposited. Both minerals occupy cavity floors and fracture 

footwalls rather than ceilings or hanging walls: these 

deposits rarely fill the cavities completely (Paces et al., 

1998). Uranium-lead geochronology studies indicate that, 

within the Topopah Spring Tuff, these minerals were 

formed over most of the 12.7 Ma history of the host rock 

and that long-term average rates of deposition within a 

given site have been constant in spite of evidence for 

major changes in climate (Neymark et al., 1998; Whelan 

and Moscati, 1998). These observations indicate that the 

calcite and opal precipitated from downward-percolating 

meteoric water that intermittently flowed down fracture 

surfaces and seeped into lithophysal cavities over millions 

of years. These deposits are therefore a record of past 

seepage that should be quantifiable.  

Lithophysal cavities are abundant in certain strati

graphic zones of the welded Topopah Spring Tuff. Most 

cavities are intersected by fractures or bedding-plane part

ings. Calcite deposited within cavities is composed of 

coarse, euhedral crystals rather than fine laminated aggre

gates that typically form speleothems. Opal is commonly 

present as botryoidal coatings on calcite or as individual 

spheres on calcite surfaces. Internal micro-stratigraphy 

within the calcite and opal coatings is complex, but geo

chronologic studies indicate that the coatings are progres

sively younger from the tuff substrate toward the 
outermost free surfaces.  

The chemistry of the water that seeps into the cavities 

is not known (no seeps have been observed during under

ground exploration of Yucca Mountain); however, pore 

water within the non-welded tuffs overlying the potential 

repository horizon has been extracted by uniaxial com

pression, and a few samples of pore water from the welded 

Topopah Spring Tuff have been extracted by centrifuga

tion. The chemistry of these pore waters indicates that they 

are in equilibrium with calcite (c.f. Apps, 1997); values of 

calcite saturation index for pore waters are within an order 

of magnitude of saturation. This is not surprising since 

surface runoff collected during infrequent storm events is 

also saturated with respect to calcite. Calculation of equi
librium saturations for various silica phases indicate that



silica gel (the closest approximation to opal in the thermo

dynamic database used) controls the silica concentration in 

the pore water. Surface water is-slightly undersaturated 

with respect to silica gel. In these calculations the carbon 

dioxide content of the gas phase is assumed to vary with 

depth as in borehole USW UZ-1 (Rousseau et al., 1999).  

PRECIPITATION MECHANISMS AND CALCITE 
GROWTH 

Water flux likely plays an important role for mineral 

growth rates in vadose-zone environments. Studies of spe

leothems by Genty and Quinif (1996) show a correlation 

between annual water infiltration and calcite lamina thick

nesses in stalagmites from a tunnel. A longer-term record 

of speleothem growth from an arid region indicates cessa

tion of calcite deposition during drier interglacial periods 

(Ayliffe et al., 1998). Both studies show a relation between 

available meteoric water and calcite deposition in spele

othems. It should be noted that the textures of calcite 

found at Yucca Mountain do not readily compare to those 

of speleothem calcite, and growth rates of Yucca Mountain 

calcite and opal coatings are many orders of magnitude 

slower (Paces et al., 1998; Neymark et al., 1998).  

Possible causes of calcite precipitation from water in 

the unsaturated zone include: 1) warming of the water as it 

flows downward, 2) interaction with a gas phase contain

ing less carbon dioxide than the gas with which the water 

was last equilibrated, and 3) evaporation. However, opal 

should theoretically only result from evaporation; warm

ing of water saturated with respect to a silica phase would 

lead to dissolution of silica phases. Gas flow between cav

ities and fractures is likely unimpeded since the unsatur

ated zone flow system is gas-dominated. One possible 

mechanism for deposition of calcite and opal within the 

lithophysal cavities is that water flowing from a water
dominated fracture may enter a cavity where the gas 

chemistry is not in equilibrium with the inflowing water.  

The cavity gas may have lower pCO 2 and be less than 

water-saturated, leading to precipitation of calcite and opal 

by both CO2 loss and evaporation.

VOLUMES OF CALCITE AND WATER

Measurements of the location and thickness of calcite 
and opal coatings have been made in a 60-cm-wide band 

along the wall of the Exploratory Studies Facility (ESF) 

tunnel. Approximating the lithophysal cavities as spheres 

of radius r, for a coating thickness. h. the volume of coat
ing is

(1)V = -h.h (3.r-Ih).

Using a typical volume fraction of calcite in the coatings 
of 0.9 and assuming that every coating was deposited over 

a time interval of 10 million years, we can examine differ

ent models for the ratio of the volume of water to the vol

ume of calcite (Vw/Vcc) to calculate seepage rates.  

Because there is good evidence for chemical equilib

rium controlling the water chemistry in the unsaturated 

zone, a simple model may be constructed for calculating 
the Vw/V.c ratios leading to calcite and opal precipitation 

from seepage. This analysis assumes that the chemistry of 

seeping water will be controlled by the same equilibrium 

processes that control pore-water chemistry as indicated 

by strontium isotope compositions of calcite and pore 

water (Marshall et al., 1998). This model does not assume 

local chemical equilibrium between the water flowing 

along a fracture and the water in the adjacent matrix. Uti

lizing a hydrochemical model (PHREEQC; Parkhurst, 

1995), pure water (rain) can be equilibrated with calcite 

and silica gel at the surface under conditions of atmo

spheric pCO2 at 20 'C. The result of this calculation is 

labeled as surface in Table 1. This water can then be 

heated by 5 degrees to approximate the geothermal gradi

ent, equilibrated with a gas phase with pCO2 = 0.3%, and 

evaporated 90%, which corresponds to current estimates 

of evaporation. The resulting water should compare with 
pore water in the non-welded tuffs (PTn) overlying the 

Topopah Spring Tuff (labeled as PTn in Table 1). The 

model calculates Vw/Vcc of 6.3 x 104 and predicts a cal

cite:opal ratio of 1, which is consistent with the observa

tion of larger opal abundances in the Tiva Canyon Tuff, 

through which most percolating water would flow prior to 

reaching the nonwelded tuffs. A further increase of the

Table 1. Hydrochemical model calculation for the system calcite-silica-water-CO 2 .

STemp.b C2 Ca Alkalinity SiO 2  Cc/Silica VwNc 
Step (C) (%) w (mg/L) (mg/L) (mg/L) 

Surface 20 0.03 1 8.3 22 67 52 1 5.0 x 104 

PTn 25 0.3 0.1 7.6 44 134 58 1 6.3 x 104 

TSw 30 0.1 0.08 7.9 27 85 66 10 4.9 x 104 

a. Model predicts water compositions in these three zones.  
b. Shaded cells are input parameters.  
c. Fraction of water remaining.



temperature to 30 'C and reduction of the pCO2 in the gas 
phase to 0.1% approximates the water chemistry in the 
Topopah Spring Tuff (TSw) at a depth of approximately 
300 m. Evaporation on the order of 20% is necessary for 

opal precipitation; this results in a Vw/Vc, of 4.9 x 104 and 

a calcite:opal ratio of 10, similar to the ratio found in these 
deposits. The chemical parameters predicted by this sim
ple three-step model (Table 1) are comparable to the mea
sured pore-water chemistry (Yang, 1998), providing 
additional confidence in the model calculations.  

The minimum Vw/Vcc value would be for the case 
where all of the water reaching a cavity evaporates.  
Assuming that all of the calcium in the water is precipi
tated as calcite, 

17 Pcc ( f)Ca 

vcc Cca 

where pcc is the density of calcite (2700 kg/m 3 ),fCa is the 
weight fraction of calcium in calcite (0.4), and Cca is the 
concentration of calcium in the percolating water. By 
using a relatively large value for the calcium concentration 
(60 mg/L) in the water, a minimum Vw/Vc, is calculated to 

be 1.8 x 104.  

Other estimates of Vw/Vcc can potentially be found in 

the vast literature on speleothems, and one might expect 
that measured drip rates in caves and amounts of calcite 
deposited annually or over some other time interval would 
be readily available. However, extensive searches have 
revealed few cases where volumes of calcite and water are 
both reported. From one paper (Baker et al., 1998), an 

approximate Vw/Vc, of 3.0 x 105 is calculated; note that 
calcite deposition rates in caves (and rates of water seep
age) are many orders of magnitude larger than the rates of 
calcite deposition at Yucca Mountain, leading to larger 
than equilibrium Vw/V,, due to kinetic effects. Experi

ments performed in support of a kinetic model for open

system calcite deposition yield Vw/Vc, = 2.65 x 105 (Buh
mann and Dreybrodt, 1985). Experimental precipitation of 
calcite on laboratory time scales from solutions far from 

chemical equilibrium yield Vw/Vcc values as high as 106 

(Lee and Morse, 1999).

SEEPAGE RATES 

Given the above range of estimates for Vw/Vcc (1.8 x 

104 to 106) and the statistics of the coating thickness, 
lithophysal cavity width, and locations from ESF detailed 
line surveys, calculated seepage rates range from 0.003 to 
0.15 milliliters/year (median coating thickness and cavity 
width). Scaling up the detailed line survey data to cover 
the half-circumference of a 5m-diameter drift and assum
ing a 5m-long waste package (median number of seeps per 
waste package is 13), the seepage rate per waste package 
ranges from 0.04 to 2 milliliters/year. Our best estimate of 

seepage (V/[Vcc = 4.9 x 104; median seep) is 0.1 millili
ters/year (Table 2) compared to 60 Liters/year calculated 
in the last PA (Figure 1). At the approximate 95th percen

tile (52 seeps per waste package), using Vw/Vcc = 106. up 
to 1 Liter/year of seepage is calculated from the calcite 
coating analysis (Table 2) as compared to over 100 
Liters/year from the last PA calculation (Figure 1).  

Figure 1. Relation between seep flow rate and percolation 
flux from the performance assessment calculation (U.S.  
Department of Energy, 1998); 5th and 95th percentile 
envelope shown by dashed lines. The range of seep flow 
rate calculated from the calcite coatings is shown by the 
shaded area. Vertical dashed line is positioned at the 
assumed long-term percolation flux of 20 mm/yr.
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ABSTRACT 

We performed numerical modeling studies to in

vestigate water seepage into underground openings 
excavated in unsaturated fractured rock. Water 

seepage is a key factor affecting the performance of 

a nuclear waste repository such as the one pro
posed at Yucca Mountain, Nevada. The amount of 
water dripping into an underground opening de

pends on the connectivity and permeability of the 

fracture network as well as on the capillarity of 
individual fractures intersecting the opening. We 

developed a high-resolution numerical model of an 

unsaturated fracture network and examined the 

appropriateness of seepage predictions using a 
fracture-continuum model. Model calibrations to 
liquid-release tests performed at Yucca Mountain 
are also discussed.  

INTRODUCTION 

Water seepage into mined openings is of consid
erable importance for the performance of the 
proposed high-level nuclear waste repository at 

Yucca Mountain, Nevada, which would be located in 
a thick unsaturated zone consisting of fractured ash
flow tuff. Corrosion of the containment system and 
mobilization of radionuclides strongly depend on the 
rate and distribution of water seepage into waste
emplacement drifts. To study drift seepage, we 
performed a series of air-permeability and liquid
release tests in boreholes drilled above short niches 
excavated into the wall of a tunnel (Wang et al., 
1999). In preparation for a detailed analysis of these 

tests, we performed a numerical study to examine 
the appropriateness of using a fracture-continuum 
concept for seepage predictions.  

A short discussion of the capillary barrier effect, 
which is a key mechanism affecting drift seepage 
rates, is given first, before we discuss modeling 
results of water percolation and seepage into under
ground openings using both a discrete feature model 

and a fracture-continuum model. Finally, we analyze
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liquid-release test data using inverse modeling 
techniques.  

CAPILLARY BARRIER EFFECT 

Under unsaturated conditions, seepage into a cav
ity is expected to be less than the downward 
percolation rate because the cavity acts as a capil
lary barrier. If percolating water encounters the 
cavity, the relatively strong capillary forces in the 
formation retain the water, preventing it from seeping 
into the opening. Water accumulates in the formation 
at the drift ceiling, where the increase in saturation 
leads to capillary pressures that are locally less 
negative than in the surrounding rock, allowing water 
to be diverted around the drift. If the lateral hydrau
lic conductivity is insufficient to divert the water, fully 
saturated conditions are reached locally, and seep
age occurs as the capillary barrier fails. The 
seepage threshold, defined as the critical percolation 
flux at which dripping occurs, and the seepage rate 

are thus strongly affected by the capillary pressure 
and unsaturated hydraulic-conductivity functions as 
well as the drift geometry. For a given percolation 
flux, drift seepage is low in formations with strong 

capillary forces and high conductivity, the latter 
enabling lateral flow diversion at lower saturations.  
While increasing both capillarity and permeability 
reduces seepage, these two parameters are usually 
negatively correlated, i.e., formations with larger 
pores or wider fracture apertures show high perme

abilities but relatively weak capillary pressures. This 
negative correlation reduces the probability of very 
high seepage rates, which would be obtained only in 
formations that are of low permeability and at the 
same time show weak capillarity-an unlikely pa
rameter combination.  

Analytical solutions to the so-called seepage ex
clusion problem were developed by Philip (1990) for 

a variety of drift shapes, assuming steady, uniform 
downward flow in homogeneous, isotropic porous 

media, with an exponential relationship between 

Copyright © 2000 by SME



hydraulic conductivity and water potential. Several 
numerical studies were performed, investigating 
various aspects of capillary-barrier performance in 
engineered or natural layered systems (Oldenburg 
and Pruess, 1993; Ho and Webb, 1999). However, 
the seepage-exclusion problem has not been ana
lyzed for fractured systems.  

The physical processes governing seepage in 
porous media are also key factors in fractured 
formations. The effectiveness of the capillary barrier 
is determined by the capability of individual fractures 
to hold water by capillary forces and by the perme
ability and connectivity of the fracture network, which 
allows water to be diverted around the drift. How
ever, the discreteness of the fractured system 
increases the importance of the geometric and 
hydraulic properties in the immediate vicinity of the 
drift wall, specifically within the layer of increased 
saturation above the opening. In essence, lateral 
flow diversion occurs only if the capillary rise in the 
fracture is larger than the distance from the drift wall 
to the first fracture intersection, i.e., the average 
length of the fracture segments intersecting the drift 
must be short compared to the capillary pressure 
head. The parameter values estimated by inverse 
modeling using data from a seepage experiment 
automatically reflect these conditions, i.e., they are 
both seepage-relevant and model-related.  

DISCRETE AND CONTINUUM MODELS 
We simulated unsaturated flow using a discrete 

feature model (DFM) and demonstrated that reason
able predictions of drift seepage can be made using 
a simplified fracture continuum model (FCM) (Fin
sterle, 1999a). The purpose of the DFM was to 
study discrete flow and seepage behavior, and to 
generate synthetic characterization data for the 
subsequent calibration of the FCM. The DFM is a 
high-resolution, two-dimensional, cross-sectional 
model of a drift excavated from a fractured-porous 
formation. The dimensions of the model domain 
was 6 x 7 m in horizontal and vertical directions, 
respectively, and was discretized into regular, 
square gridblocks with a side length of 0.05 m. In 
order to create a complex network of discrete, 
heterogeneous fractures, four permeability fields 
with different fracture orientations and strongly 
anisotropic correlation structures were generated 
using sequential indicator simulations (Deutsch and 
Journel, 1992) and mapped onto the computational 
grid. The individual fracture sets were produced by 
drawing log-permeability values from cumulative 
distribution functions that yield a high probability for 
very low values (representing the matrix), a low 
probability for intermediate values, and a relatively 
high probability for very high values (representing 
the fractures). Figure 1 shows the resulting network

SME Annual Meeting 
Feb. 28-Mar. 1, Salt Lake City, Utah 

of heterogeneous fractures with variable orientation, 
length, and permeability.  

On the scale of an individual gridblock, we assume 
that unsaturated flow can be described using Ri
chards' equation as implemented in the integral 
finite-difference simulator TOUGH2 (Pruess, 1991).  
The applicability of continuous relative permeability 
and capillary pressure functions seems appropriate 
also for small fracture segments, which are likely to 
be rough and/or partially filled with porous material.  
The capillary strength parameter 1/a appearing in 
the van Genuchten (1980) model is assumed to be 
inversely proportional to the square-root of perme
ability.  

Air-injection tests were simulated to obtain esti
mates of effective permeabilities for the continuum 
model. Next, in a sequence of three simulated 
liquid-release tests, water was injected from a bore
hole centered above the drift. A certain fraction of 
the injected water is stored in the formation and 
diverted around the opening (see Figure 2); the rest 
drips into the drift, where it is captured and meas
ured. The ratio of the total amount of water that 
seeped into the opening divided by the released 
volume is termed "seepage percentage." The seep
age percentages of three simulated liquid-release 
tests were 58, 89, and 89%, respectively. The 
significant increase in seepage percentage for the 
second test is a result of a transient memory effect.  
Water from the first test is used mainly to fill up 
dead-end fractures and to saturate the matrix; the 
seepage rate is correspondingly low. For the sec
ond test, a much smaller volume is available for 
storage in the matrix and dead-end fractures, 
thereby increasing the amount of water flowing in the 
fractures. As a result, dripping is initiated much 
earlier, yielding higher seepage percentages. The 
liquid-release tests lead to both partial flow diversion 
around the drift and a saturation build-up at the 
crown, which eventually breaks the capillary barrier.  
The cumulative amount of water seeping into the 
opening is recorded as a function of time, separately 
for each test. The resulting curve of cumulative 
seepage will be used as the synthetic data for sub
sequent calibration of the FCM (see Figure 3 below).  

We now discuss the development and calibration 
of the FCM. While heterogeneous, the FCM lacks 
the discrete features, the high resolution, and the 
low-permeability matrix of the DFM. The FCM, 
which is an abstracted, highly simplified continuum 
representation of the fractured-porous system, can 
only be successful in predicting seepage if effective 
parameters are estimated based on data that reveal 
seepage-relevant processes. Liquid-release tests 
are expected to provide this information. The FCM 
is calibrated against the cumulative-seepage data

Copyright © 2000 by SME2
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that were generated with the DFM by adjusting the 

porosity 0 and the reference capillary strength 
parameter 1/a, which appears in the retention func
tion of van Genuchten (1980). The inversions were 
performed with the automatic parameter estimation 
code iTOUGH2 (Finsterle, 1999b).

N

log(k [m2D 

-9.50 

.9.75 
-10.00 
-10.25 
-10.50 
-10.75 
-11.00 
-11.25 
-11.50 
-11.75 
-12.00 
-18.00

Figure 1. Permeability field of the Discrete Feature Model.
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Figure 2. Simulated flow field at the end of a liquid-release 
test, showing channeling In the fracture network and partial 
flow diversion around the opening as a result of the capillary 
barrier effect

Figure 3 shows the match obtained. The cumula
tive seepage data are represented by symbols, 
where calibration occurs only against the late-time 
data, shown as squares. Early-time data are not 
expected to be matched because they are highly 
governed by the specific geometrical and hydrologic 
properties of a few fractures that are not represented 
in a continuum model. Moreover, only the late-time 
behavior is of interest for subsequent steady-state

seepage predictions. The cumulative seepage 
predicted with the FCM and an initial parameter 
guess of Iog, 0(1/a) = 3.0 and log,0(O) = -2.0 is shown 
as a dashed line. The best-fit parameter set was 
determined to be log, 0(l/a) = 1.60 and log,1 (O) = 

2.24; the corresponding cumulative seepage predic
tion, which matches the late-time data reasonably 
well, is shown as a solid line. The flow field after the 
third liquid-release test as calculated with the FCM 
and the best-estimate parameter set is visualized in 
Figure 4, which can be compared to Figure 2. While 
the details of the flow pattern are different from that 
of the DFM, the FCM clearly shows a saturation 
build-up above the crown, leading to a qualitatively 
similar capillary barrier effect. It can be shown that 
the calibrated FCM is capable of predicting seepage 
for a wide range of natural and experimental flow 
conditions (Finsterle, 1999a).

Time [hI] 
Figure 3. Calibration of the continuum model against late

time cumulative-seepage data from three liquid-release tests 
simulated with a discrete feature model.

I

"-3 -2 -1 0 1 2 3 
x [m) 

Figure 4. Flow field at the end of the third liquid-release 
test, predicted by the calibrated fracture-continuum model.
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INVERSION OF SEEPAGE DATA 

A series of liquid-release tests was performed in a 
niche excavated as a short opening from a main 
drift, the Exploratory Studies Facility at Yucca 
Mountain, Nevada. The tests were performed by 
sealing a short section of a horizontal borehole 
above the niche using an inflatable packer system 
and then releasing water at a constant rate into the 
isolated test interval. Any water that migrated from 
the borehole to the niche ceiling and dripped into the 
opening was captured and weighed to calculate the 
seepage percentage as defined above. Details 
about the liquid-release tests can be found in Wang 
et al. (1999).  

A three-dimensional, heterogeneous seepage 
model was developed. The permeability field was 
generated using geostatistical methods based on 
air-permeability data obtained at the site. The 
computational grid and the Iog, 0-permeability distri
bution are shown in Figure 5. A constant percolation 
flux of 3 mm/year was applied at the top, a rate 
significantly lower compared to the amount of water 
injected during the liquid-release tests. A free
drainage boundary condition was specified at the 
bottom of the model. The niche itself was at a refer
ence pressure of 1 bar without a capillary suction, 
i.e., it was assumed that the air directly at the niche 
wall is at 100% relative humidity. Water was allowed 
to enter, but prevented from exiting the niche. Thus, 
the temporal change of water in the niche element 
represents the cumulative seepage collected in the 
capture system. No-flow boundary conditions were 
specified at the left, right, back, and front sides of 
the model. The model was run to steady state to 
obtain the initial water-saturation distribution, before 
injection began.

Figure 5.  
model.

Three-dimensional, heterogeneous seepage

4
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Five liquid-release tests described in Wang et al.  
(1999) were selected for calibration of the seepage 
model. The five tests were conducted at various 
injection rates with different lengths of inactivity 
between individual test events. The seepage per
centages observed at the end of each test are thus 
expected to reveal a number of seepage-relevant 
processes, including storage effects and the ap
proach of a seepage threshold, i.e., a rate below 
which no seepage into the drift occurs. In a tran
sient seepage experiment with only a small volume 
released, the amount of water seeping into the niche 
mainly depends on the ability of the formation 

1. to hold the water by capillary forces, here 
expressed through an effective van Genuch
ten parameter 1/ri, 

2. to store the finite amount of water released, 
here expressed through an effective porosity 
0, which may include effects of matrix imbibi
tion; and 

3. to divert water around the opening, here ex
pressed through an effective permeability k.  

The simulated seepage percentage can be in
creased by decreasing either capillary strength 1/a, 
porosity 0, or permeability k. Consequently, all 
parameter pairs are negatively correlated when 
inversely determined from seepage data. If only 
seepage-percentage data are available for calibra
tion, the parameter correlations are expected to be 
strong, i.e., it is unlikely that they can be determined 
independently from one another and with a rea
sonably low estimation uncertainty. We thus chose 
to determine the porosity 0 and the reference van 
Genuchten parameter 1//a while fixing permeability k 
at the value estimated from the air-injection tests. A 
joint inversion of all five tests yields a very good 
match. As shown in Table 1, the average differ
ences between the calculated and measured 
seepage percentages results in prediction standard 
deviations that are smaller than 0.5% (last column of 
Table 1). The uncertainties of both the estimated 
parameters and the predicted seepage percentages 
were calculated using linear error analysis (Finsterle, 
1999b).  

The values and uncertainties of the estimated pa
rameters are summarized in Table 2. The estimated 
capillary strength parameter is relatively low. This 
results from the fractures not being modeled as 
discrete features but as a continuum. Discrete 
fractures intersecting the niche promote seepage; 
the absence of discrete fractures in the model is 
partly compensated by a reduction of the estimated 
1/a value, which has the effect of weakening the 
capillary barrier and thus increasing seepage. The 
porosity estimated by inverse modeling seems 
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reasonable, for it includes all fractures involved in 

the seepage process, including microfractures and 

the pore space affected by matrix imbibition.  

The calibrated model was subsequently used to 

make predictions of observed seepage percentages 

from liquid-release tests in other borehole intervals.  

The good agreement between observed and calcu

lated seepage percentages gives us confidence in 

the model.  

Table 1. Comparison between Measured and Calculated 

Seepage Percentages and Prediction Uncertainty 

Test Measured Calculated Uncertainty 

1 22.6 22.7 0.4

2

3

23.2 

56.2 

4.6 

0.05

23.5 

55.7 

4.6 

0.0

0.4 

0.4 

0.3 

0.1

Table 2. Parameter Estimates and Uncertainty 

Parameter Estimate Uncertainty 

Iogo(l/a [Pa]) 1.82 0.01 

logo(p) -2.89 0.01 

CONCLUSIONS 

We have demonstrated that simulation of seepage 

into underground openings excavated from a highly 

fractured formation can be performed using a frac

ture-continuum model, provided that the model is 

calibrated against seepage-relevant data such as 

data from a liquid-release test. The calibration 

process yields effective parameters that partly 

account for the discreteness of the fracture network.  

The modeling and calibration approach has been 

successfully applied to seepage data from liquid

release tests performed in a niche excavated at 

Yucca Mountain. The calibrated model can now be 

used to predict seepage threshold and seepage 

percentages for different percolation fluxes, provid

ing crucial information to assess the performance of 

the potential nuclear waste repository at Yucca 
Mountain.
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ABSTRACT 

The phenomena of dripping into cavities (e.g. tun

nels and drifts) within an unsaturated fractured 
porous medium under ventilated conditions is stud

ied to improve estimates of dripping rates, drop 

sizes, and chemical composition of droplets that 
could affect the integrity of high-level nuclear waste 
packages placed in drifts. The sensitivity of dripping 
rates and water chemistry to ventilation is analyzed 
at various flow rates using analytical expressions 
linking flow on fracture surfaces to drop formation 
and evaporation. The model was tested using labo
ratory experiments involving machined aluminum 
slabs designed to represent a simplified morphology 
of a fracture face intersecting a cavity and using 
natural fracture surfaces from a welded tuff. Com
parison with ten years of data on dripping in natural 

caves showed good agreement with model predic
tions. In particular, for low dripping rates, 
evaporation due to ventilation leads to larger drop 

sizes and alters drop chemistry by increasing the 
concentration of solutes in the drop relative to that in 
the water flowing on the fracture face.  

INTRODUCTION 

In the unsaturated zone, drops fed by liquid flowing 
down fracture surfaces can occur at fracture inter

sections with caverns, man-made drifts, dissolution 
cavities, lithophysae, and other fractures. Liquid 
drops are formed at intersections of fractures with 
wider cavities if there is sufficient flow of water to the 

fracture lip and the humidity is high enough so that

1

evaporation rate is lower than the influx rate. The 
effect of liquid drops on long-term durability of high
level nuclear waste disposal packages placed in 
subterranean cavities is an important environmental 
issue that can be better understood through analysis 

of the dripping mechanism. Moreover, mechanisms 
of drop formation and dripping are important for 
formation of various speleothems (fine laminations of 

precipitated minerals) and play an important role in 
karst and cave hydrology.  

Drop formation is a result of motion of free liquid 
surfaces and involves a balance of forces incorpo
rating the effects of gravity, capillarity, viscosity and 
inertia. The primary processes that govem dripping 

rate, drop size, and drop chemistry are the influx that 

feeds the drops and evaporation from the drop 
surface. In a fractured porous medium both the influx 
and evaporation rate are linked to the vapor pres
sure (humidity) in the fracture and cavity.  

A modeling approach that combines flow down 
grooves on a fracture surface, a one-dimensional 
linear extension model of liquid drops, and isother
mal diffusion of vapor (evaporation) was developed 
by Or and Ghezzehei (1999). This model provides 
means to study dripping rate, drop volume, and 

relative solute concentration of drops for various 

ventilation/flux conditions and fracture geometries.  

The objectives of this study are to test the Or and 

Ghezzehei (1999) dripping model by (i) simple 
laboratory experiments using grooved surfaces and 
using natural rock fracture faces; and (ii) by com
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parison of model predictions with a ten-year long 
data set of dripping in natural caves (Genty and 
Deflandre, 1998).  

A brief review of the theoretical basis of the Or and 
Ghezzehei (1999) model is given in the subsequent 
section, followed by description of laboratory meth
ods and field data collection. Comparison of model 
predictions with measured data is discussed last.  

THEORY 

The theoretical basis of the modeling framework 
comprises three basic elements: (i) flow on rough 
fracture surfaces (Or and Tuller, 1999), (ii) one
dimensional linear extension model of slow dripping 
(Wilson, 1987), and (iii) isothermal diffusion of vapor 
from a drop surface (Ho, 1997).  

Flow on rough fracture surfaces is approximated 
as flow of capillary-driven liquid in grooves and flow

SME Annual Meeting 
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of thin films over planar surfaces. A hypothetical 
fracture unit element model that consists of a vertical 
groove and associated plane, which represents 
roughness in a natural fracture, is shown in Figure 
(1). The fracture roughness geometry is defined by 
groove angle (y), groove depth (L) and plane width 
(PL). Explicit equations for flow of capillary liquid in 
the grooves and flow of thin films over the planar 
surfaces were derived as functions of the ambient 
matric potential of the fracture. The combined volu
metric flux (Q) down the groove and planar surface 
reaching the groove bottom feed drops that eventu
ally detach.  

The formation of drops was modeled using a one
dimensional viscous extension model based on the 
axial symmetry of drops (Wilson, 1987). Liquid flux 
reaching the groove bottom forms a drop that slowly 
grows and stretches under its own weight until the 
neck of the drop ruptures and the drop detaches.

Groove 

A-A 4

L tai( r2)

Section A-A

(a) 

X 
m

Figure 1. Definition diagrams (a) Drop formation from vertical grooved plane (b) Lagrangian coordinate system for one
dimensional linear extension model (c) Unit fracture element (see text on flowing films and capillary liquid in grooves).
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The evolution of the drop shape is governed by a 
force balance incorporating Viscosity (T), gravity (g) 
and surface tension (a). The effect of inertia in slow 
dripping is negligible. An implicit expression for the 
time interval between successive drop detachments 
(Q0 ) was derived:

1-61"1 * -Q -I+I[n 1- Q1Y=O W Q6'K a I -£•

Penstafti 
Pulp Feilier 

pper
1)

amber 
dortmwhere, n = A0 W , W-i--t, U=pg, A. is the drop 

U 

anchoring area, a is the surface tension of water 

(0.0729 N m' at 200C), il is viscosity of water 
(0.001 Pa s at 20'C), and p is density of water (998 
kg m3 at 200C). For non-evaporative conditions, the 

expression for Y is simply y =-d-(Qr,)=Q; for 

evaporative conditions, the expression for Y is more 
complicated and is described in a subsequent para
graph.  

The volume of individual drops (Vd) is equivalent to 
the total influx during the interval between succes
sive drops,

V='r, Q 2)

The slow dripping rate and high evaporative de
mand associated with drier fracture and cavity 
conditions increase evaporation from drops consid
erably. As a result, the detachment period under 
evaporative conditions is longer than if evaporation 
could have been suppressed. The competing effects 
of influx down the fracture face and evaporation on 
drop growth can be incorporated by assuming a 
diffusion-type radial evaporation from drop surfaces 
(Ho, 1997). The resulting net flux that contributes to 
the net growth in drop size is given by, 

Q.11 (T) = -2 c M c + Nry' •"(3) 
3(3 

2DAP where M=- 2v ,and N=(3Q , D is the pR* T .21c) 

binary diffusion coefficient of water vapor, AP, is the 
difference in vapor pressure between the drop 
surface and the surrounding environment, R* is the 
water vapor gas constant (462 J kg" K"), and T is 
the temperature in degrees Kelvin.

.........

Noq -

i

S.  

A

451 25mrn 7f T n
Figure 2. Experimental setup for dripping under non

evaporative conditions.  

The drop volume is obtained by integrating the net 
flux over the drop formation period (t). The difference 
between the total volume (V,) from the influx (Q t) 
and the volume associated with the net influx (Eq 3) 
is the volume of liquid that evaporates during forma
tion of each drop.  

Because liquid water evaporates preferentially 
leaving behind non-volatile solutes, the salt concen
tration in the drops is higher than that of the bulk 
liquid feeding the drops. The relative salt concentra
tion is given by,

C drop = 
Co Vd

(5)

where Cdp and C. are the concentrations of the 
drop liquid and bulk liquid feeding the drop, respec
tively.  

DRIP MODEL VALIDATION

The drop detachment period is given by Eq(1) 
where Q is replaced by Q0 of Eq (3), and Y is 
defined as: (4 

y = d ((, (N)-=_ (N/3y + M,: -rc 1cV +

To test the validity of the model, predictions are 
compared with dripping data under evaporative and 
non-evaporative conditions. Data on dripping were 
obtained from three types of surfaces spanning the 
range of simplified fracture morphologies to natural
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conditions in a drift or cavity. Non-evaporative drip
ping data was collected in laboratory experiments for 
both a simplified rough fracture surface model and a 
natural rock fracture face at relatively high dripping 
rates using the apparatus described in the next 
section. For evaporative conditions, model predic
tions were compared with long-term field 
measurements of dripping from stalactites (Genty 
and Deflandre, 1998).  

Laboratory Experiments 
The fabricated fracture surface model was ma

chined from a 6.9 mm-thick aluminum slab. Three 
parallel grooves of 45' angle, and 5-mm depth were 
made on one surface of the aluminum block, as 
shown in Figure 2. The surface of the aluminum was 
washed with 80% HO 2 to remove grease that had 
been introduced during machining. Wettability of the 
grooved surface was checked visually. Upon expo
sure to air, aluminum surfaces are oxidized rapidly 
resulting in wettable surfaces that can mimic rock 
surfaces.  

The aluminum slab was mounted inside a closed 
chamber with the grooved surface vertically oriented.  
The top ends of the grooves were covered with fine, 
ceramic filter papers to distribute the water influx 
evenly to all the grooves. Water was supplied to the 
top of the fracture model using a peristaltic pump 
operated at several flow rates. When steady state 
dripping rate was attained, tared glass beakers were 
placed under each groove, and the number of drops 
collected in each beaker during 10 minutes was 
counted. At the end of the 10 minutes, each beaker
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was weighed. The volumetric flux for each experi
ment was calculated from the mass of water 
accumulated in the beakers as,

Q=MP (6)

where 0 is volumetric flux (M 3 sec"), M is accumu
lated mass of water (kg), p is density of water (1000 
kg m-), and t is duration of test (sec). The time
averaged dripping period of individual drops is 
calculated from the number of drops as,

t 

N
(7)

where P is drop-period (sec) and N is number of 
drops collected in the specified time duration of test.  

The natural rock fracture surface was obtained 
from a core through the Apache Leap Tuff in New 
Mexico. This sample is a moderate to densely 
welded air fall tuff. The sample was cut using a rock 
saw to the dimensions of 3 cm thick, 18 cm long, 
and 15 cm wide and was installed in a similar setup 
to that shown in Figure 2. The use of a natural rock 
fracture surface eliminates uncertainty caused by 
wettability characteristics and surface morphology 
(roughness) as compared with the fabricated alumi
num fracture model. The procedure to collect 
dripping data was the same as for the aluminum slab 
except that the total volume of drops collected over 
a specific time period was measured rather than the 
mass being measured using a balance.

V 

CL 

'E 
=0

ci:

Volumrebic Flux (cn 3lmin) Volumetric Flux (cm+lmin) 

Figure 3. Results of laboratory experiment in non-evaporative conditions for the grooved aluminum slab; (a) dripping rate and (b) 
drop volume at different volumetric fluxes.
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Model predictions used for dripping from the natu
ral rock fracture face assumed a groove angle of 45'.  
The matric potential range used for the calculations 
of flux was -100 to -300 Pa. To ensure that no 
evaporation takes place, the cavity matric potential 
was set to -1 Pa. The anchoring area of the drop (A.) 
was estimated using measured drop diameters from 
digital photographs, though a constant value of 12.3 
mm was used in the Or and Ghezzehei (1999) 
model.  

Data on Dripping in a Natural Cave 

Model prediction for ventilated (evaporative) condi
tions covering a wide range of fluxes was tested by 
comparison with data of dripping from stalactites 
reported by Genty and Deflandre (1998). The drip 
rate and seepage rate from one stalactite (soda 
straw) in the Pere Nodl cave (Belgium) has been 
studied since 1991. The cave is located 70 m below 
surface, and the overlying ground surface consists of 
vegetation growing in shallow soil (5 to 30 cm thick).  
The reported data included dripping rate (number of 
drops per unit time) and drop volume measured by 
an automatic station during five hydrological cycles 
(1991/92 - 1995/96). A constant drop anchoring area 
of 6 mm, and groove angle of 45' were assumed to 
be feeding the drops. Finally, the matric potential in 
the cavity was assumed to be three times the matric 
potential of the rock to represent a mildly ventilated 
cavity (-100 to -250 Pa in rock and -300 to -750 Pa 
in cavity).  

RESULTS AND DISCUSSION 

Dripping in Non-evaporative Conditions 

Experiments with grooved aluminum slabs resulted 
in an excellent match with model predictions of the 
dripping period for different fluxes (see Figure 3a).  
The effect of groove geometry on dripping period is 
mainly due to dependence of flux on groove angle 
(y) and depth (L). In these experiments, however, 
flux was controlled independently. Hence, the drip
ping period was insensitive to groove angle. Drop 
volume predictions were close to experimental 
measurements (Figure 3b). The drop volume largely 
depends on the drop anchoring area (Ao), which is a 
result of local force balance at the groove-drop 
interface. The effect of flux on drop volume becomes 
significant only at low fluxes and high evaporation as 
discussed in subsequent section of dripping in 
natural caves. The slight fluctuations of experimental 
drop volumes may be due to measurement errors.  

Experimental data of the dripping period as a func
tion of volumetric flux (Figure 4a) at different drip 
locations on the natural fracture surface of the 
Apache Leap Tuff compared favorably with predic
tions using the model of Or and Ghezzehei (1999).
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The experimental data on drop volume as a function 
of volumetric flux (Figure 4b) contained some scat
ter, though overall, indicated that the drop volumes 
from the natural fracture face with the smooth (rock 
saw cut) bottom surface were larger than those from 
the aluminum slab. Though the drops were fed by 
flow through the low channels ("grooves") on the 
fracture face, the drops detached from beneath high 
points on the fracture face profile at the edge of the 
slab.
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Figure 4. Results of laboratory experiment in non
evaporative conditions for the natural fracture face of the 
Apache leap Tuff; (a) dripping rate and (b) drop volume at 
different volumetric fluxes.  

Dripping in a Natural Cave 

The striking feature in the dripping data depicted in 
Figure 5 is the increase in drop volume with de
creasing dripping rate. This behavior was predicted 
by Or and Ghezzehei (1999) and is attributed to a 
reduced rate of viscous extension of drops. At high
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matric potentials (dry conditions, large negative 
values of water potential), the competitive effect of 
high evaporation rate and low flux leads to a slower 
rate of increase in drop volume especially just prior 
to detachment. The lower growth rates induce lower 
energy dissipation rates due to viscous extension, 
and the difference translates to an increase in the 
drop size capacity. The reduction in drop size at high 
dripping rates is beyond the "slow dripping" analysis 
of Wilson (1998), and could involve effects of Ray
leigh instability (the inclusion of inertial forces), and 
excessive viscous dissipation rates reducing the 
supported drop weight.  

0.3 

0 

S0.2 --- --------------------

0.  >o 

0 0.1- --- ---- -
0ý 

- Predicted 
o Measured 

0.0
10 100 1000
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Figure 5. Comparison of drop volume predictions with data 
of dripping in a natural cave (Genty and Deflandre, 1998).
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