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APACHE

1.0 Introduction

The KRC NMSS and RES staff under a Memorandum of Understanding have undertaken
independent repository systems, groundwater flow and transport system and
performance assessment modeling to improve licensing review competence. The
first staff modeling activities utilized fnformation from field investigations
being conducted by the University of Arizona, (an NRC contractor) in
unsaturated fractured rock at the Apache Leap Field Site near Superfor,
Arizona, (see Figure 1.0, 1.1). The rock type {s partially welded fractured
tuff. Researchers at the University of Arizona are conducting investigatfons
to characterize and evaluate the physical, hydraulic, and pneumatic properties

of a partially saturated fractured tuff in the context of radicactive waste

disposal.

The initial purpose of the University of Arizona work is to understand site
characterization needs and flow and transport phenomena in unsaturated
fractured tuff (SOW; B-7291). Field and laboratory investigations from this
work is also providing & data base that will be used by project teams of the
international code validation project INTRAVAL. Participants in the INTRAVAL
Project are attempting to validate hydrologic flow and transport models for use

in evaluating waste disposal repository sites.
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Figure 1.0, Site location map for the Apache Leap Tuff Site in central Arizona.
{Draft University of Arizona Contract Report, “"Unsaturated Fractured

Rock Characterization Methods and Data Sets at Apache Leap Tuff Site"
12/88)
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This repor® ic the first in a series reporting the results of NRC HLW MMSS/RES

wndependent modeling endeavors for model validation and performance ascessment.

1.1 UNIVERSITY OF ARIZONA EXPERIMENTS

Initial characterization of the Apache Leap Site began with the drilling of
nine in:tined boreholes (at 45 degrvce-) to & depth of 30 meters over an area of
20 meters by 30 meters {see Figure 1.2). Data collected from the boreholes
include: 1) saturated hydraulic conductivities determined along 3 wmeter
intervals in each of the nine bor=holes; 2) in situ moisture content and
pressure; an¢ 3) laboratory analyses of core samples (see Figure 1.2) for
characteristic curves (mofsture content versus pressure, relative hydraulic
conductivity versus pressure, and speci;ic moisture capacity versus pressure)
of the rock matrix. Details of the data and measurement wethods have been
previously discussed in the Draft INTRAVAL Test Case Description {see Appendix
0} and (Yeh, 1988) and will not be discussed further here,

The first planned University of Arizona experinent was designed to examine the
movement of a slug of water through \he rock matrix. The experiment used the
*I" set of three boreholes (see Figure 1.2) in which the fracturing was
minima). Therefore, it was assumed that fluid flow in this experiment would be

predominately in the rock matrix,
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This initial test identified as UA AL-001, was an injection test (the upper two
Z boreholes filled with water for 30 days, see Figure 1.3) followed by 2
monitoring phase {the injection boreholes were drained of water ahd mcisture
contents in the set of three boreholes were monftored). The object of the test
was to monitor the increase tn moisture content in the lower borehole as the

injected fluid moved downward.

1.2 NRC MODELING EXERCISE #0C1

The first modeling exercise was an approximate simulation of the inftfal field
test. The dat:z for the initial injection test were not available &t the time
of this modeling exercise. With data from the saturated conductivity tests and
knowledge of the well field configuration, the following modeling exercise was
developed. The primary objective of the exercise was to assist the NRC

staff in formulating questions for the special INTRAVAL Workshop held on the
unsaturated zone problems (July 19-21) and to better understand simulation and
validation problems with respect to the Apache Leap Site {i.e., design of

grids, simulation time and spatial scales, data needs and validatfon needs).

1.2.1 One-Dimensional Simulation

CHEMFLO

This modeling exercice was conducted to estimate the relative speed of water
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movement that might occur in the rock matrix for the borehole drainage
experiment at the Apache Leap Field Test Site. Mo data were available to the
staff or existing hydrologic conditions st the site when this preliminary
mode1ing was done. However, it was known that the rock was a welded low

permeability tuff that was very dry.

This preliminary modeling exercise used the code CHEMFLO {Nofziger, 1987).
CHEMFLO s a one dimensional finite difference unsaturated flow and transport
code that makes use of the Richards equation. (Richards, 1931). To simulate
the hydrologic properties of the low permeability tuff, a clay with a8 saturated
hydraulic conductivity of 0.04 cm/hr. was used (Yolo Clay, Table A). To
simulate the dry conditions of the tuff a matrix potential of -1000 cm was
chosen. The model was constructed so that the soil was oriented vertically,
the so0i1 column was 100 cm long, the lower boundary was defined as a constant
matrix potential boundary of -1000 cm, and the upper boundary was defined as a
no flow (fluid) boundary. Initial conditions were defined so that saturated
conditions existed in the upper 20 cm of the soil column. This was
accomplished by assigning the upper 20 om of the soil column & matrix potential
of 1.0 cm. The remaining 80 cm of the soil column was assfgned 2 matrix

potential of -1000 em. '.:“tial conditions are displayed in Appendix A.



Table A

properties used to calculate Yolo Clay characteristic curve.

Soi1l Name

water Content Function (A,
Conductivity Function (A, B, c, D« ©
gaturated Water Content, cc/cc
Residual Water Contant, cc/cC

Water Content parasster A

Water Content Paramater P

Satureted Conductivity, ca/hr
Conductivity Paraaster

Conductivity Paranater B

Suggested Minimun Fotantial, C®
suggested Max i mus Potential, ca
suggested Minieum Flux, ca/hr

Elux, «A/hr
Rainfa’l Rate.ca/hr
Rainfall Rate.,ca/hr

B, or €

suggested Minimum
Suggested Maximum

1YOLO CLAY
'8

tA

t 0. 493000
1 0. 124000
ln?c
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The model was then allowed to run for a simulated time of 30 days (720 krs.) to
calculate now fast the water in the upper 20 cm would flow into the Yower 80 cm.

At the end of 30 days there wes 1ittle or no movement of water {Appendix 8).

The modeling exercise was quite preliminary, but suggested that water movement

in the matrix at the field site would be very slow.

1,2,2 SELECTED UNSATURATED FLOW MODEL

The finite element model SUTRA was selected for simulating the Apache Leap
injection test because of 1ts ease of use, well documented users manual, and
the ability of the model to simulate fluid flow and transport of either heat

or solute in one or two dimensions. The solute transport feature of SUTRA will
be of use when tracer experiments are conducted at the site. Additionally, the
finite element grid used for SUTRA simulations is similar to the input required
for the integrated finite difference grid employed in the TOUGH model. SUTRA
input data can therefore be adapted for input with the TOUGH code.

Computer Model Description

SUTRA (Saturated - Unsaturated Transport) {Voss, 1984) is & computer program
that simulates two dimensional fluid movement and the trancport of either
energy or dic-olved srhstances in geologic media. The model employs a

twvo-dimensional hybrid finite-element and integrated-finite-difference method
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to approximate the governing equations that describe the two interdependent

processes that are simulated:

1}  fluid density-dependent saturated or unsaturated

ground-water flow; and either

2} transport of 2 solute in the ground water, in which the
solute may be subject to equilibrium adsorption on
the porous matrix, and both first-order and zero-order

production cr decay; or,

3) transport of thermal energy in the ground water and

selid matrix of the aquifer.

SUTRA provides, as the primary calculated result, fluid pressures and either
solute concentrations or temperatures as they vary with time, everywhere in the
simulated (2-dimensional)} subsurface system. SUTRA may also be used to

simulate simpler subsets of the above processes.

1.2.3 SIMULATION RESULTS

1.2.3.1 Two-Dimensional Simulation

Initial simulation of the injection test used a two-dimensional regular grid

(see Figure 1.4} with a nodal spacing of three meters. Although this spacing
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is rather coarse to accurately represent the borehole diemeter (10 cm) and
resolve the wetting front, the mesh is considered adequate at this initial
stage of the test case analyses. The simulated area was assumed to be &
homogenecus isotropic porous medium, Hydrologic parameters wore assigned the
average values obtatned from laboratory analyses of the rock matrix (see
figures 1,5-1.7) (Rasmussen, 1988). Fluid wovement after the fnjection

phase was simulated by setting the appropriate initial and boundary condit{ons.
No-flow boundary conditions were maintained on all four sides while the
pressure was set to an initial value of ~4.0 meters everywhere except
surrounding the injection borehole where the pressure was set to 0.0 to
simulate the fully saturated conditions of the injected pulse (see Figure 1.8).
The no-flow boundary conditions on the bottom boundary (25 meters below the
bottom of the injection borehole), while somewhat unrealistic, was assumed to
be placed well below the zone of saturation so that this boundary would have
little or no effect on the movement of water until the moisture front moved
well past the lower or observation borehole. The initial conditions, due to
the grid size, certainly introduced more fluid into the system than s
estimated to have been injected during the actual 30 day injection periad,
however, given the purpose of this initial simulation exercise, the initial
conditions were deemed reasonable and conservative. A complete Yisting of the

SUTRA input is presented in Appendix C.

The results of the two-dimensional simulations are presented i{n Figures 1.9 -
1.11. The results indicate that the movement of water through the matrix is

extremely slow. In fact, the movement of water is so slow that the usefulness
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of this type of experiment for validation of fluid flow in the rock matrix is
highly questionable {no significant moisture chenge is seen in the Jower
borehole after 1000 days). There is addftional data from this experiment, not
originally considered for use in the IKTRAVAL evaluations, that might be
useful, Specifically, additional data from the field experiment that

vould be extremely valuable for the simulation are: 1) the total amount of
fluid injected in the borehole, and 2) the varfatfon with time of mofsture

content in the rock matrix around the injection borehole.
1.2.3.2. "ne-Dimensiona) Modeling

SUTRA

One-dimensional simulations were carried out to evaluate the effect the grid
size had on the two-dimensional simulation results (the coarseness of the 3
meter grid may have a smearing effect on the fluid front). Two one-
dinensional grids were employed to examine this effect (one with a grid spacing
of 3 meters and the other with a spacing of .25 meters). The results of the
two different spacings are presented in Figures 1.12 and 1.13. These results
indicate that the coarse grid does introduce a small amount of smearing into
the fluid front but does not result in a dramatic alteration in the front
shape. Heed for finer grids §s dictated more by the need for a more accurate
representation of the volumetric extent of the initial saturated pulse than

concern for the smearing of the moisture front.
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INITIAL CONDITIONS



L’D4J,e’ L v[ ;(.Wt/\..

solls YOLO CLAY Oraentation: 0.0 Degrees From Vertical Downward Initial
Condition for Water:
Non-Uni fpra 3nitial condition

Water Boundary Condition at upper Goil Buriacet .
Flux Density = 0,000 ca/hr Mater Boundary Condition at Distance of
100.00 ecms
Matric Potent) -* = —-1000,0 ca

Boundary Condition ioposed at time 0.000 hr

Time: 0.0000 hr Net Inflows 00,0000 cm
Cumulative Inflow by Integration of Water Content 1 09,0000 ce
Cumulstive Inflow by Integration of Surface Fluxes 0.0000 ca

Inflom Rate at upper Surface : 0.000000 ce/br Outflow Rite at lower Gurface t

0.000000 ca/hr fesh size in depth =1,0000000+000q Mesh size in time
=1, 00000e~-002
Distance Potential MNater_Content Flux_MNater
ca [ ] cc/ece en/hr
0.000 1.000 0.493 0,000
1.000 1,000 0,493 0,000
2.000 1.000 0.4%3 0.000
3.000 1.000 0,495 0,000 -
4,000 1,000 0,493 0.000
8.000 1.000 0.493 0.000
6,000 §.000 0,493 0.000
7.000 1.000 Q. 493 ©.000
8.000 1.000 0,493 0. 000
7.000 1.000 Q. 493 0.000
10,000 1.000 0,493 0,000
13.000 1.000 0,493 0,000
12.000 1.000 0.493 0.000
13.000 1.000 0,493 0.000
14,000 1.000 0,495 0.000
13.000 1,000 0. 475 0.000
16,000 1,000 0.49% 0. 000
17.000 1.000 0.493 0.000
18. 000 1.000 0, 49% 0. 000
19.000 1.000 0,493 0.000 *
20,000 1.000 0. 493 0.000
21.000 -41000, 000 0. 219 0.000
22,000 -1 000, 000 0. 213 9,000
23.“ -1000-000 002‘5 O-M
24.000 '-IOOO- 000 °- 2’5 0.000
23.000 =1000, 000 O, 215 0.000
24,000 -1000, D00 0.213 0,000
27 . 000 -1000, 000 0.218 0, 000
28,000 -1000, 000 0.215 0.000
29.000 -1000, 000 0.21% 0. 000
30,000 «~1000,.000 0. 215 0. 000
31.000 «1000, 000 0,21% 0,000



32.000
33,000
34.000
3%9.000
36.000
17,000
38.000
39.000
40.¢00
41.000
42.00
43.000
44,000
43,000
44.000
47.000
48.000
49,000
50,000
851.000
92,000
83.000
54,000
55.000
56,000
$7.000
58,000
59.000
40,000
&61.000
62.000
63,000
64,000
63,000
66,000
47.000
68,000
4%.000
70,000
71,000
72.000
73.000
74,000
73,000
76.000
77.000
78.000
79.000
80,000
ai.000
82,000
a3, 000
B84.000
83.000

=-100Q. 0G0
-1 000, 00O
-1Q00, 000
~1000.000
«1000, 000
-1000,000
=1000. 000
- 1000, 000
~1000. 000
=1000,000
=1000, 000
=1000, 000
- 1000.000
-1000.000
=1000.000
~1000,000
=1000.000
=1000, 000
~1000, 000
=1000.000
~1000, 000
=1000, 000
~1000,000

1000, 000
=000, 000
=1000, 000
=1000, 000
~1000-000
= 1000, 000
~1000, 000
~-1000, 000
=10C0. 000
=1000, 000
=1000, 000
-'1000.000
~1000,000
=1000, 000
- 1000, 000
=1000, 000
- 1000, 000
~1000,000
~1000.000
~1000, 000
~31000, 000
=1000, 000
=[1000,000
-1000, 000
= 1000, 000
«$000, 000
-lm.om
~1000, 000
~1000, 000D
=1000, 000
=1000, 000

Q. 215
0,255
0,215
0.213%
0.215
0.233
0.213
0,215
0.213
0,219
0.213
o .19
0,213
0,219
0,219
0.21%
0,213
0,219
0. 213
0,219
0,219
0. 283
0. 2158
0.218
0,219
0,215
0.219
0. 213
0.213
0.213
0. 219
0.2198
0.219
Q.23
0,223
0.219
0.219
0,213
0.213
0. 213
0,233
0.218

© 0. 248

0.219
0. 218
0.213
0.219
0.213
0.219
0,213
0,213
0.215
0.21%
0.213

0.000
0.900
0.000
0. 000
0.000
0.000
0. 000
0.000
0.000
0.000
0,000
0,000
0.000
0.000
0. 000
0.000
0. 000
0.000
0,000
0.000
0.000
0,000
0.000
0.000
0.000
0,000
0,000
0,000
0.000
0,000
0.000
0.000
©0.000
0,000
0,000
0.000
0.000
0,000
©0.000
0.000
0.000
0.000
0,000
0.000
0.000
0,000
0, 000
0.000
0. 000
0. 000
0.000
0.000
0,000
0,000
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B84.000 -1000
87.000 ~-1000
68,000 -1000

000 0.21% 0, 000
000 0.21% 0,000
000 0.213 0.000

2%9.000 =1000. 000 0.21% 0,000
90.000 ~1000.000 0.215 0,000
21.006 -1000,000 0,213 Q.000
92.000 ~1000. 000 0.219 Q, 000
93.000 -1000.000 o. 2‘5 0.000
94,000 -1000.000 0.215 0.000
23. 000 -1000.000 0,219 ©, 000
946,000 ~31000, 000 0.213 0. 000
97.000 =1000.000 0,215 0,000
98, 000 ~1000. 000 0.213 0, 000
99.000 =31 000,000 002‘3 0.000
100.000 =1000. 020 0,213 0,000

Timet 20.0000 he Net Inflow =-2.8738 ca ’
Cusulat.ve Inflow by Inteqretion of Water Content ~3.7312 en
Cumulative Inflow by Integration of Surface Fluses & =0.0003 ca

Inflow Rate at upper Surface @ 0,000000 ca/hr Dutflow Rate et lowsr Surface »

0.000027 ca/hr Mesh size in depth =i,000000e+000) Mesh size in tise
w1,0000008-002
Distance Potential Water_Content Flus_WNater
ca (] cc/er calhr -

0.000 -1021,007 0.214 0,000
1.000 =1020.007 0.214 0, D00
2,000 -1019,007 0,214 ©,000
X, 000 -10168.007 0,214 0,000
4,000 -1017.008 0.214 0,000
3,000 -1014.008 0,214 0,000
64,000 ~10135.010 0.244 0,000
70” -’0"0013 0-2!4 o-m
3.000 '103300’9 0.21‘ 0.000
%.000 ~1012,026 0.2:48 0,000
10,000 ~1011.040 0,214 0,000
11.000 «1010,.042 0. 213 0,000
12,000 ~1009.0%4 0. 218 0,000
13,000 =1008, 147 0,219 0,000

14.000 ~1007,222 0,213 0,000 .
15.000 =3004, 327 0.213 0,000
14,000 ~3003,472 0,215 0,000
l?.OOO -lm.“S 0.2!5 0.0”
19.000 ~1003, 229 0.21% 0,000
20,000 -1002.613 0.243 0,000
24,000 -1002,078 0, 219 0,000
22,000 ~100].4614 0.215 o.m
23,000 —1001.228 Q. 21D 0,000
24,000 ~-1000,932 0. 2478 0,000
25.000 -10001662 0-235 o.ooo
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APPENDIX B

FINAL CONDITIONS AFTER 72G HOURS (30 DAYS)



Times 720.0000 hr Net [nflow: -2.68947 cm
Cumulative [nflow by Integration of Water Content = ~B. 27 cm
Cumilative Inilow Dy Integration af Sur face Fluxes 1 ~0,01984 cm

Inflow Rate at upper Surface @ 0.000000 cmshr Ou.flow Rate at lower Surface
0, 00027 cm/br Hesh si1ze 10 depth =1.000000e s+t ftesh size 1n time '
=] . D0O0O0Le: (1)

Distance Potential Water _Content Flux Water

om cm cc /e ca/hr
L, 0N -10%0, 456 1 Q. Q)
1.000 - 109,847 0,214 a, D00
<. 000 ~-1028,498 0.214 0.000
T 000 -1027,.950 0,214 0, 000
4,000 - 1026, 622 0. 214 0,000
S (M) ~1025.713 0.214 0,000
&, ~1024,028 0. 214 0. 000
7. 000 “102%,.961 a. 284 0,000
8.000 -51023., 113 0.214 0.000
00D ~-1022.289 0.214 0. 000
10,000 -1021.482 0,214 0,00y
11.000 -§1020,4698 0.214 0. 002
12,000 -1019,929 0.214 0.000
13.000 -1019,.182 0,294 0,000
14,000 -1018,454 0.214 0.000
13,000 -1017.743 [ MR ) 0.000
14.000 -1017.036 2. 214 0.000
12,000 -1016,.3680 0.214 a, 000
18. 000 ~1013.73> 0.214 0.000
12.000 -101..099 0.214 0,000
20,000 -juis,48¢ 0.214 0.000
21.00. -1013.886 0. 214 0.000
22,0062 -1013.308 0.214 0,000
23,000 ~-1012.744 0. 2148 0.000
?4.000 -‘0!2.200 O. 2“ o.m
25-0& -lQll.b?? 0.2!4 0.0m
26,000 ~1011.15% 0.214 0,000
27.000 -1010.566 0,214 0.000
:.'9.000 "1010. 1” 00215 Q. 000
29.000 «100%,726 G215 4,000
30,000 -100%, 200 0,213 0, 000
31.000 -1008, 049 0,218 0,000 .
32,000 -1008,433 0,219 0,000
33.M ‘SOOB. 032 o. 2.5 0.000
34,000 =1007,486 0.219 0, 000
35.000 «~1007.274 0. 219 0,000
34,000 -~1006. 716 0,213 0,000
37,000 ~1006.572 0,215 0,000
28,000 -31004, 240 0,218 9.000
9. 000 -100%,922 0,213 0,000
40,500 ~1008,617 0,219 0,000
41,000 ~100%, 324 0,215 0,000
42,000 -10%, 043 0.21% 0, 'O

43.000 -1004.774 0.219 0,000 .




44,000
45. 000
44,000
47.000
48,000
49,000
50.000
51,000

F LR L
53,000
S4. 000
353. 000
56,000
57.000
58,000
59. 000
60.000
41,000
62,000
4. 000
6£4.000
63. 000
664,000
&7,.000
&8. 000
6£%9.000
70. 060
71.000
72.000
73'm
74.000
73. 000
76.000
7?.000
78,000
79.000
€0,000
81,000
82.000
a3, 000
84,000
83,000
86,000
87.000
Ba'm
9,000
90, 000
91,000
22.000
%3.000
94,000
93.000
96,000
97.000

-1004,.516
-1004,270
-1004, 034
=103, 809
~1003,.594
-1003,. 389
1003, 193
- 103, 007
~1002.829
-1002, 641
-1002,300
-1002- 348
-1002-203
-1002,0453
-1001.93%
~1008.693
-1001-585
~1001 . 461
~100t,.382
-1001 . 289
~-§004.202
~1001.119
-1001.042
~1000.948
=1000, 900
-1000.835
- 3000, ’16

C =1000, 4660

=1000,6315
—IOOO.M
-1000. 324
~1000, 483
~1000, 443
- 1000, 409
~1000, 376
=1000, 3159
-1000. 288
~1000, 262
-1000, 23’
-1000.216
=-1000, 193
~1000. 175
~1000, 157
~1000, 139
~1000, 123
=-1000, 092
~1000.078
~1000.064
"'(.000 0‘51
~1000.0%A

« 215
0.21%8
€. 245
0,210
0.215
0,215
0.213
0.215
0.21%
0.21%
0. 219
0.218
0.213
0,213
Q.213
Q. 218
0.213
0.21%3
0.218
0.21%
0.215
0.21%
0,219
0.219
0,223
0.215
0.213
0. 213
0. 213
0,213
0,213
0.213
0,219
0.213
0,213
0, 21%
0.2159
0,213
0. 213
0.213
09.213
0.21%9
0,219
9.213%
0. 218
0.219
0.213
0.213
0.213
0.21%
0.2135
0.219

0.21%
0.21%

O, 000
G, M0
0, 000
Q. 000
0. 000
0, 000
[
8.000
0.000
Q, 000
Op 0D
0,000
0. 000
0,000
0.000
0,000
0,000
0,000
0,000
Q, 000
0,000
0,000
0,000
0,000
0.000
0.00u
0,00V
0.000
0,000
0,000
0.000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0, 000
0,000
0,000
0,000
0,000
0.000
0. 000
0.000
0.000
0,000
0,000
0,000
0,000
9,000
0,000

M S




98. 001
99.000
100, 000

~1000. 025
~-1000,013
~1000. 000

0.213
0.213
0.213




F L R e A BT et R d A rae

APPENDIX C

SUTRA INPUT LISTING FOR THE TWO-DIMENSIONAL SIMULATION



Appendix:  SUTRA Input Listing for the Two-Dimensfonal Simulation

PT T COE DI 37,0 o T
AL RS Fropel sp:pec.  DEETH  TRME T2 Fiyn s RIS -E {1 €97
tr [ B o L ) [T B N B V.. <1, R

st AL T G Dt ek
LT S Y MEERE Dt
e coe B e b b S TI R ) TR L - Y s
Crtebe FLLIE RECISTRIAOFIGH FROM & SATIRLTIL Uil e
IR L6 Y5 i iy 'S ' ¢ s e

S

b |

AN L

s

L4

I30.0000

390000

472 . 0000

Z.0000

2. 0000
T, 0000

0.1700

s [ )
< TZ. 0000 <« D000 . 0.1700
2 26.0000 S 0000 . 0.1700

Q. 1700
Q.1700

i -1 A
, Ve
1w 1 Tt e, - 1.2 T,
-, T . N 4} O + -1
e Tt 1.0
G, 4010 1, 0E=07 1000, et C.Q 1.4,
PO M e L g 2140,
(3 O UL Cre 02 0.0
G -2.8
NG 1.0 1.0 1.0 1.0 .
! Vi e 0, OO 1.0 G. 1760 o
2 PR § D R Tt 0, 000 3,0 Ga. 1700
~ &G 03, VOO 1.0 Ve 1700
4 I RTY 1 1] T1, GO 1.0 G 1700
e, 1o e 9, 0000 1, Ce 1700
& 185, Gty 1, TS0 [ G, 170
7 1n,. 00 0 v QOO0 1.0 0. 1700
=] o AN CRTC 0, QOO 1.0 Q. 1700
S o4, Q0O 0. 0000 1.0 0.1750
10 27 . Q0G0 O, Q000 1.0 Q.17QQ
11 T, V00 0, 0000 1.0 01700
12 b i T Q. 0000 1.0 0. 1700
17 & . 2000 0. 0000 1.0 0. 1700
14 9. 0000 Qe QOO0 1.0 0. 3700
15 42,0000 O, 0000 1.0 0.1700Q
16 4% . 0000 €, QOO0 1.0 0.1700
17 0, OO0 3.0000 1.0 0. 1700
18 . 0000 3. 0Q0Q 1.0 Q. 1700
19 &. Q000 Z. 0000 1.0 0. 1700
=0 9, OO0 I 0000 1.0 0. 1700
=1 2. QGO0 3. 0000 1.0 0.1700
Py 15, QOO0 3, 0000 1.0 0.1700
23 18. 0000 3.00Q00 1.0 00,1700
2 21.0000 I.0000 1.0 0.1700
2 24 ., Q000 <.0000 1.0 0.17060
= 27 . Q000 2.0000 1.0 0.1700
1.0
1.0
1.0
1.0
1.¢



45

=T
51

o~
-

ST

%q

=
-t ud

Sé

-
o7

=
-’

59
&0
61
&2

et
&4
65
&6
&7
&8
69
70
71

72

7z
74
75
76
77
78
e
E0
81

ety LS

]
-~ IR IE
. A .'--‘..

R L]

’.
"-.
R NI
PSP I
L6 . I
pal I ALY

T T
"7 o Lt
et T
A TR T 3
TS
nd - BN I TRTSTY
42 andin)

4%, (o

g (an ety
T Q0D
&L QD
=W [ATH
$ 2 0
15,0000
18. 0000
21 . 000
24 , Q0G0
27 .. 0000
0. Q00¢
T3. 0000
36,0000
39,0000
§2.0000
45, 0000
0.0000
=+ 000CQ
6.0000
?.0000
12,6000
15, 0000
18. 0000
21.0000
24.0Q00
27 . 0000
IS0, 0000
I3. 0000
36, GOO0
I9. 0000
42 .QG00)
4%. Q000
Q. Q000

Tt
F A TR
o O Cae
SV T
7 PR B B
Aogns
ey .',..;.',l.
PPN
LR Y I
LSRR Ty
© ¢ WLIH B
LN T
g I
PTP Ale LITH)
e A0
&, LItnd
&, 020
LK TS i
Ty L0
QL )
ST 1§ O
GO0
Q, aUCO
QGO0
G L GOCH)
S T TR T
Q. QGO0
2.0000
9. 2000
Q. 0000
Q. OO0OD
. 0000
Q.0000
12.0000
12.0000
12.0000
12,0000
12.0000
12.0000
12.0000
12.0000
12.0000
12.0000
12.0000
12,0000
12.0000
12,0000
= UIDO
1200000
15.,G000

.l
1.0
1.9
PO ]
b
1.4
1.4,
Lets
M ¥
1 a'td
2

s )
1.0
1.¢
.0
1.:}
fL.0
1.0
.M
i1.¢
1.0
1.0

-
celd

-
-
'

o)
'’

COSOIQQOROO0OLO00CO0SCODD200D20

Db ek fed Pt bbb h b Gud b b (b ps B fub b b h et bk ph b b b b

Callon
Q1700
€, 17000
LR I )
Q.10
1, 17700y
CL3 700
W 1700
1, 1500
G, 1700
1700

e 1760
Ve V7000
C’. 1 7':”:,
(,1700
0. 1700
Ce 370002
Ca 170D
Q.170C
T, 1702
Gl 170G
0.1700
Q.1707
0. 1730
G 1720
©0.1700
Q.1700
0.1700
0.1700
G, 1700
0.1700
G.1700
0.1700
0.1700
0.1700
00,1700
0.1700
0.1700
0.1700
0.1700
0.1700
0.1700
0. 1700
0.1700
G.1700
0.1700
00,1700
G, 1700
0. 1700



B T e e e e 2 R

62 L. U00 15. 0000 1.0 Gal1?00
o, L R VT, a0 1. 1, 20
) ot - .‘.,‘..’ L ,_"l" .
=5 DS D AT MY T B Y. LT
i HTR R DDA LR T LI K tig 3 M
-7 =W LN LR T 1.9 1.0 N, L i
B i IR L AT 3%, Shaa .t S IR By L
B3 24,00 LS, O (.0 0,170
Q0 ST Lt 15, St $.D i), 17
Q1 2y, M &, 1.0 3,170
QD T OO0 15,0 .00 1.0 O, 170}
9% Fo.0 L 5,000 1. 0, $ 700
94 TR Gy P Ul s 1.0 O, 1700
9% /42,0000 15, (OO0 1.0 0, 1700
S& Q5. 0000 . 1%, C500 1.0 04,1704
7 0, 000 18,0050 1.0 C.I700
o3 A5 LU TV 18, QOO i1.v G YTUD
99 & . 0000 18, 0000 1.¢ 0.172G
160 LA TETATE 153, D0 1.6 Cr, Y400
101 12,0000 18, ¢000 1.0 Q. 1700
102 15,6000 18. 0000 1.0 2. 1700
103 18,0000 18, GO0 1.0 Q. L7763
104 21.0000 18, 0000 3.0 Q. 17CD
108 28,0300 18, 0900 1.0 0. 1700
1046 7. 0000 18. 0000 i.¢ e 17¢0
107 20,0000 18,0000 1.0 Q. 1700
108 3T OO0 18. 0000 1.0 Q0,1700
109 36. 0000 18,0000 1.0 Q.1700
110 39, 0000 18,0000 1.0 Q.1700
111 42.0000 18,0000 1.0 0.1700
112 45,0000 18. 0000 1.0 0.1700
113 0.0000 21.0000 1.0 Q. 1700
114 3. 0000 21,0000 1.0 e 1700
115 &.0000 2% .0000 1.0 Q. 1700
116 F.0000 . 21,0000 1.0 7 0.1700
117 12.0000 21.0000 1.0 Q. 1700
118 15,0000 21.0000 1.0 Q, 1700
119 18. 0000 21.0000 1.9 Q. 1700
120 21 .0000 21.0000 1.0 0, 1700
121 24,0009 21.0000 1.0 0.1700
122 27 . 0000 21 .0000 1.0 0.170G
P 30.0000 21.0000 1.0 Q.1700
124 I3. 0000 21,0000 1.0 0.1700
1235 36.0000 21 .00 1.0 0.1700
126 39. 0000 21.0000 1.0 0.1700
7 42.0000 21.0000 1.0 0.1700
128 4% . 0000 21.0000 1.0 0. 1700
129 Q. Q000 248 . 0000 1.9 Q. 17040
130 3. 00Q0 248, 000G 1.0 0. 1700
171 r- g ¢lalele] 24,0000 1.0 Q. 1700
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&. 0000
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12.0000
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18.0000Q
«1.0000
24,0900
27 . 0000
30,0000
3IT.0000
346.0000
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45 . 0000
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20 000Q
30, 0000
T0,. 0000
30.0000
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JINTRAVAL Project

1.  INTRODUCTION

A. Pilot Group ldentification = U.S. Nuclear Regulatory Commission
(NRC), Rivision of Engineering, Office of Nuclear Ragulatory fe-
search, Washington, 0.C; NRC Contractor, University of Arfzona,
Yucsen, AZ, USA

B. Experimental focation « Apache Leap Tuff Experimantal Area in non-
welded to welded tuff dated 19 m.y. B.P. neur Superiar, Ar‘lzom.
approximataly 160 im north of Tucson, AZ, USA.

C. Objective(s) = Obtain calibration data sets for flufd flow and solute
transport models in unsaturated fractured rock. UData {s collectsd
for hydraulic, pneumatic, and thersal properties fcr fractures and
the rock matrix. Calibration data sets will be used for model -
simulation studies as well as to compare model simulation results
with field experimental data. Evaluation of altsrnative modeling
strategies for their ability to’ accurately represant flutd flow and
solute transport processas {n unsaturated fractured vock. MJREG/CR- J
5097 by Yeh et al. (1988) discusses the varfous conceptual sodels being
considered along with a review of possible numerical codes to sisulate
the site conditions. )

0. Theories Tested -~ Equivalent porous media representation of fractured
rock fluid flow as opposed to discrete fracture slow network repre-
sentation. Use of moisture characteristic and unsaturated hydraulic
conductivity curves for fractures. Sofl science methods for deter~
aining hydraulic proparties of rock core samples with ffeld esti-
mates. Laboratory methods for determining hydraulfc, pneusatic
and thermal properties of rock matrix cores. Varification of
relevant processes within stratified tuff horizon.

03/25/88 1 INTRAVAL PROJ = ARIZONA
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Validation Aspects - Comparisons will be wade between field expers~
sental resuits with results obtained using anmalytic stochastic,
equivatent porous medium and discrete fracture network fiow models.
Calfbration data sets will be provided for generating sisulated flow
and transport. Comparison of simulated with obsarved flow bshavior
will help {dentify model abilities and faflures.

Backqround Information = The Apache Leap Tuff Site is Jocated near
Superfor, Arizona, in partially welded fractured tuff. Alsoc located
nearby is an abandoned road tunnel {n welded tuff, and a haulage
tunnel, also in welded tuff. The facilities allow access to dif-
ferent levels of a thich tuff saquence with variable degress of
welding and fracturing.

11. EXPERIMENTAL DESIGN

A

03/25/88

Parameters Measured - Key measurements {nclude:

1. Hydraulic diffusivity 0(6) and soisture characteristic ¢(e)
curves for & wide range of rock suctfons. Curves will be

generated using laboratory data.from 100 rock core segments
taken at 3 m intervals.

2. Hydraulic conductivity K(¢) and spacific water capacity C(¥)
curves abtained from data in 1, above. b

3. Sofl property paramaters using both the exponential and van
Gonuchtgn acdels.

4  Saturated hydraulic conductivity for three meter intervals
within boreholes at the Apache Leap Tuff Site.

S. Physical properties, including effective porosity, bulk density,

grain density, and pore size and pore ares distributions ob~
tained from cores sampled at three meter {ntervals.

2 INTRAVAL PROJ - ARIZONA
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6. Borehole tempsratures as & function of depth and geason to &
depth of thirty ssters sampled at a-three meter interval.

7. Bowuhole water contents at three meter {ntarvals sasplad using
& nautron moisture meter,

6. Borehole afr flow rates sampled using & hot-wirs annmometer.
NUREG/CR-5097 in Ysh et al, (1988) discusses both the matrix and

fractyre characterization prograa including parasaters being
determinad.

Spatial and Vemporal Scales = Many of the borehols analyses (e.g.,

borehole tempsrature, water content, air flow rates) are repetively

measured during different seasons. Also, a1l the moisture~depandent
hydradlic -parasetars are seasured at thres meter intervals. The
saxinue distance is approximsately thirty meters. The Tongest time |
series of measuremsnts 1s approximately 18 months for borehole water
contents and tsmperatura profilas.

Experimental Setup - Nine 1m:li;nd bon.holn have been installed in
three rows of threg bureholes per row (see Figure 1). Tha boreholes
within a row aé echelon’at 10 m tntervals. The rows are 5 m apart.
The surface of the site has been covered with a (30 x 50 ») plastic -
sheet to reduce natural infiltration and evaporation. Experiments}
conditions can be controlled more prectsely by prescribing constant
boundary conditfons to the uppar surface. Experiments §n the borsholes
{nclude interval testing for temperature, water content, and satursted

hydraulic conductivity. Als2, pneumatic proparties are also tested on
intervals.

Sampling Stratagy = To evaluate the spatfal varisbility of moisture
depandant hydraulic parameters, a saspling intarval of three metors
has been selected. Samples of orfented cores from the boreholes
are extracted at the specified locations, and field teasts are also
conducted at those locations.
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Figure 1: Borehole configuration at the Apache Leap Tuff Site showing
inclined boreholes and 30 x 50 m plastic cover.
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Rock matrix snd vock fracture characterization parameters gre

determined using field and laboratory data. Matrix parameters

are obtained from field data for 90 samples located at depths

varying from 3 to 30 m (see Figure 2). The rock samples are col-

lected from S cm diameter, oriented cores which were extracted at

the time of borehole construction. The samples are resoved frox
unfractured core sections at roughly three metar intervals along

the core. By comparing field tests and comparing vesults.froe the

field tests with laboratory tests, spscific flow propartiss can be &%
separated. For example, testing of unfractured cores for saturated -
hydraulic conductivity comparas closely to field tasts of saturated
hydraulic conductivity. This indicates that, {n mast intervals,
fractures do not contribute to flufd flow. |

The saturated hydraulic conductivity {s estimated using ¢ix
centimeter diameter core segments cut to five centimeter length.

The core segment is saturated under a vacuum and placed inside of a
perscameter (see Figure 3). An inflatadle packar within the peroes-
mcter is then pressurized to at least thres bars to prevant bypassing
of water betwsen the core snd the permeamster wall. A known pressure
head of nitrogen gas, approximately on2 bar, is applifed to the upper
surface of a column of water which {s in contact with the upper sur-
face of the rock core. The outflow §s measured by collecting wvater
from the bottom of the perseaneter. .

The matric moisture characteristic curve relates the fluid content
of a rock sample to the ambient fluid potential within the matrix.
This relationship can ba generated by applying capillary theory

to the pore size distribution of by using a prassure plate extrace
tor or & Tempe pressure cell. Both the pressure plate extractor
and the Tempe pressure cell are us: to apply a known positive
pressure to the sample and to meas.re the resulting liquid dis-
placesent. The rock matrix moisture characteristic curve
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Core sample locations in {nclined boreholes at the Apache Leap
Tuff Site.
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Figure 3: Permeameter used to obtain saturated hydraulic conductivity
and unsaturated pneusatic permeabilities for rock core samples
obtained from the Apache Leap Tuff Site.
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between zerc and ona bar suction is obtained using the outflow
method for the core segments. The outflow method uses a Tempe
pressure cell with a one bar porous plate to provide an enclosed
chamber within which an air pressure greater than atmospheric s
applied (see Figure 4).

Both the moisture characteristic and unsaturated transaissivity
curves for individual fractures have not been obtained due to the
difficulty {n scnitoring both fracture water content and fracture
potential. Experisental lasboratory proceduras are being developed
(Haldeman, {n preparation) to deteraine the moisturs characteristic
curve and the unsaturated hydravlic conductivity for an {ndividua)
fracture within a 20 x 20 x 50 cm block of tuff. Porus plates will
be affixed to the upper and lower surfaces with individual plates
aligned along the frecture trace. The rock and plates will be con-
tained within a pressure chamber which can be maintained at a pres-
sure of up tc one bar above atmospheric (sse Figure S). The water
content of the fracture wil) be monitored using mass balance calcu~
tations. The fluid potential will be determined by tha pressure
mafntained within the pressure chamber. The flow rate batwesn the
upper and lower plates (each maintatned at a constant potentfal)
will be used to calculate the unsaturated transmfssivity.

Independence Between Data Sets <« Substantial correlatfon should exist
bstween data sets. Evaluation of the correlation is an integral part -~

of data evaluation. By svaluating the difference between tield and
laboratory results, a better conceptual model can ba obtained. Also,
air and water permeabilities should be coaparable, thus allowing the

use of air permeadbility as a surrogate measure of the hydraulic
conductivity.

Biases Inherent in the Design - Because the data {s obtained only
ovar ¢ small area. larger varfabilities will not be evaluated. Only
local variations on the ordar of up to 20 » will be evaluated.
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figure 4: Outflow method experimental setup for determining unsaturated
hydraulfc conductivity and characteristic curves for rock core
samples obtained from the Apache Leap Tuff Site.
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Figure S: Experimental setup for unsaturated fracture-satrix flow
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Regignal variations must be characterized by performing repeti.ions
of the local sampling at other sites. Such variation, however, ig
beyond the scope of this study.

G. Complementary Experiments - Additional experiments in the abandoned
road tunnel and the mine haulage tunnel will also provide important
data in welded tuff. Comparison of parameters between sites should
allow models developed at one site to be verified at another.

111. CURRENT STATUS AND EXPERIMENTAL SCHEDULE

Data from cores about moisture-dependant hydraulic properties are currently
being collected and should be available by July 1988. Additional f{eld dats
sets will also be availadble then. Pneumatic and thermal testing in the
field will begin by July, 1988. Water balance data for rainfall, infilitra-
tion, deep percolation and recharge are limited by the paucity of storm
events to date. Additional data will become available as u_rnthtr paraits.

IV.  EXPERIMENTAL RESULTS

A. Raw Data - Existing processed tata ars availadble from Professor
Oanfe) 0. Evans, Departsent of Hydrology and Water Resources,
Unjversity of Arfizona, Tucson, AZ, 85721.

B. ©Processed Data - Exfsiting processed data are svailable from Prcfcs;ér
Daniel D. Evans, Dapartment of Hydrology and Water Resources, Univer-
sity of Arfizona, Tucson, AZ, 85721 and from Thomas J. Nicholson,

U.S. Nuclear Regulatory Commission, Office of Nuclear Regulatory
Research, Oivision of Engineering.

C. Data Storage - Raw data are currently stored in microcomputer data
base files. Processed dats are available as ASCII filas.
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V.  PREVIOUS MODELING

Huang and Evans (1985) have published a discrete fracture network computer
wmodel. Extensions by Rasmussen et al. (1985), and Rasmussen (1986, 1987,
1988) have been performed using data obtained from other sites. HNo appli-

cations to the Apachs Leap Tuff Site have been performed previous to
this study.

VI. EXPECTATIONS FROM INTRAVAL PARTICIPATION

2/25/88

Experimentalists’' View - Methods for obtaining dats from unsaturated
fractured rock will be provided. Extensions from soil science sethods
will be demonstrated. The ability to use existing techniques devaleped
for soil and other porous madia for consol{dated geologic material
needs tc be evaluated. Parameters and governing equations used to
interpret laboratory and field results need to be inspected to ensure
that proper account {s given to fundamental differences between fiow
through fractures and porous media. Also, methods to detersine para-
mseters for flow through fractures, such as the mofsture characteristic
and relative permeability curves, must be developed and confirwmed.

The spatial and temporal varfability of sedia and flow properties s
also addressed.

Modellers' View - Techniques for modeling flow through varisdly
saturated fractured rock will be developed using calibration data .
sets. The uniqueness of the data set will allow the application of
existing and new codss to & problem of direct relevance to fssues of
wvaste containment. The importance of flow through fractures {s of
major concern and can be directly assessed using simulation tools
once appropriate inpu: data sets are available. Forecasts and
predictions of fluid flow through a fractured rock sass can then be
used to guide additional fiald and laboratory experiments. Evalua-
tion of sensitivity coefficients between field parameters and

sass transport rates can be used to design testing strategies for
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containment capabilities. The use of local stochastic data sets for
generating large scale transport characteristics is also of {nterest.
The comparison of local with large scale behavior using observed data
should allow confirmation of fluid flow models.

VII. INFORMATION EXCHANGE

Addresses of Key Personnel

Name ﬁddress Jelephone No. 6
Daniel D. Evans Departaent of Hydrology (602) 621-7118
Todd C. Rusmussen and Water Resources
University of Ar{zons
Tucson, AZ 85721
Thomas J. Nicholson Division of Engineering (301) 492-385¢6
0ffice of Nuclear )
Regulatory Research
U.S. Nuclear Regulatory Comm.
Washington, DC 20005
VI1I. POSSIBILITIES FOR FUTURE EXPERIMENTS AND DATA COLLECTION

Future investigations at other field sites within the same tuff for-
matfon will allow the evaluation of small~gcale varigtions from

site to site to be compared, s wel) as to estimate-large scale
varfabilities.

The extensfon of the existing testing facilities to evaluate alternate
transport scenzrios (e.g., vapor vs liquid phase, thermal vs gravit-
ational driving forces, etc.) will be evalusted and recommendations
will de made for experimental dasign. Fundamental to the design will
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be the definition of relevant processes and their relative importance.
The evaluation of the alternate processes can be made using simulation
models with preliminary avaflable from existing data sets.

IX. OUTPUT FORMAY

Raw and processed data will be provided for subsequent researchars, along
with sampling and experisental procedures. Interpreted parameters will

be qualified so that incorrect application of the parameters to other
sites will not occur. A compendium of experimental methods and procedures
will be provided, along with details of the quality sssurance program used.
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