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ABSTRACT 
The Waste Isolation Pilot Plant (WIPP) is the U.S. Department of Energy’s (DOE) planned repository 
for transuranic waste generated by defense programs. The WIPP repository is 660 meters underground in 
bedded salt. Bedded salt was chosen for the repository because of salt’s small moisture content, extremely 
low permeability, and its natural ability to flow or creep, effectively encapsulating the waste in the long- 
term. However, because of these unique characteristics, the ability to measure properties at in situ condi- 
tions are beyond the realm of most standard experimental equipment. Thus a suite of new experimental 
systems and techniques has been developed to measure properties in extremely “tight” (low permeability) 
rocks. Also, innovations in rock property measurements have been made for standard porous media 
through the research conducted to characterize the rocks above the repository. A number of the new sys- 
tems and techniques developed through the WIPP are presented in this paper. Examples include per- 
meameters, two-phase flow characterization equipment, techniques for evaluation of salt healing, and char- 
acterization of diffusive processes. 

Introduction 
The Waste Isolation Pilot Plant (WIPP) is the U.S. 
Department of Energy’s (DOE) planned repository 
for transuranic waste generated by defense pro- 
grams. The WIPP repository is located approxi- 
mately 35 miles east of Carlsbad, New Mexico, 660 
meters underground in bedded evaporites 
(predominantly salt) in the Salado Formation. This 
underground research effort is developing the tech- 
nology required for the safe disposal of radioactive 
wastes in bedded salt. 
A significant part of this underground research and 
development effort has been improving experimen- 
tal methods to determine bedded salt properties. 
Bedded salt was chosen for the repository because of 
salt’s small moisture content, extremely low per- 
meability, and its natural ability to flow or creep 
under the effects of stress and ultimately to encap- 
sulate and isolate the waste. However, because of 
those unique characteristics, the ability to measure 
properties at in situ conditions are beyond the realm 
of most standard experimental equipment. There- 
fore a suite of new experimental systems and tech- 
niques has been developed to measure tight rock 

properties. Some of those developed systems and 
techniques are described here. 
Along with the bedded salt investigative program, 
programs have also been initiated to characterize 
rocks above the repository that could potentially be 
pathways for radioactive release to the environ- 
ment. An innovative measuring technique for char- 
acterizing the difision process is also described. 
Properties to be Measured 
The Salado Formation consists of thick halite layers 
with interbeds of minerals such as clay and anhy- 
drite. The polycrystalline Salado salt and anhydrite 
layers contain small quantities of brine in intra- 
granular fluid inclusions and as intergranular (pore) 
fluid. Important properties to quantifL include the 
amount of brine in the Salado Formation, salt creep 
properties, and the gas-brine flow properties. These 
properties are important because the accumulation 
of significant quantities of brine in the repository 
could potentially lead to gas generation due to ac- 
celerated microbial activity and/or corrosion with 
resultant high gas pressures and possible far-field 
fracturing, that may affect the salt’s ability to iso- 
late waste. Therefore, quantifying the halite’s time- 
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dependent creep properties and flow parameters 
such as porosity, intrinsic permeability, compressi- 
bility, saturation, threshold pressure, and relative 
permeability and capillary pressure characteristic 
curves are needed to describe, quantify, and predict 
the rock’s ability to transmit and store fluids. 
Also for the WIPP repository, human intrusion 
scenarios related to assumed future hydrocarbon ex- 
ploratory drillings are evaluated to determine if the 
repository meets regulatory standards. These sce- 
narios represent the most likely method of radionu- 
clide transport to the accessible environment 
through water bearing rocks above the repository. 
To evaluate releases, assessment of potential retar- 
dation of radionuclides is required. Retardation of 
radionuclides is dependent on two processes: a) 
physical retardation; i.e., diffusion of materials into 
the surrounding rock mass from relatively perme- 
able fractures; and b) chemical retardation by sorp- 
tion or precipitation. Therefore, in addition to the 
repository rock, the rocks overlying the repository 
must also be characterized for their ability to 
transmit and store fluids and contaminants. Along 
with the standard hydrologic rock properties, de- 
termination of rock diffusion, retardation, and ab- 
sorptive properties are also necessary to describe 
the flow system. 
Innovative Tight Rock Property 
Measurement Systems 
Commercial systems exist that can perform labora- 
tory or field measurements of permeability, poros- 
ity, storativity, compressibility, and characterize 
two-phase flow properties of rocks. However, sys- 
tems don’t exist that can perform these measure- 
ments in very tight rocks, automatically, consis- 
tently, and to the standards required by the quality 
assurance guidelines derived for waste repository 
work. Therefore, new experimental systems have 
been,developed to measure tight rock properties. 
Three of the systems developed to meet these needs 
are discussed here. They are called the Overburden 
Permeameter-Porosimeter, the Automated Two- 
Phase Flow System, and the Digital Gas Flow Tool. 
Each of these systems is described briefly. 
Oveburden Permeameter-Porosimeter 
The permeability of rocks has been measured since 
Darcy performed his first experiment in 1856. 
However, measuring permeability of extremely low 
permeable rocks at or near in situ conditions is nei- 
ther common nor easy. Issues of very small volume 
leaks and long measurement time become rather 
important factors in obtaining reliable measure- 
ments. Therefore, a “leak free” system was designed 
that would automate the measuring of porosity and 

permeability of extremely tight rocks as much as 
possible. The resulting design process produced the 
apparatus, called the Overburden Permeameter- 
Porosimeter (OPP). The apparatus performs gas 
(nitrogen or helium) permeability and porosity 
measurements on specimens from 2.5 cm (1 in) to 
15.2 cm (6 in) in diameter and 25cm (1 in) to 25.4 
cm (10 in) in length. The permeability range of the 
equipment is 1 ~ 1 0 - ~ ~ t o  1 ~ 1 0 ‘ ’ ~  m2 (0.1 nanodarcy 
to 1 millidarcy). The effective porosity range is 0.1 
to 30.0 %. Measurements of both porosity and 
permeability can be made at hydrostatic overburden 
(confining) pressure from 2.8 MPa (400 psi) to 
17.6 MPa (2,550 psi). The independently con- 
trolled pore pressure range of operation is 0.3 MPa 
(50 psi) to 11.7 MPa (1,700 psi). The test system 
is contained within a temperature controlled envi- 
ronmental chamber to minimizing both operational 
and test interpretation problems caused by room 
temperature fluctuations. 
The OPP uses Boyle’s Law to determine specimen 
porosity. Permeability measurements are made us- 
ing the pulse-decay method, a transient method 
(Hsieh et al., 1981). 
Automated Two-Phase Flow System 
Because substantial quantities of gas may be gener- 
ated by waste degradation processes, two-phase flow 
properties of the host rock need to be character- 
ized. The Automated Two-Phase Flow Test System 
(ATPF) was designed to make that type of meas- 
urements. The ATPF is a unique system in that it 
can perform measurements of steady-state single- 
phase permeability, gadliquid relative permeability, 
capillary pressure, and threshold pressure for very 
low permeability porous media. The system per- 
forms automated tests using nitrogen or helium gas 
and liquids such as brines and oils (e.g., decane, 
OMS, and silicon oil). Flow tests can be performed 
under elevated pressure and temperature to simulate 
in situ conditions. The ATPF can perform tests on 
cylindrical samples ranging in size from 3.8 to 15.2 
cm (1.5 to 6 inches) in diameter, and from 5.1 to 
25.4 cm (2 to 10 inches) long. The system tests 
low-permeability rocks within an intrinsic perme- 
ability range of to m2 (millidarcy to 
nanodarcy). Hydrostatic confining pressure from 
2.8 MPa (400 psi) to 20.7 MPa (3000 psi) and pore 
fluid pressure up to 13.8 MPa (2000 psi) can be ap- 
plied to the sample during the tests. The test system 
is contained within a temperature controlled envi- 
ronmental chamber. 
The system uses constant-flow or constant-pressure 
conditions for steady-state permeability measure- 
ments. The system uses a transient method 
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(variable pressure and rate for gas liquid conditions; 
constant rate or pressure for oil-water conditions) 
to characterize relative permeability using the Jones 
and Roszelle (1978) technique. 
Digital Gas Flow Tool 
The Digital Gas Flow Tool (Knowles et al., 1995) 
was designed to determine permeability to gas of 
disturbed rock zones and seals in the field quickly 
and efficiently. The tool performs a standard pres- 
sure-pulse test by isolating up to four test intervals 
using inflatable packer elements. The intervals are 
pressurized with gas, and the decay of the pressure is 
monitored as the gas flows into the formation. 
What is unique about the tool is that it is com- 
pletely self contained and is designed to make meas- 
urements in low permeable rock. It consists of a 
mechanical system with two pressurization compo- 
nents (one for packer inflation where the drive fluid 
can be either gas or water, and one for test interval 
pressurization with gas), and the data acquisition 
system which monitors ambient temperature, 
packer pressures, test pressures, guard interval pres- 
sures, gas reservoir pressure and temperature. 
Innovative Rock Creep Characterization 
Rock creep characterization was made using numer- 
ous traditional and non-traditional methods. One 
such non-traditional laboratory method, used to 
document changes in damage level during creep, was 
ultrasonic velocity measurements. In the field, 
creep closure or dilation of boreholes during hy- 
draulic testing was a concern that prompted the de- 
velopment of the Radial Borehole Closure Tool to 
characterize rock creep. 
Ultrasonic Velocity Measurement Technique 
Rock salt has the unusual characteristic that, under 
favorable stress states, the material can plastically 
deform over short time scales at room temperature. 
This plastic (non-recoverable) deformation facili- 
tates crack closure and eventual healing of voids. 
To evaluate creep properties of salt, standard me- 
chanical measurements have been made. However, a 
technique that has been used for many years to sup- 
port earthquake prediction research was also applied 
to evaluate creep closure of voids in the salt. Both 
in the laboratory and in the earth, changes in ultra- 
sonic wave velocities have been studied as an indica- 
tor of changing crack density before rupture. De- 
creases in ultrasonic velocity and wave amplitude 
are indicative of increasing porosity (cracking). Un- 
der high hydrostatic stresses, cracks and fractures in 
rock can eventually close and heal, causing increases 
in ultrasonic velocities and wave amplitudes. Void 
closure and healing has been documented in salt us- 

ing the Scanning Electron Microscope (Brodsky et 
al., 1995). The technique of ultrasonic velocity 
measurements was used not only to document the 
increase in fracture density (damage) in salt when it 
was put under nonhydrostatic stress, but also to 
document crack and void closure under hydrostatic 
load (Brodsky, 1995). Direct measurements of vol- 
ume change in the salt (due to voids opening and 
closing) were made and then correlated with meas- 
ured changes in ultrasonic measurements. These 
data were used to convert damage in rock, as pre- 
dicted around a vertical shaft by a constitutive law 
(Multimechanism Deformation Coupled Fracture 
Model), to ultrasonic velocities. The predicted ul- 
trasonic velocities were then compared with field 
data to evaluate, enhance and verify the constitu- 
tive model (Munson et al., 1995). 
Radial Borehole Closure Tool 
Borehole hydraulic testing is used to determine the 
hydraulic properties of the rock surrounding the 
borehole. Interpretation of the test results usually 
requires an assumption that the borehole is a perfect 
cylinder, volume of the test interval does not 
change and that flow is radial towards the borehole. 
For tests performed in salt, those assumptions may 
not be true. Therefore a tool was designed to fit on 
a standard test string that would measure changes in 
borehole radius and axial motion of the test string. 
The Radial Borehole Closure Tool (Jensen, 1990) 
contains two devices. The first device is attached to 
the lower end of the inflatable packer that isolates 
the test zone. The device contains a plunger assem- 
bly that, when the packer is fully inflated, becomes 
centrally positioned within the test zone. Three 
plungers contact the wall of the borehole and 
movement is measured through linear variable dif- 
ferential transformers (LVDT). The second device, 
which measures axial displacement, is attached to 
the end of the test string and makes contact with 
the end of the borehole through another plunger as- 
sembly. This plunger measures changes in relative 
motion between the tool and the bottom of the 
borehole. 
Innovative Rock Diffusivity Characterization 
Determination of diffusion rates is required to ade- 
quately model the transport system in fractured 
rock. Because tracer tests can only provide averaged 
parameters (which are always subject to some ambi- 
guity in interpretation) and not the details of the 
diffusion process, laboratory studies are being used 
to provide confirmation of rock effective diffusiv- 
ity and provide important information in the range 
and distribution of diffusion rates. A new technique 
has been developed to provide that information. 



CHRISTIAN-FREAR-4 
The new diffusion experimental methodology in- 
volves the use of x-ray absorption and image analy- 
sis technologies. Normal diffusion experiments 
don’t allow you to “see” the diffusion process oc- 
curring within the medium; diffusion rates are quan- 
tified only by changes in tracer concentration. To 
visualize the effect of different rock fabrics and to 
quantify the diffusion processes occurring in hetero- 
geneous, opaque systems (i.e., rock slabs, natural 
soils) a unique, high-resolution, x-ray absorption 
imaging system has been developed (Tidwell and 
Glass, 1994). With this technique, solute concentra- 
tion integrated over the media’s thickness is meas- 
ured as variations in the transmitted x-ray intensity 
field. These variations are directly related to the in- 
tensity of x-ray absorption that, in turn, is related 
to the solute concentration of any given point in 
the image domain. From this information, the diffu- 
sion rate can be determined. 
The methodology involves diffusion of a liquid con- 
trast enhancing tracer @otassium iodide), that ef- 
fectively absorbs x-rays, into a porous media. An x- 
ray image is taken at the start of the experiment 
(no tracer diffusion into the specimen) and then x- 
ray images are acquired over time (diffusion of 
tracer into the specimen) until the end of the ex- 
periment. The specimen is then saturated with the 
tracer and the last x-ray image is obtained. The x- 
ray images are digitized and solute concentration, 
integrated over the media’s thickness, is determined 
from variations in the transmitted x-ray intensity 
field. From the solute concentration distribution, 
the effective diffusion rate is then determined. 
Summary 
The development of these systems and techniques 
has aided in the advancement of technology for the 
safe disposal of radioactive waste. The examples de- 
scribed here represent only a small number of the 
technologies that have been developed through 
WIPP research programs. Advancements in envi- 
ronmental statistical characterization methods, risk 
analysis, actinide characterization, environmental 
modeling tools and many others have been made in 
the process of developing the WIPP repository. 
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