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ABSTRACT: A numerical model for predicting damage and permeability in the disturbed rock zone (DRZ)
has been developed. The semi-empirical model predicts damage based on a function of stress tensor invari-
ant. For a wide class of problems hydrologic/mechanical coupling is necessary for proper analysis. The
RATDAMPER model incorporates dilatant volumetric strain and permeability. The RATDAMPER model has
been implemented in a weakly coupled code, which combines a finite element structural code and a finite dif-
ference muhi-phase fluid flow code. Using the development of inelastic volumetric strain, a value of perme-
ability can be assigned. This flexibility allows empirical permeability functional relationships to be evaluated.

1 INTRODUCTION

Sandia National Laboratories (SNL), as the scientific
advisor to the Department of Energy (DOE) for the
Waste Isolation Pilot Plant (WIPP), is interested in
the movement of fluids (e.g., gas and liquid) into and
out of the repository horizon and potentially though
the panel closures, and sealed vertical shaft systems.
The host rock consists of bedded halite, polyhalite,
and anhydrite with minor clay seams. Disposal re-
gions are approximately 650m below ground sur-
face, and are mined from the bedded salt of the
Salado Formation. Creep closure is a significant
technical component of the disposal areas as this
phenomenon closes repository rooms, consolidates
waste and backfill, thereby influencing performance
assessment and seal system designs. The disturbed
rock zone (DRZ), formed as a result of damage
caused during deformation into excavated openings,
causes a measurable change in mechanical and hy-
drologic properties. For a wide class of problems
hydrologic/mechanical coupling is necessary for
proper analysis.

The RATDAMPER model has been developed to
predict damage and permeability in the DRZ The
semi-empirical model predicts damage based on a
function of stress tensor invariants and incorporating
dilatant volumetric strain. Laboratory tests using ni-
trogen gas as the permeant have been conducted to
determine permeability of WIPP salt deformed to
various levels of damage (Pfeifle 1995, Pfeifle 1998,
Pfeifle 1999). From these laboratory tests, several
relationships coupling permeability to the develop-
ment of inelastic strain have been formulated. Most

of the available data focus on small volumetric
strains (less than 0.50/0). Pfeifle (1999) has recently
completed tests that provide additional data for
larger volumetric strains ranging from 1 to 2.5%. To
avoid function averaging, an approach based on a
scalar measure of damage predicts permeability from
dilatant behavior observed in laboratory experi-
ments. The damage factor, or a measure of dilatancy,
D, is computed as a function of the second invariant
of the deviator stress tensor J2, and the first invariant
of the stress tensor, II, (Van Sambeek et al. 1993)
where

J_
D= (0.2;: I,) “

(1)

The use of a stress tensor invariant ratio to measure
dilatancy has been previously investigated using
WIPP and other rock salt types (Van Sambeek et al.
1993). The scalar quantity, D, gives a measure of
maximum damage that occurs after excavation and
does not predict damage evolution.

The RATDAMPER model has been implemented
in a weakly coupled code that combines a finite ele-
ment structural code and a finite difference multi-
phase fluid flow code (Statham et al. 1999). Due to
complex processes of viscoplastic creep, stress state
redistribution and pore pressure effects, this engi-
neering approach is considered an appropriate start-
ing analysis to model the empirical relation between
permeability and volumetric strain. Any viable
structural code with a constitutive material law
simulating rock salt deformation processes might be
used to determine the state of stress. Using devel-
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opment of inelastic volumetric strain, a value of
permeability can be assigned. This flexibility allows
em~irical oerrneabilitv fictional relationships to be.
evaluated.’

2 APPROACH
wov30m

$)~~~
The coupling of mechanical and hy rological effects
can be quantified according to the principle of effec-
tive stress:

Where o,is the stress tensor caused by the weight of
the overburden (essentially constant), p is the pres-
sure of the repository pore fluid, 1 is the identity ten-
sor, and o~ is the effective stress tensor that is ap-
plied to the matrix. The movement of fluids is
directly affected by the hydrologic properties while
fluid movement (and resulting fluid pore pressure)
directly affects the mechanical processes of salt
damage, creep, and healing. Therefore, coupling of
fluid flow and rock mechanics would improve the
analysis of the movement of fluids in the DRZ sur-
rounding the repository.

3 DRZ BEHAVIOR AT WIPP

The degree of rock damage in the DRZ immediately
surrounding the excavation is of major importance to
the analysis of fluid flow near the repository.
Stresses imposed on the host rock during under-
ground excavation, as well as the natural creep of the
rock salt into the excavated openings, will cause
fracturing in the vicinity of the host rocldrepository
interface, that will alter the hydrologic properties of
the fluid flow system. This DRZ may be hydrologi-
cally characterized as having an increased porosity
and increased permeability to gas and liquid.

As the underground excavations at WIPP age,
large-scale fracturing will develop in the surround-
ing rock salt, usually becoming visible after several
years. The process of fracturing starts immediately
after excavation, when deviatoric stresses are at a
maximum. Fracturing in the vicinity of the salt
rockhepository interface initiates soon after mining
begins. Micro-fractures develop at the grain level in
response to deviatoric stress changes. Over time,
changes in the state of stress resulting from creep
displacements promote the coalescence of micro-
fractures that become readily visible. A localized,
intense fractured pattern forms, leading to larger but
fewer fracture zones with preferred orientations
controlled by both applied stresses and local strati g-
raphy (Kranz 1983).

Under certain conditions, such as construction of
a rigid bulkhead, stresses in the salt will tend toward

equilibrium. As stress differences decrease, salt
fractures would heal.

Inherent to the fracture process is dilatant behav-
ior of the rock mass that results in increased poros-
ity, permeability and a decrease in pore pressure,
which leads to an increase in effective stress. Dila-
tancy, or the volumetric expansion of the rock vol-
ume, is therefore a measure of the degree of fractur-
ing and damage in the DRZ. Since the mechanical
fracturing processes are time-dependent, it logically
follows that the hydrological properties are also
time-dependent.

Different levels of fracturing will have varying
consequences on the mechanical and hydrological
performance of underground openings at WIPP. The
scale of the fracturing affects both the porosity and
the permeability of the surrounding rock. Micro-
frtictures significantly increase the permeability of
the surrounding rock mass. Subsequent creep alters
the state of stress, which continues to change the di-
lation and permeability in the rock salt.

As fracturing occurs the salt grains will move
with respect to each other which, on average, causes
rock mass volume expansion. These fractures may
heal if the fractured mass is reloaded along the hy-
drostatic axis (Costin & Wawersik 1980, Brodsky
1990). This is particularly important in rock salt for
which fractures can be healed, as the state of stress
tries to reach equilibrium. Healing may also occur
during deviatoric states of stress, but this is a result
of the normal stress components, and not the devia-
toric stress itself (Stormont 1995).

Permeability and change in permeability are ma-
jor parameters in characterizing the DRZ. Perme-
ability is a function of fracturing in a rock salt mass,
assuming the salt grains are impermeable. The sim-
plest measure of fracturing and damage is the dila-
tancy of the rock mass, which is treated as a scalar.
Therefore permeability can be related to the me-
chanical measurements through dilatancy.

4 PREVIOUS DILATANCY MODELING AT
WIPP

The relationship between dilatancy and permeability
in rock salt has been derived from constant confining
stress tests on WIPP rock salt (Pfeifle et al. 1998). In
these tests, nitrogen gas was used to determine the
permeability of a damaged WIPP rock specimen.
Stormont (1990) reported the results of a series of
compression tests on WIPP salt. During these tests,
the permeability of the samples was measured after
being subjected to deviatoric loading. Pfeifle (1995)
conducted triaxial stress tests on WIPP salt. These
triaxial stress tests were run at varying confining
pressures, as, and constant stress difference, ZIO(1.0
< C73c 2,5 MPa, and ZIG = 25 MPa). These stress
tests were terminated after reaching axial strains of



10%. The final volumetric strains for these tests
rahged from 1 to 40A. Nitrogen gas permeability
testing was then performed on all of the samples.
Blankenship (1996) used the data reported by Stor-
mont (1990) and Pfeifle (1995) and fit the data using
an exponential fmction for permeability versus
volumetric strain (see Figure 1). Table 1 lists the
data fitting functions used in Figure 1. Pfeifle et al.
(1998) reported permeability and volumetric strain
data from triaxial stress tests on WIPP rock salt, also
shown in Figure 1. Assuming that the permeability
of intact rock salt is approximately 1 x 10-21m2 (Da-
vies & LaVenue 1990), the permeability changes
several orders of magnitude (4 to 7) over a range in
dilatant volumetric strain of O to 0.5%. Figure 1
shows that permeability changes less rapidly over a
range in dilatant volumetric strain from 0.5 to 4Y0.
Triaxial stress tests were recently completed to cap-
ture permeability versus dilatant volumetric strain in
the dilatant volumetric strain range of 1 to 2.5Y0, by
Pfeifle (1 999).

As seen in Figure 1, the Stormont data (WIPP, in-
situ) appear to be significantly different than the
other experimental data (Pfeifle 1999, Blankenship
1996). These later tests involved cylindrical test
specimens subjected to a triaxial state of stress, and
then nitrogen gas was injected and permeability was
measured.

5 NUMERICAL MODEL

5.1 Background

Previous WIPP-related analyses have recognized the
importance of the interaction between geo-
mechanical processes and fluid flow processes in
evaluating repository performance. Freeze et al.
(1995) summarized several methods for approxi-
mating salt creep and disposal room closure in nu-
merical models of multi-phase fluid flow. A method
for modeling DRZ healing around the WIPP shaft
sealing system is described in RISD (1996). The
work done by Freeze et al. (1995) considered the
coupling of fluid-flow and mechanical effects indi-
rectly, by using a weak one-way coupling approach.
This was accomplished by including pre-defined
temporal and spatial relationships between mechani-
cal strain and fluid pressure. This approach does not
account for the feedback that dynamically alters the
total stress, as shown in equation (2). Freeze et al.
(1998) later considered the influence of coupling
between mechanical strain and porosity. This study
showed that increasing porosity and fracturing can
have significant effects on short-term fluid flows.
Complete coupling of hydrological and mechanical
systems requires two-way coupling. The second
coupling mechanism involves the movement of flu-
ids which is directly affected by the hydrologic

properties while fluid movement (and resulting fluid
pore pressure) directly affects the mechanical proc-
esses of salt damage, creep, and healing. It is likely
that formation of the DRZ and salt creep will be in-
fluenced by variations in the pore pressure in the
immediate vicinity of the repository.

5.2 Theory

The scalar damage factor, D, introduced in equation
(1) is used in the RATDAMPER model to relate
stress tensor invariants to damage based on dilatant
volumetric strain. Generally this stress tensor invari-
ant ratio does not predict evolution of DRZ since it
assumes a maximum value immediately following
excavation (at which time the extent of the DRZ is
actually at a minimum value). Consequently as the
stress field relaxes, D decreases. Although this
measure provides a first approximation of damage,
the decreasing ratio contradicts the observation that
the extent of DRZ continues to develop as the stress
field continues to relax. However, the magnitude of
D can be related to dilatancy and provide a first-
order means to predict transient permeability of the
DRZ.

5.3 Procedure

The following three steps present the engineering
approach damage-permeability model whereby a re-
gion surrounding a portion of the WIPP repository
and/or DRZ resides in a numerical computational
mesh (or grid) containing elements or grid blocks:

m
The measure of dilatancy, D, is calculated as:

r r
D= (0.2; 1,) = (0.81~o,,,)

(3)

where

1, =3.0,,,. (4)

If D 21.0, then it is assumed that the element is
experiencing dilatant behavior leading to damage
(Van Sambeek et al. 1993) and the damage-
perrneability model can now be applied. If D <1.0,
then permeability is not changed for the current ele-
ment.

w
Determine the quantity of dilatant volumetric

strain, SdV.This requires that “onset of dilatant volu-
metric strain”, SOOdV,be computed first. Hunsche has
performed several triaxial stress tests on rock salt
similar to WIPP rock salt (Cristescu & Hunsche
1998) and found that the onset of dilatant volumetric
strain occurs when the slope of a curve in the octa-
hedral shear stress vs. total volumetric strain plane is
vertical. The Cristescu & Hunsche (1998) relation of
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octahedral shear stress, r~~~,and total volumetric
sttain, Gf, for a given mean stress, a~l, is shown in
Figure 2.

The determination of the dilatant volumetric
strain, &dV,is as follows:

Determine the total volumetric strain, ~(, know-
ing rOC1and G from Figure 2. Table 2 displays rOCfas
a function of al for a given an, which correspond to
Figure 2. Values in Table 2 were found from Crist-
escu & Hunsche (1998) and are not representative of
WIPP rock salt, but for a similar rock salt. Using the
values listed in Table 2, a contour plot of total volu-
metric strain as a function of both ‘rOC1and o,~ is
shown in Figure 3. Using the data listed in Table 2, a
double linear interpolation provides the total volu-
metric strain, ~~,for a specified ~OC1and on.

The point at which a curve at constant mean
stress, cn, in the r.c~.~~plane has a vertical slope, de-
fines the onset of dilatant volumetric strain, GOdW
Figure 2 shows the Octahedral shear stress, rOC[,vs.
total volumetric strain, Gl, for a given mean stress,
cr~. For several mean stress values, o~, the points of
inflection which correspond to the transition from
compressibility to dilatancy of rock salt (or the onset
of dilatant volumetric strain, SOti) are shown in Fig-
ure 4. Table 3 lists the ~OCland o~ values at point of
inflection (i.e., &OOd,).The functions displayed in
Figure 4 are described in detail in Table 4. Using the
appropriate function, and knowing the mean stress,
the onset of dilatant volumetric strain can easily be
computed from

‘dv = &w& – E,, (5)

Part 3:—,
From triaxial stress creep testing of WIPP rock

salt (Pfeifle 1997) permeability as a fiction of di-
latant volumetric strain was fitted with two different
exponential functions as shown in Figure 1. Using
these two empirical permeability functions, and the
quantity of dilatant volumetric strain, a new dis-
turbed permeability can be bounded by the Stormont
and Blankenship model curves.

Using the dilatant volumetric strain, &dV,the cor-
responding permeability can be found by averaging
the Blankenship and Stormont model permeability
functions in Ioglu space.

6 CONCLUSIONS

A damage-permeability model has been developed
that is based on a semi-empirical formulation. The
engineering approach can be easily implemented into
a finite difference or finite element rock mechanics
code. A major benefit of the RATDAMPER model
is flexibility, such that modifications can be readily
accommodated, as new or improved dilatant volu-
metric strain vs. permeability data become available.
This model is an initial step in firther development

and research of ongoing DRZ studies, including both
numerical calculations and experimental programs.
It is expected that such models will provide valuable
insight and improved credibility to predict DRZ
evolution, which is a key component of current
WIPP regulatory compliance requirements.
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Table 1. Data Fitting Functions for Permeability vs. Dilatant Volumetric Strain
Source Functional Formulation Empirical Formula Fit Constants
Blankenship (1996)

~, = A, “exp(Bl o(~dv~ ) A, = 7.25X 10-20, B1 = 27.76, C1 = 0.1573

Peach (1991)
k2 = /42(S~,~ /42 =2.13 x10-S, BZ =0.0, C2 =3

Stormont-RESPEC (1995)
k, = ~, eq+~ “(~~, ~ ) A3 = 2.955 x10-21, B~ = 49.90, C~ = 0.3160
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9.748

8.481

7.086
5.809

4.562

3.859

3.177
2.474

1.801

0.524

16.952

16.675

15.418
14.151

0.137 20

0.155 20

0.161 20

0.159 20

0.152 20

0.149 20

0.144 20

0.139 20

0.131 20

0.013 14

0.041 14

0.062 14

0.093 14

0.112” 14

0.128 14

0.137 14

0.139 14

0.141 14

0.142 14

0.145 14

0.142 14

0.135 8

0.132 8

0.130 8

0.126 8

0.119 8

0,108 8

0.006 8

0.025 8

0.069 8

0.103 8

10.341

9.065

7.788

6.522

5.245

3.879

2.583

1.316

0.099

12.538

11.984

11.291

10.143

8.768

7.620

6.333

4,661
3.474

2.286

0.980

0.069

8.857

8.293

7.125

6.828

5.938

5.057

3.761
2.494

1.188

0.099

0.130

0.132

0.131

0>126

0.118

0.108

0,100

0.089

0.079

0.018

0,036

0.056

0.077

0.090

0.091

0.086

0.071

0.058

0.041

0.028

0.018

0.014

0.042

0.074

0.077

0.083

0.083

0.075

0.066

0.056

0.052

Table 3. Onset of Dilatant Volumetric Strain (c%c/u)at r&~and q,,
q, (MPa) &oo~v(’?/0) Z&r(MPa)

8.0 0.095 5.0

14.0 0.105 7,5

20.0 0.140 9.0

25.0 0.150 10.0

30.0 0.165 11.0

35.0 0.195 11.5

40.0 0.215 , 12.0

Table 4. Data Fitting Function for the Onset of Dilatant Volumetric Strain
Type Functional Formulation Empirical Formula Fit Constants
Linear

&oodv= A, + B, “a,,, Al =5.852 x10-2, B1 =3.811 x10-3

Quadratic
..,,,, = A2 + B2 “Om+ C2 “a,,, .0,,,& A2 = 7.244 x10-2, B2 = 2.371 x10-3,C2 =2.997 x10-5

Exponential
E =

mdv
exp(A3 + B3 .0,,, + C3 . cr,l,“~111) A3 = –2.621, B3 = 3.222 x10-2, Cj = –1.272x10-4


