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ABSTRACT: A model of permeability changes in rock salt is developed and' implemented in a time-
dependent finite element code. Model parameters are developed from laboratory tests. The model is used
to predict permeability changes adjacent to excavations in rock salt.

1 INTRODUCTION

The permeability of rock salt is the single most However, this approach provides no information on
important parameter in its viability as a medimn for the magnitude of the permeability within the DRZ.
hydrocarbon storage and waste disposal. Although A second approach seeks to quantify the perme-
intact or undisturbed rock salt has a very low ability increase within the DRZ, most conveniently

permeability, there is growing evidence of a region by developing a stress-permeability relationship.
surrounding excavations in which the permeability The majority of research and interest on this subject
can be dramatically increased. The permeability of pertains to changes in permeability as a function of
the bedded rock salt which is the host material for hydrostatic stress, such as related to a material's
the Waste Isolation Pilot Plant (WIPP) in SE New depth of burial. These permeability changes are due
Mexico has been extensively studied. Beyond a few to recoverable changes in the pore structure, and
meters from most excavations, the rock salt has a have been modeled assuming elastic deformation of

brine permeability of about 1021 m2, a porosity on the pore structure (e.g., Walsh, 1981). Permeability
the order of 0.1%, a formation pore pressure less changes are also possible due to the creation of new
than the lithostatic state of stress, and no measurable porosity (or inelastic dilation or damage). These
gas permeability (Stormont et al., 1991). Within permeability changes are due in part to deviatoric
about one-half effective radius of an excavation, stresses, and may or may not be recoverable. The
however, a Disturbed Rock Zone (DRZ) forms. In dramatic permeability changes observed in the DRZ
this zone, the formation becomes partially saturated are of this type, that is, they are due to microcrack-
and both the brine and gas permeability can exceed ing and dilation.
10"16ms (Stormont et ai., 1991). The formation of A phenomenological model of permeability
a DRZ has been principally attributed to inter-crys- changes in rock salt resulting from damage has been
talline boundary microcracking accompanied by developed by Stormont et al. (1992). The model
dilation, and is the result of relatively high begins with the equivalent channel model, which
deviatoric and low mean stresses in the salt sur- gives the permeability as a function of the porosity,
rounding excavations (Stormont, 1990a). hydraulic radius (flow path aperture) and empirical

One approach to predicting the extent of the constants. The permeability model is recast in terms
DRZ is to identify the regions surrounding an exca- of easily calculated or measured quantities, i.e.,
vation in which the stress state is sufficient to dilate stress and strain. The model parameters are devel-
or microcrack the rock salt. Reasonable agreement oped from permeability measurements during quasi-
has been reached I_tween the amount of rock which static compression tests. Predictions of permeability
is predicted to have dilated and that interpreted from changes are made by incorporating this model into
various in situ measurements (Stormont, 1990b). a time-independent plasticity finite element code.
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When compared to in situ measurements, this model ume strain is nearly identical to the gas-accessible
is found to somewhat underpredict the permeability porosity because the pore structure which develops
of the rock salt in the I)RZ. is largely interconnected (Stormont, 1990a). There-

In this paper, we extend the model of Stormont fore, changes in the porosity are taken to be equal to
et al. (1992) to include the effect of the pronounced the calculated inelastic volume strain or dilation
time-dependency (creep) of rock salt. The model is
modified in order to be incorporated into a time-

dependent finite element code. The adequacy of the d_ = _iI' (2)
model is assessed by comparing simulation results
with in situ measurements around an opening in
bedded salt. The paper describes the theoretical
derivation and numerical simulations for time- The gas-accessible porosity of undisturbed rock salt
dependent changes of salt permeability. Agreement is immeasurably small, so Equation (2) can be
and discrepancies are discussed, and future develop- rewritten as
ment needs are recommended.

2 PERMEABILITY MODEL _ - _{i' (3)

Our model for permeability changes in rock salt
is based on a series of measurements of gas perme-
ability during quasistatic compression tests (Stor- Because the hydraulic radius (i.e., one-half of the
mont and Daemen, 1992). The result of the devia- flow path aperture) was not measured directly, w
toric loading tests (CTC - conventional triaxial must be replaced with a measured parameter such as
compression) can be sumxnarized as follows. Initial- stress c_. The aperture of a microcrack is a nonlin-
ly, under hydrostatic stress, the rock salt has no car function of the stress across it (Goodman, 1976),
measurable gas permeability. As the deviatoric load and can be expressed as
is increased, the permeability and porosity increase
as a result of sliding and dilation along grain bound-

aries. Continued loading results in the growth and w = Cp cs_" (4)
coalescence of the secondary tensile cracks. The
pore structure is largely interconnected virtually as
soon as the rock salt begins to dilate and as a result
the gas-accessible porosity is equal to the dilation of where C.p is a constant related to the deformability
rock salt. The pore structure of rock salt consists of of the microcrack and X is an (negative) exponent
narrow microcracks with large aspect (length to which accounts for the nonlinearity. For a three-
width) ratios (Stormont and Daemen, 1992). dimensional state of stress, the most relevant stress

From the equivalent channel model (e.g., Walsh measure which corresponds to c_ is the minimum
and Brace, 1984), permeability k can be expressed principal stress because microcracks, and conse-
as (Stormont, 1990a) quently the flow paths, develop preferentially

normal to this direction.

By substituting Equations (3) and (4) into Equa-
k - w '-d_' (1) tion (1), the permeability is expressed as (Stormont

b et al., 1992)

/L',, in_,¢

k = Act 3re,.) (5)
where w is the hydraulic radius, q) is the porosity,
s is related to the flow path tortuosity, and b is a
constant related to the pore shape. For rocks in where A is an empirical constant and _.' is equal to
which the flow is through narrow channels such as 2_. er' represents the nondimensionalized minimum
microcracks, b is 3 (Wyllie and Spangler, 1952). principal stress, cr3/P where P is a constant used to

To link the predicted mechanical response and non-dimensionalize stress, here taken as 1 MPa.
the permeability, Equation (1) must be cast in terms The results of the CTC tests indicate that funda-
of calculable quantities (i.e., stress and strain). It mentally different pore structure develop depending
was found that during CTC tests, the inelastic vol- on the confining pressure. The original model of
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Stormom et al. (1992) accounted tbr this by making Fuenkajorn, 1993). The back analysis is performed
both L and s linear functions of the minimum by adjusting the coefficients in the volumetric

principal stress. In this work, we tbund that a dilation function and permeability model until the
somewhat better back-fit to the laboratory data results of the simulation agree as closely as possible
could be achieved with a constant value of L and with all the experimental results. The parameters

expressing s as a function of minimum principal which provide the best fit to the test data are given
stress (or'), plastic transition pressure (P) and an in Table 1.
empirical constant (n). When there is no dilation,
the permeability is set to a default value which Table 1. Model Parameters
represents the permeability of the undisturbed rock
salt. We use a value of 10aj m2 as this is about the Permeability, parameters

lower limit of most laboratory and field measure- A 2 x 10.3 m2
ments of rock salt permeability (Stormont et al., L 3.9
1991). n 40

Equation (5) has been implemented into the finite P 41.3 'mPa
element code GEO. GEO is capable of describing
elastic, viscoelastic, viscoplastic, strain-softening and Dilation parameters
dilation behavior of rock salt. The program carries F 0.05
out an explicit time-domain integration. The perme- C 0.2
ability, therefore, can be calculated for each element H 3.1
and each time step using the current values of _3. 3'c 0.0085
and E;v in. Since _'3 and Gi" are updated for each P 41.3 mPa
time step, the change of salt permeability from one
time step to another is due to the change of stress The volumetric strains from the simulations are
state and creep deformation and dilation, compared with the test results in Figure 1. The

The GEO model defines volumetric dilation as: simulated volumetric strain tends to overestimate the

test results, particularly after the samples are de-
_, formed beyond 8 to 10% axial strain at th_ lower

e,, = F{exp[C(z,-_J?_] -_} stress levels. Figure 2 compares the ,_':.:ulated

exp[-Hcr,,/(P-cr,,,)] ; "Yo>?cand %,<P permeabilities with the experimental results. Devia-
tion of predictions from the permeability test resalts
is usually less than an order of magnitude, excepi

where F, C and H are coefficients related to dilation, for those tested with a 7.6 MPa confining pressure.
strain softening and confinement, respectively, % The variation of the measured permeability suggests
and _'c are induced and critical octahedral shear that a realistic objective for the permeability model
strains, cym is the mean stress, and P is the plastic is to provide an order-of-magnitude estimate of
transition pressure. Detailed formulation of the permeability.
constitutive equation and the finite element code
GEO is given elsewhere (Serata et al., 1991; Serata 4 AN ASSESSMENT OF THE MODEL
and Fuenkajorn, 1993). PREDICTABILITY

3 CALIBRATION OF MODEL PARAMETERS We constructed a finite element model to simu-

late the geometry, boundary loading conditions and

The laboratory permeability-CTC test data are history of Room D, a well-instrumented experimen-
used to determine the numerical values for the tal WIPP drift. A hydrostatic pressure of 14.5 MPa

coefficients in the permeability model and the is initialized into the model before excavation,
volumetric dilation equation. Finite element analy- which represents the assumed in situ stress state at
ses are performed to simulate the mechanical behav- a depth of about 600 m. It is assumed that the
ior and permeability changes during the CTC tcsts room is excavated instantaneously. The simulations
under confining pressures of 2.4, 4.1, 5.9 and 7.6 extend from before excavation to 52 months after
MPa. The elastic, viscoelastic, viscoplastie, and excavation (when in situ gas permeability tests were
strength parameters for the simulations were those conducted). Detailed boundary and loading condi-
developed by Serata and co-workers (Serata et al., tions for the Room D simulation are given else-
1991; Serata and Fuenkajorn, 1991; Serata and where (Serata and Fuenkajorn, 1991).



Figm'e 3 provides a comparison of the permeabil- 10., ' .O

ity prediction and the in situ permeability test data _ ...i..._

measured at 52 months after excavation. The

permeabilities are presented as a function of hori-
zontal distance from the wall of Room D. A few 10,5 ........ O _

' f , "" ' "" - ""meters away from the excavation, the gas permeabil- ._.,.....-..."" ..........

ity of the formation was below the resolution of the q>/.- b . ........ _test system, A maximum value of the permeability, /

dependent on the test duration and conditions, is _ lo.18 /d3 ..- • 9,.-""" -

given in the figure in those cases when the perme- ; t_ , y .,- .,...,..-.'"

ability is below the test resolution. The model tends _ / t,e r_...v,, "to overpredict the measured permeabilities, particu- __
larly near the room boundary. The model predicts _ _o-'7 _]DQ/..
that at a distance of 4.6 m and beyond, no dilation _t ._'
occurs and consequently the permeability is assumed _/
to be the default value associated with undisturbed i 69

I_ Confining Laboratory Model

rock salt. Tiffs result is consistent with the gas _o._8 Pressur__.____e...._Date Prediction -

permeability measurements in the rock salt at these z4 MF'a J, ---.--
4.1 MPa _ .....

locations being below the resolution of the measure- s.8MPe • - - -
ment system. 7.5 MPa O ....

The time-dependent behavior of thc rock salt has lo-19ocx..o _ I , ,
very little impact on the predicted permeability. A 1 2 3 4Porosity Increase (°/o)

prediction soon after excavation (<1 month) and at
52 months are virtually identical and overlie one
another in Figure 3 This result is a cortsequence of Figure 2, Permcabilities as a function of dilation,

' laboratory results versus prediction.
the very strong dependence of the permeability on
the amount of dilation. Because creep tends to re-
duce the deviatoric stresses, the greatest potential for _o-10 , , ,..... ,

such dilation occurs immediately upon excavation. \ o Me_suredVa,_e
\ V Maximum Possible Measured VaJue

1012 _ (below system resolution)

5.0 ......... , .... , ..... • • • -, ..... . • • - , .... T- -:. , • • •. k -- Prediction Using Current Model

__ -- -- Prediction of Stormontet el. 1992

Confining Laboratory Model 10.14
Pressure Data _

4.04.002"41 MPaMPa ...."-'---- _ _ Predictionsat <1 Month and52 Months

7.59 MPa ............ _ 10.16 _ ProduceMatchingResults
3.O \' ## _.

i ..'J"." 1o,,

.o ,,8#a#

2.0 / / t _ Lower Limit of
10.20 _ _ v PredictiveModels

_ ", , ",..
/ / s .::"

_1.0 4,_'° ' 1022 I , I ,, I I

> Distance (m)

ooL.,./."/....."" .'"
-_.,,¢.,,.,,-,.--"" .. Figure 3. Comparison of permeability along perme-

ability test borehole between model prediction
-1.o (lines) and measurements.

The prediction using the quasi-static model of-20 .... ' .... ' .... ' .... '.... ' .... '.... ' ......... ' ....

oo ,.o 8.o _zo 16o 20.0 Stormont et al. (1992) is also given in Figure 3,
A,_.lstra_,',(_o) This prediction is consistently lower than that based

on Equation (4), attributable to a somewhat different
Figure 1. Volumetric strain as a function of axial form of the model and parameters, The two predic-
strain, laboratory results versus prediction, tions bracket the experimental results. The discrep-



ancies between the simulation and the in situ mea- dome for compressed air energy storage plant.
surements may be caused by factors related to (1) Report RP2615-2. Palo Alto, CA: Electric
the permeability model and parameters, (2)the Power Research Institute.
mechanical model and parameters, and (3) details of Stormont, J.C. 1990a. Gas permeability changes in
the simulation (e.g., boundary and initial conditions, rock salt during deformation. Ph.D. Thesis.
discretization). An improvement in the predictive Tucson, AZ: University of Arizona.
ability of the model would result if both mechanical Stormont, J.C. 1990b. Discontinuous behavior near
and permeability parameters were derived from tests excavations, in a bedded salt formation. Int..I.
conducted with loading paths more representative of Min. Geol. Eng. 8: 35-56.
that which the rock actually experiences. Pcrme- Stormont, J.C., and J.J.K. Daemen. 1992. Labora-

ability data for which the flow direction is normal to tory study of gas permeability changes in rock
the direction of the minimum principal stress (i.e., salt during detbrmation. Int. J. Rock Mech. Min.
normal to the majority of microcracks) are also Sci & Geomech. Abstr. 29: 325-342.
desirable, primarily to investigate the degree of Stormont, J.C., C.L. Howard, and J.J.K. Daemen.
anisotropy of the dilation-induced perineability. 1991. In-situ measurements of rock salt perme-
Simulations which incorporate the periodic horizon- ahility changes due to nearby excavation. Report
tal layers of anhydrite and clay may alter the stress- SAND90-3134. Albuquerque, NM: Sandia
strain distribution in the rock and consequently the National Laboratories.
predicted permeability. Stormont, J.C., J.J.K. Daemen, and C.S. Desai.

1992. Prediction of dilation and permeability
5 CONCLUSIONS changes in rock salt. Int. J. Num. Anal. Meth.

Geomech. 16: 545-569.

The proposed permeability model describes an in- Walsh, J.B. 1981. Effect of pore pressure and
crease in permeability of salt as a function of volu- confining pressure on fracture permeability, Int.
metric dilation, minimum principal stress, and J. Rock Mech. Min. Sci. & Geomech. Abstr. 18:
plastic transition pressure. Implementation of the 429-435.
model into the finite element code where the volu- Walsh, J.B., and W.F. Brace. 1984. The effect of

metric dilation is calculated in an explicit time pressure on porosity and transport properties of
domain allows one to predict the time-dependent rock. J. Geoph. Res. 89 (Bll): 9425-9431.
changes for salt permeability under various bound- Wyllic, M.R.J., and M.B. Spangler. 1952. Applica-
ary and loading conditions. The representativeness tion of electrical resistivity - measurements to
of the model coefficients is speculative because they problem of fluid flow in porous media. Bull.
have been calibrated from a limited amount of test Amer. Assoc. Pet. Geol. 36(2): 359-403.
data with a relatively high intrinsic variability and
under a narrow range of test conditions (loading
path, stress rate, confining pressure). Laboratory
data from a broader range of test conditions arc
needed to provide a more rigorous calibration tbr
the coefficients.
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