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ABSTRACT 

A laboratory, field and numerical study of the changes in gas permeability 

which rock salt experiences during deformation is given. The laboratory tests in

volves gas permeability and porosity measurements coincident with hydrostatic and 

triaxial quasi-static, stress-rate controlled compression tests. The permeability and 

porosity of the as-received samples decrease significantly as a result of hydrostatic 

loading. These changes are largely irreversible, and are believed to "heal" or return 

the rock to a condition comparable to its undisturbed state. Deviatoric loading 

induces a dramatic change ;a pore structure. The permeability can increase more 

than 5 orders of magnitudf, over the initial (healed) state as the samples are loaded. 

The gas permeability changes are consistent with flow paths initially developing 

along the grain boundaries and then along axial secondary tensile cracks. The re

sults from two sets of in situ gas permeability measurements from the underground 

workings of the WIPP Facility are given. The results consistentlY indicate that 

there is no measurable gas permeability prior to disturbing the rock by excavation. 

In the immediate vicinity of an excavation, the gas permeability can be 5 orders of 

magnitude greater than the undisturbed permeability. A numerical procedure to 

predict the in situ permeability is devek~ed based on the results of the laboratory 

tests. The stress and strain fields surrounding excavations in rock salt, predicted 

with an elastoplastic model, are used in a model of gas permeability based on the 

equivalent channel model. The zone of the gas permeable rock is predicted well, but 

the magnitude of the gas permeability is underpredicted very near excavations. The 

gas permeability which develops in situ is pilm~ipally a. result of flow along dilated 

grain boundaries. 
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CHAPTER 1 

INTRODUCTION 

For centuries, the mining of salt minerals (halite and potash) has required excava

tions in rock salt deposits. More recently, rock salt is being utilized for the storage 

of hydrocarbons (oil, natural gas) and is being investigated as a medium for the 

disposal of radioactive waste for US defense-generated waste as well as for a variety 

of wastes in Europe. Rock salt has two principal advantages as a storage medium. 

First, it exhibits pronounced time-dependent deformation or creep under relatively 

low stresses. Excavations slowly close due to creep and, over long periods of time, 

the closure is expected to continue until the waste is entombed in a monolith of salt. 

The second notable feature of rock salt is its very low permeability and porosity, 

conducive to the long-term isolation of the waste from the biosphere. 

The research presented in this dissertation investigates the changes in gas 

permeability that rock salt experiences as a result of deformation, under both labo

ratory and field conditions. This research is principally directed toward support of 

the Waste Isolation Pilot Plant (WIPP) Facility being developed in a bedded rock 

salt formation for the storage of transuranic (TRU) waste. The gas permeability 

of the rock salt in the immediate vicinity of excavations for storage of radioactive 

waste is important to three key issues: 

1. Dissipation of waste-generated gas - Gas can be produced from TRU 

waste by microbial degradation, corrosion of the metal storage drums, and radi

olysis of the waste. The rate and amount of gas generation is dependent on the 
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specific content of the waste as well as the water and oxygen contents of the sealed 

repository, and are therefore not well known (Lappin et al., 1989). Present esti

mates indicate that over long periods of time gas pressure could develop sufficient 

to fracture or inHate the repository (Bertram-Howery and Hlmter, 1989; Lappin et 

aI.,1989). The ability of the formation adjacent to $troage roOTm to $tore and tram

mit go.3 (i.e., iu ga& permeability and poro$ity) i$ the principal meam of di.5$ipating 

the potentially deleterio1U go.3 pre$$ure$. 

2. To su.pport seal design - After being filled with waste, the repository will 

be sealed with a series of man-made structures in order to limit flow in, out and 

through the repository. The effectiveness of the seal system depends not only on 

the seal itself, but also on the permeability of the adjacent rock (e.g., Stormont 

and Arguello, 1988). Ga.5 permeability provides an expedient method to quantify the 

potential for seal bypc£&s ir.. the rocks adjacent to seal locations. 

3. As a measure of damage or disturbance of rock salt - Undisturbed rock 

salt has a gas permeability which is most often too small to measure, both in the 

laboratory (e.g., Sutherland and Cave, 1980) and in the field (e.g., Stormont et al., 

1987). However, measurable p~rm~abi1ities develop adjacent to most excavations as 

a result of newly created porosity. Gas permeability provides a measure of structural 

changes (damage) which develop in rock $alt under certain conditiom. Damage in 

rock salt has a wide range of implications because it manifests itself as changes in 

both transport and mechanical properties. 

Vvhile this research is directly applicable to the WIPP Facility, it is relevant 

to other waste disposal schemes in rock salt (e.g., the Asse facility in West Germany) 

as well as natural gas and liquid storage facilities in rock salt. Gas permeability 

of rock salt is also a controlling factor in the existence of dangerous and costly gas 

outbursts in salt and potash mines (Mahtab, 1984; Djahanguiri and Mahtab, 1988). 

This dissertation is organized as follows. In Chapter 2, a background of 
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the present understanding of the mechanical and transport properties of rock salt , 
is given. Both the short-term and time-dependent (creep) mechanical response 

of rock salt is considered. The transport properties of rock salt are discussed as 

derived from laboratory tests and in situ measurements with brine and gas as the 

test fluid. The concept of a Disturbed Rock Zone (DRZ) is introduced, and is 

followed by a discussion of some of the coupled (mechanical and transport) aspects 

of rock salt behavior. The conclusion is reached that the DRZ is a principal80urce 

of uncertainty in the understanding of rock salt behavior and that gas permeability 

provides a logical measure of the DRZ. Chapter 3 presents test methods, data and 

analyses of the laboratory test program. Both the mechanical (stress, strain) and 

transport (permeability, porosity) response are given in detail. The results from 

the hydrostatic compression tests are analyzed in terms of healing or reversal of 

sample disturbance. The triaxial compressic:'l tests are analyzed in the context of 

an equivalent channel flow model and a micro crack model. The in situ measurements 

are presented in Chapter 4. An overview of the analysis method is given. The results 

from a mine-by experiment are presented and discussed. Chapter 4 concludes with 

the results from a series of gas permeability measurements made in rock surrounding 

various WIPP drifts. In Chapter 5, the development of gas permeability in rock salt 

is modeled numerically. The parameters for an elastoplastic mechanical model are 

derived from the laboratory tests. Models for permeability as a function of stress 

and/or strain are developed from the equivalent channel model. The results from 

finite element simulations of two sets of in situ gas permeability measurements are 

given and compared to the measured values. Chapter 6 presents a summary of the 

research, a discussion of some implications of the research and recommendations for 

future research. 

In Appendix A, the labeling and pre- and post-test dimensions of the lab

oratory samples are given. Appendix B contains the methods and results from 

various calibrations of the laboratory equipment. An analysis of the applicability 
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of quasi-steady flow method for permeability interpretation is given in Appendix 

C. In Appendix D, the Klinkenberg method to correct for gas slip is given. An al

ternative method to develop the correction is also presented. Appendix E contains 

tables of the gas permeability and porosity data determined during the laboratory 

test program. The stress-strain data from the laboratory test program are given in 

Appendices F and G for the hydrostatic and triaxial compression tests, respectively. 

In Appendix H, the inelastic volume strain 8lld gas-accessible porosity data from 

the laboratory triaxial compression tests are given. Development of the governing 

differential equations, relevant boundary conditions and numerical solution scheme 

for gas flow in a porous medium is given in Appendix I. 
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CHAPTER 2 

BACKGROUND 

The research in this dissertation is relevant to both the transport and mechanical 

properties of rock salt. While the experiments and analyses do not consider cou

pling in the strict sense, they do provide a quantative link between the transport 

and mechanical response. It is therefore useful to provide a background of the 

present understanding of the mechanical and transport properties of rock salt, with 

particular attention to V/IPP rock salt. The background is a focused summary of 

the state-of-the-art rather than an exhaustive Htcrature survey. 

The background describes some key aspects of the WIPP Facility, including 

the facility layout and stratigraphy at the disposal horizon. The short-term and 

time-dependent mechanical properties of rock salt are discussed. Transport proper

ties are considered as interpreted from laboratory tests and field measurements using 

both brine and gas as the test fluid. The concept of a Disturbed Rock Zone (DRZ) 

surrounding excavations in rock salt is introduced. Some of the coupled aspects 

of rock salt behavior are discussed. The principal conclusion from the background 

discussion is that the rock mass response within the DRZ is fundamentally differ

ent and more complicated than the undisturbed rock, and that gas permeabilities 

provide a means to quantify this zone. 

-------.~ .. 
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2.1 The Waste Isolation Pilot Plant Facility and Stratigraphy 

The Waste Isolation Pilot Plant (WlPP) is a US Department of Energy (USDOE) 

facility under development since 1981 near Carlsbad, New Mexico to demonstrate 

safe disposal of transuranic (TRU) waste from US defense programs. The \VIPP 

Facility disposal horizon is approximately 655 m below the ground surface in the 

bedded halites of the Salado Formation. The Salado Formation is a massive evap

orite deposit, formed 200 million years ago by the precipitation of minerals (princi

pally halite) from a very shallow saline sea as its water evaporated. The immediate 

stratigraphy surrounding the WIPP excavations is horizontally bedded, containing 

numerous layers of anhydrite and clay, as well as halite layers with various impu

rities (Figure 2.1). In this dissertation, "rock salt" will refer t", the rock which is 

predominately halite (from argillaceous to polyhalitic to clear halite). The layers of 

anhydrite and clay will be referred to as interbeds. 

The WIPP Facility is illustrated in Figure 2.2. The underground develop

ment can be separated into areas north and south of the shafts: to the north are the 

experimental areas and to the south are the disposal rooms. Experimental efforts 

have been directed toward characteri~ing the mechanical a..11d transport properties 

and response of the formation surrounding the WIPP excavations, evaluating the 

efficacy of various seal materials and designs, and characterizing potential waste 

forms for high-level waste (e.g., Tyler et al., 1988). 

The vast majority of the waste to be disposed at WIPP will be contact

handled (CH) waste, comprised of contaminated paper, cloth, wood, steel, rubber, 

plastic, etc. The waste is expected to arrive in 0.2 m3 (55 - gal) drums and boxes, 

and is to be stacked in the disposal rooms. When the total anticipated volume of 

1.24xl05m3 of waste has been emplaced, the repository shaIts and drift.; are to be 

sealed with combinations of concrete, bentonite and salt backfill. 
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In accord with current Environmental Protection Agency (EPA) regulations, 

the TRU waste will have to be isolated from the accessible environment for ten 

thousand years (US EPA, 1985). The performance of the WIPP will therefore have 

to be evaluated by means of probabilistic uncertainty analyses. These repository 

performance assessments evaluate the potential for release of radioactivity to the ac

cessible environment for various possible scenarios of future events, !ncluding human 

intrusion scenarios (e.g., inadvertent drilling into the repository during exploration 

for hydrocarbons or economic minerals). The expected performance of the repos

itory will have to be extrapolated from me" dels developed from measurements and 

observations made over only a relatively short time. Therefore, to the extent pos

sible these models must be founded on and consistent with the operative physical 

processes to maximize their predictive capabilities. 

2.2 The Mechanical Behavior of Rock Salt 

The mechanical behavior of rock salt is complex. Its response to load is inelastic, 

nonlinear, time-dependent, and loading rate-dependent. The following discussion 

will first consider the behavior during relatively short-term tests followed by the 

time-dependent behavior. 

2.2.1 Rock Salt Behavior During Quasi-static Tests 

The short-term behavior of rock is typically studied by means of quasi-static com

pression tests, which are usually of the duration of minutes to hours. The term 

quasi-static will be used in this dissertation to denote a rate of loading or deforma

tion associated with common laboratory tests (strain rates on the order of 10-3 to 

10-5 sec-I). Quasi-static tests are "slow" in the sense that they do not involve a 

dyn~1!lic load or response, but at the same time are "fast" in that they aTe at rates 
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probably comparable to those induced by typical mechanical excavation. Even so, 

the pronounced time-dependency of rock salt makes it virtually impossible to deter

mine its truly time-independent response and some time-dependency is embedded 

in all measured response. The most common test has been the conventional triaxial 

compression (CTC) test, in which cylindrical samples are subjected to a constant 

confining pressure while the axial stress is increased. CTC test resclts on rock salt 

samples have been reported by many, and conclusions from these measurements will 

be swnma...-ized below (Wawersik and Hannum, 1980; Mellengard et al., 1983; Pfeifle 

et al., 1983; Farmer and Gilbert, 1984; Hansen et al., 1984; Spiers et al., 1987; Desai 

and Varadarajan, 1987; Fuenkajorn and Daemen, 1988). All quasi-static CTC tests 

reveal a near zero yield stress, followed by a strain hardening response. At low 

confining pres&ures «3.5 MPa), rock salt tends to fail in a brittle manner, that is, 

at a maximum load the sample develops failure surface(s) and loses strength. As 

the confining pressure is increased, the failure becomes increasingly ductile so that 

above about 3.5 MPa, the material exhibits a perfectly plastic to strain hardening 

response for large strains (up to 10% axial strain). 

All CTC tests reveal that rock salt dilates at confining pressures up to 20 

MPa. For comparable amowlts of axial strain, dilatancy increases as the confining 

pressure is decreased. 

The rate of loading or straining can affect the observed stress-strain response. 

For typical q\lasi-static strain rates of between 10-3 to 10-5 sec-I, there is little 

change in strength (Hambley et al., 1989; Farmer, 1983, p. 130). Decreasing the 

stress or strain rate decreases the confining pressure at which the overall sample 

behavior becomes ductile (Fuenkajorn and Daemen, 1988). 

From microscopic observations on samples which had been deformed during 

CTC tests, Carter and Hansen (1983) conclude that for confining pressures of 3.5 

MPa and below, the predominant mode of deformation is cataclastic flow with frac-
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turing along grain boundaries and shearing along cleavage planes. As the confining 

pressure is increased, the deformation becomes increasingly ductile so that by 14 

MPa confining pressure, deformation is dominated by crystal plasticity (Carter and 

Hansen, 1983). 

Tests by Wawersik and Hanncn (1980) and Desai and Varadarajan (1987) 

reveal that rock salt dilates during quasi-static compression tests which follow dif

ferent stress paths (both compression and extension), and the response depends on 

the mean stress. Franssen (1987) found the behavior of rock salt to depend upon 

stress path. Langer (1984) and Lux and Rokahr (1984) similarly conclude that the 

strength of rock salt is dependent on the stress path and mean stress. 

Although rock salt exhibits nonlinear inelastic response during loading, the 

unloading response tends to be linearly elastic, and elastic properties have been 

determined from unloading under different stress paths (hydrostatic compression 

(HC), Wawersik and Hannum, 1980; HC, CTC and triaxial extension (TE), Desai 

and Varadarajan, 1987; CTC, Pfeifle et al., 1983). 

Brazilian disk tests (Pfeifle et al., 1983; Fuenkajom and Daemen, 1988) reveal 

that the tensile strength of rock salt is very small, on the order of 1 to 2 MPa. Rock 

salt is thus relatively weak in tension: the ratio of unconfined compressive strength 

to tensile strength is on the order of 20, whereas it is typically nearer to 10 for most 

rocks (e.g., Jaeger and Cook, 1979, p.190). 

The short-term behavior of rock salt has been incorporated into various mod

els. The more sophisticated of these models treat rock salt as an elastoplastic mate

rial, and explicitly account for strain hardening and dilation (Butcher, 1981; Farmer 

and Gilbert, 1984; Munson and Fossum, 1986; Desai and Varadarajan, 1987). These 

models have not been extensively applied to engineering problems because most 

measurements and modeling efforts have focused on the time-dependency of rock 

salt. 
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2.2.2 The Time-Dependent Behavior of Rock Salt 

Rock salt creeps or deforms plastically under sustained deviatoric loads. This time

dependent phenomenon has been studied intensely in the last decade by means 

of in situ, laboratory, and modeling investigations. Extensive summaries of the 

measurement and modeling of rock salt creep can be found in Fuenkajom and 

Daemen (1988) and Carter and Hansen (1983). 

Creep can be divided into transient, steady-state and tertiary phases. Tran

sient creep is characterized by a decreasing creep rate with time under a constant 

load. Steady-state creep refers to constant deformation rate with time under a 

constant load. An increasing rate of deformation with time leading to rupture or 

failure is referred to as tertiary creep. Models for the creep of rock salt generally 

only account for transient and steady-state creep. 

The desire to predict rock salt creep out to very long times (hundreds of years 

or more) and the shortcomings of models which simply curve fit experimental data 

has motivated the development of models based on the micro-mechanisms of creep. 

These mechanisms are based on the structural elements of inter-crystalline dislo

cations and grain boundaries. This approach to modeling creep has evolved from 

metal plasticity and hence ignores aspects which distinguish geomaterials (including 

rock salt) from metals; e.g., dilation and yield and strength dependence on mean 

stress (Lade, 1988). From detailed microscopic observations and measurements, the 

dominant steady-state deformation mechanisms at temperatures and stresses rele

vant to a radioactive waste repository are dislocation glide, dislocation climb and 

an "unidentified" mechanism (Langer, 1984; Munson et al., 1989). For the temper

atures and stresses anticipated for WIPP as well as most mines and other storage 

facility, the unidentified mechanism is expected to be the most active .wechar.Lisill 

(Van Sambeek, 1986). The unidentified mechanism model is assumed to be of the 

same form as the dislocation climb model, and for isothermal conditions is described 
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by 

i. = Au" (2.1) 

where i. is the creep rate," is some stress measure and A and n are empirical 

constants. 

Transient creep is most often given as a function of the steady-state creep 

rate 

(2.2) 

where r is the transient creep function. The most recent treatment of transient 

creep for WIPP applications (Munson et al., 1989) assumes r is an exponential 

function which, depending on the magnitude of an internal state variable, can ex

hibit workhardening, equilibrium or recovery response. 

It is interesting to note that while the intent was to develop a mechanistic

based creep law for rock salt, even the most sophisticated efforts revert to a semi

empirical approach. The transient creep response is given in an empirical form as 

proportional to steady-state creep, which itself is dominated by a mechanism which 

is modeled with an empirical form. 

The state-of-the-art in the mechanical modeling of the structural response of 

the rock surrounding WIPP excavations has recently been given by Munson et al. 

(1989). The mechanical model accounts for transient and steady-state creep of rock 

salt, including its thermal dependence. The time-independent elastic response is 

considered, but not quasi-static or instantaneous plasticity despite the results from 
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quasi-static tests. The model includes major stratigraphic If~yers (halite, anhydrite 

and clay) as well as permitting slip along the clay seams. A large laboratory data 

base is used to develop creep a.nd elastic parameters for diflferent salt· layers. Com

parisons between field measurements and numericsJ. predictions are within 2% for 

vertical closure and 18% for horizontal closures for certain ex'cavations up to about 

2 years after excavation (Munson et al., 1989), a notable improvement over previous 

calculations which systematically underestimated closu.res by a factor of abcut 3. 

The improved prediction is due in part to the increased amount of transient creep 

which is predid:.ed. In fact, transient cr@p exceeds the steadY-8tate creep by more 

than a factor of two for the above calculation. 

While the current reference WIPP model has been successful at backfitting 

closures of WIPP excavations for a limited period of time, it is not a comprehensive 

model because it does not account for all of the behavior observed in the vicinity of 

excavations in rock salt. In particular, these models can only predict isovolumetric 

plastic deformation. An abundance of field measurements and observations reveal 

a zone of dilation in the rock salt surrounding many openings (Stormont, 1990a). 

Also, no failure criterion is incorporated in the model for either salt or anhydrite, 

both of which develop limited fractures in the field. A further deficiency is that 

these models do not account for the presence of pressurized pore fluids, either in 

terms of the well known effect of moisture on creep (e.g., Spiers et al' l 1988) or a 

coupling of the deformation and the movement of the fluid. 

The adequacy of the present reference mechanical model depends upon the 

application. It may be excellent for predicting long-term massive movements of the 

rock salt extending from an excavation. It cannot, however, be directly applied to 

address operational stability concerns such as roof falls and floor buckling, or long

term waste isolation issues pertaining to fluid flow in fractured or dilated zones 

adjacent to excavations. 
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2.3 The Transport Properties of Rock Salt 

The transport properties are perhaps the most important factor in the technical 

via.bility of long-term waste disposal and isolation in rock salt. However, substan

tially less effort has been given to understanding these properties compared to the 

mechanical properties. This is principally because prior to excavating the WIPP 

Facility, rock salt was believed to be essentially dry with no connected porosity and 

hence no permeability. For most conventional applications rock salt is indeed im

permeable; however, the rigorous requirements for long-term waste isolation make 

it necessary to quantify permeabilities well below conventional limits of "imperme

ability" . 

It is important to consider why the permeability of a rock may change. The 

majority of research and interest on ';;his subject pertains to changes in permeability 

as a function of hydrost~tic ~trc:::s, such as related to a material's depth of burial. 

These permeability changes are due to recoverable changes in the pore structure, 

and have been modeled assuming elastic deformation of the pore structure (e.g., 

Walsh, 1981; Gangi, 1978; Ostensen, 1983). A second type of permeability change 

is possible, that due to the creation of new porosity (or inelastic dilation or damage). 

These permea.bility changes are due in part to deviatoric stresses, and mayor may 

not be recoverable. 

The transport properties of the rocks which surround the WIPP Facility 

depend on the fluid used to make the measurement. The properties measured 

using brine and gas are both important, and the working fluid used to obtain the 

properties must be specified. The following discussion will begin by considering 

previous laboratory measurements followed by in situ measurements of brine flow 

and finally in situ measurements of gas How. 
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2.3.1 Laboratory Measurements 

Laboratory measurements of the properties of rock salt are complicated by the 

condition of the as-received samples. It has long been recognized that rock salt 

experiences some type of "damage" during the process of sample collection and 

preparation (e.g., Baar, 1977, p.88; Guessos et aI., 1988; FUenkajom and Daemen, 

1988). This disturbance has been identified as the principal cause of the relatively 

large permeabilities of as-rl:"ceived core (e.g., Reynolds and Gloyna, 1960; Suther

land and Cave, 1980; Cooleyet al., 1978; Peach et al., 1987). All permeability tests 

on rock salt reveal that hydrostatic loading reduces the permeability with time, 

apparently to some limiting value. Subsequent hydrostatic unloading indicates the 

majority of the permeability reduction is largely irreversible (Sutherland and Cave, 

1980), although Peach et al. (1987) suggest that the permeability is recoverable 

upon unloading for short term tests. Sample healing has been attributed to plastic 

flow along grain boundaries by Sutherland and Cave (1980), and may be related to 

fracture healing in rock salt (Costin and Wawersik, 1980) or crushed salt consoli

dation (Holcomb and Zeuch, 1988). 

Typically, the permeabilities of healed samples under hydrostatic confining 

stress are below the resolution of the test method (usually <1 to 5x10-20m2 ). Lab

oratory measurements have revealed no discemable difference between rocks which 

are nearly pure halite and those which contain significant amounts of impurities 

such as polyhalite and clay, nor as a function of the orientation of the core with 

respect to the formation bedding (Black et al., 1983). Permeabilities determined 

using brine and silicone as the working fluid were slightly lower than obtained for 

comparable gas tests. No difference was observed between the results using silicone 

and brine (Black et al., 1983). 

Rock salt samples subjected to deviatoric loading may experience perme

ability increases, the magnitude of which depends on the deviatoric 8-'1d confining 
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stresses (Sutherland and Cave, 1980; Peach et al., 1987). Peach et ale (1987) 

found that under 5 MPa confining pressure the permeability can increase by more 

than four orders of magnitude as the axial strain increases to 10%. Donath et al 

(1987) report the result of a single test on domal salt in which brine permeability, 

electrical resistivity and p-wave velocity changes were measured during deviatoric 

loading. Both Peach et ale (1987) and Donath et ale (1987) qualitatively interpret 

the permeability changes as indications of structural changes. From numerous liq

uid permeability tests on a domal rock salt under various stress states, Lai (1971) 

developed empirical relationships between permeability and the mean and devia

toric stress state. The permeability was found to increase with decreasing mean 

stress and increasing deviatoric stress. However, because the magnitude of the per

meabilities Lai found are consistently many orders of magnitude greater than those 

for bedded rock salt, his relationships cannot be applied directly to WIPP rock salt. 

The difference between the results of Lai with others may be due to considerable 

differences in intrinsic permeabilities for different rock salts, 01' could be related to 

the particular experimental method. 

2.3.2 In Situ Brine Flow Measurement 

The excavation of the WIPP and the subsequent measurements and observations 

have revealed that the host rock contains small quantities of brine which slowly 

flows toward open excavations. The brine flow is very small, and has no impact 

on the daily operation of the facility. However, when the flow rate is extrapolated 

to hundreds or thousands of years, substantial quantities of brine could accumulate 

which may adversely affect the integrity of the disposal facility (Bertram-Howery 

and Hunter, 1989). 

The evidence for brine flow began when wet spots and precipitated salt were 

observed on portions of some excavation surfaces. The rate of brine flow to the 
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excavation never exceeds the rate of evaporation by the mine air, so the brine does 

not pool or accumulate in the rooms. Brine has been observed to accumulate in 

open boreholes in the floor of many excavations. The source of the brine cannot 

be definitely specified because these boreholes typically penetrate numerous layers, 

including anhydrite and clay layers. Brine inflow to boreholes sealed at atmospheric 

pressure has been measured and reported by Nowak and coworkers (Nowak and 

McTigue, 1987; Nowak et al., 1988). 

Pressure build-up tests have also been performed (Peterson et al., 1987) from 

boreholes from the underground workings and from the shafts (Saulnier and A vis, 

1988). In these tests, the borehole is initially filled with brine and pressurized to 

some nominal value. Subsequent pressure increases in the borehole can be attributed 

to the inflow of brine from the formation, presumably tending toward the formation 

pore pressure. Brine injection tests, either pressure pulse or constant borehole 

pressure flow tests, have also been conducted in conjunction with the above testing. 

These tests are similar to the build-up tests, except that the borehole pressure is 

sufficient to cause flow of brine from the borehole into the formation. 

All the brine flow data have been reasonably well matched with conventional 

models of transient flow in a porous medium. These models assume a single isotropic 

brine-saturated porosity, the applicability of Darcy's law, and that the storage of 

fluid is due to the elastic properties of the fluid and the rock. The data from the 

various measurements indicate that the Salado Formation halite has a permeability 

between 10-20 and 1O-21m2, a porosity of 0.1% and a pore pressure up to 8 to 14 

MPa (Peterson et al., 1987; Nowak and McTigue, 1987; Saulnier and Avis, 1988; 

Nowak et aI., 1988). 

However, brine flow rates must be predicted out to long times and just as with 

predicting creep rates, the model of brine flow in the Salado rock salt should be based 

on the actual physics of the flow. Some of the complications which suggest a simple 
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flow model is not adequate for modeling brine flow in the vicinity of the WIPP are 

briefly discussed below to emphasize that many fundamental issues remain regarding 

the transport properties of rock salt. 

Darcy's law has not been verified for the exceedingly small flows of interest 

in the Salado rock salt (Neuzil, 1986). Lappin et ale (1989) suggest that the pores 

are so small in the Salado rock salt that interactions between the mineral surfaces 

and the fluid may alter the effective fluid properties. 

The rock salt in the vicinity of \VIPP excavations is comprised of rocks with 

different grain sizes, mineral composition and intergranular clay content, and would 

be expected to have different transport properties. The interbeds layers (anhydrite 

and clay) are known to have greater permeabilities than the rock salt. 

The solubility of sodium chloride increases with pressure. Changes in the 

brine pressure due to flow or changes in the total stress applied to the matrix could 

dissolve or precipitate salt along the flow path, changing the permeability. Baes et 

ale (1983) observed permeability reductions with time due to this phenomenon in 

the laboratory. 

The intergranular porosity contains some gas, either fr~e or dissolved in the 

brine. Gas production into some sealed boreholes has been detected (Peterson 

et al., 1985; Borns and Stormont, 1989). Gas has been observed bubbling up 

through the brine in holes which have some brine in them (Lappin et al., 1989). 

Chemical analyses have revealed that the gas is principally nitrogen, and its origin 

is presumably from the original deposition of the evaporite deposit (Niou, Irwin and 

Deal, 1988). It is not known if there is free gas in the formation at the equilibrium 

pore pressure, or if it only exsolves as the brine pressurp, is reduced. If free gas exists 

throughout the Salado Formation rock sait, then flow will be inherentiy muiti-phase, 

requiring additional parameters or properties in order to describe the flow (relative 

permeability, saturations, etc.). 
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2.3.3 In Situ Gas Flow Measurements 

Numerous gas flow or permeability measurements have been made from the un

derground workings of the WIPP facility (Peterson et aI., 1985; Stormont et aI., 

1987; Borns and Stormont, 1989). The tests involved injecting gas into the forma

tion from isolated test intervals within boreholes drilled from various excavations. 

Permeabilities were interpreted from a model of porous flow in a gas saturated 

medium. 

Beyond a few meters from an excavation, the gas flow and corresponding 

permeability has been found to be very small, usually below the resolution of the 

measurement system. In the test intervals which were comprised solely of rock salt 

and were within the first meter from an excavation, the interpreted permeabili

ties varied from about 10-13 to 1O-19m 2• The data suggest the gas permeabilities 

rapidly decrease with distance from an excavation so that by 2 to 5 meters, the 

gas permeability of the rock salt is immeasurably small. Stormont et al. (1987) 

predicted that the gas permeability of undisturbed rock salt is effectively zero due 

to the probability that the porosity of undisturbed rock salt «<1%) is saturated 

with brine under relatively great pressures; the gas pressure required to displace 

the pore brine was estimated to range from 1 to 100 MPa. IT the formation was 

originally saturated and gas does not displace pore brine except at very high gas 

pressures, then the gas flow measured during these tests will be through porosity 

which has been created subsequent to the excavation process. 

When the test interval contained an interbed layer and was well removed from 

the excavation, the injected gas flow rates were low. Relatively high flow rates occur 

when the interbed is within about 2 m from the excavation and the measurement has 

been made near the center of an excavation or intersection (except those intervals 

which produced gas). The rate of gas flow into the interbeds immediately above and 

below most excavations increases with width and with the age of the excavation. The 
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relatively great flow rates measured immediately above and below the excavations 

are attributed to separations occurring along the interbeds (Stormont, 1990a). 

2.4 The Disturbed Rock Zone 

A Disturbed Rock Zone (DRZ\ . defin.ed as the zone of rock in which the mechanic&.! 

and hydrologic properties have changed in response to excavation, forms around the 

excavations of the WIPP Facility. The DRZ includes dilated rock salt which has 

not necessarily failed or softened, and discontinuous behavior (separations, fracture 

and shear slip) in the anhydrite and clay layers as well as the salt. 

A dilatant zone around the WIPP excavations was proposed to account for 

gas flow in a formation which may be brine-saturated in the undisturbed condition 

(Stormont et al"~ 1987). The additional porosity could include brine saturated pores 

of sufficient size that their entry pressures are very low, permitting gas flow. An 

alternative explanation is that this zone is not completely brine-saturated, and the 

gas flows through the available gas-filled pore volume. When the dilatant zone is 

created, available brine may be drawn into pore spaces by capillary suction. This 

wetting would be uneven, because pore sizes differ, and the residual gas could then 

serve as gas flow channels. Evaporation of pore brine, expected to be enhanced 

by mine ventilation with relatively dry air, will also serve to create, maintain, or 

expand a partially-saturated zone. The gas-filled How paths could be a small portion 

of the total porosity; gas can occupy as little as 1 to 2% of the total pore space and 

still provide a continuous path for gas How (Geffen et al., 1951). 

Dilation and de-saturation of the rock salt surrounding WIPP excavations 

has also been inferred from resistivity measurements (Borns and Stormont, 1989), 

seismic tomography (Borns and Stormont, 1989) and ultrasonic velocity and atten

uation (Holcomb, 1988). 
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Discontinuous behavior (separations, fractures, and shear slip) has been ob

served and measured in the vicinity of WlPP excavations (Stormont~ 1990a). This 

type of behavior usually involves the interbed layers, and is the manifestation of 

the DRZ in these non-salt layers. A schematic illustration of this behavior is given 

in Figure 2.3. The 2 m thick salt layer in the immedia.te roof acts as a beam, 

shearing along a thin overlying anhydrite/clay seam. Vertical separations between 

the immediate roof layer and the overlying strata are often observed at the anhy

drite/clay seam above the center of excavations of larger span (11 m). The floor 

of the excavations is comprised of a 1 m thick salt layer underlain by a 1 m thick 

predominately anhydrite layer (referred to as MB139). Fractures in MB139 develop 

beneath most excavations, with increased fracture frequency with drift span and 

age. In the excavations of larger span (11 m), MB139 eventually debonds along the 

underlying clay layer. The salt layer overlying MB139 develops both shear and ten

sion failure. In a few locations below excavations of large span, continuous fracture 

systems are developing from rib to rib through MB139 and the overlying salt. In 

the ribs, there is limited fracturing within the first meter of most larger excavations. 

Vertical fractures develop in pillars at most intersections. 

The presence of a DRZ makes the roC'.k mass more difficult to characterize. 

For example, the deformation in the DRZ clearly includes a plastic volumetric com

ponent which isovolumetric deformation models can not capture. Another example 

is that the DRZ is apparently partially-saturated, and conventional single phase 

transport models do not apply. 

The implications of the DRZ for ihe WIPP have been considered by Borns 

and Stormont (1988). The DRZ is relatively permeable, and may allow bypass of 

excavation seal systems. The increased porosity of the DRZ could also serve CiS 

a sink for fluids (brine or gas) to accumulate. Because gas permeability of the 

undisturbed formation is so small, gas generated from the TRU waste will flow only 

into and through the DRZ. 
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Figure 2.3: Schematic illustration of the Disturbed Rock Zone (DRZ) surrounding 
excavations in a bedded salt formation (from Borns and Stormont, 1989). 
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2.5 Coupled .Aspects of the Mechanical and Transport Response of 

Rock Salt 

The mechanical and transport behaviors of rock salt are coupled or interdependent 

in a number of different ways. To date few analyses have considered these effects. 

Complete coupling may not be necessary or possible to describe, but it is worth

while to consider some coupled processes to develop an appreciation of the complex 

behavior of rock salt. Some coupled processes are discussed below, with emphasis 

on how they may be affected by the DRZ. 

2.5.1 Flow induced by changes in total stress 

Changes in pore pressure can be generated by changing the external or total stresses. 

Such change in total stress occurs as a result of excavation and then from stress 

relaxation due to creep. The excess pore pressure is dissipated according to a 

diffusion law. There is also a reciprocal effect on the mechanical response of the 

medium due to changes in thp. fluid pressure. When the volumetric behavior of 

the porous material is assumed to respond linear elastically to these changes, this 

coupling is referred to as poroelasticity. 

Poroelastic analyses of the WIPP to date have considered only the fluid flow 

induced by the total stress changes. In fact, the original model of Nowak and Mc

Tigue (1987) assumed the mean stress was constant in space and time, so the model 

simplified to a straightforward transient flow equation with the hydraulic storage 

terms in terms of the drained and undrained elastic constants. More recently, Wal

lace et al. (1990) and McTigue (1990) have suggested models which incorporate 

the effects of spatial and temporal changes in mean stress due to creep on the fluid 

storage and flow of fluid in the rock mass. 
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2.5.2 Effective stress 

Geomaterials are conventionally assumed to deform and fail in reponse to effective 

stresses u, which are given by the total stresses which are modified by the fluid 

pressure, . 

U e = u-au (2.3) 

where u is the total stress,u is the hydrostatic (pore) pressure and a is a parameter 

which reflects the relative influence of the hydrosta~;;.c: pressure. The effective stress 

concept is usually not applied to rock salt because of its very low porosity (Horse

man, 1988; Mahtab, 1984; Djahanguiri and Mahtab, 1988). Detournay and Cheng 

(1988) conclude that as the porosity of a rock approaches zero (such as for rock salt 

with a porosity of less than 1%), the pore pressure will have no effect on the solid 

deformation process. 

Skempton (1961) showed that a can be expressed as 

Cs a=l--
C 

(2.4) 

where C. and C are the compressibilities of the solid and bulk material, repectively. 

For a material with little porosity, the bulk compressibility approaches that of the 

solid, a tends to zero and the effective stress is simply the total stress. For the 

compressibilities of intact or undisturbed rock salt (e.g., Nowak et al., 1988), the 

value of a is about 0.1. This discussion supports the "uni-directional coupling" 

(stress affects the pore pressure but not the other way around) discussed in the 

previous section. 
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In the DRZ, however, the effective stress law may have a greater significance. 

The development of microcracks in the DRZ will render the rock more compressible 

(e.g., Budiansky and O'Connell, 1976), the value of a will increase according to 

Equation 2.4, and the Huid pressure will have a greater influence on the effective 

stress as given by Equation 2.3. 

The applicability of the effective stress law also depends upon the strain rate 

at which the sample is deformed. There is a critical strain rate below which the 

effective stress law will be applicable and above which it will not. IT the pore Huid 

cannot move into newly created or dilated pore space quickly enough, then the local 

fluid pressure will drop, the effective stress will increase, and the rock will become 

stronger. This phenomenon is known as dilatancy hardening (Brace and Martin, 

1968). The critical strain rate will be a function of the permeability and porosity 

of the rock as well as the pore fluid viscosity (Brace and Martin, 1968). 

2.5.3 Hydraulic storage 

During transient How, the fluid content of the porous medium changes with time 

as a result of the compressibility of the fluid and rock matrix. In conventional 

groundwater hydrology, a hydraulic storage term is defined which incorporates these 

compressibilities. 

The conventional approach for accounting for the compressibility of the rock 

salt matrix is to assume linear elastic behavior (e.g., Nowak and McTigue, 1987). 

Lappin et al. (1989) have suggested that the inelastic behavior of rock salt may 

greatly affect its effective compressibility and consequentlJ" the hydraulic storage. 

Further, the increase in compressibility of the rock in the DRZ, discussed in the 

previous section, should be reHected in the hydraulic storage term. 

The compressibility of the pore fluid may also change, particularly in the 



45 

DRZ. As the pore fluid moves toward a lowel" pzoessure such as a drift or bore

hole, dissolved gas may exsolve and dramatically increase the compressibility and 

consequently the hydraulic storage term (Bredehoeft, 1988). 

2.5.4 Stress-dependent permeability and porosity 

The permeability and porosity oi ali geoiogic media are influenced by the magnitude 

and nature of the applied external stresses. Rather than relating permeability to 

stress directly, it is more fundamental to view the pore structure as directly related 

to stress, typically by means of a pore compressibility term. The permeability, then, 

is a function of pore structure through a model such as the Carmen-Kozeny relation 

(Dullien, 1979, p. 170). The pore compressibility is proportional to the difference 

between the bulk and solid compressibiHties (Zimmerman, 1982), and is greater 

for rocks which contain microcracks. Therefore, the porosity and permeability of 

the rock salt in the DRZ will be more sensitive to the stress changes than the 

undisturbed rock mass. 

The :Bow models us,-d to interpret experimental results in rock salt do not 

include these effects, principally because they are largely unknown (e.g., Nowak and 

McTigue, 1987; Saulnier and Avis, 1988; Peterson et al., 1987). IT Corporation 

(Niou and Pietz, 1987; Wallace et aI., 1990) has developed a model in which the 

permeability of the rock salt changes due to porosity changes. However, the model 

is based on the questionable assumption that the changes in porosity are equal to 

the total elastic dilation of the solids due to stress relaxation. McTigue et al. (1989,) 

have recently proposed a model in which the porosity (but not the permeability) 

changes due to stress changes as a result of creep. 
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2.5.5 The eff'ect of moisture on the deformation of rock salt 

Spiers et al. (1987, 1988) have discussed the role of intergranular moisture on 

the deformation of rock salt. They argue that if hrine is present in rock salt, 

deformation may be dominated by fluid-assisted processes such as pressure solution, 

grain houndary recrystallization and the Joffe effect. Spiers et al. contend that the 

effect of brine on the creep of salt will be large7 and has been underestimated by 

the models of creep whlch are dominated by dislocation movement (e.g., Munson 

et al., 1989). 

The effect of brine on the creep of rock salt is related to its volumetric 

deformation. Spiers et al. (1987, 1988) indicate that if rock salt is permitted to 

dilate (such as during sample acquisition and preparation), then the brine film 

will evaporate and the effects of the brine will not be observed during subsequent 

creep tests. Recent tests at Sandia National Laboratories have investigated the 

effects of moisture on creep rates by deforming the samples under different confining 

pressures, making moisture available to the sample, and continuing with a creep 

test. IT the samples dilate during the initial deformation, then the creep strains can 

increase dramatically after moisture is introduced, apparently due to the availability 

of moisture to the surfaces of the newly created porosity. 

These results suggest tha~ cr:eep deformation will be affected by dilation 

in the DRZ. The dilation exposes more rock salt surface area to moisture which 

will increase the effect of fluid related creep deformation. On the other hand, de

saturation near the excavation boundary will tend to decrease the effect of moisture. 
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2.5.6 Pore pressure-induced damage 

Mechanical damage in rock salt, specifically grain boundary cracking, could be a 

result of the combination of high pore pre:~rre and low permea.bility of rock salt. 

Consider a cylindrical pore with pressure u along a grain boundary which is assumed 

to be a plane of weakness with a tensile strength T (Figure 2.4). The sample is under 

a uniform state of stress u. Long-term equilibrium suggests the pore pressure would 

tend toward the external stress u. In response to excavation, the stress state will 

change. Flow will be induced toward the zero pressure boundary of the excavation. 

However, because of the very low permeability of rock salt, the pore pressure will 

not quickly dissipate. It is possible under these conditions that a net tension may 

develop in the vicinity of the pore. Tensile failure along the grain boundary will 

occur when 

Umin + T - u < 0 (2.5) 

where U min is the minimum stress, assumed to be normal to the grain boundary. 

The potential for such failure can be estimated. Changes in the external 

stress are taken from the calculations of the stressfield about excavations in rock 

salt of DeVries (1988). The pore pressure is assumed to be 3/4 the initial uni

form stress (Nowak and McTigue,1987). The tensile strength is assumed to be 

2 MPa (Fuenkajorn and Daemen, 1988). With these assumptions, the depth of 

the microfracturing would extend about 1/2 of the opening radius into the rock. 

Friedman et ale (1984) observed such micro-fracturing of brine-filled tubes along 

grain boundaries in rock salt. IT some dilatancy is introduced into the rock by pore 

pressure-induced tensile failure, the residual pore pressure will be easily relieved. 
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2.6 Summary 

Perhaps the single most important conclusion from the background section is that 

the rock mass response is fundamentally different in the DRZ adjacent to exca

vations compared to undisturbed or far-field state. In the DRZ, rock salt dilates, 

interbeds slide past one another, separations develop along stratigraphic contacts 

and limited fractures develop in the rock salt and interbed materials. The rock mass 

loses its appreciable pore pressure, de-saturates and becomes much more penneable 

to both gas and liquids. Beyond some distance from an excavation these processes 

do not occur. 

Most research on rock salt behavior has focused on rock behavior outside the 

DRZ. Indeed, neither current mecbanieal or transport models for rock salt account 

for the observed behavior in the DRZ. The formation properties in the DRZ are more 

difficult to quantify, and ther~ has been little development of predictive models. 

Not only are the largest uncertainties associated with the rock mass response 

in the DRZ, they may also be on the greatest consequence for a radioactive waste 

repository. In particular, the increased penneability of the DRZ is of prime concern 

to gas dissipation and repository seal perfonnance. 

Once it is accepted that the DRZ exists and is important, the next question 

is how to understand and characterize it. In this study, gas permeability measure

ments are used for this purpose. First, the motivation for maldng gas penneability 

measurements in the DRZ already exists to support analyses of gas dissipatio~ and 

seal design. Second, because the permeability is a function of the interconnected 

pore structure, permeability changes can be interpreted in terms of the structural 

changes the material has experienced. Because the gas permeability of intact or 

healed rock salt is effectively zero, measurable gas permeability should be directly 

related to the creation of new pore structure. Both laboratory and field measure-
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ments have shown that gas permeability is sensitive to dilation of rock salt. There

fore, while gas permeability changes in rock salt are important and worth studying 

in their own right, they also address the broader concept of disturbance or damage. 



CHAPTER 3 

LABORATORY STUDY OF GAS PERMEABILITY CHANGES 
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The experimental methods and results of a series of laboratory tests investigating 

changes in gas permeability in rock salt are given in this chapter. The tests include 

measuring both the mechanical reponse and the changes in the transport properties 

during quasi-static compression tests. In Section 3.1, the test systems and methods 

deveioped to perform and interpret these tests are given. The results from tests 

conducted under both hydrostatic and triaxial stresses are given in Section 3.2. 

Many of the experimental data and some details regarding data interpretation are 

contained in a number of appendices. In Section 3.3, the results are discussed 

and analyzed. Perhaps the most significant contribution of this chapter is the 

discussion of the test results in the context of an equivalent channel flow model and 

a micro crack model. 

3.1 Measurement Systems and Methods 

3.1.1 Core Acquisition and Sample Preparation 

Core was provided by Sandia National Laboratories from the underground workings 

of the Waste Isolation Pilot Plant (WIPP). The core was of a nominal diameter of 

9.5 cm and lengths of at least 20 cm. The core was sub-cored from large diameter 

(95 em) horizontal core taken from 2 to 4 m in the east rib of Room D (Figure 2-2). 
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The core axis, therefore, is horizontal with respect to the WIPP formation. Both 

the coring and sub-coring used air as the drilling fluid. The rock from which the 

large-diameter core was taken is clear to grayish orange-pink halite with a nominal 

grain dimension of 1 cm. 

The as-received cores were cut to a nominal length of 19 cm using a Covington 

diamond saw. Kerosene was used as the cutting fluid. The sample length provides 

a length-to-diameter ratio of 2:1. The samples were then ground to obtain smooth 

and parallel surfaces. A Kent automatic grinder was used with saturated brine as 

the grinding fluid. 

The as-received core was marked by SNL to uniquely identify the location 

of the core. The prepared samples were assigned a University of Arizona label 

corresponding to the original SNL label. 

The samples were kept tightly wrapped in cellophane to preclude moisture 

loss or gain. The dimensions, perpendicularity, end and side smoothness and weight 

of each sa.TIlple were measured and recorded. The sample dimension were measured 

again upon conclusion of testing. In Appendix A, the sample labels and pre- and 

post-test dimensions are provided. 

The sample diameters were "built-up" with neophrene O-rings, 9 cm diame

ter and 1 cm thick, so the samples fit more tightly in the triaxial cell. The O-rings 

were determined to provide negligible restraint to the lateral deformation of the 

samples. A thin coat of vacuum grease was applied to the sample and the out

side of the O-rings. This configuration was found to preclude leakage along the 

cell-sample interface. 
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3.1.2 Mechanical Measurements 

Mechanical measurement system 

The system used to perform the quasi-static compression tests is illustrated in Fig

ure 3.1. A triaxial Hoek cell is used to provide a uniform confining pressure to the 

samples. The cell design employs an inner rubber sealing sleeve, precluding the use 

of individual jackets or sleeves applied to the sample itself. Confining pressure is 

developed when oil within the cell is pressurized, forcing the rubber sleeve against 

the sample. The confining pressure is controlled by either a hand pump or a pres

sure intensifier, and is measured with a pressure gage with a resolution of 30 kPa 

connected directly to the Hoek cell. The gas-over-oil pressure intensifier has an oil 

capacity of 32 cm3 , and is pressurized by means of nitrogen gas. The displacement 

of oil in or out of the intensifier is measured by means of a 0.025-mm resolution 

displacemer • .t. gage attached to the intensifier piston. The intensifier is used for 

hydrostatic tests where the confining pressure must be frequently and accurately 

changed. For triaxial tests, once the cell pressure is brought to the desired value 

by means of a hand pump, excess cell oil induced by the subsequent deformation of 

the sample is bled to a buret by means of a Nupro pressure relief valve (PRV). The 

buret can be read to 0.05 cc. 

Small amounts of air can dramatically change the confining fluid system 

compressibility. Considerable effort was made to ensure that the Hoek cell and the 

intensifier were de-aired. The procedure and results of calibrations of the two con

fining pressure systems (intensifier system and PRY system) are given in Appendix 

B. 

The axial load is applied to the sample by means of a 500-ton load frame 

(model SBEL CT-500). Control of the axial load was intended to be accomplished 

by a hydraulic servo-control system compatible with the load frame. With this unit, 
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a constant strain-rate or stress-rate can be imposed on the sample. However, initial 

trialS wit.h the servo-controller revealed that it was not possible to stop the constant 

strain-rate or stress-rate test and hold the strain constant during the conduct of a 

permeability test. To circumvent the servo-controller, a manual system for control

ling the axial force was devised. Hand pumps were connected to the loading and 

unloading ports on the hydraulic ram of the load frame. This system allows a step

wise application of load which approximates a constant stress-rate loading. The ram 

pressure was monitored by means of an analog pressure gage, and the load on the 

sample was calculated from the known ram dimensions and the ram pressure. The 

gage measuring the ram pressure has a resolution of 30 kPa. A Schaevitz Linear 

Voltage Displacement Transducer (LVDT) with a resolution of 0.025-mm and an 

accuracy of 0.1% is used to measure axial displacement. The procedure and results 

for measuring the stiffness of the load frame system are given in Appendix B. 

Upper and lower platens transmit the axial force from the load frame to the 

sample. These platens were machined from AISI 4340 steel. The top platen has its 

upper surface shaped as a hemispherical dome, which mates into a matching concave 

platen fixed to the load frame. Both the upper and lower platens are machined to 

allow fluid to be injected to or removed from the top or bottom of the sample. 

In order to ensure that the pore fluid is made available to the entire cross

sectional area of the sample, porous metal disks are placed between the platens and 

the samples. One or two thin pieces of perforated teflon are placed between the 

sample and the porous metal because the porous metal disks can generate shear 

stresses at the end piece/sample interface, which in turn can inhibit sample dilation 

near the end pieces. For permeability measurements on deformed salt, these end 

effects may be a particular problem as the presence of a low permeability zone 

(undilated compared to the rest of the core) will cause the measured permeability 

to be lower than that of the bulk of the sample. 
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During the triaxial tests, the samples are deviatorically loaded at a rate of 0.2 

MPa/min. This rate is comparable to that used by Wawersik and Hannum (1980), 

Mellengard et al. (1983) and Desai and Varadarajan,,(1987). The resulting axial 

strain rate is between 10-6 and 3x10-5 ;;ec-l , comparable to that used for strain

rate controlled tests (Farmer and Gilbert, 1984, 5x10-3 to 2x10-7 sec-I; Price and 

Farmer, 1981, 2xlO-s sec-I; Spiers et al., 1987, 5xlO-s sec-I; Donath et al., 1987, 

1x10-s sec-I; Peach et al., 1987, 3xlO-s sec-I; and Fuenkajorn and Daemen, 1988, 

2x10-s and 2x10-4 sec-I). 

Mechanical data reduction 

The measured mechanical quantities are the hydraulic ram pressure, axial displace

ment of the sample and the load frame, confining pressure and change in oil volume 

in either the buret or the intensifier. The desired mechanical quantities are axial 

stress, confining pressure or stress, axial strain, lateral strain, and volumetric strain. 

The axial displacement is first corrected for the loading system stiffness, 

utilizing the previously determined calibration. The true axial strain (fax ) of the 

sample is then 

R. - ~R. 
fax = In( R. ) (3.1) 

where ~R. is the axial displacement corrected for the load frame deformation and f 

is the original sample length. 

The volume strain (flJol ) of the sample is calculated from the changes in the 

volume of the oil in the cell (~Voil ) and the intrusion of the loading platens into 

the cell (~'Vplt ) as the sample deforms axially 
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-AVoi1 - Av"lt 
evol = V (3.2) 

The volume change oi oil in the cell (AVoil ) is determined from either the intensifier 

piston displacement or the volume expelled into the buret. When the intensifier is 

used, the volume change of oil in the cell is calculated from the measured displace

ment of the intensifier piston and the known cross-sectional area of the intensifier. 

When the pressure relief valve is used, the change of oil volume in the cell is ob

tained from the measured level of oil in the buret. In this case, the volume of 

oil expelled from the cell is corrected for the difference between the cell pressure 

and the buret pressure (atmospheric). In either case, the volume change of the 

oil in the cell (A Yoi/ ) is corrected for changes in the confining pressure in the cell 

due to its compressibility. The platen volume in the cell is corrected for its elastic 

defonnation. 

The lateral strain (fla.t ) is then calculated from 

e=l- (3.3) 

assuming uniform sample deformation. The true or current cross-sectional area of 

the sample is 

. (3.4) 

where Ao is the original sample cross-sectional area. The true or current axial stress 

is then 
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F 
u= -A 

(3.5) 

where F is the axial force on the sample, and is determined by multiplying the 

loading ram pressure by the known cross-section~ area of the loading ram. The 

initial weight of the cell and the ram are subtracted from the axial force applied to 

the sample. 

3.1.3 Permeability and Porosity Measurements 

Permeameter 

The permeameter designed and fabricated for this research is illustrated in Figure 

3.2. It consists of gages, transducers, valves and tubing mounted in a portable 

control panel which can be attached to the platens on the top and bottom of the 

sample by means of quick-connections. When the communication valve is shut, 

the permeameter is divided into the components (tubing, valves, transducers and 

gages) with access to the top of the sample (referred to as the upstream :teservoir) 

and those with access to the bottom of the sample (downstream reservoir). Analog 

pressure gages and pressure transducers measure the pressures which are applied 

to the top (upstream) and bottom (downstream) of the sample. In addition, a 

differential pressure transducer measures the pressure difference across the sample. 

The procedure and results of the calibration of the trcuJ.sducers and gages are given 

in Appendix B. A digital thermometer measures the gas temperature in the up

stream line. The permeameter, including external tubing, is insulated to minimize 

temperature changes. The volume of the upstream and downstream reservoirs was 

minimized «40 cm3 ) in order to increase the resolution of the permeameter. Given 

the accuracy of the pressure measurements (0.25% of full scale), the permeameter 

can detect permeabilities of about 5xlO-22m 2 for a 24 hr test duration with the 
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minimum detectable pressure change. For permeabilities in excess of 10-17m2, a 

supplemental 1.1 liter reservoir is employed to provide a nearly constant pressure 

source for steady-state measurements. 

System tests were conducted where a steel cylinder was placed in the Hoek 

cell, and the upstream and downstream volumes were pressurized and monitored. 

The pressure in the permeameter remained constant overnight. Trials were also 

conducted with rock salt samples in the Hoek cell to ensure that the cell-sample 

interface was not a source of leakage. 

Test methods 

At the beginning of a typical permeability test, a 0.7 MPa pore pressure is estab

lished in the sample. This is accomplished as soon as possible upon application of 

a sufficient initial hydrostatic stress to take advantage of the relative high perme

ability of the sample before it has healed. Equal gas pressure is applied to both 

ends of the sample for 5 to 10 minutes. The upstream and downstream volumes 

are then isolated from one another by closing the "communication" valve, and a 

small pressure pulse (about 10 kPa) is applied to the top of the sample. When the 

upstream pressure decays and the downstream pressure correspondingly increases, 

the sample is considered saturated. A transient permeability test can then be initi

ated by introducing an additional pressure pulse (typically 69 kPa) to the upstream 

reservoir and the top of the sample. The upstream and downstream pressures, the 

pressure difference and temperature are monitored as a function of time. 

If the permeability of the sample is too great for a transient test, a steady

state test is cond~cted. The supplemental reservoir is attached to the upstream side 

of the sample, and the downstream side is vented to atmospheric pressure. Only the 

upstream pressure and temperature are measured. Because of the relatively large 
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volume of the supplemental reservoir, its pressure decreases slowly and at a nearly 

constant rate. This pressure decrease, in turn, results in a nearly constant flow rate 

out of the supplemental reservoir and through the sample. 

Because the permeabilities can vary by many orders of magnitude, the test 

durations can range from a few minutes to 24 hours or longer. 

Gas flow data reduction and interpretation 

Transient analysis - The analysis of transient permeability measurements has been 

discussed in detail by Hsieh et al (1981). Analyses for particular test system con

figurations and test techniques have been developed by many others (e.g., Brace 

et al., 1968; Walls, 1983; Trimmer, 1982). If the storativity of the rock sample is 

negligible, the pressure gradient in the sample is constant but can be a function 

of time (Brace et al., 1968). Such flow is termed quasi-steady. In such a case, the 

slope of the logarithm of the differential pressure change vs time is a straight line, 

and the permeability of the sample is a simple function of the slope 

(3.6) 

where dq is the slope, CJ is the average fluid compressibility, J.l J is the 'fluid viscosity, 

£ is the sample length, A is the sample cross-sectional area, Vu 8J.""ld Vd are the 

upstream and downstream reservoir volumes, respectively. The validity oi the quasi

steady analysis method is discussed in Appendix C, and the conclusion is reached 

that it should be accurate to within about 10% for these test conditions. 

The transient gas flow measurements can also be evaluated by simulating the 

conduct of laboratory permeability measurements by means of a finite difference 
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solution for transient gas flow in a porous medium developed by Stormont (1990b). 

Assuming a permeability, porosity, the initial reservoir and sample dimensions and 

pressures, the pressure histories of the reservoirs are calculated for comparison to 

the measured quantities. The code can accomodate position- or pressure-dependent 

permeability, porosity, and fluid and rock compressibility. The governing differential 

equation, boundary conditions and numerical solution are given in Appendix 1. 

In some instances, the flow through the sample was so small that the differ

ential pressure across the sample did not change during the time allocated for the 

test. An upper bound on the permeability was detennined by assuming a pressure 

change corresponding to the transducer accuracy. In these cases, the test duration 

defines the minimum detectable permeability. 

Steady-s.ate analysis - The first step in analyzing steady-state data is to 

convert the measured large reservoir pressure rate of change (~ ) to a volumetric 

flow rate (~ ) by assuming an isothermal process 

dv,. v,. dPr 

Tt= Prdt (3.7) 

where Pr is the reservoir pressure and v,. is the reservoir volume. The steady-state 

permeability is then determined by applying Darcy's law for a compressible fluid 

(e.g., Katz et al., 1959, p. 40) 

( £ ) Pr dv,. 
k = 2pJ A (P; - Pi) dt (3.8) 

where Pd is the downstream reservoir pressure (atmospheric for these tests). 
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Gas-accessible porosity - As a result of the dilation of the rock salt during 

deviatoric loading, gas pressures in the reservoirs decrease. Employing a mass 

balance of gas in the reservoirs and the sample at the beginning and conclusion of 

each episode of deviatoric loading, an estimate of the gas-accessible porosity can 

be derived. This method is equivalent to the gas expansion method for measuring 

porosity (Scheidegger, 1974, p. 11). The change in pore volume dPp is calculated 

from 

(3.9) 

where the subscripts u , d and p refer to the upstream reservoir, downstream reser

voir and pore volumes and pressures, respectively. The porosity is then calculated 

from the cwnulative pore volume divided by the total sample volume. 

Klinkenberg analysis - Klinkenberg or molecular slip effects arise during gas 

permeability measurements in low permeability media because of inter.action be

tween the gas molecule and the pore structure. Consequently, the intelrpreted per

meability is affected by these effects and will not be equal to the liquid or intrinsic 

permeability. The so-called Klinkenberg analysis permits calculation of the intrinsic 

permeability from gas permeability measurements, and has also been used to obtain 

estimates of the flow path dimensions. A development of the Klinkenberg analysis 

is given in Appendix D. 

The conventional method of performing the Klinkenberg analysis is to mea

sure the gas permeability at a number of gas pressures. Plotting the gas permeabil

ities vs. the inverse of the mean gas pressure yields a straight line with an intercept 

at infinite ga.s pressure equal to intrinsic permeability and a slope which can be 

related to the flow path dimension. A fundamental assumption is that the pore 

geometry does not change during these tests. 
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An alternative method for performing the Klinkenberg analysis is given in 

Appendix D. In this case, permeability is measured using g~.Jes with different prop

erties under the same pore and confining pressures. The advantage of this method 

"is it allows the confining pressure and mean gas pressure to be kept constant during 

the tests. However, it is experimentally more involved as it requires successively 

purging and saturating the permeameter and the sample with different gases. If the 

permeability is sufficient for steady-state flow testing, then transfer from one gas 

to another could be accomplished as a matter of course during a. test. For a tran

sient test, however, the procedure is more involved and requires changing the pore 

pressure in the sa.-nple. Plotting the gas permeability vs the ratio of the viscosity 

and the square root of the molecular weight of the gas yields a straight line with 

an intercept at an infinite molecular weight equal to the intrinsic permeability and 

a slope proportional to the flow path dimension. 

3.2 Test Results 

3.2.1 Hydrostatic Stress Test Results 

General 

For both hydrostatic tests, a uniform pore pressure of 0.7 MPa was established while 

maintaining a 2.41 MPa hydrostatic stress. A permeability test was then performed. 

For sample HUA3, the hydrostatic stress was subsequently raised to 4.14, 7.59, a.l1d 

13.79 MPa; permeability tests were conducted at each hydrostatic stress level. The 

sample was then unloaded to 2.41 MPa, and a final permeability test was conducted. 

At the conclusion of the test, the sample dimensions were measured. During this 

test, difficulties were encountered with the control of the pressure intensifier. 

After the initial saturation and permeability test at 2.41 MPa on the second 
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sample, HUA4, the hydrostatic stress was increased to 4.14 MPa, and a permeability 

test was conducted. The sample was then unloaded back to 2.41 MPa, and another 

permeability test was conducted. The sample was loaded to 7.59 MPa and unloaded 

to 2.41 MPa, loaded to 13.79 MPa and unloaded to 2.41 MPa. The permeability 

was measured at each of these hydrostatic stress states. 

Mechanical results 

The hydrostatic stress vs volumetric strain data for test HUA3 and HUA4 are 

given in Figures 3.3 and 3.4. For HUA3, the volumetric strain is calculated from 

the axial strain assuming isotropic deformation (that is, evol = 3ea:zJ For HUA4, 

the volumetric strain is calculated from the change in oil volume in the cell as well 

as from the axial strain. The generally good agreement between the two largely 

independent measurements confirms the isotropic nature of the volumetric response. 

A similar conclusion was reached by Wawersik and Hannum (1980). 

The unloading bulk modulus was calculated from the slope of the hydrostatic 

stress vs volumetric strain data while unloading from the maximum hydrostatic 

stress (13.79 MPa), following the suggestion of Wawersik and Preece (1984). Esti

mates of the residual porosity after healing are derived from the unloading data by 

the technique of Walsh (1965). In Table 3.1, the unloading modulus, the residual 

porosity after healing, and the permanent volumetric strain from both the mechan

ical data and the change in sample dimensions are tabulated. 

Permeability test results 

All the permeability tests conducted during the hydrostatic tests were transient 

tests. Typical data given in Figure 3.5 illustrate that quasi-steady flow has been 
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Sample 

HUA3 
HUA4 

Table 3.1: Mechanical results from hydrostatic stress tests. 

Permanent volumetric strain from ... Residual 
mechanical data sample dimensions porosity 

(%) (%). (%) 
0.6 0.3 0.1 
0.5 0.4 0.2 

Unloading 
modulus 

(GPa) 
8.6 
13.8 
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established during this test: the data yield a linear slope when they are plctted 

as the logarithm of the pressure difference across the sample vs. time. All the 

permeability results are tabulated in Appendix E. 

The permeability as a function of the applied hydrostatic stress during the 

testing of samples HUA3 and HUA4 is given in Figures 3.6 and 3.7. The per

meability decreases upon increases in the hydrostatic stress, and with time at a 

constant hydrostatic stress. Unloading of sample HUA4 to previous levels of hy

drostatic stress reveals that the permeability changes have both recoverable and 

non-recoverable components. Comparison of the initial and final permeabilities un

der the same hydrostatic stress ehows the large, permanent permeability reductions 

experienced by both samples. The temperatures measured during the permeability 

tests changed less than 0.10 C, and were not considered in the calculation of these 

or subsequent permeabilities. 

3.2.2 Triaxial Stress Test Results 

General 

Triaxial tests have been performed on twelve samples. Prior to deviatoric load

ing, the samples were subjected to an initial hydrostatic "healing" phase. The 

samples were saturated with 0.7 MPa pore pressure while maintaining a 2.41 MPa 
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Figure 3.5: Differential pressure-time data from permeability test number 1 on 
HU A3. Straight line fit of data is used in quasi-steady permeability interpretation 
method. 
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hydrostatic stress state. At least one (and often numerous) permeability test was 

performed under these conditions. The hydrostatic stress was then increased to 

about 14.48 MPa (the approximate lithostatic stress at the WIPP Facility horizon), 

and a pressure pulse was applied. These conditions were monitored overnight for 

most samples. Due to a leak in the confining pressure system, sample TUA10 was 

subject to a 7.59 MPa hydrostatic stress overnight. Sample TUA5 was hydrostati

cally stressed at 14.48 MPa for 3 days. The hydrostatic stress was then reduced to 

the confining pressure for the subsequent deviatoric loading. At the conclusion of 

the tests, the sample dimensions were measured. 

Two tests were conducted at 2.41 MPa confining pressure to about 10% axial 

strain. Communication of gas through both samples was evident before 2% axial 

strain was achieved. Permeability tests were conducted at 0.8, 2, 3, 4 and 6% axial 

strain on sample TUA10, and at 1.6, 2, 3, 4.1, 5.1, 6.2, 8.3 and 10.5% axial strain 

on TUA13. 

At 4.14 MPa confining pressure, four tests were performed. Samples TUA6, 

TUA7 and TUA8 were axially strained to about 10%. During the test on sample 

TUA6, communication of gas from top to bottom ofthe sample was not established 

until 8% axial strain, and permeability tests were conducted at 8 and 10% axial 

strain. Communication through samples TUA7 and TUA8 was achieved by 2% 

axial strain, and permeability tests were conducted at axial strains of 2, 4, 6, 8, and 

10%. Sample TUA14 was strained to about 15% axial strain. Gas flow through 

sample TUA14 was evident by 2% axial strain, and permeability measurements 

were made at axial strains of 2,4,6, 8, 10.2, 12.3, and 14.7%. 

One test was conducted at 5.86 MPa confining pressure. Sample TUA19 was 

axially strained to 17%. Gas communication was established by 2% axial strain, 

and permeability measurements were conducted at axial strains of 2, 4.1, 6.2, 8.3, 

10.5,12.8,15.0, and 17.1%. 
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Five tests were conducted at a confining pressure of 7.59 MPa. Due to 

problems with the pressure relief valve used to maintain the confining pressure and 

measure the volumetric strain, the test on sample TUA5 was terminated after about 

1.5% axial strain was reached. No permeability measurements were conducted on 

this sample during the deviatoric loading phase. Sample TUA9 was axially strained 

to more than 13%. Communication of gas through this sample was achieved after 

the sample had been axially strained about 12%. Permeability tests were conducted 

at axial strains of 12.5 and 13.3%. Sample TUA15 was axially strained to 18.4%. 

Communication of gas through this sample was evident by 2% axial strain, and 

permeability tests were conducted at 2, 4, 6.2, 8.3, 10.5, 12.6, 13.8, 17.4, and 

18.4% axial strain. Samples TUA14 and TUA16 were strained 14.7% axial strain. 

For sample TUAI4, gas flow was apparent by 2% axial strain, and permeability 

measurements were conducted at axial strains of 2, 4, 6, 8, 10.2, 12.3, and 14.7%. 

For sample TUA16, communication of gas through the sample was apparent by 4% 

axial strain, and permeability measurements were made at 4,6, 8.1, 10.3, 12.5, and 

14.7% axial strain. 

Hydrostatic "healing" results 

Mechanical data - The measured response during the healing phase of the triaxial 

tests is consistent with the previous hydrostatic test results. All the data from 

this portion of the tests are given in Appendix F. As an example, the hydrostatic 

stress vs. volume strain data for one test is giver.; in Figure 3.8. The volumetric 

strain is calculated from the axial strain assuming the samples deform isotropically 

under hydrostatic stresses, as verified during the hydrostatic stress tests. Fr~m the 

hydrostatic healing portion of the triaxial tests, data is obtained on the permanent 

volumetric strain, the r,~sidual porosity and the unloading modulus. These results 

are given in Table 3.2. 
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Table 3.2: Healing data from triaxial tests. 

Permanent Residual Unloading 
Sample volumetric strain porosity modulus 

(%} (%} (GPa} 
TUA5 0.8 0.1 9.6 
TUA6 0.8 0.2 27.6 
TUA7 0.3 0.05 34.5 
TUA8 0.7 0.2 20.7 
TUA9 1.3 0.1 28.7 
TUA10 1.4 0.2 16.6 
TUA13 0.5 0.2 20.7 
TUA14 0.4 0.2 28.7 
TUA15 0.5 0.2 34.5 
TUA16 0.7 0.2 34.5 
TUA18 0.4 0.1 13.1 
TUA19 0.7 0.2 28.8 

Permeability test results - The permeability results from the hydrostatic por

tion of the triaxial tests are summarized in Figure 3.9. For clarity, only three perme

ability values are given for the hydrostatic loading portion of each test: the initial 

permeability at 2.41 MPa hydrostatic stress, the permeability immediately after 

the hydrostatic stress was increased to 14.48 MPa, and the final permeability at 

the end of the healing phase. In all but three cases, the final permeability value 

given represents a conservative maximum value; most often, no pressure changes 

were detected for some period of time after the hydrostatic stress had been held at 

about 14.5 MPa, and the permeability was calculated from the maximum potential 

uncertainty of the differential pressure reading. The complete permeability data are 

tabulated in Appendix E. 

At the initial hydrostatic stress state of 2.41 MPa, the permeabilities of all 

samples fall in the range of 10-17 to 10-18m2 , The increase of the hydrostatic 

stress from 2.41 to 14.48 MPa causes an immediate decrease of the permeability 



10 -11 3r----------
10 -17 

'" 10 -II 

E 
'-' 

£ 
~ 10 -II~ 

~ ~ '- . 

Q) 

a. 10--

10 -:1 

/1 
/ 

..... TUAS 

..... TUA7 

..... TUA8 

..... TUAS 

..... TUM 

..... TUA19 

...... TUA9 
~ TUA15 
..,.,... TUA16 
~ TUA18 

10-22 I --I 
o 10 

Hydrostatic stress (MPa) 

(0) 

20 0 10 

Hydrostatic stress (MPa) 

(b) 

20 0 10 

Hydrostatic stress (MPa) 

(c) 

Figure 3.9: Permeability-hydrostatic stress data from tests on all triaxial samples 
during hydrostatic healing phase. Three data only are given for each sample: the 
initial permeability at 2.4 MPa hydrostatic stress, the permeability immediately 
after the hydrostatic stres was increased to about 14 MPa, and the final permeability 
after the stress was held for some period of time (typically overnight). In all but 
three cases, the final permeabilities represent maximum values. 

E 10 -II 

10 -17 

10 -10 

10 -I, 

10--

10 -21 

I 10-22 

20 

-.J 
0) 



77 

by about 50%. Consistent with the hydrostatic tests, the permeability typically 

decrease more than 4 orders of magnitude in less than 24 hours under a 14.48 MPa 

hydrostatic stress state. 

Deviatoric loading results 

Mechanicl!! data - The stress-strain data obtained during deviatoric loading is con

tained in Appendix G. An example of typical data is given in Figure 3.10. The 

periodic decrease in the deviatoric stress is a result of the axial strain being held 

constant for the conduct of permeability tests, during which the axial stress re

laxes. In a few cases, the deviatoric stresses were completely removed. Due to an 

equipment problem, we were unable to measure the volumetric strain while testing 

sample TU A5. 

The rock salt exhibits strain hardening under all confining pressures. The 

greater the confining pressure, the greater the deviatoric stress necessary to reach 

a given axial strain, and the steeper the deviatoric stress versus axial strain re

sponse. The samples tested at 2.41 MPa confining pressure exhibit nearly perfectly 

plastic behavior at about 10% axial strain. All of the samples dilated; the lower 

the confining pressure, the sooner the dilation was initiated and the steeper the 

volt..unetric strain vs axial strain response during dilation. The stress and strain 

response is similar to that reported for comparable measurements (Wawersik and 

Hannum, 1980; Mellengard et al., 1983; Spiers et al., 1987). 

The first sample deformed to large axial strains was TUA6. Post-test in

spection of the sample revealed that the porous end piece had gripped the sample 

through the perforations in the teflon disk which separated them. Differences be

tween gas-accessible porosity and total dilation (see Section 3.3.2) further raised 

questions regarding end effects during this test. In order to reduce these potential 
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Figure 3.10: Deviatoric stress and volumetric strain vs axial strain data from test 
on TUA19. Confining pressure is 5.86 MPA. 
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end effects, two perforated teflon sheets instead of one were used on each end of 

every sample subsequently tested. 

Gas permeability and porosity results - Changes in the reservoir gas pres

sures during deviatoric loading were interpreted in terms of newly created gas

accessible porosity. These results are presented in Figure 3.11, and tabulated in 

Appendix E. The creation of gas-accessible porosity is shown to be a function of 

confining pressure: the porosity develops at lesser values of axial strain and increases 

at a greater rate for lower confining pressures. 

Once communication through the sample was achieved, transient permeabil

ity tests were performed. IT the permeability became so great that the transient 

pulse decayed too quickly, the steady-state test configuration was employed. The 

gas permeabiiity vs axial strain data are given for similar confining pressures in 

Figures 3.12 through 3.15. The cha."1ges in permeability as the samples were axially 

deformed show consistent trends for the different confining pressures. At 2.41 MPa 

confining pressure, the permeability increases rapidly until about 4% axial strain, 

after which only modest increases in permeability are experienced. The limiting 

permeability is on the order of 1O-14m 2. The permeability increases during tests at 

4.14 MPa confining pressure are similar to those at 2.41 MPa confining pressure, 

except that the limiting permeability is closer to 1O-15m2. At 5.86 MPa confining 

pressure, the permeability levels off at about 1O-17m2 by 6% axial strain. At 7.59 

MPa, the permeability increases at a slower rate with respect to axial strain than 

at lower confining pressures, and a leveling off of the permeability is not evident. 

Also, there is more variability in the response at this confining pressure. Summaries 

of the gas permeability results during deviatoric loading are tabulated in Appendix 

E. 

Th\::se results compare well with the single measurement of Peach et al. 

(1987). They found the gas permeability of a domal rock salt during a conventional 
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Figure 3.12: Permeability-axial strain data from triaxial tests at 2.41 MPa confining 
pressure. 
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Figure 3.13: Permeability-axial strain data from triaxial tests at 4.14 MPa confining 
pressure. Final data were obtained after axial stress was reduced to produce a 
hydrostatic state of stress. 
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Figure 3.14: Permeability-axial strain data from triaxial tests at 5.86 MPa confining 
pressure. Final data were obtained after axial stress was reduced to produce a 
hydrostatic state of stress. 
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Figure 3.15: Permeability-axial strain data from triaxial tests at 7.59 MPa confining 
pressure. Final data were obtained after axial stress was reduced to produce a 
hydrostatic stat.e of stress. 



85 

triaxial test at 5.0 MPa confining pressure to approach a limiting permeability of 

3x10-16m2 by about 6% axial strain. 

In a few tests on sample TU A6 quasi-steady How was not established as 

evinced by the non-linearity of the logarithm of the pressure difference across the 

sample vs. time. In order to obtain estimates of the corresponding gas flow prop

erties, numerical simulations of the test were conducted using the finite difference 

solution. The numerical simulations which matched the experimental data incor

porated porosities between 5 and 10%, much larger than those inferred from volu

metric strain data or the estimates of gas-accessible porosity. The discrepancy in 

these porosities can be attributed to the non-uniform distribution of the porosity 

within the sample. The flow model assumes the porosity is distributed uniformly 

over the cross-sectional area of the sample normal to the direction of flow. Rather 

than the entire cross-sectional area being involved, these results suggest that the 

flow through this sample (TUA6) may be concentrated in a smaller region with a 

relatively high porosity. 

3.3 Analysis and Discussion of Test Results 

3.3.1 Analysis and uiscussion of Hydrostatic Stress Test Results 

The results of the hydrostatic stress tests reveal that the samples experience a 

change of structure as a function of time and stress. The compressibility, porosity 

and permeability, which are all functions of the pore or void space of the samples, 

decrease significantly as a result of hydrostatic loading. These changes are largely 

irreversible upon unloading. The results suggest that the definition of healing be 

expanded from a reduction in permeability (Sutherland and Cave, 1980) to a per

manent change in internal pore geometry or structure. 
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Compressibility changes 

The bulk compressibility of a porous material when the pore pressure is held con

stant is defined as 

(3.10) 

where V is the volume of the sample and U c is the applied hydrostatic or confining 

pressure. Compressibilities can be obtained from the inverse of the slope of the 

hydrostatic stress vs volume strain response. 

The hydrostatic stress vs. volumetric strain results show that the compress

ibility decreases as the samples heals. As an example, consider the test on sample 

HUA4 (Figure 3.4). For both episodes in which the sample was hydrostatically 

loaded, held for some time, unloaded and reloaded, the compressibility decreased 

after the hold period. These results also indicate that the compressibility is a func

tion of the hydrostatic stress even when sample are healed. At low pressures, the 

compressibility is greater; it tends toward a constant value as the hydrostatic stress 

is increased. 

The compressibility of rock salt is due to (1) permanent closure of some 

cracks and voids upon initial loading (permanent volume strain), (2) recoverable 

deformation of the residual porosity which remains after the sample has healed, and 

(3) elastic deformation of the solid material. The first term is non-recoverable upon 

unloading, and is responsible for the changes in compressibility as the sample heals. 

The second and third terms have been used to describe the pressure-dependence 

of elastic materials containing cracks, such as most rocks (Walsh, 1965). At high 

pressures, the cracks close and the compressibility approaches that of the solid 

material. As the pressure is reduced, the cracks open and render the material more 
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compressible. For rock salt, the number and extent of cracks decreases to some 

residual level as it heals under hydrostatic conrutions. These healed cracks do not 

re-open when the sample is unloaded. Conventional mathematical descriptions of 

compressibility (e.g., Zimmerman, 1982), therefore, are inadequate to describe the 

behavior of rock salt unless it is completely healed. 

The compressibility determined after healing is the inverse of the unloading 

bulk modulus. The values of the unloading bulk modulus in Tables 3.1 and 3.2 are 

consistent with values reported for rock salt by Wawersik and Hannum (1980), 10 

to 25 CPa; Dusseault et al. (1985), 10 to 15 CPa; Desai and Varadarajan (1987), 15 

GPa. They are also consistent with the reported values of other elastic moduli such 

as the Young's modulus and Poisson's ratio (e.g., Munson et al., 1989; Hansen et al., 

1984; Erzhanov, 1976). Discussions of difficulties in determining comparable elastic 

moduli for rock salt are given by Fuenkajorn and Daemen (1988) and Wawersik and 

Preece (1984). 

We conclude that rock salt compressibility is dependent on its "state" of 

healing, or conversely damage, as well as the magnitude of the hydrostatic stress. 

This suggests that other effective elastic moduli will also be some flUlction of the 

"state" of healing or damage, and implies constant elastic moduli may not be ap

propriate for a material whose response depends on the pore volume and on the 

nature of its pore structure. 

Porosity changes 

The inelastic volume strain which accumulates during a complete hydrostatic load

unload cycle is equivalent to the permanent reduction in the porosity of the sample. 

The sum of the residual porosity and the porosity lost during the hydrostatic healir.g 

is the porosity of the as-received samples. These porosity estimates are summarized 
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Table 3.3: Porosity data from hydrostatic loading. 

As-received Permanent Final 
Sample or initial change in porosity or residual 
number porosity after unloading porosity 

(%) (%) (%~ 
HUA3 0.7 0.6 0.1 
HUA4 0.7 0.5 0.2 
TUA5 0.9 0.8 0.1 
TUA6 1.0 0.8 0.2 
TUA7 0.4 0.3 0.1 
TUA8 0.9 0.7 0.2 
TUA9 1.4 1.3 0.1 
TUA10 1.6 1.4 0.2 
TUA13 0.7 0.5 0.2 
TUA14 0.4 0.2 0.2 
TUA15 0.7 0.5 0.2 
TUA16 0.7 0.5 0.2 
TUA18 0.4 0.3 0.1 
TUA19 0.7 0.5 0.2 

in Table 3.3. 

The final or residual porosity is 0.1 to 0.2% for all the samples, revealing 

the very low porosity of healed rock salt. The porosities of the as-received samples 

given in Table 3.3 are consistent with the porosity of unstressed (and presumably 

unhealed) samples reported by others: Wawersik and Hannum (1980), 0.6%, for 

Salado formation rock salt; Gloyna and Reynolds (1961), 0.59%, for a bedded salt 

from Hutchinson, Kansas; and Aufricht and Howard (1961), 1.0%, for a bedded salt 

from Hutchinson, Kansas. 
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Permeability changes 

During the hydrostatic loading tests, the penneability changes with the magnitude 

and the duration of the hydrostatic stress. The effect of hydrostatic stress magnitude 

is first investigated, then duration. 

Permeability changes with hydrostatic stress - Numerous penneability tests 

were conducted after the triaxial samples were initially saturated, employing hy

drostatic or confining pressures and pore pressures in the range of 1. 72 to 2.76 MPa 

and 0.28 to 1.00 MPa, respectively. The purpose of these tests was to obtain data to 

interpret the Klinkenberg or molecular slip phenomenon discussed in a subsequent 

section. In some instances, only the pore pressure (u) or confining pressure (a c) was 

changed. In other instances both were adjusted such that the conventional effective 

stress (ae ) remained constant, where 

(3.11) 

Permeability is generally assumed to be controlled by the effective stress, 

and we can examine some of our results to assess the relationship between changes 

in the confining and pore pressures and the resulting permeability changes. For the 

present, we confine our discussion to the tests in which the pressures " .. ere ch:4-r.lged 

in a relatively narrow range (+/- 0.35 MPa). 

Consider the results of tests on sample TUA10 in which a number of per

meability measurements were made at different confining and pore pressures such 

that the conventional effective hydrostatic stress remained constant (Figure 3.16). 

The permeability does not remain constant; as the confining and pore pressure 

were decreased the permeability decreases, and as the confining and pore pressure 
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were increased the permeability incl"eases slightly. These typical results reveal that 

the conventional effective stress law for permeability changes (equation 3.11) is not 

applicable for these tests. 

It was consistently found the permeability changed substantially in response 

to changes in the pore pressure when the confining pressu.re was held constant, 

whereas there was much less sensitivity of the permeability to changes in the con

fining pressure when the POl'.e pressure was held constant. Non-recoverable per

meability decreases (healing) were also observed during these tests, making it very 

difficult to quantify the stress-dependence (hydrostatic or confining, pore and/or 

effective stress) of the permeability. 

One possible explanation of this behavior is that our assumed form of the 

effective stress law is incorrect. Consider a more general form of the effective stress 

law 

(3.12) 

Our results suggest that if b = 1 then the pore pressure coefficient a is greater 

than 1. However, a is believed to be between 0 and 1 based on theory (Skempton, 

1961; Nur and Byerlee, 1971) and on experimental evidence for a wide range of 

rocks (Bernabe, 1987; Morrow et al., 1986; Walsh, 1981). Bernabe (1987) found 

that the sequence in wnich the pore and confining pressure were changed could 

affect the value of a. In one notable exception, Zoback and Byerlee (1975) found 

a to be between 2 and 4 for sandstone, which they attributed to the presence of a 

very compressible material such as clay in the pore space. 

Alternatively, our results may be explained if the hydrostatic stress coefficient 

b is not unity; in other words, the stress which acts on the flow path is some 
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Figure 3.16: Permeability as a function of confining pressure and pore pressure from 
tests on TUAI0. The conventional effective stress remains constant during these 
tests. 
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fraction of the applied confining pressure. Conceptually, this may be due to a 

locally destressed zone in the vicinity of the flow path. A contact pressure across 

the flow path less than the applied confining pressure was predicted by Wong et al. 

(1989) based on Walsh's (1981) model of an elastic solid with cracks. 

These results suggest that the pore structure, as reflected by the permeability, 

is very sensitive to changes in pore and confining pressure in some unconventional 

manner for these conditions. It is also possible that these results are affected by the 

fact that the changes in stress are relatively small and difficult to accurately adjust 

and maintain. Because of our inability to apply combinations of confining stress 

and pore pressure which result in the same pore structure, Klinkenberg analyses 

of the results obtained during the hydrostatic stress portion of the tests does not 

produce meaningful results. 

Next consider the permeability changes induced by increasing the hydrostatic 

stress from 2.41 MPa to 4.14, 7.59 or 14.48 MPa while holding the pore pressure 

constant at 0.7 MPa. Results are given in Figure 3.17 as the permeability change 

relative to that at 2.41 MPa vs. the logarithm of the hydrostatic stress. These 

results do IlQi include the previously discussed tests where the hydrostatic stress 

varied in a narrow range of about 0.35 MPa. To minimize the influence of the 

duration of the hydrostatic stress application, we include only the permeabilities 

measured immediately upon a change in hydrostatic stress. 

The permeability decrea.ses measurably upon increasing the hydrostatic 

stress: the permeability decreases more than 50% when the hydrostatic stress is 

increased from 2.41 to 14.48 MPa. It is of interest to compare these results with 

existing theoretical and empirical results for other rocks. For an elastic material 

containing random microcracks, the permeability and the effective hydrostatic stress 

are related by (Walsh, 1981) 
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Figure 3.17: Permeability changes as a result of increasing hydrostatic stress from 
hydrostatic healing phase of triaxial tests. Permeability are given as relative to the 
value at 2.41 MPa hydrostatic stress. 
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(3.13) 

where y is a constant. The exponent y has been derived to be 1/3 (Walsh, 1979) to 

1/2 (Ostensen, 1983). Experimentally, y has been found to be between 1/3 (Jones 

and Owens, 1980) and 1/2 (Rose and Sampath, 1981). In Figure 3.17, y = 1 best fits 

our data. This result indicates that conventional models of microcracks based on 

elastic contact of opposing crack surfaces are not adequate to describe permeability 

changes in rock salt. This, in turn, further suggests that inelastic processes are 

significant and probably dominant on the micro crack scale for rock salt. 

Permeability changes with time - To investigate the influence of time at a 

particular hydrostatic stress, successive permeability measurements were made un

der nearly constant applied hydrostatic stress and pore pressure. There are two 

groups of measurements, those made at about 2.41 MPa confining pressure and 

those made at about 14.48 MPa confining pressure. At 2.41 MPa confining pres

sure, numerous discrete permeability tests were made. At 14.48 MPa confining 

pressure, the permeabilities were interpreted from a single pressure vs. time his

tory. The logarithm of the pressure difference across the sample vs. time was dis

tinctly non-linear, reflecting the changing permeability of the sample as it healed. 

By calculating the tangent to the slope of the logarithm of the pressure difference 

across the sample vs. time data at 4 or 5 times, estimates of the changing perme

ability were made. In all but one of the tests at 14.48 MPa confining pressure, the 

permeabilities eventually decreased to immeasurably low values with time. 

Typical data are given in Figure 3.18 for confining pressures of 2.41 and 14.48 

MPa, and reveal the dramatic influence of the hydrostatic stress on permeability 

changes with time. Hydrostatic stresses of 14.48 MPa induce orders of magnitude 

changes in permeability, whereas at 2.41 MPa the relative permeability changes are 



Table 3.4: Extrapolating healing results with Equation 3.14. 

TUA7 
TUA8 
TUA9 
TUA10 
TUA10 
TUA10 
HUA4 
TUA6 
TUA7 
TUA8 
TUA9 
TUA10 
TUA14 
TUA16 
TUA19 

Hydrostatic stress 
(MPa) 

2.41 
2.41 
2.41 
2.41 
2.14 
1.93 
2.41 
14.48 
14.48 
14.48 
14.48 
14.48 
14.48 
14.48 
14.48 

Time to reach 10-21 

(br) 
1.7x105 

5.4x107 

1.7xl09 

52.6 
136.7 
41.4 
19.5 
0.5 
2.2 
2.9 
2.4 
4.2 
2.3 

22.8 
7.5 
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much less. The penneability vs. time data was fit to an equation of the fonn 

k = Aln(t) + B (3.14) 

where t is time and A and B are empirical constants. Using Equation 3.14, the 

measured results in time can be extrapolated in time. In Table 3.4, the time required 

to reach 1O-21 m 2 for various tests is given. 

The form of the equation used to fit the data becomes paramount when it 

is used to extrapolate. Use of Equation 3.14 to describe permeability reductions at 

14.48 MPa hydrostatic stress is reasonable because permeabilities changes of many 

orders of magnitude occur quickly enough so they can be observed; in this sense, 

Equation 3.14 is used to interpolate rather than extrapolate. However, at 2.41 MPa 
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Figure 3.18: Permeability-time data from tests on TUAI0 (2.4! MPa hydrostatic 
stress) and TUA6 (14.48 hydrostatic stress). 
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Table 3.5: Time to reach 1O-21m2 with different equations. 

Correlation 
Equation coefficient Time 

(hr} 
k = Aln(t) +B 0.987 52.7 
k = A(t)+B 0.964 2.7 
k = Ae-B(t) 0.972 21.1 
k = A(t)-B 0.988 3.8x1016 

confining pressure, relatively small changes in permeability are observed, and use of 

Equation 3.14 to predict relatively large changes in permeability over long periods 

of time is speculative. Other equations can certainly fit the experimental data, 

and can yield very different predictions. For example, for the 2.41 MPa confining 

pressure test on sample TUA10, four different equations were fit to the experimental 

data and used to predict the time required to reach a 1O-21m 2 permeability. Results 

are given in Table 3.5. 

These results illustrate the difficulty of extrapolating the behavior of rheo

logical materials from relatively short duration laboratory tests (e.g., Farmer, 1983, 

p. 127). A more reliable relationship between permeability, hydrostatic stress and 

time will have to be consistent with the physical processes (such as plastic flow or 

pressure solution) and be verified with tests of longer duration and at intermediate 

confining pressures. 

Summary 

The results of the hydrostatic tests reveal that the response of rock salt is domi

nated by inelastic reductions in the size and/or number of connected flow paths, and 

is very sensitive to significant changes in the magnitude of the hydrostatic stress. 

Hydrostatic stresses reduce the permeability of rock salt dramatically under the 
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assumed lithostatic stress state at WIPP (14,5 MPa). The "healed state" corre

sponds to rock salt with a porosity of !less than 0.2%, ~ compressibility near that 

of individual salt crystals, and a permeability which for our test configuration and 

conditions is immeasurably small and is conservatively estimated to be less than 

1O-21m2 • The healed state, therefore, is a consequence of a very small and isolated 

pore structure. 

Because rock salt is subjected to hydrostatic stresses for geologic time, the 

healed sample is most representative of the in situ condition prior to any disturbance 

from a nearby excavation. Therefore, to make the results of the triaxial tests most 

relevant to the simulation of excavation-related processes, the starting condition for 

the triaxial tests should correspond to the healed state. 

3.3.2 Analysis and Discussion of Triaxial Stress Test Results 

The results of the triaxial tests reveal that the samples experience a dramatic change 

ill pore structure as they are deviatorically loaded. The inelastic volume strain and 

the gas-accessible porosity provide independent measures of the dilatancy which 

develops during loading. The permeability can increase more than 5 orders of 

magnitude over the healed state as the samples are loaded. The permeability and 

porosity changes can be represented by a simple flow model, and are consistent with 

the flow paths principally initially developing along grain boundary microcracks and 

then along axial secondary tensile cracks 

Uniformity of deformation 

H the deformation experienced by a sample during deviatoric loading is not uniform, 

then the resulting pore structure and permeability induced by the deformation 

will not be uniform. Conventional methods to interpret permeability require the 
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assumption that the permeability is uniform. The uniformity of the deformation, 

pore structure and permeability along the length of the sample (axially) as well as 

at any point on a plane normal to the flow direction or core· axis (radially) are of 

concern. 

Non-uniform deformation due to friction between the platens and the sam

ple is a common problem in conventional rock testing (e.g., Jaeger and Cook, 1979, 

p. 145), and manifests itself as barreling and bulging of the samples. The prob

lem of end effects on deformation of rock salt has been discussed by Wawersik and 

Preece (1981) and experimentally investigated by Senseny et al. (1989). As with 

other rocks, confining pressure suppresses the bulging or barreling of rock salt sam

ples (Senseny et al., 1989). An example of end friction resulting in non-uniform 

deformation (barreling) and affecting the resultant micro crack distribution in salt 

samples is given by Heemann and Stein (1988). For permeability measurements on 

deformed salt, these end effects may be a particular problem as the presence of a 

low permeability zone (nndilated compared to the rest of the core) will cause the 

measured permeability to be lower than that of the bulk of the sample. 

End effects can be minimized by reducing the friction between the platens 

and the sample. For conventional polished steel platens, a dry lubricant is often 

used. However, the porous end pieces required to ensure the pore fluid has access to 

the entire end surfaces of the samples are rough compared to polished steel platens 

and exacerbate the end friction problem. Sutherland and Cave (1980) referred to 

the inhibition of dilation caused by their porous end pieces during triaxial loading of 

rock salt. Spiers et al. (1987) compared volume strains from tests on rock salt with 

conventional end pieces and with thin teflon sheets, and found the teflon permitted 

increased dilation. Peach et al. (1987) found permeability measurements on samples 

deformed with perforated teflon end pieces are greater than those with conventional 

end pieces. To reduce potential end effects during our tests, perforated teflon disks 

were placed between the porous end pieces and the sample ends. The initial test 



Table 3.6: Summary of end effects measurements. 

Sample 

TUA6 
TUA7 
TUA8 
TUA9 
TUA10 
TUA13 
TUA14 
TUA16 

Difference between diameter and mean diameter 
Near top of sample 

(cm) 
-0.099 
-0.053 
+0.048 
+0.157 
-0.165 
+0.170 
-0.107 
+0.150 

N ear bottom of sample 
(cm) 

+0 .. 084 
-0.079 
-0.033 
-0.053 
+0.051 
-0.094 
-0.104 
+0.089 
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with sample TU A6 suggested that a single perforated teflon disk was inadequate; 

all subsequent tests utilized two. 

Post-test inspection and measurements of the samples reveal that the sides 

are rough due to relative movement or shifting of individual grains or crystals. This 

observation is consistent with the predominant mode of deformation being cataclas

tic flow (Paterson, 1978, p. 173) where the material is broken into fragments and 

these fragments move relative to one another. Mellengard et al. (1983) concluded 

that the cataclastic flow is a dominant deformation mechanism during quasi-static 

testing of rock salt based on the observed st:-ess-strain response as well as Carter 

and Hansen's (1980) microscopic observations on deformed rock salt. A similar 

observation as to the roughness of the sides of rock salt samples after quasi-static 

compression tests was made by 'Vawersik and Hap..num (1980). They attributed the 

rough surfaces to compositional and textural variations. 

While post-test inspection and measurement reveal that the deformation 

along the sample was non-tmiform, no barreling was observed. A typical profile of a 

deformed sample is given in Figure 3.19. In Table 3.6, the diameter of the deformed 

samples near both ends is compared to the mean deformed diameter. 
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The deformation near the ends of the sample was found to be about as likely 

to be greater than the mean diametral deformation as less than it. It should be 

noted, however, that because the flow paths are on the order of 10-6 m wide, the 

lack of visible evidence for barreling does not preclude a non-uniform permeability 

distribution along the length of the sample. 

Various investigations have shown that dilatancy is a pervasive phenomenon 

throughout a sample during triaxial tests until the dilatancy begins to localize or 

coalesce as the sample approaches its ultimate strength (e.g., Scholz, 1968; Cook, 

1970; Yanagidani et al., 1985). Typically, localization does not occur until more 

than 80% of the ultimate strength is reached. After this point, the dilatancy can 

localize along a shear band (e.g., Scholz, 1968) or near the sample surface (e.g., 

Yanagidini et al., 1985; Yukutake, 1989). As the confining pressure is increased, the 

dilatancy becomes increasingly likely to form a shear band. 

Post-test inspection of the samples revealed no outward indication of di

latancy localization which would contradict the assumption of uniformity of the 

permeability. Further observations on tested samples are given in Section 3.3.2. 

Comparison of inelastic volume strain and gas-accessible porosity 

During the triaxial tests, the volumetric strain behavior deviates from that of a 

purely elastic medium as the material experiences volume increases under compres

sive conditions. This behavior, known as dilatancy, is attributed to the creation 

of void volume in the form of microcracks (Jaeger and Cook, 1979, p. 85). The 

inelastic volume strain is a measure of the dilatancy. If the void volume which is 

created is accessible to the gas at both ends of the sample, then the gas-accessible 

porosity is also a measure of the dilatancy. 

The inelastic volume strain is determined by subtracting the calculated elas-
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tic volume strain from the measured volume strain. The elastic volume strain is 

calculated from (Desai and Siriwardane, 1980, p. 90) 

(3.15) 

where J1 is the first invariant of the stress tensor, S1,2,3 are the deviatoric stresses 

in the principal directions, and G and K are the shear and bulk modulus, respec

tively. By definition, the sum of the principal deviatoric stresses is zero (Desai and 

Siriwardane, 1980, p. 39), and the elastic volume strain is 

(3.16) 

The inelastic strain is then given by 

(3.17) 

The elastic bulk modulus is derived from the slope of the hydrostatic stress 

versus the volume strain during unloading after the sample had been hydrostati

cally healed overnight. Because the effective bulk modulus decreases somewhat at 

relatively small values of hydrostatic stress, a bilinear bulk modulus was fit to the 

unloading slope and used to calculate the elastic strains. By utilizing this form of the 

bulk modulus, the initial inelastic deformation of the sample upon deviatoric loading 

(nonlinear compaction or closure of the residual pore structure which remains after 
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healing) is incorporated into the calculated elastic volume strain. Therefore, the 

calculated inelastic volume strain will only contain the dilatant component. This 

method for calculating the dilatancy from volume strain measurements is consistent 

with the approach favored by Paterson (1978, p.ll5). Note that the sign convention 

renders dilation as negative volume strain. 

An example of the the inelastic volume strain and the gas-accessible porosity 

data is given in Figures 3.20. The inelastic volume strain remains near zero for 

small axial strains. In this region, the response is dominated by elastic deformation, 

nonlinear compaction, and isovolumetric plastic deformation. In general, this initial 

phase is sustained to larger values of axial strain the greater the confining pressure. 

Eventually, the sample begins to dilate and the inelastic volume strain increases. 

The rate of dilatancy increase remains fairly constant, increasing somewhat as the 

axial strain increases. 

The comparisons between the inelastic volume strain and the gas-accessible 

porosity are very good. For all tests, the trend of the dilatancy changes as estimated 

by these two fundamentally different methods are consistently similar. VJith the 

exception of samples TUA6, TUA9 and TUA15, the onset of dilatancy measured 

by both methods is coincident, and the absolute values of the dilatancy during 

deformation are within about 0.1%. These results indicate that the porosity which 

develops during deviatoric loading is largely interconnected and accessible to the 

ends of the samples. We conclude that dilatancy can be measured by both the 

inelastic volume strain and the gas-accessible porosity. 

The connectivity through the samples at very small porosities is consistent 

with the flow paths as narrow microcracks due to the relatively large probability 

of the intersection of microcracks when the crack opening is small compared to 

the lateral dimension (Paterson, 1983). The connectivity through the samples also 

suggests that pore isolation or channeling is not a problem and the sampie size is 
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Figure 3.20: Inelastic volume strain and gas-accessible porosity vs. axial strain for 
test on sample TUA14. Confining pressure is 4.14 MPa. 
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sufficient as a Representative Elementary Volume (Doe, 1990). 

A possible explanation for the exceptions to the above results is offered next. 

Sample TUA6 (refer to Figure 3.21) was deformed with a single perforated teflon 

disk between the sample and the porous end piece. Post-test observation revealed 

that the porous end piece gripped the sample end through the perforations in the 

teflon. This, in turn, might have induced considerable end effects which would 

result in a low permeability zone near the sample ends. When the sample begins 

to dilate near its center, gas can not permeate through the low permeability zones 

near the ends to reach it. With continuing deformation, the permeability near the 

endp develops sufficiently to allow gas access to the entire sample. At this point, the 

inelastic vohune strain and the gas-accessible porosity become essentially identical. 

The results of the tests on samples TUA9 (Figure 3.22) and TUA15 (Figure 

3.23) also warrant further discussion. In both cases, the calculated gas-accessible 

porosity is greater than the inelastic volume strain during the deformation of these 

samples. The cause of this result is believed to be inadvertant healing of the samples 

during the tests. 

For sample TU A9, gas-accessible porosity was detected during loading from 

4 to 6% axial strain. The subsequent permeability test at 6% axial strain revealed 

no continuous sample permeability. During the "hold" period during the conduct 

of the permeability test, an appreciable amount of positive inelastic volume st:!'ain 

(compaction) occured. This compaction or healing may have partly or completely 

reduced the previously developed gas-accessible porosity; the method of calculating 

the gas-accessible porosity cannot account for such a decrease. A similar situation 

may have occured with sample TU A15. After the sample was deformed to 10.5% 

axial strain, a permeability test was conducted. After the sample remained at this 

state overnight, the permeability test was repeated and the permeability was found 

to have decreased by a factor of 3. A noticeable inelastic compaction also occured 
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Figure 3.21: Inelastic volume strain and gas-accessible porosity vs. axial strain for 
test on sample TUA6. Confining pressure is 4.14 MPa. 
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Figure 3.23: Inelastic volume strain and gas-accessible porosity vs. axial strain for 
te't on sa..'llple TUA9. Also shown are modified porosities. Confining pressure is 
7.59 MPa. r. 
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overnight. Based on these observations, the gas-accessible porosity was recalculated 

for both samples assuming that the porosity during the hold period was (1) reduced 

by the measured inelastic compaction (method 1) and (2) reduced to zero (method 

2). As shown in Figures 3.22 and 3.23, these assumptions improve the comparison 

between inelastic volume strain and gas-accessible porosity for samples TUA9 and 

TUA15. 

Comparison of changes in permeability and porosity 

In Figure 3.24 through 3.28, the permeability and porosity data for the deviatoric 

loading portion of all the triaxial tests are given for different confining pressures. 

Using the modified porosities for TUA6, TUA9 and TUA13 as discussed above mod

estly improves the grouping of the data at 7.59 MPa confining pressure (compare 

Figures 3.27 and 3.28). 

As expected, the data show the general trend of increasing permeability 

as the porosity develops. The permeability and porosity changes show a similar 

response at 2.41, 4.14 and 5.86 MPa confining pressure: permeability increases 

very quickly from the healed condition «10-21 m2 ) by many orders of magnitude 

until it levels off. Further changes in porosity result in relatively small increases 

in permeability. The permeability and porosity results are generalized in Figure 

3.29. Region I is defined by relatively large permeability changes with increases 

in porosity. In Region II, the permeability changes are considerably smaller. The 

demarcation he tween these regions will be referred to as the transition porosity. 

The results of the tests at 7.59 MPa do not fit M well into the generalized model 

given in Figure 3.29. The tests on samples TUA15 and TUA16 could be interpreted 

as having a Region I and II response; however, when all of the data at 7.59 MPa 

confining pressure is considered, a transition porosity is not evident. 
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Figure 3.24: Permeability-porosity data from triaxial tests at 2.41 MPa confining 
pressure. 
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Figure 3.26: Permeability-porosity data from triaxial tests at 5.89 MPa confining 
pressure. 
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Figure 3.27: Permeability-porosity data from triaxial tests at 7.59 MPa confining 
pressure. 
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Figure 3.28: Permeability-porosity data from triaxial tests a.t 7.59 MPa confining 
pressure, using porosities modified by method 2. 
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Relationships between changes in permeability and porosity are often cast in 

the form 

(3.18) 

where <p is the porosity and A and x are empirical constants. Typical values of the 

exponent x for various materials are in the range of 1 to 5 (e.g., 4.4 and 4.9 for 

granite, Katsube and Walsh, 1988; 1 to 5.5 for packed beds of particles, Dullien, 

1979; 0 to 3 for soils, Lagerwerft et al., 1969). The basis and significance of this 

expression will be explored in a subsequent section. 

From the combined data at a given confining pressure, a transition porosity 

was estimated. The Region I and Region II data were then fit separately to Equation 

3.18. For the tests at 7.59 MPa confining pressure, the two tests which appeared to 

have a transition porosity were used to find the Region I and Region II exponent. 

The exponent for all the data at 7.59 MPa was also found assuming no transition 

porosity. These results are given in Table 3.7. 

The Region I exponent, the transition porosity and the transition permeabil

ity all decrease as the confining pressure is increased. The Region II exponent is 

near 1 for tests conducted with 2.41 and 4.14 MPa confining pressures, and lower 

for the single test at 5.86 MPa confining pressure. When only the results from the 

tests on samples TUA15 and TUA16 conducted at 7.59 MPa confining pressure are 

considered, the Region II exponent is also near 1. When all the data at 7.59 MPa 

confining pressure are combined, the data is best fit with an exponent of about 1. 

Thus, the data do not clearly support the existence of a transition porosity for tests 

at 7.59 MPa confining pressure. 

The transition porosity we observed may be similar to the "critical crack 



118 

Table 3.7: Fitting of permea.bility-porosity data to general form of Equation 3.18. 

Confining Exponent Transition Transition 
Pressure Region I Region II porosity permeability 
(MPa} (%} (m2} 

2.41 4.73 0.98 1.01 4x10-15 

4.14 2.85 1.24 0.60 7x10-16 

5.86 1.32 0.38 0.42 2x10-17 

7.59(1) 1.33 0.89 0.20 2x10-18 
7.59(2) 1.08 (NA) (NA) 

(1) Results obtained from combining TUA15 and TUA16 only. 
TUA15 data uses porosities modified by method 1. 
(2) Results obtained from combining all data. TUA9 and TUA15 
use porC'sities modified by method 1. 

porosity" proposed by Brace, Orange and Madden (1965). From measured resistiv

ity changes in various rocks during deviatoric loading, they found that once a critical 

crack porosity was reached, a "fault" formed and the resistivity was insensitive to 

subsequent changes in stress or strain. The value of the critical crack porosity was 

determined to be independent of confining pressure, but related to the percentage of 

the ultimate failure stress which had been applied. Both the existence of a fault and 

the criterion for faulting given by Brace et al. (1965) suggest that their results may 

be related to the work of others on dilatancy localization. Kranz and Scholz (1977) 

investigated the existence of a critical dilatant volume strain at which tertiary creep 

is initiated. Their results suggest that the h""lelastic volume strain at the onset of 

tertiary creep is independent of confining pressure. In contrast to these studies, the 

transition porosity we observed does appear to be a function of confining pressure. 

In summary, the permeability increases many orders of magnitude between 

the healed condition and the transition porosity, after which the permeability 

changes relatively little in response to changes in porosity. The transition porosity 
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and permeability decrease as the confining pressure is increased. At the greatest 

value of the confining pressure we used, a transition porosity is not evident. The 

relationship between permeability and porosity changes is consistent with empirical 

relationships developed for other roc;'(s. 

Flow path dimensions from Klinkenberg analysis 

The dimensions of the flow paths are a critical pore structure parameter, affect

ing the transport and mechanical properties of a rock. However, measurement of 

the flow path dimensions of typical rocks by conventional methods (e.g., scanning 

electron microscopy on unstressed thin sections) are questionable because of uncer

tainities introduced by the sample acquisition and preparation process (Paterson, 

1983; Zheng et al., 1989). The sensitivity of the pore structure of rock salt to sam

ple preparation, as manifested by the large permeabilities and porosities prior to 

healing, indicates rock salt pore geometries detennined from unstressed, prepared 

thin sections may not be relevant. 

One approach to obtain the flow path dimension under relevant test condi

tions is to inject a material which will harden and preserve the pore structure for 

subsequent microscopic observation (e.g., Gale, 1987; Zheng et al., 1989; Brower 

and Morrow, 1983). Disadvantages of these methods include that they require ter

mination of a test every time a measurement is made, and they require sophisticated 

equipment and interpretation techniques. 

We utilized the correction for the Klinkenberg phenomenon to interpret the 

flow path geometry. Advantages of this method are that the flow path dimension 

is determined under relevant conditions and it does not preclude continued testing 

of the sample. A discussion of the Klinkenberg phenomenon is given in Appendix 

D, and experimental considerations were given in Section 3.1.3. 
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Numerous tests were conducted in which the pore pressure and the confining 

pressure were changed in order to obtain the Klinkenberg correction. This is the 

conventional or standard method for obtaining the Klinkenberg correction given in 

Appendix D. The results consistently reveal that the permeability increased when 

the pore pressure was increased, opposite of that expected if the pore structure 

remained constant and Klinkenberg effects dominated. These results are consistent 

with those obtained during hydrostatic tests and are believed to arise because the 

conventional effective stress law is not applicable to rock salt permeability (discussed 

previously in Section 3.3.1) . 

Only samples TUA13 and TUA14 were tested with different gases during the 

deviatoric loading portion of the triaxial tests. The results from these tests allow 

their evaluation by the alternative or non-conventional method described in Ap

pendix D. The results obtained from transient tests are not consistent with theory, 

attributable to changes in pore structure during the changing of the gas. (In order 

to purge gas from the sample, the gas pressure had to be vented. Even adjustments 

of the confining pressure to keep the conventional effective stress constant during the 

purging did not produce results consistent with the Klinkenberg theory.) However, 

the results obtained from steady-state tests are consistent with theory, suggesting 

that the pore structure was unaffected by the switching of the gases (which could be 

accomplished without appreciably changing the pore or confining pressures). Typ

ical results are given in Figure 3.30. The flow path dimensions calculated from the 

Klinkenberg corrections for the steady-state tests using different gases are tabulated 

in Table 3.8. 

The flow path dimensions determined from the Klinkenberg analysis reveal 

that the flow path dimension is on the order of 2xlO-6 m for permeabilities on the 

order of 10-14 to 10-16m2. The flow path dimensions do not change a great deal 

because they were measured after the transition porosity had been reached. This 

flow path dimension is in the range of those measured on other low permeability 
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Figure 3.30: Klinkenberg analysis of permeability data from test on TUA13 at 6.1% 
axial strain. The slope of the straight line is related to the :Bow path dimension, 
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Table 3.8: Flow path dimensions from Klinkenberg analysis. 

Sample number Axial strain 
(%) 

TUA13 4.1 
5.1 
6.1 
10.5 

TUA14 4.0 
6.0 
8.0 
10.2 
12.3 
14.7 

Flow path size 
(mx10-6 ) 

1.64 
1.72 
1.83 
1.83 

1.88 
4.58 
2.79 
2.45 
4.54 
2.42 
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rocks: 3x10-7 to 3x10-8 m for tight gas sands (Randolph et al., 1984), 1x10-6 to 

2xlO-7 m for granite (Katsube and Walsh, 1987; Gale, 1987). 

We conclude that the Klinkenberg analysis is experimentally difficult to con

duct, principally because the applicable effective stress law is unknown. Further, 

time-dependent healing can obscure slip effects. We found that use of different 

gases could yield satisfactory results if the boundary conditions (confinjng pressure 

and pore pressure) were not changed. This can only be accomplished as a practical 

matter during steady-state tests, which in turns limits the range of the permeability 

for which this technique is applicable. 

Flow model evaluation 

Numerous attempts have been made to develop predictive models of permeability, 

generally as a function of stress (e.g., Walsh, 1981) or pore structure (e.g., Dullien, 

1979, Chapter 4). It is more fundamental to relate permeability changes to pore 

structure rather than stress during deviatoric loading because permeability is di-
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rectly related to the pore space geometry (shape, size, connectivity), not stress. For 

a material which exhibits time-dependent, inelastic pore structure changes in the 

form of both healing and damage, a unique permeability-stress relationship would 

not be expected. Even for an elastic rock such as Westerly granite, cyclic loading 

reveals a non-unique relationship between permeability and stress (Morrow et al., 

1986). 

The fundamental difficulty of predicting permeability and permeability 

changes is a result of the extremely complicated three-dimensional pore structure 

of porous media (Dullien, 1979, p. iXj Bear, 1979, p. 28). It is desirable to find 

a model which includes the essential nature or character of the pore structure yet 

is simple enough to be useful. In this spirit, models based on the hydraulic radius 

concept have been used with some success. The essential feature of these mod

els is that the pore structure is represented by an equivalent channel, which has 

a characteristic dimension referred to as the hydraulic radius. The particular hy

draulic radius model we will use was originally proposed by Wyllie and Rose (1950) 

and subsequently rederived and analyzed by Paterson (1983) and Walsh and Brace 

(1984). The expression for the permeability has been derived by Paterson (1983) 

and Walsh and Brace (1984) as 

(3.19) 

where m is the hydraulic radius of the equivalent channel, b is a constant which 

depends on the shape of the channel, ¢ is the porosity, and T2 is the tortuosity. 

The hydraulic radius is the characteristic dimension of the equivalent channel and 

is defined as the ratio of the pore volume (¢V) to solid-fluid interfacial area (A.) 

V 
m=¢

A. 
(3.20) 
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The term b is equal to 2 for circular cross-sections and 3 for slot or crack cross

sections (Wyllie and Spangler, 1952). The tortuosity is a measure of the actual path 

length relative to the apparent path length. We see from inspection of Equation 3.19 

that, consistent with intuition, the permeability of a porous medium is a function 

of the flow path size, shape, and connectivity. 

The tortuosity can be expressed as a function of the porosity (Paterson, 

1983) 

(3.21) 

where s is a constant often referred to as the cementation factor. The value of s 

varies in a range of about 1 to 3: 1 for perfectly aligned flow paths (Brace and 

Orange, 1968); about 2 for many rocks (Brace, Orange and Madden, 1965); 2.25 

to 2.75 for rock salt (Kessels et al., 1985); and as high as 3 for some clays (Ullman 

and Aller, 1982). Substituting this expression for the tortuosity into Equation 3.19 

yields the following expression for the permeability 

(3.22) 

We can assume that the flow paths in dilated or damaged rock salt are 

cracks, and b therefore equals 3. Microscopic observations on dilated rock salt reveal 

fracturing along grain boundaries and shearing along cleavage planes (Carter and 

Hansen, 1983). Others report "visually evident cracks" in damaged rock salt (e.g., 

Heeman and Steen, 1988; Fuenkajorn and Daemen, 1988; Brodsky and Mum.on, 
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1989). Further, dramatic changes in permeability, such as observed on rock salt 

during both hydrostatic and deviatoric loading, are consistent with the flow pathb 

having a crack-like rather than tubular shape (Ostensen, 1983; Walsh and Brace, 

1984). Therefore, we conclude that for damaged rock salt the hydraulic radius is 

equivalent to one-half the crack aperture, and the permeability is given by 

(3.23) 

The equivalent channel model can be specialized to the case where flow is 

through discrete, continuous flow paths (e.g., fractures). Consider a rock in which 

the pore structure is comprised of a system of parallel flow paths. The tortuosity 

term approaches unity, the hydraulic radius is equal to one half the flow path width, 

and the porosity is simply the flow path width per unit volume. The expression for 

the permeability then simplifies to 

2 
k=-m3 

3 
(3.24) 

This expression is equivalent to that given by Walsh (1981) and Witherspoon (1980) 

for flow through fractures. 

Changes in porosity can be due to changes in the flow path aperture and/or 

changes in the "amount" of cracks as expressed by the crack area per unit volume. 

From the equivalent channel model, Katusbe and Walsh (1987) derived 

m ex: <pc (3.25) 
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where a varied from 0 where changes in porosity are due solely to changes in the 

crack area per unit volume or changes in aperture of non-flow controlling porosity, 

to 1 where changes in porosity are due solely to changes in the aperture of the 

flow controlling porosity. Substituting this expression into Equation 3.23 yields an 

expression for the changes in permeability as a function of the change in porosity 

(3.26) 

where x = 2a + s describes how the changes in porosity are manifested as changes 

in permeability, and is expected to range from about 1 to about 5. 

The preceding model can be evaluated if independent measures of porosity 

and hydraulic radius are available. Our estimates of flow path dimensions from 

the Klinkenberg analysis are, however, restricted to cases where steady-state tests 

were conducted with different gases. These measurements were only perfonned 

on samples TUA13 and TUA14, and only after the penneabilities had become 

relatively large and constant. The following table presents the measured values 

of permeability, porosity and crack aperture along with the interpreted equivalent 

channel model parameters for portions of the tests on samples TUA13 and TUA14. 

The values of s calculated from Equation 3.23 fall are nea.: 1, and indicate 

that the flow paths are well aligned in the flow direction for TUA13 and to a lesser 

degree for TUA14. Furthermore, the reasonable value of s calculated from Equation 

3.23 suggests the flow path dimensions derived from the Klinkenberg analysis are of 

a reasonable order of magnitude. The incremental parameters calculated for sample 

TUA13 are also in the expected range, and indicate that the sample deformation 

results in only minor changes in the aperture of the flow controlling paths. 



127 

Table 3.9: Flow model parameters from tests on TUA13 and TUA14. 

Sample Axial Perm- Incremental 
Number strain eability Porosity Aperture parameters 

(%) (m2x10-16) (%) (m) 8(1) X(2) a(3) 8(4) 

TUA13 4.1 1.6 0.6 1.64 .97 
5.1 2.7 0.79 1.72 .93 1.89 .18 1.51 
6.1 4.3 1.05 1.83 .92 1.58 .20 1.18 
10.5 8.5 2.46 1.83 .94 0.82 0 0.82 

TUA14 4.0 0.2 0.27 1.88 1.24 
6.0 0.6 0.59 4.58 1.56 1.42 1.14 -0.86 
8.0 1.3 0.97 2.79 1.35 1.56 -1.00 -0.44 
10.2 1.7 1.32 2.45 1.3 0.95 -0.42 1.79 
12.3 2.5 1.88 4.54 1.65 1.08 1.75 -2.42 
14.7 2.7 2.32 2.42 1.38 1.00 -3.07 7.14 

Notes: incremental parameters derived from the following equations. 
(1) k = ~2 </l 
(2) ~k = ~<p:r: 

(3) ~m = ~4>a 
(4) x = 2a + 8, where a is from (3) and x is from (4) 
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For sample TUA14, the changes in the flow path size are not correlated 

to t~e relatively small increases in permeability; while the permeability increased 

with continuing deformation, the flow path dimension either increased or decreased. 

Therefore, the incremental parameters are not in the expected range of values. The 

inability of the model to fit the experimental results of TUA14 may be because the 

model only applies to larger changes in the flow path dimension and/or porosity. 

The permeability and porosity data from deviatoric loading tests (Figures 

3.24 through 3.28) are consistent with the model. The exponent x varied from just 

under 5 in Region I to about 1 or less in Region II, which is within the range of 

allowable values for the equivalent channel model. In the context of the equivalent 

channel model, the greater the value of x the more tortuous the flow paths are, 

and porosity changes are a result of changes in the flow-controlling apertures. As x 

decreases, the flow becomes less tortuous and the apertures of the flow controlling 

apertures are changing less with changes in porosity. 

Our results indicate that in Region I, the permeability changes are a function 

of the confining pressure. At 2.41 MPa confining pressure, the exponent x is near 5 

which indicates that both terms which comprise x (a and s) are near their maximum 

values. As the confining pressure is increased, the value of x decreases. At 5.86 and 

7.59 MPa confining pressure, the value of x is about 1.3. This requires both a and 

s to be near their minimum values, 0 and 1, respectively. These results strongly 

suggest that the confining pressure has a great influence on the development of the

pore structure. In particular, the decrease of the value of a with increasing confining 

pressure indicates that confining pressure suppresses the dilation of the flow paths. 

Further, the decrease of s indicates that the flow paths are relatively more aligned 

in the flow direction as the confining pressure is increased. This would suggest that 

the permeability has also become more anisotropic. 

In Region II, a value of x near 1 indicates well aligned flow paths in the 
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axial or flow direction, and that their apertures do not change appreciably as the 

samples are deformed further. For the single test at 5.86 MPa confining pressure, 

the Region II exponent was 0.32. One explanation is that a simple equivalent 

channel does not describe the pore structure of this sample. An example of when 

the equivalent channel model breaks down is if two or more fundamentally different 

pore structures exist: one well-aligned system could dominate the permeability 

and one "developing" system which is relatively tortuous could account for the 

majority of the porosity changes. The permeability of the sample would not change 

appreciably, yet the porosity would increase 

The proposed flow model cannot be confirmed or validated from the limited 

measurements of flow path dimensions. We can conclude, however, that it is consis

tent with the measured changes in permeability and porosit.:1, and provides a useful 

conceptual model of flow. Scheidegger (1974, Chapter 6) argues that this is the 

principal value of such a model. 

Microcrack model evaluation 

To further investigate the connected pore network which develops duing deviatoric 

loading, we will evaluate our results w!th the aid of a model of microcrack initiation 

and growth. 

The initiation, propagation and coalescence of microcracks control the 

strength, failure mode, dilatancy a.'ld other aspects of the mechanical behavior 

of rocks. For example, microcracks play a key role in accounting for the stress

strain response of most rocks (e.g., Farmer, 1983, p. 77). The shear or sliding 

crack proposed by Brace et al. (1966) has been extensively used as the basis for 

mechanistic models for rock behavior (e.g., Brady, 1969; Moss and Gupta, 1982; 

Kachanov, 1982a,bj Horii and Nemat-Nasser, 1985; Kemeny and Cook, 1987). The 
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sliding crack is illustrated in Figure 3.31. Compressive loading induces shear stresses 

along the crack. With increasing load the frictional strength of the crack is over

come and sliding is induced. Continued loading results in tension cracks (secondary 

cracks) initiating near the tips of the sliding crack and propagating sub-parallel to 

the maximum compressive stress. The sliding crack model has been extended to 

incorporate interaction and coalescence of growing secondary microcracks, and has 

been successful at describing both failure by axial splitting as well as the formation 

of shear bands (e.g., Horii and Nemat-Nasser, 1985; Kemeny and Cook, 1987). 

The sliding crack is an idealization for most rocks. Microscopic observations 

have not verified the existence of the frictional sliding crack for marble (Olsson 

and Peng, 1976) or granite (Tapponier and Brace, 1976). Horii and Nemat-Nasser 

(1985) suggest the term "microfiaw" as a more appropriate description of the sliding 

crack. Indeed, secondary crack initiation and propagation can be due to a geomet

ric and/or stiffness mismatch between grains, interaction between glide lamella and 

grain boundaries, a stiff or plastic inclusion, or crystal cleavage in addition to a 

frictional crack (Brace et al., 1966; Olsson and Peng, 1976; Wong, 1982). Horii and 

Nemat-Nasser state that from a mechanics standpoint, any material or geomet

ric discontinuity can concentrate stress and therefore induce crack initiation and 

growth. In most models, it is the propagation of the secondary cracks which are 

responsible for dilation and ultimately failure. The existence of actual sliding cracks 

is not of critical importance. 

The resistance to siiding aiong a microfiaw is given by 

7' = S+ J.l.Un (3.27) 

where S is the intrinsic shear strength of the microfiaw, J.I. is the coefficient of sliding 

friction, and Un is the normal stress across the microfiaw. For the axisymmetric 



Sliding 
Crack 

a 
1 

~seCOndary 
Crack 

< 

Figure 3.31: Schematic model of a frictional sliding crack. 

a 
3 

131 



132 

loading during triaxial tests, sliding on the microflaw is initiated first on cracks 

oriented at an angle of itan-1(;) with respect to the maximum principal stress. 

The criterion for sliding is given by (Jaeger and Cook, 1979, p. 98) 

0"1 = 25 + U3(J(p.2 + 1) + p.) 

({(p.2 + 1) - p.) 
(3.28) 

The angles of cracks with respect to the maximum principal stress which 

slide at any particular stress are given by 

(3 l[t _1(1)± -1( 2S+P.(Ul+ U3»] 12=- an - cos 
. 2 p. )(1 + p.2)(0"1 - (3) 

(3.29) 

Secondary cracks are initiated when the tensile stresses induced by the over

all compressive loading exceed the strength of the rock near the microfiaw tip. 

The criterion for frictional slidfng of Kachanov (1982a) developed from a fracture 

mechanics framework can be written as 

~f£ + 25 + U3( J(p.2 + 1) + p.) 
U1= ({(p.2+1)-p.) 

(3.30) 

where K, is a constant) KIC is the critical stress intensity factor for mode I loading 

and L is the sliding crack length. The above criterion is similar to the typical form 

of the crack initiation criterion from the modified Griffith theory (e.g., Paterson, 

1979, p. 62) 
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(3.31) 

where To is the tensile strength of the rock. Equation 3.31 should include the 

additional term 28 in the numerator if the intrinsic shear strength of the microflaw 

is taken into account. 

The angles of the frictional cracks for which secondary cracks are initiated 

can be found from Equation 3.29 with 28 replaced by 2~'C,f£ + 28 for the criterion 

given by Equation 3.30 and by 4To + 28 for the criterion given by Equation 3.3l. 

Continued loading extends the length of the secondary cracks. The length of the 

secondary crack (L3) is found by solving the following equation given by Steiv (1984) 

for La 

(;L 2 + 20"3 g[AIL( J1 + .b.. - II) + f.1:] 
( )VT VT L. VT. Vi.-;, 

0"1 - 0"3 -- = 
KIC A[sin(2B) -1L(1 + cos (2B)][J1 + f. - HJ (3.32) 

where 

A = ~(sin (~) + sin (3a» 
4 2 2 

(3.33) 

where B and a are defined in Figure 3.31. 

Equation 3.32 assumes f he secondary crack propagates along the direction of 

maximum compression, a reaso'.lable assumption for finite secondary cracks (Steif, 

1~84). 

Using Equations 3.28 through 3.32, the experimental data were used to eval

uate the criteria for initiation or activation of both sliding and secondary cracks 
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as well as the range of angles which meet the criteria. The coefficient of friction 

was assumed to be 0.7 (from Bowden and Tabor, 1967). &om the average value 

reported for rock salt, the critical stress intensity factor was taken as 0.4 MPa m-1/ 2 

(from Atkinson, 1984). The tensile strength and the intrinsic shear strength of the 

frictional cracks were assumed to be 1.6 and 1.0 MPa, respectively. The range of 

crack orientations which satisfy the sliding criterion (Equation 3.28) and the crack 

initiation criterion (Equation 3.30) are given in Figure 3.32 from the triaxial test 

on sample TUA13 (2.41 MPa confining pressure). Initiation of sliding was found 

to relatively insensitive to the value of the intrinsic shear strength S. Crack initi

ation predicted from the fracture mechanics model (Equation 3.30) and from the 

modified Griffith theory (Equation 3.31) are nearly the same. The results given in 

Figure 3.32 reveal that if the microfiaw is treated as a frictional surface, there will 

be a region of loading during which only sliding will occur. Continued loading will 

eventually become sufficient to induce secondary cracks. The "size" of the sliding 

range, as measured by the difference in axial stress for the sliding and secondary 

crack initiation criteria for the optimally oriented crack, is independent of confining 

pressure for this model. Increasing the value of the intrinsic shear strength of the 

microfiaw decreases the frictional sliding region; a sufficiently large shear strength 

corresponding to a plastic interface could completely eliminate the frictional sliding 

region. The results given in Figure 3.32 also show that once the criteria are met, a 

relatively wide range of cracks become activated with little additional loading. The 

activated sliding cracks include angles from 10° to 45° almost as soon as sliding is 

ipitiated on the most favorably oriented crack. 

H the grain boundaries of rock salt act as frictional sliding cracks, sufficient 

connectivity may develop so that the sample would develop permeability in ~he 

sliding region. Thus; while the existence of sliding cracks may not be critical from 

a mechanics viewpoint, it can be of principal importance; when considering changes 

in hydraulic properties which result during micro crack initiation and growth. 
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Figure 3.32: Application of frictional sliding crack model using stress from the 
loading of sample TUA13. Confining pressure is 2.41 MPa. 
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The crack development and the resulting permeability will be anisotropic. 

The maximum contribution to the permeability from sliding cracks would be in 

a direction of 27.50 from the maximum principal stress direction (the orientation 

of the optimally oriented crack), and the permeability would be greater along the 

core axis than normal to it. Secondary cracks are principally aligned with the flow 

direction, and their contribution to the permeability will be strongly anisotropic. 

It is plausible that the grain boundaries of rock salt behave as sliding fric

tional cracks. The grain boundaries are known to be weaker than the salt crystals 

themselves and have been shown to parted or cracked as a result of deformation. 

Fuenkajorn and Daemen (1988) found that samples failed preferentially along grain 

boundaries during Brazilian tests due to the lower tensile strength of the grain 

boundaries compared to the crystals. The dilation which occurs during quasi-static 

compression tests on rock salt has been attributed in part to grain boundary slid

ing and opening (Carter and Hansen, 1983). Spiers et ale (1987) and Hansen and 

Carter (1980) directly observed grain boundary dilation on samples which had been 

subjected to quasi-static compression testing. In addition, during some creep tests 

particularly at low temperature~ and stresses, grain boundary sliding and opening 

has been observed (Blum and Fleischmann, 1988; Wawersik, 1988). 

'While it is apparent that grain boundaries are sources of inelastic, brittle 

behavior at low temperatures and stresses, there is limited direct information on 

whether the distinct sliding region (see Figure 3.32) characteristic of a frictional 

sliding crack exists. Two observations directly support the concept of the grain 

boundaries as frictional sliding cracks. Skrotzki and Haasen (1988) reported that 

their creep samples first experience some grain boundary opening, and with con

tinued straining develop intergranular cracks parallel to the axis of deformation. 

Recently, Armstrong (1990) conducted Brazilian tests on 9.5 cm diameter disks of 

the same rock salt used in this study. He observed the development of microcracks 

on the surface of the samples with increasing load. First, the opening of some grain 
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boundaries was noted. At an appreciably greater load, secondary tensile cracks 

parallel to the direction of the applied load were observed. 

Next, some of the experimental results are evaluated in order to assess 

whether permeability increases in rock salt during deviatoric loading could be a 

result of frictional sliding cracks. The amount of dilation at the stress state suf

ficient to just initiate a secondary tensile crack (i.e., at the end of the frictional 

sliding-only region) is given in Figure 3.33. In general, the dilation is reduced as 

the confining pressure is increased. The existence of appreciable dilation at lower 

confining pressures in the sliding region prior to secondary cracking supports the 

concept that the grain boundaries serve as frictional sliding cracks. As the confining 

pressure is increased, the dilation is suppressed and it is not evident whether sliding 

occurs. 

The permeability at approximately the onset of secondary tensile cracking 

is given in Figure 3.34 as a function of confining pressure. The existence of mea

sureable permeability for all but two of the tests at the greatest confining pressure 

reveals that connected porosity has developed prior to the calculated onset of sec

ondary cracking. Also note that the predicted permeability decreases as the con

fining pressure is increased, consistent with the dilation result given in Figure 3.33. 

Once the secondary crack criterion is met, these cracks would grow under 

continued loading. Increased confining pressure suppresses the length of the sec

ondary cracks (Equation 3.32). The length of a secondarY crack which grows from 

the optimally oriented sliding crack was calculated from the experimental data and 

is given in Figure 3.35. It can be seen that crack length decreases as the confining 

pressure increases. 

The secondary cracks become increasingly involved in the flow network as 

they intersect other activated grain boundaries and secondary cracks. Eventually, 
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Figure 3.34: Permeability at calculated onset of secondary tensile cracking (at end 
of sliding-only region). 
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Figure 3.35: Secondary tensile crack length as a function of axial stress for tests at 
different confining pressures. Also shown is stress at estimated transition porosity. 
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they may grow and coalesce sufficiently so that nearly axial flow paths exist through 

the sample. In other words, the transition porosity may be the point at which 

sufficient axial cracks develop and link. The stress at the estimated transition 

porosity is shown with solid circles in Figure 3.35. A reasonable estimate for the 

secondary crack length necessary to create an aligned network may be on the order 

of one-half to one grain boundary length (0.5 to 1.0 cm). The results given in 

Figure 3.35 suggest that the calculated lengtlli; at the transition porosity would not 

be sufficient to result in an aligned flow networ~. 

There are numerous possible reasons for the relatively short calculated sec

ondary crack lengths. The assumed KIC could be lower than the average value 

used in the model calculations. The range of critical stress intensity factors for rock 

salt given in Atkinson (1987) includes values 50% less than the average value used 

for the model calculations. The model calculati?ns ignore crack interaction effects, 

which may be very important for a material such as rock salt which has a pervasive 

system of grain boundaries which intersect one another. Longer secondary cracks 

would be predicted for grain boundaries longer than the average 1 cm length used 

in the calculations. 

Considerable uncertainty is associated with the coefficient of friction assumed 

for the grain boundaries. A lower value would result in increased secondary crack 

length. Once sliding on the frictional crack has occured and the secondary crack has 

been initiated, the coefficient of friction may drop to a residual value. FUenkajorn 

and Daemen (1988) found residual frictional angles to be 15 to 45% less than the 

peak or initial friction angles from direct shear tests on bedded rock salt. To 

investigate the effect of a residual friction angle, calculations were performed in 

which coefficients of friction of 0.7, 0.5, 0.3 and 0.1 were used once the secondary 

cracks were initiated. As shown in Figure 3.36, a residual frictional angle of 0.3 

results in secondary crack lengths at the stress state coincident with the estimated 

transition porosity which may be sufficient to result in aligned flow paths throughout 
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the sample, particulary for the smaller confining pressure. 

Fluid pressure in the crack network would lower the normal stress across 

both the frictional and secondary cracks, and longer secondary cracks would re

sult. Calculations were performed which included a fluid pressure equal to the pore 

pressure during the laboratory tests (0.7 MPa). In Figure 3.37, the results of cal

culations with and without fluid pressure are given from tests with 2.41 MPa and 

7.59 MPa confining pressure. As expected, the increase in the calculated secondary 

crack length due to fluid pressure is greater for the lower confining pressure. 

The relatively short calculated secondary crack lengths at the transition 

porosity for the higher confining stresses suggests that these flow networks may 

include a considerable number of activated grain boundaries in order to be contin

uous from one end to the other. The permeabilities measured at the end of the 

deviatoric loading support this notion. For some tests at 4.14 and 7.59 MPa confin

ing pressure, after the permeability was measured at the final (maximum) deviatoric 

load, the samples were unloaded to hydrostatic conditions and the permeability was 

measured again. The relative permeability increases upon removal of the deviatoric 

load is about a factor of 2 for t~sts at 4.14 MPa confining pressure (with the excep

tion of sample TV A6 in which there were questions regarding end effects) and more 

than an order of magnitude for tests at 7.59 MPa. These results suggest that the 

flow network through samples deformed at the higher confining pressures have more 

flow paths normal to the maximum stress; that is, the secondary axial cracks were 

not of the extent and/or number to form a strongly aligned flow network through 

the sample. 

These results suggest that the microcracking model is perhaps more appli

cable at lower confining pressures. This is not unexp~cted: frictional sliding and 

secondary <':!3cking are brittle mechanisms, and ductile mechanisms become in

creasingly dominate for rock salt as the confining pressure is increased (Carter and 
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Figure 3.37: Secondary crack length vs. axial stress from tests at 2.41 and 7.59 
MPa confining pressure. Crack length calculated with and without influence of 
pore pressure. 
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Hansen, 1983). With sufficient confining pressure, the gr:ain boundaries may more 

closely resemble plastic inclusions. Such a brittle to ductile transition is predicted 

from a micro-mechanistic model based on the sliding crack and plastic slip (Horii 

and Nemat-Nasser, 1986). Another factor which would influence the grain bound

ary behavior as a function of the confining pressure is healing; we found the healing 

rate dramatically increases as the hydrostatic stress increases. 

In summary, grain boundary sliding is likely to be responsible for the ini

tial permeability increases the rock salt experiences as it is loaded deviatorically. 

Secondary tensile cracks are initiated after considerable sliding has occured. Their 

growth and interaction eventually results in a flow network which becomes strongly 

aligned in the direction of the maximum compressive stress. The significance of the 

sliding region increases at low confining pressures. 

Observations on sliced samples 

As a first effort at observing the microcracks which d€!velop during quasi-static 

loading, some samples were cut open and examined. To highlight visible cracks, 

a dye was applied to the cut surface. Initial trials with fluorescent dyes did not 

work well because dye which penetrated into the sample could be seen through 

the translucent crystals, resulting in a "smeared" appearance. Better results were 

obtained with a Formulabs red dye. One problem with this dye is that it tends to 

be retained by small amounts of clay which may be present on the exposed surface, 

obscuring adjacent cracks. Samples which were examined included an as-received 

sample, a hydrostatically healed sample, a sample from a triaxial test at 2.41 MPa 

confining pressure deformed to 10% axial strain, a sample from a triaxial test at 

4.14 MPa confining pressure deformed to 15% and a sample from a triaxial test at 

7.59 MPa confining pressure deformed to 18% axial strain. 
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The hydrostatically healed sample provides a baseline or ambient appear

ance. Examination of this sample, which had no measurable permeability under 

hydrostatic stress, reveals no discernable How paths either along grain boundaries 

or through secondary tensile (intragranular) cracks (Figure 3.38). Thus, the sam

pling process itself (removal of hydrostatic stresses and sawing) do not introduce 

any visible pore structure. 

The as-received sample (Figure 3.39) is nearly indistinguishable from the 

hydrostatically healed sample, even though it had a permeability more than 4 orders 

of magnitude greater than a healed sample. Therefore, the :Bow paths responsible for 

the initial permeability of the as-received samples are not visible with this technique. 

The lack of appreciable intragranular cracks in these samples suggests that the initial 

permeability is a result of :Bow along the grain boundaries. 

Examination of the samples deformed under triaxial conditions do reveal a 

pore structure. At the lowest confining pressure (2.41 MPa), dye resides in both 

intragranular secondary cracks and grain boundaries (Figure 3.40). The width of 

some secondary cracks are exaggerated due to wedge-shaped chips which formed 

and fell out along some cracks .. The secondary cracks are strongly aligned parallel 

to the maximum principal stress (axial) direction. Many secondary cracks are on 

the order of 1 cm long, and are often linked with other cracks to form much longer 

cracks. The secondary cracks are reasonably uniform throughout the sample, al

though there are a number of locations where the cracking may be localizing. Many 

grain boundaries were also stained with dye, and included grain boundaries with 

a wide range of orientations. The presence of dye in these grain boundaries reveal 

that they must have dilated considerably because the (permeable) grain boundaries 

of the as-received sample did not contain dye. 

Photographs of samples which were deformed at 4.14 and 7.59 MPa are given 

in Figures 3.41 and 3.42, respectively. With increasing confining pressure, less sec-
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Figure 3.38: Photograph of sample HUA3, sliced and dyed. This sample was healed 
at 14 MPa hydrostatic stress. 
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Figure 3.39: Photograph I)f sample U A24, sliced and dyed in its as-received condi
tion. 
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Figure 3.40: Photograph of sample TUAIO, sliced and dyed. This sample was 
strained axially 10% at confining pressure of 2.41 MPa. 
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ondary cracks and fewer grain boundaries are observed to contain dye. The length 

of the visible secondary cracks are shorter as the confining pressure is increased. At 

4.14 MPa confining pressure, the number and length of secondary cracks are less 

those formed at 2.41 MPa, but still appear to be sufficient to form a continuous path 

through the sample. Fewer grain boundaries are stained with dye as well. At 7.59 

MPa confining pressure, the secondary cracks are relatively short and well isolated 

from one another, and appear much less likely to form a continuous network through 

the sample than the secondary cracks formed at lower confining pressures. At 7.59 

MPa confining pressure, very few grain boundaries accepted dye even though some 

were probably t!le dominant flow pathS in the sample. This suggests that the 

confining pressure was sufficient to suppress their dilation. 

Summary 

From the experimental results and evaluation of the flow model and the microc

rack model, we summarize our results by postulating a conceptual model for pore 

structure changes experienced by rock salt during deviatoric loading. 

The initial porosity in the samples develops due to sliding along grain bound

aries. The lower the confining pressure, the easier it is for the sliding to be accompa

nied by dilation. At some point, enough cracks become activated so that a connected 

flow network develops. This network will be relatively tortuous, and includes cracks 

of varying orientation with respect to the maximum stress direction. 

The lower the confining pressure, the more the cracks dilate under continued 

loading. During this stage of deformation, the permeability will change more at a 

lower confining pressures as reflected by the Increased porosity exponent x . The 

deformation becomes increasingly plastic' Cl.: t,h>.:! confining pressure is increased, 

perhaps such that little or no frictional sliding occurs along th.e grain boundaries at 
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Figure 3.41: Photograph of sample TUA14, sliced and dyed. This sample was 
axially strained to 15% at a confining pressure of 4.14 MPa. 



152 

Figure 3.42: Photograph of sample TUA15, sliced and dyed. This sample was 
axially strained to 18% at a confining pressure of 7.59 MPa. 

-----_. --.' -.-~.--.. 
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the greater confining pressures. 

Second2:.ry tensile cracks, formed by the sliding along the grain boundaries, 

form in the direction of the maximum compression and the induced flow. At low 

confining pressures, sufficient secondary cracks develop so that they become the 

predominant flow paths. This point corresponds to a transition porosity, and further 

deformation of the samples result in only modest increases in permeability. The 

permeability beyond the transition porosity is strongly aligned in the direction of 

the maximum compression. The secondary cracks are longer and consequently 

permit greater flow the lower the confining pressure is. For the greater confining 

pressures, the secondary cracks may not be sufficient to form a continuous flow 

network and hence a transition porosity may not be reached. 
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CHAPTER 4 

IN SITU GAS PERMEABILITY MEASUREMENTS 

The results of in situ gas permeability measurements made from the underground 

working of the WIPP Facility are given in this chapter. An overview of the data 

interpretation method is first given. Two sets of in situ borehole gas permeability 

measurements made are reported. The first experiment involves monitoring pres

surized gas wells in response to a nearby excavation. The second experiment is a 

series of injected gas flow measurements made from boreholes throughout the WIPP 

Facility. 

4.1 Interpretation of In Situ Measurements 

The gas flow data from both experiments are interpreted in terms of transient 

flow through a compressible, porous medium. The flow is assumed to be radial, 

applicable for flow to or from a borehole. The governing differential equation for 

isothermal, radial gas flow through a porous medium is 

&2 k ~~ 18~ 
-[(G - G,) + l/J(Gj - G.)] = (-)(- + --) m p ~ r~ 

(4.1) 

where P is the borehole pressure, t is time, r is the radial coordinate, p is the fluid 

viscosity, k is the permeability, l/J is the porosity, G, is the solid compressibility, 
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C is the effective or bulk compressibility of the porous medium and CJ is the 

compressibility of the gas. A comparable expression can be developed for brine 

flow with p2 replaced by P and substitution of the appropriate fluid properties. 

Derivations of the equations for gas and brine flow as well as boundary conditions 

applicable to the two sets of measurements are given in Appendix I. 

A finite difference solution to Equation 4.1 was developed in order to simulate 

the field measurements of gas (and brine) flow. The solution employs a coordinate 

transformation given by Nowak and McTigue (1987) 

(4.2) 

w here x is the transformed coordinate, r is the radial coordinate, a is the borehole 

radius, and ( is the stretch factor. The transformed coordinate varies from x = 0 

at the borehole wall to x = 1 at infinity and utilizes equally space nodes. In the 

original coordinate system, the distance between nodes increases with increasing 

distance from the borehole by ap. amount which depends on the value of the stretch 

factor. This transformation permits nodes to be concentrated in the vicinity of 

the borehole while the remote boundary is at infinity. The numerical solution is 

derived in transformed (x) coordinates, and then transformed back to the original 

(r) coordinates. Details of the numerical solution are given in Appendix I. 

The numerical solution was compared with the analytical solution of Cooper 

et al. (1967) for the borehole pressure history during a water pressure pulse test. 

The numerical solution was found to be essentially identical to the analytical solu

tion for simulations with 100 to 200 nodes and stretch factors of 0.1 to 0.0l. The 

numerical results and analytical solutions are compared in Figure 4.1. 

The rock salt surrounding the WIPP excavations is anticipated to have a 
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wide range of gas penneabilities based on previous measureiD,ents. On the one 

hand, regions which will accept relatively great gas :Bow are known to exist in the 

immediate vicinity of excavations. Conversely, undisturbed rock salt has a very 

low (perhaps nonexistent) gas penneability. Because it would be useful to know 

if any gas penneability at all exists in intact rock salt, both sets of measurements 

attempted to measure permeabilities below previous limits. A penneability of zero 

is not possible to measure; rather, the resolution of the measurement is derived 

from the uncertainties and limitations of the test system and interpretation model. 

A brief discussion of some of these factors is given below. 

1. Error in the measured data - The measured quantities during gas flow 

tests are pressure, test dimensions (e.g., test interval length), and time. These 

quantities are measured quite accurately, and by means of conventional uncertainty 

analyses, are expected to contribute less than a 10% relative error to the calculated 

flow rates and penneabilities (Stonnont, 1990bj Stonnont and Howard, 1990). 

2. Limitations in the test system - Factors which render a test system less 

than perfect include packer bypass; packer leakage; packer system compliance; leak

age through fittings, valves and· tubing; and temperature effects. System tests are 

designed to measure the response of the test system in an impenneable medium, 

and thereby establish the limitations and effective resolution of the test system. A 

system test is conducted following the normal test sequence and procedures, except 

that the packer assembly is placed in an aluminum tube. The packers are inflated 

and the test interval is pressurized and monitored. From the measured values, some 

indication of the system resolution can be estimated. For example, a loss of pressure 

in the test zone can be interpreted as if radial :Bow out of the test zone was occuring, 

and an equivalent permeability can be calculated. Assuming the pressure loss was 

inherent in the system, this background or system :Bow rate or permeability defines 

the resolution of the test system. 
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3. Shortcomings of the flow model - The greatest potential uncertainty in 

the calculated flow rates and permeabilities is a result of the flow model itself. The 

development of the governing differential equation (Appendix J) is accompanied by 

numerous conventional assumptions. Some of the assumptions are readily justified 

(e.g., isothermal conditions, laminar flow). Other assumptions are more difficult 

to justify (e.g., a single phase fluid is flowing; permeability is independent of fluid 

pressure; the flow is perfectly radial). However, in the absence of more informa.tion, 

simplifying the model by making these assumptions is necessary in order to make 

the model tractable. Further discussion of some of these assumptions is given in 

Stormont (1990b). 

4.2 The Small-Scale Mine-By Experiment 

The Small-Scale Mine-By experiment was conducted from the underground work

ings of the WIPP Facility to provide direct measures of changes in gas and brine 

permeability of bedded rock salt in response to a nearby excavation. The experi

ment involved first establishing a series of smalll volume pressurized gas and brine 

wells about 10 m from an underground room. Their response is monitored prior 

to, during and after the drilling (excavation or mine-by) of a nearby large diameter 

hole. Finally, gas and brine injection tests were conducted in the monitoring wells. 

A complete description of the test conduct and results is given elsewhere (Stormont 

and Howard, 1990). 

4.2.1 Experimental configuration 

Twelve monitoring wells were drilled vertically down from the floor of the Ll room. 

The 4.8 cm diameter boreholes were drilled to a depth of 8 m with air as the 

drilling fluid. Test intervals were created in the bottom of the borehole by placing an 
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inflatible rubber packer nominally 65 em oft' the bottom of the borehole. A schematic 

diagram of the monitoring wells is given in Figure 4.2. The rock adjacent to the 

test interval is described as clear to moderately reddish orange halite (USDOE, 

1988). The nearest anhydrite or clay seam is approximately 2 m above the test 

interval. In order to minimize the volume of test interval, a 4.3 cm diameter steel 

rod was placed in the bottom of the borehole. The packers have a tubing feed

through to allow access to the test interval for fluid injection or withdrawal. The 

test interval pressure is measured by means of a strain-gaged diaphragm pressure 

gage at the wellhead. A nearby data acquisition shed provides the excitation, signal 

conditioning and recording. Prior to initiating the tests, system tests performed on 

all packer assemblies indicated that bypass between the packer and the borehcle 

wall was not expected. 

A plan view of the monitoring wells is given in Figure 4.3. Both brine 

and gas monitoring wells were placed at 1/4, 1/2, 1, 2 and 3 r from the surface 

of the planned large diameter hole, where r is the radius of the large diameter 

hole. Two monitoring wells of each type (gas and brine) were located at 1/4 r 

to provide redundancy at this location where the greatest changes in response to 

excavation were anticipated. Most monitoring wells were established within 24 hours 

of completion of their drilling. For the brine monitoring wells, saturated brine was 

first placed in the bottom of the borehole prior to placement of the packer and steel 

bar to reduce the likelihood of trapping gas in the test interval. The packers were 

brought to a pressure of about 5 MPa and shut-in. The brine and gas test intervals 

were pressurized to about 2 MPa and were monitored for about 150 days until the 

large diameter hole was drilled. In one gas well after 140 days, the pressure was 

instantaneously raised about 1 MPa and its response monitored. 

The "mine-by" was achieved by drilling a large diameter (0.9 m) hole. This 

hole was deepened incrementally: A 5 cm diameter pilot hole was first drilled fol-
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lowed by the coring of the 0.9 m diameter hole to a similar depth. The pilot hole 

provides directional stability and aids in the large core removal. The drilling time 

was less than 8 hours for both the pilot hole and the large diameter core from about 

1 meter above to 1 meter below the mean test interval depth (8 m below the Boor 

of Room Ll). 

After the mine-by, two types of injection tests were conducted in the mon

itoring wells. For the constant pressure test, the well pressure was increased by 

about 0.7 MPa and the Bow rate necessary to maintain this pressure was measured. 

Shut-in or pressure decay tests involve raising the pressure in the well by about 

0.7 MPa and measuring the pressure decrease as the well Buid moves out into the 

formation. 

4.2.2 Analysis Approach and Scope 

The principal focus of the analysis of data from this experiment is to determine the 

changes in gas permeability of the rock salt as a result of a nearby excavation. The 

analysis approach is to first establish a pre-excavation permeability, and then find 

the permeability after the excavation. For this dissertation, the gas well response 

is the principal quantity of interest, and the brine well response is considered sec

ondary. Data and observations from the brine wells are only given as necessary 

to complement the gas well response. FUture analyses focusing on the brine well 

response are planned. Analyses of the experimental data are in three categories: 

(1) Pre-excavation well response: Before excavation of the large diameter 

borehole (mine-by), the response of the gas and brine wells can be analyzed to 

obtain baseline or initial formation properties. 

(2) Post-excavation injection tests: Approximately 240 days after the mine

by, the pressure in the wells were at or near an equilibrium value. At this time, 
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injection tests were conducted in all of the gas and brine wells. These tests provide 

data which (".an be inV.::rpreted in terms of formation properties. 

(3) Eost-excavation "ambient" well response: During and after the mine-by, 

but prior to the injection test, the response of the wells can be interpreted in terms 

of the changing formation properties in response to excavation. This portion of the 

analysis is not within the scope of this dissertation. 

4.2.3 Results 

Pre-excavation 

The response of the brine and gas wells after they were shut-in but before excavation 

of the mine-by borehole are given in Figure 4.4 and 4.5, respectively. After they 

were shut-in, the brine well pressures increase and approach a value of about 3 MPa. 

The gas well pressure increases at a slower but more linear rate. The response of 

the gas wells appears to be more variable than that of the brine wells. 

The response of both the brine and gas wells are consistent with the formation 

as a very low permeability, low porosity porous medium with a significant pore 

(brine) pressure. Flow of brine from the formation into the lower pressure wells 

results in a pressure increase in both the brine and gas wells. The How rate into 

the wells, and consequently the pressure changes, decreases as the well pressure 

approaches the formation pressure, and finally levels off at the formation pressure. 

In the gas monitoring wells, the pressure increases at a slower rate due to the 

relatively great test interval compressibility. The gas in these wells does not flow 

into the formation because (1) the formation brine is at a higher pressure, and (2) 

there is a threshold or displacement pressure which the gas would have to overcome 

in order to How into the formation. 
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Figure 4.4: Pressure-time data from brine monitoring wells prior to mine-by. 
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Figure 4.5: Pressure-time data from gas monitoring wells prior to mine-by. Data 
from well 55 are truncated due to data acquisition problem. Data from well 61 are 
truncated at point where its pressure was increased to about 3500 kPa. 
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Because of the great compressibility of gas relative to brine, the presence of 

even small amounts of gas in the test interval will dominate its effective compress

ibility. For the brine-filled monitoring wells, gas could be trapped during packer 

installation or in the tubing, or could How into the test interval from the formation 

or exsolve from formation brine in response to pressure decreases. Compliance of 

the packer system could also greatly affect the brine well test interval compressibil

ity. Measurements of the test interval compressibility revealed it is more than twice 

the value for brine alone. Numerical simulations of the tests utilized the measured 

test interval compressibilities for the brine wells. 

Numerous combinations of parameters (e.g, permeability, porosity, formation 

pressure) produce simulations which match the measured pressure histories. In 

order to eliminate one variable for the interpretation of the pre-excavation data, 

the formation porosity was assumed to be 0.001. This value is consistent with that 

used in previous analyses (Peterson et al., 1985; Stormont et al., 1987) and is within 

the range for healed rock salt determined in Section 3.3.1. 

The brine data can be matched with a formation pressure of 2.7 MPa to 3.6 

MPa and a permeability of 10-22 to 10-21 m 2• The pressure build-up in the gas wells 

results in somewhat greater permeabilities for comparable formation pressures. For 

example, for a 3.6 MPa formation pressure, the permeability is between 3x10-22 to 

1xlO-2om2 • The interpreted permeabilities cover a wider range than for the brine 

data. 

In gas well 61, the pressure was instantaneously increased from 2.4 to 3.5 

MPa. Even at this pressure, which is in the vicinity of the formation pressure, the 

gas pressure continued to increase, although more slowly, indicating that gas could 

still not How from the test interval into the formation. 

The time-dependent creep of rock salt may result in the closure of monitoring 

well, which in turn will induce pressure changes in test intervals which have been 
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shut-in. The radial closure of the test interval is assumed to be of the following 

form 

dr ( )n - = -ar (J' - tl 
dt 

(4.3) 

where (J' is the far-field stress, tl is the internal borehole pressure, n is the stress ex

ponent, and a is an empirical constant. This expression is modified from the closed 

form solution of Cha1::·~mes (1982) for steady-state creep closure of an infinitely 

long cylinder in an infinite medium. The stress exponent for secondary creep of 

WIPP rock salt has been found to be near 5 (e.g., Munson et al., 1989). Because 

the closure rate is a function of the test interval pressure, the closure rate will be 

time-dependent. The borehole closure at zero borehole pressure was obtained from 

closure measurements in a nearby borehole. A normalized diametric closure rate 

of 12 microstrains pe:- day was measured at the same depth as the test intervals in 

the monitoring wells. When closure is included in the numerical simulations, the 

permeability could be reduced by about 10% or the formation pressure could be 

reduced by about 10% to match the data equally well compared to simulations with 

no closure. Thus, the closure of the monitoring wells does not dominate the fluid 

pressure response of the wells. 

The pre-excavation well response shows that gas does not flow from the mon

itoring wells out into the formation, indicating that the effective gas permeability 

of the formation prior to the mine-by excavation is zero. Further, the interpreted 

brine permeabilities and formation pore pressures are in the range expected for 

undisturbed rock salt. 
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Well response during and after excavation 

The response! of the brine and gas monitoring wells during and after excavation 

are given in Figures 4.6 and 4.7, respectively. The brine well response reveals 

a small pressure increase during the excavation process, followed by a period of 

decreasing pressure, tending toward some equilibrium value. The response of the 

brine monitoring wel!s are a clear function of the distance the particular well is 

from the excavation; the closer to the excavations the greater drop and the lower 

equilibrium pressure. At 1/4 and 1/2 r, the brine wells lose nearly all of their 

pressure in response to excavation. 

The gas monitoring wells response is also a function of the distance the well 

is located from the excavation. At 1/4 r and 1/2 r, the gas pressures drop rapidly to 

o and about 0.7 MPa, respectively. At 1 r, the gas pressure changes from increasing 

at a slow rate prior to the mine-by to slowly decreasing afterward. At 2 and 3 r, 

there is no apparent response to excavation. 

The changes in the fluid pressures in the monitoring wells are consistent with 

a dilatant zone surrounding the large diameter borehole out to about 1/2 r. In this 

region, there is sufficient increase in permeability and/or pore volume so that brine 

wells almost immediately lose nearly all of their pressure. Large changes (relatively) 

in pore volume may not be able to be instantaneously saturated by the surrounding 

low permeability formation. 

The gas wells at 1/4 r also lose their pressure. In order for this to happen, 

the formation has to become unsaturated (with respect to brine). At 1/2 r, the 

gas pressure stabilizes at 0.7 MPa, which indicates that some gas flowed out of 

the borehole into the formation and then stopped. If the formation pressures are 

symmetric about the excavated borehole, then from the brine well at 1/2 r the 

formation pressure is zero, and the gas pressure of 0.7 MPa is a displacement or 
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Figure 4.6: Pressure-time data from brine monitoring wells as a result of the 
mine-by. 



o 
g1-------~~--~--------------------------~ • Mine-by 

c 
c c ... 

Excavat:ion 
81 3 r) 

59 (2 r) 

57 (1 r) 

55 (0.5 r) ---"""'" 

51 (0.25 r) 

c~---~---~---~~~==~==~~~~~~~ 
50 iOO i50 200 250 SOO 350 .00 .50 500 

Time (days) 

170 

Figure 4.7: Pressure-time data from gas monitoring wells as a result ofthe mine-by. 
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threshold pressure. 

Beyond 1/2 r, the changes in response to excavation are less dramatic. The 

response of the brine wells to excavation is progressively less as the distance from the 

large borehole increases. In the gas well at 1 r, the slow pressure decrease in the test 

interval pressure suggests that the formation pressure at this location has reduced 

below the test intervals. Either the gas pressure in the well is sufficient to overcome 

the threshold pressure in the formation or the brine which has accumulated in the 

test intervals (during the pre-excavation inflow period) is forced into the formation. 

Beyond 1 r, the gas wells are not affected by the excavation. 

Post mine-by injection tests 

Approximately 240 days after excavation, injection tests were conducted in all mon

itoring wells. In the two gas monitoring wells at 1/4 r, constant pressure flow tests 

were conducted. The permeabilities interpreted from these data were 8.7xl0-16m2 

and 4.5xlO-18m2, both with porosities of 0.01. The data and the results from nu

merical simulations of these tests are given in Figure 4.8 and 4.9. For comparison, 

injection tests in the brine wells at 1/4 r both yielded a permeability and porosity 

of 5.7x10-18m 2 and 0.01, respectively. 

A pressure decay or shut-in test was conducted in the gas monitoring well 

at 1/2 r. The results from this test are given in Figure 4.10. Also shown in the 

figure are the results from two different simulations which reasonably match the 

da.ta. Only a single pressure-time history is given in the figure because the two 

simulations produce an identical response. One simulation is for gas flow into a 

gas-saturated porosity. In other words, the formation is assumed to be partially 

saturated. For this assumption, the interpreted gas permeability and porosity are 

2x10-21 m2 and 0.001, respectively. The other simulation is for the gas in the well 
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Figure 4.8: Pressure-time data and numerical simulation of constant pressure gas 
injection test in well 51 (1/4 r). 
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Figure 4.9: Pressure-time data and numerical simulation of constant pressure gas 
injection test in well 50 (1/4 r). 
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displacing or driving brine flow in the formation, as if the rock surrounding this well 

has remained saturated but at a low pressure. In this case, the interpreted brine 

permeability and porosity are 2.0x10-19m2 and O.J05, respectively. It is more likely 

that the gas is driving brine flow rather than gas flowing through an unsaturated 

formation. The "step-wise" or "jerky" pressure history during the shut-in test is 

consistent with that expected during viscous fingering or channeling (Dullien, 1979, 

p.383). This phenomenon occurs when the viscosity of the displacing fluid is less 

than that of the pore fluid, as is the case for gas displacing brine. The advaucement 

of the gas into the pore structure will be uneven because pore size distribution is 

heterogeneous and the gas advance rate, and consequently the gas pressure changes 

in the monitoring well in response to this flow, will be uneven. The result of the brine 

injection test at the same distance into the formation (1/2 r) results in an interpreted 

permeability of 1.5x10-19m2 and a porosity of 0.005, respectively, consistent with 

the values obtained assuming gas-driven brine flow in the formation. Finally, recall 

that this well maintained some pressure after excavation; if a continuous gas porosity 

surrounded this well, it would be expected to lose all of its pressure. 

At distances of 1 r and greater, the gas shut-in tests resulted in very small 

pressure decays. If these data are interpreted in terms of flow in gas-saturated 

porosity, the corresponding permeabilities would be much less than 1O-22m2 , so 

small as to doubt they are real. It is more plausible that the gas pressure is forcing 

brine out into the formation. In this case, the interpreted permeabilities are in the 

reasonable range of 1O-20m2 to 1O-21 m2 • Comparable values were determined from 

the injection tests in the brine wells at similar locations. 

An interesting issue arises from the gas injection test results at 1/2 r and 

beyond regarding the nature of the induced flow. If gas is displacing the brine in 

the formation, then the threshold or displacement pressure has bei!D exceeded and 

these results would provide an estimate of this value. Perhaps gas is displacing brine 

in the formation, but only in a small zone of enhanced permeability surrounding 
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Figure 4.10: Pressure-time data and numerical simulations of pressure decay gas 
injection test in well 55 (1/2 r). 
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the wells. An alternative explanation is that brine which was produced into the 

well during the pre-excavation inflow phase is now being forced back out into the 

formation. The volume of gas which moves from the test interval into the formation 

during the injection tests 1/2 r is in excess of 300 cm3, and it is clear that gas is 

extending an appreciable distance into the formation. At 1 r and beyond, the flow 

of gas is so small during the injection tests (a few cm3 ) that it is not possible to 

distinguish if the gas actually moves into the formation. 

The injection test results can be summarized as follows. At 1/4 r, the for

mation is largely unsaturated, and both gas and brine can be injected into the 

formation at rates which correspond to permeabilities of 5x10-18m 2 or greater. At 

1/2 r, the formation is depressurized, but probably nearly completely saturated, 

and gas can be injected into the formation and displace the formation brine. The 

permeability at this location is 2xlO-19m2 • Beyond 1/2 r, there is no measurable 

permeability to gas. 

4.3 Summary 

From the results of the Small-Scale Mine-By experiment, the following conclusions 

are drawn: 

1. There is no measurable gas permeability prior to "disturbing" the rock by 

excavation, even when the gas pressure equals or exceeds the formation pressure. 

2. The excavation of the large-diameter borehole (the mine-by) results in the 

essentially instantaneous creation of a de-saturated zone extending 1/4 to 1/2 r into 

the formation. The pore pressure in the formation is zero at 1/2 r and increases to 

the pre-excavation value at 3 r. 

3. The formations surrounding the two gas wells at 1/4 r have permeabilities 
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of about 10-15 and 5xl0-18m2 , with porosities of 0.01. The permeability of the 

formation surrounding the two brine wells at 1/4 r is about 5xl0-18m2 with a 

porosity of 0.01. 

4. At 1/2 r, the formation is probably still saturated. Gas can be injected into 

the formation when its pressure is about 1.5 MPa. The corresponding permeability 

is 2xlO-19m 2 with a porosity of 0.005. 

5. Beyond 1/2 r, there is no indication that the formation has any gas 

permeability. 

4.4 Gas Permeability Measurements in Rock Surrounding WIPP Drifts 

This section describes the methods and results of injected gas flow (permeability) 

measurements made throughout the underground workings of the Waste Isolation 

Pilot Plant (WIPP) Facility from May through October 1988. These measure

ments serve to supplement previous measurements (Stormont et al., 1987; Borns 

and Stormont, 1988). A complete description of the objectives, equipment, tech

niques, analysis methods and results is given elsewhere (Stormont, 1990b). 

4.4.1 Experimental Configuration 

Gas flow measurements were made at four stations or locations in the WIPP un

derground workings: Room G, Room D, Room 2, ano A.l...e E-140 drift at the N-1266 

station (see Figure 2.2). Room G, Room D and the E-140 drift are at the disposal 

horizon, whereas Room D is located about 5 meters above the disposal horizon. A 

section view of the boreholes drilled for the gas flow measurements in Room G is 

given in Figure 4.11 to illustrate the typical borehole pattern. The 4.76 cm diameter 

boreholes were drilled dry (air was used as the drilling fluid). 
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Figure 4.11: Gas flow/permeability testing boreholes associated with Room G sta
tion. 
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The measurement system has three basic components: a. four-packer assem

bly, flow control system, and data acquisition system. These components are illus

trated in Figure 4.12. The packer assembly was used to isolate a region of interest 

wi thin a test borehole. Typically, the region of the borehole between the inner two 

packers is used as the test interval, so that the interval between these packers and 

the outside packers served as the guard zone. The guard zone is used to identify 

packer bypass due to less-than-perfect seating of the packer and to allow flow along 

the axis of the borehole to be distinguished from radial flow. The packer assembly 

is connected via a pneumatic/electrical conduit to the flow control and data acquisi

tion systems. A schematic tubing diagram is given in Figure 4.13. Fluids (nitrogen 

gas) for packer inflation and test zone injection pass through the flow manifold, 

and are controlled by a series of valves. Measurements are made of the test zone 

or reservoir tank pressure, guard zone pressure, packer pressures, and test interval 

temperature. The data acquisition system consists of a dedicated microcomputer, 

a display screen, and two floppy disk drives. The system is menu driven, and allows 

logging of the measured values onto floppy disks. 

The system tests reveal that a very slow but persistent leak through the 

tubing is most often the limiting factor of the system resolution. There are also a 

few system tests where packer bypass and packer leakage appreciably affect the test 

system resolution. The resolution of the system depends on the test zone pressure 

and to a lesser degree on the test duration. At test zone pressures of 0.24 MPa 

to 2.17 MPa, the equivalent system permeability decreases from a.bout 10-20 to 

10-22m2 , respectively. Two types of tests are used: the constant pressure flow test, 

and the shut-in or pressure decay test. The shut-in test is usually pe:£ormed when 

flow rates became so small that flow into the formation can be more accurately 

determined from the measured pressure drop in the test interval rather than from 

the pressure changes in the much larger reservoir volume. At permeabilities below 

about 10-18m2 , the reservoir (tank) pressure change during a constant pressure test, 



, 

\ 

Intervals 

Data Acquisition System 
). 

Pressure 
Transducers 

Flow and 
Packer Control 

Manifolds 

y 

Data 
Logger 

Flow Control System 

180 

, 
Recorder 

TR 1-6346-21-0 

Figure 4.12: Schematic of the components of the high-resolution gas 
flow/permeability test equipment (modified from Peterson et al., 1985). 
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Figure 4.13: Schematic of tubing diagram for the high-resolution gas How / perme
ability test equipment (modified from Peterson, 1988). 
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and consequently the flow rate from the reservoir to the test interval, is so small 

it is difficult to resolve. Conversely, at permeabilities above lO-18m2, the pressure 

drop in the test interval during a pressure decay test is very fast and difficult to 

accurately record. Therefore, the approximate permeability below which pressure 

decay tests are conducted and above which constant pressure tests are conducted 

is about lO-18m2. 

4.4.2 Analysis Approach and Scope 

The majority of the tests result in very small pressure changes in the test intervals. 

A critical aspect of the data analysis is to determine which of the data are "real", 

and which are a manifestation of the test system background leakage. To make 

this decision, a system test which most closely matches the field test condition is 

selected and compared to the data. If the data is within the system resolution, the 

data is matched by means of numerical simulation of the flow. If the data does not 

exceed the system resolution, then the test result is given as "less than x" , where x 

is the system resolution as determined by the appropriate system test. 

For those data within the system resolution, it is not always possible to obtain 

a reasonable fit of the data, or the derived values are unrealistic (e.g., k < lO-2om2, 

¢ = 20%). Typically, the cause for the inability to match the field data is due to a 

steep initial drop in the pressure. The possible causes of this initial drop include, 

but are not limited to: 

1. A Disturbed Rock Zone (DRZ) surrounding the test borehole; 

2. Compliance of test system; and 

3. A temperature change (decrease) of the gas in the test interval. 

Without attempting to definitely specify the cause of the initial drop each time it 

was observed, simulations incorporating a local (borehole scale) DRZ are used to 

provide an improved fit to the field data. The DRZ model used in the numerical 
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simulations assume the permeability is of the form 

(4.4) 

where D is proportional to the increase in permeability at the borehole wall, ka is 

the far-field permeability, and z is the distance at which the permeability decreases 

to the far-field permeability. The DRZ is assumed to extend one borehole diameter 

in order to reduce the number of additional parameters introduced to one. 

4.4.3 Results 

The permeability as a function of position about the excavations is given in Figures 

4.14 through 4.17. When the data from a test resulted in a permeability which does 

not exceed the system or background permeability, the reported value is given as less 

than the system permeability for these particular test conditions. In other words, 

the formation has no measurable gas permeability at these locations. Typically, 

gas permeabilities can be measured in the immediate vicinity of an excavation. 

At some depth, a boundary beyond which no gas permeability can be detected is 

encountered. 

In the ribs, the permeable zone boundary varies from less than 1 meter for 

the E-140 drift to between 1.8 and 3.6 m for the other locations. For a given 

excavation, the permeable zone extends further into the roof than in the ribs. The 

permeable zone boundary changes with the dimensions of the drift from which 

the measurements were made. Consider the permeable zone surrounding the three 

excavations at the disposal horizon (Room G, Room 2 and E-140 drift). The smallest 

permeable zone is associated with the smallest excavation (the E-140 drift). The 
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Figure 4.17: Distribution ofpermeabilities surrounding the E-140 drift at the N-1266 
station. 
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permeable zone extends further into the rib for Room G (6.0 m wide by 3.0 m high) 

than for Room 2 (10.0 m wide by 3.9 m high). There are insufficient measurements 

to define the boundary above or below these excavations. 

The measured permeabilities in the formation SUlTounding Room G, Room 

D and Room 2 are consistent. In the ribs at a depth of 0.9 m, the measured 

permeabilities vary from 10-14 to to-18m2• At a depth of 1.8 m, the permeability 

decrease by at least 2 orders of magnitude. 

In the floor, the permeability at a mean test interval depth of 0.9 m is between 

10-17 and 10-15m2. For the test interval at 1.8 m in the floor at the storage horizon 

(Room G and Room 2), the permeability is too great to measure in the floor of 

Room 2 and too small to measure in the floor of Room G. These test intervals 

include the MB139 anhydrite layer (refer to the stratigraphy given in Figure 2.1). 

Measurable gas flow occured to the greatest depth in the rock above the roof 

of Room G and Room 2. At a depth of almost 5 m, measurable gas flow occured. 

The test intervals which include Seam B (the anhydrite and clay layer about 2 m 

above the back of excavations at the disposal horizon) allow a very large gas flow 

above Room 2, and a smaller but still measurable gas flow above Room G. There are 

insufficient measurements to draw a similar conclusion about the gas permeabilities 

above the back of Room D. 

The results from the angled boreholes reveal that the permeabilities at these 

locations are very low. In the one instance of measurable gas flow in a borehole 

angled down in Room 2, the test interval includes anhydrite layer MB139. 

The results from boreholes in the E-140 drift at the N1266 station indicate 

systematically lower permeabilities than from other locations. Recall that at this 

measurement station the excavation is the smallest from which tests are conducted. 

The only measurable gas flow occurs at 0.9 m into the roof. In the sense that the 
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greatest depth of measura.ble gas permeability occurs in the rock above the roof of 

the E-140 drift, these results are consistent with those from Room 2 and Room G. 

The permeabilities measured in the interbeds above (Seam B) and below 

(MB139) the storage horizon are consistent with previous measurements. When 

the measurement is made in the interbed layer beneath the drift center, gas perme

abilities are measured. The magnitude of the gas permeability is a strong function of 

drift span. When the measurement is made near the drift edge or well removed from 

the excavation, the gas permeability most often becomes immeasurably small. The 

measured gas permeabilities, coupled with direct observations from boreholes and 

extensometer measurements, reveal that open fractures (separations) are present in 

these layers immediately beneath the center of some excavations. 

For test intervals comprised solely of rock salt, measurable gas permeabilities 

extend further into the formation above excavations at the storage horizon than into 

the ribs. This observation is consistent with previous measurements. Examination 

of the data of Peterson et al. (1985) reveals that gas permeabilities could not 

be detected beyond a depth of about 2 m into the rib, whereas it extended to a 

depth of approximately 8 m above this excavation. In contrast, for Room D, where 

the immediate stratigraphy does not include prominent clay and anhydrite layers, 

the permeable zone boundary is comparable in the roof and in the ribs. These 

results suggest that processes associated with the layered nature of the formation 

are active at the storage horizon, e.g., shear displacement along clay seams and 

beam-like behavior of the salt layer which comprises the immediate roof (Stormont, 

1990a). 

A local (borehole scale) DRZ is used to improve the match between numerical 

simulations and data from about 1/4 of the tests. The magnitude of the permeability 

increase at the borehole wall ranged from a factor of 5 to 100. During a number of 

tests, gas initially flows into the formation and then decreases to a level below t.he 
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Table 4.1: Gas permeability and deformation measurements at comparable loca
tions. 

Depth Orientation Displacement Permeability Excavation 
(m~ ~mm~ (m2~ 
0.9 Vertical up 132 2.5xlO-17 Room 2 
1.8 Vertical up 91 >1.Ox10-12 Room 2 
0.9 Horizontal 81 6.0xl0-18 Room 2 
0.9 Vertical up 76 1.Oxl0-18 RoomD 
1.5 Vertical up 67 3.2xlO-2O RoomD 
0.9 Vertical up 51 9.5xl0-2o £:..140 drift 
0.9 Horizontal 48 <1.0xlO-2O E-140 drift 
0.9 Horizontal 43 1.7xlO-15 RoomD 
0.9 Horizontal 38 1.9xlO-14 RoomD 
0.9 Horizontal 33 <1.Oxl0-2o E-140 drift 
1.5 Horizontal 33 <2.6xlO-21 E-140 drift 
1.8 Horizontal 33 6.2xl0-19 RoomD 
1.8 Horizontal 30 5.0xlO-19 RoomD 
1.8 Vertical up 25 <2.4xl0-21 E-140 drift 

system resolution. These results, which are reported as below the system resolution, 

can also be modeled with a local DRZ. These results highlight the desirability of 

conducting tests for as long of duration as possible so as to increase the depth of 

penetration of the fluid. 

A comparison between measured permeabilities and deformations is given in 

Table 4.1. The deformations are derived from extensometer measurements given 

for Room D by Munson et aI. (1988) and Room 2 and the E-140 drift by USDOE 

(1988). The deformation of the rock at the extensometer 8...l'lchor location is com

plicated by the unmeasured displacements prior to gage installation and apparent 

movement of the bottom (deepest) extensometer anchor. To simplify the analysis, 

the bottom anchor at 15 m is assumed to be stationary and only the measured de

formations (post-gage installation) are considered. The deformations are estimat.ed 

at approximately the time at which the gas permeability measurements are made. 
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There is not a consistent correlation between deformation (as measured in 

situ) and permeability. For example, the rock which experiences the most deforma

tion certainly does not have the greatest permeability. If gas permeability develops 

as a result of the excavation process and subsequently changes relatively little, then 

no correlation between gas permeability and field measurements of deformation 

would be expected because the method of measuring in situ deformation cannot 

capture the instantaneous deformation. 

4.4.4 Summary 

From the gas flow measurements conducted in the formation surrounding various 

WIPP Facility excavations, the following conclusions have been drawn. 

1. Gas flow in rock salt undisturbed by the presence of the excavation is very 

low, corresponding to a gas permeability ofless than 10-21 m 2• The boundary of the 

undisturbed region is 1 to 5 meters from the excavation. Within the first meter from 

an excavation, the interpreted permeabilities can be 5 orders of magnitude greater 

than the undisturbed or far-field permeability. The interpreted permeahilities in 

the region between the undisturbed region and the first meter are in the range of 

10-16 to 1O-2°m2• 

2. Measurable gas flow occurs to a greater depth into the roof above WIPP 

excavations of different sizes and ages than into the ribs. 

3. The gas flows into the formation surlrOunding the smailest excavation 

tested (2.4 m high by 3.6 m wide) are consistently lower than those at comparable 

locations surrounding larger excavations of comparable age. 

4. Gas flow measured in the interbed layers near the WIPP excavations is 

highly variable. Generally, immediately above and below excavations, relatively 
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great gas flow is measured in the interbed layers. 

5. A local DRZ surrounding the test boreholes can improve the match be

tween the measured data and numerical simulations of flow. 



CHAPTERS 

NUMERICAL ANALYSES OF THE DEVELOPMENT OF GAS 

PERMEABILITY 
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In this chapter, the gas permeability which develops in situ is predicted by means of 

numerical simulations. A model of the mechanical behavior of rock salt is used in a 

finite element program to calculate the stress and strain surrounding excavations in 

rock salt. The permeability is predicted from models which relate permeability to 

stress and strain. The laboratory tests described in Chapter 3 are used to develop 

the mechanical model parameters as well as the permeability functions. Some of 

the results of the in situ measurements given in Chapter 4 are compared to the 

predictions. 

5.1 Model for the Short-Term Behavior of Rock Salt 

The model used for predicting the mechanical response of rock salt incorporates the 

short-term behavior of rock salt. Time-dependence or creep is not explicitly consid

ered principally because the response of particular interest is that which results in 

the development of gas permeability, that is, dilation as a result of deviatoric load

ing. Because creep tends to reduce the deviatoric stresses, the greatest potential 

for such dilation occurs immediately upon excavation, and is therefore associated 

with the short-term behavior. Further, reference creep models are isovolumetric 

and cannot predict dilation of the rock mass. This approach can be considered as 

a reasonable :first effort which allows us to focus on the influence of the short-term 
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response on the mechanical behavior of rock saH. Obviously, a more comprehensive 

model for rock salt behavior would include both the short-term and time-dependent 

response. 

The observed short-term response of rock salt suggests some necessary ca

pabilities of the model. An elastoplastic formulation is required to account for the 

highly nonlinear, inelastic behavior observed during quasi-static compression tests. 

Because rock salt dilates under most stress paths, and this response is of particular 

interest here, a nonassociative model is suggested (Senseny et al., 1983; Desai and 

Siriwardane, 1984, p. 380). 

It was deemed more productive and worthwhile to utilize an existing model 

rather than developing yet another problem-specific model. The unified hierarchi

cal model of Desai and coworkers (Desai et al., 1986; Desai, 1988) was selected 

for these analyses because: (1) it has a well-founded basis, (2) it has the desired 

capabilities previously mentioned for modeling the short term behavior of rock salt, 

notably nonassociative and strain hardening behavior, (3) it has been used to model 

various geomaterials, including rock salt, (4) it has some specific advantages over 

other models (Desai, 1989), and (5) tools necessary to use the model are available 

(i.e., a finite element code which incorporates the model, parameter determination 

algorithms and code). 

The hierarchical approach allows the progressive inclusion of different, more 

complex aspects of material behavior. A basic model for isotropic hardening obey

ing the associated flow rule serves as the foundation of all subsequent models. 

The model has been developed to incorporate nonassociative response (Desai and 

Hashmi, 1989), anisotropic hardening (Somasundaram and Desai, 1988), softening 

(Frantziskonis and Desai, 1987), pore water pressure (Desai and Galagoda, 1989) , 

viscoplasticity (Desai and Zhang, 1987), and joints and interfaces (Desai and Fish

man, 1988). 
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The model provides for a basic, 8Ssociative model to describe the behavior 

of an initially isotropic material hardening isotropically and following the associ

ated flow rule. Corrections to the model are then introduced to account for more 

complicated behavior, such as nonassociative plasticity. The basic yield function F 

is given as 

(5.1) 

where Sr is a stress ratio 'o/.:}¥.t, J2D and J3D are the second and third invariants 
2D 

of the deviatoric stress tensor, J1 is the first invariant of the stress tensor, Pc is 

atmospheric pressure and 'Y, ex, fJ, n and m are response functions. 'Y, fJ and m are 

associated with the ultimate yield surface; m is usually taken to be -0.5. n is related 

to the phase change or the change from contraction to dilation. ex is the hru'dening 

function which is of the form 

(5.2) 

where al and T}l are constants and e is the trajectory of the total plastic strain 

(5.3) 

The nonassociative response is introduced through a plastic potential func

tion Q which is a corrected form of the yield function 
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(5.4) 

where h is the correction function and Ji are stress invariants. The correction is 

introduced by modifying the hardening function as 

(5.5) 

where K is related to the volumetric response, r ll is ;. , where ell is the volumetric 

component of the total plastic strain trajectory, 0'0 is the value of the hardening 

function at the onset of the nonassociative response. Details of the nonassociative 

models are given by Desai and Hashmi (1989). 

The number of constants and parameters are minimized to make the model 

as practical to implement as possible. The basic model r~quires only 8 constants. 

Addition of a single additional parameter allows nonassociative response to be in

corporated. Most other models based on single surface yield functions require many 

more parameters (Desai, 1989). 

In theory, all the constants can be estimated from a single conventional 

triaxial compression test. However, as with any model, parameters should be deter

mined from as many tests under as many different stress paths as possible. Desai 

and Vvathugala (1987) recommend a combination of compression, extension and 

shear stress paths. 

The elastic properties were determined as follows. The bulk modulus was 

determined from the average unloading response during the hydrostatic compression 

tests. The Poisson's ratio was found from the average unloading response during 
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CTC test. The Young's modulus was calculated from (Jaeger and Cook, 1979, p. 

111) 

E=3K(1-2v) (5.6) 

Because the CTC tests reported in Chapter 3 were not taken to failure, 

the ultimate parameters (/" (3) were derived from the results of others. Ultimate 

envelopes in compression were determined from uniaxial compression test data of 

Ha11sen et al. (1984) and Fuenkajom and Daemen (1988), and CTC test data of 

Desai and Varadarajan (1987) and Wawersik and Hannum (1980). The ultimate 

envelope in extension was derived from triaxial extension (TE) test data of Desai 

and Varadarajan (1987). 

Using the elastic and ultimate parameters, the remaining parameters were 

determined by means of a parameter fitting computer program developed by Desai 

and coworkers (Desai, 1990a). The stress-strain data from the CTC tests were used 

as input to the code, and the plasticity parameters which best fit these data were 

calculated. An example of the fitting of the hardening parameters to the form in 

Equation 5.2 from the data of one CTC test is given in Figure 5.1. Back-predictions 

of the stress-strain data are also generated by the program. In Table 5.1, the mate

rial parameters are given. Two complete sets of parameters was developed. One set 

of parameters was based on ultimate parameters which had been determined from 

combining results of compressive and extensional stress paths. These parameters 

are referred to as the reference or Set 1 parameters. Another set of parameters 

were based on ultimate parameters determined from only compressive stress paths, 

that is, the strength in compression and extension was assumed to be equal. These 

parameters are referred to as the (3 = 0 or Set 2 parameters. 
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Figure 5.1: Predicted and calculated hardening parameters from test on sample 
TUAIO, confining pressure is 2.41 MPa. 
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Table 5.1: Parameters for hierarchical model. 

Reference {j=0 
or Set 1 or Set 2 

Plasticity 
(J 0.9133 0.0 
"Y 0.0982 0.3334 
m -0.5 -0.5 
n 2.37 2.37 
al 2.708xl0-3 9.14xl0-3 

7]1 0.2308 0.2308 
~ 0.275 0.275 

Elasticity 
E (MPa) 29.7x103 29.7xloa 

v 0.27 0.27 

In Figures 5.2 through 5.7 examples of the stress-strain response and the back 

prediction using the reference parameters are given. In general, there is a reasonable 

match between the observed and predicted response although the back prediction 

tends to overestimate the dilation at low confining pressures and underestimate the 

dilation at high confining pressures. In Figures 5.8 and 5.9 , a back prediction of ihe 

TE test data of Desai and Varadarajan (1987) is given. The fit is less satisfactory 

than for the compression stress path data, although it is comparable to the fit found 

by Desai and Varadarajan (1987). Back predictions with the Set 2 parameters were 

of the same quality. 

Some yield su..-faces are plotted in J J2D - J1 space and in the octahedral 

plane in Figure 5.10 and 5.11, respectively. The yield surface is continuous in the 

stress space with the final curve (not shown in the figure) representing the ultimate 

behavior, and thereby avoids computational problems when the yield surface in

tersects the failure surface. The shape of the yield surface in the octahedral plane 

is approximately that of a triangle with rounded comers, typical for geomaterials 
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(Lade, 1988). This shape is a result of the different behavior in compression and 

extension, consistent with the measurements of others on rock salt (e.g., Langer, 

1984; Desai and Varadarajan, 1987; Franssen, 1987; Hambley et al., 1989). In con

trast, for equal strength in compression and extension (f3 = 0), the yield surface is 

a circle in the octahedral plane. Desai and Varadarajan (1987) have investigated a 

model where the shape of the yield surface also changes as a function of the mean 

pressure. 

A proprietary finite element code developed by Dr. C. S. Desai and coworkers 

was used to calculate stresses and strains about excavations in rock salt. This code 

permits modeling of two-dimensional problems involving geomaterials and other 

solids, and can simulate sequential excavation or construction. The program uti

lizes 4-noded or 8-noded isoparametric solid, interface or bar elements. Four cate

gories of material models have been implemented: linear elastic, nonlinear elastic, 

elastoplastic and elastoviscoplastic. Specifically, the program incorporates the hi

erarchical model previously discussed. The program solves nonlinear problems by 

a mixed approach, involving incremental loading with iterations until convergence 

is reached. Details regarding the solution algorithm, drift correction, additional 

program capabilities and input format are given in a users manual (Desai, 1990b). 

5.2 Model for Rock Salt Gas Permeability Changes 

Two relationships between the permeability and mechanical quantities (i.e., stress 

and strain) were developed from the results of the laboratory test program. The 

first was developed from the equivalent channel model described in Chapter 3. This 

form involves the plastic volume strain (porosity) as well as a stress measure. The 

second form only involves stress. 
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5.2.1 Modell Permeability Function 

From the equivalent channel model for flow through a porous medium, the perme

ability is given by (Equation 3.22) 

(5.7) 

where m is the hydraulic radius, 4> is the porosity, and b and s are constants. 

Because the flow path aperture could not be measured directly, m must be 

replaced with a measured parameter such as stress. Consider a crack or fracture 

subject to a stress normal to it (Figure 5.12 ). The change in aperture or closure 

of the crack with stress will be nonlinear (e.g., Goodman, 1976, p.l71; Gale, 1987), 

and could be expressed as 

(5.8) 

where Cp is an effective pore compressibility and A is an exponent which accounts 

for the nonlinearity. 

For the laboratory tests, the most relevant stress measure which corresponds 

to C1 would be the confining pressure because the flow paths develop preferentially 

along direction normal to this direction. 

From inspection of Equations 5.7 and 5.8, changes in permeability would 

then be expected to be of the form 

(5.9) 
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where A is an empirical constant. O'~ represents a nondimensionalized stress, that 

is, O'~ = ~ where P is a constant used to non-dimensionalize stress, here taken 

as 1 MPa. The nonlinear dependence of the permeability with confining stress in 

Equation 5.9 is consistent with the observation of Goodman (1976, p. 173): "The 

highly nonlinear and inelastic deformation of a discontinuity under compression 

accounts for similar nonlinear and inelastic stress dependency for all properties 

which are linked with aperture, e.g., ... fluid permeability." 

The results of the laboratory tests given in Chapter 3 indicate that fun

damentally different pore structure develops depending on the confining pressure. 

Thus, both exponents s and ~ would be expected to be functions of the confining 

pressure. The number and range of orientations of cracks which form increases at 

lower confining pressures, and the sensitivity of the crack aperture to open or close 

with stress would also be a function of the confining pressure. Making>. & function 

of the confining pressure incorporates this observation. For example, at low confin

ing pressures, the flow paths dilate relatively easily, and would be expected to be 

a larger (absolute) number. Making s a function of the confining pressure reflects 

the result that the tortuosity of the flow paths are a function of the confining pres

sure. At high confining pressures, the flow paihs become more aligned in the flow 

direction (permeability is more anisotropic), and s is reduced. 

Both>. and s were taken to be linear with 0'3, and Equation 5.9 becomes 

(5.10) 

where A, B, C, D and E are all empirical constants. This function will be referred 

to as Model 1. 



214 

Table 5.2: Model 1 parameters. 

A 3.477x10-9 

B 2.182 
C -1.547 
D 4.103 
E -0.460 

All the experimental data were used to fit Equation 5.10 except the data from 

TUA6 (not considered due to end effects) and the unloading data (not considered 

due to difficulties in measuring volume strains during unloading). The fitting pa

rameters were found by means of a multiple linear regression technique implemented 

in the BMDP statistical software (Dixon et al., 1985). The correlation coefficient 

R2 provides an expedient measure of how well the data can be fit by the model 

with the derived parameters. In order to account for the number of observed values 

(data) and the number of fitting parameters, the adjusted correlation coefficient R; 
is used: 

(5.11) 

where Nil is the number of data points, and Nv is the number of independent vari

ables. The use of Model 1 resulted in a R; value of 0.80. The fitting parameters 

are given in Table 5.2. A comparison between the measured and predicted perme

abilities using these parameters is given in Figure 5.13. 

The values of s and A are plotted as a function of the confining pressure 

in Figures 5.14 and 5.15 . For the confining pressures used during the tests from 
5 

which the parameters were derived, the value oris within the range predicted by the 

equivalent channel model (1< s < 3). Outside ofthe confining pressures used in the 
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laboratory tests, the value of s could attain an unrealistic value. Therefore, s was 

constrained so that its minimum and maximum value were 1 and 3, respectively. 

Similarly, the value of ~ should be less than zero to reflect the fact that the confining 

stress and the permeability should be inversely proportional. To be consistent with 

this expectation, A is given as -O.6414(0'~) when the confining pressure is less than 

2.41 MPa. 

5.2.2 Model 2 Permeability Function 

Because of the anticipated difficulty in predicting dilation about excavations in 

rock salt, an alternative to Model 1 was developed which is only a function of 

stress. Using various combinations of the stresses, many forms for the permeability 

were proposed and fit to the experimental data. In no case could a fit bp. l)b~ained 

which exceeded an adjusted correlation coefficient of 0.70. (Model 1 resulted in an 

adjusted correlation coefficient of 0.80). The form which best fit the data (R~ = 

0.70) was 

(5.12) 

where A, B, C, D and E are empirical constants different than those in Equation 

5.10. This function will be referred to as Model 2. It is similar to Modell, with 

the ratio of the principal stresses replacing the porosity term included in Model 1. 

The fitting parameters for Model 2 are given in Table 5.3. 

It is not possible to adjust these parameters for stresses outside of those 

used during the laboratory tests because there is no direct physical model for these 

parameters. 
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Table 5.3: Model 2 parameters. 

A 7.649xl0-25 

B 3.676 
C 0.168 
D 8.891 
E -0.899 

Model 2 is unbounded in the sense that it will predict a gas permeability 

for any combination of stresses. A criterion for the existence of gas permeability 

as predicted by Model 2, analogous to the porosity for Model 1, is taken to be the 

stresses which produce frictional sliding on the optimally oriented crack. Ignor

ing the intrinsic shear strength of the crack, the driving shear stress on the most 

favorably oriented crack can be expressed as (refer to Section 3.3.2) 

(5.13) 

where J.l is the coefficient of friction along the microcrack. When F, is less than 

zero, the stresses are insufficient to generate tension on the most favorably oriented 

crack and no gas permeability is expected. In this case, the Model 2 function is not 

applicable. When F, exceeds zero, crack formation and extension are plausible and 

gas permeability may develop. The Model 2 function is assumed to be applicable 

for this case. This shear measure has been used to delineate zones of enhanced 

permeability about excavations in rock salt (Stormont, 1990b). 

Alternative models using stress invariants were also investigated, with no 

improvement in the fit (R~ <0.70). Because the permeability which develops is 

anisotropic, and a strong function of the minimum stress, the form of Model 2 is 
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believed to provide more physical insight into the development of gas permeability 

than an expression involving stress invariants. 

5.3 Analysis of the Mine-By Experiment 

5.3.1 Introduction 

The finite element mesh to simulate the Small-Scale Mine-By experiment is com

prised of 95 eight-noded elements, and is illustrated in Figure 5.16. The out-of

plane direction is coincident with the borehole axis. The symmetry of the problem 

requires that only one quarter of the geometry be modeled. Plane strain in the out

of-plane direction is assumed. The initial stress is first applied, and the excavati.:')n 

is simulated by removing the elements which comprise the borehole. 

The reference or baseline calculation involves a uniform initial stress corre

sponding to the lithostatic state of stress at the WIPP storage horizon (14.8 MPa). 

The borehole is excavated in one pass or sequence. The mechanical model param

eters are those developed from the laboratory tests reported and given in Section 

5.1. Other simulations were conducted in order to investigate the effects of different 

mechanical model parameters and an asymmetric initial stress field. 

One of the principal results of the calculations are predictions of the extent 

and magnitude of dilation in the rock surrounding the large-diameter borehole. The 

calculated plastic volume strain is taken to be equal to the dilation, and as suggested 

by the results of the laboratory tests (Section 3.3.2), is also taken as equivalent to 

the gas-accessible porosity. 
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Figure 5.16: Finite element mesh for plane strain simulation of the mine-by. Initial 
stress is applied to each element. Shaded elements comprise one quarter of borehole, 
and are removed to simulate excavation. 
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5.3.2 Results 

The calculated zone of dilation surrounding the excavated borehole is given in Figure 

5.17 for the reference parameters and conditions. The dilatant zone extends 0.153 

m or 0.32 r into the formation, where r is the radius of the large-diameter borehole 

which was excavated. The extent of the predicted dilation compares well with that 

inferred from the field measurements (about 1/2 r). The magnitude of the porosity 

is quite small, with a maximum of less than 0.005 adjacent to the borehole. The 

field measurements infer a porosity as great as 0.01 at 1/4 r. 

The predicted permeability as a function of depth into the formation is given 

in Figure 5.18, along with the measured permeabilities. The Model 1 prediction is 

well below the measured values. The form of the Model 1 permeability function 

suggests that the discrepancy between the measured and predicted permeability 

is a result of the calculated porosity being too small. The predicted permeability 

from the Model 2 fWlction are also given in Figure 5.18. Model 2 is only applied 

to locations which satisfy the principal stress criterion for the boundary of the gas 

permeable zone (Equation 5.13). The prediction is better than from Modell, but 

still underestimates the measured permeability. 

The predicted stress field for the reference case is given in Figw.°e 5.19. The 

peak maximum principal stress is reached at 1 r (0.475 m) in the formation and is 

less than 30% greater than the initial pre-excavation stress. Both the radial and 

out-of-plane stresses are very small near the borehole, and rapidly increase so that 

by 1 r they are more than 60% of the initial pre-excavation stress. 

Calculations were performed with a different initial state of stress in the rock 

prior to excavation of the large-diameter borehole. DeVries (1988) performed finite 

element calculations which yield predictions of the stress field at the location of the 

test intervals associated with the Small-Scale Mine-By (8 m beneath the floor of 
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Figure 5.17: Contours of predicted porosity (%) which develops around mine-by 
borehole from calculation. 
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mine-by borehole from reference calculation. 
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Room L1). These calculations assumed the stratigraphy was comprised solely of 

salt. The model parameters for the time-dependent deformation of the salt were 

adjusted until predicted and measured deformations surrounding WIPP excavations 

matched reasonably well. The stressfield was predicted to be asymmetric, with 

the principal stresses in the plane of the borehole of 14.5 MPa (x-axis) and 11.9 

MPa (y-axis). With these stresses as the initial condition, another calculation was 

performed. As shown in Figure 5.20, the zone of dilation develops asymmetrically 

about the borehole. The greatest depth of dilation is along the y-axis, but the 

porosity is larger along the x-axis. The resulting predicted permeabilities based on 

the Model 1 and Model 2 forms are given in Figure 5.21 along the x and y axis. 

Somewhat greater permeabilities with both forms are achieved along the x-axis. 

Because nonassociative behavior limits or constrains dilation, the reference 

calculation was repeated with an assumed associative response to determine whether 

significantly more dilation would be predicted. It is possible that the behavior of 

a ma.terial could be associative under some stress paths and nonassociative under 

others (Baker and Desai, 1982). The results are given in Figures 5.22 and 5.23, and 

reveal that while the dilation is increased somewhat, the depth of penetration of the 

dilation does not increase. Furthermore, the predicted permeabilities are increased 

only slightly and are still less than the measured values. 

In order to investigate the sensitivity of the calculated response to the me

chanical model parameters, calculations were conducted with the parameters devel

oped based on the assumption that the strength in extension and compression are 

equal (13 = 0). With these parameters, no dilation was predicted and consequently 

no gas permeability was predicted around the borehole with the Model 1 function. 

The Model 2 function predicts permeabilities which are fairly close to the measured 

values within 0.2 m into the rock (Figure 5.24). However, the microcrack criterion 

for gas permeability (Equation 5.13) is not met beyond this point. The results 

of this calculation suggest the importance of the assumed behavior along different 
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Figure 5.20: Contours of predicted porosity (%) which develops around mine-by 
borehole from calculation with asymmetric initial stress state. 
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for calculation with asymmetric initial stress state. Bars through measured data 
indicate test interval size. 
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Figure 5.22: Contours of predicted porosity (%) which develops around mine-by 
borehole from calculation assuming associative behavior. 
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Figure 5.23: Predicted and measured permeabilities away from mine-by borehole 
for calculation assuming associative behavior. Bars through measured data indicate 
test zone size. 
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stress paths. 

In order to gain insight into the calculated response and in particular the 

predicted permeability, the stresses which developed as the load was applied due 

to the excavation of the borehole were determined at 1/4 r (which corresponds 

to a location at which permeability measurements were made). The stresses as a 

function of the percentage of the applied load are given in Figure 5.25 for both the 

reference calculation and for the calculation with the {3 = 0 parameters. For the 

reference calculation, the out-of-plane stress is nearly the same as the radial stress 

and a state of stress in the formation at this location is that of triaxial compression. 

Beyond about 70% of the applied load, the maximum principal stress decreases. 

For the {3 = 0 calculation, the out-of-plane stress remains intermediate between the 

radial and tangential stresses and the state of stress at this location is closer to that 

of pure shear. The maximum principal stress does not decrease substantially after 

it peaks at about 70% of the applied load. 

The stress ratio Sf' (given in Section 5.1) provides a measure of the nature of 

the stresses in a material: Sf' equals 1 for triaxial compression, 0 for pure shear and 

-1 for triaxial extension. The value of Sf' for the above two calculations are given in 

Figure 5.26. The material experiences a completely different stress ratio depending 

on the assumed mechanical model parameters. 

In Figure 5.27, the stresses for the reference calculation are given in ,fJW-J1 

space. The deviatoric stresses (j J2D) peak and decrease, and the hydrostatic (J1) 

stresses continually decrease. Also shown on this figure is the stress path followed 

during the CTC tests used to develop the permeability functions, and clearly show 

the difference in the path taken in the field and in the laboratory. 

These results indicate that the assumed shape of the yield surface is of critical 

importance to the state of stress which develops around au excavation. When 

the model incorporates unequal compression and extension strengths, the material 
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Figure 5.24: Predicted and measured gas permeabilities away from mine-by borehole 
for calculation with f3 = O. Bars through measured data indicate test interval size. 
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Figure 5.25: Predicted tangential (8), radial (r), and out-of- plane (z) stresses at 
1/4 r into rock as a fWlction of the applied load (i.e., borehol,e excavation). 



234 

N .,-------------------------------------------------. 
Reference 

C! -
= o 

N 
o 

I -. J J 

o 10 20 SO 40 50 80 70 80 90 100 
Load increment (%) 

Figure 5.26: Stress ratio as a function of the applied load (i.e., borehole excavation) 
for rock at 1/4 r from reference calculation. 
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Figure 5.27: Stress path taken for rock at 1/4 r from reference calculation and 
during typical CTC test. 
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near the borehole tends to develop to a state of stress which is closer to one of 

triaxial comprP..8sion than pure shear. Assuming equal behavior in compression and 

extension results in a stress state near that of pure shear for the material surrounding 

the borehole. Examples of three different yield surfaces are given in Figure 5.28. 

This figure highlights the difference in yield surfaces which result when the known 

unequal compressive and extension behavior is included. 

The success of interpreting the laboratory permeability changes with a sim

ple microcracking model (Section 3.3.2) suggests evaluating the field results in this 

context. The calculated stresses can be used to evaluate the potential for microc

racking in a manner similar to that done in Chapter 3. The shear driving stresses, 

F6 , on the most favorable oriented micro crack are calculated by means of Equation 

5.13. The magnitude of Fa can be used as an indicator of the potential for microc

racking. Sliding along the grain boundaries would be expected when Fs exceeds the 

shear strength of the grain boundary (F6 > 1), and secondary tensile cracking would 

be expected when Fs exceeds a value proportional to the Mode 1 stress intensity 

factor (Fa> 5). In Figure 5.29, contours of the value of Fa surrowlding the mine-by 

borehole are given. These results indicate that the state of stress is sufficient to 

generate sliding along the grain boundaries near the borehole, but not so great as 

to induce secondary tensile cracks. The sliding zone is approximately coincident 

with the zone of dilation. 

The preceding discussion suggests an explanation for the inability of the 

model to predict the porosity and consequently the gas permeability which develops 

surrounding the mine-by borehole. For the rock near the borehole, a state of stress 

develops (at less than the complete load) which is sufficient to damage (microcrack) 

the material. The material then unloads, both in shear and hydrostatic stresses. 

This type of unloading will be referred to as post-yield unloading. The predicted 

dilation during the post-yield unloading does not include the reduced effective bulk 

modulus associated with the damaged state. The laboratory tests showed that 



Sr= 1 Triaxial 
Compression 

(3 ;;0.7 

~ 

Sr= 1 Triaxial 
Compression 

Sr=O Pure 
Shear 

Von Mises «(3=0) 

Triaxial 
Extension 

Sr=O Pure 
Shear 

Figure 5.28: Examples of yield surfaces in the octahedral plane. 

237 



238 

1= 

Figure 5.29: Contours of F. parameter around mine-by borehole from reference 
calculation. 
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the unloading modulus was substantially reduced when the material is damaged or 

contains microcracks. The laboratory tests also revealed that the permeability of 

damaged rock salt can appreciably increase as a result of unloading. 

A first estimate of the porosity which develops during the post-yield unload

ing can be made from the results of the triaxial tests. At the conclusion of many of 

the triaxial tests, the sample was unloaded from the maximum deviatoric stress to a 

hydrostatic stress state. The samples measurably dilate during this unloading; this 

would not be predicted from a model that utilizes isotropic hardening. To make 

the change in stress in the laboratory and field comparable, the change in stress is 

expressed in terms of J1• The average rate of porosity (dilation) increase during the 

unloading from the laboratory tests was 7.0xlO-5/MPa. 

Next, the results of the reference calculation were examined. For the volume 

of rock surrounding the mine-by borehole which experienced post-yield unloading, 

the change in J1 past the peak shear stress was calculated. The additional poros

ity was then calculated by multiplying the change in J1 by the average unloading 

dilation rate during the laboratory tests. This porosity was added to the porosity 

predicted by the mechanical model, and the permeability was then recalculated by 

means of the Modell function. As shown in Figure 5.30, the corrected or mod

ified prediction is considerably closer to the measured values, and supports the 

proposition that a significant amount of the permeability which develops around an 

excavation in rock salt is a result of unloading of rock which has been damaged. 

In the previous calculations, the excavation of the borehole is assumed to 

occur instantaneously. To assess the validity of this assumption, the progressive 

excavation of the borehole was simulated with the axisymmetric model shown in 

Figure 5.31. The model is comprised of 84 eight-noded elements. The axis of 

symmetry coincides with the axis of the large diameter borehole. The top of the 

model is umcstrained and corresponds to the floor of Room Ll. The bottom of 
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Figure 5.30: Predicted and measured gas permeabilities away from mine-by borehole 
from reference calculation, including post-yield unloading correction to Model 1. 
Bars through measured data indicate test zone size. 
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the model is restrained from vertical di:lplacements. The stresses applied at the 

vertical boundary of the model are predicted to exist beneath the floor of Room Ll 

by DeVries (1988). The initial state of stress is not hydrostatic, and the mean stress 

at the monitoring well test interval depth (7.6 m) is about 25% less than that used 

for the reference calculation. The borehole was excavated in five sequential stages. 

In Figure 5.32, the stress path in VJW .- J1 space during the sequential 

excavation process is given for the test intervals a.t 1/4 r into the formation. Also 

shown in this figure is the predicted dilation. The stresses at this location are not 

appreciably affected by the first two stages of the excavation process. After the 3rd 

stage of excavation, which removes the rock just a.bove the depth of the monitoring 

well test intervals, the deviatoric stress increases appreciably and the hydrostatic 

stress decreases slightly. As the borehole passes directly by (the 4th excavation 

stage) both the hydrostatic and deviatoric stresses decrease. At this point, the rock 

has dilated. Continued excavation further reduces the hydrostatic stresses whereas 

the deviatoric stresses increase slightly. The amount of dilation increases during 

this final stage of excavation. 

Because of the assumed stressfield, the initial state of stress is one of triaxial 

extension. This stress state persists through excavation stages 1,2 and 3. Between 

stages 3 and 4, the stresses change toward a state of triaxial compression. 

The dilation predicted about the borehole at the monitoring well test interval 

depth is given in Figure 5.33. The depth of the zone of dilated rock is the same 

as that from the reference calculation, but the magnitude particularly immediately 

adjacent to the borehole is somewhat greater. 

The predicted permeability using Model 1 are given in Figure 5.34. Some

what greater permeabilities are predicted than for the reference calculation, al

though they are still less than the measured values. 
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Figure 5.31: Finite element mesh for axisymmetric simulation of the mine-by. Ini
tial stress is applied to each element. Axis of symmetry is through center of bore
hole. Shaded elements comprise borehole, and are excavated in the sequence (stage) 
shown. 
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Figure 5.32: Stress path taken for rock at 1/4 r into formation, 7.6 :m from floor of 
Room L1. Results are from reference calculation using axisymmetric geometry. 
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Figure 5.33: Contours of predicted porosity (%) which develops around mine-by 
borehole from axisymmetric model. 
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Figure 5.34: Measured and predicted gas permeabilities away from mine-by borehole 
from reference plane strain and sequential excavation axisymmetric calculations. 
Bars through measured data indicate test interval size. 
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The results of this calculation indicate that the axisymmetric sequential ex

cavation produces similar results to the two-dimensional plane strain model with 

instantaneous excavation. In particular, both models predict post-yield unloading 

and a triaxial compression state of stress near the borehole, and similar dilat;.on 

and permeability fields. This result supports the use of the two-dimensional plane 

strain instantaneous excavation model. 

The axisymmetric model can also be used to investigate the sample distur

bance which rock salt experiences during the coring process. The coring of the 

large diameter borehole is simulated in a four stage process illustrated in Figure 

5.35. The excavation process involves both cutting an annulus or kerf and removal 

of the rock (core) in the borehole. 

The stresses in J J2D - J1 space that the rock (core) in the borehole at a 

depth of 7.6 m experiences during the excavation process is given in Figure 5.:3-6. 

From the initial condition to stage 2 of the excavation, the rock at this location 

first experiences an increase then a decrease in devaitoric stresses and a continual 

decrease in hydrostatic stresses. By the end of stage 2, the rock has begun to 

dilate. Cutting the kerf adjacent to (stage 3) a..'ld beneath (stage 4) the core relieves 

virtually all of the stresses. 

The calculation reveals that the core will dilate as a result of the coring pro

cess. The magnitude of the dilation, however, is probably underpredicted. During 

the u~oading from stage 2 to stage 4, very little additional dilation accumulates. 

Measurements of the porosity of the as-received (cored) samples (Section 3.3.1) in

dicate that the rock salt specimens have dilated an order of magnitude more than 

predicted from the above calculation. This discrepancy is consistent with the idea 

that post-yield unloading results in relatively large amounts of dilation or porosity 

in rock salt. 
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borehole. Shaded elements comprise borehole (core and annulus), and are removed 
in the sequence (or stage) shown to simulate coring process. 
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Figure 5.36: Stress path taken by rock which comprises cored sample at 7.6 m below 
floor of Room L1 from reference calculation using axisymmetric geometry. 
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A number of other factors could contribute to the underestimated perme

ability in addition to post-yield unloading. First, it is possible that the distance the 

measured permeabilities are from the large diameter borehole is not correct. The 

measured permeability is assigned to the location which corresponds to the distance 

the test interval is from the large diameter borehole. H the rock in the direction of 

the large diameter borehole is much more permeable than in other directions, there 

will be preferential gas flow in this direction and the interpreted permeability will 

be more applicable to the rock in this direction. In this case, the measured values 

should be shifted toward the large diameter borehole and will be closer to those 

predicted. 

The model which gives the permeability as a function of stress and strain 

was developed from CTC tests, and may not be applicable to the rock in situ. In 

particular, the function does not explicitly account for the effect of the stress path 

on the resulting permeability. 

The mechanical model may not correctly predict the stress and strain fields 

surrounding the borehole. The geometric model and boundary conditions may 

not accurately represent the in situ situation. Another factor may be that the 

elastoplastic model of rock salt behavior could be deficient. This could be a result 

of a limitation of the model itself, vl" could be due to the parameters used in the 

model. These parameters were developed from tests under stress paths which are 

not colIl!;arable to that experienced by the rock in situ, and under stress and strain 

rates which may not be applicable to the in situ situation. Further, the model does 

not explicitly include the time-dependent (creep) response of rock salt. Because 

creep tends to reduce stress differences, additional post-yield unloading may occur 

and result in additional permeability. On the other hand, time-dependent healing 

of rock salt would reduce the permeability. 

In situ fluid under pressure could be a factor in the development of gas 
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permeability. As suggested in Section 2.4.5, in the rock adjacent to an excavation 

the pore pressure may exceed the strength of the grain boundary and cracking or 

damage may result. For the reference calculation and the formation pore pressure 

given in Chapter 4, the condition for damage or cracking as a result of fluid pressure 

are met out to about 1/4 r. 

5.4 Analysis of Room D Measurements 

5.4.1 Introduction 

Of the four excavations from which gas permeability measurements were made and 

reported in Chapter 4, Room D was selected for comparison between measured and 

predicted gas permeabilities principally because it has the most uniform stratig

raphy. The influence of the horizontal a..'rlhydrite and clay interbeds, which were 

inferred to be important in the development of the gas permeability in the vicinity 

of WIPP excavations, are therefore minimized compared to the other excavations. 

Only the gas permeabilities measured from the horizontal boreholes drilled from 

the room mid-height were used for comparison with the predicted permeabilities 

because they were made in a single, nearly pure halite layer. 

The finite element mesh used to simulate Room D is comprised of 138 eight

noded elements, and is illustrated in Figure 5.37. The geometric model reduces to 

one-quarter of Room D and the surrounding rock by employing one horizontal sym

metry plane along the room mid-height and one vertical symmetry plane through 

the room mid-span. The formation is assumed to be homogeneous and isotropic. 

The out-of-plane direction is along the length of the room, and plane strain is as

sumed in this direction. An initial stress is applied to the model, and excavation is 

simulated by removing those elements which comprise the room. 
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Figure 5.37: Finite element mesh for Room D simulations. Initial uniform stress is 
applied to all elements. Shaded elements comprise one-quarter of Room D, and are 
removed to simulate excavation. 
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1.'he reference calculation utilizes a uniform initial stress equal to the litho

static state of stress at the WIPP storage horizon (14.8 MPa). Room D is excavated 

in a single pass. The mechanical parametersl are the reference properties developed 

in Section 5.1. 

5.4.2 Results 

In Figure 5.38, the zone of dilation from the reference calculation is given. The 

zone of dilation extends furthest into t!le fonmttion both horizontally and vertically 

from the drift center with a maximum depth of 2.2 m. In the vicinity of the room 

corners, no dilation is predicted. The extent of the predicted dilation is consistent 

with the in situ measurements: the field measurements suggested the maximum 

depth of dilation was between 1.8 and 3.6 m. Further, measurements made from 

the other excavations (see Section 4.4 and BOInS and Stormont, 1989) reveal that 

little if any dilation occurs along diagonals ext,:!nding from the excavation corners. 

The maximum magnitude of the porosity in the dilated zone is about 0.003 and 

occurs above the room mid-height. 

The permeabilities predicted horizontally away from Room D with both the 

Model 1 and Model 2 functions are given in Figure 5.39. The gas permeabilities 

measured from Room D horizontal boreholes are also given in this figure. The Model 

1 function underestimates the permeability, particularly at 0.9 m depth. With the 

Modell function, the permeability increases within the first meter of the room. The 

Model 2 function results in a very steep gradient of the permeability immediately 

adjacent to the room and the predicted permeabilities are closer to the measured 

values. 

The stresses near the room are shown in Figure 5.40. The minimum stresses 

are very low within the first few meters of the room. Because the permeability 



I 
~ BOUNDARY OF 

ROOM 
D 

ROOM 
CENTER 

DILATED ROCK Un dilated 
Rock 

253 

~ BOUNDARY OF 
DILATED ROCK 

) 

IE-I( --- 2.7 m ------,);.fl(E---- 2.2 m ---7>1 

Figure 5.38: Contours of predicted porosity (%) which develops in vicinity of Room 
D from reference calculation. 



-N 

S 
b 
• ..c -• ..c 
.t:J 
~ 
Q) 

e 
r.. 
cf 

CIt 
I 

254 

~w-------------------------------------------~ .... 

.... .... 
I 
~ .... 

c:') -I 
~ ..... 

It') -I 
~ .... 

~ -I 
~ .... 

= -I 
0 -
-N 
I 

, , , , 
I 
I 
I , 
I 
I 
I 
I 
I , 
1--4CD-
I , 
I 
I 
I , , , 

I , 
I 
I , , , 

• 

'_ .. 

Modell 
____ .M9~E!t ~ _________ . 
• Measured values 

\ =tt== ...... .... ----_ ... --

O~--------r-------~--------~------~--------~~ -0 ! 2 3 
Distance (m) 

Figure 5.39: Predicted and measured gas permeabilities away from the mid-height 
of Room D from reference calculation. Bars through measured data indicate test 
interval size. 



255 

predicted with the Model 1 function is maximized when the effective confining 

pressure iE: low, these results indicate that the inability of the Modell function to 

predict the in situ permeabilities is most probably a result of underprediction of the 

porosity in the first meter or so of the room. 

The calculations indicate that the rock adjacent to Room D has unloaded. 

Up to 1.8 m into the formation at the room mid-height, the maximum principal 

stress (vertical) is below the initiallithostatic stress state (14.8 MPa). At 0.9 and 1.8 

m into the formation (which were locations where gas permeability was measured) 

the stresses as a function of the applied load (due to excavation) are given in Figure 

5.41. At 0.9 m, the principal stress remains fairly constant until about 80% of the 

applied load, after which it decreases to about 66% of the initial value. At 1.8 m, 

the vertical maximum principal stress remains nearly constant for the entire applied 

load. At both locations the horizontal and out-of-plane stress decrease continually 

from the onset of loading, resulting in very small stresses: less than 1 MPa at 0.9 

m and about 3 MPa at 18 m. The stress ratios at these two locations are nearly 

the same and reveal that the material tends toward a state of triaxial compression 

(Figure 5.42). 

The stress path in J JZD - J1 space at 0.9 and 1.8 m are given in Figure 5.43. 

At 0.9 m into the formation, the material unloads both in shear and hydrostatic 

stresses whereas at 1.8 m, only the hydrostatic stresses decreases. 

Following the same procedure as in the previous section, contours of the 

microcrack parameter or microcrack driving shear stress Fa are given in Figure 

5.44. The value of F. is never great enough to induce secondary tensile cracks, but 

is sufficient to activate grain boundary sliding. The zone of grain boundary sliding 

is approximately coincident with that of the zone of dilation. 

The inability of the Model 1 function to predict the magnitude of the per-
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Figure 5.40: Predicted maximum (1), minimum (3) and out-of-plane (z) stresses 
away from mid-height of Room D from reference calcula.tion. 
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Figure 5.41: Predicted maximum (1), minimum (3) and out-of-plane (z) stresses as 
a function of the applied load (i.e., room excavation). 
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Figure 5.42: Stress ratio as a function of the applied load (i.e., room excavation) 
from reference calculation. 
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meability may again be a result of the post-yield unloading of the rock immediately 

adjacent to Room D after the stresses were sufficient to crack or damage the rock. 

The permeability modified by the additional porosity which develops due to post

yield unloading was calculated in the same manner as in the previous section. As 

shown in Figure 5.45, the predicted permeability is increased over the reference 

prediction in the first 1.5 m but still underestimates the measured permeability at 

0.9 m by more than an order-of-magnitude. The reason the predicted permeability 

is still too small may be a result of the magnitude of the post-yield unloading in 

the field. The predicted minimum stresses are reduced to very small values «1 

MPa in the first meter) whereas during the laboratory tests the minimum stress 

after post-yield unloading was never less than 4 MPa. If the post-yield unloading 

response is nonlinear, then the linear form used here would (possibly greatly) un

derestimate the additional porosity. A nonlinear unloading response at low loads in 

consistent with observations and measurements made during the laboratory tests 

(Chapter 3). In fact, even healed rock salt experiences about 0.001 dilation when 

completely unloaded. 
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CHAPTER 6 

SUMMARY, DISCUSSION AND RECOMMENDATIONS 

In this chapter, the research is summarized and some implications are discussed. 

The chapter concludes with recommendations for research which would improve the 

understanding of the development of gas permeability in rock salt. 

6.1 Summary 

The research summarized below is grouped according to laboratory tests, in situ 

measurements and numerical analyses. 

6.1.1 Laboratory Study of Gas Permeability Changes During Deforma

tion 

A laboratory study of changes in gas permeability during quasi-static compression 

tests has been conducted. The tests are conducted on samples nominally 9.5 cm 

diameter and 19 cm long obtained from the underground workings of the Waste 

Isolation Pilot Plant (WIPP) Facility. The tests employ a Hoek cell to produce the 

desired confining pressure and a hydraulic load frame to apply the axial load. The 

volumetric strain is determined by measuring the change ip.. volume and pressure of 

the confining fluid. The changing dimensions of the sample are taken into account 

so true or current stress and strain are interpreted from the measured data. A gas 
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permeameter has been designed and fabricated for these tests, and is used to per

form both transient and steady-state permeability tests. Closed-form solutions for 

determining permeability from the measured data are verified with a finitj~ difference 

solution. The permeameter is designed so changes in gas-accessible porosity could 

also be measured. A non-conventional method to obtain gas slip data is developed. 

Tests are conducted under two stress paths: hydrostatic compression and 

conventional triaxial compression. The purpose of the hydrostatic tests is to inves

tigate the amount of sample disturbance experienced by the samples, and how to 

reverse this disturbance (healing). During these tests, gas permeability tests are 

conducted at different hydrostatic stress levels and as a function of time. The pur

pose of the triaxial tests is to determine how the gas permeability and porosity of 

rock salt change as a result of deviatoric loading. Gas permeability measurements 

are made at increasing axial strain as the deviatoric (axial) stress on the sample 

increased. 

Holding the hydrostatic stress at 14 MPa overnight results in large, perma

nent changes in material properties: the gas permeabilities decrease from about 

10-17 m2 to immeasurably small values « 1O-21 m 2 ), the porosities deCl'ease from 

an average of about 1% for the as-received samples to 0.2% or less, and the com

pressibilities approach that of individual salt crystals. Collectively, these changes 

are referred to as "healing", reflecting the fact that the hydrostatic stress returns 

the samples to a condition comparable to prior to sampling. Healing is a result of 

inelastic, largely non-recoverable reductions in the size and/or number of connected 

flow paths. 

The triaxial tests begin with hydrostatically healed samples. As they are de

viatorically loaded, the samples experience a dramatic change in pore structure. For 

the complete range of confining pressures used (2.4 to 7.6 MPa), the rock salt sam

ples strain harden and dilate. The dilation as measured by inelastic volume strain 
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compares very well with the independent measurement of gas-accessible porosity, 

indicating that the developing pore structure is largely interconnected. At all but 

the greatest confining pressures used, the permeability increases rapidly Wltil a tran

sition porosity is reached, after which only modest increases are experienced. The 

limiting permeability decreases from about 1O-14m 2 to 2x10-17m2 and the transi

tion porosity decreases from about 1% to 0.4% as the confining pressure is increased 

from 2.4 to 5.9 MPa. At 7.6 MPa confining pressure, the permeability increases at 

a slower rate with respect to the gas-accessible porosity, and a limiting permeability 

is not evident. 

The use of Klinkenberg or slip analyses to estimate flow path geometry was 

complicated by changes in the pore structure during the necessary series of tests 

conducted under different pore pressures. An alternative method, utilizing data 

from tests conducted with gases with different properties, was successful for a lim

ited range of sample permeabilities. Using this method, a flow path aperture was 

estimated to be about 2xlO-6 m for the pore structure which exists beyond the 

transition porosity. 

The experimental data were evaluated in light of an equivalent channel flow 

model. This model is based on the assumption that a simple yet useful qualitative 

model of a porous medium can be developed by representing the pore structure 

with an equivalent channel. The experimental data indicate that the pore structure 

which develops is a function of the confining pressure. With increasing confining 

pressure, dilation of the flow path apertures is suppressed and the flow becomes 

relatively more aligned in the flow direction. Beyond the transition porosity, the 

flow through the sample is through well-aligned flow paths and the aperture of the 

flow-controlling porosity does not change appreciably. 

The experimental data are considered in the context of a model of microcrack 

initiation and growth. A conventional frictional sliding crack model is used to 
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develop the criteria for the activation (sliding and dilation) of grain boundaries and 

secondary tensile crack initiation and growth. The experimental results indicate 

that the initial development of permeability and porosity occur as a result of sliding 

and dilation along grain boundaries. Secondary tensile cr~ks are initiated after 

considerable sliding had occured. Continued loading results in the growth and 

coalescence of secondary tensile cracks. The transition porosity may be coincident 

with the linkage of axial cracks throughout the sample. 

6.1.2 In Situ Gas Permeability Measurements 

Two sets of gas permeability measurements have been made from the underground 

workings of the WIPP Facility. The gas flow injected into the formation is in

terpreted in terms of transient flow through a compressible, porous medium. A 

finite difference solution was developed and used to interpret the test results as 

permeabilities and porosities. 

The Small-Scale Mine-By experiment involved first establishing a series of 

small volume pressurized gas and b;rine wells at a depth of about 10 m from an 

excavation. Test intervals were created in the bottom of the 4.8 cm diameter mon

itoring wells with inflatable rubber packers. Their response is monitored prior to, 

during and after the drilling (mine-by) of a nearby large diameter (95 cm) bore

hole. Both gas and brine monitoring wells were placed at 1/4, 1/2, 1, 2 and 3 r 

from the planned large diameter hole, where ~ is the radius of the large diameter 

borehole. The data from this experiment fall in three categories: (1) pre-excavation 

well response, (2) post-excavation injection tests, and (3) the well response during 

and after excavation. 

The response of both the gas and brine wells prior to the drilling of the mine

by borehole is consistent with the formation as a very low permeability, low porosity 
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porous medium with a significant pore (brine) pressure. Pressurized gas does not 

flow from the monitoring wells out into the formation, indicating that the effective 

gas permeability of the formation prior to the mine-by is zero. The interpreted 

brine permeabilities and formation pore pressures are in the range expected for 

undisturbed rock salt. 

During the excavation of the large-diameter borehole (the mine-by), the pres

sure changes in the gas and brine monitoring wells reveal the instantaneous creation 

of a de-saturated zone extending 1/4 to 1/2 r into the fonnation. Beyond 1 r, the 

gas well pressure is unaffected by the mine-by. 

Subsequent injection tests indicate the fonnation has a measurable gas per

meability and porosity at 1/4 r, between 5x10-18 and 1O-15m2. At 1/2 r, the 

formation is apparently still brine saturated but gas can be injected into the for

mation and displace brine. Beyond 1/2 r, there is no indication that the fonnation 

has any gas permeability. 

The second set of in situ measurements involved injected gas flow measure

ments made from boreholes throughout the WIPP Facility. A portable four-packer 

system is used to create the test intervals at different positions in horizontal, vertical 

and diagonal boreholes. The test system is capable of measuring gas permeabilities 

as low as 1O-22m 2• Both pressure decay and constant pressure tests are conducted. 

The gas permeability of rock salt undisturbed by the presence of the exca

vation is very low, corresponding to a gas permeability of less than 1O-21 m2 • The 

boundary of the undisturbed region is 1 to 5 meters from an excavation. Within 

the first meter of an excavation, the interpreted permeabilities can be more than 5 

orders of magnitude greater than the undisturbed or far-field permeability, in the 

range of 10-16 to 1O-2°m2 • Measurable gas flow occurs to a greater depth into the 

roof above WIPP excavations of different sizes and ages than into the ribs. The gas 

flow into the fonnation surrounding the smallest excavation tested (2.4 m high by 
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3.6 m wide) is consistently lower than those at comparable locations surrounding 

larger excavations of comparable age. Gas How measured in the interbed layers near 

the WIPP excavations is highly variable. Generally, immediately above and below 

excavations, relatively large gas How is measured in the interbed layers. 

In order to improve the match between some of the measured data and 

numerical simulations of How, a local Disturbed Rock Zone (DRZ) sUITou.nding the 

test boreholes is employed. In a region which extends one borehole diameter into the 

formation, the permeability and porosity are increased over their far-field values. 

6.1.3 Numerical Analyses of the Development of Gas Permeability 

A numerical procedure has been developed for predicting the gas permeability field 

surrounding excavations in rock salt. The hierarchical model of Desai and coworkers 

is used in a finite element program to calculate the stress and strain surrounding 

excavations in rock salt. The elastoplastic constitutive model accounts for strain 

hardening, a nonassociative volumetric response and unequal behavior in compres

sion and extension. The parameters for the model are developed principally from 

the results of the laboratory tests. 

A model of the permeability as a function of the calculated stresses and 

strains is developed based on the equivalent chromel model. In this model (referred 

to as Modell), the permeability is a function of stress and inelastic volaTIle strain 

(porosity). An alternative model (Model 2) involving only stress was also developed. 

The model parameters were derived from the results of the laboratory tests. 

A two-dimensional plane strain model of the Small-Scale Mine-By experi

ment is used to calculate the stress and strain fields which develop as a result of 

excavation. The reference calculation simulates the excavation by removing the el

ements which comprise the borehole in a single step. The initial stress field prior to 
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excavation is assumed to be uniform and equal to the lithostatic state of stress. The 

calculated zone of dilation surrounding the mine-by borehole extends 0.15 m or 0.32 

r into the formation, comparing well with that inferred from the field measurements. 

The magnitude of the predicted porosity is quite small, an order-of-magnitude less 

than that inferred from the field measurements. As a consequence, the predicted 

permeability using the Modell function is well below the measured values. Use 

of Model 2 results in a somewhat better prediction. The calculated stresses in the 

vicinity of the borehole are small; out to 1/2 r the maximum principal stress is less 

than the initial pre-excavation stress. The state of stress in this region is that of 

triaxial compression. 

The effect of an asymmetric initial stress field is investigated. Both the 

calculated dilation and permeability field are asynunetric, but are only modestly 

increased. A calculation performed assuming an associative flow rule reveals that 

while the predicted dilation increases somewhat, the depth of the dilated zone does 

not increase nor does the predicted permeability using either permeability function 

appreciably increase. Calculations are next conducted for mechanical model pa

rameters developed assuming equal behavior in compression and extension. With 

these parameters, no dilation is predicted around the borehole. This calculation 

illustrates the importance of the assumed behavior along different stress paths. 

The validity of the instantaneous excavation of the borehole utilized in the 

plane strain model calculations is investigated by means of an axisymmetric model 

of the Small-Scale Mine-By experiment. In this model, the borehole is progressively 

excavated. The resulting stress, strain, dilation and permeability fields near the 

borehole are similar between the axisymmetric and plane strain models. This re

sult supports the use of the two-dimensional plane strain instantaneous excavation 

model. 

Room D is also modeled by means of a two-dimensional plane strain model. 
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The formation is assumed to be comprised solely oi salt, and is assumed to be 

uniform and isotropic. The calculated zone of dilation extends a maximum depth 

of 2.1 m into the formation adjacent to the room mid-height or above the room mid

span. No dilation is predicted in the vicinity of the room corners. These results are 

consistent with the zone of dilated rock inferred from the in situ gas permeability 

measu!'~ments. The permeability is significantly underpredicted at 0.9 m into the 

formation but close to the measured value at 1.8 m depth. The calculated stresses 

reveal that the rock adjacent to Room D has unloaded. Up to about 2 m into the 

formation at the room mid-height, the maximum principal stress is less than the 

initial pre-excavation stress. The remaining two principal stresses are nearly equal 

and are very small values in this region « 3 MPa). The state of stress in this region 

is one of triaxial compression. 

The calculated stresses for both the Small-Scale Mine-By and Room D sim

ulations are used to evaluate the potential for micro cracking, using the micro crack 

model based on the frictional sliding crack developed to evaluate the laboratory 

tests. These results indicate that the state of stress is sufficient to generate sliding 

and dilation of the grain boundaries, but not so great as to induce secondary tensile 

cracks. The boundary of the micro cracked rock is consistent with the predicted 

dilation and the measured gas permeability. 

The results of the numerical analyses indicate that the extent of the gas 

permeable zone can be predicted well, but the magnitude of the porosity (dilation) 

is underestimated in the immediate vicinity of the excavation. This is believed to be 

a result of the stress path which this rock experiences. As the borehole excavation 

is simulated, the rock is initially loaded deviatorically while the hydrostatic stress 

decreases moderately. The rock in the immediate vicinity of the excavation then 

unloads both deviatoric and hydrostatic stresses until equilibrium is reached. The 

peak value of the deviatoric stress is sufficient to damage (microcrack) the rock. 

The calculated response during post-yield unloading does not include the much 
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smaller effective modulus of the damaged rock, and consequently underestimates 

the dilation. The amount of dilation measured during post-yield unloading during 

the laboratory tests is used to correct the numerically predicted porosity. The 

predicted permeabilities using the modified porosity are closer to the measured 

values near the mjne-by borehole, but are still more than an order of magnitude 

below the value measured immediately adjacent to Room D. This is believed to be 

because the stresses adjacent to Room D decrease to much lower values than those 

in the laboratory which were used to develop the post-yield unloading correction. 

6.2 Discussion 

The measurements and numerical analyses indicate that a limited zone of dilation 

develops in rock salt surrounding excavations. In this region, the rock salt is per

meable to gas. The depth of the gas permeable zone depends upon the size and 

geometry of the excavation and perhaps its age as well. If the formation was com

prised solely of rock salt, the depth of the gas permeable zone would extend only a 

few meters from a typical storage room. The porosity in this region will be limited, 

probably to about 1%. The in situ measurements indicate that the zone of dilated 

rock salt extends considerably further into the formation above some excavations, 

apparently related to the presence of the nearby horizontal interbeds of anhydrite 

and clay. 

There are insufficient data to determine how the gas permeability will change 

with time. Creep tends to reduce stress differences so that no additional damage is 

expected. However, for rock which has already been damaged, creep will tend to 

further reduce the stress on the rock and further permeability increases may occur. 

Reduction in stresses would also tend to reduce the potential for healing, which was 

found to be a strong function of the mean pressure. 
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The potential for the dilated rock salt to store waste-generated gas will be 

limited. Assuming a porosity of 1equivalent radius from a storage room contributes 

a total void volume of about 1.2x104m3 available for gas storage. Estimates of the 

amount of gas generated (Lappin et al., 1989) indicate tha,t the dilated rock salt 

is insufficient by itself to appreciably affect the potential for gas pressure build-up. 

Allowing for an increased depth of the gas permeable zone above the storage rooms 

may approximately double the gas storage volume. IT the gas pressure in the storage 

room builds to sufficiently large values, gas may be able to displace brine in the 

vicinity of the excavations. The displacement or threshold pressure is estimated to 

be at least 1 MPa. 

While the rock salt may store some gas, it is more likely that its more sig

nificant role will be as the pathway for gas to travel from the storage rooms to the 

anhydrite and clay interbeds. These interbeds have been shown to develop fractures 

and separations immediately above and below the excavations, and consequently 

possess relatively large permeabilities. 

A primary concern of seal design is that the formaLi'.)n is the immediate 

vicinity of a seal location could provide a path through which fluid could bypass the 

seals. In a study of the performance and design of shaft seals in rock salt, Stormont. 

and Arguello (1987) concluded that the permeability of the rock adjacent to the 

seal is probably the single most important factor in seal performance. The in situ 

measurements reveal that the permeability of the DRZ exceeds that of typical seal 

materials such as concrete and therefore would at least initially be a preferential 

pathway. Within the first meter of most excavations, the rock salt has a permeability 

on the order of 1O-15m 2 or greater whereas concrete has a permeability of less than 

1O-18m 2. The most pervious paths in the system, however, are the horizontally 

layered interbed materials immediately above and below the storage horizon. The 

effective permeability of these layers can be very great (> 1O-12m2). The rock salt 

serves to connect these interbeds with the storage rooms. 
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The permeability of the rock salt adjacent to seal locations will decrease with 

time. When a relatively stiff inclusion such as concrete is located in an opening in 

rock salt, the tendency of the rock to creep will cause the stresses in the vicinity of 

the seal to approach the lithostatic stress. Such a stress build-up has been predicted 

numerically by Arguello and Torres (1988). In conjunction with a series of in situ 

seal tests, stresses measured at the interface of a concrete seal emplaced in rock 

salt increased to more than 50% of the assumed lithostatic stress in only 6 months 

(Stormont, 1987). The results of the laboratory tests reveal that the rock salt would 

be healed (as defined by an immeasurably small permeability) in a matter of hours 

or days under such hydrostatic stress conditions. Fractures in the interbed layers 

are not expected to heal as readily as those in halite, and the interbeds could remain 

as a potential seal bypass. 

The extent and magnitude of the gas penneable zone surrounding excavations 

in a bedded salt formation is size dependent. For example, above the 4.2 m wide 

by 2.4 m high E-140 drift, gas permeability could only be detected to a depth of 0.9 

m whereas gas permeability could be detected more than 4.5 m above the 10.0 m 

wide by 3.9 m high Room 2. The dimensions of Room 2 are the same as those for 

the actual storage rooms. These results strongly suggest that sealing effectiveness 

can be improved by minimizing the dimensions of the excavations at strategic seal 

locations. 

Both the laboratory and in situ measurements confirm that gas penneability 

measurements are an effective means to detect damaged or dilated rock salt. Rock 

salt which has been subject to hydrostatic stresses for some period of time (either 

in laboratory and in the fieid) has no detectable gas permeability. When subjected 

to deviatoric loads, either during axial loading in the laboratory tests or as a result 

of excavation in the field, a pore structure (damage) develops. The pore structure 

consistes of cracks which develop principally along the grain boundaries. The pore 

structure is largely interconnected and as a result the gas-accessible porosity is 
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equal to the dilation of rock salt. It is interesting to compare the porosity with the 

damage variable of Kachanov (1986, p. 4). The porosity is given by 

tP = Yv 
V 

(6.1) 

where Vv is the void volume and V is the total volume. The damage parameter w 

is given by 

Vo w=--
V 

where v;, is the volume of the damaged material. 

(6.2) 

The changes in gas permeability and porosity in both the laboratory and field 

measurements are consistent with a micro crack model based on the frictional sliding 

crack. Application of this model indicates that the initial permeability and porosity 

is a result of grain boundary sliding and dilation. In the laboratory, continued 

loading results in secondary tensile cracks being generated. In the field, however, 

the stresses do not reach the level necessary to induce the tensile cracks. Rather, 

the rock salt experiences a reduction in stresses or unloads and, because the grain 

boundaries have already been damaged, it will dilate appreciably as it is unloaded 

a..Tld become relatively permeable. 

The micro cracking which gives rise to the measurable gas permeability and 

porosity provides irrefutable evidence that rock salt experiences brittle deforma

tion. Most models of rock salt behavior only consider crystal plasticity as mani

fested by creep. While creep is indeed important, brittle deformation (damage) has 

very important implications for both mechanical behavior (e.g., reduced moduli) 
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and transport properties (e.g., enhanced permeability) as discussed in Chapter 2. 

Whether treated separately or in a unified approach, the brittle component of de

formation must be considered in formulating or interpreting predictive models for 

the long-term mechanical response of bedded rock salt to excavation. 

The quasi-static or instantaneous plasticity which has been utilized in this 

dissertation will have an effect on the subsequent time-dependent creep. The plas

ticity will alter or redistribute the stresses, not only initially after excavation but 

also in response to time-dependent stress changes due to creep. Creep of rock salt is 

typically described as a function of a deviatoric stress measure such as J J2D. J J2D 

along a line horizontally out from the midheight of Room D immediately after exca

vation is given in Figure 6.1. The figure includes results from the creep calculation 

of DeVries (1988) and the reference calculation described in Section 5.4. Within 

the first two meters of Room D, J J2D is greater for the creep model. Beyond 2 ID, 

J J2D is greater for the quasi-static plasticity model. From these results, it is not 

obvious whether more creep would be expected with a model which incorporates 

time-independent plasticity. Two recent investigations of the effect of instantaneous 

plasticity on the subsequent creep of rock salt have resulted in different conclusions. 

Arguello and Morgan (1987) concluded that time-independent plasticity reduces the 

amount of creep deformation. On the other hand, Munson and Fossum (1987) found 

that time-independent plasticity increased the amount of creep. Both investigations 

utilized forms of the von Mises yield criterion for the instantaneous plasticity so the 

important stress path effects on the resulting stress state found in this study are 

not included. 

Not only does quasi-static plasticity alter the magnitude of the stresses but 

also the relative values of the stresses as expressed by the stress ratio or Lode angle. 

As a consequence of the stress path dependence of the yield surface (i.e., the shape 

of the yield function is something other than a circle in the octahedral plane), the 

state of stress after excavation is predicted to be triaxial compression. Most creep 
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Figure 6.1: Jifi vs. distance into formation away from mid-height of Room D 
immediately after excavation. 
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models assume the instantaneous response is elastic and consequently a state of 

nearly pure shear exists around most excavations. Recently, some creep models 

have replaced the Von Mises flow criterion with the Tresca flow criterion because it 

produces more deformation under shear stresses. However, because the Tresca and 

Von Mises criteria are identical under triaxial compression, the calculations reported 

here with quasi-steady plasticity suggest that the subsequent creep deformation 

would not be sensitive to the choice of the flow c.':'iterion for creep. 

6.3 Recommendations 

The recommendations are grouped according to laboratory testing, in situ testing 

and constitutive modeling. 

6.3.1 Laboratory Testing 

The laborc..tory tests reported here were limited to a single stress path and loading 

rate. Similar tests, during which measurements of gas permeability and poros

ity are made during quasi-static loading tests, should be made under stress paths 

and loading rates which more closely match those experienced by rock immedi

ately adjacent to excavations. In particular, laboratory tests should be made under 

a reduced triaxial compression stress path. An advantage of this stress path is 

that the maximum principal stress is coincident with the sample axis, and the re

sulting pore structure will be conducive to detection by gas flow measurements. 

The laboratory tests should include careful measurements of gas permeability and 

porosity changes during post-yield unloading. Careful measurement of the volumet

ric response during unloading will allow the bulk and pore compressibilities to be 

estimated after the sample has been damaged. The pore compressibility provides a 

link between permeability and stress changes which do not induce additional pore 
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structure (such as post-yield unloading). One promising approach to link perme

ability and stress during changes in hydrostatic stress incorporates an exponentially 

declining pore compressibility (McKee et al., 1988). Furthermore, measurements of 

the bulk compressibility will provide an indication of the effect of the damage on 

other parameters such as the hydraulic storage and the effective stress coefficient 

(refer to Section 2.4). 

Tests under a number of other stress paths, particularly extensional, should 

be conducted to provide data for evaluation of the multiaxial yield function used in 

the elastoplastic constitutive equation. Tests conducted with a range of loading or 

strain rates would provide some idea about the significance of the time-dependence 

to the development of damage and therefore gas permeability and porosity in rock 

salt. 

Microscopic characterization of the s~'1lples should be conducted in order to 

provide information on the operative deformation mechanisms and the nature and 

dimensions of the pore structure. To aid in such evaluation, it may be useful to 

inject a material such as dye into the sample which would identify the flow paths 

during the subsequent observations. Another approach would be to inject a material 

which will harden and preserve the pore structure at the test conditions. 

Another issue which should be addressed by laboratory testing is the effect 

of moisture and fluid pressure on the development of damage in rock salt. A first 

approach may be to saturate the as-received sample with brine while it is relatively 

permeable, heal the sample under hydrostatic stress, and proceed with a test as 

desired. 

Healing of rock salt deserves further investigation. Tests should be conducted 

under a wide range of stress conditions, including both hydrostatic and shear com

ponents. These tests may require long durations. The influence of pre-existing 

moisture on the healing should be a part of the investigation. 
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6.3.2 In Situ Measurements 

The testing conducted in various boreholes throughout the WIPP Facility should be 

periodically repeated to provide an idea of how time modifies the gas permeability 

and porosity. Gas permeability measurements should be conduded to a greater 

depth into the roof above Room 2 to define the boundary of the dilated or gas 

permeable zone above the waste storage rooms. 

In zones which accept gas, injecting a material (e.g., dye or epoxy) which 

identifies and perhaps preserves the flow path structure would provide direct infor

mation on the pore structure which develops in situ. 

Gas permeability measurements should be conducted with the aim of det.er

mining a threshold pressure. In rock which is brine saturated but has a relatively 

low pore pressure, the gas pressure should be increased until brine is displaced and 

gas flows into the formation. 

Gas and brine (or liquid) permeability tests should be conducted at the same 

locations in order to assess how well gas permeability can be used as a measure of 

intrinsic permeability in the DRZ. 

6.3.3 Constitutive modeling 

The permeability models should be evaluated in light of additional laboratory test 

results. The permeability models should be applied to the results of the laboratory 

test conducted under different stress paths, particularly post-yield unloading. De

tailed information on the pore structure which develops in rock salt would provide 

data for a critical evaluation of the validity of a model based on the equivalent 

channel model. 
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The existing elastoplastic model should be tested against additional labora

tory' results, particularly with stress paths other than conventional triaxial compres

sion stress paths. It is likely that continued applications and evaluations using this 

model will reveal some shortcomings and suggest improvements or modifications 

to the model. The usefulness of the hierarchical approach becomes evident at this 

point: inclusion of additional, mor~ complex factors in the constitutive behavior 

can be readily made by modifying the existing model rather than discarding it and 

beginning anew. 

Several modifications to the existing model are suggested from the use of 

the model in conjunction with predicting gas permeability changes. These modi

fications include anisotropic hardening, damage, yield function dependence on the 

mean stress, slip along contact with the interbed materials, and time-dependent 

deformation. The hierarchical model is capable of including all of these features. 

With anisotropic hardening, the yield function can change size, shape and 

orientation during deformation. This type of hardening has been used to capture 

material behavior under cyclic loading and unloading, and may be better able to 

model post-yield unloading. 

The similarity of the porosity and a commonly used damage variable sug

gests incorporating damage into the constitutive model may yield a more physically 

satisfying model. A shortcoming of some present da-'llage models is that, in con

tradistinction to the experimental results, the bulk modulus does not degrade as 

damage accumulates. 

The shape of th.e yield function will change with mean pressure. In view of 

the importance of the shape of the yield surface on the magnitude and character of 

the stresses which are predicted to exist after excavation, future calculations should 

employ the version of the constitutive model (Desai and Varadarajan, 1987) which 

incorporates this feature. 
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A more complete model of bedded rock salt behavior should include the 

interbed layers. The anhydrite and clay layers have markedly different properties 

than the rock salt. Further, the contact between the interbeds and the neighboring 

rock salt is often a location of discontinuous behavior (shear slip, separation), and 

should be modeled as an interface or slip plane. 

Finally, it would be desirable to explicitly include the effects of creep on the 

stress and strain and consequently the damage and gas permeability of rock salt. 
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APPENDIX A 

LABORATORY SAMPLE LABELS AND PRE- AND POST-TEST 

DIMENSIONS 
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Table A.l Summary of sample dimensions before and after test 

Pre-test Dilensions Post -test Dilensions 
SlIpl! HUiber 

Cylinder Perpendi - End llean lIun lIun lIun 
Sandi; UA Sioothness culnity SloothneS5 Heipht Diluter Height Dialeter 
Label Label (in) (in) (deprrt) in(cI) in(cI) in(cI) in(cI) 

m32-S/2-1 UA3 0.016 0.045 0.54 7.636 3.731 7.628 3.730 
<19.40) (9.4771 119.38) (9.474) 

IICE32-5/N UA4 0.027 0.036 0.44 7.618 3.737 7.606 3.733 
119.35) (9.492) 119.32) (9.482) 

m3Z-S/2-3 UA5 0.016 0.046 0.71 7.725 3.737 7.614 3.759 
II 9.62) (9.492) 119.34) (9.548) 

!lem-S/3-2 UA6 o.m 0.044 0.67 7.696 3.139 6.926 3.966 
m.SS) (9.497> C17 .59) 110.0W 

"=E32-5/3-3 UA7 I 0.015 0.035 0.S4 7.805 3.738 7.059 3.968 
119.82) (9.495) C17.93) 110.079> 

!MCE31-5/4-1/ UA~ 0.(116 0.052 0.8(1 7.W 3.738 6.945 3.959 
<19.42> (9.495) 117.54) 110.(56) 

HCE32-5/4-2 UA9 0.015 0.009 0.14 7.S94 3.73S 6.667 4.023 
119.29) (9.49S) 116.94) (10.218) 

I'ICE32-S/H UAI0 0.028 0.009 0.14 7.719 3.737 6.967 3.990 
(19.61) (9.492) C17.70) (l0.13S) 

"CE34-3/1-1 UAI3 0.011 0.022 0.34 7.S04 3.740 7.0S0 
, 

3.%& 
119.82) (9.500) 117.9S) 110.(79) 

MCE34-3/1-2 UAI4 ' 0.017 0.022 0.34 7.867 3.743 6.836 4.081 
(20.03) (9.507) 117.36) (10.366) 

m34-3/2-1 UAIS 0.015 0.010 0.15 B.085 3.736 6.824 4.110 
(20.54) (9.488) (17.331 (1(1.439) 

IICE34 -3/202 UAI6 0.042 0.029 0.44 7.9(19 3. i37 6.893 4.(125 
(20.09) (9.493) 117 .51> (10.224) 

IICE34-3/3-1 UAIS 0.019 0.015 0.23 7.S18 3.735 6.690 4.071 
119.86) (9.486) (16.993) (10.340) 

PlCE34-3/3-2 UAI9 O.OIS 0.008 0.12 7.618 3.HI 6.656 4.111 I 
119.86) (9.503) (16.906) (10. 44~) 

ASTK stindard: cylinder sloothness !O.020 in (0.50 I.), perDendicu)arity !O.OOI in 
(0.025 .1), end s.N·tt,neH !('.25'. 
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APPENDIX B 

LABORATORY CALIBRATION METHODS AND RESULTS 

B.l Calibration of the Loading System Stiffness 

To determine the stiffness of the platen/load frame system, the triaxial cell was 

placed in the load frame with a steel standard with known properties replacing 

the sample. Platens were then placed on either end of the steel "sample". An 

axial load was applied to thb system by means of a hydraulic hand pump, and 

the axial displacement of the system was measured by means of a Linear Voltage 

Displacement Transducer (LVDT). Results from such a test are given in Figure 

B.1. The displacement attributed to the platen/load frame system is determined 

by subtracting the calculated displacement of the steel standard from the total 

measured displacement. The stiffness of the loading system is then the slope of the 

force versus machine displacement curve. 

B.2 Calibration of Intensifier-Hoek Cell System 

The compressibility of the confining fluid system may not be equivalent to the 

intrinsic compressibility of the confining fluid alone due to small amounts of air in 

the system, and compliance of the system components (e.g., tubing). Great care 

was taken to minimize air from both the Hoek cell and the intensifier; nonetheless, 

small quantities of air could be present. In order to measure the compressibility 
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Figure B.1: Load-displacement data for calibration of load frame system stiffness. 
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of the confining fluid system, we placed a stiff, steel cylinder in the Hoek cell and 

used the intensifier to change the pressure in cell. The change in the volume of oil, 

as measured by the displacement of the intensifier piston, was measured coincident 

with the pressure changes, and was corrected for the small changes in volume of 

the steel cylinder in the cell. Results of typical calibrations are given in Figure B.2. 

The volume strain of the fluid system is then determined knowing the volume of 

oil (1200 cm3 ). The stiffness of the confining fluid system is then the slope of the 

pressure vs volume strain response. A second order polynomial was fOWld to fit the 

measured response better than a straight line at low confining pressures. 

B.3 Calibration of Pressure Relief Valve - Hoek Cell Compressibility 

The compressibility of the confining fluid system incorporating the Pressure Relief 

Valve (PRV) configuration was determined in a manner similar to that for the 

intensifier-Hoek cell system. A steel cylinder was placed in the Hoek cell, and 

the confining pressure was raised to some value T)y a hand pump. The pressure 

was decreased by means of adjusting the PRV, and the expelled oil was bled to a 

buret. The volume of oil measured coincident with cell pressure changes is corrected 

for strain of the steel cylinder and the change in pressure between the cell and 

the buret (atmospheric). The volume strain of the confining fluid system is then 

determined from the change in oil volume and the original volume of oil (1660 cm3
). 

The confining fluid system stiffness is determined from the slope of the measured 

pressure vs volume strain response. Typical results are given in Figure B.3. It was 

found that at 2 to 3 MPa confining pressure, the compressibility of the sYstem was 

approximately 40% greater than it was at more than 4 MPa or greater pressures. 
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Figure B.2: Pressure VS. intensifier piston displacement for calibration of confining 
fluid system compressibility using an intensifier. 
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Figure B.3: Pressure vs. buret volume data for calibration of confining system 
compressibility using a pressure relief valve. 
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B.4 Calibration of Pressure Gages and Transducers 

The analog pressure gages were calibrated by Thompson/Quill Associates of Ari

zona, using a deadweight tester traceable to the National Bureau of Standards. 

Records of these calibrations are given in Table B.1 and B.2. 

The Omega pressure transducers were calibrated by applying a known pres

sure measured by a 0.1 % accurate calibrated analog pressure gage. Because there is 

only one signal amplification and display unit for all three transducers (differential, 

upstream, and downstream), only one transducer could be calibrated so the display 

output was given in true engineering units. The differential transducer was first 

calibrated to provide its output in psid units. The output of the upstream and 

downstream transducers must be converted to psig (or kPa) by means of a cali

bration. Periodic calibration of the pressure transducers were made. Results from 

the calibration of the differential pressure transducer is given in Figure BA. The 

calibration of the output of the upstream and downstream transducers is given in 

Figure B.5. These calibrations illustrate the linearity of the transducer reponse. 



290 

Table B.l: Calibration report for pressure gage 150-1. 

CALIBRATION REPORT 

CUSTOMER: lll\I\'ERSITI" of ARIZOtiA 

EOUIPMENT: PRESSURE GAllGE DATE: 08-25-89 

SIZE - RANGE: o to 150 PSI RECALL: 08-25-90 

MFG - MODEL: O~lEGA TEST GAUGE REPORT t:O: 89!44 

SERIAL NO: O~;EGA 150-1 PROCEDURE: ASTM 

REF STO EQUIP ERROR REF STD EQUIP ERROR 
PSI PSI 

READING READING PSI 0'0 READING READING 

!5 15 0 0 

30 30 0 0 

45 45 0 0 

60 6:).1 0.1 .17 

is i5.1 0.1 .13 

90 90.1 0.1 .11 

105 105.0 0 0 

120 120 0 0 

p= 1::5 0 0 

150 150 0 0 

REFER[t;:E STAt/DAROS: ASHCROFT DEAD WEIGHT TESTER IIBS'42634 

RH\~R':S: 
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Table B.2: Calibration report for pressure gage 150-2. 

CALIBRATION REPORT 

CUSTOMER: UNO\"ERSITY or AF.IZO~A 

EOUIPMENT: PRE~SURE GAUGE DATE: 08-~S-89 

SIZE - RANGE: 0 to 150 PSI -_. RECALL: 08-25-90 

MFG - MODEL: O~IEGA TEST GAUGE REPORT NO: 891"" 

SERIAL NO: CY.'IEGA 150-2 PROCEDURE: AS'll1 

REF STD EQUIP ERROR REF STD EQUIP ERROR 
PSI PSI 
READING READING PSI % 

READING READING 

15 15 0 0 
3D 30 0 0 

1.5 loS 0 0 

60 60 0 0 .. -
is is 0 0 

90 90 0 0 
1(15 105 0 0 

120 120 0 0 

135 135 0 0 
150 150 0 0 

RHEREtlCE SlAtmf,RDS: ASHCROFT DEAD \IElGHT TESTER 1\135f42634 

REM~Rr.S: 
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Figure B.4: Applied pressure vs. output of differential pressure transducer. 
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Figure B.5: Applied pressure vs. output of upstream and downstream pressure 
transducers. 
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APPENDIX C 

AN ANALYSIS OF THE VALIDITY OF THE QUASI-STEADY 

FLOW APPROXIMATION FOR LABORATORY PERMEABILITY 

TESTS ON ROCK SALT 

The analysis of transient permeability measurements has been discussed by Hsieh 

et al. (1981). Analyses for particular test system configurations and test techniques 

have been developed by many others (e.g., Brace et al., 1968; Walls, 1983; Trimmer, 

1982). If the storativity of the rock sample is negligible, the pressure gradient in 

the sample is constant but can be a function of time (Brace et al., 1968). Such flow 

is termed quasi-steady. In such a case, the slope of the logarithm of the pressure 

change vs time is a straight line, and the permeability of the sample is a simple 

function of the value of the slope. In the absence of the assumptions which allow 

the simple analysis method to be used, numerical methods have been employed 

to aid the analysis of transient data. Often, type curves are developed as a data 

interpretation method (e.g., Trimmer, 1982; Hsieh et al., 1981). 

The simplicity of the quasi-steady flow analysis method is extremely appeal

ing; however, the following assumptions are inherent in the method (Peach et al., 

1987): 

1. Darcy's law is valid at all times. 

2. Pore space volume should be small compared to the reservoir volumes. 

3. The pressure changes in the system of the pore volume and reservoirs must not 

result in any change in their volumes, that is, the compressibility of the system 

should be small. 
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4. The fluid must be inert with respect to the rock. 

5. The test should be conducted under isothermal conditions. 

6. The compressibility and viscosity of the sample should not change during the 

tests. 

7. The sample should be in a state of equilibrium before applying the pressure 

pulse. 

The question is: can we expect these assumptions to hold for the planned 

tests 50 the analysis method can be employed? In order to address this question, 

a series of numerical simulations for a wide range of assumed permeabilities and 

porosities were conducted. A finite difference code was developed to simulate the 

conduct of a laboratory permeability test. Assuming a permeability, porosity, and 

the initial reservoir and sample pressures, the pressure histories of the reservoirs are 

calculated for comparison to the measured quantities. The code can accomodate 

position- or pressure-dependent permeability, porosity, and fluid and rock compress

ibility. From the output of these simulations, the logarithm of the pressure vs. time 

plot was constructed and its slope was calculated. Using the value of the slope, the 

permeability was calculated and compared to the originally assumed permeability. 

These results are provided in Table C.l. 

From these result.s, it is concluded that the simple analysis method will be 

applicable for many of the planned tests. Plots of the calculated internal pressure 

distribution within the sample reveals that quasi-steady How is indeed established, 

and example of which is given in Figure C.l. The difference between the cal

culated and actual permeability increases the larger the porosity is, as would be 

expected. The reason the calculated permeabilities at very small porosities do not 

quite match the actual permeabilities is because of the assumed constant value of 

the gas compressibility used to calculate the permeability from the slope, whereas 

the gas compressibility is a function of pressure in the test simulation. 
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Table C.l: Comparison of quasi-steady and transient permeabilities. 

Assumed Quasi-steady 
permeability Porosity permeability 

(m2
) (m2

} 

10-21 .001 9.66xlO-22 

10-20 .001 9.82xlO-21 

10-20 .005 9.71xlO-21 

10-19 .001 9.88xlO-2O 

10-19 .005 9.66x10-2o 

10-19 .01 9.66x10-2o 

10-18 .001 9.88x10-19 

10-18 .005 9.66xlO-19 

10-18 .01 9.38x10-19 

10-17 .001 9.45xlO-18 

10-17 .005 9.45xlO-18 

10-17 .01 9.17xlO-18 

10-16 .005 9.55xlO-17 

10-16 .01 9.14xlO-17 
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Figure C.l: Pressure distribution in sample during quasi-steady flow. 
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APPENDIX D 

KLINK ENBERG ANALYSIS OF GAS FLOW DATA 

Gas permeability measurements in low permeability media can be affected by the 

Klinkenberg or molecular slip phenomenon due to interaction between the gas 

molecule and the flow path wall. When the mean free path of the the gas molecule 

is on the order of the flow path dimension, the gas molecule has appreciable inter

action (i.e., collisions) with the flow path surface. This interaction contributes a 

component of flow which is diffusive in nature (proportional to the concentration 

gradient) in addition to the Darcian flow component (proportional to the pressure 

gradient). Combining the two flow components, the measured gas permeability k 

is given by (Klinkenberg, 1941) 

(D.I) 

where ki is the intrinsic permeability of the medium, Pm is the mean gas pressure 

and b is the so-called Klinkenberg coefficient and is given as (Randolph et 81., 1984) 

b = 16cp J2RT 
tV 7rM 

(D.2) 
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where c is a cOIlBtant (typically taken as 0.9), I-' is the fluid viscosity, M is the fluid 

molecular weight, 10 is the flow path width, R is the universal gas constant, and T 

is the temperature. The conventional method of obtaining Klinkenbel'g cOi:ffident 

is to measure the gas permeability at a number of gas pressures. Plotting the gas 

permeabilities vs the inverse of the mean gas pressure yields a straight line with 

an intercept equal to ki and a slope equal to b. The assumption is that the pore 

geometry does not change during these tests. This technique has been successfully 

used to infer pore geometries on various rocks (e.g., Randolph et al., 1984 ; Brower 

and Morrow, 1985; Reda, 1987). 

An alternative method for obtaining estimates of the flow path dimensions 

from Klinkenberg effects is to vary the type of gas used to measure the permeability. 

This allows the confining pressure and mean gas pressure to be kept constant during 

the tests. It is , however, experimentally more involved as it requires successively 

purging and saturating the permeameter and the sample with different gases. If the 

permeability is great enough for steady-state flow, then transfer from one gas to 

another could be accomplished as a matter of course during a test. For a transient 

test, however, the procedure is more involved and requires changes the pore pressure 

in the sample. 

For the case of different gases, Equation D.l can be rewritten as 

(D.3) 

where d is a constant given as 

(D.4) . 
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Table D.l: Properties of gases relevant to Klinkenberg tests (Weast, 1979). 

Molecular 
Gas weight Viscosity TM 

(k!:ol) (Pa - sec) (e.-fif:'l 
Nitrogen 28.0 1.78x10-5 3.36x10-

Argon 39.9 2.2lx10-5 3.50xlO-6 

Helium 4.0 1.94xlO-s 9.70xlO-6 

Plotting the results of gas permeability measurements made at a constant 

mean gas pressure but with gases with different properties as permeability vs the 

product (1M) yields a straight line with an intercept equal to ki and a slope equal 

to d. Nitrogen, argon and helium were used for these tests; relevant properties are 

given in Table D.l. 

Comparison of the gas properties indicates that the Klinkenberg permeabili

ties for nitrogen and argon will be nearly identical, and those obtained using helium 

will be appreciably greater. 
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Table E.l 
Summary of permeability tests 

conducted under hydrostatic stress states 

All tests are transient tests with nitrogen 
as the test fluid unless otherwise.noted. 

Sample Permeability Hydrostatic Test Interpreted 
Number Test Number stress (psig) Duration (hr) Permeability <roll 

HUA3 1 350 2. 3.6E-18 
2 600 4. 3.0E-18 
3A 1100 l. l. 8E-18 
3B 1100 7. 2.3E-19 
4A 2000 2. 4.7E-20 
4B 2000 33. <3.3E-21 
5 350 20. 2.BE-21 

HUM 1 350 0.5 3.4E-IB 
2 600 0.5 2.5E-18 
3 350 4. 1.1E-19 
4A noo 1.5 5.0E-20 
4B noo 2. 1.0E-20 
4C 1100 14. 3.2E-21 
SA 350 0.5 l. 7E-20 
5B 350 4. 7.0E-21 
6 2000 69. 7.0E-22 
7 350 44. 1.1E-21 
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Table E.2 
Permeability test results for healing phase 

of triaxial tests 

All tests were transient tests with nitrogen 
as the test fluid unless otherwise.noted. 

Sample Permeability Hydrostatic Pore Test Interpreted 
Number Test Number Stress Pressure Duration Permea~ility 

(psig) (psig) (hr) (JlFl.-. Notes 

TUA5 2 350 100 0.4 6.0E-18 
1 2100 100 62. 7.1E-22 

TUA6 1 350 100 0.2 9.7E-18 
2 2100 100 14.8 <7.6E-22 

TUA7 1 350 100 0.1 3.0E-17 
2 350 50 0.1 2.7E-17 
3 350 20 0.2 2.0E-17 
4 350 100 0.1 2.6E-17 
5 2100 123 17.0 <5.6E-21 

TUA8 1 350 100 0.1 2.9E-17 
2 300 50 0.1 2.6E-17 
3 385 135 0.1 1. 8E-16 
4 350 100 0.1 2.7E-17 
5 2100 100 20.5 <1. 8E-21 

TUA9 1 350 50 0.1 3.4E-17 
2 375 75 0.07 3.2E-17 
3 400 100 0.07 3.3E-17 
4 350 100 0.07 3.2E-17 
5 350 40 0.07 3.2E-17 (2) 
6 300 24 0.1 2.8E-17 (2) 
7 400 63 0.03 3.lE-17 (2) 
8 2100 105 0.5 7.7E-18 
9 2100 110 22. <1. 6E-21 



304 

Table E.2 (continued) 
Permeability test results for healing phase 

of triaxial tests 

Sample Permeab!.1i ty Hydrostatic Pore Test Interpreted 
Number Test Number Stress Pressure Duration Permea~ili ty 

(psig) (psig) (hr) {m--L Notes 

TUAlO 1 350 100 0.2 1.2E-17 
2 310 60 0.1 9.2E-18 
3 280 30 0.1 7.8E-18 
4 310 60 0.1 8.8E-18 
5 350 100 0.1 9.3E-18 
6 350 100 0.1 9.6E-18 
7 390 140 0.1 9.2E-18 
3 350 100 0.1 8.7E-18 
9 310 60 0.1 7.4E-18 

10 2S0 30 0.1 6.lE-lS 
11 2100 104 6.9 4.6E-19 
12 1100 104 43.6 3.0E-2l 

TUA13 1 350 100 0.07 4.2E-17 
2 350 100 0.06 4.2E-17 (5) 
3 350 104 0.03 3.1E-17 (4) 
4 320 100 0.07 2.9E-17 
S 320 100 0.14 2.4E-17 
6 320 100 O.OS 1. 9E-17 (4) 
7 320 100 0.10 1.9E-17 (5) 
S 2100 100 15.7 <2.SE-21 

TUA14 1 340 34.7 0.07 1. 5E-17 (2) 
2 320 49.1 0.06 1.SE-17 (2) 
3 320 64.0 0.04 1.4E-17 (2) 
4 310 63 0.06 1.SE-17 (2,4) 
5 320 120 O.OS 1.3E-17 (4) 
6 320 117 O.OS 1. 2E-17 
7 30v 135 O.OS 1.2E-17 
S 320 122 0.06 1. 2E-17 ,.. 280 81 O.OS 1. 2E-17 :7 

10 2100 122 0.17 6.4E-18 
11 2100 131 17.12 <2.75E-20 
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Table E.2 (continued) 
Permeability test results for healing phase 

of triaxial tests 

Sample Permeability Hydrostatic Pore Test Interpreted 
Number Test Number Stress Pressure Duration 

(psig) (psig) (hr) 
Permea~ility 

(DtL Notes 

TUA15 1 340 100 0.07 1. 9E-17 
2 310 98 0.07 1. 7E-l7 (5) 
3 310 99 0.07 1.4E-17 (4) 
4 290 98 0.07 1. 5E-17 
5 2100 106 21.1 <5.7E-22 

TUA16 1 350 63 0.06 3.4E-18 (2) 
2 300 62 0.05 1. 7E-18 (2) 
3 300 115 0.15 1. 6E-18 (4) 
4 310 117 0.10 1. 6E-18 
5 2100 122 41.8 5.6E-2l 

TUA18 1 350 119 0.03 1. 6E-17 
2 2100 116 19.2 <8.4E-22 

TUA19 2 280 64 0.17 8.0E-19 (2) 
3 2100 117 14.97 <1.2E-20 

Notes: 

(1) Results interpreted by matching with transient numerical simulation. 

(2) Steady-state tests. 

(3) Communication of gas through sample not apparent. Possible causes 
include insufficient test duration, smaller than expect(~d permeability, 
non-uniform changes in gas storage in the samples, or system leaks. 

(4) Helium used as test fluid. 

(5) Argon used as test fluid. 

(6) Equilibration of upstream and downstream pressures occurred too 
quickly to interpret permeability. 
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Table E.3 

Gas-accessible porosity data 

Sample Axial Gas-accessible 
Number Strain (%) Porosity (%) 

TUA6 6.0 0.13 
7.0 0.25 
8.0 0.71 
9.0 0.93 

10.1 1. 01 - 1.49 

TUA7 1.9 0.09 
4.0 0.29 
6.0 0.56 
8.0 0.91 

10.0 1.22 

TUA8 2.0 0.03 
4.0 0.14 
6.0 0.42 
8.0 0.52 

10.0 0.83 

TUA9(1) 5.7 0.09 / 0.03 / 0.0 
8.1 0.19 / 0.13 / 0.10 
10.0 0.37 / 0.31 / 0.28 
10.5 0.41 / 0.35 / 0.32 
10.8 0.47 / 0.41 / 0.38 
11.2 0.52 / 0.46 / 0.43 

TUA10 0.8 0.20 
2.0 0.54 
3.1 0.74 
4.0 1.01 
6.0 1. 82 

TUA13 1.5 0.22 
2.1 0.25 
3.0 0.43 
4.1 0.60 
5.0 0.79 
6.0 1.05 
8.1 1.68 

10.5 2.46 



TUA14 

TUA15(1) 

TUA16 

TUA18 

TUA19 

Notes 

Table E.3 (continued) 
Gas-accessible porosity data 

2.0 0.07 
4.0 0.27 
6.0 0.59. 
8.0 0.97 

10.2 1.32 
12.3 1.88 
14.7 2.72 

6.2 0.03 
8.3 0.12 

10.5 0.22 / 0.16 / 0.0 
12.6 0.30 / 0.24 / 0.08 
13.~ 0.38 / 0.32 / 0.16 
15.1 0.45 / 0.39 / 0.23 
16.3 0.52 / 0.46 / 0.30 
17.4 0.71 / 0.64 / 0.48 
18.4 0.77 / 0.71 / 0.55 

4.0 0.04 
6.0 0.15 
8.1 0.26 

10.3 0.43 
12.5 0.60 
14.7 0.79 

6.5 0.02 
8.4 0.03 

10.6 0.13 
12.8 0.24 
15.1 0.39 
17.0 0.53 

2.0 0.01 
4.1 0.08 
6.2 0.23 
8.3 0.42 

10.5 0.63 
12.8 0.90 
15.0 1.17 
17.1 1.47 
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(1) The gas accessible porosities were calculated three ways for these 
samples. The first values corresponds to th~ conventional analysis. The 
second set of values are calculated assuming the porosity is reduced by 
the measured positive inelastic volume strain (compaction) during an 
inadvertant healing phase or event. The third set of values were 
calculated by reducing the porosity to zero after the healing event. 
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Table E.4 

Summary of permeability data obtained 
during deviatoric loading 

All tests wer~ transient tests with nitrogen 
as the test fluid unless otherwis,~ noted. 

Axial Axial Confining Pore Test 
Test Strain Stress Pressure Pressure Duration perm;lbility 
Number (%) (psig) (psb) (psig) (hr) .--.!.l!!:L- Note s 

TUA6-2 0 2100 2100 100 14.S <7.6E-22 

-13 10.1 5450 - 600 92 4.5 S.OE-19 (1) 
4470 

-14 10.1 600 600 100 loS 3.0E-1S (1) 

TUA7-5 0 2100 2100 123 17.0 <5.6E-21 

-6 1.9 4370 - 620 100 1.1 9.4E-18 
3970 

-7 1.9 3940 - 660 140 0.7 1. 7E-18 
3900 

-8 1.9 3320 - 570 50 1.1 (3,7) 
3250 

-9 1.9 3290 - 600 100 0.5 3.8E-20 (3,7) 
3250 

-10 4.0 5080 - 600 100 0.7 2.9E-17 
4720 

-12 6.0 5050 - 640 48 0.5 6.0E-16 (2) 
4970 

-13 8.0 5420 - 640 44 0.5 1. 5E-15 (2) 

5300 

-14 10.0 5940 - 600 47 0.2 2.4E-15 (2) 
5870 

-15 10.0 511 480 47 0.7 4.3E-15 (2) 

-16 10.0 547 600 46 0.7 4.4E-15 (2) 
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Table E.4 (continued) 
Summary of permeabilitr data obtained 

during deviator1c loading 

Axial Axial Confining Pore Test 
Test Strain Stress Pressure Pressure Duration Perme~bili ty 
Number (,) (psi g) (psig) (psig) (hr) ~L- Notes 

TUA8-5 0 2100 2100 100 20.5 <1.8E-2l 

-6 2.0 4290 - 580 108 16.8 1.6E-20 
3520 

-7 4.0 5670 - 600 108 1.8 5.0E-19 (1) 
4560 

-8 6.0 5150 600 102 0.1 2.2E-17 

-9 6.0 4860 - 575 75 0.4 3.6E-18 
4830 

-10 8.0 5780 - 600 51 0.4 3.2E-16 (2) 
5430 

-11 10.0 6850 - 600 48 0.4 6.3E-16 (2 ) 
5700 

-12 10.0 553 600 47 0.2 8.3E-16 (2) 

TUA9-9 0 2100 2100 110 22.0 <1. 6E-21 

-20 10.8 8100 - 1100 102 0.4 2.7E-18 
6700 

-21 10.8 8250 - 1100 107 0.3 2.4E-1S 
6890 

-22 11.2 6600 - 1020 75 0.1 1.1E-18 
5780 
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Table E.4 (continued) 
Summary of permeability data obtained 

during deviatoric loading 

Axial Axial Confining Pore Test 
Test Strain Stress Pressure Pressure Duration perm~bility 
Number (% ) (psig) ....!.MJ,gL (psig) (hr) ---..!.m 1-- ~ 

TUA10-12 0 1100 1100 104 43.6 3.0E-21 

-14 0.8 3130 - 320 102 0.2 8.9E-18 
2650 

-15 0.8 2440 - 350 104 0.2 9.8E-18 
2400 

-16 0.8 2400 - 300 71 0.4 8.1E-18 
2360 

-17 0.8 2360 - 270 40 0.3 4.7E-18 
2320 

-18 0.8 2320 - 330 100 0.3 1.2E-17 
2290 

-19 2.0 3750 340 102 0.03 1. 7E-17 

-20 2.0 3750 - 320 100 0.03 (6) 
3680 

-21 2.0 3540 350 43 0.62 2.3E-16 (2) 

-22 2.0 2700 350 41 O .. 03 3.3E-16 (2,7) 

-24 2.0 2700 350 99 0.07 2.6E-16 (7) 

-25 3.1 4680 320 47 0.02 1.2E-15 (2) 

-26 4.0 4260 320 35 0.02 3.3E-15 (2) 

-27 6.0 4760 - 340 36 0.02 5.1E-15 (2) 
4450 

TUA13-8 0 2100 2100 100 15.7 <2.8E-21 

-10 1.5 3450 340 102 0.3 3.9E-18 

-11 1.5 3300 - 330 99 0.3 3.6E-18 (4) 
3110 
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Table E.4 (continued) 

Summary of permeability data obtained 
during deviatoric loading 

Axial Axial Confining Pore Test 
Test Strain Stress Pressure Pressure Duration Perme~bility 
Number _..ti.L (psig) (psig) (psi g) (hr) ~.l- Notes 

-12 1.5 3110 350 99 0.6 1. 9E-18 (5) 

-13 1.5 3050 330 99 0.1 2.9E-18 (5) 

-14 1.5 3000 320 98 0.4 2.5E-18 (4) 

-15 1.5 2920 310 98 0.4 2.7E-18 

-16 1.5 2620 320 101 0.3 (3,7) 

-17 2.1 3910 360 105 0.1 1. 8E-18 

-18 3.0 4480 360 101 0.02 9.6E-17 

-19 3.0 3720 320 101 0.04 9.4E-17 (4) 

-20 3.0 3700 320 99 0.03 1. OE-16 (5) 

-21 3.0 3640 320 101 0.02 9.5E-17 

-22 3.0 3610 320 99 0.03 1.1E-16 (4) 

-23 3.0 3600 320 99 0.03 1.1E-16 (5) 

-24 3.0 3600 320 99 0.02 1.0E-16 

-25 3.0 3500 300 99 0.03 9.1E-17 

-26 4.1 4320 335 96 0.01 4.6E-16 

-27 4.1 4300 335 48 0.1 1. 9E-15 (2) 

-28 4.1 4200 335 99 0.03 4.4E-16 (4) 

-29 4.1 4100 335 48 0.2 2.3E-15 (2,4) 

-30 4.1 4000 330 99 0.03 4.4E-16 (5) 

-31 4.1 3800 320 48 0.2 1. 8E-15 (2,5) 

-32 5.0 5150 350 99 0.01 (6) 
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Table E.4 (continued) 
Summary of permeability data obtained 

during deviatoric loading 

Axial Axial Confining Pore Test 
Test Strain Stress Pressure Pressure Duration perm;lbili ty 
Number (%) (psi g) (psig) (psig) Cbr) --!.m L- Notes 

-33 5.0 5150 350 47 0.1 3.6E-15 (2) 

-34 5.0 5000 350 47 0.1 4.7E-15 (4,2) 

-35 5.0 4800 350 47 0.1 3.5E-15 (5,2) 

-36 5.0 3270 320 47 0.1 3.1E-15 (2,7) 

-37 6.0 5340 340 46 0.1 5.4E-15 (2) 

-38 6.0 4800 330 46 0.1 7.3E-15 (4,2) 

-39 6.0 4300 330 46 0.1 5.3E-15 (5,2) 

-40 8.1 5760 340 46 0.1 8.8E-15 (2) 

-41 10.5 5600 340 44 0.1 9.9E-15 (2) 

-42 10.5 5600 340 45 0.1 1.4E-14 (4,2) 

-43 10.5 5600 340 43 0.1 1.1E-14 (5,2) 

TUA14-12 2.0 4310 590 137 0.05 1. 2E-17 

-13 2.0 4000 565 120 0.06 1.1E-17 

-14 2.0 3900 515 71 0.06 8.7E-18 

-15 2.0 3780 565 119 0.07 1.1E-17 

-16 2.0 3750 595 123 0.03 1.1E-17 

-17 2.0 3670 590 142 0.08 1.2E-17 

-18 2.0 550 600 69 0.03 8.7E-18 

-19 2.0 600 650 120 0.05 1. 2E-17 

-20 2.0 4500 600 125 0.13 9.4E-18 



Axial 
Test Strain 
Number {!p 

-2lA 2.0 

-21B 2.0 

-21C 2.0 

-22 4.0 

-23 4.0 

-24 4.0 

-25 4.0 

-26 6.0 

-27 6.0 

-28 6.0 

-29 8.0 

-30 8.0 

-31 10.2 

-32 10.2 

-33 12.3 

-34 12.3 

-35 14.7 

-36 14.7 

- 37 14.4 

Table E.4 (continued) 
Summary of permeability data obtained 

during deviatoric loading 

Axial Confining Pore 
Stress Pressure Pressure 

Test 
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(psig) (psig) (psig) 
Duration Perme,bility 

(hr) --1.m--L- Notes 

2880 550 125 0.07 1.4E-17 (7) 

2880 450 125 0.04 1.4E-17 (7) 

2880 650 125 0.04 1. 2E-17 (7) 

5520- 600 118 0.03 9.4E-17 (6) 
4800 

4690- 500 119 0.03 9.5E-17 (6) 
4640 

4490- 600 64 0.30 2.2E-16 (2) 
4430 

4400- 600 63 0.15 3.2E-16 (2,4) 
4370 

6120 600 116 0.02 2.5E-16 (6) 

5500 600 64 0.12 7.5E-16 (2,4) 

4950 600 64 0.18 6.4E-16 (2) 

5950 600 63 0.07 1. 4E-15 (2) 

5310 600 68 0.10 1. 8E-15 (2,4) 

6200 600 64 0.10 2.6E-15 (2,4) 

5330 600 63 0.10 1. 9E-15 (2) 

6450 600 63 0.10 2.7E-15 (2) 

5900 600 63 0.10 3.2E-15 (2,4) 

7000 600 63 0.10 4.1E-15 (2,4) 

6000 600 63 0.10 3.0E-15 (2) 

470 600 54 0.07 6.4E-15 (2) 



Table E.4 (continued) 
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Summary of permeability data obtained 
during deviatoric loading 

Axial Axial Confining Pore Test 
Test Strain Stress Pressure Pressure Duration Perme~bility 
Number (%) (psig) (psig) (psig) (hrl ---'.I!r.L..- Notes 

'ruA15-5 0 2100 2100 106 21.1 5.7£-22 

-6 2.0 5130 - 1050 109 3.0 1.5E-20 
4060 

-7 4.0 6230 1080 no 2.0 3.lE-20 
5400 

-8 6.2 6880 - 1100 109 0.8 7.2E-20 
5610 

-9 8.3 7310 - 1100 108 1.3 2.4E-19 
5800 

-10 10.5 7340 - 1110 105 1.3 3.3E-19 
6060 

-11 10,5 5330 - 1060 90 0.7 1.0E-19 (7) 
5290 

-12 12.6 7850 - 1100 94 0.6 9.4E-20 
6660 

-13 13,8 7940 - 1100 92 0.1 1. 6E-18 
7200 

-14 13.8 7200 - 1100 92 0.05 1. 3E-18 
6820 

-15 15.1 B060 - 1100 92 0.3 (3) 
6820 

-16 16.3 8170 - 1100 90 0.3 (3) 
6820 

-17 17.4 8300 - 1100 91 0.4 1.3E-IB 
6900 

-18 17.4 6900 - 1100 98 0.3 1. 7E-1B 
6580 

-19 18.4 8340 - 1100 102 0.06 2.7E-1B 
8200 

-20 18.1 790 880 103 0.03 4.3E-17 
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Table E.4 (continued) 
Summary of permeability data obtained 

during deviatoric loading 

Axial Axial Confining Pore Test 
Test Strain Stress Pressure Pressure Duration Perme~bility 
Number (%l (psig) (psigl (psigl (hrl _....,(m--L- Notes 

TUA16-7 4.0 6460- 1100 132 0.38 l.9E-19 
5490 

-8 3.8 1030 1100 131 0.38 4.3E-19 

-9 6.0 7200 1070 127 0.12 2.1E-18 

-10 6.0 4410 900 128 0.10 l.4E-18 (7) 

-11 8.1 7560- 1100 129 0.17 5.3E-18 
6400 

-12 10.3 7200- 1100 128 0.13 l. 2E-17 
6600 

-13 12.5 7900- 1100 128 0.10 l.4E-17 
7250 

-14 14.7 8200- 1100 128 0.07 6.9E-18 
7700 

-15 14.4 910 1100 133 0.05 6.5E-17 

TUA18-3 15.1 8260- 1100 109 l. 88 3.8E-20 
6430 

-4 17.0 8440- 1100 107 0.57 4.6E-19 
6780 

-5 16.7 890 1100 106 0.15 2.0E-18 

TUA19-4 2.0 4280 840 123 0.58 2.3E-19 

-5 4.1 5670- 840 122 0.15 2.5E-18 
5090 

-6 6.2 6300- 840 119 0.10 l. 5E-17 
5640 



Table E.4 (continued) 
Summary of permeability data obtained 

during deviatoric loading 
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Test 
Number 

Axial 
Strain 

(It) 

Axial 
Stress 
(psig) 

Confining 
Pressure 

(psig) 

Pore 
Pressure 

(psig) 

Test 
Duration 

(hr) 
Perme~bility 
~L- Notes 

-8 8.3 5660 840 115 0.08 3.1E-17 

-9 10.5 7090 840 114 0.07 3.8E-17 

-10 10.5 7000- 840 63 0.23 3.8E-17 
6180 

-12 12.8 7200- 840 10D 0.12 2.SE-17 
6240 

-13 15.0 7530- 840 110 0.05 5.8E-17 
6640 

-14 17.1 7680 840 111 0.05 4.4E-17 

-15 17.0 690 840 63 0.03 l.lE-1S (2) 

Notes: 

(1) Results interpreted by matching with transient numerical simulation. 

(2) Steady-state tests. 

(3) Communication of gas through sample not apparent. Possible causes 
include insufficient test duration, smaller than expected permeability, 
non-uniform changes in gas storage in the samples, or system leaks. 

(4) Helium used as test fluid. 

(5) Argon used as test fluid. 

(6) Equilibration of upstream and downstream pressures occurred very 
quickly. Interpreted permeability, if given, is subject to more 
uncertainty than other data. If a steady-state test was conducted under 
approximately the same test conditions, it is assumed to supercede this 
value. 

(7) Test was conducted after a "hold" period up to 10 hr long. 
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APPENDIX F 

LABORATORY HYDROSTATIC COMPRESSION DATA 
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Figure F.1: Hydrostatic stress-volumetric strain data from healing portion of test 
on TUA5. 
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Figure F .2: Hydrostatic stress-volumetric strain data from healing portion of test 
on TUA6. 
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Figure F .3: Hydrostatic stress-volumetric strain data from healing portion of test 
on TUA7. 
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Figure FA: Hydrostatic stress-volumetric strain data from healing portion of test 
on TUA8. 
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Figure F .5: Hydrostatic stress-volumetric strain data from healing portion of test 
on TUA9. 
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Figure F .6: Hydrostatic stress-volumetric strain data from healing portion of test 
on TUAIO. 
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Figure F.7: Hydrostatic stress-volwnetric strain data from healing portion of test 
on TUA13. 
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Figure F .8: Hydrostatic stress-volumetric strain data from healing portion of test 
on TUA14. 
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Figure F.9: Hydrostatic stress-volumetric strain data from healing portion of test 
on TUA15. 
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Figure F.lO: Hydrostatic stress-volumetric strain data from healing portion of test 

on TUA16. 



328 

15-r----------------------------------------------, 

".... 
C 

0... 10 
~ 
'--" 

Ul 
Ul 
Q) 
10.... ...... 
Ul 

U 
:.;:; 
C ...... 
Ul 
0 
10.... 5 "C 
>. 
:r: 

O~--------r_------~--------._--------r_------~ 
0.000 0.002 0.004 0.006 0.008 0.010 

Volumetric strain 

Figure F.Il: Hydrostatic stress-volumetric strain data from healing portion of test 
on TUA18. 



329 

'5~----------------------------------------------~ 

.......... 
0 

0... 10 
~ 
~ 

tf) 
tf) 
Q.) 
I-

..,...J 

tf) 

~ .... 
'-' 

---~I) 
0 
l- S -0 
~ 
:c 

O~~----~------~------~------~------~------~ 
0.000 0.002 0.004 0.006 0.008 0.010 0.012 

Volumetric strain 

Figure F.12: Hydrostatic stress-volumetric strain data from healing portion of test 
on TUA19. 
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APPENDIX G 

LABORATORY TRIAXIAL COMPRESSION DATA 
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Figure G.1: Stress-strain data from triaxial test on TUA6, confining pressure is 4.14 
MPa. 
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Figure G.2: Stress-strain data from triaxial test on TUA 7, confining pressure is 4.14 
MPa. 
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Figure G.3: Stress-strain data from triaxial test on TUA8, confining pressure is 4.14 
MPa. 
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Figure G.4: Stress-strain data from triaxial test on TUA9, confining pressure is 7.59 
MPa. 
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Figure G.5: Stress-strain data from triaxial test on TUAIO, confining pressure is 
2.41 MPa. 
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Figure G .6: Stress-strain data from triaxial test on TU A13, confining pressure is 
2.41 MPa. 
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Figure G.7: Stress-strain data from triaxial test on TUA14, confining pressure is 
4.14 MPa. 
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Figure G.8: Stress-strain data from triaxial test on TUA15, confining pressure is 
7.59 MPa. 
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Figure G.9: Stress-strain data from triaxial test on TUA16, confining pressure is 
7.59 MPa. 
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Figure G.lO: Stress-strain data from triaxial test on TUA18, confining pressure is 
7.59 MPa. 
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Figure G.l1: Stress-strain data from triaxial test on TUA19, confining pressure is 
5.86 MPa. 
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APPENDIX H 

INELASTIC STRAIN AND GAS-ACCESSIBLE POROSITY DATA 

FROM LABORATORY TRIAXIAL COMPRESSION TESTS 
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Figure H.I: Inelastic volume strain - gas-accessible porosity from triaxial test on 
TUA6. 
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Figure H.2: Inelastic volume strain - gas-accessible porosity from triaxial test on 
TUA7. 
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Figure H.3: Inelastic volume strain - gas-accessible porosity from triaxial test on 
TUA8. 
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Figure H.6: Inelastic volume strain - gas-accessible porosity from triaxial test on 
TUA13. 
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Figure H.7: Inelastic volume strain - gas-accessible porosity from triaxial test on 
TUA14. 
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Figure H.8: Inelastic volume strain - gas-accessible porosity from triaxial test on 
TUA15. 
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Figure H.lD: Inelastic volume strain - gas-accessible porosity from triaxial test on 
TUA18. 
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APPENDIX I 

GOVERNING DIFFERENTIAL EQUATIONS, BOUNDARY 

CONDITIONS AND NUMERICAL SOLUTION FOR GAS FLOW 

THROUGH A POROUS MEDIUM 

1.1 Derivation of Governing Differential Equations 

The mathematical expression which describes fluid flow through a porous medium 

is derived by combining the continuity equation, Darcy's law and an equation of 

state. The continuity equation is derived by considering the mass balance over a 

representative elementary volume of the porous medium 

8(p¢» 
-- = -V'. (pv) at (1.1) 

where p is the fluid density, v is the average fluid velocity, ¢> is the porosity of the 

porous medium and t is time. From Walsh (1965), the time rate of change of the 

porosity can be expressed in terms of the compressibility of the solid material (Gs ) 

and the bulk material (G) 

8¢> 8P 
at = [G - G,,(l + ¢»]-at (1.2) 
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The continuity equation therefore becomes 

8p 8P 8P 
-4> at - pC7j[ + pC.(l + 4»7j[ = V . (pv) (1.3) 

The average velocity of a fluid through a porous medium can be related to 

t.he pressure gradient (V P) and the ratio of the permeability of the porous medium 

(k) to the viscosity of the fluid (J.l) by means of Darcy's law 

k 
V= --VP 

J.l 
(1.4) 

To complete the system of equations, an equation of state is introduced. For 

an ideal gas 

PM 
p=-RT 

(1.5) 

where M is the molecular weight, R is the gas constant, T is the temperature. 

Combining equations 1.3, 1.4 and 1.5 yields the governing differential equation for 

isothermal gas flow through a porous medium 

8p
2 
S = !:..('\72 p2) 

at J.l'"-
(1.6) 
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where S is a storage coefficient 

(1.7) 

where CJ is the compressibility of the fluid (in this case gas). 

For brine flow, the variation of density with pressure is given by 

(1.8) 

where po is the initial density and Cb is the compressibility of brine. Combining 

equations 1.3, 1.4 and 1.8 yields the governing differential equation for isothermal 

brine flow through a porous medium 

(1.9) 

Equation 1.6 and 1.5 apply to both linear and radial flow geometries. Linear 

flow is applicable to the laboratory tests and radial flow is applicable to the in situ 

measurements. 

It is of interest to note that the form of the differential equation for brine flow 

developed above can be shown to be a special case of the general, three-dimensional 

poroelasticity theory and is equivalent to the model developed by Nowak and Mc

Tigue (1987) to model brine inflow to WIPP excavations. Poroelastic theory pro

duces coupled constitutive equations for the total stress and the pore pressure. 

If we assume that the rock salt can be represented by an infinite medium with 



357 

isotropic far-field stresses, the constitutive equations can be uncoupled (Rice and 

Cleary, 1976) and the pore pressure can be solved independently. If it is further 

assumed that the total mean stress in the rock remains constant and the volumetric 

strains are small, S becomes equivalent to the three-dimensional storage coefficient 

used in poroelasticity (van der Kamp and Gale, 1983) and the resulting poroelastic 

differential equation for the pore pressure is equivalent to equation 1.9. 

1.2 Boundary Conditions 

In this section, the boundary conditions are given for the three problems of interest: 

linear flow applicable to the laboratory -permeability tests, radial flow of brine and 

gas for the Small-Scale Mine-By experiment, and radial flow of gas for the gas 

injection permeability measurements made throughout the WIPP Facility. 

1.2.1 Laboratory Measurements 

For the transient pulse test, the initial condition is a uniform pressure throughout 

the sample 

P=Po 0::; x::; L,t = 0 (1.10) 

where Po is the initi~ pressure, x is the coordinate along the sample and L is the 

total length of the sample. At time 0+, the upstream reservoir is pulsed with an 

increment of pressure. The resulting boundary condition at the top of the sample 

IS 

oP k 1 A OP 
at = --p,C

J 
Vu ox (1.11) -



358 

where A is the cross-sectional area of the sample and Vu is the volume of the 

upstream reservoir. The volume of the downstream reservoir is substituted in the 

above equation to obtain the boundary condition at the bottom of the sample. 

During the steady-state test, the pressure at the top and bottom of the 

sample are held constant (but different) 

(1.12) 

(1.13) 

The resulting flow rate through the sample is obtained from the pressure change in 

the supplemental reservoir supplying the constant pressure to the top of the sample 

av v,. aPr 
7)t= p at (1.14) 

where the subscript r denotes the supplemental reservoir. 

1.2.2 Small-Scale Mine-By Experiment 

The initial condition for all of the tests involving the monitoring wells is a known 

(not necessarily constant) pressure field in the rock extending from the monitoring 

well 



a < r < co,t = 0 
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(1.15) 

At the remote boundary, that is, far from a monitoring well, the pressure is 

assumed to not change with time. The boundary condition at the remote boundary 

for both brine and gas flow is 

8P =0 
at 

r = co,t ~ 0 (1.16) 

There are numerous boundary conditions relevant at the monitoring well. 

Constant test interval pressure 

During constant pressure brine and gas injection tests, the test interval pressure is 

maintained at a constant pressure by means of a regulated external reservoir. The 

boundary condition for these tests is given by 

8P -0 
at- r = a,t > 0 (1.17) 

The advantage of this type of test is that the compressibility of the test interval is 

not a factor in the interpreted formation properties (e.g., Doe et al., 1989). 

Shut-in test interval with brine inflow/outflow and closure 

The flux at the borehole wall due to brine inflow or outflow is 
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BV k 
- = --A(V'P) at p. 

(1.18) 

For a completely brine filled borehole, the pressure change within the borehole due 

to the brine flux is 

Combining 1.18 and 1.19 yields 

BP 1 BV 
at = CbVi at 

BP k A 
-=---(V'P) at p. ViCB 

(1.19) 

r = a,t > 0 (1.20) 

Next consider a test interval which contains some gas, but the formation 

permits only brine flow. That is, the formation has no permeability to gas. The 

change in volume of the fluids in the test interval in response to brine inflow or 

outflow is dominated by the gas 

BV Vgap 
at = pat 

where v., is the volume of gas in the test interval. 

Combining 1.18 and 1.21 yields 

BP kA 
-=---P\lP at p.Vg 

r = a,t > 0 

(1.21 ) 

(1.22) 
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The time-dependent creep of rock salt may result in the closure of monitoring 

well, which in turn will induce pressure changes in test intervals which have been 

shut-in. The radial closure rate of the test interval is assumed to be 

or _ = -ar(u _ p)n 
at (1.23) 

where u is the far-field stress, P is the test interval pressure, n is the stress expo

nent, and a is an empirical constant. This expression is modified form of a closed 

form solution of Chabannes (1982) for secondary creep closure of an infinitely long 

cylinder in an infinite medium. The stress exponent for secondary creep of WIPP 

rock salt has been found to be near 5 (e.g., Munson et al., 1989). Because the 

closure rate is a function of the test interval pressure, the closure rate will be time

dependent. The value of !t can be selected to provide any open hole closure rate 

desired. 

For brine-filled test interval, the rate of pressure change is 

(1.24) 

For a monitoring well which contains some gas, the rate of pressure change 

due to test interval closure is 

8P 7r LP [( 2( )n) ( ( ),,)2-- =-- -2aa u-p + -aa u-p J. at Vg 
(i.25) 
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The combined effect of brine inflow/outflow and test interval closure is given by 

combining equations 1.20 and 1.24 fur a brine-filled monitoring well, and combining 

equations 1.22 and 1.25 for a monitoring well which contains some gas. 

Shut-in gas injection tests 

In these tests, gas is flowing from the test interval into the formation. The rate of 

pressure change in the test interval is given by 

8P P8V 
m=Vgat 

Combined with the test interval flux, the resulting boundary condition is 

r = a,t > 0 

Here, gas permeability and viscosity is explicitly denoted by the subscript p. 

(1.26) 

(1.27) 

The effect closure of the test interval can be added to this boundary condition 

as desired. All of the boundary conditions for gas can readily be cast in terms of 

p2 instead of P. 

Both constant pressure and shut-in or pressure decay tests are conducted 

from boreholes throughout the underground workings of the WIPP Facility. The 

initial condition is an assumed gas pressure field in the rock (Equation 1.15). Far 

from the borehole, the pressure is assumed to remain constant (Equation 1.16). 

For the constant pressure test, the boundary condition in the borehole is given by 

Equation 1.17. For the shut-in test, the boundary condition in the borehole is given 

by Equation 1.27. 
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1.3 Numerical Simulation of Fluid Flow in a Porous Medium 

A finite difference solution to Equation 1.6 was developed in order to simulate the 

measurements of gas flow. The finite difference' method involves discretization of 

the domain into a number of finite lengths connected by nodes. Approximations to 

derivatives of functions are made at nodes, substituted into the differential equation, 

and the resulting system of equations is solved. In essence, the governing partial 

differential equation is approximated by a series of ordinary differential equations. 

For radial gas flow, equation 1.6 can be written as 

(1.28) 

where K is!. A central difference approximation to the spatial derivative of the 

term in brackets gives 

dPl _ S-1.!.[ri+1/2 K. aPi~1/2 _ ri-l/2 K. 8Pl-l/2] 
dt - i ri D. 1+1/2 ar D. 1-1/2 8r (1.29) 

where i refers to the node number and D. is the distance between nodes i and i + 1. 

The remaining spatial derivatives can then be approximated by a central difference 

approximation, yielding 

(1.30) 

K is r.alc\tiated at the midpoint between i and i + 1, Sil is calculated at node i. 

Both S-1 and K can be a function of position, pressure or time as desired. The 
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numerical approximation for radial brine flow is equivalent to equation 1.30 above 

with p2 replaced by P. A similar solution can be derived for linear flow. 

The resulting system of equations is solved using a backward differencing 

solver subroutine (available from Sandia. National Laboratories' technical library) 

which is unconditionally stable and optimizes the time step for accuracy (Shampine 

and Watts, 1979). The value of the independent variable (P2 in this case) is cal

culated and given at discrete times on the way to the final time. Other quantities 

such as the flowrate and flux can be calculated as desired. 

The discretization of the domain for the simulation of the in situ measure

ments should consider a number of factors. First, the number of nodes should be 

minimized in order to limit the size of the system of equations wruch is to be solved. 

Next, the location of the remote boundary (or last node) should be sufficiently far 

from the borehole so equation 1.16 remains v3lid at aU times. Also, calculated 

pressure gradients in the vicinity of the borehole will be relatively great, and the 

accuracy of the approximatic~1 is improved if discretization is fine in this region. 

Finally, the discretization should be suitable for wide ranges of permeabilities, pres

sures and times. In order to best accomodate these factors, the following coordinate 

transformation given by Nowak and McTigue (1987) was employed 

x = 1 - e-e(~-l) (1.31) 

where x is the transformed coordinate, r is the radial coordinate, a is the borehole 

radius, and e is the stretch factor. The transformed coordinate varies from x = 0 

at the borehole wall to x = 1 at infinity. With this transformation, nodes can be 

concentrated in the vicinity of the borehole while the remote boundary is at infinity. 

A code has been written to simulate transient or brine flow test using the 
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numerical scheme given above. In order to ensure the accuracy of the code, the 

numerical solution was compared with the analytical solution of Cooper et al. (1967) 

for the borehole pressure history during a water pressure pulse test. The numerical 

solution was found to be essentially identical for simulations with 100 to 200 nodes 

and stretch factors of 0.1 to 0.01. The numerical results and analytical solutions 

are seen to compare very well (Figure 4.1). 
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