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ABSTRACT 

Plana for an underground research facility are presented, incorporating 

techniques to assess the hydrological and thermomechanical response of a rock 

mass to the introduc.ion and long-term isolation of radioactive waste, and 

to assess the effects of excavation on the hydrologic integrity of a reposi

tory and its subsequent backfill, plugging, and sealing. The project is 

designed to utilize existing mines or civil works for access to experimental 

areas and is estimated to last 8 years at a total cost for construction and 

operation of $39.0 million (1981 dollars). Performing the same experir nts 

in an existing underground research facility would reduce the duration to 

7-1/2 years and cost $27.7 mil lion as a lower-bound est imate. These prt-1 Ltn-

inary plans and estimates should be revised after specific sites are identi

fied which would accommodate the facility. 
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1. INTRODUCTION 

In the course of developing its regulatory program, and to aid in making 

licensing decisions, the Nuclear Regulatory Commission (NRC) will sponsor 

geotechnical research. The research program will form the basis for review 

of Department of Energy (DOE) repository site investigations, will help 

determine whether the techniques used by the DOE to assess the hydrological, 

geome-hanical, and geocheraical settings of candidate repository sites are 

realistic and sufficient in their scope, and will investigate new methods to 

accomplish this assessment. To do this research, one or more experimental 

facilities may be utilized, taking advantage of access afforded by existing 

underground openings. In this respect, Task 1 of the Lawrence Berkeley 

Laboratory's Geotechnical Measurement Verification Support Program identitiea 

rour piimary candidate sites in mines and civil works in granitic rocks with

in which openings for an experimental facility may be excavated (Wollenberg 

et al. , 1981). Concurrently, Task 2 has developed a recommended experimental 

research program (Section 3 of this report) and the conceptual design of an 

underground research facility to accommodate such a program (Section 4). 

It is emphas ized that this report presents conceptual designs of 

experiments, preliminary cost estimates, and schedules generally applicable 

to sites in granitic as we11 as basaltic and tuffaceous rock. After selec-

tion of a final candidate site, these estimates and concepts will be refined 

for that specific site. 



2 

2. BACKGROUND 

In situ tests and experiments in underground openings have been 

conducted since the early 1960s as part of the program for geologic disposal 

of radioactive wastes. Initial efforts concentrated mainly on salt as the 

disposal medium; experiments done more recently have emphasized such rocks 

as granite, basalt, tuff, and shale. A detailed summary of this activity, 

including test description, objectives, and results presented by Gnirk (1980), 

has been updated to include recent experiments and is given in Appendix A. 

The in situ ttsts include a wide variety of heater experiments with single 

and multiple arrays at full and reduced scale, block tests, heated room-and-

pillar tests, brine-and-water migration experiments, permeability tests, 

fracture hydrology and groundwater chemistry tests, instrumentation develop

ment and testing, and others. 

The need for in situ testing can be generalized by one or more of the 

following objectives: 

1. Predictive model validation and/or development. 

2. Phenomenological and/or mechanistic investigations. 

3. Evaluation and mitigation of the effect of sample size. 

4. Determination of material physical properties. 

5. Instrumentation development and/or field testing. 

It should be emphasized that, in general, in situ tests ar^ r^c a 

substitute for careful 1aboratory investigat ions, nor are Iaboratory investi-

gation.3 a substitute for in situ tests. Each test or investigation has spe

cific contributions ? .id specific limitations. Well-designed field experiments 

are most often a balance of laboratory investigations, predictive modeling, 

and in situ tests. Typically, for predictive model validation physical 
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properties determined from laboratory tests are employed in the model, the 

results of which are then compared with those from the in situ experiment. 

Although the list of tests given in Appendix A appears to be extensive, 

there are major gaps in our knowledge related to the response of the reposi

tory environment for which in situ tests are required. These technical con

cerns have been delineated in Holzer and Ramspott (1979), LBL (1979, 1980), 

DOE/USGS (1980), and National Academy of Sciences (1980). Wigley et al. 

(1980) summarized many of the technical questions. Given below are those 

questions for which in situ tests should provide definitive answers. 

1. How do the physical properties of the rock mass change as a function of 

temperature and stress? 

2. How does the rock behave over time as a function of temperature and 

stress? 

To address both these questions requires an extensive program of labora

tory investigations and constitutive model development. Large-scale in situ 

tests, however, will also be required for constitutive model validation and 

further development. It is not reasonable to assume that laboratory investi-

ation alone will provide the necessary relationships needed for predictive 

modeling of rock mass response on the scale of the repository or room-and-

pillar dimensions. Significant rock mass defects or discontinuities, which 

cannot be studied in typical laboratory-scale investigations, must be studied 

in the field. In situ testing for the evaluation of material physical 

properties and model validation experiments must encompass a large enough 

volume of rock to include an appropriate number of defects and 

discontinuities. 

3. How does the repository-induced stress field affect the behavior of 

discontinuities in the rock mass? 
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4. How does the stress field affect the groundwater flow though che rock 

mass system? 

Again, rock mass systems, including significant discontinuties, must be 

studied in the field. The experiments should be designed with simple, well-

controlled inilial/boundary conditions to minimize uncertainty and maximize 

the information obtained. 

5. How does the physical size of the tested sample affect the results of 

the test? 

Material size effects are known to exist. They are partly related to 

the heterogeneity of the rock mass and other factors thai- are not fully 

understood. Sample size has been shown to influence material strength (Pratt 

et al. , 1972) and hydraulic conductivity (Witherspoon et al., 1979). Ulti

mately, the evaluation and/or mitigation of size effect and its incorporation 

in predictive models will require large-scale in situ tests. 

6. Can a discontinuous rock mass be adequately modeled by a CO'1"; nuum 

representation? 

7. Can numerical models be verified on a generic basis? 

Both questions assume some type of model verification. To be con

vincing, the models must be compared with results from field tests of the 

appropriate scale and rock type. 

In addition to the general questions posed above, the participants in 

the two workshops on thermomechanical-hydrochemical modeling have provided 

specific conclusions and recommendations concerning the need for in situ 

testing (Holder and Ramspott, 1979; LBL, 1980). A major theme of the 1979 

workshop was the importance of size in all aspects of in situ testing and 

model validation: "Validation experiments must be large enough to include 

all types of the significant rock mass defects" (p. 3). "The relevant 
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fract-res may range from grain to repository size and are site specific. 

Because rock samples in question could be several meters, the experiments 

will be large" (p. 19). The importance of in situ tests for predictive 

model validation was also clearly stated: "We have the responsibility of 

carrying out the most convincing short-term validation experiments we can 

devise" (p. 32). 

Conclusions and recommendations from the 1980 workshop reconfirmed the 

importance of in situ testing: "In situ experiments and tests are required 

to understand the phenomena and mechanisms acting in rock masses under thermal 

loading, provide thermomechanical and hydrologic data for code verification, 

aid in repository design, and assist in instrumentation development and evalu-

atior" (p. 2). Furthermore, the specific types of in situ tests needed for 

model validation and to aid in repository design were delineated: "Combined 

hydrologic/thermomechanical tests are the next logical sequence in the evolu

tion of in situ testing. These need to be (of) a meaningful scale. The 

design of new and different tests of this type are a high priority task" (p. 

111). 

Combined or coupled hydro/thermomechanical field tests, of the type 

suggested above and representative of the repository environment, have not yet 

been carried out. Several preliminary studies, however, have been made. Two 

tests were performed in hard rock at the Climax Stock and G-Tunnel, Nevada 

Test Site (NTS). The experiments were located above the groundwater table in 

the partially saturated regime, influenced a relatively small volume of rock, 

and were affected by relatively complex initial/boundary conditions. The 

complex boundary conditions, which limit the usefulness of the results for 

predictive model validation and development, were caused largely by the 

proximity of the underground openings to the test area. 
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Future in situ tests designed to investigate the hydro/thermomechanical 

response of a rock mass should: 

1. be located near repository depth so that the stress field is similar to 

the repository environment; 

2. be positioned well below the groundwater table; 

3. influence a relatively large volume of rock, including significant 

discontinuities and defects; 

4. employ simple initial/boundary conditions; 

5. be located within an undisturbed region away from extraneous openings or 

undesirable perturbations. 

The objectives of the experiments should include: 

\. model validation and development to confirm and improve predictive 

capabilities; 

2. assessment of large-scale rock mass physical properties and comparison 

with laboratory results to aid in repository design; 

3. investigation of the response of the rock to controlled excavation and 

thermally induced perturbations, both to improve our understanding of the 

rock mass behavior and to aid in confirming the rock mass integrity. 

Another important area of investigation which requires field tests but 

which has received little attention is excavation damage and repository seal

ing, plugging, and backfill. At present, the only field test that has been 

performed tc assess excavation damage is the one done at the Colorado School 

of Mines' Experimental Mine (see Appendix A). This test was limited in scope 

and performed above the groundwater table in a relatively low in situ stress 

field. Furthermore, the initial or baseline conditions were not well 

established. 
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A buffer mass test is underway at the Stripa Mine to evaluate the 

thermomechanical/hydrological response of a sand/bentonitp backfill material; 

it is the first field test of its kind (see Appendix A). Tests to evaluate 

full-scale seals for shafts or connecting tunnels have not as yet been 

carried out, but are planned for the underground research laboratory pro

posed by the Canadian Atomic Energy Commission. 
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3. EXPERIMENTAL PROGRAM 

The purpose of the experimental program presented here is to gain an 

adequate understanding of the response of a rock mass to the construction of 

a repository and to the introduction and long-term storage of radioactive 

waste. It is necessary that NRC have this understanding to assess informa

tion provided by the DOE in the course of repository site investigations and 

to evaluate the reliability of methods employed in the investigations. This 

includes verification of predictive models and of methods for monitoring the 

repository response. 

As previously described, there are two major geotechnical areas requir

ing investigation: 

1. Hydro/Lhermomechanical rock mass response. 

2. Excavation damage, plugging, sealing and backfill. 

The first Topic includes investigations to measure, predict, and monitor 

the coupled effects of the mechanical, hydrological. , and geochemical response 

of the rock mass. The second involves investigations to (1) measure thri 

hydrologic integrity of the rock immed iately surround ing the underground 

openings, (2) minimize excavation damage, and (3) provide an adequate seal 

and backfill for all excavated openings within the repository. 

Experiments described here are preliminary, designed to meet the purpose 

of an experimental program as ^el1 as to address important areas in which our 

knowledge is limited. Thus it is also the purpose of the experiments to 

provide substantial new information, beyond that already obtained from simi

lar experimental facilities or in situ tests. The remainder of this section 

discusses specific ob jec t :.vc:s , approach, program and test procedure, advan

tages and limitations, and schedule and cost estimates. 
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The two experiments described in this section, although broad in scope, 

do not specifically address all the questions and objectives of in situ 

experiments discussed in Section 2. Thj-.se experiments were designed to con

sider as many aspects as practicable, and the objectives are clearly stated. 

For example, the hydro/therraoraechanical experiment is not a specific inves

tigation of material size effect; however, the effect of size is taken into 

account by the relat ively Iarge scale of the test* A comparison of physical 

properties determined from laboratory tests and those calculated from the 

measured response of the rock mass in situ will provide useful information 

on material size effect. 

In a fundamental investigation of the type described here, it is 

important to make every effort to separate the influence of inadequate materi

al properties identification, predictive model deficiencies, and measurement 

or other experimental errors when comparing predicted and measured response. 

Accord ingly, a well-designed experimental program should be of sufficient 

scope to address these concerns adequately, and must, of necessity, be a 

multidisciplinary effort. 

It is likely that as the project progresses, additions to these experi

ments and/or new experiments will be proposed by groups conducting research in 

radioactive waste isolation. An example is the application of the hydro/ 

thermomechanical and backfill experiments (described in Sections 3.L and 3-2) 

to the development of underground hydrological tracer techniques. Anothe: 

example is the use of the facility for investigation of electrical and acous

tical geophysical techniques to characterize a site, incorporating surface, 

borehole, ar.d underground sources and receivers. Wic . these considerations in 

mind, the layout of the research facility (described in Section 6) is designed 

to accommodate additional experiments. 
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3.1 HYDRO/THERMOMEOHANICAL EXPERIMENT 

3.1.1 Objectives 

Listed below are Che primary objectives and design considerations of 

the hydro/therraomechan.\cal experiment: 

1. Perform a carefully controlled series of in situ tests simulating the 

thermal loading of :\ nuclear waste repository environment. 

2. Influence a relatively large volume of rock, to mitigate the effect of 

scale or size. 

3. Monitor the extent and magnitude of the heat- and excavat ion-induced 

perturbations on the hydrological , mechanical, and geochemicai 

properties of a rock tnas:;. 

t*. Compare measured response with theoretical predictions of coupled 

hydro/thermomechanical models. 

5. Employ the experimental results for needed mo^el development. 

6. Determine rock mass physical properties for repository design. 

7. Develop and test required instrumentat ion and installation procedures 

for monitoring the rock mass response. 

It is the purpose of the experiment to provide a comprehensive data 

base for predictive model verification and model development as well as to 

provide fundamental inforrr^tion on the response of a rock mass to excavation, 

heating, and cooling, including the evaluation of physical properties. The 

experiment is designed to consider the geologic environment -- that is, the 

hydrologic setting, geochemistry, and thermomechanical behavior of the rock 

as a coupled system. The ability to model accurately thi- measured response 

of the rock to perturbations caused by this experiment would be a significant 

/ 



11 

contribution to the ability to model an operational repository. The experi

ment provides for the necessary synthesis of rock mass physical property 

data, constitutive models, and numerical codes required for use in repository 

design. 

3.1.2 Approach 

The initial activities will consist of a detailed assessment of the 

geologic and hydrologic settings of the experimental facility site and its 

environs. Prior to the excavation of a 3 to 6 ft Cl to 2 m) diameter cylin

drical test chamber, a large number of horizontal and inclined holes will be 

core drilled in the rock surrounding the future excavation (Figure 1). 

Instruments will be installed in the holes to monitor temperature, water 

pressure, changes in rock stress and strain from measurements of deformation, 

and to conduct tracer tests, fluid injection/withdrawal tests, and geophysi

cal experiments. All drill holes will be sealed with packers to prevent 

drainage from the system. 

The initial stage of monitoring and testing will provide background data 

on the initial conditions of the rock mass or baseline information. These 

data are most important for the accurate interpretation of measured changes 

caused by excavation- and heat-indnced perturbations. After the baseline is 

established, the 100 to 150 ft (30 to 45 m) long cylindrical test chamber 

will be carefully excavated, the response of the surrounding rock mass to 

excavation recorded, and the system allowed to equilibrate prior to the next 

phase of experiments. 

After installing a liner and placing bulkhead and monitoring devices in 

radial drill holes, the test chamber will be completely filled with formation 

water at ambient temperature and low pressure. Use of formation water--i.e., 
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13 

water with chemistry similar to that of the natural groundwater—eliminates 

the geocheraical and hydrological complications associated with an air-water 

interface at the chan.ber wall. Monitoring the water flow from the test 

chamber at constant pressure and monitoring the pressure field within the 

surrounding rock, will provide a measure of the rock mass permeability. 

(Because the water pressure within the test chamber is less than the hydro

static pressure of the surrounding rock mass, groundwater will flow into the 

chamber.) 

On &fttablishing the permeability of the rock mass surrounding the test 

chamber, the influence of heating a relatively large volume of rock will be 

investigated by increasing the temperature of the water withi.. the chamber. 

Water is an excellent medium for transferring heat uniformly to the wall 

rock, and provides a well-defined boundary condition. The chamber tempera

ture will be limited to less than 100 C to prevent flashing at ambient 

pressure. The changes in the rock mass permeability, the pressure field , the 

temperature field, as well as other mechanical and geochemical parameters 

will be monitored over a period of approximately one year. At the end of the 

period, the water f1ow from the test chamber will be shut off and the pres

sure allowed to increase. The re-establishraent of pressure equilibrium within 

the hydrologic system of the rock mass and the possible development of convec

tion currents in that hydrologic system will be studied under these cond it ions. 

The final phase of the experiment includes cooling the test chamber water 

to the initial ambient temperature and reducing the chamber pressure. Again, 

the permeability of the rock mass will be assessed to determine if the cycle 

of heating and cooling has permanently altered the hydraulic properties of the 

surrounding rock. The influence on the geochemical and mechanical properties 

will also be examined. 
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3.1.3 Program and Test Procedure 

The various stages of the hydro/thermomechanical experimental program 

are: 

A. Design and fabrication. 

B. Baseline studies. 

C. Chamber excavation. 

D. Test chamber experiments. 

E. Data analysis and modeling. 

A. Design^ and fabrication. This stage of the program includes a 

detailed analysis of the experimental design by personnel from all disci

plines concerned. The entire experiment will be modeled in sufficient detail 

to predict the hydrc/thermomechanical response of the rock mass, to optimize 

the number and position of the monitoring instruments, to determine the final 

geometry of the test chamber, and to evaluate the appropriate duration for 

each phase of the experiment. The specific types of tests to be carried out, 

the test procedure, and the priority of each test will then be ascertained. 

Selection of proven instrumentation and development of instrumentation 

will require a concentrated effort. It is anticipated that extensometers, 

stress meters, and other transducers will require considerable development 

in order to perform adequately under water pressures of 400 to 800 pji for 

several years. The experimental design should include, whenever possible, 

the capability of replacing or repairing all instr^pntation without per

turbing the experiment. Furthermore, a degree of redundancy should be 

designed into the monitoring system. 

Preliminary activities will include construction of the drilling gallery 

and drill platform; fabricat:on of the test chamber liner and bulkhead, the 
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mechanical plant for controlling the chamber water temperature, and the 

holding tank for the water; procurement of a data-acquisition system, the 

required tracer-detection instruments, and other necessary supplies and 

equipment. Preliminary geologic investigations, including fracture mapping 

of the drilling gallary, drilling and logging test holes, hydrologic tests, 

and material property tests, will be initiated to assist in the design of 

the experiment. 

For use in preparing this report, preliminary modeling of the experiment 

has been carried out. Results are given in Appendix B; the major findings 

are summarized, where appropriate, in the discussion of stage D (test chamber 

experiments). 

B. Baseline studies. This stage involves identification of the 

ambient conditions within the experimental area prior to excavation of the 

test chamber. It includes drilling and logging the horizontal and inclined 

monitoring holes, installing and testing the downhole instruments, sealing 

the instrument holes, and re-establishing steady-state conditions prior to 

chamber excavation. Preliminary calculations (Appendix B) indicate that the 

drill holes farthest from the test chamber should be inclined to reach at 

least 65 ft (20 m) beyond the chamber wall at mid-plane (Figure 1). 

Specific tests and techniques used to evaluate the hydrological, geo-

chemical , and mechanical baseline conditions include: overcoring for 

absolute stress measurement, stress meters and extensometers for detecting 

relative changes in the stress-strain field, fluid injection/withdrawal 

tests for measuring hydraulic conductivity, fracture mapping, borehole 

television and geophysical logging, acoustic emission for fracturing, 

cross-borehole f essure pulsing and tracer testing for porosity and velocity 
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assessment, tracer testing for radionuclide retardation, groundwater chemis

try analyses, determining mineralogy of rock and joint-filling material, 

identifying thermal and water-pressure fields, and laboratory testing for 

thermomechanical rock properties. 

C. Chamber excavation. Excavation of the test chamber is to begin 

after the baseline has been satisfactorily established. Changes from the 

base conditions will be continuously monitored during and after excavation, 

until steady state is re-established. Of particular interest during this 

phase of the experiment are changes in the pressure field, stress-strain 

field, and hydraulic conductivity within the rock nearest the opening; such 

changes could indicate the format ion of a damage zone* To minimize the 

thickness of this zone, controlled blasting techniques will be utilized in 

the excavation of the test chamber or, if economically reasonable, the open

ing will be excavated by machine. 

In pre parat ion for the main series of experiments and filling of the 

chamber with water, a number of holes are to be drilled radially from within 

the chamber for multiple-position extensometers and stress meters. Addi

tional extensometers are to be employed to monitor changes in the diameter 

of the opening. The section of the chamber nearest the drilling gallery will 

be lined with steel and firmly grouted in place. The bulkhead, feedthroughs, 

and heating/cooling system will then be installed and the chamber filled with 

formation water at ambient temperature. 

During phase (c) of the experiment, when the pressure within the test 

chamber is allowed to increase, the groundwater will flow toward the drill

ing gallery. To minimize this flow, the liner in the section between the 

chamber and gallery will be pressure grouted in place after its installation. 
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The designed length of the lined section should be based on hydraulic calcu

lations, adjusted for site-specific conditions. Furthermore, the excavations 

for the experiment should be properly oriented with respect to the rock mass 

discontinuities to minimize fracture continuity between the test chamber and 

drilling gallery. Grouting of unfavorably oriented joints may be required. 

The redirection of some flow toward the drilling gallery on chamber pres-

surization is of minor consequence, provided that the region between the 

chamber and the gallery is adequately instrumented to monitor the changes in 

the hydro/thermomechanical regime. A simple system for collecting and moni

toring the water flow into the drilling gallery will be necessary. 

If the drilling of radial holes and the installation of instrumentation 

from within the test chamber are found to be impractical, it would be possi

ble to install a second drilling gallery to the side of the chamber. From 

this location instrument holes would be drilled in the plane perpendicular 

to the chamber axis. Besides the added expense, the second gallery would 

inevitably result in disturbance and is therefore considered less desirable 

than the scheme employing radial holes. 

D. Test chamber experiments. The test chamber experiments consist of 

the following four experimental phases: 

Phase (a) P - several atmos., T = ambient, Q = measured; 

(bl P = several atmos., T * 100°C, Q = measured; 

(c) P = measured, T = 100 QC, Q = 0; 

(d) P - reduced, T = ambient, Q = measured; 

where P = test chamber pressure, T = temperature, and Q = flow. The first 

phase identifies the new baseline conditions after excavating the test 
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chamber and filling it with water. The remaining three phases include heat

ing and the concurrent measurement of water flow from the chamber, continued 

heating without flow, and cooldown. Major parameters to be monitored through

out the experiment include temperature, hydraulic conductivity, porosity, 

groundwater chemistry, rock stress-strain, and sonic/EM wave attenuation. The 

type of test will determine whether monitoring will be continuous or periodic. 

Instrumentation and heating/cooling equipment installed within the f.est 

chamber—that which is not readily repaired or replaced--should be designed 

to survive at least through the first three experimental phases, or about two 

years. Prior to the cooldown phase, it should be possible to renew some of; 

the instrumentation if required. 

Preliminary modeling of the thermal field (Appendix B, Section B.l) 

shows that on employing a reasonable power input of 2 kW per linear meter of 

chamber for a 2 m diameter opening, the chamber water and wall rock are 

raised from 10 C to the maximum design temperature of 100 C in 19 days. 

Beyond this time, the power input is reduced to maintain, the 100 C chamber 

temperature. Radial distributions of temperature at various times reveal 

after 500 days of testing that a large volume of rock will have been influ

enced and that the rate at which additional rock is influenced by continued 

heating significantly decreases from that indicated for the first 500 days. 

Consequently, it is believed that 1-1/2 years of heating—experimental 

phases (b) and (c)--will meet the objectives of the test. 

The duration of the cooldown test, phase (d), should be at least as 

long as the period of heating to return the rock surrounding the chamber to 

as close to the initial ambient temperature as possible. Since it may be 

possible to speed the cooling process, the effects of refrigeration ware 
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compared with the results of heater turn-off and natural cooling by convec

tion (Appendix B, Section B.2). After heater turn-off, the temperature 

returns to within 16 C of ambient after 500 days of cooling. Refrigeration 

returns the chamber water to within 7°C of ambient temperature after 500 days 

at a power output equivalent to the heat power input, 2 kW per linear meter 

of chamber. 

There is, however, a disadvantage to refrigeration. \s illustrated by 

the radial stress distribution expected on heating (Figures B.11 Co B.13, 

Appendix B) and cooling with and without refrigeration (Figures B.22 to 

B.27, Appendix B), the loading and unloading paths are not the same when 

refrigeration is used. This is generally undesirable and complicates any 

assessment of permanent changes in physical propertis^ associated with one 

cycle of rock mass heating and cooling. It may, however, be possible to use 

some refrigeration to speed cooldown, tut with less power output. This needs 

further investigation and should be carried out as a part of the experiment 

design. 

Or. completion of the cooldown phase, the chamber will be emptied of 

water. Samples of the rock walI and rock joints will be obtained and ana

lyzed for chemical and mineralogical changes. When possible, the instrumen

tation will be removed, recalibrated, and evaluated for performance. 

One of the major advantages of the hydro/thermomechanical experiment is 

the relatively large volume of rock influenced by heating and cooling, but 

these processes require considerable amounts of time to be effective. One 

method by which to decrease the time needed, yet still influence a signifi

cant volume of rock, is by increasing the surface area of the test chamber 

wall or diameter of the opening. However, this also has the disadvantage of 

increasing the complexity and expense of the test chamber. At this point in 
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the investigation, a 3 to 6 ft (1 to 2 ra) diameter chamber appears to be 

appropriate. The site-specific character of the rock mass, in particular 

the joint spacing, will influence the diameter selected (and hence, the rep

resentative volume of rock to be tested) as well as other factors, such as 

the orientation of the chamber. 

The test chamber should be oriented with respect to the rock mass dis

continuities to investigate specific features. As an example, joints 

oriented perpendicular to the axis will be largely affected by the heat-

induced perturbations and to a lesser extent the influence of excavation 

(assuming a plane strain condition). At the end of the heating period, the 

normal stress across these joints will range between 60 MPa at the chamber 

wall and 30 MPa at a depth of more than 3 m (Figure B.12, Appendix B). 

Although the stress field is not uniform, the measured thermomechanical 

response of the rock mass will provide needed information on the physical 

properties of these joints for a large-scale sampie. 

E, Data analysis and modeling. This stage of the program involves a 

concentrated effort both in the initial verification of predictive models 

and in the subsequent development of the required model. At the early stage 

of the program, before experimental results are available, appropriate 

models will be selected and employed to prediet the theoretical response of 

the rock, mass to the induced perturbation? resulting from excavation and from 

each experimental phase. State-of-the-art models will be used to predict the 

hydrological , thermomechanical, and geochemical responses. Models will 

include some that are s imilar to the one employed for the preliminary 

cal f-tilat i onq presented in Appendix B ( coupled hydromechanical and hydro/ 

therm^mechanical models such as those summarized by Tsang (1980), and more 
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sophisticated three-dimensional models developed specifically for analysis 

of the experiment. 

After the experimental results are obtained and analyzed, i:he predicted 

and measured responses will be carefully compared. Identification and 

evaluation of the discrepancies, which will inevitably occur, will provide 

guidance for model development and improved identification of material pro

perties. As a major emphasis of this experimental program, it is most 

important that deficiencies in our understanding of the mechanical and hydro-

logical phenomena be recognized and that appropriace steps be taken to rectify 

any problems. 

3.1.4 Advantages and Limitations 

The proposed hydro/thermomechanical experiment is not designed to model 

the perturbations of one heater, an array or room of heaters, or the reposi

tory proper. It is intended to be a very carefully controlled test in which 

the initial/boundary conditions are selected to provide the maximum informa

tion on the response of a rock mass to repository construction, operation, 

and decommission. The test simulates the thermal loading of i nuclear waste 

repository environment and its influence on a relatively large volume of 

rock. Test chamber experiments, phases (a) and (b), are related to the 

excavation- and heat-induced perturbations anticipated during cons truetion 

and operation. Phases (c) and (d) are related to changes anticipated on 

decommission. 

This experiment is not a substitute for full-'"cale single- or ^ultipie-

array heater tests, which are important for evaluation of the very-near-fieid 

response and specific details such as the behavior of the canister overpack. 

Simple heater tests, however, are not the most appropriate method by which 
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to evaluate heat and excavation-induced perturbations on the hydrological, 

mechanical, and geochemical properties of a rock mass, particularly for 

regions beyond the very near field (e.g., roora-and-pillar or repository 

scale). 

For the general investigation of rock nass response, typical heater 

tests, in which one or more heaters are placed in the floor of an open 

drift, have seve:al limitations which the hydro/thermomechanical experiment 

is designed to minimize. For example, in conventional heater tests, the 

drift in which the heaters are installed has a large influence on the test 

results. Basically, it acts as a large sink or drain for groundwater. This 

makes it difficult to study accurately the effect of heat on the hydrology 

when the largest perturbation to the groundwater regime is the open drift 

itself. For the same reason, it is also difficult to study aspects related 

to decommission of the repository after backfill and sealing, such as the 

re-establishment of the natural groundwater flow paths with continued 

heating of the rock mass and eventual cooling. 

Boundary conditions at the heater/borehole interface are not always 

well defined or easy to control. The borehole may be allowed to fill with 

water at ambient pressure, it may be sealed, or it may be filled with an 

overpack material. Convection can occur within the borehole if left open. 

Geochemical changes, such as mineral solution or dissolution along fracture 

surfaces, are difficult to observe and monitor, as is the degree of satura

tion of the rock mass (particularly if evaporation is occurring within the 

heater drift). 

Use of multiple heaters in an array often results in a complex three-

dimensional temperature field which compl icates the analysis of coupled 

phenomena. By employing a large test chamber, a large volume of rock is 
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influenced by the heated water in a relatively uniform manner. The volume 

of rock significantly influenced after 500 days of testing (i.e., tempera

ture change in excess of 40 C and stress change in excess of 28 MPa) is 

approximately 1670 m for a 2 m diameter chamber 30 m long. This is at 

least 50 times the vobnae of rock influenced by the Sttipa heater experiment 

(see Tat^e B.3, Appendix B). A temperature rise of 2 C, which is the 

lower limit of practical measurement with reasonable accuracy, influences a 

volume of 43,500 m . 

Besides the importance of influencing a large volume of rock to mitigate 

size effects, the relatively large scale of the hydro/thermomechanical 

experiment improves the ability to monitor the rock mass response in uetail. 

Because of the large scale, the temperature, stress, and pressure gradients 

extend over a greater distance, making them easier to monitor. Complicated 

tests, cairied out on a small scale, can be adversely influenced by the 

instrumentation if the density is excessive and precautions are not taken to 

minimize disturbance. In general, the smaller the test region, the greater 

are these problems. 

The experiment is basically limited to a maximum 100 C temperature, 

unless the risks and design complications associated with flashing at high 

temperatures and pressure are accepted. It appears, however, that the 

capabilities of this test system wouId not be severely restricted by the 

100 C temperature limit, especially in view of the 1 owe" power Levets and 

maximum rock temperatures under consideration for repository design. The 

lower c emperature does have an adverse effect on the ability to study con

vection as opposed to conduction. If convection is believed to be of major 

import anee, the test chamber could be located within a rock mass of higher 

permeability, thus accentuating the response. 
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The usefulness of this experiment in evaluation and determination of 

material physical properties is most important. Despite the inhotnogeneous 

stress and displacement fields induced within the rock surrounding the test 

chamber, the well-controlled boundary conditions and detailed monitoring 

system allow for the investigation of physical properties. Naturally, the 

range of variables, such as temperature, stress, and disp' .cement, are 

restricted and controlled by the various phases of the test. Within the 

context of these limitations and assuming possible dependence of certain 

material properties, it is still possible to obtain significant, basic 

material property information, especially related to size effect. 

The difficulties outlined above are not unique to the hydro/ 

thermomechanical experiment. Large-scale block tests, designed mainly for 

physical property determination, also have significant limitations. In 

particular, the unconfined free surface complicates hydrologic testing and 

limits, the evaluation of material properties to the case in which the minor 

principal stres3 is always zero. Furthermore, it is difficult to uniforraly 

heat and cool the rock block, and the range of applied stresses and measured 

displacements is relatively small. 

In summary, it is emphasized that the hydro/thermoraechanical experiment 

is intended to provide fundamental information on coupled phenomena and 

mechanisms basic to the overall response of the repository. This information 

will be employed for predictive model validation, required model development, 

and evaluation of material physical properties. After validation, the models 

will be used for repository design. This experiment is not a substitute for 

more specific tests, such as the full-scale heater test, needed to evaluate 

the very-near-field response. 
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3.1.5 Site-Specific Considerations 

Results of the thermoelasticity calculations given in Appendix B are 

based on material physical properties typical for granitic and other 

crystalline rocks. A rough comparison between these properties and those 

for Columbia Plateau Basalts and welded tuff from the Nevada Test Site is 

presented in Table B.4, Appendix B. 

Because of the lower thermal conductivity of basalt and tuff and the 

higher specific heat of basalt as compared with the properties of granitic 

rock employed for the thermoelast icity calculations, the temperature at a 

specific point and time within the rock surrounding the test chamber will be 

less than that indicated by the results given in Figures B.3 and B.4 

(Appendix B). Consequently, the absolute volume of rock influenced by heat

ing for a fixed period of t ime will be less than that indicated in Section 

3.1.4. This, however, does not change the conclusions with respect to the 

relative volume of rock affected by a single or multiple array of heaters as 

compared with the water-filled test chamber. After a specific site has been 

selected, it is a simple matter to recalculate the temperature, stress, and 

displacement fields for the appropriate material properties, rather than 

attempt to scale the results given in Appendix B. 

More influential than the intact rock properties, the character of the 

rock mass discontinuities will have a significant effect on the diameter, 

length, and orientation of the test chamber. As previous1-/ described, the 

chamber axis should, if possible, be oriented perpendicular to one major 

joint set. A granitic rock mass typically has an orthogonal system of joints 

with a spacing on the order of meters. The joints can be tight, rough and 

clean, coated with chlorite, or healed with quartz, feldspar, epidote, 

calcite, etc. The entablature zone of a basalt flow has a highly variable 
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pattern of jointing. Spacing is on the order of decimeters to meters, and 

coatings of clay minerals and zeolite are common. Welded tuffs are generally 

laminar, with one major joint set parallel to the depositional surface (sub-

horizontal unless folded or faulted) and two or more sets normal to this 

surface. Average spacing is on the order of meters. Coatings can include 

clay and zeolite, although clean, tight, or slightly open joints are common. 

At this preliminary phase of the investigation, no specific property of 

the intact granite, basalt, or tuff or specific character of their discon

tinuities has been identified which would preclude implementation or sig

nificantly modify the conceptual design of the hydro/thermomechanical 

experiment as presented. 

3«1»6 Schedule and Cost Estimates 

As previously described, the experiment is necessarily time consuming 

because of the relatively large volume of rock influenced. As illustrated 

in Table 1, the time required for the various phases of the test chamber 

experiments is estimated to range from 6 months to 1-1/2 years. Design and 

fabrication and baseline studies will require up ! 2 years before test 

chamber excavation can proceed. This time is mainly needed for detailed 

experiment design and instrumentation development, testing, and installacion. 

Data analysis and modeling is a nearly continuous process extending approxi

mately one year beyond the end of the last experimental phase. Reports 

covering the results of each phase of the experiment will be written as the 

experiment progresses. 

An estimate of the technical and scientific personnel required for this 

program is also given in Table 1. Instrumentat ion is emphasized in the early 



Table I. Schedule and personnel for the hydro/thermomechanical ?xperiment. 

Stage 

1. Design and Fabrication 

2. Baseline Studies 

3. Chamber Excavation 

4. Test Chamber Experiment 

Phase (a) 

Phase (b) 

Phase (c) 

Phase (d) 

5. Data Analysis and 
Modeling 

Personnel 

PI, Manager 

Instrumentation 

Rock Mechanics 

Hydro logy /Geology 

Geochemis t ry 

Model ing 

T o t a l s (FTE) 

Year 
1 2 3 4 

1(a) 

5 

(b) 

— • ( c ) 

6 7 

l ( d ) 

4 

1(a) 

5 

(b) 

— • ( c ) 

6 7 

l ( d ) 

4 

1(a) 

5 

(b) 

— • ( c ) 

6 7 

l ( d ) 

4 

1(a) 

7 

l ( d ) 

2 

4 

2 

2 

1 

_2 

13 

2 

4 

2 

2 

1 

_4 

15 15 11 10 10 

2 

1 

1 

I 

1 

_4 

10 
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part of the program, and modeling is emphasized throughout the course of the 

program. 

An estimate of the total cost of the hydro/thermomechanical experiment 

is provided in Table 2, the details of which are given in Appendix C, 

Section C.l. The major cost items are divided among construction and fabri

cation, operating equipment and services, and personnel. The distribution 

of these costs on a yearly basis is given in Table 3. It should be empha

sized thac the costs presented in this preliminary appraisal are only rough 

estimates. 
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Table 2 . Total c o s t e s t i m a t e for the hydro/thermomechanical experiment 
(thousands of 1981 d o l l a r s ) . 3 

1 . Construct ion and Fabr ica t ion 

(a) drilling gallery 

(b) monitoring drill holes 

(c) test chamber 

(d) liner and bulkhead 

(S3 90) 

($447) 

($319) 

($557) 

$ 1,713 

Operating Equipment and Services 

(a) instrumentation 

(b) data acquisition system 

(c) mechanical plant (heating/cooling) 

(d) travel and per diem 

(e) comput. er costs 

(f) consultants 

(g) miscellaneous 

$ 6,743 

($1179) 

($360) 

($75) 

($1649) 

($1800) 

($735) 

($945) 

3 . P e r s o n n e l 6 ,741 

$15,197 

D e t a i l s i n Appendix C, S e c t i o n C . l . 



Table 3 . Distr ibuted cost est imate for the hydro/thermomechanical 
experiment (thousands of 1981 d o l l a r s ) . 

Category Year 
1 2 3 4 5 6 7 

1. Construction and 
Fabrication 837 876 0 0 0 0 0 

2. Operating Equipment 
and Services 1133 1530 1020 840 840 690 690 

3. Personnel 1034 1198 1198 884 809 809 809 w 

Totals 3004 3604 2218 1724 1649 1499 1499 
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3.2 EXCAVATION DAMAGE/SEALING EXPERIMENT 

3-2.1 Objectives 

Listed below are the primary objectives of the excavation damage/sealing 

experiment: 

1. Assess the extent of excavation-induced damage to the virgin rock 

mass for various methods of tunnel excavation. 

2. Determine the effectiveness of sealing and grouting materials and 

the influence of method of placement and excavation on the ability 

to seal tunnels and/or shafts for long-term containment of radio

active waste. 

3. Develop monitoring systems for assessing the performance of the 

tunnel seal, 

As in the proposed hydro/thermomechanical experiment, the excavation 

damage/sealing experiment is designed to consider the hydrology, geo

chemistry, and mechanical response of the rock as coupled phenomena. 

Although the purpose of this experiment is not specifically for predictive 

model verification or development, models will be used for experiment design 

and to aid in the interpretation of the results. Because of the influence 

of several factors which are difficult to quantify, such as method of 

excavation and placement of sealing materials, it is not possible to model 

accurately the complete sealing/backfill/grouting system. The evaluation of 

the effectiveness of these systems can be achieved with the aid of carefully 

performed field and laboratory experiments in conjunction with a detailed 

monitoring progiam. 

The detail provided on the design of this experiment is less than that 

provided for the hydro/thermomechanical experiment, particularly with 



32 

respect to preliminary predictive modeling of results and site-specific con

siderations. This is due largely to the lack of general and site-specific 

information on this important topic. Considerable research is presently 

underway, the results of which may have a significant influence on the final 

design of an excavation damage/sealing experiment. The general concepts 

presented here, however, should be applicable to any underground openings or 

repository sites in rock currently under investigation. 

3.2.2 Approach 

Tests and excavations for the excavation damage experiment are essen

tially separate from those of the sealing experiment, as indicated in Figure 

2. The drift excavated for the damage experiment is, however, required for 

access in the sealing tests. Consequently, the damage experiment must be 

carried out first. 

Prior to excavation, a number of horizontal monitoring holes, on the 

order of 100 ft long, will be drilled from the main access drift parallel to 

the future excavation for the damage experiment and perpendicular to the seal 

test area. These monitoring holes will be used to establish baseline condi

tions, as in the case of the hydro/thermomechanical experiment. Instruments 

for monitoring water pressure, acoustic emissions, changes in rock stress and 

strain from measurements of deformation, and for conducting tracer tests, 

fluid injection/withdrawal tests, and geophysical experiments are to be 

installed in the holes. 
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Excavation Da mage/Staling Exporlmant 
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Figure 2. Plan rf the openings and drill boles for the 

excavation damage/sealing experiments. 
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After Che baseline conditions are established, the left access drift 

will be excavated. One or more methods of excavation can be employed to 

evaluate the influence of various mining techniques on the formation of a 

damage zone around the opening. Drill hole instrumentation will record the 

response of the surrounding rock Co excavation. ParCicular attention should 

be given to changes in hydraulic conductiviCy and porosity resulting from 

the opening and closing of discontinuities and the formation of new frac

tures. Changes in rock stress are also important tn t^e inCerpreCation of 

Che resulcing hydrologital conditions. 

At the same time the excavation damage experimenC is being carried out, 

Che cenCer drift for the sealing test can be excavated. Once completed, a 

25 to 50 ft length of the drift is to be lined and grouted and a bulkhead 

installed as shown in Figure 2. The resulting chamber will be filled with 

formation water at ambient temperature, pressurized, and the flow measured 

to determine, from pore pressure measurements, the hydraulic conductivity of 

the rock mass within the test area. 

After the geomechanical and hydro logic conditions are established, the 

crosscut between the left and center drifts will be excavated. As in the 

fvcavation damage experiment, the influence of the excavation on the base

line condicions will be recorded. A porous bulkhead is to be installed at 

the interseccion of Che crosscuc and center drift, the seal material placed 

possibly in conjunction with other grouting techniques, and a second bulk

head installed to confine the plug material. During these operations, 

additional ins ruments will be placed within the seal material, at the 

seal/rock interface, and installed in radial drill holes from the crosscuc. 

The instruments will monicor changes in stress and pore pressures due to 

swelling of th material as it resaturates. It may also be necessary to 
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install a water-injection and/or vacuum system within I ,e plug to speed the 

rate of saturation in order to perform the experiment within a reasonable 

time. 

During and after placement of the seal, Lhe monitoring systems will 

record the readjustment of the natural flow paths in the rock mass and the 

restoration of the pressure field observed before excavation of the cross

cut. After steady-state conditions are established, the chamber will again 

be filled with water and pressurized, following the same procedure as in the 

first test to obtain the baseline. The chamber pressure should be greater 

than hydrostatic pressure to establish a gradient parallel to the crosscut, 

coincident with possible fractures parallel to the opening wall and the 

plug/wall-rock interface. Differences between the first and second pressur-

ization or injection tests will be used to evaluate the effectiveness of the 

sealing/grouting system. 

Two optional tests can be performed, depending on the need to carry out 

additional tests of excavation techniques or backfill/sealing materials and 

the influence of heat on the sealing system. Test Area No. 2 (Figure 2) is 

available for additional excavation damage/sealing experiments; however, the 

second test must be carried out after the completion of the first sealing 

experiment, by which time the same chamber can be used for water injection. 

If the sealant materials or damage zone are believed to be adversely affected 

by heat-induced perturbations, this can be tested by heating the water with

in the pressurized chamber using the same procedures and equipment employed 

for the hydro/thermomechanical experiment. 
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3.2.3 Program and Test Procedure 

The various stages of the excavation damage/sealing experiment program 

are given below: 

A. Design and fabrication. 

B. Baseline studies. 

C. Excavation damage experiment. 

D. Chamber excavation. 

E. Sealing experiment. 

F. Data analysis and modeling 

A. Design and fabrication. Design of the experiment is intended to 

proceed in a manner similar to that described for the hydro/thermomechanica1 

experiment. Prior to the experiment, it will be necessary to construct some 

models to define the range of the measured parameters and to refine the geo

metry of the experiment. It will also be necessary to develop the appropri

ate instrument at ion. Many of the predictive mode ling and instrumentation 

requirements are common to both e leriment s. Consequently, the level of 

effort required at the design stage is somewhat reduced if the hydro/thermo-

mechanical experiment precedes this experiment, or vice versa. If both 

experiments are performed concurrently, the effort is shared. 

The methods of excavation to be studied have yet to be selected, as is 

the case f o " backfill/sealing/grouting materials. Before these materials are 

selected for testing, their performance should be documented by extensive 

laboratory studies. Although laboratory testing will be carried out as 

required in the program, it is as sumed that most of the background informa-

tion will have been acquired in other investigations. The same applies for 

the development of techniques for installation of the seal. 
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Other activities include fabrication of the liner for the center drift 

pressurization chamber, the bulkheads, and the holding tank for the chamber 

water; and acquisition of the mechanical plant for controlling the chamber 

water pressure and the needed instruments and backup systems. The I iner and 

bulkheads should be of the same design as used for the test chamber in the 

hydro/thermoraechanical experiment. 

B. Baseline studies. Prior to excavation, the baseline conditions 

within the test area will u 2 established with the aid of several instrumented 

horizontal drill holes. Tests will be made to evaluate the hydrological, 

geochemical, and mechanical conditions of the rock mass. For the excavation 

damage experiment, the undisturbed hydraulic conductivity and porosity are 

essential. In general, the specific tests to be carrried out are much the 

same as those for the baseline studies of the hydro/thermomechanical experi

ment. Again, some of this information is applicable to both experiments and 

need not be repeated. 

C. Excavation damage experiment. Employing one or more excavation 

methods or techniques, the left access drift (Figure 2) will be driven 

parallel to the previously installed monitoring holes. The response of the 

rock mass surrounding the opening is recorded simultaneously with excavation. 

After completion of excavation, additional testing and sampling of the wall 

rock can. be carried out from within the drift. The end of the access drift 

will also be used as a gallery from which horizontal holes will be drilled 

parallel to the future seal-test crosscut to establish baseline conditions 

for this experiment. 
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With a slight change in schedule, it would be possible to use the center 

drift for additional baseline instrumentation. Holes oriented perpendicular 

to the axis of the access drift would be particularly useful for monitoring 

deformations resulting from excavation. 

D. Chamber excavation. Excavation of the center drift for the 

construction of the pressurization chamber can proceed as soon as the base-

line conditions within the plug test area are obtained. The procedures for 

excavation ind installation of the liner and bulkhead are essentially the 

same as those for the test chamber of the hydro/thermomechanical experiment. 

When completed, the chamber will be filled with formation water at ambient 

temperature in preparation for testing. 

E. Sealing experiment. This consists of the following phases: 

Phase (a) chamber pressurization; P > hydrostatic, T = ambient, Q = 

measured; 

(b) crosscut excavation and seal emplacement; 

(c) resaturation; P = measured, T = ambient, Q = 0; 

Cd) repressurization; P > hydrostatic, T = ambient, Q ~ measured; 

(e) heating (optional); P > hvHrostatic, T > ambient, Q = measured; 

where P = chamber pressure, T = temperature, and Q = flow. The first of 

these involves pressurization of the water-filled chamber to establish the 

hydraulic regime of the rock mass within the test are.. The directi in of 

the pressure gradient produced by water injectii is ideally suited for 

evaluating the hydraulic conductivity parallel to the axis of the future 

crosscut, alono the ro_k-seal interface and possible damage zone. 
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After characterization of the rock mass, the water will be drained from 

the chamber and scored for later use. The crosscut is to be excavated by a 

suitable method and, as in the case of the excavation damage tests, t^e 

influence on the wall rock will be recorded. The size and shape of the 

crosscut, the sealing materials, and the method of placement should be 

similar to proposed repository sealing systems under investigation. Several 

different sealing materials and methods of placement can be investigated bv 

installing various material/piacement test sect ions in series with separate 

instrumentation for each section. 

The plug or seal and additional instruments will be installed before 

testing for resaturation, repressurization, and optional repressurization 

with heat. Major parameters to be monitored throughout the experiment 

include hydraulic conduetivity, porosity, groundwater chemistry, rock and 

seal material stress-strain, and, depending on the heating opt ion, tempera

ture. In addition, tracers will be used to identify the flow paths and 

possibly to investigate radionuclide retardation. At the end of the tests 

the plug material will be removed for • more detailed examination of the 

rock-seal interface and damage zone. 

F. Data analysis and modeling. Data analysis will proceed with the 

field investigations, starting about the same time as the baseline studies 

and finishing approximately one year after the field tests. Predictive 

models will be used primarily to aid in the interpretation of the results, 

although a certain amount of model development is expected. It is antici-

pated that major efforts of model development, such as those proposed in the 

hydro/thermomechanical experiment, will provide a significant background of 

information for this study. 
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3.2.4 Schedule and Coat Estimates 

Table 4 gives an estimate of the schedule and personnel requirements. 

In the formulation of this estimate, it is assumed that a significant portion 

of the required instrumentat ion development, and to a lesser degree the model 

development, has been or will be performed for the hydro/thermomechanical 

experimental program. For an optimum transfer of this information and tech

nology, the excavation damage/sealing experiment should start 1 to 2 years 

after the hydro/thermomechanical experiment begins. The total duration of 

the experiment is approximately 5-1/2 to 6-1/2 years , depending on the heat

ing option. Personnel requirements assume an average 6-year project 

durat ion. 

An estimate of the total cost of the excavation damage/sealing experi

ment is provided in Table 5, the details of which are given in Appendix C, 

Section C.2. Major cost i terns are divided among c.. struct ion and fabrica-

tion, operating equipment and services, and personnel. The distribution of 

these costs on a yearly basis is given in Table 6. As for the hydro/thermo

mechanical experiment, it should be emphasized that the costs presented are 

only rough estimates. 
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Table 4. Schedule and personnel for the excavation damage/sealing 
experiment. 

Stage 

1. Design and Fabrication 

2. Baseline Studies 

3. Excavation Damage 
Experiment 

4. Chamber Excavation 

5. Sealing Experiment 

(a) chamber pressurization 

(b) crosscut excavation 

(c) resaturation 

(d) repressurization 

(e) heating (optional) 

6. Data analysis, modeling 

Personnel 

( a ) 

( b ) 

( c , 

Cd) 

H I I I I M I (e) 
I 

i i i i i im 

PI, Manager ,-i 1 1 1 1 1 

Instrumentation 2 2 2 1 1 0 

Rock Mechanics 1 1 1 1 1 

Hydrology/Geology 2 2 2 2 1 

Geochemistry 1 1 1 1 1 

Modeling 1. 1, 1̂  1̂  1 l_ 

Totals (FTE) 8 8 7 7 5 
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Table 5. Total cost estimate for the excavation damage/sealing 
experiment (thousands of 1981 dollars).8 

1. Construction and Fabrication 

(a) monitoring drill holes 

Cb) excavation damage drift 

Cc) center drift, liner and bulkhead 

(d) crosscut and bulkheads 

$1,724 

($219) 

($359) 

($815) 

($331) 

2. Operating Equipment and Services 

(a) instrumentation 

(b) mechanical plant 

(c) travel and per diem 

(d) computer costs 

te) consultant 

(f) miscellaneous 

(g) p lug m a t e r i a l s and p lacement 
equipment 

$4,095 

($7 84) 

($83) 

($918) 

($600) 

($450) 

($810) 

($450) 

P e r s o n n e l $3,371 

To ta l ,190 

D e t a i l s i n Appendix C, S e c t i o n C . 2 . 



Table 6. Distr ibuted coat est imate for the excavation damage/sealing 
experiment (thousands of 1981 d o l l a r s ) . 

Category Year 

1 2 3 4 5 6 

1. Construction and Fabrication 434 959 331 0 0 0 

2. Operating Equipment and 
Services 678 1106 907 498 498 408 

3. Personnel 562 642 642 562 562 401 

Totals 1674 2707 1880 1060 1060 809 
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4. CONCEPTUAL DESIGN AND OPERATION OF THE FACILITY 

4.1 FACILITY DESIGN 

Design of the experimental facility must provide for: 

1. safe, economical underground access for in situ field experiments 

within the appropriate environment; 

2. separation of the various experiments to minimize possible inter

action; 

3. isolation of the experiments from existing underground workings 

and related disturbances; 

4. sufficient working space. 

The choice of appropriate environment for the facility involves con

sideration of the rock mass characteristics, in situ stress field, hydrologic 

regime, and logistical criteria. These factors have been discussed in detail 

in Wollenberg et al. (1981). In general, the openings will be situated 

within a massive to blocky rock mass, at depths representative for a reposi

tory (300 to 1000 m), well below the water table. The facility from which 

access to the underground will be obtained should be readily accessible via 

surface roads, and the operation of the test facility should not signifi

cantly conflict with mining or other operations. 

Separation of the various experiments within the facility depends on 

the purpose of the experiment and its sensitivity to external influence. 

The hydro/thermomechanical experiment, which involves heating a relatively 

large volume of rock and requires stable, undisturbed baseline conditions, 

should be well separated from all other experiments or po . ible sources of 

disturbance. The excavation damage/sealing experiment, although not as 

sensitive, also requires adequate isolation. At present, an estimate of the 
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distance between these experiments and additional test areas is 150 to 300 ft 

(Figure 3). 

Isolation of the experiments from the influence of the existing under

ground workings is most important. Ideally, the experimental chamber should 

be located well beyond the influence of the existing excavations on the 

stress field and hydrogeologic regime. The amount of excavation or drifting 

needed to achieve these conditions depends on the location of the proposed 

test facility with respect to the existing workings, the extent of the work

ings , and the character of the rock mass. Without site-specific information, 

a maximum distance of 1000 ft is believed to be appropriate. Under ideal 

conditions this could be reduced to as little as 500 ft, but the space for 

the various experiments and support facilities then becomes rather restrict

ed. For the purpose of these preliminary schedules and cost estimates, a 

1000 ft drift has been assumed. 

Design of the facility should provide not only adequate access to the 

experimental areas, but also space for support activities. In addition to 

the surface facilities, space is required for underground shops, garage, 

office, instrumentation, mechanical plant, and refuge. 

As an alternative to conducting the experiments in an inactive mine, 

they could be performed at existing underground research facilities, such as 

the candidate repository sites in ror'' currently under investigation. Many 

of the details outlined in the following sections would require modification: 

the 1 ayout and facility development costs could be reduced; surface and 

underground facilities as we11 as operation and maintenance costs could be 

shared. These factors are considered, and lower-bound estimates of 
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Figure 3. Plan of the general layout of Che underground 
experimental facility, showing locations of 
test areas. 
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development and facility operation costs are presented for comparison with a 

complete facility in an existing or inactive underground mine or civil work. 

4.2 LAYOUT 

Given the design considerations discussed above, a general layout of 

the underground experimental facility is presented in Figure 3. Four L.:st 

areas are included, two of which are dedicated to the hydro/thermomechanical 

and excavation damage/sealing experiments. Test areas No. 3 and No. 4 are 

reserved for future experiments. The four test areas are staggered along 

500 ft of drift with the hydrc/thermomechanical test area positioned farthest 

from the existing workings. Initially, each test area will be serviced by a 

50 ft long stub drift driven perpendicular to the main access tunnel. 

The main access tunnel is designed as a modified horseshoe section, 12 

ft high by 12 ft wide (Figure 4). This size opening will provide adequate 

space for a permanent rail transportation system, walkways, and utilities. 

The invert should be paved with concrete for safety and convenience, although 

this may not be necessary if careful excavation is employed. 

A combinat ion offiee/instrumentat ion/refuge room is located opposite 

test area No. 2. It should be about 20 ft wide by 15 ft high and at least 

30 ft long. The garage and shops can be placed near the facility portal. 

This area should incorporate a floor space of about 2000 ft and also have 

a height of 15 ft. 

Assuming that the experiments are to be carried out from an existing 

underground research facility and that test areas No. 3 and No. 4, the 
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Main Access Tunnel Section 

SCALE 

o 1 i 

XBL 815-9962 

Figure 4. Cross section of the main access tunnel . 
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garage, and the office are not required, the layout shown in Figure 3 between 

test area No. 3 and the end of r.he access tunnel could remain largely 

unaltered. This reduces the length of the main access tunnel from 1000 ft 

to a minimum of 350 ft. 

4.3 FACILITY CONSTRUCTION 

The construction contract for the experimental facility should include 

the main access tunnel with paved invert, four stub drifts, the garage and 

office excavations, as well as the permanent installation of ground support, 

utilities, ventilation, lighting, dewatering system, and track for the 

transportation system. Furthermore, it should be assumed that the site is 

readily accessible, the tunnels will be driven from an existing opening at a 

depth in excess of 1000 ft, all debris will be hoisted from the mine or 

transported from an adit, controlled blasting will be employed, the rock is 

basically competent requiring only light support, and only minor groundv/ater 

inflows will be encountered (less than 200 gpm total). 

Temporary and permanent ground support should includo fully grouted No. 

7 rock bolts on a 4 by 4 ft pattern (Figure 5). Wire mesh should also be 

used for safety to control minor raveling of 1oosened rock. The systern 

should be employed along the entire length of the main access tunnel. 

To keep construction costs to a minimum, no major experiments or tests 

are planned during the construction of the underground facility. However, 

because the construction is scheduled as a two-shift-per-day operation, it 

will be possible to carry out a 1imited amount of testing and/or geotechnical 

investigation during the third shift. In addition, up to 40 hours of scandby 

which would interfere with the contractors' operations. It is assumed that 
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Main Access Tunnel Support 

Fully Grouted No. 7 Rock Bolts: 4' X 4' Pattern, 4' Long 

ymmwv^A 

SCALE 

o i i 

XBL 815-9963 

Figure 5. Roof suppoi system, main access tunnei. 
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geologic mapping of the tunnel line can proceed without significant delay to 

the contractor. 

In preparation for construction and award of the construction contract, 

it will be necessary to retain an architect/engineer firm for facility 

design, contract specifications, and contract supervision. The cost of this 

service is approximately 16% of the construction cost. A good portion of 

the required site investigation far the test facility will be performed as a 

part of the site-selection process currently underway. 

4.4 SURFACE FACILITIES 

Surface facilities should include an office/shop/change-ruora complex, 

the ventilation and shaft plant, yard storage area, water and electric 

supply, debris-disposal area, waste treatment or disposal, and security 

fencing with gate house. It would also be desirable to have limited living 

quarters and food service at or near the site. Most of the existing mines 

or civil projects under cons ideration have these facilities avail able for 

use, although they may be in need of some repair or modification. 

4.5 EXISTING UNDERGROUND ACCESS 

The mines ider consideration for a teit facility either have operating 

hoists or acces: by adit. The shafts and level access tunnels are generally 

in good condition. At most, it may be necessary to replace or instalL a 

minor amount of r < support and enlarge narrow sections of tunnel. A con

tingency is included for this in the cost estimate of facility development; 

however , it is excluded in the cost for operation from an existing under

ground research facility. 
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4.6 OPERATION AND MAINTENANCE 

To operate the test facility for two 8-hour shifts per day will require 

an on-site staff of approximately 12 people, exclusive of the staff perform

ing the experiments. This would include an administrator/public relations 

officer, secretary/clerk, maintenance superintendent, mechanic/electrician, 

electronic technician, two hoistmen, two cage tenders, store keeper, and two 

general laborers/miners. (In a facility where access is by adit, the hoist-

men and cage tenders would not be required.) Other required services, such 

as security staff, janitorial services, and vehicle maintenance, should be 

performed on a contract basis. 

Annual operating costs in addition to staff include, power, insurance, 

surface vehicle s, underground transportation system, shop tools and equip

ment, various spare parts, and general supplies. 

Many of the required personnel and other operating costs could be shared 

if the experiments are carried out in an existing underground research facili

ty. As a minimum, the required site staff could be reduced from 12 to roughlv 

3-1/2. This includes an administrator, electronic technician, general labor

er, and half-time mechanic/electrician. 

4.7 SCHEDULE AND COST ESTIMATES 

Design and construction of the underground test facility are estimated 

to require about one year and to cost $3.15 million (architect/engineer, 

$435 thousand; construction, $2.72 million).*" Construction of the facility 

•Construction cost estimates were provided by T- McCusker, tunnel consultant, 
San Francisco. 
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will require approximately 7 months and could proceed within 5 months after 

the design contract is awarded to the architect/engineer, assuming no delays 

due to unusual permit procedures or environmental impact statement. 

In addition to the development costs for the test facility, an initial 

expense for surface facility development and/or repair and maintenance or 

improvement of the existing underground openings should be considered. This 

should amount to less than $500 thousand for a total facility development 

cost of $3.65 million. 

Annual expenses for operating equipment, services, and personnel, total

ling $1.56 million, are itemized in Table 7 (details given in Appendix C, 

Section C.3). The total cost for development and operation of the under

ground test facility over a period of 8 years is $14.57 million. As with the 

cost estimates for the proposed experiments, it should be emphasized that 

this is a rough estimate. Furthermore, the costs are site specific and are 

likely to be lower at sites located away from major metropolitan centers. 

Annual operating expenses at an existing underground research facility 

are given in Table 8 (details in Appendix C, Section C.4). Using this 

lower-bound estimate, $349 thousand per year, and a development cost of $826 

thousand, the total cost for development and operation over a period of 7-1/2 

years is $3.27 million. 
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Table 7. Annual operating expenses for an underground experimental 
facility (thousands of 1981 dollars). 

1. Operating Equipment and Services 

(a) contracted services 

(b) inventories 

(c) utilities 

$ 750 

($45) 

($450) 

($255) 

2. Personnel (12) $ 810 

Total $1,560 

Details in Appendix 0, Section C.4. 

Table 8. Annual operating expenses for an existing underground 
research facility (thousands of 1981 dollars). 

1. Operating Equipment and Services 

(a) contract services 

(b) inventories 

(c) ut ilit ies 

$113 

($0) 

($113) 

($0) 

2. Personnel (3-1/2) $236 

$349 

Details in Appendix C, Section C.4. 



55 

5. SUMMARY 

5.1 SCHEDULE AND COSTS 

A summary of the schedule and costs for development at an existing mine 

or civil work, for operating the facility, and for conducting the two pro

posed experiments is presented in Table 9. As indicated, the hydro/th^rmo-

mechanical experiment is scheduled to begin 6 months after the start of 

facility development. This should permit the tunneling contractor to exca

vate the drilling gallery concurrently with construction of the facility, 

resulting in significant savings of time and cost. Preliminary drilling for 

the excavation damage/sealing experiment can begin 1-1/2 years after the 

start of facility development. Design and fabrication will begin 1/2 year 

later, allowing time to develop materials and related methodologies for 

backfill, sealing, and grouting. 

Total cost of the facility, including experiments, .,..19.0 million 

distributed over 8 years. This is comparable with other major test facili

ties designed for waste isolation investigations. The Stripa Project 

(Swedish-American Cooperative Program on Radioactive Waste Storage in Mined 

Caverns in Crystalline Rock) in Sweden, largely active between 1977 and 1980, 

resulted in average expenditures of $4 to $5 million per year. The Pinawa 

Project , a 20-year study already underway by the Canadian Atomic Energy 

Commission, is projected to cost $40 million (personal communication, Pavel 

Kurfurst, AECL), This, however, includes a new shaft and surface facilities 

at a virgin site on the Canadian Shield. 

A summary of the schedule and costs for development at an existing 

underground research facility, for operating the facility, and for conducting 

the two proposed experiments is presented in Table 10. The only difference 



Table 9 . Schedu le and c o s t s of f a c i l i t y and e x p e r i m e n t s deve loped a t 
an e x i s t i n g mine or c i v i l work ( m i l l i o n s of 1981 d o l l a r s ) . 

S tage 

1. Facility Development 

2. Facility Operation 

3. Hydro/Thermomechanical 
Experiment 

4. Excavation Damage/ 
Sealing Experiment 

Year 

(3.65) 

( 1 . 5 6 ) ( 1 . 5 6 ) ( 1 . 5 6 ) ( 1 . 5 6 ) ( 1 . 5 6 ) ( 1 . 5 6 ) ( 1 . 5 6 ) 

( 3 . 0 0 ) ( 3 . 6 0 ) ( 2 . 2 2 ) ( 1 . 7 2 ) ( 1 . 6 5 ) ( 1 . 5 0 ) ( 1 . 5 0 ) 

( 1 . 6 7 ) ( 2 . 7 1 ) ( 1 . 8 8 ) ( 1 . 0 6 ) ( 1 . 0 6 ) ( 0 . 8 1 ) 

Annual c o s t $5.15 $4.86 $6 .14 $6 .24 $5 .12 $4 .20 $4 .12 $3 .12 

To ta l c o s t $39 .0 

Annual c o s t s d i s t r i b u t e d e q u a l l y t o t h e y e a r in which they o c c u r . 



Table 10. Schedule and costs of facility and experiments developed at 
an underground research facility (millions of 1981 dollars). 

Stage Year 
I 1 I 2 | 3 | 4 | 5 | 6 | 7 I 8 

1. Fac i l i t y Development 

2. Fac i l i t y Operation 

3. Hydro/Thermomechanical 
Experiment 

4. Excavation Damage/ 
Sealing Experiment 

Annual Cost PTOO $4.79 WTTb WTTT $3.47 $2.91 $2.78 $0.58 

Total cost $27.7 

aAnnual costs d i s t r ibu ted equally to the year in which they occur. 

(0.83) 

(0.17). (0.35) | (0.35) | (0.35) | (0.35) | (0.35) | (0.35) | (0.17) 

(3.00) , (3.60) (2.22) (1.72) (1.65) (1.50) (1.50) 

(1.67) (2.71) (1.88) (1.06) (1.06) (0.81) 
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in schedule between development from a research facility and from a mine or 

civil work is a reduction of roughly six months due to the shorter length of 

the main access tunnel and deleted underground garage and office space. 

Total cost for the facility, including experiments, is 527.7 million dis

tributed over 7-1/2 years. It is emphasized that this is a lower-bound num

ber and should be used for comparison with the cost for complete facility 

development, i.e., $39.0 million. 

Besides the utilization of an existing underground research facility, 

additional economies could conceivably be achieved by combining the hydro/ 

thermomechanical and excavation damage/sealing experiments. Although careful 

design and scheduling would be necessary to avoid interaction of the two 

experiments, it should be possible to save $1 to $2 million by employing the 

same test/pressure chamber and general baseline studies. Further investiga

tion is warranted to determine whether this saving is practical in view of 

the additional complications imposed. 

5.2 CONTINUING WORK 

This report provides the preliminary conceptual designs, schedules, and 

cost estimates for the underground test facility and proposed experiments. 

These results -are necessarily general and are not site specific. After 

selection of a candidate site, or sites, the design, schedule, and costs of 

the facility should be modified to reflect the specific conditions at these 

locations. Similarly, the proposed experiments should be refined to provide 

additional details and anticipated test results with the aid of simple pre

dictive models, as employed for the results gi.'en in Appendix B, but using 

site-specific material physical properties. This study should include the 

results of coupled hydro/thermomechanical models, considering the possible 

influence of convection as well as conduct ion on the predicted response. 
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APPENDIX A. SYNOPSIS OF IN SITU TESTS FOR MINED CEnuiGl-. "ISPOSAL OF RADIOACTIVE WASTES ( p a r t l y a f t e r C n i r k , 1 9 8 0 ) 

TEST SITE 
(CONTRACTOR) TEST DESCRIPTION 

OPERATIONAL 
PERIOD TEST OBJECTIVES TEST RESul.TS/STATUS 

BASALT: NSTF, 
H a n f o r d S i c e , 
R i c h l a n d , WA 
( R o c k w e l l 
H a n f o r d 
O p e r a t i o n a l 
e t a l . . 19B0 

BEDDED SALT: 

F u l l - S c a l e H e a t e r T e a t N o . 1 : 
S i n g l e e l e c t r i c a l h e a t e r e m p l a c e d 
i n c e n t r a l b o r e h o l e and s u r r o u n d e d 
by 8 p e r i p h e r a l h e a t e r s ; h e a t e r 
a r r a y c a p a b l e o f s i m u l a t i n g a 
t h e r m a l l o a d i n g o f 25 t o 50 W / m 2 . 

F u l l - S c a l e H e a t e r T e a t No. 2 : 
S i n g l e e l e c t r i c a l h e a t e r e m p l a c e d 
i n b o r e h o l e ; power o u t p u t l e v e l s 
r a n g e f rom 1 t o 5 kU. 

J o i n t e d B l o c k T c a t a : Cube o f 
b a s a l t , a p p r o x 2 n o n e a c h a i - e 
and e x c a v a t e d o n v e r t i c a l a i d e a by 
t i n e d r i l l i n g , l o a d e d w i t h f l a t -
j a c k s and rows o f e l e c t r i c a l h e a t 
e r s e m p l a c e d i n b o r e h o l e s . 

H e a t e d Model Room T e s t : 2 . 4 x 2 . 9 
x 0 . 6 ra h i g h r o o m , w i t h 10 h e a t e r s 
i n s i d e r o o m ; t l kW p o u e r l e v e l 
r e d u c e d t o 9 kW a f t e r 40 d a y s . 

l o a d e d b i a x t a l l y by f l a t j a c k s 

d e e p b o r e h o l e w i t h 4 0 , 6 e n d i a r a 
u p p e r p o r t i o n and 3 0 . 5 cm d i a m 
l o w e r p o r t i o n , l i n e d w i t h 1 5 . 6 cm 

e l . E l l ( m g i 
1 5 . 2 era OD 304L a 
t u b i n g ; C a l r o d h e a t e r s i n am 
b e t w e e n t u b i n g ar,d s a l t i n d u , 
w a l l t e m p s o f n p p r n r 2 0 0 C . 

A s s e s s t h e r m o m e c h a n i c a l r e s p o n s 
of b a s a l t t o t h e r m a l l o a d i n g f n 
a u n i t c e l l c o n f i g u r a t i o n o f 
e m p l a c e d e l e c t r i c a l h e a t r - s , f o 
t h e r m a l l o a d i n g s up t o t u n -
e x p e c t e d r e p o s i t o r y l e v e l s . 

D e t e r m i n e maximum a c c e p t a b l e 
t h e r m a l p o w e r i n p u t t o b a s a l t 
f r i 'm e m p l a c e d e l e c t r i c a l h e a t e r 

M e a s u r e e l a s t i c , t h e n n o e l a 
and t h e r m a l p r o p e r t i e s o f 
a s f u n c t i o n of t e m p e r a t u r e 
s t r e s s , r o c k i s a s s q u a l i t y , 
d i r e c t i o n . 

1 9 6 2 - 6 3 
( 2 1 4 d a y s 

t e m p , 297 
d a y s o f 
h e a t i n g 

d e f o r m a t i o n o f 

U s e p a i 
i n g 

of pha : 
4 8 , 1 0 0 , 
5 0 , and U7 
days) 

T e s t i n i t i a t e d i n J u l y , 19i 

l i t i a t e d i n J u l y 19 

T e s t s c h e d u l e d f o r I n i t i a t i o n 
and c o m p l e t i o n i n 1 9 8 1 . 

At end of h e a t i n g p e n i d , 
c l o s u r e r a t e a p p r o x o n e o r d e r 
o f m a g n i t u d e g r e a t e r a t 140°C 
t h a n a t a m b i e n t t e * p o f 2 0 ° C , 
b u t d e c r e a s i n g . 

B o r e h o l e p r e s s u r e c e l l ) and 
d e f o r m a t i o n g a u g e s a d e q u a t e f o r 
e l a s t i c s a l t r e s p o n s e ; d e t e r 
m i n e d i n s i t u d e f o r m a t i o n m o d u l u s 
and o n a e t of p l a s t i c d e f o l i a t i o n . 

A p p r o x . 1.2 cm o f f l o o r u p l i f t 
n e a r b o r e h o l e c o l l a r and 2 c » of 
b o r e h o l e c l o s u r e d u r i n g h e a t i n g ; 
s m a l l a m o u n t s of w a t e r i n f l o w 
o b s e r v e d d u r i n g h e a t i n g p h a s e s ' , 
some i n d i c a t i o n ) of r e f l u x i n g of 

BU1P-HSTF 
Test 
P r o g r a m , 
1 9 7 9 ; 
B a c a 

a l . 19 



A p p e n d i x A (c< 

TEST SITE 
(CONTRACTOR) 

Bi'ODED 
Proje-c 

SAl-T; 
t S a l t 

V a u l t , C a r e y 
S a l e H: 1110, 
L y o n * , 
(OWJL) 

KS 

TEST DESCR1PTIOH 

• Waste H a n d ! i n g 

'i ST OBJECTIVES 

a d U t e d - F u e l C a n i ; •«y 
T e s t . 6 c a n i s t e r i ef l ip laced : 
p e r i p h e r a l l i n e d b o r e h n l e 3 on I . ' 

c e n t r a l l i n e d b o r e h o l e ; 1.2 t t , 
1,6 kW hea t g e n e r a t i o n pe r 
c a n i s t e r a t erupt aceraent , w i th 
two c o m p l e t e exchanges f o r 
c a n i s t e r s o f f r e s h l y i r r a d i a t e d 
a s s e m b l i e s ; n o m i n a l 10.5 kW 
i iouer o u t p u t f o r a r r a y , w i t h 
n o m i n a l IS kW d u r i n g f i n a l 

o f I 

h e a t e r a r r a / b a s i c a l l y i d e n t : 
t o g e o m e t r i e s and c o n d i t i o n s 
I r r a d i a t e u - F u e l C a n i s t e r A r r j 

i p i l l a 
i n p u t , 

mine, emplacement, s to rage , and 
re t r ieu> ' from 1ined boreholes . 
and rem. al from mine of caniat ( 
ized spent Fuel a s s e a b l i e s . 

1965-67 Determine poss ib le gross 
19 mo of e f f e c t s of r ad i a t i on on ho i -

ing) c lo su re , f loor u p l i f t , s a l t 
sha t t e r ing temp, e t c . , in s a l t 
c tg inns experiencing temp, of 
10(1 to 200 C; determine possibli 
r a d i o l y t i c production of chlor i i 
compare temperature f i e lds and 
s t r u c t u r a l de foraa t ions for sail 
heat ing by i r r a d i a t e d - f u e l can
i s t e r s and e l e c t r i c a l h e a t e r s ; 
c o l l e c t t echn ica l information. 
e spec ia l ly on creep and p l a s t i c 
flow of s a l t , which could be 

196S-67 used in t h K design of «n ac tua l 
!I9 rao w f r ad ioac t ive waste d isposa 1 

heatirv.) fac i l l t y . 

TEST RESULTS/STATUS 

D e m o n s t r a t i o n a c c o m p l i s h e d 
s u c c e s s f u l l y w i t h 3 s e t s o f 7 
c a n i s t e r s each c o n t a i n i n g 2 
i r r a d i a t e d £TR f u e l a s s e m b l i e s 

No appa ren t g r o s s e f f e c t s o f 
i n t e n s e r a d i a t i o n f i e l d on 
s t r u c t u r a l response o f s a l t 
d u r i n g h e a t i n g ; e s s e n t i a l l y no 
d i f f e r e n c e i n t e m p e r a t u r e 
f i e l d s i nduced i n s a l t by 
c a n i a t e r s o f i r r a d i a t e d f u e l 
and e l e c t r i c a l h e a t e r s ; no 
f r e e c h l o r i n e was r e l e a s e d 
f r o m s a l t ; q u a l i t a t i v e c o r r e l a 
t i o n between s a l t d e f o r m a t i o n s , 
bedded s a l t s t r u c t u r e , and h e a t 
i n g c y c l e s ; r e a s o n a b l y good 
agreement be tween measured r o o a 
conve rgence and model c a l c u l a -

1 aw o f c r e e p d e r i v e d f rom model 
p i l l a r t e s t s i n t h e l a b o r a t o r y , 
c o l l e c t i o n and d o c u m e n t a t i o n o f 
c o n s i d e r a b l e b u l k o f s a l t reap 
and d e f o r m a t i o n d a t a , i n s i t u 
h e a t e r t e s t d e s i g n and i n s t a l l a 
t i o n i n f o r m a t i o n , and o p e r a t i o n a l 
p r o c e d u r e s f o r f u t u r e use i n 

d e s i g n and model deve lopment 

ftEFEREHCE 

Bradshaw 
and H c C l a i n . 
1 9 7 1 ; 
McC la in and 
Bradahaw, 
1971 

and • i f L. i o n . 



TEST SITE 
(CONTRACTOR) TEST DESCRIPTION 

OPERATIONAL 
PERIOD TEST OBJECTIVES TEST RESULTS/STATUS REFERENCE 

PARADOX BAS1H: 
W o o d w a r d - Q I y d e 
C o n a u l t a n t s 

Gibson Dome. I ) SuhhyOrostatic • 
2) Superhy.lroai.ati 

l ) Measured i n i t i a l unlo*cing 
behavior of j a l r , e re* r j t e 
*i maximtm d e v i s t o r i e oading 
in s a l t , and rebound b •havior 

Conwctl, 1980 

Negl igible aaounta of creep in 
.ale aC depth* lea* t h 3 n ^flO f t . 
Borehole diai teter changes caused 
by i n i t i a l loading of s a l t varied 
fton 0.03 to 0.4 in . 

2) Measured s u s c e p t i b i l i t y of l i l t 
t o t iydtc£t*cturin«,, s t r ea* 
condi t ions in a a l t , and e * t i « t e d 
s i l t behavior under Loading 
condi t ions to cowpare with 
unloading data obtained 
in I) above. 

order of ]500 pj i above over
burden pressure ; varying 1iquid 
in jec t ion r a t e s do not affect 
the OHxiauai sc«ble (pan t -
breakdown) pressures s i g n i f i -
canely. 

Hicrosarchquake events appear 
to o r ig ina t e fro« the top of the 
Preearobrian basewent at approxi
mately 7 kna with a s l igh t 
c l u s t e r i n g at the shallower depth 

http://Superhy.lroai.ati


TEST SITE 
(CONTRACTOR) TEST INSCRIPTION 

OPERATIONAL 
PEKIDU TEST OBJECTIVES TEST KESULTS/STATUS 

( S a n d i a — 
RE/SPEC) 

a p y l i c a b l e Co i n s i t u t « a i 

i n c l b o r e h o l e c l o s u r e H I M 
raent d e v i c e , b u r e h o l e a t r i 
g a u g e , t h e r m a l c o n d u c t i v i i 
p r o b e , q u a r t z l amp h e a t e r 
- n o i s t u r e c o l l e c t i o n a p p a r i 
and r a d a r s c a n n e r f o r i n t i 

w i t h d a t a a n a l y s i s and 
r e q u i s i t e mod i f i c a t i o n * LI 
p r o g r e s s t h r o u g h PY. 1 9 8 0 . 

F u l l - S c a l e H e a t e Tes - - S i t e A: 
Avery I n l a n d S i n g l e e l e c t r i c a l h e a t e r e m p l a c e d 
M i n e , Ui i n b o r e h o l e (Mi cm d ia ra and b m 
(ONU1— d e p t h ) w h i c h i s l i n e d w i t h c a r b o n 

RE/SPEC) s t e e l s t e e v e , o p e r a t e d a t b kW 
p o w e r l e v e l . 

Full-Scale Heate: T e s t — S i t e 
• a s S i t e A, e x c e p t 4 1 cm 
i b o r e h o l e a n d ~i kW p o w e r 

8 0 0 d a y s 
o f h e a t i I 
(isao) 

E v a l u a t e n e a r - f i e l d s h o r i 
t h e r m o m e c h a n i c o I r e s p o n s i 
dome s a l t t o s i m u l a t e d u, 

d i f f e r e n t power l e v e l s ; i 
b o r e h o l e c l o s u r e and c o r 
b v - p r o d i ' f t g a s g e n e r a l i o 
h e a t i n g , 

T e s t s c o n t i n u i n g w i t h d a t a 
a n a l y s i s i n p r o g r e s s ; n e a r l y 
s t e a d y - s t a t e t e m p e r a t u r e f i e l d s 
a f t e r 100 d a y s o f h e a t i n g . 

P l a n a t o c o n t i n u e d a t a c o l l e c t i o i 
t h r o u g h c o o l down p e r i o d . 
R e t r i e v e i n s t r u m e n t s f o r p o s t - t e : 
c a l i b r a t i o n . 
S a m p l e c o l l e c t i o n by o v e r c o r i n g 
s a l t . 
M e t a l l u r g i c a l a n a l y s e s 
(ORNL) o f s l e e v e s and h e a t e r s . 

Van Sa rabeek , 
1 9 8 0 b 

S i n g l e e l e c t r i c a l h e a t , 

l i n e d i d e p t h ) u h i i 

• e m p l a , 
and 6 i 

: e e l s l e > ( s l e . a l t 
b a c k f i l l e d w i t h c r u s h e d s a l t ) 
and s u r r o u n d e d by 8 p e r l p h e r a 
h e a l e r s of I kW p o w e r c a p 
on 1 m r a d i u s - c e n t r a l h e a t e 
o p e r a t e d a t A kU w i t h p e r i p h 

power l e v e l tc- p r o d u c e u n i t , 
c o n f i g u r a t i o n f o r 37 w / m 2 t h 
l o a d i n g . 

t-y 

( 2 6 mo uf 
h e a t i n g ) 

BOO d a y s 
of h e a t i n g 
( 19H0) 

L i s t e r h e a t i n g , n 
a u n i t c e l l cotiE 

Teai 
a l y s 

it i n u i n g i 
i n p r o g n 

t h dal 

Power i n p e r i p h e r a l h e a t e 
i n c r e a s e d f o r fcOO d a y s t o 
700 W p e r h e a t e r , t h e n [ o 
h e l d c o n s t a n t . 

Flo, ulti fri 
sed for 600 day 

period and then scabi1iied. 

T a n g e n t i a l s t r e s s n e a r h e a t e r 
b o r e h o l e i n c r e a s e d r a p i d l y t o 
1 0 0 0 - 2 5 0 0 p s i , s t r e s a t h e n r e l a x . 
t o a b o u t 700 p s i a f t e r 200 d a y s . 
h e a t i n g . 
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Appendix A ( c u n t . ) 

TEST SITE 
(COHTKACTOR) TEST DESCRIPTION 

OPERATIONAL 
ThiT < ih I h T I V TEST RESUl.TS/STAUl' 

u.iod OakwuoJ and 

tho\»jt-r il l » * l i c m * f i . i « t)4hwi.i<] 
mf h«» hfrn |i>gj[«d, phot U( f iptif J , 
i.l s t u d i e d . 

l a l y t l a ul l a s t i n g «nd f o l l i n | 
v e i l e d in th« c o r * luggaal :h«( 

ikuouJ D I M * h a i b«en t r u n t i J m 
•vela b*l,,w i h * o i i f l n a l <J> t r i e 
u a l . probably hy [jroundwat 

Sraumchwf i B , bo reho les . 

FKC ( i r r - C S F ) T e m p e r a t u r e T e n : Ki.-I . ) ? 
E l e c t r i c a l h e a t e r s empUceJ 

iprock on OakvooJ Oom* la (hi 
t u l t of o u l i i p l * • ( • ( • • of 
a g r n r . i a . 

* ( i * d . 
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, end ix A (ectnt . ) 

TEST SITE 
(CONTRACTOR) TEST DESCRIPTION 

OPERATIONAL 
PEBIOIl rt.sr oHiKcrivus TEST KKSilLTS/STATUS tEFE«ENCE 

B r a u n s c h w e i g , i n c e n t r a l b o r e h o l e , w i t h I U 

5 kW power l e v e l reduced Co 
3 kW o v e r SO day h e a t i n g per 

BEDDED SALT: B o r e h o l e P l u g g i n g Prt 
B e l l Canyon 
( S a n d i a ) 

i l aced (50 days ot in . im 
h e a t i n g ) h r i n . i o n d u r i n g heat 

sea led p ^ r i n d 
<> appr . ix 14 yea 
e p e r f o r m a n c e . 

"POTASH SALT"; F u l l - 5 c , P i l l a r T-«- t o - F a i l u n 

a l Co. 
Hine 

I n s t a l l a t i o n o f s t r e s s and d e f o r -

r i b , and f l o o r n f m i n i n g f ace 
C a r l s b a d , NM area p r i o r t o subsequent room-
( S a n d i a ) a n d - p i l l a r e x c a v a t i o n by c o n t i n u 

ous m i n e r i n o p e r a t i n g pane l o f 
m i n e , 90X e x t r a c t i o n r a t i o , w i t h 
t o t a l c o l l a p s e o f p i l l a r s a f t e r 

i q ; R - S 0 D e v e l o p , t e a t , e v a l u a t e cement 
( c o n t i n u i n g ) g r o u t s and o t h u r m . i t f r i a l s t o r 

l a b o r a t o r y and f i e l d t e s t i n g . 
Deve lop g e o c h e m i c j l p rogram I o 

s u i t a b i l i t y of cement g r o u t s 
and o t h e r u a t i ' r i a l s as we I 1 -
b u r e p l u g g i n g m a t e r i a l s . 
Deve lop i n s t r u m e n t s t o t e s t 
p l u g p e r f o r m a n c e . 
E v a l u a t e p l u g d e s i g n s i n s i t u . 

1979 Measure s t r e s s e s and d e f o n n a t i 
i n and a round p i l l a r d u r i n g 

l e a d i n g t o e v e n t u a l t o t a l l o s s 
o f l o a d - h e a r i n g c a p a c i t y o f 
p i l l a r due t o h i g h - e x t r a c t i o n -

No e v i d e n c e o f t h e r n a l l y i nduced K o p i e t i , 1974 
t r a c t u r i n g d u r i n g h e a t i n g phd.se ; 
2 t o 4 days a f t e r power shu tdown ; 
U r i n e rsovefient i n i t i a t e d due t o 
g e n e r a l i n n o f l a r g e h o n i o n t a l 
f i s s u r e i n s i l t be low upper end 
o f h e a t e r a i i n d i c a t e d by p o a t -
t e i i c o r i n g . 

Cement g roups s h o u l d be a d e q u a t e . O i n a c e n a e n , 
Bond s t r e n g t h no t adequa te i n d i c a t o r 1980 
o f p l u g adequacy ; aay n o t r e s u l t 
i n l o u i n t e r f a c e p e n a e a b i I i t y . 
B r i n e w a t e r m x p o o r e r Chan f r e a h 
w a t e r mixes i n s a l t ; o t h e r Ceat 
m ixes b e i n g u s e d . 

Test o b j e c t i v e s s a t i s f i e d , w i t h S a t t l e r and 
s t r e s s and d e f o r m a t i o n d a t a C h r i a c a n a e n , 
documented ; M o d e l i n g c f f i e l d 1980 
t e s t and s u p p o r t i n g l a b o r a t o r y 
t e s t i n g c u r r e n t l y i n p r o g r e s s . 

http://phd.se


t A ( c o n e . ) 

TEST SITE OPERATIONAL 
(CONTRACTOR) TEST DESCRIPTION PERIOD TEST OBJKCl 

GRANITE: Smal 1 - S C J U - Hea te r T e a t : E l e c  1977-78 B e t f r m i me i n s i t u the 

C l i m a x , NTS, t r i c a l h e a t e r s , 16 mr» diara and (68 and 62 conduct : i v i t y and t h e i 

Nevada (LLNL> 3 m l e n g t h , emplaced i n b o r e h o l e s days o f 
h c a t i ng ) 

d L S t u s i . • J . t y . 

p a r a l l e l and p e r p e n d i c u l a r d 
p r i n c i p a l f r a c t u r e d i r e c t i o n 
) .7 kW power l e v e l . ( N e a t e r 
T - 600 C a t s t e a d y s t a t e . ) 

In S i t u P e r m e a b i l i t y T e s t : Use 1978 
of S r a a l l - S c o l e Heat i f T e s t s i t e ( 8 1 d a y s ) 
w i t h s i n g l e e l e c t r i c a l h e a t e r i n 
c e n t r a l b o r e h o l e and i n f l a t a b l e 
rubbe r b o r e h o l e p a c k e r s i n 
thermocoup1e h o l e s . 

Mine-By T e s t : E x c a v a t i o n o f 1979 
p a r a l l e l d r i f t s , f o l l o w e d by 
i n s t a l l a t i o n o f s t r e s s snd d i s 
p lacement i na t ru raen ta t i o n i n 
p i l l a r ; subsequent e x c a v a t i o n o f 
d r i f t i n two l i f t s t h r o u g h p i l l a r . 
System o f d r i f t s i n t e n d e d f o r use 
i n S p e n t - F u e l S t o r a g e T e s t . 

K i m d a t a 
fsponse o f | 

el , 

stru. - t . i r j l s t a b i l i t y of e*c. 
t ions , and for comparison w 
measurement during long-terr 
heating phase during Spent' 
Fuel Storage Test. 

TEST RESULTS/STATUS 

Teat objectives sa t i s f i ed ; 
thermal conduct i v i t y appro*. 
I ' l l greater than laboratory 

specimens without confining 
pressure; thermal d i f f u s i v i f 
agreed with laboratory measu 
ment3. Final report 1980. 

Test object ive* sa t i s f ied ; 
decrease of permeability with 
increasing temperature; results 
connistent with laboratory 
measurements on other grani t ic 
rocka. 

Data obtained as planned; 
evaluation of app l i cab i l i t y of 
continuum model for predict ing 
mechanical response and model 
development for mechanical 
behavior of fractured rock 
in progress. 

Ranspott, 
1979a, 1979b 

Pamapott, 
1979b; 
Ramspott ec 
al., 1979 

i calculated valui 

http://stru.-t.irjl


TEST SITE 
(CONTRACTOR) TEST DESCKIPTIOH 

S p e n t - F u e l S t o r a g e T e s t ; 1 1 c a n 
i s t e r s o f s p e n t - f u e l flssemblies 
and h e l e c t r i c a l h e a t e r s e m p i a c e d 
i n b o r e h o l e s on 3 a s p a c i n g i n 
c e n t r a l s t o r a g e d r i f t , 10 e l e c 
t r i c a l h e a t e r s u n p l a c e d i n b o r e 
h o l e s o n b a s p a c i n g i n e a c h 
p a r a l l e l d r i f t on e i t h e r s i d e o f 
c e n t r a l s t o r a g e d r i f t ; s i m u l a t e d 
g r o s s t h e r m a l l o a d i n g o f kU W / n 2 . 

l u 7 9 ~ 8 5 
( 1 - 5 y e a r . s t o f 

t i o n - i n d u c e d and i 

r e m o v a l by m i n e ui 

TEST RESULTS/STATUS 

C a n i s t e r s e m p l a c e d d u r i n g 
S p r i n g of 1 9 8 0 , w i t h t e a t 
c u r r e n t l y i n p r o g r e s s . 

F u e l l o a d e d 5 - 2 8 - 8 0 . 1 .65 kW 
a t 2 . 5 y e a r s o u t o f r e a c t o r . 

.x 8 5 C c a l c . 

P e r i p h e r a l h e a t e r s t u r n e d on 
6 - 2 7 - 8 0 a t 9 2 5 W, t o be i n c r e a s e d 
t w i c e 1300 W a t 0 . 6 y e a r s , 1600 W 
a t 0 . 8 y e a r s , p e a k c a n i s t e r t e m p . 
U 5 ° C r e a c h e d a n d p a s s e d 1 2 - 8 0 , 
p e a k t e m p a t e d g e o f 15 K 15 m 
r e p o s i t o r y c a l c u l a t e d t o b e 2 y e a r s 
i n t o t e s t . 

k l l o u , 1 9 8 0 ; 
R a a i a p o t t , 1980 

E v e n t s i n c o n c r e t e f l o o r i b o v e 
o n e of t h e c a n i s t e r s ( a s s o c i a t e d 
u i t h c r a c k i n g o f t h e c o n c r e t e ) . 
E v e n t s i n t h e r o c k m a s s n e a r t h e 
c a n i s t e r a r e a s s o c i a t e d u i t h 
r e d i s t r i b u t i o n o f s t r e s s a s r o c k 
e x p a n d s d u r i n g t h e t h e r m a l p u l s e 
of t h e s p e n t f u e l t e s t . 

ick h a s a v e r a g e P - and 
t i e s o f 5 . 5 a n d 3 . 2 km/ 

i P o i s s o n ' s r a t i o o f 0 . 2 5 , 



TEST SITE 
(CONTRACTOR) TEST DESCRIPTION 

OPERATIONAL 
PERIOD TKST OB 1ECTIVF.S 

Cfimp-1 r e [ i c 1 d-i 
l a b o r a t o r y - m e a : e d r e t a r d a t i 

1982 f i e l d 

i» [i>p and e v a l u a t e e ' | u i p m e m 
e x p e r i m e n t a l t e c h n i q u e s t 

u s e d f o r i n s i t u t e s t s a t 
e n t i n I r e p o s i t o r y s i t e 3 . 

l e c c f i e l d t e s t d a t a on 

CRANITE: Heater Test I : IB kW c a p a c i t y 
C o r n w a l l , UK e l e c t r i c a l h e a t e r , 15 CM d i a m . 
(UXAEA and *i n l e n g t h , emplaced at 

Harwel 1) dep th o f 10 m i n 20 cm. d i a m . 
s u r f a c e b o r e h o l e ; 11 kW 
o p e r a t i n g p o w e r l e v e l • 

1 9 7 7 - 7 8 
( 1 2 0 d i y s 

E v a l u a t e i n f l u e n . 
i n d u c e d f r a c t u r i 
p«? r m e a b i I i t y and 

• ck mas 

H e a t e r T e a t 2: H e a t e r T e s t 1 
b o r e h o l e r e a m e d t o 30 cm d i a n 
and c a s r d w i t h 25 cm d i a m p i p e ; 
e l e c t r i c a l h e a t e r e m p l a c e d i n 
c a s e d b o r e h o l e ; i n i t i a l p o w e r 
l e u e l of 10 kW. r e d u c e d t o 3 kW 

t a i n 100°C b o r e h o l e w a l l t e m p ) , 
w i t h i n t e n t t o i n c r e a s e t o b kW 
and f i n a l l y 18 kW. 

H e a t e 6 kW e l e c -
i c a l h e a t e r e r a p l a c e d i n 30 . 
.in b o r e h o l e , w i t h 1 kW e l e c 
i c a l h e a t e r s i n 3 p e r i p h e r a 
r e h o l e s ; a l l b o r e h o l e s u e r e 
c l i n e d t o f l o o r of room s o . 

be u i t ' l a l e d p e r p e n d i c u l a r 

1 9 7 7 - 7 8 E v a l u a t e L h e n i w r o e c l i a n t c a I 
( 2 » of r ^ s p o n i e oF g r a n i t e f j r M H I . 

h e a t m g l rrtck t r-mpera t u r e o f llJij 'C n e , 
emp 1 at-.*d h e a t e r s . 

TEST KKSULTS/STATUS 

Ballou, 
Raaapott 

B o r e h o l e w a l l t emp r e a c h e d 300 C B o u r k e . < 
a f t e r 100 h r , f o l l o w e d by H i d d e n 1 9 7 8 
i n c r e a s e i n t e m p and h e a t e r 
f a i l u r e a t 120 h r ; b o r e h o l e d i a * 
i n c r e a s e d by 25X d u e to r o c k d e g r a d -

Teat in progress at time of public-

P e r i p h e r a l h e a t e r s snur. down C a r l a s t 
a f t e r 19 d a y s o f o p e r a t i o n b e - S t e p h a r 
c a u s e o f e x c e s s i v e w a u - r i n f l o w ; 1978 
o b t a i n e d m e a s u r e m e n t s of t e m p , 
s t r e s s c h a n g e s , and w a t e r 
i n f l o w >n r o c k m a s s and of 
s u r f a c e f r a c t u r e d i s p l a c e m e n t . 



Appendix A (cone.) 

TEST SITE 
(CONTRACTOR) 

GRANITE: 
S c r i p s M i n e , 
Sweden (KBS-
Hageonsu lc ) 

TEST DESCRIPTION 

I n S: 
Cent : 

i l i Tesi 
e n d r a w a l " b o r e h o l e 

su r rounded by 16 p e r i p h e r a 1 
" i n j e c t i o n " b o r e h o l e s ; c o n s t a i 
w a t e r p r e s s u r e t e s t ; rock hea l 
Co 35°C by c i r c u l a t i n g hoc wal 
i n b o r e h o l e s . 

OPERATIONAL 
PKMOI) 1ST OBJECTIVES TEST KESUl.TS/STATOS 

. r i b i c " p e r m e a b i l i t y o f 
:e dec reased by f a c t o r o f 

L i n d b l o a e t 
• 1 . , 1978 

JRANITE: F u l l - S c a l e Hea te r A r r a y T e a t : 
S t r i p a M i n e , E l e c t r i c a l h e a t e r , 30 c« d iam 
Sweden (LBL) -nd 2."> m l e n g t h , eraplaced i n UO 

cm d i a a o o r e h o l e o f 5.5 n d e p t h 
and s u r r o u n d e d by 8 p e r i p h e r a l 
h e a t e r s o f 1.1 kU c a p a c i t y i n 
b o r e h o l e s . U kU p o w * r l e v e l f o r 

t h e r m a l l o a d i n g o f 5 k U . 

F u l l - S c a l e Hea te r T e s c : 
E l e c t r i c a l h e a t e r , 30 era diaro 
and 2 .5 m l e n g t h , eraplac«d i n 
40 cm diara b o r e h o l e o f 5.5 m 
d e p t h ; 1.6 kW power l e v e l . 

T ime-Sca led Hea te r A r ray T e s t : 197H-79 
E i g h t e l e c t r i c a l h e a t e r s , t 
[ l .S in i n l e n g t h , emplaced : 
v e r t i c a l b o r e h o l e s o f 11 m 
and flitisated on 7 m by 3 m 
c e n t e r s ; i n i t i a l power o„C[ 
1.1 kU pe r h e a t e r , reduced 
Q.U kW o v e r p e r i o d o f 2 ye. 

S i m u l a t e 

h ^ h - l e v e 

H e a t i n g phase o f t e s t t e r m i n a t e d 
i n June 1979, bu t p receded by 
d e l i b e r a t e i n c r e a s e i n power 
l e v e l s o f p e r i p h e r a l h e a t e r s t o 
i nduce d e c r e p i t a t i o n o f b o r e h o l e 
w a l l r o c k ; d a t a and p o s t - t e s t 
a n a l y s e s and node I r e f i n e m e n t i n 
p r o g r e s s . 

H e a t i n g phase o f t e s t t e r a i n a c 
i n June 1979; d a t a and p o s t - t e 
a n a l y s e s and model r e f i n e m e n t 
p r o g r e s s . 

H e a t i n g phase o f t 
i n June 1979; d a t a 
a n a l y s e s i n p r o g r e 

at t e r m i n a t e d 
and p o s t - t e s t 

Cook and 
Hood, 1978; 
Witherspoon 
and Cook, 1979 



TEST SITE 
(CONTRACTOR) 

S t r i p . H i n e , 

TEST DESCRIPTION 

F r a c t u r e H y d r o l o g y and Ground 
w a t e r C h e m i s t r y T e s t a ; V e r t i c a l 
and i n c l i n e d b o r e h o l e s d r i l l e d 
f r o m s u r f a c e and f r o m 3)0 m and 
M O m l e v e l a o f m i n e ; b o r e h o l e s 
i n v i c i n i t i e s o f h e a t e r t e s t s . 

OPERATIONAL 
PERIOD ;T "RJKCTIVfcS 

a l p e r m e a h i l i t i< 
k raas3; d e t e r m u 

Sweden ( JTC/ 
SKBF-KBS — 
U n i v . L u l e a ) 

Bo reho le G e o p h y s i c a l Heaau re -
men ts : Use o f n e u t r o n , gamraa-
gamma, r e s i s t i v i t y , g a n w a - r a y , 
s o n i c , c a l l p e r , and tempera t u n 

V e n t i l a t e d Room T e s t : 10 m end 
s e c t i o n o f d r i f t s e a l e d w i t h 
b u l k h e a d ; w a t e r p r e s s u r e 
i n s t r u m e n t s i n s t a l l e d i n b o r e 
h o l e s a round p e r i p h e r y and a t 
end of d r i f t ; h u m i d i t y ot i n l e 
and r e t u 

Oef I. f r , 

i l a 
m o n i t o r e d , w i t h p r o v i s i o n s f o r 
h e a t i n g i n l e t a i r . 

B u f f e r Mass T e s t ; Placement o f 
101 b e n t o n i t e / 9 0 1 sand M i x t u r e i n 
12 m segment o f v e n t i l a t i o n room, 
w i t h two 600 W e l e c t r i c a l h e a t e r s 
emp'-aced i n b o r e h o l e s i n f l o o r ; 
600 U e l e c t r i c a l h e a t e r s emplaced 
i n b o r e h o l e s i i f l o o r o f open 
d r i f t ; a l t b o r e h o l e h e a t e r s b a c k 
f i l l e d w i t h b e n t o n i t e . 

l o c a t e permeab le zones ; d e l e 
chemica1 and p h y s i c a l inhomoi 
n e i t i e s ; q u a l i t a t i v e l y assus 
w a u r c o n t e n t and p o r o s i t y . 

•undw. i n f l , 

a h i l i t y , i n , 
l o w - l e v e l e 
o f v *n t i h i 

o f 

d r i f 

a t 20°C a f t e r 
ig d u r i n g phases a t 10 1 

E v a l u a t e t h e r m a l , m e c h a n i c a l , . 
h y d r o l o g t c a l responses o f sudLI 
ben t u n i t e and sod ium b e n t o n i t e 

TEST RESULTS/STATUS 

Testing completed at end of 
FY 1980; data analysis in 
progress. 

Testing completed at end of 
FY 19B0; data analysis in 
progress. 

Testing completed at end of 
FY 19R0; data analysis 

1 . 1 x 1 0 - 1 0 a t 20°C 
9 . 4 x 1 0 " " a t 30°C 
1 .0 x 1 0 - 1 0 a t M ° C 

n a l t e s t d e s i g n i n |> 
s t in> . a l l a t i o n i n i t 

O c t o b t r 1 9 8 0 . 

o g r e 
a t e d 

Test being conducted in v e n t i l 
at ion o r i f t ; revised general test 



TEST SITE 
(CONTRACTOR) TEST DESCRIPTION TEST OB.IKCTIVES TEST RESULTS/STATUS 

l e v e l o p methods f o r h y d r o g i M i l o g i i 
j l id h y d r o g e o c h e m i c a l i n v e s t i j i a t i( 
i n n e a r l y h o r i z o n t a l and v e r i i c a 
s u b s u r f a c e b o r e h o l e s 

it- 1000-ra v e r t i c a l b o r e h o l e and 
to 300-m h o r i z o n t a l b o r e h o l e s 
i be d r i l l e d on 36C a l e v e l . 

for borehole: 
ana equ ipment deve lop iaenl 

CRArtlTE: 
S t r i p a M i n e , 
Roya l I n s t i t u t e 
o f T e c h n o l o g y , 
Sweden 

9 meter h o l e d r i l l e d t o f r a c t u r e , 
f r a c t u r e a t 8 .5 m. Cores b e i n g 
s t u d i e d . 
Groundwater b e i n g c o l l e c t e d 
unde r a n o x i c c o n d i t i o n s by p u r g i n g 
equ ipment w i t h n i t r o g e n . 
Lab t e s t s t o measure s t a b i l i t y and 
sorpt ion ot t r a c e r * on g r a n i t e and 
m a t e r i a l s used i n e q u i p m e n t . 

O v e r c o r i n g a t f o u r d e p t h s 
200 , 300. and 380 ™. 19 : 
measurements made: 
oH Man " 25 .3 MPa, 
OH Min - 1 1 . 7 MPa, 
UV - 12.0 HPa. 
17 h y d r a u l i c f r a c t u r e s gui 
OH Max - 2 2 .3 HPa, 
i)H Mm - 1 1.2 MPa, 
OV - B . l HPa. 

100, 
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TEST SITE. 
(CONTRACTOR) TEST DESCRIPTION 

GRANITIC C r y s t a l l i n e Ruck H i n i t i j 
GNEISS: CSM Techno logy Deve lopment . 

S p r i n g 
(ONWI-

GRANITIC. J o i n t e d B l o c k T e a t : Cubic b l o c l 
GNEISS: CSM 

E x p e r i m e n t a l 
a p p r o * 2 na ot. each s i d e , 
e x c a v a t e d on v e r t i c a l s i d e s by 

H i n e . I daho l i n e d r i l l i n g ; l o c d e d b i a x i a l l y 
S p r i n g s . CO w i t h f l a t j a c k s and e l e c t r i c a l 
(ONWI — h e a t e r s emplaceri i n row o f 
T e r r a Tek ) b o r e h o l e s . 

TEST OBJECTIVES 

eye le on H-10 bor t 
and the a d j a c e n t g' 

1979- Des ign and m o n i t o r b l a i 
1981 f n r room e x c a v a t i o n t o 

damage i n s u r r o u n d i n g i 
e v a l u a t e rock mass beh. 
d u r i n g encavat i on procf 
i n c l u d i n g b l a s t zone d , 

De te rm ine 
«)1, and h y d r o l o g i c 

ler c o n t r o l l e d cond 
9 and t e m p e r a t u r e . 
on n f f [ a t j ack s l o 
,ed b l o c k o f r o c k . 

TEST HESULTS/STATUS 

Degree o f damage t o w a l l * o f H-9 
and H-10 h e a t e r h o l e * ua f documented 
by st e r e o p h o t o g r a p t i i c su rvey a. 
Bo reho les were d r i l l e d t n r o u g h H-10 
h o l e , c o r e d , p h o t o g r a p h e d , TV l o g g e d . 
Core aen t t o B e r k e l e y f o r s t u d y . 

3-D g e o l o g i c K o d e l . 

h i g h , and 30 « Room 5 m w i d e , 
l o n g c o m p l e t e d . 
Ho les d r i l l e d and c o r e d t o d e t e r m i n e 
deg ree o f damage due t o e x c a v a t i o n . 

F l a t j a c k g r o u t e d i n p l a c e . 

I n s t r u m e n t s a c q u i r e d and c a l i b r a t e d 
t o aeaaure s t r e s s , s t r a i n . 
d i s p l a c e m e n t , t e m p e r a t u r e . and 
v e l o c i t y w i t h i n t h e rock n a s i . 
M a n u f a c t u r i n g and t e s t i n * o f 
f l a t j a c k s , p r e s f l u r e / p e r n ^ a b i l i t y 
and u l t r a s o n i c equ ipment c o m p l e t e d . 

REFERENCE 
Wol lenberg, 
1980 

H u s t r u l i d , 
1979; 
H u a c r u l i d , 
1980; 
H u s t r u l i d • 
• 1 . , 1 9 8 0 

a l . 1979; 
V o e g e l e , 1980 

SHALE: 
Co:iasa l ug* 
Format : i o n , 
Oak Ri • dge , 
TN I Si i n d i a 

I d e n t i f y phen.impnn 1 ug tea I aspeci 
o t t h e r m a l , m e c h a n i c a l , and 
h y d r o l o g i c a l response a o f sha l l -
t o h e a t i n g ; deve lopment o f d a t a 
b ^ e f o r d e s i g n of f u i . i r r v a i . l t 

• i n a l am • l y s i s of t e s t and KruMhai 
i o s t - t e a i . da ta i n p r o g r e s s . 1979, 
;ood agr< :ement between t h e r m a l T y l e r , 
• o d e l i n g r e s u l t s and t e m p e r a t u r e 1979a 

http://vai.lt
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TEST SITE 
1 CONTRACTOR) 

OPERATIONAL 
TEST DESCRIPTION TEST OBJECTIVES TEST KESULTS/STATUS 

Format ion, 
NTS, Nevada 
( S a n d i a ) 

r f a i : Heal 
e l e c t r i c a l h e a t e r , 30 cm d i a r a 
a n d 3 m l e n g t h , e m p l a c e d i n 
s u r f a c e b o r e h o l e w i t h d e p t h of 
2 4 . 4 m; 2 . 5 kw p a v e r l e v e l f o r 
21 d a y s , f o l l o w e d by 3 . 8 kW 
u n t i l t e r m i n a t i o n o f h e a t i n g 
p h a s e . 

H 7 8 - 7 9 O b t a i n piinnoroi'iio t o x i c a I 
(2*;it d a y s p r e l i m i n a r y e v a l u a t i o n i 
o f h e a l i n g ) s t o r a g e p o t e n t i a l of a r ; 

r o c k s ; a s s e s s p r e d i c t i v e 
c a p j h i 1 Lt it»a of t l iermom. 

and r e l i a b i l i t y o t l a b o i 

e x p e r i m e n t a l t e c h n i q - i e s . 

T h e r m a l and m e c h a n i c a l r e s p o n s i 
of a r g i l l i t e d o m i n a t e d by 
e f f e c t s of c l a y c o n c e n t r a t i o n 
n e a r b o i l i n g p o i n t o f w a t e r ; 
t h e r m a l and t h e r a o n e c h a n i c a l 
m o d e l i n g r e s u l t ! a g r e e f a i r l y 
u e l 1 w i t h measurements and 
p o s t - t e a ' o b s e r v a t i o n s ; no 
" f a i l u r e " n e c h a n i s a i d e n t i f i e d 
t o d i s q u a l i f y a r g i l l a c e o u s 
r o c k t f rom f u r t h e r c o n a i d e r a t i 
a s e m p l a c e m e n t u e d i a f o r n u c l e 

HcVey e t 
• 1 . , 1 9 7 9 ; 
T y l e r , 
1 9 7 9 a 

TUFF: J a t e r M i g r a t i o n / H e a t e r T e s 
u - T o n n e l . 
NTS, Nevada 
( S a n d i a ) 

S i n g l e 1.9 kW e l e c t r i c a l h. 
e r a p l a c e d i n b o r e h o l e i n c l i 
13 u p w a r d t ru ra h o r i z o n t a l 

e l d e d l u f f u n d e r 

. d e l and in t 

S a m p l e s s u b j e c t e d t o h i g h e s t 
t e n p e r a t u r e a d i d n o t d i s p e r s e , h a d 
n i n o r t / . i anges i n x - r a y p e a k s of 
c h l o r i t e , and l o s t i o a r a r g o n f rom 
t h p f i n e f r a c t i - ) n . 
He t i n g c a u s e d a d e c r e a s e 
6 l d 0 , i n d i c a t i n g 

i a n B e : r e d . 
a l o g i 

-ock d u e t o p r o c e 
s i i ap l e b o i I i n g . 

Tyler, 
1979b; 
Johnsco 
1980 
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TEST SITE OPERATIONAL ~ ~~ 
{CONTRACTOBJ TEST DESCRIPTION PERIOD TEST OL-JECTIVKS TEST RESULTS/STATUS REFERENCE 

T U F K : Field experiment program !980 Nuclide rr-igration in nonwelded t u f f . L incoln, 1980 
G u n n e l , KTS, in t u f f . C-tunnel. 
Rainier Mesa 1̂ 82 Rock mechanics detr iments in 

w e l d e d t . . f f . 

19Bf Extensive geological c l ia rac le r i ia l ion 
of welded t . i f f in C-Tunne 1. 

198] Preliminary rock mass property 

modulus of deformation, 
pe rmeab11 i t y. 

1980 general ized geologic nap Byers and 
completed for Yucca H-untian. area. Dixon, I98Q 

On the basis of available data, Lincoln, 1980 
moderately to f u l l y welded Cuff is 
a potent ia l medium for a repository 
for heat-generating wastes. 
At a de,th of U2"> m, above the watt-r 
table, but rock 951 saturated, 2 « 
pore water by volume. 

GRANITE: Underground research laboratory 1980-20(10 1) "Correlnt ion ,.f surface features I) D r i l l i n g from surface in Boulton, 1980 
Lac du Bonnet of several small rooms, deprh nhserved by geologist, geophysical prngres.. 
bathol i tr i of 300 m, access by ratrp or and d r i l l i n g methods with the nature ?) Modeling of surface hydrology 
(massive plu- shaft. "First test f a c i l i t y of the rock mass at depth." in progress. 
ten), Canada in the uorid which k i l l be bu i l t 2) "Hydrogeology in a Ur*<.- intact 
IAECI.1 be lw the u a [ e r table and in an rock volume by r . ireful monitoring of 

undisturbed r<- -k formation." wai.-r i H|mi /ouput , vent i la t ion arid 
water table changes during f a c i l i t y 
construction and, in i lie Ion* term, 
during operat ion." 
1) "The therinom.-ch.inii.il hfli.iv iof or 
the r.ifk m.iss due to m-si t , . stresses 
an.I he effect of heat gen.-rated by 

such as b a c k f i l l , sealing and grouting 
materials under rea l i s t i c condi t ions." 

http://therinom.-ch.inii.il
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APPENDIX B. PRELIMINARY MODELING FOR CONCEPTUAL DESIGN 

OF THE HYDRO/THERMOMECHANICAL EXPERIMENT 

T. Chan and D. E. Wedge 

B. l KEATING PHASE 

B . l . l . I n t r o d u c t i o n 

P r e l i m i n a r y the rmal and therraomechanical c a l c u l a t i o n s have been u n d e r 

t aken for t h e h y d r o / t h e n n o m e c h a n i c a l expe r imen t ( F i g u r e 1 ) . The purpose of 

t h e s e c a l c u l a t i o n s i s t o p r o v i d e app rox ima te numer ica l e s t i m a t e s of the powe: 

r e q u i r e m e n t and d i s t r i b u t i o n of rock t e m p e r a t u r e , d e f o r m a t i o n , and s t r ^ s as 

a f u n c t i o n of t ime t o gu ide t h e c o n c e p t u a l d e s i g n of the e x p e r i m e n t . Spec i -

f i c a l l y , t h e f o l l o w i n g q u e s t i o n s a r e a d d r e s s e d : 

1. I s t h e r e a s o n a b l e power i n p u t of 2 kW per meter of chamber 

a d e q u a t e ? 

2 . What volume of rock w i l l be h e a t e d ? 

3 . I s t h e proposed t ime s c h e d u l e for the f i e l d expe r imen t adequa t e? 

4 . What a r e t h e o p t i m a l l o c a t i o n s for (a ) t h e r m o c o u p l e s , (b) e x t e n s o -

m e t e r s , and ( c ) s t r e s s m e t e r s ? 

5 • What a r e t h e e f f e c t s of d i f f e r e n t rock p r o p e r t i e s ? 

S ince t h i s r e p r e s e n t s on ly t h e i n i t i a l phase of m o d e l i n ^ , a s imple 

l i n e a r h e ^ t conduc t i o n / c h e r m o e l a s t i c model has been employed. Typica l 

g r a n i t e p r o p e r t i e s were u s e d . The r e s u l t s can be e a s i l y s c a l e d for d i f 

f e r e n t rock p r o p e r t i e s . 
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B.1.2 Numerical Models and Results 

A. Finite-Element Meshes. The finite-element meshes used for the two 

cases studied are illustrated in Figure B.l. The models are made to re,.e-

sent an infinitely long cylindrical test chamber excavated through rock, 1 m 

in diameter in the first case and 2 m in diameter in the second -ase. The 

coordinate system is axisymmetric about the z. axis, which extends along the 

center line of the test cK-iber. Both meshes are composed of two-dimensional 

rectangular elements, each with & nodes. All the elements in both models 

extend from 0 to 1 ra in the z (axial) direction, and they vary in length 

along the y (radial) direction, with shorter elements near the z axis and 

longer ones at greater distances. 

The first several elements in each case are inside the ch amber, wh ich 

is filled with water. In the first case, the modfcl extends to hi. > m from 

the z axis and is composed of 65 elements and 132 nodes. The first 5 

elements make up the first 0.5 m and are inside the chamber. The second 

model extends to 129 m from the chamber center line and contains 100 elements 

and 202 nodes, with the first 10 element s contained within the first meter 

inside the chamber. 

For brevity, only the results of the 2 m d iameter model are presented. 

B. Thermal Models. A finite-element thermal conduction program ADINAT 

has been used to calculate the nndal temperatures for time periods up tn 4000 

days from the first application of heat. Heat is applied through the water 

and is all owed to conduct into the rock as time passes. Al1 boundaries of 

the models are considered to be insulated , though the heat conducted by water 

is considered to cross the boundaries. 
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The thermal conductivity of the rock is taken to be 2.51 W/m K, or the 

average value for granite as quoted by Carslaw and Jaeger (1959). That of 

the water is taken as 100 times the nonconvective conductivity of water, or 

60.2 W/m K. In a very rough manner, this allows for convection within the 

water. Thus a relatively constant temperature distribution is maintained 

through the water, which is 24 times more conductive than the rock. The 

specific heats of the water and the rock are given as 4.187 x 10 J/m K 

and 2.285 x 10 J/m K, respectively. The thermal and thermomechanical 

properties used are summarized in Table B.l. 

In both cases, the initial temperature is set at 10 C for the entire 

system. For an initial period in each case, heat is applied to the water at 

a constant rate of 1 kW per meter of length along the chamber for the 1 m 

diameter chamber and 2 kW per meter of length for the 2 m diameter chamber. 

This initial period lasts until the water temperature at the wall reaches 

100 C, which is 22 days in the first case, and 19 days in the second. 

During this initial period, the time step is set at 0.1 day. After the 

initial heating period the temperature of the water is held constant at 

100 C and the rock is allowed to continue heating by conduction. The time 

steps used are 1 day for the period from th^ beginning of constant water 

temperature to 100 days, 10 days for the period 100 to 1000 days, and 100 

days for times beyond 1000 days. The power consumed during this period is 

computed from the temperature gradient across the first rock element, using 

the heat conductivity of the rock and the cylindrical area through the center 

of that element. The heat used in raising the temperature of that element 

is considered to be negligible, since it is of small volume and the ov^.alL 

temperature does not change considerably during this period. The power 

consumption is plotted as a function of time for the 2 m models in 



Table B . l . Material proper t ies used in ADINAT and ADINA. 

Thermal Specific Thermal Young's Poisson* 
Conductivity Heat Exp. Coeff. Modulus Ratio 

(W/m K) (J/m 3 K) (K" 1) (MPa) 

Rock 2.51 2.285 X 10 6 I X 10" 5 5.0 X 10 4 0.25 

b b 
4.187 X 10 6 I X 10"~9 1.0 X 10~ 3 0.25 

aTherma1 conductivi ty of water i s mult ipl ied by a factor of 100 to approximately simulate convection. 

°Very srrml i values of thermal expansion coeff ic ients and Young's modulus were used for water to "remove" 
the elements representing water from the thermomechanical ca lcu la t ion . 
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Figu re B . 2 . The r e s u l t i n g t e m p e r a t u r e d i s t r i b u t i o n s a r c p l o t t e d for v a r i o u s 

t imes i n F i g u r e s B.3 and B . ^ . 

In F i g u r e s B«5 and B.6 a r e p l o t t e d the r a d i i ( r ) t o whirh t h e rock i s 

h e a t e d t o 50 C and t o 12 C (2 C t e m p e r a t u r e r i s e ) , r e s p e c t i v e l y , a s a func

t i o n of t i m e . Also computed from t h e r a d i i a r e t h e approxim '.e volu -s of 

rock h e a t e d t o t h e s e t e m p e r a t u r e s . The shape of t h e h e a t e d v o h . ;e Cv; i s 

assumed t o be a c y l i n d e r 30 ra in l e n g t h wi th a h e m i s p h e r i c a l end caj. , ;• l l 

with t h e above r a d i i , minus the volume o ± t he chamber: 

2 2 3 2 
V = Trr L + — 7:r - Tia L, 

where L = 30 m and a = 0 .5 m or 1 .0 m a r e the l e n g u i and r a d i u • ". 

chamber , r e s p e c t i v e l y . The r e s u l t i n g volumes a n p •. >• ' >s 

t i m e , a g a i n fo r 50 C and 12 C, in f i g u r e s B.7 and 3 . 8 . 

C. Thermomechanical Model s . In o r d e r t o compu •. the th< 11 y inuuce- : 

d i s p l a c e m e n t s and s t r e s s e s , t h e nodal ' empera tu re . -u tpu t s from A[V"V lo

used in a s i s t e r program, ADINA, which , among o t h e r o p t i . i s , ten: 

t h e r m o e l a s t i c m a t e r i a l model . The same f i n i t e - e l e m e n t mesh us^H A.: AT' 

i s used w i th ADINA, bu t w i th the a d d i t i o n of t h e r m o e l a s t ic p r . , . e r t : ^ s cid 

boundary c - i i d i t ions and a number of p a r a m e t e r s t o c o n t r o l the MM rj.cn ,. -,.ii. 

For t h i s problem we u s e a l i n e a r s t a t i c a n a l y s i s foi. .ch of chosen t inv-.-

s t e p s , u s i n g the p r e c a l c u l a t e d nodal t e m p e r a t u r e s for r hos< ..:•>' •-•..<••-- . V.\<-

c o e f f i c i e n t of thermal e x p a n s i o n for t h e rock i ; ^ si '• -.:ed . . ^ - r . i r u i 

1 x 10 /K, and Young's modulus ip g iven a:; ~i; -;Pa-

t y p i c a l for gran i t e ( e . g . , CI a _ '• 19^6 ) . T'; i r r •. . .1 • : <)•.••. .; 

water were g iven v»>ry -ninal : v a l u e s . 

http://rj.cn
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The initial stresses are set to 0, since the calculated thermal 

stresses for the linear case can be added directly to the in situ or pre

existing stress at the site. The reference temperature is set at 10 C, 

the same as the initial temperature with 0 thermal stress. In each model, 

the first two nodes (those along the z axis) and the last two (outermost) 

nodes are completely fixed. The remaining nodes are allowed to displace 

only along the y (radial) axis. The resulting thermally induced displace

ments are plotted in Figures B.9 and B.10 for the 2 m chamber. The calcu

lated stresses are plotted at the Gaussian integration points within the 

elements for all three coordinate directions. These values correspond to 

the principal ctresses, as the shear stresses along these directions remain 

at extremely small values. The calculated thermally induced stresses are 

plotted versus radius in Figures B.ll to B.i3. 

B. 1.3. Confirmation of results by separate calculation 

In order to confirm the temperature, displacement, and stress results 

obtained from ADINAT and ADINA, analytical and numerical calculations have 

been performed for comparison. 

A. Temperatu ,e results. For several time steps in both models, 

during the constant heat input period, the total heat input was verified 

from the temperature output results oy numerically integrating the tempera

ture IT ase over all the elements, multiplied by the specific heat of trie 

material In every case, the total heat input was confirmed to within 0.3/=. 

The heat i ,ipj c was also back-calculated during this early period from :he 
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The initial stresses are set to 0, since the calculated thermal 

stresses for the linear case can be added directly to the in situ or pre

existing stress at the site. The reference temperature is set at 10 C, 

the same as the initial temperature with 0 thermal stress. In each model, 

the first two nodes (those along the z axis) and the last two (outermost) 

nodes are completely fixed. The remaining nodes are allowed Co displac 

only along the y (radial) axis. The resulting thermally induced displace 

mencs are plotted in Figures B.9 and B.10 for the 2 m chamber. The calcu

lated stresses are plotted at the Gaussian integration points within Che 

elements for ail three coordinate directions. These values correspond to 

Che principal stresses, as the shear stresses along these directions remain 

at extremely small values. The calculated thermally induced stresses are 

plotted versus radius in Figures B.ll to B.13. 

B,1.3. Confirmation of results by separate calculation 

In order to confirm the temperature, displacement, and stress results 

obcained from ADINAT and ADINA, analyCical and numerical calculations have 

been performed for comparison. 

A. Temperature results. For several time steps in both models, 

during rhe constant heat input period, the total heat input was verified 

from the temperature output results by numerically integrating the tempera

ture increase over all the elements, mulciplied by the specific heat of Che 

material. In every case, Che cotal heat input was confirmed to within 0.5%. 

The heal; input was also back-calculated during this early period from the 
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Figure B.ll Radial stress component as a function of radius for various 
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temperature difference across the first rock element. This also confirmed 

the heat input rate to within 0.5X, giving confidence in the heat input 

rates back-calculated at a later stage of the experiment, since they were 

computed using the same technique. 

B. Displacement and stress results. The displacements and stresses 

were calculated for several points at two different time steps for each model 

using expressions given by Chan and Cook (1979) for an infinitely long hollow 

cylinder subjected to a radial temperature distribution. This analytical 

model differs from the ADINA model in that the ADINA model has a fixed 

boundary condition at the distal end of the cylinder, whereas the analytical 

model assumes a free boundary at infinity. The two models shouH be in good 

agreement, as long as the temperature field is relatively close to the cham

ber compared to the boundary of the ADINA model. 

Table B.2 shows values calculated analytically along with the correspond

ing numerically computed values (in parentheses) for displacements (u ) and 

stresses (o , a , o being radial, circumferential, and axial components, r* 0 z r 

respectively) as functions of radius from the chamfer center line for the 1 m 

and 2 m chamber models. Both the analytical and [umerical approaches use the 

radial temperature distribution calculated by ADINAT for 100 days after the 

beginning of heating. The numerical stress values shown for the nodal points 

were obtained from the ADINA output for the integration points by averaging 

the values for the two integration points adjacent to the given node. As 

shown in the tables, the results agree reasonably well, given the coarseness 

of the finite-element models and the difference in assumptions between the 

analytical and numerical models. The displacement values typically differ 

by j% and never more than 10% for the 1 m chamber, and never more than 



T a b l e B . 2 . Comparison of s t r e s s and d i s p l a c e m e n t v a l u e s a f t e r 100 days of 
h e a t i n g a s c a l c u l a t e d a n a l y t i c a l l y and from ADINA ( i n p a r e n t h e s i s ) . 

1 m Chamber 

r (m) . . I—1 r v ' ar (MPa) 0 6 (MPa) O z (MPa) 

C.6 0 .132 ( 0 . 1 3 2 ) 8 .81 ( 8 . 0 8 ) 4 6 . 6 7 ( 5 8 . 9 ) 55 .48 ( 6 1 . 1 ) 
1.0 0 .465 ( 0 . 4 6 ) 1 8 . 5 9 ( 1 8 . 6 ) 2 4 . 2 3 ( 2 4 . 3 ) 42 .81 ( 4 2 . 8 ) 
2 . 1 0 .735 ( 0 . 8 6 ) 1 3 . 9 9 ( 1 6 . 5 ) 10 .70 ( 8 . 4 ) 24 .69 ( 2 4 . 7 ) 
3.1 0 .909 ( 0 . 9 9 ) 1 1 . 7 3 ( 1 2 . 9 ) 4 . 0 4 ( 3 . 3 7 15.77 ( 1 5 . 8 ) 
3 .9 0 .960 ( 1 . 0 2 ) 9 .84 ( 1 0 . 6 ) 1.17 ( 0 . 6 5 ) 11 .02 ( 1 1 . 0 ) 
5.1 0 .956 ( 1 . 0 0 ) 7 .50 ( 8 . 0 ) - 1 . 2 0 ( - 1 . 4 4 ) 6 .29 ( 6 . 4 ) 
6.3 0 .902 ( 0 . 9 3 ) 5 .73 ( S . l ) - 2 . 2 8 ( - 2 . 4 ) 3 .45 ( 3 . 5 ) 
7.5 0 .827 ( 0 . 8 5 ) 4 . 4 1 ( 4 . 7 ) - 2 . 6 2 ( - 2 . 6 ) 1.79 ( 1 . 8 ) 
9.9 0 .671 ( 0 . 6 9 ) 2 . 7 3 ( 2 . 9 ) - 2 . 3 2 ( - 2 . 3 ) 0.42 ( 0 . 5 ) 

00 

2 m Chamber 

r (m) u r (mm) o r (MPa) a e (MPa) O z (MPa) 

1.05 0 .072 ( 0 . 0 7 1 ) 2 .75 ( 2 . 6 7 ) 55 .64 ( 5 5 . 7 1 ) 58 .39 ( 5 8 . 3 8 ) 
1.55 0 .636 ( 0 . 5 8 4 ) 16 .41 ( 1 5 . 1 0 ) 29 .12 ( 3 0 . 4 8 ) 4 5 . 5 3 ( 4 5 . 5 5 ) 
2 . i 0 .948 ( 0 . 9 0 9 ) 18 .06 ( 1 7 . 3 5 ) 17 .54 ( 1 8 . 3 1 ) 35 .60 ( 3 5 . 6 2 ) 
3.2 1.259 ( 1 . 2 3 3 ) 1 5 . 7 4 ( 1 5 . 4 5 ) 6 .60 ( 6 . 9 8 ) 22 .35 ( 2 2 . 3 7 ) 
4 . 2 1.357 ( 1 . 3 3 5 ) 12 .92 ( 1 2 . 7 6 ) 1.66 ( 1 . 8 9 ) 14 .58 ( 1 4 . 6 1 ) 
5.4 1.354 ( 1 . 3 3 6 ) 1 0 . 0 3 ( 9 . 9 3 ) - 1 . 5 4 ( - 1 . 3 5 ) 3 .5P ( 8 . 5 4 ) 
7.4 1.218 ( 1 . 2 0 2 ) 6 .58 ( 6 . 5 6 ) - 3 . 4 6 ( - 3 . 3 4 ) 3.12 ( 3 . 1 5 ) 
9 .8 1.007 ( 0 . 9 9 3 ) 4 . 1 1 (4 61) - 3 . 3 4 ( - 3 . 2 4 ) 0 .77 ( 0 . 8 0 ) 
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BX for the 2 m chamber. The stress values for the radial and circumferential 

directions differ by as much as 20%, but are typically within 101. The axial 

stress values are withir 2% in most cases, and typically differ by 0.1%. 

B.1.4. Discussion 

This section addresses the questions posed in the introduction. 

1. Is the reasonable power input of 2 kW per meter of chamber adequate? 

The maximum power used, 2 kW per meter of chamber length, is well within the 

range of available eouipment. This power level is sufficient to raise the 

chamber water temperature by 90 C within 19 days of heater turn-on, and is 

more than adequate for a timely response during the heating phase of this 

experiment. 

2. What volume of rock will be heated? Figures B.7 and B.8 show the 

volume of rock heated to 50 C and to 2 C above the initial temperature, 

respectively, for both the 1 and 2 m chambers. On the basis of a 500 day 

time scale for the experiment, the volumes of rock heated to 50 C would be 
3 3 

approximately 850 m and 1670 m for the 1 and 2 m cases, respectively. 
The corresponding volumes heated by 2 C in the same time scale are 36,500 m 

3 and 43,500 m , respectively. These results are summarized in Table B.3, along 

with comparable volumes computed for the Stripa full-scale heater experiment. 

Also shown in parenthesis are the factors by which the heated volumes exceed 

the comparable volumes heated in the Stripa experiment. These greater 

volumes heated are especially significant in view of Lhe scale dependence 

observed for rock properties by Witherspoon et al. (1979) and Heuze (1980). 

3. Is the proposed time schedule for the field experiment adequate? 

Limiting the maximum radius at which stress and displacement measurements 

will be made to about 10 m, a duration of 500 days appears reasonable for the 
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Table B.3. Volume of rock heated by 2°C and to 50°C, Stripa full-scale 
heater experiment and hydro/thermomechanical experiment. 

Volume (m ) 
2 C temp rise 50 C isotherm 

Stripa Full-Scale Heater Experiment 

(365 days) 3 4200 b 33 b 

Hydro/Thermomechanical Experiment 

(500 days) 

1 m chamber 36,500 850 

2 m chamber 43,500 1670 

Time after start of heating. 

Computed from results of T. Chan et al. (1978). 



101 

experiment. At that time, the peak of the displacement curve i? approaching 

the 10 m limit for both the 1 and 2 m cases, as can be seen in Figure B.9. 

Also at that time, the stress field has reached a significant value of about 

7 to 10 MPa, in the radial and axial directions, at the 10 m radius (Figures 

B.ll and B.12), and the circumferential stress has returned to 0 after having 

been negative since the beginning of heating, as shown in Figure B.14. The 

slopes of these curves have reached nearly constant values by 500 days. Also 

by this time, the slopes of the 50 C volume curves (Figure B.7) are becom

ing nearly constant:. 

4. What are the optimal locations for (a) thermocouples, (b) extenso-

meters, and (c) stress meters? 

(a) Thermocouples. In distributing thermocouples over the radial 

distance, it would be desirable to compress the distribution toward the 

chamber, since first and second derivatives of temperature over radius are 

greatest near the chamber. It would be useful during the initial heating 

phase to install several thermocouples within the first 0.5 m of rock to 

observe the relatively local heating during this early period. The thermo

couples at 10 m radius would respond at about 100 days and would indicate 

temperatures around 20 C at 500 days. One or two thermocouples could be 

placed at radii of 15 to 20 m to verify the predicted temperatures over a 

large distance from the heat source. 

(b) Extensotneters. Assuming that extensometers are to be placed in 

holes radiating from the test chamber and that there are no unsolvable 

problems with operating the extensometers in the hot water environment, it 

would be reasonable to measure displacements relative to the inside wall of 

the chamber. An anchor point placed at 0.5 m into the rock would show a 

major response in the first 20 to 50 lays of the experiment and should 
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stabilize after that. This would give a good idea of the initial slope of 

the displacement curve at later times. Assuming that each extensometer 

would have 4 anchor points, as did those used previously, additional points 

would be well located at 3, 5, and 10 m radii. From these data, displace

ment curves could be reasonably approximated for any point in time. From 

previous experience, it is expected that because of che elongated shape of 

the heat source and hente of the isotherms, rock displacements parallel to 

the axis of the test chamber would be significantly greater than radial dis

placements calculated here. It is therefore important to place extensometers 

in the axial direction as planned. 

(c) Stress meters. From the USBM or IRAD gauges, the state of stress 

perpendicular to the borehole is obtained—i.e., axial and circumferential 

stress data from a radial boreholt. For locating thase devices in radial 

boreholes, consideration is given to the direction of the stress components. 

It is desirable to have data points concentrated at smaller radii and as 

close to the wall of the chamber as possible. Again, 3, 5, and 10 ra would 

appear as reasonable radii for placement of additional IRAD and USBH gauges 

in radial boreholes. For measurement of radial stress, gauges must be placed 

in axial boreholes, and measurements taken at about the same radii would be 

useful. 

5. What are the effects uf different rock properties? Results of the 

thermoelasticity calculations given here are based on material properties 

which are typical for crystalline rocks. A rough comparison between these 

properties and those for Columbia Plateau Basalt and welded cuff from the 

Nevada Test Site is presented in Table B.4. Because of e lower thermal 

conductivity and higher specific heat of basalt as compared with the proper

ties employed for the thermoelasticity calculations, the temperature at a 



Tabla B.4. Typical rock properties. 

Rock Type 

G r a n i t e B a s a l t Tuff (welded) 
P r o p e r t y ( g e n e r i c ) (Columbia R i v e r ) (Nevada Te»t S i t e ) 

Thermal C o n d u c t i v i t y 2 . 5 1.5 1.6 
(W/m K) 

S p e c i f i c Heat 880 U 7 0 850 
( J / k g K) 

Thermal Exp. Coef f . 1 0 . 0 X 1 0 " 6 5.4 X 1 0 " 6 7 .0 X 1 0 ~ 6 

( I T 1 ) 

Young's Modulus 5 .0 X 1 0 4 7 .0 X 1 0 4 3.7 X 1 0 4 

(MPa) 

P o i s s o n ' s R a t i o 0 .25 0 .26 0 .19 

D e n s i t y 2600 2870 2200 
( k g / m 3 ) 

P r o p e r t i e s used for c a l c u l a t i o n s g i v e n in Tab le B . l . 



105 

specif ic point and time within the rock surrounding the tes t chamber wil l be 

l e s s than that indicated by the results given in Figures B.3 and B.4. As a 

result the thermal stresses wil l a lso be l e s s . This reduction in thermal 

stress i s further enhanced by a lower thermal coeff ic ient of expansion, 

although part ial ly offset by a higher Young's modulus (thermal s t r e s s i s 

approximately proportional to the product of change in temperature, thermal 

coeff icient of expansion, and Young's modulus, ignoring the minor effect of 

Poisson 's r a t i o ) . 

In general , the proper t ies of tuff, as they d i f fe r from g ran i t e , wil l 

a lso r e su l t in bas ica l ly the same trends for the thermoelastic response as 

described for the b a s a l t . Because the specif ic heat of tuff is nearly the 

same as that for grani te and the thermal conductivity i s not nearly as low 

as that for b a s a l t , the temperature a t a specif ic point and time wil l not be 

reduced to the extent as that described for the ba sa l t . The lower value of 

Young's modulus for tuff, however, will further enhance the reduction in 

thermal s t r e s s . 

On account of the in te rac t ion of the various physical proper t ies and 

t rans ien t response, i t i s simpler to reca lcu la te the temperature, s t r e s s , 

and displacement f ie lds for s i t e - s p e c i f i c material proper t ies af ter they 

become ava i l ab l e , ra ther than attempt to scale the r e s u l t s presented he re . 

B. 1. 5. Summary, Conclusion, and Recommendations 

Preliminary thermal and thermomechanical ca lcu la t ions have been carr ied 

out using l-D axisymraetric f ini te-element models for a i m diameter hot 

water t e s t chamber and a 2 ra diameter t e s t chamber in a typical g ran i t i c 

rock. I t was found that for the 2 m t e s t chamber, which is the more l i ke ly 

size for operational convenience, a modest thermal power input of 2 kW per 
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meter of chamber length suffices to heat the water from 10°C to 100°C in 

approximately 20 days. Thereafter, the thermal power would have to be 

reduced to maintain a 100 C water temperature. At the end of a heating 

period of 500 days, approximately 2000 m of rock would be heated to 50 C 
3 and 40,000 m of rock would have a measurable temperature rise in excess of 

2°C. Maximum compressive stress on the order of 60 MPa and radial displace

ment of about 2 mm are expected. 

It is concluded that a relatively large volume of rock (approximately 50 

times that in the Stripa full-3cale heater test) can be influenced within a 

reasonable time period in the proposed experiment, thereby largely mitigat

ing the size effect. 

The calculations presented here represent only a first approximation. 

Further modeling work is recommenced, in particular, a 2-D axisymmetric model 

Co obtai.. axial displacements which are expected to be several times greater 

than the radial displacements. 

B.2 COOLING PHASE 

B.2.1. Introduction 

The thermal and thermomechanical calculations discussed in Section B.l 

have been continued in order to study the cooling phase of the hydro/thermo-

mechanical experiment, beginning at 500 days after the start of heating. The 

calculations were done to compare the effects of forced cooling by refrigera

tion of the water in the chamber with those of natural cooling only by conduc

tion, and to evaluate the feasibility of studying the effect of thermal cycling 

on the rock properties. 
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B.2.2. Models 

The same finite-element models were used as for the heating phase, with 

the exception that for the thermomechanical calculations six-node elements 

were employed. Both the 1 and 2 m diameter chambers have been modeled as 

before, but only the results of the 2 m case are presented. The initial 

temperature conditions used were those calculated in Section B.l for 500 

days. Three different cooling cases were modeled for each of the chamber 

sizes. The first involved simply turning off the heaters at 500 days and 

allowing the system to relax toward equilibrium temperature through conduc

tion. In the second case, active cooling was applied through the water in 

the test chamber, again beginning at 500 days. The initial rates of cooling 

were 1 kW/m of length along the chamber for the 1 m chamber and 2 kW/m for 

the 2 m chamber. These rates of cooling were maintained unti. the water 

temperature reached 10 C (9 days for the 1 ra chamber and 13 days for the 

2 m chamber). At this point, the cooling was stopped, and again the system 

was allowed to approach equilibrium through conduction alone. The third 

case begins exactly the same as the second case, but when the water tempera

ture reaches 10 C, it is held fixed at 10 C, and it is assumed that heat 

is removed froia chs wster at such a rate as to maincain this temperature. 

B.2.3. Results 

Since the major interest is in the 2 ra design, we focus our remarks on 

this model, but the same comments will apply at least qualitatively to the 

1 m chamber as well. 

A. Thermal calculations. The radial temperature distributions which 

result from the three cooling cases are shown ;n Figures B.15 to B.17 for 
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Figure B.15 Temperature distribution for various times; natural cooling 
beginning at 500 days (2 m chamber). 
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10°C water temperature (500 to 513 days) followed by natural 
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10°C (2 m chamber). 
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natural cooling, for forced cooling to 10 C followed by natural cooling, 

and for forced cooling followed by holding at 10 C, respectively. For the 

fir»t case (pure relaxation), the water temperature decreases relatively 

rapidly at first and more slowly at later times as t'-.j temperature gradient 

decreases. It is clear that the peak in the temperature curve is always at 

the center line of the chamber, with the temperature decreasing monotonically 

with radius. 

In the second case (forced cooling followed by natural cooling), the 

water temperature drops much more rapidly during the initial forced cooling 

period, forming a peak in the temperature curve which moves outward. When 

the active cooling is turned off, the water temperature again rises due to 

conduction back from the rock. By 600 days, the temperature has risen to 

about 7 C below the corresponding temperature for the pure relaxation case, 

and the temperature peak has shifted back to the chamber centerline. The 

difference between the 600 day curve for the first and second cases is de

tectable (greater than 2 C difference) out to about 8 m. At longer times, 

the two curves become progressively more similar, until at 1500 days th^y are 

virtually indistinguishable. The effectiveness of this short-term cooling is 

questionable, since the total energy removed is severely limited by the short 

duration of the cooling. For this reason, no therraomechanical calculations 

were done for this case, but only for the other two cases. 

The third case (forced cooling to 10 C and then maintaining that 

temperature) yields results that differ significantly from those of the first 

case, as shown in Figure B.17. The first '.3 days of cooling are identical to 

case two, and the temperature curves for 500 and 505 days are not repeated 

from Figure B.16. For this cool-and-hold case, the temperature peak con

tinues to move outward as it decreases, until by 1000 days it is at about 
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10 m radius. Comparing with the pure relaxation case (Figure B.\b), it is 

clear that at 600 days the difference between the two cases is detectable to 

about 8 m radius, indicating that the significant effect of the cooling has 

reached about that far. By 1000 days, the difference is easily detectable 

at 10 in. The maximum temperature in the entire system id plotted as a func

tion of time for the first an<* third cases in Figure B.18. It is seen that 

the maximum temperature for the forced cooling case is about half thai for 

the case of natural cooling (relative to the reference temperature, 10 C), 

being somewhat more than half before about 700 days and less than half for 

longer times. The cooling power required to maintain the 10 C water tem-

peratare is plotted vs. time in Figure B.19. 

B. Thermomechanical calculations. ADINA has been employed for the 

first and third cooling cases, representing natural and forced cooling (cool 

to 10 C and hold), respectively. The input parameters used were exactly 

as for the heating phase, with the following exceptions: (1) as previously 

mentioned, six-node elements were used here racher than the four-node ele

ments of the earlier analysis; (2) the temperature inputs were as described 

in the previous section; and (3) the tirae increments were reduced to 0.1 day 

beginning at 500 days through the period of constant cooling power, 1 day 

from that time to 600 days, and 10 days for 600 to 1500 days (for the natural 

cooling case, increments of 1 day were used from 500 to 600 days). The re

sulting radial displacements are shown as functions of radius for various 

times in Figures B.20 and B.21 fot the two cases. In both cases, the dis

placements decreased beginning at 500 days, with the initial rate of drop at 

10 m radius being over three times as fast for the case of forced cooling 
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Figure B.18 Maximum temperature in the system as a function of time for 
natural cooling and for forced cooling (cool-and-hold case) 
(2 m chamber). 
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Figure B.19 Cooling power (rate at which energy is removed from the water) 

required to maintain 10 nC water temperature from 513 days onward. 
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Figure B.20 Radial displacement distribution tor various times; 
natural cooling beginning at 500 days (2 m chamber). 



116 

2.2 

2.0 

1.8 

1.6 

_ 1.4 
£ 
J 1-2 
c 
CD 

E 
<D 
O 
_g 

1.0-

£ 0 . 8 -

0.6-

0.4 

0.2 

0.0 

-0.2 

1 1 1 1 1 1 | 1 i 

-

500 days, 513 I 

- 5 5 0 / ^ 

-

f &00/_ 

/ / 

1 0 0 0 / - ^ 

- 1 IJ// -^1500^ : 

•11 
i i i i i i i i . 1 i i i i i i i i . 

0 4 6 
Distance (m) 

8 10 

XBL8I9-II62I 
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forced cooling to 10 C water temperature (500 to 
513 days) followed by holding at 10°C (2 m chamber) 
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a* for natural cooling. For longer tines (1000 and 1500 days), the displace

ments for the forced cooling case at 10 n is less than half that for the 

natural cooling casp. 

The resulting stress components are shown aa functions of radius in 

Figures B.22 to B.24 for the case of natural cooling and in Figures B.25 to 

B.27 for the forced cooling case. The effect of forced cooling on the 

stress is restricted to the relatively near field, with dramatic effects on 

all three components in the first 5 m, but with insignificant effects at 

10 ra after 100 days of cooling. For longer times, the radial and axial 

components f:>r the forced cooling are about half the values for the natural 

cooling case at 10 m and the circumferential component is still unaffected 

at that distance. 
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a t 500 days (2 m chamber). 
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Figure B.25 Radial stress distribution; forced cooling to 10 C water 

temperature (500 to 513 days) followed by holding at 10°C 
(2 m chamber). 



0 3 4 5 6 
Radius (m) 

7 8 10 

XBL8I9-II6I6 

Figure B.26 Axial stress distribution; forced cooling to 10 C water 
temperature (500 to 513 days) followed by holding at 10 C 
(2m chamber). 
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Figure B.27 Circumferential stress distribution; forced cooling to 10 C 
water temperature (500 to 513 days) followed by holding at 
10°C (2 m chamber). 
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B.2.4. Discussion and Conclusion 

These thermal and thermomechanical calculations indicate that forced 

cooling can be quite effective in decreasing the peak temperature and thermal 

stresses in the experimental system described, given that the cooling is 

maintained over an extended period of time. For the study of the effects of 

thermal cycling on rock properties, however, there are serious disadvantages 

to forced cooling. Ideally, for direct comparison of thermomechanical 

effects, the temperature distribution at a given time for a given radial 

distance in the cooling phfise should be identical to the temperature distri

bution at a comparable time and distance in the heating phase. This ideali

zation, of course, is impossible to achieve in an experiment of this 

configuration, but the forced cooling creates a distribution diverging much 

more radically from the ideal than does a natural cooling scheme. The natu

ral cooling maintains the monotonic decrease in temperature with radius that 

was indicated for the heating phase (although the second derivative is re

versed in sign for longer times), whereas the forced cooling creates a steep 

positive gradient in the near field. One advantage to forced cooling would 

be the time factor (which could be considerable). For example, to achieve a 

maximum temperature of 30 C would take just over 100 days if the cooling 

is forced, whereas the same maximum temperature is not reached by natural 

cooling until about 340 days (see Figure B.18). 
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APPENDIX C. COST ESTIMATES 

1 HYDRO/THERMOMECHANICAL EXPERIMENT 

C o n s t r u c t i o n and F a b r i c a t i o n 

( a ) D r i l l i n g g a l l e r y , 30 f t l o n g , 15 f t w i d e , 30 f t h igh ( e s t . by 
T. McCusker) : 

- d i r e c t c o s t = $126,242 
- m o b i l i z a t i o n = $ 24 ,500 
- s t a n d b y , 16 h r @ 7 2 7 / h r = $ 11 ,632 
- i n d i r e c t c o s t , 0 . 5 3 mo @ $46,650/mo = $ 24 ,582 

s u b t o t a l = J186 .956 
- markup, 20% of sub t o t a l = $ 3 7 , 3 9 1 

c o n t r a c t t o t a l = $224 ,347 
- a r c h i t e c t / e n g i n e e r , 16% of c o n t r a c t = $ 35 ,896 

t o t a l = $260 ,243 w/o overhead 
$390,364 w/ ove rhead @ 50,2 

(b) m o n i t o r i n g d r i l l h o l e s : 

F i f t y - t w o a x i a l b o r e h o l e s , avg l e n g t h 150 f t : 30 fo r p r e s s u r e / f l o w / 
t r a c e r / t e m p e r a t u r e i n s t r u m e n t a t i o n , 10 f o r s t r e s s m e t e r / 
t e m p e r a t u r e i n s t r u m e n t a t i o n , 12 fo r e x t e n s o m e t e r / t e m p e r a t u r e 
i n s t r u m e n t a t i o n , s e v e r a l of which can b e used fo r g e o p h y s i c a l 
t e s t s . 

E i g h t r a d i a l b o r e h o l e s , avg l e n g t h 25 f t , fo r e x t e n s o m e t e r / t e m p e r a t u r e 
and s t r e s s m e t e r / t e m p e r a t u r e i n s t r u m e n t a t i o n . 

- d r i l l i n g , 8000 f t @ $ 3 5 / f t = $280,000 
- s u r v e y , 60 h o l e s @ $ 3 0 0 / h o l e = $ 18,000 

t o t a l = $298,000 w/o overhead 
$447,000 w/ overhead ffl 50% 

(c ) Tes t chamber , 125 f t l o n g , 6 f t d i a m e t e r ( e s t . by T. McCusker) : 

- d i r e c t c o s t s , 125 l i n e a l f t @ $ 7 4 5 / f t = $ 93 ,125 
- m o b i l i z a t i o n = $ 24 ,500 
- s t a n d b y , 16 h r @ $ 7 2 7 / h r = $ 11,632 
- i n d i r e c t c o s t s , 0 .50 mo I? $46,650/mo = $ 23 ,465 

s u b t o t a l = $152,722 
- markup, 20% of s u b t o t a l = $ 30 ,544 

c o n t r a c t t o t a l = $183,266 
- a r c h i t e c t / e n g i n e e r , 16% of c o n t r a c t = $ 2 9,32 3 

t o t a l = $212,589 w/o ove rhead 
$318,884 w/ ove rhead @ 50% 
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(d) Liner and bulkhead, 6 f t diameter , 1 in . s t e e l p l a t e l i n e r with 
s t e e l / c o n c r e t e bulkhead, 3 ft thick ( e s t . by T. McCusker): 

- d i r e c t c o s t s , 48 l i n e a l f t (3 $4120/ft - $197,760 
- mobi l iza t ion " $ 24,500 
- i nd i r ec t c o a t s , 0.95 mo @ $46,650/mo • $ 44,429 

subtotal » $266,689 
- markup, 201 of above « $ 53,338 

con t rac t t o t a l • $320,026 
- a r c h i t e c t / e n g i n e e r , 16* of cont rac t • $ 51,204 

t o t a l • $371,230 w/o overhead 
$556,846 w/ overhead @ 50% 

2. Operating Equipment and Services 

(a) Instrumentat ion ( including hardware, t ransducer , s ignal condi t ioning , and 
wiring/plumbing): 

- pressure / f low, 300 channels @ 
$l,200/channel » $360,000 

- t r a c e r i n j ec t i on /de t ec t i on system « $100,000 (var iab le ) 
- flow meters or c o l l e c t i o n system • $ 20,000 
- temperature, 420 channels 

@ $300/channel = $126,000 
- extensometers, 100 channels 

@ $l,000/channel - $100,000 
- s t r e s s meters , 100 channels 

@ $800/channel « $ 80,000 
to ta l » $~ 736,000 w/o overhead 

$1,179,000 w/ overhead @ 50% 

(b) Data acquisition system: 

- computer (similar to Mod-Comp used at 
Stripa) - $200,000 

- software development * $ 40,000 
total - $240,000 w/o overhead 

$360,000 vl overhead @ 50% 

(c) Mechanical p lant (heat ing and coo l ing) : 

- 20 ton r e f r i g e r a t i o n uni t = $ 15,000 
- 60 kW hea te r system = t 5,000 
- pumps and exchangers = $ 10,000 
- con t ro l s and plumbing » $ 5,000 
- chamber water c i r c u l a t i o n = $ 5,000 
- chamber »a ' - - ' tec-rage Cnn!: 

t o t a l - $ 50,000 w/o overhead 
$ 75,000 w/ overhead @ 50% 
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(d) Travel and per diem (on ly a rough e s t . ; c o s t l a r g e l y dependent on the 
l o c a t i o n of the s c i e n t i f i c personnel and underground t e s t f a c i l i t y ) : 

t r a v e l , avg 70 round t r i p s / y r 
for 7 yr ; 490 t r i p s @ $ 1 , 0 0 0 / f l i g h t 

per diem, avg 1,500 man-days/yt 
for 7 yr ( 4 man-yr); 
10 ,500 days @ $50/day 

v e h i c l e s a t s i t e , 2 @ $500/mo for 
7 yr 

t o t a l 

$490,000 

$525,000 

$ 84 ,000 
$ 1 , 0 9 9 , 0 0 0 w/o overhead 
$ 1 , 6 4 8 , 5 0 0 w/ overhead @ 50% 

(e ) Computer c o s t s : 

- design and fabrication 
- data analysis and modeling, 

6.5 yr @ avg $170,000/yr 

$ 95,000 

= t 1,105,000 
total = $ 1,200,000 w/o overhead 

$ 1,800,000 w/ overhead @ 50% 

(f) Consultants: 

- avg of $70,000/yr for 7 yr 

(g) Miscellaneous. 

- shipping, avg $20,000/yr for 7 yr 
- misc. equipment and supplies, 

avg $70,000/yr for 7 yr 
t o t i l = 

$490,U00 w/o overhead 
$735,000 w/ overhead @ 50% 

$140,000 

$490,000 
$630,000 w/o overhead 
$945,000 w/ overhead @ 50% 

Personnel 

avg cost per FTE for staff scientist 
level 1 and technician to senior 
scientist, $53,500/man-yr 

from Table 1 avg of 12 FTE's/yr 
for 7 yr, 84 jan-yr 
@ $53,500/raan-yr $ 4 , 4 9 4 , 0 0 0 w/o overhead 

$6 ,741 ,000 w/ ove rhead @ 50% 

Hydro/Thermomechanical Exper iment To ta l = $10 ,131 ,062 w/o overhead 
$15 ,196 ,594 w/ ove rhead @ 50% 
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2 EXCAVATION DAMAGE/SEALING EXPERIMENT 

Construction and Fabrication 

(a) Monitoring drill holes: 

Drill holes will be employed for pressure, flow, tracer, stress meter, 
extensometer, and temperature instrumentation. 

Thirty holes parallel to drifts, avg length 100 ft. 
Ten holes parallel to crosscut, avg length 50 ft. 
Ten holes perpendicular to crosscu;, avg length 25 ft. 

- d r i l l i n g , 3750/ft @ $35/ft - $131,250 
- survey, 50 holes @ $300/hole » $ 15,000 

t o t a l » $146,250 w/o overhead 
$219,375 w/ overhead @ 50% 

(b) Excavation damage d r i f t , 100 f t long, 12 x 12 ft horeshoe-shaped opening 
( e s t . by T. McCusker): 

- d i r e c t c o s t s , 100 ft @ 1133/ft - $113,300 
- mobi l iza t ion « $ 24,500 
- standby, 16 hr @ $727/hr - $ 11,632 
- i nd i r ec t c o s t s , 0.48 mo @ $46,650/mo - $ 22,347 

subtotal - $171,779 
- markup, 20% of subtota l - $ 34,356 

cont rac t t o t a l - $206,135 
- a r c h i t e c t / e n g i n e e r , 162 of contract • $ jl,982 

to t a l - $239,117 w/o overhead 
$358,675 w/ overhead @ 50% 

(c) Center d r i f t , l i n e r and bulkhead: 

U**-e same configurat ion and cos t s as t e s t chamber, l i n e r and 
lkheac1 for hydro/thermoraechanical experiment. 

- d i r e c t c o s t s , 100 l i nea l ft @ $745/ft - $ 74,500 
- mobi l iza t ion = $ 24,500 
- standby, 8 hr @ $727/hr - $ 5,816 
- i nd i r ec t c o s r s , 0.41 mo @ $46,650/mo = $ 18,995 

subtotal = $123,811 
- markup, 20% f subtotal = $ 24,762 

cont rac t t o t a l =• $148,573 
- a r c h i t e c t / e n g i n e e r , 16% of contract = $ 23,772 

center d r i f t t o t a l = $172,345 
- l i n e r and bulkhead to ta l « $371,230 

to ta l = $543,575 w/o overhead 
$815,363 w/ overhead @ 50% 
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(d) Crosscut and bulkheads: 

Use same configuration and cost as t e s t chamber for hydro/ 
thermomechanical experiment. 

- d i r e c t cos t s , 50 l inea l ft @ $745/ft = $ 37,250 
- m o b i l i z a t i o n = $ 24,500 
- standby, 16 hr @ $727/hr = $ 11,632 
- ind i rec t cos t s , 0.29 mo @ $46,650/mo = $ 3,408 

subtotal = $ 86,790 
- markup, 20% of subtotal = $ 17,358 

contract to ta l = $104,148 
- a rch i t ec t / eng inee r , 16% of contract = $ 16,664 

crosscut t o t a l = $120,812 
- bulkheads, 2 @ $50,000 each = $100,000 

t o t a l = $220,812 w/o overhead 
$331,218 w/ overhead @ 50% 

Operating Equipment and Services 

(a) Instrumentation (including hardware, t ransducer, s ignal condi t ioning, and 
wiring/plumbing): 

- pressure/flow, 200 channels @ 
$l,200/channel = $240,000 

- t racer in jec t ion /de tec t ion system = $100,000 (var iable) 
- flow meters or co l lec t ion system = $ 20,000 
- temperature, 75 channels @ 

$300/channel = $ 22,500 
- extensouieter, 50 channels @ 

$l,000/channel = $ 50,000 
- s t r e s s meters, 50 channels @ 

@ $800/channel = $ 40,000 
- moisture sensor, 50 channels @ 

$1,000/channel = $ 50,000 
t o t a l = $522,500 w/o overhead 

$783,750 w/ overhead @ i0% 

(b) Mechanical plant: 

- injection system and controls - $ 20,000 
- chamber water storage tank and 

plumbing = $ 10,000 
- optional heating system = $ 25,000 

total = $ 55,000 w/o overhead 
$ 82,500 w/ overhead @ 50% 
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(c) Travel and per diem (only a rough e s t . ; cost largely dependent on the 
location of the s c i e n t i f i c personnel and underground test f a c i l i t y ) : 

- travel , avg 40 round tr ips per year 
for 6 yr; 240 t r i p s @ $1,000/ 
f l igh t - $240,000 

- per diem, avg 1000 man-days/yr 
for 6 yr (2.7 man-yr); 
6000 days @ $S0/day - $300,000 

- vehicles at site, 2 (? $500/mo for 
6 yr - $ 72,000 

total - $612,000 «/o overhead 
$918,000 w/ overhead @ 50J 

(d) Computer costs: 

- design and fabrication M $ 50,000 
- data analysis and modeling, 

5 yr @ avg $70.000/yr 
t o t a l - $400,000 w/o overhead 

$600,000 w/ overhead @ 501 

(e) Consul tants : 

- avg of $50,000/yr for 6 yr - $300,000 w/o overhead 

$450,000 w/ overhead fl 50Z 

(f) Miscellaneous: 

- shipping, avg $20,000/yr for 
6 yr - $120,000 

- misc. equipment and supp l i e s , 
avg $70,000/yr for 6 yr - $420,000 

to t a l " $540,000 w/o overhead 
$810,000 w/ overhead ? 50Z 

(g) Plug ( sea l ) mate r ia l s and placement equipment (only a rough e sc . possible 
at t h i s t ime): 

- m a t e r i a l s - $100,000 
- placement equipment " $200,000 

to ta l - $300,000 w/o overhead 
$450,000 w/ overhead @ 50% 

Excavation Damage/Sealing Experiment Total $6,126,245 w/o overhead 
$9,189,381 w.' overhead •? 501 
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C.3 UNDERGROUND EXPERIMENTAL FACILITY 

1. Design and Construction (est. by T. McCusker) 

(a) Main access drift: 

- nobil ization 
- direct cost for excavation, 

1000 f t 0 $ 9 9 1 / 1 i n e a l f t 
- d i r e c t c o s t for c leanup and concre te 

i n v e r t , $1 ,000 ft ? $ 1 4 2 / 1 i n e a l ft 
- s tandby, 40 h r £ $727 /h r 
- i n d i r e c t c o s t , f i x e d 
- i nd i " - - c t c o s t , t i n e based 4 . 4 8 rao @ 

$46,650/mo 
s u b t o t a l 

- markup, 201 of s u b t - - a l 
c o n t r a c t t o t a l 

- a r c h i t e c t / e n g i n e e r , 16X of c o n t r a c t 
t o t a l 

$ 24 ,500 

$991,000 

$142,000 
$ 29 ,080 
$12 3 , 300 

$208,947 
$1 ,518 ,827 

$303,765 
$ 1 , 8 2 2 , 5 9 2 

$291,615 
$ 2 , 1 1 4 , 2 0 7 

(b) Underground shop and o f f i c e : 

- m o b i l i z a t i o n , 2 9 $24 ,500 each 
- d i r e c t c o s t for s h o p , 2000 f t 2 

- d i r e c t c o s t for o f f i c e , 600 f t^ 
- s t a n d b y , 8 hr 3 $727 /h r 
- i n d i r e c t c o s t , 1.46 mo A $46,650/mo 

s u b t o t a l 
- markup, 202 of subtotal 

contract total 
- architect/engineer, 16Z of contract 

t o t a l 

$ 49 ,000 
$280,100 
$ 96 ,760 
$ 5,816 
$ 68 ,159 
$499,835 
$ 99 ,967 
$599,802 
$ 95 ,968 
$695,7 70 

( c ) Shor t d r ' . f t s off main a c c e s s : 

- d i r c - t c o s t s , 4 d r i f t s each 
50 long l» $ 9 9 1 / l i n e a l f t 

- s t a n d b y , 16 h r ? $ 7 2 7 / h r 
- i n d i r e c t c o a t s , 0 .81 mo 

9 $46,650/mo 
s u b t o t a l 

- markup, 20 t of s u b t o t a l » 
c o n t r a c t t o t a l •* 

- a r c h i t e c t / e n g i n e e r , 16t of c o n t r a c t 
t o t a l -

$198,200 
$ 11 ,632 

$ 37 ,990 
$247,822 
$ 49 ,564 
$297,386 
$ . .7 ,582 
$ 44 ,968 

Design and C o n s t r u c t i o n 

Su r face f a c i l i t y development a n d / o r r e p a i r 
and ma in t enance or improvei-.ent of e x i s t i n g 
underground opening 

$ 3 , 1 5 4 , 9 4 5 w/o overhead 

$500,000 
$3,654,945 w/o overhead 
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Operating Equipment and Servicaa (annual baaia) 

(a) Contracted service*: 

- security itaff 
- janitorial service* 
- vehicle rental, 2 9 $500/mo 

(b) Inventories: 

- shop tools and equipment 
- spare parts (underground 

transportation systea) 
- general supplies 

(c) Utilities: 

- experiments and f a c i l i t y 
- shaft ho is t and pumping 

Operating Equipment and Services 

to ta l /yr 

tota l /yr 

tota l /yr 

Total/yr 

$ 12,000 
t 6,000 
$ 12,000 
$ 30,000 u/o overhead 
$ 45,000 w/ overhead 9 501 

$ 75,000 

$150,000 
$ 75,000 
1300,000 w/o overhead 
$450,000 w/ overhead $ 50Z 

Total for 7 yr 

$ 40,000 
$130,000 
$170,000 w/o overhead 
$255,000 w/ overhead @ 50? 

$500,000 w/o overhead 
$750,000 w/ overhead @ 50* 

$3,500,000 w/o overhead 
$5,250,000 w/ overhead 9 50* 

Personnel (annual basis) 

Total of 12 FTE's including: 

1 administrator/public re lat ions off icer 
I secretary/clerk 
1 maintenance superintendent 
1 mechanic/electrician 
1 e lectronic technician 
2 hoistmen (only for f a c i l i t y access by shaft) 
2 cage tenders (only for facility access by shaft) 
1 storekeeper 
2 general laborers/miners 
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Average coat per FTE i n c l u d i n g b e n e f i t s , 
$45,000/man-yr 

Annual c o s t , 12 FTE's 9 $45 ,000/man-yr - 1540,000 w/o ove rhead 
$810,000 w/ ove rhead 9 501 

T o t a l c o a t fo r 7 yr - $ 3 ,780 ,000 w/o overhead 
$ 5 ,670 ,000 w/ overhead @ 50Z 

Underground Expe r imen ta l F a c i l i t y (des ip-^ , 
c o n s t r u c t i o n , and o p e r a t i o n for 7 y r ) To t a l » $ 1 0 , 9 3 4 , 9 4 5 w/o overhead 

$14 ,574 ,945 w/ ove rhead @ 50Z 
(no t a p p l i e d t o d e s i g n and 
c o n s t r u c t i o n c o s t ) 

C.4 EXISTING UNDERGROUND RESEARCH FACILITY 

Lower-bound e s t i m a t e of o p e r a t i o n and development c o s t s based on f i g u r e s i n 
S e c t i o n C . 3 . 

1 . Design and C o n s t r u c t i o n 

( a ) Main a c c e s s d r i f t , 350 f t t o t a l 

35% of $2 ,114 ,207 - $739 ,972 

(b) Underground shop and o f f i c e = 0 

( c ) Shor t d r i f t o f f main a c c e s s , 50 f t t o t a l 
25Z of $344,968 = $ 8 6 , 2 4 2 

t o t a l = $826,214 w/o overhead 

2 . O p e r a t i n g Equipment and S e r v i c e s ( annua l b a s i s ) 

( a ) C o n t r a c t s e r v i c e s - 0 

(b ) I n v e n t o r i e s (on ly g e n e r a l s u p p l i e s ) = $ 75 ,000 

( c ) U t i l i t i e s = $ 0 
t o t a l / y r = $ 7 5,000 w/o overhead 

$112,500 w/ overhead @ 50% 
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3. Personnel (annual baais) 

Total of 3-1/2 FTE'i including: 

1 administrator 
1 e lectronic technician 
1 general labor/miner 

1/2 aechanic /e lectr ic ian 

Annual c o i t , 3-1/2 FTE'i 9 *45,000/yr - $157,500 w/o overhead 
$236,250 w/ overhead ? 50* 

Exiating Underground Reiearch Faci l i ty (design 
cons t ruc t ion , and operation for 7 yr) Total « $2,453,j71 w/o overhead 

*3,267,464 w/ overhead @ 50Z 
(not applied to 
design and con
s t ruc t i on cos t ) 
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