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SYNOPSIS 

Of the many alternatives that are being considered for the disposal 
of nuclear wastes, deep underground burial is favored. The wealth of 
experience concerning the design and construction of underground exca
vations does not Include the unique effects of heating excavations by 
radioactive decay, nor the issue of long-term isolation. The effects 
of heating are important in establishing the feasibility of this method 
of disposal, and are essential for the design of an underground reposi
tory. Near-field phenomena around individual canisters can be studied 
by full-scale experiments, using electrical heaters. The thermal 
diffusivity of rock is so low that Information concerning the inter
action between full-scale heaters and of the effects of heating a large 
volume of rock cannot be measured in full-scale experiments lasting less 
than a few decades. To overcome this difficulty, a time-scaled heating 
experiment has been developed in which a reduction in linear scale is 
accompanied by an acceleration of the time scale to the second power. 
In this experiment, the linear scale 1s about a third, so that the 
time scale is about ten fold. 

* This paper was presented at the OECD Seminar on 
In Situ Heating Experiments in Geologic Formations, 
Stripa, Sweden, September 12-15, 1978. 



-18-

I. INTRODUCTION 
Successful disposal of nuclear wastes by deep burial requires that the heat produced by the radioactive decay of these wastes should not compromise the ability of a suitable geologic site to isolate the wastes from the biosphere over long periods of time, nor should this heat create difficulties during the commissioning of an underground repository. 
It 1s generally agreed that significant quantities of nuclear wastes will 

have to be Isolated from the biosphere for periods of time which are unprecedented 
both in the history of human social Institutions and 1n the durability of most 
engineered structures [!> 2, 3]. The characteristics and properties of geologic 
sites which are now stable, and have been stable for long periods of geologic 
history, ore not likely to change within the geologic near future, such as the 
next million years. In addition to their stability, some of these sites nay have 
virtually no connection to the biosphere. Accordingly, such sites have the 
potential for isolating from the biosphere nuclear wastes through burial 1n re
positories excavated deep below surface [4, 5]. 

The practical utility of suitable geologic sites hinges upon the extent to 
which the ability of a site to Isolate nuclear wastes from the biosphere may be 
Impaired by excavating, commissioning and sealing of an underground repository. 
The effects of excavating underground are understood relatively well. For example, 
the 24 countries of the OECD develop about 50,000 kilometers of underground 
tunnels each year [6], Unfortunately, this experience does not Include the 
effects of loading excavations with nuclear wastes which produce heat, nor of 
sealing such excavations over long periods of time. The sealing of these excava
tions is amenable to technological solution. However, the effects of the thermal 
loads imposed on the rock around a repository by the radioactive decay of the 
waste is fundamental to the utility of the concept of deep geologic disposal. 

The objective of in situ heater experiments 1s to measure the response of 
the rock to thermal loading, so as to provide an understanding of the effects of 
thermal loading, and quantitative data sufficient to ensure that underground 
repositories for nuclear wastes can be designed with adequate safety. 

Although 1n situ heater experiments have been done In salt [7, 8], and an experiment in granite has recently been completed [9], the design of these experiments in hard rock must at present be based largely on theoretical predictions because of the small amount of experience available. As current experiments get underway and yield results, this situation will change rapidly. 
II. THERMAL LOADING 

The way in which the temperature of the rock Influenced by the release of 
heat from the nuclear wastes, changes with time 1s of crucial importance to the 
safety of an underground repository. 

If the rate at which nuclear wastes release heat decayed so slowly with time as to be virtually constant, temperatures in the rock around individual canisters and in a repository as a whole would Increase continuously until they caused a failure of some kind. Fortunately, this is not the case. The rate at which heat is released by spent fuel from light water reactors and by reprocessed high level waste from such reactors, decays as a function of tine as 1s illustrated in Figure 1 [2]. From this figure It can be seen that this rate decays more rapidly than time to the power -1/2. According to the theory of the conduction of heat 1n solids [10], it follows that the temperature must reach some peak values in the rock around any source where the rate at which heat is released decays more rapidly than time to the power -1/2. If the decay 1n the rate of release of heat were less rapid than this, it would be necessary to design a repository so as to make use of divergent radial heat conduction to ensure th> temperatures in the rock reached some peak value rather than Increasing continuously. 

It has been shown [11. 12] that the thermal loading of a repository with 
nuclear wastes having characteristics such K those illustrated in Figure 1, 
results in a thermal pulse such as one of those illustrated in Figure 2. This 
figure shows that the temperature in a planar repository reaches a maximum value 
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rig. 1. The decay with tine In the rate at which spent fuel and 

reprocessed high level waste release heat, per ton of heavy 
metal, after removal from a reactor. The straight line with 
a slope of -1/2 Illustrates the decay with time of the heat 
flux by conduction In one dimension from an Isothermal source. 

Tim« (ytor») »"•»-"«« 
Fig. 2, Curves.showing how the average temperatures of a planar 

repository for spent fuel and reprocessed high level waste 
are expected to change with time. The hatched tall of each 
curve represents the range of temperature differences caused 
by different depths of the repository below surface. 
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some 25 years after emplacement of the waste, for reprocessed high level waste, and some 40 years after emplacement of the waste for spent fuel assuming both to be emplaced 10 years after removal from the reactor. The value of this peak temperature Is directly proportional to the Initial power loading density of the repository. In addition to the fundamental Importance to the design of a safe practicable repository of a peak temperature as distinct from a temperature which increases Indefinitely with time, it 1s most encouraging that this peak temperature 1s reached within such a short period of time. This allows predictions concerning the thermal pulse to be verified within the foreseeable future, and before waste need be sealed finally in a repository. 
III. HEATER EXPERIMENTS 

The heat released by the radioactive decay of the nuclear wastes must be dissipated in the subsurface rock mass without adverse effects. Temperatures reached by the canisters containing the wastes and by the surrounding geologic media must, therefore, be limited to some safe values. The principal objective of heater experiments is to measure the response of the rock to a thermal pulse, so as to determine what are these safe values. 
Immediately after emplaclng canisters the temperature of the rock around each canister Increases. Later these Individual temperature fields merge, increasing the temperature of the rock around the array of canisters comprising the waste repository. These temperature fields produce thermo-mechanlcal stresses in the rock which could cause It to fall. Two modes of rock failure have been Identified as potentially hazardous [11, 13]. First, Increased compressive stress parallel to the walls of the holes containing the canisters could cause decrepitation of the rock immediately around these holes. If this were to decrease the thermal conductivity of this rock sufficiently, the temperature of the canisters could rise to unacceptable values. Also, decrepitation may make retrieval of a canister difficult and could cause mechanical damage to It, unless the holes containing the canisters are cased. Casing would not necessarily prevent a decrease In thenui conductivity as a result of decrepitation. Accordingly, it Is important to establish the conditions under which thermal decrepitation occurs and to measure its effect on the thermal conductivity of the rock. Second, the thermal expansion of the rock mass comprising the repository creates a compressive stress within 1t and a corresponding tensile stress in the rock outside it. The compressive stress may cause failure of the rock adjacent, to the excavations comprising the repository. More, importantly, the tensile stress outside of it may enhance the hydraulic permeability of the site, particularly If It should decrease the value of the total stress to a level less than the hydraulic head of water at any place. 

The magnitude and characteristics of these thermo-mechanical effects can be estimated by calculating conductive temperature fields and the resulting thermally induced stresses. However, the results of these calculations depend upon the values used for the thermal and mechanical properties of the rock. In general, few of these values have been measured and most of them have been obtained by laboratory measurement [14]. The properties of the rock mass in. situ can be expected to differ significantly from those of laboratory specimens of rock, particularly when the effects of ueological discontinuities 1n the former are significant as is likely to be the case at the site of any subsurface repository. To resolve these uncertainties It Is necessary to conduct appropriately Instrumented, i n situ heater experiments underground, usin9 electrical heaters to simulate the thermal effects of the radioactive waste canisters. 
The non-linear compressive stress-deformation characteristics of a diamond saw-cut and an artificially induced tension fracture across a grantte specimen, about a meter in diameter, are as illustrated In Figure 3 [15]. The effective virgin stress at a depth of about a kilometer, resulting from the difference between the weight of the overlying rock and the hydrostatic head, is about 15 MPa. If the discontinuities in the rock mass have deformation characteristics similar to those Illustrated 1n Figure 3, and are separated by a mean spacing of the order of 1/2 meter, the resulting stress-deformation behavior of the rock mass about • mean effective stress of 15 MPa would be as 1s Illustrated by the dashed curve in Figure 3. This may be compared with the solid line representing an elastic Young's modulus of 40 GPa, suggesting that the stress-deformation 
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Fig. 3. Curves showing the deformation between adjacent surfaces 
of a diamond saw cut and an Induced tension fracture 
across a specimen of granite about 1 m In diameter, as 
a function of normal stress. The effects of such joints 
with an average spacing of 0.5 m on the deformation of a 
rock mass about an effective stress of 15 MPa Is 
Illustrated by the dashed curve. The solid H n e 
represents the deformation of rock with a Young's 
modulus of 40 GPa. 

characteristics of a Jointed rock mass are likely to be non-Hnear and significant
ly more compliant than those of solid rock. According to the theory of linear 
thermo-elastldty, thermally induced displacements are determined by the coeffi
cient of thermal expansion and Poisson's ratio and are independent of the value 
of Young modulus, but the values of the thennally Induced stresses are linearly 
proportional to the value of Young's modulus [16]. The increased compliance 
Introduced into the rock mass by geological joints has the effect of diminishing 
the Young's modulus of the rock. As a result, the values of both the thermally 
induced compressive stress components within the heated zone of a repository and 
the thermally induced tensile components outside the heated zone t n likely to be 
less than those calculated from the theory of themw-elasticlty, using the value 
of the intrinsic Young's modulus for rock. Both these changes are advantageous, 
the latter particularly so, as the decrease in compressive stress across joints 
in the tensile zone leads to enhanced hydraulic transmisslvity of these joints. 
The non-Hnearlty 1n the deformation of the rock mass arises from displacements 
between adjacent joint surfaces which are related closely to the hydraulic 
transmlsslvlty of the joints, and hence to the permeability of the rock mass, 
so that measurements of thermally induced displacements across joints are of 
fundamental importance. 

The first phase of in situ heater experiments, therefore, should involve a 
detailed study of the temperatures, displacements and stresses induced in the 
rock mass by electrical heaters simulating the thermal output of canisters of 
radioactive wastes. 
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1) Full-scale experiments 
The near field thermal effects, both In the short-term and In the long-term, 

can be studied in_ situ using electrical heaters to simulate the heat released by 
radioactive decay of the waste In canisters. Temperature change as a function of 
radial distance from the borehole containing a canister for various times after 
emplacement of the canister has been calculated using the theory of linear heat 
conduction [17] and the results are as Illustrated In Figure 4. From this figure 
1t can be seen that these temperatures approach their peak values rapidly; little 
change occurs In the second year. To simulate the near field effect of Inter
action between adjacent heaters, which occurs after decades In practice, the ' 
temperature of the rock around a heater can be raised rapidly by a number of 
peripheral heaters spaced evenly about a circle concentric with the main neater 
and extending axially for a significant distance above and below the main henter. 
Calculations show that 8 such heaters with ." power output of 1 kW over a length > 
of 4 m on a radius of 0.9 m will raise the temperature of the cylinder of rock 
within them by about 100'C in 30 days. 

Displacements and stresses, calculated from the linear thermo-elasticity [IB], as a function of radial distance through the midplane of the heater for various times after emplacement of the heater are illustrated 1n Figures 5 and 6. 
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Fig. 4. Changes In temperature along a radius from the center of 
a cylindrical heat source 2.5 m long at various times, 
calculated using the theory of linear heat conduction. 
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Fig. 5. Thermally Induced displacements along a radius from the center of a cylindrical heat source 2.5 m long at various 
times calculated using the theory of linear heat conduction. 
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Thermally Induced radial and tangential stresses along a 
radius from the center of a cylindrical heat source 2.5 m 
in length 1n a borehole 0.4 m in diameter calculated using 
the theory of linear thermo-elastlcity. 



-24-

11) Time-scaled experiments 
Full-scale electrical heaters can be used for in situ experimental studies of the near field, thermal effects of canisters of radioactive wastes on the rock. However, It does not tppear practicable to study the far field, long-term thermal effects, even for the period of several decades required to reach peak temperatures, before the need arises to emplace canisters of nuclear wastes 1n a repository. Although valuable measurements can be made 1n any actual repository during this period, they will be done after some nuclear wastes have been emplaced. If the full-scale experiments with electrical heaters have established a high degree of confidence that canisters of nuclear waste can be retrieved during such a period, the risks of releasing radioactive materials to the biosphere would be minimal should measurements on an actual repository suggest that retrieval is necessary. Nevertheless, it is most desirable that some In situ experimental data be gathered concerning the far field, long-term effects before the design of a repository becomes too far advanced let alone before actual commissioning of a repository begins. Fortunately, time and linear dimensions occur 1n all solutions to problems of the linear conduction of heat in solids in the form kt/x !, where ic is the thermal diffuslvity, t is time and x is a linear dimension [10]. As the far field, long-term changes 1n temperature are not likely to be large, and convectlve heat-flow in the fluid phase must be small In a successful repository, linear heat conduction may prove to be an adequate model for this aspect of the thermal effects of an underground repository for nuclear wastes. Accordingly, the concept of a time-scaled experiment, in which the relationship given above is used to accelerate time by an order of magnitude through reducing the linear scale to about a third of full size, is being tested in a limited and small way. Should this experiment be successful and useful, larger and more elaborate time-scaled experiments could become an important way of providing 1^ situ experimental data to validate predictions concerning the longer term behavior of underground nuclear waste repositories at a relatively early stage in their design and construction. Figure 7 shows the predicted expansion of Isotherms from the time-scaled experiment now being done underground at Stripa [19]. 

JBL 789-11467 

Fig. 7. A plan view of the time-scaled experiment at Stripa showing the 30°C Increment Isotherms at times of 7, 30, 90, 365 and 730 days calculated using the theory of linear heat conduction. The scaling of this experiment Is about 1/3 linear scale and 10 times time scale, so that the final Isotherm corresponds to about 20 years in full scale. 
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IV. CONCLUSIONS 
An important consideration 1n the disposal of nuclear wastes by deep burial 1s the effect of the thermal loading of the subsurface, both 1n the short-term' while a repository Is being commissioned, and 1n the long-term after final sealing. 
Theoretical analyses of these effects, using the theories of linear heat 

conduction and thermo-elastlcity, suggest that: the decay with time 1n the rate 
at which heat 1s released by spent fuel or reprocessed high level waste from 
boiling or pressurised water reactors 1s sufficiently rapid that the temperatures 
of the rock In the vicinity of an underground repository reach peak values within 
a few decades after emplacement, thereafter decreasing gradually with time, and 
that there are two zones where the thermally Induced stresses may be of concern. 
First, Increased compressive stress parallel to the surfaces of boreholes and 
excavations containing the wastes must be kept to safe values to avoid decrepita
tion of the rock adjacent to these walls. This decrepitation may 1'npalr the 
thermal conductivity of the rock and could make retrieval of the wastes difficult 
In the short term. Second, diminished compressive stress 1n the. rock mass outside 
of the repository could enhance the hydraulic transm1ss1v1ty of joints and other 
geologic discontinuities, thereby Impairing Isolation of nuclear wastes from the 
biosphere 1n the long term unless peak temperatures are limited to safe values. 

The principal uncertainties Involve the determination of these safe values 
and an understanding of the non-linear response of the rock to thermal loading. 
Non-linear behavior of the rock mass 1s expected on the basis of preliminary 
laboratory studies of the stress-deformation characteristics of joints 1n rock. 
As the hydraulic transm1ss1vity of hard rock with low intrinsic permeability 
arises mainly in these joints, it is important that their thermo-mechanical and 
hydraulic properties be understood well before the adequacy of an underground 
repository for the isolation of nuclear wastes from the biosphere can be assessed 
accurately. 

Detailed measurements of the temperatures, displacements and stresses in
duced in the rock around electrical heaters simulating canisters of nuclear 
wastes should provide an understanding of the phenomena involved in the short 
term. Initially, experiments should be run at rates of heat release sufficient 
to cause failure of the rock or, 1f this does not occur, at rates of heat release 
significantly greater than that of any nuclear waste canister, and at rates of 
heat release below either of these critical values. Careful Interpolation, 
guided by suitable theoretical understanding, between the results of these two 
experiments should serve to define the limiting rate of heat release at which 
failure is likely to occur. However, 1t is necessary to design repositories for 
nuclear waste so that the probability of failure is negligible. This requires 
that additional data be gathered to establish how much below the limiting rate 
of heat release it is necessary to go to ensure that the probability of failure 
becomes negligible. The collection of this information 1s complicated by the 
relatively variable nature of geologic materials compared with other materials 
usually used in engineering. To acquire this information It will be necessary 
to run tests of heaters not only over a range of rates of heat release, but 
also to run many heaters at each rate of heat release so as to assess the 
geologic variability. 

As it 1s unlikely that it will be practicable to test a near full scale repository over the period of several deLades required to reach peak temperatures using electrical heaters only, before any nuclear wastes are emplaced, some means of accelerating the experimental study of the effects of thermal loading over the long term is needed. Fortunately the quadratic relationship between the time and spatial variables in linear diffusion phenomena provides a means of accelerating the time scale by an order of magnitude through a reduction in the linear scale to about a third of the full size. If the results of the first time-scaled experiment confirmtheusefulness of this theoretical concept, more extensive and elaborate time-scaled experiments should be undertaken to provide an experimental basis for understanding and predicting the long-term behavior of an underground repository. Such extended time-scale experiments should encompass a sufficiently large volume of rock that they need not be duplicated as Is required 1n the full-scale heater experiments, except to study fundamentally different kinds of rocks. 
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